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Introduction


Attractive noncovalent interactions, such as hydrogen bond-
ing and electrostatic attraction, play a salient role in many
catalytic processes, enabling us to achieve controlled catalysis
with high selectivity and productivity.[1] Although repulsive
interactions between the ligand and other components in the
catalyst system have been shown to play a key role in
increasing the stereoregularity and molecular weight of the
resulting polymers, in the field of olefin polymerization
catalysis[2] little is known about the attractive interactions[3]


that contribute to the enhancement of the catalytic properties.
Attractive interactions are intrinsically tunable and are more
versatile than repulsive interactions, so if attractive interac-
tions can be realized they are expected to provide facile and
precise control over catalytic properties such as catalytic


activity, polymer molecular weight, co-monomer incorpora-
tion, and polymer stereoregularity.
In our study, we focused on Group 4 transition-metal


complexes featuring a pair of phenoxy ± imine chelate ligands
(named FI catalysts)[4, 5] for olefin polymerization; these are
based on a ligand-oriented catalyst design concept.[6] FI
catalysts can produce a variety of distinctive polymers with
high efficiency, such as vinyl-terminated lowmolecular-weight
polyethylenes (Mw 2000), ultra-high molecular-weight amor-
phous ethylene ± propylene copolymers (Mw� 10200000),
isotactic polypropylenes (mm� 69%, Tm 124 �C), and stereo-
and regio-irregular high molecular-weight poly(hex-1-ene)s,
some of which are difficult or impossible to prepare using
conventional catalysts.
Further studies aimed at developing higher performance FI


catalysts resulted in the discovery of a new family of
fluorinated Ti-FI catalysts for living olefin polymerization
(Figure 1). The catalysts are capable of carrying out highly


N


O


R'


Cl


Cl
Ti


R"


(F)n


2


High Performance Catalysts
for


Living Olefin Polymerization


Figure 1. General structure of fluorinated Ti-FI catalysts.


controlled living ethylene polymerization as well as highly
syndiospecific living propylene polymerization at a remark-
ably elevated temperature of 50 �C, as introduced in our
patent[7] and in a series of subsequent papers.[8] Unique
block copolymers with a wide array of molecular architectures
[e.g., polyethylene-block-poly(ethylene-co-propylene) (PE-b-
EPR), PE-block-syndiotactic polypropylene (PE-b-sPP), sPP-
b-EPR, PE-b-EPR-b-PE, PE-b-EPR-b-sPP] were synthesized
from ethylene and propylene by using the catalysts, most of
which were previously unobtainable with the use of Ziegler ±
Natta catalysts. Moreover, recent research has demonstrated
that appropriately designed fluorinated Ti-FI catalysts are
capable of producing monodisperse polymers catalytically by
combination with chain-transfer agents, opening up a new
methodology for the catalytic production of block copolymers
and functional polyolefins.[9] Coates et al. have recently
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obtained a modified fluorinated Ti-FI catalyst by using
combinatorial methods that can initiate syndiospecific living
propylene polymerization at ambient temperatures and form
sPP-b-EPR and sPP-block-poly(methylenecyclopentane-co-
vinyl tetramethylene).[10]


Computational studies together with experimental results
indicate that the attractive interaction of a fluorine atom in
the ligand with a �-hydrogen on the growing polymer chain is
responsible for the unprecedented living polymerization; this
represents the first example of an attractive interaction
between the ligand and other components in the catalyst
system that significantly enhances the catalytic properties. In
this article, we wish to describe the remarkable living olefin
polymerization behavior of fluorinated Ti-FI catalysts origi-
nating from the attractive interaction of a ligand with a
growing polymer chain. This attractive interaction has en-
abled us to achieve some of the long-standing challenges in
the field of polymerization catalysis and polymer synthesis
(i.e., highly controlled living ethylene polymerization, highly
syndiospecific living propylene polymerization, the synthesis
of unique block copolymers, and the catalytic production of
monodisperse polymers).


Living Ethylene Polymerization


Living olefin polymerization[11] is of great importance in the
production of precisely controlled polymers (e.g., monodis-
perse polymers, end-functionalized polymers, and block
copolymers), all of which are anticipated to exhibit novel
physical properties and, therefore, novel uses. Although FI
catalysts display a unique catalytic behavior for the polymer-
ization of ethylene and �-olefins, early FI catalysts did not
polymerize such olefins in a living fashion owing to their
exerting insufficient control over chain termination or trans-
fer steps. Therefore, the precisely controlled polymers men-
tioned previously were inaccessible with early FI catalysts.
FI catalysts have ligands that can be easily tailored


synthetically from both an electronic and steric point of view,
and hence they possess a wide range of catalyst design
possibilities. The catalysts have allowed us to examine a wide
variety of substituents including functional groups that
typically contain heteroatoms. In exploring new derivatives
of FI catalysts, we have investigated derivatives that contain
halogen-substituted ligands. As a consequence, we discovered
a Ti-FI catalyst with a perfluorophenyl group in the ligand
that displayed unique catalytic behavior for the polymer-
ization of ethylene (Table 1).[7, 8a,b] When FI catalyst 1 was


activated with methylalumoxane (MAO), it was an order of
magnitude more active (50 �C, atmospheric pressure: TOF�
21500min�1) than the non-fluorinated congener (TOF�
3200min�1), and yielded high molecular-weight polyethylene
(Mn� 412000). It is reasonable to assume that a more
electron-withdrawing ligand generates a more electrophilic
Ti center. Therefore, the enhancement of activity as a result of
introducing the perfluorophenyl group provides a clear
demonstration that for the catalysts, the electrophilicity of
the Ti center plays a predominant role in determining the
catalytic activity. Remarkably, the high molecular-weight
polyethylene displayed a narrow molecular-weight distribu-
tion (Mw/Mn� 1.13) and was free of olefinic end groups. These
facts suggest that the catalyst 1/MAO system may possess the
characteristics of a living ethylene polymerization regime
under the given conditions. The plots of the Mn and Mw/Mn


values at 50 �C vs polymerization time are shown in Figure 2.


Figure 2. Plots of Mn and Mw/Mn as a function of polymerization time for
ethylene polymerization with FI catalyst 1/MAO at 50 �C. Conditions: 1
(1.0 �mol), cocatalyst MAO (1.25 mmol), 1 atm, ethylene/N2 feed 2 L/
50 Lh�1, 50 �C.


The Mn value increased proportionally with polymerization
time, and the narrow Mw/Mn value (1.06 ± 1.19) was retained
for each run, indicating that the system is indeed living. This is
the first example of living ethylene polymerization at a
temperature as high as 50 �C. Considering that the MAO used
as the activator is a potential chain-transfer agent and that
living olefin polymerization can usually only be achieved
using a borate cocatalyst in place of MAO, living ethylene
polymerization with MAO at 50 �C is of great significance.
The Mn value of 412000 represents one of the highest


reported values to date for monodisperse polyethylenes. In
addition, to the best of our knowledge, the activity (TOF�
21500min�1) is the highest with regard to living ethylene
polymerizations and is comparable to those found for early
metallocenes such as Cp2ZrCl2 under the same conditions.
Therefore, the introduction of the perfluorophenyl group had
beneficial effects with respect to the suppression of chain
termination as well as the enhancement of catalytic activity.
Notably, at 75 �C and 90 �C, 1/MAO produced high molecular-
weight polyethylenes with fairly narrow molecular-weight
distributions (75 �C: Mw/Mn� 1.15, Mn� 272000; 90 �C: Mw/
Mn� 1.30, Mn� 167000). Therefore, highly controlled living
ethylene polymerization has been achieved by using fluori-
nated Ti-FI catalyst 1.
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Table 1. Results of ethylene polymerization[a] with catalyst 1 and
Cp2ZrCl2.


Catalyst T [�C] t [min] Yield [g] TOF[b] [min�1] Mn
[c] [103] Mw/Mn


[c]


1 1 50 0.5 0.172 24500 257 1.08
2 1 50 1 0.302 21500 424 1.13
3[d] 1 75 1 0.453 16100 272 1.15
4[e] 1 90 1 0.459 8200 167 1.30
5 Cp2ZrCl2 25 1 0.258 18400 157 1.73
6 Cp2ZrCl2 50 1 0.433 30900 136 2.26


[a] Conditions: catalyst (0.5 �mol), cocatalyst MAO (1.25 mmol), 1 atm.
[b] Turnover frequency. [c] Determined by GPC using polyethylene
calibration. [d] Catalyst 1 (1.0 �mol). [e] Catalyst 1 (2.0 �mol).







Unprecedented Living Olefin Polymerization 2396±2403


We reasoned that the fluorine atom(s) in the ligand is
responsible for this highly controlled living polymerization
because the corresponding non-fluorinated FI catalyst does
not achieve the living polymerization of ethylene and
provides classical unimodal polyethylene with an Mw/Mn


value of about 2 under identical conditions.
To gain further insight into the role of the fluorine atom(s)


in the realization of living polymerization, we examined the
ethylene polymerization behavior of a series of fluorinated Ti-
FI catalysts,[7, 8a,b] identified as catalysts 2 ± 7. A summary of the
polymerization results is shown in Figure 3. The data indicate


Figure 3. Ethylene polymerization results with FI catalysts 1 ± 7. Condi-
tions: cocatalyst MAO, 1 atm, 1 ± 5 min, 50 �C.


that only a Ti-FI catalyst that possesses fluorine atom(s) ortho
to the imine-nitrogen could initiate living ethylene polymer-
ization, showing that this is a requirement for living polymer-
ization.


13C NMR spectroscopy as well as IR analyses revealed that
the polyethylenes formed from the nonliving-type FI catalysts
5 ± 7 have a vinyl end-group ratio of about 0.1 per 1000 carbon
atoms, indicating that �-hydrogen transfer plays a dominant
role in chain termination for these complexes. These results
clearly demonstrate that the ortho-fluorine suppresses the �-
hydrogen transfer.
To gain insight into the role of the ortho-fluorine on living


polymerization, DFT calculations[12] were performed on a
catalytically active species derived from catalysts 1 and 2 ± 4
(Table 2 and Figure 4, polymer chain model: n-propyl group).
The calculations showed that the distance between the
central metal and the fluorine atom ortho to the imine
nitrogen atom (the nearest F) is too long to have an effective
interaction (Ti�F distances: ca. 4 ä), indicating that there is
practically no stabilization of the cationic metal center by the


ortho-fluorine atom. Alternatively, the calculations indicated
that the ortho-fluorine and the �-hydrogen atoms on a
polymer chain are located at a distance of 2.276 to 2.362 ä
apart, a distance that is well within the range of nonbonding
interactions.
Additionally, elongation of the C�H� bond (1.113 ä) was


suggested by the calculations; this is probably the result of an
attractive interaction between the ortho-fluorine and the �-
hydrogen atoms. On the basis of the calculation results, the
electrostatic energies between the negatively charged fluorine
and the positively-charged �-hydrogen atoms are estimated to
be approximately �30 kJmol�1. These electrostatic energies
are large enough to mitigate the �-hydrogen transfer to the Ti
metal and/or a reacting monomer. In addition, the transition
state leading to the �-hydrogen transfer is probably disfavored
by the fact that the �-hydrogen atom is positively charged and
stabilized by the negatively charged ortho-fluorine atom,
though the �-hydrogen should behave as a hydride in the �-
hydrogen transfer process.
Significantly, Chan et al.[13] have recently reported the first


NMR spectroscopic and X-ray structural evidence for an
attractive interaction between a fluorine atom in the ligand
and a hydrogen atom on a benzyl group attached to the
central metal for Group 4 transition-metal complexes, poten-
tially indicating the generality of the attractive interaction
between the functionalized ligand and the polymer chain.
Interestingly, DFT calculations show that an active species
generated from the chlorinated counterpart of catalyst 4 also
exhibits an attractive interaction between the chlorine and the
�-hydrogen of a growing polymer chain (polymer chain
model: n-propyl group, ortho Cl�H� distance: 2.683 ä,
electrostatic energy: �5.6 kJmol�1), and in fact the chlori-
nated FI catalyst produced polyethylene with a reasonably
narrow molecular-weight distribution (50 �C: Mn� 106000,
Mw/Mn� 1.21). These results imply that interaction with a �-
hydrogen atom can potentially be achieved by any substituent
possessing lone-pair electrons.
The attractive interaction between the functionalized


ligand and the polymer chain provides a new breakthrough
for achieving highly controlled living ethylene polymerization
and may be extended to the living polymerization of
propylene, since a growing polypropylene chain includes a
�-hydrogen. Indeed, DFT calculations indicate that the ortho-
fluorine of the active species generated from catalyst 1 during
propylene polymerization can interact with the �-hydrogen of
a growing polypropylene chain (polymer chain model:
isobutyl and sec-butyl) derived from either 1,2-insertion or
2,1-insertion (1,2-insertion; ortho F�H� distance 2.251 ä,
electrostatic energy �46.84 kJmol�1: 2,1-insertion; ortho
F�H� distance 2.262 ä, electrostatic energy �30.70 kJmol�1:
for ethylene polymerization; ortho F�H� distance 2.276 ä,
electrostatic energy �27.1 kJmol�1), suggesting that the
catalyst may also exhibit living behavior for propylene
polymerization.


Living Propylene Polymerization


Single-crystal X-ray analysis revealed that catalyst 1 has a six-
coordinate center in a distorted octahedral geometry with a
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Table 2. F�H� interactions calculated by DFT.


Catalyst r(F�H�)[a] [ä] q(F)[b] q(H�)[c] ES[d] [kJmol�1]


1 1 2.276 � 0.466 0.095 � 27.1
2 2 2.362 � 0.470 0.108 � 29.9
3 3 2.346 � 0.476 0.111 � 31.2
4 4 2.324 � 0.482 0.117 � 33.6


[a] F�H� distance. [b] Mulliken charge of the nearest o-F to H�. [c] Mul-
liken charge of H�. [d] Electrostatic energy for F�H� interaction.
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trans-O, cis-N, and cis-Cl arrangement; thus it possesses
approximate C2 symmetry.[8b] This molecular structure implies
that 1 combines living enchainment with isospecific control of
polymer stereochemistry. Ti-FI catalyst 1 with an MAO
activator is able to polymerize propylene to crystalline
polypropylene with an increased Mn of 28500 and an
enhanced TOF of 87h�1 (25 �C, 5 h, 1 atm; Figure 5) com-
pared with those for the corresponding non-fluorinated FI
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Figure 5. Propylene polymerization with FI catalysts.


catalysts. As anticipated, the polypropylene exhibited an
extremely narrowMw/Mn of 1.11, and olefinic resonances were
absent from the NMR spectrum of the polymer. The living
nature of the polymerization was confirmed by the linear
relationship between Mn and polymerization time as well as
by the narrow Mw/Mn values observed. Therefore, it was
demonstrated that the catalyst promotes room-temperature
living propylene polymerization, as predicted by DFT calcu-
lations. Catalyst 1 is the first example of a polymeriza-
tion catalyst that displays living behavior for the polymer-
ization of both ethylene and propylene. These results suggest
that the attractive interaction capable of suppressing chain
termination probably sets a standard for controlled living
polymerization of simple olefins through insertion chemistry.
The polypropylene formed with catalyst 1/MAO system


displays a peak melting temperature (Tm) of 137 �C, indicative
of a high degree of stereo control. To our surprise, micro-
structural analysis by 13C NMR spectroscopy revealed that the
resulting polymer is highly syndiotactic polypropylene (rr
87%), and that a chain-end control mechanism was respon-
sible for the observed stereo control. It should be noted that
1 exhibits higher syndioselectivity compared with the non-
fluorinated version (rr 79%). Accordingly, the introduction


of the perfluorophenyl group
contributed to the enhance-
ment of stereoselectivity in ad-
dition to the suppression of
chain termination and the in-
crease in catalytic activity. Al-
though the exact cause for the
unexpected and very high syn-
diospecificity through chain-
end control is not clear at
present, the syndiospecificity
can be explained by the com-
bination of a rapid site inver-
sion proposed by Cavallo
et al.[14] and the attractive inter-


action of the ligand with the growing polymer chain discussed
herein.
Catalyst 1 is unique in its ability to generate a highly


stereoregular polymer through a chain-end control mecha-
nism at room temperature; usually chain-end control operates
well at very low to subambient temperatures and loses its
stereoregulating ability at elevated polymerization temper-
atures. In fact, the rr triad (87%) was the highest degree of
chain-end control yet observed in a propylene polymerization
when it was discovered. Also, the rr triad was among the
highest reported for monodisperse syndiotactic polypropyl-
enes. As disclosed in our patent filed in January 2000,[7]


catalyst 1 is the first example of a living and, at the same
time, highly stereoselective catalyst for propylene polymer-
ization. The unique catalytic properties of the catalyst for
living propylene polymerization are thought to stem from the
attractive interaction between the fluorinated ligand and the
growing polymer chain.


13C NMR analyses of the chain-end groups of low molec-
ular-weight polypropylenes (Mn� 2000, 3300, and 9700)
derived from catalyst 1 demonstrated that syndiospecific
propylene polymerization is initiated exclusively by 1,2-
insertion followed by 2,1-insertion as the principal mode of
polymerization.[8e] As far as we are aware, this is the first
example of a predominant 2,1-insertion mechanism for chain
propagation displayed by a Group 4 metal-based catalyst.
Recently, the generality of this highly unusual propylene
polyinsertion mode with Ti-FI catalysts has been confirmed
by other research groups.[10c, 15, 16]


Further efforts aimed at developing improved versions of
existing FI catalysts for living propylene polymerization led to
the discovery of catalyst 8, which forms much higher tacticity
monodisperse polymers with extremely high Tms by a chain-
end control mechanism.[8f] Thus, catalyst 8, which has a
trimethylsilyl group ortho to the phenoxy oxygen atom,
furnished highly syndiotactic monodisperse polypropylene
(25 �C: rr� 93%,Mn� 47000,Mw/Mn� 1.08) with a very high
Tm (152 �C). Such an extremely high level of chain-end control
is unprecedented in propylene polymerization. The syndio-
tactic polypropylene arising from 8 at 0 �C has an exception-
ally high Tm of 156 �C, which represents the highest Tm value
ever observed among syndiotactic polypropylenes.
Surprisingly, at 50 �C, catalyst 8 promoted living propylene


polymerization and yielded monodisperse syndiotactic poly-
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Figure 4. Structure of an active species derived from 1 calculated by DFT (Model C). tBu groups are omitted for
clarity.
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propylene with a very high Tm of 150 �C. This is the first
example of living propylene polymerization at a temperature
as high as 50 �C. Additionally, the Tm of 150 �C for polymer-
ization at 50 �C is the highest value observed for syndiotactic
polypropylenes produced under the same or similar polymer-
ization conditions.


Synthesis of Unique Multiblock Copolymers


An attractive feature of living olefin polymerization catalysts
is their ability to create polyolefinic multiblock copolymers,
which have potential uses for a broad spectrum of applications
including compatibilizers, elastomers, and composite materi-
als. However, known catalysts can promote the living
polymerization of either ethylene or �-olefins but not both,
resulting in limited success in the preparation of polyolefinic
block copolymers. As discussed, fluorinated Ti-FI catalysts
are capable of initiating highly controlled living ethylene
polymerization and highly syndiospecific living propylene
polymerization by an unprecedented interaction of the
fluorine in the ligand and the growing polymer chain. We
have thus demonstrated the utility of these catalysts through
the syntheses of both ethylene- and propylene-based di- and
tri-block copolymers in a controlled fashion,[7, 8b,d] most of
which were previously unavailable with Ziegler ±Natta cata-
lysts. These unique multiblock copolymers consist of crystal-
line and amorphous segments and/or two different kinds of
crystalline segments.
For example, a novel A-B diblock copolymer composed of


crystalline and amorphous segments, PE-block-poly(ethyl-
ene-co-propylene) (PE-b-EPR), was prepared from ethylene
and ethylene/propylene (see Figure 6). Addition of 1/MAO to


Figure 6. Synthesis of various block copolymers by using catalyst 1.


a toluene solvent saturated with ethylene at 25 �C resulted in
the rapid formation of the first polyethylene block segment
(Mn� 115000, Mw/Mn� 1.10). The ethylene/propylene (1:3)
feed produced a sequential poly(ethylene-co-propylene)
(EPR) segment. The resulting high-molecular-weight well-
defined PE-b-EPR block copolymer (Mn� 211000, Mw/Mn�
1.16) contained 6.4 mol% of propylene.
Similarly, PE-b-sPP, sPP-b-EPR, PE-b-EPR-b-sPP, and PE-


b-EPR-b-PE block copolymers were also synthesized with the
1/MAO system by the sequential addition of the correspond-
ing monomers. Some of the new block copolymers derived
from the catalysts were analyzed by AFM (atomic force


microscopy)[17] and TEM (transmission electron microsco-
py)[8d] to demonstrate their considerable potential as new
materials. The powerful strategy of well-defined multiblock
copolymer formation based on FI catalyst living polymer-
ization technology is being further applied to the preparation
of block copolymers with novel architectures.


Catalytic Production of Monodisperse Polymers


Fluorinated Ti-FI catalysts have achieved some important
goals with respect to living olefin polymerization (i.e. , highly
controlled living ethylene polymerization, highly syndiospe-
cific living propylene polymerization, and the synthesis of
unique block copolymers) with the aid of the attractive
interaction between the ligand the polymer chain. A crucial
goal that still remains to be realized is the catalytic production
of precisely controlled polymers, such as monodisperse
polymers and block copolymers, because each molecule of
the catalyst can only produce one polymer chain during the
polymerization reaction; this results in an extremely low yield
relative to common olefin polymerization catalysts. One
solution to this problem is to develop FI catalysts that can
incorporate monomers without termination, even in the
presence of a chain-transfer agent (CTA) and which undergo
chain transfer only in the absence of a reacting monomer.
Such FI catalysts, if developed, will provide a new strategy for
the catalytic production of the precisely controlled polymers.
With the high catalytic performance of fluorinated Ti-FI


catalysts for living olefin polymerization already established,
we considered these catalysts to be viable catalysts for the
production of multiple polymer chains per unit of catalyst.
Initial attempts were unsuccessful because of catalyst decom-
position and/or undesirable chain termination induced by the
chain-transfer agent employed. However, elaborate catalyst
design work focusing on the substitution pattern of fluorines
in the phenyl group on the imine nitrogen atom as well as in
the substituent ortho to the phenoxy oxygen atom, has
allowed for the development of FI catalysts capable of
catalytically producing monodisperse polymers in combina-
tion with chain-transfer agents.[9]


The catalytic production of monodisperse polyethylenes
was achieved by catalyst 2, which has a trifluorophenyl group
on the imine nitrogen atom. The polymerization procedures
are summarized in Scheme 1. Firstly, saturation of the reaction
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Scheme 1. Polymerization procedure for catalytic production of mono-
disperse polyethylene.
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medium with ethylene occurs, followed by living ethylene
polymerization (A). Next comes the addition of hydrogen to
the reaction medium (B), and then ethylene polymerization
once again (C). Quenching the reaction after (B) yielded
monodisperse polyethylene (Mn� 37500, Mw/Mn� 1.04, Fig-
ure 7), whereas quenching following the complete sequence
provided an approximately double yield of polyethylene with


Figure 7. GPC profile of polyethylenes obtained by FI catalyst 2 (CTA;
H2). Polymer (X); Mn 37,500, Mw/Mn 1.04, Polymer (Y); Mn 37,900, Mw/Mn


1.15.


practically the same molecular weight and molecular-weight
distribution (Mn� 37900, Mw/Mn� 1.15, Figure 7). This is the
first example of the catalytic production of monodisperse
polymers. We confirmed that the catalytic cycle could be
repeated at least ten times with virtually no loss of produc-
tivity. These results suggest that, in principle, the catalysts are
capable of producing block copolymers catalytically by using
H2 as a chain-transfer agent, and, in fact, the catalytic creation
of PE-b-EPR block copolymers was accomplished for the first
time by using catalyst 2.
Likewise, with catalyst 9, which has a trifluorophenyl and a


cumyl group in the ligand, catalytic production of Zn-
terminated polyethylenes was accomplished by using ZnEt2
as a chain-transfer agent (80 equiv to 9). Similar procedures to
those listed above followed by quenching formed monodis-
perse polyethylene (Mn� 36700, Mw/Mn� 1.20, Figure 8) and


Figure 8. GPC profile of polyethylenes obtained by catalyst 9 (CTA;
Et2Zn). Polymer (X); Mn� 36700, Mw/Mn� 1.20, Polymer (Y); Mn�
37100, Mw/Mn� 1.31.


approximately a double yield of monodisperse polyethylene
(Mn� 37100, Mw/Mn� 1.31, Figure 8), respectively. These
results indicate there is practically no chain transfer in the


presence of ZnEt2. This chemistry provides a convenient and
efficient route to catalytically prepare monodisperse Zn-
terminated polyolefins; this in turn opens countless oppor-
tunities for the synthesis of functionalized polyolefins or block
copolymers containing polyolefins and polar polymer seg-
ments.


Conclusion


The catalytic behavior of Ti complexes incorporating fluorine-
containing phenoxy ± imine chelate ligands (fluorinated Ti-FI
catalysts) for the polymerization of ethylene and propylene
has been summarized. The use of these catalysts with anMAO
activator is capable of polymerizing both ethylene and
propylene in a living fashion. The living nature originates
from the attractive interaction between a fluorine atom in the
ligand and the �-hydrogen atom of a growing polymer chain;
this curtails �-hydrogen transfer. The attractive interaction
provides a conceptually new strategy for achieving living
olefin polymerization and has permitted us to perform highly
controlled living ethylene polymerization at the remarkably
high temperature of 50 �C. In addition, such an interaction has
realized highly-stereospecific, thermally robust, living prop-
ylene polymerization and has created highly syndiotactic
monodisperse polypropylenes with an exceptionally high Tm.
The versatility of the fluorinated Ti-FI catalysts induced by


the attractive interaction has allowed for the synthesis of
unique block copolymers, previously unavailable with Zie-
gler ±Natta catalysts. Moreover, the interaction has enabled
us to develop new versions of the catalysts that can catalyti-
cally synthesize monodisperse polyethylenes and Zn-termi-
nated polyethylenes by the combination with H2 or ZnEt2 as a
chain-transfer agent, opening up the possibility of the catalytic
synthesis of block copolymers and functional polymers.
We believe that the attractive interaction capable of


suppressing chain termination sets a standard for the con-
trolled living polymerization of simple olefins through
insertion chemistry, and that the results described herein will
activate research into the attractive interaction between the
functionalized ligand and the growing polymer chain; this will
probably result in the discovery of additional hitherto-
unknown polymerization catalysis.
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BaP4Te2–A Ternary Telluride with P�Te Bonds and a Structural Fragment of
Black Phosphorus


Stefan Jˆrgens,[a] Dirk Johrendt,[b] and Albrecht Mewis*[a]


Abstract: The new telluride BaP4Te2
was synthesized in form of gleaming
black needles by heating stochiometric
mixtures of the elements to 475 �C for
100 h. The crystal structure was deter-
mined by single-crystal X-ray methods.
BaP4Te2 crystallizes orthorhombically,
space group Pnma with a� 16.486(8),
b� 6.484(2), c� 7.076(4) ä, and Z� 4.
A main feature of the so far unknown
crystal structure type are P4Te2 chains
that consist of condensed six-membered


rings of phosphorus. These strands are
equivalent to a structural fragment of
black phosphorus, in which each of the
lateral atoms is connected to a tellurium
atom. The chains running along [010]
are separated from each other by barium


atoms, that is, linked through Ba�Te and
Ba�P bonds. BaP4Te2 is an electron
precise compound according to the Zintl
concept, and the formula can be split
ionically as follows: BaP4Te2�
Ba2�(P0)4(Te�)2. The remarkable Te�P
bonds have been analyzed by electronic
structure calculations using the electron
localization function (ELF) and the
crystal orbital Hamiltonian population
(COHP) methods.


Keywords: barium ¥ chemical
bonding ¥ phosphorus ¥ structure
elucidation ¥ tellurium ¥ X-ray
diffraction


Introduction


The reactivity of phosphorus to tellurium is very different by
comparison to the other chalcogens. Due to the pronounced
instability of P�Te bonds, no binary phosphorus tellurides
exist so far apart from miscellaneous compounds such as
P4STe2.[1] On the other hand, it is well known that the P�Te
bond can be stabilized in organometallic compounds, for
example, in trialkylphosphane tellurides such as (iso-
C3H7)3PTe.[2] In the field of intermetallic phases, two groups
of compounds exist. For the first group, UPTe[3] is an example
that crystallizes in the tetragonal La2Sb type.[4] In this
structure, there are U�P and U�Te bonds, but no interactions
between phosphorus and tellurium. The shortest P�Te
distance is 3.84 ä and therefore too long with regard to the
sum of the covalent radii (2.47 ä[5]). IrPTe[6] and OsPTe[7] , for


example, belong to the second group of intermetallic phases.
They are structurally related to pyrites and marcasites, but
with lower symmetry due to the replacement of the sym-
metrical S2 group by PTe. Their crystal structures, based on
powder diffraction data, are not reliably known, but P�Te
bonds therein are probable from spectroscopic data. Because
of the evident weakness of P�Te bonds, the situation is similar
in the field of chalcogenophosphates. A large number of thio-
and selenophosphates exist, for example, A2AuPS4,
A3AuP2Se8 (A�K, Rb, Cs)[8] or K3La(PS4)2[9] , but no
homologous tellurophosphates are known up to now. Our
attempts to synthesize such compounds resulted in the novel
phosphorus ± telluride BaP4Te2. In this paper we report its
preparation, crystal structure, and chemical bonding.


Results and Discussion


BaP4Te2 crystallizes in a new orthorhombic structure type
with four formula units per unit cell. The structure is shown in
Figure 1; selected bond lengths and angles are summarized in
Table 1.
The main features of the crystal structure of BaP4Te2 are the


existence of short P�Te bonds and six-membered rings of
phosphorus in a chair form; these rings are condensed by the
P2 atoms as illustrated in Figure 2. These one-dimensional
bands along [010] correspond to a fragment of black
phosphorus or gray arsenic. The P2 atoms are involved in
three homonuclear bonds, whereas each of the other P atoms
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Figure 1. Crystal structure of BaP4Te2.


is connected to one tellurium atom as a third neighbor. The
two Te atoms per six-membered ring occupy axial as well as
equatorial positions. The P�P bond lengths extend from 2.20
to 2.22 ä, in agreement with those of black phosphorus.[10]


The same is true for the bond angles ranging from 90.9 to
104.5� (black phosphorus: 96.3 and 102.1�). The P�Te
distances of 2.47 ä and 2.54 ä, respectively, are in the range
of the sum of the covalent radii (2.47 ä)[5] , indicating the
presence of covalent P�Te bonding.
The phosphorus atoms are threefold connected in the one-


dimensional P4Te2 bands, and have the formal charge �0,
whereas the terminal tellurium is �1. Certainly there is an


Figure 2. Cutout of the 1�[P4Te2]2� chain of BaP4Te2.


electron transfer from barium to the [P4Te2]2� unit, and,
therefore, BaP4Te2 is a valence compound in a classical view
and it belongs to the Zintl phases in a broader sense. As shown
in Figure 3, the coordination polyhedron around barium is
irregular and consists of three P and Te atoms each that
belong to several P4Te2 bands. Additional atoms (1P, 4Te)
complete the polyhedron at distances exceeding the sums of
radii by more than 5% (Ba: atomic radius (coordination
number: 12); P, Te: covalent radius).


Figure 3. Coordination of barium in BaP4Te2.


Compounds with structural fragments of black phosphorus
are well known in numerous AP3 polyphosphides with A�
Ca, Sr, Ba. Their structures are formed by disintegration of
the two-dimensional network of phosphorus, that is, removing
atoms in different ways. In BaP3, for example, only neighbor-
ing atoms are removed, and a one-dimensional structure is
formed built up of infinitely connected six-membered rings
with chair form and axial linkage.[11] In SrP3


[12] half of the P
rings remain complete, whereas in CaP3


[13] all of them are
opened. Avery similar arrangement as found in BaP4Te2 exists
in the structure of LiP5.[14] Figure 4 shows one-dimensional
bands of condensed six-membered P rings running along
[001]. Instead of tellurium they are connected by P atoms that


Abstract in German: Das neue Tellurid BaP4Te2 wurde durch
Erhitzen eines der Formel entsprechenden Elementgemenges
auf 475 �C dargestellt und dabei in Form metallisch gl‰nzender
schwarzer Nadeln erhalten. Die Bestimmung der Kristallstruk-
tur erfolgte rˆntgenographisch auf der Basis von Einkristall-
daten und ergab orthorhombische Symmetrie (Pnma; a�
16.486(8), b� 6.484(2), c� 7.076(4) ä; Z� 4). Hervorstechen-
des Strukturmerkmal sind P4Te2-Ketten aus miteinander ver-
kn¸pften sechsgliedrigen Phorphor-Ringen in Sessel-Konfor-
mation. Sie stellen damit ein Fragment der Struktur des
schwarzen Phosphors dar, bei dem die seitlichen P-Atome
jeweils mit einem Te-Atom verbunden sind. Die Ketten
verlaufen entlang [010] und werden durch Ba-Atome vonein-
ander getrennt, mit denen sie ¸ber Ba�Te- sowie Ba�P-
Bindungen Kontakt haben. Folgt man dem Zintl-Konzept, ist
BaP4Te2 entsprechend der ionischen Formulierung
Ba2�(P0)4(Te�)2 elektrovalent aufgebaut. Die elektronische
Struktur sowie die Bindungsverh‰ltnisse insbesondere der
Te�P Bindung werden mit der Elektronenlokalisierungsfunk-
tion (ELF) und der COHP Methode diskutiert.


Table 1. Selected bond lengths [ä] and angles [�] for BaP4Te2.


Ba�P3 3.258(6) P2-P1-P2 97.7(7)
Ba�P2 3.397(3) 2� P2-P1-Te2 106.9(2)
Ba�Te1 3.575(1) 2� P2-P2-P1 104.5(2)
Ba�Te2 3.699(2) P3-P2-P1 96.1(2)
P1�P2 2.221(4) 2� P3-P2-P2 95.1(2)
P1�Te2 2.469(6) P2-P3-P2 90.9(3)
P2�P3 2.203(5) P2-P3-Te1 95.3(2)
P2�P2 2.213(6)
P3�Te1 2.537(5)
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Figure 4. Cutout of the anionic network of LiP5.


occupy axial as well as equatorial positions. In contrast to
BaP4Te2 each of these atoms is part of two bands forming a
three-dimensional network. Just as tellurium in BaP4Te2, the
twofold-linked P atoms have the formal charge �1, which is
compensated by the electropositive metal lithium.
To our knowledge, BaP4Te2 is the first structurally charac-


terized ternary compound to contain P�Te bonds that are not
stabilized by organometallic ligands. We had no success in
synthesizing other compounds of the formula AP4Te2 with
A�Ca, Sr, and Sn, mainly resulting in binary ATe. Compa-
rable results were obtained from our attempts to prepare
BaP4Se2 and BaP4S2; these yielded BaSe, BaS, or Ba2P2S6.[15]


According to the above-mentioned formula splitting
Ba2�(P0)4(Te�)2, all valence electrons should be localized in
covalent bonds or lone pairs. Therefore, BaP4Te2 is expected
to be an insulator or semiconductor. To check this and to
support the interpretation of chemical bonding derived from
interatomic distances, we have calculated the electronic
structure as well as the electron localization function of
BaP4Te2. From the viewpoint of chemical bonding, the P�Te
bond is the most striking feature, and, therefore, our
electronic structure analysis is focused mainly on it.
Figure 5 shows the total density of states (DOS) and the


contributions of the Te and P atoms. A band gap of �1.3 eV is
observed above the Fermi level, in agreement with the


Figure 5. Total and projected density of states of BaP4Te2.


proposed semiconducting property. The total DOS (dotted
line in Figure 5) splits roughly into two parts. The s states of
tellurium and phosphorus extend from �15 to �7 eV,
followed by the range of p levels from �7 eV to the Fermi
energy. It is worth noting the differences in the distributions of
the P 3p and Te 5p states between �7 and 0 eV, which are
larger as expected from electronegativity reasons (P: 2.1 and
Te 2.0). Most of the Te 5p states are in the large peak between
�2 and 0 eV (solid line in Figure 5), in which only a small
amount of P 3p levels occurs. The main part of P 3p states is
between �7 and �2 eV (dashed line in Figure 5), over which
the Te contribution is rather small. However, this is exactly
the energy range of the P�Te pp�-bonding states, as seen from
the crystal orbital Hamiltonian population (COHP) diagram
of the P�Te bond in Figure 6. In contrast to this, the range
from �2 to 0 eV is weakly P�Te antibonding, and the
explanation for this is a weak �-type interaction between
phosphorus and tellurium, which gives rise to only a small
splitting between the fully occupied pp�- and pp�* levels. This
is in agreement with a simple molecular orbital scheme of a
diatomic PTe� fragment: 12 electrons fill exactly the ss�, pp�,
2� pp� and 2� pp�* orbitals.


Figure 6. COHP diagrams of the Te�P and P�P bonds in BaP4Te2.


What we can extract from the DOS and COHP diagrams is
the existence of a covalent P�Te bond and distinct lone pairs
located at the Te atoms. The homonuclear P�P bonds occur in
the COHP as expected. These results clearly support the
Ba2�(P0)4(Te1�)2 formula splitting. The bonding picture is
further visualized by the electron localization function (ELF),
shown in Figure 7. The xz plane at y� 1³4 contains the P�Te
bonds of interest, and the areas with high ELF values are
absolutely consistent with the picture drawn from the DOS
and COHP. Large lone pairs surround the Te atoms and occur
at the P atoms on top of the (P2)2P1-Te pyramid, as expected
for phosphorus in the oxidation state zero. The covalent P�Te
bonds are also clearly visible by the area of high ELF lying on
the bond axis. This covalent attraction is remarkably shifted to
the phosphorus atom, taking the higher electronegativity into
account.


Experimental Section


Synthesis and X-ray investigations : A stoichiometric mixture of Ba
(0.103 g, 0.75 mmol), P (0.093 g, 3.003 mmol), and Te (0.191 g, 1.497 mmol)
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was loaded into a silica tube, which was sealed under vacuum. The mixture
was heated at a rate of 30 �Ch�1 up to 475 �C, kept at this temperature for
100 h, and cooled down in the furnace to room temperature. This yielded
gleaming black crystals (needles) and powder of BaP4Te2, stable in air for
weeks. Single crystals suitable for X-ray experiments were selected directly
from the reaction product. No impurities could be detected within the
accuracy of the X-ray powder diffraction experiment (Huber G 600, CuK�1,
calibrated with Si). The energy-dispersive X-ray (EDX) analysis (DS 130
ISI, EDAX-DX4) of selected crystals was in good agreement with the
expected composition. Single-crystal intensity data were collected at room
temperature by use of a four-circle diffractometer (P3). Scans were taken in
the �/2�mode; an empirical absorption correction was applied on the basis
of �-scan data. The structure was solved in the centrosymmetric space
group Pnma by direct methods and refined against F 2 (SHELXL-97).[16]


Crystallographic data and details of the data collection are given in Table 2;
the final atomic and equivalent displacement parameters are listed in
Table 3. Selected bond lengths and angles are summarized in Table 1.
Further details of the crystal structure investigation can be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany, (fax: (�49)7247 ± 808 ± 666; e-mail : crysdata@fiz.karls-
ruhe.de) on quoting the depository number CSD-412643.


Electronic structure calculations : Self-consistent ab initio band structure
calculations were performed with the LMTO method in its scalar
relativistic version (program LMTO-ASA 47).[17] A detailed description
may be found elsewhere.[18±22] Reciprocal space integrations were per-
formed with the tetrahedron method by using 1138 irreducible k-points
within the Brillouin zone.[23] The basis sets consisted of 6s/5d/4f for Ba, 3s/
3p for P, and 5s/5p for Te. The 6p orbitals of Ba, 5d/4f of Te, and 3d of P
were treated by the downfolding technique.[24] To achieve space filling
within the atomic sphere approximation, interstitial spheres were intro-
duced to avoid too large overlap of the atom centered spheres. The empty
sphere positions and radii were calculated by using an automatic procedure
developed by Krier.[25] We did not allow an overlap of more than 15% for
any two atom-centered spheres. Two-dimensional grids of the electron
localization function (ELF)[26] were calculated. Within density functional
theory, ELF depends on the excess of local kinetic energy owing to the
Pauli principle compared with the bosonic system (Pauli kinetic energy
tP(r)). By definition the values for ELF are confined to the range 0 ± 1.
Regions in space for which the Pauli principle does not increase the kinetic
energy of the electrons (i.e. , high values of ELF) can be identified as areas
in which pairing of electrons with opposite spins play an important role.
Thus, high values of ELF can be treated as equivalent to covalent bonds or
lone pairs.[27] The crystal orbital Hamiltonian population (COHP) method
was used for the bond analysis.[28] COHP gives the energy contributions of
all electronic states for a selected bond. The values are negative for bonding
and positive for antibonding states. With respect to the well-known COOP
diagrams, we plotted �COHP(E) to obtain positive values for bonding
states.
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Figure 7. Electron localisation function ELF of BaP4Te2 within the xz
plane at y� 1³4 The contour lines range from ELF� 0.8 to 0.96. White
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Table 2. Crystallographic data and details of the data collection for
BaP4Te2.


crystal system orthorhombic
space group Pnma
a [ä] 16.486(8)
b [ä] 6.484(2)
c [ä] 7.076(4)
V [ä3] 756.4(6)
Z 4
�calcd [g cm�3] 4.535
� [mm�1] 13.54
min/max transmission 0.680/0.956
2� range [�] 3 ± 67
index range (hkl) 0,� 25; �10; 0,� 11
reflections collected 2976
unique reflections 1597
observed reflections [I� 2�(I)] 683
parameters 41
R1 [I� 2�(I)] 0.051
wR2 (all data) 0.114
goodness-of-fit 0.714
residual electron density [eä�3] 1.93/0.96


Table 3. Atomic coordinates and equivalent displacement parameters
[pm2][a] for BaP4Te2.


Atom Position x y z Ueq


Ba 4c 0.1625(1) 1³4 0.1015(2) 168(3)
P1 4c 0.3781(3) 1³4 0.1200(7) 127(9)
P2 8d 0.0650(2) 0.0079(5) 0.4616(4) 130(6)
P3 4c 0.0953(3) 1³4 0.6684(8) 162(11)
Te1 4c 0.2462(1) 1³4 0.5986(2) 161(3)
Te2 4c 0.4388(1) 1³4 0.4390(2) 172(3)


[a] The equivalent displacement parameter is defined as one-third of the
orthogonalized Uij tensor.
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Structural Study of 2,6-Bis[(dimethylaminomethyl)phenyl]butyl Stannanes:
Nonconventional Behaviour of Triorganotin(��) Halides


Alesœ Ru  zœicœka,*[a] Roman Jambor,[a] Ivana CÌsarœova¬ ,[b] and Jaroslav Holecœek[a]


Abstract: The four organotin (��) com-
pounds ([2,6-bis(dimethylaminometh-
yl)phenyl](n-butyl)R1R2stannane, with
R1�R2� nBu (1), R1� nBu, R2�Cl
(2), R1� nBu, R2�Br (3) and R1�
R2�Br (4)), have been prepared and
their structures have been investigated
in various solvents and at various tem-
peratures (NMR). The structures of
these compounds in solution are sol-
vent- and temperature-dependent. The
solid state structures of 2 and 3 were
studied using CP/MAS NMR spectro-
scopy and X-ray diffraction techniques.
The tetraorganotin compound 1 exhibits
tetrahedral geometry with very weak
Sn�N coordination. The dynamic proc-
ess of Sn�N bond(s) association/dissoci-


ation was observed using low-temper-
ature NMR measurements. The tin cen-
tral atom in 2 and 3 is [4� 2]-
coordinated in toluene solutions and
the NMR low-temperature measure-
ments reveal the same dynamic behavior
as for 1 in this solution, with retention of
the covalent halogen�tin bond. How-
ever, this bond is dissociated in meth-
anol solutions, yielding ionic species,
where the tin atom is only [3� 2]-
coordinated, and the halogen atom lies
outside of the primary coordination
sphere of the tin atom. In addition,


while the same ionic structure as in
methanol was found in the whole meas-
ured temperature range in the chloro-
form solution of 3, the structure of 2
varies in this solvent. In this compound,
the covalent Sn�Cl bond (similar struc-
ture as in toluene solution), which is
retained at room temperature in chloro-
form solution, is continuously dissociat-
ed with a decrease in temperature,
leading to ionic bonding (a similar
structure as in methanol solution). All
the above-mentioned processes are re-
versible in all the solvents and at all
temperatures. In the solid state, the
covalent Sn�Cl bond is observed for 2,
while an ionic bond was found in 3.


Keywords: chelates ¥ N ligands ¥
NMR spectrsocopy ¥ tin


Introduction


The family of so-called hypervalent or hypercoordinated[1]


organometallic compounds has been extensively studied,
especially when C,Y-chelating (for example 2,6-bis[(dimethy-
laminomethyl)phenyl]- (N,C,N-pincer)) ligands are em-
ployed.[2, 3] To the best of our knowledge, the previous studies
of organotin(��) derivatives reveal very interesting structural[4]


and biological[5] properties and enhanced reactivity.[6]


At the present time, dynamic processes have been exten-
sively studied in solutions of the organotin(��) derivatives of
C,Y- or Y,C,Y-ligands,[3b, 6a,b, 7] to understand the properties
and stereochemistry, mainly using temperature-dependent
NMR spectra parameters (1H and 119Sn).


We described the structural behaviour of phenyltin(��)
derivatives of above-mentioned moiety in our previous
papers.[8, 9] This paper describes a continuation of the inves-
tigation of n-butyl tin(��) derivatives, which display interesting
structural behaviour in the solid state, in solutions of different
type of solvents and at different temperatures.


Scheme 1. Numbering of the compounds studied.


Results and Discussion


Synthetic aspects : All the compounds studied were prepared
by trans-metallation of the appropriate lithium salt[2] by n-
butyl tin halides. The reaction mixtures were purified by
distillation in vacuo, for compounds 1 and 2, and crystalization
from a toluene/hexane mixture for 3 and 4. The purity of the
prepared compounds was corroborated by ESI-MS, 1H NMR
in CDCl3 and elemental analysis. In contrast to the analogous
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phenyl[8] compounds, which are unstable at higher temper-
atures, triorganotin compounds 2 and 3 are stable on the air
and no such decomposition has been observed, even after
refluxing of solutions of toluene for 24 h (corroborated by
1H NMR spectroscopy).


Structural study : To elucidate the solution structure in the
studied compounds, the conventional NMR parameters
(chemical shifts of 1H, 13C, 15N, 119Sn nuclei and related
coupling constants) were obtained in CDCl3. Additional
different temperature measurements of �(119Sn) and �(1H) in
[D1]chloroform, [D8]toluene and [D4]methanol solutions,
respectively, were carried out to explain the dynamic proc-
esses. Crystalline compounds 2 and 3 were studied in the solid
state using 13C and 119Sn CP/MAS NMR spectroscopy, DSC
and X-ray diffraction techniques.


Structural study in [D]chloroform solution : The �(119Sn),
�(15N), �(13C) and �(1H), as well as J(119Sn,15N), J(119Sn,13C)
and J(119Sn,1H) NMR parameters are well known and
generally used for structural[10] elucidation and evaluation of
the intramolecular interaction strength[11] in organotin(��)
chemistry. These parameters were measured in CDCl3 sol-
utions at 300 K for 1 ± 4.


The tetraorganotin compound 1 is a colorless oil. The 119Sn
NMR and 15N NMR spectra reveal one narrow signal (�70.0
ppm, �351.2 ppm, values for Bu3PhSn (�45 ppm)[12] and the
™free∫ amine (�353.7 ppm),[8] respectively), while the 15N
NMR spectrum enables us to determine the value of
J(119Sn,15N)� 9.0 Hz. The values of 1J(119Sn,13C) (356.5 and
449.4 Hz, respectively) were obtained from the 13C NMR
spectrum, from which the magnitude of bonding angles in
solution can be predicted[10] (111.0� for C(Bu)-Sn-C(Bu)). The
values of these parameters can be regarded as proof of a
tetracoordinated central tin atom in this compound with very
weak Sn�N intramolecular bond, and in the case of �(119Sn)
comparable with similar compounds investigated by Jurkschat
et al. ,[13] where the tin substituents occupy the corners of a
slightly distorted tetrahedron (these parameters are compa-
rable with those found for analogous compound with one
nitrogen donor atom, [2-(dimethylaminomethyl)phenyl](tri-
n-butyl)stannane: �50.0 ppm, �351.9 ppm, 10.6 Hz and 109�,
respectively) with similar geometry[11]).
The triorganotin compound 2 was obtained as yellowish oil,


which crystallized upon standing for several weeks at �40 �C.
One very broad signal (�(119Sn)��54.9 ppm (nonsubstituted
PhMe2SnCl: 98.0 ppm)[14]) was observed in the 119Sn NMR
spectrum. The signal width in the 119Sn (and also in the
1H NMR spectra) indicates a dynamic process (fast exchange
of both nitrogen atoms of the pincer ligand probably occurs,
thus causing averaging of all the NMR parameters) leading us
to carry out additional measurements (see below). A satellites
of the central signal (�(15N)��347.0 ppm) could be obtained
in the 15N NMR spectrum, from which the value of
J(119Sn,15N)� 49.9 Hz was calculated, demonstrating (togeth-
er with �(119Sn) upfield shift) increasing strength of the Sn�N
interaction compared with 1. The values of 1J(119Sn,13C) (491.4
and 626.3 Hz, respectively) were determined from the
13C NMR spectrum. The first value enable us to calculate
the C(Bu)-Sn-C(Bu) bonding angle in solution (124.0�). The
values of the C(Bu)-Sn-C(Bu) bonding angle, �(15N),
J(119Sn,15N) and �(119Sn) (comparable with the values found
for the triorganotin compound [2-(dimethylaminomethyl)-
phenyl](di-n-butyl)stannyl chloride: 124�, �348.0 ppm,
68.2 Hz and �51.7 ppm) with similar geometry[11] and the
upfield �(119Sn) value shift of 152.9 ppm compared with the
unsubstituted analogue PhMe2SnCl[14]) allow us to predict
that the tin atom is pentacoordinated with trans-trigonal
bipyramidal geometry with carbon atoms in the equatorial
plane and one nitrogen atom and one chlorine atom in axial
positions. The second nitrogen donor atom derived from the
CH2N(CH3)2 arm is outside of the tin coordination sphere in 2
(see Figure 1). Further proof of this proposed geometry of 2


Figure 1. The proposed structure of compounds 2 and 3 in chloroform
solution at 300 K.


Abstract in Czech: Byla prœipravena sada cœtyrœ organocÌnicœity¬ch
sloucœenin ([2,6-bis(dimethylaminomethyl)phenyl](n-butyl)-
R1R2stannan, kde R1�R2� nBu (1), R1� nBu, R2�Cl (2),
R1� nBu, R2�Br (3) a R1�R2�Br (4)). Struktura teœchto
sloucœenin byla studova¬na v roztocÌch ru zny¬ch rozpousœteœdel za
ru zny¬ch teplot pomocÌ NMR spektroskopie. Struktura sloucœe-
nin 2 a 3 v tuhÿm stavu byla studova¬na pomocÌ CP/MAS NMR
spektroskopie a difrakcœnÌch technik na monokrystalickÿm
materia¬lu. TetraorganocÌnicœita¬ sloucœenina 1 vykazuje tetraed-
rickou geometrii s velice slabou donor ± akceptorovou vazbou
Sn�N. Prœi nÌzkoteplotnÌm NMR meœrœenÌ byl pozorova¬n
dynamicky¬ proces asociace/disociace vazby Sn�N. CentralnÌ
atom cÌnu ve sloucœenina¬ch 2 a 3 je [4� 2] koordinova¬n v
toluenovÿm roztoku. NÌzkoteplotnÌ NMR meœrœenÌ v tomto
rozpousœteœdle odhalilo stejny¬ dynamicky¬ proces jako v 1 se
zachovanou kovalentnÌ vazbou cÌn-halogen. Naproti tomu,
tato vazba je disociova¬na v methanolu, za vzniku iontovy¬ch
sloucœenin, kde je atom cÌnu pouze [3� 2] koordinova¬n, a atom
halogenu se nalÿza¬ mimo jeho prima¬rnÌ koordinacœnÌ sfÿru.
ZatÌmco stejna¬ struktura jako roztoku methanolu byla na-
lezena v celÿm teplotnÌm rozsahu chloroformovÿho roztoku
sloucœeniny 3, struktura sloucœeniny 2 je v roztoku tohoto
rozpousœteœdla s teplotou promeœnliva¬. V tÿto sloucœenineœ je
v chloroformovÿm roztoku za laboratornÌ teploty zachova¬na
kovalentnÌ vazba Sn�Cl (podobna¬ struktura jako v tolueno-
vÿm roztoku). Tato vazba se snizœujÌcÌ se teplotou kontinua¬lneœ
disociuje za vzniku iontovÿ sloucœeniny (podobna¬ struktura
jako v methanolovÿm roztoku). Vsœechny vy¬sœe zmÌneœnÿ procesy
jsou reversibilnÌ jak z hlediska teploty, tak i podle typu
pouzœitÿho rozpousœteœdla. V pevnÿ fa¬zi byla pozorova¬na kova-
lentnÌ vazba Sn�Cl ve sloucœenineœ 2, oproti iontovÿ vazbeœ
prœÌtomnÿ ve sloucœenineœ 3.
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probably lies in our 13C, 119Sn CP/MAS and X-ray investiga-
tions (see below).
The triorganotin compound 3 is a white solid that is soluble


in common organic solvents. One narrow signal (�(119Sn)�
69.3 ppm) has been observed in the 119Sn NMR spectrum and
the 15N NMR spectrum also exhibits one narrow signal
(�(15N)��347.0 ppm). The value of the C(Bu)-Sn-C(Bu)
bonding angles (117.0�) has been calculated from
1J(119Sn,13C)� 420.4 Hz. The significant downfield shift of
�(119Sn) going from 2 (�54.9 ppm) to 3 (69.3 ppm) indicates
their different coordination mode and, particularly, the value
of �(119Sn) for 3 does not seem to be a typical for
pentacoordinated triorganotin compounds (compare with
the same parameters for [2-(dimethylaminomethyl)phenyl](-
di-n-butyl)stannyl bromide: �44.9 ppm, �347.3 ppm, 66.1 Hz
and 123�, respectively). On the other hand, such values of tin
chemical shift are typical for pentacoordinated organotin(��)
C3Sn� cations[15] with trans-trigonal bipyramidal geometry
(carbon atoms form an equatorial plane), with their coordi-
nation polyhedron completed by two donor atoms (axial
position). Because of this fact and the values of the calculated
bonding angles, we believed compound 3 to be an organotin
cation with trans-trigonal bipyramidal geometry (three car-
bons in equatorial plane and two nitrogen donor atoms in the
axial position) compensated by a bromide anion (see Fig-
ure 1). Similar results have been reported in solution[3b, 9] and
in solid state[4b, 16] investigations of analogous compounds and
the solid state investigation of 3 has also revealed the a similar
ionic structure.
The diorganotin compound 4 has been obtained as a white


solid. In this compound, the tin central atom is six or more
[4� 2] coordinated (�(119Sn)��190.1 ppm), due to two
relatively strong Sn�N interactions. All the NMR spectra
parameters (1J(119Sn,13C(Bu))� 581.0 Hz and only one set of
narrow signals for all the protons in the 1H spectrum refer to
the same structure as in the analogous N,C,N-chelating ligand
containing diorganotin dihalides[2, 8] and the parameters are
comparable with those found for the analogous compound
with one nitrogen donor atom, [2-(dimethylaminomethyl)-
phenyl](n-butyl)dichlorostannane[11]: �104.3 ppm, 686.9 Hz
and [2,6-bis(dimethylaminomethyl)phenyl](p-tolyl)stannyl-
diiodide[2]: �208.7 ppm, respectively. The structure of this
compound is characterised by distorted octahedral geometry
with two carbons and halogen atoms in trans positions thus
forming an equatorial plane, and two nitrogen atoms in axial
positions.


Dynamic NMR studies in [D8]toluene : The 119Sn NMR
measurement of 1 does not exhibit any important temperature
dependences in the studied range (170 ± 360 K, see Table 1).
The dynamic behaviour of 1 was studied using 1H NMR
spectroscopy at various temperatures (170 ± 360 K). At room
temperature, the 1H NMR spectrum displays one set of sharp
signals for all the protons. As the temperature is decreased,
first a broadening of the CH2 and CH3 protons is observed,
followed by decoalescence of all the protons at 190 K, which
indicates, as is well known, a dissociation/association dynamic
procedure[17] in 1 (see Figure 2A and B). The energy barrier


Figure 2. Proposed structural behaviour of the studied compounds.


(�G�) of the fluxional processes (calculated from the Eyring
equation) is 33.6� 1.0 kJmol�1.
The �(119Sn) values are shifted upfield with decreasing


temperature (170 ± 360 K, [D8]toluene, see Table 1), thus
indicating forcing of the Sn�N interaction at a lower temper-
ature in 2 and 3. The proton NMR spectra reveal decoales-
cence of the CH2 and CH3 protons at 245 K for both
compounds (2 and 3), thus indicating the conformable
fluxional process as for 1. The higher activation energy of
this process (43.0� 1.0 kJmol�1) agrees with the increased
strength of the Sn�N bond in 2 and 3 compared with 1. These
results (�(119Sn) values and the dynamic behaviour of 2 and 3)
allow us to predict that the Sn�Cl bond remains covalent in
nonpolar noncoordinating toluene solution in the whole
temperature range studied.


Table 1. Temperature- and solvent-dependent NMR parameters.


Cpd.[a] Solvent T [K] �(1H)(CH2N) �(119Sn)


1 toluene 300 3.30 � 71.8
170 2.41/3.87[b] � 78.9


chloroform 300 3.48 � 70.0
190 3.44 � 75.0


methanol 300 3.49 � 70.9
170 3.52 7.5


2 toluene 300 3.38 � 76.3
170 3.51/5.30[c] � 89.4


chloroform 300 3.83 � 54.9
190 3.90 51.6


methanol 300 3.89 57.9
170 3.92 51.4


solid state 290 [d] � 84.6
3 toluene 300 3.43 � 76.3


170 3.02/4.95[c] � 93.2
chloroform 300 3.83 69.3


190 3.89 51.9
methanol 300 3.91 57.0


170 3.93 49.8
solid state 290 [d] 37.1


4 toluene 300 3.34 � 199.1
170 3.14 [d]


chloroform 300 3.93 � 189.6
190 3.91 � 192.2


methanol 300 3.94 [d]


170 3.89 [d]


[a] See Scheme 1. [b] Decoalescence at 190 K. [c] Decoalescence at 245 K.
[d] Not observed.
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The �(119Sn) value is rather temperature-independent
(�199.1 ppm at 300 K and �202.6 ppm at 230 K) in 4. The
signals in the 1H NMR spectra do not reveal any decoales-
cence in whole measured temperature range. This fact (one
set of signals in 1H NMR) only confirms the suggested
structure of 4 (all atoms in the trans position, leading to high
symmetry of this compound).


Dynamic NMR studies in [D4]methanol : The signals in the
1H NMR spectra of compound 1 are already very broad at
220 K, but do not reveal significant splitting or decoalescence.
The �(119Sn) values (�70.9 ppm at 300 K and �72.9 ppm at
260 K) are similar to those found in other solvents, but the two
signals (24.8 and�75.5 ppm, in integral ratio 5:1) appeared at
220 K, with only one signal (7.5 ppm) at 170 K. For compar-
ison the chemical shift values for Bu3PhSn in methanol going
from 300 to 200 K (from �45 to �42.3 ppm) were obtained.
This behaviour is different from 1, in this solution. On the
basis of these findings (the reversibility of process does not
enable us to isolate the species with unusual �(119Sn)), we can
propose only a equilibrium with an indefinite role of the
solvent. [To explain these chemical shift values, we carried out
an NMR tube experiment: one to twenty molar equivalents of
methanol were gradually added to a [D8]toluene solution of 1
at 220 K and the 1H and 119Sn NMR spectra were measured.
We observed the same values for the chemical shifts as before
the addition of methanol.]
The �(119Sn) values of 2 are shifted downfield of 134.2 ppm


when the solvent is changed from [D8]toluene (�76.3 ppm) to
[D4]methanol (57.9 ppm). This signal is slightly shifted upfield
with decreasing temperature (170 ± 360 K, see Table 1). The
1H NMR spectra reveal one set of signals, without any
decoalescence, in the measured temperature range (170 ±
300 K). The value of �(119Sn) (57.9 ppm at 300 K and
51.4 ppm at 170 K) can be explained only by the existence
of an ionic structure of compound 2 with [3� 2]-coordination
number of the tin center (Figure 2D), with the chlorine atom
outside of the primary coordination sphere of the tin central
atom in methanol solution. In addition, equivalent protons
(especially CH2 and CH3 groups) indicate, that the geometry
of the organotin cation is trans-trigonal bipyramid with three
carbons in the equatorial plane and both nitrogen atoms in the
axial position, resulting in the equivalency of the CH2N(CH3)2
arms of the ™pincer∫ ligand in 2.
The compound 3 has similar 1H and 119Sn NMR spectra


(57.0 ppm at 300 K and 49.8 ppm at 170 K) to compound 2 in
[D4]methanol and the structure is also identical.
The signals in the 1H NMR spectra of compound 4 are very


broad at lower temperatures (below 220 K). No signal has
been observed in whole temperature range in the 119Sn NMR
spectra; this is probably due to unidentified fast exchange
processes in this solvent.


Dynamic NMR studies in [D1]chloroform : In the 1H NMR
spectra of 1, only broadening of the signals has been observed
(decoalescence could probably be observed below the lowest
measured temperature �190 K). The �(119Sn) value and
widths of the signals are practically independent of temper-
ature (�70.0 ppm at 300 K and �75.0 ppm at 190 K).


The 119Sn NMR shift value of compound 2 is rather
temperature-dependent. One broad signal has been obtained
at 300 K (�54.9 ppm, lowering of the frequency value,
compared with that measured in toluene, is probably caused
by the weaker Sn�N bond(s) in chloroform solution). The
chemical shift value and the signal pattern indicate, similar
disymmetric structures (Figure 2A and B) as in toluene
solution (see above) at this temperature. This signal is split
into the three signals (�81.1, �27.0 and 53.7 ppm (integral
ratio 1:1:8), respectively) at 220 K. Two of these signals can be
assigned on the basis of our previous measurements[8] and
findings. The broad signal �(119Sn)��81.1 ppm corresponds
the intercepted fast exchange structure (Figure 2A) ([4� 1]-
coordinated tin center) and the narrow signal �(119Sn)�
53.7 ppm corresponds to ionic structure (Figure 2D) with a
[3� 2] coordinated tin center, which was also observed in the
solid state of the analogous compound.[15] The broad signal
�(119Sn)��27.0 ppm probably corresponds to the state
depicted in Figure 2C. Only one narrow signal (51.6 ppm)
was observed at 190 K. In the 1H NMR spectra the second set
of aliphatic signals was already observed upon decreasing the
temperature to 260 K (approx. 10% of main peaks intensity).
These signals intensity is increased with a decrease in
temperature. Only one set of much narrower signals (than
at 260 K) with the same chemical shifts was observed at 190 K.
This experiment is also proof of the proposed change over
that depicted in Figure 2 (A or B�C�D) with a decrease in
temperature.
In compound 3, only one set of signals was observed for all


the protons, without any change in the values of �(1H) and
decoalescence of the signals in the 1H NMR spectra (in the
300 ± 200 K range). The 119Sn NMR spectrum of compound 3
reveals one narrow signal in the whole temperature range.
The value of the chemical shift changes only slightly with a
decrease in temperature (69.3 ppm at 300 K and 54.9 ppm at
200 K, respectively). These chemical shift values and the
equivalence of all the protons correspond the ionic structure
of 3 (Figure 2D) with a [3� 2]-coordinated tin center. The
results observed for 2 and 3 corresponds well to the results for
similar O,N-chelated silicon compounds.[18]


The signals in the 1H NMR spectrum of 4 do not reveal any
decoalescence and are narrower at lower temperatures (about
200 K) than at room temperature. The �(119Sn) value is shifted
only slightly on a decrease in temperature (�189.6 ppm at
300 K to �192.2 ppm at 200 K). These findings indicate, that
the structure of 4 is similar to that found in toluene at all
temperatures in this solvent.


Solid state structure study of compounds 2 and 3 : Com-
pound 2 reveals one slightly asymmetric signal (�84.6 ppm,
the 119Sn chemical shift values obtained from the CP/MAS
NMR spectra can be compared with those obtained in
solution, the same value indicate similar structure) in the
119Sn CP/MAS NMR spectrum. The chemical shift value is
typical for penta-coordinated trioganotin(��) compounds[8]


and is rather independent of the temperature (�84.6 ppm at
285 K and �85.9 ppm at 210 K, respectively). The asym-
metrical shape of this signal probably corresponds to the two
overlapping signals with 1:2 ratio of their relative intensities as
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a result of residual quadrupolar coupling to 14N (I� 1).[19] The
proposed dissymmetric structure (also found in toluene and
chloroform (300 K) solutions) has geometry with carbon
atoms in the equatorial plane and one nitrogen atom and
chlorine atom in the axial positions (see Figure 1). The second
nitrogen donor atom derived from the CH2N(CH3)2 arm lies
outside of the tin coordination sphere (see Figure 1); this is
also confirmed by the 13C CP/MAS NMR spectral patterns,
which reveal two sets of signals for the ligand aliphatic
carbons. The butyl and phenyl carbons signals are broadened.
The same spectral patterns and chemical shifts were observed
when 2 was obtained by crystallisation from chloroform,
methanol or toluene solutions, respectively. This fact is clear
evidence of a compound structure that is independent of the
crystallization media.
Compound 2 crystallizes in regular plates which melt at


22 �C. All attempts to determine the molecular structure using
diffraction techniques were only partially successful. The
crystals measured did not reveal any diffraction at 15 �C, but
they exhibited weak diffraction at �70 �C. A strongly
disordered structure was obtained at this temperature (crystal
data in Table 2). Figure 3 depicts one of the overlapping


Figure 3. Molecular structure of compound 2 (ORTEP). Only one of the
overlapping molecules in the unit cell of 2 is shown.


molecules in the unit cell. The other differs not only in the
position of the whole molecules, but also in the orientation of
the -N(CH3)2 moiety towards the Sn atom, as the only atom
preserving translation symmetry within the crystal seems to be
Cl. Therefore, the only reliable information that can be
obtained from structural analysis is the Sn�Cl distances
(2.468(2) ± 2.555(2) ä), which are in the range for covalent
bonds, and the confirmation that the arms bearing the
nitrogen donor atoms are not equivalent and lie within two
intervals (2.60(1) ± 2.65(1) ä and 3.12(1) ± 3.21(1) ä). Meas-
urements at a lower temperatures are impracticable because
of crystals in other crystal modifications are formed (inversion
points corroborated by the DSC technique: exothermic;
�85.1 �C, �H��3.1 Jg�1 and �106.3 �C, �H��2.0 Jg�1,
endothermic; �86.6 �C, �H� 2.1 Jg�1 and �79.3 �C, �H�
3.6 Jg�1).


The 13C CP/MAS NMR spectrum of compound 3 crystal-
lized from chloroform at 300 K reveals one set of relatively
sharp signals that, in their chemical shifts and integral ratio
confirm the presence of two butyl groups and a ligand moiety.
The 119Sn NMR spectrum has a central signal (37.1 ppm,
centre of gravity) which is split into a triplet with integral ratio
of 1:4:4 and equidistant length between the subsignals
(J(14N,119Sn)� 100 Hz); the signal pattern is the result of
residual quadrupolar coupling to two equivalent 14N nuclei
(I� 1)[19]), which is proof of the proposed ionic structure
which is also found in the methanol and chloroform solutions
(Figure 1). Two equivalent CH2N(CH3)2 groups are connected
to the tin centre through a intramolecular bond and the
bromine atom lies outside of the first coordination sphere of
the tin atom. This structure and this spectral pattern were
found in an analogous compound (two butyls in 3 are replaced
by phenyls).[8] The same spectral patterns and chemical shifts
were observed when compound 3 was obtained from meth-
anol or toluene solution, respectively. This fact is evidence of
the fact that the compound structure is independent of the
crystallization media.
The X-ray diffraction study on a single crystal indicates the


structure of compound 3 proposed from the NMR parame-
ters, showing the Br atom outside the tin coordination shell
(Figure 4). The complex corresponds to the symmetry of the


Figure 4. The molecular structure of compound 3 (ORTEP). Selected
distances [ä] and angles [�]: Sn�C1 2.104(3), Sn�C8 2.141(3), Sn�N1
2.461(2), Sn�Br 5.0782(1), C1-Sn-C8 121.9(1), C1-Sn1-N1 74.74(5), C8-Sn-
C8i 116.1(1), N1-Sn-N1i 149.5(1), C8-Sn1-N1 97.9(1), C8-Sn1-N1i 98.1(1).
Symmetry operation i : 0.5� x, y, 1.5� z.


two-fold axis passing through atoms C4, C1 and Sn1, which
ensures equivalent coordination of both -CH2N(CH3)2 arms.
The positions of all the atoms are well resolved except those
of the end atoms of butyl groups, where the large thermal
ellipsoids occupy disordered positions; however, structural
elucidation using measurements at the lower temperatures
are impracticable due to crystal destruction because of
another crystal modification is formed (inversion points
corroborated by DSC technique: exothermic; �95.6 �C,
�H��1.2 Jg�1, endothermic; �87.4 �C, �H� 1.1 Jg�1).
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Concluding Remarks


A set of four organotin(��) compounds has been prepared and
characterised by conventional methods. The structures of
these compounds are solvent- and rather temperature-de-
pendent. The main NMR investigations of fluxional processes
and of the structure were performed for triorganotin com-
pounds 2 and 3. The tin central atom in compound 2 is [4� 2]-
coordinated in toluene and chloroform solutions. As the
temperature of the chloroform solution decreases, the struc-
ture of 2 becomes increasingly ionic where, at 220 K, the tin
atom is only [3� 2]-coordinated and the chlorine atom lies
outside of the primary coordination sphere of the tin atom.
The same structure has compound 2 in methanol.
Solutions of compound 3 in toluene have also been found to


contain a structure with a [4� 2]-coordinated tin center. On
the other hand, the same ionic structure as in compound 2 was
found over the whole temperature range measured in chloro-
form and methanol solutions of compound 3.
All the above-mentioned processes are reversible in all the


solvents and at all temperatures.
The structure of compounds 2 and 3 was also studied using


solid-state NMR and diffraction techniques. Compound 2 has
a structure with a [4� 1]-coordinated tin center; in contrast,
the compound 3 is ionic with [3� 2] coordination. The
structures in the solid states of these compounds are
independent of the crystallization media.


Experimental Section


General remarks : All the experiments were carried out in an argon
atmosphere. 1,3-Bis(dimethylaminomethyl)benzene, n-butyllithium, tri-n-
butyltin(��) chloride, di-n-butyltin(��) dichloride and di-n-butyltin(��)
dibromide were obtained from commercial sources (Sigma-Aldrich).
Toluene, benzene, n-hexane, n-pentane and diethyl ether were dried over
and distilled from sodium wire; chloroform was dried over and distilled
from P2O5 and LiAlH4. Compounds 1 ± 4 were prepared by standard
methods[2] (e.g. ortho-lithiation of the initial 1,3-bis[(dimethylamino)me-
thyl]benzene using n-butyllithium in hexane solution). The organolithium
salt formed was filtered off, dissolved in benzene and added to a solution of
appropriate organotin(��) halides in benzene. The reaction mixtures were
evaporated in vacuo. The solid (3 and 4) materials formed were recrystal-
lized from toluene to yield pure white solids. The compounds 1 and 2 were
obtained after evaporation of solvents as oily materials, which were
purified by distillation.


[2,6-Bis(dimethylaminomethyl)phenyl](tri-n-butyl)stannane (1): A solu-
tion of 2,6-bis(dimethylaminomethyl)phenyllithium (1 g, 5 mmol) in ben-
zene (50 mL) was added dropwise to a solution of tributyltin chloride
(1.64 g, 5 mmol) in benzene (50 mL) over five minutes. The reaction
mixture was stirred for 20 min. and then the solvent was evaporated in
vacuo. The residual yellowish oil was distilled (137 ± 140 �C/50 Pa) to yield a
colorless oil (1.75 g, 72%). 1H NMR (500.13 MHz, CDCl3, 300 K): �� 7.18
(m, 3H, Ph-C(3-5)H), 3.47 (s, 4H, NCH2), 2.13 (s, 12H, NCH3), 1.52 (m,
6H, Bu-C(1)H2), 1.38 (m, 6H, Bu-C(2)H2), 1.03 (m, 6H, Bu-C(3)H2), 0.94
(t, 9H, Bu-C(4)H3); 13C NMR (90.57 MHz, CDCl3, 300 K): �� 147.0
(2J(119Sn,13C)� 26.4 Hz, Ph-C(2,6)), 143.3 (1J(119Sn,13C)� 449.4 Hz, Ph-
C(1)), 128.2 (3J(119Sn,13C)� 39.5 Hz, Ph-C(3, 5)), 127.4 (4J(119Sn,13C)�
9.7 Hz, Ph-C(4)), 66.4 (nJ(119Sn,13C)� 18.7 Hz, NCH2), 45.0 (NCH3), 29.3
(2J(119Sn,13C)� 18.0 Hz, Bu-C(2)H2), 27.7 (3J(119Sn,13C)� 68.0 Hz, Bu-
C(3)H2), 13.6 (Bu-C(4)H3), 12.5 (1J(119Sn,13C)� 356.5 Hz, Bu-C(1)H2);
15N NMR (36.50 MHz, CDCl3, 300 K): ���351.2 (nJ(119Sn,15N)� 9.0 Hz);
119Sn NMR (134.29 MHz, CDCl3, 300 K): ���70.9; ESI-MS (pos.): m/z
(%): calcd for 482;
found: 425 (100) [M� (CH3)3C]� , 311 (100) [M� (CH3)3C� iso-


butane� isobutene]� , 268 (2) [M� (CH3)3C� isobutane� isobutene�
CH3N�CH2]� , 191 (11) [M� (CH3)3C� isobutane� isobutene� Sn]� ,
148 (6) [M� (CH3)3C� isobutane� isobutene� Sn�CH3N�CH2]� ; ele-
mental analysis calcd (%) for C24H46N2Sn (481.33): C 59.89, H 9.63, N 5.82;
found: C 60.0, H 9.5, N 5.9.


2,6-Bis(dimethylaminomethyl)phenyl](di-n-butyl)stannylchloride (2): The
solution of 2,6-bis(dimethylaminomethyl)phenyllithium (1 g, 5 mmol) in
benzene (50 mL) was added dropwise to solution of dibutyltin dichloride
(1.52 g, 5 mmol) in benzene (50 mL) in five minutes. The reaction mixture
was stirred for 20 min and then the solvent was evaporated in vacuo. The
residual yellowish oil was distilled (139 ± 142 �C/70 Pa) to give yellowish 2
(1.56 g, 68%). White crystals were formed when the oil was left to stand at
�40 �C for several weeks. M.p. 22 ± 24 �C; 1H NMR (500.13 MHz, CDCl3,
300 K): �� 7.19 (t, 1H, Ph-C(4)H), 7.09 (d, 2H, Ph-C(3,5)H), 3.71 (s, 4H,
NCH2), 2.22 (s, 12H, NCH3), 1.75 (m, 4H, Bu-C(1)H2), 1.38 (m, 4H, Bu-
C(2)H2), 1.32 (m, 4H, Bu-C(3)H2), 0.92 (t, 6H, Bu-C(4)H3); 13C NMR
(90.57 MHz, CDCl3, 300 K): �� 144.2 (2J(119Sn,13C)� 36.8 Hz, Ph-C(2, 6)),
139.5 (1J(119Sn,13C)� 626.4 Hz, Ph-C(1)), 127.2 (3J(119Sn,13C)� 53.7 Hz, Ph-
C(3,5)), 128.6 (Ph-C(4)), 63.9 (NCH2), 44.6 (NCH3), 27.3 (2J(119Sn,13C)�
28.4 Hz, Bu-C(2)H2), 26.2 (3J(119Sn,13C)� 92.9 Hz, Bu-C(3)H2), 13.0 (Bu-
C(4)H3), 18.2 (1J(119Sn,13C)� 491.5 Hz, Bu-C(1)H2); 15N NMR (36.50 MHz,
CDCl3, 300 K): ���347.0 (nJ(119Sn,15N)� 49.9 Hz); 119Sn NMR
(134.29 MHz, CDCl3, 300 K): ���54.9; 13C CP/MAS NMR (50.32 MHz,
300 K): �� 147.4, 145.5, 142.6, 128.8, 128.1 (phenyl carbons), 64.1 (very
broad, NCH2), 46.8, 45.9, 44.1, 43.2 (NCH3), 29.8, 29.6, 27.8, 27.1, 22.8, 22.0,
16.0, 13.8 (butyl carbons, C(1) and C(4) are unressolved); 119Sn CP/MAS
NMR (74.63 MHz, 300 K): ���84.6; ESI-MS: m/z (%): calcd for: 460;
found (pos. mode): 425 (100) [M�Cl]� , 311 (100) [M�Cl� isobutane�
isobutene]� , 268 (2) [M�Cl� isobutane� isobutene�CH3N�CH2]� , 191
(15) [M�Cl� isobutane� isobutene� Sn]� , 148 (7) [M�Cl�
isobutane� isobutene� Sn�CH3N�CH2]� ; found (neg. mode): 35 (100)
and 37 (32) [Cl]� ; elemental analysis calcd (%) for C20H37N2SnCl (459.67):
C 52.26, H 8.11, N 6.09; found: C 51.9, H 8.2, N 6.0.


[2,6-Bis(dimethylaminomethyl)phenyl](di-n-butyl)stannylbromide (3):
The solution of 2,6-bis(dimethylaminomethyl)phenyllithium (1 g, 5 mmol)
in benzene (50 mL) was added dropwise to solution of dibutyltin dibromide
(1.96 g, 5 mmol) in benzene (50 mL) in five minutes. The reaction mixture
was stirred for 20 min and then the solvent was evaporated in vacuo. The
residual white solid material was recrystallized from toluene to produce 3
as a white solid (1.44 g, 57%); m.p. 111 ± 113 �C; b.p. 95 ± 100 �C (100 Pa). A
single crystal suitable for x-ray analysis was obtained by vapor diffusion of
hexane into the 5% solution of 3 in CH2Cl2. M.p. 120 ± 122 �C; 1H NMR
(500.13 MHz, CDCl3, 300 K): �� 7.37 (t, 1H, Ph-C(4)H), 7.20 (d, 2H, Ph-
C(3, 5)H), 3.84 (s, 4H, NCH2), 2.57 (s, 12H, NCH3), 1.54 (m, 4H, Bu-
C(1)H2), 1.38 (m, 8H, Bu-C(2, 3)H2), 0.87 (t, 6H, Bu-C(4)H3); 13C NMR
(90.57 MHz, CDCl3, 300 K): �� 142.8 (2J(119Sn,13C)� 32.6 Hz, Ph-C(2, 6)),
134.5 (1J(119Sn,13C)� 628.0 Hz, Ph-C(1)), 126.3 (3J(119Sn,13C)� 56.2 Hz, Ph-
C(3, 5)), 131.4 ((4J(119Sn,13C)� 12.5 Hz, Ph-C(4)), 64.9 ((nJ(119Sn,13C)�
28.7 Hz, NCH2), 46.5 (NCH3), 28.2 (2J(119Sn,13C)� 29.8 Hz, Bu-C(2)H2),
26.9 (3J(119Sn,13C)� 88.8 Hz, Bu-C(3)H2), 13.4 (Bu-C(4)H3), 15.7
(1J(119Sn,13C)� 420.4 Hz, Bu-C(1)H2); 15N NMR (36.50 MHz, CDCl3,
300 K): ���347.15 (nJ(119Sn,15N)� 85.9 Hz); 119Sn NMR (134.29 MHz,
CDCl3, 300 K): �� 69.3; 13C CP/MAS NMR (50.32 MHz, 300 K): ��
144.9, 137.2, 129.5, 126.0 (phenyl carbons), 61.0 (broad, NCH2), 46.7,
44.0 (NCH3), 29.9, 26.8, 15.3 (butyl carbons, C(1) and C(4) are unre-
ssolved); 119Sn CP/MAS NMR (74.63 MHz, 300 K): �� 37.1; ESI-MS : m/z
(%): calcd for 504; found (pos. mode): 425 (100) [M�Br]� , found (neg.
mode): 79 (100) and 81 (95) [Br]� , 311 (100) [M�Br� isobutane�
isobutene]� , 268 (3) [M�Br� isobutane� isobutene�CH3N�CH2]� ,
191 (15) [M�Br� isobutane� isobutene�Sn]� , 148 (7) [M�Br�
isobutane� isobutene� Sn�CH3N�CH2]� ; elemental analysis calcd (%)
for C20H37N2SnBr (504.12): C 47.65, H 7.40, N 5.56; found: C 47.7, H 7.3,
N 5.7.


[2,6-Bis(dimethylaminomethyl)phenyl](n-butyl)stannyldibromide (4): A
solution of 2,6-bis(dimethylaminomethyl)phenyllithium (1 g, 5 mmol) in
benzene (50 mL) was added dropwise to a solution of butyltin tribromide
(2.08 g, 5 mmol) in benzene (50 mL) in five minutes. The reaction mixture
was stirred for 20 min and then the solvent was evaporated in vacuo. The
residual solid material was recrystallized from toluene to give 4 as a white
solid (1.67 g, 63%). M.p. 235 ± 237 �C; 1H NMR (500.13 MHz, CDCl3,
300 K): �� 7.29 (t, 1H, Ph-C(4)H), 7.06 (d, 2H, Ph-C(3, 5)H), 3.91 (s, 4H,
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NCH2), 2.74 (s, 12H, NCH3), 1.92 (m, 2H, Bu-C(1)H2), 2.40 (m, 2H, Bu-
C(3)H2) 1.43 (m, 2H, Bu-C(2)H2), 0.95 (t, 3H, Bu-C(4)H3); 13C NMR
(90.57 MHz, CDCl3, 300 K): �� 137.0 (2J(119Sn,13C)� 45.3 Hz, Ph-C(2, 6)),
136.3 (1J(119Sn,13C) not observed, Ph-C(1)), 126.0 (3J(119Sn,13C)� 95.2 Hz,
Ph-C(3, 5)), 130.1 (Ph-C(4)), 62.8 ((nJ(119Sn,13C)� 47.8 Hz, NCH2), 48.2
(NCH3), 28.6 (2J(119Sn,13C)� 52.6 Hz, Bu-C(2)H2), 25.8 (3J(119Sn,13C)�
173.0 Hz, Bu-C(3)H2), 13.4 (Bu-C(4)H3), 19.4 (1J(119Sn,13C)� 581.0 Hz,
Bu-C(1)H2); 15N NMR (36.50 MHz, CDCl3, 300 K): ���347.2
(nJ(119Sn,15N), not observed); 119Sn NMR (134.29 MHz, CDCl3, 300 K):
���190.1; ESI-MS: m/z (%): calcd for 526; found (pos. mode): 447 (100)
[M�Br]� , 389 (8) [M�Br� isobutane]� , 367 (6) [M�Br�HBr]� , 311
(24) [M�Br�HBr� isobutene]� , 191 (100) [M�Br�HBr� isobutene�
Sn]� , 148 (79) [M�Br�HBr� isobutene� Sn�CH3N�CH2]� , 132 (5)
[M�Br�HBr� isobutene�Sn� (CH3)3N]� ; found (neg. mode): 79 (100)
and 81 (96) [Br]� ; elemental analysis calcd (%) for C16H28N2SnBr2 (526.90):
C 36.47, H 5.36, N 5.32; found: C 36.6, H 5.3, N 5.4.


NMR measurements : The solution state 1H (500.13 MHz), 13C
(125.76 MHz), 119Sn (186.50 MHz) and 15N (50.65 MHz) NMR spectra of
the studied compounds were measured on a Bruker Avance 500 spec-
trometer equipped with 5 mm broadband probe with z gradient and a SGI
O2 computer in the temperature range of 170 ± 360 K. The solutions were
obtained by dissolving of 50 mg of each compound in 0.5 mL of deuterated
solvents. The chemical shifts were calibrated relative to the signal of
residual CHCl3 (�� 7.25), toluene (�� 2.09) and methanol (�� 3.31),
respectively, the 119Sn on external tetramethylstannane (�� 0.00). The 13C
chemical shifts were referred to the signal of CDCl3 (�� 77.0), the 119Sn
chemical shifts are referred to external neat tetramethylstannane (�� 0.0)
and the 15N chemical shifts are referred to external neat nitromethane (��
0.0). Positive chemical shifts values denote shifts to the higher frequencies
relative to the standards.


The solid state 13C and 119Sn spectra of the studied compounds were
acquired at 50.32 and 74.63 MHz, respectively, on a Bruker DSX 200
spectrometer equipped with a double-bearing CP-MAS probe. The
compounds were packed in a standard 4 mm or 7 mm ZrO2 rotor. The
13C and 119Sn Hartmann ±Hahn cross-polarization match was set with
adamantane and tetracyclohexyltin, respectively, using a 1H 90� pulse of
4 �s. The contact time was set to 1 ± 2 ms. Recycle delay was 10 s. The
sample of 2 was measured at 280 and 210 K and sample of 3 at 300 K,
respectively. In the 119Sn CP/MAS NMR experiments, at least two spinning
rates (4.5 ± 9 kHz) were used to identify the isotropic chemical shift. The
number of scans varied between 200 and 22000 to achieve an acceptable
signal-to-noise ratio. The 13C and 119Sn chemical shifts were calibrated
indirectly by external glycine (carbonyl signal �� 176.03) and tetracyclo-
hexyltin (���97.35).
Mass spectrometry : Positive-ion electrospray ionization (ESI) mass spectra
were measured on the Esquire3000 ion trap analyser (Bruker Daltonics,
Bremen, Germany) in the range m/z 50 ± 1000 and negative-ion ESI mass
spectra were measured on the Platform quadrupole analyser (Micromass,
UK) in the range m/z 15 ± 600. The ion trap was tuned to yield an optimum
response for m/z 500. The samples were dissolved in acetonitrile and
analysed by direct infusion at a flow rate of 1 �Lmin�1. The selected
precursor ions were further analysed by MS/MS analysis with the ion trap
analyser under the following conditions: isolation width m/z 8, collision
amplitude 1 V for the MS/MS spectra of compounds 1 ± 3 and 0.9 V for
compound 4, ion source temperature 300 �C, flow rate 4 Lmin�1 and the
pressure of nitrogen 10 psi.
A typical feature of the ESI mass spectra of the studied organotin
compounds is the cleavage of the most labile bond in the molecules,
yielding two complementary ions, where the cationic part of the molecule
can be measured in the positive-ion mode and the anionic part in the


Table 2. Crystal data and structure refinement for 2 and 3.


Compound 2 3


empirical formula C20H37ClN2Sn C20H37BrN2Sn
Fw 459.66 504.12
T [K] 200(2) 200(2)
� [ä] 0.71070 A 0.71070
crystal system monoclinic monoclinic
space group P21/c P2/n
unit cell dimensions
a [ä] 9.1900(1) 10.1420(2)
b [ä] 13.0070(2) 11.8650(3)
c [ä] 19.3910(3) 10.5380(2)
� [�] 95.2450(7) 113.473(1)
V [ä3] 2308.18(6) 1163.15(4)
Z 4 2
�calcd [Mgm�3] 1.323 1.439
� [mm�1] 1.227 2.820
F(000) 952 512
crystal size [mm3] 0.4� 0.3� 0.3 0.35� 0.3� 0.1
� for data collection [�] 1.89 ± 27.5 3.4 ± 27.5
index ranges � 11� h� 11 � 13� h� 13


� 16� k� 16 � 15� k� 15
� 25� l� 25 � 13� l� 12


refls collected 35743 19171
max./min. transmission 0.798; 0.491
indep. refls 5214 [R(int)� 0.036] 2669 [R(int)� 0.034]
absorption correction none multi-scans
refinement method full-matrix least-squares on F 2 full-matrix least-squares on F 2


data/restraints/parameters 5214/1/173 2669/0/122
GoF on F 2 1.026 1.053
final R indices [I� 2�(I)]
R1 0.069 0.026
wR2 0.195 0.066
R indices (all data)
R1 0.082 0.029
wR2 0.209 0.068
largest diff. peak and hole [eä�3] 0.843/� 0.591 0.563/� 0.551
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negative-ion mode. When an Sn�halogen bond is present in the structure,
then this bond is primarily cleaved and complementary ions [M�
halogen]� and [halogen]� are observed in the positive-ion or negative-ion
ESI mass spectra. Because of the very low masses of negative ions (m/z 79
and 81 for [Br]� and m/z 35 and 37 for [Cl]�), the quadrupole analyser is
used for negative-ion ESI measurements instead of the ion trap. No
halogen atom is present in the structure of compound 1, therefore, cleavage
of the Sn�n-butyl bond occurs leading to the [M� nBu]� ion with the same
mass as for compounds 2 and 3 (m/z 425). The following MS/MS spectra of
m/z 425 are identical for compounds 1 ± 3. The fragmentation pattern
confirms the expected structures, because observed fragment ions can be
correlated with the structures. The precursor ion is different for compound
4 (m/z 447) and hence the masses of fragment ions also differ in comparison
to other studied compounds, but the fragmentation behaviour follows the
similar pattern (see the Experimental Section). Typical neutral compound
lost for studied compounds are isobutane, isobutene, CH3N�CH2, Sn and,
for compound 4 also HBr and (CH3)3N. Because of the characteristic
isotopic pattern of the tin atom, the fragment ions containing tin atoms can
be readily recognised. All ions observed are even-electron ions, which is
typical for a soft ionization technique such as ESI.


Crystallography : Selected crystallographic data for compound 3 are given
in Table 2. The selected structural parameters (distances/ä and angles/�)
are given in the caption to Figure 3.


CCDC-197187 (2) and -197188 (3) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; (fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Preparation, Structure, and Unique Thermal [2� 2], [4� 2], and [3� 2]
Cycloaddition Reactions of 4-Vinylideneoxazolidin-2-one


Yoshikazu Horino,[a] Masanari Kimura,[a] Shuji Tanaka,[a] Toshiya Okajima,[b] and
Yoshinao Tamaru*[a]


Abstract: The terminal allene C��C�


bonds of 4-vinylidene-2-oxazolidinone
(2) readily undergo [2� 2] cycloaddition
with a wide variety of terminal alkynes,
alkenes, and 1,3-dienes irrespective of
their electronic nature under strictly
thermal activation conditions (70 ±
100 �C) and provide 3-substituted (Z)-
methylenecyclobutenes 6, 3-substituted
methylenecyclobutanes 7 and 8, and
3-vinylmethylenecyclobutanes 9, respec-


tively, in good to excellent yields. Al-
kenes react with 2 with complete reten-
tion of configuration. The [2� 2] cyclo-
addition is concluded to proceed via a
concerted [(�2s��2s)allene � �2s] H¸ckel
transition state on the basis of exper-
imental evidences and quantum me-


chanical methods. Some highly polar-
ized enones and nitrile oxide, on the
other hand, react with 2 selectively at
the internal C4�C� double bonds and
give spiro compounds 10 and 11, respec-
tively. The bent allene bonds (173 ± 176�)
and the unique reactivity associated with
2 are attributed to a low-lying LUMO
(C��C�) that is substantiated by a
through-space �*(N-SO2) ±�*(C��C�)
orbital interaction.


Keywords: alkenes ¥ alkynes ¥
allenes ¥ cycloaddition ¥ dienes


Introduction


Owing to their inherent strain, allenes have been recognized
as an active and excellent reaction partner for many types of
cycloaddition reactions. Especially, [2� 2] cycloaddition of
allenes with alkenes has been of special interest because of the
synthetic importance of the reaction, providing methylenecy-
clobutane units of structural interest.
The Woodward ±Hoffmann rule and the Fukui frontier


orbital theory predict that [2� 2] cycloaddition is photo-
chemically allowed, but thermally forbidden. In accord,
photochemical reactions of allenes proceed smoothly and
provide products with expected regio- and stereochemistry in
good yields and have been utilized for the syntheses of natural
and unnatural products of structural complexity.[1] On the
other hand, thermal [2� 2] cycloaddition of allenes requires
high temperatures (�200 �C) and/or long reaction times. This
process has suffered from low regio- and stereoselectivity, and
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Scheme 1. Regio- and stereoselective, [2� 2], [4� 2] and [3� 2] cyclo-
addition of 2.


in general, low yields of the methylenecyclobutane products.[2]


Therefore, as an alternative, a variety of methods relying on
activation of allenes (e.g., allene carboxylic esters and
heteroatom substituted allenes) with Lewis acids[3] or tran-
sition metals[4, 5] and also relying on an intramolecular version
that facilitates the reaction by virtue of entropic factors,[6]


have been developed. From a practical point of view aimed at
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the construction of the cyclobutane ring, ketene is the reagent
of choice since, owing to its polarized structure, ketene is
much more reactive than allene and readily reacts with many
types of double bonds (C�C, C�N, etc.) to form for example
cyclobutanones, �-lactams.[7]


In 1968, two contradicting reports appeared, one supporting
the concertedness of [2� 2] cycloaddition of allene and alkene
and the other not; Okamura et al.[8d] reported the concerted-
ness of the reactions of dimethyl maleate and fumarate with
1,1-dimethylallene, which proceeded in a stereospecific man-
ner. On the other hand, Dolbier et al.[9e] claimed that the [2�
2] cycloaddition of [D2]allene and acrylonitrile proceeded via
stepwise processes (radical addition ± cyclization) on the basis
of secondary deuterium kinetic isotope effects.
In 1979, Pasto proposed an attractive idea that [2� 2]


cycloaddition might proceed concertedly by virtue of a
contribution of the cumulated orthogonal �-bond of allene
via a [(�2s��2s)allene��2s, alkene] process (see Figure 6).[10e] In
fact, however, despite extensive studies by himself[10] and
others,[2, 9, 11] the vast majority of results that have been
accumulated to date seems to point to a stepwise biradical
mechanism. Concertedness has been claimed sporadically in a
few reports with some limited number of examples.[8]


In this article, we would like to disclose for the first time
that the allene moiety of 4-vinylidene-2-oxazolidinones 2 is
surely able to undergo [2� 2] cycloaddition via a concerted
mechanism under mild, strictly thermal reaction conditions; 2
reacts at the terminal C��C� bond with alkynes and alkenes of
a widely varying structural and electronic nature and gives rise
to methylenecyclobutenes 6 and methylenecyclobutanes 7 ± 9,
respectively, in good to excellent yields by heating at 70 ±
100 �C(Scheme 1).[12]


With terminal alkynes and alkenes, the reactions are highly
regio- and stereoselective, delivering their unsaturated bonds
syn to the N-substituents of 2 and placing the substituents of
alkynes and alkenes at the 3-position of methylenecyclobu-
tenes and methylenecyclobutanes, respectively. Importantly,
alkenes react with 2 with complete retention of configuration
of their double bond geometries.
Furthermore, the internal C4�C� double bond of 2 partic-


ipates in [4� 2] and [3� 2] cycloaddition reactions toward
highly polarized enones and nitrile oxide and provides 10 and
11, respectively. Some enones provide 8 exclusively, while
some other enones furnish 10 selectively along with 8 as the
minor products. The mechanistic detail for the selective


formation of 6 ± 11 is discussed on the basis of quantum
mechanical methods (RHF/3-21G* level).
The 4-vinylidene-2-oxazolidinones 2 are characteristic in


the bent structure of the allene bonds, where the C� carbons
bend away from the N-sulfonyl group in the plane defined by
N-C4-C5, and the bond angles �C4-C�-C� significantly deviate
from linearity, from 172.5 ± 176.0�.[13]


The allene �*(C��C�) orbital may lie low in energy owing to
a through-space �*(N ± SO2) ±�*(C��C�) orbital interaction,
which brings about the allene bent bond (an attractive
nO(�SO) ±�*(C��C�) charge transfer type interaction) as well
as the unique reactivity of 2.


Results and Discussion


Preparation of 4-vinylidene-2-oxazolidinones 2 : Bis-N-sul-
fonyl (1a ± c), bis-N-acyl (1d,e), and bis-N-phenyl (1 f)
biscarbamates of but-2-yn-1,4-diol were prepared quantita-
tively by treatment of the corresponding isocyanate
(2.2 equiv) and the diol in the presence of triethylamine
(2.2 equiv) in THF at 0 �C� room temperature. Other bis-N-
tosyl biscarbamates involving unsymmetrical ones (1g ± r)
were also obtained in a similar way using the corresponding
but-2-yn-1,4-diols in quantitative yield. These biscarbamates,
except 1e, p, and r, form a nice crystalline solid (or powder)
and withstand storage for months in a refrigerator. Biscarba-
mates 1e, p, and r each appear as a heavy oil; purification by
means of column chromatography over silica gel and/or
crystallization from reaction mixtures all resulted in signifi-
cant loss owing to decomposition. Accordingly, these biscar-
bamates were prepared prior to use and used without
purification.
We planned preparation of 2 in expectation that the CuI ¥


Et3N catalytic system, developed by the authors for the
cyclization of propargyl carbamate to 4-methylene-2-oxazo-
lidinone,[14] might promote cyclization at the N atom of one of
the two carbamates of 1 in conjunction with elimination of the
other carbamate in an SN2� fashion. However, the expected
reaction did not take place; instead, only the cyclization
product 3 was produced in modest yield (run 6, Table 1).
Next, we examined palladium complexes as a catalyst


bearing in mind that oxidative addition of one of the two
carbamate moieties to the Pd0 species followed by extrusion
of p-toluenesulfonamide and carbon dioxide might form a
propargylpalladium I or an allenylpalladium intermediate II,
which would be reactive enough to undergo an intramolecular
displacement of Pd by the N anion of the other remaining
carbamate via either SN2� or reductive elimination, respec-
tively (Scheme 2).[12a] As was expected, all the palladium(0)
species examined turned out to serve as a catalyst for the
transformation of 1 to 2, though the efficiency largely
depended on the kind of palladium species (runs 3 ± 5). The
phosphine-free [Pd2(dba)3] ¥CHCl3 ¥Et3N system was the
combination of choice, judging from the reaction temperature
and the yield of 2.
Remarkably, lowering the catalyst loading to 0.5 mol%


showed a significant increase in the yields (cf. runs 1 and 3,
Table 1). It should be noted that the use of a catalytic amount
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Scheme 2. Palladium-catalyzed cyclization of biscarbamate 1.


of Et3N is essential to promote the reaction. In the absence of
Et3N, no trace amount of 2a was formed even under harsh
conditions; instead, 1a decomposed completely to give an
intractable mixture of products (run 2). Hereafter, we uni-
formly applied the conditions established in run 1 of Table 1


to the elimination ± cyclization reaction of the other biscarba-
mates 1.
Results for the elimination ± cyclization reaction of biscar-


bamates with variousN-substituents, 1b ± f, are summarized in
Table 1. Bis-N-o-tosyl (1b), bis-N-methanesulfonyl (1c), and
bis-N-benzoyl biscarbamates (1d) reacted with similar ease,
and the reaction was completed within 12 h at room temper-
ature. Bis-N-�-methacryloyl biscarbamate (1e) was rather
reluctant and required over 2 d for completion of the reaction
(run 10). The expected product 2e was isolated in low yield
(14%). In addition to 2e, 4 (15%) was obtained in a
comparable amount. At an elevated temperature, only 4 was
produced in 33% yield (run 11). These results suggest that 2e
is a primary product and is labile under the conditions,
undergoing subsequent reactions, that is 1) aza-Claisen rear-
rangement, 2) imine ± enamine isomerization, and 3) cycliza-
tion and/or 1) intramolecular Michael addition of the enam-
ine moiety to enone and 2) hydrogen shift, to finally provide 4.
Bis-N-phenyl biscarbamate (1 f) was completely unreactive
and was recovered even by heating at 50 �C over 2 d (run 12).
In the presence of a stronger base, it decomposed (run 13).
These results clearly indicate that the ease of the conversion
of 1 to 2 depends on the acidity of carbamates.
Among 2a ± d, the allene carbamates 2a and b form a nice


stable crystalline solid, while 2c and d are a heavy oil and
partially decompose during purification by flash column
chromatography over silica gel and also during storage in a
refrigerator. Accordingly, 2c and d were prepared and used
promptly after purification by chromatography over silica gel
with a short column.
Table 2 summarizes the results for the cyclization of bis-N-


tosyl biscarbamates of 1-substituted but-2-yn-1,4-diols (1g ±
p). In these reactions, two regioisomers of products 2 and 5 are


Table 1. Transition-metal catalyzed preparation of 4-vinylidene-2-oxazolidin-
2-ones 2.[a]
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metal catalyst
(1)


1
2


Run 1 (Z) Metal Base T/t [b] Product Yield
[%][c](equiv) (equiv)


1 1a p-Ts [Pd2(dba)3] ¥CHCl3 Et3N 25/7 2a 73
(0.005) (0.1)


2 1a p-Ts [Pd2(dba)3] ¥CHCl3 none 65/3 2a 0
(0.005)


3 1a p-Ts [Pd2(dba)3] ¥CHCl3 Et3N 25/2 2a 44
(0.1) (0.1)


4 1a p-Ts [Pd(PPh3)4] Et3N 65/4 2a 45
(0.1) (0.1)


5 1a p-Ts [Pd(OAc)2] Et3N 25/4 2a 3
(0.1) (0.1)


6 1a p-Ts CuCl Et3N 50/5 3 54
(0.1) (0.1)


7 1b o-Ts [Pd2(dba)3] ¥CHCl3 Et3N 25/12 2b 53
(0.005) (0.1)


8 1c Ms [Pd2(dba)3] ¥CHCl3 Et3N 25/12 2c 54
(0.005) (0.1)


9 1d Bz [Pd2(dba)3] ¥CHCl3 Et3N 25/10 2d 66
(0.005) (0.1)


10 1e �-Met[d] [Pd2(dba)3] ¥CHCl3 Et3N 25/47 2e 14[e]


(0.005) (0.1) 4 15
11 1e �-Met[d] [Pd2(dba)3] ¥CHCl3 Et3N 50/7 4 33[e]


(0.005) (0.1)
12 1 f Ph [Pd2(dba)3] ¥CHCl3 Et3N 50/55 no rx[f]


(0.005) (0.1)
13 1 f Ph [Pd2(dba)3] ¥CHCl3 tBuOK 50/55 dec.[g]


(0.005) (0.1)


[a] Reaction conditions: 1 (1 mmol), transition-metal complex and base
(amount given) in dry THF (5 mL) under N2. [b] Temperature in �C and
reaction time in h. [c] Isolated yield for spectroscopically homogeneous
product. [d] �-Met��-methylacryloyl. [e] Overall yield based on but-2-yn-
1,4-diol. [f] Recovery of 1e. [g] Decomposition of 1 f.


Table 2. Preparation of 5-substituted 4-vinylideneoxazolidine-2-ones
2g ± p.[a]


O NHTs


OTsHN


O


O


R2


R1


O NTs


O


•R1 R2
R1


R2


O NTs


O


•
+


5g-p


[Pd2(dba)3]•CHCl3


(0.005 equiv)
THF


(2)


1g-p


2g-p


Run 1 R1 R2 T [�C]/t [h] % yield 2 :5[b]


1 1g Me H 25/6 47 2.1:1
2 1h Et H 25/56 47 1.7:1
3 1 i iPr H 50/24 45 2.5:1
4 1 j cHex H 60/20 40 2.5:1
5 1k Ph H 25/11 58 2.1:1
6 1 l tBu H 40/25 58 2.1:1
7 1m Me Me 25/13 70 30:1
8 1n (CH2)4 25/4 56 20:1
9 1o (CH2)5 25/6 56 21:1
10 1p 2-adamantyl 60/23 20[c] 2p only


[a] Reaction conditions: 1 (1 mmol), [Pd2(dba)3] ¥CHCl3 (0.005 mmol),
Et3N (0.1 mmol) in dry THF (5 mL) under N2. For runs 7 and 8, the
palladium catalyst in 0.02 mmol. [b] Non-separable mixture by means of
column chromatography over silica gel, the ratio being determined on the
basis of 1H NMR (400 MHz). [c] Overall yield based on but-2-yn-1,4-diol.
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conceivable, depending on which one of the two carbamates
serves as a nitrogen nucleophile and the other as a leaving
group. Surprisingly, the regioselectivity of the cyclization of
1-monosubstituted biscarbamates 1g ± l was almost independ-
ent of the steric bulk and the electronic nature of the
substituents, and mixtures of 2 and 5 were obtained in a ratio
of about 2:1. On the other hand, 1,1-geminally disubstituted
biscarbamates 1m ± p underwent cyclization to provide 2
almost exclusively. The regioselectivity may be attributed to
steric hindrance of oxidative addition of the C1�O bond to Pd0


as well as to the Breseley ± Ingold ±Thorpe effects[15] (but-
tressing effects) of the C1 substituents that make the nitrogen
atom of C1 carbamate and the C2 carbon come close to each
other.
Equations (3) and (4) demonstrate that the present Pd-


catalyzed cyclization is applicable not only to highly substi-
tuted biscarbamates, but also to biscarbamates with a variety
of electron-withdrawing substituents on the nitrogen atom.
The products 2q and 2r form a nice crystalline solid. It should


O NHTs


OTsHN


O


O


O NTs


O


•


O NHTs


OTsHN


O


O


O NTs


O


•
(3)


1q 2q (59%)


(3)


1q 2q (59%)


[Pd2(dba)3]•CHCl3


(0.005 equiv)
Et3N (0.1 equiv)
THF, 25 °C, 16 h


O NHSO3CH2CCl3


O
Cl3CH2CO3SNH


O


O


O NSO3CH2CCl3


O


•


O NHSO3CH2CCl3


O
Cl3CH2CO3SNH


O


O


O NSO3CH2CCl3


O


•


(4)


1r


2r
 (28% overall  based on 


1,1-dimethyl-2-butyn-1,4-diol)


[Pd2(dba)3]•CHCl3


(0.005 equiv)
Et3N (0.1 equiv)
THF, 25 °C, 16 h


(4)


1r


2r
 (28% overall  based on 


1,1-dimethyl-2-butyn-1,4-diol)


be noted that 2r was obtained in 28% overall yield based on
1,1-dimethylbut-2-yn-1,4-diol in three-step assembly-line op-
erations without purification of the intermediates: moisture
and thermal-sensitive 2,2,2-trichloroethoxysulfonyl isocya-
nate[16] and biscarbamate 1r with a propensity to readily
undergo polymerization.


Structure of 4-vinylidene-2-oxazolidinones 2 characterized by
the bent allene bond : Figures 1 and 2 list the Chem 3D
presentation of the structure of allene carbamates 2 of
interest, determined by single-crystal X-ray diffraction meth-
ods. The dihedral angles, bond angles and lengths of interest
for all 2 determined by X-ray analyses are compiled in
Table 3.[17, 18] The X-ray crystallographic analyses have re-
vealed that all of the oxazolidinones 2 possess common but
unique structural features.
First, the 2-oxazolidinone ring of 2 is almost planar, except


that of 2p (Figure 2). For this particular compound, the
deformation of the oxazolidinone ring may be caused by steric


Figure 1. Chem 3D drawing of X-ray structure of 4-vinylidene-2-oxazoli-
dinones 2, placing C4-C��C� atoms in an xy plane. One of the sulfonyl
oxygens points to C� and forms a loose planar five-membered ring. For
clarity, all hydrogens are omitted.


Figure 2. Chem 3D Drawing of X-ray structure of 4-vinylidene-2-oxazo-
lidinones 2, placing C5-C4-C� atoms in an xz plane. Except the one of 2p, all
C� reside in the C5-C4-C� plane. For clarity, all hydrogens are omitted, and
tolyl is replaced by Me.


repulsion between one of the adamantyl methylene groups
(indicated by an arrow) and the allene C�. In fact, as is seen by
a close examination of Figure 2, the C4�C��C� allene bond of
2p deviates from linearity and the C� carbon is located out of
the C4-C5-C� plane, though the C� carbons of the other 2
compounds all reside on the plane. Second, either one of the
two oxygen atoms (O3) of the sulfonyl group points to the
allene central carbon, C� , and seems to form a loose, planar
five-membered ring composed of C� , C4, N, S, and O3, as if
there exists an attractive interaction between them (Figure 1).
The O3�C� distances are in the range of 2.82 ± 2.87 ä and are
shorter than the sum of van der Waals radii of O (1.75 ä) and
C (1.70 ä).[19] This feature may be inherent in allene
carbamates 2, and may not be due to crystal packing effects
since, as is seen in Figure 1, the p-tolyl and o-tolyl groups take
a variety of conformations in the crystals. Furthermore, this
arrangement seems to be a general feature of all 2 and not
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affected by the space requirements of the C5 and/or C�


substituents. Finally, and most importantly, the C4�C��C�


allene bonds significantly deviate from linearity away from
the sulfonyl groups, forming the bond angles between 173 ±
176� (Figure 1 and Table 3), where the C� carbons reside
almost in the plane defined by N-C4-C� (cf. , dihedral angles,
�N-C4-C�-C� and �C5-C4-C�-C� Table 3) even for the mole-
cules that possess sterically bulky substituents at the C5


position (e.g., 2n, 2q).
This is, to the best of our knowledge, the first example


which demonstrates that the allene bond deviates from
linearity in the absence of any steric factors (e.g., ring strain,
torsional strain and/or packing effects).[13, 20]


In order to address the reason why 2 take such an
unfavorable configuration and conformation on steric
grounds, we examined the quantum mechanical calculations.
The RHF/3-21G* optimized parameters for the atomic angles
for the allene bond of 4-vinylidene-2-oxazolidinones with H,
Me, SO2Me, SO2-o-Tol, and SO2-p-Tol substituents on the
nitrogen atom are listed in Table 4, together with the angles
determined by X-ray studies (in parentheses). The results
indicate that a clear-cut discrepancy does exist in the
optimized bond angles between N-H, -Me derivatives and
N-sulfonyl derivatives; the N-H and N-Me derivatives are the
most stable with an almost linear allene bond, irrespective of
the C5 substituents while, in good accord with the experimen-
tal results, N-sulfonyl derivatives take uniformly a bent allene
bond. The amount of the bending angle determined by
calculation is about 5�.
The population analysis based on the Merz ±Kollman


scheme (MSK) in shown in Figure 3; the values were


Figure 3. Population analyses of 2c based on MSK scheme.


evaluated at Becke3LYP/6-31�G*//RHF/3-21G*) for the
simplest allene carbamate 2c. For the most stable parallel
conformer a) the oxygen atom, pointing to C� , carries a
considerable amount of negative charge (�0.45), which is


Table 3. Selected bond and dihedral angles [�] and bond lengths [ä] of 4-vinylidene-2-oxazolidinones 2.


O N


•


S


O


R


O


O


Me


1 2


34


2
4


5
α


β


2a 2b 2g 2k 2m 2n 2p 2q


angles
C4-C�-C� 172.5 174.5 175.3 173.6 176.0 172.4 175.0 173.5
N-C4-C� 128.7 129.2 129.5 130.4 129.5 129.5 125.8 129.8
C5-C4-C� 126.8 127.0 125.9 126.3 126.2 126.0 130.4 125.6
N-C4-C5 104.5 103.8 104.5 103.3 104.3 104.5 103.7 104.5
C2-N-C4 109.0 110.5 109.0 112.2 110.0 111.0 109.8 111.0
C2-N-S 122.0 121.5 123.0 120.5 122.3 119.7 122.0 121.0
S-N-C4 125.0 127.8 124.7 127.3 125.4 125.3 127.5 126.9
O3-S-N-C4 31.0 2.9 31.8 6.7 25.2 20.4 � 16.6 � 6.8
S-N-C4-C� � 14.2 10.2 � 15.0 13.9 � 0.5 � 28.3 � 16.0 11.9
N-C4-C�-C� � 163.0 � 176.9 � 147.5 164.5 166.3 174.6 81.5 180.0
C5-C4-C�-C� 15.3 5.7 28.5 14.6 � 12.6 � 8.8 � 102.8 2.0


bond lengths
O1�C2 1.334 1.338 1.318 1.479 1.337 1.338 1.341 1.333
C2�N 1.398 1.394 1.413 1.396 1.400 1.396 1.398 1.391
N�C4 1.434 1.435 1.429 1.406 1.432 1.437 1.433 1.431
C4�C5 1.487 1.500 1.496 1.497 1.520 1.523 1.521 1.519
C5�O1 1.435 1.431 1.431 1.402 1.466 1.470 1.486 1.462
C4�C� 1.296 1.295 1.291 1.276 1.298 1.286 1.300 1.294
C��C� 1.283 1.297 1.292 1.285 1.293 1.290 1.293 1.302
C2�O2 1.195 1.192 1.191 1.193 1.193 1.202 1.194 1.195
N�S 1.683 1.673 1.687 1.711 1.680 1.686 1.681 1.678
C� ¥ ¥ ¥O3 2.854 2.829 2.837 2.852 2.845 2.834 2.867 2.817


Table 4. Allene bond angles [�] of 4-vinylidene-2-oxazolidinones calculated at
RHF/3-21G(*). Values in parentheses were determined by X-ray crystallo-
graphic analyses.


N�H N�Me N�SO2Me N-SO2-o-Tol N-SO2-p-Tol


C5 H,H 178.9 178.5 174.8 174.0 (174.5) 175.0 (172.5)
C5 H,Me ± ± ± ± 174.9 (175.3)
C5 Me,Me 178.8 178.4 174.9 ± 175.2 (176.0)
C5 (CH2)4 179.0 178.5 174.9 ± 175.0 (172.4)
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apparently less than that of the other oxygen atom (�0.47).
The bisect b) and orthogonal c) conformers are higher in
energy by 4.3 and 5.1 kcalmol�1, respectively, as compared
with the parallel conformer a). From the results of the
calculations we conclude that the stability of the bent bond
structure of allenes 2 of the parallel conformer a) is brought
about by a charge transfer type interaction between the
oxygen of the parallel S�O bond and the C��C� double bond,
that is, an nO ±�*(C��C�) interaction. This n ±�* interaction
may be substantiated by the low-lying LUMO (C��C�), which
might be caused by �*(C��C�)� �*(N-SO2) interaction.
These orbitals are aligned parallel in close proximity to each
other and might be able to interact through space effectively.


Concerted thermal [2� 2] cycloaddition of 2 at the terminal
C��C� bonds with alkynes, alkenes, and dienes : When 2a was
heated in an excess amount of phenylacetylene at 100 �C for
4 h, a spot of 2a (Rf� 0.45, hexane/AcOEt 2:1 v/v) disap-
peared completely and a new spot (Rf� 0.55) appeared on the
TLC [Eq. (5)]. The 1H NMR spectrum of the crude reaction
mixture measured after removal of excess phenylacetylene
under reduced pressure revealed that product 6a was
composed of a single isomer, which decomposed gradually
in an NMR tube upon standing for several hours at room
temperature. Crystallization from dichloromethane/hexane
provided 6a as a fine colorless solid, which also partially
decomposed and the color turned brown even in a refrigerator
within a few days.
Of the two conceivable stereoisomers, we first expected the


structure of 6a to be (E)-6a, simply because of the easier
access of acetylene to 2a from the less crowded side of the
allene bond, being distal from the N-sulfonyl group. Surpris-
ingly, however, NOE experiments of the product indicated


O NTs


O


•


Ph


O NTs


Ph


O


O NTs


Ph


O


2a


+


25 equiv


100 °C, 4 h
(5)


(Z)-6a (61%)


(E)-6a (0%)


that 6a should in fact be (Z)-6a (Figure 4). The reproduci-
bility of the experiment was confirmed by three individual
runs. Each time, the absence of (E)-6a was confirmed by close
scrutiny of the 1H NMR spectra (400 MHz).
In order to confirm this unexpected high stereoselectivity,


we next examined ethyl propiolate as an alkyne of different
electronic nature under similar reaction conditions (run 1,
Table 5). To our pleasant surprise, the reaction proceeded
much smoother and was completed within 4 h at 80 �C, giving
rise to (Z)-6b as a single isomer. The methylenecyclobutene
product (Z)-6b (m.p. 66.0 ± 66.5 �C from CH2Cl2/hexane)
again turned out to be rather unstable especially in a solution
under air; the color gradually turned brown or black-
brown.[21]
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Figure 4. NOE increment (%) determined by 1H NMR (400 MHz).


Encouraged with the unique and unprecedented reactivity
of the allene bond of 2 toward alkynes, we next examined
extensively the reaction with alkenes of a wide structural and
electronic variety. The results are summarized in Table 5. In
general, alkenes bearing conjugated �-systems (e.g., styrenes
and dienes) and electron-withdrawing groups showed parallel
results. The results for the reactions with dienes are summar-
ized separately in Table 6.
Alkenes bearing electron-donating substituents (e.g., enol


ethers,[22] allylsilanes)[23] displayed a completely different
reactivity [Eq. (6)]. They induced 1,3-sulfonyl migration and
provided tetrahydropyridines formed by a formal [4� 2]
cycloaddition reaction. This type of reactivity of 2 is general
toward a variety of other nucleophiles, encompassing alco-
hols, silanes (�SiH), indoles; the results will be reported
elsewhere in due course. Simple alkenes, such as 1-decene and
3-phenyl-1-propene, were unreactive and 2 were recovered in
almost all cases.


O N


O


•


Ts


OMe


O N


O


Ts


OMe


100 °C, 36 h


dioxane


86 %


(6)


2a


+


In contrast to the instability of methylenecyclobutenes 6,
methylenecyclobutanes, 7 and 8, were stable and could be
readily purified by means of column chromatography over
silica gel and/or, in some instances, direct crystallization from
the reaction mixtures. As might be apparent from Table 5, no
discernible differences in reactivity among 2 were observed,
although they differed in the N-substituents and the C5


substituents. Adamantane derivative 2p was one exception,
which was totally unreactive and was recovered quantitatively
by exposure to styrene and acrylonitrile under usual and even
somewhat harsh conditions (100 �C for 10 h). The adamantyl
group may sterically protect the allene bond from an attack of
these alkenes.
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Among the data in Table 5, the selective reaction of
2-methylbut-1-en-3-yne at the double bond, giving rise to 7 f
(run 13) and a quantitative formation of 8g by the reaction
with methyl �-siloxyacrylate are especially impressive
(run 15). These results along with the reaction with �-
(trimethylsiloxy)styrene (run 12) demonstrate that the pres-
ent [2� 2] cycloaddition is highly tolerant of a wide range of
alkenes with different electronic nature; this is in sharp
contrast to the reaction pattern displayed by simple electron-
rich alkenes [Eq. (6)].
Interestingly, however, the reaction is tolerant only of


terminal alkenes and alkynes. Internal alkenes, such as methyl
�-methylacrylate, �-methylacrylonitrile, �-phenylacryloni-
trile, 2-cyclohexenone, dimethylmaleate, and internal alkynes,
such as dimethyl acetylenedicarboxylate and diphenylacety-
lene, were all unreactive and resulted in a recovery (or slight
decomposition) of 2 under usual reaction conditions. All
attempts employing higher temperature and longer reaction
time (e.g., 120 �C for 1 d) resulted only in the decomposition
of 2.
The decisively low reactivity of internal alkenes might be


rationalized by assuming that the alkenes would react with 2
in similar way to alkynes and the allylic methylenes of the
cyclobutane ring syn to N-Ts might be delivered from the
alkene terminal carbons. The methylene groups of 7 and 8 syn
to N-Ts suffer from allylic strain against the N-Ts group.
Therefore, there is not enough room to accommodate
substituents on the methylene carbon.
In fact, this proved to be the case. In order to clarify the


stereochemical course of the [2� 2] cycloaddition reaction,
commercial [D8]styrene was used as a probe [Eq. (7) and (8)].
The 400 MHz 1H NMR spectrum of the cyclobutane part of
the product [D8]-7c (b) is shown in Figure 5 along with that of
7c (a) for comparison. Fortunately, all the methylene protons
and the methyne proton of 7c appeared separately and could
be assigned unequivocally as indicated in Figure 5a on the
basis of NOE experiments (Figure 4).
Comparison of Figure 5a and b clearly indicates that [D8]-


7c is composed of a single stereoisomer and possesses a (Z)-
structure, since the methylene protons syn to the tosyl group,
Hb and Hc, of 7c disappear completely and the methylene
protons anti to the tosyl group, Hd and He, remain and appear
as a pair of doublets. The absence of a pair of doublets
ascribable to Hb and Hc of the other stereoisomer, (E)-[D8]-
7c, indicates that the degree of stereoselectivity is more than
97% (a limit of 1H NMR detection). The reaction of 2a with
[D8]styrene showed completely parallel results [Eq. (7)],
though the 1H NMR spectra of 7a and (Z)-[D8]-7a appeared
not as simple as those of 7c and [D8]-7c owing to a long-range
coupling with the C5 methylene protons.[21]


Parallel results were obtained for the reactions of 2a with
[D5]-�-methylacrylonitrile [97% atom D, Eq. (9)] and 2m
with �,�-dideuterio-�-(trimethylsiloxy)styrene [96% atom D,
Eq. (10)], where [D5]-(Z)-8c and [D2]-(Z)-7e, respectively,
were produced exclusively.[21] The results given in Equa-
tions (7) ± (10) clearly indicate that the allylic methylene
groups of methylenecyclobutanes syn to the N-Ts group
originate from the terminal sp2 carbons of alkenes, irrespec-
tive of the stereoelectronic nature of the substituents.


Table 5. Thermal [2� 2] cycloaddition of 2 with alkynes and alkenes.[a]


Run Allene 2 Alkene T [�C]/ Product
or alkyne t [h] (%isolated yield)


1 80/4


2 2a 100/22


3 2a 80/22


4 2a 80/17


5 2a 80/10


6 2a 80/22


7 80/23


8 2d 80/46


9 2d 80/22


10 100/5


11 2m 80/48


12 2m 80/48


13 2m 80/120


14 2m 80/17


15 2m 100/8


16 80/13


17 80/10


[a] Unless otherwise specified, 2 (0.5 mmol) and alkyne or alkene (4.0 mL,
30 ± 60 mmol) were heated under N2. [b] 2 (0.5 mmol) and alkene
(5.0 mmol) were heated under N2. [c] 2 (0.5 mmol) and alkene (10.0 mmol)
in dioxane (1.0 mL) were heated in a sealed tube under N2. [d] 2 (0.5 mmol)
and an alkene (10.0 mmol) were heated under N2.
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Figure 5. 1H NMR spectra (400 MHz) of the cyclobutane moieties of 7c
(a), (Z)-[D8]-7c (b), (Z)-cis-[D1]-7c (c), and (Z,E)-[D1]-7h (d). In (d), the
small peaks, Hb� and Hc�, are due to [D0]-�-ethylstyrene.
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In order to shed more light on the stereochemical course,
we next examined the reaction of 2a and 2m with cis-�-
monodeuteriostyrene (96% atom D) [Eq. (11) and (12)], and
we were gratified to find that these reactions proceeded with
complete retention of configuration of the double bond
(Figure 5c).[24] Disappearance of the resonance of Hb, no
change in the coupling pattern of Hd, coalescing of the
resonance of He from a ddt to a ddd, and a change in the
absorption of Hc from a ddt to a broad doublet, all combine to
indicate the substitution of D for Hb.
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Furthermore, stereochemically defined trisubstituted al-
kene, (E)-�-ethyl-�-monodeuteriostyrene [90% atom D,
Eq. (13)], was subjected to the reaction. Figure 5d and the
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NOE data in Figure 4 clearly indicate that the reaction
proceeds stereoselectively and the selectivity is more than
97% (a limit of 1H NMR detection).[24] The product (Z,E)-
[D1]-7h is Z with respect to the exocyclic double bond and E
with respect to the substituents of the cyclobutane ring. The
spectrum is contaminated by small peaks Hb� (brd) and Hc�
(dt), which are apparently attributed to the product formed by
the reaction with non-deuterated �-ethylstyrene (10%)
present in the starting material as a contaminant.
Allenes are good reaction partners in the Diels ±Alder


reaction and serve as reactive dienophiles.[25, 26] The internal
allene double bonds of vinylallenes form a 4�-system in
conjunction with the vinyl groups and, in turn, they serve as
reactive dienes toward a variety of dienophiles.[26a, 27] In sharp
contrast, the allene of 2 displayed no dienophilic reactivity
toward a variety of dienes, but instead, selectively underwent
[2� 2] cycloaddition to provide 3-vinyl-1-methylenecyclobu-
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tanes 9 in good to excellent yields (Table 6).[6, 28] Furthermore,
in general, the [2� 2] cycloaddition of 2 with dienes pro-
ceeded much easier than that with alkenes and alkynes. This
may be apparent by comparing the reaction conditions shown
in Tables 5 and 6; for the reaction with dienes, in most cases,


10 equivalents or less of dienes (runs 4 and 12) were used. In
addition, the reactions proceeded smoothly even as a diluted
solution in dioxane. Dioxane was used uniformly as a solvent
in order to avoid the loss of dienes by evaporation.
The exclusive [2� 2] preference over [4� 2] cycloaddition


associated with 2 is quite remarkable taking into consider-
ation the fact that [2� 2] cycloaddition of allenes and dienes
has been reported sporadically only for a limited number of
intramolecular reactions, where allenes and dienes are
designed deliberately to undergo [4� 2] cycloaddition under
great difficulty.[29]


A general trend has been observed for the regioselectivity
of dienes; one of the two double bonds undergoes reaction
selectively; 1) 1-substituted dienes react at the distal non-
substituted 3,4-double bonds (e.g., runs 3 and 9, Table 6), 2) 2-
substituted dienes react selectively at the 1,2-double bonds
irrespective of the electronic nature of the substituents (e.g.,
runs 2, 6, and 11), and 3) unsymmetrically 2,3-disubstituted
dienes react selectively at the double bonds with higher
electron density (run 13). For example, although both the
methyl and triisopropylsilyloxy groups of 2-methyl-3-triiso-
propylsiloxy-1,3-butadiene are electron-donating, the latter is
by far more powerful in the ability; hence, this diene reacted
exclusively at the C3�C4 double bond and provided 9m as a
single product (run 13).
It should be noted that dienes bearing siloxy substituents


either at the 1- or at the 2-position (runs 4, 9, and 13), like �-
siloxystyrene [run 12, Table 5 and Eq. (10)], all undergo [2�
2] cycloaddition, which is in contrast to the reaction behavior
that simple vinyl ethers display [Eq. (6)].[22] The geometry of
dienes was retained completely in the products, that is, trans
dienes provided 3-(trans-1-alkenyl)methylenecyclobutanes
(e.g., runs 3, 4, and 8 ± 10) and cis-dienes 3-(cis-1-alkenyl)me-
thylenecyclobutanes exclusively [Eq. (14)]. A mixture of cis-
and trans-5-trimethylsilyl-1,3-pentadiene (E :Z 1.0:3.6) pro-
vided 9o as a single isomer in excellent yield. Interestingly, the
reaction with a trans-enriched mixture (E :Z 4:1, obtained by
isomerization of the cis-rich mixture by catalytic amounts of
phenylmercaptane/azobisisobutyronitrile (AIBN), benzene
reflux) was very slow and provided 9o in 45% isolated yield
with recovery of 2m in 30% yield under the same reaction
conditions as Equation (14) (96 h). These results indicate that
only cis-5-trimethylsilyl-1,3-pentadiene participates in these
reactions and provide 9o with retention of configuration of
the double bond.


SiMe3 O N


O


Ts


SiMe32m +


9o (97 %)


80 °C, 35 h


dioxane (1 mL) (14)


5 mmol
(E:Z = 1:3.6)


0.5 mmol


As was observed for internal alkynes and alkenes and in
good accord with 1), described above, internal dienes, such as
1,3-cyclohexadiene and 1,3-cyclopentadiene, were also un-
reactive and no expected products were obtained at all.
The mechanistic details associated with the thermal [2� 2]


cycloaddition (either concerted or stepwise) constitute a topic
of much study and debate. Most studies, evidenced by the


Table 6. Thermal [2� 2] cycloaddition of 2 with 1,3-dienes.[a]


Run Allene 1,3-Diene T [�C]/ Product
t [h] (% isolated product)


1 70/44


2 2a 80/36


3 2a 80/9


4 2a 80/22


5 70/91


6 2m 80/10


7 2m 80/42


8 2m 80/22


9 2m 80/22


10 2m 80/29


11 2m 80/42


12 2m 80/22


13 2m 100/37


14 80/45


[a] Unless otherwise specified, 2 (0.5 mmol) and diene (5.0 mmol) in
dioxane (0.5 mL) were heated under N2. [b] 2 (0.5 mmol) and diene
(20 mmol) in dioxane (1.5 mL) were heated under N2. [c] 2 (0.5 mmol) and
a diene (2.0 mmol) in dioxane (0.5 mL) were heated under N2.
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regio- and stereochemical outcomes[6, 9±11, 26, 27] and H/D
isotope effects,[9e] seem to strongly favor a stepwise biradical
mechanism. In sharp contrast to this, all experimental results
obtained for the [2� 2] addition of 2 with a wide variety of
alkynes, alkenes and 1,3-dienes presented here seem to point
to a concerted mechanism involving a six-electron H¸ckel
[(�2s��2s)allene� �2s] transition state, proposed by Pasto[10e] and
predicted by Fukui et al. based on the frontier orbital theory
(Figure 6).[30]


Figure 6. Possible explanation for a thermal, concerted [2� 2] cycloaddi-
tion based on ™the orbital interaction in three-systems∫.[30] a) Reactions for
electron-deficient alkenes and alkynes. b) Reactions for electron-rich and
conjugated alkenes and alkynes.


The unique reactivity associated with 2 might be primarily
attributed to a strong �*(N ± SO2)��*(C��C�) interaction of
2a,m,o, r (or �*(N±CO)��*(C��C�) interaction for 2d),
which causes 1) the lowering of the �*(C��C�) energy level
(and hence, lowering of the activation energy for the [2� 2]
addition) and 2) the rehybridization of the �*(C��C�) orbitals
(sp3-like, and hence, better overlap between the p orbitals of
alkene C1 and allene C� in the opposite face to N-Ts). As is
illustrated in Figure 6a for electron-deficient alkynes and
alkenes and in Figure 6b for electron-rich and conjugated
alkynes and alkenes, the three-system interaction,[30] with a
coaxial overlap of the p orbitals of C� and C2 and a
perpendicular overlap of the p orbitals of C� and C1,
necessitates a 90� counter-clockwise rotation of the oxazoli-
dinone ring (i.e. , a rotation of the N-Ts group toward C2) to
furnish (Z)-6 ± 9.
The mechanism proposed here was supported by the RHF/


3-21G* concerted transition-state structures and the geo-
metrical transformation along the intrinsic reaction coordi-
nate for the reaction of 2a (SO2Me in place of SO2Tol) with
acrylonitrile (Figure 7a) and methyl �-methylvinyl ketone
(Figure 7b). An alternative coaxial approach of the p orbitals
of C� and C1, accompanied with perpendicular interaction
between the p orbitals of C� and C2, could hardly be
reconciled with the reactivity observed for 2m and 2n, since
the bulky C5 substituents of these allenes would render this
mode of approach sterically unfavorable.
The transition-state structures a) and b) in Figure 7 are


apparently asynchronous and similar to the one located by


Figure 7. RHF/3-21G* transition structures leading to 8b (a) and 8k (b)
with SO2Me in place of SO2-p-Tol. For clarity, all hydrogens except the
hydrogens on the reaction centers were omitted. For further discussion of
the TS structure b) leading 8k, see next Section.


quantum mechanical methods for the concerted [2� 2] cyclo-
addition of ketene and ethylene;[7l] the single bonds between
the C� and the alkene C2 are almost fully formed (1.70 ±
1.71 ä). The other incipient carbon�carbon bonds, between
C� and the alkene C1, are much longer (2.65 ± 2.73 ä). The C1


carbons are in fact much closer to the C� in the transition
states (2.37 ± 2.39 ä) than to the C� to which they will be
bonded in the products.


Concerted thermal [4� 2] and [3� 2] cycloadditions of 2 at
the internal double bonds with enones and nitrile oxides: In
contrast to the fact that electron-deficient alkenes, such as
acrylonitrile, acrylamide, and ethyl acrylate, selectively under-
went [2� 2] cycloaddition toward 2 at the terminal C��C�


bonds (Table 5), a similarly electron-deficient ketone, methyl
vinyl ketone, displayed completely different reactivity; this
ketone selectively reacted with 2n at the internal C4�C� bond,
giving rise to a spiro compound, 10a, as the major product
along with a [2� 2] cycloaddition product 8 i as the minor
product (run 1, Table 7). Other enones that display this
inverse electron demand [4� 2] cycloaddition reactivity[31]


are summarized in Table 7.[32]


The common structural feature of electron-deficient al-
kenes that show [4� 2] reactivity is that they are all �,�-
unsaturated aldehydes and ketones. Judging from the reaction
conditions (temperature, time, and equivalency of enones
relative to 2), the enones are more reactive than the electron-
deficient alkenes listed in Table 5. The ratio of 10 to 8 largely
depends on the kind of enones, ranging from 80:18 (%
isolated yield, run 1) for methyl vinyl ketone to 11:83 (run 4)
for �-methylacrolein.
Before discussing the product ratios in detail, it should be


clarified whether the ratios are due to either kinetic or
thermodynamic control, because the cyclobutane C�C bonds
of 8 i ± l and the dihydropyran C�Obonds of 10a ± d [indicated
with a dotted line, Eq. (15)] are expected to be prone to
undergo heterolytic cleavage, giving rise to zwitterionic
intermediates III (a pair of �/� ) characterized by the
carbanions stabilized by aldehyde or ketone and the allylic
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carbocations stabilized by the nitrogen atom.[28a] These bonds
are also subject to homolytic cleavage, giving rise to biradical
intermediates III (a pair of �/�). Accordingly, we examined a
set of thermal isomerization experiments, that is, heating of
pure, isolated 8k and 10c separately at 80 �C for 68 h using
20 equivalents of methyl �-methylvinyl ketone as a solvent.
The results were clear-cut and no isomerization between them
took place at all, that is, 8k and 10c were recovered
quantitatively, indicating that the product distributions listed
in Table 7 are the ones controlled kinetically.
It is worth noting that the behavior of 2 is in sharp contrast


to that of N-allenyl-2-oxazolidinones of close structural
similarity, reported recently by Hsung et al.,[33] which exclu-
sively undergo inverse electron demand [4� 2] cycloaddition
upon exposure to a variety of enones and enals, including
methyl vinyl ketone and acrolein.
The product distribution in Table 7 may be rationalized


qualitatively by supposing that the substituents R1 and R2


(Figure 8) that are capable of increasing a negative charge on
the oxygen and a positive charge on the terminal CH2,
respectively, would promote [4� 2] cycloaddition. For exam-
ple, the methyl group of methyl vinyl ketone increases the
electron density on the O atom and promotes the inverse
electron demand hetero Diels ±Alder reaction (run 1, Ta-
ble 7), while the methyl group of �-methacrolein decreases a
positive charge on the terminal CH2 and retards the hetero


Diels ±Alder reaction (run 4).
Of the two methyl groups of
methyl �-methylvinyl ketone,
the methyl group attached to
C�O increases a negative
charge on the O atom, while


the methyl group at the �-position of the vinyl group
decreases a positive charge on the terminal CH2 carbon. As
a consequence, these two methyl groups offset their electronic
effects, giving rise to a mixture of 10c and 8k in almost the
same amounts (run 3).
In order to test the feasibility of this explanation, the


reaction of run 3 was examined in polar solvents in expect-
ation that in such solvents a transition state leading to 10c
involving such polarized enone as a reaction partner might be
stabilized and 10c would be formed in a higher proportion.
However, on the contrary, 10c was obtained in significantly
lesser amounts in polar solvents: 10c and 8k in 9 and 78%
yields in ethanol (61 h at reflux) and 23 and 70% yields in
DMSO (38 h at 80 �C), respectively.
In order to rationalize these unexpected results, pathways


leading to 8 and 10 were analyzed with quantum mechanical
methods using GAUSSIAN 98 program[34] with density func-
tional theory (DFT).[35] Relative activation energies (Eact),
investigated at the Becke3LYP/6-31G* level based on the
RHF/3-21G* optimized geometries, are tabulated in Table 7;
the reaction with acrolein was set as a standard (run 2).
Figure 9 shows two pairs of TSs leading to 8 j (a) and 10b


(b) (reaction with acrolein) and 8k (c) and 10c (d) (reaction
with methyl �-methylvinyl ketone) that are located utilizing a
gradient method without any geometrical constraint at the
RHF/3-21G* basis set.


Figure 9. RHF/3-21G* transition structures leading to 8 j (a), 10b (b),
8k (c), and 10c (d) with SO2Me in place of SO2-p-Tol. For clarity, all
hydrogens of 2n except for the hydrogens on C� are omitted.


The activation energy for inverse electron demand [4� 2]
addition (Eact , [4� 2]) changes as expected qualitatively (see
above), and increases gradually in the order of run 1 to 4. On
the other hand, the activation energy for [2� 2] addition (Eact ,
[2� 2]) scarcely depends on the electronic nature of enones; a
part (3 ± 4 kJmol�1) of the large Eact , [2� 2] (as well as the
Eact , [4� 2] in run 3 may be attributed to steric repulsion
between the eclipsed methyl groups indicated by double-
headed curved arrow in Figure 9c and d.
Interestingly, all TSs leading to 8 i ± l turned out to possess


s-cis conformation with respect to the enone double bond and
carbonyl, although the corresponding s-trans-methyl vinyl
ketone, acrolein, methyl �-methylvinyl ketone, and �-meth-
ylacrolein are more stable in energy by 0.7, 9.0, 4.0, and


Table 7. Concomitant thermal [4� 2] and [2� 2] cycloaddition reaction of
enones with 2n.


Run Enone t [a] Yield [%] of 10 and 8[b] Eact
[c]


[h] 10 8 10 8


1 2 � 3.0 3.4


2 6 0.0 0.0


3 14 9.3 7.3


4 10 12.7 2.7


[a] Allene 2n and enone (20 equiv) were heated at 80 �C under N2.
[b] Yields refer to the isolated materials by means of column chromatog-
raphy over silica gel. [c] Relative activation energies [kJmol�1] for TSs
leading to 10 and 8 calculated at the Becke3LYP/6-31G* level based on the
RHF/3-21G* optimized geometries (the reaction with acrolein as a
standard).


H2C O


R2 R1


δ + δ −


Figure 8.
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13.7 kJmol�1, respectively. The unusual stabilization of s-cis
conformers is probably attributed to (C�)O ¥ ¥ ¥H-C� type
electrostatic attractive interaction [d C� ¥ ¥ ¥O; 2.108 ä (8 i),
2.008 ä (8 j), 2.148 ä (8k), 2.162 ä (8 l)].
A large amount of asynchronicity for [2� 2] cycloaddition


(Figures 7 and 9a, c), with the carbonyl (or cyano) group
being exposed to the surroundings, is in good accord with a
large solvent effect (see above). A small difference in the Eact ,
[2� 2] is also in good accord with the fact that this process is
tolerant to a wide range of alkenes and alkynes (see above).
Surprisingly, the inverse electron demand Diels ±Alder


reaction of 2g and acrolein exhibited no facial stereoselectiv-
ity and furnished 10e as a mixture of 1:1 diastereomers,
although the event took place at the C4 carbon next to a
stereogenic center C5 [Eq. (16)]. The non-stereoselective
formation of 10 was also confirmed spectroscopically
(400 MHz 1H NMR) for the other enones listed in Table 7.


O N
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O
O N


O


Ts


O


O N
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Ts


CHO


+ + (16)


2g 10e (46)
[ca. 1:1]


8m (35)
[ca. 1:1]


20 equiv


80 °C


16 h


45


This inconsistency was, however, resolved by inspections of
the X-ray structure of 2g (Figure 10); the TS structures are
shown in Figure 9b and d. The C5-methyl group of 2g lies close
to the oxazolidinone plane. Furthermore, enones approach
the C4�C� �-bond with their two terminal p-orbitals not co-
axially, but inclined a little away from C5 (an endo-approach
with respect to the enamide moiety of 2g). Accordingly, in
such a transition state, enones would react with 2g without
perceiving the C5-Me group.


Figure 10. Chem 3D view of 2g and top and bottom face approaches of
enones. Double-headed arrows represent an approaching direction of
enones (for clarity, p-tolyl is replaced by Me).


The results listed in Table 7 and Equation (16) suggest that
the C4�C� double bonds of 2 possess an enamine-like
reactivity. Accordingly, [3� 2] cycloaddition of 2 with nitrile
oxide was examined. Indeed, as was expected, 2a,m,o all
reacted smoothly with 2,4,6-trimethylbenzonitrile N-oxide[36]


at the internal C4�C� bonds at room temperature and
selectively provided diazadioxaspiro compounds 11a ± c in
moderate yields (Figure 11).


Conclusion


In this article, we have disclosed for the first time that the
terminal allene C��C� bonds of 2 showed a reaction profile as


O N
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11a (1 h, 50%) 11b (6 h, 60%) 11c (10 h, 66%)


Figure 11. [3� 2] Cycloaddition of 2a, 2m, and 2o with 2,4,6-trimethyl-
benzonitrile N-oxide. Reaction conditions: 2 (0.5 mmol) and nitrile oxide
(1 mmol) in dry dioxane (1.5 mL) at 25 �C under N2.


if they violated both the Woodward ±Hoffmann rule and the
Fukui frontier orbital theory, and readily underwent [2� 2]
cycloaddition with a wide variety of terminal alkynes, alkenes,
and 1,3-dienes irrespective of their electronic nature under
strictly thermal activation reaction conditions (70 ± 100 �C)
and provided 3-substituted (Z)-methylenecyclobutenes 6,
3-substituted methylenecyclobutanes 7 and 8, and 3-vinyl-
methylenecyclobutanes 9, respectively, in good to excellent
yields. Internal alkynes, alkenes, and 1,3-dienes were all
unreactive. The [2� 2] cycloaddition was concluded to
proceed via a concerted [(�2s��2s)allene� �2s] H¸ckel transition
state on the basis of stereochemical relationships between the
starting alkynes/alkenes/1,3-dienes and the products as well as
quantum mechanical methods. With some highly polarized
alkenes (enones) and nitrile oxide, on the other hand, 2
reacted selectively at the internal C4�C� bond and underwent
[4� 2] and [3� 2] cycloadditions to give spiro compounds 10
and 11, respectively. The competition between [2� 2] and
[4� 2] cycloadditions observed for some enones was ration-
alized on the basis of the relative activation energies of these
two processes obtained by quantum mechanical calculations.
The allene bonds of 2 significantly deviate from linearity
(173 ± 176�) owing to an attractive nO(�SO)��*(C��C�)
charge transfer type interaction. The unique structure and
reactivity associated with 2 may be primarily attributed to a
low-lying LUMO (C��C�) that is substantiated by a through-
space �*(N ±SO2)��*(C��C�) orbital interaction.


Experimental Section


Reactions employed oven-dried glassware unless otherwise noted. Thin-
layer chromatography (TLC) employed glass 0.25 mm silica gel plates with
UV indicator (Merck, silica gel 60F254). Flash chromatography columns
were packed with 230 ± 400 mesh silica gel as a slurry in hexane. Gradient
flash chromatography was conducted eluting with a continuous gradient
from hexane to the indicated solvent. Melting points were determined on a
Yanaco apparatus and are uncorrected. Boiling points refer to the
Kugelrohr oven temperatures. Proton and carbon NMR data were obtained
with a JEOL-GX400 with tetramethylsilane as an internal standard.
Coupling patterns: q�quartet, quint� quintet. Chemical shift values were
given in ppm downfield from the internal standard. Infrared spectra were
recorded with a JASCO A-100 FT-IR spectrophotometer. High resolution
mass spectra (HRMS) were measured with a JEOL JMS-DX303.
Combustion analyses were performed by the Instrumental Analysis Center
of Nagasaki University. Analysis agreed with the calculated values within
�0.4%.


Solvents and reagents : THF (tetrahydrofuran), Et2O, and dioxane were
distilled from sodium/benzophenone under N2 prior to use. Triethylamine
was distilled from CaH2 under N2. Alkenes, alkynes, enones were distilled
prior to use in the presence of a small amount of p-methoxyphenol. 3,4-
Dihydro-2H-pyran (Tokyo Chemical Industry) and but-2-yn-1,4-diol (Na-
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calai Tesque) were purchased and used without further purification. o- and
p-Toluenesulfonyl isocyanates, phenyl isocyanate (Aldrich), chlorosulfonyl
isocyanate, and 2,2,2-trichloroethanol (Tokyo Chemical Industry) were
purchased and distilled prior to use. Methanesulfonyl isocyanate[37] and
benzoyl isocyanate[38] were prepared according to the literature procedure.
�-Methylacryloyl isocyanate was a gift from Nippon Paint Co. Chloroprene
and 1-chloro-1,3-butadiene were gifts from Tosoh Corp. (E)-�-Monodeu-
terio-ethylstyrene (90% atom D),[39] (Z)-�-monodeuteriostyrene (96%
atom D),[40] dienes (1-triisopropylsiloxy-1,3-diene,[41] 2-triisopropylsiloxy-
1,3-diene,[41] 1-phenyl-3-triisopropylsiloxy-1,3-diene,[41] 2-methyl-3-triiso-
propylsiloxy-1,3-diene,[42] 2-trimethylsilylmethyl-1,3-diene,[43] 5-trimethyl-
silyl-1,3-pentadiene),[43] [Pd2(dba)3] ¥CHCl3[44] and [Pd(PPh3)4][45] were
prepared according to the literature procedure. All other organic and
inorganic materials were used as received from commercial sources or
purified by standard procedures.


General procedure for the preparation of substituted but-2-yn-1,4-diols :
1) 3,4-Dihydro-2H-pyran (4.6 mL, 50 mmol) was added in one portion at
0 �C to a mixture of propargyl alcohol (50 mmol) and a catalytic amount of
p-toluenesulfonic acid (0.2 g, 1 mmol) in dry THF (30 mL). The mixture
was allowed to warm to room temperature and stirred for 2 h. After
neutralization with sat. NaHCO3 and concentration, the reaction mixture
was extracted with ethyl acetate (2� 20 mL). The combined organic
extracts were dried (MgSO4), filtered, concentrated, and distilled by means
of Kugelrohr to give 3-(tetrahydro-2-pyranoxy)-1-propyne (128 �C/55 mm
Hg, 84%).


2) A 200 mL three-necked round bottomed flask, equipped with a septum,
a reflux condenser at the top bearing N2 balloon, and a dropping funnel,
was purged with nitrogen. Dry THF (50 mL) and 3-(tetrahydro-2-
pyranoxy)-1-propyne (7.0 g, 50 mmol) were introduced through a septum
via syringe. The mixture was cooled in a dry ice/isopropanol bath (�78 �C).
A solution of nBuLi (1.6� in hexane, 32 mL, 50 mmol) was added slowly
via the dropping funnel and the reaction mixture was stirred for 2 h at the
same temperature. An appropriate aldehyde (50 mmol) or ketone
(50 mmol) was added at �78 �C and the mixture was stirred for 1 h at
the same temperature. After allowing to warm to ambient temperature, sat.
NH4Cl (20 mL) was added and the mixture was extracted with ethyl
acetate. The extract was washed with brine, dried (MgSO4), filtered, and
concentrated in vacuo. The residue was distilled under reduced pressure by
means of Kugelrohr to afford 1-substituted 4-(tetrahydro-2-pyranoxy)but-
2-yn-1-ol in quantitative yield.


3) In a 100 mL round bottomed flask, a mixture of 1-substituted 4-(tetra-
hydro-2-pyranoxy)but-2-yn-1-ol (30 mmol), methanol (30 mL), and p-
toluenesulfonic acid (0.57 g, 3.0 mmol) was stirred for 2 h at ambient
temperature. After addition of sat. NaHCO3, the mixture was concentrated
and the residue was partitioned into ethyl acetate and brine. The organic
phase was dried (MgSO4), filtered, and concentrated in vacuo. The residue
was distilled under reduced pressure by means of Kugelrohr to afford
1-substituted but-2-yn-1,4-diols in reasonable yield (80 ± 95%).


General procedure for the preparation of but-2-yn-1,4-diol biscarbamates
1a ± q : Dry THF (50 mL), the but-2-yn-1,4-diol derivative (30 mmol), and
triethylamine (10 mL, 66 mmol) were introduced via syringe to a 200 mL
two-necked round bottomed flask, equipped with a septum and a nitrogen
balloon. The mixture was cooled to 0 �C and then an appropriate isocyanate
(66 mmol) was introduced dropwise. After completion of addition, the
mixture was allowed to warm to ambient temperature and stirred for 2 h,
during which a lot of white precipitate appeared. The mixture was diluted
with THF (50 mL) washed with 2� HCl and then brine. The THF layer was
dried (MgSO4), filtered, and concentrated in vacuo to give a white solid.
The solid was crystallized from THF/AcOEt. Compound 1e tends to
polymerize during recrystallization; hence, 1e was subjected to the
transformation to 2e without purification (runs 10 and 11, Table 1).


1,1-Dimethylbut-2-yn-1,4-diol bis(N-2,2,2-trichloroethoxysulfonyl) carba-
mates (1 r): 1) A solution of 2,2,2-trichloroethanol (2.8 mL, 30 mmol) in
Et2O (30 mL) was added over 0.5 h at 0 �C under N2 to a solution of
chlorosulfonyl isocyanate (2.8 mL, 32 mmol) in dry Et2O (10 mL). The
mixture was allowed to warm to room temperature and stirred for 2 h. The
solvent was removed, and the residue was recrystallized from Et2O to give
N-chlorosulfonyl 2,2,2-trichloroethyl carbamate as a white solid (7.99 g,
92%).


2) This solid was heated under reflux in toluene (20 mL) under N2 for 6 h.
2,2,2-Trichloroethoxysulfonyl isocyanate was isolated as a colorless liquid
(2.30 g, 34%), after removal of toluene and purification by means of
Kugelrohr distillation under reduced pressure (100 ± 120 �C/1.0 mm Hg).[49]


The isocyanate was rather unstable and was used immediately after
distillation.


3) 2,2,2-Trichloroethoxysulfonyl isocyanate (2.3 g, 9 mmol) was added at
0 �C under N2 to a solution of 1,1-dimethylbut-2-yn-1,4-diol (0.47 g,
4.1 mmol) and triethyl amine (1.3 mL, 8.8 mmol) in THF (5 mL). The
mixture was allowed to warm to room temperature and stirred for 0.5 h.
Addition of 2� HCl, extraction with ethyl acetate, washing the organic
phase with water, followed by drying (MgSO4) and concentration, gave an
yellow oil (3.5 g, 140%). This crude material was subjected to the
cyclization to give 2r [Eq. (4)].


Preparation of [D2]-�-trimethylsiloxystyrene : A solution of acetophenone
(60 mmol), NaOH (5 mmol) and D2O [99%D] (2 mol) was stirred at room
temperature for 16 h under N2. The reaction mixture was diluted with dry
Et2O (20 mL) and separated. The organic layer was dried (MgSO4),
filtered, concentrated, and distilled by Kugelrohr (120 �C/50 mm Hg).
[D3]Acetophenone [96% atomD] was obtained in 93% yield. To a solution
of LDA (48 mmol) in dry THF (30 mL) prepared at �78 �C, [D3]aceto-
phenone (48 mmol) was added dropwise over 30 min and stirred for an
additional 30 min. TMSCl (79 mmol) was added slowly over 10 min at
�78 �C, and the reaction mixture was allowed to warm to room temper-
ature and stirring was continued for 30 min. After addition of dry hexane
(20 mL) and filtration of white solid (LiCl), the solvents were distilled
under ambient pressure and the residue was distilled by Kugelrohr (135 �C/
30 mm Hg) to give [D2]-�-trimethylsiloxystyrene (96% atom D) in 62%
yield.


Preparation of [D5]-�-methacrylonitrile : 30% H2SO4 (36 mL) was added
dropwise at 0 �C over 1 h to a solution of [D6]acetone (99.5% atom D,
Aldrich) (136 mmol) and KCN (108 mmol) in water (30 mL). After stirring
for 0.5 h at 0 �C, the reaction mixture was extracted with Et2O (2� 20 mL),
washed with sat. NaHCO3, and dried (MgSO4). Et2O was removed under
reduced pressure and the residue was distilled by Kugelrohr (90 ± 100 �C/
10 ± 15 mm Hg) to afford a [D6]acetone cyanohydrin in 64% yield. To a
mixture of a [D6]acetone cyanohydrin (69 mmol) and dry pyridine
(76 mmol) was added thionyl chloride (138 mmol) at 0 �C over 15 min,
and the mixture was allowed to warm to ambient temperature and stirred
for an additional 3 h. The mixture was poured into water (10 mL) at 0 �C
and extracted with Et2O (2� 20 mL). The combined extracts were washed
with sat. NaHCO3 and brine and dried (MgSO4). After distillation of the
solvents under ambient pressure, and the crude resulting product was
distilled by Kugelrohr (100 �C/150 mm Hg) to provide [D5]-�-methacrylo-
nitrile (97% atom D) in 20% yield.


Preparation of 2-phenyl-1,3-butadiene : 1) Acetophenone (5 mL, 40 mmol)
dissolved in THF (15 mL) was added dropwise over 0.5 h at 0 �C to a
solution of vinylmagnesium bromide (50 mL, 50 mmol, 1� THF solution,
Aldrich). The mixture was allowed to warm to room temperature and
stirred for 0.5 h at the same temperature. The mixture was filtered through
a glass filter. The filtrate was partitioned into 2� HCl and Et2O. The
organic layer was washed with brine, dried (MgSO4), and concentrated in
vacuo. The oily residue was purified by distillation (90 �C/1 mm Hg) to give
2-phenyl-3-buten-1-ol in 88% yield.


2) 2-Phenyl-3-buten-1-ol (2.4 g, 16 mmol), NaHSO4 (0.01 g, 5 mol%), and
hydroquinone (18 mg, 1 mol%) were heated at 120 �C under reduced
pressure (30 mm Hg) in a Kugelrohr oven. Once dehydration started, the
pressure was reduced (10 mm Hg) in order to remove the product as
quickly as possible (0.9 g, 43%).


Preparation of (E)-1-phenyl-1,3-butadiene : 1) A solution of allyl bromide
(19.4 mL, 225 mmol) in Et2O (150 mL) was added dropwise over 1 h at 0 �C
to a stirred mixture of benzaldehyde (15.3 mL, 150 mmol) and Mg
(10.9 mg, 450 mmol) in Et2O (20 mL). The mixture was allowed to warm
to room temperature and stirred for 1 h. The mixture was filtered through a
glass filter and the filtrate was washed with 2� HCl. The organic layer was
washed with brine, dried (MgSO4), and concentrated. Distillation (100 �C/
1 mm Hg) of the residue furnished 1-phenyl-3-buten-1-ol in 96% yield.


2) 1-Phenyl-3-buten-1-ol (6.22 g, 42 mmol), NaHSO4 (0.29 g, 5 mol%), and
hydroquinone (46 mg, 1 mol%) were heated at 120 �C under reduced
pressure (30 mm Hg) in a Kugelrohr oven. Once dehydration started, the
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pressure was reduced (10 mm Hg) in order to remove the product as
quickly as possible (2.35 g, 43%).


General procedure for the preparation of 3-tosyl-4-vinylidene-2-oxazoli-
dinones 2 and 5 : Compound 1 (0.5 mmol) and [Pd2(dba)3] ¥CHCl3 (2.5 mg,
2.5 �mol) were placed in a 25 mL two-necked round bottomed flask, one of
the two necks being sealed with a septum and the other fitted with a reflux
condenser at the top bearing a nitrogen balloon. The flask was purged with
N2, and THF (5 mL) and triethyl amine (7 �L, 50 �mol) were added
through a septum. The mixture was stirred at the temperature and for the
period of time indicated in Tables 1 and 2 and Equations (3) and (4). The
reaction was monitored by TLC in hexane/EtOAc 2:1: Rf (1) �0.05, Rf


(2a)�Rf (2b)�Rf (2c)�Rf (2d)�Rf (2e)�0.35; in hexane/EtOAc 1:1,Rf


(1)� 0.1, Rf (2g)�Rf (5g) �0.6; Rf (2h)�Rf (5h)� 0.63; Rf (2 i)�Rf


(5 i)� 0.63; Rf (2 j)�Rf (5 j)� 0.74; Rf (2k)�Rf (5k) �0.74; Rf (2 l)�Rf


(5 l)� 0.74; Rf (2m)�Rf (5m)� 0.74; Rf (2n)�Rf (5n)�0.74; Rf (2o)�Rf


(5o)� 0.74; Rf (2p)� 0.77). The mixture was diluted with ethyl acetate and
filtered through a Celite pad. The filtrate was concentrated in vacuo and
the residue was purified by means of silica gel column chromatography
over silica gel or in some cases, by crystallization. The yields refer to the
averaged values of experiments undertaken at least two times.


3-(p-Toluenesulfonyl)-4-vinylideneoxazolidin-2-one (2a): CCDC-181558;
m.p. 101.2 ± 103.0 �C (AcOEt/hexane); IR (KBr): �� 1805 (s), 1385(s), 1370
(s), 1290 (s), 1230 (s), 1180 (s), 1160 (s), 1150 (s), 650 cm�1 (s); 1H NMR
(400 MHz, CDCl3): �� 2.46 (s, 3H), 4.86 (t, J� 4.8 Hz, 2H), 5.71 (t, J�
4.8 Hz, 2H), 7.36 (d, J� 8.4 Hz, 2H), 7.93 (d, J� 8.4 Hz, 2H); 13C NMR
(100 MHz, CDCl3): �� 21.8, 63.9, 92.6, 103.8, 128.3, 129.9, 134.1, 146.1,
150.3, 192.0; elemental analysis calcd (%) for C12H11NO4S: C 54.88, H 4.18,
N 5.28, S 12.09; found: C 54.57, H 4.15, N 5.13, S 12.00.


3-(o-Toluenesulfonyl)-4-vinylideneoxazolidin-2-one (2b): CCDC-181724;
m.p. 84.0 ± 84.5 �C (AcOEt/hexane); IR (KBr): �� 1805 (s), 1385 (s), 1370
(s), 1290 (s), 1230 (s), 1180 (s), 1160 (s), 1150 (s), 650 cm�1 (s); 1H NMR
(400 MHz, CDCl3):�� 2.68 (s, 3H), 4.80 (t, J� 4.8 Hz, 2H), 5.65 (t, J�
4.8 Hz, 2H), 7.27 ± 7.58 (m, 3H), 8.03 (d, J� 8.4 Hz, 1H); elemental analysis
calcd (%) for C12H11NO4S: C 54.88, H 4.18, N 5.28, S 12.09; found: C 54.47,
H 4.14, N 5.15, S 12.41.


3-Methanesulfonyl-4-vinylideneoxazolidin-2-one (2c): oil ; IR (neat): ��
1778 (s), 1664 (s), 1371 (s), 1151 (s), 999 (s), 771 cm�1 (s); 1H NMR
(300 MHz, C6D6): �� 2.46 (s, 3H), 3.70 (t, J� 4.5 Hz, 2H), 5.06 (t, J�
4.5 Hz, 2H); 13C NMR (100 MHz, CDCl3): �� 40.4, 63.8, 92.4, 102.9, 154.4,
191; MSm/z (%): 189 (1) [M]� , 163 (30), 116 (16), 97 (26), 83 (100), 79 (36);
HRMS: m/z (%): calcd for C6H7NO4S: 189.0096; found: 189.0117 (72)
[M]� , 174 (44), 162 (100).[17]


3-Benzoyl-4-vinylideneoxazolidin-2-one (2d): m.p. 103.6 ± 104.5 �C
(CH2Cl2/hexane); IR (KBr): �� 1790 (s), 1690 (s), 1360 (s), 1300 (s),
1160 (s), 1060 cm�1 (s); 1H NMR (60 MHz, CDCl3): �� 5.01 (t, J� 4.5 Hz,
2H), 5.60 (t, J� 4.5 Hz, 2H), 7.27 ± 7.95 (m, 5H); elemental analysis calcd
(%) for C12H9NO3: C 66.97, H 4.22, N 6.51; found: C 67.03, H 4.37, N 6.43.


3-(�-Methylacryloyl)-4-vinylideneoxazolidin-2-one (2e): m.p. 126.3 ±
126.7 �C (Et2O/hexane); IR (KBr): �� 1780 (s), 1690 (s), 1380 (s), 1310
(s), 1270 (s), 1170 (s), 1075 (s), 750 cm�1 (m); 1H NMR (400 MHz,
[D6]DMSO): �� 1.92 (s, 3H), 5.04 (t, J� 4.8 Hz, 2H), 5.47 (br s, 2H), 5.59
(t, J� 4.8 Hz, 2H); elemental analysis calcd (%) for C9H9NO3: C 60.33, H
5.06, N 7.82; found: C 60.08, H 4.98, N 7.65.


5-Methyl-3-(p-toluenesulfonyl)-4-vinylideneoxazolidin-2-one (2g):
CCDC-188289; m.p. 68.2 ± 70.2 �C (Et2O/hexane, contaminated by a trace
amount of 5g); IR (KBr): �� 1780 (s), 1370 (s), 1170 cm�1 (s); 1H NMR
(400 MHz, CDCl3): �� 1.43 (d, J� 6.6 Hz, 3H), 2.46 (s, 3H), 5.09 (tq, J�
4.5, 6.2 Hz, 1H), 5.71 (dd, J� 4.5, 10.6 Hz, 1H), 5.74 (dd, J� 4.5, 10.6 Hz,
1H), 7.36 (d, J� 8.1 Hz, 2H), 7.90 (d, J� 8.1 Hz, 2H); elemental analysis
calcd (%) for C13H13NO4S: C 55.90, H 4.69, N 5.01, S 11.48; found: C 55.90,
H 4.69, N 5.05, S 11.40.


4-(2-Propenylidene)-3-(p-toluenesulfonyl)oxazolidin-2-one (5g): 1H NMR
(400 MHz, CDCl3): �� 1.90 (d, J� 7.2 Hz, 3H), 2.46 (s, 3H), 4.76 (dd, J�
4.0, 11.7 Hz, 1H), 4.80 (dd, J� 4.5, 11.7 Hz, 1H), 6.07 (tq, J� 4.0, 7.2 Hz,
1H), 7.36 (d, J� 8.1 Hz, 2H), 7.90 (d, J� 8.1 Hz, 2H).


5-Ethyl-4-vinylidene-3-(p-toluenesulfonyl)oxazolidin-2-one (2h): Ob-
tained as a mixture with 5h in a ratio of 1.7:1: IR (neat): �� 1790 (s),
1370 (s), 1340 (m), 1280 (m), 1250 (m), 1190 (s), 1150 (m), 1090 (m),
800 cm�1 (m); 1H NMR (400 MHz, CDCl3): �� 0.90 (t, J� 7.4 Hz, 3H), 1.67
(dquint, J� 7.4, 14.6 Hz, 1H), 1.79 (ddq, J� 4.4, 14.6, 7.4 Hz, 1H), 2.46 (s,


3H), 4.95 (dq, J� 7.4, 4.4 Hz, 1H), 5.71 (d, J� 4.4 Hz, 2H), 7.36 (d, J�
8.3 Hz, 2H), 7.92 (d, J� 8.3 Hz, 2H); elemental analysis calcd (%) for
C14H15NO4S: C 57.32, H 5.15, N 4.77, S 10.93; found: C 57.72, H 5.15, N 4.70,
S 10.55.


4-(2-Butenylidene)-3-(p-toluenesulfonyl)oxazolidin-2-one (5h): 1H NMR
(400 MHz, CDCl3): �� 1.07 (t, J� 7.3 Hz, 3H), 2.20(ddq, J� 6.1, 7.3,
13.4 Hz, 2H), 2.46 (s, 3H), 4.78 (dd, J� 4.1, 11.7 Hz, 1H), 4.82 (dq, J� 4.1,
11.7 Hz, 1H), 6.15 (tt, J� 4.1, 6.1 Hz, 1H), 7.36 (d, J� 8.3 Hz, 2H), 7.92 (d,
J� 8.3 Hz, 2H).


5-Isopropyl-3-(p-toluenesulfonyl)-4-vinylideneoxazolidin-2-one (2 i): Ob-
tained as a mixture with 5 i in a ratio of 2.5:1: IR (neat): �� 1790 (s), 1380
(m), 1170 (m); 1090 (m), 1050 (m), 1010 (m), 890 (m), 800 cm�1 (m);
1H NMR (400 MHz, CDCl3): �� 0.81 (d, J� 6.7 Hz, 3H), 0.97 (d, J�
6.7 Hz, 3H), 1.92 (dhept, J� 3.7, 6.7 Hz, 1H), 2.46 (s, 3H), 4.84 (q, J�
3.7 Hz, 1H), 5.70 (d, J� 3.7 Hz, 1H), 7.36 (d, J� 8.4 Hz, 2H), 7.92 (d, J�
8.4 Hz, 2H); HRMS: m/z (%): calcd for C15H17NO4S: 307.0878; found:
307.0873 (26) [M]� , 198 (6), 152 (76), 139 (37), 91 (100).


4-(2-Isopentenylidene)-3-p-toluenesulfonyloxazolidin-2-one (5 i): 1H NMR
(400 MHz, CDCl3): �� 1.09 (d, J� 6.8 Hz, 3H), 1.11 (d, J� 6.8 Hz, 3H),
2.45 (s, 3H), 2.48 (dhept, J� 4.4, 6.8 Hz, 1H), 4.80 (dd, J� 4.4, 5.5 Hz, 1H),
4.83 (dd, J� 4.4, 5.5 Hz, 1H), 6.08 (dt, J� 4.4, 5.5 Hz, 1H), 7.36 (d, J�
8.4 Hz, 2H), 7.91 (d, J� 8.4 Hz, 2H).[17]


5-Cyclohexyl-3-(p-toluenesulfonyl)-4-vinylideneoxazolidin-2-one (2 j):
Obtained as a mixture with 5 j in a ratio of 2.5:1: IR (neat): �� 1790 (s),
1380 (s), 1290 (m), 1220 (m), 1170 (s); 1090 (m), 990 (m), 810 cm�1 (m);
1H NMR (400 MHz, CDCl3): �� 1.09 ± 1.30 (m, 11H), 2.38 (s, 3H), 4.78 (m,
1H), 5.70 (d, J� 4.0 Hz, 2H), 7.36 (d, J� 8.4 Hz, 2H), 7.92 (d, J� 8.4 Hz,
2H); HRMS: m/z (%): calcd for C18H21NO4S: 347.1191; found: 347.1209
(17) [M]� , 192 (100).[17]


4-(2-Cyclopentylvinylidene)-3-p-toluenesulfonyloxazolidin-2-one (5 j):
1H NMR (400 MHz, CDCl3): �� 1.09 ± 1.30 (m, 11H), 2.38 (s, 3H), 4.78
(m, 1H), 5.70 (d, J� 4.0 Hz, 2H), 7.36 (d, J� 8.4 Hz, 2H), 7.92 (d, J�
8.4 Hz, 2H).


5-Phenyl-3-p-toluenesulfonyl-4-vinylidene-2-oxazolidinone (2k): CCDC-
181726, the sample was prepared by repeated recrystallization; m.p. 107.9 ±
108.8 �C (CH2Cl2/hexane, contaminated by a trace amount of 5k); IR
(KBr): �� 1790 (s), 1380 (s), 1330 (s), 1295 (s), 1230 (s), 1200 (s), 1190 (s),
1150 (s), 650 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 2.46 (s, 3H), 5.56
(dd, J� 4.0, 10.6 Hz, 1H), 5.67 (dd, J� 4.0, 10.6 Hz, 1H), 5.88 (t, J� 4.0 Hz,
1H), 7.19 (d, J� 8.1 Hz, 2H), 7.93 (d, J� 8.1 Hz, 2H); elemental analysis
calcd (%) for C18H15NO4S: C 63.33, H 4.43, N 4.10, S 9.39; found: C 63.26,
H 4.45, N 4.16, S 9.40.


4-(2-Phenylvinylidene)oxazolidin-2-one (5k): 1H NMR 400 MHz, CDCl3:
�� 2.42 (s, 3H), 4.80 (d, J� 3.9 Hz, 2H), 6.98 (t, J� 3.9 Hz, 1H), 7.24 (d,
J� 8.1 Hz, 2H), 7.89 (d, J� 8.1 Hz, 2H).


5-tert-Butyl-4-vinylidene-3-p-toluenesulfonyloxazolidin-2-one (2 l): m.p.
69.1 ± 71.2 �C (CH2Cl2/hexane, contaminated with a trace amount of 5 l);
IR (KBr): �� 1800 (s), 1380 (s), 1220 (s), 1190 (s), 1180 (s), 1150 (s), 1060
(w), 670 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 1.13 (s, 9H), 2.46 (s,
3H), 4.60 (t, J� 3.7 Hz, 1H), 5.68 (dd, J� 1.5, 3.7 Hz, 1H), 5.71 (dd, J� 1.5,
3.7 Hz, 1H), 7.36 (d, J� 8.3 Hz, 2H), 7.92 (d, J� 8.3 Hz, 2H); elemental
analysis calcd (%) for C16H19NO4S: C 59.79, H 5.96, N 4.36, S 9.98; found: C
59.53, H 5.90, N 4.28, S 9.66.


4-(2-tert-Butylvinylidene)-3-p-toluenesulfonyloxazolidin-2-one (5 l):
1H NMR (400 MHz, CDCl3): �� 0.91 (s, 9H), 2.46 (s, 3H), 4.77 (dd, J�
4.4, 11.4 Hz, 1H), 4.83 (dd, J� 4.4, 11.4 Hz, 1H), 6.01 (t, J� 4.4 Hz, 1H),
7.36 (d, J� 8.3 Hz, 2H), 7.92 (d, J� 8.3 Hz, 2H).


5,5-Dimethyl-3-p-toluenesulfonyl-4-vinylideneoxazolidin-2-one (2m):
CCDC-181555, the sample was prepared by repeated recrystallization;
m.p. 93.4 ± 94.6 �C (CH2Cl2/hexane, contaminated with a trace of 5m); IR
(KBr): �� 1785 (s), 1380 (s), 1170 (s), 906 (s), 728 cm�1 (s); 1H NMR
(400 MHz, CDCl3): �� 1.43 (s, 6H), 2.43 (s, 3H), 5.76 (br s, 2H), 7.38 (d, J�
8.4 Hz, 2H), 7.92 (d, J� 8.4 Hz, 2H); elemental analysis calcd (%) for
C14H15NO4S: C 57.32, H 5.15, N 4.77, S 10.93; found: C 57.19, H 5.13, N 4.79,
S 10.79.


4-(2-Isobutenylidene)-3-p-toluenesulfonyloxazolidin-2-one (5m): 1H NMR
(400 MHz, CDCl3): �� 1.90 (s, 6H), 2.43 (s, 3H), 4.76 (br s, 2H), 7.38 (d, J�
8.4 Hz, 2H), 7.88 (d, J� 8.4 Hz, 2H).
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3-p-Toluenesulfonyl-4-vinylidene-1-oxa-3-azaspiro[4.4]nonan-2-one (2n):
CCDC± 181553, the sample was prepared by repeated recrystallization;
m.p. 105.5 ± 106.5 �C (CH2Cl2/hexane, contaminated with a trace amount of
5n); IR (KBr): �� 1780 (s), 1370 (s), 1230 (s), 1160 (s), 1130 (m), 960 (s),
750 cm�1 (m); 1H NMR (400 MHz, CDCl3): �� 1.66 ± 1.88 (m, 6H), 1.98 ±
2.12 (m, 2H), 2.46 (s, 3H), 5.72 (s, 2H), 7.36 (d, J� 8.4 Hz, 2H), 7.93 (d, J�
8.4 Hz, 2H); elemental analysis calcd (%) for C17H17NO4S: C 60.17, H 5.37,
N 4.39, S 10.04; found: C 59.94, H 5.28, N 4.26, S 10.03.


4-Cyclopenthylidenemethylene-3-p-toluenesulfonyloxazolidin-2-one (5n):
1H NMR (400 MHz, CDCl3): �� 1.66 ± 1.88 (m, 6H), 1.98 ± 2.12 (m, 2H),
2.46 (s, 3H), 4.75 (br s, 2H), 7.36 (d, J� 8.4 Hz, 2H), 7.83 (d, J� 8.4 Hz,
2H).


3-p-Toluenesulfonyl-4-vinylidene-1-oxa-3-azaspiro[4.5]decan-2-one (2o):
m.p. 93.0 ± 94.2 �C (Et2O/hexane, contaminated with a trace amount of
5o); IR (KBr): �� 1790 (s), 1380 (s), 1180 (s), 910 (m), 810 cm�1 (m);
1H NMR (400 MHz, CDCl3): �� 1.46 ± 1.85 (m, 10H), 2.46 (s, 3H), 5.71 (s,
2H), 7.38 (d, J� 8.4 Hz, 2H), 7.92 (d, J� 8.4 Hz, 2H); elemental analysis
calcd (%) for C17H19NO4S: C 61.24, H 5.74, N 4.20, S 9.62; found: C 61.38, H
5.69, N 4.25, S 9.72.


4-Cyclohexylidenemethylene-3-p-toluenesulfonyloxazolidin-2-one (5o):
1H NMR (400 MHz, CDCl3):�� 1.46 ± 1.85 (m, 10H), 2.46 (s, 3H), 4.75
(s, 2H), 7.38 (d, J� 8.5 Hz, 2H), 7.90 (d, J� 8.5 Hz, 2H).


Compound 2p : CCDC-181554; m.p. 110.5 ± 110.9 �C (CH2Cl2/hexane); IR
(KBr): �� 1800 (s), 1610 (m), 1390 (s), 1280 (s), 1250 (s), 1190 (s), 1180 (s),
1110 (m), 1080 (m), 980 (m), 920 cm�1 (m); 1H NMR (400 MHz, CDCl3):
�� 1.51 ± 1.63 (m, 3H), 1.64 ± 1.73 (m, 3H), 1.76 ± 1.87 (m, 2H), 1.99 ± 2.05
(m, 2H), 2.11 ± 2.20 (m, 4H), 2.46 (s, 3H), 5.76 (s, 2H), 7.35 (d, J� 8.6 Hz,
2H), 7.92 (d, J� 8.6 Hz, 2H); elemental analysis calcd (%) for C21H23NO4S:
C 65.43, H 6.01, N 3.63, S 8.32; found: C 65.11, H 5.97, N 3.46, S 8.60.


O


N
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•
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5,5-Dimethyl-4-(2-isobutenylidene)-3-p-toluenesulfonyloxazolidin-2-one
(2q): CCDC-181559; m.p. 126.0 ± 127.2 �C (CH2Cl2/hexane); IR (KBr): ��
1785 (s), 1370 (s), 1280 (s), 1190 (s), 1180 (s), 1160 (s), 670 cm�1 (s);
1H NMR (60 MHz, CDCl3): �� 1.40 (s, 6H), 1.90 (s, 6H), 2.42 (s, 3H), 7.40
(d, J� 8.0 Hz, 2H), 7.90 (d, J� 8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3):
�� 21.7, 22.0, 27.1, 81.3, 110.4, 115.0, 128.0, 129.6, 134.7, 145.5, 149.7, 182.9;
elemental analysis calcd (%) for C16H19NO4S: C 59.79, H 5.96, N 4.36, S
9.56; found: C 59.62, H 5.94, N 4.26, S 9.62.


3-(2,2,2-Trichloroethoxysulfonyl)-5,5-dimethyl-4-vinylideneoxazolidin-2-
one (2r): m.p. 88.0 ± 88.3 �C (CH2Cl2/hexane); IR (KBr): �� 1810 (s), 1380
(s), 1310 (m), 1260 (s), 1200 (s), 1170 (m), 1080 (m), 1060 (s), 990 (s), 910
(m), 770 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 1.60 (s, 6H), 4.99 (s,
2H), 5.76 (s, 2H); HRMS: m/z (%): calcd for C9H10NO5SCl3: 348.9345;
found: 348.9366 (21) [M]� , 232 (7), 175 (100).[17]


(Z)-N-p-Toluenesulfonyl 2-(2-oxo-3-p-toluenesulfonyloxazolidin-4-ylide-
ne)ethyl carbamate (3): m.p. 52.0 ± 53.0 �C (CH2Cl2/hexane); IR (KBr):
�� 1800 (s), 1750 (s), 1600 (w), 1450 (s), 1370 (s), 1090 cm�1 (s); 1H NMR
(400 MHz, CDCl3): �� 2.45 (s, 3H), 2.46 (s, 3H), 4.68 (d, J� 1.4 Hz, 2H),
4.90 (d, J� 6.1 Hz, 2H), 5.13 (tt, J� 1.4, 6.1 Hz, 1H), 7.35 (d, J� 8.2 Hz,
2H), 7.81 (br s, 1H), 7.89 (d, J� 8.2 Hz, 2H), 7.93 (d, J� 8.2 Hz, 2H);
13C NMR (100 MHz, CDCl3): �� 21.3, 21.4, 63.0, 68.8, 107.5, 126.1, 128.0,
128.2, 129.2, 129.3, 129.4, 129.7, 133.8, 134.9, 144.9, 146.1, 149.9, 152.2;
elemental analysis calcd (%) for C20H20N2O8S2: C 49.99, H 4.19, N 5.83, S
13.35; found: C 49.68, H 4.14, N 5.93, S 13.64.


6-Methyl-8-methylene-tetrahydrooxazolo[3.4]-3,5-dione (4): m.p. 144.6 ±
145.5 �C (CH2Cl2/hexane); IR (KBr): �� 1805 (s), 1711 (s), 1362 (s), 1333
(s), 1267 (s), 1097 (m), 1072 (m), 885 cm�1 (m); 1H NMR (400 MHz,
CDCl3): �� 1.33 (d, J� 7.0 Hz, 3H), 2.51 (dd, J� 9.5, 14.3 Hz, 1H), 2.72
(dd, J� 4.8, 14.3 Hz, 1H), 2.79 (ddq, J� 4.8, 9.5, 7.0 Hz, 1H), 5.22 (s, 1H),
5.46 (s, 1H), 6.92 (s, 1H); elemental analysis calcd (%) for C9H9NO3: C
60.33, H 5.06, N 7.82; found: C 60.15, H 4.99, N 7.72.


General procedure for the thermal cycloaddition of 2 with alkynes, alkenes,
enones, and nitrile oxides : An appropriate combination of 2 and an alkyne,
an alkene, an enone, or a nitrile oxide was heated in a thermostated oil bath
under N2. For the detail of the experimental conditions (T, solvent, t, etc.),
see Tables 5 ± 7, Figure 11 and relevant Equations.


(Z)-4-(3-Phenyl-2-cyclobutenylidene)-3-p-toluenesulfonyloxazolidin-2-
one [(Z)-6a]: m.p. 153.9 ± 154.1 �C (CH2Cl2/hexane); IR (KBr): �� 1800
(s), 1380 (s), 1260 (s), 1108 (m), 750 (s), 650 cm�1 (s); 1H NMR (400 MHz,
CDCl3): �� 2.45 (s, 3H), 3.15 (s, 2H), 4.87 (s, 2H), 6.98 (s, 1H), 7.32 ± 7.41
(m, 5H), 7.46 (d, J� 8.3 Hz, 2H), 7.96 (d, J� 8.3 Hz, 2H); 13C NMR
(100 MHz, CDCl3): �� 21.7, 33.7, 66.5, 112.6, 116.9, 125.6, 126.9, 128.3,
128.7, 129.0, 129.9, 133.2, 134.7, 145.9, 147.6, 152.4; elemental analysis calcd
(%) for C20H17NO4S: C 64.74, H 4.73, N 4.01, S 8.64; found: C 64.76, H 4.72,
N 3.77, S 8.57.


(Z)-4-(3-Methoxycarbonyl-2-cyclobutenylidene)-3-p-toluenesulfonyloxa-
zolidin-2-one [(Z)-6b]: m.p. 66.0 ± 66.5 �C (CH2Cl2/hexane); IR (KBr): ��
1800 (s), 1680 (s), 1260 (s), 1120 (s), 1080 (s), 730 cm�1 (m); 1H NMR
(400 MHz, CDCl3): �� 2.45 (s, 3H), 3.06 (s, 2H), 3.81 (s, 3H), 4.87 (s, 2H),
7.37 (d, J� 8.8 Hz, 2H), 7.91 (s, 1H), 7.93 (d, J� 8.8 Hz, 2H); 13C NMR
(100 MHz, CDCl3): �� 21.8, 33.9, 51.8, 66.2, 113.9, 119.2, 128.4, 130.0, 134.2,
137.9, 142.5, 146.4, 151.9, 163.0; HRMS: m/z (%): calcd for C16H15NO6S�
CO2: 305.0722; found: 305.0744 (55) [M�CO2]� , 91 (100).[17]


(Z)-4-(3-Phenyl-2-cyclobutenylidene)-3-benzoyloxazolidin-2-one [(Z)-
6c]: m.p. 135.5 ± 136.5 �C (CH2Cl2/hexane); IR (KBr): �� 1790 (s), 1720
(s), 1690 (s), 1370 (s), 1170 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 3.22
(s, 2H), 5.11 (s, 2H), 6.59 (s, 1H), 7.29 ± 7.79 (m, 10H); HRMS: m/z (%):
calcd for C20H15NO3: 317.1052; found: 317.1068 (31) [M]� , 273 (2), 105
(100).[17]


4-(3-Phenylcyclobutylidene)-3-p-toluenesulfonyloxazolidin-2-one (7a):
oil ; IR (neat): �� 1795 (s), 1380 (s), 1245 (s), 1164 (s), 750 (s), 700 cm�1


(s); 1H NMR (400 MHz, CDCl3): �� 2.45 (s, 3H), 2.76 (dm, J� 15.0 Hz,
1H), 2.99 (dm, J� 15.0 Hz, 1H), 3.24 (dm, J� 16.2 Hz, 1H), 3.49 (dm, J�
16.2 Hz, 1H), 3.65 (quint, J� 8.2 Hz, 1H), 4.60 (dm, J� 12.8 Hz, 1H), 4.70
(brd, J� 12.8 Hz, 1H), 7.21 ± 7.34 (m, 5H), 7.34 (d, J� 8.2 Hz, 2H), 7.92 (d,
J� 8.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): �� 21.7, 35.7, 36.4, 39.3, 66.3,
117.8, 119.4, 126.4, 126.5, 128.4, 128.6, 129.8, 135.1, 144.6, 145.7, 152.5;
HRMS: m/z (%): calcd for C20H19NO4S: 369.1034; found: 369.1030 (81)
[M]� , 265 (42), 214(96), 131 (30), 104 (77), 91 (100), 77 (13); elemental
analysis calcd (%) for C20H19NO4S: C 65.02, H 5.18, N 3.79, S 8.68; found: C
65.19, H 5.25, N 3.64, S 8.53.


(Z)-4-(2,2,3-Trideuterio-3-pentadeuteriophenylcyclobutylidene)-3-p-tol-
uenesulfonyloxazolidin-2-one [Z-[D8]-7a]: 1H NMR (400 MHz, CDCl3):
�� 2.44 (s, 3H), 2.74 (brd, J� 15.0 Hz, 1H), 2.98 (brd, J� 15.0 Hz, 1H),
4.59 (dm, J� 12.1 Hz, 1H), 4.69 (dm, J� 12.1 Hz, 1H), 7.34 (d, J� 8.1 Hz,
2H), 7.93 (d, J� 8.1 Hz, 2H).[17]


(Z)-4-(cis-2-Deuterio-3-phenylcyclobutylidene)-3-p-toluenesulfonyloxa-
zolidin-2-one [(Z)-cis-[D1]-7a]: 1H NMR (400 MHz, CDCl3): �� 2.44 (s,
3H), 2.75 (dm, J� 15.0 Hz, 1H), 2.99 (dm, J� 15.0 Hz, 1H), 3.47 (m, 1H),
3.66 (q, J� 8.30 Hz, 1H), 4.59 (dm, J� 11.7 Hz, 1H), 4.69 (dm, J� 11.7 Hz,
1H), 7.21 ± 7.35 (m, 7H), 7.93 (d, J� 8.4 Hz, 2H).[17]


3-Benzoyl-4-(3-phenylcyclobutylidene)oxazolidin-2-one (7b): m.p. 96.5 ±
97.0 �C (CH2Cl2/hexane); IR (KBr): �� 1800 (s), 1740 (m), 1690 (s), 1370
(s), 1170 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 2.76 ± 2.94 (m, 2H),
2.99 ± 3.10 (m, 2H), 3.65 (quint, J� 8.2 Hz, 1H), 4.82 (dquint, J� 15.0,
2.7 Hz, 1H), 4.90 (dm, J� 15.0 Hz, 1H), 7.16 ± 7.34 (m, 4H), 7.42 ± 7.48 (m,
2H), 7.54 ± 7.61 (m, 2H), 7.75 ± 7.81 (m, 2H); elemental analysis calcd (%)
for C20H17NO3: C 75.22, H 5.37, N 4.39; found: C 74.95, H 5.42, N 4.31.


5,5-Dimethyl-4-(3-phenylcyclobutylidene)-3-p-toluenesulfonyloxazolidin-
2-one (7c): CCDC-181551; m.p. 145.0 ± 146.0 �C (CH2Cl2/hexane); IR
(KBr): �� 1800 (s), 1740 (m), 1370 (s), 1170 cm�1 (m); 1H NMR (400 MHz,
CDCl3): �� 1.45 (s, 3H), 1.56 (s, 3H), 2.43 (s, 3H), 2.95 (ddd, J� 3.0, 7.5,
15.0 Hz, 1H), 3.22 (ddd, J� 3.0, 7.5, 16.5 Hz, 1H), 3.29 (ddt, J� 9.2, 15.0,
3.0 Hz, 1H), 3.47 (ddt, J� 8.8, 16.5, 3.0 Hz, 1H), 3.62 (quint, J� 8.3 Hz,
1H), 7.21 ± 7.30 (m, 7H), 7.92 (d, J� 8.4 Hz, 2H); elemental analysis calcd
(%) for C22H23NO4S: C 66.48, H 5.83, N 3.52, S 8.07; found: C 66.29, H 5.88,
N 3.38, S 7.67.


(Z)-5,5-Dimethyl-4-(2,2,3-trideuterio-3-pentadeuteriophenylcyclobutyli-
dene)-3-p-toluenesulfonyloxazolidin-2-one [(Z)-[D8]-7c]: 1H NMR
(400 MHz, CDCl3): �� 1.56 (s, 3H), 1.57 (s, 3H), 2.45 (s, 3H), 2.95 (d,
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J� 15.4 Hz, 1H), 3.29 (d, J� 15.4 Hz, 1H), 7.34 (d, J� 7.3 Hz, 2H), 7.94 (d,
J� 7.3 Hz, 2H).[46]


(Z)-5,5-Dimethyl-4-(cis-2-deuterio-3-phenylcyclobutylidene)-3-p-toluene-
sulfonyloxazolidin-2-one [(Z)-cis-[D1]-7 c]: 1H NMR (400 MHz, CDCl3):
�� 1.45 (s, 3H), 1.52 (s, 3H), 2.44 (s, 3H), 3.61 (q, J� 8.7 Hz, 1H), 2.94
(ddd, J� 2.6, 7.4, 15.2 Hz, 1H), 3.30 (ddd, J� 2.6, 8.7, 15.2 Hz, 1H), 3.45
(brq, J� 9.2 Hz, 1H), 7.14 ± 7.29 (m, 5H), 7.34 (J� 8.4 Hz, 2H), 7.97 (J�
8.4 Hz, 2H).[46]


5,5-Dimethyl-4-(3-methyl-3-phenylcyclobutylidene)-3-p-toluenesulfonyl-
oxazolidin-2-one (7d): oil ; IR (neat): �� 1800 (s), 1720 (s), 1600 (s), 1490
(m), 1440 (m), 1370 (s), 1260 (s), 1170 (s), 1100 (m), 1080 (m), 980 cm�1 (m);
1H NMR (400 MHz, CDCl3): �� 1.38 (s, 3H), 1.51 (s, 3H), 1.57 (s, 3H), 2.44
(s, 3H), 2.90 (dt, J� 14.7, 2.8 Hz, 1H), 3.14 (dt, J� 14.7, 2.8 Hz, 1H), 3.20
(dd, J� 2.8, 14.7 Hz, 1H), 3.46 (dd, J� 2.8, 14.7 Hz, 1H), 7.19 ± 7.25 (m,
3H), 7.32 ± 7.36 (m, 4H), 7.92 (d, J� 8.4 Hz, 2H); HRMS: m/z (%): calcd
for C23H25NO4S: 411.1504; found: 411.1541 (4) [M]� , 256 (100).[17]


5,5-Dimethyl-4-(3-trimethylsiloxy-3-phenylcyclobutylidene)-3-p-toluene-
sulfonyloxazolidin-2-one (7e): m.p. 71.0 ± 72.0 �C (CH2Cl2/hexane); IR
(KBr): �� 1780 (s), 1710 (m), 1380 (m), 1270 (m), 1180 (m), 1110 (m),
930 cm�1 (m); 1H NMR (400 MHz, CDCl3): �� 0.06 (s, 9H), 1.43 (s, 3H),
1.44 (s, 3H), 2.45 (s, 3H), 3.23 (dt, J� 15.4 2.2 Hz, 1H), 3.28 (dd, J� 2.2,
15.4 Hz, 1H), 3.49 (dd, J� 2.2, 16.7 Hz, 1H), 3.64 (dt, J� 16.7, 2.2 Hz, 1H),
7.29 ± 7.39 (m, 5H), 7.45 (d, J� 8.1 Hz, 2H), 7.92 (d, J� 8.1 Hz, 2H);
HRMS: m/z (%): calcd for C25H31NO5SSi: 485.1692; found: 485.1666 (19)
[M]� , 470(100); elemental analysis calcd (%) for C25H31NO5SSi: C 61.83, H
6.43, N 2.88; found: C 61.85, H 6.44, N 2.81.[17]


(Z)-5,5-Dimethyl-4-(3-trimethylsiloxy-3-phenyl-2,2-[D2]cyclobutylidene)-
3-p-toluenesulfonyloxazolidin-2-one (7e): see ref. [17].


4-(3-Ethynyl-3-methylcyclobutylidene)-3-p-toluenesulfonyloxazolidin-2-
one (7 f): oil ; IR (neat): �� 1782 (s), 1717 (m), 1600 (m), 1373 (s), 1263 (s),
1175 (m), 1090 (m), 1034 (m), 966 cm�1 (s); 1H NMR (400 MHz, CDCl3):
�� 1.45 (s, 3H), 1.47 (s, 3H), 1.48 (s, 3H), 2.29 (s, 1H), 2.45 (s, 3H), 2.76
(ddd, J� 1.8, 2.9, 15.0 Hz, 1H), 3.02 (ddd, J� 1.8, 2.9, 16.3 Hz, 1H), 3.16
(dd, J� 2.9, 15.0 Hz, 1H), 3.36 (dd, J� 2.9, 16.3 Hz, 1H), 7.38 (d, J� 8.4 Hz,
2H), 7.92 (d, J� 8.4 Hz, 2H); HRMS: m/z (%): calcd for C19H21NO4S:
359.1191; found: 359.1179 (17) [M]� , 204 (100).[17]


5,5-Dimethyl-4-(3-phenylcyclobutylidene)-3-(2,2,2-trichloroethoxysulfo-
nyl)oxazolidin-2-one (7g): oil ; IR (neat): �� 1810 (s), 1720 (m), 1390 (m),
1370 (m), 1270 (s), 1200 (s), 1170 (m), 1120 (m), 1090 (m), 1000 (s),
860 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 1.51 (s, 3H), 1.57 (s, 3H),
2.89 (ddd, J� 2.9, 7.5, 15.4 Hz, 1H), 3.14 (ddd, J �2.9, 7.5, 16.7 Hz, 1H),
3.23 (ddt, J� 9.2, 15.4, 2.9 Hz, 1H), 3.43 (ddt, J�9.2, 16.7, 2.9 Hz, 1H), 3.57
(br tt, J� 7.5, 9.2 Hz, 1H), 4.87 (d, J� 11.4 Hz, 1H), 4.90 (d, J �11.4 Hz,
1H), 7.13 ± 7.28 (m, 5H); HRMS: m/z (%): calcd for C17H18NO5SCl3:
452.9984; found 452.9971 (2) [M]� , 418(2), 198 (100).[17]


(Z,E)-5,5-Dimethyl-4-(2-[D1]-3-ethyl-3-phenylcyclobutylidene)-3-p-tolue-
nesulfonyloxazolidin-2-one [(Z,E)-[D1]-7h]: oil ; 1H NMR (400 MHz,
CDCl3): �� 0.70 (t, J� 7.3 Hz, 3H), 1.36 (s, 3H), 1.57 (s, 3H), 1.80 (q,
J� 7.3 Hz, 2H), 2.44 (s, 3H), 2.93 (dd, J� 2.9, 15.0 Hz, 1H), 3.14 (d, J�
15.0 Hz, 1H), 3.38 (br s, 1H), 7.14 ± 7.35 (m, 7H), 7.92 (d, J� 8.4 Hz, 2H).[46]


4-(3-Methoxycarbonylcyclobutylidene)-3-p-toluenesulfonyloxazolidin-2-
one (8a): CCDC-181560; m.p. 152.8 ± 153.5 �C (CH2Cl2/hexane); IR (KBr):
�� 1800 (s), 1790 (s), 1730 (s), 1370 (s), 1190 (s), 1160 cm�1 (s); 1H NMR
(400 MHz, CDCl3): �� 2.46 (s, 3H), 2.77 (ddd, J� 1.8, 9.1, 15.8 Hz, 1H),
2.92 (dm, J� 15.8 Hz, 1H), 3.25 (tt, J� 6.2, 9.2 Hz, 1H), 3.32 ± 3.37 (m,
2H), 3.74 (s, 3H), 4.59 (dm, J� 11.7 Hz, 1H), 4.64 (brd, J� 11.7 Hz, 1H),
7.36 (d, J� 8.4 Hz, 2H), 7.92 (d, J� 8.4 Hz, 2H); 13C NMR (100 MHz,
CDCl3): �� 21.7, 31.6, 33.9, 35.3, 52.0, 66.0, 115.5, 120.2, 128.4, 129.9, 134.9,
145.8, 152.3, 174.8; elemental analysis calcd (%) for C16H17NO6S; C 54.69,
H 4.88, N 3.99, S 9.13; found: C 54.57, H 4.82, N 4.03, S 9.00.


4-[2-Oxo-3-p-toluenesulfonyl-2,3-dihydrooxazol-4-ylpent-4-enoic methyl
ester : The by-product appeared in run 3, Table 5): m.p. 114.0 ± 114.5 �C
(CH2Cl2/hexane); IR (KBr): �� 1800 (s), 1740 (s), 1270 (s), 1200 (m),
1180 cm�1 (m); 1H NMR (400 MHz, CDCl3): �� 2.45 (s, 3H), 2.50 (t, J�
7.5 Hz, 2H), 2.82 (t, J� 7.5 Hz, 2H), 3.68 (s, 3H), 5.28 (br s, 1H), 5.34 (br s,
1H), 6.59 (s, 1H), 7.36 (d, J� 8.4 Hz, 2H), 7.99 (d, J� 8.4 Hz, 2H);
13C NMR (100 MHz, CDCl3): �� 21.8, 30.4, 32.7, 51.7, 120.2, 126.4, 128.4,
128.6, 130.0, 133.6, 135.6, 146.5, 151.1, 172.8; HRMS: m/z (%): calcd for


C16H17NO6S: 351.0777; found: 351.0787 (33) [M]� , 320(10), 196 (70), 164
(100).[17]


4-(3-Cyanocyclobutylidene)-3-p-toluenesulfonyloxazolidin-2-one (8b):
m.p. 107.5 ± 108.0 �C (CH2Cl2/hexane); IR (KBr): �� 1800 (s), 1770 (s),
1720 (s), 1370 (s), 1260 (s), 1180 (s), 1120 (s), 1050 (s), 650 cm�1 (s);
1H NMR (400 MHz, CDCl3): �� 2.46 (s, 3H), 2.94 ± 3.05 (m, 2H), 3.25 (ddt,
J� 7.0, 8.1, 9.2 Hz, 1H), 3.43 ± 3.59 (m, 2H), 4.61 (m, 2H), 7.39 (d, J�
8.6 Hz, 2H), 7.89 (d, J� 8.6 Hz, 2H); HRMS: m/z (%): calcd for
C15H14N2O4S: 318.0674; found: 318.0671 (27) [M]� , 293 (15), 163 (14),
155 (100); elemental analysis calcd (%) for C15H14N2O4S: C 56.59, H 4.43, N
8.80, S 10.07; found: C 56.72, H 4.39, N 8.58, S 9.95.


4-(3-Cyano-3-methylcyclobutylidene)-3-p-toluenesulfonyloxazolidin-2-
one (8c): m.p. 149.8 ± 150.8 �C (CH2Cl2/hexane); IR (KBr): �� 1800 (s),
1730 (s), 1370 (s), 1250 (s), 1170 (s), 1150 (s), 980 (s), 750 cm�1 (s); 1H NMR
(400 MHz, CDCl3): �� 1.61 (s, 3H), 2.47 (s, 3H), 2.61 (dm, J� 16.1 Hz,
1H), 3.14 (dm, J� 16.1 Hz, 1H), 3.18 (dm, J� 16.1 Hz, 1H), 3.64 (dm, J�
16.1 Hz, 1H), 4.61 (br s, 2H), 7.38 (d, J� 8.2 Hz, 2H), 7.90 (d, J� 8.2 Hz,
2H); 13C NMR (100 MHz, CDCl3): �� 21.8, 25.1, 27.7, 40.5, 43.9, 65.9, 110.2,
122.6, 124.1, 128.5, 130.0, 134.5, 146.2, 151.9; elemental analysis calcd (%)
for C16H16N2O4S: C 57.82, H 4.85, N 8.43, S 9.65; found: C 57.50, H 4.79, N
8.35, S 9.36.


(Z)-4-(3-Cyano-3-[D3]methyl-2,2-[D2]cyclobutylidene)-3-p-toluenesulfo-
nyloxazolidin-2-one [(Z)-[D5]-8c]: see ref. [17].


4-[3-(N,N-Dimethylcarbamoyl)cyclobutylidene]-3-p-toluenesulfonyloxa-
zolidin-2-one (8d): m.p. 158.1 ± 158.9 �C (CH2Cl2/hexane); IR (KBr): ��
1760 (s), 1730 (s), 1680 (s), 1385 (s), 1260 (s), 1190 (s), 1170 (s), 1140 (s),
1120 (s), 1060 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 2.45 (s, 3H), 2.67
(m, 1H), 2.97 (s, 3H), 2.98 (s, 3H), 3.10 (dm, J� 15.1 Hz, 1H), 3.23 ± 3.42
(m, 3H), 4.57 (dm, J� 15.0 Hz, 1H), 4.64 (brd, J� 15.0 Hz, 1H), 7.34 (d,
J� 8.2 Hz, 2H), 7.90 (d, J� 8.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): ��
21.7, 31.0, 33.1, 35.3, 35.6, 36.7, 66.2, 116.2, 119.8, 128.4, 130.0, 134.8, 145.8,
152.4, 173.0; HRMS: m/z (%): calcd for C17H20N2O5S: 364.1093; found:
364.1106 (5) [M]� , 209 (100); elemental analysis calcd (%) for
C17H20N2O5S: C 56.03, H 5.53, N 7.69, S 8.80; found: C 55.61, H 5.40, N
7.48, S 8.63.


3-Benzoyl-4-(3-methoxycarbonylcyclobutylidene)oxazolidin-2-one (8e):
oil ; IR (neat): �� 1800 (s), 1750 (s), 1690 (s), 1370 (s), 1170 cm�1 (s);
1HNMR (400 MHz, CDCl3): �� 2.86 (m, 1 H), 2.94 ± 2.97 (m, 3H), 3.24 (tt,
J� 7.6, 8.1 Hz, 1H), 3.69 (s, 3H), 4.83 (quint, J� 2.6 Hz, 2H), 7.46 (t, J�
8.1 Hz, 2H), 7.59 (t, J� 8.1 Hz, 1H), 7.70 (d, J� 8.1 Hz, 2H); elemental
analysis calcd (%) for C16H15NO5: C 63.78, H 5.02, N 4.65; found: C 63.38,
H 4.87, N 4.43.


5,5-Dimethyl-4-(3-methoxycarbonylcyclobutylidene)-3-p-toluenesulfonyl-
oxazolidin-2-one (8 f): m.p. 71.0 ± 72.0 �C (CH2Cl2/hexane); IR (KBr): ��
1790 (s), 1730 (m), 1370 (s), 1260 (s), 1170 (s), 1110 (s), 840 cm�1 (w);
1H NMR (400 MHz, CDCl3): �� 1.29 (t, J� 7.2 Hz, 3H), 1.44 (s, 3H), 1.51
(s, 3H), 2.45 (s, 3H), 3.02 ± 3.08 (m, 1H), 3.14 (dd, J� 2.3, 6.3 Hz, 1H),
3.17 ± 3.23 (m, 1H), 3.30 (ddd, J� 2.3, 6.3, 16.8 Hz, 1H), 3.37 (m, 1H), 4.18
(q, J� 7.2 Hz, 2H), 7.35 (d, J� 8.4 Hz, 2H), 7.92 (d, J� 8.4 Hz, 2H);
elemental analysis calcd (%) for C19H23NO6S: C 58.00, H 5.89, N 3.56, S
8.15; found: C 57.96, H 5.81, N 3.58, S 8.22.


5,5-Dimethyl-4-(3-methoxycarbonyl-3-triisopropylsiloxycyclobutylidene)-
3-p-toluenesulfonyloxazolidin-2-one (8g): m.p. 112.5 ± 113.0 �C (CH2Cl2/
hexane); IR (KBr): �� 1790 (s), 1750 (s), 1720 (m), 1590 (w), 1460 (m),
1370 (s), 1270 (s), 1210 (m), 1190 (m), 1170 (m), 1120 (s), 990 cm�1 (m);
1H NMR (400 MHz, CDCl3): �� 1.02 ± 1.13 (m, 21H), 1.41 (s, 3H), 1.50 (s,
3H), 2.45 (s, 3H), 2.96 (dd, J� 3.1, 15.4 Hz, 1H), 3.28 (dd, J� 3.1, 16.9 Hz,
1H), 3.47 (dt, J� 15.4 3.1 Hz, 1H), 3.60 (dt, J� 16.9, 3.1 Hz, 1H), 3.76 (s,
3H), 7.35 (d, J� 8.1 Hz, 2H), 7.90 (d, J� 8.1 Hz, 2H); HRMS: m/z (%):
calcd for C27H41NO7SSi: 508.1825 [M� iPr]� ; found: 508.1820, 396 (100).


3-(2-Oxo-3-p-toluenesulfonyl-1-oxa-3-azaspiro[4.4]non-4-ylidene)cyclobu-
tanecarboxylic ethyl ester (8h): oil ; IR (neat): �� 1790 (s), 1730 (s), 1370
(s), 1260 (s), 1170 (s), 1090 (s), 810 (m), 750 cm�1 (m); 1H NMR (400 MHz,
CDCl3): �� 1.28 (t, J� 7.1 Hz, 3H), 1.70 ± 2.10 (m, 8H), 2.45 (s, 3H), 3.02
(m, 1H), 3.14 (dm, J� 13.0 Hz, 1H), 3.18 (dm, J� 16.8 Hz, 1H), 3.32 (dm,
J� 16.8 Hz, 1H), 3.39 (m, 1H), 4.18 (q, J� 7.1 Hz, 1H), 7.35 (d, J� 8.4 Hz,
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2H), 7.89 (d, J� 8.4 Hz, 2H); HRMS: m/z (%): calcd for C21H25NO6S:
419.1402; found: 420.1476 (5) [M]� , 374 (8), 264 (100).[17]


4-(3-Acetylcyclobutylidene)-3-p-toluenesulfonyl-1-oxa-3-azaspiro[4.4]-
nonan-2-one (8 i): m.p. 83.0 ± 84.0 �C (CH2Cl2/hexane); IR (KBr): �� 1790
(s), 1720 (s), 1380 (s), 1340 (m), 1270 (s), 1180 (s), 1130 (m), 1090 (m), 910
(m), 730 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 1.65 ± 2.08 (m, 8H),
2.17 (s, 3H), 2.45 (s, 3H), 2.88 (m, 1H), 3.16 (ddd, J� 2.8, 6.6, 15.7 Hz, 1H),
3.22 (ddd, J� 2.8, 6.6, 15.7 Hz, 1H), 3.32 (m, 1H), 3.41 (m, 1H), 7.35 (d, J�
8.4 Hz, 2H), 7.88 (d, J� 8.4 Hz, 2H); HRMS: m/z (%): calcd for
C20H23NO5S: 389.1297; found: 390.1289 (100) [M]� .[17]


3-(2-Oxo-3-p-toluenesulfonyl-1-oxa-3-aza-spiro[4.4]non-4-ylidene)cyclo-
butanecarbaldehyde (8 j): m.p. 83.0 ± 84.0 �C (CH2Cl2/hexane); IR (KBr):
�� 1790 (s), 1720 (s), 1380 (s), 1270 (s), 1180 (s), 1120 (s), 1090 (s), 990 (m),
910 (m), 840 (m), 730 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 1.71 ± 2.08
(m, 8H), 2.45 (s, 3H), 2.92 ± 2.99 (m, 1H), 3.16 (ddd, J� 2.5, 5.6, 15.7 Hz,
1H), 3.23 ± 3.30 (m, 1H), 3.31 ± 3.41 (m, 2H), 7.35 (d, J� 8.4 Hz, 2H), 7.89
(d, J� 8.4 Hz, 2H), 9.81 (d, J� 1.5 Hz, 1H); HRMS: m/z (%): calcd for
C19H21NO5S: 375.1140; found: 375.1122 (66) [M]� , 331 (33), 220 (54), 176
(100).[17]


4-(3-Acetyl-3-methylcyclobutylidene)-3-p-toluenesulfonyl-1-oxa-3-aza-
spiro[4.4]nonan-2-one (8k): CCDC±179982; m.p. 136.0 ± 136.9 �C (CH2Cl2/
hexane); IR (KBr): �� 1780 (s), 1703 (s), 1383 (s), 1099 (s), 752 (s),
704 cm�1 (m); 1H NMR (400 MHz, CDCl3): �� 1.45 (s, 3H), 1.66 ± 2.12 (m,
8H), 2.18 (s, 3H), 2.45 (s, 3H), 2.49 (ddd, J� 1.8, 2.9, 15.4 Hz, 1H), 2.98
(ddd, J� 1.8, 2.9, 16.7 Hz, 1H), 3.30 (dd, J� 3.2, 15.4 Hz, 1H), 3.37 (dd, J�
3.2, 16.7 Hz, 1H), 7.35 (d, J� 8.2 Hz, 2H), 7.88 (d, J� 8.2 Hz, 2H); HRMS:
m/z (%): calcd for C21H25NO5S: 403.1453; found: 403.1430 (34) [M]� , 91
(100).[17]


1-Methyl-3-(2-oxo-3-p-toluenesulfonyl-1-oxa-3-azaspiro[4.4]non-4-ylide-
ne)cyclobutanecarbaldehyde (8 l): IR (neat): �� 1790 (s), 1720 (s), 1450
(m), 1370 (s), 1270 (s), 1170 (s), 1110 (m), 1090 (s), 990(m), 900 (s), 810 (m),
730 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 1.40 (s, 3H), 1.54 ± 2.07 (m,
8H), 2.45 (s, 3H), 2.55 (dd, J� 2.9, 15.4 Hz, 1H), 2.94 (dd, J� 2.9, 16.9 Hz,
1H), 3.22 (dd, J� 2.9, 15.4 Hz, 1H), 3.37 (dd, J� 2.9, 16.9 Hz, 1H), 7.36 (d,
J� 8.4 Hz, 2H), 7.88 (d, J� 8.4 Hz, 2H), 9.67 (s, 1H); HRMS: m/z (%):
calcd for C20H23NO5S: 389.1297; found: 389.1258 (66) [M]� , 70 (100).[17]


3-(5-Methyl-2-oxo-3-p-toluenesulfonyloxazolidin-4-ylidene)cyclobutane-
carbaldehyde (8m):�1:1 mixture of stereoisomers: IR (neat): �� 1778 (s),
1715 (s), 1339 (s), 758 cm�1 (m); 1H NMR (400 MHz, CDCl3) �� 1.21 (d,
J� 6.6 Hz, 3H, one isomer), 1.29 (d, J� 6.2 Hz, 3H, the other isomer), 2.46
(s, 3H), 2.68 (ddm, J� 8.6, 15.2 Hz, 1H, one isomer), 2.90 (m, 1H), 3.03 ±
3.11 (m, 1H, one isomer), 3.12 ± 3.21 (m, 2H), 3.25 ± 3.54 (m, 2H), 4.93 (m,
1H), 7.36 (d, J� 8.2 Hz, 2H), 7.89 (d, J� 8.2 Hz, 2H, one isomer), 7.90 (d,
J� 8.2 Hz, 2H, the other isomer), 9.82 (d, J� 1.5 Hz, 1H, one isomer), 9.83
(d, J� 1.5 Hz, 1H, the other isomer); HRMS: m/z (%): calcd for
C16H17NO5S: 335.0827; found: 335.0836 (52) [M]� , 180 (100).[17]


4-(3-Isopropenyl-3-methylcyclobutylidene)-3-p-toluenesulfonyloxazoli-
din-2-one (9a): oil ; IR (neat): �� 1800 (s), 1780 (m), 1380 (s), 1260 (s), 1180
(m), 1160 cm�1 (m); 1H NMR (400 MHz, CDCl3): �� 1.23 (s, 3H), 1.66 (s,
3H), 2.16 (brd, J� 14.7 Hz, 1H), 2.37 (s, 3H), 2.69 (dd, J� 2.2, 14.7 Hz,
1H), 2.70 (dt, J� 14.7, 2.2 Hz, 1H), 3.10 (dm, J� 14.7 Hz, 1H), 4.48 (dm,
J� 13.2 Hz, 1H), 4.58 (brd, J� 13.2 Hz, 1H), 4.65 (s, 1H), 4.72 (s, 1H), 7.28
(d, J� 8.1 Hz, 2H), 7.83 (d, J� 8.1 Hz, 2H); 13C NMR (100 MHz, CDCl3):
�� 17.6, 20.6, 26.0, 38.8, 40.2, 41.8, 65.3, 107.6, 115.5, 119.2, 128.0, 128.7,
134.0, 144.6, 149.8, 151.6; HRMS:m/z (%): calcd for C18H21NO4S: 347.1191;
found 347.1193 (2) [M]� , 193 (10), 192 (64), 132 (100).[17]


3-p-Toluenesulfonyl-4-[3-(trimethylsilylmethyl)-3-vinylcyclobutylide-
ne]oxazolidin-2-one (9b): oil ; IR (neat): �� 1789 (s), 1732 (s), 1373 (s),
1250 (s), 1175 (s), 1080 (m), 1050 (m), 950 cm�1 (s); 1H NMR (400 MHz,
CDCl3): �� 0.01 (s, 9H), 1.06 (d, J� 14.5 Hz, 1H), 1.10 (d, J� 14.5 Hz,
1H), 2.37 (dm, J� 15.0 Hz, 1H), 2.44 (s, 3H), 2.61 (dm, J� 16.5 Hz, 1H),
2.85 (dm, J� 16.5 Hz, 1H), 3.12 (dm, J� 15.0 Hz, 1H), 4.56 ± 4.60 (m, 2H),
5.00 (dd, J� 1.1, 17.2 Hz, 1H), 5.02 (dd, J� 1.1, 10.6 Hz, 1H), 5.97 (dd, J�
10.6, 17.2 Hz, 1H), 7.34 (d, J� 8.3 Hz, 2H), 7.90 (d, J� 8.3 Hz, 2H); HRMS:
m/z (%): calcd for C20H27NO4SSi�Me: 390.1195; found: 390.1203 (2)
[M�Me]� , 250 (42), 91 (39), 73 (100).[17]


4-(3-trans-�-Styrylcyclobutylidene)-3-p-toluenesulfonyloxazolidin-2-one
(9c): m.p. 59.0 ± 59.5 �C (CH2Cl2/hexane); IR (KBr): �� 1780 (s), 1370 (s),
1260 (s), 1170 (s), 1110 (s), 1090 (s), 900 (s), 750 cm�1 (m); 1H NMR


(400 MHz, CDCl3): �� 2.45 (s, 3H), 2.55 (m, 1H), 2.82 (m, 1H), 3.03 (dm,
J� 15.8 Hz, 1H), 3.24 (m, 1H), 3.32 (m, 1H), 4.46 ± 4.68 (m, 2H), 6.36 (dd,
J� 6.1, 15.8 Hz, 1H), 6.42 (d, J� 15.8 Hz, 1H), 7.19 ± 7.41 (m, 7H), 7.94 (d,
J� 8.4 Hz, 2H); HRMS: m/z (%): calcd for C22H21NO4S: 395.1192; found:
395.1197 (11) [M]� , 240 (40), 130 (100); elemental analysis calcd (%) for
C22H21NO4S: C 66.82, H 5.35, N 3.54, S 8.11; found: C 66.91, H 5.34, N 3.66,
S 7.99.


4-[3-trans-�-Styryl-3-(triisopropylsiloxy)cyclobutylidene]-3-p-toluenesul-
fonyloxazolidin-2-one (9d): m.p. 123.0 ± 123.8 �C (CH2Cl2/hexane); IR
(KBr): �� 1790 (s), 1725 (s), 1390 (m), 1365 (m), 1250 (m), 1190 (s), 1170
(m), 1135 (s), 1120 (s), 1090 (s), 990 (m), 960 (m), 875 cm�1 (m); 1H NMR
(400 MHz, CDCl3): �� 1.00 ± 1.13 (m, 21H), 2.44 (s, 3H), 2.81 (dm, J�
15.6 Hz, 1H), 2.90 (dm, J� 15.6 Hz, 1H), 3.32 (dm, J� 16.9 Hz, 1H), 3.44
(dm, J� 16.9 Hz, 1H), 4.59 (dm, J� 11.9 Hz, 1H), 4.66 (dm, J� 11.9 Hz,
1H), 6.41 (d, J� 16.1 Hz, 1H), 6.57 (d, J� 16.1 Hz, 1H), 7.31 ± 7.38 (m, 5H),
7.34 (d, J� 8.4 Hz, 2H), 7.92 (d, J� 8.4 Hz, 2H); 13C NMR (100 MHz,
CDCl3): �� 3.3, 14.8, 20.9, 40.0, 72.6, 76.3, 118.7, 125.4, 126.5, 126.9, 127.7,
127.9, 128.4, 129.5, 129.6, 134.9, 136.3, 140.9, 153.9; HRMS: m/z (%): calcd
for C31H41NO5SSi: 567.2474; found: 567.2473 (14) [M]� , 523 (14), 103 (41),
91 (100).[17]


5,5-Dimethyl-4-(3-isopropenyl-3-methylcyclobutylidene)-3-p-toluenesul-
fonyloxazolidin-2-one (9e): oil ; IR (neat): �� 1790 (s), 1370 (s), 1270 (s),
1190 (s), 1170 (s), 1140 (m), 1090 (m), 990 cm�1 (m); 1H NMR (400 MHz,
CDCl3): �� 1.30 (s, 3H), 1.39 (s, 3H), 1.53 (s, 3H), 1.73 (s, 3H), 2.44 (s,
3H), 2.55 (dt, J� 14.6, 2.9 Hz, 1H), 2.77 (dt, J� 16.0, 2.9 Hz, 1H), 2.93 (dd,
J� 2.9, 14.6 Hz, 1H), 3.15 (dd, J� 2.9, 16.0 Hz, 1H), 4.71 (s, 1H), 4.79 (t,
J� 1.3 Hz, 1H), 7.34 (d, J� 8.4 Hz, 2H), 7.91 (d, J� 8.4 Hz, 2H); HRMS:
m/z (%): calcd for C20H25NO4S: 375.15050; found: 375.1512 (12) [M]� , 220
(80), 206 (15), 176 (85), 160 (100); elemental analysis calcd (%) for
C20H25NO4S: C 63.98, H 6.71, N 3.73, S 8.54; found: C 63.63, H 7.06, N 3.36,
S 8.33.


5,5-Dimethyl-4-(3-phenyl-3-vinylcyclobutylidene)-3-p-toluenesulfonyloxa-
zolidin-2-one (9 f): m.p. 49.0 ± 50.5 �C (CH2Cl2/hexane); IR (KBr): �� 1780
(s), 1370 (s), 1280 (s), 1260 (s), 1170 (s), 1115 (s), 900 cm�1 (m); 1H NMR
(400 MHz, CDCl3): �� 1.32 (s, 3H), 1.35 (s, 3H), 2.45 (s, 3H), 2.69 (dd, J�
6.6, 16.3 Hz, 1H), 3.41 (dm, J� 20.0 Hz, 1H), 3.67 (dm, J� 20.0 Hz, 1H),
3.75 (dm, J� 16.3 Hz, 1H), 5.45 (dm, J� 18.8 Hz, 2H), 6.15 (m, 1H), 7.22 ±
7.37 (m, 7H), 7.98 (d, J� 8.4 Hz, 2H); HRMS: m/z (%): calcd for
C24H25NO4S: 423.15050; found: 423.1514 (6) [M]� , 268 (66), 182 (14), 154
(11), 91 (100); elemental analysis calcd (%) for C24H25NO4S: C 68.06, H
5.95, N 3.31, S 7.57; found: C 68.15, H 5.88, N 3.29, S 7.63.


5,5-Dimethyl-3-p-toluenesulfonyl-4-(3-trimethylsilylmethyl-3-vinylcyclo-
butylidene)oxazolidin-2-one (9g): oil ; IR (neat): �� 1790 (s), 1735 (m),
1360 (m), 1270 (m), 1190 (m), 1170 (m), 1120 (m), 1090 (m), 1035 (m), 910
(m), 850 cm�1 (m); 1H NMR (400 MHz, CDCl3): �� 0.01 (s, 9H), 1.05 (d,
J� 14.3 Hz, 1H), 1.10 (d, J� 14.3 Hz, 1H), 1.45 (s, 3H), 1.46 (s, 3H), 2.44 (s,
3H), 2.63 (dm, J� 15.4 Hz, 1H), 2.83 (dm, J� 16.9 Hz, 1H), 2.87 (dm, J�
15.4 Hz, 1H), 3.07 (dm, J� 16.9 Hz, 1H), 5.02 (dd, J� 0.7, 17.7 Hz, 1H),
5.03 (dd, J� 0.7, 10.2 Hz, 1H), 5.96 (dd, J� 10.2, 17.7 Hz, 1H), 7.34 (d, J�
8.1 Hz, 2H), 7.94 (d, J� 8.1 Hz, 2H); HRMS: m/z (%): calcd for
C22H31NO4SSi: 433.1743; found 433.1743 (6) [M]� , 91 (41), 73 (100).[17]


5,5-Dimethyl-4-(3-trans-�-styrylcyclobutylidene)-3-p-toluenesulfonyloxa-
zolidin-2-one (9h): m.p. 160.5 ± 161.0 �C (CH2Cl2/hexane); IR (KBr): ��
1800 (s), 1740 (m), 1380 (s), 1260 (s), 1180 (s), 1120 (s), 1090 (s), 980 cm�1


(m); 1H NMR (400 MHz, CDCl3): �� 1.54 (s, 3H), 1.55 (s, 3H), 2.45 (s,
3H), 2.78 (ddd, J� 2.9, 6.4, 15.7 Hz, 1H), 3.01 (ddd, J� 2.9, 6.4, 15.7 Hz,
1H), 3.12 (ddd, J� 2.9, 6.4, 11.8 Hz, 1H), 3.19 (m, 1H), 3.30 (ddt, J� 2.9,
8.4, 15.7 Hz, 1H), 6.35 (dd, J� 6.4, 15.8 Hz, 1H), 6.40 (d, J� 15.8 Hz, 1H),
7.20 ± 7.39 (m, 7H), 7.94 (d, J� 8.4 Hz, 2H); HRMS: m/z (%): calcd for
C24H25NO4S: 423.15050; found: 423.1514 (8) [M]� , 270 (13), 267 (12), 210
(13), 91 (100); elemental analysis calcd (%) for C24H25NO4S: C 68.06, H
5.95, N 3.31, S 7.57; found: C 67.63, H 5.94, N 3.09, S 7.19.


5,5-Dimethyl-3-p-toluenesulfonyl-4-[3-(trans-2-triisopropylsiloxyvinyl)cy-
clobutylidene]oxazolidin-2-one (9 i): m.p. 102.8 ± 104.0 �C (CH2Cl2/hex-
ane); IR (KBr): �� 1790 (s), 1660 (m), 1370 (m), 1270 (s), 1210 (m),
1170 (s), 1110 (m), 1080 (m), 910 cm�1 (m); 1H NMR (400 MHz, CDCl3):
�� 1.04 ± 1.15 (m, 21H), 1.42 (s, 3H), 1.50 (s, 3H), 2.44 (s, 3H), 2.59 (ddd,
J� 2.6, 6.8, 14.7 Hz, 1H), 2.81 (ddd, J� 2.6, 6.8, 15.4 Hz, 1H), 2.90 (dtt, J�
8.6, 6.8, 8.2 Hz, 1H), 3.02 (ddt, J� 8.2, 14.7, 2.6 Hz, 1H), 3.21 (ddt, J� 8.2,
15.4, 2.6 Hz, 1H), 5.17 (dd, J� 8.6, 12.1 Hz, 1H), 6.37 (d, J� 12.1 Hz, 1H),
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7.33 (d, J� 8.1 Hz, 2H), 7.92 (d, J� 8.1 Hz, 2H); HRMS:m/z (%): calcd for
C27H41NO5SSi� iPr: 476.1927; found: 476.1917 (4) [M� iPr]� , 364 (100);
elemental analysis calcd (%) for C27H41NO5SSi: C 62.39, H 7.95, N 2.69;
found: C 63.30, H 7.85, N 2.80.


4-[3-(trans-2-Methoxyvinyl)cyclobutylidene]-5,5-dimethyl-3-(p-toluene-
sulfonyl)oxazolidin-2-one (9 j): m.p. 87.7 ± 88.3 �C (CH2Cl2/hexane); IR
(KBr): �� 1815 (s), 1390 (s), 1275 (s), 1220 (m), 1205 (m), 1190 (s), 1155
(m), 990 (m), 760 cm�1 (m); 1H NMR (400 MHz, CDCl3): �� 1.43 (s, 3H),
1.51 (s, 3H), 2.45 (s, 3H), 2.61 (ddd, J� 2.9, 6.6, 15.0 Hz, 1H), 2.84 (ddd, J�
2.9, 6.6, 15.8 Hz, 1H), 2.93 (br tq, J� 6.6, 8.4 Hz, 1H), 3.04 (ddt, J� 8.4,
15.0, 2.9 Hz, 1H), 3.21 (ddt, J� 8.4, 15.8, 2.9 Hz, 1H), 3.53 (s, 3H), 4.89 (dd,
J� 8.4, 12.5 Hz, 1H), 6.34 (d, J� 12.5 Hz, 1H), 7.34 (d, J� 8.1 Hz, 2H), 7.92
(d, J� 8.1 Hz, 2H); HRMS: m/z (%): calcd for C19H23NO5S: 377.1297;
found: 377.1333 (1) [M]� , 222 (100).[17]


5,5-Dimethyl-3-p-toluenesulfonyl-4-[3-(triisopropylsiloxy)-3-vinylcyclobu-
tylidene]oxazolidin-2-one (9k): m.p. 138.0 ± 139.0 �C (CH2Cl2/hexane); IR
(KBr):�� 1780 (s), 1370 (s), 1275 (s), 1120 cm�1 (s); 1H NMR (400 MHz,
CDCl3): �� 1.01 ± 1.10 (m, 21H), 1.40 (s, 3H), 1.50 (s, 3H), 2.44 (s, 3H), 2.98
(brd, J� 15.0 Hz, 1H), 3.02 (brd, J� 15.0 Hz, 1H), 3.20 (brd, J� 17.0 Hz,
1H), 3.29 (brd, J� 17.0 Hz, 1H), 5.06 (dd, J� 1.1, 10.6 Hz, 1H), 5.24(dd,
J� 1.1, 17.4 Hz, 1H), 6.07 (dd, J� 10.6, 17.4 Hz, 1H), 7.34 (d, J� 8.2 Hz,
1H), 7.90 (d, J� 8.2 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 13.3, 18.2,
21.7, 25.2, 26.0, 45.3, 47.5, 72.8, 84.2, 111.9, 114.7, 128.3, 129.7, 130.2, 135.4,
142.5, 145.5, 151.4; HRMS: m/z (%): calcd for C27H41NO5SSi: 519.2475;
found 519.2417 (2) [M]� , 364 (100); elemental analysis calcd (%) for
C27H41NO5SSi: C 62.39, H 7.95, N 2.69; found: C 62.14, H 7.85, N 2.70.


5,5-Dimethyl-4-[3-trans-�-styryl-3-(triisopropylsiloxy)cyclobutylidene]-3-
p-toluenesulfonyl-oxazolidin-2-one (9 l): oil ; IR (neat): �� 1790 (s), 1370
(m), 1260 (m), 1190 (m), 1170 (m), 1115 (m), 1085 (m), 1010 (m), 990 (s),
960 (m), 875 (m), 805 cm�1 (m); 1H NMR (400 MHz, CDCl3): �� 1.08 (s,
21H), 1.42 (s, 3H), 1.49 (s, 3H), 2.43 (s, 3H), 3.08 (brd, J� 14.3 Hz, 1H),
3.12 (brd, J� 14.3 Hz, 1H), 3.30 (brd, J� 16.7 Hz, 1H), 3.42 (brd, J�
16.7 Hz, 1H), 6.42 (d, J� 15.9 Hz, 1H), 6.61 (d, J� 15.9 Hz, 1H), 6.40 ± 6.63
(m, 2H), 7.31 ± 7.39 (m, 5H), 7.92 (d, J� 8.4 Hz, 1H); HRMS: m/z (%):
calcd for C33H45NO5SSi: 595.2788; found: 595.2821 (2) [M]� , 440 (100).


4-[3-Isopropenyl3-(triisopropylsiloxy)cyclobutylidene]-5,5-dimethyl-3-p-
toluenesulfonyloxazolidin-2-one (9m): m.p. 118.0 ± 118.2 �C (CH2Cl2/hex-
ane); IR (KBr): �� 1782 (s), 1369 (s), 1275 (s), 1120 cm�1 (s); 1H NMR
(400 MHz, CDCl3): �� 1.00 ± 1.09 (m, 21H), 1.40 (s, 3H), 1.47 (s, 3H), 1.81
(br s, 3H), 2.45 (s, 3H), 2.94 (dd, J� 2.9, 15.2 Hz, 1H), 3.07 (dt, J� 15.2,
2.9 Hz, 1H), 3.14 (dd, J� 2.9, 16.9 Hz, 1H), 3.44 (dt, J� 16.9. 2.9 Hz, 1H),
4.84 (t, J� 1.5 Hz, 1H), 4.96 (br s, 1H), 7.34 (d, J� 8.1 Hz, 2H), 7.90 (d, J�
8.1 Hz, 2H); HRMS: m/z (%): calcd for C28H43NO5SSi: 533.2631; found:
533.2594 (14) [M]� , 91 (100); elemental analysis calcd (%) for C28H43NO5S-
Si: C 63.00, H 8.12, N 2.62; found: C 62.65, H 8.06, N 2.75.


4-(3-Isopropenyl-3-methylcyclobutylidene)-3-p-toluenesulfonyl-1-oxa-3-
azaspiro[4.4]nonan-2-one (9n): m.p. 106.0 ± 107.0 �C (CH2Cl2/hexane); IR
(KBr): �� 1790 (s), 1370 (s), 1280 (m), 1170 (s), 1110 (w), 880 cm�1 (w);
1H NMR (400 MHz, CDCl3): �� 1.30 (s, 3H), 1.73 (br s, 3H), 1.59 ± 2.18 (m,
8H), 2.44 (s, 3H), 2.52 (dt, J� 14.5, 3.0 Hz, 1H), 2.81 (dt, J� 16.1, 3.0 Hz,
1H), 2.91 (dd, J� 3.0, 14.5 Hz, 1H), 3.19 (dd, J� 3.0, 16.1 Hz, 1H), 4.71 (s,
1H), 4.79 (br s, 1H), 7.43 (d, J� 8.2 Hz, 2H), 7.88 (d, J� 8.2 Hz, 2H);
HRMS: m/z (%): calcd for C22H27NO4S: 401.1661; found: 401.1661 (2)
[M]� , 357 (17), 246 (35), 202 (100); elemental analysis calcd (%) for
C22H27NO4S: C 65.81, H 6.78, N 3.49, S 7.99; found: C 65.91, H 6.69, N 3.40,
S 8.11.


5,5-Dimethyl-3-(p-toluenesulfonyl)-4-{3-[3-trans-(trimethylsilyl)prope-
nyl]cyclobutylidene}oxazolidin-2-one (9o): m.p. 86.5 ± 87.5 �C (CH2Cl2/
hexane); IR (KBr): �� 1790(s), 1371 (s), 1177 (s), 858 cm�1 (s); 1H NMR
(400 MHz, C6D6): �� 0.04 (s, 9H), 1.08 (s, 3H), 1.14 (s, 3H), 1.46 (d, J�
8.1 Hz, 2H), 1.84 (s, 3H), 2.35 (ddd, J� 2.9, 7.0, 15.2 Hz, 1H), 2.71 (ddt, J�
8.1, 15.2, 2.9 Hz, 1H), 3.04 (ddd, J� 2.9, 7.0, 15.6 Hz, 1H), 3.12 (ttm, J� 7.0,
8.1 Hz, 1H), 3.45 (ddt, J� 8.1, 15.6, 2.9 Hz, 1H), 5.42 (dt, J� 10.6, 8.1 Hz,
1H), 5.48 (dd, J� 8.1, 10.6 Hz, 1H), 6.75 (d, J� 8.2 Hz, 2H), 8.11 (d, J�
8.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): �� 1.25, 22.2, 24.3, 28.1, 28.6,
32.0, 39.8, 43.2, 87.1. 123.9, 128.9, 132.1, 132.7, 135.3, 139.6, 148.1, 154.7;
HRMS: m/z (%): calcd for C22H31NO4SSi: 433.1743; found: 433.1744 (35)


[M]� , 91 (24), 73 (100); elemental analysis calcd (%) for C22H31NO4SSi: C
60.93, H 7.21, N 3.23; found: C 60.90, H 7.11, N 3.20.


8-Methyl-11-methylene-12-p-toluenesulfonyl-7,14-dioxa-12-azadispiro-
[4.0.5.3]tetradec-8-en-13-one (10a): m.p. 192.0 ± 193.0 �C (CH2Cl2/hexane);
IR (KBr): �� 1790 (s), 1380 (m), 1260 (m), 1180 (s), 1140 (m), 1040 cm�1


(m); 1H NMR (400 MHz, CDCl3): �� 1.26 ± 1.93 (m, 8H), 1.86 (br s, 3H),
2.44 (s, 3H), 2.79 (dquint, J� 19.8, 2.6 Hz, 1H), 2.99 (dd, J� 5.0, 19.8 Hz,
1H), 4.65 (d, J� 5.0 Hz, 1H), 5.44 (d, J� 2.6 Hz, 1H), 5.56 (d, J� 2.6 Hz,
1H), 7.31 (d, J� 8.2 Hz, 2H), 8.02 (d, J� 8.2 Hz, 2H); elemental analysis
calcd (%) for C20H23NO5S: C 61.68, H 5.95, N 3.60, S 8.23; found: C 61.37, H
5.86, N 3.46, S 8.02.


11-Methylene-12-p-toluenesulfonyl-7,14-dioxa-12-aza-dispiro[4.0.5.3]te-
tradec-8-en-13-one (10b): m.p. 157.5 ± 158.5 �C (CH2Cl2/hexane); IR (KBr):
�� 1790 (s), 1680 (m), 1370 (s), 1340 (s), 1310 (m), 1270 (s), 1230 (s), 1180
(s), 1150 (m), 1090 (s), 1070 (s), 1040 (s), 980 (m), 910 cm�1 (m); 1H NMR
(400 MHz, CDCl3): �� 1.65 ± 1.94 (m, 8H), 2.44 (s, 3H), 2.82 (ddm, J� 2.6,
20.1 Hz, 1H), 3.03 (dd, J� 6.0, 20.1 Hz, 1H), 4.93 (dt, J� 1.8, 6.0 Hz, 1H),
5.48 (d, J� 2.6 Hz, 1H), 5.59 (d, J� 2.6 Hz, 1H), 6.47 (ddm, J� 1.8, 6.0 Hz,
1H), 7.32 (d, J� 8.4 Hz, 2H), 7.99 (d, J� 8.4 Hz, 2H); HRMS: m/z (%):
calcd for C19H21NO5S: 375.1140; found 375.1160 (12) [M]� , 221 (11), 176
(100).[17]


8,9-Dimethyl-11-methylene-12-p-toluenesulfonyl-7,14-dioxa-12-azadispiro-
[4.0.5.3]tetradec-8-en-13-one (10c): m.p. 212.0 ± 212.3 �C (CH2Cl2/hexane);
IR (KBr): �� 1778 (s), 1713 (m), 1377 (s), 1335 (m), 1232 (m), 1159 (s),
1124 (m), 1086 (m), 1061 cm�1 (s); 1H NMR (400 MHz, CDCl3): �� 1.65 ±
1.91 (m, 8H), 1.65 (s, 3H), 1.84 (s, 3H), 2.44 (s, 3H), 2.77 (d, J� 19.4 Hz,
1H), 2.85 (d, J� 19.4 Hz, 1H), 5.40 (d, J� 2.6 Hz, 1H), 5.53 (d, J� 2.6 Hz,
1H), 7.31 (d, J� 8.2 Hz, 2H), 8.02 (d, J� 8.2 Hz, 2H); HRMS: m/z (%):
calcd for C21H25NO5S: 403.1453; found: 403.1433 (20), 248 (100).[17]


9-Methyl-11-methylene-12-p-toluenesulfonyl-7,14-dioxa-12-aza-dispiro-
[4.0.5.3]tetradec-8-en-13-one (10d): m.p. 109.0 ± 110.0 �C (CH2Cl2/hexane);
IR (KBr): �� 1790 (s), 1700 (m), 1370 (s), 1330 (m), 1310 (m), 1260 (m),
1180 (s), 1150 (s), 1090 (m), 1040 (s), 940 cm�1 (m); 1H NMR (400 MHz,
CDCl3): �� 1.56 (s, 3H), 1.61 ± 1.90 (m, 8H), 2.44 (s, 3H), 2.78 (dm, J�
20.5 Hz, 1H), 2.88 (dm, J� 20.5 Hz, 1H), 5.46 (d, J� 2.2 Hz, 1H), 5.57 (d,
J� 2.2 Hz, 1H), 6.27 (t, J� 1.1 Hz, 1H), 7.31 (d, J� 8.4 Hz, 2H), 7.98 (d,
J� 8.4 Hz, 2H); HRMS: m/z (%): calcd for C20H23NO5S: 389.1297; found:
389.1293 (18) [M]� , 234 (68), 190 (100).[17]


4-Methyl-10-methylene-1-(p-toluenesulfonyl)-3,6-dioxa-1-azaspiro[4.5]-
dec-7-en-2-one (10e): �1:1.2 mixture of stereoisomers): m.p. 113.0 ±
114.5 �C; IR (KBr): �� 1786 (s), 1375 (s), 1177 (s), 762 (m), 704 cm�1


(m); 1H NMR (400 MHz, CDCl3): �� 1.26 (d, J� 6.6 Hz, 3H, major
isomer), 1.35 (d, J� 6.4 Hz, 3H, minor isomer), 2.44 (s, 3H), 2.87 (dm, J�
19.8 Hz, 1H, minor isomer), 2.91 (dm, J� 19.8 Hz, 1H, major isomer), 3.07
(dm, J� 19.8 Hz, 1H, major isomer), 3.09 (dm, J� 19.8 Hz, 1H, minor
isomer), 4.40 (q, J� 6.4 Hz, 1H, minor isomer), 4.52 (q, J� 6.6 Hz, 1H,
major isomer), 4.96 (m, 1H), 5.40 (br s, 1H, minor isomer), 5.53 (m, 1H,
major isomer), 5.58 (m, 1H), 6.41 (dm, J� 5.7 Hz, 1H, major isomer), 6.46
(dm, J� 5.7 Hz, 1H, minor isomer), 7.33 (d, J� 8.2 Hz, 2H), 7.98 (d, J�
8.2 Hz, 2H, minor isomer), 8.00 (d, J� 8.2 Hz, 2H, major isomer); HRMS:
m/z (%): calcd for C16H17NO5S: 335.0827; found 335.0836 (17) [M]� , 180
(52), 91 (100).[17]


4-Methylene-6-p-toluenesulfonyl-3-(2,4,6-trimethylphenyl)-1,8-dioxa-2,6-
diazaspiro[4.4]non-2-en-7-one (11a): m.p. 252.0 ± 253.0 �C (CH2Cl2/hex-
ane); IR (KBr): �� 1790 (s), 1660 (s), 1370 (m), 1250 (m), 1230 (m), 1050
(m), 850 cm�1 (m); 1H NMR (400 MHz, CDCl3): �� 2.32 (s, 3H), 2.39 (s,
6H), 2.43 (s, 3H), 4.35 (d, J� 9.2 Hz, 1H), 4.43 (d, J� 9.2 Hz, 1H), 5.28 (s,
1H), 6.94 (s, 1H), 6.69 (s, 2H), 7.30 (d, J� 8.4 Hz, 2H), 7.90 (d, J� 8.4 Hz,
2H); HRMS: m/z (%): calcd for C22H22N2O5S: 426.1249; found: 426.1242
(6) [M]� , 271 (100); elemental analysis calcd (%) for C22H22N2O5S: C 61.96,
H 5.20, N 6.57, S 7.52; found: C 61.86, H 5.25, N 6.47, S 7.66.


9,9-Dimethyl-4-methylene-6-p-toluenesulfonyl-3-(2,4,6-trimethylphenyl)-
1,8-dioxa-2,6-diaza-spiro[4.4]non-2-en-7-one (11b): m.p. 199.0 ± 200.0 �C
(CH2Cl2/hexane); IR (KBr): �� 1800 (s), 1630 (m), 1380 (m), 1190 (m),
1180 (m), 1150 (m), 1140 (m), 1090 (m), 970 cm�1 (m); 1H NMR (400 MHz,
CDCl3): �� 1.48 (s, 3H), 1.49 (s, 3H), 2.13 (s, 3H), 2.34 (s, 3H), 2.41 (s, 3H),
2.45 (s, 3H), 5.57 (d, J� 1.5 Hz, 1H), 5.78 (d, J� 1.5 Hz, 1H), 6.93 (s, 1H),
7.00 (s, 3H), 7.35 (d, J� 8.6 Hz, 2H), 8.05 (d, J� 8.6 Hz, 2H); elemental
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analysis calcd (%) for C24H26N2O5S: C 63.42, H 5.77, N 6.16, S 7.05; found: C
63.28, H 5.80, N 6.06, S 6.81.


4-Methylene-13-p-toluenesulfonyl-3-(2,4,6-trimethylphenyl)-1,11-dioxa-
2,3-diazadispiro[4.0.4.3]tridec-2-en-12-one (11c): m.p. 190.5 ± 191.0 �C
(CH2Cl2/hexane); IR (KBr): �� 1800 (s), 1630 (m), 1440 (m), 1380 (m),
1190 (m), 1150 (m), 1090 (m), 970 cm�1 (m); 1H NMR (400 MHz, CDCl3):
�� 1.57 ± 1.94 (m, 8H), 2.10 (s, 3H), 2.34 (s, 3H), 2.41 (s, 3H), 2.45 (s, 3H),
5.59 (d, J� 1.3 Hz, 1H), 5.73 (d, J� 1.3 Hz, 1H), 6.93 (s, 1H), 7.00 (s, 1H),
7.35 (d, J� 8.6 Hz, 1H), 7.97 (d, J� 8.6 Hz, 1H); 13C NMR (100 MHz,
CDCl3): �� 19.6, 20.1, 21.1, 21.8, 22.0, 22.8, 23.6, 33.3, 34.5, 51.1, 97.1, 101.3,
119.5, 122.8, 128.5, 129.1, 129.5, 129.8, 134.7, 136.8, 138.8, 139.8, 143.1, 145.8,
150.7, 159.8; elemental analysis calcd (%) for C26H28N2O5S: C 64.98, H 5.87,
N 5.83, S 6.67; found: C 64.91, H 5.88, N 5.80, S 7.00.
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Potassium Selective Calix[4]semitubes


Philip R. A. Webber,[a] Andrew Cowley,[a] Michael G. B. Drew,[b] and Paul D. Beer*[a]


Abstract: A new class of ionophore consisting of two calix[4]arene units linked
through the lower rim by two ethylene chains, in combination with propyl ether and
phenolic functional groups, has been developed. These calix[4]semitube molecules
exhibit remarkable selectivity and fast complexation kinetics for potassium over all
Group 1 metal cations. Molecular modelling studies, using structural models derived
from crystallographic data, suggest the potassium cation is complexed by a
horizontal, side-on route and not through the calix[4]arene annulus. The length of
the bridging alkylene chain between the respective calix[4]arenes of the semitube
structure dictates the strength and selectivity of alkali metal cation binding.


Keywords: alkali metals ¥ calixar-
enes ¥ ionophores ¥ potassium ¥
supramolecular chemistry


Introduction


The design and synthesis of new ionophores for alkali metals
is a continuing area of intense research activity.[1] In partic-
ular, the recent structural determination of the Streptomyces
lividans potassium channel[2] has stimulated further research
into elucidating the essential structural and mechanistic
features of ion channels through the construction of abiotic
systems.[3] The calixarene structural framework has been
modified to produce a series of potassium selective ligands.[4]


Notable examples include the tetraacetates of 1,3-alternate
calix[4]arene[5] and dioxacalix[4]arene,[6] the hexaacetate of
calix[6]arene[7] and a 1,3-alternate calix[4]crown receptor,
which displays higher K�/Na� selectivity than the natural
ionophore valinomycin.[8] The cation specificity of these
molecules can be attributed to the presence of multiple hard
oxygen donor atoms, a complementary cation-to-cavity size,
the degree of host preorganisation and, for the last receptor at
least, aromatic � ± cation interactions.


We have recently reported a new class of cryptand-type
ionophore, the calix[4]tube I,[9] based on a bis(calix[4]arene)
scaffold that displays exceptional selectivity for potassium
over all other Group 1 metal cations and barium. The slow


kinetics of potassium cation uptake by calix[4]tubes has lead
us to design less rigid ionophores, the calix[4]semitubes II that
consist of two calix[4]arene moieties connected by two
bridging alkylene chains. In this paper we report the synthesis,
coordination chemistry and modelling investigations of these
novel ionophores that exhibit fast complexation kinetics
whilst retaining remarkable potassium cation selectivity.


Results and Discussion


Synthesis: Taking into account the calix[4]tube structure[9] in
which the calix[4]arene units impart a size discriminatory
filter for the entry of metal cations through the calix[4]arene
annulus, our new receptor design features two calix[4]arene
moieties linked by two alkylene groups only, with propyl ether
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and phenolic �OH functional groups making up the eight
oxygen-donor recognition site for alkali metal complexation.


The target calix[4]semitubes were prepared according to
the synthetic route shown in Scheme 1. The reaction of 1,3-
dipropoxy lower-rim substituted calix[4]arene 1 with two
equivalents of the appropriate bromoalkyl ethyl ester in the
presence of sodium hydride gave the ester ± ether products 2
and 3 in yields of 85% and 46%, respectively.[10] Lithium
aluminium hydride reduction in tetrahydrofuran gave the
corresponding alcohols 4 and 5, which on reaction with tosyl
chloride, gave the tosylates 6 and 7 in good overall yields.
Refluxing a mixture of the appropriate calix[4]arene and
calix[4]arene tosylate in acetonitrile in the presence of excess
potassium carbonate for seven to ten days gave the new
calix[4]semitubes 8, 9 and 10 in yields of 53%, 56% and 71%,
respectively. All calix[4]semitubes were characterised by 1H
and 13C NMR spectroscopy, mass spectrometry and elemental
analysis (see Experimental Section).


X-ray crystal structures of 4 and calix[4]semitube 9 : Single
crystals of 4 were grown by slow evaporation from a dilute
solution of the compound in dichloromethane/methanol. The
structure of 4 is shown in Figure 1. The calix[4]arene adopts
the well-known distorted cone conformation with approxi-
mate C2 symmetry, in which two of the phenyl rings are
roughly parallel to the cone axis with angles of intersection
with the plane of the four methylene groups of 86.6 and 86.2�.
The other two rings are semihorizontal making angles of 43.2
and 46.7� with this plane. There is no solvent in the unit cell,


Figure 1. The structure of 4 with ellipsoids at 20% probability. Hydrogen
bonds are shown as dotted lines.


nor are there any intermolecular hydrogen bonds. Instead the
two�OH groups O253 and O453 form hydrogen bonds to the
other oxygens O150 and O350 at distances of 2.99 and 2.74 ä,
respectively.


Crystals of 9, suitable for X-ray diffraction, were grown by
slow evaporation from a solution of the ligand in chloroform/
methanol. The structure of 9 (Figure 2) reveals that both
calix[4]arene moieties in the molecule take up cone con-
formations. The unsubstituted calix[4]arene has a regular
cone structure in which the four phenyl rings intersect the
plane of the four methylene carbon atoms at consecutive
angles of 41.6, 68.4, 55.6 and 62.3�. However, the tetra-tert-
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Scheme 1. Synthesis of the calix[4]semitubes. Ts� toluene-4-sulphonyl.
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Figure 2. The structure of 9 in crystals of 9 ¥CHCl3. Ellipsoids are drawn at
20% probability. The chloroform molecule is not shown.


butylcalix[4]arene has the more distorted cone conformation
with the four phenyl rings intersecting the plane of the four
methylene carbon atoms at consecutive angles of 75.6, 46.1,
83.2 and 24.9�. The ether linkages between the two calix[4]-
arenes have different conformations as measured by the
torsion angles of the five bonds, which starting from the tert-
butyl end are 116.0, 145.0, 163.4, 43.8, 67.8 and �71.8, 148.1,
86.6, 89.6, �60.8�. Thus, the two central O-C-C-O torsion
angles are trans (163.4�) and gauche (86.6�).


Coordination studies


1H NMR complexation investigations : Preliminary experi-
ments were undertaken on calix[4]semitubes 8 and 9 to
establish their kinetic complexation behaviour towards Na�,
K� and Rb� ions. The addition of one equivalent of NaClO4,
KSCN or RbPF6 to solutions of the respective calix[4]semi-
tubes in 1:1 CDCl3/CD3OD revealed that although the
complexation/decomplexation process was slow on the
NMR timescale, the time required for each complexation to
reach equilibrium was fast, at least shorter than the time taken
to procure the NMR titration experiment, which was less than
4 minutes. This contrasts with calix[4]tube I for which a
heterogeneous mixture of 20 equivalents of KI and I in 4:1
CDCl3:CD3OD took just under 2 h to reach equilibrium.[9]


Stability constants for 8 and 9with alkali metal cations were
determined by direct integration of host and complex
resonances in the 1H NMR spectrum; these values are shown
in Table 1. As was hoped, both calix[4]semitubes display
excellent K� selectivity. In fact, both ligands are 100%
complexed upon addition of one equivalent of K�. The
solubility properties of 8 and 9 precluded complexation
studies being carried out in more competitive solvent


mixtures. In comparison, the information from Table 1 shows
that 8 and 9 form very weak complexes with Na� and Rb� and
that no evidence of complexation was observed with Cs�.


Figure 3 reveals how the 1H NMR spectrum of 9 changes
with increasing equivalent amounts of K�. The two singlets at
around 6.15 and 6.8 ppm in free 9, due to the ArH protons on
the calixarene bearing the propyl groups, give strong evidence
that this calixarene in the receptor adopts the C2-distorted
cone conformation in solution. The chemical shift values of
the remaining ArH protons indicate that the other calixarene
in the molecule adopts a regular cone conformation. Both of
these facts demonstrate that the structure seen in solution is
similar to that in the solid state. Upon complexation, large
structural alterations are apparent from the significant
changes seen in the 1H NMR spectrum. Most notably, the
positioning of the ArH resonances would tend to suggest that
both calixarene moieties in the complex adopt regular cone
conformations. Interestingly, the propyl �CH3 protons shift
upfield by about 0.6 ppm to �0.4 ppm upon complexation.
This is surprising because in the crystal structure of free 9, this
CH3 group is quite distant from any potential source of
interaction. For such a large upfield shift to occur, these CH3


groups probably move inwards and reside over the faces of the
free phenolic units of the adjacent calixarene moiety.


Analogous 1H NMR studies of Group 1 metal-cation
coordination with the butyl-linked calix[4]semitube 10 con-
taining a larger cavity revealed no evidence of complexation
of any of the alkali metal cations in 1:1 CDCl3/CD3OD. This
observation suggests that the length of the bridging alkylene
chain between the respective calix[4]arenes of the calix[4]se-
mitube structure critically determines the strength of com-
plexation and Group 1 selectivity preferences for this new
class of ionophore.


Molecular modelling : Molecular modelling was undertaken in
an effort to ascertain the mode of entry of potassium into the
calix[4]semitube, and account for this ionophore×s remarkable
selectivity and fast kinetics of potassium cation binding.


In the X-ray crystal structure of 9, it is seen that the two
ether spacers have different conformations, one being trans
and the other gauche. These differences are rather surprising
as in the calix[4]tube such linkages are equivalent. The
calix[4]tube has four linkages that lead to increased rigidity.
Perhaps, therefore, it is not surprising that the linkages on
opposite sides of the central cavity were always equivalent so
that in the absence of metal ions the four linkages were
alternately gauche and trans (gtgt), while with an encapsulated
metal, the four linkages were all necessarily gauche (gggg), so
that the metal could bond to all eight oxygen atoms.


Table 1. Stability constant data for the alkali metal complexes.


K [��1][a]


8 9


Na� 20 5
K� � 105 � 105


Rb� 30 20
Cs� 0 0


[a] Determined in 1:1 CDCl3:CD3OD at 291 K. The alkali metal cations
were added as their perchlorate, thiocyanate or hexafluorophosphate salts.
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The established mechanism[9] , [11±12] for the insertion of
metal ions into calix[4]tubes is illustrated by the crystal
structures of Ia, Ib ¥Tl2 2� and Ia ¥K� shown in Figure 4a ± c.
This series represents the three stages in the introduction of
metals ions into the cavity. Initially, the calix[4]tube is
uncomplexed (Figure 4a). In the second stage, the metal
enters the top of the calixarene and forms an intermediate
complex interacting with the aromatic rings (Figure 4b). The
metal then proceeds into the centre of the calix[4]tube and
forms bonds to the eight oxygen atoms (Figure 4c).


Figure 4. The three stages of metal encapsulation within calix[4]tubes
illustrated by the crystal structures of Ia, Ib ¥Tl22� and Ia ¥K�.


In Ia, both parts of the calix[4]tube have the C2-distorted
cone conformation with links that can be described as tgtg
(signs ignored), with alternate O-C-C-O torsion angles trans
and gauche. In Ib ¥Tl22�, metal ions have entered the
calix[4]tube and, while the conformation remains the same,
the metals ions now interact with the phenyl rings at each end


in an intermediate position. In Ia ¥K�, the metal ion has now
reached the centre of the calix[4]tube. This is accompanied by
a change in conformation of the cage so that all four torsion
angles are now gauche enabling all eight oxygen atoms to
bond to the metal ion. The conformations of the individual
calix[4]arenes in the calix[4]tube both change from C2-
distorted cones to regular cones.


In previous molecular dynamics simulations[12, 13, 19] we
modelled the formation of metal complexes of the tert-
butyl-calix[4]tube. We now report a study of K� within 9 to
explain its remarkable selectivity for potassium and its fast
kinetics of complexation relative to that observed in the
calix[4]tube.


We first calculated the hole size of the macrocycle by
inserting K� into the centre of the macrocycle in the gg cone/
cone conformation, fixing the K�Odistances at specific values
(from 2.3 to 3.3 ä at 0.5 ä intervals) and allowing the
macrocycle to relax its conformation by means of molecular
mechanics. A resulting plot of energy against K�O distance
provided a minimum at 2.84 ä, exactly the same value as was
obtained previously for the calix[4]tube and ideally suited for
the complexation of K�.


A conformation analysis on 9 by using molecular dynamics
was then performed. The simulation was carried out at 3000 K
with a stepsize of 1 fs. A total of 1000 conformations were
saved at 1 ps intervals and subsequently optimised with
molecular mechanics with the Cerius2 software. All low
energy structures showed both O-C-C-O linkages to be trans
and were therefore different from that observed in the crystal
structure of 9 which was located in the analysis but with an
energy higher by about 25 kcalmol�1. However, the cone ±
cone conformation was maintained in all 1000 energy con-


Figure 3. Changes in the 1H NMR spectrum of 9 in the presence of specified equivalents of K� (500 MHz, 1:1 CDCl3:CD3OD).
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formations; therefore, it seemed appropriate to use the cone ±
cone conformation with the tt conformation in further
calculations.


We next investigated the likely mode of entry of potassium
ions into the macrocycle. For 9, there are three possible modes
of entry down the axis as shown in Figure 5; from either a) the
tetra-tert-butyl end or b) the unsubstituted end or c) through a
horizontal route perpendicular to the main axis. In the
calix[4]tube the horizontal route was shown to be highly
unlikely but it was far more accessible for 9 as there were only
two linkages between the calix[4]arenes; this led to a more
open cage.


Figure 5. Three possible modes of entry of a cation into the cavity of 9 :
a) vertically from the tert-butyl end, b) vertically from the unsubstituted
end and c) horizontally.


Accordingly, we carried out molecular mechanics calcula-
tions to investigate the three possible pathways. The metal ion
was positioned at the centre of the macrocycle and moved at
0.5 ä intervals in the three possible directions a, b and c. At
each position the macrocycle was allowed to relax around the
metal and the energy of the metal complex was calculated.
The resulting energies are plotted in Figure 6.


The shape of the curve for path b, the vertical route from
the unsubstituted end, is similar in shape to that observed for
the calix[4]tube and shows an energy minimum around 4.5 ä
for the intermediate position whereby the metal associates
with the phenyl rings, although the energy maximum at
around 2 ä is not so significant as in the case of the
calix[4]tube. However, a minimum energy for an intermediate
position is not observed in either curves a or c showing that
the metal can follow a low energy path into the metal cavity.
These calculations show that all three entry paths were
possible.


The mode of insertion of K� into the macrocycle was also
investigated by molecular dynamics. We carried out three sets
of simulations to establish by which path the metal was likely
to enter the macrocycle. In each starting model, the metal ion
was positioned at about 8 ä from the centre of the cavity
along each path as shown in Figure 5. The simulations were


Figure 6. The molecular mechanics energy obtained by moving the metal
ion along the entry path into the macrocycle 9. The distance plotted is that
from the centre of the macrocycle. a) diamonds by the vertical route from
the tert-butyl end, b) squares by the vertical route from the unsubstituted
end and c) triangles by the horizontal route.


carried out at a variety of temperatures with no constraints to
test the likelihood of each path being followed. The horizontal
route was successfully followed by the metal ion at 350 K, a
temperature significantly lower than that which proved
possible for the completion of the other routes. Snapshots of
this simulation are shown in Figure 7. The metal ion moved
around its starting position for the first 210 ps with the
macrocycle remaining in its original conformation (Fig-
ure 7a). After 215.6 ps the metal began to move towards the
cavity (Figure 7b) and it had nearly reached the cavity by
216.3 ps (Figure 7c). By 216.67 ps it had completed its move
(Figure 7d) and was interacting with all eight oxygen atoms.
As the metal moved towards the centre of the cavity the
conformation changed from tt to gg. However, this did not


Figure 7. Snapshots at various times during the molecular dynamics
simulation of the formation of 9 ¥K� showing how the metal ion enters
the cavity by the horizontal route. Snapshots are taken after a) 210.0,
b) 215.6, c) 216.3 and d) 216.6 ps.
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happen until the metal was within 2 ä of the centre of the
cavity. It is apparent from Figure 7, that as the metal
approaches the cavity, the terminal ether group acts as a flap,
opening to allow the metal ion to enter the cavity and then
closing once the metal is enclosed.


Subsequent simulations showed that the metal ion could
enter the cavity by the two vertical routes, but only when the
temperature was increased to 500 K. It is interesting to note
that when the metal follows the vertical route there is no
specific conformational change as is observed in the calix[4]-
tube. Instead we find in a typical simulation that the metal
reaches the plane at the bottom of the phenyl rings while the
conformation is still tt, one torsion angle changes to gauche as
the metal approaches the plane of the four oxygen atoms at
the bottom of the cone and it is only when the metal enters the
cavity that the conformation changes to gg.


It is interesting that with the calix[4]tube, the reaction path
was successfully followed by the K� ion at 400 K. These results
confirm that the metal ion readily enters the cavity of 9 by the
horizontal path and the results are consistent with the
experimental results that the metal complexes with 9 more
readily than with the calix[4]tube.


Conclusion


The new calix[4]semitube ligand design consisting of two
calix[4]arene units linked by two ethylene groups, together
with 1,3-disubstituted propyl ether and phenolic �OH func-
tional groups creating eight oxygen donor sites, represents a
new class of ionophore that exhibits remarkable selectivity for
potassium together with fast complexation kinetics. This is
contrary to the slow kinetics of binding exhibited by the
potassium selective calix[4]tube.


Molecular modelling simulations, on structural models
from crystallographic determinations, demonstrate that the
most likely route of entry for the potassium cation into the
calix[4]semitube is through a horizontal or ™side-on∫ route,
which contrasts with the preferred vertical pathway through
the calix[4]arene annulus of the calix[4]tube. This horizontal
mode of potassium cation entry may account for the
calix[4]semitube exhibiting fast kinetics of complexation
relative to those of the calix[4]tube. The length of the bridging
alkylene chain between the respective calix[4]arenes of the
calix[4]semitube crucially dictates the strength and selectivity
of alkali metal cation binding.


Experimental Section


General: All chemicals were commercial grade and used without further
purification unless stated otherwise. Solvents were predried, purified by
distillation and stored under nitrogen where appropriate. Acetonitrile and
dichloromethane were distilled from calcium hydride, tetrahydrofuran
from sodium wire with benzophenone as an indicator and triethylamine
was distilled from potassium hydroxide. Prior to use, pyridine was dried
over potassium hydroxide and dimethylformamide was dried over molec-
ular sieves (4 ä).
NMR spectra were recorded by using either a 300 MHz Varian VXWorks
spectrometer or a 500 MHz Varian Unity spectrometer. Electrospray mass
spectra were recorded by using Micromass LCTequipment. Microanalyses


were obtained on an elementar vario EL and were performed by the
Inorganic Chemistry Laboratory, University of Oxford.
p-tert-Butylcalix[4]arene,[14] calix[4]arene[15] and 1,3-dipropoxy-tert-butyl-
calix[4]arene (1)[16] were prepared according to literature procedures.


5,11,17,23-Tetra-tert-butyl-25,27-bis[(ethoxycarbonyl)methoxy]-26,28-di-
propoxycalix[4]arene (2): A solution of 1 (5.0 g, 6.82 mmol) and NaH
(1.63 g, 40 mmol) in tetrahydrofuran (125 mL) was stirred at room temper-
ature for 1 hour then ethyl bromoacetate (6.68 g, 4.44 mL, 40 mmol) was
added. Following a further 72 hours stirring, water (50 mL) was added
dropwise. The organic solvent was then removed in vacuo and the aqueous
layer extracted with dichloromethane (3� 50 mL). The combined organic
extracts were dried (MgSO4) and reduced in vacuo yielding a brown oil. By
recrystallising from methanol/dichloromethane in the fridge, pure 2 was
obtained as a white powder (5.23 g, 85%). 1H NMR (500 MHz, [D]CHCl3,
18 �C): �� 1.00 (t, 3J(H,H)� 7.4 Hz, 6H; OCH2CH2CH3), 1.01 (s, 18H;
(CH3)3C), 1.14 (s, 18H; (CH3)3C), 1.28 (t, 3J(H,H)� 7.1 Hz, 6H;
C(O)OCH2CH3), 1.95 (m, 4H; OCH2CH2CH3), 3.17 (d, 2J(H,H)�
12.8 Hz, 4H; ArCH2Ar), 3.82 (t, 3J(H,H)� 7.5 Hz, 4H; OCH2CH2CH3),
4.21 (q, 3J(H,H)� 7.1 Hz, 4H; C(O)OCH2CH3), 4.62 (d, 2J(H,H)� 12.8 Hz,
4H; ArCH2Ar), 4.79 (s, 4H; OCH2C(O)), 6.68 (s, 4H; ArH), 6.86 ppm (s,
4H; ArH); 13C NMR (75 MHz, [D]CHCl3, 18 �C): �� 10.44
(OCH2CH2CH3), 14.18 (OCH2CH3), 23.21 (OCH2CH2CH3), 31.32
((CH3)3C), 31.44 ((CH3)3C), 31.62 (ArCH2Ar), 33.70 ((CH3)3C), 33.85
((CH3)3C), 60.33 (OCH2CH3), 70.76 and 77.04 (OCH2CH2CH3 and
OCH2C(O)), 124.80, 125.34, 133.09, 133.98, 144.28, 144.91, 152.90 and
153.57 (Ar), 170.47 ppm (C�O); MS (ES): m/z : 928 [M��Na], 944
[M��K]; elemental analysis calcd (%) for C58H80O8: C 76.95, H 8.91;
found: C 76.75, H 9.81.


5,11,17,23-Tetra-tert-butyl-25,27-bis[(ethoxycarbonyl)propoxy]-26,28-di-
propoxycalix[4]arene (3): Calix[4]arene 1 (2.0 g, 2.73 mmol) and NaH
(0.66 g, 16.4 mmol) were stirred in dimethylformamide (75 mL) at room
temperature for 2 hours. After this time, ethyl-4-bromobutyrate (3.20 g,
16.4 mmol) was added and stirring continued for a further 48 hours.
Following removal of the solvent in vacuo, the mixture was partitioned
between dichloromethane (75 mL) and water (75 mL). The organic layer
was then washed with saturated NH4Cl (75 mL), dried (MgSO4) and
reduced in vacuo. The residue was purified by column chromatography on
silica gel eluting with 3:2 (v/v) chloroform:hexane. The fastest moving
fraction was collected and reduced in vacuo giving 3 as a white powder
(1.20 g, 46%). 1H NMR (500 MHz, [D]CHCl3, 18 �C): �� 1.00 (t,
3J(H,H)� 7.5 Hz, 6H; OCH2CH2CH3), 1.07 (s, 18H; (CH3)3C), 1.12 (s,
18H; (CH3)3C), 1.29 (t, 3J(H,H)� 7.0 Hz, 6H; C(O)OCH2CH3), 2.03 (m,
4H; OCH2CH2CH3), 2.33 (m, 4H; OCH2CH2CH2C(O)), 2.52 (t, 3J(H,H)�
7.5 Hz, 4H; OCH2CH2CH2C(O)), 3.14 (d, 2J(H,H)� 12.5 Hz, 4H; ArCH2-


Ar), 3.82 (t, 3J(H,H)� 7.5 Hz, 4H; OCH2CH2CH3), 3.91 (t, 3J(H,H)�
7.5 Hz, 4H; OCH2CH2CH2C(O)), 4.17 (q, 3J(H,H)� 7.0 Hz, 4H;
C(O)OCH2CH3), 4.39 (d, 2J(H,H)� 12.5 Hz, 4H; ArCH2Ar), 6.76 (s, 4H;
ArH), 6.82 ppm (s, 4H; ArH); 13C NMR (125 MHz, [D]CHCl3, 18 �C): ��
10.25 (OCH2CH2CH3), 14.26 (C(O)OCH2CH3), 23.29 (OCH2CH2CH2-


C(O)), 25.54 (OCH2CH2CH3), 31.01 and 31.22 (ArCH2Ar and
OCH2CH2CH2C(O)), 31.40 ((CH3)3C), 31.45 ((CH3)3C), 33.77 ((CH3)3C),
33.81 ((CH3)3C), 60.24 (C(O)OCH2CH3), 74.11 (OCH2CH2CH2C(O)),
77.04 (OCH2CH2CH3), 124.86, 124.98, 133.52, 133.87, 144.20, 144.47 and
153.39 (coincident) (Ar), 173.41 ppm (O(CH2)3C(O)); MS (ES): m/z : 979
[M��NH4], 984 [M��Na]; elemental analysis calcd (%) for C62H88O8: C
77.46, H 9.23; found: C 77.33, H 9.43.


5,11,17,23-Tetra-tert-butyl-25,27-bis(hydroxyethoxy)-26,28-dipropoxyca-
lix[4]arene (4): LiAlH4 (1.24 g, 33 mmol) was added in small portions at
0 �C to a solution of calix[4]arene bis(ester) 2 (5.95 g, 6.57 mmol) in
tetrahydrofuran (150 mL). The reaction mixture was allowed to warm to
room temperature and then left to stir overnight. Following careful
addition of 2� H2SO4 (50 mL), the mixture was left to stir for a further
hour. The organic solvent was removed in vacuo and the aqueous layer
extracted with dichloromethane (2� 125 mL). The combined organic
extracts were then dried (MgSO4) and reduced in vacuo. If necessary, the
product can be recrystallised from methanol/dichloromethane in the fridge
to yield pure 4 as large colourless crystals (4.56 g, 85%). 1H NMR
(500 MHz, [D]CHCl3, 18 �C): �� 0.84 (s, 18H; (CH3)3C), 0.95 (t,
3J(H,H)� 7.5 Hz, 6H; OCH2CH2CH3), 1.36 (s, 18H; (CH3)3C), 1.88 (m,
4H; OCH2CH2CH3), 3.20 (d, 2J(H,H)� 12.5 Hz, 4H; ArCH2Ar), 3.74 (t,
3J(H,H)� 7.5 Hz, 4H; OCH2CH2CH3), 4.03 (m, 4H; OCH2CH2OH), 4.12
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(m, 4H; OCH2CH2OH), 4.36 (d, 2J(H,H)� 12.5 Hz, 4H; ArCH2Ar), 5.09
(br s, 2H; OH), 6.50 (s, 4H; ArH), 7.16 ppm (s, 4H; ArH); 13C NMR
(75 MHz, [D]CHCl3, 18 �C): �� 10.15 (OCH2CH2CH3), 22.52
(OCH2CH2CH3), 30.77 (ArCH2Ar), 31.06 ((CH3)3C), 31.69 ((CH3)3C),
33.59 ((CH3)3C), 34.09 ((CH3)3C), 61.65, 76.90 and 78.46 (OCH2CH2CH3,
OCH2CH2OH and OCH2CH2OH), 124.71, 125.80, 131.75, 135.55, 144.62,
145.58, 151.16 and 153.76 ppm (Ar); MS (ES): m/z : 844 [M��Na], 860
[M��K]; elemental analysis calcd (%) for C54H76O6: C 78.98, H 9.33;
found: C 78.73, H 10.32.


5,11,17,23-Tetra-tert-butyl-25,27-bis(hydroxybutoxy)-26,28-dipropoxyca-
lix[4]arene (5): LiAlH4 (0.16 g, 4.16 mmol) was added in small portions at
0�C to a solution of calix[4]arene bis(ester) 3 (1.0 g, 1.04 mmol) in
tetrahydrofuran (40 mL). The mixture was then allowed to stir overnight at
room temperature. After careful addition of 2� H2SO4 (40 mL) and a
further hour of stirring, the tetrahydrofuran was removed in vacuo. The
aqueous layer was then extracted with dichloromethane (2� 50 mL). The
combined organic extracts were subsequently dried (MgSO4) and reduced
in vacuo. Pure 5 could be precipitated from methanol/water as a white
powder (0.79 g, 87%). 1H NMR (500 MHz, [D]CHCl3, 18 �C): �� 0.99 (s,
18H; (CH3)3C), 1.03 (t, 3J(H,H)� 7.5 Hz, 6H; OCH2CH2CH3), 1.19 (s,
18H; (CH3)3C), 1.67 (m, 4H; O(CH2)2CH2CH2OH), 1.98 (m, 4H;
OCH2CH2CH3), 2.15 (m, 4H; OCH2CH2(CH2)2OH), 3.13 (d, 2J(H,H)�
13.0 Hz, 4H; ArCH2Ar), 3.76 (m, 8H; OCH2CH2CH3 and O(CH2)3CH2OH
coincident), 3.96 (t, 3J(H,H)� 7.5 Hz, 4H; OCH2(CH2)3OH), 4.41 (d,
2J(H,H)� 13.0 Hz, 4H; ArCH2Ar), 6.66 (s, 4H; Ar), 6.91 ppm (s, 4H; Ar);
13C NMR (75 MHz, [D]CHCl3, 18 �C): �� 10.65 (OCH2CH2CH3), 23.51,
26.55 and 29.43 (OCH2CH2CH3, OCH2CH2(CH2)2OH and
O(CH2)2CH2CH2OH), 31.14 (ArCH2Ar), 31.39 ((CH3)3C), 31.62
((CH3)3C), 33.75 ((CH3)3C), 33.95 ((CH3)3C), 62.96 (O(CH2)3CH2OH),
74.83 (OCH2(CH2)3OH), 77.17 (OCH2CH2CH3), 124.62, 125.05, 132.91,
134.43, 143.99, 144.38, 153.09 and 153.86 ppm (Ar); MS (ES): m/z : 895
[M��NH4], 900 [M��Na]; elemental analysis calcd (%) for C62H88O8: C
79.41, H 9.65; found: C 79.20, H 9.68.


5,11,17,23-Tetra-tert-butyl-25,27-bis(tosylethoxy)-26,28-dipropoxycalix[4]-
arene (6): para-Toluenesulphonyl chloride (10.7 g, 56 mmol) was added in
one portion to a stirred solution of calix[4]arene bis(alcohol) 4 (4.6 g,
5.6 mmol) in pyridine (60 mL) and the mixture was stirred for 30 minutes.
The flask was then refrigerated at around 4 �C for 5 days after which time
the red solution was poured into iced 2� HCl (200 mL). The precipitate
was filtered, taken up in chloroform (150 mL) and washed with water
(200 mL). The organic layer was dried (MgSO4) and reduced in vacuo. Pure
6 was obtained as large colourless crystals (5.49 g, 87%) by crystallisation
from methanol (75 mL). 1H NMR (300 MHz, [D]CHCl3, 18 �C): �� 0.85 (s,
18H; (CH3)3C), 0.93 (t, 3J(H,H)� 7.2 Hz, 6H; OCH2CH2CH3), 1.30 (s,
18H; (CH3)3C), 1.79 (m, 4H; OCH2CH2CH3), 2.48 (s, 6H; Ts-CH3), 3.08 (d,
2J(H,H)� 12.9 Hz, 4H; ArCH2Ar), 3.62 (t, 3J(H,H)� 7.5 Hz, 4H;
OCH2CH2CH3), 4.23 (d, 2J(H,H)� 12.9 Hz, 4H; ArCH2Ar), 4.24 (t,
3J(H,H)� 6.0 Hz, 4H; OCH2CH2OTs), 4.63 (t, 3J(H,H)� 6.0 Hz, 4H;
OCH2CH2OTs), 6.48 (s, 4H; ArH), 7.02 (s, 4H; ArH), 7.37 (d, 3J(H,H)�
8.1 Hz, 4H; Ts-ArH), 7.81 ppm (d, 3J(H,H)� 8.1 Hz, 4H; Ts-ArH);
13C NMR (75 MHz, [D]CHCl3, 18 �C): �� 10.50 (OCH2CH2CH3), 21.72
(Ts-CH3), 23.29 (OCH2CH2CH3), 31.09 (ArCH2Ar), 31.17 ((CH3)3C), 31.68
((CH3)3C), 33.62 ((CH3)3C), 34.09 ((CH3)3C), 69.03 and 70.62 (OCH2-


CH2OTs and OCH2CH2OTs), 77.63 (OCH2CH2CH3), 124.52, 125.37,
127.78, 129.74, 131.89, 133.41, 134.90, 144.14, 144.47, 145.42, 152.13 and
153.22 ppm (Ar and Ts-Ar); MS (ES): m/z : 1153 [M��Na], 1169 [M��K];
elemental analysis calcd (%) for C68H88O10S2 ¥H2O: C 71.17, H 7.90; found:
C 70.96, H 8.11.


5,11,17,23-Tetra-tert-butyl-25,27-bis(tosylbutoxy)-26,28-dipropoxycalix[4]-
arene (7): Triethylamine (3 mL, 21 mmol) and para-toluenesulphonyl
chloride (0.76 g, 4.0 mmol)was added to a solution of calix[4]arene
bis(alcohol) 5 (0.70 g, 0.80 mmol) in dichloromethane (20 mL). The
mixture was stirred at room temperature for 42 hours. Water (20 mL)
was then added and stirring continued for a further 0.5 hours. The organic
layer was washed with 2� HCl (2� 50 mL) and saturated NaCl solution
(50 mL), dried (MgSO4) and then reduced in vacuo. Reprecipitation from
ethanol/water gave pure 7 as a white powder (0.58 g 61%). 1H NMR
(500 MHz, [D]CHCl3, 18 �C): �� 0.94 (t, 3J(H,H)� 7.5 Hz, 6H;
OCH2CH2CH3), 1.05 (s, 18H; (CH3)3C), 1.11 (s, 18H; (CH3)3C), 1.80 (m,
4H; OCH2CH2(CH2)2OTs), 1.92 (m, 4H; OCH2CH2CH3), 2.02 (m, 4H;
O(CH2)2CH2CH2OTs), 2.45 (s, 6H; Ts-CH3), 3.09 (d, 2J(H,H)� 12.5 Hz,


4H; ArCH2Ar), 3.74 (t, 3J(H,H)� 7.5 Hz, 4H; OCH2CH2CH3), 3.82 (t,
3J(H,H)� 7.5 Hz, 4H; O(CH2)3CH2OTs), 4.10 (t, 3J(H,H)� 6.5 Hz, 4H;
OCH2(CH2)3OTs), 4.30 (d, 2J(H,H)� 12.5 Hz, 4H; ArCH2Ar), 6.73 (s, 4H;
ArH), 6.80 (s, 4H; ArH), 7.36 (d, 3J(H,H)� 7.5 Hz, 4H; Ts-ArH), 7.81 ppm
(d, 3J(H,H)� 7.5 Hz, 4H; Ts-ArH); 13C NMR (75 MHz, [D]CHCl3, 18 �C):
�� 10.40 (OCH2CH2CH3), 21.70 (Ts-CH3), 23.44, 25.84 and 26.24
(OCH2CH2CH3, OCH2CH2(CH2)2OTs and O(CH2)2CH2CH2OTs), 31.09
(ArCH2Ar), 31.46 ((CH3)3C), 31.50 ((CH3)3C), 33.81 ((CH3)3C), 33.88
((CH3)3C), 70.44 (O(CH2)3CH2OTs), 74.03 (OCH2(CH2)3OTs), ca.77 under
solvent (OCH2CH2CH3), 124.79, 124.93, 127.79, 129.78, 133.07, 133.32,
133.74, 144.17, 144.48, 144.60 and 153.24 ppm (2 coincident) (Ar and Ts-
Ar); MS (ES): m/z : 1209 [M��Na], 1225 [M��K]; elemental analysis
calcd (%) for C72H96O10S2: C 72.94, H 8.16; found: C 72.66, H, 8.22.


tert-Butyl ethyl semitube (8): A suspension of p-tert-butylcalix[4]arene
(0.58 g, 0.89 mmol) and K2CO3 (1.23 g, 8.9 mmol) was refluxed in
acetonitrile (50 mL) for 2.5 hours. After this time, the bis(tosyl) substituted
calix[4]arene 6 (1.0 g, 0.89 mmol) was added and the mixture was refluxed
for a further 7 ± 10 days. Following removal of the solvent in vacuo, the
mixture was partitioned between chloroform (50 mL) and water (50 mL).
The organic layer was dried (MgSO4) and reduced in vacuo. Ethanol
(75 mL) was added to this crude material, which after briefly refluxing, was
hot-filtered giving 8 as a white powder (0.68 g, 53%). 1H NMR (500 MHz,
[D]CHCl3, 18 �C): �� 0.62 (t, 3J(H,H)� 7.2 Hz, 6H; OCH2CH2CH3), 0.84
(s, 18H; (CH3)3C), 1.21 (s, 36H; 2� [(CH3)3C)] (coincident)), 1.36 (s, 18H;
(CH3)3C), 1.71 (m, 4H; OCH2CH2CH3), 3.25 (d, 2J(H,H)� 12.9 Hz, 4H;
ArCH2Ar), 3.43 (d, 2J(H,H)� 13.5 Hz, 4H; ArCH2Ar), 3.95 (t, 3J(H,H)�
7.8 Hz, 4H; OCH2CH2CH3), 4.56 (d, 2J(H,H)� 12.3 Hz, 4H; ArCH2Ar),
4.60 (d, 2J(H,H)� 12.3 Hz, 4H; ArCH2Ar), 5.10 (t, 3J(H,H)� 7.8 Hz, 4H;
ROCH2CH2OR�), 5.28 (t, 3J(H,H)� 7.8 Hz, 4H; ROCH2CH2OR�), 6.42 (s,
4H; ArH), 6.99 (s, 4H; ArH), 7.07 (s, 4H; ArH), 7.12 (s, 4H; ArH),
9.29 ppm (s, 2H; OH); 13C NMR (75 MHz, [D]CHCl3, 18 �C): �� 10.07
(OCH2CH2CH3), 22.77 (OCH2CH2CH3), 31.18, 31.29, 31.56 and 31.72
((CH3)3C), 32.26, 33.56, 33.87, 33.92, 34.01 and 34.02 ((CH3)3C and 2�
[ArCH2Ar]), 71.05, 73.54 and 77.49 (OCH2), 124.12, 125.16, 125.68, 126.45,
128.45, 131.56, 132.81, 134.96, 141.56, 143.70, 144.58, 146.26, 150.41, 150.76,
153.33 and 154.61 ppm (Ar); MS (ES): m/z : 1457 [M��Na], 1473 [M��K];
elemental analysis calcd (%) for C98H128O8 ¥ 1/3(CHCl3): C 80.13, H 8.78;
found: C 80.53, H 8.61.


De-tert-butyl ethyl semitube (9): A suspension of calix[4]arene (0.38 g,
0.89 mmol) and K2CO3 (1.23 g, 8.9 mmol) was refluxed in acetonitrile
(50 mL) for 2 hours. After this time, the bis(tosyl) substituted calix[4]arene
6 (1.0 g, 0.89 mmol) was added and the mixture was refluxed for a further
9.5 days. Following removal of the solvent in vacuo, the mixture was
partitioned between chloroform (100 mL) and water (100 mL). The organic
layer was dried (MgSO4) and reduced in vacuo. Ethanol (50 mL) was added
to this pink/brown solid which after briefly refluxing, was hot-filtered giving
9 as a white powder (0.52 g). A further small crop of desired product
(0.08 g) could be obtained by loading the remaining residue onto a silica gel
column and gradient eluting from dichloromethane to 10% ethyl acetate to
10% methanol. Combined yield (0.60 g, 56%). 1H NMR (500 MHz,
[D]CHCl3, 18 �C): �� 0.57 (t, 3J(H,H)� 7.5 Hz, 6H; OCH2CH2CH3), 0.82
(s, 18H; (CH3)3C), 1.34 (s, 18H; (CH3)3C), 1.70 (m, 4H; OCH2CH2CH3),
3.26 (d, 2J(H,H)� 13.0 Hz, 4H; ArCH2Ar), 3.47 (d, 2J(H,H)� 13.0 Hz,
4H; ArCH2Ar), 3.91 (t, 3J(H,H)� 8.0 Hz, 4H; OCH2CH2CH3), 4.55 (d,
2J(H,H)� 13.0 Hz, 4H; ArCH2Ar), 4.60 (d, 2J(H,H)� 12.5 Hz, 4H;
ArCH2Ar), 5.14 (t, 3J(H,H)� 7.3 Hz, 4H; ROCH2CH2OR�), 5.31 (t,
3J(H,H)� 7.3 Hz, 4H; ROCH2CH2OR�), 6.44 (s, 4H; ArH), 6.61 (t,
3J(H,H)� 7.5 Hz, 2H; ArH), 6.80 (t, 3J(H,H)� 7.5 Hz, 2H; ArH), 7.03 (d,
3J(H,H)� 7.5 Hz, 2H; ArH), 7.07 (d, 3J(H,H)� 7.5 Hz, 2H; ArH), 7.16 (s,
4H; ArH), 9.44 ppm (s, 2H; OH); 13C NMR (75 MHz, [D]CHCl3, 18 �C):
�� 10.06 (OCH2CH2CH3), 22.91 (OCH2CH2CH3), 31.16 ((CH3)3C), 31.71
((CH3)3C), 32.18, 33.04, 33.56 and 34.04 ((CH3)3C and 2?[ArCH2Ar]),
71.37, 73.78 and 77.62 (OCH2), 119.52, 124.18, 124.53, 125.76, 128.22, 128.88,
129.56, 131.49, 133.27, 134.92, 143.80, 144.72, 152.36, 152.77, 153.27 and
154.59 ppm (Ar); MS (ES): m/z : 1249 [M��K]; elemental analysis calcd
(%) for C82H96O8.1/3(CHCl3): C 79.17, H 7.77; found: C 79.21, H 7.47.


tert-Butyl butyl semitube (10): A suspension of p-tert-butylcalix[4]arene
(0.091 g, 0.14 mmol) and K2CO3 (0.077 g, 0.56 mmol) was refluxed in
acetonitrile (50 mL) for 2 hours. After this time, bis(tosyl) substituted
calix[4]arene 7 (0.20 g, 0.17 mmol) was added and the mixture refluxed for
a further 5 days. Following removal of the solvent in vacuo, the mixture was
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partitioned between chloroform (75 mL) and water (75 mL). The organic
layer was dried (MgSO4) and reduced in vacuo. The residue was heated in
acetonitrile (20 mL) and the solid hot-filtered giving pure 10 as a white
solid (0.149 g, 71%). 1H NMR (500 MHz, [D]CHCl3, 18 �C): �� 0.60 (t,
3J(H,H)� 7.5 Hz, 6H; OCH2CH2CH3), 0.83 (s, 18H; (CH3)3C), 1.10 (s,
18H; (CH3)3C), 1.25 (s, 18H; (CH3)3C), 1.36 (s, 18H; (CH3)3C), 1.68 (m,
4H; OCH2CH2CH3), 2.12 and 2.66 (m, 8H; ROCH2CH2(CH2)2OR� and
RO(CH2)2CH2CH2OR�), 3.15 (d, 2J(H,H)� 13.0 Hz, 4H; ArCH2Ar), 3.36
(d, 2J(H,H)� 13.0 Hz, 4H; ArCH2Ar), 3.71 (t, 3J(H,H)� 7.5 Hz, 4H;
OCH2CH2CH3), 4.07 (t, 3J(H,H)� 5.0 Hz, 4H; RO(CH2)3CH2OR�), 4.32 (t,
3J(H,H)� 7.5 Hz, 4H; ROCH2(CH2)3OR�), 4.37 (d, 2J� 13.0 Hz, 4H;
ArCH2Ar), 4.52 (d, 2J(H,H)� 13.0 Hz, 4H; ArCH2Ar), 6.43 (s, 4H;
ArH), 6.97 (s, 4H; ArH), 7.03 (s, 4H; ArH), 7.14 (s, 4H; ArH), 8.46 ppm (s,
2H; OH); 13C NMR (75 MHz, [D]CHCl3, 18 �C): �� 9.95 (OCH2CH2CH3),
22.90 (OCH2CH2CH3), 27.25, 28.17, 29.76 and 32.23 (2� [ArCH2Ar] and
ROCH2CH2CH2CH2OR�), 31.20, 31.26, 31.72 and 31.82 ((CH3)3C), 33.61,
33.82, 34.09 and 34.11 ((CH3)3C)), 75.32 and 77.24 (OCH2CH2CH3,
ROCH2(CH2)3OR� and RO(CH2)3CH2OR� (coincident)), 124.08, 125.05,
125.46, 125.56, 127.62, 131.82, 133.11, 135.53, 141.18, 143.51, 144.30, 146.72,
149.86, 150.82, 152.48 and 155.12 ppm (Ar); MS (ES): m/z : 1508
[M��NH4], 1513 [M��Na]; elemental analysis calcd (%) for
C102H136O8.1/2(CHCl3): C 79.43, H 8.88; found: C 79.49, H 9.00.


Computational methods : All simulations were carried out in the gas phase.
Molecular dynamics were carried out at a variety of temperatures by using
the Cerius2 software package[17] with parameters from the Universal Force
Field.[18] Partial atomic charges for atoms in the calix[4]semitube were
calculated by using the Gasteiger method implemented in Cerius2. The
atoms in the O-CH2-CH2-O links were given charges taken from ref. [19]
and the charges on the rest of the molecule were then adjusted to give a
neutral tube. The step size was 1.0 fs and the simulations were carried out
for 500 ps. The set of atomic positions were saved every 100 time steps
(0.10 ps) leading to trajectory files with 5000 conformations collected over
500 ps. A constant NVE thermostat with default parameters was used.
Simulations were carried out with K� at several different temperatures. In
these simulations the metals were given a�1 charge and the charges on the
calix[4]semitube were kept unchanged.


Stability constant determinations : As cation complexation/decomplexation
with 8 and 9 was slow on the NMR timescale, stability constants could be
assessed by direct integration of the host and complex resonances. For both
ligands, spectra were recorded in the presence of various equivalents of
each cation (in the range of 0 to 5 equivalents). A K value was calculated
for each spectrum recorded. The quoted stability constant for each ligand/
cation system is the average of these K values.


Crystallographic measurements : Crystal data for 4 : C54H76O6, Mr� 821.15,
monoclinic, P21/c, a� 15.84(2), b� 15.74(2), c� 20.22(3) ä, �� 94.94(1)�,
V� 5021 ä3, Z� 4, �calcd� 1.086 Mgm�3. Intensity data were collected with
MoK� radiation using the MARresearch image plate system. The crystal was
positioned at 70 mm from the image plate. A total of 100 frames were
measured at 2� intervals with a counting time of 4 mins to give 8934 in-
dependent reflections. Data analysis was carried out with the XDS
program.[20] The structure was solved by using direct methods with the
SHELX86 program.[21] All non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydrogen atoms were included in
geometric positions and given thermal parameters equivalent to 1.2 times
those of the atom to which they were attached. The structure was refined on
F 2 using SHELXL.[22] The final R values were R1� 0.0912 and wR2�
0.2564 for 4459 data with I� 2�(I).


Crystal data for 9 ¥CHCl3: C83H97Cl3O8, Mr� 1329.04, monoclinic, P21/c,
a� 21.4788(1), b� 16.8308(1), c� 21.8377(1) ä, �� 113.3191(3)�, V�
7249.6 ä3, Z� 4, �calcd� 1.218 Mgm�3. Data was obtained by using MoK�


radiation on an Enraf-Nonius KappaCCD diffractometer. Crystals were
mounted on a glass fibre and cooled rapidly to 150 K in a stream of cold N2


using an Oxford Cryosystems CRYOSTREAM unit. Intensity data were
processed using the DENZO-SMN package.[23] Structures were solved by
direct methods by using the SIR92 program.[24] Full-matrix least-squares
refinement on F was carried out using the CRYSTALS program suite.[25]


Hydrogen atoms were positioned geometrically after each cycle of
refinement. A Chebychev polynomial weighting scheme was applied. The


final R values were R1� 0.0728 and wR2� 0.0857 for 11977 data with I�
2�(I).


CCDC 195350 and 195351 contain(s) the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Pd0-Catalyzed Coupling Cyclization Reaction of Aryl or 1-Alkenyl Halides
with 1,2-Allenyl Ketones: Scope and Mechanism. An Efficient Assembly of
2,3,4-, 2,3,5-Tri- and 2,3,4,5-Tetrasubstituted Furans


Shengming Ma,* Junliang Zhang, and Lianghua Lu[a]


Abstract: Described herein is the Pd0-catalyzed coupling cyclization reaction of 1,2-
allenyl ketones with organic halides leading efficiently and conveniently to not only
2,3,4- and 2,3,5-trisubstituted furans but also 2,3,4,5-tetrasubstituted furans. Fur-
thermore, this method showed high substituent-loading capability and tolerance of
various substituents. The reactions of 1,2-allenyl ketones 1 e, 1 p, 1 q, and deuterated
[D]1 c were performed for a mechanistic study, which demonstrated that instead of an
enolization pathway, the reaction may proceed via the intermediacy of dienolate
palladium and intramolecular nucleophilic attack on the �-allyl palladium inter-
mediate by the carbonyl oxygen.


Keywords: allenes ¥ C�C coupling
¥ cyclization ¥ ketones ¥ palladium


Introduction


Furans, one of the most prominent classes of heterocyclic
compounds, can be found in many naturally occurring
products,[1] commercially important pharmaceuticals, and
compounds with flavor and fragrance.[2] They are also
considered as important synthetic intermediates for the
preparation of numerous cyclic and acyclic compounds.[3]


Usually, 2,3,4-, 2,3,5-trisubstituted and 2,3,4,5-tetrasubstituted
furans were synthesized from either derivatization of simple
furans[4] or cyclization of acyclic precursors.[5±10] Due to furans×
potentials and diversity, it is desirable to develop a general
methodology for their synthesis from acyclic precursors.


Marshall and co-workers reported the RhI- or AgI-cata-
lyzed cycloisomerization of 1,2-dienyl ketones to afford
substituted furans [Eq. (1)].[11] They also demonstrated the
application of this reaction to the synthesis of the enantiomers
of natural products such as furanocembrane rubifolide[12a] and
kallolide B.[12b]


Recently, Hashmi and co-workers reported the PdII-cata-
lyzed dimerization of terminal 1,2-allenyl ketones to afford
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O
R4 R1


R2H


RhI or AgI (1)


2,4-disubstituted furans [Eq. (2)][13] and the AuIII-catalyzed
reaction of terminal 1,2-allenyl ketones with �,�-unsaturated
ketones to afford 2,5-disubstituted furans [Eq. (3)].[14]
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Quite recently, we developed a PdII-catalyzed cross-cou-
pling reaction of terminal 1,2-alleny ketones with 1,2-allenic
acids to afford 2,4-disubstituted furans [Eq. (4)].[15]


O
R1


O
OH


R2 R3


O
R1


O OR2


R3
CH3CN


+ PdII (4)


In spite of the excellence of Marshall×s, Hashmi×s, and our
reactions in terms of efficiency, there is still an obvious
limitation in terms of the introduction of four substituents to
furans. To our knowledge, the introduction of substituents at
the 3- and/or 4-position of the corresponding unsubstituted
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furans is difficult ; thus, efficient and general methodologies
for the synthesis of furans with substituents at some or all of
the four positions are still of current interest.


During the course of our study on the cross-coupling
cyclization reaction of functionalized allenes,[16] we noted that,
due to the high substituent-loading capability and easy
availability of 1,2-allenyl ketones, it would be possible to
develop a general methodology for the synthesis of differently
substituted furans from their coupling reaction with organic
compounds containing an appropriate leaving group
(Scheme 1).[17]


R2R4


O
R1


O
R4 R1


R2R3


R4


R3


R2


O R1


PdLG
R3-LG+


Pd0


Scheme 1. Retrosynthetic analysis of polysubstituted furans.


In a previous communication,[18] we reported a palladium-
catalyzed cyclization of 1,2-allenyl ketone with an organic
halide to provide an efficient, general, and versatile route to
polysubstituted furans with a unique assembly of substituents
at the different positions of furans depending on the
substitution style of both reactants. In this paper, we wish to
discuss in detail the scope and mechanism of this reaction.


Results and Discussion


Synthesis of the starting 1,2-allenyl ketones: �-Substituted 1,2-
allenyl ketones 1 a ± e were prepared by the treatment of 1,2-
allenyl lithium (prepared by the reaction of 1,2-allene and
nBuLi at �50 �C for 2 h) with N,N-dimethyl organic amide at
�78 �C in THF (Scheme 2).[19] 1,2-Allenyl ketones 1 f ± g were
prepared by the reaction of phenyl acetyl chloride with the
corresponding ylide (Scheme 3).[20]


R4 R4


R1


O


1a: R1 = CH3, R4 = nC12H25, 40%


1b: R1 = CH3, R4 = nC4H9, 50%


1c: R1 = CH3, R4 = nC7H15, 44%


1d: R1 = cyclohexyl, R4 = nC7H15, 37%


1e: R1 = tC4H9, R4 = nC7H15, 35%


i), ii)


Scheme 2. Synthesis of 1,2-allenyl ketones 1a ± e. i) nBuLi, �50 �C, THF,
2 h; ii) R1CONMe2, �78 �C, THF.


Ph


R1


O


PhCH2COCl
i)


 1f: R1 = CH3, 30%


1g: R1 = nC3H7, 35%


Scheme 3. Synthesis of 1,2-allenyl ketones 1 f and g. i) Ph3P�CHCOR1,
Et3N, 0 ± 5 �C, CH2Cl2.


The �-substituted 1,2-allenyl ketones 1 h ± j were prepared
by the treatment of 3-substituted 2,4-pentadione with Ph3PBr2
followed by elimination of HBr in the presence of Et3N
(Scheme 4).[19]


O


Me Me
R2


O R2


Me
O


1h: R2 = CH3, 50%


 1i: R2 = nC4H9, 76%


 1j: R2 = allyl,  60%


i), ii)


Scheme 4. Synthesis of 1,2-allenyl ketones 1h ± j. i) Ph3PBr2, CH2Cl2,
reflux; ii) Et3N, CH3CN, 80 �C.


The �,�-disubstituted 1,2-allenyl ketones 1 k ±p were pre-
pared by a one-pot stepwise reaction of an enyne with an alkyl
lithium reagent followed by the addition of an N,N-dimethyl
organic amide (Scheme 5).
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 1k: R1 = CH3, R2 = nC4H9, R4 = nC5H11, 51% 


  1l: R1 = CH3, R2 = nC5H11, R4 = nC4H9, 66% 


1m: R1 = CH3, R2 = nC5H11, R4 = nC5H11, 57% 


 1n: R1 = iC3H7, R2 = nC5H11, R4 = nC4H9, 70%


 1o: R1 = CH3, R2 = nC5H11,  R4 = CH3CH2CH(CH3)CH2, 61%


 1p: R1 = p-MeC6H4, R2 = nC4H9,  R4 = nC5H11, 74%


 1q: R1 = p-CF3C6H4, R2 = nC4H9,  R4 = nC5H11, 75%


i), ii)


Scheme 5. Synthesis of �,�-disubstituted 1,2-allenyl ketones 1k ± p.
i) R5Li, �40 to 15 �C; ii) R1CONMe2, �78 �C.


Coupling cyclization of 1,2-allenyl ketones and organic
halides


Synthesis of 2,3,5-trisubstituted furans : As a starting point, we
studied the Pd0-catalyzed cyclization reaction of heptadeca-
3,4-dien-2-one 1 a with iodobenzene 2 a under different
reaction conditions, the results are summarized in Table 1.
From Table 1, it is clear that the major side reaction is the
cycloisomerization of 1 a to afford 2-methyl-5-dodecanylfuran
4 a. Fortunately, after some screening, we found that the
Pd(PPh3)4-catalyzed cyclization reaction of 1 a with PhI could
afford the expected two-component coupling cyclization
product 3 aa in 88% yield together with the formation of 4 a
in only 8% yield by using toluene as the solvent, Et3N-
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Ag2CO3 (2.0 equiv, 10 mol%) as the base (conditions A;
entry 9, Table 1). By using the standard conditions A, the
cyclization reaction of various 1,2-allenyl ketones bearing
different R1 and R4 substituents with different kinds of
organic halides 2 were studied. The results are summarized in
Table 2.


These results show that
i) both aryl halides and methyl
(Z)-3-iodopropenoate afforded
the expected 2,3,5-trisubstitut-
ed furans 3 in moderate to
excellent yields and ii) different
substituents such as aryl and
alkyl group could be introduced
to the 2,3,5-positions of furans,
depending on the structures of
the 1,2-alleny ketones and or-
ganic halides.


Synthesis of 2,3,4-trisubstituted
furans : After studying the Pd0-
catalyzed cyclization reaction
of �-substituted 1,2-allenyl ke-
tones, we tried the cyclization
reaction of �-substituted 1,2-
allenyl ketones. As expected,


the reaction occurred smoothly under conditions A giving air-
sensitive[21] 2,3,4-trisubstituted furans in moderate to excellent
yields (entries 1 ± 4, Table 2). One thing that should be noted
is that the allyl group in the �-position of allenyl ketones has
no influence on the reaction; this showed that the reaction is
highly chemoselective (entry 4, Table 3).


Synthesis of 2,3,4,5-tetrasubstituted furans : With the encour-
agement of the above results, we were very interested in the
cyclization reaction of �,�-disubstituted 1,2-allenyl ketones,
since 2,3,4,5-tetrasubstituted furans[22] would be provided if
the reaction succeeded. Under conditions A, we found the
reaction did occur to afford the corresponding product 3 ka in
70% yield. However, the cycloisomerization product 4 k was
also formed in 30% yield; this indicates that conditions A for
the cross-coupling cyclization reaction of � or �-substituted
1,2-allenyl ketones are not yet efficient enough for the highly
selective coupling cyclization of �,�-disubstituted 1,2-allenyl
ketones (entry 1, Table 4). Fortunately, after several trials, we
found that the Pd0-catalyzed cyclization reaction of 1,2-allenyl
ketone 1 k with PhI (2 a) afforded the cross-coupling cycliza-
tion product 3 ka in 92% yield and the cycloisomerization
product 4 k in only 8% yield using K2CO3 as the base and


Table 1. Pd(PPh3)4-catalyzed cyclization of heptadeca-3,4-dien-2-one with iodobenzene.


O


Ph


C12H25 Me


C12H25


Me
O


O


H


C12H25 Me
PhI (2a)


   5 mol% 
[Pd(PPh3)4]


+


1a 3aa 4a


n


n


n


PhI Solvent Base T t 3aa 4 a
(equiv.) (equiv) [�C] [h] [%][a] [%]


1 1.5 MeCN Et3N (1.5)[b] 60 15 (29) (9)
2 1.5 THF Et3N (1.5) reflux 10 54 15
3 1.2 THF K2CO3 (1) reflux 11 38 33
4 2.0 PhMe Et3N (1.5) 100 12 53 42
5 2.0 PhMe iPr2NEt (1.5) 100 12 30 67
6 2.0 MeCN K2CO3 (1)[b] 80 15 33 28
7 2.0 DMF Et3N (2.0)[b] 80 15 39 35
8 2.0 THF Et3N (2.0) reflux 12 83 15
9[c] 2.0 PhMe Et3N (2.0)[b] 80 12 88(75) 9


[a] NMR yield determined by using CH2Br2 as the internal standard. The numbers in the parenthesis are isolated
yield. [b] 0.1 equivalent of Ag2CO3 was added. [c] Conditions A.


Table 2. Efficient synthesis of 2,3,5-trisubstituted furans.[a]


R4


O
R1R4


R3


R1


O


R3X


5 mol% [ Pd(Ph3P)4]


Ag2CO3 (0.1 equiv)


   Et3N (2.0 equiv)


    toluene, 80 oC
31


(2)


1 2 t 3
R1 R4 [h] [%]


1 CH3 nC12H25 (1a) PhI (2a) 12 3 aa (75)[b]


2 1a p-O2NC6H4I (2b) 13 3 ab (90)
3 1a p-MeO2CC6H4I (2 c) 14 3 ac (94)[c]


4 CH3 nC4H9 (1 b) 2a 12 3 ba (73)[b]


5 1b 2b 9 3 bb (92)
6 1b 2c 9 3 bc (85)


7 1b
N


N


Br 2d 11 3 bd (71)


8 1b CO2MeI 2e 11 3 be (61)[d]


9 1b p-MeOC6H4I (2 f) 10 3 bf (64)
10 CH3 nC7H15 (1c) 2c 10 3 cc (98)[c]


11 1c 2 f 12 3 cf (63)
12 cC6H11 nC7H15 (1d) 2a 13 3 da (74)
13 1d 2c 16 3 dc (76)
14 CH3 Ph (1 f) 2b 10 3 fb (51)
15 1 f 2c 10 3 fc (51)
16 nC3H7 Ph (1g) 2b 12 3 gb (77)
17 1g 2c 12 3 gc (73)


[a] Unless otherwise specified, the reaction was carried out by using 1,2-
allenyl ketone (1.5 equiv), organic halide (1.0 equiv) under conditions A.
[b] Two equivalents of organic halides were used. [c] Two equivalents of
1,2-allenyl ketone were used. [d] The conformation of the C�C bond was E
as determined by the coupling constant between the olefinic protons (J�
15.6 Hz).


Table 3. Efficient synthesis of 2,3,4-trisubstituted furans.[a]


O
R1


R3


R1


O


R2 R2


R3X


5 mol% [Pd(PPh3)4]


   Et3N (2.0 equiv)


    toluene,100oC
1 32


+
Ag2CO3  (0.1 equiv)


1 2 t 3
R1 R2 [h] [%]


1 Me Me (1h) 2b 11 3 hb (79)[b]


2 1h 2c 14 3 hc (68)
3 Me nC4H9 (1 i) 2d 17 3 id (97)
4 Me allyl (1 j) 2b 12 3 jb (79)


[a] Unless otherwise specified, the reaction was carried out by using allenyl
ketone (1.5 equiv) and organic halide (1.0 equiv) under conditions A.
[b] Two equivalents of 1,2-allenyl ketone were used.
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DMA as the solvent (entry 7, Table 4). A better result was
obtained when 20 mol% of nBu4NBr (TBAB) was added, and
the reaction afforded the corresponding product 3 ka as the
only product in 90% yield (isolated yield: 72%; conditions B;
entry 8, Table 4). The reaction of 1 k with phenyl bromide is
slow (Compare entries 8 and 9, Table 4).


By using conditions B, the reaction of various �,�-disub-
stituted allenyl ketones with different organic halides afford-
ed the corresponding 2,3,4,5-tetrasubstituted furans with
different substitution patterns in moderate to excellent yields
(Table 5). Considering the easy available of �,�-disubstituted
1,2-allenyl ketones with different substituents, it is a very
general, convenient, and versatile route to synthesize 2,3,4,5-
tetrasubstituted furans (Scheme 6).


To our surprise, when p-methoxyphenyl iodide (2 f) was
used as the organic halide, the reaction afforded an unex-
pected furan 3 ka in 27% yield together with the normal


product 3 kf (51%). The possible rational of
formation of 3 ka is shown as Scheme 7. The first
oxidative addition of 2 f generates the PdII inter-
mediate 5. Then the reductive elimination of
intermediate 5 and subsequent reoxidative addition
regenerates a new PdII intermediate 6,[23] which
subsequently treated with 1,2-allenyl ketone 1 k
affords the unexpected product 3 ka.


Mechanism : A plausible mechanism of this cross-
coupling cyclization reaction is depicted in
Scheme 8. The oxidative addition of R3X with Pd0


generates intermediate R3PdX 7. Then, carbopalla-
dation of 7 with 1,2-allenyl ketone 1 affords the �-
allyl palladium intermediate 8, which may generate
a new �-allyl palladium intermediate 9 in the
presence of a base (path a). The subsequent intra-
molecular nucleophile attack of the intermediate
9[16] will regenerate palladium(0) and afford the
intermediate 10, which would furnish furan 3 upon


R2


R1


O
O


R1


R3 R2
R5


R2


R5i), ii) R3X


Conditions B


Scheme 6. Efficient and versatile route to 2,3,4,5-tetrasubstituted furans.
i) R5Li, �40 to 15 �C; ii) R1CONMe2, �78 �C.


Scheme 7. The cyclization reaction of 1k with 2 f and its plausible
mechanism.


aromatization. An alternative reaction pathway of intermedi-
ate 8 is formation of palladium dienolate 11[24] and the
subsequent insertion of the C�C double bond into the oxo-
palladium bond to afford intermediate 12 (path b). �-H
elimination from intermediate 12 would afford the furan 3


Table 4. Pd(PPh3)4-catalyzed cyclization of 1,2-allenyl ketone 1k with iodobenzene.


C5H11


nC4H9


O
CH3


O


Ph nC4H9


C5H11 CH3
O


H nC4H9


C5H11 CH3+


1k 3ka 4k


    5 mol%
 [Pd(PPh3)4]


PhI (2.0 equiv)
n nn


Solvent Base T t 3ka[a] 4k[a]


(equiv) [�C] [h] [%] [%]


1[b] toluene Et3N(2.0) 100 18 70 (57) 30 (11)
2 DME as above reflux 10.5 87 13
3 dioxane as above 100 10.5 77 8
4 DMF as above 100 10.5 90 9
5 CH3CN as above reflux 14 88 11
6 DMA as above 100 14 80 10
7 DMA K2CO3(2) 100 14 92 8
8[c] DMA K2CO3(2) 100 10 90 (72) 0
9[d] DMA K2CO3(2) 100 19 29 1.3


[a] NMR yield determined by using CH2Br2 as the internal standard. The numbers in
parenthesis are isolated yields. [b] The reaction was carried out under conditions A.
[c] nBu4N�Br� (0.2 equiv) was added (conditions B). [d] PhBr was used instead of PhI.


Table 5. Efficient synthesis of 2,3,4,5-tetrasubstituted furans.[a]


R2


O
R1


O


R3 R2


R4 R1


R4


+ R3X
5 mol% [Pd(PPh3)4]


K2CO3 (2.0  equiv)


  TBAB (0.2 equiv)


     DMA, 100 oC1 32


11 2 t 3
R1 R2 R4 [h] [%]


1 CH3 nC4H9 nC5H11 (1 k) 2 a 14 3 ka (72)
2 1 k 2 c 12 3 kc (94)[b]


3 1 k 2 e 13 3 ke (64)[c]


4 1 k 2 f 9 3 kf (51)[b,d]


5 CH3 nC5H11 nC4H9 (1 l) 2 a 10 3 la (69)
6 CH3 nC5H11 nC5H11 (1 m) 2 a 10 3 ma (59)
7 iC3H7 nC5H11 nC4H9 (1n) 2 a 10 3 na (60)
8 CH3 nC5H11 2-methylbutyl (1o) 2 a 10 3 oa (67)


[a] Unless otherwise specified, the reaction was carried out by using allenyl
ketone (1.0 equiv) and organic halide (2.0 equiv) under conditions B.
[b] Two equivalents of allenyl ketone were used. [c] 1.6 equivalents of 1,2-
allenyl ketone were used. [d] 0.4 equivalents of TBAB were used,
unexpectedly 3 ka was also isolated in 27% yield (based on the organic
halide used).
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and HPdX, which would regenerate palladium(0) in the
presence of a base. In addition, direct intramolecular nucle-
ophile attack on intermediate 8 by the carbonyl oxygen atom
will generate intermediate 13 and regenerate Pd0 (path c).[25]


Intermediate 13 will be deprotonated to afford 3 in the
presence of a base.


In order to verify the mechanism, some control reac-
tions were performed. The coupling cyclization of deuterated
1,2-allenyl ketone [D]1 c with p-methoxycarbonylphenyl
iodide (2 c) produced non-deuterated 3 cc [Eq. (5)],


C7H15


O
CH3D


I CO2Me


O
C7H15 CH3


MeO2C


Conditions A


[D]1c


(5)


3cc
89%


87% D
0% D


(2c)


n


n


which was confirmed by 13C NMR and 1H NMR analysis. This
rules out the possibility of path a. The cyclization results of 1 e
and 1 p affording furans 3 ea and 3 pc in the absence of ��-H
further support that this palladium(0)-catalyzed coupling
cyclization reaction may occur via paths b or c [Eq. (6)].


C7H15


O O
C7H15


Ph


Conditions A


1e


(6)


3ea


PhI (4.0 equiv.)


74%


n


n


Furthermore, it is interesting to note that the cyclization of 1 p
with an electron-donating methyl group on the phenyl ring
afforded 3 pc in 90% yield, while the cyclization of 1 q with the
electron-withdrawing trifluoromethyl group afforded 3 qc in
only 21% yield. The cyclization of a 1:1 mixture of 1 p and 1 q
with 2 c in a one-pot manner afforded the corresponding
furans 3 pc and 3 qc in 81% and 11% yields, respectively
(Scheme 9). These results further support the possibility of
path c.


Conclusion


We have developed a palladi-
um(0)-catalyzed coupling cycli-
zation reaction of 1,2-allenyl
ketones with organic halides.
The advantages of this method
are its generality, versatility,
and efficiency not only for the
synthesis of 2,3,4- and 2,3,5-
trisubstituted furans but also
for the synthesis of 2,3,4,5-tet-
rasubstituted furans. Further-
more, this methodology shows
high substituent-loading capa-
bility and tolerance of various
substituents. Some control re-
actions for mechanistic studies


showed that instead of an enolization pathway, the reaction
may proceed by the intermediacy of dienolate palladium and
intramolecular nucleophilic attack on the �-allyl palladium
intermediate by the carbonyl oxygen. Synthetic application
for target molecules with potential activities is currently being
carried out in our laboratory.


C5H11


O
O


C5H11


MeO2C


nC4H9


Me
nC4H9


Me


C5H11


O
O


C5H11


MeO2C


nC4H9


CF3


nC4H9


CF3


1p (1.0 equiv)


2c (0.5 equiv)


3pc


90%


1q (1.0 equiv) 3qc


1p (1.0 equiv)  +  1q (1.0 equiv)


2c (0.5 equiv)


21%


Conditions B


2c (0.5 equiv)
3pc (81%)  +  3qc (11%)


n


n


n


n


Conditions B


Conditions B


Scheme 9. The cyclization reactions of 1 p and 1 q with 2 c.


Experimental Section


The starting 1,2-alleny ketones 1b ± c,[19b] 1 f[20] and 1h ± j[19b] were prepared
according to literature procedures.


Typical procedure for preparation of 1,2-allenyl ketones 1a ± e: Heptadeca-
3,4-dien-2-one (1 a): Pentadeca-1,2-diene[26] (5.0 g, 24 mmol) was treated
with nBuLi (2.0� in cyclohexane, 20 mmol) in THF at �50 �C for 2 h
followed by the dropwise addition of N,N-dimethylacetamide (1.7 g,
20 mmol) at �78 �C. After being stirred for 2 h at �78 �C, the resulting
solution was slowly transferred into an ice-cooled aqueous HCl solution
(0.1�, 400 mL) and extracted with ether. Drying over MgSO4, rotary
evaporation, and column chromatography on silica gel (hexanes/ether�
100:1) afforded 1a (2.0 g, 40%) as a liquid. 1H NMR (CDCl3, 300 MHz):
�� 5.75 ± 5.64 (m, 1H; C�C�CHCO), 5.58 (q, 3J(H,H)� 6.4 Hz, 1H;
HC�C�C), 2.30 (s, 3H; CH3), 2.30 ± 2.04 (m, 2H; CH2), 1.70 ± 1.50 (m, 2H;
CH2), 1.44 ± 1.18 (m, 18H; 9CH2), 0.85 (t, 3J(H,H)� 7.1 Hz, 3H; CH3); IR
(neat): �� � 2926, 2856, 1947 (C�C�C), 1686 cm�1(CO); MS (70 eV): m/z


O
R4 R1


R3 R2


R3


R2


O-


R4


R6


+Pd


O
R4


R2


R1


R3


O
R4
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R6


R2


Pd
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R2R4


XPd
O R1


R3


R2R4


XPdO R1


O
R4 R1


R3 R2
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base
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X


Path a


1
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7
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12


Path b
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+
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3
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3


H+


Scheme 8. Plausible mechanisms of the Pd0-catalyzed coupling cyclization.
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(%): 251 (6.29) [M��H], 43 (100) [CH3CO�]; HRMS: calcd for C17H30O:
250.2297; found: 250.2285.


1-Cyclohexylundeca-2,3-dien-1-one (1 d): The reaction of deca-1,2-diene
(2.76 g, 20.0 mmol) with nBuLi (2.0� in cyclohexane, 20 mmol) and
cyclohexanecarboxylic acid N,N-dimethylamide (3.10 g, 20.0 mmol) af-
forded 1 d (1.84 g, 37%) as a liquid. 1H NMR (CDCl3, 300 MHz): �� 5.70 ±
5.60 (m, 1H; C�C�CHCO), 5.60 ± 5.50 (m, 1H; CH�C�C), 2.90 ± 2.75 (m,
1H; COCH), 2.20 ± 2.05 (m, 2H; CH2), 1.90 ± 1.60 (m, 5H; 2CH2 and CH),
1.60 ± 1.00 (m, 15H; 7CH2 and CH), 0.86 (t, 3J(H,H)� 7.2 Hz, 3H; CH3);
13C NMR (75.4 MHz, CDCl3): �� 212.27, 204.76, 96.01, 95.15, 46.67, 31.69,
29.42, 29.00, 28.98, 27.83, 25.79, 25.68, 25.61, 22.56, 14.00; IR (neat): �� �
1947 (C�C�C), 1676 cm�1 (C�O); MS (70 eV): m/z (%): 248 (4.75) [M�],
83 (100) [C6H11


�]; HRMS: calcd for C17H28O: 248.2140; found: 248.2143.


2,2-Dimethyltrideca-4,5-dien-3-one (1 e): The reaction of deca-1,2-diene
(3.4 g, 24.6 mmol) with nBuLi (10 mL, 2.0� in cyclohexane, 20.0 mmol)
and N,N-dimethylpivalamide (2.5 g, 19.3 mmol) afforded 1 e (1.5 g, 35%).
1H NMR (CDCl3, 300 MHz): �� 6.08 ± 6.00 (m, 1H; C�C�CHCO), 5.55
(q, 3J(H,H)� 5J(H,H)� 7.0 Hz, 1H; CH�C�C), 2.40 ± 2.20 (m, 2H; CH2),
1.50 ± 1.35 (m, 2H; CH2), 1.35 ± 1.10 (m, 8H; 4CH2), 1.20 (s, 9H; 3CH3),
0.88 (t, 3J(H,H)� 6.6 Hz, 3H; CH3); IR (neat): �� � 1951 (C�C�C), 1722
(C�O), 1683 (C�C), 1670 cm�1; MS (70 eV): m/z (%): 222 (13.23) [M�], 207
(100) [M��CH3]; HRMS: calcd for C15H26O: 222.1984; found: 222.1975.


1-Phenylhepta-1,2-dien-4-one (1 g): A solution of phenylacetyl chloride
(3.70 g, 24 mmol) in CH2Cl2 was added dropwise to an ice-cooled (0 �C)
solution of 1-(triphenylphosphoranylidene)pentan-2-one (6.92 g, 20 mmol)
and Et3N (3.03 g, 30 mmol) in dry CH2Cl2 stirred under Ar. The reaction
mixture turned yellow when the reaction was complete as monitored by
TLC. The reaction mixture was concentrated, and Et2O was added to
remove Ph3PO by precipitation. Filtration, evaporation, and purification by
column chromatography on silica gel (hexanes/ether� 100:1) afforded 1g
(1.30 g, 35%) as a yellow liquid. 1H NMR (300 MHz, CDCl3): �� 7.40 ± 7.20
(m, 5H; C6H5), 6.63 (d, 5J(H,H)� 6.6 Hz, 1H; CH�C�C), 6.14 (d,
5J(H,H)� 6.6 Hz, 1H; C�C�CHCO), 2.65 ± 2.50 (m, 2H; CH2), 1.68 ± 1.55
(m, 2H; CH2), 0.90 (t, 3J(H,H)� 7.2 Hz, 3H; CH3); 13C NMR (75.4 MHz,
CDCl3): �� 215.16, 200.48, 131.04, 128.96, 128.13, 127.21, 100.57, 98.52,
41.27, 17.89, 13.66; IR (neat): �� � 1937 (C�C�C), 1683 cm�1 (C�O); MS
(70 eV): m/z (%): 186 (9.78) [M�], 71 (100) [C3H7CO�]; HRMS: calcd for
C13H14O: 186.1045; found: 186.1052.


Typical procedure for the preparation of 1k ± p: 3-Butyldeca-3,4-dien-2-
one (1 k): Oct-1-en-3-yne[27] (1.25 g, 11.5 mmol) was added to a solution of
nBuLi (2� in cyclohexane, 10 mmol) in dry THF (60 mL) stirred under Ar
at �50 �C. The temperature was raised gradually to �25 �C and kept
between�25 and�10 �C for 0.5 h. After the starting enyne had completely
disappeared as determined by TLC, the reaction mixture was recooled to
�78 �C. This was followed by the addition of a solution of N,N-
dimethylacetamide (1.30 g, 15 mmol) in THF (10 mL). After being stirred
for 2 h at �78 �C, the reaction mixture was poured into ice-cooled HCl
(0.2�, 100 mL), extracted with ether (3� 50 mL), and dried over anhy-
drous MgSO4. After removal of the solvent under reduced pressure, the
residue was purified by column chromatography on silica gel (hexanes/
ether� 100:1) to afford 1k (1.07 g, 51%). 1H NMR (300 MHz, CDCl3): ��
5.56 ± 5.40 (m, 1H; CH�C�C), 2.17 (s, 3H; CH3), 2.12 ± 1.90 (m, 4H;
2CH2), 1.45 ± 1.08 (m, 10H; 5CH2), 0.90 ± 0.80 (m, 6H; 2CH3); 13C NMR
(75.4 MHz, CDCl3) �� 212.32, 199.45, 109.69, 95.40, 31.33, 30.11, 28.69,
28.23, 26.88, 26.18, 22.36, 22.29, 13.96, 13.88; IR (neat): �� � 1944 (C�C�C),
1680 cm�1 (C�O); MS (70 eV): m/z (%): 208 (2.77) [M�], 43 (100) [C3H7


�];
HRMS: calcd for C14H24O: 208.1827; found: 208.1795.


3-Pentylnona-3,4-dien-2-one (1 l): The reaction of nona-1-en-3-yne[28]


(2.12 g, 16.5 mmol) with nPrLi (1.6� in Et2O, 15 mmol) and N,N-
dimethylacetamide (1.44 g, 16.5 mmol) afforded 1 l (2.04 g, 66%).
1H NMR (300 MHz, CDCl3): �� 5.56 ± 5.40 (m, 1H; HC�C�C), 2.20 (s,
3H; CH3), 2.12 ± 1.90 (m, 4H, 2CH2), 1.45 ± 1.08 (m, 10H; 5CH2), 0.90 ±
0.75 (m, 6H; 2CH3); IR (neat): �� � 1944 (C�C�C), 1679 cm�1 (C�O); MS
(70 eV): m/z (%): 208 (3.85) [M�], 43 (100) [C3H7


�]; HRMS: calcd for
C14H24O: 208.1827; found: 208.1858.


3-Pentyldeca-3,4-dien-2-one (1 m): The reaction of nona-1-en-3-yne (1.34 g,
11 mmol) with nBuLi (2.0� in cyclohexane, 10 mmol) and N,N-dimethy-
lacetamide (1.04 g, 12 mmol) afforded 1 m (1.27 g 57%) as a liquid.
1H NMR (300 MHz, CDCl3): �� 5.56 ± 5.40 (m, 1H; HC�C�C), 2.20 (s,
3H; CH3), 2.12 ± 1.90 (m, 4H; 2CH2), 1.45 ± 1.08 (m, 12H; 6CH2),


0.90 ± 0.75 (m, 6H; 2CH3); 13C NMR (75.4 MHz, CDCl3): �� 212.71,
199.37, 109.70, 95.37, 31.38, 31.31, 28.67, 28.21, 27.59, 26.84, 26.40, 22.42,
22.34, 13.95, 13.91; IR (neat): �� � 1944 (C�C�C), 1679 cm�1 (C�O); MS
(70 eV): m/z (%): 222 (1.69) [M�], 43 (100) [C3H7


�]; HRMS: calcd for
C15H26O: 222.1984; found: 222.1949.


2-Methyl-4-pentyldeca-4,5-dien-3-one (1 n): The reaction of nona-1-en-3-
yne (1.34 g, 11.0 mmol) with nPrLi (1.6� in Et2O, 10.0 mmol) and N,N-
dimethyl isobutyramide (1.72 g, 15.0 mmol) afforded 1n (1.65 g, 70%) as a
liquid. 1H NMR (300 MHz, CDCl3): �� 5.56 ± 5.40 (m, 1H; HC�C�C),
3.30 ± 2.20 (m, 1H, CH), 2.20 ± 2.00 (m, 4H, 2CH2), 1.50 ± 1.10 (m, 10H;
5CH2), 1.10 ± 0.90 (m, 6H; 2CH3), 0.90 ± 0.70 (m, 6H; 2CH3); IR (neat):
�� � 1944 (C�C�C), 1678 cm�1 (C�O); MS (70 eV): m/z (%): 237 (23.54)
[M��H], 43 (100) [C3H7


�]; HRMS: calcd for C16H28O: 236.2140; found:
236.2093.


7-Methyl-3-pentylnona-3,4-dien-2-one (1 o): The reaction of nona-1-en-3-
yne (1.34 g, 11 mmol) with secBuLi (1.1 M in Et2O, 10 mmol) and N,N-
dimethylacetamide (1.04 g, 12 mmol) afforded 1 o (1.34 g, 61%) as a liquid.
1H NMR (300 MHz, CDCl3): �� 5.56 ± 5.40 (m, 1H; HC�C�C), 2.20 (s,
3H; CH3), 2.12 ± 1.80 (m, 4H; 2CH2), 1.45 ± 1.08 (m, 9H, 4CH2 and CH),
0.90 ± 0.75 (m, 9H, 3CH3); MS (70 eV): m/z (%): 222 (4.80) [M�], 43 (100)
[C3H7


�]; IR (neat): �� � 1944 (C�C�C), 1680 cm�1 (C�O); HRMS: calcd for
C15H26O: 222.1984; found: 222.1961.


1-(4�-Methylphenyl)-2-butylnona-2,3-dien-1-one (1 p): The reaction of oct-
1-en-3-yne (2.16 g, 20 mmol) with nBuLi (2.0� in cyclohexane, 20 mmol)
and 4-methylbenzoic acid N,N-dimethylamide (4.08 g, 25 mmol) afforded
1p (4.20 g, 74%) as a liquid. 1H NMR (300 MHz, CDCl3): �� 7.65 (d,
3J(H,H)� 7.8 Hz, 2H; 2ArH), 7.16 (d, 3J(H,H)� 7.8 Hz, 2H; 2ArH), 5.40 ±
5.30 (m, 1H; HC�C�C), 2.44 ± 2.30 (m, 2H; CH2), 2.36 (s, 3H; CH3), 2.16 ±
2.00 (m, 2H; CH2), 1.54 ± 1.30 (m, 6H; 3CH2), 1.30 ± 1.10 (m, 4H; 2CH2),
0.95 (t, 3J(H,H)� 6.9 Hz, 3H; CH3), 0.86 (t, J� 6.9 Hz, 3H; CH3); 13CNMR
(CDCl3): �� 212.69, 195.08, 142.04, 136.01, 128.91, 128.24, 107.05, 94.63,
31.03, 30.10, 28.56, 28.39, 27.85, 22.27(2C), 21.36, 13.84, 13.81; IR (neat):
�� � 1944 (C�C�C), 1651 (C�O), 1609, 1275 cm�1; MS (70 eV): m/z (%): 284
(44.93) [M�], 119 (100) [p-CH3C6H4CO�]; elemental analysis calcd (%) for
C20H28O: C 84.45, H 9.92; found: C 84.49, H 9.91.


1-(4�-Trifluoromethylphenyl)-1-butylnona-2,3-dien-1-one (1 q): The reac-
tion of oct-1-en-3-yne (2.00 g, 18.5 mmol) with nBuLi (1.6� in cyclohexane,
16 mmol) and 4-trifluoromethylbenzoic acid N,N-dimethylamide (4.00 g,
18.4 mmol) afforded 1q (4.04 g, 75%) as a liquid. 1H NMR (300 MHz,
CDCl3): �� 7.69 (d, J� 8.1 Hz, 2H; 2ArH), 7.54 (d, J� 8.1 Hz, 2H; 2ArH),
5.32 (tt, 3J(H,H)� 9.9 Hz, 5J(H,H)� 2.7 Hz, 1H; HC�C�C), 2.40 ± 2.20 (m,
2H; CH2), 2.10 ± 1.90 (m, 2H; CH2), 1.48 ± 1.00 (m, 10H; 5CH2), 0.85 (t,
3J(H,H)� 7.2 Hz, 3H; CH3); 0.75 (t, 3J(H,H)� 7.2 Hz, 3H; CH3); 13C NMR
(CDCl3): �� 214.01, 194.61, 142.03, 132.83 (q, 2J(C,F)� 32.0 Hz), 128.89,
124.64 (q, 3J(C,F)� 3.2 Hz), 123.72 (q, 1J(C,F)� 272.3 Hz), 107.72, 95.71,
31.04, 30.10, 28.54, 28.34, 27.45, 22.31, 22.27, 13.86, 13.77; IR (neat): �� �
1600, 1580, 1492 cm�1; MS (70 eV): m/z (%): 338 (3.82) [M�], 173 (100) [p-
CF3C6H4CO�]; HRMS: calcd for C20H25F3O: 338.1857; found: 338.1850.


Typical procedure for the coupling cyclization reaction of 1,2-allenyl
ketone 1 a with iodobenzene: Conditions A : A mixture of Pd(PPh3)4
(23 mg, 0.002 mmol), Ag2CO3 (11 mg, 0.04 mmol), Et3N (81 mg, 0.8 mmol),
iodobenzene (163 mg, 0.8 mmol), 1 a (100 mg, 0.4 mmol), and toluene
(5 mL) was stirred at 80 �C for 12 h under Ar. After the reaction was
complete as monitored by TLC, the solvent was removed, and the residue
was purified by column chromatography on silica gel (hexanes) to afford
3aa (98 mg, 75%).


2-Dodecyl-3-phenyl-5-methylfuran (3 aa): 1H NMR (300 MHz, CDCl3):
�� 7.45 ± 7.15 (m, 5H; C6H5), 6.03 (s, 1H; CH), 2.69 (t, 3J(H,H)� 7.7 Hz,
2H; CH2), 2.26 (s, 3H; CH3), 1.72 ± 1.58 (m, 2H; CH2), 1.45 ± 1.08 (m, 18H;
9CH2), 0.85 (t, 3J(H,H)� 6.6 Hz, 3H; CH3); 13C NMR (CDCl3): �� 150.29,
149.80, 134.80, 128.54, 127.66, 126.15, 121.37, 107.10, 32.01, 31.00, 29.73,
29.65, 29.45, 28.83, 27.03, 26.77, 22.78, 22.60, 14.21, 13.94, 13.55; IR (neat):
�� � 1600, 1580, 1492 cm�1; MS (70 eV): m/z (%): 326 (23.66) [M�], 171
(100) [M��C11H23]; HRMS: calcd for C23H34O: 326.2610; found: 326.2596.


2-Dodecyl-3-(4�-nitrophenyl)-5-methylfuran (3 ab): The reaction of 1 a
(75 mg, 0.3 mmol) with p-nitrophenyl iodide (50 mg, 0.2 mmol) afforded
3ab (67 mg, 90%) as a yellow solid. M.p. 43 ± 45 �C (n-hexane); 1H NMR
(300 MHz, CDCl3): �� 8.14 (d, 3J(H,H)� 9.0 Hz, 2H; 2ArH), 7.42 (d,
3J(H,H)� 9.0 Hz, 2H; 2ArH), 6.04 (s, 1H, CH), 2.67 (t, 3J(H,H)� 7.5 Hz,
2H; CH2), 2.23 (s, 3H; CH3), 1.73 ± 1.54 (m, 2H; CH2), 1.41 ± 1.08 (m, 18H;
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9CH2), 0.85 (t, 3J(H,H)� 7.2 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3):
�� 152.11, 150.70, 145.72, 141.56, 127.57, 123.87, 119.77, 106.31, 31.87, 29.62,
29.59, 29.57, 29.49, 29.31, 29.28, 29.27, 29.42, 27.21, 22.64, 14.06, 13.33; IR
(neat): �� � 1600, 1580, 1516, 1344 cm�1; MS (70 eV): m/z (%): 372 (6.60)
[M��H], 371 (35.85) [M�], 216 (100) [M��C11H23]; elemental analysis
calcd (%) for C23H33NO3: C 74.36, H 8.95; found: C 74.11, H 9.11.


2-Dodecyl-3-(4�-methoxycarbonylphenyl)-5-methylfuran (3 ac): The reac-
tion of 1 a (150 mg, 0.6 mmol) with p-methoxycarbonylphenyl iodide
(79 mg, 0.3 mmol) afforded 3 ac (108 mg, 94%) as a liquid. 1H NMR
(300 MHz, CDCl3): �� 7.95 (d, 3J(H,H)� 8.4 Hz, 2H; 2ArH), 7.33 (d,
3J(H,H)� 8.4 Hz, 2H; 2ArH), 6.03 (s, 1H; CH), 3.84 (s, 3H; OCH3), 2.66
(t, 3J(H,H)� 7.5 Hz, 2H; CH2), 2.22 (s, 3H; CH3), 1.68 ± 1.52 (m, 2H; CH2),
1.33 ± 1.06 (m, 18H, 9CH2), 0.80 (t, 3J(H,H)� 7.2 Hz, 3H; CH3); 13C NMR
(75.4 MHz, CDCl3): �� 167.01, 151.28, 150.18, 139.46, 129.83, 127.53, 127.16,
120.57, 106.61, 52.00, 31.91, 29.65, 29.63, 29.61, 29.53, 29.34, 29.32, 29.31,
28.56, 27.14, 22.68, 14.10, 13.40; IR (neat): �� � 1726 (C�O), 1610, 1580,
1276, 1110 cm�1; MS (70 eV): m/z (%): 384 (10.20) [M�], 43 (100) [C3H7


�];
HRMS: calcd for C25H36O3: 384.2664; found: 384.2657.


2-Butyl-3-phenyl-5-methylfuran (3 ba): The reaction of 1b (69 mg,
0.5 mmol) with iodobenzene (204 mg, 1 mmol) afforded 3 ba (78 mg,
73%) as a liquid. 1H NMR (300 MHz, CDCl3): �� 7.37 ± 7.12 (m, 5H,
C6H5), 5.98 (s, 1H; CH), 2.63 (t, J� 7.5 Hz, 2H; CH2), 2.20 (s, 3H; CH3),
1.65 ± 1.50 (m, 2H; CH2), 1.38 ± 1.20 (m, 2H; CH2), 0.82 (t, 3J(H,H)�
7.5 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3): �� 150.15, 149.70,
134.70, 128.44, 127.57, 126.05, 121.28, 107.02, 30.90, 26.68, 22.50, 13.85,
13.44; IR (neat): �� � 1600, 1580, 1492 cm�1; MS (70 eV): m/z (%): 214
(52.12) [M�], 171 (100) [M��C3H7]; HRMS: calcd for C15H18O: 214.1358;
found: 214.1409.


2-Butyl-3-(4�-nitrophenyl)-5-methylfuran (3 bb): The reaction of 1 b
(207 mg, 1.5 mmol) with p-nitrophenyl iodide (249 mg, 1.0 mmol) afforded
3bb (239 mg, 92%) as a yellow solid. M.p. 41 ± 43 �C (n-hexane); 1H NMR
(300 MHz, CDCl3): �� 8.18 (d, 3J(H,H)� 8.9 Hz, 2H; 2ArH), 7.42 (d,
3J(H,H)� 8.9 Hz, 2H; 2ArH), 6.07 (s, 1H; CH), 2.69 (t, 3J(H,H)� 7.7 Hz,
2H; CH2), 2.26 (s, 3H; CH3), 1.73 ± 1.58 (m, 2H; CH2), 1.46 ± 1.30 (m, 2H;
CH2), 0.85 (t, 3J(H,H)� 7.3 Hz, 3H; CH3); IR (KBr): �� � 1600, 1580, 1510,
1344 cm�1; MS (70 eV): m/z (%): 259 (28.75) [M�], 216 (100) [M��C3H7];
elemental analysis calcd (%) for C15H17NO3: C 69.48, H 6.61, N 5.40; found:
C 69 .53, H 6.77, N 5.14.


2-Butyl-3-(4�-methoxycarbonylphenyl)-5-methylfuran (3 bc): The reaction
of 1 b (138 mg, 1.0 mmol) with p-methoxycarbonylphenyl iodide (131 mg,
0.5 mmol) afforded 3bc (115 mg, 85%) as a liquid. 1H NMR (300 MHz,
CDCl3): �� 7.98 (d, 3J(H,H)� 8.5 Hz, 2H; 2ArH), 7.36 (d, 3J(H,H)�
8.5 Hz, 2H; 2ArH), 6.06 (s, 1H; CH), 3.87 (s, 3H; OCH3), 2.69 (t,
3J(H,H)� 7.7 Hz, 2H; CH2), 2.26 (s, 3H; CH3), 1.73 ± 1.58 (m, 2H; CH2),
1.43 ± 1.28 (m, 2H; CH2), 0.85 (t, 3J(H,H)� 7.3 Hz, 3H; CH3); 13C NMR
(75.4 MHz, CDCl3): �� 167.04, 151.25, 150.21, 139.46, 129.83, 127.55, 127.17,
120.59, 106.62, 52.01, 30.70, 26.86, 22.44, 13.79, 13.40; IR (neat): �� � 1726
(C�O), 1610, 1580, 1276, 1110 cm�1; MS (70 eV): m/z (%): 273 (12.76)
[M��H], 272 (41.96) [M�], 229 (100) [M��C3H7]; HRMS: calcd for
C17H20O3: 272.1413; found: 272.1411.


2-Butyl-3-(3�,5�-pyrimidinyl)-5-methylfuran (3 bd): The reaction of 1b
(104 mg, 0.75 mmol) with 5-bromopyrimidine (80 mg, 0.5 mmol) afforded
3bd (77 mg, 71%) as a solid. M.p. 45 ± 48 �C (n-hexane); 1H NMR
(300 MHz, CDCl3): �� 9.06 (s, 1H; ArH), 8.71 (s, 2H; 2ArH), 6.08 (s, 1H;
CH), 2.69 (t, 3J(H,H)� 7.7 Hz, 2H; CH2), 2.26 (s, 3H; CH3), 1.73 ± 1.58 (m,
2H; CH2), 1.43 ± 1.34 (m, 2H; CH2), 0.89 (t, 3J(H,H)� 7.3 Hz, 3H; CH3);
13C NMR (75.4 MHz, CDCl3): �� 156.20, 154.88, 151.83, 151.15, 128.66,
114.53, 105.76, 30.72, 26.66, 22.36, 13.73, 13.35; IR (neat): �� � 1592, 1560,
1546 cm�1; MS (70 eV): m/z (%): 217 (9.28) [M��H], 216 (28.31) [M�], 173
(100) [M��C3H7]; HRMS: calcd for C13H16N2O: 216.1263; found:
216.1255.


2-Butyl-3-(E-2�-methoxycarbonylethenyl)-5-methylfuran (3 be): The reac-
tion of 1b (104 mg, 0.75 mmol) with methyl (Z)-3-iodopropenoate (106 mg,
0.5 mmol) afforded 3be (68 mg, 61%) as a liquid. 1H NMR (300 MHz,
CDCl3): �� 7.47 (d, 3J(H,H)� 15.6 Hz, 1H; COC�CH), 6.01 (s, 1H, CH),
5.93 (d, 3J(H,H)� 15.6 Hz, 1H; COCH�C), 3.71 (s, 3H; OCH3), 2.62 (t,
3J(H,H)� 7.5 Hz, 2H; CH2), 2.20 (s, 3H; CH3), 1.66 ± 1.51 (m, 2H; CH2),
1.41 ± 1.28 (m, 2H; CH2), 0.86 (t, 3J(H,H)� 7.3 Hz, 3H; CH3); 13C NMR
(75.4 MHz, CDCl3): �� 167.94, 157.44, 151.43, 135.64, 117.84, 114.78, 103.22,
51.38, 30.75, 25.94, 22.24, 13.72, 13.32; IR (neat): �� � 1720 (C�O), 1640


(C�C), 1610, 1580, 1264, 1170 cm�1; MS (70 eV): m/z (%): 223 (15.35)
[M��H], 222 (80.64) [M�], 179 (100) [M��C3H7]; HRMS: calcd for
C13H18O3: 222.1256; found: 222.1249.


2-Butyl-3-(4�-methoxyphenyl)-5-methylfuran (3 bf): The reaction of 1b
(104 mg, 0.75 mmol) with p-methoxyphenyl iodide (117 mg, 0.5 mmol)
afforded 3bf (78 mg, 64%) as a liquid. 1H NMR (300 MHz, CDCl3): ��
7.27 (d, 3J(H,H)� 6.7 Hz, 2H; 2ArH), 6.92 (d, 3J(H,H)� 6.7 Hz, 2H;
2ArH), 6.04 (s, 1H; CH), 3.83 (s, 3H; OCH3), 2.69 (t, 3J(H,H)� 7.7 Hz,
2H; CH2), 2.29 (s, 3H; CH3), 1.70 ± 1.60 (m, 2H; CH2), 1.42 ± 1.28 (m., 2H;
CH2), 0.89 (t, 3J(H,H)� 7.3 Hz, 3H; CH3); 13C NMR (125 MHz, CDCl3):
�� 157.02, 148.50, 127.63, 126.20, 119.81, 113.50, 112.90, 106.10, 54.21, 29.93,
25.61, 21.49, 12.84, 12.43; IR (neat): �� � 1590, 1518, 1460, 1350, 1180 cm�1;
MS (70 eV): m/z (%): 244 (44.53) [M�], 201 (100) [M��C3H7]; HRMS:
calcd for C16H20O2: 244.1463; found: 244.1468.


2-Heptyl-3-(4�-methoxylcarbonylphenyl)-5-methylfuran (3 cc): The reac-
tion of 1 c (108 mg, 0.6 mmol) with p-(methoxycarbonyl)phenyl iodide
(80 mg, 0.3 mmol) afforded 3cc (93 mg, 98%) as a liquid. 1H NMR
(300 MHz, CDCl3): �� 8.03 (d, 3J(H,H)� 9.0 Hz, 2H; 2ArH), 7.40 (d,
3J(H,H)� 9.0 Hz, 2H; 2ArH), 6.11 (s, 1H; CH), 3.92 (s, 3H; OCH3), 2.74
(t, 3J(H,H)� 8.1 Hz, 2H; CH2), 2.30 (s, 3H; CH3), 1.72 ± 1.50 (m, 2H; CH2),
1.36 ± 1.16 (m, 8H; 4CH2), 0.87 (t, 3J(H,H)� 6.9 Hz, 3H; CH3); 13C NMR
(75.4 MHz, CDCl3): �� 166.99, 151.26, 150.17, 139.43, 129.81, 127.50, 127.13,
120.53, 106.58, 52.00, 31.72, 29.27, 28.96, 28.56, 27.12, 22.60, 14.06, 13.40; IR
(neat): �� � 1722 (C�O), 1609, 1578, 986, 777 cm�1; MS (70 eV): m/z (%):
314 (32.39) [M�], 229 (100) [M��C6H13]; HRMS: calcd for C20H26O3


314.1882; found: 314.1868.


The cross coupling reaction of deuterated 1,2-allenyl ketone [D]1 c with p-
(methoxycarbonyl)phenyl iodide : The reaction of deuterated 1,2-allenyl
ketone [D]1 c (181 mg, 1.0 mmol) with 2c (131 mg, 0.5 mmol) afforded 3 cc
(140 mg, 89%).


2-Heptyl-3-(4�-methoxyphenyl)-5-methylfuran (3 cf): The reaction of 1 c
(135 mg, 0.75 mmol) with p-methoxyphenyl iodide (117 mg, 0.5 mmol)
afforded 3 cf (90 mg, 63%) as a liquid. 1H NMR (400 MHz, CDCl3): ��
7.27 (d, 3J(H,H)� 6.7 Hz, 2H; 2ArH), 6.92 (d, 3J(H,H)� 6.7 Hz, 2H;
2ArH), 6.04 (s, 1H; CH), 3.83 (s, 3H; OCH3), 2.69 (t, 3J(H,H)� 7.8 Hz,
2H; CH2), 2.29 (s, 3H; CH3), 1.70 ± 1.62 (m, 2H; CH2), 1.34 ± 1.23 (m, 8H;
4CH2), 0.89 (t, 3J(H,H)� 6.9 Hz, 3H; CH3); IR (neat): �� � 1590, 1518,
1460, 1350, 1180 cm�1; MS (70 eV): m/z (%): 287 (10.51) [M��H], 286
(39.36) [M�], 201 (100) [M��C6H13]; HRMS: calcd for C19H26O2 286.1933;
found 286.1907.


2-Heptyl-3-phenyl-5-(cyclohexyl)furan (3 da): The reaction of 1 d (124 mg,
0.5 mmol) with iodobenzene (204 mg, 1.0 mmol) afforded 3 da (119 mg,
74%) as a liquid. 1H NMR (300 MHz, CDCl3) �� 7.50 ± 7.20 (m, 5H; C6H5),
6.08 (s, 1H; CH), 2.76 (t, 3J(H,H)� 7.5 Hz, 2H; CH2), 2.70 ± 2.55 (m, 1H;
CH), 2.20 ± 2.00 (m, 2H; CH2), 1.90 ± 1.60 (m, 6H; 3CH2), 1.50 ± 1.20 (m,
12H; 6CH2), 0.90 (t, 3J(H,H)� 6.9 Hz, 3H; CH3); 13C NMR (75.4 MHz,
CDCl3): �� 158.67, 149.71, 134.87, 128.40, 127.55, 125.95, 120.78, 104.10,
37.17, 31.78, 31.53, 29.30, 29.01, 28.63, 26.96, 26.17, 25.95, 22.62, 14.07; IR
(neat): �� � 1600, 1500 cm�1; MS (70 eV): m/z (%): 324 (36.70) [M�], 239
(100) [M��C6H13]; HRMS: calcd for C23H32O: 324.2453; found: 324.2458.


2-Heptyl-3-(4�-methoxycarbonylphenyl)-5-(cyclohexyl)furan (3 dc): The
reaction of 1d (186 mg, 0.75 mmol) with p-(methoxycarbonyl)phenyl
iodide (131 mg, 0.5 mmol) afforded 3dc (146 mg, 76%) as a liquid.
1H NMR (300 MHz, CDCl3): �� 8.03 (d, 3J(H,H)� 8.7 Hz, 2H; 2ArH),
7.42 (d, 3J(H,H)� 8.9 Hz, 2H; 2ArH), 6.09 (s, 1H; CH), 3.91 (s, 3H;
OCH3), 2.75 (t, 3J(H,H)� 7.5 Hz, 2H; CH2), 2.65 ± 2.52 (m, 1H; CH), 2.15 ±
1.95 (m, 2H; CH2), 1.90 ± 1.60 (m, 6H; 3CH2), 1.50 ± 1.10 (m, 12H; 6CH2),
0.87 (t, 3J(H,H)� 6.6 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3): ��
167.01, 159.11, 150.84, 139.63, 129.78, 127.42, 127.11, 120.09, 103.71, 51.95,
37.07, 31.73, 31.45, 29.24, 28.96, 28.45, 27.16, 26.10, 25.89, 22.58, 14.04; IR
(neat): �� � 1724 (C�O), 1610, 1278 cm�1; MS (70 eV): m/z (%): 382 (45.84)
[M�], 297 (100) [M��C6H13]; HRMS: calcd for C25H34O3: 382.2508;
found: 382.2458.


2-Heptyl-3-phenyl-5-tert-butylfuran (3 ea): The reaction of 1 e (111 mg,
0.5 mmol) with iodobenzene (408 mg, 2.0 mmol) afforded 3ea (110 mg,
74%) as a liquid. 1H NMR (300 MHz, CDCl3): �� 7.42 ± 7.32 (m, 4H,
4ArH), 7.28 ± 7.18 (m, 1H, ArH), 6.06 (s, 1H; CH), 2.75 (t, 3J(H,H)�
7.2 Hz, 2H; CH2), 1.76 ± 1.62 (m, 2H; CH2), 1.40 ± 1.20 (m, 8H; 4CH2),
1.31 (s, 9H, 3CH3), 0.88 (t, 3J(H,H)� 7.2 Hz, 3H; CH3); 13C NMR
(75.4 MHz, CDCl3): �� 161.83, 149.82, 134.87, 128.39, 127.54, 125.93,
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120.62, 103.23, 32.47, 31.81, 29.27, 29.03, 29.02, 28.57, 26.95, 22.63, 14.09; IR
(neat): �� � 1600, 1566, 909, 763 cm�1; MS (70 eV): m/z (%): 298 (32.48)
[M�], 283 (100) [M��CH3]; HRMS: calcd for C21H30O: 298.2297; found:
298.2315.


2-Phenyl-3-(4�-nitrophenyl)-5-methylfuran (3 fb): The reaction of 1 f
(119 mg, 0.75 mmol) with p-nitrophenyl iodide (125 mg, 0.5 mmol) afford-
ed 3 fb (71 mg, 51%) as a yellow oil. 1H NMR (300 MHz, CDCl3): �� 8.18
(d, 3J(H,H)� 8.1 Hz, 2H; 2ArH), 7.54 (d, 3J(H,H)� 8.1 Hz, 2H; 2ArH),
7.50 ± 7.40 (m, 2H; 2Ar�H), 7.38 ± 7.20 (m, 3H; 3Ar�H), 6.22 (s, 1H; CH),
2.41 (s, 3H); 13C NMR (75.4 MHz, CDCl3): �� 152.31, 148.52, 146.48,
141.65, 130.63, 128.89, 128.63, 128.06, 126.57, 123.94, 120.99, 109.11, 13.53;
IR (neat): �� � 1600, 1512, 1342, 1180 cm�1; MS (70 eV): m/z (%): 280
(28.65) [M��H], 279 (100) [M�]; HRMS: calcd for C17H13NO3: 279.08954;
found: 279.08952.


2-Phenyl-3-(4�-methoxycarbonylphenyl)-5-methylfuran (3 fc): The reaction
of 1 f (119 mg, 0.75 mmol) with p-(methoxycarbonyl)phenyl iodide
(131 mg, 0.5 mmol) afforded 3 fc (75 mg, 51%) as an oil. 1H NMR
(300 MHz, CDCl3): �� 7.99 (d, 3J(H,H)� 8.7 Hz, 2H; 2ArH), 7.56 ± 7.45
(m, 4H; 4Ar�H), 7.42 ± 7.16 (m, 3H; 2ArH and Ar�H), 6.20 (s, 1H; CH),
3.92 (s, 3H; OCH3), 2.39 (s, 3H; CH3); 13C NMR (75.4 MHz, CDCl3): ��
166.95, 151.76, 147.64, 139.50, 131.04, 129.85, 128.44, 128.42, 128.33, 127.51,
126.24, 122.10, 109.55, 52.07, 13.54; IR (neat): �� � 1726 (C�O), 1608, 1560,
1276, 1178, 1110 cm�1; MS (70 eV): m/z (%): 293 (24.90) [M��H], 292
(100) [M�]; HRMS: calcd for C19H16O3: 292.1100; found: 292.1114.


2-Phenyl-3-(4�-nitrophenyl)-5-propylfuran (3 gb): The reaction of 1g
(140 mg, 0.75 mmol) with p-nitrophenyl iodide (125 mg, 0.5 mmol) afford-
ed 3 gb (118 mg, 77%) as a yellow oil. 1H NMR (300 MHz, CDCl3): �� 8.09
(d, 3J(H,H)� 8.9 Hz, 2H, 2ArH), 7.47 (d, 3J(H,H)� 8.9 Hz, 2H, 2ArH),
7.42 ± 7.37 (m, 2H, 2Ar�H), 7.26 ± 7.16 (m, 3H; 3Ar�H), 6.15 (s, 1H; CH),
2.61 (t, 3J(H,H)� 7.5 Hz, 2H; CH2), 1.78 ± 1.60 (m, 2H; CH2), 0.97 (t,
3J(H,H)� 7.5 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3): �� 156.53,
148.33, 146.40, 141.71, 130.69, 128.86, 128.57, 127.98, 126.54, 123.87, 120.75,
108.36, 29.93, 21.24, 13.78; IR (neat): �� � 1600, 1514, 1344 cm�1; MS
(70 eV): m/z (%): 307 (54.11) [M�], 278 (100) [M��C2H5]; HRMS: calcd
for C19H17NO3: 307.1208; found: 307.1227.


2-Phenyl-3-(4�-methoxycarbonylphenyl)-5-propylfuran (3 gc): The reaction
of 1g (140 mg, 0.75 mmol) with p-(methoxycarbonyl)phenyl iodide
(131 mg, 0.5 mmol) afforded 3 gc (116 mg, 73%) as an oil. 1H NMR
(300 MHz, CDCl3): �� 8.02 (d, 3J(H,H)� 8.5 Hz, 2H; 2ArH), 7.56 ± 7.44
(m, 4H; 2ArH and 2Ar�H), 7.35 ± 7.20 (m, 3H; 3Ar�H), 6.22 (s, 1H; CH),
3.93 (s, 3H; OCH3), 2.69 (t, 3J(H,H)� 7.5 Hz, 2H; CH2), 1.85 ± 1.68 (m, 2H;
CH2), 1.05 (t, 3J(H,H)� 6.9 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3):
�� 66.86, 155.95, 147.43, 139.54, 131.07, 129.78, 128.35, 128.28, 127.42,
126.19, 121.82, 108.78, 108.77, 51.97, 29.93, 21.24, 13.77; IR (neat): �� � 1724
(C�O), 1610, 1560, 1278 cm�1; MS (70 eV): m/z (%): 320 (65.59) [M�], 291
(100) [M��C2H5]; HRMS: calcd for C21H20O3: 320.1413; found: 320.1411.


2,3-Dimethyl-4-(4�-nitrophenyl)furan (3 hb): The reaction of 3h (182 mg,
2.0 mmol) with p-nitrophenyl iodide (249 mg, 1.0 mmol) afforded 3hb
(171 mg, 79%). M.p. 91 ± 92 �C (n-hexane); 1H NMR (300 MHz, CDCl3):
�� 8.21 (d, 3J(H,H)� 9.1 Hz, 2H; 2ArH), 7.50 (d, 3J(H,H)� 9.1 Hz, 2H;
2ArH), 7.46 (s, 1H; CH), 2.22 (s, 3H; CH3), 2.04 (s, 3H; CH3); IR (KBr):
�� � 1600, 1560, 1510, 1340, 1144 cm�1; MS (70 eV): m/z (%): 218 (22.21)
[M��H], 217 (100) [M�]; elemental analysis calcd (%) for C12H11NO3: C
66.35, H 5.10, N 6.45; found: C 66.34, H 5.04, N 6.33.


2,3-Dimethyl-4-(4�-methoxycarbonylphenyl)furan (3 hc): The reaction of
1h (144 mg, 1.5 mmol) with p-(methoxycarbonyl)phenyl iodide (262 mg,
1.0 mmol) afforded 3hc (156 mg, 68%). M.p. 69 ± 71 �C (n-hexane);
1H NMR (300 MHz, CDCl3): �� 8.01 (d, 3J(H,H)� 6.8 Hz, 2H; 2ArH),
7.42 (d, 3J(H,H)� 6.8 Hz, 2H; 2ArH), 7.41 (s, 1H; CH), 3.82 (s, 3H;
OCH3), 2.23 (s, 3H; CH3), 2.02 (s, 3H; CH3); MS (70 eV): m/z (%): 231
(17.06) [M��H], 230 (100) [M�]; IR (KBr): �� � 1724 (C�O), 1609, 1276,
1110 cm�1; elemental analysis calcd (%) for C14H14O3: C 73.03, H 6.12;
found: C 72.95, H 6.19.


2-Methyl-3-butyl-4-(3�,5�-pyrimidinyl)furan (3 id): The reaction of 1 i
(207 mg, 1.5 mmol) with 5-bromopyrimidine (159 mg, 1.0 mmol) afforded
3 id (209 mg, 97%). M.p. 39 ± 40 �C (n-hexane); 1H NMR (300 MHz,
CDCl3): �� 9.10 (s, 1H; ArH), 8.70 (s, 2H; 2ArH), 7.38 (s, 1H; CH), 2.41
(t, 3J(H,H)� 7.4 Hz, 2H; CH2), 2.24 (s, 3H; CH3), 1.47 ± 1.04 (m, 4H;
2CH2), 0.80 (t, 3J(H,H)� 7.1 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3):
�� 157.03, 155.28, 149.78, 137.87, 127.89, 120.75, 117.91, 32.58, 23.13, 22.34,


13.75, 11.77; IR (KBr): �� � 1550, 1410, 1140 cm�1; MS (70 eV): m/z (%): 217
(44.11) [M��H], 216 (63.07) [M�], 173 (100) [M��C3H7]; HRMS: calcd
for C13H16N2O: 216.1263; found: 216.1250.


2-Methyl-3-allyl-4-(4�-nitrophenyl)furan (3 jb): The reaction of 1,2-dienyl
ketone 1 j (183 mg, 1.5 mmol) with p-nitrophenyl iodide (249 mg, 1.0 mmol)
afforded 3 jb as a yellow solid (191 mg, 79%). 1H NMR (400 MHz, CDCl3):
�� 8.05 (d, 3J(H,H)� 7.1 Hz, 2H; 2ArH), 7.15 (d, 3J(H,H)� 7.1 Hz, 3H;
2ArH and CH), 5.78 ± 5.65 (m, 1H; CH�C), 4.89 (dd, 3J(H,H)� 10.1 Hz,
2J(H,H)� 1.7 Hz, 1H; C�CH), 4.78 (dd, 3J(H,H)� 7.1 Hz, 2J(H,H)�
1.7 Hz, 1H; C�CH), 3.05 (d, 3J(H,H)� 5.3 Hz, 2H; CH2), 2.10 (s, 3H;
CH3); IR (KBr): �� � 1640 (C�C), 1600, 1510, 1340 cm�1; MS (70 eV): m/z
(%): 244 (19.31) [M��H], 243 (100) [M�]; elemental analysis calcd (%) for
C14H13NO3: C 69.12, H 5.39, N 5.76; found: C 69.51, H 5.52, N 5.73.


The cross-coupling reaction of 1,2-allenyl ketone 1k with iodobenzene:
Conditions A : The reaction of 1,2-allenyl ketone 1k (104 mg, 0.5 mmol)
with iodobenzene (204 mg, 1 mmol) afforded 3ka (81 mg, 57%) and 4k
(22 mg, 11%).


2-Pentyl-3-phenyl-4-butyl-5-methylfuran (3 ka): 1H NMR (300 MHz,
CDCl3): �� 7.42 ± 7.16 (m, 5H; C6H5), 2.54 (t, 3J(H,H)� 8.0 Hz, 2H;
CH2), 2.29 (t, 3J(H,H)� 7.3 Hz, 2H; CH2), 2.26 (s, 3H; CH3), 1.76 ± 1.50 (m,
2H; CH2), 1.40 ± 1.10 (m, 8H; 4CH2), 0.87 (t, 3J(H,H)� 6.7 Hz, 3H; CH3),
0.87 (t, 3J(H,H)� 6.7 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3): ��
149.95, 145.22, 134.97, 129.75, 128.42, 126.55, 122.46, 119.32, 32.70, 31.74,
28.88, 26.59, 23.50, 22.63, 22.60, 14.24, 14.03, 11.96; IR (neat): �� � 1608,
1585, 1495, 701 cm�1; MS (70 eV): m/z (%): 284 (29.72) [M�], 227 (100)
[M��C4H9]; HRMS: calcd for C20H28O: 284.2140; found: 284.2157.


2-Methyl-3-butyl-5-pentylfuran (4 k): 1H NMR (300 MHz, CDCl3): �� 5.77
(s, 1H; CH), 2.52 (t, 3J(H,H)� 7.5 Hz, 2H; CH2), 2.26 (t, 3J(H,H)� 7.2 Hz,
2H; CH2), 2.16 (s, 3H; CH3), 1.68 ± 1.50 (m, 2H; CH2), 1.50 ± 1.40 (m, 2H;
CH2), 1.40 ± 1.30 (m, 6H; 3CH2), 0.91 (t, 3J(H,H)� 7.5 Hz, 3H; CH3), 0.90
(t, 3J(H,H)� 6.9 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3): �� 153.53,
144.71, 119.41, 106.43, 32.62, 31.49, 28.05, 27.86, 24.56, 22.45, 22.36, 14.02,
13.94, 11.35; IR (neat): �� � 2958, 2929, 1578, 1467 cm�1; MS (70 eV): m/z
(%): 208 (28.69) [M�], 151 (100) [M��C4H9]; HRMS: calcd for C14H24O:
208.18272; found: 208.17948.


Typical procedure for coupling cyclization reaction of 1,2-allenyl ketone 1k
with iodobenzene: Conditions B: A mixture of Pd(PPh3)4 (29 mg,
0.05 mmol), 1,2-dienyl ketone 1k (104 mg, 1.0 mmol), K2CO3 (138 mg,
1.0 mmol), TBAB (32 mg, 0.1 mmol), iodobenzene (204 mg, 2.0 mmol), and
DMA (2.5 mL) was stirred under Ar at 100 �C for 10 h. H2O was added and
the mixture was extracted by ether, dried over MgSO4, and evaporated.
The residue was purified by column chromatography on silica gel (hexanes)
to afford 3 ka (101 mg, 72%).


2-Pentyl-3-(4�-methoxycarbonylphenyl)-4-butyl-5-methylfuran (3 kc): The
reaction of 1k (208 mg, 1.0 mmol) with p-(methoxycarbonyl)phenyl iodide
(131 mg, 0.5 mmol) afforded 3 kc (161 mg, 94%). 1H NMR (300 MHz,
CDCl3): �� 8.05 (d, 3J(H,H)� 8.1 Hz, 2H; 2ArH), 7.30 (d, 3J(H,H)�
8.1 Hz, 2H; 2ArH), 3.92 (s, 3H; OCH3), 2.52 (t, 3J(H,H)� 7.5 Hz, 2H;
CH2), 2.30 (t, 3J(H,H)� 6.6 Hz, 2H; CH2), 2.23 (s, 3H; CH3), 1.70 ± 1.50 (m,
2H; CH2), 1.40 ± 1.10 (m, 8H; 4CH2), 0.84 (t, 3J(H,H)� 6.9 Hz, 3H; CH3),
0.76 (t, 3J(H,H)� 6.9 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3): ��
167.11, 150.19, 145.45, 139.88, 129.52, 129.22, 127.95, 121.40, 118.68, 52.02,
32.36, 31.38, 28.47, 26.34, 23.18, 22.29, 22.27, 13.93, 13.72, 11.61; IR (neat):
�� � 1728 (C�O), 1612, 1276, 774 cm�1; MS (70 eV): m/z (%): 342 (6.67)
[M�], 43 (100) [C3H7


�]; HRMS: calcd for C22H30O3: 342.2195; found:
342.2188.


2-Pentyl-3-(E-2�-methoxycarbonylethenyl)-4-butyl-5-methylfuran (3 ke):
The reaction of 1k (166 mg, 0.8 mmol) with methyl (E)-3-iodopropenoate
(106 mg, 0.5 mmol) afforded 3 ke (94 mg, 64%). 1H NMR (300 MHz,
CDCl3): �� 7.49 (d, 3J(H,H)� 16.2 Hz, 1H; COC�CH), 5.97 (d, 3J(H,H)�
16.2 Hz, 1H; COCH�C), 3.70 (s, 3H; OCH3), 2.60 (t, 3J(H,H)� 7.5 Hz,
2H; CH2), 2.35 (t, 3J(H,H)� 6.9 Hz, 2H; CH2), 2.10 (s, 3H; CH3), 1.60 ±
1.40 (m, 2H; CH2), 1.40 ± 1.10 (m, 8H; 4CH2), 0.85 (t, 3J(H,H)� 7.2 Hz, 3H;
CH3), 0.82 (t, 3J(H,H)� 6.9 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3):
�� 168.34, 157.36, 146.74, 136.66, 117.97, 116.25, 114.13, 51.41, 32.00, 31.73,
28.20, 26.67, 23.90, 22.39, 22.35, 13.94, 13.89, 11.20; IR (neat): �� � 1722
(C�O), 1640 (C�C), 1626, 1169 cm�1; MS (70 eV): m/z (%): 292 (31.33)
[M�], 43 (100) [C3H7


�]; HRMS: calcd for C18H28O3: 292.2039; found:
292.2054.
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2-Pentyl-3-(4�-methoxyphenyl)-4-butyl-5-methylfuran (3 kf): The reaction
of 1k (208 mg, 1.0 mmol) with p-methoxyphenyl iodide (117 mg, 0.5 mmol)
afforded 3 kf (80 mg, 51%) and 3 ka (39 mg, 27%). 3 kf : 1H NMR
(300 MHz, CDCl3): �� 7.15 (d, 3J(H,H)� 8.7 Hz, 2H; 2ArH), 6.92 (d,
3J(H,H)� 8.7 Hz, 2H; 2ArH), 3.84 (s, 3H; OCH3), 2.50 (t, 3J(H,H)�
7.5 Hz, 2H; CH2), 2.28 (t, 3J(H,H)� 7.5 Hz, 2H; CH2), 2.24 (s, 3H; CH3),
1.60 ± 1.50 (m, 2H; CH2), 1.30 ± 1.10 (m, 8H; 4CH2), 0.86 (t, 3J(H,H)�
6.6 Hz, 3H; CH3), 0.79 (t, 3J(H,H)� 7.8 Hz, 3H; CH3); 13C NMR
(75.4 MHz, CDCl3): �� 158.12, 149.52, 144.76, 130.52, 126.93, 121.68,
119.20, 113.59, 55.16, 32.45, 31.49, 28.64, 26.33, 23.26, 22.37, 22.36, 13.99,
13.80, 11.70; IR (neat): �� � 1590, 1512, 1246, 1174, 734 cm�1; MS (70 eV): m/
z (%): 292 (31.33) [M�], 43 (100) [C3H7


�]; HRMS: calcd for C21H30O2:
314.2246; found: 314.2220.


2-Butyl-3-phenyl-4-pentyl-5-methylfuran (3 la): The reaction of 1 l (208 mg,
1.0 mmol) with iodobenzene (408 mg, 2.0 mmol) afforded 3 la (196 mg,
69%) as a liquid. 1H NMR (300 MHz, CDCl3): �� 7.42 ± 7.16 (m, 5H;
C6H5), 2.54 (t, 3J(H,H)� 8.0 Hz, 2H; CH2), 2.29 (t, 3J(H,H)� 7.3 Hz, 2H;
CH2), 2.25 (s, 3H; CH3), 1.70 ± 1.50 (m, 2H; CH2), 1.40 ± 1.10 (m, 8H;
4CH2), 0.87 (t, 3J(H,H)� 7.3 Hz, 3H; CH3), 0.87 (t, 3J(H,H)� 6.7 Hz, 3H;
CH3); 13C NMR (75.4 MHz, CDCl3): �� 149.66, 144.95, 134.71, 129.51,
128.16, 126.30, 122.23, 119.13, 31.48, 31.09, 29.86, 26.09, 23.48, 22.38, 22.27,
13.93, 13.81, 11.69; IR (neat): �� � 2929, 1608, 1585, 1496 cm�1; MS (70 eV):
m/z (%): 284 (53.14) [M�], 241 (100) [M��C3H7]; HRMS: calcd for
C20H28O: 284.2140; found: 284.2180.


2,4-Dipentyl-3-phenyl-5-methylfuran (3 ma): The reaction of 1m (222 mg,
1.0 mmol) with iodobenzene (408 mg, 2.0 mmol) afforded 3 ma (176 mg,
59%) as a liquid. 1H NMR (300 MHz, CDCl3): �� 7.42 ± 7.16 (m, 5H;
C6H5), 2.51 (t, 3J(H,H)� 7.3 Hz, 2H; CH2), 2.28 (t, 3J(H,H)� 7.3 Hz, 2H;
CH2), 2.25 (s, 3H; CH3), 1.70 ± 1.50 (m, 2H; CH2), 1.40 ± 1.10 (m, 10H;
5CH2), 0.84 (t, 3J(H,H)� 6.7 Hz, 3H; CH3), 0.78 (t, 3J(H,H)� 7.3 Hz, 3H;
CH3); 13C NMR (75.4 MHz, CDCl3): �� 149.92, 145.18, 134.94, 129.73
(2C), 128.38 (2C), 126.53, 122.43, 119.36, 31.71 (2C), 30.08, 30.03, 26.56,
23.71, 22.60, 22.50, 14.20, 14.17, 11.94; IR (neat): �� � 2929, 1608, 1585, 1495,
759, 701 cm�1; MS (70 eV): m/z (%): 298 (48.06) [M�], 241 (100) [M��
C4H9]; HRMS: calcd for C21H30O: 298.2297; found: 298.2262.


2-Butyl-3-phenyl-4-pentyl-5-isopropylfuran (3 na): The reaction of 1 n
(236 mg, 1.0 mmol) with iodobenzene (408 mg, 2.0 mmol) afforded 3na
(187 mg, 60%) as a liquid. 1H NMR (300 MHz, CDCl3): �� 7.42 ± 7.16 (m,
5H; C6H5), 3.00 (7, 3J(H,H)� 6.7 Hz, 1H; CH), 2.54 (t, 3J(H,H)� 7.3 Hz,
2H; CH2), 2.30 (t, 3J(H,H)� 7.3 Hz, 2H; CH2), 1.70 ± 1.56 (m, 2H; CH2),
1.40 ± 1.00 (m, 8H; 4CH2), 1.28 (d, 3J(H,H)� 6.7 Hz, 6H; 2CH3), 0.86 (t,
3J(H,H)� 7.3 Hz, 3H; CH3), 0.78 (t, 3J(H,H)� 6.7 Hz, 3H; CH3); 13C NMR
(75.4 MHz, CDCl3): �� 153.29, 149.39, 134.93, 129.55, 128.11, 126.21,
121.89, 117.03, 31.58, 30.95, 30.39, 26.25, 26.12, 23.30, 22.36, 22.28, 21.91,
13.91, 13.81; IR (neat): �� � 1608, 1583, 701 cm�1; MS (70 eV): m/z (%): 312
(41.07) [M�], 269 (100) [M��C3H7]; HRMS: calcd for C22H32O: 312.2453;
found: 312.2458.


2-(2�-Methylbutyl)-3-phenyl-4-pentyl-5-methylfuran (3 oa): The reaction of
1o (222 mg, 1.0 mmol) with iodobenzene (408 mg, 2.0 mmol) afforded 3oa
(201 mg, 67%) as a liquid. 1H NMR (300 MHz, CDCl3): �� 7.42 ± 7.16 (m,
5H; C6H5), 2.53 (dd, 2J(H,H)� 14.7, 3J(H,H)� 6.1 Hz, 1H; CH), 2.32 (t,
2J(H,H)� 14.7, 3J(H,H)� 7.9 Hz, 1H; CH), 2.28 (t, 3J(H,H)� 6.7 Hz, 2H;
CH2), 2.25 (s, 3H; CH3), 1.76 ± 1.62 (m, 1H; CH), 1.40 ± 1.00 (m, 8H; 4CH2),
0.90 ± 0.70 (m, 9H; 3CH3); 13C NMR (75.4 MHz, CDCl3): �� 148.86,
144.96, 134.81, 129.65, 128.15, 126.27, 123.24, 119.12, 34.52, 33.32, 31.48,
29.83, 29.20, 23.44, 22.27, 19.15, 13.93, 11.72, 11.38; IR (neat): �� � 1608,
1495, 759, 701 cm�1; MS (70 eV): m/z (%): 298 (32.58) [M�], 241 (100)
[M��C4H9]; HRMS: calcd for C21H30O: 298.2297; found: 298.2254.


2-(4�-Methylphenyl)-3-butyl-4-(4��-methoxycarbonylphenyl)-5-pentylfuran
(3 pc): Treatment of 1 p (400 mg, 1.41 mmol) with 2c (200 mg, 0.76 mmol)
afforded 3pc (285 mg, 90%). 1H NMR (300 MHz, CDCl3): �� 8.03 (d,
3J(H,H)� 8.3 Hz, 2H, 2ArH), 7.47 (d, 3J(H,H)� 8.3 Hz, 2H; 2ArH), 7.01
(d, 3J(H,H)� 8.3 Hz, 2H; 2ArH), 7.60 (d, 3J(H,H)� 8.3 Hz, 2H; 2ArH),
3.88 (s, 3H; OCH3), 2.60 ± 2.45 (m, 4H; 2CH2), 2.32 (s, 3H; CH3), 1.66 ± 1.54
(m, 2H; CH2), 1.38 ± 1.08 (m, 8H; 4CH2), 0.79 (t, 3J(H,H)� 6.9 Hz, 3H;
CH3), 0.69 (t, 3J(H,H)� 7.2 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3):
�� 167.06, 151.43, 146.99, 139.33, 136.34, 129.64, 129.56, 129.17, 129.07,
128.32, 125.34, 123.32, 120.68, 52.07, 31.96, 31.35, 28.31, 26.38, 23.79, 22.53,
22.29, 21.19, 13.94, 13.64; IR (neat): �� � 1726 (C�O), 1610, 1510 cm�1; MS


(70 eV): m/z (%): 418 (64.57) [M�], 362 (100) [M��C4H8]; HRMS: calcd
for C28H34O3: 418.2508; found: 418.2539.


2-(4�-Trifluoromethylphenyl)-3-butyl-4-(4��-methoxycarbonylphenyl)-5-
pentylfuran (3 qc): Treatment of 1q (338 mg, 1.0 mmol) with 2c (131 mg,
0.5 mmol) afforded 3qc (50 mg, 21%) as a solid. M.p. 60 ± 61 �C (Et2O/
hexanes); 1H NMR (300 MHz, CDCl3): �� 8.03 (dt, 3J(H,H)� 8.5 Hz,
6J(H,H)� 1.8 Hz, 2H; 2ArH), 7.68 (d, 3J(H,H)� 8.2 Hz, 2H; 2Ar�H), 7.48
(d, 3J(H,H)� 8.2 Hz, 2H; 2Ar�H), 7.37 (dt, 3J(H,H)� 8.5 Hz, 6J(H,H)�
1.8 Hz, 2H; 2ArH), 3.93 (s, 3H; OCH3), 2.55 (t, 3J(H,H)� 7.0 Hz, 2H;
CH2), 2.42 (td, 3J(H,H)� 7.3 Hz, 6J(H,H)� 1.8 Hz, 2H; CH2), 1.60 ± 1.30
(m, 6H; 3CH2), 1.30 ± 1.10 (m, 4H; 2CH2), 0.94 (t, 3J(H,H)� 7.0 Hz, 3H;
CH3), 0.82 (t, 3J(H,H)� 6.7 Hz, 3H; CH3); 13C NMR (75.4 MHz, CDCl3):
�� 215.19, 193.77, 166.63, 141.73, 139.53, 133.15 (q, 2J(C,F)� 32.9 Hz),
130.06, 129.25, 128.48, 127.35 (q, 1J(C,F)� 296.3 Hz), 126.10, 124.84 (q,
3J(C,F)� 3.8 Hz), 110.81, 110.06, 52.19, 31.45, 30.37, 30.18, 28.17, 27.48,
22.65, 22.35, 13.95, 13.86; IR (KBr): �� � 1724 (C�O), 1654, 1607, 1326 cm�1;
MS (70 eV): m/z (%): 472 (9.72) [M�], 299 (100) [M�� p-CF3C6H4CO];
elemental analysis calcd (%) for C28H31F3O3: C 71.17, H 6.61; found: C
70.89, H 6.52.
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Abstract: Novel �-extended tetrathia-
fulvalene (exTTF)-based donor accept-
or hybrids–dyads and triads–have
been synthesized following a multistep
synthetic procedure. Cyclic voltammetry
and absorption spectroscopy, conducted
in room temperature solutions, reveal
features that are identical to the sum of
the separate donor and acceptor moi-
eties. Steady-state and time-resolved
photolytic techniques confirm that upon
photoexcitation of the fullerene chro-
mophore, rapid (1.25� 1010 s�1) and ef-
ficient (67%) charge separation leads to


long-lived, charge-separated radical
pairs. Typical lifetimes for the dyad
ensembles range between 54 and
460 ns, with the longer values found in
more polar solvents. This indicates that
the dynamics are located in the ×normal
region× of the Marcus curve. In the
triads, subsequent charge shifts trans-
form the adjacent radical pair into the


distant radical pair, for which we deter-
mined lifetimes of up to 111 �s in
DMF–values never previously accom-
plished in molecular triads. In the final
charge-separated state, large donor-ac-
ceptor separation (center-to-center dis-
tances: �30 ä) minimizes the coupling
between reduced acceptor and oxidized
donor. Analysis of the charge recombi-
nation kinetics shows that a stepwise
mechanism accounts for the unusually
long lifetimes.


Keywords: charge separation ¥
cycloaddition ¥ donor± acceptor
systems ¥ sulfur heterocycles


Introduction


Owing to the importance and complexity of the natural
photosynthetic apparatus, the study thereof requires the use
of suitably simple models. Therefore, the design and synthesis
of molecular architectures–artificial photosynthetic antenna
and reaction centers–emerges as an interdisciplinary strategy
for devising integrated, multicomponent model systems that
transmit and process solar energy.[1]


Among the many photo- and redox-active donor and/or
acceptor building blocks explored to construct artificial
photosynthetic models,[2±5] C60 carries great potential as a
three-dimensional, spherical electron acceptor. This is be-
cause of the small reorganization energy of C60 in electron
transfer reactions[6] and its remarkable chemical reactivity.[7]


Thus, C60 renders itself an excellent candidate for the
preparation of photo- and redox-active systems.[8]


The continuing quest for new donor-acceptor ensembles is
driven by several goals, namely faster and more efficient
charge separation, slower charge recombination, minimizing
the loss of excited state energy, and exploring simpler systems
with fewer components.
So far, porphyrins represent the most frequently used


excited state donor in combination with C60 (see, as a
representative example, dyad 1), generating large and com-
plex, yet highly ordered, molecular and supramolecular


entities with specific functions. At small donor ± acceptor
separations, however, relatively short lifetimes have been
reported for radical ion pairs that fall within the picosecond
time scale. Longer lifetimes have been accomplished upon
increasing the relative separation. To cite an instance when
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larger spacers (i.e., non photo- and electro-
active moieties) were used to link donor
and acceptor, lifetimes of several hundreds
of nanoseconds have been recorded.
A viable alternative implies the incorpo-


ration of additional donor moieties, form-
ing triads/tetrads/etc. The basic notion is to
achieve long-distance charge-separated
states using a sequence of several short-
range electron transfer reactions along a
well-designed redox gradient. Spectacular
radical pair lifetimes–close to seconds–
have been found.[6c]


The mechanism of charge recombination
has a considerable impact on the rate
constant. In principle, either a stepwise,
that is, overcoming a thermally activated
barrier (i.e. , bona fide intermediate state),
or a concerted pathway, that is, electronic
tunneling by means of super exchange (i.e. ,
virtual intermediate state) can occur.[9] Two
factors control/alter the mechanism: 1)
energy gap and 2) electronic coupling
element. Importantly, slower recombina-
tion rates are expected for the stepwise
scenario.
Recent reports indicate that aromatiza-


tion of an oxidized donor moiety can also
have a notable impact on the improvement
of light-induced charge-separation.[10] An
illustration is given in the case where a
tetrathiafulvalene (TTF) donor has been


attached in close proximity to C60.[11] In the resulting C60-TTF
dyads (2, 3), charge-separated radical ion pairs are formed
whose lifetimes are in the nanosecond range. Clearly, the gain
of aromaticity of the 1,3-dithiolium cation generated upon
oxidation is central to this effect.
Further advances in the stabilization concept were based on


the use of �-extended tetrathiafulvalenes (exTTF).[12] We
have previously reported the synthesis of different C60-exTTF
dyads (4 ± 6).[13] Pico- and nanosecond transient absorption
measurements reveal that the instantaneously formed full-
erene singlet excited state transforms rapidly into the charge-
separated radical pair. Remarkably, the lifetimes of the
charge-separated states in C60-exTTF are in the range of
several hundreds of nanoseconds in deoxygenated benzoni-
trile and slightly lower in the less polar CH2Cl2.[13c] For
comparison, the parent TTF dyads (2) or zinc tetraphenyl-
porphyrin dyads (1) yielded radical pairs having lifetimes of
up to a few nanoseconds.
Herein we apply the concept of gain of aromaticity and


planarity upon oxidation of the exTTF donor to a newly


Abstract in Spanish: Nuevos sistemas da-
dor-aceptor -dÌadas y trÌadas- derivados de
tetratÌafulvaleno �-extendido (exTTF) han
sido obtenidos mediante un procedimiento
sinte¬tico en varios pasos. La voltamperome-
trÌa cÌclica y espectroscopia de absorcio¬n, realizadas en
disoluciones a temperatura ambiente, muestran caracterÌsticas
que corresponden a la suma de ambos fragmentos dador y
aceptor por separado. Las te¬cnicas fotolÌticas en estado
estacionario y a tiempos definidos confirman que la fotoexci-
tacio¬n del cromo¬foro de fullereno conduce a una ra¬pida
(1.25� 1010 s�1) y eficiente (67%) separacio¬n de carga con
formacio¬n de pares radical con tiempos de vida largos. Los
tiempos de vida tÌpicos para las dÌadas oscilan entre 54 y 460 ns,
con los valores ma¬s elevados encontrados en los disolventes
ma¬s polares, indicando que la dina¬mica se localiza en la
™regio¬n normal∫ de la curva de Marcus. En las trÌadas, el
posterior desplazamiento de carga transforma el par radical
adyacente en un par radical a larga distancia, para el cual se ha
determinado un tiempo de vida de 111 �s en DMF, valores estos
que no habÌan sido alcanzados hasta ahora en trÌadas
moleculares. El ana¬lisis de la cine¬tica de recombinacio¬n de
carga indica que los elevados tiempos de vida serÌan debidos a
un mecanismo por etapas.
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designed series of different exTTF-containing dyads and
triads. Details on the synthetic, electrochemical, and photo-
physical work will be presented, highlighting the noteworthy
impact that a chemical spacer [C60-exTTF (18, 23)], or a
second exTTF unit [C60-exTTF1-exTTF2 (25, 26)], exert on the
improvement of light-induced charge separation. Particular
emphasis is placed on attaining incoherent sequential charge
recombination by designing components that result in small
driving forces. The lifetimes for intramolecular charge sepa-
ration, determined in 25 and 26, are by far the longest values
ever reported in molecular triads.


Results and Discussion


Synthesis : Target molecules 18, 23, 25, and 26 were prepared
by a 1,3-dipolar cycloaddition to C60 of azomethine ylides
generated in situ.[14]


The synthetic route towards dyad 18 is summarized in
Scheme 1. The preparation of �-extended-TTF electron
donors (15a, b) requires the previous protection of the
hydroxy groups of the starting anthraflavic acid (2,6-dihy-
droxyanthraquinone) (7) in the form of bissilylated deriva-
tives (10). This was carried out by the reaction of 7 with tert-
butylchlorodiphenylsilane in the presence of imidazole. Sub-
sequent twofold reaction of protected quinone 10 with a
phosphorus-stabilized carbanion, generated under basic con-
ditions (n-butyllithium), gave �-extended-TTFs 14a, b. Com-
pounds 14a, b were deprotected by treatment with tetrabu-
tylammonium fluoride to yield the respective diols 15a, b,
similar to that reported by Bryce and Marshallay.[15] Com-
pounds 15a, b, which were sparingly soluble in common
organic solvents, reacted with two equivalents of 4-formyl-


benzoic acid (16) in the presence of dimethylaminopyridine
(DMAP) and N,N�-dicyclohexylcarbodiimide (DCC), to af-
ford diformyl-substituted donors 19a, b, which were further
used for the preparation of triads 25 and 26.
To obtain dyad 18, anthraflavic acid was monoalkylated


with hexyl bromide and potassium carbonate, which yielded
quinone 8.[16] The remaining hydroxy group in 8 was protected
by reaction with tert-butylchlorodiphenylsilane leading to
compound 9. Olefination of quinone 9with phosphonate ester
11 and butyllithium gave 12. Deprotection of the donor
compound 12 by treatment with tetrabutylammonium fluo-
ride gave the monohydroxy-substituted exTTF 13. Finally, an
esterification reaction of 13 with 4-formylbenzoic acid (16)
afforded compound 17, which then reacted by 1,3-dipolar
cycloaddition with C60 and sarcosine to yield dyad 18 in 61%
yield.
A similar synthetic strategy was chosen for the preparation


of dyad 23 and also triads 25 and 26 (Scheme 2). In particular,
2-hydroxymethyl-9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydro-
anthracene (20)[17a] was converted with 4-formylbenzoic acid
(16) in the presence of DMAP and DCC to the formyl-
containing ester (22). Subsequent reaction with C60 and
sarcosine (N-methylglicine) in refluxing toluene yielded 23
in 61% yield.
The synthetic workup enroute to triads 25 and 26 starts


from 2-hydroxymethyl substituted exTTF 20. In this case, 20
was transformed into a Wittig reagent (21) by treating it with
triphenylphosphane hydrobromide (PHPh3�Br�) in refluxing
toluene.[17b] A Wittig olefination reaction with bisaldehydes
19a, b in a 1:1 stoichiometric ratio gave bis-�-extended TTFs
24a, b in moderate yields (43 and 38%, respectively). Finally,
a cycloaddition reaction of the azomethyne ylides generated
in situ from exTTF-exTTF-CHO (24a, b) and sarcosine to C60


Scheme 1. a) Hexylbromide, K2CO3, DMF; b) tBuPh2SiCl, imidazole, DMF; c) nBuLi, THF, �78 �C; d) nBu4NF, THF; e) 4-carboxybenzaldehyde (16),
DCC, DMAP, CH2Cl2; f) C60, sarcosine, toluene, �.
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yielded triads 25 and 26 as stable
brown-yellowish solids in 43 and
51% yields, respectively.
The 1H NMR spectra of electro-


active dyads and triads 18, 23, 25, and
26 show, in addition to the aromatic
signals, resonance signals of the
N�Me group at �� 2.9 ppm, and
the pyrrolidine protons at around
�� 5.01 ± 5.07 (d, J� 9.5 Hz, 1H),
4.30 ± 4.37 (d, J� 9.5 Hz, 1H), and
5.01 ± 5.10 ppm (s, 1H), in good
agreement with other N-methylful-
leropyrrolidine derivatives.[14] A re-
stricted rotation of phenyl substitu-
ents on the pyrrolidine ring has been
described for different phenylfuller-
opyrrolidine derivatives.[18] We have
also observed this dynamic effect in
the dyads and triads prepared, which
showed broad signals for the ortho
aromatic protons close to the fullerene surface at �� 8.0 ppm.
The large number of 13C NMR signals seen in CDCl3:CS2


mixtures confirm the lack of symmetry in these fulleropyrro-
lidine derivatives–see Experimental Section and Figure 1.
The UV/Vis spectra of 18, 23, 25, and 26 show absorption


bands at approximately 432 nm, which clearly correspond to
the features of �-extended TTF.[12] This absorption hides the
typically weak absorption band of fullerene derivatives close
to 430 nm, and is responsible for the yellow color that these
dyads and triads show in solution.


Electrochemistry : The CV data of the studied compounds are
collected in Table 1 along with those of C60 and the parent
unsubstituted 9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroan-
thracene (27).[12]


Scheme 2. a) PPh3HBr, toluene; b) 4-carboxybenzaldehyde (16), DCC, DMAP, CH2Cl2; c) C60, sarcosine, toluene, � d) 19a, b, tBuOK, toluene, �.


Figure 1. 13C NMR spectrum for dyad 23 in CDCl3.


Table 1. Redox potentials of 4a, 18, 19a, 19b, 22, 23, 25, 26, and 27 at room
temperature.[a]


Compound E1
red E2


red E3
red E4


red Eox


4a � 0.66 � 1.01 � 1.67 � 1.96 0.46 (2e�)
18 � 0.70 � 1.08 � 1.62 � 2.01 0.41 (2e�)
19a � 1.51[b] ± ± ± 0.47 (0.45)[c] (2e�)
19b � 1.43[b] ± ± ± 0.58 (0.56)[c] (2e�)
22 ± ± ± ± 0.46 (2e�)
23 � 0.69 � 1.07 � 1.61 � 2.01 0.39 (2e�)
25 � 0.70 � 1.08 � 1.61 � 2.01 0.41 (br) (4e�)
26 � 0.69 � 1.07 � 1.61 � 1.99 0.43 (br) (4e�)
C60 � 0.60 � 1.00 � 1.52 � 2.04 ±
27[d] ± ± ± ± 0.45 (2e�)


[a] Experimental conditions: V versus SCE, GCE as working electrode,
Bu4NClO4 (0.1�) as supporting electrolyte, ODCB/MeCN (4/1) as solvent,
100 mVs�1 scan rate. [b] Corresponding to the aldehyde group. [c] In
CH2Cl2. [d] 27: 9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene, in







Electron Transfer Processes in Molecular Dyads and Triads 2457±2468


Chem. Eur. J. 2003, 9, 2457 ± 2468 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2461


The dyads and triads prepared exhibited an amphoteric
redox behavior. Thus, all compounds (18, 23, 25, 26) showed
the presence of four quasireversible reduction waves, resem-
bling the trend found for the parent C60. These reduction
potentials are shifted to more negative values (compared to
C60) as a consequence of the partial loss of � conjugation in
the C60 core. This raises the LUMO energy of the resulting
modified fullerene.[19]


On the oxidation side, dyads 18 and 23 show the presence of
an electrochemically quasirreversible oxidation wave involv-
ing a two-electron process to form the dication, similar to that
observed for the parent unsubstituted exTTF 27.[12] The
slightly stronger electron donor ability of 23 can be accounted
for by the presence of the electron releasing -O-CH2- group
on the aromatic hydrocarbon skeleton. Triads 25 and 26
exhibit a broad quasirreversible oxidation wave to form the
tetracation species. Triad 25, bearing two identical �-extended
TTFs (R���H), shows the broad oxidation peak centered at
0.41 V. Similarly, triad 26, which bears two different �-
extended TTFs (R��� SMe) (see Scheme 2), shows a broad
oxidation peak centered at 0.43 V involving the oxidation of
both exTTF units. This overlap necessitates determining the
oxidation potentials for the respective exTTF units in
references 19a and 19b.[20]


Photophysical measurements: C60-extendedTTF dyads : At
first, a series of C60-exTTF dyads (4a, 18, and 23) were
considered to examine the short- and long-range interactions
between the two redox-reactive centers at different donor ±
acceptor separations and compositions (see Figure S2 in the
Supporting Information).
Preliminary insight into conceivable implications was taken


from steady-state fluorescence experiments. The data were set
in relation to a fullerene reference (N-methylpyrrolidi-
no[3�,4�:1,2][60]fulllerene, 28), which lacks the exTTF donor.
Owing to the extensive absorption features of exTTFs in the
ultraviolet and visible region–which exhibit maxima around
360 and 430 nm–337 nm was chosen as the excitation wave-
length to ensure predominant excitation of C60. The absorp-
tion ratio between C60 and exTTF at 337 nm is approximately
9:1, which still necessitated correction of the fluorescence
quantum yields.
Fulleropyrrolidine 28 reveals nearly solvent-independent


fluorescence quantum yields (�) of 6.0� 10�4 and fluores-
cence lifetimes (�) of 1.5 ns (Table 2). The only observable
that changes in room temperature emission measurements is
the maximum, which undergoes a moderate red-shift of
around 5 nm when moving from toluene towards more polar
environments.
In dyads 4a, 18, and 23, a notable quenching of the fullerene


fluorescence is seen (Table 2), which, in toluene, reaches a
factor of 15 relative to 28. Upon modifying the solvent
polarity from toluene (�� 2.38) to THF (�� 7.6) then to
dichloromethane (�� 9.08) and benzonitrile (�� 24.8) a
gradual intensification of the quenching is discernible. An
illustration is given in Figure 2 for reference 28 and dyad 18.
We postulate that the underlying solvent dependence is due to
an intramolecular electron transfer between the exTTF donor


Figure 2. Emission spectra of fulleropyrrolidine 28 in toluene (solid line)
and dyad 18 in different solvents (see labels for assignment) with matching
absorption at the 337 nm excitation wavelength, OD337 nm� 0.5.


and the photoexcited fullerene (1.76 eV) to yield C60
.�-


(exTTF) .� [Eq. (1)].


C60-(exTTF)�h� 1*C60-(exTTF)�C60
.�-(exTTF) .� (1)


The suggestion of a ™through-bond∫ transfer is in sound
agreement with the rigid nature of the intervening spacers,
which prohibit major conformational rearrangements in the
ground and excited state. In fact, theoretical modeling of 4a,
18, and 23 (i.e., PM3, see Figure S2 in the Supporting
Information) confirms the structural rigidity, ensuring the
position of both C60 and exTTF in well-defined locations.
Extra support for the consideration of an intramolecular
electron transfer scenario stems from the thermodynamic
driving force determination. This is documented in detail in
the Supporting Information.


Table 2. Fluorescence and singlet excited state features of photoexcited
4a, 18, 23, 25, 26, and 28 at room temperature.


Solvent � singlet � fluorescence [ns] � fluorescence
excited state [ns]


28 toluene 1.35 1.5 6.0� 10�4
THF 1.38 1.5 6.0� 10�4
benzonitrile 1.39 1.41 5.9� 10�4


4a toluene 0.18 0.21 0.4� 10�4
CH2Cl2 0.13 0.18� 10�4
benzonitrile 0.08 0.1� 10�4


23 toluene 0.57 0.61 3.1� 10�4
THF 0.49 0.50 2.0� 10�4
CH2Cl2 0.47 0.45 2.1� 10�4
benzonitrile 0.38 0.36 1.9� 10�4


18 toluene 0.45 0.41 2.1� 10�4
THF 0.33 0.29 1.8� 10�4
CH2Cl2 0.25 0.21 1.7� 10�4
benzonitrile 0.15 1.1� 10�4


25 toluene 0.34 0.36
THF 0.21 0.21
CH2Cl2 0.18 0.18
benzonitrile 0.15
DMF 0.11


26 toluene 0.38 0.39
THF 0.24 0.25
CH2Cl2 0.24 0.23
benzonitrile 0.18
DMF 0.12
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In dyads 4a, 18, and 23 two structural variables are
modified to shed light on effects evolving from 1) the
donor ± acceptor separation and 2) the oxidation strength of
the electron donor on the reactivity of photoexcited C60. In
line with these alterations, the fullerene fluorescence increas-
es in parallel with larger donor ± acceptor separations (i.e., 4a
compared to 23) and higher oxidation potentials of the donor
(i.e., 23 compared to 18). To illustrate this, the quantum yields
in toluene range from around 0.4� 10�4 (4a) to 3.1� 10�4
(23). Similar trends were derived for the quantum yields in
more polar THF, dichloromethane, and benzonitrile.
An independent probe for the magnitude of electron


transfer quenching is fluorescence lifetime experiments. For
this we recorded the 715 nm maximum of the fluorescence in
fulleropyrrolidines. Importantly, fluorescence lifetime experi-
ments allow segregating contributions of exTTF from those of
C60. In general, the fluorescence decay curves were best fitted
by a single exponential decay law. The rate constants (k� 1/�)
agree quite well with those determined indirectly by applying
the approximation given in Equation (2).


k� 1/�(4a, 18, 23)� [�(28)��(4a, 18, 23)]/[�(28)�(4a, 18, 23)] (2)


Equation (2) relates the fluorescence quantum yields in the
donor ± acceptor ensemble �(4a, 18, 23) to that of fulleropyrro-
lidine 28, �(28) , and its lifetime, �(28) .[21]


To exploit the interactions between photoexcited exTTF
and ground-state C60, the former was intentionally excited at
430 nm. The relative absorption ratio between C60 and exTTF
at 430 nm is 1:9. Although exTTF references emit around
475 nm, which correlates to a singlet excited state energy of
�2.6 eV, the donor emission remains nearly unaffected in 4a,
18, and 23. Only a marginal quenching of 10% is noted, for
example, in toluene. This suggests that exTTFs, once photo-
excited, fail to contribute notably to the overall electron and
energy transfer reactivity in 4a, 18, and 23. A similar
conclusion has been reached for weaker absorbing tetrathia-
fulvalenes (TTF) in C60-TTF donor-acceptor systems.[22]


In summary, steady-state and time-resolved fluorescence
measurements testify that a solvent-dependent and rapid
electron transfer decay of the C60 singlet excited state prevails
in 4a, 18, and 23. To shed light on the nature of the product
evolving from this intramolecular deactivation, complemen-
tary transient absorption measurements were necessary (i.e.,
with picosecond to millisecond time-resolution). Following
the time evolution of the characteristic singlet excited state
features of C60, for instance, is a convenient means of
identifying spectral features of the resulting photo-products
and to determine absolute rate constants for the intramolec-
ular decay.
Up front, the well-known excited state properties of


fulleropyrrolidines (28) will be discussed, since they emerge
as important reference points for the interpretation of the
features expected in dyads 4a, 18, and 23. The singlet excited
state, displaying a distinctive singlet ± singlet transition
around 880 nm, undergoes a quantitative intersystem crossing
(ISC) with a rate of 5� 108 s�1.[23] The ISC process yields the
long-lived triplet manifold, for which maxima are noted at 360


and 700 nm, accompanied by a low-energy shoulder at
800 nm.[23]


Detecting the instantaneous appearance (i.e., 18 ps) of the
880 nm absorption affirms the successful C60 excitation in
dyads 4a, 18, and 23 similar to that shown in Figure 3. In-
stead of seeing, however, the slow ISC dynamics, as 28
exhibits, the singlet ± singlet absorption decays in the presence


Figure 3. Differential absorption spectra obtained upon picosecond flash
photolysis (355 nm) of �1.0� 10�5� solutions of fulleropyrrolidine 28 in
nitrogen-saturated toluene with a time delay of 50 ps.


of exTTF donors with accelerated dynamics. The singlet
excited state lifetimes, as determined from an average of first-
order fits of the time-absorption profiles at various wave-
length (850 ± 950 nm), are listed in Table 2. Spectroscopically,
the transient absorption changes, taken after the completion
of the decay, bear no resemblance with the C60 triplet excited
state. In particular, the new transients reveal strong maxima at
�665 nm, which match those of the one-electron oxidized
exTTF radical cations.[24] The spectral differences, namely, of
the C60 triplet and that of charge-separated radical pair, are
illustrated in Figures 4 and 5, respectively.


Figure 4. Differential absorption spectra obtained upon nanosecond flash
photolysis (337 nm) of �1.0� 10�5� solutions of fulleropyrrolidine 28 in
nitrogen-saturated toluene with a time delay of 50 ns.


An important observation is that the singlet excited state
lifetimes match quantitatively those values derived in the
fluorescence experiments–steady-state and time-resolved.
Overall three trends are established for the fullerene singlet
excited state features: The underlying decays decrease as a
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Figure 5. Differential absorption spectra obtained upon nanosecond flash
photolysis (337 nm) of �1.0� 10�5 � solutions of dyad 18 in nitrogen-
saturated benzonitrile with a time delay of 50 ns.


function of 1) solvent polarity (4a, 18, and 23), 2) donor ±
acceptor separation (4a and 23) and 3) donor strength of the
exTTF moiety (23 and 18). All these tendencies may be
rationalized with respect to the free energy changes associ-
ated with an intramolecular electron transfer between the
fullerene singlet excited state, the electron acceptor, and the
exTTF ground state, the electron donor.
To examine the charge-recombination dynamics, the same


dyad solutions were excited with a 6 ns laser pulse. In this
context, the spectral fingerprints of the fullerene �-radical
anion (1000 nm; �� 10000 M�1 cm�1)[23] and that of the
exTTF �-radical cation (665 nm; �� 25000 M�1 cm�1)[24]


(Figures 5 and 6, respectively), as seen immediately after the
ns laser pulse, are useful probes. It is an important fact that the
decay of both probes resemble each other and give rise to
kinetics that obey to a clean unimolecular rate law. The rates
and quantum yields are listed in Table 3.[25]


Figure 6. Differential absorption spectra obtained upon nanosecond flash
photolysis (337 nm) of �1.0� 10�5 � solutions of dyad 18 in nitrogen-
saturated benzonitrile with a time delay of 50 ns.


A central issue is the stabilization of the charge-separated
radical pair as a function of donor ± acceptor separations.
Strong effects were noted in 4a. This observation is consistent
with our recent report on fullerene derivatives (i.e. , [6-5]-
open and [6-6]-closed methanofullerenes)[13c] linked directly
to a series of exTTF donors. Since upon one-electron
oxidation exTTF moieties turn into aromatic and also planar


scaffolds, thus rendering the reverse reduction process to the
neutral molecule more difficult, both parameters provide
additional stabilization forces for the radical pair.
Extending the donor-acceptor separation from 9.5 ä (4a)


to 14.0 ä (23), while keeping the thermodynamics unchanged,
led to a surprising observation. Instead of the expected large
increase in radical pair lifetime, as observed in C60 ± porphyrin
systems, only a moderate (66%) improvement was seen.[26]


This leads us to assume that the stabilization forces, as they
stem from the gain of aromaticity/planarity, impose much
stronger bearings on the radical pair at shorter separations as
in dyad 4a. At larger separations, for example in dyad 23, the
electronic coupling (V) becomes the dominant factor con-
trolling the kinetics.


C60-extendedTTF-extendedTTF triads[27]: We note the follow-
ing structural features: Dyad 18 and triads 25 and 26 bear the
same C60-exTTF primary building block. In this context, it is
vital to realize that the composition of this subunit controls
the deactivation of the fullerene singlet excited state, while
the presence of a second exTTF donor or fullerene acceptor is,
to a large degree, irrelevant to the initial charge-separation
event. The fluorescence lifetimes of 25 are practically
identical to those listed for dyad 18 (Table 2). This supports
the notion that the photoexcited fullerene in 18, and 25 indeed
deactivates in a similar manner.
Regarding the picosecond transient absorption measure-


ments, immediately, after the 18 ps laser excitation of 25, the
strong singlet-singlet absorption of the fullerene (�max at
900 nm) was found (Figure 7).[21] Despite the presence of two
exTTFs, this once again confirms the successful formation of
the fullerene singlet excited state. Similar to 4a, 18, and 23


Table 3. Radical cation characteristics, radical pair lifetimes and radical pair
quantum yields in 4a, 18, 23, 25, and 26 at room temperature.


Solvent Radical
cation
absorption
[nm]


Lifetime
(�)
radical
pair [ns]


Lifetime
(�)
radical
pair [�s]


Quantum
yield (�)
radical
pair


Quantum
yield (�)
radical
pair


4a toluene
CH2Cl2 660 71 0.39
benzonitrile 204 0.1


23 toluene 54 0.15
THF


660
95 0.17


CH2Cl2 115 0.2
benzonitrile 310 0.15


18 toluene 150 0.13
THF


665
310 0.5


CH2Cl2 322 0.67
benzonitrile 460 0.52


25 toluene 130
THF 413 12.1 0.16 0.025
CH2Cl2 665/660
benzonitrile 662 54.2 0.28 0.053
DMF 708 93.1 0.22 0.04


26 toluene 105
THF 389 18.9 0.24 0.28
CH2Cl2 680/660
benzonitrile 582 85.1 0.28 0.14
DMF 664 111 0.22 0.11
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Figure 7. Differential absorption spectra obtained upon picosecond flash
photolysis (355 nm) of �1.0� 10�5 � solutions of triad 25 in nitrogen-
saturated benzonitrile with a time delay of 50 ps.


(see above) the fullerene singlet excited state is subject to a
solvent-dependent decay. Also in the case of 25, the product
of the initial decay is the charge-separated radical pair, that is,
C60


.� and (exTTF) .� .[28] In light of the two exTTF electron
donors, which support an additional intramolecular charge-
shift reaction (��GCS� 0.06 eV), that is, (exTTF)1


.��
(exTTF)2


.� , we analyzed the picosecond kinetics in depth
[Eq. (3)]. All attempts to monitor this charge-shift failed,
indicating that this intramolecular reaction constitutes either
only a minor component and/or takes place with dynamics
that are out of our assessable time domain (i.e. , 18 ± 5000 ps).


C60-(exTTF)1-(exTTF)2�h� 1*C60-(exTTF)1-(exTTF)2
�C60


.�-(exTTF)1
.�-(exTTF)2


(3)


The transient absorption changes, recorded 50 ns after 6 ns
laser excitation, reveal the attributes for the one-electron
oxidized exTTF (�max� 665 nm) and that of the one-electron
reduced fullerene (�max� 1000 nm)–compare Figure 5 and 6.
The decay dynamics of the radical pair absorption, as typically
recorded on the nanosecond/microsecond timescale, gives rise
to a two-component decay (Figure 8,DMF). The faster segment
reveals a lifetime of several hundred nanoseconds, while the
slower segment lies in the range of several tens of microseconds,
see Table 3. Both decay components were best fitted by first-
order kinetics, confirming intramolecular reactions.[29]


Interestingly, not only are the decay rates of the short-lived
species identical with those of dyad 18, but also their spectral
features (i.e. , �max� 665 nm) are superimposable. From these
kinetic and spectroscopic arguments we must infer that the
origin of this product is the adjacent radical pair, C60


.�-
(exTTF)1


.�-(exTTF)2.
By analyzing the exTTF radical cation absorption we noted


some differences between themaximum of the short-lived and
long-lived species of about 5 nm (i.e., 665� 660 nm). This can
be reasonably correlated with the changes in the chemical
substitution of the two disparate exTTF donors, namely,
(exTTF)1 and (exTTF)2. Consequently, we postulate that the
long-lived product is the distant radical pair, namely, C60


.�-
(exTTF)1-(exTTF)2


.� [Eq. (4)].


C60
.�-(exTTF)1


.�-(exTTF)2�C60
.�-(exTTF)1-(exTTF)2


.� (4)


Figure 8. Time-absorption profiles at 1000 nm monitoring the fullerene
radical anion decay dynamics of a) C60


.�-(exTTF)1
.�-(exTTF)2 and b) C60


.�-
(exTTF)1-(exTTF)2


.� in triad 25 in nitrogen-saturated DMF.


In a detailed pulse radiolytic work,[24] we demonstrated that
�max is impacted by the substitution pattern of the exTTF
derivative. In fact, the maximum for the parent exTTF �-
radical cation is found at 660 nm, which resembles that of the
distant radical pair.
Determining the quantum yields of charge-separation (see


Table 3) for the two radical pairs, namely, C60
.�-(exTTF)1


.�-
(exTTF)2 and C60


.�-(exTTF)1-(exTTF)2
.� led to the conclu-


sion that the distant and long-lived radical pair is being
formed in minor yields. The thermodynamics estimated for 25
unveil that a charge-shift reaction between the two adjacent
exTTF moieties (i.e. , (exTTF)1


.�� (exTTF)2
.�) has a small


driving force, �0.06 eV. Consequently, the formation of the
distant radical pair can only be rationalized in terms of an
existing equilibrium. Applying the energy difference between
the two states, we estimate quantum yields of �15% relative
to that of the adjacent radical pair, which is in satisfying
agreement with the experimental values.[30]


Raising the oxidation potential of the exTTF moiety
neighboring the fullerene leads to a number of important
consequences. First, it clearly decreases the driving force for
the initial electron transfer starting from the photoexcited
fullerene in triad 26. Second, it effects the charge-shift
reaction towards the distant radical pair (��GCS� 0.17 eV).
The first outcome should have no implications, since the free
energy changes associated with the initial intramolecular
electron transfer are sufficiently exothermic that increasing
the oxidation potential (i.e., comparing 25 with 26) still
guarantees activation of the electron transfer process. By
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contrast, altering the charge-shift driving forces is expected to
have a more subtle impact, namely, to facilitate mediation of
the positive charge to the remote end of the linear triad, the
distant C60


.�-(exTTF)1-(exTTF)2
.� radical pair.


As far as the emission studies are concerned, the fullerene
fluorescence lifetime is surely lengthened in 26 relative to 25.
This reflects the smaller free energy changes (��GCS) in 26.
From the transient absorption measurements, a parallel trend
was measured for the singlet excited state lifetimes. In
general, the deactivation rates differ between these two C60-
exTTF-exTTF triads by around 20%.
The differential absorption changes, recorded at the end of


the charge-separation process (200 ± 400 ps), disclosed dissim-
ilar transient species in the two different triads (25 and 26).
While we registered a �max at 665 nm for 25, 26 has its strongest
absorption at 680 nm (Figure 9a). As stated above, our
independent pulse-radiolysis work[24] led to a maximum for
a S�Me derivative (resembling that in 26) at 675 nm. Based


Figure 9. Differential absorption spectra obtained upon nanosecond flash
photolysis (337 nm) of �1.0� 10�5 � solutions of triad 26 in nitrogen-
saturated benzonitrile with a time delay of a) 50 ns, C60


.�-(exTTF)1
.�-


(exTTF)2 and b) 2000 ns C60
.�-(exTTF)1-(exTTF)2


.� .


on this spectral similarity, we conclude the successful gen-
eration of the adjacent radical pair.[31]


Again, two major decays were noted in triad 26, which
support the presence of both radical pairs, namely, adjacent
(�max at 680 nm, Figure 9a) and distant (�max at 660 nm,
Figure 9b). These represent a fast step occurring on a
timescale of several hundred nanoseconds and a slower one,
which yields lifetimes that typically vary between 18.9 and
111 �s in THF and DMF, respectively. Inspection of the


energy gap dependence, as varied by the solvent dependence,
leads to the conclusion that both charge-recombination
processes are also in the normal region of the Marcus-
parabola (i.e. , ��GCR� �). Due to the smaller energy gap
(��GCR) in 25, charge-recombination within the adjacent
pair is slowed-down by about 10% relative to that 26.
In line with the concept of modulating the redox gradient to


control the distant radical pair, the quantum yield of the latter
increased up to 50%. Interestingly, although the energies of
the C60


.�-(exTTF)1-(exTTF)2
.� radical pair in 25 and 26 are


identical, notable changes are seen in the corresponding
lifetimes. In particular, lowering the energy of the distant
radical pair below that of the adjacent one slows-down the
charge-recombination. In DMF, 93.1 �s should be compared
to 111 �s for 25 and 26, respectively.
Considering donor ± acceptor separations of about 30 ä,


electronic coupling within the distant radical pair is weak and
will not change notably between triad 25 and 26.[32]A temper-
ature dependence of the intramolecular charge recombination
rates gave further insight into the thermally activated barrier.
The Arrhenius plot (Figure 10) for triad 26 in deoxygenated


Figure 10. Arrhenius plot of intramolecular charge recombination in triad
26 in deoxygenated benzonitrile.


benzonitrile gives rise to a good linear relationship between ln
kCR and 1/T. The activation barrier (Ea), as determined from
the slope, is 0.16 eV, which agrees with the difference in
energy level between C60


.�-(exTTF)1-(exTTF)2
.� and C60


.�-
(exTTF)1


.�-(exTTF)2. Given the good agreement between
activation barrier (Ea) and energy gap (��GCS), we conclude
that C60


.�-(exTTF)1-(exTTF)2
.� deactivates by means of a


stepwise electron transfer mechanism (see Equation (5))
rather than a concerted mechanism (see Equation (6).)[33]


C60
.�-(exTTF)1-(exTTF)2


.��C60
.�-(exTTF)1


.�-(exTTF)2
� C60-(exTTF)1-(exTTF)2


(5)


C60
.�-(exTTF)1-(exTTF)2


.��C60-(exTTF)1-(exTTF)2 (6)


Conclusions


We have described the multistep synthesis of novel electro-
active dyads (18 and 23) and triads (25 and 26) by 1,3-dipolar
cycloaddition reactions of azomethine ylides generated in
situ, endowed with the strong electron donor exTTFs, to C60.
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In order to carry out a systematic study, different rigid
chemical spacers and substitution patterns on the donor
moiety have been used for the dyads, while the same chemical
spacer was used to evaluate the effect that a second donor unit
has on the electrochemical and photophysical properties in
these rigid ensembles. It is worth mentioning that the syn-
thesis of the reported compounds is rather complex and, thus,
compound 26 requires twenty synthetic steps for its prepara-
tion.
Donor± acceptor distances between 9.5 and 15.3 ä prevent


substantial charge transfer character in the ground state, as,
for example, confirmed in cyclic voltammetry and absorption
spectroscopy. Only upon photoexcitation of the fullerene
chromophore rapid and efficient charge transfer is seen,
which yields C60


.�-(exTTF) .� (4a, 18, 23) and C60
.�-(ex-


TTF) .�-(exTTF) (25, 26). For dyads 4a, 18, and 23 charge
recombination follows directly and regenerates quantitatively
the singlet ground state. In the triads, on the other hand,
sequential electron transfer by means of the transient adjacent
radical pair [C60


.�-(exTTF) .�-(exTTF)] transforms the full-
erene singlet excited state ultimately into the distant radical
pair [C60


.�-(exTTF)-(exTTF) .�], for which we determined
lifetimes of up to 111 �s in DMF. These values have never
previously been accomplished in molecular triads. Notable
couplings and small energy gaps between the adjacent and
distant radical pair in dyads 25 and 26 lead to a stepwise
charge recombination mechanism (Scheme 3).


Experimental Section


Synthesis of fulleropyrrolidine dyads and triads: general procedure : A
solution of C60 (0.138 mmol), the corresponding aldehyde (0.166 mmol for
17 and 0.064 mmol for 22, 24a and 24b) andN-methylglycine (0.5 mmol) in
toluene (100 mL) was refluxed for 16 h. Then the solvent was removed
under reduced pressure and the crude material was carefully chromato-
graphed on a silica gel column using chloroform as eluent. Further
purification was accomplished by repetitive precipitation and centrifuga-
tion by using methanol as solvent.


Dyad C60-exTTF (18): 61% yield; m.p.� 300 �C (decomp); 1H NMR
(300 MHz, CDCl3:CS2, 25 �C): �� 8.30 (d, 3J(H,H)� 8.7 Hz, 2H), 8.01
(br s, 2H), 7.66 (d, 3J(H,H)� 8.4 Hz, 1H), 7.52 (d, 3J(H,H)� 8.4 Hz, 1H),
7.48 (d, 4J(H,H)� 2.4 Hz, 1H), 7.15 (d, 4J(H,H)� 2.4 Hz, 1H), 7.10 (dd,


3J1(H,H)� 8.4 Hz, 4J2(H,H)� 2.4 Hz, 1H), 6.76 (dd, 3J1(H,H)� 8.4 Hz,
4J2(H,H)� 2.4 Hz, 1H), 6.30 (d, 3J(H,H)� 12 Hz, 4H), 5.10 (s, 1H), 5.07 (d,
3J(H,H)� 9.6 Hz, 1H), 4.37 (d, 3J(H,H)� 9.6 Hz, 1H), 4.01 (t, 3J(H,H)�
7.5, 2H), 2.89 (s, 3H), 1.83 (q, 3J(H,H)� 7.7 Hz, 2H), 1.51 ± 1.39 (m, 6H),
0.91 ppm (m, 3H); 13C NMR (125 MHz, CDCl3:CS2, 25 �C): �� 164.4,
157.2, 152.7, 152.3, 147.3, 146.3, 145.9, 145.7, 145.6, 145.2, 144.7, 144.3, 143.1,
143.0, 142.6, 142.1, 141.7, 140.2, 137.0, 136.0, 135.6, 133.1, 130.6, 130.0, 129.5,
128.1, 126.0, 125.8, 118.5, 118.2, 117.3, 112.2, 110.9, 83.1, 69.9, 69.0, 68.2, 61.0,
40.0, 31.8, 29.9, 25.9, 22.8, 14.2 ppm; FTIR (KBr) 125 MHz: �	 � 2921, 2850,
2777, 1733, 1600, 1543, 1506, 1460, 1410, 1243, 1196, 1101, 1062, 1016, 635,
525 cm�1; UV/Vis (CH2Cl2): �max (log �)� 254 (4.84), 276 (4.77), 310 (4.56),
432 (4.30) nm; MS (MALDI-TOF): m/z (%) 1376 (100) [M�].


Dyad C60-exTTF (23): 61% yield; m.p.� 300 �C (decomp); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 8.16 (d, 3J(H,H)� 8.4 Hz, 2H), 8.10 (d,
3J(H,H)� 8.0 Hz, 1H), 7.90 (br s, 2H), 7.76 (d, 4J(H,H)� 1.8 Hz, 1H), 7.65
(m, 2H), 7.34 (dd, 3J1(H,H)� 8.0 Hz, 4J1(H,H)� 1.8 Hz, 1H), 7.28 (m, 2H),
6.28 (m, 4H), 5.43 (s, 2H), 5.02 (d, 3J(H,H)� 9.5 Hz, 1H), 5.01 (s, 1H), 4.30
(d, 3J(H,H)� 9.5 Hz 1H), 2.82 ppm (s, 3H); 13C NMR (75 MHz,
CDCl3:CS2, 25 �C): �� 165.9, 156.7, 153.8, 152.6, 152.3, 146.4, 146.3, 146.2,
146.1, 146.0, 145.8, 145.7, 145.6, 145.5, 145.4, 145.3, 145.2, 145.1, 145.0, 144.6,
144.5, 144.3, 144.2, 143.0, 142.9, 142.6, 142.5, 142.4, 142.3, 142.2, 142.1, 142.0,
141.9, 141.8, 141.6, 141.4, 140.1, 139.8, 139.5, 136.8, 136.3, 135.8, 135.6, 135.5,
135.2, 135.1, 135.0, 133.4, 130.2, 130.1, 129.9, 129.2, 128.9, 128.1, 125.9, 125.7,
125.2, 125.1, 124.9, 124.8, 124.6, 121.7, 117.2, 117.1, 117.0, 83.0, 76.8, 69.9, 67.6,
66.7, 39.9 ppm; FTIR (KBr): �	 � 1744, 1541, 1507, 1451, 1424, 1384, 1365,
1284, 1265, 1231, 1186, 1033, 762, 744, 576, 526 cm�1; UV/Vis (CH2Cl2): �max
(log �)� 254 (4.84), 276 (4.77), 310 (4.56), 432 (4.30) nm; MS (MALDI-
TOF): m/z (%) 1290 (100) [M�].


Triad C60-exTTF1-exTTF1 (25): 43% yield, m.p.� 300 �C (decomp);
1H NMR (300 MHz, CDCl3:CS2, 25 �C): �� 8.30 (d, 3J(H,H)� 9 Hz, 2H),
8.20 (d, 3J(H,H)� 9 Hz, 2H), 8.05 (br s, 2H), 7.85 (s, 1H), 7.78 ± 7.58 (m,
8H), 7.48 (dd, 3J1(H,H)� 6 Hz, 4J1(H,H)� 1.2 Hz, 1H), 7.32 ± 7.24 (m, 5H),
7.17 (m, 2H), 6.34 (m, 8H), 5.10 (s, 1H), 5.07 (d, 3J(H,H)� 8.2 Hz, 1H) 4.36
(d, 3J(H,H)� 8.2 Hz, 1H), 2.89 ppm (s, 3H); 13C NMR (125 MHz,
CDCl3:CS2, 25 �C): �� 164.0, 155.6, 153.4, 152.6, 152.2, 148.4, 147.1, 146.1,
145.9, 145.7, 145.4, 145.1, 144.5, 144.2, 142.9, 142.7, 142.5, 142.4, 141.9, 141.8,
141.5, 140.0, 139.8, 139.4, 137.3, 136.8, 136.6, 136.3, 135.8, 135.4, 135.0, 134.1,
132.9, 131.9, 130.5, 130.1, 129.6, 129.3, 128.0, 127.2, 126.3, 125.9, 125.6, 125.2,
124.8, 124.5, 123.1, 121.8, 120.4, 118.6, 118.0, 117.1, 82.9, 69.8, 68.8,
39.8 ppm; FTIR (KBr): �	 � 2927, 1733, 1718, 1701, 1683, 1652, 1602, 1558,
1541, 1508, 1488, 1257, 1176, 1112, 1068, 1014, 800, 704, 526 cm�1; UV/Vis
(CH2Cl2): �max (log �)� 252 (4.74), 278 (4.72), 330 (4.51), 431 (4.23) nm;MS
(MALDI-TOF): m/z (%): 1801 (100) [M�].


Triad C60-exTTF1-exTTF2 (26): 51% yield, m.p.� 300 �C (decomp);
1H NMR (300 MHz, CDCl3:CS2, 25 �C): �� 8.32 (d, 3J(H,H)� 9.5 Hz,
2H), 8.23 (d, 3J(H,H)� 8.4 Hz, 2H), 7.92 (br s, 2H), 7.78 ± 7.66 (m, 6H), 7.60
(d, 3J(H,H)� 8.4 Hz), 7.57 ± 7.43 (m, 2H), 7.32 (m, 2H), 6.35 (m, 4H), 5.07
(s, 1H), 5.04 (d, 3J(H,H)� 8.8 Hz, 1H) 4.33 (d, 3J(H,H)� 8.8 Hz, 1H), 2.85
(s, 3H), 2.42 ppm (s, 12H); 13C NMR (125 MHz, CDCl3:CS2, 25 �C): ��
164.0, 155.8, 153.1, 152.7, 152.5, 148.2, 147.0, 146.4, 145.8, 145.6, 145.4, 144.6,


Scheme 3. Possible charge-recombination mechanisms for the systems discussed.
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144.4, 144.3, 143.3, 143.1, 142.7, 142.6, 142.5, 142.2, 142.2, 142.1, 142.0, 141.9,
141.7, 141.6, 140.2, 139.9, 136.2, 136.1, 136.0, 135.9, 135.6, 135.5, 135.2, 132.5,
132.3, 132.2, 131.5, 130.8, 130.7, 130.6, 130.5, 129.6, 129.5, 128.8, 126.5, 126.3,
126.0, 125.9, 125.4, 124.9, 124.7, 124.4, 123.2, 122.0, 121.9, 119.4, 119.3, 118.6,
118.3, 117.3, 82.8, 69.8, 68.8, 39.9, 19.1 ppm; FTIR (KBr): �	 � 2927, 1733,
1718, 1701, 1683, 1652, 1602, 1558, 1541, 1508, 1488, 1257, 1176, 1112, 1068,
1014, 800, 704, 526 cm�1; UV/Vis (CH2Cl2): �max (log �)� 252 (4.74), 278
(4.72), 330 (4.51), 431 (4.23) nm; MS (MALDI-TOF): m/z (%): 1985 (100)
[M�].
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notable changes in the charge-recombination kinetics.


[30] Determined by means of �GCS��RTlnk for equilibrium conditions
in Equation (4).
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.� and (exTTF)2
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Columnar Mesomorphism from Hemi-Disklike Metallomesogens Derived
from 2,6-Bis[3�,4�,5�-tri(alkoxy)phenyliminomethyl]pyridines (L):
Crystal and Molecular Structures of [M(L)Cl2] (M�Mn, Ni, Zn)


Francesca Morale,[b] Richard W. Date,[c] Daniel Guillon,[a] Duncan W. Bruce,[c]
Rachel L. Finn,[b] Claire Wilson,[b] Alexander J. Blake,[b] Martin Schrˆder,[b] and
Bertrand Donnio*[a]


Abstract: Four new series of non-disk-
like complexes of general formula
[MCl2(Ln)] based upon substituted 2,6-
bis(3�,4�,5�-trialkoxyphenyliminomethyl)-
pyridine ligands (Ln) and with M�ZnII,
CoII, MnII, and NiII have been prepared
and examined for liquid crystallinity. A
complete analysis of the thermal behav-
ior by polarized-light optical microsco-
py, differential scanning calorimetry,
and small-angle X-ray scattering re-
vealed a rich and varied mesomorphism.
Moreover, the high thermal stability of
the compounds leads to rather extended
mesomorphic ranges. The nature and
thermal stability of each mesophase
depend on both the length of the six


terminal alkoxy chains, n (n� 8, 10, 12,
14, 16), and on the metal ions. As
demonstrated by small-angle X-ray dif-
fraction experiments, the mesomor-
phism of these complexes is solely of
the columnar type. One compound
shows an oblique columnar phase, while
most of them show a hexagonal colum-
nar phase, Colh, and several types of
rectangular columnar phase, Colr. X-ray
single-crystal structures obtained for


three methoxy derivatives confirm the
1:1 metal ± ligand stoichiometry of the
complexes, in which the metal is penta-
coordinate with a distorted, trigonal
bipyramidal geometry. The crystalline
structures also reveal the existence of
some columnar organization in the solid
state, the columns resulting from an
alternated stacking of the complexes in
one direction. By combining these re-
sults with those obtained from dilatom-
etry experiments, a model for the mo-
lecular organization within the meso-
phases is proposed in which an
antiparallel arrangement of the metal-
lomesogens is retained in the meso-
phase.


Keywords: coordination chemistry
¥ liquid crystals ¥ metallomesogens
¥ tridentate ligands ¥ X-ray
diffraction


Introduction


Metallomesogens, liquid-crystalline metal complexes, contin-
ue to attract much attention, not only for the opportunities
they offer for the design of new functional materials, but also
for their potential to expand the range of technological


applications and properties exhibited by anisotropic fluids by
incorporating specific properties of metal ions.[1] Moreover,
due to the various oxidation states and the large variety of
coordination geometries available,[2] metal ions offer many
possibilities as building blocks for unique molecular structures
when associated with suitably designed ligands. This, in turn,
may lead to new types of molecular organization and
potentially to new mesophase symmetries. Another important
aspect of the incorporation of metal ions resides in the
induction, modification, or enhancement of the mesomor-
phism of the free parent ligands. New rational design
methodologies to produce organized molecular assemblies
with specific interactions (e.g., dipolar and metal ± ligand
interactions) are, therefore, not only important but also
challenging. Such systematic studies will give a better under-
standing of the role of these interactions, and help identify
specific structure ± property relationships for the purpose of
the design of specific materials.


The present work relates to the design of routes to
metallomesogens capable of generating columnar structures,
such systems finding potential technological applications in
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the fields of electronic and ionic
transport or photonics.[3] One
such development is illustrated
through an original concept
initiated separately by Ser-
rano[4] and Swager[5] for the
design of new columnar ar-
rangements of metallomeso-
gens based on specific molec-
ular interactions. This ap-
proach, formerly known as
the complementary molecular
shape approach,[5] generates
time-averaged correlations be-
tween hemi-disk-shaped metal
complexes, for example, anti-
parallel correlation between
nearest neighbor molecules, to
produce columns that are able
to self-organize further into
mesophases (Figure 1). This
time-averaged alternating
stacking can be stabilized by
metal ±metal, metal ± ligand, and/or dipolar interactions, but,
most importantly, by the steric and topological constraints
imposed by the peripheral chain structure. Thus, the cross
section of the hard columnar cores adopts the shape of a disk
or ellipse with the symmetry of the mesophase depending on
both the molecular structure and the type of interactions
involved. These materials are of course fluids, and Figure 1 is a
schematic representation of such time-averaged arrange-
ments.


Figure 1. Illustration of the antiparallel mode of the molecular arrange-
ment that forms columnar mesophases in time-averaged disklike structures
from non-disklike metallomesogens.


This concept, essentially developed by Swager, has been
applied successfully to the induction of columnar mesophases
in a variety of hemi-disk-like complexes such as 1:1 metal ±
ligand complexes (1 ± 4)[4, 5b, 6±8] and a few 1:2 metal ± ligand
complexes (5),[9] as well as in more sophisticated homo- and
heteronuclear bimetallic molecular structures.[5a, 10] In these
examples, intermolecular recognition may take place by
means of direct metal ±metal interactions (1), weak metal ±
metal interactions (2, 3a, 4, and 5), metal ± ligand mediated
interactions (3), dipolar interactions (2, 3, 4, and 5), or steric
effects. For example, in 1 ± 5, the number the aliphatic chains
imposes important volume constraints that are believed to be
essential driving forces in columnar mesophase stabilization.
Note that the columnar structures derived from such molec-
ular arrangements have been described as columnar anti-


phases,[10] a slightly misleading term that will not be used
hereinafter to avoid confusion.


Metal complexes derived from Schiff-base ligands feature
among the earliest and most widely studied class of metal-
lomesogens.[1, 11] In general, the advantages of incorporating
an imine functionality lie in the versatility, structural variety,
and ease of preparation and derivatization of such groups.
Tridentate Schiff-base ligands obtained by the condensation
of 2,6-disubstituted pyridines (dialdehydes or diketones) and
aromatic amines have been investigated since the early
1970×s,[12] because of the strong coordinating ability of the
N,N�,N� donor set. A range of late first-row transition-metal
complexes of such bis(phenylimino)pyridine ligands has been
synthesized and fully characterized,[12, 13] and, more recently,
some have attracted attention as high-activity olefin polymer-
ization catalysts[14] and as general molecular templates for
supramolecular systems.[15] Transition-metal ions with such
ligands therefore tend to form either mono- or bis-ligand
complexes of type [M(L)]x� or [M(L)2]x�, respectively.


To date, very few metallomesogens derived from 2,6-
bis(phenyliminomethyl)pyridine have been reported. Dalca-
nale et al. carried out a systematic study[16] on mono-ligand
NiII and PdII complexes based on substituted 2,6-bis(phenyl-
hydrazone)pyridines (Figure 2) as potential columnar metal-
lomesogens. One complex [Ni(L)] showed a mesophase
(unidentified) during the first heating only, and converted
upon further heating into the more stable, but nonmesogenic,
paramagnetic discrete dimeric form. Ziessel and co-work-
ers[17] have illustrated the versatility of multitopic ligands
derived from 2,6-diiminopyridines as building blocks for the
construction of unusual architectures, such as metalloheli-
cates. Thus, the formation of suitable ligands by the attach-
ment of groups bearing terminal alkoxy chains to 2,6-
diiminopyridines (Figure 2) and their subsequent coordina-
tion to CuI afforded tetrahedral metallomesogens
[Cu(L)2][BF4] showing a columnar hexagonal mesophase.[18]
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R=R'=R''OCnH2n+1;n=4,6,8,10,12,14,16,18


3a: X=CH3; M=Ni, Cu, Pd, VO; R=R'=OCnH2n+1; n=10,12,16
3b: X=H; M=Ni, Cu; R=R'=OCnH2n+1; n=10,12,14,16,18
3c: X=H; M=Ni, Cu, Co, VO; R=OCnH2n+1; R'=H; n=6,8,10,12,14,16


5:  M=Pt, Pd; X=Cl, Br
 R=OCnH2n+1; n=4,6,8,10


4: X= Cl, Br, I; R=OCnH2n+1; n=4,6,810
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Figure 2. Dalcanale×s 2,6-bis[(3�,4�,5�-trialkoxy)phenylhydrazone]pyri-
dine[16] (left) and the Ziessel×s elongated 2,6-bisiminepyridine[17] (right) as
potential ligands for metallomesogens.


These encouraging results prompted us to synthesize some
novel hemi-disk complexes of the type [MCl2(Ln)] to deter-
mine whether columnar mesophases could be induced in a
similar manner. The ligand adopted for the current inves-
tigation is a derivatized 2,6-bis(phenyliminomethyl)pyridine
[Ln� 2,6-bis(3�,4�,5�-trialkoxyphenyliminomethyl)pyridine],
and the metal ions belong to the first transition series [ZnII


(d10), CoII (d7), MnII (d5), and NiII (d8)]. For each metal, a series
of complexes was obtained by using ligands with different
alkoxy chain lengths (n� 8, 10, 12, 14, 16).We report herein the
synthesis and characterization of four series of novel neutral
metallomesogens, the X-ray single crystal structures of MnII,
NiII, and ZnII derivatives, and the evaluation of the mesomor-
phic behavior of these species. A model for the molecular
organization within the mesophases is also proposed.


Results and Discussion


Synthesis : The coordination complexes (Scheme 1) were
prepared by the template Schiff-base condensation of 2,6-
pyridinedicarboxaldehyde with two molar equivalents of the
appropriate 3,4,5-trialkoxyaniline in the presence of one
molar equivalent of MCl2. The reaction conditions and
workup procedures vary only slightly for each series and
consist of heating a solution of MCl2, 2,6-pyridinedicarbox-
aldehyde, and the 3,4,5-trialkoxyaniline under reflux in


CHCl3/EtOH for 20 h in all cases except for the MnII


complexes, which were prepared by stirring for the same
time but at room temperature. The complexes were obtained
as precipitates either by slow evaporation of the solvent or, in
the case of the NiII complexes, by reducing the volume of the
reaction mixture. The 3,4,5-trialkoxyanilines were synthesized
by following a method described previously.[19]


In addition, two of the free ligands, L1 and L16, were also
prepared to allow identification of the complexes under study
by comparative IR, UV-visible and NMR spectroscopy, and,
in the former case, to prepare metal complexes which yielded
single crystals.


Characterization of complexes : The complexes were charac-
terized systematically by IR and UV-visible spectroscopy,
mass spectrometry, and elemental analysis as well as by 1H
and 13C NMR spectroscopy for the diamagnetic zinc(��)
complexes. The IR spectra of the products and free ligands
show the absence of the amine and carbonyl absorptions
associated with the starting aniline and dialdehyde materials.
The medium-intensity band at around 1590 cm�1, assigned to
the C�N stretching vibration, confirms the formation of the
Schiff-base product and is thought to occur at relatively low
frequency, because of the highly conjugated nature of the
ligand system; typical imine stretches were found between
1690 and 1640 cm�1. Interestingly, only small shifts in the
frequency of the C�N absorption was detected upon complex-
ation of the ligand.


The UV-visible spectra of the free ligands L1 and L16 display
two absorption maxima, near 240 and 360 nm. The electronic
ligand transition near 240 nm remains effectively unchanged
in shape, intensity (�� 2.4 ± 3.7� 104 mol�1 dm3cm�1) and
position in the complexes, which also show at least two other
bands of lower intensity, centered around 286 ± 301 nm and
406 ± 441 nm. Another charge-transfer absorption appears in
the spectra of the nickel(��) compounds between 383 and
394 nm. The lowest frequency bands impede observation of
the d ± d transitions expected in the 400 nm region of the
spectrum.


Comparative analysis by 1H NMR spectroscopy shows that
the signal arising from the two equivalent imine protons of the
free ligands L1 and L16, at approximately �� 8.7 ppm under-
goes a slight down-field shift of around 0.1 ppm upon
complexation to ZnCl2, the retained equivalence confirming
the formation of a symmetrical compound. More significant
changes are observed for the pyridine and aromatic ring
protons. In the region �� 8.2 ± 7.9 ppm a characteristic pattern


is observed for the 2,6-disubsti-
tuted pyridine ring of the free
ligands, with the doublet reso-
nance of the pyridine protons
meta to the ring nitrogen atom
observed downfield with re-
spect to the triplet assigned to
the para proton. This pattern is
reversed in the spectra of the
complexes, in which the triplet
is found downfield with respect
to the doublet, in the region
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Scheme 1. Template synthesis of the metal dichloride complexes of 2,6-bis-[(3�,4�,5�-trialkoxy)phenylimine-
methyl]pyridine, [MCl2(Ln)].
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�� 7.9 ± 7.7 ppm. Following complexation, the aromatic pro-
tons of the lateral phenyl substituents shift remarkably
downfield, by approximately 0.7 ppm, from the typical value
of �� 6.6 ppm observed in the free ligands. No significant
changes are observed in the aliphatic region on complex
formation. Assignments by 13C NMR spectroscopy were made
by means of C�H correlation experiments. Microanalysis and
mass spectrometry provided evidence of the formation of the
1:1 metal ± ligand complexes, and excluded the formation of
six-coordinate 1:2 metal ± ligand products of type [M(L)2]2�.
Conductivity measurements in chloroform for the complexes
[MCl2(L16)] were undertaken in order to establish the role of
the Cl� ions in solution; the low conductivity suggested the
direct binding of both Cl� ions to the metal.


Crystal and molecular structure of the model compounds
[MCl2(L1)] (M�Mn, Ni, Zn): In order to better determine
how these complexes might arrange themselves spatially,
X-ray single-crystal structures were obtained for the com-
plexes of general formula [MCl2(L1)] (M�MnII, NiII, ZnII);
no suitable crystals were obtained with cobalt. The results will
be discussed together as the structures identified are geo-
metrically quite similar (Figure 3). Note that these short-chain
complexes were chosen as it did not prove possible to obtain
diffraction-quality crystals of any of the longer-chain homo-
logues.


Yellow, lath-like crystals of [MnCl2(L1)] ¥ 0.5PhCN were
obtained by diffusion of pentane into a solution of the
complex in benzonitrile. Orange columnar crystals of
[ZnCl2(L1)] ¥ 0.5PhCN were grown by layering a solution of
the ligand in PhCN with a solution of ZnCl2 in EtOH (1:1).
Two different solvates of [NiCl2(L1)] with nitrobenzene and
benzonitrile ([NiCl2(L1)] ¥ PhNO2 and [NiCl2(L1)] ¥ PhCN)
were obtained as orange tablets by diffusion of n-pentane
into a solution of the product in nitrobenzene and from a


layered PhCN/EtOH (1:1) solution of the ligand and NiCl2 ¥
6H2O. Crystallographic data for these compounds are listed in
Table 1.


Table 2 presents selected bond lengths and the values for
the mean deviation of the metal from the diiminopyridyl
plane. Selected angles are given in Table 3 together with
selected torsion angles of the lateral phenyl rings and the
mean deviation of the atoms forming the ligand plane.


All structures consist of a neutral complex of general
formula [MCl2(L1)] and possess approximate, noncrystallo-
graphic C2 symmetry about a plane that bisects the central
pyridine ring and contains the metal center and the two Cl�


ions (Figure 3). The metal ions are in a distorted trigonal
bipyramidal environment defined by the planar tridentate
N-donor set of the ligand and the two Cl� ions. The pyridyl
nitrogen (Npy) and the two Cl� ligands form the equatorial or
trigonal plane, with the two imine nitrogens (Nim) providing
the axial donors. As a consequence of satisfying the tridentate
chelate constraints of the ligand, the M�Nim bond lengths are
essentially identical and noticeably longer than the M�Npy


bond length. The distorted axial and bite angles subtended by
these atoms (Nim-M-Nim and Nim-M-Npy) are much reduced
from 180� and 90�, respectively. Sterically, the MnII compound
displays the most constrained structure due to longer bond
lengths, as might be expected for a high-spin d5 ion of larger
ionic radius. The axial angle N(2)-Mn-N(3) is thus reduced to
143� (versus 148 and 155� for [ZnCl2(L1)] and [NiCl2(L1)],
respectively) and the M�Npyridyl distance is closer to the
M�Nimine bond lengths than in any of the other complexes of
the type [MCl2(L1)] considered (M�NiII and ZnII).


Deviation from planarity upon coordination is induced for
the two five-membered chelate rings of the diiminepyridyl
moiety by slight torsions (2 ± 3�) about the two Cpy�Cim bonds.
The diimine ligand adopts an E ±E configuration, as expected
on the basis of steric considerations.


Figure 3. Molecular structures of a) [NiCl2(L1)] ¥ PhNO2, b) [NiCl2(L1)] ¥ PhCN, c) [MnCl2(L1)] ¥ 0.5PhCN, and d) [ZnCl2(L1)] ¥ 0.5PhCN, with part of the
numbering scheme adopted. Solvent molecules and hydrogen atoms have been omitted for clarity.
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Difficulties in distinguishing between trigonal-bipyramidal
and square-pyramidal stereochemistries arise in distorted
systems, and analyses reported by other researchers[14a,c, 20, 21]


outline the boundary geometries for compounds of this class.
The criteria drawn up include deviation of the metal from the
N3 ligand plane and the asymmetry in theM�Cl linkages. Out-
of-plane positioning of the central metal (by up to 0.6 ä) and
lengthening of one of the two M�Cl bonds (by as much as
0.03 ± 0.05 ä), which would distinguish the apical chloro
ligand from its basal counterpart, indicate departure from
trigonal-bipyramidal towards square-pyramidal geometry. On
the basis of such considerations, a pseudo-trigonal-bipyrami-


dal stereochemistry was assigned to all complexes of the type
[MCl2(L1)].


In all the structures, the two lateral phenyl rings present on
the imine moieties do not lie perfectly in the coordination
plane of the ligand backbone, exhibiting inequivalent torsion
angles of about 11 ± 20� and 3 ± 7�. Overall, such degrees of
twisting are quite small relative to those observed in
numerous related structures,[13d, 14a,c, 20, 21] and the ligand por-
tion of these [MCl2(L1)] complexes can be regarded as almost
planar. This can perhaps be attributed to the absence both of
methyl groups at the imine carbon and of ortho substituents
on the phenyl rings. Indeed, the structure of the zinc(��)


Table 1. Selected crystallographic data for [MnCl2(L1)] ¥ 0.5PhCN, [NiCl2(L1)] ¥ PhCN, [NiCl2(L1)] ¥ PhNO2, and [ZnCl2(L1)] ¥ 0.5PhCN.


[MnCl2(L1)] ¥ 0.5PhCN [NiCl2(L1)] ¥ PhCN [NiCl2(L1)] ¥ PhNO2 [ZnCl2(L1)] ¥ 0.5PhCN


formula C28.5H29.5Cl2MnN3.5O6 C32H32Cl2N4NiO6 C31H32Cl2N4NiO8 C28.5H29.5Cl2N3.5O6Zn
Mr 642.90 698.23 718.22 653.33
crystal system triclinic triclinic triclinic triclinic
space group P1≈ P1≈ P1≈ P1≈


color yellow orange orange orange
a [ä] 10.982(10) 9.220(5) 9.556(3) 10.9365(9)
b [ä] 12.052(11) 12.417(6) 12.465(4) 12.034(1)
c [ä] 12.736(11) 14.341(7) 14.348(4) 12.715(1)
� [�] 103.61(2) 84.927(9) 90.247(5) 103.707(1)
� [�] 100.40(2) 89.485(9) 94.352(5) 99.915(1)
� [�] 111.56(2) 80.048(9) 99.942(5) 111.021(1)
V [ä3] 1456(4) 1610.8(13) 1678.3(9) 1455.3(4)
T [K] 150(2) 150(2) 150(2) 150(2)
Z 2 2 2 2
reflections collected 7877 13045 14416 13000
unique reflections[a] 5704 (4295) 7152 (3176) 7416 (3041) 6612 (5077)
R(int) 0.025 0.0112 0.129 0.024
parameters 366 406 415 366
R1 [I� 2�(I)] 0.0805 0.0853 0.0872 0.0411
wR2 (all data) 0.3962 0.2591 0.2644 0.1158
GOF 1.029 0.992 0.975 1.021


[a] [I� 2�(I)].


Table 2. Selected bond lengths [ä] and mean deviations (dev.) [ä] of the metal atom from the N3 ligand plane for [MCl2(L1)] complexes.


M�N(1)[a] M�N(2)[a] M�N(3)[a] M�Cl(1) M�Cl(2) dev.


[MnCl2(L1)] ¥ 0.5PhCN 2.169(5) 2.350(5) 2.353(5) 2.357(2) 2.338(3) 0.0253
[NiCl2(L1)] ¥ PhCN 1.943(6) 2.151(6) 2.153(6) 2.262(2) 2.260(2) 0.0560
[NiCl2(L1)] ¥ PhNO2 1.948(7) 2.177(6) 2.191(6) 2.295(2) 2.288(2) 0.0517
[ZnCl2(L1)] ¥ 0.5PhCN 2.051 (2) 2.324(2) 2.328(2) 2.2549(8) 2.2385(8) 0.0186


[a] N(1)�Npy ; N(2), N(3)�Nim.


Table 3. Selected angles [�] for complexes [MCl2(L1)], characterizing the coordination environment and the twist (torsion) of the two lateral phenyl rings
with respect to the diiminopyridyl ligand plane. The mean deviation [ä] from planarity of the atoms defining this plane is also reported.


[MnCl2(L1)] ¥ 0.5PhCN [NiCl2(L1)] ¥ PhCN [NiCl2(L1)] ¥ PhNO2 [ZnCl2(L1)] ¥ 0.5PhCN


bite angles
N(1)-M-N(2) 71.3(2) 77.4(2) 78.0(2) 74.08(8)
N(1)-M-N(3) 71.7 (2) 77.2(2) 77.0(2) 74.31(8)
axial angle
N(2)-M-N(3) 143.0(2) 154.5(2) 154.9(3) 148.36(8)
trigonal angles
N(1)-M-Cl(1) 120.64(14) 108.1(2) 114.9(2) 120.32(7)
N(1)-M-Cl(2) 122.37(14) 121.7(2) 111.4(2) 121.74(7)
Cl(1)-M-Cl(2) 116.98(9) 130.16(8) 133.69(9) 117.93
torsion angles[a] 20.1, 3.4 3.4, 13.2 2.3, 11.1 5.3, 18.6
N3 plane[b] (mean deviation) 0.0194 0.0167 0.0144 0.0175


[a] The torsion angles measured are C(6)-N(2)-C(10)-C(11) and C(7)-N(3)-C(20)-C(21). [b] The atoms defining this plane are C(1), C(2), C(3), C(4), C(5),
C(6), C(7), N(1), N(2), and N(3).







Metallomesogens 2484±2501


Chem. Eur. J. 2003, 9, 2484 ± 2501 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2489


complex with the aldimine ligand derivative bearing para-OH
groups on the rings, reported by Busch and co-workers,[15] also
shows near coplanarity of the ligand framework. The planarity
of the complexes will be of relevance to their supramolecular
organization, as discussed below.


Of particular interest to the present study is the molecular
packing mode of the complexes [MCl2(L1)]. The way in which
these units are arranged with respect to each other in the solid
state assists the understanding of the columnar organization
found for their long-chain analogues in the liquid crystalline
state. These packing modalities will be discussed only with
reference to the complex [NiCl2(L1)] ¥ PhCN, as they are
typical for all four compounds of the type [MCl2(L1)]
examined (Figure 4).


Figure 4. Two complementary views of the packing of [NiCl2(L1)] ¥ PhCN,
showing a) how the molecules in adjacent layers are related through
inversion centres and b) a view parallel to the layers.


In terms of Ni ¥¥ ¥ Ni separations, the nearest neighbors form
a steplike arrangement of molecules (Figure 4a), whereby
adjacent molecules are related by an inversion center. There
are two alternating Ni ¥¥ ¥ Ni separations of 6.502 and 6.766 ä
and this �chain� of atoms runs parallel to the b-axis. As shown
in Figure 4b, these step-like arrangements stack on one
another along the a-axis direction (the next nearest Ni ¥¥¥ Ni
distance is 9.22 ä) and are separated by layers of solvent
molecules (omitted from this picture). The molecular units do
not stack directly above one another in a head-to-head
manner, but adopt a head-to-tail configuration with the
pyridine rings lying over the phenyl rings. It is the overall near
planarity exhibited by the complexes that allows these
molecules to arrange themselves linearly in successive parallel
layers. The main features of the packing diagrams for the
other three complexes are essentially the same.


The molecular packing mode observed is reminiscent of
pre-existing columns. Indeed, the complexes [MCl2(L1)] pack
to form columns parallel to the crystallographic c-axis with
molecules arranged in a head-to-tail fashion, that is the
nearest-neighbor molecules are rotated by 180� to give an
overall disklike topology with an average distance between
two neighboring metal centers of approximately 6.5 ± 7 ä.
This crystalline structure can, therefore, be regarded as
related to the columnar mesophases present above the crystal
phase, as described below. Note that several other crystalline
structures of related bis(imine)pyridine coordinated with
MCl2 units differing in the substitution patterns of the
terminal phenyl rings and on the metal centers have been
studied, and all of them display the same structural fea-
tures.[12, 13, 15] Therefore, it seems that the trigonal bipyramidal
geometry and subsequent packing into a pseudocolumnar
arrangement are characteristic of such complexes in the
crystalline state;[14a, 15] analogous structural characteristics are
likely to be extended to the rest of the series of complexes
described.


Liquid-crystalline properties : The free ligands L1 and L16 are
not mesomorphic. Given the structure of the ligand (bent
shape, small anisotropy, small aspect ratio) similar behavior is
also expected for the other ligands. However, the subsequent
coordination of the ligands L8, L10, L12, L14, and L16 to the
various MCl2 fragments confers liquid-crystalline properties
on the resulting complexes, possibly by fixing the ligand into
an optimum conformation to allow mesophases to form. The
mesophases exhibited by these materials exist over large
temperature ranges, illustrating the mesophase induction and
stabilization upon complexation referred to in the introduc-
tion.


Mesomorphism by optical microscopy and differential scan-
ning calorimetry : The above complexes were investigated by
polarized optical microscopy and differential scanning calo-
rimetry (DSC). The optical textures showed typical defects
associated with columnar mesophases, and included spiral
textures usually observed for columnar oblique mesophases
(Colo), linear birefringent defects and cylindrical domains
associated with the columnar rectangular phases (Colr) and
dendritic features, and large areas of uniform extinction found
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for columnar hexagonal struc-
tures (Colh). This technique was
sufficient to identify the pres-
ence of columnar mesomor-
phism and the existence of
columnar hexagonal phases,
but did not allow for an un-
equivocal identification of the
lower-symmetry phases, partic-
ularly as there are two possibil-
ities for Colr phases. Conse-
quently, the materials were fur-
ther studied by X-ray
diffraction (vide infra).


The DSC experiments con-
firmed that the complexes pos-
sess excellent thermal stability,
clearing to the isotropic liquid
in the region 250 ± 300 �C, with
very good reproducibility of the
mesomorphism on cooling; the
reversibility of the thermal be-
havior was checked with DSC
on subsequent heating ± cooling cycles. Interestingly, all the
complexes crystallized on cooling with no glassy behavior
detected. Some general trends are summarized below.


The clearing temperatures decrease slightly on going from
n� 8 to n� 16, while the melting points firstly decrease with
n, then increase slightly from n� 12 onwards. The largest
mesomorphic temperature range is thus observed for the
complexes with n� 10 and 12. This overall tendency is
independent of the metal ion considered. For identical n,
the compounds have similar melting points except for the NiII


complexes. These show, on average, the highest values, while a
slight discrepancy is observed with the clearing points. Thus,
the MnII and CoII complexes have, on average, a higher
clearing point than the analogous NiII and ZnII compounds.
Curiously, however, the mesophase-to-mesophase transitions,
with few exceptions only (Table 4), were not observed by DSC
probably because they were either too slow or their enthalpies
were to low to be detected by the DSC apparatus. Such
observations are consistent with those of the dilatometry
experiments discussed below.


Characterization by X-ray diffraction (XRD): The different
mesophases were further characterized by detailed variable-
temperature powder-XRD experiments, with an X-ray pat-
tern being recorded every 20 �C for each compound from the
crystalline state up to the isotropic liquid; the transition
temperatures detected by DSC and optical microscopy were
in good agreement with those derived from XRD. The
crystalline phases displayed a series of sharp peaks over the
entire range of 2�. The transformation to the mesophase was
accompanied by the disappearance of a number of these sharp
reflections and significant changes in intensity in others. The
X-ray diffraction patterns supported the results from optical
microscopy. This showed that the new complexes exhibited,
between them, several columnar mesophases with different
2D symmetries. For mesophases with the same symmetry,


qualitatively similar X-ray patterns were obtained whatever
the metal center and the chain length, and, broadly, these
patterns could be divided up into three different regions.
1) At wide angles, a diffuse and broad-scattering halo was


observed centered around 4.5 ± 4.6 ä, corresponding to the
liquid-like order (short-range correlations) of the chains
bound to the complexes, and thus to the fluid-like nature of
the mesophases.


2) At slightly lower angles, another weak, less diffuse halo
was seen corresponding to a distance of approximately
5.5 ± 6.5 ä (slightly temperature dependent), which we
attribute to the liquid-like correlations between adjacent
molecules. This broad scattering suggested a stacking
periodicity of the molecular cores inside the columns,
although this was not correlated over too great a distance.
By analogy with the results of the single-crystal structure
determination described above, it is likely that the columns
in the mesophase also consist of a time-averaged, alter-
nating arrangement of the molecules. The value of this
periodicity will be taken as the repeat unit along the
columnar axis, and denoted h.


3) Finally, in the small-angle region, a series of sharp Bragg
peaks were present, corresponding to both the fundamen-
tal and higher orders of reflections, and featuring in all
cases columnar mesophases with 2D lattices characteristic
of either a Colh, a Colr, or a Colo mesophase. The
systematic presence of several reflections indicated the
long-range order of the 2D arrangements of the columns,
and allowed for an unambiguous phase symmetry assign-
ment.
A detailed indexation of the mesophases of each com-


pound, and the results of these investigations are gathered in
Tables 5 ± 8


The various mesophase-to-mesophase transformations
could be monitored by the change in the number of peaks,
their position, and their relative intensity. Two representative


Table 4. Thermodynamic data for all the metal complexes [MCl2(Ln)]. Transition temperatures are given in �C,
and the corresponding enthalpies changes are in square brackets [�H in kJmol�1]. Cr: crystalline or solid state;
Colr, Colo, and Colh: rectangular, oblique and hexagonal columnar phase, respectively; I: isotropic liquid.


M n Transitional properties


Zn 8 Cr 111 [28.0] Colr c2mm 138 [ ± ] Colr p2gg 237 [ ± ] Colr c2mm 270 [ ± ] Colh 285 [10.5] I
10 Cr 52 [32.9] Colr c2mm 235 [ ± ] Colh 285 [8.5] I
12 Cr 48 [55.5] Colr c2mm 170 [ ± ] Colh 262 [8.0] I
14 Cr 63 [92.9] Colr c2mm 145 [ ± ] Colh 248 [5.6] I
16 Cr 65 [129.0] Colr c2mm 105 [ ± ] Colh 235 [5.0] I


Co 8 Cr 78 [18.1] Colo 151 [3.2] Colr c2mm 275 [ ± ] Colh 303 [8.5] I
10 Cr 60 [29.9] Colr c2mm 210 [ ± ] Colh 281 [5.1] I
12 Cr 46 [33.7] Colr c2mm 175 [ ± ] Colh 256 [2.8] I
14 Cr 48 [74.0] Colr c2mm 170 [ ± ] Colh 258 [4.0] I
16 Cr 65 [129.0] Colr c2mm 125 [ ± ] Colh 255 [6.0] I


Mn 8 Cr 83 [30.6] Colr c2mm 185 [ ± ] Colh 315 [8.8] I
10 Cr 46 [56.5] Colr p2gg 143 [1.5] Colh 290 [ ± ] I
12 Cr 55 [62.4] Colr c2mm 120 [ ± ] Colh 280 [ ± ] I
14 Cr 52 [82.3] Colh 278 [6.8] I
16 Cr 61 [95.1] Colh 248 [3.9] I


Ni 8 Cr 148 [94] Colr p2gg 210 [ ± ] Colr c2mm 293 [9.2] I
10 Cr 90 [11.3] Colr c2mm 125 [ ± ] Colr c2mm 249 [ ± ] Colh 265 [ ± ] I
12 Cr 57 [13.8] Colr c2mm 105 [7.7] Colr c2mm 190 [ ± ] Colh 256 [ ± ] I
14 Cr 48 [50.8] Colr c2mm 175 [ ± ] Colh 243 [4.1] I
16 Cr 62 [71.0] Colr c2mm 155 [ ± ] Colh 240 [ ± ] I
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X-ray diagrams of the two most commonly encountered
columnar phases a) Colr c2mm and b) Colh) are shown in
Figure 5.


The detailed structure of each mesophase will now be
described in greater detail.
1) The columnar hexagonal phases, Colh : Below the isotropic


liquid, all of the complexes except [NiCl2(L8)] displayed


Table 5. Detailed indexation at a given temperature (T) of all liquid-
crystalline phases observed for the Zn complexes.[a]


T [�C] dobs [ä] I hk dcalcd [ä] Mesophase and
parameters


n� 8: Cr 111 Colr c2mm 138 Colr p2gg 237 Colr c2mm 270 Colh 285 I
120 16.9 vs 11 16.9 Colr c2mm


16.6 vs 20 16.6 ar� 33.2 ä
9.8 s 31 9.8 br� 19.6 ä
9.7 w 02 9.7 sr� 652 ä]2


8.5 w 40 8.45
8.4 vw 22 8.3


160 17.3 vs 20 17.3
17.0 vs 11 17.0 Colr p2gg
9.9 s 31 9.9 ar� 34.6 ä
9.7 w 02 9.75 br� 19.5 ä
9.4 w 12 9.4 sr� 675 ä2


8.8 m 40 8.65
8.5 vw 22 8.45


240 18.0 vs 20 18.0 Colr c2mm
17.6 vs 11 17.5 ar� 36.0 ä
10.3 s 31 10.3 br� 20.2 ä
9.0 w 40 9.0 sr� 726 ä2


280 18.0 vs 10 18.0 Colh p6mm
10.45 s 11 10.4 ah� 20.8 ä, Sh� 374 ä2


n� 10: Cr 52 Colr c2mm 235 Colh 285 I
120 18.7 vs 20 18.7 Colr c2mm


18.0 vs 11 18.0 ah� 37.4 ä
10.3 w 02 10. 3 sh� 768 ä2


9.4 w 40 9.35
9.0 vw 22 9.0


240 19.4 vs 10 19.4 Colh p6mm
11.2 s 11 11.2 ah� 22.4 ä
9.7 s 20 9.7 sh� 435 ä2


n� 12: Cr 48 Colr c2mm 170 Colh 262 I
140 20.2 vs 20 20.2 Colr c2mm


19.75 vs 11 19.75 ar� 40.4 ä
11.7 s 31 11.6 br� 22.6 ä
11.3 w 02 11.3 sr� 915 ä2


10.2 w 40 10.1
9.9 vw 22 9.9


180 20.3 vs 10 20.3 Colh p6mm
11.8 s 11 11.7 ah� 23.45 ä
11.15 s 20 10.15 sh� 476 ä2


n� 14: Cr 63 Colr c2mm 145 Colh 248 I
80 21.2 vs 20 21.2 Colr c2mm


20.3 vs 11 20.1 ar� 42.4 ä
12.0 s 31 12.05 br� 23.1 ä
11.5 w 02 11.6 sr� 980 ä2


10.6 w 40 10.6
10.0 vw 22 10.15


240 22.1 vs 10 22.1 Colh p6mm
12.7 s 11 12.75 ah� 25.5 ä
11.1 s 20 11.05 sh� 564 ä2


n� 16: Cr 65 Colr c2mm 105 Colh 235 I
80 22.6 vs 20 22.6 Colr c2mm


21.6 vs 11 21.6 ar� 45.2 ä
12.8 s 31 12.8 br� 24.6 ä
12.3 s 02 12.3 sr� 1111 ä2


11.3 w 40 11.3
10.8 vw 22 10.8


220 23.5 vs 10 23.5 Colh p6mm
13.6 s 11 13.6 ah� 27.1 ä
11.8 s 20 11.8 sh� 638 ä2


[a] dobs and dcalcd are the observed and calculated diffraction spacings; I is
the intensity of the diffraction signal (vs: very strong, s: strong, m: medium,
w: weak, vw: very weak); hk is the indexation of the two-dimensional
lattice; ar , br , ao, bo, �, and ah are the lattice parameters, sr , so, and sh are the
lattice area and p2gg, c2mm, p1, and p6mm are the 2D plane groups of the
rectangular (Colr), oblique (Colo), and hexagonal (Colh) columnar phases,
respectively.


Table 6. Detailed indexation at a given temperature (T) of all liquid-
crystalline phases observed for the Co complexes.[a]


T [�C] dobs [ä] I hk dcalcd [ä] Mesophase and parameters


n� 8: Cr 78 Colo 151 Colr c2mm 275 Colh 303 I
120 17.8 vs 20 17.8 Colo p1


16.75 vs 11 16.75 ao� 35.7 ä
15.9 vs 11≈ 15.9 bo� 18.4 ä
10.2 s 31 10.3 �� 86.4�
9.65 m 31≈ 9.7 so� 654.5 ä2


7.55 m 32 7.5
7.3 w 51 7.1


160 17.6 vs 20 17.6 Colr c2mm
17.0 vs 11 17.0 ar� 35.2 ä
10.05 s 31 10.05 br� 19.4 ä
9.9 w 02 9.7 sr� 683 ä2


8.9 w 40 8.8
8.6 vw 22 8.5


280 18.2 vs 10 18.2 Colh p6mm
10.5 m 11 10.5 ah� 21.0 ä, sh� 382.5 ä2


n� 10: Cr 60 Colr c2mm 210 Colh 281 I
140 19.1 vs 20 19.1 Colr c2mm


18.35 vs 11 18.35 ar� 38.2 ä
10.9 s 31 10.9 br� 20.9 ä
10.5 w 02 10.5 sr� 799 ä2


9.65 w 40 9.55
9.15 vw 22 9.2


240 19.4 vs 10 19.4 Colh p6mm
11.2 s 11 11.2 ah� 22.4 ä
9.7 s 20 9.7 sh� 434.5 ä2


n� 12: Cr 46 Colr c2mm 175 Colh 256 I
120 20.6 vs 20 20.6 Colr c2mm


19.75 vs 11 19.75 ar� 41.2 ä
11.8 s 31 11.7 br� 22.5 ä
11.1 w 02 11.25 sr� 927 ä2


10.3 w 40 10.3
9.8 w 22 9.9


220 21.1 vs 10 21.1 Colh p6mm
12.2 s 11 12.2 ah� 24.4 ä
10.5 s 20 10.5 sh� 514 ä2


n� 14: Cr 48 Colr c2mm 170 Colh 258 I
80 21.45 vs 20 21.6 Colr c2mm


20.2 vs 11 20.2 ar� 42.9 ä
12.1 s 31 12.1 br� 22.9 ä
11.45 w 02 11.45 sr� 982 ä2


10.8 w 40 10.7
10.1 vw 22 10.1


240 22.45 vs 10 22.45 Colh p6mm
12.95 s 11 13.0 ah� 25.9 ä
11.25 s 20 11.2 sh� 582 ä2


n� 16: Cr 65 Colr c2mm 125 Colh 255 I
120 22.6 vs 20 22.6 Colr c2mm


22.2 vs 11 22.2 ar� 45.2 ä
12.9 s 31 13.0 br� 25.5 ä
12.75 w 02 12.75 sr� 1152 ä2


11.4 w 40 11.3
11.1 w 22 11.1


200 23.3 vs 10 23.3 Colh p6mm
13.45 s 11 13.45 ah� 26.9 ä
11.7 s 20 11.65 sh� 627 ä2


[a] See footnote for Table 5.
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the hexagonal columnar structure which was confirmed
unambiguously by XRD. Thus, three, or occasionally only
two, sharp small-angle reflections were observed, with the
1:
�
3:
�
4 reciprocal spacings ratio characteristic of a 2D


hexagonal lattice and corresponding to the indexation
(hk)� (10), (11) and (20) (Figure 5b). The 2D lattice of the
Colh phase is represented schematically in Figure 6. The
columns are located at the nodes of the hexagonal cell (one
column per cell), and the columnar axes are perpendicular
to this lattice plane. The projection of the cylindrical hard
columnar cores onto this lattice plane leads to circular
areas separated from one other by the aliphatic medium.[22]


The 3D elementary cell is hexagonal.
2) The columnar rectangular phase, Colr : The mesophase


appearing below the hexagonal columnar phase was found
to possess a 2D rectangular lattice as indicated by the
presence in the XRD pattern of the two sharp fundamental
peaks. The less intense of these corresponds to the


fundamental reflection (20), while the more intense peak
is associated with the two reflections (11 and 11≈) of equal
intensity. For most of the samples, harmonics and higher


Table 7. Detailed indexation at a given temperature (T) of all liquid-
crystalline phases observed for the Mn complexes.[a]


T [�C] dobs [ä] I hk dcalcd [ä] Mesophase and
parameters


n� 8: Cr 83 Colr c2mm 185 Colh 315 I
120 17.1 vs 11 17.1 Colr c2mm


16.7 vs 20 16.7 ar� 33.4 ä
9.9 s 02 9.9 br� 19.9 ä
8.7 w 22 8.55 sr� 665 ä2


8.3 w 40 8.35
260 18.1 vs 10 18.1 Colh p6mm


10.45 s 11 10.45 ah� 20.9 ä
9.1 s 20 9.05 sh� 378 ä2


n� 10: Cr 46 Colr p2gg 142 Colh 290 I
80 18.3 vs 11/20 18.3 Colr p2gg


10.5 s 31/02 10.6 ar� 36.6 ä
9.05 w 22/40 9.1 br� 21.1 ä
8.25 w 41 8.4 ar/br�


�
3


7.7 w 32 8.0 sr� 773 ä2


240 19.5 vs 10 19.5 Colh p6mm
11.2 s 11 11.25 ah� 22.5 ä
9.7 s 20 9.75 sh� 439 ä2


n� 12: Cr 55 Colr c2mm 120 Colh 280 I
100 20.1 vs 20 20.1 Colr c2mm


19.5 vs 11 19.5 ar� 40.2 ä
11.5 s 31 11.5 br� 22.3 ä
11.15 w 02 11.15 sr� 896 ä2


10.15 w 40 10.05
9.8 vw 22 9.75


200 20.5 vs 10 20.5 Colh p6mm
11.8 s 11 11.9 ah� 23.7 ä
10.25 s 20 10.3 sh� 487 ä2


n� 14: Cr 52 Colh 278 I
140 21.6 vs 10 21.6 Colh p6mm


12.4 s 11 12.5 ah� 24.9 ä
10.7 s 20 10.8 sh� 539 ä2


240 22.2 vs 10 22.2 Colh p6mm
12.75 s 11 12.8 ah� 25.6 ä, sh� 569 ä2


n� 16: Cr 61 Colh 248 I
120 22.4 vs 10 22.4 Colh p6mm


12.9 s 11 12.95 ah� 25.9 ä, sh� 579 ä2


11.2 s 20 11.2
220 23.5 vs 10 23.5 Colh p6mm


13.55 s 11 13.6 ah� 27.1 ä sh� 638 ä2


11.65 s 20 11.75


[a] See footnote for Table 5.


Table 8. Detailed indexation at a given temperature (T) of all liquid-
crystalline phases observed for the Ni complexes.[a]


T [�C] dobs [ä] I hk dcalcd [ä] Mesophase and
parameters


n� 8: Cr 148 Colr p2gg 210 Colr c2mm 293 I
160 17.7 vs 11 17.7 Colr p2gg


15.9 vs 20 15.9 ar� 31.8 ä
10.7 w 02 10.65 br� 21.3 ä
10.0 s 12 10.1 sr� 677.5 ä2


9.45 s 31 9.5
8.95 s 22 8.85
7.45 m 41 7.45


220 18.35 vs 20 18.35 Colr c2mm
17.15 vs 11 17.15 ar� 36.7 ä, br� 19.4 ä
10.35 w 31 10.35 sr� 712 ä2


9.7 s 02 9.7
n� 10: Cr 90 Colr c2mm 125 Colr c2mm 249 Colh 265 I


120 19.4 vs 20 19.4 Colr c2mm
17.75 vs 11 17.75 ar� 38.8ä
10.85 s 31 10.85 br� 20.0 ä
10.0 w 02 10.0 sr� 774.5 ä2


8.95 w 22 8.9
180 19.65 vs 20 19.65 Colr c2mm


18.45 vs 11 18.45 ar� 39.3 ä
11.1 s 31 11.1 br� 20.9 ä
10.45 w 02 10.45 sr� 821 ä2


9.8 w 40 9.8
9.2 w 22 9.2


220 19.25 vs 10 19.25 Colh p6mm
11.1 s 11 11.1 ah� 22.2 ä
9.7 s 20 9.6 sh� 429 ä2


n� 12: Cr 57 Colr c2mm 105 Colr c2mm 190 Colh 256 I
60 21.55 vs 20 21.55 Colr1 c2mm


18.05 vs 11 18.05 ar� 43.1 ä
11.6 s 31 11.6 br� 19.9 ä
10.75 w 40 10.7 sr� 857 ä2


9.9 w 02 9.9
160 20.9 vs 20 20.9 Colr2 c2mm


19.5 vs 11 19.5 ar� 41.8 ä
11.8 s 31 11.8 br� 22.0 ä
11.2 w 02 11.0 sr� 921.5 ä2


10.4 w 40 10.4
200 20.6 vs 10 20.6 Colh p6mm


11.9 s 11 19.5 ah� 23.8 ä
0.3 s 20 10.3 sh� 490 ä2


n� 14: Cr 48 Colr c2mm 175 Colh 243 I
80 22.6 vs 20 22.6 Colr c2mm


20.55 vs 11 20.55 ar� 45.2 ä
12.45 s 31 12.6 br� 23.0 ä
11.25 w 40 11.3 sr� 1043 ä2


10.1 w 02 10.3
220 22.25 vs 11 22.25 Colh p6mm


12.8 s 11 12.85 ah� 25.6 ä
11.1 s 20 11.1 Sh� 570 ä2


n� 16: Cr 62 Colr c2mm 155 Colh 240 I
120 23.45 vs 20 23.45 Colr c2mm


22.2 vs 11 22.2 ar� 46.9 ä
13.2 s 31 13.3 br� 23.9 ä
12.5 w 02 12.6 sr� 1182 ä2


11.0 w 22 11.1
160 23.0 vs 10 23.0 Colh p6mm


13.3 s 11 13.3 ah� 26.55 ä
11.5 s 20 11.5 sh� 611 ä2


[a] See footnote for Table 5.
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Figure 5. X-ray diffraction patterns of a) [ZnCl2(L14)] at 80�C in Colr
c2mm, and b) [MnCl2(L16)] at 180 �C in Colh p6mm.


Figure 6. Schematic representation of the 2D lattices of the different
columnar mesophases encountered, their associated plane groups, lattice
parameters, and surface areas derived from XRD.


orders of diffraction could be observed, allowing the plane
group of the Colr phase to be determined at all temperatures.
The rectangular symmetry results from noncylindrical colum-
nar cores, and their projection onto the lattice plane
perpendicular to the columnar axis leads to elliptical, time-
averaged, columnar cross sections. Such elliptical cross
sections are generated either by the molecular shape itself,
hindered molecular rotation of non-disklike molecules
around the columnar axis, or by the tilt of the molecular
disks perpendicular to the columnar axis. Two types of 2D
rectangular arrangements of columns are possible for the Colr
mesophases derived from nonchiral mesogens, characterized
by two different plane groups, namely c2mm and p2gg,[22]


depending on the mutual orientation of these ellipses in the
rectangular lattice (Figure 6). The ellipses are either oriented
along a unique direction (c2mm) or are alternatively oriented
along two different directions (herringbone packing of
elliptical columns, p2gg). There are now two columns per
lattice and the elementary 3D cell is orthorhombic. Both types
were observed here, and discrimination between them was
made possible due to the number of peaks observed in the
X-ray patterns, allowing the reflection conditions for each
plane group to be verified (hk : h� k� 2n, h0: h� 2n, 0k : k�
2n for c2mm ; hk : no conditions, h0: h� 2n, 0k : k� 2n for
p2gg). The p2gg plane group is less common than its c2mm
counterpart, the former being assigned for some short chain-
length compounds and at lower temperature only. Indeed, the
Colr p2gg phase was seen sandwiched between two Colr c2mm
for [ZnCl2(L8)], between the crystalline phase and the Colh
phase of [MnCl2(L10)], and between the crystalline phase and
the Colr c2mm phase of [NiCl2(L8)]). Interestingly, two
compounds ([ZnCl2(L8)], [MnCl2(L8)]) show a Colr phase
just above the crystalline phase with a c2mm symmetry, but
with the (11) reflection being at the smaller angle, that is,
d11� d20. The unusual phase sequence between the various
Colr phases observed for the zinc complex could be under-
stood by a transition between a ™synclinic∫ and ™anticlinic∫
Colr c2mm phase, explaining the Colr p2gg one as an
intermediate state. The progression of mesomorphic behavior
with chain length in the nickel complexes is interesting. For
example, in [NiCl2(L8)], no enthalpy of transition was
detected by DSC between the Colr p2gg and the Colr c2mm ;
this is not inconsistent with a transition between two phases of
the same symmetry, but with different plane groups. However,
[NiCl2(L12)] shows a transition from one Colr (c2mm) to
another in which the lattice parameters are different and the
indices of higher order reflections have been rotated (Ta-
ble 8). Consistent with a transition between two phases of the
same symmetry, they are separated by a first-order phase
transition (DSC). However, X-ray evidence suggests that
[NiCl2(L10)] also undergoes a transition between two Colr
(c2mm) phases, but here the transition is not first-order, or
is at least only weakly first-order (DSC). As the presence of
higher orders of reflection allows c2mm and p2gg to be readily
identifiable, we are confident of our assignment of the phase
symmetries, but cannot account for the absence of a corre-
sponding thermodynamic transition.
3) The columnar oblique phase, Colo: For one compound only


([CoCl2(L8)]), an oblique p1 columnar phase was deduced
from the X-ray pattern. Three different fundamental reflec-
tions of equal intensity were observed corresponding to the
(20), (11) and (11≈) reflections. Note that the 2D lattice does
not differ much from a rectangular cell, the angle � between
the lattice parameters ao and bo being close to 90� (86.4�). In
the Colo phase, the columnar axis is perpendicular to the
normal of the lattice plane (Figure 6), and the projection of
the hard cores onto the lattice plane gives rise to a 2D lattice
parallelogram which corresponds to the arrangement of the
columns, and the elementary cell is monoclinic.[22] Note that
here also there are two columns per lattice.
Mesomorphism of the complexes : The results of these


detailed X-ray investigations, combined with those from DSC,
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allow a complete characterization of the mesomorphic
properties, and the thermal behavior of the four series of
complexes is summarized in the phase diagrams (Figure 7).
One can immediately see, when comparing the four different
phase diagrams, that the properties depend on both the chain
length and the metal ion. An interesting feature is that for
ligands with the same chain length, mesophases of the same
symmetry have a different mesophase temperature range and
thermodynamic stability which depend on the metal used. For
example, the MnII complexes seem to favor the hexagonal
mesophase at the expense of the rectangular one, while this is
not consistently true for the ZnII, CoII and NiII complexes.
These differences will be discussed below on the basis of steric
factors and microsegregation between the polar hard molec-
ular parts and the nonpolar aliphatic chains. Some classical
features of columnar mesomorphism are nevertheless ob-
served. Thus, as n increases, the stability of the hexagonal
columnar phase increases at the expense of the temperature
range of the rectangular mesophase. Further, the Colh phase
was always seen at higher temperatures than the Colr, which
themselves were seen above the Colo phase.


Packing study : From a geometrical point of view, the
columnar structures are characterized mainly by two param-
eters: the columnar cross section (S) and the stacking
periodicity along the columnar axis (h).[23] Knowledge of
these two structural parameters permits interpretation of the
molecular packing inside the columns and a better under-
standing of the influence of this packing on the 2D arrange-
ment of the columns, and, therefore on the mesophase
symmetry. In the following, emphasis will be placed on the
analysis of the variations of h and S with both n and T. The


complexes reported here are amphiphilic, being formed by
two distinct parts, which are mutually incompatible (i.e., a
polar core surrounded by peripheral aliphatic chains) and well
separated in space. Consequently, their liquid-crystalline
structures can be described in terms of microphase segrega-
tion.[24]


The periodicity (h), the columnar cross section (S), and the
molecular volume (Vmol) are linked analytically through the
now well-established relation given in Equation (1):[23]


hS�NVmol (1)


in which N is the number of molecules within a volume
fraction of column; hS also equals to the volume of the
columnar cell, Vcell . Note that h is obtained directly from the
X-ray patterns (see above), and the molecular volume (Vmol)
and the cross-sectional area of the columns (Tables 5 ± 8) were
also determined experimentally by dilatometry and XRD.


Prior to the analysis of h, the molecular volume was
measured experimentally by dilatometry and its variation as a
function of temperature followed for one sample
([ZnCl2(L16)]. The experiment was carried out, with approx-
imately one gram of compound, between room temperature
and 200 �C, and included the Cr-to-Colr and Colr-to-Colh phase
transformations (Figure 8). At about 60 �C, the melting of the
sample was detected by an abrupt increase in the molecular
volume. Then, above this transition, its temperature variation
is quasi-linear, despite the change from one mesophase to
another.[25] The slope is in fairly good agreement with the
volume variation in the methylene groups in liquid alkanes,[26]


an indication that the volume of the aromatic part (VAr)[27] is
almost unchanged with temperature in the mesophase. In


Figure 7. Phase diagrams of the different series of complexes. The dotted lines correspond to transitions between the different Colr phases within the same
compound.
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Figure 8. Temperature-dependence of the molecular volume of
[ZnCl2(L16)].


fact, only a slight increase in the dilation coefficient could be
measured at the Colr-to-Colh transition (105 �C).[28] In the
following discussion, Vmol has been considered to vary linearly
over the entire mesomorphic temperature range.


Due to the amphiphilic character of the materials, it is
possible to extrapolate the molecular volume of all the other
complexes by using the additivity rule of the partial volume, as
demonstrated previously.[29] The volume of the central rigid
part of the molecule (VAr)[30] was assumed to remain
unchanged for the four types of complexes, a reasonable
hypothesis taking into account their structural similarity and
the chain volume fraction which is the dominant factor. A
general analytical expression [Eq. (2)] for the molecular
volume[31] as a function of both T and n was thus deduced
for all complexes (Vmol in ä3, and T in �C).


Vmol� 577.2� 0.12T � 0.00136T2 � 6nVCH2
(2)


The variation of the columnar cross section (S) was
analyzed as a function of both temperature and chain length
for all complexes, allowing for the fact that the value of S
depends on the symmetry of the mesophases. In the case of
the hexagonal mesophase, the cross section S of the columns
corresponds exactly to the lattice area, sh (Figure 6), and is
directly calculated from the measurement of d10.[32] For the
rectangular and oblique columnar phases, the unit cell of sr
and so each contains two columns (Figure 6)[20] defined by the
three fundamental reflections (d20, d11, d11≈) and the angle �.
The mathematical expression for these lattice areas is given in
a footnote.[33] Thus, S� sr/2� so/2 for the columnar cross
sections of the rectangular and oblique phases (the linear
analytical expressions for S are added as Supporting Infor-
mation). As can be seen from the curves (Figure 9), the
columnar areas increase linearly with T for all M with no
discontinuity, despite the presence of several mesophase
transformations (see Table 4). Similarly, and as expected, S
increases linearly with increasing chain length but at a higher
rate for higher values of n. These variations of S imply that
only small structural changes take place at the molecular level
and that the integrity of the columnar core is preserved during
the phase transformations.


Tilting of the molecular planes with respect to the columnar
axis, chain conformations and/or core ± core lateral trans-
lations are usually responsible for the distortion of 2D lattices,
and thus for the mesophase transformations, while higher
energy changes such as intercolumnar molecular fluctuations
are not. This assumption is supported by the absence in the
DSC traces of measurable enthalpies at most phase trans-
formations, an indication that most of these transitions occur
with small changes only. The composition of the repeat unit


Figure 9. Variation of the columnar cross-section areas (S) with T for each member of the ZnII, CoII, MnII, and NiII series.
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(i.e., the number of molecules per elementary cell) for the
columnar phases Colr, Colo, and Colh should remain effectively
constant. Moreover, for almost all the Colr mesophases and the
Colo mesophase, the observed increase in S correlates with the
increase in the lattice parameter a, while the b parameter
remains almost constant. In particular, for the Colr phase with
c2mm symmetry, the ratio of the lattice parameters (ar/br)
increases and diverges quite substantially from


�
3 upon


increasing temperature or n. First accepting that our core is
considered as a back-to-back ™dimer∫ of two complexes, we can
understand this on the molecular level as follows. Thus, in the
Colr phase, the core is tilted (elliptical cross sections are
required to generate phases of rectangular symmetry), but as
we increase the temperature, the chains increase their effective
volume through thermally induced motion. This increase in
volume requires the core to tilt towards an orientation
perpendicular to the columnar axis, thus increasing the
observed cross section, S. The change in tilt can be considered
as resulting exclusively from the rotation of the ab plane around
the b axis and, hence, the a parameter increases, while b remains
unaffected. As the temperature increases further, the tilt of the
core reduces further, S continues to increase, and, eventually,
the ™dimer∫ presents a circular cross section to the columnar
axis and the transition to the hexagonal phase is complete.


The average thickness of the repeat unit can now be
evaluated as a function of T, n, and the metal by combining
the analytical expressions of S and Vmol in Equation (3). Based
on the crystalline structure and on the molecular shape, it is
reasonable to consider that only one molecule (half a dimer)
is contained within the columnar cell of thickness h, and the
parameters measured are comparable to the molecular
dimensions. Therefore, N� 1 in Equation 1.


h�Vmol/S (3)


The results of these calculations are plotted in Figure 10.
The repeat period (h) is close to invariant with temperature or
shows a small decrease which is nonlinear, that is, h decreases
almost linearly in the lower temperature range and then
reaches a plateau with a fixed value at higher T, at which most
of the samples are in the Colh phase. The variation in h is
almost the same for the four series of complexes, and its
average value (�h�) is approximately centered around 6 ä
(hmax� 6.5 ä; hmin� 5.5 ä). Note that for two compounds
([MnCl2(L14)] and [NiCl2(L14)]), h was found to be almost
independent of temperature. Nevertheless, on average, this
measured distance matches the d spacing of the second broad
halo measured by XRD (vide supra) in the mesophases, and,
therefore, supports its assignment as being the columnar
repeat parameter. Furthermore, in the crystalline state, a
similar distance was found for the Ni ¥¥ ¥ Ni separations: 6.5 ä
and 6.8 ä. Thus, this overall decrease in h corresponds to a
slight approach of two neighboring molecules in the direction
of the columnar axis. This approach can be understood by the
above postulation of a decrease in the tilt angle of the
molecular cores, driven by the effective increase in the volume
of the aliphatic chains. Once the chains are fully expanded
around the columnar core, h becomes invariant.


The variation in SAr, the cross section of the columnar core,
has also been analyzed, and gives a confirmation of the above
explanations. Values of SAr can be readly calculated, since the
volume fraction of the columnar core, XAr, can be defined by
Equation (4).


SAr�S(VAr/Vmol)�XArS (4)


SAr varies as a quadratic function of T and increases slightly
for the four series of metallomesogens. Within each series and
for all n, SAr converges towards 70 ± 75 ä2 in the high-


Figure 10. Variation of h with T for each member of the ZnII, CoII, MnII, and NiII series.
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temperature Colh phase (Figure 11). The variation of SAr


seems to depend on the metallic center. In the higher
temperature part of the diagram, SAr increases at a slower
rate than in the lower temperature range. The temperature
behavior of SAr is associated with a decreasing tilt angle of the
molecular plane, in good agreement with the variation in h.
Once again, the influence of the increase in chain volume is
crucial.


To summarize, the variation in several parameters has been
followed as a function of n, T, and the metal, allowing for a
model of the molecular organization within the columns to be
proposed and to investigate how these factors drive meso-
phase ±mesophase transitions. The parameters S, SAr, andVmol


increase with both Tand n, as expected, while h decreases with
no clear dependence on n being evident. Owing to their
coordination geometry mode, the complexes also exhibit a
lateral dipole moment. While such an energetically favorable
dipole ± dipole interaction between molecules will be favored
by the stacking of the molecules in an antiparallel disposition,
the driving force is due to the steric effects and spatial
requirements of the aliphatic chains, since the antiparallel
distribution of the alkoxy chains along the columns gives rise
to a more efficient space-filling. Thus, in this way, each pair of
molecules completes a disklike shell of chains surrounding the
rigid part of the complex (Figure 12).


Conclusions


A new liquid-crystalline metallomesogen system based on
ZnII, CoII, MnII, and NiII centers complexed to 2,6-bis[3�,4�,5�-


Figure 12. Schematic illustration of the packing modes of the complexes in
the columnar phases.


tri(alkoxy)phenyliminomethyl]pyridine ligands has been de-
veloped. The complexes were prepared by a template syn-
thesis and obtained in good yields; their characterization
indicated the formation of 1:1 metal ± ligand products. Crystal
structure determinations of [NiCl2(L1)], [ZnCl2(L1)], and
[MnCl2(L1)] confirmed that the metal is bound by the
terdentate Schiff base ligand (L) and by two chloride ions to
give an distorted trigonal bipyramidal coordination geometry.
All the 1:1 complexes exhibit columnar mesophases that are
stable at high temperatures, and exist over broad temperature
ranges. Increasing the chain length or changing the metal does
not affect the thermal stability of the complexes, but does
influence strongly the nature of the two-dimensional packing
of the columns in the cells. The mesomorphism is explained on
the basis of the steric demands of the aliphatic chains, which
confine the rigid part together, promoting the favorable,
antiparallel arrangement of the molecular dipoles. Such an
arrangement of these half-disk compounds produces a
columnar structure composed of repeat units of either circular
or elliptical cross section.


Figure 11. Variation of SAr (area of the rigid part of the columns) with T for each member of the ZnII, CoII, MnII, and NiII series.
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Experimental section


Materials : All chemicals were purchased from commercial suppliers and
were used without further purification. The EtOH used in the preparation
of the anilines was dried over Mg turnings and freshly distilled prior to use.
The series of 3,4,5-tri(alkoxy)anilines were prepared according to a
published method.[19]


Instrumentation : NMR spectra were recorded on a Bruker DPX300 FT-
NMR spectrometer operating at 300.13 MHz for 1H and 75.48 MHz for 13C.
Chemical shifts are referenced with respect to residual proton or carbon
solvent. IR spectra were recorded as KBr pellets on a Nicolet AVATAR
360FTIR spectrometer. UV/Vis spectra were measured on a Philips
PU8720 spectrophotometer. FAB mass spectra were obtained on a
Finnigan MATTSQ-700 at the University of Wales, Swansea, with 3-nitro-
benzyl alcohol (NOBA) as matrix. Elemental analyses (C, H, N) were
carried out by the Analytical Department of the University of Nottingham.
Measurements of conductivity were made using a Jenway4010 conductivity
meter with CHCl3 as solvent.


The transition temperatures and enthalpy changes were measured by
differential scanning calorimetry using a Perkin ±Elmer DSC-7 instrument
operated at a scanning rate of 10 �Cmin�1 on heating. The apparatus was
calibrated with indium (156.6 �C; 28.4 Jg�1) as the standard.


Dilatometry measurements were performed by using a high precision
locally constructed apparatus, with automatic computer control of data-
acquisition and temperature (within 	0.03 �C).


The XRD patterns were obtained with two different experimental set-ups.
In the first set, a linear monochromatic CuK�1 beam (	� 1.5405 ä) was
obtained by using a Guinier camera with a sealed-tube generator (900 W).
In the second, a Debye ± Scherrer camera equipped with a bent quartz
monochromator and an electric oven was used. In both cases, the crude
powder was filled in Lindemann capillaries of 1 mm diameter. An initial set
of diffraction patterns was recorded with a curved Inel CPS120 gas-filled
detector linked to a data acquisition computer; periodicities up to 60 ä
could be measured, and the sample temperature controlled to within
	0.05 �C. The second set of diffraction patterns was recorded on an image
plate; cell parameters of the Colr and Colo mesophases were calculated
from the position of the reflection at the smallest Bragg angle, which was in
all cases the most intense; the hexagonal cell parameter was calculated by
using all the reflections a� (2/3


�
3) (d10�


�
3d11� 2d20). Periodicities up to


90 ä could be measured, and the sample temperature controlled to within
	0.3 �C. In each case, exposure times were varied from 1 to 24 h depending
on the mesophase observed and upon the specific reflections being sought
(weaker reflections obviously taking longer exposure times).


X-ray crystallographic data collection and refinement of the structures : All
single-crystal diffraction data were collected on a Bruker SMART1000
CCD area detector diffractometer,[34] equipped with an Oxford Cryosys-
tems open-flow nitrogen cryostat,[35] with graphite-monochromated MoK�


radiation (	� 0.71073 ä). Crystal data for the compounds [MnCl2(L1)] ¥
0.5PhCN, [NiCl2(L1)] ¥ PhCN, [NiCl2(L1)] ¥ PhNO2, and [ZnCl2(L1)] ¥
0.5PhCN are listed in Table 1. Integrated intensities, corrected for Lorentz
and polarization effects, were obtained using the Bruker SAINT pack-
age,[36] as were the cell parameters. All data were corrected for absorption
by using a multi-scan method.[37] [NiCl2(L1)] ¥ PhCN was solved by using
heavy-atom methods; [MnCl2(L1)] ¥ 0.5PhCN, [NiCl2(L1)] ¥ PhNO2 and
[ZnCl2(L1)] ¥ 0.5PhCN were solved by using direct methods[38] and all
further non-hydrogen atoms were located in subsequent difference Fourier
syntheses. Full-matrix least-squares refinement on F 2 was carried out by
using SHELXL-97.[39] All hydrogen atoms were placed in geometrically
calculated positions and refined as riding on the parent atoms. Distance
restraints were applied to the phenyl ring of the benzonitrile molecule in
[NiCl2(L1)] ¥ PhCN. The benzonitrile solvent molecules in [MnCl2(L1)] ¥
0.5PhCN and [ZnCl2(L1)] ¥ 0.5PhCN were disordered over inversion
centers; they were modeled over two half-occupied sites and sensible
geometric restraints applied. All the partially occupied atoms described
above were refined with isotropic displacement parameters, and other non-
hydrogen atoms with anisotropic displacement parameters. All hydrogen
atoms were placed in geometrically calculated positions and refined riding
on parent atoms.


Synthesis of 2,6-bis[3�,4�,5�-tri(methoxy)phenyliminomethyl]pyridine (L1):
A mixture of 2,6-pyridinedicarboxaldehyde (0.152 g, 1.12 mmol) and 3,4,5-


trimethoxyaniline (0.412 g, 2.25 mmol) was heated under reflux in MeOH
(150 mL) for 4 h; this resulted in a yellow solution that was left to evaporate
at room temperature. The precipitate that formed after 24 h was collected
by filtration and washed with a small amount of cold MeOH, affording a
yellow crystalline solid in 62% yield (0.325 g). 1H NMR (300.13 MHz,
CDCl3): �� 8.71 (s, 2H; HC�N), 8.27 (d, 3J(H,H)� 7.4 Hz, 2H; Py�H3/5),
7.94 (t, 3J(H,H)� 7.4 Hz, 1H; Py�H4), 6.63 (s, 4H; Ar�H), 3.90 (s, 12H;m-
OCH3), 3.88 (s, 6H; p-OCH3); 13C NMR (75.48 MHz, CDCl3): �� 158.99
(HC�N), 154.67 (Py�C4), 153.74 (Cq), 146.38 (Cq), 137.49 (Cq), 123.31
(Py�C3/5), 98.83 (Ar�C2), 61.08 (p-OCH3), 56.23 ppm (m-OCH3); IR
(KBr): 
� � 1587 cm�1 (C�N); FAB-MS: m/z : 466 [M]� ; UV/Vis (CHCl3):
	max (�)� 243 (3.2� 104), 354 nm (2.5� 104 mol�1 dm3cm�1); elemental
analysis calcd (%) for C25H27N3O6: C 64.50, H 5.85, N 9.03; found: C
64.23, H 5.76, N 8.98.


Synthesis of 2,6-bis[3�,4�,5�-tri(hexadecyloxy)phenyliminomethyl]pyridine
(L16): The same proceedure was used for the preparation of L16, but with
pyridinedicarboxaldehyde (0.0428 g, 0.317 mmol) and 3,4,5-tri(hexadecy-
loxy)aniline (0.516 g, 0.634 mmol). Appearance: yellow solid in 65% yield
(0.356 g); 1H NMR (300.13 MHz, CDCl3): �� 8.69 (s, 2H; HC�N), 8.23 (d,
3J(H,H)� 7.8 Hz, 2H; Py-H3/5), 7.92 (t, 3J(H,H)� 7.8 Hz, 1H; Py-H4), 6.61
(s, 4H; Ar-H), 4.03 ± 3.96 (m, 12H; OCH2), 1.85 ± 1.26 (m, 168H; CH2),
0.88 ppm (2 overlapping triplets, 18H; CH3); 13C NMR (75.48 MHz,
CDCl3): �� 158.46 (HC�N), 154.74 (Py-C4), 153.52 (Cq), 145.76 (Cq),
137.46 (Cq), 123.00 (Py-C3/5), 100.13 (Ar-C2), 73.59 (OCH2), 69.17 (OCH2),
31.94, 30.38, 29.73, 29.39, 26.13, 22.70 (CH2), 14.11 ppm (CH3); IR (KBr):

� � 1585 cm�1 (C�N); FAB-MS: m/z : 1726 [M]� ; UV/Vis (CHCl3): 	max


(�)� 241 (3.1� 104), 360 nm (2.4� 104 mol�1dm3cm�1); elemental analysis
calcd (%) for C115H207N3O6: C 79.94, H 9.50, N 2.43; found: C 80.42, H 9.45,
N 2.36.


Genaral preparation of the 2,6-bis[3�,4�,5�-tri(alkoxy)phenyliminomethyl]-
pyridinedichlorometal(��) complexes: A solution of 2,6-pyridinedicarbox-
aldehyde (0.0133 g, 0.0984 mmol) and 3,4,5-trimethoxyaniline (0.0361 g,
0.197 mmol) in CHCl3 (20 mL) was stirred at room temperature for 10 min,
before adding a solution of NiCl2 ¥ 6H2O (0.0234 g, 0.0984 mmol) in EtOH
(7.5 mL). The deep-red solution was heated under reflux for 20 h and then
left to evaporate at room temperature until a crystalline brick-red solid
precipitated. The product was collected by filtration and washed with a
small amount of cold EtOH, with a yield of 0.0498 g (85%). IR (KBr): 
� �
1590 cm�1 (C�N); FAB-MS: m/z : 524 [M� 2Cl]� , 559 [M�Cl]� ; UV/Vis
(CHCN): 	max (�)� 208 (9.0� 104), 281 (1.9� 104), 387 nm (2.1�
104 mol�1 dm3cm�1); elemental analysis calcd (%) for C25Cl2H27N3O6Ni:
C 50.46, H 4.57, N 7.06; found: C 50.13, H 4.49, N 7.11. X-ray quality crystals
of the product were grown by the layering of 2,6-bis-[3,4,5-tri(methox-
y)phenylimine]pyridine (0.0120 g, 0.0258 mmol) in benzonitrile (1.5 mL)
and NiCl2 ¥ 6H2O (0.0061 g, 0.0257 mmol) in EtOH (1.5 mL) over 4 weeks,
into which n-pentane was subsequently diffused to form orange tablets.
Another batch of orange tablet-like crystals was obtained by diffusion of n-
pentane into nitrobenzene solution. The same synthetic procedure was
used for the preparation of the other nickel complexes.


[NiCl2(L8)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0190 g, 0.141 mmol), 3,4,5-tri(octyloxy)aniline (0.134 g, 0.280 mmol),
NiCl2 ¥ 6H2O (0.0334 g, 0.141 mmol) in EtOH (9 mL). The precipitate,
formed by reducing the solvent volume, was collected by filtration and
washed with a small amount of cold EtOH. Appearance: orange-red solid
(56%, 0.0932 g); IR (KBr): 
� � 1589 cm�1 (C�N); FAB-MS: m/z : 1112
[M� 2Cl]� , 1147 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 244 (2.8� 104), 288
(1.0� 104), 388 (1.7� 104), 429 nm (1.7� 104 mol�1dm3cm�1). The micro-
analysis gives satisfactory results with one molecule of water. Elemental
analysis calcd (%) for C67Cl2H111N3O6Ni ¥ 1H2O: C 66.94, H 9.47, N 3.50;
found: C 66.53, H 9.49, N 3.25.


[NiCl2(L10)]: This complex was prepared from pyridinedicarboxaldehyde
(0.022 g, 0.163 mmol), 3,4,5-tri(decyloxy)aniline (0.183 g, 0.326 mmol), and
NiCl2 ¥ 6H2O (0.0387 g, 0.163 mmol). Appearance: orange-red solid
(0.1760g, 78%); IR (KBr): 
� � 1590 cm�1 (C�N); FAB-MS: m/z : 1280
[M� 2Cl]� ; UV/Vis (CHCl3): 	max (�)� 242 (2.0� 104), 290 (9.0� 103), 389
(1.2� 104), 427 nm (1.1� 104 mol�1dm3cm�1). The microanalysis gives
satisfactory results with two molecules of water. Elemental analysis calcd
(%) for C79Cl2H135N3O6Ni ¥ 2H2O: C 68.34, H 10.09, N 3.03; found: C 68.60,
H 10.01, N 3.00.







Metallomesogens 2484±2501


Chem. Eur. J. 2003, 9, 2484 ± 2501 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2499


[NiCl2(L12)]: This complex was prepared from pyridinedicarboxaldehyde
(0.013 g, 0.158 mmol), 3,4,5-tri(dodecyloxy)aniline (0.204 g, 0.316 mmol),
and NiCl2 ¥ 6H2O (0.0375 g, 0.158 mmol). Appearance: crystalline orange
solid (0.151 g, 63%); IR (KBr): 
� � 1589 cm�1 (C�N); FAB-MS: m/z : 1448
[M� 2Cl]� , 1483 [M�Cl]� ; UV/Vis (CHCl3): 	max , (�)� 246 (1.6� 104),
288 (5.9� 103), 394 (9.8� 103), 432 nm (9.7� 103 mol�1dm3cm�1); elemen-
tal analysis calcd (%) for C91Cl2H159N3O6Ni: C 71.87, H 10.54, N 2.76;
found: C 71.38, H 10.66, N 2.71.


[NiCl2(L14)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0198 g, 0.147 mmol), 3,4,5-tri(tetradecyloxy)aniline (0.214 g,
0.293 mmol), and NiCl2 ¥ 6H2O (0.0348 g, 0.146 mmol); appearance: yel-
low-orange solid (0.172 g, 67%); IR (KBr): 
� � 1589 cm�1 (C�N); FAB-
MS:m/z : 1617 [M� 2Cl]� , 1653 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 246
(2.4� 104), 288 (8.9� 103), 383 (1.3� 104), 440 nm (1.3�
104 mol�1 dm3cm�1). The microanalysis gives satisfactory results with three
molecules of water. Elemental analysis calcd (%) for C103Cl2H183N3O6Ni ¥
3H2O: C 70.97, H 10.93, N 2.41; found: C 70.49, H 10.98, N 2.56.


[NiCl2(L16)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0204 g, 0.151 mmol), 3,4,5-tri(hexadecyloxy)aniline (0.246 g,
0.302 mmol), and NiCl2 ¥ 6H2O (0.0359 g, 0.151 mmol). Appearance: crys-
talline orange solid (0.239 g, 80%); IR (KBr): 
� � 1586 cm�1 (C�N); FAB-
MS: m/z : 1784 [M� 2Cl]� ; UV/Vis (CHCl3): 	max (�)� 252 (2.6� 104), 290
(9.5� 103), 343 (1.7� 104), 435 nm (1.7� 104 mol�1 dm3cm�1). The micro-
analysis gives satisfactory results with one molecule of chloroform.
Elemental analysis calcd (%) for C115Cl2H207N3O6Ni ¥ CHCl3: C 70.48, H
10.61, N 2.13; found: C 70.24, H 11.00, N 2.06; conductivity (CHCl3): ��
0 Sm�2mol�1.


[MnCl2(L1)]: A solution of 2,6-pyridinedicarboxaldehyde (0.0160 g,
0.118 mmol) and 3,4,5-tri(methoxy)aniline (0.0434 g, 0.237 mmol) in
CHCl3 (20 mL) was stirred at room temperature for 10 min. The
subsequent addition of a solution of MnCl2 ¥ 4H2O (0.0234 g, 0.118 mmol)
in EtOH (7.5 mL) caused an orange solid to form in suspension, and stirring
of the mixture was carried out for a further 24 h. The fine crystalline light
orange precipitate was isolated by filtration in 93% yield (0.0651 g). IR
(KBr): 
� � 1588 cm�1 (C�N); FAB-MS: m/z : 521 [M� 2Cl]� , 556 [M�
Cl]� . The microanalysis gives satisfactory results with three molecules of
water. Elemental analysis calcd (%) for C25Cl2H27N3O6Mn ¥ 3H2O: C 46.53,
H 5.15, N 6.51; found: C 46.44, H 4.08, N 6.64.


[MnCl2(L8)]: A solution of 2,6-pyridinedicarboxaldehyde (0.0130 g,
0.0962 mmol) and of 3,4,5-tri(octyloxy)aniline (0.0919 g, 0.192 mmol) in
CHCl3 (20 mL) was stirred at room temperature for 10 min, before a
solution of MnCl2 ¥ 4H2O (0.0190 g, 0.0960 mmol) in EtOH (7.5 mL) was
added. The golden-brown reaction mixture was stirred at room temper-
ature for 20 h and then left to evaporate for 2 days. The resulting
precipitate was filtered off and washed with a small amount of cold EtOH,
affording light-brown needles in 75% yield (0.0855 g). IR (KBr): 
� �
1589 cm�1 (C�N); FAB-MS: m/z : 1144 [M�Cl]� ; UV/Vis (CHCl3): 	max


(�)� 247 (2.5� 104), 293 (8.7� 103), 441 nm (1.8� 104 mol�1 dm3cm�1);
elemental analysis calcd (%) for C67Cl2H111N3O6Mn: C 68.17, H 9.48, N
3.56; found: C 68.27, H 9.64, N 3.75.


[MnCl2(L10)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0152 g, 0.112 mmol), 3,4,5-tri(decyloxy)aniline (0.126 g, 0.224 mmol),
and MnCl2 ¥ 4H2O (0.0223 g, 0.113 mmol). Appearance: crystalline red-
brown solid (0.124 g, 82%); IR (KBr): 
� � 1584 cm�1 (C�N); FAB-MS:
m/z : 1312 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 247 (2.6� 104), 295 (8.4�
103), 441 nm (1.9� 104 mol�1 dm3cm�1); elemental analysis calcd (%) for
C79Cl2H135N3O6Mn: C 70.35, H 10.09, N 3.12; found: C 70.83, H 10.39, N
3.30.


[MnCl2(L12)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0147 g, 0.109 mmol), 3,4,5-tri(dodecyloxy)aniline (0.141 g, 0.218 mmol),
and MnCl2 ¥ 4H2O (0.0215 g, 0.109 mmol). Appearance: brown solid
(0.086 g, 52%); IR (KBr): 
� � 1585 cm�1 (C�N); FAB-MS: m/z : 1480
[M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 244 (2.4� 104), 292 (8.6� 103),
440 nm (1.8� 104 mol�1 dm3cm�1); elemental analysis calcd (%) for
C91Cl2H159N3O6Mn: C 72.05, H 10.56, N 2.77; found: C 71.98, H 10.62, N
2.57.


[MnCl2(L14)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0145 g, 0.107 mmol), 3,4,5-tri(tetradecyloxy)aniline (0.157 g,
0.215 mmol), and MnCl2 ¥ 4H2O (0.0212 g, 0.107 mmol). Appearance:
ochre solid (0.128 g, 71%); IR (KBr): 
� � 1586 cm�1 (C�N); FAB-MS:


m/z : 1649 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 244 (2.4� 104), 290 (8.2�
103), 441 nm (1.5� 104 mol�1 dm3cm�1); elemental analysis calcd (%) for
for C103Cl2H183N3O6Mn: C 73.40, H 10.94, N 2.49; found: C 73.52, H 11.03,
N 2.55.


[MnCl2(L16)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0138 g, 0.102 mmol), 3,4,5-tri(hexadecyloxy)aniline (0.166 g,
0.204 mmol), and MnCl2 ¥ 4H2O (0.0202 g, 0.102 mmol). Appearance:
yellow-ochre needles (0.164 g, 87%); IR (KBr): 
� � 1585 cm�1 (C�N);
FAB-MS: m/z : 1818 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 247 (2.5� 104),
295 (8.0� 103), 441 nm (1.7� 104 mol�1dm3cm�1); elemental analysis calcd
(%) for C115Cl2H207N3O6Mn: C 74.51, H 11.26, N 2.27; found: C 74.90, H
11.56, N 2.48; conductivity (CHCl3): �� 0 Sm�2mol�1.


[ZnCl2(L1)]: A solution of 2,6-pyridinedicarboxaldehyde (0.0150 g,
0.111 mmol) and 3,4,5-tri(methoxy)aniline (0.0407 g, 0.222 mmol) in
CHCl3 (70 mL) was stirred at room temperature for 10 min, the color
changing to yellow. A solution of ZnCl2 (0.0151 g, 0.111 mmol) in EtOH
(7.5 mL) was added and this mixture was heated at reflux for 21 h. The
yellow crystalline precipitate which formed upon cooling was collected by
filtration and washed with little cold EtOH, with a yield of 0.0641 g (96%).
1H NMR (300.13 MHz, CD3CN): �� 8.92 (s, 1H; HC�N), 8.48 (t,
3J(H,H)� 7.8 Hz, 1H; Py-Hpara), 8.15 (d, 3J(H,H)� 7.8 Hz, 2H; Py-Hmeta),
7.39 (s, 4H; Ar-H), 3.89 (s, 12H; m-OCH3), 3.73 ppm (s, 6H; p-OCH3); IR
(KBr): 
� � 1589 (m; C�N), 1125 cm�1 (vs; C�O); FAB-MS: m/z : 566 [M�
Cl]� , 603 [M]� ; elemental analysis calcd (%) for C25Cl2H27N3O6Zn: C 49.90,
H 4.52, N 6.98; found: C 50.10, H 4.51, N 6.79. X-ray quality crystals of the
product were grown by layering L1 (0.0101 g, 0.0217 mmol) in benzonitrile
(1.5 mL) and ZnCl2 (0.0030 g, 0.0220 mmol) in EtOH (1.5 mL) over one
week, to give orange columns.


[ZnCl2(L8)]: A solution of 2,6-pyridinedicarboxaldehyde (0.0104 g,
0.0770 mmol) and 3,4,5-tri(octyloxy)aniline (0.0735 g, 0.154 mmol) in
CHCl3 (20 mL) was stirred at room temperature for 10 min, before adding
a solution of ZnCl2 (0.0105 g, 0.0770 mmol) in EtOH (7.5 mL). The deep
yellow reaction mixture was heated under reflux for 20 h and then left to
evaporate at room temperature for 3 days, after which time the product
precipitated as yellow needles, isolated by filtration and washed with a
small amount of cold EtOH, in 92% yield (0.0847 g). 1H NMR
(300.13 MHz, CDCl3): �� 8.81 (s, 2H; HC�N), 7.94 (t, 3J(H,H)� 7.5 Hz,
1H; Py-H4), 7.70 (d, 3J(H,H)� 7.5 Hz, 2H; Py-H3/5), 7.26 (s, 4H; Ar-H), 4.03
(t, 3J(H,H)� 6.3 Hz, 8H; m-OCH2), 3.95 (t, 3J(H,H)� 6.6 Hz, 4H; p-
OCH2), 1.82 ± 1.29 (m, 72H; CH2), 0.88 ppm (2 overlapping triplets, 18H;
CH3); 13C NMR (75.48 MHz, CDCl3): �� 152.97 (Cq), 150.14 (HC�N),
147.87 (Cq), 141.92 (Py-C4), 139.51 (Cq), 128.36 (Py-C3/5), 102.69 (Ar-C2),
73.56 (p-OCH2), 69.24 (m-OCH2), 31.95, 30.37, 29.61, 29.56, 29.42, 26.22,
26.11, 22.76 (CH2), 14.16 (CH3); IR (KBr): 
� � 1586 cm�1 (C�N); FAB-MS:
m/z : 1116 [M� 2Cl]� , 1153 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 244
(3.3� 104), 286 (1.5� 104), 441 nm (2.2� 104 mol�1dm3cm�1). The micro-
analysis gives satisfactory results with three molecules of water. Elemental
analysis calcd (%) for C67Cl2H111N3O6Zn ¥ 3H2O: C 64.64, H 9.47, N 3.38;
found: C 64.70, H 9.24, N 3.24.


[ZnCl2(L10)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0117 g, 0.0866 mmol), 3,4,5-tri(decyloxy)aniline (0.0973 g, 0.173 mmol),
and ZnCl2 (0.0118 g, 0.0866 mmol). Appearance: crystalline orange solid
(0.101 g, 84%); 1H NMR (300.13 MHz, CDCl3): �� 8.83 (s, 2H; HCM�N),
7.92 (t, 3J(H,H)� 7.5 Hz, 1H; Py-H4), 7.68 (d, 3J(H,H)� 7.5 Hz, 2H; Py-H3/5),
7.26 (s, 4H; Ar-H), 4.03 (t, 3J(H,H)� 6.3 Hz, 8H; m-OCH2), 3.95 (t,
3J(H,H)� 6.6 Hz, 4H; p-OCH2), 1.81 ± 1.28 (m, 96H; CH2), 0.88 ppm
(2 overlapping triplets, 18H; CH3); 13C NMR (75.48 MHz, CDCl3): ��
153.01 (Cq), 149.94 (HC�N), 148.00 (Cq), 142.02 (Py-C4), 139.67 (Cq), 128.25
(Py-C3/5), 102.58 (Ar-C2), 73.53 (p-OCH2), 69.20 (m-OCH2), 31.95, 30.32,
29.70, 29.55, 29.41, 26.17, 26.07, 22.70 (CH2), 14.10 (CH3); IR (KBr): 
� �
1587 cm�1 (C�N); FAB-MS: m/z : 1322 [M�Cl]� ; UV/Vis (CHCl3): 	max


(�)� 246 (3.7� 104), 296 (1.4� 104), 440 (3.0� 104 mol�1dm3cm�1). The
microanalysis gives satisfactory results with two molecules of water.
Elemental analysis calcd (%) for C79Cl2H135N3O6Zn ¥ 2H2O: C 68.11, H
10.06, N 3.02; found: C 67.96, H 10.08, N 2.90.


[ZnCl2(L12)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0111 g, 0.0821 mmol), 3,4,5-tri(dodecyloxy)aniline (0.106 g,
0.164 mmol), and ZnCl2 (0.0112 g, 0.0822 mmol). Appearance: yellow
solid (0.104 g, 81%); 1H NMR (300.13 MHz, CDCl3): �� 8.84 (s, 2H;
HC�N), 7.91 (t, 3J(H,H)� 7.7 Hz, 1H; Py-H4), 7.68 (d, 3J(H,H)� 7.7 Hz,
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2H; Py-H3/5), 7.26 (s, 4H; Ar-H), 4.02 (t, 3J(H,H)� 6.3 Hz, 8H; m-OCH2),
3.95 (t, 3J(H,H)� 6.3 Hz, 4H; p-OCH2), 1.81 ± 1.27 (m, 120H; CH2),
0.88 ppm (2 overlapping triplets, 18H; CH3); 13C NMR (75.48 MHz,
CDCl3): �� 152.99 (Cq), 150.11 (Cq), 147.91 (HC�N), 142.35 (Py-C4),
139.52 (Cq), 128.34 (Py-C3/5), 102.69 (Ar-C2), 73.57 (central OCH2), 69.25
(lateral OCH2), 32.03, 30.40, 29.83, 29.66, 29.48, 26.25, 26.16, 22.77 (CH2),
14.17 ppm (CH3); IR (KBr): 
� � 1587 cm�1 (C�N); FAB-MS: m/z : 1491
[M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 244 (2.7� 104), 293 (1.1� 104),
440 nm (2.0� 104 mol�1dm3cm�1); elemental analysis calcd (%) for
C91Cl2H159N3O6Zn: C 71.55, H 10.49, N 2.75; found: C 72.26, H 10.58, N
2.45.


[ZnCl2(L14)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0123 g, 0.091 mmol), 3,4,5-tri(tetradecyloxy)aniline (0.133 g,
0.182 mmol), and ZnCl2 (0.0124 g, 0.091 mmol). Appearance: crystalline
yellow solid (0.119 g, 77%); 1H NMR (300.13 MHz, CDCl3): �� 8.77 (s,
2H; HC�N), 8.04 (t, 3J(H,H)� 7.5 Hz, 1H; Py-H4), 7.76 (d, 3J(H,H)�
7.5 Hz, 2H; Py-H3/5), 7.29 (s, 4H; Ar-H), 4.05 (t, 3J(H,H)� 6.2 Hz, 8H;
m-OCH2), 3.97 (t, 3J(H,H)� 6.6 Hz, 4H; p-OCH2), 1.82 ± 1.27 (m, 144H;
CH2), 0.88 ppm (2 overlapping triplets, 18H; CH3); 13C NMR (75.48 MHz,
CDCl3): �� 153.18 (Cq), 149.84 (Cq), 148.26 (HC�N), 142.32 (Py-C4),
139.91 (Cq), 128.26 (Py-C3/5), 102.63 (Ar-C2), 73.62 (p-OCH2), 69.31 (m-
OCH2), 32.01, 31.41, 29.84, 29.63, 29.45, 26.25, 26.16, 22.76 (CH2),
14.17 ppm (CH3); IR (KBr): 
� � 1588 cm�1 (C�N); FAB-MS: m/z : 1657
[M� 2Cl]� ; UV/Vis (CHCl3): 	max (�)� 242 (2.5� 104), 296 (8.5� 103),
440 nm (2.0� 104 mol�1dm3cm�1); elemental analysis calcd (%) for
C103Cl2H183N3O6Zn: C 72.94, H 10.88, N 2.48; found: C 73.04, H 11.00, N
2.30.


[ZnCl2(L16)]: This complex was prepared from pyridinedicarboxaldehyde
(0.012 g, 0.0888 mmol), 3,4,5-tri(hexadecyloxy)aniline (0.145 g,
0.178 mmol), and ZnCl2 (0.0121 g, 0.0888 mmol). Appearance: crystalline
yellow solid (0.134 g, 81%). 1H and 13C NMR give the same spectrum as for
[ZnCl2(L8)] except for the integration of the aliphatic part, due to the
incremental increase of the chain-length. 1H NMR (300.13 MHz, CDCl3):
�� 8.82 (s, 2H; HC�N), 7.93 (t, 3J(H,H)� 7.8 Hz, 1H; Py-H4), 7.69 (d,
3J(H,H)� 7.8 Hz, 2H; Py-H3/5), 7.26 (s, 4H; Ar-H), 4.03 (t, 3J(H,H)�
6.3 Hz, 8H; m-OCH2), 3.95 (t, 3J(H,H)� 6.6 Hz, 4H; p-OCH2), 1.81 ±
1.26 (m, 168H; CH2), 0.88 ppm (2 overlapping triplets, 18H; CH3);
13C NMR (75.48 MHz, CDCl3): �� 153.17 (Cq), 149.84 (Cq), 148.25
(HC�N), 142.17 (Py-C4), 139.87 (Cq), 128.25 (Py-C3/5), 102.70 (Ar-C2),
73.61 (p-OCH2), 69.33 (m-OCH2), 31.99, 30.42, 29.82, 29.63, 29.44, 26.25,
26.17, 22.74 (CH2), 14.14 ppm (CH3); IR (KBr): 
� � 1586 cm�1 (C�N);
FAB-MS: m/z : 1827 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 246 (2.6� 104),
291 (9.5� 103), 440 nm (2.0� 104 mol�1dm3cm�1); elemental analysis calcd
(%) for C115Cl2H207N3O6Zn: C 74.09, H 11.19, N 2.25; found: C 74.38, H
11.16, N 2.49; conductivity (CHCl3): �� 0 Sm�2mol�1.


[CoCl2(L8)]: A solution of 2,6-pyridinedicarboxaldehyde (0.0104 g,
0.0770 mmol) and 3,4,5-tri(octyloxy)aniline (0.0735 g, 0.154 mmol) in
CHCl3 (20 mL) was stirred at room temperature for 10 min, before adding
a solution of CoCl2 (0.0100 g, 0.0770 mmol) in EtOH (7.5 mL). The brown-
red reaction mixture was heated under reflux for 20 h and then left to
evaporate at room temperature for 3 days, after which the product
precipitated as brown needles, isolated by filtration and washed with a
small amount of cold EtOH, in 70% yield (0.0638 g). IR (KBr): 
� �
1589 cm�1 (C�N); FAB-MS: m/z : 1113 [M� 2Cl]� , 1148 [M�Cl]� ;
UV/Vis (CHCl3): 	max (�)� 244 (2.5� 104), 299 (9.0� 103), 408 nm (1.7�
104 6mol�1 dm3cm�1). The microanalysis gives satisfactory results with one
molecule of water. Elemental analysis calcd (%) for C67Cl2H111N3O6Co ¥
1H2O: C 66.93, H 9.47, N 3.49; found: C 66.36, H 9.32, N 3.23.


[CoCl2(L10)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0118 g, 0.0873 mmol), 3,4,5-tri(decyloxy)aniline (0.0981 g, 0.175 mmol),
and CoCl2 (0.0113 g, 0.087 mmol). Appearance: crystalline dark brown
solid (0.075 g, 63%); IR (KBr): 
� � 1587 cm�1 (C�N); FAB-MS: m/z : 1280
[M� 2Cl]� , 1317 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 246 (2.3� 104), 300
(8.6� 103), 411 nm (1.2� 104 mol�1dm3cm�1). The microanalysis gives
satisfactory results with one molecule of water. Elemental analysis calcd
(%) for C79Cl2H135N3O6Co ¥ 1H2O: C 68.32, H 10.09, N 3.03; found: C 68.12,
H 10.04, N 2.81.


[CoCl2(L12)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0115 g, 0.0851 mmol), 3,4,5-tri(dodecyloxy)aniline (0.11 g, 0.17 mmol),
and CoCl2 (0.0111 g, 0.0855 mmol). Appearance: brown needles (0.093 g,


71%); IR (KBr): 
� � 1588 cm�1 (C�N); FAB-MS: m/z : 1449 [M� 2Cl]� ,
1485 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 244 (2.5� 104), 286 (8.2� 103),
298 (7.8� 103), 410 nm (1.3� 104 mol�1 dm3cm�1). The microanalysis gives
satisfactory results with one molecule of water. Elemental analysis calcd
(%) for C91Cl2H159N3O6Co ¥ 1H2O: C 71.02, H 10.41, N 2.73; found: C 70.85,
H 10.44, N 2.63.


[CoCl2(L14)]: This complex was prepared from pyridinedicarboxaldehyde
(0.0109 g, 0.0807 mmol), 3,4,5-tri(tetradecyloxy)aniline (0.118 g,
0.162 mmol), and CoCl2 (0.0105 g, 0.0809 mmol). Appearance: brown solid
(0.91 g, 65%); IR (KBr): 
� � 1585 cm�1 (C�N); FAB-MS: m/z : 1617 [M�
2Cl]� , 1652 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 246 (2.7� 104), 300
(8.5� 103), 406 nm (1.4� 104 mol�1dm3cm�1). The microanalysis gives
satisfactory results with three molecules of water. Elemental analysis calcd
(%) for C103Cl2H183N3O6Co ¥ 3H2O: C 70.96, H 10.93, N 2.41; found: C
70.32, H 10.91, N 2.47.


[CoCl2(L16)]: This complex was prepared from pyridinedicarboxaldehyde
(0.011 g, 0.0814 mmol), 3,4,5-tri(hexadecyloxy)aniline (0.133 g,
0.163 mmol), and CoCl2 (0.0106 g, 0.0816 mmol). Appearance: crystalline
dark brown solid (0.14 g, 90%); IR (KBr): 
� � 1585 cm�1 (C�N); FAB-MS:
m/z : 1785 [M� 2Cl]� , 1821 [M�Cl]� ; UV/Vis (CHCl3): 	max (�)� 247
(2.6� 104), 301 (8.0� 103), 415 nm (1.5� 104 mol�1dm3cm�1). The micro-
analysis gives satisfactory results with three molecules of water. Elemental
analysis calcd (%) for C115Cl2H207N3O6Co ¥ 3H2O: C 72.25, H 11.23, N 2.20;
found: C 72.01, H 11.00, N 2.23; conductivity (CHCl3): �� 0 Sm�2mol�1.
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Palladium(0)-Catalyzed Intramolecular [2�2�2] Alkyne Cyclotrimerizations
with Electron-Deficient Diynes and Triynes


Yoshihiko Yamamoto,*[a] Asako Nagata,[a] Hitomi Nagata,[a] Yoji Ando,[a]


Yasuhiro Arikawa,[b] Kazuyuki Tatsumi,[b] and Kenji Itoh[a]


Abstract: In the presence of 2.5 mol%
of [Pd2(dba)3] (dba� dibenzylideneace-
tone) and 5 mol% of PPh3, nearly
equimolar amounts of dimethyl nona-
2,7-diyne-1,9-dioate derivatives (diyne
diesters) and dialkyl acetylenedicarbox-
ylates were allowed to react in toluene at
110 �C to afford [2�2�2] cycloadducts in
moderate-to-good yields. Similarly, di-
methyl trideca-2,7,12-triyne-1,13-dioate
derivatives (triyne diesters) were cata-
lytically transformed into phthalic acid


ester analogues in excellent yields. To
gain insight into the mechanism of these
intramolecular alkyne cyclotrimeriza-
tions, stoichiometric reactions of
[Pd2(dba)3] with a diyne diester and a
triyne diester bearing ether tethers were
conducted in acetone at room temper-


ature to furnish an oligomeric bicyclo-
palladacyclopentadiene and a Pd0 triyne
complex, respectively. The structures of
these novel complexes were unequivo-
cally determined by X-ray structure
analysis. The isolated triyne complex
was heated at 50 �C or treated with PPh3
in acetone at room temperature to
afford the arene product. Furthermore,
the same complex catalyzed the triyne
cyclization with or without PPh3.


Keywords: alkynes ¥ cyclotrimeriza-
tion ¥ homogeneous catalysis ¥
metallacycles ¥ palladium


Introduction


The transition-metal-mediated cyclotrimerization of alkynes
is a powerful method to synthesize highly substituted benzene
derivatives.[1] The atom-economical[2] and convergent cyclo-
trimerization approach has found extensive application,
including natural product synthesis,[3] materials science,[4]


and the construction of theoretically or biologically interest-
ing molecules.[5, 6] Since the first discovery by Reppe and
Schweckendiek,[7] various transition-metal catalysis reactions
have been found to date, and they can be formally categorized
into two reaction types: one is a cascade carbometalation[8]


and the other is a [2�2�2] cycloaddition involving a metal-
lacyclopentadiene intermediate (the ™common mecha-


nism∫)[9] (Scheme 1). With respect to palladium catalysis,
the cascade carbopalladation triggered by a palladium(��)
chloride species has been pioneered by Maitlis and co-
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Scheme 1. Possible mechanisms of alkyne cyclotrimerization.


workers.[10] Subsequently, Maitlis et al. and Ishii et al. have
independently reported that the formation of oligomeric
tetracarboalkoxypalladacyclopentadiene (TCPC) from a pal-
ladium(0) dibenzylideneacetone (dba) complex and two
molecules of dimethyl acetylenedicarboxylate (DMAD),
and hexamethyl mellitate was obtained from the reaction of
TCPC with DMAD (Scheme 2).[11] TCPC was also found to
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Scheme 2. Pd0-catalyzed cyclotrimerization of dimethyl acetylenedicar-
boxylate.


catalyze the cyclotrimerization of DMAD leading to hexa-
methyl mellitate. Whereas TCPC also reacted with an
electronically neutral diphenylacetylene to give a coupling
product, the cyclo-cotrimerization of these alkynes never
proceeded under catalytic conditions.[11a,b, 12] This fact clearly
shows that the electron-deficient DMAD selectively under-
goes oxidative cyclization on the electron-rich palladium(0)
center to produce the palladacycle intermediate (i.e. TCPC),
which predominantly reacted again with DMAD. This is why
palladium catalysis via the palladacycle mechanism has been
confined to the reaction with a single electron-deficient
alkyne component. To address such a limitation and to expand
the synthetic scope, we developed the palladium(0)-catalyzed
intramolecular [2�2�2] annulation of electron-deficient
diynes and triynes, as outlined in Scheme 3.[13, 14] Whereas
the palladium-catalyzed formation of polycyclic benzenes


Scheme 3. Pd0-catalyzed cycloadditions of diyne diesters and triyne di-
esters.


from diynes or triynes has already been accomplished by the
cascade carbometallation protocol,[15] the alternative pallada-
cycle approach utilizing electron-deficient polyalkynes was
unknown.[16] The diyne diesters 1 were expected to be suitable
substrates for the cycloaddition with DMAD, because the
formation of bicyclopalladacycle key intermediates 6 from
the diyne 1 might be entropically more favorable than that of
the TCPC±PPh3 complex 7 from DMAD 2 (Scheme 4). In
turn, 6 might predominantly react with 2 activated by two
ester groups rather than less electrophilic 1 (8 over 9). As a
result, highly chemoselective cycloaddition between 1 and 2
would be achieved, suppressing the competitive side reactions
via other intermediates 9 ± 11. The palladium(0) catalyst
system was further extended to a completely intramolecular


Scheme 4. Possible palladacycle intermediates.


variant, the [2�2�2] cyclization of triyne diesters, furnish-
ing tricyclic benzene derivatives in strictly chemo- and
regioselective manner. Herein, we report the full details of
our study of palladium(0)-catalyzed intramolecular [2�2�2]
alkyne cyclotrimerization with electron-deficient diynes and
triynes.[17]


Results and Discussion


Catalyzed oligomerization of diyne diester: Prior to the
exploration of the coupling between the diyne diesters and the
monoalkyne diesters, we first examined the reactivity of diyne
diester 1a under palladium catalysis (Table 1). In the presence
of 2.5 mol% [Pd2(dba)3] (5 mol% palladium atom), 1a was
heated at 50 �C in benzene (0.5�) for 24 h; however, the diyne
was hardly consumed and was recovered to 81% after silica
gel column chromatography (Table 1, run 1). The result was
dramatically improved by the addition of 5 mol% triphenyl-
phosphine (1 equiv relative to Pd atoms). The expected
cycloadducts 12 and 13were obtained in 39% and 27% yields,
respectively (Table 1, run 2). A similar promoting effect of
triphenylphosphine was observed in the [2�2�2] cyclo-
cotrimerization of DMAD with cycloalkenes.[18] Cyclopen-


Table 1. Catalyzed oligomerization of diyne diester 1a.


Run Additive Amount Yield 12/13[a] Recovered 1a
[mol%] [%] [%]


1 none trace/trace 81
2 PPh3 5 39/27
3 PPh3 10 20/14
4 P(o-tolyl)3 5 31/trace 45
5 PEt3 5 39/19
6 PBu3 5 28/20
7 PCy3 5 trace/trace 30
8 P(OPh)3 5 trace/trace 48
9 P(OMe)3 5 0/0 76


[a] Yield of isolated product.
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tene or cyclohexene underwent the cyclo-cotrimerization with
two molecules of 2a in the presence of TCPC and PPh3, but
no cycloadduct was formed in the absence of the phosphine.
On the basis of the X-ray crystallographic analysis of a
dimeric palladacyclopentadiene complex, [{Pd[C4(CO2-
Me)4]L}2], such a promoting effect was ascribed to the trans
labilizing influence of the donor ligand L, which elongates the
Pd�C bond trans to L and makes it more susceptible to the
insertion of the coordinated olefin. Similarly, triphenylphos-
phine activated the Pd�C bond at its trans position in a
plausible intermediate 9 (Scheme 4). The phosphine might
also prevent the formation of palladacyclopentadiene oligo-
mer complexes A, which are hardly soluble in common
solvents, such as acetone, benzene, and dichloromethane.
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The increased amount of PPh3 (10 mol%), however,
lowered the yield (Table 1, run 3), and tri(o-tolyl)phosphine
possessing a larger cone angle (194�) than PPh3 (145�) slowed
the reaction (Table 1, run 4). In addition to triarylphosphines,
more strongly electron-donating trialkylphosphines, such as
triethylphosphine and tributylphosphine, were found to
effectively promote the cycloaddition (Table 1, runs 5 and
6), while a bulkier tricyclohexylphosphine was totally inef-
fective (Table 1, run 7). On the contrary, more electron-
accepting triphenyl and trimethyl phosphites gave poor
results (Table 1, runs 8 and 9).


Catalyzed cycloaddition of diyne esters with acetylenedicar-
boxylic acid esters: Encouraged by the above results, we
subsequently examined the cycloaddition of the diyne diester
1a with DMAD (Table 2). The desired coupling product,
phthalan derivative 3aa, however, was obtained only in a
trace amount under the same reaction conditions as those
optimized above (Table 2, run 1). It is noteworthy that the
expected cycloaddition hardly proceeded; however, neither
the diyne oligomers nor hexamethyl mellitate was detected in
the crude reaction mixture. This observation suggested that
the strongly coordinated 2a cannot be substituted by the less
electron-deficient 1a. In addition, the insertion of 2a into the
Pd�Csp2 single bond of the palladacycle seemed to require
higher temperature, at least under the catalytic conditions
(vide infra). Actually, the cycloaddition proceeded at 80 �C.
Upon heating for 19 h, 3aawas obtained in 45% isolated yield
(Table 2, run 2). Whereas the yield was increased in halo-
genated polar solvents, such as chlorobenzene and 1,2-
dichloroethane, the concomitant formation of the mellitate
was observed (Table 2, runs 3 and 4). Lewis-basic solvents
were also tested. A similar yield was obtained in 1,4-dioxane


(Table 2, run 5), but the yield was significantly decreased in
DMF (Table 2, run 6). At higher temperature (110 �C) in
toluene, the reaction was completed after only 1 h to afford
3aa in 61% yield (Table 2, run 7). The yield was further
increased to 73% by performing the reaction at 0.1�
concentration (Table 2, run 8). At lower concentration of
0.01�, however, a longer reaction time was required for the
complete consumption of 1a and the yield was slightly
decreased to 66% (Table 2, run 9).
The scope of the present coupling was examined with


respect to a series of diyne and monoalkyne substrates
(Table 3). In the same manner as above (Method A), a
diethyl ester 1b reacted with 2a to afford 3ba with a similar
yield (Table 3, run 2). Diethyl acetylenedicarboxylate
(DEAD, 2b) also participated in the cycloaddition (Table 3,
run 3). In contrast, a less electron-deficient monoester 2c
(Scheme 5) hardly reacted with 1a, indicative of the two
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Scheme 5. Electron-deficient alkynes that failed to undergo cycloaddition


electron-withdrawing groups on the monoalkyne component
being indispensable for the present cycloaddition. Similarly,
the ester substituents on the diynes play an important role.
The yield was decreased to 54% for the reaction of a diyne
monoester 1c (Table 3, run 4). A diyne monoester bearing a
terminal alkyne 1d (Scheme 5) hardly gave the corresponding
cycloadduct as well as the mellitate. Moreover, diketone 1e
gave 3ea only in 17% yield (Table 3, run 5). The product
yields also varied with the substituent at the 4-position in the
diyne. A dipropargylamine derivative 1 f could be used as a


Table 2. Catalyzed cycloaddition of diyne diester 1a with DMAD 2a.


Run Solvent Conc. [�] T [�C] Time[h] Yield 3aa [%][a]


1 benzene 0.5 50 24 trace
2 benzene 0.5 80 19 45
3 chlorobenzene 0.5 80 19 52[b]


4 1,2-dichloroethane 0.5 80 17 66[b]


5 1,2-dioxane 0.5 80 17 51
6 DMF 0.5 80 17 14
7 toluene 0.5 110 1 61
8 toluene 0.1 110 0.5 73
9 toluene 0.01 110 1 66


[a] Yield of isolated product. [b] Hexamethyl mellitate was obtained in
yields of 15% (run 3) and 31% (run 4).
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diyne component; however, an isoindolin derivative 3 fa was
obtained only in 40% yield (Table 3, run 6). The cycloaddi-
tion of a malonate-derived diyne 1g with 2b required a longer
reaction time of 5 h, although 1g was expected to be a
superior diyne substrate compared to other diynes because of
the kinetic Thorpe ± Ingold effect[19] induced by the quater-
nary center on the tether chain. An indane derivative 3gb was
obtained in 49% yield (Table 3, run 7). These results show
that Lewis-basic functionalities, such as amine or ester
carbonyl group, interfere with the cycloaddition by coordi-
nating to the palladium center. In fact, a sulfide 1h proved to
be totally ineffective because of the catalyst poisoning by the
strong coordination with the sulfur atom. Interestingly, the
order of addition of the catalyst precursor and the substrates
affected the product yields. The yields of 3 fa and 3gb were
improved by the addition of an acetylenedicarboxylate into
the premixing solution of a diyne and the catalyst precursor
(Method B). The reason for such an improvement is not clear.
Finally, a diyne diester 1 i, in which two alkyne moieties were
connected with a 4-atom tether, failed to react with 2a under
the same reaction conditions (Scheme 5).


Synthesis of bicyclopalladacycle
complex from diyne diester and
[Pd2(dba)3]: As described above,
the cycloaddition of the diyne
diester 1 is envisioned to start
with the formation of the bicy-
clopalladacycle intermediate 6,
which subsequently reacts with 2
to form 3 (Scheme 4). To con-
firm this scenario, we attempted
the synthesis and isolation of the
palladacycle intermediate. As
outlined in Scheme 6,
[Pd2(dba)3] was treated with the
diyne diester 1a (1.2 equiv per
Pd atom) in acetone at room
temperature for 6 h to give an
oligomeric palladacyclopenta-
diene 14 as a green powder in
70% yield. The formation of 14
was supported by the absence of
the alkyne absorption and the
reduced carbonyl stretching fre-
quency (1705 cm�1) in the IR
spectrum. Further detailed in-
spection was impossible on ac-
count of the insolubility of 14 in
common organic solvents.
Therefore, 14was converted into
the corresponding monomeric
bispyridine complex 15 upon
treatment with excess pyridine
in CH2Cl2 at room temperature.
In the IR spectrum, no alkyne
absorption was again observed


and the carbonyl stretching appeared at 1670 cm�1. The
absence of the acetylenic carbon atoms was also confirmed
by 13C NMR spectroscopy; however, two Csp2 signals corre-
sponding to the palladacyclopentadiene unit were observed at
�� 141.8 and 171.4 ppm. The bicyclopalladacycle structure
was unequivocally determined by X-ray structure analysis of
the single crystal of 15 ¥ CH2Cl2 (Figure 1). The palladium(��)
center has a square-planar geometry and the pyridine ligands
are accommodated in such a way that they are perpendicular
to the palladacycle moiety. The Pd1�C3 and Pd1�C4 bond
lengths of 2.041(3) ä are similar to those of PdII�Csp2 single


Table 3. Catalyzed cycloaddition of diynes 1a ± g with acetylenedicarboxylic acid esters 2a,b.[a]


Run Diyne 2 Product Method Time Yield
[h] [%][b]


1 2a
A
B


1
0.5


73
67


2 2a
A
B


1
0.5


72
66


3 1a 2b
A
B


1
1


71
61


4 2a
A
B


3
1


54
43


5 2a
A
B


1
1


17
13


6 2a
A
B


1
0.5


40
53


7 2b
A
B


5
5


49
79


[a] Method A: A solution of a diyne 1, an acetylenedicarboxylic acid ester 2 (1.1 equiv), [Pd2(dba)3] (2.5 mol%),
and PPh3 (5 mol%) in toluene (0.1�) was stirred at 110 �C for the specified time. Method B: An
acetylenedicarboxylic acid ester 2 (1.1 equiv) was added to the premixing solution of a diyne 1, [Pd2(dba)3]
(2.5 mol%), and PPh3 (5 mol%) in toluene (0.1�), and the solution was stirred at 110 �C for the specified time.
[b] Yield of isolated product.
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Scheme 6. Synthesis of bicyclopalladacycle complexes: a) 1a (1.2 equiv),
acetone, RT, 6 h; b) pyridine, CH2Cl2, RT, 3 h; c) 2a, [D6]DMSO, RT
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Figure 1. Structure of 15 (ORTEP diagram; all hydrogen atoms are
omitted for clarity). Selected bond lengths [ä] and angles [�]: Pd1�C3
2.041(3), Pd1�C4 2.041(3), C2�C3 1.351(4), C2�C5 1.446(4), C4�C5
1.354(4), Pd1�N1 2.103(2), Pd1�N2 2.098(3); Pd1-C3-C2 112.62(19), Pd1-
C4-C5 112.81(19), C3-C2-C5 116.9(2), C2-C5-C4 116.3(2), C3-Pd1-C4
81.29(10), N1-Pd1-N2 85.35(8), C3-Pd1-N1 96.23(9), C4-Pd1-N2 97.13(9).


bonds.[20] The C2�C3 and C4�C5 bond lengths of 1.351(4) and
1.354(4) ä, respectively, are similar to the expected Csp2�Csp2


double bond length of 1.32 ä, while the C2�C5 bond length of
1.446(4) ä is close to that of the typical Csp2�Csp2 single bond
(1.48 ä).[21] Compared to previously reported TCPC com-
plexes (Table 4),[18a, 22] the Pd�Csp2 single bonds (a and a�) are
longer, but in turn, the Csp2�Csp2 single bond (c) is shorter by
0.027 ± 0.042 ä. The formation of the cycloadduct 3aa from 15
and 2a was also observed by 1H NMR spectroscopy
([D6]DMSO), even at room temperature.


Cycloaddition mechanism: Whereas the intermediacy of the
bicyclopalladacycle complex was rationalized by the forma-
tion of 14 from 1a, the detailed mechanism for the conversion
of the palladacycle into an arene product is still not clear at
this stage. The insertion/reductive elimination sequence can
be assumed to be a plausible route to 3 according to the
™common mechanism∫,[9] although a palladacycloheptatriene
intermediate 16 was not detected (Scheme 7). On the other
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Scheme 7. Possible pathways from the bicyclopalladacycle to the arene
product.


hand, Bercaw, Bergman, andMcAlister previously claimed[23a]


that the arene formation from a coordinatively saturated
cobaltacyclopentadiene(trimethylphosphine) complex and
DMAD occurs with the direct Diels ±Alder cycloaddition
mechanism on the basis of an observed second-order rate.[23]


In this case, the combination of the electron-rich metal-
lacyclopentadiene moiety and the highly electron-deficient
DMAD as an excellent dienophile is indispensable. Such a
direct cycloaddition mechanism, however, seems less likely
for the palladacycle complexes, because its diene moiety is
deactivated by the electron-withdrawing ester substituents. In
addition, the increased loading of triphenylphosphine slowed
the reaction rate, indicative of the pre-coordination of
DMAD being necessary. An indirect [4�2] cycloaddition
mechanism involving a palladacyclopentadiene(alkyne) com-
plex intermediate, however, cannot be ruled out (i.e. 8�
17� 3). A recent density functional study showed that this
type of transformation from a cobaltacyclopentadiene(al-
kyne) complex into a �-arene cobalt complex occurs with a
very small activation energy (�H�� 0.5 kcalmol�1) in the
CpCo-catalyzed acetylene cyclotrimerization.[24]


Moreover, the cycloaddition mechanism becomes obscure
with respect to the possibility of a palladium(��) intermedi-
ate.[25] Trost and Tanoury claimed that a palladium(��)
spirocyclic complex 18 is involved in the [2�2�2] cyclo-
addition of a 1,6-enyne with DEAD and TCPC as a catalyst
precursor (Scheme 8).[26] To see whether such a PdII ± PdIV


redox cycle operates or not in our case, we conducted


Scheme 8. Trost×s cycloaddition of enyne with DEAD.


both catalytic and stoichiometric cycloaddition reactions with
palladacycle complexes as catalyst precursors. As summarized
in Table 5, the oligomeric complexes 14 and 19 exhibited
similar activities, despite having different palladacyclopenta-
diene moieties (Table 5, runs 1 and 2). The reaction time was
shortened and the yield of 3aa was improved by employing a


Table 4. Bond lengths [ä] in monomeric palladacyclopentadiene com-
plexes.


a a� b b� c


2.041(3) 2.041(3) 1.351(4) 1.354(4) 1.446(4)


[a]
2.019(3) 2.026(3) 1.347(4) 1.339(4) 1.479(3)


[b]
2.008(7) 2.008(7) 1.347(10) 1.347(10) 1.488(10)


[b]
2.003(8) 2.024(9) 1.352(12) 1.329(13) 1.473(12)


[a] Ref. [18a]. [b] Ref. [20].







FULL PAPER Y. Yamamoto et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2469 ± 24832474


more soluble dimeric triphenylphosphine complex 20 (Ta-
ble 5, run 3). A monomeric bisphosphine complex 21 gave a
comparable result, albeit with a longer reaction time (Table 5,
run 4). This shows again that the predissociation of the
phosphine ligand is needed for the cycloaddition. In accord-
ance with this observation, a complex bearing bis(diphenyl-
phosphino)ethane, which forms a stable chelate, considerably
deactivated the palladacycle (Table 5, run 5). To obtain more
insight into the fate of the diene moiety in these palladacycles,
equimolar amounts of the dimeric complex 20 and the diyne
1a were treated with excess DEAD 2b (Scheme 9). Upon
heating at 60 �C in toluene for 40 h, the diyne- and pallada-
cycle-derived products 3ab and 25 were obtained in 61 and
30% yields, respectively. The palladacycle 20 was not
recovered and hexaethyl mellitate was hardly obtained. These


Scheme 9. Stoichiometric reaction of diyne diester 1a, DEAD 2b, and
[{TCPC(PPh3)}2] (20).


results revealed that 20 first reacted with DEAD to furnish 25
and a [PdPPh3] fragment, which was predominantly trapped
by the diyne 1a leading to 3ab. Accordingly, the mechanism
based on the PdII/PdIV redox cycle seems unlikely in the
cycloaddition of the diyne diesters with acetylenedicarboxylic
acid esters.


Catalyzed cyclization of triynes: In the above diyne ±mono-
yne cycloadditions, the electron-withdrawing ester substitu-
ents were essential for all the alkyne components to maintain
cycloaddition efficacy. In this regard, the [2�2�2] cyclization
of triyne diesters such as 4a is a fascinating variant in which
the two electron-deficient alkynes and the neutral one might
be coupled together (Table 6, run 1). In the presence of
2.5 mol% [Pd2(dba)3] and 5 mol% PPh3, a 0.1� solution of 4a
in toluene was heated at 110 �C for 0.5 h to afford the desired
tricyclic phthalate derivative 5a in excellent isolated yield. In


Table 5. Catalyzed cycloaddition of diyne diester 1a with DMAD 2a with
palladacyclopentadienes as the catalyst precursor.[a]


Run Palladacycle Time 3aa Hexamethyl
[h] [%][b] mellitate [%][b]


1 14 9 48 18


2 19 17 36 8


3 20 1 68 13


4 21 3 72 14


5[c] 22 18 40 14


[a] Z�CO2Me. [b] Yield of isolated product. [c] The reaction was carried
out in xylene at 140 �C.


Table 6. Catalyzed cyclization of triynes 4a ± j.[a]


Run Triyne Time[h] Product Yield [%][b]


1 4a 0.5 5a 95


2 4b 0.5 5b 61


3 4c 1 5c 35


4 4d 1 5d 61


5 4e 0.5 5e 91


6 4 f 0.5 5 f 98


7[c] 4g 5 5g 95


8 4h 0.25 5h 87


9 4 i 1.5 5 i 77


10 4 j 1.5 5j 16


[a] Conditions: [Pd2(dba)3] (2.5 mol%), PPh3 (5 mol%), toluene (0.1�),
110 �C. [b] Yield of isolated product. [c] Z�CO2Me.
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sharp contrast to the diyne ±monoalkyne cycloaddition, the
cyclization of 4a also proceeded in the absence of triphenyl-
phosphine to give 5a albeit in slightly lower yield (72%) after
heating for 5 h. Moreover, a triyne monoester 4b gave a
benzoate derivative 5b in 61% yield (Table 6, run 2). How-
ever, the cyclization of triynes having no ester substituent 4c
resulted in a lower yield (Table 6, run 3). The generality with
respect to the triyne structure was further disclosed as
summarized in Table 6. The steric hindrance around the
central alkyne moiety slowed the rate of conversion from 4d
into 5d (Table 6, run 4). Amine tethers did not interfere with
the cyclization of 4e and 4 f (Table 6, runs 5 and 6).
Consequently, 5e and 5 f containing one or two 3-pyrroline
rings were obtained in high yields under the same reaction
conditions with 4a. These results are in striking contrast to the
cycloaddition of the amine-tethered diyne diester 1 f (Table 3,
run 6). The retardation of the cyclization by malonate tethers
in 4g (Table 6, run 7) is quite similar to the cycloaddition of
the malonate-derived diyne 1g with 2b (Table 3, run 7). The
yield of 5g was excellent as opposed to that of 3gb under the
similar conditions.
The palladium(0) catalysis failed to promote the cyclo-


addition of the diyne with a 4-atom tether 1 i (Scheme 5). This
is probably because the formation of a palladacyclopenta-
diene intermediate similar to 14 from 1 i is unfavorable in
terms of entropy, and, as a result, the competitive cyclo-
trimerization of 2a became predominant over the desired
cycloaddition between 1 i and 2a. On the contrary, an
unsymmetrical triyne 4h possessing both 3- and 4-atom
tethers was heated in toluene for 0.25 h to afford the desired
product 5h in 87% yield (Table 6, run 8). Similarly, a triyne 4 i
containing a five-atom tether was converted into 5 i in 77%
yield, but the corresponding eight-membered-ring product 5 j
was obtained only in 16% yield from 4 j (Table 6, runs 9 and
10). In these triyne cyclizations, one of the two tethers must be
a three-atom chain because 4k gave no cyclization product
(Scheme 5).


Synthesis of the palladium(0) triyne complex from triyne
diester and [Pd2(dba)3]: The implication of a palladacyclo-
pentadiene intermediate is also expected for the triyne
cyclizations. The necessity of a diyne unit connected by a
three-atom tether implies that the cyclization might start with
the formation of the bicyclopalladacycle intermediate 26
shown in Scheme 10. Alternatively, the formation of pallada-
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Scheme 10. Palladacyclopentadiene(alkyne) intermediate complexes.


cycle 27 only with the electron-deficient alkyne terminals is
also possible. Such a metallacyclopentadiene complex that
bears a �-bound alkyne ligand has long been the missing link
between a metallacyclopentadiene intermediate and an arene
product in the alkyne cyclotrimerization. Only recently,
Vollhardt and co-workers successfully isolated the first
cobaltacyclopentadiene(alkyne) complexes by reacting
[Cp�Co(C2H4)2] with ortho-arene-tethered triynes at
�20 �C.[27] On the other hand, the more flexible triyne 4a
was anticipated to be readily converted into the final arene
product. In contrast to this expectation, the treatment of 4a
with [Pd2(dba)3] in acetone at room temperature for 5 h gave
the unexpected triyne complex 28 as well as a trace amount of
5a (Scheme 11). The structure of this novel complex was


Scheme 11. Synthesis of palladium(0) triyne complex 28.


elucidated as follows: in the IR spectrum, the absorption of
the coordinated alkyne was observed at 1977 cm�1 together
with the absorption of the ester carbonyl group at 1712 cm�1.
This shows that at least one alkyne moiety remained intact.
1H NMR spectroscopy revealed that the compound has a
highly symmetrical structure; only three singlets correspond-
ing to the methoxy group and a pair of methylenes � to the
ether oxygen atom were observed at �� 3.88, 4.58, and
4.66 ppm, respectively. Furthermore, three different Csp


signals appeared at �� 72.9, 75.6, and 89.7 ppm in the
13C NMR spectrum. These facts enabled us to assign the
structure of 28. Finally, the structure of 28 was unequivocally
confirmed by X-ray analysis (Figure 2). The palladium atom


Figure 2. Structure of 28 (ORTEP diagram; all hydrogen atoms are
omitted for clarity).


and the three alkyne moieties are placed almost in the same
plane. The acetylenic triple bond lengths are C3�C4�
1.239(2) and C7�C8� 1.222(3) ä, and the alkyne bond angles
are C2-C3-C4� 153.5(1), C3-C4-C5� 157.0(2), and C6-C7-
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C8� 157.1(2)�. The distances from the Pd atom to the centers
of alkynes are 2.11 and 2.05 ä. These values show that the
backdonations from the Pd0 to each alkyne moiety are not
very significant compared to known Pd0 alkyne complexes[28]


(e.g. [Pd(PPh3)2(dmad)]: triple bond length 1.279 ä, bond
angle 144.9�, Pd ± alkyne distance 1.96 ä).[28a] Such a weak
backdonation might be ascribed to the dispersion of the
backbonding electrons into the three alkyne moieties.


Cyclization of the triyne ligand in the palladium(0) triyne
complex : Transition metal alkyne complexes have received
considerable attention as intermediates in a wide variety of
alkyne oligomerizations.[29] Low-valent, late transition-metal
complexes bearing two or more alkyne ligands, however, are
hardly found in the literature, although such polyalkyne
complexes are implicated in the cyclooligomerizations of
alkynes. This is because coordinated alkynes readily undergo
oxidative cyclization to give metallacyclopentadienes, which
can finally be converted into cyclobutadiene complexes by
reductive C ±C coupling or arenes by coupling with an extra
alkyne. A few bisalkyne platinum(0) complexes have been
reported, but in these examples, two alkyne ligands cannot be
cyclized around the metal center, because the alkyne ligands
are mutually trans and approximately perpendicular to each
other.[30] Many MoII and WII bis- or trisalkyne complexes have
also been reported, in which 4e-donor alkyne ligands are
placed perpendicular to the plane containing the metal atom
and the alkyne ligand centers.[31]


In addition to those alkyne complexes, ortho-arene cyclyne
nickel(0) complexes have been synthesized as cyclic triyne
complexes by Youngs and co-workers.[32] The rigid ortho-
arene cyclynes, however, cannot be easily converted into
highly strained metallacyclopentadienes, although the three
alkyne moieties are placed in the same plane. In striking
contrast, the flexible linear triyne complex 28 proved sensitive
to heat and impact.[33] The isolated complex 28 was heated at
50 �C in acetone for 30 min to furnish 5a in 50% yield.
Moreover, 28 was cleanly converted into 5a in 97% yield at
room temperature upon treatment with an equimolar amount
of PPh3 in acetone. This observation indicates that the
coordination of the phosphine triggered the spontaneous
cyclization of the triyne ligand with or without formation of
the palladacycle intermediates. Whereas the conversion of 28
into 5awas also observed for the 0.1 ± 0.2� CDCl3 solutions of
28, even at 25 �C, no intermediate, such as 26a (X�O, n� 1)
or 27a (X�O, n� 1) was detected by 1H NMR spectroscopy
(Figure 3). Interestingly, the conversion rate was dependent
on the initial concentration of 28. The complete consumption
of 28 required 2.5 and 5 h at 0.2� and 0.1� concentrations,
respectively. This fact suggests that the decomposition of 28 in
a solution might be induced by the coordination of an ether or
ester carbonyl oxygen atom of 28 or the resultant phthalate
5a. Unfortunately, detailed kinetic information is not avail-
able because the NMR resolution is gradually lowered as the
palladium mirror decomposes. The isolation of any inter-
mediate complex from the unsymmetrical triyne diesters
would give further information about the cyclization mech-
anism, but the reaction of [Pd2(dba)3] with higher triyne
homologues 4h or 4 i failed.


Figure 3. 1H NMR (300 MHz) spectra of 0.10� solution of 28 in CDCl3 at
25 �C.


We then investigated the possible structures and the
relative thermodynamic stability of palladacyclopentadi-
ene(alkyne) complexes 26a and 27a by means of B3LYP
hybrid density functional calculations.[34] Prior to the structure
optimizations of these intermediates, we first attempted the
full optimization of stationary geometries of the triyne
complex 28 with various basis sets, and the obtained structural
parameters were compared with those from the X-ray
analysis. The selected bond lengths and angles were summar-
ized in Table 7. Initially, the structural optimization of 28 was
carried out with the LanL2DZ[35] basis set including a double �
basis set with the relativistic effective core potential of Hay
and Wadt for Pd, the 6 ± 31G(d)[36] basis set for C and O, and
the 3 ± 21G[37] basis set for H (BS1). A similar structure to that
from the X-ray analysis was obtained with this basis set;


Table 7. Selected bond lengths [ä] and angles [deg] in the X-ray and
calculated structures of Triyne Complex 28.


X-ray BS1 BS2 BS3 BS4


Pd�C3 2.134 (1) 2.214 2.185 2.170 2.178
Pd�C4 2.145 (1) 2.199 2.175 2.162 2.167
C3�C4 1.239 (2) 1.247 1.249 1.251 1.244
Pd�C7 2.191 (2) 2.266 2.229 2.216 2.226
C7�C8 1.222 (3) 1.240 1.243 1.244 1.237
Pd�C3�C4 73.64 (9) 72.942 72.889 72.851 72.905
Pd�C4�C3 72.69 (9) 74.239 73.804 73.851 72.905
C2�C3�C4 153.5 (1) 157.236 155.956 155.432 155.551
C3�C4�C5 157.0 (2) 157.058 156.551 156.205 156.250
Pd�C7�C8 74.0 (1) 74.123 73.809 73.700 73.874
C6�C7�C8 157.1 (2) 160.679 159.537 159.109 159.613
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however, the bond lengths between the palladium center and
the alkyne carbon atoms (Pd�C3, Pd�C4, and Pd�C7) were
longer than those in the solid-state structure by �0.05 ±
0.08 ä. These discrepancies improved with the SDD[38] basis
set that involves the Stuttgart ±Dresden ±Bonn energy-con-
sistent pseudopotential (SDBECP28MWBECP) for Pd in-
stead of the LanL2DZ basis set (BS2). A satisfactory result
was obtained by adding two f-type and one g-type polarization
functions[39] to the SDD basis set (BS3), exhibiting the
shortest Pd ± alkyne bond lengths. The use of the valence
triple-� 6 ± 311G(d)[40] basis set for C and O instead of the 6 ±
31G(d) basis set (BS4) gave a similar result.
On the basis of these results, the structure optimizations of


26a and 27a were performed with the BS3 basis set consisting
of the SDD basis set with the f- and g-functions for Pd, the 6 ±
31G(d) basis set for C and O, and the 3 ± 21G basis set for H.
The optimization of 26a afforded a 16-electron bicyclopalla-
dacycle complex 26a� in which the carbonyl oxygen atom O5
as well as the C11�C12 triple bond is coordinated by the
palladium center (Figure 4). As a result, the PdII center has a


Figure 4. Optimized structures of palladacyclopentadienes of 26a� and
27a� at the B3LYP/BS3 level with selected bond lengths [ä] and angles [�].


square-planar geometry. The bond lengths in the palladacy-
clopentadiene moiety are very similar to those of the
palladacyle bispyridine complex 15. The Pd�C11 and Pd�C12
bond lengths of 2.471 and 2.378 ä, respectively, are consid-
erably longer than those in the parent triyne complex 28. In
addition, the distance between the PdII center and the
carbonyl group (Pd�O5 2.420 ä) is also much longer than
that observed in the TCPC(2,6-lutidine) dimer complex
(�2.16 ä).[18b] Such a weak coordination of the ynoate moiety
might be ascribed to the tether chain connecting the pallada-
cycle with the alkyne terminal. The shortening of the dative
bonds caused unfavorable strain on the tether moiety.


The palladacycle 27a was then optimized at the same level
of theory. However, the anticipated palladacyclopentadi-
ene(alkyne) structure was not obtained, but instead, a
coordinatively unsaturated palladacyclopentadiene complex
with a free alkyne moiety 27a� resulted (Figure 4). The strain
of the dioxapalladacyclododecyne ring apparently caused the
dissociation of the internal alkyne. As a consequence, the
coordinatively unsaturated 27a� is �12 kcalmol�1 thermody-
namically less stable than the parent triyne complex 28. This is
in sharp contrast to the fact that the bicyclopalladacycle(al-
kyne) structure 26a� is estimated to be �15 kcalmol�1 more
stable than 28. Consequently, the transformation of the triyne
complex 28 into the phthalate derivative 5a was considered to
proceed via a bicyclopalladacycle intermediate complex, such
as 26a� rather than 27.


Catalytic cyclization of the triyne diester with the palladi-
um(0) triyne complex : With the above results in hand, we next
examined the catalytic behavior of 28 with respect to the
present [2�2�2] cyclization of 4a (Table 8). In the presence of
5 mol% 28, 4a was heated at 110 �C in toluene for 5 h to
afford 5a in 88% yield (Table 8, run 1). In this case, no
phosphine additive was required. Accordingly, the net catalyst


is the naked palladium atom itself. Furthermore, the catalytic
cyclization was completed within only 10 min to give 5a in
92% yield, when 5 mol% triphenylphosphine was used with
28 (Table 8, run 2). At a lower temperature of 50 �C, 7 h was
required for the consumption of 4a, and 5a was obtained in
80% yield (Table 8, run 3).


Conclusion


In conclusion, the highly chemoselective cycloaddition of the
diyne diesters with acetylenedicarboxylates was achieved by
use of [Pd2(dba)3] as a catalyst precursor along with the
phosphine additive, PPh3. The corresponding monoester,
diketone, or higher homologue having a four-atom tether
proved to be less effective as a diyne substrate. The
intermediate bicyclic palladacyclopentadiene complex was
obtained as an insoluble oligomer by reacting the diyne
diester 4a and [Pd2(dba)3] at room temperature. The bicyclo-
palladacycle structure was successfully confirmed by X-ray
structure analysis as the bispyridine complex. This palladium


Table 8. Catalyzed cyclization of triyne diester 4a with Pd0 triyne complex
28.


Run Additive T [�C] Time[h] Yield 1a [%]


1 none 110 5 88
2 PPh3(5 mol%) 110 0.5 92
3 PPh3 (5 mol%) 50 7 80
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catalysis was further extended to the high-yield cyclization of
triyne esters. In contrast to the diyne diester 1a, the triyne
diester 4a formed the novel palladium(0) trisalkyne complex
from the reaction with [Pd2(dba)3]. The novel triyne complex
was also characterized by X-ray diffraction. These different
behaviors between the diyne diester and the triyne diester
might be ascribed to the number of coordinated alkynes which
accept the backbonding electrons from the Pd0 center.


Experimental Section


General: 1H and 13C NMR spectra were measured on a Varian Mercury300
NMR spectrometer as CDCl3 solutions. Chemical shifts are given relative
to CDCl3. Mass spectra were recorded on a JEOL JMS-AX505HA mass
spectrometer. Elemental analyses were performed by the Microanalytical
Center of Kyoto University (Japan). Melting points were obtained by a
B¸chi Melting Point B-540 and are uncorrected. Flash chromatography was
performed with a silica gel column (Merck Silica gel60) eluted with mixed
solvents (hexane/AcOEt). Benzene, chlorobenzene, toluene, 1,2-dichloro-
ethane, 1,4-dioxane, and N,N-dimethylformamide were dried over CaH2


and distilled. Acetone was dried over CaCl2 and distilled.


Starting materials: [Pd2(dba)3] ¥ CHCl3 was prepared according to the
established procedure.[41] The palladacyclopentadiene complexes 19,[11]


20,[18b] 21,[11] and 22[11b] were reported in the literature. The alkynoate
substrates were synthesized by the treatment of the corresponding lithium
acetylides of the parent diynes and triynes with methyl chloroformate.[42]


The diyne 1d has been reported in the literature.[43]


Analytical data for 1a : M.p. 74.2 ± 74.4 �C; IR (CHCl3): �� � 2240, 1717,
1259 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 3.79 (s, 6H), 4.41 ppm
(s, 4H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 52.92, 56.61, 78.71, 81.80,
153.09 ppm; MS (FAB): m/z (%): 211 (100) [M�H]� , 154 (78) [M�
CO2Me�3H]� ; elemental analysis calcd (%) for C10H10O5 (210.05): C
57.14, H 4.80; found: C 57.27, H 4.67.


Analytical data for 1b : M.p. 29 ± 30 �C; IR (CHCl3): �� � 2239, 1714,
1249 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.30 (t, J� 7.2 Hz, 6H),
4.23 (q, J� 7.2 Hz, 4H), 4.39 ppm (s, 4H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 14.02, 56.58, 62.24, 78.95, 81.33, 152.63 ppm; MS(FAB): m/z
(%): 239 (100) [M�H]� , 193 (20) [M�OEt]� , 165 (32) [M�CO2Et]� , 154
(54) [M�H�C�CCO2Me]� ; elemental analysis calcd (%) for C12H14O5


(238.24): C 60.50, H 5.92; found: C 60.44, H 6.11.


Analytical data for 1c : IR (CHCl3): �� � 2239, 1716, 1258 cm�1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 1.86 (t, J� 2.4 Hz, 3H), 3.79 (s, 3H), 4.22 (q,
J� 2.4 Hz, 2H), 4.37 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
3.68, 52.83, 55.87, 57.69, 73.72, 77.91, 83.16, 83.91, 153.30 ppm; MS (FAB):
m/z (%): 165 (78) [M�H]� , 152 (44) [M�H�CH3]� , 137 (100) [M�H�
2CH3]� ; elemental analysis calcd (%) for C9H10O3 (166.17): C 65.05, H
6.07; found: C 64.98, H 6.13.


Analytical data for 1e : IR (CHCl3): �� � 2210, 1682, 1226 cm�1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 2.37 (s, 6H), 4.43 ppm (s, 4H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 32.59, 56.85, 85.44, 86.32, 183.45 ppm; MS
(FAB): m/z (%): 179 (100) [M�H]� , 149 (58) [M�H�CO]� ; elemental
analysis calcd (%) for C10H10O3 (178.18): C 67.41, H 5.66; found: C 67.21, H
5.86.


Analytical data for 1 f : IR (CHCl3): �� � 2240, 1715, 1254 cm�1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 3.57 (s, 4H), 3.72 (s, 2H), 3.79 (s, 6H), 7.25 ±
7.40 ppm (m, 5H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 42.11, 56.76,
57.46, 77.40, 82.88, 127.66, 128.44, 128.94, 136.61, 153.40 ppm; MS (FAB):
m/z (%): 299 (100) [M]� , 216 (66) [M�C�CCO2Me]� ; elemental analysis
calcd (%) for C17H17NO4 (299.32): C 68.21, H 5.72, N 4.68; found: C 68.12,
H 5.91, N 4.57.


Analytical data for 1g : IR (CHCl3): �� � 2244, 1742, 1715 cm�1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 3.15 (s, 4H), 3.75 (s, 6H), 3.80 ppm (s, 6H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 23.18, 52.73, 53.59, 55.74, 75.78,
82.15, 153.17, 167.76 ppm; MS (FAB): m/z (%): 325 (85) [M�H]� , 293 (77)
[M�OMe]� , 265 (100) [M�H�CO2Me]� , 233 (97) [M�H� 3OMe]� ,


195 (78) [M�H�OMe�C�CCO2Me]� ; elemental analysis calcd (%) for
C15H16O8 (324.78): C 55.56, H 4.97; found: C 55.35, H 4.98.


Analytical data for 1h : M.p. 34 ± 35 �C; IR (CHCl3): �� � 2242, 1714,
1266 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 2.65 (t, J� 6.6 Hz, 2H),
3.71 (t, J� 6.6 Hz, 2H), 3.76 (s, 3H), 3.79 (s, 3H), 4.32 ppm (s, 2H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 19.93, 52.59, 52.79, 57.95, 67.10,
73.64, 78.01, 82.75, 85.49, 153.14, 153.62 ppm; MS (FAB): m/z (%): 225
(100) [M�H]� , 193 (70) [M�OMe]� , 163 (66) [M�H� 2OMe]� ; ele-
mental analysis calcd (%) for C11H12O5 (224.21): C 58.93, H 5.39; found: C
58.95, H 5.37.


Analytical data for 4a : M.p. 34 ± 35 �C; IR (CHCl3): �� � 2239, 1714,
1258 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 3.79 (s, 6H), 4.32 (s,
4H), 4.39 ppm (s, 4H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 52.62, 56.02,
57.04, 78.03, 82.02, 82.45, 153.13 ppm; MS (FAB): m/z (%): 279 (100)
[M�H]� , 154 (70) [M�H�CO�CH2C�CCO2Me]� , 137 (84) [M�H�
CO2Me�C�CCO2Me]� ; elemental analysis calcd (%) for C14H14O6


(278.26): C 60.43, H 5.07; found: C 60.37, H 5.13.


Analytical data for 4b : IR (CHCl3): �� � 2240, 1716, 1261 cm�1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 1.86 (t, J� 2.4 Hz, 3H), 3.79 (s, 3H), 4.20 (q,
J� 2.4 Hz, 2H), 4.28 (t, J� 1.8 Hz, 2H), 4.32 (t, J� 1.8 Hz, 2H), 4.39 ppm
(s, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 3.53, 52.69, 55.92, 56.23,
57.10, 57.13, 74.00, 77.97, 80.95, 82.57, 83.00, 83.09, 153.05 ppm; MS (FAB):
m/z (%): 235 (95) [M�H]� , 135 (100) [M�CO2Me�HC�CMe]� ;
elemental analysis calcd (%) for C13H14O4 (234.25): C 66.66, H 6.02;
found: C 66.57, H 6.11.


Analytical data for 4d : M.p. 33 ± 34 �C; IR (CHCl3): �� � 2245, 1714,
1263 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.49 (s, 12H), 3.78 (s,
6H), 4.36 ppm (s, 4H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 28.76, 52.22,
52.69, 71.70, 76.77, 84.78, 86.16, 153.35 ppm; MS (FAB): m/z (%): 335 (15)
[M�H]� , 221 (23) [M�OCH2C�CCO2Me]� , 191 (100) [M�OMe�
OCH2C�CCO2Me]� ; elemental analysis calcd (%) for C18H22O6 (334.36):
C 64.66, H 6.63; found: C 64.55, H 6.39.


Analytical data for 4e : IR (CHCl3): �� � 2240, 1715, 1262 cm�1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 3.48 (t, 2H, J� 1.8 Hz), 3.55 (s, 2H), 3.70 (s,
2H), 3.78 (s, 3H), 3.79 (s, 3H), 4.32 (t, 2H, J� 1.8 Hz), 4.40 (s, 2H), 7.25 ±
7.36 ppm (m, 5H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 41.86, 42.58,
52.73, 52.83, 56.40, 57.38, 77.22, 78.10, 79.97, 82.47, 82.74, 83.41, 127.48,
128.35, 128.95, 137.03, 153.21, 153.50 ppm; MS (FAB): m/z (%): 368 (100)
[M�H]� , 284 (15) [M�CO2Me]� , 216 (24) [M�
C�CCH2OCH2C�CCO2Me]� ; elemental analysis calcd (%) for
C21H21NO5 (367.40): C 68.65, H 5.76, N 3.81; found: C 68.60, H 5.89, N 3.73.


Analytical data for 4 f : M.p. 69 ± 70 �C; IR (CHCl3): �� � 2239, 1714,
1257 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 3.47 (s, 4H), 3.56 (s,
4H), 3.71 (s, 4H), 3.78 (s, 6H), 7.25 ± 7.38 ppm (m, 10H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 41.93, 42.75, 52.73, 57.45, 77.19, 80.23, 83.65,
127.48, 128.37, 129.02, 137.23, 153.57 ppm; MS (FAB): m/z (%): 457 (100)
[M�H]� , 216 (30) [M�C�CCH2N(Bn)CH2C�CCO2Me]� ; elemental
analysis calcd (%) for C28H28N2O4 (456.53): C 73.66, H 6.18, N 6.14; found:
C 73.66, H 6.25, N 6.16.


Analytical data for 4g : M.p. 101 ± 102 �C; IR (CHCl3): �� � 2243, 1741, 1714,
1269 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 2.94 (s, 4H), 3.08 (s,
4H), 3.74 (s, 6H), 3.77 ppm (s, 12H); 13C NMR (75 MHz, CDCl3, 25 �C):
�� 22.93, 23.36, 52.71, 53.38, 56.19, 75.39, 77.77, 83.12, 153.40, 168.44 ppm;
MS (FAB): m/z (%): 507 (100) [M�H]� , 475 (20) [M�OMe]� ; elemental
analysis calcd (%) for C24H26O12 (506.46): C 56.92, H 5.17; found: C 56.62,
H 5.12.


Analytical data for 4h : IR (CHCl3): �� � 2239, 1708, 1279 cm�1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� (tt, J� 6.6, 2.1 Hz, 2H), 3.65 (t, J� 6.6 Hz,
2H), 3.78 (s, 3H), 3.79 (s, 3H), 4.25 (t, J� 2.1 Hz, 2H), 4.31 (s, 2H),
4.37 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 19.90, 52.71,
52.72, 55.80, 57.44, 57.79, 68.21, 75.75, 77.77, 77.81, 82.90, 83.07, 84.35,
153.13 ppm; MS (FAB): m/z (%): 293 (66) [M�H]� , 179 (100) [M�
OCH2C�CCO2Me]� ; elemental analysis calcd (%) for C15H16O6 (292.28):
C 61.64, H 5.52; found: C 61.69, H 5.57.


Analytical data for 4 i : IR (CHCl3): �� � 2239, 1715, 1263 cm�1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 1.80 (ddd, J� 13.2, 7.2, 6 Hz, 2H), 2.34 (tt,
J� 7.2, 2.4 Hz, 2H), 3.61 (t, J� 6 Hz, 2H), 3.79 (s, 6H), 4.25 (t, J� 2.4 Hz,
2H), 4.27 (s, 2H), 4.38 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
15.51, 27.00, 28.35, 52.80, 55.81, 57.62, 57.91, 68.90, 74.94, 77.62, 77.87, 83.05,
83.63, 87.25, 153.25, 153.32 ppm; MS (FAB): m/z (%): 307 (100) [M�H]� ,
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193 (78) [M�OCH2C�CCO2Me]� ; elemental analysis calcd (%) for
C16H18O6 (306.31): C 62.74, H 5.92; found: C 62.61, H 6.05.


Analytical data for 4 j : IR (CHCl3): �� � 2239, 1715, 1263 cm�1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 1.57 ± 1.75 (m, 4H), 2.67 (tt, J� 6.3, 2.4 Hz,
2H), 3.55 (t, J� 6.3 Hz, 2H), 3.79 (s, 6H), 4.25 (t, J� 2.4 Hz, 2H), 4.26 (s,
2H), 4.37 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 18.21, 24.80,
26.69, 28.27, 52.47, 55.48, 57.32, 57.47, 69.65, 74.58, 77.24, 77.55, 82.82, 83.55,
87.54, 152.90, 152.99 ppm;MS (FAB):m/z (%): 321 (100) [M�H]� , 207 (52)
[M�OCH2C�CCO2Me]� , 179 (64) [M�CO2Me�C�CCO2Me]� ; ele-
mental analysis calcd (%) for C17H20O6 (320.34): C 63.74, H 6.29; found: C
63.64, H 6.27.


Pd-catalyzed oligomerization of diyne diester 1a to dimer 12 and trimer 13:
A solution of the diyne diester 1a (105 mg, 0.5 mmol), [Pd2(dba)3] ¥ CHCl3
(13 mg, 0.0125 mmol), and PPh3 (6.5 mg, 0.025 mmol) in dry degassed
benzene (1 mL) was stirred under argon at 50 �C for 24 h. The resultant
solution was concentrated in vacuo and the residue was purified by silica
gel chromatography (hexane/AcOEt 1:1) to afford the dimer 12 (41 mg,
39%) as a colorless solid. Further elution (hexane/AcOEt 1:2) gave the
trimer 13 (28 mg, 27%) as a colorless solid.


Analytical data for 12 : M.p. 114 ± 115 �C; IR (CHCl3): �� � 2240, 1727,
1259 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 3.79 (s, 3H), 3.91 (s,
3H), 3.94 (s, 3H), 3.95 (s, 3H), 4.20 (s, 2H), 4.83 (s, 2H), 5.21 (s, 2H),
5.32 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 52.74, 52.83, 52.87,
52.98, 57.39, 66.56, 73.45, 74.58, 78.03, 82.80, 124.06, 129.48, 134.23, 135.82,
142.57, 142.78, 153.19, 164.66, 166.28, 168.12 ppm; MS (FAB):m/z (%): 419
(30) [M�H]� , 389 (17) [M�OMe]� , 305 (100) [M�H�OMe�
C�CCO2Me]� ; elemental analysis calcd (%) for C20H20O10 (420.37): C
57.14, H 4.80; found: C 57.13, H 4.81.


Analytical data for 13 : M.p. 196 ± 197 �C; IR (CHCl3): �� � 1731, 1225 cm�1;
1H NMR (300 MHz, CDCl3, 25 �C): �� 3.83 (s, 6H), 3.86 (s, 6H), 3.89 (s,
6H), 4.67 (s, 4H), 5.17 (s, 4H), 5.30 ppm (s, 4H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 52.52, 52.76, 52.85, 67.23, 73.50, 74.61, 123.95, 129.49,
135.28, 135.42, 142.18, 142.27, 164.83, 166.21, 168.10 ppm; MS (FAB): m/z
(%): 631 (50) [M�H]� , 460 (98) [M� 5OMe�CH3]� , 391 (100) [M�
2OMe� 3CO2Me]� ; elemental analysis calcd (%) for C30H30O15 (630.55):
C 57.14, H 4.80; found: C 57.17, H 4.77.


Typical procedure for Pd-catalyzed cycloaddition of diynes with acetyl-
enedicarboxylic acid esters: cycloaddition of diyne diester 1a with DMAD
(2a)


Method A : A solution of the diyne diester 1a (60 mg, 0.29 mmol), DMAD
(45 mg, 0.32 mmol), [Pd2(dba)3] ¥ CHCl3 (7.4 mg, 0.007 mmol), and PPh3
(3.7 mg, 0.014 mmol) in toluene (2.9 mL) was stirred under argon at 110 �C
for 1 h. The resultant brown solution was concentrated in vacuo and the
residue was purified by silica gel chromatography (hexane/AcOEt 4:1) to
afford the phthalan 3aa (79 mg, 78%) as a colorless solid; M.p. 133 ±
134 �C; IR (CHCl3): �� � 1734, 1235 cm�1; 1H NMR (300 MHz, CDCl3,
25 �C): �� 3.90 (s, 6H), 3.91 (s, 6H), 5.32 ppm (s, 4H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 53.08, 53.18, 74.06, 126.26, 133.55, 144.00, 164.57,
166.64 ppm; MS (FAB): m/z (%): 351 (23) [M�H]� , 321 (100) [M�
OMe]� ; elemental analysis calcd (%) for C16H16O9 (352.29): C 54.55, H
4.58; found: C 54.29, H 4.56.


Method B: A solution of the diyne diester 1a (60 mg, 0.29 mmol) and
[Pd2(dba)3] ¥ CHCl3 (7.4 mg, 0.007 mmol) in toluene (2.9 mL) was stirred
under argon for 30 min at room temperature. To the resultant green
solution was added PPh3 (3.7 mg, 0.014 mmol) and the solution was stirred
for 30 min. Finally, DMAD (45 mg, 0.32 mmol) was added and the reaction
mixture was heated at 110 �C for another 30 min. The resultant brown
solution was concentrated in vacuo and the residue was purified by silica
gel chromatography (hexane/AcOEt 4:1) to afford the phthalan 3aa
(73 mg, 67%).


The cycloaddition of 1a with 2a and palladacyclopentadienes 14, 19 ± 22 as
catalyst precursors were carried out in a similar manner.


Analytical data for 3ab: M.p. 63 ± 65 �C; IR (CHCl3): �� � 1734, 1236 cm�1;
1H NMR (300 MHz, CDCl3, 25 �C): �� 1.34 (t, J� 7.0 Hz, 6H), 3.89 (s,
6H), 4.34 (q, J� 7.0 Hz, 4H), 5.29 ppm (s, 4H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 13.99, 52.88, 62.28, 74.00, 126.17, 133.69, 143.72, 164.62,
166.08 ppm; MS (FAB): m/z (%): 379 (50) [M�H]� , 335 (35) [M�
OEt]� , 289 (95) [M�H� 2OEt]� , 273 (100) [M�OEt� 2OMe]� ; ele-
mental analysis calcd (%) for C18H20O9 (380.35): C 56.84, H 5.30; found: C
56.82, H 5.32.


Analytical data for 3ba: M.p. 111 ± 112 �C; IR (CHCl3): �� � 1729,
1233 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.36 (t, J� 7.2 Hz,
6H), 3.89 (s, 6H), 4.36 (q, J� 7.2 Hz, 4H), 5.32 ppm (s, 4H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 14.13, 53.06, 62.39, 74.07, 126.41, 133.50,
143.90, 164.09, 166.70 ppm; MS (FAB): m/z (%): 379 (35) [M�H]� , 349
(100) [M�OMe]� , 261 (45) [M�H�OEt�CO2Et]� ; elemental analysis
calcd (%) for C18H20O9(380.35): C 56.84, H 5.30; found: C 56.78, H 5.33.


Analytical data for 3ca:M.p. 126 ± 127 �C; IR (CHCl3): �� � 1731, 1242 cm�1;
1H NMR (300 MHz, CDCl3, 25 �C): �� 2.31 (s, 3H), 3.86 (s, 3H), 3.87 (s,
3H), 3.88 (s, 3H), 5.11 (m, 2H), 5.32 ppm (t, J� 2 Hz, 2H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 17.24, 52.61, 52.68, 52.86, 72.93, 75.23, 121.19,
131.88, 134.16, 134.44, 141.96, 142.58, 165.17, 167.07, 167.93 ppm; MS (FAB):
m/z (%): 307 (52) [M�H]� , 277 (100) [M�OMe]� ; elemental analysis
calcd (%) for C15H16O7 (308.28): C 58.44, H 5.23; found: C 58.50, H 5.17.


Analytical data for 3ea: M.p. 89 ± 92 �C; IR (CHCl3): �� � 1737, 1700,
1222 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 2.45 (s, 6H), 3.89 (s,
6H), 5.15 ppm (s, 4H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 29.96, 53.25,
72.84, 130.64, 135.99, 141.03, 166.48, 199.47 ppm; MS (FAB): m/z (%): 320
(25) [M]� , 289 (100) [M�OMe]� ; elemental analysis calcd (%) for
C16H16O7 (320.29): C 60.00, H 5.04; found: C 59.71, H 5.32.


Analytical data for 3 fa: M.p. 95 ± 97 �C; IR (CHCl3): �� � 1733, 1232 cm�1;
1H NMR (300 MHz, CDCl3, 25 �C): �� 3.85 (s, 6H), 3.87 (s, 6H), 3.92 (s,
2H), 4.18 (s, 4H), 7.27 ± 7.42 ppm (m, 5H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 52.85, 53.02, 58.58, 59.61, 127.28, 128.41, 128.51, 128.89, 132.15,
137.90, 144.40, 165.24, 166.65 ppm;MS (FAB):m/z (%): 442 (100) [M�H]� ,
394 (96) [M��OMe�CH3]� ; elemental analysis calcd (%) for C23H23NO8


(441.43): C 62.58, H 5.25, N 3.17; found: C 62.80, H 5.12, N 3.09.


Analytical data for 3gb: M.p. 123 ± 126 �C; IR (CHCl3): �� � 1736 cm�1;
1H NMR (300 MHz, CDCl3, 25 �C): �� 1.33 (t, J� 7.2 Hz, 6H), 3.76 (s,
6H), 3.81 (s, 4H), 3.90 (s, 6H), 4.32 ppm (q, J� 7.2 Hz, 4H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 14.01, 40.57, 52.78, 53.33, 59.23, 62.20, 129.24,
132.49, 143.61, 165.68, 166.11, 170.98 ppm; MS (FAB): m/z (%): no
molecular ion peak 449 (50) [M�OEt]� , 389 (100) [M�H�OMe�
CO2Et]� ; elemental analysis calcd (%) for C23H26O12 (494.45): C 55.87, H
5.30; found: C 55.83, H 5.34.


Synthesis of palladacyclopentadiene complex 15 : A solution of
[Pd2(dba)3] ¥ CHCl3 (81 mg, 0.078 mmol) and the diyne 1a (40 mg,
0.19 mmol) in dry degassed acetone (1.0 mL) was stirred at room temper-
ature under an argon atmosphere for 6 h. The resultant green suspension
was filtered and the residue was washed with acetone. The filtrate was
concentrated to give complex 14 (40 mg, 70%) as a dark green solid; M.p.
157 �C(decomp.); IR (Nujol): �� � 1705 cm�1; 1H NMR (300 MHz,
[D6]DMSO, 25 �C): �� 3.52 (s, 6H), 4.13 ppm (s, 4H); elemental analysis
calcd (%) for [C10H10O5Pd]n : C 37.94, H 3.19, found: C 37.98, H 3.31.


To a suspension of 14 (32 mg, 0.10 mmol) in dry degassed CH2Cl2 (5.0 mL)
was added pyridine (57 mg, 0.72 mmol) and the reaction mixture was
stirred at room temperature under an argon atmosphere for 3 h. The
resultant brown solution was concentrated under reduced pressure. The
residue was purified by recrystallization from CH2Cl2/diethyl ether to give
15 (11 mg, 21%) as a yellowish green needle; M.p. 136 �C(decomp.); IR
(CHCl3): �� � 1670 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 3.16 (s,
6H), 4.49 (s, 4H), 7.65 ± 7.78 (m, 2H), 8.65 ppm (d, J� 4.8 Hz, 4H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 50.13, 67.24, 124.53, 137.15, 141.83,
150.70, 171.39, 173.47 ppm; MS (FAB): m/z (%): 474 (25) [M]� , 460 (78)
[M�H�CH3]� , 395 (100) [M�C5H5N]� ; elemental analysis calcd (%) for
C20H20N2O5Pd (474.80): C, 50.59; H, 4.25; N, 5.90; found: C, 50.66; H, 4.20;
N, 5.87.


Stoichiometric reaction of diyne diester 1a, palladacyclopentadiene
triphenylphosphine complex 20, and DEAD 2b : A solution of 1a
(105 mg, 0.5 mmol), 20 (330 mg, 0.25 mmol), and 2b (170 mg, 1.0 mmol)
in dry degassed toluene (5 mL) was heated at 60 �C under Ar. The reddish
reaction mixture changed to brown to dark brown. After stirring for 40 h,
the insoluble materials were filtered off and the filtrate was concentrated in
vacuo. The residue was purified by silica gel chromatography (hexane/
AcOEt 4:1) to afford 3ab (116 mg, 61%) and diethyl tetramethyl mellitate
(68.4 mg, 30%).


Typical procedure for Pd-catalyzed cyclization of triynes: cyclization of
triyne diester 4a : A solution of [Pd2(dba)3] ¥ CHCl3 (18.5 mg, 0.018 mmol),
PPh3 (9.4 mg, 0.036 mmol), and the triyne diester 4a (198 mg, 0.71 mmol) in
dry degassed toluene (7.1 mL) was heated at 110 �C under an Ar
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atmosphere for 30 min. The solvent was removed and the residue was
purified by silica-gel flash column chromatography (hexane/AcOEt 3:1) to
give 5a (187 mg, 94%) as a colorless solid; m.p. 143.5 ± 144.2 �C; IR
(CHCl3): �� � 1724 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 3.89 (s,
6H), 5.05 (s, 4H), 5.22 ppm (s, 4H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
52.59, 71.82, 73.34, 124.74, 135.88, 140.29, 166.60 ppm; MS (FAB):m/z (%):
279 (96) [M�H]� , 247 (100) [M�OMe]� ; elemental analysis calcd (%) for
C14H14O6 (278.26): C 60.43, H 5.07; found: C 60.30, H 4.99.


Analytical data for 5b : M.p. 186 ± 187 �C; IR (CHCl3): �� � 1719 cm�1;
1H NMR (300 MHz, CDCl3, 25 �C): �� 2.44 (s, 3H), 3.89 (s, 3H), 5.00 (s,
2H), 5.07 (s, 2H), 5.12 (s, 2H), 5.26 ppm (s, 2H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 17.80, 51.72, 71.71, 72.90, 73.30, 74.94, 123.28, 130.27,
132.44, 135.05, 139.60, 141.85, 167.06 ppm; MS (FAB): m/z (%): 235 (100)
[M�H]� ; elemental analysis calcd (%) for C13H14O4 (234.25): C 66.66, H
6.02; found: C 66.73, H 5.95.


Analytical data for 5c : M.p. 207 ± 208 �C; 1H NMR (300 MHz, CDCl3,
25 �C): �� 2.15 (s, 6H), 5.03 (s, 4H), 5.09 ppm (s, 4H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 15.45, 72.80, 73.24, 128.35, 128.61, 137.95 ppm; MS
(FAB): m/z (%): 189 (100) [M�H]� ; elemental analysis calcd (%) for
C12H14O2 (190.24): C 75.76, H 7.42; found: C 75.77, H 7.40.


Analytical data for 5d : M.p. 106 ± 107 �C; IR (CHCl3): �� � 1731 cm�1;
1HNMR (300 MHz, CDCl3, 25 �C): �� 1.62 (s, 12H), 3.89 (s, 6H), 5.10 ppm
(s, 4H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 27.94, 52.65, 69.59, 85.97,
124.80, 141.63, 143.59, 166.81 ppm;MS (FAB):m/z (%): 333 (58) [M�H]� ,
303 (100) [M�OMe]� ; elemental analysis calcd (%) for C18H22O6 (334.36):
C 64.66, H 6.63; found: C 64.57, H 6.68.


Analytical data for 5e : IR (CHCl3): �� � 1724 cm�1; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 3.85 (s, 2H), 3.87 (s, 3H), 3.87 (s, 3H), 3.92 (s, 2H), 4.06
(s, 2H), 4.99 (s, 2H), 5.24 (s, 2H), 7.28 ± 7.40 ppm (m, 5H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 52.53, 52.62, 56.99, 57.86, 59.93, 71.92, 74.19,
122.53, 127.27, 128.31, 128.43, 128.56, 128.90, 136.16, 137.67, 138.18, 140.28,
140.43, 166.25, 167.89 ppm; MS (FAB): m/z (%): 368 (100) [M�H]� , 336
(26) [M�OMe]� , 276 (11) [M�CH2Ph]� , 234 (29) [M�CH2N(Bn)CH2]� ;
elemental analysis calcd (%) for C21H21NO5 (367.40): C 68.65, H 5.76, N
3.81; found: C 68.84, H 5.61, N 3.77.


Analytical data for 5 f : M.p. 69 ± 71 �C; IR (CHCl3): �� � 1723 cm�1; 1HNMR
(300 MHz, CDCl3, 25 �C): �� 3.78 (s, 4H), 3.84 (s, 6H), 3.89 (s, 4H), 4.10 (s,
4H), 7.24 ± 7.39 ppm (m, 10H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
52.36, 56.88, 58.69, 59.96, 124.89, 127.10, 128.33, 128.50, 137.90, 138.47,
140.35, 167.40 ppm; MS (FAB): m/z
(%): 457 (100) [M�H]� , 425 (14)
[M�OMe]� ; elemental analysis
calcd (%) for C28H28N2O4 (456.53): C
73.66, H 6.18, N 6.14; found: C 74.15,
H 5.83, N 5.99.


Analytical data for 5g : M.p. 177 ±
178 �C; IR (CHCl3): �� � 1734 cm�1;
1H NMR (300 MHz, CDCl3, 25 �C):
�� 3.52 (s, 4H), 3.71 (s, 4H), 3.74 (s,
12H), 3.86 ppm (s, 6H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 38.93,
40.41, 52.44, 53.19, 59.80, 126.98,
139.31, 139.68, 167.45, 171.30 ppm;
MS (FAB): m/z (%): 507 (10)
[M�H]� , 475 (100) [M�OMe]� ; el-
emental analysis calcd (%) for
C24H26O12 (506.46): C 56.92, H 5.17;
found: C 56.64, H 5.17.


Analytical data for 5h : M.p. 129 ±
130 �C; IR (CHCl3): �� � 1724 cm�1;
1H NMR (300 MHz, CDCl3, 25 �C):
�� 2.72 (t, J� 6 Hz, 2H), 3.87 (s,
3H), 3.91 (s, 3H), 3.98 (t, J� 6 Hz,
2H), 4.76 (s, 2H), 5.07 (s, 2H),
5.33 ppm (s, 2H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 26.26,
52.41, 52.60, 63.96, 65.89, 72.08,
75.14, 119.82, 131.24, 132.16, 132.25,
139.02, 140.18, 165.35, 168.29 ppm;
MS (FAB): m/z (%): 291 (100) [M�


H]� , 261 (99) [M�OMe]� ; elemental analysis calcd (%) for C15H16O6


(292.28): C 61.64, H 5.52; found: C 61.34, H 5.55.


Analytical data for 5 i : M.p. 118 ± 119 �C; IR (CHCl3): �� � 1725 cm�1;
1H NMR (300 MHz, CDCl3, 25 �C): �� 1.86 (q, J� 5.6 Hz, 2H), 2.89 (dd,
J� 5.6, 5.4 Hz, 2H), 3.86 (s, 3H), 3.94 (s, 3H), 4.04 (t, J� 5.4 Hz, 2H), 4.64
(s, 2H), 5.14 (s, 2H), 5.34 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, 25 �C):
�� 28.76, 31.26, 52.47, 52.81, 69.72, 72.67, 75.01, 75.77, 119.26, 134.69, 137.35,
140.02, 141.13, 141.44, 165.21, 169.36 ppm; MS (FAB): m/z (%): 305 (83)
[M�H]� , 275 (100) [M�OMe]� ; elemental analysis calcd (%) for
C16H18O6 (306.31): C 62.74, H 5.92; found: C 62.44, H 5.91.


Analytical data for 5 j : IR (CHCl3): �� � 1724 cm�1; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 1.56 ± 1.64 (m, 2H), 1.73 ± 1.82 (q, J� 6.6 Hz, 2H), 3.01
(t, J� 6.6 Hz, 2H), 3.73 (t, J� 5.4 Hz, 2H), 3.87 (s, 3H), 3.94 (s, 3H), 4.77 (s,
2H), 5.15 (t, J� 2 Hz, 2H), 5.35 ppm (t, J� 2 Hz, 2H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 26.60, 26.71, 29.34, 52.48, 52.75, 67.46, 70.69, 72.74, 75.78,
119.63, 134.65, 137.15, 139.67, 140.54, 140.91, 169.35 ppm; MS (FAB): m/z
(%): 319 (65) [M�H]� , 289 (100) [M�OMe]� ; elemental analysis calcd
(%) for C17H20O6 (320.34): C 63.74, H 6.29; found: C 63.66, H 6.37.


Procedure for the synthesis of palladium triyne complex 28 : A solution of
[Pd2(dba)3] ¥ CHCl3 (168 mg, 0.16 mmol) and the triyne 4a (99 mg,
0.36 mmol) in dry degassed acetone (3.3 mL) was stirred at room temper-
ature under an argon atmosphere for 6 h. The resultant green suspension
was concentrated under reduced pressure. The residue was suspended in
ether and the insoluble materials were filtered off. The residue was washed
with AcOEt and the filtrate was concentrated to give the triyne complex 28
(103 mg, 83%) as a off-white solid; m.p. 84 �C (decomp.); IR (CHCl3): �� �
1977, 1712 cm�1; 1H NMR (300 MHz, CDCl3, 25 �C): �� 3.88 (s, 6H), 4.58
(s, 4H), 4.66 ppm (s, 4H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 52.74,
55.16, 55.37, 72.90, 75.57, 89.69, 160.80 ppm; MS (FAB): m/z (%): 384 (100)
[M]� , 353 (64) [M�OMe]� ; elemental analysis (%) calcd for C14H14O6Pd
(384.68): C 43.71, H 3.67; found: C 43.70, H 3.68.


Thermolysis of triyne complex 28 : A solution of 28 (15.9 mg, 0.041 mmol)
in dry degassed acetone (1.6 mL) was heated at 50 �C under an argon
atmosphere for 30 min. The solvent was removed and the residue was
purified by silica-gel flash column chromatography (hexane/AcOEt 3:1) to
give 5a (5.7 mg, 50%) as a white solid.


PPh3-promoted conversion of triyne complex 28 into benzene 5a : A
solution of PPh3 (5.8 mg, 0.022 mmol) in acetone (1.0 mL) at room
temperature under an argon atmosphere was added to a solution of 28


Table 9. Summary of the crystallographic data for 15 ¥ CH2Cl2 and 28.


15 ¥ CH2Cl2 28


formula C21H20Cl2N2O5Pd C14H14O6Pd
Mr 557.69 384.66
crystal size [mm] 0.7� 0.1� 0.1 0.75� 0.20� 0.10
crystal system monoclinic monoclinic
a [ä] 9.2747(4) 8.1278(2)
b [ä] 21.1519(10) 8.118(1)
c [ä] 11.7468(5) 21.6687(4)
� [�] 99.1720(10) 94.7869(7)
space group P21/n P21/c
Z 4 4
V [ä3] 2274.99(17) 1424.89(4)
�calcd [gcm�3] 2.035 1.793
T [K] 173 173
	 (MoK�) [ä] 0.71073 0.71069

 (MoK�) [cm�1] 0.1356 13.27
� range [�] 1.93 ± 29.15
2�max [�] ± 55.1
no. reflections observed 17738 3179
no. of ind reflns 6125 [R(int)� 0.0281] ±
no. of parameters ± 190
absorption correction SADABS
refinement method full-matrix least-squares on F 2 full-matrix (TEXSAN)
GOF 0.743 1.83
R[a] 0.0387 0.020
RW[b] 0.1043 0.041
residual electron density [eä�3] 1.310 and �1.251 0.85 and �0.47


[a] R�� � (Fo�Fc) � /�(Fo). [b] RW��[(�(Fo�Fc)2)]/�(�F 2
o 	1/2.
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(8.5 mg, 0.022 mmol) in dry degassed acetone (1.0 mL). After the mixture
had been stirred for 10 min, the solvent was removed and the residue was
purified by silica-gel flash column chromatography (hexane/AcOEt 3:1) to
give 5a (5.9 mg, 97%) as a colorless solid.


Crystallographic structural determinations


Palladacyclopentadiene(bispyridine) complex 15 : A single crystal of 15 ¥
CH2Cl2 suitable for X-ray structure analysis was obtained by the
recrystallization from CH2Cl2/diethyl ether at �15 �C. A crystal of the
dimensions 0.70� 0.10� 0.10 mm was mounted on a quartz fiber, and
diffraction data was collected in a � range of 1.93 ± 29.15� at 173 K on a
Brucker SMART APEX CCD diffractometer with graphite monochro-
mated MoK� radiation (	� 0.71073 ä). The absorption correction was
made with SADABS. The structure was solved by direct methods and
refined by the full-matrix least-squares method on F 2 with SHELXTL. A
total of 17738 reflections were measured and 6125 were independent. All
non-hydrogen atoms were refined with anisotropic displacement param-
eters. All hydrogen atoms were placed in calculated positions. A summary
of the fundamental crystal and refinement data is given in Table 9.


Palladium triyne complex 28 : A single crystal of 28 suitable for X-ray
analysis was obtained by recrystallization from CH2Cl2/diethyl ether at
�15 �C. A crystal of the dimensions 0.75� 0.20� 0.10 mm was mounted on
a quartz fiber. The crystal was transferred to an RigakuAFC7 equipped
with a MSC/ADSC Quantum1 CCD detector with MoK� radiation and
cooled to �100 �C under a cold nitrogen stream previously calibrated by a
thermocouple placed in the same position. After the crystal had been
carefully optically centered within the X-ray beam, four data frames
measured at 0.5� increments of � were collected to assess the crystal
quality. In order to correct for high-energy background events in the
images, data frames were collected as the sum of two 15-s exposures and
non-correlating events were eliminated. A total of 149 reflections with I�
3(I) were selected and utilized to calculate a preliminary unit cell. The
intensity images were measured at 0.5� intervals of � for a duration of 82 s
each. Frame data were integrated with the d*TREK program package, and
an absorption correction was performed with the REQAB program. The
3196 integrated reflections were averaged in point group 2/m to give
3179 unique reflections. All calculations were performed with TEXSAN.
The structure was solved by direct methods, completed by subsequent
difference Fourier syntheses, and refined by full-matrix least-squares
procedures. All non-hydrogen atoms were refined anisotropically, while the
hydrogen atoms were located at calculated positions. A summary of the
fundamental crystal and refinement data is given in Table 9.


CCDC-195393 (15) and CCDC-148170 (28) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.uk).


Computational methods: All calculations were performed with the
Gaussian98 package.[44] The 3 ± 21G,[37] 6 ± 31G(d),[36] 6 ± 311G(d),[40]


LanL2DZ,[35] and SDD[38] basis sets were used as stored in the Gaussian
program. The f and g exponents for Pd were used as reported in the
literature.[39] The density functional calculations were carried out at the
B3LYP level with the following combinations of the basis sets: BS1:
LanL2DZ for Pd, 6 ± 31G(d) for C and O, 3 ± 21G for H; BS2: SDD for Pd,
6 ± 31G(d) for C and O, 3 ± 21G for H; BS3: SDD with f- and g-polarization
functions for Pd, 6 ± 31G(d) for C and O, 3 ± 21G for H; BS4: SDD with f-
and g-polarization functions for Pd, 6 ± 311G(d) for C and O, 3 ± 21G for H.
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Synthesis, Molecular Structure, and C�C Coupling Reactions of
Carbeneruthenium(��) Complexes with C5H5Ru(�CRR�) and
C5Me5Ru(�CRR�) as Molecular Units
Thomas Braun, Gerhard M¸nch, Bettina Windm¸ller, Olaf Gevert, Matthias Laubender,
and Helmut Werner*[a]


Dedicated to Professor Warren R. Roper on the occasion of his 65th birthday


Abstract: The ethene derivatives [(�5-
C5R5)RuX(C2H4)(PPh3)] with R�H
and Me, which have been prepared from
the �3-allylic compounds [(�5-C5R5)-
Ru(�3-2-MeC3H4)(PPh3)] (1, 2) and
acids HX under an ethene atmosphere,
are excellent starting materials for the
synthesis of a series of new halfsand-
wich-type ruthenium(��) complexes. The
olefinic ligand is replaced not only by
CO and pyridine, but also by internal
and terminal alkynes to give (for X�Cl)
alkyne, vinylidene, and allene com-
pounds of the general composi-
tion [(�5-C5R5)RuCl(L)(PPh3)] with
L�C2(CO2Me)2, Me3SiC2CO2Et,
C�CHCO2R, and C3H4. The allenylidene
complex [(�5-C5H5)RuCl(�C�C�CPh2)-
(PPh3)] is directly accessible from 1
(R�H) in two steps with the propar-
gylic alcohol HC�CC(OH)Ph2 as the


precursor. The reactions of the ethene
derivatives [(�5-C5H5)RuX(C2H4)-
(PPh3)] (X�Cl, CF3CO2) with diazo
compounds RR�CN2 yield the corre-
sponding carbene complexes [(�5-C5R5)-
RuX(�CRR�)(PPh3)], while with ethyl
diazoacetate (for X�Cl) the diethyl
maleate compound [(�5-C5H5)RuCl-
{�2-Z-C2H2(CO2Et)2}(PPh3)] is ob-
tained. Halfsandwich-type ruthenium(��)
complexes [(�5-C5R5)RuCl(�CHR�)-
(PPh3)] with secondary carbenes as
ligands, as well as cationic species
[(�5-C5H5)Ru(�CPh2)(L)(PPh3)]X with
L�CO and CNtBu and X�AlCl4


and PF6, have also been prepared.
The neutral compounds [(�5-C5H5)-
RuCl(�CRR�)(PPh3)] react with phenyl-
lithium, methyllithium, and the vinyl
Grignard reagent CH2�CHMgBr by dis-
placement of the chloride and subse-
quent C�C coupling to generate half-
sandwich-type ruthenium(��) complexes
with �3-benzyl, �3-allyl, and substituted
olefins as ligands. Protolytic cleavage of
the metal ± allylic bond in [(�5-C5H5)-
Ru(�3-CH2CHCR2)(PPh3)] with acetic
acid affords the corresponding olefins
R2C�CHCH3. The by-product of this
process is the acetato derivative [(�5-
C5H5)Ru(�2-O2CCH3)(PPh3)], which
can be reconverted to the carbene com-
plexes [(�5-C5H5)RuCl(�CR2)(PPh3)] in
a one-pot reaction with R2CN2 and
Et3NHCl.


Keywords: C�C coupling ¥ carbene
complexes ¥ cyclopentadienyl
complexes ¥ olefin complexes ¥
ruthenium


Introduction


Carbeneruthenium(��) complexes of the type
[RuCl2(�CHR)(PR�3)2], which were first prepared by Grubbs
and co-workers,[1] belong to the most frequently used organo-
metallic compounds, both in organic synthesis and homoge-
neous catalysis.[2] The best known representative
[RuCl2(�CHPh)(PCy3)2][3] is prepared from [RuCl2(PPh3)3]
in two steps using phenyldiazomethane as the carbene
source.[4] Prior to the early 1990s, this ™diazoalkane route∫,
pioneered by Herrmann et al.[5] and Roper et al. ,[6] had only


rarely been applied, most notably for the preparation of metal
carbenes with d6 and d8 metal centers.
In the context of our studies on the chemistry of square-


planar vinylidene- and allenylidenerhodium(�) complexes
trans-[RhCl{�C(�C)nRR�}(PiPr3)2] (n� 1 and 2),[7] we recent-
ly described a synthetic protocol that is also applicable to
the corresponding carbenerhodium(�) species trans-
[RhCl(�CRR�)(L)2], with L being a tertiary phosphane,
arsane, or stibane ligand.[8] These compounds are not only
the first rhodium(�) complexes bearing a carbene unit that is
not stabilized by linkage of the carbene carbon atom to a
heteroatom such as O, S, or N,[9] but they are also remarkable
insofar as they react with olefins not to give cyclopropanes but
mono- or trisubstituted ethene derivatives instead.[8, 10]


The rich chemistry offered by the rhodium carbenes trans-
[RhCl(�CRR�)(L)2][10] and [(�5-C5H5)Rh(�CRR�)(L)][11]


prompted us to extend the diazoalkane route to the prepa-
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ration of related carbeneruthenium complexes of the half-
sandwich-type. Herein, we report the synthesis of a series of
compounds [(�5-C5H5)RuX(�CRR�)(PPh3)] and [(�5-C5Me5)-
RuX(�CRR�)(PPh3)], in which the carbene ligand is not only
C(C6H4X)2 but also CHPh, CHSiMe3, and CPh{C(O)Ph},
respectively. Moreover, we illustrate that these ruthenium
carbenes undergo carbene-plus-methyl, carbene-plus-vinyl,
carbene-plus-phenyl, and carbene-plus-hydride coupling re-
actions leading to new �3-allyl-, �3-benzyl-, or olefin(hydrido)
metal derivatives. Some preliminary results of this study have
already been communicated.[12]


Results and Discussion


Some exploratory studies in (�5-C5H5)Ru and (�5-C5Me5)Ru
chemistry: Following the observation that 16-electron ruthe-
nium compounds of the general composition [(�5-C5Me5)-
RuCl(PR3)] are accessible with bulky phosphane ligands[13] as
well as with triisopropylstibane,[14] we became interested to
find out whether similar triphenylphosphane derivatives [(�5-
C5R5)RuCl(PPh3)] can also be prepared. If treated with
diazoalkanes, these could be envisaged as the most appro-
priate precursors for halfsandwich-type ruthenium carbenes.
The �3-allyl complexes 1 and 2 (Scheme 1) react with a


slight excess of HCl in toluene at �30 �C to give orange,
moderately air-sensitive solids, which analyze as [(�5-
C5H5)RuCl(PPh3)] (3) and [(�5-C5Me5)RuCl(PPh3)] (4), re-
spectively. Both compounds are insoluble in organic solvents
and are therefore probably polymeric. The precipitation of 3
and 4 is preceded by a change of color of the toluene solution
from yellow to violet, which possibly indicates that a mono-
meric species is generated in the initial step. The known


Scheme 1. Tos� 4-MeC6H4SO2; Tfl�CF3SO2.


complex [(�5-C5Me5)RuCl(PiPr3)] is violet.[13] Treating a
suspension of 3 or 4 in dichloromethane with CO affords
the monocarbonyl compounds 5 and 6, which have previously
been prepared by other routes.[15, 16] We note that 5 and 6 can
also be obtained by first passing a slow stream of CO through
a solution of 1 or 2 in benzene and then adding a solution of
HCl in the same solvent. The yields of 5 and 6 are nearly
quantitative by using this procedure.
With 1 and 2 as precursors, it is also possible to prepare the


etheneruthenium(��) complexes 10 and 11 (Scheme 1). Addi-
tion of a solution of HCl in benzene to a solution of 1 or 2 in
benzene or toluene, saturated with ethene, leads to the
formation of the halfsandwich-type products, of which 11
could be isolated as a yellow microcrystalline solid in 95%
yield. The (�5-C5H5)Ru counterpart 10 is extremely labile and
smoothly loses the olefinic ligand in the absence of excess
C2H4. Therefore, 10 has only been characterized by 1H, 13C,
and 31P NMR spectroscopy. Typical features of 10 and 11 are
the two multiplets at �� 3.53 and 3.03 ppm (10) and �� 2.86
and 2.56 ppm (11) due to the ethene protons in the 1H NMR
spectra, and the singlet at �� 46.2 ppm (10) and �� 47.4 ppm
(11) due to the olefinic carbon atoms in the 13C NMR spectra.
The chemical shift difference of about 76 ± 77 ppm between
the 13C NMR resonances of coordinated and free ethene
indicates that in 10 and 11 the degree of back-bonding
from Ru to C2H4 is moderate;[17] it is possibly less than that
in [(�5-C5H5)RuH(C2H4)(PPh3)][18] or [(�5-C5H5)Ru(C2H4)-
(PPh3)2]BF4.[19]


The synthetic route developed for 10 and 11 has also been
extended to the preparation of other etheneruthenium(��)
derivatives of the general composition [(�5-C5H5)-
RuX(C2H4)(PPh3)] (Scheme 1). Treatment of 1 with
CF3CO2H, 4-toluenesulfonic acid or trifluoromethanesulfonic
acid under an atmosphere of C2H4 leads to the formation of
the corresponding ethene complexes 12 ± 14 in 85 ± 93% yield.
The yellow microcrystalline solids are slightly air-sensitive but
can be stored under argon for days without decomposition.
On the basis of the 13C NMR data, we assume that the back-
bonding from the metal to the olefin is somewhat weaker than
that in the chloro analogue 10. This is consistent with the
observation that the ethene ligand of 12 ± 14 is easily replaced
by CO to give the carbonyl complexes 7 ± 9 in nearly
quantitative yields. We note that the trifluoroacetato and
tosylato compounds 7 and 8 have previously been prepared by
carbonylation of [(�5-C5H5)Ru(�2-O2CCF3)(PPh3)] and [(�5-
C5H5)Ru{�2-O2S(O)CF3}(PPh3)], respectively.[20] The related
triflate 9 contains a relatively weakly bound CO ligand, as
indicated by the position of the CO stretching mode at
1975 cm�1. The �(CO) band for the chloro derivative 5 is
observed at 1958 cm�1.
The ethene ligand of 10 is also displaced by pyridine and


C2(CO2Me)2. The substitution products 15 and 16 are yellow,
moderately air-stable solids, which are readily soluble in
benzene and dichloromethane. Their compositions have been
confirmed by elemental analysis. Since two sets of resonances
for the carbon atoms of the C2(CO2Me)2 ligand are seen in the
13C NMR spectrum of 16, we conclude that rotation about the
metal ± alkyne axis is significantly hindered on the NMR time
scale.
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Halfsandwich-type ruthenium(��) complexes with alkyne,
allene, vinylidene, and allenylidene ligands : Besides its
conversion to 11, the �3-allyl compound 2 can also be
converted to the vinylidene and allene complexes 17, 18, and
19 by treatment with terminal alkynes in the presence of HCl
(Scheme 2). The reactions of 2 with HCl and methyl or ethyl


Scheme 2.


propiolate afford the ruthenium vinylidenes 17 and 18 as
yellow or orange solids in moderate yields. Characteristic
spectroscopic features of 17 and 18 are the low-field signals at
�� 333 and 105 ppm in the 13C NMR spectra due to the �- and
�-carbon atoms of the Ru�C�CHCO2R unit, and the singlet
resonances at �� 4.80 ppm (17) and �� 4.61 ppm (18) in the
1H NMR spectra due to the respective vinylidene CH protons.
Compound 17 is also obtained, although together with some
other unidentified products, upon treatment of 11 with
HC�CCO2Me. We note that Bruce et al. recently reported
the preparation of 17 starting from [(�5-C5Me5)RuCl(PPh3)2]
as the precursor.[22]


The reactions of 11 with propyne and of 2 with propyne/
HCl do not lead to a vinylidene, but rather to the correspond-
ing allene complex 19, which has been isolated as a yellow
solid in 70 ± 75% yield. Quite surprisingly, the 1H, 13C, and 31P
NMR spectra of 19 each show two sets of signals, which may
indicate the presence of two rotational isomers. This is
supported by measuring the 1H NMR spectra (in [D8]toluene)
up to 343 K (that is, near to the decomposition temperature),
at which a substantial broadening of the CH2 resonances can
be detected. The signals due to the allene protons (which are
all resolved) were assigned by determining the cross-peaks in
a H,H-COSY spectrum. Since only a broadening and no clear
coalescence of the CH2 signals could be observed in the
temperature range 293 ± 343 K, it is conceivable that two
distinct dynamic processes take place. The first could be a
rotation of the allene ligand about the metal ± allene axis,[23]


while the second could be a migration of the metal from one


C�C bond to the next.[24] Regarding the course of the
isomerization of propyne to allene, we assume that in the
initial step the expected (but labile) alkyne complex A is
formed (Scheme 3, path a), which could rearrange via B to C
or C� and subsequently by intramolecular reductive elimina-
tion to the final product 19. We note that the structure of the


Scheme 3. [Ru]� [(�5-C5Me5)RuCl(PPh3)].


supposed transient B is reminiscent of that of the transition
state postulated by Silvestre and Hoffmann[25] for the
concerted rearrangement of terminal alkynes to vinylidenes,
for which, however, a two-step mechanism is also possible.[26]


As an alternative to path a, the alkyne compound A could be
protonated to give D, which, via E and the allene(hydrido)-
metal intermediate F, could be converted to 19 (Scheme 3
path b). Precedence for the metal-assisted conversion of
alkynes (not only propyne) to allenes stems from previous
studies by Richards et al.[27] on six-coordinate rhenium(�)
compounds, as well as from our own work on square-planar
and halfsandwich-type rhodium(�) and iridium(�) complexes,
respectively.[23, 28]


The �-alkyne compound 20 is obtained in excellent yield by
treatment of the corresponding ethene derivative 11 with
Me3SiC�CCO2Et (Scheme 2). If a solution of 20 in benzene is
irradiated with light from a UV lamp and then the reaction
mixture is worked-up by column chromatography on deacti-
vated Al2O3, the vinylidene complex 18 can be isolated. Since
the photolysis occurs in the absence of water, we conclude
that the rearrangement of the coordinated alkyne to the
isomeric vinylidene takes place in the initial step, and that this
is followed by protolytic cleavage (with traces of HCl from
acidic Al2O3) of the Si�C bond. Examples of the thermal or
photochemical isomerization of silylated alkynes to the
corresponding vinylidenes are known,[29] as are instances of
the conversion of a :C�C(SiMe3)R ligand to a :C�CHR
ligand.[29a, 30]


The preparation of 21 (Scheme 4) follows the route
developed by Selegue for cationic ruthenium allenylidenes.[31]
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Scheme 4.


We assume that upon treatment of 1 with HCl and the
propargylic alcohol HC�CC(OH)Ph2 the vinylidene com-
pound [(�5-C5H5)RuCl{�C�CHC(OH)Ph2}(PPh3)] is gener-
ated initially, which then reacts with acidic Al2O3 by
elimination of water to give the product. Characteristic data
for 21, which is an orange-red air-stable solid, are the strong
�(C�C�C) stretch at 1880 cm�1 in the IR spectrum and the
low-field 13C NMR signals at �� 273.5, 223.7, and 140.9 ppm
due to the �-C, �-C, and �-C atoms of the allenylidene
unit, respectively. As in the case of [(�5-C5Me5)-
RuCl(�C�C�CPh2)(�P-iPr2PCH2CO2Me)],[32] only the reso-
nance of the metal-bonded carbon atom shows a 13C±31P
coupling.


Carbeneruthenium(��) complexes of the halfsandwich-type : In
our previous studies, which opened the gate to ruthenium
carbenes of the halfsandwich-type,[12, 20] the acetato derivative
[(�5-C5H5)Ru(�2-O2CCH3)(PPh3)] was used as the starting
material. It reacts with diaryldiazomethanes RR�CN2 under
partial opening of the chelate ring to give the intermediates
[(�5-C5H5)Ru(�1-O2CCH3)(�CRR�)(PPh3)], which are con-
verted to the analogous carbene(chloro) complexes [(�5-
C5H5)RuCl(�CRR�)(PPh3)] with either [HNEt3]Cl or Al2O3


in the presence of chloride.[12, 20]


An alternative preparative route is shown in Scheme 5. The
ethene complexes 10 (generated in situ from 1) and 12 react
rapidly with diaryldiazomethanes in toluene at room temper-
ature to give the ruthenium carbenes 22 ± 25 in 60 ± 80% yield.
The properties of the trifluoroacetato derivatives 23 ± 25 (such
as thermal stability, solubility, and air-sensitivity) are quite


Scheme 5.


similar to those of the chloro compound 22, which in the
meantime has also been prepared by Baratta et al. from [(�5-
C5H5)RuCl(PPh3)2] and excess Ph2CN2 as the precursors.[33] In
a similar manner, the related carbene complex [(�5-
C5H5)RuCl(�CPh2)(PPh2R)] (R� 2-tolyl) has been ob-
tained.[34] Regarding the spectroscopic data of 23 ± 25, the
most characteristic feature is the signal due to the carbene
carbon atom at �� 332 ± 340 ppm in the 13C NMR spectra,
which is shifted to lower field (by ca. 15 ppm) compared with
the corresponding signals of 22 and the Ru{�C(4-C6H4Cl)2}
analogue.[20]


In contrast to the reaction with diaryldiazomethanes,
compound 10 reacts with two equivalents of ethyl diazoace-
tate to afford the olefin ± ruthenium complex 26 in 82% yield.
We assume that a metal carbene complex [(�5-
C5H5)RuCl(�CHCO2Et)(PPh3)] is formed as an intermediate
since this species has been detected upon treatment of a
solution of [(�5-C5H5)Ru(�2-O2CCH3)(PPh3)] with
HC(CO2Et)N2 and Me2SiCl2 at low temperature.[35] Diagnos-
tic of the chiral-at-metal compound 26 (which has been
independently prepared by Baratta et al.)[35] is the observation
of two 1H NMR resonances due to the olefinic CH protons
(which remain unchanged between 273 and 343 K) and of two
sets of signals due to the 13C carbon nuclei of the CHCO2Et
units. The chemical shifts of these signals are in good
agreement with those for other cyclopentadienylruthenium
complexes with diethyl maleate as ligand.[36] We note that with
compounds of the general formula [(�5-C5R5)RuX(PR�3)2] a
stereoselective decomposition of ethyl diazoacetate to diethyl
maleate has already been observed.[35]


Compound 10 also reacts quite rapidly with
PhC{C(O)Ph}N2 (azibenzil). The isolated benzoyl(phenyl)-
carbene complex 27 is a green, air-stable solid which has a
counterpart in cyclopentadienylmanganese chemistry.[37] With
regard to the spectroscopic data of 27, the most remarkable
feature is that two signals due to the C5H5 carbon atoms and
two signals due to the phosphorus atom of the PPh3 ligand are
observed in the 13C and 31P NMR spectra at low temperature.
On the basis of 31P variable-temperature NMR measure-
ments, the free enthalpy of activation at the coalescence
temperature (293 K at 162.0 MHz) is 37.9 kJmol�1. To explain
the temperature dependence of the NMR spectra, we assume
that in solution two rotamers of 27 exist, which differ in the
orientation of the two substituents C(O)Ph and Ph about the
Ru ±Ccarbene axis. A hindered rotation about an Ru�C axis is
not unusual and has also been found for the methylene
derivative [(�5-C5R5)Ru(�CH2)(�2-Ph2PCH2CH2PPh2)]-
AsF6.[38]


The result of the X-ray crystal structure analysis of
27 is shown in Figure 1. Similarly to [(�5-C5H5)-
Mn(�C{C(O)Ph}Ph)(CO)2],[39] the molecule has the expected
three-legged piano-stool configuration with an Ru�Ccarbene


bond length (1.932(7) ä) almost identical to that in 22
(1.92(2) ä)[20] and that in the Fischer-type carbene complex
[(�5-C5H5)RuI{�C(OEt)Ph}(CO)] (1.934 ä).[40] In contrast to
22, the plane containing the carbon atoms C6, C7, C10, and
C20 is almost perpendicular to the plane of the cyclopenta-
dienyl ring, with the benzoyl group pointing toward the five-
membered ring. Due to the strong trans influence of the
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Figure 1. Molecular structure of 27. Principal bond lengths [ä] and angles
[�] (with estimated standard deviations in parentheses): Ru�C1 2.288(7),
Ru�C2 2.217(7), Ru�C3 2.174(7), Ru�C4 2.290(6), Ru�C5 2.301(6),
Ru�C6 1.932(7), Ru�P 2.2997(13), Ru�Cl 2.395(2), C6�C7 1.489(8),
C7�O 1.221(6); P-Ru-Cl 91.77(6), P-Ru-C6 93.0(2), Cl-Ru-C6 98.5(2),
Ru-C6-C7 115.3(5), C6-C7-O 121.4(5).


carbene ligand, the C5H5 unit is not symmetrically bonded to
the metal center, the longest Ru�C4 and Ru�C5 distances
being in a trans disposition to the carbene carbon atom C6.
While halfsandwich-type rhodium compounds [(�5-


C5H5)Rh(�CR2)(PR�3)] have hitherto only been prepared
with R� aryl,[11] related ruthenium complexes are also
accessible with CHPh and CHSiMe3 as carbene ligands. The
synthetic routes are summarized in Scheme 6. Stepwise
treatment of 1 or 2 first with CF3CO2H and then with
PhCHN2 gave the phenylcarbeneruthenium(��) compounds 28
and 29 as green solids, each in about 90% yield. These
carboxylato derivatives are converted with Me3SiCl nearly
quantitatively to the corresponding carbene(chloro) com-


Scheme 6.


plexes 30 and 31, the compositions of which have been
determined by elemental analysis and mass spectra. Charac-
teristic spectroscopic features for 28 ± 31 are a doublet at ��
17.25 ± 17.75 ppm due to the carbene CH proton in the
1H NMR spectra, and a low-field resonance at �� 303 ±
314 ppm due to the carbene carbon atom in the 13C NMR
spectra. The carbene(chloro) complexes 30 and 31 can also be
prepared by substitution of the olefinic ligand in the
ethene(chloro) derivatives 10 and 11 with phenyldiazome-
thane. The trimethylsilylcarbene compound 32 has been
obtained in a one-pot reaction from 1, CF3CO2H, Me3-
SiCHN2, and Me3SiCl, probably via [(�5-C5H5)Ru(�CHSi-
Me3)(�1-O2CCF3)(PPh3)] as an intermediate. It should be
mentioned that quite recently Grubbs et al. reported the
preparation of a relative of 28 containing tris(pyrazolyl)bo-
rate instead of cyclopentadienyl and diphenylmethylacetate
instead of trifluoroacetate as ligands.[41]


The conversion of the neutral compound 22 to related
cationic complexes of the general formula [(�5-C5H5)-
Ru(�CPh2)(L)(PPh3)]X has also been achieved (Scheme 7).
Salts of the corresponding carbene(carbonyl) cation with X�
AlCl4 (33a) or PF6 (33b) were prepared by treatment of 22
with AlCl3 and KPF6, respectively, in the presence of CO.


Scheme 7.


Analogously, the isocyanide complex 34 has been obtained.
The cationic carbeneruthenium(��) compounds are only mod-
erately air-sensitive and can be stored under argon at room
temperature for weeks. Conductivity measurements (in nitro-
methane) confirm the existence of 1:1 electrolytes. Compared
with 22, the resonances of the carbene carbon atoms in the
13C NMR spectra of 33a and 34 are shifted by 10 ± 13 ppm to
lower field, the trend being similar to that observed for
neutral and cationic osmium carbenes with (�6-C6R6)-
Os(PPh3) as the molecular unit.[42]


The proposed structure of the carbene(carbonyl) complex
33b was confirmed by an X-ray diffraction study (Figure 2).
Like 27, the cation of 33b also has a piano-stool configuration
with an Ru�Ccarbene bond length somewhat longer (by ca.
0.04 ä) than that in the neutral molecules 22 and 27. Two of
the bond angles of the three-legged RuL1L2L3 fragment, C1-
Ru-C14 (93.3(2)�) and C1-Ru-P (102.0(1)�), are significantly
larger than the third one C14-Ru-P (85.5(1)�), which we
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Figure 2. Molecular structure of the cation of 33b. Principal bond lengths
[ä] and angles [�] (with estimated standard deviations in parentheses):
Ru�C1 1.973(4), Ru�C14 1.860(4), Ru�P 2.363(2), Ru�C33 2.297(5),
Ru�C34 2.275(5), Ru�C35 2.234(5), Ru�C36 2.221(5), Ru�C37 2.283(5),
C14�O 1.141(5); P-Ru-C1 102.0(1), P-Ru-C14 85.5(1), C1-Ru-C14 93.3(2),
Ru-C14-O 174.1(4).


assume is due to the steric demands of the carbene and
phosphane ligands. Moreover, a characteristic feature of the
structure is that the plane of the carbon atoms C1-C2-C3 is
nearly eclipsed in relation to the Ru-C14-O axis, the torsional
angle C14-Ru-C1-C2 being only 6.94�. This situation is
different to that found in the carbene(chloro) complex, where
the plane of the carbene carbon atoms is eclipsed in relation to
the Ru�P bond.[20]


C�C Coupling reactions of the halfsandwich-type carbene-
ruthenium complexes : After investigating the reactivity of
vinylidene and allenylidene rhodium complexes of the type
trans-[RhCl{�C(�C)nRR�}(PiPr3)2] toward organolithium
compounds and Grignard reagents,[7, 43] we also became
interested in ascertaining the behavior of the ruthenium
carbenes [(�5-C5H5)RuCl(�CRR�)(PPh3)] toward the same
type of carbanionic precursors. Treatment of 22 with phenyl-
lithium leads to a mixture of products with the substituted �3-
benzyl complex 36 as the dominating species (Scheme 8).
After extraction of the reaction mixture and chromatographic
workup, the isolated yellow solid contained about 90% of the
coupling product, which was characterized by NMR spectro-
scopic techniques. Attempts to further purify the product by
fractional crystallization or repeated chromatographic sepa-
ration failed.
An �3-benzylruthenium(��) derivative, probably having an


analogous structure to 36, was obtained from 22 and LiHBEt3.
The yellow, slightly air-sensitive microcrystalline solid with an
analytical composition corresponding to 35 was, after chro-
matographic purification on basic Al2O3, isolated in 63%
yield. Particularly diagnostic of the coordination of a sub-
stituted �3-benzyl ligand are the three signals at �� 93.2, 57.8,
and 49.4 ppm in the 13C NMR spectrum of 35, the chemical
shifts of which are similar to those of [(�5-C5H5)W-
{�3-CH(OEt)Ph}(CO)2] and [(�5-C5H5)Mo{�3-CH(SnPh3)Ph}-
(CO)2], respectively.[44] On the basis of a H,C-COSY spec-
trum, the resonances of the benzylic protons of 35 are
assigned to the peaks at �� 2.91 ppm (H2) and �� 1.58 ppm


Scheme 8.


(H7). The relatively large 1H ± 31P coupling constants of both
resonances (12.9 and 16.6 Hz) support the assumption that not
only H2 but also H7 is in an anti position with respect to the
C1�C6 bond. In the 13C NMR spectrum of 36, the signals due
to the benzylic carbon atoms appear at �� 89.2, 66.6, and
63.8 ppm. The latter is a doublet with nearly the same 13C ± 31P
coupling constant as found for the signal at �� 49.4 ppm in
the spectrum of 35. By comparing the NMR data of 35 and 36
with those of 39a and 39b (see below), we suppose that in
both 35 and 36 the �3-benzyl ligand has an exo and not an endo
configuration with respect to the (�5-C5H5)Ru(PPh3) frag-
ment. We note that a cationic rhodium complex, isoelectronic
to 36 with the �3-PhCHC6H5 unit in an exo position, has been
prepared by protonation of [(�5-C5H5)Rh(�CPh2)(PiPr3)]
with HBF4.[45] With regard to the mechanism of formation
of 35, we assume that a carbene(hydrido)ruthenium(��) com-
pound [(�5-C5H5)RuH(�CPh2)(PPh3)] is formed initially,
which, after insertion of the carbene unit into the Ru�H
bond, generates an Ru ±CHPh2 species. Final rearrangement
of the diphenylmethyl moiety from �1 to �3 would yield the
product.
The reactions of 22, 37, and 38 with vinyl Grignard reagents


lead, in benzene/THF at room temperature, to the displace-
ment of the chloro ligand and formation of the 1,1-diarylallyl
complexes 39 ± 41 (Scheme 8). These compounds are yellow,
moderately air-stable solids, which dissolve readily in benzene
or dichloromethane but not in hexane. The 1H, 13C, and 31P
NMR spectra of 39 ± 41 illustrate quite clearly that in each
case a mixture of the exo (a) and endo (b) isomers is formed,
the ratio being approximately 2:1. As a characteristic feature
of the exo isomers, the 1H NMR spectra display a signal
(doublet of doublets of doublets) due to the allyl proton H3 at
the terminal carbon atom at �� 1.37 ± 1.49 ppm with a much
larger 1H-31P coupling constant (16 ± 17 Hz) than that found
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for the endo isomers. The characteristic difference in the
13C NMR spectra of 39 ± 41 is that the central carbon atom of
the allylic group resonates at �� 65 ± 68 ppm in the case of the
exo isomers but at �� 88 ppm in the endo isomers.
Attempts to separate the isomeric mixture of 39a/39b by


low-temperature chromatography and fractional crystalliza-
tion led to the isolation of single crystals, which, as shown by
X-ray crystallography, were composed exclusively of the exo
isomer 39a. The results of the structural analysis of 39a are
shown in Figure 3, along with the principal bond lengths and


Figure 3. Molecular structure of 39a. Principal bond lengths [ä] and
angles [�] (with estimated standard deviations in parentheses): Ru�C1
2.184(7), Ru�C2 2.085(6), Ru�C3 2.243(6), Ru�P 2.329(2), C1�C2
1.399(9), C2�C3 1.420(9); C1-C2-C3 121.7(7), C1-Ru-C2 38.2(3), C2-Ru-
C3 38.1(2), Ru-C1-C2 67.1(4), Ru-C3-C2 64.9(3), Ru-C2-C1 74.7(4), Ru-
C2-C3 77.0(4).


angles. Although the stereochemistry of 39a is comparable to
that of [(�5-C5H5)Ru(�3-2-MeC3H4)(PPh3)][46] and [(�5-C5H5)-
Ru(�3-2-MeC3H4)(CO)],[47] compounds which have both been
prepared from appropriate (�5-C5H5)Ru precursors and allyl
Grignard reagents, an obvious difference is that the bond
lengths between the metal and the terminal carbon atoms of
the allyl unit in 39a are unequal. However, the difference
(0.06 ä) is much less than that in the related rhenium
compound [(�5-C5Me5)Re{endo-�3-Ph2CC(Ph)CHCH3}-
(CO)2]PF6 (0.47 ä).[48] As far as we are aware, the only other
transition-metal complexes containing Ph2CCHCH2 as a �3-
allylic ligand are the osmium derivative [(�6-mes)OsBr-
(�3-Ph2CCHCH2)][42] and the platinum(��) and palladium(��)
compounds [Pt(�3-Ph2CCHCH2)Cl]n[49] and [Pd(�3-Ph2-
CCHCH2)(S,S-Chiraphos)]ClO4,[50] the structures of which,
however, are unknown.
From a mechanistic point of view, the formation of 39 ± 41


can best be understood if we assume that a carbene-
(�1-vinyl)metal derivative is generated initially, which, by
intramolecular C�C coupling, rearranges to give the products.
An alternative pathway, involving addition of the nucleophile
to the carbene carbon atom followed by elimination of
chloride with a concomitant �1-to-�3 rearrangement, could
equally be taken into consideration. In this context, we note
that Hill et al. recently showed that a carbene and a vinyl unit
can also be coupled to give an allyl ligand on the reverse route
by treating the vinyl complex [RuCl(CH�CH2)(CO)(PPh3)2]


with diazomethane as a carbene source.[51] Moreover, in
modeling studies in the context of the Fischer ±Tropsch
synthesis, Maitlis and co-workers illustrated that in the
dinuclear rhodium complex [{(�5-C5Me5)Rh(�-CH2)-
(CH�CHR)}2], the methylene and vinyl ligands couple in
acetonitrile in the presence of a one-electron oxidant such as
Ag� to give the allylic cations [(�5-C5Me5)Rh(�3-
CH2CHCHR)(MeCN)]� in good yields.[52] A similar C�C
coupling occurs in mononuclear (�5-C5Me5)Ir compounds.[53]


To find out whether the chloro ligand in 22, 37, and 38 can
be displaced by an alkyl group, as well as by a phenyl or vinyl
group, the reactions of the diarylcarbene complexes with
methyllithium have been investigated. Treatment of solutions
of the respective starting materials with a solution of MeLi in
diethyl ether at room temperature, followed by addition of
acetone, gave yellow-brown reaction mixtures, from which
yellow solids analyzing as [(�5-C5H5)RuH(CH2�CR2)(PPh3)]
(42 ± 44) were isolated in 56 ± 72% yields after chromato-
graphic workup. The 1H NMR spectra of the products display
a high-field resonance at ��� 9.75 to �9.90 ppm due to the
hydridic protons, as well as two well-separated signals at ��
3.57 ± 3.90 and 1.55 ± 1.80 ppm due to the olefinic protons. The
1H± 31P coupling constants for the doublets assigned to the
Ru ±H protons are 35 ± 36 Hz. These data, together with those
from the 13C and 31P NMR spectra, leave no doubt that the
proposed structure of 42 ± 44 shown in Scheme 8 is correct.
With regard to the course of formation, it seems conceivable
that the initial product of the reaction of 22, 37, and 38 with
methyllithium is the corresponding carbene(methyl) com-
pound [(�5-C5H5)RuCH3(�CR2)(PPh3)], which, by migratory
insertion, yields the 16-electron alkylruthenium intermediate
[(�5-C5H5)Ru(CR2CH3)(PPh3)] and then, by �-H shift, yields
the hydrido(olefin) complex.
Compounds 30 and 32, containing a secondary carbene as a


ligand, behave analogously to 22, 37, and 38 toward MeLi. In
toluene/diethyl ether, the reactions proceed as shown in
Scheme 9 to give the hydrido(olefin) derivatives 45 and 46 in


Scheme 9.


about 60 ± 70% yield. The spectroscopic data of 45 and 46,
which were isolated as light-yellow or orange, moderately air-
sensitive solids, are similar to those of 42 ± 44 and thus do not
require further comment.
Cleavage of the �3-benzyl- and �3-allyl-ruthenium bonds in


35 and 39 ± 41 by acetic acid in benzene proceeds slowly at
room temperature and affords diphenylmethane and the
olefins R2C�CHCH3, respectively, in virtually quantitative
yields (Scheme 10). The organometallic product is the aceta-
toruthenium(��) derivative 47. The hydrocarbons were identi-
fied by comparison of their 1H NMR data with those of
authentic samples.
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Scheme 10. R�C6H5, 4-C6H4Cl, 4-C6H4OMe.


Conclusion


It is now clearly evident that in recent years the ™diazoalkane
route∫ has become a powerful method for generating
transition-metal carbenes. With regard to ruthenium as the
metal center, the formation of Roper×s methylidene
[RuCl(�CH2)(NO)(PPh3)2],[6b] the Grubbs-type carbene com-
plexes,[4] and the halfsandwich-type compounds reported in
this work can be rationalized either in terms of an electro-
philic attack of the electron-deficient fragment [Ru(L)n]
[(L)n� (NO)Cl(PPh3)2, Cl2(PPh3)2 or (�5-C5H5)Cl(PPh3)] at
the diazo carbon atom followed by loss of N2 or by �1-N- or �2-
N,N-coordination of the RR�CN2 molecule at the ruthenium
center with subsequent metal migration. Since no intermedi-
ates could be detected in the reactions of [(�5-C5R5)-
RuX(C2H4)(PPh3)] (10 ± 12) with the diazo compounds used
here, the exact pathway by which the carbene complexes are
generated is open to speculation. We note, however, that in
the reaction of trans-[RhCl(C2H4)(SbiPr3)2] with Ph2CN2


leading to trans-[RhCl(�CPh2)(SbiPr3)2], the formation of
an intermediate in which the diazoalkane is thought to be �2-
N,N- or �2-N,C-coordinated has been observed.[21]


The fact that, in contrast to our work on rhodium
carbenes,[8] not only diaryldiazomethanes but also
PhCHN2 and Me3SiCHN2 can be used as carbene sources,
places the halfsandwich-type complexes [(�5-C5R5)-
RuCl(�CRR�)(PPh3)] alongside the Grubbs-type carbenes.
The crucial difference between the two classes of compounds,
however, is that the cyclopentadienyl derivatives are rather
poor catalysts for olefin metathesis compared with their
[RuCl2(�CRR�)(PCy3)2] counterparts. Despite this disadvant-
age, the halfsandwich-type complexes are potentially useful
for making C�C bonds, with the carbene ligand as one
building block and organolithium or Grignard compounds as
coupling reagents. Moreover, since the coupling products, in
particular the �3-allylruthenium derivatives 39 ± 41, react with
acetic acid by formation of the acetato complex 47 and the
olefins R2C�CHCH3, a cyclic process can be created
(Scheme 11) whereby the trisubstituted ethene derivatives
can be built up from a carbene ligand, a vinyl unit, and a
proton in the coordination sphere of ruthenium(��).


Experimental Section


All experiments were carried out under an atmosphere of argon by Schlenk
techniques. The starting materials 1, 2[46] and 37, 38[20] were prepared as
described in the literature. NMR spectra were recorded on Bruker AC 200
and Bruker AMX 400 instruments (abbreviations used: s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; br, broadened signal). IR
spectra were recorded on a Perkin-Elmer 1420 infrared spectrometer, and


mass spectra on a Finnigan 90 MAT instrument. Melting points were
measured by DTA. Conductivity measurements were carried out in
nitromethane with a Schott Konduktometer CG 851.


[(�5-C5H5)RuCl(PPh3)]n (3): A solution of 1 (215 mg, 0.45 mmol) in
toluene (10 mL) was treated at �30 �C with a 0.30� solution of HCl in
benzene (2.22 mL, 0.67 mmol). A rapid change of color first from yellow to
dark violet and then to orange occurred. Upon stirring the solution for
about 30 s, an orange solid precipitated, which, after the reaction mixture
was warmed to room temperature, was collected by filtration, washed with
toluene (2� 5 mL) and dried; yield 171 mg (82%); m.p. 135 �C (decomp).
The compound is insoluble in all common organic solvents; elemental
analysis calcd (%) for [C23H20ClPRu]n (463.9 for n� 1): C 59.55, H 4.35;
found: 59.44, H 4.68.


[(�5-C5Me5)RuCl(PPh3)]n (4): A solution of 2 (366 mg, 0.66 mmol) in
toluene (5 mL) was treated at �78 �C with a 0.05� solution of HCl in
toluene (19.8 mL, 0.99 mmol). A rapid change of color first from yellow to
violet and then to orange-yellow occurred. Upon warming to room
temperature, an orange solid precipitated, which was collected by filtration,
washed with pentane (3� 5 mL) and dried; yield 294 mg (83%); m.p.
105 �C (decomp). The compound is insoluble in all common organic
solvents; elemental analysis calcd (%) for [C28H30ClPRu]n (534.0 for n� 1):
C 62.97, H 5.66; found: C 62.67, H 5.60.


[(�5-C5H5)RuCl(CO)(PPh3)] (5): A slow stream of CO was passed through
a suspension of 3 (15 mg, 0.02 mmol) in CD2Cl2 (1 mL) for 5 min at room
temperature. A pale yellow solution was formed, which, according to its 1H
and 31P NMR spectra, contained compound 5 as the only detectable species.
± An alternative procedure is as follows: A slow stream of CO was passed
through a solution of 1 (100 mg, 0.21 mmol) in benzene (5 mL) at room
temperature. After 1 min, the solution was treated with a 0.15� solution of
HCl in benzene (2.07 mL, 0.31 mmol) and the mixture was stirred for 2 ±
3 min. The solvent was removed, and the yellow residue was washed with
pentane (2� 2 mL) and dried; yield 86 mg (89%). Compound 5 was
identified by comparison of its NMR and IR spectra with those of an
authentic sample.[15]


[(�5-C5Me5)RuCl(CO)(PPh3)] (6): A slow stream of CO was passed
through a suspension of 4 (30 mg, 0.03 mmol) in CD2Cl2 (1 mL) for 5 min at
room temperature. A pale yellow solution was formed, which, according to
its 1H and 31P NMR spectra, contained compound 6 as the only detectable
species. ± An alternative procedure is as follows: A slow stream of CO was
passed through a solution of 2 (110 mg, 0.20 mmol) in benzene (5 mL) at
room temperature. After 1 min, the solution was treated with a 0.05�
solution of HCl in benzene (3.50 mL, 0.18 mmol) and then worked-up as
described for 5. Yellow solid; yield 103 mg (92%). Compound 6 was
identified by comparison of its NMR and IR spectra with those of an
authentic sample.[16]


[(�5-C5H5)Ru(�1-O2CCF3)(CO)(PPh3)] (7): A slow stream of CO was
passed through a solution of 12 (50 mg, 0.09 mmol) in benzene (1 mL) for
30 s at room temperature. The solvent was removed, and the residue was
washed with pentane (2� 3 mL) and dried; yield 43 mg (85%). Compound


Scheme 11.
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7 was identified by comparison of its IR and NMR spectra with those of an
authentic sample.[20]


[(�5-C5H5)Ru(�1-OSO2C6H4 ± 4-Me)(CO)(PPh3)] (8): Compound 8 was
prepared in the same way as described for 7, starting from 13 (45 mg,
0.09 mmol) and CO. Yellow microcrystalline solid; yield 54 mg (95%). The
compound was identified by comparison of its IR and NMR spectra with
those of an authentic sample.[20]


[(�5-C5H5)Ru(�1-OSO2CF3)(CO)(PPh3)] (9): Compound 9was prepared in
the same way as described for 7, starting from 14 (70 mg, 0.12 mmol) and
CO in CH2Cl2 (5 mL). Yellow microcrystalline solid; yield 65 mg (90%);
m.p. 51 �C (decomp); IR (C6H6): �� � 1975 cm�1 (CO); 1H NMR (C6D6,
400 MHz): �� 7.44, 7.30, 6.92 (all m, 15H; C6H5), 4.36 ppm (s, 5H; C5H5);
13C NMR (C6D6, 100.6 MHz): �� 202.9 (d, J(P,C)� 20.1 Hz; CO), 133.8 (d,
J(P,C)� 42.3 Hz; ipso-C of PC6H5), 133.6 (d, J(P,C)� 11.1 Hz; C2,6 of
PC6H5), 130.9 (d, J(P,C)� 3.0 Hz; C4 of PC6H5), 128.8 (d, J(P,C)� 11.1 Hz;
C3,5 of PC6H5), 119.4 (q, J(F,C)� 319.0 Hz; CF3), 84.2 ppm (d, J(P,C)�
1.9 Hz; C5H5); 19F NMR (C6D6, 162.0 MHz): �� 47.3 ppm (s); elemental
analysis calcd (%) for C25H20F3O4PRuS (605.5): C 49.59, H 3.33, S 5.30;
found: C 50.00, H 3.58, S 4.96.


[(�5-C5H5)RuCl(C2H4)(PPh3)] (10): A slow stream of ethene was passed
through a solution of 1 (160 mg, 0.33 mmol) in benzene (10 mL) at room
temperature. After 1 min, the solution was treated with a 0.20� solution of
HCl in benzene (2.50 mL, 0.50 mmol) and stirred for 2 min. The yellow
solution was concentrated to about 5 mL in vacuo and then investigated by
NMR spectroscopy. If the solvent was completely removed, an orange
insoluble residue was obtained, the composition of which corresponded to
3. Data for 7: 1H NMR (C6D6, 400 MHz): �� 7.60, 7.00, 6.90 (all m, 15H;
C6H5), 4.17 (s, 5H; C5H5), 3.53, 3.03 ppm (both m, 2H each; C2H4);
13C NMR (C6D6, 100.6 MHz): �� 136.5 (d, J(P,C)� 42.3 Hz; ipso-C of
PC6H5), 134.1 (d, J(P,C)� 9.1 Hz; C2,6 of PC6H5), 128.5 (d, J(P,C)�
2.0 Hz; PC6H5), 83.9 (d, J(P,C)� 2.0 Hz; C5H5), 46.2 ppm (s, C2H4); 31P
NMR (C6D6, 81.0 MHz): �� 52.6 ppm (s).


Reaction of [(�5-C5H5)RuCl(C2H4)(PPh3)] (10) with CO : A slow stream of
CO was passed for ca. 30 s through a solution of 10, which had been
generated from 1 (66 mg, 0.14 mmol), a 0.32� solution (1.07 mL,
0.34 mmol) of HCl in benzene, and toluene (3 mL) saturated with ethene.
After the reaction mixture had been stirred for 3 min at room temperature,
the solvent was removed in vacuo. The remaining yellow solid was
identified by IR and NMR spectroscopy as compound 5 ;[15] yield 48 mg
(92%).


[(�5-C5Me5)RuCl(C2H4)(PPh3)] (11): A slow stream of ethene was passed
through a solution of 2 (138 mg, 0.25 mmol) in toluene (5 mL) at 0 �C. After
2 min, the solution was treated with a 0.05� solution of HCl in benzene
(4.5 mL, 0.23 mmol) and stirred for a further 2 min. The solvent was
removed, and the yellow microcrystalline residue was washed with pentane
(2� 2 mL) and dried; yield 133 mg (95%); m.p. 84 �C (decomp); 1H NMR
(C6D6, 400 MHz): �� 7.74, 7.23, 7.03, 6.93 (all m, 15H; C6H5), 2.86 (m; in
1H{31P} d, J(H,H)� 7.6 Hz, 2H; C2H4), 2.56 (brm, 2H; C2H4), 1.21 ppm (d,
J(P,H)� 1.4 Hz, 15H; C5Me5); 13C NMR (C6D6, 100.6 MHz): �� 136.9,
136.2 (both d, J(P,C)� 9.0 Hz; PC6H5), 136.5 (d, J(P,C)� 11.2 Hz; PC6H5),
133.9, 133.0 (both d, J(P,C)� 9.0 Hz; PC6H5), 132.9 (d, J(P,C)� 41.9 Hz;
ipso-C of PC6H5), 132.4 (d, J(P,C)� 9.6 Hz; PC6H5), 131.5 (d, J(P,C)�
5.3 Hz; PC6H5), 129.8 (s; PC6H5), 129.4 (d, J(P,C)� 7.2 Hz; PC6H5), 129.3
(s; PC6H5), 128.5 (d, J(P,C)� 12.3 Hz; PC6H5), 128.2 (d, J(P,C)� 6.5 Hz;
PC6H5), 127.9 (br s; PC6H5), 127.7 (d, J(P,C)� 8.8 Hz; PC6H5), 93.4 (d,
J(P,C)� 2.1 Hz; C5(CH3)5), 47.4 (s; C2H4), 8.3 ppm (s; C5(CH3)5); 31P NMR
(C6D6, 162.0 MHz): �� 53.3 ppm (s); elemental analysis calcd (%) for
C30H34ClPRu (562.1): C 64.11, H 6.10; found: C 64.17, H 5.79.


[(�5-C5H5)Ru(�1-O2CCF3)(C2H4)(PPh3)] (12): A slow stream of ethene
was passed through a solution of 1 (174 mg, 0.36 mmol) in toluene (10 mL)
at �30 �C. After 2 min, the solution was treated with CF3CO2H (28 �L,
0.36 mmol) and, under continuous stirring, was slowly warmed to room
temperature. The solvent was removed in vacuo, and the yellow micro-
crystalline residue was washed with pentane (2� 5 mL) and dried; yield
191 mg (93%); m.p. 56 �C (decomp); IR (C6H6): �� � 1690 cm�1 (C�O);
1H NMR (C6D6, 400 MHz): �� 7.74, 7.44, 7.03 (all m, 15H; C6H5), 4.31 (s,
5H; C5H5), 3.71 (dd, J(P,H)� 4.6, J(H,H)� 9.3 Hz, 2H; C2H4), 2.76 ppm
(m; in 1H{31P}d, J(H,H)� 9.3 Hz, 2H; C2H4); 13C NMR (C6D6, 100.6 MHz):
�� 163.2 (q, J(F,C)� 35.5 Hz; O2CCF3), 135.1 (d, J(P,C)� 43.4 Hz; ipso-C
of PC6H5), 133.9 (d, J(P,C)� 10.1 Hz; C2,6 of PC6H5), 130.1 (d, J(P,C)�


1.8 Hz; C4 of PC6H5), 126.4 (d, J(P,C)� 9.8 Hz; C3,5 of PC6H5), 115.4 (q,
J(F,C)� 292.4 Hz; CF3), 81.2 (s; C5H5), 51.5 ppm (s; C2H4); 19F NMR
(C6D6, 376.4 MHz): ���74.8 ppm (s); 31P NMR (C6D6, 81.0 MHz): ��
52.8 ppm (s); elemental analysis calcd (%) for C27H24F3O2PRu (569.5): C
56.94, H 4.25; found: C 57.13, H 4.52.


[(�5-C5H5)Ru(�1-OSO2C6H4 ± 4-Me)(C2H4)(PPh3)] (13): A slow stream of
ethene was passed through a solution of 1 (84 mg, 0.17 mmol) in toluene
(5 mL) at 0 �C. After 2 min, the solution was treated with a 0.68� solution
of p-toluenesulfonic acid in THF (0.29 mL, 0.17 mmol) and worked-up as
described in the case of 9. Yellow microcrystalline solid; yield 91 mg
(85%); m.p. 64 �C (decomp); 1H NMR (C6D6, 200 MHz): �� 8.10, 7.50,
7.02, 6.72 (all m, 19H; C6H5 and C6H4), 4.47 (s, 5H; C5H5), 3.81, 3.20 (both
brm, 2H each; C2H4), 1.89 ppm (s; C6H4CH3); 13C NMR (C6D6,
100.6 MHz): �� 140.0 (s; ipso-C of C6H4), 135.2 (d, J(P,C)� 43.3 Hz;
ipso-C of PC6H5), 134.2 (d, J(P,C)� 10.1 Hz; C2,6 of PC6H5), 130.1 (d,
J(P,C)� 1.0 Hz; C4 of PC6H5), 129.3, 127.3 (both s; C6H4), 128.7 (d,
J(P,C)� 10.1 Hz; C3,5 of PC6H5), 126.8 (s; ring-CCH3), 79.7 (s; C5H5), 53.5
(s; C2H4), 21.4 ppm (s; C6H4CH3); 31P NMR (C6D6, 81.0 MHz): ��
51.9 ppm (s); elemental analysis calcd (%) for C32H31O3PRuS (627.7): C
61.23, H 4.98, S 5.11; found: C 60.90, H 4.70, S 5.92.


[(�5-C5H5)Ru(�1-OSO2CF3)(C2H4)(PPh3)] (14): A slow stream of ethene
was passed through a solution of 1 (104 mg, 0.21 mmol) in toluene (5 mL)
at�40 �C. After 2 min, the solution was treated with a solution of CF3SO3H
(18 �L, 0.21 mmol) in toluene (1 mL) and worked-up as described for 9.
Yellow microcrystalline solid; yield 112 mg (88%); m.p. 45 �C (decomp);
1H NMR (C6D6, 400 MHz): �� 7.54, 7.42, 7.07 (all m, 15H; C6H5), 4.22 (s,
5H; C5H5), 3.81, 2.93 ppm (both brm, 2H each; C2H4); 13C NMR (C6D6,
100.6 MHz): �� 134.6 (d, J(P,C)� 43.9 Hz; ipso-C of PC6H5), 133.9 (d,
J(P,C)� 10.2 Hz; C2,6 of PC6H5), 130.4 (d, J(P,C)� 1.6 Hz; C4 of PC6H5),
128.6 (d, J(P,C)� 9.9 Hz; C3,5 of PC6H5), 80.6 (s; C5H5), 54.0 ppm (s;
C2H4), quartet for CF3 carbon atom not exactly located; 19F NMR (C6D6,
376.4 MHz): ���78.2 ppm (s); 31P NMR (C6D6, 162.0 MHz): ��
50.0 ppm (s); elemental analysis calcd (%) for C26H24F3O3PRuS (605.6):
C 51.57, H 3.99, S 5.30; found: C 51.52, H 4.42, S 5.22.


[(�5-C5H5)RuCl(NC5H5)(PPh3)] (15): Pyridine (2 mL) was added to a
solution of 10 generated from 1 (125 mg, 0.26 mmol), a 0.32� solution of
HCl in benzene (1.82 mL, 0.62 mmol), and toluene (3 mL) saturated with
ethene. After the reaction mixture had been stirred for 1 h at room
temperature, it was worked-up as described for 7. Orange microcrystalline
solid; yield 110 mg (78%); m.p. 78 �C (decomp); 1H NMR (C6D6,
400 MHz): �� 9.20 (d, J(H,H)� 5.2 Hz, 2H; ortho-H of NC5H5), 8.53,
7.75, 7.64, 7.00, 6.92 (all m, 18H; C6H5 and NC5H5), 4.18 ppm (s, 5H; C5H5);
13C NMR (C6D6, 100.6 MHz): �� 157.0 (s; ortho-C of NC5H5), 137.1 (d,
J(P,C)� 37.0 Hz; ipso-C of PC6H5), 134.4 (d, J(P,C)� 10.3 Hz; C2,6 of
PC6H5), 134.3, 123.0 (both s; NC5H5), 131.5 (d, J(P,C)� 2.6 Hz; C4 of
PC6H5), 127.9 (d, J(P,C)� 9.0 Hz; C3,5 of PC6H5), 74.6 ppm (s, C5H5); 31P
NMR (C6D6, 162.0 MHz): �� 50.2 ppm (s); elemental analysis calcd (%)
for C28H25ClNPRu (543.0): C 61.93, H 4.64, N 2.58; found: C 61.61, H 5.10,
N 2.41.


[(�5-C5H5)RuCl(MeO2CC�CCO2Me)(PPh3)] (16): An excess of dimethyl-
acetylene dicarboxylate (305 �L, 2.48 mmol) was added to a solution that
had been generated from 1 (150 mg, 0.31 mmol), a 0.12� solution of HCl in
benzene (5.20 mL, 0.62 mmol), and toluene (3 mL) saturated with ethene.
After the reaction mixture had been stirred for 5 min at room temperature,
the solvent was removed in vacuo. The residue was dissolved in CH2Cl2
(2 mL), and this solution was chromatographed on Al2O3 (neutral, activity
grade V, length of column 5 cm). With toluene, an orange fraction was
eluted, which was concentrated to dryness in vacuo. The orange solid was
washed with diethyl ether (2� 5 mL) and dried; yield 135 mg (72%); m.p.
102 �C (decomp); IR (CH2Cl2): �� � 1730 (C�C), 1690 cm�1 (C�O); 1HNMR
(CDCl3, 400 MHz): �� 7.86, 7.55, 7.18 (all m, 15H; C6H5), 5.27 (s, 5H;
C5H5), 4.03, 3.43 ppm (both brm, 3H each; OCH3); 13C NMR (CDCl3,
100.6 MHz): �� 163.2, 162.7 (both s; CO2), 133.4 (d, J(P,C)� 48.6 Hz; ipso-
C of PC6H5), 132.0 (d, J(P,C)� 10.0 Hz; C2,6 of PC6H5), 130.1 (d, J(P,C)�
2.0 Hz; C4 of PC6H5), 127.9 (d, J(P,C)� 10.0 Hz; C3,5 of PC6H5), 88.0 (s;
C5H5), 84.8, 80.8 (both s; C�C), 52.8, 52.5 ppm (both s; OCH3); 31P NMR
(CDCl3, 162.0 MHz): �� 45.8 ppm (s); elemental analysis calcd (%) for
C29H26ClO4PRu (606.0): C 57.48, H 4.32; found: C 57.27, H 4.82.


[(�5-C5Me5)RuCl(�C�CHCO2Me)(PPh3)] (17): A solution of 2 (221 mg,
0.40 mmol) and HC�CCO2Me (143 �L, 1.60 mmol) in toluene (2 mL) was
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treated dropwise at 0 �C with a 0.05� solution of HCl in benzene (8.0 mL,
0.40 mmol). The solution was warmed to room temperature, stirred for
15 min, and then concentrated to dryness in vacuo. The residue was
redissolved in toluene (1 mL), and this solution was chromatographed on
Al2O3 (neutral, activity grade V, length of column 5 cm). With toluene/
CH2Cl2 (1:3), a yellow fraction was eluted, from which the solvent was
removed in vacuo. The residue was recrystallized from acetone (1 mL) at
�78 �C to give a yellow solid, which was washed with pentane (2� 2 mL)
and dried; yield 26 mg (11%); m.p. 116 �C (decomp); IR (THF): �� � 1685
(C�O), 1585 cm�1 (C�C); 1H NMR (C6D6, 400 MHz): �� 7.89, 7.03 (both
m, 15H; C6H5), 4.80 (s, 1H; �CH), 3.33 (s, 3H; OCH3), 1.46 ppm (d,
J(P,H)� 1.6 Hz, 15H; C5Me5); 13C NMR (C6D6, 100.6 MHz): �� 332.5 (d,
J(P,C)� 22.8 Hz; Ru�C), 167.3 (s; CO2), 134.7 (m; PC6H5), 132.4 (d,
J(P,C)� 9.4 Hz; PC6H5), 130.1 (s; PC6H5), 104.6 (s; �CH), 103.5 (d,
J(P,C)� 2.4 Hz; C5(CH3)5), 63.9 (s; OCH3), 9.5 ppm (d; C5(CH3)5); 31P
NMR (C6D6, 162.0 MHz): �� 48.8 ppm (s); elemental analysis calcd (%)
for C32H34ClO2PRu (618.1): C 62.18, H 5.54; found: C 62.39, H 5.87.


[(�5-C5Me5)RuCl(�C�CHCO2Et)(PPh3)] (18): This compound was pre-
pared as described for 17, starting from a solution of 2 (225 mg, 0.41 mmol)
and HC�CCO2Et (167 �L, 1.64 mmol) in toluene (2 mL) and a 0.05�
solution of HCl in benzene (7.4 �L, 0.37 mmol). Orange microcrystalline
solid; yield 52 mg (20%); m.p. 122 �C (decomp); IR (THF): �� � 1685
(C�O), 1590 cm�1 (C�C); 1H NMR (C6D6, 400 MHz): �� 7.81, 7.77, 7.08,
6.91 (all m, 15H; C6H5), 4.61 (s, 1H;�CH), 3.97 (q, J(H,H)� 4.8 Hz, 2H;
CH2CH3), 1.49 (d, J(P,H)� 1.4 Hz, 15H; C5Me5), 0.95 ppm (t, J(H,H)�
4.8 Hz, 3H; CH2CH3); 13C NMR (C6D6, 100.6 MHz): �� 332.8 (d, J(P,C)�
23.2 Hz; Ru�C), 167.2 (s; CO2), 134.8, 130.3, 128.4 (all br s, C6H5), 105.1 (s;
�CH), 103.1 (s; C5(CH3)5), 59.2 (s; CH2CH3), 14.6 (s; CH2CH3), 9.7 ppm (s;
C5(CH3)5); 31P NMR (C6D6, 162.0 MHz): �� 49.1 ppm (s); elemental
analysis calcd (%) for C33H36ClO2PRu (632.1): C 62.70, H 5.74; found: C
62.89, H 5.73.


An alternative procedure is as follows: A solution of 20 (110 mg,
0.16 mmol) in benzene (1 mL) in an NMR tube was irradiated with light
from a UV lamp for 20 h. Since the 1H and 31P NMR spectra indicated the
formation of a mixture of products, the residue was dissolved in toluene
(1 mL) and the solution was chromatographed on Al2O3 (neutral, activity
grade V, length of column 5 cm). With toluene/CH2Cl2 (1:3), a yellow
fraction was eluted, which was concentrated to dryness in vacuo. The
residue was dissolved in acetone (1 mL) and this solution was stored at
�78 �C for 20 h. An orange solid precipitated, which was identified
spectroscopically; yield 11 mg (11%).


[(�5-C5Me5)RuCl(�2-CH2�C�CH2)(PPh3)] (19): Propyne (1 mL) was con-
densed into a solution of 2 (160 mg, 0.29 mmol) in toluene (4 mL) at
�78 �C. The reaction mixture was then treated with a 0.05� solution of HCl
in toluene (5.8 mL, 0.29 mmol) and warmed to room temperature. After
the solution had been stirred for 15 min, the solvent was removed, and the
yellow residue was washed with pentane (3� 2 mL) and dried; yield 125 mg
(75%); m.p. 69 �C (decomp); IR (THF): �� � 1775 cm�1 (C�C�C); 1H NMR
(C6D6, 400 MHz): �� 7.86, 7.65, 7.40, 7.28, 7.02 (all m; C6H5), 6.15, 5.96, 2.00,
1.61 (all br s, 1H each; CH2 of major isomer), 5.91, 4.22, 2.60, 2.29 (all br s,
1H each; CH2 of minor isomer), 1.38, 1.36 ppm (both s; C5Me5); ratio of
major to minor isomer� 3:2, assignment according to H,H-COSY spec-
trum; 13C NMR (C6D6, 100.6 MHz): �� 179.1 (s; C�CH2), 172.2 (d,
J(P,C)� 11.0 Hz; C�CH2), 136.9 ± 127.5 (m; C6H5), 101.8 (d, J(P,C)�
6.5 Hz; CH2), 97.8 (s; CH2), 96.9, 96.7 (both d, J(P,C)� 1.8 Hz; C5(CH3)5),
22.3 (s; CH2), 15.0 (d, J(P,C)� 5.2 Hz; CH2), 8.4, 8.1 ppm (both s;
C5(CH3)5); 31P NMR (C6D6, 162.0 MHz): �� 51.0, 48.0 ppm (both s);
elemental analysis calcd (%) for C31H34ClPRu (574.1): C 64.86, H 5.97;
found: C 64.75, H 5.58.


An alternative procedure is as follows: A slow stream of propyne was
passed through a solution of 11 (150 mg, 0.27 mmol) in benzene (4 mL) for
2 min at room temperature. After the solution had been stirred for 10 min,
it was worked-up as described above; yield 107 mg (70%).


[(�5-C5Me5)RuCl(Me3SiC�CCO2Et)(PPh3)] (20): A solution of 11
(150 mg, 0.27 mmol) in benzene (2 mL) was treated with Me3SiC�CCO2Et
(56 �L, 0.29 mmol) and the mixture was stirred for 15 min at room
temperature. The solvent was removed in vacuo, and the yellow solid was
washed with pentane (2� 5 mL) and dried; yield 167 mg (88%); m.p. 96 �C
(decomp); IR (THF): �� � 1830 cm�1 (C�C); 1H NMR (C6D6, 200 MHz):
�� 7.75, 7.09 (both m, 15H; C6H5), 3.93 (m, 2H; CH2CH3), 1.42 (s, 15H;


C5Me5), 0.98 (t, J(H,H)� 7.3 Hz, 3H; CH2CH3), 0.29 ppm (s, 9H; SiMe3);
31P NMR (C6D6, 81.0 MHz): �� 46.0 ppm (s); elemental analysis calcd (%)
for C36H44ClO2PRuSi (604.3): C 61.39, H 6.30; found: C 61.44, H 6.44.


[(�5-C5H5)RuCl(�C�C�CPh2)(PPh3)] (21): A solution of 1 (269 mg,
0.56 mmol) and HC�CC(OH)Ph2 (556 mg, 2.78 mmol) in toluene
(10 mL) was treated at �78 �C with a 0.32� solution of HCl in benzene
(0.76 mL, 0.24 mmol). The mixture was warmed to room temperature,
stirred for 30 min, and then concentrated to dryness in vacuo. The residue
was redissolved in CH2Cl2 (2 mL) and chromatographed on Al2O3 (neutral,
activity grade V, length of column 5 cm). With CH2Cl2, a red fraction was
eluted, from which the solvent was removed in vacuo. An orange-red solid
was obtained, which was washed with diethyl ether (3� 5 mL) and dried;
yield 40 mg (11%); m.p. 135 �C (decomp); IR (THF): �� � 1880 cm�1


(C�C�C); 1H NMR (CDCl3, 400 MHz): �� 7.72, 7.56, 7.47, 7.19 (all m,
25H; C6H5), 5.40 ppm (s, 5H; C5H5); 13C NMR (CDCl3, 100.6 MHz): ��
273.5 (d, J(P,C)� 25.4 Hz; Ru�C), 223.7 (s; Ru�C�C), 145.5 (s; ipso-C of
CC6H5), 140.9 (s; Ru�C�C�C), 135.6 (d, J(P,C)� 48.3 Hz; ipso-C of
PC6H5), 135.1 (d, J(P,C)� 10.1 Hz; C2,6 of PC6H5), 131.1 (d, J(P,C)�
2.0 Hz; C4 of PC6H5), 130.0, 129.8, 129.5 (all s; CC6H5), 129.2 (d,
J(P,C)� 9.1 Hz; C3,5 of PC6H5), 91.9 ppm (s; C5H5); 31P NMR (C6D6,
81.0 MHz): �� 52.9 ppm (s); elemental analysis calcd (%) for C38H30ClPRu
(654.2): C 69.77, H 4.62; found: C 69.70, H 5.01.


[(�5-C5H5)RuCl(�CPh2)(PPh3)] (22): A solution of 10, which was gener-
ated in situ from 1 (125 mg, 0.26 mmol), a saturated solution of ethene in
toluene (5 mL), and a 0.32� solution of HCl in benzene (1.82 mL,
0.62 mmol), was treated with a solution of Ph2CN2 (60 mg, 0.31 mmol) in
toluene (1 mL) and the mixture was stirred for 5 min at room temperature.
After the solvent had been removed in vacuo, the residue was washed with
diethyl ether (2� 2 mL) and dried; yield 164 mg (79%). Compound 22 was
identified by comparison of its NMR spectra with those of an authentic
sample.[20]


[(�5-C5H5)Ru(�1-O2CCF3)(�CPh2)(PPh3)] (23): A solution of 12 (191 mg,
0.33 mmol) in toluene (5 mL) was treated with Ph2CN2 (65 mg, 0.33 mmol)
and the mixture was stirred for 5 min at room temperature. The solvent was
then evaporated in vacuo, and the remaining green solid was washed with
diethyl ether (2� 2 mL) and dried; yield 144 mg (62%); m.p. 125 �C
(decomp); IR (KBr): �� � 1690 cm�1 (C�O); 1H NMR (CD2Cl2, 400 MHz):
�� 7.77, 7.23, 7.04, 6.77 (all m, 25H; C6H5), 4.66 ppm (s, 5H; C5H5);
13C NMR (CD2Cl2, 100.6 MHz): �� 340.0 (d, J(P,C)� 11.1 Hz; Ru�C),
161.7 (d, J(P,C)� 5.1 Hz; ipso-C of CC6H5), 135.2 (d, J(P,C)� 43.4 Hz;
ipso-C of PC6H5), 134.0 (d, J(P,C)� 11.0 Hz; C2,6 of PC6H5), 130.5 (d,
J(P,C)� 2.0 Hz; C4 of PC6H5), 128.6 (d, J(P,C)� 9.9 Hz; C3,5 of PC6H5),
129.0, 127.3, 125.6 (all s; CC6H5), 114.8 (q, J(F,C)� 292.4 Hz; CF3),
82.5 ppm (d, J(P,C)� 2.0 Hz; C5H5), signal of CF3CO2 carbon atom not
exactly located; 31P NMR (C6D6, 162.0 MHz): �� 42.6 (s); elemental
analysis calcd (%) for C38H30F3O2PRu (707.7): C 64.49, H 4.27; found: C
64.17, H 4.35.


[(�5-C5H5)Ru(�1-O2CCF3){�C(C6H4-4-Cl)2}(PPh3)] (24): This compound
was prepared as described for 23, starting from 12 (132 mg, 0.23 mmol) and
(4-ClC6H4)2CN2 (61 mg, 0.23 mmol). Green solid; yield 134 mg (75%);
m.p. 131 �C (decomp); IR (KBr): �� � 1690 cm�1 (C�O); 1H NMR (CD2Cl2,
400 MHz): �� 7.77, 7.22, 7.01, 6.69 (all m, 23H; C6H4 and C6H5), 4.70 ppm (s,
5H; C5H5); 13C NMR (CD2Cl2, 100.6 MHz): �� 332.8 (d, J(P,C)� 10.6 Hz;
Ru�C), 163.7 (q, J(F,C)� 35.6 Hz; CO2), 161.1 (s; ipso-C of C6H4), 135.0 (d,
J(P,C)� 47.3 Hz; ipso-C of PC6H5), 134.1 (d, J(P,C)� 18.1 Hz; C2,6 of
PC6H5), 130.9 (d, J(P,C)� 2.0 Hz; C4 of PC6H5), 128.9 (d, J(P,C)� 10.1 Hz;
C3,5 of PC6H5), 128.3, 127.9, 125.1 (all s; C6H4), 115.0 (q, J(F,C)� 289.9 Hz;
CF3), 84.5 ppm (d, J(P,C)� 2.0 Hz; C5H5); 19F NMR (CD2Cl2, 188.3 MHz):
���75.1 ppm (s); 31P NMR (CD2Cl2, 162.0 MHz): �� 42.1 ppm (s);
elemental analysis calcd (%) for C38H28Cl2F3O2PRu (776.6): C 58.77, H
3.63; found: C 58.27, H 3.84.


[(�5-C5H5)Ru(�1-O2CCF3){�C(C6H4-4-OMe)2}(PPh3)] (25): This com-
pound was prepared as described for 23, starting from 12 (101 mg,
0.18 mmol) and (4-MeOC6H4)2CN2 (45 mg, 0.18 mmol). Green solid; yield
83 mg (60%); m.p. 129 �C (decomp); IR (KBr): �� � 1690 cm�1 (C�O);
1H NMR (C6D6, 400 MHz): �� 8.15, 7.92, 7.62, 7.20, 7.15, 6.83 (all m, 23H;
C6H4 and C6H5), 4.91 (s, 5H; C5H5), 3.49, 3.42 ppm (both s; OCH3);
13C NMR (C6D6, 100.6 MHz): �� 161.4 (s; ipso-C of C6H4), 135.8 (d,
J(P,C)� 43.2 Hz; ipso-C of PC6H5), 134.0 (d, J(P,C)� 11.0 Hz; C2,6 of
PC6H5), 132.4 (d, J(P,C)� 2.9 Hz; C4 of PC6H5), 128.7 (d, J(P,C)� 10.1 Hz;
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C3,5 of PC6H5), 129.6, 127.5, 122.6 (all s; C6H4), 82.1 (d, J(P,C)� 2.0 Hz;
C5H5), 54.9 ppm (s; OCH3), signals of the Ru�C and CF3CO2 carbon atoms
could not be observed; 19F NMR (C6D6, 188.3 MHz): ���74.6 (s); 31P
NMR (C6D6, 162.0 MHz): �� 45.2 ppm (s); elemental analysis calcd (%)
for C40H34F3O4PRu (767.8): C 62.58, H 4.46; found: C 62.49, H 4.30.


[(�5-C5H5)RuCl{�2-Z-C2H2(CO2Et)2}(PPh3)] (26): This compound was
prepared as described for 22, starting from 1 (88 mg, 0.18 mmol), a 0.18�
solution of HCl in benzene (1.39 mL, 0.25 mmol), and HC(CO2Et)N2


(37 �L, 0.36 mmol). Yellow solid; yield 94 mg (82%); m.p. 86 �C (decomp);
IR (C6H6): �� � 1692 cm�1 (C�O); 1H NMR (C6D6, 400 MHz): �� 7.72, 7.63,
7.05, 6.93 (all m, 15H; C6H5), 5.02 (s, 5H; C5H5), 4.16, 3.94 (both m, 5H;
�CH and CH2CH3), 3.71 (AB part of ABX spin system, J(P,H)� 14.2,
J(H,H)� 9.4 Hz, 1H;�CH), 1.07 (t, J(H,H)� 4.0 Hz; CH2CH3), 0.96 ppm
(t, J(H,H)� 4.7 Hz, 3H; CH2CH3); 13C NMR (C6D6, 100.6 MHz): ��
173.9, 173.5 (both s; CO2), 139.2 (br s; ipso-C of PC6H5), 132.4 (d,
J(P,C)� 9.6 Hz; C2,6 of PC6H5), 130.4 (s; C4 of PC6H5), 128.3 (br s; C3,5 of
PC6H5), 90.8 (s; C5H5), 60.8, 60.4 (both s; CH2CH3), 58.3, 51.3 (both s;
�CH), 14.6, 14.4 ppm (both s; CH2CH3); 31P NMR (C6D6, 162.0 MHz): ��
49.6 ppm (s); elemental analysis calcd (%) for C31H32ClO4PRu (636.1): C
58.54, H 5.07; found: C 58.27, H 5.17.


[(�5-C5H5)RuCl{�CPhC(O)Ph}(PPh3)] (27): This compound was prepared
as described for 22, starting from 1 (210 mg, 0.43 mmol), a saturated
solution of ethene in toluene (5 mL), a 0.18� solution of HCl in benzene
(3.60 mL, 0.65 mmol), and PhC{C(O)Ph}N2 (96 mg, 0.43 mmol). Green
solid; yield 212 mg (75%); m.p. 117 �C (decomp); IR (C6H6): �� � 1595 cm�1


(C�O); 1H NMR (C6D6, 400 MHz, 293 K): �� 8.32, 8.13, 7.69, 7.00, 6.52 (all
m, 25H; C6H5), 4.83 ppm (s, 5H; C5H5); 13C NMR ([D8]toluene,
100.6 MHz, 223 K): �� 293.7 (m; Ru�C), 207.7 (s; C(O)Ph), 162.3, 153.5
(both d, J(P,C)� 4.5 Hz; ipso-C of CC6H5), 137.6 ± 125.3 (brm; C6H5), 96.2,
93.2 ppm (both s; C5H5); 31P NMR (C6D6, 162.0 MHz, 223 K): �� 48.2,
47.3 ppm (both s); elemental analysis calcd (%) for C37H30ClOPRu (658.1):
C 67.53, H 4.59; found: C 67.18, H 4.58.


[(�5-C5H5)Ru(�1-O2CCF3)(�CHPh)(PPh3)] (28): A solution of 1 (82 mg,
0.17 mmol) in toluene (5 mL) was treated at�40 �C with CF3CO2H (13 �L,
0.17 mmol) and then warmed, under continuous stirring, to 0 �C. A change
of color from yellow to red occurred. A solution of PhCHN2 (20 mg,
0.17 mmol) in toluene (2 mL) was added dropwise to the reaction mixture
at 0 �C, which led to the evolution of a gas (N2). After about 10 min, the
solvent was evaporated in vacuo, and the remaining green solid was washed
with pentane (2� 10 mL) and dried; yield 94 mg (88%); m.p. 100 �C
(decomp); MS (FAB): m/z (Ir): 631 (2.9; [M��H]), 519 (29.6; [M��
CF3CO2]), 429 (100; [C5H5RuPPh3]�); IR (C6H6): �� � 1692 cm�1 (C�O);
1H NMR (C6D6, 400 MHz): �� 17.26 (d, J(P,C)� 8.0 Hz, 1H; Ru�CH),
7.77, 7.50, 7.33, 7.20, 7.00 (all m, 20H; C6H5), 4.85 ppm (s, 5H; C5H5);
13C NMR (C6D6, 100.6 MHz): �� 311.8 (d, J(P,C)� 14.0 Hz; Ru�C), 157.3
(s; ipso-C of CC6H5), 135.1 (d, J(P,C)� 45.8 Hz; ipso-C of PC6H5), 133.7 (d,
J(P,C)� 10.3 Hz; C2,6 of PC6H5), 130.3 (d, J(P,C)� 2.6 Hz; C4 of PC6H5),
128.4 (d, J(P,C)� 9.6 Hz; C3,5 of PC6H5), 129.6, 129.5, 129.2 (all s; CC6H5),
115.7 (q, J(F,C)� 292.4 Hz; CF3), 88.5 ppm (d, J(P,C)� 1.8 Hz; C5H5),
signal of CF3CO2 carbon atom not exactly located; 19F NMR (C6D6,
376.5 MHz): ���73.7 ppm (s); 31P NMR (C6D6, 162.0 MHz): ��
52.8 ppm (s); elemental analysis calcd (%) for C32H26F3O2PRu (631.6): C
60.85, H 4.15, Ru 16.00; found: C 60.41, H 4.25, Ru 16.58.


[(�5-C5Me5)Ru(�1-O2CCF3)(�CHPh)(PPh3)] (29): This compound was
prepared as described for 28, starting from 2 (75 mg, 0.14 mmol), CF3CO2H
(11 �L, 0.14 mmol), and PhCHN2 (17 mg, 0.14 mmol). Light green crystals;
yield 88 mg (90%); m.p. 48 �C (decomp); MS (FAB): m/z (Ir): 702 (2.3;
[M��H]), 612 (9.4; [M��CHPh]); 589 (57.1; [M��CF3CO2]), 499 (100;
[C5Me5RuPPh3]�); IR (C6H6): �� � 1691 cm�1 (C�O); 1H NMR (C6D6,
400 MHz): �� 17.75 (d, J(P,H)� 19.6 Hz, 1H; Ru�CH), 8.02, 7.52, 7.24,
7.12, 7.02 (all m, 20H; C6H5), 1.23 ppm (d, J(P,H)� 1.6 Hz, 15H; C5Me5);
13C NMR (C6D6, 100.6 MHz): �� 313.7 (d, J(P,C)� 19.1 Hz; Ru�C), 162.8
(q, J(P,C)� 35.6 Hz; O2CCF3), 157.3 (d, J(P,C)� 2.5 Hz; ipso-C of CC6H5),
134.4 (d, J(P,C)� 10.2 Hz; C2,6 of PC6H5), 133.8 (d, J(P,C)� 40.7 Hz; ipso-
C of PC6H5), 130.0 (d, J(P,C)� 2.5 Hz; C4 of PC6H5), 128.3 (d, J(P,C)�
9.5 Hz; C3,5 of PC6H5), 129.4, 129.0, 128.9 (all s; CC6H5), 116.0 (q, J(F,C)�
292.5 Hz; CF3), 98.4 (d, J(P,C)� 2.5 Hz;C5(CH3)5), 10.2 ppm (s; C5(CH3)5);
19F NMR (C6D6, 376.5 MHz): ���74.5 ppm (s); 31P NMR (C6D6,
162.0 MHz): �� 55.1 ppm (s); elemental analysis calcd (%) for C37H36F3O2-


PRu (701.7): C 63.33, H 5.17, Ru 14.40; found: C 62.99, H 4.94, Ru 14.62.


[(�5-C5H5)RuCl(�CHPh)(PPh3)] (30): A solution of 28 (65 mg, 0.10 mmol)
in toluene (5 mL) was treated with Me3SiCl (13 �L, 0.10 mmol) and the
mixture was stirred for 5 min at room temperature. The solvent was then
evaporated in vacuo, and the remaining green solid was washed with
pentane (2� 10 mL) at 0 �C and dried; yield 55 mg (96%); m.p. 42 �C
(decomp); MS (FAB): m/z (Ir): 554 (4.6; [M�]), 519 (25.6; [M��Cl]), 429
(100; [C5H5RuPPh3]�); 1H NMR (C6D6, 400 MHz): �� 17.25 (d, J(P,H)�
8.6 Hz, 1H; Ru�CH), 7.76, 7.64, 7.49, 7.21, 7.07, 6.99, 6.92 (all m, 20H; C6H5),
4.86 ppm (s, 5H; C5H5); 31P NMR (C6D6, 162.0 MHz): �� 52.9 ppm (s);
elemental analysis calcd (%) for C30H26ClPRu (554.0): C 65.04, H 4.73, Ru
18.24; found: C 65.12, H 5.16, Ru 18.54.


An alternative procedure is as follows: A solution of 10 (80 mg, 0.17 mmol)
in benzene (10 mL) was treated dropwise with a solution of PhCHN2


(20 mg, 0.17 mmol) in benzene (2 mL) at room temperature. After the
reaction mixture had been stirred for 5 min, the solvent was evaporated in
vacuo, and the residue was washed with pentane (2� 5 mL) at 0 �C and
dried; yield 82 mg (87%).


[(�5-C5Me5)RuCl(�CHPh)(PPh3)] (31): This compound was prepared as
described for 30, starting either from 29 (78 mg, 0.11 mmol) and Me3SiCl
(15 �L, 0.11 mmol) or from 11 (97 mg, 0.17 mmol) and a solution of
PhCHN2 (20 mg, 0.17 mmol) in benzene (2 mL). Green solid; yield 60 mg
(86%) from 29 and 96 mg (90%) from 11; m.p. 75 �C (decomp); MS (FAB):
m/z (Ir): 624 (16.8; [M�]), 589 (100; [M��Cl]), 499 (57.5;
[C5Me5RuPPh3]�); 1H NMR (C6D6, 400 MHz): �� 17.28 (d, J(P,H)�
12.6 Hz, 1H; Ru�CH), 7.96, 7.65, 7.37, 6.82 (all m, 20H; C6H5), 1.27 ppm
(d, J(P,H)� 2.0 Hz, 15H; C5Me5); 13C NMR (C6D6, 100.6 MHz): �� 303.5
(d, J(P,C)� 21.6 Hz; Ru�C), 157.7 (d, J(P,C)� 2.0 Hz; ipso-C of CC6H5),
137.8 (d, J(P,C)� 34.2 Hz; ipso-C of PC6H5), 134.7 (d, J(P,C)� 9.1 Hz; C2,6
of PC6H5), 133.6 (d, J(P,C)� 8.1 Hz; C3,5 of PC6H5), 129.7 (d, J(P,C)�
3.0 Hz; C4 of PC6H5), 128.7, 128.0, 127.6 (all s; CC6H5), 99.3 (d, J(P,C)�
3.8 Hz; C5(CH3)5), 10.1 ppm (d, J(P,C)� 3.8 Hz; C5(CH3)5); 31P NMR
(C6D6, 162.0 MHz): �� 56.0 ppm (s).


[(�5-C5H5)RuCl(�CHSiMe3)(PPh3)] (32): A solution of 1 (83 mg,
0.17 mmol) in toluene (5 mL) was treated at �40 �C with CF3CO2H
(13 �L, 0.17 mmol) and then warmed under continuous stirring to 0 �C,
whereupon a 2.0� solution of Me3SiCHN2 (86 �L, 0.17 mmol) in toluene
(2 mL) was added dropwise. After the evolution of N2 had ceased, the
solution was treated with Me3SiCl (24 �L, 0.19 mmol) and stirred for 5 min
at room temperature. The solvent was then evaporated in vacuo and the
residue was extracted with pentane (10 mL). The extract was concentrated
to about 1 mL and then stored for 1 h at�60 �C. A green solid precipitated,
which was washed twice with small portions of pentane at 0 �C and dried;
yield 57 mg (60%); m.p. 51 �C (decomp); MS (FAB): m/z (Ir): 515 (3.9;
[M��Cl]), 444 (5.6; [M��CHSiMe3]), 429 (51.6; [C5H5RuPPh3]�); IR
(C6H6): �� � 1692 cm�1 (C�O); 1H NMR (C6D6, 400 MHz): �� 20.46 (d,
J(P,C)� 18.6 Hz, 1H; Ru�CH), 7.78 ± 6.86 (brm, 15H; C6H5), 4.24 (s, 5H;
C5H5), 0.14 ppm (s, 9H; SiMe3); 13C NMR (C6D6, 100.6 MHz): �� 350.3 (d,
J(P,C)� 12.7 Hz; Ru�C), 135.6 (d, J(P,C)� 47.1 Hz; ipso-C of PC6H5),
134.5 (d, J(P,C)� 9.5 Hz; C2,6 of PC6H5), 130.0 (d, J(P,C)� 1.9 Hz; C4 of
PC6H5), 128.2 (d, J(P,C)� 10.5 Hz; C3,5 of PC6H5), 75.6 (s; C5H5),
�0.8 ppm (s; SiMe3); 31P NMR (C6D6, 162.0 MHz): �� 50.8 ppm (s);
elemental analysis calcd (%) for C27H30PRuSi (550.0): C 58.96, H 5.51;
found: C 59.01, H 5.29.


[(�5-C5H5)Ru(�CPh2)(CO)(PPh3)]AlCl4 (33a): A slow stream of CO was
passed for 1 min through a solution of 22 (78 mg, 0.12 mmol) in toluene
(5 mL). AlCl3 (27 mg, 0.20 mmol) was added and the reaction mixture was
stirred for 30 min at room temperature. The solvent was then evaporated in
vacuo, the residue was redissolved in CH2Cl2 (2 mL), and this solution was
chromatographed on Al2O3 (neutral, activity grade V, length of column
5 cm). With CH2Cl2, a yellow fraction was eluted, which was concentrated
to dryness in vacuo. The yellow-orange solid was washed with benzene (2�
5 mL) and dried; yield 71 mg (75%); m.p. 86 �C (decomp); ��
62 cm2��1mol�1; IR (CH2Cl2): �� � 1985 cm�1 (CO); 1H NMR (CD2Cl2,
400 MHz): �� 7.45, 7.20, 6.84 (all m, 25H; C6H5), 5.24 ppm (s, 5H; C5H5);
13C NMR (CD2Cl2, 100.6 MHz): �� 340.6 (br s; Ru�C), 201.6 (br s; RuCO),
158.5 (s; ipso-C of CC6H5), 134.0 (br s; ipso-C of PC6H5), 133.4 (d, J(P,C)�
10.8 Hz; C2,6 of PC6H5), 132.3, 128.9, 128.1 (all br s; CC6H5 and PC6H5),
129.9 (d, J(P,C)� 10.9 Hz; C3,5 of PC6H5), 94.4 ppm (s; C5H5); 31P NMR
(CD2Cl2, 162.0 MHz): �� 43.3 ppm (s); elemental analysis calcd (%) for
C37H30AlCl4OPRu (791.5): C 56.15, H 3.82; found: C 55.70, H 3.50.
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[(�5-C5H5)Ru(�CPh2)(CO)(PPh3)]PF6 (33b): A slow stream of CO was
passed for 1 min through a solution of 22 (64 mg, 0.10 mmol) in CH2Cl2
(5 mL). KPF6 (37 mg, 0.20 mmol) was added, and the reaction mixture was
stirred for 30 min at room temperature and then filtered through Celite.
The filtrate was concentrated to dryness in vacuo, and the remaining orange
solid was washed with pentane (5 mL) and dried; yield 69 mg (91%); m.p.
235 �C (decomp); �� 78 cm2��1mol�1; the IR, 1H, and 13C NMR data
were almost identical to those of 33a ; 31P NMR ([D6]acetone, 162.0 MHz):
���144.1 (sept, J(P,F)� 712.8 Hz; PF6


�), 43.7 ppm (s; PPh3); elemental
analysis calcd (%) for C37H30F6OP2Ru (767.7): C 57.89, H 3.94; found: C
57.80, H 3.93.


An alternative procedure is as follows: A solution of 33a (71 mg,
0.09 mmol) in CH2Cl2 (10 mL) was treated with KPF6 (165 mg, 0.90 mmol)
and the resulting mixture was stirred for 30 min at room temperature. The
reaction mixture was filtered through Celite and the filtrate was worked-up
as described above to give an orange solid; yield 55 mg (80%).


[(�5-C5H5)Ru(�CPh2)(CNtBu)(PPh3)]AlCl4 (34): A solution of 22
(112 mg, 0.18 mmol) in THF (10 mL) was treated sequentially with CNtBu
(29 �L, 0.27 mmol) and AlCl3 (40 mg, 0.30 mmol), and the resulting
mixture was stirred for 30 min at room temperature. After removal of
the solvent, the residue was worked-up as described for 33a. Yellow-brown
solid; yield 122 mg (80%); m.p. 108 �C (decomp);�� 65 cm2��1mol�1; IR
(CH2Cl2): �� � 2145 cm�1 (CN); 1H NMR (CDCl3, 400 MHz): �� 7.72, 7.63,
7.41, 7.04 (all m, 25H; C6H5), 5.26 (s, 5H; C5H5), 1.36 ppm (s, 9H; tBu);
13C NMR (CDCl3, 100.6 MHz): �� 337.6 (br s; Ru�C), 163.6 (s; ipso-C of
CC6H5), 146.0 (br s; CNtBu), 134.0 (d, J(P,C)� 49.9 Hz; ipso-C of PC6H5),
132.9 (d, J(P,C)� 10.7 Hz; C2,6 of PC6H5), 131.4, 131.2, 129.0, 128.9 (all
br s; CC6H5 and PC6H5), 127.1 (d, J(P,C)� 5.3 Hz; C3,5 of PC6H5), 90.6 (s;
C5H5), 58.3 (s; CCH3), 29.7 ppm (s; CCH3); 31P NMR (CDCl3, 162.0 MHz):
�� 43.6 ppm (s); elemental analysis calcd (%) for C41H39AlCl4NPRu
(846.6): C 58.17, H 4.64, N 1.66; found: C 57.51, H 4.42, N 1.53.


[(�5-C5H5)Ru(exo-�3-PhCHC6H5)(PPh3)] (35): A suspension of 22
(130 mg, 0.20 mmol) in benzene (5 mL) was treated with a 1.0� solution
of LiHBEt3 in THF (0.30 mL, 0.30 mmol) and the resulting mixture was
stirred for 15 min at room temperature. After evaporation of the solvent in
vacuo, the residue was extracted with toluene (2 mL) and the extract was
chromatographed on Al2O3 (basic, activity grade V, length of column 4 cm)
at �40 �C. With toluene, a yellow fraction was eluted, which was
concentrated to dryness in vacuo. The remaining yellow solid was washed
with pentane (2� 3 mL) and dried; yield 91 mg (63%); m.p. 85 �C
(decomp); 1H NMR (C6D6, 400 MHz): �� 7.87 (d, J(H,H)� 8.8 Hz, 1H;
H6), 7.78, 7.51, 6.98, 6.90 (all m, 5H; C6H5), 7.35, 6.70, 6.64 (all m, 1H each;
H3±5), 3.64 (s, 5H; C5H5), 2.91 (dd, J(P,H)� 12.9, J(H,H)� 5.8 Hz; H2),
1.58 ppm (d, J(P,H)� 16.6 Hz, 1H; H7); 13C NMR (C6D6, 100.6 MHz): ��
148.3 (s; ipso-C of CC6H5), 140.3, 129.4, 129.2, 129.0, 126.0, 123.8, 118.4 (all
s; C3±6 and CC6H5), 137.6 (d, J(P,C)� 36.5 Hz; ipso-C of PC6H5), 135.0 (d,
J(P,C)� 10.3 Hz; C2,6 of PC6H5), 128.5 (s; C4 of PC6H5), 127.8 (d, J(P,C)�
10.3 Hz; C2,6 of PC6H5), 93.2 (s; C1), 84.5 (s; C5H5), 57.8 ppm (s; C2), 49.4
(d, J(P,C)� 6.3 Hz; C7), for assignment of protons H2±7 and carbon atoms
C1±7, see Figure 4; 31P NMR (C6D6, 162.0 MHz): �� 63.6 ppm (s); elemental
analysis calcd (%) for C36H31PRu (595.7): C 72.59, H 5.25; found: C 72.69,
H 5.54.


[(�5-C5H5)Ru(exo-�3-Ph2CC6H5)(PPh3)] (36): A suspension of 22 (96 mg,
0.15 mmol) in benzene (5 mL) was treated with a 1.8� solution of PhLi in
cyclohexane/diethyl ether (70:30) (0.13 mL, 0.23 mmol) and the mixture
was stirred for 15 min at room temperature. The yellow solution was then
treated with acetone (5 mL), and the reaction mixture was stirred for
15 min and then concentrated to dryness in vacuo. The residue was
extracted with toluene (2 mL) and the extract was chromatographed on


Al2O3 (basic, activity grade V, length of column 3 cm) at �60 �C. With
toluene, a yellow fraction was eluted, from which the solvent was removed.
The yellow residue was recrystallized from toluene/pentane but, despite
repeating this procedure twice more, small quantities of impurities could
not be separated. Data for 37: 1H NMR (C6D6, 400 MHz): �� 8.21, 7.92,
7.58, 7.43, 7.13, 6.93, 6.61 (all m, 25H; PC6H5 and C6H5 at C7), 6.38, 6.32,
6.22, 6.12 (all m, 4H; H3±6), 3.57 (s, 5H; C5H5), 2.41 ppm (m, 1H; H2);
13C NMR (C6D6, 100.6 MHz): �� 152.6 ± 119.3 (brm, PC6H5; C6H5 at C7


and C3±6), 89.2 (s; C1), 82.3 (s; C5H5), 66.6 (s; C2), 63.8 ppm (d, J(P,C)�
6.1 Hz; C7); 31P NMR (C6D6, 162.0 MHz): �� 58.9 ppm (s); the assignment
of protons H2±6 and carbon atoms C1±7 is analogous to that in the case of 35.


[(�5-C5H5)Ru(�3-CH2CHCPh2)(PPh3)] (39a,b): A suspension of 22
(146 mg, 0.23 mmol) in benzene (5 mL) was treated with a 0.75� solution
of CH2�CHMgBr (0.62 mL, 0.47 mmol) in THFand the mixture was stirred
for 45 min at room temperature. After evaporation of the solvent in vacuo,
the residue was extracted with a 2:1 mixture of pentane/toluene (6 mL).
The extract was concentrated to dryness in vacuo, and the remaining yellow
solid was washed with pentane (2� 2 mL) and dried; yield 91 mg (63%);
m.p. 82 �C (decomp). According to the 1H NMR spectroscopic data, the
isolated solid consisted of a mixture of two isomers [exo (39a) and endo
(39b)] in a 2:1 ratio. 1H NMR for 39a (C6D6, 400 MHz): �� 8.15 ± 6.54
(brm; C6H5), 4.66 (ddd, J(P,H)� 1.7, J(H1,H3)� 10.2, J(H1,H2)� 7.1 Hz,
1H; H1), 4.03 (s, 5H; C5H5), 3.58 (dd, J(H1,H2)� 7.1, J(H2,H3)� 0.9 Hz, 1H;
H2), 1.39 ppm (ddd, J(P,H)� 16.6, J(H1,H3)� 10.2, J(H2,H3)� 0.9 Hz, 1H;
H3); 1H NMR for 39b (C6H6, 400 MHz): �� 8.15 ± 6.54 (brm; C6H5), 4.14
(s, 5H; C5H5), 3.31 (ddd, J(P,H)� 13.8, J(H1,H3)� 11.4, J(H1,H2)� 7.3 Hz,
1H; H1), 3.16 (d, J(H1,H3)� 11.4 Hz, 1H; H3), 3.04 ppm (dd, J(P,H)� 3.0,
J(H1,H2)� 7.3 Hz, 1H; H2), for assignment of protons H1±3, see Figure 5;
13C NMR for 39a,b (C6D6, 100.6 MHz): �� 155.3, 149.9, 149.6 (all s; ipso-C
of CC6H5), 149.3 (d, J(P,C)� 6.0 Hz; ipso-C of CC6H5), 138.6 (d, J(P,C)�
35.2 Hz; ipso-C of PC6H5), 138.1 (d, J(P,C)� 36.9 Hz; ipso-C of PC6H5),


134.6, 134.1 (both d, J(P,C)� 10.5 Hz; C2,6 of PC6H5), 133.4, 130.3, 129.7,
125.0, 124.7, 124.0, 123.7 (all s; CC6H5), 128.8, 128.7 (both d, J(P,C)�
1.5 Hz; C4 of PC6H5), 128.3 ± 126.8 (brm; CC6H5 and C3,5 of PC6H5),
88.4 (s; CH of 39b), 83.2 (d, J(P,C)� 1.6 Hz; C5H5 of 39b), 81.8 (s; C5H5 of
39a), 79.1 (s; CPh2), 76.3 (d, J(P,C)� 4.9 Hz; CPh2), 65.6 (s; CH of 39a),
37.2 (d, J(P,C)� 4.7 Hz; CH2 of 39a), 30.9 ppm (s; CH2 of 39b); 31P NMR
for 39a,b (C6D6, 162.0 Hz): �� 59.8, 56.2 ppm (both s); elemental analysis
calcd (%) for C38H33PRu (621.7): C 73.41, H 5.35; found: C 73.61, H 5.37.


[(�5-C5H5)Ru{�3-CH2CHC(4-C6H4Cl)2}(PPh3)] (40a,b): The isomeric mix-
ture was prepared as described for 39a,b from 23 (110 mg, 0.16 mmol) and
a 1.1� solution of CH2�CHMgBr (0.29 mL, 0.32 mmol) in THF. Yellow
microcrystalline solid; yield 50 mg (45%); m.p. 91 �C (decomp). According
to the 1H NMR spectroscopic data, the isolated solid consisted of a mixture
of two isomers [exo (40a) and endo (40b)] in a 2:1 ratio. 1H NMR for 40a
(C6D6, 400 MHz): �� 8.00 ± 6.53 (brm; C6H5 and C6H4), 4.45 (ddd,
J(P,H)� 1.7, J(H1,H3)� 10.1, J(H1,H2)� 7.1 Hz, 1H; H1), 3.98 (s, 5H;
C5H5), 3.45 (dd, J(H1,H2)� 7.1, J(H2,H3)� 0.9 Hz, 1H; H2), 1.37 ppm
(ddd, J(P,H)� 16.3, J(H1,H3)� 10.2, J(H2,H3)� 0.9 Hz, 1H; H3); 1H NMR
for 40b (C6D6, 400 MHz): �� 8.00 ± 6.53 (brm; C6H5 and C6H4), 4.06 (s,
5H; C5H5), 3.30 (m, 1H; H1), 2.96 ppm (m, 2H; H2 and H3); for assignment
of protons H1±3 see Figure 5; 13C NMR for 40a,b (C6H6, 100.6 MHz): ��
153.2, 148.2, 147.7 (all s; ipso-C of C6H4), 147.6 (d, J(P,C)� 6.5 Hz; ipso-C of
C6H4), 138.1 (d, J(P,C)� 35.7 Hz; ipso-C of PC6H5), 137.6 (d, J(P,C)�
37.4 Hz; ipso-C of PC6H5), 134.5, 134.0 (both d, J(P,C)� 10.6 Hz; C2,6 of
PC6H5), 133.9, 132.4, 132.3, 131.1, 131.0, 130.3, 129.4, 128.5, 128.3, 128.1,
127.7, 126.9 (all s; C6H4), 129.0, 128.8 (both d, J(P,C)� 1.4 Hz; C4 of
PC6H5), 127.6, 127.5 (both d, J(P,C)� 9.0 Hz; C3,5 of PC6H5), 87.5 (s; CH of


Figure 4. Assignment of protons H2±7 and carbon atoms C1±7 for com-
pounds 35 and 36.


Figure 5. Assignment of protons H1±3 for compounds 39a ± 41a and 39b ±
41b.
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40b), 83.1 (d, J(P,C)� 1.9 Hz; C5H5 of 40b), 81.8 (d, J(P,C)� 1.5 Hz; C5H5


of 40a), 75.3 (s; CAr2), 68.0 (d, J(P,C)� 5.0 Hz; CAr2), 64.9 (s; CH of 40a),
36.3 (d, J(P,C)� 5.2 Hz; CH2 of 40a), 32.4 ppm (s; CH2 of 40b); 31P NMR
for 40a,b (C6D6, 162.0 MHz): �� 59.0, 54.8 ppm (both s); elemental
analysis calcd (%) for C38H31Cl2PRu (690.6): C 66.08, H 4.52; found: C
66.50, H 4.70.


[(�5-C5H5)Ru{�3-CH2CHC(4-C6H4OMe)2}(PPh3)] (41a,b): The isomeric
mixture was prepared as described for 39a,b from 24 (100 mg, 0.15 mmol)
and a 0.75� solution of CH2�CHMgBr (0.38 mL, 0.29 mmol) in THF.
Yellow microcrystalline solid; yield 60 mg (57%); m.p. 80 �C (decomp).
According to the 1H NMR spectroscopic data, the isolated solid consisted
of a mixture of two isomers (exo (41a) and endo (41b)) in a 2:1 ratio.
1H NMR for 41a (C6D6, 400 MHz): �� 7.76 ± 6.16 (brm; C6H5 and C6H4),
4.68 (ddd, J(P,H)� 1.5, J(H1,H3)� 10.2, J(H1,H2)� 7.1 Hz, 1H; H1), 4.09 (s,
5H; C5H5), 3.63 (dd, J(H1,H2)� 7.1, J(H2,H3)� 0.8 Hz, 1H; H2), 3.36, 3.15
(both s, 3H each; CH3), 1.49 ppm (ddd, J(P,H)� 16.2, J(H1,H3)� 10.3,
J(H2,H3)� 0.8 Hz, 1H; H3); 1H NMR for 41b (C6D6, 400 MHz): �� 7.76 ±
6.16 (brm; C6H5 and C6H4), 4.20 (s, 5H; C6H5), 3.13 (dd, J(P,H)� 3.1,
J(H1,H2)� 7.1 Hz, 1H; H2), 3.34, 3.25 ppm (both s, CH3), signals of H1 and
H2 probably covered by resonances of CH3 protons; for assignment of
protons H1±3, see Figure 5; 13C NMR for 41a,b (C6D6, 100.6 MHz): ��
157.7, 157.1, 156.8, 156.7 (all s; C4 of C6H4), 148.1, 142.8, 142.3 (all s; ipso-C
of C6H4), 142.2 (d, J(P,C)� 6.1 Hz; ipso-C of C6H4), 138.8 (d, J(P,C)�
34.3 Hz; ipso-C of PC6H5), 138.4 (d, J(P,C)� 35.8 Hz; ipso-C of PC6H5),
134.7, 134.2 (both d, J(P,C)� 10.5 Hz; C2,6 of PC6H5), 133.8, 130.9, 130.5,
128.6, 128.3, 127.9, 113.3, 113.2, 112.9, 112.3 (all s; C6H4 and C4 of PC6H5),
127.5, 127.4 (both d, J(P,C)� 9.0 Hz; C3,5 of PC6H5), 88.5 (s; CH of 41b),
83.1 (s; C5H5 of 41b), 81.7 (s; C5H5 of 41a), 77.2 (s; CAr2), 69.9 (d, J(P,C)�
4.7 Hz; CAr2), 66.3 (s; CH of 41a), 54.9, 54.8, 54.7, 54.6 (all s; CH3), 36.6 (d,
J(P,C)� 4.9 Hz; CH2 of 41a), 30.5 ppm (s; CH2 of 41b); 31P NMR for 41a,b
(C6D6, 162.0 MHz): �� 59.5, 56.4 ppm (both s); elemental analysis calcd
(%) for C40H37O2PRu (681.8): C 70.47, H 5.47; found: C 69.91, H 5.20.


Reaction of compound 35 with CH3CO2H : A solution of 35 (51 mg,
0.09 mmol) in benzene (2 mL) was treated with acetic acid (10 �L,
0.13 mmol) and the mixture was stirred for 3 h at room temperature. After
removal of the solvent, the residue was dissolved in a small amount of
C6D6. The 1H and 31P NMR spectra confirmed the presence of Ph2CH2 and
the acetatoruthenium complex 47.[20]


Reaction of the isomeric mixture 39a,b with CH3CO2H : A solution of
39a,b (34 mg, 0.06 mmol) in benzene (2 mL) was treated with acetic acid
(9 �L, 0.16 mmol) and the mixture was stirred for 18 h at room temper-
ature. After removal of the solvent, the residue was extracted with pentane
(5 mL). The extract was concentrated to ca. 1 mL in vacuo and then
chromatographed on Al2O3 (neutral, activity grade V, length of column
2 cm). With hexane, an almost colorless fraction was eluted, from which a
white solid was isolated. It was characterized as Ph2C�CHMe by
comparison of its 1H NMR spectroscopic data with those of an authentic
sample;[54] yield 8 mg (80%). The residue, which was not soluble in
pentane, was identified as compound 47 on the basis of its 1H NMR
spectrum; yield 22 mg (85%).


Reaction of the isomeric mixture 40a,b with CH3CO2H : This was carried
out analogously as described for 39a,b, using 40a,b (80 mg, 0.12 mmol) and
acetic acid (20 �L, 0.36 mmol) as starting materials. After chromatography,
the olefin (4-ClC6H4)2C�CHMe[55] was isolated in 90% yield and the
acetato complex 47 in 92% yield.


Reaction of the isomeric mixture 41a,b with CH3CO2H : This was carried
out analogously as described for 39a,b, using 41a,b (76 mg, 0.11 mmol) and
acetic acid (20 �L, 0.36 mmol) as starting materials. After chromatography,
the olefin (4-MeOC6H4)2C�CHMe[54, 56] was isolated in 84% yield and the
acetato complex 47 in 88% yield.


[(�5-C5H5)RuH(CH2�CPh2)(PPh3)] (42): A suspension of 22 (160 mg,
0.25 mmol) in toluene (5 mL) was treated with a 1.5� solution of MeLi in
Et2O (0.33 mL, 0.50 mmol) and the mixture was stirred for 30 min at room
temperature. The yellow solution was then treated with acetone (5 mL),
stirred for 15 min, and then concentrated to dryness in vacuo. The residue
was extracted with toluene (2 mL), and the extract was chromatographed
on Al2O3 (basic, activity grade V, length of column 5 cm). With toluene, a
yellow fraction was eluted, from which the solvent was removed in vacuo.
The remaining yellow solid was washed with pentane (5 mL) and dried;
yield 100 mg (65%); m.p. 95 �C (decomp); 1H NMR (C6D6, 400 MHz):


�� 7.75, 7.37, 6.91, 6.77 (all m, 25H; C6H5), 4.26 (s, 5H; C5H5), 3.87 (d,
J(H,H)� 1.7 Hz, 1H; one H of CH2), 1.77 (dd, J(P,H)� 14.0, J(H,H)�
1.7 Hz, 1H; one H of CH2), �9.79 ppm (d, J(P,H)� 35.0 Hz, 1H; RuH);
13C NMR (C6D6, 100.6 MHz): �� 154.0, 150.5 (both s; ipso-C of CC6H5),
138.9 (d, J(P,C)� 43.3 Hz; ipso-C of PC6H5), 133.8, 127.5 (both brm; C6H5),
128.8 (d, J(P,C)� 1.0 Hz; C4 of PC6H5), 126.3, 124.8, 123.8 (all s; CC6H5),
87.9 (d, J(P,C)� 2.0 Hz; C5H5), 67.3 (s; CPh2), 26.0 ppm (s; CH2); 31P NMR
(C6D6, 162.0 MHz): �� 72.6 ppm (s); elemental analysis calcd (%) for
C37H33PRu (609.7): C 72.89, H 5.46; found: C 73.01, H 5.96.


[(�5-C5H5)RuH{CH2�C(4-ClC6H4)2}(PPh3)] (43): This compound was
prepared as described for 42, from 37 (80 mg, 0.11 mmol) and a 1.5�
solution of MeLi in Et2O (0.15 mL, 0.22 mmol). Yellow microcrystalline
solid; yield 54 mg (72%); m.p. 129 �C (decomp); 1H NMR (C6D6,
400 MHz): �� 7.32, 7.13, 6.90, 6.57 (all m, 23H; C6H5 and C6H4), 4.20 (s,
5H; C5H5), 3.57 (d, J(H,H)� 1.7 Hz, 1H; one H of CH2), 1.56 (dd, J(P,H)�
14.2, J(H,H)� 1.7 Hz, 1H; one H of CH2),�9.89 ppm (d, J(P,H)� 36.0 Hz,
1H; RuH); 31P NMR (C6D6, 162.0 MHz): �� 71.3 (s); elemental analysis
calcd (%) for C37H31Cl2PRu (678.6): C 65.49, H 4.60; found: C 65.57, H 4.62.


[(�5-C5H5)RuH{CH2�C(4-MeOC6H4)2}(PPh3)] (44): This compound was
prepared as described for 42, from 38 (92 mg, 0.13 mmol) and a 1.5�
solution of MeLi in Et2O (0.17 mL, 0.26 mmol). Yellow microcrystalline
solid; yield 49 mg (56%); m.p. 118 �C (decomp); 1H NMR (C6D6,
400 MHz): �� 7.56, 7.14, 6.67 (all m, 19H; C6H5 and C6H4), 6.40 (d,
J(P,H)� 8.0 Hz, 4H; C6H4), 4.35 (s, 5H; C5H5), 3.89 (d, J(H,H)� 1.2 Hz,
1H; one H of CH2), 3.28 (s, 6H; OCH3), 1.76 (dd, J(P,H)� 16.6, J(H,H)�
1.2 Hz, 1H; one H of CH2), �9.74 ppm (d, J(P,H)� 36.2 Hz, 1H; RuH);
13C NMR (C6D6, 100.6 MHz): �� 157.5, 156.5 (both s; ipso-C of C6H4),
147.1, 143.3 (both s; C4 of C6H4OMe), 139.1 (d, J(P,C)� 44.3 Hz; ipso-C of
PC6H5), 135.9 (s; C2,6 of C6H4), 135.5 (d, J(P,C)� 10.1 Hz; C2,6 of PC6H5),
130.4 (d, J(P,C)� 1.2 Hz; C4 of PC6H5), 129.1 (d, J(P,C)� 9.5 Hz; C3,5 of
PC6H5), 114.6, 114.4 (both s; C6H4), 87.7 (d, J(P,C)� 2.0 Hz; C5H5), 66.8 (s;
CAr2), 54.8 (s; OCH3), 25.7 ppm (d, J(P,C)� 4.0 Hz; CH2); 31P NMR
(C6D6, 162.0 MHz): �� 72.8 ppm (s); elemental analysis calcd (%) for
C39H37O2PRu (669.8): C 69.94, H 5.57; found: C 70.12, H 5.80.


[(�5-C5H5)RuH(CH2�CHPh)(PPh3)] (45): This compound was prepared
as described for 42, from 30 (120 mg, 0.22 mmol) and a 1.6� solution of
MeLi in Et2O (0.28 mL, 0.44 mmol). The crude product was extracted with
pentane (4� 10 mL), the combined extracts were concentrated to about
5 mL in vacuo, and this solution was then stored for 12 h at �60 �C. The
yellow microcrystalline solid was separated from the mother liquor and
dried; yield 73 mg (63%); 1H NMR (C6D6, 400 MHz): �� 7.80 ± 6.80 (brm,
20H; C6H5), 4.35 (s, 5H; C5H5), 2.10 (m, 1H; CHPh), 0.95, 0.86 (both m,
1H each; CH2), �9.84 ppm (d, J(P,H)� 38.3 Hz, 1H; Ru); 13C NMR
(C6D6, 100.6 MHz): �� 141.0 (s; ipso-C of CC6H5), 140.8 (d, J(P,C)�
37.2 Hz; ipso-C of PC6H5), 134.1 (d, J(P,C)� 10.5 Hz; C2,6 of PC6H5),
132.4 (d, J(P,C)� 9.5 Hz; C3,5 of PC6H5), 131.5 (d, J(P,C)� 2.9 Hz; C4 of
PC6H5), 129.3, 127.9, 126.9 (all s; CC6H5), 84.7 (s; C5H5), 22.7 (s; CH2),
21.4 ppm (d, J(P,C)� 1.9 Hz; CHPh); 31P NMR (C6D6, 162.0 MHz): ��
55.2 ppm (s); elemental analysis calcd (%) for C31H29PRu (533.6): C 69.77,
H 5.49; found: C 69.45, H 5.31.


[(�5-C5H5)RuH(CH2�CHSiMe3)(PPh3)] (46): This compound was pre-
pared as described for 45, from 32 (115 mg, 0.21 mmol) and a 1.6� solution
of MeLi in Et2O (0.26 mL, 0.42 mmol). Orange microcrystalline solid; yield
90 mg (68%); 1H NMR (C6D6, 400 MHz): �� 7.69, 7.52, 7.02 (all m, 15H;
C6H5), 4.75 (s, 5H; C5H5), 1.41 (dd, J(P,H)� 11.0, J(H,H)� 10.0 Hz, 1H;
one H of CH2), 0.95 (dd, J(P,H)� 5.5, J(H,H)� 10.0 Hz, 1H; one H of
CH2), 0.15 (s, 9H; SiMe3), 0.11 (s, 1H; CHSiMe3),�10.43 ppm (d, J(P,H)�
36.8 Hz, 1H; RuH); 13C NMR (C6D6, 100.6 MHz): �� 137.7 (d, J(P,C)�
43.9 Hz; ipso-C of PC6H5), 133.9 (d, J(P,C)� 10.5 Hz; C2,6 of PC6H5), 132.4
(d, J(P,C)� 9.5 Hz; C3,5 of PC6H5), 131.7 (d, J(P,C)� 2.9 Hz; C4 of
PC6H5), 83.5 (d, J(P,C)� 2.9 Hz; C5H5), 27.2 (d, J(P,C)� 4.8 Hz; CH2), 22.7
(s, CHSiMe3), 1.5 ppm (s, SiCH3); 31P NMR (C6D6, 162.0 MHz): ��
77.0 ppm (s); elemental analysis calcd (%) for C28H33PRuSi (529.8): C
63.51, H 6.28; found: C 63.05, H 5.98.


X-ray structure determinations of compounds 27, 33b, and 39a : The X-ray
structure determination of 39a has already been published (Ref. Code
ZALVAJ).[12] Single crystals of 27 were grown from toluene/diethyl ether,
while those of 33b were grown from dichloromethane/pentane. Crystal
data of 27 (from 25 reflections, 10���� 15�): orthorhombic, space group
Pna21 (no. 33); a� 21.218(5), b� 9.501(7), c� 14.87(1) ä, V� 2998(3) ä3,
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Z� 4, 	calcd� 1.458 gcm�3, �(MoK�)� 0.687mm�1, T� 293(2) K; crystal size
0.25� 0.20� 0.13 mm; 
-scan, max 2�� 58.00� ; 6489 reflections measured,
4117 independent reflections, 2617 regarded as being observed [I� 2�(I)];
R� 0.0413, wR2� 0.0711; reflection/parameter ratio 11.12; residual elec-
tron density�0.341/� 0.303 eä�3. Crystal data of 33b (from 23 reflections,
10���� 13�): monoclinic, space group P21/c (no. 14); a� 14.13(1), b�
19.685(8), c� 13.20(1) ä, �� 97.62(5)�, V� 3640(5) ä3, Z� 4, 	calcd�
1.45 gcm�3, �(MoK�)� 0.990mm�1, T� 293(2) K; crystal size 0.28�
0.15� 0.13 mm; 
/�-scan, max 2�� 48.00� ; 6526 reflections measured,
6226 independent reflections, 6225 regarded as being observed [I� 2�(I)];
R� 0.0405, wR2� 0.1018; reflection/parameter ratio 11.90; residual elec-
tron density�0.30/� 0.45 eä�3. Both crystals were examined on an Enraf-
Nonius CAD4 diffractometer; MoK� radiation (0.70930 ä), graphite
monochromator, zirconium filter (factor 16.4). The intensity data were
corrected for Lorentz and polarization effects; minimum transmission was
89.53% for 27 and 96.05% for 33b. The structures were solved by direct
methods (SHELXS-86);[57] atomic coordinates and anisotropic thermal
parameters of the non-hydrogen atoms were refined by full-matrix least-
squares (370 parameters for 27, 523 parameters for 33b, SHELXL-93).[58]


The positions of all hydrogen atoms were calculated according to ideal
geometry and were included in the structure factor calculation in the last
refinement cycle. The PF6


� ion of 33b is disordered. Two independent
positions were found and could be refined anisotropically with occupancy
factors of 0.50:0.50. The unit cell of 33b contains a disordered molecule of
dichloromethane. Two independent positions were found and could be
refined anisotropically with occupancy factors of 0.75:0.25.[59]
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Abstract: The reaction of [{RhCl-
(C8H14)2}2] (2) with iPr2PCH2CH2C6H5


(L1) led, via the isolated dimer
[{RhCl(C8H14)(L1)}2] (3), to a mixture
of three products 4a ± c, of which the
dinuclear complex [{RhCl(L1)2}2] (4a)
was characterized by X-ray crystallog-
raphy. The mixture of 4a ± c reacts with
CO, ethene, and phenylacetylene to give
the square-planar compounds trans-
[RhCl(L)(L1)2] (L�CO (5), C2H4 (6),
C�CHPh (9)). The corresponding alle-
nylidene(chloro) complex trans-
[RhCl(�C�C�CPh2)(L1)2] (11), ob-
tained from 4a ± c and HC�CC(OH)Ph2
via trans-[RhCl{�C�CHC(OH)Ph2}-
(L1)2] (10), could be converted stepwise
to the related hydroxo, cationic aqua,
and cationic acetone derivatives 12–14,
respectively. Treatment of 2 and


[{RhCl(C2H4)2}2] (7) with two equiva-
lents of tBu2PCH2CH2C6H5 (L2) gave
the dimers [{RhCl(C8H14)(L2)}2] (15)
and [{RhCl(C2H4)(L2)}2] (16), which
both react with L2 in the molar ratio of
1:2 to afford the five-coordinate aryl-
(hydrido)rhodium(���) complex [RhHCl-
(C6H4CH2CH2PtBu2-�2C,P)(L2)] (17) by
C�H activation. The course of the
reactions of 17 with CO, H2, PhC�CH,
HCl, and AgPF6, leading to the com-
pounds 19 ± 21, 24, and 25a, respectively,
indicate that the coordinatively unsatu-
rated isomer of 17 with the supposed
composition [RhCl(L2)2] is the reactive


species. Labeling experiments using D2,
DCl, and PhC�CD support this propos-
al. With either [Rh(C8H14)(�6-L2-�P]PF6


or [Rh(C2H4)(�6-Ln-�P]PF6 (n� 1 and 2)
as the starting materials, the correspond-
ing halfsandwich-type complexes 27, 28,
and 32 were obtained. The nonchelating
counterpart of the dihydrido compound
32 with the composition [RhH2(PiPr3)-
(�6-C6H6)]PF6 (35) was prepared step-
wise from [Rh(C2H4)(PiPr3)(�6-C6H6)]-
PF6 and H2 in acetone via the tris(solva-
to) species [RhH2(PiPr3)(acetone)3]PF6


(34) as intermediate. The synthesis of
the bis(chelate) complex [Rh(�4-C8H12)-
(C6H5OCH2CH2PtBu2-�2O,P)]BF4 (39)
is also described. Besides 4a, the com-
pounds 17, 25a, and 39 have been
characterized by X-ray crystal structure
analysis.


Keywords: arene complexes ¥ C�H
activation ¥ hydrido complexes ¥
phosphane complexes ¥ rhodium


Introduction


The bis(triisopropylphosphane)rhodium(�) compound
[{RhCl(PiPr3)2}2] (1) is probably one of the most reactive
rhodium(�) compounds known to date.[1] It reacts not only with
H2, O2, N2, CO, and C2H4 but also with terminal alkynes to
give stepwise �-alkyne-, alkynyl(hydrido)-, and vinylidene-
rhodium derivatives.[2] By a similar route, allenylidene as well
as pentatetraenylidenerhodium(�) complexes have been ob-
tained.[3, 4]


While there is no doubt that 1 is a chloro-bridged dimer in
the crystal, we argued on the basis of molecular weight
determinations[5] that in dilute solutions the corresponding
monomer [RhCl(PiPr3)2], probably being the reactive species


toward H2, O2, N2 etc., is generated. We therefore set out to
prepare a related mononuclear complex by using a partly
chelating, hemilabile phosphane such as iPr2PCH2CH2OMe
and indeed succeeded with the isolation (and struc-
tural characterization) of [RhCl(iPr2PCH2CH2OMe-�P)-
(iPr2PCH2CH2OMe-�2O,P)] at low temperatures.[6] More-
over, the high reactivity of this molecule, which is fluxional
in solution, prompted us to find out whether also bulky
phosphanes having a benzene ring as the functional group in
the side chain would behave in the same way.
In a recent article, we have described the synthesis and


derivatization of the new phosphanes iPr2P(CH2)nC6H5 (n� 2
and 3) and tBu2P(CH)2C6H5 as well as the preparation of some
halfsandwich-type complexes derived thereof.[7] Herein we
summarize our work on mono- and dinuclear rhodium
compounds with four- and five-coordinate rhodium centers
containing the beforementioned phosphanes mainly P-bond-
ed. The most surprising result is the easy and reversible C�H
activation of the substituted phenyl group of the ligands
R2P(CH2)2C6H5 (R� iPr, tBu) providing a new possibility to
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stabilize an in situ generated 14-electron species
[RhCl(PR2X)2]. A preliminary communication has already
appeared.[8]


Results and Discussion


Rhodium complexes obtained with iPr2PCH2CH2C6H5 (L1) as
the substrate : Under conditions similar to those used for the
preparation of 1, the reaction of [{RhCl(C8H14)2}2] (2) with a
twofold excess of L1 in pentane at room temperature results in
the formation of a yellow solid, the analytical composition of
which corresponds to 3 (Scheme 1). The product is thermally
not exceedingly stable and decomposes in solution (benzene
or dichloromethane) at 10 �C in a few hours. The 31P NMR
spectrum, which displays a doublet at �� 53.5 ppm with a
31P ± 103Rh coupling constant of 184.8 Hz, confirms the stereo-
chemical equivalence of the phosphane ligands.


Scheme 1. L1� iPr2PCH2CH2C6H5.


Treatment of 2 with four instead of two equivalents of L1


leads to the formation of a red solution from which, after
removal of the solvent and recrystallization from pentane at
low temperature, a red air-sensitive solid can be isolated.
Although the elemental analysis of the solid is in agreement
with a ratio of Rh:Cl:L1� 1:1:2, the 1H and 31P NMR spectra
indicate that the product is probably a mixture of three
species but not solely a rhodium(�) complex containing two
intact phosphane ligands L1 per metal atom. The 31P NMR
spectrum, measured immediately after the solid has been
dissolved in C6D6, displays a sharp doublet at �� 51.2 ppm
with J(31P,103Rh)� 198.4 Hz, which by comparison with 1 is
assigned to the dimer 4a (Scheme 1). Already after a few
minutes (at room temperature), further signals appear and
after 3 ± 4 h an equilibrium state is established. Besides 4a, a
second compound 4c is present, the 1H NMR spectrum of
which shows in the high-field region a signal at ��
�19.89 ppm being typical for a hydridorhodium species. The
signal is split into a doublet of doublets of doublets due to one
1H± 103Rh and two 1H± 31P couplings. The obvious assumption
that two inequivalent phosphane ligands must be coordinated
to the metal, is supported by the appearance of two doublets
of doublets in the 31P NMR spectrum with a difference in the
chemical shift of about 20 ppm. The whole set of NMR data
for 4c is comparable to that of the analogous complex 17 (see


Scheme 4) which has been characterized by X-ray crystallog-
raphy.
The third species observed in solution possibly is the


monomer 4b. It is characterized by a doublet resonance in the
31P NMR spectrum at �� 48.2 ppm with a 31P ± 103Rh coupling
constant of 195.8 Hz. That 4b is a monomeric compound is
supported by the comparison with the 31P NMR spectrum of
the PCy3 counterpart [RhCl(PCy3)2] which also displays a
signal at �� 48.2 ppm with J(31P,103Rh)� 207.5 Hz.[9] There-
fore, it seems that 4b is a 14-electron monomer that can not
only be stabilized by dimerization but also by intramolecular
C ±H activation, the latter being a reversible process. We note
that both by dimerization and intramolecular C ±H activation
the molecule approaches a situation in which each rhodium
center formally possesses a 16-electron count.
Single crystals of the dinuclear complex 4a were grown


from a saturated solution in pentane at �60 �C and were
studied by X-ray structure analysis (Figure 1). The molecule
has a center of inversion in the midpoint of the Rh1-Cl1-
Rh1A-Cl1A rhombohedron which is strictly planar. The
distances Rh1�Cl1 and Rh1A�Cl1A are almost identical.
The torsional angles Rh1A-Cl1-Rh1-P1 and Rh1A-Cl1-Rh1-
P2 are 7.5(3)� and 175.66(5)�, respectively. They deviate
slightly from the ideal 0� and 180� values, probably as a result
of steric hindrance between the bulky substituents at the
phosphorus atoms.


Figure 1. Molecular structure of 4a. Principal bond lengths [ä] and angles
[�] (with estimated standard deviations in parentheses): Rh1�P1 2.2436(8),
Rh1�P2 2.2286(8), Rh1�Cl1 2.4365(9), Rh1�Cl1A 2.4224(9); Cl1-Rh1-
Cl1A 77.39(3), P1-Rh1-P2 101.72(3), P1-Rh1-Cl1 168.07(3), P1-Rh1-Cl1A
90.78(3), P2-Rh1-Cl1 89.95(3), P2-Rh1-Cl1A 166.63(3).


The assumption that the compounds 4a and 4c are in
equilibrium with the monomer 4b is supported by the
reactivity of the solution containing the mixture of 4a, 4b,
and 4c with various substrates. Passing a slow stream of CO
through the red solution generates the carbonyl complex 5,
which precipitates as a light yellow, air-stable solid and has
been isolated in 86% yield. Characteristic spectroscopic
features of 5 (Scheme 2) are the two doublets of virtual
triplets for the PCHCH3 protons in the 1H NMR and the
strong �(CO) band at 1942 cm�1 in the IR spectrum.
A similar reaction as that leading to 5 occurs if the red


solution is treated with C2H4. The corresponding ethene
derivative 6 is formed as a yellow solid and has been identified
by elemental analysis and spectroscopic techniques. It can
equally be prepared from the dimer 7 upon treatment with L1.
The ethene derivative 6 reacts with H2 to give mainly (ca.


90%) the dihydride 8. Since attempts to remove the by-
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Scheme 2. L1� iPr2PCH2CH2C6H5.


products by fractional crystallization failed, the dihydrido
compound has been characterized spectroscopically. The
1H NMR spectrum of 8 displays a doublet of triplets at ��
�21.62 ppm for the hydrido ligands, and the 31P NMR
spectrum a sharp doublet at �� 52.1 ppm, confirming the
equivalence of the phosphane ligands. In agreement with the
results of the X-ray crystal structure analyses of
[RhH2Cl(PiPr3)2][10] and [RhH2Cl(PtBu3)2][11] we assume that
the geometry of 8 corresponds to a trigonal bipyramid.
The reactions of 4a ± c with phenylacetylene and the


propargylic alcohol HC�CC(OH)Ph2 proceed similarly to
those with CO and C2H4. Treating the red solution with the
corresponding terminal alkyne HC�CR in toluene at room
temperature leads initially to a change of color from red to
yellow and after 8 ± 12 h from yellow to dark blue (R�Ph) or
brown (R�C(OH)Ph2). After removal of the solvent and
chromatographic workup or extraction of the residue with
pentane blue-violet or green mycrocrystalline solids with the
analytical composition corresponding to 9 and 10 (Scheme 3)
were isolated in 69 ± 75% yield. Typical spectroscopic data of
9 and 10 are the signal for the Rh�C�CH proton at ��
1.66 ppm (9) or �� 1.40 ppm (10) in the 1H NMR spectra
and the two low-field resonances for the vinylidene carbon
atoms at �� 296.5 and 112.2 ppm (9) or �� 286.4 and
118.6 ppm (10) in the 13C NMR spectra. Based on earlier


Scheme 3. L1� iPr2PCH2CH2C6H5.


observations,[12] we interpret the initial change of color from
red to yellow as indicative for the formation of an (�2-
alkyne)rhodium(�) or an alkynyl(hydrido)rhodium(���) inter-
mediate.
The conversion of 10 to the allenylidene complex 11


followed the methodology which we had already applied for
the bis(triisopropylphosphane) counterpart.[3a] Treatment of a
solution of 10 in benzene with acidic Al2O3 leads to a change
of color from green to orange-red and affords, using the well-
known workup procedure,[3a, 13] the product as an orange air-
stable solid in 83% yield. The IR spectrum of 11 shows a
strong �(C�C�C) stretch at 1879 cm�1, and the 13C NMR
spectrum shows three resonances for the allenylidene carbon
atoms at �� 245.6 (C�), 223.3 (C�) and 154.3 ppm (C�),
respectively. The fact that in each of the 1H, 13C, and 31P NMR
spectra of 11 only one set of signals for the hydrogen, carbon,
and phosphorus atoms of the phosphane ligands is observed,
is consistent with the assumption that the barrier for rotation
around the Rh�C bond is rather small on the NMR time scale.
In contrast to some hydroxorhodium(�) compounds such


as [{Rh(�-OH)(PiPr3)2}2] and trans-[Rh(OH)(�C�CHPh)
(PiPr3)2] that were prepared from the corresponding chloro
derivatives and NaOH under biphasic conditions,[14] the
related complex 12 was obtained from 11 and KOtBu in a
mixture of benzene and tert-butyl alcohol. The isolated yield
of the brown microcrystalline solid is 59%. The presence of
the hydroxo ligand is shown both by the strong absorption at
3642 cm�1 in the IR spectrum and by the triplet resonance at
�� 1.57 ppm in the 1H NMR spectrum. The chemical shifts
for the signals of the allenylidene carbon atoms in the
13C NMR spectrum of 12 are quite similar to those of 11, thus
supporting the idea that the trans influence of the chloro and
hydroxo ligands is of comparable magnitude.
In attempting to labilize the position trans to the allenyli-


dene unit and create the possibility to generate via elimina-
tion of one group L1 a halfsandwich-type cation
[Rh(�C�C�CPh2)(�6-C6H5CH2CH2PiPr2-�P)]� , the hydroxo
ligand of compound 12 was stepwise substituted for acetone.
Protonation of 12 with NH4PF6 in acetone at �78 �C leads
initially to an intermediate, which is characterized by a
doublet at �� 33.7 ppm (with J(31P,103Rh)� 132.3 Hz) in the
31P NMR spectrum. Upon warming the solution to room
temperature, a red compound is formed, which, based on the
elemental analysis, the conductivity, and the spectroscopic
data, is the acetone derivative 14 (Scheme 3). While the
1H NMR spectra of 14 and the intermediate are rather similar,
in the 31P NMR spectrum of 14 the doublet resonance is
shifted by 3 ppm upfield compared with that of the inter-
mediate. Since the latter is partly regenerated by dissolving 14
in aqueous acetone, we assume that the species initially
formed in the protonation of 12 with NH4PF6 is the
aquarhodium(�) complex 13. In the presence of excess acetone,
the equilibrium between 13 and 14 is shifted towards the
acetone derivative, which has been isolated as a red air-
sensitive solid in 71% yield. Various attempts to abstract one
phosphane ligand L1 and to transform 14 to the above-
mentioned halfsandwich-type cation by using either N2O (to
generate the oxophosphorane iPr2P(O)CH2CH2C6H5) or a
phosphane-accepting transition-metal compound such as
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CuCl or [PdCl2(NCPh)2] remained unsuccessful. It should be
mentioned that quite recently the counterpart of 14 with PiPr3
instead of L1 as the phosphane has been prepared from cis-
[Rh(acetone)2(PiPr3)2]PF6 and HC�CC(OH)Ph2 as the start-
ing materials.[15]


Rhodium complexes obtained with tBu2PCH2CH2C6H5 (L2)
as the substrate : The more bulky functionalized phosphane L2


behaves in some respects similarly, but in others differently,
compared with L1. Thus, while treatment of the olefinic
starting material 2 with two equivalents of L2 gives the
expected chloro-bridged dimer 15 (the analogue of 3), the
reaction of 2 with four equivalents of L2 does not lead to a
mixture of products but affords the aryl(hydrido)rhodium(���)
complex 17 exclusively (Scheme 4). This species formed by an


Scheme 4. L2� tBu2PCH2CH2C6H5.


intramolecular C ±H activation can also be prepared stepwise
from [RhCl(C2H4)2]2 (7) and excess L2 via the monosubstitu-
tion product 16 as the intermediate. Compound 17 is a yellow
solid which is much less air-sensitive than 1 or the mixture of
4a, 4b and 4c. The characteristic spectroscopic features of 17
are the hydride resonance at ���18.11 ppm in the 1H NMR
specrum, the signal for the metal-bonded carbon atom of the
six-membered ring at �� 146.9 ppm in the 13C NMR spec-
trum, and the two doublets of doublets at �� 65.7 and
43.0 ppm in the 31P NMR spectrum. According to a two-
dimensional P,H correlation spectrum, the 31P NMR reso-
nance at lower field belongs to the phosphorus atom of the
chelating ligand and that at higher field to that of the purely P-
bonded phosphane. With the same technique, the signals for
the protons and carbon atoms of the different methylene and
methyl groups of the ligands have been assigned.
The result of the X-ray crystal structure analysis of 17 is


shown in Figure 2. The coordination geometry around the
rhodium center corresponds to a distorted trigonal bipyramid
with the two phosphorus atoms in the apical positions. The
position of the hydrido ligand could not be exactly located and
had been calculated with a Rh�H distance of 1.5 ä. The two
Rh�P bond lengths are slightly longer than in the
related, more symmetrical chelate complex [RhHCl-
(tBu2PCH2C6H3CH2PtBu2-�3P,C,P)] (18) obtained from
RhCl3 ¥ 3H2O and 1.5-C6H4(CH2PtBu2)2 in 2-propanol/water
under reflux.[16] In contrast, the Rh�C31 bond length of 17
(1.967(5) ä) is slightly shorter than in 18 (1.999(7) ä)
and in the related hydrido and methyl complexes
[RhHCl{CH(CH2CH2PtBu2)2-�3P,C,P}] (2.082(2) ä)[17] and
[RhCH3Cl{tBu2PCH2C6H-3.5-(CH3)2CH2PtBu2-�3P,C,P}]
(2.02(2) ä),[18] respectively. The P1-Rh-P2 axis of 17 is
significantly bent (160.18(5)�), which could be due both to
steric hindrance between the phosphane substituents and the


Figure 2. Molecular structure of 17. Principal bond lengths [ä] and angles
[�] (with estimated standard deviations in parentheses); the position of the
metal-bonded hydrogen has been calculated: Rh�P1 2.3746(14), Rh�P2
2.3344(13), Rh�Cl 2.4687(13), Rh�C31 1.967(5), C30�C31 1.407(7),
C29�C30 1.510(7), C28�C29 1.535(6), P2�C28 1.830(5); P1-Rh-P2
160.18(5), P1-Rh-C31 96.89(13), P1-Rh-Cl 98.01(5), P2-Rh-C31 87.54(13),
P2-Rh-Cl 99.74(5), C31-Rh-Cl 103.40(14), Rh-P2-C28 110.62(15), Rh-C31-
C30 126.8(4), C31-C30-C29 121.1(4), C30-C29-C28 109.0(4), P2-C28-C29
113.8(3).


strain of the chelate ring. The conformation of this six-
membered ring corresponds to a boat form, the rhodium and
the carbon atom C29 being the top and the end of the boat.
The two dinuclear compounds 15 and 16 (Scheme 4),


formed as intermediates in the reactions of 2 and 7 with L2,
have also been isolated and analytically characterized. Both
are yellow, air-stable solids which are readily soluble in
common organic solvents. By comparing the reactivity of the
ligands L1 and L2 towards the bis(ethene)chloro complex 7,
the remarkable difference is that two of the smaller phos-
phanes L1 are able to coordinate to a rhodium(�) center to give
6, while the interaction of a second molecule of the more
bulky phosphane L2 does not only lead to elimination of
ethene but also to a rapid cyclometalation reaction.
The results regarding the reactivity of 17 toward CO, H2,


and terminal alkynes are summarized in Scheme 5. They all
proceed under mild conditions (25 �C, 1 bar) and give the
products in good (22, 23) to excellent yields (19, 20). The
carbonyl complex (a yellow air-stable solid with a �(CO)
stretch at 1937 cm�1) is noteworthy insofar as the NMR
spectra indicate that in contrast to analogues such as trans-
[RhCl(CO)(PiPr3)2][1a] and trans-[RhCl(CO)(PiPr2Ph)2][19] the
molecule is fluxional in solution. In the 1H and 13C as well as in
the 31P NMR spectrum the signals are rather broad at 293 K


Scheme 5. L2� tBu2PCH2CH2C6H5.
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but sharpen after increasing the temperature. At 343 K in
[D8]toluene, the 13C NMR spectrum of 19 displays a clean
doublet of triplets at �� 190.2 ppm for the carbon nuclei of
the carbonyl group and the 31P NMR spectrum a slightly
broadened doublet at �� 57.8 ppm for the apparently equiv-
alent phosphane ligands. However, upon cooling the sample
this doublet broadens and at 223 K three sets of signals for the
31P phosphorus atoms are observed. One of these sets
corresponds to the AB portion of an ABX spectrum and
two to the A2 portion of two A2X spectra, where A and B are
31P and X is 103Rh, respectively. Each of the subspectra
represents a rotational isomer of 19 and is a local minimum on
the energy surface. The three rotamers R1, R2, and R3


(Figure 3) differ by the orientation of the phosphane sub-


Figure 3. Proposed conformations for the three rotamers of 19.


stituents along the P-Rh-P axis, thereby the most bulky tert-
butyl groups probably playing the dominant role. The
common feature of R1, R2, and R3 is that the tBu units are
always oriented above and below the plane formed by the Rh,
Cl, CO, and P atoms which makes the phosphane ligands
equivalent in R2 and R3 but not in R1. Therefore, R1 gives rise
to two doublets of doublets, whereas for R2 and R3 one
doublet for each (with different intensities) is observed. In R2


the alkyl chain CH2CH2Ph has a transoid position to chloride
and since this ligand, according to the Tolman concept, has a
larger cone angle (102�) than CO (95�),[20] R2 could be favored
compared to R3. We note that a related fluxional behavior in
solution has been detected for the compounds trans-
[RhCl(CO)(PtBu2R)2] (R�H, Me Et, nPr, nBu, Ph)[21] as
well as for the halfsandwich-type complexes [(�6-are-
ne)OsR2(PHtBu2)] (R�H, Me),[22] and in both cases has also
been studied by 31P NMR spectroscopy.
A dynamic behavior can also be observed for the vinylidene


complex 22 (see Scheme 5), being prepared from 17 and
phenylacetylene in toluene at room temperature. The 31P
NMR spectrum of 22 shows at 308 K a sharp doublet at ��
52.5 ppm, at 293 K a broadened singlet at �� 45.7 ppm, and at
233 K three subspectra at �� 47.7 and 41.6 ppm (both dd) for
rotamer R1, at �� 46.2 (d) for rotamer R2, and at �� 41.8 ppm
(d) for rotamer R3. The ratio of the three rotamers is not as
much different as in the case of the carbonyl compound 19. If
the 31P NMR spectrum of 22 is measured below 233 K, also
the subspectra become broadened which we attribute to a
freezing of the rotation around the Rh�C bond. In a similar
way as 22, the counterpart 23 with a tert-butyl instead of a
phenyl substituent at the vinylidene unit has been obtained
from 17 and tBuC�CH and isolated as a blue-violet solid in
82% yield.
The alkynyl(hydrido)rhodium(���) derivative 21, formed as


an intermediate in the reaction of 17 with phenylacetylene,


can be clearly detected by 1H and 31P NMR spectroscopy if
the reaction is monitored at �78 �C in [D8]toluene. The 31P
NMR spectrum of 21 displays a sharp doublet at �� 40.5 ppm
with a 31P ± 103Rh coupling constant of 119.5 Hz. In the
corresponding 1H NMR spectrum, the hydride resonance
appears at ���27.72 ppm as a doublet of triplets with
J(P,H)� 11.6 and J(Rh,H)� 42.2 Hz. These data are
nearly identical with those of the compound
[RhHCl(C�CPh)(PiPr3)2], which is less labile than 21 and
for which a square-pyramidal structure has been proposed.[12a]


The C ±H metalation of L2 leading to the aryl(hydrido)
fragment of 17 is not only reversed by treatment of 17 with
CO or PhC�CH but also if a suspension of 17 in pentane is
stirred in the presence of H2 at room temperature. Under
these conditions, the dihydrido complex 20 is formed and,
after evaporation of the solvent, isolated as a light yellow,
slightly air-sensitive and thermally quite stable solid in 93%
yield. Similarly to the more labile counterpart 8 (see
Scheme 2) it exhibits a doublet of triplets for the Rh ±H
protons at ���22.63 in the 1H NMR spectrum in the high-
field region and a doublet at �� 65.6 in the 31P NMR
spectrum. This indicates that the hydrido as well as the
phosphane ligands are stereochemically equivalent. In solu-
tion, a dynamic behavior of 20 cannot be detected. Treatment
of 17 with D2 affords exclusively the bis(deuterio) derivative
[RhD2Cl(L2)2] which supports the assumption that not 17 but
the coordinatively unsaturated isomer [RhCl(L2)2] is the
reactive species.
The dihydrido complex 20 reacts with phenylacetylene to


afford 22. In this case, two equivalents of the alkyne are
needed because one behaves as the trapping reagent for the
two hydrides to form styrene. Since attempts to detect an
intermediate such as [RhCl(L2)2] or possibly 17 failed, we
assume that the addition of the alkyne to [RhCl(L2)2] (formed
by abstraction of H2 from 20) is much faster than the C ±H
activation, this providing a hint about the energy of activation
for the two different processes.


Preparation of halfsandwich-type complexes with L1 and L2 as
ligands : The possibility that, by abstracting the hydride or the
chloro ligand from 17, a cation of composition
[RhX(C6H5CH2CH2PtBu2-�P)(C6H4CH2CH2PtBu2-�2C,P)]�


(X�Cl, H) could be generated, prompted us to study also the
reactivity of the cyclometalated complex 17 toward acids and
AgPF6. An almost instantaneous reaction of 17 takes place
with gaseous HCl which does not lead, however, to the
elimination of H2 but instead to the addition of the substrate
to the rhodium center. The dichloro(hydrido) compound 24 is
formed as an orange air-stable solid that in the presence of
triethylamine in C6D6 regenerates the precursor quantitative-
ly (Scheme 6). Regarding the structure of 24, we assume that
in analogy to the structures of [RhHCl2(PiPr3)2] and
[RhHCl2(PnPr2tBu)2], determined crystallographically,[10, 23]


it corresponds to a square pyramid and not to a trigonal
bipyramid. This proposal is indirectly supported by the
observation that the resonances for the protons and carbon
atoms of the C(CH3)3 groups are broadened in the 1H and
13C NMR spectra at 293 K, while they become sharp at 333 K.
Moreover, if the 31P NMR spectrum of 24 is measured at
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Scheme 6. L2� tBu2PCH2CH2C6H5.


243 K, two signals at �� 47.3 and 46.6 ppm instead of one
signal at �� 47.9 ppm (at 293 K) appear, the 31P ± 103Rh
coupling constant in each case being 96.6 Hz. Thus it is
possible that analogously to 19 and the rhodium vinylidenes
22 and 23 also for the monohydrido complex 24 two rotamers
exist in which the positions of the tert-butyl groups and the
alkyl chain differ along the P-Rh-P axis. By discussing this
situation, one has to take into account that in 19, 22, and 23 as
well as in 24 four ligands around the metal center possess a
square-planar arrangement and therefore similar steric re-
quirements result. Diagnostic for the presence of the hydrido
ligand in 24 is the resonance in the 1H NMR spectrum at ��
�30.84 ppm which is split into a doublet of triplets due to
1H ± 103Rh and 1H± 31P couplings. Treatment of 17 with
DCl affords [RhDCl2(L2)2] and with PhC�CD trans-
[RhCl(�C�CDPh)(L2)2], the deuterium being exclusively
part of the vinylidene ligand.
The reaction of 17 with HBF4 proceeds quite cleanly if one


half equivalent of the acid is used. Two products are formed,
one of which is the neutral hydridorhodium(���) compound 24
and the other the halfsandwich-type complex 25b (see
Scheme 6). This compound, which is a brownish air-stable
solid with a decomposition temperature of 105 �C, has a cation
with the formal composition [Rh(L2)2]� and is also accessible
by chloride abstraction from 17. Treatment of 17 with AgPF6


in the molar ratio of 1:1 gives the corresponding PF6
� salt 25a,


the properties of which are very similar to those of 25b. The
31P NMR spectra of 25a and 25b confirm the unequal
coordination of the two phosphane ligands and display two
doublet of doublet resonances at �� 81.5 and 68.6 ppm (25a)
and at �� 80.1 and 67.2 ppm (25b), respectively. On the basis
of a two-dimensional P ±H NMR correlation spectrum, the
signal at lower field can be assigned to the phosphorus atom of
the chelating ligand and the other to the phosphorus
atom of the monodentate phosphane. We note that
in contrast to the similar PPh2-containing complex
[(�6-p-FC6H4CH2CH2CH2PPh2-�P)Rh(p-FC6H4CH2CH2CH2-
PPh2-�P)]BF4 reported by Mirkin et al. ,[24] the NMR spectra
of 25a and 25b are not temperature-dependent and thus a
fluxional behavior in solution can be excluded.
The molecular structure of 25b is shown in Figure 4.


Similarly to the cyclooctene compound [Rh(C8H14)(�6-L1-
�P)]PF6,[7] the arene ring possesses a slightly inverse boat
conformation with the characteristic feature that the ipso-
carbon atom C1 and, to a smaller extent, the carbon atom C4
are bent toward the metal center. Due to the strain of the
chelate ring, the distance Rh�C1 is significantly shorter than


Figure 4. Molecular structure of 25b. Principal bond lengths [ä] and
angles [�] (with estimated standard deviations in parentheses): Rh�P1
2.3480(8), Rh�P2 2.3493(8), Rh�C1 2.246(3), Rh�C2 2.301(3), Rh�C3
2.375(2), Rh�C4 2.333(2), Rh�C5 2.367(3), Rh�C6 2.356(3); P1-Rh-P2
106.78(3), Rh-P1-C8 101.94(9), P1-C8-C7 115.08(19), C8-C7-C1 109.5(2).


the distances between rhodium and the other ring carbon
atoms. The bond lengths Rh�P1 and Rh�P2, which are
practically identical, are about 0.1 ä longer than in the
structurally analogous complexes [(�6-RC6H4XCH2CH2PPh2-
�P)Rh(RC6H4XCH2CH2PPh2-�P)]BF4 (R�H, C5H4FeC5H5;
X�CH2, O) with less bulky substituents at the phosphorus
atoms.[24, 25] Compared with these compounds, the bond angle
P1-Rh-P2 of 25b is about 10� larger which could also be a
consequence of the steric requirements of the tert-butyl
groups.
Relatives of the halfsandwich-type complex 25a with C2H4


and SbiPr3 instead of monodentate L2 are accessible by ligand
substitution reactions of the cyclooctene derivative 26
(Scheme 7). The replacement of C8H14 by ethene or triiso-
propylstibane occurs rather slowly, probably due to the fact
that the metal center in the 18-electron starting material is
well shielded. To obtain the ethene complex 27 in good yields,
it is necessary to remove the displaced cyclooctene almost
completely which is done stepwise as described in the
Experimental Section. Both 27 and 28 are thermally stable
solids which are moderately air-sensitive and readily soluble
in polar organic solvents. The 1H NMR spectrum of 27 in


Scheme 7.
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[D6]acetone displays at room temperature only one signal
(broadened singlet) for the ethene protons at �� 3.22 ppm
indicating that under these conditions the rotation of the
olefin around the Rh ±C2H4 axis is quite fast. This is in
agreement with earlier observations regarding the analogous
compound [Rh(�6-C6H5CH2CH2PiPr2-�P)(C2H4)]PF6 (29),
where the rotation is frozen at 230 K.[7]


The conversion of the ethene derivative 27 to the cationic
dihydridorhodium(���) compound 32 proceeds stepwise. Stir-
ring a solution of 27 in acetone for 12 h under a hydrogen
atmosphere leads to a smooth change of color from orange-
red to brown and, after crystallization from acetone/ether,
yields a light brown solid with the analytical composition
corresponding to 32 (Scheme 8). If, however, the reaction is


Scheme 8. L1� iPr2PCH2CH2C6H5, L2� tBu2PCH2CH2C6H5, S� acetone.


monitored by 1H or 31P NMR spectroscopy, the formation of
an intermediate 31, which also contains two hydrido ligands,
can be observed. Typical features of 31 (which is stable under
H2 for hours but decomposes by replacing the hydrogen
atmosphere for argon) are the high-field signal in the 1HNMR
spectrum at ���23.25 and the doublet resonance in the 31P
NMR spectrum at �� 94.4. While the signal for the hydrido
ligands appears as a doublet of doublets at 263 K, it is
significantly broadened at room temperature, possibly due to
an intramolecular rearrangement process. The halfsandwich-
type compound 32 is soluble in nitromethane and dichloro-
methane, but is reconverted to the solvated species 31 in the
presence of acetone. Attempts to isolate 31 by adding diethyl
ether to the solution or by removal of the solvent led either to
the formation of 32 or to decomposition. The dihydrido
complex 32 (which can be stored under argon at �20 �C for a
few days) shows a characteristic signal for the Rh ±H protons
in the 1H NMR spectrum at ���12.15 and thus about
11 ppm downfield compared with that of 31. Interestingly,
whereas the ethene derivative 29, which contains L1 as the
chelating ligand, also reacts with H2 in acetone to give the
solvato complex 30, all attempts to isolate this compound or to
transform it to the analogue of 32 failed.
A stepwise conversion of a Rh(C2H4) to a RhH2 species is


also possible in the case of the nonchelating complexes 33 and
35 (Scheme 8). The reaction of 33 with H2 in acetone is much
faster than the reaction of 27 or 29 with hydrogen and affords


in the initial step the tris(acetone) compound 34 in nearly
quantitative yield. Since the light brown solid is thermally
unstable and decomposes even under a hydrogen atmosphere,
a correct elemental analysis could not be obtained. The
1H NMR spectrum of 34 displays in CD2Cl2 a doublet of
doublets at ���23.30 for the hydrido ligands, the chemical
shift being nearly identical to that of 31. The solvato
compound reacts in CH2Cl2 with excess benzene to give the
halfsandwich-type complex 35, which has been isolated as a
light brown, moderately air-sensitive solid in 79% yield.
Compared with 34, the hydride resonance of 35 in the
1H NMR spectrum is shifted by about 9 ppm to lower field,
similarly as in the case of the chelate compound 32. The signal
for the protons of the coordinated benzene appears at ��
6.99 ppm and thus at somewhat higher field than for free
C6H6.


Cycloocta-1,5-dienerhodium(�) complexes with L1 and L3 as
ligands : The preparation of square-planar rhodium com-
pounds with L1 and tBu2PCH2CH2OC6H5 (L3) as ligands is
possible by using the methoxy-bridged dimer 36 as the
precursor. However, while treatment of 36 with the phospho-
nium salt L1 ¥HBF4 in acetone affords the acetone-containing
cation 37 (Scheme 9), the analogous reaction of 36 with


Scheme 9. L1� iPr2PCH2CH2C6H5.


[HPtBu2(CH2CH2OC6H5)]BF4 (38) gives the chelate complex
39 in 78% yield. Compound 37 is isolated as an orange solid
which is stable in acetone but decomposes slowly in dichloro-
methane. The IR spectrum of 37 displays a �(C�O) stretching
mode at 1652 cm�1 and thus at about the same position as for
the iridium(�) counterpart.[26] In the 1H NMR spectrum of 37
the signal for the protons of the coordinated acetone could not
be observed which is probably due to a rapid ligand exchange
between (CH3)2C�O and (CD3)2C�O used as the solvent.
The chelate complex 39 is a yellow air-stable solid that


decomposes at 176 �C and is soluble in acetone and dichloro-
methane without decomposition. It is an analogue of the
methoxy-functionalized phosphanerhodium(�) compounds
[Rh(C8H12)(MeOCH2CH2PR2-�O,P)]X (R�Ph, iPr, tBu,
Cy; X�BPh4, SbF6) which were prepared by Lindner et al.
from the chloro-bridged dimer [{Rh(�-Cl)(C8H12)}2] as the
precursor.[27] The molecular structure of 39 is shown in
Figure 5. The coordination geometry around the metal center
corresponds to a distorted square with the oxygen atom, the
phosphorus atom and the midpoints of the C�C double bonds
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Figure 5. Molecular structure of 39. Principal bond lengths [ä] and angles
[�] (with estimated standard deviations in parentheses): Rh�O1 2.1750(12),
Rh�P1 2.3255(4), Rh�C17 2.2423(16), Rh�C18 2.2102(16), Rh�C21
2.1122(17), Rh�C22 2.1106(17), C17�C18 1.366(3), C21�C22 1.404(3);
O1-Rh-P1 81.59(3), Rh-P1-C9 98.51(5), Rh-O1-C10 121.50(10), Rh-O1-
C11 124.29(9), P1-C9-C10 113.05(12), O1-C10-C9 107.99(13).


at the edges of the plane. The distances Rh�C17 and Rh�C18
are 0.10 ± 0.13 ä longer than the distances Rh�C21 and
Rh�C22, which is probably a consequence of the stronger
trans influence of phosphorus compared with oxygen. The
different donor properties of P and O may also explain why
the bond C17�C18 is about 0.035 ä shorter than the C21�C22
bond. The five-membered chelate ring is not planar but
possesses an envelope conformation with the carbon atom C2
bent out of the plane. The dihedral angle between the two
planes O-Rh-P-C9 and O-C10-C9 is about 20�. The plane of
the phenyl ring is nearly perpendicular to the basal plane of
the envelope.


Conclusion


The work presented herein illustrates that the functionalized
phosphanes of the general composition C6H5X(CH2)nPR2


with two bulky substituents at the phosphorus atom coordi-
nate not only to rhodium(�) but also to rhodium(���) both as
two-electron and (6� 2)-electron donor ligands. However, the
more noteworthy fact is that the bonding capabilities of the
phosphanes used in these studies go beyond the Ln-�P and �6-
Ln-�P coordination modes. As it has been shown by the
generation of the five-coordinate rhodium(���) complex 4c and
the isolation of its counterpart 17, the interaction of the
phosphanes L1 and L2 with the metal center can lead to an
insertion of the metal into one of the C�Hbonds of the phenyl
group of the phosphane to give a new six-membered chelate
ring system. This orthometalation reaction appears to be not
only an energetically favored process but it is also reversible
which is convincingly shown by the formation of 5, 6, 9, 10 or
19, 20, 22, 23, 24 from 4a ± c or 17 and, in particular, by some
labeling experiments. It appears that the formation of the
carbonyl-, ethene-, and vinylidenerhodium(�) and the corre-
sponding hydridorhodium(���) complexes from the mixture of
4a ± c and from 17 always proceed via the 14-electron
intermediate [RhCl(Ln-�P)2] with the C ±H activated com-
pound representing the resting state. This assumption could
be important for catalytic reactions carried out, for example,
with the hydrido complexes 20, 24, 32, and 35 as catalysts but
this has to be proven by further investigations.


Experimental Section


All experiments were carried out under an atmosphere of argon by Schlenk
techniques. Solvents were dried by known procedures and distilled before
used. The starting materials 2,[28] 7,[29] 26,[7] 29,[7] 33, [7] 36,[30] the phosphanes
L1 and L2,[7] and the phosphonium salts L1 ¥HBF4 and 38[26] were prepared
as described in the literature. NMR spectra were recorded (at room
temperature or at the temperature mentioned in the appropriate proce-
dure) on Bruker AC 200 and AMX 400 instruments (abbreviations used: s,
singlet; d, doublet; t, triplet; q, quartet; sept, septet; m, multiplet; br,
broadened signal; virt. , virtual coupled), IR spectra on a Bruker IFS 25 FT-
IR spectrometer, and mass spectra on a Finnigan MAT 90 instrument.
Melting and decomposition points were determined by DTA. The molar
conductivity � was measured in nitromethane with a Schott Kondukto-
meter CG 851.


[Rh(�-Cl)(C8H14)(C6H5CH2CH2PiPr2-�P)]2 (3): A suspension of 2
(941 mg, 1.31 mmol) in benzene (10 mL) was treated with a solution of
L1 (583 mg, 2.62 mmol) in pentane (5 mL) at room temperature. After the
reaction mixture was stirred for 3 min, a red solution was formed which was
filtered. The filtrate was brought to dryness in vacuo. A yellow solid was
obtained, which was washed with pentane (4� 10 mL each) and dried;
yield 966 mg (78%); m.p. 30 �C (decomp); 1H NMR (400 MHz, C6D6): ��
7.17 ± 7.05 (m, 10H; C6H5), 3.21 (m, 4H; �CH of C8H14), 2.81 (m, 4H;
PCH2CH2), 2.57 (m, 8H; PCH2 and CH2 of C8H14), 1.94 (m, 4H; PCHCH3),
1.75 ± 1.34 (m, 20H; CH2 of C8H14), 1.40 (dd, J(P,H)� 14.7, J(H,H)� 7.0 Hz,
12H; PCHCH3), 1.06 ppm (dd, J(P,H)� 12.9, J(H,H)� 7.1 Hz, 12H;
PCHCH3); 13C NMR (100.6 MHz, C6D6): �� 143.2 (d, J(P,C)� 11.4 Hz;
ipso-C of C6H5), 128.9, 128.1, 126.5 (all s; C6H5), 61.1 (d, J(Rh,C)� 15.3 Hz;
�CH of C8H14), 32.4 (s; PCH2CH2), 30.9, 30.7, 27.0 (all s; CH2 of C8H14), 24.5
(d, J(P,C)� 25.8 Hz; PCHCH3), 20.5 (d, J(P,C)� 20.0 Hz; PCH2), 20.4,
18.7 ppm (both s; PCHCH3); 31P NMR (162.0 MHz, C6D6): �� 53.5 (d,
J(Rh,P)� 184.8 Hz); elemental analysis (%) for C44H74P2Cl2Rh2 (941.7):
calcd: C 56.12, H 7.92; found: C 55.61, H 7.42.


[Rh(�-Cl)(C6H5CH2CH2PiPr2-�P)2]2 (4a) and [Rh(H)Cl(C6H4CH2-
CH2PiPr2-�2C,P)(C6H5CH2CH2PiPr2-�P)] (4c): A suspension of 2
(130 mg, 0.18 mmol) in pentane (5 mL) was treated with a solution of L1


(161 mg, 0.72 mmol) in pentane (3 mL), and the reaction mixture was
stirred for 5 min at room temperature. A red solution was formed which
was filtered. After the solvent was evaporated in vacuo, a red oily residue
was obtained, which owing to the NMR spectra contained a mixture of
mainly 4a (ca. 80%) and 4c (ca. 20%). The oily residue was dissolved in
pentane (3 mL), and the solution was stored for 12 h at �60 �C. A red
microcrystalline solid precipitated which was washed with small amounts of
pentane (0 �C) and dried. It was identified as 4a ; yield 142 mg (67%), m.p.
40 �C (decomp); 1H NMR (200 MHz, C6D6): �� 7.33 ± 6.86 (m, 20H; C6H5),
3.01 (m, 8H; PCH2CH2), 2.25 ± 2.00 (m, 16H; PCH2 and PCHCH3), 1.56 (d
virt. t, N� 14.0, J(H,H)� 6.7 Hz, 24H; PCHCH3), 1.21 ppm (d virt. t, N�
11.9, J(H,H)� 7.0 Hz, 24H; PCHCH3); 31P NMR (81.0 MHz, C6D6): ��
51.2 ppm (d, J(Rh,P)� 198.4 Hz); elemental analysis (%) for
C56H92P4Cl2Rh2 (1166.0): calcd: C 57.69, H 7.95; found: C 57.96, H 8.11.


If the red solid was dissolved in [D6]benzene and the solution stored for 1 h,
an equilibriummixture consisting of 4a and 4cwas formed. Typical data for
4c : 1H NMR (200 MHz, C6D6): ���19.89 ppm (ddd, J(Rh,H)� 27.6,
J(P,H)� 14.5 and 11.6 Hz, 1H; RhH); 31P NMR (81.0 MHz, C6D6): �� 48.9
(dd, J(P,P)� 396.4, J(Rh,P)� 117.0 Hz; PA), 26.9 ppm (dd, J(P,P)� 396.4,
J(Rh,P)� 109.4 Hz; PB); PA is the phosphorus atom of the chelating ligand
and PB that of the monodentate ligand.


trans-[RhCl(CO)(C6H5CH2CH2PiPr2-�P)2] (5): A suspension of 2 (105 mg,
0.15 mmol) in pentane (6 mL) was treated with L1 (130 mg (0.59 mmol) and
stirred for 5 min at room temperature. A red solution was formed, which
was brought to dryness in vacuo. The oily residue was dissolved in pentane
(4 mL) and the solution stirred under a CO atmosphere. A change of color
from red to light yellow occured. After the solution was concentrated to
about 2 mL in vacuo, a light yellow solid precipitated. The precipitate was
filtered, washed with pentane (2� 3 mL, �20 �C) and dried; yield 158 mg
(86%); m.p. 57 �C; IR (KBr): �	 � 1942 cm�1 (CO); 1H NMR (400 MHz,
C6D6): �� 7.35 (m, 4H; ortho-H of C6H5), 7.17 (m, 4H; meta-H of C6H5),
7.07 (m, 2H; para-H of C6H5), 3.14 (m, 4H; PCH2CH2) 2.21 (m, 4H; PCH2),
2.17 (m, 4H; PCHCH3), 1.30 (d virt. t, N� 15.2, J(H,H)� 7.2 Hz, 12H;
PCHCH3), 1.13 ppm (d virt. t, N� 14.0, J(H,H)� 7.0 Hz, 12H; PCHCH3);
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13C NMR (100.6 MHz, C6D6): �� 189.1 (dt, J(Rh,C)� 73.4, J(P,C)�
15.8 Hz; CO), 143.5 (virt. t, N� 13.4 Hz; ipso-C of C6H5), 128.8, 128.6,
126.4 (all s; C6H5), 33.1 (s; PCH2CH2), 25.6 (virt. t, N� 23.4 Hz; PCHCH3),
25.5 (virt. t, N� 20.3 Hz; PCH2), 20.1, 18.7 ppm (both s; PCHCH3); 31P
NMR (162.0 MHz, C6D6): �� 41.2 ppm (d, J(Rh,P)� 118.7 Hz); elemental
analysis (%) for C29H46OP2ClRh (611.0): calcd: C 57.01, H 7.59; found: C
56.63, H 7.48.


trans-[RhCl(C2H4)(C6H5CH2CH2PiPr2-�P)2] (6): Method A: A suspension
of 2 (111 mg, 0.15 mmol) in pentane (6 mL) was treated with L1 (138 mg,
0.62 mmol) and stirred for 5 min at room temperature. After the solvent
was evaporated in vacuo, the red oily residue was dissolved in pentane
(3 mL) and the solution was stirred under an ethene atmosphere. A gradual
change of color from red to orange-red occurred and after about 5 min a
yellow solid precipitated. After the reaction mixture was continuously
stirred for 15 min, the solid was separated from the mother liquor, washed
with pentane (3� 3 mL, 0 �C) and dried; yield 143 mg (78%).


Method B: A suspension of 7 (89 mg, 0.23 mmol) in acetone (4 mL) was
treated with a solution of L1 (203 mg, 0.92 mmol) in acetone (3 mL) at
room temperature. A yellow solution was formed, from which the solvent
was evaporated in vacuo. The remaining yellow solid was washed with
pentane (3� 4 mL, 0 �C) and dried; yield 210 mg (75%); m.p. 46 �C
(decomp); 1H NMR (400 MHz, C6D6): �� 7.20 ± 7.14 (m, 8H; ortho- and
meta-H of C6H5), 7.07 (m, 2H; para-H of C6H5), 2.85 (m, 4H; PCH2CH2),
2.61 (m, 4H; C2H4), 2.39 (m, 4H; PCHCH3), 1.76 (m, 4H; PCH2), 1.38 (d
virt. t, N� 14.1, J(H,H)� 7.2 Hz, 12H; PCHCH3), 1.14 ppm (d virt. t, N�
13.1, J(H,H)� 7.2 Hz, 12H; PCHCH3); 13C NMR (100.6 MHz, C6D6): ��
143.5 (virt. t, N� 11.2 Hz; ipso-C of C6H5), 128.9, 128.3, 126.4 (all s; C6H5),
38.1 (br d, J(Rh,C)� 15.3 Hz; C2H4), 32.3 (s; PCH2CH2), 23.2 (virt. t, N�
20.3 Hz; PCHCH3), 20.3, 19.3 (both s; PCHCH3), 19.9 ppm (virt. t, N�
13.2 Hz; PCH2); 31P NMR (162.0 MHz, C6D6): �� 27.5 ppm (d, J(Rh,P)�
120.4 Hz); elemental analysis (%) for C30H50P2ClRh (611.0): calcd: C 58.97,
H 8.25; found: C 58.66; H 7.79.


[RhH2Cl(C6H5CH2CH2PiPr2-�P)2] (8): A suspension of 6 (136 mg,
0.22 mmol) in pentane (5 mL) was stirred for about 10 s under a hydrogen
atmosphere. A light yellow solution was formed, which was brought to
dryness in vacuo. The NMR spectra of the orange oily residue revealed that
compound 8 was obtained as the dominating species (ca. 90%) together
with some by-products. Attempts to separate the by-products by repeated
recrystallization or chromatographic techniques failed. Continuous stirring
of the mixture in pentane under H2 did also not lead to complete
conversion to 8. Spectroscopic data for 8 : 1H NMR (200 MHz, C6D6): ��
7.37 ± 7.05 (m, 10H; C6H5), 3.10 (m, 4H; PCH2CH2), 2.10 (m, 8H; PCH2 and
PCHCH3), 1.18 (d virt. t, N� 14.8, J(H,H)� 6.9 Hz, 12H; PCHCH3), 1.12
(d virt. t, N� 13.8, J(H,H)� 6.9 Hz, 12H; PCHCH3), �21.62 ppm (dt,
J(Rh,H)� 25.6, J(P,H)� 14.8 Hz, 2H; RhH); 13C NMR (50.3 MHz, C6D6):
�� 143.7 (virt. t, N� 13.6 Hz; ipso-C of C6H5), 128.8, 128.3, 126.3 (all s;
C6H5), 33.4 (s; PCH2CH2), 26.8 (virt. t, N� 20.1 Hz, PCH2), 25.3 (virt. t,
N� 23.7 Hz; PCHCH3), 19.8, 19.5 ppm (both s; PCHCH3); 31P NMR
(81.0 MHz, C6D6): �� 52.1 ppm (d, J(Rh,P)� 111.9 Hz).


trans-[RhCl(�C�CHPh)(C6H5CH2CH2PiPr2-�P)2] (9): A suspension of 2
(145 mg, 0.20 mmol) in pentane (9 mL) was treated with L1 (180 mg,
0.81 mmol) and stirred for 5 min at room temperature. The solvent was
evaporated in vacuo, the oily residue was dissolved in toluene (5 mL) and
the solution cooled to �78 �C. After phenylacetylene (44 �L, 0.40 mmol)
was added, the solution was warmed to room temperature and then stirred
for 8 h. A stepwise change of color from yellow to red-brown and finally to
blue-violet occurred. The volatile substances were removed in vacuo, the
residue was dissolved in hexane (1 mL) and the solution chromatographed
on Al2O3 (neutral, activity grade III). With hexane, an off-white fraction
was eluted which was thrown away. With benzene, a blue fraction was
eluted which was brought to dryness in vacuo. The oily residue was
dissolved in pentane (2 mL) and the solution was stored at �60 �C. A blue-
violet solid precipitated, which was filtered, washed with pentane (2�
1 mL, 0 �C) and dried; yield 191 mg (69%); m.p. 66 �C (decomp); IR
(pentane): �� 1647, 1625, 1599 cm�1 (C�C); 1H NMR (400 MHz, C6D6):
�� 7.25 ± 7.04 (m, 14H; C6H5), 6.87 (m, 1H; para-H of�CHC6H5), 3.11 (m,
4H; PCH2CH2), 2.41 (m, 4H; PCHCH3), 2.33 (m, 4H; PCH2), 1.66 (t,
J(P,H)� 3.2 Hz, 1H; Rh�C�CH), 1.35 (d virt. t, N� 15.0, J(H,H)�
7.3 Hz, 12H; PCHCH3), 1.17 ppm (d virt. t, N� 13.5, J(H,H)� 7.0 Hz,
12H; PCHCH3); 13C NMR (100.6 MHz, C6D6): �� 296.5 (dt, J(Rh,C)�
58.5, J(P,C)� 16.5 Hz; Rh�C�CH), 143.4 (virt. t, N� 14.0 Hz; ipso-C of


CH2C6H5), 128.8, 128.7, 128.5 (all s; CH2C6H5), 126.3, 125.5, 125.3 (all s;
�CHC6H5), 125.4 (t, J(P,C)� 2.5 Hz; ipso-C of �CHC6H5), 112.2 (dt,
J(Rh,C)� 15.3, J(P,C)� 6.4 Hz; Rh�C�CH), 32.7 (s; PCH2CH2), 24.4 (virt.
t, N� 22.9 Hz; PCHCH3), 23.8 (virt. t, N� 19.1 Hz; PCH2), 20.6 (virt. t,
N� 2.5 Hz; PCHCH3), 19.0 ppm (s; PCHCH3); 31P NMR (162.0 MHz,
C6D6): �� 35.1 ppm (d, J(Rh,P)� 133.9 Hz); elemental analysis (%) for
C36H52P2ClRh (685.1): calcd: C 63.11, H 7.65; found: C 62.58, H 7.23.


trans-[RhCl{�C�CHC(OH)Ph2}(C6H5CH2CH2PiPr2-�P)2] (10): A suspen-
sion of 2 (735 mg, 1.03 mmol) in pentane (20 mL) was treated with L1


(911 mg, 4.10 mmol) and stirred for 5 min at room temperature. The
solvent was evaporated in vacuo, the oily residue was dissolved in toluene
(8 mL) and the solution cooled to �78 �C. After a solution of
HC�CC(OH)Ph2 (427 mg, 2.05 mmol) in toluene (4 mL) was added, the
reaction mixture was slowly warmed to room temperature and stirred for
12 h. A gradual change of color from red to brown occurred. The volatile
substances were removed in vacuo and the oily residue extracted twice with
pentane (20 mL each). After the combined extracts were concentrated in
vacuo to about 1 mL, a green solid precipitated. The precipitate was
separated from the mother liquor, washed with pentane (5� 5 mL, 0 �C)
and dried; yield 1.21 g (75%); m.p. 97 �C (decomp); IR (benzene): �	 � 3567
(OH), 1648 cm�1 (C�C); 1H NMR (200 MHz, C6D6): �� 7.41 ± 7.37 (m, 4H;
C6H5), 7.30 ± 6.92 (m, 16H; C6H5), 3.10 (m, 4H; PCH2CH2), 2.84 (s, 1H;
OH), 2.41 ± 2.23 (m, 8H; PCH2 and PCHCH3), 1.40 (dt, J(P,H)� 3.3,
J(Rh,H)� 0.7 Hz, 1H; Rh�C�CH), 1.26 (d virt. t, N� 14.6, J(H,H)�
7.3 Hz, 12H; PCHCH3), 1.14 ppm (d virt. t, N� 13.5, J(H,H)� 6.9 Hz,
12H; PCHCH3); 13C NMR (50.3 MHz, C6D6): �� 286.4 (dt, J(Rh,C)� 60.1,
J(P,C)� 16.2 Hz; Rh�C�CH), 149.3 (s; ipso-C of C(OH)(C6H5)2), 143.5
(virt. t, N� 13.4 Hz; ipso-C of CH2C6H5), 128.9, 128.7, 128.3, 127.1, 126.4,
125.9 (all s; C6H5), 118.6 (dt, J(Rh,C)� 15.3, J(P,C)� 6.7 Hz; Rh�C�CH),
67.9 (s; C(OH)(C6H5)2), 32.8 (s; PCH2CH2), 24.4 (virt. t, N� 22.9 Hz;
PCHCH3), 23.4 (virt. t, N� 19.1 Hz; PCH2), 20.5, 19.0 ppm (both s,
PCHCH3); 31P NMR (81.0 MHz, C6D6): �� 35.0 ppm (d, J(Rh,P)�
132.2 Hz); elemental analysis (%) for C43H58OP2ClRh (791.2): calcd: C
65.27, H 7.39; found: C 64.97, H 7.05.


trans-[RhCl(�C�C�CPh2)(C6H5CH2CH2PiPr2-�P)2] (11): The first part of
the procedure is analogous to that described for 10. From 2 (518 mg,
0.72 mmol), L1 (642 mg, 2.89 mmol) and HC�CC(OH)Ph2 (301 mg,
1.44 mmol) the precursor 10 was generated in situ. After removal of the
solvent, the oily residue was dissolved in benzene (3 mL) and the solution
was layed on a column filled with Al2O3 (acidic, activity grade III, height of
column 15 cm). A smooth change of color from green to orange-red
occurred. After 72 h the orange-red fraction was eluted with benzene and
the eluate was brought to dryness in avcuo. The oily residue was washed
with pentane (3� 10 mL, 0 �C) to give an orange solid; yield 926 mg (83%);
m.p. 97 �C(decomp); IR (benzene): �	 � 1963, 1879 cm�1 (C�C�C); 1HNMR
(300 MHz, C6D6): �� 7.88 (m, 4H; ortho-H of �C(C6H5)2), 7.46 (m, 2H;
para-H of�C(C6H5)2), 7.27 ± 6.97 (m, 10H; CH2C6H5), 6.76 (m, 4H;meta-H
of�C(C6H5)2), 3.15 (m, 4H; PCH2CH2), 2.56 (m, 4H; PCH2), 2.47 (m, 4H;
PCHCH3), 1.33 (d virt. t, N� 14.9, J(H,H)� 7.4 Hz, 12H; PCHCH3),
1.25 ppm (d virt. t, N� 13.9, J(H,H)� 6.9 Hz, 12H; PCHCH3); 13C NMR
(75.5 MHz, C6D6): �� 245.6 (dt, J(Rh,C)� 15.3, J(P,C)� 7.3 Hz;
Rh�C�C�C), 223.3 (dt, J(Rh,C)� 64.3, J(P,C)� 8.0 Hz; Rh�C�C�C),
154.3 (t, J(P,C)� 2.6 Hz; Rh�C�C�C), 143.9 (virt. t,N� 13.4 Hz; ipso-C of
CH2C6H5), 142.5 (br s; ipso-C of �C(C6H5)2), 130.0, 128.6, 128.5, 127.2,
126.0, 123.9 (all s; C6H5), 33.2 (s; PCH2CH2), 24.7 (virt. t, N� 21.7 Hz;
PCHCH3), 24.1 (virt. t, N� 18.0 Hz; PCH2), 20.8 (virt. t, N� 4.6 Hz;
PCHCH3), 18.9 ppm (s; PCHCH3); 31P NMR (81.0 MHz, C6D6): �� 31.1 (d,
J(Rh,P)� 129.7 Hz); elemental analysis (%) for C43H56P2ClRh (773.2):
calcd: C 66.80, H 7.30; found: C 66.51, H 7.35.


trans-[Rh(OH)(�C�C�CPh2)(C6H5CH2CH2PiPr2-�P)2] (12): A solution
of 11 (615 mg, 0.80 mmol) in a mixture of benzene (7 mL) and tert-C4H9OH
(5 mL) was treated with KOtBu (179 mg, 1.60 mmol) and stirred for 2 h at
room temperature. A gradual change of color from orange-red to brown
occurred.The solvent was evaporated in vacuo, and the residue was
extracted with pentane (25 mL). After the extract was brought to dryness in
vacuo, a brown solid was obtained which was washed with pentane (2�
4 mL, 0 �C) and dried; yield 353 mg (59%); m.p. 28 �C (decomp); IR
(C6H6): �	 � 3642 (OH), 1859 cm�1 (C�C�C); 1H NMR (200 MHz, C6D6):
�� 7.96 (m, 4H; ortho-H of �C(C6H5)2), 7.47 (m, 2H; para-H of
�C(C6H5)2], 7.24 ± 7.01 (m, 10H; CH2C6H5), 6.80 (m, 4H; meta-H of
�C(C6H5)2), 3.15 (m, 4H; PCH2CH2), 2.49 ± 2.25 (m, 8H; PCH2 and
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PCHCH3), 1.57 (t, J(P,H)� 5.5 Hz, 1H; OH), 1.33 (d virt. t, N� 15.0,
J(H,H)� 7.3 Hz, 12H; PCHCH3), 1.24 ppm (d virt. t, N� 13.2, J(H,H)�
6.6 Hz, 12H; PCHCH3); 13C NMR (50.3 MHz, C6D6): �� 245.2 (dt,
J(Rh,C)� 12.7, J(P,C)� 6.4 Hz; Rh�C�C�C), 221.5 (dt, J(Rh,C)� 50.9,
J(P,C)� 19.1 Hz; Rh�C�C�C), 154.4 (s; Rh�C�C�C), 154.3 (s; ipso-C of
�C(C6H5)2), 144.0 (virt. t, N� 12.7 Hz; ipso-C of CH2C6H5), 129.8, 128.7,
128.6, 126.2, 126.0, 123.8 (all s; C6H5), 33.4 (s; PCH2CH2), 24.0 (virt. t, N�
21.6 Hz; PCHCH3), 22.8 (virt. t, N� 15.3 Hz; PCH2), 20.6, 18.6 ppm (both
s; PCHCH3); 31P NMR (81.0 MHz, C6D6): �� 34.1 ppm (d, J(Rh,P)�
145.0 Hz); elemental analysis (%) for C43H57OP2Rh (754.8): calcd: C
68.43, H 7.61; found: C 67.77, H 7.30.


Preparation of trans-[Rh(O�CMe2)(�C�C�CPh2)(C6H5CH2CH2PiPr2-
�P)2]PF6 (14) via trans-[Rh(OH2)(�C�C�CPh2)(C6H5CH2CH2PiPr2-
�P)2]PF6 (13): A solution of 12 (129 mg, 0.17 mmol) in acetone (3 mL)
was treated at � 78 �Cwith NH4PF6 (28 mg, 0.17 mmol). A rapid change of
color from light brown to red occurred. After the reaction mixture was
smoothly warmed to room temperature, the 1H NMR spectrum revealed
that compound 13 was formed. While attempts to isolate 13 failed, the
compound slowly allowed to react (8 h) in acetone to give 14. The solution
was brought to dryness in vacuo, and the red oily residue was washed twice
with diethyl ether and pentane (5 mL each, 0 �C). A red solid of
composition 14 was obtained and dried; yield 114 mg (71%); m.p.
34 �C(decomp); �M� 102.7 cm2��1mol�1; IR (CH2Cl2): �� 1924 cm�1


(C�C�C); 1H NMR (400 MHz, [D6]acetone): �� 7.88 (m, 4H, ortho-H of
�C(C6H5)2], 7.31 ± 7.12 (m, 16H; C6H5), 3.01 (m, 4H; PCH2CH2), 2.48 (m,
4H; PCHCH3), 2.29 (m, 4H; PCH2), 1.30 (d virt. t, N� 14.2, J(H,H)�
7.2 Hz, 24H; PCHCH3); 13C NMR (100.6 MHz, [D6]acetone): �� 257.7 (dt,
J(Rh,C)� 55.6, J(P,C)� 19.1 Hz; Rh�C�C�C), 227.7 (dt, J(Rh,C)� 15.3,
J(P,C)� 6.0 Hz; Rh�C�C�C), 151.7 (s; Rh�C�C�C), 150.9 (s; ipso-C of
�C(C6H5)2), 143.0 (virt. t, N� 13.1 Hz, ipso-C of CH2C6H5), 130.8, 130.4,
129.3, 128.5, 126.9, 126.7 (all s; C6H5), 32.3 (s; PCH2CH2), 25.5 (virt. t, N�
22.9 Hz; PCHCH3), 24.5 (virt. t, N� 18.5 Hz; PCH2), 20.1, 19.4 ppm (both
s; PCHCH3); 31P NMR (162.0 MHz, [D6]acetone): �� 30.7 (d, J(Rh,P)�
133.0 Hz; iPr2P), �144.1 ppm (sept, J(F,P)� 708.5 Hz; PF6); elemental
analysis (%) for C46H62OF6P3Rh (940.8): calcd: C 58.73, H 6.64; found: C
58.77; H 6.48.


Data for 13 : 1H NMR (200 MHz, [D6]acetone): �� 7.86 (m, 4H; ortho-H of
�C(C6H5)2], 7.31 ± 7.08 (m, 16H; C6H5), 2.99 (m, 4H; PCH2CH2), 2.56 (m,
4H; PCHCH3), 2.41 (m, 4H; PCH2), 1.35 (d virt. t, N� 13.4, J(H,H)�
6.7 Hz, 12H; PCHCH3), 1.31 ppm (d virt. t, N� 14.0, J(H,H)� 7.3 Hz,
12H; PCHCH3); 31P NMR (81.0 MHz, [D6]acetone): �� 33.7 (d, J(Rh,P)�
132.3 Hz; iPr2P), �142.7 ppm (sept, J(F,P)� 707.0 Hz; PF6).


[Rh(�-Cl)(C8H14)(C6H5CH2CH2PtBu2-�P)]2 (15): A suspension of 2
(716 mg, 1.00 mmol) in benzene (10 mL) was treated with a solution of
L2 (500 mg, 2.00 mmol) in pentane (5 mL) and stirred for 3 min at room
temperature. An orange-red solution resulted which was filtered. After the
solvent was evaporated in vacuo, a yellow solid was obtained which was
washed with pentane (5� 6 mL, 0 �C) and dried; yield 729 mg (73%); m.p.
70 �C (decomp);1H NMR (200 MHz, C6D6): �� 7.18 ± 6.98 (m, 10H; C6H5),
3.65 (m, 4H;�CH of C8H14), 2.93 (m, 4H; PCH2CH2), 2.53, 2.05 (both m, 4
H each; CH2 of C8H14), 1.81 ± 1.33 (m, 20H; PCH2 and CH2 of C8H14),
1.43 ppm (d, J(P,H)� 12.4 Hz, 36H; PCCH3); 13C NMR (50.3 MHz, C6D6):
�� 143.4 (d, J(P,C)� 10.4 Hz; ipso-C of C6H5), 130.3, 129.0, 126.6 (all s;
C6H5), 59.6 (d, J(Rh,C)� 16.2 Hz; �CH of C8H14), 36.9 (d, J(P,C)�
16.9 Hz; PCCH3), 33.2 (s; PCH2CH2), 31.3 (d, J(P,C)� 3.2 Hz; PCCH3)
30.9, 30.8, 27.2 (all s; CH2 of C8H14), 21.9 ppm (d, J(P,C)� 13.0 Hz; PCH2);
31P NMR (81.0 MHz, C6D6): �� 63.3 ppm (d, J(Rh,P)� 190.7 Hz); ele-
mental analyis (%) for C48H82P2Cl2Rh2 (997.8): calcd: C 57.78, H 8.28, Rh
20.62; found: C 58.25, H 8.26, Rh 20.70.


[Rh(�-Cl)(C2H4)(C6H5CH2CH2PtBu2-�P)]2 (16): Method A: A suspension
of 7 (73 mg, 0.19 mmol) in pentane (5 mL) was treated with a solution of L2


(94 mg, 0.38 mmol) in pentane (2 mL) and stirred for 3 min at room
temperature. A yellow solution resulted and a yellow solid began to
precipitate. To complete the precipitation, the solution was concentrated to
about 3 mL in vacuo and stored for 3 h. The yellow solid was filtered,
washed with pentane (3� 3 mL, 0 �C) and dried; yield 131 mg (83%).


Method B: A suspension of 7 (66 mg, 0.17 mmol) and 17 (217 mg,
0.34 mmol) in pentane (5 mL) was stirred for 3 min at room temperature.
Ayellow solution resulted which was worked up as described for method a;
yield 122 (86%); m.p. 52 �C (decomp); 1H NMR (200 MHz, C6D6):


�� 7.17 ± 6.98 (m, 10H; C6H5), 3.56, 3.06 (both m, 4 H each; C2H4), 2.84 (m,
4H; PCH2CH2), 1.56 (m, 4H; PCH2), 1.35 ppm (d, J(P,H)� 12.4 Hz, 36H;
PCCH3); 13C NMR (50.3 MHz, C6D6): �� 143.1 (d, J(Rh,C)� 10.4 Hz;
ipso-C of C6H5), 128.9, 128.3, 126.6 (all s; C6H5), 44.7 (d, J(Rh,C)� 14.9 Hz;
C2H4), 36.8 (d, J(P,C)� 18.2 Hz; PCCH3), 32.9 (s; PCH2CH2), 31.0 (d,
J(P,C)� 3.3 Hz; PCCH3), 22.4 ppm (d, J(P,C)� 15.6 Hz; PCH2); 31P NMR
(81.0 MHz, C6D6): �� 65.8 ppm (d, J(Rh,P)� 185.7 Hz); elemental anal-
ysis (%) for C36H62P2Cl2Rh2 (833.6): calcd: C 51.87, H 7.50; found: C 51.53,
H 7.54.


[RhHCl(C6H4CH2CH2PtBu2-�2C,P)(C6H5CH2CH2PtBu2-�P)] (17): Meth-
od A: A suspension of 2 (1.51 g, 2.11 mmol) in pentane (10 mL) was treated
with L2 (2.11 g, 8.43 mmol) and stirred for 15 min at room temperature. A
clean yellow solution resulted. The solvent was evaporated in vacuo, and
the oily residue was layered with pentane (10 mL). After 8 h a yellow solid
was obtained, which was separated from the mother liquor, washed with
pentane (5� 4 mL) and dried. The pentane washings were combined, then
concentrated to about 3 mL in vacuo, and the solution was stirred for 3 h at
room temperature. A yellow solid precipitated which was separated from
the mother liquor, washed with pentane (5� 3 mL each) and dried. This
procedure was repeated three times; overall yield 2.29 g (85%).
Method B: Similar to method A, but using 7 (303 mg, 0.78 mmol) and L2


(780 mg, 3.12 mmol) as starting materials; yield 808 mg (81%); m.p. 97 �C
(decomp); IR (KBr): �	 � 2170 cm�1 (RhH); 1H NMR (600 MHz, C6D6):
�� 8.34 (m, 1H; C6H4), 7.37 (m, 2H; ortho-H of C6H5), 7.20 (m, 2H; meta-
H of C6H5), 7.08 (m, 1H; para-H of C6H5), 6.80 (m, 2H; C6H4), 6.66 (m, 1H;
C6H4), 3.74, 3.20 (both m, 1H each; CH2C6H2), 2.77, 2.70 (both m; 1H each;
CH2C6H2), 2.27, 2.10 (both m, 1H each; CH2CH2C6H5), 1.41, 0.83 (both m, 1
H each; CH2CH2C6H4), 1.31 (d, J(PA,H)� 12.3 Hz, 9H; PACCH3), 1.22 (d,
J(PB,H)� 12.1 Hz, 9H; PBCCH3), 1.15 (d, J(PA,H)� 13.0 Hz, 9H;
PACCH3), 1.04 (d, J(PB,H)� 12.1 Hz, 9H; PBCCH3), �18.11 ppm (ddd,
J(Rh,H)� 22.9, J(PA,H)� 9.5, J(PB,H)� 15.9 Hz, 1H; RhH); 13C NMR
(150.9 MHz, C6D6): �� 146.9 (ddd, J(Rh,C)� 34.2, J(PA,C)� 12.0,
J(PB,C)� 5.8 Hz; RhC of C6H4), 144.4 (d, J(PB,C)� 12.6 Hz; ipso-C of
C6H5), 144.3 (d, J(PA,C)� 8.6 Hz; ipso-C of C6H4), 136.6 (dd, J(PB,C)� 6.9,
J(Rh,C)� 2.8 Hz; C6H4), 128.8, 128.7, 126.2 (all s; C6H5), 126.3, 123.4, 122.9
(all s; C6H4), 42.2 (dd, J(Rh,C)� 5.7, J(PA,C)� 5.2 Hz; CH2C6H4), 37.5 (dd,
J(PA,C)� 10.3, J(PB,C)� 6.9 Hz; PACCH3), 37.0 (dd, J(PA,C)� 2.9,
J(PB,C)� 11.5 Hz; PBCCH3), 36.1 (ddd, J(PA,C)� 2.3, J(PB,C)� 12.1,
J(Rh,C)� 1.9 Hz; PBCCH3), 35.8 (d, J(PA,C)� 16.1 Hz; PACCH3), 33.0 (s;
CH2C6H5), 31.0 (d, J(PB,C)� 4.0 Hz; PBCCH3), 30.4 (d, J(PA,C)� 2.9 Hz;
PACCH3), 30.3 (d, J(PB,C)� 3.4 Hz; PBCCH3), 29.5 (d, J(PA,C)� 1.9 Hz;
PACCH3), 25.7 (dd, J(PB,C)� 6.9, J(PA,C)� 2.3 Hz; CH2CH2C6H5),
19.1 ppm (d, J(PA,C)� 29.3 Hz; CH2CH2C6H4); 31P NMR (162.0 MHz,
C6D6): �� 65.7 (dd, J(PA,PB)� 366.2, J(Rh,PA)� 120.4 Hz; tBu2PA),
43.0 ppm (dd, J(PA,PB)� 366.2, J(Rh,PB)� 110.2 Hz; tBu2PB); PA is the
phosphorus atom of the chelate ring and PB the phosphorus atom of the
monodentate ligand; elemental analysis (%) for C32H54P2ClRh (639.1):
calcd: C 60.14, H 8.52, Rh 16.10; found: C 59.70, H 8.35, Rh 16.58.


trans-[RhCl(CO)(C6H5CH2CH2PtBu2-�P)2] (19): A suspension of 17
(97 mg, 0.15 mmol) in pentane (6 mL) was stirred under a CO atmosphere
for 3 min at room temperature. A light yellow solution resulted from which
a yellow solid began to precipitate. After the solution was stored for 2 h at
0 �C, the yellow solid was filtered, washed with pentane (2� 5 mL) and
dried; yield 93 mg (93%); m.p. 192 C (decomp); IR (KBr): �	 � 1937 cm�1


(CO); 1H NMR (400 MHz, [D8]toluene, 343 K): �� 7.44 (m, 4H; ortho-H
of C6H5), 7.16 (m, 4H;meta-H of C6H5), 7.05 (m, 2H; para-H of C6H5), 3.20
(m, 4H; PCH2CH2) 2.49 (m, 4H; PCH2), 1.42 ppm (virt. t, N� 12.6 Hz,
36H; PCCH3); 13C NMR (100.6 MHz, [D8]toluene, 343 K): �� 190.2 (dt,
J(Rh,C)� 73.4, J(P,C)� 15.3 Hz; CO) 144.0 (virt. t, N� 13.4 Hz; ipso-C of
C6H5), 128.9, 128.8, 126.5 (all s; C6H5), 36.0 (virt. t, N� 15.3 Hz; PCCH3),
33.8 (s; PCH2CH2), 30.9 (virt. t, N� 4.8 Hz; PCCH3), 24.3 ppm (virt. t, N�
15.2 Hz; PCH2); 31P NMR (162.0 MHz, [D8]toluene, 343 K): �� 57.8 ppm
(d, J(Rh,P)� 125.5 Hz); 31P NMR (162.0 MHz, C6D6, 293 K): �� 54.2 ppm
(br s); 31P NMR (162.0 MHz, [D8]toluene, 223 K): �� 58.9 (dd, J(PA,PB)�
312.0, J(Rh,PA)� 118.7 Hz; tBu2PA of rotamer R1), 58.1 (d, J(Rh,P)�
120.4 Hz; tBu2P of rotamer R2), 47.4 (dd, J(PA,PB)� 312.0, J(Rh,PB)�
123.8 Hz; tBu2PB of rotamer R1), 46.6 ppm (d, J(Rh,P)� 120.4 Hz; tBu2P
of rotamer R3); elemental analysis (%) for C33H54OP2ClRh (667.1): calcd: C
59.42, H 8.16, Rh 15.42; found: C 59.10, H 7.86, Rh 15.33.


[RhH2Cl(C6H5CH2CH2PtBu2-�P)2] (20): A suspension of 17 (103 mg,
0.16 mmol) in pentane (7 mL) was stirred under a hydrogen atmosphere (1
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bar) for 1 h at room temperature. A light yellow solution was formed which,
after the solvent was evaporated in vacuo, gave a light yellow solid; yield
95 mg (93%); m.p. 105 �C (decomp); IR (KBr): �� 2138 (br) cm�1 (RhH);
1H NMR (400 MHz, C6D6): �� 7.51 (m, 4H; ortho-H of C6H5), 7.20 (m, 4H;
meta-H of C6H5), 7.08 (m, 2H; para-H of C6H5), 3.25 (m, 4H; PCH2CH2),
2.31 (m, 4H; PCH2), 1.28 (virt. t, N� 12.6 Hz, 36H; PCCH3), �22.63 ppm
(dt, J(Rh,H)� 26.3, J(P,H)� 14.7 Hz, 2H; RhH); 13C NMR (100.6 MHz,
C6D6): �� 144.2 (virt. t, N� 13.4 Hz; ipso-C of C6H5), 128.9, 128.8, 126.4
(all s; C6H5), 35.0 (virt. t, N� 17.2 Hz; PCCH3), 34.4 (s; PCH2CH2), 30.5
(virt. t, N� 5.7 Hz; PCCH3), 26.2 ppm (virt. t, N� 15.3 Hz; PCH2); 31P
NMR (162.0 MHz, C6D6): �� 65.6 (d, J(Rh,P)� 115.3 Hz); elemental
analysis (%) for C32H56P2ClRh (641.1): calcd: C 59.95, H 8.80; found: C
60.40, H 8.66.


[RhD2Cl(C6H5CH2CH2PtBu2-�P)2] ([D2]20): A suspension of 17 (84 mg,
0.13 mmol) in pentane (15 mL) was stirred under a D2 atmosphere for 2 h at
room temperature. After the solvent was removed in vacuo, the light yellow
residue was washed with pentane (2� 4 mL) and dried; yield 72 mg (85%);
m.p. 92 �C (decomp); 1H NMR (400 MHz, C6D6): nearly identical to that of
20 but without the signal at ���22.63 ppm; the 13C NMR and 31P NMR
spectra are both identical to those of 20.


Generation in situ of [RhHCl(C�CC6H5)(C6H5CH2CH2PtBu2-�P)2] (21):
A solution of 17 (22 mg, 0.03 mmol) in [D8]toluene was treated at �78 �C
with phenylacetylene (4 �L, 0.03 mmol) and monitored by NMR spectro-
scopy. Characteristic data for 21: 1H NMR (200 MHz): ���27.72 ppm (br
dt, J(Rh,H)� 42.2, J(P,H)� 11.6 Hz, 1H; RhH); 31P NMR (81.0 MHz): ��
40.5 ppm (d, J(Rh,P)� 119.5 Hz).


trans-[RhCl(�C�CHPh)(C6H5CH2CH2PtBu2-�P)2] (22): Method a: A
solution of 17 (146 mg, 0.23 mmol) in toluene (5 mL) was treated at
�78 �C with phenylacetylene (25 �L, 0.23 mmol). The solution was slowly
warmed to room temperature and stirred for 8 h. A stepwise change of
color from yellow to red-brown and then to blue-violet occurred. The
solvent was evaporated in vacuo, the residue was dissolved in hexane
(1 mL) and the solution was chromatographed on Al2O3 (neutral, activity
grade III). With hexane, an off-white fraction was eluted which was thrown
away. With benzene, a blue fraction was eluted which was brought to
dryness in vacuo. The oily residue was dissolved in pentane (2 mL) and the
solution was stored at �60 �C. A blue-violet solid precipitated, which was
filtered, washed with pentane (2� 1 mL, 0 �C) and dried; yield 133 mg
(78%).


Method B: Analogously as described for method A, but using 20 (120 mg,
0.19 mmol) and phenylacetylene (39 �L, 0.38 mmol) as starting materials;
time of reaction 12 h; yield 100 mg (72%); m.p. 77 �C (decomp); IR
(hexane): �	 � 1646, 1624 und 1598 cm�1 (C�C); 1H NMR (300 MHz, C6D6,
313 K): �� 7.35 (m, 4H; C6H5), 7.21 ± 7.05 (m, 10H; C6H5), 6.86 (m, 1H;
para-H of �CHC6H5), 3.23 (m, 4H; PCH2CH2) 2.53 (m, 4H; PCH2), 1.45
(virt. t, N� 12.5 Hz, 36H; PCCH3), 1.36 ppm (dt, J(P,H)� 3.2, J(Rh,H)�
1.1 Hz, 1H; Rh�C�CH); 13C NMR (75.4 MHz, C6D6, 313 K): �� 290.6 (m;
Rh�C�CH), 143.6 (virt. t, N� 13.4 Hz; ipso-C of CH2C6H5), 128.7, 128.6,
126.4 (all s; CH2C6H5), 127.3, 126.3, 125.3 (all s; �CHC6H5), 124.8 (t,
J(P,C)� 2.3 Hz; ipso-C of �CHC6H5), 116.2 (m; Rh�C�CH), 35.9 (virt. t,
N� 14.3 Hz; PCCH3), 33.3 (s, PCH2CH2), 31.2 (virt. t,N� 4.6 Hz; PCCH3),
23.1 ppm (virt. t, N� 15.3 Hz; PCH2); 31P NMR (81.0 MHz, C6D6, 308 K):
�� 52.5 ppm (d, J(RhP)� 137.3 Hz); 31P NMR (162.0 MHz, C6D6, 293 K):
�� 45.7 ppm (br s); 31P NMR (162.0 MHz, [D8]toluene, 233 K): ��
47.7 ppm (dd, J(PA,PB)� 345.9, J(Rh,PA)� 133.9 Hz; tBu2PA of rotamer
R1), 46.2 (d, J(Rh,P)� 135.6 Hz; tBu2P of rotamer R2), 41.8 (d, J(Rh,P)�
140.7 Hz; tBu2P of rotamer R3), 41.6 (dd, J(PA,PB)� 345.9, J(Rh,PB)�
137.3 Hz; tBu2PB of rotamer R1); elemental analysis (%) for C40H60P2ClRh
(741.2): calcd: C 64.82, H 8.16; found: C 64.74, H 8.04.


trans-[RhCl(�C�CDPh)(C6H5CH2CH2PtBu2-�P)2] ([D1]22): A solution of
17 (78 mg, 0.12 mmol) in toluene (3 mL) was treated at �78 �C with a
solution of DC�CPh (13 mg, 0.12 mmol) in hexane (2 mL). The solution
was slowly warmed to room temperature and then stirred for 8 h. The
solvent was evaporated in vacuo and the residue investigated by NMR
spectrocopy. The 1H NMR spectrum is nearly identical to that of 22 but
without the signal at �� 1.36 ppm; the 13C NMR and 31P NMR are both
identical to those of 22. 2H NMR (61.42 MHz, C6H6): �� 1.40 ppm (s;
Rh�C�CD).


trans-[RhCl(�C�CHtBu)(C6H5CH2CH2PtBu2-�P)2] (23): Analogously as
described for 22, with 17 (135 mg, 0.21 mmol) and 3,3-dimethylbutyne


(39 �L, 0.32 mmol) as starting materials; time of reaction four days. A blue
solid was isolated; yield 125 mg (82%); m.p. 91 �C (decomp); IR (KBr):
�	 � 1668, 1641, 1602 cm�1 (C�C); 1H NMR (200 MHz, C6D6, 293 K): ��
7.45 ± 7.03 (m, 10H; C6H5), 3.20 (m, 4H; PCH2CH2) 2.54 (m, 4H; PCH2),
1.50 (virt. t, N� 12.1 Hz, 36H; PCCH3), 0.90 (s, 9H; �CHC(CH3)3),
�0.30 ppm (dt, J(P,H)� 3.3, J(Rh,H)� 1.5 Hz, 1H; Rh�C�CH); 13C NMR
(75.4 MHz, C6D6, 323 K): �� 286.2 (m; Rh�C�CH), 143.6 (virt. t, N�
13.2 Hz; ipso-C of C6H5), 128.7, 128.5, 126.3 (all s; C6H5), 120.4 (m;
Rh�C�CH), 36.3 (d virt. t, N� 13.6, J(Rh,C)� 0.8 Hz; PCCH3), 33.0 (s;
PCH2CH2), 32.5 (t, J(P,C)� 1.1 Hz;�CHC(CH3)3), 31.5 (virt. t,N� 5.1 Hz;
PCCH3), 25.3 (t, J(P,C)� 1.5 Hz;�CHC(CH3)3), 22.4 ppm (m; PCH2); 31P
NMR (81.0 MHz, C6D6, 313 K): �� 45.8 (d, J(Rh,P)� 142.4 Hz); 31P NMR
(81.0 MHz, C6D6, 293 K): �� 44.7 ppm (br d).; elemental analysis (%) for
C38H64P2ClRh (721.2): calcd: C 63.28, H 8.94; found: C 63.14, H 8.99.


[RhHCl2(C6H5CH2CH2PtBu2-�P)2] (24): A slow stream of gaseous HCl
was passed through a suspension of 17 (124 mg, 0.19 mmol) in pentane
(6 mL) for 10 s at room temperature. An orange oil precipitated. The
solvent was evaporated in vacuo and the oily residue was extracted with
diethyl ether (2� 7 mL each). The combined extracts were concentrated in
vacuo as long as an orange precipitate was formed. This was filtered,
washed with pentane (2� 6 mL) and dried; yield 116 mg (90%); m.p.
134 �C (decomp); IR (Nujol): �	 � 2361, 2341 cm�1 (RhH); 1H NMR
(400 MHz, C6D6, 293 K): �� 7.53 (m, 4H; ortho-H of C6H5), 7.20 (m, 4H;
meta-H of C6H5), 7.09 (m, 2H; para-H of C6H5), 3.10 (br s, 8H; PCH2CH2),
1.43 (br s, 36H; PCCH3), �30.84 ppm (dt, J(Rh,H)� 32.1, J(P,H)�
12.9 Hz, 1H; RhH); 1H NMR (300 MHz, C6D6, 333 K): �� 7.49 (m, 4H;
ortho-H of C6H5), 7.20 (m, 4H; meta-H of C6H5), 7.08 (m, 2H; para-H of
C6H5), 3.13 (m, 4H; PCH2CH2) 2.47 (m, 4H; PCH2), 1.46 (virt. t, N�
12.8 Hz, 36H; PCCH3), �30.77 ppm (dt, J(Rh,H)� 32.5, J(P,H)� 12.4 Hz,
1H; RhH); 13C NMR (100.6 MHz, C6D6, 293 K): �� 143.9 (virt. t, N�
14.2 Hz; ipso-C of C6H5), 128.9, 128.8, 126.5 (all s; C6H5), 36.2 (m; PCCH3),
33.5 (s; PCH2CH2), 31.4 (br s; PCCH3), 22.6 ppm (m; PCH2); 13C NMR
(75.4 MHz, C6D6, 333 K): �� 143.9 (virt. t, N� 13.5 Hz; ipso-C of C6H5),
128.9, 128.8, 126.4 (all s; C6H5), 36.3 (virt. t, N� 15.6 Hz; PCCH3), 33.5 (s;
PCH2CH2), 31.5 (virt. t,N� 4.4 Hz; PCCH3), 22.6 ppm (virt. t,N� 17.8 Hz;
PCH2); 31P NMR (162.0 MHz, C6D6, 293 K): �� 47.9 ppm (d, J(Rh,P)�
96.6 Hz); 31P NMR (162.0 MHz, [D8]toluene, 243 K): �� 47.3 (d, J(Rh,P)�
96.6 Hz; tBu2P of rotamer R1), 46.6 ppm (d, J(Rh,P)� 96.6 Hz; tBu2P of
rotamer R2); elemental analysis (%) for C32H55P2Cl2Rh (675.6): calcd: C
56.89, H 8.21, Rh 15.23; found: C 56.72, H 7.97, Rh 15.02.


[RhDCl2(C6H5CH2CH2PtBu2-�P)2] ([D1]24): A slow stream of DCl was
passed for 30 s through a suspension of 17 (86 mg, 0.13 mmol) in pentane
(6 mL) at room temperature. The solvent was evaporated in vacuo, the
remaining orange solid was washed with pentane (2� 5 mL) and dried;
yield 72 mg (85%); m.p. 101 �C (decomp); 1H NMR (400 MHz, C6D6):
nearly identical to that of 24, but without the signal at ���30.77 ppm; the
13C NMR and 31P NMR are both identical to those of 24.


Reaction of compound 32 with NEt3 : A solution of 24 (34 mg, 0.05 mmol)
in C6D6 (0.5 mL) was treated with NEt3 (140 �L, 1.00 mmol) and stirred for
5 min at room temperature. The 31P NMR spectrum of the solution
revealed that the starting materials reacted exclusively to give 17.


[(�6-C6H5CH2CH2PtBu2-�P)Rh(C6H5CH2CH2PtBu2-�P)]PF6 (25a): A sol-
ution of 17 (136 mg, 0.21 mmol) in toluene (6 mL) was treated at �60 �C
with a solution of AgPF6 (54 mg, 0.21 mmol) in diethyl ether (2 mL). While
the solution was warmed to room temperature, an off-white solid
precipitated and a change of color from yellow to brown occurred. The
solution was filtered, and the filtrate was brought to dryness in vacuo. The
residue was extracted with CH2Cl2 (2� 4 mL) and the solvent was
evaporated from the combined extracts. The residue was dissolved in
acetone (1 mL) and the solution was layered with diethyl ether (6 mL). A
pale brown solid precipitated which was separated from the mother liquor,
washed with diethyl ether (2� 5 mL each) and dried; yield 138 mg (88%);
m.p. 107 �C (decomp);�M� 64 cm2��1mol�1; 1H NMR (200 MHz, [D6]ace-
tone): �� 7.37 ± 7.05 (m, 9H; C6H5), 6.12 (m, 1H; para-H of �6-C6H5), 3.20
(m, 2H; PCH2CH2), 2.71 (m, 2H; PCH2), 2.53 (m, 2H; PCH2CH2), 2.33 (m,
2H; PCH2), 1.51 (d, J(P,H)� 12.8 Hz, 18H; PCCH3), 1.21 ppm (d, J(P,H)�
13.5 Hz, 18H; PCCH3); 13C NMR (50.3 MHz, [D6]acetone): �� 142.5 (d,
J(PB,C)� 9.3 Hz; ipso-C of C6H5), 129.4, 129.1, 127.2 (all s; C6H5), 111.5
(ddd, J(PA,C)� 4.7, J(PB,C)� 9.2, J(Rh,C)� 3.7 Hz; ipso-C of �6-C6H5),
105.7 (br s, �6-C6H5), 88.7 (d, J(PA,C)� 10.2 Hz; para-C of �6-C6H5), 40.8
(dd, J(PA,C)� 25.0, J(PB,C)� 2.0 Hz; �6-C6H5CH2CH2), 39.8 (m;
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C6H5CH2CH2), 38.9 (d, J(PB,C)� 15.7 Hz; PBCCH3), 36.4 (dd, J(PA,C)�
10.2, J(Rh,C)� 2.8 Hz; PACCH3), 34.7 (m; C6H5CH2CH2), 31.7 (d, J(P,C)�
4.6 Hz; PCCH3), 31.4 (d, J(P,C)� 4.6 Hz; PCCH3), 30.6 ppm (s; C6H5CH2);
31P NMR (81.0 MHz, [D6]acetone): �� 81.5 (dd, J(Rh,PA)� 211.1,
J(PA,PB)� 15.3 Hz; tBu2PA), 68.6 (dd, J(Rh,PB)� 203.4, J(PA,PB)�
15.3 Hz; tBu2PB), �142.7 ppm (sept, J(F,P)� 707.0 Hz; PF6); PA corre-
sponds to the phosphorus atom of the chelating ligand and PB to the
phosphorus atom of the monodentate ligand; elemental analysis (%) for
C32H54F6P3Rh (748.6): calcd: C 51.34, H 7.27; found: C 51.37, H 7.34.


[(�6-C6H5CH2CH2PtBu2-�P)Rh(C6H5CH2CH2PtBu2-�P)]BF4 (25b): A
solution of 17 (262 mg, 0.41 mmol) in toluene (5 mL) was treated at
� 60 �Cwith a 54% solution von HBF4 in diethyl ether (29 �L, 0.21 mmol).
While the reaction mixture was warmed to room temperature, a change of
color from yellow to orange-red occurred. The solvent was evaporated in
vacuo and the oily residue was extracted with diethyl ether (3� 7 mL). The
combined extracts were brought to dryness in vacuo to give an orange solid
which was washed with pentane (2� 6 mL) and dried. The solid was
characterized as 24 by spectroscopic techniques; yield 126 mg (46%). The
residue which was left behind after the extraction with ether was dissolved
in acetone (2 mL) and under continuous stirring diethyl ether (7 mL) was
added. A brownish solid of composition 25b precipitated which was
separated from the mother liquor, washed with diethyl ether (2� 5 mL)
and dried; yield 122 mg (43%); m.p. 105 �C (decomp); �M�
65 cm2��1mol�1; 1H NMR (400 MHz, [D6]acetone): �� 7.29 ± 7.12 (m,
9H; C6H5), 6.14 (m, 1H; para-H of �6-C6H5), 3.21, 2.54 (both m, 2H each;
PCH2CH2), 2.73, 2.34 (both m, 2H each; PCH2), 1.52, 1.22 ppm (both d,
J(P,H)� 13.2 Hz, 18H each; PCCH3); 13C NMR (100.6 MHz, [D6]acetone):
�� 142.5 (d, J(PB,C)� 8.6 Hz, ipso-C of C6H5), 129.4, 129.0, 127.3 (all s;
C6H5), 111.5 (ddd, J(PA,C)� 4.8, J(PB,C)� 8.6, J(Rh,C)� 3.8 Hz; in
13C{31P} d, J(Rh,C)� 3.8 Hz; in 13C{31PA} dd, J(PB,C)� 8.6, J(Rh,C)�
3.8 Hz, ipso-C of �6-C6H5), 105.8, 105.6 (both br s; �6-C6H5), 88.8 (d,
J(PA,C)� 9.5 Hz, para-C of �6-C6H5), 40.9 (dd, J(PA,C)� 24.8, J(PB,C)�
1.9 Hz; �6-C6H5CH2CH2), 39.8, 34.7 (both m; C6H5CH2CH2), 38.9 (d,
J(PB,C)� 15.3 Hz; PBCCH3), 36.4 (dd, J(PA,C)� 10.5, J(Rh,C)� 2.9 Hz;
PACCH3), 31.7 (d, J(P,C)� 4.8 Hz; PCCH3), 31.4 (d, J(P,C)� 3.8 Hz;
PCCH3), 30.6 ppm (s; �6-C6H5CH2); 31P NMR (162.0 MHz, [D6]acetone):
�� 80.1 (dd, J(Rh,PA)� 211.9, J(PA,PB)� 15.3 Hz; tBu2PA), 67.2 ppm (dd,
J(Rh,PB)� 205.1, J(PA,PB)� 15.3 Hz; tBu2PB); PA corresponds to the
phosphorus atom of the chelating ligand and PB to the phosphorus atom
of the monodentate ligand; elemental analysis (%) for C32H54BF4P2Rh
(690.4): calcd: C 55.67, H 7.88; found: C 55.91, H 7.61.


[(�6-C6H5CH2CH2PtBu2-�P)Rh(C2H4)]PF6 (27): A solution of 26 (245 mg,
0.40 mmol) in CH2Cl2 (2 mL) was heated under an ethene atmosphere for
1 h at 75 �C. After the solution was cooled to room temperature, diethyl
ether (8 mL) was added, which led to the precipitation of an orange solid.
The mother liquor was decanted, and the solid was washed with diethyl
ether (5 mL). This procedure was repeated twice. The combined orange
solids were finally washed with diethyl ether (2� 5 mL) and dried; yield
181 mg (86%); m.p. 178 �C (decomp); �M� 119 cm2��1mol�1; 1H NMR
(200 MHz, [D6]acetone): �� 7.47 ± 7.30 (m, 4H; C6H5), 5.52 (m, 1H; C6H5),
3.22 (br s, 4H; C2H4), 2.99 ± 2.63 (m, 4H; PCH2CH2), 1.31 ppm (d, J(P,H)�
13.9 Hz, 18H; PCCH3); 13C NMR (50.3 MHz, [D6]acetone): �� 123.1 (dd,
J(P,C)� J(Rh,C)� 4.6 Hz; ipso-C of C6H5), 109.5 (s; C6H5), 105.2 (d,
J(P,C)� 2.8 Hz, C6H5), 93.5 (dd, J(P,C)� 11.1, J(Rh,C)� 2.8 Hz; para-C of
C6H5), 42.2 (d, J(Rh,C)� 13.9 Hz; C2H4), 41.0 (d, J(P,C)� 25.0 Hz; PCH2),
37.1 (dd, J(P,C)� 16.7, J(Rh,C)� 1.9 Hz; PCCH3), 31.8 (s; PCH2CH2),
30.1 ppm (s; PCCH3); 31P NMR (81.0 MHz, [D6]acetone): �� 98.7 (d,
J(Rh,P)� 183.1 Hz; tBu2P), �144.3 ppm (sept, J(F,P)� 707.0 Hz; PF6);
elemental analysis (%) for C18H31F6P2Rh (526.3): calcd: C 41.08, H 5.94, Rh
19.55; found: C 40.99, H 5.92, Rh 19.29.


[(�6-C6H5CH2CH2PtBu2-�P)Rh(SbiPr3)]PF6 (28): A solution of 26
(103 mg, 0.17 mmol) in CH2Cl2 (3 mL) was treated with SbiPr3 (282 �L,
1.36 mmol) and stirred for 8 h at room temperature. A change of color from
yellow to red-brown occurred. After the solvent was evaporated in vacuo,
the oily residue was washed with pentane (2� 5 mL) and then dissolved in
acetone (3 mL). Addition of diethyl ether (10 mL) to the solution led to the
precipitation of a pale brown solid, which was filtered, washed with diethyl
ether (2� 5 mL) and acetone (2� 5 mL) and dried; yield 107 mg (84%);
m.p. 123 �C (decomp); �M� 69 cm2��1mol�1; 1H NMR (200 MHz,
CD2Cl2): �� 6.91 ± 6.78 (m, 4H; C6H5), 5.58 (m, 1H; C6H5), 2.64 (m, 2H;
PCH2), 2.42 (m, 2H; PCH2CH2), 2.21 (sept, J(H,H)� 7.3 Hz, 3H;


SbCHCH3), 1.34 (d, J(H,H)� 7.3 Hz, 18H; SbCHCH3), 1.25 ppm (d,
J(P,H)� 14.3 Hz, 18H; PCCH3); 13C NMR (50.3 MHz, CD2Cl2): �� 109.2
(dd, J(P,C)� 5.2, J(Rh,C)� 4.5 Hz; ipso-C of C6H5), 101.6 (br s, C6H5),
101.4 (d, J(Rh,C)� 3.2 Hz; C6H5), 86.4 (dd, J(P,C)� 9.7, J(Rh,C)� 2.0 Hz;
para-C of C6H5), 40.1 (d, J(P,C)� 24.7 Hz; PCH2), 34.7 (dd, J(P,C)� 17.5,
J(Rh,C)� 2.0 Hz; PCCH3), 31.5 (s; PCH2CH2), 29.9 (d, J(P,C)� 4.6 Hz;
PCCH3), 22.3 (d, J(Rh,C)� 3.2 Hz; SbCHCH3), 21.6 ppm (s; SbCHCH3);
31P NMR (81.0 MHz, CD2Cl2): �� 116.9 (d, J(Rh,P)� 188.2 Hz; tBu2P),
�144.0 ppm (sept, J(F,P)� 711.3 Hz; PF6); elemental analysis (%) for
C25H48F6P2RhSb (749.3): calcd: C 40.08, H 6.46, Rh 13.74; found: C 39.67, H
6.19, Rh 13.91.


Generation of [RhH2(O�CMe2)3(C6H5CH2CH2PiPr2-�P)]PF6 (30) and
[RhH2{O�C(CD3)2}3(C6H5CH2CH2PiPr2-�P)]PF6 ([D18]30): A solution of
29 (102 mg, 0.20 mmol) in acetone (5 mL) was stirred under a hydrogen
atmosphere (1 bar) for 12 h at room temperature. A smooth change of
color from yellow to pale brown occurred. The 31P NMR spectrum of the
solution displays a single resonance at �� 80.8 ppm (d, J(Rh,P)� 162.8 Hz)
which indicates that compound 30 is exclusively formed. Attempts to
isolate 30 by addition of pentane or ether to the solution in acetone failed.
If the reaction was carried out in [D6]acetone (0.5 mL) with 29 (45 mg,
0.09 mmol) as starting material, the deuterated compound [D18]30 was
obtained. Spectroscopic data of [D18]30 : 1H NMR (200 MHz, [D6]acetone):
�� 7.34 ± 7.11 (m, 5H; C6H5), 2.90 (m, 2H; PCH2CH2), 2.28 ± 1.97 (m, 4H;
PCHCH3 and PCH2), 1.18 (dd, J(P,H)� 15.8, J(H,H)� 6.9 Hz, 6H;
PCHCH3), 1.16 (dd, J(P,H)� 14.8, J(H,H)� 6.9 Hz, 6H; PCHCH3),
�23.0 ppm (dd, J(Rh,H)� J(P,H)� 28.6 Hz, 2H; RhH); 13C NMR
(50.3 MHz, [D6]acetone): �� 210.4 (br; C�O), 143.1 (d, J(P,C)�
13.0 Hz; ipso-C of C6H5), 129.3, 128.7, 126.9 (all s; C6H5), 31.7 (s;
PCH2CH2), 26.7 (d, J(P,C)� 25.9 Hz; PCH2), 25.8 (dd, J(P,C)� 33.3,
J(Rh,C)� 1.9 Hz; PCHCH3), 18.9, 18.7 ppm (both s; PCHCH3); signal
for CD3 carbon atom not exactly located; 31P NMR (81.0 MHz, [D6]ace-
tone): �� 80.8 (d, J(Rh,P)� 162.8 Hz; iPr2P), �142.7 ppm (sept, J(F,P)�
707.0 Hz; PF6).


Generation of [RhH2{O�C(CD3)2}3(C6H5CH2CH2PtBu2-�P)]PF6
([D18]31): A solution of 27 (39 mg, 0.07 mmol) in [D6]acetone (0.5 mL)
was stirred under a hydrogen atmosphere (1 bar) for 12 h at room
temperature. The generated product was characterized spectroscopically;
IR ([D6]acetone): �	 � 2143 (br) cm�1 (RhH); 1H NMR (200 MHz, [D6]ace-
tone, 293 K): �� 7.40 ± 6.95 (m, 5H; C6H5), 3.07 (m, 2H; PCH2CH2), 2.51
(br s, 2H; PCH2), 1.32 (d, J(P,H)� 13.8 Hz, 18H; PCCH3),�23.24 ppm (br
s, 2H; RhH); 1H NMR (400 MHz, [D6]acetone, 263 K): �� 7.32 ± 7.16 (m,
5H; C6H5), 3.05 (m, 2H; PCH2CH2), 2.19 (m, 2H; PCH2), 1.29 (d, J(P,H)�
13.7 Hz, 18H; PCCH3), �23.25 ppm (dd, J(Rh,H)� J(P,H)� 27.9 Hz, 2H;
RhH); 13C NMR (100.6 MHz, [D6]acetone, 263 K): �� 210.2 (s; C�O),
143.5 (d, J(P,C)� 14.3 Hz, ipso-C of C6H5), 129.2, 128.7, 126.8 (all s; C6H5),
35.8 (d, J(P,C)� 26.7 Hz; PCCH3), 32.9 (s; PCH2), 29.7 (s; PCCH3),
26.0 ppm (d, J(P,C)� 21.9 Hz, PCH2), signal for CD3 carbon atom not
exactly located; 31P NMR (81.0 MHz, [D6]acetone, 263 K): �� 94.4 (br d,
J(Rh,P)� 165.7 Hz; tBu2P), �144.2 ppm (sept, J(F,P)� 708.4 Hz; PF6).


[(�6-C6H5CH2CH2PtBu2-�P)RhH2]PF6 (32): A solution of 27 (125 mg,
0.24 mmol) in acetone (6 mL) was stirred under a hydrogen atmosphere
(1 bar) for 12 h at room temperature. A smooth change of color from
orange-red to brown-yellow occurred. The solution was concentrated in
vacuo to about 2 mL and layered with diethyl ether (12 mL). After it was
stored for 3 h, a brown solid precipitated, which was filtered, washed with
diethyl ether (2� 5 mL) and with pentane (2� 5 mL) and dried; yield
100 mg (83%); m.p. 55 �C (decomp); �M� 88 cm2
�1mol�1; IR (KBr): �	 �
2111, 2073 cm�1 (RhH); 1H NMR (200 MHz, CD2Cl2): �� 7.15 (m, 2H;
meta-H of C6H5), 6.87 (m, 2H; ortho-H of C6H5), 6.42 (m, 1H; para-H of
C6H5), 3.16 ± 2.81 (m, 4H; PCH2CH2), 1.26 (d, J(P,H)� 14.8 Hz, 18H;
PCCH3), �12.15 ppm (dd, J(Rh,H)� 26.6, J(P,H)� 19.7 Hz, 2H; RhH);
13C NMR (50.3 MHz, CD2Cl2): �� 136.2 (dd, J(P,C)� 6.5, J(Rh,C)�
2.0 Hz; ipso-C of C6H5), 110.7, 105.8 (both s; C6H5), 96.9 (d, J(P,C)�
7.8 Hz; para-C of C6H5), 41.8 (d, J(P,C)� 22.7 Hz; PCH2), 36.5 (dd,
J(P,C)� 23.4, J(Rh,C)� 2.0 Hz; PCCH3), 32.5 (s; PCH2CH2), 29.1 ppm (d,
J(P,C)� 3.3 Hz; PCCH3); 31P NMR (81.0 MHz, CD2Cl2): �� 133.1 (d,
J(Rh,P)� 155.1 Hz; tBu2P), �143.9 ppm (sept, J(F,P)� 712.1 Hz; PF6);
elemental analysis (%) for C16H29F6P2Rh (500.3): calcd: C 38.42, H 5.84;
found: C 37.99, H 5.47.


[RhH2(O�CMe2)3(PiPr3)]PF6 (34): A solution of 33 (120 mg, 0.23 mmol)
in acetone (5 mL) was stirred under a hydrogen atmosphere for 5 min at
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room temperature. A gradual change of color from yellow to light yellow
occurred. The solution was concentrated to about 1 mL in vacuo and
diethyl ether (10 mL) was added. A brownish solid precipitated, which was
filtered, washed with diethyl ether (2� 5 mL) and pentane (2� 5 mL) and
dried; yield 117 mg (87%); m.p. 22 �C (decomp); �M� 94 cm2��1mol�1;
IR (CH2Cl2): �� 2134 (br, RhH), 1712, 1673 cm�1 (C�O); 1H NMR
(200 MHz, CD2Cl2, 293 K): �� 2.31 (s, 18H; O�C(CH3)2), 2.13 (m, 3H;
PCHCH3), 1.18 (dd, J(P,H)� 15.3, J(H,H)� 6.6 Hz, 18H; PCHCH3),
�23.30 ppm (dd, J(Rh,H)� 31.2, J(P,H)� 25.5 Hz, 2H; RhH); 13C NMR
(100.6 MHz, CD2Cl2, 253 K): �� 215.6 (br s; C�O), 31.7 (s; O�C(CH3)2),
24.8 (d, J(P,C)� 29.6 Hz; PCHCH3), 19.1 (s; PCHCH3); 31P NMR
(81.0 MHz, CD2Cl2, 293 K): �� 87.0 (d, J(Rh,P)� 157.7 Hz; PiPr3),
�144.0 ppm (sept, J(F,P)� 712.1 Hz; PF6); elemental analysis (%) for
C18H41F6O3P2Rh (584.4): calcd: C 37.00, H 7.07; found: C 34.94, H 6.53.


[(�6-C6H6)RhH2(PiPr3)]PF6 (35): A solution of 34 (103 mg, 0.18 mmol) in
CH2Cl2 (3 mL) was treated with excess benzene (5 mL) and stirred for
5 min at room temperature. After the solution was concentrated to about
2 mL in vacuo, ether (12 mL) was added. A pale brown solid precipitated,
which was filtered, washed with diethyl ether (5 mL) and pentane (5 mL)
and dried; yield 68 mg (79%); m.p. 71 �C (decomp);�M� 78 cm2��1mol�1;
IR (KBr): �	 � 2103 cm�1 (RhH); 1H NMR (200 MHz, CD2Cl2): �� 6.99 (s,
6H; C6H6), 2.09 (m, 3H; PCHCH3), 1.14 (dd, J(P,H)� 15.8, J(H,H)�
6.9 Hz, 18 Hz; PCHCH3), �14.54 ppm (dd, J(Rh,H)� 28.1, J(P,H)�
24.1 Hz, 2H; RhH); 13C NMR (50.3 MHz, CD2Cl2): �� 107.7 (s; C6H6),
28.2 (dd, J(P,C)� 29.9, J(Rh,C)� 1.3 Hz; PCHCH3), 20.0 ppm (s;
PCHCH3); 31P NMR (81.0 MHz, CD2Cl2): �� 96.5 (d, J(Rh,P)�
142.4 Hz; PiPr3), �143.9 ppm (sept, J(F,P)� 712.1 Hz; PF6); elemental
analysis (%) for C15H29F6P2Rh (488.2): calcd: C 36.90, H 5.99; found: C
36.29, H 5.60.


[Rh(C8H12)(O�CMe2)(C6H5CH2CH2PiPr2-�-P)]BF4 (37): A suspension of
36 (103 mg, 0.21 mmol) in acetone (6 mL) was treated with a solution of
[HL1]BF4 (132 mg, 0.43 mmol) in acetone (2 mL) and stirred for 5 min at
room temperature. The solvent was evaporated in vacuo and the orange
oily residue layered with diethyl ether (5 mL). After storing for 3 h, an
orange solid was formed which was washed with diethyl ether (6� 20 mL
each, 0 �C) and dried; yield 174 mg (71%); m.p. 107 �C (decomp); �M�
103 cm2��1mol�1; IR (CH2Cl2): �	 � 1653 cm�1 (C�O); 1H NMR (400 MHz,
CD2Cl2): �� 7.32 ± 7.17 (m, 5H; C6H5), 5.05, 3.97 (both m, 2 H each;�CH of
C8H12), 2.92 (m, 2H; PCH2CH2), 2.58 ± 2.37 (m, 4H; CH2 of C8H12), 2.24 (m,


2H; PCHCH3), 2.05 (m, 4H; CH2 of C8H12), 1.88 (m, 2H; PCH2), 1.41 (dd,
J(P,H)� 15.7, J(H,H)� 7.2 Hz, 6H; PCHCH3), 1.39 ppm (dd, J(P,H)� 13.7,
J(H,H)� 6.9 Hz, 6H; PCHCH3); 13C NMR (100.6 MHz, CD2Cl2): �� 210.2
(s; C�O), 142.8 (d, J(P,C)� 10.5 Hz; ipso-C of C6H5), 129.4, 128.7, 127.1
(all s; C6H5), 105.0 (dd, J(P,C)� 8.6, J(Rh,C)� 7.6 Hz;�CH of C8H12), 70.2
(d, J(Rh,C)� 14.3 Hz; �CH of C8H12), 33.7 (d, J(P,C)� 2.9 Hz; CH2 of
C8H12), 31.3 (d, J(P,C)� 2.8 Hz; PCH2CH2), 28.3 (s; CH2 of C8H12), 23.9 (d,
J(P,C)� 21.0 Hz; PCHCH3), 20.0 (d, J(P,C)� 17.2 Hz; PCH2), 19.7 ppm (d,
J(P,C)� 2.9 Hz; PCHCH3), 19.2 (s; PCHCH3); signal for the CH3 carbon
atoms of acetone not exactly located; 31P NMR (81.0 MHz, CD2Cl2): ��
30.4 (d, J(Rh,P)� 144.1 Hz); elemental analysis (%) for C22H41BF4OPRh
(578.3): calcd: C 51.93, H 7.15; found: C 51.75, H 7.37.


[Rh(C8H12)(C6H5OCH2CH2PtBu2-�2O,P)]BF4 (39): A suspension of 36
(134 mg, 0.28 mmol) in acetone (6 mL) was treated with a solution of 38
(196 mg, 0.55 mmol) in acetone (4 mL) and stirred for 5 min at room
temperature. A clear yellow solution resulted which was concentrated to
about 2 mL in vacuo. Addition of diethyl ether (10 mL) led to the
precipitation of a yellow solid, which was filtered, washed with diethyl ether
(2� 5 mL) and with pentane (2� 5 mL) and dried; yield 243 mg (78%);
m.p. 176 �C (decomp); �M� 132 cm2��1mol�1; 1H NMR (400 MHz,
CD2Cl2): �� 7.45 (m, 2H; meta-H of C6H5), 7.31 (m, 1H; para-H of
C6H5), 7.22 (m, 2H; ortho-H of C6H5), 4.48 (m, 4H;�CH of C8H12), 4.45 (dt,
J(P,H)� 15.6, J(H,H)� 6.7 Hz, 2H; PCH2CH2), 2.47, 2.30 (both m, 2 H
each; CH2 of C8H12), 2.14 (dt, J(P,H)� 8.5, J(H,H)� 6.7 Hz, 2H; PCH2),
2.02, 1.83 (both m, 2 H each; CH2 of C8H12), 1.47 ppm (d, J(P,H)� 13.5 Hz,
18H; PCCH3); 13C NMR (100.6 MHz, CD2Cl2): �� 157.8 (s; ipso-C of
C6H5), 130.7, 127.7, 120.9 (all s; C6H5), 104.9 (dd, J(P,C)� 9.5, J(Rh,C)�
7.6 Hz; �CH of C8H12), 82.8 (s; PCH2CH2), 68.0 (d, J(Rh,C)� 15.3 Hz;
�CH of C8H12), 36.6 (dd, J(P,C)� 13.4, J(Rh,C)� 1.9 Hz; PCCH3), 33.1 (d,
J(P,C)� 1.9 Hz; CH2 of C8H12), 29.9 (d, J(P,C)� 3.8 Hz; PCCH3), 27.2 (s;
CH2 of C8H12), 21.3 ppm (d, J(P,C)� 16.2 Hz; PCH2); 31P NMR
(162.0 MHz, CD2Cl2): �� 64.2 ppm (d, J(Rh,P)� 141.7 Hz); elemental
analysis (%) for C24H39BF4OPRh (564.3): calcd: C 51.09, H 6.97; found: C
51.37, H 6.67.


X-ray structure determination of compounds 4a, 17, 25b, and 39 : Single
crystals of 4a were grown from a saturated solution in pentane at �60 �C
and those of 17, 25b, and 39 by diffusion of diethyl ether into a saturated
solution in acetone at room temperature. Crystal data collection param-
eters are summarized in Table 1. Intensity data were corrected for Lorentz


Table 1. Crystal stucture data of compounds 4a, 17, 25b, and 39.


4a 17 25b 39


formula C56H92Cl2P4Rh2 C32H54ClP2Rh C32H54BF4P2Rh C24H39BF4OPRh
molecular mass 1165.90 639.05 690.41 564.24
crystal size [mm] 0.21� 0.17� 0.15 0.20� 0.20� 0.10 0.20� 0.18� 0.12 0.51�0.50�0.31
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/c (no. 14) P21/n (no. 14) P21/c (no. 14) P21/c (no. 14)
a [ä] 10.6377(8) 8.8783(18) 11.5556(17) 10.3339(5)
b [ä] 12.2973(9) 17.190(3) 8.8539(8) 14.3202(7)
c [ä] 21.8499(17) 21.126(4) 32.466(5) 17.1647(9)
� [�] 93.8120(10) 98.92(3) 95.290(17) 96.4800(10)
V [ä3] 2852.0(4) 3185.2(11) 3307.5(7) 2523.9(2)
Z 2 4 4 4
�calcd [gcm�3] 1.358 1.333 1.386 1.485
diffractometer Bruker Smart Apex Stoe IPDS Stoe IPDS Bruker Smart Apex
radiation (graphite-monochromated) MoK� (0.71073 ä) MoK� (0.71073 ä) MoK� (0.71073 ä) MoK� (0.71073 ä)
T [K] 173(2) 173(2) 173(2) 173(2)
� [mm�1] 0.819 0.740 0.656 0.784
scan method 
 scans � scans � scans 
 scans
2(max) [�] 52.74 52.74 50.00 56.18
total reflections 45142 32867 23494 41750
unique reflections 5837 6512 5759 5874
observed reflections [I � 2�(I)] 5631 4075 3980 5766
parameters refined 297 340 373 295
R1 0.0457 0.0450 0.0277 0.0249
wR2 0.1032 0.1026 0.0560 0.0640
GOF 1.310 0.887 0.856 1.087
reflection/parameter ratio 19.65 19.15 15.4 19.91
residual electron density [eä�3] � 1.193/� 0.398 � 0.897/� 1.259 � 0.460/� 0.572 � 0.514/� 0.502
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and polarization effects and a semiempirical absorption correction was
applied for 4a and 39. The structures of 17 and 25b were solved by direct
methods and those of 4a and 39 by the Patterson method (SHELXS-97).[31]


Atomic coordinates and anisotropic thermal parameters of the non-
hydrogen atoms were refined by the full-matrix least-squares method
(SHELX-97).[32] The position of all hydrogen atoms were calculated
according to ideal geometry (distance C�H� 0.95 ä) and refined by using
the riding method; they were used only in structure factor calculation. The
asymmetric unit of 4a contains only half a molecule.[33]
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Synthesis and Fluorescence Ion-Sensory Properties of the First
Dehydropyridoannulene-Type Cyclophane with
Enforced Exotopic Metal Ion Binding Sites


Paul. N. W. Baxter*�[a]


Abstract: The new twistophane 4 has
been synthesised, which comprises a
conjugated dehydropyridoannulene-
type macrocyclic scaffold with outward-
ly projecting nitrogen-donor sites for the
purpose of metal ion coordination. The
macrocyclÌc structure of 4 was assigned
by using spectroscopic methods, and
shown to exist in a twisted and chiral
ground state conformation by semi-em-
pirical theoretical calculations. A de-
tailed spectroscopic investigation into


the metal ion binding properties of 4 and
precursor 11 revealed that they func-
tioned as selective complexants, afford-
ing a fluorescence quenching output
response characteristic of PdII and HgII


ions. Furthermore, 4 also signalled the
presence of FeII, CoII, NiII and AgI ions


by the precipitation of coordination
polymers, and exhibited reversible pro-
ton-triggered fluorescence quenching
behaviour. Macrocycle 4 thus represents
a unique type of molecular sensory
platform, which may find a wealth of
potential applications such as the detec-
tion of heavy-metal pollutants, as well as
for the fabrication of proton-switchable
materials and coordination polymers
with novel electronic and magnetic
properties.


Keywords: alkynes ¥ cyclooligome-
rization ¥ cyclophanes ¥ macrocyclic
ligands ¥ sensors


Introduction


Cyclic macromolecular architectures incorporating ethyne
groups as integral structural units, are currently the focus of
intense research activity within the domain of macrocyclic and
supramolecular chemistry.[1] The first synthetic explorations
into the creation of macrocycles involved the preparation of
medium-sized rings in which ethyne linkages functioned as
pivotal structural components.[2a±c] However, despite the
success of these initial studies, ethynyl macrocycles only
became the subject of widespread interest nearly 80 years
after Ruggli×s pioneering investigations.


The late 1980s to early 1990s, witnessed an explosive renewal
of interest in the area of ethynyl chemistry and high-carbon
content materials, primarily as a result of the discovery and
isolation of carbon buckyballs and nanotubes.[3] The syntheses
of ethynyl cyclophanes have played a central role in these
revived studies, as they serve as potential starting substrates for
the generation of fullerenes,[4a±d] carbon nanotubules,[5] carbon
networks[6a±d] and nanostructures.[7a, b] Ethynyl cyclophanes


now constitute a large and diverse class of macrocyclic
architectures comprising for example, expanded radialenes,[8a, b]


[n]pericyclynes,[1, 9a, b] [n]rotanes, exploded [n]rotanes,[1, 10a±b]


annulenes[11a±c] and dehydroannulenes.[1, 12a±d] Some of these
substrates have also been demonstrated to exhibit potentially
useful properties such as solid-state porosity,[13a, b] liquid
crystallinity,[14] and energy storage capabilities.[1, 5, 10a, b]


With respect to physicochemical properties, the dehydrote-
trabenzoannulene-type cyclophanes are particularly interest-
ing as they combine a suite of unique structural features such
as, i) cyclic ortho-conjugation, ii) a central flattened void for
possible guest inclusion, iii) semi-flexibility with hinged
molecular motion, and iv) chirality.[15a±g] An especially intri-
guing avenue of investigation would therefore be to incorpo-
rate sites into the dehydroannulene framework for the
purpose of metal ion complexation.[16a, b] Materials of this
type may be expected to display a rich variety of exploitable
properties such as electrochemical, photochemical, magnetic,
optical, catalytic, mechanical and sensory abilities.[17a±f]


In earlier work, initial investigations into the above-
mentioned possibilities focused upon the synthesis of struc-
tures 1 and 2, which incorporate 2,2�-bipyridyl chelating
subunits into a dehydrotetrabenzoannulene scaffold.[16a ,b] It
was anticipated that binding of metal ions to the pyridine
nitrogen atoms would cause perturbations in the electron
density distribution over the conjugated macrocyclic scaffold.
This in turn would result in alterations of inherent properties
such as electrochemical potentials and fluorescence. The
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complexation of metals to the macrocyclic framework may
therefore be detectable instrumentally, and such materials
may thus function as spectroscopic ion sensors.[18a±f] Subse-
quent experimental investigations into the metal ion binding
behaviour of 1, 2 and the structurally related analogue 3,
supported the above expectation. Cyclophane 1 was found to
be a selective chromogenic fluorescence sensor for ZnII ions.
Ligands 2 and 3 functioned as fluorescence sensors for CuII


ions and protons.[16a, b] The large difference in the observed
ion-sensory selectivity between 1, 2 and 3was attributed to the
differences in structural preorganisation of the respective
macrocyclic frameworks.


To further evaluate the potential that cyclic conjugated
macrocycles may offer as a structurally new lead class of ion-
sensory materials, twistophane 4 was synthesised
(Scheme 1).[19] Twistophane 4 differs significantly from 1, 2


and 3 in that the metal ion binding sites are no longer
chelating and incorporated as bridging units. The ion-com-
plexation sites instead comprise 3,4-diethynylpyridine subu-
nits located at the four corners of the macrocycle.[20a, b] The
pyridine nitrogen lone pair electrons in 4 project outwardly
and away from the central macrocyclic cavity and therefore
serve as enforced exotopic metal ion binding sites. As a result,
the ion-complexation profile and fluorescence sensory prop-
erties of 4may be expected to be completely different to those
of 1 ± 3. In particular, 4 may be capable of forming coordina-
tion polymers with certain metal ions.


Herein is described the successful preparation of 4, which
represents the first example of a dehydropyridoannulene-type
macrocyclic scaffold with enforced exotopic ion-coordination
sites, and a detailed investigation into its ion-binding and
sensory behaviour.[21a±e] The latter studies revealed that 4 did
indeed form coordination polymers, thereby acting as a
precipitation sensor for a small group of transition metals.
Twistophane 4 also functioned as a particularly selective
fluorescence quenching sensor for HgII ions and PdCl2.


Results and Discussion


Synthesis of 4 : Cyclophane 4 was prepared by using a six-step
synthesis in 19% overall yield starting from 3-bromopyridine
5, and at a later stage in the preparation, 1,4-diethynylbenzene
10 (Scheme 1). The key building block, 3-bromo-4-iodopyr-
idine 6, was particularly important as it would enable the
correct sequence of ethynyl homologations to be achieved
during the construction of 4. Compound 6 has been synthes-
ised by a four-step procedure starting from 5.[22a, b] Thus 5 was


Scheme 1. Synthesis of macrocycle 4. i) LDA, THF, �80 to �85 �C, 0.75 h, then I2/THF, �78 �C, 4 h (69%); ii) TMSA, [PdCl2(PPh3)2], CuI cat. , Et3N, 20 �C,
seven days (91%); iii) nBuLi, Et2O,�78 �C, 1 h, then ICH2CH2I/Et2O,�78 �C, 2.5 h (86%); iv) K2CO3, MeOH, 16 h; v) [PdCl2(PPh3)2], CuI cat. , THF, Et3N,
20 �C, seven days (56%); vi) 1� (nBu)4NF, THF, H2O, 20 �C, 20 h (88%); vii) [Cu2(OAc)4], pyridine, 20 �C, 14 days (71%).







Twistophanes 2531±2541


Chem. Eur. J. 2003, 9, 2531 ± 2541 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2533


oxidised to the N-oxide, and the latter sequentially nitrated,
reduced and finally diazotised and iodinated to give 6 in low
overall yield. Compound 6 has also been recently synthesised
from 5 by regioselective deprotonation with lithium di-tert-
butyldiisopropylaminozincate (DA-zincate), followed by
quenching with iodine.[22c] Pyridine 5 has however been
reported to undergo regioselective deprotonation in the
4-position using lithium diisopropylamide (LDA) in THF at
low temperature, thereby generating 3-bromo-4-lithiopyri-
dine.[23] It was therefore anticipated that the latter, simpler
methodology may provide rapid access to 6, after quenching
the lithiopyridine intermediate with iodine. The LDA-medi-
ated ortholithiation/iodine quench protocol was subsequently
found to successfully afford 6 in 69% yield after workup,
provided that the reaction temperature was maintained below
�80 �C. At higher temperatures, considerably reduced yields
of 6 accrued, due to side reactions and partial decomposition
of the 3-bromo-4-lithiopyridine. Precursor 6 then readily
underwent a Sonogashira coupling reaction with trimethylsi-
lylacetylene (TMSA) in Et3N, using [PdCl2(PPh3)2] as catalyst
and CuI as co-catalyst.[24] The ethynylation occurred com-
pletely chemoselectively to give 7 in 91% yield. Treatment of
7 with n-butyllithium in Et2O at low temperature resulted in
an efficient halogen/lithium exchange reaction. Quenching of
the lithiopyridyl intermediate with diiodoethane gave 8,
which was isolated in 86% yield as a heat-sensitive oil. When
iodine was used in place of diiodoethane in the latter reaction,
significantly reduced yields of 8 were obtained along with
4-trimethylsilylpyridine. Commercial 9 was then deprotected
to give 10,[25a, b] and the latter reacted with two equivalents of
8, in 12% Et3N/THF under similar conditions as those
employed for the alkynylation of 6, to provide 11 in 56%
yield after purification. If the coupling of 8 with 10 was
performed in pure Et3N, then the desired 11 was isolated
along with a significant amount of a contaminant, which was
generated by the slow copper-catalysed oxidative dimerisa-
tion of the 1:1 8� 10 reaction intermediate. The latter
intermediate presumably precipitated due to its lower sol-
ubility in Et3N, thereby halting the second ethynylation step.
Compound 11 was then cleanly desilylated with excess
tetrabutylammonium fluoride (TBAF) in aqueous THF, to
furnish dialkyne 12 in 88% yield. Having successfully
obtained precursor 12, the macrocyclisation step to 4 could
finally be undertaken.


Previous ethyne-coupling macrocyclisations to give 1 ± 3
suggested that cyclisation yields were strongly influenced by
the coordination of the precursor bipyridine subunits to the
CuCl catalyst, and/or other copper species generated there-
from.[16a±b] Although the pyridines of 12 would be expected to
participate in a much weaker metal-binding interaction than
those of 1 ± 3, there existed a small chance that the possible
formation of coordination oligomers and polymers between
CuCl and 12 would negatively influence the yield of 4. It was
therefore decided to explore the effectiveness of the Eglinton/
Galbraith ethyne-coupling protocol in the cyclisation of 12,
which uses [Cu2(OAc)4] in place of CuCl.[26] Rewardingly, the
cyclisation of 12 under medium/high dilution conditions in
degassed pyridine with an excess of [Cu2(OAc)4] proceeded
particularly efficiently, giving 4 in 71% yield after workup.[27]


Characterisation and properties of 4 : The structure of the
product isolated from the [Cu2(OAc)4]-mediated coupling of
12 was established to be that of the macrocyclic architecture 4
(Scheme 1) on the basis of mass spectrometric, IR, 1H and
13C NMR spectroscopic studies.


The FAB mass spectrum of the coupling product recorded
in 10% CF3COOH/CHCl3 displayed a single isotope cluster
peak at m/z 653, corresponding exactly to that calculated for
the [M��H] isotopic envelope of macrocycle 4. This struc-
tural assignment was further substantiated by a high-resolu-
tion FAB mass spectrometric measurement of the [M��H]
isotopic envelope, which confirmed the exact elemental
composition of the product to be C48H21N4 in accordance
with the macrocyclic structure 4 plus one hydrogen.


The IR spectrum of the coupling product of 12 was also
supportive of the macrocyclic structural assignment of 4, in
that vibrational modes characteristic of the �(H�C�) stretch
of terminal alkynes were completely absent. This result
establishes that the coupling product is in fact macrocyclic,
and not a linear oligomer with unreacted terminal ethyne
groups.


The 13C NMR spectrum of the coupling product of 12
comprised eleven peaks, consistent with the above macro-
cyclic structural assignment. The chemical shifts of the four
peaks at �� 97.3 ± 80.3 ppm correspond to the chemically and
magnetically inequivalent carbon atoms of two unsymmetri-
cally substituted alkyne groups, and the remaining seven to
inequivalent carbon atoms of aromatic rings.


The 1H NMR spectrum of the coupling product of 12, also
displayed four resonances expected for the macrocyclic
structure 4. A 1H± 1H COSY measurement also verified that
it was a single compound and not a mixture of species. Peaks
originating from the protons of terminal ethynes were
completely absent in the 1H NMR spectrum of the coupling
product, lending further support for the macrocyclic identity
of this compound.


Spectral assignments were made on the basis of coupling
constants and comparisons with the spectra of 6 ± 8, 11 and 12.
The singlet at �� 8.786 ppm and the doublet at �� 8.569 ppm
were the furthest downfield resonances in the 1H NMR
spectrum of 4. They were therefore assigned to the pyridyl H2
and H6 protons, respectively, due to their proximity to the
electron-withdrawing pyridine nitrogen atom. The upfield
doublet of doublets at �� 7.425 ppm was thus assigned to the
remaining pyridyl H5 proton. Interestingly, the singlet at ��
7.336 ppm, which was assigned to the bridging phenyl ring
protons of 4, was significantly upfield-shifted compared to
those of 11 and 12 by ��� 0.233 and 0.242 ppm, respectively.
On the other hand, the pyridine protons of 4 are all situated
slightly downfield compared to the corresponding protons of
11 and 12 (Figure 1). The upfield-shifting of the phenyl ring
protons of 4 is also consistent with its macrocyclic structural
assignment. Such a shielding effect would be expected for
protons situated within a macrocyclic cavity and/or lying in
close proximity to the face of an adjacent aromatic ring.


A semi-empirical AM1 molecular modelling calculation
performed upon the macrocyclic structure assigned to 4 also
substantiated the latter conclusion (Figure 2).[28a] The model-
ling studies showed that the ground-state conformation of 4
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Figure 1. 500 MHz 1H NMR spectra of 4, 11 and 12 recorded in CDCl3 at
20 �C.


was a helically twisted macrocycle, with the central two phenyl
rings lying parallel to each other, and at a mean plane distance
of 5.28 ä. The hinged nature of the molecule allows some
conformational flexibility and variation in the inter-phenyl
distance. The AM1-calculated structure of 4 is in agreement
with the crystal structure of the parent hydrocarbon, which
also exhibits a helical molecule with a parallel arrangement of
the central benzene rings.[15b] However, the distance of 3.68 ä
between the two parallel 1,4-phenyl rings in the latter
macrocycle is significantly shorter than that of 4, and
presumably results from compression of the molecule induced
by crystal packing.[28b]


Twistophane 4 was found to exhibit good solubility in
organic solvents such as CHCl3, CH2Cl2, and toluene.
Solutions of 4 were also rather light sensitive, and rapidly
darkened in colour upon exposure to direct light. Gradual
heating of 4 up to 300 �C resulted in the formation of an
infusible solid with no visual melting behaviour. Surprisingly
however, placement of samples in a melting point apparatus


operating at temperatures above 257 �C caused the product to
ignite explosively, with the concomitant formation of a black
soot. In this latter respect, 4 exhibits similar behaviour to a
previously reported dehydrotetrabenzoannulene[5] and a fam-
ily of spiro-linked [n]rotanes.[10a, b] The thermal behaviour of 4
is particularly interesting as it suggests that compounds of this
type may also afford a route to carbon nanotubes and/or
fullerenes.


Metal ion sensing by twistophane 4 : To assess the potential
utility that twistophane 4 may offer for the sensory detection
of metal ions, a detailed spectroscopic investigation into its
cation-binding properties was undertaken.


The UV/Vis spectra of uncomplexed 4 in CH2Cl2 and 10%
MeOH/CH2Cl2 solutions exhibit three absorbances at 301, 318
and 362 nm that are invariant in energy and shape over the
concentration range of 2.5� 10�6 ± 2.5� 10�5 moldm�3, show-
ing that aggregation is not occurring in dilute solution.


UV/Vis spectra were then recorded of 1:4 stoichiometric
mixtures of 4 : Mn� in 10% MeOH/CH2Cl2, where [4]� 8.58�
10�6 moldm�3 and Mn��LiI, NaI, KI, MgII, CaII, CrIII, MnII,
PtII, AuI, CuI, CuII, ZnII, CdII, PbII, TlI, AlIII, InIII, ScIII, YIII,
LaIII, EuIII, TbIII.[29] All spectra showed zero or minimal
changes compared to the UV/Vis spectrum of 4, indicating
insignificant binding of the macrocycle to the above cations in
dilute solution. However, the UV/Vis spectra of stoichiomet-
ric 1:4 combinations of 4/HgII and 4/PdII in 10% MeOH/
CH2Cl2, where [4]� 8.58� 10�6 moldm�3, were significantly
different from the spectrum of pure 4, demonstrating that
coordination of these ions was occurring. The addition of HgII


ions caused a small but significant reduction in the free-ligand
absorbances at 301 and 362 nm, and a broadening of the latter
absorption envelope towards longer wavelengths (Figure 3).
The presence of PdII ions on the other hand engendered a
large increase in the intensities and a concomitant shift to
longer wavelengths of all three free-ligand absorbance
envelopes of 4 (Figure 3). In an ion-binding competition
study, the UV/Vis spectrum of a 1:4:4 mixture of 4/HgII/PdII in
10% MeOH/CH2Cl2 was recorded where [4]� 8.58�
10�6 moldm�3. The spectrum of the mixture showed a much
greater similarity to that of the 1:4 4/PdII solution, and with
complete extinction of the free ligand fluorescence (see


Figure 2. Energy-minimised structure of macrocycle 4, showing the twisted chiral ground state conformation. Left: plan view (stick representation); centre:
plan view (CPK representation); right: view through central macrocyclic cavity. The minimisation was obtained by an AM1 semi-empirical calculation using
SPARTAN 02 Linux/Unix, Wavefunction, Inc., Irvine, CA, USA.
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Figure 3. UV/Vis absorption spectra of 1:4, 4/Mn� in 10% MeOH/CH2Cl2,
where Mn��HgII and PdII at a [4] of 8.58� 10�6 moldm�3.


below), demonstrating that PdII ions bind more strongly to 4
than HgII ions.


Interestingly, yellow precipitates developed upon prepara-
tion of 1:4 stoichiometric mixtures of 4/Mn� in 10% MeOH/
CH2Cl2, where Mn��FeII, CoII, NiII and AgI and [4]� 8.58�
10�6 moldm�3. The precipitates formed immediately with AgI


and within 4 ± 15 mins after admixture of 4 with the other
three metal ions. A more detailed investigation into the 4/AgI


system revealed that precipitate formation occurred with 4/
AgI ratios between 1:2 and 1:3. However, the UV/Vis spectra
of solutions with 4/AgI ratios of 1:1 ± 1:2 showed no evidence
of binding of AgI to 4. In the case of AgI, the binding
interaction with 4must be very weak at low [4], yet increasing
the relative amount of AgI beyond the 1:2 4/AgI threshold
ratio must result in the generation of minute quantities of
highly insoluble coordination oligomers and/or polymers.
Once oligomer/polymer precipitation has started, the speci-
ation equilibria presumably continually re-adjust until the
bulk of the reactants have passed out of solution. Addition of
a few drops of a saturated 10% H2O/MeOH solution of KCN
to the 1:4 4/AgI mixture caused complete disappearance of the
precipitate and regeneration of the original UV/Vis spectrum
of 4. This latter observation demonstrated that the suspended
solid was a coordination polymer, and not the product of an
irreversible chemical reaction.


To assess the effect of interference between mixtures of ions
on the binding, and ultimately the potential utility of 4 as a
sensor, UV/Vis competition experiments were investigated
with 1:4:4 mixtures of 4/M12�/M2n� in 10% MeOH/CH2Cl2,
where [4]� 8.58� 10�6 mol dm�3, M12��PdII and HgII, and
M2n��FeII, CoII, NiII and AgI. From these latter studies, the
overall ion-binding preference of 4 was found to occur in the
following qualitative order, PdII�CoII�NiII�AgI�FeII�
HgII. Thus the presence of PdII with FeII, CoII, NiII and AgI


suppressed precipitation in all four cases, but the 4/HgII/M2n�


mixtures where M2n��CoII, NiII and AgI developed precip-
itates after 24 h.


The precipitation phenomenon discussed above is partic-
ularly noteworthy as it demonstrates that 4 can function as a
precipitation sensor for select group of transition-metal ions


and chorides, providing PdII ions and to a lesser extent HgII


ions are absent.[30]


Solutions of 4 in organic solvents emit a purple-blue
fluorescence when irradiated with UV light. The fluorescence
emission of 4 in aerated and deoxygenated CH2Cl2 solution
comprised a single broad maximum at 453 nm when excited at
the wavelength of the absorption envelope at 301 nm. The
excited state of 4 is therefore insensitive to quenching by
oxygen. The energy of the emission maximum remained
unchanged over the concentration range of 2.45� 10�7 ±
2.45� 10�5 moldm�3, showing that aggregation of the excited
state was also not occurring in dilute solution. Changing the
solvent to aerated 10% MeOH/CH2Cl2 also had a negligible
effect upon the emission spectrum of 4.


Fluorescence emission spectra of 1:4 solutions of 4/Mn� in
10% MeOH/CH2Cl2 were then recorded, where [4]� 2.45�
10�6 mol dm�3, and Mn�� all cations and metal chlorides
investigated in the UV/Vis spectroscopic studies described
above. In the case of AgI, FeII, CoII, and NiII, fluorescence
changes were qualitatively observed upon precipitation. The
precipitation process within the 1:4 4/Mn� mixtures, where
Mn��CoII and NiII, was accompanied by a slight visual
fluorescence colour change from blue-purple to blue-green.
Varying degrees of partial fluorescence quenching also
occurred during precipitation in the 1:4 4/Mn� mixtures,
where Mn��AgI, FeII and CoII. Of all other metals examined,
only HgII and PdII evoked changes in the solution fluorescence
emission of 4, and in both cases caused quenching of the
fluorescence of the macrocycle. The fluorescence quenching is
illustrated for the 4/PdII system, which shows the spectra of
solutions of 4 with incremental additions of PdII (Figure 4).
From this titration experiment, the detection limit for PdII was


Figure 4. Fluorescence emission spectra of 4 with incremental additions of
PdII at a [4]� 2.45� 10�6 moldm�3 in 10% MeOH/CH2Cl2, and 4/PdII


ratios of respectively 1:0.25, 1:0.5, 1:0.75, 1:1, 1:1.5, and 1:2 (325 nm
excitation).


estimated to be at [PdII]� 1� 10�6 moldm�3. A comparable
fluorescence quenching titration experiment with 4 and
increasing amounts of HgII in 10% MeOH/CH2Cl2 established
the detection limit for HgII to be at [HgII]� 9� 10�6 mol dm�3.
The above measurements were however hampered by slow,
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time-dependent spectral changes, which suggest that the
complexation of 4 by HgII and PdII each involves the
generation of a suite of species, the most kinetically stable
of which are formed initially, and which then redistribute over
time to the thermodynamically favoured speciation profile.


The latter results demonstrate that cyclophane 4 functions
as a particularly selective complexant and ion sensor in
solution at high dilution. Of the 24 non-precipitate-forming
metal ions and chlorides investigated, only two, that is HgII


and PdII, produced spectroscopically detectable signals indi-
cative of binding to 4. The ion-binding preferences of 4 differ
markedly from those of the structurally related twistophanes
1 ± 3, in that 4 shows no spectroscopic evidence for coordina-
tion to CuII or CuI in dilute solution. A bidentate, chelating,
nitrogen-donor ligand binding-site appears therefore to be a
minimum requirement for coordination to the latter two ions
under dilute conditions. This observation suggests that ion
sensory systems based on conjugated ethynyl ± pyridyl archi-
tectures related structurally to 4, may achieve the difficult task
of detecting and distinguishing first row transition metals in
cases where CuII/CuI interfere.


Proton sensing by twistophane 4 : The fluorescence wave-
length and intensity of 4 is also sensitive to the presence of
protons. In a qualitative investigation of this process,
CF3COOH was titrated into a 2.45� 10�6 moldm�3 solution
of 4 in CH2Cl2, and the fluorescence emission spectral changes
recorded (Figure 5). At comparatively low acid concentra-
tions, (1� 10�5 ± 1� 10�4 moldm�3), the colour of the fluo-
rescence emission of 4 remained unaffected. However, a


Figure 5. Fluorescence emission spectra of 4 with incremental additions of
CF3COOH at a [4]� 2.45� 10�6 moldm�3 in CH2Cl2, and [H�] of
respectively, 1� 10�5, 1� 10�4, 2.5� 10�4, 5� 10�4, 1� 10�3, 1� 10�2 and
1� 10�1 moldm�3 (301 nm excitation).


stepwise increase in the [H�] from 1� 10�4 to 1� 10�1 mol
dm�3, resulted in colour changes from pale blue through
white, yellow and finally orange, upon visualisation with a UV
lamp operating at 365 nm. The fluorescence emission spectra
of the 4/H� solutions exhibited strong proton induced
quenching in the fluorescence of 4 as the [H�] was increased,
with almost total extinction of the original emission maximum


at [H�]� 0.1 moldm�3. A longer wavelength, low intensity
emission envelope at 550 nm also developed at high [H�], the
growth of which presumably contributed to the observed
colour changes described above. Extraction of the solution of
4, where [H�]� 0.1 mol dm�3, with aqueous NaOH, caused
complete regeneration of the original unprotonated spectrum
of the macrocycle. This demonstrates that the CF3COOH
initiated fluorescence changes in 4 were due to reversible
acid-base equilibria and not irreversible chemical reactions.


The interesting acid-modulated fluorescence behaviour of 4
arises directly from proton-induced redistributions of electron
density within the conjugated macrocyclic framework, relayed
through the nitrogen lone pairs. Twistophane 4 may thus be
considered to be one of the first members of a structurally new
lead class of proton sensory materials.[31a±d]


Metal ion sensing by precursor 11: A comparative spectro-
scopic investigation into the metal ion binding properties of
acyclic precursor 11 was also undertaken to reveal the effect
of macrocyclic conjugation on the complexation and sensory
abilities of 4.


The UV/Vis spectra of 11 in CH2Cl2 and 10% MeOH/
CH2Cl2 comprise four bands at 260, 317, 342 and 360 nm. The
spectra are invariant in energy and shape at �4�
10�5 moldm�3, showing that aggregation is not occurring in
dilute solution.


The metal ion binding experiments were conducted using a
1:2 ratio of 11/Mn� in 10% MeOH/CH2Cl2 where [11]�
1.72� 10�5 mol dm�3, and Mn�� all cations and metal chlor-
ides investigated in the spectroscopic studies of 4 above. In
this case, no metal ion induced precipitation phenomena were
observed for any 11/Mn� mixture. In addition, the 1:2 11/Mn�


combinations where Mn��AgI, FeII, CoII, and NiII showed
negligible or zero UV/visible and fluorescence spectroscopic
changes. Similarly to 4 however, the UV/Vis spectrum of 11
did undergo significant changes upon addition of HgII and PdII


indicative of binding to these ions. Specifically, the latter
metals caused a sharp increase in intensity and movement to
longer wavelength of the 260 nm absorption envelope, and a
decrease in intensity and shift to longer wavelength of the 342
and 360 nm absorptions (Figure 6). The UV/Vis spectrum of
the 1:2 11/HgII system also underwent gradual, time-depend-
ent changes, presumably originating from a binding mecha-
nism that involves slow kinetics.


Interestingly and somewhat surprisingly, the UV/Vis spec-
tra of 1:2 11/Mn� mixtures in 10% MeOH/CH2Cl2, where
Mn��AlIII, ScIII and InIII, exhibited small but significant
changes compared to the spectrum of uncomplexed 11
(Figure 7). The presence of these ions caused a slight decrease
in intensity of the 260, 342 and 360 nm absorptions of 11, and
the development of a characteristic low intensity longer
wavelength shoulder at 388 nm. This evidence suggests that a
weak binding interaction exists between 11 and AlIII, ScIII and
InIII in dilute solution.


Solutions of 11 in organic solvents also emit a purple-blue
fluorescence when irradiated with UV light. The fluorescence
emission spectra of 11 in aerated and deoxygenated CH2Cl2
solution are identical when excited at the wavelength of the
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absorption envelope at 342 nm, and comprise two emission
maxima at 373 and 390 nm. The excited state of 11 is therefore


Figure 6. UV/Vis absorption spectra of 1:2 11/Mn� solutions in 10%
MeOH/CH2Cl2, where Mn��HgII and PdII at a [11] of 1.72�
10�5 moldm�3.


Figure 7. UV/Vis absorption spectra of 1:2 11/Mn� solutions in 10%
MeOH/CH2Cl2, where Mn��AlIII, ScIII and InIII at a [11] of 1.72�
10�5 moldm�3.


insensitive to quenching by oxygen. Changing the solvent to
aerated 10% MeOH/CH2Cl2 also had a negligible effect upon
the emission spectrum of 11.


A qualitative investigation into the fluorescence response
of 11 towards all the metal ions and chlorides examined in the
UV/visible spectroscopic ion binding studies of 11 above, was
carried out under identical conditions, at [11]� 1.72�
10�5 moldm�3 in 10% MeOH/CH2Cl2. These investigations
revealed visually that the coordinating analytes HgII, and PdII


caused respectively, partial and complete fluorescence
quenching of 11. The metal ions AlIII, ScIII and InIII induced
small visual colour changes in the fluorescence emission of 11,
that is, from purple-blue to a slightly paler purple-blue. The
CrIII ion also caused a slight visual change in the fluorescence
emission of 11. This latter change was of a similar nature to
that induced by AlIII, ScIII and InIII ions, despite the fact that


the UV/Vis spectrum of the 1:2 11/CrIII system indicated only
a negligible binding interaction. All other 1:2 11/Mn� mixtures
studied gave zero coordination-induced fluorescence emis-
sion responses.


Thus macrocycle 4 binds six, and 11 binds five out of the
twenty eight metal ions and chlorides studied. Both ligands
therefore exhibit approximately similar complexation selec-
tivities. The sensory selectivities of 4 and 11 were also quite
high and qualitatively similar, as they both only gave strong
fluorescence emission output responses in the presence of
HgII and PdII.


The metal ion binding preferences of 11 are however,
surprisingly different from those of 4, considering the basic
structural similarity of the subunits of both ligands. Unlike 4,
acyclic 11 shows negligible or zero coordination affinity
towards the transition metal ions AgI, FeII, CoII, and NiII, but
does exhibit preferential binding interactions with triply
charged ions, that is, AlIII, ScIII and InIII.[32] The reason why
11 fails to generate coordination polymer precipitates in
dilute solution may originate from the fact that it has only two
metal ion binding sites, thereby restricting the degree of
branching during polymer growth. Macrocycle 4 on the other
hand, possesses four ion-binding sites which would be
expected to enable rapid branching and access to compara-
tively high molecular mass structures at an early stage in the
coordination polymerisation reaction. In the latter scenario,
highly branched, high molecular mass coordination oligomers
and polymers would be expected to be of lower solubility, and
to precipitate rapidly from solution. Cyclophane 4 is therefore
unusual in that it is able to visually signal and distinguish the
presence of particular metal ions both by fluorescence and
precipitation.[33]


Conclusion


The above work describes the successful preparation of
twistophane 4, which, to the best of the author×s knowledge, is
the first reported example of a dehydropyridoannulene-type
cyclophane with enforced exotopic metal ion-binding sites.
The latter molecule thus represents a new type of cyclically
conjugated and chiral ligand scaffold capable of coordinating
metal ions and complexes to its external surface. Cyclophane
4 was obtained by using an economic and efficient synthesis in
relatively few steps, in (19%) overall yield. The character-
isation of 4 as a macrocyclic entity was based upon mass
spectrometric and IR and NMR spectroscopic evidence, and
its twisted, chiral three-dimensional architecture supported by
molecular modelling studies.


Owing to the enhanced cyclic conjugation in the absence of
chelating coordination sites, it was anticipated that 4 would
function as a metal ion sensor, but with completely different
ion-binding preferences to those of 1 ± 3. Subsequent spectro-
scopic investigations confirmed that 4 and acyclic precursor 11
did indeed function as metal ion sensors. Both ligands were
found to be particularly selective sensors, giving fluorescence
quenching output responses for only two of all the metal ions
and chlorides studied, that is HgII and PdII.[34] Ligands 4 and 11
therefore represent a new structural design principle for the
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future creation of fluorescence sensors of specific heavy metal
toxins and pollutants, a result of especial interest in relation to
environmental issues.[35a±c] Also of particular note, is the dual
ion-sensory output ability of 4, which can signal the presence
of different metals by fluorescence or precipitation.


The precipitates are almost certainly coordination polymers
of 4, which may be branched and dendritic in nature and/or
crosslinked networks. The latter possibility is very interesting,
as three-dimensional coordination networks comprising 4 and
specific first-row transition-metal ions may exhibit a range of
fascinating bulk electronic and magnetic properties.[36a±e] Such
properties may be anticipated due to the conjugated nature of
bridging 4 ligands, which should enable facile electronic
communication between the metal ions in all dimensions
throughout the polymer network.


Interestingly, 4 also functions as a proton-triggered fluo-
rescence sensor, a finding that suggests that 4 and structurally
related compounds may discover applications in the field of
molecular protonics. Lastly, 4 was found to function as a high-
energy material, explosively igniting above a particular
temperature threshold upon rapid heating.


Twistophane 4 thus represents a structurally unique con-
jugated ligand which is able to act both as a selective
fluorescence and precipitation sensor for particular metal
ions. The fascinating metal coordination properties of this
macrocycle suggest that 4 and related structures will discover
many future applications in the fields of ionic and molecular
sensorics,[37] crystal engineering,[38a±e] materials science[39a±e]


and in the design and construction of metal-assembled
nanoarchitectures.[40a±c]


Experimental Section


General : Standard inert atmosphere and Schlenk techniques were em-
ployed for reactions conducted under argon. The THF used in the
lithiation/iodination of 5 and 7 was dried by distillation off sodium/
benzophenone under argon. Starting materials 5, 9, and catalysts
[PdCl2(PPh3)2][41] and CuI were purchased from Aldrich, and the
[Cu2(OAc)4] was purchased from Prolabo and used as received. The
triethylamine and THF used in the preparation of 7 and 11 were
deoxygenated by bubbling with argon for 0.5 h directly prior to use. The
alumina used for the chromatographic purification of macrocycle 4 was
purchased from Merck (Aluminium Oxide, Basic, activity I) and converted
to activity IV upon prolonged mixing with distilled water for 8 h prior to
use. The silica used for all flash chromatography was also purchased from
Merck (Geduran, Silica gel Si 60, 40 ± 63 �m).
Intramolecular proton connectivities were determined by 1H ± 1H COSY
and NOESY NMR measurements where necessary. All 1H and 13C NMR
spectra were referenced to the solvent peaks (at 7.26 and 77.0 ppm,
respectively). The fluorescence emission spectra were recorded at 20 ±
25 �C on a Aminco, Bowman Series 2 luminescence spectrophotometer
(SLM Instruments, Inc.). The free ligand fluorescence emission spectra of
4, 11 and 12 given below were recorded in argon bubbled CH2Cl2 and were
corrected for the instrumental response. The fluorescence emission spectra
of the metal ion binding experiments with 4 and 11 were conducted in
aerated 10% MeOH/CH2Cl2, to obtain optical responses under environ-
mental conditions of most practical utility for sensory applications. The
infrared spectrum of 4 was recorded as nujol and polychlorotrifluoro-
ethylene mulls, all other IR spectra were recorded as compressed KBr discs.
Melting point measurements were performed on an Electrothermal Digital
Melting Point apparatus calibrated with standards of known melting points.
Elemental analyses were performed by the Service de Microanalyse,
Institut de Chimie, Universite¬ Louis Pasteur.


3-Bromo-4-iodopyridine (6): THF (250 mL) which had been freshly
distilled off Na/benzophenone under argon, was added by syringe to a
dried, argon-filled, 500-mL two-necked round-bottomed flask equipped
with a vacuum/argon inlet adaptor, alcohol thermometer, rubber septum
and a large magnetic stirrer ovoid. The stirred THF was then cooled to an
internal temperature of �78 �C using a liquid N2/CO2/hexane bath.
Diisopropylamine (12 mL, 8.604 g, 8.503� 10�2 mol) was then added by
syringe, and after a further 5 min stirring, n-butyllithium (1.6� in hexanes;
60 mL, 0.096 mol) was syringed into the solution at a rate which maintained
the internal temperature at between �78 and �70 �C. The resulting LDA
solution was stirred at �78 �C for 0.5 h to allow for completion of the
reaction, and subsequently cooled to �85 �C. Neat 5 (15 g, 9.494�
10�2 mol) was then syringed into the stirred LDA solution at a rate which
maintained the internal temperature between �85 and �80 �C. The
resulting yellow solution was re-cooled to �85 �C and stirred at this
temperature for 0.75 h, during which time it became deep maroon in
colour. The stirred reaction was subsequently allowed to warm to �75 �C
for 10 min, then re-cooled to �85 �C and stirred at this temperature for
0.5 h. THF (40 mL) was syringed into a dried, argon-filled schlenk
containing iodine (25 g, 0.197 mol), and the mixture stirred until all the
iodine had dissolved. The iodine solution was then added dropwise by
syringe to the lithiopyridine reaction mixture at a rate which maintained
the internal temperature between �85 and �75 �C. By the end of the
addition, the reaction had become dark brown in colour. The mixture was
stirred at �78 �C for a further 4 h, then allowed to warm to ambient
temperature with continued stirring overnight. Distilled water (10 mL) was
added to quench the reaction and the solvent volume reduced to
approximately 75 mL by distillation under reduced pressure on a water-
bath. The remaining dark mixture was then partitioned between Et2O and
excess saturated Na2S2O3, and subsequently extracted repeatedly with
Et2O (5� 200 mL) due to the poor solubility of the suspended 6. The
combined organic extracts were dried (anhydrous MgSO4), gravity filtered,
and the solvent removed by distillation on a waterbath at atmospheric
pressure. The remaining pale-brown solid was chromatographed three
times on a large column of silica, eluting with CH2Cl2, to yield 6 (16.8g,
69%) as a dusty cream microcrystalline solid. M.p. 111.8 ± 112.8 �C,
recrystallisation from EtOH; (M.p. 112 �C).[22b]


1H NMR (CDCl3, 500 MHz, 27 �C): �� 8.694 (s, 1H; H2), 8.116 (d,
3J(6,5)� 5.1 Hz, 1H; H6), 7.814 ppm (d, 3J(5,6)� 5.1 Hz, 1H; H5);
13C NMR (CDCl3, 125.8 MHz, 27 �C): �� 150.9, 147.6, 135.1, 128.9,
112.2 ppm; IR: �� � 3032 (w), 1554 (s), 1541 (s), 1447 (s), 1388 (s), 1266
(s), 1174 (s), 1113 (s), 1058 (s), 1016 (s), 1008 (s), 821 (s), 707 (s), 656 (s), 508
(s), 412 cm�1 (s); FABMS (CHCl3): m/z (%): 283.9 (100) [M��H]; HRMS
(FAB, CHCl3, [M��H]) calcd. for C5H4BrIN: 283.8572; found: 283.8584.


3-Bromo-4-(trimethylsilylethynyl)pyridine (7): Et3N (72 mL), which had
been bubbled with argon, was added by syringe to a mixture of 6 (5.03 g,
1.772� 10�2 mol) and [PdCl2(PPh3)2] (0.130g, 1.852� 10�4 mol) under an
atmosphere of argon. The mixture was stirred until all the 6 had dissolved,
and then trimethylsilylacetylene (1.946 g, 1.981� 10�2 mol) and a solution
of CuI (0.116 g, 6.091� 10�4 mol) in degassed Et3N (6 mL) added consec-
utively by syringe. The reaction was stirred for seven days at ambient
temperature in the dark, during which time a finely divided brown
suspension formed. All solvent was then distilled off under reduced
pressure on a water bath at 80 �C, and CH2Cl2 (30 mL) was added. The
mixture was subsequently flash-chromatographed on a column of silica,
eluting with CH2Cl2. A dark brown band eluted first which was closely
followed by 7. The product thus obtained was dried under vacuum to give 7
(4.091 g, 91%) as a pale off-yellow oil.
1H NMR (CDCl3, 500 MHz, 27 �C): �� 8.742 (s, 1H; H2), 8.453 (d,
3J(6,5)� 4.9 Hz, 1H; H6), 7.331 (dd, 3J(5,6)� 4.9 Hz, 5J(5,2)� 0.5 Hz, 1H;
H5), 0.290 ppm (s, 9H; Si(CH3)3); 13C NMR (CDCl3, 125.8 MHz, 27 �C):
�� 151.7, 147.7, 132.8, 126.9, 123.2, 105.6 (�C�), 100.2 (�C�), �0.44 ppm
(Si(CH3)3); IR: �� � 2960 (m), 2169 (w) (C�C), 1574 (s), 1466 (m), 1396
(m), 1251 (s), 1086 (m), 1022 (m), 864 (s), 845 (s), 761 (m), 702 cm�1 (m);
EIMS: m/z (%): 255 (15) [M�], 238 (100) [M��CH3], 173 (18) [M��
HBr], 158 (44) [M��CH3�HBr]; HRMS (FAB, CHCl3, [M��H]) calcd.
for C10H13BrNSi: 254.0001; found: 254.0006.


3-Iodo-4-(trimethylsilylethynyl)pyridine (8): A dried 500-mL two-necked
round-bottomed flask charged with 7 (4.043g, 1.590� 10�2 mol), was
equipped with a vacuum/argon inlet adaptor, alcohol thermometer, rubber
septum and a magnetic stirrer ovoid. The flask was then evacuated and
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back-filled with argon four times in succession and Et2O (180 mL), which
had been freshly distilled off Na/benzophenone under argon, was added by
syringe. The stirred solution was subsequently cooled to an internal
temperature of �78 �C using a CO2/acetone bath. A 1.6� solution of n-
butyllithium in hexanes (12 mL, 1.920� 10�2 mol) was added dropwise by
syringe at a rate which maintained the reaction temperature between �78
and �70 �C. During addition, the initial red colouration of the reaction
rapidly discharged to give, finally, a clear pale brown-yellow solution. The
reaction solution was then stirred at �78 �C for 1 h. Et2O (45 mL) was
syringed into a dried, argon filled schlenk containing diiodoethane (6.70 g,
2.377� 10�2 mol), and the mixture stirred until all the diiodoethane had
dissolved. The diiodoethane solution was then added dropwise by syringe
to the lithiopyridine reaction mixture at a rate which maintained the
internal temperature between �78 and �70 �C. The reaction was stirred at
�78 �C for a further 2.5 h, during which time a copious cream coloured
suspension formed, and was then allowed to warm to ambient temperature
with continued stirring overnight. The resulting pale yellow solution was
extracted with distilled water (3� 180 mL), and the organic layer
separated, dried (anhydrous MgSO4), filtered, and the Et2O removed by
distillation under reduced pressure at ambient temperature. The remaining
dark brown oil was flash chromatographed on a short column of silica,
eluting with CH2Cl2. Unreacted diiodoethane and some iodine eluted first,
eventually followed by 8 which was collected in 350 mL fractions. The
product 8 is heat sensitive, and the CH2Cl2 is best removed from the column
eluates by distillation on a water bath at �40 �C under reduced pressure.
Final purification was achieved upon stirring the product 8 with NORITA
decolourising charcoal (0.15 g) in pentane (15 mL), filtering the mixture
under gravity, and removal of the solvent by distillation under reduced
pressure at ambient temperature. The product was finally dried under
vacuum (0.01 mmHg) to yield 8 (4.121 g, 86%) as a pale yellow-brown oil.
The product 8 should be stored at below �20 �C to avoid slow
decomposition to a black solid.
1H NMR (CDCl3, 500 MHz, 25 �C): �� 8.947 (s, 1H; H2), 8.464 (d,
3J(6,5)� 4.9 Hz, 1H; H6), 7.321 (d, 3J(5,6)� 4.9 Hz, 1H; H5), 0.298 ppm (s,
9H; Si(CH3)3); 13C NMR (CDCl3, 125.8 MHz, 25 �C): �� 157.0, 148.3,
137.1, 126.5, 104.7, 103.6, 99.6 (�C�), �0.45 ppm (Si(CH3)3); IR: �� � 2959
(m), 2166 (w) (C�C), 1567 (s), 1460 (m), 1394 (m), 1274 (m), 1250 (s), 1080
(m), 1011 (m), 865 (s), 845(s), 761 cm�1 (m); EIMS (CHCl3): m/z (%): 301
(40) [M�], 286 (100) [M��CH3], 174 (17) [M�� I], 158 (19) [M��CH3�
HI]; HRMS (FAB, CHCl3, [M��H]) calcd. for C10H13INSi: 301.9862;
found: 301.9875.


[Benzene-1,4-Bis(2,1-ethynedyil)]bis[3-(4-trimethylsilylethynylpyridine)]
(11): THF (25 mL), which had been freshly distilled off Na/benzophenone
under argon, was added by syringe to a mixture of 8 (0.803 g, 2.666�
10�3 mol), 10 (0.158 g, 1.252� 10�3 mol) and [PdCl2(PPh3)2] (0.048 g,
6.839� 10�5 mol) under an atmosphere of argon. A solution of CuI
(0.035 g, 1.838� 10�4 mol) in Et3N (3 mL) was then added by syringe, and
the mixture stirred at ambient temperature for seven days in the absence of
light. During stirring, an orange-brown suspension slowly formed. All
solvent was subsequently removed under reduced pressure on a water bath
and CH2Cl2 (20 mL) was added. The mixture was then chromatographed
on a column of alumina (Merck, Aluminium Oxide 90, standardised
activity II/III), eluting with CH2Cl2. The product 11 co-eluted with a
contaminant possessing a slightly higher Rf. The contaminant could
however be removed upon first washing the isolated solid product with
MeCN, followed by boiling in acetone (15 mL), leaving to cool to ambient
temperature, filtering the mixture under vacuum and washing the collected
solid with acetone. Final purification was achieved by dissolving the
product in boiling acetone (200 mL), gravity filtering the solution and
reducing the volume of the filtrate to about 15 mL by distillation on a water
bath at atmospheric pressure. After the mixture had been left to stand
overnight, it was filtered under vacuum and the collected solid was washed
with ice cold acetone and air-dried to yield 11 (0.332 g, 56%) as a cream-
coloured microcrystalline solid. M.p. 197.0 ± 198.1 �C;
1H NMR (CDCl3, 500 MHz, 25 �C): �� 8.747 (d, 5J(2,5)� 0.7 Hz, 2H;
pyridine H2), 8.485 (d, 3J(6,5)� 5.2 Hz, 2H; pyridine H6), 7.569 (s, 4H;
phenyl H2,3,5,6), 7.347 (dd, 3J(5,6)� 5.2 Hz, 5J(5,2)� 0.7 Hz, 2H; pyridine
H5), 0.292 ppm (s, 18H; Si(CH3)3); 13C NMR (CDCl3, 125.8 MHz, 25 �C):
�� 152.2, 148.2, 133.0, 131.7, 125.3, 123.1, 121.8, 104.6 (�C�), 100.6 (�C�),
95.8 (�C�), 87.3 (�C�), �0.28 ppm (Si(CH3)3); UV/Vis (CH2Cl2): �max


(�)� 260 (52399), 317 (35093), 342 (52179), 360 (41073��1cm�1); fluo-


rescence emission ([11]� 2.71� 10�6 moldm�3 in CH2Cl2, 342 nm excita-
tion): �max� 373, 390 nm; IR: �� � 2960 (s), 2221 (m) (C�C), 2164 (m)
(C�C), 1576 (s), 1510 (s), 1400 (s), 1249 (s), 873 (s), 851 (s), 835 (s), 768 (s),
762 (s), 584 cm�1 (s); EIMS (CHCl3): m/z (%): 472 (100) [M�], 457 (18)
[M��CH3], 400 (5) [M�� Si(CH3)3]; elemental analysis calcd (%) for
C30H28N2Si2: C 76.22, H 5.97, N 5.93; found: C 76.04, H 5.58, N 5.80.


[Benzene-1,4-Bis(2,1-ethynedyil)]bis[3-(4-ethynylpyridine)] (12): TBAF
(1.8 mL, 1.0� solution in THF) was added to a stirred solution of 11
(0.332 g, 7.023� 10�4 mol) in THF (40 mL) and distilled water (0.5 mL).
The clear reaction was then stirred at ambient temperature in the absence
of light for 20 h. All solvent was removed under reduced pressure on a
water bath at 30 ± 40 �C. The remaining solid was dissolved in CH2Cl2
(60 mL) and extracted with distilled water (4� 30 mL). The organic layer
was separated, dried (anhydrous MgSO4) and filtered, and the solvent
volume reduced to 15 mL by distillation at atmospheric pressure on a water
bath. The concentrate was then chromatographed on a column of alumina
(Merck, Aluminium Oxide 90, standardised activity II/III), eluting with
CH2Cl2. The product thus obtained was finally purified by brief ultra-
sonication in MeOH (3 mL), filtering under vacuum, and washing the
collected solid with MeOH, followed by air drying to give 12 (0.203g, 88%)
as a cream-coloured microcrystalline solid. M.p. 195.0 ± 196.1 �C (decomp;
pure by 1H and 13C NMR spectroscopy).
1H NMR (CDCl3, 500 MHz, 25 �C): �� 8.784 (d, 5J(2,5)� 0.5 Hz, 2H;
pyridine H2), 8.519 (d, 3J(6,5)� 5.2 Hz, 2H; pyridine H6), 7.578 (s, 4H;
phenyl H2,3,5,6), 7.396 (dd, 3J(5,6)� 5.2 Hz, 5J(5,2)� 0.5 Hz, 2H; pyridine
H5), 3.595 ppm (s, 2H; H�C�C); 13C NMR (CDCl3, 125.8 MHz, 25 �C):
�� 152.4, 148.3, 132.1, 131.8, 125.8, 123.0, 122.1, 95.9 (�C�), 86.8 (�C�),
85.8 (�C�), 79.7 ppm (�C�); UV/Vis (CH2Cl2): �max (�)� 313 (sh) (33893),
338 (51955), 357 (41453 ��1cm�1); fluorescence emission ([12]� 3.17�
10�6 mol dm�3 in CH2Cl2, 338 nm excitation): �max� 367, 385 nm; IR: �� �
3140 (s) (H�C�), 2222 (m) (C�C), 2097 (s) (C�C), 1581 (s), 1528 (s), 1512
(s), 1471 (s), 1402 (s), 833 (s), 757 (s), 581 (s), 353 cm�1 (s); FABMS:
(CHCl3): m/z (%): 329 (100) [M��H]; HRMS (FAB, CHCl3, [M��H])
calcd for C24H13N2: 329.1079; found: 329.1074. The above deprotection
reaction was repeated using 11 (0.040 g). After removal of the THF,
distilled water (8 mL) was added to the residue and the resulting
suspension filtered under vacuum. The portion of compound 12 collected
was washed consecutively with a relatively large volume of distilled water
(100 mL) and methanol (3 mL), and finally air-dried. This material
afforded a satisfactory elemental analysis: elemental analysis calcd (%)
for C24H12N2: C 87.79, H 3.68, N 8.53; found: C 87.53, H 3.30, N 8.68.


Macrocycle 4 : In a well-ventilated hood, [Cu2(OAc)4] (2.40g, 6.607�
10�3 mol) was dissolved in warm pyridine (600 mL), and the stirred
solution bubbled with argon for 1.5 h, during which time it cooled to
ambient temperature. A solution of 12 (0.183 g, 5.573� 10�4 mol) in
pyridine (20 mL) was then slowly added dropwise over 5 h to the
[Cu2(OAc)4] solution, with continued stirring and argon bubbling. After
the addition of 12 was complete, the reaction mixture was stirred under a
static atmosphere of argon, at ambient temperature and in the absence of
light for 14 days. During the addition of 12, the reaction mixture changed
colour from blue to olive-green, and finally, the development of a red
suspended solid was complete after 48 h stirring. All solvent was removed
under reduced pressure on a water bath, and pyridine (5 mL) was re-added
to wet the residue. An ice-cold concentrated aqueous solution of KCN
(30 mL) was then added and the mixture rapidly stirred for 1 h, filtered
under vacuum, and the collected solid washed with excess distilled water
and air-dried. The dark brown solid was added to CH2Cl2 (25 mL) and the
cloudy solution chromatographed on a column of alumina (basic, activity
IV), eluting with CH2Cl2. Due to the enhanced photosensitivity of solutions
of 4, the chromatography and subsequent manipulations are best con-
ducted with shielding from direct light. The product thus obtained was
finally briefly ultrasonicated in acetone, filtered under vacuum, and the
collected solid washed with excess acetone and air-dried to give 4 (0.130 g,
71%) as a bright yellow powder. M.p. Slow heating induces colour
darkening at �245 �C to give a dark brown infusible solid. Upon rapid
heating, 4 ignites explosively at �257 �C.
1H NMR (CDCl3, 500 MHz, 20 �C): �� 8.786 (s, 4H; pyridine H2), 8.569 (d,
3J(6,5)� 5.2 Hz, 4H; pyridine H6), 7.425 (dd, 3J(5,6)� 5.1 Hz, 5J(5,2)�
0.7 Hz, 4H; pyridine H5), 7.336 ppm (s, 8H; phenyl H2,3,5,6); 13C NMR
(CDCl3, 125.8 MHz, 20 �C): �� 152.0, 148.4, 131.7, 131.5, 125.0, 123.2, 122.5,
97.3 (�C�), 86.4 (�C�), 81.1 (�C�), 80.3 ppm (�C�); UV/Vis (CH2Cl2): �max
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(�)� 301 (104611), 318 (84648), 362 (47160��1cm�1); fluorescence emis-
sion ([4]� 2.45� 10�6 moldm�3 in CH2Cl2, 301 nm excitation): �max�
453 nm; IR: �� � 2210 (s) (C�C), 2154 (w) (C�C), 1571 (s), 1526 (m), 1510
(m), 1468 (m), 1405 (s), 837 (s), 826 (s), 762 (m), 578 cm�1 (s); FABMS
(recorded in 10% CF3COOH/CHCl3): m/z (%): 653 (100) [M��H];
HRMS (FAB, 10% CF3COOH/CHCl3, [M��H]) calcd for C48H21N4:
653.1766; found: 653.1753.
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Alkyne Migration in Alkylidene Carbenoid Species:
A New Method of Polyyne Synthesis
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Abstract: The synthesis of conjugated
polyyne structures via a modification
of the Fritsch ± Buttenberg ± Wiechell
(FBW) rearrangement is reported. Our
adaptation provides for the 1,2-migra-
tion of an alkyne in a carbene/carbenoid
intermediate that is conveniently effect-
ed via lithium ± halogen exchange with
the appropriate dibromo-olefinic pre-
cursor. This rearrangement is quite rap-
idly accomplished under mild conditions


(hexane solution, �78 �C), and the
seemingly high migratory aptitude of
the alkynyl moiety provides for efficient
rearrangement. This, in turn, allows for
multiple rearrangements in a single
molecule, greatly facilitating the con-


struction of highly unsaturated sub-
strates. This procedure is exploited for
the rapid synthesis of symmetrical and
unsymmetrical 1,3,5-hexatriynes, ex-
tended polyynes, and aryl polyyne build-
ing blocks. Most significantly, many of
these structures have been or would be
difficult to access via more traditional
transition metal catalyzed homo- or
cross-coupling techniques.


Keywords: alkynes ¥ carbenes ¥
carbenoids ¥ nanostructures ¥
polyynes


Introduction


A great diversity of molecules with conjugated enyne and
polyyne substructures have been proposed or realized,[1±4]


including macrocycles,[5] liquid crystals,[6] oligomers,[7] and
carbon networks.[4, 8] In addition to their engaging molecular
structures, many of these carbon rich compounds have unique
electronic, mechanical and structural characteristics, as well as
other desirable materials properties.[4] Extended polyyne
chains with a conjugated skeleton composed only of sp-
hybridized carbon have been sought for many years.[9] Early
work from the groups of Bohlmann, Jones, and Walton
afforded several oligomeric series, with sp-carbon chains as
long as -(C�C)16-, but characterization was limited.[10] More
recent efforts toward the realization of polyynes and the
penultimate sp-carbon allotrope carbyne, are motivated both
by a fundamental interest in their unique linear, conjugated
framework[11] and a more applied interest in their use as
molecular wires to mediate communication between terminal


metal centers.[12] As well, the synthesis of cyclic molecular
carbon allotropes composed only of acetylenic carbon units
has remained an active and challenging goal,[13] research
inspired at least in part by the potential role of these cyclic
molecules in the mechanism of fullerene formation.[14]


One of the oldest and perhaps most general routes toward
the synthetic elaboration of an alkyne framework is oxidative
coupling.[15] This methodology, developed by Glaser,[16] and
later refined by Eglinton/Galbraith,[17] and Hay,[18] is used to
combine two terminal alkynes via the an intervening CuI/CuII


intermediate. These general methods have been used to make
a range of symmetrical diynes and polyynes, as well as to close
macrocyclic systems. Complementary to this is the Cadiot ±
Chodkiewicz reaction,[19] which couples a terminal acetylene
and a haloacetylene to give unsymmetrical polyyne products,
also via a cuprate intermediate. The recent development of
numerous palladium catalyzed coupling protocols for alkynes
has greatly expanded the realm of alkyne synthesis,[20]


although their usefulness to date has been predominantly
limited to the terminal functionalization of acetylenes and
diacetylenes.


The major limitation to the above methods lies in the fact
that they all require the prior synthesis of a terminal alkyne/
polyyne as one or both of the synthetic precursors to an
extended product. While this is not necessarily a problem for
di- and even triacetylenes, the formation of longer acetylenic
units without terminal functionality almost always affords a
highly unstable species that is difficult or impossible to
manipulate.
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Department of Chemistry
University of Alberta
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Several approaches are available that strive to circumvent
the difficulties associated with the instability of terminal
alkynes. For example, methods for the direct coupling of
trialkylsilyl acetylenes have been developed, as have methods
for the in situ generation and reaction of terminal alkynes
under the appropriate coupling conditions.[21, 22] Other options
include a variety of protocols in which the polyyne framework
is completed in the final step of the synthesis through either
elimination or extrusion of a suitable functional group. While
these routes have afforded a number of interesting deriva-
tives, in most cases their generality has yet to be established.[23]


Thus, as the prevalence of extended acetylenic structures in
organic chemistry continues to expand, there is a concurrent
need for more versatile synthetic protocols.


The transformation of 1,1-dihalo-2,2-diarylalkenes 1 into
tolans 3 was originally reported by Fritsch, Buttenberg, and
Wiechell (Scheme 1).[24] This process, which is known to
generally proceed through a carbenoid intermediate 2, has
become a well-established method for alkyne synthesis, and


Br Br


R R'


M Br


R R'


R'R


R2R1
1 2


3


4M = Li, MgBr, etc.


Scheme 1.


the general rearrangement now bears their names.[25] Over the
course of the last century, this general transformation has
been successfully applied to numerous systems in which the
migrating group has been an aryl or heteroaryl moiety, a
hydrogen atom, and to a lesser extent an alkenyl or alkyl
group. Conspicuously absent from the above list is the ethynyl
moiety, which to the best of our knowledge has not been
demonstrated to migrate in a Fritsch ± Buttenburg ± Wiechell
rearrangement.


We have recently communicated that alkynes do indeed
readily undergo 1,2-shifts in vinylidene carbenoid intermedi-
ates (e.g., 2 where R�R�� -C�C-R),[26] in a facile reaction
that ultimately affords good yields of the desired polyyne
4.[27, 28] The requisite 1,1-dibromo-2,2-diethynylethene precur-
sors 1 are easily accessible and can be strategically function-
alized in order to provide polyyne derivatives that would be
difficult or impossible to access by other methods. In general,
the rearrangements proceed without the substantial forma-
tion of by-products, allowing for facile purification and
isolation of the desired product, often without column
chromatography. In this paper, we report a full account of
the synthetic utility of our new method, including the
formation of linear polyynes, extended and highly unsaturated
aryl polyyne building blocks, as well as the solid-state
crystallographic analysis of two highly unsaturated polyyne
derivatives, compounds 20 and 29.


Results and Discussion


1,1-Dibromo-2,2-diethynylethenes (7a ± j) are the backbone
of this alkylidene carbene chemistry, and the general route for
their synthesis based on the adaptation of known methods is
shown in Scheme 2. Alcohols 5 can be made by either of two
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Scheme 2.


routes: Route A relies on the condensation of two equivalents
of the appropriate lithium acetylide with ethyl formate to
afford symmetrical derivatives 5a,b, f, g, and j.[29] Route B
provides unsymmetrical alcohols 5c ± e and 5h, i via addition
of the appropriately substituted lithium acetylide into an �,�-
ethynyl aldehyde.[30] The alcohols 5a ± j can be effectively
oxidized to the corresponding ketones 6a ± j with either PCC
or BaMnO4. PCC is generally more effective for larger scale
reactions (i.e., �1 g), whereas BaMnO4 provides a more
procedurally facile formation of the ketone on smaller scales.
It is worth noting that if the ketone product shows limited
stability, the typically clean reaction mixture can simply be
plugged through silica gel with CH2Cl2, and this solution
carried on directly to the dibromo-olefination step, which is
also conducted in CH2Cl2 (e.g., 5h � 7h). Vinyl bromides
7a ± j were then realized via the method of Corey and
Fuchs.[30a, 31] This reaction is usually complete in less two
hours, and affords good yields of the desired products,
although reduced chemical stability for some derivatives
resulted in lower yields.


We envisioned an alternative entry into aryl substituted 1,1-
dibromo-olefines via protiodesilylation of the differentially
protected diyne 7c, followed by palladium catalyzed cross-
coupling of the terminal acetylene 8 with an iodo- or
bromoarene [Eq. (1)].[32] The formation of 8 via reaction with
K2CO3 in wet methanol proceeds without problem. Unfortu-
nately, attempts to elaborate 8 under various cross-coupling
conditions with iodoarenes have, to date, been ineffective. For
example, the reaction of 8 with 1-iodonaphthalene using
standard Sonogashira reaction conditions gave only 29 %
yield of the desired product 7e. In general, these reactions
provide low yields of the desired product, as well as numerous
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side products that make purification challenging. These
results suggest that cross-coupling of the terminal alkyne of
one molecule of 8 with the vinyl bromide moiety of a second
equivalent of 8 effectively competes with the intended cross-
coupling with the iodoarene.


I
Br Br


R SiiPr3


Br
Br


SiiPr3


+
[PdCl2(PPh3)2],


CuI, NEt3, rt


7e  29% (from 7c)


(1)


7c  R = Me3Si


8  R = H


K2CO3,
MeOH


Our initial attempts to induce 1,2-alkyne migration in a
vinylidene carbene/carbenoid species employed dibromo-
olefin 7a (Scheme 3). Using conditions known to facilitate
lithium halogen exchange in this molecule,[33] a THF solution
of 7a was treated with nBuLi at �78 �C and the solution
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R2R1


R4 R3


7a-j 4a-j9a-j


10a  R1 = R2 = SiiPr3; R3 = H; R4 = Br
10b  R1 = R2 = SiMe3; R3 = H; R4 = Br
10c  R1 = R2 = SiMe3; R3 = H; R4 = nBu
10d  R1 = R2 = SiMe3; R3 = R4 = nBu


Scheme 3.


slowly warmed to various temperatures. These reactions did
not, however, afford appreciable amounts of 4a, regardless of
temperature or reaction time. While analysis of these product
mixtures did suggest the formation of trace amounts of 4a, as
detected by mass spectral analysis, the protonated species 10a
was the only identifiable product. Likewise, reactions con-
ducted in Et2O and dioxane were equally unsuccessful
(Table 2). Although disappointing, these results were not


completely surprising, as vinyl lithium intermediates 9a and
9b generated in THF or Et2O have been successfully trapped
with electrophiles at low temperature.[33, 34]


Kˆbrich has previously demonstrated that solvent polarity
can play a defining role in the success of the FBW rearrange-
ment.[35] Assuming that the solvating ability of ethereal
solvents was a stabilizing factor that prevented or retarded
collapse of the vinyl lithium intermediate 9a, the rearrange-
ment was attempted in less polar, noncoordinating solvents.
To our gratification, reactions conducted in hexanes, benzene,
and cyclohexene all gave good yields of the triyne 4a
(Table 2).[36] Whereas the reaction in benzene was necessarily
conducted at warmer temperatures (ca. �15 �C), reaction in
hexanes or cyclohexene was most efficient when initiated at
�78 �C.


Thus, the optimized general procedure for this process has
been established as the following. Vinyl bromide 7a is
dissolved in rigorously dried hexanes, cooled to �78 �C, and
1.2 equiv of nBuLi is slowly added over about two minutes.
The reaction is warmed to about �10 �C over a period of
30 min to 1 h, and then quenched via addition of an aqueous
NH4Cl solution. The product, formed in high yield, can then
be isolated pure following work-up by passing the crude
product through a plug of silica gel.


The conditions employed for the successful rearrangement
of 7a have been less reliable with the bis(trimethylsilyl)
derivative 7b.[37] The overall yield for this rearrangement is
typically lower and is also accompanied, unlike other rear-
rangements, by the formation of varying amounts of several
by-products, identified by 1H NMR spectroscopic and MS
analysis as predominantly 10b, c, and d. The rearrangement
reaction with differentially protected 7c, on the other hand,
cleanly gave the triyne 4c. This suggested that perhaps the
presence of a triisopropylsilyl protected alkyne moiety was
somehow important to facilitate the rearrangement. The
rearrangement of 1-naphthyl derivative 7d to the TMS
protected triyne 4d in 70 % yield without by-products,
however, showed that the presence of the TIPS-C�C moiety
is not a requirement. Comparable to the formation of 4d, the
rearrangement of TIPS protected dibromo-olefin 7e provided
a good yield of triyne 4e. Thus, in addition to pendant
trialkylsilyl functionality, aryl (7d , e, h, j) and alkyl (7 f,g, i)
substituents are clearly tolerated by the rearrangement
conditions.[22a, 38] Also noteworthy is the formation of more
elaborate aryl tetrayne building block 4h, which features
differential silyl protecting groups that would allow for further
derivatization of this skeleton.


Table 1. Summary of synthetic yields for compounds 4 ± 7.


Cpd R1 R2 5 [%] 6 [%] 7 [%] 4 [%]


a iPr3Si iPr3Si [33] [33] [33] 70
b Me3Si Me3Si [52] [52] [30a] 50
c iPr3Si Me3Si [30a] [30a] [30a] 61
d 1-naphthyl Me3Si 60 54 54 70
e 1-naphthyl iPr3Si 55 47 82 62
f nBu nBu 92[53] 73[54] 40 80
g n-octyl n-octyl 76[55] 87[55] 54 66


h Me3Si iPr3Si 31 ± 53[a] 61


i Me3Si nBu 98 57 60 82
j 2-thienyl 2-thienyl 40 50 47 64


[a] Two-step yield from alcohol.


Table 2. Yield of triyne 7a as a function of solvent.


Solvent Yield [%]


THF � 5
Et2O � 5
dioxane � 5
hexane 70
benzene 80
cyclohexene 65
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In general, the rearrangements in Table 1 are complete
within minutes of n-BuLi addition, as monitored by TLC
analysis. If the reaction is conducted under rigorous anhy-
drous conditions, there is minimal formation of non-polar by-
products. Empirical evidence suggests that lithium halogen
exchange is a more rapid process than quenching of the BuLi
by adventitious water. The presence of water in the reaction
mixture does, however, result in in situ protonation of the
intermediate carbenoid species, to give for example, 10a. This
significantly complicates purification of the desired triyne due
to very similar retention times for the two species on common
chromatographic supports and reemphasizes the need to
maintain anhydrous reagents and reaction conditions.


Complementary to the route outlined above, Scheme 4
demonstrates the facile synthesis of an unsymmetrical tri- and
tetrayne, beginning from the acid chloride 11. Friedel ± Crafts
acylation of 11 with either bis(trimethylsilyl)acetylene or
bis(trimethylsilyl)butadiyne gave ynones 12a and b, respec-
tively.[39] Dibromo-olefination then afforded 13a and b, and
subsequent rearrangement gave the triyne 14a in 84 % yield
and the tetrayne 14b in 64 % yield. As acetylenic carboxylic
acids are readily available via condensation of the appropriate
lithium acetylide and CO2,[40] this pathway nicely broadens
the scope of polyyne products potentially accessible using this
methodology.


O


Cl


X


SiMe3


SiMe3


Me3Si SiMe3


n


CBr4, PPh3,
CH2Cl2, rt


12a  X = O, n = 1  47%
12b  X = O, n = 2  55%


13a  X = CBr2, n = 1  71%
13b  X = CBr2, n = 2  48%


AlCl3, CH2Cl2, 
0 to 25 °C


n


nBuLi,
hexanes,


–78 °C


n


11


14a  n = 1  84%
14b  n = 2  64%


Scheme 4.


Our intention to exploit this method for formation of
extended polyyne chains was explored via the assembly of
dodecahexayne 16 (Scheme 5). The terminal alkyne of
enediyne 8 was oxidatively homocoupled[15, 18] to give the


Br
Br


SiiPr3
Br


Br


iPr3Si


SiiPr3iPr3Si


 2.  CuI, TMEDA
      CH2Cl2


1. K2CO3
    THF/MeOH


nBuLi, 
hexanes, 
–78 °C


15  55%


16  70%


8


Scheme 5.


dimer 15 as a yellow oil, which was easily purified by passing
the reaction mixture through a plug of silica with hexanes. The
moderate yield of 15 likely results from competition from
Castro ± Stevens coupling, in which the Cu-acetylide cross-
couples with the dibromo-olefin moiety.[41, 42] To date, we have
been unable to discover copper-catalyzed homocoupling
conditions that can improve the yield of this or analogous
reactions. Following the general procedure, tetrabromide 15
was rearranged with 2.4 equiv of nBuLi at low temperature.
TLC analysis of the reaction mixture over time shows the
progressive rearrangement of each vinyl bromide moiety, and,
ultimately the 1,3,5,7,9,11-dodecahexayne (16) was the only
nonpolar species observed by TLC analysis. After work-up, 16
was isolated as a yellow/orange solid in 70 % overall yield,
representing an impressive 84 % yield for each rearrangement
event.


In addition to the synthesis of polyynes such as 16, we
expected that alkyne migration would allow us to explore the
formation of highly unsaturated aryl-polyyne building blocks
that would be difficult to achieve using established palladium
catalyzed, cross-coupling conditions. This concept is demon-
strated in Scheme 6 with hexayne 20. Diol 17 was obtained as
mixture of diastereomers from the condensation of the
bis(lithium acetylide) of 1,4-diethynylbenzene with trimethyl-
silyl propargyl aldehyde. This diol was easily oxidized to the
diketone 18, and dibromo-olefination then provided tetra-
bromide 19. Compound 19 is rather insoluble in hexanes at
�78 �C, and the rearrangement was therefore initiated at
�44 �C. Work-up and purification by column chromatography
gave 20 in 50 % yield.


Me3Si SiMe3


X


Me3Si


X


SiMe3


HO


Me3Si


OH


SiMe3


nBuLi,
–44 °C,


PCC, CH2Cl2,
rt, 80%


17


20 50%


hexanes


CBr4, PPh3,
CH2Cl2, rt, 85%


18  X = O


19  X = Br2


Scheme 6.


Tris(lithiation) of 1,3,5-triethynylbenzene in Et2O followed
by condensation with trimethylsilyl propargyl aldehyde gave
the triol 21 in 42 % yield (Scheme 7). The PCC oxidation of 21
gave trione 22 as a stable colorless, solid, and subsequent
dibromo-olefination gave hexabromide 23. The three-fold
rearrangement of 23 was initiated at �78 �C, and the
heterogeneous solution was allowed to warm slowly to
�10 �C over the course of an hour. Nonayne 24 was isolated
in 35 % yield as a creme colored solid, representing an
average of 70 % yield for each individual rearrangement.
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Whereas compound 24 is stable if left in a dilute hexane
solution under refrigeration (4 �C), it decomposes over time if
left neat.


The synthesis of triol 21 was always accompanied by the
formation of moderate amounts of diol 25 (Scheme 8), the
result of incomplete reaction of the precursor lithium
acetylide with trimethylsilyl propargyl aldehyde. As the
isolation of 25 was straightforward, it represented an oppor-
tunity to probe the scope of our new methodology. In
particular, we sought to test the sequence of reactions in the
presence of a terminal acetylene, in the pursuit of large carbon
rich polyyne networks. Diol 25 was oxidized to dione 26 and


dibromo-olefination gave 27 in
a moderate 56 % yield. Antici-
pating that the deprotonation
of the terminal acetylene would
compete with lithium halogen
exchange, 3.6 equivalents of
nBuLi were utilized to form
heptayne 28, a molecule that
shows reduced stability when
neat. Compound 28 was then
carried on to an oxidative cou-
pling reaction under Hay con-
ditions, to afford the extended
tetradecayne 29. In spite of its
highly unsaturated, polyyne
framework, 29 shows surprising
stability, and could be fully
characterized spectroscopically.
In particular, the 13C NMR
spectrum of this highly sym-
metrical molecule shows the
eight unique resonances for
the sp-hybridized carbons. The
electrospray mass spectrum in


the presence of AgOTf distinctly shows the parent signal of
[28�Ag]� at m/z 887.


Solid-state characterization : Crystallization of 20 from a
concentrated hexanes/CH2Cl2 solution via diffusion of MeOH
at 4 �C afforded single crystals suitable for X-ray crystallo-
graphic analysis. Two crystallographically unique molecules
are present in the unit cell. Both molecules show a slight,
graceful curving of the individual triyne moieties (Figure 1).
The observed bond angles and lengths for both molecules are,
however, unremarkable. The solid state packing of 20 is shown
from two different perspectives in Figure 1, and reveals a high


degree of alignment along both
the crystallographic a- and b
axes. Along the a axis, alternat-
ing layers, individually com-
posed of only crystallographi-
cally unique molecule A or
molecule B, are observed.
Within each layer, parallel
alignment of neighboring mol-
ecules is present, and analysis
of packing parameters with re-
spect to topochemical polymer-
ization along either of these
layers demonstrates similar
characteristics for the intermo-
lecular arrangement. This anal-
ysis shows the closest intermo-
lecular distance R1,6 (i.e., be-
tween C1 and C6), at 5.2 and
5.3 ä for molecules A and B,
respectively, is well outside the
desired range of 3.5 ± 4 ä re-
quired for topochemical poly-
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Figure 1. Illustration of crystal packing for compound 20 with the unit cell
boundaries as indicated (hydrogen atoms have been omitted); a) view
direction parallel to the crystallographic a axis, with atom labels for
molecule A, and b) view direction parallel to the crystallographic b axis,
with atom labels for molecule B.


merization.[43, 44] The stacking angle, �, between molecules
(�34� in both cases) as well as the stacking distance, d, (9.1 ä
in both cases) also deviate from their optimal values for 1,6-
addition of �� 27� and d� 7.5 ä, respectively. Thus, polymer-
ization in the solid state along the a-axis is not likely
favorable.


A situation of pseudo-stacking between the crystallograph-
ically independent molecules is seen when viewing down the b
axis. Stacking parameters indicate that from this crystallo-
graphic perspective, a 1,4-addition process is possible.[43, 45]


The stacking angle �� 45 is optimal, and two intermolecular
contacts R1,4� 4.0 ä and R3,6 �3.9 ä are both in the desired
range (i.e. , �4 ä). The stacking distance d� 5.5 ä is also
reasonable for 1,4-addition. Indeed, warming the crystals to
room temperature for periods of up to an hour results in a
gradual darkening and the formation of an intractable solid.[46]


It seems plausible, therefore, that the parallel alignment of the
molecules in the solid state leads to their demise at ambient
temperature, albeit apparently in a non-regioselective manner
likely caused by competing 1,4- and 3,6-polymerization
processes.


Single crystals of tetradecayne 29 suitable for X-ray analysis
were grown by diffusion of MeOH into a hexanes/CH2Cl2


solution at �10 �C, and an ORTEP diagram is shown in
Figure 2a. Although positional disorder increases toward the
trimethylsilyl substituted termini of the individual triacety-
lene chains and hampers refinement of this structure, the
overall solid state characteristics of this highly unsaturated
molecule are still clearly evident. The two aryl rings of the
molecule are nearly coplanar, whereas the four 3,5-triyne
units gently bend above and below the aryl diyne plane.
Analysis of the solid state packing shows that the aryl rings of
neighboring are within 3� of coplanarity. They are separated at


a distance of 3.4 ä and are offset in a manner expected for
face to face �-stacking. Each such ™face-to-face∫ pair of
neighboring molecules is related by a center of inversion,
affording an alternating packing motif to accommodate the
bulk of the trimethylsilyl groups (Figure 2b). While the
carbon atoms of neighboring butadiynyl groups approach at
a distance that might allow for 1,4-addition in a topchemical
polymerization reaction (R1,4� 4.2 ä), the stacking angle of
�� 70� is well outside of the range necessary for this to occur.
Thus, single crystalline 29 remains reasonably stable at room
temperature for periods of up to several days.


Figure 2. a) ORTEP drawing for compound 29. b) View of crystal packing
for 29 approximately along the crystal a axis (n-hexane solvent molecules
and hydrogen atoms removed for clarity).


Conclusions


We have outlined the broad synthetic utility of an alkylidene
carbene/carbenoid rearrangement for polyyne formation. The
success of these reactions derives from the seemingly high
migratory aptitude of the alkynyl group in alkylidene carbene/
carbenoid intermediates, which are easily generated via
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lithium ± halogen exchange between 1,1-dibromo-2,2-diethy-
nylethenes and nBuLi. This rearrangement can be effected on
a number of substrates, and it tolerates silyl, aryl, acetylenic,
and alkyl substitution in the formation of symmetrical and
unsymmetrical polyynes. Most significantly, the ability to
accomplish up to three consecutive/sequential rearrange-
ments within the same molecule in a single step has been
demonstrated and promises to provide a synthetic route to a
wider range of useful and interesting polyynes. The majority
of the new polyyne derivatives show reasonable chemical
stability, and in two cases, the origin of this (in)stability is
explained via single crystal X-ray analysis and examination of
solid state packing.


Experimental Section


General procedures and methods : Reagents were purchased reagent grade
from commercial suppliers and used without further purification. THF,
Et2O, were distilled from sodium/benzophenone, hexane and benzene
distilled from CaH. Dioxane and Gold label cyclohexene was purchased
from Aldrich. 3-Trimethylsilylpropynal,[40] 1,3,5-triethynylbenzene,[47]


1-ethynylnaphthylene,[48] and 1-triisopropylsilylethynyl-4-trimethylsilyle-
thynylbenzene[49] were made as previously reported. Evaporation and
concentration in vacuo was done at H2O-aspirator pressure. All reactions
were performed in standard, dry glassware under an inert atmosphere of
N2. A positive pressure of N2 was essential to the success of all nBuLi
reactions. Column chromatography: Silica gel 60 (230 ± 400 mesh) from
Rose Scientific Ltd. Thin-layer chromatography (TLC): plastic sheets
covered with silica gel 60 F254 from Macherey-Nagel; visualization by UV
light or KMnO4 stain. M.p.; Gallenkamp apparatus; uncorrected. IR
spectra (cm�1): Nicolet Magna-IR 750 (neat) or Nic-Pan IR Microscope
(solids). 1H and 13C NMR: Bruker AM300 or Varian Gemini-300, 400, and
500 at rt in CD2Cl2 or CDCl3; solvent peaks (5.27 and 7.24 ppm for 1H and
53.8 and 77.0 ppm, respectively, for 13C) as reference. EI MS (m/z): Kratos
MS50 instrument. Elemental analyses were effected by the Microanalytical
Laboratory at the University of Alberta.


X-ray crystallographic studies : Unit cell parameters and intensity data were
obtained on a Bruker PLATFORM/SMART 1000 CCD diffractometer
using graphite-monochromated MoK� radiation (�� 0.71073 ä). Programs
for diffractometer operation, data collection, data reduction and absorp-
tion correction were those supplied by Bruker. The structures were solved
by direct methods using SHELXS-86[50] and refined by full-matrix least
squares on F 2 using SHELXL-93.[51] Hydrogen atoms were generated in
idealized positions based on the sp2 or sp3 hybridization of their parent
carbon atoms, and given displacement parameters 120 % of the Ueq of their
attached carbon atoms.


X-ray crystal data for 20 : C24H22Si2; Fw � 366.60; crystal dimensions: 0.38�
0.31� 0.04 mm3; crystal system: triclinic; space group P1≈ (No. 2), a�
7.1643(15), b� 9.1375(19), c� 17.305(4) ä; �� 98.116(4), �� 92.197(4),
�� 95.230(5)� ;V� 1115.3(4) ä3;Z� 2; �calcd � 1.092 g cm�3; 2�max � 52.84� ;
absorption correction via Gaussian integration; �� 0.163 mm�1, range of
transmission factors� 0.9938 ± 0.9402; total number of reflections� 4891;
R1(F)� 0.0699 (2084 observed reflections with F 2


o 	2�(F 2
o 
), wR 2(F2)�


0.1546 for 235 variables and 4153 unique reflections with F 2
o 	 �3�(F 2


o
 ;
T��80 �C; scan mode: 	 scans (0.2�) (25 s exposures); residual electron
density� 0.311 and �0.228 eä�3.


X-ray crystal data for 29 : C55H49Si4; Fw � 822.30; crystal dimensions: 1.00�
0.10� 0.03 mm3; crystal system: monoclinic; space group P21/c (No. 14),
a� 7.212(2), b� 44.335(12), c� 16.183(4) ä; �� 93.463(5)� ; V� 5165
(2) ä3; Z� 4; �calcd � 1.058 gcm�3 ; 2�max � 50.00� ; absorption correction
via a multi-scan model (SADABS); �� 0.147 mm�1, range of transmission
factors� 0.9956 ± 0.8666; total number of reflections� 21024; R1(F)�
0.1339 (2960 observed reflections with F 2


o 	2�(F 2
o
); wR 2(F 2)� 0.4207


for 457 variables and 9108 unique reflections with F 2
o 	 � 3�(F 2


o 
 ; T�
�80 �C; scan mode: 	 scans (0.2�) (25 s exposures); residual electron
density� 1.060 and �0.460 e ä�3.


CCDC-197 506 (20) and -197 507 (29) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; (fax:
(�44) 1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


General procedure for alkyne rearrangements : Unless otherwise noted in
the individual procedures below, a solution of the dibromo-olefin in
hexanes under nitrogen was cooled to �78 �C. 1.1 ± 1.2 equiv of nBuLi per
dibromo-olefin moiety is slowly added over a period of ca. 2 min. The
reaction mixture turned either a pale yellow or orange in color. Reactions
were allowed to warm to approximately �10 �C over a period of 0.5 ± 1 h,
unless otherwise noted. TLC analysis indicated that reactions were
generally complete soon after addition of base (�10 min), although
warming of the reaction solution in the TLC capillary tube can influence
these analyses. The reactions were quenched at ca. �5 �C with an aqueous
NH4Cl solution. Diethyl ether was added (50 mL), the organic layer
separated, washed with aqueous NH4Cl (2� 50 mL), dried (MgSO4), and
the solvent removed in vacuo. Passing the crude reaction through a silica
plug or flash column chromatography (silica gel) as necessary gave the
desired products.


1,6-Bis(triisopropylsilyl)-1,3,5-hexatriyne (4a): nBuLi (2.17� in hexanes,
0.17 mL, 0.37 mmol) was added to 7a (0.201 g, 0.368 mmol) in hexanes
(10 mL) according to the general procedure to produce 4a (0.0989 g, 70%)
as an off-white solid. Rf � 0.8 (hexanes). Spectral data were consistent with
those reported by Rubin et al.[23a]


1,6-Bis(trimethylsilyl)-1,3,5-hexatriyne (4b): nBuLi (2.5� in hexanes,
0.13 mL, 0.33 mmol) was added to 7b (0.101 g, 0.266 mmol) in hexanes
(5 mL) according to the general procedure to produce 4b (0.029 g, 50%) as
an off-white solid. Rf � 0.67 (hexanes). Spectral data were consistent with
those reported by Tobe et al.[28]


1-(Triisopropylsilyl)-6-(trimethylsilyl)-1,3,5-hexatriyne (4c): nBuLi (2.17�
in hexanes, 0.20 mL, 0.43 mmol) was added to 7c (0.200 g, 0.432 mmol) in
hexanes (12 mL) according to the general procedure to produce 4c
(0.0802 g, 61%). Rf � 0.7 (hexanes). Spectral data were consistent with
those reported by Rubin et al.[23a]


6-(1-Naphthyl)-1-(trimethylsilyl)-1,3,5-hexatriyne (4d): nBuLi (2.5� in
hexane, 0.080 mL, 0.20 mmol) was added to 7d (0.0687 g, 0.159 mmol) at
0 �C in hexanes (6 mL) according to the general procedure to produce 4d
(0.0303 g, 70%) as a clear oil. Rf � 0.43 (hexanes); 1H NMR (300 MHz,
CDCl3, 25 �C): 
� 8.26 (d, J� 8.3 Hz, 1H), 7.87 (d, J� 8.2 Hz, 1H), 7.84
(dd, J� 7.2, 1.4 Hz, 1 H), 7.77 (dd, J� 7.2, 1.2 Hz, 1H), 7.55 (m, 2 H), 7.40
(dd, J� 8.3, 7.2 Hz, 1H), 0.22 (s, 9H); 13C NMR (75.5 MHz, APT, CDCl3,
25 �C): 
� 134.3, 133.1, 133.0, 130.4, 128.6, 127.5, 126.9, 126.0, 125.2, 118.5,
89.8, 88.1, 78.9, 75.4, 68.1, 61.7, �0.5; IR (film): �� � 2959, 2164, 2071,
1505 cm�1; MS (70 eV, EI): m/z (%): 272 (91 %) [M�], 257 (100 %) [M��
CH3]; HRMS: calcd for C19H16Si: 272.1021, found 272.1026; elemental
analysis calcd (%) for C19H16Si (272.4): C 83.77, H 5.92; found: C 83.65, H
6.06.


6-(1-Naphthyl)-1-(triisopropylsilyl)-1,3,5-hexatriyne (4e): nBuLi (2.5� in
hexane, 0.19 mL, 0.48 mmol) was added to 7e (0.205 g, 0.396 mmol) in
hexanes (11 mL) according to the general procedure to produce 4e
(0.0878 g, 62%) as an off-white solid. Rf � 0.57 (hexanes); m.p. 34 ± 35 �C;
1H NMR (300 MHz, CDCl3, 25 �C): 
� 8.27 (d, J� 8.1 Hz, 1 H), 7.86 (d, J�
7.9 Hz, 1 H), 7.84 (d, J� 6.5 Hz, 1H), 7.76 (d, J� 7.2 Hz, 1H), 7.55 (m, 2H),
7.40 (dd, J� 8.1, 7.8 Hz, 1H), 1.10 (s, 21H); 13C NMR (75.5 MHz, APT,
CDCl3, 25 �C): 
� 134.3, 133.1, 132.9, 130.3, 128.6, 127.5, 126.8, 125.9, 125.2,
118.6, 89.8, 87.5, 79.0, 75.0, 68.5, 60.7, 18.6, 11.4; IR (film): �� � 2943, 2182,
2163, 2069, 1462 cm�1; MS (70 eV, EI): m/z (%): 356 (86 %) [M�], 313
(100 %) [M�� iPr]; HRMS: calcd for C25H28Si: 356.1960, found 356.1963.


5,7,9-Tetradecatriyne (4 f): nBuLi (2.5� in hexane, 0.26 mL, 0.65 mmol)
was added to 7 f (0.191 g, 0.552 mmol) hexanes (16 mL) according to the
general procedure to produce 4 f (0.0821 g, 80 %) as light yellow oil. Rf �
0.53 (hexanes); 1H NMR (300 MHz, CDCl3, 25 �C): 
� 2.26 (t, J� 6.9 Hz,
4H), 1.49 (m, 4H), 1.40 (m, 4 H), 0.84 (t, J� 7.2 Hz, 6H); 13C NMR
(75.5 MHz, APT, CDCl3, 25 �C): 
� 79.3, 65.7, 60.4, 30.2, 22.0, 19.1, 13.5; IR
(cast): �� � 2958, 2216, 1465 cm�1; MS (70 eV, EI): m/z (%): 186 (100 %)
[M�]; HRMS: calcd for C14H18: 187.1487, found 187.1445.


8,10,12-Eicosatriyne (4g): nBuLi (2.5� in hexane, 0.20 mL, 0.50 mmol) was
added to 7g (0.194 g, 0.422 mmol) in hexanes (12 mL) according to the
general procedure to produce 4g (0.0835 g, 66 %) as a light brown oil. Rf �
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0.59 (hexanes); 1H NMR (300 MHz, CDCl3, 25 �C): 
� 2.31 (t, J� 7.0 Hz,
4H), 1.52 (m, 4 H), 1.40 (m, 4H), 1.25 (m, 16 H), 0.86 (m, 6 H); 13C NMR
(75.5 MHz, APT, CDCl3, 25 �C): 
� 79.4, 65.8, 60.4, 31.9, 29.2, 29.1, 28.9,
28.2, 22.7, 19.4, 14.1; IR (cast): �� � 2926, 2855, 2216, 1466 cm�1; MS (70 eV,
EI): m/z (%): 298 (36 %) [M�]; HRMS: calcd for C22H34: 298.2661, found
298.2662.


[1-(Trimethylsilyl)-1,3,5-hexatriynyl]-[(4-triisopropylsilyl)ethynyl]benzene
(4h): nBuLi (2.5� in hexanes, 0.06 mL, 0.15 mmol) was added to 7h
(0.0578 g, 0.103 mmol) in hexanes (5 mL) according to the general
procedure to produce 4h (0.0254 g, 61%) as a yellow oil. Rf � 0.5
(hexanes); 1H NMR (500 MHz, CDCl3, 25 �C): 
� 7.41 (m, 4H), 1.11 (s,
21H), 0.21 (s, 9H); 13C NMR (125 MHz, APT, CDCl3, 25 �C): 
� 132.7,
131.9, 124.9, 120.5, 106.2, 94.5, 89.6, 88.0, 76.4, 76.0, 67.8, 61.4, 18.7, 11.4,
�0.4; IR (CH2Cl2 cast): �� � 2958, 2891, 2154, 2076, 1506 cm�1; MS (70 eV,
EI): m/z (%): 402 (57 %) [M�], 359 (100 %) [M�� iPr]; HRMS: calcd for
C26H34Si2: 402.2199, found 402.2204.


1-(Trimethylsilyl)-1,3,5-decatriyne (4 i): nBuLi (2.5� in hexanes, 0.20 mL,
0.50 mmol) was added to 7 i (0.1484 g, 0.4100 mmol) in hexanes (10 mL)
according to the general procedure to produce 4 i (0.0677 g, 82 %) as a light
yellow oil. Rf � 0.54 (hexanes); 1H NMR (400 MHz, CDCl3, 25 �C): 
� 2.27
(t, J� 7.0 Hz, 2H), 1.49 (m, 2 H), 1.38 (m, 2H), 0.89 (t, J� 7.3 Hz, 3 H), 0.16
(s, 9H); 13C NMR (100 MHz, APT, CDCl3, 25 �C): 
� 88.3, 85.4, 81.0, 65.4,
62.5, 59.9, 30.0, 21.9, 19.1, 13.5, �0.5; IR (CH2Cl2 cast): �� � 2960, 2874, 2211,
2167, 2079 cm�1; MS (70 eV, EI): m/z (%): 202 (31 %) [M�], 187 (100 %)
[M��CH3]; HRMS: calcd for C13H18Si: 202.1178, found 202.1180.


1,6-Bis(2-thienyl)-1,3,5-hexatriyne (4 j): nBuLi (2.5� in hexanes, 0.08 mL,
0.20 mmol) was added to 7 j (0.066 g, 0.17 mmol) in hexanes (5 mL)
according to the general procedure to produce 4 j (0.0259 g, 64%) as a
yellow solid. Rf � 0.42 (hexanes); m.p. 58 ± 59 �C; 1H NMR (400 MHz,
CDCl3): 
� 7.38 (dd, J� 1.2, 3.9 Hz, 2 H), 7.32 (dd, J� 1.2, 5.1 Hz, 2 H), 6.98
(dd, J� 3.9, 5.1 Hz, 2 H); 13C NMR (100 MHz, APT, CDCl3, 25 �C): 
�
135.6, 129.6, 127.3, 121.3, 78.6, 72.7, 68.5; IR (CH2Cl2 cast): �� � 3114, 2187,
1433 cm�1; MS (70 eV, EI): m/z (%): 238 (100) [M�]; HRMS: calcd for
C14H6S2: 237.9911, found 237.9907.


3-(Bromomethylidene)-1,5-bis(triisopropylsilyl)penta-1,4-diyne (10a):
nBuLi (1.6� in hexanes, 0.15 mL, 0.24 mmol) was added to 7a (0.106 g,
0.194 mmol) in THF or Et2O (6 mL) at �78 �C, and the mixture was
warmed to varying temperatures and then quenched with aqueous NH4Cl.
Dependent upon the final temperature of the reaction, varying amounts of
10a were produced, with the yield decreasing substantially for reactions
quenched at higher temperatures (�0 �C): Rf � 0.85 (hexanes); 1H NMR
(400 MHz, CDCl3): 
� 6.91 (s, 1 H), 1.09 (s, 21H), 1.06 (s, 21H); 13C NMR
(100 MHz, APT, CDCl3, 25 �C): 
� 123.1, 112.9, 102.3, 101.4, 98.9, 92.4,
18.5, 11.2; IR (CH2Cl2 cast): �� �2943, 2866, 2149, 1463 cm�1; MS (70 eV,
EI): m/z (%): 468 (24) [M�], 425 (100) [M�� iPr].


1-(Trimethylsilyl)-6-phenyl-1,3,5-hexatriyne (14a): nBuLi (2.5� in hex-
anes, 0.15 mL, 0.38 mmol) was added to 13a (0.145 g, 0.380 mmol) in
hexanes (7 mL) according to the general procedure to produce 14a
(0.0711 g, 84%) as a clear oil. Rf � 0.49 (hexanes); 1H NMR (400 MHz,
CDCl3): 
� 7.50 (d, J� 6.9 Hz, 2 H), 7.36 (d, J� 7.3 Hz, 1H), 7.31 (t, J�
7.3 Hz, 2H), 0.21 (s, 9H); 13C NMR (100 MHz, APT, CDCl3, 25 �C): 
�
133.1, 129.8, 128.5, 120.8, 89.0, 88.0, 76.8, 74.3, 66.8, 61.6, �0.5; IR (CH2Cl2


cast): �� � 2960, 2174, 2076, 1490 cm�1; MS (70 eV, EI): m/z (%): 222 (35)
[M�], 207 (100) [M��CH3]; HRMS: calcd for C15H14Si: 222.0865, found
222.0865.


1-(Trimethylsilyl)-8-phenyl-1,3,5,7-octatetrayne (14b): nBuLi (2.5� in
hexanes, 0.13 mL, 0.33 mmol) was added to 13b (0.112 g, 0.275 mmol) in
hexanes (7 mL) according to the general procedure to produce 14b
(0.0432 g, 64%) as a clear oil. Rf � 0.57 (hexanes); 1H NMR (400 MHz,
CDCl3): 
� 7.51 (dd, J� 7.1, 1.5 Hz, 2H), 7.39 (tt, J� 7.4, 1.5 Hz, 1 H), 7.32
(m, 2 H), 0.21 (s, 9H); 13C NMR (100 MHz, APT, CDCl3, 25 �C): 
� 133.2,
130.0, 128.6, 120.4, 88.8, 87.9, 76.9, 74.4, 67.2, 64.0, 62.2, 61.8, �0.6; IR
(CH2Cl2 cast): �� � 2961, 2195, 2132, 2059, 1491 cm�1; MS (70 eV, EI): m/z
(%): 246 (46) [M�], 231 (100) [M��CH3]; HRMS: calcd for C17H14Si:
246.0865, found 246.0863.


1,12-Bis(triisopropylsilyl)-1,3,5,7,9,11-dodecahexayne (16): nBuLi (2.5� in
hexane, 0.22 mL, 0.55 mmol) was added to 15 (0.198 g, 0.254 mmol) in
hexanes (16 mL) according to the general procedure to produce 16
(0.0816 g, 70 %) as a yellow/orange solid. Rf � 0.85 (hexanes); m.p. 78 ±
80 �C; 1H NMR (300 MHz, CDCl3, 25 �C): 
� 1.07; 13C NMR (75 MHz,


CDCl3, 25 �C): 
� 89.5, 87.1, 62.8, 62.7, 62.5, 61.3, 18.6, 11.4; IR (CHCl3


cast): �� � 2944, 2158, 2127, 2067, 2030, 1462 cm�1; MS (70 eV, EI): m/z (%):
458 (42) [M�], 415 (100) [M�� iPr]; HRMS: calcd for C30H42Si2: 458.2825,
found 458.2834 [M�].


Bis-1,4-[6-(trimethylsilyl)-1,3,5-hexatriynyl]benzene (20): nBuLi (2.5� in
hexane, 0.24 mL, 0.60 mmol) was added to 19 (0.173 g, 0.252 mmol) at
�44 �C in hexanes (15 mL) according to the general procedure to produce
20 (0.0463 g, 50%) as a pale yellow solid. Rf � 0.42 (hexanes); m.p. 180 �C
(decomp.); 1H NMR (300 MHz, CDCl3, 25 �C): 
� 7.44 (s, 4H), 0.20 (s,
18H); 13C NMR (75 MHz, CDCl3, 25 �C): 
� 133.0, 122.2, 90.2, 87.9, 77.2,
75.9, 68.4, 61.2, �0.5; IR (microscope): �� � 2956, 2167, 2075 cm�1; MS
(70 eV, EI): m/z (%): 366 (98) [M�], 351 (100) [M��CH3]; HRMS: calcd
for C24H22Si2: 366.1260; found 366.1265 [M�].


Tris-1,3,5-[6-(trimethylsilyl)-1,3,5-hexatriynyl]benzene (24): nBuLi (2.5�
in hexane, 0.25 mL, 0.63 mmol) was added to 23 (0.174 g, 0.176 mmol) in
hexanes (20 mL) according to the general procedure to produce 24
(0.0317 g, 35%) as a creme colored solid. Rf � 0.5 (hexanes); m.p. 160 �C;
1H NMR (300 MHz, CDCl3, 25 �C): 
� 7.65 (s, 3 H), 0.23 (s, 27H); 13C NMR
(75 MHz, APT, CDCl3, 25 �C): 
� 138.1, 122.8, 90.9, 87.6, 76.3, 74.1, 68.2,
60.9, �0.6; IR (CH2Cl2 cast): �� � 2960, 2168, 2074, 1575 cm�1; MS (70 eV,
EI): m/z (%): 510 (100) [M�]; HRMS: calcd for C33H30Si3: 510.1655, found
510.1648 [M�].


1-Ethynyl-3,5-bis[6-(trimethylsilyl)-1,3,5-hexatriynyl]benzene (28): nBuLi
(2.5� in hexanes, 0.25 mL, 0.63 mmol) was added to 27 (0.151 g,
0.0.213 mmol) in hexanes (25 mL) at �44 �C according to the general
procedure. Following work-up, the reaction mixture was passed through a
short column (silica gel, hexanes) to give the crude product 28 (0.06 g, ca.
70%) as a relatively unstable compound if taken to dryness, but of
sufficient purity (�95%) to be taken on directly to the next step: Rf � 0.38
(hexanes); 1H NMR (400 MHz, CDCl3, 25 �C): 
� 7.58 (s, 3 H), 3.12 (s,
1H), 0.22 (s, 18H); 13C NMR (125 MHz, CDCl3, APT, 25 �C): 
� 136.9,
123.5, 122.1, 89.9, 87.7, 80.9, 79.5, 75.9, 74.1, 67.8, 60.9, 53.4, �0.5; IR (CDCl3


cast): �� � 3299, 2960, 2169, 2075, 1578 cm�1; MS (EI, 70 eV) m/z (%): 390.1
(39) [M�], 73.0 (100) [Me3Si�]; HRMS: calcd for C26H22Si2: 390.1260, found
390.1258.


1,4-[Bis-1-[3,5-bis[6-(trimethylsilyl)-1,3,5-hexatriynyl]phenyl]butadiyne (29):
Compound 28 (0.0295 g, 0.0755 mmol) was added to a solution of CuI
(0.026 g, 0.14 mmol) and TMEDA (1 mL) in dichloromethane (35 mL).
The reaction was followed by TLC and was completed within 30 minutes.
Compound 29 was isolated by column chromatography (silica gel, hexanes)
as a white solid (0.0092 g, 31 %). Rf � 0.31 (hexanes); 1H NMR (400 MHz,
CD2Cl2, 25 �C): 
� 7.65 (m, 6 H), 0.23 (s, 36 H); 13C NMR (100 MHz, APT,
CD2Cl2, 25 �C): 
� 137.9, 137.7, 123.2, 122.7, 90.8, 87.6, 80.0, 76.2, 75.4, 74.2,
68.1, 60.8, �0.6; IR (CH2Cl2 cast): �� � 2959, 2168, 2074, 1574 cm�1; MS
(ESI, nitromethane, AgOTf added): m/z (%): 887 (100) [M��Ag].
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Peptide Models XXXVI


Relative Stability of Major Types of �-Turns as a Function of Amino Acid
Composition: A Study Based on Ab Initio Energetic and Natural Abundance
Data**


Andra¬s Perczel,*[a] Imre Ja¬kli,[a] Michael A. McAllister,[b] and Imre G. Csizmadia[a, c]


Abstract: Folding properties of small
globular proteins are determined by
their amino acid sequence (primary
structure). This holds both for local
(secondary structure) and for global
conformational features of linear poly-
peptides and proteins composed from
natural amino acid derivatives. It thus
provides the rational basis of structure
prediction algorithms. The shortest sec-
ondary structure element, the �-turn,
most typically adopts either a type I or a
type II form, depending on the amino


acid composition. Herein we investigate
the sequence-dependent folding stabil-
ity of both major types of �-turns using
simple dipeptide models (-Xxx-Yyy-).
Gas-phase ab initio properties of 16
carefully selected and suitably protected
dipeptide models (for example Val-Ser,
Ala-Gly, Ser-Ser) were studied. For each


backbone fold most probable side-chain
conformers were considered. Fully opti-
mized 3-21G RHF molecular structures
were employed in medium level
[B3LYP/6-311��G(d,p)//RHF/3-21G]
energy calculations to estimate relative
populations of the different backbone
conformers. Our results show that the
preference for �-turn forms as calculat-
ed by quantum mechanics and observed
in X-ray determined proteins correlates
significantly.


Keywords: ab initio calculations ¥
�-turns ¥ conformation analysis ¥
protein folding ¥ protein models


Introduction


Studies revealing correlations between conformation and
molecular function of the different building units of peptides
and proteins have been in the frontier of chemistry and
biochemistry. Secondary structural elements can either be
composed of homo- or hetero- as well as of repetitive or
nonrepetitive conformational subunits. In a homo-conformer
the appropriate backbone dihedral value of residue i is close
to that of (i� 1) or (i� 1), for example, ��(i)� �(i� 1) �� 15�
(��� or �). On the other hand, in hetero-conformers the


same parameters are distinctly different between neighboring
residues. �- and 310-helices, �-pleated sheets, and collagen or
poly-proline II structures are made of typical homo-confor-
mational subunits. The �-turn is the shortest secondary
structural element of globular proteins, containing two central
amino acid residues, i� 1 and i� 2, embedded in a tetrapep-
tide sequence unit, labeled from i to i� 3. In several types of
�-turns the adjacent values of � and � are significantly
different. Thus, �-turns can be typical secondary structural
elements of proteins composed from hetero or nonrepetitive
conformational building units, ��(i)� �(i� 1) �� 30� where
��� or �. A good example is that of a type II �-turn with
� (i� 1)type II�� 60�, � (i� 1)type II� 120�, � (i� 2)type II� 80�
and � (i� 2)type II� 0� backbone parameters, where � (i� 1)
differs from �(i� 2) by 140� and � (i� 1) from � (i� 2) by
120�.


�-Turns are involved in the reversal of the main chain (e.g.
�-sheet ± �-turn ±�-sheet motif), thus they directly influence
the proper fold of the macromolecule. Sequences adopting a
�-turn structure can be the target of several post-translational
modifications (glycosylation, phosphorylation) or immune
recognition. Furthermore, �-turns may have an important role
in the unfolding-refolding process of proteins; the �-turn
structure can be retained, even in a partially unfolded or in a
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molten globule state. Thus, turns could have a key role in
structure restoration of proteins. The hundreds of experimen-
tal and theoretical studies associated with �-turns in the last
thirty years show that although it is the shortest and simplest
secondary structural element of proteins it is of great
importance.[1±3]


Different forms of �-turns (Table 1) are most commonly
distinguished: I, I�, II, II�, III, III�, VIa, VIb and VIII.[4] In
globular proteins the different types of �-turns exhibit very
different natural abundances.[5±7]


Type III turns, as part of 310-helices, are likely to be the most
frequently observed hairpin structure. Type I is the second
and type II is the third most abundant form of �-turn in
globular proteins. The ideal forms of type I and III �-turns
differ form each other only by some 30 degrees of torsional
angles � (i� 2) and � (i� 2), respectively. Therefore, they are
often not distinguished from each other and are labeled as
type I(III) �-turns. Thus, when the type preference of �-turns
is investigated as a function of their amino acid sequence,
most commonly only the ratio of type I(III) to type II is
determined.[5, 7, 8] The above-mentioned three forms of �-turns
(I, II, and III) constitute more than 95% of all �-turns
assigned in proteins.[7] The conformational mirror image
structures of the major types of �-turns (type I�, type II�, and
type III�) and additional forms of �-turns, containing for
example a cis amide bond (type VI �-turn), have low natural
abundance in proteins.


When removed form their natural environment and inves-
tigated in the form of a peptide in solution, amino acid
sequences that form typical secondary structural elements in
proteins unfold and often adopt multiple conformers with
little or no resemblance to their original conformation.
Furthermore, these equilibrium structures are in fast ex-
change, making analyzes at the atomic level complicated.
Removed from their natural environment �-turns may show
atypical and unexpected conformational features. Nowadays,
studying the conformational properties of secondary struc-
tural elements, especially turns, by simply using synthetic
linear peptides of natural amino acid residues is less common.
Several laboratories have made significant contributions by
using model systems of restricted motion (e.g. cyclic or
bridged peptides).[9±12] Performing IR and NMR studies of
these model peptides with computational work at different
level of theory has revealed important scientific details.[13±16]


Based on primary sequence information, a lot is known about
where to locate �-turns in proteins and how to predict their
most probable form. However, some issues are still not yet
fully revealed. For example, the role of the amino acid side
chains in the residues that make up a �-turn is not understood
in full detail. Furthermore, it is not fully clear to what extent
the adjacent or spatially close residues of a �-turn are involved
in the fine-tuning of the secondary structure. What are the
explicit effects of the solvent and the molecular environment
in stabilizing �-turn structures? Do �-turns form similarly in a
hydrophobic region as on the surface of a protein, where it is
hydrated? For many reasons, the solution-state conformation
analysis of linear di-, tri-, and tetrapeptides
was only of limited success.[17, 18] In addition to spectros-
copy, more and more accurate theoretical calculations and
conformation-dependent stability studies now offer an
alternative scientific approach when such questions are
addressed.


From the early study of Vancatachalam[19] to the recent
book of Sapse[20] theoretical publications have investigated
different aspects of �-turns. The computing power of the
seventies and eighties made possible the determination of
structures of shorter peptides (e.g. �-turns) by means of
molecular mechanic (MM) and semiempirical techniques.[21]


Since the early nineties more and more ab initio studies on
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Abstract in Hungarian: A fehe¬rje¬ket fele¬pÌt�o aminosavak
szekvencia¬lis sorrendje meghata¬rozza az ege¬sz molekula
konforma¬cio¬s tulajdonsa¬ga¬t. Mindez egyara¬nt igaz az alfa
aminosavakbo¬l fele¬p¸l�o linea¬ris peptidek illetve fehe¬rje¬k
ma¬sodlagos e¬s harmadlagos szerkezeti elemeire, ami meg-
teremti a szerkezetbecsl�o elja¬ra¬sok raciona¬lis alapja¬t. A �-
kanyar szerkezet a fehe¬rje¬k legrˆvidebb ma¬sodlagos szerkezeti
eleme, mely leggyakrabban I vagy II forma¬t ˆlt. Ez a szerkezeti
k¸lˆnbse¬g a fele¬pÌt�o aminosavak tÌpusa¬ban, illetve azok
sorrendje¬ben rejlik. Cikk¸nk egyszeru√, -Xxx-Yyy-
aminosavˆsszete¬tel�u �-kanyar szerkezetek stabilita¬sa¬t vizsga¬l-
ja, a kora¬bban emlÌtett ke¬t f�otÌpus esete¬ben, az aminosav-
szekvencia f¸ggve¬nyeke¬nt. Tizenhat gondosan kiva¬lasztott
ˆsszete¬tel�u dipeptid (pl. Val-Ser, Ala-Gly, Ser-Ser) ga¬zfa¬zisu¬
ab initio tulajdonsa¬gait tanulma¬nyoztuk. Az ˆsszes valo¬szÌn�u
oldalla¬nc-te¬ra¬lla¬st figyelembe vett¸k minden egyes elte¬r�o ˆsz-
szete¬tel�u e¬s gerinckonforma¬cio¬ju¬ szerkezet esete¬ben. A
k¸lˆnbˆz�o konformerek relatÌv gyakorisa¬ga¬t, RHF 3-21G
elme¬leti szinten optima¬lt szerkezetekhez tartozo¬, kˆzepes
szint�u [B3LYP/6-311��G(d,p)//RHF/3-21G] energiasza¬mÌta¬-
sokra alapoztuk. Eredme¬nyeink azt mutatja¬k, hogy a �-kanyar
szerkezetek konforma¬cio¬tÌpusainak relatÌv stabilita¬sa a sza¬mÌ-
tott kvantumke¬miai modellrendszeren bel¸l, illetve ugyanezen
szerkezeti elemek relatÌv gyakorisa¬ga fehe¬rje¬kben (rˆntgen-
krisztallogra¬fiai adatokra ta¬maszkodva) szignifika¬ns korrela¬-
cio¬t mutat.


Table 1. Selected conformational parameters of �-turns.


Type of �-turns Dihedral angles [�]
�i�1 �i�1 �i�2 �i�2


I � 60 � 30 � 90 0
I� 60 30 90 0
II � 60 120 80 0
II� 60 � 120 � 80 0
III � 60 � 30 � 60 � 30
III� 60 30 60 30
IV types I ± III� turns with two or more


torsional angles deviating more
than 40� form the ideal values of Venkatachalam


V � 80 80 80 � 80
V� 80 � 80 � 80 80
VIa cis X-Pro bond, where X is residue i� 1
VII �2� 180, ��3 �� 60


or
��2 �� 60, �3� 180


VIII � 60 � 30 � 120 120
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turns have been published.[22±27] In one of the first ab initio
studies of �-turns -Gly-Gly-[22] and -Ala-Ala-[23] model se-
quences were computed at the 3-21G RHF level of theory.
The geometries of three hairpin-forming dipeptides (N- and
C-unprotected H-Pro-Ala-OH, H-Pro-�-Ala-OH, andH-Pro-
Gly-OH) were also computed at the 6-31G RHF level, at
which a cis peptide bond was also considered.[26] Mˆhle
et al.[28] conducted a systematic study, in which Aib (�-
aminoisobutyric acid), in addition to three natural alpha
amino acids (Ala, Gly and Pro), was incorporated into specific
locations of the model peptide. They found that the -Ala-
Gly- sequence prefers type I while -Gly-Gly- favors type II
hairpin conformers, which agrees with most common expect-
ations and with results of sequence predictions based on
proteins. The relative stabilities of some of these hairpin
conformers (e.g. -Ala-Ala-) with other key structures were
also computed at the MP2 level of theory[28±30] in order to
explore the effect of electron correlation. The comprehensive
analysis of inverse �-turn (�L) and extended (�L) backbone
conformers revealed a rather similar conclusion.[29, 31] The
pair-wise comparison of the geometric properties computed
at RHF/6-31G(d) and RHF/3-21G levels of theory revealed
that backbone torsional values are similar for the different
turns.[28]


The clear advantage of any computational method is that all
minima on the potential energy surface can be determined, or
in other words all relevant structures, even those with
exceptionally short lifetimes, can be investigated. For the
investigation of conformational libraries, composed of inher-
ently flexible molecules, in which several conformers have low
stability (very short lifetimes) a computational approach
seems adequate. The first conformational library of this kind
determined, which contained the ab initio structures of the
For-�-Ala-�-Ala-NH2 model system, had 49 elements, all with
different backbone folds.[23] It was subsequently recalculated
by Yu et al.[27] and was completed with two additional
conformers. The comprehensive analysis of these 51 struc-
tures revealed that more than 60% of these structures could
be classified as �-turns using the previously established
selection criteria of �- and d-values.[23] The value of the
™virtual∫ dihedral angle � (�180� � {C�(i)�C�(i� 1)�
C�(i� 2)�C�(i� 3)}�� 180�) measures the openness of a
backbone fold, while d is the distance between the �-carbons
(or their substituent) in residues i and (i� 3). Structures with
�� �� 90� and with d (C�(i)�C�(i� 3))� 7 ä can be classified
as �-turns. Note that most ™classical∫ forms of �-turns (e.g.
types I, II, and III) have � values close to zero with a relatively
short d value. Conformers with � larger than 90� or with d
greater than 7 ä are found to be partially or fully extended
molecular structures.[24, 27] Although the comprehensive analy-
sis of this conformational library revealed several types
of �-turn conformers of For-�-Ala-�-Ala-NH2, the type
I(III) and type II �-turns are the most stable and therefore
the most important ones. To understand the effect of
side-chain-induced backbone stability on �-turns we have
decided to perform systematic ab inito calculations of
these two basic turn conformers (type I(III) and type II)
for model systems having more complex side chains than
alanine.


Scope


The purpose of this paper is to compute and compare
geometric and energetic properties of suitably selected sets
of �-turn models obtained from calculations and from
experimental data. Four simple amino acid residues (Gly,
Ala, Val, and Ser), which can form both type I and type II �-
turns, were employed. The above four amino acid residues
were selected based on the following well-known principles of
™residue preference∫ of �-turns:
1) hydrophobic residues (e.g. Pro, Ala, and Val) are suitable


for the (i� 1) position of both type I(III) and type II �-
turns,[32]


2) at the (i� 2) position of a type II �-turn glycine is
experimentally observed in proteins at least four times as
often as any other amino acid residue, and


3) short and polar side chains (e.g. Ser, Asp, Asn) are
preferred at the (i� 2) position of a type I �-turn.


Using Gly, Ala, Val, and Ser 16, different For-�-Xxx-�-Yyy-
NH2 type triamides can be constructed, positioning all four
amino acid residues at both the (i� 1) and (i� 2) positions of
the �-turn structure.


Both type I and type II �-turns (Table 1) were computed for
all 16 models. Unlike for glycine and alanine, the backbone
torsional angles of all other amino acid residues are influ-
enced by the relative orientation of the side chain. For
example, in any backbone conformers, as many as nine
different side-chain orientations are expected for serine and
three for valine residues, this results in a total of 27 different
side-chain rotamers. The ensemble of these conformers after
optimization at a given level of theory is called the conforma-
tional library of the model peptide associated with a particular
backbone structure. Our present goal was to determine as
many side-chain conformers as possible for each of the above
mentioned 16 peptide models, in which both type I and type II
�-turn backbone structures were considered. Thus, a total of
32 ab initio conformational libraries were computed and
analyzed.


From previously published data[33±37] we selected the con-
formational building units needed to compose either type I
(�L�L) or type II (�L�D or �L�D) �-turn structures. The
shorthand notations (-�L�L-, -�L�D-, or -�L�D- etc.) introduced
earlier for dipeptides[23] will be briefly explained below. We
have found[34] that even single-point calculations can provide
high-quality relative energies employing RHF/3-21G geo-
metries. In the case of �-turn conformational subunits (�L, �L,
and �L) both ab initio and DFT (B3LYP) single point energies
(e.g. �E (B3LYP/6-311��G**//RHF/3-21G)) show high cor-
relation with energies obtained by optimization (e.g. �E
(B3LYP/6-311��G**)). The R 2 value of the For-�-Val-NH2


model is similarly high (0.9941). For both types of molecule,
the correlation coefficient is significantly lower when RHF/3-
21G energies are compared with B3LYP/6-311��G** values
(e.g. R 2


For-�-Val-NH2
� 0.7214 when �E (B3LYP/6-311��G**)


and �E (RHF/3-21G) are correlated.)
Therefore, the following computational scheme was used


for the calculations of �-turn conformational libraries:
1) optimization of all structures at the RHF/3-21G level of


theory, and
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2) calculation of higher level single point computations by
using the B3LYP/6-311��G**//RHF/3-21G level of theory.


At present, this protocol seems to provide the best compro-
mise between the opposing requirements of economy (man-
ageable computer time) and accuracy (reliable results). This
was the only strategy that seemed feasible and detailed
enough to result in useful structural and adequate stability
data for as many as 32 conformational libraries incorporating
far more than 150 conformers of diaminoacid triamides.


Methods


Nomenclature for backbone and for side-chain conformers :
the Ramachandran map E�E (�,�) can be divided into
conformational regions, also called catchment regions, in
many ways. For the torsional angle pair � and �, multidimen-
sional conformational analysis (MDCA) predicts nine catch-
ment regions, as depicted in Figure 1 using the g�, a, g�


terminology (Figure 1A) or the ™shorthand∫ notation sug-
gested earlier for protein conformational building units.[44]


Following the IUPAC-IUB recommendations, the gauche�


(g�), anti (a), and gauche� (g�) descriptors were used for
notation of the conformers. In order to simplify this four
character (e.g. g�g�) notation to a two character symbol (e.g.
�D), a shorthand notation for the typical main chain folds was
introduced in the early 1900s:[44] �L� (g�,g�), �D� (g�,g�),
�L� (a,a), �L� (g�,g�), �D� (g�,g�), �L� (a,g�), �D� (a,g�),
�L� (g�,a), and �D� (g�,a) (Figure 1C). An alternative short-
hand notation for the same type of minima was introduced by
Karplus.[39] If two amino acids form the model system, -Xxx-
Yyy-, the backbone conformation ™code∫ is composed of the
variation of the code associated with the first and the second
residue, resulting in a total of 81 possible structures (�L�L,
�L�L, �L�L, etc.). The shorthand notation for the backbone
fold of a type I �-turn is �L�L, while that of a type II �-turn is
primarily �L�D. In the present study of over 200 �-turn
conformers, a total of 32 libraries were investigated, all
associated with either a type I or type II �-turn backbone fold.


For alanine no side-chain conformation needs to be
specified. In valine, which contains two geminal C� carbons
(C�


A and C�
B) with a proton (H�) attached to C�, three distinct


	1 rotamers are expected, labeled as 60, 180, or 300�. In
contrast, two torsional angles, 	1 and 	2 , are present in the case
of serine; thus a total of nine rotamers are expected. For all
side-chain rotamers the variation of gauche� (g�), anti (a), and
gauche� (g�) nomenclature is used, also abbreviated as �, a,
and � .


Ab initio computations : Both RHF/3-21G geometry optimi-
zations and B3LYP/6-311��G**//RHF/3-21G type single-
point calculations were performed with the program package
Gaussian 98.[40] As mentioned above, both type I (�L�L) and
type II (�L�D or �L�D) �-turn conformers were computed in
the present study. The �L�D backbone orientation is a type II
�-turn, as predicted by Vancatachalam,[19] with a ten-mem-
bered hydrogen bond. However, the �L�D conformation also
shows strong resemblance to a type II �-turn, but with a


Figure 1. A) The ideal location of the nine basic backbone structures on an
E�E (�, �) surface, labeled according to the IUPAC-IUB guidance.
B) The shorthand notation for the same type of minima used in some other
laboratories. C) The abbreviation applied in this paper for the above nine
typical backbone conformers using descriptors (�L, �L, �L etc.) incorporat-
ing most traditional elements of peptide chemistry nomenclature intro-
duced previously (For amino acid residues of �-enantiomeric form basic
conformers are more frequent among the set of ™�-type structures∫ than
those from the �-™valley∫).[4] To describe the backbone fold of dipeptide -
Xxx-Yyy- any variation of the above nine basic conformers of both Xxx and
Yyy is possible, resulting in a maximum of 92� 81 ideal structures.


seven-membered hydrogen bond. Although �L�D was always
our first choice, occasionally both forms of type II �-turn were
considered. Table 2 contains conformational properties found
for the side-chain orientations of For-�-Xxx-NH2 models at
the RHF/3-21G level of theory associated with any of the
following backbone structures: �L, �L, �D, and �L (Table 2).
None of these amino acid diamides adopt the �L (poly-
proline II) backbone conformation; thus, ���60� and ��
120� initial values were used. First, the above-mentioned
different types of side-chain orientations (Table 2) were used
to construct input conformers. For example, in the case of the
type I �-turn (�L�L) of the -Ser-Val- model, a total of six
structures were expected: three from the different side-chain
orientation of Ser having an �L and two from Val having a �L-
type subconformation (Table 2). Second, for completeness all
additional possible structures (Table 3) were optimized at the
RHF/3-21G level, both for type I and type II �-turns. Thus,
one may anticipate the existence of certain conformers in
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triamides (e.g. HCO-Ser-Ser-NH2), which are not present in
simple diamides, provided that there is a special interaction
(e.g. hydrogen bond) between the two hydroxymethyl side-
chain groups.


For type I �-turn backbone conformations, all possible side-
chain rotamers were subjected to minimization, except those
of -Val-Ser- and -Ser-Ser-. Table 4 reports conformational and
energetic properties computed for 132 type I(III) and for 100
type II �-turn input structures. (Table 4) contains all data of 16
peptide libraries (close to 200 stable and fully optimized
molecular structures). Relative populations for computed ab
initio relative energies are determined according to
exp(��E/RT)/�exp(��E/RT), where RT�NkT�
0.595371 kcalmol�1 (T� 300K, k� 1.38 	 10�23 JK�1) and
Avogadro×s number (N) is 6.02	 1023 mol�1.


Databases : Following the guidance of Hobohm et al., our
protein database contains a total of 650 proteins of homology
level equal to or lower than 25%.[41, 42] These proteins were
analyzed for sequence unit -Xxx-Yyy- (where Xxx and Yyy�
Gly (G), Ala (A), Ser (S), or Val (V)). All entries correspond
to high-resolution X-ray structures, no structures determined
by NMR spectroscopy were incorporated. Data were taken
from the 1998 issue of the Protein DataBase. Both ab initio
computed and experimentally determined probabilities of
type I(III) and type II �-turns are reported in Tables 5 and 6.
Cross-correlation (R 2) values between ab initio computed and
experimentally determined probabilities of the ratio of type -
I(III) and type II �-turns (at a given � structural tolerance) are
reported in Table 7.


Results and Discussion


Structure, computed geometries, and experimental fold :
Optimized structures of type I �-turns correspond to the �L�L


backbone conformation of (Table 4). For higher-quality
energy values, RHF/3-21G minimizations were followed by
B3LYP/6-311��G** single-point computations. Optimiza-
tion of type II �-turn conformers was achieved, resulting in
primarily the �L�D backbone fold (Table 4). Depending on the
amino acid composition (G, A, V, or S) and the side-chain
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Table 2. Geometric properties of conformational building units of Gly, Ala, Ser and Val amino acid residues in a For-�-Xxx-NH2 model system required for
type I (�L�L) and for type II (�L�D or �L�D) �-turns.


Conformational building units both for type I and type II �-turns
Xxx �L �L �D �L


Gly no such minima 1 ���126� no such minima 1 ���84�
�� 26� �� 68�


Ala no such minima 1 ���128� 1 �� 64� 1 ���84�
�� 30� �� 33� �� 68�


Ser[30] 3 ���68� (5�)[b] 4 ���132� (14�) 4 �� 57� (7�) 6 ���82� (4�)
(a,a)[a] ���30� (11�) (� ,� ) �� 30� (7�) (� ,� ) �� 42� (9�) (� ,� ) �� 67� (6�)
(� ,a) (� ,a) (a,� ) (� ,a)
(� ,� ) (� ,a) (� ,a) (� ,� )


(a,� ) (a,� ) (a,� )
(a,� )
(� ,� )


Val[31] no such minima 2 ���131� (8�) 3 �� 53� (7�) 3 ���86� (1�)
(�)[c] �� 32� (5�) (�) �� 43� (2�) (�) �� 67� (4�)
(�) (a) (a)


(�) (�)


[a] Both for 	 1 and for 	 2 the � (g�), a (anti) and � (g�) orientations are considered. [b] Average backbone values with standard deviations. [c] Only side-
chain torsion 	 1 is considered.


Table 3. Number of input structures and optimized conformers (in paren-
thesis) at the RHF/3-21G level of theory both for type I(III) and type II �-
turn conformers.


Type I(III):
(i� 1)/(i� 2)


Gly*(1) Ala (1) Ser (9) Val (3)


bb.��L�L


Gly (1)[a] 1 (1)[b] 1 (1) 9 (5) 3 (3)
Ala (1) 1 (1) 1 (1) 9 (5) 3 (3)
Ser (9) 9 (7) 9 (7) 25 (24) 27 (17)
Val (3) 3 (3) 3 (3) 19 (15) 9 (9)


Type II:
(i� 1)/(i� 2)


Gly(1) Ala (1) Ser (9) Val (3)


bb.� �L�D


Gly (1) 1� 0 (0� 1)[c] 1� 0 (1� 0) 5� 0 (3� 2) 3� 0 (3� 0)
Ala (1) 1� 0 (0� 1) 1� 0 (1� 0) 5� 0 (5� 0) 3� 0 (2� 1)
Ser (9) 9� 0 (1� 5) 3� 0 (0� 3) 18� 8 (15� 9) 9� 2 (7� 2)
Val (3) 3� 0 (2� 1) 3� 1 (3� 1) 15� 0 (15� 0) 9� 0 (6� 3)


[a] Maximum number of theoretically possible side-chain orientations (e.g.
9 for Ser and 81 for -Ser-Ser-). [b] Number of input structures used for
RHF/3-21G optimization and number of minima found at this level of
theory. [c] For type II �-turns occasionally �L�D (or �L�L, �L�D, and �L�L)
structures (minor forms) were also considered as well as the �L�D major
type of backbone conformation: ™major∫� ™minor∫ forms are reported. In
parenthesis the total number of optimized major � minor form were
tabulated [Examples for a few minor forms: �L�L AG; (�i�1��76.1�,
�i�1� 91.1�, �i�2� 119.2� and �i�2��2.4�), �L�D GS; (�i�1��82.1�,
�i�1� 70.9�, �i�2��163.9� and �i�2��63.1�), �L�L SG; (�i�1��72.8�,
�i�1� 109.9�, �i�2� 115.8� and �i�2��12�)].







FULL PAPER A. Perczel et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2551 ± 25662556


Table 4. Relative energies [kcalmol�1] and probabilities[a] determined at two levels of theory for all �-turn conformers (level A: RHF/3-21G, level B:
B3LYP/6-311��G**//RHF/3-21G).


Model � conformation Level A Level B Model � conformation Level A Level B
Pept. BB. SC. [b] �E [c] pi


[d] �E pi Pept. BB. SC. �E pi �E pi


GG aLdL 0.0[e] 0.521 0.4 0.344 VVaLdL_60 ± 60 1.1 0.076 3.3 0.003
GG gLdL 0.1 0.479 0.0[f] 0.656 VVaLdL_60 ± 180 2.4 0.008 4.0 0.001
AA aLdL 0.0[g] 0.900 0.0[h] 0.984 VVaLdL_60 ± 300 0.4 0.245 1.3 0.101
AA eLaD 1.3 0.100 2.4 0.016 VVaLdL_180 ± 60 2.2 0.011 3.9 0.001
SS aLdL_aa ag� 13.1 0 8.3 0 VVaLdL_180 ± 180 2.6 0.005 4.4 0.001
SS aLdL_aa g�g� 11.0 0 7.5 0 VVaLdL_180 ± 300 1.0 0.082 2.0 0.027
SS aLdL_ag� g�a 9.2 0 8.6 0 VVaLdL_300 ± 60 1.0 0.080 2.0 0.028
SS aLdL_ag� g�g� 8.0 0 8.5 0 VVaLdL_300 ± 180 1.9 0.020 2.7 0.009
SS aLdL_ag� g�g� 12.0 0 9.4 0 VVaLdL_300 ± 300 0.0[k] 0.467 0.0[l] 0.828
SS aLdL_g�a ag� 5.3 0 1.4 0.021 VVeLaD_60 ± 60 6.1 0 7.5 0
SS aLdL_g�g� ag� 5.2 0 1.2 0.028 VV gLaD_60 ± 180 4.0 0.001 6.6 0
SS aLdL_g�a g�g� 4.3 0.001 1.3 0.022 VVeLaD_60 ± 300 5.4 0 6.1 0
SS aLdL_g�g� g�g� 4.3 0.001 1.1 0.032 VVeLaD_180 ± 60 5.6 0 6.3 0
SS aLdL_g�a g�a 10.5 0 5.5 0 VV gLaD_180 ± 180 2.8 0.004 4.9 0
SS aLdL_g�a g�g� 8.7 0 4.6 0 VVeLaD_180 ± 300 4.9 0 5.0 0
SS aLdL_g�a g�g� 11.5 0 4.7 0 VVeLaD_300 ± 60 6.0 0 7.1 0
SS aLdL_g�g� g�a 10.4 0 5.3 0 VV gLaD_300 ± 180 4.1 0 6.1 0
SS aLdL_g�g� g�g� 11.4 0 4.5 0 VVeLaD_300 ± 300 5.2 0 5.7 0
SS aLdL_g�g� g�g� 8.9 0 4.5 0 GA aLdL 0.0[m] 0.978 0.0[n] 0.962
SS aLdL_g�a ag� 4.6 0 0.5 0.092 GA eLaD 2.3 0.022 1.9 0.038
SS aLdL_g�g� ag� 4.8 0 0.0 0.202 AG aLdL 1.2 0.123 0.9 0.192
SS aLdL_g�a g�g� 4.2 0.001 0.4 0.104 AG gLdL 0.0[o] 0.877 0.0[p] 0.808
SS aLdL_g�g� g�g� 4.3 0.001 0.0 0.207 GS aLaD_ag� 1.4 0.087 0.2 0.392
SS aLdL_g�a g�g� 8.1 0 4.4 0 GS aLdL_g�g� 0.0[q] 0.895 0.0[r] 0.546
SS aLdL_g�a g�g� 9.5 0 4.3 0 GS aLaD_g�a 7.3 0 3.5 0.002
SS aLdL_g�g� g�a 3.2 0.004 2.7 0.002 GS aLaD_g�g� 7.3 0 3.4 0.002
SS aLdL_g�g� g�g� 2.3 0.020 2.5 0.003 GS aLaD_g�g� 5.2 0 3.3 0.002
SS aLdL_g�g� g�g� 10.8 0 3.1 0.001 GS eLaD_ag� 2.3 0.018 1.4 0.051
SS eLaD_ag� g�g� 5.2 0 5.7 0 GS eLaD_g�a 7.8 0 4.0 0.001
SS eLaD_ag� g�a 7.2 0 5.0 0 GS eLaD_g�g� 8.8 0 4.7 0
SS eLaD_ag� g�g� 11.7 0 7.5 0 GS gLdD_g�a 7.0 0 4.6 0
SS eLaD_ag� g�g� 7.6 0 5.5 0 GS gLdL_g�g� 5.2 0 2.9 0.004
SS eLaD_g�a ag� 5.7 0 3.6 0.001 SG aLdL_aa 15.3 0 11.4 0
SS eLaD_g�g� ag� 6.1 0 4.0 0 SG aLdL_ag� 7.4 0 4.0 0.001
SS eLaD_g�a g�g� 9.9 0 6.9 0 SG aLdL_g�a 7.4 0 4.3 0.001
SS eLaD_g�g� g�g� 10.4 0 7.5 0 SG aLdL_g�g� 7.2 0 4.0 0.001
SS eLaD_g�a g�a 11.6 0 5.5 0 SG aLdL_g�g� 13.3 0 7.3 0
SS eLaD_g�a g�g� 12.3 0 6.2 0 SG aLdL_g�a 6.4 0 3.4 0.003
SS eLaD_g�g� g�a 11.8 0 5.9 0 SG aLdL_g�g� 6.5 0 2.9 0.008
SS eLaD_g�g� g�g� 12.7 0 6.9 0 SG gLdL_ag� 6.1 0 3.3 0.004
SS eLaD_g�a ag� 9.9 0 5.6 0 SG eLdL_ag� 11.4 0 6.1 0
SS eLaD_g�g� g�g� 5.0 0 4.2 0 SG gLdL_g�a 7.0 0 4.4 0.001
SS eLaD_g�a g�a 15.2 0 8.0 0 SG gLdL_g�g� 7.2 0 4.7 0
SS gLaD_aa ag� 6.6 0 3.7 0 SG gLdL_g�g� 11.2 0 5.8 0
SS gLaD_ag� ag� 6.0 0 2.8 0.002 SG gLdL_g�g� 0.0[s] 1.000 0.0[t] 0.981
SS gLaD_g�a g�g� 11.4 0 6.8 0 GVaLdL_60 1.6 0.060 2.6 0.013
SS eLaD_g�g� g�g� 11.8 0 7.2 0 GVaLdL_180 0.0[u] 0.819 0.0[x] 0.948
SS gLaD_g�g� ag� 0.0[i] 0.951 0.0[j] 0.196 GVaLdL_300 1.1 0.120 1.9 0.039
SS gLaD_g�a g�g� 3.5 0.003 2.9 0.001 GVeLaD_60 4.0 0.001 4.9 0
SS gLaD_g�g� g�a 5.6 0 2.7 0.002 GVeLaD_180 5.3 0 4.7 0
SS gLaD_g�g� g�g� 6.6 0 3.6 0 GVeLaD_300 6.0 0 6.2 0
SS gLdL_g�g� g�g� 2.4 0.018 0.6 0.081
VG aLdL_60 1.2 0.080 1.8 0.025 SVaLdL_g�a_60 1.6 0.031 2.4 0.013
VG aLdL_180 2.3 0.012 2.5 0.008 SVaLdL_g�g�_60 1.7 0.029 1.8 0.036
VG aLdL_300 1.1 0.087 0.7 0.152 SVaLdL_g�g�_60 8.8 0 7.6 0
VG eLdL_60 1.0 0.108 0.9 0.123 SVaLdL_g�a_180 1.2 0.065 4.1 0.001
VG gLdL_180 0.0[y] 0.588 0.0[z] 0.521 SVaLdL_g�g�_180 1.9 0.019 2.8 0.007
VG eLdL_300 0.9 0.125 0.7 0.172 SVaLdL_g�a_300 0.0[ag] 0.491 1.9 0.033
AS aLdL_ag� 1.3 0.090 0.1 0.450 SVaLdL_g�g�_300 0.4 0.234 0.0[ah] 0.751
AS aLdL_g�g� 0.0[v] 0.836 0.0[w] 0.504 SVaLdL_g�g�_300 5.9 0 6.1 0
AS aLdL_g�a 7.2 0 3.6 0.001 SVeLaD_aa_60 9.9 0 10.0 0
AS aLdL_g�g� 7.3 0 3.4 0.002 SVeLaD_aa_180 5.7 0 8.6 0
AS aLdL_g�g� 4.9 0 3.1 0.003 SVeLaD_aa_300 8.1 0 9.6 0
AS eLaD_ag� 1.4 0.074 1.5 0.038 SVeLaD_g�a_60 7.0 0 8.8 0
AS eLaD_g�g� 6.2 0 5.1 0 SVeLaD_g�g�_60 7.4 0 9.2 0
AS eLaD_g�a 7.2 0 3.6 0.001 SVeLaD_g�a_300 6.2 0 7.0 0
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orientation, in some cases the type II �-turn backbone
conformation is shifted from the typical �L�D into another
variant. Most typical conformational shifts are the �L
 �L and
the �D
 �L, which result in alternative structures that are still
part of the type II �-turn family. Thus, type II �-turns have an
�L�D prototype called the ™major∫ form, which occasionally
shifts into one of its ™minor∫ forms, such as �L�L, �L�D, and
�L�L. Regardless of these minor shifts, all of these structures
remain a type II �-turn fold.


In the analysis of secondary structure preferences of
proteins, crystallographic data are frequently regarded as
the ultimate source of information. The question of how well
computed geometrical properties correlate with structural
information derived from X-ray data of peptides and proteins
is of interest. To find the answer, X-ray results were compared
with computed ab initio data both in terms of structure and
stability. During such comparisons two questions associated
with the analysis of X-ray data of proteins were handled with
special care:


1) how to distinguish overlapping structural units (e.g. type I
�-turns have a backbone fold similar to that of an �-helix),
and


2) what deviation of a particular structure from the ™ideal∫
secondary structure is to be regarded as acceptable?
The total number of �-turns assigned in the experimental


database varies from a few up to hundreds of structures
(Table 5), depending on the amino acid composition. The
assignment of both type I(III) and type II �-turn conforma-
tions were based on the degree of similarity between the
experimental torsional values and the ™ideal∫ backbone
parameters. The ideal type I �-turn has �i�1��60���,
�i�1��30���, �i�2��90���, �i�2� 0��� torsional values,
while the corresponding data for type II �-turns is �i�1�
�60���, �i�1� 120���, �i�2� 80���, �i�2� 0���, as defined
by Vancatachalam.[19] These four values (�i�1, �i�1, �i�2 , and
�i�2) define the center of a 4D-sphere of radius � (�� 30� or
45�). All dipeptides retrieved from protein X-ray structures
with backbone parameters equal to �i�1, �i�1, �i�2, and �i�2
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Table 4 (cont.)


AS eLaD_g�g� 7.0 0 4.6 0 SVeLaD_g�g�_300 6.6 0 7.5 0
AS eLaD_g�g� 8.1 0 4.3 0 SV gLaD_g�g�_180 4.8 0 7.3 0
SA aLdL_aa 8.8 0 8.8 0 SV gLaD_g�a_180 4.5 0 7.0 0
SA aLdL_ag� 0.9 0.082 1.0 0.101 VS aLdL_60_ag� 1.1 0.059 1.3 0.041
SA aLdL_g�a 1.0 0.072 1.6 0.038 VS aLdL_60_g�g� 0.0ai 0.382 1.0 0.062
SA aLdL_g�g� 0.8 0.100 1.3 0.063 VS aLdL_60_g�a 4.3 0 4.9 0
SA aLdL_g�g� 6.8 0 4.4 0 VS aLdL_60_g�g� 7.1 0 4.5 0
SA aLdL_g�a 0.0[aa] 0.388 0.6 0.219 VS aLdL_60_g�g� 1.9 0.015 5.1 0
SA aLdL_g�g� 0.1 0.345 0.0[ab] 0.579 VS aLdL_180_ag� 2.2 0.009 1.9 0.014
SA gLaD_ag� 2.8 0.004 4.3 0 VS aLdL_180_g�g� 0.7 0.116 1.4 0.033
SA gLaD_g�a 2.5 0.006 4.7 0 VS aLdL_180_g�a 6.3 0 6.0 0
SA gLaD_g�g� 2.8 0.003 5.1 0 VS aLdL_180_g�g� 8.1 0 5.2 0
AVaLdL_60 1.2 0.116 1.8 0.038 VS aLdL_180_g�g� 4.3 0 6.3 0
AVaLdL_180 1.6 0.056 1.1 0.134 VS aLdL_300_ag� 1.1 0.056 0.2 0.244
AVaLdL_300 0.0[ac] 0.821 0.0[ad] 0.827 VS aLdL_300 g�g� 0.2 0.293 0.0[aj] 0.351
AVeLaD_60 5.5 0 6.2 0 VS LdL_300_g�a 4.5 0 0.3 0.220
AV gLaD_180 2.8 0.007 4.4 0.001 VS aLdL_300_g�g� 7.2 0 3.5 0.001
AVeLaD_300 4.8 0 4.6 0 VS aLdL_300_g�g� 2.0 0.012 3.9 0.001
VA aLdL_60 0.1 0.415 1.2 0.115 VS eLaD_60_ag� 2.1 0.011 2.6 0.005
VA aLdL_180 1.2 0.060 1.9 0.036 VS eLaD_60_g�g� 3.8 0.001 6.9 0
VA aLdL_300 0.0[ae] 0.462 0.0[af] 0.821 VS eLaD_60_g�a 5.0 0 5.5 0
VA eLaD_60 2.4 0.008 3.1 0.004 VS eLaD_60_g�g� 8.0 0 5.9 0
VA eLaD_180 1.5 0.035 2.4 0.014 VS eLaD_60_g�g� 5.8 0 6.2 0
VA eLaD_300 2.3 0.010 2.8 0.007 VS eLaD_180_ag� 1.5 0.030 1.7 0.019
VA gLaD_180 2.3 0.010 3.6 0.002 VS eLaD_180_g�g� 3.1 0.002 5.3 0
SVaLdL_aa_60 10.3 0 10.9 0 VS eLaD_180_g�a 4.5 0 4.3 0
SVaLdL_aa_180 10.0 0 12.0 0 VS eLaD_180_g�g� 6.9 0 4.8 0
SVaLdL_aa_300 8.1 0 10.1 0 VS eLaD_180_g�g� 5.4 0 5.0 0
SVaLdL_g�a_60 2.5 0.007 3.8 0.001 VS eLaD_300_ag� 2.0 0.012 2.3 0.008
SVaLdL_g�g�_60 2.4 0.009 3.5 0.002 VS eLaD_300_g�g� 6.6 0 6.2 0
SVaLdL_g�a_180 3.0 0.003 4.3 0.001 VS eLaD_300_g�a 7.5 0 4.9 0
SVaLdL_g�g�_180 2.9 0.004 1.4 0.074 VS eLaD_300_g�g� 7.9 0 5.2 0
SVaLdL_g�a_300 1.4 0.046 1.9 0.032 VS eLaD_300_g�g� 8.4 0 5.5 0
SVaLdL_g�g� 300 1.2 0.062 1.6 0.050


[a] Computed probabilities are for 300 K. [b] Side-chain rotamers of serine (S) are denoted by the variation of g�, a, and g�, while those of valine (V) with the
use of 60, 180, and 300 (Those of alanine (always g�) are not indicated). [c] Relative energies (�E) are in kcalmol�1 relative to the global minima of the given
conformational library. [d] All significant probabilities of a conformational library are highlighted (bold). [e] Etotal��579.3093711. [f] Etotal�
�586.10480350. [g] Etotal��656.9586966. [h] Etotal��664.75725820. [i] Etotal��805.8411212. [j] Etotal��815.23882492. [k] Etotal��812.2403976. [l]Etotal


��822.05155100. [m] Etotal��618.1341436. [n] Etotal��625.43014580. [o] Etotal��618.1357909. [p] Etotal��625.43265730. [q] Etotal��692.5752713. [r] E


total��700.67186780. [s] Etotal��692.5804016. [t] Etotal��700.67614748. [u] Etotal��695.7754949. [x] Etotal��704.07756300. [y] Etotal��695.7762045.
[z] Etotal��704.07945950. [v] Etotal��731.3997838. [w] Etotal��739.99859370. [aa] Etotal��731.3949746. [ab] Etotal��739.99782330.
[ac] Etotal��734.6000847. [ad] Etotal��743.40434580. [ae] Etotal��734.5991759. [af] Etotal��743.40415690. [ag] Etotal��809.0370312. [ah] Etotal�
�818.64524330. [ai] Etotal��809.0399540. [aj] Etotal��818.64600680.
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fall in the center of the above-defined 4D-hypersphere, while
those deviating ™slightly∫ from these values are located near
the center. Such hyperspheres (4D in this case) were used to
assign backbone structures similar or identical to type I(III)
or type II �-turns in proteins. The backbone parameters of a
type I(III) �-turn are close to those of �- and 310-helices (��-


helix (i)��54� 10� and ��-helix (i)��45� 10� while �310-helix


(i)��60� 10� and �310-helix (i)��30� 10�). Therefore the
result of the secondary structure assignment of hairpin
structure depends on whether helical segments are excluded
(case of ™without∫) or included (case of ™with∫) in the
experimental database. As an example, the case of the -Ala-
Ala- dipeptide is reported in Table 8. Using the strongest
criterion (�� 30� with all helical structures excluded) a total
of 60 turns were assigned, among these 59 had a type I(III)
fold. For these 59 structures the average �i�1, �i�1, �i�2 , and
�i�2 values and their standard deviations were determined.
All four averages are very similar to the ideal values of
Vancatachalam.[19] When helical structures are not excluded
from the analysis, the total number of type I �-turns increases
from 59 to 212 cases for �� 30� and from 84 to 752 cases for
�� 45� (Table 8). This significant increase is due to the well
known fact that alanine frequently adopts a helix-like
conformation and that in terms of torsional angles, helices
can be regarded as ™adjacent∫ type I(III) �-turns. Even, when
the loosest criterion is considered (�� 45� and both �- and 310-
helices are included) the average values remain close to the
ideal ones and the standard deviation increases only for
type II �-turns. The analysis of -Gly-Gly- peptides resulted in
a picture similar to that for -Ala-Ala-, with two differences:
1) the ratio of type I(III) to type II �-turns is much more


balanced, and
2) the inclusion of helical structures from the database only


moderately increases the total number of turn structures
(31
 45 and 45
 107).


The first difference is due to the fact that glycine is the most
favored amino acid residue at position (i� 2) of a type II �-
turn. Thus in the conformational libraries of -Xxx-Gly-
peptides, the preference for type II �-turn folds is higher.
The second difference between the -Gly-Gly- and -Ala-Ala-
sequences is caused by glycine×s lack of a special preference
for helical conformation. In the case of -Gly-Gly- and -Ala-
Ala- peptides, similar analyses were performed for all 16
conformational libraries. When helices are excluded from the
database (Table 8A and B) the increase of � from 30� to 45�
does not significantly change the ratio of type I(III) over
type II �-turns (�I [%]AlaAla


��30 � 98 and �I [%]AlaAla
��45 � 97 as well


as �I [%]GlyGly
��30 � 35 and �I [%]GlyGly


��45 � 38). On the other hand,
the inclusion or exclusion of helical structures from the X-ray
database for -Gly-Gly- sequences (Table 8 and Figures 2),
using either �� 30 or 45�, does modify the same ratio (from �I


[%]GlyGly
��30 � 35 to �I [%]GlyGly


��30 � 56).
The average backbone conformational values (�i�1, �i�1,


�i�2 , and �i�2) (Table 8), calculated from the X-ray database
both for -Ala-Ala- and -Gly-Gly-, are typical �-turn param-
eters, and are close to the ideal values predicted by
Vancatachalam.[19] When comparing the average backbone
values of 105 fully optimized ab initio type I(III) �-turns with
the ™ideal∫ parameters, a smaller deviation (�10�) is observed
for the first and a more significant (�25�) for the second
amino acid residue. These deviations may partially result from
the small basis set applied. A similar difference was previously
noticed when only For-Ala-Ala-NH2 conformers were ana-
lyzed. In most optimized type II �-turn conformers both the
values of �i�2 (�14�) and �i�2 (�25�) deviate from their ideal
values. The higher standard deviation computed for the latter
type of conformation results from consideration of both major
(�L�D) and minor (�L�D) forms of type II �-turns. In general,
because of the averaging process, the high deviation of �i�2


from its ™ideal∫ value (� ideal
i�2 � 0�) in �-turns is known[23]
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Table 5. Number of type I(III) and type II �-turns as observed in X-ray determined proteins for all 16 peptide conformation libraries.


Helices are excluded from the database (without) Helices are included in the database (with)
(�� 30�[a]) (�� 45�[a]) (�� 30�[a]) (�� 45�[a])


type I(III) type II type I(III) type II type I(III) type II type I(III) type II


GG 11 20 17 28 25 20 79 28
AA 59 1 84 3 212 1 752 4
SS 62 1 91 1 140 1 306 1
VV 7 0 14 0 26 0 154 0
GA 17 3 26 3 46 3 203 3
AG 40 108 56 120 94 118 228 132
GS 28 1 41 2 54 1 108 2
SG 27 64 34 78 44 67 98 82
GV 5 0 7 0 21 0 97 0
VG 19 45 25 58 28 49 111 64
AS 65 1 89 2 151 1 317 2
SA 31 1 48 2 81 1 277 3
AV 16 0 26 0 61 0 313 0
VA 19 3 36 2 48 2 329 2
SV 10 0 13 0 47 0 139 0
VS 29 1 38 2 57 2 169 4
total 445 249 645 301 1135 266 3680 327


[a] Number of turns observed in our protein database. Both type I(III) and type II �-turns were extracted from the experimental database using the following
torsional criteria: type I (�i�1 � � 60���, �i�1 � � 30�� �, �i�2 � � 90���, �i�2� �) and type II (�i�1� � 60�� �, �i�1 � 120���, �i�2� 80�� �,
�i�2� 0���). The four torsional variables (�i�1 , �i�1, �i�2 , and �i�2) define the center of a hypersphere used for structure assignment, � controls its radius
(�� 30� or 45�). Both �- and 310-helices can be excluded (case of ™without∫) or can be included (case of ™with∫) in the experimental database analyzed.
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Table 7. Cross-correlation (R 2) values between ab initio computed and by statistically determined type I(III) and type II �-turn probabilities for all 16
peptide libraries.


Theoretical Experimental
helices are excluded from the data base helices are included in the data base


pi [%] pi [%] pi [%] pi [%] pi [%] pi [%]
(RHF)[a] (DFT)[b] (�� 30� without[c]) (�� 45� with[c]) (�� 30� without[c]) (�� 45� with[c])


pi [%] (RHF)[a] 1.000 0.985 0.941 0.943 0.900 0.751
pi [%] (DFT)[b] 1.000 0.963 0.965 0.908 0.750
pi [%] (�� 30� without[c]) 1.000 0.993 0.963 0.839
pi [%] (�� 45� with[c]) 1.000 0.976 0.865
pi [%] (�� 30� without[c]) 1.000 0.945
pi [%] (�� 45� with[c]) 1.000


[a] Relative population in percentage as computed at RHF/3-21G level of theory. [b] Relative population in percentage as computed at B3LYP/6-
311��G**//RHF/3-21G level of theory. [c] Relative population in percentage as observed in proteins. Turns were extracted from the protein database
using torsional criteria both for type I(III) and for type II �-turns: type I (�i�1� � 60���, �i�1� � 30���, �i�2� � 90���, �i�2� 0�� �) and type II
(�i�1 � � 60���, �i�1 � 120�� �, �i�2� 80���, �i�2� 0���). The four torsional variables (�i�1 , �i�1 , �i � 2, and �i�2) define the center of a hypersphere
used for structure assignment, � controls its radius (�� 30� or 45�). Both �- and 310-helices can be excluded (case of ™without∫) or can be included (case of
™with∫) in the experimental database analyzed.


Table 6. Probabilities at 300 K of type I(III) and type II �-turns as determined by ab initio computations and by statistical analysis of X-ray determined
proteins for all 16 peptide libraries.


Theoretical Experimental
helices are excluded from the datbase helices are included in the datbase


peptide type of pi [%] pi [%] pi [%] pi [%] pi [%] pi [%]
�-turn (RHF)[a] (DFT)[b] (�� 30�, without[c]) (�� 45�, with[c]) (�� 30�, without[c]) (�� 45�, with[c])


GG type I(III) 52 34 35 38 56 74
type II 48 66 65 62 44 26


AA type I(III) 90 98 98 97 100 99
type II 10 2 2 3 0 1


SS type I(III) 98 100 98 99 99 100
type II 2 0 2 1 1 0


VV type I(III) 99 100 100 100 100 100
type II 1 0 0 0 0 0


GA type I(III) 98 96 85 90 94 99
type II 2 4 15 10 6 1


AG type I(III) 12 19 27 32 44 63
type II 88 81 73 68 56 37


GS type I(III) 98 94 97 95 98 98
type II 2 6 3 5 2 2


SG type I(III) 0 1 30 30 40 54
type II 100 99 70 70 60 46


GV type I(III) 100 100 100 100 100 100
type II 0 0 0 0 0 0


VG type I(III) 18 18 30 30 36 63
type II 82 82 70 70 64 37


AS type I(III) 93 96 98 98 99 99
type II 7 4 2 2 1 1


SA type I(III) 99 100 97 96 99 99
type II 1 0 3 2 1 1


AV type I(III) 99 100 100 100 100 100
type II 1 0 0 0 0 0


VA type I(III) 94 97 86 95 96 99
type II 6 3 14 5 4 1


SV type I(III) 100 100 100 100 100 100
type II 0 0 0 0 0 0


VS type I(III) 94 97 97 95 97 98
type II 6 3 3 5 3 2


[a] Relative population in percentage as computed at RHF/3-21G level of theory. [b] Relative population in percentage as computed at B3LYP/6-
311��G**//RHF/3-21G level of theory. [c] Relative population in percentage as observed in proteins. Turns were extracted from the protein database using
torsional criteria both for type I(III) and for type II �-turns: type I (�i�1 ��60�� �, �i�1 ��30�� �, �i�2 ��90�� �, �i�2� 0�� �) and type II
(�i�1 ��60�� �, �i�1 � 120�� �, �i�2 � 80�� �, �i�2 � 0�� �). The four torsional variables (�i�1 , �i�1 , �i�2 , and �i�2) define the center of a hypersphere used
for structure assignment, � controls its radius (�� 30� or 45�). Both �- and 310-helices can be excluded (case of ™without∫) or can be included (case of ™with∫)
in the experimental database analyzed.
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therefore a larger tolerance (� l
i�2 � 0� 50�) is allowed during


data analysis.


Theoretical energy versus experimental population, confor-
mational preference within a structural library : In the
following, the question of how well the computed energies
correlate with the probabilities of occurrence of these con-
formers, derived from an X-ray structure database, is consid-
ered. A significant correlation between natural abundance
and ab initio computed relative stability implies that the X-ray
results, commonly regarded as primary standards, do certify
quantum mechanical data. Correlation coefficients (R 2) of
such comparison are reported in Table 7. Except for the
loosely defined ™�� 45� with∫ case, all R 2 values are higher
than 0.9, indicating that it is reasonable to compare computed
and experimental probabilities. For example, when relative
stabilities determined at the RHF/3-21G level are correlated
with experimental data (™�� 30� and without∫ case) the R 2


value is as high as 0.941. When the same type of experimental
probabilities are aligned with the stability data obtained by
DFT computations (B3LYP/6-311��G**//RHF/3-21G)) the
R 2 value is even higher: 0.963 (Table 7 and Figure 3). Finally,
when a single library out of the 16, that of the -Ser-Gly-
peptide, is removed, the remaining 15 libraries show a cross-
correlation as high as R 2� 0.986. In general, the ratio of type I
to type II �-turns was determined both from experimental and


from quantum mechanical computed data and significant
correlation was observed.


For most amino acid residues (other than Gly and Ala),
there are a variety of side-chain conformations, which multi-
plies the number of conformers to be considered. For
example, in the case of the -Ser-Ser- peptide, 24 side-chain
variants were computed for type I(III) and for type II �-turns.
All of these minima have different relative energies (�E)
(Table 4) and have a significantly different stability. One can
compare probabilities of computed �-turn structures with
their experimental counterparts in two ways:
1) either each side-chain rotamer is handled individually, or
2) side-chain rotamers belonging to the same type of back-


bone conformation are handled commonly. In the latter
case, the computed and experimental probabilities of the
individual side-chain conformers are summed up and
normalized (see Equation (1)].
Often, due to specific side chain backbone interaction, even


the fold of the �-turn is modified to some extent. For example,
in the case of -Ser-Gly- peptides, the structural shift of the
major �L�D to the minor (typically �L�L) form of the type II �-
turn is observed. Nevertheless, all of these minor forms still
remain type II �-turn conformations and were included when
individual probabilities were accumulated into a single value.
The following normalized measure was introduced for both
types of �-turns depicted in Equations (1) and (2) for the -Ser-
Ser- peptide:
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Table 8. Number and conformational parameters of type I(III) and type II �-turns composed form -Ala-Ala- and from -Gly-Gly- amino acid residues as
found in our experimental data base of proteins.


#[a] [%][b] �i�1
[c](��i�1) �i�1(��i�1) �i�2(��i�2) �i�2(��i�2)


-Ala-Ala-
�� 30� (without)[d] all 60


type I(III) 59 98 � 60 (9) � 31 (10) � 76 (13) � 14 (11)
type II 1 2 � 47 (0) 125 (0) 87 (0) � 8 (0)


�� 45� (without)[d] all 87
type I(III) 84 97 � 62 (12) � 32 (13) � 74 (15) � 19 (13)
type II 3 3 � 62 (28) 141 (12) 72 (17) � 4 (29)


�� 30� (with)[d] all 213
type I(III) 212 100 � 63 (8) � 31 (10) � 77 (12) � 14 (13)
type II 1 0 � 47 (0) 125 (0) 87 (0) � 8 (0)


�� 45� (with)[d] all 756
type I(III) 752 99 � 63 (8) � 38 (10) � 69 (11) � 31 (15)
type II 4 1 � 69 (27) 147 (14) 67 (17) 3 (27)


-Gly-Gly-
�� 30� (without)[d] all 31


type I(III) 11 35 � 59 (12) � 31 (15) � 80 (16) � 7 (14)
type II 20 65 � 56 (10) 133 (8) 83 (11) 0 (14)


�� 45� (without)[d] all 45
type I(III) 17 38 � 65 (15) � 31 (18) � 79 (17) � 12 (16)
type II 28 62 � 60 (13) 138 (12) 84 (12) 2 (17)


�� 30� (with)[d] all 45
type I(III) 25 56 � 60 (9) � 27 (13) � 85 (16) � 6 (16)
type II 20 44 � 56 (10) 133 (8) 83 (11) 0 (14)


�� 45� (with)[d] all 107
type I(III) 79 74 � 62 (10) � 34 (14) � 73 (16) � 25 (19)
type II 28 26 � 60 (13) 138 (12) 84 (12) 2 (17)


[a] Total number of �-turns assigned for the selected dipeptides (e.g. -Ala-Ala- ). [b] Percentage of type I(III) and type II �-turns. [c] Average torsional
variables and standard deviations in parenthesis. [d] Turns were extracted from the experimental database using torsional criteria: type I (�i�1� � 60���,
�i�1� � 30�� �, �i�2 � � 90�� �, �i�2 � 0�� �) and type II (�i�1 � � 60���, �i�1 � 120�� �, �i�2 � 80�� �, �i�2 � 0���). The four torsional variables
(�i�1, �i�1 , �i�2 , and �i�2) define the center of the hypersphere used for structure assignment, with � radius (�� 30� or 45�). Both �- and 310-helices can be
excluded (case with ™without∫) or included (case of ™with∫) in the database.
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Figure 2. Percentage of type I(III) and type II �-turns as a function of �
and when �- and 310-helices are excluded (™without∫, part A) or when
included (™with∫, part B) in the experimental database. Turns were
extracted from our experimental database using the following torsional
criteria: type I (�i�1� � 60�� �, �i�1 � � 30�� �, �i�2� � 90�� �,
�i�2� 0���) and type II (�i�1 � � 60���, �i�1� 120�� �, �i�2� 80�� �,
�i�2� 0���). The four torsional variables (�i�1, �i�1, �i�2 , and �i�2) define
the center of the hypersphere of radius equal to �. As an example, the
percentages of type I(III) and type II conformers associated with -Gly-Gly-
and -Ala-Ala- peptides are shown (see Table 9 for more details).


p[Ser-Ser(type I)]�


�24


j� 1


p�Ser-Ser �type Ij�
�24


j� 1


p�Ser-Ser �type Ij� �
�25


j� 1


p�Ser-Ser �type IIj�
(1)


p[Ser-Ser(type II)]�


�25


j� 1


p�Ser-Ser �type Ij�
�24


j� 1


p�Ser-Ser �type Ij� �
�25


j� 1


p�Ser-Ser �type IIj�
(2)


These cumulative values are markers of the backbone fold
(Tables 5 and 6) and vary as a function of the amino acid
composition of the peptide moiety. In such a way, theoretical
probabilities can easily be compared with the experimental
data. Considering these fractions of the -Ser-Ser- model, the
computed probabilities at the RHF/3-21G level of theory
were 0.98 for type I and 0.02 for type II turns. At a higher
level of theory (single-point DFT computations) for the same
type of probability of the same peptide, a slightly different


number was computed, p[Ser-Ser(type I)]� 1.00 and p[Ser-
Ser(type II)]� 0. Experimental probabilities always depend
on the actual value of �, which was set to be either 30 or 45� in
this study. The RHF computed pi(type-I)/pi(type-II)� 0.98/
0.02 (i stands for -SerSer-) ratio matches perfectly with its
experimental counterpart pi(™�� 30� without∫ case) (Ta-
ble 6). For this peptide the preference for the type of �-turn
is determined by ab initio calculations and by statistical
analysis of experimental data resulting in identical pi(type I)/
pi(type II) ratios. This comparison was extended for all 16
peptide models resulting in eight R 2 values of primary
importance (Table 7) numbers with bold). The comprehensive
analysis of R 2 values shows that the optimum correlation is
obtained between single point DFT calculations and �� 30 or
45� experimental data (Table 7) and Figure 3). In both cases
helical parts were excluded from the experimental database.
The R 2 value �0.96 indicates that the natural abundance of
the hairpin conformations of all 16 peptides can be computed
with unexpectedly high accuracy.


Figure 3. Correlation of B3LYP/6-311��G**//RHF/3-21G (DFT) com-
puted and statistically determined probabilities of type I(III) and type II �-
turns for all 16 peptide libraries. (For data see Table 7). Data associated
with -SerGly- peptides, the least comparable data, are shown explicitly (see
text for more details).


We have shown that the preference for type I(III) over
type II �-turns within a conformational library (e.g. -Ser-Ser-
or -Val-Ser-) is predicted well by ab initio computations. The
correlation is especially good when theoretical probabilities
are computed based on single-point DFT calculations. How-
ever, it would be interesting to see to what extent these
conformational preferences can be compared with each other.
Why is it that from the same experimental database a total of
31 -Gly-Gly- and 148 -Ala-Gly- hairpin structures can be
extracted? To understand and explain such experimental
difference by means of ab initio results, one has to work out
how to scale theoretical data into one common frame.


Conformational preference of structural libraries : One of the
problems is that in this case the total energies can not be
compared directly when all 16 peptides are tabulated in the
form of a matrix according to their different amino acid
compositions. All ™boxes∫ can be analyzed with respect to
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their preference of type I or type II �-turns individually but
not on a common scale. For example, it seems that for GA,
GS, and GV peptides the low-energy conformers are all of
type I rather than of type II �-turns (Table 4 and Figure 4).
Thus, the most stable conformers of AG, SG, and GV peptides
are type II �-turns.


One of the other problems we have in comparing total
energies is due to the fact that only molecules with identical
numbers of the same atoms, that is the isomers, can be
compared directly. Thus the hetero subunits -Xxx-Yyy- (e.g.


-Gly-Ala-) and -Yyy-Xxx- (e.g.
-Ala-Gly-) are comparable but
they are neither comparable to
the homo subunits -Xxx-Xxx-
(e.g. -Gly-Gly-) nor to -Yyy-
Yyy- (e.g. -Ala-Ala-). The only
obvious way to do this is to
compare the average of the
total energies computed for
the same type of backbone
conformation [e.g. type I �-
turn, Eq. (3)]. For the above
four compounds the averages
are identical up to six decimal
places. (The difference between
the two averages is 8	 10�7


Hartree at the RHF/3-21G lev-
el of theory.)[43]


Such a near equality indicates
that the two -CH3 substituents
in -Ala-Ala- exert more or less
the same amount of stabiliza-
tion on the backbone as the two
separate -CH3 groups at the
first �-carbon (-Ala-Gly-) and
at the second �-carbon (-Gly-
Ala-). Thus, the effects of the
two methyl groups are practi-
cally additive and largely inde-
pendent of each other. This is,
however, a special case and
when the backbone or the side
chain conformation shifts, or
the two substituents interact
with each other, such ™near-
identity∫ is not expected. In
fact the magnitude of the differ-
ence [Eq. (4)] may be used as a
diagnostic for the extent of such
side-chain interactions. The rel-
evant matrices (Figure 5) give
such �E≈ values in kcalmol�1


units for type I and type II �-
turns.


E≈Diagonal�
E RHF�3-21G �Xxx-Xxx � E RHF�3-21G �Yyy-Yyy


2


�E RHF�3-21G �Yyy-Xxx � E RHF�3-21G �Xxx-Yyy
2


�E≈Off-diagonal (3)


�E≈�E≈Off-diagonal�E≈Diagonal (4)


When �E≈ is negative it means that the two off-diagonal
isomeric states are stabilized with respect to the two diagonal
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Figure 4. Conformational preference of selected HCO-Xxx-Yyy-NH2 type models as computed at the RHF/3-
21G level of theory. Typically that conformational preference can only be determined within the conformational
library.
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isomeric states. In the case of serine- and valine-containing
peptides, more than one side-chain conformation was deter-
mined, and therefore E≈ was computed as the arithmetical
average of all side-chain rotamers. This is the case for example
for peptides incorporating Gly and Val, since the latter
residue may have three side-chain orientations. For example,
-Gly-Gly- and -Val-Val- combined are less stable than -Gly-
Val- and -Val-Gly- combined for both type I and for type II �-
turns (�E≈GV


type I ��0.09 kcalmol�1 and (�E≈GV
type II �


�0.21 kcalmol�1 at RHF/3-21G). This suggests that there is
repulsion between the two iPr groups in Val-Val owing to
stereochemical congestion, which is relieved when only one
iPr side chain is present in the isomeric diamides: -Gly-Val-
and -Val-Gly-. When �E≈ is positive it means that the two
diagonal isomeric states are stabilized with respect to the two
off-diagonal isomeric states. This is the case for the Gly and
Ser combination for the type I �-turn �E≈GS


type I � 1.16 kcalmol�1


(and 0.18 kcalmol�1 at a higher level of theory). The stabiliz-
ing effects of the two hydroxymethyl groups (presumably
through hydrogen bonding) are clearly greater in the -Ser-Ser-
case than the stabilizing effects of two separate -CH2-OH side
chains, one at the first �-carbon (-Ser-Gly-) and one at the
second �-carbon (-Gly-Ser-). Thus, for the same molecules in
their type II �-turns, �E≈ was found to be smaller �E≈GS


type II �
0.94 kcalmol�1 (and �0.04 kcalmol�1 at a higher level of
theory). This implies that when the turn is of type II the two
-CH2-OH groups may stabilize the backbone separately,
presumably through backbone ± side-chain hydrogen bond-
ing, to a greater extent than was possible for the type I �-turn.


Figure 5. For both type I(III) and type II �-turns, �E≈ values were
computed as �E≈�E≈off-diagonal�E≈diagonal where E≈ is the arithmetical average
of all side-chain rotamers. Values determined at RHF/3-21G are in the
upper half, those determined at B3LYP/6-311��G**//RHF/3-21G level of
theory (bold) are in the lower half of each matrix. (All values are in
kcalmol�1.)


By comparing the computed total energies, we were able to
compare nonsymmetric (off-diagonal) sequences such as
-Gly-Ala- and -Ala-Gly-. With the averaging technique we
were able to relate these off-diagonal elements to their
diagonal counterparts, such as -Gly-Gly- and -Ala-Ala-.
However we cannot compare all 16 structural families of
type I and type II �-turns. To do this we have to construct
some isodesmic reactions in order to use the isodesmic energy
(�EID) as a comparative energy scale. Of course the choice of
reference state predetermines the extent of comparability, but


also a single reference state requires more component
structures to be optimized.


For example the above averaging technique can be
regarded as a simple isodesmic reaction in which one side
chain is transferred to a glycine residue (see below) and the
isodesmic energy is calculated as �EID� 2�E≈.


However, this choice of -Gly-Gly- and -Xxx-Yyy- as
reference states gives a rather limited scope for comparison.
Thus, it is worthwhile to examine other choices for the
reference state.


The traditional method involves the replacement of the �-
CH2 group of glycine with the appropriate �-CHR group. This
is illustrated below for a single amino acid residue, for the case
of a glycine
 alanine transformation R�CH3:


The formula for the corresponding isodesmic energy is
shown in Equation (5).


�EID(R)� [E (HCONH�CHR�CONH2)�E (H3C�H)]
� [E (HCONH�CH2�CNH2, �L or �L)�E (H3C�R)] (5)


For a diamino acid diamide of course two R groups need to be
introduced, which may or may not be identical, that is R1 and
R2.


For this latter reaction the isodesmic energy is calculated as
shown in Equation (6).


�EID(R1,R2)� [E (R1,R2, any conf.) �2E(CH4)]
� [E (Gly-Gly, �L�L or �L�L)�E (CH3R1)�E (CH3R2)] (6)


This method is in agreement with previous isodesmic calcu-
lations performed on peptides.[44] The energy levels for the
above equation using R1�R2� -CH3 (i.e. , converting -Gly-
Gly- to -Ala-Ala-) are shown in Figure 6.
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�-Turn type selection : The original observation that certain
amino acid sequences (i.e. , primary structures) predetermine
the conformation (i.e. , secondary structure and overall
folding) of a peptide or protein segment is a cornerstone
hypothesis in protein chemistry. Based on statistical analysis
of X-ray determined protein structures the Chou and Fas-
man[45] prediction algorithm, together with more recent
methods,[46] can predict where �-turns are located along the
sequence as well as the probability of adopting either
type I(III) or type II forms. One such thesis is that while the
-Gly-Xxx- sequence prefers a type I �-turn, -Xxx-Gly- se-
quences favor type II. This observation has been confirmed by
comparison of computed total energies. In analyzing the


lowest energy side chain conformers of -Gly-Xxx- and -Xxx-
Gly- model systems, in which Xxx�Ala, Ser, or Val, we have
found that the experimental rule of �-turn type selection
holds, even for these simple model systems (c.f. Figure 4). This
suggests that if we anticipate some rule to emerge for the
process of �-turn selection, its existence should be based on
molecular stabilities.


It should be emphasized again that while -Gly-Ala- and
-Ala-Gly- have no distinguishable side-chain conformation,
peptides incorporating either Ser or Val have. Consequently,
one needs to pay attention to the side-chain orientation in the
type I and type II �-turns. As mentioned above in -Gly-Val-
and -Val-Gly-, valine may have as many as three, but in -Gly-
Ser- and -Ser-Gly- serine may have up to nine side-chain
conformers for any given backbone conformer. In Figure 7


Figure 7. The role of side-chain orientation in Val within the GV and VG
triamides in determining type I and type II preference.


below, those side-chain conformers that occur are boxed in
and the global minimum is indicated by a heavy-lined square
for the hetero (i.e. , GVand VG) diamino acid diamide isomer.
The analogous information is presented for -Gly-Ser- and
-Ser-Gly- �-turns in Figure 8. Only the conformers in a square


Figure 8. The role of side-chain orientation in Ser within the GS and SG
triamides in determining type I and type II preference.


exist and the global minimum is indicated by a heavy-lined
square. The energetics of these conformers are illustrated in
Figure 4. Taking into consideration all 16 pairs of amino acid
residues, it seems that there are only four cases of primary
sequences that have certain side-chain conformations in
which the type II �-turn is favored over the type I �-turn on
energetic grounds, that is in terms of conformational stability.
This is illustrated in Figure 9 for the RHF/3-21G computa-
tions, where the four cases are AG, SG, VG, and SS. For single
point DFT calculations using the larger 6-311��G** basis set
the results are slightly different, as shown in Figure 10. At this
level of theory the type II �-turn of GG became
0.38 kcalmol�1 more stable than type I. Also for the SS case
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Figure 6. One type of isodesmic calculation scaling any amino acid residue
containing peptides (here alanine and glycine) on a common scale.
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Figure 9. Type I and type II �-turn preference among the chosen 16 types
of triamide model systems as resulted from RHF/3-21G geometry
optimization.


Figure 10. Type I and type II �-turn preference among the chosen 16 types
of triamide model systems as resulted from B3LYP/6-311��G(d,p) single
point energy computation.


the type I �-turn became 0.56 kcalmol�1 more stable than the
type II �-turn.


Unlike AG (�0.5 kcalmol�1), SG (�0.4 kcalmol�1) and
VG (�0.9 kcalmol�1), most of these structures prefer type
I(III) over a type II �-turn fold (Table 9). This agrees well with
experimental observation and predictions: an -Xxx-Gly-
sequence in a �-turn does prefer the type II over the
type I(III) conformer. However, the preference of these
peptides for folding in a �-turn rather than remaining as an
extended structure differs. When analyzing the turn-forming
potential of these 16 peptides according to theoretical
computations (Table 9) the AA, SS, AG, SG, AS, and SA
sequences are those stabilized the most and VV, GV, and SV
the least. Therefore, peptide units composed from any of the
latter three sequences prefer an extended conformation over
a hairpin structure. Among these 16 peptides the five
sequences that are the most likely to fold in a �-turn are
AA (�1.98 kcalmol�1), SS (�1.77 kcalmol�1), AG
(�1.35 kcalmol�1), AS (�2.22 kcalmol�1), and SA
(�1.48 kcalmol�1). Of these five structures AA, AS, SA,
and SS are strong (or medium) type I(III) and AG is a
medium strong type II �-turn-forming sequences. The fact
that SS, AG, SG, and AS are strong �-turn-forming peptides
was recognized some 25 years ago by Chou and Fasman.[45]


Conclusion


Our present study suggests that ab initio determined energies
may be of great use in explaining �-turn selection and folding
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Table 9. Magnitude of stabilization (average value in kcalmol�1) for the 16 different peptides in their type I and type II �-turn conformation as determined at
the B3LYP/6-311��G**/RHF/3-21G level of theory.


ab initio computed values [kcalmol�1] Experimental
�EID �EID �E type II


ID � turn forming turn forming potential as
(average) for (average) for �E type I


ID
[c] potential relative to predicted by


type I bb. fold[a] type II bb. fold[b] extended Chou & Fasman[2],[e]


conformation[d]


GG 0.0 0.0 0.0 1.87 0.016150[a]


AA � 6.1 � 2.8 3.3 � 1.98 0.002660
SS � 4.0 � 2.6 1.4 � 1.77 0.017380
VV 0.0 4.9 4.9 4.15 0.001344
GA � 2.6 0.0 2.7 0.75 0.002975
AG � 3.5 � 4.0 � 0.5 � 1.35 0.014440
GS � 2.8 � 0.6 2.2 0.40 0.010630
SG � 2.1 � 2.5 � 0.4 � 0.01 0.026410
GV 1.4 5.5 4.1 4.49 0.002380
VG � 0.5 � 1.5 � 0.9 1.01 0.009120
AS � 5.9 � 3.5 2.5 � 2.22 0.009500
SA � 5.6 � 1.9 3.7 � 1.48 0.004865
AV � 0.8 2.0 2.8 1.35 0.002128
VA � 3.0 � 0.2 2.9 0.58 0.001680
SV � 1.1 3.8 4.9 2.46 0.003892
VS � 3.3 � 1.1 2.2 0.09 0.006000


[a] Stabilization gained from ™side chain∫. The effects of side-chain interactions are averaged for each peptide individually. Isodesmic values are relative to
the type I(III) �-turn conformation of -Gly-Gly-. [b] Stabilization gained from ™side chain∫. The effects of side-chain interactions are averaged for each
peptide individually. Isodesmic values are relative to the type II �-turn conformation of -Gly-Gly-. [c] �E type II


ID ��E type I
ID . Value smaller than zero indicates


the preference of type II rather than type I �-turn structure. [d] Value smaller than zero indicates stabilization of �-turn structure over extended (�L�L)
conformation. [e] Product of bend frequencies computed on the basis of (i� 1) and (i� 2) bend frequencies (Table 2A). Value larger than 0.00866 (bold) is
associated wit -Xxx-Yyy- peptide as a �-turn former.
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properties of amino acid sequences, even though solvent
effect and long range interactions are ignored. This indicates
that some basic rules of peptide folding can be detected and
computed even in vacuum and even for short peptides. Such
gas-phase computations on small peptides are expected to
correlate better with protein X-ray data for segments located
in the relatively water-free internal part, than those on the
surface of the protein.
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Synthesis and Properties of [CoCp*(2,5-PC4tBu2H2)]:
The First Monophosphacobaltocene


Claire Burney,[b] Duncan Carmichael,*[a] Kareen Forissier,[a] Jennifer C. Green,*[b]
FranÁois Mathey,*[a] and Louis Ricard[a]


Abstract: The reduction of the phos-
phacobaltocenium salt [CoCp*(2,5-
PC4tBu2H2)]�[BPh4]� (3 ; Cp*� penta-
methylcyclopentadienyl) by magnesium
in tetrahydrofuran (THF) furnishes the
stable air-sensitive phosphacobaltocene
[CoCp*(2,5-PC4tBu2H2)] (4) in yields of
up to 80%. The crystal structure of 4
shows long Co�C� and short C��C�


bonds in the phospholyl ligand, consis-


tent with a semi-occupied molecular
orbital (SOMO) having a�� symmetry. A
combined Amsterdam density function-
al (ADF)/photoelectron spectroscopic


study, which confirms this assignment,
gives ionisation energies (IE) of 5.02 eV
from the SOMO and 8.89 eV from the
phosphorus ™lone pair∫. A comparison of
cyclovoltammograms for 3 and the cor-
responding cyclopentadienyl complex
[CoCp*(1,3-C5tBu2H3)]� [BPh4]� (5)
shows that replacing a CH group by an
sp2 phosphorus atom results in an anodic
first reduction potential shift of 0.29 V.


Keywords: cobalt ¥ electronic
structure ¥ phosphametallocenes ¥
photoelectron spectroscopy ¥ redox
chemistry


Introduction


The modification of cyclopentadienyl rings to confer specific
physical, electronic, and steric properties upon metal centres
is becoming one of the most sophisticated areas in organo-
metallic chemistry.[1] The recognition that phosphorus, which
combines moderate electronegativity with relatively strong
and weakly polarized �3-P�C bonds,[2] is well-adapted to
replacing a CR group in cyclopentadienyl ligands has
produced an extensive chemistry of simple diamagnetic
sandwich complexes that contain �5-phospholyls, which have
recently found uses as catalysts for hydroformylation,[3, 4] ring-
opening,[5] cross-coupling[6, 7] and olefin polymerization[8±12]


reactions as well as enantioselective isomerisations,[13, 14]


allylic alkylations,[15±17] copper-catalysed alkylzinc additions
to enones[18] and hydrogenations.[19] Paramagnetic phospha-
metallocene sandwiches are much less well understood, but
they may have potential as unusual ligands and have also been
suggested as building blocks for materials chemistry.[20] Al-


most all of the data pertaining to neutral paramagnetic species
have been obtained from complexes that incorporate highly
substituted di- and triphospholyl ligands (below).[21±26]


We had a number of reasons for wishing to prepare
paramagnetic monophosphametallocenes. Firstly, the rapidly
developing organic chemistry of phospholes provides a pool
of monophospholyl ligands that may be used to stabilize and/
or elaborate any chosen metal centre.[27±29] Simple volatile
phosphametallocenes incorporating mono- rather than di- or
triphospholyl ligands are also ideal systems for studying the
perturbations that result from the presence of the phosphorus
atom in the ring. Finally, neutral, paramagnetic transition-
metal monophosphametallocene sandwiches are very rare.
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The only well-characterized[30] example published to date is a
(crystallographically proven) diphosphachromocene 1,[20] so
that no simple transition-metal monophosphametallocene
sandwich complex with more than 18 valence electrons
(VE) exists. Given that electron-excessive paramagnetic
phosphametallocenes might be expected to have a significant
degree of electron spin delocalised over the phospholyl
ligand, we wished to prepare and study the first mono-
phosphacobaltocene.


Results


Synthesis : The hindered 2,5-di-tert-butylphospholyl ligand 2
was employed in this work. Bulky groups have often been
useful for isolating unusual phosphorus-containing spe-
cies,[31±34] and our previous studies have shown that the tert-
butyl groups in 2 serve both to diminish the potential for
coordination through the phosphorus lone pair[35, 36] and to
lower the tendency of the phospholide anion to undergo redox
chemistry at transition-metal[37] and main-group[38] centres. In
this study, we used the 2,5-di-tert-butylphospholyl ligand,
because it provides access to the only known phosphacobal-
tocenium salt 3.[39] However, the hindrance about phosphorus


may also confer some stability upon the phosphacobaltocene
product.


The desired monophosphacobaltocene 4 may be prepared
conveniently from 3 by reduction [Eq. (1)]. Initial experi-
ments with excess alkali metal resulted in decomposition and,


to date, the most straightforward synthesis of 4 involves
stirring 3 with metallic magnesium in THF. After removal of
the solvent under reduced pressure, extraction into pentane,
filtration and sublimation (70 �C, 1� 10�2 mmHg), 4 is ob-
tained as pure, purple crystals in yields approaching 80%.
Further experiments conducted by 1H and 31P NMR spectro-
scopy indicate that 4 is also found in a mixture of compounds
obtained from the reaction of [Co(acac)Cp*][40] with Li(2,5-
PC4tBu2H2) ¥ 2THF[37] in THF, but this approach provides
material that is difficult to purify and the isolated yield is low.
Whilst solutions of 4 are quite sensitive, the crystalline
phosphacobaltocene may be handled without difficulty for
short periods (1 ± 2 min) in air.


X-ray diffraction : Crystals of phosphacobaltocene 4 suitable
for an X-ray diffraction study were obtained by reduced-
pressure (1� 10�2 mmHg) sublimation at 70 �C and measured
at 150 K. A straightforward refinement revealed a classical
sandwich structure, whose eclipsed ligands straddle a crystal-
lographic mirror plane that lies perpendicular to the phos-
pholyl ligand and bisects the P and Co atoms (Figure 1). Sites
of residual electron density totaling one electron were found
lying between the vertical axis and the C� atoms on the side of
the five-membered rings remote from the cobalt atom.


Figure 1. Molecular structure of [CoCp*(2,5-PC4tBu2H2)] (4). Bond
lengths [ä] Co1�P2, 2.3238(6); Co1�C1, 2.220(1); Co1�C2, 2.110(1);
Co1�C7, 2.101(1); Co1�C8, 2.159(1); Co1�C9, 2.106(2); P2�C1, 1.782(1);
C1�C2�, 1.409(2); C2�C2�, 1.436(3); C7�C7�, 1.446(3); C7�C8, 1.414(2);
C8�C9, 1.434(2).


Abstract in French: La re¬duction du sel de phosphacobalto-
cenium [CoCp*(2,5-PC4tBu2H2)]�[BPh4]� (3 ; Cp*� penta-
me¬thylcyclopentadie¬nyle) par le magne¬sium dans le te¬trahy-
drofuranne (THF) fournit avec un rendement de 80% le
phosphacobaltoce¡ne [CoCp*(2,5-PC4tBu2H2)] (4), stable mais
sensible a¡ l×air. La structure de 4 aux rayons-X met en e¬vidence
des liaisons Co�C� et C��C� courtes, en accord avec une
orbitale mole¬culaire semi-occupe¬e (SOMO) de syme¬trie a��.
Les e¬tudes the¬oriques (Amsterdam density functional, ADF) et
la spectroscopie photoe¬lectronique e¬tayent cette attribution et
donnent des e¬nergies d×ionisation (IE) de 5.02 eV pour la
SOMO et 8.89 eV pour la ™paire libre∫ du phosphore. La
comparaison par voltamme¬trie cyclique du complexe 3 et
de son analogue en se¬rie cyclopentadie¬nyle [CoCp*(1,3-
C5tBu2H3)]�[BPh4]� (5) montre que le remplacement du
groupement CH par un atome du phosphore sp2 dans le
complexe 5 entraine un de¬placement anodique du potentiel de
0.29 V.
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Figure 2 shows that significant structural modifications
occur upon the reduction of the phosphacobaltocenium salt
3[39] to phosphacobaltocene 4. The most striking changes that
involve the phospholyl ligand are a disproportionate increase
in the mean Co�C� bond length (�3.4%) when compared to
Co�P and Co�C� (�0.8% and �2.5%, respectively), an


P
tButBu


P
tButBu
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Figure 2. A comparison of bond lengths [ä] for the phospholyl ligand in
[CoCp*(2,5-PC4tBu2H2)] (4) (bold) and [CoCp*(2,5-PC4tBu2H2)]�[BPh4]�


(3). Left: intracyclic separations, right: distances to cobalt.


elongated (�1.3%) C��C�� separation and a slightly short-
ened (�0.3%) mean C��C� distance, although this last datum
is not statistically significant at the 3� level. The P�C lengths
are not significantly affected (�0.2%). These perturbations
result in a folding of the phospholyl ligand towards the metal
about the C��C�� axis by 5.7� in 4. Analogous changes of
similar magnitude are also found within the Cp* portion of the
molecule. Distortions of this type reflect the preferred
orientation of the unpaired electron with respect to the
nondegenerate ligand �-orbitals and are well known in more
classical carbocyclic cobaltocene structures in which the
fivefold rotational symmetry of the complex is broken by
the presence of substituents.[41, 42] For 4, they very clearly
indicate that the metal centre has a more antibonding
interaction with the phospholyl �as orbital than with �s


[41]


(Figure 3), thus implying a SOMO with a�� symmetry. This
accords fully with the results obtained from the ADF
calculations presented below.


Figure 3. Phospholyl �-orbitals.


Electrochemistry : Cyclic voltammetry in THF shows that 3
undergoes two (�0.74 V, reversible[39] and �1.85 V, irrever-
sible, SCE) electrochemical reductions and that no oxidation
occurs before the onset of solvent breakdown. These are the
only quantitative data available to date for Group 9 mono-
phosphametallocenes and may be compared with oxidation
data for selected substituted cobaltocene derivatives, which
are given in Table 1. In an effort to gain a more precise
estimate of the electronic perturbation occurring upon


incorporation of a phosphorus
atom into cobaltocenes, we
prepared and measured 1,3-
di-(tert-butyl)cyclopentadienyl-
(pentamethylcyclopentadienyl)-
cobalt tetraphenylborate (5),
which was found to have a


reversible half-wave potential of �1.03 V under conditions
identical to those used for the reduction of 3. In the related
(although semi-irreversible) 18 to 19 VE reduction of phos-
phaferrocenes, the replacement of a cyclopentadienyl CH
group by phosphorus is associated with an anodic potential
shift of about 0.39 V;[43±46] it is clear that the incorporation of
the sp2 phosphorus atom confers greater stabilization upon a
ferrocenide anion than the corresponding cobaltocene
(0.29 V). The anodic potential of 4 relative to [CoCp*2 ] is
reflected in its increased first ionization potential (see below).


NMR measurements : NMR is relatively easy to observe for
classical cobaltocenes,[47] and solution-phase 1H spectra of 4
([D6]benzene, 298 K) give moderately sharp lines. Integration
shows that the phospholyl CH protons lie to high field and the
Cp* and tBu protons to low field of their positions in the
diamagnetic standard 3. All resonances move away from TMS
as the sample temperature is lowered ([D8]THF), with the
largest effects being felt at the Cp* methyl groups (Figure 4).


At room temperature, the Cp* resonance (�� 41.8 ppm) is
found close to the value for [CoCp*2 ] (�� 40 ppm),[48] and the
tBu protons (�� 7.3 ppm) resonate in the region anticipated
for tert-butyl groups in carbocyclic cobaltocenes.[49, 50] How-
ever, the phospholyl CH protons (���15.9 ppm) are only
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Figure 4. Thermal sensitivity of the proton NMR chemical shifts in 4
([D8]THF).


Table 1. First oxidation potentials for selected cobaltocenes (in V vs SCE).


Complex E(ox) Solvent Reference


[Co(NC4tBu2H2)2] � 0.44 MeCN [a]


[Co(C5HPh4)2] � 0.69 THF [b]


[CoCp*(2,5-PC4tBu2H2)] � 0.74 THF this work
[Co(C5H4PPh2)2] � 0.80 MeCN [c]


[CoCp2] � 0.89 DMF [d]


[CoCp2] � 0.94 MeCN [e]


[CoCp*(1,3-C5tBu2H3)] � 1.03 THF this work
[Co{1,3-C5H3(CMe2CH2CH�CH2)2}2] � 1.10 CH2Cl [f]


[CoCp*Cp] � 1.17 DMF [d]


[CoCp*2 ] � 1.47 MeCN [g]


[a] N. Kuhn, M. Kˆckerling, S. Stubenrauch, D. Bl‰ser, R. Boese, Chem.
Commun. 1991, 1368; [b] M. P. Castellani, S. G. Geib, A. L. Rheingold,
W. C. Trogler, Organometallics, 1987, 6, 1703; [c] D. L. Dubois, C. W.
Eigenbrot, Jr., A. Miedaner, J. C. Smart, Organometallics, 1986, 5, 1410;
[d] B. Gloaguen, D. Astruc, J. Am. Chem. Soc. 1990, 112, 4607; [e] J. D. L.
Holloway, W. E. Geiger, Jr., J. Am. Chem. Soc. 1979, 101, 2038; [f] D. Vos,
A. Salmon, H.-G. Stammler, B. Neumann, P. Jutzi, Organometallics, 2000,
19, 3874; [g] J. L. Robbins, N. Edelstein, B. Spencer, J. C. Smart, J. Am.
Chem. Soc. 1982, 104, 1882.
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slightly shifted when compared to [CoCp2] (�51 ppm).[51]


1H NMR chemical shifts in simple cobaltocenes are generally
dominated by a positive scalar coupling between metal eg


orbitals and the cyclopentadienyl carbon atom; this is relayed
to the protons through spin polarization induced within the
CH bonds,[47, 52] and the modestly shifted phospholyl CH
resonance in 4 fits with small �as SOMO localization
coefficients at the C� atom. However, the upfield shift would
not be expected for polarization induced by the negligible and
negative electron-spin density found at C� (�0.004 e) by
ADF; therefore, this mechanism seems unlikely to dominate
in 4.


The SOMO node at phosphorus in 4 is reflected in a broad
31P NMR resonance (���122 ppm, �1/2� 670 Hz) lying
98 ppm to high field of the diamagnetic precursor 3. The
upfield shift implies a small negative spin density at the
phosphorus atom[47] and is in qualitative agreement with the
�0.045 e value found in the ADF calculations.


Evans× method determinations[53, 54] give a magnetic sus-
ceptibility (�m) for 4 of 1.69 �B ([D6]benzene, 298 K), which is
close to the spin only value for a single unpaired electron.
Variable temperature determinations ([D8]THF) indicate that
4 respects the Curie law between 200 and 300 K.


Photoelectron spectroscopy : The He I and He II photoelec-
tron (PE) spectra of [CoCp*(2,5-PC4tBu2H2)] are shown in
Figure 5 and ionization energies are given in Table 2. The low-
energy region of the spectrum, bands A ± D, shows a striking
resemblance to those of [CoCp2] and [CoCp*2 ],[55] with IEs
lying between those of the two cobaltocene compounds and
being closer to those of the permethylated cobaltocene. The
first band, A, in the He I spectrum, coincides with the line due
to He being ionised by He II radiation, but its clear presence
in the He II spectrum identifies it unambiguously. Bands A ±
D can thus be assigned by analogy with previous work
(Table 2).


Band E has no analogue in the PE spectra of [CoCp2] and
[CoCp*2 ]. It shows a relative decrease in intensity in the He II
spectrum. This suggests that it arises from a � orbital of the
phospholyl ring that is largely localised on the P atom.


Density functional calculations : Selected bond lengths from
the geometry optimisation of [CoCp*(2,5-PC4tBu2H2)] with
Cs symmetry are shown in Figure 6. Good agreement is found
with the X-ray values. Calculated IEs give reasonable agree-


Figure 5. He I and He II PE spectra of [CoCp*(2,5-PC4tBu2H2)] (4).


ment with experimental values (Table 2), especially in the
lower energy bands. Thus, both structurally and electronically,
the calculation can be assumed to give a realistic picture of the
electronic structure of [CoCp*(2,5-PC4tBu2H2)].


The SOMO, 32a��, is an orbital of a�� symmetry with a node
at the P atom, consistent with the interpretation of the


Table 2. Calculated and experimental IE for [CoCp*(2,5-PC4tBu2H2)] (4), comparison with IE of [CoCp2] and [CoCp*2 ], and assignment of the metallocene
spectra.


Orbital MCp2 IE calcd IE exptl. MCp2


analogue � spin � spin 4 CoCp2 CoCp*2 assignment


32a�� e1g* 5.00 5.02 (A) 5.55 4.71 1A1g


31a�� e2g 6.84 6.49 6.51 (B) 7.15 6.39 3E1g, 3E2g,
3E1g, 1E1g,1E2g,1E1g


41a� e2g 6.80 6.53
40a� a1g 7.13 6.84
30a�� e1u 7.45 7.33 7.77 (C) 8.72 7.55 1E1u, 3E1u, 3E1g


39a� e1g 7.36 7.39
38a� e1u 8.17 8.06
29a�� e1g 8.37 7.85 8.24 (D) 9.92 8.30 1E1g


37a� P � 8.62 8.54 8.89 (E)
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Figure 6. Experimental (bold) and calculated (eclipsed configuration) data
for the phospholyl ligand in [CoCp*(2,5-PC4tBu2H2)] (4). Left: intracyclic
separations [ä], right: distances to cobalt [ä]. Bottom: calculated signs
and magnitudes of phospholyl ligand spin density [e].


crystallographic and NMR data. Its nodal character, Figure 7,
shows it to be similar to an e1g* orbital of cobaltocene. The
SOMO ±LUMO gap is 0.5 eV.


The isosurfaces of two orbitals with significant P character,
37a� and 38a�, are shown in Figure 7. The more stable one is
principally localised on the PC4 ring, but shows a bonding
interaction with the Co atom. Thus the assignment of band E
in the PE spectrum is confirmed. The stability of this
phosphorus-based orbital suggests that coordination through
phosphorus will not be highly favoured. The less stable 38a�
orbital has p� character on the phosphorus atom. The spin
density at P is calculated as �0.045, thus accounting for the
small high field shift found in the 31P NMR spectrum.


Discussion


From the uncomplicated access to monophosphacobaltocene
4, it seems clear that the 2,5-di-tert-butylphospholyl ligand
confers a greater stability upon the 19 VE metallocene
configuration than its polyphospholyl analogues. In detailed
studies of the reaction of CoII compounds with solutions
containing [LiP3C2tBu2], Nixon and colleagues have obtained
a triphospholyl(triphosphacyclopentadiene)cobalt(�) complex
6[56] and a dimetallic cubane derivative 7,[57] but no unequiv-
ocal evidence for a phosphacobaltocene. Instead, they suggest


that 6 is formed from the transient hexaphosphacobaltocene 8
through radical abstraction from the solvent and support their
hypothesis by demonstrating increased yields of triphospha-
diene 6 when doping their reaction mixture with an H source
such as cyclopentadiene.[56] Zenneck and co-workers note that
9, prepared through the coordination and oxidative addition
of the corresponding triphenylstannyltriphosphole to
[CpCo(C2H4)2], may be formulated as a triphosphacobalto-
cene derivative[58] and have also obtained some EPR evidence
for the decomposition of 9 into the reactive triphosphacobal-
tocene 10 upon reaction with florisil in pentane.[26] However,
10 proved too sensitive to allow full characterization.[59]


Finally, although the reaction of the phosphaalkyne tert-
BuC�P with metal atoms generally provides a rich source
of electron-deficient phosphametallocenes,[21, 22, 60, 61] its reac-
tion with cobalt atoms gave complexes 11, 12 and 13[62] rather
than phosphacobaltocenes. With these data, it seems reason-
able to assign a lower stability to polyphosphacobaltocenes
than the monophosphacobaltocene derivative 4.


Most studies concerning simple sandwich phosphametallo-
cenes have involved metals of the iron group and a
comparison of 4 with phosphaferrocenide anions is interest-
ing. The seminal early Fenske ± Hall theoretical treatment of
phosphaferrocenes[63] gave a monophosphaferrocene LUMO
with a� symmetry and a total ligand contribution of about
32%; this may be compared with the a�� SOMO showing 33%
ligand character that is found for the phosphacobaltocene by
ADF. Cyclic voltammetry data for phosphaferrocenes[43±46, 64]


suggest, broadly, that the reversibility of the phosphaferro-
cene reduction wave falls as the number of phosphorus atoms
rises, and Winter and Geiger have recently provided evidence
that the pentaphosphaferrocenide radical anion [Cp*FeP5]�


Figure 7. Isosurfaces for the 32a��, 38a� and 37a� orbitals of [CoCp*(2,5-
PC4tBu2H2)] (4).







FULL PAPER D. Carmichael, J. C. Green, F. Mathey et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2567 ± 25732572


(14) undergoes rapid dimerisation through two ring phospho-
rus atoms.[65] Given the comparatively poor �-acceptor
properties of the monophospholyl ligand with respect to its
polyphospholyl analogues,[60] the stability of these 19 VE
monophosphametallocene derivatives with respect to the
corresponding polyphosphametallocenes seems likely to re-
flect a lesser ligand participation in the SOMO. For 4, the
presence of steric protection about the phosphorus atom and
the C� positions, where the highest phospholyl SOMO density
is found, may provide additional stabilisation.


The simple access to 4 and the wide variety of readily
available phospholide anions[29] implies that phosphacobalto-
cenes and -cobaltocenium salts bearing substitution patterns
that are much more elaborate than 2,5-di-tert-butyl may be
accessible. It seems certain that the lone pairs in complexes
such as 3 and 4 will behave very differently from those in
classical phosphines and from each other. Given the rapidly
growing coordination chemistry of phosphametallocenes, the
possibility that sp2-phosphorus may have a useful role to play
in catalysis[66±69] and the current interest in electroactive
ligands,[70, 71] more detailed studies aimed at understanding
and controlling the properties of 3 and 4 are in progress.


Experimental Section


All operations were performed either by using cannula techniques on
Schlenk lines under an atmosphere of dry nitrogen or in a Braun
Labmaster 130 drybox under purified argon. [CoCp*(2,5-
PC4tBu2H2)]�[BPh4]�[39] and C5H4tBu2


[72] were prepared as described
previously, and magnesium powder (50 mesh) was purchased from
Sigma ± Aldrich. THF and [D6]benzene were distilled from sodium
benzophenone ketyl and pentane from sodium benzophenone ketyltetra-
glyme under an atmosphere of dry nitrogen and stored over activated 4 ä
molecular sieves prior to use. Electrochemical measurements are refer-
enced to SCE and were made on a Digital DEA-1 apparatus at platinum
electrodes under dry argon in THF with a 0.3� Bu4NBF4 electrolyte. NMR
measurements were made on a Bruker AM200 spectrometer and are
referenced to internal C6D5H or C4D7HO and external H3PO4. Mass
spectra were obtained under 70 eV electron impact by using direct inlet
methods on a Hewlett ± Packard 5989B spectrometer. He I and He II
photoelectron spectra were recorded by using a PES Laboratories 0078
spectrometer interfaced to an Atari microprocessor. They were calibrated
with He, Xe and N2.


Theoretical methods : Calculations were performed using density func-
tional methods of the Amsterdam Density Functional Package (ver-
sion 2000.02[73, 74]). Type IV basis sets were used with triple � accuracy sets
of Slater type orbitals, with a single polarisation function added to the main
group atoms. The cores of the atoms were frozen up to 2p for Co, 1s for C


and 2p for P. The generalised gradient approximation (GGA nonlocal)
method was used, by means of Vosko, Wilk and Nusair×s local exchange
correlation[75] with nonlocal exchange corrections by Becke[76] and nonlocal
correlation corrections by Perdew.[77] Ionisation energies were calculated
by direct calculations on the molecular ions in their ground and appropriate
excited states, and subtraction of the energy of the neutral molecule.


Synthesis of 4 : Magnesium powder (1.00 g, 41.1 mmol) suspended in dry,
freeze-pump-thaw-cycled THF (30 mL) was activated by stirring with 1,2-
dibromoethane (ca. 0.30 g, 1.6 mmol) for 15 mins at room temperature.
Powdered 3 (1.00 g, 1.41 mmol) was then added against a nitrogen
countercurrent and stirring was continued for 30 mins until the mixture
was deep red. The solution was pumped to dryness, extracted with dry,
degassed pentane (2� 30 mL) and filtered through dried Celite. After
further evaporation to dryness, air and moisture-sensitive deep purple
single crystals of the product were obtained by sublimation (70 �C, 1�
10�2 mmHg) (0.450 g, 83%). MS (70 eV): m/z (%): 389 (100) [M�], 359
(55), 330 (19), 317 (36) [M��C5H12]; 1H NMR (200 MHz, [D6]benzene):
�� 41.9 (s, �1/2� 145 Hz; Cp*), 7.3 (s, �1/2� 30 Hz; tBu), �15.9 ppm
(s, �1/2� 180 Hz; CH); 31P NMR (80 MHz, ([D6]benzene): ���126 pm
(s, �1/2� 730 Hz); �m


[53, 54]� 1.69 �B ([D6]benzene, 298 K).


Synthesis of 5 : A solution of n-butyllithium in hexane (1.6�, 3.4 mL,
5.44 mmol) was added dropwise to a solution of 1,3-di-tert-butylcyclopen-
tadiene (1.00 g, 5.65 mmol) in THF (30 mL) at 4 �C. After stirring at room
temperature for 2 h, the reaction was cooled to �30 �C, treated with solid
PbCl2 (850 mg, 3.06 mmol) and stirred for 30 minutes. The yellow solution
was treated with solid [{Cp*CoI2}2] (2.00 g, 2.23 mmol), stirred at room
temperature for 30 minutes and evaporated to dryness to give a brown-
yellow solid. Metathesis with NaBPh4 (1.92 g, 5.61 mmol) in MeOH gave
the crude metallocenium salt, which was extracted into CHCl3 and
recrystallised by addition of pentane. Pale rectangular air-stable crystals
of [CoCp*1,3-(C5tBu2H3)]�[BPh4]� were harvested, washed with pentane
and dried in vacuo (yield: 2.55 g, 75%). 1H NMR (200 MHz, [D]chloro-
form): �� 7.39 (brm, 8H; o-C6H5), 7.01 (t, 3J(H,H)� 7.0 Hz, 8H; m-C6H5),
6.87 (t, 3J(H,H)� 7.2 Hz, 4H; p-C6H5), 4.49 (t, 4J(H,H)� 1.65 Hz, 1H;
C�CH), 4.38 (d, 4J(H,H)� 1.65 Hz, 2H; C�CH), 1.75 (s, 15H; CH3),
1.19 ppm (s, 18H; C(CH3)3); 13C NMR (50 MHz, [D]chloroform): �� 164.8
(q, 1J(B,C)� 49.4 Hz, BC), 136.9 (s, Ph), 126.1 (s, Ph), 122.3 (s, Ph), 119.4 (s,
CtBu), 97.3 (s, CMe), 80.2 (s, C�H), 75.2 (s, C�H), 32.5 (s, CMe3), 31.0 (s,
(CH3)3), 12.1 ppm (s, CH3); MS (70 eV): m/z (%): 371 (70) [M��H
�HBPh4]; elemental analysis calcd (%) for C47H56BCo (690.7): C 81.73, H
8.17; found: C 80.81, H 8.14.


Crystal data for 4 : C22H35CoP, Mr� 389.40, orthorhombic, space group
Pnma, a� 11.3090(4), b� 17.7930(4), c� 10.5960(6) ä, V� 2132.14(15) ä3,
Z� 4, 	calcd� 1.213 gcm�3, F(000)� 836. Monochromated MoK� radiation
�� 0.71070, 
� 0.881 cm�1, T� 150 K. Of 3203 independent reflections
with h : �15 to 12, k : �25 to 16, l : 11 to 14� taken from a purple crystal of
about 0.22� 0.22� 0.20 mm and collected on a Kappa CCD diffractom-
eter, 2859 with intensity �2�(I) were refined on F2 using direct methods in
SHELXS. wR2� 0.0991, R1� 0.0342, GOF� 1.036.


CCDC 146295 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Rd, Cambridge CB2 1EZ, UK; Fax: (�44) 1233
336033 or email : deposit@ccdc.cam.ac.uk).
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A Molecular Approach to Self-Assembly of Trimethylsilylacetylene
Derivatives on Gold


Nathalie Katsonis,[a] Alexandr Marchenko,[a] Se¬bastien Taillemite,[a] Denis Fichou,*[a]
Gae» lle Chouraqui,[b] Corinne Aubert,[b] and Max Malacria[b]


Abstract: We recently discovered that a
linear multifunctional trimethylsilylacet-
ylene (TMSA) compound forms long-
range and highly stable self-assembled
monolayers (SAMs) on reconstructed
Au(111). To better understand the inter-
actions governing self-assembly in this
new system, we synthesized a series of
homologue organosilanes and per-
formed scanning tunneling microscopy
(STM) measurements at the Au(111)/n-
tetradecane interface. The four TMSA-
terminated linear silanes that we synthe-
sized self-assemble in similar ways on
gold, with the molecules standing up-
right on the surface. In contrast, com-


pounds with a slightly modified terminal
group but the same polyunsaturated
linear chain above the TMSA head do
not self-assemble. In particular, substi-
tuting a methyl group of TMSA with a
more bulky one prevents self-assembly.
Removing the C�C triple bond of
TMSA or substituting the Si atom by a
C atom also hinders self-assembly. Fi-
nally, substituting one methyl group of


TMSA by a hydrogen atom induces self-
assembly but in a different geometry,
with the molecules lying flat on the gold
surface in a quasi-epitaxy mode. Our
molecular approach demonstrates the
key role played by the TMSA head in
self-assembly, its origin being twofold:
1) the TMSA layers are commensurate
to the Au(111) adlattice along the �112�
direction, and 2) the C�C triple bond of
TMSA activates the Si atom and induces
the creation of a surface Si�Au chemical
bond. The highly stable TMSA-based
SAMs appear then as promising materi-
als for applications in surface modifica-
tion.


Keywords: chemisorption ¥ nano-
structures ¥ organosilanes ¥ scanning
probe microscopy ¥ self-assembly ¥
silanes


Introduction


Self-assembled monolayers (SAMs) of organic molecules
currently attract considerable attention, because of their
potential applications in bio and chemical sensing, corrosion
inhibition, wetting control, nanopatterning, and microelec-
tronics.[1±8] They form a variety of 2D lattices, whose crystallo-
graphic structure depends on deposition conditions and
substrate surface.[9±13] The most widely investigated self-
assembled monolayer (SAM) compounds possess a sulfur-
based anchoring group (mostly n-alkanethiols, dialkyl disul-


fides, or thioether) and are deposited on an atomically flat
Au(111) surface. These organosulfur compounds chemisorb
spontaneously on gold as organized monolayers through the
formation of gold ± sulfur bonds. A number of other SAMs
based on non-sulfur molecules have been prepared and
characterized, for example, alkylsilanes on SiO2.[14, 15]


Beside chemisorption, through the formation of a covalent
bond between a surface metal atom and an organic molecule
(such as in the case of alkylthiols and gold), self-assembly usually
results from weak molecule ± substrate and molecule ± molecule
van der Waals interactions. A typical example of a physisorbed
system is that of linear saturated n-alkanes that form various 2D
self-assemblies at the n-tetradecane/Au(111) interface depend-
ing on their chain length.[16, 17] Self-assembly is then interpreted
in terms of commensurability between the n-alkane lattice and
the interatomic distance along the Au�110� direction.


We recently reported[18] on the long-range SAM formation
of 13-(trimethylsilyl)-1-tridecene-6,12-diyne (1) at the n-
tetradecane/Au(111) interface. High-resolution scanning tun-
neling microscopy (STM) shows that this trimethylsilylacety-
lene (TMSA: -C�C-Si(CH3)3) molecule spontaneously ad-
sorbs on gold in an upright position, the trimethylsilyl group
being in contact with gold. In contrast to reactive alkylsilanes
such as R-SiH3 recently reported by Owens et al. ,[19] it is
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expected that SiR4 compounds (such as 1) do not chemically
react with gold and do not form SAMs. However, compound 1
possesses a triple bond close to the trimethylsilyl group, as


CSi Si


OH


Si


O


Si


OH


Si
tBu


Si
H


Si


1 2 3 4 5 6 7 8


well as two other unsaturated bonds in its carbon chain that
may influence self-assembly. Our preliminary results thus
raise the essential question of the nature of the interaction
between 1 and gold and suggest that a chemical reaction
between Si and Au may have occurred. Such a chemical
interaction would contribute to the long-range self-assembly,
the stability, and the creation of pits, which we will describe
below.


For the above-mentioned n-alkanes, in order to learn more
about the nature of the interaction between silane 1 and
Au(111), a series of homologous compounds with slightly
modified chemical structures (2 ± 8) was studied. Through
such a molecular approach, we expect to be able to identify
the key interactions that control adsorption and self-assembly
of 1 on gold. As a first step to this approach, we have already
reported that compound 8 (in which the silicon atom of 1 has
been subsituted by a carbon) does not self-assemble on
gold.[18] We attributed this result to the difference in size
between the trimethylsilyl and tert-butyl end-groups, the latter
being too small to allow commensurability of the organic and
gold lattices. Furthermore, in contrast to silicon, carbon
cannot adopt a pentacoordinat structure and, therefore,
cannot be chemically linked to gold. In order to check these
assumptions, we report here on the design and synthesis of a
series of linear organosilanes derived from 1 and investigate
by means of STM their ability to self-assemble at the Au(111)/
tetradecane interface.


Silane 1 is a polyunsaturated molecule with a linear carbon
chain (length �19.5 ä) terminated by a trimethylsilyl
group.[20] The triple bond close to the silicon atom rigidifies
the -Si�C�C�C- segment into a linear rod. We note that self-
assembly of linear, conjugated arylthiols has recently been
reported.[21] From a chemical point of view, the three multiple
bonds of 1 can be considered as reactive sites that could be the
basis of further chemical modification after deposition on a
substrate. This is particularly the case for the terminal double
bond (-CH�CH2) which could be used to introduce a variety
of functional substituants. In this respect, it has been recently
shown that silane 1 is a very useful precursor for a variety of
cobalt-mediated cycloaddition partners leading to function-
alized polycyclic molecules.[22]


In compounds 2 ± 4, the terminal -C�CH2 group of 1 has
been transformed into -CH2�CHOH�CH3 (2), -CH2OH (3),
and -CH�O (4) functions, respectively, in order to check the
influence of molecule ± molecule interactions on self-assem-
bly, while retaining the essential (CH3)3Si�C�C- TMSA
segment. Compound 5 essentially differs from 1 by the
absence of the -C�C- triple bond above the Si atom and will
be useful to evaluate its importance on adsorption. In
addition, compounds 6 and 7 have been selected to investigate
how a slight modification of the size of the end-group (smaller
with H in compound 7 and larger with tBu in compound 6) can
affect the substrate ± molecule interaction. Finally, molecule 8
allows a direct comparison between carbon and silicon as the
central atom of the terminal group.


Results and Discussion


Synthesis of the silane derivatives : 1,3-Trimethylsilyl-tridec-1-
ene-6,12-diyne (1) was prepared by following a procedure
described elsewhere.[20] Silanes 2 ± 4 were prepared from the
reaction sequence depicted in Scheme 1. Sequential quanti-
tative silylation of the triple bond of 2-(dodeca-5,11-diynyl-
oxy)tetrahydropyran,[23] acid-catalyzed deprotection of the
tetrahydropyranyl ether (quantitative), and Swern oxidation
of the resulting alcohol 3 afforded the aldehyde 4 in 81 %
yield. Finally, addition of the methyl Grignard led to alcohol 2
in 78 % yield.


OTHP OH


Si


O


Si


OH


Si


a), b)


3 4 2


c) d)


Scheme 1. Synthesis of trimethylsilyl-enediynes 2 ± 4. a) nBuLi, THF,
�78 �C, ClSiMe3, quant. b) cat. PTSA, MeOH, quant. c) (COCl)2, DMSO,
CH2Cl2, �78 �C to RT, 81 %. d) MeMgBr, Et2O, 0 �C, 78%.


Then, silylation of tridec-1-ene-6,12-diyne either with tert-
butyldimethylsilylchloride or chlorodimethylsilane afforded
the enediynes 6 and 7 in 84 % and 69 % yield respectively
(Scheme 2).


Finally, compound 8 was prepared as outlined in Scheme 3.
Alkylation of the lithium tert-butylacetylide with 2-(5-bromo-
pentoxy)tetrahydropyran[24] provides the ether 9 in 74 %
yield. After deprotection, the resulting quite volatile alcohol
10 was oxidized[25] and then transformed into the dibromo-
olefin 11 in 43 % yield over the two steps.[26] Reaction of 11
with n-butyllithium and consecutive alkylation with 2-(4-
bromobutoxy)tetrahydropyran led to the corresponding ether
in 31 % yield. Subsequent acid hydrolysis yielded alcohol 12,
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Scheme 2. Synthesis of enediynes 6 and 7. a) nBuLi, THF, �78 �C;
ClSiMe2tBu, 6 : 84 % or ClSiMe2H, 7: 69%.
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Scheme 3. Preparation of the tert-butylenediyne 8. a) 1. nBuLi, �78 �C,
THF; 2. HMPA, Br(CH2)5OTHP, 74%. b) cat. PTSA, MeOH, 99%.
c) (COCl)2, DMSO, CH2Cl2, �78 �C to RT. d) CBr4, PPh3, CH2Cl2, RT,
43% overall. e) 1. nBuLi, �78 �C, THF; 2. HMPA, Br(CH2)4OTHP, 31%.
f) as b), 91%. g) as c). h) nBuLi, Ph3PCH3Br, �78 �C to RT, 71% overall.


which was then successively submitted to a Swern oxidation
and a Wittig reaction to finally furnish 8 in 65 % overall yield.


Characterization of the Au(111)/n-tetradecane interface : The
use of a liquid as tunnelling medium is particularly adapted to
the STM study of molecules adsorbed on surfaces at ambient
temperature. It allows both the deposition of the organic
adsorbate and its local ™in situ∫ observation.[27±29] Another
advantage is that the high purity liquid in which the STM tip is
immersed protects the tunnelling gap against humidity and
pollution. Here we use high purity n-tetradecane, a nonpolar
liquid with a low vapor pressure, which prevents rapid
evaporation.


Reconstructed Au(111) is a major requirement to observe
self-assembly. Unlike other fcc metal close-packed (111)
surfaces, the Au(111) surface undergoes reconstruction when
it is perfectly clean, such as when it is in ultra-high vacuum.[30]


The ideality of the Au(111) surface can then be controlled by
checking the presence of the (23�	


3) superstructure.
Importantly, this herringbone feature can be observed at the
Au(111)/n-tetradecane interface as shown in Figure 1. For


Figure 1. Typical STM image (80� 80 nm2; It � 90 pA; Ut � 215 mV) of a
reconstructed Au(111) surface recorded in n-tetradecane at �293 K. The
herringbone feature throughout the image corresponds to the reconstruc-
tion stripes of gold. At this temperature, individual n-tetradecane
molecules are also visible and are adsorbed in lamellae along the gold
stripes.


temperatures below 293 K, it is even possible to observe the
individual n-tetradecane molecules lying flat on Au(111), the
thickness of the adsorbed n-tetradecane monolayer being
about 1.5 ä. Adsorbed n-tetradecane molecules align along
the reconstruction stripes of gold and adopt a lamellar
structure. When organic molecules are solvated in n-tetrade-
cane, preferential adsorption of these molecules takes place if
they have a higher molecular weight than n-tetradecane and/
or a higher affinity with reconstructed Au(111).[16, 31] For
temperatures higher than 293 K by 2 ± 3 degrees, STM shows
that n-tetradecane does not adsorb on gold anymore (al-
though the bare surface still exhibits the typical reconstruc-
tion stripes).


Self-assembly of TMSA-terminated molecules 1 ± 4 : As for
silane 1, deposition of a monolayer of the other three TMSA-
terminated compounds 2, 3, and 4 on reconstructed Au(111)
results in the same network of randomly distributed pits
(Figure 2). The STM images show that these organized
monolayers extend over several hundreds of nanometers.
The pit-like structure is not observed with compounds 5 ± 8,
which either do not self-assemble or self-assemble in a
different fashion (see below). As we expected, these results
confirm the importance of the TMSA termination in the
adsorption and self-assembly of compounds 1 ± 4.


The depressions created in the monolayers of molecules 1 ±
4 have a constant depth of 2.4 ä equal to a single atomic
Au(111) step height (Figure 2b). Very similar pit holes are
observed for n-alkanethiol monolayers adsorbed on
Au(111),[32] which, notably, also have the same depth of
2.4 ä.[33] These depressions are usually interpreted as vacan-
cies in the gold layer rather than defects in the n-alkanethiol
layer.[34] The commonly accepted interpretation for their
formation in the case of alkanethiols is that the chemical bond
between the sulfur and the gold atoms leads to the etching of
some atoms from the Au(111) surface.[10] By analogy, the
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Figure 2. Typical STM images of two monolayers of TMSA compounds at
the reconstructed Au(111)/n-tetradecane interface. a) Compound 2 (175�
175 nm2; It � 90 pA; Ut � 210 mV). b) Compound 4 (170� 170 nm2; It �
96 pA; Ut � 500 mV).


presence of etch-pits in SAMs of TMSA compounds strongly
suggests the existence of a chemical bond between the
molecules and the Au(111) surface.


In contrast to n-alkanethiols, which form numerous meta-
stable structures on Au(111), SAMs of compounds 1 ± 4 are
free of grain boundaries (within the limits of individual gold
terraces) and are homogeneous over distances of several
hundreds of nanometers. In order to reach a minimum
interaction energy, n-alkanethiol molecules occupy the same
adsorption sites on Au(111), but adopt slightly different
molecular planes in the unit cell. This structural restriction
creates strains and domains, thus inhibiting the formation of a
long-range two-dimensional order. Therefore, the absence of
grain boundaries for TMSA compounds 1 ± 4 suggests that the
organic overlayers are commensurate to the Au(111) lattice.


Moreover, molecule ± molecule interactions probably also
play a role in the self-assembly of TMSA-silane/Au(111)
systems. Organic molecules deposited on Au(111) can inter-
connect by lateral interchain mechanisms, such as � stacking,
hydrogen bonding, dipole coupling, or covalent attachment.[35]


Multiple unsaturated bonds and oxygen-containing groups in
silanes 1 ± 7 along the chain or at the distal end suggest
contributions of � stacking interactions and hydrogen bond-
ing. In addition, it is worth noting that the double and triple
bonds, if not conjugated, also rigidify the chains and thus
further stabilize the self-assembly.


Structure of the TMSA monolayers on gold : High-resolution
STM images of TMSA compound 1 show a close-packed
hexagonal arrangement (Figure 3a). The lateral repeat dis-
tance between molecules is quantified in the cross-sectional
profile and equal to 5.0
 0.1 ä. Since this distance corre-
sponds to the diameter of the TMS group,[36] it suggests that
each molecule has an overall linear conformation and stands
nearly upright on the surface. Another argument in favor of
such a vertical position is the circular shape of the molecular
spots on the STM images, which are incompatible with
molecules lying flat on gold. The distance between neighbor-
ing molecules (�5 ä) is close to T


	
3, whereby T� 2.88 ä is


the interatomic distance on the Au(111) surface. The separa-


Figure 3. a) High-resolution STM image (14� 14 nm2; It � 150 pA; Ut �
250 mV) of a self-assembled monolayer of TMSA 1 at the Au(111)/n-
tetradecane interface. The unit cell is indicated by a white hexagon. The
cross-sectional profile below the image was recorded along the white line.
The dark area inside the white square in the upper right part of the image
corresponds to a pit hole whose inner structure is shown in b. b) Magni-
fication of the square area (5.5� 5.5 nm2) filtered through a Fourier
transform treatment. c) Top view of one of the two possible hexagonal
arrangements of the commensurate


	
3�	


3(R30�) overlayer of 1 on
Au(111). Here, the molecules occupy the top-sites of gold atoms. d) Side-
view along the �112� gold axis of the overlayer of 1 on Au(111) showing a
pit hole. Gold atoms are located alternately in the front (full circles) and
back (dashed circles) planes parallel to this page.


tion between neighboring molecules appears then to be
precisely the distance between second-neighboring �110� Au
rows. This means that molecules of 1 are bound either in







FULL PAPER D. Fichou et al.


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2574 ± 25812578


equivalent threefold hollow sites or on top sites of Au(111),
for which the same lattice vectors are expected. In both cases,
adlattice of 1 is then perfectly commensurate with the
Au(111) lattice along the �112� direction as representated
on Figure 3c. Monolayers of 1 adsorbed on Au(111) form a so-
called (


	
3�	


3)R30� structure with lattice vectors (a� b�
5
 0.2 ä).


The STM image in Figure 3b results from a Fourier
transform filtering of the etch-pit area inside the white square
of Figure 3a. It reveals the presence of a hexagonal structure
inside the pit that has the same lattice vectors than the
molecular adlattice. It demonstrates that the pit holes are also
covered with self-assembled molecules. This is in agreement
with the assumption that these depressions do not correspond
to molecular vacancies in the organic monolayer, but rather to
vacancies in the Au(111) layer (Figure 3d).


Under our experimental conditions, monolayers of 1 are
stable for several hours without observed changes. After four
hours, the solvent had evaporated, leaving a dry film with the
same hexagonal molecular packing on the gold surface
(Figure 4a). The stability of the layer should thus be a
consequence of a static anchoring of the molecules.


Figure 4. a) STM image (6.7� 6.7 nm2; It � 150 pA; Ut � 250 mV) of a dry
film of 1 on Au(111) recorded after complete evaporation of n-tetradecane.
b) STM image (30� 30 nm2; It � 33 pA; Ut � 1.612 V) of a monolayer on
Au(111), obtained by deposition of a mixture (50:50 v/v) of silane 1 and n-
dodecanethiol in n-tetradecane. The white lines delineate the domains
inside which silane 1 self-assembles.


To evaluate the stability of silane 1, we performed co-
adsorption experiments with n-dodecanethiol on Au(111).
Figure 4b is a large-scale STM image of a mixed monolayer
obtained after deposition of a 50:50 (v/v) mixture in n-
tetradecane with a concentration of about 0.05 mgmL�1. The
three inner domains, delineated by the white lines, exhibit the
same hexagonal structure as in Figure 3a and can be
attributed to silane 1. The rest of the scanned area is rather
disordered, with the exception of some local preferential
alignments that can be attributed to n-dodecanethiol. As a
matter of fact, it has already been reported that n-dodec-
anethiol monolayers on Au(111) usually form small domains
organized in a c(4� 2) superstructure.[9, 10] Given that the
respective 2D-lattices of silane 1 and n-dodecanethiol do not
fit together, this image highlights the exceptional self-assem-
bling properties of silane 1 on gold; this can be compared with
SAMs that are commonly used in numerous applications.[37]


However, our STM images do not allow us to evaluate
precisely the respective proportions of silane 1 and n-
dodecanethiol in the mixed monolayer composition, although
it seems to be similar to the 50:50 (v/v) ratio of the starting
solution in n-tetradecane.


Self-assembly of silanes 2 ± 4 : Figure 5a shows a small-scale
image of TMSA compound 2 on Au(111). It is also typical of
images obtained with compounds 3 and 4, all three bearing a
distal end-group that contains an oxygen atom (alcohol or
aldehyde) instead of the vinyl group of 1. In spite of repeated
attempts, STM resolution at the molecular level was never as
clear as that obtained with compound 1. This can be attributed
to the structure of the molecule itself, whose higher polar-
izability enhances the interaction with the intense and non-
homogeneous electric field in the STM tunelling gap. How-
ever, analysis of Figure 5a shows that the monolayer is made
of parallel rows separated by a distance of �10 ä, a distance
approximately double of that between molecules 1 (see
Figure 3a). This suggests that individual molecules of 2 are
paired through hydrogen bonds between their respective OH
groups, as has been reported recently by Xu et al. for
chlorophile derivatives.[38] This pairing would then lead to
the apparent substructure of parallel alignments masking the
underlying hexagonal packing.


Figure 5. a) STM image (60� 60 nm2; It � 100 pA; Ut � 0.323 V) of silane
2 at the Au(111)/n-tetradecane interface. Higher STM resolution is
intrinsically hindered due to the high polarizability of the distal OH group
of silane 2.
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Non-TMSA compounds 5 ± 8 on Au(111): In molecules 5 ± 8,
the TMSA head group has been slightly modified so that the
influence of each of its subunits on self-assembly can be
studied independently. The triple bond is suppressed in 5, one
methyl group is changed into a tert-butyl group in 6 and into
an hydrogen atom in 7, and finally the silicon atom is changed
into a carbon one in 8. Except for silane 5, we have been able
to keep the same polyunsaturated chain as that of silane 1.


Under our experimental conditions, the STM images at the
n-tetradecane/Au(111) interface never show any evidence of
self-assembly for molecules 5, 6, and 8. In contrast, silane 7
self-assembles on gold, but adopts a different geometry as
compared to silane 1 (see below). The absence of self-
assembly for molecule 8 confirms the key role played by the Si
atom through 1) the size of the TMS group (commensurabil-
ity) and 2) its chemical reactivity with gold (pentacoordinated
complex). In addition, the disordered films obtained with 5
confirms that the �-electrons rich C�C triple bond is
necessary to activate the reactivity of Si towards Au. Finally,
the absence of self-ordering for molecule 6 can be attributed
to the steric hindrance introduced by the bulky tert-butyl
group, which prevents the Si atom from being sufficiently
close to the gold surface.


The case of silane 7 is particularly demonstrative. Replace-
ment of one methyl by a hydrogen atom is expected to induce
chemisorption on Au(111) for two reasons. First it allows the
Si atom to get closer to the gold surface and second it makes Si
more reactive towards gold. Figure 6a reveals a mosaiclike
structure that contains separated domains with highly ordered
stripes (or lamellae) aligned along three preferential direc-
tions oriented at 120�. Given that the Au(111) surface has a
threefold symmetry and thus possesses three physically
equivalent directions, one can assume that the monolayer of
7 is in quasi-epitaxy with Au(111). Figure 6b is a small-scale
image of the SAM. The overlayer consists of a close-packed
arrangement of lamellae separated by troughs; it also contains
some packing defaults that sometimes break or bend the
lamella. STM images show that in most of the monolayer area
the width of these lamellae is �2 nm, as shown by the cross-
sectional profile. This lamella width corresponds to the length
of molecule 7, indicating that molecules lie flat on the surface,
with their main axis perpendicular to the lamellae direction.
However, in some restricted regions (e.g., in the upper-right
part of Figure 6b) lamellae shorter than 2 nm are also
observed. We know that in the case of nonsymmetric linear
molecules (such as compound 7), head-to-head or head-to-tail
arrangements can coexist. It appears that self-assembly of 7
essentially generates a head-to-tail arrangement with a minor
contribution of a head-to-head one (see scheme in Figure 6c).


Remarkably, the reconstruction stripes of Au(111) are not
visible on any of the images of molecule 7 that we recorded.
This is in contrast with adsorption of long-chain aliphatic
compounds physisorbed on Au(111). It has been recently
reported[5, 16, 17] that long-chain n-alkanes physisorbed on
Au(111) are ™transparent∫ to reconstruction lines. The lifting
of Au(111) reconstruction through a monolayer of molecule 7
(and also of TMSA compounds 1 ± 4) is typical of chemisorp-
tion and can be considered as a further evidence of the
formation of a chemical bond between Si and Au.


Figure 6. a) Self-assembly of molecule 7 at the Au(111)/n-tetradecane
interface observed by STM (150� 150 nm2; It � 0.618 pA; Ut � 189V). The
mosaic-like structure contains separated domains aligned along three
preferential directions at 120� marked by white lines. b) STM image (40�
40 nm2; It � 189 pA; Ut � 0.553 V) of the close-packed arrangement of
lamellae of compound 7 and their corresponding cross-sectional profile
recorded along the white line. c) Two schematic side-views of the overlayer
structure of 7 on Au(111) along one of the three observed directions. Both
the predominant head-to-tail (red) and minority head-to-head (blue)
arrangements observed in self-assembly of molecule 7 are represented
here. d) Possible bonding configuration for molecule 7 on Au(111)
involving elimination of the hydrogen atom.
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The nature of the TMSA/gold interaction : In the light of the
above results, it is now possible to refine our interpretation of
the nature of the molecule ± substrate interaction. The inter-
action between the TMSA compounds 1 ± 4 and gold is
certainly affected by the van der Waals stabilization induced
by the perfect commensurability of the organic adlayer on the
Au(111) lattice. However, our STM results (in particular the
creation of pit holes and high stability) also confirm that a
chemical reaction between Si and Au atoms has occurred. The
hypothesis that we recently proposed of the formation of a
local surface complex between TMSA and gold now appears
very credible.[18] One possible mechanism is based on the
activation of the Si atom by an electron-withdrawing and
sterically compact group (like the C�C triple bond of the
TMSA motif). Such an activated Si atom can then become
pentacoordinate and adopt a bipyramidal geometry when in
contact with an electron-donat-
ing atom (such as Au).[39]


Along this line, the most likely
binding configuration of the
surface complex formed be-
tween silane 1 and Au(111) is
represented in Scheme 4. The
three methyl groups would
then be in a plane parallel to
the surface plane, the linear
polyunsaturated chain standing
upright above the pentacoordi-
nate Si atom. To our knowl-
edge, this is the first report of such a local surface complex. In
a further step, we now plan to investigate the nature of the
Si�Au bond by means of surface spectroscopy techniques, for
example, X-ray photoelectron spectroscopy.


Conclusion


We have developed a molecular approach aimed at under-
standing the self-assembly mechanism of multifunctional
linear TMSA compounds on reconstructed Au(111). We have
synthesized a series of eight polyunsaturated organosilane
homologues, each with slightly different chemical structures,
and investigated their respective self-assembly properties by
means of STM at the n-tetradecane/Au(111) interface. We
show that all synthesized TMSA-terminated silanes self-
assemble on gold in an upright position under the combined
actions of 1) commensurability of the TMSA head with the
gold adlattice and 2) creation of a surface Si�Au chemical
bond.


The unique combination of these two features ensures that
the resulting SAMs have an exceptional stability and long-
range ordering. A slight chemical modification of the TMSA
moiety generally leads to disordered layers, either by breaking
commensurability (introduction of a bulky substituent on the
TMSA head) or deactivating the chemical reactivity of Si with
Au (removal of the adjacent C�C triple bond). Substitution of
one methyl group of TMSA by a hydrogen atom provides an
activated SiR3H compound with an asymmetrical silyl end-


group. This interesting multifunctional linear silane self-
assembles on gold with the molecules lying flat on the surface
and aligned in lamellae oriented along either of the three
preferential directions of the threefold symmetry Au(111) in a
quasi-epitaxy mode.


Taking advantage of their remarkable stability, we are now
investigating the electrical and optical properties of these new
TMSA-based SAMs by various techniques. In particular, we
will study the STM-induced photon emission at the liquid/
solid interface as well as transport properties by scanning
tunnelling spectroscopy. We have also started investigations
on the nature of the chemical bond between Si and Au by
means of X-ray photoelectron spectroscopy using a synchro-
tron source. Finally, TMSA-based SAMs are also promising
for nanopatterning applications with the possibility to write
motifs down to the molecular scale.


Experimental Section


Synthesis


General methods : Reactions were carried out under argon. Diethyl ether
and THF were distilled from sodium/benzophenone under nitrogen before
use. CH2Cl2 was dried and distilled from CaH2. HMPA was distilled under
reduced pressure after drying with CaH2. Thin-layer chromatography
(TLC) was performed on Merck 60F254 silica gel. Merck Geduran SI 60A
silica gel (35 ± 70 �m) was used for column chromatography; PE and EE
refer to petroleum ether and diethyl ether, respectively. IR spectra were
recorded with a Perkin ± Elmer 1420 spectrometer. 1H NMR and 13C NMR
spectra were recorded with 400 MHz ARX 400 Bruker spectrometer,
chemical shifts are given in ppm, referenced to the residual proton
resonances of the solvent (�� 7.26 ppm for CDCl3). Coupling constants (J)
are given in Hertz (Hz). The terms m, s, br s, d, t, q, and quint refer to
multiplet, singlet, broad singlet , doublet, triplet, quadruplet, and quintu-
plet, respectively. All reactions were worked up as the following general
procedure : dilution with Et2O, washing with a saturated solution of NH4Cl
and brine, dried over Na2SO4, filtered, and concentrated in vacuo.


For further details of the synthesis see the Supporting Information.


Surface preparation : Gold substrates were prepared from gold films
(thickness �150 nm) deposited in ultra high vacuum (�5� 10�8 Pa) onto a
freshly cleaved mica surface heated at �600 K. Reconstruction of the
Au(111) surface was ensured by a careful annealing of the gold films in a
gas flame (propane ± air) and were systematically checked by STM before
sample deposition. A small quantity of the organic compound
(�0.05 mg mL�1) was then mixed in n-tetradecane (99� % purity,
Aldrich), and a droplet of this solution was deposited onto the Au(111)
substrate.


Scanning tunneling microscopy : STM images of bare gold and compounds
1 ± 8 deposited on gold were recorded in n-tetradecane at room temper-
ature (293 ± 298 K) by using a Pico-SPM (Molecular Imaging). The STM tip
was a Pt/Ir (80:20) wire sharpened by mechanical cutting. The experimental
error in the measured lateral distances was within 5%. Multiple STM
images recorded in the constant-current mode were obtained with different
samples and conditions to test for reproducibility and ensure that the
results were free of tip and sample artefacts. All STM images were
flattened by software routines.
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Scheme 4. Possible binding
configuration for TMSA-based
silane 1 on Au(111) involving a
pentacoordinated Si atom in a
bipyramidal geometry.
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Polymer-Supported Triazenes as Smart Reagents for the Alkylation of
Carboxylic Acids


Bernhard Erb,[a] Jean-Philippe Kucma,[b] Sandrine Mourey,[c] and Fritz Struber*[a]


Abstract: Starting from polystyrene, a
simple four-step synthesis of polymer-
supported alkyltriazenes (alkyl�Me,
Et, benzyl) is described. With this syn-
thesis, a loading capacity of 2.2 mmolg�1


can be reached. The most prominent
application of these polymer-supported


reagents is the rapid, highly selective
and high-yielding esterification of car-


boxylic acids, which involves a simple
™mix and filter off∫ procedure at room
temperature. If stored in a refrigerator,
these reagents are stable for many
months and they can be recycled several
times.


Keywords: alkylation ¥ combinato-
rial chemistry ¥ diazo compounds ¥
polymers ¥ solid-phase synthesis


Introduction


Alkylating agents are among the classes of reagents most
commonly used in organic synthesis. In addition to the known
reagents (e.g. alkyl halides, alkyl triflates, Meerwein salts and
diazoalkanes) there is still a demand for less toxic, more
stable, more selective, easier to handle and recyclable
alkylating agents. 3-Alkyl-1-aryltriazenes[1] are known for
the low-temperature alkylation of acidic substances (carbox-
ylic acids, phenols, enols) under mild conditions, but so far
they have not reached widespread application in synthesis.


3-Methyl-1-p-tolyltriazene 1 is a commercially available but
toxic solid that can replace the far more toxic and explosive


diazomethane in many methylation reactions.[2] Polymer-
supported reagents have become state-of-the-art tools in
organic synthesis because of their easy handling, easy work-up
and their increased safety compared with classical reagents.[3]


In the polymer-supported triazenes (PSTs) the advantages of
triazenes[4] and polymer-supported reagents are unified. The
synthesis of methyl esters directly from carboxylic acids by
using polymer-supported O-methylisourea has recently
been described by Linclau.[5] Rademann×s group[6] have found
PSTs to be excellent reagents for this purpose, which react
well at room temperature and which are commercially
available.[7] PSTs have also been used by Br‰se et al. for the
synthesis of alkyl halides and esters,[8] as well as for alkyl
sulfonates.[9] Furthermore, PSTs have been used as cleavable
supports for solid-phase synthesis.[10, 11] We describe here
further examples of the synthetic scope of PSTs as alkylating
agents, and in particular we describe an improved procedure
for their preparation. It involves an efficient four-step syn-
thesis starting from simple polystyrene rather than from the
more expensive chloromethyl polystyrene used by Rademann
and Br‰se. This new methodology was optimized with
ecological and safety criteria, as well as the economical aspect
in mind.


Results and Discussion


Synthesis of polymer-supported triazenes : Starting from
commercially available polystyrene 1% cross-linked with
divinylbenzene, the PSTs were synthesized in four simple
steps (Scheme 1).


The nitration of polystyrene to poly(p-nitrostyrene) 2 was
best performed with 94% HNO3 at 0 �C, under which
conditions elemental analysis indicated 100% nitration.[12]
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Nitration was also possible with a mixture of 65% HNO3 and
H2SO4, however the product was agglutinated and could not
be reduced fully in the next step. The reduction of 2 to the
poly(p-aminostyrene) 3 was successful with pure phenyl
hydrazine at 160 �C.[13] The use of xylene as a cosolvent led
to incompletely reduced material. However pure phenyl
hydrazine showed a strong exothermic decomposition above
160 �C according to differential scanning calorimetry. At
120 �C the reduction was still effective, and the safety risk
could thus be minimized, but for the routine use of this
procedure on a larger scale more detailed calorimetric
measurements have to be carried out. The reaction was
monitored by IR spectroscopy and elemental analysis. Other
reducing agents (Na2S2O4/H2O[14] at 70 �C, Na2S/S/H2O[15] at
150 �C and 6 bar or SnCl2 ¥ 2H2O/EtOH[16] at 70 �C) were
ineffective according to elemental analysis. Classical aqueous
diazotation[14] with HCl/NaNO2 led successfully to the poly-
mer-bound diazonium salt 4, whilst diazotation with tert-
butylnitrite/BF3 ¥Et2O[11, 17] or NOBF4


[18] in organic solvents
was less successful. The diazotation reaction was best
monitored by quenching samples of 4 with amine and
checking the activity of the resulting PST 5. The amination
of 4 to the desired poly(p-alkyltriazenestyrenes) 5 a ± 5 d was
best performed with aqueous solutions of the corresponding
amine. The tert-butyl derivative 5 c decomposed during
isolation or use as reagent, with the release of 2-methyl-
prop-1-ene, presumably in a reaction initiated by the proton-
ation of the triazene moiety involving the tert-butyl cation.[19]


The loading of the PSTs was easily determined by esterifica-
tion of an excess of benzoic acid in CDCl3; after an aliquot
had been decanted, an NMR spectra was taken. From the
extent of conversion to the corresponding benzoate ester, the
loadings were calculated as follows: 1.7 ± 2.2 mmolg�1 for
Me-PST 5 a, 0.9 mmolg�1 for Et-PST 5 b and 0.8 mmolg�1 for
Bn-PST 5 d (Bn� benzyl). It has to be mentioned that the
maximum loading for noncopolymerized 5 a should be


6.2 mmolg�1. One explanation for the lower loading could
be the intramolecular coupling of two equivalents of the
diazonium salt with the amine to yield pentazenes.


The preparation described above is a simple approach to
the desired functionalized reagents. The synthesis shows
economical merits in comparison with the existing syntheses
of PSTs on Merrifield resin and was done on larger scale
starting from 750 g polystyrene.


Applications of polymer-supported triazenes : The outstand-
ing feature of PSTs was shown to be the esterification of
carboxylic acids, which can be done in a simple ™mix and filter
off∫ procedure at room temperature. In order to study the
scope and limitations of the PSTs, 20 acids with different
structural and electronic features were alkylated, mainly with
Me-PST 5 a (Table 1). As seen from the table, phenyl groups,
double bonds, asymmetric centres, amino groups, aliphatic
and aromatic hydroxy groups were not affected. In most cases
stirring the carboxylic acid solution with 1.2 equivalents of
PST for 1 to 24 h is sufficient for complete esterification. After
filtration of the resin and evaporation of the solvent, the pure
ester was obtained. Although N-protected �-amino acids
(entry 23) worked well, unprotected amino acids failed to
react. Et-PST 5 b (entry 2) and Bn-PST 5 d (entry 3) were
tested only with benzoic acid, and also showed a clean and
high-yielding conversion. A broad range of solvents like
CH2Cl2, DME, MeCN, THF or DMF was successful for
esterification with PSTs, but CH2Cl2 was the solvent of choice
due to reaction speed and ease of product isolation.


As indicated above, the reaction is initiated with the
protonation of the triazene moiety, and therefore the pKa


value of the acid greatly influences the reaction time.Whereas
treatment of benzoic acid 6 (pKa� 4.2)[20] in DME with
1.2 equiv of 5 a for 1 h gave a conversion of 35%, 4-nitro-
benzoic acid 7 (pKa� 3.4)[20] gave a conversion of 94%
according to HPLC. The high selectivity of PSTs for
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Scheme 1. Synthesis of polymer-supported triazenes (PSTs) 5a ± d from polystyrene and their application in the esterification of carboxylic acids at room
temperature.
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Table 1 Alkylation of carboxylic acids with Me-PST 5 a, Et-PST 5 b or Bn-PST 5d at room temperature.


Acid Product Conditions Purity (GC) Isolated
Yield


1 1.2 equiv 5 a
CH2Cl2, 3 h


98.9% 83%


6 6 a


2 6 1.2 equiv 5 b
CH2Cl2, 4 h


99.3% 79%


6 b


3 6 2 equiv 5 d
CH2Cl2, 6 h


89.3% 99%


6 d


4 1.5 equiv 5 a
DME, 16 h


99.2% 97%


7 7 a


5 2 equiv 5 a
DME, 4 d


98.9% 100%


8 8 a


6 2 equiv 5 a
DME, 22 h


96.0% 87%


9 9 a


7 1.2 equiv 5 a
DME, 21 h


99.4% 93%


10 10 a


8 1.2 equiv 5 a
DME, 22 h


98.1% 89%


11 11 a


9 1.2 equiv 5 a
DME, 4 d


98.3% 100%


12 12 a


10 2.4 equiv 5 a
DMF, 5 d


100% 66%


13 13 a


11 1.2 equiv 5 a
CH2Cl2, 24 h


99.9% 86%


14 14 a


12 1.2 equiv 5 a
MeCN, 6 h


99.5% 91%


15 15 a


13 2.4 equiv 5 a
DME, 1 h


95.4% 81%


16 16 a


14 2.4 equiv 5 a
DME, 1.5 h


96.1% 85%


17 17 a
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carboxylic hydroxy groups is a result of this fact. Other less
acidic hydroxy groups like phenols, alcohols or enolizable
carbonyl functions are barely affected in the presence of a
carboxylic acid. However phenols also react with PSTs and, as
expected, the pKa is a crucial
parameter. Phenol 27 (pKa�
10.0)[21] treated with 2 equiv of
Me-PST in CH2Cl2 showed 8%
conversion to anisole 27 a after
1 d (Table 2, entry 1), whereas
4-nitrophenol 28 (pKa� 7.2)[21]


was converted with 74% to
the corresponding ether 28 a
after only 7 h (Table 2, entry 2).
Interestingly, addition of HCl
or an acidic ion exchanger did
not reduce the reaction time.
For the synthesis of 28 a, DME
was the solvent of choice be-
cause of the higher product
solubility (Table 2, entry 3).


Acetophenone (pKa� 19.1)[21] in CDCl3 stirred for 3 h with
2 equivalents of 5 a showed no enolether formation accord-
ing to NMR spectra. Aliphatic alcohols did not react with
PSTs.
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Table 1 (continued).


Acid Product Conditions Purity (GC) Isolated
Yield


15 1.2 equiv 5 a
CH2Cl2, 3 h


98.4% 42%
18 18a


16 4 equiv 5 a
DME, 17 h


98.0% 93%


19 19a


17 1.2 equiv 5 a
CH2Cl2, 1 h


80.0% 55%


20 20a


18 1.2 equiv 5 a
CH2Cl2, 2 h


95.6% 88%


21 21a


19 1.2 equiv 5 a
DME, 3 h


99.0% 34%
22 22a


20 2 equiv 5 a
CH2Cl2, 24 h


96.6% 94%
23 23a


21 1.2 equiv 5 a
CH2Cl2, 20 h


98.9% 94%24 24a


22 no significant
reaction


1.2 equiv 5 a
H2O or 1�
HCl/THF (1:1)


± ±


25


23 2 equiv 5 a
CH2Cl2, 3 h


98.8% 92%


26 26a


Table 2 Alkylation of phenols with Me-PST 5 a at room temperature.


Phenol Product Conditions Conversion Isolated
(HPLC) yield


1


2 equiv 5 a
CH2Cl2


1 d: 8%
3 d: 21%
14 d: 44%
77 d: 57%


±


27 27a


2
2 equiv 5 a
CH2Cl2


1 h: 46%
4 h: 60%
7 h: 74%


±


28 28a


3 28 28a 2 equiv 5 a 1 h: 83% ±
DME 1 d: 98% ±


3 d: 99% 94%
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Stability of polymer-supported triazenes : 3-Alkyl-1-aryltria-
zenes are known to decompose when treated with acids[1, 22, 23]


or metal ions.[24] As stated above tBu-PST 5 c decomposed
during isolation or use at room temperature. Me-, Et- and Bn-
PST (5 a, 5 b, 5 d) are only moderately stable at elevated
temperatures (Table 3). This is in agreement with the differ-
ential scanning calorimetry.[25] Me-PST 5 a begins to decom-
pose exothermically at 55 �C (Figure 1), whereas decomposi-
tion of the monomolecular 3-methyl-1-p-tolyltriazene 1 starts
after melting at 85 �C (Figure 2). Et-PST 5 b starts to decom-
pose at 70 �C and Bn-PST 5 d at 60 �C. PSTs suffer minimal
loss of activity when stored in the dark at �4 �C, however Bn-
PST 5 d is more temperature sensitive than 5 a or 5 b. These
data are insufficient to assess the safety of storing large


Figure 1. Differential scanning calorimetry thermogram of Me-PST 5a
(loading: 1.6 mmolg�1). Gold-plated steel crucible sealed under argon;
test: 4.76 mg, dynamic.


Figure 2. Differential scanning calorimetry thermogram of 3-methyl-1-p-
tolyltriazene 1. Gold-plated steel crucible sealed under argon; test: 4.12 mg,
dynamic.


amounts of PSTs, and a detailed thermal analysis of the
decomposition is necessary.


Recycling of polymer-supported triazenes : The recyclability
of Me-PST 5 a was examined. After reaction with a large
excess of benzoic acid, the resulting poly(p-aminostyrene) 2
was diazotized, aminated again, and the activity was checked
by NMR spectroscopy. Me-PST 5 a with an initial loading of
2.0 mmolg�1 was treated in this manner six times (Table 4).
With a relative loss of 10 ± 20% loading per cycle, the reagent
can be reasonably recycled several times.


Conclusion


In the present paper we describe a new, simple four-step
synthesis of polymer-supported triazenes (PSTs) applicable to
larger scale preparation. Starting from polystyrene beads, this
synthesis is economically superior to the synthesis of PSTs on
Merrifield resin. The outstanding feature of PSTs 5 a, 5 b and
5 d was demonstrated to be the esterification of carboxylic
acids, which can be done in a simple ™mix and filter off∫
procedure at room temperature. Twenty acids with different
structural features were esterified with high yield and purity in
most cases. Phenols were alkylated much more slowly with
Me-PST 5 a. PSTs are only moderately stable at room
temperature, but can be stored in a refrigerator for many
months. Furthermore it was shown that Me-PST 5 a can be
reasonably recycled several times. PSTs are thus attractive
reagents whenever an easy, safe, clean and high-yielding
esterification of an carboxylic acid is required in a research
lab, for the derivatization of analytical samples or for high
throughput synthesis.


Experimental Section


General


Starting materials and reagents: Polystyrene beads 100 ± 200 mesh (75 ±
150 �m), cross-linked with 1% divinylbenzene, were purchased from
Purolite (IP 1130). These and all other chemicals were used as received.
Products obtained from alkylations with PSTs were compared with
commercially available samples with a purity mostly �98% according
GC, 1H NMR, melting point or refractive index.
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Table 3 Decrease of loading from Me-PST 5 a, Et-PST 5 b and Bn-PST 5 d at various temperatures in relation to time.


Me-PST 5a Et-PST 5b Bn-PST 5 d
T � 4 �C RT � 40 �C � 4 �C RT � 40 �C � 4 �C RT � 40 �C


Initial loading
[mmolg�1] 1.7 1.7 1.7 0.9 0.9 0.9 0.8 0.8 0.8


4 weeks 1.6 1.5 1.3 0.9 0.8 0.7 0.8 0.7 0.6
8 weeks 1.5 1.5 1.2 0.9 0.8 0.6 0.8 0.7 0.4
12 weeks 1.5 1.4 1.1 0.9 0.7 0.6 0.8 0.6 0.3
2 years 1.2 0.7 ± 0.7 0.3 ± 0.4 0.1 ±


Table 4 Decrease of loading from Me-PST 5 a after several recycling steps.


No. of recycling steps 0 1 2 3 4 5 6


Loading (mmolg�1) 2.0 1.7 1.5 1.2 0.8 0.8 0.7







Polymer-Supported Triazenes 2582±2588


Equipment : IR: Midac FTIR M-series, Spectacle software, KBr pellets.
1H NMR: Varian Gemini200 (200 MHz for 1H); � in ppm downfield from
TMS (�� 0). Capillary gas chromatography (CGC): Hewlett ± Packard
HP6890 series, FID detector; column: Macherey ±Nagel 726821 Optima-1;
carrier gas: H2; oven: initial temperature 50 �C for 3 min, final temperature
250 �C (rate 10 �C min�1). HPLC: Hewlett ± Packard series 1050 with a
detector HP series II 1040M (210 nm); column: Macherey ±Nagel CC125/
4 Nucleosil 100 ± 5C8, temperature 35 �C; eluent: 50% phase A (MeCN/
H2O 1:9 with phosphate buffer solution, pH 5.1), 50% phase B (MeCN/
H2O 9:1) for 15 min and after 100%Bwith a flow of 1 mLmin�1. Elemental
analysis: ECO800 system. Melting points: open glass capillaries, B¸chi 535
(Tottoli apparatus), uncorrected. Refractive index: ABBE Mark II, digital
refractometer (Reichert Jung) at 20 �C. [�]D at 20 �C on Perkin ±Elmer 241
polarimeter. TLC: sheets from Merck (1.05719; silica gel 60 F254). Differ-
ential scanning calorimetry (DSC): Mettler ± Toledo STARwith STAR5.12
software and DSC-821 cells.


Activity checks of PSTs with NMR : Benzoic acid (100 mg, 0.819 mmol)
was added to Me-PST 5 a (50.0 mg) in CDCl3 (8 mL) in a round-bottom
flask equipped with a magnetic stirrer. The mixture was stirred overnight at
room temperature, after which a 1H NMR spectrum of the decanted and
clear solution was taken. Integration then established the extent of
conversion of benzoic acid to methyl benzoate. Thus from a conversion
of 13% the loading of Me-PST 5a could be calculated as 2.1 mmolg�1. The
activity checks of Et-PST 5b and Bn-PST 5 d were performed in the same
manner.


Poly(p-nitrostyrene) (2): Nitric acid (94%, 10 L) was chilled to 0 �C before
polystyrene beads (750 g, 7.21 mol) were added portion-wise with stirring.
First the polymer turned black, then orange. The slurry was stirred at 0 �C
for 3 h. Then the resin was filtered on a sintered glass funnel, poured into
ice water (10 L), filtered again and washed with EtOH (3� 2 L) and TBME
(2� 2 L). The product was dried in vacuo at 50 �C overnight to yield
yellowish beads (1110 g, 7.45 mol, 103%). IR (KBr): 2926, 1595, 1518, 1344,
855; elemental analysis calcd (%) for C8H7NO2 (149.15): C 64.42, H 4.73, N
9.39, O 21.45; found: C 62.13, H 5.08, N 9.58, O 23.45.


Poly(p-aminostyrene) 3 : Poly(p-nitrostyrene) 2 (1100 g, 7.38 mol) was
added to phenylhydrazine (22 L), and the mixture was stirred at 120 �C
internal temperature for 18 h. The product was filtered and washed with
water (10 L). Then the polymer was stirred in EtOH (25 L) at 40 �C for
15 min, filtered and washed with EtOH (3� 25 L). The product was dried
in vacuo at 50 �C for 3 d to yield dark brown beads (867 g, 7.29 mol, 99%).
IR (KBr): 3354, 2914, 1618, 1510, 1518, 1340, 1263; elemental analysis calcd
(%) for C8H9N (119.17): C 80.63, H 7.61, N 11.76; found: C 75.7, H 6.8, N
11.6, O 5.8, H2O 1.06.


Poly(p-methyltriazenestyrene), 5a (Me-PST): Poly(p-aminostyrene) 3
(550 g, 4.61 mol) was added to a chilled solution of NaNO2 (830 g,
12.0 mol) in H2O (10 L). The mixture was stirred at �5 �C while 37% aq.
HCl (1 L, 12.0 mol) was added in portions over 30 min. Then the slurry was
stirred at 0 �C for a further 2 h, filtered and washed with chilled water
(40 L). The resulting polymer-bound diazonium salt 4 was transferred into
ice water (5 L). Then 40% aq. MeNH2 (5 L, 59 mol) was added in portions
at 0 �C over 30 min. The reaction mixture was stirred at 0 �C for 12 h and for
1 h at room temperature. After filtration, the polymer was washed with
H2O (10 L) and stirred in EtOH (6 L) for 1 h, filtered again and washed
with EtOH (8 L) and CH2Cl2 (8 L) until the washing solution became
colourless. The product was dried in vacuo at 30 �C for 4 d to yield brown
beads of Me-PST 5 a (605 g, 3.76 mol, 82%) with a loading of 1.7 mmolg�1.
This procedure was repeated several times also on smaller scale, when
loadings up to 2.2 mmolg�1 were typical. Me-PST 5a is best stored in the
dark at �4 �C. IR (KBr): 2915, 1518, 1433, 1379, 1341, 1240, 1175, 828;
elemental analysis calcd (%) for C9H11N3 (161.21): C 67.06, H 6.88, N 26.07;
found: C 67.7, H 6.3, N 18.5, O 6.6, H2O 0.75.


Poly(p-ethyltriazenestyrene), 5b (Et-PST): Poly(p-aminostyrene) 3 (80 g,
0.67 mol) was diazotized as described for 5a. The resulting polymer-bound
diazonium salt 4 was transferred into ice water (1 L). Then 70% aq. EtNH2


(690 mL, 8.60 mol) was added in portions at 0 �C over 30 min. The reaction
mixture was stirred at 0 �C for 12 h and for 1 h at room temperature. After
filtration the polymer was washed with H2O (2 L) and stirred in EtOH
(2 L) for 1 h, filtered again and washed with EtOH (2 L) and CH2Cl2 (2 L)
until the washing solution became colourless. The product was dried in
vacuo at 30 �C for 4 d to yield brown beads of Et-PST 5 b (86 g, 0.49 mol,


73%) with a loading of 0.9 mmolg�1. Et-PST 5b is best stored in the dark at
�4 �C. IR (KBr): 2919, 1518, 1440, 1399, 1341, 1236, 1175, 828; elemental
analysis calcd (%) for C10H13N3 (175.23): C 68.54, H 7.48, N 23.98; found: C
70.0, H 6.4, N 15.2, O 7.8, H2O 0.96.


Poly(p-benzyltriazenestyrene), 5 d (Bn-PST): Poly(p-aminostyrene) 3
(60 g, 0.50 mol) was diazotized as described for 5 a. The resulting
polymer-bound diazonium salt 4 was transferred into ice water (1.7 L).
Then BnNH2 (720 mL, 6.45 mol) was added at 0 �C over 15 min. The
reaction mixture was stirred at 0 �C for 12 h and for 1 h at room
temperature. After filtration the polymer was washed with H2O (3 L)
and stirred in EtOH (2 L) for 1 h, filtered again and washed with EtOH
(2 L) and CH2Cl2 (2 L) until the washing solution became colourless. The
product was dried in vacuo at 25 �C for 4 d to yield brown beads of Bn-PST
5d (81 g, 0.34 mol, 68%) with a loading of 0.8 mmolg�1. Bn-PST 5d is best
stored in the dark at �4 �C. IR (KBr): 2911, 1514, 1449, 1391, 1341, 1163,
692; elemental analysis calcd (%) for C15H15N3 (237.31): C 75.92, H 6.37, N
17.71; found: C 75.0, H 6.2, N 13.7, O 4.7, H2O 0.78.


Alkylation of Carboxylic Acids:


Methyl benzoate (6a): Me-PST 5a (2.90 g, loading 1.7 mmolg�1,
4.93 mmol) was added to a solution of benzoic acid 6 (500 mg, 4.09 mmol)
in CH2Cl2 (13 mL), and the reaction mixture was stirred at room
temperature for 3 h. Then the polymer was filtered off on a sintered glass
funnel and washed with CH2Cl2. Evaporation under vacuum afforded 6a
(457 mg, 3.38 mmol, 83%) with a purity of 98.9% (GC and 1H NMR). nD�
1.5131 (1.5170[26]).


Ethyl benzoate (6b): Benzoic acid 6 (200 mg, 1.64 mmol) in CH2Cl2
(10 mL) was treated with Et-PST 5 b (2.20 g, loading 0.9 mmolg�1,
1.98 mmol) for 4 h as described for 6 a to afford 6b (194 mg, 1.29 mmol,
79%) with a purity of 99.3% (GC and 1H NMR). nD� 1.5028 (1.5050[26]).


Benzyl benzoate (6d): Benzoic acid 6 (214 mg, 1.75 mmol) in CH2Cl2
(10 mL) was treated with Bn-PST 5 d (4.38 g, loading 0.8 mmolg�1,
3.50 mmol) for 6 h as described for 6a to afford 6d (369 mg, 1.74 mmol,
99%) with a purity of 89.3% (GC and 1H NMR). nD� 1.5635 (1.5680[26]).


Methyl 4-nitrobenzoate (7a): 4-Nitrobenzoic acid 7 (512 mg, 3.06 mmol) in
DME (14 mL) was treated with Me-PST 5a (2.70 g, loading 1.7 mmolg�1,
4.59 mmol) for 16 h as described for 6a to afford 7 a (540 mg, 2.98 mmol,
97%) with a purity of 99.2% (GC and 1H NMR). M.p. 94.5 ± 95.2 �C (94 ±
96 �C[26]).


Methyl 4-aminobenzoate (8a): 4-Aminobenzoic acid 8 (107 mg, 0.78 mmol)
in DME (5 mL) was treated with Me-PST 5a (0.92 g, loading 1.7 mmolg�1,
1.56 mmol) for 4 d as described for 6a to afford 8 a (118 mg, 0.78 mmol,
100%) with a purity of 98.9% (GC and 1H NMR). M.p. 110.0 ± 110.6 �C
(111 ± 113 �C[26]).


Methyl anthranilate (9a): Anthranilic acid 9 (1018 mg, 7.42 mmol) in DME
(50 mL) was treated with Me-PST 5a (9.89 g, loading 1.5 mmolg�1,
14.8 mmol) for 22 h as described for 6a to afford 9 a (980 mg, 6.48 mmol,
87%) with a purity of 96.0% (GC and 1H NMR). nD� 1.5735 (1.5830[26]).


Methyl 4-chlorobenzoate (10a): 4-Chlorobenzoic acid 10 (1023 mg,
6.53 mmol) in DME (50 mL) was treated with Me-PST 5a (5.22 g, loading
1.5 mmolg�1, 7.83 mmol) for 21 h as described for 6a to afford 10a
(1037 mg, 6.08 mmol, 93%) with a purity of 99.4% (GC and 1H NMR).
M.p. 35.5 ± 36.4 �C (42 ± 44 �C[26]).


Methyl salicylate (11a): Salicylic acid 11 (1018 mg, 7.37 mmol) in DME
(50 mL) was treated with Me-PST 5a (5.90 g, loading 1.5 mmolg�1,
8.85 mmol) for 22 h as described for 6a to afford 11 a (1002 mg, 6.59 mmol,
89%) with a purity of 98.1% (GC and 1H NMR). nD� 1.5307 (1.5360[26]).


Methyl diphenylacetate (12a): Diphenylacetic acid 12 (202 mg, 0.95 mmol)
in DME (10 mL) was treated with Me-PST 5 a (765 mg, loading
1.5 mmolg�1, 1.15 mmol) for 4 d as described for 6a to afford 12a (215 mg,
0.95 mmol, 100%) as an oil with a purity of 98.3% (GC and 1H NMR).


Dimethyl terephthalate (13a): Me-PST 5 a (4.84 g, loading 1.5 mmolg�1,
7.26 mmol) was added to a solution of terephthalic acid 13 (502 mg,
3.02 mmol) in DMF (25 mL), and the reaction mixture was stirred at room
temperature for 5 d. Then the polymer was filtered off on a sintered glass
funnel and washed with DMF. H2O (25 mL) was added to the filtrate, and
the mixture was kept in the refrigerator for 2 h. After the precipitate was
collected and evaporated under vacuum to afford 13a (385 mg, 1.98 mmol,
66%) with a purity of 100% (GC and 1H NMR). M.p. 139.8 ± 140.7 �C
(140 ± 142 �C[26]).
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Methyl cinnamate (14a): Cinnamic acid 14 (107 mg, 0.72 mmol) in CH2Cl2
(5 mL) was treated with Me-PST 5a (554 mg, loading 1.6 mmolg�1,
0.88 mmol) for 24 h as described for 6a to afford 14 a (100 mg, 0.62 mmol,
86%) with a purity of 99.9% (GC and 1H NMR). M.p. 34.4 ± 34.9 �C (36 ±
38 �C[26]).


Methyl (R)-(�)-mandelate (15a): (R)-(�)-Mandelic acid 15 (203 mg,
1.34 mmol) in MeCN (10 mL) was treated with Me-PST 5a (1.07 g, loading
1.5 mmolg�1, 1.60 mmol) for 6 h as described for 6 a to afford 15a (202 mg,
1.22 mmol, 91%) with a purity of 99.5% (GC and 1H NMR). M.p. 53.3 ±
53.9 �C (56 ± 58 �C[26]); [�]D at 20 �C��138.6 (c� 1 in MeOH) (�144.0[26]).


Dimethyl maleate (16a): Maleic acid 16 (509 mg, 4.39 mmol) in DME
(25 mL) was treated with Me-PST 5a (7.05 g, loading 1.5 mmolg�1,
10.57 mmol) for exactly 1 h as described for 6a to afford 16a (510 mg,
3.54 mmol, 81%) with a purity of 95.4% (GC and 1HNMR). If the reaction
mixture was stirred for longer than 1 h, a partial isomerization to dimethyl
fumarate 17a occurred, which reached 2.3% (4 h), 18% (21 h), 47% (4 d)
or 62% (11 d) according HPLC and NMR. nD� 1.4326 (1.4410[26]).


Dimethyl fumarate (17a): Fumaric acid 16 (501 mg, 4.32 mmol) in DME
(40 mL) was treated with Me-PST 5a (6.91 g, loading 1.5 mmolg�1,
10.37 mmol) for 1.5 h as described for 6a to afford 17 a (526 mg, 3.65 mmol,
85%) with a purity of 96.1% (GC and 1H NMR). M.p. 100.1 ± 101.3 �C
(103 ± 104 �C[26]).


Methyl valerate (18a): Valeric acid 18 (1043 mg, 10.21 mmol) in CH2Cl2
(50 mL) was treated with Me-PST 5a (8.16 g, loading 1.5 mmolg�1,
12.24 mmol) for 3 h as described for 6a to afford 18 a (495 mg, 4.27 mmol,
42%) with a purity of 98.4% (GC and 1H NMR). nD� 1.3981 (1.3970[26]).


Dimethyl adipate (19a): Adipic acid 19 (202 mg, 1.38 mmol) in DME
(10 mL) was treated with Me-PST 5a (3.70 g, loading 1.5 mmolg�1,
5.55 mmol) for 17 h as described for 6a to afford 19a (223 mg, 1.28 mmol,
93%) with a purity of 98.0% (GC and 1H NMR). nD� 1.4257 (1.4280[26]).


Methyl 2-oxopentanoate (20a): Freshly distilled 2-oxopentanoic acid 20
(209 mg, 1.80 mmol) in CH2Cl2 (10 mL) was treated with Me-PST 5a
(1.44 g, loading 1.5 mmolg�1, 2.16 mmol) for 1 h as described for 6a to
afford 20a (129 mg, 0.99 mmol, 55%) with a purity of 80.0% (GC). The
1H NMR spectrum corresponded to the literature.[27]


Methyl levulinate (21a): Levulinic acid 21 (109 mg, 0.94 mmol) in CH2Cl2
(5 mL) was treated with Me-PST 5a (660 mg, loading 1.7 mmolg�1,
1.12 mmol) for 2 h as described for 6a to afford 21a (108 mg, 0.83 mmol,
88%) with a purity of 95.6% (GC and 1H NMR). nD� 1.4230 (1.422[28]).


Methyl glycolate (22a): Glycolic acid 22 (212 mg, 2.79 mmol) in DME
(10 mL) was treated with Me-PST 5a (2.23 g, loading 1.5 mmolg�1,
3.35 mmol) for 3 h as described for 6a to afford 22a (85 mg, 0.94 mmol,
34%) with a purity of 99.0% (GC and 1H NMR). nD� 1.4136 (1.4170[26]).


Methyl linoleate (23a): Linoleic acid 23 (216 mg, 0.77 mmol) in CH2Cl2
(10 mL) was treated with Me-PST 5 a (1.03 g, loading 1.5 mmolg�1,
1.55 mmol) for 24 h as described for 6 a to afford 23 a (213 mg, 0.72 mmol,
94%) with a purity of 96.6% (GC and 1H NMR). nD� 1.4625 (1.4620[26]).


Methyl 1-adamantaneoate (24a): 1-Adamantanecarboxylic acid 24
(102 mg, 0.57 mmol) in CH2Cl2 (5 mL) was treated with Me-PST 5a
(400 mg, loading 1.7 mmolg�1, 0.68 mmol) for 20 h as described for 6a to
afford 24a (103 mg, 0.53 mmol, 94%) with a purity of 98.9% (GC). The
1H NMR spectrum corresponded to the literature.[29]


N-(tert-Butyloxycarbonyl)-�-alanine methylester (26a): N-(tert-Butyloxy-
carbonyl)-�-alanine 26 (208 mg, 1.10 mmol) in CH2Cl2 (10 mL) was treated
with Me-PST 5a (1.41 g, loading 1.5 mmolg�1, 2.11 mmol) for 3 h as
described for 6 a to afford 26a (206 mg, 1.01 mmol, 92%) with a purity of
98.8% (GC and 1H NMR).


Alkylation of phenols


4-Nitroanisole (28a): 4-Nitrophenol 28 (110 mg, 0.79 mmol) in DME
(5 mL) was treated with Me-PST 5a (940 mg, loading 1.7 mmolg�1,
1.60 mmol) for 3 d as described for 6a to afford 28a (113 mg, 0.74 mmol,
94%) with a purity of 96.0% (GC and 1H NMR). M.p. 49.3 ± 50.6 �C
(54 �C[30]).


Recycling of Me-PST 5 a : Me-PST 5a (6.3 g, loading 2.0 mmolg�1,
12.6 mmol) was added to a solution of excess benzoic acid 6 (7.1 g,
58.2 mmol) in CH2Cl2 (70 mL), and the reaction mixture was stirred at
room temperature until the gas evolution finished. Then the polymer was
filtered off on a sintered glass funnel, washed with CH2Cl2 and dried. The


resulting poly(p-aminostyrene) 3 was diazotized and aminated as described
for 5 a. An activity check with 50 mg of this recycled material showed a
loading of 1.7 mmolg�1. The alkylation of benzoic acid and recycling was
repeated five times with the following decrease of loading: 1.5 mmolg�1


(2nd cycle), 1.2 mmolg�1 (3rd cycle), 0.8 mmolg�1 (4th cycle), 0.8 mmolg�1


(5th cycle), 0.7 mmolg�1 (6th cycle).


Acknowledgement


The authors would like to thank Dr. Gottfried Sedelmeier, Novartis
Pharma AG, for private communications. Dr. Anthony C. O×Sullivan,
Syngenta Crop Protection AG, and Dr. Christoph Heuberger, Safety
Laboratory at Novartis Pharma AG, are gratefully acknowledged for
careful proof-reading of this manuscript and helpful discussions.


[1] E. H. White, H. Scherrer, Tetrahedron Lett. 1961, 21, 758 ± 762.
[2] E. H. White, R. W. Darbeau in Encyclopedia of Reagents for Organic


Synthesis, Vol. 5 (Ed.: L. A. Paquette), Wiley, Chichester, 1995,
pp. 3609 ± 3611.


[3] a) S. J. Shuttleworth, S. M. Allin, R. D. Wilson, D. Nasturica, Synthesis
1997, 1035 ± 1074; b) D. H. Drewry, D. M. Coe, S. Poon, Med. Res. Rev.
1999, 19, 97 ± 148; c) D. C. Sherrington, Chem. Commun. 1998, 2275 ±
2286.


[4] D. B. Kimball, M. M. Haley, Angew. Chem. 2002, 114, 3484 ± 3498;
Angew. Chem. Int. Ed. 2002, 41, 3338 ± 3351.


[5] B. Linclau, S. Crosignani, P. D. White, Org. Lett. 2002, 4, 1035 ± 1037.
[6] J. Rademann, J. Smerdka, G. Jung, P. Grosche, D. Schmid, Angew.


Chem. 2001, 113, 390 ± 393; Angew. Chem. Int. Ed. 2001, 40, 381 ± 385.
[7] http://www.novabiochem.com
[8] C. Pilot, S. Dahmen, F. Lauterwasser, S. Br‰se, Tetrahedron Lett. 2001,


42, 9179 ± 9181.
[9] N. Vignola, S. Dahmen, D. Enders, S. Br‰se, Tetrahedron Lett. 2001, 42,


7833 ± 7836.
[10] J. K. Young, J. C. Nelson, J. S. Moore, J. Am. Chem. Soc. 1994, 116,


10841 ± 10842.
[11] S. Br‰se, J. Kˆbberling, D. Enders, R. Lazny, M. Wang, S. Brandtner,


Tetrahedron Lett. 1999, 40, 2105 ± 2108.
[12] G. B. Bachman, H. Hellman, K. R. Robinson, R. W. Finholt, E. J.


Kahler, L. J. Filar, L. V. Heisey, L. L. Lewis, D. D. Micucci, J. Org.
Chem. 1947, 12, 108 ± 121.


[13] I. J. Roh, W. S. Ha, J. Kim, J. Korean Fiber Soc. 1996, 33, 947 ± 954.
[14] V. L. Covolan, L. H. Innocentini Mei, C. L. Rossi, Polym. Adv. Tech.


1997, 8, 44 ± 50.
[15] P. Schneider,Methoden Org. Chem. (Houben-Weyl) 4th ed. 1963, 14/2,


696 ± 697.
[16] F. D. Bellamy, K. Ou, Tetrahedron Lett. 1984, 25, 839 ± 842.
[17] M. P. Doyle, W. J. Bryker, J. Org. Chem. 1979, 44, 1572 ± 1574.
[18] U. Wannagat, G. Hohlstein, Chem. Ber. 1955, 88, 1839 ± 1846.
[19] A. A. R. Laila, Gazz. Chim. Ital. 1989, 119, 453 ± 456.
[20] CRC Handbook of Chemistry and Physics, 78th ed. (Ed.: D. R. Lide),


CRC Press, Boca Raton, 1997, pp. 8 ± 51.
[21] M. B. Smith, Organic Synthesis, McGraw-Hill, Singapore, 1994,


pp. 101 and 858.
[22] H. Goldschmidt, J. Holm,Ber. Dtsch. Chem. Ges. 1888, 21, 1016 ± 1026.
[23] N. S. Isaacs, E. Rannala, J. Chem. Soc. Perkin Trans. 2 1974, 899 ± 902.
[24] J. Iley, R. Moreira, E. Rosa, J. Chem. Soc. Perkin Trans. 2 1991, 81 ± 86.
[25] Polymer-bound diazonium salts were thermochemically investigated:


S. Br‰se, S. Dahmen, C. Popescu, M. Schroen, F. J. Wortmann, Polym.
Degrad. Stab. 2002, 75, 329 ± 335.


[26] Aldrich, Handbook of Fine Chemicals and Laboratory Equipment
2003 ± 2004.


[27] H. Ahlbrecht, H. Simon, Synthesis 1983, 58 ± 60.
[28] Fluka, Scientific Research 2003/2004.
[29] A. K. Chakraborti, A. Basak, V. Grover, J. Org. Chem. 1999, 64,


8014 ± 8017.
[30] The Merck Index, 13th ed. , Merck & Co., Whitehouse Station, NJ,


2001, p. 6619.


Received: January 16, 2003 [F4739]


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2582 ± 25882588








Phospholipase A2 Hydrolysis of Mixed Phospholipid Vesicles Formed on
Polyelectrolyte Hollow Capsules


Liqin Ge,[a] Helmuth Mˆhwald,[b] and Junbai Li*[a]


Abstract: Mixtures of the phospholipids �-�-dimyristoylphosphatidic acid (DMPA)
and �-�-dipalmitoylphosphatidylcholine (DPPC) have been successfully adsorbed
onto the charged surface of multilayer polyelectrolyte capsules to form a novel
vesicle. Leaving such vesicles in phospholipase A2 solution, we observed the
hydrolysis reaction on the surface of the lipid/polymer vesicles and a permeability
change before and after the reaction by confocal-laser scanning microscopy (CLSM).
A capsule with adjustable permeability was constructed. This method may provide
new features for drug-release vesicles.


Keywords: enzymes ¥ lipids �
microcapsules ¥ permeability �
vesicles


Introduction


The formation of multilayers on the nano scale by consecutive
deposition of oppositely charged polyelectrolytes onto flat
solid substrates has been well developed recently as an
assembly technique.[1] The driving force of multilayer assem-
bling is based on electrostatic interaction of the polymer
chains. This technology has been successfully applied to the
assembly of polyelectrolyte multilayer films on the surface of
colloidal particles.[2] Removing of the templating colloidal
cores creates a novel route to obtaining hollow polyelectro-
lyte shells.[2] As a tiny chemical container, the capsule is also
used to carry out a chemical reaction.[3] Lipid layers adsorbed
onto polyelectrolyte multilayer shells have been considered to
provide a seal against small hydrophilic molecules that are
otherwise able to penetrate the polyelectrolyte shells.[4]


PLA2 is a small, stereoselective, calcium-dependent enzyme
that hydrolyzes the sn-2 ester linkage of phosphatidylcholine.
This has been quantitatively detected by using various
techniques like grazing-incidence X-ray diffraction, FTIR
spectroscopy, Brewster angle microscopy (BAM), and so
on.[5±8] It has been reported that, in unilamellar vesicle
solution, addition of phospholipase PLA2 leads to phospho-


lipid hydrolysis and vesicle destabilization.[9±11] In the present
work, we chose the mixed-lipid system, �-�-dimyristoylphos-
phatidic acid (DMPA), which is less hydrolyzed by PLA2 but
is better suited for attraction to the charged polyelectrolyte by
electrostatic interaction, and �-�-dipalmitoylphosphatidyl-
choline (�-DPPC), which is easily cleaved by PLA2


(Scheme 1), to cover the capsule surface. By making use of
the selectivity of the cleavage reaction we anticipate that
there are channels produced on the surface of hollow


Scheme 1. Schematic description of PLA2-catalyzed lipid/polymer vesicles.
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polyelectrolyte capsules to enable controlled capsule perme-
ability for drug delivery.


Results and Discussion


Lipid vesicles formed on the surface of capsules : Figure 1a
shows CLSM images of multilayer polyelectrolyte capsules
coated with fluorescently labeled lipids. The green ring shows
the fluorescence intensity of the lipids along the perimeter of
the whole capsule surface. Within the resolution of confocal
microscopy, a homogeneous capsule with a lipid cover is
observed. This demonstrates that mixed phospholipids have
been successfully adsorbed onto the surface of the capsules.
One can also see that inside the capsule there are some green
dyes; this indicates that some labeled lipids also penetrated
into the capsules, since the multilayer shell is permeable for
small molecules.[3, 12] In order to quantify the change in the
fluorescence intensity of the capsule wall, the fluorescence


distribution along a line indicated in Figure 1a was recorded.
As shown in Figure 1b, from the profile one deduces that the
highest fluorescence intensity on the capsule wall is more than
250 units, also that there is some fluorescence in the bulk,
which is caused by the unremoved NBD-DPPC and is above
the noise level.


Enzymatic reaction of PLA2 with lipids on the surface of
capsules : After the aqueous solution of PLA2 is added to the
solution with lipid-coated capsules, the reaction may take
place. Indeed, an intensity decrease of the lipid vesicles on the
capsule surface has been observed, Figure 2a. Correspond-
ingly, there will be more cleavage products remaining in the
matrix after hydrolysis. Figure 2b shows the decreased
fluorescence-intensity distribution on the capsule wall after
five hours× reaction time. The highest fluorescence intensity
from the wall is reduced by an order of magnitude, and from
this can be inferred that the fluorescence intensity decreased
dramatically because of the PLA2-catalyzed phospholipid


Figure 1. a) CLSM image of a multilayer polyelectrolyte capsule covered by mixed lipids (DMPA/DPPC/NBD-DPPC 30:60:10, w/w); b) The profile
diagram of the fluorescence intensity along the red line.


Figure 2. a) CLSM image of PLA2 added to the lipid-coated capsules after 5 hours. b) Profile of the fluorescence intensity along the red line.







Phospholipid Vesicles 2589±2594


Chem. Eur. J. 2003, 9, 2589 ± 2594 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2591


Figure 3. CLSM images of the lipid covered capsules after complete PLA2


hydrolysis.


cleavage. After 12 hours, the reaction solution was washed
with water by centrifugation, PLA2 and the hydrolysis
products were removed. The absence of fluorescence in
Figure 3 (left) indicates that the lipids have been removed.
However, judged from measurements of the transmission
image in Figure 3 (right), the hollow capsule still remains. This
means that the �-DPPC was cleaved by PLA2 and the surface
of the capsules was not coated.


In our hydrolysis system, the phospholipase A2 buffer
solution contains 5 m� Ca2�. It may bind to DMPA and


Figure 5. a) CLSM image of lipid-covered multilayer polyelectrolyte
capsules in a solution containing the dye 6-CF. The darker center represents
the impermeability for dyes through the wall of capsules. b) CLSM image
with a partly PLA2-catalyzed capsule. The dye molecules can penetrate into
the capsule, but the dye concentration inside is lower than that outside.


convert it into a quasicrystalline gel phase.[9] This will thus
cause a phase separation and lipid layer leaking. To prove this
we performed a control experiment by adding a solution of
CaCl2 without PLA2 to the lipid-covered capsule dispersion.
Figure 4a and b shows that there is no fluorescence intensity
decrease after the lipid-covered capsules were immersed into
the CaCl2 solution for 24 hours. Therefore this demonstrates


that the observed fluorescence
intensity change is indeed due
to the PLA2 hydrolysis.


Permeability of lipid-covered
capsules : The dye 6-CF was
used as a probe to study the
permeability of capsules with
and without coverage of lipids.
For this we added 6-CF to the
mixed-lipid-covered capsules,
then we studied the permeabil-
ity of 6-CF through the capsule
wall by fluorescence microsco-
py. The image in Figure 5a
shows dark spots inside the
capsules; this indicates that the
small dye molecules 6-CF have
been blocked outside the walls
of the polyelectrolyte shells. As
lipid layers deposited on the
surface of capsules they may
form unilamellar or bilayer
structures. This is why one can
only see the dye distribution
outside the capsules. After us-
ing PLA2 to cleave the lipid
coat, we observed that the dye
molecules entered the capsules,
as shown in Figure 5b. Howev-
er, the dye concentration out-
side is much higher than that
inside. This means that the dye
penetration into the capsule
through the walls takes some
time. After 10 minutes one


Figure 4. a) CLSM image of a lipid-covered capsule in the CaCl2-containing buffer solution without
phospholipase A2, and profile of the fluorescence intensity. b) Time-dependent CLSM image of the above
capsule after 24 hours, and profile of the fluorescence intensity.
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finds a similar fluorescence intensity of dyes inside and
outside the capsule, as shown in Figure 6a. To further quantify
the penetration of the dye across the wall of the capsule
photochemical bleaching experiments were performed as
shown in Scheme 2. For quantitative measurements, the
fluorescence intensity was integrated by tracing a closed area
in the interior (ROI analysis provided by the CLSM
software). An Ar ion laser from the CLS microscope with
an emission wavelength of 488 nm was focused onto a spot
inside the ring of the capsule with maximum power for
bleaching. As one can see, most of the dye molecules have lost
their fluorescence activity. A dark center inside the capsule
can be visualized as shown in Figure 6b.


After a long enough time, almost all of the dye molecules in
the capsule had been bleached. Afterwards, we measured the
recovery of the fluorescence intensity inside the capsules and
recorded the intensity recovery as a function of time (Fig-
ure 6d). The CLSM images were taken every 120 seconds
during the recovery. Figure 6c shows that 440 s after bleaching
the dye molecules are diffusing from outside into the capsules,
as quantified by the green fluorescence intensity. From the
recovery time (t� 40 s) one may estimate the diffusion
coefficient D. Assuming the transport is diffusive across the
wall of thickness d� 22 nm one obtains:


D� 1³2(22 nm)2/40 s� 0.55� 10�13 cm2s�1


This value is about an order of magnitude lower than values
measured for the diffusion of dyes across polyelectrolyte


Scheme 2. Scheme of photochemical bleaching and recovery.


multilayer capsules. It indicates
that there may be some sealing
of holes in the polyelectrolyte
by products of the reaction that
have not been removed.


Confocal-laser Raman spec-
tra measurements, given in
Figure 7, show the evident de-
creases of the Raman intensity
for the two groups, C�O and
C�O�C stretch vibrations at
1032 and 1115 cm�1, respective-
ly, after hydrolysis.[13, 14] These
two groups exist mainly in the
hydrolytic product lyso-PC
and the substrate. However at
760 cm�1 the PO2


� diester sym-
metric stretch vibration did not
display a dramatic change.[13, 14]


This reflects the fact that the
PO2


� groups remain constant
before and after the hydrolysis


reaction. All of these results reveal that one of the products,
lyso-PC, and some substrates still remained on the surface of
the capsules. We have to point out that no special �COOH
stretch peak at 1750 cm�1 of another product, fatty acid, was
observed. This should be ascribed to the fact that this
compound has been removed after washing by centrifugation.
The above spectroscopic analysis further demonstrates that
the lipid hydrolysis reaction by PLA2 occurred.


Figure 7. Confocal-laser Raman spectra from 600 ± 1350 cm�1 of the mixed
DMPA/DPPC lipid covered capsules before and after the hydrolysis
reaction by PLA2 at room temperature. Top: C�O/C�O�C stretch region;
bottom:�COOH stretch region.


Figure 6. CLSM images of a) capsules mixed with 6-CF dyes before bleaching; b) after bleaching inside the
capsule; c) fluorescence recovery; d) intensity profile after bleaching and recovery.
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Surface-morphology change of lipid-covered capsules before
and after enzyme cleavage : High-resolution surface force
microscopy (HRSFM) is able to provide information by
inspecting the capsule wall surface on the nano scale. The
surface texture change before and after cleavage of the lipids
by PLA2 was recorded by HRSFM. Figure 8a and b shows the
wall texture selected from the inner capsule coating with
mixed phospholipids before and after the PLA2 enzymatic
reaction, respectively. After PLA2 catalyzed the lipid cleavage
on the capsule surface, domains can be observed where the
permeability of the capsules may be enhanced. The mean
roughness before the reaction was calculated to be 4.27 nm,
while after the reaction it was 5.06 nm; this means that after
the reaction the surface roughness is increased. We cannot yet
comment on whether pores have been created by the reaction
or if the roughness reappears after removal of the lipid coat.


Conclusion


Mixed phospholipid vesicles have been successfully fabricated
on the surface of polyelectrolyte hollow capsules. This design
allows one to control the formation of the lipid/polymer
capsule to a predetermined size. The enzymatic reaction


occurring at the surface alters the permeability of the capsule,
which may lend the capsule new features, for example, release
triggered by an enzymatic reaction or a highly asymmetric
membrane. The triggered influx of the hydrophobic molecules
could thus be studied by confocal fluorescence microscopy.
This procedure can be applied to biomimetic cells to study the
reactions in a living system.


Experimental Section


Materials : Poly(sodium styrenesulfonate) (PSS, Mw� 70000 gmol�1) and
poly(allylamine hydrochloride) (PAH, Mw� 70000 gmol�1) were pur-
chased from Aldrich, and �-�-dimyristoylphosphatidic acid (DMPA), �-
�-dipalmitoylphosphatidylcholine (�-DPPC), fluorescently labeled l-phos-
phatidylcholine NBD-(aminohexanoyl)-palmitoyl (NBD-DPPC), 6-car-
boxyfluorescein (6-CF), and phospholipase A2 (PLA2) were purchased


from Sigma. All were used without further purification. The buffer solution
for PLA2 was an aqueous solution containing NaCl (15 mmol), CaCl2
(5 mmol), and tris(hydroxymethyl)aminomethane (10 mmol). Positively
charged melamine formaldehyde (MF) particles with a diameter of 2.85�
0.09 �mwere used as a template for preparing the hollow capsule and were
provided by Microparticles GmbH, Berlin.


The concentration of PLA2 is 20 units per 254 mL. The water used in all
experiments was Millipore filtered. All experiments were performed at
room temperature.


Preparation of hollow polyelectrolyte shells and of mixed lipid solution :
Multilayer assembly was accomplished by adsorption of polyelectrolytes
onto MF particles (1 mgmL�1). Oppositely charged polyelectrolyte species
were subsequently added to the suspension followed by repeated centri-
fugation. After the expected layers were absorbed, we used hydrochloric
acid solution (0.1 mol) to remove the core and obtained hollow polyelec-
trolyte shells.[12] PSS was used to form the first layer. After alternating
adsorption five times, PAH remained as the outermost layer, which has a
positive charge and favors negatively charged phospholipid adsorption in a
next step.


Mixed phospholipids (DMPA/DPPC/NBD-DPPC 30:60:10, w/w) were
dissolved in a mixed solvent (CHCl3/MeOH 1:1, v/v, 0.5 mgmL�1). The
mixed-lipid solution obtained was added to the polyelectrolyte shell
dispersion to allow adsorption on polyelectrolytes. After 30 minutes, we
washed the system three times with water by centrifugation and obtained
hollow capsules covered by the lipids.


Confocal-laser scanning microscopy measurements (CLSM): The CLSM
images of the capsules were obtained by means of a Leica confocal
scanning system. A 100� oil immersion objective with a numerical
aperture of 1.4 was used. In this experiment, we chose fluorescently labeled
DPPC (�-phosphatidylcholine (NBD-aminohexanoyl)-palmitoyl; 10%
w/w) and 6-CFas fluorescent dyes for visualization. The optical parameters
of the CLSM were not changed before and after the enzymatic reaction,
hence the measured intensities can be compared quantitatively.


Confocal-laser Raman spectra (CLRS) measurements : Raman spectra
were taken at room temperature by using a Confocal Raman Microscope
(CRM200, Witec) equipped with a piezo scanner (P-500, Physik Instru-
mente) and high NAmicroscope objects (60,NA� 0.80, Nikon). In a typical
experiment, circularly polarized laser light (diode-pumped Green laser,
532 nm, CrystaLaser) was focused on the located material with diffraction-
limited spot size. The spectra were taken with an air-cooled charge-coupled


Figure 8. High-resolution scanning force microscopy (contact mode) top
view image of the surface texture for lipid/polymer vesicle a) before and
b) after hydrolysis by PLA2.
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device (PI-MAX, Princeton Instruments) behind a grating spectrograph
(Acton, 600 gmm) with a high resolution of 6 cm�1.


Scanning-force-microscopy (SFM) measurements : SFM images were
recorded at room temperature by using a Nanoscope III Multimode
apparatus (Digital Instrument Inc., Santa Barbara, CA). Silicon nitride
(Si3N4) cantilevers with a force constant of 0.58 Nm�1 (Digital Instrument)
were used for contact SFM. Silicon tips (Olympus and Nanotips, DI) with a
resonance frequency of�300 kHz and a spring constant of�40 Nm�1 were
employed for tapping-mode SFM imaging. The contact force between the
tip and the sample was kept as low as possible (�10 nN), and images were
acquired in constant-force mode (height mode) at a scan rate of 0.5 ± 1 Hz.
The samples were prepared by applying a drop of the capsule solution onto
freshly cleaved mica or onto glass coverslips. Images were sampled from
different areas. SFM images were processed by using Nanoscope software
and Image PC software (Version beta2, Scion Corp.).


Acknowledgement


We acknowledge financial support from the National Nature Science
Foundation of China (NNSFC29925307 and NNSFC90206035), the Major
State Basic Research Development Program (973, Grant. No.
G2000078103) as well as the research contract between the German Max
Planck Society and the Chinese Academy of Sciences. The authors also
thank Anne Heilig for SFM measurements and Wenfei Dong for confocal
Raman spectroscopy measurements.


[1] a) G. Decher, J. D. Hong, Macromol. Chem. Macromol. Symp. 1991,
46, 321 ± 327; b) G. Decher, Science 1997, 277, 1232 ± 1237.


[2] a) F. Caruso, R. A. Caruso, H. Mˆhwald, Science 1998, 282, 1111 ±
1114; b) E. Donath, G. B. Sukhorukov, F. Caruso, S. A. Davis, H.


Mˆhwald, Angew. Chem. 1998, 110, 2323 ± 2327; Angew. Chem. Int.
Ed. 1998, 37, 2201 ± 2205.


[3] a) L. Daehne, S. Leporatti, E. Donath, H. Mˆhwald, J. Am. Chem.
Soc. 2001, 123, 5431 ± 5436; d) G. B. Sukhorukov, E. Donath, S. Moya,
A. S. Susha, A. Voigt, J. Hartmann, H. Mˆhwald, J. Microencapsula-
tion 2000, 17, 177 ± 185.


[4] S. Moya, E. Donath, G. B. Sukhorukov, M. Auch, H. Baeumler, H.
Lichtenfeld, H. Mˆhwald, Macromolecules 2000, 33, 4538 ± 4544.


[5] a) J. B. Li, J. Z. Chen, X. L. Wang, G. Brezesinski, H. Mˆhwald,
Angew. Chem. 2000, 112, 3187 ± 3191; Angew. Chem. Int. Ed. 2000, 39,
3059 ± 3062; b) U. Dahmen-Levison, G. Brezesinski, H. Mˆhwald,
Prog. Colloid Polym. Sci. 1998, 110, 269 ± 274.


[6] D. W. Grainger, A. Reichert, H. Ringsdorf, C. Salesse, D. E. Davies,
J. B. Lloyd, Biochim. Biophys. Acta 1990, 1022, 146 ± 154.


[7] G. Scherphof, B. V. Leeuwen, J. Wilschut, J. Damen, Biochim.
Biophys. Acta. 1983, 732, 595 ± 599.


[8] M. K. Jain, D V. Jahagirdar, Biochim. Biophys. Acta. 1985, 814, 313 ±
318.


[9] a) C. R. Kensil, E. A. Dennis, J. Biol. Chem. 1979, 254, 5843 ± 5848;
b) Y. Higashino, A. Matrui, K. Ohki, J. Biochem. 2001, 130, 393 ± 397.


[10] A. Susana, L. A. Sanchez, E. G. Bagatolli, L. H. T. Theodore,Biophys.
J. 2002, 82, 2232 ± 2242.


[11] R. Wick, M. I. Angelova, P. Walde, P. L. Luisi, Chem. Biol. 1996, 3,
105 ± 111.


[12] G. B. Sukhorukov, M. Brumen, E. Donath, H. Mˆhwald, J. Phys.
Chem. B 1999, 103, 6434 ± 6440.


[13] S. F. Parker, Applications of Infrared, Raman, and Resonance Raman
Spectroscopy in Biochemistry, Plenum, New York, p. 421 ± 479.


[14] T. T. Anthony, Raman Spectroscopy in Biology: Principles and
Applications, Wiley-Interscience, pp. 187 ± 479.


Received: August 5, 2002
Revised: March 7th, 2003 [F4315]








Interplay between Solvent and Counteranion Stabilization of Highly
Unsaturated Rhodium(���) Complexes: Facile Unsaturation-Induced
Dearomatization


Mark Gandelman,[a] Leonid Konstantinovski,[a] Haim Rozenberg,[b] and David Milstein*[a]


Abstract: Abstraction of the chloride
ligand from the PCN-based chlorome-
thylrhodium complex 2 by AgX (X�
BF4


�, CF3SO3
�) or a direct C ±C cleav-


age reaction of the PCN ligand 1 with
[(coe)2Rh(solv)n]�X� (coe� cyclooc-
tene) lead to the formation of the
coordinatively unsaturated rhodium(���)
complexes 3. Compound 3a (X�BF4


�)
exhibits a unique medium effect; the
metal center is stabilized by reversible
coordination of the bulky counteranion
or solvent as a function of temperature.


Reaction of [(PCN)Rh(CH3)(Cl)] with
AgBArf in diethyl ether leads to an
apparent rhodium(���) 14-electron com-
plex 4, which is stabilized by reversible,
weak coordination of a solvent mole-
cule. This complex coordinates donors
as weak as diethyl ether and dichloro-
methane. Upon substitution of the BF4


�


ion in [(PCN)Rh(CH3)]BF4 by the non-
coordinating BArf� ion in a noncoordi-
nating medium, the resulting highly
unsaturated intermediate undergoes a
1,2-metal-to-carbon methyl shift, fol-
lowed by �-hydrogen elimination, lead-
ing to the Rh-stabilized methylene are-
nium complex 5. This process represents
a unique mild, dearomatization of the
aromatic system induced by unsatura-
tion.


Keywords: dearomatization ¥ N,P
ligands ¥ rhodium ¥ tridentate li-
gands ¥ unsaturated complexes


Introduction


Coordinatively unsaturated metal complexes play central
roles in many catalytic processes.[1] Vacant coordination sites
can be stabilized by relatively weak coordination of a
counteranion,[2] a solvent molecule,[3] or by agostic interac-
tions with ligands on the metal center.[4] The interplay
between the ligating features of a counteranion versus a
solvent molecule is intriguing and can influence the reactivity
of the complex. For example, it is known that in a number of
systems this interplay has an important role in the mechanistic
and energetic requirements of many processes, such as C ±H
activation,[5] alkene polymerization,[6] and CO/alkene copoly-
merization.[7] In general, the study of medium effects (e.g.
counterions and solvents) on metal-mediated processes is an
important but a relatively unexplored area.[8]


Of special interest are d6 and d8 14-electron metal
complexes, which are postulated as intermediates in various


metal-mediated processes, such as carbon ± carbon[9] and
carbon ± hydrogen[10, 11] bond activation and functionalization.
Formally 14-electron d6 iridium,[4a] ruthenium,[3, 4b] and d8


rhodium[4c, 12] complexes were reported. Also, examples of
unsaturated platinum d6 compounds are known.[13] However,
the preparation and investigation of rhodium d6 14-electron
complexes, which are proposed as key intermediates in many
Rh-catalyzed reactions, still remains a desirable goal.[14] Here
we report on our efforts to isolate and study rhodium(���) 14-
electron species. We have obtained a highly unsaturated Rh d6


complex, which exhibits remarkable behavior: it is stabilized
by weak coordination of either a solvent or a bulky anion as a
function of the temperature. Donors as weak as dichloro-
methane and diethyl ether can reversibly coordinate to these
species.[15] Based on these species, we demonstrate a unique,
unsaturation-driven, dearomatization process caused by a
simple counteranion exchange. This reaction proceeds by a
1,2-metal-to-carbon alkyl shift, which represents an important
but scarcely studied process.[16]


Results and Discussion


With the purpose of the generation of highly unsaturated RhIII


cationic complexes, we chose a system based on the tridentate
aromatic phosphinoamine PCN ligand (1; see Scheme 1).[17] In
general, it was demonstrated that analogous tridentate PCP-
and NCN-based ligands can provide high stability for late
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transition metal complexes and allow the isolation of ™elu-
sive∫ compounds, which are postulated as intermediates in a
number of metal promoted transformations of aromatic
compounds.[18]


Recently we reported the preparation of the chlorome-
thylrhodium(���) complex 2, which was obtained by rhodium
insertion into an Caryl�CH3 bond of the PCN ligand 1.[17] Upon
reaction of compound 2 with AgBF4 in THF at room
temperature, precipitation of AgCl and quantitative forma-
tion of complex 3a were observed (Scheme 1). Compound 3a
can also be obtained by direct reaction of ligand 1 with the


H3C


PtBu2


NEt2


Rh Cl
THF


H3C


PtBu2


NEt2


Rh X


-AgCl


PtBu2


NEt2


THF


+ AgX
RT


[(coe)2RhCl]2 2[(coe)2Rh(solv)n]+X-
AgX/THF


3a: X = BF4


3b: X = OTf


1


2 3a,b


Scheme 1. Synthesis of 3. coe� cyclooctene; X�BF4
� (3a), OTf (3b).


cationic rhodium precursor [(coe)2Rh(solv)n]�BF4
[19] (coe�


cyclooctene) at room temperature, resulting in facile car-
bon ± carbon bond activation to give the product 3a. The C±C
bond activation by cationic rhodium species with a PCP type
system was recently communicated.[20]


Complex 3a was characterized by multinuclear NMR
techniques. It gives rise to a doublet centered at ��
73.21 ppm (1JRh,P� 160.2 Hz) in the 31P {1H} NMR spectrum.
In the 1H NMR spectrum the signal corresponding to CH3Rh
appears at �� 1.75 ppm as a doublet of doublets due to
coupling with phosphorous and rhodium (2JRh,H� 2.9 Hz,
3JP,H� 1.2 Hz). In the 13C{1H} NMR spectrum the CH3Rh
group gives rise to a doublet of doublets centered at ��
0.08 ppm (1JRh,C� 35.1 Hz, 2JP,C� 7.2 Hz) and the ipso-carbon
atom exhibits a doublet of doublets at �� 171.12 ppm
(1JRh,C� 29.1 Hz, 2JP,C� 3.6 Hz). The chemical shifts of the
CH3Rh group in both 1H NMR and 13C{1H} NMR spectra are
characteristic of a methyl group trans to a vacant coordination
site.[9a, 17, 20] No signals due to coordinated solvent are ob-
served. Moreover, elemental analysis shows that solvent is
absent in the solid state as well. The IR spectrum shows no
signals assignable to coordinat-
ed N2. The BF4


� ion appears as a
very broad singlet at ��
�164.40 ppm in the 19F NMR
spectrum, measured in THF.
Taking into consideration that
free (not coordinated) BF4


� ap-
pears at ���151 ppm as a
singlet in the 19F NMR spec-


trum,[21] we conclude that the tetrafluoroborate anion in
complex 3a is coordinated to the Rh center (through a
fluorine atom). This conclusion is in agreement with the
recently published PCO-based rhodium(���) cationic complex,
in which coordination of BF4


� through a fluorine atom was
proven by X-ray crystallography.[22] The presence of a
coordinated tetrafluoroborate in 3a is also supported by
its chemical behavior (vide infra). The broadness of the
signal in the 19F NMR spectrum of 3a indicates that the
coordinated tetrafluoroborate anion undergoes a dynamic
process.


Additional information about BF4
� coordination is ob-


tained from the IR spectrum. The bound BF4
� ion gives rise to


three weak bands at 1183, 1107, and 941 cm�1, which is in good
agreement with literature IR data for BF4


� coordination to
the metal center through one of its fluorine atoms.[23, 25] It has
been suggested that the frequency difference between bands
due to coordinated and free BF4


� (ca. 1055 cm�1) reflects the
amount by which the B�F bonding is perturbed; for the lowest
lying band this shows the weakening of the B�F bond due to
the competing Lewis acidity of the metal.[23b] The values
observed for 3a are quite close to those of free BF4


� (contrary
to the examples of strongly coordinated BF4


�[23b]) and confirm
weak coordination of this group.


To study the dynamic behavior of 3a, the 19F NMR of the
complex in THF was measured at low temperatures. Interest-
ingly, as the temperature was lowered, the peak area of the
coordinated tetrafluoroborate at ���164.4 ppm decreases
and a peak at the chemical shift of free BF4


� (��
�151.2 ppm) appears. The assumption that the new peak is
due to free BF4


� was confirmed by adding a small amount of
Bu4N�BF4


� to the solution of complex 3a, which resulted in
the expected proportional increase in the signal at ��
�151.2 ppm. This indicates that a new complex, not stabilized
by BF4


� coordination, is formed as the temperature is
lowered. At�30 �C the integration ratio between the complex
with a coordinated BF4


� ion and the one with a noncoordinated
BF4


� ion is 1:1 according to 19F NMR spectroscopy, while at
�90 �C the species with a free BF4


� is dominant (1:9 ratio).
Remarkably, the described phenomena do not take place


when the NMR measurements of complex 3a are performed
in the noncoordinating solvent 2,5-dimethyltetrahydrofuran
(mixture of cis and trans isomers), the broad signal at ��
�164.4 ppm in the 19F NMR spectrum remaining unchanged
on varying the temperature. Therefore, we conclude that a
THF molecule coordinates to the RhIII center at low temper-
ature, replacing the weakly coordinated BF4


� ligand and
resulting in complex 3a� (Scheme 2). This process is reversible
and the equilibrium can be shifted completely back to 3a by
elevating the temperature up to 25 �C.
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Scheme 2. Stabilization of the cationic Rh center by BF4
� or THF coordination tuned by temperature.
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The exchange between bound and free BF4
� was studied


by spin-saturation transfer experiments in the noncoord-
inating solvent 2,5-dimethyltetrahydrofuran. When complex
3a is mixed with Bu4N�BF4


� in this solvent, the 19F NMR
spectrum exhibits two signals, at ���151.2 ppm and ��
�164.4 ppm, for the free and coordinated (complex 3a)
tetrafluoroborate, respectively. Spin-saturation experiments
were performed between �70 �C and 10 �C, and the response
of the signal of coordinated BF4


� upon saturation of free
BF4


� (saturation transfer difference) was monitored. These
experiments show that the coordinated BF4


� ion is in a
relatively fast equilibrium with the free BF4


� ion even at low
temperatures,[24] and that this exchange does not require
solvent coordination to the metal center. Interestingly, the
exchange was faster upon increasing the concentration of
Bu4N�BF4


�.
Interestingly, the signal of the bound tetrafluoroborate


anion of 3a in the noncoordinating solvent, 2,5-dimethylte-
trahydrofuran is very broad in the 19F NMR spectrum. The
broadness of the signal can be explained by fast intra-
molecular rotation of BF4


�, which takes place by fast
coordination/decoordination of the fluorine atoms (complete
dissociation of BF4


� is unlikely, vide infra). Therefore, it was
impossible to distinguish between the coordinated and
uncoordinated fluorine atoms of the bound BF4


� ion in 19F
NMR spectra even at low temperatures. Traditionally, the
BF4


� ion is considered as a ™noncoordinating∫ ligand and
examples of binding of this anion to a metal are not common.
We are aware of only two other examples of BF4


� coordina-
tion to a rhodium center.[25] The BF4


� ion coordinates to 3a to
stabilize the very unsaturated rhodium(���) 14-electron com-
plex, although the dynamic behavior of the anion indicates,
most likely, a relatively weak coordination.


Complex 3 represents a unique example, in which stabili-
zation of a highly unsaturated, formally 14-electron RhIII


center, either by a weakly coordinated anion (BF4
�) or a


loosely bound solvent molecule (THF) is controlled by the
temperature selected. At low temperature THF coordination is
favored over BF4


� coordination, while at room temperature
the ligation of BF4


� to RhIII in 3a is preferred, although the
opposite order of the donor strengths was reported for
molybdenum and tungsten complexes (THF� BF4


�).[2a] A
likely explanation for the observed temperature dependence
is that THF coordination is enthalpically favored, THF being
a better ligand than BF4


�, whereas BF4
� coordination is


favored entropically, because it results in lower charge
separation.


Complex 3b, in which the unsaturated rhodium(���) center is
stabilized by another weakly coordinating ligand, the trifluor-
omethylsulfonate (triflate, OTf�) ion, was prepared in a
similar way to compound 3a. Abstraction of the chloride from
complex 2 by AgOTf in THF results in quantitative formation
of compound 3b. Complex 3b can also be synthesized by
direct reaction of the PCN ligand with the monomeric cationic
precursor [(coe)2Rh(solv)n]�OTf� (Scheme 1). Complex 3b
exhibits NMR spectra similar to those of 3a, including
characteristic shifts and splitting patterns for the CH3Rh
group in both 1H and 13C{1H} NMR spectra and for the ipso-
carbon atom in the 13C{1H} NMR spectrum. No signals for


coordinated solvent were found at room temperature, sug-
gesting that the OTf� ion is bound to the metal center.[26]


The molecular structure of complex 3b was confirmed by
an X-ray diffraction study.[27] Orange prismatic crystals were
obtained by slow diffusion of pentane into a concentrated
solution of 3b in THF at room temperature. The rhodium
atom is located in the center of a distorted square pyramid
with the methyl group occupying the position trans to the
empty coordination site (Figure 1).


Figure 1. Strucuture of 3b (ORTEP drawing, 50% of probability; hydro-
gen atoms are omitted for clarity).


The triflate ligand is located in the position trans to the
aromatic ring. Noteworthy, although 3b has an additional
vacant coordination site, CF3SO3


� prefers to bind through one
oxygen atom, rather than by �2-coordination.[28] The N�Rh
bond (2.184(15) ä) is shorter than the P�Rh bond
(2.274(6) ä), which forces the rhodium atom to tilt toward
the amine ligand. This results in a certain asymmetry of the
PCN system in 3b. Selected bond lengths and angles are given
in Table 1.


Interestingly, in contrast to the BF4
� ion in 3a, the OTf�


ligand in 3b remains coordinated regardless of the temper-
ature, indicating stronger binding of OTf� than BF4


�. This fact
is in agreement with Beck×s series of donor strengths for
weakly coordinating ligands.[2a]


Since the unsaturated rhodium(���) cationic complexes
described above can coordinate anions such as triflate and
tetrafluoroborate, we decided to use the very bulky non-
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Table 1. Selected bond lengths [ä] and angles [�] for 3b.


Rh(1)�N(2) 2.1844(15) Rh(1)�P(3) 2.2739(6)
Rh(1)�C(4) 1.9607(16) Rh(1)�O(50) 2.2373(14)
Rh(1)�C(1) 2.0339(17)
C(4)-Rh(1)-C(1) 87.30(7) N(2)-Rh(1)-O(50) 92.43(6)
C(4)-Rh(1)-N(2) 81.87(6) C(4)-Rh(1)-P(3) 83.98(5)
C(1)-Rh(1)-N(2) 93.81(7) C(1)-Rh(1)-P(3) 98.25(6)
C(4)-Rh(1)-O(50) 173.70(6) N(2)-Rh(1)-P(3) 160.91(4)
C(1)-Rh(1)-O(50) 90.42(7) O(50)-Rh(1)-P(3) 102.17(4)
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coordinating anion tetrakis(3,5-bis(trifluoromethyl)phenyl)-
borate (BArf�).[29] Upon reaction of AgBArf ¥
n((CH3CH2)2O)[30] with complex 2 in diethyl ether at room
temperature, silver chloride precipitation and quantitative
formation of complex 4 were observed (Scheme 3).[31]


The NMR data of complex 4 are similar to that of 3a and
3b, indicating the similarity in their structure. In addition, the
characteristic signals of the BArf� ion are observed in both 1H
and 13C{1H} NMR spectra, and the 19F NMR spectrum shows a
sharp singlet at ���62.5 ppm due to the free BArf� ion. To
address the question of solvent coordination to the rhodium
center in 4, the following experiment was performed. Com-
plex 4 was prepared in diethyl ether and the solvent was
evaporated to dryness, followed by dissolution in CD2Cl2 and
measurement of the 1H NMR spectrum. In addition to the
characteristic signals of complex 4, the spectrum shows the
presence of one equivalent of diethyl ether (by integration).
Thus, we can conclude that a molecule of diethyl ether is
coordinated to the rhodium center in complex 4 even in the
solid state, and that it is substituted by a molecule of
dichloromethane when 4 is dissolved in it. In agreement with
this, the 31P{1H} NMR spectrum exhibits a doublet at ��
74.1 ppm (1JRh,P� 155.7 Hz) in
CH2Cl2, while in diethyl ether a
doublet at �� 77.3 ppm with
1JRh,P� 159.5 Hz is observed. Co-
ordination of one diethyl ether
molecule in complex 4 in the
solid state was confirmed by
elemental analysis (see Experi-
mental Section). Moreover, sol-
vent coordination in 4 is sup-
ported also by comparing its
reactivity with that of the com-
plex prepared in the absence of
any coordinating solvent (vide
infra).


The ability of 4 to coordi-
nate CH2Cl2 was demonstrated
in a similar fashion. Upon evaporation of the CH2Cl2
solvent to dryness and redissolving the solid 4 in THF, the
1H NMR spectrum of the THF solution shows a singlet at ��
5.65 ppm, which integrated 1:1 to the complex, assignable to
one free molecule of CH2Cl2, replaced by the better-
coordinating THF ligand. The 31P{1H} NMR spectrum of
complex 4 in THF differs from that in diethyl ether or
dichloromethane and exhibits a doublet at �� 73.02 ppm with
1JRh,P� 157.3 Hz. The coordination of the solvents in 4 is
reversible (Scheme 3).


Thus, 4 represents an interesting complex, which closely
mimics a highly unsaturated rhodium(���) 14-electron reactive
intermediate, dissolved in solvents such as diethyl ether or
dichloromethane. The solvent molecule stabilizes this species
by very weak labile coordination. This is a very rare case of


dichloromethane and diethyl ether coordi-
nation to a rhodium center. Because of its
poor ligating ability, CH2Cl2 complexes of
late transition metals are rare.[3, 15, 32] Nota-
bly, in Beck×s series of weakly coordinating
ligands dichloromethane and diethyl ether
were classified as the weakest ones.[2a]


Complex 4 is stable in solution at room
temperature and it is similar to complex
3a�, which is solvent-trapped only at very
low temperature. Thus, at room temper-


ature, the choice of a counteranion (BF4
� or BArf�) controls


the mode of stabilization of the cationic rhodium species,
either by an anion (in 3a) or by a solvent (in 4).


1,2-Metal-to-carbon methyl shift: facile dearomatization :
Complexes 3 and 4 were obtained in the presence of weakly
coordinating anions or/and solvents. In an effort to study such
complexes in a noncoordinating medium, we tried to ex-
change the BF4


� ion in complex 3 for the BArf� ion in
fluorobenzene.[33]


Addition of NaBArf[34] to an orange solution of 3 in
fluorobenzene leads to a gradual color change to green,
accompanied by the precipitation of NaX (X�BF4, OTf).
Analysis of the reaction mixture by NMR spectroscopy shows
the quantitative conversion of complex 3 to the hydride
complex 5 (Scheme 4).


Complex 5 was unequivocally characterized by multinu-
clear NMR spectroscopy. The NMR spectra show a very
characteristic picture of a dearomatized compound with a
methylene arenium frame, which is similar to the NMR data
for the only other known metal stabilized methylene arenium
system, which is based on the PCP ligand.[16e, 35] The 31P{1H}
NMR spectrum shows a doublet at �� 43.29 ppm (1JRh,P�
116.5 Hz), which is strongly upfield shifted in comparison to
that of the aromatic compound 3 (��� 30 ppm). The RhH
appears at ���27.4 ppm in the 1H NMR spectrum as a
doublet of doublets (1JRh,H� 62.5, 2JP,H� 23.7 Hz), the chem-
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Scheme 3. Synthesis of solvent-stabilized 4.
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Scheme 4. Thermodynamically favorable dearomatization, caused by simple counteranion exchange.
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ical shift being characteristic of a hydride ligand located trans
to the occupied coordination site. The protons of a coordi-
nated double bond (C�CH2) give rise to a pair of broad
doublet of doublets at �� 4.67 and 4.11 ppm. The different
chemical shift of these protons is a result of their magnetic
inequivalence caused by lack of a symmetry plane passing
through the double bond and rhodium atom. In the same
spectrum, the ring-bound hydrogen atom exhibits a single
resonance at �� 8.51 ppm, the downfield shift being charac-
teristic of a positively charged arenium species.[36] The 13C{1H}
NMR spectrum shows a pair of doublet of doublets at ��
95.34 (Rh�(C�CH2)) and 38.60 ppm (Rh�(C�CH2)) due to
the coordinated methylene group. In the same spectrum the
ortho- and para- carbon atoms show three singlets at ��
152.39, 147.34, and 144.82 ppm, which indicates a relatively
high degree of the positive charge localization at these carbon
atoms.[36]


A plausible mechanism for the formation of the methylene
arenium complex 5 is described in Scheme 5. It is conceivable
that the initial exchange of the X� (X�BF4, OTf) ion by
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+


BArf
-


Scheme 5. Possible mechanism of the dearomatization process by way of a
1,2-metal-to-carbon methyl shift.


BArf� followed by the precipitation of NaX leads to the
formation of complexA. CompoundAmust be very unstable,
because it represents a very unsaturated RhIII complex,
formally a 14-electron complex, which is not stabilized by
the medium (in contrast to 3 and 4). Therefore, a 1,2-methyl
shift to give the more electron-rich RhI methyl arenium
complex B may take place. Such an apparent 1,2-methyl shift
upon reducing electron density at the metal center by CO
coordination was recently reported.[16e] Complex B can be


represented by two resonance forms, one having the positive
charge on the dearomatized ring of the ligand and the second
one having it on the rhodium atom, including an agostic
interaction of the C�C bond with the metal center. In the case
of the stable PCP-based methyl arenium Rh± carbonyl
complex it was shown that the positive charge is concentrated
mainly on the metal center. Intermediate B is a RhI 14-
electron complex, which is expected to be unstable. Examples
of isolated monovalent rhodium 14-electron complexes are
scarce.[4c, 12] Having a methyl group in the �-position, B can
easily undergo �-hydrogen elimination to give the rhodium(�)
16-electron methylene arenium compound 5.


The transformation of complex 3 to 5 (Scheme 4) cannot be
reversed by addition of an excess of NaX or of a coordinating
solvent to 5. The reason for this is, most likely, a high kinetic
barrier for migratory insertion of the hydride to the trans-
located double bond, although one example of such a process
is known.[37] Thus, formation of compound 5 represents a
unique, facile, thermodynamically driven dearomatization
process caused by a simple exchange of counteranions, which
takes place at room temperature. Metal-stabilized methylene
arenium species, which are very rare, were previously
prepared by reaction of PCP-based Rh or Ir methyl chloride
complexes, analogous to 3, with a strong acid, such as
HOTf.[16e] In that case the dearomatization process of the
aromatic ring is driven by H2 liberation. Here, the dearoma-
tization process (of intermediate A) itself is thermodynami-
cally favorable: the highly unstable rhodium(���) 14-electron
intermediate loses its aromaticity to form a more stable 16-
eelectron RhI complex. In addition, this system represents a
remarkable example, in which it is possible to follow and
control a transformation of trivalent rhodium 14 electron
complexes. Usually, such species undergo uncontrollable
decomposition.


Interestingly, complex 5 can be alternatively obtained by
leaving compound 4 under high vacuum for three days
(Scheme 4). The coordinated diethyl ether molecule is
removed by this treatment, resulting in species A (Scheme 5),
which undergoes the previously described transformation.


Finally, taking into consideration the observation that the
exchange rate involving BF4


� is enhanced upon increasing the
concentration of this anion, and the described 1,2-methyl-shift
chemistry (even traces of dearomatization product were not
observed in the BF4


�/THF system), we believe that the
mechanism of the ligand exchange in complex 3a is associa-
tive rather than dissociative, although a dissociative mecha-
nism may also be possible.


Summary


Synthesis, characterization, medium effects, and reactivity
studies of highly unsaturated rhodium(���) cationic complexes,
which mimic ™elusive∫ 14-electron intermediates of metal-
catalyzed reactions are presented in this work. Complex 3
represents a unique example, in which a highly coordinatively
unsaturated rhodium center is stabilized by a counteranion or
solvent molecule as a function of temperature. Complex 4 is an
apparent RhIII 14-electron compound stabilized by reversible,
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weak coordination of a solvent molecule. Rare examples of
coordination of dichloromethane and diethyl ether to the
rhodium center are presented. When the cationic unsaturated
complex 3 is forced to be in a noncoordinating medium
(solvent, anion) the highly unsaturated 14-electron rhodiu-
m(���) species undergoes a unique 1,2-metal-to-carbon methyl
shift. Followed by �-hydrogen elimination, the whole process
results in a dearomatized methylene arenium system. This
process represents a mild, thermodynamically favorable
dearomatization of the aromatic system driven by unsatura-
tion.


Experimental Section


General procedures : All experiments with metal complexes and phosphine
ligands were carried out under an atmosphere of purified nitrogen in a
Vacuum Atmospheres glove box equipped with a MO 40 ± 2 inert gas
purifier or using standard Schlenk techniques. All solvents were reagent
grade or better. All non-deuterated solvents were refluxed over sodium/
benzophenone ketyl and distilled under argon atmosphere. Deuterated
solvents were used as received. All the solvents were degassed with argon
and kept in the glove box over 4 ä molecular sieves. Commercially
available reagents were used as received. The complex [{Rh(coe)2Cl}2],[38]


was prepared according to a literature procedure.
1H, 13C, 31P, and 19F NMR spectra were recorded at 400, 100, 162, and
376 MHz, respectively, using a Bruker AMX-400 NMR spectrometer. All
spectra were recorded at 23 �C. 1H NMR and 13C{1H} NMR chemical shifts
are reported in ppm downfield from tetramethylsilane. 1H NMR chemical
shifts were referenced to the residual hydrogen signal of the deuterated
solvents (�� 3.58 ppm, tetrahydrofuran; �� 5.32 ppm, dichloromethane).
In 13C{1H} NMR measurements the signals of [D8]THF (�� 67.5 ppm) and
CD2Cl2 (�� 53.8 ppm) were used as a reference. 31P NMR chemical shifts
are reported in ppm downfield from H3PO4 and referenced to an external
85% solution of phosphoric acid in D2O. 19F NMR chemical shifts were
referenced to C6F6 (���163 ppm). Screw-cap 5 mm NMR tubes were
used in the NMR follow-up experiments. Abbreviations used in the
description of NMR data are as follows: b, broad; s, singlet; d, doublet; t,
triplet; q, quartet, m, multiplet, v, virtual. Elemental analyses were
performed by H. Kolbe, Mikroanalytisches Laboratorium, Germany.


Complex 3a: Method A : Mixing a solution of the PCN-based Rh-methyl
chloride complex 2 (30 mg, 0.060 mmol) in THF (2 mL) with a solution of
AgBF4 (11.7 mg, 0.060 mmol) in THF resulted in the formation of complex
3a and AgCl after 3 min. The solution of 3a was separated from AgCl by
filtration and the solvent was evaporated, to yield 3a as a brown solid
(31 mg; 95%).


Complex 3a: Method B : A solution of [{Rh(coe)2Cl}2] (30 mg, 0.042 mmol)
in THF (2 mL) was mixed with a solution of AgBF4 (16.3 mg, 0.084 mmol)
in THF at room temperature, resulting in the formation of the cationic
rhodium precursor [(coe)2Rh(solv)n]BF4 and an AgCl precipitate. The
precipitate was removed by filtration and the filtrate containing the
cationic rhodium monomer was filtered out and added to a solution of the
PCN ligand 1 (30 mg, 0.083 mmol) in THF. The color changed to brown
within 3 min and 31P{1H} NMR spectroscopy showed quantitative forma-
tion of 2 as a single product.


Characterization of 3a : 31P{1H} NMR ([D8]THF): �� 73.21 ppm (d, JRh,P�
160.2 Hz); 1H NMR ([D8]THF): �� 6.57 (s, 1H; Ar), 3.77 (m, 1H; Ar-CH2-
N), 3.45 (m, 1H; Ar-CH2-N), 2.99 (m, 1H; CH3-CH2-N), 2.81 (m, 1H; Ar-
CH2-P), 2.76 (m, 1H; Ar-CH2-P), 2.67 (m, 1H; CH3-CH2-N), 2.48 (m, 1H;
CH3-CH2-N), 2.22 (m, 1H; CH3-CH2-N), 2.16 (s, 3H; Ar-CH3), 2.03 (s, 3H;
Ar-CH3), 1.75 (dd, JRh,H� 2.9 Hz, JP,H� 1.2 Hz, doublet in 1H{31P} NMR,
3H; RhCH3), 1.19 (d, JP,H� 13.5 Hz, singlet in 1H{31P} NMR, 9H; (CH3)3C-
P), 1.13 (d, JP,H� 13.4 Hz, singlet in 1H{31P} NMR, 9H; (CH3)3C-P), 1.09 (t,
JH,H� 7.2 Hz, 3H; CH3-CH2-N), 0.81 ppm (t, JH,H� 7.2 Hz, 3H; CH3-CH2-
N); 13C{1H} NMR ([D8]THF): �� 171.12 (dd, JRh,C� 29.1, JPC,cis� 3.6 Hz;
Cipso, Rh�Ar), 145.25 (dd, JP,C� 11.3, JRh,C� 2.9 Hz; Ar), 140.07 (s; Ar),
138.56 (s; Ar), 131.91 (dd, JP,C� 15.7, JRh,C� 1.8 Hz; Ar), 130.62 (s; Ar),


61.65 (bs; Ar-CH2-N), 48.91 (bs; CH3-CH2-N), 48.00 (bd, JRh,C� 1.8 Hz;
CH3-CH2-N), 36.11 (d, JP,C� 19.33 Hz; Ar-CH2-P), 35.07 (d, JP,C� 2.4 Hz;
(CH3)3C-P), 34.84 (d, JP,C� 2.3 Hz; (CH3)3C-P), 30.70 (d, JP,C� 3.4 Hz;
(CH3)3C-P), 28.86 (d, JP,C� 2.6 Hz; (CH3)3C-P), 20.57 (s; CH3-Ar), 19.43 (s;
CH3-Ar), 11.16 (s; CH3-CH2-N), 6.40 (s; CH3-CH2-N), 0.08 ppm (dd,
JRh,C� 35.1 Hz, JP,C� 7.2 Hz; Rh-CH3). (Assignment of 13C{1H} NMR
signals was confirmed by 13C DEPT). 19F{1H} NMR ([D8]THF): ��
�164.40 ppm (s; BF4); elemental analysis (%): calcd: C 49.92, H 7.67;
found: C 50.93, H 8.02.


Complex 3b : Compound 3b was prepared similarly to 3a using AgOTf
instead of AgBF4. In method A 15 mg AgOTf (0.061 mmol) was used, and
in method B 20.6 mg AgOTf (0.042 mmol) was used. 31P{1H} NMR
([D8]THF): �� 72.53 ppm (d, JRh,P� 160.2 Hz); 1H NMR ([D8]THF): ��
6.61 ppm (s, 1H; Ar), 3.73 (m, 1H; Ar-CH2-N), 3.42 (m, 1H; Ar-CH2-P),
3.33 (m, 1H; CH3-CH2-N), 3.05 (m, 1H; Ar-CH2-N), 2.74 (m, 1H; Ar-CH2-
P), 2.70 (m, 1H; CH3-CH2-N), 2.55 (m, 1H; CH3-CH2-N), 2.41 (m, 1H;
CH3-CH2-N), 2.10 (s, 3H; Ar-CH3), 1.97 (s, 3H; Ar-CH3), 1.67 (dd, JRh,H�
2.2, JP,H� 1.3 Hz, doublet in 1H{31P} NMR, 3H; Rh-CH3), 1.15 (d, JP,H�
13.4 Hz, singlet in 1H{31P} NMR, 9H; (CH3)3C-P), 1.07 (d, JP,H� 13.5 Hz,
singlet in 1H{31P} NMR, 9H; (CH3)3C-P), 0.96 (t, JH,H� 7.5 Hz, 3H; CH3-
CH2-N), 0.75 ppm (t, JH,H� 7.2 Hz, 3H; CH3-CH2-N); 13C{1H} NMR
([D8]THF): �� 156.15 (dd, JRh,C� 30.1, JP,C,cis� 3.4 Hz; Cipso, Rh-Ar),
143.35 (dd, JP,C� 11.8, JRh,C� 3.2 Hz; Ar), 141.81 (s; Ar), 141.33 (s; Ar),
129.81 (dd, JP,C� 16.2, JRh,C� 1.9 Hz; Ar), 128.62 (s; Ar), 60.17 (d, JP,C�
1.5 Hz; Ar-CH2-N), 47.38 (bs; CH3-CH2-N), 46.71 (bs; CH3-CH2-N), 34.16
(d, JP,C� 21.0 Hz; Ar-CH2-P), 33.72 (d, JP,C� 2.4 Hz; (CH3)3C-P), 33.58 (d,
JP,C� 1.9 Hz; (CH3)3C-P), 28.83 (d, JP,C� 3.3 Hz; (CH3)3C-P), 26.86 (d,
JP,C� 2.7 Hz; (CH3)3C-P), 18.50 (s; CH3-Ar), 17.41 (s; CH3-Ar), 9.69 (s;
CH3-CH2-N), 4.69 (d, JP,C� 2.2 Hz; CH3-CH2-N), �3.13 ppm (dd, JRh,C�
35.0, JP,C� 7.5 Hz; Rh-CH3); 19F{1H} NMR ([D8]THF): ���78.11 ppm (s;
SO3CF3); elemental analysis (%): calcd: C 44.88, H 6.34; found: C 45.17, H
7.02.


Complex 4 : To a solution of complex 2 (30 mg, 0.06 mmol) in diethyl ether
(3 mL) (or tert-butyl methyl ether) was added AgBArf ¥ nEt2O (58.3 mg,
0.06 mmol) in diethyl ether (3 mL). The mixture was stirred at room
temperature for 30 min, after which the precipitated AgCl was filtered
through celite. Removal of the solvent from the filtrate by evaporation left
complex 4 (78.9 mg, 94%). When dry complex 4 was dissolved in CD2Cl2,
compound 4� was obtained. 31P{1H} NMR (CD2Cl2): �� 74.10 ppm (d,
JRh,P� 155.7 Hz); 1H NMR (CD2Cl2): �� 7.72 (bs, 8H; o-B(3,5-
C6H3(CF3)2)4), 7.57 (bs, 4H; p-B(3,5-C6H3(CF3)2)4), 6.69 (s, 1H; Ar), 3.91
(m, 1H; Ar-CH2-N), 3.46 (q, 4H; (CH3-CH2)2O, free molecule), 3.20 ± 2.91
(overlapping multiplets, 4H, CH3-CH2-N; 1H, Ar-CH2-N; 2H, Ar-CH2-P),
2.28 (s, 3H; Ar-CH3), 2.19 (s, 3H; Ar-CH3), 1.45 (dd, JRh,H� 2.7, JP,H�
1.3 Hz, doublet in 1H{31P} NMR, 3H; Rh-CH3), 1.30 (d, JP,H� 13.7 Hz,
singlet in 1H{31P} NMR, 9H; (CH3)3C-P), 1.27 (d, JP,H� 12.9 Hz, singlet in
1H{31P} NMR, 9H; (CH3)3C-P), 1.20 (t, JH,H� 7.1 Hz, 3H; CH3-CH2-N),
1.16 (t, JH,H� 7.0 Hz, 6H; (CH3-CH2)2O, free molecule), 1.15 ppm (t, JH,H�
7.3 Hz, 3H; CH3-CH2-N); 13C{1H} NMR (CD2Cl2): �� 162.20 (q, JB,C�
49.6 Hz; ipso-B(Ar�4)), 154.15 (m, Cipso ; Rh-Ar),144.82 (m; Ar), 142.53 (s;
Ar), 135.20 (bs; o-B(Ar�4)), 134.52 (s; Ar), 132.49 (s; Ar), 129.21 (bq, 2JF,C�
29.5 Hz; m-B(Ar�4)), 129.11 (s; Ar), 125.1 (q, 1JF,C� 272.1 Hz; CF3), 117.89
(m; p-B(Ar�4)), 66.17 (s; (CH3-CH2)2O, free molecule), 61.95 (bs; Ar-CH2-
N), 49.34 (bs; CH3-CH2-N), 49.00 (bs; CH3-CH2-N), 37.22 (d, 1JP,C�
19.1 Hz; (CH3)3C-P), 35.88 (d, 1JP,C� 14.2 Hz; (CH3)3C-P), 31.31 (d,
2JP,C� 1.3 Hz; (CH3)3C-P), 29.19 (d, JP,C� 1.7 Hz; (CH3)3C-P), 21.01 (s;
CH3-Ar), 19.99 (s; CH3-Ar), 15.32 (s; (CH3-CH2)2O, free molecule), 12.18
(s; CH3-CH2-N), 7.11 (s; CH3-CH2-N), �0.79 ppm (dd, 1JRh,C� 37.3 Hz,
JP,C� 7.2 Hz; Rh-CH3). (Assignment of 13C{1H} NMR signals was confirmed
by 13C DEPT). 19F{1H} NMR (CD2Cl2): ���62.5 ppm (s; CF3); elemental
analysis (%) for complex 4 obtained from a diethyl ether solution: calcd: C
50.54, H 4.35; found: C 50.62, H 4.54.


Complex 5 : To a solution of 3a (30 mg, 0.054 mmol) or 3b (30 mg,
0.049 mmol) in fluorobenzene (3 mL) was added NaBArf (48 mg,
0.054 mmol) or (43 mg, 0.049 mmol), respectively. The mixture was stirred
for 3 h at room temperature. A color change from orange to deep green and
precipitation of NaX (X�BF4 for 3a and OTf for 3b) took place, and
31P{1H} NMR spectroscopy revealed quantitative formation of 5. The
precipitated NaX was separated by filtration through a cotton pad and the
solvent was removed from the filtrate under vacuum. The resulting solid
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was washed with pentane and benzene and redissolved in dichloromethane.
Evaporation of the solvent gave pure 5 as a green solid.
31P{1H} NMR (CD2Cl2): �� 43.29 ppm (d, 1JP,Rh� 116.45 Hz); 1H NMR
(CD2Cl2): �� 8.51 (s, 1H; Ar-H), 7.62 (bs, 8H; o-B(3,5-C6H3(CF3)2)4), 7.46
(bs, 4H; p-B(3,5-C6H3(CF3)2)4), 4.67 (dd, 1H, JP,H� 7.2, JRh,H� 4.3 Hz,
doublet in 1H{31P} NMR; C�CH2), 4.25 (d, 1H, JRh,H� 4.0 Hz; Ar-CH2-N),
4.11 (dd, 1H, JP,H� 5.6, JRh,H� 3.1 Hz, doublet in 1H{31P} NMR; C�CH2),
3.47 (m, 1H; Ar-CH2-P), 3.44 (d, 1H, JRh,H� 4.5 Hz; Ar-CH2-N), 3.16 ± 2.93
(overlapping multiplets, 4H, CH3-CH2-N; 1H, Ar-CH2-P), 2.45 (s, 3H; Ar-
CH3), 2.43 (s, 3H; Ar-CH3), 1.41 (d, JP,H� 14.7 Hz, singlet in 1H{31P} NMR,
9H; (CH3)3C-P), 1.28 (t, JH,H� 7.2 Hz, 3H; CH3-CH2-N), 1.22 (t, JH,H�
7.4 Hz, 3H; CH3-CH2-N), 1.16 (d, JP,H� 13.2 Hz, singlet in 1H{31P} NMR,
9H; (CH3)3C-P), �27.40 ppm (dd, JRh,H� 62.5, JP,H� 23.7 Hz, 1H, doublet
in 1H{31P} NMR; Rh-H); 13C{1H} NMR (CD2Cl2): �� 162.12 (q, JB,C�
49.8 Hz; ipso-B(Ar�4)), 152.39 (s; Ar), 147.34 (s; Ar), 144.82 (s; Ar),
146.39 (s; Ar), 142.53 (s; Ar), 140.65 (s; Ar), 139.36 (s; Ar), 135.20 (m; o-
B(Ar�4)), 129.20 (qq, JF,C� 29.5, JB,C� 2.8 Hz; m-B(Ar�4)), 124.96 (q, 1JF,C�
272.3 Hz; CF3), 117.82 (septet, JF,C� 4.1 Hz; p-B(Ar�4)), 95.34 (dd, JRh,C�
7.2, JP,C� 3.6 Hz; C�CH2), 68.41 (bs; Ar-CH2-N), 52.33 (bs; CH3-CH2-N),
50.77 (bs; CH3-CH2-N), 38.60 (dd, JRh,C� 14.8, JP,C� 1.3 Hz; C�CH2), 32.35
(d, JP,C� 5.6 Hz; (CH3)3C-P), 32.09 (d, 1JP,C� 4.6 Hz; (CH3)3C-P), 30.32 (d,
JP,C� 2.7 Hz; (CH3)3C-P), 29.37 (d, JP,C� 1.6 Hz; (CH3)3C-P), 19.083 (s;
CH3-Ar), 18.55 (s; CH3-Ar), 12.00 (s; CH3-CH2-N), 9.73 ppm (s; CH3-CH2-
N). (Assignment of 13C{1H} NMR signals was confirmed by 13C DEPT).
19F{1H} NMR (CD2Cl2): ���62.8 (s, CF3).
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Synthesis of Complex Oligosaccharides by Using a Mutated (1,3)-�-�-Glucan
Endohydrolase from Barley


Jon K. Fairweather,[a] Maria Hrmova,[b] Simon J. Rutten,[b] Geoffrey B. Fincher,[b] and
Hugues Driguez*[a]


Abstract: Complex oligosaccharides
with newly formed (1,3)-�-glycosidic
linkages were obtained in good to ex-
cellent yields when substituted or un-
substituted �-laminaribiosyl fluorides,
acting as donors, were condensed onto
mono- and disaccharide �-�-hexo-
pyranoside acceptors by using a (1,3)-�-
�-glycosynthase. These linear and


branched (1,3)-�-linked oligosacchar-
ides could prove to be important in a
range of medical, pharmaceutical, and
agricultural applications. Furthermore,


the observation that the (1,3)-�-�-glucan
glycosynthase accommodates (1,3)-,
(1,4), - and (1,6)-�-oligosaccharides in
its acceptor subsites suggests novel, yet
unexpected physiological roles for the
wild type (1,3)-�-�-glucan endohydro-
lase from higher plants.Keywords: carbohydrates ¥


enzymatic synthesis ¥ glycosides ¥
glycosynthase ¥ oligosaccharides


Introduction


(1,3)-�-�-Glucans and related polysaccharides have been
implicated in immunomodulating and antitumour activi-
ties.[1, 2] They also exhibit antibacterial and antiviral proper-
ties, stimulate blood coagulation, and accelerate the healing of
wounds.[3±6] In addition, (1,3)- and (1,3;1,6)-�-�-oligogluco-
sides elicit defense processes against microbial attack in
invertebrates and plants.[7, 8] Future medical, pharmaceutical,
and agricultural applications of these compounds will rely on
rapid and specific synthetic procedures, that can be readily
adapted to large-scale production. One approach to the rapid
production of specific oligo- and polysaccharides is through
™glycosynthase∫ technology.


Glycosynthases are generated from retaining glycoside
hydrolases, in which catalytic nucleophiles are replaced with
non-carboxylic amino acid residues. These mutated enzymes,
which catalyze synthetic reactions without hydrolysis, are now
opening new avenues for stereoselective assembly of oligo-
saccharides.[9±14] We have recently produced a (1,3)-�-�-glucan
endohydrolase (Glu231Gly) from barley and demonstrated
that the enzyme polymerizes �-laminaribiosyl fluoride under


glycosynthase-like conditions.[15] In this study, we report on
the versatility of this (1,3)-�-�-glycosynthase to condense �-
laminaribiosyl fluoride and its derivatives with a variety of �-
�-hexopyranoside acceptors.


Results and Discussion


Table 1 (entry 1) shows the condensation of �-laminaribiosyl
fluoride (1)[10] and p-nitrophenyl-�-glucoside (2). The identity
of the newly established glycosidic linkage was confirmed by
13C NMR spectroscopy with a characteristic signal at
�85 ppm that is representative of C-3 substituted �-�-
glucosyl residues.[16] However, when equimolar concentra-
tions of donor and acceptor were used, only the polymeric
(1,3)-�-�-glucan product arising from the self-condensation of
1 was obtained.[15] The yield of the polymer could be
minimized when the acceptor was used in a high concen-
tration and at a donor/acceptor ratio of 1:5. Under these
conditions, laminaritrioside 3 was obtained in excellent yield
(90%). Reaction of the �-�-xyloside 4 and �-�-galactoside 5
gave equally good yields for the respective trisaccharide
products 6 (82%) and 7 (89%) (entries 2 and 3). Under these
conditions, lack of glycosylation of either p-nitrophenyl �-�-
mannoside or 2-acetylamino-2-deoxy-�-�-glucoside suggest-
ed that both orientation and nature of the substituent at C-2 is
critical for the correct location of the acceptor in subsite �1.
In these last cases, only a polymeric (1,3)-�-�-glucan product
was produced.


Subsequently, a series of disaccharides were used as
acceptors for the condensation reactions. Entry 4 reveals that
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gentiobioside 8 also serves as an acceptor in the glycosynthase
reaction, and that the branched trisaccharide 9 is obtained as
the sole product (70% yield). It is noteworthy that, despite
having two available C(O)3 acceptor sites for glycosylation
(both glucosyl units of 8 are in the �-�-configuration), only the
residue harboring the aromatic aglycon is glycosylated. This
result, similarly observed with a mutated �-�-mannosidase,[17]


draws attention to the fact that aromatic groups play an
important role in positioning the acceptor molecules in the
active sites of glycosynthases. p-Nitrophenyl �-maltoside was
not an acceptor, but p-nitrophenyl �-cellobioside (10) could
be glycosylated to yield the tetrasaccharide 11 in moderate
yield (55%, entry 5). It is somewhat surprising that the (1,4)-
�-linked disaccharide acceptor can be correctly positioned in
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Table 1. Enzymatic syntheses of (1,3)-�-glycosidic bonds by condensation of �-laminaribiosyl fluoride 1, and its analogues 15, 24, and 31, with mono- and
disaccharide acceptors 2, 4, 5, 8, 10, 12, and 14, using (1,3)-�-�-glucanase Glu231Gly.


Entry Donor Acceptor Isolated product Yield


1 90


2 1 82


3 1 89


4 1 70


5 1 55


6 1 R�Me: 45
R�C6H4NO2: 0


7 2 81


8 15 14 90


9 2 65


10 2 33
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the enzyme binding site, which is normally highly specific for
(1,3)-�-�-glucosyl residues.[15] With the relatively short p-
nitrophenyl �-cellobioside acceptor molecule, the glucosyl
unit in the �2 subsite has to be upside down relative to the
normal substrate.


The elongation of derivatives of laminaribiose was also
achieved; methyl �-laminaribioside (12)[18] gave the tetrasac-
charide 13 in moderate yield (45%), but the p-nitrophenyl
derivative 14[19] yielded neither the expected product nor a
(1,3)-�-�-glucan polymer (entry 6). It is tempting to speculate
that this is a consequence of competition between the two
disaccharides (1 and 14) for the glycosyl donor position in the
active site. Decreasing the donor/acceptor ratio to 1:1 had no
effect, and when the ratio was altered in favor of the donor 1
(5:1), the polymeric (1,3)-�-�-glucan product was synthesized.


To prevent self-condensation of the donor during equimo-
lar coupling with acceptors, it was necessary to epimerize,
protect, or substitute the 3II-OH of fluoride 1, as was observed
in a (1,4)-�-�-glycosynthase.[11, 12, 20] The 3II-azido fluoride 15
was therefore synthesized as outlined in Scheme 1. The
trichloroacetimidate 16 was prepared in a two-step procedure
from tetra-O-acetyl-3-azido-3-deoxy-�-glucose.[21] Glycosyla-
tion of 16 with methyl glucoside 17[22] yielded the protected
disaccharide 18 in 65% yield. After additional protective
group manipulation, giving firstly the methyl glycoside (19)
and then the heptaacetate 20, the final fluoride (21) was
prepared by treatment with HF in pyridine. Conventional
deacetylation produced the 3II-azido fluoride (15), which was
ready for use as the glycosyl donor in the glycosynthase
reaction. Thus, equimolar condensation of the 3II-azido
fluoride 15 with the �-�-glucoside 2 resulted in the formation
of the trisaccharide 22 in excellent yield (81%) (Table 1
entry 7). This result opens the route to an efficient synthesis of
bifunctionalized (1,3)-�-��oligosaccharides for the sensitive
assay of (1,3)-�-�-glucan endohydrolases by fluorescence
quenching, as already reported cellulases.[20] However, a
similar ratio could not be employed for the synthesis involving
the disaccharide acceptor 14, because of its inherent inhib-
itory activity. In this case, a fivefold excess of donor was


required to drive the synthetic reaction, producing the
tetrasaccharide 23 in near quantitative yield (entry 8).


To further investigate the versatility of the barley (1,3)-�-�-
glycosynthase, �-�-glucopyranosyl, �-lactosyl, and �-cello-
biosyl fluorides were tried as glycosyl donors. The failure of
these glycosides to condense onto glucoside 2 is in accordance
with the tight substrate specificity of the wild-type enzyme.
Therefore, the (1,3)-�-�-glycosynthase requires at least a
(1,3)-�-�-linked disaccharide motif in its glycosyl donor
position (subsites �1 and �2).[23] Having observed a toler-
ance of the barley (1,3)-�-�-glycosynthase for a substituted
C-3II OH group on the donor molecule, we investigated the
possibility that a donor with an axial OH group at C-4II would
be viable in the synthetic reaction. The synthesis of the C-4II


modified disaccharide 24 is outlined in Scheme 1. Coupling of
imidate 25[24] with the methyl glycoside (26)[25] gave disac-
charide 27 (85% yield), and subsequently, octaacetate 28 and
fluoride 29 were prepared prior to deacetylation. Condensa-
tion of the donor 24 with the �-�-glucoside 2 and subsequent
acetylation of the reaction products gave rise to trisaccharide
30 in 65% yield (Table 1 entry 9). As observed for the
cellooligosaccharide series,[26] the (1,3)-�-�-oligosaccharide
with a terminal �-�-galactosyl residue could prove to be a
useful compound for oligosaccharide modification by the
galactose ± oxidase reaction.


Finally, we investigated the versatility of the trisaccharide
fluoride 31, which arises from the final hydrolysis product of
cellulase-mediated hydrolysis of (1,3;1,4)-�-�-glucans.[27] The
trisacchaaride was modified by acetylation, fluorination, and
trans-esterification. Entry 10 reveals that while the synthesis
of tetrasaccharide 32 was achieved, its low yield (33%)
suggested that the cellobiosyl unit was not well positioned in
the donor subsites �3 and �2.


In summary, the barley (1,3)-�-�-glycosynthase was used
for the specific synthesis of complex oligosaccharides, includ-
ing (1,3)-�-�-oligoglucosides, C-6 substituted (1,3)-�-�-oligo-
glucosides, (1,3)-�-�-glucoxylosides, (1,3)-�-�-galactogluco-
sides, and linear (1,3;1,4)-�-�-oligoglucosides. While the
(1,3)-�-�-glycosynthase activity depends on forming produc-
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Scheme 1. Syntheses of modified laminaribiosyl fluorides 15 and 24. a) TMSOTf, CH2Cl2; b) 1) NaOMe, MeOH, 2) 60% AcOH, 100 �C, 3) Ac2O, pyridine,
N,N-dimethylaminopyridine; c) H2SO4, AcOH, Ac2O (1: 50: 100 v/v; d) HF/pyridine; e) NaOMe,MeOH; f) (1) H2, Pd/C, MeOH, EtOAc, AcOH, 2) H2SO4,
AcOH, Ac2O (1: 25: 50 v/v).
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tive complexes at subsites �2 and �1 with �-laminaribiosyl
fluorides, it displays a greater tolerance for unusual acceptor
molecules at subsites �1, �2, and beyond. The range and
complexity of oligo- and polysaccharides that are synthesized
by individual glycosynthases could be extended considerably
by the sequential use of the various glycosynthases that are
now available.[28, 29]


Experimental Section


Melting points were measured by using a Buchi 535 melting point
apparatus and remain uncorrected. Optical rotations were measured by
means of a Perkin ±Elmer 341 polarimeter (volume of microcell 1 mL,
10 cm path length) at room temperature. 1H and 13C NMR spectra were
recorded by using a Bruker AC-300 (300 MHz for 1H and 75.5 MHz for 13C)
or a Varian Unity 500 spectrometer (500 MHz for 1H and 125.8 MHz for
13C) either in deuterium oxide (D2O), employing residual H2O (1H, ��
4.78) as internal standard, or in deuteriochloroform (CDCl3) with residual
CHCl3 (1H, �7.26) and CDCl3 (13C, �� 77.0) being employed as internal
standards, at ambient temperatures (298 K) unless specified otherwise.
Where appropriate, analysis of NMR spectra was aided by COSY
(correlated spectroscopy) experiments. High resolution mass spectra
(HRMS) were recorded by using VG ZAB and low resolution MS with a
Nermag R-1010C spectrometer by using the fast atom bombardment
(FAB) technique and employing NaCl as the matrix. The m/z data for the
peaks correspond to [M��Na]. Microanalyses were performed by the
™Laboratoire Central d×analyses du CNRS∫ (Vernaisson, France). All
syntheses that involved anhydrous solvents were performed under argon.
Flash chromatography was performed on Merck (Darmstadt, Germany)
silica gel (40 ± 63 �m) under a positive pressure with the specified eluents.
Reversed-phase chromatography was performed on C18 Sep-Pak cartridg-
es (Waters, USA) under a positive pressure by using 5 ± 20% (v/v) MeOH/
H2O as eluent. Progress of the reactions were monitored by thin-layer
chromatography (TLC) with commercially prepared Merck silica gel 60
F254 aluminium plates. Compounds detected on TLC plates were visualized
by charring with 5% (v/v) sulfuric acid in methanol and/or under
ultraviolet light. The term ™work-up∫ refers to dilution with water,
extraction into an organic solvent, sequential washing of the organic
extract with aqueous hydrochloric acid (1�, where appropriate), saturated
aqueous sodium bicarbonate and brine, followed by drying over anhydrous
magnesium sulfate, filtration, evaporation of the solvent by means of a
rotary evaporator at reduced pressure, and drying of the residue at 1 mm
Hg. p-Nitrophenyl glycosides of �-�-glucose, �-�-xylose, �-�-galactose, �-
�-mannose, 2-acetylamino-2-deoxy-�-�-glucose, �-cellobiose, and �-gen-
tiobiose were obtained from Sigma Chemical Co. (St. Louis, USA).


General procedure for enzymatic synthesis catalyzed by the glycosynthase :
The mutated (1,3)-�-�-glucan endohydrolase Glu231Gly (final concentra-
tion of 0.1 mgmL�1) was added to a solution of the fluoride donor
(1.0 equiv of 10m�), and the acceptor (5.0 equiv of 10m�) was dissolved in
the phosphate buffer (0.25�, pH 7.0). The combined mixture was incubated
at 37 �C for 12 ± 24 h. The reaction products were separated directly from
the reaction mixture by reversed-phase chromatography. Evaporation and/
or lyophilisation of the solvents first gave the unreacted acceptor
>(4.0 equiv), and subsequently the product of the transglycosylation
reaction.


p-Nitrophenyl (�-�-glucopyranosyl)-(1� 3)-(�-�-glucopyranosyl)-(1�
3)-�-�-glucopyranoside (3): Condensation of �-laminaribiosyl fluoride
(1)[10] and 4-nitrophenyl �-�-glucoside (2) gave trisaccharide 3 as an
amorphous powder (90%); 1H NMR (D2O): �� 8.16 ± 8.12, 7.26 ± 7.22 (2m,
4H, ArH), 5.20 (d, J(1,2)� 7.3 Hz, 1H; H-1I), 4.74, 4.66 (2 d, J(1,2)�
J(1,2)� 8.0 Hz, 2H; H-1II,III), 3.88-3.24 ppm (m, 18H; H-2I±III, H-3I±III,
H-4I±III, H-5I±III, H-6I±III); 13C NMR (D2O) �� 162.04, 143.02 (2C; ArC),
126.47, 116.88 (4 C; ArCH), 103.16, 102.87, 99.63 (C-1I±III), 84.66, 84.11 (C-
3I,II), 76.36, 76.28, 75.99, 75.92, 73.83, 73.59, 72.92, 69.94, 68.51, 68.17 (C-
2I±III, C-3III, C-4I±III, C-5I±III), 61.07, 60.79 ppm (3C; C-6I±III) ; HRMS-FAB:
m/z calcd for C24H35NO18Na: 664.1523; found: 664.1525.


p-Nitrophenyl (�-�-glucopyranosyl)-(1� 3)-(�-�-glucopyranosyl)-(1�
3)-�-�-xylopyranoside (6): Condensation of �-laminaribiosyl fluoride (1)


and 4-nitrophenyl �-�-xyloside (4) yielded the trisaccharide 6 as an
amorphous powder (82%); 1H NMR (D2O): �� 8.24 ± 8.18, 7.24 ± 7.18 (2m,
4H; ArH), 5.20 (d, J(1,2)� 6.9 Hz, 1H; H-1I), 4.79, 4.69 (2d, J(1,2)�
J(1,2)� 8.0 Hz, 2H; H-1II,III), 4.07 ± 4.01, 3.90 ± 3.62, 3.56 ± 3.24 ppm (3m,
18H; H-2I±III, H-3I±III, H-4I±III, H-5I±III, H-6I±III) ; 13C NMR (D2O): �� 163.14,
144.31 (2C; ArC), 127.71, 118.13 (4C; ArCH), 104.41, 103.99, 101.43 (C-
1I±III), 85.92, 84.86 (C-3I,II), 77.61, 77.22, 77.18, 75.06, 74.80, 73.88, 71.18,
69.78, 69.16 (C-2I±III, C-3III, C-4I±III, C-5II,III), 66.54 (C-5I), 61.30 ppm (3C;
C-6I±III) ; MS-FAB: m/z : 618 [M��Na].


A sample of the trisaccharide was treated with Ac2O/pyridine/N,N-
dimethylaminopyridine (12 h) and then subjected to workup (CHCl3) and
flash chromatography (60 ± 70% EtOAc/petrol ether) to yield p-nitro-
phenyl (2,3,4,6-tetra-O-acetyl-�-�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-
acetyl-�-�-glucopyranosyl)-(1� 3)-2,4-di-O-acetyl-�-�-xylopyranoside as
a colorless oil; [�]D��23.0� (c� 0.4 in CHCl3); 1H NMR (CDCl3) ��
8.22 ± 8.17, 7.18 ± 7.12 (2m, 4H, ArH), 5.45 ± 5.43 (brd, J(1,2)� 2.6 Hz, 1H;
H-1I), 5.13 (t, J(2,3)� J(3,4)� 9.3 Hz, 1H; H-3III), 5.05 (dd, J(1,2)� 8.0,
J(2,3)� 9.7 Hz, 1H; H-2II), 5.04 (t, J(3,4)� J(4,5)� 9.3 Hz, 1H; H-4III),
4.99 ± 4.91 (m, 2H, H-2I,H-4I), 4.88 (dd, J(1,2)� 8.2 Hz, J(2,3)� 9.3 Hz,
1H; H-2III), 4.57, 4.56 (2d, J(1,2)� J(1,2)� 8.0 Hz, 2H; H-1II,III), 4.36 (dd,
J(5,6)� 4.4 Hz, J(6,6)� 12.4 Hz, 1H; H-6II), 4.22 (dd, J(5,6)� 4.9, J(6,6)�
12.4 Hz, 1H; H-6III), 4.17 ± 4.10 (m, 2H; H-5I,H-6II), 4.03 (dd, J(5,6)�
2.2 Hz, J(6,6)� 12.4 Hz, 1H; H-6III), 3.95 ± 3.91 (m, 1H; H-3I), 3.87 (t,
J(2,3)� J(3,4)� 9.5 Hz, 1H; H-3II), 3.73 ± 3.60 (m, 3H; H-5I±III), 2.14 ±
1.97 ppm (9 s, 27H; C�OCH3); 13C NMR (CDCl3): �� 170.68, 170.46,
170.33, 169.67, 169.35, 169.27, 169.14, 168.69 (9 C; C�O), 160.82, 142.87 (2
C; ArC), 125.77, 116.56 (4 C; ArCH), 101.99, 100.99, 99.61 (C-1I±III), 78.74
(C-3II), 74.16, 72.93, 72.54, 72.12, 71.78, 71.78, 71.11, 68.97, 68.20, 68.12, 67.72
(C-2I±III, C-3I,III, C-4I±III, C-5II,III), 62.02, 61.75 (C-6II,III), 59.59 (C-5I), 20.87,
20.83, 20.67, 20.62, 20.51, 20.46, 20.39 ppm (9 C; C�OCH3); HRMS-FAB:
m/z calcd for C41H51NO26Na: 996.2597; found: 996.2597.


p-Nitrophenyl (�-�-glucopyranosyl)-(1� 3)-(�-�-glucopyranosyl)-(1� 3)-
�-�-galactopyranoside (7): Condensation of �-laminaribiosyl fluoride (1)
and p-nitrophenyl �-�-galactoside (5) yielded the trisaccharide (7) as an
amorphous powder (89%); 1H NMR (D2O) �� 8.26 ± 8.18, 7.20 ± 7.18 (2m,
4H; ArH), 5.20 (d, J(1,2)� 7.3 Hz, 1H; H-1I), 4.70 (2d, J(1,2)� J(1,2)�
8.0 Hz, 1H; H-1II,III), 4.22 (d, J(3,4)� 3.0 Hz, J(4,5)� 0.8 Hz, 1H; H-4I),
4.00 ± 3.82, 3.75 ± 3.62, 3.57 ± 3.25 ppm (3m, 17H; H-2I±III, H-3I±III, H-4II,III,
H-5I±III, H-6I±III) ; 13C NMR (D2O): �� 162.07, 142.96 (2C; ArC), 126.43,
116.83 (4C; ArCH), 103.84, 103.13, 100.06 (C-1I±III), 85.58, 82.87 (C-3I,II),
76.34, 75.89, 75.78, 75.67, 73.79, 73.42, 69.91, 69.83, 68.41, 68.27 (C-2I±III,
C-3III, >C-4I±III, C-5I±III), 61.04, 60.96, 60.84 ppm (C-6I±III) ; MS-FAB: m/z :
648 [M��Na].


A sample of the trisaccharide was treated with Ac2O/pyridine/N,N-
dimethylaminopyridine (12 h) and then subjected to workup (CHCl3) and
flash chromatography (65 ± 75% EtOAc/petrol ether) to yield p-nitro-
phenyl (2,3,4,6-tetra-O-acetyl-�-�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-
acetyl-�-�-glucopyranosyl)-(1� 3)-2,4,6-tri-O-acetyl-�-�-galactopyrano-
side as a colorless oil; [�]D �11.9� (c� 0.8 in CHCl3); 1H NMR (CDCl3):
�� 8.21 ± 8.14, 7.06 ± 7.01 (2m, 4H; ArH), 5.42 (dd, J(1,2)� 8.0 Hz, J(2,3)�
10.0 Hz, 1H; H-2III), 5.42 ± 5.40 (m, 1H; H-4I), 5.11 (t, J(2,3)� J(3,4)�
9.3 Hz, 1H; H-3III), 5.03 (t, J(3,4)� J(4,5)� 9.5 Hz, 1H; H-4III), 5.03 (d,
J(1,2)� 7.9 Hz, 1H; H-1I), 4.96 ± 4.83 (m, 3H; H-2I,II, H-4II), 4.53, 4.45 (2d,
J(1,2)� J(1,2)� 8.0 Hz, 2H; H-1II,III), 4.39 (dd, J(5,6)� 2.9 Hz, J(6,6)�
12.0 Hz, 1H; H-6I), 4.35 (dd, J(5,6)� 4.0 Hz, J(6,6)� 12.2 Hz, 1H; H-6II),
4.14 ± 3.88, 3.87 ± 3.62, 3.69 ± 3.60 (3m, 9H; H-3I,II, H-5I±III, H-6I±III), 2.12,
2.11, 2.10, 2.08, 2.05, 2.04, 2.01, 1.99, 1.98, 1.95 ppm (10 s, 30H; C�OCH3);
13C NMR (CDCl3): �� 170.86, 170.46, 170.43, 170.31, 169.72, 169.35, 169.22,
169.12, 168.69, 169.41 (10 C; C�O), 161.33, 143.17 (2 C; ArC), 125.71,
116.54 (4 C; ArCH), 100.96, 100.72, 99.36 (C-1I±III), 78.37 (C-3II), 75.61,
72.87, 72.56, 71.95, 71.90, 71.63, 71.01, 70.19, 68.49, 68.31, 68.14 (C-2I±III,
C-3I,III, C-4I±III, C-5I±III), 62.04, 61.74, 61.07 (C-6I±III), 20.82, 20.78, 20.66,
20.61, 20.50, 20.33 ppm (10C; C�OCH3); HRMS-FAB: m/z calcd for
C44H55NO28Na: 1068.2808; found: 1068.2813.


p-Nitrophenyl (�-�-glucopyranosyl)-(1� 3)-(�-�-glucopyranosyl)-(1� 3)-
[�-�-glucopyranosyl-(1� 6)]-�-�-glucopyranoside (9): Condensation of
�-laminaribiosyl fluoride (1) and p-nitrophenyl �-gentiobioside (8) yielded
the trisaccharide (9) as an amorphous powder (70%); 1H NMR (D2O) ��
8.25 ± 8.19, 7.26 ± 7.20 (2m, 4H; ArH), 5.27 (d, J(1,2)� 7.3 Hz, 1H; H-1I),
4.78, 4.69 (2d, J(1,2)� 8.0 Hz, J(1,2)� 7.7 Hz, 2H; H-1II,III), 4.41 (d,
J(1,2)� 7.7 Hz, 1H; H-1IV), 4.20 ± 4.14, 3.91 ± 3.58, 3.55 ± 3.19 ppm (3m,
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24H; H-2I±IV, H-3I±IV, H-4I±IV, H-5I±IV, H-6I±IV); 13C NMR (D2O): �� 161.95,
143.10 (2C; ArC), 126.48, 116.99 (4C; ArCH), 103.16, 102.86, 99.51 (4C;
C-1I±IV), 84.67, 83.39 (C-3I,II), 76.37, 76.24, 76.02, 75.50, 73.83, 73.60, 73.48,
72.89, 69.98, 68.80, 68.51, 68.12 (15 C; C-2I±IV, C-3III,IV, C-4I±IV, C-5I±IV, C-6I),
61.07 ppm (3C; C-6II±IV); MS-FAB: m/z : 810 [M��Na].


A sample of this trisaccharide was treated with Ac2O/pyridine/N,N-
dimethylaminopyridine (12 h) and then subjected to workup (CHCl3) and
flash chromatography (65 ± 75% EtOAc/petrol ether) to yield p-nitro-
phenyl (2,3,4,6-tetra-O-acetyl-�-�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-
acetyl-�-�-glucopyranosyl)-(1� 3)-[2,3,4,6-tetra-O-acetyl-�-�-glucopyra-
nosyl-(1� 6)]-2,4-di-O-acetyl-�-�-glucopyranoside as a colorless oil ;
[�]D��32.3� (c� 1.1 in CHCl3); 1H NMR (CDCl3): �� 8.29 ± 8.18, 7.05 ±
6.19 (2m, 4H; ArH), 5.22 ± 4.75 (m, 11H; H-1I, H-2I±IV, H-3III,IV, H-4I±IV),
4.49, 4.48, 4.46 (3 d, J(1,2)� J(1,2)� 7.7 Hz, J(1,2)� 7.8 Hz, 3H; H-1II±IV),
4.39 ± 4.19, 4.15 ± 3.75 (m, 10H; H-3I,II, H-6I±IV), 3.66 ± 3.53 (m, 4H; H-5I±IV),
2.13, 2.09, 2.06, 2.05, 2.04, 2.00, 1.99, 1.97, 1.95 ppm (13s, 39H; C�OCH3);
13C NMR (CDCl3): �� 170.48, 170.43, 170.25, 170.09, 169.41, 169.38, 169.22,
169.15, 169.09, 168.74, 168.68 (13 C; C�O), 160.82, 143.26 (2C; ArC),
126.09, 116.42 (4 C; ArCH), 101.05, 100.61, 98.16 (4C; C-1I±IV), 78.90, 77.73
(C-3I,II), 74.09, 72.84, 72.61, 72.48, 72.05, 71.85, 71.65, 71.07, 70.92, 68.48,
68.29, 68.19, 68.09 (17 C; C-2I±IV, C-3III,IV, C-4I±IV, C-5I±IV, C-6I), 61.99, 61.71,
61.69 (C-6II±IV), 20.90, 20.68, 20.58, 20.52, 20.49, 20.39, 20.34 ppm (13C;
C�OCH3); HRMS-FAB: m/z calcd for C56H71NO36Na: 1333.3756; found:
1333.3659.


p-Nitrophenyl (�-�-glucopyranosyl)-(1� 3)-(�-�-glucopyranosyl)-(1�
3)-(�-�-glucopyranosyl)-(1� 4)-�-�-glucopyranoside (11): Condensation
of �-laminaribiosyl fluoride (1) and p-nitrophenyl �-cellobioside (10)
yielded the tetrasaccharide 11 as an amorphous powder (55%); 1H NMR
(D2O): �� 8.24 ± 8.18, 7.24 ± 7.18 (2m, 4H; ArH), 5.23 (d, J(1,2)� 7.7 Hz,
1H; H-1I), 4.72, 4.68 (2 d, J(1,2)� 8.0 Hz, J(1,2)� 8.2 Hz, 2H; H-1III,IV),
4.68 (d, J(1,2)� 8.0 Hz, 1H; H-1II), 3.99 ± 3.62, 3.55 ± 3.27 ppm (2m, 24H;
H-2I±IV, H-3I±IV, H-4I±IV, H-5I±IV, H-6I±IV); 13C NMR (D2O): �� 163.28, 144.28
(2C; ArC), 127.73, 118.13 (4C; ArCH), 104.42, 104.10, 103.95, 100.89 (C-
1I±IV), 85.90, 85.11 (2C; C-3II,III), 79.81 (C-4I), 77.62, 77.23, 77.18, 76.71, 75.62,
75.07, 74.83, 74.64, 74.15, 71.19, 62.31, 62.20, 61.39 (C-2I±IV, C-3I,IV, C-4II±IV,
C-5I±IV), 62.31, 62.20, 61.39 ppm (4C; C-6I±IV).


A small sample of the tetrasaccharide was treated with Ac2O/pyridine/N,N-
dimethylaminopyridine (12 h) and then subjected to workup (CHCl3) and
flash chromatography (75% EtOAc/petrol ether) to yield p-nitrophenyl
(2,3,4,6-tetra-O-acetyl-�-�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-acetyl-�-
�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-acetyl-�-�-glucopyranosyl)-(1�
4)-2,3,6-tri-O-acetyl-�-�-glucopyranoside as a colorless oil; [�]D��30.0�
(c� 0.7 in CHCl3); 13C NMR (CDCl3) �� 170.55, 170.47, 170.33, 170.29,
169.65, 169.41, 169.24, 169.08, 169.03, 168.73, 168.38 (13 C; C�O), 161.18,
143.29 (2C; ArC), 125.85, 116.58 (4C; ArCH), 101.06, 100.74, 100.64, 97.91
(4 C; C-1I±IV), 78.98, 77.88 (C-3II,III), 75.84, 73.32, 73.01, 72.87, 72.60, 72.34,
72.12, 71.82, 71.66, 71.07, 70.88, 68.11, 68.00 (14 C; C-2I±IV, C-3I,IV, C-4I±IV,
C-5I±IV), 62.02, 61.94, 61.72 (4 C; C-6I±IV), 58.45 (OMe), 20.85, 20.74, 20.68,
20.68, 20.50, 20.49, 20.47, 20.43, 20.33ppm (13C; C�OCH3); HRMS-FAB:
m/z calcd for C56H71NO36Na: 1356.3653; found: 1356.3638.


Methyl (2,3,4,6-tetra-O-acetyl-�-�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-
acetyl-�-�-glucopyranosyl)-(1� 3)-(2,4,6-tri-O-acetyl-�-�-glucopyrano-
syl)-(1� 3)-2,4,6-tri-O-acetyl-�-�-glucopyranoside (13): �-Laminaribiosyl
fluoride (1) and methyl �-laminaribioside (12)[18] were subjected to the
glycosynthase reaction (24 h) and the solution was then lyophilized. The
residue was treated with Ac2O (2 mL), pyridine (3 mL), and N,N-
dimethylaminopyridine (100 mg), and the combined mixture stirred (RT
12 h). The mixture was subjected to workup (CHCl3) and flash chromatog-
raphy (60 ± 80% EtOAc/petrol ether) to yield the tetrasaccharide (13) as a
colorless oil (45%); [�]D��23.2� (c� 0.7 in CHCl3); 1H NMR (CDCl3):
�� 5.12 ± 4.76 (m, 9H; H-2I±IV, H-3IV, H-4I±IV), 4.48, 4.46 (2d, J(1,2)�
8.0 Hz, J(1,2)� 8.2 Hz, 2H; H-1II,III), 4.39 ± 4.23, 4.18 ± 3.98 (2m, 10H;
H-1I,IV, H-6I±IV), 3.85, 3.78, 3.77 (3 t, J(2,3)� J(3,4) 9.1 Hz, 3H; H3I±III),
3.70 ± 3.62 (m, 4H; H-5I±IV), 3.39 (s, 3H; OMe), 2.12, 2.09, 2.06, 2.05, 2.04,
2.01, 2.00, 1.99, 1.98, 1.95 ppm (13s, 39H; C�OCH3); 13C NMR (CDCl3):
�� 170.73, 170.60, 170.45, 170.22, 169.45, 169.26, 169.18, 169.09, 169.03,
168.88, 168.81 (13C; C�O), 101.45, 101.04, 100.76, 100.49 (C-1I±IV), 78.86,
78.22, 78.16 (C-3I±III), 72.51, 71.88, 71.63, 70.87, 68.43, 68.27, 68.07 (13 C;
C-2I±IV, C-3IV, C-4I±IV, C-5I±IV), 62.22, 62.13, 61.97, 61.71 (C-6I±IV), 56.62
(OMe), 21.07, 20.80, 20.75, 20.69, 20.60, 20.51, 230.49, 20.34 ppm (13C;
C�OCH3); MS-FAB: m/z : 1249 [M��Na].


2,3,6-Tri-O-acetyl-3-azido-3-deoxy-�-�-glucopyranosyl trichloroacetimi-
date (16): i) Hydrazine acetate (385 mg, 4.2 mmol) was added to a warmed
(50 �C) solution of 1,2,4,6-tetra-O-acetyl-3-azido-3-deoxy-�-glucose[21]


(1.42 g, 3.8 mmol) in DMF (20 mL), and the combined mixture was stirred
for 30 min. The mixture was poured onto saturated NaCl solution and
extracted (EtOAc). The combined extracts were dried (MgSO4), filtered,
and evaporated, and the residual oil subjected to flash chromatography
(40 ± 45% EtOAc/petrol ether) to yield 2,3,6-tri-O-acetyl-3-azido-3-deoxy-
�-glucopyranose as a colorless oil (1.45 g, 91%; �/�1:1); �-anomer:
13C NMR (CDCl3) �� 170.95, 170.04, 169.43 (C�O), 89.50 (C-1), 71.88,
68.45, 67.25 (C-2, C-4, C-5), 62.03 (C-6), 60.57, (C-3), 20.64, 20.57, 20.54 ppm
(Me); �-anomer: 13C NMR (CDCl3): �� 170.94, 170.56, 169.31 (C�O),
95.64 (C-1), 73.34, 72.84, 63.85 (C-2, C-4, C-5), 62.03 (C-6), 60.46, (C-3),
20.94, 20.64, 20.57 (C�OCH3); MS-FAB: m/z : 349 [M��NH4].


ii) DBU (50 �L) was added to a solution of the previously described
product (1.1 g, 3.3 mmol) and trichloroacetonitrile (1.0 mL, 10 mmol) in
CH2Cl2 (25 mL), and the combined mixture stirred (0 �C�RT, 2 h). The
mixture was evaporated, and the residual oil subjected to flash chroma-
tography (10% EtOAc/petrol ether) to yield the trichloroacetimidate 16 as
a colorless oil (1.30 g, 81%); 1H NMR (CDCl3): �� 8.68 (br s, 1H; NH),
6.49 (d, J(1,2)� 3.5 Hz, 1H; H-1), 5.04 (t, J(3,4)� 10.0 Hz, 1H; H-4), 4.96
(dd, J(1,2)� 3.5 Hz, J(2,3)� 10.6 Hz, 1H; H-2), 4.22 ± 3.99 (m, 4H; H-3,
H-5, H-6), 2.11, 2.06, 2.04 ppm (3s, C�OCH3); 13C NMR (CDCl3): ��
169.51, 169.09 (3C; C�O), 160.56 (C�NH), 92.51 (2C; C-1, CCl3), 70.45,
70.22, 67.67 (C-2, C-4, C-5), 61.40, 60.95 (C-3, C-6), 20.60, 20.57, 20.94
(C�OCH3); HRMS-FAB: m/z calcd for C14H17Cl3N4O8Na: 497.0010;
found: 497.0005.


Methyl (2,4,6-tri-O-acetyl-3-azido-3-deoxy-�-�-glucopyranosyl)-(1� 3)-2-
O-benzoyl-4,6-O-benzylidine-�-�-glucopyranoside (18): Freshly activated
molecular sieves (powdered 4 ä, 500 mg) were added to a solution of azide
16 (2.17 g, 4.6 mmol) and alcohol 17[22] (881 mg, 2.3 mmol) in CH2Cl2
(25 mL), and the combined mixture stirred (RT, 15 min). TMSOTf
(50 �L) was introduced with continued stirring (10 min) followed by Et3N
(200 �L). The mixture was filtered and evaporated and the residue
subjected to flash chromatography (30 ± 35% EtOAc/petrol ether) to yield
the title compound as a colorless foam (1.04 g, 65%); [�]D�36.0� (c� 1.0 in
CHCl3); 1H NMR (CDCl3): �� 8.09 ± 8.05, 7.65 ± 7.60, 7.54 ± 7.45, 7.34 ± 7.29
(m, 10H; ArH), 5.11 (dd, J(1,2)� 3.8 Hz, J(2,3)� 9.5 Hz, 1H; H-2I), 4.99
(dd, J(1,2)� 3.8 Hz, 1H; H-1I), 4.92 (t, J(4,5)� 7.8, J(3,4)� 9.9 Hz, 1H;
H-4II), 4.87 (dd, J(1,2)� 7.8 Hz, J(2,3)� 9.9 Hz, 1H; H-2II), 4.69 (d, J(1,2)�
7.8, 1H; H-1II), 4.34 (t, J(3,4)� J(4,5)� 9.3 Hz, 1H; H-4I), 4.27 (d, J(5,6)�
4.0 Hz, J(6,6)� 9.5 Hz, 1H; H-6I), 4.14 (dd, J(5,6)� 4.9 Hz, J(6,6)�
12.3 Hz, 1H; H-6II), 3.99 (dd, J(5,6)� 2.6 Hz, J(6,6)� 12.2 Hz, 1H;
H-6II), 3.95 ± 3.65 (m, 4H; H-3I, H-5I, H-6I, PhCH), 3.54 (ddd, J(5,6)�
2.7 Hz, J(5,6)� 4.6 Hz, J(4,5)� 9.9 Hz, 1H; H-5II), 3.36 (s, 3H; OMe), 3.20
(t, J(2,3)� J(3,4)� 9.9 Hz, 1H; H-3II), 2.05, 1.95, 1.67 (3s, 9H; C�OCH3);
13C NMR (CDCl3): �� 170.73, 169.03, 168.91 (C�OCH3), 165.61 (C�
OAr), 137.25, 133.60, 129.80, 129.40, 128.96, 128.58, 128.04, 126.03 (12 C;
Ar), 101.14, 101.03 (C-1II, PhCH), 97.59 (C-1I), 79.05 (C-3I), 76.29, 73.62,
72.47, 70.75, 68.76, 68.28 (C-2I,II, C-4I,II, C-5I,II), 64.37 (C-3II), 62.57, 62.06 (C-
6I,II), 55.38 (OMe), 20.63, 20.54, 19.98 ppm (C�OCH3); HRMS-FAB: m/z
calcd for C33H37N3O14Na 722.2173; found: 722.2179.


Methyl (2,4,6-tri-O-acetyl-3-azido-3-deoxy-�-�-glucopyranosyl)-(1� 3)-
2,4,6-tri-O-acetyl-�-�-glucopyranoside (19): NaOMe (3 mL of 1.0� in
MeOH, 3.0 mmol) was added to a solution of the azide (18) (1.40 g,
2.00 mmol) in MeOH (15 mL), and the mixture stirred (0 �C�RT, 2 h).
The solution was treated with Amberlite IR-120 resin (H� form) until
neutral and filtered; the solvent was then evaporated. Acetic acid (20 mL of
60% aq.) was added to the residual oil, and the combined mixture heated
(100 �C; 20 min) and then evaporated (and co-evaporated with toluene).
Ac2O (6 mL), pyridine (8 mL), and N,N-dimethylaminopyridine (50 mg)
were added to the residual oil, and the combined mixture was stirred (RT,
8 h) before being treated with ice-water (10 mL). The mixture was then
subjected to workup (CH2Cl2) and flash chromatography (45 ± 50%
EtOAc/petrol ether) yielding the hexaacetate (19) as fine needles (1.10 g,
87%); m.p. 153 ± 154 �C (EtOH); [�]D��21.9� (c� 1.0 in CHCl3);
1H NMR (CDCl3): �� 4.94 (dd, J(1,2)� 3.6 Hz, J(2,3)� 10.2 Hz, 1H;
H-2I), 4.93-4.81 (m, 3H; H-1I, H-4I,II), 4.77 (dd, J(1,2)� 8.0 Hz, J(2,3)�
10.0 Hz, 1H; H-2II), 4.57 (d, J(1,2)� 8.0 Hz, 1H; H-1II), 4.25 (dd, J(5,6)�
4.6 Hz, J(6,6)� 12.4 Hz, 1H; H-6II), 4.18 ± 4.06 (m, 3H; H-3I, H-6I,II), 4.00
(dd, J(5,6)� 2.4 Hz, J(6,6)� 12.2 Hz, 1H; H-6II), 3.87 (ddd, J(5,6)� 2.6 Hz,
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J(5,6)� 4.6 Hz, J(4,5)� 10.4 Hz, 1H; H-5I), 3.58 (ddd, J(5,6)� 2.4 Hz,
J(5,6)� 4.6 Hz, J(4,5)� 9.8 Hz, 1H; H-5II), 3.48 (t, J(2,3)� J(3,4)�
10.0 Hz, 1H; H-3II), 3.66 (s, 3H, OMe), 2.15, 2.06, 2.05, 2.03, 2.02,
1.98 ppm (6s, 18H; C�OCH3); 13C NMR (CDCl3): �� 170.63, 170.43,
169.59, 169.13, 169.04, 168.68 (6C; C�O), 100.91 (C-1II), 96.67 (C-1I), 76.09
(C-3I), 72.77, 72.49, 70.84, 68.18, 67.99, 67.33 (C-2I,II, C-4I,II, C-5I,II), 64.39 (C-
3II), 62.08, 61.75 (C-6I,II), 55.34 (OMe), 20.87, 20.66, 20.56, 20.51, 20.38,
20.31 ppm (6C; C�OCH3); MS-FAB: m/z : 656 [M��Na]; elemental
analysis calcd (%) for C25H35N3O16 (633.2): C 47.40, H 5.57, N 6.63; found: C
47.47, H 5.59. N 6.75.


(2,4,6-Tri-O-acetyl-3-azido-3-deoxy-�-�-glucopyranosyl)-(1� 3)-1,2,4,6-
tetra-O-acetyl-�-glucopyranose (20): H2SO4 (140 �L of 18�) was added to
a solution of the laminaribioside (19) (987 mg, 1.55 mmol), AcOH (7 mL)
and Ac2O (14 mL), and the combined mixtured was stirred (RT, 6 h).
NaOAc (1.0 g) was slowly introduced with continued stirring (15 min), and
the mixture was filtered. The filtrate was subjected to workup (CHCl3) and
flash chromatography (50 ± 60% EtOAc/petrol ether) to yield an anomeric
mixture of the acetates (20) (�/�, 9:1) as a colorless oil (744 mg, 72%); �-
anomer: 1H NMR (CDCl3): �� 6.21 (d, J(1,2)� 3.7 Hz, 1H; H-1I), 5.05 ±
4.92 (m, 3H; H-2I, H-4I,II), 4.78 (dd, J(1,2)� 8.0 Hz, J(2,3)� 10.1 Hz, 1H;
H-2II), 4.58 (d, J(1,2)� 8.0 Hz, 1H; H-1II), 4.32 (dd, J(5,6)� 4.2, J(6,6)�
12.0 Hz, 1H; H-6I), 4.20 ± 4.00 (m, 5H; H-3I, H-5I, H-6I,II), 3.71 ± 3.64 (m,
1H; H-5II), 3.51 (t, J(2,3)� J(3,4)� 10.0 Hz, 1H; H-3II), 2.15, 2.08, 2.07,
2.06, 2.05, 2.03, 2.01 ppm (7s, 21H; C�OCH3); 13C NMR (CDCl3): ��
170.63, 170.45, 169.22, 169.20, 168.97, 168.75, 168.62 (7C; C�O), 100.92 (C-
1II), 89.11 (C-1I), 76.01 (C-3I), 72.36, 71.23, 70.86, 69.86, 68.18, 67.44 (C-2I,II,
C-4I,II, C-5I,II), 64.24 (C-3II), 61.66, 61.65 (C-6I,II), 20.83, 20.63, 20.54, 20.48,
20.33, 20.29 ppm (7C; C�OCH3); HRMS-FAB:m/z calcd for C26H35N3O17-


Na: 684.4864; found: 684.1859.


(2,4,6-Tri-O-acetyl-3-azido-3-deoxy-�-d-glucopyranosyl)-(1� 3)-2,4,6-tri-
O-acetyl-�-�-glucopyranosyl fluoride (21): HF (4 mL of 70% in pyridine)
was added to a cooled (0 �C) polyethylene vessel containing the heptaa-
cetate (20) (192 mg, 0.29 mmol), and the mixture was stirred (4 �C; 12 h).
CH2Cl2 (6 mL) was added, and the combined solution poured onto a stirred
suspension of ice in aq. NH3 (60 mL of 3�). The solution was subjected to
workup (CH2Cl2) and flash chromatography (40 ± 60% EtOAc/petrol
ether) to give the fluoride (21) as fine needles (156 mg, 86%); m.p. 175 ±
176 �C (EtOH); [�]D��9.9� (c� 0.7 in CHCl3); 1H NMR (CDCl3): ��
5.63 (dd, J(1,2)� 2.7 Hz, J(H,F) 53.2 Hz, 1H; H-1I), 5.03 (t, J(3,4)�
J(4,5)� 9.9 Hz, 1H; H-4II), 4.93 (t, J(3,4)� J(4,5)� 9.9 Hz, 1H; H-4I),
4.89 (ddd, J(1,2)� 2.7 Hz, J(2,3)� 10.2 Hz, J(2,F)� 24.7 Hz, 1H; H-2I),
4.78 (dd, J(1,2)� 8.0 Hz, J(2,3)� 10.2 Hz, 1H; H-2II), 4.57 (d, J(1,2)�
8.0 Hz, 1H; H-1II), 4.29 (dd, J(5,6)� 4.7 Hz, J(6,6)� 12.6 Hz, 1H; H-6II),
3.64 (ddd, J(5,6)� 2.4 Hz, J(5,6)� 4.6 Hz, J(4,5)� 9.9 Hz, 1H; H-5II), 3.52
(t, J(2,3)� J(3,4)� 10.2 Hz, 1H; H-3II), 2.08, 2.05, 2.04, 2.03, 2.01, 1.99 ppm
(6s, 18H; C�OCH3); 13C NMR (CDCl3) �� 170.55, 170.43, 169.49, 169.03,
168.96, 168.68 (C�O), 103.97 (d, J(1,F)� 227 Hz, C-1I), 101.03 (C-1II),
75.59, 72.61, 70.86, 68.14, 66.83 (C-2I, C-4I,II, C-5I,II), 72.18 (d, J(2,F)�
24.1 Hz, C-2I), 70.09 (d, J(3,F)� 3.7 Hz, C-3I), 64.33 (C-3II), 61.71, 61.39
(C-6I,II), 20.65, 20.57, 20.52, 20.33 ppm (6C; C�OCH3); MS: m/z : 644
[M��Na]; elemental analysis calcd (%) for C24H32FN3O16 (621.2): C 46.39,
H 5.19, N 6.76; found: C 46.45, H 5.19, N 6.85.


(3-Azido-3-deoxy-�-�-glucopyranosyl)-(1� 3)-�-�-glucopyranosyl fluo-
ride (15): NaOMe (100 �L of 1.0� in MeOH) was added to a solution of
the hexaacetate (21) (317 mg, 0.51 mmol) in MeOH (10 mL), and the
mixture was stirred (0 �C�RT, 2 h). The solution was treated with
Amberlite IR-120 resin (H� form) until neutral, before filtration. The
solvent was evaporated and the residual oil lyophilized (H2O) to yield the
fluoride (18) as a white foam (185 mg, 99%); MS: m/z : 392 [M��Na].


p-Nitrophenyl (3-azido-3-deoxy-�-�-glucopyranosyl)-(1� 3)-(�-�-gluco-
pyranosyl)-(1� 3)-�-�-glucopyranoside (22): Condensation of the fluoride
(15) (1.2 equiv) and p-nitrophenyl �-�-glucoside (2) (1.0 equiv) yielded the
trisaccharide (22) as an amorphous powder (81%); 1H NMR (D2O) ��
8.15 ± 8.09, 7.13 ± 7.09 (2m, 4H; ArH), 5.10 (d, J(1,2)� 7.5 Hz, 1H; H-1I),
4.61, 4.59 (2d, J(1,2)� 8.0 Hz, J(1,2)� 7.6 Hz, 2H; H-1II,III), 3.75 ± 3.13 ppm
(m, 18H; H-2I±III, H-3I±III, H-4I±III, H-5I±III, H-6I±III) ; 13C NMR (D2O): ��
161.95, 143.20 (2C; ArC), 127.53, 118.01 (4C; ArCH), 104.20, 103.92, 100.56
(C-1I±III), 85.84, 85.53 (C-3I,II), 78.04, 77.31, 77.07, 74.55, 73.82, 73.57, 69.90,
69.80, 69.51, 69.20 (C-2I±III, C-3III, C-4I±III, C-5I±III), 62.07, 61.91, 61.83 ppm
(C-6I±III).


A small sample of the trisaccharide was treated with Ac2O/pyridine/N,N-
dimethylaminopyridine (12 h) and then subjected to workup (CHCl3) and
flash chromatography (50 ± 70% EtOAc/petrol ether) to yield p-nitro-
phenyl (2,4,6-tri-O-acetyl-3-azido-3-deoxy-�-�-glucopyranosyl)-(1� 3)-
(2,4,6-tri-O-acetyl-�-�-glucopyranosyl)-(1� 3)-2,4,6-tri-O-acetyl-�-�-glu-
copyranoside as a colorless oil; [�]D��43.5� (c� 1.0 in CHCl3); 1H NMR
(CDCl3): �� 5.24 (t, J(1,2)� J(2,3)� 8.0 Hz, 1H; H-2III), 5.07 (d, J(1,2)�
7.5 Hz, 1H; H-1I), 4.99-4.87 (m, 4H; H-2II, H-4I�III), 4.78 (dd, J(1,2)�
7.8 Hz, J(2,3)� 10.2 Hz, 1H; H-2I), 4.49, 4.45 (2 d, J(1,2)� 8.2 Hz,
J(1,2)� 8.0 Hz, 2H; H-1II,III), 4.35 ± 4.16, 4.10 ± 3.87, 3.82 ± 3.57 (3m, 11H;
H-3II,III, H-5I±III, H-6I±III), 3.50 (t, J(2,3)� J(3,4)� 10.2 Hz, 1H; H-3I), 2.14,
2.11, 2.10, 2.07, 2.05, 2.04, 2.03, 2.02, 1.99 ppm (9s, 27H; C�OCH3);
13C NMR (CDCl3): �� 170.48, 170.41, 169.11, 169.01, 168.70, 168.67 (9C
C�O), 161.17, 143.22 (2C; ArC), 125.73, 116.52 (4C; ArCH), 101.16, 100.59,
97.94 (C-1I±III), 78.63, 77.67 (C-3I,II), 72.82, 72.45, 71.87, 70.60, 68.35, 68.20,
68.17 (9C; C-2I±III, C-4I±III, C-5I±III), 64.33 (C-3III), 62.09, 62.03, 61.77 (C-
6I±III), 20.91, 20.71, 20.66, 20.61, 20.52, 20.45, 20.44 ppm (9C; C�OCH3);
HRMS-FAB: m/z calcd for C42H52N4O26Na: 1051.2767; found: 1051.2775.


p-Nitrophenyl (3-azido-3-deoxy-�-�-glucopyranosyl)-(1� 3)-(�-�-gluco-
pyranosyl)-(1� 3)-(�-�-glucopyranosyl)-(1� 3)-�-�-glucopyranoside
(23): Condensation of the fluoride 15 (10 equiv) and p-nitrophenyl �-�-
laminaribioside (14)[19] (1.0 equiv) yielded the trisaccharide 23 (95%) as a
colorless powder; 1H NMR (D2O): �� 8.24 ± 8.18, 7.22 ± 7.17 (2m, 4H;
ArH), 5.23 (d, J(1,2)� 7.7 Hz, 1H; H-1I), 4.77, 4.76, 4.73 (3d, J(1,2)�
7.9 Hz, J(1,2)� 8.1 Hz, 3H; H-1II±IV), 3.91 ± 3.28 (m, 24H, H-2I±IV, H-3I±IV,
H-4I±IV, H-5I±IV, H-6I±IV); 13C NMR (D2O): �� 161.67, 142.67 (2C; ArC),
126.10, 116.52 (4C; ArCH), 102.69, 102.51, 99.25 (4C; C-1I±IV), 85.84, 85.53,
84.11 (C-3I±III), 76.56, 75.91, 75.62, 73.26, 72.55, 72.15, 68.58, 68.30, 68.09,
68.06, 67.79 (13C; C-2I±IV, C-3IV, C-4I±IV, C-5I±IV), 61.01, 60.67, 60.47,
60.41 ppm (C-6I±IV); HRMS-FAB: m/z calcd for C30H44N4O22Na 835.2345;
found: 835.2339.


Methyl (2,3,4,6-tetra-O-acetyl-�-�-galactopyranosyl)-(1� 3)-2-O-benzyl-
4,6-O-benzylidine-�-�-glucopyranoside (27): Freshly activated molecular
sieves (powdered 4 ä, 500 mg) was added to a solution of �-�-galactosyl
trichloroacetimidate (25)[24] (1.04 g, 2.1 mmol) and alcohol 26[25] (604 mg,
1.6 mmol) in CH2Cl2 (25 mL), and the combined mixture stirred (RT,
15 min). TMSOTf (30 �L) was added dropwise with continued stirring
(10 min), followed by Et3N (200 �L). The mixture was filtered and
evaporated and the residue was subjected to flash chromatography (30 ±
35% EtOAc/petrol ether) to yield the title compound (27) as powder
(968 mg, 85%); 1H NMR (CDCl3): �7.48 ± 7.43, 7.35 ± 7.28 (2m, 10H; ArH),
5.29 (dd, J(3,4)� 3.2 Hz, J(4,5)� 0.8 Hz, 1H; H-4II), 5.26 (dd, J(1,2)�
8.2 Hz, J(2,3)� 10.6 Hz, 1H; H-2II), 4.94 (dd, J(3,4)� 3.4 Hz, J(2,3)�
10.4 Hz, 1H; H-3II), 4.80 (d, J(1,2)� 8.2 Hz, 1H; H-1II), 4.76, 4.48 (2d,
J(H,H)� 12.0 Hz, 2H; CH2Ph), 4.42 (d, J(1,2)� 3.8 Hz, 1H; H-1I), 4.22 ±
4.01 (m, 3H; H-4II, H-6I,II), 3.83 ± 3.564 (m, 6H; H-3I, H-5I,II, H-6I,II, PhCH),
3.50 (dd, J(1,2)� 3.8 Hz, J(2,3)� 9.3 Hz, 1H; H-2I), 3.32 (s, 3H; OMe),
2.10, 1.97, 1.94, 1.89 ppm (4s, 12H; C�OCH3); 13C NMR (CDCl3): ��
170.21, 170.13, 170.19, 169.55 (4C; C�O), 138.09, 137.24, 129.08, 128.59,
128.48, 128.24, 128.09, 128.00, 127.85, 125.97 (12C; Ar), 101.44, 101.33 (C-
1II, PhCH), 98.97 (C-1I), 80.78, 78.66, 78.60, 74.10, 71.20, 70.63, 69.62, 68.99,
67.00 (C-2I,II, C-3I,II, C-4I,II, C-5I,II, CH2Ph), 61.95, 60.89 (C-6I,II), 55.33
(OMe), 20.79, 20.61, 20.52, 20.50 ppm (4C; C�OCH3); HRMS-FAB: m/z
calcd for C35H42O15Na: 725.2421; found: 725.2429.


(2,3,4,6-Tetra-O-acetyl-�-�-galactopyranosyl)-(1� 3)-1,2,4,6-tetra-O-ace-
tyl-�-glucopyranose (28): Palladium on charcoal (55 mg of 10%) was
added to a solution of the tetraacetate (27) (550 mg, 0.78 mmol) and glacial
acetic acid (50 �L) in a mixture of MeOH (10 mL) and EtOAc (5 mL), and
the mixture vigorously stirred under an atmosphere of hydrogen (6 ± 12 h).
The mixture was filtered, evaporated, and treated with H2SO4 (200 �L of
18�), AcOH (5 mL), and Ac2O (10 mL), and the combined mixtured
stirred (RT, 12 h). NaOAc (1.0 g) was introduced slowly with continued
stirring (15 min) and the mixture was filtered. The filtrate was subjected to
workup (CHCl3) and flash chromatography (60 ± 70%EtOAc/petrol ether)
to yield an anomeric mixture of the acetate (28) (�/�, 9:1) as a colourless oil
(488 mg, 92%); [�]D��32.0� (c� 1.0 in CHCl3; lit[30] �29.0�); �-anomer:
13C NMR (CDCl3) �� 170.67, 170.39, 170.18, 170.10, 169.32, 169.00, 168.63
(8C; C�O), 101.05 (C-1II), 89.17 (C-1I), 75.64 (C-3I), 71.23, 70.89, 70.39,
69.92, 69.88, 67.62, 66.68 (C-2I,II, C-3II, C-4I,II, C-5I,II), 61.73, 60.69 (C-6I,II),
20.90, 20.68, 20.59, 20.56, 20.48, 20.39 ppm (8C; C�OCH3); HRMS-FAB:
m/z calcd for C28H38O19Na: 701.1905; found: 701.1905.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2603 ± 26102608







Synthesis of Complex Oligosaccharides 2603±2610


(2,3,4,6-Tetra-O-acetyl-�-�-galactopyranosyl)-(1� 3)-2,4,6-tri-O-acetyl-�-
�-glucopyranosyl fluoride (29): HF (6 mL of 70% in pyridine) was added to
a cooled (0 �C) polyethylene vessel containing the heptaacetate (28)
(247 mg, 0.36 mmol), and the mixture was stirred (4 �C; 12 h). CH2Cl2
(6 mL) was added and the combined solution poured onto a stirred
suspension of ice in aq. NH3 (60 mL of 3�). The solution was subjected to
workup (CH2Cl2) and flash chromatography (40 ± 60% EtOAc/petrol
ether) to give the fluoride 29 as a colorless oil (168 mg, 72%). 1H NMR
(CDCl3): �� 5.63 (dd, J(1,2)� 2.7 Hz, J(1,F)� 53.2 Hz, 1H; H-1I), 5.34 ±
5.32 (m, 1H; H-4II), 5.09 ± 5.01, 4.96 ± 4.82 (2m, 4H; H-2I,II, H-3II, H-4I), 4.59
(d, J(1,2)� 7.9 Hz, 1H; H-1II), 4.22 ± 4.00 (m, 7H; H-3I, H-5I,II, H-6I,II), 2.14,
2.10, 2.06, 2.03, 2.02, 1.94, 1.93 ppm (7s, 21H; C�OCH3); 13C NMR
(CDCl3): �� 170.53, 170.26, 170.12, 170.06, 169.59, 169.01, 168.93 (7C;
C�O), 103.98 (d, J(1,F)� 227 Hz, C-1I), 101.07 (C-1II), 75.17 (C-3I), 72.10
(d, J(2,F)� 24.1 Hz, C-2I), 70.95, 70.59, 68.91, 67.05, 66.83 (C-2II, C-4I,II,
C-5II), 70.09 (d, J(3,F)� 3.7 Hz, C-3I), 61.44, 60.92 (C-6I,II), 20.65, 20.52,
20.45, 20.36 ppm (7C; C�OCH3); HRMS-FAB: m/z calcd for C26H35FO17-


Na: 661.1756; found: 661.1759.


(�-�-Galactopyranosyl)-(1� 3)-�-�-glucopyranosyl fluoride (24): NaOMe
(50 �L of 1.0� in MeOH) was added to a solution of the heptaacetate (29)
(85 mg, 0.13 mmol) in MeOH (5 mL), and the mixture stirred (0 �C�RT,
2 h). The solution was treated with Amberlite IR-120 resin (H� form) until
neutral, filtered, the solvent evaporated and the residual oil lyophilized
(H2O) to yield the fluoride (24) as a white foam (45 mg, 99%); MS-FAB:
m/z : 367 [M��Na].


p-Nitrophenyl (2,3,4,6-tri-O-acetyl-�-�-galactopyranosyl)-(1� 3)-(2,4,6-
tri-O-acetyl-�-�-glucopyranosyl)-(1� 3)-2,4,6-tri-O-acetyl-�-�-glucopyra-
noside (30): The fluoride 24 and p-nitrophenyl �-�-glucoside (2) were
subjected to the glycosynthase reaction (12 h), and the solution was
lyophilized. The residue was treated with Ac2O (2 mL), pyridine (3 mL),
and N,N-dimethylaminopyridine (100 mg), and the combined solution
stirred (RT, 12 h). The mixture was subjected to workup (CHCl3) and flash
chromatography to yield the trisaccharide 30 as a colorless oil (65%);
[�]D��17.9� (c� 1.1 in CHCl3); 1H NMR (CDCl3): �� 8.20 ± 8.14, 7.08 ±
6.98 (2m, 4H; Ar), 5.33 (dd, J(3,4)� 3.3 Hz, J(4,5)� 0.8 Hz, 1H; H-4III),
5.25 (dd, J(1,2)� 7.7, J(2,3)� 8.6 Hz, 1H; H-2I), 5.07 (d, J(1,2)� 7.9 Hz, 1H;
H-1I), 5.02 (t, J(3,4)� J(4,5)� 7.8 Hz, 1H; H-4II), 4.97 ± 4.90 (m, 3H;
H-2II,III, H-4I), 4.90 (dd, J(3,4)� 3.5 Hz, J(2,3)� 9.1 Hz, 1H; H-3III), 4.49,
4.46 (2d, J(1,2)� 7.7 Hz, J(1,2)� 7.8 Hz, 2H; H-1II,III), 4.30 (dd, J(5,6)�
4.4 Hz, J(6,6)� 12.2 Hz, 1H; H-6II), 4.23 ± 4.16, 4.09 ± 3.80 (2m, 9H; H-3I,III,
H-5II,III, H-6I±III), 3.70 ± 3.63 (m, 1H; H-5I), 2.16, 2.12, 2.09, 2.06, 2.04, 2.03,
2.02, 2.00, 1.94 ppm (10s, 30H; C�OCH3); 13C NMR (CDCl3): �� 170.09 ±
168.71 (10C; C�O), 161.22, 143.26 (2C; ArC), 125.76, 116.55 (4C; ArCH),
101.25,100.77, 98.03 (C-1I±III), 78.38, 77.77 (C-3I,II), 72.69, 72.48, 72.41, 71.88,
70.98, 70.32, 68.51, 68.40, 68.18, 66.63 (C-2I±III, C-3III, C-4I±III, C-5I±III), 62.14,
62.05, 60.64 (C-6I±III), 20.96, 20.67, 20.57, 20.47 ppm (10C; C�OCH3);
HRMS-FAB: m/z calcd for C44H55NO28Na: 1068.2808; found: 1068.2780.


(�-�-Glucopyranosyl)-(1� 4)-(�-�-glucopyranosyl)-(1� 3)-�-�-glucopyr-
anosyl fluoride (31): i) HF (4 mL of 70% in pyridine) was added to a cooled
(0 �C) polyethylene vessel containing (2,3,4,6-tetra-O-acetyl-�-�-glucopyr-
anosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-(1� 3)-1,2,4,6-tet-
ra-O-acetyl-�-glucopyranose[27] (210 mg, 0.21 mmol), and the mixture was
stirred (4 �C; 12 h). CH2Cl2 (6 mL) was added, and the combined solution
poured onto a stirred suspension of ice in aq. NH3 (60 mL of 3�). The
solution was subjected to workup (CH2Cl2) and flash chromatography
(60% EtOAc/petrol ether) to give the (2,3,4,6-tetra-O-acetyl-�-�-gluco-
pyranosyl)-(1� 4)-(2,3,6-tri-O-acetyl-�-�-glucopyranosyl)-(1� 3)-1,2,4,6-
tetra-O-acetyl-�-glucopyranosyl fluoride as a white foam (145 mg, 72%);
[�]D��1.1� (c� 0.3 in CHCl3); 1H NMR (CDCl3): �� 5.62 (dd, J(1,2)�
2.7 Hz, J(1,F)� 53.4 Hz, 1H; H-1I), 5.11 (t, J(2,3)� J(3,4)� 9.6 Hz, 1H;
H-3III), 5.09 (t, J(3,4)� J(4,5)� 9.5 Hz, 1H; H-4I), 5.03 (dd, J(3,4)� 9.6 Hz,
J(2,3)� 10.0 Hz, 1H; H-3I), 5.02 (t, J(3,4)� J(4,5)� 9.5 Hz, 1H; H-4III),
4.91 (dd, J(1,2)� 7.9 Hz, J(2,3)� 9.0 Hz, 1H; H-2III), 4.90 (ddd, J(1,2)�
2.6 Hz, J(2,3)� 10.0, J(2,F)� 25.0 Hz, 1H; H-2I), 4.81 (dd, J(1,2)� 8.2 Hz,
J(2,3)� 9.7 Hz, 1H; H-2II), 4.61 (d, J(1,2)� 8.2 Hz, 1H; H-1III), 4.46 (d,
J(1,2)� 7.9 Hz, 1H, H-1II), 4.43 ± 4.01 (m, 8H; H-3I, H-5II, H-6I±III), 3.75 (t,
J(3,4)� J(4,5)� 9.0 Hz, 1H; H-4II), 3.65 ± 3.55 (m, 2H; H-5I,III), 2.17, 2.10,
2.07, 2.06, 2.01, 1.99, 1.98, 1.97, 1.95, 1.94 ppm (10 s, 30H; C�OCH3);
13C NMR (CDCl3): �� 170.59, 170.44, 170.17, 170.09, 169.84, 169.76, 169.29,
169.02, 168.99 (10C; C�O), 103.81 (d, J(1,F)� 227 Hz, C-1I), 100.79 (2C;
C-1II,III), 77.19, 76.21, 75.76, 72.87, 72.79, 72.07, 71.62, 71.39, 67.82, 66.86 (C-


2II,III, C-3I±III, C-4I±III, C-5II,III), 72.55 (d, J(2,F)� 24.0 Hz; C-2I), 70.09 (d,
J(3,F)� 3.7 Hz, C-5I), 62.04, 61.57, 61.40 (C-6I±III), 20.74, 20.69, 20.64, 20.49,
20.47, 20.37, 20.32 ppm (10C; C�OCH3); HRMS-FAB: m/z calcd for
C38H51FO25Na 949.2601; found: 949.2586.


ii) NaOMe (50 �L of 1.0� in MeOH) was added to a solution of the
previously described decaacetate synthesized above (87 mg, 94 �mol) in
MeOH (5 mL) and the mixture stirred (0 �C�RT, 2 h). The solution was
treated with Amberlite IR-120 resin (H� form) until neutral, filtered, the
solvent evaporated and the residue lyophilised (H2O) to yield the title
fluoride (31) as a white foam (47 mg, 99%); MS: m/z : 529 [M��Na].


p-Nitrophenyl (�-�-glucopyranosyl)-(1� 4)-(�-�-glucopyranosyl)-(1�
3)-(�-�-glucopyranosyl)-(1� 3)-�-�-glucopyranoside (32): Condensation
of fluoride 31 and p-nitrophenyl �-�-glucoside (2) yielded the tetrasac-
charide 32 as an amorphous powder (33%); 1H NMR (D2O): �� 8.25 ±
8.19, 7.23 ± 7.16 (2m, 4H; ArH), 5.24 (d, J(1,2)� 7.3 Hz, 1H; H-1I), 4.77, 4.73
(2d, J(1,2)� 8.0 Hz, 2H; H-1II,III), 4.44 (d, J(1,2)� 7.7 Hz, 1H; H-1IV),
3.94 ± 3.22 (m, 24H; H-2I±IV, H-3I±IV, H-4I±IV, H-5I±IV, H-6I±IV); 13C NMR
(D2O): �� 163.10, 145.23 (2C; ArC), 127.53, 117.95 (4C; ArCH), 103.96,
100.68 (4C; C-1I±IV), 85.52, 85.14 (C-3I,II), 80.06 (C-4III), 77.34, 77.04, 76.91,
76.24, 75.55, 74.66, 74.57, 73.98, 70.88, 69.50, 69.2 (13C; C-2I±III, C-3III,IV,
C-4I,III,IV, C-5I±III), 61.07, 60.79 ppm (3C; C-6I±III) ; HRMS-FAB: m/z calcd
for C30H45NO23Na 810.2280; found: 810.2266.
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Facile Optical Resolution of tert-Butanethiosulfinate by Molecular
Complexation with (R)-BINOL and Study of Chiral Discrimination
of the Diastereomeric Complexes


Jian Liao, Xiaoxia Sun, Xin Cui, Kaibei Yu, Jin Zhu, and Jingen Deng*[a]


Abstract: An important synthon, tert-butanethiosulfinate (2), has been effectively
resolved by forming molecular complexes with (R)-2,2�-dihydroxy-1,1�-binaphthyl
(BINOL, 3) in high enantioselectivity (�99% ee). The present procedure represents
the first example of the resolution of thiosulfinate. The mechanism of chiral
discrimination is discussed in terms of molecular recognition based on IR and X-ray
analyses of the diastereomeric complexes during the resolution. In the less-soluble
complex, (R)-3 and (R)-2 self-assembled as a linear supramolecule; however, in the
more-soluble complex, (R)-3 and (S)-2 formed a simple bimolecular complex by one
stronger hydrogen bond. Hydrogen bonding is the major driving force for effective
resolution.


Keywords: (R)-BINOL ¥ tert-
butanethiosulfinate ¥ molecular
complex ¥ molecular recognition �
self-assembly


Introduction


Chiral sulfoxides are useful synthons for the asymmetric
synthesis of biologically active compounds,[1] while sulfin-
amides are increasingly utilized as versatile chiral nitrogen
intermediates for the preparation of a range of chiral


amines.[2] However, practical
methods for the preparation
of enantiopure sulfinamides
are very few. During the past
few years, the versatility of tert-
butanesulfinamide (1) for
the asymmetric synthesis of


amines has been well documented,[3] so it is very important
to develop a highly efficient method to prepare enantiopure 1.
In 1997, Ellman and co-workers developed an elegant method
for the preparation of enantiopure (R)-1 by means of catalytic
asymmetric oxidation of di-tert-butyldisulfide followed by
amidation of (R)-tert-butanethiosulfinate (2).[4] (R)-1 has
recently been synthesized by Senanayake and co-workers by


the chemoselective ring-opening of enantiopure N-sulfonyl-
1,2,3-oxathiazolidine-2-oxide agents.[5] In addition, Ellman×s
group also tried to obtain enantiopure 1 by resolving rac-1,
unfortunately, no satisfactory results were given.[6] But this
concept provides us with an alternative route to get enantio-
pure 1, which might be obtained by resolution of its precursor
rac-2. Over the past few years, our group[7] has also been
engaged in the resolution of chiral sulfoxide synthons, alkyl
pyridyl sulfoxides, and the chiral drugs, omeprazole and
lansoprazole (proton-pump inhibitors), through molecular
complexation with chiral host compounds.[8, 9] Herein, we
would like to report the preparation of both enantiopure
isomers of 2 by inclusion complexation with one enantiomer
of the chiral host compound, (R)-2,2�-dihydroxy-1,1�-bi-
naphthyl (BINOL, 3) for the first time.


As is well known, the molecular recognition between host
and guest molecules is directed by specific intermolecular
forces (e.g., hydrogen bonding and second-order interac-
tions), as well as by steric complementarity. It is important to
elucidate the resolution mechanism in terms of molecular
recognition between host and two enantiomers of guest in the
solid state, especially by X-ray crystallographic analyses.


[a] Prof. Dr. J. Deng, Dr. J. Liao, X. Sun, X. Cui, Prof. K. Yu, Prof. J. Zhu
Union Laboratory of Asymmetric Synthesis
Chengdu Institute of Organic Chemistry
Chinese Academy of Sciences, Chengdu 610041 (China)
Fax: (�86)28-8522-3978
E-mail : jgdeng@cioc.ac.cn


Supporting information for this article is available on the WWWunder
http://www.chemeurj.org or from the author: NMR and IR spectra of
all compounds plus DSC analyses of the complexes.
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To the best of our knowledge, relatively few reports have
probed both crystal structures of the less- and more-soluble
diastereomers of host ± guest complexes to gain insight into
the mechanism of chiral discrimination,[10] and furthermore,
no example concerns the less- and more-soluble diastereo-
meric complexes of sulfoxides.[9] Herein, we will study the
molecular recognition during resolution by X-ray crystallo-
graphic analysis, as well as IR spectroscopic analysis of the
less-soluble molecular complex, which consists of (R)-3 and
(R)-2, and the more-soluble molecular complex, which
consists of (R)-3 and (S)-2.


Results and Discussion


Inclusion crystallization has been used since the early 1980s to
selectively and reversibly include chiral guest molecules into
host lattices of chiral molecules.[8] To the best of our knowl-
edge, successful resolution has been limited to the preparation
of enantiopure aryl- or alkylsulfoxides to date.[8, 9] The only
two other examples for chiral sulfur-containing compounds
are the resolution of sulfoximines[8] and alkyl phenylsulfina-
tes.[9e] Thus, we initially utilized chiral host (S,S)-(�)-trans-4,5-
bis(hydroxydiphenylmethyl)-2,2-dimethyl-1,3-dioxolane
(TADDOL),[11] to resolve rac-2, which gave low resolving
efficiency (�28% ee). Fortunately, while the readily available
(R)-3[12] was used as chiral host,[13] successful resolution of rac-
2 was achieved. In order to improve the efficiency of the
resolution, several kinds of solvents and their mixtures were
examined, and ethanol was found to be an excellent solvent
(Table 1, entry 7).
A typical resolution process is described as follows. (R)-3


(17.34 g, 60.6 mmol) and rac-2 (11.76 g, 60.6 mmol) were
dissolved in ethanol (60 mL), and the mixture was kept at
room temperature for 12 h. An inclusion complex, (R,R)-2 ¥ 3
in a 1:1 ratio was obtained as colorless crystals by filtration.
After recrystallization from ethanol, the complex, (R,R)-2 ¥ 3
was heated in vacuo to give (R)-2 by distillation (72 �C/40 Pa)
with �99% ee. The filtrate was concentrated, and the 1:1
complex of (S,R)-2 ¥ 3 was obtained as colorless crystals. After
twice being recrystallized from ethanol, the inclusion complex
of (S,R)-2 ¥ 3 was also heated in vacuo to give (S)-2 by
distillation (64 �C/30 Pa) with �99% ee (Scheme 1). The host


Scheme 1. The resolution of rac-2 by inclusion crystallization. The yields
are calculated on the basis of half of the starting rac-2.


(R)-3 left after separation of 2 by distillation can be used
again.
In our previous works,[7] we found that IR spectroscopic


analysis is an effective approach to elucidate the interactions
between host and guest molecules, because of the character-
istic peaks between the hydrogen-bonded and free sulfoxides.
In this work, we systematically studied the interactions
between (R)-3 and two enantiomers of 2 by IR spectroscopic
analysis (Table 2).


The IR spectrum of host (R)-3 exhibits two sharp and strong
hydroxyl absorption bands at 3509 cm�1 and 3435 cm�1


(Table 2, entry 1), and guest compound 2, racemate and
enantiomers, exhibits a strong sulfinyl absorption band at
1075 cm�1 (Table 2, entries 2, 3 and 4). Meanwhile, in the less-
soluble complex (R,R)-2 ¥ 3, the two original hydroxyl absorp-
tion bands of (R)-3 disappear and a new absorption band
appears at 3324 cm�1. The sulfinyl absorption band of 2
appears at 995 cm�1, a shift to lower wavenumber of 80 cm�1.
In the more-soluble complex, (S,R)-2 ¥ 3, both original hy-
droxyl absorption bands of (R)-3 also disappear and two new
bands appear at 3534 cm�1 and 3254 cm�1. The sulfinyl
absorption band of 2 appears at 1039 cm�1; a smaller shift to
lower wavenumber, of 36 cm�1, than for (R,R)-2 ¥ 3. Moreover,
in the more-soluble complex, (S,R)-2 ¥ 3, one hydroxyl group
of (R)-3 shifts further towards lower wavenumbers (181 cm�1)
than that in (R,R)-2 ¥ 3 (111 cm�1). These results showed that
in the less-soluble complex, (R,R)-2 ¥ 3, two (R)-3 hydroxyl
groups formed hydrogen bonds and the sulfinyl group formed
two hydrogen bonds; but in the more-soluble complex, (S,R)-
2 ¥ 3, only one stronger hydrogen bond exists between (S)-2
and (R)-3 (Scheme 2). Thus, two possible hydrogen-bonding
models between (R)-2 and (R)-3 were proposed for (R,R)-2 ¥ 3
(Scheme 2A and A�). Interestingly (S,R)-2 ¥ 3 consists of
locally hydrogen-bonded 1:1 host ± guest entities (Sche-
me 2B), which are usually observed in the less-soluble
complexes of TADDOLs.[7a, 14]


Table 1. Resolution of rac-2 with (R)-3 in different solvents.[a]


Solvent (v/v) ee [%][b,c] Yield [%][c,d]


1 toluene 86.1(73.9) 98.3(72.3)
2 acetone 91.7(41.3) 43.7(134.4)
3 acetone/hexane (1:2) 95.0(63.3) 58.3(132.6)
4 acetone/hexane (1:3) 76.3(70.5) 80.0(105.0)
5 butanone 92.1(55.7) 54.6(137.8)
6 butanone/hexane (1:3) 92.0(77.1) 77.3(109.2)
7 ethanol 91.7(85.3) 91.7(105.0)
8 ethanol/hexane (1:1) 88.2(76.8) 93.6(100.0)
9 iPrOH 78.0(88.4) 120.0(67.2)
10 iPrOH/hexane (2.5:1) 82.3(76.9) 113.1(63.9)


[a] Resolution with a 1:1 molar ratio of host (R)-3 and guest rac-2 on a scale
of 2.5 mmol. [b] Enantiomeric excess of 2 was determined by chiral HPLC
analysis (Chiral Pak AS column). [c] The value of the (S,R)-2 ¥ 3 complex is
in parenthesis. [d] Yield based on half of the starting rac-2.


Table 2. IR spectroscopic data of host and guest compounds and inclusion
complexes.[a]


Compound ��OH ��OH ��S�O
[cm�1] [cm�1] [cm�1]


1 (R)-3 3509(s) 3435(s)
2 rac-2 1075
3 (R)-2 1075
4 (S)-2 1075
5 (R,R)-2 ¥ 3 3324 (br s) 995
6 (S,R)-2 ¥ 3 3534 (s) 3254 (br s) 1039


[a] Samples in nujol for entries 1, 5, and 6, and neat for entries 2, 3, and 4.
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In order to clarify the interactions between (R)-3 and (R)-2,
we prepared a single crystal of the less-soluble complex,
(R,R)-2 ¥ 3 and studied the structure by X-ray crystallographic
analysis (Figure 1).[15]


Figure 1A illustrates the intermolecular hydrogen-bonding
scheme found in the crystal structure of (R,R)-2 ¥ 3. It consists
of continuous hydrogen-bonded chains that are aligned along
the a axis of the crystal. This confirmed that the correct
hydrogen interaction proposed by IR is model A (Scheme 2).
The sulfoxide moiety acts as a proton acceptor from, and thus
bridges between, two different binaphthol molecules, which
are related to each other by the two-fold screw symmetry
(Figure 1A); the hydrogen bonding distances are 2.747 ä and
2.907 ä. This result showed that the molecular recognition is
on the basis of an enantiodifferentiating self-assembly of host
(R)-3 and guest (R)-2[16, 17] that is different from Ogura×s[9b,d,f]


and Fantin×s[9c] results in the inclusion phenomena. In the later


cases, the guest molecules were
included in the void construct-
ed by the supramolecules,
which formed by the self-as-
sembly of the host molecules
only.[9b, 18] It is noticeable that a
large dihedral angle (107.3�)
between the two naphthyl units
of (R)-3[9i] is due to the steric
complementarity of the bulky
tert-butyl groups of (R)-2.[12a,b]


Gratifyingly, we also ob-
tained a single crystal of the
more-soluble complex, (S,R)-
2 ¥ 3, and studied the crystal


structure (Figure 1B)[15] in order to reveal the chiral discrim-
ination of the diastereomeric complexes.[13b,c] (R)-3 and (S)-2
formed a molecular complex through a hydrogen bond with a
shorter distance of 2.658 ä than that proposed above by IR
analysis (Scheme 2B).[19] Again, the large dihedral angle
(107.4�) between the two naphthyl units of (R)-3 is due to
the steric complementarity of the bulky tert-butyl groups of
(S)-2,[13c] and it is noteworthy that this steric complementarity
is also related to the different conformations of (R)- and (S)-2
in the diastereomeric complexes. The C1-S1-S2-C5 torsion
angles of 2 in both complexes are obviously different,
�135.27� for (R,R)-2 ¥ 3 and 175.67� for (S,R)-2 ¥ 3, in which
two bulky tert-butyl groups from (S)-2 exhibit a strained anti
arrangement. No second-order interactions, such as a C-H ¥ ¥ ¥
� interaction between the methyl groups of 2 and the
naphthalene rings of (R)-3were found in the crystal structures
of the less- and more-soluble complexes. Crystal packing is


stabilized by weaker van der -
Waals forces among the linear
supramolecules in (R,R)-2 ¥ 3, as
well as the bimolecular com-
plexes in (S,R)-2 ¥ 3 (Figure 1).
The preferential crystallization
of (R,R)-2 ¥ 3 is due to the dual
hydrogen bonds of (R)-2, which
contribute to the thermody-
namic stability of the complex.
Differential scanning calori-
metric (DSC) analysis[20] dem-
onstrated that the heats of
fusion are large differences
between the more- and
less-soluble complexes
(38.9 kJmol�1 and
58.9 kJmol�1, respectively) and
a higher melting point was ob-
served in the less-soluble com-
plex (see the Experimental Sec-
tion). The different hydrogen-
bonding relationships in the
diastereomeric complexes are
the key factor for the successful
resolution of rac-2 with host
compound (R)-3.


Scheme 2. Proposed hydrogen bond relationship for inclusion complexes, (R,R)-2 ¥ 3 (A and A�) and
(S,R)-2 ¥ 3 (B).


Figure 1. Stereoview of the hydrogen bond relationship of molecular complexes (R,R)-2 ¥ 3 (A) and
(S,R)-2 ¥ 3 (B).
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Conclusion


In summary, we have demonstrated a highly efficient and
practical optical resolution of the important synthon, tert-
butanethiosulfinate (2), by inclusion crystallization with (R)-
2,2�-dihydroxy-1,1�-binaphthyl (BINOL, 3), which is the first
example of the optical resolution of the thiosulfinate. Both
enantiomers of 2 were prepared in high enantiomeric purity
(�99% ee) with one enantiomer of the chiral host, (R)-3. IR
spectroscopic analysis was found to be an effective tool for
studying the molecular recognition of sulfoxides. The struc-
tures of the diastereomeric complexes, (R,R)-2 ¥ 3 and (S,R)-
2 ¥ 3, was studied by IR spectroscopic and X-ray crystallo-
graphic analyses for the chiral discrimination. In the less-
soluble complex, host (R)-3 and guest (R)-2 self-assembled as
a linear supramolecule along the a axis of the crystal by dual
hydrogen bonds; however, the more-soluble (R)-3 and (S)-2
formed a bimolecular complex that consists of locally hydro-
gen-bonded 1:1 host ± guest entities. Different hydrogen
bonding contributes to the chiral discrimination of the
diastereomeric complexes and the successful resolution of
racemic 2 with host (R)-3. It is noteworthy that the large
dihedral angle (107.3�and 107.4�for (R,R)-2 ¥ 3 and (S,R)-2 ¥ 3,
respectively) between two naphthalene units of (R)-3 is due to
the flexibility of the BINOLmolecule, which might contribute
to the effective resolution of a variety of chiral compounds
with BINOLs by steric complementarity.[8, 12, 13] This will
provide a guiding concept for us to design novel hosts and
improve the resolving efficiency of tert-butanethiosulfinate in
the future.[7, 17]


Experimental Section


General : 1H NMR and 13C NMR spectra were measured in CDCl3 on a
Bruker 300 (300 MHz) spectrometer and are reported in ppm (�) relative
to CDCl3 as internal references, unless otherwise noted. Infrared spectra
were recorded on a NICOLET 200SXV FTIR spectrometer. Melting
points were determined on a digital melting-point apparatus and uncor-
rected. Optical rotations were measured on a Perkin ±Elmer 341 polar-
imeter. Liquid-chromatographic analyses were conducted on a Beck-
man 110 instrument equipped with a model 168 detector as ultraviolet light
source (254 nm). Differential scanning calorimetry (DSC) was performed
with a Perkin ±Elmer DSC7 system. Racemic tert-butanethiosulfinate (2)
was prepared according to the reported procedure.[21] (R)-BINOL (3) is a
commercially available product.


Optical resolution of tert-butanethiosulfinate (2): A mixture of (R)-BINOL
(3) (17.34 g, 60.6 mmol) and racemic tert-butanethiosulfinate (2) (11.76 g,
60.6 mmol) in anhydrous ethanol (60 mL) was heated under reflux until the
solid was dissolved, then allowed to cool to room temperature, and kept for
12 h. The colorless crystals were collected by filtration and after recrystal-
lization from ethanol (1� ), the enantiopure complex, (R,R)-2 ¥ 3 was
obtained. Yield: 10.81 g (74.3%);[22] m.p. 151.0 ± 153.0 �C; [�]20D ��80 (c�
0.4 in acetone); 1H NMR (400 MHz, CDCl3): �� 1.40 (s, 9H; tert-butyl
CH3), 1.55 (s, 9H; tert-butyl CH3), 7.14 ± 7.19 (m, 12H; ArH); 13C NMR
(75 MHz, CDCl3): �� 24.1, 32.2, 48.6, 59.4, 111.2, 117.8, 123.8, 124.2, 127.2,
128.2, 129.3, 131.1, 133.4, 152.6; IR (Nujol): �� � 3324, 2925, 995 cm�1;
elemental analysis calcd (%) for C28H32S2O3: C 69.96, H 6.71, S 13.34;
found: C 70.15, H 6.66, S 13.46.


(R)-2 was obtained (3.50 g, 80.1%,[22] 99.5% ee) by distillation (72 �C/
40 Pa). [�]24D ��159 (c� 0.58 in CH2Cl2); 1H NMR (300 MHz, CDCl3): ��
1.39 (s, 9H; tert-butyl CH3), 1.57 (s, 9H; tert-butyl CH3); IR (Neat): �� �
2962, 1075 cm�1; elemental analysis calcd (%) for C8H18S2O: C 49.44, H
9.33, S 33.00; found: C 49.24, H 9.23, S 33.14. Enantiomeric purity was


determined by HPLC on a Chiral Pak AS column with propan-2-ol/
hexanes (5:95 v/v) as eluent, 1.0 mLmin�1, tS� 5.6 min, tR� 7.2 min.
The mother liquid was condensed to about 30 mL and kept at room
temperature for 12 h. The colorless crystalline solid was collected by
filtration and after recrystallization from ethanol (2� ), the enantiopure
complex (S,R)-2 ¥ 3 was obtained. Yield: 5.20 g (35.7%);[22] m.p. 136.0 ±
138.0 �C, [�]20D ��43 (c� 0.4 in acetone); 1H NMR (300 MHz, CDCl3):
�� 1.40 (s, 9H; tert-butyl CH3), 1.58 (s, 9H; tert-butyl CH3), 7.16 ± 8.01 (m,
12H; ArH); 13C NMR (75 MHz, CDCl3): �� 24.1, 32.2, 48.7, 59.4, 111.4,
117.8, 123.7, 124.3, 127.1, 128.2, 129.2, 131.0, 133.5, 152.7; IR (Nujol): �� �
3324, 2925, 995 cm�1; elemental analysis calcd (%) for C28H32S2O3: C 69.96,
H 6.71, S 13.34; found: C 70.02, H 6.71, S 13.38.


(S)-2 was obtained (1.69 g, 80.5%,[22] 99.2% ee) by distillation (64 �C/
30 Pa). [�]24D ��159 (c� 0.57 in CH2Cl2); 1H NMR (300 MHz, CDCl3): ��
1.39 (s, 9H; tert-butyl CH3), 1.57 (s, 9H; tert-butyl CH3); IR (Neat): �� �
2962, 1075 cm�1; elemental analysis calcd (%) for C8H18S2O: C 49.44, H
9.33, S 33.00; found: C 49.32, H 9.23, S 33.08.


Crystal data for (R,R)-2 ¥ 3 :Mw� 480.66, crystal size 0.52� 0.50� 0.50 mm,
orthorhombic, space group P212121, a� 12.979(2), b� 13.133(2), c�
14.953(2) ä, �� 90, �� 90, �� 90�, V� 2548.8(6) ä3, Z� 4, Dcalcd�
1.253 Mgm�3, F(000)� 1024, T� 296(2) K. Final R indices [I� 2�(I)]:
R1� 0.0357, wR2� 0.0739. All non-hydrogen atoms were anisotropically
generated, whereas the hydrogen atoms were generated geometrically. The
Flack parameter,[23] x� 0.02(6), confirms the absolute configuration.
Crystal data for (S,R)-2 ¥ 3 :Mw� 480.66, crystal size 0.52� 0.46� 0.46 mm,
triclinic, space group P1, a� 8.661(2), b� 8.827(2), c� 9.346(2) ä, ��
67.22(2), �� 86.86(1), �� 79.52(2)�, V� 647.7(3) ä3, Z� 1, Dcalcd�
1.232 Mgm�3, F(000)� 256, T� 289(2) K. Final R indices [I� 2�(I)]:
R1� 0.0409, wR2� 0.1084. All non-hydrogen atoms were anisotropically
generated, whereas the hydrogen atoms were generated geometrically. The
Flack parameter,[23] x� 0.01(8), confirms the absolute configuration.
Crystal structure determinations : Both single crystals of (R,R)-2 ¥ 3 and
(S,R)-2 ¥ 3 were grown from an ethanol/hexane mixture. All X-ray
diffraction data were collected on a Siemens P4 automatic four-circle
diffractometer by using graphite monochromatic MoK� radiation (��
0.71073 ä) at room temperature. The structure was solved by direct
method by using SHELXS-97[24] and refined by full-matrix least-square
calculation on F2 with SHELXL-97.[25] Calculations were performed on a
PII-350 computer with the Siemens SHELXTL program package.[26]


Further data have been deposited with the Cambridge Crystallographic
Data Centre.[15]
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The 1�g Dioxygen Ene Reaction with Propene: A Density Functional and
Multireference Perturbation Theory Mechanistic Study


Andrea Maranzana, Giovanni Ghigo, and Glauco Tonachini*[a]


Abstract: This study aims to determine
whether a balance between concerted
and non-concerted pathways exists, and
in particular to ascertain the possible
role of diradical/zwitterion or peroxir-
ane intermediates. Three non-concerted
pathways, via 1) diradical or 2) peroxir-
ane intermediates, and 3) by means
of hydrogen-abstraction/radical recou-
pling, plus one concerted pathway (4),
are explored. The intermediates and
transition structures (TS) are optimized
at the DFT(MPW1K), DFT(B3LYP)
and CASSCF levels of theory. The latter
optimizations are followed by multire-
ference perturbative CASPT2 energy
calculations. 1) The polar diradical
forms from the separate reactants by
surmounting a barrier (�E�


MPW1K � 12,
�E�


B3LYP � 14, and �E�
CASPT2 �


16 kcalmol�1 and can back-dissociate
through the same TS, with barriers of
11 (MPW1K) and 8 kcalmol�1 (B3LYP
and CASPT2). The diradical to hydro-
peroxide transformation is easy at all
levels (�E�


MPW1K � 4, �E�
B3LYP � 1 and


�E�
CASPT2 � 1 kcalmol�1). 2) Peroxirane


is attainable only by passing through
the diradical intermediate, and not di-
rectly, due to the nature of the critical
points involved. It is located higher in
energy than the diradical by
12 kcalmol�1, at all theory levels. The
energy barrier for the diradical to cis-


peroxirane transformation (�E�� 14 ±
16 kcalmol�1) is much higher than that
for the diradical transformation to the
hydroperoxide. In addition, peroxirane
can very easily back-transform to the
diradical (�E�� 3 kcalmol�1). Not only
the energetics, but also the qualitative
features of the energy hypersurface,
prevent a pathway connecting the per-
oxirane to the hydroperoxide at all
levels of theory. 3) The last two-step
pathway (hydrogen-abstraction by 1O2,
followed by HOO-allyl radical coupling)
is not competitive with the diradical
mechanism. 4) A concerted pathway is
carefully investigated, and deemed an
artifact of restricted DFT calculations.
Finally, the possible ene/[�2��2] com-
petition is discussed.


Keywords: ab initio calculations ¥
density functional calculations ¥
ene reaction ¥ reaction mechanisms
¥ singlet oxygen


Introduction


1�g is the first excited state of dioxygen, degenerate, and
22.5 kcalmol�1 higher than the ground state triplet (3��


g). As a
reactive species in oxidation reactions[1, 2a] it is important and
ubiquitous. It can be generated in the troposphere by ozone
photolysis,[2b, 3] or by the oxidation and combustion of hydro-
carbons (autoxidation).[2c, 4a] It can also be prepared in the
laboratory by chemical (and photochemical) techniques.[2a,
2d, 5a] Both useful and destructive, it has been exploited for
synthetic purposes,[2a] while its reactions with some biomole-
cules have been investigated,[2e] so establishing that it is
capable of attacking DNA bases,[5b] and, by and large, of
damaging organic tissues.


1�g O2 exhibits a diverse reactivity with organic unsaturated
molecules,[6±8] as shown in Scheme 1, where the three main
modes of attack are displayed. Two cycloadditions are
possible, the [�2��2] addition to one C�C double bond, that
produces a 1,2-dioxetane, and the [�4��2] addition, which is
possible if the substrate is a conjugated (s-cis) diene, and
generates an endoperoxide.


If one allylic hydrogen is available, another channel is open,
and a hydroperoxide can form. This is called the ene[9]


(Schenck)[10, 11] reaction, and is the subject of the present
investigation. It is not necessary for the hydrogen to be allylic
for the abstraction to take place. In fact, it has recently been
reported that a vinyl hydrogen atom, rather than allyl
hydrogen atom, is preferentially abstracted in highly twisted
1,3-dienes to give allenes (in a diastereoselective way).[12] The
addition to phenol derivatives (Scheme 1) is a reaction similar
to the ene, and yields hydroperoxide ketones.[13, 15] The ene
reaction, although to some extent resembling the [�4��2]
reaction, is not a cycloaddition, but a group transfer reac-
tion.[14] The different reactions can compete, if the substrate
structure allows it. For instance, dioxetane formation is found
to prevail over hydroperoxide formation with electron-rich
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Scheme 1. Reactions of 1�g O2 with organic unsaturated molecules.


alkenes, whilst electron-withdrawing substituents promote the
ene mode.[16]


A large number of experiments have been carried out in an
attempt to elucidate the mechanistic features of the singlet
oxygen reactions. The mechanisms of the three mentioned
reactions are in fact related by the possibility of sharing the
intermediacy of some short-lived structure.[7, 11] Both two-step
and concerted mechanisms have been proposed for the ene
reaction. On the basis of the experimental evidence collected
on different molecular systems, divergent reaction mecha-
nisms have been proposed so far,[7, 8] and no ultimate answer
seems to be available at the present.


Concerted and non-concerted modes of attack are sketched
in Scheme 2 for the ene reaction (conceivable channels
represented by dashed arrows).
The non-concerted pathways
might involve either open-chain
diradical/zwitterionic intermedi-
ates, or a cyclic peroxirane inter-
mediate (also called perepoxide).
The concerted pathways would
require the formation of one
C�O bond, accompanied, in the
same kinetic step, by a methyl
hydrogen transfer to the other
oxygen atom. A further channel
could consist of a first hydrogen-
abstraction step (operated by
O2), followed by radical recom-
bination to give the hydroperox-
ide.


Some evidence has been col-
lected in favor of the existence of
non-concerted pathways in the
ene reaction (and in the [�2��2]


reaction).[6b] In particular, a series of stereochemical stud-
ies,[11, 17, 18] as well as kinetic isotope effect (KIE) experiments
concerning the ene reaction[19±22] have yielded results that are
apparently best accommodated by the intermediacy of
peroxirane, or a peroxirane-like exciplex. Solvent polarity
effects have led some researchers to postulate the interven-
tion either of more or less loosely structured exciplexes, or of
peroxiranes, not only for the ene mode, but also for the
[�2��2] and the [�4��2] reactions.[11, 16, 18, 23±25] Evidence for
the intervention of a peroxirane species in [�2��2] cyclo-
additions is somewhat less persuasive than for the ene
reaction,[15, 28±31] although the ene pathway seems to be less
polar than the pathway for dioxetane formation (this has been
inferred from the observation that dioxetane formation can be
enhanced by an increase in solvent polarity, and can become
the preferential pathway, or even the only one).[15, 18±20] In fact,
some indications for the involvement of open-chain zwitterion
intermediates are also given in the literature.[26, 27]


The contribution of theoretical investigations carried out by
other researchers has flanked the experimental efforts to
elucidate the ene and [�2��2] reaction mechanisms. Earlier
semiempirical investigations[32] suggested that a peroxirane
could play an important role, but indicated for electron-rich
alkenes, the likely intermediacy of an open-chain zwitterion.
By contrast, successive GVB±CI calculations were in favor of
a diradical mechanism, and determined for peroxirane an
energy higher than that of the diradical.[33] Further ab initio
and semiempirical UHF calculations led to the same descrip-
tion, but the authors were induced to suggest a concerted
mechanism by the computationally predicted and experimen-
tally observed stereospecificity and regioselectivity.[34]


A CCI and CASSCF study based on symmetry-constrained
geometry optimizations defined the Cs peroxirane ™pathway∫
as easier than that involving a Cs (syn) diradical.[35] Informa-
tion on lower symmetry pathways was not available, and it was
not possible to determine whether the Cs critical points were
authentic transition structures, because of the symmetry
constraints. Evidence in favor of the formation of diradical


Scheme 2. Concerted and nonconcerted reaction pathways for the ene reaction.
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intermediates was derived from CASSCF studies on
ethene[36, 37] and ethenol,[38] by using fully unrestricted geom-
etry optimizations. Peroxirane structures were found to
correspond to energy minima on the energy surfaces, but
these structures were attainable only by passing first through
the open-chain diradical intermediates. A diradical inter-
mediate was also found in a recent CAS±MC±QDPT2 and
CASSCF study of the [�4��2] cycloaddition of singlet oxygen
to butadiene. (On the other hand the addition to benzene was
found to take place in a concerted fashion.[39])


Herein we discuss the reaction of singlet dioxygen with
propene, the simplest alkene system capable in principle of
undergoing the ene reaction. This study is limited to this
model molecule because of the number of different tests
carried out on several aspects of the reactivity. However,
other more substituted systems are currently being examined,
because other interesting aspects can be related to the
presence of more than one substituent on the double C�C
bond. The aim of the study described herein is to contribute to
the understanding of the relative importance of concerted and
non-concerted pathways leading to the hydroperoxide prod-
uct in the gas phase, and to assess the relevant barrier heights.
The potential competition of the ene reaction with the
[�2��2] cycloaddition is also discussed. The possible inter-
mediacy of diradical and peroxirane species, as well as their
interconversion and competition, will be discussed. Accord-
ingly, the distinction between a zwitterion and a diradical must
not be perceived as too rigid, because a carbon ± oxygen
diradical is endowed with some zwitterionic character.[40]


Although, in the present case, gas-phase calculations show
that a more pronounced zwitterionic character is pertinent to
excited electronic states of the same open-chain molecules,
polar diradicals (as those found in this study) can be
considered as representative of pathways involving open-
chain intermediates.


Methods


The study of the model reaction was carried out by determining the critical
points and the related energy differences on the gas-phase reaction energy
hypersurface. Two different theoretical methods (A and B, here below)
were used, and the polarized 6 ± 311G(d,p) basis set[41] was used throughout
the study.


Method A) The geometrical structures of the critical points were optimized
without constraints by gradient methods[42] at the complete active space
multi-configuration self-consistent field level of theory (CAS±MCSCF,
hereafter CASSCF).[43] To better assess the energy difference estimates,
dynamic correlation effects were then taken into account through CASPT2
calculations, that is by multireference second-order perturbation theory
(PT2), for which the reference wavefunction �0 is the CASSCF wave-
function.[44] Both the MCSCF and PT2 computations require the definition
of the active space of orbitals, within which every possible electron
promotion is taken into account (complete active space, CAS), thus
providing the complete CI that defines �0 . The active space chosen for the
geometry optimization of the separate reactants includes: I) the � system of
propene (�CC and �*CC); II) a �CH, �*CH couple of orbitals pertaining to the
C�H bond involved in the hydrogen transfer to oxygen; III) the two �u and
the two �g orbitals of O2; IV) the �OO, �*OO orbitals of O2. This choice is
shown in Scheme 3.


In the final set of single-point CASSCF and CASPT2 (frozen core)
calculations, which were carried out to better assess the relative energies, a
uniform larger active space was chosen for all structures.


Scheme 3.


This active space additionally includes two orbitals, incorporated as ™empty
counterparts∫ of the oxygen lone-pair orbitals, to improve convergence.
These are sketched by the dashed lines shown in Scheme 3. Each one of
these is similar to the lone pair orbitals, but has out-of-phase contributions
on the oxygen atoms involved, whereas the lone pair orbital has in-phase
contributions.


The eight-orbital set (I ± III), populated by ten electrons in all possible
ways, defines the ™ten electrons in eight orbitals∫ CAS, labeled as (10,8),
while the more extended active space (I ± IV) defines the ™twelve electrons
in ten orbitals∫ active space, (12,10). The electron configuration shown in
Scheme 3, and that obtained by shifting the two �g electrons into the
rightmost �g orbital (with equal weights and combined with the minus sign)
define one of the two degenerate 1�g electronic states of the O2 molecule. If
one of the two �g electrons is assigned to the leftmost and the other to the
rightmost �g orbital, the two-determinant configuration that dominates the
second degenerate 1�g electronic state is obtained. As the alkene and O2


approach each other, other configurations can contribute significantly to
the CI eigenvector, as a function of the geometry of approach. Therefore,
depending on the structure under scrutiny, two oxygen lone pairs are found
associated to different orbitals.


Both the (10,8) and (12,10) active spaces were used to optimize all the
stable and transition structures discussed in the next section. The nature of
the critical points, qualified as energy minima or saddle points (of first or
higher order) could be determined by vibrational analysis only at the (10,8)
level, at which the computation of the analytic Hessian was feasible. The
same (10,8) computations provided thermochemical information. The
geometries obtained with the two active spaces show insignificant changes,
with the exception of the O�O bond length, that is obviously sensitive to
the extension of the active space to the �OO, �*OO orbital pair. In the final
set of single-point CASPT2 calculations, the uniform larger active space
chosen for all structures has the (12,10) space as a basis, plus the two
™empty counterparts∫ of the oxygen lone-pairs orbitals sketched in
Scheme 3. This choice defines a (12,12) active space. From these homoge-
neous energies, the energy differences reported in Table 1 were obtained.
The enthalpy and free energy estimates are obtained by adding the relevant
corrections computed at the (10,8) level (also collected in Table 1). The
exclusion of the �OO and �*OO orbitals in going from the (12,10) to the (10,8)
active space could affect the thermochemical estimates in a non-negligible
way; thus, they should be considered with due caution. The full set of
energies at the various computational levels is presented in the Supporting
Information, together with the optimized geometrical parameters of the
critical points.
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Method B) The stable and transition structures were determined by
gradient procedures[45] within density functional theory (DFT),[46a,b] making
use of the B3LYP[46c] and MPW1K[46d] functionals and the 6 ± 311G(d,p)
basis set. The former functional is very popular and of widespread use, and,
even if prone to underestimate some reaction barriers, has generally
performed well as regards geometries and energetics. The latter functional
has been more recently defined with the aim of obtaining reliable energy
barriers.


One problem arises because the unrestricted DFT (UDFT) calculations on
diradical species converge on closed-shell type solutions, with zero spin
densities (i.e. the unrestricted framework produces a restricted solution).
This obviously gives an incorrect description of diradical or diradicaloid
structures. To get a qualitatively correct description, two highest occupied/
lowest unoccupied orbital rotations are switched on, right from the
beginning of the iterative SCF-like procedure, one within the � set, the
other within the � set. The qualitative description of a diradical or
diradicaloid species, after convergence, is satisfactory in terms of nonzero
spin densities, and is thus likely to generate reasonable structures. Yet, this
handling of the UDFT monodeterminantal wavefunction gives rise to a
significant spin contamination by the triplet in the wavefunction itself, as
evidenced by the �S√2� values, which may yield a value close to 1. Therefore,
the nature of the wavefunction is intermediate between the singlet and
triplet spin multiplicities, and the energy values so obtained need to be
refined by some spin-projection method to eliminate the spin contaminants.
This was accomplished in an approximate way by using the formula
suggested by Yamaguchi et al. ,[47a] that allows elimination of the largest
contaminant of the singlet, i.e., the triplet.[47b]


When two species react to form an adduct, the basis set superposition error
(BSSE)[46e] can affect the energy differences. Due to the indirect and
somewhat elaborate procedure just mentioned we preferred to assess the
effect of a basis set extension instead of estimating the BSSE. This effect
was then explored by a couple of tests carried out at theMPW1K level only.
All the energies were initially recomputed by the 6 ± 311G(3df,2p) basis set,
in conjunction with the 6 ± 311G(d,p) optimum geometries. Then for three
selected points (the dissociation limit, the diradical formation TS, and the
diradical), whose energy differences could be particularly affected by a
BSSE, single-point energy calculations were carried out with the larger
aug ± cc ± pVTZ basis set of Dunning.[41b] In all cases the variations are
moderate (as can be seen from Table 2).


Method C) The condensed phase simulation was carried out at the
DFT(B3LYP) level by using the self-consistent reaction field (SCRF)
approach,[48a] in conjunction with two methods. One is based on the use of
the Onsager ±Kirkwood model[48b] for single-point calculations, in which
the order of multipole used is the hexadecapole. The other is the polarized
continuum model (PCM) method, put forward by Tomasi and co-workers,
with and without geometry re-optimization.[48c] The solvents considered
were CHCl3 and CH3CN.


The DFT and CASSCF optimizations were carried out by using the
GAUSSIAN 98 system of programs.[49] The natural bond orbital (NBO)
analysis,[50] implemented in that suite, was used to evaluate the natural
atomic orbital (NAO) charges. The CASSCF and CASPT2 calculations


with the largest active space were done with the MOLCAS4 program.[51]


The two transition structures shown in the Figures 1 and 7 are drawn by the
MolMol 2.4[52] program.


Results and Discussion


The results pertaining to the gas-phase mechanism are
presented and discussed in this section (�E, �H, and �G
values, relative to the separated propene and singlet dioxygen
reagents 1, are collected in Table 1 and Table 2), and are
followed at the end by a brief comment on some condensed
phase results.


Formation of the diradicals : Two sp2-carbon atoms can
undergo 1O2 attack, thus yielding different diradical inter-
mediates (2a and b, Scheme 4). The ene product can originate
only from the 2a attack on the unsubstituted carbon (for this
reason 2b is studied only at the DFT(B3LYP) level), but both
can give way to the [�2��2] cycloaddition. Moreover,
although not all the conformational minima of the peroxyl
diradical have the terminal oxygen atom and the methyl group


Table 1. CASPT2(12,12) relative energies, and estimates of the enthalpy
and free energy differences[a] (at 298 K).


Structure �E �H[b] �G[b]


propene� 1�g O2 1 0.0 0.0 0.0
diradical formation TS 1 ± 2a 15.7 15.9 26.1
peroxyl diradical 2a 7.1 9.0 19.0
diradical to hydroperoxide TS1 ± 3 0.6 7.8 20.0
hydroperoxide 3 � 33.4 � 30.1 � 19.9
diradical to peroxirane TS3 ± 4 22.3 23.3 35.0
peroxirane 4 19.5 22.3 33.5
hydrogen abstraction TS1 ± 5 33.6 30.4 38.6
HOO � allyl radicals 5 18.7 16.5 14.3
diradical to dioxetane TS2a ± 6 17.8 19.0 30.0
dioxetane 6 � 29.9 � 25.9 � 14.7


[a] In kcalmol�1 (see text for details). [b] The CAS estimates are indirect
and approximate. They are obtained for a TS by summing up: i) the
CASPT2(12,12) energies which correspond either to the CASSCF(12,10)
TS, or to the maximum along a CASPT2(12,12) profile (values in italic),
and ii) the correction for the enthalpy and free energy coming from the
CASSCF (10,8) vibrational analysis carried out on the CASSCF (10,8)
critical point.


Table 2. DFT relative energies, enthalpies, and free energies (at 298 K).[a]


Structure Functional B3LYP MPW1K
�E[b] �H �G �E[b] �H �G �E[d]


propene � 1�g O2 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
diradical formation TS1 ± 2a 14.2 13.8 23.2 17.5 17.0 26.1 18.0[e]


peroxyl diradical 2a 5.7 6.5 16.3 0.8 1.7 11.2 1.2[e]


diradical to hydroperoxide TS1 ± 3 6.7 5.9 17.7 4.5 3.2 15.2 4.8
hydroperoxide 3 � 31.8 � 29.5 � 19.1 � 35.6 � 32.8 � 22.8 � 35.9
diradical to peroxirane TS3 ± 4 ± ± ± 15.2 15.6 27.7 14.8
peroxirane 4 18.1[c] 19.9[c] 30.9[c] 12.6 14.6 25.7 12.0
hydrogen abstraction TS1 ± 5 23.9 20.5 28.6 27.9 24.4 32.2 29.0
HOO � allyl radicals 5 18.4 16.7 14.4 15.4 13.5 11.3 16.2
diradical to dioxetane TS2a ± 6 15.2 15.2 25.5 10.8 11.0 21.5 11.0
dioxetane 6 � 26.8 � 24.0 � 12.8 � 34.4 � 31.3 � 20.0 � 35.7


[a] In kcalmol�1. [b] Energy determined by the method proposed by Yamaguchi (see Methods section). [c] These data are relevant to the trans
methylperoxirane. [d] �E[MPW1K/6 ± 311G(3df,2p)//MPW1K/6 ± 311G(d,p)]. [e] �E[MPW1K/aug-cc-pVTZ//MPW1K/6 ± 311G(d,p)] values for TS1-2a
and 2a are 18.5 and 1.9 kcalmol�1, respectively.
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in a favorable mutual orientation for the hydrogen-transfer
and the related C�C double bond formation, some of them
permit the [�2��2] cycloaddition (Scheme 4).


The attack which gives 2a corresponds to a rather high
barrier (�E�


MPW1K � 12.3, �E�
B3LYP � 14.2, and �E�


CASPT2 �
15.7 kcalmol�1). The diradical 2a is kinetically stable with
respect to back-dissociation through the same TS, with a
significant energy barrier, whose height is 11.5 (MPW1K), 8.4
(B3LYP), or 8.6 kcalmol�1 (CASPT2). The mode of attack at
the methyl-substituted carbon atom to give intermediate 2b
presents a slightly higher barrier (�E�� 15.7 kJmol�1 at the
DFT(B3LYP) level). Also, the diradical 2b is stable with
respect to back-dissociation, with a barrier of 4.2 kcalmol�1.
Diradical 2b is higher in energy than 2a by 5.8 kcalmol�1.
Both these minima will be reconsidered when discussing the
[�2��2] pathway and its possible competition with the ene
reaction.


Hydroperoxide formation from the diradical 2a : The allyl
hydroperoxide product is located at approximately �36.4
(MPW1K), �37.5 (B3LYP), or �40.5 kcalmol�1 (CASPT2)
below the diradical intermediate 2a. Figure 1 displays the


Figure 1. Transition structure TS 2a ± 3 for the transformation of the
peroxyl diradical 2a to the product hydroperoxide 3. The reported
interatomic distances are in ängstrˆms and were calculated at the
DFT(B3LYP)/6 ± 311G(d,p), DFT(MPW1K)/6 ± 311G(d,p), CASSCF/6 ±
311G(d,p) levels. The dipole moment was calculated at the DFT(B3LYP)
level, the NAO group charges are given in parentheses.


transition structure TS2a ± 3, relevant to the hydrogen-trans-
fer step that yields the product. This very exoergic step is
described as rather easy at the DFT(MPW1K) level
(3.8 kcalmol�1), and more so at the DFT(B3LYP) level
(1.0 kcalmol�1). The CASPT2/CASSCF single-point compu-


tation for TS2a ± 3 even provides a zero energy difference.
Given that the actual position of the TS on the CASPT2
surface is unknown,[53] and that our previous experience has
shown non-negligible shifts with respect to the CASSCF
geometry, an approximate energy profile was built by simply
carrying out a linear interpolation of the geometrical param-
eters at the CASSCF level, given that those of 2a and TS2a ± 3
are rather close (see the Supporting Information, file ener-
gies.xls). This was followed by a series of CASPT2 single-point
calculations. The energy profile defines the CASPT2 estimate
as 0.6 kcalmol�1, close to the B3LYP value. If this path is
compared to that determined at the CASSCF level, its
highest-energy point is closer to the diradical minimum 2a,
and suggests an earlier CASPT2 TS.


The pathway to peroxirane : If the spatial relationship
between the exocyclic oxygen atom and the methyl group is
considered, two isomeric structures of the methyl peroxirane
4 can be drawn, one in which the two groups are approx-
imately syn (cis-4) and one in which they are approximately
anti (trans-4). Both structures are stable at the
DFT(MPW1K), and are located 11.9 and 11.8 kcalmol�1


above the diradical 2a, respectively. By contrast, cis-4 cannot
be optimized at the DFT(B3LYP) level, because the hydrogen
transfer typical of the ene reaction is exceedingly easy, and the
hydroperoxide product is the only outcome of any optimiza-
tion attempt. Only the trans-4 isomer can be optimized, which
is located 12.4 kcalmol�1 above the diradical. An intercon-
version TS, in which the terminal oxygen atom lies approx-
imately on the three-ring plane (Scheme 5), connects the two
stable structures at the DFT(MPW1K). The relevant first-
order saddle point corresponds to a barrier (in the trans to cis
direction) of 25 kcalmol�1 (Table 2).


Scheme 5. The interconversion of cis-4 and trans-4.


A similar TS is found at the DFT(B3LYP) level, and its
energy is again 25 kcalmol�1 above that of trans-4. Of course,
the saddle point connects in this case trans-4 to the product.
Thus, the process is rather high in energy and unlikely, and
trans-4 turns out to be uninteresting if the ene process is
considered. At the CASSCF level both the cis-4 and trans-4
isomers are found, and are described as stable with respect to
both back-dissociation and conversion to the diradical. The
estimate of the energy at the CASPT2 level for cis-4 places it
12.4 kcalmol�1 above the diradical.


The direct formation of cis methyl peroxirane from propene
and singlet oxygen is not possible. In fact, the saddle point
representative of a mode of approach in which the dioxygen
and propene moieties combine by taking on a peroxirane-like
nuclear configuration (Scheme 6, dashed arrow), is a second-


Scheme 4. Diradical intermediates yielded by the attack of 1O2.
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Scheme 6. The second-order saddle point representing the mode of
approach of dioxygen and propene.


order saddle point (two imaginary vibrational frequencies),
not a transition structure, at the CASSCF level (gray dot).[54]


Thus, the relevant structure is not of direct chemical interest,
and the peroxirane minimum is attainable by the reacting
system only by passing through the diradical intermediates
(Scheme 6, arrows). This is consistent with what was found in
a previous study.[37]


The role of peroxirane : Although the DFT(B3LYP) compu-
tations question the existence of the cis methyl peroxirane
energy minimum, in contrast with the DFT(MPW1K) results,
both calculations locate a perepoxidic structure approximate-
ly 12 kcalmol�1 above the diradical, just as the multiconfigura-
tional calculations do. This of course casts some doubt on the
role of a perepoxidic structure in the ene reaction. Therefore,
it was decided to determine the features of the CASPT2
hypersurface in greater detail by a rather large series of single-
point energy calculations. The zone of the energy surface that
includes the diradical 2a and the cis peroxirane 4, and
connects them with the dominium of the product allyl
hydroperoxide 3, was explored at the CASPT2(12,12)//
CASSCF(12,10) level. This part of the study is articulated as
follows. The ™valley∫ that connects the CASSCF minima 2a
and cis-4 was delineated by a series of constrained geometry
optimizations. In each of these, the subspace of the geo-
metrical parameters is defined by holding the angle defined by
the atoms CCO fixed to one value between the extremes of
�CCO� 61� (pertaining to cis-4) and �CCO� 105� (per-
taining to 2a) and optimizing the remaining parameters. In a
parallel fashion, starting from the TS2a ± 3 (�CCO� 98�) a
™ridge∫ was determined that extends in the direction of
peroxirane. The scan was carried out by a series of constrained
hydrogen-transfer first-order saddle point searches. Again,
the CCO angle was the variable chosen to scan the ridge,
within the geometrical subspace just defined. Along the ridge,
the MCSCF geometries determined at various values of the
CCO angle share a fundamental feature with the critical point
TS2a ± 3 : the methyl C�H bond is rather short, and the
corresponding O�H bond rather long. In the final points of
each optimization the first Hessian eigenvector resembles that
of the transition structure TS2a ± 3. Finally, the direction
connecting some selected points of the valley to the corre-
sponding points along the ridge (i.e. in correspondence with
the same CCO value) was probed, by simply performing
linear interpolations of the geometrical parameters. This
overall setting is apparent in Figure 2, where the displayed


Figure 2. Three-dimensional map built by a series of single-point
CASPT2(12,12) calculations, carried out on CASSCF(12,10) geometries.
The surface includes the diradical 2a (zero of the energy) and the cis-
peroxirane 4 (foreground), and connects them with the dominium of the
allyl hydroperoxide 3 (background).


surface is a representation of the CASPT2 energies collected
in correspondence of all CAS±MCSCF geometries. The part
of the surface closer to the reader is the valley, marked (A),
(A�) and (A��) in Figure 2, that joins the two minima, whereas
the more remote part includes the ridge, marked (B), (B�), and
(B��), beyond which the surface goes down to the hydro-
peroxide minimum. Along the section (A) ± (A�) ± (A™), the
cis peroxirane is found on the left, 12.4 kcalmol�1 above the
diradical, which is on the right. The valley and the ridge are
the common qualitative features shared by the CASSCF and
CASPT2 surfaces.


However, the CASPT2 energy hypersurface is shifted with
respect to the CASSCF: this results in an earlier position of
TS2a ± 3 with respect to the diradical as already seen
previously, and, in much the same way, of the whole ridge.
Thus, the CASPT2 points corresponding to the MCSCF ridge
(farthest left-to-right line in the surface of Figure 2) lie
beyond the CASPT2 ridge (B). In addition to the fact that cis-
4 is at higher energy than 2a, two important points can be
gathered from the three-dimensional plot. 1) The transforma-
tion 2a ± 4 is possible (�E�


CASPT2 � 15.7 kcalmol�1), but the
back-transformation is much easier (�E�


CASPT2 �
2.9 kcalmol�1). 2) Even more importantly, and apparent upon
inspection of Figure 2, the 4 ± 2a back-transformation would
be significantly easier for the system than ascending the
leftmost valley (dashed arrow) from cis-4 toward the hydro-
peroxide 3 (�E�


CASPT2 � 14.0 kcalmol�1). The entire valley is
not well protected with respect to the wide lower-energy
dominium of the diradical minimum, which lies on the right.
As the system ascends the valley, overcoming the low ridge
that separates it from the broad basin on the right becomes
easier and easier: the height of the (A�) ± (B�) ridge with
respect to the ascending valley goes down from approximately
2.9 kcalmol�1 in correspondence of the (A) ± (A�) ± (A��)
valley, that is of TS2a ± 4 (vertical arrow), to less than
0.5 kcalmol�1 in correspondence of the (B) ± (B�) ± (B��) ridge:
overcoming this low ridge that separates the uphill valley from
the broad basin on the right (curved arrow) should be easier
than climbing the valley. Thus, no liable reaction pathway is
associated with the cis peroxirane 4. The descent into the
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product domain has to take place through the diradical
intermediate 2a and TS2a ± 3.


Concerted hydroperoxide formation from 1O2 and propene :
Another important point would be to ascertain whether a
concerted pathway is open to this system, in competition with
the two-step diradical pathway. This would imply the for-
mation of one oxygen ± carbon bond as well as a methyl-
hydrogen transfer to the other oxygen (O�) taking place in the
same kinetic step. The two-dimensional map displayed in
Figure 3 attempts to give an overall view of the relationship


Figure 3. Two nonconcerted pathways (1 ± 2a ± 3 and 1 ± 5 ± 3) connect the
reactants 1 to the allyl hydroperoxide 3. The postulated concerted pathway
(approximately diagonal curve) is found in correspondence of a restricted
DFT calculation. This defines a RDFT ™TS∫, which does not exist as the
following tests show. Test #1: the stability of the DFTwavefunction at the
™TS∫ with respect to orbital rotations is tested and found to be unstable; the
orbitals are relaxed along the direction of instability, until a stable solution
is found; then a TS search is run and converges onto TS 1 ± 2a. Finally, a
CASSCF TS search starting from the geometry of the RDFT ™TS∫ gives TS
1 ± 2a again. Test #2: constrained hydrogen-transfer ™TS∫ CASSCF
optimizations, which generate points along a ridge for fixed C�O values
(1.7 ± 2.9 ä): the force along C�O is always negative.


between the two pathways discussed in this subsection and in
that dealing with dioxetane formation. In Figure 3, the
putative concerted transformation of the two reactants 1
directly to the hydroperoxide 3 would lie on the approx-
imately diagonal curve. In a recent paper on the ene reaction
of singlet oxygen with cyclohexene, a concerted pathway was
found at the restricted DFT (RDFT) level.[55] Indeed, when
searching for a concerted transition structure at the UDFT(-
B3LYP) level of theory, the unrestricted self-consistent
procedure converged right from the beginning on a restricted
wavefunction, and a TS was found at this point (star in
Figure 3). This RDFT TS (vibrational frequencies calculation
in the Supporting Information) has a rather usual C�O length
(1.930 ä), but can be classified as rather early as concerns the
hydrogen transfer. In fact, a large O��H length (1.809 ä)
corresponds to a C�H bond that is moderately stretched
(1.137 ä). The soundness of this result has been carefully
scrutinized for our system as follows (test #1: see Figure 3 and
the Supporting Information). 1) The TS wavefunction was
tested to check its stability with respect to orbital rota-


tions,[56±58] and found to be unstable. 2) When the orbitals were
relaxed along the instability direction, a new stable solution
was found. The new UDFT solution coincides with that
obtainable by the orbital switching procedure (see the
Methods section), that had already been used when dealing
with diradicals, diradicaloid structures,[38] homolysis and
radical coupling.[59] This wavefunction now has acceptable
spin densities and a qualitatively proper spin polarization that
allows to it to correlate back to the reactants, upon re-
dissociation of the twomoieties, in a correct way. In particular,
the system evolves toward an adequate description of 1�g O2.
3) If this stable wavefunction is used to search for the TS over
again, and the analytic Hessian is computed before starting,
the TS for the formation of the diradical from the two
reactants (TS1 ± 2a) is found instead: no trace of the
restricted-DFT transition structure is present on the unre-
stricted surface.


Then, given that a multideterminantal wavefunction should
more easily accommodate the spin recoupling patterns
associated with a concerted transition structure, this TS was
again searched for at the CASSCF level, starting from the
geometry provided by the restricted DFT calculations. These
searches were unsuccessful, since the diradical formation TS
was found again. A further probing of the reaction surface was
performed at the CASSCF level (Figure 3: test #2). By taking
the diradical to hydroperoxide TS2a ± 3 as a starting point, a
series of constrained hydrogen-transfer first-order saddle
point searches was carried out at fixed C�O lengths. If the
dominium of a concerted TS were intersected, the only
nonzero residual force, that along the C�O, should at some
point in the proximity of point marked with the star in
Figure 3 change its sign from negative to positive. These
optimizations went along a ridge, spanning a 1.7 to 2.9 ä C�O
length range. The force along the C�O was negative at all
times, thus providing an indication that a concerted transition
structure is absent on the CASSCF hypersurface.


Hydroperoxide formation by means of hydrogen-abstraction/
radical coupling : Another conceivable two-step reaction
pathway begins with a hydrogen transfer from propene to
1O2. It generates the radical pair allyl and hydroperoxyl 5.
This step requires 27.9 (MPW1K), 23.9 (B3LYP), or
33.6 kcalmol�1 (CASPT2). The allyl and hydroperoxyl radi-
cals are 15.4 (MPW1K), 18.4 (B3LYP), or 18.7 kcalmol�1


(CASPT2) above the two reactants. They can then very easily
couple, to give the final hydroperoxide product. However, at
all theory levels, the TS is significantly higher than the
diradical formation TS, which requires, as seen, 12.3
(MPW1K), 14.2 (B3LYP), or 15.7 kcalmol�1 (CASPT2).


Consequently, this hydrogen-abstraction/radical recombi-
nation pathway cannot compete efficiently. The overall
energy profiles for the transformations examined so far are
displayed in Figure 4. Bold numerals used in the tables are
used also in the energy profiles to mark the critical points
consistently. Thus, on the left in Figure 4, the diradical
formation pathway is recognizable as marked by: 1, TS1 ±
2a, 2a, and the diradical transformation to the hydroperoxide
as: 2a, TS2a ± 3, 3. Finally, the last two-step pathway just
presented as 1, TS1 ± 5, 5.
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Dioxetane formation pathway from the diradical : The
[�2��2] cycloaddition, which in this case produces the methyl
dioxetane 6, is rather often found to compete with the ene
pathway. The outcome of the competition between the two
reactions is altered, in general, by the nature of the alkene and
solvent effects. Several experiments (see for instance refer-
ences [18 ± 20]) indicate that the [�2��2] cycloaddition
should have a more polar TS than the ene pathway, because
as the solvent becomes more polar, the cycloaddition becomes
more competitive.


For our system, we find that the energy of methyl dioxetane
6 is �35.2 (MPW1K), �32.5 (B3LYP), or �37.0 kcalmol�1


(CASPT2) with respect to the diradical intermediate 2a. Thus,
as was the case for the allyl hydroperoxide, the reaction step is
quite exoergic. However, the energy barriers for the [�2��2]
reaction that originates from the diradical 2a (10.1 (MPW1K),
9.5 (B3LYP), 10.7 kcalmol�1 (CASPT2)) are significantly


Figure 5. Transition structure TS 2a ± 6 for the formation of methyl
dioxetane 6. The reported interatomic distances are in ängstrˆms and
were calculated at the DFT(B3LYP)/6 ± 311G(d,p), DFT(MPW1K)/6 ±
311G(d,p), and CASSCF/6 ± 311G(d,p) levels. The dipole moment was
calculated at the DFT(B3LYP) level, the NAO group charges are given in
in parentheses.


higher than those for the ene
reaction at all levels (the tran-
sition structure TS2a ± 6 for
diradical closure to dioxetane
is shown in Figure 5).


The difference (�E2�2�
�Eene) is 6.3 at the MPW1K,
8.5 at the B3LYP, and
10.2 kcalmol�1 at the CASPT2,
thus in favor of the ene pathway
(Figure 6). Yet, in contrast with
a single ene pathway, which has
its origin in one conformation
of 2a, the dioxetane can form
through different channels,
which originate not only from
a second conformation of 2a
(see Scheme 4), but also from
those of 2b. Thus, the �G
values reported in Tables 1
and 2 should allow one to
estimate the branching ratio
for the ene and [2�2] pathways.
Due to the rather indirect way
by which the CAS estimates of


G have been obtained, we prefer to make use of the DFT
values to approximately determine kene/k2�2 . Kinetic equa-
tions were derived within the steady-state approximation,
applied to the diradical intermediates 2a and 2b, each in two
conformations, and can be found in the Supporting Informa-
tion along with other details. The interconversion of the
conformations has been taken into account for both dirad-
icals, as well as the fact that 2a and 2b can interconvert only
by re-dissociating. The result, at the DFT(B3LYP) level, is a
factor of almost 3� 103 in favor of the ene channel.


We have already commented that the distinction between a
zwitterion and a diradical must not be held as too rigid,
because a carbon ± oxygen diradical has some zwitterionic
character (e.g. �� 2.853 D, at the DFT(B3LYP) level).[40] A
sharper zwitterionic character may be related to excited
electronic states of the open-chain molecule, but polar
diradicals are representative of pathways involving open-
chain intermediates. The dipole moments of the two transition
structures are different, but the difference is not very large.
For instance, at the DFT(B3LYP) level, the diradical to
hydroperoxide TS2a ± 3 has a �� value of 3.355 D, while for
the diradical to dioxetane TS2a ± 6 the �� value is 3.706 D.
This difference is further illustrated by the NAO charges
reported in Figure 1 and Figure 5. At this point, it is
interesting to assess to what degree a polar solvent might be
able to stabilize the diradical intermediate and the two
transition structures, on the basis of their intrinsic polarity.


Solvent simulation is limited in this paper to ™solvating∫ the
gas-phase system with a polarizable continuum. This is done
by the Onsager±Kirkwood and Tomasi methods (solvent:
acetonitrile). The former provides only a slight stabilization of
the cycloaddition TS relative to the ene TS (ca. 1.1 kcal
mol�1). On the other hand, DFT(B3LYP)/PCM single-point
energy calculations and subsequent re-optimization of the


Figure 4. CASPT2 and DFT (MPW1K and B3LYP) energy profiles for two nonconcerted pathways in the gas-
phase ene reaction of singlet dioxygen and propene.
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geometries within the DFT/PCM scheme provide a rather
disappointing result in that this small effect disappears. The
DFT/PCM results do not alter at all the picture presented for
the gas-phase reaction, neither qualitatively (optimization of
the critical points), nor quantitatively (energy differences).
Additional data on these tests are provided in the Supporting
Information. More significant effects could be expected if
protic solvents (e.g. methanol) were considered, but this
aspect of the study requires a more demanding investigation,
because the approach would consist in building a ™super-
molecule∫ cluster, by explicitly associating the reactants and
one or more solvent molecules, followed, for instance, by the
PCM estimate of the solvent effects. This extension is reserved
for a follow-up study of the ene reaction in protic solvents,
which is currently underway.


Thus, the final indication is that the only practicable
pathway for this system is the ene, via the diradical
intermediate. The rate-determining step along this pathway
is diradical formation. The enthalpy data of Table 1 and
Table 2 can be compared with the data obtained from an early
gas-phase kinetic study by Ashford and Ogryzlo,[60] in which
the Arrhenius parameters for a series of bi-, tri-, and
tetrasubstituted alkenes were determined. The only outcome
of the photo-oxidations studied was hydroperoxide formation
(as apparent from Table V in reference [60]). Our �H�RT
values for propene are in fair agreement with the qualitative
trend shown by the experimental Ea values as a function of the
degree of substitution. Consistently with the non-negligible
polarity exhibited by the transition structure for diradical
formation (��� 2.552 D for TS1 ± 2a), our DFT(B3LYP)/
PCM solvent simulations reduce the rather high energy
barrier for diradical formation computed in the gas phase


(14.2 kcalmol�1) by an extent
that depends on the solvent
polarity: the barrier goes down
to 12.2 kcalmol�1 for CHCl3,
while for acetonitrile a further
drop to 11.3 kcalmol�1 is esti-
mated. Our computations indi-
cate that the entropy change
has a significant effect on the
gas-phase free energy barrier:
�S���30 to �34 calmol�1


K�1, depending on the theory
level, as expected for the for-
mation of an adduct. The im-
portant role of entropy was
stressed in reference [31].


Conclusions


The gas-phase mechanism of
both the ene and [�2��2] re-
actions in the O2�CH2�
CH�CH3 system (1) have been
investigated. The main result of
this study is that a two-step ene


pathway passing through a polar diradical intermediate (2a) is
sharply favored. Diradical formation is described as non-
reversible. Another major result is that a peroxirane (4)
pathway is ruled out, at least as regards this system, by the
energetics and by the qualitative features of the hypersurface.
Of course, further investigation on more complex systems is
advisable before taking this result as applicable in general. A
concerted pathway, flanking the nonconcerted diradical path-
way, and connecting directly the reagents 1 to the hydro-
peroxide product 3, is suggested by a restricted DFT
calculation. This possibility is carefully examined and dis-
carded as an artifact of the restricted setting. A second
nonconcerted pathway (hydrogen abstraction operated by O2


on propene, followed by hydroperoxyl and allyl radical
coupling to give 3) is not competitive. Also the [�2��2]
cycloaddition, which stems from the same diradical inter-
mediate, cannot compete in this system with the very easy
2a ± 3 ene step. The ene channel is preferred by a factor of the
order of 103. Given that the cycloaddition TS is slightly more
polar than the ene, we attempted to simulate the effect of a
polar solvent (CH3CN) by two methods, to assess its
effectiveness in tuning the competition more in favor of the
cycloaddition. One simulation gave a very small effect in that
sense, while the other was basically ineffective.
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Figure 6. CASPT2 and DFT (MPW1K and B3LYP) energy profiles for the gas-phase ene and [�2��2]
cycloaddition reaction of singlet dioxygen and propene. The reactants are represented by three horizontal lines.
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Reaction of Enol Ethers with Alkynes Catalyzed by Transition Metals:
5-exo-dig versus 6-endo-dig Cyclizations via Cyclopropyl Platinum or Gold
Carbene Complexes


Cristina Nevado, Diego J. Ca¬rdenas, and Antonio M. Echavarren*[a]


Abstract: The intramolecular reaction of enol ethers with alkynes in methanol is
catalyzed by electrophilic PtII, PdII, and AuIII chlorides and by a CuI complex to give
five- or six-membered rings bearing dimethyl acetals. The reaction takes place by an
anti addition of the enol ether and the metal to the alkyne. The possible involvement
of vinylidene complexes in this reaction is excluded. In addition to the usual 5-exo-dig
(or 6-exo-dig) pathways, a 6-endo-dig pathway has also been found to take place with
certain enynes. One case of 5-endo-dig cyclization has also been found. A general
scheme for the alkoxycyclization of enynes catalyzed by transition metals based on
DFT calculation of PtCl2 and AuCl3 complexes that includes exo and endo
cyclizations is presented.


Keywords: alkynes ¥ cyclization �
density functional calculations ¥ gold
¥ platinum


Introduction


We have recently shown that enynes I react with PtCl2 to form
complexes II, which evolve by an intramolecular reaction of
the (�2-alkyne)PtCl2 with the alkene to form a cyclopropyl
Pt ± carbene intermediate III (Scheme 1).[1] Subsequent attack
of the nucleophile (alcohol or water) at the cyclopropyl
carbons a and b of intermediate III gives carbo- or hetero-
cycles IV or V.[1] Similar intermediates might be also involved
in the transition metal catalyzed intramolecular attack of
allylsilanes and allylstannanes to alkynes,[2] as well as in the
skeletal rearrangement of enynes that yield conjugated
dienes.[3, 4] DFT calculations also support the formation of
intermediates similar to III in the first step of the intra-
molecular reaction of furans with alkynes catalyzed by PtII.[5]


We found that the reaction proceeds via an attack at carbon
a with enynes bearing 1,2-disubstiuted or 1,1,2-trisubstituted
alkenes. However, by reducing the electronegativity of the
substituents at the tether Z, preferential attack at carbon b
was observed, yielding six-membered ring compounds V.[1]


Although some of these cyclizations are also catalyzed by


Scheme 1. PtCl2-catalyzed cyclization of enynes in the presence of alcohols
or water.


AuIII, RuII,[1] and PdII,[6] the cyclization with these catalysts is
more limited in scope.


The related cyclization of silyl enol ethers with alkynes
catalyzed by [W(CO)5L] (L�THF, amine) has been found to
proceed with exo-dig or endo-dig selectivity depending on the
reaction conditions.[7] Tungsten vinylidenes have been pro-
posed to be key intermediates in the formation of endo-dig
products.


We reasoned that the selectivity of the opening of III could
be controlled by attaching a strong electron-donating sub-
stituent at either a or b (Scheme 2).[8] Thus, attaching an -OR
substituent at a (VI, Scheme 2) would selectively give rise to
five-membered ring intermediateVII, whereas the alternative
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Scheme 2. Hypothetical openings of alkoxycyclopropyl carbene inter-
mediates.


substitution at b would favor cleavage to form six-membered
ring VIII. In the presence of an alcohol or water, these
intermediates might evolve to form acetals or carbonyl
compounds, respectively.


It is important to note that Dankwardt has recently found
that the cyclization of tert-butyldimethylsilyl enol ethers of
2-ethynylacetophenones proceeds in a 6-endo-dig mode to
afford 1-naphthol derivatives.[9] Remarkably, this cyclization
can be catalyzed by RhI, PtII, PdII, AuIII, RuII, and AgI,
although more general transformations were found with
[Rh(CO)2Cl]2, PdCl2, and PtCl2. With [Rh(CO)2Cl]2, RhI ±
vinylidene complexes were found to be intermediates in the
cyclization. We have found that the reaction of enol ethers,
and some trialkylsilyl enol ethers, with alkynes takes place in
the presence of a variety of late transition metals to give cyclic
compounds by exo-dig or endo-dig pathways.[10] From these
experimental results, as well as from DFT calculations on
cyclizations promoted by PtCl2 and AuCl3, a more complete
picture of the reaction of alkynes with alkenes emerges.


Results and Discussion


Cyclization of enol ethers with alkynes : Reaction of (E)-1[11]


in methanol under reflux[12] proceeded satisfactorily with
PtCl2 (5 mol%), PdCl2 (10 mol %), [Cu(MeCN)4]PF6


(10 mol %), or AuCl3 (5 mol%) as the catalysts to give
exclusively 5 (Table 1, entries 1 ± 4). The clean formation of 5
by an exo-dig cyclization is noteworthy, because substrates
similar to 1 react anomalously to give cyclopropane deriva-
tives with electrophilic transition metal as the catalysts.[1b, 4f, g]


Substrate (E)-2 reacted in methanol similarly to give 6
(entries 5 ± 8). The best results with 1 ± 2 were obtained with
PtCl2, PdCl2, or AuCl3 as the catalysts (entries 1, 2, 4 ± 6,
and 8).


Diacetate 3 (1:0.7 E/Z mixture) reacted with PtCl2, PdCl2,
or [Cu(MeCN)4]PF6 to give carbocycle 7 in 86 ± 88 % yield
(entries 9 ± 11). However, the reaction of 3 with AuCl3 gave
bicyclic acetal 8 (58 %) as a single isomer, as a result of the
cleavage of the acetates by AuCl3 in methanol (entry 12).[13]


The configuration at the acetal center (C-4) could not be
assigned on the basis of the observed vicinal coupling constant
of 2.4 Hz, which do not allow to distinguish between a �- or �-
configuration (dihedral angle of 56 or 65�, respectively).
However, the most stable isomer corresponds to the �-
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Scheme 3. Transition-metal catalyzed cyclization of enol ethers and silyl
enol ether 15 in the presence of MeOH.


configuration according to semiempirical calculations (PM3
Hamiltonian), which show that 8 is about 2 kcal mol�1 more
stable than the � anomer. TBS protecting groups were also
cleaved by PtCl2 or AuCl3 in methanol. However, TIPS groups
were tolerated. Thus, 4 (1:0.8 E/Z) gave carbocycle 9 in
moderate to good yield with the four catalysts examined
(entries 13 ± 16).


Formation of six-membered rings is also possible with the
electrophilic transition metal catalysts. However, the cycliza-
tion of 10 (1:1.3 E/Z) could only be performed with the more
reactive AuCl3 as the catalyst, giving rise to carbocycle 12 in
94 % yield (entry 17). Substrate 11 (1:1 E/Z), bearing an
additional methyl group at the enol ether, was more reactive
than 10 and gave 13 in good or moderate yield by using PtCl2


or [Cu(MeCN)4]PF6 as the catalysts (entries 18, 19). In this
case, cleavage of the acetal took place in the presence of
AuCl3 leading to aldehyde 14, which was isolated in 43 % yield
(entry 20). The reaction of TIPS enol ether 15[7b] with PtCl2 in
methanol gave �,�-unsaturated bicyclic ketone 16 in 70 %
yield (entry 21). Cleavage of the intermediate labile acetal
and conjugation of the alkene occur under the reaction
conditions.


The cyclization of 17 (6.2:1 E/Z) with PtCl2 gave a 13:1
mixture of acetals 18 and 19 in 70 % combined yield
(Scheme 4). The cis configuration of these heterocycles at
the ring fusion was assigned on the basis of NOESY experi-
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Scheme 4. exo- vs endo Cyclization of substrates 17 and 20.


ments. Interestingly, substrate 20, with a methyl substituent on
the alkyne, led selectively to endo-dig cyclization with PtCl2 in
methanol giving 21. In this case, more reproducible results
were realized with AuCl3 as the catalyst, which gave 21 as the
only product, isolated in 40 % yield.


Octahydroquinolines 19 and 21 result from endo cycliza-
tion,[14] a type of reaction that has been found in the
cyclization of �-acetylenic silyl enol ethers with [W(CO)6],[7]


from which tungsten vinylidene complexes were proposed as
intermediates.[15] A rhodium ± vinylidene complex was also
proposed for the formation of naphthalenes by endo cycliza-
tion of tert-butyldimethylsilyl enol ethers with alkynes.[9]


However, the formation of 21 from methyl substituted 20
clearly excludes the involvement of a similar platinum or gold
vinylidene complex in the cyclization. To further secure that
conclusion, the reaction of 17 was carried out in [D4]methanol
with PtCl2 as the catalyst. Under these conditions, in addition
to �95 % deuterium incorporation at the alkene, exchange of
the acetal with [D4]methanol occurs yielding [D7]-18 and
[D7]-19 (Figure 1). The cyclization of 2 with PtCl2 in
[D4]methanol gave [D7]-6, which indicates that exchange
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Figure 1. Products of cyclizations on [D4]methanol.


of the dimethyl acetal with the solvent is a facile process under
the reaction conditions. However, no transesterification of the
ester of 6 was observed. In addition, it is significant that in all
cases the cyclizations are faster than the addition of methanol
to the enol ether or the alkyne functions of the starting
enyne.[16]


The stereoselective deuteration of [D7]-18 and [D7]-6
demonstrates that the C�C and the C�M are formed anti on
the alkyne, which suggests that alkenyl ± metal complexes
similar to III (Scheme 1) are involved as intermediates in the
cyclization of the �-acetylenic enol ethers.[17] On the other
hand, formation of 19 and 21 suggests that an endo-dig attack
of the enol ether to the (�2-alkyne)platinum complexX to give
cyclopropyl platinum carbene XI is possible (Scheme 5).
Opening of the cyclopropane of XI, would then give
zwitterionic intermediate XII, which would finally give XIII.
Cyclization of a platinum(��) vinylidene complex XIV, similar
to that proposed for the reactions with [W(CO)6][7] or RhI[9] is
ruled out since it would have resulted in deuteration at C-4 of
19 via complex XV.
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Scheme 5. Mechanism for the 6-endo-dig cyclization.


Importantly, the mechanism proposed in Scheme 5 suggests
that the endo-dig cyclization would be also favored if the
alkyne and the alkene were tethered by just two atoms,
instead of three. In that case, cyclization of XVI (Scheme 6)
would proceed through bicyclic system XVII, which would
open to form XVIII. The alternative pathway, leading finally
to five-membered rings, would be less favorable since it would
proceed through highly strained XIX.


In the event, reaction of tert-butyldimethylsilyl enol ether
22[7b] with PtCl2 as the catalyst (5 mol%) in toluene under
reflux gave 1-silyloxydiene 23, which was hydrolyzed to
known 24[7b] (50 % overall yield). Formation of 23 can be
explained by proton abstraction from an intermediate of type
XVIII, to form a conjugated diene, followed by cleavage of
the C�Pt bond by H�. This cyclization corresponds formally to
a 6-endo-dig/endo-trig process.


Table 1. Cyclization of substrates of Scheme 3.[a]


Entry Enol ether Catalyst[b] Product Yield [%]


1 1 PtCl2 5 84
2 1 PdCl2 5 81
3 1 [Cu(MeCN)4]PF6 5 77
4 1 AuCl3 5 97
5 2 PtCl2 6 97
6 2 PdCl2 6 97
7 2 [Cu(MeCN)4]PF6 6 70
8 2 AuCl3 6 95
9 3 PtCl2 7 86


10 3 PdCl2 7 88
11 3 [Cu(MeCN)4]PF6 7 88
12 3 AuCl3 8 58
13 4 PtCl2 9 84
14 4 PdCl2 9 81
15 4 [Cu(MeCN)4]PF6 9 57[c]


16 4 AuCl3 9 90
17 10 AuCl3 12 94
18 11 PtCl2 13 90
19 11 [Cu(MeCN)4]PF6 13 68[d]


20 11 AuCl3 14 43
21 15 PtCl2 16 70


[a] The reactions were carried out under reflux for 17 h. [b] 5 mol % of
PtCl2 or AuCl3 and 10 mol % of PdCl2 or [Cu(MeCN)4]PF6. [c] 81% yield
based on unrecovered starting material. [d] 99 % yield based on unrecov-
ered starting material.







FULL PAPER A. M. Echavarren et al.


¹ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2627 ± 26352630


OTBS
EtO2C


OR


XIX


PtCl2


PtCl2


OR


XVI


PtCl2


O
EtO2C


OTBS
EtO2C


22 23 24 (50%)


toluene


XVII


PtCl2


OR


PtCl2


RO


XVIII


THF


Scheme 6. 6-endo-dig/endo-trig cyclization.


A more general mechanistic scheme for the transition metal-
catalyzed alkoxycyclization of enynes : The possible pathways
are summarized in Scheme 7 for PtCl2 as the catalyst starting
from a complex II. In addition to the
5-exo-dig cyclization via complex III,[1] a
6-endo-dig process would give complexes
such asXX. Attack at center awould give
compounds of general structure XXI.
This pathway is that followed by 20 and,
in part, 17. Reaction at center b would
give seven-membered ring derivatives
XXII. Such a process has not yet been
reduced to practice. Cyclopropanes of
structure XXIII, which have been ob-
served when Z�O or NTs,[1b, 4b, f±g, 18] are
probably derived from intermediates XX
by a hydrogen-shift.


We decided to analyze the exo- and
endo cyclizations of model enynes with
PtCl2 and AuCl3 to obtain a clearer
picture of the reactions of enynes pro-
moted by electrophilic metal halides.
Three different types of substrates were
considered, in order to understand the
effect of the presence of a heteroatom in
the chain and the dependence of the
cyclization mode on the type of alkyne
(terminal or internal). The model Pt
complexes present water as an additional
ligand.[1b]


The results of the cyclization of 6-oct-
en-1-yne are summarized in Figure 2. An
important feature of the starting complex
XXIVa is the polarization induced by
PtCl2 on the bonded alkyne. The internal
carbon of the asymmetrically bonded
alkyne becomes more electrophilic than
the terminal one (natural charges being
�0.05 and �0.25, respectively), which
makes the exo-cyclization reaction to give
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Scheme 7. General mechanism for the PtCl2-catalyzed cyclization of
enynes.


XXVa faster than the endo process (E


a


� 10.3 and
11.2 kcal mol�1, respectively). Both reactions are exothermic


Figure 2. Energy profile for the cyclization of PtCl2-complex XXIVa (values in kcal mol�1).
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(�19.5 and �27.6 kcal mol�1),
the six-membered-ring product
XXVIa being more stable.
These findings perfectly paral-
lel the experimental results.


To obtain information about
the effect of an heteroatom in
the tether between the alkyne
and the alkene, cyclizations of
model complex XXIVb were
studied (Figure 3). Interesting-
ly, the heteroatom does not
further polarize the alkyne.
The electron deficiency that
the electronegative heteroatom
could induce on the internal
alkyne carbon is compensated
by donation from the metal
fragment, as shown from the
natural charges of carbons
(�0.01 and �0.24, for the in-
ternal an terminal ones, respec-
tively). In this case, the exo-
cyclization mode leading to
XXVb is less favorable both
kinetical and thermodynami-
cally than the endo cyclization
to form six-membered-ring
complex XXVIb, in spite of
the higher electrophilic charac-
ter of C-2, which contrasts with
the results shown in Figure 1.
The reason for this preference
is that geometrical restrictions
are stronger for the formation
of TS3 compared with the formation of TS1, due to the shorter
C�O distances. As a consequence, the less strained six-
membered ring derivative is formed through a lower energy
transition state TS4, which is 1.5 kcal mol�1 more stable than
TS3.


This hypothesis was confirmed by studying the intermolec-
ular reaction between propargyl alcohol coordinated to
Pt(H2O)Cl2 and trans-2-butene, which showed that, in fact,
the preferred pathway leads to formation of the C�C bond
with C-2 of the alkyne (exo-type cyclization) through a
transition state which is 2.3 kcal mol�1 more stable than the
alternative endo-type transition state (Figure 4).
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Figure 4. Activation energies [kcal mol�1] for the model intermolecular
reaction of propargyl alcohol with trans-2-butene.


Internal alkynes containing an electronegative heteroatom
within the chain suffer endo cyclization to six-membered rings
preferentially. In this case, the theoretical model also accounts
for the observed results (Figure 5). Starting from XXIVc, the
preferred cyclization for both kinetic and thermodynamic
reasons leads to XXVIc. These reactions show higher
activation barriers (12.5 and 14.2 kcal mol�1 for the endo
and exo cyclizations, respectively) and are less exothermic
(�21.8 and �17.0 kcal mol�1, respectively) than those of
XXIVa and XXIVb (Figures 2 and 3) probably due to steric
hindrance imposed by the methyl group. In the cases ofXXVc
andXXVIc, the dihedral angles between the coordination and
the carbene planes are 20 ± 25� higher than those of XXVb
and XXVIb. The alkyne of XXIVc is only slightly polarized
and in the opposite sense (natural charges are �0.04 and
�0.02 for C-3 and C-2, respectively), in spite of the presence
of the electronegative O atom.


Bader analysis of the starting alkyne ± PtCl2 complexes of
terminal alkynes (XXIVa and XXIVb) show a single bond
critical point located between the terminal carbon and the
metal, the internal alkyne carbon being not coordinated. Thus,
it can be said that a hypothetical resonance structure
containing a vinyl cation has a considerable contribution in
these complexes (Figure 6). Therefore, terminal alkynes


Figure 3. Energy profile for the cyclization of PtCl2 complex XXIVb (values in kcal mol�1).
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Figure 6. Bonding of terminal alkynes to PtII in Pt(alkyne)(H2O)Cl2


complexes.


complexes of PtCl2 are better described as �1 species. On the
other hand, a single bond critical point involving both carbons
is found for complex XXIVc, which corresponds to a �2-
alkyne complex.


We also studied the reaction of the oxygen-containing
internal alkyne promoted by AuCl3 (Figure 7). In this case, the
cyclizations are not as exothermic as in the case of the PtII-
catalyzed reactions, but have considerable lower activation
energies, still favoring the endo process (4.4 vs 6.9 kcal mol�1).
The structures of the resulting cyclopropyl gold carbenes
XXVIII and XXIX are very similar to those of the platinum
analogues XXVc and XXVIc, respectively, although the gold


carbenes present longer Au�C
bonds (2.0 ± 2.1 vs 1.8 ± 1.9 ä for
platinum carbenes).


Conclusion


Unlike other cyclizations of enynes
that give 1,3- or 1,4-dienes as a
result of cycloisomerization, the
cyclization of �-acetylenic enol
ethers provides carbo- and hetero-
cycles bearing two different func-
tionalities that could be later trans-
formed selectively. Since enol
ethers are readily synthesized by
a variety of methods,[19] this exper-
imentally simple catalytic cycliza-
tion could be applied for the ready
access to complex organic mole-
cules.


These results support the pro-
posal that the cyclization of enynes
with electrophilic PtII, PdII,[6, 20]


AuIII, CuI, take place by a common
mechanism. This conclusion is also
supported by the similar profile of
the reaction of enynes with PtCl2


or AuCl3 as the electrophiles (Fig-
ures 2, 4, 5, and 7) and by the
results of Dankwardt in the cycli-
zation of tert-butyldimethylsilyl
enol ethers of 2-ethynylacetophe-
nones.[9] The observed regioselec-
tivity is a result of both the elec-
tronic effect of the coordination of
the alkyne to the metal and the
geometrical constraints of an intra-
molecular process. In the absence


of ring strain, coordinated terminal alkynes are attacked by
the alkene at the internal carbon.


A more complete picture of the cyclization of enynes
initiated by the �2-coordination to electrophilic metal frag-
ments such as PtCl2 or AuCl3 includes both exo-dig and endo-
dig cyclization modes. The corresponding transition states
differ little in energy, which suggests that substituents
positioned at strategic positions could highly influence the
cyclization pathways.


Experimental Section


General procedure for the synthesis of enol ethers by Wittig reaction :
nBuLi (1.2 equiv) was slowly added at �40 �C to suspension of (methox-
ymethyl)triphenylphosphonium chloride (1.2 equiv) in THF and the
resulting mixture was stirred at �40 �C for 40 min. Then a solution of the
corresponding aldehyde (1.0 equiv) was added and the mixture was stirred
at 23 �C for 30 min. Treatment with NH4Cl (pH 8), extractive workup
(Et2O), and chromatography on deactivated silica gel (packed with 5%


Figure 5. Energy profile for the cyclization of PtCl2-complex XXIVc (values in kcal mol�1).
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Et3N in hexane) provided substrates 1 ± 4, 10, 11, and 17 in 16 ± 48% (non
optimized) yields. Substrate 22 has been described before.[7b]


Compound 1: yellow oil, E isomer; 1H NMR (300 MHz, CDCl3): �� 7.72
(d, J� 8.3 Hz, 2 H), 7.28 (d, J� 8.3 Hz, 2H), 6.48 (d, J� 12.5 Hz, 1H), 4.63
(dt, J� 12.5, 7.7 Hz, 1H), 4.10 (d, J� 2.4 Hz, 2 H), 3.75 (d, J� 7.7 Hz, 2H),
3.52 (s, 3H), 2.42 (s, 3H), 1.99 (t, J� 2.4 Hz, 1 H); 13C NMR (75 MHz,
CDCl3; DEPT): �� 152.66 (CH), 144.10 (C), 136.82 (C), 130.10 (CH),
128.40 (CH), 96.41 (CH), 78.10 (C), 74.24 (C), 56.70 (CH3), 45.49 (CH2),
35.61 (CH2), 22.21 (CH3); EI-HRMS: calcd for C14H17NO3S: 279.0929;
found: 279.0919.


Compound 2 : colorless oil, E isomer; 1H NMR (300 MHz, CDCl3): �� 6.33
(d, J� 12.5 Hz, 1 H), 4.41 (dt, J� 12.5, 8.1 Hz, 1H), 4.37 (s, 6H), 3.44 (s,
3H), 2.73 (d, J� 2.8 Hz, 2 H), 2.62 (dd, J� 8.1, 1.2 Hz, 2H), 1.98 (t, J�
2.8 Hz, 1H); 13C NMR (75 MHz, CDCl3; DEPT): �� 170.90 (C), 151.10
(CH), 95.59 (CH), 79.48 (CH), 72.12 (C), 58.09 (C), 56.56 (CH3), 53.41
(CH3), 31.40 (CH2), 23.03 (CH2); FAB-HMRS: calcd for C12H17O5:
241.1076; found: 241.1079.


Compound 3 : pale yellow oil, 1:0.7 E/Z ; 1H NMR (300 MHz, CDCl3): ��
6.33 (dt, J� 11.9, 0.8 Hz, 1H, E), 6.00 (dt, J� 6.7, 1.2 Hz, 1 H, Z), 4.60 (dt,
J� 11.9, 8.1 Hz, 1 H, E), 4.27 (dt, J� 8.1, 6.7 Hz, 1 H, Z), 4.01 (s, 3H, E),
2.27 (d, J� 2.8 Hz, 2 H, Z), 2.24 (d, J� 2.8 Hz, 2 H, E), 2.22 (dd, J� 8.1,
1.2 Hz, 2H, Z), 2.08 (dd, J� 8.1, 0.8 Hz, 2H, E), 2.06 (s, 6 H), 2.05 (s, 6H),
2.01 (t, J� 2.8 Hz, 1H), 1.99 (t, J� 2.8 Hz, 1H); 13C NMR (75 MHz,
CDCl3; DEPT): �� 170.83 (C), 170.74 (C), 150.15 (CH), 149.18 (CH), 99.84
(CH), 95.85 (CH), 79.71 (CH), 79.61 (CH), 71.27 (C), 70.96 (C), 66.26
(CH2), 65.99 (CH2), 60.24 (CH3), 59.57(CH3), 40.39 (C), 40.13 (C), 30.40
(CH2), 26.64 (CH2), 22.87 (CH2), 22.53 (CH2), 20.80 (2�CH3); elemental
analysis calcd (%) for C14H20O5: C 62.67, H 7.51; found: C 62.48, H 7.74.


Compound 4 : colorless oil, 1:0.8 E/Z ; 1H NMR (300 MHz, CDCl3): �� 6.32
(d, J� 12.5 Hz, 1 H, E), 6.28 (dt, J� 6.3, 1.2 Hz, 1H, Z), 4.71 (dt, J� 12.5,
8.1 Hz, 1H, E), 4.37 (dt, J� 7.8, 6.3 Hz, 1 H, Z), 3.60 (s, 4H, Z), 3.57 (s, 4H,
E), 3.53 (s, 3H, Z), 3.49 (s, 3 H, E), 2.25 (d, J� 2.8 Hz, 2 H), 2.21 (dd, J� 7.8,
1.2 Hz, 2 H, Z), 2.03 (dd, J� 8.1, 1.0 Hz, 2 H, E), 1.91 ± 1.88 (t,


J� 2.8 Hz, 1H, E and Z), 1.11 ± 0.98 (m,
42 H, E and Z); 13C NMR (75 MHz,
CDCl3): �� 149.62, 148.34, 102.63, 98.50,
83.08, 82.83, 70.72, 70.44, 65.70, 65.20,
59.99, 56.64, 44.73, 29.95, 26.41, 22.34,
22.09, 18.74, 18.41, 12.66; elemental anal-
ysis calcd (%) for C28H56O3Si2: C 67.68, H
11.36; found: C 67.83, H 11.42.


Compound 10 : colorless oil, 1:1.3 E/Z ;
1H NMR (300 MHz, CDCl3): �� 6.28 (dt,
J� 12.5, 1.2 Hz, 1H, E), 5.84 (dt, J� 6.1,
1.6 Hz, 1 H, Z), 4.64 (dt, J� 12.5, 7.2 Hz,
1 H, E), 4.26 (dt, J� 6.1, 6.7 Hz, 1H, Z),
3.71 (s, 12 H, E and Z), 3.54 (s, 3H, E),
3.46 (s, 3 H, Z), 2.83 (d, J� 2.4 Hz, 2H,
E), 2.81 (d, J� 2.8 Hz, 2H, Z), 2.13 ± 1.79
(m, 8 H, E and Z); 13C NMR (75 MHz,
CDCl3; DEPT): �� 170.66 (C), 170.64
(C), 147.70 (CH), 146.78 (CH), 104.96
(CH), 101.40 (CH), 78.97 (C), 78.74 (C),
71.35 (C), 71.17 (C), 59.50 (CH2), 56.75
(CH or CH3), 56.60 (CH or CH3), 55.82
(CH or CH3), 53.44 (CH or CH3), 53.37
(CH or CH3), 33.17 (CH2), 31.86 (CH2),
22.91 (CH2), 22.67 (CH2), 22.57 (CH2),
18.64 (CH2); elemental analysis calcd (%)
for C13H18O5: C 61.40, H 7.14; found: C
61.69, H 7.48.


Compound 11: yellow oil, 1:1 E/Z ;
1H NMR (300 MHz, CDCl3): �� 5.77
(m, 1 H), 5.70 (m, 1H), 3.73 (s, 6H), 3.72
(s, 6H), 3.53 (s, 3H), 3.49 (s, 3 H), 2.86 (d,
J� 3.8 Hz, 2 H), 2.82 (d, J� 3.8 Hz, 2H),
2.15 ± 2.08 (m, 4 H), 2.03 ± 1.90 (m, 4H),
1.80 ± 1.72 (m, 4H), 1.57 (d, J� 1.6 Hz,
3 H), 1.51 (d, J� 1.6 Hz, 3 H); 13C NMR
(75 MHz, CDCl3; DEPT): �� 171.30 (C),


171.29 (C), 143.09 (CH), 142.87 (CH), 113.28 (C), 113.00 (C), 79.65 (CH),
79.37 (CH), 72.03 (C), 71.78 (C), 59.90 (CH3), 59.82 (CH3), 53.38 (CH3),
53.27 (CH3), 31.29 (CH2), 30.23 (CH2), 29.09 (CH2), 24.04 (CH2), 23.43
(CH2), 23.15 (CH2), 17.54 (CH3), 13.33 (CH3); FAB-HMRS: calcd for
C14H20O5: 268.1311; found: 268.1319.


Compound 17: white vitreous solid, 6.2:1 E/Z ; m.p. 65 ± 67 �C; 1H NMR
(300 MHz, CDCl3): �� 7.80 (d, J� 8.5 Hz, 2 H, E and Z), 7.25 (d, J� 8.5 Hz,
2H, E and Z), 5.74 (m, 1 H, E), 5.72 (m, 1H, Z), 4.40 (m, 1H, E and Z), 4.27
(dd, J� 18.2, 2.4 Hz, 1H, Z), 4.25 (dd, J� 18.6, 2.4 Hz, 1H, E), 3.87 (dd, J�
18.2, 2.4 Hz, 1H, Z), 3.85 (dd, J� 18.6, 2.4 Hz, 1 H, E), 3.49 (s, 3H, Z), 3.33
(s, 3H, E), 2.43 (m, 2H, E and Z), 2.15 (t, J� 2.4 Hz, 1 H, Z and E), 2.19 ±
1.36 (m, 6H, E and Z); 13C NMR (75 MHz, CDCl3; DEPT): �� 170.83 (C),
170.74 (C), 150.15 (CH), 149.18 (CH), 99.84 (CH), 95.85 (CH), 79.71 (CH),
79.61 (CH), 71.27 (C), 70.96 (C), 66.26 (CH2), 65.99 (CH2), 60.24 (CH),
59.57 (CH), 40.39 (C), 40.13 (C), 30.40 (CH2), 26.64 (CH2), 22.87 (CH2),
22.53 (CH2), 20.80 (CH3); elemental analysis calcd (%) for C19H27NO4S: C
64.84, H 6.95, N 4.20; found: C 64.93, H 6.73, N 4.12.


Compound 20 : yellow oil, 1: 1.8 Z :E ; 1H NMR (300 MHz, CDCl3): �� 7.82
(d, J� 8.5 Hz, 2 H, Z isomer), 7.81 (d, J� 8.5 Hz, 2 H, E isomer), 7.27 (d, J�
8.5 Hz, 2H, Z isomer), 7.24 (d, J� 8.5 Hz, 2 H, E isomer), 5.76 (m, 1H, Z
isomer), 5.74 (m, 1 H, E isomer), 4.41 (dd, J� 7.1, 4.2 Hz, 1 H, E isomer),
4.29 (m, 1H, Z isomer), 4.22 (dc, J� 18.20, 2.2 Hz, 1H, Z isomer), 4.18 (dc,
J� 18.6, 2.2 Hz, 1H, E isomer), 3.86 (dc, J� 18.20, 2.2 Hz, 1 H, Z isomer),
3.82 (dc, J� 18.6, 2.2 Hz, E isomer), 3.50 (s, 3H, Z isomer), 3.35 (s, 3 H, E
isomer), 2.42 (s, 3 H, Z isomer), 2.40 (s, 3 H, E isomer), 2.04 ± 1.8 (m, 2H, Z
and E isomers), 1.68 (t, J� 2.2 Hz, 3 H, E isomer), 1.65 (t, J� 2.2 Hz, 3H, Z
isomer), 1.57 ± 0.82 (m, 6H, Z and E isomer); 13C NMR (75 MHz, CDCl3,
DEPT): �� 143.54 (C), 143.07 (C), 143.02 (CH, E isomer), 142.15 (CH, Z
isomer), 138.81 (C), 138.52 (C), 129.73 (2�CH, Z isomer), 129.48 (2�CH,
E isomer), 128.52 (2�CH, E isomer), 128.24 (2�CH, Z isomer), 114.68
(C), 114.60 (C), 80.78 (C), 80.28 (C), 76.41 (C), 75.93 (C), 60.32, 60.09,
59.13, 55.40, 36.81 (CH2), 34.74 (CH2), 33.09 (CH2), 32.55 (CH2), 29.67
(CH2), 27.68 (CH2), 26.22 (CH2), 25.98 (CH2), 25.34 (CH2), 23.76 (CH2),
22.14 (CH3), 22.10 (CH3), 4.15 (2�CH3); EI-MS: m/z : 347 (1) [M]� , 316


Figure 7. Energy profile for the cyclization of the AuCl3 complex XXVII (values in kcal mol�1).
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(23), 302 (21), 242 (18), 192 (100); elemental analysis calcd (%) for
C19H25NO3S: C 65.68, H 7.25, N 4.03; found: C 65.63, H 7.14, N 4.25; EI-
HRMS: calcd for C19H25NO3S: 347.1555; found: 347.1569.


Compound 15 : TIPS enol ether 15 was prepared in 80% yield following the
procedure described for the corresponding diethyl ester.[7b] 1H NMR
(300 MHz, CDCl3): �� 4.82 (br s, 1 H), 3.71 (s, 3 H), 3.68 (s, 3 H), 3.15 (m,
1H), 2.79 (d, J� 2.8 Hz, 2H), 1.97 (t, J� 2.8 Hz, 1H), 2.10 ± 1.29 (m, 6H),
1.14 ± 1.04 (m, 21H); 13C NMR (75 MHz, CDCl3; DEPT): �� 170.25 (C),
170.17 (C), 152.85 (C), 103.21 (CH), 79.73 (CH), 70.09 (C), 60.60 (C), 52.43
(2�CH3), 38.99 (CH), 29.45 (CH2), 24.12 (CH2), 22.39 (CH2), 22.34 (CH2),
17.93 (CH3), 12.43 (CH).


General procedure for the cyclization of �-acetylenic enol ethers : A
mixture of the �-acetylenic enol ethers (0.15 mmol) and the catalyst (0.05 ±
0.1 equiv) was heated in methanol (4 mL) under reflux under Ar for 17 h.
After being cooled to room temperature, the solvent was evaporated and
the residue was purified by chromatography on silica gel deactivated with
5% Et3N in hexane. Although the reactions were faster at higher
concentrations, substantial amounts of the corresponding aldehydes were
observed.


N-(p-Toluenesulfonyl)-3-dimethoxymethyl-4-methylenepyrrolidine (5):
pale yellow oil; 1H NMR (300 MHz, CDCl3): �� 7.70 (d, J� 8.1 Hz, 2H),
7.33 (d, J� 8.1, 0.8 Hz, 2 H), 5.12 (q, J� 2.3 Hz, 1H), 5.01 (q, J� 2.3 Hz,
1H), 4.13 (d, J� 7.3 Hz, 1 H), 3.79 (m, 2H), 3.42 (dd, J� 10.1, 2.3 Hz, 1H),
3.31 (s, 3H), 3.27 (s, 3H), 3.18 (dd, J� 10.1, 6.5 Hz, 1H), 2.90 (m, 1H), 2.43
(s, 3 H); 13C NMR (75 MHz, CDCl3; DEPT): �� 143.66 (C), 143.10 (C),
132.44 (C), 129.62 (CH), 127.90 (CH), 109.71 (CH2), 104.72 (CH), 59.19
(CH3), 53.74 (CH3), 52.62 (CH2), 49.61 (CH2), 45.26 (CH), 21.50 (CH3); EI-
HRMS: calcd for C15H21NO4S: 311.1191; found: 311.1181.


Dimethyl 3-dimethoxymethyl-4-methylenecyclopentane-1,1-dicarboxylate
(6): yellow oil; 1H NMR (300 MHz, CDCl3): �� 5.05 (m, 1 H), 5.01 (m,
1H), 4.24 (d, J� 6.5 Hz, 1 H), 3.71 (s, 6 H), 3.35 (s, 3 H), 3.33 (s, 3H), 2.85 ±
2.93 (m, 3H), 2.52 (m, 1H); 2.10 (m, 1 H); 13C NMR (75 MHz, CDCl3;
DEPT): �� 172.02 (C), 171.82 (C), 147.11 (CH2), 109.30 (CH2), 106.62
(CH), 58.40 (C), 53.96 (CH3), 53.91 (CH3), 52.71 (CH3), 52.65 (CH3), 44.54
(CH), 41.75 (CH2), 35.19 (CH2); EI-HRMS: calcd for C12H17O5: 241.1076;
found: 241.1086 [M�OCH3)]� ; elemental analysis calcd (%) for C13H20O6:
C 57.34, H 7.40; found: C 57.73, H 7.74.


1,1-Bis(acetoxymethyl)-3-dimethoxymethyl-4-methylenecyclopentane (7):
yellow oil; 1H NMR (300 MHz, CDCl3): �� 5.05 (br s, 1 H), 5.04 (br s, 1H),
4.23 (d, J� 6.1 Hz, 1H), 4.08 ± 3.73 (m, 4H), 3.37 (s, 3 H), 3.34 (s, 3H),
2.90 ± 2.80 (m, 1 H), 2.26 (br s, 2H), 2.04 (s, 6 H), 1.84 ± 1.75 (m, 1H), 1.65 ±
1.55 (m, 1 H); 13C NMR (75 MHz, CDCl3; DEPT): �� 171.79 (C), 171.71
(C), 149.20 (C), 110.18 (CH2), 107.82 (CH), 68.23 (CH2), 66.23 (CH2), 54.89
(CH3), 54.78 (CH3), 44.79 (CH), 44.65 (C), 41.08 (CH2), 33.41 (CH2), 21.53
(2�CH3); elemental analysis calcd (%) for C15H24O6: C 59.98, H 8.05;
found: C 60.30, H 8.16.


1-Hydroxymethyl-4-methoxy-6-methylene-3-oxabicyclo[3.2.1]octane (8):
colorless oil; 1H NMR (300 MHz, CDCl3): �� 4.96 (br s, 1 H), 4.92 (br s,
1H), 4.43 (d, J� 2.4 Hz, 1 H), 3.80 (dd, J� 10.1, 1.2 Hz, 1 H), 3.53 ± 3.48 (m,
3H), 3.39 (s, 3H), 2.65 (m, 1H), 2.47 (m, 1H), 2.19 (m, 1H), 2.03 (dd, J�
10.9, 2.8 Hz, 1 H), 1.39 (ddd, J� 10.9, 4.8, 2.8 Hz, 1H), 1.39 (overlapping
signal, OH); 13C NMR (75 MHz, CDCl3; DEPT): �� 149.95 (C), 106.45
(CH2), 101.99 (C), 77.26 (C), 69.69 (CH2), 67.29 (CH2), 54.60 (CH3), 47.97
(CH), 37.20 (CH2), 32.30 (CH2); GC/EI-HRMS: calcd for C9H13O2:
153.0916 [M�OMe]� ; found: 153.0910.


1,1-Bis(triisopropylsilyloxymethyl)-3-dimethoxymethyl-4-methylenecyclo-
pentane (9): colorless oil; 1H NMR (300 MHz, CDCl3): �� 4.99 (m, 1H),
4.91 (m, 1 H), 4.19 (d, J� 6.9 Hz, 1 H), 3.63 ± 3.37 (m, 4 H), 3.36 (s, 3 H), 3.30
(s, 3H), 2.78 (m, 1H), 2.32 ± 2.16 (m, 2 H), 1.74 (dd, J� 13.5, 8.5 Hz, 1H),
1.50 (dd, J� 13.5, 9.9 Hz, 1 H), 1.05 ± 1.01 (m, 42H); 13C NMR (75 MHz,
CDCl3; DEPT): �� 151.68 (C), 108.79 (CH2), 107.87 (CH), 67.40 (CH2),
65.84 (CH2), 54.74 (CH3), 53.60 (CH3), 49.17 (C), 45.09 (CH), 39.88 (CH2),
32.57 (CH2), 18.74 (CH3), 12.63 (CH);eacp;elemental analysis calcd (%)
for C29H60O4Si2: C 65.85, H 11.43; found: C 66.00, H 11.44.


Dimethyl 4-dimethoxymethyl-3-methylenecyclohexane-1,1-dicarboxylate
(12): colorless oil; 1H NMR (300 MHz, CDCl3): �� 4.90 (br s, 1H), 4.85
(br s, 1H), 4.47 (d, J� 8.1 Hz, 1H), 3.71 (s, 6H), 3.35 (s, 3H), 3.33 (s, 3H),
2.72 (dt, J� 14.5, 8.1 Hz, 2H), 2.40 (m, 1H), 2.13 (m, 1H), 2.0 (m, 1H), 1.83
(m, 1H), 1.65(m, 1H); 13C NMR (75 MHz, CDCl3; DEPT): �� 171.53 (C),
171.41 (C), 142.62 (C), 112.43 (CH2), 103.91 (CH), 56.81 (C), 53.31 (CH3),


53.14 (CH3), 52.61 (2�CH3), 43.99 (CH), 39.07 (CH2), 28.88 (CH2), 25.21
(CH2); elemental analysis calcd (%) for C14H22O6: C 58.73, H 7.74; found: C
59.15, H 7.86.


Dimethyl 4-dimethoxymethyl-4-methyl-3-methylenecyclohexane-1,1-di-
carboxylate (13): pale yellow oil; 1H NMR (300 MHz, CDCl3): �� 4.94
(br s, 1 H), 4.86 (br s, 1H), 4.31 (s, 1 H), 3.72 (s, 3H), 3.70 (s, 3 H), 3.51 (s,
3H), 3.45 (s, 3H), 2.81 (m, 2H), 1.99 (m, 1H), 1.86 (m, 1H), 1.42 ± 1.31 (m,
2H), 1.02 (s, 3H); 13C NMR (75 MHz, CDCl3; DEPT): �� 172.93 (C), 171.
76 (C), 147.30 (C), 113.53 (CH2), 110.16 (CH), 59.31 (CH3), 58.95 (CH3),
57.33 (C), 53.35 (CH3), 53.10 (CH3), 45.06 (C), 38.68 (CH2), 32.18 (CH2),
28.05 (CH2), 20.05 (CH3); EI-HRMS: calcd for C14H21O5: 269.1389; found:
269.1391 [M�OCH3]� .


Dimethyl 4-formyl-4-methyl-3-methylenecyclohexane-1,1-dicarboxylate
(14): yellow oil; 1H NMR (300 MHz, CDCl3): �� 9.32 (d, J� 1.22 Hz,
1H), 5.15 (br s, 1 H), 4.95 (br s, 1 H), 3.72 (s, 3 H), 3.71 (s, 3H), 2.93 (dd, J�
4.1, 2.0 Hz, 1H), 2.50 (dt, J� 4.1, 1.7 Hz, 1H), 2.27 (dd, J� 13.2, 2.0 Hz,
1H), 2.13 (dt, J� 13.2, 4.1 Hz, 1H), 2.02 ± 1.90 (m, 1H), 1.57 ± 1.46 (m, 1H),
1.15 (s, 3H); 13C NMR (75 MHz, CDCl3; DEPT): �� 202.77 (C), 171.48
(2�C), 143.09 (C), 114.48 (CH2), 56.14 (C), 52.76 (CH3), 52.54 (CH3), 51.81
(C), 38.50 (CH2), 30.22 (CH2), 27.85 (CH2), 19.84 (CH3); elemental analysis
calcd (%) for C13H18O5: C 61.40, H 7.14; found: C 61.28, H 7.16.


Dimethyl 3-methyl-4-oxo-2,4,5,6,7,7a-hexahydroindene-1,1-dicarboxylate
(16): white vitreous solid; m.p. 106 ± 108 �C; 1H NMR (300 MHz, CDCl3):
�� 3.75 (s, 3H), 3.72 (s, 3H), 3.09 (br d, J� 18 Hz, 1 H), 2.77 (br d, J�
18 Hz, 1 H), 2.45 (m, 1 H), 2.23 ± 2.10 (m, 2 H), 2.09 (s, 3H), 2.07 ± 1.98 (m,
2H), 1.84 ± 1.68 (m, 1 H), 1.15 (qd, J� 12.7, 2.8 Hz, 1H); 13C NMR (75 MHz,
CDCl3; DEPT): �� 199.23 (C), 171.67 (C), 170.70 (C), 149.51 (C), 131.88
(C), 61.91 (C), 52.73 (CH2), 52.29 (CH3), 51.90 (CH2), 46.04 (CH3), 40.57
(CH3), 27.49, 23.39, 15.66 (CH2); elemental analysis calcd (%) for C14H18O5:
C 63.15, H 6.81; found: C 63.53, H 7.12.


cis-3a-Dimethoxymethyl-3-methylene-N-(p-toluenesulfonyl)octahydroin-
dole (18): white vitreous solid; m.p. 84 ± 87 �C; 1H NMR (300 MHz,
CDCl3): �� 7.74 (d, J� 8.1 Hz, 2 H), 7.30 (d, J� 8.1 Hz, 2 H), 5.16 (t, J�
2.0 Hz, 1H), 5.04 (m, 1 H), 4.11 (dt, J� 13.9, 2.6 Hz, 1H), 4.01 (m, 1H), 3.93
(dt, J� 13.9, 2.0 Hz, 1 H), 3.76 (s, 1 H), 2.42 (s, 3H), 1.90 ± 1.81 (m, 2H),
1.69 ± 1.59 (m, 1 H), 1.52 ± 1.42 (m, 2H), 1.17 ± 1.05 (m, 3 H); 13C NMR
(75 MHz, CDCl3; DEPT): �� 144.46 (C), 142.96 (C), 137.24 (C), 129.48
(CH), 127.17 (CH), 109.74 (CH2), 108.15 (CH), 61.21 (CH), 59.68 (CH3),
57.95 (CH3), 54.71 (C), 50.02 (CH2), 28.97 (CH2), 22.61 (CH2), 22.53 (CH2),
21.47 (CH3), 20.14 (CH2); elemental analysis calcd (%) for C19H27NO4S: C
62.44, H 7.45, N 3.83; found: C 62.44, H 7.26, N 3.75.


cis-4a-Dimethoxymethyl-N-(p-toluenesulfonyl)-1,2,4a,5,6,7,8,8a-octahy-
droquinoline (19): white vitreous solid; m.p. 137 ± 140 �C; 1H NMR
(300 MHz, CDCl3): �� 7.72 (d, J� 8.1 Hz, 2 H), 7.30 (d, J� 8.1 Hz, 2H),
5.75 (ddd, J� 10.2, 3.8, 2.1 Hz, 1H), 5.50 (m, 1 H), 4.33 (s, 1H), 4.10 (m,
3H), 3.62 (s, 3H), 3.48 (s, 3H), 3.30 (dt, J� 16.9, 2.1 Hz, 2 H), 2.43 (s, 3H),
1.80 ± 1.08 (m, 8 H); 13C NMR (75 MHz, CDCl3; DEPT): �� 143.06 (C),
137.29 (C), 131.34 (CH), 129.59 (CH), 127.13 (CH), 123.18 (CH), 110.71
(CH), 59.38 (CH3), 58.44 (CH3), 53.29 (CH), 45.90 (C), 40.94 (CH2), 27.75
(CH2), 24.37 (CH2), 23.25 (CH2), 21.44 (CH3), 20.87 (CH2); elemental
analysis calcd (%) for C19H27NO4S: C 62.44, H 7.45, N 3.83; found: C 62.24,
H 7.19, N 3.72.


cis-4a-Dimethoxymethyl-4-methyl-N-(p-toluenesulfonyl)-1,2,4a,5,6,7,8,8a-
octahydroquinoline (21): colorless oil; 1H NMR (300 MHz, CDCl3): ��
7.69 (d, J� 8.5 Hz, 2 H), 7.27 (d, J� 8.5 Hz, 2H), 5.47 (m, 1 H), 4.29 (s, 1H),
4.10 ± 4.01 (m, 2H), 3.57 (s, 3H), 3.45 (s, 3H), 3.32 (m, 1H), 2.40 (s, 3H),
1.98 ± 1.93 (m, 1H), 1.76 (m, 3H), 1.63 ± 0.82 (m, 7 H); 13C NMR (75 MHz,
CDCl3, DEPT): �� 136.09 (C), 130.26 (2�CH), 129.85 (C), 128.70 (C),
127.89 (2�CH), 120.87 (CH), 112.08 (CH), 60.24 (CH3), 58.76 (CH3), 55.16
(CH), 48.77 (C), 42.44 (CH2), 37.29 (CH2), 25.35 (CH2), 24.46 (CH2), 22.59
(CH2), 22.17 (CH3), 20.80 (CH3); EI-MS: m/z : 379 (12) [M]� , 348 (42), 304
(17), 260 (32), 192 (100); EI-HRMS: calcd for C20H29NO4S: 379.1817;
found: 347.1818.


2-(tert-Butyldimethylsilyloxy)-1-methylcyclohexa-2,4-dienecarboxylic eth-
yl ester (23): yellow oil; 1H NMR (300 MHz, CDCl3): �� 5.84 ± 5.77 (m,
1H), 5.42 ± 5.35 (m, 1 H), 5.07 (d, J� 5.9 Hz, 1H), 4.19 ± 4.04 (m, 2 H), 2.93
(ddd, J� 17.2, 3.8, 2.2 Hz, 1 H), 2.16 (ddd, J� 17.2, 4.8, 1.4 Hz, 1H), 1.28 (s,
6H), 1.24 (t, J� 7.2 Hz, 3 H), 0.91 (s, 9H), 0.20 (s, 3H), 0.19 (s, 3H);
13C NMR (75 MHz, CDCl3, DEPT): �� 175.81 (C), 154.75 (C), 123.48
(CH), 116.52 (CH), 100.24 (CH), 60.68 (CH2), 36.03 (CH2), 25.41 (3�
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CH3), 20.04 (CH3), 17.96 (C), 14.13 (CH3), �0.5 (2�CH3). The structure
was confirmed by COSY and HMBC experiments.


Computational methods : The calculations were performed with the
GAUSSIAN 98 series of programs.[21] The geometries of all complexes
were optimized at the DFT level using the B3LYP hybrid functional.[22] The
standard 6-31G(d) basis set was used for C, H, O, and Cl and the
LANL2DZ relativistic pseudo potential was used for Pt and Au. Harmonic
frequencies were calculated at the same level of theory to characterize the
stationary points and to determine the zero-point energies (ZPE). Intrinsic
reaction coordinate calculations (IRC) were performed to ensure that the
transition states actually connect the proposed reagents and products. The
bonding characteristics of the different local minima were analyzed by
means of two different partition techniques, namely, the atoms in molecules
(AIM) theory of Bader[23] and a Natural Bond Orbital (NBO) analysis of
Weinhold et al.[24] The first approach is based in a topological analysis of the
electron charge density, �(r) and its Laplacian � 2�(r). More specifically, we
have located the so called bond critical points (bcp), i.e., points where �(r)
is minimum along the bond path and maximum in the other two directions.
These points are associated with the positions of the chemical bonds. The
NBO technique permits to describe the different bonds of the system in
terms of the natural hybrid orbitals centered on each atom and provides
also useful information on the charge distribution of the system.
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Electronic Coupling in a Highly Preorganized Bimetallic Complex
Comprising Pyrazolate-Bridged CpMn(CO)2 Moieties
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Dedicated to Prof. Gottfried Huttner on the occasion of his 65th birthday


Abstract: By means of a multistep syn-
thetic procedure a dimanganese com-
plex has been prepared, in which a N,N�-
bridging pyrazolate ligand spans two
CpMn(CO)2 subunits in a highly preor-
ganized chelate arrangement. The X-ray
crystallographic analyses of the MnIMnI


complex K�1� and of its non-chelate
precursor complex elucidate details of
the molecular structure, in particular an
unusual pyrazolate binding mode in the
solid state and intertwining of the CO
ligands in the crowded bimetallic array
1�. The MnIMnI compound (1�), the
mixed-valent MnIMnII (1), and the oxi-
dized MnIIMnII form (1�) have been
characterized by various analytical and
spectrosopic methods, such as electro-
chemistry, variable-temperature EPR


spectroscopy, IR spectroelectrochemis-
try, and UV/Vis/NIR spectroelectro-
chemistry as well as by DFT and TD-
DFT calculations. Strong electronic cou-
pling in the mixed-valent complex is
observed, but time- (and temperature-)
dependent valence detrapping occurs,
thus placing 1 in class II according to the
Robin and Day assignment, close to the
class II/III transition. From variable-
temperature EPR spectroscopy a rough
estimate of the activation energy and
rate for thermal electron transfer can be


deduced, with Eth
�� 13.6 kJmol�1 and


kth� 2.6� 1010 s�1 at 298 K. Unexpected-
ly, no intervalence CT transition for 1 is
detected in solution, but one appears in
the optical spectrum of solid 1. The
conclusions drawn from experiments are
fully supported by DFT calculations that
were carried out for all three forms of
the dimanganese complex. A broken
symmetry treatment for mixed-valent 1
reveals almost perfect localization of
both spin and charge on one Mn center.
According to TD-DFT the first excited
states of 1 give rise to the IT processes in
the NIR-energy region, as observed in
the solid-state spectrum. The HOMOs
are located at the Mn ions and are
favorably arranged for � interactions
with the bridging pyrazolate.


Keywords: density functional
calculations ¥ dinuclear complexes ¥
electron transfer ¥ manganese ¥
mixed-valent compounds


Introduction


Cooperative phenomena between two or more proximate
metal ions are attracting enormous attention in current


chemical research. The major focus lies on the quest for
cooperative reactivity,[1, 2] in particular for bimetallic reactiv-
ity patterns reminiscent of metalloenzyme activity, and on
magnetic exchange interactions.[3] Also, there is continuing
interest in understanding and tuning the electronic interaction
between metal centers through or across bridging ligands,
which is of fundamental relevance to, inter alia, electron
transfer reactions in biology and electronic properties of
materials.[4, 5] For the experimental study of electron transfer
(ET) processes in mixed-valent dimetal compounds, systems
with a formal low-spin d5d6 electronic configuration have
received particular attention. The vast majority of such d5d6


mixed-valent complexes are based on ruthenium ammine
fragments, since these exhibit favorable kinetic stability in
both ruthenium � ��� and � �� oxidation states.[6] A comple-
mentary organometallic species that fulfils the requirements
of i) two neighboring oxidation states with d5/d6 electronic
configuration in a useful potential region, ii) kinetic stability
in these different oxidation states, and iii) the potential for
efficient � backbonding with a bridging ligand, is the
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CpMn(CO)2 fragment.[7, 8] This fragment has been extensively
used as a stabilizing scaffold for unusual molecules[9] and as a
redox center in mixed-valent compounds.[8, 10, 11, 12, 13] How-
ever, while the CpMn(CO)2 fragment itself is very inert,
[CpMn(CO)2L] complexes with classical �inorganic� ligands L
(e.g. first-row-element O and N donor ligands) exhibit
notorious dissociative lability in their oxidized MnII forms,
which has often hampered the isolation and detailed charac-
terization of such species.[11]


We have recently reported a novel type of dinuclear
[{CpMn(CO)2}2L] array, where L is a N,N�-bridging pyrazolate
that is covalently linked to the Cp spectator ligands at the
manganese and spans the two Mn ions, thus giving a highly


preorganized chelate arrange-
ment in 1�.[14] This system is
closely related to the heavily
studied type A complexes of
cyclopentadienyl (Cp) ligands
with functional amino or ami-
do side chains,[15] since it can be
described as a bimetallic ver-


sion B in which the donor substituent tethered to the Cp
moiety additionally serves a bridge function.[16] Such a
strategy of formal coupling of two N-containing ligand
compartments through a functionalized pyrazolate to con-
stitute a highly preorganized dinuclear array has already been
employed for mimicking cooperative effects in biomimetic
coordination compounds.[17] Accordingly, type B systems are
expected to give rise to cooperative phenomena in organo-
metallic chemistry with the adjacent metal ions working in
concert.


In the present context, the rigid chelate arrangement in 1�


was anticipated to preclude dissociation of its CpMn(CO)2L
moieties, thus allowing a detailed investigation by various
analytical methods of the electronic structure of the dimanga-
nese system in its different oxidation states. Some aspects of
the structural and electronic properties of 1� have already
been communicated.[14]


Results and Discussion


Synthesis and structural characterization : With the aim of
preparing the sought-after ligand scaffolds for type B
complexes, we initially treated the dichloro derivative of 2
with various Cp anion equivalents. However, while indenyl
and fluorenyl side arms could readily be attached,[16] it proved
difficult to introduce parent Cp by this route. [CpMn(CO)3]
was thus employed as a �protected� source of parent Cp. Still,
in this case a palladium-catalyzed cross-coupling protocol[18]


was required to achieve any reaction at all, and only
monosubstitution was observed when starting from the
dichloro derivative of 2 (Scheme 1).[19] Attachment of two
CpMn(CO)3 side arms to the pyrazole nucleus was finally
accomplished by using the more reactive dibromo compound
2,[20] in which the pyrazole-NH group is protected by a
tetrahydropyranyl (thp) group. The procedure involves trans-
metalation of the lithiated CpMn(CO)3 with ZnCl2 and a
subsequent Pd(PPh3)2-catalyzed cross-coupling reaction[18, 19]


to form 3 in good yield according to Scheme 1. The product
was purified by column chromatography, and the thp protect-
ing group was then conveniently removed by treatment with
acid to give 4.


Scheme 1. Synthesis of K�1�.


Compound 4 can be obtained as yellowish crystals from a
CH2Cl2/light petroleum solution, and a single-crystal structure
analysis was performed. The molecular structure of 4 is
depicted in Figure 1, along with selected interatomic distances
and bond angles. It confirms that 4 contains a protonated
(noncoordinating) pyrazole group with two pendant
CpMn(CO)3 moieties. While the latter are still directed away
from the pyrazole-N group in 4, simple rotation around the
spacer C�C bonds would bring the metal carbonyl fragments
in a suitable arrangement to potentially interact with the
pyrazole-N atoms. It should be noted that two different
polymorphs of 4 could be crystallized from the CH2Cl2/light
petroleum solution, which differ by the relative position of the
pyrazole and CpMn(CO)3 moieties due to distinct hydrogen-
bonding patterns. In both cases, however, two pyrazole groups
are arranged as dimers through N ¥¥¥H ¥¥ ¥ N interactions.
Characteristic features of the different polymorphs will be
analyzed in more detail elsewhere.[21]
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Figure 1. Molecular structure of 4 (40% probability ellipsoids). Selected
interatomic distances [ä] and range of selected bond angles [�]: N1�N2
1.360(3), Mn1�C1 1.789(3), Mn1�C2 1.796(2), Mn1�C3 1.790(2), Mn2�C4
1.779(3), Mn2�C5 1.790(3), Mn2�C6 1.782(2), C1�O1 1.156(3), C2�O2
1.146(3), C3�O3 1.146(3), C4�O4 1.150(3), C5�O5 1.148(3), C6�O6
1.152(3); CC�O-Mn-CC�O 90.5(2) ± 93.9(2).


For the preparation of mononuclear type A complexes in
which MX2 equals Mn(CO)2, it has been reported that ring
closure upon CO dissociation is very rapid if a favorable
conformation brings the pendant side chain donor in close
proximity to the metal center.[22] Extrusion of CO ligands by
irradiation of 4 in THF and subsequent deprotonation using
KOtBu gave the first example of a type B bimetallic complex,
K�1�, as evidenced by the characteristic changes of the CO
stretching frequencies (see below). Single crystals of K�1� ¥
0.9 THF obtained from THF/light petroleum were analyzed
by X-ray crystallography. As discussed previously,[14] the
crystals contain four independent (but similar) dimangane-
se(�) units of the anticipated constitution per asymmetric
unit–one of them is depicted in Figure 2.


Figure 2. Molecular structure of 1� (30% probability ellipsoids). Selected
interatomic distances [ä] and range of selected bond angles and dihedral
angles [�]; values for the other three independent molecules in square
brackets: Mn1�N1 2.034(4) [2.032(4), 2.066(3), 2.047(4)], Mn2�N2
2.053(4) [2.060(4), 2.053(4), 2.033(4)], Mn�CC�O 1.748(5) ± 1.791(6)
[1.747(5) ± 1.772(5), 1.746(5) ± 1.780(5), 1.748(5) ± 1.766(5)], CC�O�O
1.149(6) ± 1.177(6) [1.166(5) ± 1.174(5), 1.164(5) ± 1.177(5), 1.174(5) ±
1.175(5)]; CC�O-Mn-N 98.6(2) ± 102.9(2) [100.0(2) ± 103.8(2), 102.3(2) ±
104.7(2), 96.3(2) ± 102.8(2)], Mn1-N1-N2-Mn2 27.9(1) [22.3(1), 10.3(1),
34.3(1)].


In accordance with expectations, upon going from 4 to 1�


the mean value for Mn�CC�O decreases (1.788 ä in 4 versus
1.761 ä in 1�), while the mean C�O bond length of the
carbonyl ligands increases (1.150 ä in 4 versus 1.170 ä in 1�).
This expresses the larger extent of Mn�CO �-backbonding
in the CpMn(CO)2L moiety upon replacement of a third CO
ligand by the pyrazolate group.


Several other features of the solid-state structure of K�1� ¥
0.9 THF are worth mentioning: i) The dimanganese entities
are connected through the potassium countercations to form a
three-dimensional coordination polymer in which the K� ion
exhibits unusual �5 � interactions with the pyrazolate hetero-
cycle. �5 coordination to a pyrazolate group is rare and has
only been reported in a few cases,[23] while the �1:�1:�5 binding
mode observed in K�4� is unprecedented.[24] ii) The coordi-
nation sphere of two of the four crystallographically distinct
K� ions is completed by three O atoms of Mn-bound CO and
by one THF solvent molecule, while the other two K� ions are
O-coordinated by four CO ligands. Those latter K� ions
display a remarkably short additional side-on � interaction
with one CO ligand that is already end-on bound to a second
K� ion. According to a CSD[26] search these are among the
shortest side-on K� ¥ ¥ ¥ CO contacts detected thus far.[25]


In the present context, some molecular features of 4�


deserve particular attention: the angles N-Mn-CC�O are rather
large (mean value 101.9�) compared to other [CpMn(CO)2L]
complexes (L�N donor ligand; 92.6 ± 98.1� according to a
CSD search) and the CH2 spacer groups that link the Cp and
the pyrazolate groups are bent by about 10� out of the Cp
plane toward the Mn ions, indicating a somewhat strained
chelate situation. In addition, both metal ions are displaced
out of the plane of the pyrazolate heterocycle, while at the
same time the two Mn(CO)2 moieties are slightly twisted with
respect to each other. This appears to result from steric
congestion within the bimetallic pocket and concomitant
intertwining of the CO ligands
according to the situation in I.
Similarly, steric hindrance be-
tween the Mn-bound CO li-
gands and a Zn-bound Cl atom
has been considered to explain
structural features of the relat-
ed heterobimetallic MnZn complex 5.[19] Finally, the � plane
of the bridging pyrazolate in 1� roughly coincides with the
mirror plane of the MnII(CO)2 fragments, which is a
favourable situation for stabilizing electronic � interac-
tions.[7, 8]


Discussion of electrochemical and spectroscopic results: The
MnIMnI compound 1� is easily oxidized, for example by air.
Its cyclic voltammogram in THF reveals two well-separated
reversible redox waves at E1/2��0.37 V and E1/2��0.14 V
(Figure 3),[27] corresponding to the formation of the MnIMnII


(d5/d6) and the fully oxidized MnIIMnII (d5/d5) species. The
rather large separation of these single-electron processes
(�E1/2� 509 mV) suggests strong electronic coupling and
significant stabilization of the mixed-valent compound 1,
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Figure 3. Cyclic voltammogram of 1� recorded on a platinum electrode in
THF containing 0.1� NnBu4


�PF6
� ; scan speed 200 mVs�1.[27]


and a comproportionation constant Kcomp� 4.1� 108 for the
equilibrium given in Equation (1) can be calculated by using
the expression in Equation (2).[28]


1�� 1� � �
Kcomp


21 (1)


�E1/2� (RT/nF)ln(Kcomp) (2)


Compound 1 can be prepared on a preparative scale by
oxidation of 1� with AgBF4 and was isolated as a red powder.
It is a rare example of a neutral d5/d6 mixed-valent complex,
which is of particular interest because the absence of charge
trapping in nonpolar solvents is expected to favor a high
degree of delocalization. To gain insight into the electronic
structure of mixed-valent 1, a detailed investigation by EPR,
UV/vis/NIR, and IR spectroscopy was performed.


The EPR spectrum of 1 in 2-methyltetrahydrofuran at
293 K shows an 11-line pattern (giso� 2.029; a(55Mn)iso�
2.83 mT; Figure 4), confirming equivalence of the two metal
centers on the EPR time scale. A spectrum in frozen solution
(123 K), however, indicates localized valency, since the
spectrum is typical for [CpMnII(CO)2L] compounds with
approximate axial symmetry of the g tensor, that is with
anisotropic hyperfine coupling to a single 55Mn nucleus.[29] To
locate the conversion between EPR-localized and -delocal-
ized states, variable-temperature EPR spectra were measured
(Figure 4). Transition between the isotropic 11-line pattern
and a 6-line profile occurs at about 185 K, where the solution
(2-methyltetrahydrofuran/3-methylcyclopentane 1:4) is still
fluid. If one assumes that sufficiently slow intramolecular
electron transfer at low temperature is the reason for the
�coalescence phenomenon�, a rough estimate of the activation
energy Eth


� and the thermal electron transfer rate kth can be
derived from Gagne¬×s approximation [Eq. (3)],[30] giving
Eth


�� 13.6 kJmol�1 and kth� 2.6� 1010 s�1 at 298 K.


kth� (kT/h)e(�Eth
�/RT) (3)


Further oxidation does not proceed readily when using
AgBF4 as the oxidant, but is achieved by stirring a solution of
1� in THF under an atmosphere of oxygen for 1 h. IR


Figure 4. EPR spectra of the mixed-valent complex 1 in 2-methyltetra-
hydrofuran/3-methylcyclopentane (1:4) at selected temperatures.


spectroscopy confirms that the CpMn(CO)2 fragments are
still intact in the oxidized product, although the anticipated
product 1� could not be isolated in pure form. A solution EPR
spectrum at 198 K reveals a sextet of lines with giso centered
around 2.023 and an isotropic coupling constant a(55Mn)iso�
5.82 mT (Figure 5). The latter value is roughly twice as large
as the coupling observed for the mixed-valent species 1, in


Figure 5. EPR spectra of the dimanganese(��) complex 1� in 2-methyl-
tetrahyrofuran at 298 K and 77 K.


accordance with expectations. The EPR spectrum of the fully
oxidized isovalent species 1� in frozen solution is very similar
to the low-temperature spectrum of 1. It should be empha-
sized though, that a pyrazolate-bridged structure (i.e. a
constitution similar to that of 1�) is not proven for the O2-
oxidized product, and the absence of any dipolar coupling
which might be expected for the EPR spectra of two closely
spaced MnII (S� 1³2) ions is to be noted.[31]


Neither for 1 nor for 1� coupling to the pyrazole nitrogen
atoms is detected by EPR spectroscopy which points to the
SOMO being localized on the CpMn(CO)2 moieties with at
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best little contribution of the bridging ligand, in accordance
with the electronic structure calculations described below.


To gain further information on the electronic structure of
the individual species, stepwise oxidation of 1� in dichloro-
ethane was monitored by IR and UV/Vis/NIR spectroscopy in
an OTTLE cell. Figure 6 displays the changes of the IR bands


Figure 6. IR spectroscopic changes during gradual oxidation 1�� 1 (top)
and 1� 1� (bottom) in an OTTLE cell.


in the CO stretching region that occur upon gradual
electrolysis of 1� to form 1 (upper), and upon continued
electrolysis to give the doubly oxidized product 1� (lower).
The presence of several isosbestic points confirms clean
conversion between the different species. Furthermore, these
processes are fully reversible since the spectrum of the
starting material is restored upon re-reduction. The resulting
IR spectra of 1�, 1, and 1� are compared in Figure 7, together
with the spectra of their precursor complexes.


The prominent pair of CO stretching bands characteristic
for the CpMn(CO)3 fragments in 4 (2015 and 1927 cm�1;
Figure 7a)[32] is shifted to lower energy upon irradiation (1916
and 1843 cm�1; Figure 7 b ), indicating the anticipated loss of
CO. Subsequent addition of KOtBu to formK�1� causes these
resulting bands to change only slightly, but two additional
small features are now discernible (this is discussed in more
detail below). The overall band pattern of the CO stretches
for 1� (Figure 7c) is retained after full oxidation to give 1�, but
all bands are shifted to higher energy by around 120 cm�1


(Figure 7e), in accordance with expectations for a full unit
increase in metal oxidation state.[33] These findings are
consistent with the presence of two equivalent MnI centers
in 4 and 1�, and two equivalent MnII centers in the cation 1�.
In contrast, four strong CO absorptions are observed for the
neutral mixed-valent MnIMnII compound 1 (2028, 1958, 1912,


Figure 7. IR spectra in the CO stretching region for complex 4 before (a)
and after (b) irradiation in THF, following addition of KOtBu to give 1� (c)
and upon gradual oxidation to 1 (d) and 1� (e).


and 1843 cm�1), thus confirming that 1 is a valence-trapped
species on the short vibrational time scale (�10�13 ± 10�14 s).[34]


Some comment should be made on the two low-intensity
bands discernible in the spectra of both 1� and 1�. Several
control experiments established unambiguously that these
features do not arise from impurities. This is further supported
by the clean isosbestic points observed in Figure 6a and b,
where the small bands and the more intense main bands rise
and decrease simultaneously during the spectroelectrochem-
ical experiment. Also, the IR spectrum of powdered single
crystals of K�1� in KBr gives an identical band pattern.
Interestingly, similar small features have previously been
observed for some other complexes bearing two
CpMn(CO)2L groups in close proximity.[12] These additional
bands are assumed to result from vibrational coupling of the
adjacent metal dicarbonyl fragments. In the case of 1� and 1�,
intertwining of the CO ligands within the bimetallic pocket
(compare I) leads to an apparent C2 symmetry of the
bimetallic scaffold, which should give rise to each two IR-
active CO stretching vibrations of the A and B representa-
tions.


Evidently, in 1� and 1� the CO stretches of the two metal
dicarbonyl fragments cannot be regarded as vibrationally
independent. This interpretation is fully supported by the
DFT calculations described below. It is also corroborated by
considering the IR spectrum of the irradiated starting
material 4 (Figure 7b): prior to addition of KOtBu, the
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pyrazole heterocycle is still protonated and cannot function as
a bridging moiety. The spectrum depicted in Figure 7b is thus
assigned to either a species with two dangling
CpMn(CO)2(THF) moieties or to a species with only one of
the CpMn(CO)2 fragments already bound to the single
accessible N atom of the pyrazole (with the two expected
sets of IR bands accidentally coinciding in the latter case; note
that only a minor shift occurs upon coordination of the second
pyrazole-N atom). It is not until the addition of KOtBu that
the bridging mode of the pyrazolate is induced, which forces
the two CpMn(CO)2 fragments into close proximity and
thereby causes vibrational coupling of their CO stretches
(Figure 7c).


The results obtained for 1�/0/� can be compared to the
experimental findings for the related complex 5,[19] which
features only a single CpMn(CO)2 moiety linked to a second
redox-inactive zinc ion through a pyrazolate bridge. Complex
5 gives a good estimate of the redox properties and spectro-
scopic characteristics of an electronically isolated
CpMn(CO)2 unit in that particular coordination environment.
It displays a single reversible oxidation at�0.20 V versus SCE
in CH2Cl2,[19] that is intermediate between the two sequential
oxidation potentials observed for 1�.[35] The CO stretches of 5
are found at 1910 and 1835 cm�1 in dichloroethane, while
those for its oxidized MnII form appear at 2041 and 1964 cm�1.
Both data pairs are in good agreement with the values
obtained for 1� and 1�, respectively.


Vibrational coupling of the CO stretches for 1� and 1� and
the resulting IR spectrum of higher order hampers any more
detailed analysis of the spectral shifts for deducing a
quantitative estimate of the charge distribution between the
two metal centers in the mixed-valent complex 1.[13, 36]


However, from Figure 7 it is clear that the higher and lower
energy pair of bands for 1, which are assigned to the valence-
trapped MnII and MnI sites, are barely shifted from the
energies for the fully oxidized MnIIMnII (1�) and the fully
reducedMnIMnI (1�) forms, respectively. Since carbonyl shifts
are considered to track the charges on the metal ions, these
experimental findings point to a pronounced charge local-
ization in the mixed-valent compound 1.


Taken together, the EPR- and IR-spectroscopic results
place 1 into class II of mixed-valent compounds according to
the assignment by Robin and Day. The phenomenon of time-
(and temperature-)dependent valence detrapping as observed
in EPR spectroscopy indicates its proximity to the class II/III
transition,[37] while the large �E1/2 value is more characteristic
of a genuine class III species.[38]


UV/Vis/NIR spectroelectrochemistry in dichloroethane is
shown in Figure 8 for the 1�� 1 (top) and the 1� 1�


conversions (bottom). Again, both processes are fully rever-
sible. The absorption at 400 nm for 1� is assigned to a MnI


��*(pyrazolate) MLCT transition,[39] whereas the band at
468 nm that develops concomitant with oxidation to 1 is
attributed to the �(pyrazolate)�MnII LMCT transition.
These assignments are in full accordance with the results of
time-dependent DFT calculations (vide infra). As expected,
the latter band increases in intensity upon oxidation of the
second metal due to the presence of two chromophores, but
shifts to higher energy (400 nm). Contrary to expectation,


Figure 8. UV/Vis/NIR spectroscopic changes during gradual oxidation
1�� 1 (top) and 1� 1� (bottom) in dichloroethane in an OTTLE cell.


however, no intense long-wavelength intervalence transition
(IT) is detectable in the optical spectrum of 1 in dichoro-
ethane or THF measured to wavelengths as high as 3000 nm.
It has been reported that IT transitions can be very weak in
some cases,[40] but interestingly the optical spectrum of 1 in the
solid state (diffuse reflectance) shows an intense double-
humped band in the near-IR range which is absent in the
optical reflectance spectrum of the reduced dimanganese(�)
complex K�1� (Figure 9). While the physical state of a sample


Figure 9. Optical spectra of solid K�1� and 1 (diffuse reflectance).


can influence the electron transfer rate, for example by
coupling the electronic structure to the lattice or trapping of
an asymmetry in the solid state,[41] it is temptimg to assign this
NIR absorption of solid 1 to an IT transition. It is important to
mention, however, that broad low-energy (near- to mid-IR)
electronic absorptions which are ligand-field in origin have
been detected for 17-electron [CpMn(CO)2L] complexes.[42]


These absorptions arise from the splitting of the degenerate
e-type orbital pair (in C3v-symmetric [CpMn(CO)3]; resulting
from the putative t2g set) into a� and a�� orbitals due to
symmetry lowering in Cs-symmetric [CpMn(CO)2L]. While
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the possible presence of such d-d transitions in the energy
range where the IT bands are expected and where the near-IR
bands are observed for solid 1 introduces some ambiguity into
any band assignments, we note that the high intensity of these
two bands argues against a (dominant) contribution of d ± d
transitions.


Spectral deconvolution of the overlapping NIR features of
solid 1 by modeling the band envelope with two Gaussian
curves gives ��max(1)� 8703 cm�1 (���1/2� 3440 cm�1) and
��max(2)� 6083 cm�1 (���1/2� 1760 cm�1) (see Figure S1 in the
Supporting Information). A commonly used criterion for
analyzing mixed-valency in solution is a comparison of the
experimental bandwidth (���1/2) with that predicted by Hush
for class II systems according to ���1/2(calcd)� (2310 ��max)1/
2 cm�1. Experimental bandwidths less than the predicted ones
are usually considered diagnostic for intrinsically delocalized
class III systems. When the above relation is applied to the
reflectance band of solid 1 at 8703 cm�1, the experimental
bandwidth (3440 cm�1) is considerably narrower than calcu-
lated (4480 cm�1), and this is even more valid for the band
peaking at 6083 cm�1. IT transition energies for class II mixed-
valent systems are known to be quite sensitive to molecular
environment,[41] and the appearance of multiple intervalence
transitions has been reported for several cases.[43] Those
findings have been interpreted in terms of multiple ground
state or excited state forms due to, inter alia, large spin-orbit
coupling effects (which are not expected in the present case)
or symmetry reduction that arises from selective solvation or
ion pairing. If one assumes that the NIR bands in the
reflectance spectrum of 1 originate from IT transitions (which
is corroborated by TD-DFT calculations, vide infra), an
environmental effect also seems most plausible for the
double-humped band shape in the present case. It should be
noted though, that the optical transitions at 6083 and
8703 cm�1 correspond to energies Eop� 73 and 104 kJmol�1,
respectively. This is considerably higher than expected for a
Robin and Day class II system, since the relation Eop� 4Eth�
HAB (HAB is the electronic coupling) predicts a value well
below 55 kJmol�1 in the case of Eth� 13.6 kJmol�1 (as
deduced from the EPR spectra, vide supra). Again, discrep-
ances may be attributed to the different physical state, that is
solution versus solid state.


At present, we have no conclusive explanation for the
absence of IT absorptions for 1 in solution, but a scenario
should be discussed which takes into account the notorious
lability of (low-spin d5) [CpMnII(CO)2L]� species. It assumes
that the pyrazolate-bridged species 1 is only present as a
minor component in equilibrium with the solvent-stabilized
open form 1� (Scheme 2). Spectroscopic methods that are fast


Scheme 2. Possible equilibrium between the chelate form 1 and the
solvent-stabilized open form 1�, which is assumed to not be of any
relevance.


with respect to the rate of the chemical equilibrium would
solely detect the dominant species 1�, for example four
carbonyl IR bands (where the MnI site receives full negative
charge of the pyrazolate) and the absence of any optical IT
absorption. Methods with a time scale slower than the
chemical process should reveal the signature of a strongly
coupled (delocalized) system due to very fast electron transfer
via the minor species 1. According to this situation, fast
intramolecular electron transfer in 1 would be gated by the
rate of intramolecular dissociation of the hemilabile pyrazo-
late bridge (i.e. by the rate of an intramolecular chemical
preequilibrium process), which could be of the order of the
EPR time scale. Second-order rate constants in the order of
104��1s�1 have been determined for the ligand exchange
reaction in Equation (4),[44] and such reactions might still be
much faster in the case of ring closure and ring opening by a
pendant chelate arm.[22] However, we consider this scenario
unlikely due to the following reasons: i) addition of pyridine
to the dichloroethane or thf solution in the spectroelectro-
chemical experiments did not lead to any noticable changes
in the CO stretching vibrations of 1 (and 1�), as would
be expected for pyridine coordination to the dangling
CpMnII(CO)2 fragment in 1�, and ii) the solution IR spectrum
of the dimanganese(��) species 1� (Figure 6 and Figure 7)
exhibits the typical pattern which we assume to arise from the
intertwining of the CO ligands according to the situation
depicted in I, indicating integrity of the pyrazolate-bridged
bimetallic arrangement upon oxidation to the MnII state.


[CpMn(CO)2L]�L�� [CpMn(CO)2L�]�L (4)


Theoretical Investigations : To describe the electronic
structures of the complexes 1�/0/� and to gain deeper insight
into the extent of spin and charge delocalization in the mixed-
valence form 1, we have carried out DFT calculations on the
C2-symmetric singlet, doublet, and triplet electronic states of
1�, 1, and 1�, respectively, and we have performed a broken-
symmetry treatment for the mixed-valent complex 1. We
started our investigations with geometry optimizations in the
C2 symmetry point group for the ground-state molecular
structures 1A(1�;C2), 2A(1;C2), and 3B(1�;C2). These calcula-
tions were followed by geometry optimizations without any
symmetry constraints for the doublet state of 1, 21(C1). Some
selected optimized parameters are collected in Table 1.
According to the vibrational analyses there are no imaginary
modes, and consequently all optimized structures represent
minima on the potential energy surfaces.


The DFT-optimized parameters corresponding to the gas-
phase structure of 1� are in good agreement with the values
determined experimentally for solid K�1� (Table 1), and
hence we assume the DFT metric parameters for the oxidized
species also represent well the structural characteristics of the
MnIMnII and MnIIMnII complexes. Since it was not possible to
characterize 1 and 1� by X-ray measurements, a closer
comparison of the data from Table 1 is instructive for an
understanding of the oxidized species. For the C2-symmetric
species, an increase of the Mn�CC�O and a decrease of the
C�O bond lengths is discernible upon going from 1� to 1 and
further to 1�. These changes are consistent with the lower







Pyrazolate-Bridged Bimetallic Complexes 2636±2648


Chem. Eur. J. 2003, 9, 2636 ± 2648 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2643


extent of �-backbonding in the oxidized compounds and
explain the observed shifts of the CO stretching vibrations.
The distances Mn�C(Cp) and the bond angles N-Mn-CC�O
and N-N-Mn are not influenced significantly by oxidation.
However, the dihedral angle Mn-N-N-Mn becomes slightly
larger in the oxidized forms. In the case of 21(C1) the Mn1 part
of the molecule shows almost the same geometric features as
theMnI ions in the singlet state 1A of 1�, whereas theMn2 part
adopts those of the MnII ions in the triplet state 3B of 1�


(Table 1).
According to the DFT wave function, the six highest


occupied MOs of 1� are symmetry-adapted linear combina-
tions of atomic orbitals with predominant Mn1 and Mn2 3d
character ([Eq. (5)] with i� x2� y2, z2, xy).


���N�(3di1� 3di2) and ���N�(3di1� 3di2) (5)


The same combinations are found in the wave functions of
the C2-symmetric oxidized forms. As an example the HO-
MO(3a) and HOMO-1(3b) of 1� together with their occupa-
tions in the particular states are shown in Figure 10. It is
apparent that both MOs have antibonding admixtures from
the �-pyrazolate system.


Removal of an electron from the 1A ground state of the
MnIMnI compound 1� requires 57.02 kcalmol�1, but removal
of a second electron from the 2A ground state of the MnIIMnI


complex 1 is much more demanding and requires
119.7 kcalmol�1 (Table 2). These values are in accord with
the large separation of the two reversible one-electron redox
waves in the cyclic voltammetry experiment (Figure 3), and
they confirm the relative stabilization of the mixed-valent
form 1 toward disproportionation. Furthermore, the 2B(��)
electronic state of 1 is only 0.5 kcalmol�1 less stable than the
2A(��) ground state, suggesting that the release of symmetry
constraints on the wave function may lead to a significant
mixing and, as a result, to localized states [Eq. (6)].


�� c1��	 c2�� (6)


There are many cases known in the literature, especially for
deep core and metal electron ionizations, where the wave


function of the lowest energy
solution exhibits a lower sym-
metry than the full Hamiltoni-
an.[36, 45]


Calculated charge and spin
distributions in the investigated
compounds are collected in Ta-
ble 2. These data clearly show
that upon removal of an elec-
tron from a Mn center, the
electron density flows from the
surrounding ligands toward the
metals to compensate for the
loss of electron density at the
Mn centers. Such reorganiza-
tion of electron density is well
documented, especially in the


Figure 10. MO shapes and occupation patterns of the valence MOs
derived from the B3LYP C2-symmetric wave functions of 1�/0/� (top) and
for the broken-symmetry solution of 1 (bottom).


case of electron-rich 3d transition metals.[36, 46] Naturally, in
the case of symmetrical wave functions (C2 symmetry) the
charge and spin is equally distributed over symmetry equiv-
alent sites. However, the broken symmetry solution for 1,
21(bs), leads to a strongly localized ground state wave function
(Figure 10 (bottom), Table 2). Contrary to the symmetric
wave function, the open shell orbital from the broken
symmetry solution displays bonding admixture of the pyr-
azolate �MOwhich in turn may facilitate the communication
with the other half of the bimetallic molecule. The localization


Table 1. Selected metric parameters of 1�, 1, and 1� ; experimental values (for K�1�) and DFToptimized values in
C2 symmetry point group for the singlet (1A), doublet (2A) and triplet (3B) ground states, respectively, and for the
doublet state of 1 without symmetry constraints, 21(C1). Distances are given in ä, angles in degrees.


exp (K�1�)[a] 1A(1� ;C2) 2A(1 ;C2) 21(C1)[b] 3B(1� ;C2)


Mn�N 2.047 2.078 2.023 2.078(1.957) 1.993
Mn�CC�O(1) 1.770 1.782 1.812 1.775(1.854) 1.856
Mn�CC�O(2) 1.751 1.780 1.808 1.783(1.851) 1.849
Mn�C(Cp)av 2.136 2.173 2.168 1.937(2.174) 2.169
CC�O�O(1) 1.174 1.160 1.149 1.160(1.138) 1.137
CC�O�O(2) 1.166 1.159 1.149 1.158(1.139) 1.139
N1�N2 1.380 1.362 1.353 1.369 1.378
� CC�O(1)-Mn-N 100.5 96.2 96.8 95.6(96.3) 96.4
� CC�O(2)-Mn-N 103.3 101.6 102.9 102.2(103.2) 103.6
� Mn-N1-N2 133.8 134.4 134.4 134.1(133.7) 134.9
� Mn1-N1-N2-Mn2 23.7 24.4 26.1 29.7 33.7


[a] Average values. [b] The first values refer to the Mn1 part and values in parentheses refer to the Mn2-part of 1.
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is not an energy consuming process: 21(bs) is only by
0.35 kcalmol�1 more stable than 2A(1;C2). In 21(bs), the spin
is almost perfectly localized on Mn2 (�Mn2� 0.975, �Mn1�
0.015), in excellent agreement with the temperature-depend-
ent EPR results for 1 in solution. Although the positive
charges at Mn2 and Mn1 in 21(bs) do not differ much, taking
into account the above-mentioned reorganization of electron
density as well as comparing the data from Table 2 leads to the
conclusion that not only the spin but also the charge is
localized at the Mn2 center: close inspection reveals that the
charge of the Mn2 atom in 21(bs) (�1.010) is nearly the same
as in the MnIIMnII compound 1� (�1.022), while that of Mn1
(�0.972) is almost identical to the charge in the MnIMnI


complex 1� (�0.969). Thus, both the charge and spin
distributions from the broken symmetry solution support a
localized MnIMnII ground state electronic structure of com-
plex 1. The same is valid for the optimized structure 21(C1)
(calculated without symmetry constraints) which is
3.78 kcalmol�1 more stable than the broken symmetry
solution 21(bs).


These results from DFT calculations are fully in line with
the experimental IR and EPR spectroscopic findings dis-
cussed above. In accordance with the lack of any 55Mn ± 14N
hyperfine coupling in the EPR experiments, the spin density
on the pyrazolate-N atom is found to be negligible (Table 2).
Finally, the calculated gas-phase CO stretching frequencies
for geometry-optimized C2-symmetric (isovalent) 1� and 1�


reproduce well the experimental IR observations in solution,
not only with respect to energies, but also with respect to band
intensities (compare Table 3 and Figure 7). This once more
corroborates our interpretation that the additional (low
intensity) features in the IR spectra of 1� and 1� (Figure 7)
arise from vibrational coupling of the adjacent metal dicar-


bonyl fragments. Likewise, the frequencies and band inten-
sities calculated for mixed-valent 1(C1) are in excellent
agreement with experimental findings. Interestingly, the
calculated IR spectrum for the 2A ground state of 1(C2) does
not agree with the experimental findings.


To interpret the optical spectra of 1� and mixed-valent 1
and to rationalize the lack of any observable IT transition for
1 in solution, we have finally studied the vertical excitation
energies for the 12 and 20 lowest excited states of 1�(C2) and
1(C1), respectively, by using the time-dependent DFT method
(TD-DFT). These excited states predict electronic transitions
in the energy regions 18921 ± 28752 cm�1 for 1�(C2) and
6129 ± 22676 cm�1 for 1(C1). The character of the particular
electronic transitions is analyzed in terms of contributing
orbital excitations. Comparison of experimental band maxima
with calculated energies of transitions that possess significant
oscillator strength substantiates the spectral assignment.
However, the oscillator strengths should only be used rather
qualitatively to distinguish between very weak transitions that
may also occur in the relevant energy region. The calculated
energies of the transitions together with the oscillator
strengths and the percentages of leading one-electron excita-
tions are collected in Table 4.


For 1�(C2) only one transition is listed, that is from the
ground state 1A to the fifth excited state 31B. The oscillator
strength of all other 11 transitions is either equal zero or lower
than 0.0002. The calculated excitation energy to the 31B state
of 24710 cm�1 is in excellent agreement with the experimantal
band at 400 nm (25000 cm�1). Although this absorption
apparently has multiconfigurational character (compare Ta-
ble 4), its assignment as a MnI��*(pyrazolate) MLCT
transition (vide supra) is basically correct.


For 1(C1) we have omitted from Table 4 all transitions with
oscillator strength lower than 0.0005, with the exception of the
NIR energy region below 13000 cm�1, where overlapping
transitions are discernible in the experimental solid state
spectrum. The one-electron transitions from the doublet
ground state 21(C1) were calculated whithin the UHF scheme
and are labeled by their consecutive numbers. It is seen from
Table 4 that most excited states that give rise to electronic
transitions in the visible and near UV energy region (tran-
sitions to excited states 9, 13, 18, and 19) have strong
multiconfigurational character. According to the TD-DFT
results they can be characterized as mixed d ± d/MLCT or d ±
d/LMCT transitions. The mixed nature of these transitions


Table 2. Relative energies (kcalmol�1), �S2� values, atomic spin densities (�), and Mulliken charges (q) of the Mn atoms and ligands for the singlet,
doublet, and triplet states of the complexes 1�/0/�.


1A(1� ;C2) 2A(1 ;C2) 2B(1 ;C2) 21(bs)[a] 21(C1)[b] 3B(1� ;C2)


Erel 0.00 � 57.02 � 57.52 � 56.67 � 52.89 � 176.72
� S2� 0.000 0.753 0.752 0.750 0.750 2.001
� Mn2/Mn1 0.000 0.569 0.599 0.957/0.015 0.989/� 0.003 1.025
� N2/N1 0.000 � 0.031 0.032 � 0.029/0.012 � 0.019/0.019 � 0.013
q Mn2/Mn1 � 0.969 � 0.990 � 0.993 � 1.010/� 0.972 � 1.023/� 0.963 � 1.022
q L[c] � 0.718 � 0.520 � 0.570 � 0.537 � 0.538 � 0.398
q Cp2/Cp1 � 0.501 � 0.296 � 0.288 � 0.195/� 0.390 � 0.221/� 0.374 � 0.088
q CO(20)/CO(10) � 0.301 � 0.207 � 0.196 � 0.114/� 0.292 � 0.102/� 0.299 � 0.100
q CO(21)/CO(11) � 0.308 � 0.227 � 0.224 � 0.128/� 0.326 � 0.114/� 0.338 � 0.135


[a] Values from broken symmetry solution. [b] Values for the structure optimized without symmetry constraints. [c] L� bridging pyrazolate.


Table 3. Frequencies [cm�1] for the CO stretches of 1�, 1 and 1� obtained
experimentally, and calculated frequencies (B3LYP/6 ± 311G*) (a scaling factor
of 0.95 was applied); relative intensities are given in parentheses.


Symme-
try[a]


1� (exp) 1� (calcd, C2) 1 (exp) 1 (calcd, C1) 1� (exp) 1� (calcd, C2)


A 1816 1849 (0.09) 1843 1862 (0.94) 1941 1977 (0.19)
B 1848 1875 (1.00) 1912 1915 (0.67) 1964 1992 (1.00)
B 1896 1903 (0.38) 1958 1987 (1.00) 2021 2022 (0.73)
A 1919 1926 (0.66) 2028 2027 (0.86) 2041 2040 (0.93)


[a] The notation only applies to 1� and 1�, which were geometry optimized in C2


symmetry.
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might in part be due to the character of the involved MOs,
which is determined by the particular calculational method
used here. It has been discussed in the literature[47] that with
respect to multiconfigurational approaches such as CASSCF/
CASPT2, the Kohn ± Sham orbitals are generally more
delocalized over the metal centers and ligands to compensate
for the monodeterminantal nature, and as a result the
transitions calculated by TD-DFT may be expanded over
many states.[47] Nevertheless, the calculated electronic tran-
sition to the 31B excited stated of 1� (24710 cm�1)–which
according to TD-DFT includes mixed d ± d/MLCT charac-
ter–is in excellent agreement with and only slightly lower
than the experimental band maximum at 25000 cm�1, as has
been pointed out above.


In the case of mixed-valent 1, five excited states (9, 13, 18,
19, and 20) predict transition energies close to the exper-
imental value of 21368 cm�1 (Table 4). Two of the transitions
(9 and 13) have mixed d ± d/MLCT character, while the other
three (18, 19, and 20) possess d ± d/LMCT character.


Thus, no unequivocal assignment of the visible part in the
absorption spectrum of 1 is possible based on the TD-DFT
results. Unfortunately, the use of multiconfigurational ap-
proaches for the large system studied here is out of the present
computational possibilities.


In contrast to the UV/Vis part, the lowest excited states of 1
(which are found in the NIR region) do not show any
pronounced multiconfigurational character. In particular, the


first excited state of 1 is purely
monoconfigurational and the
TD-DFT energy for the elec-
tronic transition (6129 cm�1)
reproduces almost exactly the
energy of the NIR band ob-
served in the optical spectrum
of solid 1 (6083 cm�1). The
shapes of the Kohn ± Sham
MOs involved in the NIR tran-
sitions of 1 are shown in Fig-
ure 11.


From Figure 11 and Table 4
it is evident that the electronic
transitions calculated at
6129 cm�1, 9796 cm�1, and
12870 cm�1 (transitions to ex-
cited states 1, 3, and 6) repre-
sent 3d electron transfer from
Mn1 to Mn2, that is they are
true intervalence transitions
(IT) of the mixed valence
MnIIMnI complex 1. The tran-
sition at 12870 cm�1 cannot be
clearly identified in the exper-
imental spectrum, but its oscil-
lator strength is apparently
quite low and the value of
9796 cm�1 is only slightly high-
er in energy than the broad
experimental absorption cen-
tered at 8703 cm�1.


Figure 11. Shapes of the Kohn ± Sham MOs involved in the lowest
electronic transitions in 1.


As has already been observed for 17-valence-electron
[CpMn(CO)2L] complexes,[42] there is a low-energy NIR
transition that has predominant ligand-field character. In
the case of 1, this transition (to excited state 2) is calculated to
occur at 8273 cm�1. It should be noted, however, that the 3d ±
3d electronic transition on Mn2 contributes only 70%, while


Table 4. Comparison of TD-DFT calculated excitation energies with experimental absorption maxima and
assignment of low-lying electronic transition of 1� and 1.[a,b]


Experimental Calculated energies [cm�1] Excited Contributing orbital excitations
energies [cm�1] (oscillator strength) state


1�(C2) 25000 24710 (0.0011) 31B 20% 55b(3dMn)� 59a(3dMn, �*L, �*CO)
30% 57a(3dMn)� 57b(3dMn, �*L, �*CO)
6% 55b(3dMn)� 60a(�*L, �*CO, 3dMn)


1(C1) 6083 6129 (0.0003) 1 100% 111�(3dMn1)� 112�(3dMn2)


8273 (0.0007) 2 70% 108�(3dMn2, �L)� 112�(3dMn2)
12% 110�(3dMn1)� 112�(3dMn2)


8703 9796 (0.0004) 3 80% 110�(3dMn1)� 112�(3dMn2)
11% 108�(3dMn2, �L)� 112�(3dMn2)


12870 (0.0008) 6 92% 109�(3dMn1)� 112�(3dMn2)


18238 (0.0012) 9 37% 112�(3dMn1)� 113�(3dMn2)
16% 111�(3dMn1)� 119�(3dMn1, �*L)
9% 112�(3dMn1)� 119�(3dMn1, �*L)


20517 (0.0005) 13 14% 111�(3dMn1)� 113�(3dMn2)
14% 111�(3dMn1)� 119�(3dMn1, �*L)
7% 109�(3dMn1)� 119�(3dMn1, �*L)
5% 111�(3dMn1)� 120�(�*L)


21368 22237 (0.0011) 18 21% 105�(3dMn2)� 113�(3dMn2)
17% 108�(3dMn2)� 113�(3dMn2)
11% 109�(�L)� 114�(3dMn2)
5% 104�(3dMn2)� 113�(3dMn2)


22502 (0.0008) 19 30% 104�(3dMn2)� 113�(3dMn2)
17% 104�(3dMn2, �L)� 113�(3dMn2)
16% 105�(�L)� 113�(3dMn2)
15% 105�(3dMn2)� 113� (3dMn2)


22676 (0.0017) 20 35% 112�(3dMn1)� 115�(�*CO)
6% 103�(�L)� 112�(3dMn2)
5% 111�(3dMn1)� 113�(3dMn2)


[a] Energies incm�1. Calculated oscillator strengths are given in parentheses. Electronic transitions from the
ground state 1A of 1�(C2) and 21(C1) are described by leading orbital excitations with contributions greater than
5%. [b] The excited states of 1 are labeled by the consecutive numbers according to increasing energies.
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12% are again due to an IT process. Considering the general
agreement between the calculated energies for the IT
transitions and the experimental NIR absorptions observed
for 1 in the solid state, it seems reasonable to assign the latter
(in particular the lowest energy band at �6100 cm�1) to IT
processes. The absence of these IT absorptions in the solution
optical spectra of 1 remains unexplained, but according to the
TD-DFT calculations their oscillator strengths are apparently
quite low, and hence the larger IT bandwidth expected for a
class II system (according to the Hush theory, vide infra) as
well as any further line-broadening effects may lead to their
non-observability in solution.


Conclusion


Herein we report an in-depths analysis of the spectroscopic
properties and electronic structure of an intriguing dimanga-
nese complex in its MnIMnI (1�), mixed-valent MnIMnII (1)
and oxidized MnIIMnII (1�) forms. Due to the rigid chelate
arrangement of the suitably designed ligand scaffold, disso-
ciation of the pyrazolate-bridged CpMn(CO)2 subunits is
prevented, and experimental findings indicate integrity of the
bimetallic array in all three oxidation states. Strong electronic
coupling in the mixed-valent complex has been corroborated
by means of electrochemistry, variable-temperature EPR
spectroscopy, IR spectroelectrochemistry, and UV/Vis/NIR
spectroelectrochemistry, but time- (and temperature-)de-
pendent valence detrapping is observed, which places 1 in
class II according to the Robin and Day assignment, close to
the class II/III transition. From variable-temperature EPR
spectroscopy a rough estimate of the activation energy and
the rate for thermal electron transfer can be deduced, with
Eth


�� 13.6 kJmol�1 and kth� 2.6� 1010 s�1 at 298 K. While the
lack of any intervalence charge transfer (IT) transition for 1 in
solution is quite unusual, the conclusions drawn from experi-
ments are fully supported by DFT calculations that were
carried out for all three forms of the dimanganese complex. A
broken-symmetry treatment for mixed-valent 1 reveals almost
perfect localization of both spin and charge on oneMn center,
but only little energy gain with respect to the delocalized (C2-
symmetric) wave function. The structure of 1 that has been
optimized without symmetry constraints, however, is
17.3 kJmol�1 more stable than the C2-symmetric one. The
highest occupied MOs are located at the Mn ions and are
favorably arranged for � interactions with the bridging
pyrazolate ligand. IR absorptions of 1�, 1, and 1� as well as
the UV/Vis absorption of 1� (which is mainly a MLCT
transition) are well reproduced by the DFT and TD-DFT
calculations, respectively. Most UV/Vis transitions of mixed-
valent 1 have pronounced multiconfigurational character. The
first excited state of 1, however, is purely monoconfigura-
tional and gives rise to an IT transitions in the NIR-energy
region. The TD-DFT energies for the IT processes are in
excellent agreement with the bands observed in the NIR
region of the optical spectrum of solid 1, but oscillator
strengths for the IT transitions are calculated to be low, which
in the presence of additional line-broadening effects might
explain why these transitions are not observed in solution.


Experimental Section


General procedures and methods : All manipulations were carried out
under an atmosphere of dry argon by employing standard Schlenk
techniques. Complex 2 was prepared as reported in reference [20]. Solvents
were dried according to established procedures, all other chemicals were
used as purchased. Microanalyses: Mikroanalytische Laboratorien des
Organisch-Chemischen Instituts der Universit‰t Heidelberg. NMR spec-
tra: Bruker AC 200 at 200.13 (1H) and 50.32 (13C) MHz; solvent signal as
chemical shift reference (CDCl3 �H� 7.27, �C� 77.0 ppm). Cyclic voltam-
metry: PAR equipment, (potentiostat/galvanostat 273), in 0.1� NBu4PF6/
CH2Cl2. Potentials in V on glassy carbon electrode, referenced to SCE at
ambient temperature. IR spectra: Perkin-Elmer 983G; recorded as KBr
pellets. FAB-MS spectra: Finnigan MAT 8230. UV/Vis spectra: Perkin-
Elmer Lambda 19. EPR spectra: Bruker ELEXSYS E500, magnet B-E25.
Spectroelectrochemistry: Self-constructed OTTLE cell comprising a Pt-
mesh working and counter electrode and a silver wire as pseudeo-reference
electrode sandwiched in between the CaF2 windows of a conventional
liquid IR cell. The working electrode is positioned in the center of the
spectrometer beam with all other parts of the cell made non-transparent to
the incident beam by means of an absorbing tape.[48]


Compound 3 : [CpMn(CO)3] (2.50 g, 12.20 mmol) was dissolved in THF
(50 mL), and nBuLi (4.80 mL of a 2.5� solution in hexane) was added at
�78 �C by means of a syringe. After the mixture had been stirred for 1 h at
low temperature, ZnCl2 (1.70 g, 12.20 mmol) in THF (20 mL) was added
and stirring was continued for 1 h. In a separate flask, a solution of the Pd0


catalyst [Pd(PPh3)2] was prepared by reducing a suspension of
[PdCl2(PPh3)2] (0.14 g, 0.20 mmol) in THF (10 mL) with diisobutylalumi-
num hydride (DIBAH; 0.40 mL of a 1.0� solution in hexane). This catalyst
solution was transferred to the reaction mixture by using a canula, and a
solution of 3,5-bis(bromomethyl)-1-tetrahydropyran-2-yl pyrazole (2 ;
1.70 g, 5 mmol) in THF (20 mL) was then added. Stirring was continued
for 1 h at �78 �C and finally for 72 h at room temperature under exclusion
of light. The reaction mixture was hydrolyzed with brine, and the organic
phase separated and dried with MgSO4. After evaporation of all volatile
material under reduced pressure, the crude product was purified by column
chromatography (silica, CH2Cl2/light petroleum 1:1, Rf (Et2O/light petro-
leum)� 0.33). The product 3 was obtained as a light brown oil (1.30 g,
2.22 mmol, 44%). 1H NMR (CDCl3): �� 1.67 ± 1.72 (br, kb, 3H; CH2


thp,4/5),
1,96 ± 2.14 (br, kb, 2H; CH2


thp, 3/4), 2.45 (br, m, 1H; CH2
thp, 3), 3.59 (br, d,


3J� 4.0 Hz, 1H; CH2
thp, 6), 3.69 (br, s, 4H; CH2), 4.08 (br, d, 3J� 10.8 Hz,


1H; CH2
thp, 6), 4.63 ± 4.75 (br, kb, 8H; CHCp), 5.25 ± 5.33 (br, m, 1H;


CH2
thp, 2), 5.97 ppm (br, s, 1H; CHpz); 13C NMR (CDCl3): �� 22.4


(CH2
thp, 4), 24.1, 24.6 (CH2), 26.9 (CH2


thp, 5), 29.3 (CH2
thp, 3), 67.5 (CH2


thp, 6),
80.9, 81.3, 81.5, 81.7, 83.1, 83.5 (CHCp), 84.5 (CH2


thp, 2) 105.6 (CHpz), 141.5,
149.4 (C), 224.6 ppm (CO); IR (film): �� � 3103 w, 2936 m, 2849 m, 2011 vs,
1911 vs, 1546 m, 1462 m, 1427 m, 1259 m, 1203 m, 1081 s, 1058 m, 1040 s,
1003 m, 918 w, 846 m, 667 s, 634 vs cm�1; MS (FAB, nibeol): m/z (%): 585
(5) [M� � H�], 556 (5) [M��CO], 500 (100) [M��DHP], 416 (40) [M��
3CO�DHP]; elemental analysis calcd (%) for C26H22Mn2N2O7 (584.34): C
53.44, H 3.79, N 4.79; found: C 53.92, H 4.08, N 5.02.


Compound 4 : Compound 3 (1.30 g, 2.22 mmol) was dissolved in ethanol
(50 mL), and a saturated solution of HCl in ethanol (10 mL) was added.
After the mixture had been stirred overnight, the volume of the reaction
mixture was reduced to about 10 mL under reduced pressure and diethyl
ether (50 mL) was added to precipitate the hydrochloride salt 2 ¥ HCl. This
was separated by filtration and treated with aqueous ammonia and CH2Cl2
(50 mL). The organic phase was dried with MgSO4 and the solvent
evaporated under vacuum. Diffusion of light petroleum into a solution of
the product in a small amount of CH2Cl2 gave light yellow crystals of
compound 4 (0.73 g, 1.46 mmol, 66%). 1H NMR (CDCl3, 233 K): �� 3.55
(br, s, 4H; CH2), 4.63 (br, s, 8H; CHCp), 6.01 ppm (br, s, 1H; CHpz);
13C NMR (CD2Cl2, 233 K): �� 25.1, 27.7 (CH2), 83.3 (CHCp), 104.0 (CHpz),
141.9, 151.4 (C), 225.9 ppm (CO); IR (KBr): �� � 2632 w, 2025 vs, 2005 vs,
1999 vs, 1965 vs, 1910 vs, 1597 w, 1258 w, 1161 w, 1030 w, 845 w, 663 m, 663
m cm�1; UV/Vis (THF): 	 (
)� 326 (2477); MS (EI): m/z (%): 499.9 (100)
[M�], 416 (90) [M�� 3CO]; elemental analysis calcd (%) for
C21H14Mn2N2O6 (500.22): C 50.42, H 2.82, N 5.60; found: C 50.29, H 2.93,
N 5.64.


Compound K�1�: A solution of 4 (0.29 g, 0.58 mmol) in THF (200 mL) was
irradiated by means of a high-pressure mercury lamp in a quartz apparatus
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for 15 min at �40 �C, which caused the reaction mixture to turn deep red.
The progress of the reaction was monitored by IR spectroscopy in the CO
stretching region (2015, 1927 before irradiation; 1916, 1843 after irradi-
ation). After the mixture had been warmed to room temperature, KOtBu
(0.65 g, 0.58 mmol) was added and the reaction mixture was left stirring for
1 h. All volatile material was then removed under vacuum and the red
residue was washed with light petroleum and dissolved in a small amount of
THF. Slow diffusion of light petroleum into the solution deposited red
crystals of K�1� ¥ 0.9THF (yield: 0.18 g, 0.37 mmol, 63.7%). IR (KBr): �� �
1911 vs, 1885 m, 1844 vs cm�1; IR (THF): �� � 1916 vs, 1891 m, 1849 vs cm�1;
UV/Vis (THF): 	max(
)� 400 nm (460); MS (FAB) m/z (%): 482 (10) [M�],
443 (20) [M��K], 387 (45) [M��K� 2CO], 345; elemental analysis calcd
(%) for C19H13KMn2N2O4 (482.29): C 49.82, H 3.81, N 5.05; found: C 49.24,
H 3.81, N 5.04.


Compound 1: A solution of 4 (0.22 g, 0.43 mmol) was irradiated as
described above. After the mixture had been warmed to room temperature,
KOtBu (0.05 g, 0.43 mmol) was added and the reaction mixture stirred for
1 h. All volatile material was evaporated under reduced pressure and the
residue washed with light petroleum and then taken up in THF (50 mL).
AgBF4 (0.08 g, 0.40 mmol) was added in one portion. After 1 h, all solid
material was filtered off and the solvent was removed under vacuum. The
remaining red solid was redissolved in CH2Cl2 and filtered again to remove
any KBF4. Finally, the solvent was evaporated to yield the product 1. IR
(KBr): �� � 2025 s, 1954 vs, 1896 s, 1821 vs cm�1; IR (THF): �� � 2027 vs, 1952
vs, 1899 s, 1827 vs cm�1; UV/Vis (THF): 	max(
): 288 (7298), 412 (1864),
468 nm (2236).


Calculation details : The DFT calculations were carried out with the B3LYP
method[49] by using a single extended all-electron basis set. For Mn we
chose Wachters (14s, 9p, 5d) basis[50] augmented with one 4f polarization
function. The standard 6 ± 311G* basis was used for the remaining atoms.[51]


The doublet and triplet states were calculated with the UHF procedure.
Geometry optimization was carried out by using analytical gradient
procedures. The presented structures correspond to fully converged
geometries with gradients and displacements below the thresholds
implemented in Gaussian 98. Vibrational frequencies were obtained from
analytic calculation of the Hessian matrices. The calculated frequencies
were scaled by a factor 0.95. Vertical excitation energies were studied by
using the TD-DFT method with the same functionals and basis sets as
described above. The calculations have been carried out with the Gaussian
98 program.[52] For graphical displays we have used the MOLEK 9000[53]


and MOLDEN[54] programs.


X-ray crystallography : Crystal structure of 4 (C21H14Mn2N2O6,Mr� 500.2):
triclinic, P1≈, a� 7.537(2), b� 11.919(2), c� 12.383(3) ä, �� 72.59(3), ��
72.49(3), �� 82.75(3), V� 1012(2) ä3, Z� 2, �calcd� 1.642 gcm�3,
�(MoK�)� 1.29mm�1, 2max� 55.0�, 4574 independent reflections (Rint�
0.023), 3583 observed [I� 2�(I)], 336 parameters; final R1 [I� 2�(I)]�
0.036, wR2 (all data)� 0.087, goodness of fit on F 2� 1.028, largest
difference peak �0.31/� 0.52 eA√  �3. Crystal structure of [K�1�]4 ¥ 3.6THF
(C76H52K4Mn8N8O16 ¥ 3.6THF, Mr� 2188.8): monoclinic, P21/c, a�
23.071(5), b� 25.404(5), c� 15.501(3) ä, �� 91.14(3), V� 9083(3) ä3,
Z� 4, �calcd� 1.601 gcm�3, �(MoK�)� 1.33mm�1, 2max� 55.0�, 20751 inde-
pendent reflections (Rint� 0.093), 12009 observed [I� 2�(I)], 1192 param-
eters; final R1[I� 2�(I)]� 0.076, wR2 (all data)� 0.127, goodness of fit on
F 2� 1.020, largest difference peak �0.73/� 0.48 eä�3. Data were collected
on a Nonius Kappa CCD diffractometer at 200 K by using MoK� radiation
(	� 0.71073 ä). Non-hydrogen atoms were refined in anisotropic models.
Hydrogen atoms were placed at calculated positions and allowed to ride on
the atoms they are attached to. The structure was solved by direct methods
with the SHELXS-97 and refined with the SHELXL-97 programs.[55]


CCDC-162376 (4) and CCDC-162374 ([K�1�]4) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44) 1223-336-033; or deposit@ccdc.cam. uk).
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Photoinduced Electron Transfer between the Interlocked Components of
Porphyrin Catenanes: Effect of the Presence of Nonequivalent Reduction
Sites on the Charge Recombination Rate


Lucia Flamigni,*[a] Anna Maria Talarico,[a] Scolastica Serroni,*[b] Fausto Puntoriero,[b]
Maxwell J. Gunter,[c] Martin R. Johnston,[c]� and Tyrone P. Jeynes[c]


Abstract: [2]Catenanes made up of sev-
eral polyether-strapped porphyrin mac-
rocycles interlinked with the cyclic elec-
tron acceptor cyclobis(paraquat-p-phe-
nylene) were spectroscopically,
photophysically, and electrochemically
characterized. The catenanes exhibit
very rich redox behavior due to the
presence of several different and inter-
acting electro-active subunits. The redox
patterns represent useful ™fingerprints∫
that provide detailed information on the
electronic interactions and the chemical
environments that the electroactive sub-
units experience in the supramolecular


arrays. A photoinduced electron trans-
fer from the porphyrin excited state
(charge separation CS) occurs with ��
20 ps in the catenanes with a larger strap
and faster than 20 ps (instrumental res-
olution) in the catenanes with a shorter
strap. The resulting charge-separated
state recombines to the ground state
(charge recombination CR) with life-
times similar in all cases, 41� 4 ps.


Comparison of the electron transfer
rates CS and CR in the host ± guest
complexes of the same porphyrins with
the noncyclic electron acceptor para-
quat, indicate slower reactions in the
[2]catenanes. This behavior is assigned
to the different separation between re-
acting partners determined by the type
of bond (weak interaction or mechan-
ical) and to a two-step consecutive
electron transfer to different sites of
the macrocyclic electron acceptor in the
catenanes which retards charge recom-
bination.


Keywords: catenanes ¥ electro-
chemistry ¥ electron transfer ¥
photochemistry ¥ porphyrinoids


Introduction


Porphyrins are photo- and electroactive components with
outstanding properties which have been widely used since the
early stages of supramolecular photochemistry in the con-
struction of multipartite systems able to respond to light
input.[1] Their use was at first essentially based on a
biomimetic approach to achieve light energy conversion.
From the earliest stages of research into natural photo-


synthetic phenomena, it was recognized that highly special-
ized functions such as energy collection and charge separation
are performed by organized structures essentially based on
porphyrins or closely related chromophores.[2, 3]


In the following decades the use of porphyrins and related
components rapidly developed into several fields, and their
utilization in the construction of complex architectures for
molecular recognition,[4] and in the development of novel
materials is of particular note.[5] Their ease of preparation has
contributed to a ready availability. The robustness, especially
in relation to the possibility of finely tuning their spectro-
scopic and electrochemical properties by simple substitution
or metalation,[6] makes porphyrins very convenient building
blocks in the construction of systems able to perform light-
triggered functions. Moreover this class of molecules, due to
the intense spectroscopic signatures associated with radicals
and/or excited states, is particularly well-suited for time-
resolved spectroscopic investigations and their study has
greatly contributed to the fundamental knowledge of photo-
induced energy and electron transfer processes.[7±9]


Porphyrinic units have often been included in potential host
or guest systems able to self-assemble in higher order
architectures,[7] as well as in multicomponent covalently
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linked systems[8] or in interlocked systems.[9] In this case the
aim is to trigger, upon light absorption, some useful and
predetermined function such as energy or electron transfer, or
some specific molecular motion.
We have recently reported on the photoinduced electron


transfer between ZnII porphyrin electron donors and the
paraquat electron acceptor within complexes formed by
paraquat with a series of porphyrins strapped with polyether
chains of different length and with different structures and
substitution patterns.[10] The effect of strap length, type, and
substitution on the electron transfer rate has been discussed
and evidence of complete recombination of the charge-
separated state within all complexes has been provided.[10]


Herein we describe the spectroscopic, photophysical, and
electrochemical characterization of a series of [2]catenanes,[11]


in which some of the strapped porphyrins previously studied
are now interlocked to the electron acceptor cyclobis(para-
quat-p-phenylene) (CBPQ4�) to yield the catenanes desig-
nated Cat-n (Figure 1). The cyclic paraquat derivative
CBPQ4� has been often used as electron acceptor in
interlocked structures by several groups and its properties
are well assessed.[12±13] We intend to compare the electron
transfer rates in the mechanically linked [2]catenanes Cat-n,
with the corresponding host ± guest complexes previously
studied and reported in Figure 1, n-PQ2�, with the aim of
deriving information on the effect of the linkage (mechanical
versus noncovalent) and of the acceptor type on the electron
transfer rates in the two different systems.


Results and Discussion


The models


Spectroscopic and photophysical determinations : The photo-
physical properties of unstrapped porphyrin MOD, of strap-
ped porphyrins, n, and of their complexes with PQ2�, n-PQ2�,
have been previously studied in the context of a detailed
photophysical study of a representative series of strapped
porphyrins and of their complexes.[10]


The association constants of the complexes in acetonitrile
were derived both by spectrophotometric and spectrofluori-
metric titrations and are 3� 104��1 for 4-PQ2�, 4� 102��1 for
5-PQ2�, and 4� 103��1 for 6-PQ2�. The properties of the
complexes were determined in solutions containing �95% of
the porphyrin in the complexed form. Table 1 summarizes the
absorption parameters of the porphyrin components and the
complexes, while Table 2 collects the luminescence properties
of the model porphyrins.


Electrochemical determination : Problems arising from the
low solubility of the strapped porphyrins in acetonitrile
prevented any electrochemical study in this solvent. The
porphyrins were dissolved to the desired concentration (�5�
10�4�) in dimethylformamide (DMF) which permits only a
rather modest window to be examined (oxidation wave
�0.8 V versus SCE). This allowed only the first oxidation
wave of the porphyrins to be determined at�0.62,�0.65, and


Figure 1. Schematic formulae of the strapped porphyrins n, the model MOD, the guests PQ2� and CBPQ4�, the complexes and the catenanes
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�0.67 V versus SCE for 4, 5, and 6, respectively. The first
oxidation wave of the unstrapped porphyrin MOD, was
detected at �0.60 V versus SCE; the lower value with respect
to the strapped porphyrins could be assigned to the presence
of the dimethoxyphenyl substituents on the meso positions,
which makes the oxidation process easier. The values are in
line with previously reported data of zinc meso-diaryloctaal-
kylporphyrin in butyronitrile.[9d]


No determination could be performed on the complexes
since, in addition to the solubility problems, the modest
association constant (102 ± 104��1) required too large a con-
centration of the excess reactant to provide a percentage of
complexation (ca. 90 ± 95%) such that the properties of the
complexes could be determined with some reliability. In
particular, to examine the reduction window (which, in DMF,
could give more significant information) prohibitive amounts
of the porphyrins are needed. In the discussion on electron
transfer (see later) we will assume approximate values for the


first oxidation of porphyrins in the complexes similar to the
one determined here in DMF for the simple model porphyr-
ins, that is �0.62, �0.65 and �0.67 V versus SCE for 4-PQ2�,
5-PQ2� , and 6-PQ2�, respectively. We are conscious that these
are lower limits since the complexation by paraquat and the
consequent CT interaction is expected to increase the
oxidation potentials. Nonetheless CT interaction between
the porphyrinic donor and the paraquat acceptor in the
complexes, as testified by the modest stabilization of the CT
bands detected at 720 nm (with respect to the stronger
interaction detected for the catenanes where �max� 760 nm),
is expected to be rather weak and negligible in the present
context.
As far as the first reduction potential of PQ2� is concerned,


it is well documented that upon CT interaction with a
dimethoxybenzene unit, the first reduction of paraquat type
units is made more difficult by 0.1 ± 0.08 V.[14] Accordingly, if
we assume a value of �0.43 V for the first reduction of PQ2�


in acetonitrile,[12] its complexation in the strapped porphyrin
unit should shift the first reduction to a more negative value of
approximately� 0.5 V.


Spectroscopic and photophysical characterization of Cat-n


Ground state absorption : The absorption data of the cate-
nanes, Cat-n, are collected in Table 1 together with the data of
the related porphyrin models n, and the complexes n-PQ2�.
Figure 2 displays the spectra of all catenanes described. To
allow comparison with the models, for Cat-6 only, the spectra
of porphyrin 6, and of the complex 6-PQ2� are shown. The


Figure 2. Absorption spectra of Cat-6 (- - - -) compared with the absorption
spectra of free 6 (�) and the complex 6-PQ2� (�). In the insets the spectra
of the catenanes Cat-4 (––), Cat-5 ( ¥¥ ¥ ¥ ), and Cat-6 (- - - -), are shown in
the regions of the Soret bands, the Q bands and the CT bands.


catenane spectra display typical porphyrin Soret and Q bands.
These appear broader, shifted to lower energies and with
lower molar absorption coefficients than the model porphyrin
n and, to some extent, also with respect to the complex n-PQ2�


(Table 1 and Figure 2). In the insets of Figure 2, the regions of
the Q bands and the region at lower energy than the Q bands
are enlarged, where new spectral features appear, for the
three catenanes. These bands, which display maxima around
760 nm and molar absorption coefficients in the range 102 ±
103��1 cm�1, are assigned to CT bands that originate from the
interaction between the porphyrin component and the para-


Table 1. Ground state absorption properties of the porphyrins, the
complexes and the catenanes at 298 K in acetonitrile solution. The
reported charge transfer (CT) bands arise from interaction of porphyrin
with the paraquat or cyclobisparaquat unit.


Soret bands Q bands CT bands
�max [nm] �max [nm] �max [nm] �max [nm]
(� [��1cm�1]) (� [��1cm�1]) (� [��1cm�1]) (� [��1cm�1])


MOD 412 541 577
(420000) (18800) (6200)


4 414 542 577
(420000) (17600) (6000)


5 413 542 577
(420000) (19000) (6000)


6 413 542 577
(370000) (17300) (5700)


4-PQ2� 420 546 578 720
(224000) (15000) (5100) (260)


5-PQ2� 418 544 578 720
(257000) (17000) (6700) (230)


6-PQ2� 418 543 578 720
(234000) (15000) (5800) (380)


Cat-4 425 548 582 765
(199700) (21100) (7400) (600)


Cat-5 425 548 583 760
(209700) (18800) (5800) (400)


Cat-6 425 548 582 760
(201000) (21700) (6900) (500)


Table 2. Luminescence data in acetonitrile solutions (298 K) and butyroni-
trile solution (77 K) of porphyrins n and unstrapped model MOD.[10]


298 K 77 K
�max [nm] � [ns] �fluo


[a] �max [nm] � [ns] E [eV][b]


MOD 1MOD 582 2.6 0.029 582 3.2 2.13
3MOD 728 46� 106 1.70


4 14 584 2.1 0.030 582 2.4 2.13
34 724 55� 106 1.71


5 15 584 2.1 0.030 582 2.3 2.13
35 728 70� 106 1.70


6 16 584 2.0 0.030 582 2.2 2.13
36 726 67� 106 1.71


[a] Fluorescence quantum yield upon excitation at 413 and 542 nm, see
Experimental Section for details. [b] Energy derived from the emission band
maxima at 77 K.
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quat units of the macrocycle in the catenanes. Similar bands,
though less intense and with maxima at higher energies, were
also observed for the complexes (Table 1).[10] A stronger
interaction is detected in the catenanes with respect to the
complexes as revealed by the higher stabilization in the
energy of the CT bands (i.e lower wavelength of the
maximum), and the higher absorption coefficient. The reason
for better stabilization in catenanes could be the higher
oxidizing ability of CBPQ4� compared to that of PQ2�, but to
some extent geometric factors could also play a part. The
rigidity of the catenane can ensure a better parallel orienta-
tion of the electron acceptor with the porphyrin plane,
compared with the looser complex. Other CT bands, which
are derived from the interaction between the CBPQ4� and the
dimethoxy aromatic group in the 450 ± 520 nm region, in
agreement with previous observations,[12±13] are also detect-
able (Figure 2). The above features in the absorption spectra
are indicative of interactions between the various compo-
nents. Nonetheless, as confirmed below, the units maintain
their own spectral and electrochemical features, indicating
that the interaction between components, though active in
promoting electronic coupling, can be considered a weak
perturbation.


Luminescence : The porphyrin luminescence is quenched in
the catenanes compared to that in the porphyrinic macrocycle
alone, both at 298 and at 77 K, as shown for Cat-5 in Figure 3.
The steady-state residual luminescence at 298 K in acetoni-
trile is 1, 3, and 2% for Cat-4, Cat-5, Cat-6, respectively,
compared to the model porphyrins 4, 5, and 6. This reduction
in the luminescence yield, �fluo, could be consistent with a
lifetime reduction of the porphyrin from approximately 2 ns
(Table 2) to a few tens of picoseconds, according to the
relation �fluo� krad�. Alternatively, an even larger decrease of


Figure 3. Luminescence quenching in the catenane Cat-5 (- - - -) at 298 and
77 K compared with the emission of an optically matched solution of 5
(––). The sensitivity is 100 times higher in the case of the catenane.


the lifetime in the catenanes but in the presence of a few
percentage of free porphyrin macrocycle in the sample, could
contribute to the steady-state emission.
An unambiguous answer can be obtained by time-resolved


luminescence experiments with picosecond resolution. The
time-resolved luminescence profiles in acetonitrile display a
very fast decay in Cat-5 and Cat-6 which, after deconvolution
with the instrumental profile, yields lifetimes of 20 ps. The
luminescence decay and fit is shown for Cat-6 in Figure 4. In


Figure 4. Luminescence decay at 650 nm of Cat-6 (�) upon excitation with
a 35 ps laser (532 nm, 1 mJ per pulse). The instrumental response (- - - -)
and the fitting (––) are shown. In the inset the spectrum in the time
window 0 ± 50 ps is reported.


Cat-5 and Cat-6 the fast decay is followed by a slower one,
with a lifetime of approximately 2 ns, whose contribution is of
the order of few percent[15] and can be ascribed to some
contamination by the porphyrin component not engaged in
the interlocked structure. In spite of the very short lifetime,
just at the edge of our resolution of 20 ps, the determination
corresponds to a genuine decay of a porphyrin type emission,
as testified by the time-resolved spectrum at very short time
periods. The time-resolved spectrum over the 0 ± 50 ps time
window, reported in the inset of Figure 4, indicates the
presence of typical porphyrin emission bands. On the
contrary, in the case of Cat-4, no such fast decay could be
detected but only a very weak and long-lived (2 ns) lumines-
cence was registered, ascribable to some residual free
porphyrin macrocycle. This indicates that the quenching
within the catenane Cat-4, measured by steady-state techni-
ques to be 99%, occurs faster than our resolution (20 ps)
within the laser pulse duration.
The quenching of the porphyrin luminescence in the


catenanes is assigned to an electron-transfer reaction from
the singlet excited state localized on the porphyrin, to the
electron acceptor CBPQ4�, hereafter called charge separation
(CS). The reaction is faster than 20 ps in Cat-4, where the
strap is shorter than in the other catenanes. Remarkably, the
CS reaction is slower in the catenanes Cat-5 and Cat-6 than in
the corresponding complexes, 5-PQ2� and 6-PQ2�, where we
have been unable to time resolve the reaction as it is faster
than our instrumental resolution and the decay occurs within
the pulse.[10] The CS reaction lifetimes for the present
catenanes and the previously studied complexes are summar-
ized in Table 3.[10]
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Time-resolved absorption : The CS state formed by the
electron-transfer reaction is characterized by a porphyrinic
cation and a reduced paraquat-type radical. This is expected
to display the characteristic absorption bands of the two
radicals, respectively at 670 nm for the oxidized ZnII porphyr-
in[16] and around 600 nm for the reduced paraquat radical.[17]


The transient absorptions detected at the end of a 35 ps laser
pulse, with excitation at 532 nm, are shown in Figure 5 for


Figure 5. Transient absorbance of toluene solutions of Cat-4 (––), Cat-5
(�), Cat-6 (�) upon excitation with a 35 ps pulse (532 nm, 3 mJ per pulse).
The absorbance of the samples at the exciting wavelength was 0.8 ± 0.9.


Cat-4, Cat-5, Cat-6. The signatures of the CS states with
maxima at 600 and 670 nm can be detected and their time
evolution can be registered. The decay of the transient
absorbance features registered at 600 nm are reported in
Figure 6 for the three catenanes. They can be fitted by
exponential decays with lifetimes in the range of 37 ± 45 ps
which can be considered the same within experimental error.
The reaction is assigned to the recombination reaction of


the charge-separated state, hereafter called CR, to yield once
again the ground state. The base line is completely recovered
and no residual signal from the triplet porphyrin or any other
intermediate could be detected
with a nanosecond flash-pho-
tolysis apparatus. The absence
of any triplet porphyrin is in full
agreement with the existence of
the fast CS reaction which, by
rapidly depleting the excited
singlet state, does not allow
any intersystem-crossing to the
triplet state.


Figure 6. Decay of the charge separated state detected at 600 nm and
exponential fittings for Cat-4, Cat-5, and Cat-6.


The lifetime of the CS state in the catenanes, 37 ± 45 ps,
although still very short, is longer than those of the
corresponding complexes 4-PQ2�, 5-PQ2�, 6-PQ2�, which
were measured to be �20 ps for the complex with the shorter
strap 4-PQ2� and only 20 ps for the other two complexes, see
Table 3.


Electrochemical characterization of Cat-n


The catenanes Cat-4, Cat-5, and Cat-6 exhibit very rich redox
patterns, due to the presence of several different and
interacting electro-active subunits (Figure 1, Table 4). In all
the compounds, the bisbipyridinium macrocycle CBPQ4�


plays the role of the electron acceptor subunit. Cat-4 and
Cat-6 contain the same electron donor components, that is the
substituted dimethoxynaphthalene (DMN) moiety, and the
Zn porphyrin. Differences between Cat-4 and Cat-6 arise
from the different dimensions of the macrocycles containing
the electron donor groups (Figure 1). The electron-donor
macrocycle that is present in Cat-5 has the same dimensions as
that which is present in Cat-6, with the noticeable difference
that a substituted dimethoxybenzene (DMB) group replaces
the DMN subunit. Clearly, the oxidation processes of the


Table 3. Lifetimes of the charge separation (from time-resolved lumines-
cence) and charge recombination (from transient absorbance) in the
complexes n-PQ2� and in the catenanes Cat-n.


�CS [ps] �CR [ps]


4-PQ2� � 20 � 20
5-PQ2� � 20 20
6-PQ2� � 20 20
Cat-4 � 20 39
Cat-5 20 37
Cat-6 20 45


Table 4. Electrochemical data.[a]


Compound E(ox) (V versus SCE) E (red) (V versus SCE)


CBPQ4� � 0.28 [2]; �0.72 [2];
Cat-4 � 0.72[1]; �1.06;[b] �1.67 [irr.] � 0.34[1]; �0.56[1]; �0.85 [2]; �1.70 [1];
Cat-5 � 0.66[1]; �0.88;[b] �1.87 [irr.] � 0.32[1]; �0.39[1]; �0.82 [2];
Cat-6 � 0.68[1]; �0.88;[b] �1.59 [irr.] � 0.35[1]; �0.45[1]; �0.76[1]; �0.86[1]; �1.68[1]
[a] E1/2 , values in acetonitrile. Potentials versus SCE. All the redox processes are reversible unless otherwise
stated. The numbers in brackets refer to the number of exchange electrons. [b] Quasi-reversible processes.
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catenanes involve the porphyrin and DMB (or DMN)
subunits, whereas the reduction processes are localized on
the bisbipyridinium subunits of the acceptor macrocycle.


Reduction processes : The electron acceptor macrocycle
CBPQ4� contained in the catenanes investigated here is
commonly used in catenane and rotaxane chemistry[18] and its
properties are well known.[12±13, 19±21] For better comparison
purposes, we re-examined the properties of the free electron
acceptor macrocycle under our conditions (acetonitrile, room
temperature) and found that it undergoes two bielectronic
reversible processes at potentials (Table 4) close to those
reported in the literature.[19, 20] The first process is the
contemporary one-electron first reduction of each bipyridi-
nium subunit and the second one is due to the contemporary
one-electron second reduction of the same subunits.
In the free-electron acceptor macrocycle, the reduction


processes have a bielectronic nature since the two bipyridi-
nium units are equivalent to each other and are also weakly
interacting. When such a macrocycle is a component of
organized assemblies such as catenanes, the changes of its
reduction ™fingerprint∫ give useful information on the elec-
tronic interactions and the chemical environments that the
electroactive subunits experience in the supramolecular
arrays.
As pointed out by several groups,[11±14, 18±22] , charge transfer


(CT) interactions between the subunits play important roles
in stabilizing the species in catenanes and rotaxanes contain-
ing donor and electron acceptor subunits. Such CT interac-
tions are held responsible for the shift of the reduction
potentials of Cat-4, Cat-5, and Cat-6 with respect to the free
bisbipyridinium macrocycle reductions (Table 4, Figures 7
and 8). The magnitude of this shift depends on the extent of
the CT interactions.
The first bielectronic wave, typical of the free acceptor


cyclophane, is also split in all the catenanes studied here into
two monoelectronic processes (Table 4, Figures 7 and 8). This
is because of the different (inside and outside) environments
experienced by the bipyridinium subunits.[20] This also in-
dicates that rotation of the acceptor cyclophane ring is
inactive within the time scale of our measurements and
confirms that in the stable conformation one bipyridinium
unit is inside the porphyrin-containing macrocycle (inner
subunit) and the other one is outside (outer subunit). It is
reasonable to assume that the first reduction involves the
outer bipyridinium subunit, while the second process involves
the inner one, which is more difficult to reduce with respect to
the former because it interacts with two electron donor groups
(i.e., the porphyrin and the DMN, or DMB, subunits). The
outer is involved in the CT interaction only with one electron
donor group, that is the DMN (or DMB) subunit.
In the light of the above considerations, the slightly less


negative potential (�20 mV, see Table 4) of the first reduction
process of Cat-5 compared to the corresponding process of
Cat-4 and Cat-6 (for which the first reduction takes place at
nearly the same potential) is attributed to the different
electron donor properties of DMB and DMN; DMN is a
better electron donor than the DMB unit. The same argument


Figure 7. Cyclic voltammograms of the catenanes Cat-4, Cat-5 and Cat-6 in
argon-purged acetonitrile solution. For comparison purposes, the cyclic
voltammogram of the free electron acceptor macrocycle is also shown. Scan
speed: 200 mVs�1. The wave at �0.395 V is ferrocene, used as standard.
Oxidation processes not shown.


accounts for the less negative potential of the second
reduction process of Cat-5 with respect to those of Cat-4
and Cat-6. However, this second reduction process occurs at
different potentials for Cat-4 and Cat-6 (Table 4). This can be
justified by considering that in Cat-4 the porphyrin donor is
closer to the inner bipyridinium subunit (the redox site
involved in the second reduction, see above) than in Cat-6.
This is because of the constraints imposed by the different
sizes of the macrocycles, and therefore the CT interaction
between the porphyrin and bipyridinium subunits, which
destabilizes the bipyridinium acceptor orbitals, is larger in
Cat-4.
The third and fourth reductions of Cat-6 are still reversible


and monoelectronic, whereas the third reduction of Cat-5 is
also reversible, but bielectronic in nature (Table 4, Figures 7
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Figure 8. Genetic diagram of the reduction processes taking place in the
catenanes studied here. Sketches of the proposed structures of the
catenanes in the various states are superimposed. The oval represents the
porphyrin ring; light grey rectangle is the DMN unit; distorted rectangle
stands for the DMB unit; empty rectangles identify the bipyridinium
subunits of the bis(bipyridinium) macrocycle. In the catenanes, the inner
bipyridinium is represented as a grey rectangle and the outer one is still
empty in order to stress the difference of their chemical environments.
After the second reduction, Cat-4 and Cat-5 undergo structural reorgan-
izations (see text). A possible new conformation for the doubly reduced
Cat-4 and Cat-5 species is also shown. In these sketches the rectangles
representing the bipyridinium subunits are both dark grey in order to stress
their equivalence.


and 8). This suggests that, although the CT interactions are
reduced in intensity following the first reduction of both the
bipyridinium subunits of Cat-6, they are still strong enough to
inhibit free rotation (or structural reorganization) of the
interlocked rings within the time scale of our experiment.
Therefore here, and also after the second reduction, inner and
outer bipyridinium are still distinguishable in Cat-6, with the
outer one responsible for the third reduction and the inner
one responsible for the fourth process. Interestingly, the
separation between the third and fourth reduction processes
(100 mV) is comparable to the separation between the first
and second processes (110 mV), indicating that the differ-
ences between inner and outer bipyridinium subunits remain
constant upon first reduction. This is not the case for Cat-5.
The bielectronic nature of its third reduction process indicates
that the two bipyridinium subunits of Cat-5 become equiv-
alent after one-electron reduction of both such subunits. This
can occur either by means of a relatively fast rotation of the
cyclophane macrocycle or by a structural reorganization of
the interlocked rings. The latter minimizes differences be-
tween the two bipyridinium subunits with respect to CT
interactions, that is with respect to relative distances of the
bipyridinium subunits from the porphyrin and DMB electron
donors. Such a reorganization could be, for example, a 90�


rotation of the cyclophane ring which could lead both the
bipyridinium subunits to interact with both the porphyrin and
DMB donors. (In a conformation which makes the two
bipyridinium centers equivalent, it is not possible to distin-
guish between inner and outer bipyridinium subunits any-
more, but both the acceptor components are partially inner
and outer). Such a possible conformation is shown in Figure 8.
The differences in the properties of Cat-5 and Cat-6 after the
second reduction are still ascribed to the differences in donor
capability of DMB and DMN. This behavior is in agreement
with the findings reported for other catenanes containing
similar subunits.[20]


The behavior of Cat-4 after the second reduction is
somewhat puzzling. The interaction between the cyclophane
ring and the porphyrin and DMN units should be strong
enough to inhibit the free rotation or structural reorganization
of the array, as happens for Cat-6 which contains the same
redox-active subunits, the third reduction process is bielec-
tronic. This indicates that in the case of Cat-4, similar to Cat-5,
the first reduction of both bipyridinium subunits makes these
subunits equivalent. The strong interaction between the donor
porphyrin subunit and the cyclophane operating in Cat-4 has
to be responsible for this behavior. The extent of this
interaction is also evident by comparing the potentials of
the second reductions of Cat-4 and Cat-6, see above. Probably
the presence of the added electron on the inner bipyridinium
subunit disturbs the interaction of such a unit with the
porphyrin, so that a different conformation, in which the two
bipyridinium subunits are equivalent, becomes preferred. The
observation that in the new conformation the two acceptor
sites are partially ™inner∫ (see above) is supported by the
coincidence of the potentials of the third reduction of Cat-4
and of the fourth reduction of Cat-6.
An explanation of the differences observed for the third


and fourth reductions within the series Cat-4, Cat-5, and Cat-6
may lie in the data obtained from dynamic 1H NMRmeasure-
ments. We have measured rates of rotation at 25 �C for the
three members of the series using the same procedures as
previously reported,[11a] and they are�1, 3� 105, and 100 Hz,
respectively. We have also demonstrated previously for an
extended series of catenanes that while there is little differ-
ence between rotation rates for corresponding zinc and free
base derivatives, protonation of the porphyrin units in the
free-base derivatives has the effect of increasing the rotation
rates. This is especially true for the DMB members of the
series, but less so in the DMN series where they remain
approximately unchanged.[11b] We rationalized this as an effect
of protonation destroying any charge transfer interactions
between the porphyrin and the tetrapositively charged
CBPQ4� macrocycle and of introducing additional coulombic
repulsions between the two components. In the DMN series,
the stronger � ±� interactions are the limiting factor on
rotation rates, which are little influenced by the porphyrin.
Nevertheless, in Cat-4, the restrictions of the tight strap
prevent any effective rotation at room temperature, in any of
the free base, zinc, or protonated derivatives. It is not
unreasonable to assume therefore that after the second
reduction, rotation of the macrocycle in Cat-4 is still severely
restricted. On the other hand, we would predict, by analogy
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with the protonation 1H NMR experiments,[11b] that after the
second reduction the rotation of the CBPQ2� macrocycle in
Cat-5will be�105 Hz. It would appear anomalous for both to
experience a similar bielectronic third and fourth reduction,
which implies equivalence of both bipyridinium subunits of
the CBPQ2� macrocycle. The apparent paradox can be
resolved however, by invoking a different mechanism by
which equivalence is reached in each of twomolecules. In Cat-
4, a sideways orientation as depicted in Figure 8 would
achieve such equivalence within an essentially ™locked∫ (or
very restricted) system. Rapid rotation in Cat-5, rather than
locking in an end-on orientation, would achieve the required
equivalence in this freely rotating system. As for Cat-6, it
appears that although the charge transfer interactions be-
tween the CBPQ2� and both the porphyrin and the DMN
group is weakened after the first and second reductions, there
is sufficient flexibility and freedom in this system to allow the
CBPQ2� macrocycle encircling the DMN unit to move away
from the porphyrin, without resorting to an ™end-on∫
orientation. This, together with the inherent restricted rota-
tion about the DMN unit (�100 Hz for the Zn, free base and
protonated free base derivatives measured in 1H NMR
studies), means that a more or less parallel orientation of all
three units is maintained, giving rise to ™inside∫ and ™outside∫
environments for the bipyridinium subunits, and hence to two
distinct monolectronic reductions.
In all the catenanes, at potentials more negative than


�1.65 V versus SCE, a reversible monoelectronic reduction
process, localized on the porphyrin subunit, occurs.


Oxidation processes : All the catenanes show three processes
(Table 4). To assign the different oxidation processes to
specific sites of the arrays it is useful to recall that the
oxidations of DMN[21] and DMB[12] take place at �1.17 and
�1.31 V versus SCE respectively. In the catenanes, the
oxidation of the corresponding components (DMB and
DMN) is expected to occur at even more positive potentials
as a consequence of the CT interactions. The porphyrin units
undergo the first oxidation process in DMF (see above) at
�0.62, �0.65, and �0.67 V versus SCE for 4, 5, and 6,
respectively. Data in butyronitrile for a zinc meso-diary-
loctaalkylporphyrin are available from the literature: �0.63
and �1.02 V versus SCE for the first and second oxidation
wave respectively.[9d] Therefore, in all the cases investigated
here, we can assign the first two oxidations to the porphyrin
subunits and the third one to the DMN or DMB sites. In
agreement with such an assignment it is useful to note that the
first two processes occur at very similar potentials in Cat-5
and Cat-6 (the same redox-active site, that is the porphyrin
subunit, is involved). Conversely, the potentials of the third
process are quite different in the two species, with the one
containing the better electron donor DMN center which is
oxidized at less positive potential.
Interestingly, the porphyrin-centered oxidation processes in


Cat-4 take place at more positive potentials than in Cat-5 and
Cat-6. This demonstrates further that the extent of the CT
interactions involving the porphyrin subunit in the former
(smaller and more restricted) catenane is much stronger than
in the other two.


Electron transfer in Cat-n and n-PQ2�


On the basis of the luminescence properties at 77 K (Table 2)
and of the electrochemical data discussed in the previous
sections and reported in Table 4, schematic energy level
diagrams for the two types of arrays, the noncovalently linked
complexes n-PQ2� and the mechanically bound Cat-n, can be
drawn (Figure 9).


Figure 9. Schematic energy level diagrams andmeasured rate constants for
the generic complex n-PQ2� and the catenane Cat-n. The charge separated
state (n�-CBPQ3�)in corresponds to the reduction localized on the internal
paraquat unit of the macrocycle, whereas (n�-CBPQ3�)out corresponds to
the reduction localized on the external paraquat unit of the macrocycle.


The excited energy levels are essentially identical in the two
diagrams, respectively 2.13 eV for the singlet localized on the
porphyrin unit, and 1.7 eV for the related triplet excited state.
The excited states of the electron acceptor unit are not
relevant to the present case since the excitation occurs in the
visible region of the spectra, where only porphyrin compo-
nents absorb light.
The energy level of the CS state can be calculated by simply


adding the energy necessary to oxidize the electron donor, to
the energy necessary to reduce the electron acceptor.[23, 24] As
far as the estimate of the CS state for n-PQ2� is concerned,
only approximate figures can be derived given the lack of
electrochemical data for the complexes (see Model Section).
Nonetheless the potentials of the oxidation processes of the
porphyrin models in DMFare available (�0.62 V versus SCE
for 4, �0.65 V versus SCE for 5, and �0.67 V versus SCE for
6) and a reduction potential for paraquat in the complex of the
order of �0.5 V versus SCE can be assumed (see Model
Section). The use of potentials determined for porphyrin hosts
does not take into consideration the destabilizing effect due to
CT interactions in the complexes, expected to be higher for
the short strap component 4-PQ2�. Since strapped porphyrin 4
undergoes oxidation at a less positive potential than 5 and 6,
this in part is expected to counterbalance the destabilizing
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larger effect of CT interactions. On this basis and in the frame
of a qualitative approach, the energy for the charge separated
sates n�-PQ� can be assumed similar for all the complexes and
of the order of approximately 1.15 eV.[23, 24]


For the catenanes Cat-n, it is evident from the data reported
in Table 4 that two very close charge-separated states exist,
the first at lower energies corresponding to the oxidized
porphyrin and the reduced outer paraquat unit of the cyclo-
bisparaquat, (n�-CBPQ3�)out, and the second corresponding to
the oxidized porphyrin and the inner paraquat unit of the
macrocycle, (n�-CBPQ3�)in. The latter CS has energy values of
1.28 eV for Cat-4, 1.05 eV for Cat-5, and 1.13 eV for Cat-6,
while the energy levels of the former are stabilized, respec-
tively at 1.06 eV for Cat-4, 0.98 eV for Cat-5, and 1.03 eV for
Cat-6.
Therefore the two energetic diagrams of Figure 9 are


similar, but in the case of the catenane the low-lying charge-
separated state is split because of the nonequivalence of the
reduction sites in the cyclic electron acceptor. The less
stabilized CS involves reduction of the paraquat unit inter-
posed between the porphyrin and the DMN (or DMB) planes
which, because of the closer approach to the porphyrin
electron donor, is expected to be involved in the primary
transfer of electron from the porphyrin excited state, the
CS reaction. The splitting between the CS states is different
for the various catenanes. This is important in Cat-4, with a
value of 0.22 eV, due to the stronger interaction caused by a
closer approach of partners constrained by the shorter strap,
whereas it has smaller values in Cat-6 (0.1 eV) and Cat-5
(0.07 eV).
Comparison of the energy levels and related thermody-


namic parameters in n-PQ2� and Cat-n indicates that charge-
separated states in the complexes are, roughly, at a higher
energy than both levels of the catenanes for the longer
strapped porphyrins 5 and 6, and at an energy which is
intermediate between the two levels for short-strapped 4. The
more facile reduction of the electron acceptor CBPQ4� with
respect to PQ2� is in part counterbalanced by the stronger CT
interaction in the interlocked compounds, which is rather
strong in Cat-4. The �G0 value for CS is approximately
�1.1 eV for n-PQ2� and assuming a primary electron transfer
from the porphyrin excited state to the adjacent (inner)
paraquat unit of CBPQ4�, the �G0 value for CS ranges from
�0.85 eV in Cat-4, to�1.08 eV in Cat-5, and�1 eV for Cat-6.
Regarding the CR reaction, the �G0 is approximatley


�1.5 eV for n-PQ2� and, if we assume that in the catenanes
the charge recombination reaction occurs from the more
stabilized CS state, values of �G0 of �1.06 eV in Cat-4,
�0.98 eV in Cat-5, and�1.03 eV in Cat-6, can be derived. The
above assumptions would obviously imply that within the
catenanes, an electron transfer from the inner to the outer
paraquat unit occurs fast, following the primary photoinduced
transfer and we will discuss this point below.
The �G0 value for CS and CR reactions are very high for


both interlocked and complexed structures and both can be
safely assumed to occur in a nearly activationless regime.[25]


Therefore they will occur at the maximum rate regardless of
the small differences in �G0 attributable to the specific
reaction. On such grounds the differences in the kinetic


parameters determined for the single systems can be discussed
solely based on the different structures of the assemblies.
The electron transfer rates determined for CS and CR are


reported in Figure 9. In the complexes n-PQ2� the CS rate is in
all cases �5� 1010 s�1, as can be derived from the fact that no
accumulation of luminescent species is detected during the
short laser pulse (resolution 20 ps). A similar lower limit for
the rate can be derived for the Cat-4 interlocked structure,
while in the other catenanes Cat-5 and Cat-6, a rate of 5�
1010 s�1 can be measured from a lifetime of 20 ps. For CR a
rate of recombination to the ground state of 5� 1010 s�1 could
be measured for the complexes with the longer straps 5-
PQ2�,and 6-PQ2�, whereas 4-PQ2� recombined faster than the
apparatus resolution, placing a lower limit of 5� 1010 s�1 to the
rate.[10] The recombination in the catenanes is slower and
detectable in all cases, Figure 6, and the same rate of 2.5�
1010 s�1 for Cat-4, Cat-5 and Cat-6 is measured.
In general terms, the complexes display a more rapid


electron transfer than the catenanes both in CS and in CR
reactions, and within the n-PQ2� series the compound with a
shorter strap displays a faster reaction. In the case of the
catenanes this is also true for the charge separation reaction
but not for charge recombination, where a similar rate is
measured for all the systems, irrespective of the strap length.
In the complexes, where the association occurs by multiple


weak interactions (primarily � ±�, C�H ¥¥¥O hydrogen bonds,
and electrostatic interactions) the electron acceptor experi-
ences a ™loose∫ situation that allows a closer approach to the
porphyrin. This is a better electron donor than the dioxyar-
omatic unit contained in the strap (see Electrochemistry
Section), favoring the rapid transfer of the electron to form
the charge separated state. Only in the case of the ™looser∫
strapped 5-PQ2�, and 6-PQ2�, the reduced paraquat radical,
positively charged, which experiences some repulsion from
the positively charged oxidized porphyrin has enough spatial
freedom to be able to distance itself from its partner and can
thus survive long enough to be detected by our apparatus. In
the complex with the shorter strap this is not possible and both
forward, CS, and back, CR, electron transfer reactions are
extremely fast.
On the other hand, in the Cat-n case, the mechanical


linkage enforces the macrocyclic electron acceptor unit close
to the dioxyaromatic residue and keeps it spatially separated
from porphyrin donor. This allows a detectable CS reaction,
except in Cat-4 where the inner paraquat unit accepting the
electron is very close to the porphyrin plane, because of the
short strap. Once the electron has been transferred from the
porphyrin donor to the inner paraquat unit of the macrocycle
a further electron transfer step to the outer paraquat unit has
to be postulated. This is necessary to explain the lifetime of
the CR reactions which is essentially identical for all the
catenanes, irrespective of the strap length (Figure 9). We do
not expect to have spectroscopic evidence for this electron
transfer since both inner and outer reduced paraquat units
should display essentially identical absorption spectra. The
proof is therefore indirect, but supported by the comparison
with the corresponding complexes n-PQ2�. If this further,
postulated electron transfer were not to occur, the reactivity
order detected for the complexes would still hold, with Cat-4
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reacting much faster than Cat-5 and Cat-6, due to the close
proximity of the inner paraquat to the porphyrin.
This postulated electron transfer step further separates the


charges in space and allows a slower recombination in all the
catenanes. In this regard it should be pointed out that the time
scale of electron transfer is much faster than any structural
reorganization discussed in the Electrochemistry Section.


Conclusion


A series of catenanes containing a macrocyclic porphyrin and
the electron acceptor cyclobis(paraquat-p-phenylene) has
been spectroscopically, photophysically and electrochemically
characterized. The electron transfer rates leading to charge
separation and the recombination rate to the ground state
have been determined.
Comparison with closely related complexes containing the


same porphyrin macrocycles and paraquat as electron accept-
or is made. Assuming that thermodynamic parameters are not
effective in determining the different observed rates (activa-
tionless region), the results are discussed on the basis of
structural differences of the interlocked and complexed
structures, respectively. The rates of electron transfer are
faster in the complexes than in the catenanes and this is
attributed to a looser structure in the complexes which favors
a closer approach of the partners in the charge-separation
reaction. Accordingly, a slower charge-separation reaction is
measured in the systems with longer straps and the same
occurs for the recombination reaction of the charge-separated
state in the complexes. This recombination reaction in the
catenanes occurs with the same rate regardless of the strap
length and suggests the involvement of a further, subsequent
electron transfer to a more stabilized reduction site of the
macrocyclic electron acceptor, identified as the outer para-
quat unit of the cyclic electron acceptor CBPQ4�.


Experimental Section


The synthesis and characterization of these and closely related porphyrins,
complexes and catenanes have been reported and discussed previous-
ly.[11, 26]


Spectroscopic and photophysical determinations : Acetonitrile Spectro-
scopic Grade (C. Erba) was used. Absorption spectra were recorded with a
Perkin-Elmer Lambda9 spectrophotometer and emission spectra, uncor-
rected if not otherwise specified, were detected by a Spex FluorologII
spectrofluorimeter equipped with a Hamamatsu R928 photomultiplier.
Relative luminescence intensities were evaluated from the area (on an
energy scale) of the luminescence spectra corrected for the photomultiplier
response. Luminescence quantum yields � for the components were
obtained with reference to a standard, ZnII (1,5,10,15-tetra-tert-butylphe-
nyl)porphyrin, in toluene with �� 0.08.[8f]
Fluorescence lifetimes longer than 1 ns were detected by an IBH Time
Correlated Single Photon Counting apparatus with excitation at 337 nm.
Luminescence lifetimes shorter than one nanosecond were determined by
an apparatus based on a Nd:YAG laser (Continuum PY62 ± 10) with a 35 ps
pulse duration, 532 nm, 1 mJ per pulse and a Streak Camera. In a typical
experiment, the luminescence signals from 1000 laser shots were averaged
and the time profile was measured from the streak image in a wavelength
range of approximately 20 nm around the selected wavelength. Spectra in a
selected time window were also acquired from the streak image, which


were based on a rectangular matrix of 480 points (wavelength) time 512
points (time). The fitting of the luminescence decays were performed by
standard iterative non-linear programs taking into consideration the
instrumental response. Further details on the equipment can be found
elsewhere.[27]


Transient absorbance in the picosecond range made use of a pump and
probe system based on a Nd-YAG laser (35 ps pulse, 532 nm, 2 ± 4 mJ) and
an OMA detector. The instrumental response profile was obtained by
measuring the buildup of the absorption of the reference porphyrin (n)
singlet at 600 nm and time zero was set at the complete evolution of the
absorbance signal. Further details can be found elsewhere.[28] Estimated
errors are 10% on lifetimes and 20% on quantum yields.


Electrochemical determinations : Electrochemical measurements on the
catenanes were carried out in argon-purged acetonitrile at room temper-
ature with a PAR273 multipurpose equipment interfaced to a PC. The
working electrode was a glassy carbon (8 mm2, Amel) electrode. The
counter electrode was a Pt wire, and the reference electrode was an SCE
separated with a fine glass frit. The concentration of the samples was about
5� 10�4�. Tetrabutylammonium hexafluorophosphate was used as sup-
porting electrolyte and its concentration was 0.05�. Cyclic voltammograms
were obtained at scan rates of 20, 50, 200, and 500 mVs�1. For reversible
processes, half-wave potentials (versus SCE) were calculated as the average
of the cathodic and anodic peaks. The criteria for reversibility were the
separation of 60 mV between cathodic and anodic peaks, the close to unity
ratio of the intensities of the cathodic and anodic currents, and the
constancy of the peak potential on changing scan rate. The number of
exchanged electrons was measured with differential pulse voltammetry
(DPV) experiments performed with a scan rate of 20 mVs�1, a pulse height
of 75 mV, and a duration of 40 ms, and by taking advantage of the presence
of ferrocene used as the internal reference.


The determination of electrochemical properties of the model porphyrins
could be only performed in dimethylformamide (DMF) for solubility
reasons.
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