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Introduction


Over the past two decades, Group 4 elements have become
increasingly important in organic synthesis.[1] They offer
considerable advantages, such as low or no toxicity and low
cost. When the discovery of hydrozirconation was reported in
1969, zirconium reagents in the form of zirconocene com-
plexes first attracted the attention of synthetic chemists.[2]


Since then many synthetically useful zirconocene-catalyzed
reactions, such as enyne cyclization, carbomagnesation, and
olefin polymerization, have been developed.[3] At the initial
stage, however, zirconium alkoxides were not as thoroughly
investigated. Zirconium alkoxides possess interesting charac-
teristics, such as moderate Brönsted basicity,[4] Lewis acidity,
high nucleophilicity of the alkyl group on zirconium (e.g.,
RZr(OR')3), and a high ligand exchange rate.[1] Due to these
diverse characteristics of zirconium alkoxides, various mech-
anistically different catalytic reactions have recently been
realized. In the first half of the 1990s, zirconium alkoxides
were applied to many reactions as alternatives to titanium
alkoxides. These investigations revealed that zirconium alk-
oxides were superior to titanium alkoxides in some reactions,


such as oxidation of benzylic, allylic, primary, and secondary
alcohols,[5] the Meerwein ± Ponndorf ± Verley reduction[6] and
other redox reactions,[7, 8] allylation of aldehydes,[8d, 9] the
Diels ± Alder reaction,[10] polymerization of olefins,[11] and
others.[8d, 12] Recently, special properties of zirconium alkox-
ides led to the development of novel reactions that could not
be produced by using other metals. Herein, we describe these
prominent achievements with new concepts in the catalysis of
zirconium alkoxide.


Discussion


Enantioselective catalysis is currently one of the most
important areas in synthetic organic chemistry. Chiral mod-
ification of the zirconium catalyst 2 was reported by Nugent in
the desymmetrization of meso epoxides in 1992.[13] The chiral
zirconium catalyst was prepared from Zr(OtBu)4, chiral
trialkanolamine 1, water, and trimethylsilyl trifluoroacetate,
which promoted the enantioselective addition of azide to
meso epoxides, affording the corresponding azido silyl ethers
in good yield and enantioselectivity (Scheme 1). The catalyst
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Scheme 1. Epoxide desymmetrization with azide.


structure was proposed to be a dimeric species based on
elemental analysis, measurement of molecular weight of the
catalyst, and other experimental results. Based on the catalyst
structure and kinetic studies, a reaction mechanism was
proposed in which zirconium activates the epoxides as a Lewis
acid and the azide nucleophile through transmetallation and
generation of zirconium azide (Scheme 2). Therefore, the
bimetallic zirconium catalyst 3 was proposed to promote a
rapid and effective catalysis of the asymmetric epoxide-
opening reaction with azide. Catalytic enantioselective epox-
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Scheme 2. Mechanism of Zr-catalyzed epoxide desymmetrization.


ide-opening by azide could not be accomplished by means of
other metal complexes until 1995.[14]


Nugent recently applied this catalyst system to the desym-
metrization of meso epoxides with halides, based on a
mechanistic insight.[15] The use of the allyl halide and
trimethylsilyl azide gave the corresponding halohydrins from
epoxides in high yield and enantioselectivity (Scheme 3). The
zirconium azide in 3 could be converted to the zirconium
halide through the nucleophilic substitution of the azide by
allyl halide.
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Scheme 3. Synthesis of protected b-bromohydrins by desymmetrization of
meso epoxides with zirconium catalyst.


In 1997, a novel chiral zirconium catalyst was reported by
Kobayashi for the catalytic enantioselective Mannich-type
reaction.[16] The catalyst 4 was prepared from [Zr(OtBu)4],
6,6'-dibromobinaphthol (6-BrBINOL), and N-methylimidaz-
ole (NMI); the structure was revealed by 1H and 13C NMR
spectroscopy as the C2-symmetric complex constructed from a
1:2:2 ratio of zirconium, 6-BrBINOL, and NMI (Scheme 4).
In the presence of the catalyst, treatment of aldimines 5 with
ketene silyl acetals 6 afforded the corresponding adducts 7 in
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Scheme 4. Catalytic asymmetric Mannich-type reaction using a zirconium
catalyst.


high yield and enantiometic excess. Deactivation of the Lewis
acid catalyst by the Lewis basic product, amine 7, or substrate,
imines 5, was not observed. In fact, before the discovery of this
catalyst system, more than stoichiomeric amounts of the
Lewis acids were necessary for the Mannich-type reaction
because the catalysts were trapped by the nitrogen atom. In
spite of the high ligand exchange rate of zirconium alkoxide,
the phenolic function of the substrates 5 did not exchange with
BINOL, possibly due to the pKa difference. Rather, it seems
to prevent the decomposition by the silylation of BINOL (see
below).


Kobayashi applied the same catalyst to the first enantiose-
lective aza-Diels ± Alder reaction of aldimines 8 and Dani-
shefsky�s diene 9 to give a wide variety of the chiral piperidine
derivatives 10 (Scheme 5).[17] In this reaction, other Group 4
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Scheme 5. Catalytic asymmetric aza-Diels ± Alder reaction using a zirco-
nium catalyst.


metals, titanium and hafnium, were investigated. The chiral
hafnium catalyst produced as high yields and enantiomeric
excesses as the zirconium catalyst, whereas a titanium catalyst
produced a lower yield and enantiomeric excess. These results
indicate that zirconium, as well as hafnium, are excellent
catalysts in this reaction system. The enantioselective aza-
Diels ± Alder reaction was also catalyzed by the similar
zirconium binaphthol complex 11 prepared from the 1:1 ratio
of [Zr(OtBu)4] and 3,3'-disubstituted BINOL (Figure 1).[17b]


Even by using the same absolute configuration of BINOL, the
asymmetric induction in this case was opposite to that
observed in the previous case.
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Figure 1. Another type of zirconium catalyst for asymmetric aza-Diels ±
Alder reaction.


Another type of zirconium binaphthol complex catalyzes
highly enantioselective Strecker reactions of aldimines 5 with
broad generality.[18] This type of catalyst was prepared from
[Zr(OtBu)4], (R)-6,6'-dibromo-1,1'-bi-2-naphthol ((R)-6-
BrBINOL), (R)-3,3'-dibromo-1,1'-bi-2-naphthol ((R)-3-Br-
BINOL), and NMI. Based on NMR spectroscopic studies,
the catalyst structure was proposed to be 12 (Scheme 6). This
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Scheme 6. Catalytic asymmetric Strecker-type reactions using a zirconium
catalyst.


complex can also catalyze the three-component asymmetric
Strecker process with aldehydes, the amine 13, and hydrogen
cyanide (HCN). As expected from the high ligand exchange
rate of zirconium alkoxides, the zirconium tertiary butoxide
moiety in the catalyst 12 was converted to zirconium cyanide,
which was assumed to be the actual catalyst.


Recently zirconium complex 14 prepared from [Zr(OtBu)4]
and 3,3'-iodo-1,1'-bi-2-naphthol (3-I-BINOL) catalyzed the
asymmetric aldol reactions of enol silyl ethers with aldehydes
(Mukaiyama aldol reaction).[16f, 19] The zirconium catalyst
activates aldehydes and promotes the aldol reaction to afford
the corresponding aldol products in high anti selectivity and
enantiomeric excess in the presence of propanol (Scheme 7).
Use of the protic additive (propanol) facilitates the catalyst
turnover. In the absence of propanol, mono trimethylsilyl
BINOL was observed, indicating decomposition of the
catalyst.
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Scheme 7. Catalytic asymmetric aldol reaction using a zirconium catalyst.


The catalysis of zirconium alkoxide is not limited to the
reactions catalyzed only by Lewis acids. It can be applied to
other mechanistically different reactions such as redox
reactions. The heterogeneous system of the MeerweinÐ
Ponndorf ± Verley reduction, promoted by hydrous zirconium
oxide[20] and zirconium 2-propoxide on silica gel,[21] has been
successfully applied. On the other hand, the effective
homogeneous system was also reported by Krohn in 1995.[5]


Under optimized conditions, 1-(4-dimethylaminophenyl)-


ethanol (15) was used as the reducing alcohol and [Zr(OtBu)4]
as the catalyst. Aldehydes and ketones were reduced under
mild conditions to the corresponding alcohols in high yield
(Scheme 8). This variation of the Meerwein ± Ponndorf ±
Verley reduction was kinetically controlled and highly stereo-
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Scheme 8. Meerwein ± Ponndorf ± Verley reduction catalyzed by zirconi-
um alkoxide.


selective, in contrast to the conventional Meerwein ± Ponn-
dorf ± Verley reduction which is thermodynamically control-
led. In this case, [Zr(OtBu)4] can be used in a catalytic amount
without a serious decrease in the reaction rate compared to
[Al(OtBu)3], which is a representative stoichiometric pro-
moter of the Meerwein ± Ponndorf ± Verley reduction. It was
assumed that the high reactivity of [Zr(OtBu)4] was due to its
monomeric structure.[22] The turnover of the zirconium
catalyst might be due to a much faster exchange rate of the
alkoxide ligand. Later, this reaction was extended to the
catalytic asymmetric reaction, although preparatively useful
enantiomeric excess was not obtained.[6c]


Oxidations catalyzed by zirconium alkoxides were also
developed. Zirconium alkoxides could also catalyze various
types of oxidation such as Oppenauer oxidations,[7b] oxida-
tions of amine to nitro compounds,[7c] sulfoxidations,[7d,e] and
others.[7a] Among them, oxidation of alcohols to the corre-
sponding aldehydes or ketones provides a synthetically useful
method.[5, 23] Benzylic alcohols were readily oxidized to the
corresponding aldehydes and ketones by using [Zr(OnPr)4]
and hydroperoxide (Scheme 9).[5a] In this reaction,
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Scheme 9. Oxidation of benzylic alcohol catalyzed by zirconium alkoxide.


[Zr(OnPr)4] was far superior to [Ti(OiPr)4]. The electron-rich
alcohol was dehydrogenated much more rapidly than the
electron-deficient alcohol; this suggests a mechanism that
includes hydride transfer accompanying the development of a
partial positive charge on the benzylic carbon atom. There-
fore, a six-membered transition state 16 was proposed (Fig-
ure 2). In the transition state, zirconium metal would have
three roles: 1) coordination of the substrate alcohol and the
hydride acceptor TBHP, 2) ac-
tivation of OÿO bond of TBHP,
and 3) activation of the CÿH
bond of the substrate. The
properties of zirconium, both
as a Lewis acid and an electron
donor, are required to minimize
the activation energy of the
hydride transfer.
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Figure 2. Proposed transition
state of TBHP oxidation cata-
lyzed by zirconium alkoxide.
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Nonactivated alcohol was also dehydrogenated by using the
more active [Zr(OtBu)4] as a catalyst, hydroperoxide as an
oxidant, and molecular sieves as the dehydrating agent
(Scheme 10).[5b] Secondary alcohols were dehydrogenated
faster than primary alcohols. Primary allylic alcohol gave
only epoxidation products similar to those obtained by the
Sharpless epoxidation; however, the secondary allylic alcohol
yielded the dehydrogenation product in high yield.
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Scheme 10. Oxidation of primary and secondary alcohols catalyzed by
zirconium alkoxide.


These multicharacteristics of zirconium alkoxides are art-
fully combined in our one-pot process of trans-b-1,2-diol
synthesis and trans-b-cyanohydrin synthesis. To improve the
efficiency of organic synthesis, including minimizing the
energy costs and chemical waste, a tandem reaction would
be a powerful tool in which some mechanistically different
reactions were performed in one pot. Considering the ability
of zirconium alkoxide to promote various reactions men-
tioned above, zirconium alkoxide should be one of the
candidates that catalyze each step of the sequential reactions.
Therefore, we are interested in developing zirconium-alk-
oxide-catalyzed tandem reactions. In 2000, we reported the
one-pot synthesis of trans-1,2-diol derivatives directly from
olefins.[24] In this reaction, various olefins were converted to
the corresponding trans-b-acetoxy alcohols 17 in high yield
and good selectivity in the presence of 10 mol % [Zr(OiPr)4]
as a catalyst, bis(trimethylsilyl) peroxide (BTSP) as an
oxidant, and TMSOAc as a nucleophile (Scheme 11). Epox-
ides were intermediates of this tandem conversion, which was
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Scheme 11. Direct synthesis of trans-b-acetoxy alcohols from olefins
catalyzed by a zirconium catalyst.


confirmed by the 1H NMR spectra of the reaction mixture, as
well as by the fact that the epoxide reacted smoothly to give
the acetoxy alcohol in the presence of the catalyst. These
results suggest that zirconium alkoxide could promote both
the epoxidation of olefins and the opening of the resultant
epoxides. Moreover, it is noteworthy that no titanium
alkoxides could catalyze this reaction.


We planned to extend this chemistry to a more valuable
carbon ± carbon bond-forming reaction, using TMSCN as the
nucleophile.[25] In contrast to the acetoxy alcohol synthesis, the
b-cyanohydrin formation was sluggish. The addition of the
bulky diol ligand to the zirconium and the use of triphenyl-
phosphine oxide significantly facilitated the reaction to a


synthetically useful range. A variety of olefins were converted
to the corresponding trans-b-cyanohydrins 20 in one pot in the
presence of the catalyst 19 prepared from [Zr(OtBu)4],
1,1,4,4-tetraphenyl-1,4-butanediol 18, and Ph3PO, BTSP as
an oxidant, and TMSCN as a nucleophile (Scheme 12). The
reaction proceeded in high yield and selectivity. Some
selected examples are listed in Scheme 13. A much less
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Scheme 12. Direct synthesis of trans-b-cyanohydrins from olefins cata-
lyzed by zirconium alkoxide.


MeO2C


MeO2C CN


OH


O CN


OH


OH
CN


CN
OH


OH


CN
25: yield 100%


28: yield 78%27: yield 76%


26: yield 94%n = 1 (21): yield 87%
n = 2 (22): yield 95%
n = 3 (23): yield 96%
n = 4 (24): yield 82%


(    )n(±) (±)


(±)


Scheme 13. Selected examples of one-pot syntheses of b cyanohydrins
from olefins catalyzed by a zirconium catalyst.


reactive cyclooctene was converted to the cyanohydrin 24 in
good yield. Cyclohexene bearing the ester substituents gave
the single isomer 25 in quantitative yield, and terminal olefins
gave the secondary alcohols 26 and 27 as the sole regioisomer.
In the absence of Ph3PO, however, the styrene was converted
to the primary alcohol as the main product, indicating the
importance of Ph3PO for the regiochemical course as well.
These results suggested that the epoxidation occurs favorably
on the sterically less crowded side and the cyanide attacks
mainly at the less hindered carbon in the presence of Ph3PO.


This reaction also proceeded via the epoxide intermediate,
and the catalyst promoted both the epoxidation of olefin and
the epoxide-opening reaction. Interestingly, TMSCN was
necessary for generating the catalytic species to promote the
epoxidation step, indicating that the real active species has a
Zr-CN moiety. Finally, the kinetic studies demonstrated that
the reaction rate of the epoxidation step had a first-order
dependency on the catalyst concentration and the rate of the
epoxide-opening step had a second-order dependency. The
results of the kinetic studies indicated that the catalyst(s)
should change the mode of action in one pot, promoting the
epoxidation step in the single metal-centered mechanism and
the epoxide-opening step in the bimetallic mechanism. These
results, together with those of previous studies of titanium-
catalyzed epoxidation, ytterbium-catalyzed epoxide-opening
reaction with cyanide, zirconium-catalyzed epoxide-opening
reaction with azide, and the other zirconium-alkoxide-cata-
lyzed reactions mentioned above, led us to propose a working
model for this novel reaction (Scheme 14). This reaction
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mechanism is consistent with the reaction rate dependency on
the catalyst observed in the kinetic studies. Therefore, the
zirconium catalyst works as an oxidant, a Lewis acid, and a
nucleophile. These multiple actions of the zirconium catalyst
are key for the success of this one-pot process. This syntheti-
cally useful reaction was applied to the catalytic asymmetric
reaction with the TADDOL derivative 29 as the chiral ligand
(Scheme 15). Although further improvement of enantioselec-
tivity is necessary, this result demonstrated the possibility of
the catalytic asymmetric process of this reaction. We are
currently attempting an efficient catalytic asymmetric syn-
thesis of biologically active compounds.
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Scheme 15. Catalytic asymmetric one-pot synthesis of b-cyanohydrins
from olefins catalyzed by a chiral zirconium catalyst.


Future Outlook


Zirconium alkoxide has multiple functions and can catalyze
the many mechanistically different reactions as mentioned
above. These multiple functions lead to the possibility of a
new catalytic enantioselective one-pot synthesis of b-cyano-
hydrins. The use of these characteristic properties of zirco-
nium alkoxides should realize many other environmentally
benign catalytic enantioselective syntheses of target com-
pounds; this is one of the major goals of synthetic organic
chemistry. We hope that this new concept of the tandem
reactions will facilitate the design of new catalysts and general
methodology for novel reactions.
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Introduction


Approximately 100 fluorofullerenes and derivatives have now
been isolated and either partially or fully characterised. These
include fluorinated [60]-, [70]-, [76]-, [78]-, [82]- and [84]ful-
lerenes, fluorinated aza[60]fullerene, together with deriva-
tives including epoxides, ethers (oxahomofullerenes), tri-
fluoromethylfullerenes, cycloadducts, as well as aryl com-
pounds and annulenes resulting from nucleophilic substitu-
tions. The general properties and problems associated with
fluorination are first described briefly.


Interest in fluorinating fullerenes arose initially from a
belief that a material with properties analogous and possibly
superior to Teflon could result from their total fluorination.[1]


However, this overlooked the inability of the cage to flex
significantly, hence twisting in order to avoid eclipsing
interactions between adjacent CÿF bonds cannot take place.
These interactions preclude very high fluorination levels (i.e.,
>C60F48) and result in a calculated decrease in the CÿF bond
energy by 15 % relative to a CÿF bond in CF4.[2]


Thus compared to Teflon, there is a reduced thermody-
namic stability and a susceptibility to nucleophilic attack at
the accessible carbon centres.[3] However, this reactivity
combined with the good solubility of fluorofullerenes in
many solvents (ca. 3 mgmLÿ1Ðprecise and relative values
have yet to be determined) has changed the focus of interest
in fluorofullerenes to one of product characterisation and
derivatisation. The hydrophobic nature of fluorofullerenes
causes them to be stable towards moisture unless a cosolvent
is present.


Electron withdrawal is enhanced relative to the parent
fullerenes as shown by: 1) increase in electron affinities by
approximately 0.05 eV per added fluorine, the incremental
effect decreasing at higher addition levels;[4, 5] 2) the reduction
potential of C60F48 is 1.38 V more positive than for C60 (0.79 V
with respect to the SCE compared to ÿ0.59 under the same
conditions; addition of a second electron causes loss of
fluoride to give C60F47


ÿ).[6] Thus fluorofullerenes have consid-
erable potential as enhanced acceptors in donor ± acceptor
diads. The hitherto unavailability of the pure compounds in
substantial amounts has resulted in a paucity of other
comparative data, though the heats of formation of C60F48


and C60F36 (isomer mixture) have been determined (crystal,
298 K) as ÿ7560 and ÿ5360 kJ molÿ1, respectively.[7]


Fluorofullerene research is likely to expand once problems
associated with production and purification of larger quanti-
ties can be overcome, and fluorine-decoupled 13C NMR
spectroscopy facilities become more widely available.


Eclipsing interactions are unimportant at lower addition
levels, so that the combination of low steric requirements,
product stability, and ease of 19F NMR spectroscopic charac-
terisation makes fluorination pre-eminent for determining the
fundamental regiochemical properties of the fullerene cages.
Thus in contrast to chloro- and bromofullerenes, EI mass
spectrometry can be used for product identification; as is
general for fullerene derivatives, the stability decreases the
lower the addition level. HPLC separation of products is
aided by both the high solubility of fluorofullerenes in toluene
and the considerable difference in polarities of fluorofuller-
enes of fairly similar structure.


Two features dominate fullerene fluorination and are
evident in the characterised derivatives. These are the attach-
ment of fluorine pairs across 6,6-bonds, and the tendency to
create structures with increased aromaticity relative to the
fullerene precursor.
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Because it is difficult to see the locations of substituents in
ªthree-dimensionalº diagrams of polyaddended fullerenes,
Schlegel diagrams are used extensively in this article.


Fluorinating Reagents


Only those fluorinating conditions which have led to isolable
and characterisable derivative are described here.


Fluorine gas and xenon difluoride : Initial fluorination work
involved the use of either F2 or XeF2 as fluorinating reagents
and encountered a major problem.[8±11] Since no solvent stable
to the reagents will dissolve fullerenes, fluorination has to be
carried out under heterogeneous conditions, thereby preclud-
ing control over the extent of fluorination. Attempts to use
short times of exposure to fluorine in order to reduce the
fluorination level fail because of the close packing of the
fullerene molecules. Hence fluorine attacks the outermost
molecules, and extensively fluorinates these which expand
away from the cluster (swelling is visible),[9, 10] thereby
exposing the next layer. If therefore fluorination is stopped
after a limited time, the product consists of a mixture of highly
fluorinated and unfluorinated fullerenes.[12] A further conse-
quence of the fullerene packing is that mixtures of C60 and C70


fluorinate much more rapidly than pure C60,[13, 14] due to the
greater ease of penetration of the more open lattice of the
mixture.[9] (Similar reasons cause pure C60 to dissolve only
very slowly in hexane,[15] and C120 to dissolve much more
slowly than when mixed with C60.[16])


Thus for some time the only pure fluorinated fullerene that
could be isolated was C60F48, the success being due to steric
hindrance which drastically reduces the fluorination rate once
48 atoms have been added to the [60]fullerene cage. A high
yield of this compound can be obtained by using severe
fluorinating conditions, namely, fluorine at about 275 8C in
either the presence[17] or absence of NaF.[18] Fluorination does
continue above this level to produce traces of compounds up
to C60F60 and beyond (necessarily involving in these latter
cases, cage opening).[18] The cage-opening produces fluori-
nated fragments and evidence for their subsequent reactions
is presented below.


Metal fluorides : Fluorination of fullerenes by metal fluorides
was introduced by Dr. Olga Boltalina of Moscow University,
and is carried out at high temperature (ca. 400 ± 500 8C) under
vacuum. The success of the method derives from the higher
volatility of fluorofullerenes relative to the parent molecules;
once fluorination reaches a certain level, the fluorofullerene is
swept away from the fluorinating reagent and reaction stops.
By selection of metal fluorides that evolve fluorine at
different temperatures, it is possible to selectively (at least
partially) reach a required fluorination level. At present this
involves a somewhat serendipitous approach, nevertheless it
has enabled major advances to be made recently in this field.
Reagents that have proved to be particularly suitable include
MnF3, CeF4 and K2PtF6.


In contrast to the formation of C60F48, it is not possible to
produce exclusively a single product by this route, and


extensive HPLC separation of the crude reaction mixture is
then required. In this way fluorofullerenes ranging in quantity
from 0.5 ± 100 mg have been isolated.


Fluorinated [60]Fullerenes


Fullerene C60F48 : This is a pure white solid, the structure of
which was determined by two-dimesional 19F NMR spectro-
scopy;[17, 18] the Schlegel diagram (Figure 1) shows both R and
S forms of this chiral molecule. The structure was confirmed
recently by single-crystal X-ray analysis (Figure 2), which
reveals the indentation cause by the two groups of double
bonds; these bonds are extremely short (1.30 �) owing to the
compression from the adjacent fluorines.[19]


Figure 1. Schlegel diagrams for enantiomers of C60F48, *�F.


Figure 2. Single-crystal X-ray structure for C60F48; black carbons are sp3,
grey carbons are sp2.


C60F48 is potentially valuable as a highly concentrated
source of fluorine that can be released on heating, for
example, a maximum of 300 mL of F2 from 1 g. It has been
used to fluorinate aromatics[20] and, in preliminary experi-
ments by using a Knudsen cell within a mass spectrometer, to
produce fluorofullerenes of lower fluorine content such as
C60F2.[4] This method has potential for further development
through heating mixtures of C60F48 and C60, obtained by
precipitation from toluene. The latter technique may open up
the lattice so that the problems outlined in the introduction
can be overcome.


C60F48 forms coloured charge-transfer complexes with
aromatic solvents, a greater bathochromic shift being ob-
served the more electron-donating the aromatic, for example,
a red solution in toluene.[18] Less highly fluorinated fullerenes
generally give yellow solutions in toluene.
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Fullerene C60F36 : This fullerene was first observed together
with C60F18 (both in the form of oxides) in the mass spectrum
of a sample of mixed fluorofullerenes that had accidentally
been treated with methanol.[21] It provided the first indication
that fluorination and hydrogenation paralleled each other;
C60H36 was the first fullerene compound to be prepared
(accompanied by C60H18),[22] but the initial structural proposal
was rejected subsequently in favour of a structure of T
symmetry, predicted to be aromatic, since it should contain
four planar aromatic hexagonal rings.[23] Unfortunately, C60H36


proved to be very susceptible to oxidation, which, together
with the coupling multiplicities in the 1H NMR spectrum,
made determination of the structure impossible.


C60F36 (cream) is obtained by heating [60]fullerene with
MnF3 at 330 8C under vacuum, and separates (HPLC) into two
isomers each giving three and twelve peaks of equal intensity
in the 19F NMR spectrum. The former is the predicted T
isomer, whilst the latter could be one of a number of C3


isomers.[24] Calculations[25] (for C60H36 but which are applica-
ble to the fluoro analogues) limited the C3 possibilities to two
isomers, the correct one (also predicted to be the most stable)
being identified by two-dimensional 19F NMR spectroscopy.[26]


Comparison of the 3He NMR spectra for C60X36 (X�H, F)
showed that the same isomers are obtained in both hydro-
genation and fluorination.[26]


The Schlegel diagrams for the two isomers (Figure 3) show
that each isomer is related to the other merely by means of
1,3-shifts of six fluorines (shown as open circles). Each isomer
can be formed by contiguous addition of fluorine to the cage,
whereas neither the other C3 isomer, nor the D3 isomer
(predicted to be thermodynamically the most stable)[25] can be
obtained in this way and, hence, are not formed.


Figure 3. Schlegel diagrams for the T (left) and C3 (right) isomers of C60F36;


*, *�F.


Both the Tand C3 isomers of C60F36 are highly aromatic, and
contain four and three benzenoid hexagonal rings, respec-
tively. This accounts for the ready cessation of fluorination at
this addition level and the need to employ drastic conditions
for C60F48 formation. The presence of the planar rings greatly
distorts the cages as can be seen in their calculated structures
(Figure 4).[27]


Fullerene C60F18 : This lemon-yellow compound is obtained
under the same conditions that produce C60F36 and is
presumed, therefore, to be an intermediateÐindeed the motif
is found in the T isomer. It is more polar than C60F36 (longer
HPLC retention time), and consequently less volatile.[28] A


Figure 4. Calculated structures for the carbon cages of the T (left) and C3


(right) isomers of C60F36.


higher yield is obtained by fluorination with K2PtF6 at
600 K.[29] Fullerene C60F18 (Figure 5) is isostructural with
C60H18


[30] (each gives a four line NMR spectrum having 1:2:2:1
intensity ratios)[29, 30] the structure being confirmed by single-
crystal X-ray analysis, which proved the presence of the
planar fully-delocalised hexagon (see Table 1).[31] The packing
in toluene is shown in Figure 6.[31]


Figure 5. Schlegel diagram for C60F18 and single crystal X-ray structure.


Remarkable features evident from Table 1 are the follow-
ing: 1) the bonds in the benzenoid ring are shorter than in
benzene, attributed to compression arising from the effect of
the adjacent fluorines, as seen also in hexafluorobenzene,
though to a smaller effect; 2) the abnormally long and,
therefore, weak CÿC bond of 1.672 � is very amenable to
oxygen insertion to give the ether C60F18O (described below).
Oxygen similarly inserts into the next two longest bonds
(1.623 and 1.557 �), but not the 1.558 � bond because the
product is, according to calculations, less stable.


The combination of replaceable fluorines, a planar aromatic
hexagon and a ªnormalº curved fullerene region makes C60F18


a potential precursor for the formation of a wide range of
derivatives, especially donor ± acceptor complexes, because of


Table 1. Bond lengths [�] in C60F18 (for notations see Figure 5).


CÿC CÿF


a,a' 1.372 j 1.428 1 1.396
b 1.476 k 1.435 2 1.377
c 1.623 l 1.386 3 1.385
d 1.557 m 1.437 4 1.361
e 1.672 n 1.387
f 1.558 p 1.436
g 1.500 q 1.453
h 1.524 r 1.387
i 1.363 s 1.447
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Figure 6. Packing of C60F18 in toluene.


the anticipated greater electron withdrawal by the fluorinated
cage relative to that in [60]fullerene.


Fullerene C60F18 is evidently formed by a mechanism
involving addition of pairs of fluorines across 6,6-bonds.
Some early components in this process are described below;
the penultimate step in this process is the formation of C60F16.


Fullerene C60F16 : This is produced from fluorination of
[60]fullerene with K2PtF6 at 465 8C. The ten-line 19F NMR
spectrum is consistent only with the structure shown in the
Schlegel diagram (Figure 7).[32] The isolation of this com-
pound arises from the presence of a benzenoid ring in the
structure. This cannot be present in the C60F14 precursor,
hence the high gain in stability upon addition of F2 will be
make isolation of C60F14 difficult ; no evidence for its separate
existence has been found.


Figure 7. Schlegel diagram showing the structure of C60F16.


Fullerene C60F2 : This compound (Figure 8) is formed in very
low yield on fluorinating with K2PtF6 at 470 8C. The mass
spectrum is poor due to the lower stability arising from the
low substituent level. The compound has Cs symmetry (single


line 19F NMR spectrum at d�
ÿ148.3), consistent with it be-
ing the precursor for formation
of all of the higher fluorinated
[60]fullerenes.[33]


Fullerene C60F20 : This remark-
able compound is formed by
fluorinating with either a mix-


ture of MnF3 and KF at 480 8C for 8 h, or Cs2PbF6 at 580 8C for
6 h. It is off-white and gives very pale lemon solutions in
toluene; this indicates less charge transfer than in the case of
C60F18, which gives a deeper yellow-green colour. It gives a
single line in the 19F NMR spectrum at d�ÿ132.8.[34] The
addition pathway for fluorination can occur by two routes, and
either C60F18 or C60F20 can be produced. The former is
aromatic and is therefore produced in larger quantity.[34]


Fullerene C60F20 (Figure 9) has been named �Saturnene� in
view of its unique structure comprising flattened poles
(MM3 calculated distance between them of 6.29 �) and an


Figure 9. Polar view of C60F20 (left). The C60F20 cage (right: fluorines
deleted for clarity).


expanded equator (calculated sp3C ± sp3C distance of 7.85 �).
It may be regarded as consisting of two dehydrocorannulene
moieties held together by a (CF)20 chain. A further unique
aspect is the presence of two completely isolated conjugated
regions. As in the case of C60F18 this compound should be
useful for the formation of donor ± acceptor complexes, an
added feature here being the ability to add donors at either
end of the molecule.


Fluorinated [70]Fullerenes


Many fluorinated [70]fullerenes have been isolated by HPLC
from fluorination of [70]fullerene with MnF3 at 450 8C, and
characterised by both mass spectrometry and 19F NMR
spectroscopy. Because of either coincidence of peaks or low
sample quantity, successful analysis of the two-dimesional
spectra to give the precise structures has not yet been possible.
The products are composed of one isomer each of C70F34,
C70F42 and C70F44, six isomers of C70F36, eight isomers of
C70F38, and four isomers of C70F40. One isomer each of C70F36,
C70F38 and C70F42 and two isomers of C70F40 have Cs or C2


symmetry; the others are all C1.[35]


Fluorinated Higher Fullerenes


Fullerenes C76F36, C76F38, C76F40, C76F42 and C78F42 : Each of
these components have been isolated in small quantities by
HPLC from fluorination of [76]fullerene (containing a trace
of [78]fullerene) with MnF3 at 450 ± 500 8C. C76F38 has C1


symmetry and one of the C76F40 isomers has C2 symmetry,
but no further characterisation have been made with the
quantities presently available.[36]Figure 8. Structure of C60F2.
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Fullerenes C82F44, C84F40 and C84F44 : Each of these compounds
(identified by mass spectrometry) have been isolated by
HPLC from the fluorination of [84]fullerene (containing a
trace of [82]fullerene) by MnF3 at 470 8C.[37]


Fluorinated Aza[6]fullerene


Fullerene C59NF33 : This is produced from fluorination of
aza[60]fullerene by MnF3 at 470 8C.[38] The molecular formula
indicates a structure (Figure 10) that has a 10p-electron


aromatic centre and, therefore,
will be particularly stable. By
contrast, hydrogenation gives
C59NH5, which probably has a
6p-electron aromatic centre[38]


(cf. C59NCl5),[39] the difference
being attributable to the lower
activation energy for fluorina-
tion. This can therefore over-
come the loss of resonance
energy on progressing beyond
the five-addend stage.[38]


Fluorotrimethylfluorofullerenes


Fullerenes C60F17CF3 and C60F17CF2CF3 : Various fluorotri-
methylfluorofullerenes accompany the formation of C60F18.
Since trifluoromethylation (giving uncharacterised products)
can be accomplished by direct reaction with trifluoromethyl
radicals,[40] the involvement of the latter seemed probable,
since fluorination is accompanied by cage fragmentation[17, 20]


giving fluoroalkyl species.
It is now known that a second route to fluoroalkylation is


involved; the recent isolation of C60F17CF3 indicates that
insertion of CF2 groups into CÿF bonds occurs.[41] (Remark-
ably, C60F17CF3 showed virtually no resonance for the CF3


group in the 19F NMR spectrum, which led to the belief
originally that the compound isolated was the isomeric
C60F18CF2.[42]) The CF2 group inserts into the two most
accessible CÿF bonds in the molecule in a 65:35 ratio to give
the Cs and C1 compounds, respectively, as shown in Figure 11;
the latter component is a thus a chiral mixture. Figure 12


Figure 12. Single-crystal X-ray structure of the main (Cs) component of
C60F17CF3.


shows the single crystal X-ray structure of the main compo-
nent.


The insertion mechanism is confirmed by the isolation of
the Cs-symmetric fullerene C60F17C2F5, which arises from
further insertion of CF2 into the existing CF3 group.[41] Here
only a single isomer is obtained, consistent with the lower
steric hindrance that results from insertion into the Cs


trifluoromethyl precursor.
In view of the greater electron-withdrawing power of


trifluoroalkyl groups compared to fluorine, and possibly lower
susceptibility to nucleophilic substitution, these groups may
prove to be particularly important for enhancing the acceptor
properties of fullerenes. Isolation of many other trifluoro-
methyl derivatives seems probable.


Fluorofullerene Oxides


The ready formation of numerous oxides is a feature observed
early in studies of F2-gas fluorination of fullerenes,[3, 10, 43]


despite the anhydrous conditions employed, which indicated
that reaction with oxygen traces occurred during the fluori-
nation. However, the relative concentrations of these in-
creased on reaction with methanol, hence it also seemed likely
that these were epoxides that resulted from SN2 nucleophilic
substitution followed by elimination (Figure 13). [SN2 (in-


volving backside attack) could
not apply, and SN1 (involving
fullerene cation formation)
seemed improbable.[3, 43]]


Cations have since been ob-
served[44] and their formation
may be favoured when a great-
er number of sp3-hybridised
carbons that are less electron-
withdrawing are present on the
cage. However, the replace-
ment mechanism is unimpor-
tant in the present context, itFigure 11. Schlegel diagrams of the isomers of C60F17CF3.


Figure 10. Schlegel diagram of
conjectured aromatic structure
for C59NF33.
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being sufficient that the mass spectra of many isolated
components are consistent with the following process
[Eq. (1)]:[45]


C60Fn!C60Fnÿ1OH!C60Fnÿ2O (1)


Fullerene C60F18O : A [60]fullerene oxide, C60F18O, of Cs


symmetry was isolated by HPLC from the product mixture
obtained on producing C60F18. The 19F NMR spectrum was
consistent with either an epoxide or an ether, the former being
assumed in view of the considerable evidence for the presence
of epoxides (see above).[46] More recently, the single-crystal
X-ray structure (Figure 14) showed the oxide to be an ether
(oxahomofullerene),[47] which is the first such fullerene
species to be isolated; homofullerenes and azahomofuller-
enes, the CR and NR2 analogues, have been isolated
previously.[48]


Figure 14. Single-crystal X-ray structure for the most abundant isomer of
C60F18O.


To form this isomer, oxygen inserts into the longest (i.e.,
weakest) CÿC bond in the molecule (see Table 1); insertion
into the next longest bonds yields two further isomers.[49] The
Schlegel diagrams for all three isomers are shown in Fig-
ure 15.


Fullerene C60F18O2 : Seven iso-
mers of the C60F18O2 bis-ethers
have also been isolated, and
their one- and two-dimesional
19F NMR spectra obtained.[50]


In principle twenty-one isomers
can be obtained by combinations of the motifs shown in
Figure 15, and the heats of formation have been calculated.[50]


The number of isomers possible for each motif combination
are category are: 4 (A�A), 6 (A�B), 4 (B�B), 3 (A�C), 3
(B�C), 1 (C�C), twenty-one in all. Seven have been
isolated, and four (Figure 16) positively characterised.


Other bis-oxides and some tris-oxides are produced, but in
quantities for mass spectrometric characterisation only.


Figure 16. Schlegel diagrams of characterised bisoxahomo[60]fullerenes.


Fullerenes C60F4O, C60F6O and C60F8O : These compounds
have also been isolated from the product of fluorination of
[60]fullerene with K2PtF6 under vacuum at 465 8C.[51] 19F NMR
spectra showed that both C60F4O and C60F8O have Cs-sym-
metrical structures, that C60F6o has a structure intermediate
between the other two and that the fluorines are arranged in
linear arrays in each compound. This confirmed that fluorine
addition to fullerenes is contiguous.


The structures were identified initially as epoxides, the
combination of small sample size and unavailability of
fluorine-decoupling rules out confirmation through the use


of 13C NMR spectroscopy.
However, the subsequent dis-
covery of oxygen insertion into
CÿC bonds of fluorofullerenes
now makes it certain that these
compounds are ethers, especial-
ly as the bond into which the
insertion would occur corre-
sponds to that which is most
susceptible to cleavage in
C60F18. Moreover, for the ether
structures no precursor requir-


Figure 13. Conjectured mechanism of epoxide formation from fluorofullerenes.


Figure 15. Schlegel diagrams for C60F18O isomers of 44, 48 and 58 min retention times (motifs A, B and C,
respectively).
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ing an additional two fluorines is required. The revised
structures are given in Figure 17.[52]


Fullerenes C60F20O, C60F20O2 and C60F20O3 : These compounds
(which have slightly longer retention times) were isolated
from the HPLC of C60F20, and characterised by mass
spectrometry.[53] No structures could be deduced because of
the small amounts of material, but C60F20 evidently forms
oxides (presumably ethers) just as does C60F18.


Derivatives of Fluorofullerenes


This is the most recent area of fluorofullerene research, and is
directed towards evaluating the fluorofullerenes as enhanced
acceptors in donor ± acceptor complexes. Given the limited
amounts of material currently available, initial experiments
have employed some known reactions of [60]fullerene to test
their applicability to fluorofullerenes.


Derivatives of C60F18


Fullerene C60F15Ph3 (triumphene): Halogenofullerenes are
more powerful electrophilies than fullerenes, with fluoroful-
lerenes being the most reactive. Substitution into aromatics is
therefore feasible in the presence of Lewis acid catalysts, for
example, the formation of C60Ph5Cl from C60Cl6/benzene/
FeCl3.[54] This reaction illustrates the steric hindrance to the
reaction, since only the most accessible chlorines are replaced.
Likewise, C60F18 reacts with benzene/FeCl3 to give the
triphenylated compound C60F15Ph3, the structure of which is
indicated (1H, 19F NMR spectroscopy) to be that in Fig-
ure 18.[55] Only the three most accessible halogens are readily


Figure 18. Schlegel diagram of the structure proposed for C60F15Ph3.


substituted, though preliminary
evidence indicated that all
eighteen fluorines can be re-
placed; C60Ph18 would probably
qualify as being the most aro-
matic compound known. This
reaction can in principle be
used to make a large number
of novel arylated fullerenes.


[2�4] Cycloaddition with an-
thracene : Just as C60 and an-


thracene participate in [2�4] cycloaddition to give 1:1
complexes,[56] so similar complexes can be made from
C60F18.[57] Addition can take place across four 6,6-bonds
(a ± d in Figure 19), with steric
hindrance increasing the closer
the bond is to the fluorines.
Consequently, addition occurs
most readily across bond a, to
give a Cs-symmetry product.
As in the case of the C60/
anthracene complexes, slow re-
version to components occurs
on standing at room temper-
ature. Some oxidation of an-
thracene to anthraquinone ac-
companies the reaction.


The adduct formed by addition across bond b is less stable
and both readily reverts to components and rearranges to the
Cs symmetry product. This is the first example of spontaneous
migration of a cycloaddition across the surface of the fullerene
cage.


1,3-Dipolar cycloaddition : The (Prato) reaction of [60]ful-
lerene with sarcosine and formaldehyde involves the inter-
mediate CH2�N�MeÿCH2


ÿ, which participates in a [2�4]
cycloaddition to give the prod-
uct shown in Figure 20;[58] use
of other aldehydes gives deriv-
atives with a variety of sub-
stituents in the resulting het-
erocycle. The reaction is prone
to give polyaddition.[59]


With C60F18, the reaction
takes place across bonds a and
b (see Figure 19) to give sym-
metrical and unsymmetrical
monoadducts, respectively, to-
gether with a number of sym-
metrical and unsymmetrical
bisadducts.[60]


The Bingel reaction : The reaction between fullerenes, diethyl
bromomalonate and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU: a base) produces a [2�1] cycloadduct through the
intermediate formation of the nucleophile ÿCBr(CO2Et)2,
which attacks the cage, followed by loss of Brÿ to give the
structure shown in Figure 21.[61]


Figure 17. Schlegel diagrams of the fluorofullerene ethers, C60FnO: a) n� 4, b) n� 6, and c) n� 8.


Figure 19. Positions available
for cycloaddition in C60F18.


Figure 20. Product of the reac-
tion of [60]fullerene with sarco-
sine and formaldehyde.
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Figure 21. Normal product of the reaction of diethyl bromomalonate/
DBU with C60.


With C60F18 the reaction takes a different course with one,
two or three of the most accessible fluorines being nucleo-
philically replaced. Moreover, because of its size, the incom-
ing nucleophile occupies a d-position relative to the departing
fluorine, to give the products shown in Figure 22. The
outstanding feature is that the trisubstituted product contains
a fully delocalised 18p annulene belt, and this gives rise to an
intense emerald green colour. The electrons in this belt are
highly delocalised as shown by the bond lengths (single-crystal
X-ray analysis) for the constituent bonds, which vary by only
0.013 �.[62] It is anticipated that numerous of these annulenic
fullerenes will become available in future.


Derivatives of C60F20


[2�4] Cycloaddition with anthracene : An unusual reaction
takes place with anthracene, for a precedence for the reaction
of 9,10-substituted anthracenes with C60 has been reported.[63]


As in the reaction with C60F18, some oxidation to anthraqui-
none accompanies the reaction, but anthracene also under-
goes oxygen addition to give an intermediate which then adds
to the cage to give the product shown in Figure 23.[64]


Figure 23. Product of the reaction of anthracene with C60F20.


Formation with respect to the alternative anthracene addition
is favoured by the aryl ring attached to oxygens being
constrained well away from the cage surface. The compound
has no symmetry plane and therefore gives 20� 1F signals in
the 19F NMR spectrum.


Conclusion


At one time it seemed that fluorination would not be a useful
reaction of fullerenes due to the inability to control the
reaction. The situation has changed dramatically such that
there are now more fluorofullerenes known than for any other
fullerene derivative involving a single addend type. The
problems now centre on producing larger quantities of the
crude products, and once this is solved one can anticipate
rapid expansion of the field, with many hundreds (at least) of
new compounds and derivatives being made. It is too much to
expect that there will not be further surprises in this
fascinating area.
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The [2]-rotaxane is an example of an Euclidean rubber glove molecule.  


By contrast, the [2]-catenane, which cannot be flattened to a planar 


figure, is the prototype of the topological rubber glove.


For more information 
see the following pages.
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A [2]Catenane and a [2]Rotaxane as Prototypes of Topological and Euclidean
Molecular ªRubber Glovesº


Jean-Claude Chambron,*[a] Jean-Pierre Sauvage,*[a] Kurt Mislow,*[b] AndreÂ De Cian,[c]


and Jean Fischer[c]


Abstract: A [2]catenane and a [2]rotax-
ane have been prepared from a C2-
symmetric, 2,9-diphenyl-1,10-phenan-
throline-based (dpp-based) macrocycle
incorporating a 1,5-dioxynaphthalene
subunit by means of the transition metal
templated technique. In the case of the
catenane, this macrocycle is interlocked
with a dpp-based macrocycle that is
oriented through the location of a p-
tolyl substituent in the 4-position of the
phenanthroline subunit. In the case of
the rotaxane, the C2-symmetric macro-
cycle is threaded onto an oriented,


dumbbell-shaped molecule, based on
the same 4-p-tolyl-1,10-phenanthroline
subunit, which bears tetraarylmethane
stoppers. Both species are chemically
achiral molecules, yet they are com-
posed entirely of asymmetric, mirror-
image conformations. Conformational
enantiomerization processes therefore
take place exclusively by chiral path-
ways, conferring on these molecules the


ªrubber gloveº property. However,
while the molecular graph (constitution-
al formula) of the [2]rotaxane can be
deformed into a planar and, hence,
rigidly achiral representation, a feature
shared by a few other compounds in the
literature that have been characterized
as ªEuclidean rubber glovesº, the mo-
lecular graph of the [2]catenane cannot
be deformed in this way. It therefore has
the unique property of being a chemi-
cally achiral ªtopological rubber gloveº.Keywords: catenanes ´ copper ´


rotaxanes ´ rubber glove molecule


Introduction


While the vast majority of chemically achiral molecules
display at least one achiral conformation (usually with a
mirror plane or an inversion center), a few of them possess the
intriguing property of being composed entirely of rigidly chiral
conformations. Conformational enantiomerization processes
are, therefore, different for the two cases. Specifically, in the
latter case they can only take place by way of chiral pathways,


as in the process of removing a right-handed rubber glove
from the right hand by ªpeelingº it off while turning it inside-
out; the resulting object is superimposable on a left-handed
glove, yet at no time does the glove ever attain a symmetrical
(achiral) shape.[1]


The first member of this family of stereochemical curiosities
[(1R)-menthyl (1S)-menthyl 2,2',6,6'-tetranitro-4,4'-diphenate
(1) in Figure 1] was conceived and synthesized in the mid-
1950s.[2] Other examples of this type have since been reported,
including chiral molecular propellers such as compound 2 in
Figure 1, enantiomerization of which by the two-ring flip
mechanism involves an exclusively chiral pathway,[3] and
certain bis(9-triptycyl)methane derivatives such as 3, in which
two triptycyl groups behave as highly mobile and tightly
meshed bevel gears.[4] In addition, we note that certain meso
compounds recently described by Sharpless and co-workers[5]


show the same kind of property; all chemically accessible
conformations of 4 (Figure 1) are chiral, yet they are
interconvertible by rotation of the trans double bond by 1808.


The graphs (constitutional formulae) of the molecules in
Figure 1 can be embedded in the plane without the crossing of
any edges (bonds), in the same way that a rubber glove can be
deformed, in principle, into a flat sheet of rubber. Note that
metrics and energetics play no role in this deformation, which
is a purely topological transformation. The resulting planar
presentation[6] is achiral in three-dimensional space. How-
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Figure 1. Examples of chemically achiral molecules displaying exclusively
chiral conformations. For each compound 1 ± 4, two interconverting
enantiomorphous conformations are shown. They are related by the mirror
plane marked with a dashed line.


ever, the chirality of individual
conformations requires the
maintenance of chemically rea-
sonable bonding parameters
(bond angles and lengths). Such
molecules have therefore been
termed ªEuclidean rubber
glovesº.


A few years ago, we reported
in brief on the first example of a
molecule that is not only chemi-
cally achiral, but the molecular
graph of which, unlike those of
the ªEuclidean rubber gloveº
molecules 1 ± 4 in Figure 1, is also
rigidly (geometrically) chiral in
every possible presentation.[7]


This molecule, the [2]catenane 5
in Figure 2, was properly charac-
terized as a chemically achiral
ªtopological rubber gloveº.


In this paper, we describe the
preparation of [2]catenane 5 and
compare its properties with those
of its ªEuclidean rubber gloveº
analogue, [2]rotaxane 6 (Fig-
ure 2), and also compare the
corresponding copper(i) com-
plexes, [Cu(5)]� and [Cu(6)]� .


Results and Discussion


Design, principle of construction, and synthesis : The [2]cat-
enane 5 and [2]rotaxane 6 in Figure 2 can be prepared from
the same C2-symmetric macrocycle incorporating a 1,5-
dioxynaphthalene subunit, which was designed for making a
hybrid CuI [2]catenate based on transition metal complex-
ation and aromatic donor ± acceptor interactions.[8a] In the case
of the catenane, this macrocycle is interlocked with a macro-
cycle that is oriented by the location of a p-tolyl substituent in
the 4-position of the 1,10-phenanthroline subunit.[8b] In the
case of the rotaxane, the C2-symmetric macrocycle is threaded
onto an oriented, dumbbell-shaped molecule based on the
same 4-p-tolyl-1,10-phenanthroline subunit, which bears tet-
raarylmethane stoppers that have been extensively used in the
construction of rotaxanes.[9] Catenation of the C2-symmetric
ring with the oriented ring (in the case of 5) or threading of the
former onto the oriented dumbbell (in the case of 6) destroys
the C2 axis of the 1,5-dioxynaphthalene-containing macro-
cycle in both molecules. As shown in Figure 2, the mirror
image of an asymmetric conformation of either 5 or 6 is
obtained by rotation of the 1,5-dioxynaphthalene plane by
1808. All chemically accessible conformations encountered
along this or any other enantiomerization pathway are
asymmetric. The time-averaged symmetry of 5 or 6 is Cs,
which expresses the chemical achirality of the molecule, even
though no individual conformation of the molecule can
possibly belong to this point group. There is, however, a
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Figure 2. Enantiomorphous conformations of [2]catenane 5 and [2]rotaxane 6. The enantiomorphs are related
by the mirror plane marked with a dashed line and are interconverted by rotation of the 1,5-dioxynaphthalene
moiety about the CÿO bonds (arrows).
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crucial difference between 5 and 6 as far as topological
properties are concerned. In contradistinction to 5, which
cannot be separated into its macrocyclic components without
bond breaking, 6 can, in principle, be disassembled by
dethreading of the ring from the oriented molecular dumb-
bell, and the molecular graphs of the individual components
can be deformed into planar and, hence, achiral presentations.
The former therefore qualifies as a ªtopological rubber
gloveº, whereas the latter is ªonlyº a ªEuclidean rubber
gloveº.


The target [2]catenane 5 and [2]rotaxane 6 were synthe-
sized by means of the transition metal templated technique
developed and used extensively for making various catenanes,
rotaxanes, and knots.[10] The general principle of construction
is shown in Figure 3. The molecular precursors, macrocyclic A
and acyclic B, both incorporate the same bidentate chelating
subunit. In the presence of copper(i), they give rise to the
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Figure 3. Transition metal templated strategy for the construction of
catenanes and rotaxanes. Thick lines represent bidentate chelates. The
black disk represents a transition metal cation. X and Y are complementary
functions, such as nucleophilic and electrophilic groups. The metal controls
threading of macrocycle A onto acyclic fragment B. Intermediate C can be
used as a precursor for the formation of either catenane D or rotaxane F,
depending on the nature of the other reactant (chain-like fragment or
stopper, respectively). Removal of the metal template provides access to
either free catenane E or free rotaxane G.


exclusive formation of intermediate C by virtue of the
stereoelectronic preferences of this d10 transition metal cation.
Reaction of C with the appropriate linker or stopper affords
the copper(i) complexes of the desired catenane D or rotaxane
F, respectively. Finally, removal of the metal template affords
the free catenane E or rotaxane G species, in which the
components are held together only by mechanical bonds. In
this study, we arbitrarily chose complementary routes for the
preparation of the catenane and the rotaxane. Precatenate C
was formed with the oriented macrocycle A, and the second
interlocking C2-symmetric macrocycle was generated in the
next step, whereas prerotaxane C was formed with the C2-
symmetric macrocycle, and the oriented threading dumbbell
was constructed in the next step.


The macrocyclic and acyclic precursors and components
(7 ± 10) are shown in Figure 4, while the trityl-containing
precursors (11 ± 14) and dumbbell component 15 are shown in
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Figure 4. Acyclic (7, 9) and cyclic (8, 10) 2,9-diphenyl-1,10-phenanthroline-
based precursors and components used in the synthesis of catenane 5 and
rotaxane 6.


Figure 5. Macrocycle 8 was synthesized in 37 % yield by
reaction of the phenanthroline derivative 7 with 1,5-naphtha-
lenediol under high dilution conditions, with Cs2CO3 as a base
in DMF at 60 ± 64 8C. This method turned out to be less
efficient than the synthesis described by Amabilino and co-
workers,[8a] which involved 2,9-di(4-hydroxyphenyl)-1,10-phe-
nanthroline as a nucleophile and 1,5-bis{2-[2-(toluene-p-
sulfonyl)ethoxy]ethoxy}naphthalene as an electrophile and
gave a yield of 55 %. The individual steps leading to
[2]catenane 5 are depicted in Schemes 1 and 2. Precatenate
[Cu(7)(10)]PF6 was prepared in quantitative yield by first
mixing [Cu(CH3CN)4]PF6 and macrocycle 10 in CH3CN/
CH2Cl2 under argon and then adding a stoichiometric amount
of the diiodo derivative 7. Its formation was accompanied by a
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Figure 5. Precursors (11 ± 14) and dumbbell component (15) of rotaxane 6
based on the tris(4-tert-butylphenyl)phenylmethane blocking group.


marked color change from orange to brown-red in the final
step. Subsequently, a mixture of [Cu(7)(10)]PF6 and 1,5-
dihydroxynaphthalene in DMF was added dropwise to a


suspension of Cs2CO3 in DMF at 60 8C under argon over a
period of 7 h. The reaction was followed by counterion
exchange (KPF6) and chromatography. It gave the desired CuI


[2]catenate [Cu(5)]PF6 in 35 % yield and macrocycle 8 in 6 %
yield, while around 59% of the starting macrocycle 10 was
recovered. Demetallation of [Cu(5)]PF6 to give catenane 5
was accomplished by treating a solution of the CuI [2]catenate
in acetonitrile with a large excess of aqueous KCN solution.
The metal-free [2]catenane was obtained in 84 % yield after
chromatography.


The synthesis of [2]rotaxane 6 is shown in Schemes 3 and 4.
The tetraarylmethane electrophile 14 was prepared in four
steps from tris(4-tert-butylphenyl)(4-hydroxyphenyl)methane
(11) (Figure 5).[9f] In the first step, 11 was treated with 2-(3-
chloropropyloxy)tetrahydro-2H-pyran[11] in the presence of a
stoichiometric amount of KOH in butan-1-ol. Acid hydrolysis
afforded 12 in 54 % yield.[9f] Tosylation was performed by
treating 12 with tosyl chloride in dichloromethane in the
presence of triethylamine at 0 8C; compound 13 was obtained
in 56 % yield after chromatography. Displacement of tosylate
by iodide by treating 13 with an excess of NaI heated under
reflux in acetone led to the quantitative isolation of 14.
Prerotaxane [Cu(8)(9)]PF6 was quantitatively obtained from
macrocycle 8 and diphenol 9 as reported for the precatenane
analogue. The rotaxane complex [Cu(6)]PF6 was prepared as
follows. Aliquots of a suspension of Cs2CO3 in DMF and a
solution of the iodo derivative 14 in DMF were alternately
added to a solution of the prerotaxane in DMF at 60 8C under
argon over a period of 1 h. It was found that the extent of
dethreading, which occurs in hot and basic media, could be
suppressed using this procedure.[9l, 12] After counterion ex-
change and chromatography, the copper complex [Cu(6)]PF6


was obtained in 57 % yield, along with free dumbbell 15
(34 %) and some released macrocycle 8 (32 %). The relatively
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Scheme 1. Synthesis of CuI [2]catenate [Cu(5)]PF6.
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high yield of the rotaxane formation, in agreement with the
relatively small amount of free macrocycle recovered, is
noteworthy. Demetallation of [Cu(6)]PF6 to give rotaxane 6
was performed as described for catenane 5. The metal-free
[2]rotaxane was obtained in 92 % yield after chromatography.


X-ray molecular structure of the CuI [2]catenate [Cu(6)]PF6 :
The X-ray structure of the CuI [2]catenate [Cu(6)]PF6


(Table 1) is reproduced in Figure 6a, and a view of the unit
cell with its two pairs of enantiomorphous occupants is given
in Figure 6b. This view nicely shows the interlocking of the C2-
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Scheme 2. Demetallation of [Cu(5)]PF6 to give 5.
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Figure 6. X-ray crystal structure of [Cu(5)]PF6. a) Molecular structure.
b) View of the unit cell.


symmetric and the oriented macrocycles. Overall, this struc-
ture is very similar to that found for a related CuI [2]cate-
nate.[13] The copper atom is bound to the two phenanthroline
(phen) subunits through the four nitrogen atoms. The NÿCu
bond lengths range from 2.018 to 2.052 �. As expected, the
coordination polyhedron around CuI is highly distorted with
respect to a tetrahedral geometry. The angle between the
phenanthroline planes deviates from orthogonality by 288. As
a consequence, if the chelate bite of the phen ligand imposes
two NÿCuÿN angles of 82.3(1)8 (C2-symmetric macrocycle)
and 82.6(1)8 (oriented macrocycle), the other NÿCuÿN angles
will vary from 105.0(1)8 to 135.2(1)8. In previous work, the
pronounced distortion around the copper atom was inter-
preted as the result of acceptor/donor stacking interactions
between the phen nucleus of one macrocyclic subunit and an
anisyl moiety of the other.[13] This is indeed what is observed in
the present case; as shown in Figure 6a, phen(10) is almost
parallel to the phenyl group of phen(8) above it, with an angle
of 118 between the mean planes and a centroid-to-centroid
distance of 3.69 �. In comparison, the corresponding values
for phen(8) and the phenyl group of phen(10) cis to the p-tolyl
substituent are 278 and 4.16 �, respectively. Furthermore, the
two remaining phenyl groups are also parallel to one another
and are also in very close proximity (3.5 �). Remarkably, the
naphthyl moiety of the C2-symmetric macrocycle lies perpen-
dicular to the phenanthroline nucleus of the oriented macro-
cycle, with the C48ÿH6 bond of the latter pointing to the
center of one of the fused six-membered rings of the former,
the distances between H6 and the C27ÿC32 atoms ranging
from 2.84 to 3.21 �. This strongly suggests the existence of an
edge-to-face aromatic interaction between the two polycyclic
systems.


1H NMR spectroscopic and FAB-MS characterization of
[2]catenane 5, [2]rotaxane 6, and their complexes : The room
temperature 1H NMR spectra of [2]catenate [Cu(5)]� and
catenane 5 are compared in Figures 7 (low-field region) and 8
(high-field region). Notably, only one set of signals is seen for
the naphthyl moiety, despite the two different environments
created by the non-symmetric substitution of H4 and H7 on
the oriented ring; this shows that, at least at room temper-
ature, the naphthyl group rotates freely, and that on the NMR
timescale the enantiomers exchange rapidly. The meta pro-
tons of the phenyl 2,9-substituents (m, m', and m'') give rise to
a cluster of signals between d� 5.8 and 6.2 in the spectrum of
[Cu(5)]� . As discussed in earlier work, the meta protons of a
phenyl group attached to a given phen lie in the shielding field
of the other phen chelate of the molecule.[14] The same is true
for [Cu(6)]� . The shielding of the H6 proton of the oriented
macrocycle is particularly remarkable: it has a chemical shift
of d� 6.494 in the CuI catenate and of d� 6.402 in the CuI


rotaxane, while the adjacent proton H5 resonates downfield,
at d� 7.221 in the case of [Cu(5)]� and at d� 7.244 in the case
of [Cu(6)]� . This result is in good agreement with what is
observed in the solid state for the catenate. Whereas dH5ÿ
dH6� 0.727 ppm for catenate [Cu(5)]� and 0.842 ppm for
rotaxane [Cu(6)]� , in the case of macrocycle 10 this difference
is just 0.150 ppm, highlighting the anisotropy created by the
naphthyl group in the vicinity of protons H5 and H6. As


Table 1. X-ray experimental data for [Cu(5)]PF6.


formula C83H76CuN4O12 ´ PF6


Mr 1530.06
crystal system monoclinic
space group P121/n1
a [�] 14.944(1)
b [�] 23.186(1)
c [�] 20.921(1)
b [8] 96.45(6)
V [�3] 7203.1(7)
Z 4
color red
size [mm] 0.18� 0.15� 0.10
1calcd [gcmÿ1] 1.41
F(000) 3184
m [mmÿ1] 0.404
T [K] 173
l 0.71073
radiation MoKa graphite-monochromated
scan mode Y scans
hkl limits 0,18/0,28/ÿ 26,25
q limits [8] 2.5/26.37
reflections measured 47344
reflections obsevered [I> 3 s(I)] 7709
parameters 964
R[a] 0.046
Rw


[a] 0.075
GoF[a] 1.442
Largest peak in final difference [e�ÿ3] 0.421


[a] R�S jFo jÿ jFc j /S jFo j ; Rw� [Sw(FoÿFc)2]1/2; GOF� [Sw(FoÿFc)2/(no.
of reflns.ÿno. of params.)]1/2.
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Figure 7. 1H NMR spectra (low-field region) of a) CuI [2]catenate [Cu(5)]�


and b) [2]catenane 5. Atom labeling is as shown in Scheme 2.


shown in Figure 7, the 1H NMR spectrum of the free catenane
5 is dramatically different from that of its copper complex,
suggesting that a complete reorganization of the molecule
occurs upon decomplexation. The same is true for the
rotaxane species. The aromatic interactions present in the
CuI complexes are no longer seen, as indicated by the
downfield shifts of the signals of the meta protons (m, m',
m''), which appear in the range d� 6.9 ± 7.2, and the downfield
shift of the signal due to H6 (Dd� 1.229 ppm for 5, 1.257 ppm
for 6). Consistently, the values of dH5ÿ dH6 are 0.168 ppm
for 5 and 0.176 ppm for 6, which are very close to the shift
difference measured for macrocycle 10 (0.150 ppm). Never-
theless, the spectrum of a 1:1 mixture of macrocycles 8 and 10
is not superimposable on that of the free catenane, even if its
overall appearance is rather similar. This may be explained by
the fact that catenane 5 has several aromatic groups held in
close proximity by mechanical bonding, which may influence
each other through a subtle combination of ring current
effects. The same is true for the spectrum of [2]rotaxane 6,
which is not merely the sum of the spectra of the individual
components 8 and 15. Similar observations have been made
for related molecules.[9c,9l] Comparison of the high-field


regions of the relevant spectra of the catenated species
(Figure 8) shows that demetallation of [Cu(5)]� to give 5
allows some flexibility of the polyether chain of the C2-
symmetric macrocyclic component, as manifested, for exam-
ple, in the changes in the pattern of the signals of the
diastereotopic methylene Hd''.


The ES mass spectrum of [2]catenate [Cu(5)]PF6 shows two
peaks, the molecular peak at m/z 1384.0, corresponding to loss
of the PF6


ÿ anion, and a peak at m/z 692.5, corresponding to a
doubly charged species. The FAB mass spectra of the metal-
free catenane 5 and the metal-free rotaxane 6 are shown in
Figure 9. The spectrum of the catenane (Figure 9a) shows the
molecular peak at m/z 1321.5, as well as peaks corresponding
to each individual macrocycle at m/z 665.2 for C2-symmetric 8
and m/z 657.3 for oriented 10. As expected on the basis of
earlier studies, there is no peak between the molecular peak
and those of the individual components, and this was
recognized as a signature of catenated species.[10a,15] The
FAB mass spectrum of the rotaxane (Figure 9b) also shows
the molecular peak, at m/z 2209.2, and peaks corresponding to
each individual component, at m/z 1544.9 for dumbbell 15 and
m/z 665.2 for macrocycle 8. A similar spectrum is obtained for
the CuI-complexed [2]rotaxane [Cu(6)]PF6, with a shift of
�63.5 amu relative to the values reported above. In this latter
case, two clusters of peaks centered at m/z 1738.8 and m/z
1073.5 correspond to the fragmentation of the dumbbell


Figure 8. 1H NMR spectra (high-field region) of a) CuI [2]catenate
[Cu(5)]� and b) [2]catenane 5. Atom labeling is as shown in Scheme 2.
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Figure 9. FAB� mass spectra of a) [2]catenane 5 and b) [2]rotaxane 6. The
asterisks in b) show the fragmentation patterns of the threaded (*) and
unthreaded (**) dumbbell species.


component, either as part of the rotaxane or as CuI-
complexed species. In support of this interpretation, the
difference between the maxima corresponds to the mass of
the C2-symmetric macrocycle 8. As expected, in the case of
the metal-free rotaxane, the fragmentation patterns corre-
sponding to the dethreaded dumbbell are present at around
1010 amu. Surprisingly, those corresponding to the threaded
dumbbell are also seen in the spectrum (at around 1675 amu),
albeit to a much lesser extent than in the case of the CuI


complex; this is an indication that fragmentation of the
threaded dumbbell may occur without disassembly of the
system. Since ionization processes of the metal-free phenan-
throline-based rotaxanes and catenanes usually occur by
protonation, it is assumed that the fragments of the threaded
species (which can be characterized as semi-rotaxane species)
are held together by proton complexation.[16]


1H NMR studies at variable temperatures or in the presence
of a chiral shift reagent : As mentioned in the previous section,
1H NMR studies in CD2Cl2 at room temperature showed the
rates of the exchange processes between enantiomeric con-
formations to be fast on the NMR timescale in all four cases
(catenane 5, rotaxane 6, and their copper complexes). As
illustrated in Figure 2, enantiomerization takes place by a
rotation of the naphthyl group by 1808 about the CÿO bonds.
Cooling solutions of these compounds toÿ90 8C generally led
to a simple broadening of the peaks. Only in the case of the


CuI complex of [2]rotaxane 6 were remarkable features seen
in the 1H NMR spectra (Figure 10). Specifically, the doublets
due to the 4'',7'' protons (phen moiety) and a''� a1'', a2''
protons (naphthyl moiety) of the C2-symmetric macrocycle,


Figure 10. Selected low-field region of the variable-temperature 1H NMR
spectra of CuI [2]rotaxane [Cu(6)]PF6 (CD2Cl2, 400 MHz) and the
enantiomerization mechanism that exchanges 4'' and 7'' on the one hand
and a1'' and a2'' on the other.


which are well-separated from the other low-field peaks,
undergo the changes shown in Figure 10. Each doublet is split
into a set of two doublets, which are nicely resolved atÿ90 8C.
The coalescence temperature is ÿ78 8C (195 K), correspond-
ing to an enantiomerization barrier of about 46 kJ molÿ1.
These observations are easily explained in terms of hindered
rotation of the naphthyl moiety at low temperatures (Fig-
ure 10). Thus, at ÿ90 8C, the enantiomeric conformations do
not exchange on the NMR timescale. Whereas the splitting of
the doublet due to Ha'' can readily be understood, this is not
the case for the doublet due to H4'',7'', since these protons are
quite remote from the perturbing area.


Non-interconverting enantiomorphous conformations
could be observed for [Cu(5)]� by 1H NMR spectroscopy in
the presence of Pirkle�s reagent (S)-(�)-2,2,2-trifluoro-1-(9-
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anthryl)ethanol[17] at room temperature. Addition of a small
amount of the chiral shift reagent produced a clear, nicely
resolved splitting of the doublet due to the c'' protons of the
naphthyl moiety.


Experimental Section


General methods : Oxygen- or water-sensitive reactions were conducted
under a positive pressure of argon in oven-dried glassware with Schlenk
techniques. CH2Cl2 was distilled from P2O5, CH3CN was distilled from
CaH2, and DMF was filtered through a pad of alumina prior to use.
Common reagents and materials were purchased from commercial sources.
The following materials were prepared according to literature procedures:
2,9-bis{4-{2-[2-iodoethoxy(ethoxy)]}phenyl}-1,10-phenanthroline (7),[18]


2,9-bis(4-hydroxyphenyl)-4-(p-tolyl)-1,10-phenanthroline (9),[8b] macrocycle
10,[8b] tris(p-tert-butylphenyl)(4-hydroxyphenyl)methane (11),[9f] 2-(3-chloro-
propyloxy)tetrahydro-2 H-pyran,[11] and [Cu(CH3CN)4]PF6.[19] Thin-layer
chromatography (TLC) was performed on glass plates coated with silica
gel 60 F254 (Merck). Column chromatography was carried out on silica
gel 60 (Merck, 70 ± 230 mesh). 1H NMR spectra were recorded on either a
Bruker WP 200 SY (200 MHz) or a Bruker AM 400 (400 MHz) spectrom-
eter. NMR chemical shifts (d) are expressed in ppm relative to the solvent
peaks as internal standards. Coupling constants (J) are given in Hz.
Splitting patterns are designated as s, d, t, q, p, sx, m, and br, indicating
singlet, doublet, triplet, quartet, pentet, sextet, multiplet, and broad,
respectively. The labeling scheme of the protons of the [2]catenane and
[2]rotaxane and their precursors is indicated in the Schemes 2 and 4 and
Figures 4 and 5. Fast-atom bombardment mass spectrometry (FAB MS)
data were recorded in the positive-ion mode with a xenon primary atom
beam in conjunction with a 3-nitrobenzyl alcohol matrix and a ZAB-HF
mass spectrometer. A VG BIOQ triple-quadrupole spectrometer was used
for the electrospray mass spectrometry measurements, which was also
operated in the positive-ion mode. Melting points were determined in open
capillary tubes on a Büchi 530 apparatus; the values quoted are uncor-
rected. Elemental analyses were performed by the Service de Microanalyse
de l�Institut de Chimie de Strasbourg.


Macrocycle (8): Method A, 55% yield.[8a] Method B: Compound 7 (1.00 g,
1.32 mmol) and 1,5-dihydroxynaphthalene (0.198 g, 1.239 mmol) were
dissolved in dry, degassed DMF (115 mL). The resulting solution was
added dropwise to a vigorously stirred suspension of Cs2CO3 (1.716 g,
5.27 mmol) in dry degassed DMF (230 mL) maintained at 60 ± 64 8C over a
period of 18 h. After the addition was complete, the dropping funnel was
rinsed with DMF (20 mL), and further Cs2CO3 (0.479 g, 1.47 mmol) was
added. Stirring and heating were maintained for a further day, after which
the solvent was removed in vacuo. The brown residue was partitioned
between CH2Cl2 and H2O. The organic phase was washed twice with water,
dried with MgSO4, and concentrated to dryness. The crude product
(0.926 g) was subjected to column chromatography (SiO2, 56 g; CH2Cl2),
affording pure macrocycle 8 (0.323 g) in 37 % yield. 1H NMR (CD2Cl2,
400 MHz): d� 8.434 (d, J� 8.96 Hz, 4 H; Ho''), 8.292 (d, J� 8.45 Hz, 2H;
H4'',7''), 8.111 (d, J� 8.45 Hz, 2 H; H3'',8''), 7.975 (d, J� 8.57 Hz, 2 H; Ha''),
7.773 (s, 2H; H5'',6''), 7.467 (t, J� 8.00 Hz, 2H; Hb''), 7.132 (d, J� 8.96 Hz,
4H; Hm''), 7.033 (d, J� 7.55 Hz, 2H; Hc''), 4.396 (q, J� 4.74 Hz, 4 H; Hd''),
4.281 (q, J� 4.74 Hz, 4 H; Ha''), 4.076 (q, J� 4.74 Hz, 4H; Hg''), 4.025 (q,
J� 4.74 Hz, 4 H; Hb'').


CuI precatenate [Cu(7)(10)]PF6 : Under argon, a solution of
[Cu(CH3CN)4]PF6 (0.174 g, 0.467 mmol) in CH3CN (15 mL) was trans-
ferred to a solution of macrocycle 10 (0.302 g, 0.46 mmol) in dichloro-
methane (10 mL). The resulting mixture immediately turned amber-
orange. After stirring for 20 min at room temperature, a solution of
compound 7 (0.349 g, 0.459 mmol) in CH2Cl2 (10 mL) was added to the
reaction mixture, producing a color change to dark red-brown. The
resulting mixture was stirred overnight under argon. The solvents were
then removed in vacuo to leave pure precatenate [Cu(7)(10)]PF6 in
quantitative yield. 1H NMR (CD2Cl2, 300 MHz): d� 8.640 (d, J� 8.43 Hz,
2H; H4'',7''), 8.514 (d, J� 8.44 Hz, 1 H; H7), 8.238 (s, 2 H; H5'',6''), 8.116 (d,
J� 9.04 Hz, 1 H; H6), 8.010 (d, J� 9.03 Hz, 1 H; H5), 7.900 (d, J� 8.44 Hz,
2H; H3'',8''), 7.880 (d, J� 8.23 Hz, 1H; H8), 7.753 (s, 1H; H3), 7.578 (d, J�


7.83 Hz, 2 H; Hw), 7.551 (d, J� 8.63 Hz, 4H; Ho''), 7.493 (d, J� 8.03 Hz,
2H; Hm), 7.340 (d, J� 8.63 Hz, 2 H; Ho'), 7.298 (d, J� 8.63 Hz, 2H; Ho),
6.158 (d, J� 8.63 Hz, 4 H; Hm''), 6.028 (d, J� 8.83 Hz, 2H; Hm'), 5.964 (d,
J� 8.64 Hz, 2H; Hm), 3.845 (s, 4H; He,e'), 3.757 (t, J� 6.53 Hz, 4 H; Hg''),
3.735 (m, 12H; Ha'',b'',d,d'), 3.612 (m, 4 H; Hg,g'), 3.578 (t, 2H; Ha'), 3.534
(t, 2 H; Ha), 3.517 (t, 4 H; Hb,b'), 3.275 (t, J� 6.53 Hz, 4H; Hd''), 2.546 (s,
3H; CH3).


CuI [2]catenate [Cu(5)]PF6 : Under argon, a mixture of precatenate
[Cu(7)(10)]PF6 (0.46 mmol) and 1,5-dihydroxynaphthalene (0.067 g,
0.418 mmol) in DMF (40 mL) was added dropwise to a suspension of
Cs2CO3 (0.534 g, 1.64 mmol) in DMF (80 mL) at 60 8C over a period of 7 h.
The solvent was then evaporated in vacuo and the solid residue was
partitioned between CH2Cl2 and H2O. The organic layer was washed three
times with H2O and concentrated to a volume of 50 mL. It was stirred
overnight with a 5% aqueous solution of KPF6 (20 mL). The organic layer
was separated, washed three times with H2O, and concentrated to dryness.
The residue (0.813 g) was fractionated by passage through silica, eluting
with CH2Cl2/CH3OH. Each fraction was repurified by chromatography on
silica to afford 0.019 g (6% yield) of macrocycle 8 (CH2Cl2/0.25 ± 1%
CH3OH) and 0.187 g (62 %) of recovered macrocycle 10 (CHCl3/0.1 ± 0.7%
CH3OH). The fractions containing the desired catenate were further
purified by chromatography on alumina (gradient elution with hexane/
CHCl3, 40:60, to CHCl3/0.1 % CH3OH). From the combined fractions,
0.227 g of [Cu(5)]PF6 was obtained (35 % yield). 1H NMR (CD2Cl2,
400 MHz): d� 8.595 (d, J� 8.30 Hz, 2H; H4'',7''), 8.193 (s, 2 H; H5'',6''),
8.021 (d, J� 8.57 Hz, 2 H; Ha''), 7.840 (d, J� 8.57 Hz, 2 H; H3'',8''), 7.534 (s,
1H; H3), 7.530 (d, J� 8.57 Hz, 2H; Hm), 7.530 (d, J� 8.57 Hz, 2 H; Ho'),
7.479 (t, J� 8.03 Hz, 2 H; Hb''), 7.436 (d, J� 8.03 Hz, 2 H; Hw), 7.396 (d, J�
8.83 Hz, 4H; Ho''), 7.356 (AB, J� 8.30 Hz, 2H; H7,8), 7.221 (d, J� 9.10 Hz,
1H; H5), 6.992 (d, J� 7.76 Hz, 2 H; Hc''), 6.956 (d, J� 8.56 Hz, 2 H; Ho),
6.494 (d, J� 9.10 Hz, 1H; H6), 6.154 (d, J� 8.56 Hz, 2H; Hm'), 5.975 (d,
J� 8.84 Hz, 4H; Hm''), 5.787 (d, J� 8.84 Hz, 2 H; Hm), 4.464 (2 m, 4H;
Hd''), 4.041 (m, 4H; Hg''), 3.84 ± 3.75 (hidden, 4 H; He,e'), 3.832 (m, J�
1.88 Hz, 2H; Hg), 3.802 (t, J� 4.69 Hz, 4 H; Hb''), 3.758 (m, hidden, 2H;
Hd), 3.674 (t, J� 5.76 Hz, 2 H; Ha'), 3.618 (t, J� 4.69 Hz, 2 H; Hb), 3.575 (t,
J� 4.69 Hz, 4 H; Ha''), 3.560 (t, J� 4.42 Hz, 2H; Hd'), 3.509 (t, J� 4.69 Hz,
2H; Ha), 3.457 (t, J� 5.35 Hz, 2H; Hg'), 3.391 (t, J� 5.76 Hz, 2 H; Hb'),
2.604 (s, 3 H; CH3); ES-MS: m/z (%): 1384.0 (100) [MÿPF6]� , 692.5 (6)
[MÿPF6�H]2�/2.


[2]Catenane 5 : CuI [2]catenate [Cu(5)]PF6 (0.042 g, 0.0277 mmol) was
dissolved in CH3CN (7 mL) and mixed with a solution of KCN (0.049 g,
0.75 mmol) in H2O (4 mL). A white precipitate of free [2]catenane 5
appeared. After complete bleaching, the reaction mixture was diluted with
CH2Cl2 to dissolve the precipitate and washed three times with H2O. The
organic layer was separated and concentrated to dryness, and the residue
was purified by chromatography on a column of silica gel (hexane/CH2Cl2,
80:20, to CH2Cl2/CH3OH, 100:4). Finally, the product was filtered through
a pad of alumina (CH2Cl2/1% CH3OH) to afford 0.031 g (84 %) of pure
[2]catenane 5. 1H NMR (CD2Cl2, 400 MHz): d� 8.425 (d, J� 9.10 Hz, 2H;
Ho), 8.419 (d, J� 9.10 Hz, 2 H; Ho'), 8.380 (d, J� 9.10 Hz, 4H; Ho''), 8.248
(d, J� 8.57, 1 H; H7), 8.188 (d, J� 8.29 Hz, 2 H; H4'',7''), 8.067 (d, J�
8.57 Hz, 2 H; H3'',8''), 8.025 (d, J� 8.30 Hz, 1H; H8), 8.001 (s, 1 H; H3),
7.898 (d, J� 8.56 Hz, 2H; Ha''), 7.891 (d, J� 9.10 Hz, 1H; H5), 7.723 (d, J�
9.10 Hz, 1H; H6), 7.694 (s, 2 H; H5'',6''), 7.537 (d, J� 8.03 Hz, 2 H; Hw),
7.411 (d, J� 7.76 Hz, 2 H; Hm), 7.349 (t, J� 8.03 Hz, 2 H; Hb''), 7.164 (d, J�
9.11 Hz, 4 H; Hm''), 7.002 (d, J� 8.83 Hz, 2H; Hm'), 6.961 (d, J� 9.10 Hz,
2H; Hm), 6.870 (d, J� 7.50 Hz, 2H; Hc''), 4.391 (p, J� 4.28 Hz, 4 H; Hd''),
4.244 (t, J� 5.62 Hz, 4 H; Ha''), 4.012 (t, J� 5.62 Hz, 4H; Hb''), 3.999 (m,
4H; Hg''), 3.985 (m, hidden, 4 H; Ha,a'), 3.470 (t, J� 6.16 Hz, 4 H; Hb,b'),
3.272 (t, J� 5.35 Hz, 4 H; Hg,g'), 3.238 (s, 4H; He,e'), 3.214 (t, J� 5.08 Hz,
4H; Hd,d'), 2.504 (s, 3H; CH3); FAB-MS: m/z (%): 1321.5 (42) [M�H]� ,
665.2 (48) [8�H]� , 657.3 (100) [10�H]� .


Tris(p-tert-butylphenyl)(4-hydroxypropyloxyphenyl)methane (12): Tris(p-
tert-butylphenyl)(4-hydroxyphenyl)methane (11) (5.226 g, 10.4 mmol) was
heated in butan-1-ol (100 mL) until it dissolved. A solution of KOH (1.21 g,
21.6 mmol) in H2O (5 mL) was then added, and the reaction mixture was
heated under reflux for 1 h. A solution of 2-(3-chloropropyloxy)tetrahydro-
2H-pyran (4.17 g, 23.4 mmol) in butan-1-ol (20 mL) was then added
dropwise, and the resulting mixture was refluxed for 3 days. The solvents
were subsequently removed in a rotary evaporator, and the residue was
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partitioned between dichloromethane and water. The organic layer was
separated, dried over MgSO4, filtered, and concentrated to dryness. The
solid was redissolved in a mixture of dichloromethane (100 mL) and
methanol (50 mL) and treated with concentrated HCl (2.1 mL) for 3 h at
room temperature. After evaporation of the solvents, the residue was
redissolved in dichloromethane, and the resulting solution was washed
three times with water and dried over MgSO4. Filtration and removal of the
solvent left a white solid (6.394 g), which was purified by chromatography
on silica (200 g), eluting with hexane/dichloromethane (30:70). Yield of
pure product: 3.141 g (54 %); m.p.> 260 8C; 1H NMR (CD2Cl2, 200 MHz):
d� 7.27 (d, J� 8.7 Hz, 6 H; Hs or Ht), 7.16 (d, J� 8.8 Hz, 6H; Ht or Hs),
7.16 (d, J� 8.9 Hz, 2 H; Hq), 6.79 (d, J� 8.9 Hz, 2 H; Hr), 4.08 (t, J� 6 Hz,
2H; Hg), 3.80 (q, J� 5.7 Hz, 2H; Ha), 2.00 (p, J� 6.0 Hz, 2H; Hb), 1.68 (t,
J� 5.4 Hz, 1 H; OH), 1.31 (s, 27H; CH3); elemental analysis calcd (%) for
C40H50O2 ´ H2O (580.86): C 82.71, H 9.02; found: C 82.87, H 8.95.


Tris(p-tert-butylphenyl)[4-(4-toluenesulfonyl)propyloxyphenyl]methane
(13): A solution of tosyl chloride (0.957 g, 5 mmol) in dichloromethane
(40 mL) was added to a solution of 12 (2.007 g, 3.6 mmol) in dichloro-
methane (350 mL) at 0 8C. Triethylamine (1.2 mL, 8.6 mmol) and DMAP
(0.006 g, 0.05 mmol) were subsequently added. The reaction mixture was
stirred at 0 8C for 4 h and then allowed to warm to room temperature. After
stirring overnight at room temperature, it was poured onto ice and
neutralized with 5% aqueous HCl. The organic layer was separated,
washed with water, and dried over MgSO4. The crude product was purified
by chromatography on silica, eluting with hexane/dichloromethane (1:1).
Yield of pure product: 2.85 g (56 %); m.p. 223 ± 225 8C; 1H NMR (CD2Cl2,
200 MHz): d� 7.72 (d, J� 8.3 Hz, 2 H; Htosyl), 7.28 (d, J� 8.8 Hz, 6H; Hs or
Ht), 7.24 (d, J� 8.6 Hz, 2 H; Htosyl), 7.16 (d, J� 8.8 Hz, 6 H; Ht or Hs), 7.13
(d, J� 8.7 Hz, 2 H; Hq), 6.64 (d, J� 9.0 Hz, 2H; Hr), 4.20 (t, J� 6.1 Hz,
2H; Hg), 3.92 (t, J� 5.9 Hz, 2H; Ha), 2.34 (s, 3 H; CH3), 2.08 (p, J� 5.9 Hz,
2H; Hb), 1.31 (s, 27H; CH3); elemental analysis calcd (%) for C47H56O4S
(717.02): C 78.73, H 7.87; found: C 78.84, H 8.06.


Tris(p-tert-butylphenyl)(4-iodopropyloxyphenyl)methane (14): A solution
of NaI (1.0 g, 6.7 mmol) in acetone (5 mL) was added to a hot solution of 13
(0.392 g, 0.55 mmol) in acetone (20 mL). The reaction mixture was heated
under reflux for 3 h. The solvent was then evaporated, and the residue was
partitioned between CH2Cl2 (40 mL) and H2O (50 mL). The organic layer
was dried over MgSO4, filtered, and concentrated to dryness to leave
0.366 g of pure 14 (quantitative yield); m.p. 232 ± 238 8C; 1H NMR (CD2Cl2,
200 MHz): d� 7.27 (d, J� 8.6 Hz, 6H; Hs or Ht), 7.16 (d, J� 8.8 Hz, 6H; Ht
or Hs), 7.16 (d, J� 8.8 Hz, 2H; Hq), 6.78 (d, J� 9.0 Hz, 2H; Hr), 4.01 (t,
J� 5.8 Hz, 2H; Hg), 3.38 (t, J� 6.8 Hz, 2H; Ha), 2.25 (p, J� 6.3 Hz, 2H;
Hb), 1.31 (s, 27 H; CH3); elemental analysis calcd (%) for C40H49IO
(672.73): C 71.42, H 7.34; found: C 72.31, H 7.39.


CuI prerotaxane [Cu(8)(9)]PF6 : Under argon, a solution of
[Cu(CH3CN)4]PF6 (0.084 g, 0.226 mmol) in CH3CN (5 mL) was transferred
to a solution of macrocycle 8 (0.150 g, 0.226 mmol) in dichloromethane
(7 mL). The solution immediately turned bright orange with the simulta-
neous formation of a small amount of precipitate, which redissolved upon
addition of DMF (2 mL). After stirring for 45 min at room temperature, a
solution of diphenol 9 (0.105 g, 0.23 mmol) in DMF (3 mL) was added,
which resulted in a color change to dark red. The solution was stirred
overnight under argon. The solvents were then removed in vacuo to leave
pure prerotaxane [Cu(8)(9)]PF6 in quantitative yield. 1H NMR (CD2Cl2,
200 MHz): d� 8.42 (d, J� 8.4 Hz, 2H; H4'',7''), 8.03 (d, J� 8.4 Hz, 2H;
Ha''), 7.95 (s, 2H; H5'',6''), 7.80 (d, J� 8.4 Hz, 2 H; H3'',8''), 7.60 (d, J�
8.5 Hz, 2 H; Ho'), 7.50 (s, 1H; H3), 7.46 (d, J� 7.9 Hz, 4H; Hm,b''), 7.42 (d,
J� 8.3 Hz, 2 H; Hw), 7.33 (d, J> 6.5 Hz, 1 H; H8), 7.32 (d, J� 8.6 Hz, 4H;
Ho''), 7.26 (d, J� 9.1 Hz, 1H; H7), 7.16 (d, J� 8.5 Hz, 1 H; H5), 7.01 (d, J�
7.7 Hz, 2 H; Ho), 6.94 (d, J� 8.5 Hz, 2H; Hc''), 6.40 (d, J� 9.1 Hz, 1H; H6),
6.23 (d, J� 8.5 Hz, 2 H; Hm'), 5.94 (d, J� 8.7 Hz, 4H; Hm''), 5.78 (d, J�
8.4 Hz, 2 H; Hm), 4.48 (m, J� 4.1 Hz, 4 H; Hd''), 4.05 (t, J� 3.8 Hz, 4H;
Hg''), 3.80 (t, J� 4.5 Hz, 4H; Hb''), 3.56 (t, J� 4.5 Hz, 4H; Ha''), 2.59 (s,
3H; CH3).


CuI [2]rotaxane [Cu(6)]PF6 : Portions of a suspension of Cs2CO3 (0.264 g,
0.81 mmol) in DMF (10 mL) and a solution of compound 14 (0.387 g,
0.575 mmol) in DMF (20 mL) were alternately added over a period of 1 h
to a solution of prerotaxane [Cu(8)(9)]PF6 (0.21 mmol) in DMF (10 mL) at
60 8C under argon. The reaction mixture was then stirred at 60 8C for a
further 20 h, after which the solvent was evaporated in vacuo. The solid
residue was partitioned between CH2Cl2 and H2O. The organic layer was


washed with H2O and concentrated to a volume of 30 mL. It was then
stirred overnight with a solution of KPF6 (0.430 g, 2.37 mmol) in H2O
(10 mL). The organic layer was separated, washed twice with H2O, and
concentrated to dryness. The residue (0.626 g) was purified by chromatog-
raphy on SiO2 (40 g). Gradient elution with hexane/CH2Cl2, 20:80, to
CH2Cl2/0.25 % CH3OH afforded pure compound 15 (0.112 g). Elution from
CH2Cl2/0.25 % CH3OH to 0.5% CH3OH afforded impure CuI [2]rotaxane
[Cu(6)]PF6. Finally, elution with CH2Cl2/0.5 % CH3OH yielded pure
macrocycle 8 (0.006 g). The fractions containing the desired rotaxane
complex were combined and freed of 8 (0.039 g) by column chromatog-
raphy on alumina. Elution with hexane/CH2Cl2, 55:45, afforded a total of
0.289 g (57 % yield) of pure CuI [2]rotaxane [Cu(6)]PF6; m.p. 224 ± 225 8C;
1H NMR (CD2Cl2, 400 MHz): d� 8.180 (d, J� 8.44 Hz, 2H; H4'',7''), 8.030
(d, J� 8.81 Hz, 2 H; Ha''), 7.712 (s, 2H; H5'',6''), 7.688 (d, J� 8.43 Hz, 2H;
H3'',8''), 7.632 (d, J� 8.81 Hz, 2H; Ho'), 7.527 (s, 1H; H3), 7.517 (d, J�
8.07 Hz, 2H; Hm), 7.483 (t, J� 8.07 Hz, 2H; Hb''), 7.422 (d, J� 8.07 Hz, 2H;
Hw), 7.376 (d, J� 8.43 Hz, 1H; H8), 7.294 (d, J� 8.44 Hz, 4H; Ho''), 7.246
(d, J� 9.17 Hz, 2 H; Hq), 7.244 (d, hidden, 1H; H5), 7.234 (d, J� 8.81 Hz,
6H; Ht'), 7.231 (d, J� 8.81 Hz, 6 H; Ht), 7.230 (d, hidden, 1 H; H7), 7.209 (d,
J� 9.17 Hz, 2H; Hq'), 7.166 (d, J� 8.80 Hz, 6H; Hs'), 7.146 (d, J� 8.80 Hz,
6H; Hs), 7.040 (d, J� 8.81 Hz, 2 H; Ho), 7.013 (d, J� 7.71 Hz, 2H; Hc''),
6.893 (d, J� 9.17 Hz, 2H; Hr), 6.824 (d, J� 9.17 Hz, 2 H; Hr'), 6.402 (d, J�
9.54 Hz, 1H; H6), 6.239 (d, J� 8.80 Hz, 2H; Hm'), 5.932 (d, J� 8.80 Hz,
4H; Hm''), 5.823 (d, J� 8.81 Hz, 2 H; Hm), 4.478 (m, 4H; Hd''), 4.107 (t,
J� 5.69 Hz, 4H; Hg,g'), 4.053 (m, J� 5.27 Hz, 4 H; Hg''), 3.847 (t, J�
5.87 Hz, 2 H; Ha'), 3.793 (t, J� 4.77 Hz, 4H; Hb''), 3.683 (t, J� 5.87 Hz,
2H; Ha), 3.537 (t, J� 4.77 Hz, 4H; Ha''), 2.601 (s, 3H; CH3), 2.110 (m, J�
5.87 Hz, 4 H; Hb,b'), 1.273 (s, 27H; CH3), 1.263 (s, 27H; CH3); FAB-MS:
m/z (%): 2272.2 (100) [MÿPF6]� , 1606.9 (31) [15�Cu]� , 727.2 (70)
[8�Cu]� ; elemental analysis calcd (%) for C153H154CuF6N4O10P (2417.43): C
76.02, H 6.42, N 2.32; found: C 76.95, H 6.63, N 2.30.


[2]Rotaxane 6 : CuI [2]rotaxane [Cu(6)]PF6 (0.064 g, 0.0264 mmol) was
dissolved in CH3CN (9 mL), and a solution of KCN (0.047 g, 0.72 mmol) in
H2O was added in four portions over a period of 6 h. A white precipitate of
free [2]rotaxane 6 gradually appeared. After complete bleaching, the
reaction mixture was diluted with CH2Cl2 to dissolve the precipitate and
washed three times with H2O. The organic layer was separated and
concentrated to dryness, and the residue was purified by chromatography
on alumina (hexane/CH2Cl2, 75:25, to pure CH2Cl2) to afford 0.0541 g of
pure [2]rotaxane 6 (yield: 92%). 1H NMR (CD2Cl2, 400 MHz): d� 8.404
(d, J� 8.86 Hz, 2 H; Ho), 8.294 (d, J� 8.86 Hz, 4 H; Ho''), 8.145 (d, J�
8.44 Hz, 2H; H4'',7''), 8.107 (d, J� 8.54 Hz, 1 H; H7), 8.009 (d, J� 9.92 Hz,
2H; Ho'), 7.997 (s, 1H; H3), 7.946 (d, J� 8.44 Hz, 2 H; H3'',8''), 7.946 (d, J�
8.44 Hz, 2 H; Hc''), 7.835 (d, J� 9.02 Hz, 1H; H5), 7.716 (d, J� 8.50 Hz,
1H; H8), 7.659 (s, 2H; H5'',6''), 7.659 (d, J� 8.71 Hz, 1H; H6), 7.508 (d, J�
8.04 Hz, 2H; Hw), 7.404 (d, J� 7.84 Hz, 2H; Hm), 7.338 (t, J� 8.02 Hz, 2H;
Hb''), 7.255 (d, J� 8.70 Hz, 6H; Ht'), 7.203 (d, J� 8.63 Hz, 6 H; Hs or Ht),
7.156 (d, J� 8.71 Hz, 6H; Ht or Hs), 7.144 (d, J� 8.96 Hz, 2H; Hq), 7.047
(d, J� 8.62 Hz, 6H; Hs'), 7.038 (d, J� 8.92 Hz, 2H; Hm), 6.861 (d, J�
7.67 Hz, 2 H; Ha''), 6.788 (d, J� 8.87 Hz, 4H; Hm''), 6.796 (d, J� 8.91 Hz,
2H; Hq'), 6.784 (d, J� 8.91 Hz, 2H; Hr), 6.726 (d, J� 8.86 Hz, 2H; Hm'),
6.338 (d, J� 8.95 Hz, 2H; Hr'), 4.163 (t, J� 6.86 Hz, 2H; Ha), 4.390 (sx,
J� 4.99 Hz, 4 H; Hd''), 4.129 (t, J� 6.17 Hz, 2 H; Hg), 3.926 (br s, 4H; Hg''),
3.853 (m, 4H; Ha''), 3.791 (p, J� 5.59 Hz, 4 H; Hb''), 3.583 (t, J� 6.10 Hz,
2H; Ha'), 3.380 (t, J� 6.13 Hz, 2 H; Hg'), 2.499 (s, 3H; CH3), 2.243 (p, J�
6.05 Hz, 2H; Hb), 1.714 (p, J� 6.09 Hz, 2H; Hb'), 1.287 (s, 27 H; CH3),
1.286 (s, 27H; CH3) ; FAB-MS: m/z (%): 2209.2 (81) [M�H]� , 1544.9 (65)
[15�H]� , 665.2 (100) [8�H]� ; elemental analysis calcd (%) for
C153H154N4O10 (2208.92): C 83.19, H 7.03, N 2.54; found: C 82.97, H 7.19,
N 2.56.


Compound 15 : See preparation of [Cu(6)]PF6. M.p. 178ÿ 191 8C; 1H NMR
(CD2Cl2, 400 MHz) d� 8.436 (d, J� 8.80 Hz, 2H; Ho), 8.430 (d, J�
9.17 Hz, 2H; Ho'), 8.270 (d, J� 8.44 Hz, 1H; H7), 8.107 (d, J� 8.44 Hz,
1H; H8), 8.020 (s, 1 H; H3), 7.862 (d, J� 9.17 Hz, 1H; H5), 7.698 (d, J�
9.17 Hz, 1H; H6), 7.511 (d, J� 8.07 Hz, 2 H; Hw), 7.407 (d, J� 7.70 Hz, 2H;
Hm), 7.262 (d, J� 8.44 Hz, 6 H; Ht or Ht'), 7.258 (d, J� 8.80 Hz, 6H; Ht' or
Ht), 7.163 (d, J� 8.81 Hz, 2 H; Hq or Hq'), 7.163 (d, J� 8.81 Hz, 6H; Hs or
Hs'), 7.159 (d, J� 8.80 Hz, 2H; Hq' or Hq), 7.159 (d, J� 8.80 Hz, 6H; Hs' or
Hs), 7.150 (d, J� 8.80 Hz, 2H; Hm'), 7.137 (d, J� 9.17 Hz, 2 H; Hm), 6.831
(d, J� 8.81 Hz, 2H; Hr or Hr'), 6.825 (d, J� 8.81 Hz, 2H; Hr' or Hr), 4.295
(t, J� 5.31 Hz, 2 H; Ha or Ha'), 4.281 (t, J� 5.14 Hz, 2H; Ha' or Ha), 4.200
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(t, J� 6.05 Hz, 2H; Hg or Hg'), 4.193 (t, J� 6.05 Hz, 2H; Hg' or Hg), 2.50
(s, 3H; CH3), 2.317 (t, J� 6.05 Hz, 2H; Hb or Hb'), 2.309 (t, J� 6.05 Hz,
2H; Hb' or Hb), 1.296 (s, 27 H; CH3), 1.292 (s, 27 H; CH3); FAB-MS: m/z
(%): 1544.9 (67) [M�H]� ; elemental analysis calcd (%) for C111H118N2O4 ´
H2O (1562.18): C 85.34, H 7.74, N 1.79; found: C 85.66, H 7.99, N 1.81.


X-ray crystallography : Suitable single crystals of [Cu(6)]PF6 were obtained
by the slow diffusion method at room temperature: 6 mm test tube; lower
layer: 11 mg of the compound in 0.4 mL CH2Cl2/0.3 mL benzene;
intermediate layer: 1 mL of benzene/ethanol: 50/50; upper layer: 2.5 mL
ethanol. A systematic search in reciprocal space with a Nonius Kappa CCD
diffractometer showed that crystals of [Cu(6)]PF6 belonged to the
monoclinic system. Quantitative data were obtained at ÿ100 8C. All
experimental parameters used are given in Table 1. The resulting data set
was transferred to a DEC Alpha workstation; for all subsequent
calculations the Nonius OpenMoleN package[20] was used. The structure
was solved by direct methods. After refinement of the heavy atom
positions, a difference Fourier map revealed residual electronic density
maxima close to the expected positions of the hydrogen atoms. These were
introduced as fixed contributors in structure factor calculations by their
computed coordinates (CÿH� 0.95 �) and isotropic temperature factors
such as U(H)� 1.3 Ueq(C) �,[21] but were not refined. Full-matrix least-
squares refinements were made against jF j . A final difference map
revealed no significant maxima. The scattering factor coefficients and
anomalous dispersion coefficients are from ref. [21]. Crystallographic
data (excluding structure factors) for the structure reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-158093. 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; e-mail :
deposit@ccdc.cam.ac.uk).
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Palladium-Catalyzed Cyclization of Allylsilanes with Nucleophilic
Displacement of the Silyl Group


IstvaÂn MacsaÂri and KaÂlmaÂn J. SzaboÂ *[a]


Abstract: Allylsilanes containing hy-
droxy or tosylamide groups undergo
palladium(ii)-catalyzed cyclization to af-
ford derivatives of tetrahydrofuran, pi-
peridine, and pyrrolidine. This catalytic
reaction proceeds through an (h3-allyl)-
palladium intermediate that is generat-
ed by allylic displacement of the silyl
group of the allylsilane precursors. The
internal nucleophilic attack on the (h3-
allyl)palladium intermediates proceeds
with high chemo- and regioselectivity.
Benzoquinone and copper(ii) chloride
can be used for regeneration of the


palladium(ii) catalyst precursor. Mecha-
nistic studies revealed that the copper(ii)
chloride reoxidant also activates the (h3-
allyl)palladium intermediate towards
nucleophilic attack. Kinetic studies on
the formation of the (h3-allyl)palladium
intermediates showed that the reaction
rate is highly dependent on the concen-


tration of chloride ligand and the sol-
vent. The structure and reactivity of the
key intermediates of the palladadesily-
lation process were studied by density
functional theory (DFT) calculations,
which showed that coordination of the
electrophilic palladium(ii) catalyst pre-
cursor to allylsilanes leads to a relatively
weak b-silicon effect. The DFT studies
also indicate that the cleavage of the
carbon ± silicon bond takes place by
coordination of a chloride ion to the
silicon atom.


Keywords: cyclizations ´ density
functional calculations ´ heterocy-
cles ´ homogeneous catalysis ´ pal-
ladium


Introduction


Functionalized allylsilanes represent a useful class of reagents
that continue to show high potential in regio- and stereo-
controlled synthetic transformations.[1, 2] The highly selective
transformations of allylsilanes are usually performed by
electrophilic reagents.[3, 4] The driving force for electrophilic
attack on allylsilanes is the formation of a b-silicon-stabilized
carbocation intermediate.[5] Nucleophilic attack on allylsi-
lanes, however, does not benefit from this stabilization, and
this makes nucleophilic reagents less common in allylsilane
chemistry. Allylsilanes can be made accessible to nucleophilic
attack by employing organometallic reagents, electrochemical
methods, or oxidizing agents.[6] The metal-mediated processes
reported in the literature involve mercuration and thallation
reactions of trimethylallylsilane to give allylic alcohols and
amines.[6a±c, g±i]


Electrochemical oxidation of allylsilanes in the presence of
alcohols or carboxylic acids was reported to form ether or


ester derivatives.[6d] Cerium(iv)-mediated oxidative ring clo-
sure of allylsilanes bearing hydroxy and amine groups has
been employed to prepare five- and eight-membered hetero-
cycles [Eq. (1)].[6e] Palladium(ii)-catalyzed oxidation of allyl-
silanes with UV light and molecular oxygen was used to
prepare a,b-unsaturated carbonyl compounds [Eq. (2)].[6f]


(CH2)n


R3


SiMe3


X
R1


(H2C)n


R3R2
[CeIV] (H2C)n


X
R1 R3R2XR1


R2


+
(1)


Palladium catalysis proceeding by nucleophilic attack of
(h3-allyl)palladium complexes is a possible alternative for
nucleophilic displacement of the silyl group of allylsilanes.
Catalytic transformations involving (h3-allyl)palladium inter-
mediates have been widely applied in a number of important
chemical processes.[7±10] A wide range of allylic substrates, such
as allylic halides, acetates, carbonates, and carbamates, under-
go oxidative addition to palladium(0) to form (h3-allyl)palla-
dium complexes, which react with a great variety of nucleo-
philes. However, it is well known that many important allylic
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substrates, including allylsilanes, do not undergo palladi-
um(0)-catalyzed allylic substitution. In fact, many palladi-
um(0)-catalyzed transformations have been successfully em-
ployed for preparation of functionalized allylsilanes.[10, 12]


In a preliminarily communication we presented a palladi-
um(ii)-catalyzed procedure based on internal nucleophilic
displacement of the silyl group of allylsilanes (Scheme 1).[11]


This catalytic procedure could be used for preparation of
substituted tetrahydrofuran derivatives in good yield.


HO
R5


R4R3


R1R2


SiMe3


O R5
R1
R2


R3 R4


CuCl2 or BQ


cat. [PdII]


Scheme 1. Palladium(ii)-catalyzed cyclization of allylsilanes.


Here we give a full account of our results on palladium(ii)-
catalyzed intramolecular cyclization of allylsilanes, and pres-
ent an extension of this process. We also demonstrate that the
employment of a silyl leaving group represents an interesting
alternative to the acetate and carbonate groups which are
commonly used in p-allylpalladium chemistry. To gain more
insight into the mechanistic details of this reaction, the key
steps of the catalytic transformation were investigated by
kinetic and theoretical (DFT) studies.


Results and Discussion


Synthesis of the starting materials : Allylsilane precursors with
an internal O nucleophile were prepared from allylsilanes 1 ±
3 (Scheme 2), which are readily available by a recently
reported palladium(0)-catalyzed alkylation process.[12] These
compounds were transformed into 6-trimethylsilylhex-4-en-1-
ol derivatives 4 ± 7 by Grignard reaction or reduction.
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Scheme 2. Preparation of silylallyl alcohols 4 ± 7.


Allylsilanes functionalized with a toluene sulfonamide
(NHTs) group were prepared from 3 b, 8, and 15. Aldehyde
8[13a, b] (Scheme 3) was reduced to alcohol 9, followed by
chlorination with NCS and PPh3 to give 10. Chloride 10 was
treated with TsNHNa to furnish amide 11. Compound 10 was
also treated with NaCN to give nitrile 12, which was reduced
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Scheme 3. Preparation of toluenesulfonamides 11, 14, 17, and 19. i) NaBH4,
CeCl3 ´ 7 H2O, THF/MeOH 3/1, RT, 1 h; ii) NCS, PPh3, THF, RT, 16 h; iii)
TsNHNa, TsNH2, DMSO, 60 8C, 16 h; iv) NaCN, DMSO, 90 8C, 16 h;
v) LiAlH4, Et2O, RT, 2.5 h; vi) TsCl, Et3N, CH2Cl2, 16 h, RT; vii) NaOAc,
NH2OH ´ HCl, H2O/EtOH 5/1, 60 8C, 16 h; viii) LiAlH4, THF, reflux, 16 h.
NCS�N-chlorosuccinimide.


to amine 13 followed by reaction with TsCl to give sulfon-
amide 14. A different synthetic route was employed for the
preparation of amides 17 and 19 : compounds 15 and 3 b[12]


were transformed into the corresponding oximes 16 and 18
with NH2OH ´ HCl followed by reduction with LiAlH4 and
acylation with TsCl.


The above-mentioned synthetic procedures provide simple
access to the precursors of the catalytic reaction without
affecting the allylsilyl group. Note that the commonly used
substrates for palladium(0)-catalyzed allylic substitution re-
actions, such as allylic halides, acetates, and carbonates,
cannot be transformed by the above synthetic methods unless
their allylic functionality is protected.


Palladium(ii)-catalyzed cyclization of allylsilanes : It is well
documented that allylsilanes react with palladium(ii) salts to
give allylpalladium complexes.[14] Therefore, using this reac-
tion in a catalytic procedure requires regeneration of the
palladium(ii) catalyst precursor. Since nucleophilic attack on
an (h3-allyl)palladium complex involves reduction of palla-
dium(ii) to palladium(0), the catalyst precursor must be
reoxidized to maintain the catalytic cycle. Furthermore, the
palladadesilylation of the allylsilane substrate must be
sufficiently fast to obtain reasonable reaction times for the
catalytic processes.


Benzoquinone (BQ) and CuCl2 are frequently used reox-
idants in palladium(ii)-catalyzed procedures.[9] We found that
both reagents can be used in the cyclization reaction, and
accordingly developed two different methods for this catalytic
procedure. Diol 4 a could be cyclized to give 20 a in good yield
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under mild, neutral conditions with CuCl2 as reoxidant
(Table 1, entry 1). However, using BQ as a reoxidant under
acidic conditions required an extended reaction time (Table 1,
entry 2) and gave 20 a in poor yield. Since cyclization of 4 a in
the presence of CuCl2 proceeds faster and in a better yield
than the BQ-mediated procedure, we used CuCl2 for the
cyclization of allylsilyl alcohols 4 b and 5 ± 7.


Cyclization of alcohols 4 ± 7 was complete within 2 ± 4 h, but
a longer reaction time was required when methyl substituents
were present at the 3-position of the substrate (Table 1,
entry 6). The relatively short reaction time is particularly
important for cyclization of tertiary alcohols 5 b and 7, since
these compounds readily eliminate water even under mild
reaction conditions. Since cyclization proceeded much faster
under neutral conditions than under acidic conditions (cf.
Table 1, entries 1 and 2), we attempted to use basic reaction
conditions to further accelerate the catalytic process. How-
ever, under these conditions only the unconverted starting
materials could be recovered after 24 h.


The palladium-catalyzed cyclization reaction was also
extended to allylsilanes containing toluenesulfonamide
groups (Table 2). Amides 11 and 19 were cyclized to give
substituted pyrrolidine derivatives in good yields. Cyclization
of the homologous 14 gave piperidine derivative 25. The
diastereomers of 17 were separated and subjected to the ring-


closure reaction to afford fused ring systems 26 a and 26 b,
respectively.


In the cyclization reactions the best results were obtained
by using alcohol solvents such as MeOH, iPrOH, and tBuOH.
In other solvents, such as acetonitrile, THF, DMSO, CH2Cl2,
and DMF slow reactions with poor yields were observed.
Cyclization of silylallyl alcohols 4 ± 7 could be readily
achieved in iPrOH. However, when the same solvent was
used for the ring closure of amides, considerable amounts of
acyclic isopropylallyl ether derivatives were also obtained.
Formation of this by-product is due to nucleophilic attack of
the solvent on the (h3-allyl)palladium intermediates of the
reaction. The fact that isopropylallyl ether derivatives are not
formed on cyclization of 4 ± 7 indicates that nucleophilic
attack by the internal hydroxy group is much faster than that
by an external secondary alcohol (e.g., the iPrOH solvent),
and it also shows that the tosylamides 11, 14, 17 and 19 are
much less nucleophilic than the corresponding alcohols 4 ± 7.
Therefore, for cyclization of tosylamides, tBuOH was used as
solvent, which is less nucleophilic than iPrOH. Conducting
the reaction in tBuOH leads to longer reaction times, but
formation of the alkylallyl ether by-products was completely
avoided.


The regio- and chemoselectivity of the reaction are very
high. Ring closure of 4 ± 7, 11, 17, and 19 provided exclusively
five-membered rings, while formation of seven-membered
rings was not observed. Similarly, cyclization of 14 led only to
six-membered piperidine derivative 25. However, the diaster-
eoselectivity of the ring closure is poor, because the two
diastereomers of 20 a 20 b, 21 a, 22, 26 a, and 26 b were formed
in approximately equal amounts.


Table 1. Palladium(ii)-catalyzed cyclization of silylallyl alcohols 4 ± 7.


Entry Substrate Conditions[a] Product Yield[b]


8C h [%]


1 HO
SiMe3


OH


4a


25 1.5
O


HO


20a


86


2 4a 25 14[c] 20a 40


3 HO
SiMe3


OH


4b


25 2.5
O


HO


20b


62


4
Ph


SiMe3
OH 5a


40 1.5 OPh


21a


69


5
Ph


SiMe3
OH


Ph 5b
40 2.5[d]


O
Ph
Ph


21b


60


6
Ph


SiMe3
OH 6 20 14


OPh


22


53


7 Ph
C5H11


OH
Ph


SiMe3


7


20 4[d]
O


Ph
Ph


C5H11
23


66[e]


[a] The reactions were conducted in iPrOH (5 mL) with allylsilane
(0.5 mmol), Li2[PdCl4] (0.025 mmol, 5 mol %) and CuCl2 (1.25 mmol).
[b] Yield of isolated product. [c] Allylsilane (0.5 mmol), Pd(OAc)2


(0.025 mmol, 5 mol %), BQ (1.1 mmol), and H3PO4 (0.135 mmol) in
CH2Cl2/MeOH (10/1, 5 mL). [d] The substrate was added by syringe pump
(0.5 and 3 h for 5b and 7, respectively) to the stirred reaction mixture.
[e] About 15% of the cis isomer was also formed.


Table 2. Palladium(ii)-catalyzed cyclization of sulfonamides.


Entry Substrate Conditions[a] Product Yield[b]


8C h [%]


1
SiMe3


TsHN


11 45 3.5 N
Ts
24


74


2
SiMe3TsHN


14 45 4 N
Ts
25


66


3
SiMe3


NHTs


17a


45 2
Ts
N


26a


80


4 SiMe3


NHTs


17b


45 2
Ts
N


26b


64


5
TsHN


C5H11


SiMe3


19
45 4


N
Ts


C5H11


27


80[c]


[a] The reactions were conducted in tBuOH (5 mL) with allylsilane
(0.5 mmol), Li2[PdCl4] (0.025 mmol, 5 mol %), and CuCl2 (1.25 mmol).
[b] Yield of isolated product. [c] About 20% of the cis isomer was also
formed.
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Mechanistic Aspects


The palladium(ii)-catalyzed nucleophilic substitution reaction
discussed above has three important steps: 1) palladadesily-
lation to give the (h3-allyl)palladium intermediate; 2) intra-
molecular nucleophilic attack on this complex; and 3)
reoxidation of the catalyst to complete the catalytic cycle
(Scheme 4). In particular steps 1 and 3 differ significantly


HQ
R5


R4R3


R1R2


SiMe3


Q R5
R1
R2


R3 R4 HQ
R5


R4R3


R1R2 Pd
Cl


CuI


CuII LnPdII


2


LnPd0
Displacement
of the silyl 
group


Oxidation


Nucleophilic 
    attack Q = O, NTs


Scheme 4. Catalytic cycle of the ring-closure reaction.


from the mechanisms of the more common palladium(0)-
catalyzed nucleophilic displacement reactions. Therefore, we
studied the effects of ligands and solvents on the palladade-
silylation process, as well as the role of the reoxidants in
activating the nucleophilic attack.


Mechanistic investigations on the palladadesilylation reac-
tion : A rapid and clean palladadesilylation process is a
prerequisite for a synthetically useful catalytic nucleophilic
substitution of allylsilanes. The above results suggested that
the chloride concentration has a major influence on the rate of
the reaction. Using Li2[PdCl4] as catalyst precursor gave a
much faster catalytic reaction than with Pd(OAc)2 (cf. Table 1,
entries 1 and 2). The influence of the chloride ligand concen-
tration on the formation of the (h3-allyl)palladium complexes
was studied on a model system. The palladium(ii) precursor
for palladadesilylation was generated by mixing Pd(OAc)2


with various amounts of Ph4PCl in CDCl3. The progress of the
formation of the (h3-allyl)palladium complex from this
precursor and allyltrimethylsilane (Scheme 5) was monitored
by 1H NMR spectroscopy at 25 8C.


SiMe3


Pd(OAc)2,
Ph4PCl


CDCl3, RT
Pd


Cl
228


29


Scheme 5. Model reaction for the kinetic studies.


The palladadesilylation reaction was very slow in the
absence of chloride ligand. After 20 min less than 15 % of
the allylsilane was converted to (h3-allyl)palladium complex
29. The rate of formation of 29 increased on increasing the Pd/
Cl ratio to 1/2 (Figure 1), and complete conversion of the
allylsilane substrate occurred within 10 min. However, a large


*


*
*


*
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Figure 1. Rate of formation of the allylpalladium complex as a function of
the chloride ion concentration. Pd/Cl ratio: 10/1 (~); 1/1 (*); 1/2 (&); and
1/10 (*).


increase in chloride concentration (Pd/Cl� 1/10) decreased
the rate of complex formation.


The solvent effect of methanol on the rate of complex
formation was studied at low chloride concentrations (Pd/
Cl� 10/1) in CDCl3. The reaction rate increased with
increasing amount of CD3OD in the solvent mixture (Fig-
ure 2). Addition of only 10 % of CD3OD doubles the rate of
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Figure 2. Rate of formation of the allylpalladium complex as a function of
CD3OD concentration in CDCl3: 0% (~); 10 % (&); 50 % (*).


complex formation. With 50 % CD3OD complex formation
was complete after 15 min, and in pure CD3OD 28 was
completely converted to 29 in less than two minutes.


These results indicate that the employment of a moderately
high chloride concentration and alcohol solvents dramatically
increases the rate of the palladadesilylation process and hence
the overall catalytic reactions.


Reaction of the allylpalladium complexes : The allylpalladium
intermediate 30 was prepared by palladadesilylation of 5 a
(Scheme 6). Complex 30 is air-stable and does not undergo


ROH, 0 oC, 6h


Ph


OH Pd
Cl


5a Li2[PdCl4]


2


30


21a
DDQ or CuCl2


iPrOH


Scheme 6. Preparation of allylpalladium complex 30 by palladadesilyla-
tion of 5a.
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spontaneous cyclization. Therefore, 30 must be activated to
allow nucleophilic attack by the hydroxy group. This activa-
tion could be achieved by addition of 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ) or CuCl2 to a solution of 30
in iPrOH. Thus CuCl2 has a dual role in the catalytic process:
1) it serves as an oxidizing agent for regeneration of the
palladium(ii) catalyst; 2) it activates the (h3-allyl)palladium
intermediates towards nucleophilic attack.


Interestingly, cyclization of 30 does not occur in the
presence of BQ, probably because BQ is a weaker activator
for nucleophilic attack on (h3-allyl)palladium complexes than
DDQ, especially in the presence of chloride ligands.[15]


Therefore, the BQ-mediated catalytic reaction should be
performed under chloride-free conditions (Table 1, entry 2).
Employment of BQ as activator and reoxidant requires acidic
reaction conditions, since a protonation step is involved in the
reduction of BQ to hydroquinone. However, using acidic
conditions and BQ as the reoxidant leads to a very slow
reaction with a low yield. This can be explained by the fact
that the ring closure involves deprotonation of the OH group,
which is hindered in the presence of acid. Cyclization with BQ
or CuCl2 does not proceed under basic conditions. Neutral
conditions gave the best results, which were achieved with
CuCl2 as reoxidant and activator. Employment of alcoholic
solvents was also beneficial, because the solvent molecules
can also act as weak bases that assist in the deprotonation of
the hydroxyl or amide groups.


Like the catalytic process, the stoichiometric cyclization
reaction proceeds with high regioselectivity, but the diaster-
eoselectivity is low. This can be explained by the fact that 30
readily undergoes syn ± anti isomerization and is therefore
present in two diastereomeric forms (Scheme 7). If the


Pd
Cl


OH


H Ph


H


O


Ph


H


H


O


H


PhH


Pd
Cl


OH


H Ph


H


2


syn-30cis-21a trans-21aanti-30


2


Scheme 7. Cyclization is faster than syn ± anti isomerization.


stability of the diastereomers were markedly different, the
complex would isomerize to the thermodynamically favored
form, which would undergo internal nucleophilic attack to
give one of the cyclic diastereomers.[16] However, in our
experiments the heterocyclic products were obtained as 1/1
mixtures of diastereomers, and this indicates that the thermo-
dynamic stabilities of the diastereomeric (h3-allyl)palladium
intermediates, such as syn-30 and anti-30, are about equal.


Theoretical Studies on the Palladadesilylation
Process


The above studies on the palladium(ii)-catalyzed cyclization
of allylsilanes showed that formation of the allylpalladium
intermediate is influenced by the chloride concentration and
by the choice of the solvent. Therefore, we further inves-
tigated the mechanistic aspects of the palladadesilylation


reaction by performing density functional calculations on the
structure and reactivity of adducts in which trimethylallylsi-
lane is coordinated to a PdCl3


ÿ (31 a) or to a PdCl2 (32 a)
fragment. Adduct 31 a can be formed from PdCl4


2ÿ by ligand
substitution of one of the chloride ligands. Dissociation of a
second chloride ion (32 a) leads to the free coordination site
necessary for the h2!h3 conversion.


Computational methods : The geometries were fully opti-
mized by employing a Becke-type[17a] three-parameter density
functional model B3PW91. This so-called hybrid functional
includes the exact (Hartree ± Fock) exchange, the gradient-
corrected exchange functional of Becke,[17a] and the more
recent correlation functional of Perdew and Wang[17b] . All
calculations were carried out with a double-z(DZ)�P basis
set constructed from the LANL2DZ basis set[17c±e] by adding
one set of d-polarization functions to the heavy atoms
(exponents: C 0.63, Cl 0.514, O 1.154, Si 0.262) and one set
of diffuse d-functions on palladium (exponent: 0.0628). All
calculations were performed with the Gaussian 98 program
package.[17f]


Structure of (h2-allyl)palladium complexes : Harmonic vibra-
tion analysis of the fully optimized structures of 31 a and 32 a
gave only real frequencies, indicating that these complexes
represent minima on the potential energy surface. In these
complexes (Figure 3) the CÿSi bonds are perpendicular to the
allyl moiety (the C1-C2-C3-Si dihedral angles t are 91.2 and
99.78, respectively). Furthermore, the carbon ± silicon bonds
in both complexes are somewhat longer than a normal CÿSi
bond. Rotation of the silyl group by 908 leads to shortening of
the CÿSi bond and thermodynamic destabilization of the
complex. The geometrical and energy changes caused by the
908 rotation are more pronounced in 32 a than in 31 a.
Elongation of the CÿSi bond in 32 a also weakens it, and this
facilitates the CÿSi bond cleavage required for formation of
the (h3-allyl)palladium intermediate. Clearly, the (h3-allyl)-
palladium intermediate is more easily formed from 32 a than
from 31 a.


The above results clearly indicate the presence of hyper-
conjugative interactions between the CÿSi bond and the p


system of the (h2-trimethylsilylallyl)palladium fragment in
32 a. This interaction is very similar to the hyperconjugative
interaction between the CÿSi(s) orbital and the pp orbital in
b-silyl-substituted carbocations. This interaction forms the
basis of the b-silicon effect,[3, 5] which is the driving force of
electrophilic attack on vinyl- and allylsilanes. Theoretical
studies by Jorgensen et al.[5a] showed that the CÿSi bond is
strongly elongated (2.070 �) in b-silyl carbocations, and that a
908 rotation of the silyl group from the conjugated upright
conformation (cf. 32 a) to the unconjugated form (cf. 32 b)
leads to a destabilization by 22.2 kcal molÿ1. Clearly, electro-
philic attack (e.g., protonation) on an allylsilane generates
much larger b-silicon effect than the coordination of an
electrophilic palladium(ii) species such as PdCl2 (32 a). This
also implies that the cleavage of the CÿSi bond is more
difficult in palladium(ii) adducts than in b-silyl carbocations.


The relatively weak b-silicon effect in 32 a compared to b-
silyl carbocations (Scheme 8) can be explained by the fact that
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Figure 3. Selected B3PW91/LANL2DZ�P geometrical parameters for
(h2-allyl)palladium complexes 31 and 32 (bond lengths in �, angles in
degrees, energies in kcal molÿ1).


E


Si


E
Si


Si


Pd


Si


Pd


a)


b)


+


Scheme 8. b-Silicon effect in a) b-silyl carbocations and b) in allyltri-
methylsilane ± PdCl2 adduct.


the electrophilic attack by palladium(ii) does not lead to
formation of a carbocation center at C2; instead, the
palladium atom coordinates to C1ÿC2 in an h2 manner. This
also means that the CÿSi(s) MO is not able to conjugate with
a low-lying pp MO, as in a b-silyl carbocation. Instead,
interaction of CÿSi(s) with a high-lying PdCC(p*) MO leads
to relatively weak hyperconjugation (Scheme 8).


Factors promoting CÿSi bond cleavage : A weak electrostatic
interaction of the silicon atom of 32 with a methanol molecule
(Figure 4) leads to a slightly elongated CÿSi bond length of
1.941 � (33). However, this interaction does not contribute


significantly to the cleavage of the CÿSi bond. On the other
hand, the approach of a free chloride ion to the silicon atom
leads to immediate CÿSi bond cleavage accompanied by
formation of chlorotrimethylsilane. This process leads to
formation of an (h3-allyl)palladium complex without an
activation barrier.


A more realistic model of the desilylation reaction in a
condensed phase involves coordination of two methanol
molecules to the attacking chloride ion (34, Figure 4).
According to harmonic frequency analysis, 34 represents a
minimum on the potential energy surface, and it is charac-
terized by a strongly elongated CÿSi bond. In fact, the CÿSi
bond in 34 (2.016 �) is about as long as the CÿSi bond in b-
silyl carbocations (2.070 �), and therefore it can be assumed
that the cleavage of the CÿSi bond in 34 is about as facile as in
b-silyl carbocations. The activation barrier to CÿSi bond
cleavage is extremely low (<0.5 kcal molÿ1), and therefore it
was not determined. Formation of the (h3-allyl)palladium
complex (35) and chlorotrimethylsilane from 34 is a highly
exothermic process (ÿ32.2 kcal molÿ1). Although this process
certainly requires a higher activation energy in a condensed
phase such as in methanol solution, and the reaction is less
exothermic than in this model calculation, it can be concluded
that the coordination of chloride to the silicon atom of 32 a
considerably facilitates CÿSi bond cleavage.


The above theoretical results clearly indicate that the
location at which the chloride ion coordinates has a major
influence on the palladadesilylation process. The chloride ion
can coordinate to two centers in 32 a. Coordination to the
silicon atom (34) facilitates CÿSi bond cleavage and forma-
tion of the (h3-allyl)palladium intermediate of the catalytic
reaction (35). However, coordination to palladium leads to
formation of 31 a, in which the CÿSi bond is strong, and
therefore formation of the (h3-allyl)palladium intermediate is
not feasible. These conclusions are also in agreement with our
mechanistic results (Figure 1): at very low chloride concen-
trations complex 34 cannot be formed, and formation of the
(h3-allyl)palladium intermediate is slow. At very high chloride
concentration, dissociation of chloride ion from 31 a is
hindered, and this also decelerates formation of the complex.
The alcohol solvents probably do not have a direct influence
on the palladadesilylation process. They react immediately
with chlorotrimethylsilane to give the alkyl trimethylsilyl
ether and release chloride ions for the palladadesilylation
process. This can explain the finding that addition of methanol
accelerates the formation of the (h3-allyl)palladium complex
even at low chloride concentration (Figure 2).


Conclusion


We have described a new palladium(ii)-catalyzed cyclization
reaction involving nucleophilic displacement of the silyl group
of allylsilanes. This procedure is suitable for the preparation
of derivatives of tetrahydrofuran, pyrrolidine, and piperidine
under mild reaction conditions in good yields (Tables 1 and 2).
The cyclization reaction gave the best results under neutral
conditions with CuCl2 as activator and reoxidant. Mechanistic
studies indicate that the palladadesilylation of allylsilanes is
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strongly influenced by the concentration of chloride ions. The
optimal rate of formation of the (h3-allyl)palladium complex
is obtained with a Pd/Cl ratio of 1/2 (Figure 1). The DFT
calculations show that in the adduct formed by electrophilic
attack of palladium(ii) on allyltrimethylsilane (31 a), the b-
silicon effect is relatively weak. Cleavage of the CÿSi bond
requires coordination of a chloride ion to the silicon atom
(34). On the other hand, a high chloride concentration leads to
formation of 31 a, which slows down the palladadesilylation
process.


Experimental Section


The starting materials were purchased from Aldrich and Lancaster. All
solvents were freshly distilled prior to use. All reactions were conducted
under an argon atmosphere by employing standard manifold techniques.


NMR spectra were recorded in CDCl3


(1H at 400 MHz and 13C at 100.5 MHz)
with CDCl3 (d(1H)� 7.26, d(13C)�
77.0) as internal standard. For column
chromatography, Merck silica gel 60
(230 ± 400 mesh) was used.


Reduction of 1a, b : The correspond-
ing diester[12] (2.1 mmol) in diethyl
ether (4.8 mL) was added dropwise
to a suspension of LiAlH4 (0.21 g,
6.3 mmol) in diethyl ether (6 mL) at
0 8C. The mixture was stirred for 2.5 h
at room temperature. It was then
cooled to 0 8C, and water (0.2 mL)
was added. The resulting mixture was
allowed to warm to room temperature,
then an aqueous solution of NaOH
(15 %, 0.2 mL) and water (0.61 mL)
were added. A white slurry was
formed, which was filtered through
Celite and washed with EtOAc (3�
10 mL). The organic solvents were
removed, and the resulting oil was
purified by chromatography (diethyl
ether).


2-[(E)-4'-Trimethylsilylbut-2'-enyl]-
propane-1,3-diol (4 a): Colorless crys-
tals (86 % yield). M.p. 48 ± 49 8C;
1H NMR: d� 5.45 (m, 1H; H3'), 5.23
(m, 1H; H2'), 3.83 (dd, J� 10.8,
10.2 Hz, 2H; H1a, H3a), 3.66 (dd,
J� 10.8, 10.4 Hz, 2H; H1b, H3b),
2.09 (s, 2 H; OH), 2.00 (t, J� 6.8 Hz,
2 H; H1'), 1.82 (m, 1H; H2), 1.42 (d,
J� 8.0 Hz, 2H; H4'), ÿ0.01 (s, 9H;
Si(CH3)3); 13C NMR: d� 128.9 (C3'),
125.9 (C2'), 66.5 (C1, C3), 42.9 (C2),
32.0 (C1'), 23.2 (C4'), ÿ1.4 (Si(CH3)3);
elemental analysis (%) calcd for
C10H22O2Si (202.37): C 59.35, H
10.96; found: C 59.22, H 10.64.


2-Methyl-2-[(E)-4'-trimethylsilylbut-
2'-enyl]propane-1,3-diol (4 b): Color-
less crystals (95 % yield). M.p. 59 ±
60 8C; 1H NMR: d� 5.47 (m, 1H;
H3'), 5.26 (m, 1H; H2'), 3.50 (m, 4H;
H1, H3), 2.38 (s, 2H; OH), 2.02 (t, J�
7.4 Hz, 2H; H1'), 1.44 (d, J� 8.0 Hz,
2 H; H4'), 0.83 (s, 3H; CH3), ÿ0.01 (s,
9 H; Si(CH3)3); 13C NMR: d� 130.1
(C3'), 123.7 (C2'), 70.7 (C1, C3), 40.0
(C2), 38.1 (C1'), 23.4 (C4'), 19.1 (CH3),


ÿ1.4 (Si(CH3)3). MS (CI): m/z (%): 226 (1) [M]� , 201 (1) [MÿCH3]� , 183
(2) [C10H20OSi]� , 143 (4) [C8H15O2]� , 129 (10) [C7H13O2]� , 93 (20), 73 (100)
[C3H9Si]� .


(E)-1-Phenyl-6-trimethylsilanylhex-4-en-1-ol (5 a): NaBH4 (0.081 g,
2.15 mmol) was carefully added in small portions to a solution of ketone
2a (0.220 g, 0.89 mmol) and CeCl3 ´ 7H2O (0.33 g, 0.89 mmol) in THF/
methanol (3/1, 12 mL) at 0 8C. The resulting mixture was stirred at room
temperature for 1 h. Then it was quenched with a saturated aqueous
solution of NH4Cl (4.4 mL), filtered through Celite, and washed with
CH2Cl2 (3� 10 mL). The organic solvents were removed, and the aqueous
residue was diluted with brine and extracted with CH2Cl2 (3� 10 mL) and
diethyl ether (2� 10 mL). The combined organic layers were dried over
anhydrous MgSO4 and concentrated. The product was obtained after
chromatography (pentane/diethyl ether 4/1) as a colorless oil (79 % yield).
1H NMR: d� 7.34 (m, 4H; Ar), 7.28 (m, 1H; Ar), 5.44 (m, 1H; H5), 5.26
(m, 1H; H4), 4.69 (m, 1 H; H1), 2.08 (m, 2H; H3), 1.91 ± 1.75 (br m, 2H;
H2), 1.42 (d, J� 7.6 Hz, 2H; H6), ÿ0.01 (s, 9 H; Si(CH3)3); 13C NMR: d�
145.0, 128.7, 127.7, 126.1 (Ar), 128.1 (C5), 127.3 (C4), 74.5 (C1), 39.7 (C2),
29.6 (C3), 23.2 (C6), ÿ1.4 (Si(CH3)3); MS (CI): m/z (%): 249 (2) [M�1]� ,


Figure 4. Selected B3PW91/LANL2DZ�P geometrical parameters for 33, 34, and (h3-allyl)palladium complex
35 (bond lengths in �, angles in degrees, energies in kcal molÿ1).







FULL PAPER K. Szabó and I. Macsµri


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4104 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 194104


248 (2) [M]� , 233 (3) [MÿCH3]� , 205 (15) [C14H19Si]� , 158 (17) [C12H14]� ,
143 (4) [C8H19Si]� , 120 (9) [C8H8O]� , 105 (100) [C7H5O]� , 73 (50)
[C3H9Si]� .


Preparation of 5 b, 6, and 7: Phenylmagnesium bromide (4.0 mmol) was
added dropwise to a solution of the corresponding ketone or aldehyde[12]


(0.5 mmol) in THF (1 mL) at 0 8C. The reaction mixture was stirred at
40 8C, and the progress of the reaction was monitored by TLC. When the
reaction was complete, it was quenched with a saturated aqueous solution
of NH4Cl. The resulting mixture was diluted with diethyl ether (10 mL) and
washed with brine. The organic layer was dried over anhydrous MgSO4,
concentrated, and purified by chromatography (pentane/diethyl ether 9/1).


(E)-1,1-Diphenyl-6-trimethylsilylhex-4-en-1-ol (5b): Colorless crystals
(68 % yield). M.p. 54 ± 56 8C. 1H NMR: d� 7.42 (m, 4 H; Ar), 7.32 (m,
4H; Ar), 7.21 (m, 2H; Ar), 5.36 (m, 2H; H4, H5), 2.35 (m, 2 H; H2), 2.00
(m, 2 H; H2), 1.39 (d, J� 7.6 Hz, 2H; H6), ÿ0.02 (s, 9 H; Si(CH3)3);
13C NMR: d� 147.2, 128.3, 127.0, 126.3 (Ar), 128.5 (C5), 127.3 (C4), 78.8
(C1), 42.4 (C2), 28.0 (C3), 23.2 (C6), ÿ1.4 (Si(CH3)3); MS (CI): m/z (%):
324 (1) [M]� , 306 (6) [MÿH2O]� , 232 (8) [C18H16]� , 183 (20) [C13H11O]� ,
180 (100) [C14H12]� , 165 (22) [C13H9]� , 105 (24) [C7H5O]� , 73 (13)
[C3H9Si]� .


(E)-2,2-Dimethyl-1-phenyl-6-trimethylsilylhex-4-en-1-ol (6): Colorless oil
(93 % yield). 1H NMR: d� 7.32 (m, 4 H; Ar), 7.25 (m, 1H; Ar), 5.44 (m,
1H; H5), 5.36 (m, 1H; H4), 4.46 (d, J� 2.8 Hz, 1H; H1), 2.12 (dd, J� 13.6,
6.8 Hz, 1 H; H3), 1.94 (dd, J� 13.6, 6.8 Hz, 1H; H3), 1.45 (d, J� 7.6 Hz, 2H;
H6), 0.88 (s, 3H; CH3), 0.80 (s, 3H; CH3), 0.01 (s, 9 H; Si(CH3)3); 13C NMR:
d� 142.2, 128.1, 127.8, 127.5 (Ar), 129.6 (C5), 125.0 (C4), 81.3 (C1), 43.0
(C2), 39.2 (C3), 24.0 (CH3), 23.5 (C6), 22.7 (CH3), ÿ1.3 (Si(CH3)3); MS
(CI): m/z (%): 277 (2) [M�1]� , 276 (3) [M]� , 261 (15) [MÿCH3]� , 203 (12)
[C14H19O]� , 155 (24) [C9H19Si]� , 113 (10) [C6H13Si]� , 105 (100) [C7H5O]� ,
73 (62) [C3H9Si]� .


(E)-1,1-Diphenyl-6-trimethylsilanyl-undec-4-en-1-ol (7): Colorless oil
(80 % yield). 1H NMR: d� 7.42 (m, 4 H; Ar), 7.32 (m, 4H; Ar), 7.21 (m,
2H; Ar), 5.36 (m, 2H; H4, H5), 2.35 (m, 2 H; H2), 2.00 (m, 2 H; H3), 1.44 ±
1.13 (br m, 9 H; H6 ± H10), 8.88 (t, J� 7.2 Hz, 3H; H11), ÿ0.05 (s, 9H;
Si(CH3)3); 13C NMR: d� 147.2, 128.3, 127.0, 126.3 (Ar), 132.9 (C5), 127.6
(C4), 78.8 (C1), 42.6 (C2), 33.6 (C6), 32.2 (C7), 29.5 (C8), 29.3 (C9), 28.2
(C3), 23.1 (C10), 14.7 (C11),ÿ2.6 (Si(CH3)3); elemental analysis (%) calcd
for C26H38OSi (394.68): C 79.12, H 9.70; found: C 78.97, H 9.87.


N-[(E)-6-Trimethylsilylhex-4-enyl]toluene-4-sulfonamide (11): Aldehyde
8[13a,b] was reduced by NaBH4 to alcohol 9 (93 % yield) by the method
described for reduction of alcohol 5 a. The NMR data for 9 were identical
with those given in the literature for the same compound prepared by an
alternative procedure.[18] Alcohol 9 was chlorinated by the following
procedure: PPh3 (0.904 g, 3.4 mmol) in THF (4 mL) was added to a
suspension of N-chlorosuccinimide (0.464 g, 3.4 mmol) in THF (4 mL) at
0 8C. The resulting pink slurry was stirred at room temperature for 0.5 h,
followed by addition of alcohol 9 in THF (4 mL), and this mixture was
stirred overnight at the same temperature. Thereafter, the solvent was
removed, and the crude product was purified by column chromatography
(pentane) to give 10 (81 % yield). The NMR data of this product were
identical with the literature data for the same compound prepared by an
alternative procedure.[19] A solution of 10 (0.26 g, 1.36 mmol), TsNH2


(0.233 g, 1.36 mmol), and TsNHNa (0.263 g, 1.36 mmol) in DMSO (6 mL)
was stirred for 16 h at 60 8C. Thereafter, the reaction mixture was diluted
with brine and extracted with diethyl ether. The solvent was removed, and
purification by chromatography (pentane/diethyl ether 2/1) afforded 11 as
a colorless oil (68 % yield). 1H NMR: d� 7.75 (d, J� 8.0 Hz, 2H; Ar), 7.30
(d, J� 8.0 Hz, 2H; Ar), 5.33 (m, 1H; H5), 5.10 (m, 1H; H4), 4.53 (t, J�
2.0 Hz, 1H; NH), 2.92 (dd, J� 13.2, 6.8 Hz, 2 H; H1), 2.42 (s, 3H; ArCH3),
1.94 (dd, J� 13.8, 7.0 Hz, 2H; H3), 1.48 (m, 2 H; H2), 1.34 (d, J� 8.0 Hz,
2H; H6), ÿ0.05 (s, 9 H; Si(CH3)3); 13C NMR: d� 143.6, 137.4, 130.0, 127.4
(Ar), 127.9 (C5), 127.3 (C4), 43.0 (C1), 30.0 (C2, C3), 23.0 (C6), 21.8
(ArCH3), ÿ1.7 (Si(CH3)3); elemental analysis (%) calcd for C16H27NO2SSi
(325.56): C 59.03, H 8.36, N 4.30; found: C 58.86, H 8.38, N 4.44.


N-[(E)-7-Trimethylsilylhept-5-enyl]toluene-4-sulfonamide (14): Chloride
10 (0.11 g, 0.58 mmol) and NaCN (0.088 g, 1.8 mmol) in DMSO (3 mL) were
stirred overnight at 90 8C. Thereafter, the reaction mixture was diluted with
water (20 mL) and extracted with diethyl ether (5� 10 mL) and CH2Cl2


(2� 10 mL). The combined organic layers were dried over anhydrous
MgSO4, concentrated, and purified by chromatography (pentane/diethyl


ether 9/1) to afford nitrile 12 as a colorless oil (88 % yield). The NMR data
of 12 were identical with the literature data for the same product prepared
by an alternative procedure.[20] Nitrile 12 (0.086 g, 0.48 mmol) was reduced
to amine 13[20] by the procedure described for reduction of alcohols 4 a, b to
give a colorless oil (86 % yield). A solution of 13 (0.075 g, 0.4 mmol), TsCl
(0.152 g, 0.8 mmol), and Et3N (0.135 mL, 1.0 mmol) in CH2Cl2 (1.2 mL) was
stirred for overnight at room temperature. Thereafter, the reaction mixture
was diluted with diethyl ether (20 mL) and washed with water (10 mL). The
aqueous layer was extracted with diethyl ether (3� 8 mL), and the organic
layer was dried over anhydrous MgSO4. Subsequently, the solvent was
removed, and the residual oil was purified by chromatography (pentane/
diethyl ether 13/10) to give 14 as a colorless oil (93 % yield). 1H NMR: d�
7.75 (d, J� 8.0 Hz, 2H; Ar), 7.30 (d, J� 8.0 Hz, 2 H; Ar), 5.33 (m, 1H; H6),
5.13 (m, 1H; H5), 4.11 (m, 1 H; NH), 2.92 (m, 2 H; H1), 2.43 (s, 3H;
ArCH3), 1.90 (m, 2 H; H4), 1.44 (m, 2H; H2), 1.36 (d, J� 8.0 Hz, 2H; H7),
1.29 (m, 2 H; H3), ÿ0.04 (s, 9H; Si(CH3)3); 13C NMR: d� 143.7, 137.4,
130.0, 127.5 (Ar), 128.2 (C6), 127.2 (C5), 43.5 (C1), 32.5 (C4), 29.3 (C3), 27.2
(C2), 22.9 (C7), 21.9 (ArCH3), ÿ1.6 (Si(CH3)3); MS (CI): m/z (%): 340 (2)
[M�1]� , 339 (7) [M]� , 324 (10) [MÿCH3]� , 256 (12), 228 (20), 180 (100)
[C10H18NSi]� , 149 (12), 91 (12) [C7H7]� , 73 (27) [C3H9Si]� .


Preparation of oximes 16 and 18 : The corresponding aldehyde or ketone[12]


(4.1 mmol) in ethanol (1.5 mL) was added to a solution of NaOAc (0.330 g,
4.1 mmol) and NH2OH ´ HCl (0.422 g, 6.15 mmol) in water/ethanol (5/1,
8.6 mL) at 60 8C. After 1 h ethanol (4.5 mL) was added, and the mixture
was stirred overnight. Thereafter, the reaction mixture was diluted with ice
water (40 mL), extracted with diethyl ether, and dried over anhydrous
Na2SO4. Subsequently, the solvent was removed, and the residual yellow oil
was purified by column chromatography (pentane/diethyl ether).


2-[(E)-4'-Trimethylsilylbut-2'-enyl]cyclohexanone oxime (16): Compound
16 was obtained from 15 as a colorless oil (59 % yield). 1H NMR: d� 8.69
(s, 1H; OH), 5.40 (m, 1 H; H3'), 5.21 (m, 1 H; H2'), 2.75 (m, 1H; H6eq), 2.38
(m, 1 H; H1'), 2.20 (br m, 2H; H2ax, H6ax), 2.04 (m, 1H; H1'), 1.85 (m, 1H;
H3eq), 1.69 (br m, 2H; H5eq, H4eq), 1.56 (m, 1 H; H5ax), 1.49 (m, 1H; H4ax),
1.40 (d, J� 8.0 Hz, 2H; H4'), 1.37 (m, 1H; H3ax), ÿ0.02 (s, 9H; Si(CH3)3);
13C NMR: d� 163.0 (C1), 128.5 (C3'), 126.6 (C2'), 42.8 (C2), 34.5 (C1'), 32.3
(C3), 26.5 (C5), 24.0 (C4), 23.4 (C6), 23.1 (C4'), ÿ1.6 (Si(CH3)3); MS (CI):
m/z (%): 240 (1) [M�1]� , 239 (4) [M]� , 224 (42) [MÿCH3]� , 210 (13)
[C11H20NOSi]� , 166 (100) [C10H16NO]� , 113 (7) [C6H13Si]� , 73 (68)
[C3H9Si]� .


(E)-2,2-Dimethyl-6-trimethylsilylundec-4-enal oxime (18): Compound 18
was prepared from 3 b as a pale yellow oil (87 % yield). 1H NMR: d� 7.49
(s, 1 H; OH), 7.33 (s, 1 H; H1), 5.19 (m, 2H; H5, H4), 2.10 (d, J� 6.0 Hz,
2H; H3), 1.44 ± 1.10 (br m, 9H; H6 ± 10), 1.06 (s, 6 H; 2�CH3), 0.86 (t, J�
7.2 Hz, 3 H; H11), ÿ0.04 (s, 9H; Si(CH3)3); 13C NMR: d� 159.6 (C1), 136.0
(C5), 123.0 (C4), 45.0 (C3), 37.4 (C2), 33.6 (C6), 32.0 (C9), 29.5 (C8), 29.3
(C7), 25.4 (CH3), 25.3 (CH3), 23.0 (C10), 14.5 (C11), ÿ2.8 (Si(CH3)3); MS
(CI): m/z (%): 283 (2) [M]� , 282 (5) [Mÿ 1]� , 266 (10) [MÿOH]� , 210 (8)
[C13H24NO]� , 159 (25), 141 (22) [C8H17Si]� , 73 (27) [C3H9Si]� .


Preparation of sulfonamides 17 and 19 : The oximes were reduced by a
procedure similar to the reduction described for preparation of 4a, b. The
modifications were that THF was used as solvent and the reaction mixture
was heated to reflux overnight. The amine intermediates were used without
further purification. The acylation with TsCl was performed by the
procedure described for preparation of 14.


N-{2-[(E)-4'-Trimethylsilylbut-2'-enyl)]cyclohexyl}toluene-4-sulfonamide
(17) was obtained as a 2/1 mixture of diastereomers in 64 % yield. For
identification of the diastereomers 17a and 17b, we used the NMR data
given for cis- and trans-N-tosyl-2-allylcyclohexylamine.[21] According to the
literature data, the d(H1) signal of cis-N-tosyl-2-allylcyclohexylamine is
observed at lower field than the that of the trans isomer. cis-17 a : Colorless
crystals, m.p. 116ÿ 118 8C. 1H NMR: d� 7.75 (d, J� 8.0 Hz, 2H; Ar), 7.28
(d, J� 8.0 Hz, 2 H; Ar), 5.26 (m, 1H; H3'), 4.98 (m, 1H; H2'), 4.46 (d, J�
8.4 Hz, 1 H; NH), 3.43 (m, 1H; H1), 2.42 (s, 3 H; ArCH3), 1.84 (m, 2H;
H1'), 1.60 ± 1.06 (br m, 10H; H2 ± 6), 1.33 (d, J� 8.0 Hz, 2 H; H4'), ÿ0.04 (s,
9H; Si(CH3)3); 13C NMR: d� 143.5, 138.9, 130.0, 127.4 (Ar), 128.4 (C3'),
126.5 (C2'), 53.7 (C1), 41.2 (C2), 34.6 (C1'), 30.9 (C3), 27.3 (C6), 24.1 (C4),
23.1 (C4'), 21.9 (ArCH3), 21.5 (C5), ÿ1.6 (Si(CH3)3). trans-17b : 1H NMR:
d� 7.76 (d, J� 8.0 Hz, 2 H; Ar), 7.26 (d, J� 8.0 Hz, 2H; Ar), 5.26 (m, 1H;
H3'), 4.99 (m, 1H; H2'), 4.45 (d, J� 8.8 Hz, 1 H; NH), 2.83 (m, 1 H; H1),
2.41 (s, 3H; ArCH3), 1.75 (m, 2 H; H1'), 1.59 (br m, 4 H; H3 ± H6eq), 1.35 (d,
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J� 8.0 Hz, 2 H; H4'), 1.23 (br m, 3 H; H4 ± H6ax), 0.88 (m, 1 H; H3ax), ÿ0.04
(s, 9 H; Si(CH3)3); 13C NMR: d� 143.4, 138.9, 129.9, 127.3 (Ar), 128.6 (C3'),
126.2 (C2'), 57.4 (C1), 43.8 (C2), 36.0 (C1'), 34.7 (C3), 31.0 (C6), 25.5 (C4),
25.3 (C5), 23.1 (C4'), 21.9 (ArCH3), ÿ1.6 (Si(CH3)3); elemental analysis
(%) calcd for C20H33NO2SSi (379.65): C 63.27, H 8.76, N 3.69; found: C
63.45, H 8.56, N 3.73.


N-[(E)-2,2-Dimethyl-6-trimethylsilylundec-4-enyl]toluene-4-sulfonamide
(19): Compound was obtained as a colorless oil (87 % yield). 1H NMR: d�
7.74 (d, J� 8.0 Hz, 2 H; Ar), 7.29 (d, J� 8.0 Hz, 2H; Ar), 5.12 (m, 2H; H5,
H4), 4.43 (br s, 1 H; NH), 2.67 (d, J� 6.8 Hz, 2H; H1), 2.42 (s, 3H; ArCH3),
1.88 (d, J� 6.4 Hz, 2 H; H3), 1.40 ± 1.10 (br m, 9H; H6 ± 10), 0.86 (t, J�
7.2 Hz, 3 H; H11), 0.83 (s, 6H; 2�CH3),ÿ0.09 (s, 9H; Si(CH3)3); 13C NMR:
d� 143.5, 137.5, 130.0, 127.4 (Ar), 135.8 (C5), 123.2 (C4), 53.3 (C1), 43.5
(C3), 37.8 (C2), 33.6 (C6), 32.0 (C9), 29.3 (C8), 29.0 (C7), 25.2 (CH3), 25.1
(CH3), 23.0 (C10), 21.8 (ArCH3), 14.5 (C11),ÿ2.8 (Si(CH3)3). MS (CI): m/z
(%): 424 (4) [M�1]� , 423 (12) [M]� , 408 (9) [MÿCH3]� , 366 (11)
[C19H32NO2SSi]� , 256 (34) [C13H22NO2S]� , 228 (12) [C11H18NO2S]� , 180
(11) [C13H24]� , 133 (100), 91 (12) [C7H7]� , 74 (62), 73 (30) [C3H9Si]� .


Representative procedure for palladium(ii)-catalyzed cyclization : The
corresponding allylsilane (0.5 mmol), Li2[PdCl4] (0.007 g, 0.025 mmol,
5 mol %), and CuCl2 (0.168 g, 1.25 mmol) in iPrOH or tBuOH (5 mL)
were stirred for the temperatures and times listed in Tables 1 and 2. When
the reaction was complete, the reaction mixture was diluted with diethyl
ether (25 mL) and extracted with brine (2� 10 mL), followed by drying
over anhydrous MgSO4. The solvent was removed, and the products were
purified by chromatography (pentane/diethyl ether).


4-Hydroxymethyl-2-vinyltetrahydrofuran (20 a): Colorless oil. cis isomer:
1H NMR: d� 5.86 (m, 1H; CHCH2), 5.25 (dt, J� 16.8, 1.4 Hz, 1H;
CHCH2), 5.11 (dt, J� 10.4, 1.4 Hz, 1H; CHCH2), 4.28 (m, 1 H; H2), 3.86
(dd, J� 8.8, 7.6 Hz, 1 H; H5), 3.75 (dd, J� 8.8, 5.6 Hz, 1H; H5), 3.60 (m,
2H; CH2OH), 2.52 (m, 1H; H4), 2.20 (m, 1 H; H3), 1.34 (m, 1 H; H3).
13C NMR: d� 138.9 (CHCH2), 116.2 (CHCH2), 80.9 (C2), 70.9 (C5), 65.5
(CH2OH), 42.5 (C4), 35.7 (C3); trans isomer: 1H NMR: d� 5.82 (m, 1H;
CHCH2), 5.23 (dt, J� 16.8, 1.4 Hz, 1H; CHCH2), 5.09 (dt, J� 10.4, 1.4 Hz,
1H; CHCH2), 4.38 (q, J� 7.2 Hz, 1H; H2), 4.03 (dd, J� 8.8, 7.0 Hz, 1H;
H5), 3.60 (m, 3H; H5, CH2OH), 2.52 (m, 1H; H4), 1.89 (m, 1H; H3), 1.80
(m, 1H; H3). 13C NMR: d� 139.1 (CHCH2), 115.6 (CHCH2), 79.7 (C2),
70.8 (C5), 65.0 (CH2OH), 41.8 (C4), 35.1 (C3); MS (CI): m/z (%): 130 (6)
[M�2]� , 129 (5) [M�1]� , 115 (14) [C6H11O2]� , 94 (16), 81 (8) [C6H9]� , 79
(55), 75 (54) [C3H7O2]� , 73 (100) [C4H9O]� , 67 (53) [C5H7]� .


4-Hydroxymethyl-4-methyl-2-vinyltetrahydrofuran (20 b): Colorless oil. cis
isomer: 1H NMR: d� 5.85 (m, 1 H; CHCH2), 5.23 (dt, J� 17.2, 1.4 Hz, 1H;
CHCH2), 5.09 (dt, J� 10.4, 1.4 Hz, 1 H; CHCH2), 4.38 (m, 1H; H2), 3.83 (d,
J� 8.8 Hz, 1H; H5), 3.50 (br s, 2H; CH2OH), 3.45 (d, J� 8.8 Hz, 1H; H5),
1.80 (dd, J� 12.8, 7.2 Hz, 1H; H3), 1.60 (dd, J� 12.8, 8.4 Hz, 1H; H3), 1.15
(s, 1 H; CH3); 13C NMR: d� 139.0 (CHCH2), 116.0 (CHCH2), 80.5 (C2),
76.9 (C5), 70.1 (CH2OH), 45.6 (C4), 42.7 (C3), 21.9 (CH3). trans isomer:
1H NMR: d� 5.85 (m, 1 H; CHCH2), 5.21 (dt, J� 17.2, 1.4 Hz, 1H;
CHCH2), 5.07 (dt, J� 10.4, 1.4 Hz, 1 H; CHCH2), 4.38 (m, 1H; H2), 3.71 (d,
J� 8.8 Hz, 1 H; H5), 3.50 (m, 3 H; H5,CH2OH), 2.08 (dd, J� 12.8, 7.2 Hz,
1H; H3), 1.42 (dd, J� 12.8, 8.8 Hz, 1H; H3), 1.13 (s, 1 H; CH3); 13C NMR:
d� 139.3 (CHCH2), 115.4 (CHCH2), 80.6 (C2), 76.3 (C5), 68.9 (CH2OH),
45.9 (C4), 42.7 (C3), 22.3 (CH3). MS (EI): m/z (%): 143 (100) [M�1]� , 142
(18) [M]� , 125 (19) [MÿOH]� , 111 (30) [C7H11O]� , 109 (28) [C7H9O]� , 95
(24) [C7H11]� , 81 (19) [C6H9]� , 67 (53) [C5H7]� .


2-Phenyl-5-vinyltetrahydrofuran (21 a): Colorless oil. This compound was
previously reported[22] without NMR data. cis isomer: 1H NMR: d� 7.40 ±
7.25 (m, 5H), 6.01 (m, 1H; CHCH2), 5.34 (dt, J� 15.6, 1.2 Hz, 1H;
CHCH2), 5.16 (dt, J� 10.4, 1.2 Hz, 1H; CHCH2), 4.96 (t, J� 7 Hz, 1H; H2),
4.49 (q, J� 7 Hz, 1H; H5), 2.33 (m, 1H; H3), 2.16 (m, 1 H; H3), 1.85 (m,
2H; H4); 13C NMR: d� 143.6 (CHCH2), 139.3, 128.5, 127.4, 126.1 (Ar),
115.8 (CHCH2), 81.5 (C2), 81.1 (C5), 34.8 (C3), 32.4 (C4); trans isomer:
1H NMR: d� 7.40 ± 7.25 (m, 5H), 5.95 (m, 1 H; CHCH2), 5.32 (dt, J� 16.8,
1.4 Hz, 1H; CHCH2), 5.14 (dt, J� 10.4, 1.4 Hz, 1H; CHCH2), 5.08 (t, J�
7.6 Hz, 1H; H2), 4.49 (q, J� 6.4 Hz, 1 H; H5), 2.40 (m, 1 H; H3), 2.20 (m,
1H; H3), 1.86 (m, 2H; H4); 13C NMR: d� 143.7 (CHCH2), 139.5, 128.5,
127.4, 125.8 (Ar), 115.3 (CHCH2), 81.0 (C2), 80.9 (C5), 35.6 (C3), 33.2 (C4).
MS (EI): m/z (%): 175 (5) [M�1]� , 174 (33) [M]� , 157 (100) [MÿOH]� ,
145 (58) [C10H9O]� , 117 (90) [C9H9]� , 104 (32) [C8H8]� , 91 (15) [C7H7]� , 77
(13) [C6H5]� , 67 (42) [C5H7]� .


2,2-Diphenyl-5-vinyltetrahydrofuran (21 b): Colorless crystals, m.p. 68 ±
69 8C. 1H NMR: d� 7.49 ± 7.17 (m, 10 H), 5.97 (m, 1 H; CHCH2), 5.29 (dt,
J� 17.2, 1.2 Hz, 1H; CHCH2), 5.12 (dt, J� 10.4, 1.2 Hz, 1 H; CHCH2), 4.61
(q, J� 6.8 Hz, 1H; H5), 2.70 ± 2.52 (m, 2 H; H3), 2.11 (m, 1H; H4), 1.77 (m,
1H; H4); 13C NMR: d� 147.1, 146.7, 128.4, 128.2, 126.9, 126.8, 126.1, 126.0
(Ar), 139.6 (CHCH2), 115.7 (CHCH2), 88.8 (C2), 80.4 (C5), 38.9 (C3), 32.4
(C4); MS (EI): m/z (%): 251 (7) [M�1]� , 250 (17) [M]� , 234 (35) [C18H18]� ,
182 (33) [C13H10O]� , 180 (100) [C14H12]� , 173 (53) [C12H13O]� , 154 (37), 105
(73) [C7H5O]� , 77 (37) [C6H5]� , 68 (32) [C5H8]� . For alternative procedure
for preparation of 21b, see ref. [22]


3,3-Dimethyl-2-phenyl-5-vinyltetrahydrofuran (22): Colorless oil. Cis iso-
mer: 1H NMR: d� 7.40 ± 7.25 (m, 5 H), 6.08 (m, 1 H; CHCH2), 5.37 (dt, J�
17.2, 1.6 Hz, 1 H; CHCH2), 5.17 (dt, J� 10.4, 1.6 Hz, 1H; CHCH2), 4.57 (s,
1H; H2), 4.52 (m, 1 H; H5), 2.07 (m, 1H; H4), 1.71 (m, 1H; H4), 1.19 (s,
3H; CH3), 0.64 (s, 3 H; CH3). 13C NMR: d� 139.2 (CHCH2), 139.8, 128.1,
127.4, 126.6 (Ar), 115.4 (CHCH2), 90.0 (C2), 78.1 (C5), 47.5 (C3), 43.0 (C4),
27.3, 25.2 (CH3). Trans isomer: 1H NMR: d� 7.40 ± 7.25 (m, 5H), 5.97 (m,
1H; CHCH2), 5.30 (dt, J� 17.2, 1.4 Hz, 1H; CHCH2), 5.11 (dt, J� 10.4,
1.4 Hz, 1 H; CHCH2), 4.72 (m, 1 H; H5), 4.66 (s, 1 H; H2), 2.07 (m, 1 H; H4),
1.77 (m, 1 H; H4), 1.13 (s, 3H; CH3), 0.69 (s, 3 H; CH3); 13C NMR: d� 140.2
(CHCH2), 139.8, 127.9, 127.4, 126.6 (Ar), 114.8 (CHCH2), 88.9 (C2), 78.3
(C5), 48.7 (C3), 43.7 (C4), 25.5, 22.4 (CH3); MS (EI): m/z (%): 203 (50)
[M�1] � , 202 (20) [M]� , 201 (100) [Mÿ 1]� , 185 (96) [C14H17O]� , 159 (10)
[C11H11O]� , 125 (10) [C8H13O]� , 96 (7) [C7H12]� , 81 (39) [C6H9]� .


(E/Z)-5-(Hept-1'-enyl)-2,2-diphenyltetrahydrofuran (23): Colorless oil. E
isomer: 1H NMR: d� 7.49 ± 7.17 (m, 10 H), 5.75 (m, 1 H; H1'), 5.57 (m, 1H;
H2'), 4.55 (q, J� 7.2 Hz, 1H; H5), 2.72 ± 2.52 (m, 2 H; H3), 2.06 (m, 3 H; H4,
H3'), 1.75 (m, 1H; H4), 1.45 ± 1.27 (m, 6 H; H4' ± H6'), 0.90 (t, J� 6.8 Hz,
3H; H7'); 13C NMR: d� 147.3, 146.9, 128.3, 128.2, 126.8, 126.7, 126.2 (Ar),
133.2 (C1'), 131.2 (C2'), 88.5 (C2), 80.6 (C5), 39.4 (C3), 32.9 (C4), 32.6 (C5'),
31.9 (C3'), 29.2 (C4'), 23.0 (C6'), 14.5 (C7'); Z isomer: 1H NMR: d� 7.49 ±
7.17 (m, 10H), 5.57 (m, 1H; H1' and H2'), 4.90 (q, J� 7.2 Hz, 1H; H5),
2.72 ± 2.52 (m, 2H; H3), 2.06 (m, 3 H; H4 and H3'), 1.75 (m, 1 H; H4), 1.45 ±
1.27 (m, 6 H; H4'-6'), 0.90 (t, J� 6.8 Hz, 3 H; H7'); 13C NMR: d� 147.3,
146.9, 128.3, 128.2, 126.8, 126.7, 126.2 (Ar), 133.2 (C1'), 131.2 (C2'), 88.5
(C2), 75.2 (C5), 39.8 (C3), 33.3 (C4), 32.6 (C5'), 29.8 (C3'), 28.1 (C4'), 23.0
(C6'), 14.5 (C7'); elemental analysis (%) calcd for C23H28O (320.47): C
86.20, H 8.81; found C 86.01, H 8.99.


1-(Toluene-4-sulfonyl)-2-vinylpiperidine (25): Colorless oil. 1H NMR: d�
7.67 (d, J� 8.0 Hz, 2H; Ar), 7.25 (d, J� 8.0 Hz, 2H; Ar), 5.68 (m, 1 H; H1'),
5.16 (dt, J� 17.5, 1.5 Hz, 1 H; CHCH2), 5.13 (dt, J� 10.5, 1.5 Hz, 1H;
CHCH2), 4.58 (br s, 1 H; H2), 3.66 (d, J� 13.6 Hz, 1H; H6eq), 2.98 (ddd, J�
13.2, 12.8, 2.4 Hz, 1H; H6ax), 2.40 (s, 3 H; ArCH3), 1.70 ± 1.36 (br m, 6H;
H3 ± 5); 13C NMR: d� 143.2, 138.2, 129.8, 127.6 (Ar), 135.8 (CHCH2), 117.4
(CHCH2), 55.3 (C6), 41.9 (C2), 30.0 (C3), 25.3 (C5), 21.8 (ArCH3), 19.4
(C4). For alternative literature procedure for preparation of 25, see ref. [23]


1-(Toluene-4-sulfonyl)-2-vinyloctahydroindole (26 a, b): 26a : Obtained as
a 1/1 mixture of diastereomers, colorless oil. Diastereomer 1: 1H NMR: d�
7.72 (d, J� 8.0 Hz, 2H; Ar), 7.29 (d, J� 8.0 Hz, 2H; Ar), 5.93 (m, 1H;
CHCH2), 5.25 (dt, J� 17.2, 1.2 Hz, 1H; CHCH2), 5.08 (dt, J� 10.0, 1.2 Hz,
1H; CHCH2), 3.99 (q, J� 8.3 Hz, 1H; H2), 3.68 (dt, J� 11.2, 6.6 Hz, 1H;
H7a), 2.42 (s, 3 H; ArCH3), 1.95 (m, 1 H; H7), 1.82 (dd, J� 10.0, 8.7 Hz, 2H;
H3), 1.70 ± 1.11 (br m, 8 H; H3a, H4 ± H6, H7); 13C NMR: d� 143.4, 136.3,
129.8, 127.7 (Ar), 141.0 (CHCH2), 115.0 (CHCH2), 62.7 (C7a), 61.4 (C2),
36.8 (C3a), 35.4 (C3), 31.2 (C4), 26.1 (C7), 24.5 (C5), 21.7 (ArCH3), 20.6
(C6). Diastereomer 2: 1H NMR: d� 7.70 (d, J� 8.0 Hz, 2 H; Ar), 7.24 (d,
J� 8.0 Hz, 2H; Ar), 5.62 (m, 1H; CHCH2), 5.12 (dt, J� 17.2, 0.8 Hz, 1H;
CHCH2), 4.94 (dt, J� 9.6, 0.8 Hz, 1H; CHCH2), 4.25 (t, J� 8.2 Hz, 1H;
H2), 3.82 (dt, J� 10.8, 5.3 Hz, 1H; H7a), 2.40 (s, 3H; ArCH3), 2.29 (m, 2H;
H3), 2.21 (m, 1 H; H7), 1.70 ± 1.11 (br m, 8 H; H3a, H4 ± H6, H7); 13C NMR:
d� 142.8, 139.6, 129.4, 127.7 (Ar), 139.5 (CHCH2), 115.7 (CHCH2), 61.4
(C7a), 61.0 (C2), 35.8 (C3a), 35.0 (C3), 29.4 (C4), 26.3 (C7), 24.0 (C5), 21.7
(ArCH3), 20.6 (C6). 26 b : Formed as a 1/1 mixture of diastereomers as
colorless crystals, m.p. 90 ± 92 8C. Diastereomer 1: 1H NMR: d� 7.70 (d, J�
8.0 Hz, 2 H; Ar), 7.30 (d, J� 8.0 Hz, 2H; Ar), 5.86 (m, 1H; CHCH2), 5.35
(d, J� 16.4 Hz, 1H; CHCH2), 5.14 (d, J� 10.0 Hz, 1 H; CHCH2), 4.40 (q,
J� 8.0 Hz, 1H; H2), 2.78 (dt, J� 10.4, 3.6 Hz, 1H; H7a), 2.54 ± 2.44 (br m,
2H; H3), 2.43 (s, 3 H; ArCH3), 1.85 ± 0.95 (br m, 9H; H3a, H4 ± H7);
13C NMR: d� 142.8, 140.1, 129.6, 127.6 (Ar), 140.0 (CHCH2), 115.5
(CHCH2), 65.8 (C7a), 62.2 (C2), 45.8 (C3a), 36.2 (C3), 32.9 (C4), 30.3 (C7),
25.6 (C5), 25.0 (C4), 21.8 (ArCH3). Diastereomer 2: 1H NMR: d� 7.69 (d,
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J� 8.0 Hz, 2 H; Ar), 7.24 (d, J� 8.0 Hz, 2H; Ar), 5.65 (m, 1H; CHCH2),
5.22 (d, J� 16.8 Hz, 1H; CHCH2), 5.05 (d, J� 10.4 Hz, 1 H; CHCH2), 4.22
(m, 1 H; H2), 2.54 ± 2.44 (br m, 2 H; H3), 2.40 (s, 3H; ArCH3), 2.18 (m, 1H;
H7a), 1.85 ± 0.95 (br m, 9H; H3a, H4 ± 7); 13C NMR: d� 143.6, 135.1, 129.8,
128.1 (Ar), 139.7 (CHCH2), 115.7 (CHCH2), 67.2 (C7a), 63.6 (C2), 43.2
(C3a), 38.4 (C3), 31.2 (C4), 29.9 (C7), 25.7 (C5), 25.3 (C4), 21.9 (ArCH3);
MS (CI): m/z (%): 306 (13) [M�1]� , 305 (63) [M]� , 262 (100)
[C14H16NO2S]� , 241 (17), 198 (6) [C9H12NO2S]� , 155 (14) [C7H7O2S]� ,
150 (21) [C10H16N]� , 107 (13) [C8H11]� , 91 (29) [C7H7]� .


2-(Hept-1'-enyl)-4,4-dimethyl-1-(toluene-4-sulfonyl)pyrrolidine (27): Ob-
tained as a 4/1 mixture of E and Z isomers, colorless oil. 1H NMR: d� 7.67
(d, J� 8.0 Hz, 2 H; Ar), 7.26 (d, J� 8.0 Hz, 2H; Ar), 5.68 (m, 1 H; H1'), 5.34
(m, 1H; H2'), 4.05 (q, J� 7.9 Hz, 1 H; H2), 3.22 (dd, J� 9.9, 1.3 Hz, 1H;
H5), 3.15 (dd, J� 9.9 Hz, 1H; H5), 2.42 (s, 3H; ArCH3), 1.96 (m, 2 H; H3'),
1.74 (ddd, J� 12.7, 7.4, 1.2 Hz, 1 H; H3), 1.52 (dd, J� 12.6, 8.5 Hz, 1 H; H3),
1.29 (br m, 6 H; H4' ± H6'), 1.05 (s, 3 H; CH3), 0.88 (s, 3 H; H7'), 0.76 (s, 3H;
CH3); 13C NMR: d� 143.2, 136.7, 129.6, 127.9 (Ar), 132.6 (C1'), 131.3 (C2'),
62.3 (C5), 61.6 (C2), 48.3 (C3), 37.7 (C4), 32.3 (C3'), 31.8 (C5'), 29.0 (C4'),
26.8 (CH3), 26.4 (CH3), 22.9 (C6'), 21.8 (ArCH3), 14.4 (C7'); elemental
analysis (%) calcd for C20H31NO2S (349.54): C 68.72, H 8.94, N 4.01; found:
C 68.59, H 9.06, N 4.16.


Formation of the (h3-allyl)palladium complexes: The influence of the
chloride concentration on the formation of the (h3-allyl)palladium complex
29 was studied by mixing Pd(OAc)2 (0.011 g, 0.05 mmol) with various
amounts of Ph4PCl in CDCl3 (0.5 mL). This solution was transferred to an
NMR tube followed by addition of 28 (0.006 g, 0.05 mmol) in CDCl3


(0.2 mL). Formation of 29 was monitored by 1H NMR spectroscopy. The
solvent effect was studied by using Pd(OAc)2 (0.011 g, 0.05 mmol), Ph4PCl
(0.002 g, 0.005 mmol), and 28 (0.006 g, 0.05 mmol) dissolved in various
CD3OD/CDCl3 mixtures (0.7 mL).


Bis(m-Chloro)bis[1-phenyl-(4,5,6-h3)-hexen-1-ol]palladium (30): Allylsi-
lane 5a (0.040 g, 0.16 mmol) in methanol (3.5 mL) was added to a stirred
solution of Li2[PdCl4] (0.045 g, 0.17 mmol) in methanol (3.5 mL) at 0 8C.
The progress of the reaction was monitored by TLC (pentane/diethyl ether
4/1). After completion of the reaction, the solvent was removed, and the
residual yellow oil was purified by chromatography (CH2Cl2/MeOH 14/1)
to afford 30 as yellow crystals (88 % yield). Complex 30 was formed as a 1/1
mixture of diastereomers. 1H NMR: d� 7.34 (m, 4H; Ar), 7.28 (m, 1 H; Ar),
5.27 (m, 1H; H5), 4.75 (m, 1 H; H4), 3.88 (m, 2 H; H6), 2.82 (d, J� 11.8,
6.8 Hz, 1H; H1), 2.30 ± 1.69 (br m, 2 H; H2, H3); 13C NMR: d� 144.4, 144.3,
128.7, 127.8, 126.1, 126.0 (Ar), 110.1, 110.0 (C5), 86.2, 86.1 (C4), 74.2, 73.8
(C1), 59.3 (C6), 38.2, 37.8 (C2), 28.9, 28.7 (C3); MS (CI): m/z (%): 634 (1)
[M�2]� , 175 (6) [C12H15O]� , 157 (26) [C12H13]� , 117 (47), 107 (43)
[C7H7O]� , 79 (100) [C6H7]� , 77 (55) [C6H5]� , 67 (40) [C5H7]� .
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Stereocontrolled Total Synthesis of the Stemona Alkaloid (ÿ)-Stenine


Yoshiki Morimoto,* Maki Iwahashi, Takamasa Kinoshita, and Koji Nishida[a]


Abstract: The Stemona alkaloid stenine
(1), isolated from Stemona tuberosa of
physiologically active stemonaceous
plants, possesses the structurally novel
and unique azepinoindole skeleton
(B,C,D-ring system). We have achieved
the asymmetric total synthesis of (ÿ)-
stenine (1), starting from 1,5-pentane-
diol (10). The key features are an intra-
molecular diastereoselective Diels ±


Alder reaction of the (E,E,E) triene 6,
prepared in a convergent fashion from
three componentsÐdienyl chloride 7,
dithiane 8, and chiral phosphonate 9Ð
and efficient construction of the tricyclic


A,B,D-ring system 29 through thermo-
dynamically controlled regioselective
enolization of the bicyclic ketone 25. In
this article, we describe in detail the
highly stereocontrolled total synthesis of
(ÿ)-stenine (1). These results should be
useful for the asymmetric total synthesis
of another, more complex, molecule:
tuberostemonine (2), the synthesis of
which has never been reported.


Keywords: alkaloids ´ asymmetric
synthesis ´ cycloaddition ´
(ÿ)-stenine ´ total synthesis


Introduction


Extracts from the roots and rhizomes of stemonaceous plants
(Stemona and Croomia) have long been used in China and
Japan as cough remedies for humans and as anthelmintics for
domestic animals. A number of related Stemona alkaloids
have been isolated from these extracts and their structures
determined, mostly by X-ray diffraction studies.[1] In this
family of alkaloids, stenine (1) and tuberostemonine (2),[2]


isolated from Stemona tuberosa, possess the structurally novel
and unique azepinoindole skeleton (B,C,D-ring system).
Tuberostemonine (2) has also been shown to exhibit inhib-
itory activity on excitatory transmission at the crayfish
neuromuscular junction.[3] These pharmacological properties
indicate that some of the effects of the crude extracts may be
attributable to 2 and that this alkaloid may be a useful tool in
the field of neuropharmacology. These and other types of
Stemona alkaloids have recently been the subject of several
synthetic studies[4, 5] because of their stimulating structures
and prominent physiological activities. However, the total
synthesis of tuberostemonine (2) has never been reported.
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In the course of ongoing investigations into the efficient
syntheses of both alkaloids 1 and 2,[6] Hart and Chen first
reported the total synthesis of racemic (�)-stenine (1).[7] The
asymmetric total synthesis of optically active (ÿ)-stenine (1)
was afterwards achieved by Wipf et al.[8] and by our group.[9]


In this article, we give details of the highly stereocontrolled
total synthesis of (ÿ)-stenine (1), directed toward the final
goal of tuberostemonine (2).


Results and Discussion


The retrosynthetic analysis of both alkaloids 1 and 2 is
outlined in Scheme 1. We have previously developed an
efficient synthetic route to the D,E-ring systemÐa substruc-
ture characteristic of other types of Stemona alkaloids as well
as of tuberostemonine (2)Ðbased on the threo-selective
addition reaction[10] of 3-methyl-2-trimethylsilyloxyfuran (3)
to an N-acyliminium ion, followed by diastereoselective
hydrogenation (Scheme 2).[11] In the context of these results,
disconnections of the C(2)ÿC(16) and N(3)ÿC(4) bonds
pointed to the iminium ion 4 as a conceivable common
intermediate for both alkaloids 1 and 2, in conjunction with
hydride and silyl dienol ether 3, respectively, as nucleophiles.
It was anticipated that preparation of the tricyclic ring system
4 could be achieved from the bicyclic ketone 5 by regiose-
lective oxidative cleavage of the C(2)ÿC(12) bond, followed
by stereoselective cyclizations of the A- and D-rings. An
intramolecular asymmetric Diels ± Alder reaction[12] of the
(E,E,E) triene 6, containing an oxazolidinone chiral auxil-
iary,[13] was considered to be the most efficient method for
simultaneous construction of the decalin skeleton and the four
stereogenic centers on the B-ring in 5. The desired Diels ±
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Scheme 1. Retrosynthetic analysis of the Stemona alkaloids 1 and 2.
MPM� 4-methoxyphenylmethyl; THP� tetrahydropyranyl.
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Alder precursor 6 was to be assembled in turn by convergent
coupling of three readily available fragments (dienyl chloride
7, dithiane 8, and chiral phosphonate 9[14]).


The two requisite fragments 7 and 8 were easily prepared as
shown in Scheme 3. Monoprotection of commercially avail-
able 1,5-pentanediol (10) as an MPM ether and Swern
oxidation[15] of the alcohol 11 afforded the aldehyde 12.[16]
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Scheme 3. a) NaH, MPMCl, N,N-dimethylformamide (DMF), room tem-
perature (RT), 12 h, 73 %; b) (COCl)2, dimethyl sulfoxide (DMSO),
CH2Cl2, then Et3N, ÿ78 to 0 8C, 25 min, 89%; c) lithium diisopropylamide
(LDA), 13, hexamethylphosphoric triamide (HMPA), THF, ÿ78 8C to RT,
24 h, 70%; d) DIBALH, toluene, ÿ15 8C, 20 min, 98 %; e) nBuLi, meth-
anesulfonyl chloride (MsCl), THF, ÿ15 8C to RT, 20 h; f) 3,4-dihydro-2H-
pyran (DHP), camphorsulfonic acid (CSA), CH2Cl2, 0 8C, 2 h, 99%.


Horner ± Wadsworth ± Emmons treatment of the aldehyde 12
with triethyl 4-phosphonocrotonate (13) yielded the (E,E)
diene 14, which was subjected to diisobutylaluminium hydride
(DIBALH) reduction and subsequent chlorination to give the
desired dienyl chloride 7. The dithiane 8[17] was prepared from
the known 2-(3-hydroxypropyl)-1,3-dithiane (16)[18] by THP
protection.


The convergent assembly of the Diels ± Alder precursor 6
began with alkylation[19] of the dithiane 8 with the dienyl
chloride 7 (Scheme 4). Subsequent removal of the tetrahy-
dropyranyl group in 17 provided the alcohol 18, which was
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Scheme 4. a) nBuLi, THF,ÿ25 8C, 4 h, then 7, HMPA,ÿ78 8C to RT, 20 h;
b) 0.1 equiv p-TsOH ´ H2O, MeOH/THF (7:3), RT, 1.5 h, 68% (three steps
from 15); c) SO3 ´ Py, DMSO, Et3N, CH2Cl2, 0 8C to RT, 2 h, 85 %; d) 9,[14]


LiCl, Et3N, THF, 0 8C to RT, 24 h, 90 %; e) 1.3 equiv Me2AlCl, CH2Cl2,
ÿ20 8C, 72 h, 85 %; f) AgNO3, N-chlorosuccinimide (NCS), CH3CN/H2O
(4:1), 0 8C, 20 min, 80%; g) LiSEt, THF, 0 8C, 1.5 h, 91%; h) Et3SiH, 10%
Pd/C, acetone, 0 8C to RT, 1.5 h, 100 %; i) NaClO2, NaH2PO4, 2-methyl-2-
butene, tBuOH/H2O (5:2), 0 8C to RT, 1 h, 100 %; j) diphenylphosphoryl
azide (DPPA), Et3N, DMF, 60 8C, 30 min, then 10 equiv MeOH, 0.2 equiv
CuCl, RT, 40 h, 82%.


oxidized with sulfur trioxide/pyridine complex.[20] The modi-
fied Horner ± Wadsworth ± Emmons reaction[21] of the result-
ing aldehyde 19 with the readily available chiral phosphonate
9[14] afforded the (E,E,E) triene 6[22] in good overall yields. The
key reactionÐthe intramolecular asymmetric Diels ± Alder
reaction of 6Ðproceeded smoothly at ÿ20 8C in the presence
of 1.3 equivalents of dimethylaluminium chloride as a Lewis
acid to produce the bicyclic compound 20 with good facial and
complete endo selectivities (20/B-ring antipode 10:1).[13] The
stereochemistry of 20 was assigned as shown on the basis of
the diagnostic coupling constants in the 1H NMR spectrum of
21 (3J(a,e)� 11.6 Hz, 3J(e,f)� 11.0 Hz, 3J(f,d)� 5.5 Hz) ob-
tained by oxidative hydrolysis of the dithio ketal.[23]
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This good diastereoselectivity in the intramolecular Diels ±
Alder reaction of 6 may be interpreted by consideration of the
transition state as follows (Figure 1). First of all, it has been
reported that a six-membered chelate structure between two
carbonyl oxygens of an N-acyloxazolidinone and the alumi-
nium metal is formed in the presence of more than a
stoichiometric amount of dimethylaluminium chloride.[13, 24]


In this case, an s-cis conformation predominates in the a,b-
unsaturated carboximide moiety. When the diene approaches
the dienophile from the less hindered side (back side),
differentiating the diastereotopic olefinic face, there are endo
or exo transition states. It is assumed that the endo transition
state would be more favored than the exo one, due to a
repulsive 1,3-diaxial-like interaction in the exo transition
state, as shown in Figure 1.[25] Thus, the cycloadduct 20 with
the desirable configuration would be produced.
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Figure 1. Plausible transition state (endo vs. exo) explaining the endo
product 20.


We encountered a little trouble in removing the chiral
auxiliary from the carboximide 21. It was found that direct
hydrolysis of this carboximide 21 using lithium hydroxide
resulted in cleavage of the oxazolidinone ring. Evans et al.
have reported a new technique[26] for the nondestructive
removal of 2-oxazolidinones from extremely hindered imides
such as 21, by employing basic hydrogen peroxide. Treatment
of 21 with lithium hydrogen peroxide, however, resulted in
hydrolysis both at the exocyclic and at the oxazolidinone
carbonyl centers, providing the carboxylic acid 24 and the
corresponding ring-opened amide as an inseparable 1:1
mixture. This problem was finally solved by means of a
method using alkyl mercaptans.[25a, 27] Removal of the chiral
auxiliary could be accomplish-
ed through nucleophilic attack
of lithium ethanethiolate exclu-
sively on the exocyclic carbonyl
group, to afford the thioester 22
in 91 % yield. The thioester 22
was converted into the carbox-
ylic acid 24 in quantitative yield
by reduction[28] of 22 to alde-
hyde 23 and oxidation of the
resulting aldehyde 23 with so-
dium chlorite.[29] The introduc-
tion of a nitrogen functionality
onto the carboxylic acid 24,
giving carbamate 25, was car-
ried out by the modified Cur-
tius rearrangement according


to Shioiri�s method[30] in the presence of a catalytic amount
of copper(i) chloride.[31]


The next stage involved the oxidative cleavage of the
C(2)ÿC(12) bond in ketone 25 (Scheme 5). The enolization of
25 was examined primarily under kinetic conditions, by using
lithium diisopropylamide or lithium hexamethyldisilazane
(LHMDS) as a base, followed by addition of chlorotrimeth-
ylsilane,[32] to give silyl enol ethers 26 a and 26 b in a ratio of
3:1, with moderate regioselectivities. The regioselective
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Scheme 5. Regioselective enolization of 25 under kinetic or thermody-
namic conditions.


enolization of 25 was, however, accomplished under thermo-
dynamically controlled conditions[25a] to yield predominantly
the preferred trimethylsilyl enol ether 26 a (26 a/26 b�6:1). In
order to evaluate thermodynamic stabilities of the regioiso-
meric silyl enol ethers 26 a and 26 b energetically, semiempir-
ical molecular orbital calculations were performed for the
C(7 a)-methyl counterparts 26 a' and 26 b', to simplify the
calculations. The results calculated by PM3[33] are shown in
Figure 2.[34] The optimized structures revealed that 26 a', with
a C(2)�C(12) double bond, is more stable than 26 b', with a
C(11)�C(12) one, by 1.10241 kcal molÿ1. At the same time, the
approximate populations of silyl enol ethers 26 a' and 26 b' at
the reaction temperature (323 K) could be estimated on the
basis of the thermodynamic difference as 26 a'/26 b' �5.6:1,


Figure 2. The optimized structures, heats of formation (DHf), and populations at 50 8C of silyl enol ethers 26a'
and 26 b' calculated by PM3.
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which is highly consistent with experimental observation
(26 a/26 b �6:1).


Treatment of the silyl enol ether 26 a with 1.1 equivalents of
m-chloroperoxybenzoic acid (m-CPBA)[35] and subsequent
oxidative cleavage of the resulting a-alkoxy ketone 27 with
orthoperiodic acid afforded an intermediary carboxylic acid
derivative 28, in situ iodolactonization of which stereoselec-
tively formed the A,B,D-ring system 29 in 50 % overall yield
from the bicyclic ketone 25 (Scheme 6). After protection of
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Scheme 6. a) 1.1 equiv m-CPBA, hexane/CH2Cl2 (2:1), ÿ15 8C to RT, 2 h;
b) H5IO6, THF/H2O (2:1), RT, 2 h, then I2, NaHCO3, RT, 40 h, 50 % (three
steps); c) 0.05 equiv CSA, CH(OMe)3, MeOH, CH2Cl2, RT, 1 h, 90%;
d) 3 equiv allyltributyltin, 0.15 equiv azobis(isobutyronitrile) (AIBN),
toluene, 80 8C, 4 h, 80%; e) LDA, HMPA, THF, ÿ78 8C, 30 min, then
MeI, ÿ78 8C, 1.5 h, 73%.


the hemiacetal in 29, a suitably functionalized a-alkoxycarb-
amate 32Ða common intermediate for stenine (1) and
tuberostemonine (2)Ðwas constructed by stereocontrolled
alkylation through a radical process and methylation at the
convex side of the molecule by application of Hart�s
procedure[7] to the iodide 30. Since a-alkoxycarbamates are
in general precursors of N-acyliminium ions,[36] attachment of
the E-ring to the common intermediate 32 for an approach to
tuberostemonine (2) according to our methodology shown in
Scheme 2 may be possible.


The residual tasks for the total synthesis of stenine (1) from
the key intermediate 32 were: reduction of an acetal, removal
of the terminal C1 unit from an allylic group, and ring-closure
to a perhydroazepine ring (C-ring). Concurrent reduction of
the acetal group and the p-methoxybenzyl ether in 32 with an
excess of triethylsilane in the presence of boron trifluoride
etherate in acetonitrile at 0 8C gave the alcohol 33 in good
yield (Scheme 7). The allylic group in 33 was converted to an
ethyl group by a Lemieux ± Johnson oxidation,[37] followed by
conversion to the dithiolane 35, and desulfurization with
Raney nickel to provide the alcohol 36. This was transformed
into the iodide 38 in conventional manner, for formation of
the perhydroazepine (C) ring. Finally, this C-ring was
constructed by removal of the methoxycarbonyl group with
trimethylsilyl iodide (TMSI),[7, 38] followed by intramolecular
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Scheme 7. a) 5 equiv Et3SiH, 2.2 equiv BF3 ´ OEt2, CH3CN, 0 8C, 50 min,
82%; b) cat. OsO4, NaIO4, THF/H2O (2:1), RT, 1 h, 75%; c) 1,2-
ethanedithiol, BF3 ´ OEt2, CH2Cl2, ÿ15 8C, 45 min, 81%; d) Raney Ni
(W-2), EtOH, reflux, 2 h, 85 %; e) MsCl, Et3N, CH2Cl2, 0 8C, 30 min, 88%;
f) NaI, acetone, reflux, 2 h, 98 %; g) 10 equiv TMSI, CH2Cl2, RT, 5 h;
h) CH3CN, reflux, 1 h, 70 % (two steps).


N-alkylation of the corresponding amine in refluxing acetoni-
trile to afford (ÿ)-stenine (1) ([a]23


D �ÿ27.5 (c� 0.523 in
MeOH), lit.[2a] [a]D�ÿ30.2 (in MeOH)). The spectroscopic
(1H NMR, 13C NMR, IR) and mass spectrometric data of
synthetic (ÿ)-stenine (1) were consistent with the 1H NMR
spectrum of natural stenine (1) and the data reported for (�)-
stenine (1).[7b]


In conclusion, the highly stereocontrolled total synthesis of
(ÿ)-stenine (1) has been accomplished; the key features being
an intramolecular asymmetric Diels ± Alder reaction of the
triene 6Ðprepared in a convergent fashion from three readily
available components: dienyl chloride 7, dithiane 8, and chiral
phosphonate 9Ðand efficient construction of the tricyclic
A,B,D-ring system 29 through thermodynamically controlled
regioselective enolization of the bicyclic ketone 25. To achieve
the asymmetric total synthesis of tuberostemonine (2), a more
complex target, application of our methodology shown in
Scheme 2 to the common intermediate 32 is currently under
investigation in our laboratory.


Experimental Section


General methods : Melting points are uncorrected. 1H NMR spectra were
recorded in deuteriochloroform and [D6]benzene on Hitachi R-90 H
(90 MHz) and JEOL model JNM-GX 400 (400 MHz) spectrometers.
13C NMR spectra were measured in [D6]benzene on a JEOL model
JNM-GX 400 (100 MHz) spectrometer. Infrared (IR) spectra were re-
corded on a JASCO A-102 spectrophotometer. Optical rotations were
determined on a JASCO DIP-370 digital polarimeter. Low- and high-
resolution (EI and FAB) mass spectra were determined on JEOL model
AX-500 and SX-102 spectrometers. Elemental analyses were performed
with a Perkin ± Elmer 240 C elemental analyzer by the staff at our
Analytical Division. Analytical thin-layer chromatography was carried
out on precoated silica gel glass plates (Merck TLC plates, silica gel
60 F254). The silica gel used for column chromatography was Merck silica
gel 60 (70 ± 230 mesh). All reactions were performed in oven-dried glass-
ware. Tetrahydrofuran (THF) was distilled over sodium/benzophenone.
Dichloromethane (CH2Cl2), triethylamine (Et3N), diisopropylamine, tol-
uene, acetonitrile (CH3CN), and 1,1,1,3,3,3-hexamethyldisilazane (HMDS)
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were distilled over calcium hydride. Methanol (MeOH) and ethanol
(EtOH) were distilled over magnesium. Acetone was distilled over
potassium permanganate. tert-Butyl alcohol (tBuOH) was distilled over
magnesium activated with iodine. Hexane was distilled over sodium metal.
N,N-Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and hexa-
methylphosphoric triamide (HMPA) were distilled over calcium hydride
under reduced pressure.


Alcohol 11: 1,5-Pentanediol (10) (27.7 mL, 0.264 mol) was added dropwise
at room temperature under a nitrogen atmosphere to a solution of sodium
hydride (60 % in oil suspension, 11.6 g, 0.290 mol) in N,N-dimethylform-
amide (500 mL), and the solution was stirred at this temperature for 1 h.
4-Methoxybenzyl chloride (25.0 mL, 0.185 mol) was added dropwise to the
solution, which was stirred at room temperature for 12 h. Saturated
aqueous ammonium chloride (50 mL) and water (1.5 L) were added
sequentially, and the aqueous layer was extracted with diethyl ether (3�
300 mL). The organic layer was washed with brine, dried over anhydrous
magnesium sulfate, and concentrated in vacuo. The residue was purified by
column chromatography (benzene/ethyl acetate 92:8 to 68:32) on silica gel
(550 g) to give alcohol 11[16] (30.5 g, 73.4 %) as a colorless oil: Rf� 0.37
(benzene/ethyl acetate 70:30); 1H NMR (90 MHz, CDCl3, 25 8C, TMS):
d� 7.26 (d, J� 8.8 Hz, 2H), 6.87 (d, J� 8.8 Hz, 2H), 4.43 (s, 2H), 3.80 (s,
3H), 3.62 (t, J� 6.2 Hz, 2 H), 3.45 (t, J� 6.0 Hz, 2H), 1.85 ± 1.15 (m, 7H);
IR (film): nÄ � 3410, 2950, 2870, 1619, 1520, 1470, 1370, 1305, 1250, 1180,
1100, 1039, 820 cmÿ1; MS (EI): m/z (%): 224 (11) [M]� , 137 (98), 122 (25),
121 (100); HR-MS (EI): found: 224.1391 [M]� ; C13H20O3 calcd 224.1413;
elemental analysis calcd (%) for C13H20O3 (224.3): C 69.61, H 8.99; found:
C 69.52, H 8.96.


Aldehyde 12 : Dimethyl sulfoxide (12.6 mL, 0.178 mol) dissolved in
dichloromethane (50 mL) was added dropwise at ÿ78 8C under a nitrogen
atmosphere to a solution of oxalyl chloride (11.6 mL, 0.133 mol) in
dichloromethane (150 mL), and the solution was stirred at the same
temperature for 10 min. Alcohol 11 (25.0 g, 0.111 mol) dissolved in
dichloromethane (60 mL) was added dropwise to the solution, which was
stirred atÿ78 8C for 30 min. Triethylamine (61.8 mL, 0.444 mol) was added
to the solution at ÿ78 8C, and the mixture was allowed to warm to 0 8C.
After this had been vigorously stirred at 0 8C for an additional 25 min,
water (300 mL) was added, and the aqueous layer was extracted with
dichloromethane (300 mL and 2� 100 mL). The organic layer was washed
with brine, dried over anhydrous magnesium sulfate, and concentrated
under reduced pressure. The residue was purified by column chromatog-
raphy (hexane/ethyl acetate 84:16 to 68:32) on silica gel (500 g) to afford
aldehyde 12[16] (22.1 g, 89.5 %) as a colorless oil: Rf� 0.56 (hexane/ethyl
acetate 70:30); 1H NMR (90 MHz, CDCl3, 25 8C, TMS): d� 9.69 (t, J�
1.7 Hz, 1H), 7.26 (d, J� 8.6 Hz, 2 H), 6.87 (d, J� 8.6 Hz, 2H), 4.42 (s, 2H),
3.80 (s, 3H), 3.39 (t, J� 5.7 Hz, 2 H), 2.55 ± 2.23 (m, 2H), 1.90 ± 1.35 (m,
4H); IR (film): nÄ � 2955, 2875, 1730, 1618, 1520, 1470, 1370, 1305, 1250,
1179, 1100, 1018, 820 cmÿ1; MS (EI): m/z (%): 222 (6.0) [M]� , 137 (24), 122
(22), 121 (100); HR-MS (EI): found: 222.1245 [M]� ; C13H18O3 calcd
222.1256; elemental analysis calcd (%) for C13H18O3 (222.3): C 70.24, H
8.16; found: C 70.30, H 8.12.


Ester 14 : n-Butyllithium (1.6m in hexane, 54.9 mL, 88.6 mmol) was added
dropwise at 0 8C under a nitrogen atmosphere to a solution of diisopropyl-
amine (12.4 mL, 88.6 mmol) in tetrahydrofuran (150 mL), and the solution
was stirred at the same temperature for 30 min. After the solution had been
cooled to ÿ78 8C, triethyl 4-phosphonocrotonate (13) (19.7 mL,
88.6 mmol) was added dropwise, and the mixture was stirred at ÿ78 8C
for an additional 30 min. Aldehyde 12 (19.7 g, 88.6 mmol) dissolved in
tetrahydrofuran (50 mL) and hexamethylphosphoric triamide (23.1 mL,
0.133 mol) was added dropwise at ÿ78 8C to the solution, which was
allowed to warm to room temperature over 24 h, with stirring. Saturated
aqueous ammonium chloride (50 mL) and water (250 mL) were added
consecutively to the reaction mixture, and the aqueous layer was extracted
with ether (3� 250 mL). The organic layer was washed with brine, dried
over anhydrous magnesium sulfate, and concentrated in vacuo. Purification
of the residue by column chromatography (hexane/ethyl acetate 88:12 to
76:24) on silica gel (600 g) yielded ester 14 (19.7 g, 70.0 %) as a colorless oil:
Rf� 0.45 (hexane/ethyl acetate 80:20); 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 7.25 (d, J� 8.5 Hz, 2H), 7.24 (dd, J� 15.3, 10.4 Hz, 1 H), 6.87 (d,
J� 8.6 Hz, 2 H), 6.16 (dd, J� 15.3, 9.8 Hz, 1 H), 6.09 (dt, J� 15.0, 6.3 Hz,
1H), 5.77 (d, J� 15.3 Hz, 1H), 4.42 (s, 2 H), 4.19 (q, J� 7.1 Hz, 2H), 3.80 (s,
3H), 3.44 (t, J� 6.4 Hz, 2H), 2.17 (q, J� 6.9 Hz, 2 H), 1.68 ± 1.46 (m, 4H),


1.29 (t, J� 7.3 Hz, 3 H); IR (film): nÄ � 2955, 2870, 1717, 1648, 1619, 1520,
1470, 1370, 1305, 1250, 1200, 1177, 1140, 1100, 1039, 1002, 872, 820 cmÿ1; MS
(EI): m/z (%): 318 (3.0) [M]� , 121 (100); HR-MS (EI): found: 318.1831
[M]� ; C19H26O4 calcd 318.1831; elemental analysis calcd (%) for C19H28O4


(318.4): C 71.67, H 8.23; found: C 71.54, H 8.25.


Alcohol 15 : Diisobutylaluminium hydride (0.95m in hexane, 276 mL,
0.262 mol) was slowly added at ÿ15 8C under a nitrogen atmosphere to a
solution of ester 14 (38.0 g, 0.119 mol) in toluene (180 mL), and the solution
was stirred at the same temperature for 20 min. Appropriate quantities of
methanol and water were each carefully added to the solution at ÿ15 8C,
and the mixture was then vigorously stirred for 20 min. The resulting
mixture was filtered through a pad of Celite, and the filtrates were
concentrated under reduced pressure. The residue was purified by column
chromatography (benzene/ethyl acetate 92:8 to 68:32) on silica gel (570 g)
to give alcohol 15 (32.1 g, 97.6 %) as a colorless oil: Rf� 0.51 (benzene/ethyl
acetate 70:30); 1H NMR (90 MHz, CDCl3, 25 8C, TMS): d� 7.26 (d, J�
8.4 Hz, 2 H), 6.87 (d, J� 8.4 Hz, 2 H), 6.38 ± 5.40 (m, 4 H), 4.42 (s, 2H), 4.14
(d, J� 5.7 Hz, 2H), 3.80 (s, 3 H), 3.39 (t, J� 5.9 Hz, 2 H), 2.05 (q, J� 6.6 Hz,
2H), 1.75 ± 1.15 (m, 5H); IR (film): nÄ � 3360, 2920, 2880, 1605, 1505, 1452,
1356, 1296, 1241, 1170, 1092, 1030, 988, 819 cmÿ1; MS (EI): m/z (%): 276
(1.5) [M]� , 121 (100); HR-MS (EI): found: 276.1750 [M]� ; C17H24O3 calcd
276.1725; elemental analysis calcd (%) for C17H24O3 (276.4): C 73.88, H
8.75; found: C 73.67, H 8.71.


Tetrahydropyranyl ether 8 : 3,4-Dihydro-2H-pyran (22.8 mL, 0.250 mol)
was added dropwise at 0 8C under a nitrogen atmosphere to a solution of
2-(3-hydroxypropyl)-1,3-dithiane (16)[18] (42.4 g, 0.238 mol) and camphor-
sulfonic acid (553 mg, 2.38 mmol) in dichloromethane (350 mL), and the
solution was stirred at the same temperature for 2 h. Saturated aqueous
sodium hydrogen carbonate (20 mL) and water (400 mL) were added
successively, and the aqueous layer was extracted with dichloromethane
(350 mL and 2� 100 mL). The organic layer was washed with brine, dried
over anhydrous magnesium sulfate, and concentrated in vacuo. The residue
was purified by column chromatography (hexane/ethyl acetate 96:4 to
68:32) on silica gel (640 g) to provide tetrahydropyranyl ether 8[17] (62.1 g,
99.3 %) as a colorless oil: Rf� 0.48 (hexane/ethyl acetate 80:20); 1H NMR
(90 MHz, CDCl3, 25 8C, TMS): d� 4.55 (br s, 1H), 4.25 ± 3.25 (m, 5H),
3.10 ± 2.60 (m, 4H), 2.30 ± 1.35 (m, 12H); IR (film): nÄ � 2920, 1430, 1410,
1340, 1265, 1190, 1130, 1110, 1070, 1025, 980, 900, 860, 805 cmÿ1; MS (EI):
m/z (%): 262 (6.0) [M]� , 177 (100), 161 (18), 119 (12), 85 (29); HR-MS (EI):
found: 262.1074 [M]� ; C12H22O2S2 calcd 262.1061; elemental analysis calcd
(%) for C12H22O2S2 (262.4): C 54.92, H 8.45; found: C 54.84, H 8.42.


Alcohol 18 : n-Butyllithium (1.6m in hexane, 61.6 mL, 99.5 mmol) was
added dropwise at ÿ15 8C under a nitrogen atmosphere to a solution of
alcohol 15 (26.2 g, 94.8 mmol) in tetrahydrofuran (250 mL), and the
solution was stirred at the same temperature for 30 min. Methanesulfonyl
chloride (7.70 mL, 99.5 mmol) was added dropwise at ÿ15 8C, and the
solution was allowed to warm to room temperature over 20 h, with stirring.
Saturated aqueous ammonium chloride (30 mL) and water (300 mL) were
added sequentially, and the aqueous layer was extracted with diethyl ether
(3� 200 mL). The organic layer was washed with brine, dried over
anhydrous magnesium sulfate, and concentrated in vacuo to afford the
dienyl chloride 7 as a colorless oil [Rf� 0.58 (hexane/ethyl acetate 80:20)],
which was used in the next step without further purification.


n-Butyllithium (1.6m in hexane, 79.9 mL, 0.129 mol) was added dropwise at
ÿ25 8C under a nitrogen atmosphere to a solution of dithiane 8 (32.3 g,
0.123 mol) in tetrahydrofuran (250 mL), and the solution was stirred at the
same temperature for 4 h. After the solution had been cooled to ÿ78 8C,
the above dienyl chloride 7 (27.9 g, 94.8 mmol), dissolved in tetrahydrofur-
an (50 mL) and hexamethylphosphoric triamide (19.8 mL, 0.114 mol), was
added dropwise to the solution, which was allowed to warm to room
temperature over 20 h, with stirring. Saturated aqueous ammonium
chloride (30 mL) and water (300 mL) were added sequentially, and the
aqueous layer was extracted with diethyl ether (3� 200 mL). The organic
layer was washed with brine, dried over anhydrous magnesium sulfate, and
concentrated under reduced pressure. The residue was subjected to column
chromatography (hexane/ethyl acetate 88:12 to benzene/ethyl acetate
76:24) on silica gel (650 g) to furnish crude tetrahydropyranyl ether 17,
which was also used in the next step without further purification. To obtain
physical data for the ether 17, further purification of a small proportion of
the crude product was carried out by column chromatography (hexane/
ethyl acetate 88:12 to 76:24) on silica gel to provide the ether 17 as a
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colorless oil: Rf� 0.35 (hexane/ethyl acetate 80:20); 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d� 7.25 (d, J� 9.2 Hz, 2 H), 6.87 (d, J� 8.6 Hz, 2H),
6.08 (dd, J� 14.7, 10.4 Hz, 1H), 6.02 (dd, J� 15.0, 10.7 Hz, 1H), 5.61 (dt,
J� 14.7, 7.3 Hz, 1 H), 5.60 (dt, J� 13.8, 6.9 Hz, 1H), 4.58 (t, J� 3.4 Hz, 1H),
4.42 (s, 2H), 3.85 (ddd, J� 11.0, 7.9, 3.1 Hz, 1 H), 3.80 (s, 3H), 3.73 (dt, J�
9.8, 6.4 Hz, 1H), 3.43 (t, J� 6.4 Hz, 2H), 3.47 ± 3.37 (m, 2 H), 2.86 ± 2.78 (m,
4H), 2.65 (d, J� 7.3 Hz, 2H), 2.07 (q, J� 7.3 Hz, 2 H), 2.02 ± 1.40 (m, 16H);
IR (film): nÄ � 2940, 2855, 1613, 1515, 1450, 1440, 1247, 1120, 1100, 1076,
1035, 990, 815 cmÿ1; MS (EI): m/z (%): 520 (1.3) [M]� , 261 (77), 177 (58),
159 (37), 121 (66), 85 (100); HR-MS (EI): found: 520.2684 [M]� ;
C29H44O4S2 calcd 520.2681.


A quantity of p-toluenesulfonic acid monohydrate (902 mg, 4.74 mmol)
was added at room temperature under a nitrogen atmosphere to a solution
of the above crude ether 17 (49.4 g, 94.8 mmol) in tetrahydrofuran (90 mL)
and methanol (210 mL), and the solution was stirred at the same
temperature for 1.5 h. Saturated aqueous sodium hydrogen carbonate
(30 mL) and water (400 mL) were added consecutively, and the aqueous
layer was extracted with diethyl ether (3� 200 mL). The organic layer was
washed with brine, dried over anhydrous magnesium sulfate, and concen-
trated in vacuo. The residue was purified by column chromatography
(benzene/ethyl acetate 88:12 to 76:24) on silica gel (500 g) to afford alcohol
18 (28.0 g, 67.7 % from alcohol 15) as a colorless oil: Rf� 0.45 (benzene/
ethyl acetate 80:20); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 7.25 (d,
J� 8.5 Hz, 2H), 6.87 (d, J� 8.6 Hz, 2H), 6.09 (dd, J� 14.3, 10.1 Hz, 1H),
6.02 (dd, J� 14.6, 10.4 Hz, 1 H), 5.61 (dt, J� 13.8, 6.9 Hz, 2H), 4.42 (s, 2H),
3.80 (s, 3 H), 3.65 (t, J� 6.1 Hz, 2 H), 3.44 (t, J� 6.4 Hz, 2H), 2.88 ± 2.78 (m,
4H), 2.67 (d, J� 7.3 Hz, 2H), 2.07 (q, J� 7.1 Hz, 2 H), 2.00 ± 1.89 (m, 4H),
1.79 ± 1.67 (m, 3H), 1.66 ± 1.56 (m, 2 H), 1.55 ± 1.41 (m, 2 H); IR (film): nÄ �
3440, 2950, 2875, 1613, 1515, 1450, 1440, 1420, 1301, 1248, 1172, 1098, 1035,
990, 820 cmÿ1; MS (EI): m/z (%): 436 (0.5) [M]� , 207 (3.0), 177 (100), 159
(10), 121 (38); HR-MS (EI): found: 436.2119 [M]� ; C24H36O3S2 calcd
436.2106; elemental analysis calcd (%) for C24H36O3S2 (436.7): C 66.01, H
8.31; found: C 66.11, H 8.28.


Aldehyde 19 : Dimethyl sulfoxide (40.2 mL, 0.567 mmol), triethylamine
(55.4 mL, 0.397 mol), and a portion of sulfur trioxide/pyridine complex
(27.1 g, 0.170 mol) were added sequentially at 0 8C under a nitrogen
atmosphere to a solution of alcohol 18 (24.4 g, 56.7 mmol) in dichloro-
methane (150 mL), and the solution was allowed to warm to room
temperature. After this had been stirred for 2 h, water (300 mL) was added,
and the aqueous layer was extracted with diethyl ether (3� 200 mL). The
organic layer was washed with brine, dried over anhydrous magnesium
sulfate, and concentrated in vacuo. The residue was subjected to column
chromatography (benzene/ethyl acetate 98:2 to 96:4) on silica gel (250 g) to
give aldehyde 19 (21.0 g, 85.4 %) as a colorless oil: Rf� 0.55 (benzene/ethyl
acetate 90:10); 1H NMR (90 MHz, CDCl3, 25 8C, TMS): d� 9.80 (s, 1H),
7.31 (d, J� 8.6 Hz, 2H), 6.92 (d, J� 8.8 Hz, 2 H), 6.29 ± 5.26 (m, 4 H), 4.42 (s,
2H), 3.80 (s, 3H), 3.43 (t, J� 5.9 Hz, 2 H), 3.00 ± 2.51 (m, 8H), 2.40 ± 1.20
(m, 10 H); IR (film): nÄ � 2925, 2840, 1716, 1605, 1507, 1440, 1356, 1298, 1244,
1170, 1098, 1032, 990, 820 cmÿ1; MS (EI): m/z (%): 434 (1.2) [M]� , 175
(100), 121 (35); HR-MS (EI): found: 434.1943 [M]� ; C24H34O3S2 calcd
434.1949; elemental analysis calcd (%) for C24H34O3S2 (434.7): C 66.32, H
7.88; found: C 66.18, H 7.91.


Triene 6 : A quantity of lithium chloride (2.31 g, 54.5 mmol) was added at
room temperature under a nitrogen atmosphere to a solution of phospho-
nate 9[14] (17.9 g, 50.3 mmol) in tetrahydrofuran (180 mL), and the solution
was stirred at the same temperature for 5 min. After the solution had been
cooled to 0 8C, triethylamine (7.01 mL, 50.3 mmol) was added dropwise,
and the solution was again allowed to warm to room temperature. After the
solution had then been stirred at the same temperature for 30 min,
aldehyde 19 (18.2 g, 41.9 mmol) dissolved in tetrahydrofuran (50 mL) was
added dropwise at 0 8C, and the solution was allowed to warm to room
temperature over 24 h, with stirring. Water (300 mL) was added, and the
aqueous layer was extracted with diethyl ether (3� 200 mL). The organic
layer was washed with brine, dried over anhydrous magnesium sulfate, and
concentrated under reduced pressure. The residue was purified by column
chromatography (hexane/ethyl acetate 76:24 to 68:32) on silica gel (364 g)
to furnish triene 6 (23.9 g, 90.0 %) as a colorless oil : Rf� 0.47 (hexane/ethyl
acetate 70:30); [a]30


D ��3.19 (c� 1.13 in CHCl3); 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d� 7.45 ± 7.34 (m, 3 H), 7.34 ± 7.22 (m, 5H), 7.16 (dt,
J� 15.3, 6.7 Hz, 1 H), 6.87 (d, J� 8.5 Hz, 2H), 6.10 (dd, J� 14.7, 10.4 Hz,
1H), 6.03 (dd, J� 14.7, 10.4 Hz, 1H), 5.67 (d, J� 7.3 Hz, 1 H), 5.69 ± 5.55 (m,


2H), 4.80 (quin, J� 6.7 Hz, 1 H), 4.42 (s, 2 H), 3.80 (s, 3 H), 3.44 (t, J�
6.7 Hz, 2H), 2.92 ± 2.72 (m, 4 H), 2.72 ± 2.58 (m, 2 H), 2.53 ± 2.44 (m, 1H),
2.12 ± 2.01 (m, 3H), 2.01 ± 1.91 (m, 2 H), 1.67 ± 1.55 (m, 4H), 1.52 ± 1.42 (m,
2H), 0.92 (d, J� 6.7 Hz, 3H); IR (film): nÄ � 2930, 2850, 1780, 1685, 1630,
1610, 1510, 1455, 1350, 1250, 1200, 1125, 1100, 1040, 995, 770, 740, 700 cmÿ1;
MS (EI): m/z (%): 635 (0.93) [M]� , 514 (13), 121 (100); HR-MS (EI):
found: 635.2755 [M]� ; C36H45O5NS2 calcd 635.2739; elemental analysis
calcd (%) for C36H45NO5S2 (635.9): C 68.00, H 7.13, N 2.20; found: C 67.91,
H 7.10, N 2.21.


Dithiane 20 : Dimethylaluminium chloride (0.94m in hexane, 41.0 mL,
38.5 mmol) was added dropwise at ÿ20 8C under a nitrogen atmosphere to
a solution of triene 6 (18.8 g, 29.6 mmol) in dichloromethane (250 mL), and
the solution was stirred at the same temperature for 72 h. Water (20 mL)
was added at ÿ78 8C, and the mixture was allowed to warm to room
temperature, with stirring. Aqueous hydrochloric acid (1.0m, 200 mL) was
added to the resulting mixture, which was stirred for some time. The
aqueous layer was extracted with dichloromethane (3� 250 mL). The
organic layer was washed with brine, dried over anhydrous magnesium
sulfate, and concentrated in vacuo. The residue was subjected to column
chromatography (hexane/ethyl acetate 76:24 to 68:32) on silica gel (380 g)
to provide dithiane 20 (16.0 g, 85.1 %) as a colorless oil: Rf� 0.46 (hexane/
ethyl acetate 70:30); [a]30


D �ÿ50.0 (c� 1.21 in CHCl3); 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 7.45 ± 7.34 (m, 3H), 7.33 ± 7.26 (m,
2H), 7.22 (d, J� 8.5 Hz, 2 H), 6.85 (d, J� 8.5 Hz, 2 H), 5.76 (ddd, J� 9.8, 4.3,
2.4 Hz, 1H), 5.64 (d, J� 7.3 Hz, 1 H), 5.42 (d, J� 9.8 Hz, 1H), 4.80 (quin,
J� 6.7 Hz, 1 H), 4.38 (s, 2 H), 3.80 (dd, J� 9.8, 6.1 Hz, 1H), 3.79 (s, 3H),
3.38 (t, J� 6.1 Hz, 2H), 2.97 ± 2.64 (m, 5H), 2.44 ± 2.33 (m, 2H), 2.06 ± 1.92
(m, 2H), 1.83 (dd, J� 12.5, 2.8 Hz, 1 H), 1.78 (dd, J� 13.4, 3.7 Hz, 1H),
1.68 ± 1.24 (m, 10H), 0.87 (d, J� 6.7 Hz, 3H); IR (film): nÄ � 2950, 2860,
1780, 1738, 1690, 1612, 1514, 1452, 1350, 1300, 1240, 1190, 1110, 1090, 1030,
765, 700 cmÿ1; MS (EI): m/z (%): 635 (1.5) [M]� , 528 (1.6), 514 (27), 121
(100), 91 (10); HR-MS (EI): found: 635.2716 [M]� ; C36H45O5NS2 calcd
635.2739; elemental analysis calcd (%) for C36H45NO5S2 (635.9): C 68.00, H
7.13, N 2.20; found: C 68.05, H 7.11, N 2.18.


Ketone 21: Dithiane 20 (15.9 g, 25.0 mmol) dissolved in acetonitrile
(50 mL) was added at 0 8C to a solution of N-chlorosuccinimide (10.0 g,
75.0 mmol) and silver nitrate (14.0 g, 82.5 mmol) in acetonitrile (90 mL)
and water (30 mL), and the solution was stirred at the same temperature for
20 min. Aqueous sodium thiosulfate (10 %, 50 mL) and ether (150 mL)
were added, and the resulting mixture was filtered through a pad of Celite.
The filtrates were concentrated in vacuo, and the residue was poured into
water (100 mL). The aqueous layer was extracted with dichloromethane
(3� 100 mL). The organic layer was washed with brine, dried over
anhydrous magnesium sulfate, and concentrated under reduced pressure.
The residue was purified by column chromatography (benzene/ethyl
acetate 88:12 to 76:24) on silica gel (477 g) to afford ketone 21 (10.9 g,
80.0 %) as a colorless oil: Rf� 0.54 (benzene/ethyl acetate 80:20); [a]26


D �
ÿ96.3 (c� 0.922 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d�
7.45 ± 7.35 (m, 3H), 7.30 (d, J� 6.7 Hz, 2 H), 7.22 (d, J� 8.6 Hz, 2H), 6.85 (d,
J� 8.5 Hz, 2H), 5.84 (ddd, J� 9.9, 4.7, 1.7 Hz, 1 H), 5.68 (d, J� 7.9 Hz, 1H),
5.43 (d, J� 10.4 Hz, 1 H), 4.83 (quintet, J� 6.9 Hz, 1 H), 4.39 (s, 2 H), 3.82
(dd, J� 11.0, 5.5 Hz, 1 H), 3.79 (s, 3H), 3.39 (t, J� 6.1 Hz, 2 H), 2.87 ± 2.77
(m, 1H), 2.51 ± 2.37 (m, 3 H), 2.31 ± 2.12 (m, 3H), 2.03 (dq, J� 2.8, 11.6 Hz,
1H), 1.62 ± 1.46 (m, 3 H), 1.46 ± 1.19 (m, 4H), 0.89 (d, J� 6.7 Hz, 3 H); IR
(film): nÄ � 2960, 2880, 1790, 1720, 1620, 1521, 1462, 1390, 1360, 1310, 1255,
1233, 1199, 1156, 1125, 1100, 1040, 770, 739, 702 cmÿ1; MS (FAB): m/z (%):
546 (22) [M�H]� ; HR-MS (FAB): found: 546.2808 [M�H]� ; C33H40O6N
calcd 546.2855; elemental analysis calcd (%) for C33H39NO6 (545.7): C
72.64, H 7.20, N 2.57; found: C 72.49, H 7.23, N 2.55.


Thioester 22 : n-Butyllithium (1.6m in hexane, 12.5 mL, 20.1 mmol) was
added dropwise at 0 8C under a nitrogen atmosphere to a solution of
ethanethiol (1.79 mL, 24.1 mmol) in tetrahydrofuran (50 mL), and the
solution was stirred at the same temperature for 30 min. Ketone 21 (7.32 g,
13.4 mmol) dissolved in tetrahydrofuran (50 mL) was added dropwise at
0 8C, and the solution was stirred at the same temperature for 1.5 h.
Aqueous hydrochloric acid (1.0m, 10 mL) and brine (150 mL) were added
sequentially, and the aqueous layer was extracted with diethyl ether (3�
100 mL). The organic layer was washed with brine, dried over anhydrous
magnesium sulfate, and concentrated in vacuo. The residue was subjected
to column chromatography (hexane/ethyl acetate 84:16 to 68:32) on silica
gel (220 g) to give thioester 22 (5.26 g, 91.1%) as a colorless oil: Rf� 0.50
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(hexane/ethyl acetate 70:30); [a]24
D �ÿ114.6 (c� 1.04 in CHCl3); 1H NMR


(400 MHz, CDCl3, 25 8C, TMS): d� 7.25 (d, J� 8.5 Hz, 2H), 6.87 (d, J�
8.5 Hz, 2H), 5.81 (ddd, J� 10.1, 4.6, 1.5 Hz, 1 H), 5.40 (d, J� 9.8 Hz, 1H),
4.42 (s, 2H), 3.80 (s, 3 H), 3.48 ± 3.37 (m, 2 H), 2.96 ± 2.81 (m, 3H), 2.58 ± 2.32
(m, 4 H), 2.22 (ddd, J� 12.7, 6.3, 3.2 Hz, 1H), 2.21 ± 2.09 (m, 2 H), 1.98 (dq,
J� 2.4, 11.1 Hz, 1 H), 1.68 ± 1.44 (m, 3 H), 1.44 ± 1.25 (m, 4H), 1.25 (t, J�
7.3 Hz, 3 H); IR (film): nÄ � 2945, 2860, 1712, 1681, 1610, 1515, 1455, 1360,
1300, 1242, 1170, 1097, 1030, 980, 839, 808, 730 cmÿ1; MS (EI): m/z (%): 430
(0.8) [M]� , 122 (14), 121 (100); HR-MS (EI): found: 430.2180 [M]� ;
C25H34O4S calcd 430.2178; elemental analysis calcd (%) for C25H34O4S
(430.6): C 69.73, H 7.96; found: C 69.79, H 7.92.


Aldehyde 23 : Triethylsilane (5.80 mL, 36.3 mmol) was added dropwise at
0 8C under a nitrogen atmosphere to a solution of thioester 22 (5.20 g,
12.1 mmol) and Pd/C (10 %, 520 mg) in acetone (60 mL), and the solution
was stirred at room temperature for 1.5 h. The reaction mixture was filtered
through a pad of Celite, and the filtrates were concentrated under reduced
pressure. The residue was purified by column chromatography (benzene/
ethyl acetate 92:8 to 76:24) on silica gel (160 g) to provide aldehyde 23
(4.48 g, 100 %) as a colorless oil: Rf� 0.53 (benzene/ethyl acetate 80:20);
[a]23


D �ÿ104.0 (c� 0.924 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 9.80 (d, J� 3.1 Hz, 1 H), 7.25 (d, J� 9.2 Hz, 2H), 6.87 (d, J�
8.6 Hz, 2 H), 5.84 (ddd, J� 10.1, 4.6, 2.1 Hz, 1 H), 5.44 (d, J� 9.8 Hz, 1H),
4.42 (s, 2H), 3.80 (s, 3H), 3.43 (t, J� 6.1 Hz, 2 H), 2.69 ± 2.61 (m, 1H), 2.55
(ddd, J� 11.1, 5.6, 2.9 Hz, 1H), 2.54 ± 2.10 (m, 6 H), 2.07 ± 1.97 (m, 1H),
1.71 ± 1.24 (m, 7H); IR (film): nÄ � 2945, 2860, 1715, 1610, 1515, 1460, 1360,
1300, 1245, 1172, 1095, 1030, 818, 730 cmÿ1; MS (EI): m/z (%): 370 (1.8)
[M]� , 137 (11), 122 (16), 121 (100); HR-MS (EI): found: 370.2145 [M]� ;
C23H30O4 calcd 370.2144; elemental analysis calcd (%) for C23H30O4 (370.5):
C 74.56, H 8.16; found: C 74.70, H 8.13.


Carboxylic acid 24 : Sodium dihydrogen phosphate (6.60 g, 55.0 mmol),
2-methyl-2-butene (23.3 mL, 0.220 mol), and sodium chlorite (3.98 g,
44.0 mmol) were added consecutively, at 0 8C under a nitrogen atmosphere,
to a solution of aldehyde 23 (4.06 g, 11.0 mmol) in tert-butyl alcohol
(40 mL) and water (16 mL). The solution was stirred at room temperature
for 1 h. Water (50 mL) was added, and the aqueous layer was adjusted to
pH 2 with concentrated hydrochloric acid. The aqueous layer was extracted
with dichloromethane (3� 50 mL). The organic layer was dried over
anhydrous magnesium sulfate and concentrated in vacuo. The residue was
subjected to column chromatography (chloroform/acetone 99:1 to 68:32)
on silica gel (162 g) to furnish carboxylic acid 24 (4.25 g, 100 %) as a
colorless oil: Rf� 0.48 (chloroform/acetone 80:20); [a]24


D �ÿ121.3 (c�
0.838 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 8.40 ± 5.00
(br s, 1 H), 7.24 (d, J� 8.5 Hz, 2H), 6.87 (d, J� 8.5 Hz, 2 H), 5.82 (ddd, J�
10.2, 4.7, 1.6 Hz, 1H), 5.41 (d, J� 10.4 Hz, 1 H), 4.42 (s, 2H), 3.79 (s, 3H),
3.51 ± 3.38 (m, 2H), 2.65 (dd, J� 11.6, 5.5 Hz, 1H), 2.61 ± 2.53 (m, 1H),
2.53 ± 2.30 (m, 4H), 2.22 ± 2.09 (m, 2H), 1.91 ± 1.80 (m, 1H), 1.69 ± 1.18 (m,
7H); IR (film): nÄ � 3500 ± 2450, 2930, 2850, 1725, 1710, 1610, 1510, 1460,
1418, 1360, 1300, 1246, 1215, 1173, 1115, 1100, 1035, 820, 735 cmÿ1; MS (EI):
m/z (%): 386 (2.5) [M]� , 137 (18), 121 (100); HR-MS (EI): found: 386.2085
[M]� ; C23H30O5 calcd 386.2093; elemental analysis calcd (%) for C23H30O5


(386.5): C 71.48, H 7.82; found: C 71.60, H 7.78.


Carbamate 25 : Triethylamine (1.49 mL, 10.7 mmol) and diphenylphos-
phoryl azide (2.30 mL, 10.7 mmol) were successively added dropwise at
room temperature under a nitrogen atmosphere to a solution of carboxylic
acid 24 (3.77 g, 9.75 mmol) in N,N-dimethylformamide (55 mL), and the
solution was stirred at 60 8C for 30 min. After the solution had been cooled
to room temperature, methanol (3.94 mL, 97.5 mmol) and a portion of
copper(i) chloride (193 mg, 1.95 mmol) were added, and the solution was
stirred at the same temperature for an additional 40 h. Water (250 mL) was
added, and the aqueous layer was extracted with diethyl ether (3�
100 mL). The organic layer was washed with brine, dried over anhydrous
magnesium sulfate, and concentrated under reduced pressure. The residue
was purified by column chromatography (benzene/ethyl acetate 76:24 to
68:32) on silica gel (151 g) to afford carbamate 25 (3.30 g, 81.5 %) as a
colorless oil: Rf� 0.43 (benzene/ethyl acetate 70:30); [a]28


D �ÿ82.4 (c�
0.745 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 7.26 (d, J�
8.5 Hz, 2 H), 6.88 (d, J� 8.6 Hz, 2 H), 5.77 (ddd, J� 10.1, 4.9, 2.7 Hz, 1H),
5.37 (d, J� 10.4 Hz, 1 H), 4.82 (d, J� 9.8 Hz, 0.67 H), 4.77 (d, J� 9.2 Hz,
0.33 H), 4.43 (s, 2 H), 3.88 (dt, J� 5.8, 10.7 Hz, 1H), 3.80 (s, 3 H), 3.67 (s,
2H), 3.66 (s, 1 H), 3.46 (t, J� 6.1 Hz, 2H), 2.53 ± 2.36 (m, 2H), 2.36 ± 2.19
(m, 2H), 2.19 ± 2.02 (m, 2H), 1.98 ± 1.16 (m, 9H); IR (film): nÄ � 3350, 2950,


2870, 1712, 1615, 1550, 1532, 1515, 1460, 1360, 1302, 1250, 1180, 1170, 1113,
1100, 1039, 820, 736 cmÿ1; MS (EI): m/z (%): 415 (3.0) [M]� , 340 (2.4), 294
(17), 137 (22), 121 (100); HR-MS (EI): found: 415.2369 [M]� ; C24H33O5N
calcd 415.2368; elemental analysis calcd (%) for C24H33NO5 (415.5): C
69.37, H 8.00, N 3.37; found: C 69.41, H 7.98, N 3.34.


Hemiacetal 29 : Triethylamine (5.69 mL, 40.8 mmol) and chlorotrimethyl-
silane (3.88 mL, 30.6 mmol) were added dropwise at room temperature
under a nitrogen atmosphere to a solution of carbamate 25 (4.23 g,
10.2 mmol) and sodium iodide (3.06 g, 20.4 mmol) in acetonitrile (70 mL),
and the solution was stirred at 50 8C for 3 h. After the solution had been
cooled to room temperature, water (100 mL) was added, and the aqueous
layer was extracted with diethyl ether (3� 80 mL). The organic layer was
washed with brine, dried over anhydrous magnesium sulfate, and concen-
trated in vacuo to give silyl enol ethers 26a and 26 b in a ratio of �6:1, as a
colorless oil that was used in the next step without further purification:
Rf� 0.80 (benzene/ethyl acetate 70:30); 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 7.25 (d, J� 8.5 Hz, 2H), 6.87 (d, J� 8.6 Hz, 2H), 5.73 (ddd, J�
9.8, 4.9, 2.4 Hz, 1H), 5.47 (d, J� 9.8 Hz, 1 H), 4.85 (d, J� 6.1 Hz, 0.86 H),
4.73 (s, 0.14 H), 4.66 (d, J� 9.8 Hz, 1H), 4.43 (s, 2H), 3.80 (s, 3 H), 3.73 ±
3.60 (m, 4 H), 3.44 (t, J� 6.4 Hz, 2 H), 2.46 ± 1.05 (m, 13H), 0.18 (s, 9H); IR
(film): nÄ � 3340, 2945, 2860, 1710, 1615, 1539, 1518, 1460, 1365, 1250, 1190,
1100, 1039, 899, 844 cmÿ1; MS (EI): m/z (%): 487 (1.8) [M]� , 366 (72), 293
(48), 291 (90), 121 (100), 73 (82).


A quantity of m-chloroperoxybenzoic acid (80 % purity, 2.41 g, 11.2 mmol)
was added at ÿ15 8C under a nitrogen atmosphere to a solution of the
above silyl enol ethers 26a and 26 b (4.97 g, 10.2 mmol) in dichloromethane
(25 mL) and hexane (50 mL), and the solution was allowed to warm to
room temperature over 2 h, with stirring. Saturated aqueous sodium
hydrogen carbonate (80 mL) was added, and the aqueous layer was
extracted with diethyl ether (3� 80 mL). The organic layer was washed
with brine, dried over anhydrous magnesium sulfate, and concentrated
under reduced pressure to provide a-trimethylsilyloxy ketone 27 as a
colorless oil [Rf� 0.56 (benzene/ethyl acetate 70:30)], which was also used
in the next step without further purification.


Orthoperiodic acid (4.65 g, 20.4 mmol) was added at room temperature
under a nitrogen atmosphere to a solution of the above a-trimethylsilyloxy
ketone 27 (5.14 g, 10.2 mmol) in tetrahydrofuran (50 mL) and water
(25 mL), and the solution was stirred at the same temperature for 2 h.
Sodium hydrogen carbonate (4.28 g, 51.0 mmol) and iodine (7.22 g,
30.6 mmol) were added at room temperature, and the solution was stirred
at the same temperature for 40 h. Aqueous sodium thiosulfate (10 %,
25 mL) was added, and the resulting mixture was filtered through a pad of
Celite. The filtrates were concentrated in vacuo, and the residue was
poured into saturated aqueous sodium hydrogen carbonate (25 mL). The
aqueous layer was extracted with diethyl ether (3� 50 mL). The organic
layer was washed with brine, dried over anhydrous magnesium sulfate, and
concentrated under reduced pressure. The residue was subjected to column
chromatography (chloroform/acetone 92:8 to 76:24) on silica gel (206 g) to
yield hemiacetal 29 (2.93 g, 50.0 % yield from carbamate 25) as a colorless
oil: Rf� 0.48 (chloroform/acetone 80:20); [a]29


D �ÿ10.2 (c� 2.57 in
CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 7.26 (d, J� 8.5 Hz,
2H), 6.88 (d, J� 8.6 Hz, 2H), 5.56 (br s, 1H), 4.99 (s, 1 H), 4.86 (d, J�
1.8 Hz, 1H), 4.42 (s, 2 H), 3.96 (br s, 1H), 3.81 (s, 3 H), 3.71 (s, 3 H), 3.50 ±
3.38 (m, 2 H), 3.10 ± 2.70 (m, 2H), 2.68 (dd, J� 16.8, 6.4 Hz, 1 H), 2.44 (d,
J� 17.1 Hz, 1 H), 2.24 ± 2.09 (m, 1H), 2.02 (dd, J� 12.2, 5.5 Hz, 1H), 1.79 ±
1.67 (m, 2H), 1.67 ± 1.32 (m, 6 H); IR (film): nÄ � 3460, 2950, 2880, 1800,
1720, 1628, 1530, 1468, 1390, 1375, 1340, 1320, 1262, 1190, 1170, 1150, 1110,
1040, 1015, 985, 950, 915, 832, 750 cmÿ1; MS (FAB): m/z (%): 556 (26) [Mÿ
OH]� ; HR-MS (FAB): found: 556.1201 [MÿOH]� ; C24H31O6NI calcd
556.1196; elemental analysis calcd (%) for C24H32INO7 (573.4): C 50.27, H
5.62, N 2.44; found: C 50.15, H 5.58, N 2.46.


Methyl acetal 30 : Methanol (3.67 mL, 90.6 mmol), trimethyl orthoformate
(2.48 mL, 22.7 mmol), and a portion of camphorsulfonic acid (52.7 mg,
0.227 mmol) were added sequentially, at room temperature under a
nitrogen atmosphere, to a solution of hemiacetal 29 (2.60 g, 4.53 mmol)
in dichloromethane (30 mL), and the solution was stirred at the same
temperature for 1 h. Saturated aqueous sodium hydrogen carbonate
(5.0 mL) and water (50 mL) were added, and the aqueous layer was
extracted with diethyl ether (3� 50 mL). The organic layer was washed
with brine, dried over anhydrous magnesium sulfate, and concentrated in
vacuo. The residue was purified by column chromatography (benzene/ethyl
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acetate 76:24 to 52:48) on silica gel (80 g) to furnish methyl acetal 30
(2.39 g, 90.0 %) as a colorless oil: Rf� 0.66 (benzene/ethyl acetate 50:50);
[a]27


D �ÿ12.6 (c� 0.943 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 7.26 (d, J� 8.5 Hz, 2 H), 6.88 (d, J� 9.2 Hz, 2H), 5.20 (br s, 1H),
4.95 (br s, 1H), 4.88 ± 4.84 (m, 1H), 4.42 (s, 2 H), 3.98 (br d, J� 9.2 Hz, 1H),
3.80 (s, 3 H), 3.73 (s, 3 H), 3.43 (t, J� 6.1 Hz, 2 H), 3.33 (br s, 3 H), 2.85 (br s,
1H), 2.75 (ddd, J� 11.6, 6.7, 4.3 Hz, 1H), 2.67 (dd, J� 17.1, 6.7 Hz, 1H),
2.42 (d, J� 17.1 Hz, 1H), 2.16 (dq, J� 4.0, 11.9 Hz, 1H), 1.99 (dd, J� 11.6,
4.9 Hz, 1H), 1.69 ± 1.32 (m, 7H); IR (film): nÄ � 2950, 2875, 1790, 1710, 1615,
1517, 1445, 1374, 1305, 1248, 1200, 1155, 1130, 1098, 1083, 1035, 1000, 979,
939, 900, 820, 755, 736 cmÿ1; MS (FAB): m/z (%): 586 (7.4) [MÿH]� , 556
(53); HR-MS (FAB): found: 586.1243 [MÿH]� ; C25H33O7NI calcd
586.1302; elemental analysis calcd (%) for C25H34INO7 (587.4): C 51.11,
H 5.83, N 2.38; found: C 51.00, H 5.78, N 2.39.


Allylation product 31: Azobis(isobutyronitrile) (78.3 mg, 0.477 mmol) and
allyltributyltin (3.45 mL, 11.1 mmol) were added at room temperature
under a nitrogen atmosphere to a solution of methyl acetal 30 (1.87 g,
3.18 mmol) in toluene (7.0 mL), and the solution was stirred at 80 8C for 4 h.
After the solution had been cooled to room temperature, the reaction
mixture was concentrated under reduced pressure. The residue was
subjected to column chromatography (benzene/ethyl acetate 76:24 to
52:48) on silica gel (112 g) to afford allylation product 31 (1.28 g, 80.0 %) as
a colorless oil: Rf� 0.47 (benzene/ethyl acetate 50:50); [a]27


D �ÿ52.5 (c�
1.20 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 7.25 (d, J�
8.5 Hz, 2 H), 6.87 (d, J� 8.5 Hz, 2 H), 5.80 (ddt, J� 16.9, 10.2, 7.0 Hz, 1H),
5.18 (br s, 1 H), 5.12 (d, J� 8.5 Hz, 1H), 5.09 (d, J� 16.5 Hz, 1H), 4.42 (s,
2H), 4.38 (br s, 1 H), 3.80 (s, 3 H), 3.70 (s, 3 H), 3.42 (t, J� 6.7 Hz, 2H),
3.42 ± 3.28 (m, 1 H), 3.33 (br s, 3H), 2.66 (dd, J� 17.4, 7.0 Hz, 1 H), 2.37 (d,
J� 16.5 Hz, 1 H), 2.45 ± 2.12 (m, 6H), 1.97 (dd, J� 12.2, 4.9 Hz, 1H), 1.70 ±
1.22 (m, 7 H); IR (film): nÄ � 2950, 2870, 1780, 1710, 1615, 1517, 1447, 1378,
1310, 1248, 1200, 1170, 1115, 1085, 1035, 996, 945, 897, 820, 780 cmÿ1; MS
(FAB): m/z (%): 500 (2.6) [MÿH]� , 470 (23); HR-MS (FAB): found:
500.2628 [MÿH]� ; C28H38O7N calcd 500.2648; elemental analysis calcd
(%) for C28H39NO7 (501.6): C 67.04, H 7.84, N 2.79; found: C 66.99, H 7.90,
N 2.76.


Lactone 32 : n-Butyllithium (1.6m in hexane, 0.886 mL, 1.43 mmol) was
added dropwise at 0 8C under a nitrogen atmosphere to a solution of
diisopropylamine (0.201 mL, 1.43 mmol) in tetrahydrofuran (5.0 mL), and
the solution was stirred at the same temperature for 30 min. After the
solution had been cooled to ÿ78 8C, hexamethylphosphoric triamide
(1.54 mL, 8.88 mmol) and lactone 31 (359 mg, 0.716 mmol) dissolved in
tetrahydrofuran (6.0 mL) were added dropwise, and the solution was
stirred at the same temperature for 30 min. Iodomethane (0.469 mL,
7.52 mmol) was added dropwise at ÿ78 8C, and the solution was stirred at
the same temperature for an additional 1.5 h. Saturated aqueous ammo-
nium chloride (3.0 mL) was added atÿ78 8C, and the resulting mixture was
allowed to warm to room temperature, with stirring. The reaction mixture
was poured into water (30 mL), and the aqueous layer was extracted with
diethyl ether (3� 30 mL). The organic layer was washed with brine, dried
over anhydrous magnesium sulfate, and concentrated in vacuo. The residue
was purified by column chromatography (benzene/ethyl acetate 76:24 to
68:32) on silica gel to give lactone 32 (268 mg, 72.6 %), an intermediate
common to stenine (1) and tuberostemonine (2), as a colorless oil: Rf� 0.49
(benzene/ethyl acetate 70:30); [a]29


D �ÿ58.7 (c� 1.32 in CHCl3); 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 7.25 (d, J� 8.5 Hz, 2H), 6.87 (d, J�
8.5 Hz, 2 H), 5.83 (ddt, J� 17.1, 9.8, 7.3 Hz, 1H), 5.20 (br s, 1H), 5.12 (d, J�
9.8 Hz, 1 H), 5.11 (d, J� 16.5 Hz, 1 H), 4.46 (t, J� 6.4 Hz, 1H), 4.42 (s, 2H),
3.80 (s, 3 H), 3.70 (s, 3 H), 3.42 (t, J� 6.7 Hz, 2H), 3.44 ± 3.30 (br s, 1H), 3.33
(br s, 3H), 2.46 (dq, J� 5.5, 7.3 Hz, 1H), 2.41 ± 2.15 (m, 4 H), 2.08 ± 1.95 (m,
3H), 1.64 ± 1.53 (m, 2 H), 1.49 ± 1.22 (m, 5H), 1.28 (d, J� 7.3 Hz, 3 H); IR
(film): nÄ � 2945, 2860, 1775, 1710, 1612, 1515, 1423, 1375, 1310, 1245, 1197,
1170, 1085, 1030, 1003, 990, 947, 820 cmÿ1; MS (FAB): m/z (%): 514 (0.5)
[MÿH]� , 484 (3.5) [MÿOMe]� ; HR-MS (FAB): found: 484.2638 [Mÿ
OMe]� ; C28H38O6N calcd 484.2699; elemental analysis calcd (%) for
C29H41NO7 (515.6): C 67.55, H 8.01, N 2.72; found: C 67.43, H 7.99, N 2.70.


Alcohol 33 : Triethylsilane (0.415 mL, 2.60 mmol) and boron trifluoride
etherate (0.140 mL, 1.14 mmol) were added dropwise at 0 8C under a
nitrogen atmosphere to a solution of lactone 32 (268 mg, 0.520 mmol) in
acetonitrile (7.0 mL), and the solution was stirred at the same temperature
for 50 min. Saturated aqueous sodium hydrogen carbonate (15 mL) was
added, and the aqueous layer was extracted with dichloromethane (3�


15 mL). The organic layer was washed with brine, dried over anhydrous
magnesium sulfate, and concentrated under reduced pressure. The residue
was subjected to column chromatography (chloroform/acetone 84:16 to
76:24) on silica gel to provide alcohol 33 (156 mg, 82.1 %) as a colorless oil:
Rf� 0.40 (chloroform/acetone 80:20); [a]27


D �ÿ105.0 (c� 0.855 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 5.90 ± 5.75 (m, 1H), 5.13 (d,
J� 8.5 Hz, 1 H), 5.10 (d, J� 15.9 Hz, 1 H), 4.51 (br s, 1 H), 3.90 ± 3.60 (m,
1H), 3.68 (s, 3 H), 3.67 ± 3.57 (m, 2 H), 3.38 ± 3.24 (m, 1 H), 3.25 (dt, J� 5.8,
11.2 Hz, 1 H), 2.70 ± 2.33 (m, 1H), 2.52 (dq, J� 2.6, 7.5 Hz, 1 H), 2.32 ± 2.14
(m, 3 H), 2.04 (ddd, J� 11.3, 5.5, 2.8 Hz, 1H), 1.99 (dt, J� 11.3, 5.7 Hz, 1H),
1.93 ± 1.20 (m, 8 H), 1.39 (dq, J� 8.3, 11.7 Hz, 1H), 1.31 (d, J� 7.3 Hz, 3H);
IR (film): nÄ � 3475, 2950, 1775, 1690, 1640, 1458, 1380, 1297, 1200, 1160,
1113, 1055, 1013, 990, 920, 775, 730 cmÿ1; MS (EI): m/z (%): 365 (16) [M]� ,
322 (42), 306 (33), 292 (33), 260 (30), 167 (100), 141 (23), 81 (21), 69 (29), 55
(23); HR-MS (EI): found: 365.2184 [M]� ; C20H31O5N calcd 365.2202;
elemental analysis calcd (%) for C20H31NO5 (365.5): C 65.73, H 8.55, N
3.83; found: C 65.85, H 8.50, N 3.81.


Aldehyde 34 : A catalytic amount of osmium tetroxide was added at room
temperature to a solution of alcohol 33 (156 mg, 0.427 mmol) and sodium
metaperiodate (274 mg, 1.28 mmol) in tetrahydrofuran (4.0 mL) and water
(2.0 mL), and the solution was vigorously stirred at the same temperature
for 1 h. Water (25 mL) was added, and the aqueous layer was extracted with
dichloromethane (3� 20 mL). The organic layer was washed with brine,
dried over anhydrous magnesium sulfate, and concentrated in vacuo. The
residue was purified by column chromatography (chloroform/methanol
96:4 to 92:8) on silica gel to yield aldehyde 34 (117 mg, 74.5 %) as a
colorless oil: Rf� 0.48 (chloroform/methanol 90:10); [a]27


D �ÿ103.1 (c�
1.04 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 9.79 (s, 1H),
4.45 (br s, 1H), 3.85 ± 3.60 (m, 1 H), 3.68 (s, 3H), 3.61 (t, J� 5.8 Hz, 2H),
3.43 ± 3.18 (m, 2H), 2.80 ± 2.40 (m, 2 H), 2.52 (dq, J� 4.9, 7.3 Hz, 1H), 2.15 ±
1.20 (m, 11 H), 2.04 (dt, J� 11.6, 5.8 Hz, 1H), 1.43 (dq, J� 8.5, 12.0 Hz, 1H),
1.30 (d, J� 7.3 Hz, 3H); IR (film): nÄ � 3450, 2950, 2880, 1775, 1690, 1460,
1452, 1383, 1357, 1335, 1270, 1205, 1160, 1125, 1025, 990, 930, 775, 733,
700 cmÿ1; MS (EI): m/z (%): 367 (19) [M]� , 294 (16), 168 (17), 167 (100), 69
(16), 55 (20); HR-MS (EI): found: 367.2010 [M]� ; C19H29O6N calcd
367.1995; elemental analysis calcd (%) for C19H29NO6 (367.4): C 62.11, H
7.96, N 3.81; found: C 62.19, H 7.94, N 3.77.


Dithiolane 35 : 1,2-Ethanedithiol (32.1 mL, 0.382 mmol) and boron trifluor-
ide etherate (47.0 mL, 0.382 mmol) were added dropwise at ÿ15 8C under a
nitrogen atmosphere to a solution of aldehyde 34 (117 mg, 0.318 mmol) in
dichloromethane (4.0 mL), and the solution was stirred at the same
temperature for 45 min. Water (10 mL) was added at ÿ15 8C, and the
resulting mixture was allowed to warm to room temperature with stirring.
The aqueous layer was extracted with dichloromethane (3� 10 mL). The
organic layer was washed with brine, dried over anhydrous magnesium
sulfate, and concentrated under reduced pressure. The residue was
subjected to column chromatography (chloroform/methanol 98:2 to 96:4)
on silica gel to furnish dithiolane 35 (114 mg, 80.9 %) as a colorless oil: Rf�
0.56 (chloroform/methanol 90:10); [a]29


D �ÿ73.7 (c� 1.14 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 4.66 (t, J� 6.4 Hz, 1H),
4.52 ± 4.45 (m, 1H), 3.90 ± 3.64 (m, 1 H), 3.69 (s, 3 H), 3.62 (t, J� 6.1 Hz,
2H), 3.33 ± 3.18 (m, 6H), 2.64 ± 2.28 (m, 2H), 2.53 (dq, J� 2.0, 7.4 Hz, 1H),
2.05 (ddd, J� 11.6, 4.9, 2.1 Hz, 1 H), 1.99 (dt, J� 11.6, 6.1 Hz, 1H), 2.08 ±
1.22 (m, 10H), 1.38 (dq, J� 9.2, 11.8 Hz, 1 H), 1.31 (d, J� 7.3 Hz, 3H); IR
(film): nÄ � 3475, 2940, 1770, 1690, 1452, 1382, 1355, 1270, 1202, 1160, 1115,
1056, 1000, 775, 734 cmÿ1; MS (EI): m/z (%): 443 (20) [M]� , 325 (23), 324
(87), 167 (22), 119 (34), 118 (72), 105 (100); HR-MS (EI): found: 443.1798
[M]� ; C21H33O5NS2 calcd 443.1800; elemental analysis calcd (%)
for C21H33NO5S2 (443.6): C 56.86, H 7.50, N 3.16; found: C 56.58, H 7.44,
N 3.17.


Alcohol 36 : A solution of dithiolane 35 (114 mg, 0.257 mmol) and Raney
nickel (W-2) (1.14 g) in ethanol (3.0 mL) was stirred and refluxed under a
nitrogen atmosphere for 2 h. After the solution had been cooled to room
temperature, the reaction mixture was filtered through a pad of Celite, and
the filtrates were concentrated in vacuo. The residue was purified by
column chromatography (chloroform/methanol 98:2 to 96:4) on silica gel to
afford alcohol 36 (77.4 mg, 85.2 %) as a colorless oil: Rf� 0.56 (chloroform/
methanol 90:10); [a]27


D �ÿ122.2 (c� 1.39 in CHCl3); 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d� 4.51 ± 4.44 (br s, 1 H), 3.89 ± 3.64 (m, 1 H), 3.69 (s,
3H), 3.62 (t, J� 6.1 Hz, 2 H), 3.35 ± 3.22 (m, 1H), 3.25 (dt, J� 5.8, 11.2 Hz,
1H), 2.72 ± 2.32 (m, 1H), 2.52 (dq, J� 2.4, 7.5 Hz, 1H), 2.14 ± 2.00 (m, 1H),
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2.04 (ddd, J� 11.6, 4.9, 2.4 Hz, 1H), 1.98 (dt, J� 11.6, 5.8 Hz, 1H), 1.91 ±
1.22 (m, 10H), 1.37 (dq, J� 8.3, 11.7 Hz, 1H), 1.31 (d, J� 7.3 Hz, 3H),
1.03 (t, J� 7.3 Hz, 3H); IR (film): nÄ � 3480, 2950, 2890, 1775, 1695, 1462,
1450, 1383, 1205, 1161, 1122, 1052, 985, 772, 755 cmÿ1; MS (EI): m/z (%):
353 (8.0) [M]� , 167 (100), 81 (23), 69 (40), 55 (24); HR-MS (EI): found:
353.2194 [M]� ; C19H31O5N calcd 353.2203; elemental analysis calcd (%) for
C19H31NO5 (353.5): C 64.56, H 8.84, N 3.96; found: C 64.48, H 8.82, N 3.98.


Mesylate 37: Triethylamine (32.4 mL, 0.232 mmol) and methanesulfonyl
chloride (13.4 mL, 0.174 mmol) were added dropwise at 0 8C under a
nitrogen atmosphere to a solution of alcohol 36 (41.1 mg, 0.116 mmol) in
dichloromethane (3.0 mL), and the solution was stirred at the same
temperature for 30 min. Water (10 mL) was added, and the aqueous layer
was extracted with diethyl ether (3� 10 mL). The organic layer was washed
with brine, dried over anhydrous magnesium sulfate, and concentrated
under reduced pressure. The residue was subjected to column chromatog-
raphy (benzene/ethyl acetate 68:32 to 52:48) on silica gel to give mesylate
37 (44.3 mg, 88.4 %) as a colorless oil: Rf� 0.42 (benzene/ethyl acetate
50:50); [a]27


D �ÿ107.1 (c� 1.48 in CHCl3); 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 4.51 ± 4.45 (m, 1 H), 4.26 ± 4.16 (m, 2H), 3.90 ± 3.70 (br s,
1H), 3.69 (s, 3H), 3.35 ± 3.25 (m, 1 H), 3.25 (dt, J� 5.8, 11.4 Hz, 1H), 3.02 (s,
3H), 2.73 ± 2.32 (m, 1 H), 2.53 (dq, J� 1.8, 7.5 Hz, 1 H), 2.12 ± 2.00 (m, 1H),
2.05 (ddd, J� 11.3, 5.5, 2.1 Hz, 1H), 1.99 (dt, J� 11.6, 5.7 Hz, 1H), 1.90 ±
1.23 (m, 9H), 1.38 (dq, J� 8.5, 11.9 Hz, 1H), 1.32 (d, J� 7.9 Hz, 3 H), 1.04 (t,
J� 7.3 Hz, 3H); IR (film): nÄ � 2970, 2950, 2890, 1775, 1700, 1451, 1383,
1355, 1202, 1175, 1123, 980, 950, 930, 775, 750 cmÿ1; MS (EI): m/z (%): 431
(14) [M]� , 167 (100); HR-MS (EI): found: 431.1985 [M]� ; C20H33O7NS
calcd 431.1978; elemental analysis calcd (%) for C20H33NO7S (431.5): C
55.66, H 7.71, N 3.25; found: C 55.72, H 7.67, N 3.24.


Iodide 38 : A solution of mesylate 37 (43.8 mg, 0.101 mmol) and sodium
iodide (75.7 mg, 0.505 mmol) in acetone (3.0 mL) was stirred and heated
under reflux under a nitrogen atmosphere for 2 h. After the solution had
been cooled to room temperature, water (10 mL) was added, and the
aqueous layer was extracted with diethyl ether (3� 10 mL). The organic
layer was washed with brine, dried over anhydrous magnesium sulfate, and
concentrated in vacuo. The residue was purified by column chromatog-
raphy (benzene/ethyl acetate 84:16 to 76:24) on silica gel to provide iodide
38 (46.0 mg, 98.3 %) as a colorless oil: Rf� 0.62 (benzene/ethyl acetate
70:30); [a]31


D �ÿ99.7 (c� 1.53 in CHCl3); 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 4.48 (t, J� 4.0 Hz, 1H), 3.89 ± 3.58 (m, 1 H), 3.70 (br s,
3H), 3.35 ± 3.12 (m, 4 H), 2.70 ± 2.32 (m, 1H), 2.52 (dq, J� 2.1, 7.5 Hz, 1H),
2.12 ± 2.00 (m, 1 H), 2.04 (ddd, J� 11.6, 4.9, 2.4 Hz, 1 H), 1.98 (dt, J� 11.3,
5.7 Hz, 1H), 1.90 ± 1.22 (m, 9H), 1.37 (dq, J� 8.5, 11.6 Hz, 1 H), 1.31 (d, J�
7.3 Hz, 3H), 1.04 (t, J� 7.3 Hz, 3H); IR (film): nÄ � 2975, 2950, 1775, 1700,
1450, 1382, 1202, 1163, 1120, 985, 774, 750 cmÿ1; MS (EI): m/z (%): 463 (6.0)
[M]� , 336 (40), 167 (100); HR-MS (EI): found: 463.1220 [M]� ; C19H30O4NI
calcd 463.1219; elemental analysis calcd (%) for C19H30INO4 (463.4): C
49.25, H 6.53, N 3.02; found: C 49.07, H 6.48, N 3.03.


(ÿ)-Stenine (1): Iodotrimethylsilane (0.162 mL, 1.14 mmol) was added
dropwise at room temperature under a nitrogen atmosphere to a solution of
iodide 38 (52.9 mg, 0.114 mmol) in dichloromethane (2.5 mL), and the
solution was stirred at the same temperature for 5 h. Methanol (0.5 mL)
was added, and the solution was stirred for some time. Saturated aqueous
sodium hydrogen carbonate (1.0 mL) and aqueous sodium thiosulfate
(10 %, 2.0 mL) were added sequentially, and the resulting mixture was
stirred for some time. The mixture was poured into saturated aqueous
sodium hydrogen carbonate (5.0 mL), and the aqueous layer was extracted
with dichloromethane (3� 5.0 mL). The organic layer was dried over
anhydrous magnesium sulfate and concentrated under reduced pressure to
yield crude product, which was used in the next step without further
purification.


A solution of the above crude product in acetonitrile (3.0 mL) was stirred
and refluxed under a nitrogen atmosphere for 1 h. After the solution had
been cooled to room temperature, aqueous sodium carbonate (10 %,
5.0 mL) was added, and the aqueous layer was extracted with dichloro-
methane (3� 5.0 mL). The organic layer was dried over anhydrous
magnesium sulfate and concentrated in vacuo. The residue was purified
by column chromatography (chloroform/methanol 96:4 to 92:8) on silica
gel to furnish (ÿ)-stenine (1) (22.1 mg, 70.0 % yield from iodide 38) as a
colorless solid: Rf� 0.43 (chloroform/methanol 90:10); m.p. 62 ± 63 8C;
[a]23


D �ÿ27.5 (c� 0.523 in MeOH); 1H NMR (400 MHz, [D6]benzene,
25 8C, TMS): d� 3.98 (dd, J� 11.6, 9.2 Hz, 1 H), 3.01 ± 2.89 (m, 1 H), 2.64


(dt, J� 12.6, 4.4 Hz, 1H), 2.20 (dt, J� 6.1, 9.2 Hz, 1 H), 2.08 (ddd, J� 12.8,
10.7, 2.1 Hz, 1 H), 1.90 ± 1.79 (m, 1H), 1.73 (dq, J� 10.1, 7.0 Hz, 1H), 1.37 (q,
J� 9.6 Hz, 1 H), 1.03 (d, J� 6.7 Hz, 3 H), 0.90 (t, J� 7.6 Hz, 3H), 1.79 ± 0.80
(m, 13 H); 13C NMR (100 MHz, [D6]benzene, 25 8C, TMS): d� 178.0, 79.6,
67.3, 54.9, 52.8, 47.3, 43.0, 42.7, 40.3, 40.1, 30.2, 30.0, 27.8, 26.4, 23.1, 15.1,
10.2; IR (CH2Cl2): nÄ � 2945, 1770, 1455, 1382, 1350, 1330, 1200, 1175, 1158,
1018, 1000 cmÿ1; MS (EI): m/z (%): 277 (40) [M]� , 276 (100) [MÿH]� ;
HR-MS (EI): found: 277.2042 [M]� ; C17H27O2N calcd 277.2042; elemental
analysis calcd (%) for C17H27NO2 (277.4): C 73.61, H 9.81, N 5.05; found: C
73.52, H 9.77, N 5.03.


Acknowledgements


We thank Prof. M. Haruna (Meijo University) for generously supplying a
copy of the 1H NMR spectrum of natural stenine. This work was partly
supported by the Saneyoshi Scholarship Foundation and a Grant-in Aid for
Scientific Research from the Ministry of Education, Science, and Culture of
Japan.


[1] a) M. Götz, O. E. Edwards in The Alkaloids, Vol. IX (Ed.: R. H. F.
Manske), Academic Press, New York, 1967, pp. 545 ± 551; b) M. Götz,
G. M. Strunz in Alkaloids : MTP International Review of Sciences,
Series One, Vol. IX (Ed.: K. Wiesner), Butterworth, London, 1973,
pp. 143 ± 160.


[2] a) S. Uyeo, H. Irie, H. Harada, Chem. Pharm. Bull. 1967, 15, 768 ± 770;
b) H. Harada, H. Irie, M. Masaki, K. Osaki, S. Uyeo, Chem. Commun.
1967, 460 ± 462; c) W.-H. Lin, Y. Ye, R.-S. Xu, J. Nat. Prod. 1992, 55,
571 ± 576.


[3] H. Shinozaki, M. Ishida, Brain Res. 1985, 334, 33 ± 40.
[4] For total syntheses of the Stemona alkaloids, see: a) D. R. Williams,


D. L. Brown, J. W. Benbow, J. Am. Chem. Soc. 1989, 111, 1923 ± 1925;
b) D. R. Williams, J. P. Reddy, G. S. Amato, Tetrahedron Lett. 1994, 35,
6417 ± 6420; c) S. F. Martin, K. J. Barr, J. Am. Chem. Soc. 1996, 118,
3299 ± 3300; d) Y. Kohno, K. Narasaka, Bull. Chem. Soc. Jpn. 1996, 69,
2063 ± 2070; e) A. Kinoshita, M. Mori, J. Org. Chem. 1996, 61, 8356 ±
8357; f) P. A. Jacobi, K. Lee, J. Am. Chem. Soc. 1997, 119, 3409 ± 3410;
g) S. F. Martin, K. J. Barr, D. W. Smith, S. K. Bur, J. Am. Chem. Soc.
1999, 121, 6990 ± 6997; h) A. S. Kende, T. L. Smalley, Jr., H. Huang, J.
Am. Chem. Soc. 1999, 121, 7431 ± 7432; i) P. A. Jacobi, K. Lee, J. Am.
Chem. Soc. 2000, 122, 4295 ± 4303.


[5] For some synthetic approaches toward the Stemona alkaloids, see:
a) G. M. Strunz, Tetrahedron 1968, 24, 2645 ± 2652; b) W. J. Thompson,
C. A. Buhr, J. Org. Chem. 1983, 48, 2769 ± 2772; c) R. L. Beddoes,
M. P. H. Davies, E. J. Thomas, J. Chem. Soc. Chem. Commun. 1992,
538 ± 540; d) T. Kercher, T. Livinghouse, J. Am. Chem. Soc. 1996, 118,
4200 ± 4201; e) P. Wipf, W. Li, J. Org. Chem. 1999, 64, 4576 ± 4577; f) P.
Wipf, D. A. Mareska, Tetrahedron Lett. 2000, 41, 4723 ± 4727.


[6] a) M. Haruna, T. Kobayashi, K. Ito, Tennen Yuki Kagobutsu Toronkai
Koen Yoshishu 1985, 27, 200 ± 207 [Chem. Abstr. 1986, 105, 79195k];
b) L. Xiang, A. P. Kozikowski, Synlett 1990, 279 ± 281; c) P. Wipf, Y.
Kim, Tetrahedron Lett. 1992, 33, 5477 ± 5480; d) D. M. Goldstein, P.
Wipf, Tetrahedron Lett. 1996, 37, 739 ± 742; e) J. H. Rigby, S. Laurent,
A. Cavezza, M. J. Heeg, J. Org. Chem. 1998, 63, 5587 ± 5591.


[7] a) C.-Y. Chen, D. J. Hart, J. Org. Chem. 1990, 55, 6236 ± 6240; b) C.-Y.
Chen, D. J. Hart, J. Org. Chem. 1993, 58, 3840 ± 3849.


[8] P. Wipf, Y. Kim, D. M. Goldstein, J. Am. Chem. Soc. 1995, 117, 11106 ±
11112.


[9] Y. Morimoto, M. Iwahashi, K. Nishida, Y. Hayashi, H. Shirahama,
Angew. Chem. 1996, 108, 968 ± 970; Angew. Chem. Int. Ed. Engl. 1996,
35, 904 ± 906.


[10] a) S. F. Martin, J. W. Corbett, Synthesis 1992, 55 ± 57; b) S. F. Martin,
S. K. Bur, Tetrahedron 1999, 55, 8905 ± 8914; c) S. K. Bur, S. F. Martin,
Org. Lett. 2000, 2, 3445 ± 3447.


[11] a) Y. Morimoto, K. Nishida, Y. Hayashi, H. Shirahama, Tetrahedron
Lett. 1993, 34, 5773 ± 5776; b) Y. Morimoto, M. Iwahashi, Synlett 1995,
1221 ± 1222.


[12] For a review of intramolecular Diels ± Alder reactions, see: E.
Ciganek in Organic Reactions, Vol. 32 (Ed.: W. G. Dauben), Wiley,
New York, 1984, pp. 1 ± 374. For a review of asymmetric Diels ± Alder







FULL PAPER Y. Morimoto et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4116 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 194116


reactions, see: W. Oppolzer, Angew. Chem. 1984, 96, 840 ± 854; Angew.
Chem. Int. Ed. Engl. 1984, 23, 876 ± 889.


[13] D. A. Evans, K. T. Chapman, J. Bisaha, J. Am. Chem. Soc. 1988, 110,
1238 ± 1256.


[14] a) S. S. C. Koch, A. R. Chamberlin, J. Org. Chem. 1993, 58, 2725 ±
2737; b) M. Ishizaki, Y. Hara, S. Kojima, O. Hoshino, Heterocycles
1999, 50, 779 ± 790.


[15] a) A. J. Mancuso, S.-L. Huang, D. Swern, J. Org. Chem. 1978, 43,
2480 ± 2482; b) K. Omura, D. Swern, Tetrahedron 1978, 34, 1651 ±
1660.


[16] It has been reported that the aldehyde 12 can also be prepared from 10
under similar conditions: a) NaH, MPMCl, nBu4NI, THF, 58%;
b) pyridinium chlorochromate, CH2Cl2, 82%, see: S. Lemaire-
Audoire, P. Vogel, J. Org. Chem. 2000, 65, 3346 ± 3356.


[17] It has been reported that the dithiane derivative 8 can also be
prepared in 96% yield by alkylation of 1,3-dithianyl anion with
1-bromo-3-(tetrahydropyranyloxy)propane, see: H. Toshima, H. Ara-
maki, Y. Furumoto, S. Inamura, A. Ichihara, Tetrahedron 1998, 54,
5531 ± 5544.


[18] Y. Wu, E. Ohlsson, Acta Chem. Scand. 1993, 47, 422 ± 424.
[19] D. Seebach, E. J. Corey, J. Org. Chem. 1975, 40, 231 ± 237.
[20] J. R. Parikh, W. E. Doering, J. Am. Chem. Soc. 1967, 89, 5505 ± 5507.
[21] M. W. Rathke, M. Nowak, J. Org. Chem. 1985, 50, 2624 ± 2626.
[22] The (E,E,E) geometry of the triene 6 was confirmed by the typical


coupling constants (3J(a,b)� 14.7 Hz, 3J(c,d)� 14.7 Hz, 3J(e,f)�
15.3 Hz).


[23] E. J. Corey, B. W. Erickson, J. Org. Chem. 1971, 36, 3553 ± 3560.
[24] S. Castellino, W. J. Dwight, J. Am. Chem. Soc. 1993, 115, 2986 ± 2987.


[25] For a similar example of complete endo selectivity in an intra-
molecular Diels ± Alder reaction, see: a) K. Narasaka, M. Saitou, N.
Iwasawa, Tetrahedron : Asymmetry 1991, 2, 1305 ± 1318; b) N. Iwasa-
wa, J. Sugimori, Y. Kawase, K. Narasaka, Chem. Lett. 1989, 1947 ±
1950.


[26] D. A. Evans, J. A. Ellman, T. C. Britton, Tetrahedron Lett. 1987, 28,
6141 ± 6144.


[27] R. E. Damon, G. M. Coppola, Tetrahedron Lett. 1990, 31, 2849 ± 2852.
[28] T. Fukuyama, S.-C. Lin, L. Li, J. Am. Chem. Soc. 1990, 112, 7050 ±


7051.
[29] B. S. Bal, W. E. Childers Jr., H. W. Pinnick, Tetrahedron 1981, 37,


2091 ± 2096.
[30] T. Shioiri, K. Ninomiya, S.-I. Yamada, J. Am. Chem. Soc. 1972, 94,


6203 ± 6205.
[31] M. E. Duggan, J. S. Imagire, Synthesis 1989, 131 ± 132.
[32] a) P. Brownbridge, Synthesis 1983, 85 ± 104; b) M. Sobukawa, K. Koga,


Tetrahedron Lett. 1993, 34, 5101 ± 5104.
[33] J. J. P. Stewart, J. Comp. Chem. 1989, 10, 209.
[34] These calculations were performed on CS Chem3D (MOPAC 97).
[35] G. M. Rubottom, M. A. Vazquez, D. R. Pelegrina, Tetrahedron Lett.


1974, 4319 ± 4322.
[36] Y. Yamamoto, T. Nakada, H. Nemoto, J. Am. Chem. Soc. 1992, 114,


121 ± 125.
[37] R. Pappo, D. S. Allen, Jr., R. U. Lemieux, W. S. Johnson, J. Org.


Chem. 1956, 21, 478 ± 479.
[38] M. E. Jung, M. A. Lyster, J. Chem. Soc. Chem. Commun. 1978, 315 ±


316.


Received: March 22, 2001 [F3146]








Computational, ReactIR-, and NMR-Spectroscopic Investigations on the
Chiral Formyl Anion Equivalent N-(a-Lithiomethylthiomethyl)-4-isopropyl-
5,5-diphenyloxazolidin-2-one and Related Compounds
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Dedicated to Professor Leopold Horner, in admiration, on the occasion of his 90th birthday


Abstract: The 4-isopropyl-3-methyl-
thiomethyl-5,5-diphenyloxazolidin-2-one
is readily lithiated in THF on the exocy-
clic CH2 group (1! 2) to give a syntheti-
cally useful chiral nucleophilic formylat-
ing reagent. We have now studied the
lithiation reaction by ReactIR spectros-
copy and the structure of the organo-
lithium reagent by computational meth-
ods and by NMR-spectroscopic meas-
urements. The lithiation is complete at
ÿ78 8C within 90 seconds, and it is
accompanied by a decrease of the C�O
wavenumber by 50 cmÿ1. The NMR data
(collected in [D8]THF) give no evidence
for 13C,6Li coupling or for aggregation;


from DPFGSE-ROE spectra the single
diastereoisomer of the lithium com-
pound 2 seen in the NMR spectra
(NMR-spectroscopic measurements
from ÿ105 to ÿ20 8C) is assigned like
configuration; the 13C�O signal of the
oxazolidinone undergoes a 7 ppm down-
field shift upon lithiation (1 ! 2); line-
shape analyses of the signals from the
diastereotopic CH2 and CMe2 protons in


lithiated 4,4-dimethyl-3-methylthiometh-
yloxazolidin-2-one (model compound 7)
reveal a DH= of 8.9� 0.2 kcal molÿ1 for
enantiomerization. The theoretical cal-
culations provide an energy-minimum
structure for the lithium compound 2
with coordination of the carbonyl oxy-
gen to lithium, with an antiperiplanar
arrangement of the C,Li and S,CH3


bonds, and with relative like configura-
tion of the two stereocentersÐin perfect
agreement with the conclusions from the
IR- and NMR-spectroscopic measure-
ments!


Keywords: chiral formyl anion
equivalent ´ computational
methods ´ IR spectroscopy ´ NMR
spectroscopy ´ structure elucidation


Introduction


We have recently shown that the N,S-acetal derivative 1 can
be directly lithiated (BuLi, THF, ÿ75 8C) to the lithium
compound 2 which is used as a nucleophilic formylating
reagent. Reactions with aldehydes, unsymmetrical ketones,
and imine derivatives are highly diastereoselective, producing


adducts of type 3 which can be cleaved to aldehydes or
derivatives thereof, with recovery of the chiral oxazolidinone
auxiliary (Scheme 1).[1]


Scheme 1. Overall enantioselective formylation of carbonyl com-
pounds by N-(a-lithiomethylthiomethyl)-4-isopropyl-5,5-diphenyloxazoli-
din-2-one (2).
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The lithium reagent 2 may be considered as having been
formed by a heteroatom-directed metallation[2±6] of a CH2


group which is additionally acidified by a SCH3 substitu-
ent.[7±9] In order to better understand the stereochemical
course of the reaction of compound 2 with electrophiles, it is
necessary to obtain detailed information about its structure.
There are a few crystal structures of organometallic com-
pounds of the general formula A (Figure 1),[10, 11] and there
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Figure 1. Formulae and numbering of atoms in compounds discussed in
this paper.


are more structures of lithiated thioethers and thioacetals
(formula B, Figure 1).[12±14] The typical structural features of A
and B can be described as follows: In the metallated
derivatives A there is always a five-membered ring chelate,
with the metal atom coordinating to the carbonyl oxygen, as
indicated in the formula. This coordination leads to a shift of
the IR frequency of the C�O group to lower wavenum-
bers,[15, 16] whereas the C�O bond lengths hardly increase
according to X-ray structures.[10, 11] In compounds of general
type B, the C,Li bond is always in an antiperiplanar orienta-
tion to the S,C bond (in six-membered rings the lithium atom
is always in an equatorial position). This conformation is
stereoelectronically stabilized, resulting in a lengthening of
the S,C bond and a shortening of the S,CLi bond.


The lithium reagent 2 can be described as a combination of
A and B. Hence, both, the structural characteristics of A and
B, should be present in compound 2. In the present paper, our
studies on the structure of 2 by a combined approach,
including computational methods, as well as IR-, and NMR-
spectroscopic measurements, are described.


Results and Discussion


Computational studies : First, a computational investigation
was undertaken to gain insight into the structure and stability
of the two diastereoisomeric lithiated oxazolidinones (4S,6S)-
2 and (4S,6R)-2 (Figure 1). We wanted to keep the system as
authentic as possible to accurately account for all bonded and


non-bonded interactions in the system. To be able to do this
with a reasonable amount of computational resources we
chose a combined semiempirical and density functional
approach. The semiempirical PM3 method[17] with Anders�
lithium parameters[18] has been widely used in organolithium
chemistry.[19] The PM3 calculations have been shown to
adequately reproduce geometries of organolithium com-
pounds from experiments and higher level ab initio and
density functional theory (DFT) methods.[20] However, the
energies obtained by the PM3 method are usually not as
exact.[21] Recently, Abbotto et al. have demonstrated that
energies obtained by using density functional theory with the
B3LYP hybrid functional with standard basis sets (6-31�G(d),
6-311�G(d)) on the PM3-optimized geometries (B3LYP/6-
31�G(d)//PM3) reproduce high level results (B3LYP/6-
31�G(d)//B3LYP/6-31�G(d)) with high accuracy.[22] Thus,
we decided to apply this B3LYP//PM3 method for our
calculations.


Initially, we performed a complete conformer search
(Monte-Carlo) for the two diastereoisomers (4S,6S)-2 and
(4S,6R)-2 in the absence of solvent molecules using the PM3
method. The energies of the two lowest energy conformers
resulting from this search were then calculated at the B3LYP/
6-31�G(d) level of theory. Two dimethyl ether ligands,
commonly used as coordinating solvent molecules in compu-
tational studies, were added to each of the lowest energy
conformations and a geometry optimization (PM3) was
performed.[23] Several initial arrangements of the solvent
molecules were tested to assure that the global minimum was
found. Again, the resulting structures were subjected to
single-point energy B3LYP/6-31�G(d) calculations. The re-
sult of these calculations is shown in Figure 2.


The (4S,6S)-diastereoisomer is energetically clearly prefer-
red over the (4S,6R)-diastereoisomer. The difference in
energy between the two stereoisomers amounts to
1.3 kcal molÿ1 on the semiempirical level, while this value
increases to 4.3 kcal molÿ1 on the higher B3LYP/6-31�G(d)//
PM3 level. The tendency of the DFT method to make a
clearer distinction between the two diastereoisomers was also
observed when calculating the single-point energies of the
unsolvated molecules; the energy difference between the two
isomers was then 6.1 kcal molÿ1. The significantly higher
energy of (4S,6R)-2 compared with (4S,6S)-2 can be inter-
preted as a consequence of steric hindrance: The SCH3 and
the iPr substituent in (4S,6R)-2 are on the same side of the
bicyclic system.


Apart from the restrictions imposed by the stereogenic
centers, the structures of (4S,6S)-2 and (4S,6R)-2 are very
similar. Both complexes display the usual distances and angles
around the lithium atom which is coordinated by the carbonyl
oxygen of the chiral auxiliary via a five-membered ring
chelate. Such an internal chelation was calculated to account
for a stabilization energy of 28 kcal molÿ1 in a comparable
system.[24] Although this value should be treated with caution
(solvation of the lithium atom has not been included in the
calculations), it indicates the high tendency for this type of
intramolecular coordination. The carbonyl oxygen serves as a
perfectly located coordination site, and therefore keeps the
nitrogen and sulfur atoms from coordinating to lithium, as is
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sometimes observed in a-heteroatom-stabilized organolithi-
ums without additional intramolecular coordination sites.
Furthermore, in both calculated structures, (4S,6S)-2 and
(4S,6R)-2, the methine proton H8 is pointing into the ªcisº-
phenyl group on the oxazolidinone ring, thereby directing the
two methyl groups of the iPr substituent towards the reaction
center at C6. Thus, the ªcisº-phenyl group forces the iPr group
into a conformation in which it mimicks a tBu group. As
proposed earlier,[25, 26] this effect can lead to superior levels of
diastereoselectivity. Another interesting structural feature
may be seen in Figure 2: the S,CH3 bond is always in an
antiperiplanar orientation (anti conformation) with respect to
the C,Li bond, even when this is associated with severe steric
repulsion as in the case of (4S,6R)-2. All attempts to turn the
SCH3 group out of this plane, that is to reduce the steric
interaction with the iPr group by rotation around the C7-S-
C6-Li dihedral angle, resulted in re-optimization of the
structure to the anti conformation. Therefore, we decided to
further investigate this strong preference for the anti con-
formation, obviously caused by stereoelectronic effects
(sometimes also called negative hyperconjugation).


Three mechanisms have been proposed to account for the
stability of sulfur stabilized carbanions, namely polarization,
d-orbital participation, and hyperconjugation. According to
current understanding, hyperconjugation plays the largest
role in determining a-heteroatom stabilization.[27±31] This
mechanism involves double bond/no bond resonance struc-
tures such as:


H3CÿSÿCH2
7$H3C7 S�CH2


In an equivalent MO model this stabilization is interpreted as
donation of electron density from the carbanionic center to
the adjacent s*CÿS orbital.


To investigate the energy dependence on the C7-S-C6-Li
dihedral angle, model compound 5 was chosen. To the best of
our knowledge, only two studies concerning the energy
dependence on rotation around a S,C7 bond have been
carried out.[30, 32] Both of these studies did not include Li+ as a
counterion. Full geometry optimization of 5 at the B3LYP/6-
31�G(d) level of theory resulted in the structure shown in
Figure 3 (right-hand side). The calculated structure bears
close resemblance to the original system in Figure 2. This
demonstrates, once more, the efficiency of the semiempirical
PM3 method for obtaining reasonable geometries of organo-
lithium compounds. Rotation around the C7-S-C6-Li dihedral
angle in steps of 108, followed by restricted geometry
optimization (again at the B3LYP/6-31�G(d) level), pro-
duced the graph shown in Figure 3 (left-hand side). The same
calculation in the absence of the lithium atom resulted in
higher barriers of rotation by about 5 kcal molÿ1 (see Sup-
porting Information for the corresponding graph).


As expected, the anti conformation does indeed have the
lowest energy. The main reason for this appears to be efficient
stereoelectronic stabilization. As can be seen in Table 1, this
conformation has the shortest C6ÿS bond length and the
longest SÿC7 bond length, the consequence expected for nC


! s*CÿS donation. The conformation in which the S,CH3 bond
is in a synperiplanar orientation (syn conformation) with
respect to the C,Li bond is only slightly higher in energy. This
indicates that stabilization through overlap of the nC orbital
with the s*CÿS orbital is also present in the syn conformation
(here, the C6ÿS bond length is only slightly longer and the
SÿC7 distance only slightly shorter than in the anti conforma-
tion).


Upon anticlockwise rotation from the conformer with the
synperiplanar orientation a local maximum is first reached at
about ÿ658, corresponding to a gauche conformation. A local
minimum is passed at about ÿ908, another local maximum is


Figure 2. PM3-optimized geometries of the two diastereoisomers (4S,6S)-2 and (4S,6R)-2. Key bond lengths, and dihedral angles are shown together with the
relative energies as calculated at the B3LYP/6-31�G(d)//PM3 level of theory.
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reached at about ÿ1208. The conformation at about ÿ908,
with the S,CH3 bond perpendicular to the C,Li bond, is
characterized by a close LiÿS distance (2.58 �), which may
indicate coordination of sulfur to lithium (Table 1; a mean
LiÿS bond length of 2.563 � is retrieved from the Cambridge
Structural Database (CSD)[33]). This stabilizing interaction is
also present in the corresponding structure at �908, although
no minimum is observed in this case, since this point coincides
with the point having the most unfavorable contact between
the SCH3 group and the five-membered ring. This stabilizing
Li,S interaction (as in the conformations at ÿ908 and �908)
would probably not have been observed, if solvent molecules
had been included in the calculations. One solvating molecule
would then have to give up the coordination to lithium, in
order to allow the sulfur atom to coordinate to lithium (see
the Supporting Information for a PM3 study in the presence of
solvating molecules). Including solvating dimethyl ether
ligands in some key structures of Figure 3, and then perform-
ing single-point energy B3LYP/6-31�G(d)//PM3 calculations,
resulted in an increased energy of the structure having the C7-
S-C6-Li dihedral angle at 08 by 2.4 kcal molÿ1 (relative to the
1808 structure), while the structure having the C7-S-C6-Li
dihedral angle at 2708 is still about 7.5 kcal molÿ1 higher in


energy than the global minimum. Hence, the energy associ-
ated with rotation around the S,CLi bond is expected to be
around 8 kcal molÿ1 in solution.


It is interesting to note that a lengthening of the C�O bond
(and a shortening of the C2,N bond) is observed for the
lithiated compound 5 compared with 4 (Table 1). This bond
lengthening is caused by internal coordination of the carbonyl
oxygen to lithium (a main characteristic of all 36 calculated
conformers of 5, as well as of (4S,6S)-2 and (4S,6R)-2), and it
has previously been concluded from IR-spectroscopic studies
(see below),[15, 16] while it was present to a lesser extend in
X-ray crystal structures.[10, 11]


It can be concluded from the model studies that rotation of
the SCH3 group in (4S,6R)-2 (Figure 2) away from the anti
orientation to reduce van der Waals interactions between the
SCH3 and the iPr group does not compensate for the loss of
stabilization by hyperconjugation.


IR-Spectroscopic studies : As mentioned, a key feature of all
calculated conformers of compounds (4S,6S)-2, (4S,6R)-2, and
5 is the intramolecular coordination of the carbonyl oxygen to
lithium, thereby defining a five-membered ring chelate. We
decided to use ReactIR spectroscopy to obtain data regarding
this coordination. The progress of the reaction of methyl-
thiomethyl oxazolidinone 1 with BuLi in THF at ÿ78 8C was
monitored under inert atmosphere by IR spectroscopy. The
IR spectrum of the starting material 1 displays a characteristic
resonance at 1760 cmÿ1, corresponding to the stretching
frequency of the carbonyl group in 1 (Figure 4). When
0.33 equiv BuLi were added, a reduced intensity of the
carbonyl band at 1760 cmÿ1 was observed, while a new
absorption at 1710 cmÿ1 emerged which is assigned to the
lithiated product 2. Addition of another 0.66 equiv BuLi (2�
0.33 equiv) resulted in complete disappearance of the band at
1760 cmÿ1. The stretching frequency of the carbonyl group in 2
is shifted by 50 cmÿ1 to lower wavenumbers, as compared to 1,
which indicates a weakening of the C�O bond, obviously
caused by intramolecular coordination of the carbonyl oxygen
to lithium. Carbonyl stretch frequency shifts of 35 cmÿ1 to
60 cmÿ1 to lower wavenumbers upon complexation with


Figure 3. Left: Potential energy of 5 as a function of the C7-S-C6-Li dihedral angle. Structural parameters for the conformations displayed are summarized in
Table 1. Right: B3LYP/6-31�G(d) optimized geometry of model compound 5.


Table 1. Selected structural parameters of 4 and of conformations of 5 as
highlighted in Figure 3. Numbering is according to Figure 1. Bond lengths
are in � and angles in degrees. Bond lengths discussed in the accompanying
paragraphs are marked bold.


Structural Non- Conformation of 5
parameter lithiated 4 C7-S-C6-Li dihedral angle [8]
[�] or [8] ÿ 89 18 91 179


O2ÿLi ± 1.884 1.834 1.890 1.846
C2ÿO2 1.210 1.239 1.247 1.240 1.245


C2ÿN 1.382 1.355 1.344 1.353 1.348
NÿC6 1.435 1.449 1.472 1.442 1.471


C6ÿH6 1.099 1.093 1.096 1.090 1.100
C6ÿLi ± 2.012 2.070 2.019 2.067
C6ÿS 1.854 1.921 1.831 1.944 1.798
SÿC7 1.827 1.827 1.834 1.838 1.852
LiÿS ± 2.582 3.298 2.463 3.124


S-C6-Li ± 80.0 115.3 76.8 107.7
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Figure 4. Metallation of methylthiomethyl oxazolidinone 1 to the corre-
sponding lithiated species 2 by addition in portions of 1 equiv BuLi,
monitored by ReactIR.


lithium have been reported before for similar systems.[15, 16]


An inter- instead of an intramolecular Li,O coordination is
highly unlikely, since such a coordination would be entropi-
cally disfavored.


The reaction profile of the experiment described above can
be followed by plotting the intensities of the carbonyl
absorbance at 1710 cmÿ1 and 1760 cmÿ1 against time (Fig-
ure 5). The data points displayed in Figure 5 are the average
of 256 scans collected over approximately 90 s. As can be seen
from the reaction profile, lithiation of methylthiomethyl
oxazolidinone 1 by BuLi is very rapid: The lithiation (1! 2)
takes only 90 s atÿ78 8C in THF! This information is valuable
for future preparations of 2 and similar compounds.


NMR-Spectroscopic studies : Orientational NMR experi-
ments have shown that the lithiated methylthiomethyl ox-
azolidinone 2 is thermally stable at ÿ50 8C over a period of
several days. At temperatures above ÿ20 8C, slow decom-


position to the chiral auxiliary (Scheme 1) and several
unidentified products is observed. No attempts have been
made to analyze the resulting complex mixture.


The aggregation state of organolithium compounds may be
conveniently deduced from the multiplicities due to scalar
carbon ± lithium coupling in the 13C NMR spectra.[34] Lithium-6
is the preferred isotope in these experiments because it has a
small quadrupole moment.[35] For our experiments aimed at
the determination of the aggregation state of 2, we employed
Bu6Li (96 % enrichment) for the lithiation of compound 1. In
two separate runs, 1 was treated with 0.5 equiv and with
2 equiv of Bu6Li at ÿ78 8C. The two resulting spectra of 2
were identical (apart from additional signals from excess 1 or
from excess BuLi), indicating that no mixed aggregates
between 2 and excess BuLi are formed. This conclusion is
confirmed by the NOE measurements described below.


The 13C signal of the lithiated carbon C6 does not reveal
line splitting due to 6Li coupling at ÿ50 8C. At lower
temperatures (down to ÿ105 8C), the 13C signal of C6
broadens considerably (more than those of the other signals),
however, without revealing a multiplicity. Thus, the aggrega-
tion state of lithium compound 2 in THF is uncertain, but from
the absence of mixed aggregates with excess BuLi we
tentatively conclude that 2 is monomeric in THF.[36] This is
confirmed by the independence of the 1H and 13C NMR
spectra of 2 on the concentration and on the presence or
absence of excess BuLi.


At all temperatures between ÿ105 and ÿ20 8C a single set
of signals is observed in the 1H and 13C NMR spectrum of 2.
Thus, there is no indication for the co-existence of comparable
amounts of the two diastereoisomers (4S,6S)-2 and (4S,6R)-2.
Hence, either the epimerization process is fast on the NMR
timescale even at ÿ105 8C, or the equilibrium lies completely
on the side of one epimer.


In order to evaluate the dynamics of epimerization (con-
figurational stability) at C6, we have carried out a


series of temperature-depend-
ent 1H NMR measurements
with the closely related com-
pound 7. Therein, the protons
H8 and H9 on the geminal
methyl groups (C8/C9) and the
protons H5 on C5 are diaster-
eotopic at ÿ105 8C (Dn� 13 Hz
and 108 Hz, respectively), thus,
the lithiated carbon C6 is inter-
converting very slowly (if at
all!) on the NMR timescale at
this temperature. The temper-
ature dependence of the H5
signals, together with a com-
plete line-shape analysis of
these signals is shown in Fig-
ure 6. The 1H NMR line shapes
were simulated using the pro-
gram gNMR.[37] From an Eyring
plot the activation parameters
for the enantiomerization of 7
in THF were estimated to be


Figure 5. Reaction profile of the metallation of methylthiomethyl oxazolidinone 1 to the corresponding lithiated
species 2 by addition in portions of 1 equiv BuLi.
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Figure 6. 1H NMR line-shape analysis: Experimental (left) and calculated
(right) variable temperature 1H NMR signals of H5 of compound 7 in
[D8]THF.


DH=� 8.9� 0.2 kcal molÿ1 and DS=�ÿ8.9� 4.2 cal molÿ1 Kÿ1


(DG=
213 K� 10.8 kcal molÿ1).[38] An analogous line-shape anal-


ysis for the signals of H8/H9 of the lithium compound 7 was
complicated by the presence of a peak from butane (formed in
the reaction of 6 with BuLi), but gave similar activation
parameter values (DH=� 9.3� 0.3 kcal molÿ1, DS=�ÿ7.2�
4.0 cal molÿ1 Kÿ1, DG=


233 K� 11.0 kcal molÿ1).[39]


The results obtained with 7 can be taken as evidence that
C6 epimerization in 2 must also be slow on the NMR
timescale at low temperatures. Hence, from the presence of
only one set of signals even at ÿ105 8C we conclude that we
observe a single epimer of 2 in THF in the temperature
interval ÿ105 to ÿ20 8C. Thus, at all temperatures the
equilibrium between (4S,6S)-2 and (4S,6R)-2 must lie (nearly)
completely on the side of the (4S,6S)-epimer.


It is noteworthy, that the lithiated N,S-acetal 7 decomposes
at temperatures above ÿ20 8C at a much faster rate than
lithium compound 2. This is probably due to the different
substitution patterns of the two oxazolidinone derivatives:
The C�O group of 2 is sterically protected by the geminal
phenyl groups, whereas the C�O group of 7 is susceptible to
nucleophilic attack.


In order to assign the configuration at C6, NOE measure-
ments appeared to be the method of choice. In the case of
one-dimensional NOE spectra (which are superior to two-
dimensional methods with respect to sensitivity, resolution,
and time requirement for small molecules), a major improve-
ment has been introduced in recent years by the DPFGSE-
NOE method (DPFGSE: double pulsed field gradient spin


echo).[40] By using this pulse sequence the well-known
disadvantages of the conventional difference NOE (subtrac-
tion artifacts) may be largely suppressed. However, the
conventional steady-state difference NOE method as well as
the DPFGSE-NOE method failed to yield interpretable
results. Independent of the irradiation position, all NOEs
were negative, and all 1H signals were enhanced. This is
typical for situations in the ªslow-tumblingº regime with wt>


1.12 (w�Larmor frequency, t� correlation time).[41] Under
these conditions the NOE is negative (same sign of irradiated
and enhanced signal). Due to efficient spin diffusion in the
steady state difference NOE experiment, the NOE is propa-
gated to all proton positions,[41] thus prohibiting stereochem-
ical assignments.


The negative NOE regime may be circumvented by spin-
lock methods.[41] The well-known ROESY experiment is
frequently employed to obtain two-dimensional spectra. To
bring together the advantages of one-dimensional NOE
spectroscopy and the spin-lock method, one of our groups[42]


has recently introduced the rotating frame variant, DPFGSE-
ROE, which yields positive NOEs throughout, regardless of
the molecular size and the correlation time. Figure 7 shows a
set of selected DPFGSE-ROE spectra of 2 at ÿ50 8C.
Irradiation with the frequency of H4 (Figure 7 b) leads to


Figure 7. DPFGSE-ROE spectra of lithiated methylthiomethyl oxazolidi-
none 2 in the presence of 1 equiv BuLi, 500 MHz, [D8]THF, ÿ50 8C, spin-
lock time 300 ms. a) regular 1H NMR spectrum; b) irradiation with the
frequency of H4; c) irradiation with the frequency of H6; d) irradiation
with the frequency of H7. Numbers in a) are assignments and refer to
Figure 1. Asterisks denote signals of BuLi and butane. Numbers in spectra
b) ± d) are percentage signal enhancements, as compared to the irradiated
signal intensity�ÿ100 %. No scaling of the percentage numbers to the
numbers of involved protons has been made.
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strong enhancement of the signals from the protons in the
ortho position of the phenyl groups (H18/H22), as well as to
moderate enhancement of the signals from H6 and H7,
compatible with the structure of diasteroisomer (4S,6S)-2
shown in Figure 2. Further evidence that the stereocenter at
C6 has (S)-configuration, as suggested by the computational
studies, comes from irradiation with the frequency of H6
(Figure 7 c): Apart from the expected enhancements of the
signals from H4 and H7, comparable strong enhancements
(7.2 % and 3.1 %, respectively) of the iPr group signals (H10
and H9, respectively) are observed. From the computed
structures, a strong NOE only to H10 would be expected, if
(4S,6R)-2 would be present.


If the SCH3 group would be directed towards the iPr groups
(as in (4S,6R)-2), irradiation at H7 should result in strong
enhancement of the H9 and H10 signals. As can be seen in
Figure 7 d, irradiation with the frequency of H7 generates only
weak NOEs on the signals of neighboring protons. It is
surprising that even the enhancement of the H10 signal is
fairly small, since a somewhat stronger NOE would be
expected, if (4S,6S)-2 really adopted the calculated confor-
mation depicted in Figure 2. A possible explanation for a
weak NOE between H7 and H10 is that the C,Li bond and the
S,CH3 bond are in an antiperiplanar orientation, but that the
C,Li bond and the C�O bond are not parallel to each other (as


suggested by the computer cal-
culations), but rather slightly
rotated away from each other
(without breaking the Li,O
coordination), thereby moving
the SCH3 group further away
from the iPr group (Figure 8).


Based on the NMR-spectros-
copic investigations we con-
clude that (4S,6S)-2 is the sole
diastereoisomer in THF at


temperatures between ÿ105 and ÿ20 8C. This is in accord-
ance with the theoretical studies.


Enhancement of the signals from excess BuLi was not
observed in any of the DPFGSE-ROE experiments (irradi-
ation with various frequencies belonging to 2). This, again,
strongly indicates that mixed 2/BuLi aggregates are not
formed in THF. Even small amounts of such aggregates
should result in observable NOEs.


It is noteworthy, that the resonance of the carbonyl carbon
of 2 (d� 163.5) is shifted downfield by about 7 ppm with
respect to the corresponding carbon signal of 1 (d� 156.8) at
ÿ105 8C in [D8]THF. This observation further substantiates
the existence of an intramolecular coordination of the
carbonyl oxygen to lithium in compound 2, as concluded
from the computational and ReactIR-spectroscopic studies.


Conclusion


A combination of three techniques, computational methods,
IR and NMR spectroscopy, was used to investigate the
structure of lithium reagent 2. As suggested by our computa-
tional studies, and then confirmed by NOE measurements on


2 and coalescence experiments on model compound 7, the
stereocenter of the lithiated carbon C6 of the only diastereo-
isomer that is detected by NMR methods in the tested
temperature range (ÿ105 to ÿ20 8C) has (S)-configuration.
The strong preference of the (S)-configuration over the (R)-
configuration in lithium compound 2 can be explained as
follows: The five-membered ring chelate, with the carbonyl
oxygen coordinating to lithium (as evident from all three
methods of investigation), locks the Li-C6-N-C2 dihedral
angle at about 208. In the epimer with (R)-configuration at C6
the SCH3 group would be forced into the iPr group. Rotation
of the SCH3 group away from the iPr group to release steric
repulsion does not compensate for the loss of stereoelectronic
stabilization. The importance of this nC ! s*CÿS delocaliza-
tion was demonstrated with model compound 5.


From the assignment of configuration at the lithiated
carbon of 2 and the known product configuration in 3 we
can conclude that Li/C replacement occurs with retention.


Experimental Section


General information (for the preparation of compounds 1 and 6): All
reactions involving air- or moisture-sensitive reagents or intermediates
were carried out in heat-gun dried glassware under an argon atmosphere.
Tetrahydrofuran (THF) was freshly distilled from potassium under argon.
Dichloromethane (CH2Cl2) and dimethyl sulfoxide (DMSO) were distilled
from calcium hydride (CaH2) and stored under argon over activated 4 �
molecular sieves. Triethylamine (Et3N) was distilled from CaH2 and stored
under argon over KOH pellets. All other reagents and solvents were used
as received from Aldrich or Fluka. Flash column chromatography (FC) was
performed using Fluka silica gel (40 ± 63 mm).
1H NMR and 13C NMR spectra were recorded on a Varian XL-300
spectrometer (300 MHz); d in ppm downfield of TMS (d� 0). IR spectra
were measured on a Perkin ± Elmer FT-IR 1600 spectrometer; (s� strong,
m�medium, w�weak). High resolution mass spectra were recorded on a
Ion Spec Ultima 4.7 FT Ion cyclotron resonance (ICR) mass spectrometer.


(S)-4-Isopropyl-3-methylsulfanylmethyl-5,5-diphenyloxazolidin-2-one (1):
This compound and compounds 3 were prepared according to procedures
previously described.[1]


4,4-Dimethyl-3-methylsulfanylmethyloxazolidin-2-one (6): Et3N (24.0 mL,
172 mmol) and ClCO2Et (14.9 mL, 157 mmol) were added at ÿ15 8C to a
solution of 2-amino-2-methyl-1-propanol (15.0 mL, 157 mmol) in CH2Cl2


(450 mL). After stirring for 12 h at room temperature, the reaction mixture
was quenched with 1m HCl solution and diluted with CH2Cl2. The organic
layer was separated and the aqueous layer was extracted with CH2Cl2


(2� ). The combined organic layers were dried (MgSO4) and concentrated
under reduced pressure. The crude product was dissolved in 5 %-
methanolic NaOH and heated to reflux for 7 h. The reaction mixture was
quenched with saturated aqueous NH4Cl solution, MeOH was removed
under reduced pressure, and the residual mixture was diluted with CH2Cl2.
The organic layer was separated and the aqueous layer was extracted with
CH2Cl2 (2� ). The combined organic layers were dried (MgSO4) and
concentrated under reduced pressure. Purification of the crude product by
trituration (pentane) afforded 4,4-dimethyloxazolidin-2-one[43] (10.7 g,
59%) as a colorless solid.


BuLi (21.0 mL, 32.6 mmol) was added at 0 8C to a solution of 4,4-
dimethyloxazolidin-2-one (3.41 g, 29.6 mmol) in THF (25 mL). After
stirring for 10 min, DMSO (125 mL) and chloromethyl methyl sulfide
(MTMCl) (2.98 mL, 35.5 mmol) were added consecutively to the reaction
mixture. After stirring for 4 h at rt, the reaction mixture was quenched with
saturated aqueous NH4Cl solution and diluted with Et2O. The organic layer
was separated and the aqueous layer was extracted with Et2O (2� ). The
combined organic layers were washed with H2O (1� ), dried (MgSO4), and
concentrated under reduced pressure. Purification of the crude product by
flash column chromatography (1:1 pentane/Et2O) afforded compound 6


O
Li


S


....


H10


H7H9


Figure 8. Schematic drawing of
the conformation of compound
(4S,6S)-2 as discussed in the
accompanying paragraph.
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(1.70 g, 33%) as a yellow oil. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d�
4.37 (s, 2 H; CH2S), 3.99 (s, 2H; CH2O), 2.23 (s, 3 H; SMe), 1.40 (s, 6 H; Me);
13C NMR (75 MHz, CDCl3): d� 157.67, 75.30, 58.35, 44.40, 25.25, 15.10; IR
(CHCl3): nÄ � 2975 (w), 2927 (w), 1742 (s), 1479 (w), 1418 (m), 1400 (m),
1384 (m), 1277 (m), 1178 (w), 1074 (m), 1032 (m) cmÿ1; Hi-Res-MALDI:
m/z (%): 396.1819 (21) [2M�Na]� , 225.1573 (93) [M�K]� , 198.0558 (100)
[M�Na]� (calcd 198.0565), 137.0237 (91).


Computational methods : PM3-geometry optimizations, with parameters
for lithium, were done on a dual processors Silicon Graphics Octane
workstation with the Spartan 5.0 program package.[44] The parent structure
was subjected to a complete conformer search and several initial geo-
metries for the solvating ligands were optimized in order to find the global
minimum. The structures were optimized with the keyword HHon switched
on to eliminate the overly positive HH attraction of the PM3 method.[45]


The vibrational frequencies were also calculated to verify that all optimized
structures were minima on the potential energy surface. Single point
energies, calculated using density functional theory (DFT) employing the
B3LYP hybrid functional[46] with the SCF tight keyword on the PM3-
optimized structures, were done on a Hewlett-Packard V2500SCA com-
puter using the Gaussian 98 program package.[47] The standard valence
double-z basis set 6-31�G(d) was used as implemented in the program. The
conformational mapping of the C7-S-C6-Li dihedral angle in the model
compound 5 was done in 108 steps, followed by restricted optimization at
the B3LYP/6-31�G(d) level using the OPT�ModRedundant keyword in
G98.


ReactIR Spectroscopy : The ReactIR experiments were conducted with an
ASI Applied Systems ReactIR 1000 spectrometer with a MCT detector
(MCT�mercury cadmium telluride) and a DiComp probe. The data points
displayed are the average of 256 scans collected over approximately 90 s.
The background spectrum was recorded in neat THF (3 mL) at ÿ78 8C. A
solution of compound 1 (230 mg, 0.674 mmol) in THF (2 mL) was added.
BuLi (1.6m in hexane) was added portionwise (3� 0.17 mL) to the
resulting mixture.


NMR Spectroscopy: NMR spectra were recorded on a JEOL Alpha 500
spectrometer (500 MHz) or on a Bruker AMX-400 (400 MHz). 1H
chemical shifts are referenced to the residual solvent signal of [D8]THF
at d� 3.58. All spectra were recorded after 30 min temperature equlibra-
tion; the reported temperatures were calibrated by an internal standard.[48]


The pulse sequence DPFGSE-ROE was applied as described.[42] Prepara-
tion of the samples: A weighted amount of reactant 1 or 6 was placed in an
NMR tube which was fitted with a serum cap. The tube was evacuated,
heated, and purged with argon. Then, compound 1 or 6 was dissolved in dry
(Na/Pb alloy) [D8]THF (0.2 mL). In a separate small flask, an appropriate
amount of Bu6Li[49] in hexane was concentrated under reduced pressure
and the residual oil was dissolved in [D8]THF (0.3 mL) under argon. This
solution was transferred slowly via syringe to the solution of 1 or 6 in
[D8]THF at ÿ78 8C. Alternatively, compound 1 or 6 was dissolved in
[D8]THF (0.5 mL) and an appropriate amount of Bu6Li was added neat as a
thick yellow oil.
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Single-Molecule Spectroscopy of a Dendrimer-Based Host ± Guest System
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Abstract: We report on a single-molecule study of a host ± guest system that consists
of a second-generation polyphenylene dendrimer and the cyanine dye Pinacyanol.
The use of single-molecule spectroscopy enables us to obtain more detailed
information on the properties of the host ± guest system and can be used to confirm
solution data. At low dye to dendrimer ratios the system is present as a one-to-one
complex, while for higher ratios an ion-pair system is formed. Changes in the spectral
properties of the single molecules are explained by differences in local polarisability.
The difference of the triplet lifetimes of single free dye molecules and of associated
ones is interpreted as deriving from a larger free volume for the dye molecules in the
dendritic host relative to the rigid polymer matrix.


Keywords: dendrimers ´ fluores-
cence ´ host ± guest chemistry ´
single-molecule spectroscopy


Introduction


The development and study of host ± guest systems involving
dendrimers have attracted a lot of attention in the past years,
as a result of their possible applications. Dendrimers are ideal
container molecules owing to their unique three-dimensional
architecture, and they can be applied, for example, as carrier
systems for drug transport. Several host ± guest systems with a
manifold of dendritic hosts have been reported, amongst
which are substituted poly(propyleneimine),[1] cyclophane
dendrimers,[2] and dendrimer-based micellar structures.[3]


The investigation of such systems at the single-molecule level
allows us to get a better understanding of the interactions; this
is required to finally reach the aim of a controlled association
and release of the guest. Single-molecule spectroscopy (SMS)
is capable of elucidating the influence of the immediate
environment of the molecule within the probed system and
can reveal specific interactions.[4] Moreover, the study of
host ± guest systems is attractive for SMS, since the dendrimer
provides a well-defined environment for the fluorophore.


In this first SMS study of an organic synthetic host ± guest
system (HGS), a second-generation polyphenylene dendri-
mer (8) with carboxylic acid groups at the outer rim acts as the
host (see Scheme 1 below), while the cyanine dye Pinacyanol
(1) serves as the guest.


Cyanine dyes are intensely coloured, cationic polymethine
dyes and have been extensively studied.[5] In solution the main
nonradiative relaxation process for the excited singlet state is
the rotation around the conjugated polymethine chain.[6] The
quantum yield of fluorescence for this class of dyes increases
when the viscosity of the environment increases, because the
rotational freedom is restricted.[7]


In SMS the most studied cyanine dye is DiI (1,1'-dialkyl-
3,3,3',3'-tetramethylindocarbocyanine, with either C12 or C18


alkyl chains substituting the nitrogen).[8±10] DiI is regarded as a
prototype for a three-level system, involving the ground state
S0 and the excited states S1 and T1. This model and the fact
that the triplet lifetime of the molecule in a polymer matrix is
of the order of milliseconds, if oxygen quenching is reduced,
makes it an interesting system to be studied by single-
molecule spectroscopy. SMS studies on other cyanine dyes
have been reported.[11]
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Results and Discussion


Synthesis : The 16-fold carboxy-substituted polyphenylene
dendrimer 8 was synthesised by means of the synthetic
concept previously presented.[12] Starting point of the den-
drimer synthesis is the tetrahedral tetra-(4-ethynylphenyl)-
methane (2) (see Scheme 1). By Diels ± Alder cycloaddition
of 3,4-bis-(4-triisopropylsilylethynylphenyl)-2,5-diphenylcy-
clopentadienone (3) in refluxing o-xylene and subsequent
cleavage of the triisopropylsilyl protecting groups with
ammonium fluoride and catalytic amounts of tetrabutylam-
monium fluoride in THF, the first-generation ethinyl-substi-
tuted polyphenylene dendrimer 6 is obtained in quantitative


yield. By addition of 3,4-bis-(4-cyanophenyl)-2,5-diphenylcy-
clopentadienone (5) to dendrimer 6 the 16-fold cyano-
substituted dendrimer 7 is obtained. Dendrimer 7 is isolated
after precipitation in methanol as a white amorphous powder
in 91 % yield. The hydrolysis of the cyano-substituted
dendrimer 7 with potassium hydroxide in tetraethylenglycol
at 180 8C yields after 48 h the 16-fold carboxy-substituted
dendrimer. The carboxy dendrimer is isolated by precipitation
of the dendrimer in hydrochloric acid (1m). Deprotonation of
the carboxy dendrimer with NaHCO3 gives the dendritic host
8.


3,4-Bis-(4-cyanophenyl)-2,5-diphenylcyclopentadienone
(5) itself is synthesised by the copper(i)-catalysed substitution


Scheme 1. Divergent synthesis of the cyano- and carboxy-substituted polyphenylene dendrimers 7 and 8.
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of the bromine substituents of 3,4-bis-(4-bromophenyl)-2,5-
diphenylcyclopentadienone (11) with potassium cyanide in
refluxing DMF (see Scheme 2). 3,4-Bis-(4-bromophenyl)-2,5-
diphenylcyclopentadienone (11) itself is obtained by Knoe-
venagel condensation of 1,3-diphenylacetone (9) and 4,4'-
dibromobenzil (10) catalysed by potassium hydroxide in
refluxing ethanol.


Scheme 2. Synthesis of the cyano-substituted tetraphenylcyclopentadi-
enone 5.


Characterisation, done by NMR spectroscopy and MAL-
DI-TOF mass spectrometry, proved the purity and mono-
dispersity of the synthesised dendrimers. The complete
conversion of the cyano groups into the carboxyl groups can
be monitored with IR spectroscopy before and after hydrol-
ysis; the spectra exhibit the disappearance of the 2200 cmÿ1


absorption band.
Whereas the cyano- and ethinyl-substituted dendrimers


have good solubility in organic solvents like dichloromethane,
THF or toluene, the protonated carboxy-substituted poly-
phenylene dendrimer is only well soluble in polar organic
solvents like methanol, ethanol or dimethylsulfoxide, poorly
soluble in THF and insoluble in water. The deprotonated
dendrimer 8 is in contrast soluble in water up to 10 g Lÿ1.


Ensemble spectroscopy: Figure 1 depicts the absorption and
normalised emission spectra of Pinacyanol (1) in water and of
the host ± guest system Pinacyanol/dendrimer (1 in 8) in
water. The two systems differ in the quantum yield (free 1 in
water Ffl 9� 10ÿ4,[13] 1 in 8 Ffl 1.4� 10ÿ2) as well as in the
position of the emission spectra (lmax(1)� 625 nm; lmax(1 in
8)� 648 nm).


The enhancement of the quantum yield is related to the
more rigid environment of the dye molecule in the dendrimer
host. By addition of the dendrimer the absorption and the


Figure 1. Absorption and emission spectra for aqueous solutions of free
compound 1 (red lines) and the host ± guest system 1 in 8 (blue lines).


emission spectra of 1 undergo a red shift. For a molecule like 1
with a weak permanent dipole moment in the ground state,
the positions of absorption and emission spectra are princi-
pally determined by the polarisability of the solvent.[14]


Figure 2 shows a plot of the absorption maximum of 1 as a
function of the Bayliss function of the refractive index ns of
the solvent [Eq. (1)].


f(ns)� [n2
s ÿ 1]/[2n2


s � 1] (1)


Figure 2. Bayliss graph for 1. Solvents used are from left to right:
methanol, water, acetone, acetic acid, isopropanol, ethyleneglycol, DMF,
chloroform, DMSO, benzonitrile, benzaldehyde.


It can be deduced from Figure 2 that 1 in the host 8
experiences a refractive index nr of 1.55, a value close to those
of benzoic acid (nr� 1.54 at 132 8C) and benzonitrile (nr�
1.529 at RT). This indicates that 1 is residing in a host
environment.


Figure 3 shows that the association of the dye molecules is a
dynamic equilibrium in solution. Already the host ± guest
system with a ratio of 1:1 gives a first indication for dye
aggregation. The inset in Figure 3a depicts an isobestic point
at 566 nm, which is found for a dye to dendrimer ratio lower
than two and which can be attributed to the monomer and
dimer of compound 1. H-aggregates of cyanine dyes have
been reported to have blue-shifted absorption spectra.[15]


Moreover, the association constant KHGS for 1 in 8 must be
high, as no evidence for nonassociated molecules can be seen
in Figure 3 for dye to dendrimer ratios lower than one. Upon
further addition of dye to the host solution, thus increasing the
ratio dye to dendrimer, a new blue-shifted absorption band
appears at 490 nm. This band can no longer be considered to
derive from aggregates of multiple dye molecules, but can be
explained by an interaction of the cationic dye with the
anionic carboxylic groups of the dendrimer.[16] This ion-pair
species is not fluorescent, as localisation of the positive
charges changes the delocalisation along the conjugated
bonds into an alteration of single and double bonds and
rotation around this chain gets more likely.[5d] Furthermore,
the presence of an ion-pair species is corroborated by the fact
that precipitation takes place for host ± guest systems with a
high dye to dendrimer ratio in water, as the final species is
supposed to be neutral.
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Figure 3. a) Absorption spectra of host ± guest systems with dye to
dendrimer ratios of 1:5 to 2.5:1. The inset demonstrates the isobestic point
at 566 nm. b) Absorption spectra for dye dendrimer ratios of 1) 12:1, 2) 4:1,
3) 2:1, 4) 1:1, 5) 1:2.


Summarising, the solution data reveal that the system
possesses two different stabilising modes. For a low ratio dye
to dendrimer the host ± guest interaction is based on an
electrostatic interaction enhanced by solvophobic effects,
while for subsequently associated dye molecules the electro-
static interaction is the principal one, resulting finally in an
uncharged ion-pair complex.


Single-molecule spectroscopy (SMS): SMS is able to provide
further evidence as to whether one or more dye molecules are
associated with one dendrimer.
Moreover, a statistical analysis
of a number of single molecules
can provide more specific in-
sight into the nature of possible
single or multiple occupation of
the host. Figure 4 shows confo-
cal fluorescence microscopy im-
ages for 1 embedded in a thin
polyvinylalcohol (PVA) film
(Figure 4b) and for 1 in 8 in


PVA (Figure 4a). In first instance the host ± guest system was
prepared with a dendrimer to dye ratio of 1:1.


The signal-to-background ratio, as can be seen in Figure 4,
indicates that the quantum yield of fluorescence of 1 is very
much increased in PVA compared to the solution.[17]


The images were acquired under identical experimental
conditions, that is, the amount of dye molecules used per
volume was the same as well as the spin coating speed and the
polymer concentration. During the recording of the images
the samples were purged with nitrogen to decrease possible
influence of oxygen. In addition, the characteristics of PVA
further reduce the influence of oxygen, since it is almost
impervious to oxygen (permeability P� 0.00655�
10ÿ13 [cm3 cm][cmÿ2 sÿ1 Paÿ1]).[18]


The spots in the fluorescence image in Figure 4 can be
differentiated by the relative contributions of the off-periods
(dark pixels versus bright pixels). Whilst for 1 in 8 the spots
show a homogeneous intensity profile (Figure 4a), just a few
bright pixels can be observed for the samples of free 1
(Figure 4b). This points to a different excited-state behaviour
of 1 in the respective environments.


Spectral characterisation could be done only for the spots
with a sufficiently high fraction of on-times. Figure 5 depicts
single-molecule spectra of compound 1 (-&-) and the host ±
guest system 1 in 8 (-*-), both embedded in PVA, as well as
the distribution of the emission maxima for 128 spots of the
host ± guest system. The distribution is centred at 645.8 nm,
resembling the solution spectrum of the host ± guest system in
water (lmax 648 nm). Fluorescence lifetime measurements
exhibited a broad monomodal distribution centred at 1.9 ns
(FWHM 0.9 ns).


As a comparison, spectra of a few bright spots in the images
for the sample 1 in PVA, which were hardly encountered,
showed exclusively emission maxima between 628 and
635 nm. We attribute these spots to molecules that are at an
interface, either at the glass ± polymer interface, and thus
coupled to the electronical properties of the substrate, or at
the air ± polymer interface, and consequently have a higher
oxygen content. The spectral position of the emission can be
explained with the free dye molecules experience a polar-
isability close to that for PVA (nr(PVA)� 1.489 at RT).[18] This
difference in spectral properties is clear evidence that
molecules of 1 in the presence of dendrimer reside in a host
environment.


The influence of the polarisability on the absorption and
emission properties of dyes, reported above for solution data,
seems to be applicable also at the single-molecule level and
could be a parameter that leads to spectral shifts of single


Figure 4. Confocal fluorescence images acquired for the two systems that were used. a) 1 in 8 in PVA; b) 1 in
PVA.
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Figure 5. Single-molecule spectra for free 1 ( ± & ± ) and encapsulated 1 in 8
( ± * ± ) embedded in PVA. The inset shows the distribution of emission
maxima for 54 host ± guest systems.


molecules.[4a, 19] In particular, differences in local polarisability
might account for the spectral shifts of the emission maximum
of spectra of 1 in 8, because of the presence or absence of
water. Hence, cyanine dyes can function as a probe for local
polarisability.


To reveal whether the altered dynamic behaviour of the
host ± guest system with respect to the free dye molecules in
Figure 4 is caused by multiple molecules in one spot,
measurements with modulation of the excitation polarisation
were performed. Linear-polarised light is guided through a
half-wavelength plate, which rotates with a controlled,
stabilised frequency. For a dipole fixed in space, this results
in a cos2 intensity modulation. Assuming that a single
molecule is completely immobilised in a polymer matrix, the
measurement of one molecule displays the superimposed
frequency in the recorded fluorescence intensity trace.
Whenever the incident polarisation is parallel to the transition
dipole of the molecule, the intensity trace will show a
maximum, while no fluorescence is observed in the transient
whenever the incident polarisation is perpendicular to the
orientation of the transition dipole of the molecule. By
contrast, measurements of multiple molecules will exhibit an
intensity trace that is composed of several cos2 intensity
modulations, one for each excited molecule.[20] As not all
transition dipoles will be parallel, superposition of the cos2


functions will lead to more complex intensity traces. Figure 6
depicts modulation traces for the host-guest system with
nominal dye to dendrimer ratios of 1:1 and 3:1.


The deep modulation in Figure 6a provides good evidence
for the assumption of one guest molecule per host for a
nominal ratio 1:1. However, from the measurements con-
ducted on samples with nominal ratios of 3:1 and 6:1, some
25 % of all acquired transients have altered patterns com-
pared with the pure modulation pattern, as shown in Fig-
ure 6b. The absence of modulation down to zero is a proof for
more than one dye molecule within one host. Furthermore,
the pronounced out-of-phase modulation gives evidence for
the presence of at least two independent chromophores.[20b]


Figure 6. Modulation traces for 1 in 8 in PVA with a ratio dye to dendrimer
of a) 1:1 and b) 3:1. The superimposed frequency was 4 Hz, as exemplified
in the upper panel.


These findings further substantiate the conclusion drawn from
the solution data, that only a few dye molecules, preferably
just one, will be associated to the dendrimer without
aggregation; this is comparable to the possible ratios that
were reported for another group of dendrimer/dye host ±
guest systems.[21]


The off-time characteristics of 1 were further investigated
for two reasons. First, triplet lifetimes in the range of tens of
milliseconds were reported for the similar dye DiI[8] and,
second, the altered dynamics of the free and associated 1
might lead to insight into the origins of the different
interactions. As stated above, the molecules embedded in
PVA will exhibit triplet lifetimes that are hardly influenced by
the presence of oxygen as PVA has low coefficients of
permeability and diffusion of oxygen.


Figures 7a and c display a recorded transient and a
distribution of calculated triplet lifetimes tT for 29 molecules
of 1 in PVA. The off-times were exclusively assigned to the
dye molecules in the triplet state, and not to a likely cis ± trans
isomerisation, which was recently proposed to affect the
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photophysics of single DiI molecules on a glass surface.[10b] To
extract the triplet lifetime out of the transient, a threshold was
set which divided the transients into on-regions (signal higher
than the threshold) and off-regions (signal lower than the
threshold). Histograms were made of the off-times, and the
resulting data points were fitted to a best-fit single exponen-
tial decay. Only transients with a sufficiently high signal-to-
background ratio were considered to ensure that the applied
threshold did not bias the extracted triplet lifetimes. The
maximum tT extracted was 81.1 ms, in the range of that found
for DiI in an oxygen depleted polymer film,[8] 1 in PVA
films,[22] and for similar cyanine dyes at 77 K.[24] This is an
indication that the off-times relate to the molecule being in
the triplet state. Things are different for the spots found for
the host ± guest system. As can be seen in Figure 7b, a faster
on ± off switching is observed; this points towards a shorter
triplet lifetime. Traces that contain very fast on ± off and off ±
on switching can no longer be analysed with the above-
mentioned threshold method, if one does not want to change
experimental conditions. These data were analysed with a
programme that is based on the generating functionals
formalism.[23] Figure 7d portrays the off-time distribution for
56 single host ± guest systems. The distribution shows a peak
at 400 ms.


It has to be emphasised that the absolute fluorescence
signal in the on-state, and consequently the quantum yield, is
the same for both cases as can be seen in Figures 7a and b. The
altered behaviour in image and fluorescence intensity trace is
exclusively caused by variation of the off-time kinetics.


Since we know that the triplet lifetime for the dye
molecules dispersed in PVA in the absence of the host is
substantially longer, these short triplet lifetimes have to
originate from interaction with the different environment that
the dye molecules experience in the dendritic host. A possible
explanation can be given assuming an influence of the free
volume. The dendritic host might provide a less rigid
surrounding to the dye molecules compared with the polymer,
as PVA has an exceptionally rigid microstructure owing to a
high degree of hydrogen bonding. This larger free volume will
open up additional pathways, for example, the above-cited
cis ± trans isomerisation or other relaxation processes to the
ground state. These additional pathways will only compete
with processes occurring on a similar timescale.


As possible rotation and cis ± trans isomerisation will still be
hindered in comparison to the solution, these processes are
likely to happen in the timescale of microseconds. This means
for 1 in 8, that as long as the system is in an on-state, it acts like
free 1 in PVA, while after inter-system-crossing to the triplet
state T1 takes place, the depletion of the triplet state is
accelerated due to these additional processes.


Another interpretation for the occurrence of the in-host
dynamics takes into account the association of molecules of 1
with the dendrimer. The carboxylic groups at the rim of the
host attract the charged dye skeleton, while the ethyl
substituents are likely to stick into the polyphenylene core;
this is corroborated by the fact that cyanine dyes with long
alkyl chains cannot be associated to the box. This field effect
might have an influence on the inter-system-crossing yields.


Figure 7. Fluorescence intensity traces for a) free 1 and b) the host ± guest system 1 in 8. Panels c) and d) display the off-time distributions for 29 molecules 1,
and for 56 host ± guest systems 1 in 8, respectively.
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Conclusion


A dendrimer-based organic synthetic host ± guest system was
investigated both in solution and at the single-molecule level.
This approach allowed us to obtain information about the
nature of association of the host and guest, and it was possible
to discriminate quantitatively between dyes incorporated
within the host structure and dyes associated with the host
structure. Only two noninteracting dye molecules can be
encapsulated in the dendritic host. Upon increasing the guest
to host ratio, the guest molecules reside at the charged rim of
the host forming counterion pairs with the negatively charged
carboxylic groups. The single-molecule studies demonstrate
that the photophysical parameters of the dyes incorporated in
the host differ from those of the free dye; this was assigned to
differences in free volume. Hence, the study indicates that it is
feasible to obtain insight into the interactions taking place
within a host ± guest system at the molecular level. Such
insight is essential for possible applications of such systems.


Experimental Section


Preparation of the host ± guest system : Separate aqueous solutions of the
dendrimer 8 and the dye 1 were made. The host ± guest system of 1 in 8 was
made in the desired ratio by just mixing the two solutions with appropriate
concentrations. Immediately, a change in colour was observed. Preparation
of the sample: Samples were prepared by spin coating a PVA solution
(1 wt %) with a dye concentration of 0.5 nm on top of a cover slip.


Spectroscopic measurements : The absorption spectra were measured on a
Perkin ± Elmer Lambda-40 spectrophotometer and the fluorescence spec-
tra on a SPEX Fluorolog 1680 spectrophotometer.


The fluorescence of single molecules was detected by using a confocal
microscope (Nikon Diaphot 200 or Olympus IX 70) with an oil immersion,
high-numerical aperture lens and an avalanche photo diode (EG&G,
Canada) with a suitable filter (585 nm long pass) serving as the detector.
The fluorescence intensity traces for compound 1 were acquired with
integration times of 500 ms. The fluorescence traces for the host ± guest
system were acquired with the modified BIFL method (burst-integrated
fluorescence lifetime).[26] The fluorescence spectra were recorded with a
liquid-nitrogen-cooled, back-illuminated CCD camera (Princeton Instru-
ments) coupled to a polychromator (SpectraPro 150, Acton Research
Corporation) with 5 s integration time. The excitation source was a dye-
laser (Model 375 Spectra-Physics, Rhodamine 6G in Ethylene Glycol),
pumped by an argon-ion laser in multi-mode (Spectra-Physics). The
wavelength used was 577 nm.


Because different fluorescence behaviour was reported for single-molecule
samples containing PVA as matrix that were used directly after preparation
compared to ones that were used one day after preparation, samples were
used 12 h after the spin-coating process at the earliest.[13a]


Characterisation


Compound 4 : M.p. 253 8C; 1H NMR (300 MHz, C2D2Cl4, 303 K): d� 7.45
(d, 3J(H,H)� 8.6 Hz, 4H; H6, H6'), 7.28 ± 7.20 (m, 6H; Harom), 7.12 ± 7.05 (m,
4H; Harom), 6.95 (d, 3J(H,H)� 8.6 Hz, 4H; H5, H5'); 13C NMR (75 MHz,
C2D2Cl4, 303 K): d� 199.4 (C1), 151.7 (C3), 137.5 (C4), 132.4, 130.3, 130.0
(CAr), 129.5 (C8), 128.7 (CAr), 127.3(C2), 118.7 (C12), 112.6 (C7); MS
(8 kV): m/z : 434.1 [M]� .


Compound 6 : M.p. >300 8C; 1H NMR (300 MHz, C2D2Cl4, 303 K): d� 7.47
(s, 8H; H1'), 7.43 (s, 4H; H1), 7.28 ± 6.96 (m, 96H; Harom), 6.90 ± 6.38 (m,
136 H; Harom); 13C NMR (75 MHz, C2D2Cl4, 303 K): d� 145.4, 144.9, 144.5,
141.9, 141.7, 140.9, 140.7, 140.6, 140.1, 139.7, 139.4, 139.1, 138.8, 138.5, 137.8,
137.5, 137.0 (Cquat), 132.2, 131.7, 131.3, 131.0, 130.6, 130.2, 129.9, 129.4, 128.8,
128.2, 127.4, 127.2, 126.9, 126.5 (Ctert), 119.3, 110.0, 109.7 (Cquat); MALDI-
TOF MS: m/z : 5315.03 [M�Na]� .


Compound 7: M.p. >300 8C; 1H NMR (300 MHz, [D6]-dimethylsulfoxide,
303 K): d� 7.90 ± 5.60 (m, 244 H; Harom); 13C NMR (75 MHz, [D6]dime-
thylsulfoxide, 303 K): d� 166.8 (C1), 144.3, 143.9, 140.3, 139.9, 138.5, 137.5
(Cquat), 131.1, 129.3, 128.0, 127.9, 127.6, 126.7, 125.4 (Ctert) ; MALDI-TOF
MS: m/z : 5623.6 [M�K]� .
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Definitive Support by Transmission Electron Microscopy, Electron
Diffraction, and Electron Density Maps for the Formation of a BCC Lattice
from Poly{N-[3,4,5-tris(n-dodecan-l-yloxy)benzoyl]ethyleneimine}


Hu Duan,[b] Steven D. Hudson,[b] Goran Ungar,[c] Marian N. Holerca,[a] and Virgil Percec[a]*


Abstract: Transmission electron micros-
copy (TEM), electron diffraction (ED),
and electron density maps (EDM) ex-
periments were carried out on a poly-
{N-[3,4,5-tris(n-dodecan-l-yloxy)benzoyl]-
ethyleneimine} {poly[(3,4,5)12G1-Oxz]}
with a degree of polymerization (DP) of
20. All experiments confirmed the ther-
motropic body-centered cubic (BCC)
Im3Åm lattice suggested previously by
X-ray diffraction (XRD) experiments.
The unit cell parameter determined by
ED at 23 8C is a� 42.4 �, in good agree-


ment with XRD results which show a�
42.6 � after quenching from 70 8C.
EDM of the XRD results confirm that
the supramolecular minidendrimer ob-
tained from poly[(3,4,5)12G1-Oxz]
adopts a spherical ªinverse micellar-
likeº structure, with the polyethylene-


imine backbone and the aromatic
groups microsegregated and concentrat-
ed in the corners and in the center of the
cubic unit cell. A space-filling continu-
um is realized by the n-alkyl groups that
radiate out of the aromatic core of the
spherical dendrimer. This manuscript is
only the second example of complete
structural analysis of a lattice generated
from supramolecular objects and com-
plements the previous example reported
from our laboratory on the Pm3Ån lattice.


Keywords: dendrimers ´ electron
density ´ electron diffraction ´ elec-
tron microscopy ´ supramolecular
chemistry


Introduction


Our laboratory has elaborated strategies for the design and
synthesis of monodendritic and minidendritic building blocks
that self-assemble in bulk into supramolecular dendrimers.
Upon functionalization with suitable polymerizable groups
followed by polymerization, the same monodendrons gener-
ate macromolecular dendrimers. Both the supramolecular
and the macromolecular dendrimers exhibit shapes that have
the perfection to self-organize and co-organize in two-dimen-
sional (2-D) and three-dimensional (3-D) lattices and super-
lattices (Scheme 1). So far, we have reported the 2-D p6mm
hexagonal columnar lattices[1a,e, 2] self-organized from cylin-


drical supramolecular and macromolecular dendrimers and
the hexagonal columnar superlattices[3] co-organized from
mixtures of 3-cylindrical bundle supramolecular miniden-
drimers with cylindrical supramolecular minidendrimers. We
have also reported the synthesis of spherical molecular,
supramolecular and macromolecular dendrimers that are able
to self-organize into three-dimensional (3-D) Pm3Ån[4] and
Im3Åm[5] cubic lattices.


The rational approach to the design of these building blocks
involves the determination of the lattice in which the
molecular, supramolecular and macromolecular dendrimers
are self-organized followed by the retrostructural analysis of
this lattice (Scheme 1). In the first step of this process, a
combination of differential scanning calorimetry (DSC) and
thermal optical polarized microscopy (TOPM) is used to
identify a lattice.[1a,e, 2±5] These experiments produce a qual-
itative estimation of the nature of the bulk phase. Subse-
quently, X-ray diffraction experiments (XRD) performed on
single crystal or single crystal liquid crystal specimens are used
to determine the lattice symmetry.[1a,e,n, 2±5] A combination of
electron density maps (EDM), transmission electron micros-
copy (TEM), and electron diffraction experiments (ED) is
used to confirm the symmetry of the lattice and to determine
the shape of the objects that forms the lattice.[1d, 4, 6] During
this structural analysis process, various modes of self-assembly
of the monodendritic building blocks into supramolecular
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objects of different shapes and their subsequent self-organ-
ization in lattices is screened by EDM. After the shape of
these supramolecular and macromolecular objects in the bulk
phase is determined by these methods, scanning force micros-
copy (SFM) is used to visualize them in a lattice or as
individual molecules on a surface.[2i,j] Finally, the retrostruc-
tural analysis of lattices generated from supramolecular
dendrimers of known shapes by using the lattice dimensions,
the mode of self-assembly of the monodendrons and the
density data provides access to the shape, size, and number of
monodendritic building blocks that form the supramolecular
or macromolecular dendrimer.[1a±e, 4, 7]


Recently, we have discovered that poly{N-[3,4,5-tris-
(n-dodecan-l-yloxy)benzoyl]ethyleneimine} {poly[(3,4,5)12G1-
Oxz]} with a degree of polymerization DP� 20 forms most
probably an ªinverse micellarº- or ªwater-in-oilº-like (similar
to the lyotropic type III) thermotropic body-centered cubic
(BCC) liquid crystal (LC) phase. Fiber X-ray diffraction
(XRD) experiments showed that the extinction symbol of this
phase is IÐand the most probable space group of the lattice
was considered to be Im3Åm (Q229). The unit cell parameter is
a� 42.6 �.


Phase separated cubic morphologies were observed pre-
viously in the field of block-copolymers.[8] A ªmicellarº type
Im3Åm phase was first shown by electron microscopy in a
triblock copolymer[9] and later by neutron scattering in a
diblock compound.[10] Nevertheless, the ªmicellarº type phase
from block copolymers does not belong to the Im3Åm ªinverse
micellar-likeº classification, as in the case of the LC lattice
formed by poly[(3,4,5)12G1-Oxz] .[5] This lattice is encoun-
tered in many other examples of supramolecular and macro-
molecular dendrimers synthesized in our laboratory and its
retrostructural analysis will be used in the determination of


the shape of their corresponding monodendrons. Therefore, a
definitive elucidation of the lattice space group and the mode
of self-assembly of the monodendrons in the corresponding
supramolecular dendrimers is necessary. The goal of this
publication is to provide the definitive demonstration of this
lattice space group, of the shape of the objects that create the
lattice and of the mode of self-assembly of the repeat units of
poly[(3,4,5)12G1-Oxz] by a combination of TEM, ED and
EDM.


Results and Discussion


The DSC trace of poly[(3,4,5)12G1-Oxz] (DP� 20) recorded
at 10 8C minÿ1 (Figure 1) shows two endothermic transitions
on heating: one at ÿ12 8C (DH� 19.5 Jgÿ1), into the thermo-
tropic LC phase and another at 131 8C (DH� 1.7 Jgÿ1), into
the isotropic liquid. On cooling the reverse sequence of
transitions occurs, with a small hysteresis (exothermic peaks
at 122 8C and ÿ16 8C).


TOPM was used to assess qualitatively the structure and
properties of poly[(3,4,5)12G1-Oxz] at various temperatures.
At room temperature, no birefringence was detected under
crossed polarizers in the thermotropic LC phase. The material
is optically isotropic. Upon heating, the material shows no
change in terms of birefringence. Using bright field observa-
tion, a significant reduction in viscosity was observed at
125 8C, that is approximately the transition temperature
measured by DSC (the peak endotherm temperature equals
131 8C at a heating rate of 10 8C minÿ1). The optical isotropy
and relatively high viscosity indicate that the phase at
T< 125 8C is cubic as shown by XRD.[5]


Scheme 1. Rational design of libraries of quasi-equivalent dendritic building blocks through retrostructural analysis of the lattices self-organized from their
supramolecular and macromolecular dendrimers. (a� lattice dimension).
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Previous characterization by XRD, indicated diffraction
arcs arranged in rings with relative reciprocal spacing equal to
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etc., consistent with a cubic lattice. The
absence of {421} reflections indicated that the extinction
symbol is I, which indicates a body centered symmetry.
Several centrosymmetric and non-centrosymmetric space
groups are possible: Im3Åm (#229), I4Å3m (#217), I432 (#211),
Im3Å (#204), I23 (#197), and I213 (#199).


Samples with carbon encapsulation (see Experimental
Section) were more suitable for TEM examination, because
without the second layer, the material could redistribute
during annealing, forming generally thicker films with a
stepped morphology (i.e., with discrete thickness). The
graded morphology is clearly shown by discrete color domains
of the reflected light image (Figure 2). Since the color changes
abruptly, it indicates that the thickness also changes abruptly.
That is, the image is stepped or terraced. This happens during
annealing in order to reduce surface energy. If the film
thickness were to change more gradually, many higher-energy
microscopic steps would exist. During annealing, these


Figure 2. a) Reflection optical microscope image of stepped morphology
of poly[(3,4,5)12G1-Oxz] with DP� 20 annealed on carbon coated mica.
b) A schematic representation of the stepped morphology; (110) planes.


coalesce together to reduce the
total energy associated with the
steps. A schematic illustration
of the low energy (110) steps is
shown in Figure 2 b.


Figure 3 shows different
zone-axis ED patterns of the
cubic phase. Sharp diffraction
spots were observed, and large
grain size was further con-
firmed by translation of the
specimen several micrometers
before observing a change in


the orientation of the crystallographic axes. The principal
orientation of the structure was such that the (110) plane was
in contact with the carbon substrate. Therefore, at normal
beam incidence, the diffraction pattern has a two-fold
symmetry (Figure 3 b). By tilting the sample about the [002]
axis by approximately 458, a four-fold symmetry appeared
(Figure 3 a). Alternatively, if the sample is tilted from the
normal beam incidence about the orthogonal [110] axis by
approximately 358, the hexagonal symmetric [111] zone axis
pattern appears.[3a] From Figure 3 a the four-fold rotation
symmetry is clear. Therefore, the point symmetry of the
reciprocal space (i.e. , Laue class) is m3Åm. This assignment
quickly eliminates three of the possibilities (Im3Å (#204), I23
(#197) and I213 (#199)) and leaves only Im3Åm (#229), I4Å3m
(#217), I432 (#211) if we consider the two-, three- and four-
fold symmetry in the diffraction pattern shown in Figure 3 b, c
and a, respectively (see Table 1).


By quantitative analysis of the diffraction spot intensity
(e.g., Figure 4), we found that the intensity of the 110
reflections is 30 to 100 times greater than that for the other
reflection planes. In total, four unique reflections were
observed: (110), (200), (211), and (220). Their respective
relative peak intensities were approximately 1, 0.03, 0.01, and
0.01. When comparing to the XRD data,[5] one must multiply
these intensities by the relative multiplicity of each respective
reflection. As such, the relative intensities are approximately
1, 0.015, 0.02, and 0.01. This result agrees again well with the
results from the XRD diffraction spot intensities.


TEM images were also obtained from each of the zone axes,
that is [100], [011], and [111] (Figure 3). The Fourier trans-
form power spectra of these images reproduce the ED
patterns from each zone. From analysis of the images and
the ED patterns, the d110� 30.0 � and consequently, the unit
cell parameter is determined as a� ���


2
p


d110, which is 42.4 �.
These results also agree with the experimental measurements
of XRD[5] that were obtained at 23 8C showing d110� 30.3 �
and a� 42.6 �. The slight difference can be attributed to an
analogous decrease of the column diameter with increasing
temperature as observed previously[11] in such systems as a
dual thinning effect: a) the increase of the g-gauche con-
formers in the paraffine tails, equivalent to a lateral shrink-
age; b) the building blocks are ªshedding offº, forming
thinner columns, more stable thermodynamicaly.


Considering the following arguments, it is most likely that
the space group is Im3Åm. If the unit cell in each instance
contained two micelles, the Im3Åm and I432 are quite different.


Figure 1. The molecular repeating structure (left side) and the second heating and first cooling DSC scans
(10 8Cminÿ1) of poly[(3,4,5)12G1-Oxz] with DP� 20.
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Figure 4. An intensity profile along the horizontal line through the center
of the electron diffraction pattern recorded on a Fuji image plate, as shown
in Figure 3a. The dark curve is Lorentzian fit to the background intensity
that originates from inelastic scattering diffraction spots. Peak intensities
reported in the text were determined after background substraction.


If the space group is I432, the micelles are chiral while the
Im3Åm micelles have octahedral symmetry. The nature of the
disorder in lattices generated from supramolecular objects
favors molecule aggregation of highest symmetry (Figure 5).


There will be no particular
interaction or molecular force
to cause the micelles to form
asymmetric structures.


In order to obtain informa-
tion on spatial organization of
molecular sub-units and test the
consistency of our model with
the measured diffraction inten-
sities, we proceeded to recon-
struct the electron density dis-
tribution 1(x,y,z) using the in-
tensities of the first four
strongest XRD peaks listed in
Table 2. Higher diffraction
peaks are significantly weaker
and their contribution to 1 was
neglected. Fourier summation
was performed using the ampli-
tudes Fhkl in Table 2 and taking
due account of Im3Åm symme-
try. The procedure was similar
to that described for the Pm3Ån
phase.[4] Since the space group
is centrosymmetric the struc-
ture factor is real and the phase
problem reduces to the choice
of sign in the summation. For
Im3Åm both the amplitude and


Figure 5. Schematic representation of spherical micellar-like objects in the
Pm3Ån and Im3Åm lattices (only aromatic part is shown).


the phase are invariant to permutation of indices. Out of the
24� 16 possible phase combinations, eight are related to the
other eight through 1' (x,y,z)�ÿ1 (x,y,z). In order to
facilitate a physically plausible choice electron density histo-
grams were calculated for each phase combination by


Figure 3. Electron diffraction patterns, TEM images, and Fourier transform power spectra of the TEM images of
poly[(3,4,5)12G1-Oxz] DP� 20. The electron diffraction patterns correspond to the images below. a) [010]
projection; b) [110] projection; c) [111] projection.


Table 1. Symmetry operation of five cubic point groups.


Schoenflies International Symmetry operation


T 23 E 8C3 3C2


Th m3Å E 8C3 3C2 I 8S6 3sh


O 432 E 8C3 3C2 6C2 6C4


Td 4Å3m E 8C3 3C2 6sd 6S4


Oh m3Åm E 8C3 3C2 6C2 6C4 I 8S6 3sh 6sd 6S4


Table 2. Integrated X-ray powder diffraction intensities (Ihkl) and the
corresponding structure factors Fhkl for the Im3Åm phase in poly-
[(3,4,5)12G1-Oxz] (arbitrary units).


hkl Ihkl Fhkl


110 100 100
200 1.4 23
211 2.2 18
220 1.1 21
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sampling 1 (x,y,z) at 503 points in a unit cell. Eight histograms
(volume fraction versus electron density) are shown in
Figure 6, with the other eight being their mirror images.


It was established by molecular modeling that 22.5 % of
volume is occupied by the high electron density fraction of the
molecule, that is backbone and the 3,4,5-trioxybenzyl resi-
dues. The remaining 77.5 % is occupied by the low electron
density n-dodecyl groups. Based on previous observations,[4]


we assume that a microphase separation occurs between the


aromatic and aliphatic moieties, we expect a large fraction of
the volume represented by the aliphatic fraction to be of
nearly constant low density, which should give rise to a narrow
peak on the low-density side of the histogram. In an ideal two-
phase structure with constant 1 within each sub-phase the
histogram would consist of only two sharp peaks with areas
reflecting the volume ratio of the sub-phases. Although none
of the histograms in Figure 6 complies with this idealized
situation, the histogram with all phase angles equal to zero


Figure 6. Electron density histograms for eight phase combinations using measured structure factors for X-ray reflections 110, 200, 211 and 220 (see Table 2).
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(marked ª����º) shows a remarkably narrow low-density
peak. Moreover, the demarcation line separating the 77.5 %
low-density volume fraction (dashed in Figure 6) is located
near the high-density edge of the peak, giving credence to this
particular phase choice. The� ÿ�� and� ��ÿ histograms
have similar characteristics, but the low electron density peak
is significantly broader. The attraction of the � �ÿÿ
combination is that the histogram shows two discrete peaks
with the demarcation line between them. However, the low-
density peak is significantly broadened. Other phase choices
are not consistent with the condition of microphase separa-
tion.


Electron density distributions for phase combinations
� ��� , � ÿ�� and � ��ÿ are all dominated by strong
maxima at the vertices (0,0,0) and in the center (1�2, 1�2, 1�2) of
the unit cell. EDM of the z� 0 and z� 0.5 levels, that is cuts
through the base and the center of the unit cell, are shown as
surface plots in Figure 7 for the � ��� phase combination.
The maxima stand out from the comparatively flat back-
ground. Equivalent maps for the � ÿ�� and � ��ÿ
combinations are similar but with a more uneven background.
If the low-density background is identified with liquid-like
paraffin chains, a reasonably even density is expected and we
therefore favor the � �� phase combination. In the case of
the � �ÿÿ combination rather unusual electron density
distribution is obtained, with maxima surrounding the 0,0,0
and 1�2,1�2,1�2 positions but with minima at these actual special
positions. Considering the unusual nature of such a distribu-
tion and the general unevenness of 1 this combination is
thought unlikely.


The contour plot of the z� 0.5 level of the most plausible
structure, that is � ��� , is shown in Figure 8. The contours
of the central density maximum are nearly circular. In
agreement with this and the data for other values of z, the
three-dimensional shape of the electron density maxima are
very close to spherical. In other words, the aromatic ± aliphatic
interface is spherical. Hence the structure can be described as


consisting of spherical aggregates containing the polymer
backbone and the benzyl groups, with the aliphatic chains
filling the remaining space.


Various types of simple micellar cubic mesophases have
been identified in both thermotropic and lyotropic systems. In
surfactant systems, at high surfactant concentration, it was
generally accepted that the stability of the cubic mesophases
appeared to increase in the following order: SC, FCC, BCC,
and Pm3Ån.[12±14] Therefore, observation of a BCC phase here
in a thermotropic material having similar chemical structure is
unusual. As discussed before,[1d, 6] the symmetry selection is
influenced by the degree and anisotropy of the distortion of
micelles packed in the lattice. According to XRD analysis,[5]


and geometrical analysis,[15] of the Pm3Ån structure, the
micelles are oblate and significantly distorted. In comparison
to Pm3Ån, both the anisotropy and the degree of micelle
distortion are less in the BCC structure. Indeed, in BCC the
anisotropy is zero. The degree of distortion is inversely related
to the hard sphere packing fraction of the lattice. The hard
sphere packing fraction is equal to 0.524 for Pm3Ån and 0.680
for BCC. Therefore the micelles of BCC are more spherical.
This shape suggests that the interface between the aromatic
micelle core and the aliphatic corona is less crowded, as a
result of the increased volume fraction of the corona (i.e.,
three tails per monomer repeat instead of two). Extrapolating,
we suspect that, by analogy with other experiments with block
copolymers,[16] addition of small amounts of a molecule that
solvates the corona is likely to produce even more spherical
micelles and result in FCC packing.


Conclusion


A poly(ethyleneimine) with tapered tri(dodecyloxy) benzoyl
side groups (i.e., minidendritic side groups),[3] {poly-
[(3,4,5)12G1-Oxz]} with degree of polymerization DP� 20
displays a body-centered cubic (BCC) phase. ED, EDM and


TEM imaging confirm definite-
ly the Im3Åm (Q229) space group
suggested previously[5] by DSC,
TOPM and XRD experiments.
Also, the lattice parameter de-
termined by ED, a� 42.4 �, is
in agreement with a� 42.6 �
determined by XRD. Further-
more, EDM of the XRD results
indicate that poly[(3,4,5)12G1-
Oxz] self-assembles in a spher-
ical supramolecular miniden-
drimer. The combined analysis
by DSC, TOPM, XRD, ED,
TEM and EDM indicated that
the supramolecular object con-
tains the polyethyleneimine
backbone enclosed in an aro-
matic core that is microsegre-
gated from the melted n-alkyl
groups. The self-organization of
the supramolecular miniden-


Figure 7. Electron density maps (surface plots) of poly[(3,4,5)12G1-Oxz] DP� 20 for z� 0 and z� 0.5 sections
a) through the Im3Åm cubic unit cell, b) obtained for the phase combination � ��� .
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Figure 8. Contour map showing electron density section through the
center (z� 0.5) of the Im3Åm unit cell. One and a half cells are shown, the
broken line delineating one unit cell. Dark blue colour indicates the lowest,
and brown colour the highest density. The strong maximum in the center
arises from the aromatic region of the micelle situated at the body center
(1�2, 1�2, 1�2). The circular contours show that this region has a nearly spherical
shape; b) Sketch of the unit cell showing the z� 0.5 plane containing the
spherical micellar shape shown in a). The edges of the unit cell are marked
with dashed lines.


drimer yields an ªinverse micellar-likeº structure, with the
aromatic core concentrated in the corners and in the center of
the cubic unit cell and the n-alkyl groups radiating out to form
a space-filling continuum in the Im3Åm cubic lattice. This
manuscript is only the second example of complete structural
analysis of a lattice generated from supramolecular dendritic
objects and complements the previous example reported from
our laboratory on the Im3Åm lattice.[1d, 4]


Experimental Section


The synthesis and XRD analysis of the bulk phase of poly{N-[3,4,5-tris-
(n-dodecan-l-yloxy)benzoyl]ethyleneimine} {poly[(3,4,5)12G1-Oxz]} oligom-
er with DP� 20 (Figure 1) used in this study was previously described.[5]


The degree of polymerization (DP) was controlled by the monomer to
initiator molar ratio DP� 20 since the polymer was generated by a living


cationic ring-opening polymerization reaction. Confirmation of the num-
ber-average molecular weight was provided by nuclear magnetic resonance
spectroscopic end group analysis and the narrow molecular weight
polydispersity (Mw/Mn� 1.1) was demonstrated by size-exclusion chroma-
tography.


Phase characterization was undertaken by using a combination of differ-
ential scanning calorimetry (DSC), thermal optical polarized microscopy
(TOPM) and transmission electron microscopy (TEM). An Olympus BX60
polarizing optical microscope was used in transmission mode, and a Zeiss
polarizing microscope used in reflectance. Sample temperature was
controlled during optical microscopic examination using a Mettler M80
hot stage.


TEM experiments were conducted on a JEOL JEM-100CX electron
microscope operated at 100 kV. A thin film was cast from a 1 % solution in
toluene onto carbon-coated mica. To prevent dewetting of the sample
during heat treatment, another layer of carbon (much less than 100 nm in
thickness) was evaporated on top of the material. The sample was then
floated on water and retrieved onto copper grids. Samples were heat
treated by first heating up to 130 8C (i.e., isotropic). They were then cooled
to 70 8C at a rate of 1 8C minÿ1 and annealed at this temperature for
approximately 2 h. Finally, the samples were quenched in liquid nitrogen
and examined without staining by TEM. Staining was not used because it
was found (by ED) to destroy the structure.


A sample holder capable of rotating the copper grid was used so that the
direction of the goniometer tilt axis could be adjusted to coincide with
special symmetry axes observed in the sample. Diffraction patterns from
the [001], [110], and [111] type zone axes were recorded by using Fuji film
FDP UR-V image plates. These image plates have a remarkable dynamic
range (covering more than four orders of magnitude in electron dose, that is
from 1� 10ÿ14 to 4� 10ÿ9 C cmÿ2 at 100 kV) and are able to record very
strong and weak reflections simultaneously. This compares very favorably
to the dynamic range of the film, which is approximately a factor of 30. The
particular limits of sensitivity of the film depend on film type and
developing conditions. Typical values are approximately from 1� 10ÿ11 to
3� 10ÿ10 C cmÿ2. The image plates are also useful for quantitative analysis
of diffraction intensities and of electron dose.


Due to the high sensitivity of the ordered structure, electron images, and
diffraction patterns were recorded using a minimal electron dose. The
endpoint dose for the (110) reflection was measured to be approximately
0.014 Ccmÿ2 (where now the area represents the area on the specimen
itself, not the area on the recording medium, as discussed in the previous
paragraph). The value of the endpoint dose is approximately three times
greater than the critical dose for polyethylene, which has a similar melting
temperature.[17] It is reasonable that the 3-D order of this lattice should be
more tolerant to rearrangements produced by the electron beam, because
of its greater inherent disorder in comparison to more ordered 3-D crystals.
The dose used to obtain lattice images was kept below the critical dose, as
confirmed by observation of the (110) electron diffraction (ED) spots after
the lattice image was recorded. The image plates were not used for lattice
imaging, because wide dynamic range is not required during imaging and
because the minimum pixel size (25 mm) of the image plates is larger than
the minimum feature size recorded by type SO-163 film.


X-ray diffraction (XRD) patterns were recorded using low-angle cameras
at Sheffield University and at the Synchrotron Radiation Source at
Daresbury, U.K. The Sheffield camera was equipped with a 18 cm Mar
image plate detector/scanner, while a multiwire proportional area detector
was used at Daresbury. Absence of preferred orientation was ascertained
and intensities were radially integrated and normalized to a line scan
format I(q). Integrated peak intensities Ihkl�


�
I(q)dq are listed in Table 2


for the four most intense peaks. Structure factors Fhkl , obtained from
Lorentz and multiplicity-corrected intensities, are also listed in Table 2.
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DOSY Study on Dynamic Catenation: Self-Assembly of a [3]Catenane
as a Meta-Stable Compound from Twelve Simple Components
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Abstract: Synthesis of [2]catenane 6 has
been successfully achieved by the com-
bination of Pd complex 1 and pyridines 2
and 3 at a molar ratio of 2:1:1 in D2O. A
mixture of square molecule 4 (prepared
from 1 and 2) and macrocycle 5 (ob-
tained from 1 and 3), in which the final
ratio of 1, 2, and 3 was kept 2:1:1
reorganizes in D2O/CD3OD (1:1) to
form 6 within one day. However, the
same mixture in D2O shows the forma-
tion of novel [3]catenane 7 along with
the [2]catenane. In order to make 7, the


theoretical ratio of components 1, 2, and
3 should be 3:1:2. Thus, deliberately
maintaining such ratio of the above-
mentioned molecules, a higher propor-
tion of the [3]catenane is observed in
D2O as found from 1H NMR spectra of
the system. Reorganization of the
twelve components to form [3]catenane


is supported by studies with the DOSY
method. This method is a first attempt to
separate, from a mixture, either cate-
nanes or any other supramolecular self-
assembly structures. CSI-MS studies fur-
ther support the assigned catenane super
structures 6 and 7. All the results indi-
cate that the [2]catenane is thermody-
namically the most stable structure,
while the [3]catenane is a meta-stable
self-assembly.


Keywords: catenanes ´ NMR spec-
troscopy ´ palladium ´ self-assembly
´ supramolecular chemistry


Introduction


Catenanes as fascinating structures have been a stimulating
area of research in the field of synthetic supramolecular
chemistry for the last two decades.[1] Further, the use of these
interlocked molecules in material research as building blocks
for the construction of molecular scale machines and nano-
materials,[2] biological research for the study of DNA repli-
cation,[3] and many other applications are subjects of consid-
erable current interest. Various promising synthetic methods
exist in literature for the synthesis of catenanes including
metal-[4] and organic-templating[5, 6] strategies, and self-assem-
bly strategies.


We have been involved in using the self-assembly of
pyridine-appended ligands in the presence of cis-protected
PdII/PtII ions to obtain [2]catenanes.[7] In contrast to the
cyclization in which covalent bond formation is the key step,


our method is much easier since self-assembly directs to
catenane formation in quantitative yields by simply combin-
ing suitably designed ligand/ligands with coordinatively
unsaturated metal ions (e.g., [Pd(en)(NO3)2]) under suitable
conditions. Such a self-assembly route, as an efficient ap-
proach for the construction of catenanes, was reported from
our laboratory in 1994, when we observed a novel [2]catenane
structure during a study on the metal-directed self-assembly
of coordination macrocycles. Recently, our interest is extend-
ing towards the synthesis of [3]catenanes, which is of course a
more synthetically challenging task. Due to the possibilities of
synthetic and technical difficulties, there are not many reports,
relative to those of [2]catenane, on the synthesis of [3]cate-
nanes[8] or higher ordered catenanes.[9] In fact, the results
presented herein is the first example of characterizing a
[3]catenane by a metal-mediated self-assembly route.


The [3]catenane was obtained from the study on an
alternative synthesis of a previously published [2]catenane.[7c]


During the self-assembly process we observed the formation
of a meta-stable intermediate [3]catenane along with the
expected [2]catenane structure. The characterization was
preliminarily performed by a proton NMR study of the
system, followed by DOSY (diffusion-ordered NMR spectros-
copy)[10] and CSI-MS (coldspray ionization mass spectrome-
try)[11] studies. In the DOSY method, two-dimesional NMR
spectra are recorded in which the x axis represents the
chemical shift value and the y axis the diffusion constant. The
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components of the mixture in the NMR tube possess different
rates of diffusion, and their corresponding signals appear in
different rows of the two-dimensional spectrum. These can be
separated into the individual one-dimensional spectra for
each component. Although the DOSY NMR method has
been utilized earlier for transition-metal-containing coordi-
nation complexes[12] and THF-solvated n-butyllithium aggre-
gates,[13] our report appears to be the first attempt of using a
hitherto unused technique for the detection of either cate-
nanes or any other supramolecular self-assembly structures.
The [3]catenane was successfully separated and characterized
by the DOSY method.


Results and Discussion


The [3]catenane was observed
when we examined the reor-
ganization of square molecule
4 and macrocycle 5 into [2]cat-
enane 6. Thus we first discuss
the self-assembly of individual
cyclic compounds (4 and 5) and
then the formation of the
[3]catenane.


Synthesis of square molecule 4 and macrocycle 5 : Square
molecule 4 and macrocycle 5 can be easily synthesized from
the precursors 1, 2, and 3 as described in Experimental
Section. The complexation reactions to obtain these mole-
cules in aqueous solution go smoothly in a short time (<1 h)
and at 100 8C. Complex 4 was successfully prepared by
combining 1 and 2 at a molar ratio of 1:1 in D2O, instead of
EtOH/MeOH/H2O mixture as reported earlier [Eq. (1)].[14]


The new PdII complex 5 was similarly synthesized from 1 and 3
[Eq. (2)] by mixing both components at a molar ratio of 1:1 in
various kinds of solvent systems such as 1) D2O, 2) CD3OD,
and 3) D2O/CD3OD (1:3).


In CD3OD or D2O/CD3OD, signals that are consistent with
the formation of macrocycle 5 are clearly obtained. However,


(1)


(2)


(3)


(4)
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when the 1H NMR spectrum was recorded in D2O, no signal
other than that of ethylenediamine moiety could be seen for
this molecule, probably due to the slow conformational
change of the macrocyclic framework on the NMR timescale.
Evaporation of D2O followed by the addition of CD3OD and
rerecording the NMR spectrum resulted in a spectrum which
is similar to that obtained from the synthesis of the macro-
cycle utilizing CD3OD as solvent. Further 1H and 13C NMR
spectra for the complex were completely assigned with the
help of H-H COSY and C-H COSY spectra.


Self-assembly of catenanes : We reported earlier[7c] that the
combination of 1, 2, and 3 in one pot at a molar ratio of 2:1:1 in
D2O leads to the formation of [2]catenane 6 [Eq. (3)]. On the
other hand, ligands 2 and 3, upon reaction with 1, give the
square-type molecule 4 and macrocycle 5, respectively
[Eqs. (1) and (2)].


Since the self-assembly of these compounds is a thermody-
namic event, we planned to combine 4 and 5 at a molar ratio
of 1:2, for which the final ratio of the components 1, 2, and 3
would be 2:1:1, in expectation of the reorganization of 4 and 5
into catenane 6 [Eq. (4)].


During the study on the reorganization, we observed also
the formation of a new molecule that is characterized as
[3]catenane 7. Subsequently, the stoichiometry of the compo-
nents was tailored to prepare [3]catenane 7 in a higher
proportion.


The structure of [2]catenane 6 has been unambiguously
characterized by NMR spectroscopy, ESI-MS, and X-ray
crystallographic analysis.[7c] In the 1H NMR spectrum, five
aromatic signals out of six possible aromatic signals appear in
the usual region. Another aromatic signal, assigned as ArHb,
has a remarkable upfield shift that is a reliable evidence for
the interlocked structure. The conformation of the molecule is
that in which there is a minimum repulsion among the
positively charged metal centers.


Similarly, in case of the structure of [3]catenane 7, out of ten
aromatic signals, two signals again exhibited a very high
upfield shift as the corresponding hydrogens are positioned in
the shielded region of interlocked molecule 7. By using H-H
COSY and NOESY spectra of the system, the complete
assignment of all the peaks were carried out. The conforma-
tion may be suggested as that depicted here in which there is a
compromise among the metal centers so as to achieve


minimum repulsion. This conformation was again suggested
by molecular mechanics calculation and is discussed vide
infra.


Reorganization of 4 and 5 into [2]catenane 6 and [3]catenane 7


In D2O/CD3OD (1:1): In this mixed solvent we did not
observe the formation of [3]catenane 7, but a smooth
reorganization of 4 and 5 into [2]catenane 6. A solution of 4
in D2O and 5 in D2O/CD3OD (1:3) were combined under the
conditions given in Equation (4); thus the final solution was a
1:1 mixture of D2O/CD3OD. The solution was shaken in the
NMR tube and kept at 25 8C and the 1H NMR spectrum was
monitored at different time intervals (Figure 1) at ambient
temperature. After five minutes peaks due to the square
molecule 4 and macrocycle 5 could be observed. After
30 minutes very small additional peaks appeared, which
became pronounced after 2.5 hours. These new peaks resem-
ble those of [2]catenane 6 and became further pronounced


Figure 1. 1H NMR spectra showing the self-assembly of [2]catenane 6 by
reorganization of the molecular square 4 and macrocycle 5 at ambient
temperature (300 MHz, D2O/CD3OD (1:1), 25 8C, TMS as an external
standard).







Palladium Catenanes 4142 ± 4149


Chem. Eur. J. 2001, 7, No. 19 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4145 $ 17.50+.50/0 4145


after six hours. After one day no peaks other than those of 6
could be seen. This indicates the formation of solely the
[2]catenane and conveys the idea that the product is a more
stable assembly than compounds 4 and 5.


In D2O : The same experiment was performed in D2O instead
of the mixed solvent, while keeping other conditions similar to
the reaction in D2O/CD3OD. The NMR spectrum was
monitored in a similar fashion (Figure 2). After 5 min peaks


Figure 2. 1H NMR spectra showing the formation and equilibrium of
[2]catenane 6 and [3]catenane 7 from a mixture of the molecular square 4
and macrocycle 5 (300 MHz, D2O, 25 8C, TMS as an external standard).


due to square 4 were seen, but no peaks for macrocycle 5 were
observed. This is in accordance with the fact that macrocycle 5
exhibits no peaks in D2O. However, there were many small
peaks observed. After six hours a new set of peaks were
observed at the expense of the intensity of the peaks due to 4.
While peaks marked with a black disk were assigned for
[2]catenane 6, there still remained several unassigned signals
(marked with asterisks). These new signals were analyzed
very carefully, and we assigned them to the formation of the
new [3]catenane 7. After one day, signals of both 6 and 7
became clear along with those of 4. However, after seven days
the amount of 6 increased, while that of 7 decreased. Finally


after sixteen days 6 became the major product with only a
small amount of 7. The ratio of compounds 4, 6, and 7 were
calculated at different points in time from the integration ratio
of the concerned signals in 1H NMR spectra. After six hours,
one day, seven days, and sixteen days the ratio observed for
4 :6 :7 are 2.0:0.7:1.0, 1.1:1.3:1.0, negligible:3.5:1.0, and
0.0:11.7:1.0, respectively.


Synthesis of [3]catenane 7-±a meta-stable product : Theoret-
ically the ratio of 1, 2, and 3 necessary for the formation of the
[2]catenane 6 is 2:1:1, while that for the formation of
[3]catenane 7 is 3:1:2. Considering the results of the last
section it is clear that even if we used the ratio of components
for making 6, we still observed the formation of 7. Thus it
should be worth using the molar ratio for making exclusively 7
in order to understand more about the equilibrium of 6 and 7.
Accordingly, we examined a one-pot reaction of compounds 1,
2, and 3 at a ratio of 3:1:2 in D2O (Scheme 1 method a). The
reaction was carried out at 60 8C for 30 minutes, and the
1H NMR spectrum was then recorded. The data showed the
formation of [2]catenane 6 and [3]catenane 7 in a ratio of
4.0:1.0. Macrocycle 5, though not observed in the spectrum,
must be formed in the same amount as [2]catenane 6. This
result suggests that the equilibration between 5, 6, 7 favors the
[2]catenane.


The reorganization of 4 and 5 gave a higher proportion of 7
as a meta-stable component as discussed earlier. Thus we
examined the reorganization of 7 from 1, 2, and 5 (5 was
generated in situ from 1 and 3), for which the final ratio of the
components 1, 2, and 3 would be 6:2:4 (Scheme 1 method b).
First compounds 1 and 3 were mixed at a molar ratio of 3:2 in
D2O and were stirred at 60 8C for 30 minutes to obtain
macrocycle 5. Subsequently, the required amount of com-
pound 2 (i.e. , one equivalent molar ratio) was added. The
mixture was brought to 25 8C and was monitored by 1H NMR
spectroscopy after six hours stirring. Here the ratio of 6 and 7
was calculated to be 2:3 (Figure 3). After 15 hours the ratio
became 1:1 and slowly after a long time of 36 hours it became
4:1. This final ratio almost remained constant even after two
to three weeks.


The above two experiments let us conclude that the
equilibrium ratio of 6 and 7 under the reaction conditions is
4:1, but we can observe much higher proportion of [3]cate-
nane 7 (the ratio being 2:3) as a meta-stable component
during the reorganization process.[15]


Structure optimizations for catenanes were carried out
using Cerius2 program.[16] The energy-minimized structure is
represented in Figure 4. The dH value for the formation of
[3]catenane 7 from [2]catenane 6 and macrocycle 5 [Eq. (5)]
was estimated to be ÿ24.06 kcal molÿ1. Thus the formation of
7 is favored in terms of enthalpy. Probably the high entropy
cost in the formation of [3]catenane makes it difficult to
obtain [3]catenane 7 exclusively under thermodynamic con-
trol.


DOSY NMR study of [2]catenane/[3]catenane : [3]Catenane
7 obtained in a high proportion by the reorganization method
was subjected to a DOSY NMR study. The solution of the
reaction given in Equation (4) in D2O after one day was found
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to be a mixture of three major
components. The differences in
diffusion rates of the molecules
allowed the separation of these
components by the DOSY
method and were assigned as
the anticipated molecular
square 4, [2]catenane 6, and
[3]catenane 7 (Figure 5). Simi-
larly, the solution of the reac-
tion shown in Scheme 1 by
method b (after 6 h) showed
the existence of 6 and 7 (Fig-
ure 6). We observed another
component in this mixture,
which was seen as very small
peaks in the earlier study of the
1H NMR spectrum (see Fig-
ure 3) and were not assigned.
The new component can be
seen in the middle region be-
tween the slices a and b of
Figure 6. The DOSY study in-
dicates that the size of the new
molecule is between that of 6
and 7. This component is as-
sumed to be different kind of
[2]catenane, such as 8, which is
formed during the conversion
of 7 to 6. Existence of structure
8 was supported by CSI-MS as
described below.


Scheme 1. Self-assembly of [2]catenane 6 and [3]catenane 7 by two methods. a) Components 1, 2, and 3 were combined together in D2O. b) Addition of 2 to a
solution of 1 and 3 in D2O (which assembles to form 5).


Figure 4. Energy-minimized structure (MD and MM2) of the [3]catenane 7 performed with the Cerius2


program.


Figure 3. 1H NMR spectrum obtained by combining the macrocycle 5, which was prepared in situ, and the
component 2 (spectrum recorded after 6 h), for which the final ratio of 1, 2 and 3 is 3:1:2 (500 MHz, D2O, 25 8C,
TMS as an external standard).
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Figure 5. Diffusion-ordered 1H NMR (DOSY) spectrum of a solution
obtained from the reorganization of 4 and 5 in D2O. The slices of the two-
dimesional DOSY spectrum for the diffusion coefficients of a) the
molecular square 4, b) [2]catenane 6, and c) [3]catenane 7 are shown.
d) Complete 1H NMR spectrum of the mixture.


CSI-MS study : CSI-MS has been proved as a powerful tool to
characterize labile self-assembling metal complexes in solu-
tion.[11] Thus the solution of the reaction shown in Scheme 1
(method b) was subjected to CSI-MS study to obtain the exact
mass of the catenanes as suggested by NMR spectroscopic
study. The peaks were observed for catenanes 6, 7, and 8
(Figure 7). The peak at m/z 1012 corresponds to [6ÿ 2 NO3]2�


and that at 1071 can be assigned to [7ÿ 3 NO3]3� confirming
the existence of [2]catenane and [3]catenane, respectively.
Further the peaks at 1102 can be assigned as [8ÿ 2 NO3]2� ;
this confirms the formation of the proposed species of
intermediate size concluded earlier from DOSY study.


Figure 6. Diffusion-ordered 1H NMR (DOSY) spectrum of a solution
obtained from the self-assembly of the components 1, 2, and 3. The slices of
the two-dimensional DOSY spectrum for the diffusion coefficients of a) the
[2]catenane 6 and b) [3]catenane 7 are shown. c) Complete 1H NMR
spectrum of the mixture.


In conclusion, the findings present here indicate that while
the [2]catenane is a thermodynamically stable product, a
kinetically stable [3]catenane exists during the process of the
self-assembly. It might be possible to achieve the formation of


(5)
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Figure 7. CSI-MS of a mixture of [2]catenane 6, [3]catenane 7, and
[2]catenane 8.


stable [3]catenanes by ligand design and through molecular
mechanics calculations based on the results described
above.


Experimental Section


Material and methods : All the chemicals were of reagent grades and used
without any further purification. Ethylenediamine was used for the cis-
protection of PdII, as described earlier,[14] to obtain [Pd(en)(NO3)2] (1).
While, 4,4'-bipyridyl 2 was obtained from Tokyo Kasei Ind., the ligand 3
was prepared following the procedure as reported earlier.[7c] The square
complex 4 was also reported earlier from our group.[11] However, we have
now prepared the complex 4 using an alternative solvent as described
below. The NMR data of [2]catenane 6 obtained during the course of the
reactions reported in this work agrees well with that of the previously
published data of the same [2]catenane.[7c] Deuterated solvents were
acquired from Cambridge Isotopic Laboratories and used as such for the
complexation reactions and NMR measurements. 1H NMR spectral data
were recorded either on a JEOL AL 300 MHz or Bruker DRX 500
spectrometer. These data were collected at ambient temperature unless
otherwise noted, and the chemical shift values reported here are with
respect to external TMS standard. 13C NMR, H-H COSY, and C-H COSY
spectra were recorded on the Bruker AMX 500 spectrometer. CSI-MS
(Coldspray ionization mass spectroscopy) data were measured on a four-
sector (BE/BE) tandem mass spectrometer (JMS-700T, JEOL) equipped
with the CSI source. DOSY spectra were collected on a Bruker DRX 500
instrument equipped with a z axis gradient amplifier, operating at
500.13 MHz for 1H observation, and a BBO probe with z axis gradient
coil, at 300 K without spinning. The LED-BP (longitudinal eddy current
delay, bipolar gradient pulse for diffusion) program[17] was performed for
DOSY spectrum. The gradient duration was 3 ms, and the strength (G) was
varied during the experiment (at least 128 times for each experiment).
Diffusion times were 40 to 100 ms. Data processing was accomplished with
XWINNMR 2.1 (Bruker) and ILT (inverse laplace transform, Bruker).


Synthesis of [{Pd(en)(4,4'-bipyridyl)}4](NO3)8 (4): Complex 1 (0.0232 g,
0.08 mmol) was added to a suspension of 2 (0.0125 g, 0.08 mmol) in D2O
(4 mL). The mixture was stirred at 100 8C for 1 h to affording the square
complex 4 quantitatively. 1H NMR (300 MHz, D2O, 25 8C, TMS): d� 8.6 (d,
16H; Pya), 7.6 (d, 16 H; Pyb).


Synthesis of [{Pd(en)[4,4'-(4-pyridylmethyl)biphenyl]}2](NO3)4 (5): Com-
plex 1 (0.0116 g, 0.08 mmol) was added to a suspension of 3 (0.0135 g,
0.004 mmol) in CD3OD (4 mL). The mixture was stirred at 100 8C for 1 h to
afford the macrocycle 5 quantitatively. The above reaction was carried out
using D2O as the solvent, for which a very broad pattern in the NMR
spectrum was observed. However, evaporation of the solvent followed by
the addition of CD3OD gave an NMR spectrum which was similar to that
obtained from the synthesis of the macrocycle with CD3OD as the solvent.


The complexation reaction to synthesize macrocycle 5 was further carried
out in a solvent system of D2O/CD3OD (1:3). In this case the NMR signals
were not broad, but indicative of the macrocycle. 1H NMR (500 MHz, D2O/
CD3OD (1:3 ), 25 8C, TMS): d� 9.07 (d, 8 H; Pya), 7.91 (t, 16H; Ara , Pyb),
7.65 (d, 8 H; Arb), 4.55 (s, 8H; ArCH2), 3.33 (s, 8 H; en); 13C NMR
(125 MHz, D2O/CD3OD (1:3), 25 8C, TMS): d� 156.64 (qc), 151.30 (Pya),
139.57 (qc), 137.74 (qc), 129.77 (Arb), 127.53 and 127.46 (Ara/Pyb), 47.14 (en),
40.35 (ArCH2); elemental analysis calcd (%) for C52H56N12O12Pd2 ´ 3H2O:
C 47.75, H 4.78, N 12.85; found C 47.87, H 4.65, N, 12.75.


Reorganization of 4 and 5
In D2O/CD3OD : A preformed solution of the macrocycle 5 in D2O/
CD3OD (1:3) (0.4 mL, 10mm in PdII) was added to a preformed solution of
the square complex 4 in D2O (0.2 mL, 20mm in PdII) prepared as described
above. The solution, which had a D2O/CD3OD ratio of 1:1, was stirred at
25 8C and then 1H NMR spectra were recorded after 5 min, 30 min, 2.5 h,
6 h, and 1 d.


In D2O : The reaction as mentioned above was repeated, but with D2O only
for all the steps, while keeping the concentration of ligands and metal ions
fixed. 1H NMR spectra were recorded after 5 min, 6 h, 1 day, 7 days and
16 days.


One pot synthesis of 7
Method a : Ligand 3 (0.0200 g, 0.06 mmol) was added to a suspension of 2
(0.0047 g, 0.03 mmol) in D2O (3 mL) followed by the addition of complex 1
(0.0260 g, 0.09 mmol). The mixture was stirred at 60 8C for 0.5 h to obtain a
clear solution. The 1H NMR spectrum was recorded immediately.


Method b : Compounds 1 and 3 were stirred at 60 8C for 0.5 h and cooled
down to RT and macrocycle 5 was formed. Compound 2 was added to this
solution, and the reaction mixture was stirred for another 6 h. The 1H NMR
spectrum was then recorded.
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Cooperativity in the Folding of Helical m-Phenylene Ethynylene Oligomers
Based upon the �Sergeants-and-Soldiers� Principle


Ryan B. Prince,[a] Jeffrey S. Moore,*[a] Luc Brunsveld,[b] and E. W. Meijer[b]


Abstract: The �Sergeants-and-Soldiers�
principle has been examined in a series
of m-phenylene ethynylene oligomers
containing both chiral and achiral side
chains. Circular dichroism (CD) spec-
troscopy was used to examine the twist
sense bias of the helical conformation in
the polar solvent acetonitrile. A non-
linear dependence of the CD signal on
the amount of chiral side chains was


observed revealing cooperative interac-
tions among the side chains through the
backbone. On the other hand, the ex-
periments indicate that in acetonitrile a


full bias of the helicity cannot be accom-
plished by chiral side chains alone.
Nevertheless, the folded oligomers are
highly ordered since the placement of a
single chiral side chain at the beginning
of an oligomer results in the induction of
a strong twist sense bias into the ordered
helical conformation.


Keywords: chirality ´ circular
dichroism ´ cooperative effects ´
oligomers ´ solvent effects ´ supra-
molecular chemistry


Introduction


Cooperative interactions in polymeric chains is an area of
research that has provided a window to investigate weak
interactions that cannot be deduced by standard methods.[1±7]


The work of Green and co-workers on polyisocyanates has
been pioneering in this field, demonstrating the �Sergeants-
and-Soldiers� and �Majority Rules� principles as experimental
approaches to reveal cooperativity through the amplification
of a biased main chain helicity.[8±13] The cooperative effects
among side chains through the backbone may result in a
nonlinear relationship between the number of chiral side
chains and the specific optical rotation in an intrinsically
helical polymer. This phenomenon is referred to as the
�Sergeants-and-Soldiers� experiment,[8] where the chiral units
(sergeants) control the overall chirality of the structure


mediated through achiral units (soldiers). More recently, this
behavior has been extended to the intermolecular association
of discotic molecules in solution[14±16] and in well-defined self-
assemblies.[17±19] In these situations, the overall chirality is due
to an intrinsically chiral/helical packing of the molecules in
the self-assembled architecture.


Results and Discussion


Random coil m-phenylene ethynylene oligomers (1) have
been shown to fold via a cooperative transition into helices
due to solvophobic forces.[20, 21] The folding was determined to
be chain length dependent and could be directed by additional
programmed design elements in the oligomer.[22, 23] The obser-
vation of a twist sense bias in the helically folded conforma-
tion of m-phenylene ethynylene oligomers series 2 has
indicated the presence of cooperative interactions among
the chiral side chains.[24] For oligomer series 2, all members
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2  n  = 2, 4, 6, 8, 10,
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were fully substituted with chiral side chains, not allowing the
cooperativity to be determined. To accomplish this task,
oligomers with varying numbers of chiral side chains were
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synthesized. The synthesis was based on coupling of previ-
ously produced fragments containing achiral and chiral side
chains[20, 24, 25] (Scheme 1). The chemical purity and identity of
the oligomers was determined by 1H NMR, mass spectrom-
etry, HPLC and size-exclusion chromatography (SEC). Four
oligomers with both chiral and achiral side chains were
synthesized; two tetradecamers with either one or two chiral
side chains, a hexadecamer with four chiral side chains, and an
octadecamer provided with six chiral side chains. For all of the
compounds the chiral side chains were placed at the end of the
oligomer.


By analogy to the fully chiral (2)[24] and achiral (1)[21]


oligomers, the mixed side chain oligomers existed as a random
coil in chloroform, and formed a helical conformation in
acetonitrile as determined by UV/Vis spectroscopy. Circular
dichroism (CD) measurements were performed to determine
the extent of cooperative interactions among the side chains.
Figure 1 shows the CD spectra of the four tetradecamers (1
(m� 14), 8, 9, and 2 (n� 14)) with varying amounts of chiral


Figure 1. Plots of De versus l for tetradecamers with varying numbers of
chiral side chains in acetonitrile, recorded at 20 8C at a concentration of
5 mm.


side chains. As expected, oligomer 1 (m� 14) without chiral
side chains is optically inactive and tetradecamer 2 (n� 14)
with all chiral side chains shows the largest Cotton effect.
Surprisingly, the oligomer with one out of fourteen chiral side
chains 8 displays a fairly strong Cotton effect, larger than
expected on the basis of linearity. Furthermore, comparing the
spectra of 2 (n� 14), 8, and 9 reveals the presence of an
isodichroic point at 295 nm, suggesting a similar helical


conformation to be adopted by all oligomers. Importantly,
these result also indicate that overall, the helical conformation
is highly ordered and there does not appear to be any
ªfrayingº at the ends, since in oligomer 8 the only chiral side
chain is located at the end/beginning of the helix.


The ability of the chiral side chain to transfer its chirality to
the helical backbone was examined further by performing
variable-temperature experiments (Figure 2 a). It can be seen
that in acetonitrile a modest twist sense bias is observed even
at 70 8C and that the CD signal continues to increase as the
temperature is lowered. The temperature denaturation of 8
(Figure 2 b) shows a similar transition shape for the loss of
optical activity as for the fully chiral oligomer 2 (n� 14).[24]


Figure 2. a) Variable-temperature CD spectra of tetradecamer 8 at various
temperatures (70!ÿ 10 8C) in acetonitrile. b) Plot of CD intensity at
314 nm versus temperature for tetradecamer 8 (squares) and tetradecamer
2 (n� 14) (circles) in acetonitrile. All measurements are reversible;
displayed spectra and data are equilibrium states.


Scheme 1. a) [Pd2(dba)3], CuI, PPh3, Et3N, 70 8C. Tg� -(CH2CH2O)3CH3; Tg*� -(S)-CH2CH(CH3)-O-(CH2CH2O)2CH3; dba� trans,trans-dibenzylidene-
acetone.
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The parallel temperature denaturation of the chiral helical
conformations of 8 and 2 (n� 14) implies that the helix
stability is not affected by the number of chiral side chains and
that the ratios of the diastereomeric excesses between 8 and 2
(n� 14) are equal at all temperatures, even though the helix of
2 is biased to a greater extent.


The intramolecular transfer of chirality was also deter-
mined for the tetradecamer through octadecamer length
oligomers (1, 2, 8, 9, 10, 11). Figure 3 shows a plot of the
normalized Cotton effect (gabs/gmax) versus percent chiral side


Figure 3. Plot of normalized gabs/gmax at 315 nm versus percent of chiral
side chains for the mixed tetradecamers (1 (n� 14), 8, 9 and 2 (n� 14)),
hexadecamers(1 (n� 16), 10 and 2 (n� 16)) and octadecamers (1 (n� 18),
11 and 2 (n� 18)) in acetonitrile at 20 8C. The dotted lines are meant to
guide the eye, but do indicate that an asymptotic value is not reached.


chains. It can be seen that regardless of overall oligomer
length, a positive nonlinear dependence of the optical activity
on the percentage of chiral side chain is observed. This
positive nonlinear effect strongly supports the cooperative
nature of the folding process. The results further indicate that
the twist sense bias is equally strong for every oligomer length,
as the normalized Cotton effect versus percentage of chiral
side chains seems to be independent on the oligomers length.
The cooperativity as observed using the �Sergeants-and-
Soldiers� measurements is, however, not very strong. Around
15 % chiral side chains is needed for obtaining half the
intensity of the Cotton effect of the homochiral oligomers.
This result contrasts with the cooperativity as observed for
polyisocyanates[8±12] and for helical columns of discotic
molecules, which have been shown to become homochiral
after addition of a small percentage of chiral seed mole-
cules.[14±16] In addition, the hand-drawn, curved line in Figure 3
seems to indicate that the induced Cotton effect does not
reach an asymptotic value at higher percentages of chiral side
chains, but increases up to 100 % chiral side chains. This effect
indicates that even for the oligomers fully substituted with
chiral side chains, a 100 percent bias of the helicity is probably
not reached. Apparently, the chiral side-chains do not account
for a sufficient energy difference to move the equilibrium
between M and P helices [Eq. (1)] to one side only.[26]


Conclusion


In conclusion, intramolecular �Sergeants-and-Soldiers� ex-
periments indicate a nonlinear dependence of the CD signal
on the amount of chiral side chains, revealing that there are
cooperative interactions among the side chains and that they
allow the chirality to be transferred to the backbone. On the
other hand, the experiments indicate that in acetonitrile a full
bias of the helicity cannot be accomplished by chiral side
chains alone. Nevertheless, the folded oligomers are highly
ordered as only one chiral side chain positioned at the end
of an oligomer is capable of introducing a strong twist sense
bias.


Experimental Section


General methods and materials : Unless otherwise noted, all starting
materials were obtained from commercial suppliers and were used without
further purification. Analytical thin layer chromatography (TLC) was
performed on precoated sheets of silica gel 60, and silica gel column
chromatography was carried out with silica gel 60 (230 ± 400 mesh). Dry
triethylamine and dry acetonitrile were obtained by vacuum transfer from
calcium hydride. The 1H NMR spectra were recorded at 500 or 400 MHz
and 13C NMR were recorded at 125 or 100 MHz. Chemical shifts are
expressed in parts per million (d) using residual solvent protons as internal
standard. Chloroform (d� 7.26 for 1H, d� 77.0 for 13C) was used as an
internal standard for [D]chloroform and benzene (d� 7.15 for 1H, d� 128.0
for 13C) was used as an internal standard for [D6]benzene. Coupling
constants, J, are reported in Hertz (Hz). Splitting patterns are designated as
s, singlet; br s, broad singlet; d, doublet; t, triplet; q, quartet; dd, double
doublet; ddd, double double doublet; dt, double triplet; m, multiplet; quin,
quintet. Low-resolution mass spectra were obtained on either a Hewlett-
Packard GC-MS equipped with a 30 m HP-1 capillary column operating at
70 eV or on a Finnigan-MAT CH5 spectrometer operating at 70 eV. High-
resolution electron impact mass spectra were obtained on a Finnigan-MAT
731 spectrometer operating at 70 eV. Low- and high-resolution fast atom
bombardment (FAB) mass spectra were obtained on VG ZAB-SE and VG
70-SE-4F spectrometers. Low-resolution matrix-assisted laser desorption
ionzation (MALDI) mass spectra were obtained by using 4-hydroxybenzyl-
idenemalononitrile (4-HMBN) as the matrix. Elemental analyses were
performed by the University of Illinois Micro Analytical Service Labo-
ratory. Preparative size-exclusion chromatography (SEC) was performed
by using Bio-Beads S-XI Beads (200 ± 400 mesh) from Bio-Rad laborato-
ries using toluene as the eluent. SEC analysis was performed by using a
Waters 510 HPLC Pump, Waters 996 photodiode array, and a series of three
Waters styragel HR 4E (7.8� 300 mm) columns which were calibrated with
narrow molecular weight polystyrene standards. High performance liquid
chromatography (HPLC) analysis was performed on a Rainin binary
gradient system equipped with two SD-200 pumps, a Si 80 ± 125-C5
analytical column (4.6� 250 mm), and a UV detector operating at 275 nm.


Absorbance and circular dichroism measurements : The UV absorption
spectra were recorded on a Perkin-Elmer Lambda 900 spectrophotometer
using 1-cm rectangular quartz cells. Circular dichroism spectra were
recorded on a Jasco J-600 spectropolarimeter using 1-cm cylindrical quartz
cells. UV/Vis and CD, variable-temperature spectra were obtained by
equilibrating the sample at the desired temperature for 15 min with a
temperature controllable cuvette holder.


Nomenclature of oligomers : All oligomers of dimer length and longer are
named by using an abbreviated nomenclature system. The naming of the
oligomers has the following generic naming pattern: X-An-Bn-Y. The X
represents either a hydrogen (H) or an iodide group (I). The Y represents
either a trimethylsilyl (TMS)-protected acetylene or a deprotected
acetylene (H). A corresponds to a meta-substituted aromatic ring with a
(2S)-2-[2-(2-methoxyethoxy)ethoxy]propan-1-ol side chain; B corresponds
to a meta-substituted aromatic ring with a triethyleneglycol monomethyl
ether side chain.
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Synthesis


H-[A]1-[B]1-Br : To a solution of H-[A]1-SiMe3 (274 mg, 7.23 mmol) and
THF (5 mL) was added a solution of tetrabutylammonium fluoride in wet
THF (1.0 mL, 1.0 m). The solution was stirred for 1 min, filtered through
silica (eluting with hexanes/EtOAc, 1/1), and the solvent was removed in
vacuo to leave an orange oil. The crude acetylene was used without further
purification. To a sealed tube fitted with a magnetic stirrer was added
H-[A]1-H (213 mg, 0.695 mmol), I-[B]1-Br (449 mg, 0.950 mmol),
[Pd2(dba)3] (14 mg, 0.02 mmol), CuI (8.0 mg, 0.04 mmol), PPh3 (38 mg,
0.14 mmol), and dry triethylamine (5 mL). The mixture was evacuated and
back-filled with nitrogen three times and heated at 55 8C for 16 h (during
which time a white salt precipitate formed). The solution was diluted with
EtOAc (20 mL), filtered to remove the precipitate and concentrated in
vacuo leaving a brown residue. The crude product was purified by silica gel
column chromatography (hexanes/EtOAc, 1/1, 1/2) to give analytically
pure H-[A]1-[B]1-Br as a light yellow oil (425 mg, 0.652 mmol; 93%).
1H NMR (400 MHz, CDCl3): d� 8.20 (td, J� 1.69, 0.58 Hz, 1H), 8.15 (dd,
J� 1.88, 1.56 Hz, 1H), 8.14 (t, J� 1.63 Hz, 1 H), 8.04 (ddd, J� 7.73, 1.74,
1.19 Hz, 1 H), 7.86 (dd, J� 1.87, 1.47 Hz, 1H), 7.71 (ddd, J� 7.80, 1.64,
1.32 Hz, 1 H), 7.46 (td, J� 7.77, 0.77 Hz, 1H), 4.38 ± 4.24 (m, 4 H), 3.90 ± 3.81
(m, 2 H), 3.80 ± 3.68 (m, 4H), 3.67 ± 3.63 (m, 8H), 3.53 ± 3.48 (m, 4 H), 3.36
(s, 3 H), 3.35 (s, 3 H), 1.28 (d, J� 6.49 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d� 165.4, 164.5, 138.2, 135.8, 132.7, 132.4, 132.0, 131.3, 130.5, 129.8,
128.6, 125.0, 122.7, 122.2, 90.4, 87.6, 73.8, 71.8 70.7, 70.5, 68.7, 68.6, 68.1, 67.9,
58.9, 17.0; MS (FAB): m/z (%): 653.2 (50), 651.2 (48), 154.1 (100), 136 (69);
TLC: Rf� 0.10 (hexanes/EtOAc, 1/1); elemental analysis calcd (%) for
C31H39O10Br (651.55): C 57.15, H 6.03; found: C 56.91, H 5.99.


H-[A]1-[B]1-SiMe3 : To a sealed tube fitted with a magnetic stirrer was
added H-[A]1-[B]1-Br (293 mg, 0.450 mmol), [Pd2(dba)3] (12 mg,
0.01 mmol), CuI (5.0 mg, 0.03 mmol), PPh3 (31 mg, 0.12 mmol), and dry
triethylamine (5 mL). The mixture was evacuated and back-filled with
nitrogen three times and dry, degassed trimethylsilylacetylene (1.0 mL,
7.1 mmol) was added. The tube was sealed and stirred at 70 8C for 18 h
(during which time a white precipitate formed). The solution was diluted
with ethyl acetate (50 mL), filtered to remove the precipitate and
concentrated in vacuo leaving a yellow residue. The crude product was
purified by silica gel column chromatography (hexanes/EtOAc, 2/3, 2/5) to
give analytically pure H-[A]1-[B]1-SiMe3 as a colorless oil (275 mg,
0.411 mmol; 91 %). 1H NMR (400 MHz, CDCl3): d� 8.20 (td, J� 1.70,
0.6 Hz, 1 H), 8.14 (t, J� 1.6 Hz, 1 H), 8.10 (t, J� 1.6 Hz, 1H), 8.04 (ddd, J�
8.0 , 1.8, 1.2 Hz, 1 H), 7.81 (t, J� 1.6 Hz, 1 H), 7.71 (ddd, J� 7.77, 1.62,
1.34 Hz, 1 H), 7.45 (td, J� 7.73, 0.75 Hz, 1 H), 4.52 ± 4.48 (m, 2H), 4.35 ± 4.32
(m, 2 H), 3.89 ± 3.81 (m, 3H), 3.78 ± 3.63 (m, 12H), 3.56 ± 3.48 (m, 4 H), 3.36
(s, 3H), 3.35 (s, 3H), 1.30 (d, J� 6.50 Hz, 3 H), 0.26 (s, 9 H); 13C NMR
(100 MHz, CDCl3): d� 165.4, 165.0, 138.6, 135.7, 132.6, 132.5, 132.3, 130.6,
130.4, 129.6, 128.5, 123.9, 122.9, 102.7, 96.2, 89.5, 88.2, 73.7, 71.8, 70.7, 70.5,
70.48, 70.47, 70.45, 68.9, 68.6, 67.8, 64.3, 58.8, 17.0, ÿ0.3; MS (FAB): m/z
(%): 669 (50), 154.1 (100); TLC: Rf� 0.24 (hexanes/EtOAc, 1/2); elemental
analysis calcd (%) for C36H48O10Si (668.86): C 64.65, H 7.23; found: C 64.97,
H 7.13.


H-[A]1-[B]13-SiMe3 (8): To a solution of H-[A]1-[B]1-SiMe3 (84 mg,
0.13 mmol) and THF (5 mL) was added a solution of tetrabutylammonium
fluoride in wet THF (200 mL, 1.0 m). The solution was stirred for 1 min,
filtered through silica (eluting with hexanes/EtOAc, 1/2), and the solvent
was removed in vacuo to leave an orange oil. The crude acetylene was used
without further purification. To a sealed tube fitted with a magnetic stirrer
was added H-[A]1-[B]1-H (75 mg, 0.13 mmol), I-[B]12-SiMe3 (82 mg,
0.02 mmol), [Pd2(dba)3] (10 mg, 0.01 mmol), CuI (4.1 mg, 0.02 mmol),
PPh3 (21 mg, 0.08 mmol), dry triethylamine (1 mL), and dry acetonitrile
(3 mL). The mixture was evacuated and back-filled with nitrogen three
times and heated at 70 8C for 19 h. The solution was concentrated in vacuo
leaving a brown residue. The crude product was purified by silica gel
column chromatography (CHCl3/acetone (1/0, 1/1); followed by CHCl3/
iPrOH (95/5, 94/6, 93/7, 91/9)) to give 8 (46 mg, 0.01 mmol; 50 %) as an off-
white wax: 1H NMR (400 MHz, CDCl3): d� 8.23 ± 8.17 (m, 25H), 8.14 (t,
J� 1.8 Hz, 1H), 8.11 (t, J� 1.6 Hz, 1H), 8.05 (ddd, J� 7.7, 1.7, 1.2 Hz, 1H),
7.92 ± 7.90 (m, 11H), 7.88 (t, J� 1.6 Hz, 1H), 7.82 (t, J� 1.6 Hz, 1H), 7.73
(ddd, J� 7.7, 1.6, 1.3 Hz, 1H), 7.45 (td, J� 7.8, 0.6 Hz, 1 H), 4.56 ± 4.48 (m,
26H), 4.35 ± 4.32 (m, 2 H), 3.92 ± 3.84 (m, 28H), 3.76 ± 3.68 (m, 84H), 3.54 ±
3.48 (m, 28 H), 3.34 (s, 3H), 3.33 (s, 39 H), 1.30 (d, J� 6.43 Hz, 1 H), 0.27 (s,


9H); MS (MALDI): m/z : 4174.72 (calcd [M � Na]�� 4175.69); TLC: Rf�
0.28 (CHCl3/acetone, 2/1); GPC 3642 (Mn), 1.08 (Mw/Mn), 98.2 %.


H-[A]2-[B]12-SiMe3 (9): To a solution of H-[A]2-SiMe3 (0.60 g, 0.88 mmol)
and THF (6 mL) was added a solution of tetrabutylammonium fluoride in
wet THF (1.1 mL, 1.0 m). The solution was stirred for 1 min, filtered
through silica (eluting with hexanes/EtOAc, 1/2), and the solvent
was removed in vacuo to leave a yellow oil. The crude product was
used without further purification. To a sealed tube fitted with a magnetic
stirrer was added H-[A]2-H (38 mg, 0.06 mmol), I-[B]12-SiMe3 (70 mg,
0.02 mmol), [Pd2(dba)3] (9.3 mg, 0.01 mmol), CuI (3.7 mg, 0.02 mmol),
PPh3 (22 mg, 0.08 mmol), dry triethylamine (0.2 mL), and dry acetonitrile
(2 mL). The mixture was evacuated and back-filled with nitrogen three
times and heated at 70 8C for 35 h. The solution was concentrated in vacuo
leaving a brown residue. The crude product was purified by silica gel
column chromatography (CHCl3/acetone (1/0, 2/1) followed by CHCl3/
iPrOH (95/5, 92/8)) to give 9 (47 mg, 0.01 mmol; 59 %) as an off-white wax:
1H NMR (400 MHz, CDCl3): d� 8.23 ± 8.17 (m, 25H), 8.14 (t, J� 1.8 Hz,
1H), 8.11 (t, J� 1.6 Hz, 1 H), 8.05 (ddd, J� 7.7, 1.7, 1.2 Hz, 1H), 7.92 ± 7.90
(m, 11 H), 7.88 (t, J� 1.6 Hz, 1H), 7.82 (t, J� 1.6 Hz, 1 H), 7.73 (ddd, J� 7.7,
1.6, 1.3 Hz, 1H), 7.45 (td, J� 7.8, 0.6 Hz, 1H), 4.56 ± 4.48 (m, 24H), 4.35 ±
4.32 (m, 4 H), 3.92 ± 3.84 (m, 26 H), 3.76 ± 3.68 (m, 84H), 3.54 ± 3.48 (m,
28H), 3.34 (s, 3H), 3.33 (s, 39 H), 1.30 (d, J� 6.5 Hz, 1 H), 1.28 (d, J�
6.4 Hz, 1 H), 0.27 (s, 9 H); MS (MALDI): m/z : 4188.8 (calcd [M � Na]��
4186.7); TLC: Rf� 0.28 (CHCl3/acetone, 2/1); GPC 4210 (Mn), 1.15 (Mw/
Mn), 95 %.


H-[A]4-[B]12-SiMe3 (10): To a solution of H-[A]4-SiMe3 (0.60 g, 0.88 mmol)
and THF (6 mL) was added a solution of tetrabutylammonium fluoride
in wet THF (1.1 mL, 1.0 m). The solution was stirred for 1 min, filtered
through silica (eluting with hexanes/EtOAc, 1/2), and the solvent
was removed in vacuo to leave a yellow oil. The crude product was
used without further purification. To a sealed tube fitted with a magnetic
stirrer was added H-[A]4-H (44 mg, 0.04 mmol), I-[B]12-SiMe3 (76 mg,
0.02 mmol), [Pd2(dba)3] (7.0 mg, 0.01 mmol), CuI (3.4 mg, 0.18 mmol), PPh3


(19 mg, 0.07 mmol), dry triethylamine (1 mL), and dry acetonitrile
(6 mL). The mixture was evacuated and back-filled with nitrogen
three times and heated at 70 8C for 19 h. The solution was concentrated
in vacuo leaving a brown residue. The crude product was purified by silica
gel column chromatography (CHCl3/acetone (1/0, 1/1, 1/2) followed by
CHCl3/iPrOH (95/5, 94/6, 93/7, 91/9)) to give 10 (70 mg, 0.02 mmol; 71%)
as an off-white wax: 1H NMR (400 MHz, CDCl3): d� 8.23 ± 8.197 (m,
29H), 8.14 (t, J� 1.8 Hz, 1 H), 8.11 (t, J� 1.6 Hz, 1H), 8.05 (ddd, J� 7.7, 1.7,
1.2 Hz, 1H), 7.92 ± 7.90 (m, 13H), 7.88 (t, J� 1.6 Hz, 1 H), 7.82 (t, J� 1.6 Hz,
1H), 7.73 (ddd, J� 7.7, 1.6, 1.3 Hz, 1H), 7.45 (td, J� 7.8, 0.6 Hz, 1 H), 4.56 ±
4.48 (m, 24 H), 4.35 ± 4.32 (m, 8 H), 3.92 ± 3.84 (m, 28H), 3.76 ± 3.68 (m,
96H), 3.54 ± 3.48 (m, 32H), 3.34 (s, 3 H), 3.33 (s, 45 H), 1.33 ± 1.27 (m, 12H),
0.27 (s, 9H); MS (MALDI): m/z : 4795.55 (calcd [M � Na]�� 4799.97);
TLC: Rf� 0.25 (CHCl3/iPrOH, 93/7); GPC 5603 (Mn), 1.15 (Mw/Mn),
97.5 %.


H-[A]6-[B]12-SiMe3 (11): To a solution of H-[A]6-SiMe3 (516 mg,
0.27 mmol) and THF (8 mL) was added a solution of tetrabutylammonium
fluoride in wet THF (0.4 mL, 1.0 m). The solution was stirred for 1 min,
filtered through silica (eluting with CHCl3/acetone, 2/1), and the solvent
was removed in vacuo to leave a yellow oil. The crude product was used
without further purification. To a sealed tube fitted with a magnetic stirrer
was added H-[A]6-H (51 mg, 0.03 mmol), I-[B]12-SiMe3 (70 mg, 0.02 mmol),
[Pd2(dba)3] (8.0 mg, 0.01 mmol), CuI (3.6 mg, 0. 02 mmol), PPh3 (21 mg,
0.08 mmol), dry triethylamine (1 mL), and dry acetonitrile (3 mL). The
mixture was evacuated and back-filled with nitrogen three times and
heated at 70 8C for 10 h. The solution was concentrated in vacuo leaving a
brown residue. The crude product was purified by silica gel column
chromatography (CHCl3/acetone (1/0, 1/1) followed by CHCl3/iPrOH
(95/5, 94/6, 93/7, 92/8) to give 11 (76 mg, 0.01 mmol, 75 %) as an off-white
wax: 1H NMR (400 MHz, CDCl3): d� 8.23 ± 8.197 (m, 33 H), 8.14 (t, J�
1.8 Hz, 1H), 8.11 (t, J� 1.6 Hz, 1 H), 8.05 (ddd, J� 7.7, 1.7, 1.2 Hz, 1H),
7.92 ± 7.90 (m, 15H), 7.88 (t, J� 1.6 Hz, 1H), 7.82 (t, J� 1.6 Hz, 1H), 7.73
(ddd, J� 7.7, 1.6, 1.3 Hz, 1H), 7.45 (td, J� 7.8, 0.6 Hz, 1 H), 4.56 ± 4.48 (m,
24H), 4.35 ± 4.32 (m, 30H), 3.92 ± 3.84 (m, 28 H), 3.76 ± 3.68 (m, 108 H),
3.54 ± 3.48 (m, 36 H), 3.34 (s, 3 H), 3.33 (s, 51 H), 1.33 ± 1.27 (m, 18 H), 0.27 (s,
9H); MS (MALDI): m/z : 5407.1 (calcd [M � Na]�� 5406.2); TLC Rf�
0.25 (CHCl3/iPrOH, 93/7); GPC 5931 (Mn), 1.16 (Mw/Mn), 100 %.
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Iron Bispentazole Fe(h5-N5)2, a Theoretically Predicted High-Energy
Compound: Structure, Bonding Analysis, Metal ± Ligand Bond Strength and a
Comparison with the Isoelectronic Ferrocene**
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Abstract: Quantum-chemical calcula-
tions with gradient-corrected (B3LYP)
density functional theory have been
carried out for iron bispentazole and
ferrocene. The calculations predict that
Fe(h5- N5)2 is a strongly bonded complex
which has D5d symmetry. The theoret-
ically predicted total bond energy
that yields Fe in the 5D ground state
and two pentazole ligands is Do�
109.0 kcal molÿ1, which is only
29 kcal molÿ1 less than the calculated
bond energy of ferrocene (Do�


138.0 kcal molÿ1; experimental: 158�
2 kcal molÿ1). The compound Fe(h5-N5)2


is 260.5 kcal molÿ1 higher in energy than
the experimentally known isomer
Fe(N2)5, but the bond energy of the
latter (Do� 33.7 kcal molÿ1) is much less.
The energy decomposition analyses of


Fe(h5-N5)2 and ferrocene show that the
two compounds have similar bonding
situations. The metal ± ligand bonds are
roughly half ionic and half covalent. The
covalent bonding comes mainly from
(e1g) h5-N5


ÿ!Fe2� p-donation. The pre-
viously suggested MO correlation dia-
gram for ferrocene is nicely recovered
by the Kohn ± Sham orbitals. The calcu-
lated vibrational frequencies and IR
intensities are reported.


Keywords: bonding analysis ´ den-
sity functional calculations ´ donor ±
acceptor systems ´ ferrocene ´ pen-
tazole complexes


Introduction


Currently the chemistry of binary nitrogen compounds is a
topic of intensive experimental investigations, which has been
crowned by the successful synthesis of novel unusual mole-
cules. Highlights of the synthetic efforts in recent years have
been the first structurally characterised hexaazidoarsenate
anion [As(N3)6]ÿ[1] and the spectroscopically characterised
N5
� cation,[2] which is only the third all-nitrogen compound to


have been synthesised. Another interesting molecule that has
recently been observed experimentally is Fe(N2)5, which is
isoelectronic with Fe(CO)5. The binary iron ± dinitrogen
complex was synthesised by co-depositing Fe cations with
N2 and electrons to form a matrix.[3] The molecule Fe(N2)5,
which has five end-on bonded N2 ligands, was identified by
comparing the recorded FTIR spectrum with the results of
DFT calculations.


In this paper we report on a theoretical study of a molecule
which is an isomer of Fe(N2)5 but in which the ten nitrogen
atoms are bonded as two pentazole ligands in Fe(h5-N5)2. The
compound iron bispentazole, which is isoelectronic with
ferrocene, is, according to our calculations, a promising target
for synthetic efforts. Although Fe(h5-N5)2 is much higher in
energy than Fe(N2)5 it has significantly stronger metal ± ligand
interactions; this makes it a possible candidate as a high-
energy compound. If iron bispentazole could be made, it
would introduce a new all-nitrogen ligand that has not been
observed so far in transition metal chemistry. The heavier
cyclic analogue P5 is known as a ligand in compounds such as
Fe(Cp*)(h5-P5).[4] Organic pentazole derivatives RN5 with aryl
substituents R have been known since 1956, when Huisgen
and Ugi reported the first synthesis of phenylpentazole.[5, 6]


The parent compound 1H-pentazole and its anion N5
ÿ have


been calculated by quantum-chemical methods before.[7±10]


Two theoretical studies have addressed the question of
whether the pentazole anion might be trapped as a ligand in
metal complexes. Glukhotsev et al. reported on Li(h5-N5),
which was found to be a minimum on the potential energy
surface.[9] Nguyen et al. carried out extended Hückel theory
(EHT)calculations of TM(CO)3(h5-N5) with TM�Fe�, Mn,
Crÿ, which suggested that the pentazole complexes would be
formed if the fragments could be brought together.[10] We do
not know of a quantum-chemical study at ab initio or DFT
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levels of transition metal (TM) complexes with pentazole
ligands. Our paper is the first theoretical study of a TM
pentazole complex by using accurate quantum-chemical
methods.


We report on DFT calculations of the equilibrium geom-
etry, vibrational spectrum and metal ± ligand bond-dissocia-
tion energy of iron bispentazole Fe(h5-N5)2. The nature of the
metal ± ligand interactions has been analysed with the help of
the ETS (Extended Transition State) energy-partitioning
scheme, which was developed by Ziegler and Rauk.[11] For
comparison we also calculated the complexes Fe(h5-Cp)2,
Fe(N2)5 and Fe(CO)5.


Computational Methods


The geometries were first optimised at the gradient-corrected DFT level by
using the three-parameter fit of the exchange-correlation potential
suggested by Becke[12] in conjunction with the LYP[13] exchange potential
(B3LYP).[14] A nonrelativistic small-core ECP with a (441/2111/41) valence
basis set for Fe[15] and 6-31G(d) basis sets[16] for C, N, O and H were
employed in the geometry optimisations. This is our standard basis set II.[17]


The nature of the stationary points was examined by calculating the
Hessian matrix at B3LYP/II. Improved energy calculations at the B3LYP/II
optimised geometries were carried out by using the larger basis set III� ,
which has triple-zeta quality augmented by an f function at Fe[18] and diffuse
functions at C, N and O.[19] The valence basis set of Fe is (3311/2111/311/1).
The basis sets for the other atoms is 6 ± 311�G(d). Energy values in the
text are discussed at B3LYP/III� //B3LYP/II unless otherwise specified.
The atomic partial charges were estimated with Weinhold�s NBO
method.[20] The calculations were carried out with the program package
Gaussian 98.[21]


The geometries were also optimised with the program ADF[22] by using
Becke�s exchange functional[23] and Perdew�s correlation functional[24]


(BP86) in conjunction with uncontracted Slater-type orbitals (STOs) as
basis functions.[25] Relativistic effects were considered by the zero-order
regular approximation (ZORA).[26] The basis sets for the metal atoms have
triple-z quality augmented by one set of 6p functions. Triple-z basis sets
augmented by two sets of d-type polarisation functions were used for the
main group elements. The (nÿ 1)s2 and (nÿ 1)p6 core electrons of the main
group elements and the (1s2s2p)10 core electrons of the transition metals
were treated by the frozen-core approximation.[27a] An auxiliary set of s, p,
d, f and g STOs was used to fit the molecular densities and to represent the
Coulomb and exchange potentials accurately in each SCF cycle.[27b]


The iron ± ligand bonding interactions in Fe(h5-N5)2 and Fe(h5-Cp)2 were
analysed with the energy decomposition scheme ETS developed by Ziegler
and Rauk.[11] The interaction energy DEint was calculated and decomposed
for the bonding between Fe2� in the electronic reference state of the
complexes, in which the valence orbitals 3dxz, 3dyz and 3dz


2 are doubly
occupied, and two N5


ÿ or Cpÿ ligands in the frozen geometry of the
complex. The instantaneous interaction energy DEint can be divided into
three components:


DEint�DEelstat � DEPauli � DEorb (1)


DEelstat is the electrostatic interaction energy between the fragments, which
are calculated with a frozen electron-density distribution in the geometry of
the complex. It can be considered to be an estimate of the ionic
contribution to the bonding interactions.[28] The second term in Equa-
tion (1) DEPauli is the repulsive four-electron interactions between occupied
orbitals. The last term DEorb is the stabilising orbital interactions, which can
be considered to be an estimate of the covalent contributions to the
bonding. Thus, the ratio DEelstat/DEorb indicates the ionic/covalent character
of the bond. The latter term can be partitioned further into contributions by
the orbitals that belong to different irreducible representations of the
interacting system. This makes it possible to calculate, for example, the
contributions of s- and p-bonding to a covalent multiple bond.[28] Technical
details about the ETS method can be found in the literature.[30]


The bond dissociation energy (BDE) DEe is given by the sum of DEint and
the fragment preparation energy DEprep:


DEe�DEprep � DEint (2)


DEprep is the energy which is necessary to promote the fragments from their
equilibrium geometry and electronic ground state to the geometry and
electronic state which they have in the optimised structure.


Results and Discussion


Geometries, bond dissociation energies and vibrational spec-
trum of Fe(h5-N5)2 : Figure 1 shows the optimised geometries
at B3LYP/II and BP86/TZP of the calculated molecules.
Calculated energies are given in Table 1.


The calculations predict that Fe(h5-N5)2 has an equilibrium
geometry which has D5d symmetry, that is, the pentazole
ligands have a staggered conformation. The eclipsed (D5h)
conformation, which is a transition state (number of imagi-
nary frequencies i� 1) is predicted at B3LYP/II to be
1.4 kcal molÿ1 higher in energy than the D5d form. The energy
difference becomes much smaller when larger basis sets are
employed. The D5d form is only <0.1 kcal molÿ1 more stable
than the D5h form at B3LYP/III� and BP86/TZP. This means
that there is practically no barrier for rotation of the pentazole
ligand about the C5 axis.


The FeÿN bond lengths of Fe(h5-N5)2 (D5d) are 2.054 � at
B3LYP/II and 2.019 � at BP86/TZP. This is significantly
longer than the FeÿN bond lengths of Fe(N2)5 (Figure 1). The
shorter bond lengths of the latter complex does not mean that
the bonding interactions are stronger than in the former
molecule. The donor and acceptor orbitals of the N5


ÿ


pentazole ligands are the nitrogen p(p) orbitals, which are
aligned towards the iron atom. In N2, the ligand donor orbital
is a sp-hybrid orbital, which is more contracted and higher in
energy than a pure p orbital, while the p* acceptor orbital is
aligned perpendicular to the Fe-ligand axis. This means that
the metal ± ligand donor ± acceptor interactions in Fe(h5-N5)2


take place at longer distances than in Fe(N2)5, and yet they are
stronger. A similar reasoning has been given for other metal ±
ligand bonds before.[31] The NÿN bond lengths of the
pentazole ligands in Fe(h5-N5)2 (1.357 � at B3LYP and
1.373 � at BP86/TZP) are �0.03 � longer than in free
pentazole anion (Figure 1). The NÿN bond lengthening
suggests that there are significant metal ± ligand interactions
in the complex.


Figure 1 also shows the optimised geometries of ferrocene
and iron pentacarbonyl. Because experimental values for the
geometries of the two molecules are known, it is possible to
estimate the accuracy of the theoretical predictions. The
calculated FeÿC bond lengths of Fe(Cp)2 (2.074 � at B3LYP/
II, 2.062 � at BP86/TZP) are in excellent agreement with the
electron diffraction data in the gas phase (2.064 �).[32] Note
that the calculations predict an eclipsed conformation for
ferrocene which has a D5h and not D5d equilibrium geometry.
This is in agreement with experimental results[32] and with
recent calculations,[33] which also showed that the Cp ligands
in ferrocene have an eclipsed conformation. The calculated
internal rotational barrier is between 0.5 and 0.9 kcal molÿ1
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when zero-point energy (ZPE) corrections are considered
(Table 1). This is in excellent agreement with the experimen-
tal value of 0.9� 0.3 kcal molÿ1.[32] The theoretically predicted
CÿC bond lengths in Fe(Cp)2 are also in very good agreement


with experiment. The same holds true for the calculated and
experimental geometry of Fe(CO)5. The conclusion is that the
optimised geometry of Fe(h5-N5)2 shown in Figure 1 should be
quite reliable.


Although the barriers for internal rotation of the cyclic
ligands in ferrocene and Fe(h5-N5)2 are very small, it is
interesting to note that the latter complex has the pentazole
ligands in a staggered conformation while the Cp ligands of
the former complex are eclipsed. A theoretical analysis of
ferrocene led to the conclusion that the eclipsed conformation
is mainly due to the induction energy of the metal in the
potential field of the rings.[34] A minor contribution, which
favours the eclipsed form, comes from direct ring ± ring
electrostatic contributions in FeCp2. We think that the
repulsion of the nitrogen out-of-plane lone-pair electrons
compensates for the above forces; this leads to a small
preference for the D5d geometry.


In order to estimate the strength of the iron ± bispentazole
interactions in Fe(h5-N5)2, we calculated the dissociation
energies of the homolytic and heterolytic bond cleavage;
these are shown in Table 2.[35] Note that the calculated values
of the exothermic reactions are negative, while the bond


Figure 1. Calculated geometries of the complexes and ligands. Values calculated at B3LYP/II are in normal type, those at BP86/TZP are given in italics and
experimental values are in parentheses. All bond lengths are in �.


Table 1. Calculated energies of the compounds at different levels. Total
energies Etot [a.u.], relative energies [kcal molÿ1], zero-point vibrational
energies (ZPE) [kcal molÿ1] and number of imaginary frequencies i.


Molecule Sym-
metry


State B3LYP/III� B3LYP/II
Etot Erel Etot Erel ZPE i


Fe(N5)2 D5h
1A1' ÿ 670.83936 0.1 ÿ 670.66430 0.2 27.9 1


Fe(N5)2 D5d
1A1g ÿ 670.83944 0.0 ÿ 670.66457 0.0 29.7 0


Fe(Cp)2 D5h
1A1' ÿ 510.62984 0.0 ÿ 510.52091 0.0 106.3 0


Fe(Cp)2 D5d
1A1g ÿ 510.62892 0.6 ÿ 510.51982 0.7 106.2 1


Fe(N2)5 D3h
1A1' ÿ 671.24814 ÿ 671.04939 25.5 0


Fe(CO)5 D3h
1A1' ÿ 690.36117 ÿ 690.15656 26.7 0


N5
ÿ D5h


1A1 ÿ 273.82582 ÿ 273.72354 13.6 0
N5 C2v


2B1 ÿ 273.63550 ÿ 273.55603 9.9 0
N2 D1h


1Sg
� ÿ 109.56055 ÿ 109.52072 3.5 0


CO C1v
1S� ÿ 113.35025 ÿ 113.30691 3.2 0


Fe R3 5D ÿ 123.37881 ÿ 123.38192 0.0 0
Fe2� R3 5D ÿ 122.49242 ÿ 122.48463 0.0 0
Cpÿ D5h


1A1 ÿ 193.57243 ÿ 193.49673 49.3 0
Cp C2v


2B1 ÿ 193.50900 ÿ 193.45833 49.1 0
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dissociation energies De and Do have positive values because
the dissociation reactions are the reverse processes.


Reaction 1 gives De and ZPE-corrected Do values for the
homolytic bond cleavage of Fe(h5-N5)2, which yields the
neutral fragments Fe in its (3d64s2) 5D ground state and two N5


ligands. The neutral pentazole radical is Jahn ± Teller distort-
ed. Geometry optimisations of the D5h symmetric form of N5


in the 2E1'' ground state gave two energetically nearly
degenerate forms which have C2v symmetry. One belongs to
the 2A1 state and the other to the 2B2 state. A similar situation
is found for the neutral Cp ligand (see below). The energeti-
cally slightly lower-lying (<0.1 kcal molÿ1) 2A1 state is shown
in Figure 1.


Calculations at B3LYP/III� predict a total bonding energy
De� 118.9 kcal molÿ1 for Fe(h5-N5)2; after ZPE corrections
this gives Do� 109.0 kcal molÿ1 and leads to an average Fe-
(h5-N5) bond energy of 54.5 kcal molÿ1. Thus, the pentazole
ligands are bonded rather strongly to Fe. The bond energy is
much higher than in Fe(N2)5. Table 2 shows that the total
bond energy of the latter complex yielding Fe and 5 N2


(Reaction 6) is only Do� 33.7 kcal molÿ1; this gives an average
BDE of only 6.7 kcal molÿ1 for the FeÿN2 bonds,[36] and means
that Fe(h5-N5)2, if it can be prepared, could be more stable
towards dissociation than its isomer Fe(N2)5.


In order to assess the accuracy of the calculated BDE of
Fe(h5-N5)2, we also calculated the bond energy of ferrocene
for which experimental values are available. Table 2 gives the
calculated BDE for homolytic dissociation of FeCp2 into Fe
and two Cp ligands (Reaction 2). This reaction has been the
subject of other theoretical studies in recent years. Roos and
co-workers reported a BDE of De� 156 kcal molÿ1 using the
CASPT2 method for the calculations.[37] A DFT study by
Mayor-Lopez and Weber[33] led to a value of 158 kcal molÿ1


after corrections for ZPE contributions were made. The
experimental value for the BDE of homolytic bond cleavage
of ferrocene is 158� 2 kcal molÿ1.[38] Our calculated value is
Do� 138.0 kcal molÿ1, which is �20 kcal molÿ1 too low. This
means that our predicted value for the BDE of Fe(h5-N5)2


could be too low by the same amount, because the bonding
situation in the two complexes is similar (see below).


Table 2 also gives the calculated energies for the heterolytic
bond cleavage of Fe(h5-N5)2 and ferrocene yielding Fe2� and
2 Lÿ where L is the pentazole anion or Cpÿ (Reactions 3 and
4). An experimental value for the latter compound is
available.[38] The ligands are closed-shell 6p-aromatic species
and easy to calculate. For the calculation of Fe2� which has a


5D ground state[39] we took the
lowest lying (4s23d4) state as
reference for the calculations.
The heterolytic bond dissocia-
tion of ferrocene has recently
been studied by other groups.
Roos and co-workers reported
a theoretical value De�
628 kcal molÿ1, which was ob-
tained from CASPT2 calcula-
tions.[37] Klopper and Lüthi em-
ployed coupled-cluster as well
as multireference perturbation


theory and came to a calculated value of 655�
15 kcal molÿ1,[40] which is �20 kcal molÿ1 higher than the
experimental value of 635� 15 kcal molÿ1.[38] A recent DFT
study came to an even higher value for the heterolytic BDE of
ferrocene of 663 kcal molÿ1.[33] Table 2 shows that our calcu-
lations give a BDE of Do� 614.7 kcal molÿ1, which is
�20 kcal molÿ1 too low. Thus, our theoretical number, which
has the same absolute error as the ab initio calculation by
Klopper and Lüthi is not very different from the experimental
value. It means that the theoretically predicted BDE for the
heterolytic bond cleavage of Fe(h5-N5)2 Do� 433.5 kcal molÿ1


should be quite reliable. By comparison with the calculated
BDE of ferrocene it can be expected that it is �20 kcal molÿ1


too low.
Table 2 also gives the calculated BDE of Fe(CO)5 De�


144.9 kcal molÿ1, which can be compared with the experimen-
tal value of De� 147.4 kcal molÿ1.[41, 42] This means that the
theoretically predicted BDE of Fe(N2)5 Do� 33.7 kcal molÿ1 is
probably slightly too low, but not very much.[36] The complex
Fe(h5-N5)2 is much higher in energy than its isomer Fe(N2)5.
Table 2 shows that the latter complex is 260.5 kcal molÿ1 more
stable than Fe(h5-N5)2 (Reaction 7). The lower energy of the
dinitrogen complex comes from the NÿN energy of the
ligands, not from metal ± ligand interactions, which are
stronger in Fe(h5-N5)2. Iron bispentazole is a truly energy-
rich compound. The calculated reaction energy for the decay
of Fe(h5-N5)2 into the most stable products, iron atom and
dinitrogen molecules (Reaction 8), is predicted to be
ÿ226.8 kcal molÿ1. The reaction of iron bispentazole with
CO to yield iron pentacarbonyl and N2 (Reaction 9) even has
a reaction energy of ÿ361.0 kcal molÿ1 (Table 2). Thus, the
calculated energies indicate that Fe(h5-N5)2 has a rather high
metal ± ligand bond energy, which might be sufficiently large
to allow the isolation of the molecule in a condensed phase. At
the same time the compound is a high energy species that
reacts in a strongly exothermic manner with ligands such as
CO.


One referee pointed out that the stability of iron bispenta-
zole will also depend on kinetic factors, such as the barrier for
intramolecular rearrangement and the propensity to react
with the environment. It is difficult to address this question in
such an exact way as the geometry or bond energy of the
molecule. Barriers for rearrangement can, in principle, be
calculated by optimising transition state structures, but there
are numerous reaction pathways which lead to a fragmenta-
tion of Fe(h5-N5)2. However, the calculated geometry and the


Table 2. Calculated reaction energies [kcal molÿ1].


Reaction B3LYP/II B3LYP/III� Exp.


1 Fe (3d64s2) 5D � 2 N5!Fe(N5)2 ÿ 107.0 (ÿ97.1) ÿ 118.9 (ÿ109.0)
2 Fe (3d64s2) 5D � 2Cp!FeCp2 ÿ 139.4 (ÿ131.3) ÿ 146.1 (ÿ138.0) ÿ 158� 2[a]


3 Fe2� (3d6) 5D � 2N5
ÿ!Fe(N5)2 ÿ 459.5 (ÿ457.0) ÿ 436.0 (ÿ433.5)


4 Fe2� (3d6) 5D � 2Cpÿ!FeCp2 ÿ 653.9 (ÿ646.2) ÿ 622.4 (ÿ614.7) ÿ 635� 15[a]


5 Fe (3d64s2) 5D � 5 CO!Fe(CO)5 ÿ 150.6 (ÿ139.9) ÿ 144.9 (ÿ134.2) ÿ 147.4[b]


6 Fe (3d64s2) 5D � 5 N2!Fe(N2)5 ÿ 40.1 (ÿ32.1) ÿ 41.7 (ÿ33.7)
7 Fe(N5)2!Fe(N2)5 ÿ 241.3 (ÿ245.5) ÿ 256.3 (ÿ260.5)
8 Fe(N5)2!Fe (3d64s2) 5D � 5 N2 ÿ 201.2 (ÿ213.4) ÿ 214.6 (ÿ226.8)
9 Fe(N5)2 � 5 CO!Fe(CO)5 � 5N2 ÿ 351.8 (ÿ353.3) ÿ 359.5 (ÿ361.0)


[a] Ref. [38]. [b] ÿDe value, Ref. [41, 42].
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vibrational frequencies of the NÿN stretching modes of the
pentazole ligand led us suspect that the N5 moiety of the iron
complex is more resistant to fragmentation than the pentazole
group in phenylpentazole compounds. The latter species has
experimentally determined alternating NÿN bond lengths
between 1.30 and 1.35 �.[49] Ab initio calculations of the
parent system cyc-N5H gave similar bond lengths.[7a] The
lowest-lying transition state for the decomposition of cyc-N5H
into N2 � N3H was calculated to be 19.8 kcal molÿ1. The equal
NÿN bond lengths of Fe(h5-N5)2, which are predicted to be
1.36-1.37 �, and the rather large wavenumbers of the NÿN
stretching modes suggest that the 6p-aromatic pentazole
ligand of the iron complex is more stable towards fragmenta-
tion than the N5 moiety in phenylpentazole. Concerning
possible interactions with the environment, we give the
energy levels of the frontier orbitals of Fe(h5-N5)2 (HOMO:
ÿ8.09 eV; LUMO: ÿ5.90 eV) and FeCp2 (HOMO: ÿ4.13;
LUMO: ÿ1.33 eV). The energetically much-lower-lying orbi-
tals of iron pentazole indicate that the molecule is more prone
to nucleophilic attack than ferrocene. This information might
be useful for choosing proper reaction conditions for the
experiments.


In order to assist the identification of Fe(h5-N5)2, we present
in Table 3 the calculated vibrational frequencies and the IR
intensities. The most helpful IR-active mode should be the
pentazole ligand E1u in-plane stretching mode at 1139 cmÿ1.


Bonding analysis : In order to get an insight into the metal ±
ligand interactions and to understand the bonding situation in
Fe(h5-N5)2, we carried out an energy decomposition analysis
of the compound by the ETS method.[11] Before presenting
the results, we want to point out the meaning and the goal of
such a study. Inspection of textbooks of inorganic and
organometallic chemistry shows that the bonding situation
in transition metal compounds is usually discussed in terms of
qualitative MO diagrams and heuristic models and assump-
tions which have proven to be helpful as an ordering scheme
for the experimental observations. The missing link is the


connection to the actual electronic structure of the molecule,
which is at present an intensively investigated field in
theoretical inorganic chemistry.[43] It is our goal to build a
bridge between the quantitative electron-density distribution
and the associated energy and qualitative chemical models,
which are then not based on assumptions but on reliable data.
This can be done in terms of electronic-charge distribution or
in terms of energy decomposition. We begin with an analysis
of the energy contributions to the bonding interactions.


Figure 2 shows an orbital-correlation diagram in D5d


symmetry for the interactions between a d6 TM atom, with
the reference electron configuration (a1g)2(e2g)4(e1g)0, and a
five-membered cyclic aromatic ligand. This is the standard
MO correlation diagram for ferrocene, which is discussed in
many textbooks.[44] It has been found to be reasonable to
discuss the bonding situation of FeCp2 in terms of interactions
between closed-shell species Fe2� with the above electron
configuration and 2 Cpÿ.[45] The same MO diagram will be
applied for Fe(h5- N5)2.


We do not want to discuss the qualitative features of the
MO diagram shown in Figure 2 as this is done in many
textbooks.[44] There is general agreement that the most
important orbital interactions in ferrocene arise from the
(e1g) Cpÿ!Fe2� p-donation. The following questions shall be
addressed in our analysis:
1) What is the ratio of covalent bonding to electrostatic


bonding in Fe(h5-N5)2 and ferrocene?
2) How strong are the individual orbital contributions to the


total covalent bonding in both compounds?
3) What is the difference between the metal ± ligand inter-


actions in ferrocene and in Fe(h5-N5)2?
Table 4 shows the results of the ETS analysis of both


complexes. For didactic purposes we begin with ferrocene.
The calculations give a strong interaction energy between
Fe2� and 2 Cpÿ in the frozen geometry of the complex of
DEint�ÿ893.3 kcal molÿ1. The repulsive contribution by the
interactions between the occupied orbitals DEPauli is signifi-
cantly smaller (272.2 kcal molÿ1) than the attractive terms.
The electrostatic attraction (ÿ598.0 kcal molÿ1) and orbital
interactions (ÿ567.5 kcal molÿ1) are about the same size. This
means that the Fe2�ÿCpÿ bonds are about half covalent and
half electrostatic. The calculations also show that the e1g


orbitals give the largest contribution to the attractive orbi-
tal-interaction term DEorb. The stabilisation by the (e1g)
Cpÿ!Fe2� p-donation is 64.7 % of the total orbital stabilisa-
tion term. The second largest contribution comes from the
(e1u) Cpÿ!Fe2� p-donation which comprises 10.8 % of the
covalent bonding. Note that the latter term comes from the
donation of the ligands into the iron p(p) orbitals, while the
former comes from the donation into the d(p) orbitals. Also,
the a2u donation from the ligands into the p(p) orbital of Fe is
rather weak (28.2 kcal molÿ1). Thus, the metal d orbitals are
much more important as acceptor orbitals than the p orbitals,
but the latter are not negligible. A similar conclusion was
drawn from a recent bonding analysis of TM hexacarbon-
yls.[28a] The results are important because of the controversy
about the importance of the TM valence p orbitals.[46, 47]


The ETS results suggest that the bonding situation in
Fe(h5-N5)2 is very similar to that in ferrocene. Table 4 shows


Table 3. Harmonic vibrational spectra [cmÿ1], IR intensities [KM molÿ1]
and Raman scattering activities [A4 a.u.ÿ1] for D5d-symmetric Fe(N5)2.
B3LYP/II level of theory, unscaled. The intensities of degenerate modes
have not been doubled.


Mode Fe(N5)2, D5d IR Raman Comment


A1g 244.8 0 2.4 N5-Fe-N5 symmetric stretch
A1g 1100.5 0 68.4 N5 symmetric ring breathing
E1g 810.8 0 0.3 N5 in-plane stretch
E1g 1139.2 0 6.0 N5 symmetric in-plane stretch
E2g 323.2 0 4.7 N5 out-of-plane topple
E2g 703.0 0 0.04 N5 out-of-plane deformation
E2g 1066.9 0 6.7 N5 symmetric in-plane stretch
A1u 20.5 0 0 Ring rotation around main axis
A2u 335.4 12.3 0 N5-Fe-N5 asymmetric stretch
A2u 1106.8 1.4 0 N5 asymmetric ring breathing
E1u 156.8 0.02 0 N5-Fe-N5 bending
E1u 449.0 9.7 0 Fe out-of-C5 axis
E1u 1138.6 6.0 0 N5 in-plane stretch
E2u 665.1 0 0 N5 out-of-plane
E2u 846.6 0 0 N5 ring stretch
E2u 1077.7 0 0 N5 in-plane stretch







FULL PAPER G. Frenking et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4160 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 194160


that the intrinsic interaction energy of iron bispentazole
(ÿ706.7 kcal molÿ1) is, as expected, less than in ferrocene. The
contributions by the three terms DEPauli , DEorb and DEorb


become smaller by about the same extent. Thus, the
(Fe2�)ÿ(h5-N5


ÿ) bond has about the same percentage covalent
bonding (48.2%) as the (Fe2�)ÿ(Cpÿ) bond. The strongest


contribution to the covalent
bonding in Fe(h5-N5)2 comes
from the (e1g) h5-N5


ÿ!Fe2� p-
donation (62.3 %).


An explanation as to why the
(e1g) h5-N5


ÿ!Fe2� p-donation
is the strongest contributor to
the stabilising orbital interac-
tions in Fe(h5-N5)2 and ferro-
cene is as follows. The a1g DEorb


term describes the interactions
of four electrons that are stabi-
lised only by the mixing with
the empty 4s orbital of iron,
which is not as important an
acceptor orbital as the empty 3d
orbitals (Figure 2). The a2u and
e1u ligand!Fe2� donations in-
volve the higher-lying 4p orbi-
tals of iron. The (e2g) Fe2�! li-
gand back-donation is not very
strong because the iron carries
a large positive charge of �2.
This leaves the (e1g) h5-N5


ÿ!
Fe2� p-donation as the only
term which strongly contributes
to DEorb. We want to point out
that the stabilisation that is
calculated for the DEorb term
does not only come from the
mixing of the orbitals of the
interacting fragments. Part of
the orbital relaxation is caused
by the electrostatic effect of the
fragments, mainly through the
stabilisation of the occupied


orbitals of the ligand by the positive charge of the metal
ion. The stabilisation by the charge of Fe2� can be estimated as
�20 kcal molÿ1.[48]


The reader may wonder why we did not discuss the atomic
partial charges of ferrocene and Fe(h5-N5)2 until now. The
calculated NBO charges of the iron atom are �0.204 in
ferrocene and�0.650 in Fe(h5-N5)2. The more positive charge
of Fe in the latter compound could be expected because of the
higher electronegativity of nitrogen compared with carbon.
We want to emphasise that atomic partial charges can be
misleading as an indicator of the nature of the chemical bond.
The more positive charge of iron and the more negative
charge of the ligand could lead to the erroneous conclusion
that the Feÿpentazole bond is more ionic than the FeÿCp
bond. The ETS results show that this is not the case. The
reason is that the charge distribution in a molecule also
strongly influences the energy levels of the interacting orbitals
and, thus, it also determines the covalent bonding. We
recently showed in an analysis of the metalÿCO bonding in
TM(CO)6


q (TMq�Hf2ÿ, Taÿ, W, Re�, Os2�, Ir3�) that the most
highly charged hexacarbonyls Hf(CO)6


2ÿ and Ir(CO)6
3� have


the most covalent TMÿCO bonds while the neutral complex
W(CO)6 has the least covalent bond.[28a] This is because Hf2ÿ


Figure 2. MO correlation diagram for the interactions between Fe2� and a five-membered cyclic ligand X5
ÿ


(X�CH, N).


Table 4. ETS analysis of Fe(Cp)2 and Fe(N5)2 at BP86/TZP.[a]


Term Fe(C5H5)2 Fe(N5)2


DEint
[b] ÿ 893.3 ÿ 706.7


DEPauli 272.2 244.0
DEelstat ÿ 598.0 (51.3 %)[c] ÿ 492.6 (51.8 %)[c]


DEorb ÿ 567.5 (48.7 %)[c] ÿ 458.1 (48.2 %)[c]


A1g ÿ 48.5 (8.5 %)[d] ÿ 40.6 (8.1 %)[d]


A2g 0.0 0.0
E1g ÿ 367.2 (64.7 %)[d] ÿ 285.4 (65.5 %)[d]


E2g ÿ 46.1 (8.1 %)[d] ÿ 44.7 (8.0 %)[d]


A1u 0.0 0.0
A2u ÿ 28.2 (5.0 %)[d] ÿ 22.3 (4.8 %)[d]


E1u ÿ 61.1 (10.8 %)[d] ÿ 44.5 (10.6 %)[d]


E2u ÿ 16.4 (2.9 %)[d] ÿ 20.6 (2.9 %)[d]


[a] All values are in kcal molÿ1. [b] Fe2� (t2g
6) � 2Lÿ. [c] Percentage of


attractive interactions DEelstat � DEorb. [d] Percentage of orbital interac-
tions DEorb.
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has very high lying occupied orbitals and Ir3� very low lying
vacant orbitals; this yields very strong donor ± acceptor orbital
interactions. Another very important aspect is that atomic
partial charges give no information about the topography of
the charge distribution. The three-dimensional electronic-
charge distribution can be very anisotropic, and there may be
local negative-charge concentrations at atoms which overall
carry a positive charge. The latter has been found to be crucial
for an understanding of TMÿligand bonds that have domi-
nantly s-bonded ligands.[28b]


We analysed the electronic-charge distribution of Fe(h5-
N5)2 and ferrocene in order to see if the qualitative orbital
diagram shown in Figure 2 can be reproduced by the shape
of the Kohn ± Sham (KS) molecular orbitals. It has re-
cently been suggested that KS orbitals may be used for the
analysis of chemical bonding in the same way as Hartree ±
Fock (HF) orbitals.[30] It is important to know if the actual
shape of the KS orbitals correlates with qualitative MO
schemes which were originally suggested for HF and EHT
orbitals.[44b]


Figure 3 shows the contour-line diagrams of the KS orbitals
of Fe(h5-N5)2 and ferrocene, which are the results of the DFT
calculations. The LUMO and HOMO of both compounds are
degenerate e1g and e2g MOs, which closely resemble each
other. They also match the shape of the LUMO and HOMO;
this can be expected from the qualitative MO diagram
(Figure 2). The same holds true for the a1g HOMO-1 orbitals
of the two molecules, which have a strong contribution from
the dz2 AO of iron (Figure 3). The next-lower-lying bonding
orbital according to the MO diagram should be the e1u orbital.
Figure 3 shows that the HOMO-2 of ferrocene and the
HOMO-6 of iron bispentazole nicely correlate with the
expected shape of the orbital. Note that the coefficient of
the p(p) acceptor orbital of Fe is very small; this is in
agreement with the calculated low stabilisation energy. The
orbitals from HOMO-2 up to HOMO-5 of Fe(h5-N5)2 are
nitrogen lone-pair orbitals.


The HOMO-3 of ferrocene and HOMO-7 of Fe(h5-N5)2 are
the degenerate e1g orbitals, which are the strongest contrib-
utors to the orbital interaction term. Figure 3 shows that the
orbitals have large coefficients at iron (3dxz and 3dyz) and the
ligand atoms, which are connected in a bonding fashion. This
correlates with the calculated high stabilisation energy of the
e1g DEorb term. The remaining orbitals are the a2u MOs, which
were found as the HOMO-4 of ferrocene and HOMO-10 of
Fe(h5-N5)2, and the a1g MOs, which are the HOMO-11 of
ferrocene and HOMO-9 of Fe(h5-N5)2. The a1g and a2u MOs of
iron bispentazole are in reverse order compared with
ferrocene. Figure 3 shows that the coefficient of the p(s)
AO of Fe in the a2u orbitals is very small, while the extension
of the iron dz


2 AO in the a1g orbital is somewhat larger. The
other occupied orbitals, which are not shown, are mainly
nitrogen lone-pair MOs in case of Fe(h5-N5)2 and ligand
orbitals in case of ferrocene. The conclusion is that the shape
of the actual KS orbitals nicely correlates with the qualitative
MO diagram, which is established in inorganic chemistry. It
shows that it is possible to use accurate quantum-chemical
calculations as the basis for qualitative chemical models of
chemical bonding. It is exciting to see that qualitative


reasoning may thus now be supplemented by quantitative
arguments without that the simplicity of the model is lost.


Conclusion


The results of this work can be summarised as follows.
Iron bispentazole is a strongly bonded molecule with


staggered pentazole ligands. The theoretically predicted total
bond energy is Do� 109.0 kcal molÿ1, which is only
�30 kcal molÿ1 less than the BDE of ferrocene. Although
Fe(h5-N5)2 is 260.5 kcal molÿ1 higher in energy than the isomer
Fe(N2)5 it has significantly stronger metal ± ligand bonds.


The energy decomposition analyses of Fe(h5-N5)2 and
ferrocene show that the bonding situation in the two
compounds is very similar. The metal ± ligand bonds are
approximately half ionic and half covalent. The covalent
bonding comes mainly from (e1g) h5-N5


ÿ!Fe2� p-donation.
The qualitative MO correlation diagram, which was intro-
duced for analysing the chemical bonds in ferrocene, is
mirrored by the calculated KS orbitals.


From the calculated results, it can be concluded that iron
bispentazole is a promising target for synthesis. We think that
the chances for a successful synthesis are not bad; although
the search for a suitable iron compound that properly reacts
with a pentazole compound and the design of the experimen-
tal setup will be a formidable challenge for experimentalists.
The remarkable success in synthesising compounds in recent
years,[1±3] which have previously been elusive for experimen-
talists allow us to feel optimistic that Fe(h5-N5)2 might soon
become an observable molecule.
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Influencing the Binding Selectivity of Self-Assembled Cyclodextrin
Monolayers on Gold through Their Architecture


Menno R. de Jong, Jurriaan Huskens,* and David N. Reinhoudt*[a]


Abstract: Cyclodextrin derivatives
modified with seven thioether moieties
(1) or with one thiol moiety (2) bind to
gold. Monolayers on gold of 1 or mixed
monolayers of 2 and mercaptoundeca-
nol were characterized by electrochem-
istry, wettability, and atomic force mi-
croscopy (AFM). Monolayers of 1 are
well-ordered, but the order in the mixed
monolayers depends on the ratio of 2 to
mercaptoundecanol. With sufficient al-


kyl chains to fill the space under the
cyclodextrin moiety of 2, the monolayers
are densely packed. Guest recognition at
these monolayers in water was studied
by surface plasmon resonance (SPR)
spectroscopy. For simple organic guests,


monolayers of 1 showed the same selec-
tivity and binding strength as b-cyclo-
dextrin in solution; however, the selec-
tivity towards steroidal bile salts differs
from solution. The mixed monolayers of
2, in which the cyclodextrin is less
substituted and has more flexibility, bind
steroidal guests (6 a ± 6 e) with the same
selectivity as b-cyclodextrin in solution.


Keywords: cyclodextrins ´ host ±
guest systems ´ monolayers ´ ste-
roids ´ surface plasmon resonance


Introduction


Self-assembled monolayers (SAMs)[1] on gold are easily
prepared and highly stable. When combined with the possi-
bility for introducing functional groups, this makes them
attractive for the modification of surface properties, for
example, for sensing purposes. Our group has previously
reported the self-assembly of various receptor molecules, such
as resorcin[4]arenes[2] and crown ethers[3] on gold. We have
monitored interactions of resorcin[4]arene monolayers with
organic guests by quartz crystal microbalance (QCM)[2a] and
surface plasmon resonance (SPR) spectroscopy, both in the
gas phase[2e] and in aqueous solution.[4] The binding of metal
ions from solution by SAMs of crown ethers was studied by
electrochemical impedance spectroscopy.[3]


Cyclodextrins,[5] cyclic oligosaccharides that consist of six,
seven (b-cyclodextrin, Figure 1), or eight glucose moieties,
possess a hydrophobic cavity that enables the complexation of
organic guests in aqueous solution. Sulfur-modified a-[6] and
b-cyclodextrin[7] derivatives have been used by several groups
for the preparation of SAMs on gold. Kaifer and co-workers
used per-6-deoxy-(6-thio)-b-cyclodextrin with seven thiol
moieties for binding to the gold surface.[7a] Their binding
properties with metallocenes were studied on surfaces[7a] and


Figure 1. Structure and dimensions of b-cyclodextrin.


on colloids.[8] Galla and co-workers reported cyclodextrins
with one thiol moiety as the attachment point.[7e] Binding
studies at SAMs of these adsorbates revealed that guest
binding did not follow a Langmuir isotherm because of the
disorder in the layers.[7f]


Our own strategy for obtaining dense, well-packed mono-
layers of receptor molecules involves filling the space under-
neath a head group with alkyl chains by using multiple
attachment points (Figure 2 a). For example, we substituted a
resorcin[4]arene[2a] with four thioether units (4� 40 �2) to
match the size of the cavity head group (160 �2). We recently
used the same approach for highly ordered monolayers of a-,
b-, and g-cyclodextrin.[9, 10] Persubstitution of cyclodextrins at
their primary rim with thioethers yielded better organized
monolayers than persubstitution with thiols.[9] Electrochem-
istry confirmed the formation of well-packed monolayers for
the thioether-modified adsorbates, accomplished by a dense
packing of the thioether moieties. Atomic force microscopy
(AFM) showed hexagonal lattices with a lattice constant
consistent with the size of the cyclodextrin head group for
thioether-modified cyclodextrin adsorbates that are methy-
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lated at the 2- and 3-positions, proving that the adsorbates are
ordered and packed with their cavity pointing outward. The b-
cyclodextrin adsorbates with free hydroxy groups at the 2- and
3-positions complex guests from aqueous solution. The bind-
ing of 1-anilinonaphthalene-8-sulfonate, a well-known guest
for b-cyclodextrin, to these monolayers was best described by
a Langmuir isotherm,[10a] indicating the presence of only one
type of binding site.


Herein we report the binding of several structurally differ-
ent guests to cyclodextrin monolayers, and compare the
binding by the monolayer with binding by cyclodextrin in
solution. We used a b-cyclodextrin heptasulfide and a b-
cyclodextrin monoalkylthiol to prepare self-assembled mono-
layers on gold. The latter cyclodextrin adsorbate was used in
an alternative strategy to obtain well-packed monolayers of
receptor adsorbates. It consists of filling the space left under a
head group that is attached to the gold only through a single
thiol moiety with mercaptoalcohols (Figure 2 b).[11] The mer-
captoalcohols should prevent the formation of a quasi-two-
layer system that is predicted by molecular dynamics calcu-
lations for pure monolayers of cyclodextrin adsorbates
monosubstituted with a long alkyl chain.[12] These monolayers
were characterized by a variety of techniques to verify that
densely packed monolayers were obtained through both of
the strategies employed. Surface plasmon resonance (SPR)
spectroscopy was used to monitor the host ± guest interactions
of a variety of guests with the cyclodextrins in the monolayers.
Guests were chosen that bind in the cavity or through the
cavity, or require two cavities for strong binding. The effect of
the architecture of the cyclodextrin monolayers on binding
these types of guests was studied in detail.


Results and Discussion


Previously, we reported an amide-connected cyclodextrin
heptathioether prepared from heptakis-6-deoxy-6-amino-b-
cyclodextrin and a thioether carboxylic acid with a methyl-
terminated chain that was one carbon atom shorter than the
carboxylic acid terminated chain.[10a] The b-cyclodextrin
heptathioether 1 described here was synthesized by the same
procedure using a thioether carboxylic acid with alkyl chains
of equal length.


A protected precursor of cyclodextrin monoalkylthiol 2 was
synthesized by deprotonation of b-cyclodextrin, protected at


the primary side with tert-butyldi-
methylsilyl groups, with lithium
hydride, and subsequent reaction
with 12-bromo-1-(S-trityl)mercap-
tododecane. All protecting groups
were removed in one step with a
solution of triethylsilane in tri-
fluoroacetic acid to obtain 2. All
compounds were characterized sat-
isfactorily by NMR and FAB-MS
or matrix-assisted laser desorption/
ionization (MALDI) MS.


The monolayers of the cyclodextrin adsorbates were
characterized by electrochemistry and wettability studies
(Table 1). The monolayers of 1 closely resemble those
reported before.[9, 10a] The charge-transfer resistance (RCT)
towards the [Fe(CN)6]3ÿ/[Fe(CN)6]4ÿ external redox couple
was higher than that reported before,[10a] reflecting the slightly
better packing expected for thioethers with two alkyl chains of
identical length.[2c] Although the contact angles are higher
than those reported before, they are still indicative of a rather
hydrophilic surface.


Monolayers with a varying ratio of 2 to mercaptoundecanol
were also prepared. The surface area occupied by the
cyclodextrin head groups is smallest when they are oriented
with the rims of the cavities perpendicular to the surface,
rather than parallel. At 17 % of 2, we calculated that the
cyclodextrin cavities are tightly packed even in this orienta-
tion. In the more dilute layers, the cyclodextrin cavities have


Figure 2. Architectures of cyclodextrin monolayers employed in this study.


Table 1. Properties of self-assembled monolayers of 1 and of self-
assembled monolayers containing varying ratios of mercaptoundecanol
and 2.


Monolayer qa/qr [H2O, 8] CML [mF cmÿ2] RCT [105 W]


1 55/< 20 2.6 1.1
HOÿ(CH2)11ÿSH < 20/< 20 2.7 4.4
2% 2[a] < 20/< 20 2.4 8.0
4.5% 2[a] < 20/< 20 2.4 8.1
9% 2[a] < 20/< 20 2.3 10.1
17% 2[a] < 20/< 20 2.6 6.1
2 < 20/< 20 7.1 2.0


[a] Percentages given are molar percentages in solutions used for
monolayer preparation.
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more orientational freedom. Wettability studies show that the
outer surfaces of all mixed monolayers of 2 and mercaptoun-
decanol are hydrophilic. The RCT and capacitance values of
mixed monolayers of 2 and mercaptoundecanol are similar to
those of monolayers of mercaptoundecanol. The slightly
lower capacitance values compared with those of monolayers
of mercaptoundecanol are indicative of a thicker monolayer
in the case of the mixed monolayers, which is consistent with
the cyclodextrin head groups resting on top of the closely
packed alkyl part of the monolayer. We did not see phase-
segregated domains in AFM images of the mixed monolayers,
and this also suggests the formation of well-mixed, densely
packed monolayers. At 17 % of 2, the packing properties of
the layers start to deteriorate, as shown by increasing
capacitance and decreasing RCT values. Possibly, the very
tight packing of the cyclodextrin head groups gives rise to the
introduction of more defects. The monolayers of pure 2 have a
considerably lower RCT than the mixed monolayers, showing
that the absence of the mercaptoundecanol causes more
defects in the monolayer. In accordance, the capacitance
value is much higher than that of the mixed monolayers, which
means that the pure layer is thinner than the mixed mono-
layers. The capacitance is slightly lower than the previously
reported values for monolayers of short-chain heptathio-
ethers.[10a] This is tentatively attributed to the formation of two
layers of cyclodextrins, as predicted by molecular dynamics.[12]


Alternatively, it could be the result of the cavities being at a
larger average distance from the surface, owing to the long
S-alkyl spacer. The characterization of these cyclodextrin
monolayers reveals that (except for pure 2) they are densely
packed with their cavities exposed to the outer surface of the
monolayer.


We used SPR spectroscopy to monitor host ± guest inter-
actions between steroids and cyclodextrin monolayers.[13]


Changes in the refractive index and thickness near an
interface can readily be detected by SPR. Experimentally,
the ªplasmon resonance angleº is determined, which is the
angle under which light, reflected at a prism/metal interface in
the Kretschmann configuration, exhibits a minimum in the
reflectance. The change of the plasmon angle during a surface
binding experiment is proportional to the amount of material
bound to the surface.[14]


The addition of ferrocenemethanol (3), 4-tert-butylphenyl-
acetanilide (4), and 1-acetamidoadamantane (5), all of which
contain known binding moieties for b-cyclodextrin in solution,


to a monolayer of 1 gave rise to rapid and reversible changes
in the SPR angle. The interaction of monolayers of 1 with
small neutral organic guests was studied in detail by titration
(Figure 3). The experimental data could be fitted to Langmuir
isotherms (solid lines), confirming the previous finding that
only one type of binding site is present on the monolayer and


Figure 3. Change in SPR angle (Da) of a monolayer of 1 as a function of
the concentration of ferrocenemethanol 3 (~), 4-tert-butylphenylacetani-
lide 4 (*), and 1-acetamidoadamantane 5 (&).


that the cavities behave independently.[10a] When monolayers
of mercaptoundecanol were put in contact with the same
guest concentrations, no change in the SPR angle was
observed, proving that the change in SPR angle is indeed
the result of host ± guest complexation at the monolayer of 1.


To compare the binding of these guests by surface-confined
cyclodextrins with the binding of these molecules by b-
cyclodextrin in solution, the binding constants in solution
were determined by microcalorimetry. The association con-
stants for these small guests obtained at a monolayer and in
solution are in surprisingly good agreement (Table 2). This
indicates that the interior of the cavity is hardly affected by
the perfunctionalization of the primary rim and that the


microenvironment of a cavity in the monolayer is comparable
to that of a cavity in solution. It shows that cyclodextrin
heptathioether 1 is an excellent receptor adsorbate for the
detection of small organic compounds, which bind in the
cyclodextrin cavity.


Steroids are present in all eukaryotic organisms, where they
play a role in numerous processes.[15] Their biological impor-
tance and hence their detection has attracted great scientific
interest.[16] Our group has shown that resorcin[4]arene-based
receptors complex steroids in chloroform solutions.[17] When
we incorporated this class of receptors in monolayers, the
interaction with steroids appeared to be largely governed by
the hydrophobicity of the guest.[18] A class of steroids 6 a ± 6 e
whose interaction with cyclodextrins has been well studied is
that of the bile salts. Their recognition by cyclodextrin
derivatives has been studied both by our group[19] and by
others.[20] NMR experiments have shown that these steroids
are complexed through the cavity, with the aliphatic side chain
of the steroid entering the cyclodextrin from the secondary


Table 2. The interaction of guests 3 ± 5 with monolayers of 1 and with b-
cyclodextrin in solution.


1 Solution
Guest K Dasat K DH TDS


[mÿ1] [8] [mÿ1] [kcal molÿ1] [kcal molÿ1]


3 9.9� 103 0.145 1.0� 104 ÿ 6.1 ÿ 0.7
4 2.6� 104 0.179 3.0� 104 ÿ 5.2 0.9
5 5.7� 104 0.090 6.8� 104 ÿ 5.9 0.7
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side.[21] Steroids 6 a and 6 b are not complexed as deeply as the
others, because of the presence of the hydroxy group at C12 of
the steroid skeleton.[22]


The interaction of monolayers of 1 with these steroids was
also studied by SPR. The changes in the SPR angle (Da) as a
function of the concentration of steroids for a monolayer of 1
are plotted in Figure 4. The experimental Da data could be


Figure 4. Change in SPR angle (Da) at a monolayer of 1 as a function of
the concentration of 6 a (~), 6b (*), 6c (&), 6d (^), 6 e (�). For 6 e, the last
three points were not incorporated in the Langmuir fit.


fitted to Langmuir isotherms (solid lines). The titration data
for steroid 6 e deviated from the fitted curve at higher
concentrations, where Da started to increase linearly. Titra-
tion of the steroids to a monolayer of mercaptoundecanol
showed a linear increase in Da for the higher concentrations
of steroid 6 e and no change for the other steroids. Although
the concentrations of the steroids were chosen to be below the
critical micelle concentration (cmc), steroid 6 e, the most
hydrophobic, apparently has some aspecific interaction with
the layers. Thus, for 6 e the last points of the titration were not
considered in the Langmuir fitting procedure.


The association constants obtained from the fitting proce-
dure are shown in Table 3. Comparison with the previously
reported solution data[19] for the complexation of these
steroids by b-cyclodextrin reveals that the association con-
stants in solution are higher than those at the surface. More
interestingly, there is a difference in selectivity. In solution, 6 a
and 6 b have far lower stability constants than the other
steroids. In contrast, the monolayers of 1 complex steroid 6 b
more strongly than its isomers 6 c and 6 d. The difference in
selectivity for the steroids between solution and monolayers
may be due to the fact that these relatively large guests are


complexed through the cavity instead of in the cavity. The
persubstitution of the primary side blocks one side of the
cyclodextrin and prevents protrusion through the cavity.
Steroid 6 b is less affected by the blocking of the primary
side, as in solution it is already less deeply included than 6 c
and 6 d.[22]


The saturation values obtained by the fitting procedure
were approximately the same (Damax� 0.1158) for all of the
steroids. This was expected, as the amount of material bound
at the surface for these similar steroids is nearly identical. The
absolute value of the change in SPR angle can be related to a
mass change.[23] Although this relationship is dependent on
the type and thickness of the metal, the mass increase for the
formation of a 1:1 host ± guest complex should give rise to
approximately this saturation value in the system used.[24]


Mixed monolayers of 2 and mercaptoundecanol containing
9 % of 2 have close to the same surface concentration of
cyclodextrins as monolayers of 1. The binding of steroids to a
monolayer with 9 % of 2 was compared with the binding to
monolayers of 1. In the mixed monolayers, the cyclodextrins
are spaced sufficiently far apart for the cavities to be readily
accessible, and concentrated enough to ensure reasonable
changes in the SPR angle upon complexation of guests in the
cavities. The titration data for the addition of bile salts 6 a ± 6 e
to this layer are shown in Figure 5. Again, steroid 6 e showed
some aspecific interaction at higher concentrations. It can
easily be seen that these mixed monolayers interact more
strongly with 6 c ± 6 e than with 6 a and 6 b. This is in
accordance with the complexation behavior known from
solution and supports the notion that the different selectivity
of monolayers of 1 towards the various bile salts is caused by


Figure 5. Change in SPR angle (Da) at a mixed monolayer containing 9%
of 2 as a function of the concentration of 6a (~), 6b (*), 6c (&), 6d (^), 6e
(�). For 6e, the last two points were not incorporated in the Langmuir fit.


Table 3. The interaction of bile salts with cyclodextrin monolayers and
with b-cyclodextrin and a b-cyclodextrin dimer in solution.


1 9 % 2 Solution[a]


Guest K Dasat K Dasat Kb-CD Kdimer


[mÿ1] [8] [mÿ1] [8] [mÿ1] [mÿ1] [mÿ1]


6a 9.7� 102 0.110 6.8� 103 0.053 4.1� 103 2.8� 105


6b 6.4� 103 0.114 1.1� 104 0.072 3.6� 103 2.4� 106


6c 4.5� 103 0.115 1.9� 104 0.108 1.8� 105 5.2� 106


6d 4.2� 103 0.124 4.8� 104 0.107 7.8� 105 3.6� 106


6e 1.3� 104 0.109 8.6� 104 0.120 1.9� 106 8.9 ´ 106


[a] Taken from ref. [19].
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the persubstitution on the primary rim and the resulting
architecture of the monolayer.


When the titration data were fitted to Langmuir isotherms,
the saturation values of the different steroids varied (Table 4).
For 1 a and 1 b, far lower values were found than for the other


steroids. This difference may be explained by looking at the
binding behavior in solution. In solution, steroids 1 a and 1 b
are known to require a b-cyclodextrin dimer for strong
complexation,[19] whereas the other steroids are already
strongly complexed by native b-cyclodextrin. At the 9 %
cyclodextrin surface, the cavities are fairly close to each other.
Therefore, we assume that two processes can occur, as shown
in Equations (1) and (2).


H�G>HG, K1�
�HG�
�H��G� (1)


H2�G>H2G, K2�
�H2G�
�H2��G�


(2)


In these equations, [H] and [H2] are the surface concen-
trations of monomeric and dimeric binding sites, respectively,
[G] is the guest concentration in solution, and [HG] and
[H2G] are the surface concentrations of the 1:1 complexes of a
guest in a monomeric and dimeric binding site, respectively.
Here, we assume that the binding behavior of all dimeric
binding sites can be described by a single, average binding
constant K2 . If we define surface coverages q1 and q2 as in
Equation (3), Equation (4) follows .


q1�
�HG�
�H�tot


, q2�
�H2G�
�H2�tot


� 2�H2G�
�H�tot


(3)


K1�
q1


�1ÿ q1 ÿ q2��G�
, K2�


q2


�1ÿ q1 ÿ q2��G�
(4)


If the presence of guest molecules at the surface causes the
same change in SPR angle independent of the number of
cavities they are bound by, the total change is given by
Equation (5).


Da� (q1� 1/2q2)Damax (5)


Where Damax is the maximum possible SPR angle change,
reached for purely monomeric complexation. Therefore,
Langmuir binding curves are expected with saturation values
between 1/2Damax and Damax. From comparison with the
monolayer of 1, Damax is estimated to be approximately 0.1458
for a 9 % layer of 2.[25] Using this value, we calculated the ratio
of monomer complexation to dimer complexation at the
surface for steroids 6 a ± 6 e (Table 4).[26] Steroids 6 a and 6 b


are bound by two cyclodextrin cavities rather than one. This is
in agreement with the strong preference of these guests for
complexation by a dimer in solution.[19] It should be noted,
however, that K values for a dimer cannot be directly
compared with K2 values obtained here, since the conforma-
tion a dimer adopts in order to bind a guest in solution may be
entirely different from the orientation of and distance
between the cavities in a monolayer. Moreover, the surface
case merely represents an average situation. A mixture of
monomer and dimer complexation is observed for 6 c ± 6 e,
also in qualitative agreement with the binding behavior in
solution.[19]


Further evidence for 2:1 binding at the surface came from
diluting the monolayer. The K1 values are unaffected by this
dilution, but the K2 values should decrease because of the
increased distance between the cyclodextrin cavities.[27] This
should therefore be reflected in a change of the q1:q2 ratio
[Eq. (4)] and thus to a change in the saturation value of Da


[Eq. (5)]. For steroids 6 c ± 6 e dilution of the monolayer
indeed led to a markedly increased ratio of monomer to dimer
complexation (Table 4), supporting the model of both dimer
and monomer complexation at the surface. Further dilution of
the cyclodextrin adsorbate in the monolayer, which might
have enabled the observation of monomer complexation even
for 1 a and 1 b, reduced the SPR signal so that it was too small
to obtain reproducible results.


Titrations of steroids to monolayers containing 17 % of 2
were not described well by a Langmuir isotherm. Possibly, the
lack of freedom of the cyclodextrin cavities in these layers
causes the presence of different absorption sites as observed
for pure cyclodextrin monothiol layers.[7f]


Conclusion


Densely packed monolayers can be prepared by filling the
space under the cyclodextrin head group, either by persub-
stitution of the primary rim or by coadsorption of a mono-
substituted cyclodextrin with a simple mercaptoalcohol.
These monolayers have well-defined host-guest interactions
with known guests for b-cyclodextrin. In all cases, the
response to a certain concentration of an analyte is rapid
and reversible, making these monolayers excellent candidates
for online sensing applications. The selectivity of the mono-
layers depends on their architecture. Monolayers of the b-
cyclodextrin heptathioether have excellent recognition prop-
erties for small organic guests that bind in the cavity, such as
1-acetamidoadamantane and ferrocenemethanol. For larger
guests, like steroids, the selectivity of monolayers of mono-
functionalized cyclodextrin more closely resembles the bind-
ing by native b-cyclodextrin in solution. Such cyclodextrin
derivatives organized in a monolayer appear to be capable of
cooperativity. The mode of incorporation of a cyclodextrin
into a monolayer is a means of altering its selectivity. This
offers the possibility may make it possible to screen sensor
molecules for selectivity for a certain guest by assembling
receptors on a monolayer, rather than by first synthesizing the
optimal receptor and then incorporating it into a monolayer.


Table 4. Ratio of monomer to dimer complexation by mixed monolayers
of 2.


9% 2 4.5 % 2
Guest q1 :q2 q1 :q2


6a 0:100 0:100
6b 0:100 0:100
6c 48:52 67:33
6d 48:52 69:31
6e 59:41 85:15
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Experimental Section


General : b-Cyclodextrin was dried prior to use. All other chemicals were
used as received unless otherwise stated. Solvents were purified according
to standard laboratory methods.[28] All reactions were carried out in an inert
atmosphere. NMR spectra were taken on a 300 MHz NMR spectrometer,
using residual solvent protons or tetramethylsilane as an internal standard.
TLC was performed on aluminum sheets precoated with silica gel 60 F254


(Merck). The cyclodextrin spots were visualized by dipping the sheets in
5% sulfuric acid in ethanol followed by heating. Chromatographic
separations were performed on silica gel 60 (Merck, 0.040 ± 0.063 mm,
230 ± 240 mesh). Matrix assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry was carried out using a Perseptive
Biosystems Voyager-DE-RP MALDI-TOF mass spectrometer. FAB-mass
spectra were obtained with a Finnigan MAT 90 spectrometer. For MALDI-
TOF mass spectrometry a-cyano-4-hydroxycinnamic acid and for FAB-
mass spectrometry m-nitrobenzylalcohol were used as the matrix. tert-
Butyldimethylsilyl (TBDMS) protected b-cyclodextrin (TBDMSCD) was
prepared according to a literature procedure.[29]


Heptakis-{6-deoxy-6-[12-(thiododecyl)dodecanamido]}-b-cyclodextrin (1):
Compound 1 was synthesized with a procedure analogous to one that we
have published before.[10a] Yield� 45%. Rf� 0.56 (CH2Cl2/MeOH 30%
v/v); 1H NMR (CDCl3): d� 7.06 (s, 7 H), 6.56 (s, 7 H), 5.12 (s, 7H), 4.80 (s,
7H), 3.96 ± 3.08 (m, 42 H), 2.42 (t, 3J(H,H)� 7.5 Hz, 28H), 2.22 ± 2.05 (m,
14H), 1.52 ± 1.45 (m, 42 H), 1.29 ± 1.19 (m, 238 H), 0.83 (t, 3J(H,H)� 6.5 Hz,
21H); 13C NMR (CDCl3): d� 174.2, 102.5, 84.3, 73.4, 71.1, 54.3, 43.1, 37.2,
36.4, 32.2, 31.9, 29.7, 29.6, 29.5, 29.3, 29.0, 26.0, 22.7, 14.2; MS (MALDI-
TOF): calcd for C210H399N7O35S7: 3807, found 3830 [M�Na]� .


12-Bromo-1-(S-trityl)mercaptododecane :[30] A mixture of 1,12-dibromodo-
decane (5.00 g, 3.68 mmol), triphenylmethyl mercaptane (17.8 g,
0.111 mmol), and potassium carbonate (3 g) in acetonitrile (300 mL) was
refluxed overnight. After evaporation of the solvent, the residue was
dissolved in dichloromethane and washed with HCl (1m), NaOH (1m), and
brine, and dried over MgSO4. After removal of the solvent the crude
product was purified by repeated crystallization from hexane to give 12-
bromo-1-(S-trityl)mercaptododecane as a colorless solid in 45% yield.
1H NMR (CDCl3): d� 7.45 (d, J� 7.8 Hz, 6H), 7.35 ± 7.09 (m, 9 H), 3.33 (t,
J� 7.5 Hz, 2H), 2.06 (t, J� 7.5 Hz, 2H), 1.82 ± 1.72 (m, 2H), 1.45 ± 1.10 (m,
18H); 13C NMR (CDCl3): d� 174.2, 102.5, 84.3, 73.4, 71.1, 54.3, 43.1, 37.2,
36.4, 32.2, 31.9, 29.7, 29.6, 29.5, 29.3, 29.0, 26.0, 22.7, 14.2; FAB-MS: calcd for
C31H39BrS: 522.2, found 523.3 [M�H]� .


Heptakis(6-O-tert-butyldimethylsilyl)mono-2-O-(12-thiotrityl-dodecyl)-b-
cyclodextrin (2 a): LiH (18 mg, 2.3 mmol) was added to a solution of dried
(100 8C, 0.1 mbar, 5 h) TBDMSCD[29] (2.0 g, 1.03 mmol) in dry THF
(30 mL). The mixture was refluxed for 2 h. 1-Bromo-12-thiotrityldodecane
(0.87 g, 1.7 mmol) was added and reflux was continued for 16 h. The solvent
was removed in vacuo and the residue was dissolved in dichloromethane.
The solution was washed with HCl (1m), water, and brine, and dried over
MgSO4. After removal of the solvent and purification by column
chromatography (ethyl acetate/ethanol/water 100:2:1), the product was
obtained as a white powder in 30% yield. 1H NMR (CDCl3): d� 7.40 ± 7.14
(m, 15 H), 4.88 ± 4.84 (m, 7H), 4.12 ± 3.13 (m, 44H), 2.07 (t, J� 8 Hz, 2H),
1.58 ± 1.03 (m, 18H), 0.86 ± 0.79 (m, 63H), 0.02 - -0.04 (m, 42H); FAB-MS:
calcd for C115H206O35SSi7: 2373.2, found 2374.2 [MÿH]ÿ .


Mono-2-O-(12-thiododecyl)-b-cyclodextrin (2): A solution of triethylsilane
in trifluoroacetic acid was added to a solution of heptakis(6-O-tert-
butyldimethylsilyl)mono-2-O-(12-thiotrityl-dodecyl)-b-cyclodextrin
(0.40 g, 0.17 mmol) in trifluoroacetic acid until it became colorless. The
solvent was removed in vacuo and methanol was added and evaporated
three times to remove residual acid. The residue was dissolved in water and
washed three times with diethyl ether. After lyophilization the product was
obtained as a white powder in 76 % yield. 1H NMR (D2O): d� 5.06 ± 4.88
(m, 7 H), 3.84 ± 3.39 (m, 44H), 2.38 (t, J� 9 Hz, 2 H), 1.42 ± 1.12 (m, 18H);
FAB-MS: calcd for C54H94O35S: 1334.5, found 1333.8 [MÿH]ÿ .


Calorimetry : Titrations were performed at 25 8C using a Microcal VP-ITC
titration microcalorimeter. Sample solutions were prepared using pure
water (Millipore Q2). Titrations were performed by adding aliquots of a b-
cyclodextrin solution to the guest solution. The titrations were analyzed
using a least squares curve fitting procedure. Control experiments were
performed to correct for the heats of dilution of host and guests.


Monolayers, gold substrates : Gold substrates were prepared by vapor
deposition of 200 nm gold on a glass slide of 25 mm diameter with a 2 nm
chromium layer for adhesion. Before use, the gold substrates were cleaned
in an oxygen plasma for 5 min. The resulting oxide layer was removed by
leaving the substrates in EtOH for 10 min.[31] For SPR measurements
47.5 nm thick gold-coated glass substrates were used. For AFM measure-
ments, gold substrates were purchased from Metallhandel Schröer GmbH,
Lienen, Germany (200 nm gold on 5 nm chromium on glass substrates
[11� 11 mm2]). These samples were stored under nitrogen. Prior to use,
substrates were flame annealed with a H2 flame (quality 6). The annealing
yielded reproducibly large Au(111) terraces of a few square micrometers in
size. After annealing, the substrates were allowed to cool to room
temperature and transferred with minimal delay into the adsorption
solution.


Monolayer preparation : All glassware used to prepare monolayers was
immersed in piranÄa at 70 8C for 1 h. Warning! piranÄa solution should be
handled with caution; it has detonated unexpectedly. Next, the glassware
was rinsed with large amounts of high purity water (Millipore). Cleaned
gold substrates were immersed with minimal delay into a 0.1 mm adsorbate
solution in EtOH and H2O (2:1, v/v) for 16 h. The sulfide monolayers were
prepared at 60 8C in EtOH and CHCl3 (1:2, v/v) for 16 h. Subsequently, the
substrates were removed from the solution and rinsed repeatedly with
chloroform, ethanol, and water to remove any physisorbed material.


Monolayer characterization : The advancing and receding contact angles
with water were measured on a Krüss G10 Contact Angle Measuring
Instrument equipped with a CCD camera. The contact angle measurements
were measured during the growth and shrinkage of a droplet. Electro-
chemical measurements (cyclic voltammetry and impedance spectroscopy)
were performed on a Autolab PGSTAT10 (ECOCHEMIE, Utrecht, The
Netherlands) in a three electrode system consisting of a gold working
electrode (clamped to the bottom of the cell, exposing a geometric area of
0.44 cm2 to the electrolyte solution), a platinum counter electrode, and a
mercurous sulfate reference electrode (�0.61 VNHE). Cyclic voltammetric
capacitance measurements were conducted in 0.1m K2SO4 between
ÿ0.35 VMSE and ÿ0.25 VMSE at scan rates ranging from 0.1 V sÿ1 to
2.0 Vsÿ1. Impedance spectroscopy measurements were performed in
1mm [K3Fe(CN)6]/[K4Fe(CN)6] and 0.1m K2SO4 at ÿ0.2 VMSE with an
amplitude of 5 mV using a frequency range from 50 kHz to 0.1 Hz. The
charge-transfer resistance of the monolayer was obtained by fitting the
experimental data to an equivalent circuit consisting of the monolayer
resistance parallel with the monolayer capacitance, in series with the
solution resistance.[32] The AFM measurements were carried out with a
Nanoscope III AFM (Digital Instruments, Santa Barbara, California,
USA) in tapping mode. AFM scans were performed in water using a liquid
cell. Silicon nitride cantilevers with nominal spring constants of 0.38 N mÿ1


and 0.06 Nmÿ1 were used. SPR measurements were performed in a two-
channel vibrating mirror angle scan setup based on the Kretschmann
configuration, described by Kooyman and co-workers.[33] Light from a
2 mW HeNe Laser is directed onto a prism surface by means of a vibrating
mirror. The intensity of the light is measured by means of a large-area
photodiode. This set-up allows determination of changes in plasmon angle
with an accuracy of 0.0028. The gold substrate with the monolayer was
optically matched to the prism using an index matching oil. A cell placed on
the monolayer was filled with 800 mL of a 1 mm KOH solution. After
stabilization of the SPR signal, titrations were performed by removing an
amount of KOH solution and adding the same amount of stock solutions of
the bile salts in KOH. Between additions, the cell was cleaned by repeated
washings with KOH solution (700 mL, three or four times). SPR measure-
ments were repeated three times for each monolayer guest system.
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Characterization of the Electrochemical Oxidation of Peroxynitrite:
Relevance to Oxidative Stress Bursts Measured at the Single Cell Level
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Marie Erard,[a] and Monique Vuillaume[a, b]


Abstract: The electrochemical signa-
ture of peroxynitrite oxidation is report-
ed for the first time, and its mechanism
discussed in the light of data obtained
by steady-state and transient voltam-
metry at microelectrodes. Peroxynitrite
is an important biological species gen-
erated by aerobic cells presumably via
the near diffusion-limited coupling of
nitric oxide and superoxide ion. Its
production by living cells has been
previously suspected during cellular ox-
idative bursts as well as in several human
pathologies (arthritis, inflammation,


apoptosis, ageing, carcinogenesis, Alz-
heimer disease, AIDS, etc.). However,
this could only be inferred on the basis
of characteristic patient metabolites or
through indirect detection, or by obser-
vation of follow-up species resulting
supposedly from its chemical reactions
in vivo. In this work, thanks to the
independent knowledge of the electro-


chemical characteristics of ONO2
ÿ oxi-


dation, the kinetics and intensity of this
species released by single human fibro-
blasts could be established directly and
quantitatively based on the application
of the artificial synapse method. It was
then observed and established that fi-
broblasts submitted to mechanical
stresses produce oxidative bursts, which
involve the release within less than a
tenth of a second of a complex cocktail
composed of several femtomoles of
peroxynitrite, hydrogen peroxide, nitric
oxide, and nitrite ions.


Keywords: electrochemistry ´
microelectrodes ´ oxidative stress ´
peroxynitrite ´ voltammetry


Introduction


Aerobic cells actively produce reactive oxygen and nitrogen
species when their integrity is threatened by environmental
hazards such as infectious entities (e.g. viruses, bacteria),
xenobiotics (e.g. water and air pollutants), and physical agents
(e.g. high-energy radiation, UV light, mechanical intrusion).
Such an increase in oxidizing species is generally compensated
for by reducing substances (vitamins, glutathion, catalase,
superoxide dismutase (SOD), and so on). When this delicate
balance is upset, a metabolic condition known as oxidative
stress prevails.[1±3]


This situation is supposed to originate from an increased
production of superoxide ion (O2


.ÿ) and nitrogen monoxide
(NO.) by cells. Superoxide is constantly generated by aerobic
cells as an unwanted side product (6 ± 8 % of metabolic
oxygen) during their normal metabolism.[1, 4±6] Under oxida-


tive stress conditions, much more significant quantities of O2
.ÿ


may be produced through the involvement of NADPH-
oxidase type enzymes [Eq. (1)].[7±9]


2O2�NADPH ÿ! 2 O2
.ÿ�NADP��H� (1)


Under normal conditions, most of this hazardous species is
readily scavenged through its fast disproportionation into
hydrogen peroxide and oxygen [Eqs. (2) ± (4)].


O2
.ÿ�H�>HOO. (KpH�7� 1) (2)


HOO.�O2
.ÿ ÿ! HOOÿ�O2 (fast) (3)


HOOÿ�H� ÿ! H2O2 (fast) (4)


In living aerobic cells, this fast process is even accelerated
by its catalysis by superoxide dismutase (SOD, rate constant:
kSOD� 2.5� 109mÿ1 sÿ1 at pH� 7) [Eq. (5)].[10]


2O2
.ÿ (� 2 H�)pH�7 ÿ! H2O2�O2 (5)


The release of NO. is thought to originate from the
activation of cell NO-synthases [Eq. (6)].[11, 12]


l-arginine� 2 NADPH� 2 O2� 2 H� ÿ!
NO.� citrulline� 2 NADP�� 2 H2O


(6)


[a] Prof. C. Amatore, Dr. S. Arbault, Dr. D. Bruce, Dr. P. de Oliveira
M. Erard, Dr. M. Vuillaume
Ecole Normale SupeÂrieure, DeÂpartement de Chimie
UMR CNRS 8640 PASTEUR
24 rue Lhomond, 75231 Paris cedex 05 (France)
Fax: (�33) 1-4432-3863
E-mail : amatore@ens.fr


[b] Dr. M. Vuillaume
Institut A. Lwoff, UPR CNRS 2169, 7 rue G. Moquet
BP 8, 94801 Villejuif (France)


FULL PAPER


Chem. Eur. J. 2001, 7, No. 19 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4171 $ 17.50+.50/0 4171







FULL PAPER C. Amatore et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4172 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 194172


Moreover, O2
.ÿ and NO. couple at a rate constant close to


the diffusion limit (�2� 1010mÿ1 sÿ1)[13] to form peroxynitrite
ion, ONO2


ÿ [Eq. (7)].


NO.�O2
.ÿ ÿ! ONO2


ÿ (7)


Peroxynitrite is a short-lived species under physiological
conditions (t1/2� 1 s at T� 25 8C for pH� 7.4) since it decom-
poses via the intermediate formation of its conjugated acid
ONO2H (pKa� 6.8) into nitrate and nitrite ions.[13] However,
it displays a wide range of biochemical reactivity since it has
been shown:
1) to nitrate proteins (tyrosine residues), carbohydrates, and


nucleic acids;
2) to oxidize lipids, thiol groups, Fe/S and Zn/S centers,[14] and


oxyhemoglobin to methemoglobin;
3) to freely cross the cytoplasmic membrane of red blood


cells when protonated.[15]


Also, it readily reacts with CO2 to form nitrosoperoxycar-
bonate, ONO2CO2


ÿ, which is supposed to be a very efficient
nitrating species[16, 17] although it rapidly decays to CO2 and
NO3


ÿ. As a consequence, peroxynitrite has been associated
with several pathological conditions such as arthritis, inflam-
mation, apoptosis, ageing, carcinogenesis, strokes, Alzheim-
er�s, Huntington and Parkinson�s diseases, AIDS, and acute
ischemia-reperfusion injury.[18±21]


So far, the involvement of ONO2
ÿ in these oxidative stress


processes has been only indirectly inferred from patients�
metabolites and by detecting species supposedly resulting
from its chemical action: free radicals studied by chemilumi-
nescence;[22] increase of the methemoglobin/oxyhemoglobin
ratio as measured by spectrophotometry;[23, 24] presence of
nitrated amino acids as detected spectrophotometrically and
by Western blot analysis.[23] An indirect amperometric detec-
tion method based on the reduction of ONO2


ÿ by using a
redox mediator has also been recently described[25] but, to the
best of our knowledge, no data have ever been reported on the
direct electrochemical oxidation of ONO2


ÿ.
Here, we present a real-time, electrochemical investigation


of ONO2
ÿ production and release during an oxidative burst at


the level of a human cell (fibroblast). This work is based on
the use of an artificial synapse method (Figure 1).[26] One half
of the synapse is composed of a single living cell, which is
stimulated by the fast pricking of its membrane with a sealed
micropipette (1 mm radius) to elicit the oxidative burst by
mechanical stimulation. A platinized carbon microelectrode
placed 5 mm above the puncture hole constitutes the other half
of the synapse. The extremely minute release of chemicals
that occurs within the artificial cleft after the cell stimulation
may then be analyzed in real time with subfemtomole,
subsecond resolution.[27, 28]


Recent results obtained by this method have shown the
complexity of the cellular burst response.[29, 30] This is com-
posed of several species resulting from the initial production
of NO. and O2


.ÿ . The results presented below for the
oxidative burst reveal the presence of at least three different
electrochemical waves, which were compared with the known
oxidation waves of the species thought to be involved in the
response, namely H2O2, NO. , and NO2


ÿ. The short response


Figure 1. Optical microscopic view and schematic side view showing a
human fibroblast in a Petri dish and the positioning of a microelectrode
(black shadow on right) which constitute together a semiartificial synapse.
A glass micropipette (white shadow on left) used to trigger the oxidative
stress response is also seen. The microelectrode and the micropipette
appear as shadows on the optical microscopic view because they are out of
focus and are located above the cell plane (see scheme).


time of our setup (�0.1 s) allowed us to consider the
involvement of unstable species like peroxynitrite. However,
before assigning ONO2


ÿ to one of these waves, its electro-
chemical signature had first to be obtained. This was inves-
tigated at the same platinized carbon fiber disks that were
used in our cell experiments. Yet, at high scan rates, when
capacitive currents would have altered the voltammetric
information at these dendritic electrodes, regular platinum
disk microelectrodes were used instead. The chemical fate of
the ONO2


. radical generated after the one-electron oxidation
of peroxynitrite is discussed on the basis of the electro-
chemical results.


Results and Discussion


Electrochemical monitoring of superoxide and nitric oxide
derivatives at the single cell level : Oxidative stresses induced
in human fibroblasts (used as models of skin carcinogenesis in
our studies)[31] may be investigated electrochemically through
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the artificial synapse method described above (Figure 1). The
electrodes consisted of carbon disks of approximately 10 mm
diameter obtained from the cross section of a carbon fiber
sealed into a thin soft glass case.[32] The exposed carbon disk
was beveled, polished, and platinized so as to increase its
electrochemical activity towards small oxygen-containing
molecules expected to be released in oxidative bursts (vide
supra). The electrode was placed in the desired position above
an isolated living cell with a micromanipulator under optical
microscopy control (Figure 1).[26]


Oxidative bursts were stimulated by the fast pricking of the
cell membrane with a sealed micropipette (ca. 1 mm radius) con-
trolled with a second micromanipulator.[26] We checked that
this method did not cause lethal damage to the examined cells.
In fact, its more drastic consequences ought to be less pro-
nounced than those of (nowadays) common biological experi-
ments involving the direct delivery of biochemical or genetic
materials into cells� inner compartments through the use of
identical micropipettes. The oxidative stress response is presum-
ably stimulated by the instant depolarization of the cell mem-
brane provoked by the rapid interconnection of the two different
double layers built up on each face of the cell membrane.


Because of the dendritic electrode surface platinization
required to obtain decent electrochemical responses,[26] the
ultramicroelectrode capacitances are excessively large, and so
are capacitive currents. On the other hand, pricking the cell
membrane creates a connection between its cytosol and the
extracellular fluid where the electrode is positioned. This
induces significant diffusional fluxes of nonelectroactive ions
to and from the electrode surface. Thus, double-layer
capacitances and therefore capacitive currents are expected
to vary significantly following the membrane intrusion. Both
features prevent the use of transient methods such as chrono-
amperometry or even moderately fast cyclic voltammetry
(viz., ca. 50 ± 100 V sÿ1) to investigate the nature of the products
released by the cell during oxidative bursts.[33] Slow voltam-
metric scans (viz., at scan rates of a few volts per second or
less) would be compatible since the capacitive currents would
be small enough, but they could not be used here because the
potential scan durations would then be comparable to the
signal half-widths (compare Figure 2a), which would thus
alter the observed voltammetric measurements.


Any electrochemical analysis of oxidative bursts requires
then a series of independent measurements performed at a set
of different constant potentials. Such collections of indepen-
dent measurements are necessarily obtained from a series of
different cells, namely, one cell per potential investigated.
This built-in requirement introduces another great difficulty,
which is among the largest in any bioelectrochemical inves-
tigation involving isolated living cells. Indeed, in essence, cell
responses exhibit a strong variability. Thus, the parameters
featuring two events recorded for two different cells cannot be
directly compared even when performed under identical
conditions. Any comparison of responses obtained at different
potentials thus requires that a statistically significant popula-
tion of cells is investigated at each potential so that a statistical
analysis may be performed. In our experiments, this neces-
sitated the averaging of 25 ± 40 individual cell responses at a
given electrode potential depending on the cell culture


Figure 2. Oxidative cellular bursts monitored in vivo. a) Time dependence
of the anodic currents monitored at different potentials after the
stimulation of a human fibroblast by the micropipette, when the electrode
(10 mm radius) is positioned at h� 5 mm above the cell. From bottom to top:
the constant electrode potential E was changed from 300 to 850 mV vs.
SSCE in steps of 50 mV. Each curve represents the average of 25 ± 40 in-
dividual events recorded at each constant potential in order to be
statistically significant; b) Normalization of the traces shown in a) relative
to their individual maximum current values (Iburst)max ; c) Variations of
(Iburst)max , the maximum current intensity of the spikes shown in a) as a
function of the electrode potential (circles, squares, and triangles; different
symbols are used to help to distinguish the three waves I ± III; one data
point every 25 mV). Solid curves: voltammogram reconstructed (unlabeled
curve) by arithmetic addition of the individual steady-state voltammo-
grams (noted a, b, g, and d, and shown at the bottom of the same panel)
obtained at the same electrodes for (a) H2O2 (1.4 mm), (b) ONO2


ÿ (1.7 mm),
(g) NO (19 mm), and (d) NO2


ÿ (4 mm) (see text); d) Correlation (slope 0.99;
correlation coefficient� 0.989; 25 data points) between the reconstructed
and experimental voltammograms shown by the unlabeled solid curve
shown in c) (see text).


examined. Then the standard deviations were small enough
for observing reproducible (i.e. , culture-to-culture and day-
to-day) and meaningful electrochemical data (i.e., with a
�5 % precision at 70 % confidence, or �10 % at 95 %
confidence).[34] For example, the set of data shown in Fig-
ure 2a represents more than 500 individual experiments. All
the data shown hereafter have been obtained through this
long, repetitive, but necessary procedure. Since fibroblasts
need to be examined in a biologically compatible aerobic
environment [air-saturated PBS (phosphate buffer saline) in a
Petri dish at 25 8C], they are necessarily surrounded by a large
concentration of oxygen (0.24mm). The presence of the highly
reducible oxygen molecule at such a high concentration
forbids any investigation of cathodic potential ranges to avoid
blasting the cell with significant quantities of superoxide and
hydrogen peroxide prior and during the experiments. So,
the analytical detection and identification of species released
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by the cell have to be performed far from the very foot
of the oxygen reduction wave, that is, at potentials larger
than 0.275 V versus SSCE (saturated sodium calomel elec-
trode).


Figure 2a shows the significant variations of the oxidative
stress amplitude in terms of the corresponding oxidation
current, Iburst, as a function of the detection potential over the
electrochemical window of interest. Interestingly, when each
of these current traces is normalized to its current maximum,
namely, upon plotting Iburst/(Iburst)max as performed in Fig-
ure 2b, they can almost be superimposed, which shows that
their time courses are extremely similar. Despite this close
current ± time behavior, plotting the current maxima,
(Iburst)max, as a function of the detection potential (Figure 2c)
demonstrates the presence of at least three different electro-
chemical waves (labeled I to III).


From now on, it is necessary to identify the species leading
to each wave by comparing the electrochemical signature of
the oxidative stress response to that of each different species
which may be involved in the response. Waves II and III are
characteristic of NO. (wave II: E1/2� 0.555� 0.010 V vs.
SSCE; one-electron oxidation) and NO2


ÿ (wave III: E1/2�
0.730� 0.010 V vs. SSCE; two-electron oxidation) oxidations
respectively at our electrodes as demonstrated by their perfect
matches to the steady-state voltammograms of authentic bulk
solutions of these species obtained under identical conditions
(PBS solutions) at the same electrodes (compare with the
voltammograms labeled g and d shown in Figure 2c).


The first oxidation wave (I), with an apparent half-wave
potential at 0.290� 0.010 V versus SSCE, does not correspond
to any expected species (vide supra), and moreover is
noticeably more sluggish than waves II and III. Furthermore,
based on collection-efficiency measurements as a function of
the cell-electrode distance,[29] the diffusion coefficient(s)
relative to the species oxidized at this wave is (are)
comparable (i.e. ca. 2� 10ÿ5 cm2 sÿ1) to those of NO2


ÿ or
H2O2 in the PBS. This demonstrates that the molecule(s)
giving rise to wave I is (are) comparable to NO2


ÿ or H2O2 in
terms of size (viz. , molecular weight) and interactions with the
PBS medium. This establishes in particular that wave I cannot
feature at all the oxidation of proteins or of larger biological
molecules released by the cell through the puncture made in
its membrane. Most of all, the time course of the released flux
corresponding to this wave is extremely similar to those
observed for NO. and NO2


ÿ (Figure 2b).
All these independent features strongly suggest that the


species oxidized at wave I is (are) closely relatedÐmolecu-
larly speakingÐto H2O2 or NO2


ÿ. This points to the involve-
ment of ONO2


ÿ, O2
.ÿ , or H2O2 (vide supra). The involvement


of O2
.ÿ per se can be easily ruled out because wave I is by far


too anodic. In PBS, authentic samples of H2O2 are oxidized
almost in the correct potential range (E1/2� 0.250� 0.005 V
vs. SSCE; two-electron wave) at our platinized carbon
electrodes, and yet they give rise to a better-defined and less
anodic wave (compare with wave a in Figure 2c). This
prompted us to examine and characterize in vitro the ONO2


ÿ


oxidation electrochemical wave in order to be able to assess
its possible involvement in the oxidation process(es) detected
at wave I.


Voltammetric study of peroxynitrite solutions (in vitro)


Steady-state response (low scan rates): The electrochemical
behavior of peroxynitrite solutions could not be investigated
under physiological conditions (i.e. , pH� 7.4 in PBS) since its
decomposition kinetics are too fast at this pH (t1/2� 1 s at T�
25 8C)[13] to allow the preparation of stock solutions. Note
however, that in vivo, the diffusion time from the cell to the
electrode surface is within the millisecond timescale so that if
ONO2


ÿ is produced, less than 10 % of the amount released
should decompose during the time taken to the electrode
surface. However, this does not apply during in vitro experi-
ments because of the necessity to prepare stock solutions. We
needed then to define experimental conditions so that bulk
solutions of peroxynitrite could be investigated without
significant decomposition during the analytical measurement.


The decomposition of peroxynitrite in dilute solution is
highly sensitive to pH as a result of the central involvement of
its transient protonated form (pKa� 6.8).[13, 14, 35] Therefore,
the kinetics could be considerably slowed down by performing
the experiments at basic pHs. pHs� 12 could not be used with
platinized carbon fiber electrodes, since their surfaces under-
went a rapid loss of sensitivity, possibly resulting from their
alteration by formation of oxides.[36, 37] In vitro voltammetric
experiments were then performed in moderately basic
aqueous media, in which the peroxynitrite concentration did
not reasonably evolve (t1/2 ranging from a few minutes at
pH� 9 to one hour at pH� 12). The synthesis of stock
solutions of peroxynitrite was achieved by ozonation of
slightly alkaline azide solutions, a method which provided
concentrated solutions (ranging from 30 to 80 mm) virtually
devoid of hydrogen peroxide and of metal complexes, which
are both electroactive species that would interfere with the
oxidation mechanism and the analysis.[38] Diluted peroxyni-
trite solutions were subjected to linear sweep voltammetry at
low sweep rates (v< 50 mV sÿ1 where v is the voltammetric
scan rate), which led to steady-state voltammetric responses
at our microelectrodes. Under these conditions, two well-
defined oxidation waves (labeled OA and OB) were observed
on platinized carbon fiber microelectrodes at E1/2� 0.35�
0.02 V and 0.72� 0.01 V versus SSCE, respectively (Fig-
ure 3b).


During the reaction time (ca. �1 h) required for the
synthesis of peroxynitrite, aliquots of the reaction mixture
were collected and tested both electrochemically with plati-
nized carbon fiber microelectrodes and spectrophotometri-
cally. The magnitude of the plateau currents of the waves OA


and OB increased with time (Figure 3b) following for wave OA


a strict correlation with the absorbance of the respective
solution measured at lmax� 302 nm (Figure 3a), which is
characteristic of the peroxynitrite anion.[38] The spontaneous
decomposition kinetics of peroxynitrite solutions at several
pHs were analyzed by both methods. A good correlation
between the decay rate constants of wave OA plateau current
and that of the absorbance at 302 nm was again obtained
(Figure 3c). Conversely, wave OB did not significantly change
with time after completion of the synthesis. The first-order
kinetics rate constants determined from wave OA decay are
close to those reported in the literature for peroxynitrite: that
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Figure 3. Peroxynitrite production during the ozonation of an azide
solution (pH� 12) followed by: a) spectrophotometry (lmax� 302 nm) or
b) steady-state electrochemistry (20 mV sÿ1). Measurements were taken at
0 (1), 10 (2), 30 (3), 50 (4), 55 (5; bold curves in a,b), and 60 (6) minutes
after the beginning of ozonation. Waves OA and OB correspond to the
oxidation of ONO2


ÿ and NO2
ÿ, respectively, at platinized carbon-fiber


microelectrodes (10 mm diameter); c) Correlation (five data points repre-
senting the average of three different experiments each) between the
decomposition rate constants of peroxynitrite solutions followed by UV
spectrophotometry (log kuv; cell thermostated at 22 8C) and electrochem-
istry (log kelec ; unthermostated cell, see Experimental Section) at several
pH values (from 8.7 up to 10.2 from right to left). A dashed line with unity
slope is shown to help the comparison; d) Evidence for the absence of any
correlation between E1/2 of wave OA and pH over the range 8.8< pH< 10.2.
All electrochemical experiments shown in this figure were carried out with
platinized carbon fiber microelectrodes (10 mm diameter) in phosphate
buffer solutions of ONO2


ÿ.


is, k� 8� 10ÿ5 sÿ1 (pH� 12), to be compared with k�
1� 10ÿ5 sÿ1 (as calculated at pH� 12 in ref. [35]) or k�
8� 10ÿ5 sÿ1 (pH� 11 in ref. [39]). All these features strongly
suggest that the species oxidized at wave OA is the peroxyni-
trite anion, while that detected at wave OB is a side product
formed in parallel with ONO2


ÿ during the in situ synthesis of
stock solutions. The latter is presumably NO2


ÿ in agreement
with its known oxidation potential and previous re-
ports.[13, 39, 40] Furthermore, additions of aliquots of concen-
trated nitrite solutions to the peroxynitrite solution propor-
tionally increased the magnitude of the plateau current of this
wave. This came as no surprise, since Pryor et al. had already
shown that nitrite ions were produced during the synthesis of
ONO2


ÿ according to the method employed in the present
work.[38] Once nitrite ions were formed, they did not undergo
any further homogeneous chemical transformations over the
timescale of the experiments at the alkaline pH values
considered here, in agreement with the fact that the plateau
current of wave OB remained constant.


Figure 3d demonstrates the absence of any correlation
between the half-wave potential of wave OA and the pH over
a range confined to basic conditions (see above). E1/2


remained around 0.35� 0.03 V versus SSCE in the range
8.8� pH� 10.2 despite a significant scatter and poor repro-
ducibility of the data (i.e. , within the precision of their
determination). This scattering and poor reproducibility are
presumably due to uncontrolled alterations of the platinized
surfaces of the electrodes in these basic media since, as will be
established below, this E1/2 value reflects not only the
thermodynamics but is strongly controlled by the kinetics of
the initial electron transfer. Therefore, it is likely that this
value (i.e., within the precision of its determination) strongly
depends on the electrode surface properties, which are
affected by exposure to basic solutions[36, 37] (note that the
platinized electrode surfaces were checked to be stable at
neutral pH upon using the H2O2 oxidation wave so this poor
accuracy could not affect the in vivo results). Because of this
accuracy problem, and since it affected only the heteroge-
neous rate constant of electron transfer, the electrochemical
signature for peroxynitrite oxidation at our platinized electro-
des was obtained by averaging all the independent steady-
state voltammograms (whose E1/2 values are represented in
Figure 3d) after translating numerically their individual
potential scales so that their translated E1/2 values all
coincided with the average value of 0.35 V versus SSCE
established above. This led to the voltammogram labeled b in
Figure 2c.


The absence of any systematic dependence of E1/2 on the pH
indicates that the electrochemical process does not involve
protons.[41] This implies that wave OA represents the direct
oxidation of ONO2


ÿ (viz. , not of its conjugate acid, through a
CE (chemical-electrochemical reaction sequence),[41] which is
consistent with the fact that pH> pKa� 6.8 over the range
investigated. Furthermore, since the maximum oxidation
degree of nitrogen is �vi as it is in ONO2


. ,[35] this implies
that the primary redox reaction is then necessarily a one-
electron process giving rise to ONO2


. as the primary
intermediate.


It then follows that the two electrochemical processes at
waves OA and OB may be represented by the following
primary Equations (8) and (9).


Wave OA: ONO2
ÿÿ eÿ ÿ! ONO2


. ÿ! etc. (8)


Wave OB: NO2
ÿ� 2OHÿÿ 2eÿ ÿ! NO3


ÿ�H2O (9)


Equation (9) involves the formation of nitrate ions. How-
ever, these are not electroactive at our electrodes either in
these in vitro experiments or during the in vivo ones. In
particular, if nitrate ions were released by the cell during
oxidative bursts, this would remain undetected by our
method.


Transient voltammetry (high scan rates): This series of experi-
ments was aimed at detecting possible short-lived intermedi-
ates formed upon the electrochemical oxidation of peroxyni-
trite and at estimating the kinetic parameters of their
reactions. Transient voltammetry was conducted on bare
platinum microelectrodes of 125 and 500 mm diameters. They
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were used and preferred to platinized carbon-fiber micro-
electrodes since their capacitance was much smaller, leading
to better-defined Faradaic voltammograms at sweep rates
higher than 1 V sÿ1. The two waves OA and OB described in the
previous section were again observed with these pure
platinum microelectrodes. The most anodic of them (wave OB,
data not shown) agreed again with the transient voltammetric
oxidation of nitrite into nitrate [Eq. (9)]. Wishing to focus our
investigations on the peroxynitrite response (wave OA), we
then limited the voltammetric potential window between
ÿ0.2 and 0.8 V versus SSCE in the subsequent studies
(Figure 4 a,b), therefore obviating any eventual interference


Figure 4. Transient cyclic voltammetry of ONO2
ÿ (12 mm) oxidation in


vitro (phosphate solutions, pH� 10.5) at platinum disk microelectrodes
[125 mm diameter in a), b); 125 to 500 mm diameters in c), d)]. a),
b) Transient voltammograms recorded at 1 (a) or 30 (b) V sÿ1; c) Variations
of the peak current intensity (IOA


p � with the scan rate (slope 0.5, correlation
coefficient� 0.998, five data points representing the average of three
different experiments each); d) Variations of the peak potential (EOA


p � with
the scan rate (slope 0.067 V, correlation coefficient� 0.998, seven points,
three experiments for each point).


due to oxygen at more cathodic potentials and excluding the
nitrite wave OB and its oxidation products from the voltam-
metric window. However, in some experiments, the potential
window corresponding to the oxygen reduction range was
voluntarily explored voltammetrically to ascertain that O2 was
not produced within our voltammetric timescales as a follow-
up product of ONO2


ÿ oxidation (vide infra).[13]


Peroxynitrite oxidation experiences a diffusional control as
revealed by the 1/2 slope value of the log(Ipa) versus log v plot
(i.e., Ipa/ v1/2,[41] Figure 4c). The slope of the Epa vs. log v


variations was close to 67 mV (Figure 4d), an expected feature
for overall kinetics controlled by the initial electron-transfer
kinetics (aox� 0.45).[41] Figure 4a and 4b show transient cyclic
voltammograms obtained with peroxynitrite solutions at 1
and 30 V sÿ1, respectively. In the former case, no reverse step
was detected in the potential window of interest, while in the
latter a well-defined reduction wave RA was observed upon
scan reversal. Clearly, the species giving rise to the reduction
wave RA was formed during the oxidation process at wave OA,
but underwent further chemical transformations so that its
reduction could no longer be detected at smaller scan rates. Its
lifetime was approximately 0.1 s judging from the onset of its
wave when scanning at 10 V sÿ1. To investigate some elements
relating to the nature of the species detected at the reduction
wave RA associated with the oxidation wave OA, the following
experiments were performed: i) the scan rate was set at
100 V sÿ1 so that the reduction wave RA was fully developed;
ii) the potential scan was continuously cycled between a fixed
value (Ean� 0.7 V vs. SSCE) located on the plateau of wave
OA and a variable more cathodic potential (Ecath). When Ecath


was too anodic to encompass wave RA, the current intensity of
wave OA dropped rapidly during the first few repetitive scans,
and this showed that ONO2


ÿ could not be regenerated in the
diffusion layer under these conditions. Conversely, when Ecath


was set at a more negative value so as to encompass increasing
fractions of wave RA, the decay of wave OA with the number
of repetitive scans was slower. When Ecath reached the
diffusion limit of wave RA, the system of waves OA/RA


remained steady upon continuous cycling. This behavior is
characteristic and demonstrates that the reduction of the
species observed at wave RA regenerates quantitatively the
peroxynitrite ion within the diffusion layer. This and the fact
that the half-sum of the peak potentials of waves OA and RA is
independent of the scan rate, of the pH, and of the
peroxynitrite concentration, points out that the tandem of
electrochemical waves OA/RA represents the slow charge-
transfer process in Equation (10).


ONO2
ÿÿ eÿ>ONO2


. (10)


Simulations of these voltammograms allowed the determi-
nation of the following characteristics of the peroxynitrite
electrochemical oxidation: E0� 0.27� 0.02 V versus SSCE
for the couple ONO2


./ONO2
ÿ ; transfer coefficient, aox� 0.45;


heterogeneous rate constant, kel
ox� 10ÿ3 cm sÿ1. These values


are consistent with the plots in Figure 4c, d, as well as with
control of the wave by the kinetics of the heterogeneous
electron transfer [Eq. (10)] under steady-state conditions (see
above). The existence of the nitrosyldioxyl radical, ONO2


. ,
was postulated to account for the previous observation of an
identified intermediate during the reaction of NO. with O2 in
the gaseous phase,[42] although it has been suggested more
recently that the detected species was a NO./O2 adduct and
not ONO2


. .[43] In aqueous solutions, ONO2
. has been consid-


ered as an intermediate in the autoxidation mechanism of
NO. .[44] Finally, a formal reduction potential has been
calculated for the couple ONO2


./ONO2
ÿ on the basis of


thermodynamic considerations by Koppenol et al., namely,
E0� 0.43� 0.13 V versus a normal hydrogen electrode (NHE)
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(i.e., E0� 0.19� 0.13 V vs. SSCE).[35] This predicted range
encompasses reasonably well the value determined in the
present work, E0� 0.27� 0.02 V versus SSCE [Eq. (10)].


Follow-up kinetics of ONO2
. : Bearing in mind that the radical


ONO2
. , unless quickly re-oxidized, spontaneously decompos-


es so that wave RA is not observable, we can therefore best
explain the whole process at wave OA by an EC electro-
chemical scheme.[41] The follow-up chemical step may be a
first-order (or pseudo first-order) process [Eq. (11)] or a
second-order homogeneous reaction as suggested previously
[Eq. (12)].[13]


ONO2
. ÿ! etc. (11)


2ONO2
. ÿ! etc. (12)


Occurrence of the reactions in Equations (11) or (12) can
be distinguished based upon the dependence of the current
peak intensity of wave RA at a given scan rate on the
concentration of the substrate. Indeed, upon increasing the
concentration, the current peak intensity of wave RA relative
to that of wave OA should remain constant for a first-order
reaction [Eq. (11)].[41] Conversely, it should decrease in
relative value for second-order kinetics [Eq. (12)].[41] Exper-
imentally, the current ratio was found to be independent of the
concentration (tested from 6 to 20mm) so that a second-order
reaction such as that in Equation (12) is definitely ruled out.


Therefore, the most plausible sequence of events is repre-
sented by Equation (10) at higher sweep rates (v� 10 V sÿ1),
or Equations (10) and (11) at lower sweep rates (v� 1 V sÿ1).
The mechanisms postulated in the literature for the decom-
position of ONO2


. include an overall decay to O2 and NO. ,
thought to occur either directly or via a short-lived dimer
intermediate.[13] The direct path may be excluded, since the
reduction wave of O2 was not observed (note that in vitro
experiments were conducted in deaerated solutions, so
formation of O2 within voltammetric times would have been
detected if this was produced upon oxidation of peroxyni-
trite). This clearly establishes that the first-order decay of
wave RA (t1/2� 0.1 s) does not correspond at all to a direct
decomposition of ONO2


. into O2 and NO. . It cannot yield its
previously postulated dimer on the way to O2 and NO.


formation either since this would correspond to a second-
order process. Therefore, Equation (11), which takes place
within the short voltammetric timescale may only be ration-
alized upon considering a different first-order decay, presum-
ably involving an isomerization of the primary radical ONO2


.


formed, according to Equation (13).


ONO2
. ÿ! [ONO2


.]* (13)


This isomerized species may then well dimerize, as sug-
gested previously for ONO2


. ,[13] to eventually decay, yielding
O2 and NO2 at markedly longer times than available with
voltammetric investigations [Eq. (14)].


2ONO2
.! 2 [ONO2


.]*! [(ONO2
.)2]* ÿ! O2� 2NO2 (14)


Such a mechanism would indeed respect the observed first-
order kinetics for ONO2


. decay, while affording a second-
order rate for the ultimate production of O2 and NO2 as
postulated previously.[13]


To conclude this section, we wish to discuss several possible
structures for the isomerized species noted as [ONO2


.]* in
Equations (13) and (14). Since ONO2


ÿ exists as two isomeric
forms, cis and trans [Eq. (15)], the most stable being the cis
form, one may then tentatively propose that the isomerization
in Equation (13) features a similar cis ± trans process occur-
ring at the level of the radical.


�15�


However, this appears extremely unlikely on the basis of
the previously reported quantum chemical investigation.[45] A
third isomer ought then to be considered, for example, the
tentative structure shown in [Eq. (16)], which does not appear
unreasonable considering those disclosed in ref. [35].


�16�


Relevance to cellular oxidative bursts : We established above
the electrochemical characteristics of a molecule of great
biological interest, the peroxynitrite ion ONO2


ÿ. We have
shown that ONO2


ÿ can be oxidized at the surface of platinized
carbon fiber or bare platinum microelectrodes. An experi-
mental value of E0� 0.27� 0.02 V versus SSCE could be
derived from fast-scan cyclic voltammograms of the ONO2


./
ONO2


ÿ redox couple. It was also established that ONO2
ÿ


oxidation follows an EC mechanism, in which the electro-
chemical process is the rate-limiting step. The follow-up
chemical reaction involving ONO2


. was found to be a first-
order process presumably leading to the isomerization of the
initially formed radical with t1/2� 0.1 s.


Our goal in undertaking this study of ONO2
ÿ electro-


chemical oxidation was to characterize the steady-state
voltammograms of peroxynitrite solutions on platinized
carbon fiber microelectrodes so as to compare them to the
waves recorded in vivo during cell experiments. Peroxynitrite
samples are oxidized in the potential range of wave I (Fig-
ure 2c) giving a slightly more anodic wave (wave b in
Figure 2c: E1/2� 0.350� 0.020 V vs. SSCE, 1-electron wave;
vs. E1/2� 0.290 V vs. SSCE for wave I). Conversely, H2O2


samples give rise to a slightly less anodic wave (wave labeled
a in Figure 2c, E1/2� 0.250� 0.005 V vs. SSCE, 2-electron
wave). Such close oxidation waves, that is, with half-wave
potentials located on each side of wave I strongly suggest that
the slowly developing oxidation wave detected for cells may
not be a single wave at all but may actually result from the
accidental convolution of those of H2O2 and ONO2


ÿ. To test
this hypothesis, we examined therefore if the in vivo oxidation
current, Iburst, observed at wave I (i.e., between 0.275 and
0.475 V vs. SSCE; Figure 2c, solid circles) could be described
as a linear combination of the oxidation currents Ia and Ib


measured in vitro for authentic solutions of H2O2 and ONO2
ÿ
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in PBS at the same electrodes. Thus, the experimental in vivo
oxidation current was arbitrarily decomposed as in Equa-
tion (17).


Iburst� f� [e� Ia� (1ÿ e)� Ib] (17)


In the above equation, f is a scaling factor, and e a weighting
factor. The factors f and e do not have the same effect on the
wave, and they are independent parameters. Indeed, e affects
the shape of the ªreconstructedº wave, while f only scales its
intensity. Since Ib and (Iaÿ Ib) have known values at each
potential as deduced from the in vitro experiments, e was
readily obtained through a linear correlation procedure by
rewriting Equation (17) as Equation (18).


Iburst/ [Ib� e� (Iaÿ Ib)] (18)


This procedure afforded e� 0.45 (slope 2.10, correlation
coefficient 0.994, nine data points) for the conditions shown in
Figure 2c; f� 2.1 was then obtained at once from the slope of
the ensuing linear correlation. This treatment led to an
experimentally ªreconstructedº voltammogram (unlabeled
solid line in Figure 2c) based on a mixture of H2O2 and
ONO2


ÿ and of NO. and NO2
ÿ as determined above. This


ªreconstructedº voltammogram neatly agreed with the ex-
perimental set of waves I ± III recorded during oxidative
bursts, as attested also by the excellent correlation in Fig-
ure 2d (slope 0.99; correlation coefficient� 0.989; 25 data
points).


Conclusion


The direct, unmediated electrochemical signature of peroxy-
nitrite, ONO2


ÿ, an important biologically active species
resulting from the near diffusion-limited reaction between
NO. and O2


.ÿ , is reported for the first time. This species is
oxidized at platinum surfaces to the peroxynitryl radical,
ONO2


. , which can either be reduced back to peroxynitrite (at
scan rates larger than 10 V sÿ1), or decay by a first-order
process with an EC mechanism to product(s) still to be
characterized (at scan rates smaller than 1 V sÿ1). The
electrochemical parameters (E0� 0.27 V vs. SSCE, aox�
0.45, kel


ox� 10ÿ3 cm sÿ1) have been determined, as well as an
estimate (t1/2� 0.1 s) for the lifetime of the electrogenerated
ONO2


. radical in PBS.
This allowed, for the first time, the direct characterization


of ONO2
ÿ in the oxidative burst emitted by human fibroblasts


upon mechanical stimulation, together with H2O2, NO. , and
NO2


ÿ. This was achieved by the deconvolution of the
amperometric responses obtained by application of the
semiartificial synapse method based on microelectrodes. Such
results, especially taking into account the rather short
duration of the activation time (less than a tenth of a second),
appear extremely important owing to the likely involvement
of peroxynitrite in several human pathological conditions. The
fast production, detected within less than a tenth of a second,
of ONO2


ÿ by living cells submitted to an oxidative stress
implies therefore the rapid action of pre-assembled enzymatic


systems. Owing to the rapid formation of peroxynitrite by
coupling of NO. and O2


.ÿ , it is acceptable to assume that NO-
synthase and NADPH-oxidase, two enzymes responsible for
the synthesis of NO. and O2


.ÿ , are simultaneously triggered
immediately after the rapid cell membrane depolarization.


Experimental Section


Single cell experiments : All the experiments have been performed at 25 8C
in Petri dishes placed on the stage of an inverted microscope. The electrode
and micropipette were positioned with respect to the cell with two
micromanipulators. All the details, including those concerning the plati-
nized carbon fiber microelectrodes construction, electrochemical appara-
tus, PBS solutions, or cell culture, and handling have been reported
previously.[26] The fibroblasts used in this study came from a control human
cell line (198VI) established from a skin biopsy and were kindly provided
by Dr. A. Sarasin (UPR CNRS 2169, Villejuif, France). Cells were grown in
MEM F12 medium (Gibco BRL) with fetal calf serum (10 %) in an
incubator (5% CO2, 37 8C). Confluent monolayers of fibroblasts were
harvested by trypsination. From 1000 to 2000 cells were then re-suspended
in Petri dishes (3.5 cm diameter, Costar3035) and stored in the incubator
for 48 h during which they spontaneously adhered to the Petri dish bottom.
Cells were then washed three times in PBS buffer before experiments,
which were only performed with isolated cells to avoid biochemical
interference between them through local diffusion of products released
during oxidative bursts.


In Vitro Voltammetric experiments : All reagents except peroxynitrite and
nitric oxide were purchased from Sigma. Aqueous solutions were prepared
with water obtained from a Millipore Milli-Q system. The in vitro test
experiments were carried out in deaerated PBS (phosphate buffer saline,
10mm Na2HPO4/NaH2PO4, 137 mm NaCl, and 2.7mm KCl) containing
either NaNO2 (10 mm), ONO2


ÿ (6 to 20mm), H2O2 (1mm), or NO. (2 mm
saturated solutions). In the latter case, NO. (l�Air Liquide, 99.99 %) was
passed through NaOH (4m) in order to scavenge any NOx impurities and
bubbled (with great caution under a fumehood) through thoroughly
deaerated PBS buffer. Peroxynitrite was synthesized by ozonation of
slightly alkaline azide solutions according to the procedure developed by
Pryor et al.[38] Briefly, ozone was generated by passing oxygen through an
ozonator (Welsbach) undergoing a silent electrical discharge (120 V). The
gas stream from the ozonator, containing �1 % O3 in oxygen, was
continuously bubbled through a glass-frit in an aqueous solution of sodium
azide (100 mL, 0.1 ± 0.2m) and NaOH (10 mm), chilled at 0 8C in an ice bath.
Unreacted ozone was trapped in a solution of potassium iodide (10 %) in
water. The peroxynitrite concentration was spectrophotometrically moni-
tored (e� 1.670mÿ1 cmÿ1 at lmax� 302 nm; BeckmanDU-7400) by collect-
ing aliquots (1 mL) of the reaction mixture at intervals of 5 to 10 min, and
after dilution (8 to 12-fold) in NaOH (10 mm). The ozonation was stopped
once the absorption maximum was detected (reached after 55 minutes in
Figure 3a,b; in a general case usually between 40 to 80 minutes, depending
on the ozonation conditions and the initial concentration of azide). Indeed,
continuing ozonation after this point would have resulted in a progressive
scavenging of peroxynitrite to form nitrite. This method led to peroxynitrite
solutions containing just traces of azide (<3½) and devoid of H2O2.[38]


Stock solutions of peroxynitrite (concentrations ranging from 30 to 80 mm)
were frozen and stored at ÿ20 8C and used within 2 weeks, a period during
which they did not decompose. During the experiments, the defrosted
solutions were kept at 0 8C in an ice bath to minimize the spontaneous
peroxynitrite decay.


Bare platinum and platinized carbon-fiber microelectrodes were used for
the electrochemical measurements.[26, 33] Platinum disk electrodes were
made from cross-sectioned glass-encased platinum wires (10, 125, or
500 mm diameter, Goodfellow), which were polished with fine sand papers
(P1200 and P4000, Presi, France) and diamond paste (1 mm, Presi) before
use.[46] Platinized carbon-fiber microelectrodes were fabricated as previ-
ously described.[26] In the present experiments (in vitro and in vivo), the
electrodeposition of platinum on the carbon microelectrodes was limited at
a maximum charge of 90 mC. All potentials referred to a saturated sodium
chloride calomel electrode SSCE (Tacussel-Radiometer, France; E vs.
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SSCE�E vs. SCE� 5 mV, 25 8C) unless otherwise indicated, since the
conventional SCE reference electrode could not be used in biological
systems as a result of possible alteration of cellular activity by potassium
ion leakage. In vitro voltammetric experiments were performed at 25 8C in
a conventional three-electrode electrochemical cell equipped with a
homemade potentiostat with electronic ohmic drop compensation.[47]


Amperometric experiments (E��0.5 V vs. SSCE) used in the study of
the peroxynitrite decomposition rate (Figure 3c) were carried out in a
miniaturized cell constructed within an Eppendorf tip (500 mL). This
allowed very quick mixing (just a few seconds) of the stock solution of
peroxynitrite at pH� 12 with the buffer at a desired pH and allowed us to
work under similar conditions to those for the spectrophotometric analysis
(however, this miniaturized cell could not be thermostated; since the UV
cell was thermostated at 22 8C, this may well explain why the correlation in
Figure 3c has the correct slope of unity but not a zero intercept). Digital
voltammetric simulations were carried out using Digisim 2.1 (Bioanalytical
Systems Inc., West Lafayette, USA).


The UV detection of the peroxynitrite decomposition was carried out with
the cell thermostated at 22 8C. Owing to the biological relevance of
peroxynitrite, biologically compatible buffers such as PBS, TRIS [Trizma
base, Tris(hydroxymethyl)aminomethane, 0.1m], and CAPS [3-(cyclohex-
ylamino)-1-propanesulfonic acid, 0.1m] were chosen according to their
useful pH range (PBS: 7 ± 8; TRIS: 7 ± 9; CAPS: 9.7 ± 11.1) and used in the
electrochemical and spectrophotometric studies. Some experiments were
carried out in phosphate solutions at pH> 9.5, which were prepared from
the PBS buffer by adjusting the pH with concentrated NaOH.
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Mechanism of the Heck Reaction Using a Phosphapalladacycle as the
Catalyst: Classical versus Palladium(iv) Intermediates**


Volker P. W. Böhm[a, b] and Wolfgang A. Herrmann*[a]


Abstract: The mechanism of the (Miz-
oroki ± )Heck vinylation of aryl bro-
mides catalyzed by the phosphapallada-
cycle [{PdCH2C6H4P(o-Tol)2(OAc)}2]
(1) was investigated in order to deter-
mine whether palladium(iv) intermedi-
ates play a significant role in the cata-
lytic cycle. The phosphapalladacycle 1
was compared to the related palladi-
um(0) catalyst [Pd{P(o-Tol)3}2] (2) and
an intermediate of the classical catalytic
cycle [{PdAr{P(o-Tol)3}Br}2] (3) ob-
tained by oxidative addition of an aryl
bromide to 2. Small, yet measurable


deviations of the phosphapalladacycle 1
from the other catalysts 2 and 3 in the
product distribution of styrene, in com-
petition experiments of styrene and n-
butyl acrylate, in the isotope effect on
styrene, and the Hammett correlation
on aryl bromides led to the conclusion
that a different catalytic cycle is oper-
ative. Nevertheless, due to only small


differences in these competition experi-
ments a modified classical catalytic cycle
with a novel, cyclometallated, anionic
palladium(0) species 6 is proposed rather
than palladium(iv) intermediates. Spe-
cies 6 accounts for the observed high
activity and stability of palladacycle
catalysts in the Heck reaction. Palla-
dium(iv) intermediates can be ruled out
by taking into account the experiments
performed here and recently published
by others.


Keywords: Heck reaction ´ homo-
geneous catalysis ´ metallacycles ´
palladium ´ reaction mechanisms


Introduction


The palladium-catalyzed vinylation of aryl halides, known as
the Mizoroki ± Heck or simply the Heck reaction,[1, 2] offers a
convenient method for the synthesis of olefinic intermediates
for pharmaceuticals,[3] for fine chemicals,[4] and for building
blocks of polymers.[5] However, industrially important but less
reactive aryl halides are transformed very sluggishly with
standard catalysts.[6] An important class of catalysts for the
transformation of these unreactive reagents are palladacycles,
like 1,[7, 8] which resemble thermally stable palladium(ii)
complexes.[9] Subsequently, these catalysts can be used over


prolonged periods at elevated temperatures, thus achieving
highest turnover numbers (TON).[7, 8, 10, 11]


Despite those outstanding characteristics, mechanistic de-
tails about this class of catalysts remain unsolved. In
particular, the question of whether the stable palladium(ii)
complexes allow palladium(iv) intermediates to be formed in
an alternative catalytic cycle of the Heck reaction has
attracted substantial interest,[12] as this potential mechanism
would complement the classical catalytic cycle involving a
palladium(0) intermediate as shown in Scheme 1.[2] The
postulated palladium(iv) species are supported by the iso-
lation of related, stable organometallic complexes[13] as well
as by Heck-type catalytic reactions that have been proven
to proceed via palladium intermediates of the oxidation
state � iv.[13, 14]


Results


trans-Di(m-acetato)bis[ortho-(di-ortho-tolylphosphino)ben-
zyl]dipalladium(ii) (1)[7] was the first example of a number of
palladacyclic catalysts[10, 11] and has received much attention in
the literature.[8] Nevertheless, mechanistic investigations on
this and related catalysts in the Heck reaction are rare.
Although 31P NMR spectroscopic studies[7a] and time-con-
version analyses[15] were conducted with 1, conclusions about
the mechanism remained contradictory. Only for related
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Scheme 1. Classical catalytic cycle of the Heck reaction employing aryl
bromides [B� base, L� ligand (neutral or anionic)].


cross-coupling reactions and the Buchwald ± Hartwig amina-
tion has a reduction mechanism for 1 and, thus, a classical
catalytic cycle been verified.[8a, 16] Yet, the reagents necessary
for the reduction pathways identified within these reactions
are not present in the Heck reaction. This leaves the problem
of the oxidation state of the palladium catalyst in the Heck
reaction to be solved.


Standard methods in the evaluation of reaction mechanisms
like in situ analysis or kinetic studies by NMR spectroscopy
show difficulties in the Heck reaction with palladacycle
catalysts due to the high temperatures of over 100 8C, the
presence of catalytic intermediates at very low concentrations,
and uncertainties about induction periods, effective catalyst
concentrations, and monomer-dimer equilibria.[17, 18] Further-
more, any attempts to stoichiometrically form potential
palladium(iv) intermediates have failed.[8a, 19] Due to these
problems, kinetic studies with an azapalladacycle by highly
sensitive reaction calorimetry were reported only recent-
ly.[17, 18]


As an alternative to the investigation of intermediates of a
reaction by direct observation or kinetic behavior, macro-
scopic characteristics of the reaction can be monitored.
Generally, these experiments are more easily conducted and
analyzed even at very low catalyst concentrations because
they focus on bulk properties of the productsÐtypically at the
point of full conversion. In particular competition constants
serve as diagnostic tools in physical organic chemistry for
different reactions proceeding via identical intermediates
because of the possibility to determine selectivities in steps
other than the rate-limiting one.[20]


Considering as a working hypothesis that palladacycle 1 is
reduced to a palladium(0) species by an unspecified mecha-
nism as shown in Scheme 2 allows its comparison to bis(tri-
ortho-tolylphosphine)palladium(0). This is the case because
under the conditions of the Heck reaction, that is, an excess of
Na(OAc), both catalysts should predominantly form the
anionic 14-electron palladium(0) species 4.[8a, 21] Complex 3 is
the product of the oxidative addition of an aryl halide, here
ArBr, to complex 2.[22, 23] Cleavage of the dimeric complex 3
by Na(OAc) under reaction conditions furnishes complex 5, a
required intermediate of the classical catalytic cycle
(Scheme 1).[2, 21] Intermediate 5 is also formed from species
4 during the first elemental step of the classical catalytic cycle,
the oxidative addition of the aryl halide. Therefore, all three
ªpre-catalystsº 1 ± 3 should show identical macroscopic char-
acteristics in the Heck reaction if the assumption regarding
the reduction of palladacycle 1 was correct. The comparison
of 2 and 3 serves as a verification of all the other assumptions
made above and as an approximation for the analytical errors,
because both of these species pass through the classical
mechanism and should therefore exhibit similar character-
istics (Scheme 1).[2]


If the reaction conditions are held constant and only the
catalysts are changed, the competition constants are charac-
teristic of the catalytically active species formed from either of
the catalysts. In turn, substantial deviations are diagnostic of
non-identical mechanisms for the catalysts. Furthermore, in
the presented case the discrepancy between catalysts 2 and 3
serves as an estimate for the accuracy of the measurement
(vide supra).


Stability of palladium(0) species : To rule out a more complex
catalytic system that would arise from a reversible reduction
of the palladacycle 1, we tested whether palladacycle 1 can be
formed from 2 under the reaction conditions. No signals of 1
in the 31P NMR could be detected during and after catalysis


Abstract in German: Der Mechanismus der (Mizoroki ± )
Heck-Vinylierung von Arylbromiden katalysiert von Phospha-


Palladacyclus [{PdCH2C6H4P(o-Tol)2(OAc)}2] (1) wurde
untersucht, um die Frage zu klären, ob Palladium(iv)-Inter-
mediate eine Rolle im Katalysecyclus spielen. Der Phospha-
Palladacyclus 1 wurde dabei mit dem verwandten Palladi-
um(0)-Katalysator [Pd{P(o-Tol)3}2] (2) und einem Intermediat
des klassischen Katalysecyclus [{PdAr{P(o-Tol)3}Br}2] (3)
verglichen. Komplex 3 entsteht durch oxidative Addition eines
Arylbromids ArBr an 2. Geringe, jedoch messbare Unter-
schiede zwischen Phospha-Palladacyclus 1 einerseits und den
Katalysatoren 2 und 3 andererseits in der Produktverteilung
bei der Reaktion von Styrol, bei Konkurrenzreaktionen von
Styrol und n-Butylacrylat, beim Isotopeneffekt mit Styrol und
bei der Hammett-Korrelation der Arylbromide führen zu dem
Schluss, dass unterschiedliche Katalysecyclen durchlaufen
werden. Die geringen Unterschiede in diesen Konkurrenzre-
aktionen deuten allerdings nicht auf Palladium(iv)-Interme-
diate sondern vielmehr auf einen veränderten klassischen
Katalysecyclus hin. Als Schlüsselintermediat dieses modifi-
zierten Katalysecyclus wird ein neuartiger, cyclometallierter,
anionischer Palladium(0)-Komplex 6 vorgeschlagen. Diese
Spezies 6 kann sowohl die hohe Aktivität als auch Stabilität
der Palladacyclen in der Heck-Reaktion erklären. Das Auf-
treten von Palladium(iv)-Intermediaten kann auf Grund der
hier durchgeführten Experimente sowie kürzlich publizierter
Resultate anderer Arbeitsgruppen in der untersuchten Reak-
tion ausgeschlossen werden.
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with catalyst 2. Thus, the reduction of 1 is presumably
irreversible. Further support of this finding is given by the lack
of reports about this type of reaction in the literature.


Therefore, palladium(iv) intermediates can be ruled out for
the catalysts 2 and 3. Identical competition constants of 1, 2,
and 3 would in turn be a strong indicator for classical
intermediates with catalyst 1. Although a coincidental sim-
ilarity is possible, the probability for this accidental occurring
can be narrowed down statistically by increasing the number
of different experiments conducted. Only if all of these
experiments exhibit identical competition constants for
the three catalysts 1 ± 3, can a classical catalytic cycle
with identical intermediates be assumed with high accuracy.
In order to assure this, four different competition experi-
ments were conducted and combined for this investiga-
tion.


In the experiments conducted, we used aryl bromides
rather than aryl chlorides owing to their good reactivity with
all catalysts 1 ± 3. As the aryl group in complex 3 we chose 4-n-
butylphenyl because its product, which is formed during the
initial turnover of the catalytic reaction, can be easily
distinguished from the desired reaction products generated
from the distinct aryl bromide reagents.


Isomer distribution with styr-
ene : The isomer distribution of
the products from the reaction
with styrene was examined in
the first experiments. Styrene
was used because of the good
reactivity yet poor regioselec-
tivity of a versus b substitution.
The isomer distribution of cat-
alysts 1 ± 3 lay within experi-
mental error; nevertheless,
product ratios from palladacy-
cle 1 deviated slightly from the
ones furnished by 2 and 3
(Table 1). The selectivity of b


over a substitution is character-
istic of the aryl transfer, where-
as the cis/trans-ratio is diagnos-
tic of the b-hydride elimination


step. Taking the similar values
for all three catalysts into ac-
count, these results suggest that
the elemental steps mentioned
above most likely proceed via
related intermediates. In order
to rule out the isomerization of
the products in a side reaction,
trans-stilbene was subjected to
the reaction conditions in the
presence of catalysts 1 ± 3 and
Na(OAc). It was recovered un-
changed.


Competition between styrene
and n-butyl acrylate : Competi-


tion experiments[20] between styrene and n-butyl acrylate
under pseudo-first-order conditions with respect to the aryl
bromide were used to determine the relative rates for the
reaction of catalysts 1 ± 3 with olefins. Treating an equimolar
mixture of the two olefins in a tenfold excess with different
aryl bromides shows that n-butyl acrylate is preferred over
styrene for all three catalysts (Table 2). Although there is an
observable difference between palladacycle 1 and the cata-
lysts 2 and 3, the difference in product ratios is still too close to
the margin of error of the GC analysis. As the aryl bromides
influence the product ratios, the olefin-discriminating steps
must involve the aryl moiety. This indicates that the aryl group
is already attached to the palladium center at that stage. The
fact that the aryl halide reacts with the catalyst prior to
the olefin is in accord with the classical mechanism
(Scheme 1). Subjecting a given mixture of the products to
the reaction conditions showed the product ratio to be stable
in the presence of 1 ± 3. Thus, product scrambling can be ruled
out.


Isotope effects : The kinetic isotope effect is a special case of a
competition constant, as the selectivity towards different
isotopes rather than molecules is monitored.[20] Analysis of the
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Scheme 2. Formation of the intermediate 5 of the classical catalytic cycle from the catalysts 1, 2, and 3
[L�P(o-Tol)3, OAcÿ].


Table 1. Product isomer ratios in the reaction of aryl bromides and styrene.[a] GC yield was determined with
diethyleneglycol di-n-butyl ether as the internal standard. Averages of two independent runs.


Br


R
Na(OAc)


DMF, 130 °C R


R


R


+
2 mol% [Pd]


+ +


cistrans gem


R Catalyst trans [%] cis [%] KSI
[b] gem [%] KRI


[c]


1 C(O)CH3 1 93.7 2.6 0.03 3.7 0.04
2 C(O)CH3 2 88.2 6.8 0.08 5.0 0.05
3 C(O)CH3 3 89.5 5.4 0.06 5.1 0.05
4 H 1 94.2 1.9 0.02 3.9 0.04
5 H 2 93.5 2.2 0.02 4.3 0.04
6 H 3 93.9 2.3 0.02 3.8 0.04
7 OCH3 1 94.9 0.8 0.01 4.3 0.04
8 OCH3 2 93.8 1.1 0.01 5.1 0.05
9 OCH3 3 94.0 1.0 0.01 5.0 0.05


[a] 1.0 equiv aryl bromide, 1.5 equiv styrene, 1.5 equiv Na(OAc). [b] Stereoisomer ratio KSI� cis/trans.
[c] Regioisomer ratio KRI�a/b. b� sum of trans and cis isomers, a� geminal isomer (gem).
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deuterium ± hydrogen isotope effect is most convenient be-
cause it is most pronounced; both isotopes are stable, and
labeled starting materials are commercially available. The
competition experiments between [H8]styrene and [D8]sty-
rene were conducted by treating an equimolar mixture of the
olefins in a sixfold excess with different aryl bromides and
subsequent analysis of the product ratios by GC. The excess
of olefin during the reaction ensures pseudo-first-order
kinetics with respect to the aryl bromide. Inverse isotope
effects in the order of secondary ones are observed for
all three catalysts (Table 3). Yet again, despite deviation of
palladacycle 1 from the catalysts 2 and 3, the difference is
too close to call. No isotope scrambling between the products
or reactants was observed, confirming the isotope effect
to originate only from the catalyzed CÿC bond-forming
reaction.


As the competition isotope effect resembles the product of
all elemental steps in which the olefins are involved,


mechanistic interpretation of
the values observed in terms
of the transition state structure
is difficult. Nevertheless, the
aryl transfer from the palladi-
um center to the olefin that
induces the change of hybrid-
ization of the carbon atom from
sp2 to sp3 can explain the in-
verse isotope effect observed
and should, therefore, play a
decisive role in the isotope dis-
crimination. The close involve-
ment of the aryl moiety in this
step as shown by the influence
of the aryl bromide on the
isotope effect supports this in-
terpretation. It is also in agree-
ment with the observations


made above that the aryl bromides influence the selectivity
of the catalysts towards different olefins.


Hammett correlations : Substituent effects of aryl reagents are
best expressed in terms of a linear free-energy relationship by
the Hammett correlation.[20] Generally, it is difficult to extract
relevant mechanistic information from this procedure if multi-
step reaction sequences are investigated, because all of the
individual steps involved affect the final value, and it is
impossible, a priori, to separate these contributions from each
other. This problem is similar to the one discussed for the
kinetic isotope effect. Nevertheless, both the kinetic isotope
effect and the Hammett correlation are of enormous value as
a competition constant for the discussion presented here,
because only the differences between the constants for the
catalysts 1 ± 3 but not their absolute values are of interest.
Despite the problem regarding the mechanistic interpretation
in multi-step catalytic reactions, the usefulness of Hammett


correlations has been demon-
strated in this regard.[24]


An equimolar mixture of
bromobenzene and a substitut-
ed aryl bromide were treated in
tenfold excess with n-butyl
acrylate to ensure pseudo-first-
order conditions with respect to
the olefin. n-Butyl acrylate was
chosen because of both its ac-
tivity and selectivity which
makes the GC-analysis easier.
The product ratios equal the
relative rate constants of the
aryl bromides, since the prod-
ucts are stable to the reaction
conditions. Plotting the product
ratios against s values did not
result in linear behavior.[25]


However, a plot against sÿ


values yielded linear behavior
with positive slopes for all cata-


Table 2. Olefin competition constants KO in the reaction of styrene (S) and n-butyl acrylate (A) with different
aryl bromides.[a] GC yield was determined by using diethyleneglycol di-n-butyl ether as the internal standard.
Averages of two independent runs.


Br


R Na(OAc)
DMF, 130 °C R


COOBu
COOBu


R


S A


+
2 mol% [Pd]


++


R Catalyst S [%] A [%] KO� S/A


1 C(O)CH3 1 4.0 96.0 0.04� 0.04
2 C(O)CH3 2 3.0 97.0 0.03� 0.03
3 C(O)CH3 3 1.8 98.2 0.02� 0.03
4 H 1 37.3 62.7 0.59� 0.09
5 H 2 32.8 67.2 0.49� 0.07
6 H 3 30.9 69.1 0.45� 0.10
7 OCH3 1 36.1 63.9 0.56� 0.11
8 OCH3 2 29.8 70.2 0.42� 0.09
9 OCH3 3 31.8 68.2 0.47� 0.09


[a] 1.0 equiv aryl bromide, 5.0 equiv styrene, 5.0 equiv n-butyl acrylate, 1.5 equiv Na(OAc).


Table 3. Isotope effects in the reaction of styrene with aryl bromides.[a] Relative amounts of deuterated (D) and
protiated products (H) were determined by the ratio of the abundance of the molecular ions in the GC-MS
spectrum. Averages of two independent runs.


Br


R Na(OAc)
DMF, 130 °C R


D
D


D
D


D


D
D


D
R


D


D D
D


D
D


D


H D


+
2.5 mol% [Pd]


++


R Catalyst KH/D�H/D


1 CF3 1 0.79� 0.05
2 CF3 2 0.86� 0.06
3 CF3 3 0.90� 0.08
4 C(O)CH3 1 0.82� 0.02
5 C(O)CH3 2 0.88� 0.03
6 C(O)CH3 3 0.93� 0.03
7 H 1 0.84� 0.04
8 H 2 0.93� 0.03
9 H 3 0.93� 0.03


10 OCH3 1 0.90� 0.09
11 OCH3 2 0.94� 0.03
12 OCH3 3 0.97� 0.04


[a] 1.0 equiv aryl bromide, 3.0 equiv [H8]styrene, 3.0 equiv [D8]styrene, 1.5 equiv Na(OAc).
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lysts (Figure 1).[26] For 2 and 3 similar values of 1� 1.01 and
1.00, respectively, were obtained. These deviate from pallada-
cycle 1 with 1� 1.58; this indicates a substantial variation in
the active species during the steps discriminating the aryl


Figure 1. Hammett correlation of the reaction of aryl bromides with n-
butyl acrylate plotted against sÿ values. krel�k/k0 was determined from the
product ratios of binary reaction mixtures of aryl bromides, as determined
by GC analysis by using diethyleneglycol di-n-butyl ether as the internal
standard. Averages of two independent runs.[25] Palladacycle 1, 1� 1.58�
0.06 (black circles); [Pd{P(o-Tol)3}2] (2), 1� 1.01� 0.03 (dark gray circles);
[Pd{(4-n-C4H9)C6H4}Br{P(o-Tol)3}]2 (3), 1� 1.00� 0.07 (light gray circles).


bromides. Although these values are a product of the
combination of all elemental steps of the catalytic cycle, the
correlation to sÿ values rather than s constants indicates that
conjugation of p-electron density with the para substituents
occurs in the most influential transition state. Additionally,
the positive slope 1 shows that electron-withdrawing sub-
stituents accelerate the reactionÐa commonly encountered
phenomenon in the Heck reaction.[27] Both of these observa-
tions are in accordance with the oxidative addition of the aryl
bromide having strong influence on the Hammett correlation.


In further support of the use of sÿ values in these
experiments, apart from the linear correlation obtained, is
the linearization of the oxidative addition of aryl chlorides to
a palladium(0) complex[28] and of the palladium-catalyzed
Suzuki reaction of aryl bromides with phenylboronic acid
against the same constants in the literature.[24] The 1 value
reported in the latter publication for an azapalladacycle
catalyst in the Suzuki reaction is in the same range as the
values obtained for catalysts 2 and 3.[24]


Discussion


Palladacycle 1 represents an advantageous case of a catalyst
for competition experiments in the Heck reaction, because
related catalysts leading to intermediates of the classical
catalytic cycles, that is, complexes 2 and 3, are readily
available for comparison. Evaluation of these three catalysts
reveals that the characteristics of catalysis by palladacycle 1


deviate from those of catalysts 2 and 3. Thus, the Heck
reaction catalyzed by palladacycle 1 must involve different
active species than those involved in the catalysis by 2 and 3.
As all experimental data are within very good agreement for
these last two catalysts, the active species formed from 2 and 3
during catalysis are probably identical as was assumed and
expected (vide supra).


The different behavior of palladacycle 1 can either be
accounted for by a nonclassical catalytic cycle involving
palladium(iv) intermediates[12] or by a significant deviation
from 2 and 3 within the classical catalytic cycle (Scheme 1).[2]


We believe that palladium(iv) intermediates are not very
likely to be responsible for the measured differences in data.
Deviations in the competition experiments are small with the
exception of the Hammett correlation, and more pronounced
effects in all of these experiments are to be expected for a
substantially different catalytic cycle. This conclusion is
strongly supported by the recent fitting of kinetic data of an
azapalladacycle in the Heck reaction to a classical mecha-
nism.[17] The palladacycle 1 exhibited similar behavior, which
also is in agreement with palladium(0) intermediates.[17]


The competition experiments were conducted by treating
the starting materials as a mixture at the same time and
analyzing the product ratios after approximately full con-
version. As a result of using this method, the isotope effect
and the Hammett correlation are not diagnostic of the
transition state in the rate-determining step. In consequence,
an interpretation of the values in these terms, as would be
feasible based on kinetic measurements, is impossible. Never-
theless, our experiments serve their purpose to indicate
different reaction pathways for related catalysts because in
this case only the differences between the constants for the
catalysts but not their absolute values are of importance.


The discrepancy of the catalysts is most pronounced for the
competition of the aryl bromides, that is, the Hammett
correlation. For the other three competition experiments,
which focus on the behavior towards olefins, the catalysts
exhibit quite similar characteristics. This leads to the con-
clusion that the active species should differ mostly during
steps in the catalytic cycle that involve aryl bromides but not
olefins. The most likely step explaining this behavior is the
oxidative addition, that is, the first step of the classical
catalytic cycle (Scheme 1). In conclusion, the structure of the
active species 4, which is formed from 2 and 3, is not being
formed by palladacycle 1. As a possible explanation we offer
an alternative structure 6, which assumes the reduction of 1 to
occur without rupture of the carbon ± palladium bond
[Eq. (1)].
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Species 6 bears an anion that is forced into cis-position with
respect to the phosphine ligand. This is advantageous in terms
of stability and reactivity of the active species, since it is
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documented that cis-chelating ligands[29] as well as coordi-
nated anions[21, 30] both enhance the stability of palladium(0)
catalysts in Heck-type reactions and the rate of oxidative
addition of aryl halides.


Conclusion


Based on our experiments and recent findings in the
literature,[17] palladium(iv) intermediates in the Heck reaction
catalyzed by palladacycle 1 can be ruled out for the activation
of aryl bromides. The discrepancy found with respect to the
classical catalytic cycle in Scheme 1, as operative for the
catalysts 2 and 3, can be conveniently explained by the
proposed formation of a highly active, anionic palladium(0)
species 6 [Eq. (1)]. This species is different from the linear
intermediate 4 formed by standard catalysts like 2 in the Heck
reaction (Scheme 2).


Experimental Section


General procedures : Pd(OAc)2 and 4-n-butylbromobenzene were obtained
from Merck-Schuchardt. P(o-Tol)3 was prepared from the corresponding
Grignard reagent and PCl3 by a literature method.[31, 32] Complex 3 was
synthesized according to a published procedure.[22, 33] Other chemicals were
bought from Fluka and Aldrich. All chemicals were used as received
without further treatment. Except for the workup of the reactions, all
operations were carried out with the use of vacuum line, Schlenk, and
syringe techniques under an atmosphere of dry nitrogen. DMF (N,N-
dimethylformamide) was degassed prior to use and stored over molecular
sieves 4 �. Other solvents were carefully dried and degassed according to
standard procedures.[34, 35]


Physical and analytical methods : NMR spectra (1H, 13C, 31P) were recorded
on a Jeol JMX-GX 400 instrument and are referenced to residual protons in
the solvent (1H), the solvent 13C signal (13C) or 85% H3PO4 as an external
standard (31P).


GC-MS spectra were measured on a Hewlett Packard gas chromatograph
GC 5890 A equipped with a mass selective detector MS 5970 B with
diethyleneglycol di-n-butyl ether as the internal standard. The CÿC
coupling products were identified by comparison of GC-MS data with
authentic samples.


Synthesis of trans-di(m-acetato)-bis[o-(di-o-tolylphosphino)benzyl]dipal-
ladium(ii) (1):[7, 32] A Schlenk flask was charged with Pd(OAc)2 (220 mg,
1.0 mmol) in toluene (20 mL) under an atmosphere of dry nitrogen.
P(o-Tol)3 (400 mg, 1.3 mmol) was added, and the orange mixture was
heated to 50 8C for 3 min. When the color changed to yellow the mixture
was rapidly cooled to RTwith an ice bath and stirred at RT for an additional
45 min. After evaporation of 15 mL of the solvent, hexane (20 mL) was
added to precipitate the product. Filtration and drying in vacuo afforded
yellow microcrystals that could be recrystallized from toluene/hexane (1:1)
at ÿ35 8C (440 mg, 0.93 mmol, 93 % yield). Analytical data were found to
be in agreement with the literature.[7, 32]


Synthesis of bis(tri-o-tolylphosphine)palladium(0) (2):[36, 37] [Pd(Cp)(allyl)]
(400 mg, 1.88 mmol) was dissolved in CH3CN (90 mL) under an atmo-
sphere of dry nitrogen. P(o-Tol)3 (1720 mg, 5.65 mmol) was added slowly
over a period of 10 min as a solid against a positive stream of dry nitrogen;
this resulted in the precipitation of the yellow product after several
minutes. The reaction was stirred for a total of 24 h at RT, and the yellow
product was filtered and washed twice with cold hexane (30 mL) to give 2
(1277 mg, 1.78 mmol, 95% yield). Analytical data were found to be in
agreement with the literature.[33] [(h5-C5H5)(h3-C3H5)Pd] was prepared
following procedures in the literature starting from [(h3-C3H5)Pd(m-Cl)]2


and Na(C5H5).[36, 38] An alternative method for the synthesis of 2 starts from
[Pd2(dba)3] and P(o-Tol)3.[33]


General conditions for the (Mizoroki ± )Heck reaction : The catalyst
(0.01 mmol or 0.02 mmol, 2 mol % [Pd]), 4-bromoacetophenone (199 mg,
1.0 mmol) and anhydrous Na(OAc) (123 mg, 1.5 mmol) were weighed into
a Schlenk tube and put under an atmosphere of dry nitrogen. The internal
standard diethyleneglycol di-n-butyl ether (50 mg), styrene (172 mL,
1.5 mmol), and DMF (2 mL) were added. The suspension was stirred for
2 min at RT before it was put into a pre-heated oil bath at 130 8C. After
10 h, the suspension was allowed to cool to RT to stop the reaction and was
diluted with CH2Cl2 (2 mL). After filtration, the reaction mixture was
examined by GC-MS.


Determination of the isotope effect : The equimolar mixture of [H8]styrene
and [D8]styrene, which was used for all experiments, was prepared by
weighing both components in a molar ratio of 1:1 into a Schlenk tube under
an inert atmosphere. Analysis of the abundance of the molecular ions in the
GC-MS spectrum showed the mixture to contain 50� 1 mol % of [D8]sty-
rene.


The reactions were conducted as illustrated in the general conditions for
the Heck reaction. Instead of 1.5 equivalents of styrene, 6.0 equivalents of
the previously prepared equimolar mixture of [H8]styrene and [D8]styrene
were used. The volume of the mixture added was determined by calculating
the theoretical volume of 6.0 equivalents [H8]styrene, assuming the molar
density of the mixture and pure [H8]styrene to be the same. Relative
amounts of deuterated and protiated products were determined by the
ratios of the abundance of the molecular ions in the GC-MS spectra. Two
independent runs were conducted for every data point, and each run was
evaluated five times independently.


Hammett correlation : The reactions were conducted as described in the
general conditions for the Heck reaction. Instead of a single aryl bromide
(1.0 mmol), bromobenzene (5.0 mmol, 526 mL) and a para-substituted aryl
bromide (5.0 mmol) were employed. Instead of styrene, n-butyl acrylate
(1.0 mmol, 143 mL) was employed. Relative amounts of the products were
determined by GC-MS analysis by the method of internal standardization.
Two independent runs were conducted for all data points; each run was
evaluated five times independently.
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Organic Light-Emitting Materials Based on Bis(arylacetylide)platinum(ii)
Complexes Bearing Substituted Bipyridine and Phenanthroline Ligands:
Photo- and Electroluminescence from 3MLCT Excited States


Siu-Chung Chan,[a] Michael C. W. Chan,[a] Yue Wang,[b] Chi-Ming Che,*[a]


Kung-Kai Cheung,[a] and Nianyong Zhu[a]


Abstract: We present the synthesis and
photophysical and electroluminescent
properties for a series of platinum(ii) a-
diimine bis(arylacetylide) complexes.
The molecular structures of five deriva-
tives have been elucidated by X-ray
crystallography. Intermolecular p ± p in-
teractions (between aromatic diimine
and phenylacetylide moieties) are appar-
ent in the crystal lattices of two of these.
All bis(phenylacetylide) derivatives ex-
hibit intense triplet metal-to-ligand
charge transfer (MLCT) photolumines-


cence in the solid state and in fluid
solutions at room temperature. The
impact of different solvents, substituents
on the diimine ligands, and complex
concentrations upon their emissive be-
havior have been examined and demon-
strates that their emission energies can
be systematically modified. Application


of the 3MLCT excited state of the [Pt(a-
diimine)(C�CPh)2] materials in single-
and double-layer organic light-emitting
devices are described. The bis(butadiynyl)
complex [Pt(4,4'-dtbpy)(C�CÿC�CPh)2]
(dtbpy� 4,4'-di-tert-butyl-2,2'-bipyri-
dine) displays strong solid-state and
solution phosphorescence at 77 and
298 K; the associated excited state is
proposed to arise from both acetylenic
3pp*(C�CÿC�CPh) and 3MLCT
[Pt ! p*(diimine)] transitions.


Keywords: alkyne ligands ´ charge
transfer ´ luminescence ´
phosphorescence ´ platinum


Introduction


Hagihara and co-workers reported the first soluble metal
poly-yne oligomers bearing [Pd(PnBu3)2] and [Pt(PnBu3)2]
moieties in the main chain in 1975.[1] Since then, there has
been considerable interest in transition metal acetylide


complexes and polymers due to their potential applications
in many fields of materials chemistry, including nonlinear
optics, liquid crystals, conducting polymers, luminescent
materials, and supramolecular chemistry.[2] The papers by
Hagihara et al. continue to inspire interest in the electronic
and spectroscopic properties of oligomeric and polymeric
platinum acetylide species.[2e, 3] However, studies on the
optoelectronic characteristics of these materials are sparse.
The employment of metal ± acetylide emitters in organic light-
emitting devices (OLEDs) was demonstrated in our recent
disclosure on the luminescent tetranuclear complex
[Cu4(C�CPh)4L2] (L� 1,8-bis(diphenyphosphanyl)-3,6-dioxa-
octane) as a dopant in poly(N-vinylcarbazole) (PVK).[4] The
application of cyclometalated iridium(iii) and platinum(ii)
compounds as electrophosphorescent dopants for OLEDs
was published recently by Forrest and Thompson.[5]


The photoluminescence of discrete platinum acetylide
complexes has been extensively investigated, but these are
invariably supported by phosphane auxiliaries.[2c, 6] We re-
ported the first luminescent platinum(ii) acetylide com-
plex with aromatic diimine ligands in 1994.[7] The
[Pt(phen)(C�CPh)2] complex exhibits intense emission in
fluid solution at room temperature which was attributed to a
3MLCT [Pt!p*(phen)] excited state. The incorporation of
strong-field ligands (in this case acetylide), which are known
to destabilize nonradiative ligand-field transitions in this class
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Supporting information (UV absorption spectra for complexes 3 a ± f in
CH2Cl2; normalized absorption and emission spectra of 2 a in various
solvents at 298 K; absorption, emission and excitation spectra of 2 a in
CH2Cl2; solid-state emission spectra of 3 fp and 3 fc at 298 and 77 K;
transient difference absorption spectra of 2a and 4 ; cyclic voltammo-
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of luminophores,[8] is an important fundamental design
consideration. Subsequent synthetic and spectroscopic inves-
tigations on platinum(ii) diimine bis(acetylide) and related
derivatives have appeared in the literature.[9, 10] Eisenberg
and co-workers recently probed the excited-state properties
of [Pt(diimine)(C�CAr)2] complexes by systematic
ligand modification.[11] The emitting state was assigned as
Pt ! p*(diimine) 3MLCT in agreement with our original
proposal,[7] and a correlation between the emission energy
and the electron-withdrawing nature of the diimine auxiliary
was observed. However, there has been no report on the
development of these complexes towards applications as
photonic materials.


Herein, we discuss a series of platinum(ii) bis(phenylacetyl-
ide) complexes with different alkyl- and aryl-substituted 2,2'-
bipyridyl (bpy) and 1,10-phenanthroline (phen) ancillary
ligands (Scheme 1). By varying the N donor, we have been
able to fine-tune their 3MLCT excited-state properties. These
complexes are strong emitters in the solid state and in fluid
solutions, and their electroluminescent (EL) properties have
been studied in order to evaluate their suitability as OLED
materials. Significantly, the bis(butadiynyl) derivative [Pt(4,4'-
dtbpy)(C�CÿC�CPh)2] has also been synthesized. Our
observations indicate that the parentage of the lowest energy
emissive excited state for this species involves both
3[p ! p*(C�CÿC�CPh)] and 3[Pt ! p*(diimine)] and
depends on the emission environment (i.e. temperature and
medium).


Results and Discussion


Synthesis and characterization : According to Sonogashira
et al. ,[12] platinum(ii) arylacetylide complexes can be prepared
by the reaction of PtL2Cl2 (L� phosphane donor) with
organic arylacetylenes in CH2Cl2/HNiPr2 in the presence of
a catalytic amount of copper iodide. Another synthetic route,
which was reported by Cross et al.,[13] involves the displace-
ment of the labile 1,5-cyclooctadiene (cod) group from the
precursor [Pt(cod)(C�CPh)2] (1) using selected donor li-
gand(s). Herein, both methods were adopted to synthesize a
range of bis(arylacetylide) PtII complexes bearing different
diimine auxiliaries (Scheme 1). The Sonogashira procedure
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Scheme 1. Synthetic methodology.


generally affords better yields for substituted bpy derivatives
(2 a ± c). The Cross method was employed for phen complexes
(3 a ± f, plus 2 d), although the tendency of the
[Pt(cod)(C�CPh)2] precursor to decompose at elevated
temperatures resulted in low product yields for methyl- and
phenyl-substituted species. The bis(phenylbutadiynyl) com-
plex [Pt(4,4'-dtbpy)(C�CÿC�CPh)2] (4) was prepared in 86 %
yield by treatment of [Pt(4,4'-dtbpy)Cl2] with PhC�CÿC�CH
in the presence of CH2Cl2/HNiPr2/CuI. All complexes are
stable in the solid state and in dichloromethane solutions for
several days at room temperature in the absence of light. The
IR spectra for both the 2 and 3 series of complexes display two
sharp bands at about 2120 and 2100 cmÿ1, which correspond to
the symmetric (ns) and asymmetric (nas) C�C stretches of cis-
phenylacetylide ligands. Complex 4 exhibits two IR bands at
2181 and 2067 cmÿ1 and two Raman peaks at 2187 and
2070 cmÿ1, which are assigned to the C�C stretches. The
13C NMR chemical shifts of the acetylenic carbon atoms are
comparable in the 2 and 3 series and are observed at around
d� 102 and 87 for Ca and Cb, respectively. For complex 4,
relatively upfield chemical shifts at d� 87.7 (Ca), 83.2 (Cb),
78.7 (Cg), and 70.4 (Cd) are observed for the butadiynyl
carbon atoms.


Crystal structures : The molecular structures of complexes
2 b ´ CH2Cl2, 2 c, 2 d ´ CH2Cl2 (Figure 1), 3 e ´ CH3CN (Figure 2)
and 3 f ´ (CH2Cl2)0.75 have been elucidated by X-ray crystal-
lography. Crystal data and selected bond lengths and angles
for 2 d and 3 e are listed in Table 1 and Table 2, respectively.
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Figure 1. Top: Perspective view of 2d (50 % probability ellipsoids).
Bottom: Stacking diagram showing p ± p interactions between phenyl-
acetylide moieties and bipyridine fragments.


The PtÿN bond lengths observed in this report vary between
2.050(6) and 2.076(5) � and are marginally longer than those
of [Pt(a-diimine)Cl2] (a-diimine� 5,5'-dimethyl-2,2'-bipyri-
dine (5,5'-dmbpy) (2.015 �) and 3,3'-(CH3CO2)2bpy
(1.992 �)).[8] These slight elongations reflect the greater trans
influence of phenylacetylide in comparision to chloride. The
PtÿC bond lengths (mean: 1.957 (2 b), 1.963 (2 c), 1.954 (2 d),
1.944 (3 e), and 1.964 � (3 f)) are within the range reported for
platinum(ii) diimine bis(acetylide) complexes,[7, 9a, 10c, 11a] and
approach the PtÿC(phenyl) bond lengths in [Pt(dpp)Ph2]
(1.967(8) and 2.013(7) �, dpp� 2,3-bis(2-pyridyl)pyrazine).[9a]


The bond lengths between the acetylenic carbon atoms
(1.169(9) ± 1.219(8) �) are surprisingly similar to those


Figure 2. Top: Perspective view of 3e (50 % probability ellipsoids).
Bottom: Stacking diagram showing p ± p interactions between (1) phen
ligands, and (2) 5-Ph and C�CÿPh moieties.


(1.203(14) ± 1.24(2) �) involved in h2 coordination to metal
thiocyanates in [Pt(4,4'-dtbpy)(C�CR)2M(SCN)] (R�
C6H4Me, SiMe3; M�Cu, Ag respectively).[10b] For 2 d, 3 e
and 3 f, the phenyl substituents are rotated out of plane of the
attached diimine ligand, and the corresponding (mean)
dihedral angles are 31.7, 50.2 and 54.08, respectively.


Significantly, multiple close intermolecular contacts are
revealed upon inspection of the crystal lattice in 2 d (e.g.
C(1) ´´ ´ C(25') 3.580(9), C(1) ´´ ´ C(26') 3.293(9), C(1) ´´ ´ N(1')
3.595(8) �). These distances are sufficiently short for p ± p


interactions,[14] and indeed p stacking of the acetylide and
phenyl moieties with the bipyridine group is apparent
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(Figure 1, bottom). Similarly, p ± p interactions are also ob-
served between adjacent phen ligands and between the 5-Ph
and C�CÿPh rings in 3e (bottom of Figure 2, e.g. N(2) ´´´ C(23')
3.478(7), C(10) ´´´ C(33') 3.53(1), C(24) ´´´ C(27') 3.574(8),
C(25) ´´´ C(28') 3.478(8) �). No p stacking is evident in the
crystal structures of 2 b, 2 c and 3 f. We have recently noted for
several luminescent PtII complexes that p ± p contacts detect-
ed in the solid-state structure have direct impact upon
emissive properties.[15] The consequences of the intermolec-
ular interactions observed in this work upon luminescent
characteristics will be described later.


UV absorption spectroscopy : The UV/Vis absorption data are
summarized in Table 3, and the corresponding spectra for
complexes 2 a ± d and 4 in dichloromethane are shown in
Figure 3 (see Supporting Information for the 3 series). All


Figure 3. UV/Vis absorption spectra for complexes 2 a ± d and 4 in
dichloromethane at 298 K (wavelengths of the lowest energy absorption
bands are listed).


complexes show intense absorption bands at 250 ± 350 nm
(e >104 molÿ1 dm3 cmÿ1) that are assigned to the intraligand
transition (1IL) of the diimine and/or arylacetylide ligands.
The singlet p!p* transition of the phenylacetylide group has
been observed at l < 300 nm (i.e. for [Cy3PAuC�CPh], lmax�
256, 267, 281, 290(sh)).[16] The high-energy absorptions in this
study do not exhibit significant solvatochromic effects. The
[Pt ! p*(C�CPh)] MLCT band (as assigned for
[Pt(PEt3)2(C�CPh)2] at lmax� 328 nm)[17] presumably occurs
in the UV region and is masked by the 1IL absorption.


Table 1. X-ray crystallographic data for 2d ´ CH2Cl2, and 3e ´ CH3CN.


Compound 2d ´ CH2Cl2 3e ´ CH3CN


chemical formula [C39H28N2Cl2Pt] [C36H25N3Pt]
formula weight 790.66 694.70
crystal size [mm] 0.4� 0.1� 0.1 0.25� 0.15� 0.07
crystal system monoclinic monoclinic
space group P21/n (no. 14) P21/c (no. 14)
a [�] 9.823(3) 9.373(2)
b [�] 24.038(4) 16.625(3)
c [�] 14.148(2) 18.612(3)
a[8] 90.0 90.0
b[8] 103.46(2) 91.87(2)
g[8] 90.0 90.0
V [�3] 3249.1(10) 2898.7(8)
Z 4 4
1calcd [gcmÿ3] 1.616 1.592
m [cmÿ1] 44.96 48.50
2qmax 50 51
temperature [K] 301 301
F(000) 1552 1360
no. of unique data (Rint) 5875 (0.037) 5561 (0.046)
no. of obsd. data [I� 3s(I)] 3554 4030
no. of variables 383 346
R[a] 0.028 0.032
Rw[b] 0.034 0.044
GoF[c] 1.29 1.54


[a] R�S j jFo j ÿ jFc j j/S jFo j . [b] Rw� [Sw(jFo j ÿ jFc j )2/Sw jFo j 2]1/2.
[c] GoF� [Sw(jFo j ÿ jFc j )2/(n ÿ p)]1/2.


Table 2. Selected bond lengths [�] and angles [8] of 2d ´ CH2Cl2 and 3e ´
CH3CN.


2d ´ CH2Cl2 3e ´ CH3CN


Pt(1)ÿN(1) 2.059(5) Pt(1)ÿN(1) 2.074(4)
Pt(1)ÿN(2) 2.059(5) Pt(1)ÿN(2) 2.066(4)
Pt(1)ÿC(1) 1.961(7) Pt(1)ÿC(1) 1.951(6)
Pt(1)ÿC(9) 1.946(7) Pt(1)ÿC(3) 1.937(7)
C(1)ÿC(2) 1.188(8) C(1)ÿC(2) 1.209(7)
C(9)ÿC(10) 1.215(9) C(3)ÿC(4) 1.219(8)
C(2)ÿC(3) 1.434(9) C(2)ÿC(5) 1.428(8)
C(10)ÿC(11) 1.425(9) C(4)ÿC(11) 1.423(9)
N(2)-Pt(1)-C(1) 174.2(2) N(1)-Pt(1)-C(1) 174.4(2)
Pt(1)-C(1)-C(2) 177.5(6) Pt(1)-C(1)-C(2) 176.2(5)
C(1)-C(2)-C(3) 178.4(7) C(1)-C(2)-C(5) 176.3(7)
N(1)-Pt(1)-C(9) 175.4(2) N(2)-Pt(1)-C(3) 174.7(2)
Pt(1)-C(9)-C(10) 177.5(6) Pt(1)-C(3)-C(4) 178.0(5)
C(9)-C(10)-C(11) 178.9(8) C(3)-C(4)-C(11) 177.3(7)
C(1)-Pt(1)-C(9) 88.8(3) C(1)-Pt(1)-C(3) 90.0(2)
N(1)-Pt(1)-C(1) 95.8(2) N(2)-Pt(1)-C(1) 95.2(2)


Table 3. Photophysical data in solution.


Complex labs [nm] (e [molÿ1dm3cmÿ1]) lem [nm] (to [ms][a], Fem
[b]) lem [nm] (t [ms])[a] kq� 109 sÿ1


CH2Cl2 at 298 K EtOH/MeOH (4:1 v/v) at 77 K


2a 265 (44 700), 286 (44 500) 332 (11 300), 396 (8500) 545 (1.6, 0.64) 495 (max, 4.7), 527 2.79
2b 287 (41 600), 396 (7300) 554 (1.3, 0.50) 489 (max, 3.8) 0.29
2c 284 (45 400), 395 (8200) 554 (1.2, 0.50) 499 (max, 4.5), 530 2.20
2d 266 (58 200), 292 (54 100) 411 (10 600) 580 (1.0, 0.35) 528 (max, 5.7), 564 1.84
3a 280 (62 400), 365 (10 600) 522 (2.7, 0.60) 488 (max, 11.6), 522, 558 2.90
3b 279 (55 700), 377 (7000), 404 (7900) 554 (2.3, 0.60) 528 (max, 6.7) 3.46
3c 276 (57 800), 400 (7600) 558 (2.0, 0.49) 532 (max, 1.4) 3.86
3d 268 (58 400), 396 (7900) 561 (1.9, 0.42) 506 (max, 6.8), 539 3.68
3e 279 (59 700), 401 (8800) 563 (2.0, 0.53) 514 (max, 9.6), 548, 588 2.32
3 f 283 (64 700), 385 (11 300) 570 (2.8, 0.49) 532 (max, 13.8), 569 1.36
4 296 (61 300), 312 (51 400), 393 (14 900) 536 (1.1, 0.57) 482 (max, 13.2), 519, 538 1.00


[a] to is the lifetime at infinite dilution. [b] Fo is the emission quantum yield at y-axis value in extrapolation of Stern-Volmer plot.
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A broad absorption with lmax ranging from 365 ± 411 nm
was previously assigned in our earlier paper[7] as a singlet
MLCT [5d(Pt) ! p*(diimine)] transition. We note that the
1MLCT [Pt ! p*(5-mphen)] transition for [Pt(5-mphen)-
(C�N)2] appears at 347 nm (emax� 1.48� 103 molÿ1dm3cmÿ1 in
acetonitrile[18] ; 5-mphen� 5-methyl-1,10-phenanthroline),
and is significantly blue-shifted from the analogous transition
in [Pt(5-mphen)(C�CPh)2] (lmax� 400 nm in dichlorome-
thane). This can be attributed to stronger s donation by
phenylacetylide with respect to cyanide, causes greater
destabilization of the Pt(5d) HOMO and results in lowering
of the MLCT transition energy.


The solvatochromic shift of the lowest-energy absorption
and emission bands of 2 a (see Supporting Information), 2 b,
2 c and 4 in various solvents (Table 4) is indicative of their


MLCT nature. The 1MLCT absorption maximum of 2 a in
methanol (384 nm) is red-shifted (2118 cmÿ1) to 418 nm in
benzene. Comparable results have been reported for other PtII


a-diimine bis(arylacetylide) systems.[7, 11a] The solvatochromic
shifts for the 4,4'-dtbpy congeners 2 b and 4 are comparable in
nonprotic solvents, although the absorption maxima of com-
plex 4 in MeOH (377 nm) and in EtOH (383 nm) unusually
exhibit red shifts with respect to the maxima in acetonitrile
(374 nm). The minor blue-shift of the singlet MLCT band of 4
relative to 2 b can be rationalized by the presence of the more
conjugated C�CÿC�CPh ligands. This is expected to stabilize
the dp(Pt) orbital, which results in a lowering of the HOMO
level and thus an increase of the MLCT energy. Similar
observations have been reported by Yam and co-workers on
related rhenium(i) triynyl complexes.[19]


Emission spectroscopy: All a-diimine complexes are emissive
both in fluid solution and solid state at ambient temperature
and 77 K (Table 3 and Table 5). With the exception of
complex 4, which will be described separately, all complexes
show similar emissive properties, and 2 a is selected as a
representative example to be discussed in detail. At 298 K, a
solution of complex 2 a in dichloromethane displays a broad
and structureless emission band at lmax� 545 nm. The excita-
tion spectra of 2 a (see Supporting Information) is similar in
appearance to the absorption spectra at low concentration,
which indicates efficient intersystem crossing from the high-
energy electronic excited state to the emitting state. There-
fore, the origin of this emission band is assigned as a triple
MLCT 3[5d(Pt) ! p*(diimine)] excited state. Unlike the
1MLCT absorption band which displays discernible solvato-
chromic behavior, the solution emission maximum of 2 a
shows minimal variation in different solvents (Table 4 and
Supporting Information).


In accordance with the results of Eisenberg et al. ,[11a] the
solution emission maxima for both the 2 and 3 series of
derivatives shift to lower energies as the electron-withdrawing
nature of the substituted bipyridine and phenanthroline
ligands, respectively, increase (Table 3). Assuming all com-
plexes exhibit pure 3MLCT emission and the complexation of
diimine ligands does not affect the Pt-based HOMO level, this
result demonstrates that the electronic effect of the a-diimine
ligands yields LUMO energy levels in the following des-
cending order: 3,4,7,8,-tetramethyl-1,10-phenanthroline
(tmphen) > 5,5'-dmbpy > 5,6-dimethyl-1,10-phenanthroline
(5,6-dmphen) � 4,4'-di-tert-butyl-2,2-'bipyridine (4,4'-dtbpy)
� 4,4'-dmbpy > 5-mphen > 4,7-diphenyl-1,10-phenanthro-
line (dpphen) > 4,4'-diphenyl-2,2'-bipyridine (dpbpy). The
ability to fine-tune excited-state energies is important for
applications as light-emitting materials. For complexes sup-
ported by different a-diimine ligands (Figure 4), the emission
energies can be systematically modified over a wide range
(�1920 cmÿ1).


The self-quenching of photoluminescence of PtII diimine
complexes in solution has previously been reported and
ascribed to excimer formation.[11b, 15a] The self-quenching rate
constant (kq) can be calculated from the Stern ± Volmer
equation and the results are listed in Table 3. Smaller kq values
are observed for bulky diimine groups (e.g. lowest kq for 4,4'-
dtbpy derivatives 2 b and 4) as expected.


Table 4. Photophysical data for MLCT band of 2 a, 2b, 2 c, and 4 in various
solvents at 298 K.


Solvent 2a 2b 2c 4
labs


[nm]
lem


[nm]
labs


[nm]
lem


[nm]
labs


[nm]
lem


[nm]
labs


[nm]
lem


[nm]


benzene 418 553 419 561 422 564 417 541
CH2Cl2 396 545 396 554 395 554 392 536
acetone 397 549 394 558 397 558 386 535
DMF 394 543 391 554 392 554 382 530
CH3CN 386 544 385 552 386 554 374 528
MeOH 384 547 382 557 383 554 377[a] 537[b]


[a] 383 nm in EtOH. [b] 548 nm in EtOH.


Table 5. Solid-state photophysical data.


Complex Nature lem [nm] (to [ms])[a] lem [nm] (to [ms]) Fss
[a] [%]


Solid at 298 K Solid at 77 K


2a yellow crystals 510, 536 (max, 0.61) 501, 535 (max, 2.8), 558 8.24
2b yellow crystals 527 (max, 0.42), 565 502 (max, 2.3), 535, 572 6.35
2c yellow crystals 526 (max, 0.45), 562 493, 522 (max, 2.2), 557 4.89
2d orange crystals 589 (max, 0.66) 552 (max, 2.4), 592 2.64
3a yellow crystals 533 (max, 0.64), 568 516, 551 (max, 5.3) 4.40
3b shiny orange powder 563 (max, 0.38), 601 555 (max, 1.8), 595 1.84[b]


3c yellow powder 570 (max, 0.11) 559 (max, 2.5), 601 2.22
3d yellow crystals 521 (max, 0.20), 556 508 (max, 2.5), 542, 580 2.70
3e yellow crystals 556 (max, 0.31), 648 527 (max, 2.1), 564, 605 1.85
3 fp orange powder 546, 584 (max, 0.20) 538 (max, 0.98 & 6.3[c]), 580 0.66
3 fc deep orange crystals 554, 620 (max, 2.06) 559, 580, 612 (max, 0.50 & 5.3[c]), 661 0.66
4 yellow powder 505, 539, 600 (max, 0.12) 489 (max, 0.96), 532, 546, 603 0.13


[a] Fss� solid-state emission quantum yield. [b] 3 b :KBr (1:20) mixture. [c] Second-order decay.
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Figure 4. 298 K emission spectra for selected complexes in dichloro-
methane, illustrating the tunable range of emission energies.


For solid-state and ethanol ± methanol (4:1 v/v) glassy
emissions at 77 K, the 2 and 3 series of complexes exhibit
vibronic structure with vibrational progressions of around
1250 cmÿ1 (Figure 5 for 2 a), which is characteristic of the
ring-breathing mode of polypyridyl ligands. These vibronic
emissions provide further evidence in support of the involve-
ment of the diimine ligand in the emissive excited state (i.e.
3[5d(Pt) ! p*(diimine)]).


Figure 5. 298 (ÐÐ) and 77 K (- - - -) solid-state emission of 2a ; ethanol/
methanol (4:1 v/v) emission at 77 K (****).


With the exception of 2 d, 3 c, 3 e, and 3 fc (deep orange
crystalline form of 3 f), both series of derivatives (2 and 3),
including 3 fp (orange powder form of 3 f), display vibronically
structured solid-state emissions at room temperature (Ta-
ble 5). The phenyl-substituted phenanthroline complexes 3 e
and 3 fc exhibit emission maxima at 648 and 620 nm respec-
tively (see Supporting Information for 298 and 77 K solid-
state emission spectra of 3 fp and 3 fc), which are substantially
red-shifted from their corresponding solution emissions (563
and 570 nm respectively). These low-energy emissions are
ascribed to excimer formation arising from p ± p stacking
interactions in the solid state, as observed in the crystal lattice
of 3 e ´ CH3CN (see above) and reported in our recent
studies.[15] Based on the above hypothesis, it is therefore
surprising that intermolecular p ± p stacking is not observed in
the crystal lattice of 3 f ´ (CH2Cl2)0.75 and excimeric emissions
are not detected even for high concentration (10ÿ3 m)
solutions of 3 f. For this solid, we suggest that excimer
formation only occurs in the unsolvated, amorphous form (i.e.


3 fc) which exhibits a different packing arrangement from the
solvated 3 f ´ (CH2Cl2)0.75 lattice. A precedent for contrasting
p-stacking conformations for solvated and unsolvated crystal
structures was recently published for PtII complexes derived
from trans-cyclometalated 2,6-diphenylpyridine.[15e] Solid-
state emission quantum yields were determined according to
the method described by Wrighton and co-workers[20] and are
listed in Table 5. The highest solid-state quantum yield of
8.2 % was observed for 2 a and the lowest (0.13 %) for 4.


Photoluminescence of [Pt(4,4'-dtbpy)(C�CÿC�CPh)2] (4):
The fluid emission of 4 (Figure 6) exhibits similar emission
and excitation properties to that of the 2 and 3 series and is


Figure 6. Absorption (- - - -), emission (ÐÐ) and excitation (****) spectra
of 4 in CH2Cl2 at 298 K (* indicates artifact).


assigned to a triplet [5d(Pt) ! p*(diimine)] MLCT excited
state. However, complex 4 (with cis-configured C�CÿC�CPh
moieties) displays different solid-state and glassy emissions
(Figure 7) in comparison to the bis(phenylacetylide) ana-


Figure 7. Top: solid-state emission of 4 at 298 (****) and 77 K (- - - -)
(* indicates artifact). Bottom: ethanol/methanol (4:1 v/v) emission of 4 at
77 K (ÐÐ).
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logues. The 77 K solid-state emission spectrum of 4 is well-
resolved. We reason that the low-energy shoulder at 603 nm is
dominated by excimeric emission. The three peak maxima at
489 (max), 532 and 546 nm are tentatively assigned to a metal-
perturbed triplet intraligand (3pp*) excited state that origi-
nates from the [C�CÿC�CPh] moieties. The spacings are
interpreted using two vibronic modes, namely n1 and n2 , as
shown in Figure 7 (top). The 1650 cmÿ1 spacing correlates to
the symmetric phenyl ring stretches, and the 2140 cmÿ1


progression corresponds to n(C�C) and approaches the 2067
and 2181 cmÿ1 bands observed in the IR spectrum. Signifi-
cantly, the corresponding 3pp* emission for the phenylbuta-
diynyl group in [Au(C�CÿC�CPh)(PCy3)] (PCy3� tricyclo-
hexylphosphine) is slightly blue-shifted to lmax 463 (max), 486,
500, 516 nm[16] but otherwise is very similar to that of 4.
Likewise, these mixed spacings have also been observed in
platinum(ii)[6a] and silver(i)[21] arylacetylide complexes. The
298 K solid-state emission spectrum of 4 is poorly resolved;
we assign the peak maxima at lmax 600 nm to excimeric
emission, while the peaks at lmax 502 and 543 nm are
tentatively attributed to the 3(p*!p)(C�CÿC�CPh) transition.


The 77 K emission spectrum of 4 in an ethanol-methanol
(4:1 v/v) glassy matrix (bottom of Figure 7) is similar to that of
the solid state (n00 ± n1� 1480 cmÿ1, n00 ± n2� 2160 cmÿ1). A
notable discrepancy is that the intensity of the emission band
at l� 600 nm is significantly lower in the glassy solution, and
this is in agreement with the excimeric excited-state assign-
ment.


We attribute the difference between the emissive excited
states for complex 4 in 77 K solid state/alcoholic glass
(3[pp*(C�CÿC�CPh)]) and 298 K fluid (3[5d(Pt) ! p*(4,4'-
dtbpy)]) to the influence of solvent molecules. We suggest that
the energy levels of the two excited states are comparable.
Solvent binding to the coordinatively unsaturated platinum
center in the excited state will stabilize the [5d(Pt)! p*(4,4'-
dtbpy)] MLCT state in solution. However, in solid or glassy
media at low temperature, the MLCT state presumably occurs
at a higher energy and the pp* intraligand emission domi-
nates.


Triplet-state absorption spectroscopy: The triplet-state ab-
sorption spectra for complexes 2 a, 2 c, 2 d, 3 c, 3 d, and 4 in
degassed acetonitrile following pulse excitation at 355 nm
have been studied with nanosecond transient absorption
difference spectroscopy (see Supporting Information for
details and spectra of 2 a and 4). For the 2 and 3 series, the
triplet-state absorption spectra are characterized by absorp-
tions at �340 nm and in the 430 ± 470 nm region. The 340 nm
band is assigned as originating from the a-diimine anion
radical of the MLCT state.[22] Beyond 460 nm, the tailing
effect of the intense phosphorescence causes a dramatic drop
of the absorption and affects the assignment of the 430 ±
470 nm band. Nevertheless, this absorption band is tentatively
assigned to the triplet MLCT absorption since the transient
absorption decay corresponds to the emission lifetime of the
phosphorescence. The major difference for 4 is that the
absorption band at 340 nm is noticeably smaller and the
3MLCTabsorption band is blue-shifted to 415(sh) and 437 nm.


Electrochemistry : The cyclic voltammograms of all complexes
are comparable (see Supporting Information). In DMF/0.1m
TBAP, all complexes show two couples at E1/2�ÿ1.65 to
ÿ2.00 (reversible, wave 1) and ÿ2.25 to ÿ2.55 V (quasi-
reversible, wave 2) versus FeCp2


0/�, plus an irreversible wave
at Epa� 0.31 to 0.51 V versus FeCp2


0/� (wave 3). The ip
a/ip


c


ratio of wave 1 is close to unity and the plot of ip
c versus the


square root of the scan rate is linear (see Supporting
Information for 2 a). This suggests that wave 1 is a reversible
one-electron reduction couple and it is thus assigned to the
ligand-centered reduction of the diimine ligand
[Eq. (1)].[10c, 23] Wave 2 (quasi-reversible reduction) and
wave 3 (irreversible oxidation) are assigned to the second
diimine reduction [Eq. (2)] and PtIII/PtII oxidation [Eq. (3)]
respectively.


[PtII(a-diimine)(C�CR)2]� eÿ! [PtII(a-diimineÿ)(C�CR)2] (1)


[PtII(a-diimineÿ)(C�CR)2]� eÿ! [PtII(a-diimine2ÿ)(C�CR)2] (2)


[PtII(a-diimine)(C�CR)2]ÿ eÿ! [PtIII(a-diimine)(C�CR)2] (3)


The Epa3 ± Epc1 values (see Supporting Information) repre-
sent the lowest charge separation potential of the [Pt(a-
diimine)(C�CR)2] complexes. A qualitative relationship be-
tween the separation potential for each of the bipyridine and
phenanthroline series and the respective emission energy is
observed. This correlation signifies that the electron-with-
drawing characteristics of the diimine ligands affect both the
emission maxima and electrochemical properties of these
bis(arylacetylide) complexes to a comparable extent.


Electroluminescent properties: materials for OLEDs: Al-
though studies on bis(acetylide)platinum complexes support-
ed by a-diimine ligands have appeared since our first report in
1994,[7] we are not aware of any attempts to develop these
materials towards optoelectronic applications. The highly
tunable orange-red emission energies of these luminescent
complexes, plus their high quantum yields, make them
suitable candidates as OLED emitters. Thus complexes 2 a,
2 b, 2 d, 3 b, or 3 f (10 wt%) and poly(N-vinylcarbazole) (PVK,
90 wt%) were incorporated by spin-coating into OLED
devices and the electroluminescent (EL) characteristics were
examined (see Supporting Information). The EL spectra for
the single-layer devices (configuration: [ITO/PVK:Pt/Al]) of
the five complexes are similar to the corresponding thin-film
PL spectra (see Figure 8 for 2 a) with minor blue shifts
(�5 nm) in the emission maxima. The single-layer EL device
for 2 a is superior and exhibits a maximum luminance of
620 cd mÿ2 at a driving voltage of 30 V and peak luminous
efficiency of 0.10 lmWÿ1 at luminance of 25 cd mÿ2.


To enhance the EL brightness and efficiency of the devices,
a double-layer device was formed by introducing an electron-
transporting layer (ETL) between the [PVK:Pt] layer and the
Al cathode. In this work, 2-(4-biphenyl)-5-(4-tert-butylphen-
yl)-1,3,4-oxadiazole (PBD) was selected as the ETL material
since its LUMO level is lower than that of PVK. The relative
energy levels of the OLED materials are depicted in Figure 9.
The lower energy barrier for electron injection between Al
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Figure 8. EL and PL spectra for devices based on 2a.


Figure 9. Energy diagrams of PVK, PBD and electrodes.


and PBD is expected to balance the rate of hole and electron
injection into the emitter in order to achieve higher EL
efficiency. In addition, PBD acts as a confinement layer to
increase the distance between excitons and the cathode, at
which nonradiative quenching can take place through physical
and chemical interactions. The double-layer devices (config-
uration: [ITO/PVK:Pt/PBD/Al]) display significant improve-
ments in EL performance in comparison to single-layer (see
Supporting Information for details). In particular, the [ITO/
PVK:3 f/PBD/Al] device exhibits peak luminous efficiency of
1.33 lm Wÿ1 at 23 cd mÿ2 and maximum luminance of
945 cd mÿ2 at 28 V. The I-V-L characteristics of the double-
layer device derived from 3 f are presented in Figure 10.


There is weak EL from the double-layer devices at
�420 nm which can be attributed to the PBD layer. EL from
PVK is not observed in the single-layer devices, and this
indicates efficient Förster energy transfer[24] from PVK to the
Pt emitter. To confirm this, the PL spectra of single-layer films


Figure 10. Current ± voltage and luminance ± voltage plots for the double-
layer device of 3 f.


of [PVK:Pt] were recorded and indeed, only emission bands
originating from the Pt complexes were detected. We note
that significant overlap exists between the 1MLCT absorption
bands of the PtII complexes used in this EL study (lmax� 385 ±
411 nm) and the emission of PVK (400 nm), and this increases
the likelihood for efficient singlet energy transfer.


Concluding Remarks


A series of highly photoluminescent and tunable bis(phenyl-
acetylide)platinum(ii) complexes supported by alkyl- and
phenyl-substituted bpy and phen ligands have been synthe-
sized. In accordance with Eisenberg�s work,[11a] a correlation
between the electron-withdrawing ability of the a-diimine
auxiliary and the emission energy, as well as the electro-
chemical data, is apparent, and this provides strong evidence
to substantiate our original 3[5d(Pt) ! p*(diimine)] excited-
state assignment.[7] The preparation and photophysical be-
havior of the bis(phenylbutadiynyl) species 4 is signifi-
cant because it appears that the nature of its lowest-energy
excited state is not dominated by Pt ! p*(diimine) MLCT.
The blue-shift of its 298 K 3MLCT fluid emission relative
to 2 is attributed to the delocalized nature of the buta-
diynyl moieties, which affords stabilization to the Pt-based
HOMO. The 77 K solid-state and glassy photoluminescence
of 4 is proposed to originate from a metal-perturbed
3[pp*(C�CÿC�CPh)] excited state.


Several new derivatives have been employed as electro-
phosphorescent emitters in single- and double-layer OLEDs.
The good overlap observed between the absorption bands of
the PtII complexes and the PVK emission facilitates Förster
energy transfer. There is no apparent trend between the
photoluminescent quantum efficiency and electroluminescent
luminous efficiency of these materials. While the performance
of the devices described herein are limited, we have illustrated
that these arylacetylide complexes warrant further investiga-
tions as OLED materials due to their tunable emission
properties and their ability to mediate efficient energy
transfer. The application of related electrophosphorescent
emitters in high-efficiency OLEDs will be reported shortly.[25]


Experimental Section


Materials: All chemicals and solvents (AR grade) for syntheses were used
as received and the solvents for physical measurements were purified
according to literature methods.[26] Dichloro(1,5-cyclooctadiene)plati-
num(ii) [Pt(cod)Cl2] (cod� 1,5-cyclooctadiene), phenylacetylene, potassi-
um tert-butoxide, 4,4'-dimethyl-2,2'-bipyridine, 4,4'-diphenyl-2,2'-bipyri-
dine, 1,10-phenanthroline monohydrate, 5,6-dimethyl-1,10-phenanthroline,
5-methyl-1,10-phenanthroline, 5-phenyl-1,10-phenanthroline, and 4,7-di-
phenyl-1,10-phenanthroline were purchased from Aldrich. 3,4,7,8-Tetra-
methyl-1,10-phenanthroline was purchased from Lancaster.
[Pt(cod)(C�CPh)2] (1),[13] [Pt(a-diimine)Cl2],[27] 5,5'-dimethyl-2,2'-bipyri-
dine,[28] 4,4'-di-tert-butyl-2,2'-bipyridine[28] and 4-phenyl-1,3-butadiyne
(HC�CÿC�CPh)[29] were prepared by published methods. The synthesis
of complexes 2b,[10c, 11a] 2c,[10a] 3c,[11a] and 3d[7, 11a] have been previously
reported.


Instrumentation : 1H and 13C NMR spectra were recorded on Bruker DPX-
300 or 500 multinuclear FT-NMR spectrometers with tetramethylsilane as
the internal standard. Infrared spectra were obtained on a Bio-Rad FTs-
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165 spectrometer in KBr. Raman spectra were recorded on a Perkin-Elmer
Spectrum 2000 NIR FT-Raman. UV/Vis spectra were obtained on a
Perkin-Elmer Lambda 19 UV/VIS/NIR spectrophotometer. Positive-ion
FAB mass spectra were recorded on a Finnigan MAT95 mass spectro-
meter.


Steady-state emission and excitation spectra at 298 and 77 K were obtained
on a Spex 1681 Flurolog-2 Model F111 spectrophotometer equipped with a
Hamamatsu R 928 PMT detector. The 77 K solid-state and [EtOH/MeOH
(4:1 v/v)] emission and excitation spectra were recorded by loading the
solid sample in a quartz tube inside a quartz-walled optical Dewar flask
which was filled with liquid nitrogen. All solutions for photophysical
measurements were degassed in a high-vacuum line with at least four
freeze-pump-thaw cycles. Emission lifetimes were measured with a
Quanta-Ray Q-switch DCR-3 Nd:YAG pulsed laser system.


Emission quantum yields were measured by the method of Demas and
Crosby[30] using a degassed acetonitrile solution of [Ru(bpy)3]Cl2 (bpy�
2,2'-bipyridine) as the standard (Fr� 0.062) and calculated by Fs�Fr(Br/
Bs)(ns/nr)2(Ds/Dr), where the subscripts s and r refer to the sample and
reference standard solution respectively, n is the refractive index of the
solvents, D is the integrated intensity, and F is the luminescence quantum
yield. The quantity B is calculated by B� 1ÿ 10ÿAL, where A is the
absorbance at the excitation wavelength and L is the optical path length.
Solid-state emission quantum yields (Fss) of samples were measured by the
method of Wrighton[20] with KBr as the standard and calculated by Fss�
E/(RstdÿRsmpl), where the subscript ss refers to solid-state, E is the area
under the corrected emission curve of the sample and Rstd and Rsmpl are the
corrected areas under the diffuse reflectance curves of the non-absorbing
standard and the sample, respectively, at the excitation wavelength.


Cyclic voltammetry was performed using a PAR model 175 universal
programmer and a Model 173 potentiostat. Cyclic voltammograms were
recorded with a Kipp & Zonen BD 90 X-Y recorder at scan rates of
50 mV sÿ1. The electrolytic cell used was a conventional two compartments
cell. Electrochemical measurements were performed at room temperature
after purging with nitrogen using 0.1 m tetrabutylammonium hexafluoro-
phosphate (TBAP)/dimethylformamide as supporting electrolyte. The
working electrode was a glassy carbon (Atomergic Chemetal V 25,
geometric area of 0.35 cm2) electrode and the counter electrode was
platinum gauze. A nonaqueous Ag/AgNO3 (0.1m in acetonitrile) reference
electrode was contained in a separate compartment connected to the test
solution via fine sintered glass disks. The ferrocenium/ferrocene couple was
used as the internal standard.


Electroluminescence: The single-layer films were prepared by spin-coating
a solution of the Pt complex (10 wt %) and PVK (90 wt %) in chloroform
(total wt % of solids was 10 mg/ml) onto quartz substrate. The single-layer
EL devices were made in air by spin-coating a solution of the Pt complexes
(10 wt %) and PVK (90 wt %) in chloroform (total wt % of solids was
10 mg/ml) onto ITO-coated glass (resistivity� 20 W cmÿ2). A layer of
aluminum (200 nm) was deposited as the cathode. For the double-layer EL
devices, after the PVK:Pt layer was spin-coated onto ITO-coated glass
(resistivity� 20 W cmÿ2), PBD was deposited by thermal evaporation at
normal deposition rate of 0.5 nm sÿ1. This was followed by deposition of the
aluminum cathode. The thickness of the PBD layer and aluminum layers
are 400 and 200 nm, respectively. The EL and PL spectra were recorded in
air with a Shimadzu RF-5301 PC spectrometer.


Synthesis: [Pt(5,5'-dmbpy)(C�CPh)2] (2a): The method of Sonogashira
was adopted.[12] [Pt(5,5'-dimethyl-2,2'-bipyridine)Cl2] (0.20 g, 0.44 mmol),
CuI (0.01 g, 0.05 mmol), and diisopropylamine (1 mL) were added to
dichloromethane (20 mL) and the resultant mixture was stirred for 10 min.
After the addition of freshly distilled phenylacetylene (0.15 g, 1.78 mmol),
the mixture was stirred at room temperature for 18 h. The yellow mixture
was evaporated to dryness, dissolved in dichloromethane, and loaded onto
an alumina column (15� 2 cm) with dichloromethane as eluent. The
product was eluted as a yellow band (2nd fraction) which was evaporated to
dryness. The solid was recrystallized by slow diffusion of diethyl ether into a
dichloromethane solution to give yellow crystals. Yield: 0.19 g, 74%.
1H NMR (CD2Cl2): d� 9.48 (s, 2 H; py-H6), 7.93 (m, 4 H; py-H3,4), 7.48 (d,
J� 7.2 Hz, 4H; Ph-H2), 7.30 (t, J� 7.5 Hz, 4 H; Ph-H3), 7.19 (t, J� 7.4 Hz,
2H; Ph-H4), 2.46 (s, 6H; Me); 13C NMR (CD2Cl2): d� 154.3, 151.6, 139.8,
138.4, 132.3, 128.8, 128.5, 126.1, 122.6, 102.2 (Ca), 88.4 (Cb), 19.3 (Me); IR
(KBr): nÄC�C� 2120, 2109 cmÿ1; Raman: nÄC�C� 2121, 2110 cmÿ1; MS-FAB�


(m-NBA): m/z : 582 [M]� ; elemental analysis calcd (%) for C28H22N2Pt
(581.6): C 57.83, H 3.81, N 4.82; found: C 57.53, H 3.78, N 4.51.


[Pt(4,4'-dtbpy)(C�CPh)2] (2b): The synthesis was similar to that of 2a,
except that [Pt(4,4'-di-tert-butyl-2,2'-bipyridine)Cl2] (0.20 g, 0.37 mmol)
and phenylacetylene (0.15 g, 1.50 mmol) were used. Yield: 0.21 g, 84%.
1H NMR (CD2Cl2): d� 9.54 (d, J� 6.0 Hz, 2H; py-H6), 8.32 (d, J� 1.7 Hz,
2H; py-H3), 7.75 (dd, J� 6.0 Hz, J� 2.1 Hz, 2H; py-H5), 7.41 (m, 4 H; Ph-
H2), 7.29 (m, 4H; Ph-H3), 7.20 (m, 2 H; Ph-H4), 1.45 (s, 18H; tBu); IR (KBr):
nÄC�C� 2124, 2114 cmÿ1; Raman: nÄC�C� 2121, 2108 cmÿ1; MS-FAB� (m-
NBA): m/z : 665 [M]� ; elemental analysis calcd (%) for C34H34N2Pt ´ CH2Cl2


(750.7): C 56.00, H 4.83, N 3.73; found: C 56.18, H 4.86, N 3.31.


[Pt(4,4'-dmbpy)(C�CPh)2] (2c): The procedure was similar to that for 2a,
except that [Pt(4,4'-dimethyl-2,2'-bipyridine)Cl2] (0.08 g, 0.44 mmol) and
phenylacetylene (0.18 g, 1.78 mmol) were used. Yield 0.14, 55 %. 1H NMR
(CD2Cl2): d� 9.45 (d, J� 5.3 Hz, 2 H; py-H6), 7.93 (s, 2 H; py-H3), 7.47 (m,
4H; Ph-H2), 7.35 (d, J� 5.3 Hz, 2H; py-H5), 7.28 (m, 4 H; Ph-H3), 7.18 (m,
2H; Ph-H4), 2.50 (s, 6H; Me); 13C NMR (CD2Cl2): d� 156.1 ± 123.8 (py and
Ph), 101.5 (Ca), 87.6 (Cb), 21.9 (Me); IR (KBr): nÄC�C� 2125, 2115 cmÿ1;
Raman: nÄC�C� 2127, 2116 cmÿ1; MS-FAB� (m-NBA): m/z : 581 [M]� ;
elemental analysis calcd (%) for C28H22N2Pt (581.6): C 57.83, H 3.81, N 4.82;
found: C 57.47, H 3.65, N 4.56.


[Pt(4,4'-dpbpy)(C�CPh)2] (2 d): The method reported by Cross et al was
modified.[13] Complex 1 (0.20 g, 0.40 mmol) and 4,4'-diphenyl-2,2'-bipyr-
idine (0.13 g, 0.42 mmol) were ground together, added to acetonitrile
(60 mL), and stirred at reflux for 3 h. The resulting dark brown mixture was
evaporated to dryness. The solid was dissolved in dichloromethane and
loaded onto an alumina column. The product was eluted in dichloro-
methane as a yellow band (2nd fraction). The crude product was recrystal-
lized by slow diffusion of diethyl ether into a dichloromethane solution.
Yield: 0.14 g, 50 %. 1H NMR (CD2Cl2): d� 9.73 (d, J� 5.8 Hz, 2 H; py-H6),
8.39 (d, J� 1.7 Hz, 2 H; py-H3), 7.83 (m, 6H; py-H5; Ph-H3 of bpy), 7.57 (m,
6H; Ph-H2,4 of bpy), 7.46 (dd, J� 8.2 Hz, J� 1.2 Hz, 4H; Ph-H2), 7.28 (dt,
J� 6.5 Hz, J� 1.6 Hz, 4H; Ph-H3), 7.18 (tt, J� 7.4 Hz, J� 1.8 Hz, J�
1.2 Hz, 2H; Ph-H4); IR (KBr): nÄC�C� 2124 (s), 2113 (s) cmÿ1; MS-FAB�


(m-NBA): m/z : 707 [M� H]� ; elemental analysis calcd (%) for C38H26N2Pt
(705.7): C 64.67, H 3.71, N 3.97; found: C 64.16, H 3.41, N 3.77.


[Pt(tmphen)(C�CPh)2] (3 a): The synthesis was similar to that of 2d, except
that 3,4,7,8-tetramethyl-1,10-phenanthroline (94 mg, 0.40 mmol) replaced
4,4'-diphenyl-2,2'-bipyridine. Yield: 0.16 g, 64%. 1H NMR (CD2Cl2): d�
9.52 (s, 2H; phen-H2,9), 8.06 (s, 2H; phen-H5,6), 7.53 (m, 4H; Ph-H2),
7.32(m, 4H; Ph-H3), 7.21 (m, 2H; Ph-H4), 2.71 (s, 6H; Me4,7), 2.60 (s, 6H;
Me3,8); 13C NMR (CD2Cl2): d� 151.6, 146.2, 145.9, 134.5, 132.0, 129.2, 128.7,
128.2, 125.7, 123.6, 101.6 (Ca), 88.1 (Cb), 18.3 (Me), 15.5 (Me); IR (KBr):
nÄC�C� 2123, 2113 cmÿ1; Raman: nÄC�C� 2125, 2115 cmÿ1; MS-FAB� (m-
NBA): m/z : 634 [M]� ; elemental analysis calcd (%) for C32H26N2Pt (633.7):
C 60.66, H 4.14, N 4.42; found: C 60.24, H 4.12, N 4.16.


[Pt(5,6-dmphen)(C�CPh)2] (3b): The procedure was similar to that for 2d,
except that 5,6-dimethyl-1,10-phenanthroline (84 mg, 0.40 mmol) replaced
4,4'-diphenyl-2,2'-bipyridine. Yield: 66 mg, 27 %. 1H NMR (CD2Cl2): d�
9.84 (d, J� 4.1 Hz, 2 H; phen-H2,9), 8.77 (d, J� 8.5 Hz, 2 H; phen-H4,7), 7.89
(dd, J� 8.5 Hz, J� 5.1 Hz, 2H; phen-H3,8), 7.53 (m, 4 H; Ph-H2), 7.32 (m,
4H; Ph-H3), 7.21 (m, 2H; Ph-H4), 2.83 (s, 6H; Me); 13C NMR (CD2Cl2):
d� 150.1, 135.2 ± 123.8 (py and Ph), 102.1 (Ca), 87.4 (Cb), 15.7 (Me); IR
(KBr): nÄC�C� 2134, 2109 cmÿ1; MS-FAB� (m-NBA): m/z : 606 [M]� ;
elemental analysis calcd (%) for C30H22N2Pt (605.6): C 59.50, H 3.66, N
4.63; found: C 59.53, H 3.36, N 4.41.


[Pt(5-mphen)(C�CPh)2] (3c): The synthesis was similar to that of 2d,
except that 5-methyl-1,10-phenanthroline (77 mg, 0.40 mmol) was used
instead of 4,4'-diphenyl-2,2'-bipyridine. Yield: 72 mg, 31 %. 1H NMR
(CD2Cl2): d� 10.01 (d, J� 5.1 Hz, 1H; phen-H2/9), 9.91 (d, J� 5.1 Hz, 1H;
phen-H2/9), 8.77 (d, J� 8.4 Hz, 1H; phen-H4/7), 8.57 (d, J� 8.2 Hz, 1H;
phen-H4/7), 7.99 (dd, J� 8.4 Hz, J� 5.2 Hz, 1H; phen-H3/8), 7.91 (dd, J�
8.2 Hz, J� 5.2 Hz, 1 H; phen-H3/8), 7.84 (s, 1 H; phen-H6), 7.50 (m, 4H; Ph-
H2), 7.30 (m, 4 H; Ph-H3), 7.20 (m, 2 H; Ph-H4), 2.89 (s, 3H; Me); 13C NMR
(CD2Cl2): d� 151.0, 150.4, 147.1, 137.3, 135.8, 135.3, 132.0, 131.1, 130.5,
128.4, 128.2, 126.3, 126.1, 125.8, 102.1 (Ca), 86.3 (Cb), 19.0 (Me); IR (KBr):
nÄC�C� 2122, 2112 cmÿ1; MS-FAB� (m-NBA): m/z : 591 [M]� ; elemental
analysis calcd (%) for C29H20N2Pt (591.6): C 58.88, H 3.41, N 4.74; found: C
58.61, H 3.30, N 4.64.
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[Pt(phen)(C�CPh)2] (3 d): The synthesis was similar to that of 2d, except
that 1,10-phenanthroline monohydrate (0.08 g, 0.40 mmol) replaced 4,4'-
diphenyl-2,2'-bipyridine. Yield: 0.18 g, 81 %. 1H NMR (CD2Cl2): d� 10.02
(d, J� 4.1 Hz, 2 H; phen-H2,9), 8.69 (d, J� 8.2 Hz, 2 H; phen-H4,7), 8.06 (s,
2H; phen-H5,6), 7.90 (dd, J� 8.1 Hz, J� 5.1 Hz, 2H; phen-H3,8), 7.53 (m, Ph-
H2, 4H), 7.31 (m, Ph-H3, 4H), 7.21 (m, Ph-H4, 2H); IR (KBr): nÄC�C� 2116,
2105 cmÿ1; MS-FAB� (m-NBA): m/z : 578 [M]� ; elemental analysis calcd
(%) for C28H18N2Pt (577.54): C 58.23, H 3.14, N 4.85; found: C 58.08, H 3.02,
N 4.47.


[Pt(5-pphen)(C�CPh)2] (3 e): The synthesis of 3 e was similar to that of 2d,
except that 5-phenyl-1,10-phenanthroline (103 mg, 0.40 mmol) was used in
the place of 4,4'-diphenyl-2,2'-bipyridine. A yellow crystalline solid is
obtained by slow evaporation of an acetonitrile solution of the crude
product. Yield: 50 mg, 19%. 1H NMR (CD2Cl2): d� 10.02 (dd, J� 5.1 Hz,
J� 1.3 Hz, 1H; phen-H2/9), 9.98 (dd, J� 5.2 Hz, J� 1.4 Hz, 1 H; phen-H2/9),
8.67 (m, 2 H; phen-H4,7), 7.99 (s, 1 H; phen-H6), 7.93 (m, 2H; phen-H3,8), 7.60
(virtual s, 5H; Ph-phen), 7.54 (m, 4 H; Ph-H2), 7.31(m, 4 H; Ph-H3), 7.20 (m,
2H; Ph-H4); IR (KBr): nÄC�C� 2122, 2112 cmÿ1; MS-FAB� (m-NBA): m/z :
654 [M]� ; elemental analysis calcd (%) for C34H22N2Pt (653.6): C 62.48, H
3.39, N 4.29; found: C 62.09, H 3.30, N 3.79.


[Pt(4,7-dpphen)(C�CPh)2] (3 f): The synthesis of 3 f was similar to that of
2d, except 4,7-diphenyl-1,10-phenanthroline (135 mg, 0.40 mmol) replaced
4,4'-diphenyl-2,2'-bipyridine. Yield: 0.12 g, 40%. An orange powder form
(3 fp) was obtained by addition of diethyl ether to a dichloromethane
solution of 3 f. A deep orange crystalline form (3 fc) can be isolated by slow
evaporation of an acetonitrile solution of 3 f. 1H NMR (CD2Cl2): d� 10.05
(d, J� 5.2 Hz, 2H; phen-H2,9), 8.07 (s, 2 H; phen-H5,6), 7.90 (d, J� 5.5 Hz,
2H; phen-H3,8), 7.63 (virtual s, 10H; Ph-phen) 7.54 (m, 4H; Ph-H2), 7.32(m,
4H; Ph-H3), 7.21 (m, 2H; Ph-H4); 13C NMR (CD2Cl2): d� 151.1 ± 125.7 (py
and Ph), 102.8 (Ca), 87.3 (Cb); IR (KBr): nC�C� 2124, 2112 cmÿ1; Raman:
nC�C� 2120, 2110 cmÿ1; MS-FAB� (m-NBA): m/z : 730 [M]� ; elemental
analysis calcd (%) for C40H26N2Pt (729.7): C 65.84, H 3.59, N 3.84; found: C
65.62, H 3.48, N 3.55.


[Pt(4,4'-dtbpy)(C�CÿC�CPh)2] (4): The synthesis was similar to that of 2b,
except that excess PhC�CÿC�CH was used. Recrystallization by slow
diffusion of diethyl ether into a dichloromethane solution produced a
yellow powder with a yield of 0.23 g (86 %). 1H NMR (CD2Cl2): d� 9.07 (d,
J� 6.0 Hz, 2H; py-H6), 8.13 (d, J� 1.6 Hz, 2H; py-H3), 7.56 (dd, J� 5.9 Hz,
J� 1.8 Hz, 2H; py-H5), 7.51 (m, 4H; Ph-H2), 7.33 (m, 6H; Ph-H3,4), 1.51 (s,
18H; tBu); 13C NMR (CD2Cl2): d� 164.6, 156.9, 150.9, 132.8, 128.7, 128.1,
125.1, 124.3, 120.6, 87.7 (Ca), 83.2 (Cb), 78.7 (Cg), 70.4 (Cd), 36.3 (CMe3),
30.4 (CMe3); IR (KBr): nÄC�C� 2181, 2067 cmÿ1; Raman: nÄC�C� 2187,
2070 cmÿ1; MS-FAB� (m-NBA): m/z : 714 [M]� ; elemental analysis calcd
(%) for C38H34N2Pt (713.8): C 63.93, H 4.80, N 3.93; found: C 63.58, H 4.82,
N 3.76.


X-ray crystallography: Crystals of 2 b ± d and 3 f were obtained by slow
diffusion of diethyl ether into dichloromethane solution. Yellow crystals of
3e were obtained by diffusion of diethyl ether into an acetonitrile solution.
Crystal data and details of collection and refinement for 2d ´ CH2Cl2 and
3e ´ CH3CN are summarized in Table 1. Diffraction experiments were
performed using graphite monochromatic MoKa radiation (l� 0.71073 �)
on a Rigaku AFC7R diffractometer (2b ´ CH2Cl2 and 2d ´ CH2Cl2), and a
MAR diffractometer with a 300 mm image plate detector (2c, 3e ´ CH3CN,
and 3 f ´ (CH2Cl2)0.75). In the cases of 2 b ± d and 3e ´ CH3CN, the structures
were solved by Patterson methods, expanded by Fourier methods
(PATTY),[31] and refined by full-matrix least-squares against F using the
software package TeXsan[32] on a Silicon Graphics Indy computer. In the
case of 3 f ´ (CH2Cl2)0.75 , the structure was solved by full-matrix least-
squares against F2 using the program SHELXL97[33] on PC. Unless
otherwise stated, H-atoms at calculated positions with thermal parameters
equal to 1.3 (2b ± d and 3e ´ CH3CN) or 1.2 (3 f ´ (CH2Cl2)0.75) times that of
the attached C atoms were not refined.


The crystallographic asymmetric unit of 2 b ´ CH2Cl2 consists of one formula
unit and all 40 non-hydrogen atoms were refined anisotropically. In the case
of 2 c, the crystallographic asymmetric unit consists of one half of the
complex unit. All 16 non-hydrogen atoms of the complex molecule were
refined anisotropically. For 2 d ´ CH2Cl2, the crystallographic asymmetric
unit consists of one formula unit. One of the phenyl rings was disordered
and the C(34), C(35), C(37) and C(38) atoms with occupation number of
0.6 were placed at alternate positions at C(34'), C(35'), C(37') and C(38')


respectively, where each had 0.4 occupancy. In the least-squares refine-
ment, 38 non-hydrogen atoms were refined anisotropically, the 10 C atoms
of the disordered phenyl ring were refined isotropically, and the hydrogens
that were bound to the C atoms of the disordered phenyl ring were not
included in the calculation. For 3e ´ CH3CN, the crystallographic asym-
metric unit consists of one formula unit. All 37 non-hydrogen atoms of the
complex molecule were refined anisotropically, and the three atoms of the
solvent molecule were refined isotropically.


The crystallographic asymmetric unit of 3 f ´ (CH2Cl2)0.75 consists of two
complex units, and one and a half solvent molecules. One phenyl ring
[C(75) ± C(80)] of one of the two complex units has large thermal
parameters and was restrained to a normal phenyl ring with CÿC bond
lengths of 1.39 � and CÿCÿC angles of 1208. All non-hydrogen atoms were
refined anisotropically.
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-161433
(2b ´ CH2Cl2), CCDC-161434 (2c), CCDC-161435 (2d ´ CH2Cl2), CCDC-
161436 (3 e ´ CH3CN), and CCDC-161437 (3 f ´ (CH2Cl2)0.75). 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; e-mail :
deposit@ccdc.cam.ac.uk).
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On the Bioactive Conformation of the Rhodopsin Chromophore:
Absolute Sense of Twist around the 6-s-cis Bond


Yukari Fujimoto,[a] Jun Ishihara,[a, b] Shojiro Maki,[a, c] Naoko Fujioka,[a] Tao Wang,[a]


Takumi Furuta,[a] Nathan Fishkin,[a] Babak Borhan,[a, d] Nina Berova,[a] and
Koji Nakanishi*[a]


Abstract: Incubation of opsin with synthetic 6-s-locked retinoids 2 a and 2 b only led
to pigment formation from the alpha-locked 2 a, the CD spectrum of which was
similar to that of native rhodopsin (Rh). This establishes that the 6-s-bond of the
chromophore in rhodopsin is cis, and that its helicity is negative. Earlier cross-linking
studies showed that the 11-cis to all-trans photoisomerization occurring in the batho-
Rh to lumi-Rh conversion induces a flip over of the side carrying the ring moiety. The
GTP-binding assay of pigment Rh-(2 a), incorporating retinal analogue 2 a, has
shown that its activity is 80 % that of the native pigment. That is, the overall
conformation around the 6-s bond is retained in the steps leading to G-protein
activation.


Keywords: chirality ´ circular di-
chroism ´ conformation analysis ´
receptors ´ retinal ´ rhodopsin


Introduction


The visual pigment rhodopsin (Rh), a membrane protein
belonging to the family of G-protein (guanyl-nucleotide-
binding protein) coupled receptors (GPCR), consists of seven
transmembrane a-helices, helix A to helix G (or helices 1 ±
7).[1±5] The X-ray structure of the 40 kDa bovine Rh, 1 a,
comprising the 348 amino acid receptor opsin and its ligand
11-cis-retinal, 1 b, has recently been solved (Figure 1). This is a
first for a GPCR,[6, 7] although the 2.8 � resolution may not
fully define the conformation of the chromophore.


Figure 1. a) Rh crystal structure adopted from ref. [6], chromophore is
shown behind helix F; b) 11-cis retinal


The chromophore 1 b is present as the positively charged
retinylidene chromophore 1 c bound to Lys 296 in helix G via
a protonated Schiff base (PSB),[8] the counterion of which is
Glu-113 in helix C.(Figure 1a)[9, 10] Due to the steric inter-
actions between 5-Me/8-H and 13-Me/10-H, the chromophore
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is twisted around the C6/C7 and C12/C13 single bonds; that is,
planes A/B and B/C in 1 c cannot be coplanar (see Scheme 1,
below).[11, 12] This noncoplanarity together with other factors
has a direct bearing on the absorption maxima of visual
pigments; for example, 500 nm for bovine Rh. Namely, the
opsin-binding-site environment dictates: i) the protonated
Schiff base ± counterion distance, ii) the interaction between
an ªexternal point chargeº and the polyene chain;[13] and
iii) the extent of noncoplanarity of the chromophore. In the
X-ray structure shown in Figure 2, this ªexternal point
chargeº is represented by Glu-181 that resides in the
extramembrane E-II loop that links helices D and E (see
Figure 1) on the intradiscal side; the salt bridge between the
PSB and its counter ion Glu-113 can be seen in the X-ray
structure.


Figure 2. ªExternal point chargeº model showing proximity of Glu-181 to
the 11,12-ene and counterion Glu-113 interacting with the protonated
Schiff base.


Visual transduction is the process by which visual cells
convert light into a neural signal, which in turn is transmitted
to the brain along the optic nerve. Absorption of light by Rh
leads to cis! trans isomerization of the chromophore; this
results in sequential thermal relaxation of the pigment
through the intermediates: photo-Rh (lmax 555 nm)! batho-
(ÿ140 8C, 535nm)! lumi- (ÿ40 8C, 497 nm)!meta-I-
(ÿ15 8C, 480 nm)!meta-II-Rh (0 8C, 380 nm). Except for
photo-Rh, the intermediates can be sequestered at the
temperatures indicated and submitted to various spectro-
scopic and other studies. In vertebrate vision, the shape of the
protein at the meta-II-Rh stage initiates a cascade of
enzymatic reactions, starting with activation of >1000 mole-
cules of G protein (called transducin in vision), that, through
phosphodiesterase, result in hydrolysis of 100 000 molecules of
cyclic guanidine monophosphate (cGMP). This drop in cGMP
closes the cation-specific channels in the rod outer segment of
visual cells and leads to a buildup of electric potential, which
results in generation of the neural signal.[14±20]


Photo cross-linking and sequencing studies were performed
with 11-cis-3-diazo-4-ketoretinal (DKret) on each of the


transduction intermediates derived from the pigment incor-
porating cross-linked DKret: namely, at ÿ1968C for batho,
ÿ808C for lumi, ÿ408C for Meta-I and 08C for Meta-II.
These studies showed that:[21, 22] i) in ground state Rh[23] and
batho-Rh, the C-3 of the ionone ring is close to Trp265 in helix
F (see Figure 1a), but that ii) in the batho-Rh to lumi-Rh
conversion step, in which the 11-cis to all-trans double bond
isomerization takes place, an unexpected flip-over on the side
of the ring moiety occurs (Scheme 1) so that the chromophore
C-3 now becomes cross-linked solely to the remote Ala169 in
helix D (Figure 1a); the cross-linking site remains the same in
the subsequent meta-I- and meta-II-Rh intermediates.


Scheme 1. Conversion of chromophore configuration from ground state
Rh and batho-Rh to lumi-Rh.


These changes necessarily induce large helical movements,
including twists of helices and changes in conformations of
extramembrane interhelical loops, especially in the batho!
lumi conversion (Scheme 1). The conformation of the cyto-
plasmic extramembrane loop at the meta-II-Rh stage acti-
vates the heterotrimeric G-protein transducin (Gt); this leads
to vision.


Determination of the absolute sense of twist around the 12-
s-bond adjacent to the cis ± trans isomerization site of the
chromophore is critical, since the helicity direction should
determine the chromophore movement after the photoisom-
erization. However, the nature of the twist around this 12-s-cis
bond is controversial. Namely, a negative helicity of the
retinal chromophore around the 12-s-bond, that is, with 13-Me
in the rear of plane B, was proposed by theoretical calcu-
lations,[24] solid-state NMR studies,[25, 26]the CD of rhodopsin
with 11,12-dihydro chromophores,[27] and studies with 11,12-
cyclopropyl-Rh.[28] On the other hand, more recent theoretical
studies have led to a positive helicity around the C12ÿC13
bond,[29, 30] that is, 13-Me in front of plane B. An analysis of
chiroptical data by Buss using the best available theoretical
analysis as well as more approximate methods has led to a
correlation between a positive Rh CD a-band and a positive
twist of the 12-s-bond (see Figure 7b, below).[31] Based on the
2.8 � resolution X-ray structure[32] and ab initio data,[31] the
12-s-bond helicity is most likely positive as depicted in
Figure 3.


With respect to the 6-s bond, in the following we describe
results that establish the absolute sense of twist between
planes A/B of the Rh chromophore as negative.
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Figure 3. Pigment conformation of rhodopsin.


Results and Discussion


Incubation studies with 6-s-cis-locked retinoids 2 a and 2 b
showed that only the former (1R) enantiomer gave a pigment,
the CD of which was similar to that of native Rh. This is in
agreement with the earlier NMR magic-angle spinning results
that showed the C6-C7 bond to be 6-s-cis[33, 34] but is against
the recently reported 6-s-trans conformation.[35] More impor-
tantly, the present study determines the absolute sense of
helicity between the cyclohexene ring and the polyene side
chain as negative, as seen in Figure 3.


In order to determine the absolute sense of twist around the
6-s-bond in Rh, the enantiomeric a- and b-locked retinal
analogues 2 a and 2 b, with established absolute configura-


tions, were prepared and submitted to incorporation studies
with opsin. Only the a-locked retinal 2 a formed a pigment
Rh-(2 a), the CD of which was very similar to that of native Rh
(Figure 7, below), thus establishing the conformation around
the 6-s-cis bond as negative (Figure 3).


The synthesis and determination of configurations of target
retinals a-locked 2 a and b-locked 2 b were performed by
resolving racemic allylic alcohol 10 into enantiomeric alcohols
10 a/10 b (Scheme 2, below), preparing 5-desmethyl analogue
16 from methyl (R)-1-methyl-2-oxocyclohexane proprionate
11 of established configuration (Scheme 3, below, and com-
paring the CD of 16/10 a and 16/10 b (Figure 4, below).


Syntheses of 2 a and 2 b are outlined in Scheme 2. The
readily accessible enone 4, prepared from 2,6-dimethylcyclo-
hexanone,[36, 37] was treated with allylmagnesium chloride to
give allylic alcohol 5. Wacker oxidation[38] afforded ketol 6,
but only in moderate yield, 24 % for two steps. Ketol 6 was
exposed to methanesulfonyl chloride and DMAP (for abbre-
viations, see legends in Schemes) to generate a 3:2 mixture of
two isomers, 7 a and 7 b in 54 % yield. The steric interaction
between 5-Me and 8-H in 7 a led to the formation of
isomerized product 7 b ; the 7-cis alkene is not observed due
to severe steric repulsion. Horner ± Wadsworth ± Emmons
(HWE) reaction of 7 a with dimethyl-(3-trimethylsilyl-2-
propynyl)phosphonate,[39] followed by deprotection, gave


Scheme 2. Synthesis of retinals 2 a and 2b. a) allyl MgCl, THF, 0 8C ± RT,
61%; b) PdCl2, CuCl, O2, 80% aq. DMF, 6 h, 40%; c) MsCl, DMAP,
CH2Cl2, pyridine, 54 %; d) (MeO)2POCH2C�CTMS, KHMDS, THF;
e) Bu4NF, THF, RT, 53 % (two steps); f) vinyl iodide 9, (Ph3P)4Pd, CuI,
iPrNH2; g) Bu4NF, THF, 45% (two steps); h) Enantioselective HPLC
separation (CHIRALPAK AD); i) Zn(Cu/Ag), MeOH, H2O, RT, 21 h;
j) TPAP, NMO, CH2Cl2, RT, 2 h; k) silica gel, HPLC, 35% for 2a, 20% for
2b (two steps). MsCl�methanesulfonyl chloride, DMAP� 4,4-dimethyl-
aminopyridine, KHMDS� potassium salt of 1,1,1,3,3,3-hexamethyl-
disilazane, NMO� 4-methyl-morpholine-N-oxide, TPAP� tetrapropyl-
ammoniumperruthenate, TBDPS� tert-butyldiphenylsilyl.


alkyne 8 in 53 % yield. Sonogashira coupling[40] of 8 with vinyl
iodide 9,[41] followed by deprotection, afforded 10 in 45 %
yield. Racemic 10 was resolved into enantiomers 10 a and 10 b
by CHIRALPAK AD (Chiral Technologies Inc., subsidiary of
Daicel, semi-preparative, 250� 10 mm I.D. 10 mm), which
were then reduced with Cu/Ag-activated zinc dust in meth-
anol/water at RT to form the corresponding 11-cis-reti-
noids.[42] Subsequent oxidation with NMO/TPAP (tetrapro-
pylammonium perruthenate) gave retinal analogues 2 a and
2 b in yields of 35 % and 20 %, respectively, after HPLC
purification.


The synthesis of the desmethyl alcohol 16 (Scheme 3)
started from commercially available (R)-1-Methyl-2-oxocy-
clohexane proprionate, 11, which was cyclized to ketone 12
with samarium(ii) iodide[43] in 64 % yield. This was followed by
enol acetate formation and OsO4 catalyzed dihydroxylation to
a-hydroxyketone 13 with 50 % yield for two steps. Although
direct transformation of 11 to 13 with SmI2 appears to be
plausible, it was necessary to use excess (>5 equiv) SmI2 to
push the reaction to completion, this resulted in the formation
of over-reduced ketone 12. Treatment of hydroxy ketone 13
with CSA under reflux gave enone 14 in 86 % yield. Grignard
addition to 14, followed by Wacker oxidation and treatment
with methanesulfonyl chloride and DMAP afforded dienone
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Scheme 3. Synthesis of alcohol 16. a) SmI2, HMPA, THF, RT, 64%;
b) CSA (catalyst), isopropenyl acetate, reflux, overnight, 52%; c) OsO4,
NMO, acetone/H2O, RT, 96 %; d) CSA (catalyst), toluene, reflux, 8 h, 86%;
e) allyl MgCl, THF, 0 8C ± RT, 98 %; f) PdCl2, CuCl, O2, 80 % aq. DMF, 6 h
(quant.) ; g) MsCl, DMAP, CH2Cl2, pyridine (66 %). HMPA�hexame-
thylphosphoramide, CSA� camphorsulfonic acid, DMF�N,N-dimethyl-
formamide.


15 in 65 % overall yield. Double-bond rearrangement accom-
panying the elimination step, as seen with 7 b, was not seen
here. Transformations of 15 to 16 occurred similarly to those
described in Scheme 2 (from 7 a to 10); the yield of 16 for the
four steps being 66 %. The absolute configurations of 6-s-cis
locked enantiomers 10 a and 10 b were then assigned by
comparisons of their CD (Figure 4, right) with that of
5-desmethyl analogue 16, which has established configuration
at C-1 (Figure 4, left). The CD of enantiomeric retinals 2 a and
2 b are shown in Figure 4, bottom.


The twist around the 6-s-bond : Upon incubation of the two
analogues 2 a and 2 b with bovine opsin, the a-locked 2 a
yielded in 1.5 hours a pigment that absorbed at 539 nm;
however, in sharp contrast, no pigment was formed from b-
locked analogue 2 b, even after 4 hours (Figure 5). Molecular
modeling by Macro Model (MM3 force field) yielded the
lowest energy conformation of the unbound chromphore 2 a
with a ÿ358 twist around the C6ÿC7 bond (Figure 6). The CD
of pigment from 2 a, Rh-2 a, with two positive CEs (Cotton
effects) at 536 nm (De��4) and 329 nm (De��6.5) (Fig-
ure 7a) closely resembles that of native rhodopsin with CEs at
500 nm (De��9.5) and 336 nm (De��15) (Figure 7b).


Figure 5. UV spectra of the binding progress upon independent incubation of the a-locked retinal analogue 2a (left) and the b-locked 2 b (right) with opsin.


Figure 4. a) CD and UV spectra of 16 (top) and CD spectra of resolved
10 a (ÐÐ) and 10 b (- - - -) (middle); b) CD spectra of a-locked retinal
analogue 2a (ÐÐ)and b-locked retinal analogue 2b (- - - -). All spectra
were measured in methylcyclohexane. Numbers in brackets indicate the
intensity of the CD signals.
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Figure 6. The lowest energy conformation of the 2 a calculated by Macro
Model 6.0; (the 12-s twist depicted here is irrelevant since it will be
determined by the protein environment in the pigment)


It should be noted that a GTP-binding assay showed Rh-2 a
to be 80 % as active as the native pigment. The present results,
that is, incorporation of 2 a but not 2 b, the close similarities in
the CD of 2 a pigment and native pigment, and the bioactivity
of the Rh-2 a pigment with a fixed 6-s-linkage, establish the
absolute sense of helicity around the 6-s-cis bond as being
negative. As described above[21, 22] the 11-cis to all-trans
isomerization results in the flip-over of the ring-containing
moiety. Moreover, the 80 % efficiency of rigid 6-s-cis locked
Rh-2 a in activating transducin shows that, after cis to trans
isomerization, the conformation of the left half of the
chromophore remains more or less rigid. Note that the
apoprotein differentiates retinals 2 a and 2 b that differ only
slightly in geometry around the 6-s-bond, that is, �358.


Conclusion


In summary, with the 6-s-cis locked retinoids only the a-
analogue and not its enantiomer gives rise to a pigment, the
CD of which closely resembles that of native Rh. This
establishes that the 6-s bond in Rh is cisoid and that the
C6ÿC7 bond has a negative helicity in the protein. In the
refined X-ray structure of Rh, which clarified the overall
pigment structure, this 6-s-twist is ÿ56.68.[32]


Experimental Section


Materials and general procedures : Centrifugation was performed on
Beckman L-70 and L8-M ultracentrifuges with appropriate rotors. HPLC
analysis and purification of retinal analogues were performed in the dark


on a Rainin HP solvent-delivery system with absorbance detector model
UV-D. NMR spectra were recorded on Bruker DMX 500, DRX 400 or
DPX 300 instruments and performed in CDCl3 or in [D6]benzene. Low-
resolution and high-resolution FAB mass spectra were measured on a
JEOL JMS-DX303 HF mass spectrometer by using a glycerol matrix and
Xe ionizing gas. CI mass spectra were measured on a NERMAG R10 ± 10
spectrometer with NH3 as ionizing gas. ESI mass spectra were measured on
JEOL JMS-LC mate LCMS system. IR spectra were recorded on PERKIN
ELMER FT-IR spectrometer PARAGON 1000. CD spectra were mea-
sured by JASCO J-720 and JASCO J-810 spectropolarimeters with 1 cm
light-path cell. UV spectra were measured on a Perkin-Elmer Lambda40
spectrophotometer. Optical rotations were measured on a Jasco DIP-1000


digital polarimeter at room temper-
ature.


Synthesis of retinal analogues


Allyl-3a,7-dimethyl-2,3,3a,4,5,6-hexa-
hydro-1H-inden-1-ol (5): Allylmagne-
sium chloride (2.0m solution in THF,
6.1 mL, 12.2 mmol) was added to a
solution of enone 4 (1.00 g, 6.09 mmol)
in THF (20 mL) at 0 8C under an Ar
atmosphere. The reaction mixture was
stirred for 2 h at 24 8C, then a saturated
NH4Cl solution (50 mL) was added to
it. The mixture was extracted with
Et2O (50 mL� 3), and the combined
extracts were dried over Na2SO4 and
concentrated in vacuo. The residue
was purified by silica gel chromatog-
raphy (hexanes/EtOAc 10:1) to give
compound 5 (762 mg, 61 %). 1H NMR
(400 MHz, CDCl3): d� 1.09 (s, 3H),


1.14 ± 1.26 (m, 2H), 1.56 (dd, J� 6.7, 12.2 Hz, 1 H), 1.63 ± 1.73 (m, 3H),
1.79 ± 1.95 (m, 2H), 2.01 ± 2.05 (m, 2 H), 2.41 (dd, J� 6.8, 13.0 Hz, 1H), 2.62
(dd, J� 7.8, 13.0 Hz, 1H), 5.11 ± 5.19 (m, 2 H), 5.79 ± 5.89 (m, 1 H). APCI-
MS: 207.2 [M�H]� .


1-(1-Hydroxy-3a,7-dimethyl-2,3,3a,4,5,6-hexahydro-1H-inden-1-yl)propan-
2-one (6): CuCl (500 mg, 5.05 mmol) and PdCl2 (121 mg, 0.68 mmol) were
added to a solution of alcohol 5 (694 mg, 3.36 mmol) in 80% aqueous DMF
(15 mL). The reaction mixture was stirred at RT for 8 h under an O2


atmosphere. The suspension was filtered through Celite, and the filtrate
was concentrated in vacuo. The solution was diluted with brine (15 mL),
and the mixture was extracted with Et2O (15 mL� 3). The combined
organic extracts were dried over Na2SO4 and concentrated in vacuo. The
residue was purified by silica gel chromatography (hexanes/EtOAc 5:1) to
give compound 6 (296 mg, 40%). 1H NMR (400 MHz, CDCl3): d� 1.08 (s,
3H), 1.62 ± 1.74 (m, 4H), 1.82 ± 2.10 (m, 6H), 1.83 (s, 3 H), 2.20 (s, 3 H), 2.62
(d, J� 17.8 Hz, 1 H), 3.08 (d, J� 17.8 Hz, 1 H), 4.09 (s, 1 H); HRMS(FAB):
245.1526 [M�Na]� .


1-(3a,7-Dimethyl-2,3,3a,4,5,6-hexahydroinden-1-ylidene)propan-2-one(7):
4-DMAP (17 mg, 0.14 mmol) and MsCl (0.31 mL, 4.0 mmol) were added to
a solution of compound 6 (296 mmol, 1.33mmol) in CH2Cl2 (5 mL) and
pyridine (5 mL). The reaction mixture was stirred at RT for 19 h and was
then concentrated in vacuo. The residue was diluted with brine (20 mL),
and the aqueous phase was extracted with Et2O (20 mL� 3). The combined
organic extracts were dried over Na2SO4 and concentrated in vacuo. The
residue was purified by silica gel chromatography (hexanes/EtOAc 50:1) to
give a mixture of compound 7 a (147 mg, 0.72 mmol, 54 %) and its isomer
7b (7a/7 b 3:2).


7a : 1H NMR (400 MHz, CDCl3): d� 0.93 (s, 3H), 1.21 ± 1.41 (m, 4H),
1.67 ± 1.80 (m, 3H), 1.84 (dt, J� 12.6, 3.3 Hz, 1H), 1.93 (s, 3 H), 2.02 ± 2.22
(m, 2 H), 2.27 (s, 3H), 2.88 (dddd, J� 20.3, 10.8, 7.9, 2.5 Hz, 1 H), 2.99 (dd,
J� 20.3, 1.4 Hz, 1 H), 6.34 (s, 1 H); 13C NMR (75 Hz, CDCl3): d� 19.1, 21.1,
24.6, 30.9, 31.8, 33.9, 36.1, 39.2, 41.0, 121.3, 134.9, 141.4, 160.6, 198.3. HRMS
(EI): calcd for C14H20O [M]�: 204.1514, found: 204.1512.


7b : 1H NMR (400 MHz, CDCl3): d� 0.93 (s, 3H), 1.43 (dt, J� 6.0, 12.3 Hz,
1H), 1.48 ± 1.56 (m, 1H), 1.64 ± 1.73 (m, 2H), 1.96 (s, 3 H), 2.03 ± 2.14 (m,
2H), 2.13 (s, 3 H), 2.19 ± 2.29 (m, 1 H), 2.55 (dt, J� 16.7, 9.3 Hz, 1H), 3.48 (s,
2H), 5.49 (br s, 1H) APCI-MS: 205 [M�H]� .


Figure 7. a) CD spectrum of 2a ; b) CD spectrum of native Rh. All spectra were measured in 10mm CHAPSO/
HEPES buffer (pH 6.6). Numbers in brackets indicate the intensity of the CD signals.
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3a,7-Dimethyl-1-(2-methylpent-2-en-4-ynylidene)-2,3,3a,4,5,6-hexahydro-
1H-indene (8): KHMDS (0.5m solution in toluene, 2.3 mL, 1.15 mmol) was
added to a solution of (MeO)2POCH2C�CTMS (256 mg, 1.16 mmol) in
THF (9.0 mL) at 0 8C under an Ar atmosphere. The mixture was stirred at
RT for 30 min to give a red solution, to which was added a solution of 7a
(118 mg, 0.575 mmol) in THF (2.0 mL) at 0 8C. The reaction mixture was
stirred at RT for 2 h, then a saturated NH4Cl solution (10 mL) was added to
it. The aqueous solution was extracted with Et2O (10 mL� 3). The
combined organic extracts were dried over Na2SO4 and concentrated in
vacuo. The residue was purified by silica gel chromatography (hexanes/
EtOAc 50:1) to give the crude coupling product. Bu4NF (1.0m solution in
THF, 0.70 mL, 0.70 mmol) was added to a solution of this crude compound
(200 mg) in THF (6.0 mL) at 0 8C under an Ar atmosphere. The mixture
was stirred at room temperature for 2 h, then saturated NH4Cl solution
(5 mL) was added to it. The aqueous solution was extracted with Et2O
(5 mL� 3). The combined organic extracts were dried over Na2SO4 and
concentrated in vacuo. The residue was purified by silica gel chromatog-
raphy (hexanes/EtOAc 50:1) to give compound 8 (69.0 mg, 53% for 2
steps). 1H NMR (400 MHz, CDCl3): d� 0.94 (s, 3 H), 1.20 ± 1.41 (m, 2H),
1.65 ± 1.83 (m, 4 H), 1.86 (s, 3 H), 2.22 (s, 3 H), 2.67 ± 2.72 (m, 2 H), 3.32 (d,
J� 2.2 Hz, 1H), 5.48 (s, 1H), 6.16 (s, 1H); HRMS (EI): calcd for C17H22


[M]� 226.1721, found: 226.1727.


8-(3a,7-Dimethyl-2,3,3a,4,5,6-hexahydroinden-1-ylidene)-3,7-dimethylocta-
2,6-dien-4-yn-1-ol (10): (Ph3P)4Pd (18.2 mg, 0.016 mmol) and CuI (8.4 mg,
0.044 mmol) were added to a solution of 8 (68.6 mg, 0.303 mmol) and vinyl
iodide 9 (163 mg, 0.387 mmol) in iPrNH2 (4 mL). The mixture was stirred at
room temperature for 13 h under an Ar atmosphere in the dark and was
then concentrated in vacuo. The residue was diluted with brine (10 mL),
and the aqueous layer was extracted with Et2O (10 mL� 3). The combined
organic extracts were dried over Na2SO4 and concentrated in vacuo. The
residue was purified by silica gel chromatography (hexanes/Et2O 50:1) to
give the crude coupling product (202 mg). Bu4NF (1.0m solution in THF,
0.45 mL, 0.45 mmol) was added to a solution of crude compound (202 mg)
in THF (4.5 mL) at 0 8C. The mixture was stirred in the dark at room
temperature for 4 h under an Ar atmosphere and was then concentrated in
vacuo. The residue was purified by silica gel chromatography (hexanes/
EtOAc 5:1! 3:1) and HPLC (hexanes/EtOAc 85:15) to give compound 10
(40.0 mg, 45 % for 2 steps). 1H NMR (400 MHz, C6D6) : d� 0.90 (s, 3H),
1.24 ± 1.40 (m, 2H), 1.35 ± 1.37 (m, 1 H), 1.37 (s, 3H), 1.51 ± 1.70 (m, 4H),
1.74 (s, 3H), 1.84 (ddd, J� 18.7, 10.9, 7.4 Hz, 1 H), 1.99 (dd, J� 5.7, 18.7 Hz,
1H), 2.27 (s, 3 H), 2.40 ± 2.50 (m, 2H), 3.84 (t, J� 6.1 Hz, 2 H), 5.81 (s, 1H),
6.04 (dt, J� 1.3, 6.7 Hz, 1 H), 6.27 (s, 1H); HRMS (FAB): calcd for C21H28O
[M]�: 226.1721, found 226.1727.


The enantiomers were separable with enantioselective HPLC from the
racemic mixture of 10a and 10 b. It was done with CHIRALCEL AD
(Chiral Technologies, Inc., the subsidiary of Daicel, 250� 4.6 mm I.D.
(10 mm)), with the mobile phase hexanes/propan-2-ol (98.5:1.5) and the
flow rate (3 mL minÿ1) to give 10 a and 10b from the racemic 10 a/10 b. 10a :
UV: lmax (emax)� 336 nm (24 000 molÿ1 dm3 cmÿ1); CD: 335 nm (�11),
257 nm (ÿ4) (in methylcyclohexane). 10b ; UV: lmax (emax)� 336 nm
(24 000 molÿ1 dm3 cmÿ1); CD: 337 nm (ÿ11), 260 nm (�5) (in methylcy-
clohexane).


(3aS,7aS)-3a-Methyloctahydroinden-1-one (12): HMPA (7 mL, 40 mmol)
and SmI2 (0.1m in THF, 100 mL, 10 mmol) were added to a solution
of methyl (R)-1-methyl-2-oxocyclohexanepropionate, 11, (250 mg,
1.25 mmol) in THF (8 mL) at RT under an Ar atmosphere. The reaction
mixture was stirred for 8 h at room temperature, then Et2O (ca. 200 mL)
was added to it. The mixture was washed with HCl (0.5m, 200 mL),
saturated Na2S2O3 solution (200 mL), and brine (200 mL). The solution was
dried over Na2SO4 and concentrated in vacuo. Column chromatography on
silica gel (hexanes/EtOAc 10:1) gave compound 12 (122 mg, 64%); IR
(neat): nÄ � 1736 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 1.06 ± 1.14 (m, 1H),
1.20 (s, 3H), 1.22 ± 1.29 (m, 1H), 1.34 ± 1.52 (m, 5H), 1.63 (dt, J� 12.9,
9.8 Hz, 1H), 1.80 (ddd, J� 12.0, 7.0, 5.2 Hz, 1 H), 1.86 (br t, J� 1.8 Hz, 1H),
1.96 ± 2.25 (m, 1H), 2.28 ± 2.32 (m, 2 H); 13C NMR (75 MHz, CDCl3): d�
21.30, 21.96, 23.14, 26.22, 34.02, 34.65, 35.39, 38.67, 56.18, 220.70; ESI-MS:
153 [M�H]� .


(3aS,7aS)-7a-Hydroxy-3a-methyloctahydroinden-1-one (13): CSA
(25.8 mg, 0.11 mmol) was added to a solution of compound 12 (171 mg,
1.12 mmol) in isopropenyl acetate (11 mL), and the mixture was refluxed
for 14 h. The mixture was concentrated in vacuo, and the residue was


purified by column chromatography on silica gel (hexanes/EtOAc 20:1) to
afford the enol acetate (114 mg, 52%). OsO4 (0.1m solution in tBuOH,
0.16 mL, 0.016 mmol) and NMO (38.1 mg, 0.33 mmol) were added to a
solution of this enol acetate (31 mg, 0.163 mmol) in 80 % aqueous acetone
(2 mL). The reaction mixture was stirred at RT for 20 h. Saturated NaHSO3


solution (5 mL) was added to the reaction mixture, and the aqueous layer
was extracted with Et2O (5 mL� 3). The extracts were dried over Na2SO4


and concentrated in vacuo. Column chromatography on silica gel (hexanes/
EtOAc 5:1 to 3:1) gave compound 13 (26 mg, 0.156 mmol, 96%): IR (neat):
nÄ � 3464, 1741 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 0.92 (s, 3H), 1.33 ±
1.36 (m, 1H), 1.42 ± 1.64 (m, 8H), 2.05 (ddd, J� 15.5, 9.8, 2.4 Hz, 1 H), 2.24
(br s, 1 H), 2.29 ± 2.48 (m, 2 H); 13C NMR (75 MHz, CDCl3): d� 21.15, 21.65,
22.81, 28.15, 31.03, 31.51, 33.29, 40.85, 80.71, 220.35; ESI-MS: 169 [M�H]� .


(3aS)-3a-Methyl-2,3,3a,4,5,6-hexahydroinden-1-one (14): CSA (0.12 mmol)
was added to a solution of compound 13 (197 mg, 1.21 mmol) in toluene
(4 mL), and the mixture was heated under reflux for 4 h. The solution was
concentrated in vacuo, and the residue was purified by column chromatog-
raphy on silica gel (hexanes/EtOAc 10:1) to afford compound 14 (157 mg,
86%). 1H NMR (400 MHz, CDCl3) : d� 1.13 (s, 3H), 1.27 ± 1.45 (m, 2H),
1.58 (dt, J� 12.2, 8.6 Hz, 1 H), 1.71 ± 1.80 (m, 2H), 1.90 (dt, J� 12.2, 3.4 Hz,
1H), 2.00 (dd, J� 12.2, 8.7 Hz, 1H), 2.14 ± 2.36 (m, 3 H), 2.41 (ddd, J� 18.8,
12.2, 8.7 Hz, 1H), 6.61 (t, J� 3.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): d�
18.65, 25.18, 25.69, 35.70, 36.44, 36.58, 38.84, 132.06, 145.89, 207.64; ESI-
MS: 151 [M�H]� .


(3aS)-1-(3a-Methyl-2,3,3a,4,5,6-hexahydroinden-1-ylidene)propan-2-one
(15): The synthesis of 15 is similar to that of 7 a, starting from 11 (Fluka).
1H NMR (400 MHz, CDCl3): d� 0.99 (s, 3 H), 1.23 ± 1.30 (m, 1 H), 1.38
(ddd, J� 20.7, 11.8, 9.0 Hz, 1 H), 1.68 ± 1.90 (m, 4 H), 2.18 ± 2.24 (m, 2H),
2.25 (br s, 3 H), 2.81 (dddd, J� 20.1, 17.0, 8.1, 2.8 Hz, 1 H), 3.07 (ddd, J�
20.1, 8.7, 1.0 Hz, 1H), 6.22 (t, J� 4.0 Hz, 1 H), 6.48 (br s, 1 H); 13C NMR
(75 MHz, CDCl3): d� 18.93, 24.64, 26.04, 30.94, 31.90, 36.15, 39.96, 40.88,
115.76, 123.47, 148.36, 160.61, 198.71; ESI-MS: m/z : 191 [M�H]� .


The synthesis of 16 is similar to that of 10. 1H NMR (400 MHz, C6D6): d�
0.88 (s, 3H), 1.13 ± 1.68 (m, 6H), 1.46 (s, 3H), 1.84 ± 1.99 (m, 2 H), 2.25 (s,
3H), 2.44 ± 2.47 (m, 2H), 3.84 (br t, J� 5.7 Hz, 2 H), 5.68 (t, J� 3.9 Hz, 1H),
5.82 (s, 1 H), 6.04 (dt, J� 1.3, 5.7 Hz, 1 H), 6.43 (s, 1H); 13C NMR (75 MHz,
C6D6): d� 17.9, 19.2, 19.6, 24.5, 25.8, 29.3, 30.6, 36.5, 40.4, 59.3, 88.1, 100.0,
109.9, 117.6, 122.0, 129.0, 135.9, 143.4, 148.1, 149.9. CI-MS: m/z : 283
[M�H]� .


(3aR)-(2E,4Z,6E)-8-(3a,7-Dimethyl-2,3,3a,4,5,6-hexahydroinden-1-ylidene)-
3,7-dimethylocta-2,4,6-trienal (2a): Activated Zn dust was prepared as
described by Boland et al.[44] Argon was bubbled through a suspension of
Zn dust (500 mg) in distilled water (2 mL) for 15 min. Cu(OAc)2 (50 mg)
was added, and the flask was sealed immediately. The mixture was stirred
vigorously for 15 min. AgNO3 (50 mg) was then added, and the mixture was
stirred for 30 min. The activated Zn was then filtered and washed
successively with water, MeOH, and Et2O and was transferred to a flask
of the reaction solvents (H2O, 2 mL; MeOH, 2 mL). Compound 10a
(4.0 mg) was added to this mixture, which was then stirred at RT in the dark
for 21 h. The zinc dust was filtered through Celite with Et2O and H2O. The
organic phases were separated, washed with saturated NaCl, and dried over
anhydrous Na2SO4. The solvent was removed under reduced pressure to
give crude alcohol. This compound was dissolved in CH2Cl2 (2 mL) and
NMO (3.3 mg, 0.028 mmol) and TPAP (catalytic amount) were added to
the solution. The mixture was stirred at room temperature in the dark for
2 h, then filtered through Celite with diethyl ether and was concentrated.
Column chromatography on silica gel (hexanes/ethyl acetate 4:1) gave
(3aR)-(2E,4Z,6E)-8-(3a,7-dimethyl-2,3,3a,4,5,6-hexahydroinden-1-ylidene)-
3,7-dimethylocta-2,4,6-trienal, 2a, in a mixture with other isomers. Com-
pound 2a was further purified with HPLC: YMC Semipreparative HPLC
column (10 mm� 25 cm); solvent, hexanes/ethyl acetate (95:5); flow rate,
2 mL minÿ1; detection wavelength, 380 and 330 nm; retention time for 2a,
22.1 min. 1H NMR (400 MHz, C6D6): d� 0.88 (s, 3H), 1.13 ± 1.68 (m, 3H),
1.76 (s, 3 H), 1.78 (s, 3H), 1.84 (s, 3 H), 1.90 ± 2.10 (m, 4 H), 2.25 (s, 3 H), 5.62
(d, J� 11.7 Hz, 1 H), 6.16 (d, J� 7.8 Hz, 1H), 6.28 (s, 1 H), 6.44 (t, J�
12.0 Hz, 1 H), 6.73 (d, J� 12.4 Hz, 1 H), 9.95 (d, J� 7.8 Hz, 1 H).
HRMS(FAB): calcd for C21H28O [M�H]�: 297.2218, found 297.2207.


Reconstitution of the pigment with the retinals and opsin : Opsin was
prepared from rod outer segments (ROS)[45, 46] by a published method.[47]







FULL PAPER K. Nakanishi et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4204 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 194204


Binding experiment with retinal analogue 2 a and 2b : (Figure 5). A stock
solution of opsin in CHAPSO/HEPES buffer (1 mL, 10mm, pH 6.6) was
added to a UV cuvetteÐCHAPSO/HEPES buffer (1 mL, 10mm, pH 6.6)
was used as a referenceÐand the background of the UV spectrometer was
scanned. 0.7 equiv of retinal analogue 2a or 2b in EtOH (5 mL) was added
to the sample cuvette and to the control cuvette at 25 8C. The UV spectra
were monitored over 1.5 and 4 h for analogue 2a and 2b, respectively.


GTPg35S binding assay : Rh-(2 a) was reconstituted in 0.1 % dodecyl
maltoside/10 mm HEPES buffer in the same manner as described above.
Transducin assay solution containing Gt (600 nm), Rho analogue (5nm) and
GTPg35S (1 mm) was irradiated with yellow light (>500nm) for 30 s at 0 8C.
Aliquots (40 mL) were collected and filtered through nitrocellulose
membranes at 1 and 2 min after photo-irradiation. GTPgS uptake was
monitored at RT. The membranes were then washed with washing buffer
(5 mL� 3) and dissolved in of scintillation fluid (10 mL; Filtron-X). Their
radioactivities were measured by a liquid scintillation counter (TRI-CARB
2200CA, Packard). The amount of GTP bound for 1 min was calculated
and compared to the data that was obtained with native rhodopsin.
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Structural and Mechanistic Studies on the Activation and Propagation
of a Cationic Allylpalladium Procatalyst in 1,6-Diene Cycloisomerization


Katharine L. Bray, Jonathan P. H. Charmant, Ian J. S. Fairlamb, and
Guy C. Lloyd-Jones*[a]


Abstract: [Pd(h3-C3H5)(MeCN)2]OTf
acts as an efficient procatalyst for the
cycloisomerisation of dimethyl hept-1,6-
dienyl-4,4-dicarboxylate (1 a) in CHCl3.
The reaction displays a pronounced and
variable induction period and gives
dimethyl 3-methylene-4-methylcyclo-
pentane-1,1-dicarboxylate (2 a) as the
kinetic product. The thermodynamically
more favourable tri- and tetra-substitut-
ed alkenes dimethyl 3,4-dimethylcylo-
pent-2-ene-1,1-dicarboxylate (3 a) and
dimethyl 3,4-dimethylcylopent-3-ene-
1,1-dicarboxylate (4 a) are also generat-
ed directly (3 a) or by isomerisation (3 a
and 4 a) of 2 a. The mechanism of
procatalyst activation and the ensuing
cycloisomerisation reaction was investi-
gated by NMR spectroscopy (1H, 2H,
13C) and GC analysis of the products
arising from isotopically labelled sub-
strates (13C, 2H). Three general mecha-
nisms were considered: hydrometalla-
tion, cyclometallation and CÿH inser-
tion. These last two were shown to be
incompatible with the results. The first,
which involves generation and propaga-
tion of a palladium hydride species
(ªPdÿHº), was found to be consistent


with both the isotopic distribution and
stereochemistry of the reaction product
and is supported by the observation of
intermolecular transfer of a single 2H
label. Due to the high catalytic activity
of the palladium hydride and its slow
generation, the cycloisomerisation pro-
cess ultimately yields a mixture of alkene
products (2 a, 3 a and 4 a) with incom-
plete consumption of the procatalyst
[Pd(h3-C3H5)(MeCN)2]OTf. The mecha-
nism by which the catalytically active
palladium hydride is generated from the
procatalyst was studied in detail by
NMR spectroscopic analysis of stoichio-
metric reactions between diene 1 a and
[Pd(h3-C3H5)(MeCN)2]OTf. This dem-
onstrated that a carbopalladated
complex, namely, [Pd{7,7-(CO2Me)2-
(1,2,5,9,10-h5)-dec-1,9-diene)}(OTf)]
(15 a), is formed in small quantities by
unfavourable displacement of acetoni-
trile by the diene, followed by a rapid
and irreversible b-migratory insertion
reaction. Although attempts to isolate


15 a from the reaction mixture were not
successful (due to its slow decomposi-
tion, low concentration and competing
cycloisomerisation), an alternative syn-
thesis in the absence of acetonitrile
allowed its isolation and characterisa-
tion. However, pure samples of 15 a are
completely ineffective as a procatalyst
system for cycloisomerisation of 1 a.
Further investigation revealed that
treatment of 15 a with one equivalent
of water results in quantitative b-H
elimination to generate triene 16 a
(C(1)-allylated 1 a). Thus, addition of
catalytic quantities of water to a solution
of 1 a in CHCl3 containing 5 mol% 15 a
and 10 mol % MeCN results in genera-
tion of an active ªPdÿHº catalyst for
cycloisomerisation. Although procata-
lyst activation is facilitated by traces of
water, no exchange of protons is ob-
served between ªPdÿHº and H2O under
catalytic turnover. The slow generation
of 15 a and the requirement for traces of
water for b-H elimination accounts for
variability in the induction period when
[Pd(h3-C3H5)(MeCN)2]OTf is employed
as procatalyst.


Keywords: cyclization ´ dienes ´
isotopic labeling ´ palladium


Introduction


Cycloisomerisation of dienes, enynes and diynes is a powerful
method for the synthesis of carbocyclic and heterocyclic rings
with regio- and stereocontrol.[1] A variety of transition metal
complexes have been reported to catalyse cycloisomerisation


of 1,6-dienes. The earliest examples include the Rh-catalysed
cycloisomerisation of diallyl ether[2] and diallylacrylamide,[3]


and 4,4-disubstituted hepta-1,6-dienes;[4] the last-named sub-
strate also undergoes Pd catalysis.[5, 6] Early transition metal
and lanthanide complexes also proved suitable.[7] The control
of regioselectivity, first demonstrated by Grigg et al.[4, 5, 6] in
the reactions of 1 b (Scheme 1), has been the focus of much
recent attention. A range of ruthenium catalysts were
reported by Itoh et al.,[8] all of which cycloisomerise 1 a
exclusively to the exo-methylene isomer 2 a. RajanBabu and
Radetich[9] developed [M(L)(allyl)(S)]X (L� triarylphos-
phane, M�Ni, S� solvent, X�OTf) as catalysts for selective
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E E E E EE EE


M-cat


1a, E = CO2Me
1b, E = CO2Et


2a,2b 3a,3b 4a,4b


M = e.g., Pd, Ni, Rh, Ru


Scheme 1. Transition metal catalysed cycloisomerisation of the 1,6-diene 1
to cyclopentenes 2, 3 and 4.


generation of 2 a, while Widenhoefer et al. reported similar
catalysts (L� tri(sec-alkyl)lphosphane, M�Pd, S�Et2O,
X�BF4) for highly selective cycloisomerisation to 4 a in the
presence of stoichiometric amounts of trialkylsilane.[11a]


Perhaps one of the most challenging aspects of such cyclo-
isomerisation reactions is control of both regio- and stereo-
selectivity, and by using 4,4'-dibenzylbisoxazoline or sparteine
as an enantiomerically pure N,N ligand, Heumann and
Moukhliss[12a] achieved promising enantioselectivity in
the cycloisomerisation of 1 b. For example, with
[Pd(MeCN)4](BF4)2/sparteine as a procatalyst system, 2 b is
obtained with 37 % ee and 3 b with 60 % ee (2 b/3 b 17:83,
overall yield 46 %). Somewhat related are recent results of
Widenhoefer et al.,[11] in which chiral N,N ligands gave up to
91 % ee in the Pd-catalysed cyclisation/hydrosilylation and
38 % ee in the reductive cyclisation (Et3SiH, H2O) of 1 a.


Recent advances in the regioselective[8, 9, 11, 12] and enantio-
selective[11f, 12a] cycloisomerisation of 1 thus provide a bench-
mark system for testing and comparing novel ligands.
Furthermore, cycloisomerisation is not always desirable; for
example, it was recently reported to be a serious competing
side reaction (43%) in an Ru-catalysed ring-closing meta-
thesis of N-tosyldiallylamine.[13] Changing the counterion of
the catalyst[9] completely suppressed the cycloisomerisation.


A knowledge of the mechanism would be an essential first
step in the rational design of ligands and in understanding how
subtle changes in catalyst cause such dramatic changes in
reaction products.[13] Here we describe a study on the
mechanism of cycloisomerisation of 1 a to 2 a with [Pd(h3-
C3H5)(MeCN)2]OTf as procatalyst. The mechanistic sequence
in which the procatalyst is activated and subsequently
catalyses cycloisomerisation was elucidated by detailed
NMR spectroscopic analysis of stoichiometric and catalytic
reactions with symmetrically and unsymmetrically labelled
(2H and 13C) substrates.[14, 15]


Results and Discussion


Characteristics of the cycloisomerisation reaction of 1 a with a
Pd-allyl cation procatalyst : In parallel with ongoing studies on
the regioselectivity of ª[PdCl(MeCN)3]�º-catalysed cycloisom-
erisation of 1 a,[16] we sought a chloride-free cationic Pd
catalyst,[12a] and tested the Pd ± allyl complex[17] [Pd(h3-
C3H5)(MeCN)2]OTf.[18] After performing some exploratory
experiments,[19] we found that 5 mol % of this complex
provides a reasonably active system for cycloisomerisation
of 1 a in CHCl3 at 40 8C. Under these conditions, 85 % or more
of 1 a was consumed within 3 ± 5 h, ªPd blackº was co-


generated throughout and the reaction displayed a variable
induction period, occasionally quite pronounced (see Fig-
ure 1), but usually on the order of 5 ± 10 min. During the first
stages of reaction (up to ca. 50 % conversion of 1 a) the
predominant product (>80 %) was the exocyclic alkene 2 a,
while in the latter stages of reaction, 3 a and 4 a became more


Figure 1. An evolution profile (with a pronounced induction period) for
the Pd-catalysed cycloisomerisation of a 0.125m solution of 1a to 2a, 3a
and 4a with 5 mol % [Pd(h3-C3H5)(MeCN)2]OTf in CDCl3 at 40 8C, as
determined by in situ 1H NMR analysis. The reaction was performed in a
septum-sealed 5 mm NMR tube spinning (15 ± 20 Hz) in the probe of the
spectrometer at 40� 0.5 8C. Note that the lines merely serve as guide to the
eye.


prominent.[20] 13C NMR spectroscopic analysis of the reaction
mixture after addition of 13C-labelled exocyclic alkene 2 a to a
Pd-catalysed cycloisomerisation of 1 a during turnover con-
firmed that both 3 a and 4 a are generated by isomerisation of
2 a.[21] However, exposure of pure 2 a to 5 mol% [Pd(h3-
C3H5)(MeCN)2]OTf in CDCl3 at 60 8C for 25 h resulted in no
isomerisation. On addition of a catalytic quantity of
E2CHCH2CH�CH2, quantitative Pd-catalysed isomerisation
of 2 a to a 23:77 3 a/4 a mixture occurred over 24 h.


These results can be interpreted as follows: [Pd(h3-
C3H5)(MeCN)2]OTf is not the active catalyst for cycloisomer-
isation of 1 a or for isomerisation of 2 a to 3 a/4 a. Rather, it is a
procatalyst that is slowly converted to a short-lived active
catalyst during the reaction (Scheme 2). This activation
process is the reason for the induction period and requires
the presence of a mono-substituted alkene. Initially, the active
catalyst cycloisomerises 1 a to 2 a and slowly isomerises 2 a to
3 a/4 a. However, material balance indicates that in the latter
stages of reaction, 3 a is increasingly generated directly from
1 a rather than via 2 a. This phenomenon was linked to the
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Scheme 2. Generalised mode of action of a Pd ± allyl procatalyst for
cycloisomerisation of the 1,6-diene 1 to cyclopentenes 2, 3 and 4.


presence of free MeCN, the amount of which increases
throughout the reaction due to the slow conversion of [Pd(h3-
C3H5)(MeCN)2]OTf to Pd black. Thus, in CDCl3/MeCN (1:1)
the rate of cycloisomerisation was reduced (47 %, 24 h, 60 8C)
but 3 a was almost the exclusive product. The variable length
of the induction period indicates the importance of the
presence or absence of another component whose concen-
tration must vary from run to run. Furthermore, the activation
process presumably generates a co-product (see inset of
Scheme 2). At this point, neither of these species had been
identified.


With these features in mind, we focused on elucidating:
a) the identity of the active catalyst; b) the mechanism by
which it cycloisomerises 1 a to 2 a ; c) the mechanism of the
catalyst activation steps and d) the identity of the components
which control catalyst activation.


Cycloisomerisation mechanisms : Evidently, as the ligand and
metal catalyst are varied, the mechanism by which transition
metal catalysts cycloisomerise 1 into 2, 3 and 4 will change.
However, in addition to the preliminary studies by Grigg et al.
in 1984,[6] there has only been one detailed investigation.[11b]


Nonetheless, by additional consideration of related intermo-
lecular processes,[22] at least five mechanisms can be postu-
lated for Ru-, Rh-, Ni- and Pd-catalysed cycloisomerisation of
1.[6, 8, 9, 10] The mechanisms can be grouped into three classes
(Scheme 3), which we term metallohydride (A), cyclometal-
lation (B) and CÿH insertion (C). The metallohydride
mechanism (A)[22b] requires the generation and intermolecu-
lar propagation of a hydride complex (MÿH).[23] Thus, hydro-
metallation of 1 generates alkylmetal complex 5, and sub-
sequent intramolecular carbometallation facilitates b-H elim-
ination in 6 to generate 2 and regenerate the MÿH catalyst.
Mechanism B proceeds by a [2� 2� 1] cyclometallation[22c] to
give metallacyclopentane 7. In its simplest form, B(i), the
cycle is completed by b-H elimination and then reductive
elimination from alkylmetal hydride 8 to give 2. A sub-cycle
B(ii) involves intramolecular hydrometallation in 8 to give
metallacyclobutane 9.[6, 22f] The mechanism is completed by
b-H elimination and then reductive elimination from an
alkylmetal hydride (R-M-H, not shown) to give 2 (and 3 or 4
by alternative b-H eliminations). In contrast, mechanism C
involves an oxidative CÿH insertion at the allylic [C(i)][6] or
vinylic [C(ii)][22a] positions of 1 to give 10 or 12, respectively. In
mechanism C(i), hydrometallation of the terminal alkene


EE


M


EE


MH


B(i)


EE


M


B(ii)


M


EE


M-HA


E E


MC(i)


EE


M C(ii)


EE


M
H


EE


MH


EE


M


E E


M


E E


M


EE


M
H


2


(+ 3, 4)


2


(+ 3)


1


11 8


6 8


5 7


10 12


9


Scheme 3. Mechanisms for transition metal catalysed cycloisomerisation
of 1 to 2, taken or adapted from the literature (see text for details).


through the central allylic carbon atom generates metal-
lacyclobutane 11.[6] This mechanism is completed by b-H
elimination and reductive elimination, in direct analogy to 9 in
mechanism B(ii), to give 2 (or 3). In mechanism C(ii),
vinylmetal hydride 12 undergoes intramolecular hydrometal-
lation to give 8, and reductive elimination completes the cycle.
In mechanisms A, B(i) and C(ii), isomeric products 3 or 4 are
proposed to arise from metal-catalysed isomerisation of the
initially generated products (2 or 3).


Catalytic reactions with isotopically labelled diallyl malonate
substrates : To track the origin and destination of hydride
migrations in the cycloisomerisation of 1 a (0.06� 0.02 mm)
with catalysis by 5 mol% [Pd(h3-C3H5)(MeCN)2]OTf in
CDCl3 at 40 8C, we employed isotopically labelled sub-
strates.[15] Reaction samples were taken at regular intervals,
quenched (silica gel) and analysed by GC and NMR spectros-
copy (1H, 2H and 13C). The 13C NMR analyses were aided by
CH correlation and DEPT where appropriate. Since this part
of the study aimed to elucidate the mechanism of the
cycloisomerisation itself, we focused on analysis of labelling
patterns in both the unconverted starting material 1 a and the
primary and kinetic cycloisomerisation product 2 a, irrever-
sibly formed from 1 a and subsequently isomerised to the
thermodynamic products 3 a and 4 a.


Symmetrically deuterated substrates : The simplest results were
obtained with [1,1,2,6,7,7-2H6]-1 a (Scheme 4, top). During the
reaction there was no evidence for 1H incorporation in the
vinylic (CD�CD2) units, nor for 2H incorporation at the allylic
methylene [C(3,5)] groups of 1 a. In the primary cycloisomer-
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Scheme 4. Isotopic distributions (deduced from 1H, 2H and 13C NMR data)
of the kinetic product 2 a arising from Pd-catalysed cycloisomerisation of
[1,1,2,6,7,7-2H6]-1a, [1,7-(E,E)-2H2]-1a and [1,7-(Z,Z)-2H2]-1a in CDCl3.
Inset: left: Pd-catalysed E/Z isomerisation of labelled substrate 1a ; right:
1H NMR NOE difference (NOED, 500 MHz) and 3J(H,H) coupling allow
assignment of E (d� 4.9) and Z (d� 4.8) isomers of C(3)�CH2 in 2a.


isation product 2 a, both of the ring methylene groups [i.e.,
C(2) and C(5)] were exclusively CH2 (1H, 2H NMR), and the
absence of observable 3J(H,H) coupling of C(5)H2 to the
methine unit at C(4) confirmed that, in addition to the
methylene (C(3)�CD2) and the C(4) methyl group (CD3), this
site was greater than 95 % deuterated.[24]


Reactions of [1,7-(E,E)-2H2]-1 a and [1,7-(Z,Z)-2H2]-1 a
gave complimentary results (Scheme 4, bottom; Figure 2).
During the reactions, the initially geometrically pure sub-
strates were slowly isomerised[25] (see signals at d� 5.1 in
Figure 2). However, reaction did not proceed with perfect
retention of geometric identity, since in both cases geometric
methylene isomers C(3)�CHD (ca. 87:13) were evident in the
kinetic product [2H2]-2 a immediately after the start of
reaction and before isomerisation of [1,7-2H2]-1 a became
noticable. This ratio reduced slowly to about 78:22 in the
latter stages of reaction as equilibration of the substrate
became more complete (Scheme 4, inset).[26] With both
substrates, the C(4) methyl group of the kinetic product
[2H2]-2 a is greater than 95 % monodeuterated (i.e., CH2D), as
evidenced by a clean triplet in the 13C{1H} NMR spectrum and
by integration against C(2)H2 in the 1H NMR spectrum.


Very different results were obtained with the internally
deuterated isomer [2,6-2H2]-1 a (Scheme 5). During the reac-
tion, partial deuterium incorporation at C(1) and C(7) in the


Figure 2. 1H NMR spectra of samples taken from Pd-catalysed cyclo-
isomerisation reactions of [1,7-(E,E)-2H2]-1a and [1,7-(Z,Z)-2H2]-1 a dem-
onstrating that 2H-label geometry of the substrate determines that in the
product 2 a. During the reaction, the substrates are observed to isomerise.
Note that there is (initially) a higher degree of 2H incorporation in [1,7-
(Z,Z)-2H2]-1a (>98 % D2) as opposed to [1,7-(E,E)-2H2]-1a (ca. 94% D2)
and that analysis of C(3)�CH2 peaks in the 1H NMR spectra (which are
isotopically shifted downfield from C(3)�CHD) confirm that, although
there is near complete substrate isomerisation (equilibration of E and Z
2H) during the reactions, very little 1H and 2H exchange occurs.
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Scheme 5. Isotopic distributions (deduced from 1H, 2H and 13C NMR data)
of kinetic product 2a arising from Pd-catalysed cycloisomerisation of [2,6-
2H2]-1 a. Inset: Pd-catalysed terminal 2H labelling of substrate 1 a.


substrate was observed (2H NMR), although there was no
evidence for exchange of 2H at C(2,6), that is, the [2Hn]-
substrate (n> 2) was being generated (see inset to Scheme 5).
At 60 % conversion there was about 15 % deuteration of the
substrate at C(1,7), while the primary product 2 a was
incompletely monodeuterated[27] at the C(4) methyl group
(ca. 58 % CH2D) and essentially completely deuterated at
C(4) (>95 % C(4)ÿD).[28] Furthermore, partial E/Z incorpo-
ration of 2H (ca. 15 %) in the C(3) methylene group of the
primary product was evident from the isotopically shifted
triplets[28] at d� 4.8 and 4.9 (i.e., (Z)- and (E)-C(3)�CHD) in
the 1H NMR spectrum. This degree of incorporation grew to
about 25 % upon complete consumption of the substrate.
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Isotopically unsymmetrical substrates : The symmetry of 1 a
complicates analysis of hydride migrations on cycloisomerisa-
tion to 2 a. Consequently, we deployed two isotopically
unsymmetrical[14] substrates [7-(E)-2H1-(1,3)-13C1]-1 a and
[6-2H1-(1,3)-13C1]-1 a)[15] in which one allyl chain is 13C-labelled
to distinguish it from the other, which bears a 2H atom
(Scheme 6). The 25-fold greater intensity of 13C signals arising
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Scheme 6. Isotopic distributions (deduced from 1H, 2H and 13C NMR data)
of kinetic product 2a arising from Pd-catalysed cycloisomerisation of [7-
(E)-2H1-(1,3)-13C1]-1a and [6-2H1-(1,3)-13C1]-1 a. Note that analysis is based
predominantly on 13C NMR signals arising from labelled carbon atoms.


from the four labelled carbon atoms in 2 a made 13C NMR
analysis of 2H transfer (inter- or intramolecular) from the 2H-
labelled allyl chain very evident. In the primary reaction
product from [7-(E)-2H1-(1,3)-13C1]-1 a, there was essentially
no 2H incorporation (�3 %) at the labelled carbon atoms
(Scheme 6, top; the 13C NMR signals were singlets). Although
2H NMR spectroscopy was not able to distinguish 2H bound to
12C versus 13C, consistent with earlier experiments, the
monodeuterated methylene carbon atom (C(3)�CHD) of 2 a
had predominantly E geometry. This site was of equal 2H
population to the C(4) methyl (CH2D) group.


In contrast, in the primary product from [6-2H1-(1,3)-13C1]-
1 a, the partial transfer of a single 2H atom to the 13C-labelled
allyl chain was evident from the isotopically shifted triplet
arising from C(4)ÿ13CH2D (ca. 25 % 2H; Scheme 6, bottom)[29]


in the 13C NMR spectrum. There was also a trace of 2H
incorporation (<5 %) at the labelled methylene group
C(3)�13CH2, but not at the other 13C-labelled sites (C(2)H2


and C(5)H2). Examination of the 13C satellites (25 % abun-
dance) of the methylene protons in the 1H NMR spectrum of
2 a (i.e., C(3)�13CH2) indicated that when this was 13C-
labelled, C(4) was fully deuterated (triplets and not quartets
were observed). Furthermore, analysis of the CÿH uncoupled
methylene protons (75 % abundance) indicated that when
C(5) or the methyl group on C(4) is 13C-labelled, C(4) is not
deuterated.[30]


Crossover experiments : To test for intermolecular 2H transfer,
in separate experiments, doubly 13C-labelled [1,3,5,7-13C2]-1 a
was mixed with symmetrically dideuterated substrates
[1,7-(E,E)-2H2]-1 a and [2,6-2H2]-1 a (Scheme 7). The
13C NMR analysis of the primary product from the co-
reaction of [1,3,5,7-13C2]-1 a and [1,7-(E,E)-2H2]-1 a (1:1.3
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Scheme 7. 2H distributions in [13C2-2a] arising from co-cycloisomerisation
of mixtures of [1,3,5,7-13C2]-1 a with [1,7-(E,E)-2H2]-1 a (top) and with [2,6-
2H2]-1 a (bottom), as deduced by 13C NMR analysis (see text for details).


ratio) indicated that no 2H transfer to the 13C-labelled
framework of 2 a had occurred, since no 1J(C,2H) triplets
were observed (only doublets)[31] and none of the 1J(C,H)
satellites in the 1H NMR spectrum showed any evidence of
deuteration (isotope shifts or loss of coupling) at C(4). The
deuterated non-13C-labelled primary product was obtained as
about 75 % of the (E)-(CHD) isomer (as in Scheme 4,
middle).


In contrast, co-reaction of [1,3,5,7-13C2]-1 a with [2,6-2H2]-1 a
(in 1:1 or 1:5 ratio; Scheme 7) showed clean partial transfer of
a single 2H atom to the methyl group on C(4) in the 13C-
labelled product (triple doublet). The methylene carbon atom
attached to C(3) displayed about 8 % deuterium incorpora-
tion, and both other labelled carbon atoms [C(2) and C(5)]
gave doublets[31] with no evidence for partial 2H incorpora-
tion. A combination of double 13C labelling and 2H isotope
shifts allows distinction of the partially deuterated methyl
group at C(4) of 2 a that arises from [1,3,5,7-13C2]-1 a as
opposed to that which arises from non-13C-labelled [2,6-2H2]-
1 a by analysis of the C(5) signal in the 13C NMR spectrum.[32]


For example, in the product mixture obtained from a 5:1
mixture of [2,6-2H2]-1 a and [1,3,5,7-13C2]-1 a, NMR analysis of
C(5) in 2 a indicates that identical (ca. 55 %) 2H transfer had
occurred to C(4) methyl group in both 13C-labelled and
unlabelled products, with generation of 8 % or less of
C(4)ÿCHD2 or ÿCD3 isomers. Importantly, the extent of
intermolecular 2H transfer from [2,6-2H2]-1 a to [1,3,5,7-13C2]-
1 a to generate C(4)ÿ13CH2D in 2 a is significantly higher (55
vs <5 %) than the degree of deuteration at C(3)�13CH2 and
very similar to that of 58 % observed with pure [2,6-2H2]-1 a
(see Scheme 5). This indicates that a single 2H atom is
transferred intermolecularly from C(2,6) to C(1,7) in 1 a
during the cycloisomerisation, in addition to the incorporation
of 2H through pre-equilibration (Scheme 5, inset).


Mechanism of the cycloisomerisation of 1 a to 2 a : Consid-
eration of the key hydride migrations and stereochemical
features of postulated pathways A, B and C for cycloisomer-
isation of 1 a (Scheme 3) allows all but A to be eliminated.
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Cyclometallation pathway B(i) is intramolecular and does not
account for intermolecular and single transfer of a 2H label
from C(2,6) in 1 a to C(1,7), which becomes the methyl group
at C(4) in 2 a (Scheme 7, bottom). Cyclometallation pathway
B(ii) requires that when C(6) in 1 a becomes C(3) in 2 a, the
hydride is transferred to C(4) in 2 a, but this is not observed
(Scheme 6, bottom). The CÿH insertion pathway C(i) is
readily eliminated, since a C(3,5) proton in 1 a is not trans-
ferred to the C(4) methyl group in 2 a (Scheme 4, top).
Similarly, the vinylic CÿH insertion pathway, C(ii), is not
compatible with the reversal of geometric relationship of
C(1,7) with C(3,5) in 1 a on conversion to 2 a (Scheme 4, lower
sections), which suggests a syn-b-H elimination.


We are thus left with pathway A and, although this is not
proof, all of the points discussed above support a PdÿH-type
cycle. The issue of catalyst generation (ªPdÿHº) has not yet
been addressed, but a unified mechanism for catalyst turnover
can now be constructed (Scheme 8). The mechanism can also


Scheme 8. A mechanism that accounts for the 2H distributions, geometry,
scrambling and intermolecular transfer observed on cycloisomerisation of
1a to 2 a with [Pd(h3-C3H5)(MeCN)2]OTf as procatalyst.


be extended to account for both the direct generation of 3 a
and the indirect[33] generation of 4 a (3 a) from 1 a. The former
is accounted for by a nondissociative[11e] conversion via
[Pd(H)(h2-2 a] to endo-13 a. This process would require that
the intermediate be stabilised, for example, by further
coordination of MeCN, to allow sufficient lifetime for
rotation ± insertion (to give endo-13 a) and then b-H elimi-
nation to release 3 a. In contrast, the favoured (indirect)
generation of 4 a over 3 a on discrete (free, uncomplexed)
isomerisation of 2 a by a PdÿH species is accounted for by
assuming that binding to one face of the alkene 2 a is hindered
by the methyl group at C(4), so that exo-13 a, rather than
endo-13 a, is generated.


Two other observations support the PdÿH mechanism.
Firstly, there is partial E/Z equilibration of [1,7-(E,E)-2H2]-1 a
and [1,7-(Z,Z)-2H2]-1 a, and a faster (ca. 13 % relative to
irreversible product generation) E/Z equilibration en route to
2 a. Secondly, reaction of [2,6-2H2]-1 a occurs with partial
exchange of 2H with 1H at the terminal carbon atoms C(1,7) of
1 a. These results indicate that initial PdÿH addition to 1 a is
reversible. However, the relatively low extent of E/Z equili-
bration and 2H transfer indicates that after the initial PdÿH
addition (to generate 5 a), irreversible b-migratory insertion
(to give 6 a) competes rather effectively against b-H elimi-
nation. Additionally, there appears to be very little PdÿH
addition with reversed regioselectivity (to give regioisomeric
terminal Pd s complex iso-5 a, Scheme 9) since there is no


Scheme 9. Regioselectivity of the PdÿH insertion to give 5 a but not iso-
5a, and relatively rapid and irreversible b-migratory insertion, ultimately
leading to 2a. There is approximately 15% b-H elimination leading back to
[Pd(H)(1,2-h ;6,7-h-1 a)], and a trace of b-H elimination leading to 14a.


detectable exchange of protons at C(2,6) with 2H or 1H, and b-
H elimination from 5 a rarely occurs with reversed regiose-
lectivity, since only traces (<5 %) of (E)-allylprop-1-enyl
malonate (14 a, a double-bond isomer of 1 a) are generated
(detected by GC). These features suggest that PdÿH addition
occurs from a chelate diene complex ª[Pd(H)(1,2-h ;6,7-h-
1 a)]º, which a) facilitates a more rapid b-migratory insertion
(from 5 a), b) guides b-H elimination to give the terminal 1 a
rather than internal alkene isomer 14 a and c) promotes
repeated PdÿH addition rather than dissociation of
[Pd(H)(1,2-h ;6,7-h-1 a)].


Mechanism of procatalyst activation : From NMR analysis of
the cycloisomerisation reactions it became clear that not all of
the starting complex [Pd(h3-C3H5)(MeCN)2]OTf was con-
sumed, despite complete consumption of 1 a. This situation is
similar to the use of [Pd(h3-C3H5)(CD3NO2)2]BF4 as catalyst
for dimerisation of styrene and of ethylene.[34] Since the Pd ±
allyl complex could be recovered in good yield (83 ± 91 %)
after complete reaction of the styrene, Sen and Lai[34]


proposed that the allyl complex itself was the active species.
Brookhart et al. drew very different conclusions from similar
results in the Pd-catalysed dimerisation of ethylene, where
again a procatalyst complex [Pd(allyl)(ethylene)(PCy3)]� was
found to be the major species throughout the reaction. It was
suggested that a slow allyl ± ethylene coupling step generates
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traces of a highly active PdÿH catalyst, the NMR-observable
resting state of which is [Pd(Et)(ethylene)2(PCy3)]� .[22e] In-
deed, the allyl ± ethylene coupling step, which generates 1,4-
pentadiene, was observed by Mecking and Keim in related
[Pd(allyl)(P,O)]� complexes (P,O� a hemilabile bidentate
phosphane/phosphane oxide ligand). This supports a
[Pd(H)(ethylene)(L)2]� species as the active catalyst for
ethylene dimerisation.[35] Furthermore, on switching from
ethylene to methyl acrylate, Brookhart et al., were able to
observe an acrylate allyl insertion product at ÿ25 8C, which
on warming to 15 8C in the presence of an excess of methyl
acrylate underwent b-hydride elimination to generate di-
methyl-2-hexenedioate.[22e]


Stoichiometric reactions employing isotopically labelled diallyl
malonate substrates : The stoichiometric reaction of [Pd(h3-
C3H5)(MeCN)2]OTf (see reference spectrum A in Figure 3)
with 1 a (1:1) in CDCl3 was monitored by 1H NMR spectros-
copy (500 MHz). Soon after mixing, partial (�15 %) con-
version to a new, but transient (vide infra), complex was
observed (spectrum B, Figure 3).


Figure 3. 1H NMR spectra of a stoichiometric reaction between 1 a and
[Pd(h3-C3H5)(MeCN)2]OTf in CDCl3 at 25 8C. A) Reference [Pd(h3-
C3H5)(MeCN)2]OTf. B) 10 min after addition of 1 a. Some 2a is evident
at this point. Inverted triangles indicate signals arising from 15a. C) After
complete consumption of 1a (16 h) to generate a mixture of 3a and 4a (as
indicated). Arrows indicate signals arising from unconsumed [Pd(h3-
C3H5)(MeCN)2]OTf. D) Reference sample of 15a (plus two equiv
CD3CN), prepared independently.


The complex spectrum (spanning dH� 0.8 ± 7.0) indicated
that 1 a and the Pd ± allyl complex had reacted to give an
unsymmetrical diene species (see inverted triangles in spec-
trum B). All attempts to isolate the complex failed, since after
a few minutes, traces of 2 a were observable and, over a period
of 4 ± 16 h, 1 a was consumed. Concomitantly, the unidentified
Pd complex slowly disappeared, and after complete con-
sumption of 1 a (to give 2 a, 3 a and 4 a, as well as other
unidentified alkene isomers), unconverted [Pd(h3-C3H5)-
(MeCN)2]OTf was the major (>80 %) Pd complex (see
arrows in spectrum C). Determination of a possible identity
for the transiently generated complex (spectrum B) was made
difficult by the low concentration of the complex, as well as a
number of isochronous signals from substrates and products.
Nonetheless, with the aid of one- and two-dimensional NMR
experiments (PECSY, PNOSY,
NOED and CHSHF) and la-
belled (2H and 13C) 1 a, the
intermediate was tentatively
assigned as 15 a. In this com-
plex, one of the alkene units
has been allylpalladated (b-migratory insertion) such that the
internal carbon atom becomes s-bound to PdII and the alkene
unit is p-bound to palladium.


Isolation and characterisation of the intermediate complex 15a
and generation of the active hydride : The small quantities of
complex 15 a formed on reaction of [Pd(h3-C3H5)(MeCN)2]-
OTf with 1 a and the apparent absence of an intermediate
Pd ± allyl diene complex[36] of the type [Pd(h3-C3H5)(1,2-h ;6,7-
h-1 a)]� suggested that displacement of acetonitrile ligand(s)
from the Pd ± allyl cation is slow, but that the subsequent b-
migratory insertion is rapid. Consequently, we treated
[{Pd(h3-C3H5)Cl}2] with AgOTf in CD2Cl2 in the presence of
one equivalent of 1 a. 1H NMR analysis of the solution after
removal of AgCl indicated that under these conditions 15 a
was quantitatively and rapidly formed (Scheme 10). Addition
of diethyl ether and storage at ÿ20 8C furnished 15 a as a
colourless crystalline solid (X-ray structure)[37] in 66 % yield
and in analytically pure form. The slow formation of 15 a
followed by b-H elimination to give an active PdÿH species
would provide a partial explanation for the induction period
in the cycloisomerisation of 1 a with catalysis by [Pd(h3-
C3H5)(MeCN)2]OTf. Indeed, it was initially somewhat sur-
prising that 15 a had a sufficiently long lifetime to be
observable, since b-H elimination might be expected to be
extremely facile. However, this does not explain the varia-
bility in induction period, and, more importantly, control
reactions demonstrated that samples of pure 15 a did not
catalyse cycloisomerisation of 1 a in CHCl3.


The solution-phase stability of 15 a towards b-H elimination
derives predominantly from the prerequisite for an agostic
interaction to facilitate a syn-b-H elimination,[38] which, as a
result of the rigid bicyclic structure,[37] is not feasible.[39] Given
the variability in induction period and the difficulty in
obtaining completely dry samples of [Pd(h3-C3H5)(MeCN)2]-
OTf,[18] we tested the effect of traces of water on the activation
of the procatalyst 15 a. The effects were dramatic:[40] imme-
diately after addition of a few microliters of water to
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Scheme 10. Slow reaction of diene 1 a with [Pd(h3-C3H5)(MeCN)2]OTf
and rapid reaction with [Pd(h3-C3H5)(S)2]OTf (S� solvent) to give 15a.
Selected NOEs (NOESY, 500 MHz) confirm the conformation of 15a in
solution (in which the complex is likely present in ionised form; L�MeCN,
for example). Note that complex 15a is not an active procatalyst for
cycloisomerisation of 1 a. Addition of water to a solution of 15 a in CHCl3 or
CH2Cl2 results in rapid generation of (E)/(Z)-16 a and Pd black.


a solution of 15 a in CD2Cl2 or CDCl3, the solution darkened
and the linear triene 16 a was identified by NMR spectroscopy
as the sole organic product. On a preparative scale, with 15 a
generated in situ, analytically pure triene 16 a was isolated
after chromatography in 98 % yield.[41] In the absence of
MeCN, the product mixture was unstable, and Pd black or,
occasionally, a Pd mirror was rapidly generated. The earlier
observation that there is no deuterium incorporation in 2 a
when Pd-catalysed cycloisomerisation of 1 a is conducted in
the presence of D2O[26b] suggests that Pd0 is not protonated by
the TfOH to (re)generate the active catalyst. When 1 a in
CDCl3 at 40 8C was treated with 5 mol % of the Pd complex
15 a, 10 mol% MeCN and 5 mol% H2O, cycloisomerisation of
1 a to 2 a, 3 a and 4 a proceeded smoothly and quantitatively
over a matter of hours.[42] After complete consumption of 1 a,
there was no evidence for triene 16 a, and prior to the addition
of water, no reaction was detectable by GC analysis after 16 h
at 40 8C. When the same reaction was performed at 25 8C, the
triene 16 a (ca. 5 %) could be detected in the product mixture,
which also contained 14 a ; hence, at higher temperature, the
more hindered alkenes 16 a and 14 a also undergo cyclo-
isomerisation.


Conclusion


We have developed [Pd(h3-C3H5)(MeCN)2]OTf[17] as a pro-
catalyst for cycloisomerisation of dimethyl diallyl malonate
(1 a). This reaction displays a pronounced and variable
induction period, gives predominantly 2 a as the kinetic


product and does not consume all of the [Pd(h3-C3H5)(Me-
CN)2]OTf. Deployment of isotopic labels (13C, and 2H) and
analysis of the primary cycloisomerisation product 2 a by
NMR spectroscopy (1H, 2H and 13C), in particular by
exploitation of 1J(C,H) and 1J(C,2H) coupling and 2H isotope
shifts, allowed conclusions to be drawn about the possible
mechanisms (Scheme 3). Competing isomerisation can often
be a problem in deuterium-labelling experiments.[11b, 43] In-
deed, in a recently reported mechanistic investigation into the
conversion of 1 a to 4 a (via 2 a) with catalysis by [Pd(h3-
C3H5)(Cl)(PCy3)]/NaB[3,5-C6H3(CF3)2]4 in the presence of
Et3SiH, exchange of labelled substrate with Et3SiH (and vice
versa) was so extensive as to generate many isotopomers of
the product.[11b] However, with the current system, isomer-
isation was not extensive, and this allowed useful stereo-
chemical details to be elucidated. The data obtained do not
support cyclometallation or CÿH insertion mechanisms as the
predominant catalytic pathway, but are consistent with a
hydropalladation mechanism (pathway A, Schemes 3 and 8)
involving an unobserved species [Pd(H)(L)]� . The palladium
hydride catalyst is generated by decomposition of the NMR-
observable PdII complex 15 a, formed by allylpalladation of
the coordinated diene. The complex was subsequently iso-
lated and fully characterised after alternative preparation, for
which omission of acetonitrile and use of anhydrous condi-
tions proved essential. The complex has a bicyclic structure in
which Pd is s-bound to what was C(2) of the diene and p-
bound to both the unchanged alkene and the terminal alkene
of the transferred allyl group. In solution, NOE contacts and
3J(H,H) coupling constants are consistent with a boat-like
geometry in the larger ring of the bicyclic diene complex
15 a.[37] In the absence of further ligands, the triflate coor-
dinates to Pd, and b-migratory insertion of the unchanged
alkene does not occur, since this would result in a coordina-
tively unsaturated Pd centre. In the presence of water, the
complex decomposes by b-hydride elimination, and the linear
triene 16 a is generated. Control experiments confirm that
catalytic quantities of 15 a (5 mol %)/MeCN (10 mol%) are
only effective for the cycloisomerisation of 1 a in CDCl3


solution at 40 8C with the addition of catalytic quantities
(�10 mol %) of water. The trace quantities of water present
in the reaction mixture when [Pd(h3-C3H5)(MeCN)2]OTf is
employed as catalyst accounts for the variable induction
periods observed from run to run. However, despite prop-
agation via a Pd hydride, we found no evidence for 1H/2H
exchange in the presence of D2O, which is often considered to
be a classic test for hydride intermediates.[44] .


Experimental Section


General : Commercial HPLC-grade solvents were dried by passage through
a commercial activated alumina column (Anhydrous Engineering). Re-
actions were carried out under nitrogen or argon by standard Schlenk
techniques. Samples of 2H- and 13C-labelled 1a were prepared by published
procedures.[15] Analytical data for unlabelled 1a : 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d� 5.64 (dddd, 2J(H,H)simul� 1.8, 3J(H,H)simul� 7.4,
9.9, 16.8 Hz, 2 H; C(2,6)H), 5.12 (dddd,2J(H,H)simul� 1.8, 3J(H,H)simul� 9.9,
16.8, 4J(H,H)� 1.1 Hz, 4 H; C(1,7)�CH2), 3.72 (s, 6H; C(CO2CH3)2), 2.64
(ddd, 3J(H,H)� 7.4, 4J(H,H)� 1.1, 1.1 Hz, 4 H; 3,5-CH2); 13C{1H} NMR
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(100 MHz, CDCl3, 25 8C, CDCl3): d� 171.2 (2�C�O), 132.2 (C(2,6)),
119.2 (C(1,7)), 57.6 (C(4)), 51.4 (2�CH3), 36.9 (C(3,5)); MS (EI): m/z (%):
212 (0.3) [M]� , 171 (4) [Mÿ allyl]� , 84 (100), 86 (64); elemental analysis
(%) calcd for C11H16O4 (212.24): C 62.25, H 7.60; found: C 62.66, H 7.90.
The 13C-labelled primary cycloisomerisation product (in the form of
[(C(2),C(3)�CH2,C(4)ÿCH3,C(5)ÿ13C1]-2a) was prepared by Ru-catalysed
cycloisomerisation[8] of [1,3-13C1]-1a. NMR experiments were performed
on JEOL Delta 270, Lambda300, GX 400 and Alpha 500 instruments.
Frequency reference: 1H, 13C: internal; 19F NMR: external. Full assign-
ments were aided by one- and two-dimensional experiments (DEPT,
HHCOSY, PECSY, CHCOSY, FGHMBC, PNOSY), as appropriate.
Elemental analyses were performed by the analytical service at the School
of Chemistry, University of Bristol. IR spectra: Perkin ± Elmer 1600 FT,
samples were prepared as thin films on NaCl or as KBr discs. Flash column
chromatography: Merck silica gel 60 eluted with a constant gravity head of
about 15 cm solvent. TLC: 0.25 mm, Merck silica gel 60 F254 with
visualization at 254 nm or with acidic (H2SO4) aqueous KMnO4 solution
(ca. 2%). Mass spectra: VG Micromass (EI, CI, FAB). GC Analysis:
Shimadzu GC17A, Restek Corp. RTX-5 Column, Crossbond 5 % diphen-
yl-/95 % dimethylpolysiloxane stationary phase (15 m, 0.25 mm, 0.25 mm
df). Conditions: injector, 220 8C; detector, 220 8C; oven, 100 8C or 110 8C
(isothermal); total flow, 0.4 cm3 minÿ1; pressure, 100 kPa.


Palladium complex 15 a : AgOTf (203.1 mg, 0.79 mmol) was added in one
portion to a Schlenk flask containing 1 a (167.5 mg, 0.79 mmol) and [{Pd(h3-
C3H5)Cl}2] (144.2 mg, 0.395) in dry CH2Cl2 (1.5 mL) under N2. The mixture
was stirred for 20 min, then the fine cream precipitate (AgCl) allowed to
settle. The supernatant was passed through a cannula into a separate
Schlenk flask where [Pd{7,7-(CO2Me)2-(1,2,5,9,10-h5)-dec-1,9-diene)}-
(OTf)] (15a) crystallised (266.3 mg, 66.4 %, m.p. 97 ± 98 8C, colourless
solid) after addition of diethyl ether (5:1) and cooling to ÿ20 8C. 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 7.03 (br m, 1H; C(2)H), 6.05 (dddd,
3J(H,H)� 5.5, 8.0, 9.2, 16.1 Hz, 1 H; C(9)H), 5.82 (dd, 2J(H,H)� 1.2,
3J(H,H)� 9.2 Hz, 1H; C(10)Htrans), 5.47 (d, 3J(H,H)� 8.8 Hz, 1 H;
C(1)Htrans), 5.36 (d, 3J(H,H)� 16.9 Hz, 1H; C(1)Hcis), 5.07 (dd, 2J(H,H)�
1.2, 3J(H,H)� 16.1 Hz, 1 H; C(10)Hcis), 3.93 (s, 3H; C(7)CO2CH3), 3.78 (s,
3H; C(7)CO2CH3), 3.02 (dddd, 3J(H,H)� 4.0, 4.8, 7.7, 9.5 Hz, 1 H; C(5)H),
2.88 (dd, 2J(H,H)� 15.4, 3J(H,H)� 5.5 Hz, 1H; C(8)Heq), 2.60 (dd,
2J(H,H)� 15.4, 3J(H,H)� 8.0 Hz, 1H; C(8)Hax), 2.40 (br m, 1H, C(3)Heq),
2.30 (br m, 1 H; C(3)Hax), 2.16 (dd, 2J(H,H)� 15.8, 3J(H,H)� 4.0 Hz, 1H;
C(6)Heq), 1.75 (br m, 1 H; C(4)Heq), 1.25 (br m, 1H; C(4)Hax), 0.81 (dd,
2J(H,H)� 15.8, 3J(H,H)� 4.0 Hz, 1H; C(6)Hax); 13C{1H} NMR (100 MHz,
CDCl3, 25 8C, CHCl3): d� 172.23 (C�O), 171.05 (C�O), 131.62 (C(2)),
115.91 (C(9)), 103.7 (C(10)), 94.99 (C(1)), 58.26 (C(7)), 56.61 (C(5)), 53.89
(CH3), 53.31 (CH3), 41.66 (C(6)), 36.36 (C(4)), 35.34 (C(8)), 29.83 (C(3));
19F NMR (470.5 MHz, CDCl3, 25 8C, CCl3F): d�ÿ77.9 (s, CF3); IR (KBr):
nÄ � 3107 (w), 2957 (m), 2874 (w), 2855 (w), 1751 (s), 1735 (s), 1639 (w), 1565
(w), 1547 (w), 1439 (s), 1407 (w), 1301 (s), 1269 (s), 1210 (s), 1172 (s), 1094
(m), 1071 (w), 1060 (w), 1023 (s), 977 (w), 959 (w), 950 (s) 938 (m), 910 (w),
862 (m), 837 (w), 824 (w), 810 (w), 691 (w), 635 (s), 579 (m), 517 cmÿ1 (m);
MS (CI): (m)/z (%): 361 (4) [MÿOTf�1]� , 359 (4) [MÿOTfÿ 1]� , 253
(30) [MÿOTfÿPd]� , 193 (100) [C12H17O2]� ; MS (FAB): m/z (%): 361 (18)
[MÿOTf�1]� , 359 (14) [MÿOTfÿ 1]� , 253 (22) [MÿOTfÿPd]� , 154
(100), 136 (80); elemental analysis (%) calcd for C15H21F3O7PdS (508.80): C
35.41, H 4.16; found: C 35.76; H 4.16.


Reaction of 15 a with water : Water (5 mL) was added to a stirred solution of
15a (20.1 mg, 0.04 mmol) in CH2Cl2 (1 mL), and the colour rapidly
darkened. After 2 h, passage through a small plug of silica (2� 0.5 cm),
washing through with diethyl ether (10 mL) and then concentration in
vacuo afforded a yellow oil. Purification by flash chromatography (hexane/
EtOAc 10:1) gave dimethyl-1,4-(E)-9-decatrien-7,7-dicarboxylate (16 a) as
a clear oil (9.33 mg, 93.1 %). An analogous experiment using 15a prepared
in situ gave 16 a in 98% yield of isolated product. 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d� 5.78 (ddt, 3J(H,H)� 17.1, 10.3, 6.4 Hz, 1 H;
C(2)H), 5.65 (ddt, 3J(H,H)� 15.4, 9.8, 7.3 Hz, 1H; C(9)H), 5.52 (dtt,
3J(H,H)� 15.2, 6.9, 4J(H,H)� 1.2 Hz, 1H; C(4)H), 5.28 (dtt, 3J(H,H)� 7.3,
5.2, 4J(H,H)� 1.5 Hz, 1H; C(5)H), 5.13 (ddt, 2J(H,H)� 1.0, 3J(H,H)� 15.4,
4J(H,H)� 1.0 Hz, 1 H; C(10)Hcis), 5.11 (ddt, 2J(H,H)� 1.0, 3J(H,H)� 9.8,
4J(H,H)� 1.0 Hz, 1 H; C(10)Htrans), 5.07 (ddt, 2J(H,H)� 1.7, 3J(H,H)� 17.1,
4J(H,H)� 1.7 Hz, 1 H; C(1)Hcis), 4.99 (ddt, 2J(H,H)� 1.7, 3J(H,H)� 10.3,
4J(H,H)� 1.7 Hz, 1H; C(1)Htrans), 3.73 (s, 6H; 2�CH3), 2.74 (ddddd,
3J(H,H)� 6.9, 6.4, 4J(H,H)� 1.7, 1.7, 1.5 Hz, 2 H; C(3)H2), 2.63 (dt,


3J(H,H)� 7.3, 4J(H,H)� 1.0 Hz, 2 H; C(8)H2), 2.60 (dd, 3J(H,H)� 7.3,
4J(H,H)� 1.2 Hz, 2 H; C(6)H2); 13C{1H} NMR (100 MHz, CDCl3, 25 8C,
CDCl3): d� 171.28 (2�C�O), 136.60 (C(2)), 132.74 (C(9)), 132.31 (C(4)),
124.65 (C(5)), 119.16 (C(10)), 115.21 (C(1)), 57.83 (C(7)), 52.32 (2�CH3),
36.89 (C(3)), 36.69 (C(8)), 35.72 (C(6)); IR (NaCl): nÄ � 3474 (w), 3079 (m),
3002 (m), 2981 (m), 2953 (s), 2843 (w), 1743 (s), 1639 (s), 1436 (s), 1324 (m),
1286 (s), 1216 (s), 1142 (s), 1060 (m), 995 (m), 974 (m), 919 (s), 857 (w), 733
(w), 694 (w), 655 (w), 559 cmÿ1 (w); MS (CI): m/z (%): 253 (80) [M� 1]� ,
221 (54) [MÿOCH3]� , 193 (76) [MÿCO2CH3]� , 161 (52), 133 (55), 117
(100). HRMS (CI): m/z : 253.143984 [M�1]� ; calcd for C14H21O4:
253.145161; elemental analysis (%) calcd for C14H20O4 (252.31): C 66.65,
H 7.99; found: C 66.52, H 7.87; GC analysis (110 8C): (E)-16a : 17.9� 0.2 min
(75 %); (Z)-16a : 19.4� 0.2 min (25 %).[41]


Palladium-catalysed cycloisomerisation with 15a as procatalyst : A solution
of 1 a (34.4 mg, 0.16 mmol) in dry CHCl3 (1 mL) was added by syringe to a
stirred solution of 15 a (4.1 mg, 0.008 mmol, 5 mol %) in CHCl3 (0.5 mL).
The mixture was heated to 40 8C. GC analysis (100 8C) after 16 h at this
temperature indicated no conversion of 1 a had occurred (2, 3 a, 4a not
detected (�0.1 %)). CH3CN (0.9 mL) and water (0.15 mL) were added by
means of a syringe in one portion. GC analysis after 4 h indicated 80%
conversion. After a further 12 h, GC analysis indicated 100 % conversion.
Filtration through a pad of silica (2� 1.5 cm), elution with CH2Cl2 (20 mL),
concentration in vacuo and then purification by flash chromatography
(hexane/EtOAc 12:1) gave a clear oil (22.4 mg, 65.1 %). GC analysis
(100 8C): 2a : 9.59� 0.2 min (9 %); 3a : 10.62� 0.2 min (76 %); 4 a : 11.66�
0.2 min (15 %). Components were identified by reference to independently
prepared, analytically pure materials:


1,1-Dimethylcarboxy-3-methylene-4-methylcyclopentane (2a):[8] 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d� 4.92 (ddd, 4J(H,H)� 2.2, 2.2, 2.2 Hz,
1H; C(3)�CHcis); 4.81 (ddd, 4J(H,H)� 2.2, 2.2, 2.2 Hz, 1 H; C(3)�CHtrans),
3.74 (s, 3H; CO2CH3), 3.72 (s, 3H; CO2CH3), 3.07 (ddd, 2J(H,H)� 17.1,
4J(H,H)� 2.2, 2.2 Hz, 1 H; C(2)HB), 2.94 (ddd, 2J(H,H)� 17.1, 4J(H,H)�
2.2, 2.2 Hz, 1H; C(2)HA), 2.57 (dd, 2J(H,H)� 13.9, 3J(H,H)� 7.3 Hz, 1H;
C(5)Hsyn), 2.56 (ddddq, 3J(H,H)� 16.1, 7.3, 6.2, 4J(H,H)� 2.2, 2.2 Hz, 1H;
C(4)H), 1.74 (dd, 2J(H,H)� 13.9, 3J(H,H)� 16.1 Hz, 1H; C(5)Hanti), 1.15
(d, 3J(H,H)� 6.2 Hz, 3H; C(4)CH3); 13C{1H} NMR (75 MHz, CDCl3,
25 8C, CDCl3): d� 172.4, 172.3 (2�C�O), 153.2 (C(3)), 105.6 (C(3)�CH2),
58.2 (C(1)), 52.7, 52.6 (2�CO2CH3), 42.3 (C(5)), 40.6 (C(2)), 37.3 (C(4)),
17.9 (C(4)CH3); MS (EI): m/z (%): 213 (4) [M�1]� , 212 (38) [M]� , 152 (96)
[MÿCO2CH3]� , 93 (100), 57 (61); elemental analysis (%) calcd for
C11H16O4 (212.24): C 62.25, H 7.60; found: C 62.47, H 7.71.


1,1-Dimethylcarboxy-3,4-dimethylcyclopent-2-ene (3a):[12b] 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 5.43 (dq, 4J(H,H)� 1.7, 1.7 Hz, 1H;
C(2)H), 3.74 (s, 3 H; CO2CH3), 3.71 (s, 3H; CO2CH3), 2.62 ± 2.82 (m, 2H,
C(4)H, C(5)HB), 1.94 (dd, 2J(H,H)� 12.7, 3J(H,H)� 5.6 Hz, 1 H; C(5)HA),
1.73 (d, 4J(H,H)� 1.5 Hz, 3H; C(3)CH3), 1.06 (d, 3J(H,H)� 6.5 Hz, 3H;
C(4)CH3); 13C{1H} NMR (75.45 MHz, CDCl3, 25 8C, CDCl3): d� 172.0,
172.4 (2�CO2Me), 150.3 (C(3)), 121.8 (C(2)), 64.8 (C(1)), 52.6, 52.4 (2�
CO2CH3), 41.9 (C(4)), 40.6 (C(5)), 18.9 (C(4)CH3), 14.6 (C(3)CH3); MS
(EI): m/z (%): 213 (4) [M�1]� , 212 (4) [M]� , 173 (24), 152 (100) [Mÿ
CO2Me]� , 121 (17), 93 (26); elemental analysis (%) calcd for C11H16O4


(212.24): C 62.25, H, 7.60; found: C 62.60, H 7.87.


1,1-Dimethylcarboxy-3,4-dimethylcyclopent-3-ene (4a):[12b] 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d� 3.73 (s, 6 H; (CO2CH3)2), 2.94 (s, 4H;
C(2,5)CH2), 1.60 (s, 6H; C(3,4)CH3); 13C{1H} NMR (75 MHz, CDCl3,
25 8C, CDCl3): d� 173.0 (2�COCH3), 128.0 (C(3,4)), 57.1 (C(1)), 52.7 (2�
CO2CH3), 45.9 (C(2,5)), 13.3 (C(3,4)CH3); MS (EI): m/z (%): 212 (9) [M]� ,
153 (24) [MÿCO2CH3]� , 24), 152 (57), 86 (73), 84 (100); elemental analysis
(%) calcd for C11H16O4 (212.24): C 62.25, H 7.60; found: C 62.43, H 7.96.


Dimethyl 1,5-(E)-heptadiene-4,4-dicarboxylate (14 a): A solution of di-
methyl allyl malonate and [Pd(h3-C3H5)(MeCN)2]OTf (5 mol %) in CDCl3


was heated at 40 8C for 72 h to afford dimethyl but-2-ene-1,1-dicarboxylate
(75 % E). 1H NMR (400 MHz, CDCl3, 25 8C, TMS): E isomer: d� 5.72 (m,
2H; C(2)H, C(3)H), 4.02 (d, 3J(H,H)� 7.3 Hz, 1H; C(1)H), 3.75 (s, 6H;
2�CO2CH3), 1.75 (d, 3J(H,H)� 4.8 Hz, 3 H; C(4)CH3), 13C{1H} NMR
(100 MHz, CDCl3, 25 8C, CDCl3): d� 168.8 (2�CO2CH3), 131.95 (C(2)),
122.31 (C(3)), 55.37 (2�CO2CH3), 52.68 (C(1)), 17.98 (C(4)). After column
chromatography, the mixture of isomers (86.8 mg, 0.5 mmol) was treated
with allyl benzoate by following published procedures[15] to give (E)-14a
(75 % E) as a colourless oil (82.9 mg, 77.5 %). 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 5.92 (ddq, 3J(H,H)� 15.9, 8.1, 4J(H,H)� 1.7 Hz, 1H;
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C(5)H), 5.67 (m, 2 H; C(2)H, C(6)H), 5.09 (m, 2 H; C(1)H2), 3.78 (s, 6H,
2�CO2CH3), 2.78 (dt, 3J(H,H)� 7.1, 4J(H,H)� 1.2, 1.2 Hz, 2H; C(3)H2),
1.76 (dd, 3J(H,H)� 6.4, 4J(H,H)� 1.7 Hz, 3H; C(7)CH3); 13C{1H} NMR
(100 MHz, CDCl3, 25 8C, CDCl3): d� 170.76 (2�CO2CH3), 132.66 (C(2)),
127.99 (C(6)), 126.99 (C(5)), 118.57 (C(1)), 59.45 (C(4), 52.49 (2�
CO2CH3), 39.7 (C(3)), 18.21 (C(2)); IR (NaCl): nÄ � 3080 (m), 3006 (m),
2983 (m), 2956 (s), 2845 (w), 1737 (s), 1642 (m), 1621 (w), 1438 (s), 1327 (w),
1290 (s), 1220 (s), 1143 (s), 994 cmÿ1 (w); MS (CI): m/z (%): 213 (24) [M]� ,
181 (36), 171 (40), 153 (100) [M-CO2CH3]� , 93 (18), 71 (22), 57 (24);
elemental analysis (%) calcd for C11H16O4 (212.24): C 62.25, H 7.60; found:
C 62.60, H 7.87.
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Abstract: Two series of 2,5-dipyridyl-
and 2,5-dithienylphosphole derivatives
containing s3- or s4-P atoms were pre-
pared, and their optical (UV/Vis ab-
sorption, fluorescence spectra) and elec-
trochemical properties were systemati-
cally evaluated. These physical
properties depend mainly on the natures
of the 2,5-substituents and of the phos-
phorus moiety, and they revealed that
these compounds contain extended p-


conjugated systems. Structure ± property
relationships were established on the
basis of these experimental data and ab
initio calculations on the parent mole-
cules. The limited aromatic character


and low-lying LUMO of the phosphole
ring appear to be crucial for achieving a
highly delocalised p system. Electroox-
idation of 2,5-dithienylphosphole deriv-
atives affords electroactive films with
low optical band gaps. As observed for
the corresponding monomers, the opti-
cal and electrochemical properties of the
polymers can be varied over a wide
range by modifying the nature of the
phosphorus moiety.


Keywords: ab initio calculations ´
electrochemistry ´ phosphorus
heterocycles ´ pi interactions ´ thin
films


Introduction


Linear p-conjugated oligomers and polymers based on a
planar backbone of sp2-bonded carbon atoms have attracted
increasing interest in recent years owing to their potential
application in electronic devices (e.g., light-emitting diodes,
thin-film transistors, photovoltaic cells).[1] The optical and
electronic properties of these macromolecules depend sig-
nificantly on their HOMO ± LUMO gap and the electron
density of the carbon backbone. Several strategies have been


developed to vary these parameters with the aim of preparing
novel conjugated frameworks with enhanced performance. A
common approach for tuning the properties of p-phenyl-
enevinylenes, which are the best studied conjugated polymers,
is to introduce lateral substituents with specific electronic and/
or steric properties.[1a] Another successful strategy involves
the incorporation of aromatic heterocycles in the backbone of
p-conjugated systems.[1d±2] The possibility of incorporating
heterocyclic building blocks with different aromatic character
and electronic nature allows for engineering at the molecular
level. Indeed, low aromaticity favours electron delocalisation
along the main chain, while maximum conjugation is obtained
in copolymers with alternating electron-rich and electron-
deficient subunits due to intramolecular charge transfer
(ICT).[2a±d] Heterocyclopentadienes have been extensively
used for such purposes, since their electronic properties
depend on the nature of the heteroatoms. For example,
metalloles of Group 14 elements (siloles, germoles, stannoles)
exhibit a high electron affinity,[2i±l] whereas those of Groups 15
(pyrrole) and 16 (furan, thiophene) have electron-rich aro-
matic p-systems.[2f]


Although the chemistry of phospholes is well developed,[3]


these phosphacyclopentadienes have received little attention
as building blocks for p-conjugated systems. Mathey et al.
reported the synthesis of well-defined oligophospholes A[4a]


and a-thienyl-a-phospholes B[4b,c] (Figure 1). X-ray diffraction
studies show that these oligomers exhibit significant rota-
tional disorder that prevents extended p-conjugation.[4d] Tilley
et al. recently described the first polymer containing phos-
phole rings C (Figure 1).[4e] Due to their irregular structure (2,4-
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and 2,5-linkages) these polymers have relatively wide HO-
MO ± LUMO gaps and are efficient emitters of blue light. The
scarcity of such materials is surprising, since phospholes have
certain properties that make them attractive synthons for the
construction of p-conjugated systems.[5a,b] The phosphorus
atom does not readily form sp hybrids and mainly employs p
electrons for bonding. This leads to a pyramidal geometry of
the tricoordinate phosphorus atom and a pronounced s
character of the lone pair.[3, 5] These geometric and electronic
features prevent efficient interaction of the lone pair on
phosphorus with the endocyclic diene system. Hence, phos-
pholes possess 1) a weak aromatic character, which should
favour delocalisation of the p-system, and 2) a reactive
heteroatom, which potentially offers the possibility of tuning
the HOMO and the LUMO levels by chemical modification.
These properties prompted us to prepare a family of 2,5-
diaryl- and 2,5-diheteroarylphosphole derivatives D (Fig-
ure 1) as model compounds. Several strategic structural
variations can be envisaged for tuning their electronic
properties and elucidating structure ± property relationships.
Electron-deficient 2-pyridyl or electron-rich 2-thienyl sub-
stituents can be introduced at the 2,5-positions of the phos-
phole ring; the size of the fused carbocycle and the substituents
on phosphorus can also be varied. Finally, chemical modifi-
cation of the nucleophilic P atom can be performed.


Here we report on full details of the chemistry of
compounds D, including crystal structures, UV/Vis absorption
and fluorescence data, electrochemical behaviour and theo-
retical calculations. The electropolymerisation of 2,5-bis(2-
thienyl)phosphole derivatives and the electrochemical and
spectroscopic characterisation of the resulting materials are
also presented.


Results


Synthesis of 2,5-diheteroaryl- and 2,5-diarylphospholes : The
target phospholes D were prepared by the Fagan ± Nugent


route,[6] a classical and efficient
method for heterole synthe-
sis.[2g±i, q, 3] The intramolecular
oxidative coupling of diynes 1,
which contain a (CH2)3 or a
(CH2)4 spacer to facilitate the
desired 2,5-substitution pattern,
with ªzirconoceneº gave the
corresponding zirconacyclo-
pentadienes 2 (Scheme 1). To
gain more insight into the prop-
erties of the key organometallic
intermediates 2,[2g±i] zirconacy-
clopentadienes 2 a (45% yield)
and 2 b (63 % yield) bearing
2-pyridyl and 2-thienyl units,
respectively (Scheme 1), were
isolated as extremely air- and
moisture-sensitive red crystal-
line solids.[7, 8a] Complexes 2 a,b
were characterised by NMR
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Scheme 1. Synthesis of 2,5-diheteroaryl- and 2,5-diarylphospholes 3.
i) [Cp2ZrCl2], nBuLi (2 equiv), THF, ÿ78 8C to RT, 12 h; ii) PhPX2, THF,
ÿ78 8C to RT/40 8C, 3 ± 5 h.


spectroscopy in solution. The nature of the 2,5-substituents
has an influence on the 13C NMR chemical shifts of the C
atoms of the metallacycle. Compound 2 a, which bears
electron-withdrawing 2-pyridyl groups, has signals at lower
field than those of bis(2-thienyl)-substituted 2 b. This effect is
more pronounced for the C atoms in the b-position with
respect to the metal centre (Ca : 2 a : d� 179.8, 2 b : d� 177.9;
Cb : 2 a : d� 153.5, 2 b : d� 142.1). Complex 2 b, which is also a
key intermediate for the preparation of bis(2-thienyl)metal-
loles[2i] and -thiophene oxides,[2g] was subjected to an X-ray
structure analysis (Figure 2, Tables 1 and 2), which revealed a
twisted arrangement, with torsion angles of 41.0 and 40.58
between the thiophene units and the slightly puckered
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Figure 1. Known phosphole-containing oligomers A and B and polymers C. General structure of 2,5-
diarylphosphole D.
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Figure 2. Molecular structure of complex 2b in the solid state (50 %
probability thermal ellipsoids) with atom labelling for Table 1 (hydrogen
atoms omitted for clarity).


zirconacyclopentadiene ring (C2-C7-C8-Zr 3.6(5), C7-C2-C1-
Zr 7.3(5)8). These inter-ring twist angles are far larger than
those recorded for Group 14 bis(2-thienyl)metalloles (6.0 ±
16.58)[2i] and thiophene oxides (11.2 and 26.38).[2g] The
endocyclic C-Zr-C and Zr-C-C angles, as well as the ZrÿC
bond lengths, are unremarkable[8] (Table 1) and reveal no
constraints imposed by the fused carbocycle.[8a]


Addition of PhPCl2 to a solution of 2 a in THF at room
temperature cleanly afforded phosphole 3 a. In contrast, 2 b is
inert toward PhPCl2, but reacts with PhPBr2 to give
phosphole 3 b in nearly quantitative yield. Phos-
pholes 3 a,b can be obtained in higher overall yields
in a one-pot procedure which avoids the isolation of
2 a,b (Table 3).[9a,b] Phospholes 3 d and 3 e
(Scheme 1) were obtained in moderate yields by
using this one-pot procedure; yields of 3 c and 3 f
were lower (Table 3). The dipyridyl-, dithienyl- and
diphenylphospholes exhibit comparable stability
towards hydrolysis and oxidation both in solution
(THF, CH2Cl2) and in the solid state. In fact, the
stability of these phospholes is directly related to the
nature of the P-substituent. 1-Phenylphospholes
3 a ± d can be isolated by flash column chromatog-
raphy on basic alumina as air-stable solids. In
contrast, 1-alkylphosphole 3 e can only be handled
under an inert atmosphere, while 1-aminophosphole
3 f is extremely air and moisture sensitive and
decomposes during purification. The solid-state
thermal stability was determined by thermogravi-
metric analysis and differential scanning calorimetry
under a nitrogen atmosphere. Here again, the P-
phenyl- and P-alkylphospholes 3 a ± e are most
stable and decompose (5 % loss of weight) only
above 200 8C (Table 3).


Compounds 3 a ± e were characterised by high-
resolution mass spectrometry and gave satisfactory
elemental analyses. Solid-state structures were de-
termined for 3 a[9a] and 3 b[9b] (vide infra). The


multinuclear NMR data of compounds 3 a ± f are consistent
with the proposed structures (Table 3). The NMR data of
phospholes 3 a,b were independent of temperature between
�80 and ÿ60 8C, and the simplicity of the 13C NMR spectra
favours symmetrical structures. However, a statistical disorder
(syn,syn/anti,anti arrangement 20:80) was observed in the
solid state for 3 b (vide infra). Furthermore, theoretical
calculations predict a low energy barrier to rotation about
the inter-ring CÿC bonds (vide infra). It is thus very likely that
this dynamic process is rapid in solution.


It is well established that any correlations between the
13C NMR data for the endocyclic Ca and Cb atoms (i.e.,
chemical shifts, JPC coupling constants) and the extent of cyclic


Table 1. Selected bond lengths [�] and angles [8] for zirconacyclopenta-
diene 2 b, phospholes 3a,[9a] 3 b[9b] and complexes 7 a[9a] and 7 b.


2b[a] 3a[b] 3 b[b] 7a[c] 7b[c]


MÿC1 2.255(4) 1.806(6) 1.817(4) 1.820(5) 1.821(8)
MÿC8 2.269(4) 1.806(6) 1.818(5) 1.819(4) 1.817(8)
C1ÿC2 1.353(6) 1.365(9) 1.366(6) 1.356(5) 1.357(11)
C2ÿC7 1.494(6) 1.478(9) 1.465(7) 1.466(8) 1.487(11)
C7ÿC8 1.340(6) 1.354(8) 1.356(6) 1.352(5) 1.349(11)
C1ÿC13 1.471(7) 1.466(9) 1.436(6) 1.463(7) 1.449(10)
C8ÿC9 1.466(6) 1.467(8) 1.457(6) 1.461(7) 1.457(10)
C1-M-C8 76.4(2) 90.5(3) 90.9(2) 90.5(2) 91.4(4)
M-C8-C7 112.6(3) 110.7(5) 110.2(4) 110.0(4) 110.0(6)
C7-C2-C1 118.5(4) 113.8(6) 114.9(4) 113.9(4) 114.5(7)
C2-C1-M 112.9(3) 110.7(4) 109.3(3) 110.3(4) 109.3(6)
C1-M-C17 ± 103.2(3) 104.3(2) 105.2(2) 103.7(3)
C8-M-C17 ± 105.4(3) 104.1(2) 103.3(2) 104.3(4)


[a] M�ZrCp2. [b] M�PPh. [c] M�PW(CO)5Ph.


Table 2. Data for the structure determination of 2b and 7b.


2 b 7b


formula C26H24S2Zr C27H19O5PS2W
Mr 491.79 702.36
T [K] 293 293
crystal system monoclinic triclinic
space group P21/c P1Å


a [�] 9.7556(3) 10.010(5)
b [�] 12.2638(4) 11.348(7)
c [�] 18.7421(6) 13.734(5)
a [8] 90 75.93(3)
b [8] 99.481(2) 70.21(3)
g [8] 90 64.14(6)
V [�3] 2211.69(11) 1312.6(11)
Z 4 2
colour red pale yellow
crystal size [mm] 0.36� 0.21� 0.20 0.40� 0.35� 0.33
1calcd [Mg mÿ3] 1.477 1.777
F(000) 1008 684
m (MoKa) [cmÿ1] 6.96 46.56
l [�] 0.71073 0.71073
diffractometer NONIUS Kappa CCD CAD4 ENRAF-NONIUS
h/k/l limits 0;13/ÿ 16;17/ÿ 26;26 0;12/ÿ 13;14/ÿ 16;17
scan range (2q) [8] 3 ± 60 3 ± 54
reflections collected/unique 11973/4229 6061/5729
R(int) 0.0878 0.0328
data with I> 2s(I) 4229 4811
data/restraints/parameters 6456/0/263 5729/0/326
goodness-of-fit on F 2 1.061 1.064
final R indices [I> 2s(I)] R1/wR2 0.0773/0.2112 0.0627/0.1583
R indices (all data) R1/wR2 0.1187/0.2463 0.0787/0.1682
largest diff. peak/hole [e�ÿ3] 1.446/ÿ 1.315 5.208/ÿ 3.689
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delocalisation within the phosphole ring are subjective and
unconvincing.[3] The substitution pattern clearly has an impact
on the NMR spectroscopic data of the phosphole ring, and the
following features are noteworthy. As observed for the
corresponding zirconacyclopentadienes 2 a and 2 b, the Ca


and Cb atoms of the pyridyl-substituted phosphole 3 a are
more strongly deshielded than those of the corresponding
dithienylphosphole 3 b (Table 3). The size of the fused carbo-
cycle also has a marked influence. The 31P and 13C chemical
shifts of 3 a with a 3,4-C4 bridge are unremarkable (Table 3).
In contrast, 3,4-C3-bridged 3 d has a 31P NMR signal at an
unusually low field [d��11.7 (3 a), �36.0 (3 d)], and the
chemical shifts of its Ca (d� 139.6) and Cb atoms (d� 158.3)
are more shielded and deshielded (3 a/3 d) than those of 3 a
(d� 144.4 and 148.1), respectively. As was observed for other
metalloles,[8a] this effect is probably associated with a mod-
ification of the angles within the phosphole ring due to the
constraint imposed by the fused carbocycle. Finally, as is
usually observed,[3] the 31P NMR chemical shifts of s3,l3-
phospholes depend on the nature of the P-substituent.
However, phospholes 3 a, 3 e and 3 f exhibit surprisingly
similar 13C NMR data (Table 3).


Derivatisation of 2,5-diheteroarylphospholes 3 a and 3 b : The
readily available phospholes 3 a,b were subjected to simple,
classical reactions that exploit the nucleophilicity of the s3,l3-
P atom.[3] Compounds 3 a and 3 b were treated with one
equivalent of bis(trimethylsilyl) peroxide, elemental sulfur,
[W(CO)5(thf)] and methyl trifluoromethanesulfonate to give
phosphole oxides 4 a and 4 b, phosphole sulfides 5 a and 5 b, W
complexes 7 a and 7 b and phospholium salts 8 a and 8 b,
respectively (Scheme 2). Addition of one equivalent of
selenium to 3 b afforded 6 b. These derivatives were isolated
in high yields (Table 3) as air-stable solids, except for 4 a and
8 a, which bear 2-pyridyl substituents. Compound 4 a decom-
poses rapidly in THF or CH2Cl2 and was only observed by 31P
NMR spectroscopy (d��42.4). The slow decomposition of
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Scheme 2. Derivatisation of 2,5-diheteroarylphospholes 3 a and 3b. i) Me3-
SiOOSiMe3, CH2Cl2, RT, 12 h; ii) 1/8 S8, THF, RT, 36 h; iii) Se, THF, RT,
24 h; iv) [W(CO)5(thf)], THF, RT, 3 ± 15 h; v) MeOTf, RT, 12 h.


phospholium salt 8 a prevented satisfactory elemental analy-
sis. The multinuclear NMR spectroscopic data of the isolated
phospholes are typical[3] and support the proposed structures
(Table 3). Complexes 7 a[9a] and 7 b were subjected to single-
crystal X-ray diffraction studies (vide infra).


To evaluate the extent of the perturbation induced by these
chemical modifications, the 13C NMR chemical shifts of the
endocyclic phosphole carbon atoms of compounds 3 a,b were
compared with those of their derivatives. The general trends
are similar for both phospholes, and hence are discussed in
detail only for bis(2-thienyl)phosphole 3 b. The chemical shifts
of the Ca and Cb atoms of the free and W(CO)5-coordinated
phosphole are comparable (3 b/7 b : Dd< 1.1), and this sug-
gests that coordination of the phosphorus lone pair induces
very little perturbation within the C skeleton of the phosphole
ring. In comparison with the s3-phosphole 3 b, the Cb atoms of
the corresponding s4-phosphole oxide 4 b, sulfide 5 b and
selenide 6 b are slightly deshielded (0.7>Dd> 1.7), while the
Ca atoms are considerably more shielded (7.2>Dd> 10.7).
This effect is even more pronounced for the cationic salt 8 b,
the Cb and the Ca signals of which are strongly deshielded (3 b/
8 b, Dd� 9.7) and shielded (3 b/8 b, Dd� 17.3), respectively.
These spectroscopic data, as a whole, suggest that gradual
perturbation of the dienic moiety of the phosphole ring can be
achieved by chemical modifications involving the P atom.


Solid-state structures of free and W(CO)5-coordinated 2,5-
diheteroarylphospholes 3 a and 3 b : The thienyl rings of the
free[9b] and coordinated phosphole 3 b (Figure 3, Tables 1 and
2) exhibit a statistical disorder. This feature is typical for
linear oligomers bearing terminal thiophene rings[2a, 10] and, as
is usually observed for 2,5-bis(2-thienyl)heteroles,[2g,i] the two
thienyl substituents have an anti arrangement with respect to
the central phosphole ring in the prevailing conformation
(80 %). The free and W(CO)5-coordinated forms of 2,5-bis(2-
pyridyl)phosphole 3 a[9a] have the three heteroatoms in a
mutual syn,syn arrangement. Theoretical calculations on the
free phosphole (vide infra) show that this unexpected
conformation is slightly more stable than the two other
N,P,N arrangements (syn,anti and anti,anti).


The free and coordinated phospholes share some important
structural features. The twist angles between two adjacent


Table 3. Selected NMR data,[a] yields[b] and Td5
[c] for phospholes 3a ± f


and phosphole derivatives 5a,b ± 8a,b.


d 31P d 13C (JP-C [Hz]) yield
[%]


Td5


[8C]Ca Cb


3a � 11.7 144.4 (4.6) 148.1 (12.6) 73 210
3b � 12.7 135.7 (0) 144.4 (9.0) 75 205
3c � 13.6 143.7 (2.4) 144.2 (11.7) 40 199
3d � 36.0 139.6 (0) 158.3 (10.2) 70 197
3e � 30.5 143.2 (0) 147.0 (8.6) 60 198
3 f � 45.3 144.4 (0) 144.2 (12.6) 23[d] 182
4a � 42.4 ± ± 95[e] ±
4b � 42.3 125.0 (98.6) 145.1 (24.2) 95 214
5a � 53.1 132.9 (83.0) 152.1 (17.3) 92 145
5b � 52.6 128.5 (83.7) 146.1 (20.9) 93 253
6b � 41.5 (JP-Se� 372.2 Hz) 125.8 (74.3) 145.6 (20.8) 91 165
7a � 30.2 (JP-W� 231.8 Hz) 144.0 (45.0) 148.3 (11.2) 95 204
7b � 33.4 (JP-W� 226.2 Hz) 136.8 (43.5) 144.2 (13.3) 96 186
8a � 41.4 128.6 (87.0) 157.4 (20.4) 75 148
8b � 34.8 118.4 (85.3) 154.1 (20.8) 95 196


[a] Measured in CDCl3 at 298 K. [b] Isolated yield, ªone-potº procedure.
[c] Estimated by thermogravimetric analysis under N2, 5% weight loss.
[d] Compound 3 f can be obtained in 45% yield by subsequent addition of
PCl3 and iPr2NH. [e] According to NMR spectroscopy.
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Figure 3. Molecular structure of complex 7b in the solid state (50 %
probability thermal ellipsoids) with atom labelling for Table 1 (hydrogen
atoms omitted for clarity).


rings are rather small [3 a : 7.0(5), 25.68(5); 3 b : 12.5(5),
16.78(5); 7 a : 0.0(4), 11.38(4); 7 b : 7.3(9), 13.48(8)], and this
allows extended p conjugation over the three heterocycles.
For all compounds, the CÿC bond lengths between the rings
(C1ÿC13, C8ÿC4 1.436(6) ± 1.467(8) �; Table 1) and the
endocyclic C2ÿC7 bond lengths (1.465(7) ± 1.487(11) �) are
in the range expected for C(sp2)ÿC(sp2) single bonds, while
the endocyclic PÿC bond lengths (1.817(4) ± 1.821(8) �)
approach that of a PÿC single bond (1.84 �). Coordination
of the phosphorus lone pair to the W(CO)5 fragment has no
noticeable influence on the CPC angles (Table 1), since the
phosphorus atoms are strongly pyramidalised, as indicated by
the sum of the C-P-C angles (3 a, 299.38 ; 3 b, 299.38 ; 7 a, 299.08 ;
7 b, 299.48).


These solid-state data clearly show that the P lone pair of
the s3,l3-phospholes 3 a,b is not conjugated with the endocy-
clic dienic framework and that, in line with the conclusion
drawn from the 13C NMR data, the coordination of the P atom
by the W(CO)5 fragment causes little perturbation in the


phosphole ring. These data favour an extended delocalisation
involving the dienic moiety of the phosphole rings and the two
pyridyl or thienyl units.


UV/Vis absorption and fluorescence spectra of 2,5-dihetero-
arylphospholes and derivatives : It was of primary importance
to study the influence of the hydrogen-bond donor ability
(HBDA)[11] of the solvent on the photophysical properties of
phospholes, since they all possess basic centres. Phosphole 3 a,
bearing two pyridyl substituents, was selected for this study.
The solvent has a noticeable influence on the absorption
maximum, but the effect on the emission wavelength is
negligible (Table 4). It is noteworthy that the bathochromic
shift increases with increasing HBDA of the solvent. There-


fore, the UV/Vis absorption and fluorescence spectra of all
phospholes were recorded in the non-hydrogen-bonding
solvent THF (Table 5).[11] All of the phospholes shown in
Scheme 1 exhibit an absorption maximum in the visible
region, attributed to p ± p* transition of the extended
conjugated system, and on excitation at lmax, they emit in
the visible region (Table 5).


An increase in the size of the fused carbocycle has almost
no effect on lmax and lonset (optical end absorption) in the UV/
Vis spectra, but is accompanied by a blue shift in the emission
spectra (lem: 3 a : 463 nm; 3 d : 480 nm). The lmax and lonset


values of P-alkylphosphole 3 e are about 20 nm to shorter
wavelength than that of the corresponding P-phenylphos-
phole 3 a, but their lem values are very similar (Table 5).
Interestingly, the nature of the 2,5-substituents on the P-con-
taining ring has a dramatic effect on the photophysical


Table 4. Influence of the solvent on the photophysical data for phosphole
3a.[a]


lmax [nm] log e lem [nm]


THF 390 4.02 463
CH2Cl2 374 4.18 463
CHCl3 372 4.25 463
EtOH 364 4.19 466


[a] Absorption and emission maxima, �3 nm.


Table 5. Photophysical[a] and electrochemical[b] data for 2,5-diarylphospholes and their derivatives.


lmax [nm][c] lonset [nm][c] log e lem [nm][c] ff
[d] Epa [V] Epc [V]


3a 390 448 4.02 463 1.1� 10ÿ2 � 0.83 ÿ 2.45
3b 412 468 3.93 501 5.0� 10ÿ2 � 0.40 ±
3c 354 430 4.20 466 14.3� 10ÿ2 � 0.69 ÿ 2.88
3d 395 442 3.96 480 ± ± ±
3e 371 430 4.10 458 ± � 0.79 ÿ 2.67
4b 434 500 3.97 556 0.69� 10ÿ2[e] � 0.63 ÿ 2.03
5a 364 444 3.94 470 0.004� 10ÿ2 � 1.43 ÿ 1.88
5b 432 496 3.98 548 4.6� 10ÿ2[e] � 0.68 ÿ 1.95
6b 423 503 4.09 547 0.12� 10ÿ3[e] � 0.67 ÿ 1.96
7a 373 443 4.01 465 0.002� 10ÿ2 � 0.51 ÿ 2.09
7b 408 475 4.04 506 1.3� 10ÿ2[e] � 0.70 ÿ 2.20
8a 394 458 3.98 510 6.8� 10ÿ2 >� 1.8 ÿ 1.29
8b 442 528 3.92 593 0.8� 10ÿ2[e] � 0.92 ÿ 1.66


[a] Measured in THF. [b] All potentials were obtained during cyclic voltammetric investigations in 0.2m Bu4NPF6 in CH2Cl2. Platinum electrode diameter
1 mm, sweep rate: 200 mV sÿ1. All reported potentials are referenced to the reversible formal potential of the ferrocene/ferrocenium couple. [c] Absorption
and emission maxima, �3 nm; lonset , �5 nm. [d] Fluorescence quantum yields determined relative to quinine sulfate unless otherwise stated, �15%.
[e] Relative to fluorescein, �15%.
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properties of related phospholes 3 a ± c. A noticeable red shift
in the absorption spectra is observed on replacing the phenyl
groups either by 2-pyridyl (Dlmax� 36 nm) or 2-thienyl groups
(Dlmax� 58 nm); this effect is less pronounced for lonset


(Table 5). A blue-green emission is observed for diphenyl-
and bis(2-pyridyl)phospholes 3 a and 3 c (463 ± 466 nm), and
the emission of bis(2-thienyl)phosphole 3 b is red-shifted
(Dlem� 35 nm). The Stokes shift of 3 c (112 nm) is consid-
erably larger than those of heteroaryl-substituted 3 a (73 nm)
and 3 b (89 nm). The quantum yields also depend on the 2,5-
substitution pattern, the highest (14.3� 10ÿ2) being observed
for 3 c (Table 5).


Further variations of the photophysical properties of
phospholes can be achieved by chemical modifications
involving the P atom. The same chemical transformation
(coordination, oxidation by chalcogens, alkylation) has differ-
ent, and sometimes opposite, effects within the pyridyl- and
thienylphosphole series. Coordination of the P atom to a
W(CO)5 fragment has a relatively modest impact. Complex
7 a exhibits a maximum absorption at a shorter wavelength
than the free phosphole 3 a and a comparable emission
spectrum (3 a/7 a, Dlmax� 17 nm, Dlem� 2 nm), whereas free
and coordinated 3 b exhibit very similar photophysical data
(Table 5). Oxidation of the P atom to give s4 derivatives has a
more pronounced effect. Comparison of the absorption
spectra of s3-phosphole 3 a and s4-thiooxophosphole 5 a
reveals a blue shift in lmax (5 a/3 a, Dlmax� 26 nm), but similar
lonset (Table 5). In contrast, a red shift was observed for the
corresponding dithienyl derivatives (5 b/3 b, Dlmax� 20 nm,
Dlonset� 28 nm). Both series exhibit bathochromic shifts in the
emission maxima on oxidation of the P atom with chalcogens.
This effect is much weaker for the pyridyl- (3 a/5 a, Dlem�
7 nm) than for the thienyl-substituted phospholes (3 b/4 b ± 6 b,
Dlem� 46 ± 55 nm). Note that the Stokes shifts are almost the
same in both series (106 ± 116 nm). The most important
perturbation of the photophysical properties of phospholes
3 a,b was achieved by alkylation to give phospholium salts
8 a,b. Although the absorption maxima and optical end
absorption of 2,5-dipyridyl derivatives 3 a and 8 a are similar
(Table 5), the lem of 8 a is considerably red-shifted relative to
that of 3 a (8 a/3 a, Dlem� 47 nm). In other words, the Stokes
shift of 8 a (116 nm) is far larger than that of 3 a (73 nm). The
effects are even more pronounced for dithienylphospholes 3 b
and 8 b : large red-shifts are observed in both the absorption
(8 b/3 b, Dlmax� 30 nm, Dlonset� 60 nm) and the emission (8 b/
3 b, Dlem� 92 nm) spectra, and the increase in the Stokes shift
is 61 nm (Table 5).


The s4-phospholes generally exhibit lower quantum yields
than the corresponding s3-phospholes (Table 5), with the sole
exception of the phospholium salt 8 a (3 a, 1.1� 10ÿ2; 8 a, 6.8�
10ÿ2).


Electrochemical behaviour of 2,5-diheteroarylphospholes and
derivatives : Cyclic voltammetry (CV) at 200 mV sÿ1 revealed
that the redox processes observed for all the s3- and s4-
phospholes are irreversible. As is usually found for short
oligothiophenes,[1d, 12] several oxidation steps are recorded for
the neutral derivatives (vide infra, Table 8); the first anodic
(Epa) and cathodic peak (Epc) potentials are given in Table 5.


The reduction wave of 3 b (Epc<ÿ 2.10 V) does not have the
classical shape expected for an irreversible electrochemical
wave and is suggestive of a rapid electrochemical/chemical
process. As a consequence, the Epc of compound 3 b can not be
unambiguously assigned. The redox potentials of s3,l3-phos-
pholes 3 a ± c are related to the electronic properties of the 2,5-
substituents. For example, 3 b containing electron-rich thienyl
substituents is more easily oxidised than 3 a possessing
electron-poor pyridyl substituents, whereas 2,5-diphenyl-
phosphole 3 c exhibits an intermediate potential (Table 5).


s4-Phospholes have lower reduction and higher oxidation
potentials than the corresponding s3-phospholes (Figure 4).
For example, 3 b has an Epa at �0.40 V and Epc at a potential
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Figure 4. First oxidation (Epa) and reduction (Epc) peak potentials for 2,5-
diarylphospholes 3 a,b and their s4 derivatives 5 a,b and 8 a,b.


less cathodic than ÿ2.10 V, while for the phospholium salt 8 b
these peak potentials are at �0.92 V and ÿ1.66 V, respec-
tively. Compounds 4 b, 5 b and 6 b show intermediate Epa


(�0.63 ± 0.68 V) and Epc (ÿ2.03 to ÿ1.95 V) values and, in
spite of the different electronegativities of the chalcogen
atoms, they exhibit similar electrochemical behaviour. The
same trend is observed for pyridyl-substituted phospholes 3 a,
5 a and 8 a (Figure 4). Note that the data for the complexes 7 a
and 7 b should be treated with some caution, since the redox
processes could involve the transition metal centre.[13]


Theoretical calculations on 2,5-diarylphospholes and their
derivatives : The three heterocycles of the parent 2,5-dihetero-
arylphospholes 3 a' and 3 b' (Table 6) are nearly coplanar. As a
consequence, the nitrogen or sulfur atoms can be in a syn or an
anti position with respect to the phosphorus atom, so that
three isomers (syn,syn, syn,anti and anti,anti) are possible. For
both phospholes, all of these structures are minima on the
potential energy surface. The syn,syn arrangement is the
lowest energy structure for 2,5-dipyridylphosphole (3 a').
However, this isomer is only 1.0 and 4.8 kJ molÿ1 more stable
than the syn,anti and anti,anti isomers, respectively. In
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contrast, for 2,5-dithienylphosphole (3 b'), the anti,anti ar-
rangement is the lowest energy structure, again with a rather
small energy difference of 8.1 kJ molÿ1. The energies of the
transition structures for rotation about the inter-ring CÿC
bonds are comparable for pyridyl- and thienyl-substituted
phospholes, and barriers to rotation are low (12 ± 16 kJ molÿ1).


The inter-ring CÿC distances should be dependent on the
degree of conjugation of the p system over the three rings. A
decrease in the inter-ring CÿC bond length is observed on
replacing the phenyl by a thienyl substituent (Table 6), and
this suggests that the most effective conjugation is attained in
2,5-dithienylphosphole (3 b'). This result prompted us to
compare 3 b' with 2,5-dithienylheterocyclopentadienes E
(Table 7), which contain central units with different electronic
characters. An aromatic electron-rich thiophene[2f, 5d] and a
nonaromatic electron-deficient silole were selected.[2j, 5d]


Some important calculated structural data and HOMO/
LUMO energies for these compounds are presented in
Table 7, together with the LUMO energies of the parent
central heterocyclopentadiene. The difference in parameters
b and c (bond length alternation) gives an estimation of the
delocalisation within the central ring of 2,5-dithienylhetero-
cyclopentadienes E. As expected from their aromatic charac-
ter, this endocyclic conjugation is higher for thiophene than
for phosphole and silole rings, as concluded from the change
in the CÿC bond length alternation (Table 7). Interestingly,
the LUMO level of the phosphole is close to that of the silole,
which is known as a highly electron-deficient heterocycle. The
inter-ring CÿC distances for phosphole- and silole-containing
oligomers are comparable, and slightly shorter (Da� 0.005 �)
than that observed for terthiophene. This structural change,


which indicates increased delocalisation of the p system over
the three rings, is related to the electronic properties of the
central heterocyclopentadiene unit, that is, a weak aromatic
character and stabilisation of the LUMO favour extended
conjugation. The LUMO and HOMO of 2,5-dithienylhetero-
cyclopentadienes are p orbitals and are stabilised and
destabilised, respectively, in the thiophene, phosphole, silole
series (Figure 5). In other words, the HOMO ± LUMO gap
gradually decreases on replacing the central thiophene ring by
a phosphole and a silole moiety. Although the differences in
the bond lengths are rather small, these trends are also
reproduced at the B3LYP/6-21(G*) level of theory.
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Figure 5. HF/6-31�G* HOMOs and LUMOs of 2,5-bis(2-thienyl)hetero-
cyclopentadienes E.


The impact of the nature of the substituent and of chemical
modifications of the s3,l3-phosphorus atom were investigated
for the parent 2,5-bis(2-thienyl)phosphole 3 b'. Replacing the
hydrogen atom on P by an electronegative fluorine atom
slightly shortens the inter-ring distance (Da� 0.002 �) and
increases the difference in bond lengths of the phosphole
carbon framework (Table 7). The same trends are observed
on oxidation of the phosphorus atom to give nonaromatic s4-
phosphole oxides or sulfides (Table 7). The calculated
structural data of oxo- and thiooxodithienylphospholes are
very similar, and their LUMOs and HOMOs are p orbitals
that are mainly localised on the carbon framework (Figure 6).
Importantly, s4-oxodithienylphospholes have stabilised LU-
MO and HOMO levels and smaller HOMO ± LUMO gaps
relative to the corresponding s3-phosphole 3 b' (Figure 5).


Anodic oxidation of 2,5-bis(2-thienyl)phosphole 3 b and
derivatives: 2,5-Bis(2-thienyl)phosphole derivatives were
subjected to electro-oxidation processes to prepare p-con-
jugated oligomers or polymers.[1c, 12a, b] These experiments
were conducted in CH2Cl2 containing 0.2m Bu4NPF6 at a scan
rate of 100 mVsÿ1 and revealed anodic behaviours that were


Table 6. Selected B3LYP/6-31�G* bond lengths [in �], LUMO and
HOMO energies [HF/6-31�G*//B3LYP/6-31�G*, in eV], and total
energies [B3LYP/6-31�G*, in au] of the parent 2,5-diarylphospholes.


a b c LUMO HOMO Total
energies


3a' R� 2-pyridyl 1.463 1.372 1.441 0.97 ÿ 7.49 ÿ 990.96705
3b' R� 2-thienyl 1.449 1.371 1.442 0.96 ÿ 7.17 ÿ 1600.39289
3c' R� phenyl 1.467 1.367 1.451 1.24 ÿ 7.36 ÿ 958.88540


Table 7. LUMO energies [HF/6-31�G*//B3LYP/6-31�G*, in eV] of the
parent heterocycles and selected B3LYP/6-31�G* bond lengths (in �), LUMO
and HOMO energies [HF/6-31�G*//B3LYP/6-31�G*, in eV], and total
energies [B3LYP/6-31�G*, in au] of dithienyl substituted heterocyclopenta-
dienes E.


Y LUMO a b c LUMO HOMO Total energies


S 2.14 1.453 1.381 1.419 1.29 ÿ 7.37 ÿ 1656.64883
PH 1.50 1.449 1.371 1.442 0.96 ÿ 7.17 ÿ 1600.39289
SiH2 1.39 1.448 1.369 1.460 0.77 ÿ 7.06 ÿ 1547.87854
PF 1.30 1.447 1.367 1.451 0.43 ÿ 7.24 ÿ 1699.65674
P(O)H 1.15 1.445 1.363 1.460 0.37 ÿ 7.49 ÿ 1675.62613
P(S)H 1.04 1.447 1.363 1.455 0.33 ÿ 7.57 ÿ 1998.59164
P(O)F 0.86 1.443 1.362 1.465 0.19 ÿ 7.62 ÿ 1774.91782
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Figure 6. HF/6-31�G* HOMO and LUMO of 2,5-bis(2-thienyl)thio-
oxophosphole (3b').


related to the nature of the phosphorus moiety. s4-Phosphole
derivatives 4 b and 5 b exhibited two irreversible oxidation
processes with formation of films on the Pt working electrode
on reaching the second oxidation potential Epa2 (Table 8). The


efficiency of the polymerisation process increased until the
optimum polymerisation potential Eop, determined by chro-
noamperometry, was reached (Table 8). These two com-
pounds exhibit similar behaviour, and a typical cyclic volta-
mogram (CV) obtained for 5 b is shown in Figure 7a. The
initial scan is characterised by a relatively sharp onset of the
first monomer oxidation peak, followed by a reductive
process on the return cycle. In a subsequent potential sweep,


Figure 7. Multiple-scan voltammogram of 10ÿ2m solutions of a) 5b, b) 8b
and c) 3b in 0.2m Bu4NPF6 in CH2Cl2 (scan rate: 100 mV sÿ1). Working
electrode: platinum disc (d� 1 mm). Potentials relative to Fc/Fc�.


an oxidation wave appeared at a less positive potential than
that for monomer oxidation. Repeated cycling resulted in a
regular increase in the oxidation and reduction peak currents
of this new reversible system; this indicates the deposition of
insoluble electroactive material on the platinum surface. The


CVs of s4-phospholium salt 8 b showed only one oxidation
step at 0.92 V, a value close to Epa2 of 4 b and 5 b, and an
electroactive film formed on recurrent cycling between 0 and
1.20 V (Figure 7b). s3-Phosphole 3 b exhibited a quite peculiar
anodic behaviour. During recurrent CVs an electroactive film
formed, albeit in low yield (Figure 7c). The first oxidation step
observed in the initial sweep at 0.40 V is shifted to the
threshold potential of the formed polymer (0.63 V) upon
repeated cycles (Figure 7c), due to the insulating behaviour of
the undoped polymer between 0 and 0.5 V (Figure 8c). It is
noteworthy that the formation of electroactive films depends
dramatically on the experimental conditions. For example,
with for a solution of monomers 3 b and 8 b in CH3CN with
LiClO4 as electrolyte salt, no film was formed.[9b]


Figure 8. Cyclic voltammograms of electropolymerised a) poly-5b, b) poly-
8b and c) poly-3 b recorded in 0.2m Bu4NPF6 in CH3CN (scan rate,
100 mV sÿ1). Working electrode: platinum disc (d� 1 mm) modified by
anodic oxidation of 10ÿ2m solutions of 5b (at E� 1.15 V, Qt� 7.5� 10ÿ4 C),
8b (5 sweeps between 0.0 and 0.88 V) and 3 b (at E� 1.00 V, Qt� 5.0�
10ÿ4 C) in 0.2m Bu4NPF6 in CH2Cl2. Potentials relative to Fc/Fc�.


All of the polymers can also be obtained by oxidation at
Eop, as determined by chronoamperometry (Table 8). The
films are insoluble in all common solvents (CH2Cl2, THF,
DMF, acetone, acetonitrile, MeOH). The modified electrodes
were rinsed with CH2Cl2 and studied by CV in monomer-free
solutions of CH3CN containing 0.1m Bu4NPF6 at a scan rate of
100 mV sÿ1. The polymers prepared with neutral phospholes
3 b, 4 b and 5 b exhibited p- and n-doping processes with good
reversibility (>70 %) (Figure 8a,c). Poly-8 b also exhibited
reversible p doping, but its electroactivity dramatically
decreased upon reduction (Figure 8b). The doping processes
are observed in potential ranges that depend on the nature of
the phosphole monomer (Table 8). It is noteworthy that these
processes appeared at lower potentials than those of the
corresponding 2,5-dithienylphospholes, and this suggests that
the electroactive materials formed on the electrode have


Table 8. Second oxidation potentials and optimum polymerisation potential of
monomers 3b ± 5 b and 8b. p-Doping and n-doping potential ranges [V] and
photophysical data of the corresponding dedoped polymers.[a]


Epa2 Eop
[b] p-doping[c] n-doping[c] lmax


[e] lonset
[e]


3b 1.00 1.00 poly-3 b 0.50! 0.85 ÿ 0.60!ÿ 1.00 463 ± 567 724
4b 0.95 1.10 poly-4 b 0.25! 0.60 ÿ 1.40!ÿ 1.92 568 780
5b 0.90 1.15 poly-5 b 0.30! 0.65 ÿ 1.80!ÿ 2.42 529 750
8b ± 1.20 poly-8 b 0.40! 0.70 ÿ 0.60[d] 627 905


[a] All potentials were obtained during cyclic voltammetric investigations in 0.2m
Bu4NPF6 in CH2Cl2: 10ÿ2m solution of monomers or in 0.1m Bu4NPF6 in CH3CN
free of monomer for the polymer response. Platinum electrode diameter 1 mm,
sweep rate: 100 mV sÿ1. [b] Eop were obtained by chronoamperometric investiga-
tions. [c] Potentials range where the p- and n-doping processes are reversible.
Potentials referred to the ferrocene/ferrocenium. [d] Threshold reduction poten-
tial of the irreversible process. [e]� 5 nm.
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longer conjugation pathways and smaller band gaps than the
monomers.


UV/Vis absorption spectra of poly[(2,5-dithieny)phospholes]:
Thin-film absorption spectra were recorded to probe the
electronic nature of the polymers. The material was deposited
at Eop on discs of mirror-polished platinum and then dedoped
at 0.0 V. Poly-3 b exhibits two large bands with unresolved
maxima at about 463 and 567 nm (Figure 9c) with a lonset at


Figure 9. Electronic absorption spectra in CH2Cl2 on mirror-polished
platinum discs modified with a) poly-5b, b) poly-8 b and c) poly-3b after
dedoping at 0.0 V. Deposits were prepared by anodic oxidation of 10ÿ2m
solutions of 5 b (at E� 1.15 V), 8 b (at E� 1.20 V) and 3b (at E� 1.00 V) in
0.2m Bu4NPF6 in CH2Cl2. Absorbance: arbitrary units.


734 nm. The other materials exhibited only one broad
absorption band in the visible region (Figure 9a,b, Table 8).
Two important features emerge: 1) the optical properties of
the material are sensitive to the nature of the monomer, and
2) the lonset are considerably red-shifted relative to those of the
corresponding monomers (Dlonset : 3 b : 162 nm; 4 b : 280 nm;
5 b : 254 nm; 8 b : 385 nm).


Synthesis and optical properties of oligomer 11: Mixed
thiophene ± thiooxophosphole oligomer 11 (23% yield) was
prepared according to the general strategy of Tilley et al. for
the synthesis of phenylene ± thiophene 1-oxide oligomers
(Scheme 3).[2h] Compound 11 was purified by column chro-
matography on basic alumina. It exhibits a singlet at d�
�52.6 in the 31P NMR spectrum, and was characterised by
multinuclear NMR spectroscopy and high-resolution mass
spectrometry. This oligomer is soluble in polar solvents
(CH2Cl2, THF, MeOH) and exhibits an absorption maximum
in the UV/Vis spectrum at 512 nm with a lonset at 600 nm.


Discussion


Pyridyl- and thienyl-substituted s3,l3-phospholes 3 a,b are
readily available on a gramme scale by the Fagan ± Nugent
method (Scheme 1) and are easy to handle provided they have
a phenyl substituent on the P atom. s4-Phosphole derivatives
are even more stable, with the exception of pyridyl-substi-
tuted oxophosphole 4 a and phospholium salt 8 a.


Among the various structural variations aimed at tuning
the properties of phosphole-based p-conjugated oligomers
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Scheme 3. Synthesis of mixed thiophene ± thiooxophosphole derivative 11.
i) 2-Iodothiophene, 2 % [PdCl2(PPh3)2], 2% CuI, Et3N, RT, 7 h; ii) 5,5'-
dibromo-2,2'-bithiophene, 2% [PdCl2(PPh3)2], 2% CuI, Et3N, RT, 48 h;
iii) [Cp2ZrCl2] (2 equiv), nBuLi (4.1 equiv), THF, ÿ78 8C to RT, 12 h;
PhPBr2 (2 equiv), THF, ÿ78 8C, then 24 h, 40 8C; 1/4 S8, THF, RT,
36 h.


(Figure 1, compound D), the nature of the 2,5-substituents
and chemical modification of the P atom appear to be crucial.
The redox potentials of phosphole-containing oligomers
dramatically depend on the nature of the 2,5-substituents
(Figure 4), which allow their HOMO and LUMO levels to be
controlled over a wide range. The theoretical calculations,
based on the analysis of the inter-ring distances a (Table 6),
predict that the delocalisation of the p system increases on
replacing a phenyl by a pyridyl group and reaches a maximum
with the thienyl substituents. This behaviour is in full agree-
ment with the measured longest-wavelength absorption
maximum and the optical end absorption (the optical
ªHOMO ± LUMOº gap in solution; Table 5)[1i] . Although
care must be taken when comparing photophysical data from
different sources, it is interesting to compare the general
influence of the 2,5-substitution pattern for siloles[2j] and
phospholes, two classes of nonaromatic heterocycles. The lmax


of 2,5-diarylsiloles increases in the series of 2,5-substituents:
phenyl (359 nm), 2-pyridyl (370 nm), 2-thienyl (418 nm).[2j] In
contrast, the phenyl- and 2-pyridylsiloles emit at the same
wavelength (467 ± 468 nm), whereas the 2-thienylsilole shows
a 47 nm red shift in emission.[2j] It is remarkable that these
general trends are similar to those of phospholes (Table 5).
Furthermore, note that phosphole 3 b has a much longer lmax


(412 nm) than related bis(2-thienyl)heterocyclopentadienes
of type E (see Table 7) containing electron-rich aromatic rings
with central Group 15 or Group 16 atoms (Y�NCH3,
322 nm;[2o, 14] O, 366 nm;[2p] S, 356 nm[2i]). As outlined by
theoretical calculations (Table 7), this is probably due to the
fact that siloles and phospholes share some important
electronic properties: low-lying LUMOs and nonaromatic
character. This analogy is promising, since 2,5-diarylsiloles
have found applications as electron-transporting materials in
organic light-emitting diodes.[2j,m, 16a] Furthermore, in contrast
to other heterocyclopentadienes (e.g., siloles, pyrroles),
phospholes have a reactive heteroatom that allows a family
of p-conjugated systems to be prepared from a single
P-containing chromophore. Oxidation of the P atom makes
the phosphole ring an electron-poor heterocycle. As suggest-
ed by the multinuclear NMR data, the electron deficiency of
s4,l4-phosphole derivatives can be gradually modulated by
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preparing neutral compounds with polarised Pd��Ydÿ (Y�O,
S, Se) bonds or phospholium salts. Thienyl- and pyridyl-
substituted phosphole derivatives will be discussed in separate
sections, since the effect of the chemical modifications are not
the same in both series.


An important conclusion of the theoretical calculations was
that oxo- and thiooxodithienylphospholes should exhibit very
different electronic properties (stabilised HOMO and LU-
MO, smaller HOMO ± LUMO gaps) than the corresponding
s3-phosphole (Figure 5). These results are indeed in line with
the experimental data: red-shifted absorptions, optical end
absorption and emission maxima were observed on oxidation
of the P atom of 3 b with elemental sulfur, selenium or
peroxides (Table 5), along with stabilisation of the LUMO
and HOMO (Figure 4). Note that these trends are amplified
for the phospholium salt 8 b, which has the highest lmax and
lonset (Table 5), along with the lowest Epa and Epc (Figure 4).
These features of the thienyl series are in line with the general
trend that maximum p conjugation is obtained with alternat-
ing electron-rich and electron-poor heterocycles.[2] The tuning
of the emission wavelengths by chemical modification of the P
atom is particularly noteworthy. This family of chromophores
covers a range of 92 nm in the emission spectra, with Stokes
shifts gradually increasing in the series: s3-phosphole 3 b
(89 nm), s4-phosphole 5 b (116 nm), phospholium salt 8 b
(151 nm).


The properties of pyridyl-substituted phospholes can also
be tuned by chemical modification of the P atom. As observed
in the thienyl series, the HOMO and LUMO are gradually
stabilised on increasing the positive charge on the P-atom
(Figure 4). The pyridyl-substituted phospholes have lower
lying HOMOs and LUMOs than the corresponding com-
pounds with thienyl substituents. Importantly, 5 a has a low
reduction potential, comparable to those observed for highly
electron deficient systems (e.g., 2,5-dithiazolylsiloles[2j] and
poly(quinoxaline-2,6-diyl)[15]). This property is particularly
important for the development of new electron-transporting
(ET) materials suitable for the preparation of organic
electroluminescent devices, since an efficient ET material
should possess a high electron affinity to decrease the energy
barrier for electron injection.[16] The optical properties of
pyridyl-substituted phospholes are less strongly influenced by
chemical modification of the P atom. Oxidation with sulfur or
coordination to a W(CO)5 fragment induces a significant blue
shift in lmax, a trend which is not observed upon alkylation of
the P atom. Note that lonset remains almost unchanged
(Table 5). As observed in the thienyl series, the Stokes shift
of the phospholium salt 8 a (116 nm) is far larger than that of
the s3-phosphole 3 a (73 nm).


Model compounds 3 a ± c revealed important structure ±
property relationships of phosphole-containing p-conjugated
systems. Mixed phosphole ± thiophene derivatives appeared
to be particularly interesting, since they have small optical
HOMO ± LUMO gaps, and their optical and electrochemical
properties vary over a wide range depending on the nature of
the phosphorus moiety. These properties prompted us to
investigate the preparation of polymers incorporating 2,5-
bis(2-thienyl)phosphole units. One of the most versatile
routes toward p-conjugated polymers is oxidative electro-


polymerisation of thienyl monomers.[1d, 12] Indeed, insoluble
materials were obtained by this method for 2,5-dithienyl-
phospholes with s3-P and neutral or cationic s4-P atoms. It is
difficult to establish the degree of polymerisation and the
intimate structure of these materials due to their insolubility,
which prevents analysis by gel permeation chromatography
and standard spectroscopic studies. It is well established that
the major process during the electropolymerisation of oligo-
thiophenes is an a,a' coupling.[1d, 12a,b] Hence, we prepared
model compound 11 by the Fagan ± Nugent route (Scheme 3),
which formally involves a,a' coupling of 2,5-bis(2-thienyl)-
thiooxophosphole 5 b. The comparison of the properties of the
monomer 5 b, ªdimerº 11 and poly-5 b revealed some
important features. First, unlike poly-5 b, 11 is soluble in
conventional polar solvents. Second, a bathochromic shifts in
lonset are observed in the series 5 b (496 nm), 11 (600 nm) and
poly-5 b (754 nm). The insolubility of poly-5 b, along with the
gradual narrowing of the optical band gap upon chain
extension, suggests that the material obtained by electro-
polymerisation of 5 b consist of long oligomers with 2,5-
dithienylphosphole as the repeating unit. This assumption can
probably be extended to all materials derived from 2,5-
dithienylphosphole monomers, since 1) all the films obtained
on the working electrode exhibit considerably longer lmax and
lonset than those of the corresponding monomers (Tables 5 and
8), and 2) as is observed for the P-containing monomers, the
electrochemical and photophysical data of these materials
depend on the nature of the phosphorus moiety (Table 8). It is
likely that the phosphorus atoms of the as-synthesised film of
poly-3 b are protonated, at least partially, since the electro-
polymerisation process produces protons.


The electro-oxidation of 2,5-dithienylphospholes produces
materials with small optical band gaps, and poly-8 b has a
particularly high lonset (Table 8). The polymers derived from
neutral phospholes 3 b, 4 b and 5 b exhibit reversible p- and n-
doping at rather low potentials (Table 8). These interesting
properties are worthy of further investigation, and in situ
spectroelectrochemical studies of the p-doping processes of
these polymers are underway.


Conclusion


p-Conjugated oligomers or polymers based on heterocyclo-
pentadienes incorporating heavy heteroatoms in the main
chain are still rare,[2i±n, q, 4] and this study showed that phos-
phole rings are valuable building blocks for the preparation of
p-conjugated systems. The optical and electrochemical prop-
erties of 2,5-diheteroarylphospholes can be easily tuned over
a wide range by tailoring the 2,5-substituents or by performing
simple chemical modifications involving the nucleophilic P
atom. These small oligomers allowed structure ± property
relationships to be established on the basis of experimental
and theoretical data. 2,5-Dithienylphosphole derivatives
proved to be valuable precursors to polymers with different
optical and electronic properties by electro-oxidation. The
good stability of the phosphole ring, along with its specific
electronic properties, which profoundly differ from those of
other Group 15 and 16 heterocyclopentadienes, opens new
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perspectives in the chemistry of p-conjugated systems incor-
porating heavy heteroatoms.[17]


Experimental Section


General : All experiments were performed under dry argon by using
standard Schlenk techniques. Solvents were freshly distilled under argon
from sodium/benzophenone (tetrahydrofuran, diethyl ether) or phospho-
rus pentoxide (pentane, dichloromethane, acetonitrile). Triethylamine was
freshly distilled under argon from potassium hydroxide. 2-Bromopyridine,
2-iodothiophene, octa-1,7-diyne, hepta-1,6-diyne, [Cp2ZrCl2], CuI, n-BuLi,
iPrPCl2 and PhPCl2 were obtained from Aldrich and were used as received.
Melting points are uncorrected. 1H, 13C and 31P NMR spectra were
recorded on Bruker AM 300, DPX 200 or ARX 400 spectrometers. 1H and
13C NMR chemical shifts are reported relative to Me4Si as external
standard. 31P NMR downfield chemical shifts are expressed with a positive
sign relative to external 85 % H3PO4. Assignments of carbon atoms was
based on HMBC and HMQC experiments. Melting and decomposition
points were determined with a differential scanning calorimeter (TA-
instruments DSC 2010) and a thermogravimetric analyser (TA-instruments
TGA 2050), respectively. Transmittance FTIR spectra were obtained on a
IFS-28 Bruker spectrometer (400 ± 4000 cmÿ1). High-resolution mass
spectra were obtained on a Varian MAT311 or ZabSpec TOF Micromass
at CRMPO, University of Rennes. Elemental analyses were performed by
the ªCentre de Microanalyse du CNRSº at Vernaison, France. Conven-
tional glassware was used.


Starting materials : The starting materials were prepared according to
literature procedures: 1,8-bis(2-thienyl)octa-1,7-diyne (1b),[18a] 1,8-diphenyl-
hepta-1,7-diyne (1 c),[18a] 1,7-bis(2-pyridyl)hepta-1,6-diyne (1 d),[18a]


PhPBr2,[18b] bis(trimethylsilyl)peroxide,[18c] 5,5'-dibromo-2,2'-bithio-
phene.[18d]


Determination of optical data : UV/Vis spectra were recorded at room
temperature on a UVIKON 942 spectrophotometer, and luminescence
spectra were recorded in freshly distilled solvents at room temperature with
a PTI spectrofluorimeter (PTI-814 PDS, MD 5020, LPS 220B) using a
xenon lamp. Quantum yields were calculated relative to quinine sulfate
(F� 0.546 in 1n H2SO4)[19] or fluorescein (F� 0.90 in 1n NaOH)[19] . For
the UV/Vis spectra of poly(2,5-dithienylphosphole) derivatives, the
materials were deposited on discs of mirror-polished platinum at Eop and
then dedoped at 0.0 V. The spectra were recorded on a Guided Wave
Model 150 spectrophotometer with optical fibers.[20]


Theoretical calculations : Calculations were performed with the Gauss-
ian 98[21] suite of programs at the B3LYP/6-31�G* level of theory. The
geometries were fully optimized without any symmetry constraints. At the
optimized geometries, second derivatives were calculated, and positive
eigenvectors of the Hessian matrix proved that true minima had been
obtained. Transition structures for the rotation about the inter-ring CÿC
bonds were characterised by a single negative eigenvalue of the Hessian
matrix. Orbital energies were obtained on the B3LYP/6-31�G* optimized
geometries at the HF/6-31�G* level of theory. The MO diagrams were
generated with MOLDEN 3.6, G. Schaftenaar CMBI University, Nijmen-
gen (The Netherlands)


Cyclic voltammetry measurements and electropolymerisation experi-
ments : Electrochemical measurements were performed in dichloro-
methane (Puran No. 02910E21) from SDS with less than 100 ppm of
water. Tetra-N-butylammonium hexafluorophosphate from Fluka was used
as received. Aluminum oxide from WoeÈlm (Super I) was heated at 300 8C
under vacuum for 24 h and used at once under argon pressure. All the
electrochemical investigations were carried out in a conventional three-
compartment cell : in all cases the anode, the cathode and the reference
electrode were separated by a glass frit. The working electrode was a
polished platinum disc, and the counterelectrode was a glassy carbon rod.
The reference electrode consisted of a silver wire in contact with 0.1m
AgNO3. Ferrocene was added to the electrolytic solution at the end of a
series of experiments. The ferrocene/ferrocenium (Fc/Fc�) couple served as
an internal standard and all reported potentials are referenced to its
reversible formal potential. All experiments were carried out under an
argon atmosphere, and neutral alumina was added to the supporting


electrolyte in the anodic compartment of the cell to remove excess
moisture. The three-electrode cell was connected to an EG&G PAR mo-
del173 potentiostat, monitored with a PAR model179 signal generator and
a digital coulometer PAR model 179. The cyclic voltammetry traces were
recorded on an X-Y SEFRAM-Type TGM 164 recorder.


X-ray crystal structure analysis : Single crystals suitable for X-ray crystal
analysis were obtained by crystallisation from a solution of 2b in pentane at
ÿ20 8C and from a solution of 7 b at in THF at ÿ20 8C. The unit cell
constants, space-group determination and data collection were carried out
on a Nonius Kappa CCD (2 b) or an automatic CAD4 Nonius diffrac-
tometer (7b) with graphite-monochromatized MoKa radiation.[22a] The cell
parameters were obtained by fitting a set of 25 high-theta reflections. After
Lorentzian and polarization corrections and absorption corrections with psi
scans,[22b] the structures were solved with SIR-97,[22c] which reveals non-
hydrogen atoms of the structure. After anisotropic refinement, all hydro-
gen atoms were located in Fourier difference maps. The complete
structures were refined with SHELXL97[22d] by using full-matrix least-
squares techniques (jF j ; x, y, z, bij for C, O, P, S, Zr, and W atoms; x, y, z in
riding mode for the H atoms). The structures exhibit statistical disorders
(80:20) between S(1)/C(10) and S(2)/C(14)S(2) for 2b and S(2)/C(14) for
7b. Atomic scattering factors were obtained from International Tables for
X-ray Crystallography.[22e] ORTEP plots were prepared with PLA-
TON98.[22f] All calculations were performed on a Silicon Graphics Indy
computer. Crystal data and refinement parameters are given in Tables 1
and 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 no. CCDC-160751 and
CCDC-160752. 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; e-mail : deposit@ccdc.cam.ac.uk).


1,8-Bis(2-pyridyl)octa-1,7-diyne (1 a): Catalytic amounts of [PdCl2(PPh3)2]
(1.19 g, 1.70 mmol) and CuI (0.32 g, 1.70 mmol) were added to a solution of
2-bromopyridine (16.2 mL, 169.9 mmol) and octa-1,7-diyne (11.2 mL,
84.9 mmol) in Et3N (170 mL) at room temperature. The heterogeneous
yellow mixture was stirred for 12 h at room temperature. A precipitate
formed and the mixture turned brown. All volatile materials were removed
in vacuo, and the residue was extracted with Et2O (3� 30 mL). After
purification by column chromatography on silica gel (hexane/Et2O 20:80),
1a was obtained as a bright yellow solid (yield: 20.75 g, 80 mmol, 94%).
Rf� 0.35 (silica gel, hexane/Et2O 20:80); m.p. 60 ± 61 8C; 1H NMR
(200 MHz, CDCl3): d� 1.74 (m, 4H; C�CCH2CH2), 2.42 (m, 4 H;
C�CCH2), 7.13 (ddd, 3J(H,H)� 4.9, 7.7 Hz, 4J(H,H)� 1.0 Hz, 2H; H5
Py), 7.32 (ddd, 3J(H,H)� 7.7 Hz, 4J(H,H)� 1.0 Hz, 5J(H,H)� 0.9 Hz, 2H;
H3 Py), 7.55 (ddd, 3J(H,H)� 7.7, 7.7 Hz, 4J(H,H)� 1.8 Hz, 2 H; H4 Py), 8.48
(ddd, 3J(H,H)� 4.9 Hz, 4J(H,H)� 1.8 Hz, 5J(H,H)� 0.9 Hz, 2 H; H6 Py);
13C{1H} NMR (75 MHz, CDCl3): d� 18.9 (s, C�CCH2CH2), 27.5 (s,
C�CCH2), 80.8 (s, C�CC�N), 90.4 (s, C�C-C�N), 122.4 (s, C5 Py), 126.9
(s, C3 Py), 136.1 (s, C4 Py), 143.9 (s, C2 Py), 149.8 (s, C6 Py); HR-MS (EI):
m/z : 260.1302 [M]� ; calcd for C18H16N2: 260.1313; elemental analysis (%)
calcd for C18H16N2 (260.3): C 83.05, H 6.19, N 10.76; found: C 83.10, H 6.50,
N 10.48.


2,5-Bis(2-pyridyl)zirconacyclopentadiene (2a): A solution of n-BuLi in
hexane (1.6m, 1.50 mL, 2.35 mmol) was added dropwise to a solution of 1a
(0.30 g, 1.12 mmol) and [Cp2ZrCl2] (0.33 g, 1.12 mmol) in THF (20 mL) at
ÿ78 8C. The reaction mixture was warmed to room temperature, stirred for
12 h and the solvent was removed in vacuo. The residue was washed with
pentane (2� 5 mL), and 2a was characterized by NMR spectroscopy in
solution. 1H NMR (200 MHz, CDCl3): d� 1.55 (m, 4H; C�CCH2CH2), 2.42
(m, 4 H; C�CCH2), 5.70 (s, 10H; Cp), 6.80 (ddd, 3J(H,H)� 5.1, 8.0 Hz,
4J(H,H)� 1.2 Hz, 2 H; H5 Py), 6.91 (ddd, 3J(H,H)� 8.0 Hz, 4J(H,H)�
1.2 Hz, 5J(H,H)� 1.0 Hz, 2H; H3 Py), 7.49 (ddd, 3J(H,H)� 8.0, 8.0 Hz,
4J(H,H)� 1.8 Hz, 2 H; H4 Py), 8.26 (ddd, 3J(H,H)� 5.1 Hz, 4J(H,H)�
1.8 Hz, 5J(H,H)� 1.0 Hz, 2H; H6 Py); 13C{1H} NMR (75 MHz, C6D6):
d� 24.5 (s, C�CCH2CH2), 31.3 (s, C�CCH2), 107.6 (s, Cp), 117.1 (s, C5 Py),
119.4 (s, C3 Py), 135.3 (s, C4 Py), 148.2 (s, C6 Py), 153.5 (s, ZrC�C), 169.2 (s,
C2 Py), 179.8 (s, ZrC�C).


2,5-Bis(2-thienyl)zirconacyclopentadiene (2b): Following the procedure
described for 2 a, reaction of 1b (0.27 g, 1.00 mmol), [Cp2ZrCl2] (0.29 g,
1.00 mmol) and n-BuLi (1.6m, 0.84 mL, 2.1 mmol) afforded 2 b, which was
extracted with pentane (2� 5 mL). 1H NMR (200 MHz, C6D6): d� 1.55 (m,
4H; C�CCH2CH2), 2.70 (m, 4 H; C�CCH2), 6.00 (s, 10 H; Cp), 6.21 (dd,
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3J(H,H)� 3.4 Hz, 4J(H,H)� 1.1 Hz, 2 H; H3 thienyl), 6.90 (dd, 3J(H,H)�
3.4 Hz, 3J(H,H)� 5.3 Hz, 2 H; H4 thienyl), 6.96 (dd, 3J(H,H)� 5.3 Hz,
4J(H,H)� 1.1 Hz, 2 H; H5 thienyl); 13C{1H) NMR (75 MHz, C6D6): d� 23.7
(s, C�CCH2CH2), 29.8 (s, C�CCH2), 111.9 (s, Cp), 121.0 (s, C3 thienyl),
122.7 (s, C5 thienyl), 127.1 (s, C4 thienyl), 142.1 (s, ZrC�C), 149.9 (s, C2
thienyl), 177.9 (s, ZrC�C).


1-Phenyl-2,5-bis(2-pyridyl)phosphole (3a): A solution of n-BuLi in hexane
(1.6m, 4.90 mL, 7.80 mmol) was added dropwise to a solution of 1a (1.00 g,
3.73 mmol) and [Cp2ZrCl2] (1.10 g, 3.73 mmol) in THF (60 mL) at ÿ78 8C.
The reaction mixture was warmed to room temperature and stirred for
12 h. Freshly distilled PhPCl2 (0.50 mL, 3.73 mmol) was added to this
solution atÿ78 8C. The solution was allowed to warm to room temperature
and stirred for 2 h. The solution was filtered, and the volatile materials were
removed under vacuum. After purification on basic alumina (THF), 3a was
obtained as a yellow solid (yield: 1.00 g, 2.72 mmol, 73 %). Rf� 0.8
(alumina, THF); m.p. 192 8C; 1H NMR (200 MHz, C6D6): d� 1.46 (m,
2H; C�CCH2CH2), 1.61 (m, 2H; C�CCH2CH2), 2.85 (m, 2 H; C�CCH2),
3.50 (m, 2 H; C�CCH2), 6.45 (ddd, 3J(H,H)� 4.7, 7.5 Hz, 4J(H,H)� 1.0 Hz,
2H; H5 Py), 6.74 ± 6.90 (m, 3H; m-/p-H Ph), 6.97 (ddd, 3J(H,H)� 7.5,
7.8 Hz, 4J(H,H)� 1.9 Hz, 2H; H4 Py), 7.42 (dd, 3J(H,H)� 7.8 Hz,
4J(H,H)� 1.0 Hz, 2 H; H3 Py), 7.69 (ddd, 3J(H,H)� 8.0 Hz, 4J(H,H)�
1.5 Hz, 3J(P,H)� 15.9 Hz, 2H; o-H Ph), 8.50 (ddd, 3J(H,H)� 4.7 Hz,
4J(H,H)� 1.9 Hz, 5J(H,H)� 1.0 Hz, 2H; H6 Py); 13C{1H} NMR (75 MHz,
CDCl3): d� 23.1 (s, C�CCH2CH2), 28.8 (s, C�CCH2), 120.6 (s, C5 Py), 123.7
(d, 3J(P,C)� 9.2 Hz, C3 Py), 128.3 (d, 3J(P,C)� 8.1 Hz, m-C Ph), 128.9 (s, p-
C Ph), 132.2 (d, 1J(P,C)� 12.6 Hz, ipso-C Ph), 133.8 (d, 2J(P,C)� 18.5 Hz, o-
C Ph), 135.9 (d, 4J(P,C)� 1.2 Hz, C4 Py), 144.4 (d, 1J(P,C)� 4.6 Hz, PC�C),
148.1 (d, 2J(P,C)� 10.4 Hz, PC�C), 149.4 (s, C6 Py), 155.9 (d, 2J(P,C)�
19.1 Hz, C2 Py); 31P{1H} NMR (81 MHz, CDCl3): d��11.7; HR-MS (EI):
m/z : 368.1451 [M]� ; calcd for C24H21PN2: 368.1442; elemental analysis (%)
calcd for C24H21PN2 (368.42): C 78.24, H 5.75, N 7.60; found: C 78.37, H 5.88,
N 7.51.


1-Phenyl-2,5-bis(2-thienyl)phosphole (3 b): A solution of nBuLi in hexane
(2.5m, 3.10 mL, 7.70 mmol) was added dropwise to a solution of [Cp2ZrCl2]
(1.08 g, 3.70 mmol) in THF (40 mL) at ÿ78 8C. The reaction mixture was
stirred for 1 h at ÿ78 8C, and a solution of 1b (0.81 mL, 3.70 mmol) in THF
(20 mL) was added dropwise at this temperature. The solution was warmed
to room temperature and stirred for 12 h. Freshly distilled PhPBr2


(0.77 mL, 3.70 mmol) was added to this solution at ÿ78 8C. The solution
was allowed to warm to room temperature and stirred for 4 h at 40 8C. The
solution was filtered, and the volatile materials were removed under
vacuum. Compound 3b was isolated as an orange solid after purification on
basic alumina (THF). Yield: 1.05 g, 2.77 mmol, 75 %. Rf� 0.7 (alumina,
THF); m.p. 134 8C; 1H NMR (200 MHz, CD2Cl2): d� 1.85 (m, 4 H;
C�CCH2CH2), 2.90 (m, 4H; C�CCH2), 6.95 (ddd, 3J(H,H)� 5.1, 3.7 Hz,
5J(P,H)� 1.0 Hz, 2H; H4 thienyl), 7.08 (ddd, 3J(H,H)� 3.7 Hz, 4J(H,H)�
1.1 Hz, 4J(P,H)� 0.4 Hz, 2H; H3 thienyl), 7.23 (ddd, 3J(H,H)� 5.1 Hz,
4J(H,H)� 1.1 Hz, 6J(P,H)� 1.2 Hz, 2H; H5 thienyl), 7.25 (m, 3 H; m-/p-H
Ph), 7.46 (ddd, 3J(H,H)� 7.8, 1.6 Hz, 3J(P,H)� 7.8 Hz, 2 H; o-H Ph); 13C{1H}
NMR (75 MHz, CDCl3): d� 23.1 (s, C�CCH2CH2), 29.3 (s, C�CCH2), 124.8
(d, 5J(P,C)� 2.0 Hz, C5 thienyl), 125.6 (d, 3J(P,C)� 10.0 Hz, C3 thienyl)
126.8 (s, C4 thienyl), 128.7 (d, 3J(P,C)� 9.0 Hz, m-C Ph), 129.6 (s, p-C Ph),
133.5 (d, 1J(P,C)� 13.0 Hz, ipso-C Ph), 133.9 (d, 2J(P,C)� 19.0 Hz, o-C Ph),
135.7 (s, PC�C), 139.7 (d, 2J(P,C)� 22.0 Hz, C2 thienyl), 144.4 (d, 2J(P,C)�
9.0 Hz, PC�C); 31P{1H} (81 MHz, CDCl3): d��12.7; HR-MS (EI): m/z :
378.0651 [M]� ; calcd for C22H19PS2: 378.0666; elemental analysis (%) calcd
for C22H19PS2 (378.49): C 69.82, H 5.06; found: C 69.93, H 5.31.


1,2,5-Triphenylphosphole (3 c): Following the procedure described for the
compound 3 a, reaction of 1c (0.30 g, 1.20 mmol), [Cp2ZrCl2] (0.34 g,
1.20 mmol), nBuLi (1.6m, 1.50 mL, 2.40 mmol) and PhPBr2 (0.30 mL,
1.44 mmol) afforded 3c as a yellow solid after purification on basic alumina
(THF). Yield: 0.24 g, 0.66 mmol, 55%. Note that with PhPCl2, the yield
drops to 15%. Rf� 0.5 (alumina, THF); m.p. 129 8C; 1H NMR (200 MHz,
C6D6): d� 1.35 (m, 2 H; C�CCH2CH2), 1.55 (m, 2H; C�CCH2CH2), 2.60
(m, 2H; C�CCH2), 2.85 (m, 2H; C�CCH2), 6.86 (m, 3 H; m-/p-H Ph), 7.05
(m, 2H; H4 Ph), 7.22 (m, 4H; H3 Ph), 7.44 (m, 2H; o-H Ph), 7.59 (m, 4H;
H2 Ph); 13C{1H} NMR (75 MHz, CDCl3): d� 23.2 (s, C�CCH2CH2), 27.9 (s,
C�CCH2), 126.3 (s, C2 Ph), 128.4 (s, C3 Ph), 128.9 (s, p-C Ph), 129.3 (s, C4
Ph), 129.7 (d, 3J(P,C)� 8.6 Hz, m-C Ph), 132.7 (d, 1J(P,C)� 12.2 Hz, ipso-C
Ph), 133.2 (d, 2J(P,C)� 18.0 Hz, o-C Ph), 137.6 (d, 2J(P,C)� 18.0 Hz, C1
Ph), 143.7 (d, 1J(P,C)� 2.4 Hz, PC�C), 144.2 (d, 2J(P,C)� 11.7 Hz, PC�C);


31P{1H} NMR (81 MHz, CDCl3): d��13.6; HR-MS (EI): m/z : 366.1541
[M]� ; calcd for C26H23PN2: 366.1537; elemental analysis (%) calcd for
C26H23PN2 (366.4): C 85.22, H 6.33; found: C 85.54, H 6.01.


1-Phenyl-2,5-bis(2-pyridyl)phosphole (3 d): Following the procedure de-
scribed for 3 a, reaction of 1 d (0.30 g, 1.21 mmol), [Cp2ZrCl2] (0.35 g,
1.21 mmol), nBuLi (1.6m, 1.60 mL, 2.54 mmol) and PhPCl2 (0.17 mL,
1.21 mmol) afforded 3 d as a yellow solid after purification on basic alumina
(THF). Yield: 0.30 g, 0.85 mmol, 70%; Rf� 0.7 (alumina, THF); m.p.
187 8C; 1H NMR (200 MHz, C6D6): d� 2.05 (m, 2H; C�CCH2CH2), 2.70
(m, 2H; C�CCH2), 3.07 (m, 2H; C�CCH2), 6.45 (ddd, 3J(H,H)� 4.7,
7.4 Hz, 4J(H,H)� 1 Hz, 2 H; H5 Py), 6.88 (t, 3J(H,H)� 7.3 Hz, 1 H; p-H Ph),
6.95 (m, 4 H; m-H Ph, H4 Py), 7.35 (ddd, 3J(H,H)� 8.0 Hz, 4J(H,H)� 1.0,
5J(H,H)� 0.9 Hz, 2 H; H3 Py), 7.86 (ddd, 3J(H,H)� 8.0 Hz, 4J(H,H)�
1.5 Hz, 2J(P,H)� 15.9 Hz, 2H; o-H Ph), 8.47 (ddd, 3J(H,H)� 4.7 Hz,
4J(H,H)� 1.8 Hz, 5J(H,H)� 0.9 Hz, 2H; H6 Py); 13C{1H} NMR (75 MHz,
CDCl3): d� 29.2 (s, C�CCH2CH2), 30.0 (s, C�CCH2), 120.4 (s, C5 Py), 121.7
(d, 3J(P,C)� 7.8 Hz, C3 Py), 128.2 (s, p-C Ph), 128.4 (d, 3J(P,C)� 8.1 Hz, m-
C Ph), 134.2 (d, 2J(P,C)� 18.8 Hz, o-C Ph), 139.0 (s, C4 Py), 139.6 (s,
PC�C), 149.6 (s, C6 Py), 156.7 (d, 2J(P,C)� 19.6 Hz, C2 Py), 158.3 (d,
2J(P,C)� 10.2 Hz, PC�C), ipso-C of Ph was not observed; 31P{1H} NMR
(81 MHz, CDCl3): d��36.0; HR-MS (EI): m/z : 354.1275 [M]� ; calcd for
C23H19PN2: 354.1286; elemental analysis (%) calcd for C23H19PN2 (354.39):
C 77.95, H 5.40, N 7.90; found: C 78.10, H 5.28, N 7.78.


1-Isopropyl-2,5-bis(2-pyridyl)phosphole (3e): Following the procedure
described for 3a, reaction of 1a (0.26 g, 1.00 mmol), [Cp2ZrCl2] (0.29 g,
1.00 mmol), n-BuLi (2.5m, 0.85 mL, 2.10 mmol) and iPrPCl2 (0.15 mL,
1.20 mmol) afforded 3 e as a yellow solid (yield: 0.20 g, 0.60 mmol, 60%).
M.p. 52 8C; 1H NMR (200 MHz, CDCl3): d� 0.75 (dd, 3J(H,H)� 7.1 Hz,
3J(P,H)� 13.1 Hz, 6H; CHCH3), 1.70 (m, 4H; C�CCH2CH2), 2.15 (sept d,
3J(H,H)� 7.1 Hz, 2J(P,H)� 3.4 Hz, 1H; CHCH3), 2.60 (m, 2 H; C�CCH2),
3.57 (m, 2 H; C�CCH2), 7.03 (ddd, 3J(H,H)� 4.9, 7.8 Hz, 4J(H,H)� 1.3 Hz,
2H; H5 Py), 7.46 (d, 3J(H,H)� 7.8 Hz, 2 H; H3 Py), 7.61 (ddd, 3J(H,H)� 7.8,
7.8 Hz, 4J(H,H)� 1.8 Hz, 2H; H4 Py), 8.60 (ddd, 3J(H,H)� 4.9 Hz,
4J(H,H)� 1.8 Hz, 5J(H,H)� 0.9 Hz, 2H; H6 Py); 13C{1H} NMR (75 MHz,
CDCl3): d� 19.7 (d, 2J(P,C)� 6.3 Hz, CHCH3), 23.2 (s, C�CCH2CH2), 26.9
(d, 1J(P,C)� 15.6 Hz, CHCH3), 28.2 (s, C�CCH2), 120.4 (s, C5 Py), 123.8 (d,
3J(P,C)� 7.8 Hz, C3 Py), 135.9 (d, 4J(P,C)� 1.6 Hz, C4 Py), 143.2 (s, PC�C),
147.3 (d, 2J(P,C)� 8.6 Hz, PC�C), 149.5 (d, 4J(P,C)� 1.6 Hz, C6 Py), 157.0
(d, 2J(P,C)� 18.8 Hz, C2 Py); 31P{1H} NMR (81 MHz, CDCl3): d��30.5;
HR-MS (EI): m/z : 334.1607 [M]� ; calcd for C21H23PN2: 334.1599; elemental
analysis (%) calcd for C21H23PN2 (334.40): C 75.43, H 6.93, N 8.35; found: C
75.62, H 7.08, N 8.23.


1-Diisopropylamino-2,5-bis(2-pyridyl)phosphole (3 f): A solution of nBuLi
in hexane (2.5m, 1.30 mL, 3.15 mmol) was added dropwise to a solution of
1a (0.39 g, 1.50 mmol) and [Cp2ZrCl2] (0.44 g, 1.50 mmol) in THF (20 mL)
at ÿ78 8C. The reaction mixture was warmed to room temperature and
stirred for 12 h. Freshly distilled PCl3 (0.16 mL, 1.80 mmol) was added to
this solution at ÿ78 8C. The solution was allowed to warm to room
temperature and stirred for 1 h, then freshly distilled iPr2NH (0.25 mL,
1.80 mmol) was added dropwise at ÿ20 8C. The solution was allowed to
warm to room temperature and stirred for 4 h. All volatile materials were
removed in vacuo, and the residue was extracted with pentane (3� 10 mL).
The product was obtained as a yellow solid (yield: 0.32 g, 0.94 mmol, 45%).
M.p. 182 8C (decomp); 1H NMR (200 MHz, C6D6): d� 0.55 (d, 3J(H,H)�
6.0 Hz, 6H; CHCH3), 1.25 (m, 8H; C�CCH2CH2, CHCH3), 1.55 (m, 2H;
C�CCH2CH2), 2.55 (m, 2 H; C�CCH2), 2.93 (m, 2H; C�CCH2), 3.50 (m,
2H; NCHCH3), 6.64 (ddd, 3J(H,H)� 4.7, 7.5 Hz, 4J(H,H)� 1.0 Hz, 2H; H5
Py), 7.22 (dd, 3J(H,H)� 7.5, 7.9 Hz, 4J(H,H)� 2.0 Hz, 2H; H4 Py), 7.52 (dd,
3J(H,H)� 7.9 Hz, 4J(H,H)� 1 Hz, 2H; H3 Py), 8.50 (ddd, 3J(H,H)�
4.7 Hz, 4J(H,H)� 2.0 Hz, 5J(H,H)� 0.9 Hz, 2H; H6 Py); 13C{1H} NMR
(75 MHz, CDCl3): d� 22.8 (d, 3J(P,C)� 9.5 Hz, CHCH3), 23.2 (s,
C�CCH2CH2), 26.3 (d, 3J(P,C)� 9.5 Hz, CHCH3), 27.8 (s, C�CCH2), 47.9
(d, 2J(P,C)� 14.9 Hz, NCH), 119.9 (s, C5 Py), 124.2 (d, 3J(P,C)� 9.3 Hz, C3
Py), 134.8 (s, C4 Py), 144.2 (d, 3J(P,C)� 12.6 Hz, PC�C), 144.4 (s, PC�C),
149.5 (d, 3J(P,C)� 1.6 Hz, C6 Py), 157.2 (d, 2J(P,C)� 20.0 Hz, C2 Py);
31P{1H} NMR (81 MHz, CDCl3): d��45.3.


1-Phenyl-2,5-bis(2-thienyl)oxophosphole (4b): A solution of bis(trimethyl-
silyl) peroxide (2.3 mL, 0.53 mmol) in CH2Cl2 (10 mL) was added at room
temperature to a solution of phosphole 3b (0.20 g, 0.53 mmol) in CH2Cl2


(10 mL). The solution was stirred for 12 h. The volatile substances were
removed under vacuum, and the residue was washed with pentane (3�
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10 mL). Compound 4 b was obtained as an orange solid (yield: 0.20 g,
0.50 mmol, 95%). M.p. 227 8C; 1H NMR (200 MHz, CDCl3): d� 1.85 (m,
4H; C�CCH2CH2), 2.85 (m, 4H; C�CCH2), 6.96 (dd, 3J(H,H)� 3.8, 5.1 Hz,
2H; H4 thienyl), 7.29 (ddd, 3J(H,H)� 5.1 Hz, 4J(H,H)� 1.6, 5J(P,H)�
0.8 Hz, 2 H; H5 thienyl), 7.38 (m, 5H; m-/p-H Ph, H3 thienyl) 7.78 (ddd,
3J(H,H)� 7.3 Hz, 4J(H,H)� 1.5 Hz, 3J(P,H)� 12.3 Hz, 2 H; o-H Ph);
13C{1H) NMR (75 MHz, CDCl3): d� 22.4 (s, C�CCH2CH2), 28.6 (d,
3J(P,C)� 14.8 Hz, C�CCH2), 125.0 (d, 1J(P,C)� 98.6 Hz, PC�C), 126.7 (s,
C5 thienyl), 127.4 (s, C4 thienyl), 127.8 (d, 3J(P,C)� 4.7 Hz, C3 thienyl),
128.9 (d, 3J(P,C)� 12.4 Hz, m-C Ph), 130.1 (d, 1J(P,C)� 94.7 Hz, ipso-C
Ph), 130.6 (d, 2J(P,C)� 10.1 Hz, ipso-C Ph), 132.1 (d, 4J(P,C)� 2.3 Hz, p-C
Ph), 135.5 (d, 2J(P,C)� 16.0 Hz, C2 thienyl), 145.1 (d, 2J(P,C)� 24.2 Hz,
PC�C); 31P{1H) NMR (81 MHz, CDCl3): d��42.3; HR-MS (EI): m/z :
394.0615 [M]� ; calcd for C22H19S2PO: 394.0605; elemental analysis (%)
calcd for C22H19S2PO (394.48): C 66.98, H 4.85; found: C 66.83, H 4.78.


1-Phenyl-2,5-bis(2-pyridyl)thiooxophosphole (5 a): Elemental sulfur
(35 mg, 1.10 mmol) was added to a solution of phosphole 3a (0.40 g,
1.10 mmol) in THF (15 mL) at room temperature. The reaction mixture
was stirred for 36 h, filtered, and the solvent was removed in vacuo. After
purification on silica gel, 5 a was obtained as a yellow solid (yield: 0.40 g,
1.0 mmol, 92%). Rf� 0.15 (silica gel, diethyl ether/hexane 80:20); m.p.
114 8C; 1H NMR (200 MHz, C6D6): d� 1.81 (m, 4H; C�CCH2CH2), 3.17
(m, 2H; C�CCH2), 3.65 (m, 2H; C�CCH2), 7.08 (ddd, 3J(H,H)� 4.8,
7.6 Hz, 4J(H,H)� 1.0 Hz, 2H; H5 Py), 7.35 ± 7.45 (m, 3H; m-/p-H Ph), 7.55
(ddd, 3J(H,H)� 7.6, 7.6 Hz, 4J(H,H)� 1.9 Hz, 2 H; H4 Py), 7.68 (dd,
3J(H,H)� 7.6 Hz, 4J(H,H)� 1.0 Hz, 2H; H3 Py), 7.88 (ddd, 3J(H,H)�
8.0 Hz, 4J(H,H)� 1.4 Hz, 5J(P,H)� 14.0 Hz, 2H; o-H Ph), 8.54 (ddd,
3J(H,H)� 4.8 Hz, 4J(H,H)� 1.9 Hz, 5J(H,H)� 0.9 Hz, 2 H; H6 Py);
13C{1H} NMR (75 MHz, CDCl3): d� 22.5 (s, C�CCH2CH2), 29.4 (d,
3J(P,C)� 12.6 Hz, C�CCH2), 122.1 (s, C5 Py), 124.4 (d, 3J(P,C)� 2.9 Hz,
C3 Py), 128.6 (d, 1J(P,C)� 75.5 Hz, ipso-C Ph), 128.8 (d, J(P,C)� 12.6 Hz,
o-C or m-C Ph), 130.8 (d, J(P,C)� 11.7 Hz, o-C or m-C Ph), 131.7 (d,
4J(P,C)� 3.0 Hz, p-C Ph), 132.9 (d, 1J(P,C)� 83.0 Hz, PC�C), 135.9 (s, C4
Py), 149.4 (d, 4J(P,C)� 1.1 Hz, C6 Py), 152.1 (d, 2J(P,C)� 17.3 Hz, PC�C),
153.0 (d, 2J(P,C)� 20.4 Hz, C2 Py); 31P{1H} NMR (81 MHz, CDCl3): d�
�53.1; HR-MS (EI): m/z : 400.1186 [M]� ; calcd for C24H21PN2S: 400.1163;
elemental analysis (%) calcd for C24H21PN2S (400.48): C 71.98, H 5.29, N
6.99; found: C 72.12, H 5.40, N 7.02.


1-Phenyl-2,5-bis(2-thienyl)thiooxophosphole (5 b): Elemental sulfur
(17 mg, 0.53 mmol) was added to a solution of phosphole 3 b (0.20 g,
0.53 mmol) in THF (15 mL) at room temperature. The reaction mixture
was stirred for 36 h, filtered, and the solvent was removed in vacuo. After
purification on silica gel, 5b was obtained as a yellow solid (yield: 0.40 g,
0.97 mmol, 93%). Rf� 0.7 (silica gel, diethyl ether/hexane 80:20); m.p.
114 8C, 1H NMR (200 MHz, CD2Cl2): d� 1.80 (m, 4H; C�CCH2CH2), 2.85
(m, 2H; C�CCH2), 3.65 (m, 2H; C�CCH2), 6.98 (dd, 3J(H,H)� 5.1, 3.7 Hz,
2H; H4 thienyl), 7.34 (dd, 3J(H,H)� 5.1 Hz, 4J(H,H)� 1.1 Hz, 2 H; H5
thienyl), 7.37 (ddd, 3J(H,H)� 3.7 Hz, 4J(H,H)� 1.1 Hz, 4J(P,H)� 1.0 Hz,
2H; H3 thienyl), 7.45 (m, 3H; m-/p-H Ph), 7.90 (ddd, 3J(H,H)� 8.0 Hz,
4J(H,H)� 1.4 Hz, 3J(P,H)� 9.0 Hz, 2H; o-H Ph); 13C{1H) NMR (75 MHz,
CDCl3): d� 22.5 (s, C�CCH2CH2), 29.2 (d, 3J(P,C)� 13.3 Hz, C�CCH2),
126.8 (s, C5 thienyl), 127.4 (s, C4 thienyl), 127.8 (d, 3J(P,C)� 5.5 Hz, C3
thienyl), 128.5 (d, 1J(P,C)� 83.7 Hz, PC�C), 128.9 (d, 1J(P,C)� 73.9 Hz,
ipso-C Ph), 129.0 (d, 3J(P,C)� 12.5 Hz, m-C Ph), 130.7 (d, 2J(P,C)�
11.7 Hz, o-C Ph), 132.1 (d, 4J(P,C)� 3.0 Hz, p-C Ph), 134.7 (d, 2J(P,C)�
17.5 Hz, C2 thienyl), 146.1 (d, 2J(P,C)� 20.9 Hz, PC�C); 31P{1H) NMR
(81 MHz, CDCl3): d��52.6; HR-MS (EI): m/z : 410.0403 [M]� ; calcd for
C22H19PS3: 410.0387; elemental analysis (%) calcd for C22H19PS3 (410.55): C
64.36, H 4.36; found: C 64.12, H 4.22.


1-Phenyl-2,5-bis(2-thienyl)selenoxophosphole (6b): A solution of phos-
phole 3b (0.10 g, 0.26 mmol) and elemental selenium (0.02 g, 0.26 mmol) in
THF (10 mL) was stirred for 24 h at room temperature. The solvent was
removed under vacuum, and the residue was washed with pentane (3�
10 mL). Compound 6 b was obtained as an orange solid (yield: 0.11 g,
0.24 mmol, 91%). 1H NMR (200 MHz, CD2Cl2): d� 1.80 (m, 4H;
C�CCH2CH2), 2.90 (m, 4H; C�CCH2), 6.90 (ddd, 3J(H,H)� 3.7, 5.1 Hz,
5J(P,H)� 0.5 Hz, 2 H; H4 thienyl), 7.32 (ddd, 3J(H,H)� 5.1 Hz, 4J(H,H)�
1.0 Hz, 5J(P,H)� 1.0 Hz, 2H; H5 thienyl), 7.35 (dd, 3J(H,H)� 3.7 Hz,
4J(H,H)� 1.0 Hz, 2 H; H3 thienyl), 7.42 (m, 3H; m-/p-H Ph), 7.90 (ddd,
3J(H,H)� 8.1 Hz, 4J(H,H)� 1.5 Hz, 3J(P,H)� 14.2 Hz, 2H; o-H Ph);
13C{1H) NMR (75 MHz, CDCl3): d� 22.4 (s, C�CCH2CH2), 29.4 (d,


3J(P,C)� 12.5 Hz, C�CCH2), 125.8 (d, 1J(P,C)� 74.3 Hz, PC�C), 126.9 (s,
C5 thienyl), 127.0 (d, 4J(P,C)� 9.4 Hz, C4 thienyl), 127.8 (d, 3J(P,C)�
5.5 Hz, C3 thienyl), 128.9 (d, 3J(P,C)� 12.5 Hz, m-C Ph), 131.2 (d,
2J(P,C)� 11.7 Hz, o-C Ph), 132.2 (d, 4J(P,C)� 3.1 Hz, p-C Ph), 134.8 (d,
2J(P,C)� 17.2 Hz, C2 thienyl), 145.6 (d, 2J(P,C)� 20.8 Hz, PC�C), ipso-C
was not observed; 31P{1H) NMR (81 MHz, CDCl3): d��41.5 (1J(P,Se)�
372.2 Hz); HR-MS (EI): m/z : 457.9878 [M]� ; calcd for C22H19S2PSe:
457.9928; elemental analysis (%) calcd for C22H19S2PSe (457.45): C 57.76, H
4.19; found: C 57.44, H 4.22.


1-Phenyl-2,5-bis(2-pyridyl)phosphole W(CO)5 complex (7 a): A solution of
[W(CO)5(thf)] (0.19 mg, 0.54 mmol) in THF (15 mL) was added dropwise
to a solution of phosphole 3a (0.20 g, 0.54 mmol) in THF (10 mL) at room
temperature. The solution was stirred for 3 h, then the solvent was removed
in vacuo, and 7 a was crystallized from THF at ÿ35 8C as yellow crystals
(yield: 0.35 g, 1.37 mmol, 95 %). M.p. 204 8C (decomp); 1H NMR
(200 MHz, C6D6): d� 1.40 (m, 4H; C�CCH2CH2), 2.90 (m, 2 H; C�CCH2),
3.15 (m, 2 H; C�CCH2), 6.45 (ddd, 3J(H,H)� 4.7, 7.3 Hz, 4J(H,H)� 1.0 Hz,
2H; H5 Py), 7.20 ± 7.31 (m, 5 H; m-/p-H Ph, H3 Py), 7.89 (ddd, 3J(H,H)� 7.8,
7.3 Hz, 4J(H,H)� 1.8 Hz, 2H; H4 Py), 7.88 (m, 2H; o-H Ph), 8.43 (ddd,
3J(H,H)� 4.7 Hz, 4J(H,H)� 1.8 Hz, 5J(H,H)� 1.0 Hz, 2H; H6 Py); 13C{1H}
NMR (75 MHz, CDCl3): d� 22.8 (s, C�CCH2CH2), 29.6 (d, 3J(P,C)�
7.1 Hz, C�CCH2), 121.6 (s, C5 Py), 123.4 (d, 3J(P,C)� 4.9 Hz, C3 Py),
128.5 (d, J(P,C)� 10.7 Hz, o-C or m-C Ph), 132.4 (d, J(P,C)� 12.8 Hz, o-C
or m-C Ph), 130.1 (d, 4J(P,C)� 2.3 Hz, p-C Ph), 131.2 (d, 1J(P,C)� 41.2 Hz,
ipso-C Ph), 144.0 (d, 1J(P,C)� 45.0 Hz, PC�C), 135.9 (s, C4 Py), 149.0 (s, C6
Py), 148.3 (d, 2J(P,C)� 11.2 Hz, P-C�C), 153.0 (d, 2J(P,C)� 13.6 Hz, C2
Py), 197.3 (d, 1J(P,C)� 6.9 Hz, 1J(W,C)� 126.7 Hz, COeq), 199.7 (d,
J(P,C)� 21.6 Hz, COax); 31P{1H} NMR (81 MHz, CDCl3): d��30.2
(1J(P,W)� 231.8 Hz); HR-MS (FAB, mNBA): m/z : 693.0786 [M�H]� ;
calcd for C29H22PN2O5W: 693.0776; elemental analysis (%) calcd for
C29H21PN2O5W (692.32): C 50.31, H 3.06, N 4.05; found: C 50.22, H 3.00, N
4.08.


1-Phenyl-2,5-bis(2-thienyl)phosphole W(CO)5 complex (7 b): A solution of
[W(CO)5(thf)] (0.20 mg, 0.54 mmol) in THF (10 mL) was added dropwise
to a solution of phosphole 3b (0.20 g, 0.54 mmol) in THF (15 mL) at room
temperature. The solution was stirred for 15 h. The solvent was removed in
vacuo, and 7b was crystallized from THF at ÿ20 8C as yellow crystals
(yield: 0.33 g, 0.48 mmol, 96 %). M.p. 204 8C (decomp); 1H NMR
(200 MHz, C6D6): d� 1.35 (m, 4H; C�CCH2CH2), 2.67 (m, 4 H; C�CCH2),
6.62 (ddd, 3J(H,H)� 3.7, 5.1 Hz, 5J(P,H)� 0.5 Hz, 2 H; H4 thienyl), 6.82
(ddd, 3J(H,H)� 5.1 Hz, 4J(H,H)� 1.0 Hz, 4J(P,H)� 0.9 Hz, 2H; H5 thien-
yl), 6.92 (ddd, 3J(H,H)� 3.7 Hz, 4J(H,H)� 1.0 Hz, 4J(P,H)� 0.9 Hz, 2H;
H3 thienyl), 7.02 (m, 3 H; m-/p-H Ph), 7.78 (ddd, 3J(H,H)� 8.1 Hz,
4J(H,H)� 1.5 Hz, 3J(P,H)� 11.7 Hz, 2H; o-H Ph); 13C{1H} NMR
(75 MHz, CDCl3): d� 22.8 (s, C�CCH2CH2), 28.7 (d, 3J(P,C)� 7.6 Hz,
C�CCH2), 126.4 (s, C5 thienyl), 127.0 (s, C4 thienyl), 127.5 (d, 3J(P,C)�
5.5 Hz, C3 thienyl), 128.0 (d, 1J(P,C)� 79.0 Hz, ipso-C Ph), 129.4 (d,
3J(P,C)� 10.9 Hz, m-C Ph), 131.6 (d, 4J(P,C)� 2.3 Hz, p-C Ph), 133.4 (d,
2J(P,C)� 13.3 Hz, o-C Ph), 136.2 (d, 2J(P,C)� 18.0 Hz, C2 thienyl), 136.8 (d,
1J(P,C)� 43.5 Hz, PC�C), 144.2 (d, 2J(P,C)� 13.3 Hz, PC�C), 196.2 (d,
2J(P,C)� 6.3, 1J(W,C)� 127.8 Hz, COeq), 198.2 (d, 2J(P,C)� 21.4 Hz, COax);
31P{1H} NMR (81 MHz, CDCl3): d��33.4 (1J(P,W)� 226.2 Hz); HR-MS
(EI): m/z : 701.9943 [M]� ; calcd for C27H19PS2O5W: 701.9921; elemental
analysis (%) calcd for C27H19PS2O5W (702.39): C 46.17, H 2.73; found: C
46.36, H 2.71.


1-Methyl-1-phenyl-2,5-bis(2-pyridyl)phospholium salt (8a): Methyl tri-
fluoromethanesulfonate (0.075 g, 0.45 mmol, 0.8 equiv) was added to a
solution of phosphole 3a (0.21 g, 0.57 mmol) in dichloromethane (10 mL)
at room temperature. This solution was stirred for 6 h at room temperature.
The volatile materials were removed under vacuum. The residue was
washed with toluene (3� 5 mL), and 8a was obtained as a yellow solid
(yield: 0.31 g, 0.57 mmol, 75 %). 1H NMR (200 MHz, CDCl3): d� 1.90 (m,
4H; C�CCH2CH2), 2.80 (d, 2J(P,H)� 15.2 Hz, 3 H; CH3), 3.10 (m, 4H;
C�CCH2), 7.15 (m, 2H; H5 Py), 7.43 (m, 3 H; m-/p-H Ph), 7.73 (m, 6 H; o-H
Ph, H3 and H5 Py), 8.40 (ddd, 3J(H,H)� 4.7 Hz, 4J(H,H)� 1.7 Hz,
5J(H,H)� 1.1 Hz, 2 H; H6 Py); 13C (75 MHz, CDCl3): d� 9.54 (d,
1J(P,C)� 57.1 Hz, CH3), 21.4 (s, C�CCH2CH2), 30.3 (d, 3J(P,C)� 13.8 Hz,
C�CCH2), 119.8 (d, 1J(P,C)� 91.4 Hz, ipso-C Ph), 123.6 (s, C5 Py), 123.8 (d,
3J(P,C)� 8.3 Hz, C3 Py), 128.6 (d, 1J(P,C)� 87.0 Hz, PC�C), 129.7 (d,
3J(P,C)� 13.9 Hz, m-C Ph), 131.4 (d, 2J(P,C)� 11.1 Hz, o-C Ph), 133.7 (d,
4J(P,C)� 3.3 Hz, p-C Ph), 137.7 (d, 4J(P,C)� 1.3 Hz, C4 Py), 149.3 (s, C6
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Py), 149.9 (d, 2J(P,C)� 8.6 Hz, C2 Py), 157.4 (d, 2J(P,C)� 20.4 Hz, PC�C);
31P (121.496 MHz, CDCl3): d��41.4. HR-MS (FAB, mNBA): m/z :
383.1677 [MÿOTf]� ; calcd for C25H24PN2: 383.1677.


1-Methyl-1-phenyl-2,5-bis(2-thienyl)phospholium trifluoromethanesulfo-
nate (8 b): Methyl trifluoromethanesulfonate (0.10 g, 0.6 mmol) was added
at room temperatute to a solution of phosphole 3b (0.23 g, 0.6 mmol) in
dichloromethane (10 mL). The solution was stirred for 1 h at room
temperature. The volatile materials were removed under vacuum, and
the residue was washed with diethyl ether (3� 10 mL). Compound 8b was
obtained as a red solid (yield: 0.23 g, 0.42 mmol, 95%). M.p. 143 8C;
1H NMR (200 MHz, CDCl3): d� 1.90 (m, 4 H; C�CCH2CH2), 2.60 (d,
2J(P,H)� 13.8 Hz, 3H; CH3), 3.00 (m, 4 H; C�CCH2), 6.99 (m, 4 H; H4, H3
thienyl), 7.41 (ddd, 3J(H,H)� 5.0 Hz, 4J(H,H)� 1.5 Hz, 5J(P,H)� 1.2 Hz,
2H; H5 thienyl), 7.66 (m, 3H; m-/p-H Ph), 7.93 (ddd, 3J(H,H)� 6.2 Hz,
4J(H,H)� 1.5 Hz, 3J(P,H)� 14.4 Hz, 2 H; o-H Ph); 13C{1H) NMR (75 MHz,
CDCl3): d� 5.50 (d, 1J(P,C)� 50.1 Hz, CH3), 21.6 (s, C�CCH2CH2), 29.9 (d,
3J(P,C)� 13.4 Hz, C�CCH2), 115.6 (d, 1J(P,C)� 79.9 Hz, ipso-C Ph), 118.4
(d, 1J(P,C)� 85.3 Hz, PC�C), 128.6 (s, C5 thienyl), 128.7 (d, 3J(P,C)�
6.1 Hz, C3 thienyl), 129.4 (s, C4 thienyl), 131.2 (d, 3J(P,C)� 12.2 Hz, m-C
Ph), 131.8 (d, 2J(P,C)� 15.9 Hz, C2 thienyl), 132.4 (d, 2J(P,C)� 12.2 Hz, o-C
Ph), 135.9 (d, 4J(P,C)� 3.6 Hz, p-C Ph), 154.1 (d, 2J(P,C)� 20.8 Hz, PC�
C); 31P{1H) NMR (81 MHz, CDCl3): d��34.8; HR-MS (FAB, mNBA):
m/z : 393.0901 [MÿOTf]� ; calcd for C23H22S2P 393.0901; elemental analysis
(%) calcd for C24H22S3PF303 (542.59): C 53.13, H 4.09; found: C 53.24, H
4.00.


1-(2-Thienyl)octa-1,7-diyne (9): Catalytic amounts of [Pd(PPh3)2Cl2]
(130 mg, 0.18 mmol) and CuI (36 mg, 0.18 mmol) were added to a solution
of 2-iodothiophene (1.03 mL, 9.4 mmol) and octa-1,7-diyne (1.25 mL, 1.0 g,
9.4 mmol) in triethylamine (35 mL) at room temperature. The heteroge-
neous yellow mixture was stirred for 7 h at room temperature. The reaction
mixture turned brown and a large amount of precipitate formed during the
course of the reaction. All volatile materials were removed in vacuo, and
the residue was extracted with Et2O (3� 30 mL). Then the solvent was
removed, and the crude oil was purified by column chromatography (silica
gel, heptane). Compound 9 was obtained as a translucent oil (yield: 0.6 g,
3.19 mmol, 34%). 1H NMR (200 MHz, CDCl3): d� 1.68 (m, 4 H;
C�CCH2CH2), 1.98 (t, 3J(H,H)� 2.6 Hz, 1 H; C�CH), 2.22 (m, 2H;
C�CCH2), 2.44 (m, 2 H; C�CCH2), 6.92 (dd, 3J(H,H)� 5.12 Hz,
3J(H,H)� 3.7 Hz, 1H; H4 thienyl), 7.14 (dd, 3J(H,H)� 3.7 Hz, 4J(H,H)�
1.1 Hz, 1H; H3 thienyl), 7.16 (dd, 3J(H,H)� 5.1 Hz, 4J(H,H)� 1.1 Hz, 1H;
H5 thienyl); 13C{1H} NMR (75 MHz, CDCl3): d� 18.1 (s, C�CCH2CH2),
19.3 (s, C�CCH2CH2), 27.6 (s, C�CCH2), 27.7 (s, C�CCH2), 68.9 (s, C�CH),
74.3 (s, C�CCS), 84.1 (s, C�C-H), 93.9 (s, C�CCS), 124.2 (s, C2 thienyl),
126.1 (s, C4 thienyl), 126.9 (s, C5 thienyl), 131.1 (s, C3 thienyl); FT-IR
(CH2Cl2): nÄ � 3304 cmÿ1 (s; C�CH); HR-MS (EI): m/z : 188.0690 [M]� ;
calcd for C12H12S: 188.0660; elemental analysis (%) calcd for C12H12S
(188.29): C 76.55, H 6.42; found: C 76.78, H 6.15.


5,5'-Bis[8-(2-thienyl)octa-1,7-diyne]-2,2'-dithienyl (10): Catalytic amounts
of [Pd(PPh3)2Cl2] (0.019 g, 0.027 mmol) and CuI (0.013 g, 0.067 mmol) were
added to a solution of 5,5'-dibromo-2,2'-dithienyl (0.22 g, 0.68 mmol) and
1-(2-thienyl)octa-1,7-diyne (0.26 g, 1.36 mmol) in Et3N (15 mL) and
toluene (6 mL) at room temperature. The heterogeneous yellow mixture
was stirred for 2 d at room temperature. A precipitate formed and the
mixture turned black. All volatile materials were removed in vacuo, and the
residue was extracted with Et2O (3� 30 mL). After purification by column
chromatography on silica gel (heptane/Et2O 99.9:0.1), 10 was obtained as a
yellowish solid (yield: 0.34 g, 0.62 mmol, 92%). 1H NMR (200 MHz,
CDCl3): d� 1.70 (m, 8H; C�CCH2CH2), 2.50 (m, 8H; C�C-CH2), 6.91 (dd,
3J(H,H)� 5.1 Hz, 3J(H,H)� 3.7 Hz, 2H; H4 thienyl), 6.98 (AB system,
J(H,H)� 3.8 Hz, n0d� 7.4 Hz, 4 H; H3' and H4' thienyl), 7.09 (dd,
3J(H,H)� 3.7 Hz, 4J(H,H)� 1.2 Hz, 2 H; H3 thienyl), 7.13 (dd, 3J(H,H)�
5.1 Hz, 4J(H,H)� 1.2 Hz, 2H; H5 thienyl); 13C{1H} NMR (75 MHz,
CDCl3): d� 19.3 (s, C�CCH2CH2), 19.4 (s, C�CCH2CH2), 27.7 (s,
C�CCH2), 27.8 (s, C�CCH2), 74.1 (s, C�CCS), 74.2 (s, C�C-C-S), 93.8 (s,
C�CCS), 95.4 (s, C�CCS), 123.2 (s, C2' thienyl), 123.5 (s, C4' thienyl), 124.1
(s, C2 thienyl), 126.1 (s, C5 thienyl), 126.8 (s, C4 thienyl), 131.0 (s, C3
thienyl), 131.0 (s, C3' thienyl), 137.0 (s, C5' thienyl); HR-MS (FAB, m-
NBA): m/z : 538.09190 [M]� ; calcd for C32H26S4: 538.09174; elemental
analysis (%) calcd for C32H26S4 (538.80): C 71.34, H 4.86; found: C 71.01, H
4.98.


Mixed phosphole ± thiophene oligomer 11: Following the procedure
described for compound 3 a, reaction of 10 (0.115 g, 0.21 mmol), [Cp2ZrCl2]
(0.125 g, 0.42 mmol), nBuLi (1.6m, 0.58 mL, 0.94 mmol) and PhPBr2


(0.097 mL, 0.47 mmol) afforded the s3-phosphole derivative after filtration
on basic alumina (31P{1H) NMR (81 MHz, CDCl3): d��11.5). Elemental
sulfur (0.018 g, 0.07 mmol) was added to this THF solution. The reaction
mixture was stirred for 36 h at room temperature and filtered, and the
solvent was removed in vacuo. After purification on silica gel (Et2O/
heptane 20:80), 11 was obtained as an orange solid (yield: 0.04 g,
0,05 mmol, 23 %). Rf� 0.15 (silica gel, Et2O/heptane 20:80); 1H NMR
(200 MHz, CDCl3): d� 1.90 (m, 8H; C�CCH2CH2), 2.90 (m, 8 H;
C�CCH2), 6.95 (m, 4 H; H4, H4' thienyl), 7.28 (m, 4 H; H5, H3 thienyl),
7.38 (m, 8 H; H3' thienyl, m-/p-H Ph), 7.86 (m, 4H; o-H Ph); 13C{1H) NMR
(75 MHz, CDCl3): d� 21.7 (s, C�CCH2CH2), 28.4 (s, C�CCH2), 123.2 (s,
C4' thienyl), 125.8 (s, C5 thienyl), 126.4 (s, C4 thienyl), 126.7 (d, 3J(P,C)�
5.8 Hz, C3 thienyl), 127.8 (s, C3' thienyl), 127.9 (d, 3J(P,C)� 12.6 Hz, m-C
Ph), 129.6 (d, 2J(P,C)� 11.7 Hz, o-C Ph), 131.1 (d, 4J(P,C)� 2.5 Hz, p-C Ph),
133.4 (d, 2J(P,C)� 18.1 Hz, C2 or C2' thienyl), 133.6 (d, 2J(P,C)� 17.1 Hz,
C2 or C2' thienyl), 137.1 (s, C5' thienyl), 143.9 (d, 2J(P,C)� 20.1 Hz, PC�C),
144.2 (d, 2J(P,C)� 21.3 Hz, PC�C), PC�C and ipso-C Ph were not
observed; 31P{1H) NMR (81 MHz, CDCl3): d��52,6; HR-MS (FAB, m-
NBA): m/z : 818.0614 [M]� ; calcd for C32H26S4: 818.06166; elemental
analysis (%) calcd for C44H36S6P2 (818.06): C 64.54, H 4.44; found: C 64.21,
H 4.30.
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Direct Measurements of the Enthalpy of Solution of Solid Solute in
Supercritical Fluids: Study on the CO2 ± Naphthalene System


Xiaogang Zhang, Buxing Han,* Jianling Zhang, Hongping Li, Jun He, and Haike Yan[a]


Abstract: A setup for a calorimeter for
simultaneously measuring the solubility
and the solution enthalpy of solid solutes
in supercritical fluids (SCFs) has been
established. The enthalpy of solution of
naphthalene in supercritical CO2 was
measured at 308.15 K in the pressure
range from 8.0 ± 11.0 MPa. It was found
that the enthalpy of solution (DH) was
negative in the pressure range from 8.0
to 9.5 MPa, and the absolute value
decreased with increasing pressure. In


this pressure range, the dissolution of
the solute was enthalpy driven. How-
ever, the DH became positive at pres-
sures higher than 9.5 MPa, and the
dissolution was entropy driven. Monte
Carlo simulation was performed to ana-
lyze the local structural environment of


the solvated naphthalene molecules in
supercritical CO2 under the experimen-
tal conditions for the calorimetric mea-
surements. By combining the enthalpy
data and the simulation results, it can be
deduced that the energy level of CO2 in
the high compressible region is higher
than that at higher pressures, which
results in the large negative enthalpy of
solution and the larger degree of
solvent ± solute clustering in the high
compressible region.


Keywords: calorimetry ´ carbon
dioxide ´ naphthalene ´ solution
enthalpy ´ supercritical fluids


Introduction


Recently, the thermodynamic behavior of dilute mixtures in
the vicinity of the critical point of the solvent has received
much attention.[1] It has been known that supercritical fluids
(SCFs) have the ability to dissolve low volatile compounds;
this ability is the basis of SCF techniques. The mechanism of
SCFs for dissolving solutes is a very interesting and important
topic, which needs to be studied further. For the supercritical
(SC) CO2 ± naphthalene system, solubility and partial molar
volume (PMV) measurements have provided evidence that
the local properties in the vicinity of the solute (naphthalene)
molecules were quite different from the bulk properties of the
solvent. Eckert et al.[2] proposed the idea of solvent ªcluster-
ingº around the solute to interpret their experimental results
of large and negative PMVs for the solutes in supercritical
solvents. They showed that the infinite dilution PMV of
naphthalene dissolved in CO2 near the critical point could be
predicted qualitatively by using ideal chemical theory with a
cluster size of about 50 solvent molecules per solute molecule.
Kim and Johnston[3] showed that the PMV of naphthalene in


SC CO2 at infinite dilution is ÿ7800 cm3 molÿ1, which
corresponded to the condensation of about 80 solvent mole-
cules around a solute molecule. They tried to combine the
cluster concept with the local composition model by compar-
ing the solubility data with solvatochromism in supercritical
solutions. Debenedetti[4] compared calculations from the
Kirkwood ± Buff fluctuation analysis with the experimental
data of Eckert et al.[2] and concluded that the cluster size was
approximately 100 solvent molecules around a solute in the
highly compressible region for the case of naphthalene
dissolved in SC CO2. In his analysis, it was assumed that
clustering of SC solvent molecules could be related to the
large negative partial molar volume. Zhong et al.[5] and
Chrastil[6] proposed thermodynamic models for correlating
the solubility of solutes in SCFs on the basis of clustering
between solvents and solutes. The origin of the clustering in
SC solutions is a very interesting question, which is closely
related to the molecular interactions. The molecular inter-
actions in SC solutions differ significantly from those in
normal liquid solutions. Different experimental techniques
have been used to study the molecular interactions in
SCFs, such as UV,[7] FTIR,[8] fluorescence,[9] and partial
molar volume measurement.[2, 10] The energy change
of a given physical process could be accurately determined
by using calorimetric techniques.[11] Calorimetry could
provide the information about molecular interactions that
cannot be obtained from other methods. Therefore, the
calorimeter has been known as a ªlow-frequency spectrom-
eterº.[11f]
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The enthalpy of solution of solutes in SCFs gives energetic
information about the intermolecular interactions and is a key
method for investigating the reasons why SCFs are able to
easily dissolve solutes. To our knowledge, however, direct
measurement of the enthalpy of solution of solid solutes in
SCFs has not been reported in the literature. SC CO2 ±
naphthalene solution has become a model system for studying
solubility. This system is also a good candidate for studying
structure and intermolecular interactions by experimental,
theoretical, and simulation techniques. For example, recent
RISM (reference interaction site model) integral equation
theory calculations[12] and molecular mechanics simulations[13]


have predicted the preferred orientations of CO2 molecules
around a naphthalene molecule. In this work, we established
the setup for an isothermal flow calorimeter for simultane-
ously measuring the solubility and solution enthalpy of solid
solutes in SCFs. The intermolecular interactions in the SC
CO2 ± naphthalene system were studied by a combination of
calorimetry and Monte Carlo simulation.


Experimental Section


Materials : CO2 with a purity of 99.995 % was supplied by Beijing Analytical
Instrument Factory. Naphthalene was AR grade produced by Beijing
Chemical Plant.


Supercritical calorimeter : The calorimeter was the constant temperature
environment type. The principle of the calorimeter was very simple. At
constant pressure, SC CO2 flowed through a calorimeter vessel, which
contained a solid solute, and dissolved the solute. The temperature of the
calorimeter vessel was changed if the dissolution process absorbed or
released heat. The enthalpy of solution was obtained from the mass of the
solute dissolved, the energy equivalent, and the temperature change of the
calorimeter vessel after correction by using graphical extrapolation based
on Dickinson�s method.[14]


The schematic diagram of the calorimeter is shown in Figure 1. It consisted
mainly of a calorimeter vessel, an extractor (for the measuring of solubility,
though strictly speaking, it did not relate to the calorimeter), a thermostat,
an electric calibrator (not shown in Figure 1), a precision thermistor
thermometer, a sample collector, and a high-pressure system.


The key part of the calorimeter was the calorimeter vessel, which was made
of red copper and is schematically shown in Figure 2. The internal volume
of the vessel was 10 mL. The outlet was a copper tube of two meters long
and 1.5 mm in inner diameter and was wound around the calorimeter cell
tightly so that the heat exchange was sufficient. Experiments showed that
this tube was long enough because the measured enthalpy at fixed
temperature and pressure was independent of the flow rate of CO2.


Figure 1. Schematic diagram of the calorimeter to measure solution
enthalpy of solids in supercritical fluids: 1 and 3-constant temperature
bath; 2-gas cylinder; 4-preheating coil; 5-calorimeter vessel; 6-outer can;
7-extractor; 8-temperature controller; 9-sample trap; 10-flow gas meter.


Figure 2. Schematic diagram of the calorimeter vessel.


Electrical calibration was carried out by adding power to the calibration
heater with a resistance of 50� 0.1W. The thermistor, which had a
resistance value of 3 KW at 298.2 K, was sealed into the wall of the
calorimeter vessel. In order to decrease the heat leaking, the surface of the
calorimeter vessel, inlet and outlet tubes was electroplated, and the vessel
was covered by tinfoil paper. The size of the extractor was the same as that
of the calorimeter vessel, and their only difference was that the outlet of the
extractor was not wound around the extractor because a long outlet was not
favorable to the accurate measurement of the solubility. The accuracy of
the pressure gauge, which was composed of a transducer (FOXBORO/
ICT) and an indicator, was �0.025 MPa in the pressure range of 0 ±
20 MPa. Temperature fluctuation of the water bath was �0.001 K, and
the accuracy of the temperature measurement was �0.0005 K. The
preheating coil had a length of about 15 meters. The stability of the
pressure during the experiments was very important. To do this, we used a
CO2 cylinder of eight liters, which was submerged into a constant
temperature water bath, as is shown in Figure 1. The pressure of the gas
in the cylinder could be easily controlled by the temperature of the water
bath. Experiments showed that this way was very effective because the
pressure fluctuation was less than �0.01 MPa during each experiment.


Procedures : All the experiments were performed at 308.15 K. The
calorimeter vessel and extractor were thoroughly cleaned before the
experiments and then tightly packed with mixtures of solid naphthalene
and copper scraps (helped to conduct heat, reduced the possibility of the
solvent channeling, and prevented the solute material from forming lumps
under pressure). Naphthalene (8 g) was charged for each experiment.
Before the experiments, the system was stabilized for at least eight hours to
reach thermal equilibrium. The solubility was determined by opening the
needle valve slightly to allow CO2 to be passed through the extractor. The
solubility of the solute could be easily calculated by the masses of the solute
collected and CO2 passing through the flow meter. In order to confirm that
the equilibrium inside of the extractor had been reached, the measure-
ments were made at different flow rates (between 10 mL minÿ1 and
50 mL minÿ1) and compared. The solubility determined was independent of
the flow rate, indicating that equilibrium was reached. All the experiments
were conducted at the flow rate of 30 mL minÿ1. These data were used to
calculate the mole fraction of the solute in the vapor phase at the specified
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temperature and pressure. The experiments at each set of conditions were
repeated at least three times, and the repeatability was better than �2%.


The procedure for the enthalpy measurement was similar to that of the
solubility measurement. CO2 was allowed to pass through the calorimeter
vessel, and the temperature change was monitored by using a computer.
The mass of the solute dissolved in this process was known by the solubility
under the experimental conditions and the mass of CO2 passing through the
calorimeter vessel. The energy equivalent was measured by electric
calibrator under the experimental conditions, and the repeatability of the
measurement was better than �0.2%.


There was no experimental enthalpy data for the solution of solute in SCFs.
However, the accuracy of the calorimeter was tested by measuring the heat
capacity of water, and the average value was 4.18� 0.01 Jgÿ1 Kÿ1 at
308.15 K. The result agreed well with the literature value.[15] We emphasize
that accuracy for the solution enthalpy of solutes in a SCF is lower than that
for the heat capacity measurement of a liquid. The main reason is the
uncertainty of the solubility data determined. It is estimated that the
uncertainty for the enthalpy of solution determined in this work is about
�3 %.


Simulation section : Monte Carlo simulation was performed on 1000 real
molecules in the NPT ensemble with periodic boundary conditions. The
NPT ensemble was characterized by one simulation box with the number
of molecules N, pressure P, and temperatureT fixed, and the volume V of
the box was variable. The NPT ensemble was chosen instead of the
canonical (Constant N, V, and T ) ensemble because the latter tended to
suppress density fluctuations that were important near the critical point.
The molar ratios of the solvent and solute enclosed in the box were chosen
in such a way that they agreed with the solubility data determined in this
work. Detailed simulation conditions are given in Table 1. The standard
Metropolis method was used to obtain new configurations under the NPT
ensemble. In this work, the intermolecular potential was Lennard ± Jones
type [Eq. (1)].


uij(r)� 4eij


�
sij


r


� �
12


� sij


r


� �
6
�


(1)


In the equation, uij is the pairwise interaction. sij and eij are the Lennard ±
Jones size and energy parameters, and i,j� 1,2; 1 and 2 denote the solvent
(CO2) and the solute (naphthalene), respectively. The solute ± solvent pair
potential has the same form, but with different e and s parameters. Here we
used the Lorenz ± Berthelot combining rules [Eqs. (2) and (3)].


eij� (eiiejj)1/2 (2)


sij�
sii � sjj


2
(3)


The Lennard ± Jones parameters used in this simulation are given in
Table 2. A spherical cutoff radius of the half-length of the box was taken,
and the tail corrections were applied to correct for this truncation. In


general, computer simulations of the mixtures near the solvent critical
point can be tricky because for small finite systems different ensembles can
lead to different results. We took care to make sure that in the near-critical
region our results for the first peak of radial distribution functions, g(r),
were converged, which required large system sizes of up to 1000 particles.
Regarding the equilibration issue, the first 1� 107 MC steps were used for
equilibration while the subsequent 1.1� 107 MC steps were used for
averaging of structural properties. For the NPT ensemble, a move involved
a change in volume. The volume of the box was changed once every
100 cycles in this work. To convince ourselves that simulations were long
enough, we performed separate runs starting from different configurations,
including a face-centered cubic lattice and a random-distribution config-
uration, and obtained nearly identical results. We noted that it reached
equilibration more quickly when the random-distribution configurations
were adopted, thus, for each simulation, the system started from random-
distribution configurations.


In simulations it was often convenient to express quantities, such as
temperature, density, and pressure, in reduced units. The reduced temper-
ature, pressure, density, and length are defined as T*� kT/ell , p*� ps3/ell ,
1*�1s3


ll, and r*� r/sll , respectively, where sll and ell are the parameters of
the CO2 L ± J potential, T is the temperature, p is the pressure, k is the
Boltzmann constant, and 1�N/V is the number density.


Results and Discussion


Enthalpy of solution : As mentioned above, the dissolution of
naphthalene in SC CO2 can reach equilibrium at the
experimental conditions. Corresponding solubility data are
abundant in the literature. Figure 3 compares our data with
those reported in the literature.[16] The solubility data in this
work are in good agreement with those determined by other
authors.


Figure 3. Comparison of the solubility data of naphthalene in supercritical
CO2 at T� 308.15 K determined by different authors.


Figure 3 indicates that the solubility of naphthalene in SC
CO2 is very sensitive in the pressure range of 8.0 ± 11.0 MPa at
308.15 K, especially at pressures lower than 8.5 MPa. Our
experiments focused on this pressure region.


The enthalpy of solution (DH) of naphthalene in SC CO2


was measured by the calorimeter described in the Exper-
imental Section. DH as a function of pressure is listed in
Table 3 and is also illustrated in Figure 4. The DH is negative
in the pressure range from 8.0 to 9.5 MPa, that is, the solution
process is exothermic. The DH, however, becomes positive at


Table 1. Simulation conditions in the NPT ensemble.


Pressure [MPa] Total Number Naphthalene Carbon dioxide


7.84 1000 1 999
7.92 1000 2 998
8.00 1000 3 997
8.26 1000 6 994
8.54 1000 7 993


10.15 1000 10 990
11.00 1000 10 990


Table 2. Critical parameters and potential parameters for CO2 and
naphthalene.


Component Tc [K] Pc [MPa] s [�] e/k [K]


carbon dioxide 304.2 7.37 3.72 236.1
naphthalene 748.4 4.05 6.45 554.4
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Figure 4. Dependence of solution enthalpy of naphthalene in supercritical
CO2 on pressure at T� 308.15 K.


the pressures higher than 9.5 MPa. DH increases dramatically
with pressure in the range from 8.0 to 8.5 MPa.


The Gibbs free energy (DG), enthalpy (DH), and entropy
(DS) of solution are related by the following well-known
Equation (4).


DG�DHÿTDS (4)


Increasing DH is not favorable to increasing the solubility,
while an increase in DS is favorable to the solubility increase.
In the high compressible region, solution enthalpy is a large
negative value, that is, the enthalpy effects are dominant for
the dissolution of the solute. DH increases with increasing
pressure and becomes positive at the higher pressures. At
these pressures, the solution entropy must be large enough to
dissolve the solute in the supercritical fluid. In other words,
the entropy effects become dominant for the dissolution of
the solid at higher pressures. DH can be divided into two parts
[Eq. (5)].


DH�DH1�DH2 (5)


DH1 is the enthalpy of sublimation of naphthalene in the
absence of CO2. DH2 is the enthalpy of solution for dissolving
gaseous naphthalene in SC CO2 and gives energetic informa-
tion on the intermolecular interactions. The effect of static
pressure on DH1 should not be considerable in the pressure
range studied in this work. The value of DH1 is
71.27 KJmolÿ1.[17] The DH2 was easily obtained from Equa-
tion (5), and the results are also shown in Figure 4. As


expected, DH2 is negative over the entire pressure range
studied, and the absolute value decreases with increasing
pressure. We will discuss this further after discussion of the
microstructure of the solution.


Microstructure of the naphthalene/CO2 solution : In order to
understand the molecular interactions of naphthalene ± CO2


and analyze the above experimental results, we used the NPT
Monte Carlo method to study the microstructure of the
solution under some typical conditions for the enthalpy
experiments. The molar ratios of the two components
enclosed in the box were corresponding to the solubility
determined in this work. Thus we can discuss the intermo-
lecular interactions by combination of the simulation results
and the calorimetric data.


The radial distribution function (RDF) gives the proba-
bility of finding a pair of particles at a distance r apart, relative
to the probability expected for a completely random distri-
bution at the same density. Any deviation of RDF from unity
reflects the correlation between the particles due to the
intermolecular interactions. It provides information about the
local fluid structure. Figure 5 shows the RDFs in CO2 ±
naphthalene systems at 308.15 K. The parameter g11(r) is the


Figure 5. The RDFs of CO2 ± CO2: a) and CO2 ± naphthalene;
b) at 308.15 K and different pressures.


RDF of the CO2 ± CO2 pair, and g12(r) stands for the RDF of
the CO2 ± naphthalene pair. In g11(r), the oscillation structure
tends to disappear from high pressure to critical pressure,
while in g12(r), the short-range (first peaks) and long-range
correlations increase near the critical state. The figure,
furthermore, indicates that the first peak g12(r) is higher than


Table 3. Enthalpy of solution for naphthalene in SC CO2 at 308.15 K and
different pressures.


P [MPa] DH [KJ molÿ1]


8.08 ÿ 539.01
8.12 ÿ 386.30
8.45 ÿ 48.46
8.57 ÿ 38.60
8.60 ÿ 27.29
9.00 ÿ 15.43
9.47 ÿ 12.97
9.88 1.01
9.92 4.80


10.54 5.11
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that of g11(r) in the critical state, that is, there is preferential
aggregation of CO2 about the naphthalene solute. In the high-
pressure region, however, the heights of the first peak of g12(r)
and g11(r) are almost the same, and strong correlations
between solvent and solute disappear. It implies that the
enhancement of local density due to the presence of the
attractive naphthalene solute is more pronounced when the
fluid is more compressible. Such a trend was also observed in
Nouacer and Shing�s simulation study for infinitely dilute
solution.[18]


Extensive experimental and theoretical studies of dilute
supercritical solutions have shown that the local environment
around a dilute solute can differ dramatically from that
around a solvent molecule.[19] A cluster is a simple and
practical concept to explain a variety of phenomena in
supercritical fluids. However, one should be aware that the
term ªclusterº does not imply the existence of stable physical
aggregation. An important feature of a supercritical fluid is
the large fluctuation in its density both over space and time,
which may control the phenomena occurring in the super-
critical state, particularly near the critical point. In this work,
we try to use the concept of ªclusteringº to explain the
phenomena of our measurements.


Debenedetti[4] and Kim and Johnston[20] defined the mean
cluster size of solvent molecules about a solute molecule in
dilute solution as in Equation (6).


x12� 4p11


�
[g12(r)ÿ 1]r2dr (6)


In the equation, 11 is the number density of the solvent. In
the same way, the mean cluster size between solvents could be
defined in Equation (7).


x11� 4p11


�
[g11(r)ÿ 1]r2dr (7)


According to Equations (6) and (7), we computed the
cluster size of CO2 ± CO2 and naphthalene ± CO2 in naphtha-
lene ± CO2 systems, and of CO2 ± CO2 in pure CO2, respec-
tively. The calculations were carried out at some typical
conditions for enthalpy measurements. From Figure 6, we can
see that both the cluster size of naphthalene ± CO2 and CO2 ±
CO2 reached a maximum in the high compressible region.
Furthermore, the cluster size of CO2 ± CO2 in the naphtha-
lene ± CO2 system is similar to that in pure CO2 in the pressure
range, which implies that under our experimental conditions,


Figure 6. Mean cluster size of CO2 ± CO2 and CO2 ± naphthalene in the
CO2 ± naphthalene system and in pure CO2.


the addition of attractive solute into the solvent does not
considerably change the aggregation of solvent molecules
themselves.


Figure 4 shows that the enthalpy change (DH2) is negative
when gaseous naphthalene is added to SC CO2. The absolute
value decreases sharply with pressure in the pressure range
from 8.0 to 8.5 MPa and decreases slowly with pressure at
higher pressures. By combining the results in Figure 6, it can
be concluded that the DH2 is closely related with the
clustering of CO2 about the solute naphthalene.


It should be emphasized that the cluster size calculated
from Equations (6) and (7) is the average number of
CO2 molecules in each cluster in excess of the number
expected in that volume on the basis of the bulk density,
and these results give a clear picture of the clustering of CO2


surrounding the solute. However, to study the molecular
interactions, we should calculate the total coordination
number nij(r) of CO2 around the solute. Based on Equa-
tions (6) and (7), it can be easily calculated from the following
Equation (8).


nij(r)� 4p1j


Zr


0


gij(r)r2dr (8)


The coordination number of CO2 about a solute as a
function of r is listed in Table 4. The n12(r) increase with
pressure for all r values.


As discussed above, the effect of naphthalene on the
interactions between CO2 in the bulk solution can be
neglected. For a first approximation, DH2 can be considered
as the enthalpy change for the clustering process of one mole
of gaseous naphthalene with CO2. There are two possible
reasons for the large negative value of DH2 in the high
compressible region. First, the interaction between the solvent
and solute is stronger. Second, the energy level of the CO2 at
lower pressures (high compressible region) is higher than that
at higher pressures, and thus more heat is given out when it
forms the solvent ± solute clusters. We cannot find the
evidence to support the first assumption. It can be assumed
that the coordination number of solvent molecules around the
solute is larger if the interaction between the solvent and
solute is stronger. The results in Table 4 show that the
coordination number of CO2 molecules around the solute
increases with increasing pressure. Thus, we can deduce that
the energy level of the CO2 in the high compressible region is
higher than that at higher pressures, and thus more heat is
given out when it forms solvent ± solute clusters. This in turn
can explain why the degree of clustering is larger in the higher
compressible region.


Table 4. Coordination number of CO2 ± naphthalene in different
solvation shells.


P [MPa] n12 [r� 7.4 �] n12 [r� 11.2 �] n12 [r� 14.9 �] n12 [r� 18.6 �]


7.92 11.91 40.90 101.53 180.45
8.26 12.50 46.63 112.52 204.62
8.54 14.69 51.85 121.40 233.28
9.26 13.41 50.83 124.03 245.51


10.15 16.50 57.80 135.88 263.05
11.00 16.61 58.60 138.29 268.43
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Alkylindium Subhalides Derived from the Tetrahedral Indium(i) Cluster
Compound [In4{C(SiMe3)3}4]


Werner Uhl* and Sandra Melle[a]


Abstract: Partial oxidation of the tet-
raalkyltetraindium(i) compound [In4-
{C(SiMe3)3}4] 1 with halogen donors
such as 1,2-dibromoethane and hexa-
chloroethane or with mixtures of bro-
mine and aluminum tribromide afforded
novel alkylindium halides in which the
indium atoms still possess unusually low
oxidation states. Indium ± indium single
bonds between bivalent indium atoms


were found in the compounds In2X2R2


(R�C(SiMe3)3, X�Cl (2) or Br (4)),
which gave dimers in the solid state with
all four halogen atoms in a bridging
position. The tetrahedral arrangement


of four indium atoms in a cluster was
retained in the compound In4Br2R4 (3),
in which one bromine atom occupied a
m3-bridging position above one triangu-
lar face of the In4 tetrahedron. One edge
of that triangle was bridged by the
second bromine atom. Mixed-valent in-
dium atoms resulted with an average
oxidation state of �1.5.


Keywords: cluster compounds ´ hal-
ides ´ indium ´ low-valent com-
pounds


Introduction


The tetrahedral tetraindium(i) compound In4[C(SiMe3)3]4 1 is
readily available by the reaction of indium monobromide with
tris(trimethylsilyl)methyllithium.[1, 2] Compound 1 exhibits a
distinctive chemical reactivity, and many secondary, unprece-
dented products were isolated and characterized.[3] Two
different types of reactions occurred in principle, in which
either only the monomeric fragments of the cluster InR were
trapped or in which the indium atoms still retained their
overall tetrahedral arrangement. The monomer of the cluster
(InR) is isolobal to carbon monoxide, and several transition
metal carbonyl analogous compounds were obtained with
bridging or terminal InR ligands. Among these the tetracar-
bonylnickel analogues Ni[InC(SiMe3)3]4


[4] and Pt[InC-
(SiMe3)3]4


[5] are of particular interest, because considerable
p-back bonding of electron density from the central metal
atoms into the empty p orbitals of the indium atoms was
verified by quantum-chemical calculations.[6] Furthermore,
these monomeric InR fragments were trapped by cycloaddi-
tion reactions.[7] Heterocubane-type structures containing
four indium atoms in a tetrahedral arrangement were
obtained by the complete oxidation of the In4 cluster with
oxygen,[8] sulfur,[9] selenium,[1] or tellurium.[9] Partial oxidation
by the careful treatment of 1 with the sulfur atom donor
propylene sulfide yielded the remarkable mixed-valent com-


pound [In4S{C(SiMe3)3}4],[10] in which only one face of the In4


tetrahedron of 1 is bridged by a sulfur atom. Despite this now
well-known and fascinating reactivity pattern of 1, no
information existed concerning the reactivity of 1 towards
halogens. Such reactions are of particular interest, because in
the case of partial oxidation of the indium atoms products
would result which are extremely useful for secondary
reactions and for the facile generation of cluster derivatives
containing indium atoms in an unusually low-oxidation state
by salt elimination, for instance. However, treatment of 1 with
the free halogens bromine or iodine gave mixtures of several
unknown products regardless of the molar ratio of the starting
materials. We report here on the synthesis of the first chlorine
and bromine derivatives of 1. A corresponding iodine com-
pound [In3I2{C(SiMe3)3}3], which contains a chain of three
indium atoms connected by InÿIn single bonds, was described
only recently by our group in a preliminary communication.[11]


Results and Discussion


Reaction of 1 with hexachloroethane: synthesis of a dichloro-
diindium compound containing bivalent indium atoms : As a
mild chlorination agent we employed hexachloroethane,
which has been used by several groups, for example, for the
oxidation of phosphorus compounds.[12] Equivalent quantities
of 1 and C2Cl6 were heated in toluene for 25 min to 65 8C to
completely consume the tetraindium(i) compound. The color
of the solution changed from the deep violet color of 1 to pale
yellow, and a small amount of elemental indium precipitated.
The product (2) was isolated after recrystallization from
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Fachbereich Chemie der Philipps Universität
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pentafluorobenzene as yellow crystals in 49 % yield [Eq. (1)].
Compound 2 is unstable in benzene and decomposes slowly at
room temperature to give at least two new secondary products
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In
In


C(SiMe3)3
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of unknown constitution. The mixture obtained could not be
separated by recrystallization. Owing to the instability of 2 in
solution the NMR spectroscopic characterization was diffi-
cult, and no resonance could be assigned to the inner carbon
atoms attached to indium. In contrast, 2 is quite stable in the
solid state and decomposes only at 183 8C by the formation of
elemental indium. Crystals of 2 are stable at 0 8C for several
months.


The constitution of 2 was clarified by an X-ray crystal
structure determination (Figure 1). Four chlorine atoms of
hexachloroethane were transferred to 1, and the indium atoms
were oxidized from �1 in 1 to �2. Formally, dichloroethyne
should be a by-product of that reaction, which, however, is


Figure 1. Molecular structure of compound 2 (the thermal ellipsoids are
drawn at the 40% probability level; methyl groups are omitted for clarity).
Selected bond lengths [pm] and angles [8]: In1ÿIn2 282.09(7), In3ÿIn4
282.56(7), In1ÿC1 221.7(7), In1ÿCl1 259.5(2), In1ÿCl2 265.3(2), In2ÿC2
221.1(7), In2ÿCl3 264.0(2), In2ÿCl4 259.6(2), In3ÿC3 222.1(7), In3ÿCl1
261.3(2), In3ÿCl3 259.1(2), In4ÿC4 220.7(7), In4ÿCl2 260.0(2), In4ÿCl4
264.0(2); Cl-In-Cl 89.2 (av), In-Cl-In 104.4 (av), In-In-C 148.7 (av), In-In-Cl
(two differing angles each indium atom) 95.7 and 102.5 (av).


quite unstable and may be consumed here by unknown
secondary reactions. As expected for compounds with biva-
lent indium atoms,[13] 2 possesses two InÿIn single bonds
which are arranged perpendicular to one another. The
molecular structure of 2 may be derived from that of 1. Four
edges of the In4 tetrahedron of 1 are occupied by chlorine
atoms, while two opposite edges become localized InÿIn
single bonds. Compound 2 may further be described as a
dimeric dialkyldiindium dichloride, and thus it is the first
known organoelement diindane derivative with functional
halogeno substituents. A similar digallium compound,
[{Ga2Cl2[Si(SiMe3)3]2}2], was obtained by another route and
has been reported recently.[14] The InÿIn distances in 2
(In1ÿIn2 282.1, In3ÿIn4 282.6 pm) are shortened compared
to the multicenter InÿIn interactions in 1 (300.2 pm)[1] and
correspond well to the average value usually observed for
tetralkyl- or tetraaryldiindane(4) derivatives (R2InÿInR2)
possessing InÿIn single bonds.[13] Shorter InÿIn bonds were
reported for inorganic diindium derivatives with electroneg-
ative halogeno or chalcogeno substituents.[15] As expected, the
intramolecular InÿIn distances of the chlorine-bridged In2


couples are significantly longer (av 413.5 pm, sum of van der
Waals radii 380 pm[16]). Similarly, the intramolecular Cl ´´ ´ Cl
distances (367.4 pm) correspond to the sum of the van der
Waals radii (340 to 380 pm).[16] Many organoelement com-
pounds bearing In-Cl-In bridges have been described,[17, 18] the
InÿCl bond lengths observed for 2 (259.1 to 265.3 pm) are in
the normal range. As observed in most secondary products of
1, the InÿC bond lengths are a little shorter than those of the
cluster compound 1 (221 compared to 225 pm of 1). This may
be caused by the enhancement of the oxidation state of the
central indium atoms. The In-In-C groups approach linearity
(angle In-In-C 147.6 to 150.48), probably owing to the steric
repulsion between the bulky tris(trimethylsilyl)methyl sub-
stituents, while the Cl-In-Cl angles are close to 908 on average.
An almost ideally eclipsed conformation across the InÿIn
bonds is observed with torsion angles C-In-In-C of 3.7 and
ÿ8.78 only.


Reaction of 1 with dibromoethane: synthesis of a dibromo-
tetraindium compound with mixed-valent indium atoms : In
contrast to the chlorination reaction described above only two
bromine atoms were transferred upon treatment of the
tetraindium compound 1 with 1,2-dibromoethane. The reac-
tion proceeds in hot toluene (60 8C) under similar conditions
as given above. The deep violet color of 1 began to disappear
after about 10 min, and 1 was completely consumed after a
short period of only 20 min [Eq. (2)]. An orange solution was
obtained. The partial decomposition of 1 or of the product 3
led to the precipitation of a considerable quantity of
elemental indium, and HC(SiMe3)3 was detected by 1H NMR
spectroscopy to be the only by-product of the reaction.
Orange crystals of 3 were isolated in 33 % yield after
recrystallization from pentafluorobenzene. Solid 3 is stable
up to 164 8C and decomposes above that temperature by the
formation of elemental indium. It is much more unstable in
solution, and elemental indium precipitated upon storing of
solutions in benzene or toluene at room temperature. In
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toluene, compound 1 was partially reformed (characteristic
color and NMR spectroscopy).


The unprecedented molecular structure of 3 is depicted in
Figure 2. It may be derived from the In4 tetrahedron of the
starting compound 1, one triangular face of which is bridged
by a m3-bromine atom, while a second m2-bromine atom


Figure 2. Molecular structure of compound 3 (the thermal ellipsoids are
drawn at the 40% probability level; methyl groups are omitted for clarity).
Selected bond lengths [pm] and angles [8]: In1ÿIn2 284.17(9), In1ÿIn3
290.4(1), In1ÿC1 224(1), In2ÿC2 222.6(8), In3ÿC3 222(1), Br1ÿIn2
303.6(1), Br1ÿIn3 292.7(2), Br2ÿIn2 278.0(1); In2-Br1-In3 86.15(3), In2-
Br2-In2' 81.08(4), In2-In1-In2' 78.95(3), In2-In1-In3 90.29(3), In1-In2-Br1
77.87(3), In1-In2-Br2 91.33(3), In1-In3-Br1 78.70(4); In2' generated by x,
ÿy� 1/2, z.


bridges one edge of that particular triangle. Compound 3 is a
mixed-valent compound, and the average oxidation state of
the indium atoms in 3 is�1.5. In this respect, 3 is similar to the
monosulfur derivative [In4S{C(SiMe3)3}4], which was men-
tioned above[10] and which has one sulfur atom bridging one
face of the In4 tetrahedron. The InÿIn distances of the bridged
face of 3 (361 and 407 pm) are much longer than those of the
starting compound 1 (300.2 pm) and are in the range of twice


the van der Waals radius of indium (380 pm).[16] Thus, bonding
interactions between these indium atoms seem to be negli-
gible. The longest distance belongs to the bromine-bridged
edge of the In3 triangle. The fourth indium atom at the top of
the cluster does not bond to a bromine atom. It has three short
distances (284.2 and 290.4 pm) to the remaining indium
atoms, which correspond to InÿIn single bonds.[13] Thus, the
strength of InÿIn interactions in the cluster is dramatically
changed by partial oxidation. Compound 1 has delocalized
bonding with six almost equidistant InÿIn contacts. In
contrast, three InÿIn distances in 3 are very long and out of
the range of significant bonding interactions, while the
remaining ones are shorter than in 1 and similar to the
localized single bonds. This observation is in accordance with
the three electron pairs in the cluster of 3 (four in the cluster
of 1). The distances of the m2-bridging bromine atom to indium
(278.0 pm) are in accordance with standard values of organo-
element compounds.[18, 19] The InÿBr distances to the m3-
bridging bromine atom are much longer (In3ÿBr1 292.7 pm;
In2/In2'-Br1 303.6 pm). To the best of our knowledge, a
comparable m3-situation has not been observed before in
organoelement indium chemistry. The longest InÿC bond
length is observed to In1 at the top of the cluster, which
formally has an oxidation number of �1 similar to 1.
However, the large standard deviation prevents a more
detailed discussion about a possible and interesting correla-
tion of InÿC bond lengths and oxidation state of the indium
atoms.


Based on the molecular structure of 3, three chemically
different C(SiMe3)3 substituents are expected; however, only
one resonance signal for methyl groups was detected in the 1H
and 13C NMR spectra. The proton resonance is broadened
compared to the signal of 1. The broadening increased upon
cooling of toluene solutions to ÿ80 8C, but no splitting in
clearly separated resonance signals was observed. A sharp
signal was obtained at elevated temperatures. NMR experi-
ments in [D10]diethyl ether were not successful owing to the
rapid decomposition of 3 in organic donor solvents. Usually,
the chemical shifts of 1 and of its secondary products differ
only slightly, and in most cases differences of less than
0.02 ppm were observed. These very narrow shifts possibly
prevent the observation of dynamic processes by the splitting
of resonance signals at low temperature.


Reaction of 1 with a bromine/aluminum tribromide mixture :
Elemental bromine reacts with 1 leading to the formation of
an inseparable mixture of at least four unknown products.
Decomposition was an important side reaction; elemental
indium precipitated and HC(SiMe3)3 was detected in consid-
erable concentration. The alkane derivative was possibly
formed by the cleavage of an InÿC bond and the reaction of a
radical intermediate with the solvent, for instance. Evidently,
the attack of the bromine molecules on 1 proceeds unspecifi-
cally and may not only be directed towards the cluster center
of the molecule, but may also lead to the cleavage of InÿC
bonds. We hoped to prevent these side reactions by polarizing
the bromine molecule by the addition of AlBr3.


Equimolar quantities of AlBr3 and bromine were mixed in
n-hexane at room temperature to yield a brown suspension,
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which was treated with the tetraindium compound 1 dissolved
in the same solvent. In an optimized procedure the starting
materials were employed in a 3:1 molar ratio with an excess of
the oxidizing agent. The mixture was stirred for 40 min and
heated to 80 8C for a further 15 min in a prewarmed oil bath to
complete the reaction. A yellow-greenish suspension resulted
which contained considerable quantities of elemental indium.
After filtration and evaporation the crude product was
recrystallized from pentafluorobenzene to give yellow crystals
of 4 in 28 % yield [Eq. (3)].
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Compound 4 crystallizes isotypic to the chloro compound 2
described above, and thus it has the same molecular structure
with two InÿIn single bonds bridged by four m2-bromine atoms
(Figure 3). The InÿIn bonds (284.8 and 284.2 pm) are slightly
longer than those of 2, but are still in the range usually
observed for organoelement diindium derivatives (see
above).[13] The InÿBr distances (267.7 to 274.0 pm) are in the


Figure 3. Molecular structure of compound 4 (the thermal ellipsoids are
drawn at the 40% probability level; methyl groups are omitted for clarity).
Selected bond lengths [pm] and angles [8]: In1ÿIn2 282.75(6), In3ÿIn4
284.16(6), In1ÿC1 221.9(5), In1ÿBr1 268.14(7), In1ÿBr2 273.40(7), In2ÿC2
222.0(5), In2ÿBr3 272.15(7), In2ÿBr4 267.67(7), In3ÿC3 222.3(6), In3ÿBr1
271.94(7), In3ÿBr3 268.13(7), In4ÿC4 222.1(6), In4ÿBr2 268.37(7), In4ÿBr4
274.00(7); Br-In-Br 88.8 (av), In-Br-In 103.4 (av), In-In-C 147.7 (av), In-In-
Cl (two differing angles each indium atom) 96.0 and 103.3 (av).


normal range for bridging bromine atoms.[18, 19] They are little
shorter than those of the In4Br2 cluster compound 3 discussed
before.


Compound 4 is stable in nonpolar solvents such as hexane
or benzene, but decomposes in donor solvents such as THF.
Owing to its low solubility in toluene or benzene the NMR
spectroscopic characterization succeeded only with very
dilute solutions, and the resonance signal of the inner carbon
atoms attached to indium could not be detected in the
13C NMR spectrum. For the same reason, we were not able to
determine the molar mass and the degree of association in
solution by cryoscopy. Two unknown by-products were
formed and detected by 1H NMR spectroscopy (d� 0.43
and 0.31). They could not be isolated in a pure form up to now.
Treatment of 1 with AlBr3/Br2 in a 1:1 molar ratio afforded
compound 4 as the main product, but it was isolated from that
reaction with some difficulty in a very poor yield only.
Compound 3 with the less oxidized In4Br2 cluster as a possible
intermediate could not be identified by NMR spectroscopy.
The reactions of the organic halogen donors hexachloro-
ethane [Eq. (1)] and 1,2-dibromoethane [Eq. (2)] with the
gallium analogue of 1, [Ga4{C(SiMe3)3}4],[20] were unsuccess-
ful, and only inseparable mixtures of unknown com-
ponents were formed. Owing to the particular importance of
these halogeno derivatives of subvalent alkylindium or
alkylgallium compounds for secondary reactions, we hope to
synthesize the corresponding alkylgallium derivatives by
employing AlX3/X2 mixtures according to the new method
described in Equation (3). Investigations concerning the
synthesis of such gallium compounds and the application of
these novel reagents in salt elimination reactions are in
progress.


Experimental Section


General : All procedures were carried out under purified argon in dried
solvents (toluene over Na/benzophenone, n-hexane over LiAlH4, penta-
fluorobenzene over molecular sieves). Compound 1 was obtained accord-
ing to a literature procedure.[1] Commercially available hexachloroethane
and aluminum tribromide were further purified by sublimation. 1,2-
Dibromoethane was distilled and stored over molecular sieves.


Synthesis of [{In2Cl2R2}2] (2): A solution of 1 (0.379 g, 0.274 mmol) in
toluene (50 mL) was treated with a solution of hexachloroethane (0.065 g,
0.274 mmol) in toluene (15 mL). The deep violet solution was warmed to
65 8C for 25 min. The color changed to pale yellow, and elemental indium
precipitated. After filtration the solvent was distilled off in vacuum, and the
residue was thoroughly evacuated to 10ÿ3 Torr. The remaining solid was
extracted with warm (45 8C) pentafluorobenzene (15 mL) (if necessary,
several times). Yellow crystals of the product 2 ´ C6F5H were obtained upon
cooling of the solutions to 0 8C. Yield: 0.228 g (49 %), m.p. (argon, sealed
capillary): 183 8C (decomp); 1H NMR (200 MHz, C6D6, 25 8C): d� 0.46 (s,
SiMe3); 13C NMR (100.6 MHz, C6D6, 25 8C): d� 6.5 (SiMe3), InC not
detected; IR (CsBr, paraffin): nÄ [cmÿ1]� 1285 w, 1268 s, 1260 vs, 1251 vs
dCH3; 1178 w, 1137 vw pentafluorobenzene; 1072 m, 956 w, 942 w, 857 vs,
845 vs, 775 s, 719 w 1CH3(Si); 673 s, 651 s nasSiC; 615 w nsSiC; 601 s, 566 w
nInC; 360 vw, 312 vw dSiC; UV/vis (n-hexane): lmax (log e)� 240 (4.3),
295 nm (4.4); elemental analysis calcd (%) for C40H108Si12Cl4In4 ´ C6F5H
(1695.5): In 27.1, C 32.6, H 6.5; found: In 26.6, C 32.0, H 6.5.


Synthesis of [In4Br2R4] (3): A solution of 1 (0.332 g, 0.240 mmol) in toluene
(40 mL) was added to 1,2-dibromoethane (0.045 g, 0.240 mmol). The
solution was warmed to 60 8C for 20 min. The deep violet color of 1 changed
to yellow-orange, and elemental indium precipitated. After filtration and
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evaporation of the solvent an orange solid remained, which was thoroughly
dried in vacuum, dissolved in pentafluorobenzene (20 mL), and filtered.
Slow cooling to 0 8C afforded orange crystals of 3. Yield: 0.122 g (33 %;
based on solvent-free 3), m.p. (argon, sealed capillary): 164 8C (decomp);
1H NMR (200 MHz, C6D6, 25 8C): d� 0.46 (s, SiMe3); 13C NMR
(100.6 MHz, C6D6, 25 8C): d� 6.9 (SiMe3), InC not detected; IR (CsBr,
paraffin): nÄ[cmÿ1]� 1292 vw, 1261 sh, 1251 s dCH3; 1155 vw, 1072 vw; 860 vs,
840 vs, 775 w, 722 w 1CH3(Si); 675 w, 650 w nasSiC; 616 vw nsSiC; 588 w, 565
sh, 432 vw nInC; 311 vw dSiC; UV/vis (n-hexane): lmax (log e)� 210 (4.2),
285 nm (br., 4.2). Owing to the partial loss of solvent molecules from
the powdered samples of 3, elemental analyses did not give satisfactory
results.


Synthesis of [{In2Br2R2}2] (4): A solution of bromine (0.157 m, 9.75 mL,
1.53 mmol) in n-hexane was added to a suspension of AlBr3 (0.408 g,
1.53 mmol) in n-hexane (50 mL) at room temperature. The brownish
mixture was stirred for 30 min. A solution of 1 (0.705 g, 0.51 mmol) in n-
hexane (50 mL) was added. After 40 min at room temperature the violet
suspension was heated to 80 8C in a prewarmed oil bath for 15 min. The
color changed to yellow, and elemental indium precipitated. After filtration
a yellow solution was obtained. The solvent was removed in vacuum, and
the remaining solid was recrystallized from pentafluorobenzene (20/
ÿ 30 8C). Yield: 0.270 g (28 %), m.p. (argon, sealed capillary): 220 8C
(decomp); 1H NMR (200 MHz, C6D6, 25 8C): d� 0.47 (s, SiMe3); 13C NMR
(75.5 MHz, C6D6, 25 8C): d� 6.7 (SiMe3), InC not detected;
IR (CsBr, paraffin): nÄ[cmÿ1]� 1268 s, 1259 s, 1252 s dCH3; 1169 vw,
1156 vw, 1077 vw; 856 vs, 840 vs, 775 m, 742 w, 722 w 1CH3(Si); 675 m,
651 m nasSiC; 615 vw nsSiC; 597 w nInC; 358 vw, 308 vw dSiC; UV/vis
(n-hexane): lmax (log e)� 310 nm (3.5); elemental analysis calcd (%) for
C40H108Si12In4Br4 ´ C6F5H (1873.3): In 24.5, C 29.5, H 5.9; found: In 24.2, C
29.1, H 5.8.


Crystal structure determinations: Single crystals of all compounds were
obtained by slow cooling of saturated solutions in pentafluorobenzene to
0 8C. Crystal data and structure refinement parameters are given in
Table 1.[23] The crystals include different numbers of solvent molecules (2 :
one, 3 : three, 4 : one molecule per formula unit). Compound 3 is located on
a crystallographic mirror plane across the central atoms In1, In3, Br1, and
Br2. One trimethylsilyl group of 3 (Si8) and one tris(trimethylsilyl)methyl
group of 4 (C2) showed a disorder; silicon atoms and methyl groups were
refined on split positions.
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Table 1. Crystal data, data collection parameters, and structure refinement of compounds 2, 3, and 4.[a]


2 3 4


formula C46H108Cl4F5In4Si12 C58H108Br2F15In4Si12 C46H108Br4F5In4Si12


crystal system monoclinic monoclinic monoclinic
space group C2/c; no. 15[21] P21/m; no. 11[21] C2/c; no. 15[21]


Z 8 2 8
temperature [8C] ÿ 80 ÿ 80 ÿ 80
1calcd [gcmÿ3] 1.425 1.578 1.556
a [pm] 2893.5(2) 1332.1(2) 2903.2(2)
b [pm] 1976.47(8) 1872.1(1) 1984.5(1)
c [pm] 2762.5(2) 1769.1(2) 2774.3(2)
b [8] 90.010(7) 102.42(2) 90.317(8)
V [10ÿ30 m3] 15799(2) 4308.6(8) 15984(2)
m [mmÿ1] 1.509 1.578 3.358
crystal size [mm] 0.20� 0.15� 0.12 0.60� 0.30� 0.03 0.90� 0.60� 0.54
diffractometer STOE IPDS CAD-4 STOE IPDS
radiation MoKa ; graphite monochromator
2V range [8] 3.9� 2V� 52.0 4.9� 2V� 46.1 3.9� 2V� 52.1
index ranges ÿ 35�h� 35 ÿ 14�h� 14 ÿ 35� h� 35


ÿ 24�k� 23 ÿ 20�k� 0 ÿ 24� k� 24
ÿ 33� l� 33 ÿ 19� l� 0 ÿ 34� l� 33


independent reflections 15355 6225 15197
reflections F> 4s(F) 8211 4726 10 417
parameters 687 521 745
R�S j jFo jÿjFc j j /S jFo j (F> 4s(F)) 0.0486 0.0515 0.0486
wR2� {Sw(F 2


o ÿF 2
c �2/S w(F 2


o�2}1/2 (all data) 0.1165 0.1511 0.0977
max./min. residual [1030 emÿ3] 2.02/ÿ 0.78 2.23/ÿ 0.90 1.12/ÿ 0.86


[a] Program: SHELXTL-Plus, SHELXL-97;[22] solutions by direct methods; full-matrix refinement with all independent structure factors.
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Unusual Ferromagnetic Couplings in Single End-to-End Azide-Bridged
Cobalt(ii) and Nickel(ii) Chain Systems
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Yaung-Soo Kim,[c] and Youngkyu Do*[a]


Abstract: Two new one-dimensional
single azide-bridged metal(ii) com-
pounds [{M(5-methylpyrazole)4(N3)}n]-
(ClO4)n(H2O)n [M�Co (1 a), Ni (2 a)]
were prepared by treating an MII ion
with stoichiometric amount of sodium
azide in the presence of four equivalents
of the 3(5)-methylpyrazole ligand. The
isostructural compounds 1 a and 2 a
crystallize in the monoclinic space group
P21/n. The azide bridging ligands have a
unique end-to-end coordination mode
that brings two neighboring metal cen-
ters into a cis-position with respect to
the azide unit to form single end-to-end
azide-bridged cobalt(ii) and nickel(ii)
chains. The two neighboring metal
atoms at inversion centers adopt octa-
hedral environments with four equato-
rial 3(5)-methylpyrazole ligands and two
axial azide bridges. Two adjacent equa-
torial least-squares planes form dihedral


angles of 60.58 and 60.68 for Co and Ni,
respectively. In addition, the metal-
azide-metal units form large M-N3-M
torsion angles, which are magnetically
important geometrical parameters, of
71.68 for M�Co and 75.78 for M�Ni.
It should also be noted that the M-N-N
angles associated with end-to-end azide
group, another magnetically important
structural parameter, fall into the exper-
imentally observed range of 120 ± 1408
as 128.3(3) and 147.8(3)8 for cobalt
species and 128.4(2) and 146.1(3)8 for
nickel species; these values deviate from
the theoretical value of around 1648 at
which the incidental orthogonality is
achieved under the torsion angle of 08.
The compounds 1 a and 2 a have unique


magnetic properties of ferromagnetism,
zero-field splitting, and spin canting. The
MO calculations indicate that the quasi-
orthogonality between the magnetic or-
bitals of metal ions and the p atomic
orbitals of the bridging azide is possible
in the observed structures and leads to
the ferromagnetism. The spin canting
related to the perturbation of ferromag-
netism arises from the magnetic aniso-
tropy and antisymmetric interactions
judged by the structural parameters of
the zero-field splitting and the tilted
MN4 planes in a chain. The enhance-
ment of magnetic interactions was ac-
complished by dehydrating the chain
compounds to afford two soft magnets
with critical temperature TC and coer-
cive field of 2 K and 35 G for 1 b and
2.3 K and 20 G for 2 b, respectively.Keywords: azide ´ cobalt ´ magnetic


properties ´ nickel ´ spin canting


Introduction


The field of molecular magnets has been actively investigated
in the last two decades with the hope of its promising


applications to the future technology.[1] Several different
strategies are currently employed in order to develop
molecule-based magnetic materials that exhibit spontaneous
magnetization. The discovery of the charge-transfer complex
[Fe(Me5Cp)2][TCNE] (Me5Cp� pentamethylcyclopentadien-
yl, TCNE� tetracyanoethylene) with TC� 4.8 K pushed mag-
netochemists toward every endeavor with the aim of synthesis
and design of new molecular magnets.[2] Along this line, the
nonmagnetic ligand-based bimetallic MnII ± CuII complex
[MnCu(pbaOH)] ´ 2H2O (pbaOH� 2-hydroxy-1,3-propylene-
bis(oxamate), TC� 30 K)[3] and the radical ligand-based com-
plex [Mn(hfac)2(NITR)] (hfac�hexafluoroacetylactonate,
NITR� 2-R-4,4,5,5-tetramethyl-4,5-dihydro-1-H-imidazolyl-1-
oxy-3-oxide, TC� 7.8 K for R� isopropyl)[4] were character-
ized. In more recent years, cyanide-based assemblies similar
to Prussian blue were reported for Cs2Mn[V(CN)6] (TC�
125 K),[5] Cs0.75Cr1.125[Cr(CN)6] (TC� 190 K),[6] (Et4N)0.5Mn1.25-
[V(CN)5] ´ 2H2O (TC� 230 K),[5] and V[Cr(CN)6]0.86 (TC�
315 K).[7] The cyanide-bridged iron ± nickel and iron ±
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manganese systems coupled ferrimagnetically were added to
the field of magnetic materials.[8]


In the light of factors that affect magnetic exchange
pathways between the paramagnetic centers, the proper use
of bridging ligands is of importance, since they influence the
magnetic strength and nature in a molecule. In this regard, the
azide ligand has been employed because it has the merit of
diverse binding modes that directly bring about the variation
of magnetic properties according to its orientation with
respect to the magnetic centers.[9] In fact, many azide
complexes with a wide range of structural variety spanning
from dinuclear,[10] tetranuclear,[11] cubane,[12] one-dimension-
al,[13] two-dimensional,[14] to three-dimensional[15] arrays have
been reported to date. The bridging azide ligand binds in an
end-on mode for ferromagnetic and end-to-end mode for
antiferromagnetic coupling in general. In the case of the end-
to-end mode, the azide system with ferromagnetic coupling
lacks an example, even though theoretical consideration
predicts the presence of such systems.[13] It is well known that
the magnetic nature of compounds is substantially correlated
with their molecular structures. In addition, tuning of the
capping ligands bound to metal ions can vary the coordination
sphere around the magnetic centers. Thus, it would be of
interest to apply diverse binding motifs to azide systems in the
search for hitherto unprecedented ferromagnetic end-to-end
azide complexes.


Efforts to design new magnetic materials have been made
in our group and have afforded the observations of novel
high-dimensional metal complexes, including a two-dimen-
sional ferrimagnetic bimetallic compound linked by a dicar-
boxylate ligand[16] and a three-dimensional manganese(ii)
network connected by a terephthalato bridge.[17] In the latter
system, the necessity of tuning the capping ligand that fills up
the coordination sphere has been observed, since the use of
nonchelating capping ligands seems to have broad relevance
to the construction of the solid-state architecture and crystal
engineering, presumably due to its ability to allow the
complexation process some freedom.[17] By taking the role
of capping ligands into consideration, attempts to use a
nonchelating capping ligand, 3(5)-methylpyrazole, have been
made to attain new azide complex systems with interesting
properties. Herein, we report the details of the syntheses,
structures, and properties of new one-dimensional compounds
[{M(5-methylpyrazole)4(N3)}n](ClO4)n(H2O)n (M�Co (1 a),
Ni(2 a)). Part of the results for the nickel compound has been
recently communicated.[18] The chain compounds 1 a and 2 a
constitute the first examples of single end-to-end azide-
bridged ferromagnetic systems.[13] The dehydrated forms of 1 a
and 2 a, labeled as 1 b and 2 b, respectively, have been also
investigated to elucidate the effect of the loss of lattice water
molecules in the solid state on the magnetic strength, accounts
of which are also described in this report along with the result
of the MO calculation on the role of the magnetic pathway
through the azide bridge in 2 a.


Results and Discussion


Syntheses and characterization : The preparation of [{Co(5-
methylpyrazole)4(N3)}n](ClO4)n(H2O)n (1 a) is relatively


straightforward since the formation of mononuclear com-
pound [Co(5-methylpyrazole)4(N3)2][19] was not encountered
when a 1:4:1 stoichiometric ratio of CoII/3(5)-methylpyrazole/
N3 was employed. On the other hand, the synthesis of [{Ni(5-
methylpyrazole)4(N3)}n](ClO4)n(H2O)n (2 a) requires not only
careful use of right stoichiometry of the reagents, but also slow
addition of the aqueous solution of sodium azide to the
aqueous reaction mixture of NiII and 3(5)-methylpyrazole.
The use of 1:2:2 and 1:4:2 stoichiometric ratios of NiII/3(5)-
methylpyrazole/N3 gave mononuclear species [Ni(5-methyl-
pyrazole)4(N3)2].[20] Even in the case of the use of 1:4:1
stoichiometry of NiII/3(5)-methylpyrazole/N3, the formation
of [Ni(5-methylpyrazole)4(N3)2] as blue precipitate proceeded
prior to the formation of 2 a unless the aqueous solution of
sodium azide was added slowly to the aqueous reaction
mixture of NiII and 3(5)-methylpyrazole. Reasons for this may
include the poor solubility of [Ni(5-methylpyrazole)4(N3)2]
relative to that of 2 a and the increased stability of [Ni(5-
methylpyrazole)4(N3)2] judged by the lack of reactivity with
respect to its conversion to 2 a in the presence of a one-fold
amount of NiII and a four-fold 3(5)-methylpyrazole.


The IR spectrum of 1 a contains one sharp band at
2092 cmÿ1 attributable to the stretching frequency of azide
ligand. The lattice water molecule possesses two stretches at
3581 and 3347 cmÿ1, the latter of which is overlapped with the
n(NH) band of 3(5)-methylpyrazole ligand. These strong and
broad bands are due to the existence of hydrogen bonds. The
bending band of lattice water molecule is observed at
1608 cmÿ1.[21] The IR spectrum of 2 a is similar to that of 1 a,
indicating that they are isostructural.


Based on the crystal structures of 1 a and 2 a (vide infra),
between the chains there are water molecules that are
hydrogen bonded to neighboring oxygen and nitrogen atoms
and mediate weak magnetic exchange couplings. Dehydration
of these compounds was attempted to eliminate the lattice
water molecules under N2 flow with the aim of the amplifi-
cation of interchain magnetic communications that would
generate long-range ordering in the lattice. The IR spectra
show that the stretching bands at 3581 cmÿ1 for 1 a and at
3585 cmÿ1 for 2 a disappear upon dehydration, while the
bands at 3347 cmÿ1 for 1 a and 3353 cmÿ1 for 2 a still exist due
to the presence of n(NH). In addition, the HOH bending
absorptions at 1604 cmÿ1 for 1 a and 1608 cmÿ1 for 2 a also
disappear upon heating, indicating complete loss of the water
molecules in lattice.[21] The dehydrated samples 1 b and 2 b
reabsorb water molecules from air and return to the hydrated
forms; this was verified by IR spectroscopy and TGA
measurements.


Structures : The crystal structures of [{M(5-methylpyra-
zole)4(N3)}n](ClO4)n(H2O)n (M�Co, Ni) consist of one-di-
mensional MII chains with isolated perchlorate anions and
lattice water molecules. Both species 1 a and 2 a are isostruc-
tural and their molecular views are nearly the same. A molec-
ular view of the asymmetric unit and one symmetry-related
fragment along with the atom labeling scheme for 1 a is taken
as a representative illustration and is displayed in Figure 1
(top). Selected bond lengths and angles for both are given in
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Figure 1. Top: Perspective view of the asymmetric unit along with the
atom-labeling scheme and 50% thermal ellipsoids for 1a. Bottom: View of
1a in the ac plane.


Table 1. Perspective structural views of isostructural 2 a are
deposited as Supporting Information.


The two metal atoms at inversion centers adopt octahedral
environments. One metal center has relatively uniform bond
lengths to the surrounding nitrogen atoms of the equatorial
3(5)-methylpyrazole ligands and axial azide bridges, while the
other center has more distorted geometry that results from a
slight equatorial contraction of the capping ligands and axial
elongation of the azide bridges. Two equatorial least-squares
planes that contain two adjacent M atoms associated with four


equatorial nitrogen atoms of 3(5)-methylpyrazole ligands are
not parallel and form dihedral angles of 60.58 and 60.68 for Co
and Ni, respectively.


Another perspective view of 1 a in the ac plane shown in
Figure 1 (bottom) demonstrates that the azide bridging
ligands have a unique end-to-end coordination mode that
brings two neighboring metal centers into a cis-position with
respect to the azide unit to form single end-to-end azide-
bridged cobalt(ii) and nickel(ii) chains. This marks the first
examples, to our knowledge, of the single-chain m-azido
cobalt(ii) and nickel(ii) system with end-to-end coordination
of the N3 group.[13] In addition, the metal-azide-metal unit
forms a large M-N3-M torsion angle, which is a magnetically
important geometrical parameter,[13] of 71.68 for M�Co and
75.78 for M�Ni. Note that the difference between two values
of torsion angles is relatively large for the isostructural
species. Such a unique coordination mode and large torsion
angle might be considered as a manifestation of the structural
freedom of the nonchelating capping ligands in complexation
process. It should also be noted that the M-N-N angles of the
end-to-end azide group, another magnetically important
structural parameter, fall into the experimentally observed
range of 120 ± 1408 as 128.3(3) and 147.8(3)8 for cobalt species
and 128.4(2) and 146.1(3)8 for nickel species; these values
deviate from the theoretical value of around 1648 at which the
incidental orthogonality is achieved under the torsion angle of
08.[13]


The intrachain distances between the adjacent metal ions
are 5.774 and 5.717 �, and the shortest interchain metal ±
metal distances are 9.807 and 9.815 � for 1 a and 2 a,
respectively. In both cases, the lattice water molecules are


Table 1. Selected interatomic distances [�] and angles [8] for 1a and 2a.


1a 2 a


Co1ÿN21 2.116(4) Ni1ÿN1 2.124(3)
Co1ÿN11 2.139(4) Ni1ÿN21 2.082(3)
Co1ÿN1 2.167(4) Ni1ÿN11 2.097(3)
N1ÿN2 1.164(5) N11ÿC11 1.328(4)
N2ÿN3 1.171(5) N1ÿN2 1.158(4)
N3ÿCo2 2.141(4) N2ÿN3 1.177(4)
Co2ÿN31 2.144(4) N3ÿNi2 2.098(3)
Co2ÿN41 2.145(4) Ni2ÿN41 2.105(3)
Co1 ´´´ Co2 5.774 Ni2ÿN31 2.106(3)


Ni1 ´´ ´ Ni2 5.715
N21-Co1-N11 92.48(15) N1-Ni1-N21 92.19(12)
N21-Co1-N1 87.50(15) N21-Ni1-N21 180.0
N11-Co1-N1 86.77(15) N1-Ni1-N11 87.69(11)
N2-N1-Co1 147.8(3) N21-Ni1-N11 87.22(12)
N1-N2-N3 178.7(4) C11-N11-Ni1 129.6(2)
N2-N3-Co2 128.3(3) N12-N11-Ni1 126.0(2)
C11-N11-Co1 129.4(3) C21-N21-Ni1 131.1(3)
N12-N11-Co1 126.0(3) N22-N21-Ni1 13.4(2)
C21-N21-Co1 131.0(3) N2-N1-Ni1 146.1(3)
N22-N21-Co1 123.9(3) N3-N2-N1 177.8(3)
N3-Co2-N31 91.6(2) N2-N3-Ni2 128.4(2)
N3-Co2-N41 92.05(15) N41-Ni2-N31 92.46(11)
N31-Co2-N41 92.14(14) N41-Ni2-N3 92.08(12)
C31-N31-Co2 130.5(3) N31-Ni2-N3 89.12(11)
N32-N31-Co2 124.6(3) C31-N31-Ni2 130.6(3)
C41-N41-Co2 132.1(3) N32-N31-Ni2 124.5(2)
N42-N41-Co2 122.8(3) C41-N41-Ni2 131.8(3)


N42-N41-Ni2 122.9(2)
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hydrogen bonded to the perchlorate oxygen atoms and to the
capping 3(5)-methylpyrazole ligand nitrogen atoms.


Magnetic properties of hydrated species 1 a and 2 a


Ferromagnetic interactions : The temperature dependence of
the magnetic susceptibilities measured at 100 G is shown in
Figure 2 in the range of 1.8 ± 300 K. For 1 a (Figure 2, top), the
cmT value at 300 K is equal to 3.17 cm3 K molÿ1, which is


Figure 2. Plot of temperature dependence of the cmT of 1a (top) and 2a
(bottom). The solid line for 2a shows the best theoretical fit.


higher than the spin-only value (1.88 cm3 K molÿ1) owing to
unquenched orbital contribution of the high-spin octahedral
CoII complex.[22] On lowering the temperature, the cmT value
gradually decreases to a value of 2.98 cm3 K molÿ1 at 35 K as a
result of spin-orbit coupling effects,[23] and then abruptly
increases to a value of 12.67 cm3 K molÿ1 at 1.8 K; this is an
indication of the presence of ferromagnetic exchange cou-
pling in the chain. On the other hand, for complex 2 a
(Figure 2, bottom), as the temperature decreases the cmT
value of 1.30 cm3 K molÿ1 at 300 K increases gradually to
4.38 cm3 K molÿ1 at 8 K and then rises sharply to reach a value
of 71.51 cm3 K molÿ1 at 1.8 K; this is an indication of the onset
of long-range interactions in the lattice.


Fitting the magnetic data to the Curie-Weiss law (cm�C/
(Tÿ q)) gives a Weiss constant of q� 2.44 K with a Curie
constant of C� 2.74 cm3 K molÿ1 (g� 2.41) for 1 a in the
temperature range of 6 ± 35 K, and q� 11.1 K with C�
1.24 cm3 K molÿ1 (g� 2.23) for 2 a in the temperature range
of 30 ± 300 K.[24] The positive Weiss constants indicate that
there are ferromagnetic interactions between MII magnetic
centers bridged by azide ligand with end-to-end coordination.
The magnitude of the Weiss constant of 2 a is stronger than
that of 1 a. This may be interpreted in terms of the shorter
intrachain metal ± metal distance (5.717 �) for 2 a than that
(5.774 �) of 1 a, which causes stronger magnetic interactions,
and the larger torsion angle (75.78) of 2 a than that (71.68) for
1 a, which mediates ferromagnetic couplings more effectively
in terms of the incidental orthogonal point (vide infra). In the
case of 2 a, the best fit with SA� 1 of the observed magnetic
data to an infinite chain model (H�ÿJSSAi SAi�1) expressed
as Equation (1),[25] in the temperature range of 4 ± 300 K,
yields parameters of g� 2.21 and J� 6.91 cmÿ1. The theoret-
ical result affords a satisfactory agreement with the exper-
imental data points as illustrated in Figure 2 (bottom). The
measure of the goodness of fit R, defined as R� [F/(nÿ k)]1/2,
in which n is the number of data points, k is the number of
parameters, and F�S[(cmT)obs


i ÿ (cmT)calcd
i ]2, is equal to 1.8�


10ÿ3.


cm� {Ng2b2SA(SA � 1)/3kT}{(1 � u)/(1ÿu)} (1)


u� coth[JSA(SA � 1)/kT]ÿ [kT/JSA(SA � 1)] (1a)


The positive J value suggests the presence of a ferromag-
netic exchange interaction transmitted by the azide group in
the chain. It should be noted that the compounds 1 a and 2 a
constitute the first ferromagnetic examples of singly bridged
m-azido complexes with end-to-end coordination of N3, since
all azide compounds with the same bridging mode reported to
date have antiferromagnetic ordering.[26]


Orbital interpretation of the magnetic behavior : According to
the bibliographic data,[13] the magnetic properties of the azide
complexes depend on M-N-N(azido) angles and M-N3-M
torsion angles, and the occurrence of a ferromagnetic coupling
can be expected when the incidental orthogonality is achieved
at the value of about 1648 for M-N-N(azido) angle at fixed
zero M-N3-M torsion angle, while the strongest antiferromag-
netic interaction is expected when the M-N3-M torsion angle
closes to zero for a fixed M-N-N(azide) angle. According to
these criteria, the expected magnetic phenomena for 1 a and
2 a would be antiferromagnetic ordering, since their M-N-N-
(azido) angles deviate far from 1648. This expectation is in
conflict with the experimental results of ferromagnetic
behavior. Therefore, the resolution of this conflict was
attempted by considering the large M-N3-M torsion angles
of 71.68 and 75.78 ; these may minimize antiferromagnetic
contributions and favor ferromagnetic interactions in chains
of 1 a and 2 a.[13]


To get a better insight into the magnetic exchange
mechanism, extended Hückel calculations were performed
on the dimeric fragment of 2 a with the use of the X-ray crystal
coordinates. The magnetically active atomic orbitals of the
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NiII ions are the dz2 orbitals, since they are placed in the chain
direction and provide symmetric (Fs) and antisymmetric (Fa)
combinations (Figure 3). The magnetic orbitals of NiII ions


Figure 3. The MO representation of 2a showing p pathway through the
azide bridge.


overlap with p atomic orbitals of an azide bridging ligand in a
p pathway, and the azide p orbitals are almost orthogonal as
judged by the fact that the atomic orbital of N1 is placed in the
same plane with that of N3, but perpendicular to that of N2.
Since this quasi-orthogonality allows the minimal overlap
integrals through the bridge, the antiferromagnetic contribu-
tion (JAF


ij � to J� (1/n2)SijJij ,[27] the magnetic exchange coupling
of systems with more than two unpaired electrons, in the
magnetic regime may be negligible relative to the ferromag-
netic one. Hence, it is plausible to conclude that a net
ferromagnetic exchange coupling in the azide chain system of
2 a is favored, which is in good agreement with the magnetic
consequence of 2 a.


Zero-field splitting : The plots of cmT versus T as a function of
the external field for both of the one-dimensional complexes
are shown in Figure 4. There are no maximum points at low
field, but the maximum points begin to appear and shift to
high temperature as the field increases. These observations
suggest that thermal populations of the Zeeman levels are
located in the lowest level at lower fields and are mixed at


Figure 4. cmT versus T plots in the low-temperature range at various values
of the applied field for 1a (top) and 2 a (bottom). For 1a the data were
recorded at the following field strengths (top to bottom): 50, 100, 2000,
30000 G; for 2 a the data were recorded at the following field strengths (top
to bottom): 100, 500, 2000, 10 000, 30 000, 70000 G. The solid lines joining
the experimental points are just eye guides.


higher fields. Hence, the zero-field splittings in MII [M�Co
(1 a), Ni (2 a)] ions are operative and cause the decrease in
cmT at higher fields.


Spin canting : The magnetization M of 1 a and 2 a were
measured with variation of the applied magnetic field H from
0 to 7 T at two temperatures of 1.8 and 5 K as given in
Figure 5. The two complexes behave similarly since they are
isostructural. The abrupt approaches of M to the saturation
values at 1.8 K are observed for both complexes; this behavior
is reminiscent of magnets. No hysteresis loop is observed at
1.8 K in the field range from ÿ7 to 7 T as shown in insets of
Figure 5. The experimental saturation values at 7 T are 2.64
and 1.97 Nb for 1 a and 2 a, respectively. These values are
slightly lower than the predicted values by the Brillouin
equation [Eqs. (2) ± (4)] with S� 3/2 (1 a, M� 3 Nb) and S� 1
(2 a, M� 2.2 Nb) at 1.8 K for noninteracting entities in a
lattice.[28]


M�NgbHSBS(x) (2)


BS(x)� {(2S � 1)/2S}coth[x(2S � 1)/2S]ÿ {1/2S}coth[x/2S] (3)


x� gbHS/kT (4)
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Figure 5. Plot of magnetization versus applied magnetic field for 1a (top)
and 2 a (bottom) at temperatures, 1.8 (&) and 5 K (~). The solid line for 2a
represents the Brillouin calculation for S� 1 state. The insets show
hysteresis curves.


From this result, it appears that the spin values of the metal
centers in the ground state are smaller than the expected
values from the numbers of their unpaired electrons, hence
spin canting is operative in both 1 a and 2 a. To take spin
canting into account two factors need to be considered: the
antisymmetric interaction and the magnetic anisotropy.[23] The
least-squares planes that include the asymmetric MII units
along the chain are tilted towards each other and form
dihedral angles of 60.58 for 1 a and 60.68 for 2 a. This fulfills
the requirement for the antisymmetric interaction. The
magnetic anisotropy is intrinsic to the CoII or NiII ion owing
to the presence of zero-field splitting. In terms of the two
factors, two possible patterns for spin canting can be suggested
as illustrated in Figure 6. In Figure 6 (top), the directions of
spin vectors for spin canting are oriented antiparallel, which
results in a very low saturation magnetization; this is not
in agreement with the experimental values. At the same
time, the antiferromagnetic interaction gives rise to the
feature that the cmT value decreases slowly to reach a round
minimum and then increases rapidly at lower temperature.[29]


However, the temperature dependence of the cmT value
for 2 a does not follow the magnetic consequence predicted


M M M M


M M M M


Figure 6. Schematic drawing of possible spin-canting patterns superimpos-
ing onto dominant antiferromagnetic interactions (top) and dominant
ferromagnetic interactions (bottom).


by the spin-canting pattern shown in Figure 6 (top). On the
other hand, Figure 6 (bottom) illustrates spin canting caused
by the perturbation of ferromagnetism, that is, the magnetic
spins are coupled ferromagnetically but are slightly tilted to
each other. This pattern for spin canting gives relatively high
values of saturation magnetization and requires no minimum
valley in cmT curve as observed in 2 a.[30] The spin canting
based on ferromagnetic coupling supports the experimental
results well, in agreement with the expectation from the large
torsion angles greater than 708 (vide supra). The canting
angles are estimated as 288 and 278 for 1 a and 2 a,
respectively.


Field-cooled magnetization : To establish a magnetic phase
transition, magnetization measurements under a weak ap-
plied field of 3 G were performed at various temperatures.
The magnetization curve, recorded by cooling the sample
from 20 to 1.8 K, rapidly increases below about 3 K, as shown
in Figure 7. The slope of dM/dT in the magnetization plot
increases even at the lowest experimental temperature limit
of 1.8 K; this is an indication that the critical temperature (TC)
is lower than 1.8 K, but near to 1.8 K judged by the field
dependence at 1.8 K as described above in Figure 5. The ac
susceptibility was measured for 2 a ; this method provides a
more accurate TC by showing a maximum at the critical
temperature. The real part of the zero-field ac susceptibility
has no maximum at 1.8 K for a frequency of 5000 Hz,
confirming that the TC of 2 a is lower than 1.8 K.


Magnetic properties of dehydrated species 1 b and 2 b


Enhanced magnetic interactions : The magnetic properties of
the dehydrated compounds were measured to evaluate the
influence on the bulk magnetic character when the interchain
distances were reduced by eliminating the lattice water
molecules.[31] Temperature-dependent magnetic susceptibility
data at 100 G for 1 b and 2 b are shown in Figure 8. The cmT
values of both dehydrated species are enhanced relative to
their hydrated complexes at the same magnetic field in the
low temperature regime; this indicates that the interchain
distances of the ferromagnetic chains are reduced upon the
dehydration and the ferromagnetic chains are also coupled
ferromagnetically.


The magnetic behavior of 1 b is similar to its hydrated form,
while 2 b shows different behavior from its hydrated form. For
1 b, the cmT value gradually decreases due to the spin-orbit
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Figure 7. Field-cooled magnetization versus T under 3G for 1 a (top) and
2a (bottom).


Figure 8. Plot of temperature dependence of the cmT for 1b (top) and 2b
(bottom). The solid lines in insets are just eye guides.


coupling effects as temperature is lowered, reaches a mini-
mum value of 3.04 cm3 K molÿ1 at 35 K, then increases sharply
as temperature decreases further to reach a maximum value
of 41.54 cm3 K molÿ1 at 2 K, and starts to decrease below 2 K
due to the saturation effect. The cmT value of 2 b decreases
slowly on lowering the temperature, increases rapidly below
9 K to reach a maximum value of 114.3 cm3 K molÿ1 at 2.2 K,
and then decreases owing to the saturation effect. The
decrease of cmT value in the temperature range 300 ± 9 K for
2 b can be considered to be a consequence of the spin-orbit
coupling effects of the NiII atoms triggered by additional
structural change, presumably in Ni-N3-Ni torsion angle, upon
dehydration.


Long-range ordering : The long-range magnetic phase tran-
sitions for 1 b and 2 b were ascertained by the field-cooled
magnetization (FCM) and the zero-field-cooled magnetiza-
tion (ZFCM) measurements (Figure 9), which were recorded


Figure 9. Plots of field-cooled magnetization (~ FCM) and zero-field-
cooled magnetization (& ZFCM) in a field of 3 G for 1b (top) and 2b
(bottom).


by cooling the sample down to 1.8 K under 3 G and warming
up to 20 K in the same field and by cooling down without the
applied field and then heating up in a field of 3 G, respectively.
The FCM and ZFCM data indicate the occurrence of the
phase transition near 2 K for 1 b and below 2.6 K for 2 b. The







FULL PAPER Y. Do et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4250 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 194250


accurate temperatures of the ferromagnetic phase transition
were determined by measuring the thermal dependence of the
in-phase (cm') and the out-of-phase (cm'') components of the
ac magnetic susceptibility (Figure 10). The cm' curve for 1 b
shows frequency-independent curvatures at 2 K, taken as the
critical temperature (TC), which agrees with the appearance of
non-zero cm'' components. The cm' curve for 2 b has a
maximum at TC� 2.3 K at various frequencies with non-zero
imaginary part, cm''. These results denote that a disorder in the
lattice, for example, spin-glass or superparamagnetic phe-
nomena, is absent in 1 b or 2 b.


Figure 10. Real cm' and imaginary cm'' parts of ac susceptibilities as a
function of temperature at a dc field of �0 G and an ac field of 3 G for 1b
(top) and 2b (bottom). Frequencies for 1 b (from top to bottom): 100, 1000,
5000, 10000 Hz; frequencies for 2b (from top to bottom): 500, 5000,
10000 Hz.


The magnetization measurements of 1 b and 2 b were
performed as a function of field at various temperatures, as
shown in Figure 11. The isotherms of 1 b exhibit typical
ferromagnetic behavior and saturate faster than the hydrated
complex 1 a. On the other hand, the shape of the magnet-
ization of 2 b, which is similar to but much steeper than that of
the hydrated species 2 a, is viewed as a real magnet at 1.8 K.
The saturation values of 2.53 and 1.92 Nb at 7 T for 1 b and 2 b,
respectively, imply that the magnetic spins on MII centers
(M�Co, Ni) in a chain are ferromagnetically coupled but
canted slightly. The magnetic hysteresis loops in the insets of
Figure 11 are characteristic of soft magnets with a coercive
field of 35 and 20 G for 1 b and 2 b, respectively.


Figure 11. Plot of magnetization (M) versus applied magnetic field (H) for
1b (top) and for 2 b (bottom), at various temperatures (& 1.8 K, * 5 K, ~


10 K). The insets show hysteresis curves.


Conclusion


The first examples of the ferromagnetic m-azido one-dimen-
sional single-chain systems with an end-to-end N3 coordina-
tion mode, [{M(5-methylpyrazole)4(N3)}n](ClO4)n(H2O)n


[M�Co (1 a), Ni (2 a)], have been synthesized and charac-
terized. For the synthesis of 2 a, the importance of the use of
not only correct stoichiometry for the reagents, but also slow
addition of the aqueous solution of sodium azide to the
aqueous reaction mixture of NiII and 3(5)-methylpyrazole has
been pointed out to avoid the formation of paramagnetic
mononuclear complex [Ni(5-methylpyrazole)4(N3)2].


The magnetic susceptibility data for 1 a and 2 a in the
temperature range of 1.8 ± 300 K were interpreted by Curie ±
Weiss law and afforded the magnetic parameters of q� 2.44 K
and C� 2.74 cm3 K molÿ1 for 1 a, and q� 11.1 K and C�
1.24 cm3 K molÿ1 for 2 a. The magnetic data of 2 a were also
interpreted in terms of the infinite chain model with J and g
values of 6.91 cmÿ1 and 2.21, respectively; these values are
consistent with the results from Curie ± Weiss law. The
occurrence of the abrupt increase in the cmT curve indicates
the onset of a long-range ordering over the lattice. The
compounds 1 a and 2 a acquire their ferromagnetism through
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the quasi-orthogonality between the magnetic orbitals of
metal ions and the p atomic orbitals of the bridging azide.
Both compounds show spin canting caused by perturbation of
ferromagnetism and zero-field splitting. The spin canting
arises from the magnetic anisotropy and antisymmetric
interactions judged by the structural parameters of zero-field
splitting and the tilted MN4 planes in a chain. The critical
temperatures for 1 a and 2 a were not detected even at the
temperature as low as 1.8 K. The observation that the NiII


compound exhibits stronger ferromagnetic strength than the
CoII compound was explained in terms of the shorter intra-
chain M ´´´ M distance and the larger torsion angle of M-N3-M
and their relation to the effectiveness of magnetic exchange.


The dehydrated forms of 1 a and 2 a show enhanced
ferromagnetic couplings due to the reduction of interchain
distances of the chain systems as well as the ferromagnetic
interactions between the chains. There is long-range magnetic
ordering over the lattice as indicated by the critical temper-
atures of TC� 2 K for 1 b and 2.3 K for 2 b determined from
the magnetization at low temperatures and ac magnetic
susceptibility experiments.


The use of a nonchelating capping ligand 3(5)-methylpyr-
azole in new azide systems led to the observation of the
unprecedented examples of a ferromagnetic azide system with
end-to-end N3 coordination involving spin canting. It appears
that the structural freedom of a capping ligand in the
complexation plays a crucial role in generating a new class
of single-chain ferromagnetic azide systems.


Experimental Section


Caution! Azide and perchlorate systems are potentially explosive. The use
of small amount of the reagents is recommended.


[{Co(5-methylpyrazole)4(N3)}n](ClO4)n(H2O)n (1a): 3(5)-Methylpyrazole
(160 mL, 2.0 mmol) was added to a solution of cobalt(ii) perchlorate
hexahydrate (182 mg, 0.50 mmol) in waater (10 mL). After being stirred for
10 min, a solution of sodium azide (32 mg, 0.50 mmol) in water (10 mL) was
added. The red-brown solution was filtered, and the filtrate was left
undisturbed, producing red-orange crystals of 1a in a yield of 57%.
Elemental analysis calcd (%) for C16H26N11O5ClCo (546.86): C 35.14, H
4.79, N 28.17; found: C 35.17, H 4.79, N 28.61; IR (KBr pellet): nÄ � 3581 (m),
3497 (w), 3448 (w), 3347 (s, NH stretching), 3149 (w), 2984 (w), 2932 (w),
2867 (w), 2092 (s, na(N3


ÿ)), 1754 (w), 1604 (w, HOH bending), 1569 (m),
1487 (w), 1445 (w), 1427 (w), 1346 (w), 1302 (w), 1111 (s, Cl-O stretching),
1017 (m), 952 (m), 881 (w), 804 (m), 788 (m), 726 (w), 691 (w), 623 (m),
420 cmÿ1 (w).


[{Ni(5-methylpyrazole)4(N3)}n](ClO4)n(H2O)n (2a): Compound 2 a was
prepared by using the same procedure described for compound 1a, but
with nickel(ii) perchlorate hexahydrate instead of the cobalt(ii) salt and
slow addition of azide solution in dropwise manner. The pale green solution
was filtered, and the filtrate was left undisturbed, affording blue crystals of
2a (36 % yield). Elemental analysis calcd (%) for C16H26N11O5ClNi
(546.64): C 35.16, H 4.79, N 28.19; found: C 35.15, H 4.94, N 28.56; IR
(KBr pellet): nÄ � 3580 (m), 3497 (m), 3449 (m), 3334 (s, NH stretching),
3151 (m), 2985 (w), 2931 (w), 2871 (w), 2090 (s, na(N3


ÿ)), 1989 (w), 1763 (w),
1608 (w, HOH bending), 1573 (m), 1496 (m), 1447 (m), 1419 (m), 1349 (w),
1295 (m), 1225 (w), 1102 (s, broad, Cl-O stretching), 1018 (m), 952 (s), 885
(m), 803 (s), 785 (s), 689 (m), 623 (m), 425 cmÿ1 (w).


Dehydrated Compounds 1b and 2b : Thermogravimetric analysis for 1a
and 2 a was carried out in the temperature range of 30 ± 400 8C with a
heating rate of 5 8Cminÿ1. The loss of lattice water was completed below
94 8C for 1a and below 70 8C for 2a. Thus, the dehydration was carried out
by heating the samples to the proper temperatures for 5 h under the N2


flow, and the resulting samples were dried overnight over a P2O5 trap in
vacuum, to produce dehydrated products of cobalt-violet 1 b and pale blue
2b. The asymmetric azide stretching frequency na(N3


ÿ) in the IR spectra
(Nujol mull) appeared at 2078 cmÿ1 for 1b and 2080 cmÿ1 for 2b.


Physical measurements : Elemental analyses for C, H, and N were
performed at the Elemental Analysis Service Center of the Korea Basic
Science Institute. Infrared spectra were recorded from KBr pellets with an
EQUINOX 55 spectrometer. Thermal analyses were performed under the
nitrogen atmosphere at a heating rate of 5 8Cminÿ1 with DuPont TA
instruments. Measurement of magnetic susceptibilities, field dependencies
of the magnetization, FCM, and ZFCM were carried out with a Quantum
Design MPMS-7 SQUID magnetometer. The ac magnetic susceptibilities
were determined above 1.8 K with a Quantum Design PPMS-9 magneto-
meter. Corrections for the diamagnetism of samples were estimated from
Pascal�s Tables.[32]


Crystallographic data collection and structure determination : Diffraction
data for 1a and 2 a were collected on an Enraf-Nonius CAD4TSB
diffractometer by using graphite monochromated MoKa radiation (l�
0.71073 �). The unit cell parameters were calculated by least-squares
refinement of 25 well-centered reflections in the range of 22.68< 2q< 27.88
and 22.98< 2q< 28.18 for 1a and 2 a, respectively. Intensities of three
reflections monitored periodically exhibited no significant variation for all
cases. All data were corrected for Lorentz polarization effects. Crystal data
and details of data collection are listed in Table 2.


The crystal structures were solved by direct methods by using the SIR92
program[33] and refined anisotropically for non-hydrogen atoms by full-
matrix least-squares methods with the SHELXL93 program.[34] All hydro-
gen atoms were computed at ideal positions (dCH� 0.960 � for methyl and
0.930 � for phenyl), except for hydrogens bound to water molecules, and
refined riding on the corresponding carbon atoms with isotropic thermal
parameters [U� 1.5U(Cmethyl) and 1.2U(Cphenyl)]. The goodness of fit for all
observed reflections was 1.121 for 1 a and 1.104 for 2 a. Maximum shift/
e.s.d. were 0.021 (1 a) and 0.000 (2 a).


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 no. CCDC-162788 (1a)
and CCDC-101870 (2a). 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; e-mail : deposit@ccdc.cam.ac.uk).


Table 2. Crystallographic data for 1 a and 2 a.


1a 2a


formula C16H26N11O5ClCo C16H26N11O5ClNi
Mr 546.86 546.64
crystal system monoclinic monoclinic
space group P21/n P21/n
a [�] 11.548(9) 11.434(1)
b [�] 9.807(4) 9.815(1)
c [�] 22.677(20) 22.576(1)
b [8] 102.40(7) 102.68(1)
V [�3] 2508.3(31) 2471.8(3)
Z 4 4
F(000) 1132 1136
1calcd [gcmÿ3] 1.448 1.469
m [mmÿ1] 0.840 0.943
scan mode w-q w-2q


2q range [8] 4.4 ± 50.02 4.4 ± 49.94
index range � h,�k,� l � h,� k,� l
reflections collected 3827 3985
reflections observed[a] 2845 3390
parameters 310 310
R1[b] 0.0525 0.0482
wR2[c] 0.1343 0.1329
weighting scheme[c] (x/y) 0.0748/3.089 0.0759/2.656
1max/1min [e �ÿ3] 0.696/ÿ 0.352 0.578/ÿ 0.378


[a] Fo> 4s(Fo). [b] R1�S j jFo jÿ jFc j j/S jFc j . [c] wR2� [S{w(F 2
o ÿF 2


c �2/
S[w(F 2


o�2}]1/2, in which w�1/[s2(F 2
o � � (xP)2 � yP], P� (F 2


o � 2F 2
c �/3.
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Binuclear Complexes as Building Blocks for Polynuclear Complexes with
High-Spin Ground States: Synthesis and Structure of a Tetranuclear Nickel
Complex with an S� 4 Ground State


Berthold Kersting,*[a] Gunther Steinfeld,[a] and Dieter Siebert[b]


Abstract: The coordinatively unsaturat-
ed dinickel(ii) complex [(L2)Ni2](BPh4)2


(2), where (L2)2ÿ represents the dianion-
ic form of the �N4S2� ligand N,N'-bis(2-
thio-3-aminomethyl-5-tert-butylbenzyl)-
propane-1,3-diamine), has been investi-
gated with respect to its ability to
function as a building block for the
preparation of polynuclear nickel com-
plexes with a high-spin ground state.
Treatment of 2 with pyridazine (pydz)
followed by addition of two equivalents
of NH4SCN afforded the dinuclear m-
pyridazine complex [(L2)Ni2(m-pydz)-
(NCS)2] (4). The reaction of 2 with
pyridazine and NaN3 in a 1:1:1 molar
ratio gave the tetranuclear nickel(ii)
complex [{(L2)Ni2(m-pydz)(N3)}2](BPh4)2


(5). Both complexes have been charac-
terized by X-ray crystallography and
variable-temperature magnetic suscept-
ibility studies. In complex 4 two fac-
(SCN)N2NiII units are linked by two
thiophenolate sulfur atoms and a m-pydz
ligand to give a (SCN)N2Ni(m-S)2(m-
pydz)NiN2(NCS) core structure with a
pseudoconfacial bioctahedral geometry.
The two NCSÿ groups occupy opposite
coordination sites, each is in a cis
position to the pydz bridge. Analyses
of the susceptibility data indicate the


presence of an intramolecular ferromag-
netic exchange interaction between the
two NiII (S� 1) ions. Complex 5 is
composed of two binuclear [(L2)Ni2(m-
pydz)]2� subunits which are linked by
two azide ions to give a rectangular
array of four six-coordinate NiII ions.
The binuclear [(L2)Ni2(m-pydz)]2� frag-
ments in 4 and 5 are isostructural.
Analyses of the susceptibility data of 5
reveal ferromagnetic exchange interac-
tions between the NiII ions of the
binuclear subunit as well as for the m1,3-
N3-bridged NiII ions. Thus, compound 4
has an S� 2 ground state, whereas in 5 it
is S� 4.


Keywords: magnetic properties ´
nickel ´ N,S ligands ´ polynuclear
complexes


Introduction


The synthesis of polynuclear transition metal complexes with
a large number of unpaired electrons in their spin ground state
is currently attracting much interest, because such compounds
often display unusual magnetic properties.[1] The self-organ-
ization of first-row transition metal ions and suitable bridging
ligands has proved to be a very powerful strategy for the well-
defined arrangement of metal ions;[2, 3] however, the type of
magnetic exchange interaction between the metal ions is
difficult to predict. An alternative approach would be the
replacement of single metal ions by discrete binuclear


complexes with a predefined pair state and free coordination
sites for crosslinking by suitable bridging ligands.


We have recently reported on binuclear nickel complexes of
the amine ± thiophenolate ligands H1L and H2L2.[4, 5] While the
tridentate ligand forms a confacial bioctahedral complex 1 in
which two paramagnetic N3NiII units are linked by three
thiophenolate sulfur functions, the hexadentate ligand H2L2


generates a 1:1 complex 2 with two planar NiN2S2 coordina-
tion units. As the latter compound is a coordinatively
unsaturated species, we have investigated the possibility of
generating a NiII


4 complex by linking two such units through
additional bridging ligands in the hope of obtaining a para-
magnetic complex. We report here on our findings.


Results and Discussion


Preparation and structure of complexes: We have previously
shown that reactions of 2 with monodentate coligands L'
(NCSÿ, N3


ÿ) yield purple neutral complexes of the type
[(L2)Ni2(L')2] with adjacent four-coordinate NiN2S2 and six-
coordinate NiN2S2L'2 sites, not bioctahedral complexes.[5] We
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have now found that such complexes form when pyridazine
(pydz) is added prior to the addition of the coligand L'. Thus,
treatment of 2 with one equivalent of pydz followed by
addition of two equivalents of NH4SCN affords a brown
solution from which a product of composition [(L2)Ni2(m-
pydz)(NCS)2] (4) precipitates in high yield (Scheme 1). The
dicationic m-pyridazine complex [(L2)Ni2(m-pydz)(L')2]2� (3)
with two labile solvent molecules (L'�CH3CN) can be
formulated as an intermediate.
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Scheme 1. Preparation of complex 4.


The molecular structure of 4 was characterized by X-ray
crystal structure analysis. Figure 1 shows a neutral molecule
[(L2)Ni2(m-pydz)(NCS)2] in crystals of 4. Selected bond
lengths and angles are summarized in Table 1. The Ni atoms
are triply bridged by two S atoms from the amine-thiolate
ligand and a pydz moiety which leads to a Ni ´´ ´ Ni distance of
3.340(1) �. The N-bound thiocyanate groups are found in
terminal positions on opposite sides of the molecule. Both are
in a cis position relative to the pydz ligand. The amine
nitrogen atoms of (L2)2ÿ complete the pseudooctahedral
NiN4S2 coordination units. Notably, the corresponding bond
lengths at Ni(1) and Ni(2) differ only slightly. With respect to
the cryomagnetic properties described below, it is also of
importance to note that there are no intermolecular hydrogen


Figure 1. Molecular structure of the neutral complex [(L2)Ni2(m-
pydz)(NCS)2] in crystals of 4. Thermal ellipsoids are drawn at the 50%
probability level. tert-Butyl groups and hydrogen atoms are omitted for
clarity.


bonding interactions between the complexes. Therefore,
despite a relatively short intermolecular Ni ´´ ´ Ni distance of
7.287(1) �, there is no possibility for a superexchange path-
way between the complexes.


To test whether 2 can be used as a building block for
polynuclear complexes, the NCSÿ ligand in the above reaction
was replaced by NaN3 (Scheme 2). The azide ion is known for
its tendency to form bridges between metal atoms.[6] A brown
solid of composition [{(L2)Ni2(m-pydz)(m1,3-N3)}2](BPh4)2 (5)
was obtained in 74 % yield. The characteristic n(N3


ÿ) absorp-
tion band at 2065 cmÿ1 in the IR spectrum of 5 was the first
sign of the coordination of the azide ion. The X-ray crystal
structure of 5 then complemented the infrared work and


Table 1. Selected bond lengths [�] and angles [8] for 4.


Ni(1)ÿS(1) 2.440(1) Ni(2)ÿS(1) 2.469(1)
Ni(1)ÿS(2) 2.475(1) Ni(2)ÿS(2) 2.466(1)
Ni(1)ÿN(1) 2.116(3) Ni(2)ÿN(2) 2.084(3)
Ni(1)ÿN(3) 2.140(3) Ni(2)ÿN(4) 2.119(3)
Ni(1)ÿN(5) 2.114(3) Ni(2)ÿN(6) 2.114(3)
Ni(1)ÿN(7) 2.073(4) Ni(2)ÿN(8) 2.077(4)
Ni(1) ´´ ´ Ni(2) 3.340(1)
S(1)-Ni(1)-S(2) 82.02(5) S(1)-Ni(2)-S(2) 81.63(5)
N(1)-Ni(1)-S(1) 94.22(10) N(2)-Ni(2)-S(1) 90.71(10)
N(1)-Ni(1)-S(2) 93.17(10) N(2)-Ni(2)-S(2) 96.18(11)
N(1)-Ni(1)-N(3) 92.05(13) N(2)-Ni(2)-N(4) 88.96(14)
N(1)-Ni(1)-N(5) 175.97(14) N(2)-Ni(2)-N(6) 175.13(14)
N(1)-Ni(1)-N(7) 87.59(14) N(2)-Ni(2)-N(8) 86.89(14)
N(3)-Ni(1)-S(1) 171.95(10) N(4)-Ni(2)-S(1) 173.98(10)
N(3)-Ni(1)-S(2) 92.61(10) N(4)-Ni(2)-S(2) 92.43(10)
N(3)-Ni(1)-N(5) 88.62(13) N(4)-Ni(2)-N(6) 92.23(14)
N(3)-Ni(1)-N(7) 92.03(14) N(4)-Ni(2)-N(8) 87.95(14)
N(5)-Ni(1)-S(1) 85.48(10) N(6)-Ni(2)-S(1) 88.60(10)
N(5)-Ni(1)-S(2) 90.78(10) N(6)-Ni(2)-S(2) 88.49(10)
N(5)-Ni(1)-N(7) 88.41(14) N(6)-Ni(2)-N(8) 88.44(14)
N(7)-Ni(1)-S(1) 93.27(11) N(8)-Ni(2)-S(1) 98.03(11)
N(7)-Ni(1)-S(2) 175.27(11) N(8)-Ni(2)-S(2) 176.92(11)
Ni(1)-S(1)-Ni(2) 85.76(5) Ni(1)-S(2)-Ni(1) 85.05(5)
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Scheme 2. Preparation of complex 5.


showed the successful formation of a tetranuclear NiII


complex (Figure 2). Two [(L2)Ni2(m-pydz)]2� units are linked
through two m1,3-N3


ÿ ions to give a rectangular array of four
six-coordinate NiII ions. In the solid state the dication
possesses local Ci symmetry. The Ni ´´ ´ Ni distance of the


Figure 2. Molecular structure of the cation [{(L2)Ni2(m-pydz)(N3)}2]2� in
crystals of 5. Thermal ellipsoids are drawn at the 50% probability level.
tert-Butyl groups and hydrogen atoms are omitted for clarity. Symmetry
code used to generate equivalent atoms: 1ÿ x, 1ÿ y, ÿz (').


binuclear subunit at 3.283(1) � is only slightly shorther than
in 4 (Table 2). The separation of the m1,3-N3-bridged nickel
atoms is significantly longer, at 5.322(1) �. The tetranuclear
units are well separated from each other by the sterically
demanding tetraphenylborate anions. The shortest intermo-
lecular Ni ´´´ Ni distance at 11.116(1) � is even longer than in
4. These results clearly show that the dinuclear nickel(ii)
complex 2 can be used as a building block for the preparation
of a higher nuclearity species.


Magnetic susceptibility: To gain insight into the electronic
structures of 4 and 5 variable-temperature magnetic suscept-
ibility data were measured between 2.0 and 290 K by using a
SQUID magnetometer. Figure 3 shows the experimental data
in the form of cMT versus T plots.


Figure 3. Plots of cMT against T for 4 and 5. Experimental data are shown
as solid squares (for 4) or as open circles (for 5). The full lines represent the
best theoretical fits.


For complex 4 the product cMT gradually increases from
2.50 cm3 Kmolÿ1 at 295 K (4.47 mB per dinuclear complex) to a
maximum of 3.27 cm3 Kmolÿ1 (5.12 mB) at 20 K,[7] and then
decreases rapidly to 1.92 cm3 Kmolÿ1 at 2 K. This behavior is
typical for an intramolecular ferromagnetic exchange inter-
action between the two NiII ions (S1� S2� 1) leading to an
S� 2 ground state of 4.[8] The cryomagnetic behavior of
complex 5 is similar but not identical to that of 4. With
decreasing temperature, the value of the product cMT
increases more and more rapidly, from 4.80 cm3 Kmolÿ1 at


Table 2. Selected bond lengths [�] and angles [8] for 5.[a]


Ni(1)ÿS(1) 2.4354(11) Ni(2)ÿS(1) 2.4159(12)
Ni(1)ÿS(2) 2.4283(13) Ni(2)ÿS(2) 2.4198(12)
Ni(1)ÿN(1) 2.112(3) Ni(2)ÿN(2) 2.087(4)
Ni(1)ÿN(3) 2.131(3) Ni(2)ÿN(4) 2.128(3)
Ni(1)ÿN(5) 2.134(3) Ni(2)ÿN(6) 2.107(4)
Ni(1)ÿN(9') 2.142(3) Ni(2)ÿN(7) 2.156(3)
Ni(1) ´´ ´ Ni(2) 3.283(1) N(7)ÿN(8) 1.181(4)
Ni(1) ´´ ´ Ni(2') 5.322(1) N(8)ÿN(9) 1.163(4)
Ni(1) ´´ ´ Ni(1') 6.332(1)
S(1)-Ni(1)-S(2) 81.92(4) S(1)-Ni(2)-S(2) 82.49(3)
N(1)-Ni(1)-S(1) 94.13(8) N(2)-Ni(2)-S(1) 92.93(10)
N(1)-Ni(1)-S(2) 96.15(9) N(2)-Ni(2)-S(2) 96.43(10)
N(1)-Ni(1)-N(3) 91.68(12) N(2)-Ni(2)-N(4) 90.23(14)
N(1)-Ni(1)-N(5) 172.75(13) N(2)-Ni(2)-N(6) 172.26(13)
N(1)-Ni(1)-N(9') 87.94(13) N(2)-Ni(2)-N(7) 85.61(14)
N(3)-Ni(1)-S(1) 172.63(9) N(4)-Ni(2)-S(1) 174.17(9)
N(3)-Ni(1)-S(2) 92.96(9) N(4)-Ni(2)-S(2) 92.29(9)
N(3)-Ni(1)-N(5) 88.34(12) N(4)-Ni(2)-N(6) 90.19(14)
N(3)-Ni(1)-N(9') 90.21(12) N(4)-Ni(2)-N(7) 86.55(13)
N(5)-Ni(1)-N(9') 84.82(13) N(6)-Ni(2)-S(1) 87.34(9)
N(5)-Ni(1)-S(2) 91.08(10) N(6)-Ni(2)-S(2) 91.27(9)
N(5)-Ni(1)-S(1) 86.47(9) N(6)-Ni(2)-N(7) 86.70(13)
N(9')-Ni(1)-S(1) 94.52(9) N(7)-Ni(2)-S(1) 98.57(9)
N(9')-Ni(1)-S(2) 174.74(9) N(7)-Ni(2)-S(2) 177.66(10)
Ni(1)-S(1)-Ni(2) 85.18(4) Ni(1)-S(2)-Ni(2) 85.25(4)
N(8)-N(7)-Ni(2) 123.8(3) N(8')-N(9')-Ni(1) 126.8(3)


[a] Symmetry code used to generate equivalent atoms: 1ÿ x, 1ÿ y, ÿz (').
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290 K (6.20 mB per tetranuclear complex) to 10.03 cm3 Kmolÿ1


(9.08 mB) at 5 K. On lowering the temperature further the
observed values decrease rapidly to a minimum value of
7.21 cm3 Kmolÿ1 at 2 K. The effective magnetic moment at 5 K
is comparable with the spin-only value of 8.94 mB for ST� 4
resulting from the ferromagnetic coupling of four NiII ions
(S� 1, g� 2.11).[9] From a formal point of view, the ST� 4
ground state of 5 results from an addition (not substraction) of
the pair states of the two constituent [(L2)Ni2(m-pydz)]2�


subunits.
To model the experimental data a specific spin Hamiltonian


was developed for each compound with a coupling scheme
based on the molecular structure observed in the solid state.
The resulting Hamiltonian matrix was diagonalized numeri-
cally to obtain the energies of the spin states, which on
substitution into the van Vleck formula give the theoretical
values for the magnetic susceptibility. A least-squares pro-
gram then compared calculated and observed susceptibility
curves and changed the parameters to get the best fit.


Thus, the magnetic susceptibility data for compound 4 were
analyzed by using the isotropic Heisenberg-Dirac-van-Vleck
(HDvV) exchange Hamiltonian [Eq. (1)] for dinuclear com-


plexes (S1� S2� 1), which includes two additional terms to
account for Zeeman splitting and single-ion zero field
interactions (DSz


2). To reduce the number of variables the
D and g values were considered to be identical for all
positions. As can be seen from Figure 3 the HDvV model
produces a good fit to the data with the parameters J�
�11.5 cmÿ1, g� 2.15, and jD j� 1.4 cmÿ1. Notably, inclusion
of the zero-field splitting parameter improved the low-
temperature fit significantly but it by no means represents
an accurate value.


The magnetic susceptibility data for compound 5 were
analyzed by using the Hamiltonian in Equation (2).


In this model J1 (�J12� J34) represents the exchange
interaction between the nickel ions in the binuclear subunit,
whereas J2 describes the interaction between the azido-
bridged nickel centers. The D and g values were again
considered to be identical. Note that the assignment of J1 to
the interaction between S1 and S2 is arbitrary. It could as well
be between S1 and S4.[10] The best fit to the data yielded two
ferromagnetic coupling constants J1��6.47 cmÿ1 and J2�
�3.59 cmÿ1, a g value of 2.11 and a zero-field splitting
parameter D� ± 0.068 cmÿ1 (Figure 3). When the zero-field
splitting is neglected (D� 0 fixed), the fit yields J1�
�6.01 cmÿ1, J2��3.81 cmÿ1, and g� 2.11. With the latter
values one can calculate that the first excited state, a spin
septet, is separated by�15.2 cmÿ1 from the ST� 4 spin ground
state.


The presence of a ferromagnetic exchange interaction in 4
can be understood in terms of the Goodenough ± Kanamori
rules for superexchange.[11] For the following discussion we
assume that the dominant pathway for magnetic exchange is
propagated through the thiolate sulfur atoms, although a
significant contribution from the bridging pyridazine unit
cannot be ruled out. For face-sharing bioctahedral nickel
complexes a ferromagnetic interaction is predicted in the case
that the Ni-X-Ni bridging angle is at 908. If the bridging angle
is smaller than 908 the orthogonality of the magnetic orbitals
is cancelled and antiferromagnetic pathways become avail-
able to produce a change of the sign of J. An antiferromag-
netic exchange interaction, for example, is found in tris-
(chloro)- or tris(thiophenolato)-bridged complexes, where the
average Ni-X-Ni bond angle is found in the range 788 to 808.[12]


In tris(phenolato)-bridged species, on the other hand, the Ni-
O-Ni angles are wider at 90� 88, and therefore the spins align
parallel.[13, 14] For 4 the average Ni-S-Ni bond angle is
85.40(5)8, which is more obtuse than in tris(thiophenolate)-
bridged complexes, and in the range where the ferromagnetic
pathway is the preferred one.


We now attempt to qualitatively rationalize the experimen-
tally determined ST� 4 ground state of 5. According to the
arguments detailed above for 4 the coupling between the
nickel(ii) ions in the binuclear subunit should be ferromag-
netic in nature, because the average Ni-S-Ni angle at 85.22(4)8
is nearly identical to that in 4. This is indeed the case, however,
the magnitude of the interaction is smaller than in 4,
irrespective of the assignment to J1 or J2. It could be due to
the different coordination environments of the metal ions in
the two complexes. The ferromagnetic coupling between the
nickel centers in the NiII-(m1,3-N3)-NiII fragment is also rather
atypical. In general, all binuclear Ni compounds with this
motif are known to exhibit antiferromagnetic interactions.
Recently, Escuer et al. have shown that the magnitude of the
antiferromagnetic exchange coupling constant depends on the
Ni-N-N bond angle as well as on the Ni-N-N-N-Ni torsional
angle. If the former angle exceeds 1558 and (or) the latter 558
the exchange interactions become ferromagnetic.[15, 16] Our
observation of a weak ferromagnetic coupling in 5 showing a
large Ni-N-N-N-Ni torsional angle of 76.48 is in good agree-
ment with the reported trend.


Conclusion


The synthesis of a novel tetranuclear nickel complex with an
ST� 4 ground state has been described. Our route differs from
previous examples in that a discrete binuclear dinickel(ii)
complex with a predefined S� 2 pair state has been used as a
building block.[17] We are currently probing the possibility of
whether the pyridazine unit in 5 can be substituted by a
1,2,4,5-tetrazine unit to access an octanuclear nickel(ii) com-
plex with an ST� 8 spin ground state.


Experimental Section
The synthesis of the perchlorate salt of 2, [(L2)Ni2](ClO4)2, has been
described previously.[5] The synthesis of the tetraphenylborate salt is
described below.
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[(L2)Ni2](BPh4)2 (2): A solution of NaBPh4 (1.37 g, 4.00 mmol) in methanol
(10 mL) was added at 60 8C to a solution of [(L2)Ni2](ClO4)2 (0.40 g,
0.50 mmol) in methanol (60 mL). After stirring for 30 min, the suspension
was cooled in an ice-bath. The red solid was isolated by filtration, washed
with cold methanol, and dried in air. The yield was 534 mg (86 %). M.p.
244 ± 246 8C. IR (KBr disk): nÄ � 3250, 3190 (NH, NH2), 735, 707 cmÿ1


(BPh4
ÿ); 1H NMR (300 MHz, [D2]dichloromethane, 25 8C, TMS): d�


7.41 ± 6.89 (m, 44 H; ArH), 3.25 (d, 3J� 12.7 Hz, 2 H; ArCHHNH2), 3.00
(d, 3J� 12.2 Hz, 2H; ArCHHNH), 2.70 (d, 3J� 11.8 Hz, 2 H; ArCHHNH),
2.65 (t, 3J� 12.2 Hz, 2 H; ArCHHNH2), 2.35 (q, 2 H; NHCH2), 1.80 (d, 2H;
CH2), 1.65 (d, 2 H; CH2), 1.40 (m, 2H; NH), 1.28 (s, 18H; CH3), 0.92 (m,
2H; CH2), 0.42 (d, 2 H; NHH), 0.10 (m, 2 H; NHH); UV/Vis (CH2Cl2): lmax


(e)� 318 (2575), 378 (3484), 497 nm (780 molÿ1dm3cmÿ1); elemental
analysis calcd (%) for C75H82B2N4Ni2S2 (1242.62): C 72.49, H 6.65, N 4.51;
found: C 72.23, H 6.72, N 4.22.


[(L2)Ni2(m-pydz)(NCS)2] (4): A solution of pyridazine (8.8 mg, 0.11 mmol)
in acetonitrile (3 mL) was added to a solution of 2 (124 mg, 0.100 mmol) in
a mixture of methanol (12 mL) and acetonitrile (12 mL). The color of the
solution changed immediately from red to brown. After the reaction
mixture was stirred for further 1 h a solution of NH4SCN (16.7 mg,
0.220 mmol) in methanol (1 mL) was added. Upon standing in an open
vessel at ambient temperature for 2 ± 3 days brown-green, needle-shaped
crystals of 4 precipitated. Yield: 69 mg (72 %). M.p. 234 ± 237 8C (decomp);
IR(KBr disk): nÄ � 2089 cmÿ1 (CN); UV/Vis (DMF): lmax(e)� 596(80),
1012 nm (43 molÿ1dm3mÿ1); elemental analysis (%) calcd for
C33H46N8Ni2S4 (800.42) C 49.52, H 5.79, N 14.00; found: C 49.17, H 5.62,
N 13.78.


[{(L2)Ni2(m-pydz)(m1,3-N3)}2](BPh4)2 (5): A solution of pyridazine (8.8 mg,
0.11 mmol) in acetonitrile was added to a solution of 2 (124 mg,
0.100 mmol) in acetonitrile. After 1 h, a solution of NaN3 (6.5 mg,
0.10 mmol) in methanol (1 mL) was added and the reaction mixture was
heated at 60 8C for 10 min. The solution was filtered while hot and left to
stand in an open vessel. Brown plates precipitated within two days. Yield:
77 mg (74 %). M.p. 264 ± 266 8C (decomp); IR(KBr disk): nÄ � 2065 cmÿ1


(N3
ÿ); UV/Vis (DMF): lmax (e)� 615 (87), 1021 nm (46 molÿ1dm3mÿ1);


elemental analysis (%) calcd for C110H132B2N18Ni4S4 (2091.01): C 63.19, H
6.36, N 12.06; found: C 62.97, H 6.20, N 11.78.


Physical measurements : Melting points were determined in capillaries and
are uncorrected. 1H NMR spectra were recorded on a Varian 300 unity
spectrometer. IR spectra were taken on a Bruker VECTOR 22 FT-IR
spectrophotometer as KBr pellets. Electronic absorption spectra were
recorded on a Jasco V-570 UV/Vis/near IR spectrophotometer. EPR
spectra were recorded by a conventional Varian X-band spectrometer with
100 kHz modulation. Temperature-dependent magnetic susceptibility
measurements on powdered solid samples were carried out on a SQUID
magnetometer (MPMS Quantum Design) over the temperature range 2.0 ±
293 K. The magnetic field applied was 1.00 Tesla. The observed suscept-
ibility data were corrected for underlying diamagnetism by using Pascal�s
constants.


Crystal structure determinations : Single crystals of 4 ´ MeCN ´ H2O and of
5 ´ 2MeCN ´ MeOH suitable for X-ray structure analysis were obtained by
slow evaporation of acetonitrile/methanol solutions of the complexes. The
crystals were mounted on glass fibers using perfluoropolyether oil.
Intensity data were collected at 180(2) K, using a Bruker SMART CCD
diffractometer. Graphite-monochromated MoKa radiation (l� 0.71073 �)
was used throughout. The data were processed with SAINT[18] and
corrected for absorption using SADABS[19] (transmission factors: 0.76 ±
1.00 for 4, 0.78 ± 1.00 for 5).
Crystal data for 4 ´ MeCN ´ H2O : C35H51N9Ni2OS4 (Mr� 859.51); crystal size
0.50� 0.38� 0.33 mm3; triclinic, space group P1Å (no. 2), with a� 11.212(2),
b� 13.674(3), c� 14.747(3) �, a� 94.42(3), b� 96.99(3), g� 111.35(3)8,
Z� 2, V� 2072(1) �3, 1calcd� 1.378 gcmÿ3, 2qmax� 56.668, m(MoKa)�
1.150 mmÿ1, 19064 reflections measured, 9748 unique (Rint� 0.0534), 4593
observed reflections [I> 2s(I)]. The structure was solved by direct methods
using the program SHELXS-86;[20] and refined by full-matrix least-squares
techniques against F 2 using SHELXL-93.[21] All non-hydrogen atoms were
refined anisotropically except for the methyl carbon atoms of one
rotationally disordered tBu group. A split atom model was applied. The
site occupancies of the respective orientations were refined as 0.74(1) (for
C25a, C26a, C27a) and 0.26(1) (for C25b, C26b, C27b). Hydrogen atoms
were assigned to idealized position and given a thermal parameter 1.2 times


(1.5 for CH3 groups) that of the atoms to which they are attached. No
hydrogen atoms were calculated for the H2O molecule. Final residuals:
R1� 0.0455, wR2� 0.0855 (for 4593 reflections with I> 2s(I)), R1�
0.1342, wR2� 0.1107 (for all data); 458 parameters; largest difference
peak/hole: 0.575/ÿ 0.639 e�ÿ3.


Crystal data for 5 ´ 2MeCN ´ MeOH: C115H142B2N20Ni4OS4 (Mr� 2205.18);
crystal size 0.32� 0.21� 0.20 mm3; monoclinic, space group P21/n (no. 14),
with a� 17.695(4), b� 17.647(4), c� 18.081(4) �, b� 101.03(3)8, Z� 2 (the
asymmetric unit of 5 ´ 2MeCN ´ MeOH consists of one half of the formula
unit), V� 5542(2) �3, 1calcd� 1.322 gcmÿ3, 2qmax� 56.788, m(MoKa)�
0.803 mmÿ1, 49 056 reflections measured, 13171 unique (Rint� 0.0785),
7379 observed reflections [I> 2s(I)]; solution and refinement as for 4. All
non-hydrogen atoms were refined anisotropically except for the methyl
carbon atoms of one rotationally disordered tBu group. A split atom model
was applied. The site occupancies of the respective orientations were
refined as 0.57(1) (for C10a, C11a, C12a) and 0.43(1) (for C10b, C11b,
C12b). The acetonitrile molecule is also disordered over two positions
(0.50, 0.50). Hydrogen atoms were assigned to idealized position and given
a thermal parameter 1.2 times (1.5 for CH3 groups) that of the atoms to
which they are attached. No hydrogen atoms were calculated for the
CH3CN molecule. Final residuals: R1� 0.0576, wR2� 0.1520 (for 7379
reflections with I> 2s(I)), R1� 0.1137, wR2� 0.1813 (for all data); 648
parameter 648; largest difference peak/hole 0.880/ÿ 0.414 e�ÿ3. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication nos. CCDC-161832 (4) and CCDC-
161833 (5). 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; e-mail : deposit@ccdc.cam.ac.uk).
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Synthesis and Structural Characterization of a Novel Covalently-Bound
Corrole Dimer


Atif Mahammed,[a] Ilona Giladi,[a] Israel Goldberg,*[b] and Zeev Gross*[a]


Abstract: The (triphenylphosphine)cobalt(iii) complex (2) of 5,10,15-tris(penta-
fluorophenyl)corrole (1) is shown to be an valuable precursor to complexes that have
not been fully characterized previously. In contrast to other cobalt corroles, aromatic
amines can be substituted for the triphenylphosphine in 2 to form six-coordinate
bis(amine)cobalt(iii) complexes. This is demonstrated by spectroscopic methods and
by X-ray crystallography of the bis-pyridine complex 4, the first of its kind. While 2
and 4 and even their one-electron oxidized complexes are stable, a spontaneous
dimerization of the corrole takes place in the absence of strongly bound ligands. The
bis-cobalt complex of the novel corrole dimer 6 was fully characterized by
spectroscopic methods and X-ray crystallography.


Keywords: cobalt ´ corroles ´
dimerization ´ porphyrinoids ´
solid-state structures


Introduction


The most important metal in corrole chemistry is cobalt for
two main reasons. First, cobalt is the metal bound to the corrin
cofactor in Vitamin B12.[1] Second, most synthetic method-
ologies for the preparation of corroles rely on cobalt and
triphenylphosphine, that is, most corroles are isolated as
triphenylphosphine-coordinated complexes [Co(cor)PPh3]
(cor� corrole).[2] Still, the coordination chemistry of co-
balt(iii) corroles is quite undeveloped. For example, only
five-coordinate complexes with triphenylphosphine as axial
ligand [Co(cor)PPh3] have been structurally characterized,[3]


despite the general tendency of cobalt(iii) complexes to be six-
coordinate. In addition, the two publications that discuss the
reactions of amines with [Co(cor)PPh3] complexes differ very
much in their conclusions (despite the fact that the electronic
spectra of the products are virtually identical). While Conlon
et al. have reported a substitution reaction as to form mono-
amine cobalt(iii) corroles,[4a] Adamian et al. analyzed their
results as simple addition of the amines to the vacant
coordination site of [Co(cor)PPh3].[5] Using a different
synthetic route, Murakami et al. have isolated both a four-


coordinate cobalt(iii) corrole and its mono-pyridine adduct
and shown that the six-coordinate bis-pyridine adduct is only
formed in solutions that contain excess pyridine.[4b] Another
aspect that has been intensively investigated with cobalt
corroles is their electrochemistry,[6] with the clear conclusion
that in the absence of coordinated PPh3 their oxidation
process is irreversible. Dimeric products were obtained
therefrom; however, these have not yet been fully charac-
terized.[7]


We have recently prepared a new corrole with meso-
pentafluorophenyl substituents (1 in Scheme 1),[8, 9] shown
that its metal complexes are more oxidation resistant than
those of the previously used b-pyrrole-substituted corroles,[10]


and used them as catalysts for various reactions.[11] In the
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Scheme 1. Synthesis of complexes 2 and 3. a) 1. PPh3; 2. Co(OAc)2. b) 1.
Co(OAc)2; 2. PPh3.
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current investigation we have focused on the cobalt com-
plexes of 1 with the goal of filling the above-mentioned
shortcomings with regard to the reaction mechanism of
(triphenylphosphine)cobalt(iii) corroles with aromatic amines
and the structures of the dimers. The results clearly show that
aromatic amines substitute triphenylphosphine and form six-
coordinate bis(amine)cobalt(iii) corroles. This is demonstrat-
ed by spectroscopic methods and by X-ray crystallography of
the bis-pyridine complex. The electrochemistry shows that the
one-electron-oxidized bis-pyridine and mono-triphenylphos-
phine cobalt complexes are stable. However, in the absence of
strongly bound ligands, a spontaneous dimerization of the
corrole occurs and binuclear complexes are obtained. One of
these novel derivatives was fully characterized by spectro-
scopic methods and X-ray crystallography.


Results and Discussion


Synthesis of [Co(tpfc)PPh3] (2) and a dimeric, binuclear
complex (3) (tpfc� 5,10,15-tris(pentafluorophenyl)corrole):
As may have been expected from the previous literature
about cobalt corroles, the insertion of cobalt into 1 is highly
facile. Addition of Co(OAc)2 ´ 4 H2O to a solution of 1 in
ethanol results in a quite fast color change from green to red,
and the reaction goes to completion at room temperature
(TLC: the highly fluorescent spot of 1 disappears). When
triphenylphosphine is present initially, [Co(tpfc)PPh3] (2) is
isolated in 90 % yield (Scheme 1, path a). The diamagnetism
of 2 (CoIII, low-spin d6) allows its easy and complete
characterization by NMR spectroscopy. Consistent with the
Cs symmetry of 2, there are four b-pyrrole-CH doublets in the
1H NMR spectrum (Figure 1a) and two types of pentafluoro-
phenyl groups in a ratio of 2:1 are apparent in the 19F NMR
spectrum. The coordinated triphenylphosphine is also evident
in the NMR spectrum at high field, as a result of the
diamagnetic current effect of the corrole. However, addition
of triphenylphosphine after the metallation process is com-
plete results in isolation of an additional product (3, Scheme 1,
path b). The relative yields of 2 and 3 were quite variable,
depending mainly on how late the triphenylphosphine was
added (a more reproducible synthesis of 3 is introduced later).
According to MS, 3 contains two corroles and two cobalt ions,


Figure 1. 1H NMR spectra of the (triphenylphosphine)cobalt(iii) com-
plexes of the monomeric and dimeric corroles, 2 (a) and 3 (b), respectively.


while its NMR spectrum reveals the presence of two
triphenylphosphine ligands. The diamagnetism of 3 allowed
the elucidation of additional information about this interest-
ing dimeric and binuclear complex. As may be appreciated
from a comparison of the NMR spectra of 2 and 3 (Figure 1b),
one b-pyrrole-CH is ªmissingº in 3, leaving behind one singlet
at d� 8.65 and six doublets (1 H each per corrole, as well as
those of the triphenylphosphine protons). This lack of
symmetry within each corrole and the identity of the two
corroles in 3 are also apparent in its 19F NMR spectrum (not
shown), which displays three different pentafluorophenyl
groups rather than two as in 2 or six as would be appropriate
for a less symmetrical dimer.


These observations and the MS data clearly indicate that a
covalent CÿC bond, utilizing the same carbon from each of
the monomeric subunits, attaches the two corroles to each
other. In fact, two out of four possible structures can be ruled
out by analyzing the coupling constants in 2 and 3. First note
that the four b-pyrrole-CH doublets (2 H each) in 2 can be
classified in two groups, two doublets with a large coupling
constant (J� 5.0 Hz) and two with a small one (J� 4.6 Hz),
while there are four doublets with J� 5.0 Hz and only two
with J� 4.6 Hz in 3. Since we have found that the size of the J
values may serve for differentiation between protons on the
porphyrin-like pyrrole rings B and C (large J) and the
bipyrrole-like A and D rings (smaller J),[12] the fact that a
smaller coupling constant is ªmissingº in 3 serves to indicate
that the two corroles are attached to each other through either
C2 or C3 (Scheme 1). However, differentiation between these
two possibilities is not trivial. Fortunately, this task was
achieved by X-ray crystallography as explained in a later
section.


Reaction of [Co(tpfc)PPh3] (2) with aromatic amines : Similar
to previous observations with other cobalt corroles, gradual
addition of various amines to 2 resulted in pronounced
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changes in the electronic spectra (Figure 2). The final
spectrum was quite insensitive to the identity of the amine
and excellent isosbestic points were obtained with all amines,
indicating a clean transformation (no observable intermedi-
ates) from 2 (split Soret band: 376 and 408 nm) to the


Figure 2. Changes in the electronic spectra upon the addition of increasing
amounts of pyridine to a solution of 2 in CH2Cl2, due to its transformation
into 4.


products (single Soret band at 440 ± 444 nm and two pro-
nounced Q-bands around 600 nm). In addition, the required
amount (mol %) for completing the spectral changes was very
sensitive to the particular amine. Quantitative analysis of the
data for pyridine, 4-methylpyridine, and imidazole clearly
revealed that the reaction is second order with respect to the
amine, that is, compound 2 is transformed into bis(amine)co-
balt(iii) corroles, such as [Co(tpfc)(py)2] (4 in Scheme 2).
Interestingly, the equilibrium constant for imidazole
(29 000mÿ1) was found to be more than three orders of
magnitudes larger than that for pyridine (11.4mÿ1) and there is
also a significant electronic effect (K� 72.5mÿ1 for 4-methyl-
pyridine). An extremely large steric effect exists for both type
of amines, reducing the equilibrium constants for 2-methyl-
pyridine and 2-methylimidazole to such an extent that
prohibited reliable measurements.


The results for compound 2Ðsubstitution plus additionÐ
are quite different from the earlier mentioned conflicting
reports about the reactions of other (triphenylphosphine)co-
balt(iii) corroles with amines: addition only versus substitu-
tion only.[4a, 5] In order to resolve these apparent contra-
dictions and to substantiate our results, the reaction product
formed from 2 and pyridine was isolated and fully charac-
terized.


Characterization of [Co(tpfc)(py)2] (4): The required bis-
pyridine complex was most conveniently prepared directly
from 1, through its reaction with Co(OAc)2 ´ 4 H2O in pyridine
as solvent. [Co(tpfc)(py)2] (4) was isolated in 81 % yield, as


long as small amounts of pyridine are present throughout the
workup process. All spectroscopic features of 4 were identical
with those obtained from the reaction of 2 with pyridine,
clearly indicating substitution of the triphenylphosphine by
pyridine. The presence of two pyridines per cobalt in 4 is
easily determined by 1H NMR spectroscopy, in which the
resonances of the coordinated pyridines are located at high
field due to the diamagnetic current effect of the corrole
(Figure 3). Since the electronic spectra of the reaction
products of 2 with the other amines are very similar to that
of 4, they may be assigned with reasonable confidence as
bis(amine)cobalt(iii) corroles as well.


Figure 3. 1H NMR spectrum of the bis(pyridine)cobalt(iii) complex 4.


More details about the structure of 4 were obtained from
X-ray crystallographic analysis. The molecular structure is
presented in Figure 4, showing the flatness of the corrole
macrocycle and the nearly coplanar mutual alignment of the


Figure 4. Molecular structure of 4. The CoÿN(pyrrole) and CoÿN(pyr-
idine) bond lengths are 1.873(4) ± 1.900(4) � and 1.994(4) ± 1.995(4) �,
respectively. Note the nearly coplanar alignement of the two pyridyl axial
ligands.
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two coordinated pyridines. The largest deviation from the
mean plane defined by all the corrole atoms is as small as
0.14 �, and the cobalt is located perfectly in the plane defined
by the four inner nitrogen atoms. Both features are very
similar to the recently obtained crystal structure of the
bis(pyridine)iron(iii) complex of 1,[11c] but quite different from
that of the previously characterized five-coordinate corrole
complexes.[3] Still, the CoÿN(pyrrole) bond lengths in all
corrole complexes are very similar and shorter by about 0.1 �
than in porphyrins (Table 1), suggesting that corroles provide
an ideal coordination core for cobalt(iii). An alternative
explanation could rely on the higher oxidation state of cobalt
in corroles, but note that the (non-restricted) CoÿN(pyridine)
bond in 4 is actually somewhat longer than in [Co(oep)(py)2]
(oep� octaethylporphyrin).


One last important finding about 4 was obtained during
attempted measurements of its absorption coefficient. As
shown in Figure 5, the response to dilution was not identical at
all wavelengths, most easily seen by comparing the relative
heights of the maxima at 390 and 440 nm. Addition of
pyridine or triphenylphosphine at any stage induced spectral
changes corresponding to transformation to 4 and 2, respec-
tively; this strongly indicates that 4 dissociates to the mono-
pyridine complex 5 (� pyridine) at high dilution (Scheme 2,
right part). We also note the spectral similarity of the
developing band at 390 nm to the mono-pyridine cobalt


Figure 5. The nonlinear effect of dilution on the electronic spectrum of the
isolated bis(pyridine)cobalt(iii) complex 4, due to its equilibrium with 5.


corrole isolated by Murakami et al. (lmax� 383 nm).[4b] The
dilution data was further used for determination of the
dissociation constant of six-coordinate 4 to five-coordinate 5
(� pyridine) as 3.3� 10ÿ5 M in CH2Cl2. This low value is in
contrast to observations with octaalkyl corrole complexes of
cobalt(iii) and iron(iii), in which six-coordinate complexes are
only obtained in the presence of very large excess of ligands
(the dissociation constant of [Co(oec)(py)2] is 2.6� 10ÿ2m).[4b]


Therefore, it may be concluded that the metal complexes of
the electron-poor 1 are much more Lewis-acidic than those of
the electron-rich complexes of octaalkyl corroles.


Electrochemistry of [Co(tpfc)PPh3] (2) and [Co(tpfc)(py)2]
(4): The cyclic voltammogram (CV) of 2 reveals that its first
oxidation (E1/2� 0.70 V) and second reduction (E1/2�


ÿ1.28 V) processes are reversible,
while the first reduction is not
(Figure 6). The latter observation
is analogous to previous findings
with triphenylphosphine-coordi-
nated cobalt complexes of other
corroles.[6] Based on the analysis of
Kadish and co-workers,[5] we as-
sign the first reduction of 2 to a
CoIII/CoII couple and the irrever-
sibility of the process to disso-
ciation of triphenylphosphine
from the cobalt(ii) complex
([Co(tpfc)PPh3]ÿ! [Co(tpfc)]ÿ �
PPh3). The first oxidation (E1/2�
0.58 V) and second reduction
(E1/2�ÿ1.25 V) processes are also


Figure 6. The cyclic voltammogram of the (triphenylphosphine)cobalt(iii)
corrole 2, in 0.1m TBAP/CH3CN solution at a scan rate of 0.1 V sÿ1.


reversible for the bis-pyridine complex 4. However, the first
reduction peak (irreversible process, Epa) of 4 is strongly
affected by the addition pyridine moving gradually from
ÿ0.2 V with no external pyridine to ÿ0.7 V with 0.5m
pyridine. This observation is in excellent agreement with the
earlier discussed dissociation of pyridine from 4. The virtually
identical second reduction potentials of 4 and 2 further
suggest that upon one-electron reduction of 4 the affinity to
pyridine coordination is very much reduced. The most evident
explanation is that identical species are involved therein, that
is, both pyridines are dissociated from the one-electron
reduced 4 (and PPh3 from one-electron reduced 2) to form


Table 1. Comparison of selected structural parameters in 4, 6, and related compounds.


MÿN(pyrrole) bond MÿX(axial ligand) M deviation [�] from reference
Compound length range [�] bond lengths [�] the N4(corrole) plane


4[a] 1.873 ± 1.900 1.994, 1.994 0.002 this work
6[a] 1.868 ± 1.899 1.989, 2.000 0.006 this work
Co(cor)PPh3


[b] 1.835 ± 1.889 2.210 0.280 [3a]
1.878 ± 1.900 2.206 0.281 [3b]
1.863 ± 1.891 2.201 0.280 [3c]


Co(oec)Ph[c] 1.844 ± 1.870 1.937 0.185 [14]
Co(tpyp)[d] 1.988 ± 2.002 2.290 0.000 [15]
Co(oep)(py)2


[e] 1.948 ± 1.968 1.956, 1.970 0.002 [16]
Fe(tpfc)(py)2


[f] 1.865 ± 1.923 2.028, 2.032 0.001 [11c]


[a] M refers to a six-coordinate CoIII in [Co(tpfc)(py)2]. [b] M refers to a five-coordinate CoIII. [c] M refers to a
five-coordinate CoIV. [d] M refers to a six-coordinate CoII in a self-assembled coordination polymer of
tetrapyridylporphyrin. [e] M refers to a six-coordinate CoII in an octaethylporphyrin system. [f] M refers to a
six-coordinate FeIII.
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square planar [Co(tpfc)]ÿ . Within the current investigations
no efforts were devoted to identify the reduction site (metal vs
corrole) of the second reduction process, but in order to
corroborate the electrochemical analyses we decided to
isolate also the mono-pyridine complex 5. This resulted in
the novel observation discussed in the next section.


Preparation of dimeric, binuclear cobalt corroles 3 and 6 :
Inspired by the above-mentioned results for the bis(pyridi-
ne)cobalt(iii) corrole 4, we considered that its treatment by
column chromatography in the absence of coordinating
ligands in the elution mixture should be a facile methodology
for preparation of the mono-pyridine complex 5 (Scheme 3).
This was indeed true, but upon standing for recrystallization
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Scheme 3. Synthesis of complex 6. a) Co(OAc)2, pyridine; b) column
chromatography; c) air, PPh3 (65 % yield from 1); d) pyridine (78 % yield
from 3).


(with no coordinating ligand in the solvent mixture) we
noticed that 5 was transformed to other species (TLC).
Addition of triphenylphosphine after complete disappearance
of 5, resulted in isolation (in 65 % relative to 1) of the dimer 3.
Since we were not successful in growing X-ray quality crystals
of 3, its coordinated triphenylphosphine groups were sub-
stituted by pyridine in a fashion similar to the transformation
of 2 to 4. This resulted in isolation of 6 (78 % yield), whose


1H NMR spectrum
(Figure 7) is similar to
that of 3 (Figure 1), but
with four coordinated
pyridines instead of
the two triphenylphos-
phines in 3. The other
structural details of 6
were elucidated by
X-ray crystallography.


Characterization of the
dimeric, binuclear co-


balt corrole 6 : X-ray quality crystals of 6 were obtained by
recrystallization from a heptane/benzene mixture, and its
molecular structure is shown in Figure 8. First note that it has
a C2 symmetry axis. The two corroles are attached to each
other by a 1.48 � CÿC bond, utilizing the same carbon on
each corrole (C3), and the dihedral angle between them is 458.


Figure 8. Molecular structure of 6. The CoÿN(pyrrole) and CoÿN(pyr-
idine) bond lengths are within 1.868(6) ± 1.899(5) � and 1.989(6) ±
2.000(6) �, respectively. The C(sp2)ÿC(sp2) link between the two parts of
the dimer is 1.479(13) �, while the twist angle between the two corrole
rings is 45.0(2)8.


This is in excellent agreement with the earlier discussed NMR
analysis, which could not be used to differentiate between the
attachment through C2 or C3. Interestingly, the structural
aspects of each cobalt corrole subunit are remarkably similar
to that of the monomeric complex 4. This includes the almost
perfect in-plane location of the metal, the mutually parallel
arrangement of the two pyridines, and all the CoÿN bond
lengths (Figure 8 and Table 1).


The cobalt corrole dimer with the 458 twist about the
connecting bond has a compact, yet sterically unhindered
structure, in which the pentafluorobenzene ring of one corrole
is aligned along the missing-carbon C1ÿC19 side of the other
corrole ring. It is conceivable that the two rings cannot be
similarly attached to each other through the porphyrin-like C7
or C8 carbon atoms due to prohibitive hindrance between the
C6F5 substituents. However, the preferred binding through C3
rather than through C2 (which appears to be the least
constrained option) is intriguing and requires an explanation
that is not based on structural arguments. Fortunately, we
have recently carried out DFT calculations on the gallium
complex of 1 (7), as well as on its one-electron oxidation
product (7�, a gallium corrole p radical cation).[10d] The
calculated gross atomic spin populations on C3 were found to
be much larger than those on C2, in the HOMO of both 7 and
7�. As far as these calculations are relevant to the cobalt
complexes of 1, the exclusive C3ÿC3 bond formation suggests
that electronic factors are responsible for the selectivity. As
for the mechanism of the dimerization, we note that 3 is only
obtained in the absence of coordinating ligands. Accordingly,
we suspect that the four-coordinate cobalt complex is not
stable with regard to corrole oxidation, and that the thus
obtained p radical cation complex is attacked by the electron-
rich corrole of non-oxidized material. This hypothesis is in


Figure 7. Partial 1H NMR spectrum of 6,
the pyridine-coordinated cobalt(iii) com-
plex of the dimeric corrole.
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agreement with the observations of Kadish et al. on
[Co(oec)], in which oxidative dimerization is only obtained
in the absence of coordinating ligands.[7]


As mentioned earlier, dimeric products were also reported
with metal complexes (cobalt, nickel, and copper) of b-
pyrrole-alkylated corroles, but their structures have not been
fully elucidated.[7] Other dimeric and binuclear complexes
include the recently reported metal ± metal bound ruthenium
complex and spacer-bridged corroles.[13] However, the herein
described compounds 3 and 6 are substantially different from
all these complexes by means of their direct carbon ± carbon
bond. The electronic spectrum of 6 suggests strong electronic
interactions between its corroles, manifested in a 40 nm red-
shift and large intensification of the lowest energy absorption
band relative to the monomeric bis(pyridine)cobalt corrole 4
(Figure 9). These indications will be addressed in future


studies, in which the em-
phasis will be devoted to
the fundamental physical
properties of these in-
triguing complexes.


Conclusion


This study has revealed
the following quite funda-
mental aspects of cobalt
corroles. The reactions of
aromatic amines with the


triphenylphosphine-coordinated cobalt corrole 2 was proven
to be a substitution reaction, through the isolation and full
characterization of one such complex (4, the first of its kind).
The relatively short CoÿN(corrole) bond lengths and their
insensitivity to other structural aspects strongly implies that
corroles are ideally suited for cobalt chelation. However,
stable complexes are only obtained when the cobalt(iii) ion is
coordinated by either one triphenylphosphine or two amines
(in addition to coordination to the four nitrogen atoms of the
corrole). In the absence of the above-mentioned ligands, the
cobalt complex of 1 undergoes a highly selective CÿC
dimerization. One of these novel complexes (6) was fully
characterized and will serve as starting material for inves-
tigating its properties in various advanced applications.


Experimental Section


All the standard experimental details are reported in one of our most
recent publication.[11c]


Synthesis of 2 : A solution of 1 (20 mg, 25 mmol) and dry NaOAc (30 mg,
366 mmol) in EtOH (10 mL) was stirred for 5 min, after which Co(OAc)2 ´
4H2O (30 mg, 120 mmol) and PPh3 (50 mg, 191 mmol) were added. After
stirring for 1.5 h at 25 8C, the solvent was evaporated and the residue was
passed through a column of silica with CH2Cl2/hexane (1:8) as eluent.
Following recrystallization from CH2Cl2/hexane, 2 was obtained in 90%
yield (25 mg, 22.5 mmol). 1H NMR (400 MHz, CDCl3, 25 8C): d� 8.68 (d,
3J(H,H)� 4.6 Hz, 2 H; b-pyrrole H), 8.33 (d, 3J(H,H)� 5.0 Hz, 2H; b-
pyrrole H), 8.24 (d, 3J(H,H)� 5.0 Hz, 2H; b-pyrrole H), 8.08 (d, 3J(H,H)�
4.6 Hz, 2H; b-pyrrole H), 7.00 (t, 3J(H,H)� 8 Hz, 3 H; para-H of PPh3),


6.65 (t, 3J(H,H)� 8 Hz, 6 H; meta-H of PPh3), 4.58 (d, 3J(H,H)� 8 Hz,
3J(P,H)� 12 Hz, 6 H; ortho-H of PPh3); 19F NMR (188 MHz, CDCl3, 25 8C):
d�ÿ137.2 (dd, 3J(F,F)� 23 Hz, 4J(F,F)� 9 Hz, 2F; ortho-F), ÿ137.5 (dd,
3J(F,F)� 23 Hz, 4J(F,F)� 9 Hz, 1 F; ortho-F), ÿ138.5 (dd, 3J(F,F)� 23 Hz,
4J(F,F)� 9 Hz, 2 F; ortho-F), ÿ138.8 (dd, 3J(F,F)� 23 Hz, 4J(F,F)� 9 Hz,
1F; ortho-F),ÿ154.1 (t, 3J(F,F)� 23 Hz, 3 F; para-F),ÿ162.4 (m, 6F; meta-
F); UV/Vis (CH2Cl2): lmax (e� 10ÿ4)� 376 (6.3), 408 (6.7), 548 (1.1), 584 nm
(1.2 molÿ1 dm3 cmÿ1); MS (DCI�): m/z (%): 1115.2 (16) [M�H]� , 852.5
(100) [M�HÿPPh3]� ; MS (DCIÿ): m/z (%): 850.5 (100) [MÿPPh3]ÿ .


Synthesis of 3 : A solution of 1 (20 mg, 25 mmol) and Co(OAc)2 ´ 4H2O
(30 mg, 120 mmol) in pyridine (5 mL) was heated at 100 8C for 15 min. The
solvent was evaporated and the residue was passed through a column of
silica with CH2Cl2/hexane (1:8) as eluent. During chromatography, the
green bis-pyridine product 4 turns red, due to formation of the mono-
pyridine cobalt corrole 5. Compound 5 was isolated and left in a 10 mL
solution of hexane/CH2Cl2 for two days, during which the color changed
from red to green. At this stage, PPh3 (50 mg, 191 mmol) was added and the
residue was passed through a column of silica with CH2Cl2/hexane (1:4) as
eluent, providing 3 in 65 % yield (18 mg, 8.1 mmol). 1H NMR (400 MHz,
CDCl3, 25 8C): d� 8.80 (d, 3J(H,H)� 4.6 Hz, 2H; b-pyrrole H), 8.65 (s, 2H;
b-pyrrole H), 8.37 (d, 3J(H,H)� 5.0 Hz, 2 H; b-pyrrole H), 8.26 (d,
3J(H,H)� 5.0 Hz, 2 H; b-pyrrole H), 8.22 (d, 3J(H,H)� 4.6 Hz, 2H; b-
pyrrole H), 8.04 (d, 3J(H,H)� 5.0 Hz, 2H; b-pyrrole H), 7.83 (d, 3J(H,H)�
5.0 Hz, 2H; b-pyrrole H), 7.05 (t, 3J(H,H)� 7.3 Hz, 6 H; para-H of PPh3),
6.72 (t, 3J(H,H)� 8 Hz, 12 H; meta-H of PPh3), 4.73 (d, 3J(H,H)� 8 Hz,
3J(P,H)� 12 Hz, 12H; ortho-H of PPh3); 19F NMR (188 MHz, CDCl3,
25 8C): d�ÿ136.7 (m, 4F; ortho-F), ÿ137.3 (dd, 3J(F,F)� 25 Hz, 4J(F,F)�
7 Hz, 2 F; ortho-F), ÿ138.2 (m, 4F; ortho-F), ÿ139.0 (dd, 3J(F,F)� 25 Hz,
4J(F,F)� 7 Hz, 1 F; ortho-F), ÿ154.1 (m, 4 F; para-F), ÿ155.6 (t, 3J(F,F)�
23 Hz, 2F; para-F), ÿ162.1 (m, 4F; meta-F), ÿ162.8 (m, 4F; meta-F),
ÿ163.8 (m, 2F; meta-F), ÿ165.2 (m, 2F; meta-F); UV/Vis (CH2Cl2): lmax


(e� 10ÿ4)� 380 (7.9), 416 (8.3), 566 (2.2), 610 nm (2.6 molÿ1 dm3 cmÿ1); MS
(DCIÿ): m/z (%): 1703.4 (50) [Mÿ 2PPh3]ÿ , 851.9 (100) [(Mÿ 2 PPh3)/2]ÿ .


Synthesis of 4 : A solution of 1 (20 mg, 25 mmol) and Co(OAc)2 ´ 4H2O
(30 mg, 120 mmol) in pyridine (5 mL) was heated at 100 8C for 15 min. The
solvent was evaporated, and the green residue was passed through a
column of silica with CH2Cl2/hexane/pyridine (1:4:0.01) as eluent. After
recrystallization from CH2Cl2/hexane/pyridine (1:1:0.01), 4 was obtained in
81% yield (20.5 mg, 20.3 mmol). 1H NMR (400 MHz, [D6]benzene, 25 8C)
d� 9.32 (d, 3J(H,H)� 4.4 Hz, 2H; b-pyrrole H), 9.06 (d, 3J(H,H)� 4.8 Hz,
2H; b-pyrrole H), 8.87 (d, 3J(H,H)� 4.8 Hz, 2H; b-pyrrole H), 8.83 (d,
3J(H,H)� 4.4 Hz, 2H; b-pyrrole H), 4.63 (br s, 2H; para-H of pyridine),
4.03 (br s, 4 H; meta-H of pyridine), 0.97 (br s, 4 H; ortho-H of pyridine); 19F
NMR (188 MHz, [D6]benzene, 25 8C): d�ÿ139.2 (m, 6 F; ortho-F),ÿ153.8
(t, 3J(F,F)� 23 Hz, 3F; para-F), ÿ163.0 (m, 4F; meta-F), ÿ163.4 (m, 2 F;
meta-F); UV/Vis (CH2Cl2, 1% pyridine): lmax (e� 10ÿ4)� 440 (10.8), 582
(2.6), 600 nm (3.4 molÿ1 dm3 cmÿ1); MS (DCI�): m/z (%): 854.9 (100)
[MHÿ 2py]� ; MS (DCIÿ): m/z (%): 852.9 (100) [Mÿ 2py]ÿ .


Synthesis of 6 : Pyridine (1 mL) and 3 (15 mg, 6.7 mmol) were dissolved in
CH2Cl2 (3 mL) and stirred for 5 min. The solvent was passed through a
column of silica with CH2Cl2/hexane/pyridine (1:4:0.01) as eluent. Com-
pound 6 was obtained in 78 % yield (10.5 mg, 5.2 mmol) after recrystalliza-
tion from CH2Cl2/hexane/pyridine (1:1:0.01). 1H NMR (400 MHz, [D6]ben-
zene, 25 8C): d� 9.58 (d, 2.3 Hz, 2H; b-pyrrole H), 9.37 (d, 3J(H,H)�
4.2 Hz, 2 H; b-pyrrole H), 9.12 (d, 3J(H,H)� 4.6 Hz, 2H; b-pyrrole H),
9.08 (d, 3J(H,H)� 4.8 Hz, 2 H; b-pyrrole H), 8.95 (d, 3J(H,H)� 4.4 Hz, 2H;
b-pyrrole H), 8.87 (d, 3J(H,H)� 4.9 Hz, 2 H; b-pyrrole H), 8.82 (d,
3J(H,H)� 4.0 Hz, 2H; b-pyrrole H), 5.16 (br s, 2H; para-H of pyridine),
4.71 (br s, 2H; para-H of pyridine), 4.56 (br s, 4 H; meta-H of pyridine), 4.16
(br s, 4H; meta-H of pyridine), 1.33 (br s, 8H; ortho-H of pyridine); 19F
NMR (188 MHz, [D6]benzene, 25 8C): d�ÿ136.1 (dd, 3J(F,F)� 34 Hz,
4J(F,F)� 7 Hz, 2 F; ortho-F), ÿ139.0 (m, 10 F; ortho-F), ÿ153.6 (t,
3J(F,F)� 23 Hz, 2 F; para-F), ÿ153.8 (t, 3J(F,F)� 23 Hz, 2 F; para-F),
ÿ156.0 (t, 3J(F,F)� 23 Hz, 2F; para-F), ÿ163.0 (m, 8F; meta-F), ÿ164.4
(m, 2F; meta-F), ÿ165.0 (t, 3J(F,F)� 25 Hz, 2 F; meta-F); UV/Vis (CH2Cl2,
1% pyridine): lmax (e� 10ÿ4)� 314 (3.1), 432 (10.8), 600 (3.1), 640 nm
(6.3 molÿ1 dm3 cmÿ1); MS (DCIÿ): m/z (%): 1702.2 (50) [Mÿ 4py]ÿ , 851.9
(100) [(Mÿ 4 py)/2]ÿ .


X-ray crystallography of 4 and 6 : X-ray quality crystals of 4 and 6 were
obtained by slow recrystallization from mixtures of benzene/heptane/
pyridine (1:1:0.01).


Figure 9. The electronic spectra of
the bis(pyridine)cobalt(iii) complexes
of the monomeric (4, dashed line) and
dimeric (6, full line) corroles, at
identical concentrations in 1%pyri-
dine/CH2Cl2 solutions.
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Crystal structure analyses: Corroles 4 and 6 yielded tiny single crystals
(mostly twinned) that contained disordered solvent and diffracted poorly.
Therefore, their diffraction data were measured on a Nonius KappaCCD
diffractometer at low temperature (ca. 110 K) in order to minimize atomic
thermal displacements and to increase the signal-to-noise ratio. The crystal
structures were solved and refined by standard crystallographic techniques.


Crystal data for 4 : C47H18CoF15N6 ´ 0.5C7H16, Mr� 1060.7, orthorhombic,
space group P212121 (No. 19), a� 8.420(1), b� 16.468(1), c� 32.929(1) �,
V� 4566.0(2) �3, Z� 4, 1calcd� 1.543 g cmÿ3, 2qmax� 50.78, 8093 unique
reflections. Final R1� 0.060 for 6162 reflections with F> 4s(F), R1�
0.090 and wR2� 0.152 for all data. The crystalline compound represents
a racemic twin, and the heptane solvent is severely disordered in the lattice.


Crystal data for 6 : C47H17CoF15N6 ´ 0.5 C6H6 ´ 2H2O, Mr� 1084.7, monoclin-
ic, space group C2/c (No. 15), a� 28.348(1), b� 8.953(1), c� 35.960(1) �,
b� 93.90(1)8, V� 9105.5(9) �3, Z� 8, 1calcd� 1.582 g cmÿ3, 2qmax� 50.28,
6302 unique reflections. Final R1� 0.066 for 3392 reflections with F>
6s(F), R1� 0.160 and wR2� 0.154 for all data. Molecules of the dimeric
cobalt corrole were located on symmetry axes of twofold rotation. The
benzene solvent was positioned on centers of inversion; molecules of water
appeared to be disordered within the intermolecular voids.


In both structures the pentafluorophenyl substituents exhibited a large-
amplitude wagging motion, which reflects on their partial rotational
disorder that could not be resolved. This disorder, particularly in the
structure of 6, caused a relatively large percentage of very weak reflections
that could be accurately measured. As a result, the R factor for the data set
that contains the weak reflections buried in the intensity background is
relatively high. The considerably lower R factor for the significant data
(above the intensity threshold) confirms the correctness of the structure.


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 no. CCDC 162497 (4)
and 162498 (6). 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; e-mail : deposit@ccdc.cam.ac.uk).


The equilibrium constants (K): The equilibrium constants (K) for the
reactions of [Co(tpfc)PPh3] (2) with amines [Eq. (1), Am� amine] were
measured at 25 8C in CH2Cl2 with the following initial concentrations: 2,
�10ÿ5m ; pyridine and g-picoline, in the range of 10ÿ3 ± 10ÿ4m ; imidazole, in
the range of 10ÿ5 ± 10ÿ6m. The concentrations of [Co(tpfc)(amine)2] ([AD])
as a function of the amine concentration were calculated from Equa-
tion (2), in which OD0 is the initial absorption (of 2) and OD is the
absorption measured at any given amine concentration.


[Co(tpfc)PPh3] (2) � 2 amine (A)> [Co(tpfc)(Am)2] (AD) � PPh3 (1)


K� [AD][PPh3]/[2][A]2� [AD]2/([2]0ÿ [AD])([A]0ÿ 2[AD])2 (1a)


[AD]� (OD0ÿOD)/(e(2)ÿ e(AD))�DOD/De (2)


At 440 nm, e(2)� 27000mÿ1cmÿ1 and the e(AD) for [Co(tpfc)(py)2],
[Co(tpfc)(imidazole)2], and [Co(tpfc)(g-picoline)2] are 108 000, 114 000,
and 116 000mÿ1cmÿ1, respectively. The e(AD) were measured by adding
enough amine to 2, as to assure its full conversion to the bis-amine complex.


The dissociation constant (Kdiss): The dissociation constant (Kdiss) of
[Co(tpfc)(py)2] (4) to [Co(tpfc)(py)] (5) [Eq. (3)] was measured by


[Co(tpfc)(py)2]> [Co(tpfc)(py)] � py (3)


monitoring the changes in the absorption at 440 nm as a function of the
initial concentration of 4 ([4]0) [Eqs. (4) ± (7)]. OD0 is the calculated
absorption that would have been obtained if there was no dissociation of 4
(e(4)� 108 000mÿ1 cmÿ1) to 5 and OD is the experimental value at given


Kdiss� [py][5]/[4] (4)


[5]� [py]� (OD0ÿOD)/(e(5)ÿ e(4))�DOD/De (5)


[4]� [4]0ÿ [5]� [4]0ÿDOD/De (6)


[4]0/DOD�DOD/(KdissDe2) � 1/(De) (7)


initial concentrations of 4. The value for e(5) is not known, but can be
resolved by the utilization of the linear Equation (7). From the data at 25 8C
in CH2Cl2, Kdiss� 3.33� 10ÿ5m was obtained.
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Sequential Elimination ± Reduction Reactions Promoted by Samarium
Diiodide: Synthesis of 2,3-Dideuterioesters or -amides


JoseÂ M. ConcelloÂ n* and Humberto Rodríguez-Solla[a]


Abstract: A facile and general sequential elimination/reduction process promoted
by samarium diiodide provides an efficient method for synthesizing saturated esters
or amides 3 from readily available starting materials. The reaction involves a b-
elimination of the starting 2-halo-3-hydroxyesters or -amides 1 and subsequent 1,4-
reduction of the obtained a,b-unsaturated esters or amides in the presence of H2O.
When D2O is used instead of H2O, 2,3-dideuterioesters or -amides 4 are isolated. A
mechanism is proposed to account for this synthesis.


Keywords: deuterium ´ elimination ´
reduction ´ samarium ´ sequential
reactions


Introduction


Sequential reactions are of enormous potential because
considerably less time, effort, and material are required to
obtain organic compounds with respect to more traditional
multi-step procedures. One reagent that exhibits excellent
properties for sequential organic reactions is samarium
diiodide.[1]


We recently described the first general methodology for the
promotion of b-elimination reactions using SmI2. We reported
a highly stereoselective synthesis of (Z)-vinyl halides from O-
acetylated 1,1-dihaloalkan-2-ols,[2] as well as a novel prepara-
tion of a,b-unsaturated esters[3] or amides[4] with total or very
high selectivity by treatment of the readily available 2-halo-3-
hydroxyesters or -amides, respectively, with samarium diio-
dide.


On the other hand, selective conjugated reduction of a,b-
unsaturated carboxylic acid derivatives is a useful reaction in
organic chemistry and has been achieved by using several
methodologies.[5] However, the conjugated reduction of a,b-
unsaturated esters or amides with deuterium instead of
hydrogen has been scarcely reported. To the best of our
knowledge, only two alternative methodologies to the ex-
pensive catalytic addition of D2 to a,b-unsaturated esters[6]


have been described, specifically, the use of enzymes in D2O,[7]


and treatment with CD3OD or D2O in the presence of
metals.[8] Similarly, in the case of deuteration of a,b-unsatu-
rated amides, only two examples have hitherto been de-
scribed,[9] both of which involved catalytic addition of D2. For


this reason, the development of an effective general method
for the synthesis of 2,3-dideuterioesters or -amides would
seem to be a valuable goal.


With regard to the synthetic application of samarium
diiodide in organic synthesis, three papers have been pub-
lished concerning its use in the conjugated reduction of a,b-
unsaturated esters or amides. In two of these methodologies,
additives such as N,N-dimethylacetamide (DMA)[10] or hexa-
methyl phosphoramide (HMPA)[11] were required to facilitate
the reduction; in the third case, the reduction was carried out
in the presence of methanol as a proton source.[12] However, to
the best of our knowledge, the simplest 1,4-reduction of
conjugated carboxylic acid derivatives by using SmI2 and H2O
or D2O has not been described.[13]


In the present contribution, we describe a novel means of
obtaining saturated esters or amides 3 by an efficient
sequential process. Thus, a b-elimination reaction of 2-halo-
3-hydroxyesters or -amides 1 promoted by SmI2, followed by a
1,4-reduction of the obtained a,b-unsaturated esters or
amides with H2O in the presence of SmI2, has been found to
afford the corresponding saturated esters or amides. In view
of the utility of isotopically labeled compounds in establishing
the mechanisms of organic reactions and of the biosynthesis of
many natural compounds,[14] we have also applied this
methodology to obtain 2,3-dideuterioesters or -amides 4 by
using D2O instead of H2O.


Results and Discussion


Synthesis of saturated esters and amides : The 2-halo-3-
hydroxyesters or -amides 1 used as starting compounds were
easily prepared by reactions of the corresponding lithium
enolates of a-haloesters or -amides (generated by treatment
of a-haloesters or a-chloroamides 2 with LDA at ÿ78 8C)
with aldehydes at ÿ78 8C (Scheme 1).
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Scheme 1. Synthesis of the starting compounds 1.


With the requisite substrates in hand, preliminary studies
were performed to determine the optimum reaction condi-
tions for preparing saturated esters. Reaction of 2-halo-3-
hydroxyesters with a solution of SmI2 (5 equivalents) in THF
for 30 min at room temperature afforded the corresponding
a,b-unsaturated esters, which were treated with H2O (2 mL)
at the same temperature to give, after stirring for 30 min, the
corresponding saturated esters 3 e ± g in high yield as a result
of a conjugated reduction (Scheme 2).


Scheme 2. Synthesis of the saturated compounds 3.


To prepare the saturated amides 3 l and 3 m, a longer
reaction time (120 min) was necessary to achieve the required
elimination due to the somewhat lower reactivity of the
starting 2-chloro-3-hydroxyamides as compared to the es-
ters.[4] The results obtained for the synthesis of saturated
esters and amides are summarized in Table 1.


Synthesis of 2,3-dideuterioesters and -amides : No significant
differences were observed in the reaction when D2O was used
instead of H2O. Thus, the successive treatment of 2-halo-3-
hydroxyesters or -amides 1 with a solution of SmI2 (5 equiv-
alents) in THF, for 30 min (esters) or 120 min (amides) at


room temperature, and then with D2O (2 mL) for 30 min,
afforded the corresponding 2,3-dideuterioesters 4 a ± e or
amides 4 i ± m, respectively, in high yields (Scheme 3). The
yields obtained in the syntheses of 2,3-dideuterated com-
pounds 4 are shown in Table 2. When the conjugated
reduction was incomplete at room temperature, this step
was carried out under reflux and an additional three
equivalents of SmI2 were added (Table 2).[15]


Scheme 3. Synthesis of 2,3-dideuterioesters or -amides 4.


The position of deuteration was established by 1H and
13C NMR spectroscopy of compounds 4, while the complete
deuterium incorporation (>99 %) was verified by mass
spectrometry.[16] These 2,3-dideuterio compounds were iso-
lated as mixtures of stereoisomers (roughly 1:1 by 1H NMR
spectroscopy and GC-MS).


This proposed methodology for obtaining saturated esters
or amides 3 and 2,3-dideuterioesters or -amides 4 is general:
R1 and R2 can be varied widely. Thus, aliphatic (linear,
branched, or cyclic), unsaturated, or aromatic aldehydes may
be used to introduce different R1 groups; R2 may also be
varied using different a-chloroesters or -amides to prepare the
starting compounds 1 (Scheme 1). The synthesis of 2,3-
dideuterioesters was also found to tolerate the presence of
other C�C double bonds (Table 2, entry 4), and proved to be
unaffected by the presence of bulky groups R3 on the carbonyl
ester (Table 2, entry 4).


It is noteworthy that D2O is the cheapest deuteration
reagent available for obtaining organic compounds isotopi-
cally labeled with deuterium.


The synthesis of 2,3-dideuterioesters can also be carried out
starting from the corresponding a,b-unsaturated esters or
amides. Thus, successive treatment of methyl cinnamate with
SmI2 (2.5 equivalents) for 30 min at room temperature, and
then with D2O (2 mL) for 30 min afforded methyl 2,3-
dideuterio-3-phenylpropanoate (4 h) in 69 % yield. In the
case of cinnamamide, the corresponding saturated amide 3 n
(73 % yield) was obtained by using H2O as a proton source
under the same reaction conditions. However, when D2O was
used, a roughly 3:1 mixture of 2,3-dideuterio-3-phenylpropan-
amide and 3-phenylpropanamide was obtained as a conse-
quence of competitive hydrolysis arising from H/D exchange
of the NH2 protons (see proposed mechanism). Accordingly,
when the cinnamamide was pre-treated with D2O, 2,3-
dideuterio-3-phenylpropanamide (4 n) was isolated as the
sole product. In accordance with the literature,[17] no 1,4-
reduction was observed[18] for a,b-unsaturated amides incor-
porating a tetrasubstituted C�C bond.


The described methodology can be used to obtain 2,3-
dideuterated, 2- or 3-monodeuterated, and non-deuterated
esters or amides. Thus, starting from ethyl 2-chloro-3-
hydroxy-2-methyl-3-(4-methoxyphenyl)propanoate, the cor-
responding 2,3-dideuterated ester 4 e or saturated ester 3 e


Abstract in Spanish: La reaccioÂn secuencial de eliminacioÂn ±
reduccioÂn de 2-halogeno-3-hidroxieÂsteres o amidas, promovida
por diyoduro de samario, conduce a eÂsteres o amidas saturadas
en presencia de H2O. Cuando la reaccioÂn se lleva a cabo en
presencia de D2O, se aislan los correspondientes 2,3-dideute-
rioeÂsteres o amidas. El meÂtodo que se describe, es simple, faÂcil,
general y los compuestos de partida son faÂcilmente accesibles.
Se propone un mecanismo para explicar este proceso.


Table 1. Synthesis of saturated esters and amides 3.


Entry Compounds 1 Products 3
1 Hal 3 R1 R2 Y Yield [%][a]


1 1e Cl 3 e pMeO-C6H4 Me OEt 84
2 1 f Cl 3 f C7H15 H OEt 68
3 1g Br 3 g Ph C4H9 OEt 60
4 1 l Cl 3 l Ph H NEt2 96
5 1m Cl 3 m Ph Me NEt2 69
6 3 n[b] Ph H NH2 73


[a] Isolated yield after column chromatography based on compound 1
consumed. [b] See discussion of results.
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(without deuterium) were obtained by using D2O or H2O,
respectively. Reaction of 4 e with LDA and further hydrolysis
afforded the corresponding 3-deuterioester 5 e, while the
successive treatment of 3 e with LDA and D2O gave the
2-deuterioester 6 e.


The starting compounds 2 may be converted to 2-deuterio-
3-hydroxyesters 7[16] by a modification of the proposed
methodology. Thus, treatment of 1 b and 1 e with a solution
of samarium diiodide in THF/D2O gave the corresponding
monodeuterated 3-hydroxyesters 7 b and 7 e in 66 and 72 %
yield, respectively (Scheme 4), this transformation being
difficult to achieve through other methodologies.[19] Indeed,
compounds 7 are difficult to prepare by other synthetic
routes.[20]


Scheme 4. Synthesis of 2-deuterio-3-hydroxyesters 7.


Mechanism : The synthesis of 3 and 4 may be rationalized by
assuming that the metalation of the halogen of 1 with SmI2


generates the enolate intermediate 8. In the absence of a
proton/deuteron source (H2O or D2O), 8 undergoes elimi-
nation to afford (E)-a,b-unsaturated esters or amides 9 with
total or high selectivity.[3, 4] When the metalation is carried out
in the presence of D2O, the corresponding 2-deuterio-3-
hydroxyester 7 is isolated. The SmI2-promoted 1,4-reduction


of the obtained a,b-unsaturated esters or amides is initiated
by oxidative addition of the reagent to generate the enolate
radical 10,[21] which, after a second electron transfer from SmI2


and hydrolysis with H2O or D2O, affords the corresponding
compound 3 or 4 (Scheme 5).


Conclusion


The SmI2-promoted elimination/reduction sequence (in the
presence of H2O) provides an efficient method for synthesiz-
ing saturated esters or amides. The reaction involves b-
elimination from 2-chloro-3-hydroxyesters or -amides and
subsequent 1,4-reduction of the obtained a,b-unsaturated
esters or amides. When D2O is used instead of H2O, 2,3-
dideuterioesters or -amides are isolated. The present method
is easy, simple, and general, and the starting compounds are
readily available. Moreover, the cheap deuterium source D2O
is used to obtain the isotopically labeled esters and amides. A
mechanism has been proposed to account for this synthesis.


Experimental Section


General : Reactions requiring an inert atmosphere were conducted under
dry nitrogen in oven-dried (120 8C) glassware. THF was distilled from
sodium/benzophenone immediately prior to use. All reagents were
purchased from Aldrich or Merck and were used without further
purification. Samarium diiodide was prepared by the reaction of CH2I2


with samarium powder.[22] 2-Chloroamides 2 were prepared by reacting
amines with the appropriate 2-chloro acid chlorides, which, in turn, were
obtained according to a literature procedure from the corresponding
carboxylic acids.[23] Silica gel for flash chromatography was purchased from
Merck (230 ± 400 mesh); compounds were visualized on analytical thin-
layer chromatograms (TLC) by exposure to UV light (254 nm). All NMR
spectra were recorded at room temperature. 1H NMR spectra were
recorded at 200 or 300 MHz. 13C NMR spectra were accumulated and
DEPT experiments were carried out at 50 or 75 MHz. Chemical shifts are
given in ppm relative to tetramethylsilane (TMS), which was used as an
internal standard; coupling constants (J) are reported in hertz (Hz). GC-
MS (HP 5973) and HRMS (Finnigan MAT 95) were measured at 70 eV.
Only the most important IR absorptions (in cmÿ1) and the molecular ions
and/or base peaks in the mass spectra are listed.


The preparation and characterization of the following compounds are
described in reference [4]: 2-chloro-N,N-diethyl-3-hydroxydecanamide
(1j), 2-chloro-N,N-diethyl-3-hydroxy-4-phenylpentanamide (1k),


Table 2. Synthesis of 2,3-dideuterioesters and -amides 4.


Entry Compounds 1 Products 4
1 Hal 4 R1 R2 Y Yield [%][a]


1 1 a Cl 4a C7H15 Me OEt 68
2 1 b Cl 4b cyclohexyl[b] Me OEt 60
3 1 c Br 4c PhCH(Me) C6H13 OEt 96
4 1 d Cl 4d Me2C�CH(CH2)2CH(Me)CH2 Ph OiPr 69
5 1 e Cl 4e pMeO-C6H4 Me OEt 84
6 4h[c] Ph H OMe 69
7 1 i Cl 4 i cyclohexyl[b] H NEt2 67
8 1 j Cl 4j C7H15 H NEt2 77
9 1 k Cl 4k PhCH(Me) H NEt2 65


10 1 l Cl 4 l Ph H NEt2 85
11 1 m Cl 4m Ph Me NEt2 57
12 4n[c] Ph H NH2 73


[a] Isolated yield after column chromatography based on compound 1 consumed. [b] When D2O was added (second step), a further three equivalents of SmI2


were also added and the reaction was allowed to proceed under reflux. [c] See discussion of results.
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2-chloro-N,N-diethyl-3-hydroxy-3-phenylpropanamide (1 l), and 2-chloro-
N,N-diethyl-3-hydroxy-2-methyl-3-phenylpropanamide (1m).


Synthesis of 2-halo-3-hydroxyesters or -amides (1):[24] Lithium diisopropyl-
amide [prepared from MeLi (6.4 mL of a 1.5m solution in diethyl ether,
10 mmol) and diisopropylamine (1.4 mL, 10 mmol) in THF (50 mL) at 0 8C]
was added dropwise to a stirred solution of the appropriate 2-haloester 2
(9 mmol) in dry THF (4 mL) at ÿ85 8C. After stirring for 10 min, a solution
of the appropriate aldehyde (4.5 mmol) in dry THF (4.5 mL) was added
dropwise at ÿ78 8C. The reaction mixture was stirred for 1 h and then
quenched by the addition of saturated aqueous NH4Cl solution (5 mL).
Standard workup provided crude 2-halo-3-hydroxyesters 1, which were
purified by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1) to provide the pure compounds.


Ethyl 2-chloro-3-hydroxy-2-methyldecanoate (1a): 1H NMR (200 MHz,
CDCl3): d� 4.27 (q, J� 7.19 Hz, 4 H), 3.98 (d, J� 8.21 Hz, 2 H), 2.36 (br s,
2H), 1.73 (s, 6H), 1.45 ± 1.20 (m, 30H), 0.99 ± 0.78 (d, J� 7.19 Hz, 6H);
13C NMR (50 MHz, CDCl3): d� 170.8 (C), 170.5 (C), 73.5 (C), 71.0 (C), 75.8
(CH), 75.5 (CH), 62.09 (CH2), 31.6 (CH2), 31.5 (CH2), 30.9 (CH2), 29.2
(CH2), 29.1 (CH2), 29.0 (CH2), 28.9 (CH2), 26.2 (CH2), 22.4 (CH2), 22.2
(CH3), 22.0 (CH3), 13.8 (CH3), 13.7 (CH3); IR (neat): nÄ � 3425, 1741 cmÿ1;
Rf� 0.2 (hexane/AcOEt, 10:1).


Ethyl 2-chloro-3-cyclohexyl-3-hydroxy-2-methylpropanoate (1 b): 1H NMR
(300 MHz, CDCl3): d� 4.22 (q, J� 6.67 Hz, 4H), 3.82 ± 3.75 (m, 2H), 2.80 ±
2.35 (m, 2H), 1.95 ± 1.33 (m, 28 H), 1.29 (t, J� 6.67 Hz, 6H); 13C NMR
(50 MHz, CDCl3): d� 170.8 (C), 170.3 (C), 78.9 (CH), 78.5 (CH), 73.2 (C),
71.7 (C), 61.7 (CH2), 61.6 (CH2), 40.5 (CH), 40.2 (CH), 30.6 (CH2), 30.3
(CH2), 28.3 (CH2), 27.9 (CH2), 26.0 (CH2), 25.7 (CH2), 25.6 (CH2), 25.5
(CH2), 24.6 (CH3), 21.5 (CH3), 13.4 (CH3); IR (neat): nÄ � 3517, 1737 cmÿ1;
Rf� 0.3, 0.2 (two diastereoisomers) (hexane/AcOEt, 10:1).


Ethyl 2-bromo-2-hexyl-3-hydroxy-4-phenylpentanoate (1c): 1H NMR
(200 MHz, CDCl3): d� 7.31 ± 7.23 (m, 10H), 4.20 ± 4.06 (m, 4H), 3.27 ±
3.09 (m, 2H), 1.52 ± 1.11 (m, 36 H), 0.89 ± 0.82 (m, 6H); 13C NMR
(50 MHz, CDCl3): d� 170.4 (C), 169.9 (C), 145.1 (C), 141.6 (C), 128.3
(CH), 127.7 (CH), 127.4 (CH), 126.4 (CH), 79.2 (CH), 78.1 (C), 62.3 (CH2),
60.2 (CH2), 42.7 (CH), 38.0 (CH2), 31.1 (CH2), 28.8 (CH2), 27.2 (CH2), 25.8


(CH2), 22.3 (CH2), 22.2 (CH2), 18.7 (CH3), 14.0
(CH3), 13.8 (CH3), 13.7 (CH3); IR (neat): nÄ �
3490, 1729 cmÿ1; Rf� 0.2 (hexane/AcOEt, 5:1)


Isopropyl 2-chloro-3-hydroxy-5,9-dimethyl-2-
phenyldec-8-enoate (1d): 1H NMR (200 MHz,
CDCl3): d� 7.57 ± 7.33 (m, 10H), 5.15 ± 5.02 (m,
4 H), 4.65 ± 4.42 (br m, 2H), 2.2 ± 1.0 (m, 38H),
0.96 ± 0.76 (m, 8 H); 13C NMR (50 MHz, CDCl3):
d� 169.8 (C), 169.4 (C), 136.2 (C), 135.9 (C),
130.2 (C), 128.0 (CH), 127.9 (CH), 127.8 (CH),
127.4 (CH), 127.1 (CH), 126.0 (CH), 125.9 (CH),
124.5 (CH), 124.4 (CH), 74.2 (CH), 74.0 (CH),
70.1 (CH), 70.0 (CH), 58.7 (C), 38.9 (CH2), 38.7
(CH2), 37.6 (CH2), 37.5 (CH2), 29.0 (CH), 28.3
(CH), 25.3 (CH3), 25.1 (CH2), 24.9 (CH2), 25.3
(CH3), 20.9 (CH3), 20.8 (CH3), 20.7 (CH3), 20.2
(CH3), 20.1 (CH3), 18.5 (CH3), 18.4 (CH3), 17.2
(CH3); IR (neat): nÄ � 3525, 1747 cmÿ1; Rf� 0.3
(hexane/AcOEt, 10:1).


Ethyl 2-chloro-3-hydroxy-3-(4-methoxyphenyl)-
2-methyl-propanoate (1 e): 1H NMR (200 MHz,
CDCl3): d� 7.37 ± 7.28 (m, 4 H), 6.89 ± 6.83 (m,
4 H), 5.17 (s, 1H), 5.15 (s, 1H), 4.27 (q, J�
7.18 Hz, 2H), 4.26 (q, J� 7.18 Hz, 2H), 3.78 (s,
3 H), 3.73 (s, 3H), 3.29 (m, 2H), 1.64 (s, 3H), 1.57
(s, 3 H), 1.30 (t, J� 7.18 Hz, 6H); 13C NMR
(50 MHz, CDCl3): d� 170.7 (C), 170.3 (C), 129.6
(C), 129.2 (CH), 129.1 (CH), 128.8 (CH), 114.0
(CH), 113.0 (CH), 112.7 (CH), 76.9 (CH), 73.4
(C), 69.6 (C), 62.2 (CH2), 62.1 (CH2), 55.0 (CH3),
54.9 (CH3), 22.5 (CH3), 21.3 (CH3), 13.6 (CH3);
IR (neat): nÄ � 3490, 1737 cmÿ1; Rf � 0.3 (hexane/
AcOEt, 5:1).


Methyl 2-chloro-3-hydroxydecanoate (1 f):
1H NMR (300 MHz, CDCl3): d� 4.29 (d, J�


3.93 Hz, 1 H), 4.12 (d, J� 6.98 Hz, 1 H), 4.02 ± 3.81 (m, 2 H), 3.74 (s, 6H),
3.11 ± 3.01 (br s, 1H), 2.91 ± 2.81 (br s, 1 H), 1.66 ± 1.00 (m, 24H), 0.82 (t, J�
6.32 Hz, 6 H); 13C NMR (75 MHz, CDCl3): d� 169.2 (C), 169.0 (C), 72.4
(CH), 71.8 (CH), 61.8 (CH), 59.4 (CH), 53.0 (CH3), 52.8 (CH3), 33.4 (CH2),
32.6 (CH2), 31.6 (CH2), 31.5 (CH2), 29.1 (CH2), 28.9 (CH2), 25.3 (CH2), 25.0
(CH2), 22.4 (CH2), 13.8 (CH3); IR (neat): nÄ � 3452, 1754 cmÿ1; Rf� 0.3, 0.2
(two diastereoisomers) (hexane/AcOEt, 5:1).


Ethyl 2-bromo-2-butyl-3-hydroxy-3-phenylpropanoate (1g): 1H NMR
(300 MHz, CDCl3): d� 7.46 ± 7.28 (m, 10 H), 5.09 (m, 2H), 4.28 (q, J�
7.18 Hz, 4 H), 3.19 (br s, 2 H), 2.19 ± 1.75 (m, 12 H), 1.28 (t, J� 7.18 Hz,
6H), 0.88 (t, J� 6.93 Hz, 6H); 13C NMR (75 MHz, CDCl3): d� 169.9 (C),
169.3 (C), 138.2 (C), 137.7 (C), 128.0 (CH), 127.8 (CH), 127.6 (CH), 123.3
(CH), 78.2 (CH), 77.5 (CH), 62.2 (CH2), 62.0 (CH2), 37.6 (CH2), 36.9 (CH2),
28.1 (CH2), 27.8 (CH2), 22.3 (CH2), 22.2 (CH2), 13.6 (CH3), 13.5 (CH3); IR
(neat): nÄ � 3505, 1725 cmÿ1; Rf� 0.2 (hexane/AcOEt, 5:1).


2-Chloro-3-cyclohexyl-N,N-diethyl-3-hydroxypropanamide (1 i): 1H NMR
(200 MHz, CDCl3): d� 4.97 (s, 1H), 4.30 (s, 1 H), 3.51 ± 3.01 (m, 5H), 1.95
(d, J� 13.05 Hz, 1 H), 1.55 ± 1.46 (m, 6 H), 1.21 ± 0.65 (m, 4H), 1.07 (t, J�
7.18 Hz, 3H), 0.96 (t, J� 7.18 Hz, 3H); 13C NMR (50 MHz, CDCl3): d�
178.7 (C), 74.8 (CH), 52.3 (CH), 41.9 (CH2), 40.2 (CH2), 38.9 (CH), 28.3
(CH2), 28.0 (CH2), 25.7 (CH2), 25.3 (CH2), 25.2 (CH2), 14.0 (CH3), 11.9
(CH3); IR (neat): nÄ � 3368, 1629 cmÿ1; Rf� 0.4 (hexane/AcOEt, 3:1).


Synthesis of saturated esters and amides (3 and 4): Under nitrogen, a
solution of SmI2 (2.3 mmol) in THF (24 mL) was added dropwise to a
stirred solution of the appropriate 2-halo-3-hydroxyester or -amide 1
(0.4 mmol) in THF (4 mL) at room temperature. After stirring for 30 min
(esters) or 120 min (amides) at the same temperature, H2O or D2O (2 mL)
was added to the solution. The resulting mixture was stirred for 30 min at
this temperature, and then quenched by the addition of 0.1m aqueous HCl
(5 mL). Standard workup afforded the crude saturated esters and amides 3,
which were purified by flash column chromatography on silica gel (eluent:
hexane/AcOEt, 5:1).


Ethyl 3-(4-methoxyphenyl)-2-methylpropanoate (3 e): 1H NMR (300 MHz,
CDCl3): d� 7.08 (d, J� 8.72 Hz, 4H), 6.81 (d, J� 8.72 Hz, 4H), 4.05 (q, J�
7.18 Hz, 4 H), 3.77 (s, 6 H), 3.00 ± 2.88 (m, 2 H), 2.76 ± 2.56 (m, 4 H), 1.19 (t,


Scheme 5. Mechanism of the sequential elimination/reduction reaction.
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J� 7.18 Hz, 6 H), 1.14 (d, J� 6.67 Hz, 6 H); 13C NMR (75 MHz, CDCl3):
d� 176.0 (C), 157.9 (C), 131.3 (C), 129.7 (CH), 113.5 (CH), 60.0 (CH2), 55.0
(CH3), 41.5 (CH), 38.7 (CH2), 16.5 (CH3), 14.0 (CH3); MS (70 eV): m/z (%):
222 (80) [M]� , 177 (12), 149 (18), 121 (100); HRMS calcd for C13H18O3:
222.1251; found: 222.1256; IR (neat): nÄ � 3026, 2977, 2836, 1730, 1584, 1462,
1349 cmÿ1; Rf� 0.3 (hexane/AcOEt, 10:1).


Ethyl decanoate (3 f): The 1H and 13C NMR spectra of the product obtained
were identical to those of a commercial sample.


Ethyl 2-butyl-3-phenylpropanoate (3g): 1H NMR (300 MHz, CDCl3): d�
7.23 ± 7.15 (m, 5H), 4.08 (q, J� 7.18 Hz, 2H), 3.00 ± 2.51 (m, 3H), 1.73 ± 1.28
(m, 4H), 1.19 (t, J� 7.18 Hz, 3 H), 0.94 ± 0.86 (m, 5 H); 13C NMR (75 MHz,
CDCl3): d� 175.5 (C), 139.4 (C), 128.7 (CH), 128.1 (CH), 126.1 (CH), 59.9
(CH2), 47.5 (CH), 38.5 (CH2), 31.7 (CH2), 29.3 (CH2), 22.4 (CH2), 14.0
(CH3), 13.8 (CH3); MS (70 eV): m/z (%): 234 (11) [M]� , 189 (4), 161 (12),
91 (100); HRMS calcd for C15H22O2: 234.1619; found: 234.1617; IR (neat):
nÄ � 3028, 2930, 2859, 1732 cmÿ1; Rf� 0.5 (hexane/AcOEt, 5:1).


N,N-Diethyl-3-phenylpropanamide (3 l): 1H NMR (300 MHz, CDCl3): d�
7.32 ± 7.15 (m, 5H), 3.38 (q, J� 7.18 Hz, 2H), 3.21 (q, J� 7.18 Hz, 2H),
3.17 ± 2.94 (m, 2 H), 2.65 ± 2.54 (m, 2H), 1.11 (t, J� 7.18 Hz, 3 H), 1.09 (t, J�
7.18 Hz, 3H); 13C NMR (75 MHz, CDCl3): d� 171.0 (C), 141.4 (C), 128.2
(CH), 125.8 (CH), 41.7 (CH2), 40.0 (CH2), 34.9 (CH2), 31.5 (CH2), 14.1
(CH3), 12.9 (CH3); MS (70 eV): m/z (%): 205 (100) [M]� , 176 (12), 133 (4),
105 (28), 91 (44), 77 (16); HRMS calcd for C12H19NO: 205.1466; found:
205.1468; IR (neat): nÄ � 3083, 3059, 3028, 2975, 1640 cmÿ1; Rf� 0.2 (hexane/
AcOEt, 5:1).


N,N-Diethyl-2-methyl-3-phenylpropanamide (3 m): 1H NMR (300 MHz,
CDCl3): d� 7.26 ± 7.12 (m, 5H), 3.43 ± 3.34 (m, 1H), 3.22 ± 3.14 (m, 1H),
3.13 ± 2.93 (m, 3 H), 2.89 ± 2.78 (m, 1H), 2.64 ± 2.56 (m, 1 H), 1.13 (d, J�
6.55 Hz, 3 H), 0.99 (t, J� 7.12 Hz, 3H), 0.92 (t, J� 7.12 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d� 174.9 (C), 140.1 (C), 128.9 (CH), 128.0 (CH), 125.9
(CH), 41.5 (CH2), 40.6 (CH2), 40.2 (CH2), 38.0 (CH), 18.1 (CH3), 14.5
(CH3), 12.8 (CH3); MS (70 eV): m/z (%): 219 (100) [M]� , 204 (55), 119 (24),
91 (99); IR (neat): nÄ � 3062, 3026, 2971, 1636, 1379 cmÿ1; Rf� 0.3 (hexane/
AcOEt, 3:1).


3-Phenylpropanamide (3n): 1H NMR (300 MHz, CDCl3): d� 7.35 ± 7.18
(m, 5 H), 6.30 (br s, 1H), 5.83 (br s, 1H), 2.94 (t, J� 7.63 Hz, 2H), 2.50 (t, J�
7.63 Hz, 2H); 13C NMR (75 MHz, CDCl3): d� 175.1 (C), 140.4 (C), 128.4
(CH), 128.1 (CH), 126.1 (CH), 37.2 (CH2), 31.1 (CH2); IR (neat): nÄ � 3401,
3015, 2941, 1864, 1644, 1458, 1375 cmÿ1; elemental analysis calcd (%) for
C9H11NO: C 72.46, H 7.43, N 9.39; found: C 72.40, H 7.49, N 9.31; Rf� 0.2
(hexane/AcOEt, 1:1).


Ethyl 2,3-dideuterio-2-methyldecanoate (4a): 1H NMR (300 MHz, CDCl3):
d� 4.13 (q, J� 7.18 Hz, 2H), 1.30 ± 1.21 (m, 16H), 1.13 (s, 3H), 0.88 (t, J�
6.15 Hz, 3H); 13C NMR (75 MHz, CDCl3): d� 176.9 (C), 59.9 (CH2), 39.0
(t, J� 19.2 Hz, CD), 33.3 (t, J� 19.2 Hz, CHD), 31.8 (CH2), 29.4 (CH2),
29.2 (CH2), 27.0 (CH2), 22.6 (CH2), 16.9 (CH3), 14.2 (CH3), 14.0 (CH3); MS
(70 eV): m/z (%): 216 (21) [M]� , 187 (4), 171 (46), 143 (3), 117 (4); HRMS
calcd for C13H24D2O2: 216.1932; found: 216.2054; IR (neat): nÄ � 2957, 2926,
2856, 1734, 1375 cmÿ1; Rf� 0.5 (hexane/AcOEt, 10:1).


Ethyl 2,3-dideuterio-3-cyclohexyl-2-methylpropanoate (4b): 1H NMR
(300 MHz, CDCl3): d� 4.10 (q, J� 7.12 Hz, 2 H), 4.09 (q, J� 7.12 Hz,
2H), 2.00 ± 1.50 (m, 12H), 1.23 (t, J� 7.12 Hz, 6H), 1.22 ± 1.00 (m, 8 H), 1.09
(s, 6 H), 0.90 ± 0.76 (m, 4H); 13C NMR (75 MHz, CDCl3): d� 177.2 (C), 59.9
(CH2), 40.9 (t, J� 18.9 Hz, CHD), 36.3 (t, J� 20.4 Hz, CD), 35.2 (CH), 33.1
(CH2), 33.0 (CH2), 26.4 (CH2), 26.1 (CH2), 17.3 (CH3), 14.2 (CH3); MS
(70 eV): m/z (%): 200 (5) [M]� , 155 (33), 127 (11), 103 (100); HRMS calcd
for C12H20D2O2: 200.1773; found: 200.1745; IR (neat): nÄ � 2975, 2923, 2852,
1733, 1448, 1376 cmÿ1; Rf� 0.5 (hexane/AcOEt, 10:1).


Ethyl 2,3-dideuterio-2-hexyl-4-phenylpentanoate (4c): 1H NMR
(200 MHz, CDCl3): d� 7.33 ± 7.16 (m, 10H), 4.22 ± 3.99 (m, 4H), 2.76 ±
2.64 (m, 2H), 2.00 ± 1.90 (m, 2 H), 1.71 ± 1.20 (m, 32 H), 0.93 ± 0.84 (m,
6H); 13C NMR (50 MHz, CDCl3): d� 176.4 (C), 176.0 (C), 146.7 (C), 146.4
(C), 128.5 (CH), 128.2 (CH), 126.9 (CH), 126.8 (CH), 125.9 (CH), 59.8
(CH2), 43.2 (t, J� 19.2 Hz, CD), 40.4 (t, J� 20.9 Hz, CHD), 38.0 (CH), 37.7
(CH), 32.9 (CH2), 32.3 (CH2), 31.5 (CH2), 29.0 (CH2), 27.0 (CH2), 22.8
(CH3), 22.4 (CH2), 21.7 (CH3), 14.2 (CH3), 14.1 (CH3), 14.0 (CH3); MS
(70 eV): m/z (%): 292 (12) [M]� , 247 (12), 215 (4), 173 (100), 120 (59), 105
(95), 101 (89); HRMS calcd for C19H28D2O2: 292.2245; found: 292.2369; IR
(neat): nÄ � 3084, 3062, 3027, 2928, 2857, 1729 cmÿ1; Rf� 0.4 (hexane/AcOEt,
5:1).


Isopropyl 2,3-dideuterio-5,9-dimethyl-2-phenyldec-8-enoate (4d): 1H NMR
(300 MHz, CDCl3): d� 7.34 ± 7.22 (m, 10H), 5.62 ± 5.58 (m, 2H), 5.12 ± 4.95
(m, 2H), 2.12 ± 1.90 (m, 8H), 1.68 (s, 6H), 1.59 (s, 6 H), 1.35 ± 1.05 (m, 8H),
1.23 (d, J� 6.10 Hz, 3H), 1.14 (d, J� 6.11 Hz, 3 H), 0.90 ± 0.84 (m, 12H);
13C NMR (75 MHz, CDCl3): d� 173.5 (C), 173.4 (C), 139.5 (C), 139.4 (C),
130.9 (C), 128.3 (CH), 127.7 (CH), 126.9 (CH), 124.7 (CH), 67.6 (CH), 51.7
(t, J� 19.7 Hz, CD), 36.7 (CH2), 34.5 (CH2), 34.4 (CH2), 32.1 (CH), 30.6 (t,
J� 19.2 Hz, CHD), 25.6 (CH3), 25.4 (CH2), 21.7 (CH3), 21.5 (CH3), 19.3
(CH3), 17.5 (CH3); MS (70 eV): m/z (%): 318 (38) [M]� , 193 (3), 178 (14),
137 (100); HRMS calcd for C21H30D2O2: 318.2402; found 318.2522; IR
(neat): nÄ � 3084, 3060, 2927, 2860, 1727, 1375 cmÿ1; Rf� 0.5 (hexane/AcOEt,
5:1).


Ethyl 2,3-dideuterio-3-(4-methoxyphenyl)-2-methylpropanoate (4e):
1H NMR (300 MHz, CDCl3): d� 7.08 (d, J� 8.48 Hz, 4H), 6.81 (d, J�
8.48 Hz, 4H), 4.08 (q, J� 6.97 Hz, 4H), 3.75 (s, 6H), 2.92 (s, 1 H), 2.59 (s,
1H), 1.19 (t, J� 6.97 Hz, 6H), 1.13 (s, 6 H); 13C NMR (75 MHz, CDCl3):
d� 176.1 (C), 157.9 (C), 131.2 (C), 129.7 (CH), 113.5 (CH), 60.1 (CH2), 55.0
(CH3), 41.1 (t, J� 20.0 Hz, CD), 38.3 (t, J� 19.2 Hz, CHD), 16.5 (CH3),
14.0 (CH3); MS (70 eV): m/z (%): 224 (72) [M]� , 179 (12), 122 (100), 92
(35); IR (neat): nÄ � 3026, 2977, 2836, 1730, 1584, 1462, 1349 cmÿ1; Rf� 0.3
(hexane/AcOEt, 10:1).


Methyl 2,3-dideuterio-3-phenylpropanoate (4h): 1H NMR (300 MHz,
CDCl3): d� 7.33 ± 7.19 (m, 5H), 3.68 (s, 3 H), 2.94 (d, J� 8.28 Hz, 1H),
2.63 (d, J� 8.28 Hz, 1H); 13C NMR (75 MHz, CDCl3): d� 173.3 (C), 140.3
(C), 128.4 (CH), 128.2 (CH), 126.2 (CH), 51.5 (CH3), 35.2 (t, J� 19.8 Hz,
CHD), 30.5 (t, J� 19.8 Hz, CHD); MS (70 eV): m/z (%): 166 (40) [M]� , 135
(12), 107 (37), 106 (100), 92 (65); IR (neat): nÄ � 3085, 3027, 2958, 1738, 1496,
1435 cmÿ1; Rf� 0.3 (hexane/AcOEt, 10:1).


3-Cyclohexyl-2,3-dideuterio-N,N-diethylpropanamide (4 i): 1H NMR
(300 MHz, CDCl3): d� 3.29 (q, J� 7.11 Hz, 2 H), 3.23 (q, J� 7.11 Hz,
2H), 2.20 (m, 1 H), 1.66 ± 0.80 (m, 12H), 1.10 (t, J� 7.11 Hz, 3H), 1.03 (t,
J� 7.11 Hz, 3H); 13C NMR (75 MHz, CDCl3): d� 172.4 (C), 41.8 (CH2),
39.8 (CH2), 37.2 (CH), 32.9 (CH), 32.3 (t, J� 19.2 Hz, CHD), 30.1 (t, J�
19.2 Hz, CHD), 26.4 (CH2), 26.1 (CH2), 14.2 (CH3), 12.9 (CH3);
MS (70 eV): m/z (%): 213 (<1) [M]� , 141 (<1), 130 (25), 116 (100); IR
(neat): nÄ � 2970, 2922, 2845, 1640, 1450, 1426 cmÿ1; Rf� 0.3 (hexane/
AcOEt, 3:1).


2,3-Dideuterio-N,N-diethyldecanamide (4 j): 1H NMR (300 MHz, CDCl3):
d� 3.42 ± 3.24 (m, 4H), 2.25 ± 2.23 (m, 1H), 1.61 (m, 1H), 1.35 ± 1.22 (m,
12H), 1.17 (t, J� 7.18 Hz, 3H), 1.10 (t, J� 7.18 Hz, 3H), 0.87 (t, J� 6.46 Hz,
3H); 13C NMR (75 MHz, CDCl3): d� 172.2 (C), 41.8 (CH2), 39.8 (CH2),
32.6 (t, J� 19.2 Hz, CHD), 31.7 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2),
24.9 (t, J� 19.2 Hz, CHD), 22.5 (CH2), 14.2 (CH3), 14.0 (CH3), 13.0 (CH3);
MS (70 eV): m/z (%): 229 (7) [M]� , 200 (<1), 130 (12), 129 (14), 116 (100);
HRMS calcd for C14H27D2NO: 229.2249; found: 229.2369; IR (neat): nÄ �
2957, 2925, 2854, 1642 cmÿ1; Rf� 0.2 (hexane/AcOEt, 1:1).


2,3-Dideuterio-N,N-diethyl-4-phenylpentanamide (4k): 1H NMR
(300 MHz, CDCl3): d� 7.38 ± 7.10 (m, 5H), 3.32 (q, J� 7.12 Hz, 2H), 3.10
(q, J� 7.12 Hz, 2 H), 2.77 ± 2.70 (m, 1H), 2.15 ± 1.83 (m, 2H), 1.28 (d, J�
6.97 Hz, 3 H), 1.07 (t, J� 7.12 Hz, 3 H), 1.01 (t, J� 7.12 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d� 171.9 (C), 146.6 (C), 128.2 (CH), 126.9 (CH), 125.9
(CH), 41.7 (CH2), 39.9 (CH2), 39.3 (CH), 33.0 (t, J� 19.0 Hz, CHD), 30.5 (t,
J� 19.5 Hz, CHD), 22.4 (CH3), 14.0 (CH3), 12.9 (CH3); MS (70 eV): m/z
(%): 235 (3) [M]� , 163 (3), 130 (8), 116 (100); IR (neat): nÄ � 1066, 3028,
2970, 2922, 2874, 1639, 1450, 1379 cmÿ1 ;Rf� 0.2 (hexane/AcOEt, 3:1).


2,3-Dideuterio-N,N-diethyl-3-phenylpropanamide (4 l): 1H NMR
(300 MHz, CDCl3): d� 7.34 ± 7.19 (m, 5H), 3.38 (q, J� 7.18 Hz, 2H), 3.23
(q, J� 7.18 Hz, 2H), 3.00 ± 2.94 (m, 1H), 2.61 ± 2.55 (m, 1H), 1.12 (t, J�
7.18 Hz, 3H), 1.11 (t, J� 7.18 Hz, 3H); 13C NMR (75 MHz, CDCl3): d�
171.0 (C), 141.2 (CH), 128.2 (CH), 125.8 (CH), 41.6 (CH2), 39.9 (CH2), 34.4
(t, J� 19.7 Hz, CHD), 31.0 (t, J� 19.7 Hz, CHD), 14.0 (CH3), 12.8 (CH3);
MS (70 eV): m/z (%): 207 (42) [M]� , 178 (7), 149 (10), 135 (4), 107 (18), 92
(53), 77 (50); HRMS calcd for C12H17D2NO: 207.1466; found: 207.1589; IR
(neat): nÄ � 3083, 3060, 3025, 2973, 2932, 1638 cmÿ1; Rf� 0.2 (hexane/
AcOEt, 5:1).


2,3-Dideuterio-N,N-diethyl-2-methyl-3-phenylpropanamide (4m):
1H NMR (300 MHz, CDCl3): d� 7.30 ± 7.15 (m, 10H), 3.48 ± 3.36 (m, 2H),
3.25 ± 3.13 (m, 2 H), 3.05 (q, J� 7.18 Hz, 4 H), 2.62 (s, 2H), 1.26 (s, 3H), 1.16
(s, 3 H), 1.02 (t, J� 7.18 Hz, 6 H), 0.93 (t, J� 7.18 Hz, 6H); 13C NMR
(75 MHz, CDCl3): d� 175.0 (C), 140.6 (C), 140.1 (C), 129.0 (CH), 128.9
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(CH), 128.1 (CH), 126.0 (CH), 125.7 (CH), 41.6 (CH2), 40.3 (CH2), 40.3 (t,
J� 19.8 Hz, CHD), 37.6 (t, J� 19.8 Hz, CD), 18.0 (CH3), 14.5 (CH3), 12.9
(CH3); MS (70 eV): m/z (%): 221 (36) [M]� , 206 (22), 121 (19), 92 (100);
HRMS calcd for C14H19D2NO: 221.1735; found: 221.1749; IR (neat): nÄ �
3062, 3026, 2971, 1636, 1379 cmÿ1; Rf� 0.3 (hexane/AcOEt, 3:1).


2,3-Dideuterio-3-phenylpropanamide (4 n): 1H NMR (300 MHz, CDCl3):
d� 7.32 ± 7.18 (m, 5 H), 5.85 (br s, 1 H), 5.51 (br s, 1H), 2.93 (d, J� 6.26 Hz,
1H), 2.49 (d, J� 6.26 Hz, 1 H); 13C NMR (75 MHz, CDCl3): d� 174.7 (C),
149.5 (C), 128.4 (CH), 128.2 (CH), 126.2 (CH), 37.0 (t, J� 19.5 Hz, CHD),
30.9 (t, J� 19.8 Hz, CHD); IR (neat): nÄ � 3395, 3009, 2941, 1864, 1643,
1450, 1373 cmÿ1; Rf� 0.2 (hexane/AcOEt, 1:1).


Synthesis of 2-deuterioesters and 3-deuterioesters (5e and 6e): Under
nitrogen, a solution of compound 3 or 4 (0.4 mmol) in THF (4 mL) was
added dropwise to a stirred solution of diisopropylamide (0.48 mmol) in
THF (5 mL) at ÿ78 8C. After stirring for 30 min, the reaction mixture was
quenched by the addition of D2O or H2O (2 mL). Standard workup
provided the 3- or 2-deuterioesters 5e or 6 e, respectively, which were
purified by flash column chromatography on silica gel (hexane/AcOEt,
5:1).


Ethyl 3-deuterio-3-(4-methoxyphenyl)-2-methylpropanoate (5e): 1H NMR
(300 MHz, CDCl3): d� 7.08 (d, J� 8.71 Hz, 4H), 6.81 (d, J� 8.71 Hz, 4H),
4.09 (q, J� 7.19 Hz, 4 H), 3.78 (s, 6H), 2.94 ± 2.92 (m, 1 H), 2.71 ± 2.58 (m,
3H), 1.20 (t, J� 7.19 Hz, 6H), 1.13 (d, J� 6.98 Hz, 6H); 13C NMR (75 MHz,
CDCl3): d� 176.1 (C), 158.0 (C), 131.4 (C), 129.8 (CH), 113.6 (CH), 60.1
(CH2), 55.1 (CH3), 41.5 (CH), 38.4 (t, J� 19.8 Hz, CHD), 16.6 (CH3), 14.1
(CH3); MS (70 eV): m/z (%): 223 (45) [M]� , 178 (9), 150 (15), 122 (100);
HRMS calcd for C13H17DO3: 223.1318; found: 223.1319; IR (neat): nÄ �
3026, 2977, 2836, 1730, 1584, 1462, 1349 cmÿ1; Rf� 0.3 (hexane/AcOEt,
10:1)


Ethyl 2-deuterio-3-(4-methoxyphenyl)-2-methylpropanoate (6e): 1H NMR
(300 MHz, CDCl3): d� 7.07 (d, J� 8.72 Hz, 4H), 6.83 (d, J� 8.72 Hz, 4H),
4.10 (q, J� 7.18 Hz, 4H), 3.80 (s, 6 H), 2.95 (d, J� 13.72 Hz, 2 H), 2.61 (d,
J� 13.72 Hz, 2 H), 1.21 (t, J� 7.18 Hz, 6H), 1.14 (s, 6 H); 13C NMR
(75 MHz, CDCl3): d� 176.1 (C), 157.9 (C), 131.3 (C), 129.7 (CH), 113.5
(CH), 60.1 (CH2), 55.0 (CH3), 41.1 (t, J� 20.3 Hz, CD), 38.6 (CH2), 16.5
(CH3), 14.0 (CH3); MS (70 eV): m/z (%): 223 (39) [M]� , 178 (8), 150 (10),
121 (100); IR (neat): nÄ � 3026, 2977, 2836, 1730, 1584, 1462, 1349 cmÿ1; Rf�
0.3 (hexane/AcOEt, 10:1).


Synthesis of 2-deuterio-3-hydroxyesters (7b and 7e): Under nitrogen, a
solution of SmI2 (1.3 mmol) in THF/D2O (2 mL) was added dropwise to a
stirred solution of the appropriate 2-halo-3-hydroxyester 1 (0.4 mmol) in
THF (4 mL) at room temperature. After stirring for 30 min at the same
temperature, the reaction was quenched by the addition of 0.1m aqueous
HCl (5 mL). Standard workup afforded the crude 2-deuterio-3-hydroxy-
esters 7, which were purified by flash column chromatography on silica gel
(hexane/AcOEt, 5:1).


Ethyl 3-cyclohexyl-2-deuterio-3-hydroxy-2-methylpropanoate (7b):
1H NMR (300 MHz, CDCl3): d� 4.14 (q, J� 7.01 Hz, 4H), 3.59 (d, J�
7.95 Hz, 1 H), 3.34 (d, J� 5.65 Hz, 1 H), 2.64 (br s, 2 H), 2.08 ± 0.79 (m, 22H),
1.25 (t, J� 7.01 Hz, 6H), 1.19 (s, 3H), 1.14 (s, 3H); 13C NMR (75 MHz,
CDCl3): d� 176.6 (C), 176.4 (C), 77.6 (CH), 75.5 (CH), 60.4 (CH2), 60.3
(CH2), 41.3 (t, J� 19.8 Hz, CD), 41.0 (CH), 39.9 (CH), 29.8 (CH2), 28.9
(CH2), 28.8 (CH2), 27.0 (CH2), 26.2 (CH2), 25.9 (CH2), 25.7 (CH2), 14.6
(CH3), 14.0 (CH3), 9.8 (CH3); MS (70 eV): m/z (%): 215 (<1) [M]� , 200
(25), 170 (8), 132 (98); IR (neat): nÄ � 3495, 2970, 2922, 2864, 1728, 1450,
1376 cmÿ1; Rf� 0.2 (hexane/AcOEt, 10:1).


Ethyl 2-deuterio-3-hydroxy-3-(4-methoxyphenyl)-2-methylpropanoate
(7e): 1H NMR (300 MHz, CDCl3): d� 7.27 ± 7.20 (m, 4H), 6.87 ± 6.82 (m,
4H), 4.94 (s, 1 H), 4.70 (s, 1H), 4.16 (q, J� 7.12 Hz, 2H), 4.06 (q, J� 7.12 Hz,
2H), 3.77 (s, 3H), 3.76 (s, 3H), 3.06 (br s, 2H), 1.24 (t, J� 7.12 Hz, 3 H), 1.16
(t, J� 7.12 Hz, 3 H), 1.12 (s, 3 H), 0.94 (s, 3 H); 13C NMR (75 MHz, CDCl3):
d� 175.8 (C), 175.5 (C), 159.1 (C), 158.7 (C), 133.6 (C), 127.7 (CH), 127.1
(CH), 113.6 (CH), 113.4 (CH), 75.7 (CH), 73.4 (CH), 60.5 (CH2), 60.4
(CH2), 55.0 (CH3), 46.7 (t, J� 20.1 Hz, CD), 14.2 (CH3), 14.0 (CH3), 13.9
(CH3), 11.1 (CH3); MS (70 eV): m/z (%): 239 (33) [M]� , 220 (3), 194 (37),
137 (100); IR (neat): nÄ � 3491, 3028, 3018, 2978, 1936, 1727, 1612, 1513,
1461, 1374 cmÿ1; Rf� 0.2 (hexane/AcOEt, 10:1).
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Syntheses and Properties of Ditelluroxanes and Oligochalcogenoxanes:
Hypervalent Oligomers with TeÿO Apical Linkages in the Main Chain


Kenji Kobayashi,*[a] Kunimasa Tanaka,[a] Hiroyuki Izawa,[a]


Yoriko Arai,[a] and Naomichi Furukawa[a, b]


Abstract: The reaction of ditellurox-
anes [Ar2Te-O-TeAr2]2�[X]2


ÿ (2) (Ar�
p-tolyl) with a telluroxide 1, a selenoxide
7, or a carboxylate 10 to produce oligo-
chalcogenoxanes with hypervalent
TeÿO apical linkages in their main chain
is described. The 125Te NMR chemical
shifts of 2 (2 a : Xÿ�CF3SO3


ÿ, 2 b : Xÿ�
CF3CO2


ÿ, 2 c : Xÿ�CH3CO2
ÿ, 2 d : Xÿ�


Clÿ) are shifted downfield with decreas-
ing nucleophilicity of the counteranions.
This result reflects both the cationic
character and the reactivity of the Te
atoms of 2. The reaction of 2 a with one,
two, three, or four equivalents of tellur-
oxide 1 a (Ar� p-tolyl) selectively gave
a tritelluroxane 3 a, tetratelluroxane 4 a,
pentatelluroxane 5 a, and hexatellurox-
ane 6 a, respectively. In contrast, the


reaction of 2 b with an excess of 1 a
produced only tritelluroxane 3 b. An
equilibrium between the oligotellurox-
anes was confirmed by crossover experi-
ments of the reactions of 2 a with 4 a and
of 2 a with 1 b (Ar�Ph). The selective
equilibrium formation of a selenoxadi-
telluroxane 8 or a bis(selenoxa)ditellur-
oxane 9 was achieved by the reaction of
2 a with one or two equivalents of
selenoxide 7, respectively. The associa-
tion constant of 2 a with 7 to form 8 was
estimated to be Ka� (2.18� 0.12)�
104mÿ1 in CD3CN at ÿ40 8C. The reac-


tion of 2 a with two equivalents of
carboxylates 10 a ± d gave a mixture of
bis(carboxylate)ditelluroxanes 11 a ± c
and diaryldicarboxytelluranes 12 b ± d,
respectively, in which the product ratio
of these depended upon the electron-
withdrawing ability of 10. The reaction
of 3 a with two equivalents of 10 a ± d
afforded 11 a ± d in all cases. The present
results suggest that the s* ± n orbital
interaction plays an essential role in the
reactivity of ditelluroxanes and in the
formation of self-assembled oligochal-
cogenoxanes, and that a hypervalent
bond via a s* ± n orbital interaction is
viable as a new supramolecular synthon
for molecular assembly.


Keywords: hypervalent compounds
´ oligomerization ´ selenium ´ self
assembly ´ tellurium


Introduction


Polymers containing oxo bridges between heteroatoms such
as those found in polysiloxanes and polyphosphonates have
attracted considerable attention in the field of material
science.[1, 2] One of the characteristics of organic heteroatom
chemistry is the formation of hypervalent compounds.[3] The
introduction of hypervalent heteroatom moieties into poly-
mer (oligomer) main chains would give rise to new avenue for
exploration in polymer science, because the conformational
and electronic properties of a polymer backbone could be
changed and controlled by hypervalent bond formation in the


heteroatom units.[4±9] Telluranes have a trigonal bipyramidal
geometry (10-Te-4)[10] in which two of the more electro-
negative ligands prefer to occupy the apical positions. The two
apical ligands and the central Te atom construct a three-center
four-electron bond that is called a hypervalent bond with
bond angles of approximately 1808.[3] Polytelluroxanes
[XPh2Te(OTePh2)nOTePh2X] are endowed with both of these
characteristics, as the tellurium units are linked by an oxo
bridge and they also possess a hypervalent TeÿO apical
linkage in the main chain. However, polytelluroxanes have
not been extensively explored because of a lack of a general
synthetic methodology. Ditelluroxanes (n� 0) have been
synthesized from the thermal dehydration of diaryltellurium
hydroxyl halides and related compounds, Ph2Te(OH)X (in
which X�Cl, NSC, CF3CO2, etc.).[11, 12] Domasevitch et al.
reported on the synthesis of a tritelluroxane (in which n� 1,
and X� nitrosocarbamylcyanomethanide) using a dehydra-
tion procedure.[13] Seppelt and Schrobilgen et al. synthesized
Te(OTeF5)4 by treating TeF4 with B(OTeF5)3.[14] With these
methods, however, the formation of oligomers higher than
tritelluroxane (n� 2) has not been attained.


[a] Dr. K. Kobayashi, K. Tanaka, H. Izawa, Y. Arai, Prof. Dr. N. Furukawa
Department of Chemistry, University of Tsukuba
Tsukuba, Ibaraki 305-8571 (Japan)
Fax: (�81)298-53-6503
E-mail : kenjinor@staff.chem.tsukuba.ac.jp


[b] Prof. Dr. N. Furukawa
Present address:
Foundation for Advancement of International Science
586-9 Akatsuka-Ushigahuchi, Tsukuba
Ibaraki 305-0062 (Japan)


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4272 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 194272







4272 ± 4279


Chem. Eur. J. 2001, 7, No. 19 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4273 $ 17.50+.50/0 4273


One strategy for the formation of hypervalent telluranes is
to use the s* ± n orbital interaction, in which the s* orbital of
the TeÿL bond of a telluronium salt interacts with the n orbital
of a lone pair of electrons of a nucleophile or ligand (L).[3d, 7b]


In supramolecular chemistry, the field of polymer synthesis
has advanced to the stage where self-assemblies through
hydrogen bonding and transition metal coordination have
proved to be a reliable tool.[15, 16] Hypervalent bonds formed
through s* ± n orbital interactions in heteroatoms may also be
a viable alternative for self-assembled oligomer synthesis.[17]


Recently, we described the synthesis of oligotelluroxanes 3 a ±
6 a (n� 1 ± 4) from the reaction of cationic ditelluroxane 2 a
with bis(4-methylphenyl) telluroxide (1 a) through a s* ± n
orbital interaction (Scheme 1).[18] Our strategy for oligotellur-
oxane synthesis is based on the following aspects. 1) In 2 a,
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Scheme 1. Synthesis of oligotelluroxanes 3 a ± 6a from 2 a and n equiv-
alents (n� 1 ± 4) of 1 a.


triflate as a counteranion is dissociated from tellurium atoms,
which exhibit cationic character, in solution.[19] 2) These
tellurium cations can then react with the oxygen atom of 1 a
as a nucleophilic monomer through a s* ± n orbital interaction
to produce the tritelluroxane 3 a. 3) As the terminal Te atoms
in 3 a carry a positive charge, the further addition of 1 a can
lengthen the main chain to selectively produce compounds
4 a ± 6 a. In this paper, we report on the reactivities and
properties of ditelluroxanes and oligochalcogenoxanes that
include: 1) the effect of counteranions in ditelluroxanes, 2) the
elucidation of the equilibrium between oligotelluroxanes, and
3) the reaction of 2 a with a selenoxide or a carboxylate as
nucleophiles. We propose that a hypervalent bond formed
through a s* ± n orbital interaction is viable as a new
supramolecular synthon for molecular assembly.


Results and Discussion


Reactivity and properties of ditelluroxanesÐeffect of coun-
teranions : To gain insights into the correlation between the
reactivity and the cationic character of the Te atoms of
ditelluroxanes, the 125Te NMR chemical shifts and the reaction
with bis(4-methylphenyl) telluroxide (1 a) were investigated
with respect to ditelluroxanes 2 (Ar� p-tolyl) bearing various
counteranions: Xÿ�CF3SO3


ÿ (2 a),[19] CF3CO2
ÿ (2 b),[20]


CH3CO2
ÿ (2 c) (vide infra), and Clÿ (2 d)[11b] .


The 125Te NMR chemical shifts of ditelluroxanes 2 a, 2 b, 2 c,
and 2 d in CD3CN were observed at d� 1288.4,[19] 1169.8,
964.5, and 939.8, respectively; these values are shifted down-
field with decreasing nucleophilicity of the counteranions.
Thus, the cationic character on the Te atom decreased in the
order, 2 a> 2 b> 2 c> 2 d. The 125Te NMR data suggest that
the triflate of 2 a is dissociated from the Te atoms in solution,
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whereas the acetate and chloride of 2 c and 2 d may be tightly
bound to the Te atoms. This tendency reflects the contact
distances of the Te ´´ ´ X bond in the crystal structure of 2, and
the reactivity of 2 toward 1 a. The average contact distances of
the Te ´´ ´ O bond in 2 a[19] and the analogue of 2 b (Ar�Ph)[11e]


are 2.66 and 2.35 �, respectively, both of which are shorter
than the sum of the van der Waals radii (3.60 �) of the Te and
O atoms, but longer than the TeÿO covalent bond.


As reported previously,[18] the reaction of 2 a with one, two,
or three equivalents of 1 a in CH2Cl2 at room temperature
exclusively yields the tritelluroxane 3 a, tetratelluroxane 4 a,
or pentatelluroxane 5 a, respectively, depending on the
stoichiometry of 1 a and 2 a (Scheme 1). The reaction of 2 a
with four equivalents of 1 a results in a mixture of 5 a and
hexatelluroxane 6 a in the ratio 2.5:1. Oligomers higher than
6 a (n� 5) are not formed, even when an excess of 1 a is added
to 2 a. The 125Te NMR chemical shifts of the terminal Te atoms
in oligotelluroxanes 3 a ± 6 a are shifted upfield with an
increasing degree of oligomerization: d� 1311.9 (3 a), 1263.4
(4 a), 1242.2 (5 a), and 1224.2 (6 a). Hence, both the cationic
character and the reactivity of the terminal Te atoms of the
oligotelluroxanes decrease with increasing degree of oligo-
merization in the order, 2 a> 3 a> 4 a> 5 a> 6 a.


By contrast, the reactivity of 2 b ± d toward 1 a is very
different from that of 2 a. The reaction of 2 b with an
equivalent of 1 a quantitatively afforded the tritelluroxane
3 b. However, the treatment of 2 b with an excess of 1 a did not
produce oligomers higher than 3 b. The 125Te NMR chemical
shift of the terminal Te atoms in 3 b was observed at d�
1182.5, which is shifted upfield by 129 ppm relative to that
of 3 a. Ditelluroxanes 2 c and 2 d were recovered unchanged
even upon addition of an excess of 1 a. Thus, the reactivity of
ditelluroxanes toward 1 a decreases in the order, 2 a> 2 b�
2 c� 2 d. These results indicate that the cationic character of
the Te atoms of 2, that is, the s* ± n orbital interaction, plays
an essential role in the reactivity of 2.


Equilibrium between oligotelluroxanes : In the present study,
we found an equilibrium between the oligotelluroxanes,
although the association constants could not be estimated
owing to the independence of the concentrations (at least
>1 mm) in the 1H and 125Te NMR oligotelluroxane spectra.
The following two experiments were carried out to gain
insights into the equilibrium between oligotelluroxanes.


Based on the reactivity of the oligotelluroxanes mentioned
above, the reaction of the tetratelluroxane 4 a with an
equivalent of ditelluroxane 2 a was conducted in CH2Cl2 at
room temperature for 12 hours (Scheme 2). This crossover
experiment gave the tritelluroxane 3 a as the sole product,
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Scheme 2. Crossover reaction of 4a with an equivalent of 2 a, and
equilibrium of 4 a.


which was confirmed by 1H and 125Te NMR spectra, and by
FAB-MS spectra of the reaction mixture. This result can be
explained as follows. The tetratelluroxane 4 a slightly disso-
ciates to form the tritelluroxane 3 a and the telluroxide 1 a. As
2 a possesses the highest reactivity toward 1 a among the series
2 a, 3 a, and 4 a,[18, 21] the dissociation of 4 a into 3 a and 1 a is
promoted in the presence of 2 a and finally produces 3 a.


The reaction of 2 a (TT) with an equivalent of diphenyl
telluroxide 1 b (P) in CH2Cl2 at room temperature for
12 hours produced a mixture of tritelluroxanes 3 a (TTT),
3 a' (TTP and/or TPT), and 3 a'' (TPP and/or PTP), in which T
and P denote p-tolyl- and phenyl-substituted tellurium units,
respectively (Scheme 3). The 125Te NMR spectrum of the
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Scheme 3. Reaction of 2 a (TT) with an equivalent of 1b (P), and
equilibrium of tritelluroxanes: T and P denote p-tolyl- and phenyl-
substituted tellurium units, respectively.


reaction mixture in [D8]THF at ÿ90 8C exhibited several
peaks in the regions d� 1306 ± 1317 (from the terminal Te
atoms) and d� 1112 ± 1117 (from the inner Te atoms) in a
total integration ratio of 2:1.[22] The MALDI-TOF-MS
spectrum of the reaction mixture showed three parent peaks
at m/z 1111 ([3 aÿCF3SO3]�), 1083 ([3 a'ÿCF3SO3]�), and
1055 ([3 a''ÿCF3SO3]�) in an intensity ratio of 3.5:3.5:1, as
shown in Figure 1. Another possible PPP tritelluroxane was
not detected in the MS spectrum. If there is no equilibrium
between tritelluroxanes, only a TTP tritelluroxane (one of


Figure 1. MALDI-TOF-MS spectrum (dithranol matrix) for the reaction
mixture of 2 a and an equivalent of 1 b.


3 a') should be obtained. This was not the case in the present
reaction. A TTP tritelluroxane, formed in the initial stage,
may be slightly dissociated to TT and P, and/or T and TP
compounds. After repetitions of association and dissociation
between these species, the thermodynamic equilibrium could
result in the formation of a mixture of tritelluroxanes 3 a
(TTT), 3 a' (TTP and/or TPT), and 3 a'' (TPP and/or PTP), as
shown in Scheme 3.


As reported previously,[18] the molecular and electronic
structures of oligotelluroxanes by B3LYP density functional
theory (DFT) calculations indicate that the positive charge on
the terminal Te atoms decreases with increasing degree of
oligomerization. It should be noted that the second O1ÿTe2
bond, counted from the terminal Te1 atom, is the most
elongated among the TeÿO bonds of the respective oligotel-
luroxanes, and that this bond length increases with an
increasing degree of oligomerization. In all compounds, the
LUMO is delocalized along the TeÿO backbone and has an
antibonding character between adjacent Te and O atoms; this
could be a reflection of the fact that the backbone, which
consists of highly polarized TeÿO bonds, is a delocalized s-
electron system. These theoretical results could explain the
experimental results for the reactivity and the equilibrium
properties of the oligotelluroxanes.


Reaction of ditelluroxane with selenoxideÐsynthesis and
properties of oligochalcogenoxanes : We turned our attention
to the reactivity of the ditelluroxane 2 a toward a selenoxide as
a homologue of telluroxide. The SeÿO bond of a selenoxide is
less polarized than the TeÿO bond of a telluroxide, that is, the
former is less nucleophilic than the latter.


The reaction of 2 a with an equivalent of bis(4-methyl-
phenyl) selenoxide (7) in CH2Cl2 at room temperature for
12 hours quantitatively produced only the selenoxaditellur-
oxane 8 (Scheme 4a). Treatment of 2 a with two equivalents of
7 under the same conditions exclusively gave the bis(selen-
oxa)ditelluroxane 9 (Scheme 4b). The 125Te NMR spectra of 8
and 9 in CD3CN at ÿ40 8C showed two peaks at d� 1354.2
(from the terminal Te atoms) and 1207.6 (from the inner Te
atoms) in a 1:1 integration ratio, and one peak at d� 1200.1,
respectively.[23] These are in the region expected for telluranes
with hypervalent TeÿO apical bonds.[18] The 77Se NMR spectra
of 8 and 9 in CD2Cl2 atÿ40 8C exhibited one peak at d� 851.7
and one peak at d� 837.9, respectively.[23, 24] The chemical
shifts of both the inner Te atoms and the terminal Se atoms
were shifted upfield with an increasing degree of oligomeri-
zation. This trend is similar to that seen for the oligotellur-
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Scheme 4. Synthesis of a) selenoxaditelluroxane 8 from 2a with an
equivalent of 7, and b) bis(selenoxa)ditelluroxane 9 from 2 a with two
equivalents of 7.


oxanes.[18] The FAB-MS spectrum of 8 (Figure 2a) showed a
parent peak and distinctive fragment peaks at m/z 1063 ([8ÿ
CF3SO3]�), 785 ([8ÿAr2SeOÿCF3SO3]�), 737 ([8ÿ
Ar2TeOÿCF3SO3]�), 329 ([Ar2TeO�H]�), 312 ([Ar2Te]�),
279 ([Ar2SeO�H]�), and 262 ([Ar2Se]�) (Ar� p-tolyl). For
compound 9 (Figure 2b), a parent peak and distinctive
fragment peaks appeared at m/z� 1341 ([9ÿCF3SO3]�),
1063 ([9ÿAr2SeOÿCF3SO3]�), 785 ([9ÿ 2 Ar2SeOÿ
CF3SO3]�), 737 ([9ÿAr2SeOÿAr2TeOÿCF3SO3]�), 329


Figure 2. FAB-MS spectra (2-nitrophenyl octyl ether matrix): a) 8 and
b) 9.


([Ar2TeO�H]�), 312 ([Ar2Te]�), 279 ([Ar2SeO�H]�), and 262
([Ar2Se]�). The isotopic distribution patterns of these peaks
are consistent with those obtained by calculation. A diselen-
oxaditelluroxane 9' (Se-O-Se-O-Te-O-Te sequence) as a
structural isomer of 9 (Se-O-Te-O-Te-O-Se sequence) was
not produced. If this had been the case, additional fragment
peaks at m/z 1015 (Se-O-Se-O-Te sequence) and 689 (Se-O-
Se sequence) arising from 9' should have been observable in
the FAB-MS spectrum. Thus, the reaction of 2 a with two
equivalents of 7 exclusively produces the bis(selenoxa)ditel-
luroxane 9, indicating that the terminal Te cation is more
reactive than the terminal Se cation in 8.


As a crossover experiment, the reaction of the ditellurox-
ane 2 a with an equivalent of bis(selenoxa)ditelluroxane 9 in
CH2Cl2 at room temperature for 12 hours afforded the
selenoxaditelluroxane 8 exclusively (Scheme 5). This result
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Scheme 5. Crossover reaction of 9 with an equivalent of 2a.


indicates that 9 is slightly dissociated to 8 and to the
selenoxide 7. Among the series of compounds 2 a, 8, and 9,
compound 2 a shows the dominant reaction with 7. Therefore,
the dissociation of 9 into 8 and 7 could be promoted in the
presence of 2 a to finally form 8. In contrast to the
oligotelluroxanes, the 1H NMR spectra of 8 and 9 showed a
concentration dependence, suggesting that they are in equi-
librium. The 1H NMR spectrum of 8 when diluted in CD3CN
at ÿ40 8C is shown in Figure 3, for which the ratio of 2 a to 7
was maintained at 1:1.[23] In the aromatic region, four sets of
doublet peaks from 8 appeared at d� 7.21, 7.27, 7.38, and 7.47
at an integration ratio of 8:4:4:8 at concentrations greater
than 50 mm (region A). On dilution, a new doublet peak
appeared at d� 7.61 and increased in intensity; this indicates


Figure 3. 1H NMR spectra for a 1:1 mixture of 2a and 7 to form 8 in
CD3CN at ÿ40 8C: a) 40mm, b) 8mm, and c) 1 mm.
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an overlap of one of the two doublet peaks of 2 a with one of
the two doublet peaks of 7 (region B), while the other peaks
from these doublets were in region A. Based on the integra-
tion changes of region B with region A as a function of the
concentration, the association constant of 2 a with 7 to form 8
was estimated to be Ka� (2.18� 0.12)� 104mÿ1 in CD3CN at
ÿ40 8C. The association constant of Ka� (3.35� 0.12)�
105mÿ1 in CD2Cl2 at ÿ40 8C is 15 times higher than that in
CD3CN, indicating that the association of 2 a with 7 is
favorable in a less polar solvent.


The reaction of 2 a with an excess of 7 did not produce any
higher oligomers than 9 as judged from the 1H and 77Se NMR
spectra.[25] The vapor pressure osmometry (VPO) of a mixture
of 2 a and ten equivalents of 7 in CHCl3 at 35 8C exhibited a
number-average molecular weight of 409.3, which is consis-
tent with that of 411.8, which corresponds to a mixture of 9
and eight equivalents of 7. Thus, the formation of the
bis(selenoxa)ditelluroxane 9 is the limit of the present
reaction scheme (at least in solution).[26, 27]


Reaction of ditelluroxane or tritelluroxane with carboxylates :
The reactivities of the ditelluroxane 2 a and tritelluroxane 3 a
toward sodium carboxylates 10, which are more nucleophilic
than both a telluroxide and a selenoxide, were investigated.


The reaction of 2 a with two equivalents of acetate (10 a) in
CH3CN at room temperature for 24 hours exclusively pro-
duced the bis(carboxylate)ditelluroxane 11 a (2 c) (vide su-
pra). On the other hand, the reaction of 2 a with two
equivalents of p-methylbenzoate (10 b) under the same
reaction conditions yielded a mixture of 11 b and the diaryl-
dicarboxytellurane 12 b[28] in a ratio of 1:0.3,[29, 30] together with
the telluroxide 1 a (Scheme 6a). The reaction of 2 a with
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Scheme 6. a) Reaction of 2 a with two equivalents of 10, and b) reaction of
3a with two equivalents of 10.


two equivalents of p-bromobenzoate (10 c) gave a mixture of
11 c and 12 c in a ratio of 1:1,[29, 30] together with 1 a. By
contrast, the reaction of 2 a with two equivalents of p-
nitrobenzoate (10 d) afforded only 12 d,[29] together with 1 a.
Thus, in the reaction of 2 a with sodium carboxylates 10, a
more electron-donating 10 preferentially affords the bis(car-
boxylate)ditelluroxanes 11, whereas a more electron-with-
drawing 10 affords the diaryldicarboxytelluranes 12. This
tendency may be ascribed in part to the electrophilicity of the


Te atom of 11. On increasing the electron-withdrawing ability
of a ligand 10 in 11, the TeÿO2CR bond would be loosened,
and the Lewis acidity on the Te atom would increase.[31] Such a
bis(carboxylate)ditelluroxane would still possess a capacity
for a further nucleophilic addition of 10 to form a transient
pentacoordinate tellurate anion 13,[31] which could be decom-
posed to produce the thermodynamically more stable 12, 10,
and 1 a (Scheme 7). A ligand 10 with an electron-withdrawing
ability may act as a catalyst for the decomposition of 11.


Scheme 7. A possible reaction mechanism for the formation of 12 from 11
and 10.


In all cases, the reaction of the tritelluroxane 3 a with two
equivalents of 10 a ± d in CH3CN at room temperature for
24 hours exclusively produced bis(carboxylate)ditelluroxanes
11 a ± d,[29] respectively, together with 1 a (Scheme 6b). This
result can be related to the equilibrium of 3 a, as mentioned
above. The 125Te NMR chemical shifts of 11 a ± d, which are in
a similar region to telluranes with hypervalent TeÿO2CR
apical bonds,[28] are shifted downfield with the increasing
electron-withdrawing ability of a ligand 10,[29] suggesting that
the Lewis acidity on the Te atom of 11 increases in this order.


Conclusion


We have demonstrated that the s* ± n orbital interaction plays
an essential role in the reactivity of the ditelluroxanes 2 (Ar�
p-tolyl) and in the formation of self-assembled oligochalco-
genoxanes that are composed of a hypervalent TeÿO apical
linkage in the main chain. Both the cationic character and the
reactivity of the Te atoms of 2 increase with decreasing
nucleophilicity of the counteranions (Xÿ): 2 a (Xÿ�
CF3SO3


ÿ)> 2 b (Xÿ�CF3CO2
ÿ)� 2 c (Xÿ�CH3CO2


ÿ)> 2 d
(Xÿ�Clÿ). The selective formation of the tritelluroxane 3 a,
tetratelluroxane 4 a, pentatelluroxane 5 a, and hexatellurox-
ane 6 a has been achieved by the reaction of 2 a with one, two,
three, or four equivalents of telluroxide 1 a (Ar� p-tolyl),
respectively. The equilibrium between the oligotelluroxanes
was elucidated from crossover experiments of the reactions of
2 a with 4 a and of 2 a with 1 b (Ar�Ph). We have also
demonstrated the selective equilibrium formation of the
selenoxaditelluroxane 8 and the bis(selenoxa)ditelluroxane
9 by the reaction of 2 a with one or two equivalents of
selenoxide 7, respectively. This is the first example of the
synthesis of oligochalcogenoxanes composed of hypervalent
tellurium and selenium units linked by an oxo bridge. The
reaction of 2 a with two equivalents of carboxylates 10 a ± d
yielded a mixture of bis(carboxylate)ditelluroxans 11 a ± c and
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diaryldicarboxytelluranes 12 b ± d, respectively. The product
ratio of this mixture depends on the electron-withdrawing
ability of 10, while the reaction of the tritelluroxane 3 a with
two equivalents of 10 a ± d afforded 11 a ± d in all cases. The
results presented here could provide a basis for the use of
hypervalent bonds through a s* ± n orbital interaction in
heteroatoms as a new supramolecular synthon for self-
assembled oligomer (polymer) synthesis.[15±17, 32] Assembly of
polychalcogenoxanes in the solid state, and the reaction of 2 a
with oxides of Group 15 and 17 elements will be the subject of
a future study.


Experimental Section


General : 1H, 77Se, and 125Te NMR spectra were recorded on a JEOL JNM-
EX270 (1H 270 MHz, 77Se 51.4 MHz, 125Te 85.2 MHz) spectrometer.
Chemical shifts of 77Se and 125Te NMR spectra were reported relative to
(CH3)2Se and (CH3)2Te, respectively. FAB-MS spectra were measured on a
JEOL JMS-SX102 A spectrometer with 2-nitrophenyl octyl ether as a
matrix. MALDI-TOF-MS spectra were obtained on a Shimadzu/KRATOS
KOMPACT-MALDI III spectrometer with dithranol as a matrix. IR
spectra were recorded on a JASCO FT/IR-5000 spectrometer by using KBr
pellets or a thin film on NaCl plates. Vapor pressure osmometry (VPO)
measurement was made with a Corona-117 vapor pressure osmometer.
CH2Cl2, CHCl3, and CH3CN were distilled from CaH2 under N2. NMR
solvents of CD2Cl2, CD3CN, and [D8]THF were dried over molecular sieves
4 A. Oligotelluroxanes 2a ± 6 a were prepared according to the litera-
ture.[18, 19]


Ditelluroxane 2 b : This compound was prepared by a modified procedure
of the literature.[11e] Two equivalents of CF3CO2H (0.47 mL, 6.10 mmol)
was added at room temperature to a solution of 1 a (1.00 g, 3.07 mmol) in
MeOH (30 mL). After stirring for 1 h, an equivalent of H2O (55 mL,
3.06 mmol) was added to the reaction mixture, which was stirred at room
temperature for additional 12 h. After evaporation of solvents, the residue
was precipitated from CH2Cl2/hexane to give 2 b (1.29 g, 98 % yield) as a
white powder. M.p. 165 ± 166 8C (decomp); 1H NMR (CD3CN, 23 8C): d�
2.41 (s, 12H), 7.38 (d, J� 7.9 Hz, 8H), 7.87 (d, J� 7.9 Hz, 8 H); 125Te NMR
(CD3CN, 23 8C): d � 1169.8; FAB-MS: m/z : 749 [MÿCF3CO2]� ;
elemental analysis calcd (%) for C32H28F6O5Te2: C 44.60, H 3.27; found:
C 44.54, H 3.49.


Ditelluroxane 2d : This compound was prepared according to the litera-
ture.[11b] Yield 44% (pale yellow powder); m.p. 160 ± 161 8C (decomp);
1H NMR (CD3CN, 23 8C): d� 2.41 (s, 12H), 7.38 (d, J� 7.9 Hz, 8H), 7.89 (d,
J� 7.9 Hz, 8H); 125Te NMR (CD3CN, 23 8C): d� 939.8; FAB-MS: m/z : 673
[MÿCl]� ; elemental analysis calcd (%) for C28H28Cl2OTe2: C 47.59, H 3.99;
found: C 47.38, H 3.91.


Tritelluroxane 3 b : A 1:1 mixture of 2b (120 mg, 0.139 mmol) and 1a
(45.3 mg, 0.139 mmol) under Ar was dissolved in CH2Cl2 (2 mL). The
resulting mixture was stirred at room temperature for 12 h and then poured
into hexane (50 mL) to give 3b (158 mg, 96 % yield) as a white powder.
M.p. 92 ± 95 8C (decomp); 1H NMR (CD3CN,ÿ40 8C): d� 2.33 (s, 6 H), 2.34
(s, 12H), 7.09 (d, J� 8.1 Hz, 4H), 7.15 (d, J� 8.1 Hz, 8 H), 7.41 (d, J�
8.1 Hz, 4H), 7.51 (d, J� 8.1 Hz, 8 H); 125Te NMR (CD3CN, ÿ40 8C): d�
1160.5, 1182.5 (integration ratio 1:2); FAB-MS: m/z (%): 1075 (7) [Mÿ
CF3CO2]� , 749 (76) [Mÿ 1aÿCF3CO2]� , 561 (17) [Mÿ (CH3C6H4)2Teÿ
CH3C6H4ÿ 2 CF3CO2]� , 425 (67) [Mÿ 2(1 a)ÿCF3CO2]� , 329 (48)
[1a�H]� , 312 (100) [1aÿO]� ; elemental analysis calcd (%) for
C46H42F6O6Te3 ´ H2O: C 45.83, H 3.68; found: C 45.75, H 3.77.


Reaction of tetratelluroxane 4a with ditelluroxane 2 a : A 1:1 mixture of 4a
(44.4 mg, 0.0280 mmol) and 2a (26.1 mg, 0.0279 mmol) in CH2Cl2 (2 mL)
under Ar was stirred at room temperature for 12 h. After evaporation of
solvent, 3a was obtained quantitatively as a white powder.[18] M.p. 216 ±
218 8C (decomp); 1H NMR (CD3CN, ÿ40 8C): d� 2.33 (s, 6 H), 2.34 (s,
12H), 7.14 (d, J� 8.1 Hz, 4H), 7.27 (d, J� 8.6 Hz, 8 H), 7.44 (d, J� 8.6 Hz,
8H), 7.47 (d, J� 8.1 Hz, 4H); 125Te NMR (CD3CN, ÿ40 8C): d� 1124.7,
1311.9 (integration ratio 1:2); 125Te NMR ([D8]THF, ÿ90 8C): d� 1112.0,


1306.4 (integration ratio 1:2); FAB-MS: m/z (%): 1111 (13) [Mÿ
CF3SO3]� , 785 (39) [Mÿ 1aÿCF3SO3]� , 561 (18) [Mÿ (CH3C6H4)2Teÿ
CH3C6H4ÿ 2 CF3SO3]� , 461 (26) [Mÿ 2 (1a)ÿCF3SO3]� , 329 (58)
[1a�H]� , 312 (100) [1aÿO]� ; elemental analysis calcd (%) for
C44H42F6O8S2Te3 ´ H2O: C 41.36, H 3.47; found: C 41.09, H 3.37.


Reaction of 2 a with telluroxide 1b : A 1:1 mixture of 2a (58.3 mg,
0.0624 mmol) and 1b (18.6 mg, 0.0625 mmol) in CH2Cl2 (2 mL) under Ar
was stirred at room temperature for 12 h. After evaporation of solvent, the
residue, which could not be separated, was directly used for measurements
of 125Te NMR and MALDI-TOF-MS spectroscopies (see, text).


General procedure for the reaction of 2a with selenoxide 7: CH2Cl2 (2 mL)
was added to a mixture of 2a (100 mg, 0.107 mmol) and an equivalent of 7
(29.7 mg, 0.107 mmol) under Ar. The resulting solution was stirred at room
temperature for 12 h and then poured into hexane (50 mL) to precipitate 8
(125 mg, 96 % yield) as a pale yellow powder. When two equivalents of 7
(59.4 mg, 0.214 mmol) were used under the same conditions, 9 (151 mg,
95% yield) was obtained as a pale yellow powder.


Selenoxaditelluroxane 8 : M.p. 83 ± 86 8C (decomp); 1H NMR (CD3CN,
ÿ40 8C): d� 2.33 (s, 18 H), 7.21 (d, J� 8.1 Hz, 8H), 7.27 (d, J� 8.1 Hz, 4H),
7.38 (d, J� 8.1 Hz, 4H), 7.47 (d, J� 8.1 Hz, 8H); 1H NMR (CD2Cl2,
ÿ40 8C): d� 2.32 (s, 18 H), 7.10 (br s, 8H), 7.18 (br s, 8 H), 7.40 (br s, 8H);
125Te NMR (CD3CN,ÿ40 8C): d� 1207.6, 1354.2 (integration ratio 1:1); 77Se
NMR (CD2Cl2, ÿ40 8C): d� 851.7; IR (KBr): nÄ � 797, 759, 640 cmÿ1; FAB-
MS: m/z (%): 1063 (15) [MÿCF3SO3]� , 785 (73) [Mÿ 7ÿCF3SO3]� , 737
(14) [Mÿ 1 aÿCF3SO3]� , 561 (29) [Mÿ (CH3C6H4)2SeÿCH3C6H4ÿ
2CF3SO3]� , 461 (28) [Mÿ 7ÿ 1aÿCF3SO3]� , 329 (92) [1a�H]� , 312
(100) [1aÿO]� , 279 (71) [7�H]� , 262 (93) [7ÿO]� ; elemental analysis
calcd (%) for C44H42F6O8S2SeTe2: C 43.64, H 3.50; found: C 44.02, H 3.59.


Bis(selenoxa)ditelluroxane 9 : M.p. 74 ± 76 8C (decomp); 1H NMR (CD3CN,
ÿ40 8C): d� 2.30 (s, 24 H), 7.14 (d, J� 8.1 Hz, 8H), 7.24 (d, J� 8.1 Hz, 8H),
7.34 (d, J� 8.1 Hz, 8H), 7.47 (d, J� 8.1 Hz, 8H); 1H NMR (CD2Cl2,
ÿ40 8C): d� 2.31 (s, 12H), 2.32 (s, 12 H), 7.06 (d, J� 8.1 Hz, 8H), 7.21 (d,
J� 8.4 Hz, 8H), 7.25 (d, J� 8.4 Hz, 8H), 7.40 (d, J� 8.1 Hz, 8 H); 125Te
NMR (CD3CN, ÿ40 8C): d� 1200.1; 77Se NMR (CD2Cl2, ÿ40 8C): d�
837.9; IR (KBr): nÄ � 802, 755, 638 cmÿ1; FAB-MS: m/z (%): 1341 (3)
[MÿCF3SO3]� , 1063 (29) [Mÿ 7ÿCF3SO3]� , 785 (100) [Mÿ 2(7)ÿ
CF3SO3]� , 737 (8) [Mÿ 7ÿ 1aÿCF3SO3]� , 561 (31) [Mÿ 7ÿ
(CH3C6H4)2SeÿCH3C6H4ÿ 2 CF3SO3]� , 461 (21) [Mÿ 2(7)ÿ 1aÿ
CF3SO3]� , 329 (52) [1a�H]�), 312 (44) [1 aÿO]� , 279 (42) [7�H]� , 262
(49) [7ÿO]� ; elemental analysis calcd (%) for C58H56F6O9S2Se2Te2 ´ H2O:
C 46.25, H 3.88; found: C 46.12, H 4.17.


Reaction of 9 with 2a : A 1:1 mixture of 9 (41.6 mg, 0.0280 mmol) and 2a
(26.1 mg, 0.0279 mmol) in CH2Cl2 (2 mL) under Ar was stirred at room
temperature for 12 h. After evaporation of solvent, 8 was obtained in
quantitative yield.
1H NMR titration of 8 : A stock solution of 8 (8.00 mm) in CD3CN or CD2Cl2


was diluted by 6.00, 4.00, 2.00, 1.00, 0.500, and 0.250 mm. After 12 h at room
temperature, the 1H NMR spectra of these samples were taken atÿ40 8C to
measure integrations of regions A and B (see, text).


VPO measurement for a mixture of 2a and 7:[33] A mixture of 2a (21.6 mg,
0.0231 mmol) and ten equivalents of 7 (64.1 mg, 0.231 mmol) in CH2Cl2


(2 mL) under Ar was stirred at room temperature for 12 h. After
evaporation of solvent, the residue was dissolved in CHCl3 and diluted
by 8.55, 6.84, 5.13, 4.28, 3.42, and 1.71 gLÿ1. The DV of these samples was
measured at 35 8C. Calibration curves were generated by using benzil and
sucrose octaacetate as molecular weight standards.


General procedure for the reaction of 2 a with sodium carboxylate 10 : A
heterogeneous mixture of 2a (100 mg, 0.107 mmol) and two equivalents of
10a ± d in CH3CN (4 mL) under Ar was stirred at room temperature for
24 h; the mixture gradually turned into a pale yellow homogeneous
solution. After evaporation of solvent, the residue was triturated with
benzene (10 mL) and then filtered. The filtrate was concentrated to give
11a (2c) from 10a, 12d from 10d, a mixture of 11b and 12b from 10 b, and a
mixture of 11 c and 12 c from 10c in quantitative yields. The mixtures for
11b/12 b, and 11c/12c could not be separated due to decomposition on
silica gel chromatography.[30]


Diaryldicarboxytellurane 12b : 1H NMR (CD3CN, 23 8C): d� 2.32 (s, 6H),
2.35 (s, 6H), 7.30 (d, J� 8.4 Hz, 4H), 7.34 (d, J� 8.1 Hz, 4 H), 7.76 (d, J�
8.4 Hz, 4H), 7.80 (d, J� 8.1 Hz, 4 H); 125Te NMR (CD3CN, ÿ40 8C): d�
978.3; FAB-MS: m/z : 447 [MÿCH3C6H4CO2]� .
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Diaryldicarboxytellurane 12 c : 1H NMR ([D8]THF, 23 8C): d� 2.23 (s, 6H),
7.28 (br s, 4 H), 7.40 (br s, 4H), 7.51 (br s, 4H), 7.75 (br s, 4 H); 125Te NMR
([D8]THF, ÿ40 8C): d� 994.6; FAB-MS: m/z : 511 [MÿBrC6H4CO2]� .


Diaryldicarboxytellurane 12 d : Yield 95% (deep yellow powder); m.p.
244 ± 246 8C (decomp); 1H NMR (CD3CN, 23 8C): d� 2.41 (s, 6H), 7.42 (d,
J� 8.3 Hz, 4H), 7.88 (d, J� 8.3 Hz, 4 H), 8.09 (d, J� 8.2 Hz, 4 H), 8.21 (d,
J� 8.2 Hz, 4 H); 125Te NMR (CD3CN, ÿ40 8C): d� 1001.4; FAB-MS: m/z
(%): 478 (100) [MÿO2NC6H4CO2]� , 329 (38) [1a�H]� , 312 (98) [1aÿ
O]� ; elemental analysis calcd (%) for C28H22N2O8Te: C 52.38, H 3.45, N
4.36; found: C 52.16, H 3.60, N 4.24.


General procedure for the reaction of 3 a with sodium carboxylate 10 : A
heterogeneous mixture of 3a (63.3 mg, 0.0502 mmol) and two equivalents
of 10a ± d in CH3CN (4 mL) under Ar was stirred at room temperature for
24 h; the mixture gradually turned into a pale yellow homogeneous
solution. After evaporation of solvent, the residue was triturated with
benzene (10 mL) and then filtered. The filtrate was concentrated to give
11a ± d in quantitative yields.


Bis(carboxylate)ditelluroxane 11a (2c): Yield 96 % (white powder); m.p.
116 ± 118 8C (decomp); 1H NMR (CD3CN, 23 8C): d� 1.86 (s, 6 H), 2.37 (s,
12H), 7.18 (d, J� 8.2 Hz, 8H), 7.54 (d, J� 8.2 Hz, 8 H); 125Te NMR
(CD3CN, ÿ40 8C): d� 964.5; FAB-MS: m/z (%): 695 (14) [MÿCH3CO2]� ,
371 (66) [Mÿ 1aÿCH3CO2]� , 329 (75) [1a�H]� , 312 (100) [1 aÿO]� ;
elemental analysis calcd (%) for C32H34O5Te2: C 50.99, H 4.55; found: C
50.79, H 4.22.


Bis(carboxylate)ditelluroxane 11 b : Yield 94 % (white powder); m.p. 244 ±
246 8C (decomp); 1H NMR (CD3CN, 23 8C): d� 2.29 (s, 6H), 2.31 (s, 12H),
7.21 (d, J� 8.1 Hz, 8 H), 7.62 (d, J� 8.1 Hz, 8 H), 7.68 (d, J� 8.0 Hz, 4H),
7.83 (d, J� 8.0 Hz, 4 H); 125Te NMR (CD3CN, ÿ40 8C): d� 1063.5; FAB-
MS: m/z (%): 771 (19) [MÿCH3C6H4CO2]� , 447 (100) [Mÿ 1aÿ
CH3C6H4CO2]� , 329 (26) [1a�H]� , 312 (53) [1 aÿO]� ; elemental analysis
calcd (%) for C44H42O5Te2: C 58.33, H 4.67; found: C 58.04, H 4.34.


Bis(carboxylate)ditelluroxane 11 c : Yield 89% (white powder); m.p. 234 ±
236 8C (decomp); 1H NMR ([D8]THF, 23 8C): d� 2.36 (s, 12H), 7.19 (d, J�
8.2 Hz, 8H), 7.43 (d, J� 8.4 Hz, 4H), 7.59 (d, J� 8.2 Hz, 8H), 7.69 (d, J�
8.4 Hz, 4 H); 125Te NMR ([D8]THF, ÿ40 8C): d� 1080.3; FAB-MS: m/z
(%): 837 (5) [MÿBrC6H4CO2]� , 511 (91) [Mÿ 1 aÿBrC6H4CO2]� , 329
(49) [1a�H]� , 312 (100) [1aÿO]� ; elemental analysis calcd (%) for
C42H36Br2O5Te2: C 48.70, H 3.50; found: C 48.94, H 3.82.


Bis(carboxylate)ditelluroxane 11 d : Yield 93% (deep yellow powder); m.p.
237 ± 239 8C (decomp); 1H NMR (CD3CN, 23 8C): d� 2.35 (s, 12H), 7.18 (d,
J� 8.4 Hz, 8 H), 7.58 (d, J� 8.4 Hz, 8H), 7.88 (d, J� 8.2 Hz, 4 H), 8.06 (d,
J� 8.2 Hz, 4 H); 125Te NMR (CD3CN, ÿ40 8C): d� 1074.2; FAB-MS: m/z
(%): 802 (19) [MÿO2NC6H4CO2]� , 478 (59) [Mÿ 1aÿO2NC6H4CO2]� ,
329 (48) [1a�H]� , 312 (100) [1 aÿO]� ; elemental analysis calcd (%) for
C42H36N2O9Te2: C 52.12, H 3.75, N 2.89; found: C 51.88, H 4.04, N 2.74.
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Combinatorial Synthesis through Disulfide Exchange:
Discovery of Potent Psammaplin A Type Antibacterial Agents Active
against Methicillin-Resistant Staphylococcus aureus (MRSA)


K. C. Nicolaou,* Robert Hughes, Jeffrey A. Pfefferkorn, Sofia Barluenga,
and A. J. Roecker[a]


Abstract: Psammaplin A is a symmet-
rical bromotyrosine-derived disulfide
natural product isolated from the Psam-
maplysilla sponge, which exhibits in
vitro antibacterial activity against methi-
cillin-resistant Staphylococcus aureus
(MRSA). Inspired by the structure of
this marine natural product, a combina-
torial scrambling strategy for the con-
struction of heterodimeric disulfide ana-
logues was developed and applied to the


construction of a 3828-membered li-
brary starting from 88 homodimeric
disulfides. These psammaplin A ana-
logues were screened directly against
various gram positive bacterial strains
leading to the discovery of a series of


potent antibacterial agents active
against methicillin-resistant Staphylo-
coccus aureus (MRSA). Among the most
active leads derived from these studies
are compounds 104, 105, 113, 115, 123,
and 128. The present, catalytically-in-
duced, disulfide exchange strategy may
be extendable to other types of building
blocks bearing thiol groups facilitating
the construction of diverse discovery-
oriented combinatorial libraries.


Keywords: antibiotics ´ chemical
biology ´ combinatorial synthesis ´
psammaplin A ´ total synthesis


Introduction


Combinatorial chemistry has become an important tool for
both the drug discovery process and chemical biology
studies.[1] Particularly interesting has been the application of
combinatorial techniques to the synthesis and structure ± ac-
tivity optimization of biologically active natural products.[2]


Typically, the structural complexities of these molecules pose
unique challenges which necessitate the development of novel
solution or solid phase combinatorial strategies.[3] In many
cases, the methodologies developed in this way can later be
applied to the synthesis of combinatorial libraries with more
general applications. With such considerations in mind, we
undertook the solution phase combinatorial synthesis and


biological evaluation of a novel heterodimeric disulfide
library inspired by the antibacterial marine natural product
psammaplin A (1, Figure 1).
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Figure 1. Structure of psammaplin A, an antibacterial marine natural
product isolated from Psammaplysilla sp.


Psammaplin A (1, Figure 1) is a symmetrical bromotyro-
sine-derived disulfide dimer that was originally isolated in
1987 from the Psammaplysilla sponge.[4] Early studies re-
vealed that psammaplin A had general antibacterial and
antitumor properties. Later studies demonstrated that psam-
maplin A (1) exhibited significant in vitro antibacterial
activity against both Staphylococcus aureus (SA) and methi-
cillin-resistant Staphylococcus aureus (MRSA)[5] Given the
increasingly rapid emergence of multi-drug resistant bacterial
strains and the corresponding threat to public health, there is
signifigant interest in the development of structurally novel
antibacterial agents such as psammaplin A.[6, 7] Additionally,
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psammaplin A has been reported to exhibit weak inhibition of
a number of enzymes including DNA gyrase,[5] topoisomer-
ase II,[8] farnesyl protein transferase,[9] and leucine amino-
peptidase.[9] Despite these reports of biological activity,
however, no investigations into the structure ± activity rela-
tionships of psammaplin A have been disclosed, and its
chemical mechanism of action remains unknown. In light of
this, we undertook the synthesis of a combinatorial library of
disulfide containing molecules in order to find potent and
structurally simplified analogues which could be used as tools
for studying psammaplin A�s mechanism of action and its
potential therapeutic value.


From the viewpoint of combinatorial chemistry, psamma-
plin A (1, Figure 1) is rather interesting owing to its two
identical domains (subunits a and b) which are linked through
a disulfide bridge. At the outset of this work it was unknown
whether one or both of these subunits were necessary for
antibacterial activity nor was it clear whether the disulfide
moiety played a mechanistic or structural role in the agent�s
biological action. Combinatorially, we envisioned utilizing the
disulfide motif as a readily exchangeable linkage[10] which
would allow rapid construction of a heterodimeric analogue
library suitable for defining structure ± activity relation-
ships.[11] It is well precedented that disulfide bonds will readily
undergo facile exchange reactions with other disulfides in
high yield under mild conditions.[12] For example, and as
shown in Figure 2, if two homodimeric disulfides, A-SS-A and


A S-S A


B S-S B


A S-S A


B S-S B


A S-S B+
+


+


[homodimers]


(1)


(2)


(1)
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Figure 2. General principle for construction of novel heterodimeric
disulfides through scrambling and equilibration of homodimeric disulfides.


B-SS-B, are mixed under basic conditions in the presence of a
suitable catalyst they will undergo rapid exchange reactions to
afford a statistical mixture of three disulfides: A-SS-A, A-SS-
B, and B-SS-B in a ratio of 1:2:1, respectively, resulting from
the degeneracy of the A-SS-B and B-SS-A products.


It was anticipated that a combinatorial strategy of this type
would provide an opportunity to simultaneously evaluate
modifications at remote sites of the psammaplin A architec-
ture for potential synergistic effects which might be diffi-
cult to uncover through a traditional SAR approach. This
program evolved through several stages as described in this
and the following article.[13] Initially, psammaplin A (1) and a
number of designed homodimeric analogues were individu-
ally synthesized. These synthetic homodimers, along with
other commercially available homodimeric disulfides, were
then systematically scrambled to create a large (> 3800-
membered) library of heterodimeric analogues which was
screened for antibacterial activity to identify structurally
novel lead compounds that were then re-synthesized in
homogenous form to confirm their antibacterial activities.
Subsequently, (see, following article)[13] the antibacterial
properties of these novel heterodimeric leads were further
refined through the synthesis and biological evaluation of
several promising series of simplified analogues. Finally, a
collection of analogues with structural modifications aimed at
elucidating the molecular mechanism of action of these
psammaplin-type compounds were constructed and employed
in order to better understand how this unique class of
antibacterial agents function.


Results and Discussion


Synthesis of psammaplin A and homodimeric analogues :
Prior to commencing the combinatorial aspects of this work,
we first required synthetic access to psammaplin A (1, Fig-
ure 1) and 44 designed homodimeric analogues (see Figure 3)
to be used as symmetrical disulfides in the projected
construction of the combinatorial library. To this end,
Hoshino�s synthesis[14] of 1 was modified as shown in
Scheme 1 to accommodate our requirements for a general
approach to a variety of psammaplin-type structures. As
shown, l-tyrosine (2) was mono-brominated by treatment
with potassium bromate/potassium bromide to afford 3-bro-
motyrosine (3) in 81 % yield.[15] Amino acid 3 was then
refluxed in TFAA (for abbreviations of reagents and protect-
ing groups, see legends in schemes) to form trifluoromethyl-
oxazolone 4, which was distilled from the reaction vessel and
hydrolyzed with aqueous TFA to provide a-keto acid 5 in
60 % yield over two steps.[16] This a-keto acid was subse-
quently condensed with O-(tetrahydro-2H-pyran-2-yl)-hy-
droxylamine, affording oxime 6. After considerable optimi-
zation, it was found that crude carboxylic acid 6 could be
reliably coupled with cystamine [(H2NCH2CH2S)2] through
the intermediacy of the succinate ester. Hence, acid 6 was
treated with N-hydroxysuccinimide in the presence of EDC to
give succinate ester 7, which was isolated and immediately
treated with cystamine and Et3N to provide, through a bis-
coupling reaction, amide 8. Finally, the THP protecting groups
on the oximes were removed (HCl, MeOH, 60 8C) to afford
psammaplin A (1) in 36 % yield over four steps. With the
psammaplin A synthesis completed, the sequence illustrated
in Scheme 1 was repeated for the construction of homodi-
meric analogues 13 ± 36 (see Figure 3) using nine different
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Scheme 1. Total synthesis of psammaplin A (1) from l-tyrosine (2).
a) KBrO3 (0.3 equiv), KBr (2.0 equiv), H2O (0.25m HCl), 23 8C, 12 h, 81%;
b) TFAA (excess), 80 8C, 12 h; c) 70% TFA (aq), 23 8C, 24 h, 60% over two
steps; d) THP-ONH2 (1.5 equiv), EtOH, 23 8C, 12 h; e) NHS (1.9 equiv),
EDC (1.7 equiv), 1,4-dioxane, 23 8C, 2 h; f) Et3N (2.0 equiv), cystamine ´
2HCl (0.5 equiv), 1,4-dioxane/MeOH 1:1, 23 8C, 12 h; g) HCl (4.0 equiv),
CH2Cl2/MeOH (20:1), 60 8C, 2 h, 36 % over five steps. EDC� 1-[3-
(dimethylamino)propyl)]-3-ethylcarbodiimide; NHS�N-hydroxysuccini-
mide; TFA� trifluoroacetic acid; TFAA� trifluoroacetic anhydride;
THP-ONH2�O-(tetrahydro-2H-pyran-2-yl)-hydroxylamine.


amino acids (phenylalanine, 4-fluorophenylalanine, 4-chloro-
phenylalanine, tyrosine, 3-chlorotyrosine, 3-bromotyrosine,
3,5-dibromotyrosine, phenylglycine, and 3-methoxytyrosine)
and three differently substituted hydroxylamines [O-(tetra-
hydro-2H-pyran-2-yl)-hydroxylamine, O-methyl-hydroxyl-
amine, and O-benzyl-hydroxylamine].


With these oxime-containing analogues in hand, several
additional homodimeric analogues were prepared in an effort
to determine the biological importance of other structural
features of the psammaplin A skeleton. These analogues
included amino acid derivatives 11, 12, and 38 ± 48 (Figure 3)
which were synthesized as illustrated in Scheme 2 for the
particular di-amino disulfide analogue 12. Hence, 3-bromo-
tyrosine 3 was N-protected by treatment with di-tert-butyl-
dicarbonate in the presence of NaHCO3 to provide N-Boc-3-
bromotyrosine (9). Crude compound 9 was then treated with
N-hydroxysuccinimide and EDC to afford succinate ester 10,
which was coupled with cystamine as described above to
provide di-amide 11 in 46 % yield over three steps. Compound
11 was fully deprotected (TFA, CH2Cl2, 23 8C) to provide the
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Scheme 2. Synthesis of diamino-psammaplin A (12). a) di-tert-Butyl
dicarbonate (2.0 equiv), NaHCO3 (5.0 equiv), THF/H2O 1:1, 23 8C, 12 h;
b) NHS (1.9 equiv), EDC (1.7 equiv), 1,4-dioxane, 23 8C, 2 h; c) Et3N
(2.0 equiv), cystamine ´ 2 HCl (0.5 equiv), 1,4-dioxane/MeOH 1:1, 23 8C,
12 h, 46% over three steps; d) TFA (10.0 equiv), CH2Cl2, 23 8C, 2 h, 95%.


free amino analogue 12 in 95 % yield. In addition, sulfon-
amide analogues 49 ± 53 (Figure 3) and amide analogues (54
and 55, Figure 3) were synthesized by standard techniques.
Finally, additional homodimeric disulfide building blocks
containing various substituted alkyl, aromatic, and heteroar-
omatic skeletons (see compounds 56 ± 99, Figure 3) were
obtained from commercial sources in order to enhance the
library�s structural diversity.


Preliminary disulfide exchange experiments : With the requi-
site symmetrical building blocks in hand, we next sought to
determine the optimal disulfide exchange conditions paying
particular attention to address the following two concerns:
a) the reaction conditions ought to afford approximately
statistical ratios of scrambled products in high yields and
purities; and b) the required reagents and their by-products
ought to be sufficiently innocuous toward bacteria so that the
disulfide products could be transferred directly from the
reaction mixture to the screening assays for antibacterial
activity without the need for any work-up or purification
procedures.


Based on ample literature precedent regarding disulfide
exchange chemistry, suitable reaction conditions for this
process were rapidly developed as illustrated for the repre-
sentative example shown in Scheme 3. Hence, the two
homodimeric disulfides 14 and 29 were mixed in a DMSO/
H2O (3:1) solvent system buffered to pH 8.3 with a standard
phosphate buffer. Subsequently, a catalytic amount
(0.15 equiv) of dithiothreitol (100) was added and the reaction
mixture was stirred for 12 h at 23 8C. Reaction progress was
monitored by HPLC analysis as illustrated in the side panels
of Scheme 3. Thus, prior to addition of reagent (Scheme 3,
panel a) only the two parent homodimers were present in the
HPLC trace, whereas upon addition of dithiothreitol, a third
product, heterodimer 101, was detected as indicated by the
corresponding HPLC trace (Scheme 3, insert panel b, 12 h,
equilibrium).[17] After normalization, integration of the three
disulfide peaks in this trace revealed their respective concen-
trations to be in a ratio of 1.0:2.1:1.0.[18] Repetition of this
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experiment with other, structurally dissimilar, building blocks
from Figure 3 were conducted in a similar manner in order to
ensure that this reaction time and catalyst loading were
sufficient to allow for complete equilibration with no free
thiol species remaining. As discussed later, post-synthetic


analysis of representative library members did, in fact,
confirm that these reaction conditions lead generally and
reproducibly to statistical mixtures.


With the scrambling conditions defined, we next proceeded
to determine whether the disulfide products could be
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Figure 3. Structures of homodimeric disulfides utilized in library synthesis. Compounds 1, 11, 12, 13 ± 48 were synthesized as illustrated in Schemes 2 and 3.
Compounds 49 ± 55 were synthesized by standard techniques. Compounds 56 ± 99 were purchased from commercial sources.
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screened directly from the reaction mixture. Specifically, this
required evaluating whether or not the catalyst, dithiothreitol,
and the resulting by-product trans-1,2-dithiane-4,5-diol were
biologically inert toward bacteria at the concentration library
members were to be screened. This was confirmed by
screening both dithiothreitol and trans-1,2-dithiane-4,5-diol
against SA 6538 and MRSA 700 698 strains. Encouragingly, at
50 mg mLÿ1, which is 50-fold greater than the concentration at
which either of these compounds would be present in the
screening mixture, neither of them exhibited any detectable
antibacterial activity. These results suggested that the pres-
ence of these compounds in trace amounts would not interfere
with the biological results of the intended assays, and
consequently, we anticipated screening library members
directly from the reaction mixtures. Similarly, it was con-
firmed that the DMSO solvent and phosphate buffer medium
used in the scrambling reaction would be sufficiently diluted
in the screening process so as to avoid any undesirable effects.


Solution phase combinatorial synthesis of psammaplin A
analogue library : With the requisite symmetrical building
blocks prepared and the reaction conditions for their ex-
change defined, construction of the combinatorial psamma-
plin A analogue library proceeded smoothly. The synthesis
was conducted in 96-well plates as illustrated in Figure 4. In
order to accommodate the 88 homodimeric starting materials
(Figure 3), a total of 88 96-well plates were arranged in an 8� 11
array. All wells were filled initially with a DMSO/buffer (3:1)
solution. The homodimers were then dispensed so that each
homodimer occupied one entire column and one entire


Figure 4. Schematic representation of library format.


row with 0.4 mmol of each homodimer deposited per well. For
example, homodimer 8' (Figure 4) was dispensed to each well
in the 8' row and the 8' column. Once complete, each well


Scheme 3. Example of disulfide exchange reaction: An equimolar (1.0 mm in each homodimer) solution of homodimers (14 and 29) in DMSO:H2O (3:1)
(insert panel a) was treated with 0.15 equiv dithiothreitol (100) and stirred at 23 8C for 12 h to yield homodimers 14 and 29 and heterodimer 101 (insert
panel b).
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contained two different homodimers with the exception of
wells on the matrix diagonal (see below for further discussion
of symmetry properties of this matrix). Next, a solution of
dithiothreitol in DMSO was dispensed into each well
(0.15 equiv). Prior to scrambling, the final reaction concen-
tration was 1.0 mm in each homodimer. The plates were
individually agitated and then allowed to stand for 12 h at
ambient temperature. These conditions promoted scrambling
of the two disulfides in each well to afford the corresponding
heterodimer, a new compound as illustrated in Figure 4
wherein homodimers 6' and 8' are exchanged to afford a
heterodimer present at approximately twice the concentration
of either of the two original homodimers.


Notably, formatting the library in this manner resulted in
the formation of two symmetrical copies of the library. In
other words, this library is reflected across the diagonal (see
Figure 4) so that the products in well (6', 8') are identical to
those in well (8', 6'). While necessitating additional manipu-
lations, this duplicity simplified library construction. More
importantly, it was anticipated that screening two independ-
ently synthesized copies of the library for biological activity
would produce duplicate data whose accuracy would be
enhanced.


After the synthesis, it was necessary to determine the purity
and distribution of reaction products in the library by
analyzing 100 representative reaction wells. This task was
accomplished through direct HPLC analysis of the reaction
mixtures in these wells (see Supporting Information for
tabulated data). In summary, 95 % of the reaction wells
sampled contained �50 % of heterodimer suggesting that, in
general, the reactions proceeded smoothly and completely (as
a 50 % yield of heterodimer would be expected if the
components reached a precise equilibrium).


Antibacterial screening of psammaplin A library : Once the
library was complete, high throughput antibacterial screening
was undertaken to identify heterodimeric analogues of
psammaplin A exhibiting biological activity. This screening
posed an interesting challenge since each well contained a
mixture of three compounds in the approximate ratio of 1:2:1
[homodimer (A-SS-A):heterodimer (A-SS-B):homodimer
(B-SS-B)], and it was, therefore, expected that the total
activity of any given well would be a composite[18] of the
activities of the three compounds in the well. While we do not
generally favor mixture-based screening, in this case the
synthetic efficiency attained by synthesizing the heterodimer-
ic analogues as mixtures outweighed the necessary, but trivial,
deconvolution efforts. Indeed, such deconvolution of active
compounds from this library was quite straightforward and
fell into two scenarios. In the first, and simpler case, for a well
in which both homodimeric components were biologically
inactive, any detectable activity for that well could be
attributed to the heterodimeric product. The second case
was more complicated and occurred if one or both of the
homodimeric starting materials in a given well were to be
active (for example, when heterodimers were constructed
from psammaplin A itself). Thus, at assay concentrations
higher than the MIC (minimum inhibitory concentration)
value of the active homodimer, every well containing that


homodimer displayed activity and, consequently, no useful
information regarding the biological activity of the hetero-
dimer could be obtained. To overcome this effect, the assay
concentration needed to be incrementally lowered to a point
below which the homodimeric component(s) was no longer
active (i.e., screening concentration <MIC value of homo-
dimer). If at this lower concentration the mixture in the well
retained activity, it was assumed that the heterodimer was
worthy of further investigation. Importantly, since the heter-
odimer is present at twice the concentration of each homo-
dimer (due to degeneracy), it was anticipated that this
deconvolution through a concentration gradient would be
relatively straightforward. To assist in this process, all
homodimeric starting materials were initially screened for
antibacterial activity, and the results are presented in Table 1.
Notably, from the synthetic homodimer subset, only com-
pounds 1 (psammaplin A), 13, 16, 22, 25, and 30 (see Figure 3
for structures) exhibited significant antibacterial activity. All
of the active synthetic homodimers contained a free a-oxime
and most were also halogenated (either bromo or chloro) on
the tyrosine. Several of the commercial homodimeric building
blocks also displayed antibacterial activities as illustrated in
Table 1 including compounds 56, 65, 66, 69 and 82 (see
Figure 3 for structures). The remaining homodimers (i.e.,
compounds not listed in Table 1) were found to have no
appreciable antibacterial properties at 50 mg mLÿ1.


Experimentally, evaluation of the library was accomplished
by screening the entire, symmetrically reflected library at
three concentrations (10.0, 5.0, and 2.5 mm in heterodimer)
against two bacterial strains (SA 6538 and MRSA 700 698). To
accomplish this goal, aliquots were transferred from the
reaction plates to shallow well dilution plates containing
DMSO, retaining the original library format. These plates
were then screened for antibacterial activity. For each strain
and concentration, the wells of the plates were optically read
for turbidity and a graphical representation of the biological
activity in each plate was generated. The graphical represen-
tations for the individual plates were then assembled to form
the arrays illustrated in Figure 5 for the SA 6538 strain at the
three concentrations indicated.


Closer examination of the arrays in Figure 5 illustrates the
two types of screening scenarios described above. At the
highest concentration (10.0 mm) there was a significant
number of rows and columns in which almost every well was
active, indicating that at least one of the homodimers in that
position was active and overwhelming the activity of the other
compound(s) in those wells. As the concentration was halved
(i.e., 5.0 mm), the numbers of completely active rows dimin-
ished, and at the lowest concentration (i.e. , 2.5 mm) any
residual effect of the homodimer(s) was lost. An identical
trend was observed for screening in the MRSA 700 698 strain
(data not shown). In these arrays, white squares denote wells
with highly active compounds while black squares represent
inactive compounds. The various shades of blue denote
compounds of intermediate activity. In general, the most
active compounds were selected for further evaluation.
Active compounds were identified by visual assessment of
the arrays as shown in Figure 5. Priority was given to
compounds which exhibited activity at the lower concentra-
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tions and to compounds which were active in both the SA and
MRSA (data not shown) bacterial strains.


Using this method, a collection of heterodimeric disulfides
with presumed antibacterial activity was identified. These
compounds fell into three general categories with represen-
tative examples shown in Figure 6. Type A heterodimers were
comprised of two similar psammaplin-like components (see
structure 102). Type B heterodimers consisted of one psam-
maplin-like unit conjugated to an aryl or alkyl component (see


structure 103). Type C heterodimers bear no resemblance to
the original natural product (see structure 104). Compounds
of type A were expected to be active, particularly in cases
where both homodimeric components were biologically
active (see Table 1 for antibacterial activity of homodimers).
However, since the goal of this study was to identify
structurally simpler and more potent analogues of psamma-
plin A, it was decided that compounds of this type would not
be pursued further. Instead, efforts were focused on the


Figure 5. Biological profile of combinatorial disulfide library in Staphylococcus aureus ATCC 6538 at the indicated concentrations. See Figure 4 and text for
a description of the library format.


Table 1. Antibacterial activity (MIC mgmLÿ1) of psammaplin A (1) and other biologically active homodimeric compounds.


R1 R2 R3 R4 SA[a] SA[b] SA[c] SA[d] MRSA[e] MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k]


6538 13709 29213 25923 700 698 43300 700 787 700 788 700 789 SA MRSA


[a] Staphylococcus aureus ATCC 6538. [b] Staphylococcus aureus ATCC 13 709. [c] Staphylococcus aureus ATCC 29213. [d] Staphylococcus aureus
ATCC 25923. [e] Staphylococcus aureus ATCC 700 698, resistant to methicillin and heterogeneous susceptibility to vancomycin. [f] Staphylococcus aureus
ATCC 43300, resistant to methicillin. [g] Staphylococcus aureus ATCC 700 787, resistant to methicillin and intermediate susceptibility to vancomycin.
[h] Staphylococcus aureus ATCC 700 788, resistant to methicillin and intermediate susceptibility to vancomycin. [i] Staphylococcus aureus ATCC 700 789,
resistant to methicillin and intermediate susceptibility to vancomycin. [j] Average MIC calculated from four strains of Staphylococcus aureus (6538, 13709,
29213, and 25923). [k] Average MIC calculated from five strains of methicillin-resistant Staphylococcus aureus (700 698, 43 300, 700 787, 700 788, and
700 798).
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Figure 6. Representative examples from the three types (A ± C) of bio-
logically active heterodimers identified through library screening. See text
for a description of the three types.


equally potent compound types B and C which, owing to their
significantly lower molecular weights, might be better candi-
dates for further optimization as compared to the natural
product, psammaplin A (1).


Table 2 lists the compounds of type B identified through
this screening method. Notably, most of the compounds of this
type retained the halogenated tyrosine moiety of psammapli-
n A,with chloro- and bromo-aryl groups occurring inter-
changeably (for example, see 107 and 108). Besides the
halogenated tyrosine compounds, several phenylglycine de-
rivatives (123 ± 125) were also found to be active. After
identification, the compounds of Table 2 were individually re-
synthesized by scrambling of the two homodimeric constitu-
ents using a procedure identical to that employed for the
library construction with the exception that THF was used
instead of DMSO to simplify product isolation. The desired
heterodimer was separated from the two homodimeric start-
ing materials by preparative TLC (thin-layer chromatogra-
phy) to afford the product as a spectroscopically and
chromatographically homogenous material. It should be
noted, there was some concern as to the long-term stability
of these purified heterodimers owing to their propensity
towards slow re-equilibration to a homo/heterodimer mixture.
To minimize this potential complication, all new heterodimers
were screened immediately after purification, and subse-
quently stored at low temperature (�0 8C) as DMSO
solutions.


In order to avoid duplicity, in cases where both the bromo-
and chloro-containing compounds (for example, see 107 and
108) exhibited biological activity, only the chloro analogue
was re-synthesized for these initial rescreening studies. Given
that psammaplin A (1) and the corresponding chloro-ana-
logue (25) exhibited identical antibacterial activities (see data,
Table 1), this omission was not expected to result in a void of
structure ± activity information. Once identified and re-syn-
thesized, these compounds were assayed in a panel of


methicillin-susceptible and methicillin-resistant strains of
Staphylococcus aureus and the results are shown in Table 2.
In general, heterodimers containing aromatic or heteroaro-
matic moieties were more potent than those containing alkyl
groups as illustrated by the fact that the three most active
compounds, 105, 113, and 115, included 4-aminophenyl,
2-quinyl, and 2-furyl groups, respectively. The most potent
heterodimer, compound 105, contained a 4-aminophenyl
subunit and was approximately four-fold more active than
psammaplin A (1) as an antibacterial agent.


Interestingly, a qualitative assessment of the validity of the
library screening method could be obtained by comparing the
concentration at which a compound�s activity was visibly
detectable (i.e., Figure 5) with its average MIC values against
SA and MRSA which were determined after re-synthesis. In
general, there was a good correlation with the most potent
analogues identified at the lowest concentration level (2.5 mm)
and the least potent ones identified at the highest level
(10.0 mm), as illustrated in Figure 5.


Active compounds identified as type C are shown in
Table 3. The compounds contained an aryl sulfonamide motif
linked through the disulfide bridge to an aromatic or
heteroaromatic moiety. These compounds were usually less
potent than those of type B. Like those of the previous
category (type C), however, the MIC values obtained for
these compounds compared favorably with the concentrations
at which they were identified from screening of the initial
library. Given the structural dissimilarity between these
compounds and psammaplin A, it is currently not known
whether or not they act at the same site or through the same
mechanism as the natural product. However, the structural
simplicity of these compounds coupled with the fact that
several of them (for example sulfonamides 104 and 128) are
more potent that psammaplin A, suggests that their further
investigation is warranted. Significantly, the identification of
compounds such as 104 illustrates an important feature of this
combinatorial approach which allows for the identification of
novel, biologically active heterodimeric products formed from
inactive homodimeric components (i.e., compounds 49 and
92, see Figure 3). Indeed, it would have been highly unlikely
that such a heterodimer (i.e. , 104) could have been discovered
through a traditional SAR study.


Conclusion


In this article we have described a novel strategy for the
efficient construction of a large combinatorial library of
compounds based on the structure of psammaplin A (1), a
marine-derived antibacterial agent. The disulfide exchange
chemistry described (termed combinatorial exchange syn-
thesis) provided a matrix in which each well contained two
symmetrical disulfides and produced a third, heterodimeric,
compound; the antibacterial profile of which was determined
through direct screening. This rapid protocol for the con-
struction and screening of a combinatorial library led to the
identification of several structurally distinct psammaplin A
analogues, including compounds 104, 105, 113, 115, 123, and
128 (Table 4) all of which demonstrated higher antibacterial
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activity than the natural product. Interestingly, several of
these analogues (especially compound 105) have in vitro
antibacterial properties similar to several clinically used
antibiotics, including ciprofloxacin and vancomycin. More
importantly, these newly discovered agents demonstrate
consistent antibacterial activity, even in strains resistant to
other antibiotics. In the following paper, we describe our
efforts toward the optimization of several of these hetero-


dimeric lead compounds examining issues such as potency,
toxicity and non-specific protein binding as well as probing,
through molecular design and chemical synthesis, the mech-
anism of action of this class of antibacterial agents.[13] In
general, the simplicity, generality, and efficiency of the
described combinatorial chemistry suggests its application in
other situations. Several such extensions are currently under
consideration, including construction of other focused com-


Table 2. Type B heterodimers and corresponding MIC [mg mLÿ1] values.


SA[a] SA[b] SA[c] SA[d] MRSA[e] MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k] ID[l]


6538 13709 29213 25923 700 698 43300 700 787 700 788 700 789 SA MRSA LEVEL


See Table 1, footnotes ([a] ± [k]) for bacterial strain information. [l] ID level denotes the screening concentration at which the compound was identified as
biologically active.
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binatorial libraries based on additional natural product
scaffolds. Although rare, several other disulfide-containing
natural products have been reported. Selected examples
include the endothelin-converting enzyme inhibitor
B-90 063[20] (143, Figure 7), the alkaloid polycarpine[21] (144,
Figure 7) an antitumor agent active against human colon
cancer cells, the marine natural product citorellamine[22] (145,
Figure 7) and the antibacterial agent cortamidine oxide[23]


(146, Figure 7).
In a more general sense, the present combinatorial strategy


may also be applied to the synthesis of other discovery-
oriented (i.e., non-targeted) libraries useful in both drug
discovery and chemical biology efforts. In fact, given the
mildness and tolerance of the disulfide exchange reaction, one
could envision its application to sets of highly diverse and
structurally complex building blocks selected from the myriad
of commercially available disulfides and thiols. Arguably, this
dimerization strategy should enable the construction of more
structurally diverse discovery libraries as compared to a
conventional combinatorial strategy wherein a single central
scaffold is derivatized. Moreover, one could envision that
after identification of lead structures by this combinatorial
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Figure 7. Structures of other selected dimeric natural products linked
through a disulfide moiety.


strategy, the disulfide linkage might be excised and replaced
with other more desirable structural units during the normal
lead optimization process.


Table 3. Type C heterodimers and corresponding MIC [mg mLÿ1] values.


SA[a] SA[b] SA[c] SA[d] MRSA[e] MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k] ID[l]


6538 13709 29213 25923 700 698 43300 700 787 700 788 700 789 SA MRSA LEVEL


See Table 1, footnotes ([a] ± [k]) for bacterial strain information. [l] ID level denotes the screening concentration at which the compound was identified as
biologically active.
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Experimental Section


General : All reactions were conducted under an argon atmosphere using
anhydrous solvents, unless otherwise noted. Anhydrous THF, diethyl ether
(ether), and methylene chloride were obtained by passing them through
commercially available alumina columns. All reagents were purchased at
the highest commercial quality and used without further purification.
Reactions were monitored by thin-layer chromatography carried out on
0.25 mm E. Merck silica glass plates (60F-254) using UV light or p-
anisaldehyde solution as visualizing agents. Flash chromatography was
performed on E. Merck silica gel (60, particle size 0.0400 ± 0.063 mm).
Preparative thin-layer chromatography was conducted on 0.25 E. Merck
silica gel plates (60F-254). All solution phase combinatorial reactions were
conducted in 2 mL, 96-well Whatman Uniplates (7701 ± 5200). All reported
yields refer to chromatographically and spectroscopically (1H NMR)
homogenous materials. NMR spectra were recorded on Bruker AMX-500
or AMX-400 instruments and calibrated using residual undeuterated
solvent as an internal reference. The following abbreviations were used to
explain the multiplicities: s� singlet, d� doublet, t� triplet, q� quartet,
m�multiplet, br� broad. Mass spectra were recorded on a VG ZAB ZSE
mass spectrometer under MALDI-FTMS conditions using DHB as matrix.


Synthesis of psammaplin A (1): A solution of 3-bromotyrosine[14] (3)
(10.0 g, 1.0 equiv, 40.7 mmol) in trifluoroacetic anhydride (70 mL) was
heated to 40 8C for 12 h. The excess trifluoroacetic anhydride was then
removed under reduced pressure in order to provide trifluromethyloxazo-
lone 4. This unstable intermediate was dissolved in 70% aqueous TFA
(50 mL) and allowed to stand for 6 h during which time a white precipitate
formed. This solid was isolated by vacuum filtration and washed with cold
water (2� 15 mL) to provide a-keto acid 5 (6.34 g, 60 %) as previously
reported.[13] To a solution of a-keto acid 5 (1.0 g, 1.0 equiv, 3.86 mmol) in
ethanol (15 mL) was added O-(tetrahydro-2H-pyran-2-yl)-hydroxylamine
(903 mg, 2.0 equiv, 0.72 mmol) and the reaction mixture was stirred at 23 8C
for 12 h. The reaction mixture was then concentrated under reduced
pressure and the resulting oil (9) was dissolved in EtOAc (50 mL) and
washed with 1.0n HCl (2� 50 mL) and brine (1� 50 mL). The organic
layer was then dried over MgSO4 and concentrated to afford acid 6 which
was utilized without further purification. This crude acid 6 was dissolved in
dioxane (10 mL) and to this solution was added N-hydroxylsuccinimide


(843 mg, 1.9 equiv, 7.33 mmol) and EDC (1.29 g, 1.7 equiv, 6.56 mmol) and
the reaction was stirred at 23 8C for 2 h after which time it was concentrated
and the resulting oil dissolved in EtOAc (50 mL) and washed with
saturated NaHCO3 (2� 50 mL), 1.0 n HCl (2� 50 mL) and brine (1�
50 mL). The organic layer was then dried over MgSO4 and concentrated
to affort succinate ester 7 which was used without further purification. This
crude ester 7 was dissolved in dioxane (10 mL) and to this solution was
added a second solution of cystamine (313 mg, 0.5 equiv, 1.39 mmol) and
Et3N (0.7 mL, 2.0 equiv, 5.5 mmol) in MeOH (10 mL). The resulting
reaction mixture was stirred at 23 8C for 12 h after which point it was
concentrated and the crude amide produce was passed over a short silica
gel column (50 % EtOAc in hexanes) to remove any unacylated or
monoacylated cystamine. Without further purification, the resulting
coupling product 8 was dissolved in CH2Cl2/MeOH 20:1 (10 mL), placed
in a pressure tube, and anhydrous HCl (10 mL of a 1.0m ether solution) was
added. The solution was then heated to 60 8C for 2 h, and after cooling, was
concentrated under reduced pressure to give a crude yellow oil which was
purified by column chromatography (silica gel, 10 ! 100 % EtOAc in
hexanes) to afford psammaplin A (1) (918 mg, 36 % over four steps). Rf�
0.10 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax� 3379, 1651, 1513, 1427,
1360, 1279, 1212, 1040, 1007 cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.25
(d, J� 1.8 Hz, 2 H), 6.96 (dd, J� 8.5, 2.0 Hz, 1 H), 6.65 (d, J� 8.2 Hz, 1H),
3.68 (s, 2H), 3.40 (t, J� 6.8 Hz, 2H), 2.68 (t, J� 6.8 Hz, 2 H); 13C NMR
(100 MHz, CD3OD): d� 166.0, 153.8, 153.3, 134.6, 130.7, 130.6, 117.2, 110.6,
39.7, 38.6, 28.8; HRMS (MALDI-FTMS): calcd for C22H24Br2N4O6S2


[M�Na]�: 684.9396, found: 684.9426.


Homodimers 13 ± 36 were synthesized in an identical fashion to that
described for psammaplin A and selected physical data for representative
members is given below.


Compound 13 : Rf� 0.25 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3350, 2917, 1652, 1528, 1451, 1428, 1203, 1103, 1051 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.14 (d, J� 8.1 Hz, 4H), 7.09 (t, J� 7.9 Hz, 4H), 7.01
(t, J� 7.9 Hz, 2H), 3.80 (s, 4H), 3.38 (t, J� 6.7 Hz, 4 H), 2.66 (t, J� 6.7 Hz,
4H); 13C NMR (100 MHz, CDCl3): d� 166.1, 153.3, 138.2, 130.2, 129.5,
127.4, 39.7, 38.6, 30.2; HRMS (MALDI-FTMS): calcd for C22H26N4O4S2


[M�Na]�: 497.1288, found: 497.1284.


Compound 14 : Rf� 0.71 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3335, 2935, 1667, 1520, 1452, 1213, 1045 cmÿ1; 1H NMR (400 MHz, CDCl3):


Table 4. Antibacterial activities (MIC mgmLÿ1) of lead heterodimers identified from combinatorial library.


SA[a] SA[b] SA[c] SA[d] MRSA[e] MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k]


6538 13709 29213 25923 700 698 43300 700 787 700 788 700 789 SA MRSA


See Table 1, footnotes ([a] ± [k]) for bacterial strain information.
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d� 7.30 ± 7.22 (m, 8H), 7.17 (t, J� 6.2 Hz, 2H), 7.08 (t, J� 5.6 Hz, 2 H), 3.99
(s, 6 H), 3.91 (s, 4 H), 3.60 (q, J� 6.4 Hz, 4 H), 2.80 (t, J� 6.4 Hz, 4H);
13C NMR (100 MHz, CDCl3): d� 162.7, 151.7, 136.1, 129.2, 126.4, 126.3,
62.9, 38.2, 37.5, 29.7; HRMS (MALDI-FTMS): calcd for C24H30N4O4S2


[M�Na]�: 525.1601, found: 525.1585.


Compound 15 : Rf� 0.74 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
1666, 1519, 1020, 737, 690 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.36 ± 7.18
(m, 20H), 7.08 (m, 2 H), 5.24 (s, 4H), 3.99 (s, 4H), 3.60 (m, 4H), 2.76 (m,
4H); 13C NMR (100 MHz, CDCl3): d� 162.9, 153.2, 137.3, 136.2, 130.1,
128.5, 128.4, 128.1, 128.0, 126.4, 39.2, 38.1, 30.0; HRMS (MALDI-FTMS):
calcd for C36H38N4O4S2 [M�Na]�: 677.227, found: 677.2250.


Compound 16 : Rf� 0.05 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3307, 2920, 1660, 1508, 1438, 1221, 1018, 670 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.30 (dd, J� 8.8, 5.3 Hz, 4H), 7.16 (m, 2 H), 6.93 (t, J� 8.8 Hz,
4H), 3.93 (s, 4 H), 3.62 (q, J� 6.2 H, 4H), 2.82 (t, J� 6.2 Hz, 4H); 13C NMR
(100 MHz, CD3OD): d� 164.2, 161.8, 153.2, 134.2, 132.0, 116.1, 39.7, 38.6,
29.3; HRMS (MALDI-FTMS): calcd for C22H24F2N4O4S2 [M�Na]�:
533.1099, found: 533.1080.


Compound 17: Rf� 0.25 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3409, 2939, 1670, 1514, 1431, 1222, 1046, 914, 823, 732 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.25 (m, 4 H), 7.08 (m, 2H), 6.91 (t, J� 8.8 Hz, 4H),
3.98 (s, 6H), 3.86 (s, 4H), 3.61 (q, J� 6.5 Hz, 4 H), 2.80 (t, J� 6.4 Hz, 4H);
13C NMR (100 MHz, CDCl3): d� 162.7, 160.3, 151.6, 131.8, 130.8, 115.0,
63.0, 38.2, 37.6, 28.9; HRMS (MALDI-FTMS): calcd for C24H28F2N4O4S2


[M�Na]�: 561.1412, found: 561.1423.


Compound 18 : Rf� 0.73 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
1669, 1604, 1508, 1427, 1219, 1014, 821 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.37 ± 7.21 (m, 14H), 7.05 (t, J� 5.8 Hz, 2H), 6.90 (t, J� 8.5 Hz, 4H),
5.21 (s, 4H), 3.90 (s, 4H), 3.59 (q, J� 6.2 Hz, 4 H), 2.78 (t, J� 6.2 Hz, 4H);
13C NMR (100 MHz, CDCl3): d� 162.5, 152.1, 136.6, 131.7, 130.9, 130.8,
128.5, 128.3, 128.1, 115.2, 114.9, 38.2, 37.5, 29.2; HRMS (MALDI-FTMS):
calcd for C36H36F2N4O4S2 [M�H]�: 691.2219, found: 691.2237.


Compound 20 : Rf� 0.75 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3404, 2937, 1669, 1520, 1212, 1091, 1046, 915, 804, 730 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.23 ± 7.18 (br s, 8H), 7.07 (m, 2H), 3.98 (s, 6 H), 3.86
(s, 4 H), 3.61 (q, J� 6.4 Hz, 4H), 2.80 (t, J� 6.4 Hz, 4 H); 13C NMR
(100 MHz, CDCl3): d� 162.5, 151.3, 134.6, 132.2, 130.6, 128.5, 63.1, 38.2,
37.6, 29.1.


Compound 21: Rf� 0.74 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
1669, 1518, 1486, 1436, 1360, 1208, 1015 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.38 ± 7.33 (m, 6 H), 7.28 (d, J� 7.3 Hz, 4 H), 7.21 (m, 8 H), 7.10 (t, J�
5.9 Hz, 2 H), 5.22 (s, 4H), 3.92 (s, 4H), 3.60 (q, J� 6.2 Hz, 4 H), 2.79 (t, J�
6.2 Hz, 4H); 13C NMR (100 MHz, CDCl3): d� 162.9, 152.0, 136.5, 134.5,
132.2, 130.5, 128.7, 128.6, 128.4, 128.2, 77.6, 34.1, 33.3, 29.2; HRMS
(MALDI-FTMS): calcd for C36H36Cl2N4O4S2 [M�Na]�: 745.1447, found:
745.1478.


Compound 22 : Rf� 0.20 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3369, 2920, 1739, 1677, 1648, 1510, 1458, 1372, 1205, 1128, 1090 cmÿ1;
1H NMR (400 MHz, CD3OD): d� 6.95 (d, J� 8.5 Hz, 4H), 6.52 (d, J�
8.8 Hz, 4 H), 3.68 (s, 4 H), 3.38 (t, J� 6.8 Hz, 4H), 2.66 (t, J� 6.8 Hz, 4H);
13C NMR (100 MHz, CD3OD): d� 163.6, 156.9, 132.1, 131.3, 128.9, 116.2,
39.7, 38.6, 29.2; HRMS (MALDI-FTMS): calcd for C22H26N4O6S2


[M�Na]�: 529.1186, found: 529.1189.


Compound 23 : Rf� 0.30 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3413, 1651, 1513, 1437, 1355, 1222, 1040, 1012, 950 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.17 (t, J� 5.9 Hz, 2 H), 7.07 (br d, J� 8.2 Hz,
4H), 6.67 (br d, J� 8.5 Hz, 4H), 3.97 (s, 6H), 3.80 (s, 4 H), 3.53 (q, J�
6.2 Hz, 4H), 2.71 (t, J� 6.2 Hz, 4 H); 13C NMR (100 MHz, CDCl3): d�
163.2, 154.7, 152.1, 130.3, 127.4, 115.5, 63.0, 38.4, 37.5, 28.8; HRMS
(MALDI-FTMS): calcd for C24H30N4O6S2 [M�Na]�: 557.1499, found:
577.1502.


Compound 24 : Rf� 0.05 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3347, 1659, 1513, 1225, 1015, 732 cmÿ1; 1H NMR (400 MHz, CDCl3): d�
7.35 ± 7.28 (m, 10H), 7.17 (m, 2 H), 7.08 (d, J� 8.5 Hz, 4 H), 6.68 (d, J�
8.6 Hz, 4H), 5.21 (s, 4 H), 3.87 (s, 4H), 3.52 (m, 4H), 2.65 (m, 4 H); 13C NMR
(100 MHz, CDCl3): d� 163.2, 154.2, 153.1, 135.9, 131.2, 128.7, 128.5, 128.3,
115.3, 38.7, 37.5, 29.1; HRMS (MALDI-FTMS): calcd for C36H38N4O6S2


[M�H]�: 687.2305, found: 687.2293.


Compound 25 : Rf� 0.11 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3409, 1655, 1512, 1427, 1287, 1215, 1013, 950 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.10 (d, J� 1.8 Hz, 2 H), 6.93 (dd, J� 8.2, 2.0 Hz, 2 H), 6.67 (d,
J� 8.2 Hz, 2 H), 3.69 (s, 4H), 3.42 (t, J� 7.0 Hz, 4H), 2.69 (t, J� 6.8 Hz,
4H); 13C NMR (100 MHz, CD3OD): d� 166.0, 153.2, 152.7, 131.6, 130.4,
129.8, 121.4, 117.5, 102.6, 39.7, 38.6, 28.9; HRMS (MALDI-FTMS): calcd for
C22H24Cl2N4O6S2 [M�Na]�: 597.0406, found: 597.0406.


Compound 26 : Rf� 0.14 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3388, 2938, 2360, 1660, 1525, 1427, 1047, 909, 732 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 7.21 (d, J� 2.0 Hz, 2H), 7.12 (t, J� 5.8 Hz, 2 H), 7.05 (dd, J�
8.2, 1.8 Hz, 2H), 6.83 (d, J� 8.5 Hz, 2H), 6.19 (br s, 2H), 3.99 (s, 6H), 3.79
(s, 4 H), 3.59 (q, J� 6.2 Hz, 4H), 2.78 (t, J� 6.5 Hz 4 H); 13C NMR
(100 MHz, CDCl3): d� 162.7, 151.4, 150.2, 129.7, 129.2, 129.0, 119.8, 116.2,
63.1, 38.3, 37.5, 28.6; HRMS (MALDI-FTMS): calcd for C24H28Cl2N4O6S2


[M�H]�: 603.0900, found: 603.0892.


Compound 27: Rf� 0.03 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3384, 1660, 1502, 1437, 1365, 1287, 1208, 1012 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 7.35 ± 7.30 (m, 10H), 7.23 (m, 2 H), 7.07 ± 7.05 (m, 4 H), 6.83 (dd,
J� 8.2, 3.2 Hz, 2H), 5.21 (d, J� 2.9 Hz, 2 H), 3.82 (br s, 4 H), 3.58 (m, 4H),
2.75 (m, 4 H); 13C NMR (100 MHz, CDCl3): d� 162.6, 151.9, 150.1, 136.5,
129.8, 129.4, 129.1, 128.6, 128.3, 128.2, 119.7, 126.1, 38.3, 37.4, 28.8; HRMS
(MALDI-FTMS): calcd for C36H36Cl2N4O6S2 [M�Na]�: 777.1345, found:
777.1349.


Compound 28 : Rf� 0.05 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3381, 1659, 1527, 1424, 1215, 1045, 910, 731, 671 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 7.37 (d, J� 2.0 Hz, 2 H), 7.12 (dd, J� 8.2, 2.0 Hz, 2 H), 7.10 (t,
J� 7.64 Hz, 2 H), 6.86 (d, J� 8.2 Hz, 2 H), 4.00 (s, 6H), 3.80 (s, 4H), 3.60 (q,
J� 6.2 Hz, 4 H), 2.79 (t, J� 6.4 Hz, 4 H); 13C NMR (100 MHz, CDCl3): d�
162.6, 151.4, 150.9, 132.6, 130.1, 129.6, 115.9, 109.9, 63.1, 38.3, 37.6, 28.5;
HRMS (MALDI-FTMS): calcd for C24H28Br2N4O6S2 [M�Na]�: 712.9709,
found: 712.9687.


Compound 29 : Rf� 0.13 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3375, 2360, 1660, 1526, 1423, 1016 cmÿ1; 1H NMR (400 MHz, CDCl3): d�
7.39 ± 7.30 (m, 8H), 7.14 (t, J� 5.8 Hz, 2H), 7.09 (dd, J� 8.2, 1.8 Hz, 2H),
6.82 (d, J� 8.0 Hz, 2H), 5.22 (s, 4H), 3.83 (s, 4H), 3.58 (q, J� 6.5 Hz, 4H),
2.74 (t, J� 6.2 Hz, 4 H); 13C NMR (100 MHz, CDCl3): d� 162.7, 152.0,
151.5, 136.5, 132.9, 130.1, 129.7, 128.6, 128.3, 128.1, 116.8, 110.6, 38.6, 37.6,
28.5; HRMS (MALDI-FTMS): calcd for C36H36Br2N4O6S2 [M�Na]�:
865.0335, found: 865.0327.


Compound 30 : Rf� 0.20 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3397, 1734, 1639, 1458, 1381, 1229 cmÿ1; 1H NMR (400 MHz, CD3OD): d�
7.28 (s, 4H), 3.68 (s, 4H), 3.42 (t, J� 6.8 Hz, 2 H), 2.70 (q, J� 6.7 Hz, 2H);
13C NMR (100 MHz, CD3OD): d� 165.8, 152.7, 150.8, 134.1, 132.4, 112.1,
39.8, 38.7, 28.6; HRMS (MALDI-FTMS): calcd for C22H22Br4N4O6S2


[M�Na]�: 840.7606, found: 840.7606.


Compound 31: Rf� 0.21 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3394, 1665, 1526, 1474, 1046, 910, 734 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.35 (s, 4H), 7.09 (t, J� 5.8 Hz, 2 H), 3.99 (s, 6 H), 3.76 (s, 4 H), 3.61 (q,
J� 6.2 Hz, 4 H), 2.81 (t, J� 6.4 Hz, 4 H); 13C NMR (100 MHz, CDCl3): d�
162.4, 150.8, 148.1, 132.7, 130.6, 109.7, 63.2, 38.3, 37.5, 28.2; HRMS
(MALDI-FTMS): calcd for C24H26Br4N4O6S2 [M�Na]�: 868.7919, found:
868.7882.


Compound 32 : Rf� 0.24 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3387, 2358, 1665, 1524, 1474, 1016 cmÿ1; 1H NMR (400 MHz, CDCl3): d�
7.38 ± 7.28 (m, 7H), 7.07 (t, J� 5.8 Hz, 2H), 5.90 (br s, 2H), 5.21 (s, 4H), 3.80
(s, 4 H), 3.61 (q, J� 6.2 Hz, 4H), 2.79 (t, J� 6.2 Hz, 4 H); 13C NMR
(100 MHz, CDCl3): d� 162.3, 151.3, 148.0, 136.3, 132.8, 130.6, 128.7, 128.5,
128.4, 128.3, 128.2, 109.6, 77.6, 38.3, 37.5, 28.4; HRMS (MALDI-FTMS):
calcd for C36H34Br4N4O6S2 [M�Na]�: 1020.8545, found: 1020.8589.


Compound 34 : Rf� 0.34 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3277, 2936, 1652, 1530, 1443, 1257, 1051, 911, 731, 691, 648 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.61 ± 7.58 (m, 4H), 7.39 ± 7.33 (m, 6 H), 3.97 (s, 6H),
6.75 (m, 2H), 3.70 (q, J� 6.2 Hz, 4 H), 2.88 (t, J� 6.4 Hz, 4 H); 13C NMR
(100 MHz, CDCl3): d� 163.4, 152.5, 131.2, 130.1, 128.6, 126.7, 62.8, 38.2,
37.3; HRMS (MALDI-FTMS): calcd for C22H26N4O4S2 [M�Na]�: 497.1288,
found: 497.1283.


Compound 35 : Rf� 0.40 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3283, 1653, 1525, 1443, 1360, 1231, 1016 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.61 (d, J� 6.4 Hz, 4H), 7.38 ± 7.28 (m, 20 H), 6.64 (t, J� 5.9 Hz, 2H),
5.21 (s, 4H), 3.66 (m, 4H), 2.78 (t, J� 6.4 Hz, 4H); 13C NMR (100 MHz,
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CDCl3): d� 163.4, 152.9, 137.1, 130.1, 129.6, 128.6, 128.5, 128.3, 128.1, 77.6,
38.1, 37.2; HRMS (MALDI-FTMS): calcd for C34H34N4O4S2 [M�Na]�:
649.1914, found: 649.1907.


Compound 36 : Rf� 0.45 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3338, 1659, 1514, 1444, 1227, 1046, 731 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.10 (m, 2H), 6.85 (br s, 2H), 6.78 (br s, 4 H), 5.53 (s, 2H), 3.99 (s, 6H),
3.84 (s, 6H), 3.82 (s, 4H), 3.69 (q, J� 6.2 Hz, 4 H), 2.80 (t, J� 6.5 Hz, 4H);
13C NMR (100 MHz, CDCl3): d� 162.8, 151.2, 145.1, 144.2, 127.8, 122.0,
114.2, 112.0, 62.9, 55.8, 38.2, 37.6, 29.3; HRMS (MALDI-FTMS): calcd for
C26H34N4O8S2 [M�H]�: 595.1891, found: 595.1905.


Synthesis of di-amino psammaplin A analogues 11 and 12 : Di-tert-butyl-
dicarbonate (974 mg, 1.1 equiv, 4.47 mmol) was added to a solution of
3-bromotyrosine (1.0 g, 1.0 equiv, 4.06 mmol) and NaHCO3 (1.71 g,
5.0 equiv, 20.3 mmol) in THF/H2O 1:1 (10 mL). The reaction mixture was
stirred at 23 8C for 12 h, and the THF was then removed under reduced
pressure. To the residual reaction contents was added EtOAc (20 mL) and
the solution was then acidified to pH 4.5 using 1.0n HCl. The organic layer
was washed with brine (1� 20 mL), dried over MgSO4, and concentrated to
afford N-Boc-3-bromotyrosine (9) which was utilized without further
purification. This product was added dissolved in dioxane (15 mL) and N-
hydroxysuccinimide (887, 1.9 equiv, 7.71 mmol) and EDC (1.49 g, 1.7 equiv,
7.60 mmol) were added. The reaction mixture was then stirred at 23 8C for
2 h after which time it was concentrated under reduced pressure and the
resulting oil was taken up into EtOAc (50 mL). This solution was washed
with 0.5n HCl (1� 50 mL), saturated NaHCO3 (2� 50 mL), and brine (1�
50 mL) before being dried over MgSO4 and concentrated to provide
succinamate ester 10 which was utilized without further purification. This
activated ester was immediately dissolved in dioxane (10 mL) and to this
solution was added a second solution of cystamine (502 mg, 0.5 equiv,
2.23 mmol) and Et3N (1.25 mL, 2.0 equiv, 8.92 mmol) in MeOH (10 mL).
The resulting reaction mixture was stirred at 23 8C for 12 h and then
concentrated and purified by flash chromatography (silica gel, 25 % EtOAc
in hexanes) to afford di-N-Boc-amino-psammaplin A (11) (1.55 g, 46%
over three steps). Rf� 0.44 (silica gel, EtOAc/hexanes 1:1); IR (film):
nÄmax� 3309, 1655, 1366, 1249, 1165, 1045, 909, 733 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.32 (m, 1 H), 7.01 (m, 1 H), 6.85 (d, J� 7.6 Hz,
1H), 5.77 (m, 1H), 4.45 (m, 1 H), 3.46 ± 3.39 (m, 2H), 2.91 (br s, 2 H), 2.70 ±
2.45 (m, 2H); 13C NMR (100 MHz, CD3OD): d� 172.2, 155.9, 151.7, 133.2,
129.8, 116.2, 110.0, 80.3, 60.4, 55.9; HRMS (MALDI-FTMS): calcd for
C32H44Br2N4O8S2 [M�Na]�: 857.0859, found: 857.0881.


A portion of compound 11 (700 mg, 1.0 equiv, 0.84 mmol) was dissolved in
CH2Cl2 (25 mL). TFA (5.0 mL) was then added and the reaction mixture
was stirred at 23 8C for 2 h before being concentrated under reduced
pressure to afford a crude yellow oil which was purified by flash
chromatography (silica gel, 10 ! 100 % EtOAc in hexanes) to provide
di-amino-psammaplin A 12 (505 mg, 95 %). Rf� 0.12 (silica gel, EtOAc/
hexanes 1:1); IR (film): nÄmax� 3393, 1642, 1236, 1045 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.11 (d, J� 2.0 Hz, 1H), 6.80 (dd, J� 8.2 Hz, 1H),
6.61 (d, J� 8.2 Hz, 1H), 3.73 (t, J� 7.0 Hz, 1 H), 3.30 (m, 1H), 3.12 (m, 1H),
2.75 (m, 2 H); 13C NMR (100 MHz, CD3OD): d� 172.2, 157.6, 137.6, 133.3,
130.4, 120.1, 113.7, 58.3, 42.0, 40.3, 39.9, 30.2; HRMS (MALDI-FTMS):
calcd for C22H28Br2N4O4S2 [M�Na]�: 656.9811, found: 656.9804. Homo-
dimers 38 ± 48 were synthesized in an identical fashion to that described for
compounds 11 and 12 and selected physical data for representative
members is given below.


Compound 38 : Rf� 0.43 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
2945, 1670, 1480, 1199, 1137 cmÿ1; 1H NMR (600 MHz, CD3OD): d� 5.76 ±
5.69 (m, 10H), 2.48 ± 2.39 (m, 4 H), 1.93 (m, 2 H), 1.80 (m, 2 H), 1.57 (m,
2H), 1.51 (m, 2H), 1.10 ± 1.06 (m, 4 H); 13C NMR (100 MHz, CD3OD): d�
169.7, 135.6, 130.5, 130.1, 128.8, 55.8, 39.5, 38.7, 37.8; HRMS (MALDI-
FTMS): calcd for C22H30N4O2S2 [M�H]�: 447.1883, found: 447.1899.


Compound 39 : Rf� 0.45 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3299, 2975, 1657, 1528, 1366, 1247, 1169, 733 cmÿ1; 1H NMR (600 MHz,
CDCl3): d� 7.24 ± 7.20 (m, 10H), 7.00 (br s, 2H), 5.60 (br s, 2 H), 4.49 (m,
2H), 3.68 (m, 2H), 3.02 (m, 4 H), 2.63 (m, 2H), 2.53 (m, 2H), 1.37 (s, 18H);
13C NMR (150 MHz, CDCl3): d� 172.1, 155.6, 136.8, 129.4, 128.4, 126.7,
79.9, 55.8, 38.9, 38.1, 37.6, 28.3; HRMS (MALDI-FTMS): calcd for
C32H46N4O6S2 [M�Na]�: 669.2751, found: 669.2769.


Compound 42 : Rf� 0.05 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3412, 2360, 1675, 1201, 1143, 1018, 952 cmÿ1; 1H NMR (400 MHz, CD3OD):


d� 6.89 (q, J� 10.2 Hz, 8 H), 3.61 (t, J� 7.3 Hz, 2 H), 2.97 ± 2.88 (m, 4H),
2.69 ± 2.64 (m, 4 H), 2.18 ± 2.14 (m, 4 H); 13C NMR (100 MHz, CD3OD): d�
169.7, 137.1, 132.5, 131.9, 124.9, 55.6, 39.6, 38.1, 37.9; HRMS (MALDI-
FTMS): calcd for C22H32N6O2S2 [M�H]�: 477.2101, found: 477.2101.


Compound 44 : Rf� 0.15 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
2930, 2354, 1667, 1518, 1349, 1197, 1136 cmÿ1; 1H NMR (600 MHz,
CD3OD): d� 6.64 (d, J� 8.8 Hz, 4H), 5.95 (d, J� 8.8 Hz, 4H), 2.58 (t,
J� 7.0 Hz, 2H), 1.95 (m, 2 H), 1.82 (m, 2H), 1.74 ± 1.65 (m, 4H), 1.11 (m,
4H); 13C NMR (100 MHz, CD3OD): d� 169.2, 148.9, 143.4, 131.8, 124.9,
55.1, 39.3, 38.1, 37.7.


Compound 45 : Rf� 0.18 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3312, 1679, 1652, 1519, 1347, 1166, 910, 733 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 8.10 (d, J� 8.5 Hz, 4 H), 7.40 (d, J� 8.2 Hz, 4H), 5.79 (d, J�
8.2 Hz, 2 H), 3.54 ± 3.38 (m, 4 H), 3.17 (dd, J� 13.5, 6.5 Hz, 2H), 3.08 (dd,
J� 13.5, 8.2 Hz, 2H), 2.72 ± 2.69 (m, 1H), 2.59 ± 2.56 (m, 1 H), 1.35 (s, 9H);
13C NMR (100 MHz, CDCl3): d� 171.8, 155.8, 146.9, 144.8, 130.3, 123.5,
80.3, 55.2, 38.7, 38.2, 37.7, 28.3; HRMS (MALDI-FTMS): calcd for
C32H44N6O10S2 [M�Na]�: 759.2452, found: 759.2451.


Compound 47: Rf� 0.11 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
2970, 2408, 1667, 1475, 1198, 837, 800, 722 cmÿ1; 1H NMR (600 MHz,
CD3OD): d� 3.63 ± 3.61 (m, 4H), 3.47 (m, 2 H), 2.84 (m, 4 H), 2.15 (m, 2H),
1.02 (t, J� 6.1 Hz, 12 H); 13C NMR (150 MHz, CD3OD): d� 169.7, 59.8,
39.7, 38.2, 31.7, 19.0, 18.0.


Synthesis of the combinatorial library (Figure 5): Prior to synthesis, eighty-
eight 2 mL, 96-well plates were positioned in an 8� 11 array. To each well
was added 334 mL of a DMSO/buffer 3:1 (pH 8.3) solution. Subsequently,
8 mL of a 50 mm stock solution of each homodimer was added to every well
in the row and column designated for that compound (see Figure 4 for
further clarification). Once all homodimers were dispensed, 50 mL of a
2.4 mm solution of dithiothrietol was added to every well. The plates were
individually agitated and then allowed to stand at 23 8C for 12 h. Once the
synthesis was complete, the products from 100 representative wells were
sampled and analyzed by HPLC for overall purity and product distribution.
See Supporting Information for further details and tabulated data.


Antibacterial screening of combinatorial library : Initially, three series of
dilution plates were prepared from the original synthesis plates at
concentrations of 1000 mm, 500 mm, and 250 mm in DMSO. The library was
then screened from these three sets of dilution plates in SA 6538 (grown in
Tryhcase Soy Broth, BBL 11 043) and MRSA 700 698 (grown in Brain
Heart Infusion broth, DIFCO 237 400). In each strain and for each
concentration, the compounds were transferred to 96-well plates contain-
ing inoculated broth so as to give final compound concentrations of 10.0 mm,
5.0mm, and 2.5mm. After addition of the compounds, the plates were
incubated at 37 8C for 24 h and then read for turbidity at 600 nm using a
Molecular Devices Spectra MAX instrument. Graphical representations of
this data were then generated and assembled as shown in Figure 5.


Re-synthesis of biologically active heterodimers : Heterodimers identified
as active through screening of the combinatorial were re-synthesized and
purified. These compounds were synthesized in an identical fashion to the
combinatorial reactions with the exception that THF was substituted for
DMSO to facilitate work up procedures. All compounds were purified by
preparative thin-layer chromatography and spectroscopically character-
ized. Selected physical data for representative members is given below.


Compound 103 : Rf� 0.54 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3401, 1661, 1514, 1430, 1290, 1223, 1019, 826, 707 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.44 (br s, 1H), 7.31 (d, J� 5.4 Hz, 2H), 7.14 (dd, J� 6.5,
1.3 Hz, 1 H), 6.83 (d, J� 6.7 Hz, 1H), 6.70 (d, J� 5.2 Hz, 2H), 3.86 (s, 2H),
3.63 (t, J� 5.3 Hz, 2 H), 2.88 (t, J� 5.2 Hz, 2 H); 13C NMR (125 MHz,
CD3OD): d� 165.8, 153.7, 143.9, 142.2, 134.2, 126.6, 119.3, 117.0, 110.1, 40.9,
38.6, 28.5; HRMS (MALDI-FTMS): calcd for C17H18BrN3O3S2 [M]�:
454.9967, found: 454.9967.


Compound 104 : Rf� 0.52 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3318, 1443, 1325, 1155, 1090, 820, 667 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 8.93 (m, 1 H), 8.18 (d, J� 8.2 Hz, 1H), 8.07 (d, J� 7.4 Hz, 1H), 7.68 (m,
3H), 7.57 (t, J� 7.3 Hz, 1H), 7.47 (m, 1H), 7.22 (d, J� 7.36 Hz, 2 H), 5.10 (t,
J� 5.6 Hz, 1 H), 3.32 (q, J� 6.2 Hz, 2 H), 2.80 (t, J� 5.8 Hz, 2H), 2.39 (s,
3H); 13C NMR (100 MHz, CDCl3): d� 149.6, 136.8, 136.4, 129.7, 126.9,
126.8, 125.8, 125.3, 121.9, 41.9, 37.0, 21.5; HRMS (MALDI-FTMS): calcd
for C18H18N2O2S3 [M�H]�: 391.0603, found: 391.0596.
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Compound 105 : Rf� 0.18 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3410, 1671, 1524, 1433, 1290, 1225, 1020, 831, 707 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.21 (d, J� 8.5 Hz, 2 H), 7.11 (d, J� 2.0 Hz, 1 H), 6.94 (dd, J�
8.2, 2.0 Hz, 1H), 6.68 (d, J� 8.2 Hz, 1 H), 6.54 (d, J� 8.5 Hz, 2H), 3.69 (s,
2H), 3.46 (t, J� 6.8 Hz, 2H), 2.71 (d, J� 7.3 Hz, 2H); 13C NMR (125 MHz,
CD3OD): d� 163.5, 152.1, 151.6, 150.4, 134.7, 130.2, 128.8, 116.7, 114.6,
109.0, 108.1, 38.4, 36.5, 28.1; HRMS (MALDI-FTMS): calcd for
C17H18ClN3O3S2 [M]�: 411.0473, found: 411.0469.


Compound 106 : Rf� 0.15 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3381, 1654, 1591, 1503, 1431, 1360, 1196, 670 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.43 (d, J� 8.5 Hz, 2 H), 7.29 (d, J� 2.0 Hz, 1 H), 7.13 (dd, J�
8.2, 2.0 Hz, 1H), 6.88 (d, J� 8.2 Hz, 1 H), 6.79 (m, 1H), 6.68 (d, J� 8.8 Hz,
2H), 3.82 (s, 2H), 3.64 (d, J� 6.2 Hz, 2H), 2.97 (s, 6 H), 2.85 (t, J� 6.2 Hz,
2H); 13C NMR (125 MHz, CDCl3): d� 133.7, 129.6, 129.5, 129.3, 116.0,
113.5, 40.58, 37.47, 37.35, 28.0; HRMS (MALDI-FTMS): calcd for
C19H22ClN3O3S2 [M�H]�: 440.0864, found: 440.0854.


Compound 107: Rf� 0.16 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3381, 1656, 1531, 1426, 1209, 1015, 907, 804, 730 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 8.30 (s, 1H), 7.41 (d, J� 8.2 Hz, 2 H), 7.30 (d, J� 1.7 Hz, 1H),
7.13 ± 7.10 (m, 4H), 7.03 (m, 1 H), 6.88 (d, J� 8.5 Hz, 1H), 5.57 (s, 1 H), 3.86
(s, 2 H), 3.61 (q, J� 6.2 Hz, 2H), 2.82 (t, J� 6.2 Hz, 2H), 2.32 (s, 3H);
13C NMR (100 MHz, CDCl3): d� 162.9, 152.9, 149.9, 137.6, 133.2, 129.9,
129.7, 129.5, 129.2, 128.9, 116.1, 37.7, 37.4, 28.1, 21.0; HRMS (MALDI-
FTMS): calcd for C18H19ClN2O3S2 [M�H]�: 411.0598, found: 411.0592.


Compound 109 : Rf� 0.17 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3381, 1654, 1532, 1429, 1208, 1017, 737, 685 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 8.34 (s, 1H), 7.51 (dm, J� 8.5 Hz, 2 H), 7.32 ± 7.28 (m, 3H), 7.24
(tm, J� 9.2 Hz, 1H), 7.14 (dm, J� 7.3 Hz, 1H), 7.20 (m, 1H), 6.87 (dd, J�
8.2, 0.88 Hz, 1H), 3.86 (s, 2 H), 3.61 (q, J� 6.2 Hz, 2H), 2.84 (t, J� 5.6 Hz,
2H); 13C NMR (100 MHz, CDCl3): d� 162.9, 152.9, 149.9, 136.7, 129.7,
129.5, 129.2, 129.1, 127.9, 127.2, 119.6, 116.1, 37.7, 37.5, 28.1; HRMS
(MALDI-FTMS): calcd for C17H17ClN2O3S2 [M�H]�: 397.0442, found:
397.0436.


Compound 110 : Rf� 0.13 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3384, 1657, 1512, 1338, 1208, 907, 847, 733 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 8.15 (d, J� 4.7 Hz, 2 H), 7.62 (d, J� 6.8 Hz, 2H), 7.29 (d, J�
2.1 Hz, 1H), 7.14 (dd, J� 8.2, 2.1 Hz, 2H), 6.96 (m, 1H), 6.87 (d, J� 8.2 Hz,
1H), 5.57 (br s, 1 H), 3.85 (s, 2H), 3.59 (q, J� 6.2 Hz, 2 H), 2.90 (t, J�
6.4 Hz, 2 H); 13C NMR (100 MHz, CDCl3): d� 163.5, 152.9, 150.0, 129.7,
129.5, 129.1, 128.0, 126.1, 124.1, 119.6, 116.1, 38.0, 37.7, 28.0, 14.2; MS (ESI):
calcd for C17H16ClN3O5S2 [M�H]�: 442, found: 442.


Compound 112 : Rf� 0.45 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3349, 1595, 1489, 1429, 1294, 1218, 1021, 825 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 9.12 (s, 1 H), 8.32 (dd, J� 8.8, 2.6 Hz, 1 H), 7.81 (d, J� 9.1 Hz,
1H), 7.09 (d, J� 2.0 Hz, 1 H), 6.93 (dd, J� 8.5, 2.0 Hz, 1 H), 6.65 (d, J�
8.2 Hz, 1 H), 3.69 (s, 2 H), 3.45 (t, J� 6.4 Hz, 2H), 2.92 (t, J� 6.2 Hz, 2H);
13C NMR (100 MHz, CD3OD): d� 169.2, 164.1, 153.3, 152.8, 146.2, 144.0,
133.3, 131.5, 130.3, 129.8, 121.1, 117.5, 39.5, 39.2, 28.9; HRMS (MALDI-
FTMS): calcd for C16H15ClN4O5S2 [M�H]�: 443.0245, found: 443.0246.


Compound 113 : Rf� 0.10 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3356, 1656, 1495, 1040, 729 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 8.89 (d,
J� 4.4 Hz, 1 H), 8.17 (d, J� 8.2 Hz, 1 H), 8.10 (d, J� 7.3 Hz, 1H), 7.64 (d,
J� 8.2 Hz, 1 H), 7.54 (dd, J� 7.6 Hz, 1 H), 7.46 (dd, J� 8.5, 4.4 Hz, 1H), 7.29
(d, J� 1.7 Hz, 1 H), 7.16 (m, 1H), 7.12 (dd, J� 8.5, 1.7 Hz, 1H), 6.86 (q, J�
8.2 Hz, 1 H), 3.83 (s, 2 H), 3.61 (q, J� 6.2 Hz, 2 H); 13C NMR (100 MHz,
CDCl3): d� 164.1, 153.2, 150.0, 149.5, 136.7, 136.2, 129.7, 129.3, 129.4, 128.7,
128.5, 126.8, 125.6, 125.3, 121.8, 119.7, 116.1, 38.1, 36.7, 28.1; HRMS
(MALDI-FTMS): calcd for C16H18ClN3O3S2 [M�H]�: 448.0551, found:
448.0542.


Compound 114 : Rf� 0.50 (silica gel, EtOAc/hexanes 1:1); 1H NMR
(400 MHz, CDCl3): d� 9.03 (m, 1H), 8.28 (dd, J� 6.4, 1.2 Hz, 1 H), 8.21
(dd, J� 5.8, 0.8 Hz, 1H), 8.02 (br s, 1H), 7.75 (d, J� 5.8 Hz, 1 H), 7.65 (d,
J� 6.2 Hz, 1H), 7.57 ± 7.54 (m, 1H), 7.51 (s, 2H), 3.89 (s, 2H), 3.74 (q, J�
5.0 Hz, 2H), 3.00 (t, J� 4.9 Hz, 2 H); 13C NMR (100 MHz, CDCl3): d�
163.2, 151.3, 149.6, 149.0, 141.6, 136.6, 136.5, 132.3, 131.1, 128.1, 128.0, 127.0,
126.9, 125.8, 125.3, 123.9, 123.5, 122.3, 111.7, 38.1, 36.4, 27.5.


Compound 115 : Rf� 0.43 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3383, 1658, 1531, 1428, 1219, 1017, 732 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.31 (br s, 1H), 7.26 (br s, 1H), 7.16 (dd, J� 8.5, 1.5 Hz, 1 H), 7.01 (m,
1H), 6.89 (d, J� 8.5 Hz, 1 H), 6.40 (br s, 1H), 3.87 (s, 2 H), 3.68 (q, J�


6.2 Hz, 1H), 2.84 (t, J� 5.8 Hz, 1H), 2.36 (s, 3 H); 13C NMR (100 MHz,
CDCl3): d� 164.2, 153.1, 148.1, 141.0, 129.7, 129.5, 129.2, 116.0, 114.3, 37.7,
37.4, 28.1, 11.9; HRMS (MALDI-FTMS): calcd for C16H17ClN2O4S2


[M�H]�: 401.0391, found: 401.0376.


Compound 117: Rf� 0.18 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3383, 1664, 1513, 1429, 1290, 1222, 1020, 951, 706 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.11 (d, J� 2.0 Hz, 1H), 6.95 (dd, J� 7.0, 2.1 Hz, 1 H), 6.69 (d,
J� 8.2 Hz, 1H), 3.71 (s, 2 H), 3.46 (t, J� 6.8 Hz, 2H), 2.83 ± 2.71 (m, 6H);
13C NMR (100 MHz, CD3OD): d� 166.1, 153.3, 153.2, 131.5, 130.4, 129.9,
121.4, 119.8, 117.5, 39.6, 38.8, 34.4, 28.9, 18.2; HRMS (MALDI-FTMS):
calcd for C14H16ClN3O3S2 [M�H]�: 396.0214, found: 396.0205.


Compound 118 : Rf� 0.30 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3415, 2916, 1661, 1513, 1433, 1319, 1226, 1152, 1023, 951, 706 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.65 (dd, J� 4.4, 0.6 Hz, 1 H), 7.51 (dd, J� 3.5,
1.2 Hz, 1 H), 7.11 (d, J� 2.3 Hz, 1H), 7.03 (dd, J� 4.4, 3.8 Hz, 1H), 6.95 (dd,
J� 8.2, 2.0 Hz, 1H), 6.68 (d, J� 8.5 Hz, 1 H), 3.71 (s, 2H), 3.42 (t, J�
6.7 Hz, 2H), 3.15 (t, J� 6.4 Hz, 2H), 2.67 (m, 4 H); 13C NMR (100 MHz,
CD3OD): d� 166.0, 154.8, 153.1, 146.1, 133.3, 133.2, 131.6, 129.9, 128.7,
120.3, 117.5, 105.5, 43.4, 39.7, 38.9, 30.1; HRMS (MALDI-FTMS): calcd for
C17H20ClN3O5S4 [M�Na]�: 531.9866, found: 531.9871.


Compound 119 : Rf� 0.22 (silica gel, EtOAc/hexanes 1:1); 1H NMR
(400 MHz, CD3OD): d� 7.11 (d, J� 2.0 Hz, 1H), 6.94 (dd, J� 7.0, 2.3 Hz,
1H), 6.68 (d, J� 8.2 Hz, 1 H), 4.10 (q, J� 7.0 Hz, 2 H), 3.70 (m, 3 H), 3.46
(td, J� 7.1, 2.1 Hz, 2 H), 3.00 (dd, J� 7.2, 5.3 Hz, 1 H), 2.86 (dd, J� 7.0,
7.0 Hz, 1 H), 2.76 (t, J� 6.7 Hz, 2 H); HRMS (MALDI-FTMS): calcd for
C16H22ClN3O5S2 [M�H]�: 436.0762, found: 436.0774.


Compound 121: 1H NMR (400 MHz, CD3OD): d� 7.64 (d, J� 8.2 Hz, 1H),
7.26 (d, J� 7.9 Hz, 1H), 7.11 (d, J� 1.7 Hz, 1 H), 6.94 (dd, J� 8.5, 2.1 Hz,
1H), 6.68 (d, J� 8.5 Hz, 1H), 3.70 (s, 3 H), 3.39 (t, J� 7.0 Hz, 1H), 3.30 (t,
J� 7.0 Hz, 2H), 3.05 (t, J� 7.0 Hz, 1H), 2.66 ± 2.58 (m, 2 H), 2.50 (t, J�
7.0 Hz, 2H).


Compound 122 : Rf� 0.23 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3384, 2919, 1660, 1502, 1431, 1321, 1152, 1020 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.69 (d, J� 7.0 Hz, 2H), 7.11 (d, J� 2.0 Hz, 1 H), 6.96 ± 6.93
(m, 3H), 6.68 (d, J� 8.2 Hz, 1 H), 3.75 (s, 3 H), 3.70 (s, 2 H), 3.40 (t, J�
6.5 Hz, 2 H), 3.04 (t, J� 6.5 Hz, 2H), 2.66 ± 2.59 (m, 4 H); 13C NMR
(100 MHz, CD3OD): d� 166.0, 164.6, 153.2, 152.8, 133.4, 131.5, 130.4, 130.3,
129.8, 121.4, 117.5, 115.5, 56.3, 43.1, 39.8, 39.0, 38.4, 28.9; MS (EIS): calcd for
C20H24ClN3O6S3 [M�Na]�: 556, found: 556.


Compound 123 : Rf� 0.26 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3283, 1660, 1514, 1336, 1015, 848, 739, 692 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 8.15 (d, J� 9.1 Hz, 2H), 7.61 (d, J� 9.1 Hz, 4H), 7.42 ± 7.32 (m,
8H), 5.25 (s, 2 H), 3.71 (q, J� 6.2 Hz, 2H), 2.92 (t, J� 6.4 Hz, 2H);
13C NMR (100 MHz, [D6]DMSO): d� 163.6, 161.0, 159.0, 152.1, 151.5,
132.2, 131.4, 130.2, 128.7, 125.6, 119.4, 116.7, 116.4, 116.2, 40.4, 38.8, 37.3,
28.1; HRMS (MALDI-FTMS): calcd for C23H21N3O4S2 [M�Na]�: 490.0866,
found: 490.0866.


Compound 124 : Rf� 0.23 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3400, 1657, 1534, 1465, 1441, 1254, 1013, 811, 693 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 7.61 ± 7.59 (m, 2H), 7.41 ± 7.33 (m, 12 H), 5.23 (s, 2H), 3.70 (q,
J� 7.7 Hz, 2H), 2.86 (t, J� 7.7 Hz, 2H); 13C NMR (100 MHz, CDCl3): d�
163.1, 152.8, 132.2, 131.1, 130.2, 129.4, 128.6, 128.5, 128.4, 128.1, 126.8, 37.6,
37.5; HRMS (MALDI-FTMS): calcd for C23H21BrN2O2S2 [M�H]�:
501.0301, found: 501.0287.


Compound 125 : Rf� 0.63 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
2932, 1665, 1541, 1409, 1276, 1005, 911, 736, 693 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 8.42 (m, 1 H), 7.90 (s, 2H), 7.63 (dd, J� 7.6, 1.2 Hz, 2 H), 7.39 ±
7.32 (m, 6 H), 7.29 ± 7.22 (m, 2 H), 5.23 (s, 2H), 3.76 (q, J� 5.5 Hz, 2 H), 3.66
(t, J� 6.4 Hz, 2 H), 3.09 (dd, J� 5.8, 4.1 Hz, 2 H), 1.74 (q, J� 6.7 Hz, 2H),
1.01 (t, J� 7.3 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d� 163.1, 153.7,
151.2, 144.6, 137.4, 131.1, 130.1, 129.6, 128.6, 128.3, 128.2, 128.1, 127.8, 126.5,
76.8, 70.4, 40.6, 36.9, 22.3, 10.3.


Compound 127: Rf� 0.76 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3281, 2920, 1708, 1647, 1596, 1438, 1325, 1225, 1156, 1022, 952, 744 cmÿ1;
1H NMR (400 MHz, CD3OD): d� 7.56 (d, J� 8.2 Hz, 2 H), 7.38 (d, J�
7.0 Hz, 2H), 7.24 ± 7.15 (m, 5 H), 3.0 (dd, J� 7.0, 7.0 Hz, 2 H), 2.62 (dd, J�
7.0, 7.0 Hz, 2H), 2.30 (s, 3 H); 13C NMR (100 MHz, CD3OD): d� 144.8,
139.0, 138.4, 130.9, 130.4, 129.0, 128.4, 128.1, 43.3, 38.9, 21.6; HRMS
(MALDI-FTMS): calcd for C15H17NO2S3 [M]�: 339.0415, found: 339.0416.
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Compound 128 : Rf� 0.52 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3282, 1525, 1348, 1156, 1090, 810, 733, 665, 551 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 8.32 (br s, 1 H), 8.05 (d, J� 8.2 Hz, 1 H), 7.78 (d, J� 7.9 Hz, 1H),
7.70 (d, J� 7.9 Hz, 2 H), 7.49 (t, J� 8.2 Hz, 1H), 7.29 ± 7.26 (m, 2 H), 4.93 (t,
J� 6.2 Hz, 1 H), 3.26 (q, J� 6.2 Hz, 2 H), 2.82 (t, J� 6.4 Hz, 2H), 2.43 (s,
3H); 13C NMR (100 MHz, CDCl3): d� 148.7, 143.8, 139.6, 136.7, 132.7,
129.9, 129.8, 127.0, 121.8, 121.6, 41.5, 38.0, 21.5; HRMS (MALDI-FTMS):
calcd for C15H16N2O4S3 [M�Na]�: 407.0164, found: 407.0158.


Compound 129 : Rf� 0.22 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3368, 1606, 1441, 1320, 1164, 1085 cmÿ1; 1H NMR (400 MHz, CDCl3): d�
7.71 (d, J� 8.2 Hz, 2 H), 7.31 ± 7.29 (m, 3H), 7.16 (td, J� 8.2, 1.8 Hz, 1H),
6.72 (dd, J� 7.9, 1.2 Hz, 1 H), 6.65 (td, J� 7.3, 1.2 Hz, 1H), 4.85 (t, J�
5.8 Hz, 1 H), 4.36 (br s, 2 H), 3.33 (q, J� 6.2 Hz, 2H), 2.77 (t, J� 6.4 Hz,
2H), 2.43 (s, 3H); 13C NMR (100 MHz, CDCl3): d� 148.0, 143.6, 136.9,
135.5, 131.5, 129.7, 127.0, 118.6, 117.7, 115.8, 41.2, 37.4, 21.5; HRMS
(MALDI-FTMS): calcd for C15H18N2O2S3 [M�H]�: 355.0592, found:
355.0592.


Compound 130 : Rf� 0.72 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3418, 1647, 1489, 1440, 1325, 1156, 1022, 809, 662 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 7.76 (d, J� 6.4 Hz, 2H), 7.44 (d, J� 6.4 Hz, 2 H), 7.36 (d, J�
6.4 Hz, 2 H), 7.20 (d, J� 6.5 Hz, 2H), 4.81 (m, 1H), 3.35 (q, J� 5.0 Hz, 2H),
2.82 (t, J� 5.0 Hz, 2H), 2.51 (s, 3H), 2.42 (s, 3 H); 13C NMR (100 MHz,
CDCl3): d� 143.9, 138.3, 137.3, 133.5, 130.4, 130.2, 129.6, 127.5, 41.6, 38.1,
21.9, 21.5; HRMS (MALDI-FTMS): calcd for C16H19NO2S3 [M�H]�:
353.0572, found: 353.0577.


Compound 132 : Rf� 0.25 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
1595, 1525, 1347, 1259, 1152, 1096, 1025 cmÿ1; 1H NMR (500 MHz, CDCl3):
d� 8.31 (s, 1H), 8.06 (d, J� 5.3 Hz, 1 H), 7.76 (m, 3H), 7.50 (t, J� 5.3 Hz,
1H), 7.25 (s, 1 H), 6.94 (d, J� 5.6 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d� 163.1, 140.3, 132.7, 131.2, 129.9, 129.2, 121.8, 121.6, 114.3, 55.6, 41.4, 38.0;
HRMS (MALDI-FTMS): calcd for C15H16N2O5S3 [M�Na]�: 423.0114,
found: 423.0130.


Compound 133 : Rf� 0.25 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3279, 1524, 1386, 1163, 1071, 835, 791, 731 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 9.04 (dd, J� 4.4, 1.7 Hz, 1H), 8.41 (dd, J� 7.3, 1.5 Hz, 1H),
8.31 (dd, J� 8.2, 1.5 Hz, 1H), 8.21 (t, J� 2.0 Hz, 1 H), 8.09 (dd, J� 8.2,
1.2 Hz, 1H), 8.01 (dm, J� 7.9 Hz, 1H), 7.71 (d, J� 7.9 Hz, 1H), 7.66 (t, J�
7.9 Hz, 1H), 7.59 (dd, J� 8.5, 4.4 Hz, 1H), 7.45 (t, J� 7.9 Hz, 1 H), 3.21 (q,
J� 6.5 Hz, 2 H), 2.80 (t, J� 6.2 Hz, 2 H); 13C NMR (100 MHz, CDCl3): d�
151.4, 143.1, 139.5, 137.1, 135.6, 133.5, 132.6, 131.1, 129.9, 128.8, 125.7, 122.4,
121.7, 121.5, 41.7, 37.8; HRMS (MALDI-FTMS): calcd for C17H15N3O4S3


[M�H]�: 422.0303, found: 422.0303.


Compound 134 : Rf� 0.38 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
2961, 1542, 1406, 1327, 1277, 1163, 1010, 910, 834 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 8.99 (dd, J� 4.4, 1.8 Hz, 1H), 8.44 (dd, J� 7.4, 1.5 Hz, 1H),
8.32 (s, 2H), 8.28 (dd, J� 8.5, 1.8 Hz, 1H), 8.06 (dd, J� 8.2, 1.5 Hz, 1H),
7.65 (dd, J� 8.2, 7.4 Hz, 1H), 7.55 (dd, J� 8.2, 4.1 Hz, 1 H), 7.49 (m, 1H),
3.78 (d, J� 6.4 Hz, 2 H), 3.30 (q, J� 5.6 Hz, 2H), 2.84 (t, J� 5.8 Hz, 2H),
2.12 ± 2.04 (m, 1H), 1.02 (d, J� 6.8 Hz, 6H); 13C NMR (100 MHz, CDCl3):
d� 160.9, 151.6, 151.3, 144.9, 143.3, 136.8, 136.6, 133.3, 130.9, 125.6, 122.3,
120.0, 75.4, 41.5, 38.6, 28.2, 18.9; HRMS (MALDI-FTMS): calcd for
C19H22N4O3S3 [M�H]�: 451.0927, found: 451.0938.


Compound 135 : Rf� 0.28 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3280, 1490, 1423, 1328, 1163, 1073, 835, 791, 685, 584 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 9.05 (dd, J� 4.4, 1.5 Hz, 1 H), 8.43 (dd, J� 7.3,
1.5 Hz, 1H), 8.30 (dd, J� 8.5, 1.8 Hz, 1 H), 8.08 (dd, J� 8.2, 1.2 Hz, 1H),
7.66 (t, J� 7.9 Hz, 1H), 7.59 (dd, J� 8.2, 4.1 Hz, 1 H), 7.25 (d, J� 8.5 Hz,
2H), 7.05 (d, J� 8.2 Hz, 2 H), 6.78 (t, J� 5.8 Hz, 1H), 3.23 (q, J� 6.2 Hz,
2H), 2.72 (t, J� 6.2 Hz, 2 H), 2.30 (s, 3 H); 13C NMR (100 MHz, CDCl3):
d� 151.4, 143.2, 137.7, 136.9, 135.8, 133.4, 132.7, 131.1, 129.8, 129.1, 128.7,
125.7, 122.3, 41.5, 37.4, 21.0; HRMS (MALDI-FTMS): calcd for
C18H18N2O3S3 [M�H]�: 391.0612, found: 391.0612.


Compound 136 : Rf� 0.23 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3424, 1590, 1484, 1443, 1319, 1255, 1149, 1084 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 8.93 (d, J� 2.6 Hz, 1 H), 8.18 (d, J� 8.2 Hz, 1 H), 8.07 (d, J�
7.3 Hz, 1H), 7.73 (d, J� 8.8 Hz, 1 H), 7.68 (d, J� 7.9 Hz, 1 H), 7.57 (t, J�
7.9 Hz, 1 H), 7.47 (dd, J� 8.2, 4.4 Hz, 1 H), 6.89 (d, J� 8.8 Hz, 2H), 3.85 (s,
3H), 3.32 (q, J� 6.2 Hz, 2H), 2.82 (t, J� 6.4 Hz, 2 H); 13C NMR (100 MHz,
CDCl3): d� 149.6, 136.4, 136.0, 131.5, 129.2, 129.1, 128.5, 126.8, 125.8, 125.3,


121.9, 120.0, 114.3, 55.6, 41.8, 37.0; HRMS (MALDI-FTMS): calcd for
C18H18N2O3S3 [M�H]�: 407.0552, found: 407.0558.


Compound 137: Rf� 0.63 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
1443, 1319, 1225, 1149, 1048 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.73 (d,
J� 8.2 Hz, 2 H), 7.32 (d, J� 8.2 Hz, 2 H), 7.26 (s, 1 H), 6.35 (d, J� 1.2 Hz,
1H), 3.31 (q, J� 6.5 Hz, 2H), 2.77 (t, J� 6.2 Hz, 2H), 2.44 (s, 3 H), 2.30 (s,
3H); 13C NMR (100 MHz, CDCl3): d� 155.8, 143.6, 141.2, 136.9, 129.8,
127.1, 114.1, 112.5, 41.1, 37.8, 21.5, 11.9.


Compound 138 : Rf� 0.74 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3096, 2864, 1487, 1406, 1331, 1226, 1154, 1020, 951, 853, 806, 722, 586 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 7.59 ± 7.55 (m, 2H), 7.38 (d, J� 8.2 Hz,
2H), 7.13 (d, J� 8.2 Hz, 2 H), 7.07 (dd, J� 5.0, 3.8 Hz, 1H), 4.93 (br t, J�
5.9 Hz, 1H), 3.36 (q, J� 6.2 Hz, 2 H), 2.79 (t, J� 6.2 Hz, 2H), 2.34 (s, 3H);
13C NMR (100 MHz, CDCl3): d� 137.9, 132.9, 132.2, 132.0, 130.0, 129.2,
127.4, 41.4, 37.5, 21.1; HRMS (MALDI-FTMS): calcd for C13H15NO2S4


[M]�: 344.9980, found: 344.9977.


Compound 139 : Rf� 0.87 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
2926, 2858, 1528, 1461, 1347, 1269, 1121, 1065, 876, 801, 734 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 8.42 (t, J� 2.0 Hz, 1H), 8.04 (ddd, J� 8.2, 2.1,
0.8 Hz, 1 H), 7.81 (d, J� 7.9 Hz, 1 H), 7.49 (t, J� 7.9 Hz, 1H), 2.77 (t, J�
7.4 Hz, 2H), 1.66 (quint, J� 7.6 Hz, 2 H), 1.39 ± 1.23 (m, 7H), 0.86 (t, J�
6.8 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d� 148.7, 140.9, 132.1, 129.6,
121.2, 121.1, 39.1, 31.3, 28.8, 28.1, 22.5, 13.9; MS (ESI): calcd for
C12H17NO2S2 [MÿH]�: 270, found: 270.


Determination of MIC values for individual compounds : After re-syn-
thesis, the minimum inhibitory concentration (MIC) values of chromato-
graphically and spectroscopically homogenous compounds were deter-
mined in a panel of bacterial strains using the two-fold serial dilution
technique in 96-well plates. The concentration of the initial dilution was
50 mgmLÿ1 and a total of 11 two-fold dilutions were performed. The MIC
value was taken to be the lowest concentration that visible inhibited growth
of the microorganism as determined by visual inspection. SA 6538,
SA 29313, MRSA 700 787, MRSA 700 788 and MRSA 700 789 were grown
in Tryhcase Soy Broth (BBL 11 043). SA 700 698 was grown in Brain Heart
Infusion broth (Difco 237 400). SA 13 709 and MRSA 33591 were grown in
Nutrient broth (Difco 233 000). SA 25 923 and MRSA 43300 were grown in
Mueller Hinton broth (Difco 0757).
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Optimization and Mechanistic Studies of Psammaplin A Type Antibacterial
Agents Active against Methicillin-Resistant Staphylococcus aureus (MRSA)


K. C. Nicolaou,* Robert Hughes, Jeffrey A. Pfefferkorn, and Sofia Barluenga[a]


Abstract: As described in the preceding article, utilizing a novel combinatorial
disulfide exchange strategy, a library of psammaplin A (1) analogues was constructed
and screened for antibacterial activity leading to the identification of a collection of
diverse lead compounds. These combinatorial leads were subsequently refined,
through parallel synthesis, to afford a series of highly potent antibacterial agents (e.g.
17, 57, 58, 69, and 70), some possessing greater than 50-fold higher activities than the
natural product. Evaluation of the selectivity and serum binding properties of some
of the most promising compounds and preliminary studies directed at deciphering
the mechanism of action of this novel class of antibacterial agents are also included.


Keywords: antibiotics ´ chemical
biology ´ combinatorial synthesis ´
psammaplin A ´ total synthesis


Introduction


In the preceding article,[1] we described a novel combinatorial
strategy for rapidly constructing a library of heterodimeric
disulfides modeled after the marine-derived antibacterial
agent psammaplin A (1, Figure 1).[2] Direct screening of this
3828-membered library against a panel of methicillin-suscep-
tible and methicillin-resistant Staphylococcus aureus strains
led to the identification of a number of simple psammaplin A
analogues exhibiting superior antibacterial properties to those
of the natural product (see 2 ± 5, Figure 1). In view of the
renewed emphasis on discovering novel antibiotics[3] and
because of the uncertainty as to the structural requirements
and mechanism of action of this new class of compounds, we
undertook the current studies which were directed at:
a) optimization of these initial lead compounds; b) develop-
ment of a systematic structure ± activity relationship (SAR)
picture of this class of molecules; and c) preliminary assess-
ment of their chemical mechanism of action. In this paper, we
describe details of our studies which led to the discovery of a
series of potent antibacterial agents and shed light on the
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Figure 1. Molecular structure of psammaplin A (1), selected lead com-
pounds identified by antibacterial screening of a 3823-membered combi-
natorial analogue library[1] and nomenclature used throughout the text.
[a] MIC is the average for all nine bacterial strains listed in Table 1.
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structural requirements for biological activity. Furthermore,
and based on preliminary mechanistic studies, we propose a
working model for the mechanism of action of this class of
antibacterial compounds.


Results and Discussion


Optimization of lead psammaplin A type antibacterial com-
pounds and structure ± activity relationships : The identifica-
tion of several types of structurally simplified, yet highly
active lead compounds described in the preceding article[1] left
a number of intriguing questions relating to structure ± activ-
ity relationships pending. In order to gain further insight into
these issues, we undertook the molecular design, chemical
synthesis, and biological evaluation of a second generation of
analogues.


Inspection of the structures of the combinatorial hits 2 ± 5
(Figure 1) revealed several trends warranting further inves-
tigation. For one, it was apparent that the homodimeric nature
of psammaplin A (1, Figure 1) was not a prerequisite for
biological activity, since half of the molecule could be
replaced by either an aromatic or a heteroaromatic subunit
(i.e., compounds 2 ± 4, Figure 1). Given the limited data
available, however, the structural requirements and optimal
substitution of this ªrightº subunit[4] were not well defined. A
second important trend in these structures was suggested by
compound 5, which revealed that the 4-hydroxyl group on the
aromatic ring of the ªleftº subunit of psammaplin A might not
be necessary, raising the possibility of simplifying the struc-
ture even further while still retaining, or even enhancing
activity. Based on these realizations, a two-fold strategy was
adopted for optimization of these lead compounds. As shown
in Table 1, with the 3-halogen-4-hydroxyl substitution pattern
on the ªleftº subunit held constant, a number of heterodi-
meric analogues were constructed (employing the chemistry
described in ref. [1] and Schemes 1 and 2, see below) to probe
the effect of substituents on the other aromatic ring (ªrightº
subunit). Once this region was optimized, it was, in turn, held
constant and derivatives with modifications on the ªleftº
subunit were synthesized (see Table 2). Subsequently, several
other structural modifications (see Tables 3 ± 5) were also
made in an effort to develop a better understanding of the
SAR of these compounds. Finally, substitution studies on the
disulfide functionality (Tables 6 and 7) were undertaken in an
attempt to elucidate this moiety�s role in the antibacterial
activity of these agents.
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Scheme 1. Synthesis of homodimeric disulfide 14. a) diethyl acetimido-
malonate (1.0 equiv), NaOEt (1.0 equiv), 80 8C, 12 h; b) 48 % HBr (excess),
100 8C, 4 h, 70% c) TFAA (excess), 80 8C, 12 h; d) 70% TFA (aq), 23 8C,
24 h; e) THP-ONH2 (1.5 equiv), EtOH, 23 8C, 12 h; f) NHS (1.9 equiv),
EDC (1.7 equiv), 1,4-dioxane, 23 8C, 2 h; g) Et3N (2.0 equiv), cystamine ´
2HCl (0.5 equiv), 1,4-dioxane/MeOH 1:1, 23 8C, 12 h; h) HCl (4.0 equiv),
CH2Cl2/MeOH 20:1, 60 8C, 2 h, 5 % over eight steps. EDC� 1-[3-(dime-
thylamino)propyl)]-3-ethylcarbodiimide; NHS�N-hydroxysuccinimide;
TFA� trifluoroacetic acid; TFAA� trifluoroacetic anhydride; THP-
ONH2�O-(tetrahydro-2H-pyran-2-yl)-hydroxylamine.


All the compounds in Tables 1 ± 5 were synthesized in
parallel using the sequence (or part of the sequence) shown in
Schemes 1 and 2. Given that each heterodimeric analogue was
constructed through the scrambling of the corresponding
homodimers (see below), we required access to numerous
differentially substituted homodimeric analogues of psamma-
plin A. These compounds were constructed as illustrated in
Scheme 1 for the representative homodimer 14. Thus, alky-
lation of diethyl acetimidomalonate with 3,5-difluorobenzyl
bromide (6) followed by exposure to refluxing HBr afforded
racemic 3,5-difluorophenyl alanine (8) through a, one-pot,
saponification, decarboxylation and deacetylation sequence.[5]


The resulting amino acid 8 was refluxed in TFAA (for
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abbreviations of reagents and protecting groups, see legends
in schemes) to form trifluoromethyl oxazolone 9, which was
distilled from the reaction vessel and hydrolyzed with aqueous
TFA to provide a-ketoacid 10. The latter compound 10 was
then condensed with O-(tetrahydro-2H-pyran-2-yl)-hydroxyl-
amine to afford oxime 11, which was coupled with cystamine
[(H2NCH2CH2S)2] through the intermediacy of the corre-
sponding succinimate ester. Hence, oxime carboxylic acid 11
was treated with N-hydroxysuccinimide in the presence of
EDC to give succinimate ester 12, which was immediately
treated with cystamine and Et3N to provide, through a bis-
coupling reaction, amide 13. Finally, the THP protecting
groups on the oximes were removed (HCl, MeOH, 60 8C),
furnishing homodimer 14 in 5 % overall yield over eight steps.
It is noteworthy that over this eight-step sequence, only a
single chromatographic purification (that of the final com-
pound) was necessary, thus enabling rapid parallel synthesis
of the requisite homodimeric starting materials (see Ta-
bles 3 ± 5).


With these homodimers available, the desired heterodi-
meric analogues were synthesized as shown in Scheme 2 for
representative compound 17 using the same disulfide ex-
change chemistry employed for the synthesis of the original
combinatorial library.[1] Thus, the two constituent homodim-
ers 14 and 15 were mixed in the presence of catalytic amounts
of dithiothreitol (16) to afford a 1:2:1 mixture of compounds
(14 :17:15), which were readily separated by preparative thin-
layer chromatography to ultimately afford heterodimer 17 in
34 % yield (50 % theoretical yield). This procedure was
repeated in parallel for all heterodimeric analogues shown
in Tables 1 ± 5.


Analogues with substitutions on the ªrightº subunit : As
shown in Table 1, the first region of the molecule to be
examined for its SARs was the aryl or heteroaryl, ªrightº
subunit found in all of the combinatorial hits. Thus, maintain-
ing the 3-chloro-4-hydroxyl substitution pattern constant on
the ªleftº side of the molecule, a series of aryl heterodimers
(2, 18 ± 30, Table 1) bearing amines, alkyl groups, halogens,
hydroxyls, ethers, and nitro groups at various positions on the
ªrightº ring system were constructed. Biological screening of
this series of analogues revealed that the most active
heterodimers (i.e., MIC� 2 mg mLÿ1) were those containing
the following substituents: 4'-NH2, 4'-Me, 4'-F, 4'-Cl, or 4'-
OH, thereby suggesting the importance of substitution at 4'-


position on this ring. This trend was reinforced by examina-
tion of compounds 2, 18, and 19 containing 4'-NH2, 3'-NH2,
and 2'-NH2 substituents, respectively, since the rank order of
antibacterial activity of these compounds was 2 > 18 > 19.
While these 4'-position substituents (i.e. , 4'-NH2, 4'-Me, 4'-F,
4'-Cl, or 4'-OH) were electronically diverse, they were
isosteric, suggesting that sterics is perhaps the governing
factor at this position.


Analogues with substitutions on the ªleftº subunit : As
demonstrated with compounds 31 ± 35 (Table 1) several
variants of the 3-chloro-4-hydroxyl moiety were next pre-
pared, including 3-bromo-4-hydroxyl (31), 3-iodo-4-hydroxyl
(32 and 33), and 3-hydroxyl (34 and 35). While the 3-bromo-4-
hydroxyl compound 31 was equipotent with its 3-chloro-4-
hydroxyl counterpart (compound 2), the iodo variants
proved to be less active than their chloro counter-
parts. Finally, compounds 34 and 35 wherein the phenolic
hydroxyl was moved from the 4-position to the 3-posi-
tion on the ªleftº aromatic unit lost significant potency,
indicating that the 3-halogen and/or 4-hydroxyl were essen-
tial for the potent antibacterial activity of this class of
compounds.


In order to follow up this latter observation, a series of
analogues focusing specifically on the ªleftº subunit were
designed and synthesized as shown in Table 2. These designed
compounds sought to determine the role of the phenol as well
as the optimal nature (i.e. , F, Cl or Br) and position (2, 3, or 4)
of the halogen substituent. Compounds 42 and 43, which
contain no substituents on the aromatic ring, were four-fold
and 10-fold less active, respectively, than their 3-chloro-4-
hydroxyl counterparts (compounds 2 and 15, Table 1) con-
firming that some degree of aromatic substitution on the
ªleftº side was necessary for optimal activity. Interestingly,
however, it was quickly discovered that the phenolic group
was not a prerequisite for potent antibacterial activity, as
suggested by compounds 46 ± 52, all of which contain only a
3-fluoro substituent on the aryl ring of the ªleftº subunit. In
general, these compounds are of equal or greater potency
than the corresponding compounds with a 3-halogen-4-
hydroxyl substitution pattern on the ªleftº aryl ring system.
Further studies revealed that halogen substitution at the
3-position was preferred to substitution at the 4-position as
demonstrated by the 3-fluoro compound 46 (Table 2) which
was more potent than the 4-fluoro compound 5 (Table 2).


F


N


N
H


O


HO


S S
N
H


O


N
OH


FFF


S
S


F


N


N
H


O


HO


S S
N
H


O


N
OH


FFF


F


N


N
H


O


HO


S S


F


S
S


HS
SH


OH


OH


F


F


F


F
F


+


a.


14 14


17 1515


16


+


(cat.)


Scheme 2. Scrambling of homodimeric disulfides to produce heterodimeric analogues. a) Dithiothreitol (0.15 equiv), 16 (1.0 equiv), THF/K2HPO4 3:1
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Examination of all these halogenated compounds revealed
that the two most fruitful substitution patterns for antibacte-
rial activity were the 3,5-difluoro (17 and 55) and the 3-bromo
(57 and 58). The most potent compound identified through
these studies (57) was composed of a 3-bromophenyl alanine
ªleftº subunit linked to a 4'-aminophenyl ªrightº subunit,
providing a heterodimer with an average MIC value of
0.09 mg mLÿ1 against both SA and MRSA strains.


Analogues with heteroaromatic ªrightº subunits : So as not to
overlook the potential benefit of using a heteroaromatic aryl
ring as the ªrightº subunit, a limited number of heteroaryl
derivatives were synthesized as shown in Table 3. Of these
compounds, furan 63 and quinyl 64 exhibited antibacterial
activities comparable to the several of the more potent
compounds found previously (see Table 1 and Table 2).
Unfortunately, both compounds 63 and 64 exhibited substan-


tial cytotoxicity against non-bacterial cell lines (see below)
thereby discouraging further pursuit of this series.


Analogues with sterically hindered ªrightº subunits : Before
leaving the discussion on the nature and optimal substitution
pattern for the two aryl rings found in all active analogues, we
should mention another notable series of rather unusual, yet
quite active heterodimers, those containing a bulky substitu-
ent as their ªrightº subunit (see Table 4). Compounds
containing a 2',6'-dimethylphenyl subunit (i.e., 68 ± 70, see
Table 4) exhibited potent antibacterial activities, with the 3,5-
difluorophenyl alanine (69) and 3-bromophenyl alanine (70)
species being the most active with average MIC values of 0.27
and 0.11 mg mLÿ1, respectively.


Probing the functional importance of the oxime moiety : An
additional region of SAR interest was the a-oxime motif


Table 1. Antibacterial activity (MIC/mgmLÿ1) of heterodimers with varied aromatic substituents.


R1 R2 R3 R4 R5 SA[a] SA[b] SA[c] SA[d] MRSA[e] MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k]


6538 13709 29213 25923 700 698 43300 700 787 700 788 700 789 SA MRSA


[a] Staphylococcus aureus ATCC 6538. [b] Staphylococcus aureus ATCC 13 709. [c] Staphylococcus aureus ATCC 29213. [d] Staphylococcus aureus
ATCC 25923. [e] Staphylococcus aureus ATCC 700 698, resistant to methicillin and heterogeneous susceptibility to vancomycin. [f] Staphylococcus aureus
ATCC 43300, resistant to methicillin. [g] Staphylococcus aureus ATCC 700 787, resistant to methicillin and intermediate susceptibility to vancomycin.
[h] Staphylococcus aureus ATCC 700 788, resistant to methicillin and intermediate susceptibility to vancomycin. [i] Staphylococcus aureus ATCC 700 789,
resistant to methicillin and intermediate susceptibility to vancomycin. [j] Average MIC calculated from four strains of Staphylococcus aureus (6538, 13709,
29213 and SA 25923). [k] Average MIC calculated from five strains of methicillin-resistant Staphylococcus aureus (700 698, 43 300, 700 787, 700 788, and
700 789).
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Table 2. Antibacterial activity (MIC/mgmLÿ1) of heterodimers with varied aromatic substituents.


R1 R2 R3 R4 R5 R6 R7 SA[a] SA[b] SA[c] SA[d] MRSA[e] MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k]


6538 13709 29213 25 923 700 698 43300 700 787 700 788 700 789 SA MRSA


See Table 1, footnotes ([a] ± [k]) for bacterial strain information.


Table 3. Antibacterial activity (MIC/mgmLÿ1) of heterodimers containing heteroaromatic units.


SA[a] SA[b] SA[c] SA[d] MRSA[e] MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k]


6538 13709 29213 25923 700 698 43300 700 787 700 788 700 789 SA MRSA


See Table 1, footnotes ([a] ± [k]) for bacterial strain information.
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found in psammaplin A and all active heterodimers consid-
ered in these studies. As shown in Table 5, alkylation of the
hydroxyl functionality of this oxime to give either a methyl
oxime (e.g. 71) or a benzyl oxime (e.g. 72) resulted in loss of
activity, suggesting the importance of the free hydroxyl group
at this position.


Probing the functional importance of the disulfide moiety : A
final set of SAR studies focused on the intriguing question of
the importance of the central disulfide moiety. While this
unique structural feature of psammaplin A (1, Figure 1)
allowed implementation of our original combinatorial scram-
bling strategy, it remained to be determined as to whether or
not its presence was required for biological activity. This
question was addressed through the synthesis of several
homo- and heterodimeric molecules which lacked the disul-
fide functionality. Thus, the carbon analogue (73, Table 6) of
dichloro-psammaplin A (36, Table 6) was synthesized using a
procedure identical to that described previously in Scheme 1,
with the exception that 1,6-diaminohexane was substituted for
cystamine. Interestingly, when assayed, this carbon analogue
exhibited only a low level of activity against a few strains and
was completely inactive against others (see Table 6). On
average, 73 was found to be more than 10-fold less active than


its disulfide counterpart, compound 36. Additional evidence
for the importance of the intact disulfide unit was found when
the reduced form of dichloro-psammaplin A (i.e., thiol 74,
Table 6) was synthesized and assayed revealing its insignif-
icant antibacterial profile.


We next undertook a similar study for one of the hetero-
dimeric analogues. Disulfide 21 (see Table 7), consisting of
phenyl sulfide linked to the 3-chloro-4-hydroxyl subunit, was
selected for these studies based on synthetic accessibility
considerations. Two isomeric thioether analogues (com-
pounds 82 and 84) as well as the all-carbon analogue (87) of
disulfide 21 (Table 1) were synthesized as outlined in
Scheme 3.


The two thioether-containing primary amine coupling
partners 76 and 78 were prepared by S-alkylation of thio-
phenol with 2-bromoethylamine hydrochloride and S-alkyla-
tion of 2-aminoethanethiol hydrochloride with benzyl bro-
mide, respectively. Coupling of amines 76, 78, and 85 with
carboxylic acid 79 was accomplished through the intermedi-
acy of the succinimate ester 80 to afford amides 81, 83, and 86,
respectively. Finally, the THP protecting groups of the oximes
were removed under acidic conditions (HCl, MeOH, 60 8C) to
afford analogues 82, 84, and 87. These compounds were then
assayed for antibacterial activity and the results are shown in


Table 7. As was the case
with homodimer 73 (Ta-
ble 6), all compounds
lacking the intact disulfide
moiety were at least 10-
fold less active than the
parent disulfide-contain-
ing compound (21, Ta-
ble 1). Together, these
non-disulfide containing
homo- and heterodimers
provided convincing evi-
dence that the disulfide
motif plays a critical role
in the biological activity of
these compounds. Inter-
estingly, however, while


Table 4. Antibacterial activity (MIC/mgmLÿ1) of 2,6-disubstituted phenyl heterodimers.


R1 R2 R3 R4 R5 SA[a] SA[b] SA[c] SA[d] MRSA[e] MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k]


6538 13709 29213 25923 700 698 43300 700 787 700 788 700 789 SA MRSA


See Table 1, footnotes ([a] ± [k]) for bacterial strain information.


Table 5. Antibacterial activity (MIC/mgmLÿ1) of heterodimers with derivatized oximes.


R SA[a] SA[b] SA[c] SA[d] MRSA[e] MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k]


6538 13709 29213 25923 700 698 43300 700 787 700 788 700 789 SA MRSA


See Table 1, footnotes ([a] ± [k]) for bacterial strain information.
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Scheme 3. Synthesis of non-disulfide analogues 82, 84, and 87. a) 3-
bromopropylamine hydrobromide (1.0 equiv), PhSH (1.0 equiv), K2CO3


(2.0 equiv), EtOH, 80 8C, 12 h, 35%; b) 2-aminoethanethiol hydrochloride
(1.0 equiv), PhCH2SH (1.0 equiv), K2CO3 (2.0 equiv), EtOH, 80 8C, 12 h,
90%; c) NHS (1.9 equiv), EDC (1.7 equiv), 1,4-dioxane, 23 8C, 2 h; d) Et3N
(2.0 equiv), 78 (1.0 equiv), 1,4-dioxane/MeOH 1:1, 23 8C, 12 h; e) Et3N
(2.0 equiv), 76 (1.0 equiv), 1,4-dioxane/MeOH 1:1, 23 8C, 12 h; f) Et3N
(2.0 equiv), 85 (1.0 equiv), 1,4-dioxane/MeOH 1:1, 23 8C, 12 h; g) HCl
(4.0 equiv), CH2Cl2/MeOH 20:1, 60 8C, 2 h, 36 % over five steps.


the potency of a given compound is significantly (> 10-fold)
diminished when its disulfide is replaced, in most cases such
non-disulfide analogues do retain some antibacterial activities
(with MIC values in the range of 25 ± 50 mg mLÿ1). A
discussion of the potential mechanistic implications of these
findings will be presented in a separate section below.


As a whole, these SAR studies served to identify a
collection of novel heterodimeric disulfides (see representa-
tive compounds 17, 57, 58, 69, and 70, Figure 2) with more
potent antibacterial activities than psammaplin A (1, Fig-
ures 1 and 2) and the original combinatorial lead compounds
(2 ± 5, Figure 1). These SAR studies also served to effectively
elucidate which structural features of this new class of
antibacterial agents are required for biological activity as
summarized in Figure 2. These findings led to the following
conclusions: a) the symmetrical nature of psammaplin A is
not required for activity and, in fact, the second subunit can be
replaced with a single aromatic or heteroaromatic unit; and
b) the potencies of these latter heterodimers are significantly
dependent upon the substitution patterns on this single
aromatic system, with optimal substituents including 4'-NH2,
4'-F, and 2',6'-dimethyl; c) the original 4-hydroxyl function-
ality of the ªrightº subunit is not needed, but halogenation of
this subunit in either the 3- or 3,5-position(s) is required;
d) the free oxime is essential for biological activity; e) sub-
stitution of the disulfide moiety (S-S) with structurally
equivalent replacements (e.g. CH2-CH2, CH2-S, or S-CH2)
resulted in a >10-fold loss in activity. In order to further
evaluate these compounds with regards to their potential as
therapeutic candidates and gain insights into their mechanism
of action, we next undertook a series of more detailed
biological studies.


In vitro toxicity and serum binding properties of selected
compounds : Studies aimed at determining the degree of
cytotoxicity and selectivity of the newly discovered antibac-
terial agents, employing a toxicity assay and a serum binding
assay, were conducted. Preliminary in vitro toxicities of
several of these compounds were estimated by measuring
their IC50 values against fibroblast and lymphocyte cell lines.[6]


The average IC50 [mg mLÿ1] value of a given compound in
these two cell lines was then divided by its average MIC value
[mg mLÿ1] against nine SA and MRSA strains (see Tables 1 ±
7) to afford a therapeutic index (TI) ratio, which served as a


Table 6. Antibacterial activity (MIC/mgmLÿ1) of dichloro-psammaplin A (36) and non-disulfide analogues.


X Y SA[a] SA[b] SA[c] SA[d] MRSA[e]MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k]


6538 13709 29213 25923 700 698 43300 700 787 700 788 700 789 SA MRSA


See Table 1, footnotes ([a] ± [k]) for bacterial strain information.
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Figure 2. Summary of most active heterodimeric compounds. Minimum
structural requirements and SAR for antibacterial activity of heterodimeric
psammaplin A analogues. [a] MIC is the average of all nine bacterial
strains listed in Table 1.


rough estimate of the selectivity of these agents. As shown in
Table 8, the natural product, psammaplin A (1), proved to be
rather nonselective in vitro, and, in fact, was more potent
against the fibroblasts and lymphocytes than against the
bacterial strains. In addition, the early combinatorial leads
(compounds 2 ± 5, Figure 1) were found, like psammaplin A
(1), to be rather nonselective (TI� 2.52,< 0.25, 0.32, and 2.04,
respectively) in their actions against bacteria and the selected
fibroblast and lymphocyte cell lines. In particular, the quinyl
and furyl derivatives (3 and 4, Figure 1) were found to be quite
toxic, thereby, bringing this vain of investigation to a close.
Examination of several later generation compounds, however,


Table 7. Antibacterial activity (MIC/mgmLÿ1) of heterodimer (21) and selected non-disulfide analogues.


X Y SA[a] SA[b] SA[c] SA[d] MRSA[e] MRSA[f] MRSA[g] MRSA[h] MRSA[i] AVG[j] AVG[k]


6538 13709 29213 25923 700 698 43300 700 787 700 788 700 789 SA MRSA


See Table 1, footnotes ([a] ± [k]) for bacterial strain information.


Table 8. Cytotoxicity and selectivity of representative compounds.[a]


IC50 [mgmLÿ1] MIC [mg mLÿ1]
fibro-
blasts[b]


lympho-
cytes[c]


SA[d] MRSA[e] Tl[f]


[a] See Table 1 ± 5 for structures of the compounds. [b] Baby hamster
kidney, BHK-21 (ATCC CCL10). [c] Jurkat cells. [d] Average MIC
[mgmLÿ1] against the four Staphylococcus aureus strains in Table 1.
[e] Average MIC [mgmLÿ1] against the six methicillin-resistant Staph-
ylococcus aureus strains in Table 1. [f] Therapeutic Index calculated
(average toxicity against lymphocytes and fibroblast)/(average MIC for
SA and MRSA).
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led to more promising results.
Interestingly, it was noted that
the 3-halogen-4-hydroxyl com-
pounds (1, 2 ± 4, 24, 25, and 68,
see Table 8) were generally
more toxic than those bearing
only halogens (5, 17, 46, 47, 49,
52, 53, 58, and 63, Table 8). This
realization, coupled with the
fact that our previous SAR
work indicated that the 4-hy-
droxyl group on the ªleftº sub-
unit was not necessary for anti-
bacterial activity, suggested the
non-phenolic heterodimers as
the most promising candidates
for further optimization. In
fact, the most interesting com-
pound in this study proved to be
the heterodimer 58 consisting
of a 3-bromo-phenyl alanine
subunit and a 4'-fluorophenyl
moiety, exhibiting a therapeutic
index (TI) of 37.5. While pre-
liminary, these results suggest-
ed that it is possible, through
structural modification, to sep-
arate the general cytotoxic
properties of these molecules
from their antibacterial proper-
ties.


A second area of interest surrounding this class of
compounds was their serum binding properties. It is prece-
dented and accepted that a moderate level of serum binding is
important for in vivo efficacy of many therapeutic agents,
since this can increase their half-lives by protecting them from
metabolism and clearance.[7] At the same time, however,
extremely high levels of serum binding can impede a
compound�s ability to reach its molecular target. With this
in mind, we sought to estimate the serum binding properties
of selected compounds by re-assaying them for antibacterial
activity (against SA 6538 and MRSA 700 698) in the presence
of increasing concentrations of horse serum (1, 3, 5, and 10 %
by volume). The results as shown in Table 9. In general, all
heterodimeric analogues exhibited decreased antibacterial
activity in the presence of 10 % serum, indicating significant
serum binding at these levels, which was not unexpected given
the lipophilic nature of the compounds. The latter property
was reflected in the calculated log P values for representative
compounds 2, 20 and 58 which were estimated to be 1.94, 2.81,
and 2.89, respectively.[8]


Studies on the mechanism of action of psammaplin A and its
analogues : In view of the report[9] claiming inhibition of
bacterial DNA gyrase by psammaplin A, we decided to study
the action of our compounds on this enzyme. Bacterial DNA
gyrase is a member of the topoisomerase family of enzymes
which are responsible for the remodeling of DNA topology.
Specifically, this enzyme introduces negative supercoils into


double stranded DNA, facilitating replication, transcription,
and translation.[10] This crucial role of DNA gyrase in bacterial
cell function and the lack of a strictly homologous human
counterpart, make it an attractive target for the development
of antibiotics.[11] In fact, the well-known quinoline and
fluoroquinoline antibiotics, including ciprofloxacin (37, Fig-
ure 3), nalidixic acid, and ofloxacin exert their antibacterial
activity by inhibiting this enzyme. Additionally, the coumarin-
based antibacterials such as novobiocin (90, Figure 3) and
chlorobiocin, as well as the natural product cyclothialidine
(89, Figure 3) also function by blocking DNA gyrase activ-
ity.[12] The quinolines, in particular, have found remarkable
clinical success, but as with most classes of antibiotics, their
widespread use has resulted in the emergence of drug-
resistant strains, prompting interest in identifying new classes
of gyrase inhibitors. Despite large scale screening efforts,
however, relatively few novel small molecule inhibitors have
been identified outside of the quinoline and coumarin
families.[13]


We first sought to confirm psammaplin A�s inhibitory
activity against DNA gyrase prior to screening our hetero-
dimeric analogues. A review of the report by Kim et al.[9]


revealed that the prior assays of psammaplin A were con-
ducted in the presence of dithiothreitol (DTT). While the
reducing agent DTT, utilized to reduce enzyme cross linking,
is a standard component of many enzyme assays, its use in the
screening of psammaplin A cast a degree of skepticism on
these early results, particularly, in light the demonstrated


Table 9. Effect of horse serum on antibacterial activity (MIC/mg mLÿ1) of selected heterodimeric disulfide
analogues.[a]


SA 6538[b] MRSA 700 698[c]


none[d] 1%[e] 3%[f] 5%[g] 10%[h] none[d] 1%[e] 3%[f] 5%[g] 10%[h]


[a] See Table 1 ± 5 for structures of the compounds. [b] Staphylococcus aureus ATCC 6538. [c] Staphylococcus
aureus ATCC 700 698, resistant to methicillin and heterogeneous susceptibility to vancomycin. [d] SA 6538 or
MRSA 700 698 with no added horse serum. [e] SA 6538 or MRSA 700 698 with 1 % added horse serum.
[f] SA 6538 or MRSA 700 698 with 3% added horse serum. [g] SA 6538 or MRSA 700 698 with 5% added horse
serum. [h] SA 6538 or MRSA 700 698 with 10 % added horse serum.
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Figure 3. Representative examples of bacterial DNA gyrase inhibitors:
ciprofloxacin (37), cyclothialidine (89) and novobiocin (90).


ability of DTT to reduce this disulfide natural product to the
corresponding free thiol. It is estimated that under the assay
conditions reported by Kim et al. there were more than 10
equivalents of DTT present relative to psammaplin A.[9]


HPLC analysis (data not shown) indicated that under this
concentration of DTT and at the pH of the assay and over the
time-scale of the experiment, the psammaplin A would have
been substantially reduced to the corresponding free thiol. It
is, therefore, questionable whether the IC50 values previously
reported accurately reflect the activity of psammaplin A. In
fact, these experimental conditions may explain why these
authors observed a relatively low IC50 value (approximately
50 mg mLÿ1) for psammaplin A as an inhibition of this enzyme
given that the compound has an average MIC of 4.85 mg mLÿ1


against the bacterial strains examined. If DNA gyrase was
psammaplin A�s primary antibacterial target, one would not
expect a 10-fold discrepancy between these values.[14]


In order to resolve this issue, we sought to more accurately
measure psammaplin A�s inhibitory effect on bacterial DNA
gyrase by conducting the assay in the absence of the
dithiothreitol, thus, avoiding in situ reduction of the disulfide
moiety. Suprisingly, and as shown in Figure 4, under these


Figure 4. DNA gyrase assay. Lane A: relaxed plasmid pBR322; B: super-
coiled plasmid pBR322; C: relaxed pBR322�DNA gyrase; D ± O: relaxed
pBR322�DNA gyrase�compound at indicated concentration.


more stringent assay conditions, psammaplin A exhibited no
detectable inhibition of bacterial DNA gyrase up to
100 mg mLÿ1, while at the same time ciprofloxacin, a known
DNA gyrase inhibitor used as a control, exhibited activity at
concentrations well below 10 mg mLÿ1. Moreover, analogue 31
(see structure in Table 1) with an average MIC of 1.13 mg mLÿ1


against SA and MRSA also exhibited no detectable inhibitory
activity against the DNA gyrase up to 100 mg mLÿ1 as


illustrated in Figure 4. These data suggest that psammaplin A,
and hence its heterodimeric analogues, do not inhibit DNA
gyrase activity to a significant extent. Perhaps the weak
inhibitory activity observed by the earlier authors[9] could be
attributed to the presence of the free thiol rather than the
natural product itself, leaving the agent�s primary target still
to be defined.[15]


In an attempt to foster additional studies aimed at
identification of such a target, we considered all the SAR
data garnered during our program for hints as to the plausible
mode of action of these compounds. Perhaps the most
pertinent SAR observation from a mechanistic perspective
was that the disulfide moiety is essential for potent biological
activity. This finding suggested that psammaplin A and its
analogues may be potentially operating through one of two
precedented mechanisms.[16] A first potential mechanism,
common for disulfide-containing molecules, is to act in a non-
specific way to deplete cellular glutathione and/or cysteine,
enabling subsequent redox cycling which generates free
radicals capable of damaging the cellular machinery. It is
through such a mechanism in large part that disulfides, such as
phenyl disulfide and 4,4'-diaminophenyl disulfide, exert their
cytotoxic effects.[17] A second potential mechanism of action
for disulfide-containing molecules involves a specific inter-
action of the molecule with a particular cellular target, leading
to covalent modification of the biological target via nucleo-
philic attack of a cysteine thiol on the electrophilic disulfide
unit, resulting in the formation, of a mixed disulfide. As an
example, the secondary fungal metabolite gliotoxin (91,
Figure 5), which contains a disul-
fide bridge, has been shown to
act through such a mechanism to
inactivate a number of enzymatic
targets.[18]


In the absence of definitive
evidence of the molecular target
of this series of antibacterial
agents at the present time, we
can only speculate as to through
which type of mechanism these compounds act, based on our
SAR observations. Nonetheless, such a prediction serves an
important role from both the medicinal and biochemical
points of views. First, these compounds are only of significant
medicinal value if, in fact, they act at a specific molecular
target. Second, it is prudent that before embarking on
biochemical efforts to identify a specific molecular target,
one should be reasonably assured that this class of compounds
do not function through non-specific mechanisms.


At least three pieces of evidence, derived from our SAR
data, point to action on a specific target(s) rather than a non-
specific, redox cycling mechanism for the psammaplin A
family of natural products. First, if a non-specific mechanism
was responsible for the antibacterial properties of psamma-
plin A and its analogues, one would expect that structural
modifications near the disulfide moiety would have a
significant effect, while modifications at distant sites would
not significantly alter the potency, yet this is not the case. For
example, alkylation of the oxime functionality (i.e., 53! 71,
Table 5) resulted in a 15-fold loss of activity, while moving of a


N N


O


O


Me
OH


S
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HO91: gliotoxin


Figure 5. Molecular struc-
ture of the disulfide-contain-
ing natural product gliotoxin.
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bromine substituent from the 3-position to the 4-position of
the aryl ring in the ªleftº sububit (i.e. , 57 ! 59, Table 2)
resulted in a 50-fold loss of activity. The fact that these
changes, which alter neither the steric nor the electronic
environment of the disulfide unit, can have such a dramatic
effect on the biological activity of these compounds argues
strongly against the non-specific mechanism.


A second argument against a redox cycling mechanism is
based on the fact that the introduction of steric congestion (in
the form of 2',6'-dimethyl substitution on the ªrightº hand aryl
ring) around the disulfide linkage translated into highly
potent compounds. For example, heterodimer 70 (Table 5) has
an average MIC value of 0.12 mg mLÿ1. If the cytotoxicity of
this class of compounds resulted from a non-specific nucle-
ophilic attack followed by oxidative recombination, one
would expect a compound such as 70 (wherein both random
nucleophic attack and recombination are hindered) to be
quite inactive, which is not the case.


A final illuminating piece of evidence, which argues against
the non-specific mechanism, is the general potency of this
class of compounds. For example, known redox-cyclers such
as phenyl disulfide and 4,4'-diaminodiphenyldisulfide were
found to be inactive at 50 mg mLÿ1 against the bacterial strains
used in this study,[1] while our best heterodimeric analogues
are active well below 1 mg mLÿ1.


While in the absence of a defined molecular target, we
cannot categorically rule out the possibility of some non-
specific toxicity, it seems likely that there exists one or more
target(s) for psammaplin A and its analogues. Potentially,
these compounds may bind to an enzyme (or family of
enzymes) through non-covalent interactions as illustrated in
Figure 6. Conceivably, a pseudo-intramolecular attack might


Figure 6. Proposed mechanism of action of psammaplin A-type antibac-
terial agents based on observed structure activity relationships.


then occur from a nearby nucleophile (such as a cysteine
residue) onto the electrophilic disulfide moiety, leading to a
covalent modification and deactivation of the enzyme (see
path A, Figure 6). This proposal also offers an explanation for
why compounds such as 82, 84, and 87 (Table 7), wherein the
disulfide unit has been replaced with a structurally equivalent
linkage, still retain low level antibacterial activity. One could
envision, that since they have a similar overall structure to


their disulfide-containing counterparts, these non-disulfides
could act as non-covalent inhibitors of the same molecular
target(s) as illustrated in path B of Figure 6. Based on the
therapeutic potential of these compounds, we suggest that
further biochemical investigations aimed at identifying their
biological target(s) are warranted.


Conclusion


In this and the preceding paper[1] we have described the
construction of a combinatorial library modeled after the
marine natural product psammaplin A (1) whose antibacterial
properties and symmetrical disulfide-based structure provid-
ed the impetus for this investigation. Antibacterial screening
of this library led to the identification of a collection of simple,
yet highly potent analogues whose structures were subse-
quently refined by high-throughput structure ± activity stud-
ies. These efforts culminated in the discovery of several
optimized antibacterial agents, some possessing more than 50-
fold higher activities (e.g. 57, 58, and 70, Figure 2) than the
natural product. Most significantly, a number of these agents
exhibited increased selectivity against bacterial over fibro-
blast and lymphocyte cells as compared to the natural
product. In addition, these studies provided insight into the
mechanism by which these compounds may act. Specifically,
these investigations failed to confirm the previously reported
DNA gyrase inhibition by psammaplin A. However, our SAR
studies also argue against a non-specific redox-based mech-
anism of action for these compounds, suggesting that there
exists an as of yet unidentified, biological target upon which
this class of antibacterial agents act. Studies aimed at
identifying such a target using modified versions of the
described lead compounds are currently underway and will be
reported in due course.


Experimental Section


General : See the preceding article[1] for general techniques employed and
the preparation of compounds 2, 3, 4, 5, 20, 21, 22, 30, and 31.


Synthesis of homodimeric disulfide 14 : Diethyl acetimidomalonate (21.1 g,
1.0 equiv, 100 mmol) was added to a solution of NaOEt (6.8 g, 1.0 equiv,
100 mmol) in EtOH (80 mL). After 10 min, 3,5-difluorobenzyl bromide
(20.7 g, 1.0 equiv, 100 mmol) was added and the reaction mixture was
heated to reflux. After 12 h, H2O (80 mL) was added and the reaction
mixture was slowly cooled to 23 8C. The white precipitate that formed was
collected by filtration and washed with Et2O (10 mL) and H2O (10 mL) to
provide crude intermediate 7 which was dissolved in 48 % aq. HBr (70 mL)
and the reaction mixture was heated to reflux. After 4 h, the reaction
mixture was cooled to 23 8C, and the resultant precipitate was isolated by
filtration. This solid was dissolved in warm H2O and decolorized with
activated carbon. After removal of the activated carbon, by filtration, Et3N
was added to bring the pH of the solution to 6.0. The white precipitate (8)
formed on standing was isolated by filtration. From this point, compound 8
was converted to homodimer 14 in a manner identical to that described for
the synthesis of psammaplin A.[1]


Compound 14 : Rf� 0.33 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3397, 2871, 1663, 1624, 1595, 1527, 1457, 1314, 1202, 1117, 1017, 846,
715 cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.03 (tt, J� 7.3, 7.3 Hz, 1H),
6.8 (dm, J� 6.2 Hz, 2H), 3.8 (s, 2H), 3.4 (q, J� 6.7 Hz, 2H), 2.8 (t, J�
6.7 Hz, 2 H); 13C NMR (125 MHz, [D6]DMSO): d� 163.1, 161.1, 150.7,







Antibacterial Agents 4296 ± 4310


Chem. Eur. J. 2001, 7, No. 19 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4307 $ 17.50+.50/0 4307


141.3, 111.9, 11.6, 101.7, 38.2, 36.9, 28.8; HRMS (MALDI-FTMS): calcd for
C22H22F4N4O4S2 [M�H]�: 547.1091, found: 547.1088.


Synthesis of heterodimeric disulfide 17: Dithiothreitol (1.0 mg, 0.15 equiv,
0.006 mmol) was added at 23 8C to a solution of homodimer 14 (20.0 mg,
1.0 equiv, 0.04 mmol) and homodimer 15 (9.3 mg, 1.0 equiv, 0.04 mmol) in
THF/phosphate buffer (pH 8.3) 3:1 (1.5 mL). After stirring for 12 h, the
THF was evaporated from the reaction mixture and the aqueous phase was
extracted with EtOAc (10 mL). The organic layer was washed with 10%
aq. HCl (5 mL), dried over Na2SO4, and evaporated to dryness. The
resulting residue was purified by preparative thin-layer chromatography to
yield heterodimer 17 (5.44 mg, 34%). Rf� 0.56 (silica gel, EtOAc/hexanes
1:1); IR (film): nÄmax� 3406, 1660, 1619, 1595, 1527, 1454, 1302, 1225, 1114,
1002 cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.55 (m, 2H), 7.06 (t, J�
8.8 Hz, 2 H), 6.85 (d, J� 8.2 Hz, 2 H), 6.69 ± 6.74 (m, 1 H), 3.88 (br s, 2H),
3.53 (t, J� 6.7 Hz, 2 H), 2.86 (t, J� 6.8 Hz, 2 H); 13C NMR (125 MHz,
[D6]DMSO): d� 167.6 (dd, J� 260.0, 7.5 Hz), 165.8, 160.8, 160.1 (d, J�
260.0 Hz), 144.6 (d, J� 2.5 Hz), 142.8 (t, J� 7.5 Hz), 143.6, 141.2, 130.5,
116.3 (d, J� 21.9 Hz), 111.8 (d, J� 20.0 Hz), 101.7 (t, J� 24.8 Hz), 37.9,
36.8, 28.8; HRMS (MALDI-FTMS): calcd for C17H15F3N2O2S2 [M�H]�:
401.0600, found: 401.0608.


Compounds 18 ± 35, 42 ± 72, and 88 were prepared in 18 ± 42% yield by
scrambling the appropriate homodimers as described above for the
construction of heterodimer 17 from homodimers 14 and 15.


Compound 18 : Rf� 0.25 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3402, 1656, 1498, 1428, 1288, 1019 cmÿ1; 1H NMR (400 MHz, CD3OD): d�
7.27 (d, J� 1.6 Hz, 1H), 7.12 ± 7.08 (m, 2H), 6.99 (t, J� 1.6 Hz, 1H), 6.88
(dq, J� 6.1, 0.6 Hz, 1H), 6.85 (d, J� 6.7 Hz, 1 H), 6.65 (ddd, J� 6.4, 1.6,
0.5 Hz, 1 H), 3.85 (s, 2 H), 3.59 (t, J� 5.4 Hz, 2H), 2.92 (t, J� 5.4 Hz, 2H);
13C NMR (125 MHz, [D6]DMSO): d� 164.8, 152.0, 151.6, 148.8, 137.7,
130.4, 129.7, 129.3, 128.7, 120.3, 117.2, 116.4, 114.4, 114.2, 38.3, 27.7; HRMS
(MALDI-FTMS): calcd for C17H18ClN3O3S2 [M�H]�: 412.0551, found:
412.0562.


Compound 19 : Rf� 0.26 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3381, 1661, 1513, 1431, 1362, 1292, 1223, 1019 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.30 (dd, J� 7.6, 1.5 Hz, 1H), 7.10 (d, J� 2.4 Hz, 1 H), 6.99 (td,
J� 5.6, 1.5 Hz, 1H), 6.93 (dd, J� 8.5 Hz, 2.3 Hz, 1H), 6.68 ± 6.64 (m, 2H),
6.49 (td, J� 7.6, 1.5 Hz, 1H), 3.68 (s, 2H), 3.49 (t, J� 6.4 Hz, 2H), 2.72 (t,
J� 7.4 Hz, 2H); 13C NMR (125 MHz, [D6]DMSO): d� 164.8, 153.2, 152.8,
150.5, 136.7, 132.2, 131.6, 130.4, 129.8, 119.0, 117.5, 116.9, 39.6, 37.7, 28.9.


Compound 24 : Rf� 0.77 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3406, 1658, 1514, 1428, 1289, 1219, 1016, 712 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.40 (d, J� 8.8 Hz, 2H), 7.21 (d, J� 8.8 Hz, 2 H), 7.09 (d, J�
2.0 Hz, 1H), 6.95 (dd, J� 8.8, 2.0 Hz, 1H), 6.66 (d, J� 8.5 Hz, 1 H), 3.67 (s,
2H), 3.41 (t, J� 6.7 Hz, 2 H), 2.78 (t, J� 7.0 Hz, 2H); 13C NMR (125 MHz,
[D6]DMSO): d� 163.7, 152.3, 151.8, 136.1, 132.3, 130.3, 130.0, 129.7, 129.4,
128.8, 116.9, 114.8, 38.4, 37.5, 28.3; HRMS (MALDI-FTMS): calcd for
C17H16Cl2N2O3S2 [M�Na]�: 452.9877, found: 452.9877.


Compound 25 : Rf� 0.44 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3218, 1653, 1511, 1490, 1425, 1287, 1221, 1015 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.44 (m, 2 H), 7.09 (d, J� 2.1 Hz, 1H), 6.98 ± 6.90 (m, 3H),
6.66 (d, J� 8.2 Hz, 1H), 3.67 (s, 2 H), 3.42 (t, J� 6.7 Hz, 2H), 2.75 (t, J�
7.0 Hz, 2 H); 13C NMR (125 MHz, [D6]DMSO): d� 165.8, 160.6 (d, J�
240 Hz), 151.6, 144.7, 130.6, 129.4, 127.6, 127.3, 120.1, 116.8, 115.9, 37.9, 36.9,
28.5; HRMS (MALDI-FTMS): calcd for C17H16ClFN2O3S2 [M�H]�:
415.0275, found: 415.0333.


Compound 26 : Rf� 0.28 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3400, 1660, 1495, 1430, 1288, 1245, 1023, 825 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.36 (d, J� 8.5 Hz, 2 H), 7.09 (d, J� 2.5 Hz, 1 H), 6.91 (dd, J�
8.5, 2.1 Hz, 1H), 6.78 (d, J� 8.6 Hz, 2 H), 6.60 (d, J� 8.6 Hz, 1H), 3.67 (s,
3H), 3.67 (s, 2 H), 3.43 (t, J� 7.0 Hz, 2H), 2.72 (dd, J� 6.7 Hz, 2H);
13C NMR (100 MHz, [D6]DMSO): d� 163.2, 159.7, 151.7, 151.1, 132.1.129.8,
128.4, 126.9, 119.1, 116.4, 115.0, 114.9, 55.3, 36.9, 27.7; HRMS (MALDI-
FTMS): calcd for C18H19ClN2O4S2 [M�Na]�: 449.0372, found: 449.0368.


Compound 27: Rf� 0.29 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3384, 1662, 1512, 1431, 1362, 1276, 1227, 1020, 951, 827, 708 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.30 (d, J� 6.7 Hz, 2H), 7.09 (s, 1 H), 6.91 (m, 1H),
6.68 ± 6.64 (m, 3H), 3.68 (s, 2 H), 3.45 (t, J� 7.1 Hz, 2 H), 2.71 (d, J� 7.0 Hz,
2H); 13C NMR (125 MHz, [D6]DMSO): d� 165.9, 160.8, 156.5, 151.7, 141.6,
131.8, 130.6, 127.6, 127.1, 119.4, 116.2, 115.9, 40.9, 38.6, 30.1; HRMS


(MALDI-FTMS): calcd for C17H17ClN2O4S2 [M�Na]�: 435.0216, found:
435.0223.


Compound 28 : Rf� 0.54 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3396, 1660, 1425, 1202, 1127, 1021, 882 cmÿ1; 1H NMR (400 MHz, CD3OD):
d� 7.56 (d, J� 2.0 Hz, 1H), 7.34 ± 7.33 (m, 2 H), 7.08 (d, J� 2.0 Hz, 1H),
6.92 (dd, J� 8.5, 2.1 Hz, 1 H), 6.65 (d, J� 8.2 Hz, 1H), 3.67 (s, 2 H), 3.42 (t,
J� 6.7 Hz, 2H), 2.79 (t, J� 6.4 Hz, 2H); 13C NMR (125 MHz, [D6]DMSO):
d� 165.8, 160.8, 151.7, 142.4, 136.3, 134.1, 133.8, 130.6, 130.1, 128.4, 127.6,
127.1, 119.4, 115.9, 40.9, 38.6, 30.1; HRMS (MALDI-FTMS): calcd for
C17H15Cl3N2O3S2 [M�Na]�: 486.9487, found: 486.9484.


Compound 29 : Rf� 0.29 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3418, 1649, 1513, 1425, 1290, 1213, 1019, 672 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.25 (d, J� 8.5 Hz, 1 H), 7.10 (d, J� 2.4 Hz, 1 H), 6.95 (dd, J�
8.8, 2.1 Hz, 1H), 6.68 ± 6.65 (m, 2 H), 6.44 (dd, J� 8.2, 2.4 Hz, 1 H), 3.68 (s,
2H), 3.49 (t, J� 7.0 Hz, 2H), 2.72 (t, J� 7.0 Hz, 2 H); 13C NMR (125 MHz,
[D6]DMSO): d� 162.3, 150.9, 150.4, 149.9, 135.9, 134.5, 128.9, 127.5, 118.2,
115.5, 114.7, 114.3, 112.8, 39.5, 35.1, 26.8; HRMS (MALDI-FTMS): calcd
for C17H17Cl2N3O3S2 [M�H]�: 446.0088, found: 446.0170.


Compound 32 : Rf� 0.38 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3413, 1657, 1526, 1488, 1418, 1287, 1221, 1018 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.59 (d, J� 1.7 Hz, 1H), 7.53 (q, J� 5.3 Hz, 1H), 7.09 ± 7.03
(m, 2H), 6.68 (d, J� 8.2 Hz, 1 H), 3.75 (s, 2 H), 3.52 (t, J� 6.7 Hz, 2H), 2.85
(t, J� 6.7 Hz, 2 H); 13C NMR (125 MHz, [D6]DMSO): d� 165.8, 160.8,
160.6 (d, J� 260 Hz), 155.3, 138.7, 130.5, 130.0, 129.4, 116.5, 116.3, 114.7,
85.6, 39.1, 36.9, 27.4; HRMS (MALDI-FTMS): calcd for C17H16FIN2O3S2


[M�H]�: 506.9631, found: 506.9704.


Compound 33 : Rf� 0.49 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3318, 2926, 1654, 1463, 1438, 1382, 1221, 1076, 1020 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.58 (d, J� 1.7 Hz, 1 H), 7.49 (d, J� 8.5 Hz, 2H),
7.30 (d, J� 8.5 Hz, 2 H), 7.08 (dd, J� 8.5, 2.1 Hz, 1H), 6.68 (d, J� 8.5 Hz,
1H), 3.75 (s, 2H), 3.53 (t, J� 6.5 Hz, 2 H), 2.86 (t, J� 6.7 Hz, 2 H); 13C NMR
(125 MHz, [D6]DMSO): d� 165.8, 160.8, 155.3, 146.2, 136.8, 132.8, 131.8,
130.5, 129.1, 128.9, 116.6, 85.6, 40.9, 38.6, 30.5; HRMS (MALDI-FTMS):
calcd for C17H16ClIN2O3S2 [M�H]�: 522.9336, found: 522.9415.


Compound 34 : Rf� 0.35 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3403, 1657, 1528, 1487, 1451, 1222, 1153, 1020 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.55 (q, J� 5.3 Hz, 1 H), 7.08 ± 6.99 (m, 4H), 6.70 (br s, 1H),
6.57 (dd, J� 8.8, 1.8 Hz, 1 H), 3.82 (s, 2H), 3.52 (t, J� 6.7 Hz, 2H), 2.85 (t,
J� 6.7 Hz, 2H); 13C NMR (125 MHz, [D6]DMSO): d� 163.8, 160.6 (d, J�
260 Hz), 157.7, 152.2, 138.5, 131.4, 131.0, 129.6, 119.9, 116.1, 115.2, 113.5,
38.5, 37.3, 29.3; HRMS (MALDI-FTMS): calcd for C17H17FN2O3S2


[M�H]�: 381.0665, found: 381.0733.


Compound 35 : Rf� 0.77 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3266, 1661, 1525, 1472, 1278, 1014, 777, 450 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.49 (d, J� 8.5 Hz, 2 H), 7.30 (d, J� 8.5 Hz, 2 H), 7.01 (t, J�
8.2 Hz, 1 H), 6.70 (br s, 1 H), 6.56 (dd, J� 9.0, 2.3 Hz, 1H), 3.81 (s, 2H), 3.50
(t, J� 6.7 Hz, 2H), 2.85 (t, J� 6.7 Hz, 2H); 13C NMR (125 MHz,
[D6]DMSO): d� 163.3, 157.2, 152.3, 137.9, 135.6, 134.5, 132.5, 131.7, 129.5,
129.2, 128.9, 119.4, 115.6, 113.0, 38.2, 36.9, 28.8; HRMS (MALDI-FTMS):
calcd for C17H17ClN2O3S2 [M�H]�: 397.0369, found: 397.0431.


Compound 42 : Rf� 0.66 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3392, 1661, 1524, 1488, 1221, 1019, 826, 704 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.48 ± 7.46 (m, 2H), 7.16 ± 7.11 (m, 4H), 7.01 ± 6.96 (m, 3H),
3.81 (s, 1 H), 3.44 ± 3.40 (m, 2 H), 2.77 ± 2.75 (m, 2 H); 13C NMR (125 MHz,
[D6]DMSO): d� 163.0, 160.8, 160.6 (d, J� 260 Hz), 151.4, 136.4, 130.5,
130.2, 128.4, 127.9, 125.7, 116.4, 115.9, 37.7, 36.6, 28.6; HRMS (MALDI-
FTMS): calcd for C17H17FN2O2S2 [M�Na]�: 387.0613, found: 387.0609.


Compound 43 : Rf� 0.28 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3354, 1660, 1590, 1525, 1490, 1448, 1290 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.21 ± 7.10 (m, 7H), 6.55 ± 6.53 (m, 2H), 3.80 (s, 2 H), 3.47 ±
3.43 (m, 2H), 2.70 (t, J� 7.0 Hz, 2H); 13C NMR (125 MHz, CD3OD): d�
165.8, 160.8, 143.9, 142.1, 138.5, 130.0, 129.3, 127.2, 127.2, 125.6, 119.3, 40.9,
38.6, 29.9; HRMS (MALDI-FTMS): calcd for C17H19N3O2S2 [M�Na]�:
384.0816, found: 384.0820.


Compound 44 : Rf� 0.28 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3402, 1661, 1525, 1492, 1291, 1227, 1022 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.30 (d, J� 8.5 Hz, 2H), 7.18 ± 7.10 (m, 1 H), 6.63 (d, J�
8.5 Hz, 2H), 3.92 (s, 2 H), 3.55 (t, J� 6.7 Hz, 2H), 2.80 (t, J� 6.7 Hz,
2H); 13C NMR (125 MHz, [D6]DMSO): d� 163.7, 161.6, 159.6, 151.4, 150.1,
134.8, 130.6, 128.6, 124.0, 120.1, 115.5, 114.6, 38.7, 36.6, 22.6; HRMS







FULL PAPER K. C. Nicolaou et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0719-4308 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 194308


(MALDI-FTMS): calcd for C17H18FN3O2S2 [M�Na]�: 402.0722, found:
402.0720.


Compound 45 : Rf� 0.65 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3419, 1656, 1527, 1488, 1226, 1018, 757 cmÿ1; 1H NMR (400 MHz, CD3OD):
d� 7.58 ± 7.54 (m, 2H), 7.19 ± 6.97 (m, 6H), 3.91 (s, 2H), 3.52 (t, J� 6.7 Hz,
2H), 2.86 (t, J� 6.7 Hz, 2 H); 13C NMR (125 MHz, [D6]DMSO): d� 163.5,
161.5 (d, J� 260 Hz), 160.6 (d, J� 260 Hz), 158.7 (d, J� 2.5 Hz), 144.6 (d,
J� 2.5 Hz), 123.9 (d, J� 2.5 Hz), 122.9 (d, J� 28.7 Hz), 116.2 (d, J�
27.5 Hz), 115.7 (d, J� 27.5 Hz), 38.7, 37.4, 22.6; HRMS (MALDI-FTMS):
calcd for C17H16F2N2O2S2 [M�Na]�: 405.0518, found: 405.0513.


Compound 46 : Rf� 0.37 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3388, 1661, 1524, 1289, 1021 cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.19
(d, J� 8.2 Hz, 1H), 7.13 ± 7.12 (m, 1 H), 6.97 (d, J� 7.6 Hz, 1 H), 6.89 (d, J�
10.2 Hz, 1H), 6.78 ± 6.76 (m, 1 H), 6.53 (d, J� 8.2 Hz, 1 H), 3.80 (s, 2H),
3.47 ± 3.44 (m, 2 H), 2.70 (t, J� 6.8 Hz, 2H); 13C NMR (125 MHz,
[D6]DMSO): d� 163.3 (d, J� 2.8 Hz), 160.9 (d, J� 239 Hz), 151.8, 150.1,
134.5, 133.1 (d, J� 2.8 Hz), 130.7 (d, J� 2.8 Hz), 120.9, 119.9, 115.1 (d, J�
28.5 Hz), 114.3 (d, J� 27.3 Hz), 38.2, 36.3, 28.4; HRMS (MALDI-FTMS):
calcd for C17H18FN3O2S2 [M�H]�: 379.0824, found: 379.0833.


Compound 47: Rf� 0.57 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3392, 2882, 1664, 1581, 1510, 1443, 135, 1197, 1136, 1017, 949, 813, 778,
714 cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.30 (d, J� 8.5 Hz, 2 H), 7.11
(q, J� 1.8 Hz, 1H), 6.97 (d, J� 7.6 Hz, 1H), 6.90 (d, J� 10.0 Hz, 1H), 6.78 ±
6.76 (m, 1 H), 6.58 (d, J� 8.8 Hz, 2H), 3.80 (s, 2 H), 3.46 (t, J� 6.8 Hz, 2H),
2.84 (s, 6 H), 2.71 (t, J� 7.0 Hz, 2H); 13C NMR (125 MHz, [D6]DMSO): d�
163.2, 151.2, 150.7, 139.6, 133.8, 130.2, 124.8, 120.5, 115.5, 115.3, 112.6, 40.4,
38.1, 36.2, 28.7; HRMS (MALDI-FTMS): calcd for C19H22FN3O2S2


[M�H]�: 408.1137, found: 408.1208.


Compound 48 : Rf� 0.76 (silica gel, EtOAc/hexanes 1:1); 1H NMR
(400 MHz, CD3OD): d� 7.67 (td, J� 7.6, 1.5 Hz, 1 H), 7.29 ± 7.03 (m, 5H),
6.97 (d, J� 10.3 Hz, 1 H), 6.85 (td, J� 8.8, 2.3 Hz, 1H), 3.87 (s, 2H), 3.53 (t,
J� 6.7 Hz, 2H), 2.86 (t, J� 6.7 Hz, 2H); 13C NMR (125 MHz, [D6]DMSO):
d� 163.2, 162.7 (d, J� 260 Hz), 161.3 (d, J� 260 Hz), 160.8, 140.8, 138.4,
131.2, 130.6, 130.2, 125.3, 124.8, 116.8 (d, J� 25.0 Hz), 115.5 (d, J� 25 Hz),
115.1, 37.9, 37.0, 28.8; HRMS (MALDI-FTMS): calcd for C17H16F2N2O2S2


[M�H]�: 383.0621, found: 383.0706.


Compound 49 : Rf� 0.78 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3400, 1665, 1588, 1524, 1486, 1441, 1223, 1018 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.46 ± 7.43 (m, 2 H), 7.14 ± 7.09 (m, 1H), 6.98 ± 6.93 (m, 3H),
6.89 (dd, J� 10.3, 1.7 Hz, 1H), 6.79 (td, J� 8.8, 2.6 Hz, 1H), 3.80 (s, 2H),
3.43 (t, J� 6.7 Hz, 2 H), 2.75 (t, J� 7.0 Hz, 2 H); 13C NMR (125 MHz,
[D6]DMSO): d� 163.3, 162.1 (d, J� 240 Hz), 161.2 (d, J� 240 Hz), 151.3
(d, J� 2.8 Hz), 139.6 (d, J� 7.6 Hz), 132.2 (d, J� 2.8 Hz), 130.9 (d, J�
8.5 Hz), 130.6 (d, J� 8.5 Hz), 130.2 (d, J� 8.5 Hz), 124.9 (d, J� 2.8 Hz),
116.4 (d, J� 22.0 Hz), 115.4 (d, J� 21.0 Hz), 113.0 (d, J� 21.0 Hz), 38.0,
36.9, 28.8; HRMS (MALDI-FTMS): calcd for C17H16F2N2O2S2 [M�Na]�:
405.0518, found: 405.0530.


Compound 50 : Rf� 0.63 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3398, 1664, 1510, 1472, 1431, 1220, 1091, 1014, 818, 736, 490 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.41 ± 7.38 (m, 2H), 7.22 ± 7.18 (m, 2 H), 7.14 ± 7.08
(m, 1 H), 6.97 (dq, J� 7.6, 0.8 Hz, 1H), 6.89 (dq, J� 11.7, 1.8 Hz, 1H), 6.78
(tdd, J� 9.1, 2.6, 0.9 Hz, 1H), 3.80 (s, 2H), 6.97 (t, J� 6.7 Hz, 2 H), 2.76 (t,
J� 6.7 Hz, 2H); 13C NMR (125 MHz, [D6]DMSO): d� 163.6, 162.5 (d, J�
240 Hz), 151.5, 139.9, 135.1, 130.4 (d, J� 9.5 Hz), 130.1, 129.4, 128.5 (d, J�
14 Hz), 127.6, 125.1 (d, J� 2.8 Hz), 115.7 (d, J� 22 Hz), 113.2 (d, J�
20 Hz), 38.3, 37.2, 29.1; HRMS (MALDI-FTMS): calcd for
C17H16ClFN2O2S2 [M�H]�: 399.0326, found: 399.0413.


Compound 51: Rf� 0.65 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3404, 2872, 1663, 1583, 1524, 1486, 1463, 1245, 1207, 1022, 774 cmÿ1,
1H NMR (400 MHz, CD3OD): d� 7.41 ± 7.38 (m, 2H), 7.22 -7.18 (m, 2H),
7.16 ± 7.08 (m, 1 H), 6.97 (dq, J� 7.6, 0.8 Hz, 1H), 6.89 (dq, J� 11.7, 1.8 Hz,
1H), 6.78 ± 6.77 (m, 1H), 3.80 (s, 2H), 3.42 (t, J� 6.7 Hz, 2 H), 2.76 (t, J�
6.7 Hz, 2 H); 13C NMR (125 MHz, [D6]DMSO): d� 163.1, 162.2 (d, J�
240 Hz), 160.1, 150.3, 138.6 (d, J� 8.1 Hz), 138.2, 132.9, 132.0 (d, J�
7.5 Hz), 129.8, 125.2, 123.9, 114.4 (d, J� 20.9 Hz), 111.9 (d, J� 20.0 Hz),
37.0, 35.9, 27.8; HRMS (MALDI-FTMS): calcd for C17H16ClFN2O3S2


[M�H]�: 399.0326, found: 399.0413.


Compound 52 : Rf� 0.69 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3415, 1663, 1523, 1477, 1441, 1244, 1207, 1022, 821, 773 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.21 ± 7.12 (m, 6 H), 6.55 ± 6.53 (m, 2H), 3.80 (s,


2H), 3.47 ± 3.42 (m, 2H), 2.72 ± 2.68 (m, 2H); 13C NMR (125 MHz,
[D6]DMSO): d� 162.2, 161.0 (d, J� 240 Hz), 150.3 (d, J� 28.6 Hz), 138.6,
134.7, 130.8, 129.1 (d, J� 8.5 Hz), 128.3, 127.9, 123.9 (d, J� 1.9 Hz), 114.4 (d,
J� 20.9 Hz), 111.9 (d, J� 20.9 Hz), 37.2, 36.1, 27.8; MS (ESI): calcd for
C17H16ClFN2O2S2 [M�H]�: 399, found: 399.


Compound 53 : Rf� 0.66 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3388, 1665, 1512, 1432, 1221, 1017, 825 cmÿ1; 1H NMR (400 MHz, CD3OD):
d� 7.46 ± 7.41 (m, 2H), 7.18 ± 7.13 (m, 2 H), 6.98 ± 6.92 (m, 2H), 6.85 ± 6.79
(m, 2H), 3.75 (s, 2H), 3.43 ± 3.39 (m, 2 H), 2.76 ± 2.72 (m, 2H); 13C NMR
(125 MHz, [D6]DMSO): d� 163.0 (d, J� 3.8 Hz), 161.8 (d, J� 244.1 Hz),
161.3 (d, J� 246.3 Hz), 159.4, 151.3 (d, J� 38.1 Hz), 132.6 (d, J� 3.8 Hz),
130.5 (d, J� 7.3 Hz), 130.3 (d, J� 8.5 Hz), 116.1 (d, J� 21.0 Hz), 114.7 (d,
J� 20.9 Hz), 37.6, 36.6, 27.9; HRMS (MALDI-FTMS): calcd for
C17H16F2N2O2S2 [M�Na]�: 405.0518, found: 405.0513.


Compound 54 : Rf� 0.51 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3210, 1663, 1424, 1488, 1221, 1015, 828 cmÿ1; 1H NMR (400 MHz, CD3OD):
d� 7.40 (d, J� 8.5 Hz, 2H), 7.21 (d, J� 8.8 Hz, 2 H), 7.16 (q, J� 5.6 Hz,
2H), 6.83 (t, J� 9.1 Hz, 2H), 3.76 (s, 2 H), 3.41 (t, J� 6.7 Hz, 2H), 2.76 (t,
J� 6.7 Hz, 2H); 13C NMR (125 MHz, [D6]DMSO): d� 163.3 (d, J�
5.7 Hz), 160.7 (d, J� 240 Hz), 151.7 (d, J� 8.5 Hz), 137.7, 132.9 (d, J�
2.8 Hz), 130.6 (d, J� 7.6 Hz), 129.5, 129.2, 128.9 (d, J� 2.8 Hz), 115.0 (d,
J� 20.9 Hz), 38.0, 37.1, 28.2 ; HRMS (MALDI-FTMS): calcd for
C17H16ClFN2O2S2 [M�H]�: 399.0326, found: 399.0409.


Compound 55 : Rf� 0.36 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3281, 1660, 1619, 1595, 1526, 1463, 1307, 1202, 116, 1007 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.50 (dm, J� 8.5 Hz, 2 H), 7.31 (dm, J� 8.8 Hz,
2H), 6.85 (dm, J� 8.2 Hz, 2 H), 6.72 (tm, J� 9.4 Hz, 1 H), 3.88 (s, 2 H), 3.53
(t, J� 6.4 Hz, 2H), 2.88 (t, J� 6.7 Hz, 2H); 13C NMR (125 MHz,
[D6]DMSO): d� 163.4, 162.0 (dd, J� 282.1, 9.5 Hz), 150.7, 141.2 (t, J�
6.2 Hz), 135.6, 131.8, 129.2, 128.9, 111.7 (d, J� 30.3 Hz), 101.7 (t, J�
28.7 Hz), 132.9 (d, J� 2.8 Hz), 130.6 (d, J� 7.6 Hz), 129.5, 129.2, 128.9 (d,
J� 2.8 Hz), 115.0 (d, J� 20.9 Hz), 38.0, 37.0, 28.8.


Compound 56 : Rf� 0.62 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3285, 1660, 1525, 1480, 1426, 1205, 1090, 1012, 811 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.40 (d, J� 8.5 Hz, 2H), 7.21 (d, J� 8.5 Hz, 2H),
7.12 (m, 4H), 3.76 (s, 2H), 3.41 (t, J� 6.7 Hz, 2H), 2.77 (t, J� 6.7 Hz, 2H);
13C NMR (125 MHz, [D6]DMSO): d� 163.3, 151.4, 135.8, 135.7, 130.6,
129.5, 129.2, 128.9, 128.2, 38.0, 37.0, 28.4; HRMS (MALDI-FTMS): calcd
for C17H16Cl2N2O2S2 [M�H]�: 415.0030, found: 415.0094.


Compound 57: Rf� 0.52 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3398, 1669, 1529, 1485, 1429, 1222, 1019 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.24 (s, 1H), 7.12 ± 7.09 (m, 2 H), 7.04 (br d, J� 7.6 Hz, 1H),
6.97 ± 6.92 (m, 2 H), 6.44 (d, J� 8.5 Hz, 2H), 3.69 (s, 2H), 3.36 (t, J� 6.7 Hz,
2H), 2.61 (t, J� 6.7 Hz, 2 H); 13C NMR (125 MHz, [D6]DMSO): d� 163.2,
151.2, 149.1, 139.6, 134.4, 131.3, 130.5, 129.0, 127.8, 121.5, 114.3, 114.2, 38.2,
36.9, 28.7; HRMS (MALDI-FTMS): calcd for C17H18BrN3O2S2 [M�H]�:
440.0024, found: 440.0104.


Compound 58 : Rf� 0.53 (silica gel, EtOAc/hexanes 1:1); 1H NMR
(400 MHz, CD3OD): d� 7.36 (m, 2 H), 7.24 (br s, 1H), 7.11 (br d, J�
7.9 Hz, 1H), 7.04 (br d, J� 7.7 Hz, 1H), 6.95 (t, J� 7.9 Hz, 1H), 6.87 (t,
J� 8.8 Hz, 2H), 3.68 (s, 2H), 3.34 (t, J� 6.7 Hz, 2H), 2.66 (t, J� 6.7 Hz,
2H); 13C NMR (100 MHz, [D6]DMSO): d� 164.0, 160.6 (d, J� 260 Hz),
152.0, 144.6, 140.4, 131.2, 130.4, 130.0, 129.3 (d, J� 8.5 Hz), 129.1, 122.3,
117.2 (d, J� 21.9 Hz), 40.9, 37.7, 29.5; HRMS (MALDI-FTMS): calcd for
C17H16BrFN2O2S2 [M�Na]�: 464.918, found: 464.9713.


Compound 59 : Rf� 0.49 (silica gel, EtOAc/hexanes 1:1); 1H NMR
(400 MHz, CD3OD): d� 7.36 (d, J� 8.5 Hz, 2 H), 7.28 (dm, J� 8.5 Hz,
2H), 6.63 (d, J� 8.5 Hz, 2H), 3.85 (s, 2H), 3.55 (t, J� 6.7 Hz, 2 H), 2.79 (t,
J� 6.7 Hz, 2 H); 13C NMR (100 MHz, [D6]DMSO): d� 162.7, 150.9, 148.1,
135.9, 134.0, 130.8, 130.6, 119.3, 118.8, 113.8, 37.8, 36.6, 28.1; HRMS
(MALDI-FTMS): calcd for C17H18BrN3O2S2 [M�Na]�: 461.9916, found:
461.9931.


Compound 60 : Rf� 0.61 (silica gel, EtOAc/hexanes 1:1); 1H NMR
(400 MHz, CD3OD): d� 7.54 (m, 2 H), 7.35 (dm, J� 8.5 Hz, 2 H), 7.17 (d,
J� 8.2 Hz, 2 H), 7.05 (tm, J� 8.8 Hz, 2H), 3.84 (s, 2H), 3.52 (t, J� 6.4 Hz,
2H), 2.84 (t, J� 6.5 Hz, 2 H); 13C NMR (100 MHz, [D6]DMSO): d� 163.2,
163.1, 151.3, 131.1, 131.0, 130.8, 130.6, 130.5, 130.4, 118.1, 116.7, 116.5,116.3,
38.1, 37.9, 36.8, 28.5; HRMS (MALDI-FTMS): calcd for C17H16BrFN2O2S2


[M�H]�: 442.9821, found: 442.9893.
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Compound 61: Rf� 0.69 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3278, 1659, 1528, 1479, 1011, 812 cmÿ1; 1H NMR (400 MHz, CD3OD): d�
7.49 (d, J� 8.5 Hz, 2 H), 7.35 (d, J� 8.5 Hz, 2 H), 7.30 (d, J� 8.8 Hz, 2H),
7.17 (d, J� 8.2 Hz, 2 H), 3.84 (s, 2 H), 3.50 (t, J� 6.4 Hz, 2H), 2.86 (t, J�
6.7 Hz, 2H); 13C NMR (100 MHz, [D6]DMSO): d� 163.7, 160.1, 152.2,
151.8, 132.6, 131.3, 131.0, 130.4, 128.8, 116.8, 38.4, 37.4, 28.3; HRMS
(MALDI-FTMS): calcd for C17H16BrClN2O2S2 [M�H]�: 458.9525, found:
458.9599.


Compound 62 : Rf� 0.39 (silica gel, EtOAc/hexanes 1:1); 1H NMR
(400 MHz, CD3OD): d� 7.91 (s, 1H), 7.73 ± 7.68 (m, 2 H), 7.50 (dd, J� 8.5,
1.7 Hz, 1H), 7.39 ± 7.35 (m, 2H), 7.08 (d, J� 2.1 Hz, 1 H), 6.90 (dd, J� 8.5,
2.3 Hz, 1H), 6.64 (d, J� 8.2 Hz, 2H), 3.63 (s, 2H), 3.45 (t, J� 6.7 Hz, 2H),
2.81 (t, J� 6.7 Hz, 2H); 13C NMR (100 MHz, [D6]DMSO): d� 160.8, 150.6,
142.3, 132.8, 131.5, 130.9, 129.7, 128.5, 125.3, 125.0, 124.2, 124.0, 123.0, 120.9,
120.8, 120.0, 40.9, 38.6, 30.3; HRMS (MALDI-FTMS): calcd for
C21H19ClN2O3S2 [M�H]�: 447.0526, found: 447.0614.


Compound 63 : Rf� 0.41 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3392, 1664, 1523, 1442, 1225, 1133, 1018, 949, 886, 779, 737 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.24 (d, J� 2.0 Hz, 1 H), 7.13 (m, 1 H), 6.98 (dm,
J� 7.6 Hz, 1 H), 6.90 (dt, J� 10.2, 2.1 Hz, 1H), 6.78 (td, J� 8.5, 2.6 Hz, 1H),
6.37 (d, J� 1.7 Hz, 1H), 3.82 (s, 2 H), 3.48 (t, J� 6.7 Hz, 2 H), 2.73 (t, J�
7.3 Hz, 2 H); 13C NMR (100 MHz, [D6]DMSO): d� 163.2, 162.1 (d, J�
240 Hz), 151.2 (d, J� 7.8 Hz), 141.8, 139.5, 130.1, 124.8, 115.4 (d, J�
20.9 Hz), 114.5, 112.9 (d, J� 20.9 Hz), 112.4, 38.0, 36.4, 28.7, 11.6; HRMS
(MALDI-FTMS): calcd for C16H17FN2O3S2 [M�Na]�: 391.0562, found:
391.0560.


Compound 64 : Rf� 0.66 (silica gel, EtOAc/hexanes 1:1); 1H NMR
(400 MHz, CD3OD): d� 8.73 (dd, J� 4.4, 1.7 Hz, 1H), 8.23 (dd, J� 8.5,
1.7 Hz, 1 H), 8.06 (dd, J� 7.6, 0.88 Hz, 1 H), 7.65 (dd, J� 8.2, 1.1 Hz, 1H),
7.48 ± 7.43 (m, 2H), 7.16 (dd, J� 8.5, 5.3 Hz, 2H), 6.82 (t, J� 6.7 Hz, 2H),
3.75 (s, 2H), 3.45 (t, J� 6.7 Hz, 2H), 2.83 (t, J� 6.7 Hz, 2 H); 13C NMR
(100 MHz, [D6]DMSO): d� 165.8, 165.1 (d, J� 260 Hz), 160.8, 150.1, 147.9,
138.2, 136.4, 132.9, 131.5, 128.9, 128.8, 128.7, 124.4, 120.9, 113.7 (d, J�
260 Hz), 41.0, 38.6, 29.9.


Compound 65 : Rf� 0.77 (silica gel, EtOAc/hexanes 1:1); 1H NMR
(400 MHz, CD3OD): d� 7.31 (s, 1H), 7.12 (q, J� 7.3 Hz, 1H), 6.96 (d,
J� 7.0 Hz, 1 H), 6.88 (d, J� 9.7 Hz, 1H), 6.78 ± 6.76 (m, 1 H), 6.21 ± 6.16 (m,
2H), 3.80 (s, 4H), 3.34 (t, J� 6.4 Hz, 2 H), 2.44 (t, J� 6.7 Hz, 2 H); 13C NMR
(100 MHz, [D6]DMSO): d� 163.2, 162.1 (d, J� 241 Hz), 151.3, 150.1, 142.9,
139.6 (d, J� 7.6 Hz), 130.2 (d, J� 7.6 Hz), 124.9, 115.4 (d, J� 20.9 Hz),
113.0 (d, J� 20.9 Hz), 110.9, 109.1, 37.9, 36.8, 34.6, 28.8; HRMS (MALDI-
FTMS): calcd for C16H17FN2O3S2 [M�Na]�: 391.0562, found: 391.0573.


Compound 66 : Rf� 0.68 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3403, 1663, 1523, 1442, 1211, 1023 cmÿ1; 1H NMR (400 MHz, CD3OD): d�
7.43 ± 7.41 (m, 1 H), 7.19 ± 7.18 (m, 1 H), 7.14 ± 7.10 (m, 1 H), 6.97 (d, J�
7.6 Hz, 1 H), 6.88 ± 6.86 (m, 2 H), 6.79 ± 6.74 (m, 1 H), 3.80 (s, 2H), 3.49 (t,
J� 6.7 Hz, 2H), 2.80 (t, J� 6.7 Hz, 2H); 13C NMR (100 MHz, [D6]DMSO):
d� 163.2, 163.0, 162.0 (d, J� 260 Hz), 151.2, 139.6 (d, J� 7.6 Hz), 135.0 (d,
J� 8.5 Hz), 132.4, 130.1 (d, J� 8.6 Hz), 128.2, 124.8, 115.4 (d, J� 20.9 Hz),
112.9 (d, J� 20.9 Hz), 37.8, 36.7, 28.7.


Compound 67: Rf� 0.56 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3404, 1663, 1514, 1426, 1290, 1222, 1021, 777 cmÿ1;1H NMR (400 MHz,
CD3OD): d� 7.88 ± 7.87 (m, 1 H), 7.38 ± 7.36 (m, 2H), 7.24 ± 7.21 (m, 1H),
7.10 (br s, 1 H), 6.93 ± 6.92 (m, 1 H), 6.69 ± 6.67 (m, 1H), 3.68 (s, 2 H), 3.55 ±
3.54 (m, 2 H), 2.86 ± 2.85 (m, 2H); 13C NMR (100 MHz, [D6]DMSO): d�
163.2, 150.8, 150.4, 138.9, 133.4, 131.3, 128.9, 128.4, 127.5, 127.4, 118.2, 115.4,
37.2, 36.3, 26.8; HRMS (MALDI-FTMS): calcd for C17H15Cl3N2O3S2


[M�Na]�: 486.9487, found: 486.9491.


Compound 68 : Rf� 0.02 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3412, 1654, 1513, 1428, 1288, 1215, 1017, 685 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.10 ± 7.09 (m, 1 H), 7.03 ± 7.00 (m, 3H), 6.94 ± 6.91 (m, 1H),
6.69 ± 6.66 (m, 1H), 3.68 (s, 2 H), 3.46 ± 3.43 (m, 2 H), 2.73 ± 2.70 (m, 2H),
2.44 (s, 6H); 13C NMR (100 MHz, [D6]DMSO): d� 163.2, 160.8, 151.5,
141.3, 138.4, 131.6, 130.6, 129.9, 128.5, 128.3, 119.5, 116.4, 38.5, 27.8, 21.7,
21.0; HRMS (MALDI-FTMS): calcd for C19H21ClN2O3S2 [M�Na]�:
447.0574, found: 447.0566.


Compound 69 : Rf� 0.67 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3390, 1666, 1527, 1457, 1362, 1314, 1201, 1019, 845, 775, 717 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 6.95 ± 6.88 (m, 3H), 6.66 (br d, J� 6.4 Hz, 2H),
6.53 (tm, J� 9.1 Hz, 1 H), 3.70 (s, 2H), 3.36 (t, J� 6.8 Hz, 2H), 2.63 (t,


J� 6.8 Hz, 2H), 2.34 (s, 6H); 13C NMR (100 MHz, [D6]DMSO): d� 163.1,
162.2 (d, J� 305.2 Hz), 150.7, 142.7, 142.0, 141.3, 129.8, 128.3, 111.7 (d, J�
305.2 Hz), 102.0 (t, J� 30.3 Hz), 36.9, 28.8, 21.7, 21.0; HRMS (MALDI-
FTMS): calcd for C19H20F2N2O2S2 [M�Na]�: 433.0832, found: 433.0891.


Compound 70 : Rf� 0.65 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3410, 1658, 1466, 1205, 1009 cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.81
(m, 1 H), 7.23 (br s, 1H), 7.11 (dm, J� 7.9 Hz, 1 H), 7.04 (dm, J� 7.7 Hz, 1H),
6.88 ± 6.97 (m, 4 H), 3.67 (s, 2H), 3.35 (q, J� 6.2 Hz, 2 H), 2.62 (t, J� 7.0 Hz,
2H), 2.34 (s, 6 H); 13C NMR (100 MHz, [D6]DMSO): d� 163.1, 151.2, 142.0,
139.6, 131.3, 130.5, 129.4, 129.0, 128.5, 128.2, 127.8, 121.5, 36.8, 28.7, 21.7,
21.0; HRMS (MALDI-FTMS): calcd for C19H21BrN2O2S2 [M�H]�:
453.0228, found: 453.0286.


Compound 71: Rf� 0.79 (silica gel, EtOAc/hexanes 1:1); 1H NMR
(400 MHz, CD3OD): d� 7.43 ± 7.40 (m, 2H), 7.22 ± 7.18 (m, 5 H), 7.09 ± 7.06
(m, 2H), 6.93 ± 6.90 (m, 2H), 6.81 ± 6.77 (m, 2 H), 5.12 (s, 2H), 3.73 (m, 2H),
3.41 (t, J� 7.0 Hz, 2H), 2.74 (t, J� 7.0 Hz, 2 H); 13C NMR (125 MHz,
[D6]DMSO): d� 162.3, 161.7 (d, J� 243 Hz), 160.7 (d, J� 240 Hz), 159.8,
152.3 (d, J� 4.7 Hz), 136.9 (d, J� 1.9 Hz), 132.1 (d, J� 2.8 Hz), 130.8 (d,
J� 8.5 Hz), 130.6 (d, J� 7.6 Hz), 128.3 (d, J� 3.8 Hz), 128.0 (d, J� 5.7 Hz),
116.6 (d, J� 21.9 Hz), 116.3 (d, J� 21.9 Hz), 115.0 (d, J� 20.9 Hz), 76.4,
38.2, 36.7, 29.1; HRMS (MALDI-FTMS): calcd for C24H22F2N2O2S2


[M�H]�: 473.1091, found: 473.1163.


Compound 72 : Rf� 0.72 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3411, 1670, 1611, 1431, 1223, 1046, 825 cmÿ1; 1H NMR (400 MHz, CD3OD):
d� 7.47 ± 7.43 (m, 2H), 7.13 ± 7.10 (m, 2 H), 6.98 ± 6.94 (m, 2H), 6.84 ± 6.81
(m, 2H), 3.90 (s, 3H), 3.76 (s, 2 H), 3.42 (t, J� 6.7 Hz, 2 H), 2.75 (t, J�
6.4 Hz, 2H); 13C NMR (125 MHz, [D6]DMSO): d� 162.3, 162.1 (d, J�
243 Hz), 161.3 (d, J� 240 Hz), 159.8, 151.9, 132.1 (d, J� 1.9 Hz), 130.8 (d,
J� 8.5 Hz), 130.6 (d, J� 8.5 Hz), 130.5 (d, J� 8.5 Hz), 116.6 (d, J�
21.9 Hz), 116.3 (d, J� 21.9 Hz), 115.1 (d, J� 20.9 Hz), 62.6, 38.1, 36.6,
28.8; HRMS (MALDI-FTMS): calcd for C18H18F2N2O2S2 [M�H]�:
397.0778, found: 397.0846.


Compound 88 : Rf� 0.72 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3388, 1662, 1513, 1430, 1287, 1226, 1018, 950 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 7.27 ± 7.28 (m, 6H), 7.10 (d, J� 6.4 Hz, 1H), 6.84 (dd, J� 6.7,
1.2 Hz, 2 H), 6.80 (dd, J� 5.6, 1.2 Hz, 1H), 3.96 (s, 2 H), 3.86 (s, 2H), 3.49 (t,
J� 5.3 Hz, 2H), 2.58 (t, J� 5.4 Hz, 2H); 13C NMR (125 MHz, [D6]DMSO):
d� 163.2, 158.1, 158.2, 151.8, 151.3, 151.2, 133.1, 133.0, 129.8, 128.5, 128.4,
116.3, 36.9, 36.5, 27.8; HRMS (MALDI-FTMS): calcd for C18H19ClN2O3S2


[M�Na]�: 433.0423, found: 433.0414.


Compound 73 : This compound was prepared by a route similar to that used
for the synthesis of psammaplin A[1] with the following two modifications:
Bromotyrosine was replaced by chlorotyrosine and cystamine was replaced
by 1,6-diaminohexane. 73 : Rf� 0.11 (silica gel, EtOAc/hexanes 1:1); IR
(film): nÄmax� 3403, 1658, 1511, 1430, 1289, 1219, 1022, 710 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 7.27 (br s, 1H), 7.10 (d, J� 6.4 Hz, 1 H), 6.84 (d,
J� 6.7 Hz, 1H), 3.87 (s, 2H), 3.28 (q, J� 5.6 Hz, 2H), 1.55 (m, 2 H), 1.36 ±
1.31 (m, 2H); 13C NMR (125 MHz, [D6]DMSO): d� 164.8, 152.4, 151.6,
130.4, 129.3, 128.7, 120.3, 116.4, 39.1, 27.8, 13.4; MS (ESI): calcd for
C22H24Cl2N4O6S2 [MÿH]�: 573, found: 573.


Compounds 82, 84, and 87 were prepared in the same manner as described
for compound 73 with the exception that 1,6-diaminohexane was replaced
by amine 78, 76, or 85, respectively.


Compound 82 : Rf� 0.69 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3383, 3048, 2919, 1658, 1511, 1427, 1290, 1213, 1016, 702 cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 8.81 ± 8.71 (m, 6H), 8.55 (dd, J� 8.5, 2.1 Hz, 1H),
8.28 (d, J� 8.5 Hz, 1 H), 5.31 (s, 2 H), 5.23 (s, 2H), 4.92 (t, J� 6.7 Hz, 2H),
4.04 (t, J� 6.7 Hz, 2 H); 13C NMR (125 MHz, CD3OD): d� 165.9, 153.3,
152.9, 139.9, 131.6, 130.4, 130.2, 129.8, 129.6, 128.1, 121.4, 117.5, 39.8, 36.7,
31.5, 28.9.


Compound 84 : Rf� 0.65 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3196, 1658, 1507, 1431, 1290, 1213, 1017, 691 cmÿ1; 1H NMR (400 MHz,
CD3OD): d� 8.83 ± 8.71 (m, 5H), 8.67 (t, J� 7.0 Hz, 1 H), 8.54 (dd, J� 8.2,
2.0 Hz, 1 H), 8.28 (d, J� 8.2 Hz, 1 H), 5.31 (s, 2H), 4.87 ± 4.82 (m, 4H), 4.41
(t, J� 7.3 Hz, 2H), 3.32 ± 3.30 (m, 2 H); 13C NMR (125 MHz, CD3OD): d�
162.1, 153.5, 152.5, 138.1, 131.5, 130.4, 130.3, 130.1, 129.8, 127.1, 121.5, 117.5,
39.4, 31.8, 30.3, 28.9; HRMS (MALDI-FTMS): calcd for C18H19ClN2O3S2


[M�H]�: 379.0878, found: 379.0873.


Compound 87: Rf� 0.63 (silica gel, EtOAc/hexanes 1:1); IR (film): nÄmax�
3393, 2931, 1658, 1510, 1429, 1289, 1219, 1014, 950, 701 cmÿ1; 1H NMR
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(400 MHz, CD3OD): d� 7.31 ± 7.24 (m, 3 H), 7.21 ± 7.18 (d, J� 5.7 Hz, 3H),
7.09 (dd, J� 6.6 Hz, 1 H), 6.84 (d, J� 6.6 Hz, 1H), 3.85 (s, 2 H), 3.32 (t, J�
6.5 Hz, 2 H), 2.66 (t, J� 6.5 Hz, 2H), 1.68 ± 1.52 (m, 4 H); 13C NMR
(125 MHz, CD3OD): d� 164.8, 152.4, 151.6, 142.6, 130.4, 129.3, 128.6, 128.4,
128.3, 125.7, 120.3, 116.4, 39.0, 35.4, 29.0, 28.8, 27.8.


Antibacterial assay : Determination of MIC values was conduced as
described in ref. [1].


In vitro toxicity assay : Baby hamster kidney BHK-21 cells (ATCC CCL10)
were maintained in high-glucose Dulbecco�s modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal serum (FBS, Life
Technologies), 2 mm glutamine, 1� tryptose phosphate broth (TPB, Life
Technologies), 1 mm sodium pyruvate (Life Technologies) and 0.5 %
glucose. Before the addition of test compounds exponentially growing
cells were dispensed into the wells of a 96-well microtiter plate at
concentration of 5000 cells per well (200 mL of DMEM without phenol-red,
10% FBS, 2 mm glutamine, 1 mm sodium pyruvate and sodium bicarbon-
ate). Jurkat cells were maintained in RMPI containing 10% FBS without
phenol red. Prior to the addition of test compounds, exponentially growing
Jurkat cells were inoculated at an initial concentration of 12000 cells per
well (same medium as BHK-21 cells). 12 h after cell seeding, test
compounds at varying concentrations (2 mL) were added to the 96-well
plates. After 24 h of incubation at 37 8C in a humidified 5% CO2


atmosphere, the plates were analyzed utilizing the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) cell proliferation
assay. MTT was dissolved at a concentration of 5 mgmLÿ1 in Hank�s salt
solution and filtered through a 0.45 m filter. 20 mL of this MTT solution was
then added to each well including the control wells containing no cells.
After incubation for 4 h, the 96-well microtiter plates were centrifuged at
2000 rpm for 10 min, the growth medium was then removed and DMSO
(200 mL) added to each well. After agitation, absorbance of the wells was
quantified using a scanning well microculture plate reader at test and
reference wavelengths of 550 and 620 nm, respectively. The IC50 was
defined as the concentration of the test compound that produced 50%
reduction of absorbance as compared with untreated control cells.


DNA gyrase assay : The compound to be assayed (3 mL, final concentration
of compound as shown in Figure 4) was added to a buffer solution (27 mL of
35 mm Tris ´ HCl, 24 mm KCl, 4 mm MgCl2, 1.8 mm spemidine, 1 mm ATP,
6.5% (w/v) glycerol and 0.1 mgmLÿ1 bovine serum albumin) containing
0.5 mg of relaxed pBR322 (TopoGEN) and DNA gyrase (5 U, TopoGEN).
This reaction mixture was incubated at 37 8C for 1 h, before being quenched
by the addition of a stop solution (3 mL of 0.3 % SDS, 0.3% bromophenyl
blue, 40% sucrose). The DNA topoisomers were separated by electro-
phoresis on an 0.8% agarose gel. After development of the gel, the DNA
topoisomers were visualized by staining with ethidium bromide (1 mg mLÿ1)
and examination under UV light.
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