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Abstract: Recently, the field of heterogeneous asymmetric
catalysis, generally using chiral solid catalysts, has attract-
ed much attention in the production of single enantio-
mers. Among versatile chiral solid catalysts, chiral metal
complexes confined in nanoreactors often exhibit very
unique enantioselectivity and catalytic activity compared
to homogeneous catalysts. In this Focus Review, we sum-
marize the recent advances in asymmetric reactions on
chiral metal complexes confined in nanoreactors with an


emphasis on the confinement effect and cooperative acti-
vation effect of the nanoreactor and new strategies for the
preparation of chiral solid catalysts, such as the encapsula-
tion of chiral metal complexes in the nanocages of meso-
porous silica and incorporation of chiral ligands in the
network of mesoporous organosilicas.


Keywords: asymmetric catalysis · epoxidation · heteroge-
neous catalysis · nanoreactors · organosilicas


1. Introduction


Single enantiomers have attracted much research attention
because of their importance in the pharmaceutical industry
and other applications such as agricultural chemicals, fla-
vors, fragrances, and materials. Asymmetric catalysis, synthe-
sis from chiral compounds, and resolution of racemates have
been widely used for obtaining single enantiomers. Among
these methods, asymmetric catalysis is the most attractive
because it uses a relatively small amount of chiral catalyst to
transform large amounts of substrate containing prochiral
elements into chiral products.[1]


Since the pioneering work of enantioselective hydrogena-
tion of olefinic substrates on rhodium complexes containing
chiral phosphine ligands by William Knowles and colleagues
in the early 1970s,[2a] tremendous progress has been made in
the field of homogeneous asymmetric catalysis to generate
enantiomerically enriched compounds. A major break-
through came in 1980 when Noyori et al. initiated their pio-
neering work on chiral ligands, particularly axially chiral
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (binap), which
are still used in the manufacture of b-hydroxy esters, for the
synthesis of carbapenems and the Lipitor side chain, for ex-
ample. Because of their milestone contributions to asymmet-
ric catalysis, Knowles, Noyori, and Sharpless were awarded
the 2001 Nobel Prize in Chemistry.[2b] Versatile asymmetric
reactions and chiral catalysts have been developed.[3]


Among various kinds of chiral catalysts, transition-metal
complexes are most often used for homogeneous asymmet-
ric catalysis. More and more elegant chiral catalysts have
been synthesized which can catalyze asymmetric reactions
with enantiomeric excesses approaching 100%.[4]


However, compared with thousands of papers published
and great advances made in the field of homogeneous asym-
metric catalysis, only a few dozen processes have been in-
dustrialized.[5] The main reasons include the difficulty in the
separation of the catalyst, the purification of the product,
and the recovery of the expensive catalysts. Heterogeneous
asymmetric catalysis, mostly using solid catalysts, has attract-
ed much research attention because it has the advantages of
easy separation of the catalyst and product, recycling of the
recovered catalyst, and easy handling for the large-scale pro-
duction.
Many research efforts have been made to develop asym-


metric synthesis using heterogeneous catalysts, such as as-
sembling the chiral catalysts in emulsion and phase-separa-
tion media,[6] heterogenization of the chiral catalyst by poly-
merization,[7] immobilization of chiral catalysts onto solid
supports, and so on.[8] The immobilization of chiral catalysts
onto solid supports is the most popular method to prepare
heterogeneous asymmetric catalysts. Both the surface and
porous matrix of a solid support could be used to anchor the
asymmetric active center. The metal complexes can be sup-
ported on oxide surfaces, such as by chiral self-dimerization,
to create asymmetric oxidative coupling catalysis and sur-
face functionalization with achiral reagents to promote
asymmetric catalysis.[9] Moreover, the inner pore of a solid
support immobilized with chiral catalysts provides a novel
chiral space for asymmetric catalysis. Four main approaches
have been commonly used to immobilize the chiral catalyst:
1) adsorption of chiral modifiers onto an active metal sur-
face; 2) covalent tethering of homogeneous catalysts;
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3) electrostatic interaction between a negatively charged
framework and a cation; and 4) encapsulation. Organic and
inorganic materials, such as metal oxides,[10] clays,[11] zeo-
lites,[12] activated carbon,[13] porous silica,[14] mesoporous sili-
cas,[15] and polymers[16] have been employed as supports for
immobilizing the chiral catalyst. The inorganic materials
usually have advantages over organic polymers in view of
chemical, mechanical, and thermal stabilities.
Mesoporous silicas with high surface area, tunable and


large pore diameter (2–50 nm), and ordered pore arrange-
ment are excellent support materials for chiral catalysts.[15]


The tunable mesopores provide a large space to immobilize
chiral catalysts and allow free diffusion of reactants and
products. The ordered pore arrangement of mesoporous ma-
terials can make the microenvironment of immobilized
chiral catalysts uniform and isolated. The rich amount of hy-
droxyl groups available on the surface of mesoporous silicas
offers the anchoring sites for the immobilization of various
metal complexes. In some cases, the heterogeneous catalysts
based on mesoporous support can exhibit better perfor-
mance than the homogeneous counterpart because of the
uniform distribution, site isolation, pore confinement effect,
and so on.[17] A chiral catalyst with the ligand 1,1’-bis(diphe-
nylphosphino)ferrocene (dppf) anchored to the inner walls
of the mesoporous support MCM-41 and coordinated to PdII


exhibits an enantioselectivity as high as 99% in the allylic
amination of cinnamyl acetate, which is far superior to that
of its homogeneous counterpart or that of a surface-bound
analogue attached to a nonporous silica.[18]


The nanopore of the mesoporous silicas immobilized with
chiral catalysts can be regarded as a nanoreactor for asym-
metric synthesis. The microenvironment of the nanoreactor
could be finely modified to meet the requirement of a given
reaction, such as the surface hydrophobicity/hydrophilicity,
surface polarity, and electrostatic properties through direct
cocondensation or postsynthesis.[19] Recently, periodic meso-
porous organosilicas (PMOs) built from bridged organosi-
lane precursors, (R’O)3Si-R-Si ACHTUNGTRENNUNG(OR’)3, wherein an organic
group R is an integral part of the mesoporous wall, opened
up a new approach for the modification of the microenvir-
onment of the nanopore.[20–22] The bridging organic groups
in the pore wall of PMOs not only modify the surface prop-
erties of the materials but also endow the PMOs with novel


physical and mechanical properties, such as improved hydro-
thermal and mechanical stability.[23–26] The chemical and
physical properties of PMOs, especially the microenviron-
ment of the nanopore, can be tuned towards specific appli-
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cations by adjusting the organic species in the network. It
was demonstrated that PMOs with enhanced surface hydro-
phobicity exhibited higher catalytic activity than the meso-
porous silica either for acid-catalyzed esterification[27] or
asymmetric transfer hydrogenation.[28] Similar to mesopo-
rous silicas, the PMOs also have high surface area and tuna-
ble and well-ordered mesopores. If the chiral ligand or
chiral catalysts are incorporated in the pore walls of the
PMOs, a new class of chiral solid catalysts could be devel-
oped.
Though versatile methods have been used to immobilize


chiral catalysts in the nanopores of mesoporous silicas, such
as chemical grafting, ion exchange, adsorption, and encapsu-
lation, among others, only limited numbers of efficient het-
erogeneous asymmetric catalytic systems have been report-
ed to date. The development of efficient chiral solid cata-
lysts is still one of the main objectives in the field of hetero-
geneous asymmetric catalysis.
In many cases, the catalysts in nanopores show lower ac-


tivity and enantioselectivity than those of homogeneous cat-
alysts in asymmetric reactions under the same conditions.
Our recent studies show that metal complexes confined in
nanoreactors could give higher enantioselectivity and activi-
ty than their homogeneous counterparts in the asymmetric
catalysis.[17b] Some other research groups have also observed
the similar phenomena that a significant enhancement of
the enantioselectivity was observed for the chiral catalysts
immobilized in the nanopores of mesoporous silica.[18]


The improved catalytic performance of the chiral catalysts
in nanoreactors could be generally attributed to the pore
confinement effect. The pores of mesoporous silica may in-
crease the rigidity of the overall catalytic structure because
of the rigid structure of the pore and the weak interactions
possibly involved in the chiral reactions in pores, such as
van der Waals forces, hydrogen bonding, and physical ad-
sorption.[17a] The energy range of these interactions is in the
same magnitude of the energy difference between the transi-
tion states of the R product and the S product. This suggests
that the weak interactions are able to affect or even to alter
the energy difference between the two transition states ac-
cordingly to change the enantioselectivity or even reverse
the chiral selectivity. Because the energy difference between
the two transition states is very small, the enantioselectivity
is very sensitive to the surface/pore environment of the im-
mobilized catalysts.[17a] Through adjusting the pore size, the
length of linkage groups, and surface properties of the nano-
pore, the confinement effect of the nanoreactor could be en-
hanced.[17b] Asymmetric catalysis in the nanoreactor is prom-
ising and provides opportunities to develop more efficient
asymmetric synthesis systems based on solid chiral catalysts.
In this Focus Review, we mainly summarize the recent ad-
vances of asymmetric catalysis in nanoreactors. The support-
ed chiral catalysts and the asymmetric catalysis on other in-
organic or organic supports can be found in recent re-
views.[17,29]


2. Chiral Metal Complexes Immobilized in
Mesoporous Materials


Heterogeneous chiral metal catalysts immobilized in the
nanopores of mesoporous materials have been synthesized
and applied for asymmetric hydrogenation, epoxidation, al-
kylation, and nitroaldol reactions, among others.[30] These
immobilized catalysts exhibit inferior catalytic performance
compared with their homogeneous analogues, and the ef-
fects of mesoporous materials on chiral catalysis are not
well investigated in these cases. However, in some cases, the
catalysts confined in nanopores show comparable or even
higher conversions and ee values than the homogeneous cat-
alysts.
Recently, immobilization of chiral [Mn ACHTUNGTRENNUNG(salen)] catalysts in


mesoporous silicas have been investigated for the asymmet-
ric epoxidation of unfunctionalized olefins.[31] Various factors
influencing the heterogeneous catalysts were investigated in
detail. Several chiral [Mn ACHTUNGTRENNUNG(salen)] catalysts were axially im-
mobilized in the nanopores and on the external surface of
mesoporous materials through phenoxy groups and organic
sulfonic groups. The [MnACHTUNGTRENNUNG(salen)] catalysts immobilized in
the nanopores generally exhibit higher chemical selectivity
and enantioselectivity than those immobilized on the exter-
nal surface of supports for the asymmetric epoxidation of
unfunctionalized olefins.[17b] The [Mn ACHTUNGTRENNUNG(salen)] catalysts graft-
ed through flexible propyl sulfonic groups generally give
higher chemical selectivity and enantioselectivity than those
grafted through rigid phenyl sulfonic groups (Scheme 1).


This is probably due to the electronic and steric factors of
the linkages, which may affect the configuration of the tran-
sition state for the asymmetric reactions.


Scheme 1. [MnACHTUNGTRENNUNG(salen)] grafted in nanopores of mesoporous silica through
flexible propyl groups results in higher ee values for the asymmetric ep-
oxidation of 1-phenylcyclohexene than that grafted through rigid phenyl
groups;[31] t is given in hours.
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For chiral [Mn ACHTUNGTRENNUNG(salen)] catalysts immobilized in the nano-
pores of supports, an increase in conversion, chemical selec-
tivity, and enantioselectivity was observed with increasing
the axial linkage lengths for the asymmetric epoxidation of
unfunctionalized olefins (Scheme 2). However, for [Mn-


ACHTUNGTRENNUNG(salen)] catalysts immobilized on the external surface of the
support, the conversion and chemical selectivity increased,
but the enantioselectivity remained unchanged for the asym-
metric epoxidation of unfunctionalized olefins with increas-
ing the axial linkage lengths.
It is noteworthy to mention that the modification of nano-


pores of the heterogeneous [Mn ACHTUNGTRENNUNG(salen)] catalysts with
methyl groups can further increase the TOF, chemical selec-
tivity, and enantioselectivity because of the increased sur-
face hydrophobicity of the nanopore (Scheme 2). Generally,
organic molecules are hydrophobic and the silica-based mes-
oporous nanopores are hydrophilic. The difficulty in the dif-
fusion of reactants and products in nanopores may reduce
the reaction conversions.[17a] To improve the conversion, the
nanopores of the mesoporous materials can be modified
with organic groups.[32] More importantly, the change of the
reaction microenvironment in nanopores may affect the
enantioselectivity of asymmetric reactions in nanopores.[33]


In homogeneous asymmetric catalysis, the reaction microen-
vironment has been found to be very important because the
different solvent environments generally lead to different re-
action results. Therefore, the increased TOF, chemical selec-


tivity, and enantioselectivity of [MnACHTUNGTRENNUNG(salen)] supported on
mesoporous silica modified with methyl groups is mainly at-
tributed to the improved surface hydrophobicity of the mi-
croenvironment in the nanopore.
The above examples show that asymmetric reactions in


nanopores, compared to those on the surface and in homo-
geneous media, can improve the enantioselectivity for some
asymmetric transformations. When the nanopore size of the
support or the tether length is tuned to a suitable value, the
chiral catalysts in the nanopores can show higher ee values
for some cases. Moreover, hydrophobic modification of the
inner wall of mesoporous silica can also result in improved
catalytic activity and enantioselectivity.
Malek et al.[34] studied the asymmetric epoxidation reac-


tion of cis- and trans-methylstyrene on oxo-Mn ACHTUNGTRENNUNG(salen) in the
mesopore of MCM-41 using molecular dynamic simulations
(Figure 1). The calculations provide new insights in the im-


portance of electronic and steric effects of the salen ligand,
substrate, immobilizing linker, and MCM-41 confinement.
Based on the assumption that the formation of a radical in-
termediate is the key step along the reaction pathway, the
calculations were performed on a catalytic surface with trip-
let spin state, comprising no Mn–salen spin-crossing. The
effect of immobilization was rationalized and correlated
with the linker and substrate choices. The immobilized
linker influences the enantioselectivity of the catalyst owing
to increasing chirality content of the [MnACHTUNGTRENNUNG(salen)] complex.
Simulations with docked olefin (b-methylstyrene) suggest
that cis and trans substrates have different levels of asym-
metric induction to the [MnACHTUNGTRENNUNG(salen)] catalyst. A trans sub-
strate induces higher chirality to the immobilized [Mn-
ACHTUNGTRENNUNG(salen)] complex than a cis olefin. Although a trans sub-
strate has a higher level of asymmetric induction to the im-
mobilized [Mn ACHTUNGTRENNUNG(salen)] complex than that to a homogeneous
catalyst, the reaction path is more in favor of the cis sub-
strate (Figure 2). The MCM-41 channel reduces the energy
barriers and enhances the enantioselectivity by influencing
geometrical distortions of the [Mn ACHTUNGTRENNUNG(salen)] complex.


Scheme 2. Asymmetric epoxidation on [Mn ACHTUNGTRENNUNG(salen)] immobilized in the
nanopores of AS ACHTUNGTRENNUNG(9.7) and on the external surface of MCM ACHTUNGTRENNUNG(1.6) with dif-
ferent linkage lengths. Modification of nanopores with methyl groups can
further improve the TOF and ee values.[33] Figure 1. An oxo-MnIII ACHTUNGTRENNUNG(salen) complex anchored in a MCM-41 channel


along with a docked trans olefin [OACM(tr) system].[34a]
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The confinement effect of the mesoporous material in
asymmetric catalysis was also explored by Kureshy et al.[35]


A chiral [Mn ACHTUNGTRENNUNG(salen)] catalyst immobilized in the nanopores
of MCM-41 and SBA-15 (Scheme 3) showed higher chiral


induction (70% ee) than its homogeneous counterpart
(45% ee) for the enantioselective epoxidation of styrene
with aqueous NaOCl as oxidant. In addition, bulkier alkenes


such as 6-cyano-2,2-dimethylchromene were also efficiently
transferred into their epoxides on these supported [Mn-
ACHTUNGTRENNUNG(salen)] catalysts (up to 92% ee), and the reaction results
were comparable to those of the homogeneous counterparts.
The heterogeneous catalyst can be used for four times with-
out obvious loss of activity and enantioselectivity.
A [Mn ACHTUNGTRENNUNG(salen)] catalyst was also axially immobilized in the


nanopores of MCM-41 through pyridine N-oxide by the
Kureshy group (Scheme 4). These immobilized catalysts


showed higher enantioselectivity (69% ee) than their homo-
geneous counterparts (51% ee) for the asymmetric epoxida-
tion of styrene. These catalysts were also effective for the
asymmetric epoxidation of bulkier substrates such as indene
and 2,2-dimethylchromene (conversion: 82–98%; 69–
92% ee). The catalysts could be recycled for at least four
times without loss of performance. The increase in ee values
was attributed to the unique spatial environment constituted
by the chiral salen ligand and the surface of the support.
A series of mesoporous MCM-41 and MCM-48 materials


with different pore sizes were synthesized and used as sup-
ports to immobilize a chiral [MnIII ACHTUNGTRENNUNG(salen)] complex.[36] The
confinement effect of the pore size on the catalytic perfor-
mance of the heterogeneous catalysts was studied for the
asymmetric epoxidation of unfunctionalized olefins with m-
chloroperoxybenzoic acid as an oxidant. It was found that
the conversions and enantiomeric excess (ee) values were
closely correlated with the pore sizes of the supports. The
catalysts immobilized on mesoporous silica with large-pore
size exhibited higher conversions, and the ee values in-
creased with increasing pore size for the catalysts immobi-
lized on MCM-41 materials. However, for catalysts support-
ed on MCM-48, the compatible pore size of the support
with the substrate was found to be beneficial for obtaining
higher enantioselectivity in olefin epoxidation.
Bhattacharjee and Anderson[37] incorporated a chiral sul-


fonato-salen-MnIII complex into cationic Zn–Al-layered
double hydroxides (Scheme 5). This heterogeneous [Mn-
ACHTUNGTRENNUNG(salen)] catalyst was found to be highly active and enantio-


Figure 2. Optimized geometry of TS1 (transition state 1) and TS2 (transi-
tion state 2) for a) homogeneous and b) heterogeneous [MnACHTUNGTRENNUNG(salen)] cata-
lyst.[34b]


Scheme 3. Asymmetric epoxidation on a chiral [Mn ACHTUNGTRENNUNG(salen)] catalyst im-
mobilized in the nanopores of MCM-41 or SBA-15.[35]


Scheme 4. Asymmetric epoxidation on a chiral [Mn ACHTUNGTRENNUNG(salen)] catalyst axial-
ly immobilized in the nanopores of MCM-41 through pyridine N-
oxide.[35]
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selective for the asymmetric epoxidation of various substi-
tuted styrenes and cyclic alkenes. Up to 94% conversion,
68% ee, 90% selectivity, and a TOF of 234 h�1 were ob-
tained for the asymmetric epoxidation of 1-methylcyclohex-
ene. The catalysts immobilized on the layered supports are
as effective as the homogeneous catalysts, and they can be
separated and recycled.
Thomas and co-workers[38] reported that a chiral RhI com-


plex could be confined in nanopores by an ion-exchange
method for the heterogeneous asymmetric catalytic hydro-
genation of a-ketones. The chiral catalyst confined in nano-
pores of silicas showed up to 77% ee for asymmetric hydro-
genation, while the homogeneous chiral catalyst gave essen-
tially the racemic products. Their results assumed that the
confinement effect originating from the nanopores could en-
hance the chiral induction for asymmetric hydrogenation in
nanopores.
Similar heterogeneous chiral catalysts were prepared by


impregnation of mesoporous Al-MCM-41, Al-MCM-48, and
Al-SBA-15 with rhodium diphosphine organometallic com-
plexes and were tested for the hydrogenation of dimethyl
itaconate, methyl a-acetamidoacrylate, and methyl a-acet-
amidocinnamate.[39] The immobilized catalysts showed high
activities and excellent chemo- and enantioselectivities, up
to greater than 99% conversion, 99% selectivity, and
98% ee.
Caps et al.[40] demonstrated that the heterogenization of


the achiral cluster [Os3(CO)12] on the internal space of
MCM-41 using simple chemical vapor deposition (CVD)
could generate a new chiral species in situ from achiral cata-
lyst precursors, and lead to improved stereoselectivity to-
wards the S,S configuration of 1,2-diphenyl-1,2-ethanediol in
the dihydroxylation of trans-stilbene using N-methylmor-
pholine N-oxide (NMO) as an oxidant without adding any
chiral ligand. Up to 90% ee for the S,S isomer was obtained
when surface Al sites were introduced into the silicate.
Spontaneous symmetry breaking of achiral [Os3(CO)12]
during CVD on the MCM-41 may result in a new surface-
chiral catalytic species.
Hutchings and co-workers reported that a Cu catalyst


modified with chiral bis(oxazoline) ligand could be intro-


duced into the pores of zeolite Y by ion exchange.[41] This
catalyst showed an ee value of 77%, higher than the homo-
genous catalyst (28% ee), in the asymmetric aziridination of
styrene. The confinement effect of the zeolite cages was re-
garded to improve the asymmetric induction of the chiral
modifier. The heterogeneous catalyst also exhibited a supe-
rior enantioselectivity (93% ee) compared to the homogene-
ous catalyst (57% ee) for the reaction of methylenecyclo-
pentane and ethyl glyoxylate.
Thomas et al.[38] proposed that the confinement effect of


the nanopores could improve the chiral induction for asym-
metric catalysis in nanopores by strengthening the interac-
tion between the incoming reactants and the chiral ligand as
well as the catalytic metal center in the nanopores
(Scheme 6). Besides the confinement effect originating from


the nanopores, electronic and steric factors from the linkage
may also have some effect on the chiral induction in the
nanopores. In addition, the reaction microenvironment in
the nanopores may also have an important influence on the
catalytic performance.[33] However, the factors originating
from the pores that influence the chiral catalysis have not
been thoroughly studied so far. It is generally believed that
tuning the steric and electronic properties of chiral ligands
can alter the enantioselectivity for homogeneous asymmetric
catalysis. For heterogeneous chiral catalysts in nanopores,
the pore effect can provide another alternative to improve
the asymmetric induction by employing the nanopores with
suitable pore structures and sizes.
The mechanism of asymmetric catalysis in nanopores


might be different from that in homogeneous systems owing
to the effects of the nanopores, the linkages, and the reac-
tion microenvironment in the nanopores. Here we give the
[Mn ACHTUNGTRENNUNG(salen)]-catalyzed asymmetric epoxidation in nanopores
as an example to discuss the asymmetric epoxidation mecha-
nism in nanopores.
According to the reported mechanism of the homogene-


ous [Mn ACHTUNGTRENNUNG(salen)]-catalyzed asymmetric epoxidation[42] and
the experimental results of the catalysis in nanopores,[31] a
mechanism for the asymmetric epoxidation in nanopores
can be proposed in Scheme 7. The olefin approaches the im-


Scheme 5. Chiral sulfonato-salen-MnIII complex immobilized in cationic
Zn–Al layered double hydroxides for the asymmetric epoxidation of vari-
ous substituted styrenes and cyclic alkenes.[37]


Scheme 6. The factors originating from the pores that influence the chiral
catalysis.[38]
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mobilized MnV active sites to form the radical intermediate,
which directly collapses to form the cis epoxide or first ro-
tates and then collapses to form the trans epoxide.
Several points should be emphasized on the asymmetric


epoxidation mechanism in nanopores. The immobilization of
MnV complexes on the surface of nanopores effectively pre-
vents the formation of inactive MnIV-O-MnIV dimers, which
are reported to be generally formed in the homogeneous
asymmetric epoxidation.[42] Therefore, the isolated active
sites immobilized in the nanopores result in higher apparent
TOF values for the immobilized [Mn ACHTUNGTRENNUNG(salen)] catalyst than
that for the homogeneous catalyst in the asymmetric epoxi-
dation of 6-cyano-2,2-dimethylchromene (14.8 vs. 10.8 h�1,
90.6 vs. 80.1% ee ; Scheme 2).[31] The chiral recognition be-
tween chiral ligand and the prochiral olefin may be en-
hanced or weakened owing to the stereo effect of the nano-
pores. The surface and the axial grafting modes may retard
the coordination of some axial additives to the Mn atom,
which may reduce the asymmetric catalytic performance.
The reaction microenvironment, including the nanopores
and the grafting modes, may have an influence on the stabil-
ity and lifetime of the radical intermediate in the nanopores.
Notably, the rotation of the radical intermediate may be
greatly retarded by the nanopores, which results in the pro-
duction of more cis epoxide (higher cis/trans ratio) com-
pared to that of the homogeneous reaction.
The factors influencing the chiral catalysis in nanopores


clearly suggest that the confinement effect from the nano-
pores can improve the chiral induction for the asymmetric
catalysis compared to that on the surface and in homogene-
ous media for many examples. The chiral catalysts in the


nanopores can give higher ee values in some cases when the
pore size of the support is optimized. The linkage groups of
the heterogeneous chiral catalysts have a remarkable effect
on the performance of asymmetric catalysis. The electronic
and steric properties of the linkages may affect the configu-
ration of the transition state for the asymmetric reactions.
More importantly, the microenvironment of the nanoreactor
is crucial for asymmetric reactions in the nanoreactor. An
appropriate microenvironment may increase the conversion
and enantioselectivity for chiral reactions in nanopores.


3. Chiral Metal Complexes Immobilized in
Mesoporous Organosilicas


Mesoporous silicas have been used as unique supports for
immobilizing chiral catalysts. A recent advance in mesopo-
rous materials is the successful synthesis of the periodic
mesoporous organosilicas (PMOs) using (R’O)3SiRACHTUNGTRENNUNG(OR’)3 as
the precursor.[20–22] Compared with mesoporous silicas,
PMOs with organic groups distributed uniformly in the
framework exhibit higher mechanical and hydrothermal sta-
bility. The surface hydrophilicity and hydrophobicity of
nanopores in PMOs could be easily tuned by incorporating
different kinds and different amounts of organic groups in
the pore walls. Moreover, the chiral catalysts could be incor-
porated in the pore walls of PMOs. The chiral catalysts in
the pore walls could have homogeneous microenvironments
and not block the pores, which are important for chiral syn-
thesis in the nanopores. The immobilization of chiral metal
complexes in the nanopores of PMOs may provide more op-
portunities for the development of efficient solid chiral cata-
lysts.


3.1. PMOs with Chiral Ligands Bridging in the Framework


Though PMOs with chiral channels have been synthe-
sized,[43] introducing chiral functionalities into PMOs is
more adaptable for applications in asymmetric catalysis. In
2004, GarcLa and co-workers reported the incorporation of
chiral moieties in the pore walls of PMOs by cocondensa-
tion of bis-silylated binaphthyl (compound 2 or 3 in
Scheme 8) or cyclohexadiyl (compound 4 in Scheme 8) pre-
cursors with TEOS in basic medium using CTAB as a struc-
ture-directing agent.[44] The materials with ordered pore
structure could be synthesized with the amounts of chiral
precursor in the initial mixture at less than 15 mol%. The
confirmatory proof for the presence of chiral units in the
solid was obtained by observing the behavior of the solid
toward plane-polarized light. Also, a certain degree of chiral
discrimination was observed for the asymmetric enhance-
ment of the binaphthyl fluorescence by adding enantiomeri-
cally pure 1,2-cyclohexadiamine. The material synthesized
with cyclohexadiyl precursors (compound 4 in Scheme 8)
showed an enantioselectivity of 24% at 11% conversion in
the di-p-methane rearrangement of 11-formyl-12-methyldi-
benzobarrelene (Figure 3).[44b]


Scheme 7. A proposed mechanism for asymmetric epoxidation in nano-
pores.[31b]
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CormaMs group tried to integrate the chiral vanadyl salen
complex in the pore walls of MCM-41 by cocondensation of
the bis-silylated precursor (compound 5 in Scheme 8) and
TEOS in basic medium.[45] The catalytic properties of the
material were investigated in the asymmetric cyanosilylation
of benzaldehyde. This catalyst gave 30% ee, which was
lower than that obtained for the corresponding catalyst syn-
thesized by a grafting method. The decrease in enantioselec-
tivity could be induced by the steric constraints imposed on
the catalyst by the surrounding pore wall. Moreover, the ac-
cessibility of the chiral ligands bridged in the framework
may also affect the activity and enantioselectivity of the cat-
alysts.
Recently, Li and co-workers reported the synthesis of


mesoporous organosilicas by cocondensation of N,N’-bis[4-
(trimethoxysilyl)benzyl]-(�)-(1R,2R)-diaminocyclohexane
(compound 6 in Scheme 8) with TMOS under basic condi-
tions using CTAB as the template (Scheme 9).[46]


Under similar synthetic conditions, the mesoporous orga-
nosilica was also synthesized using a mixture of TEOS and
N,N’-bis[4-(trimethoxysilyl)propyl]-(�)-(1R,2R)-diaminocy-


clohexane (Scheme 9).[46] An active catalyst was generated
after coordinating [{Rh ACHTUNGTRENNUNG(cod)Cl}2] to the mesoporous organo-
silicas with chiral ligands. In the asymmetric transfer hydro-
genation (ATH) of acetophenone using iPrOH as a hydro-
gen source, mesoporous organosilica with benzyl as a linker
exhibited 93% conversion with 27% ee. In contrast, the
mesoporous organosilica with propyl as a linker showed
16% conversion with 8% ee. The higher activity and ee
value observed for mesoporous organosilica with benzyl as a
linker were mainly attributed to the presence of the rigid
and electron-withdrawing benzyl group attached to the
N atoms of (1R,2R)-diaminocyclohexane. Different kinds of
ketones could be converted into the corresponding alcohols
on the catalysts with benzyl as a linker. The highest enantio-
selectivity of 61% ee was obtained for 2-acetylnaphthalene.
The chiral reactions in the nanopores of mesoporous orga-
nosilicas may occur in a different way from those in homo-
geneous processes because the coordination and rigidity
properties of the chiral moiety bridged in the pore wall may
be altered by the steric constraints of the surrounding pore.
Through adjusting the pore size and mesostructure of the
material, the catalytic activity and enantioselectivity of the
chiral catalysis in the nanoreactor may be improved. How-
ever, it still remains a challenge to finely tuning the mesopo-
rous structure of the chiral organosilicas because the large
and flexible chiral moieties bridged between two silicon
atoms may inhibit the formation of well-ordered mesostruc-
tures.
The incorporation of higher amounts of chiral ligand in


the pore walls is desirable in the view of chiral inductivity.
A well-defined chiral PMO was synthesized by using 100%


Scheme 8. Potential organosilane precursors containing chiral ligands.


Figure 3. Photoreactivity of dibenzobarrelene in chiral PMOs synthesized
by cocondensation of compound 4 with TEOS.[44b]
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of a chiral bis-alkoxysilane sol–gel precursor (compound 8
in Scheme 8) as the building block; unfortunately, C�B
bond cleavage and C�Si bond cleavage were observed in
the chiral PMO.[47] ThomasMs group also reported the synthe-
sis of porous chiral amine-functionalized organosilicas by
varying the molar ratio of chiral TEOS/organosilane in the
range of 0–8.[48] The chiral organosilane precursors (com-
pound 9 in Scheme 8) were formed by a convenient enantio-
selctive hydroboration route using (S)-monoisopinocam-
pheylborane on an ethylene-bridged silica precursor. The
chirality of the materials was proven using circular dichro-
ism measurements. The materials showed strong optical ac-
tivity because of the chiral amines in the framework.
Inagaki and co-workers reported the synthesis of chiral


PMOs from a newly designed chiral (R)-(+)-1,2-bis(trime-
thoxysilyl) phenylethane precursor (compound 10 in
Scheme 8) by a surfactant-mediated self-assembly approach
in either basic or acidic medium.[49] The most interesting
point of the work is that the enantiomeric purity (95% ee)
of the chiral ligand can be maintained in the solid material
as determined by eluting the organic groups from the solid.
However, the chiral PMOs synthesized by using 100% of
chiral bis-alkoxysilane have not yet been used in asymmetric
catalysis.
Among the various PMOs reported, only a limited num-


bers of PMOs have chiral moieties incorporated in the mes-
oprous framework. The synthesis and applications of chiral
PMOs are still in their infant stage. The enantioselectivity,
albeit not yet high enough, demonstrates the possibility for
synthesizing a new kind of chiral solid catalysts for potential
applications in asymmetric reactions. Some PMOs with
chiral catalysts in the framework exhibit lower catalytic ac-
tivity and enantioselectivity than the homogeneous catalyst.
One of the reasons is due to the steric constraints imposed


on the chiral catalyst by the sur-
rounding pore wall. In future
investigations, much research
efforts should be focused on
the synthesis of chiral PMOs
with different kinds of chiral
moieties incorporated in the
framework and the control of
the microenvironment of chiral
PMOs through changing the
pore size, the surface hydrophi-
licity/hydrophobicity, and the
linker groups connected with
the chiral moieties.


3.2. Mesoporous Organosilicas
with Chiral Moieties Protruding


in the Pores


Introduction of hydrophobic
bridging groups in the pore
walls of PMOs may endow the
materials with special adsorp-


tion properties, modify the microenvironment of the pore,
and hence influence their catalytic performance. The chiral
moieties were incorporated in the pores of mesoporous or-
ganosilicas with -CH2CH2- bridging in the pore walls by co-
condensation of N-[(triethoxysilyl)propyl]-(�)-(1R,2R)-dia-
minocyclohexane (compound 1 in Scheme 8) with
(MeO)3SiCH2CH2SiACHTUNGTRENNUNG(OMe)3 (BTME) in basic medium.[28]


For comparison, a mesoporous silica counterpart with a
chiral ligand in the mesopore was also synthesized under
similar conditions except that BTME was replaced by
TEOS. After complexing with [{Rh ACHTUNGTRENNUNG(cod)Cl}2], the material
with a -CH2CH2- group in the pore wall exhibited 96% con-
version with 23% ee in the ATH of acetophenone using
iPrOH as a hydrogen source. The material with a pure silica
pore wall composition showed 48% conversion with 14% ee
under identical conditions. The enhanced catalytic activity
of the mesoporous organosilicas is mainly caused by the spe-
cific adsorption and physical properties of the mesoporous
network bridged with ethane groups, particularly the hydro-
phobic properties.
Recently, large-pore mesoporous ethane silicas functional-


ized with (1R,2R)-diaminocyclohexane were synthesized by
cocondensation of BTME and N-[(triethoxysilyl)benzyl]-
(�)-(1R,2R)-diaminocyclohexane (compound 11 in
Scheme 8) in acidic medium using P123 as the template.[50]


The pore diameter of the material can be as large as 7.5 nm.
(1R,2R)-Diaminocyclohexane protruding in the mesopore
was further modified through treatment with p-toluenesul-
fonyl chloride (Scheme 10). After complexing with
[{RhCp*Cl2}2], the modified catalyst exhibited 53% conver-
sion with 68% ee in the ATH of acetophenone in a
HCOONa–H2O system, which was much higher than that of
the unmodified material (18% conversion with 38% ee)
under similar conditions. Moreover, a number of different


Scheme 9. Preparation procedure for Rh-containing mesoporous silicas with trans-(1R,2R)-diaminocyclohex-
ane in the wall under basic conditions.[46] cod=1,5-cyclooctadiene.
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aromatic ketones can be converted into the corresponding
chiral alcohols on the modified material. For 2-acetylnaph-
thalene substrate, the highest enantioselectivity of 81% was
observed. The above results show that the direct synthesis
associated with postmodification is a facile method to syn-
thesize mesoporous materials with chiral functional groups.
The incorporation of chiral catalysts in the pores of


PMOs provides another alternative for the synthesis of
chiral solids. Our studies show that the surface hydrophilici-
ty/hydrophobicity has a great influence on the catalytic ac-
tivity of chiral solid catalysts. Owing to the limited numbers
of chiral silane precursors, the cocondensation method asso-
ciated with the postmodification is one of the efficient ways
for the synthesis of mesoporous materials containing new
functionalities. Adjusting the organic groups in the frame-
work can change the surface properties of the mesoporous
materials at the molecular level. Through finely adjusting
the microenvironment of the chiral catalyst, the catalytic ac-
tivity and even the enantioselectivity could be greatly im-
proved. The mesoporous materials with different organic
groups in the framework and chiral ligands in the mesopores
are a new class of promising materials for developing heter-
ogeneous chiral catalysts.


4. Encapsulation of Chiral Metal Complexes in
Nanoreactors


The encapsulation method by enclosing metal complexes in
the rigid pore space has overwhelming advantages over
other immobilization methods. The metal complex does not
require any modification with extra functional groups for
the immobilization as with covalent linkages. The structure
and properties of the catalyst, on which the catalytic perfor-
mance depends, consequently remain intact after immobili-


zation. Under the reaction conditions, the metal complex
catalyst encapsulated in a void space could, in principle,
remain as free as the catalyst in solution since there is not a
strong interaction between the catalyst and solid matrix, and
the inherent catalytic performance of the metal complex
could thus be maintained.


4.1. Encapsulation of Chiral Metal Complexes in the
Nanoreactors


Since the 1970s, the “ship in a bottle” synthesis has become
an efficient method for encapsulating metal complexes
within a solid matrix, particularly in microporous materials
like zeolites.[51] However, the synthesis of constructed chiral
complexes in zeolites through “ship in a bottle” methods
was not reported until 1997 when Corma and Bein reported
that a chiral catalyst in the zeolite matrix exhibited moder-
ate enantioselectivity in asymmetric epoxidations.[52,53] The
“ship in a bottle” synthesis in zeolites was recently reviewed
by Corma.[54] Here, we mainly summarize the recent advan-
ces which use mesoporous silica as a host material.
Compared with microporous zeolites, ordered mesopo-


rous silicas have a larger pore size and pore volume, which
provides huge possibilities for the encapsulation of larger
molecules. The Algarra and Tanamura groups reported the
synthesis of copper phthalocyanine and porphyrin in MCM-
41 through the “ship in a bottle” method.[55,56] However, the
cylinderlike pores of MCM-41 could not prevent the metal
complex from leaching. Compared with MCM-41 and SBA-
15 with cyclinder channels, mesoporous silicas with cagelike
structures, such as SBA-1 (cubic, Pm3n),[57] SBA-16 (cubic,
Im3m),[58,59] FDU-12 (cubic, Fm3m),[60] and FDU-1 (cubic,
Fm3m),[61] are more suitable as host materials for the encap-
sulation. These mesoporous cagelike silicas have tunable
cage sizes (4–8 nm for SBA-16; 10–22 nm for FDU-12) and
their cages are interconnected three dimensionally by tuna-
ble pore entrances. Additionally, the existence of plentiful
hydroxyl groups in the mesoporous silicas provides the pos-
sibility of tailoring the pore entrance size by a simple silyla-
tion method.
We constructed chiral [Co ACHTUNGTRENNUNG(salen)] complexes (salen=


(R,R)-N,N’-bis(3,5-di-tertbutylsalicylidene)-1,2-cyclohexane-
diamine) in the nanopores of SBA-16 through a “ship in a
bottle” synthesis followed by tailoring the pore enterance
size by using a silylation method (Scheme 11).[62] Chiral [Co-
ACHTUNGTRENNUNG(salen)] encapsulated inside SBA-16 shows enantioselectivi-
ty (up to 96% ee) as high as that of the homogeneous coun-
terpart for the hydrolytic kinetic resolution (HKR) of termi-
nal epoxides. The catalysts can be recycled for at least 10
times, indicating that the metal complex is confined stably in
the nanocages of SBA-16.
The “ship in a bottle” synthesis in mesoporous cagelike


materials combined with tailoring the pore entrance size
provides a promising method for encapsulating metal com-
plexes with large molecular size. However, the “ship in a
bottle” synthesis may have problems such as formation of
undesired species in the solid matrix, which probably causes


Scheme 10. Postsynthetic modification of mesoporous organosilica with
(1R,2R)-diaminocyclohexane in the pore by treatment with p-toluenesul-
fonyl chloride, and after modification the catalytic performance in the
asymmetric transfer hydrogenation of acetophenone is improved.[50]
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the undesired reactions. Moreover, this method is suitable
for only a few metal complexes which can be constructed
through one or two steps under mild reaction conditions.
Most chiral metal complexes are generally synthesized
through multiple steps and sometimes even under very
harsh conditions, which are not possible in nanoreactors. To
solve this problem, our group has developed a new strategy
for the encapsulation of various chiral metal complexes in
the nanoreactor through postmodification of the pore en-
trance.[63]


A preformed metal complex catalyst is first introduced
into the cagelike pore of a mesoporous material SBA-16 by
impregnation or adsorption (Scheme 12). The pore entrance


size is then finely tailored by a silylation method according
to the molecular size of the catalyst, reactants, and prod-
ucts.[64,65] Thereby the metal complexes can be encapsulated
in the mesoporous cages while the reactants and products
can still diffuse freely through the pore entrance. For exam-
ple, chiral catalysts [Co ACHTUNGTRENNUNG(salen)] and [Ru ACHTUNGTRENNUNG(tsdpen)] were en-
capsulated in the mesoporous cage of SBA-16 by this strat-
egy. The encapsulated [Co ACHTUNGTRENNUNG(salen)] and [Ru ACHTUNGTRENNUNG(tsdpen)] cata-
lysts show enantioslectivity and activity that are as good as


the homogeneous analogues in the HKR of epoxides and
asymmetric transfer hydrogenation of ketones, respectively.
The encapsulated catalysts can be recycled for more than 10
times without significant loss of catalytic performance. The
chiral reactions in the nanoreactor just mimic those that
occur in the homogeneous process because chiral metal
complexes encapsulated in the nanoreactor have very weak
interactions with the host material. Thus they can move and
change their configuration freely during the catalytic pro-
cess.
Through the encapsulation method, the chiral metal com-


plex catalysts can be trapped in the cage of mesoporous ma-
terials like SBA-16 by modifying the pore entrance size of
the cage using a silylation reaction. The as-prepared hetero-
geneous catalyst can be easily recycled without significant
loss of catalytic performance and shows catalytic perfor-
mance comparable to the homogeneous catalyst. This strat-
egy could be generally applicable for various chemical trans-
formations and nanoreactor design.


4.2. Cooperative Activation Effects in Nanoreactors


It has been recognized that the cooperative activation by
two or more catalytic centers with proper proximity could
greatly increase the activity and enantioselectivity of homo-
geneous chiral catalysts through a specific control of the
transition state, like in enzymatic catalysis.[66] If the coopera-
tive activation is realized in heterogeneous asymmetric cat-
alysis, it can provide new possibilities for developing high-
performance heterogeneous catalysts, especially solid chiral
catalysts. However, the generation of such a cooperative ac-
tivation in a solid catalyst is difficult, because of the inability
to elaborately control the proper proximity and the relative
conformation of the active centers. Previously, it was report-
ed that the enantioselectivity and diastereoselectivity of
photochemical reactions were significantly increased by per-
forming the reactions in the supracages of zeolites.[67–69] This
is because the confined space of the supercage could enforce
an appropriate proximity and an interaction between the re-
actant and chiral inductor in a constrained space.[67] The en-
capsulation of chiral metal complexes in the nanocages of
mesoporous silica provides new possibilities for the genera-
tion of cooperative activation because the chiral transition-
metal complexes are confined but allowed to move freely in
the isolated nanospace of porous solids, and the proper
proximity and the relative conformation of the catalysts re-
quired for the cooperative activation could be realized
through precisely adjusting the loadings and types of transi-
tion-metal complexes in the confined space.
In our recent work, two or more than two chiral [Co-


ACHTUNGTRENNUNG(salen)] catalyst molecules could be confined in a single
nanocage of SBA-16.[70] The [Co ACHTUNGTRENNUNG(salen)]/SBA-16 catalysts
with two or more than two [CoACHTUNGTRENNUNG(salen)] complexes in each
cage show a significantly enhanced cooperative activation
effect and exhibit much higher activity than the homogene-
ous [Co ACHTUNGTRENNUNG(salen)] catalyst for the hydrolytic kinetic resolution
(HKR) of epoxides (Figure 4a). The catalytic activity gradu-


Scheme 11. The general process for encapsulation of chiral [CoACHTUNGTRENNUNG(salen)] in
the cages of phenyl-modified SBA-16 through the “ship in a bottle” syn-
thesis.[62]


Scheme 12. General process for encapsulation of a chiral catalyst within
the nanoreactor cage of mesoporous silica followed by tailoring the pore
entrance size through silylation, which prevents the catalyst from leach-
ing, while allowing the reactants and products to diffuse through the pore
entrance freely.[63]
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ally increases as the number of [Co ACHTUNGTRENNUNG(salen)] units in each
cage increases, and then reaches a plateau when the number
of [Co ACHTUNGTRENNUNG(salen)] molecules reaches five (Figure 4b). The in-
crease in the activity and enantioselectivity with an increase
in the number of [Co ACHTUNGTRENNUNG(salen)] complexes per cage obviously
indicates that the cooperative activation effect of [Co-
ACHTUNGTRENNUNG(salen)] complexes in the nanocages can be strengthed
owing to the crowded situation of the cobalt complexes in
the nanocages. The appropriate proximity and the free
movement of [CoACHTUNGTRENNUNG(salen)] in the confined space offer the
possibility that H2O activated by one [Co ACHTUNGTRENNUNG(salen)] complex
can attack the epoxide activated by another [Co ACHTUNGTRENNUNG(salen)]
complex, and then facially produce the diol with high activi-
ty. This reasoning is corroborated by DFT calculations.
To further understand the enhanced cooperative activa-


tion effect in the nanocage, we compared the catalytic per-
formances of the homogeneous [Co ACHTUNGTRENNUNG(salen)] and [Co ACHTUNGTRENNUNG(salen)]/
SBA-16 (with a Co content of 0.157 wt%) for the HKR of
propylene epoxide at high substrate/catalyst (S/C) ratio (the
molar ratio of racemic epoxide to [CoACHTUNGTRENNUNG(salen)]; Figure 5).
Homogeneous [Co ACHTUNGTRENNUNG(salen)] affords 34% conversion at a S/C
ratio of 4000:1. Under the similar conditions, [Co ACHTUNGTRENNUNG(salen)]/
SBA-16 gives 49% conversion. The catalytic activity of [Co-


ACHTUNGTRENNUNG(salen)]/SBA-16 is higher than that of the homogeneous cat-
alyst (TOF: 163 h�1 versus 113 h�1). When the S/C ratio is
increased from 4000:1 to 12000:1, the conversion for the ho-
mogeneous catalyst sharply decreases from 34% to 7%
even though the reaction time is prolonged to 24 h, and the
TOF decreases from 113 h�1 to 35 h�1. The enantioselectivity
simultaneously decreases from 98% ee to 89% ee. In con-
trast, under similar conditions, [Co ACHTUNGTRENNUNG(salen)]/SBA-16 can still
afford 50% conversion with 98% ee of the diol at an S/C
ratio of 12000:1 (the average TOF increases because the re-
action undergoes an induction period for the solid catalyst).
Thus, [Co ACHTUNGTRENNUNG(salen)] confined in the nanocage displays a much
higher activity and enantioselectivity in the HKR of propyl-
ene epoxide than the homogeneous counterpart, especially
at high S/C ratios.
We have demonstrated that the cooperative activation


effect can be enhanced in the nanocages of mesoporous ma-
terials. By accommodating [CoACHTUNGTRENNUNG(salen)] complexes in the
nanocages of SBA-16, an efficient solid chiral catalyst for
the hydrolytic kinetic resolution of epoxides was developed.
The solid catalyst exhibits significantly higher activity and
enantioselectivity than the homogeneous [Co ACHTUNGTRENNUNG(salen)] com-
plex in the HKR of epoxides at high S/C ratios. The solid
catalyst can be easily recycled by filtration without apparent
loss of catalytic activity and enantioselectivity. The nanocag-
es of mesoporous materials can be used as nanoreactors to
confine metal complexes with a high local concentration and
thus lead to a crowded microenvironment of the complexes,
which enhances the cooperative activation. This work pro-
vides a new opportunity for the design of efficient solid cat-
alysts for asymmetric reactions as well as many other reac-
tions which involve cooperative activation by separate cata-
lytic centers or second-order kinetic dependence on the
local concentration of the catalysts.
The encapsulation of enzymes in nanoreactors for organic


synthesis is an exciting and rapidly growing area. Recently,
we reported the immobilization of lipases in the nanopores
of magnetic siliceous mesocellular foam for the kinetic reso-
lution of secondary alcohols. The heterogenized biocatalyst


Figure 4. a) Hydrolytic kinetic resolution of epoxides on [Co ACHTUNGTRENNUNG(salen)] com-
plexes confined in the nanocages of SBA-16. For clarity, the four tert-
butyl groups on the 3,5,3’,5’-postions of the salen ligand, the CH3COO
group of [Co ACHTUNGTRENNUNG(salen)], and the propyl groups on the surface of SBA-16
are omitted; b) The catalytic activity of [CoACHTUNGTRENNUNG(salen)]/SBA-16 as a function
of [Co ACHTUNGTRENNUNG(salen)] number in each cage.[70]


Figure 5. Hydrolytic kinetic resolution of racemic propylene oxide on ho-
mogeneous [Co ACHTUNGTRENNUNG(salen)] catalyst and heterogeneous [Co ACHTUNGTRENNUNG(salen)]/SBA-16
catalyst.[70]
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in the magnetically separable, hydrophobic foam showed
much better catalytic activity than that of the commercial
lipase powder for the kinetic resolution of secondary alco-
hols, and can be readily recycled for at least seven times
without significant loss of catalytic performance.[71] The en-
hanced activity of enzymes encapsulated in the nanoreactor
is most possibly due to the cooperative activation effect, but
this effect for enzyme catalysts is not well understood at
present.


5. Conclusions and Perspectives


This Focus Review summarizes the recent advances in chiral
catalysis in nanoreactors of mesoporous materials and orga-
nosilicas with an emphasis on the confinement and coopera-
tion effect induced in the nanoreactor. The chiral catalysts
can be introduced into the nanopores by various methods,
including chemical grafting, ion exchange, and some novel
methods, such as “ship in a bottle” synthesis, encapsulation
of the chiral catalysts in the nanocage of mesoporous silicas,
and cocondensation of chiral catalysts into the framework of
PMOs. Some examples clearly suggest that the confinement
effect of nanopores can improve the chiral induction for
asymmetric catalysis. It is noteworthy to mention that [Co-
ACHTUNGTRENNUNG(salen)] encapsulated in the nanocage of SBA-16 exhibits an
even higher catalytic activity than the homogeneous coun-
terpart in the HKR of propylene oxide through cooperative
activation despite the diffusion barriers of the reactants and
products in the heterogeneous process. This result indicates
that the confined space of the nanopore can enhance the co-
operative activation for asymmetric catalysis.
When a homogeneous chiral catalyst is immobilized into


pores of mesoporous materials, the enantioselectivity can be
remarkably increased or decreased compared with the ho-
mogeneous counterpart. It can be reasonably explained by
the kinetics of the chiral reactions. As we mentioned in the
introduction, weak interactions such as van der Waals
forces, hydrogen bonding, and physical adsorption are possi-
bly involved in the reactions inside the pores, which have a
similar energy magnitude to the small difference (usually
less than 15 kJmol�1) between the chiral transition states R
and S, are able to affect the energy difference between the
two transition states accordingly to change the enantioselec-
tivity or even to reverse the chiral selectivity. The small
energy difference between the two transition states is very
sensitive to the pore environment of the immobilized metal
complex catalysts. From the viewpoint of kinetics, it could
be possible to explain the remarkable increase or decrease
of the enantioselectivity for a homogeneous catalyst con-
fined in pore materials.
The steric constraints of porous supports can not only


form restricted chiral environments to confine the stereo-
configuration of the products, but also affect the dynamic
diffusion of the substrates or the products along the reaction
coordinate. When the pore size is decreased to the nano or
sub-nano scale, electronic interactions in nanopores could


become a dominant factor, the so-called nano effect. In ad-
dition to the steric effect of the pore, the microenvironment
of the pore may also have a big influence on the perfor-
mance of a chiral catalyst confined in the nanopore. For
asymmetric reactions, the role solvents play in liquid reac-
tions is of pivotal importance in determining the enantiose-
lectivity. Solvent effects are closely related to the intermo-
lecular interactions between solvent, chiral catalyst, and re-
actant(s) that constitute a solvation microsphere. The static
influence of solvents on the enantioselectivity could be un-
derstood in terms of transition-state theory. According to
this theory, solvents can modify the Gibbs energy of two dif-
ferent stereoisomers by different solvation of the reactants
and the activated chiral catalyst, thus exerting stereospecific
solvation control over enantioselectivity. The dynamic influ-
ence of the solvent on enantioselectivity is related to the po-
larity and molecular structure of the molecules that deter-
mine solvent dynamics such as solvent relaxation and reor-
ientation. For asymmetric reactions in a nanoreactor, the
solvent microsphere, solvent dynamics, and intermolecular
interactions may be quite different from those of the con-
ventional homogeneous reaction owing to the influences
from the rigid pore wall, the hydrophilicity/hydrophobicity
of the surface, and the confined space of nanoreactor. It is
reasonable to expect that novel solvent effects in nanoreac-
tors will provide a new opportunity to improve the enantio-
selectivity for heterogeneous asymmetric reactions.
Many efforts have been made toward designing new


chiral metal complexes through finely adjusting the micro-
environment of the active site. When a chiral metal complex
is in the nanoreactor, additional parameters, such as the sur-
face properties (hydrophilicity/hydrophobicity), the size of
the nanoreactor, the interactions of chiral metal complexes
with the nanoreactor, the amounts and types of chiral metal
complexes in the nanoreactor, and the rigid environment of
the nanoreactor, can also greatly influence the catalytic per-
formance, especially the enantioselectivity. As we observed
for the HRK reaction, the confinement and cooperative ac-
tivation effects of the nanoreactor results in higher enantio-
selectivity and catalytic activity for the asymmetric catalysis.
The above-mentioned factors provide versatile possibilities
to improve the chiral inductivity for asymmetric catalysis in
nanoreactors.
Asymmetric catalysis in nanoreactors has both scientific


significance and potential applications. However, research in
this direction is still in an early stage and there is plenty of
room for further development: 1) The cooperative effect in
nanoreactors should be investigated in detail and the asym-
metric reactions in nanoreactors should be extended to
many different types of reactions which involve cooperative
activation by separating catalytic centers or second-order ki-
netic dependence on the local concentration of the catalysts;
2) The dynamics and kinetics of the asymmetric reactions in
the nanoreactor might be very different from those in mac-
roscale reactions and are needed for a detailed investiga-
tion; 3) The nature of the confinement effect on the catalyt-
ic performance of the chiral catalyst is a very interesting
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issue to be extensively investigated; 4) The chiral catalysts
to be trapped in the nanoreactor are not limited to chiral
transition-metal complexes, and various other types of chiral
catalysts, such as organocatalysts, Lewis acid catalysts, and
even biocatalysts could also be immobilized in the nanoreac-
tor; 5) The development of new strategies for the immobili-
zation of chiral catalysts in nanoreactors of new porous ma-
terials and the synthesis of porous materials with suitable
nanocages are also important for preparing chiral solid cata-
lysts for chiral synthesis in nanoreactors.
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Abstract: This article illustrates the modification of oxide
surfaces with organic amine functional groups to create
acid–base bifunctional catalysts, summarizing our previous
reports and also presenting new data. Immobilization of
organic amines as bases on inorganic solid–acid surfaces
afforded highly active acid–base bifunctional catalysts,
which enabled various organic transformations including
C�C coupling reactions, though these reactions did not


proceed with either the homogeneous amine precursors
or the acidic supports alone. Spectroscopic characteriza-
tion, such as by solid-state MAS NMR and FTIR, re-
vealed not only the interactions between acidic and basic
sites but also bifunctional catalytic reaction mechanisms.


Keywords: aldol reaction · bifunctional catalysis · C�C
coupling · nucleophilic addition · supported catalysts


1. Introduction


There are two types of catalytic nucleophilic addition reac-
tions. The first one is the activation of nucleophile precur-
sors by basic catalysts to abstract their acidic parts, such as
acyl groups and a-hydrogen atoms, and the other is the low-
ering of the LUMO levels of electrophiles by interaction
with Brønsted or Lewis acidic catalysts. These facts led us to
expect that an ideal pathway for the nucleophilic reaction is
through dual activation of both electrophiles and nucleo-
philes by acidic and basic functions of catalysts, respective-
ly.[1] Homogeneous acid–base bifunctional reaction systems
have been demonstrated, but rapid neutralization occurs be-
tween strong acids and bases in the same reactor, affording
inactive salts. In addition, such homogeneous reagents en-
counter difficulties in recovery and recycling.
To overcome these problems, several acid–base bifunc-


tional catalytic surfaces have been developed to activate
both nucleophiles and electrophiles on the same solid surfa-
ces (Figure 1). In 2005, Lin and co-workers reported urea–
amine bifunctionalized silica surfaces for C�C couplings,
such as aldol reaction of acetone, nitroaldol reaction (Henry
reaction), and cyanosilylation.[2] Bifunctional urea-/amine-
immobilized mesoporous silica nanospheres (AEP/UDP-
MSN; AEP=3-[2-(2-aminoethylamino)ethylamino]propyl,
UDP=ureldopropyl) showed the highest catalytic activity
among amine- or urea-immobilized MSNs (AEP-MSN or
UDP-MSN; Scheme 1). In addition, these reactions were


not enhanced by a physical mixture of AEP-MSN and
UDP-MSN. Davis and co-workers synthesized SBA-15
(SBA-15-A/B) incorporated with sulfonic acid and primary
amine, and used this system as a catalyst for aldol reaction
of acetone with 4-nitrobenzaldehyde.[3] The performance of
SBA-15-A/B was 1.5 times higher than that of the physical
mixture of SBA-15-A and SBA-15-B. Interesting results
were observed in catalyst quenching experiments, where the
catalytic activity of SBA-15-A/B dramatically decreased by
addition of p-toluenesulfonic acid or n-propylamine as a ho-
mogeneous reagent (Scheme 2). These results illustrate the
performances of coexisting acidic and basic sites on the
SBA-15-A/B surface. The same authors also reported that
SBA-15 incorporated with carboxylic acid and amine (SBA-
15-CA/B) showed much better results (>99% conversion)
than that of SBA-15-A/B even though SBA-15-CA was com-
pletely inactive for the aldol reaction.[3b]


Immobilization of both organic acids and bases on oxide
surfaces often requires complicated synthetic procedures.
The utilization of an “active support” as one part of the
active species for the creation of bifunctional catalysts ena-
bles simple methods for catalyst preparation and evaluation.
Katz and co-workers focused on the weak acidity of surface
OH groups on silica, and found that the condensation reac-
tions were promoted by both immobilized primary amine
groups and surface silanols (Scheme 3).[4] They also synthe-
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Graduate School of Science
The University of Tokyo
Hong, Bunkyo-ku, Tokyo 113-0033, (Japan)
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Figure 1. Cooperative catalysis for nuclephilic addition reactions on an
acid–base bifunctional surface.
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sized primary amine immobi-
lized silicas with nonacidic sur-
faces by capping accessible sila-
nols with excess chlorosilanes,
which showed low performan-
ces for the condensations reac-
tions, thus indicating a pivotal
role of the silanol groups in the
catalytic reaction. Formations
of cyclic carbonates from epox-
ides with carbon dioxide are
also well-known reactions,
which proceed in acid–base bi-
functional catalyst systems.[5]


Sakakura and co-workers demonstrated synergistic hybrid
catalysis of silica-supported phosphonium salts for the chem-
ical fixation of CO2 with epoxides.


[6] Remarkably, the initial
rates of silica-supported phosphonium iodide [SiO2-C3H6-P-
ACHTUNGTRENNUNG(nBu)3I] were up to a hundred times higher than those of
the polystyrene (PS) supported and unsupported phosphoni-
um iodides (Scheme 4), which suggests a silanol-assisted re-
action mechanism for the formation of cyclic carbonates.
In spite of these developments of acid–base bifunctional


heterogeneous catalysts, there are still several problems,
such as low catalytic activity and applicability, especially in
the case of C�C bond-forming reactions. In almost all cases,
the reactive 4-nitrobenzaldehyde was used as an electrophile
to obtain satisfactory yields of nucleophilic addition prod-
ucts. As an alternative approach for the design of acid–base
bifunctional catalyst surfaces, we recently reported a new
strategy incorporating the following aspects:[7] 1) immobili-
zation of tertiary amines to make catalytic reactions more
widely applicable,[8] 2) utilization of strong solid acids as
supports for increase of catalytic performances,[8] and
3) silane-coupling reactions between the amine reagents and
the acidic solid supports to simplify the catalyst preparation.
In this Focus Review, we summarize our recent typical ex-
amples of acid–base bifunctional heterogeneous catalysis,
which enable various organic transformations.


2. Cooperative Catalysis between Amines and Acid
Supports


2.1. Cyanation of Carbonyl Compounds with a Stable
Cyanide Source


Cyanohydrins are important building blocks in organic syn-
thetic chemistry,[9] and they have been synthesized by cyana-
tion reaction of carbonyl compounds with HCN or trimethy-
silyl cyanide.[10] However, HCN and trimethylsilyl cyanide
are toxic, instable, and expensive, and hence the use of alter-
native cyanation reagents is desirable. Recently, one-pot cat-
alytic cyanation/O-protection with cyanoformic esters has
been investigated as a novel synthetic pathway.[11] However,
heterogeneous catalysts for the cyanation, which are advan-
tageous in practical processes, have not been reported. We
prepared bifunctional heterogeneous catalysts and examined
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Scheme 1. TONs for the MSN-catalyzed aldol reaction.
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the cyanation/O-protection with a cyanoformic ester as a cy-
anation reagent.
The preparation steps are briefly summarized below. The


silica/alumina-supported 3-(diethylamino)propyl functional
groups (SA-NEt2) were immobilized by treatment of amor-
phous silica/alumina (SA: SiO2, 66.5%; Al2O3, 25.1%,
380 m2g�1) with a toluene solution of 3-(diethylamino)-pro-
pyltrimethoxysilane (DAPS) under reflux for 24 h. Then the
solid was filtered, washed with dichloromethane, and subse-
quently dried under vacuum. The amount of the amine
groups was 1.4 molecules per nm2. The presence of the
intact 3-(diethylamino)propyl groups was indicated by the
solid-state 13C MAS NMR spectra. Solid-state 29Si MAS
NMR spectroscopy revealed that the immobilized Si atoms
exhibited chemical shifts reflecting the formation of Si�O
bonds with the SA surface.


Cyano-ethoxycarbonylation
of benzaldehyde with ethyl cya-
noformate was examined with
heterogeneous and homogene-
ous amine catalysts, as shown in
Table 1. Among the amine-im-
mobilized catalysts, the SA-sup-
ported tertiary amine catalyst
showed the highest perfor-
mance to afford cyanophenyl-
methyl ethyl carbonate in 95%
yield (Table 1, entry 1). SiO2-
and Al2O3-supported tertiary
amines were much less active
(Table 1, entries 2 and 3). These


results suggest that the stronger surface acid sites of SA play
a pivotal role in the promotion of the cyano-ethoxycarbony-
lation. Interestingly, the reaction scarcely proceeded by
either homogeneous amine (Table 1, entries 4 and 5) or SA
support (entry 6). A mixture of triethylamine and SA
showed some catalytic activity, but the product yield was
lower than that obtained with SA-NEt2 under the same re-
action conditions (Table 1, entry 7). A poor result was ob-
tained with MgO as a typical heterogeneous base (Table 1,
entry 8). These results suggest that both acidic and basic
functions on the surface are highly efficient for the promo-
tion of the cyano-ethoxycarbonylation.
The wide applicability of the SA-NEt2 catalyst for various


aldehydes is summarized in Scheme 5. para-Substituted ben-
zaldehydes acted as reactive electrophiles, giving the corre-
sponding O-protected cyanohydrin derivatives in excellent
yields. A sulfur heteroatom did not affect the reaction rate;
the cyanation reaction of 2-thiophenecarboxyaldehyde took
place readily. It is to be noted that many types of aliphatic
aldehydes, such as acyclic, branched, and cyclic aldehydes,
reacted with ethyl cyanoformate, affording excellent yields
of the corresponding products. Cyanoformic ester also react-
ed with cyclohexanone, affording an 88% yield of the corre-


Scheme 2. Conversions for the SBA-catalyzed aldol reactions.


Scheme 3. Cooperative catalysis of primary amines and silanols for nitro-
aldol reactions.


Scheme 4. Propylene carbonate synthesis with phosphonium salt cata-
lysts.


Table 1. Cyano-ethoxycarbonylation with use of various catalysts.[a]


Entry Catalyst Yield [%][b]


1 SA-NEt2 95
2 SiO2-NEt2 17
3 Al2O3-NEt2 16
4 triethylamine 1
5 DAPS 1
6[c] SA trace
7[c] triethylamine+SA 70
8[c] MgO trace


[a] Catalyst (0.034 mmol of amine), benzaldehyde (0.5 mmol), ethyl cya-
noformate (1.0 mmol), toluene (5 mL), RT, 1 h. [b] Determined by GC;
based on benzaldehyde. [c] Catalyst (0.038 g).
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sponding product after a prolonged reaction time. To the
best of our knowledge, this study is the first report of a one-
pot cyanation/O-protection of carbonyl compounds with cy-
anoformic ester using a heterogeneous catalyst.


2.2. Michael Reaction of Nitrile and Thiol Compounds


The amine-immobilized solid acid catalyst was applicable
for the Michael reaction of ethyl 2-cyanopropionate with
ethyl acrylate (Table 2). The SA-NEt2 catalyst showed the
highest catalytic performance for the Michael reaction to
afford 2-cyano-2-methyl glutaric acid diethyl ester in 94%
yield (Table 2, entry 1). The SA-supported primary amine
(SA-NH2) did not show any catalytic activity. Neither trie-
thylamine nor SA promoted the desired addition reaction
(Table 2, entries 4 and 5). Remarkably, the reaction scarcely
proceeded with the mixture of triethylamine and SA
(Table 2, entry 6). The SA-NEt2-catalyzed reaction of ethyl
phenylcyanoacetate with methyl acrylate also successfully
proceeded to give 2-cyano-2-phenyl glutaric acid 1-ethyl-5-
methyl ester, which is a highly useful intermediate for gluta-
rimide synthesis.[12] The SA-NEt2 catalyst was reusable at
least four times with retention of its high catalytic activity
and selectivity for the Michael reaction (Scheme 6). The
carbon–sulfur bond-forming reaction was also examined by
the SA-NEt2 catalyst (Scheme 7). The reaction of 1-hexade-


canethiol with 2-cyclohexen-1-
one proceeded effectively with
SA-NEt2, while homogeneous
triethylamine and untreated
silica/alumina were much less
active.


2.3. Acid–Base Bifunctional
Reaction Mechanism


In the case of triethylamine ad-
sorbed on an SA surface, N-H
stretching vibrations of the pro-
tonated amine were observed at
2804, 2746, 2689, and 2497 cm�1


by FTIR analysis,[13] while these peaks were not observed
definitively for the immobilized catalyst SA-NEt2. We also
measured solid-state 13C NMR spectra to examine the sur-
face acid–base interaction between acid sites of SA and im-
mobilized tertiary amine groups. The signals of the terminal
carbon atom for a mixture of SA and free triethylamine ap-
peared more upfield (d=7.5 ppm) than that for the SA-
NEt2 catalyst (d=9.4 ppm). These results suggest a weak
acid–base interaction of immobilized SA-NEt2, which is in
agreement with the higher catalytic activity for the SA-NEt2
catalyst than that of the physical mixture (Tables 1 and 2).
After the treatment of SA-NEt2 with ethyl cyanoformate,
the n(CN) peak appeared at 2221 cm�1, which is lower than
that for the free ethyl cyanoformate (2247 cm�1). The shifted
n(CN) band disappeared by the treatment with benzalde-
hyde, accompanied with the cyanation product, and this
peak shift did not occur with the SA surface treated with
ethyl cyanoformate. These results indicate that the nucleo-
philic CN species forms by interaction with the surface terti-
ary amine group. In addition, the SA-NEt2 catalyst showed


Scheme 5. Catalytic performance of SA-NEt2 for various aldehydes. Products are shown with yield and reac-
tion time.


Table 2. Michael reaction with use of various catalysts.[a]


Entry Catalyst Yield [%][b]


1 SA-NEt2 94
2 SiO2-NEt2 9
3 SA-NH2 trace
4 triethylamine 3
6[c] SA 1
7[c] triethylamine+SA 5


[a] Catalyst (0.09 mmol of amine), nitrile (1.0 mmol), ethyl acrylate
(3 mmol), toluene (1 mL), 90 8C, 24 h. [b] Determined by GC and
1H NMR spectroscopy; based on nitrile. [c] SA (0.05 g).


Scheme 6. Reusable catalysis of the SA-NEt2 for the Michael reaction.


Scheme 7. Michael reaction of 1-hexadecanethiol with 2-cyclohexen-1-
one.
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higher activity in nonpolar solvents, such as n-heptane and
toluene, while the polar solvent DMF gave better results
than toluene with MgO as a typical basic catalyst. From
these contrasting results, it is reasonable to conclude that
the Brønsted acid site on the SA surface, which can be deac-
tivated by electron-donating solvents, plays a crucial role in
the catalysis with SA-NEt2.


[14] As a consequence, we have
proposed a reaction mechanism for the SA-NEt2-catalyzed
reactions involving the dual activation of donor and accept-
or substrates at the amine base site and the neighboring
Brønsted acid site on the SA surface, respectively
(Scheme 8).


3. Cooperative Catalysis between Primary and
Tertiary Amines


It is known that tertiary amines act as Lewis and Brønsted
bases for activation of nucleophiles. On the other hand, sup-
ported primary amines efficiently catalyze condensation re-
actions of carbonyl compounds like nitroaldol reactions,
where the primary amines are supposed to activate the car-
bonyl compounds by formation of imine intermediates.[4,15]


These facts allow one to envisage that the immobilization of
both tertiary and primary amines onto the same solid sur-
face can create an efficient heterogeneous catalyst for or-
ganic C�C bond-forming reactions through activation of
both nucleophiles and carbonyl bonds of electrophiles. Thus,
we employed a silica/alumina catalyst immobilizing both ter-
tiary and primary amines (SA-NH2-NEt2) for a one-pot syn-
thesis of 1,3-dinitroalkanes.
We examined the reaction between benzaldehyde and ni-


tromethane with use of various heterogeneous and homoge-
neous amines as shown in Table 3. The double-amine cata-
lysts SA-NH2-NEt2 showed high initial conversion rates of
benzaldeyde compared with other amine catalysts (Table 3,
entry 1). The reactions using SA-NH2 and SA-NEt2 with
similar amine loadings to those in the SA-NH2-NEt2 catalyst
scarcely proceeded (Table 3, entries 3 and 4). In the case of


a physical mixture of SA-NH2 and SA-NEt2, the reaction
was not enhanced by the coexistence of both amines
(Table 3, entry 2). A mixture of the primary and tertiary
amines of equivalent amounts to the NH2 and NEt2 groups
in SA-NH2-NEt2 in a homogeneous solution was much less
active than the SA-NH2-NEt2 catalyst (Table 3, entry 5).
It is noteworthy that 1,3-dinitro-2-phenylpropane formed


at 7% selectivity (after 2 h) along with the main product of
b-nitrostyrene on the SA-NH2-NEt2 catalyst (Table 3,
entry 1), while the selective formation of b-nitrostyrene with
greater than 99% selectivity was observed with SA-NH2


though the conversion was small (2–6 h; Table 3, entry 3).
The 1,3-dinitroalkane synthesis may proceed through a ni-
troaldol reaction, followed by 1,4-addition of nitromethane
to b-nitrostyrene.[16] Because of the wide applicability of the
1,3-dinitroalkanes,[17] a further investigation for optimal re-
action conditions was conducted for the 1,3-dinitroalkane
synthesis. Remarkably, a 93% selectivity to 1,3-dinitro-2-
phenylpropane at 100% conversion of benzaldehyde was
achieved after 8 h in the presence of the SA-NH2-NEt2 cata-
lyst (Scheme 9). A proposed reaction mechanism for the


1,3-dinitroalkane synthesis on SA-NH2-NEt2 is as follows:
1) Aldehyde is activated by an NH2 group to form an imine
intermediate,[15] while an acidic a-proton of nitromethane is
abstracted by a tertiary amine group, accompanied by the
nucleophilic attack of the deprotonated nitromethane to the
imine, resulting in the product b-nitrostyrene. 2) Another ni-
tromethane molecule is then activated by the tertiary amine
group and the Michael reaction with the nitrostyrene occurs
to give the desired 1,3-dinitroalkane product.


Scheme 8. Proposed mechanism for cyano-ethoxycarbonylation on SA-
NEt2.


Table 3. Reaction between nitromethane and benzaldehyde.[a]


Entry Catalyst Conversion rate [mmolh�1] [b]


1 SA-NH2-NEt2 1.45
2 SA-NH2+SA-NEt2 0.13
3 SA-NH2 0.03
4 SA-NEt2 0.08
5 n-hexylamine+ triethylamine 0.26
6[c] SA <0.01


[a] Reaction conditions: benzaldehyde (5 mmol), nitromethane (2 mL),
catalyst (NH2: 0.015 mmol, NEt2: 0.012 mmol), 100 8C. [b] Determined by
GC and 1H NMR spectroscopy. [c] SA (0.034 g).


Scheme 9. 1,3-Dinitroalkane synthesis by catalysis with SA-NH2-NEt2.
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4. Summary


This Focus Review presents several approaches to the
design and development of acid–base bifunctional surfaces
for efficient nucleophilic addition reactions via dual-activa-
tion pathways. Particularly, silica/alumina-supported amines
were found to be reusable heterogeneous catalysts for
cyano-ethoxycarbonylation reactions, Michael reactions, ni-
troaldol reactions, and dinitroalkane synthesis. In these sys-
tems novel cooperative catalysis between tertiary amines or
primary amines and surface acidic sites is induced on oxide
surfaces. The design of more precisely controlled surface
structures with bifunctionalities will allow further extensions
to a variety of catalytic reactions and organic syntheses.


Acknowledgements


This work was supported by JSPS (19760541) and the Global COE Pro-
gram for Chemistry Innovation at the University of Tokyo. We also
thank Dr. S. Tanaka and Mr. M. Tomita for their contribution to a part
of this work.


[1] For reviews, see: a) H. Grçger, Chem. Eur. J. 2001, 7, 5246; b) M.
Kanai, N. Kato, E. Ichikawa, M. Shibasaki, Pure Appl. Chem. 2005,
77, 2047; see also: c) Y. Shen, X. Feng, Y. Li, G. Zhang, Y. Jiang,
Tetrahedron 2003, 59, 5667; d) S. Kanemasa, K. Ito, Eur. J. Org.
Chem. 2004, 4741; e) J.-A. Ma, D. Cahard, Angew. Chem. 2004, 116,
4666; Angew. Chem. Int. Ed. 2004, 43, 4566; f) Y. Wang, H. Li, Y.-Q.
Wang, Y. Liu, B. M. Foxman, L. Deng, J. Am. Chem. Soc. 2007, 129,
6364; g) Y.-M. Lin, J. Boucau, Z. Li, V. Casarotto, J. Lin, A. N.
Nguyen, J. Ehrmantraut, Org. Lett. 2007, 9, 567; h) S. B. Tsogoeva,
M. J. Hateley, D. A. Yalalov, K. Meindl, C. Weckbecker, K. Huth-
macher, Bioorg. Med. Chem. 2005, 13, 5680.


[2] S. Huh, H.-T. Chen, J. W. Wiench, M. Pruski, V. S.-Y. Lin, Angew.
Chem. 2005, 117, 1860; Angew. Chem. Int. Ed. 2005, 44, 1826.


[3] a) R. K. Zeidan, S.-J. Hwang, M. E. Davis, Angew. Chem. 2006, 118,
6480; Angew. Chem. Int. Ed. 2006, 45, 6332; b) R. K. Zeidan, M. E.
Davis, J. Catal. 2007, 247, 379.


[4] J. D. Bass, A. Solovyov, A. J. Pascall, A. Katz, J. Am. Chem. Soc.
2006, 128, 3737.


[5] a) K. Yamaguchi, K. Ebitani, T. Yoshida, H. Hiroshi, K. Kaneda, J.
Am. Chem. Soc. 1999, 121, 4526; b) H. Yasuda, L.-N. He, T. Saka-
kura, J. Catal. 2002, 209, 547.


[6] T. Takahashi, T. Watahiki, S. Kitazume, H. Yasuda, T. Sakakura,
Chem. Commun. 2006, 1664.


[7] a) K. Motokura, M. Tada, Y. Iwasawa, J. Am. Chem. Soc. 2007, 129,
9540; b) K. Motokura, M. Tomita, M. Tada, Y. Iwasawa, Chem. Eur.
J. 2008, 14, 4017; c) K. Motokura, N. Viswanadham, G. Murali Dhar,
Y. Iwasawa, Catal. Today, DOI: 10.1016/j.cattod.2008.04.011.


[8] The basicity of triethylamine (proton affinity: DH=234.7 kcalmol�1


for protonation reaction in the gas phase) is higher than that of the
propylamine (219.4 kcalmol�1); see: V. S. Bryantsev, M. S. Diallo,


W. A. Goddard III, J. Phys. Chem. A 2007, 111, 4422. The DH value
for ammonia adsorption on a silica/alumina as a measure of acid
strength is a value around 120–155 kJmol�1, which is similar to
those for other conventional acid catalysts; see: Y. Suzuki, Y.
Aoyagi, N. Katada, M. Choi, R. Ryoo, M. Niwa, Catal. Today 2008,
132, 38.


[9] a) E. N. Jacobsen, A. Pfaltz, H. Yamamoto, Comprehensive Asym-
metric Catalysis, Springer, Berlin, 1999 ; b) R. J. H. Gregory, Chem.
Rev. 1999, 99, 3649; c) F. Effenberger, Angew. Chem. 1994, 106,
1609; Angew. Chem. Int. Ed. Engl. 1994, 33, 1555.


[10] a) R. F. B. Cox, R. T. Stormont, Organic Syntheses, Collect. Vol. 2,
Wiley, New York, 1943, p. 7; E. C. Wanger, M. Baizer, Organic Syn-
theses, Collect. Vol. 3, Wiley, New York, 1955, p. 3; b) P. G. Gassman,
J. J. Talley, Tetrahedron Lett. 1978, 19, 3773.


[11] a) D. R. Deardorff, C. M. Taniguchi, S. A. Tafti, H. Y. Kim, S. Y.
Choi, K. J. Downey, T. V. Nguyen, J. Org. Chem. 2001, 66, 7191;
b) S. K. Tian, L. Deng, J. Am. Chem. Soc. 2001, 123, 6195; c) J. Tian,
N. Yamagiwa, S. Matsunaga, M. Shibasaki, Angew. Chem. 2002, 114,
3788; Angew. Chem. Int. Ed. 2002, 41, 3636; d) J. Tian, N. Yamagi-
wa, S. Matsunaga, M. Shibasaki, Org. Lett. 2003, 5, 3021; e) Y. N.
Belokon’, A. J. Blacker, P. Carta, L. A. Clutterbuck, M. North, Tet-
rahedron 2004, 60, 10433; f) S. Lundgren, E. Wingstrand, M. Phen-
hoat, C. Moberg, J. Am. Chem. Soc. 2005, 127, 11592; g) T. Pur-
karthofer, W. Skranc, H. Weber, H. Griengl, M. Wubbolts, G.
Scholz, P. Pçchlauer, Tetrahedron 2004, 60, 735; h) S. Gou, X. Chen,
Y. Xiong, X. Feng, J. Org. Chem. 2006, 71, 5732; i) Y. N. Belokon’,
E. Ishibashi, H. Nomura, M. North, Chem. Commun. 2006, 1775.


[12] P. Cann, V. Levacher, J. Bourgignon, G. Dupas, Lett. Org. Chem.
2004, 1, 129.


[13] S. C. Popescu, S. Thomson, R. F. Howe, Phys. Chem. Chem. Phys.
2001, 3, 111.


[14] For the activation of carbonyl groups by solid acids, see: a) K. Ebita-
ni, T. Kawabata, K. Nagashima, T. Mizugaki, K. Kaneda, Green
Chem. 2000, 2, 157; c) M. J. Climent, A. Velty, A. Corma, Green
Chem. 2002, 4, 565; d) S. O. Lee, S. J. Kitchin, K. D. M. Harris, G.
Sankar, M. Dugal, J. M. Thomas, J. Phys. Chem. B 2002, 106, 1322;
b) M. Onaka, N. Hashimoto, Y. Kitabata, R. Yamasaki, Appl. Catal.
A 2003, 241, 307.


[15] a) X. Wang, K. S. K. Lin, J. C. C. Chan, S. Cheng, J. Phys. Chem. B
2005, 109, 1763; b) G. Sartori, F. Bigi, R. Maggi, R. Sartorio, D. J.
Macquarrie, M. Lenarda, L. Storaro, S. Coluccia, G. Martra, J. Catal.
2004, 222, 410; c) G. Demicheli, R. Maggi, A. Mazzacani, P. Righi,
G. Sartori, F. Bigi, Tetrahedron Lett. 2001, 42, 2401.


[16] a) A. Ferro, M. C. Rezende, S. Sepulveda-boza, M. Reyes-Parada,
B. K. Cassels, J. Chem. Res. Synop. 2001, 7, 294; b) R. Ballini, G.
Bosica, D. Fiorini, A. Palmieri, Synthesis 2004, 1938; c) T. Hara, S.
Kanai, K. Mori, T. Mizugaki, K. Ebitani, K. Jitsukawa, K. Kaneda,
J. Org. Chem. 2006, 71, 7455.


[17] a) R. Ballini, L. Barboni, D. Fiorini, G. Giarlo, A. Palmieri, Chem.
Commun. 2005, 2633; b) R. Ballini, L. Barboni, D. Fiorini, G.
Giarlo, A. Palmieri, Green Chem. 2005, 7, 828; c) R. Ballini, L. Bar-
boni, C. Femoni, G. Giarlo, A. Palmieri, Tetrahedron Lett. 2006, 47,
2295; d) D. Y. Park, K. Y. Lee, J. N. Kim, Tetrahedron Lett. 2007, 48,
1633.


Received: March 26, 2008
Published online: July 28, 2008


1236 www.chemasianj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1230 – 1236


FOCUS REVIEWS
Y. Iwasawa et al.



http://dx.doi.org/10.1002/1521-3765(20011217)7:24%3C5246::AID-CHEM5246%3E3.0.CO;2-O

http://dx.doi.org/10.1351/pac200577122047

http://dx.doi.org/10.1351/pac200577122047

http://dx.doi.org/10.1016/S0040-4020(03)00908-6

http://dx.doi.org/10.1002/ejoc.200400277

http://dx.doi.org/10.1002/ejoc.200400277

http://dx.doi.org/10.1002/ange.200300635

http://dx.doi.org/10.1002/ange.200300635

http://dx.doi.org/10.1002/anie.200300635

http://dx.doi.org/10.1021/ja070859h

http://dx.doi.org/10.1021/ja070859h

http://dx.doi.org/10.1021/ol0626903

http://dx.doi.org/10.1016/j.bmc.2005.05.014

http://dx.doi.org/10.1002/ange.200462424

http://dx.doi.org/10.1002/ange.200462424

http://dx.doi.org/10.1002/anie.200462424

http://dx.doi.org/10.1002/ange.200602243

http://dx.doi.org/10.1002/ange.200602243

http://dx.doi.org/10.1002/anie.200602243

http://dx.doi.org/10.1016/j.jcat.2007.02.005

http://dx.doi.org/10.1021/ja057395c

http://dx.doi.org/10.1021/ja057395c

http://dx.doi.org/10.1021/ja9902165

http://dx.doi.org/10.1021/ja9902165

http://dx.doi.org/10.1006/jcat.2002.3662

http://dx.doi.org/10.1039/b517140g

http://dx.doi.org/10.1021/ja0704333

http://dx.doi.org/10.1021/ja0704333

http://dx.doi.org/10.1002/chem.200702048

http://dx.doi.org/10.1002/chem.200702048

http://dx.doi.org/10.1021/jp071040t

http://dx.doi.org/10.1016/j.cattod.2007.12.010

http://dx.doi.org/10.1016/j.cattod.2007.12.010

http://dx.doi.org/10.1021/cr9902906

http://dx.doi.org/10.1021/cr9902906

http://dx.doi.org/10.1002/ange.19941061504

http://dx.doi.org/10.1002/ange.19941061504

http://dx.doi.org/10.1002/anie.199415551

http://dx.doi.org/10.1016/S0040-4039(01)95055-5

http://dx.doi.org/10.1021/jo010101v

http://dx.doi.org/10.1021/ja010690m

http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3788::AID-ANGE3788%3E3.0.CO;2-1

http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3788::AID-ANGE3788%3E3.0.CO;2-1

http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3C3636::AID-ANIE3636%3E3.0.CO;2-B

http://dx.doi.org/10.1021/ol034944f

http://dx.doi.org/10.1021/ja052804q

http://dx.doi.org/10.1016/j.tet.2003.10.108

http://dx.doi.org/10.1021/jo060772z

http://dx.doi.org/10.2174/1570178043488365

http://dx.doi.org/10.2174/1570178043488365

http://dx.doi.org/10.1039/b003224g

http://dx.doi.org/10.1039/b003224g

http://dx.doi.org/10.1039/b001919o

http://dx.doi.org/10.1039/b001919o

http://dx.doi.org/10.1039/b207506g

http://dx.doi.org/10.1039/b207506g

http://dx.doi.org/10.1021/jp012440y

http://dx.doi.org/10.1021/jp045798d

http://dx.doi.org/10.1021/jp045798d

http://dx.doi.org/10.1016/j.jcat.2003.11.016

http://dx.doi.org/10.1016/j.jcat.2003.11.016

http://dx.doi.org/10.1016/S0040-4039(01)00156-3

http://dx.doi.org/10.1055/s-2004-829160

http://dx.doi.org/10.1021/jo0614745

http://dx.doi.org/10.1039/b500846h

http://dx.doi.org/10.1039/b500846h

http://dx.doi.org/10.1039/b512617g

http://dx.doi.org/10.1016/j.tetlet.2006.02.027

http://dx.doi.org/10.1016/j.tetlet.2006.02.027

http://dx.doi.org/10.1016/j.tetlet.2006.12.146

http://dx.doi.org/10.1016/j.tetlet.2006.12.146






DOI: 10.1002/asia.200800094


Silicon-Bridge Effects on Photophysical Properties of Silafluorenes


Masaki Shimizu,* Hironori Tatsumi, Kenji Mochida, Katsunari Oda, and
Tamejiro Hiyama[a]


Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday
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Introduction


Extensive research has been made on the preparation of p-
conjugated molecules as advanced materials for electronic
and photonic applications.[1] Since chemical and physical
properties of such conjugated compounds are closely related
to their electronic structures, it is indispensable to control
the effective conjugation length of the p-electron system for
attaining the desired properties.[2] The use of silylene bridges
between p-conjugated modules such as phenylene, vinylene,
and thienylene is one of the effective strategies for the ex-
tension of conjugated systems, because the bridge induces
not only coplanarity but also a lowering of the LUMO of
the parent conjugated system consisting of the modules due
to s*–p* conjugation between the p* orbitals of the parent
framework and s* orbitals of two exocyclic carbon–silicon
s bonds.[3] Representative examples include silylene-bridged
butadienes (siloles),[4] 2,2’-bithiophenes,[5] and oligo(p-phe-
nylenevinylene)s.[6] Recently, 9-silafluorene, which can be re-
garded as a silylene-bridged biphenyl, has emerged as a new
module of functional organic materials such as light-emitting
and conducting materials.[7] The structural modifications re-
ported so far are classified into three categories, as illustrat-
ed in Scheme 1: spirosilabifluorene (a) and oligomer/(co)po-


lymer connecting at the 2,7- (b) or 3,6-positions (c), whereas
there is, to our knowledge, no example of elaboration at the
4,5-positions (d) except for 4,5-sulfur-bridged silafluorenes.[8]


To explore the potential of a silafluorene framework as a
conjugated module for functional organic materials,[9] we
became interested in an additional silicon bridge at the 4,5-
positions, which should impart greater rigidity, strain, and/or
some torsion to the framework together with the electronic
silicon effect. Reported herein are the preparation, struc-
ture, photophysical properties, and DFT calculations of 4,5-
silylene- and 4,5-disilylene-bridged silafluorenes 1 and 2
(Figure 1). The additional silicon bridges are found to
induce large Stokes shifts, and 1 and 2 exhibit violet and
blue emission, respectively, upon irradiation with UV light.


Results and Discussion


Preparation of Silicon-Bridged Silafluorenes 1 and 2


At the outset, stepwise preparation of 1a was examined.
Bromine–lithium exchange of 2,2’,6,6’-tetrabromobiphenyl


Abstract: The preparation of 4,5-dime-
thylsilylene- or 4,5-tetramethyldisily-
lene-bridged 9-silafluorenes was ach-
ieved by lithiation of 2,2’,6,6’-tetrabro-
mobiphenyls followed by silylation
with dichlorodimethylsilane or 1,2-di-
chloro-1,1,2,2-tetramethyldisilane, re-
spectively. X-ray analysis of the sily-
lene-bridged silafluorene revealed that
the molecular framework was perfectly
planar and four Si�C ACHTUNGTRENNUNG(methyl) s bonds
were completely orthogonal to the


plane. Both the silicon atoms and the
benzene rings were significantly de-
formed from the normal tetrahedral
and hexagon shapes, respectively. The
silicon bridge at the 4,5-positions was
found to induce a red shift of the ab-
sorption and fluorescence spectra mea-
sured in cyclohexane, compared with 9-


silafluorenes. It is remarkable that the
disilylene-bridged silafluorene emitted
blue light (lem=450 nm) with a large
Stokes shift. The emission maxima of
the silicon-bridged silafluorenes in thin
films were similar to those measured in
cyclohexane solution. DFT calculations
suggested that introduction of the sili-
con bridge led to increases in both the
HOMO and LUMO levels compared
with 9-silafluorene.
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(3) with two equivalents of BuLi in THF followed by silyla-
tion with Cl2SiMe2 gave 4,5-dibromosilafluorene 4 in 72%
yield (Scheme 2).[10] Subsequent treatment of 4 with BuLi,


tert-BuLi, or Mg under various conditions followed by the
addition of Cl2SiMe2 resulted in the production of 9,9-di-
methyl-9-silafluorene (5a), the reduced form of 4, as a
major product along with a trace amount of 1a. Then, 3 was
first converted into bis(trimethylsilyl)biphenyl 6 in 93%
yield by dilithiation and silylation with ClSiMe3. Double cyc-
lization of the di-Grignard reagent generated from 6 with
Mg metal afforded the desired 1a in 22% yield.[11] Lithia-
tion of 6 with tBuLi resulted in the production of a complex
mixture. Alternatively, we found that 1a was produced di-
rectly in 13% yield together with 5a when a mixture of 3
and Cl2SiMe2 was treated with a pentane solution of tBuLi


at �78 8C and then the mixture was allowed to warm to
room temperature.
The one-pot protocol, when applied to 4,4’-dichlorobi-


phenyl (7), produced silylene-bridged silafluorene 1c and si-
lafluorene 5c in 15% and 34% yields, respectively
(Scheme 3). Nickel-catalyzed cross-coupling reaction of 1c


or 5c with phenylmagnesium bromide proceeded at room
temperature to give 2,7-diphenylated silafluorene 1b or 5b
as a colorless solid, respectively.[12] The silicon bridge re-
mained intact under the coupling conditions.
Disilylene-bridged silafluorenes 2 were prepared either by


a stepwise or a one-pot procedure (Scheme 4). Thus, after 3
was converted into 8 by dilithiation with BuLi followed by
silylation with (ClSiMe2)2, repeating the lithiation–silylation
sequence with Cl2SiMe2 gave disilylene-bridged biphenyl 2a
in 78% yield. Meanwhile, when a mixture of 3 and
(ClSiMe2)2 was treated with tBuLi in pentane, 2a was pro-
duced as a major product in 43% yield together with bis(di-
silylene)-bridged biphenyl 9.[13]


Preparation of 2b was effected in a manner similar to the
preparation of 1b (Scheme 5). Biphenyl 7 was transformed
into 2,7-dichloro-4,5-disilylene-bridged biphenyl 2c in 36%
yield by a one-pot procedure. Phenylmagnesium bromide
was coupled with 2c in the presence of a [Ni ACHTUNGTRENNUNG(acac)2]/N-het-
erocyclic carbene catalyst to give 2b as a colorless solid.
Single crystals of 1a suitable for X-ray diffraction analysis


were obtained by recrystallization from hexane.[14,15] The
molecular framework consisting of the biphenyl moiety and
the two dimethylsilylene bridges is perfectly planar, and
four Si�CMe s bonds are completely perpendicular to the
planes: an ideal conformation for s*–p* conjugation
(Figure 2). The geometry of the silicon atoms is significantly
deformed from a normal tetrahedral shape like that report-


Abstract in Japanese:


Figure 1. Silicon-bridged silafluorenes 1 and 2.


Scheme 2. Preparation of silylene-bridged silafluorene 1a.


Scheme 3. Preparation of silylene-bridged silafluorene 1b and silafluor-
ene 5b (NHC: 1,3-bis(2,6-di-isopropylphenyl)imidazolium chloride).
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ed for silafluorenes.[7p] For example, the C2-Si1-C8 bond
angle is expanded to 113.75(8)8, while the C2-Si1-C4 angle
is extremely narrowed to 92.76(6)8, which is much smaller
than the standard value (109.58) of an sp3-hybridized silicon
atom. The bond lengths between the bridge silicon and aro-
matic carbon atoms are 1.8820(15) and 1.8881(15) K, slightly


longer than the normal Si�C bond length (1.87 K) or that of
previously reported silafluorenes. It should be noted that
the inner angles of the benzene rings are also largely deviat-
ed from the normal angle (1208). Thus, ]C2-C1-C4a is
126.00(12)8, while ]C1-C2-C3 and ] C1-C4a-C6a are
116.21(12)8 and 115.48(13)8, respectively. As such large de-
formation has not been observed in previously reported sila-
fluorenes,[7p] the deviation is presumably ascribed to the
double bridge of the dimethylsilylene groups at the biphenyl
moiety.
Photophysical properties of 1a, 1b, 2a, and 2b are sum-


marized in Table 1, along with those of 5a and 5b for com-
parison. UV spectra measured in cyclohexane are shown in


Figure 3. For 1a, 2a, and 5a, as well as 1b, 2b, and 5b, re-
spectively, the absorption spectra are similar in shape while
the dimethylsilylene and tetramethyldisilylene bridges were
found to induce a red shift of the spectra, indicating that the
silicon atom introduced at the 4,5-positions of 9-silafluor-
enes could influence the electronic structures and extend
the conjugation system owing to s–p (s*–p*) conjugation
(for molecular-orbital calculations, see below).
Normalized fluorescence spectra of 1a, 1b, 2a, 2b, 5a,


and 5b, measured in cyclohexane upon excitation at 265 nm,
are shown in Figure 4. Emission maxima are red shifted in
the order of 5<1<2, which corresponds to a bathochromic
shift of the absorption spectra shown in Figure 3. Notewor-
thy is that disilylene-bridged silafluorenes 2a and 2b exhibit
extremely large Stokes shifts (Table 1), which suggests sig-
nificant structural differences between the ground and excit-
ed states. Considering that blue emission is achieved with
oligomers/polymers when fluorenes and silafluorenes are
employed as the components,[7,16] it is remarkable that 2a
itself emits blue light (lmax=450 nm) as a single component
(Figure 5), although the fluorescent quantum yields are
low.[17] Changing the solvent from cyclohexane to chloro-
form or acetonitrile resulted in a bathochromic shift of the


Scheme 4. Preparation of disilylene-bridged silafluorene 2a.


Figure 2. Molecular structure of 1a ; right: side view. For clarity, hydrogen
atoms are omitted. Selected bond lengths [K] and angles [8]: Si1-C7
1.859(2), Si1-C8 1.8591(17), Si1-C2 1.8820(15), Si1-C4 1.8881(15), C1-C2
1.3956(18), C1-C4a 1.3957(18), C1-C1a 1.462(2), C4-C1a 1.3957(18); C7-
Si1-C8 110.94(10), C7-Si1-C2 112.29(8), C8-Si1-C2 113.75(8), C7-Si1-C4
112.74(8), C8-Si1-C4 113.30(8), C2-Si1-C4 92.76(6), C2-C1-C4a
126.00(12), C2-C1-C1a 117.16(14), C4a-C1-C1a 116.85(14), C1-C2-C3
116.21(12), C1-C2-Si1 106.59(9), C3-C2-Si1 137.19(11), C6-C4-C1a
115.48(13), C6-C4-Si1 137.88(11), C1a-C4-Si1 106.58(9).


Table 1. Photophysical properties of 1a, 1b, 2a, 2b, 5a, and 5b in cyclo-
hexane.[a]


Compd Absorption Emission
lmax [nm] e [m�1 cm�1] lmax [nm]


[b] FF
[c]


1a 207
285


43570
12070


361 0.08


2a 223
289


46670
10680


450 0.05


5a 210
277


39680
12940


338 0.16


1b 230
324


48880
38860


397 0.26


2b 233
327


45980
31550


418 0.33


5b 221
316


50660
43400


379 0.72


[a] Measured at 1M10�5m in cyclohexane. [b] Irradiation was effected
with UV light (l=265 nm). [c] Calculated using terphenyl (FF=0.87) as
a standard.


Scheme 5. Preparation of disilylene-bridged silafluorene 2b (NHC: 1,3-
bis(2,6-di-isopropylphenyl)imidazolium chloride).
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emission maximum of 2a (465 nm in each case), suggesting
solvent stabilization of the charge-transfer excited states.
Solid silafluorenes 1, 2, and 5 also emitted fluorescence


upon irradiation of UV light. Fluorescence spectra of the
thin films prepared by spin coating of their dichloromethane
solutions on a quartz plate are shown in Figure 6, and their
emission maxima and quantum yields are listed in Table 2.
The emission maxima are almost identical or slightly red
shifted to those measured in cyclohexane solution, suggest-
ing that intermolecular interaction of these compounds in
the solid state is weak.
Molecular-orbital calculations of 1a, 1b, 2a, 2b, 5a, and


5b were carried out by DFT methods at the B3LYP/6-


31G*//B3LYP/6-31G* level. The optimized structure of 1a is
the same as observed in the X-ray analysis; the biphenyl
moiety is completely flat and the inner angles wedged be-
tween the silicon-substituted aromatic carbon atoms in the
benzene rings are greatly expanded (125.58). On the other
hand, as shown in Figure 6, the biphenyl moiety of 2a is
slightly twisted with a dihedral angle C3-C4-C6-C7 of 10.78,
while the inner C3-C4-C5 angle is 118.9668, which is compa-
rable to the standard angle (1208) of a benzene ring. The
Si1�Si2 bond length (2.318 K) in 2a is shorter than the
normal value (2.35 K). Noteworthy is that the methyl
groups (C1 and C2) on Si1 and Si2 are oriented almost anti-
periplanar to each other and perpendicular to the silafluor-
ene plane (Figure 7, side view), which looks ideal for s*–p*


Figure 3. UV spectra of 1a, 1b, 2a, 2b, 5a, and 5b.


Figure 4. Normalized fluorescence spectra of 1a, 1b, 2a, 2b, 5a, and 5b
in cyclohexane. Signals at 530 nm were harmonic overtones of the excita-
tion light (265 nm).


Figure 5. Photographs of 1b, 2a, and 2b under UV light (l=254 nm):
a) 1M10�5m in cyclohexane; b) thin film spin coated on a quartz plate.


Figure 6. Normalized fluorescence spectra of 1a, 1b, 2a, 2b, 5a, and 5b.


Table 2. Fluorescence properties of 1a, 1b, 2a, 2b, 5a, and 5b in a spin-
coated thin film.


Compd lex [nm]
[a] lem [nm]


[b] FF
[c]


1a 300 361 0.11
2a 325 450 0.12
5a 300 338 0.16
1b 325 397 0.17
2b 290 418 0.46
5b 325 379 0.65


[a] Excitation wavelength. [b] Wavelength of emission maxima. [c] Abso-
lute quantum yield determined by a calibrated integrating sphere system.


Figure 7. Optimized structure of 2a by DFT calculations. Selected bond
lengths [K] and angles [8]: Si1-Si2 2.318, Si1-C1 1.902, Si2-C2 1.903, Si1-
C3 1.900, Si2-C7 1.899, C3-C4 1.421, C4-C5 1.425, C4-C6 1.518, C6-C7
1.421; C3-Si1-Si2 101.477, C3-Si1-C1 108.960, C7-Si2-C2 108.978, Si1-Si2-
C7 101.522, Si1-C3-C4125.562, C3-C4-C5 118.966, C3-C4-C6 127.333, C5-
C4-C6 113.678.
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conjugation. Probably owing to such arrangements of the
methyl groups, the silicon atoms are largely deformed from
a normal tetrahedral shape; for example, the C3-Si1-Si2
bond angle is narrowed to 101.58. Calculated orbital ener-
gies are summarized in Table 3. Compared with 5a, the ad-


ditional silylene bridge raised both the HOMO and LUMO
levels of 1a. Unexpected elevation of the LUMO level may
be ascribed to the deformation of the benzene rings. On the
other hand, incorporation of the disilylene bridge into 5a
elevated the energy level of the HOMO located on the bi-
phenyl system and the Si�Si s bond, and expectedly lowered
the LUMO level that was delocalized on the biphenyl
system and the silicon atoms but not extended to the Si�Si
s bond (Figure 8). The decrease of the HOMO–LUMO


gaps in the order of 5a>1a>2a>5b>1b>2b is consistent
with a bathochromic shift of the absorption edges shown in
Figure 3. Meanwhile, time-dependent DFT (TDDFT) calcu-
lations of 2a indicate that the first transition consists of a
HOMO–LUMO transition as a major contribution. Hence,
the large Stokes shift and the solvent effect on emission
maximum of 2a may be ascribed to intramolecular charge
transfer from the disilylene to the silylene moieties. In addi-
tion, we carried out DFT calculations on the triplet state of
2a as a model of the excited state of 2a. The triplet-state
energy was found to be 0.09676 hartree (471 nm), which
does not contradict the fluorescence emission maximum
(450 nm).


Conclusions


In summary, we have demonstrated that a silicon bridge at
the 4,5-positions of silafluorenes with a silylene or disilylene
moiety is effective for extension of the conjugated system
with the aid of s*–p* conjugation and some degree of steric
constraint. In particular, the disilylene-bridged silafluorenes
exhibit large Stokes shifts to result in blue emission as a
single component in both solution and thin film. These re-
sults imply that silicon-bridged silafluorenes can serve as a
new class of conjugated modules. Furthermore, this research
confirms the validity of molecular design involving a double
silicon bridge[18] between conventional p-conjugated mod-
ules as a method for tuning electronic structures of the
parent systems.


Experimental Section


General


Melting points were determined using a YANAKO MP-500D and not
corrected. 1H NMR spectra were measured on JEOL EX270 (270 MHz),
JMN ECP-500 (500 MHz), Varian Mercury 200 (200 MHz), 300
(300 MHz), and 400 (400 MHz) spectrometers. The chemical shifts of
1H NMR are expressed in parts per million downfield referenced to inter-
nal tetramethylsilane (d=0 ppm), chloroform (d=7.26 ppm), or benzene
(d=7.16 ppm). Splitting patterns are indicated as s, singlet; d, doublet; t,
triplet; q, quartet; m, multiplet. 13C NMR spectra were measured on
JEOL EX270 (68 MHz), JMN ECP-500 (125 MHz), Varian Mercury 200
(50 MHz), 300 (75 MHz), and 400 (100 MHz) spectrometers with tetra-
methylsilane as an internal standard (d=0 ppm), [D]chloroform (d=


77.0 ppm), or [D6]benzene (d=128.4 ppm). 29Si NMR spectra were mea-
sured on a JEOL EX270 (54 MHz), JMN ECP-500 (99 MHz), and Varian
Mercury 400 (80 MHz) spectrometers with tetramethylsilane as an inter-
nal standard (d =0 ppm). UV spectra were recorded with a Shimadzu
UV-2100PC spectrometer. Spin-coated thin films of silafluorenes on a
quartz plate were prepared from dichloromethane solutions with a
MIKASA SPINCOATER MS-A100. Fluorescence spectra of cyclohex-
ane solutions were measured with a Shimadzu RF-5300PC spectrometer.
Fluorescence spectra of thin films were measured with a Hamamatsu
Photonics C9920–02, and absolute quantum yields were determined by a
calibrated integrating sphere system. IR spectra were recorded on a Shi-
madzu FTIR-8400 spectrometer. GC–MS analyses were performed with
a JEOL JMS-700 by electron ionization at 70 eV. FAB-MS analyses were
performed with a JEOL JMS-HX110 A spectrometer with a 3-nitroben-
zyl alcohol or thioglycerol matrix. Elemental analyses were carried out
with a YANAKO MT2 CHN CORDER machine at the Elemental Anal-
ysis Center of Kyoto University. TLC analyses were performed with
Merck Kieselgel 60 F254 and column chromatography was carried out
using Wakogel C-200 or Merck Kieselgel 60 (230–400 mesh). Preparative
recycling gel permeation chromatography (GPC) was performed with a
JAI LC-908 chromatograph equipped with JAIGEL-1H and -2H columns
(chloroform as an eluent). Preparative recycling high-performance liquid
chromatography (HPLC) was performed with a JAI LC-908 chromato-
graph equipped with 5SL-II columns (hexane and ethyl acetate as an
eluent). All manipulations of oxygen- and moisture-sensitive materials
were carried out under argon.


Synthesis


4 : To a solution of 2,2’,6,6’-tetrabromobiphenyl (3, 0.82 g, 1.75 mmol) in
THF (25 mL) was added BuLi (1.60m in hexane, 2.4 mL, 3.8 mmol) at
�78 8C over a period of 15 min. The reaction mixture was stirred for 4 h
before addition of dichlorodimethylsilane (0.46 mL, 3.8 mmol) at �78 8C
over a period of 10 min. The reaction mixture was allowed to warm to
room temperature. To the solution was added sat. NaHCO3 aq. solution


Table 3. HOMO and LUMO energies of 1a, 1b, 2a, 2b, 5a, and 5b.[a]


Compd LUMO [eV] HOMO [eV] HOMO–LUMO gap [eV]


1a �0.80 �5.62 4.82
2a �0.98 �5.68 4.70
5a �0.92 �5.78 4.86
1b �1.19 �5.34 4.14
2b �1.33 �5.43 4.10
5b �1.30 �5.45 4.15


[a] Calculated at the B3LYP/6-31G*//B3LYP/6-31G* level.


Figure 8. Molecular-orbital drawings of the HOMOs and LUMOs of 1a,
2a, and 5a calculated by DFT at the B3LYP/6-31G*//B3LYP/6-31G*
level.
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(20 mL). The aqueous layer was extracted with dichloromethane
(20 mLM2). The combined organic layer was dried over anhydrous mag-
nesium sulfate and concentrated in vacuo. The crude product was puri-
fied by column chromatography on silica gel (hexane/diethyl ether 10:1)
to give 4 (0.46 g, 72% yield) as a colorless solid. M.p. 107.8–108.8 8C.
Rf 0.58 (hexane/diethyl ether 10:1).


1H NMR (400 MHz, CDCl3): d=0.39
(s, 6H), 7.18 (dd, J=7.9, 6.9 Hz, 2H), 7.55 (dd, J=6.9, 1.2 Hz, 2H),
7.65 ppm (dd, J=7.9, 1.2 Hz, 2H); 13C NMR (68 MHz, CDCl3): d=�2.5,
120.3, 128.8, 130.6, 135.9, 144.6, 147.8 ppm; 29Si NMR (54 MHz, CDCl3):
d=�19.6 ppm; IR (KBr): ñ=3036, 2957, 2899, 1437, 1379, 1244, 1213,
1076, 991, 851, 806, 768, 741, 714, 658, 642 cm�1; EI-MS (70 eV): m/z : 370
([M]+ +4, 39), 368 ([M]+ +2, 75), 366 ([M]+ , 38), 355 (52), 353 (100),
351 (51), 289 (29), 287 (28), 274 (18), 272 (19), 207 (18), 193 (14), 191
(14), 165 (25). HRMS (EI) calcd for C14H12Br2Si: [M]


+ , 365.9075; found:
365.9085. Elemental analysis (%) calcd for C14H12Br2Si: C 45.68, H 3.29;
found: C 45.44, H 3.35.


6 : To a solution of 3 (0.152 g, 0.32 mmol) in THF (4.6 mL) was added
BuLi (1.55m in hexane, 1.10 mL, 1.70 mmol) at �78 8C over a period of
20 min. The reaction mixture was stirred for 1.5 h before addition of
chlorotrimethylsilane (0.30 mL, 2.4 mmol) at �78 8C over a period of
15 min. The resulting mixture was allowed to warm to room temperature
and then quenched with sat. NaHCO3 aq. solution (10 mL). The aqueous
layer was extracted with diethyl ether (15 mLM2). The combined organic
layer was dried over anhydrous magnesium sulfate and concentrated in
vacuo. The crude product was purified by column chromatography on
silica gel (hexane/diethyl ether 10:1), giving rise to 6 (0.138 g, 93% yield)
as colorless prisms. M.p. 79.4–80.4 8C. Rf 0.79 (hexane/ethyl acetate 10:1).
1H NMR (400 MHz, CDCl3): d =�0.03 (s, 18H), 7.25 (dd, J=7.9, 7.5 Hz,
2H), 7.57 (dd, J=7.5, 1.2 Hz, 2H), 7.64 ppm (dd, J=7.9, 1.2 Hz, 2H);
13C NMR (100 MHz, CDCl3): d=0.4, 125.7, 128.6, 132.7, 133.6, 142.8,
147.2 ppm; 29Si NMR (80 MHz, CDCl3): d =�2.5 ppm; IR (KBr): ñ=


3047, 2957, 2897, 1558, 1541, 1387, 1263, 1250, 1144, 1113, 1080, 1067,
851, 841, 777, 766, 748 cm�1; EI-MS (70 eV): m/z : 458 ([M]+ +4, 4), 456
([M]+ +2, 6), 454 ([M]+ , 3), 443 (31), 441 (55), 439 (25), 355 (7), 353
(12), 351 (7), 289 (100), 287 (94). HRMS (EI) calcd for C18H24Br2Si2:
[M]+ , 453.9783; found: 453.9771. Elemental analysis (%) calcd for
C18H24Br2Si2: C 47.37, H 5.30; found: C 47.34, H 5.26.


1a : A solution of 6 (61 mg, 0.13 mmol), magnesium turnings (14 mg,
0.57 mmol), and copper cyanide (2.4 mg, 0.03 mmol) in THF (1.4 mL)
was vigorously stirred at 85 8C for 24 h before quenching with sat.
NaHCO3 aq. solution (10 mL). The aqueous layer was extracted with di-
chloromethane (50 mLM1 and 20 mLM2). The combined organic layer
was dried over anhydrous magnesium sulfate and concentrated in vacuo.
The crude product was subjected to column chromatography on silica gel
(hexane/dichloromethane 10:3) and subsequently purified by preparative
HPLC (hexane) to give 1a (8.0 mg, 22% yield) as colorless prisms and 9,9-
dimethyl-9H-dibenzosilole (5a; 8.7 mg, 22% yield) as a colorless oil.
M.p. 1958C. Rf 0.58 (hexane/dichloromethane 10:3).


1H NMR (270MHz,
CDCl3): d=0.48 (s, 12H), 7.22 (t, J=7.2 Hz, 2H), 7.58 ppm (d, J=7.2 Hz,
4H); 13C NMR (100 MHz, CDCl3): d=�2.7, 127.5, 133.7, 133.8, 160.0 ppm;
29Si NMR (80MHz, CDCl3): d=7.3 ppm; IR (KBr): ñ=3044, 3030, 2966,
2899, 1364, 1246, 853, 802, 766, 652, 428 cm�1; EI-MS (70 eV): m/z: 269
([M]+ +3, 3), 268 ([M]+ +2, 14), 267 ([M]+ +1, 40), 266 ([M]+, 92), 251
(100), 235 (22), 221 (34), 205 (12), 191 (10), 125 (12), 118 (37). HRMS (EI)
calcd for C16H18Si2: [M]


+, 266.0947; found: 266.0960. Elemental analysis
(%) calcd for C16H18Si2: C 72.11, H 6.81; found: C 71.84, H 6.76.


One-pot synthesis of 1a : To a mixture of 3 (0.15 g, 0.31 mmol) and di-
chlorodimethylsilane (0.55 mL, 4.5 mmol) was added a pentane solution
of tBuLi (1.46m, 2.7 mL, 3.9 mmol) at �78 8C over a period of 10 min.
The resulting solution was stirred at �78 8C for 5 min and then allowed
to warm to room temperature before quenching with water (10 mL). The
reaction mixture was diluted with dichloromethane (30 mL), and the
aqueous layer was extracted with dichloromethane (15 mLM2). The com-
bined organic layer was dried over anhydrous magnesium sulfate and
concentrated in vacuo. The crude product was purified by column chro-
matography on silica gel (hexane/dichloromethane 10:3) to afford a mix-
ture of 1a and 5a. Preparative GPC of the mixture gave 1a (11 mg, 13%
yield) as colorless prisms.


2,6-Dibromo-4-chloro-1-iodobenzene: To a solution of 2,6-dibromo-4-
chloroaniline (100 g, 0.36 mol) in conc. HCl (190 mL) was added a solu-
tion of sodium nitrite (27 g, 0.39 mol) in water (120 mL) dropwise at 0 8C
over a period of 75 min. The solution was stirred at 0 8C for 2 h, and then
was poured into a solution of potassium iodide (510 g, 3.0 mol) in water
(680 mL) at 0 8C. The resulting solution was stirred vigorously at room
temperature overnight. Dichloromethane (750 mL) and sat. Na2CO3 aq.
solution (200 mL) were successively added to the flask at room tempera-
ture. The aqueous layer was extracted with dichloromethane (500 mLM
2). The combined organic layer was dried over anhydrous magnesium sul-
fate and concentrated in vacuo. The crude product was purified by recrys-
tallization from benzene/ethanol, giving rise to 2,6-dibromo-4-chloro-1-io-
dobenzene (120 g, 82% yield) as colorless needles. M.p. 109.6–110.2 8C
(benzene/ethanol 1:1). Rf 0.43 (hexane/diethyl ether 10:1).


1H NMR
(400 MHz, CDCl3): d=7.58 ppm (s, 2H); 13C NMR (100 MHz, CDCl3):
d=107.2, 130.8, 131.4, 135.3 ppm; IR (KBr): ñ=3090, 3053, 2937, 2924,
2891, 1547, 1533, 1522, 1383, 1369, 1352, 1236, 1190, 1167, 1128, 1117,
1076, 1001, 860, 795, 737, 671, 540, 498 cm�1; EI-MS (70 eV): m/z : 400
([M]+ +6, 14), 398 ([M]+ +4, 71), 396 ([M]+ +2, 100), 394 ([M]+ , 44),
269 (28), 190 (19), 109 (17), 74 (26). HRMS (EI) calcd for C6H2Br2ClI:
[M]+ , 393.7256; found: 393.7249. Elemental analysis (%) calcd for
C6H2Br2ClI: C 18.19, H 0.51; found: C 18.25, H 0.65.


7: To a suspension of 2,6-dibromo-4-chloro-1-iodobenzene (51 g, 0.13
mol) and anhydrous copper(II) chloride (105 g, 0.78 mol) in diethyl ether
(400 mL) was added a hexane solution of BuLi (1.60m, 86 mL, 0.14 mol)
at �78 8C over a period of 2.5 h. The resulting mixture was allowed to
warm to room temperature overnight before quenching with water
(200 mL) at 0 8C. The aqueous layer was extracted with dichloromethane
(400 mLM1 and 200 mLM2). The combined organic layer was dried over
anhydrous magnesium sulfate and concentrated in vacuo. The crude
product was purified by column chromatography on silica gel (hexane),
giving rise to 7 (11.3 g, 33% yield) as a colorless solid. M.p. 128.5–
129.5 8C. Rf 0.55 (hexane).


1H NMR (400 MHz, CDCl3): d =7.68 ppm (s,
4H); 13C NMR (100 MHz, CDCl3): d=124.5, 131.8, 135.8, 139.8 ppm; IR
(KBr): ñ =3071, 2966, 2926, 2853, 1566, 1533, 1406, 1375, 1354, 1182,
1130, 1117, 1105, 858, 783, 746, 727, 584 cm�1; EI-MS (70 eV): m/z : 544
([M]+ +10, 12), 542 ([M]+ +8, 47), 540 ([M]+ +6, 93), 538 ([M]+ +4,
100), 536 ([M]+ +2, 54), 534 ([M]+ , 12), 459 (22), 378 (46), 264 (15), 229
(10), 218 (26), 189 (14), 183 (12). HRMS (EI) calcd for C12H4Br4Cl2:
[M]+ , 533.6423; found: 533.6431. Elemental analysis (%) calcd for
C12H4Br4Cl2: C 26.76, H 0.75; found: C 26.92, H 0.88.


Preparation of 1c and 5c : To a mixture of 7 (5.1 g, 9.4 mmol) and di-
chlorodimethylsilane (11.0 mL, 91 mmol) was added a pentane solution
of tBuLi (1.59m, 60 mL, 95 mmol) at �78 8C over a period of 15 min. The
resulting suspension was stirred at �78 8C for 10 min and was allowed to
warm to room temperature overnight before quenching with sat.
NaHCO3 aq. solution (150 mL). The mixture was diluted with dichloro-
methane (300 mL), and the aqueous layer was extracted with dichlorome-
thane (200 mLM1 and 100 mLM2). The combined organic layer was dried
over anhydrous magnesium sulfate and concentrated in vacuo. The crude
product was purified by column chromatography on silica gel (hexane) to
afford 1c (0.47 g, 15% yield) and 5c (0.90 g, 34% yield) as colorless
solids, respectively. 1c : M.p. 203.3–204.3 8C. Rf 0.53 (hexane).


1H NMR
(270 MHz, CDCl3): d=0.49 (s, 12H), 7.52 (s, 4H); 13C NMR (68 MHz,
CDCl3): d =�2.8, 133.8, 134.0, 135.6, 156.7; 29Si NMR (54 MHz, CDCl3):
d=9.1; IR (KBr): ñ =3042, 2966, 2926, 2853, 1362, 1248, 1119, 1078, 854,
785, 758, 660, 453 cm�1; EI-MS (70 eV): m/z : 339 ([M]+ +5, 4), 338
([M]+ +4, 15), 337 ([M]+ +3, 18), 336 ([M]+ +2, 66), 335 ([M]+ +1, 25),
334 ([M]+ , 90), 319 (100), 289 (10), 152 (18). HRMS (EI) calcd for
C16H16Cl2Si2: [M]


+ , 334.0168; found: 334.0166. Elemental analysis (%)
calcd for C16H16Cl2Si2: C 57.30, H 4.81; found: C 57.00, H 4.78. 5c :
M.p. 145.0–145.2 8C. Rf 0.44 (hexane).


1H NMR (400 MHz, CDCl3): d=


0.43 (s, 6H), 7.39 (dd, J=8.3, 2.2 Hz, 2H), 7.56 (d, J=2.2 Hz, 2H),
7.68 ppm (d, J=8.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=�3.5,
122.1, 130.3, 132.6, 133.7, 141.0, 145.0 ppm; 29Si NMR (80 MHz, CDCl3):
d=1.7 ppm; IR (KBr): ñ=3049, 2984, 1445, 1391, 1381, 1240, 1140, 1097,
1088, 853, 824, 785, 754, 662 cm�1; EI-MS (70 eV): m/z : 283 ([M]+ +5, 2),
282 ([M]+ +4, 9), 281 ([M]+ +3, 9), 280 ([M]+ +2, 39), 279 ([M]+ +1,
12), 278 ([M]+ , 57), 263 (100), 199 (14), 165 (14). HRMS (EI) calcd for
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C14H12Cl2Si: [M]
+ , 278.0085; found: 278.0080. Elemental analysis (%)


calcd for C14H12Cl2Si: C 60.22, H 4.33; found: C 59.97, H 4.35.


1b : A Schlenk tube was charged with [Ni ACHTUNGTRENNUNG(acac)2] (11 mg, 4.4 mmol), 1,3-
bis(2,6-di-isopropylphenyl)imidazolium chloride (22 mg, 0.052 mmol), 1c
(25 mg, 0.074 mmol), and THF (1.5 mL) under an argon atmosphere. To
the solution was added a THF solution of phenylmagnesium bromide
(1.07m, 0.50 mL, 0.54 mmol) at room temperature. After 7 days, the reac-
tion was quenched with methanol (3 mL). The organic solvent was re-
moved with a rotary evaporator. The residue was diluted with dichloro-
methane (70 mL) and sat. NaCl aq. solution (25 mL). The aqueous layer
was extracted with dichloromethane (30 mLM2). The combined organic
layer was dried over anhydrous magnesium sulfate and concentrated in
vacuo. The crude product was purified by column chromatography on
silica gel (hexane/ethyl acetate 10:1) to give 1b (17 mg, 53% yield) as
colorless prisms. M.p. 215.6 8C (sublimation). Rf 0.55 (hexane/ethyl ace-
tate 10:1). 1H NMR (400 MHz, CDCl3): d=0.55 (s, 12H), 7.34 (tt, J=7.5,
1.4 Hz, 2H), 7.45 (dd, J=7.8, 7.5 Hz, 4H), 7.64 (dd, J=7.8, 1.4 Hz, 4H),
7.82 ppm (s, 4H); 13C NMR (100 MHz, CDCl3): d=�2.5, 126.9, 127.3,
128.7, 133.3, 134.3, 140.8, 142.4, 158.9 ppm; 29Si NMR (80 MHz, CDCl3):
d=8.0 ppm; IR (KBr): ñ=3103, 3082, 3057, 3026, 2957, 2926, 2895, 2851,
1387, 1252, 1061, 1028, 856, 829, 779, 758, 698, 658, 521 cm�1; EI-MS
(70 eV): m/z : 421 ([M]+ +3, 4), 420 ([M]+ +2, 16), 419 ([M]+ +1, 43),
418 ([M]+ , 100), 403 (64), 209 (10), 194 (16). HRMS (EI) calcd for
C28H26Si2: [M]


+ , 418.1573; found: 418.1569.


5b : A Schlenk tube was charged with [Ni ACHTUNGTRENNUNG(acac)2] (14 mg, 5.3 mmol), 1,3-
bis(2,6-di-isopropylphenyl)imidazolium chloride (24 mg, 0.057 mmol), 5c
(25 mg, 0.089 mmol), and THF (1.5 mL). To the solution was added a
THF solution of phenylmagnesium bromide (1.07m, 0.50 mL, 0.54 mmol)
at room temperature. The resulting solution was stirred at room tempera-
ture for 9 h before quenching with methanol (3 mL). The organic solvent
was removed under reduced pressure. The residue was dissolved in di-
chloromethane (70 mL) and sat. NaCl aq. solution (25 mL). The aqueous
layer was extracted with dichloromethane (30 mLM2). The combined or-
ganic layer was dried over anhydrous magnesium sulfate and concentrat-
ed in vacuo. The crude product was purified by column chromatography
on silica gel (hexane/ethyl acetate 10:1) to give 5b (30 mg, 93% yield) as
colorless needles. M.p. 241.8–242.7 8C. Rf 0.77 (hexane/ethyl acetate 10:1).
1H NMR (400 MHz, CDCl3): d =0.50 (s, 6H), 7.36 (tt, J=7.5, 1.3 Hz,
2H), 7.47 (dd, J=7.9, 7.5 Hz, 4H), 7.67 (dd, J=7.9, 1.3 Hz, 4H), 7.69
(dd, J=7.6, 1.9 Hz, 2H), 7.87 (d, J=1.9 Hz, 2H), 7.92 ppm (d, J=7.6 Hz,
2H); 13C NMR (100 MHz, CDCl3): d =�3.1, 121.2, 127.0, 127.2, 128.8,
129.2, 131.5, 139.8, 140.1, 141.2, 146.6 ppm; 29Si NMR (80 MHz, CDCl3):
d=0.7 ppm; IR (KBr): ñ=3061, 3032, 2957, 2918, 2849, 1389, 1248, 1151,
1067, 1022, 905, 851, 835, 826, 781, 760, 694 cm�1; EI-MS (70 eV): m/z :
364 ([M]+ +2, 10), 363 ([M]+ +1, 36), 362 ([M]+ , 100), 347 (75), 174
(14). HRMS (EI) calcd for C26H22Si: [M]


+ , 362.1491; found: 362.1507.


8 : To a solution of 3 (0.20 g, 0.43 mmol) in THF (6.5 mL) was added
BuLi (1.60m in hexane, 0.62 mL, 0.99 mmol) at �78 8C over a period of
5 min. The reaction mixture was stirred at �78 8C for 1 h before the addi-
tion of 1,2-dichloro-1,1,2,2-tetramethyldisilane (0.12 mL, 0.64 mmol). The
resulting mixture was allowed to warm to room temperature overnight
before quenching with sat. NaHCO3 aq. solution (10 mL). The aqueous
layer was extracted with ethyl acetate (50 mLM1 and 30 mLM2). The
combined organic layer was dried over anhydrous magnesium sulfate and
concentrated in vacuo. The crude product was purified by column chro-
matography on silica gel (hexane/ethyl acetate 10:1) to give 8 (0.12 g,
67% yield) as colorless prisms. M.p. 154.4–154.8 8C. Rf 0.48 (hexane/ethyl
acetate 10:1). 1H NMR (400 MHz, CDCl3): d=�0.22 (s, 6H), 0.42 (s,
6H), 7.20 (dd, J=8.0, 7.3 Hz, 2H), 7.44 (dd, J=7.3, 1.3 Hz, 2H), 7.67
(dd, J=8.0, 1.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=�5.7, �5.5,
125.7, 128.7, 132.1, 133.8, 139.2, 145.4 ppm; 29Si NMR (80 MHz, CDCl3):
d=�23.1 ppm; IR (KBr): ñ=3047, 2957, 2895, 1558, 1541, 1383, 1242,
1070, 854, 837, 818, 795, 779, 770, 752, 735, 723, 656, 638 cm�1; EI-MS
(70 eV): m/z : 428 ([M]+ +4, 12), 426 ([M]+ +2, 22), 424 ([M]+ , 11), 413
(4), 411 (8), 409 (4), 347 (60), 345 (56), 331 (26), 329 (24), 265 (100), 237
(59). HRMS (EI) calcd for C16H18Br2Si2: [M]


+ , 423.9314; found:
423.9310. Elemental analysis (%) calcd for C16H18Br2Si2: C 45.08, H 4.26;
found: C 45.34, H 4.22.


2a : To a solution of 8 (41 mg, 0.097 mmol) in THF (1.5 mL) was added
tBuLi (1.57m in pentane, 0.25 mL, 0.39 mmol) at �78 8C. The reaction
mixture was stirred at �78 8C for 40 min before the addition of dichloro-
dimethylsilane (20 mL, 0.17 mmol). The resulting mixture was allowed to
warm to room temperature overnight before quenching with sat.
NaHCO3 aq. solution (10 mL). The aqueous layer was extracted with
ethyl acetate (50 mLM1 and 20 mLM2). The combined organic layer was
dried over anhydrous magnesium sulfate and concentrated in vacuo. The
crude product was purified by column chromatography on silica gel
(hexane/ethyl acetate 10:1) and subsequently by preparative HPLC
(hexane) to give 2a (25 mg, 78% yield) as a colorless solid. M.p. 63.9 8C.
Rf 0.28 (hexane).


1H NMR (270 MHz, CDCl3): d=0.36 (s, 12H), 0.40 (s,
6H), 7.24 (dd, J=7.2, 7.1 Hz, 2H), 7.63 (dd, J=7.1, 1.6 Hz, 2H),
7.64 ppm (dd, J=7.2, 1.6 Hz, 2H); 13C NMR (68 MHz, CDCl3): d=�3.2,
�2.8, 125.9, 133.4, 134.6, 136.4, 139.9, 154.8 ppm; 29Si NMR (54 MHz,
CDCl3): d=�32.9, �2.5 ppm; IR (KBr): ñ=3038, 3017, 2953, 2893, 1362,
1246, 1138, 856, 833, 818, 795, 762, 658, 642 cm�1; EI-MS (70 eV): m/z :
327 ([M]+ +3, 2), 326 ([M]+ +2, 6), 325 ([M]+ +1, 14), 324 ([M]+ , 42),
309 (23), 251 (100), 236 (24), 221 (13), 73 (13). HRMS (EI) calcd for
C18H24Si3: [M]


+ , 324.1186; found: 324.1194. Elemental analysis (%) calcd
for C18H24Si3: C 66.59, H 7.45; found: C 66.59, H 7.41.


One-pot synthesis of 2a : To a mixture of 3 (0.81 g, 1.72 mmol) and 1,2-di-
chloro-1,1,2,2-tetramethyldisilane (1.70 mL, 9.1 mmol) was added a pen-
tane solution of tBuLi (1.47m, 10.0 mL, 14.7 mmol) at �78 8C over a
period of 45 min. The mixture was stirred for 25 min at �78 8C and then
at room temperature overnight before quenching with sat. NaHCO3 aq.
solution (30 mL). Dichloromethane (40 mL) was added, and the separat-
ed aq. phase was extracted with dichloromethane (20 mLM2). The com-
bined organic layers were dried over anhydrous magnesium sulfate and
concentrated in vacuo. The crude products were separated by column
chromatography on silica gel (hexane), giving rise to 2a (0.24 g, 43%
yield) as a colorless solid and 9 (66 mg, 10% yield) as colorless prisms. 9 :
M.p. 147.2–148.2 8C. Rf 0.56 (hexane).


1H NMR (270 MHz, CDCl3): d=


�0.20 (s, 12H), 0.40 (s, 12H), 7.17 (t, J=7.3 Hz, 2H), 7.46 ppm (d, J=


7.3 Hz, 4H); 13C NMR (68 MHz, CDCl3): d =�5.5, �5.0, 125.6, 134.7,
136.2, 152.0 ppm; 29Si NMR (54 MHz, CDCl3): d =�25.3 ppm; IR (KBr):
ñ=3036, 2961, 2947, 2893, 1358, 1246, 858, 839, 795, 783, 764, 642 cm�1;
EI-MS (70 eV): m/z : 385 ([M]+ +3, 3), 384 ([M]+ +2, 10), 383 ([M]+ +1,
19), 382 ([M]+ , 43), 324 (22), 309 (43), 251 (100), 236 (16), 221 (20), 116
(83), 73 (14). HRMS (GC–MS) calcd for C20H30Si4: [M]


+ , 382.1425;
found: 382.1432. Elemental analysis (%) calcd for C20H30Si4: C 62.75,
H 7.90; found: C 62.36, H 7.89.


2c : To a mixture of 7 (0.33 g, 0.61 mmol) and 1,2-dichloro-1,1,2,2-tetra-
methyldisilane (1.00 mL, 5.4 mmol) was added a pentane solution of
tBuLi (1.46m, 4.6 mL, 6.7 mmol) at �78 8C over a period of 12 min. The
resulting suspension was stirred at �78 8C for 23 min and then at room
temperature for 26 h before quenching with sat. NaHCO3 aq. solution
(20 mL). The resulting solution was diluted with dichloromethane
(50 mL). The separated aqueous layer was extracted with dichlorome-
thane (30 mLM2). The combined organic layer was dried over anhydrous
magnesium sulfate and concentrated in vacuo. The crude product was pu-
rified by column chromatography on silica gel (hexane) to give 2c
(86 mg, 36% yield) as a colorless solid. M.p. 139.9–140.9 8C. Rf 0.59
(hexane). 1H NMR (400 MHz, CDCl3): d=0.35 (s, 12H), 0.40 (s, 6H),
7.52 (s, 2H), 7.52 ppm (s, 2H); 13C NMR (100 MHz, CDCl3): d=�3.5,
�3.3, 133.0, 133.2, 135.8, 137.3, 142.7, 151.9 ppm; 29Si NMR (54 MHz,
CDCl3): d=�31.3, �1.5 ppm; IR (KBr): ñ=2955, 2897, 1358, 1250, 1130,
860, 841, 779, 766, 662 cm�1; EI-MS (70 eV): m/z : 397 ([M]+ +5, 4), 395
([M]+ +3, 12),394 ([M]+ +2, 36), 392 ([M]+ , 46), 377 (100), 319 (23), 284
(18). HRMS (EI) calcd for C18H22Cl2Si3: [M]


+ , 392.0406; found:
392.0406. Elemental analysis (%) calcd for C18H22Cl2Si3: C 54.94, H 5.63;
found: C 55.04, H 5.60.


2b : A Schlenk tube was charged with [Ni ACHTUNGTRENNUNG(acac)2] (23 mg, 9.0 mmol), 1,3-
bis(2,6-di-isopropylphenyl)imidazolium chloride (35 mg, 0.083 mmol), 2c
(51 mg, 0.13 mmol), and THF (2.2 mL). To the solution was added a
THF solution of phenylmagnesium bromide (1.07m, 0.80 mL, 0.86 mmol)
at room temperature. The reaction mixture was stirred at room tempera-
ture for 46 h before quenching with methanol (5 mL). The organic sol-
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vent was removed under reduced pressure. The residue was dissolved
with dichloromethane (70 mL) and sat. NaCl aq. solution (25 mL). The
aqueous layer was extracted with dichloromethane (30 mLM2). The com-
bined organic layer was dried over anhydrous magnesium sulfate and
concentrated in vacuo. The crude product was purified by column chro-
matography on silica gel (hexane/ethyl acetate 20:1) to give 2b (38 mg,
61% yield) as colorless plates. M.p. 180.5 8C. Rf 0.59 (hexane/ethyl ace-
tate 20:1). 1H NMR (400 MHz, CDCl3): d=0.42 (s, 12H), 0.47 (s, 6H),
7.38 (tt, J=7.5, 1.5 Hz, 2H), 7.49 (dd, J=8.0, 7.5 Hz, 4H), 7.68 (dd, J=


8.0, 1.5 Hz, 4H), 7.86 (s, 2H), 7.86 ppm (s, 2H); 13C NMR (100 MHz,
CDCl3): d=�3.2, �2.9, 127.1, 127.2, 128.8, 132.3, 135.1, 135.4, 138.2,
140.9, 141.2, 153.7; 29Si NMR (80 MHz, CDCl3): d=�32.4, �2.2 ppm; IR
(KBr): ñ =2953, 2916, 2849, 1246, 860, 849, 779, 760, 698 cm�1; EI-MS
(70 eV): m/z : 479 ([M]+ +3, 6), 478 ([M]+ +2, 20), 476 ([M]+ , 88), 461
(18), 418 (31), 403 (100), 388 (12), 373 (12). HRMS (EI) calcd for
C30H32Si3: [M]


+ , 476.1812; found: 476.1808.


9,9-Dimethyl-9H-dibenzosilole (5a): Compound 5a was prepared accord-
ing to the reported procedure (reference [10a]).


Calculations


Molecular structures were optimized by DFT methods at the B3LYP/6-
31G(d) level using the Gaussian98 package. Energy levels of molecular
orbitals were calculated by the gauge-including atomic orbital (GIAO)
method at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level. Absolute ener-
gies (in hartree) of calculated compounds are as follows: �1199.613183
(1a), �1568.961063 (2a), �831.4637551 (5a), �1661.727562 (1b),
�2031.076499 (2b), and �1293.579145 (5b). Results on TDDFT calcula-
tions of 2a are as follows: excitation energies (4.1355 eV, 299.80 nm) and
oscillator strengths (0.0890). Transitions (coefficients in the CI expansion)
of excited state 1: 86 to 88 (0.22316), 86 to 89 (0.14298), 87 to 88
(0.57336), 87 to 89 (�0.25130).
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Introduction


We recently developed first catalysis protocols for the intra-
molecular diamination of unfunctionalized alkenes
(Scheme 1). By employing tethered nitrogen sources such as


ureas, sulfamides, or guanidines, these approaches convert
terminal alkenes into the corresponding diamine-based het-
erocycles.[1–3] Reactions of this type employ iodosobenzene
diacetate as oxidant and proceed through high-oxidation


catalyst states such as palladium(IV).[1b] Reaction conditions
involving such a catalyst state also exercise control over the
amidation of benzylic positions in diamination reactions that
generate new heterocycles.[2]


The recent observation that copper salts can be employed
as reoxidants in diamination reactions that rely on ureas and
guanidine substrates, has allowed for the development of
complementary protocols.[4–6] These reactions can also be ex-
panded to nonterminal alkene substrates.[4a]


To provide diamination products for further derivatiza-
tion, the incorporation and toleration of functional groups is
clearly warranted. We decided to address this issue in com-
bination with the development of a direct diamination of in-
ternal alkenes, and to this end our attention was turned to
acrylic derivatives. These compounds constitute an attractive
opportunity to provide 2,3-diamino carbonyl products[7] and,
in a broader sense, 1,2,3-trisubstituted building blocks. Unsa-
turated esters represent privileged substrates for diamina-
tion with imidoosmiumACHTUNGTRENNUNG(VIII) reagents[8] and dichlorosul-
ACHTUNGTRENNUNGfonamides;[9] however, a selective homogeneous catalysis
protocol would be of value.


Results and Discussion


To realize the catalytic diamination of acrylates under intra-
molecular-reaction control, the previously described alkene


Abstract: Unligated palladium(II) salts
catalyze the oxidative diamination of
acrylic esters to yield 2,3-diamino car-
boxylic esters. The reaction employs
copper(II) bromide as oxidant and pro-
ceeds with good to excellent stereose-
lectivities and complete chemoselectivi-
ty. Preliminary mechanistic studies pro-
vide evidence for the involvement of a
direct amination of the C�Pd bond in


the a position relative to the ester
group. This protocol significantly
broadens the overall scope of the palla-
dium-catalyzed diamination of alkenes
and represents the first direct diamina-


tion of functionalized nonterminal sub-
strates. The reaction yields readily pro-
tected 2,3-diamino acid derivatives,
which can be considered as highly func-
tionalized building blocks for subse-
quent synthesis. The use of one of
these new diamination products as a
suitable starting material in a short syn-
thesis of the alkaloid absouline is dem-
onstrated as an example.
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Scheme 1. Transition-metal-catalyzed intramolecular diamination.
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1 was subjected to cross-metathesis in the presence of an
excess of methyl acrylate (Scheme 2).[10,11] This reaction
yielded exclusively the E-configured acrylate 2a, which was
employed as substrate in an exploratory series of reactions
to establish the optimum diamination conditions for its con-
version into the corresponding product 3a (Table 1). Initial


studies revealed that a combi-
nation of palladium acetate
and iodosobenzene diace-
tate[1,2] is not useful for the
present case (Table 1, entries 1
and 2). Instead, introduction of
copper bromide as reoxidant
realized the desired palladium
catalysis (Table 1, entry 3).


Upon optimization of solvent, temperature, and base
(Table 1, entries 4–12), it was possible to identify a combina-
tion that leads to complete conversion and excellent selec-
tivity (Table 1, entry 13). Under such conditions, the palladi-
um source could be extended to palladium chloride or even
a palladium(0) source (Table 1, entries 18 and 19).[12] Copper
chloride as reoxidant was inefficient (Table 1, entry 14), and


Scheme 2. Synthetic approach to diamino carboxylic ester 3a by palladium-catalyzed diamination. Tos=4-tol-
uenesulfonyl.


Table 1. Optimization of reaction conditions for catalytic conversion of
2a into diamine 3a.


Entry Palladium
source[a]


Oxidant Reaction
conditions[b]


Conv.
[%]


Yield
[%]


1 Pd ACHTUNGTRENNUNG(OAc)2 PhI ACHTUNGTRENNUNG(OAc)2
[c] Me4NOAc,


CH2Cl2, RT
<10 –


2 Pd ACHTUNGTRENNUNG(OAc)2 PhI ACHTUNGTRENNUNG(OAc)2
[c] Me4NOAc,


DMF, RT
<10 –


3 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] K2CO3, DMF,


RT
76 52


4 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] NaHCO3, DMF,


RT
31 <10


5 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] NaOAc, DMF,


RT
25 <10


6 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] K2CO3, dioxane,


RT
<10 –


7 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] K2CO3, THF, RT <10 –


8 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] Na3PO4, DMF,


RT
82 54


9 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] K2CO3, DMF,


40 8C
88 58


10 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] Na3PO4, DMF,


40 8C
90 80


11 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] K2CO3, DMF,


70 8C
100 14


12 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] Na3PO4, DMF,


70 8C
100 <10


13 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] Na3PO4, DMF,


50 8C
100 72


14 Pd ACHTUNGTRENNUNG(OAc)2 CuCl2
[d] Na3PO4, DMF,


40 8C
<10 –


15 Pd ACHTUNGTRENNUNG(OAc)2
[e] – Na3PO4, DMF,


40 8C
0 –


16 – CuBr2
[d] Na3PO4, DMF,


40 8C
0 –


17 Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] no base, DMF,


40 8C
0 –


18 [Pd ACHTUNGTRENNUNG(NCCH3)2Cl2] CuBr2
[d] Na3PO4, DMF,


40 8C
100 83


19 ACHTUNGTRENNUNG[Pd2ACHTUNGTRENNUNG(dba)3] CuBr2
[d] Na3PO4, DMF,


40 8C
100 84


20[f] Pd ACHTUNGTRENNUNG(OAc)2 CuBr2
[d] Na3PO4, DMF,


40 8C
100 86


[a] 10 mol%. [b] Base: 2 equivalents, 0.05m. [c] 2 equivalents oxidant.
[d] 3 equivalents oxidant. [e] Stoichiometric amount of palladium acetate.
[f] Base: 2 equivalents, 0.1m. dba=dibenzylideneacetone, DMF=N,N-di-
methylformamide.


Abstract in Spanish: Sales de paladio (II) sin ligandos catali-
zan la reacciOn de diaminaciOn oxidante de =steres acrPlicos
para dar los correspondientes 2,3-diamino derivados. La
reacciOn emplea bromuro de cobre (II) como reoxidante y
transcurre con excelente estereoselectividad y completa quP-
mioselectividad. Estudios preliminarios del mecanismo de
reacciOn muestran una aminaciOn directa del enlace C–Pd
en posiciOn alfa al grupo =ster. Con este tipo de protocolo
se aumenta significativamente el rango de aplicaciOn de la
reacciOn de diaminaciOn de alquenos catalizada por paladio
y representa la primera diaminaciOn directa de subtratos
funcionalizados no-terminales. Mediante =sta reacciOn se
obtienen derivados de 2,3-diamino:cidos, los cuales pueden
ser considerados como mol=culas de partida altamente fun-
cionalizadas para una posterior aplicaciOn en sPntesis. Bajo
este contexto, uno de estos nuevos productos de diamina-
ciOn se utilizO como sustrato de partida en una sPntesis del
alcaloide absulina demostrando la viabilidad de este proce-
so.


Abstract in German: Ligandenfreie Palladium(II)salze kata-
lysieren die oxidative Diaminierung von AcrylsQureestern
zu 2,3-DiaminocarbonsQureestern. Die Reaktion verwendet
Kupfer(II)bromid als Oxidationsmittel und verlQuft mit
guten bis ausgezeichneten StereoselektivitQten sowie kom-
pletter ChemoselektivitQt. VorlQufige mechanistische Stud-
ien stRtzen einen Verlauf Rber eine direkte Aminierung der
C–Pd-Bindung eines a-palladierten Esterintermediats. Das
vorliegende Verfahren erweitert die synthetische Bandbreite
der palladium-katalysierten Diaminierung von Alkenen und
stellt die erste direkte Diaminierung von funktionalisierten,
nichtterminalen Alkenen dar. Die Reaktion liefert direkt
geschRtzte 2,3-DiaminocarbonsQurederivate als Produkte,
die als hochfunktionalisierte Bausteine fRr nachfolgende
Synthesen eingestuft werden kçnnen. In diesem Zusammen-
hang wird der Einsatz eines dieser neuen Diaminierungspro-
dukte als geeignete Ausgangsverbindung in einer kurzen
Synthese des Alkaloids Absoulin gezeigt.
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no reaction took place upon
removal of palladium salt,
copper bromide reoxidant, or
base (Table 1, entries 15–17).


For compound 3a, the ob-
served 1H NMR coupling con-
stant of 10.0 Hz between the
two hydrogen atoms of the
former double bond indicates
syn positioning (Figure 1).
Solid-state crystal structure
analysis of 3a confirmed the
assumed constitution.[13] This
stereochemical outcome is
reminiscent of that from deu-
terium-labeled terminal al-
kenes in the diamination of
terminal alkenes,[1] but oppo-
site to that from related reac-
tions with terminal phenyl and
alkyl substitution at the alke-
ne.[4a]


In view of the previously established syn aminopalladation
as the initial aminopalladation event,[1,14, 15] particular inter-
est was derived from the exact conditions for reductive elim-
ination of the C�N bond from the presumed intermediary
amidato–palladium complex. Clearly, the observed overall
syn stereochemistry differs from the anti configuration of di-
amination products from related phenyl-substituted alkenes
(Scheme 3). For the latter, involvement of a brominated in-
termediate A was identified to be responsible for the overall
stereochemical course (Scheme 3, Eq. (1)).[4a,16] For the pres-


ent case, such a brominated intermediate can be excluded,
as the product configuration is inconsistent with two anti-
substitution processes at the a-carbon atom of the ester. In-
stead, the observed product stereochemistry provides evi-
dence that the second C�N bond is indeed the result of a
direct amidation upon metal displacement (Scheme 3,
Eq. (2)). Such a process had been targeted earlier, albeit
without success.[17]


As a consequence, the observed diamination of acrylates
represents the apparently first direct diamination of internal,
functionalized alkenes under the conditions of palladium
catalysis with copper(II) reoxidants. Furthermore, this direct
diamination suppresses the potential competition between
the urea oxygen atom and the tosylamide for the final func-
tionalization of the second carbon atom. Whereas phenyl-
substituted alkenes give a mixture of two isomers
(Scheme 3, Eq. (1)), the present reaction of acrylates bene-
fits from complete chemoselectivity in favor of diamination.


Scheme 4 shows a suggested catalytic cycle that accounts
for the correct product configuration. In agreement with our
earlier observation on ureas,[1] the diamination of acrylates
requires the presence of a base (Table 1, entry 17), which
leads to deprotonation of the tosylamide NH group.[1b] Coor-
dination of palladium induces a state B for syn aminopalla-
dation to intermediate C, as disclosed previously for a varie-
ty of conditions, including the presence of copper(II) oxi-
dants. This step is truly palladium-catalyzed[18] and not an
aza-Michael reaction as no reaction takes place in the ab-
sence of palladium (Table 1, entry 16). Palladium-catalyzed
aza-Michael additions are known,[19] but they proceed
through catalyst-based carbonyl activation, not through ami-
nopalladation.


The resulting a-palladated ester C can undergo stabiliza-
tion through the mesomeric oxallylic form C’.[20, 21] A subse-
quent amide dissociation from palladium followed by C�C
bond rotation leads to intermediate D, which can again ben-
efit from an oxallylic mesomer D’. Transient oxidation by


Figure 1. Chemical structure and crystal structure of 3a displaying the cis
configuration of the hydrogen atoms at the imidazolidinone.


Scheme 3. Comparison of mechanisms for nonterminal alkenes: phenyl versus ester substitution.
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copper(II) bromide[22] enhances the electrophilicity of the a-
carbon atom in intermediate E, and an SN2-type C�N bond
formation accounts for product formation with correct ste-
reochemistry as well as concomitant regeneration of the pal-
ladium(II) catalyst.


Importantly, the potential involvement of the postulated
h3-oxallyl intermediates C’ and D’ does not allow for direct
reductive C�N bond installment through reductive elimina-
tion at the palladium oxidation state of +2 as the reaction
does not proceed in the presence of stoichiometric amounts
of palladium acetate alone (Table 1, entry 15); rather, the
presence of oxidant is required. This is in marked contrast
to the related diamination of 1,3-butadienes, in which the
second C�N bond is installed within an allylic substitution.
These reactions were recently elaborated by Lloyd-Jones
and Booker-Milburn[23] and, to a remarkable extent, by Shi
and co-workers.[24] An intramolecular diamination of this
type was investigated for compound 4, which was converted
into diamine 5 in a chemo- and stereoselective fashion
(Scheme 5). In notable contrast to the case of 3a, this com-


pound displayed anti position-
ing of the two hydrogen atoms
of the former double bond, as
deduced from 1H NMR spec-
troscopic data and X-ray anal-
ysis[13] (Figure 2).


This stereochemical observa-
tion of the diamination of 4 is
in complete agreement with
the results from Shi and co-
workers on the comparable in-
termolecular diamination of
butadienes.[24] It characterizes
the overall reaction as a se-
quence of syn aminopallada-
tion, formation of an allylic in-
termediate, and subsequent in-
tramolecular allylic amida-
tion.[25,26] In marked contrast to
the diamination of acrylates
and an oxallylic intermediate,
the allylic palladium complex
allows for reductive C�N bond


formation at a palladium oxidation state of +2 and hence
proceeds readily within the classical Pd0/PdII cycle. As ex-
pected, the reaction between palladium acetate and 4 gave
diastereomerically pure 5 in 87% yield, and replacement of
copper bromide by benzoquinone allowed for a catalytic re-
action with a similar outcome to the catalysis from
Scheme 5.


Under the optimized reaction conditions for the intramo-
lecular diamination of acrylates (Table 1, entry 20), the reac-
tion is of general scope, and various substrates 2 were clean-
ly converted into the corresponding diamino esters 3.
Table 2 shows several representative examples that address
the major characteristics of this new diamination reaction.


Scheme 4. Mechanistic proposal for palladium-catalyzed intramolecular diamination of acrylates. X=Br, OAc.


Scheme 5. Palladium-catalyzed diamination of butadiene 4.
Figure 2. Crystal structure of 5 displaying the trans configuration of the
hydrogen atoms at the imidazolidinone.
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First, a series of methyl esters were investigated, which
differ in the respective backbone substitution (Table 2, en-
tries 1–3). All reactions proceeded with high diastereoselec-
tivity (d.r.>15:1) and complete chemoselectivity. The obser-
vation that the nonsubstituted derivative 2d underwent di-
amination at a significantly lower rate (Table 2, entry 4) was
unexpected. Diamination reactions with the corresponding


terminal alkenes had revealed no influence of backbone
substitution.[1] The present outcome suggests that a Thorpe–
Ingold effect may be present in the diamination of acrylates.
For example, a competition experiment between 2d and 2e
showed a factor of 16 in relative rate in favor of the latter
diamination reaction. Furthermore, the diastereoselectivity
diminished significantly, but, gratifyingly, the depicted syn
diastereomer 3d was easily crystallized out of the reaction
mixture from ethanol. Second, a change in ester group re-
vealed that the diastereoselectivity of the reaction depends
on the size of the ester group. Whereas simple alkyl groups
such as methyl and ethyl gave rise to very high diastereose-
lectivities (Table 2, entries 3 and 5), more-bulky groups such
as benzyl and tert-butyl led to diminished diastereoselectiv-
ity (Table 2, entries 6 and 7). This may be the result of hin-
dered rotation in the final C�N bond formation, thus lead-
ing to the involvement of alternative pathways with opposite
stereochemistry. Substrate 2h, which bears a menthyl sub-
stituent, gave an inseparable mixture of four possible stereo-
isomers in a 12:6:3:2 ratio. In agreement with the observa-
tion in Table 2, entries 6 and 7, the two major compounds
are the syn-configured stereoisomers, which were identified
by the 1H NMR coupling constants for the hydrogen atom
next to the ester group (10.0 and 9.9 Hz, respectively),
whereas the minor compounds are the anti-configured iso-
mers, as shown by the respective coupling constants of 4.1
and 3.8 Hz.


This new diamination protocol broadens the scope of
alkene diamination to polarized alkenes. The products from
this intramolecular diamination represent protected 2,3-di-
amino acid derivatives.[7,27] This motif should allow for fur-
ther application in synthesis through appropriate modifica-
tion of the urea group and the carboxylic ester. To demon-
strate the versatility of the new diamination with its con-
comitant installment of a pyrrolidine group, one of the reac-
tion products was converted into the natural alkaloid absou-
line[28,29] within a short series of steps (Scheme 6). Product


Table 2. Palladium-catalyzed intramolecular diamination of acrylates 2 to di-
amines 3.[a]


Entry Starting material Product d.r.[b] Yield
[%][c]


1 >15:1 86


2 >15:1 94


3 >15:1 92


4 1.3:1
56
(92)[d]


5 >15:1 91


6 3:1 81


7 3:1 88


8 12:6:3:2[e] 95


[a] General conditions: 2 (0.25 mmol), DMF (2.5 mL), Pd ACHTUNGTRENNUNG(OAc)2


(0.025 mmol), Na3PO4 (0.5 mmol), CuBr2 (0.75 mmol), 40 8C, 15 h. [b] Deter-
mined by 1H NMR spectroscopy of the crude reaction mixture after reductive
workup. [c] Yield of isolated product. [d] Yield after 24 h, yield after 60 h in
parentheses. [e] Ratio of stereoisomers. Bn=benzyl, Ment*= (�)-menthyl.


Scheme 6. Synthesis of absouline (10) with diamination product 3d as
starting material. Reagents and conditions: a) NaOMe, MeOH, H2O, 2 h;
b) Arndt–Eistert reaction;[31] c) BH3–SMe2, THF, 16 h (71% from 3d);
d) EtOMg, EtOH, 65 8C, 12 h, then TFA, CH2Cl2, 2 h (77% from 6);
e) CbzCl, CH2Cl2, NEt3, room temperature, 12 h (88%); f) 4-methoxycin-
namic acid, DCC, DMAP, CH2Cl2, room temperature (93%). Cbz=ben-
zyloxycarbonyl, DCC=dicyclohexylcarbodiimide, DMAP=4-dimethyl-
aminopyridine, TFA= trifluoroacetic acid.
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3d was hydrolyzed to the free acid and directly subjected to
Arndt–Eistert homologation followed by borane reduction
to give alcohol 6. Treatment with magnesium ethanolate to
remove the tosyl substituent followed by cleavage of the
urea under acid conditions gave the free diamino alcohol 7,
which was isolated as its bistrifluoroacetic acid salt. Cbz pro-
tection of 7 proceeded selectively at the primary amine to
yield compound 8, which is a known precursor of 9.[30] Final-
ly, conversion of 9 into (� )-absouline (10) was accomplished
by standard amide formation.[29]


Conclusions


In summary, we have developed a new palladium-catalyzed
diamination that converts acrylic esters into the correspond-
ing 2,3-diamino carboxylates. The reaction proceeds under
mild conditions with high stereoselectivity and chemoselec-
tivity in favor of the syn-configured 2,3-diamino esters and
broadens the oxidative diamination reactions to polarized
alkenes. The versatility of these compounds as interesting
potential building blocks in organic synthesis was demon-
strated by using one of them in a short synthesis of the alka-
loid absouline.


Experimental Section


General


All organic reagents were purchased from Acros unless otherwise noted.
Pd ACHTUNGTRENNUNG(OAc)2 was purchased from Acros. Dichloromethane was dried over
CaCl2 and distilled from CaH2. THF and Et2O were distilled from Na/
benzophenone. DMF was purchased from Fischer Chemicals and stored
over 4-V molecular sieves. Column chromatography was performed with
silica gel (Merck, type 60, 0.063–0.2 mm). Reactions were monitored by
thin-layer chromatography (TLC) carried out on 0.25-mm E. Merck
silica-gel plates (60F-254) with UV light as visualizing agent and 10%
ethanolic phosphomolybdic acid or ninhydrin solution and heat as devel-
oping agents. NMR spectra were recorded on Bruker Avance 400 MHz,
Bruker DPX 300 MHz, and Bruker DRX 500 MHz spectrometers. All
NMR chemical shifts are reported in ppm downfield from tetramethylsi-
lane (TMS). The following calibrations were used: CDCl3: d =7.26 and
77.00 ppm. LCMS (ESI) experiments were performed by using an Agi-
lent 1100 HPLC chromatograph with a Bruker micro-TOF instrument
(ESI). Unless otherwise stated, a Supelco C8 (5 cmW4.6 mm, 5-mm parti-
cles) column was used with an linear elution gradient from 100% H2O
(0.5% HCO2H) to 100% MeCN in 13 min at a flow rate of 0.5 mLmin�1.
MS (EI) and HRMS experiments were performed on a Kratos MS 50
spectrometer within the service centers at the Kekul= Department, Bonn
University and on a Bruker Daltonik Autoflex II TOF/TOF spectrome-
ter. Infrared spectra were recorded on a Thermo Scientific Nicolet
6700 FTIR spectrometer (smart orbit Diamond).


Syntheses


General procedure for diamination of acrylates: A flame-dried Schlenk
tube was charged with the starting material urea (0.25 mmol), Pd ACHTUNGTRENNUNG(OAc)2


(10 mol%, 5.6 mg), base (2 equiv, 0.5 mmol), and CuBr2 (3 equiv,
168 mg). Dry DMF (0.1m, 2.5 mL) was added under inert gas, and the
mixture was stirred for 15 h at 40 8C. The reaction was allowed to cool to
room temperature before addition of saturated aqueous Na2S2O3 (2 mL)
and further stirring for 30 min. Brine was added (10 mL), and the mixture
was extracted with CH2Cl2 (3W20 mL). The organic phase was dried over


MgSO4, concentrated, analyzed by 1H NMR spectroscopy, and purified
by flash chromatography. Yields are as given in Table 2.


3a : syn-Methyl hexahydro-6,6-dimethyl-3-oxo-2-tosyl-1H-pyrrolo ACHTUNGTRENNUNG[1,2-e]-
imidazole-1-carboxylate: Synthesized according to the general procedure.
Crystallization from methanol gave a diastereomerically pure fraction as
a white solid. IR (diamond): ñ=3027, 2958, 1739, 1598, 1447, 1358, 1272,
1167, 1092, 906 cm�1; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.08
(s, 3H), 1.12 (s, 3H), 1.26 (dd, J=10.2, 12.2 Hz, 1H), 1.69 (dd, J=6.1,
12.2 Hz, 1H), 2.46 (s, 3H), 2.87 (d, J=11.0 Hz, 1H), 3.14 (d, J=11.0 Hz,
1H), 3.81 (s, 3H), 4.44 (ddd, J=6.1, 10.0, 10.2 Hz, 1H), 5.15 (d, J=


10.0 Hz, 1H),7.42 (d, J=8.3 Hz, 2H), 7.95 ppm (d, J=8.3 Hz, 2H);
1H NMR (400 MHz, MeOD, 25 8C, TMS): d=1.08 (s, 3H), 1.09 (s, 3H),
1.26 (t, J=10.5, 11.7 Hz, 1H), 1.57 (dd, J=5.8, 11.7 Hz, 1H), 2.43 (s,
3H), 2.86 (d, J=11.0 Hz, 1H), 3.20 (d, J=11.0 Hz, 1H), 3.79 (s, 3H),
4.29 (dd, J=5.8, 9.9, 10.5 Hz, 1H), 5.02 (d, J=9.9 Hz, 1H), 7.32 (d, J=


8.3 Hz, 2H), 7.99 ppm (d, J=8.3 Hz, 2H); 13C NMR (100 MHz, MeOD,
25 8C): d=21.6, 27.5, 28.1, 41.8, 43.0, 54.0, 57.9, 59.0, 59.7, 129.7, 130.5,
137.0, 146.6, 156.9, 170.0 ppm; 13C NMR (100 MHz, CDCl3, 25 8C): d=


21.7, 27.7, 27.8, 40.7, 42.2, 52.6, 56.5, 57.9, 58.1, 128.9, 129.3, 135.6, 144.9,
155.1, 168.3 ppm; MS: m/z (%)=366 (4), 351 (2), 307 (53), 243 (82), 211
(100), 155 (28), 91 (47); HRMS: m/z calcd for C16H19N2O5S: 351.1015
[M�CH3]


+ ; found: 351.1013.


3b : syn-Methyl spirocyclohexan-1’,6-hexahydro-3-oxo-2-tosyl-1H-pyrrolo-
ACHTUNGTRENNUNG[1,2-e]imidazole-1-carboxylate: Synthesized according to the general pro-
cedure. IR (diamond): ñ=3025, 2957, 1739, 1598, 1448, 1359, 1271, 1167,
1091, 907, 815, 752 cm�1; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=


1.20–1.51 (m, 9H), 1.70 (dd, J=5.9, 12.3 Hz, 1H), 2.42 (s, 3H), 2.94 (d,
J=11.4 Hz, 1H), 3.24 (d, J=11.4 Hz, 1H), 3.80 (s, 3H), 4.22 (ddd, J=


5.9, 9.9, 12.3 Hz, 1H), 5.00 (d, J=9.9 Hz, 1H), 7. 32 (d, J=8.1 Hz, 2H),
7.99 ppm (d, J=8.1 Hz, 2H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS):
d=21.7, 22.8, 23.6, 25.5, 35.8, 37.6, 44.6, 52.5, 55.8, 57.7, 128.8, 129.3,
135.4, 144.8, 155.0, 168.3 ppm; MS: m/z (%)=406 (14), 391 (26), 347
(71), 283 (82), 291 (100), 195 (11), 91 (8); HRMS: m/z calcd for
C20H26N2O5S: 391.1328 [M�CH3]


+ ; found: 391.1323.


3c : syn-Methyl hexahydro-6,6-diphenyl-3-oxo-2-tosyl-1H-pyrrolo ACHTUNGTRENNUNG[1,2-e]-
imidazole-1-carboxylate: Synthesized according to the general procedure.
IR (diamond): ñ=3028, 2954, 1733, 1597, 1494, 1446, 1357, 1271, 1163,
1121, 1088, 909, 813, 753, 700, 727, 664 cm�1; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=2.07 (dd, J=11.4, 11.4 Hz, 1H), 2.20 (dd, J=4.7,
11.4 Hz, 1H), 2.35 (s, 3H), 3.53 (d, J=11.2 Hz, 1H), 3.74 (s, 3H), 4.06
(ddd, J=4.7, 10.2, 11.4 Hz, 1H), 4.14 (d, J=11.2 Hz, 1H), 4.94 (d, J=


10.2 Hz, 1H), 6.96–7.00 (m, 2H), 7.07–7.26 (m, 8H), 7.17 (d, J=8.5 Hz,
2H), 7.92 ppm (d, J=8.5 Hz, 2H); 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): d=21.7, 40.0, 52.7, 55.8, 55.9, 56.3, 57.7, 126.3, 126.7, 126.9, 127.0,
128.6, 128.6, 128.9, 129.2, 135.4, 144.8, 144.9, 145.0, 155.3, 168.3 ppm; MS:
m/z (%)=492 [M]+ (44%), 328 (40), 308 (40), 283 (50), 243 (60), 196
(20); HRMS (MALDI-TOF): m/z calcd for C27H26N2O5S: 513.1460
[M+Na]+ ; found: 513.1467.


3d : syn-Ethyl hexahydro-3-oxo-2-tosyl-1H-pyrrolo ACHTUNGTRENNUNG[1,2-e]imidazole-1-car-
boxylate: Synthesized according to the general procedure. IR (diamond):
ñ=2853, 1923, 1734, 1596, 1353, 1200, 1165, 1090, 1022, 815, 752,
665 cm�1; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.25–1.30 (m,
1H), 1.34 (t, J=7.0 Hz, 3H), 1.40–1.45 (m, 1H), 1.86–1.89 ACHTUNGTRENNUNG(m, 1H), 2.00–
2.06 (m, 1H), 2.46 (s, 3H), 3.05–3.09 (m, 1H), 3.59–3.65 (m, 1H), 4.05–
4.10 (m, 1H), 4.32 (q, J=7.0 Hz, 2H), 5.03 (d, J=9.7 Hz, 1H), 7.35 (d,
J=8.2 Hz, 2H), 8.03 ppm (d, J=8.2 Hz, 2H); 13C NMR (100 MHz,
CDCl3, 25 8C, TMS): d=14.2, 21.7, 24.3, 30.8, 44.8, 57.7, 60.6, 62.0, 128.9,
129.3, 135.4, 144.8, 169.5 ppm; MS: m/z (%)=353 [M]+ (100%), 279
(30), 259 (40), 224 (20), 197 (40), 170 (10); HRMS (MALDI-TOF): m/z
calcd for C16H20N2O5S: 375.0991 [M+Na]+ ; found: 375.0970.


3e : syn-Ethyl hexahydro-3-oxo-6,6-diphenyl-2-tosyl-1H-pyrrolo ACHTUNGTRENNUNG[1,2-e]imi-
dazole-1-carboxylate: Synthesized according to the general procedure. IR
(diamond): ñ=3028, 2958, 1740, 1598, 1447, 1358, 1272, 1167, 1090, 907,
815, 753 cm�1; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d =1.32 (t, J=


7.2 Hz, 3H), 2.19 (dd, J=9.0, 11.3 Hz, 1H), 2.27 (dd, J=5.2, 11.3 Hz,
1H), 2.42 (s, 3H), 3.58 (d, J=11.2 Hz, 1H), 4.12 (q, J=7.2 Hz, 2H), 4.21
(d, J=11.2 Hz, 1H), 4.31 (td, J=7.2, 12.7 Hz, 1H), 4.98 (d, J=10.1 Hz,
1H), 7.04 (d, J=6.9 Hz, 4H), 7.16 (d, J=8.4 Hz, 2H), 7.19–7.32 (m, 6H),
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7.99 ppm (d, J=8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS):
d=14.3, 21.7, 40.0, 55.8, 55.9, 56.4, 57.9, 62.2, 126.4, 126.8, 128.6, 128.7,
129.0, 129.3, 135.6, 167.8, 154.8, 144.9 ppm; MS: m/z (%)=507 [M]+


(91%), 506 (40), 283 (60), 243 (30), 198 (100), 182 (30); HRMS
(MALDI-TOF): m/z calcd for C28H28N2O5S: 527.1617 [M+Na]+ ; found:
527.1620.


3 f : syn-Benzyl hexahydro-3-oxo-6,6-diphenyl-2-tosyl-1H-pyrrolo ACHTUNGTRENNUNG[1,2-e]-
imidazole-1-carboxylate: Synthesized according to the general procedure.
IR (diamond): ñ=3027, 2922, 1740, 1638, 1597, 1494, 1445, 1358, 1259,
1165, 1089, 912, 813, 753, 732, 697, 665 cm�1; 1H NMR (400 MHz,
CDCl3): d=1.87–1.92 (m, 2H), 2.42 (s, 3H), 3.46 (d, J=11.1 Hz, 1H),
4.05 (ddd, J=1.75, 5.26, 10.5 Hz, 1H), 4.15 (d, J=11.1 Hz, 1H), 5.03 (d,
J=10.2 Hz, 1H), 5.18 (d, J=11.7 Hz, 1H), 5.34 (d, J=11.7 Hz, 1H),
6.67–6.72 (m, 2H), 7.06 (d, J=8.5 Hz, 2H), 7.20–7.41 (m, 13H), 8.02 ppm
(d, J=8.5 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=22.6, 31.9, 39.8,
55.5, 55.8, 56.2, 57.8, 126.3, 126.6, 126.8, 128.4, 128.5, 128.7, 128.9, 129.0,
129.2, 129.5, 134.8, 135.5, 144.7, 144.9, 155.2, 167.7 ppm; MS: m/z (%)=


570 [M]+ (52%), 457 (20), 371 (20), 283 (30), 238 (70), 196 (70), 167
(100); HRMS (MALDI-TOF): m/z calcd for C33H30N2O5S: 589.1773
[M+Na]+ ; found: 589.1792.


3g : syn-tert-Butyl hexahydro-3-oxo-6,6-diphenyl-2-tosyl-1H-pyrroloACHTUNGTRENNUNG[1,2-e]-
imidazole-1-carboxylate: Synthesized according to the general procedure.
IR (diamond): ñ=3029, 2922, 1740, 1597, 1495, 1447, 1367, 1253, 1165,
1123, 1090, 908, 815, 753, 730, 702, 665 cm�1; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=1.53 (s,3H), 2.27 (dd, J=5.2, 11.9 Hz, 1H), 2.41 (s, 3H),
3.55 (dd, J=5.1, 11.4 Hz, 1H), 4.08–4.13 (m, 1H), 4.12 (d, J=7.08 Hz,
1H), 4.20 (d, J=11.12 Hz, 1H), 4.86 (d, J=10.02 Hz, 1H), 7.03 (d, J=


6.8 Hz, 4H), 7.18 (d, J=8.5 Hz, 2H) 7.15–7.32 (m, 6H), 7.99 ppm (d, J=


8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=28.0, 39.9,
55.7, 55.8, 56.4, 58.6, 59.2, 83.7, 126.5, 126.3, 126.7, 126.9, 127.0, 128.6,
128.6, 129.0, 129.2, 135.7, 144.8, 145.0, 145.0, 155.2, 166.9 ppm; MS: m/z
(%)=535 [M]+ (70%), 321 (40), 283 (30), 238 (50), 198 (60), 167 (100);
HRMS (MALDI-TOF): m/z calcd for C30H32N2O5S: 555.1930 [M+Na]+ ;
found: 555.1918.


3h : (�)-Menthyl hexahydro-3-oxo-6,6-diphenyl-2-tosyl-1H-pyrrolo ACHTUNGTRENNUNG[1,2-e]-
imidazole-1-carboxylate: Synthesized according to the general procedure
and obtained as a 12:6:3:2 mixture of four stereoisomers. Major isomer
(unknown configuration): 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=


0.80–1.20 (m, 5H), 0.84 (d, J=7.0 Hz, 3H), 0.92 (d, J=7.0 Hz, 3H), 1.00
(d, J=6.7 Hz, 3H), 1.37–1.62 (m, 2H), 1.63–1.80 (m, 3H), 1.94–2.03 (m,
1H), 2.16–2.38 (m, 1H), 2.44 (s, 3H), 3.58–3.66 (m, 1H), 4.12–4.16 (m,
1H), 4.90 (dt, J=2.7, 9.1 Hz, 1H), 5.02 (d, J=10.0 Hz, 1H), 7.08 (d, J=


7.8 Hz, 2H), 7.01–7.44 (m, 10H), 8.02 ppm (d, J=7.8 Hz, 2H); 13C NMR
(CDCl3, 100 MHz): d=16.4, 20.7, 22.0, 22.0, 23.6, 26.3, 31.4, 34.2, 40.9,
47.0, 47.1, 50.2, 55.4, 56.0, 74.1, 125.1, 126.9, 127.9, 128.4, 128.6, 129.8,
143.5, 143.9, 144.0, 144.5, 165.5 ppm; HRMS (MALDI-TOF): m/z calcd
for C36H42N2NaO5S: 614.2814 [M+Na]+ ; found: 614.2820.


4 : (E)-N-(2,2-Diphenylhepta-4,6-dienylcarbamoyl)-4-methylbenzenesul-
fonamide: Absolute dichloromethane (6 mL) and (E)-7-amino-6,6-diphe-
nylpentyl-1,3-diene[11] (2 mmol, 1.0 equiv) were introduced into a flame-
dried Schlenk flask. The reaction mixture was cooled to 0 8C, and 4-tolue-
nesulfonyl isocyanate (2.15 mmol, 1.1 equiv) was added dropwise. The re-
action mixture was allowed to warm to room temperature and was stirred
for 1 h. Evaporation of the solvent provided the crude material, which
was purified by crystallization from CHCl3 to remove minor amounts of
4-toluenesulfonyl amide. IR (KBr): ñ=3373, 3008, 2822, 1683, 1598,
1551, 1497, 1447, 1420, 1341, 1157, 1091, 998, 911, 812, 698 cm�1;
1H NMR (CDCl3, 400 MHz): d =2.33 (s, 3H), 2.76 (d, J=7.3 Hz, 2H),
3.81 (d, J=5.3 Hz, 2H), 4.83 (dd, J=1.2, 10.2 Hz, 1H), 4.92 (dd, J=1.2,
17.0 Hz, 1H), 5.15 (dt, J=7.3, 15.2 Hz, 1H), 5.80 (dd, J=10.2, 15.2 Hz,
1H), 6.03 (dt, J=10.2, 17.0 Hz, 1H), 6.22 (t, J=5.3 Hz, 1H), 7.06–7.35
(m, 14H), 8.81 ppm (br s, 1H); 13C NMR (CDCl3, 100 MHz): d=21.6,
40.7, 47.2, 49.9, 116.0, 126.6, 126.8, 127.8, 128.4, 129.0, 129.4, 134.6, 136.5,
136.7, 144.5, 144.7, 151.8 ppm; LCMS (ESI): m/z (%)=483 [M+Na]+


(10), 265 (13), 204 (28), 196 (100), 167 (48), 131 (26), 91 (19); HRMS
(MALDI-TOF): m/z calcd for C27H29N2O3S


+ : 461.1893; found: 461.1917.


5 : anti-6,6-Diphenyl-2-tosyl-1-vinyltetrahydro-1H-pyrrolo ACHTUNGTRENNUNG[1,2-c]imidazol-
3(2H)-one: Synthesized according to the general diamination procedure


by employing the conditions given in Scheme 5. IR (KBr): ñ=3010, 2926,
1734, 1596, 1495, 1449, 1395, 1359, 1328, 1172, 1089, 943, 897, 809, 752,
702 cm�1; 1H NMR (CDCl3, 400 MHz): d=2.03 (dd, J=10.8, 12.0 Hz,
1H), 2.34 (s, 3H), 2.47 (dd, J=5.0, 12.0 Hz, 1H), 3.43 (ddd, J=3.2, 5.0,
10.5 Hz, 1H), 3.87 (d, J=12 Hz, 1H), 3.96 (d, J=12 Hz, 1H), 4.47 (dd,
J=3.2, 8.2 Hz, 1H), 5.20 (d, J=10.2 Hz, 1H), 5.31 (d, J=17.0 Hz, 1H),
5.78 (ddd, J=8.2, 10.2, 17.0 Hz, 1H), 6.95 (d, J=8.2 Hz, 2H), 7.00–7.26
(m, 10H), 7.81 ppm (d, J=8.2 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=


21.6, 42.9, 56.2, 57.2, 62.0, 62.4, 118.8, 126.5, 126.7, 126.8, 127.4, 128.3,
128.5, 129.4, 130.2, 135.7, 137.4, 144.6, 145.6, 145.8, 157.2 ppm; MS: m/z
(%)=458 [M]+ (100), 431 (1), 394 (2), 366 (1), 303 (55), 291 (2), 278 (6),
260 (1), 235 (1), 220 (2), 205 (2), 193 (16), 165 (10), 144 (3), 123 (8), 96
(2), 91 (14), 81 (12), 65 (2); HRMS (MALDI-TOF): m/z calcd for
C27H26N2O3S: 458.1664 [M]+ ; found: 458.1666.


6 : Hexahydro-1-(2-hydroxyethyl)-2-tosylpyrroloACHTUNGTRENNUNG[1,2-e]imidazol-3-one: Di-
amination product 2b (1 mmol) was dissolved in aqueous sodium metha-
nolate (10ml, 2m), and the mixture was stirred for 2 h. The solution was
acidified by addition of concentrated hydrochloric acid and extracted
with dichloromethane. The resulting colorless oil was directly subjected
to homologation by following the Seebach protocol for the Arndt–Eistert
reaction.[31] The crude acid was dissolved in THF, and the mixture was
treated with borane–dimethylsulfide adduct (260 mL) at room tempera-
ture. The reaction mixture was stirred overnight and evaporated to dry-
ness. Column chromatography (silica gel, hexanes/ethyl acetate=4:1 v/v)
gave 6 (230 mg, 71%) as a grey solid. IR (KBr): ñ=3008, 2956, 1744,
1328, 1152, 1109, 955, 873, 772 cm�1; 1H NMR (CDCl3, 400 MHz): d=


1.40–1.76 (m, 6H), 2.30 (s, 3H), 3.61–3.73 (m, 4H), 4.02 (dt, J=7.2,
10.0 Hz, 1H), 4.18–4.22 (m, 1H), 7.41 (d, J=7.9 Hz, 2H), 7.90 ppm (d,
J=7.9 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=21.4, 22.1, 32.6, 36.8,
40.0, 49.2, 50.0, 58.7, 128.6, 129.2, 135.3, 145.1, 156.4 ppm; MS: m/z (%)=


324 [M]+ (24%), 306 (43), 280 (100), 155 (92), 125 (59), 65 (23); HRMS
(MALDI-TOF): m/z calcd for C15H20N2O4S


+ : 324.1144; found: 324.1149.


7: 3-Amino-(3-pyrrolidin-2-yl)propan-1-ol: Urea 6 (1.5 mmol) was dis-
solved in a solution of magnesium ethanolate (2m) in ethanol, and the
mixture was heated at reflux for 12 h. It was then cooled to room temper-
ature, washed with water, and extracted with dichloromethane. The di-
chloromethane phase was washed several times with brine and finally
with water, dried over magnesium sulfate, filtered, and reduced to a
volume of approximately 2 mL. The same volume of TFA was added,
and the mixture was stirred at room temperature. The solvents were re-
moved under reduced pressure, and the remaining oily residue was tritu-
rated with chloroform to give 7 as a hygroscopic bis-TFA salt (430 mg,
1.12 mmol, 77%). IR (KBr): ñ=3008, 2956, 1744, 1328, 1152, 1109, 955,
873, 772 cm�1; 1H NMR (MeOD, 400 MHz): d =1.89–2.31 (m, 8H), 3.41–
3.46 (m, 2H), 3.91–4.12 (m, 2H), 4.30–4.49 (m, 2H), 8.68 (br s, 1H),
9.16 ppm (br s, 2H); 13C NMR (MeOD, 100 MHz): d =23.1, 23.2, 26.5,
45.6, 50.6, 62.4, 64.4, 115.7 (q, J=288 Hz), 159.6, 160.0 ppm; HRMS
(MALDI-TOF): m/z calcd for C9H18F3N2O3


+ : 259.1270 [M�TFA]+ ;
found: 259.1281.


8 : Benzyl 3-hydroxy-(1-pyrrolidin-2-yl)propylcarbamate: Diamino alco-
hol 7 (260 mg, 0.7 mmol) was dissolved in freshly distilled dichlorome-
thane (5 mL), and triethylamine (1.5 mL) was added by syringe. The re-
sulting solution was cooled to �10 8C, treated with CbzCl (115 mg,
0.74 mmol), and stirred overnight. All volatile materials were removed
under reduced pressure, and the crude material was purified by column
chromatography (silica gel, EtOAc!EtOAc/MeOH=2:1 v/v) to give 8
as a colorless oil (171 mg, 0.62 mmol, 88%). The 1H and 13C NMR spec-
troscopic data match those previously reported.[30]
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Introduction


Under most experimental conditions, an external field is in-
evitable, be it gravitational, electric, or magnetic (strictly
speaking, all of them exist at all times, usually with weak
strengths). Such an external field may increase or decrease
the population of a specific state of a pair (e.g., magnetic
field-dependent population of the singlet state of a radical
ion pair)[1] or the rate of reaction (e.g., the rate of reaction
between charged particles under an electric field).[2] There-
fore, the reaction kinetics may show field-dependent behav-
ior (field effect). In the present model, we assume a con-
stant (external) electric field, which can be easily realized in
usual conditions and its effect can be interpreted relatively
in a straightforward manner compared to that of the mag-
netic field effect (involving spin dynamics).[3]


The effect of the constant electric field on the diffusion-
influenced reaction has been studied for several decades. It
has been shown as a kinetic transition behavior in the trap-
ping problem (chemical species in excess are static and the
other species are moving) where the long-time asymptotic


behavior changes from a stretched exponential relationship,
expð�taÞ, to a purely exponential one by increasing the
strength of an applied external field.[4] For the target prob-
lem (the opposite case to the trapping problem), Tachiya
et al. have studied the field-dependent steady-state rate co-
efficient.[2] For geminate reactions, the field effect causes a
kinetic transition behavior from a power-law relationship to
an exponential one, as the field strength increases.[5–8]


A geminate reaction is interesting because the system can
be readily prepared by laser pulses and its theoretical study
does not involve the many-body effects. Examples of gemi-
nate reactions are the excited-state proton transfer from a
photoacid to solvent (PTTS),[9] fluorescence kinetics in
Green Fluorescence Protein,[10] and so forth. For many
cases, the exact Green functions for the geminate problems
have been obtained in the Laplace or time domain.[5–8,11–13]


These Green functions have been utilized in the accurate
Brownian dynamics simulations[14] and in the theories for
the corresponding many-body problems.[15] Thus, the study
of the field effect on the geminate reaction may provide
some insights into the many-body problems.


Hong and Noolandi were able to obtain the exact Green
function for an irreversible geminate recombination (or neu-
tralization of charged particles) under the Coulomb poten-
tial in the presence of an external electric field in three di-
mensions (3D). The analysis of the long-time asymptotic be-
havior revealed a kinetic transition behavior arising from


Abstract: We obtained the exact Green
functions, in the Laplace domain, for a
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system. The analysis of the long-time


asymptotic behaviors reveals rather
complex kinetic transitions dependent
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the reduction in the number of kinetic
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the field effect, whose dynamics change from a power-law to
an exponential relationship as the field strength increases.[5]


For the reversible geminate A+B$C (ABC) reactions in
one dimension (1D), Kim et al. investigated the field effect
on these reactions by mapping the exact Green functions for
the excited-state reversible geminate ABC (geminate ES-
ABC) reaction without a field[11] into those for the reversi-
ble geminate ground-state ABC (geminate GS-ABC) and
geminate ES-ABC reactions under a constant external
field.[6,7] They found that the number of kinetic transitions
may vary, which is caused by the interplay of the field and
lifetimes.[7]


In our previous work for the ground-state reversible gemi-
nate A+B$C+D (ABCD) reaction,[12] we obtained the
exact Green functions in the Laplace domain and investigat-
ed the field effect on the survival probabilities of the reac-
tant and product states. By analyzing the long-time asymp-
totic behavior, we found rather complex kinetic transition
behavior depending on the directions of the applied fields
and the difference of the field strengths on the reactant and
product states. By analogy to the geminate ES-ABC reac-
tion, for the excited-state reversible geminate ABCD (gemi-
nate ES-ABCD) reaction under an external field, it is ex-
pected that the number of kinetic transition may also vary
by a similar destructive interplay. Therefore, we expect an
even more complex field-dependent kinetic transition be-
havior than that for the ground-state reversible geminate
ABCD reaction.


In this work, we investigate the geminate ES-ABCD reac-
tion with two different lifetimes and an added quenching
process under the influence of a constant external field by
analyzing the survival probabilities obtained from the exact
Green functions in the Laplace domain.


Exact Results in Laplace Space


The schematic representation of the ES-ABCD reaction in
the present work is given by [Eq. (1a)]–[Eq. (1e)]


A* þ B
k1


k2


�! �C*þD ð1aÞ


A	 þ B kq1�!Aþ B ð1bÞ


C	 þD kq2�!CþD ð1cÞ


A	 ku1�!A ð1dÞ


C	 ku2�!C ð1eÞ


The superscript * denotes the excited state, whereas k1


and k2 are the forward and backward rate coefficients, re-
spectively. kui (i ¼ 1 and 2) is the unimolecular decay rate
coefficient and kqi (i ¼ 1 and 2) is the quenching rate coeffi-
cient, which is introduced in order to describe the collision
induced deactivation of a reactive molecule with its reaction
partner.


In the present system, there are two different states to be
considered. Let us denote state 1 for A	 and B particles,
and state 2 for C	 and D particles. Then, the distance be-
tween A	 and B (C	 and D) is denoted by x1 (x2), which
ranges from 0 to infinity. The relative diffusion constants in
these states, which may differ, are D1 ¼ DA	 þDB for state
1 and D2 ¼ DC	 þDD for state 2. The linear potentials for
states 1 and 2 are uðx1Þ=kBT ¼ 2a1x1 and uðx2Þ=kBT ¼ 2a2x2,
respectively. Note that, when ai > 0, the particles for the
corresponding state move towards each other whereas they
move away when ai < 0. The diffusion operators in these
states are determined by [Eq. (2)]


Li � Di
@


@xi
e�2aixi


@


@xi
e2aixi ð2Þ


and these describe the relative motion of an A	B pair for
i=1 and a C	D pair for i=2.


Let us denote the probability of finding an A	B pair sepa-
rated by x1 at time t by p1ðx1; tÞ and, similarly, p2ðx2; tÞ for a
C	D pair. These probability densities obeys the following
Smoluchowski-type reaction-diffusion equations [Eq. (3a)]
and [Eq. (3b)]:


@


@t
p1ðx1; tÞ ¼ L1p1ðx1; tÞ � ½W1ðx1Þ þWq1ðx1Þ þ ku1p1ðx1; tÞ


þW2ðx1Þp2ð0; tÞ ;
ð3aÞ


@


@t
p2ðx2; tÞ ¼ L2p2ðx2; tÞ � ½W2ðx2Þ þWq2ðx2Þ þ ku2p2ðx2; tÞ


þW1ðx2Þp1ð0; tÞ ;
ð3bÞ


where the sink terms which describe the reactions are de-
fined as [Eq. (4)]


WiðxjÞ � kidðxjÞ, WqiðxiÞ � kqidðxiÞ ð4Þ


The delta functions in the sink terms imply that the reac-
tions can occur only at the contact distance (or at the
origin) of each state. Because the reaction is introduced
using these sink terms, we assume that the pi obeys the re-
flecting boundary conditions at the origin of each state,
ð@=@xi þ 2aiÞpiðxi; tÞjxi¼0 ¼ 0, i.e.,


R1
0 dxi Lipiðxi; tÞ ¼ 0.


Let us consider an initial state 1, with A	 and B separated
by a distance x0, ([Eq. (5)])


p1ðx1; 0Þ ¼ dðx1 � x0Þ, p2ðx2; 0Þ ¼ 0 ð5Þ


The probability density (“reactive Green function”),
obeying these initial conditions [Eq. (5)], of finding an A	B
pair separated by a distance x1 at time t is denoted by
p1ðx1; tjx0Þ, and similarly, p2ðx2; tjx0Þ for a C	D pair.


In the Laplace domain [f̂ ðsÞ ¼
R1
0 dt f ðtÞ expð�stÞ], the


evolution equations of the reactive Green functions (GFs)
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for the chosen initial condition are expressed as [Eq. (6a)]
and [Eq. (6b)]


sp̂1ðx1; sjx0Þ ¼ dðx1 � x0Þ þL1p̂1ðx1; sjx0Þ
�½W1ðx1Þ þWq1ðx1Þ þ ku1p̂1ðx1; sjx0Þ
þW2ðx1Þp̂2ð0; sjx0Þ


ð6aÞ


sp̂2ðx2; sjx0Þ ¼L2p̂2ðx2; sjx0Þ � ½W2ðx2Þ þWq2ðx2Þ þ ku2p̂2ðx2; sjx0Þ
þW1ðx2Þp̂1ð0; sjx0Þ


ð6bÞ


By substituting [Eq. (4)], [Eq. (6a)] and [Eq. (6b)] can be
rewritten as [Eq. (7a)] and [Eq. (7b)]


ðsu1 �L1Þp̂1ðx1; sjx0Þ ¼dðx1 � x0Þ
�½k01p̂1ð0; sjx0Þ � k2p̂2ð0; sjx0Þdðx1Þ,


ð7aÞ


ðsu2 �L2Þp̂2ðx2; sjx0Þ ¼ ½k1p̂1ð0; sjx0Þ � k02p̂2ð0; sjx0Þdðx2Þ,
ð7bÞ


where sui ¼ sþ kui and k0i ¼ ki þ kqi.
By introducing the non-reactive Green function (GF),


Ĝiðxi; sjx0Þ, which satisfies [Eq. (8)]


ðs�LiÞĜiðxi; sjx0Þ ¼ dðxi � x0Þ, ð8Þ


with the reflecting boundary condition,
ð@=@xi þ 2aiÞĜiðxi; sjx0Þjxi¼0 ¼ 0, [Eq. (7a)] and [Eq. (7b)] can
be rewritten as [Eq. (9a)] and [Eq. (9b)]


p̂1ðx1; sjx0Þ ¼Ĝ1ðx1; su1jx0Þ


�½k01p̂1ð0; sjx0Þ � k2p̂2ð0; sjx0ÞĜ1ðx1; su1j0Þ,
ð9aÞ


p̂2ðx2; sjx0Þ ¼ ½k1p̂1ð0; sjx0Þ � k02p̂2ð0; sjx0ÞĜ2ðx2; su2j0Þ: ð9bÞ


Setting xi ¼ 0 in [Eq. (9a)] and [Eq. (9b)], one gets
[Eq. (10a)] and [Eq. (10b)]


p̂1ð0; sjx0Þ ¼
1þ k02ĝ2ðsu2Þ


ĥðsÞ
Ĝ1ð0; su1jx0Þ, ð10aÞ


p̂2ð0; sjx0Þ ¼
k1ĝ2ðsu2Þ
ĥðsÞ


Ĝ1ð0; su1jx0Þ, ð10bÞ


where ĝiðsÞ ¼ Ĝið0; sj0Þ and [Eq. (11)]


ĥðsÞ ¼ 1þ k01ĝ1ðsu1Þ þ k02ĝ2ðsu2Þ þ ðk01k02 � k1k2Þĝ1ðsu1Þĝ2ðsu2Þ:
ð11Þ


Substituting [Eq. (10a)] and [Eq. (10b)] into [Eq. (9a)]
and [Eq. (9b)], one can obtain the reactive GFs in terms of
the non-reactive GFs as [Eq. (12a)] and [Eq. (12b)]


p̂1ðx1; sjx0Þ ¼ Ĝ1ðx1; su1jx0Þ �
k01 þ ðk01k02 � k1k2Þĝ2ðsu2Þ


ĥðsÞ


�Ĝ1ðx1; su1j0ÞĜ1ð0; su1jx0Þ ;
ð12aÞ


p̂2ðx2; sjx0Þ ¼
k1


ĥðsÞ
Ĝ2ðx2; su2j0ÞĜ1ð0; su1jx0Þ, ð12bÞ


By setting kui ¼ 0 and kqi ¼ 0, [Eq. (12a)] and [Eq. (12b)]
reduces to results for the ground-state reversible geminate
ABCD reaction with the applied field, see [Eq. (21a)] and
[Eq. (21b)] in Ref. [8]. One gets the solution for the gemi-
nate ES-ABCD reaction by setting ai ¼ 0 in [Eq. (12a)] and
[Eq. (12b)].[12] The solution for the geminate ES-ABC reac-
tion in the presence of a constant external field is obtained
from [Eq. (12a)] and [Eq. (12b)] by setting a2 ¼ 0, kq2 ¼ 0,
and by replacing ĝ2ðsu2Þ and Ĝ2ðx2; su2jx0Þ by 1=su2. It is obvi-
ous because the C	 state can be changed only by the unimo-
lecular decay in the absence of a D particle. In this case, x2
is replaced by * representing the bound state and p̂2ðx2; sjx0Þ
becomes the binding probability p̂2ð	; sjx0Þ.


The survival probabilities for states 1 and 2, Siðtjx0Þ, are
defined as the integrals of the corresponding probability
densities, [Eq. (13)]


Siðtjx0Þ ¼
Z 1


0
dxi piðxi; tjx0Þ: ð13Þ


Because
R1
0 dxi Ĝiðxi; sjx0Þ ¼ s�1, by the integration of


[Eq. (12a)] and [Eq. (12b)], one gets [Eq. (14a)] and
[Eq. (14b)]


Ŝ1ðsjx0Þ ¼
1
su1


1� k01 þ ðk01k02 � k1k2Þĝ2ðsu2Þ
ĥðsÞ


Ĝ1ð0; su1jx0Þ
" #


,


ð14aÞ


Ŝ2ðsjx0Þ ¼
k1


su2ĥðsÞ
Ĝ1ð0; su1jx0Þ: ð14bÞ


The normalization condition [Eq. (15)],


su1Ŝ1ðsjx0Þ þ su2Ŝ2ðsjx0Þ þ kq1p̂1ð0; sjx0Þ þ kq2p̂2ð0; sjx0Þ ¼ 1,


ð15Þ


can be easily verified.
In the previous work,[8] we have obtained the non-


reactive GF, Ĝiðxi; sjx0Þ, in the presence of an
external field. Introducing the transformation,
Fiðx; tjx0Þ ¼ exp½aiðx� x0 þ aiDitÞGiðx; tjx0Þ, in the Laplace
domain, we have [Eq. (16a)]–[Eq. (16c)]


F̂iðx; sjx0Þ ¼
exp½�


ffiffiffiffiffiffiffiffiffiffi
s=Di


p
jx� x0j


2
ffiffiffiffiffiffiffi
Dis
p


þð
ffiffi
s
p
þ ai


ffiffiffiffiffiffi
Di


p
Þ exp½�


ffiffiffiffiffiffiffiffiffiffi
s=Di


p
ðxþ x0Þ


2
ffiffiffiffiffiffiffi
Dis
p


ð
ffiffi
s
p
� ai


ffiffiffiffiffiffi
Di


p
Þ


;


ð16aÞ
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F̂iðx; sj0Þ ¼ F̂ið0; sjxÞ ¼
exp½�


ffiffiffiffiffiffiffiffiffiffi
s=Di


p
xffiffiffiffiffiffiffi


Dis
p


�Diai
, ð16bÞ


f̂iðsÞ ¼ F̂ið0; sj0Þ ¼
ffiffiffiffiffiffiffi
Dis


p
�Diai


� 	�1
: ð16cÞ


Note that Ĝiðx; sjx0Þ ¼ exp �aiðx� x0Þ½ F̂iðx; sþ a2i Dijx0Þ in
the Laplace domain.


Inserting [Eq. (16c)] into [Eq. (11)], we get [Eq. (17)]


hðsÞ ¼ ð
ffiffiffiffi
s1
p þ a0 01Þð


ffiffiffiffi
s2
p þ a0 02Þ � a1a2


ð ffiffiffiffis1p � a1
ffiffiffiffiffiffi
D1


p
Þð ffiffiffiffis2p � a2


ffiffiffiffiffiffi
D2


p
Þ
, ð17Þ


where we have defined si ¼ sui þ a2i Di, ai ¼ ki=
ffiffiffiffiffiffi
Di


p
,


a0i ¼ ðki þ kqiÞ=
ffiffiffiffiffiffi
Di


p
, and a0 0i ¼ a0i � ai


ffiffiffiffiffiffi
Di


p
.


Substituting [Eq. (16a)]–[Eq. (16c)] and [Eq. (17)] into
[Eq. (12a)] and [Eq. (12b)] and after some manipulation,
one obtains the GFs [Eq. (18a)] and [Eq. (18b)]:


ea1ðx1�x0Þp̂1ðx1; sjx0Þ ¼F̂1ðx1; s1jx0Þ �
a01ð


ffiffiffiffi
s2
p þ a0 02Þ � a1a2


ð ffiffiffiffis1p þ a0 01Þð
ffiffiffiffi
s2
p þ a0 02Þ � a1a2


� exp½�
ffiffiffiffiffiffiffiffiffiffiffiffi
s1=D1


p
ðx1 þ x0Þffiffiffiffiffiffi


D1


p
ð ffiffiffiffis1p � a1


ffiffiffiffiffiffi
D1


p
Þ


;


ð18aÞ


ea2x2�a1x0 p̂2ðx2; sjx0Þ ¼
a1 exp½�


ffiffiffiffiffiffiffiffiffiffiffiffi
s2=D2


p
x2 �


ffiffiffiffiffiffiffiffiffiffiffiffi
s1=D1


p
x0ffiffiffiffiffiffi


D2


p
½ð ffiffiffiffis1p þ a0 01Þð


ffiffiffiffi
s2
p þ a0 02Þ � a1a2


:


ð18bÞ


Generally, [Eq. (18a)] and [Eq. (18b)] cannot be inverted
analytically, except the special case when K ¼ 0 where
([Eq. (19)])


K � ðku2 þ a22D2Þ � ðku1 þ a21D1Þ, ð19Þ


which are given in Appendix A.
The survival probabilities are obtained by inserting


[Eq. (16a)]–[Eq. (16c)] and [Eq. (17)] into [Eq. (14a)] and
[Eq. (14b)] to obtain as [Eq. (20a)] and [Eq. (20b)]


1� su1Ŝ1ðsjx0Þ ¼
½a01ð


ffiffiffiffi
s2
p þ a0 02Þ � a1a2 exp½ða1 �


ffiffiffiffiffiffiffiffiffiffiffiffi
s1=D1


p
Þx0


ð ffiffiffiffis1p þ a0 01Þð
ffiffiffiffi
s2
p þ a0 02Þ � a1a2


,


ð20aÞ


su2Ŝ2ðsjx0Þ ¼
a1ð


ffiffiffiffi
s2
p � a2


ffiffiffiffiffiffi
D2


p
Þ exp½ða1 �


ffiffiffiffiffiffiffiffiffiffiffiffi
s1=D1


p
Þx0


ð ffiffiffiffis1p þ a0 01Þð
ffiffiffiffi
s2
p þ a0 02Þ � a1a2


, ð20bÞ


Similarly, [Eq. (20a)] and [Eq. (20b)] cannot be inverted
analytically except for the case when K ¼ 0 (see Appendix
A).


Short-Time Behavior


For the ABC and GS-ABCD reactions, it is known that the
short-time kinetics can be approximated better by using the
generalized Smolulchowski theory (GST) for the longer
times than a simple exponential decay. Moreover, the entire
kinetics of the survival probability can be approximated by
the sum of the GST term and its long-time asymptotic
term.[15,16] This approximation describes the kinetics over the
whole time domain excellently, in which the GST is the
leading term.


However, the GST is not satisfactory for the geminate
ES-ABCD reaction in the absence of an external field at
longer times.[12] For the geminate GS-ABCD reaction in the
presence of an external field the GST again does not give
satisfactory results and, therefore, we introduced an im-
proved short-time approximation which gives more accurate
results over longer times.[8] Now we employ a similar short-
time approximation to the present system which is valid for
t < jKj�1.


Let us start from [Eq. (20a)] and [Eq. 20b)] and introduce
the short-time approximation, si � sm ¼ sþm, where
([Eq. (21)])


m ¼ minfku1 þ a21D1; ku2 þ a22D2g: ð21Þ


Because Dsi � jmaxfsi � smji ¼ 1; 2gj ¼ jKj is negligible
compared to si at short times (si @Dsi), si � sm is a reasona-
ble short-time approximation. As time increases, s decreases
and Dsi becomes comparable to si. When sm � OðDsiÞ, this
approximation is no longer valid, that is to say t < jKj�1 is
the range of validity of this short-time approximation. Sub-
stituting si with sm in [Eq. (20a)] and [Eq. (20b)], we obtain
[Eq. (22a)] and [Eq. (22b)]


Ŝ1ðsm �mjx0Þ �
1


sm �K1


� 1� a01ð
ffiffiffiffiffi
sm
p þ a0 02Þ � a1a2


ð ffiffiffiffiffismp þ s1Þð
ffiffiffiffiffi
sm
p þ s2Þ


exp a1 �
ffiffiffiffiffiffi
sm
D1


r� �
x0


 �� �
,


ð22aÞ


Ŝ2ðsmjx0Þ
a1ea1x0


� ð
ffiffiffiffiffi
sm
p � a2


ffiffiffiffiffiffi
D2


p
Þ exp½�


ffiffiffiffiffiffiffiffiffiffiffiffiffi
sm=D1


p
x0


ðsm �K2Þð
ffiffiffiffiffi
sm
p þ s1Þð


ffiffiffiffiffi
sm
p þ s2Þ


, ð22bÞ


where [Eq. (23)]


2si ¼ a0 01 þ a0 02 þ ð�1Þi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða0 01 � a0 02Þ2 þ 4a1a2


q
: ð23Þ


Here, we have defined [Eq. (24)]


Ki ¼ m� kui: ði ¼ 1; 2Þ ð24Þ


The analytic expression in the time domain can be ob-
tained by inverting [Eq. (22a)] and [Eq. (22b)] as [Eq. (25a)]
and [Eq. (25b)]
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S1ðtjx0Þemt � eK1t


ea1x0
�s1½a01ða0 02 � s1Þ � a1a2
ðs2 � s1Þðs2


1 �K1Þ
W c0; s1


ffiffi
t
p� �


� s2½a01ða0 02 � s2Þ � a1a2
ðs2 � s1Þðs2


2 �K1Þ
W c0; s2


ffiffi
t
p� �


� a01ða0 02 þ
ffiffiffiffiffiffi
K1


p
Þ � a1a2


2ðs1 �
ffiffiffiffiffiffi
K1


p
Þðs2 �


ffiffiffiffiffiffi
K1


p
Þ
W c0;


ffiffiffiffiffiffiffi
K1t


p� 	


� a01ða0 02 þ
ffiffiffiffiffiffi
K1


p
Þ � a1a2


2ðs1 þ
ffiffiffiffiffiffi
K1


p
Þðs2 þ


ffiffiffiffiffiffi
K1


p
Þ
W c0;�


ffiffiffiffiffiffiffi
K1t


p� 	
;


ð25aÞ


S2ðtjx0Þemt�a1x0


a1
� s1ðs1 þ a2


ffiffiffiffiffiffi
D2


p
Þ


ðs2 � s1Þðs2
1 �K2Þ


W c0; s1


ffiffi
t
p� �


� s2ðs2 þ a2
ffiffiffiffiffiffi
D2


p
Þ


ðs2 � s1Þðs2
2 �K2Þ


W c0; s2


ffiffi
t
p� �


þ
ffiffiffiffiffiffi
K2


p
þ a2


ffiffiffiffiffiffi
D2


p


2ðs1 �
ffiffiffiffiffiffi
K2


p
Þðs2 �


ffiffiffiffiffiffi
K2


p
Þ
W c0;


ffiffiffiffiffiffiffi
K2t


p� 	


þ
ffiffiffiffiffiffi
K2


p
� a2


ffiffiffiffiffiffi
D2


p


2ðs1 þ
ffiffiffiffiffiffi
K2


p
Þðs2 þ


ffiffiffiffiffiffi
K2


p
Þ
W c0;�


ffiffiffiffiffiffiffi
K2t


p� 	
ð25bÞ


where c0 ¼ x0=
ffiffiffiffiffiffiffiffiffiffi
4D1t
p


, Wðx; yÞ ¼ expð2xyþ y2Þerfcðxþ yÞ,
and erfcðxÞ ¼ 1� erfðxÞ is the complementary error func-
tion. When jK j!1, [Eq. (25a)] and [Eq. (25b)] can be
short-time approximate analytic solutions accurate towards
a fairly long time regime. When K ¼ 0, si ¼ sm, and the re-
sulting Siðtjx0Þ’s are exact (see [Eq. (A6a)] and [Eq. (A6b)]
in Appendix A).


In Figure 1, we demonstrate the short-time approximation
to the effective survival probability S1ðtjx0Þemt in comparison
with the exact solution obtained from the numerical inver-
sion of [Eq. (20a)], a) when a2 > 0 and b) when a2 < 0. The


short-time approximation is valid for t < 0:2jKj�1 ¼ 20 ns. It
is interesting to note that the time range of validity for the
short-time approximation is much longer in each graph for
the negative a1 than that for the positive.


Long-Time Asymptotic Behavior


As mentioned earlier in the Exact Results in Laplace Space
section, the time-domain expressions of the survival proba-
bilities can not be obtained analytically by inverting
[Eq. (20a)] and [Eq. (20b)] in the general case. However, as
we have shown in previous work,[8,12] the long-time asymp-
totic behavior can be analyzed in the time-domain.


We start from the series expansions of [Eq. (20a)] and
[Eq. (20b)] for the survival probabilities in the region of
s ¼ �m, which lead to [Eq. (26a)] and [Eq. (26b)]


Ŝ1ðsm �mjx0Þ ¼
u1


sm �K1
þ u2


ffiffiffiffiffi
sm
p


sm �K1
þ
X1
j¼0


ejs
j=2
m , ð26aÞ


Ŝ2ðsm �mjx0Þ ¼
v1


sm �K2
þ v2


ffiffiffiffiffi
sm
p


sm �K2
þ
X1
j¼0


�js
j=2
m , ð26bÞ


where Ki is defined in [Eq. (24)] and the coefficients u1, u2,
v1, v2, ej, and �j are yet to be determined.


By inverting [Eq. (26a)] and [Eq. (26b)] into the time
domain, one can obtain [Eq. (27a)] and [Eq. (27b)]


S1ðtjx0Þemt ¼ðu1 þ
ffiffiffiffiffiffi
K1


p
u2ÞeK1 t þ u2


1ffiffiffiffiffi
pt
p �


ffiffiffiffiffiffi
K1


p
W


ffiffiffiffiffiffiffi
K1t


p� 	� �


þ
X1
i¼1


ð2i� 1Þ!!e2i�1


ð�2tÞi
ffiffiffiffiffi
pt
p ;


ð27aÞ


S2ðtjx0Þemt ¼ðv1 þ
ffiffiffiffiffiffi
K2


p
v2ÞeK2 t þ v2


1ffiffiffiffiffi
pt
p �


ffiffiffiffiffiffi
K2


p
W


ffiffiffiffiffiffiffi
K2t


p� 	� �


þ
X1
i¼1


ð2i� 1Þ!!�2i�1


ð�2tÞi
ffiffiffiffiffi
pt
p ;


ð27bÞ


where WðyÞ ¼Wð0; yÞ ¼ expðy2ÞerfcðyÞ and
ð2i� 1Þ!! ¼ ð2i� 1Þð2i� 3Þ � � � 3 � 1. Using the symmetric re-
lation of the complementary error function,[17] one can
easily obtain the long-time asymptotic form of W y


ffiffi
t
p� �


as
[Eq. (28)]


W y
ffiffi
t
p� �
�


1


y
ffiffiffiffiffi
pt
p � 1


2y3t
ffiffiffiffiffi
pt
p ; when j arg yj < 3p=4;


2ey
2 t �W �y


ffiffi
t
p� �


; when j arg yj > 3p=4:


8><
>: ð28Þ


Substituting [Eq. (28)] into [Eq. (27a)] and [Eq. (27b)],
the long-time asymptotic expressions of the survival proba-
bilities can be obtained in the following forms [Eq. (29a)]


Figure 1. The time-dependence of the effective survival probability,
S1ðtjx0Þemt , for positive and negative values of a1. The solid lines in this
Figure and all the other figures are the numerically inverted exact solu-
tions, [Eq. (20a)]. The dashed lines are the short-time approximation cal-
culated from [Eq. (25a)]. The parameter values are k1 ¼ k2 ¼ 1:0 nm=ns,
kq1 ¼ kq2 ¼ 0:1 nm=ns, ku1 ¼ ku2 ¼ 0:1 ns�1, D1 ¼ 1:0 nm2=ns,
D2 ¼ 2:0 nm2=ns, x0 ¼ 1:0 nm, and a1 varies as indicated in the Figure
(K > 0). The value of a2 is given by a) a2 ¼ 0:1 nm�1 and
b) a2 ¼ �0:1 nm�1.
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and [Eq. (29b)]:


S1ðtjx0Þemt � A1e
K1t þ B1t


�3=2, ð29aÞ


S2ðtjx0Þemt � A2e
K2t þ B2t


�3=2, ð29bÞ


where Ai and Bi are the unknown coefficients to be deter-
mined. Note that one can find, from [Eq. (29a)] and
[Eq. (29b)], that Siðtjx0Þ expðmtÞ undergo a kinetic transition
when the Ki values changes sign.


Determination of Ai Values


We now determine the unknown coefficients Ai and Bi by
applying the method developed in the previous work.[8]


First, we determine A1 by taking the limit
s! minfku1; ku2 þ a22D2g as follows:


1) When ku2 þ a22D2 > ku1 (or K1 > 0), by taking the limit
su1 ! 0, we get [Eq. (30a)]


A1 � lim
su1!0


su1Ŝ1ðsjx0Þ ¼ lim
t!1


S1ðtjx0Þ expðku1tÞ


¼ 1� ½a
0
1ða0 02 þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a21D1 þK


p
Þ � a1a2 exp½2a1Hð�a1Þx0


½a01 � 2a1
ffiffiffiffiffiffi
D1


p
Hð�a1Þða0 02 þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a21D1 þK


p
Þ � a1a2


;


ð30aÞ


where HðxÞ is the Heaviside step function [HðxÞ ¼ 1 when
x > 0 and HðxÞ ¼ 0 when x < 0]. Note that S1ðtjx0Þ expðmtÞ
undergoes a kinetic transition according to the sign of the
applied field, a1, because A1 ¼ 0 when a1 > 0 and A1 6¼ 0
when a1 < 0.


2) When ku2 þ a22D2 < ku1 (or K1 < 0), by taking the limit
s2 ! 0, we get [Eq. (30b)]


lim
s2!0


s2Ŝ1ðsjx0Þ ¼ lim
t!1


S1ðtjx0Þ exp½ðku2 þ a22D2Þt


� lim
t!1


A1 expðK1tÞ þ B1t
�3=2� �


¼ 0:
ð30bÞ


Because [Eq. (30b)] vanishes, it is safe to set A1 ¼ 0. Note
that, in this case, S1ðtjx0Þ expðmtÞ follows a t�3=2 power-law
behavior.


Similarly, one can obtain A2 by taking limit
s! minfku2; ku1 þ a21D1g as follows:


1) When ku1 þ a21D1 > ku2 (or K2 > 0), by taking limit
su2 ! 0, we get [Eq. (31a)]


A2 � lim
su2!0


su2Ŝ2ðsjx0Þ ¼ lim
t!1


S2ðtjx0Þ expðku2tÞ


¼ � 2a1a2
ffiffiffiffiffiffi
D2


p
Hð�a2Þ exp½ða1


ffiffiffiffiffiffi
D1


p
�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a22D2 �K


p
Þx0=


ffiffiffiffiffiffi
D1


p



ða0 01 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a22D2 �K


p
Þ½a0 02 � 2a2


ffiffiffiffiffiffi
D2


p
Hð�a2Þ � a1a2


:


ð31aÞ


Similarly to S1ðtjx0Þ expðmtÞ when K1 > 0, S2ðtjx0Þ expðmtÞ
undergoes a kinetic transition according to the sign of a2 be-
cause A2 ¼ 0 when a2 > 0 and A2 6¼ 0 when a2 < 0.


2) When ku1 þ a21D1 < ku2 (or K2 < 0), by taking the limit
s1 ! 0, we get [Eq. (31b)]


lim
s1!0


s1Ŝ2ðsjx0Þ ¼ lim
t!1


S2ðtjx0Þ exp½ðku1 þ a21D1Þt


� lim
t!1


A2 expðK2tÞ þ B2t
�3=2� �


¼ 0:
ð31bÞ


Therefore, it is safe to set A2 ¼ 0. In this case,
S2ðtjx0Þ expðmtÞ obeys a t�3=2 power-law behavior.


In summary, we can determine Ai explicitly when Ki > 0
while the Ai term is set to 0 when Ki < 0.


Determination of Bi Values


Next, we need to evaluate the coefficients B1 and B2 for the
asymptotic kinetics of the survival probabilities. From the
asymptotic expansion of Ŝiðsjx0Þ and the theory of the Lap-
lace transform, we can obtain the coefficients of t�3=2 (See
Appendix B) as in previous work.[8]


From the series expansions of [Eq. (20a)] and [Eq. (20b)]
in the region of s ¼ �m, one obtains bi, the coefficient offfiffiffiffiffi
sm
p


[see Eq. (B2) in the Appendix]. We have two cases for
bi depending on the sign of K, bi;j. The first subscript de-
notes the state of the geminate pair, i ¼ 1 or 2 for the A	B
or C	D pair, respectively. The second subscript denotes the
sign of K, j ¼ 1 or 2 for K > 0 or K < 0, respectively.


1) When K > 0 [Eq. (32a)] and [Eq. (32b)],


b1;1 ¼
ea1x0 ½a01ða0 02 þ


ffiffiffiffi
K
p
Þ � a1a2


a01ða0 02 þ
ffiffiffiffi
K
p
Þ � a1a2


� x0ffiffiffiffiffiffi
D1


p þ a0 02 þ
ffiffiffiffi
K
p


a0 01ða0 02 þ
ffiffiffiffi
K
p
Þ � a1a2


" #
,


ð32aÞ


b2;1 ¼
ea1x0a1ða2


ffiffiffiffiffiffi
D2


p
�


ffiffiffiffi
K
p
Þ


a0 01ða0 02 þ
ffiffiffiffi
K
p
Þ � a1a2


x0ffiffiffiffiffiffi
D1


p þ a0 02 þ
ffiffiffiffi
K
p


a0 01ða0 02 þ
ffiffiffiffi
K
p
Þ � a1a2


" #
,


ð32bÞ


2) When K < 0 [Eq. (33a)] and [Eq. (33b)],


b1;2 ¼
a1a2ða1


ffiffiffiffiffiffi
D1


p
�


ffiffiffiffiffiffiffi
Kj j


p
Þ


½ða0 01 þ
ffiffiffiffiffiffiffi
Kj j


p
Þa0 02 � a1a22


exp a1 �


ffiffiffiffiffiffiffi
Kj j
D1


s0
@


1
Ax0


2
4


3
5,
ð33aÞ


b2;2 ¼
a1½ða0 01 þ


ffiffiffiffiffiffiffi
Kj j


p
Þa0 02 � a1a2


½ða0 01 þ
ffiffiffiffiffiffiffi
Kj j


p
Þa0 02 � a1a22


exp a1 �


ffiffiffiffiffiffiffi
Kj j
D1


s0
@


1
Ax0


2
4


3
5:
ð33bÞ


By substituting [Eq. (32a)], [Eq. (32b)] and [Eq. (33a)],
[Eq. (33b)] into [Eq. (B7) in the Appendix], one obtains the
asymptotic behavior from [Eq. (B3)] as shown in [Eq. (34)]


Siðtjx0Þ expðmtÞ � Ai expðKitÞ þ
bi;j


2Ki


ffiffiffi
p
p t�3=2: ð34Þ
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Considering [Eq. (30a)], [Eq. (30b)], [Eq. (31a)],
[Eq. (31b)], and [Eq. (34)], we find that the asymptotic be-
havior of the effective survival probability, Siðtjx0Þ expðmtÞ,
shows rather complex kinetic transition behavior depending
on the signs of ai, Ki, and K. Moreover, in certain cases, the
number of kinetic transitions reduces arising from the de-
structive interplay between the effects of the field and life-
times. It should be noted that the above-mentioned complex
kinetic transition behavior does not depend on the quench-
ing rate coefficients which influence only the amplitudes of
the long-time asymptotic behavior of the effective survival
probabilities (Ai and bi;j). The long-time asymptotic behav-
ior of Siðtjx0Þ expðmtÞ are summarized in Table 1 and
Table 2.


In Figure 2, the time-dependence of the effective survival
probability, S1ðtjx0Þ expðmtÞ, and the magnitude of its devia-
tion from A1 expðK1tÞ, jS1ðtjx0Þ expðmtÞ �A1 expðK1tÞj, are
shown for the positive value of K. The kinetic transition is
clearly shown depending on the sign of a1 in Figure 2a ) and
the power-law component of the long-time behavior of
S1ðtjx0Þ expðmtÞ is shown in Figure 2b).


Destructive Interplay between the Effects of Field and
Lifetimes


Recently, Kim and Shin investigated the geminate ES-ABC
reaction with a constant external field in 1D.[7] They found
that the number of kinetic transitions is found to be one or
zero by varying the difference between the lifetimes. The
latter case arises from the destructive interplay between the
field intensity and lifetimes. By analogy, we also expect that
the number of kinetic transitions in the present problem
varies with changes in the applied field and lifetimes.


As was shown previously, the long-time asymptotic behav-
ior of the effective survival probabilities, Siðtjx0Þ expðmtÞ, is


given by [Eq. (34)]. For the state i, when Ki < 0, the first
term on the right hand side of [Eq. (34)] decays exponential-
ly. Thus, the kinetic transition depending on the sign of the
applied field ai disappears. Note that when two lifetimes are
the same, there is no such destructive interplay.


The destructive interplay can be understood as follows.
As the unimolecular decay rate (kui) for the given state i in-
creases, the ES geminate pair in this state decays to the
ground-state (GS) faster. Then, the lifetime effect on the
state i overcomes those of the field and lifetime on the
other state, j, when Ki < 0 (i.e., kui > kuj þ a2j Dj for i; j ¼ 1; 2
and i 6¼ j) and the first term Ai expðKitÞ of the effective sur-
vival probability in [Eq. (34)] vanishes regardless of the di-
rection of the field.


Table 1. Long-time asymptotic behavior of S1ðtjx0Þ expðmtÞ.
a1>0 a1<0


K>0 K1>0


K<0


K1>0


K1<0


Table 2. Long-time asymptotic behavior of S2ðtjx0Þ expðmtÞ.
a2>0 a2<0


K>0


K2>0


K2>0


K<0 K2<0


Figure 2. a) The time dependence of the effective survival probability,
S1ðtjx0Þemt , and b) its magnitude of the deviation from A1e


K1 t ,
jS1ðtjx0Þemt �A1e


K1 tj, for positive values of K. The solid lines for the
exact kinetics are taken from those in Figure 1a. The dashed lines are
the long-time asymptotic behavior calculated from [Eq. (34)]. The values
of the parameters are the same as those used in Figure 1a.
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In Figure 3, the time-dependence of the effective survival
probability S1ðtjx0Þ expðmtÞ is shown for a negative value of
K1. In comparison to Figure 2a, the destructive interplay be-
tween the applied field and lifetimes is clearly shown in this
figure.


Asymptotic Behavior when ai =0


For the geminate GS-ABCD reaction under a constant ex-
ternal field,[8] we found that the long-time asymptotic behav-
iors of the survival probabilities become simpler when one
of the ai’s vanishes, that is, simple t�1=2 power-law behaviors
appear. Now we investigate the long-time asymptotic behav-
iors of the effective survival probabilities in this case for the
present problem.


Case 1. a1 ¼ 0 .


In this case, K ¼ Dku þ a22D2 (Dku � ku2 � ku1) and A1 van-
ishes. Then, the long-time asymptotic behavior of S1ðtjx0Þ is
changed as follows. When K > 0 (m ¼ ku1 or K1 ¼ 0),
[Eq. (B2) of the Appendix] can be rewritten as [Eq. (35a)]


su1Ŝ1ðsjx0Þ � b1;1
ffiffiffiffiffiffi
su1
p


, ð35aÞ


that is, S1ðtjx0Þ expðku1tÞ behaves asymptotically as
[Eq. (35b)]


S1ðtjx0Þ expðku1tÞ � b1;1=
ffiffiffiffiffi
pt
p


: ð35bÞ


However, when K < 0 (K1 < 0), the asymptotic kinetics
follows [Eq. (34)] with a vanishing A1 value ACHTUNGTRENNUNG(see ACHTUNGTRENNUNG[Eq. ACHTUNGTRENNUNG(30b)])
and S1ðtjx0Þ expðmtÞ shows a t�3=2 power-law asymptotic be-
havior. Therefore, S1ðtjx0Þ expðmtÞ undergoes a kinetic tran-
sition behavior from t�3=2 to t�1=2 power-law as K changes
from a negative to a positive value.


On the other hand, the asymptotic kinetics of
S2ðtjx0Þ expðmtÞ can be obtained from [Eq. (34)] for both
cases of K > 0 and K < 0. Note that the destructive inter-


play occurs for S2ðtjx0Þ expðmtÞ when Dku > 0 (K2 < 0),
which shows a t�3=2 power-law behavior for both negative
and positive values of a2.


Case 2. a2 ¼ 0 .


In this case K ¼ Dku � a21D1 and A2 vanishes. Analogously
to case 1, when K < 0, [Eq. (B2) of the Appendix] can be
rewritten as [Eq. (36a)]


su2Ŝ2ðsjx0Þ � b2;2
ffiffiffiffiffiffi
su2
p


, ð36aÞ


that is, S2ðtjx0Þ expðku2tÞ behaves asymptotically as
[Eq. (36b)]


S2ðtjx0Þ expðku2tÞ � b2;2=
ffiffiffiffiffi
pt
p


: ð36bÞ


When K > 0 (K2 < 0), the asymptotic kinetics follows
[Eq. (34)] with a vanishing A2 value (see [Eq. (31b)]) and
the kinetics of S2ðtjx0Þ expðmtÞ shows a t�3=2 power-law
asymptotic behavior. Therefore, S2ðtjx0Þ expðmtÞ obeys t�1=2


and t�3=2 power-law behavior when K < 0 and K > 0, respec-
tively. On the other hand, S1ðtjx0Þ expðmtÞ follows [Eq. (34)]
and shows the destructive interplay when Dku < 0 (K1 < 0),
following t�3=2 power-law behaviour for both negative and
positive values of a1.


When both a1 ¼ 0 and a2 ¼ 0, the kinetics reduces to that
of the geminate ES-ABCD reaction without a field, that is,
when ku1 < ku2, S1ðtjx0Þ expðku1tÞ obeys t�1=2 power-law
asymptotic behavior, whereas S1ðtjx0Þ expðku2tÞ follows a
t�3=2 power-law when ku1 > ku2.


[12]


In. Figure 4, the time-dependence of the effective survival
probability S1ðtjx0Þ expðmtÞ is plotted when a1 ¼ 0. The ki-
netic transition from t�3=2 to t�1=2 power-law behavior is
clearly seen as K changes its sign.


Figure 3. The time dependence of the effective survival probability,
S1ðtjx0Þemt , for negative value of K1. The dashed lines are the long-time
asymptotic behavior calculated from [Eq. (34)]. The values of the param-
eters are the same as those used in Figure 1 except ku1 ¼ 0:2 ns�1 and
a2 ¼ 0:1 nm�1.


Figure 4. The time dependence of the effective survival probability
S1ðtjx0Þemt for vanishing a1 depending on the sign of K : K > 0
(ku1 ¼ 0:1 ns�1 and ku2 ¼ 0:2 ns�1) and K < 0 (ku1 ¼ 0:2 ns�1 and
ku2 ¼ 0:1 ns�1). The dotted lines are the long-time asymptotic behavior
calculated from [Eq. (34)] and [Eq. (35b)]. The values of the other pa-
rameters are the same as those used in Figure 1 except D2 ¼ 1:0 nm2=ns.
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Conclusions


We obtained the exact Green functions for the geminate
ES-ABCD reaction in the presence of quenching processes
under a constant external field in 1D in the Laplace domain.
With these exact Green functions, we also obtained the sur-
vival probabilities for the reactant and product states. The
analytic expressions in the time domain could only be ob-
tained for the case when K ¼ 0. However, we could obtain
analytic short-time approximations which are valid for
t < jKj�1 and the long-time asymptotic expressions, which
allowed us to analytically investigate the effect of the field
and lifetimes on these survival probabilities.


By analyzing the long-time asymptotic behavior, we find
that the effective survival probability, Siðtjx0Þ expðmtÞ, shows
a rather complex kinetic transition behavior depending on
the sign of the intensity of the external field ai. The destruc-
tive interplay between the lifetimes and field occurs when
the lifetime effect on one state exceeds the field and lifetime
effects on the other state (Ki < 0). In this case, the kinetic
transition, which depends on the sign of ai, disappears.
When one of the field effect vanishes, for example, a1 ¼ 0,
the effective survival probability, S1ðtjx0Þ expðmtÞ, obeys a
t�1=2 asymptotic power-law behavior when K > 0, whereas it
follows a t�3=2 power-law when K < 0.


The above-mentioned complex kinetic transition behavior
does not depend on the quenching rate coefficients which
only influence the amplitudes of the long-time asymptotic
behaviors of the effective survival probabilities.


Because the Green functions for a geminate problem can
be utilized in the simulations[14] and the theory of the corre-
sponding many-body problem,[15] our Green functions may
have applicability to more general cases. Also, the field and
lifetime effects investigated in this work may help us to un-
derstand the rich kinetics of ABCD reaction, which may be
found in relevant experiments.


Appendix A.


Exact Green Function when K=0


Let us define the transformation[18] [Eq. (A1)]


qiðxi; tjx0Þ ¼ expðaixi � a1x0 þ a2i Dit þ kuitÞpiðxi; tjx0Þ ðA1Þ


and x � s1 ¼ s2. Then, the GFs from [Eq. (18a)] and
[Eq. (18b)] can be rewritten as [Eq. (A2a)] and [Eq. (A2b)]


q̂1ðx1; xjx0Þ ¼F̂1ðx1; xjx0Þ


� ½a
0
1ð


ffiffiffi
x
p
þ a0 02Þ � a1a2 exp½�


ffiffiffiffiffiffiffiffiffiffiffi
x=D1


p
ðx1 þ x0Þffiffiffiffiffiffi


D1


p
ð
ffiffiffi
x
p
� a1


ffiffiffiffiffiffi
D1


p
Þð


ffiffiffi
x
p
þ s1Þð


ffiffiffi
x
p
þ s2Þ


,


ðA2aÞ


q̂2ðx2; xjx0Þ ¼
a1 exp½�


ffiffiffiffiffiffiffiffiffiffiffi
x=D2


p
x2 �


ffiffiffiffiffiffiffiffiffiffiffi
x=D1


p
x0ffiffiffiffiffiffi


D2


p
ð
ffiffiffi
x
p
þ s1Þð


ffiffiffi
x
p
þ s2Þ


, ðA2bÞ


where the si terms are defined in [Eq. (23)].
ACHTUNGTRENNUNG[Eq ACHTUNGTRENNUNG(A2a)] and [Eq. (A2b)] can now be analytically in-


verted into the time domain to give [Eq. (A3a)] and
[Eq. (A3b)]


q1ðx1; tjx0Þ ¼F1ðx1; tjx0Þ


þ 1ffiffiffiffiffiffi
D1


p s2½a01ða0 02 � s2Þ � a1a2
ðs2 � s1Þðs2 þ a1


ffiffiffiffiffiffi
D1


p
Þ
W c1 þ c0; s2


ffiffi
t
p� ��


�s1½a01ða0 02 � s1Þ � a1a2
ðs2 � s1Þðs1 þ a1


ffiffiffiffiffiffi
D1


p
Þ
W c1 þ c0; s1


ffiffi
t
p� ��


�a1W c1 þ c0;�a1
ffiffiffiffiffiffiffiffi
D1t


p� 	
;


ðA3aÞ


q2ðx2; tjx0Þ ¼�
s1


s2 � s1
W c2 þ c0; s1


ffiffi
t
p� ��


; ðA3bÞ


where c0 ¼ x0=
ffiffiffiffiffiffiffiffiffiffi
4D1t
p


, ci ¼ xi=
ffiffiffiffiffiffiffiffiffi
4Dit
p


(i ¼ 1; 2), and
[Eq. (A3c)]


F1ðx1; tjx0Þ ¼
1


2
ffiffiffiffiffiffiffiffiffiffiffi
pD1t
p ½e�ðc1�c0Þ2 þ e�ðc1þc0Þ2 


þa1W c1 þ c0;�a1
ffiffiffiffiffiffiffiffi
D1t


p� 	
:


ðA3cÞ


Let us define the effect survival probabilities, S0iðtjx0Þ, as
[Eq. (A4)]


S0iðtjx0Þ ¼ Siðtjx0Þ expðmtÞ: ðA4Þ


Then, these effective survival probabilities in the Laplace
domain can be written as [Eq. (A5a)] and [Eq. (A5b)]


1� ðx� a21D1ÞŜ01ðxjx0Þ ¼
a01ð


ffiffiffi
x
p
þ a0 02Þ � a1a2


ð
ffiffiffi
x
p
þ s1Þð


ffiffiffi
x
p
þ s2Þ


exp a1 �
ffiffiffiffiffiffi
x


D1


r !
x0


" #
,


ðA5aÞ


ðx� a22D2ÞŜ02ðxjx0Þ ¼
a1ð


ffiffiffi
x
p
� a2


ffiffiffiffiffiffi
D2


p
Þ


ð
ffiffiffi
x
p
þ s1Þð


ffiffiffi
x
p
þ s2Þ


exp a1 �
ffiffiffiffiffiffi
x


D1


r !
x0


" #
:


ðA5bÞ


In the time domain, S0iðtjx0Þ are obtained by the direct in-
tegration of [Eq. (A3a)] and [Eq. (A3b)] or inversion of
[Eq. (A5a)] and [Eq. (A5b)] as [Eq. (A6a)] and [Eq. (A6b)]


S01ðtjx0Þ � ea
2
1D1 t


ea1x0
¼s1½a01ða0 02 � s1Þ � a1a2
ðs2 � s1Þðs2


1 � a21D1Þ
W c0; s1


ffiffi
t
p� �


� s2½a01ða0 02 � s2Þ � a1a2
ðs2 � s1Þðs2


2 � a21D1Þ
W c0; s2


ffiffi
t
p� �


� a01ða0 02 � a1
ffiffiffiffiffiffi
D1


p
Þ � a1a2


2ðs1 � a1
ffiffiffiffiffiffi
D1


p
Þðs2 � a1


ffiffiffiffiffiffi
D1


p
Þ
W c0; a1


ffiffiffiffiffiffiffiffi
D1t


p� 	


� 1
2
W c0;�a1


ffiffiffiffiffiffiffiffi
D1t


p� 	
;


ðA6aÞ
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S02ðtjx0Þ
a1ea1x0


¼
s1W c0; s1


ffiffi
t
p� �


ðs2 � s1Þðs1 � a2
ffiffiffiffiffiffi
D2


p
Þ
�


s2W c0; s2


ffiffi
t
p� �


ðs2 � s1Þðs2 � a2
ffiffiffiffiffiffi
D2


p
Þ


�
a2


ffiffiffiffiffiffi
D2


p
W c0; a2


ffiffiffiffiffiffiffiffi
D2t
p� �


ðs1 � a2
ffiffiffiffiffiffi
D2


p
Þðs2 � a2


ffiffiffiffiffiffi
D2


p
Þ
:


ðA6bÞ


Using the symmetric relation of the complementary error
function,[17] we find that the long-time asymptotic behaviors
are obtained as follows [Eq. (A7a)] and [Eq. (A7b)]:


S01ðtjx0Þ � ea
2
1D1 t


ea1x0
�2s1½a01ða0 02 � s1Þ � a1a2
ðs2 � s1Þðs2


1 � a21D1Þ
es2


1 tþs1x0=
ffiffiffiffi
D1


p
Hð�s1Þ


� 2s2½a01ða0 02 � s2Þ � a1a2
ðs2 � s1Þðs2


2 � a21D1Þ
es2


2tþs2x0=
ffiffiffiffi
D1


p
Hð�s2Þ


� a01ða0 02 � a1
ffiffiffiffiffiffi
D1


p
Þ � a1a2


ðs1 � a1
ffiffiffiffiffiffi
D1


p
Þðs2 � a1


ffiffiffiffiffiffi
D1


p
Þ
ea


2
1D1 tþa1x0Hð�a1Þ


�ea21Dt�a1x0Hða1Þ


þ x0ffiffiffiffiffiffi
D1


p þ s1 þ s2


s1s2
� a01


a01a
0 0
2 � a1a2


� �
a01a


0 0
2 � a1a2


2s1s2a21D1t
ffiffiffiffiffi
pt
p ;


ðA7aÞ


S02ðtjx0Þ
a1ea1x0


� 2s1e
s2
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ffiffiffiffi
D1


p
Hð�s1Þ
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Þ
� 2s2e


s2
2tþs2x0=


ffiffiffiffi
D1


p
Hð�s2Þ
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p
Þ


� 2a2
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D2


p
ea


2
2D2 tþa2x0


ffiffiffiffiffiffiffiffiffiffi
D2=D1


p
Hð�a2Þ
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ffiffiffiffiffiffi
D2


p
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ffiffiffiffiffiffi
D2


p
Þ


þ x0ffiffiffiffiffiffi
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ffiffiffiffiffiffi
D2


p
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1
2s1s2a2t
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Appendix B


Determination of the Coefficient of the t-3/2-Term Long-
Time Asymptotic Expansion of Siðtjx0Þ exp ðmtÞ when K¼6 0


From the theory of Laplace transform,[17] we can write
suiŜiðsjx0Þ � Sið0jx0Þ as [Eq. (B1)]


ðsm �KiÞŜiðsm �mjx0Þ � Sið0jx0Þ ¼
Z1
0


dt e�ðsm�KiÞt d
dt


Siðtjx0Þekuit
� �


:


ðB1Þ


By taking the limit sm ! 0 and expanding the right side of
[Eq. (20a)] and [Eq. (20b)], one finds that the asymptotic
form of the left side of [Eq. (B1)] is given by the functional
form as [Eq. (B2)]


ðsm �KiÞŜiðsm �mjx0Þ � Sið0jx0Þ � bi
ffiffiffiffiffi
sm
p


, ðB2Þ


where bi is a field dependent coefficient.
On the other hand, one can rewrite [Eq. (27a)] and


[Eq. (27b)] as [Eq. (B3)]


Siðtjx0Þ expðmtÞ ¼ Ai expðKitÞ þ
X1
j¼1


gi;jt
�ðjþ1=2Þ, ðB3Þ


where gi;j terms are field dependent coefficients to be deter-
mined. [Eq. (B3)] can be rewritten as [Eq. (B4)]


Siðtjx0Þ expðkuitÞ ¼ Ai þ
X1
j¼1


gi;jt
�ðjþ1=2Þ expð�KitÞ: ðB4Þ


By differentiating [Eq. (B4)] and using the fact that Ai is
independent of t, one obtains [Eq. (B5)]


d
dt


Siðtjx0Þ expðkuitÞ½  ¼ �
X1
j¼1


gi;j Ki þ ðjþ 1=2Þt�1
� �


t�ðjþ1=2Þ expð�KitÞ,


ðB5Þ


which can be asymptotically written as [Eq. (B6)]


d
dt


Siðtjx0Þ expðkuitÞ½  � �gi;1Kit
�3=2 expð�KitÞ: ðB6Þ


By substituting [Eq. (B2)] and [Eq. (B6)] into [Eq. (B1)],
we obtain the desired relation [Eq. (B7)]


gi;1 ¼
bi


2Ki


ffiffiffi
p
p : ðB7Þ


Because we already know the expressions of Ai given in
[Eq. (30a)], [Eq. (30b)] and [Eq. (31a)], [Eq. (31b)], we can
determine the asymptotic behavior without explicitly deter-
mining the unknown coefficients in [Eq. (27a)] and
[Eq. (27b)]. The coefficients for higher order terms in t can
be determined by keeping more terms in [Eq (B2)] and
[Eq. (B3)].


Acknowledgement


This work was supported by the BK21 Division of Chemistry and Molec-
ular Engineering, Seoul National University.


[1] Yu. N. Molin, K. M. Salikhov, Chem. Phys. Lett. 1993, 211, 484.
[2] a) M. Tachiya, J. Chem. Phys. 1987, 87, 4622; b) K. Isoda, N. Kouch,


Y. Hatano, M. Tachiya, J. Chem. Phys. 1994, 100, 5874; c) S. D. Tray-
tak, A. V. Barzykin, M. Tachiya, J. Chem. Phys. 2004, 120, 10111.


[3] N. N. Lukzen, O. M. Usov, Yu. N. Molin, Phys. Chem. Chem. Phys.
2002, 4, 5249.


[4] a) U. Seiferheld, H. Bassler, B. Movaghar, Phys. Rev. Lett. 1983, 51,
813; b) N. Boden, R. J. Bushby, J. Clements, K. Donovan, B. Mova-
ghar, T. Kreouzis, Phys. Rev. B 1998, 58, 3063; c) L. M. Herz, C.
Daniel, C. Silva, F. J. M. Hoeben, A. P. H. J. Schenning, E. W.
Meijer, R. H. Friend, R. T. Phillips, Phys. Rev. B 2003, 68, 045203;
d) B. Movaghar, B. Pohlman, D. WLrtz, Phys. Rev. A 1984, 29, 1568;
e) Y. A. Markhnovskii, M. E. Maslova, A. M. Berezhkovskii, J.
Chem. Phys. 1998, 108, 6431; f) T. Eisele, R. Lang, Probab. Theory
Relat. Fields 1987, 74, 125; g) A. Aldea, M. Dulea, P. Gartner, J.
Stat. Phys. 1988, 52, 1061.


[5] a) K. M. Hong, J. Noolandi, J. Chem. Phys. 1978, 69, 5026; b) J. Noo-
landi, K. M. Hong, Phys. Rev. Lett. 1978, 41, 46.


Chem. Asian J. 2008, 3, 1266 – 1276 A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1275


Excited-State Reversible Germinate ABCD Reaction



http://dx.doi.org/10.1016/0009-2614(93)87095-K

http://dx.doi.org/10.1063/1.452875

http://dx.doi.org/10.1063/1.467099

http://dx.doi.org/10.1063/1.1736629

http://dx.doi.org/10.1039/b206968g

http://dx.doi.org/10.1039/b206968g

http://dx.doi.org/10.1103/PhysRevLett.51.813

http://dx.doi.org/10.1103/PhysRevLett.51.813

http://dx.doi.org/10.1063/1.436493

http://dx.doi.org/10.1103/PhysRevLett.41.46





[6] H. Kim, K. J. Shin, N. Agmon, J. Chem. Phys. 2001, 114, 3905.
[7] H. Kim, K. J. Shin, J. Chem. Phys. 2004, 120, 9142.
[8] S. Park, K. J. Shin, J. Phys. Chem. B 2008, 112, 6241.
[9] K. M. Solntsev, D. Huppert, N. Agmon, Phys. Rev. Lett. 2001, 86,


3427.
[10] P. Leiderman, D. Huppert, N. Agmon, Biophys. J. 2006, 90, 1009.
[11] H. Kim, K. J. Shin, N. Agmon, J. Chem. Phys. 1999, 111, 3791.
[12] S. Park, K. J. Shin, N. Agmon, J. Chem. Phys. 2004, 121, 868.
[13] a) H. Kim, K. J. Shin, Phys. Rev. Lett. 1999, 82, 1578; b) I. V.


Gopich, K. M. Solntsev, N. Agmon, J. Chem. Phys. 1999, 110, 2164;
c) N. Agmon, J. Chem. Phys. 1999, 110, 2175; d) A. V. Popov, N.
Agmon, J. Chem. Phys. 2002, 117, 5770.


[14] a) A. L. Edelstein, N. Agmon, J. Chem. Phys. 1993, 99, 5396; b) H.
Kim, M. Yang, K. J. Shin, J. Chem. Phys. 1999, 111, 1068; c) A. V.
Popov, N. Agmon, J. Chem. Phys. 2001, 115, 8921; d) C. Oh, H. Kim,


K. J. Shin, J. Chem. Phys. 2002, 117, 3269; e) A. V. Popov, N.
Agmon, J. Chem. Phys. 2002, 117, 4376; f) A. V. Popov, N. Agmon,
J. Chem. Phys. 2003, 118, 11057; g) A. V. Popov, N. Agmon, I. V.
Gopich, A. Szabo, J. Chem. Phys. 2004, 120, 6111; h) S. Park, K. J.
Shin, A. V. Popov, N. Agmon, J. Chem. Phys. 2005, 123, 034507; i) S.
Park, N. Agmon, J. Phys. Chem. B 2008, 112, 5977.


[15] N. Agmon, A. V. Popov, J. Chem. Phys. 2003, 119, 6680.
[16] A. V. Popov, N. Agmon, Pol. J. Chem. 2003, 77, 1659.
[17] M. Abramowitz, I. A. Stegun, Handbook of Mathematical Functions,


Dover, New York, 1970.
[18] a) M. von Smoluchowski, Phys. Z. 1916, 17, 585; b) S. Chandrase-


khar, Rev. Mod. Phys. 1943, 15, 1.


Received: January 31, 2008
Published online: June 13, 2008


1276 www.chemasianj.org A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1266 – 1276


FULL PAPERS
S. Park and K. J. Shin



http://dx.doi.org/10.1063/1.1344607

http://dx.doi.org/10.1063/1.1704632

http://dx.doi.org/10.1103/PhysRevLett.86.3427

http://dx.doi.org/10.1103/PhysRevLett.86.3427

http://dx.doi.org/10.1063/1.479682

http://dx.doi.org/10.1063/1.1755658

http://dx.doi.org/10.1103/PhysRevLett.82.1578

http://dx.doi.org/10.1063/1.477827

http://dx.doi.org/10.1063/1.477828

http://dx.doi.org/10.1063/1.1501127

http://dx.doi.org/10.1063/1.465983

http://dx.doi.org/10.1063/1.479297

http://dx.doi.org/10.1063/1.1412609

http://dx.doi.org/10.1063/1.1492282

http://dx.doi.org/10.1063/1.1496455

http://dx.doi.org/10.1063/1.1570816

http://dx.doi.org/10.1063/1.1649935

http://dx.doi.org/10.1063/1.1948369

http://dx.doi.org/10.1063/1.1603717






DOI: 10.1002/asia.200800144


A Non-Cross-Linked Soluble Polystyrene-Supported Ruthenium Catalyst for
Carbenoid Transfer Reactions


Matthew Kwok-Wai Choi,[a] Wing-Yiu Yu,[b] Man-Ho So,[a] Cong-Ying Zhou,[a]


Qing-Hai Deng,[a, c] and Chi-Ming Che*[a, c]


Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday


Introduction


Transition-metal-mediated carbenoid transfer and insertion
reactions are useful for the construction of carbon–carbon
and carbon–heteroatom bonds.[1] Rhodium(II),[2] copper(I),[3]


and ruthenium(II)[4] complexes have been proven to be ef-
fective catalysts for the decomposition of diazo compounds
to generate reactive metallocarbene intermediates, which
are directly responsible for these catalytic X�H bond forma-
tion reactions (X=C, Si, N, P, O, halides).[1–4] Previously we


found that [RuCl2 ACHTUNGTRENNUNG(p-cymene)]2 can effectively catalyze intra-
molecular carbenoid C�H insertion of a-diazoacetamides to
cis-b-lactams with yields up to 97%.[5] We also reported the
synthesis of poly(ethylene glycol) (PEG)-supported rutheni-
um porphyrin complexes, which are suitable catalysts for ep-
oxidation, cyclopropanation, and aziridination of alkenes.[6]


However, these PEG-supported ruthenium porphyrin com-
plexes are inactive toward intra- and intermolecular carbe-
noid C�H insertion reactions.


In the context of developing catalytic carbenoid transfer
reactions with practical applications, immobilization of
metal catalysts on a solid support is a commonly employed
strategy. The immobilization of rhodium(II),[7–9] copper(I),[10]


and ruthenium(II)[11] complexes on solid supports for heter-
ogeneous catalytic carbenoid transfer reactions have been
reported. In contrast, reports of carbenoid transfer to C=C
bonds and insertion into C�H bonds employing metal cata-
lysts supported on soluble polymer, which are bona fide ho-
mogeneous catalysis, are sparse.[12] In this area, we are inter-
ested in non-cross-linked polystyrene (NCPS), which is com-
mercially available, has the advantage of homogeneous solu-
tion chemistry (high reactivity and ease of analysis), and at
the same time allows easy isolation and purification of the
organic products.[13]


Immobilization of a metal catalyst on polystyrene by mi-
croencapsulation was previously reported by Kobayashi and
Akiyama.[14] This immobilization strategy does not require


Abstract: Ruthenium nanoparticles
supported on non-cross-linked soluble
polystyrene were prepared by reacting
[RuCl2(C6H5CO2Et)]2 with polystyrene
in open air. They effectively catalyze
intra- and intermolecular carbenoid in-
sertion into C�H and N�H bonds,
alkene cyclopropanation, and ammoni-
um ylide/ ACHTUNGTRENNUNG[2,3]-sigmatropic rearrange-


ment reactions. This supported rutheni-
um catalyst is much more reactive than
[RuCl2 ACHTUNGTRENNUNG(p-cymene)]2 and [RuACHTUNGTRENNUNG(Por)CO]
for catalytic intermolecular carbenoid


C�H bond insertion into saturated al-
kanes. By using a-diazoacetamide as a
substrate for intramolecular carbenoid
C�H insertion, the supported rutheni-
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reused for ten successive iterations
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ligand derivatization, allowing a convenient synthesis of po-
lymer-supported metal catalysts. Herein we report that
NCPS is an excellent carrier of ruthenium nanoparticles and
that the resulting polymer-supported ruthenium nanoparti-
cles are effective homogeneous catalysts for carbenoid trans-
fer reactions with high substrate conversion and product
turnover. This supported ruthenium catalyst shows good sol-
ubility in tetrahydrofuran, dichloromethane, chloroform,
benzene, ethyl acetate, and toluene, but is insoluble in
hexane and methanol. It can be recovered, and its reuse has
been demonstrated in catalytic intramolecular carbenoid C�
H insertion reactions for ten iterations without loss of activi-
ty.


Results


Synthesis and characterization


Preparation of the polymer-supported ruthenium catalyst
NCPS-Ru 1 was undertaken by heating a mixture of non-
cross-linked polystyrene (NCPS, 0.50 g) and
[RuCl2(C6H5CO2Et)]2 (0.10 g) in 1,2-dichloroethane (10 mL)
in open atmosphere (Scheme 1). When the reaction was


monitored by 1H NMR spectroscopy, the 1H signals of
[RuCl2(C6H5CO2Et)]2 disappeared, and that of ethyl ben-
zoate concomitantly developed, revealing the grafting of
ruthenium atoms and/or ions by the phenyl rings of polystyr-
ene.[15] No significant change in the 1H NMR spectrum of
NCPS was observed, owing to the low portion of polystyr-
ene phenyl rings that contribute to the grafted ruthenium
atoms and ions. The ruthenium content of NCPS-Ru 1 was
determined to be 5.0 wt% using inductively coupled plasma
spectroscopy (ICP), and hence the loading was
0.50 mmolg�1. Other soluble polymer supports such as pol-
y(tert-butylstyrene) (NCPtBS),[16] poly(tert-butylstyrene-co-
styrene) (NCPtBS-co-PS),[16] and poly(N-isopropylacryl-
amide-co-styrene) (PNIPAM-co-PS)[17] were used to react
with [RuCl2(C6H5CO2Et)]2 in 1,2-dichloroethane to give the
corresponding soluble polymer-supported ruthenium cata-
lysts as depicted in Scheme 1.


Examination of NCPS-Ru 1 by transmission electron mi-
croscopy (TEM) showed the presence of uniform spherical
ruthenium nanoparticles (Figure 1a) with an average diame-


ter of 1.72�0.17 nm and a monodispersity of 9.9% (Fig-
ure 1b). Selected area electron diffraction (SAED) showed
two broad diffraction rings, which can be indexed back to
metallic Ru (JCPDS no. 06-0663) (Figure 1c). High-resolu-
tion TEM imaging showed clear lattice fringes, which reveal
that the ruthenium nanoparticles were single-crystallized
(Figure 1d). The d-spacing was 2.047 L corresponding to the
(101) plane of metallic ruthenium crystals.


Energy-dispersive X-ray spectroscopy (EDX) mapping of
NCPS-Ru 1 revealed that the Ru nanoparticles are distribut-
ed evenly inside the polymer (Figure 2 and figure S1, Sup-
porting Information). X-ray photoelectron spectroscopic
(XPS) analysis of freshly prepared NCPS-Ru 1 catalyst
showed a peak at 463.9 eV, corresponding to Ru 3p3/2 bind-
ing energy (Figure 3). This value slightly deviates from the
reported value of bulk Ru metal (462.0 eV)[18] and
[RuCl2(C6H5CO2Et)]2 (462.5 eV), revealing that the poly-
mer-supported ruthenium nanoparticles contain surface-oxi-
dized ruthenium ions.


Intramolecular carbenoid transfer and insertion reactions


All polymer-supported ruthenium catalysts 1–4 were exam-
ined for intramolecular carbenoid C�H insertion of N-p-
chlorobenzyl-N-tert-butyl-a-ethoxycarbonyl-a-diazoaceta-
mide 5a (Table 1). The reaction was performed in toluene at
70 8C in an open atmosphere. Using NCPS-Ru 1 (1.0 mol%
Ru relative to substrate), the diazo compound was com-
pletely consumed within 1 h, and cis-b-lactam was exclusive-


Scheme 1. Synthesis of polymer-supported ruthenium catalysts 1–4.


Figure 1. a) TEM images of Ru nanoparticles. b) Histogram showing the
distribution of the Ru nanoparticle diameters. c) SAED pattern of the
Ru nanoparticles. d) High-resolution TEM image of a single Ru nanopar-
ticle, with lattice fringes clearly apparent; top right insert: FFT image of
the particle; bottom right insert: nanoparticle TEM image filtered with
the Gatan Digital Micrograph program.
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ly formed in 98% yield. This catalysis was repeated four
times with independently prepared samples of NCPS-Ru
catalyst with a Ru content of 5.0 wt%, and similar results
were obtained (98% yield of cis-b-lactam). As depicted in
Table 1, catalysts 2, 3, and 4 showed lower catalytic activities
manifested by 50–60% substrate conversion over the course
of 4 h.


Toluene, ethyl acetate, and
acetone were found to be the
most effective solvents for the
cyclization of 5a to give cis-b-
lactam (up to 99% yield) and
with complete cis-selectivity
(see table S1 in Supporting In-
formation). Incomplete sub-
strate conversion (5–60%) was
observed with the use of tetra-
hydrofuran, N,N-dimethylfor-
mamide (DMF), or dichlorome-
thane as solvent.


The substrate scope of the in-
tramolecular carbenoid C�H insertion was examined, and
the results are listed in Table 2. The stereoselectivity of the
NCPS-Ru-catalyzed reactions (1.0 mol% Ru relative to sub-
strate) is similar to the analogous reactions with the homo-
geneous [RuCl2 ACHTUNGTRENNUNG(p-cymene)]2 catalyst.[5] For example, effec-
tive transformation of a-diazoacetamides with various aryl
groups into the corresponding cis-b-lactams were carried out
in yields of >90% (Table 2, Entries 2 and 3). With a-diazo-


Figure 2. Scanning transmission electron microscopy (STEM) image of a single NCPS-Ru nanoparticle and the
corresponding EDX maps of CKa and RuLa signals (the TEM image at left is at approximately the same point
of the mapping).


Figure 3. XPS spectra of NCPS-Ru 1 (trace a) and a sample prepared by
allowing NCPS and [RuCl2(C6H5CO2Et)]2 to react in the presence of
NaBH4 in 1,2-dichloroethane (trace b).


Table 1. Effect of polymer-supported ruthenium catalysts on intramolec-
ular carbenoid C�H insertion of a-diazoacetamides.


Entry Catalyst t [h] Conv [%][a] Yield [%][b] cis/trans[c]


1 NCPS-Ru 1 1 100 98 >99:1
2 NCPtBS 2 4 63 91 95:5
3 NCPtBS-co-PS 3 4 50 89 95:5
4 PINAM-co-PS 4 4 50 89 95:5


[a] Conversion was determined by 1H NMR analysis of the reaction mix-
ture using 1,1-diphenylethene as internal standard. [b] Yield of cis-b-lac-
tams was determined by 1H NMR analysis of the reaction mixture using
1,1-diphenylethene as internal standard. [c] The cis/trans ratio was deter-
mined by 1H NMR analysis of the reaction mixture.


Table 2. NCPS-Ru-catalyzed intramolecular carbenoid C�H insertion of
a-diazoacetamides.[a]


Entry Substrate Product Yield [%][b]


1 98


2 90


3 91


4 93


5 89


6 93


7 78


[a] A mixture of diazo compound (1.0 mmol) and NCPS-Ru 1
(1.0 mol%) was stirred in toluene at 70 8C. [b] Values indicate isolated
yield.
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ketone as substrate, the NCPS-Ru-catalyzed carbenoid C�H
insertion produced trans-b-lactam in 93% yield (Table 2,
Entry 4). For N,N-diisopropyl-substituted a-diazoacetamide
5e, the carbenoid C�H insertion was directed to the me-
thine (38) C�H bond, furnishing b-lactam in 89% isolated
yield (Table 2, Entry 5). Interestingly, with a-diazoanilides
containing an electron-donating (OMe) or electron-with-
drawing group (NO2), only intramolecular carbenoid C�H
insertion into the phenyl group was observed, and the corre-
sponding g-lactams were isolated in good to excellent yields
(Table 2, Entries 6 and 7). Reaction (1) could be performed
at the preparative gram scale (4.0 g substrate) with
1.0 mol% NCPS-Ru 1 catalyst; cis-b-lactam (3.3 g) was ob-
tained in 90% yield in a one-pot cyclization of N-p-chloro-
benzyl-N-tert-butyl-a-ethoxycarbonyl-a-diazoacetamide.


The NCPS-Ru 1 catalyst was subjected to ten successive
reactions under the conditions: NCPS-Ru 1 (1.0 mol%) and
diazo compound (1.0 mmol) in toluene at 70 8C in an open
atmosphere. Upon completion of the reaction, hexane
(2 mL) was added to induce precipitation of the polymer.
After centrifugation, the organic product was separated
from the mixture by decantation. The reaction vessel con-
taining the Ru-grafted polymer was recharged with diazo
compound and toluene (2 mL) for consecutive reactions.
The results for recycling of the polymer-supported rutheni-
um catalyst for intramolecular carbenoid C�H insertions are
listed in Table 3. After ten consecutive reactions, the recov-
ered NCPS-Ru 1 catalyst was found to contain 5.0 wt% Ru
(based on ICP analysis), which was essentially the same as
the initial value. Therefore, there was no detectable catalyst
leaching over the ten consecutive reactions.


Highly functionalized g-lactams can be synthesized
through catalytic carbenoid C�H insertion of diazoacet-
ACHTUNGTRENNUNGamides derived from amino acids.[19] The results using
NCPS-Ru 1 as catalyst are listed in Table 4. Treatment of di-
azoacetamide 7a prepared from l-phenylalanine with
NCPS-Ru 1 as catalyst (1.0 mol%) gave trans,trans-g-lactam
8a in 89% yield. (Table 4, Entry 1). The trans,trans stereo-
chemistry was established by 1H–1H NOESY NMR analysis


(see Supporting Information). Similarly, trans,trans-g-lactam
8b was obtained in 90% yield using 7b as substrate
(Table 4, Entry 2). a-Diazoacetamide 7c, which contains an
electron-donating OTBS ether group, also underwent Ru-
catalyzed cyclization to afford a 1:1 mixture of diastereo-
meric bicyclic lactams in 92% yield (Table 4, Entry 3).
When the reaction was performed at a lower temperature
(40 8C), a mixture of diastereomers was obtained in an over-
all yield of 89% and with a ratio of 8c/9c=1:2 (Table 4,
Entry 4).


We also examined intramolecular carbenoid N�H inser-
tion reactions[20] and cyclopropanation of allyl diazoacetates
using NCPS-Ru 1 as catalyst. This catalyst can effectively
catalyze intramolecular carbenoid N�H insertion to give the
proline products with high cis selectivity and in excellent
yields (91–96%) as listed in Table 5.


The NCPS-Ru 1 catalyst is also active toward intramolec-
ular cyclopropanation of allyl diazoacetates. Treatment of
the allyl diazoacetates with the catalyst for 12 h led to the


Table 3. Reusability of NCPS-Ru 1 in the intramolecular carbenoid C�H
insertion reaction.[a]


Cycle t [h] Conv
[%]


Yield
[%][b]


Cycle t [h] Conv
[%]


Yield
[%][b]


1 0.5 100 97 6 0.5 100 94
2 0.5 100 94 7 0.5 100 93
3 0.5 100 99 8 0.5 100 95
4 0.5 100 98 9 0.5 100 97
5 0.5 100 96 10 0.5 100 94


[a] A mixture of diazo compound (1.0 mmol) and NCPS-Ru 1
(1.0 mol%) was stirred in toluene at 70 8C. [b] Yield of products was de-
termined by 1H NMR using 1,1-diphenylethene as internal standard.


Table 4. NCPS-Ru-catalyzed carbenoid C�H insertion of a-diazo com-
pounds derived from various a-amino acids.[a]


Entry R1 R2 Diazo
Compd 7


T [8C] t [h] 8:9[c] Yield
[%][b]


1 EtO2C Ph 7a 70 48 8a 89
2 MeCO Ph 7b 70 48 9b 90
3 MeCO OTBS 7c 70 16 1:1 92
4 MeCO OTBS 7c 40 48 1:2 89


[a] A mixture of diazo compound (1.0 mmol) and NCPS-Ru 1
(1.0 mol%) was stirred in toluene at 70 8C. [b] Values indicate isolated
yields. [c] The stereochemistry of 8 and 9 were characterized by a 2D
NOESY NMR study.


Table 5. NCPS-Ru-catalyzed intramolecular carbenoid N�H insertion re-
action.[a]


Entry R1 R2 R3 t [h] cis/trans[c] Yield
[%][b]


1 Ph p-BrPh Et 4 18:1 95
2 Ph p-OMePh Et 4 20:1 96
3 p-ClPh Ph Et 4 14:1 92
4 p-OMePh Ph Et 4 16:1 94
5 p-MePh Ph Et 4 12:1 91
6 Ph Ph Et 4 10:1 92
7 Ph Ph Me 3 9:1 93


[a] A mixture of diazo compound (1.0 mmol) and NCPS-Ru 1
(1.0 mol%) was stirred in toluene at 70 8C. [b] Values indicate isolated
yields. [c] The cis/trans ratio was determined by 1H NMR analysis.
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corresponding cyclopropyl lactones in good yields (70%–
89%, see Table 6).


We also examined intramolecular tandem ammonium yli-
de/ACHTUNGTRENNUNG[2,3]-sigmatropic rearrangement reactions. Treatment of
10a with NCPS-Ru 1 (1.0 mol%) afforded [2,3]-sigmatropic
rearrangement product 11a in 92% yield with no [1,2]-rear-
rangement product detected (Table 7, Entry 1). This result is


similar to that observed with [RuII
ACHTUNGTRENNUNG(TTP)(CO)] as catalyst


(H2TPP=meso-tetraphenylporphyrin).[21] Similarly, diazoke-
tone 10b was found to undergo effective cyclization to give
pyridone 11b in 89% yield (Table 7, Entry 2), and diazoest-
er 10c was converted into morpholinone 11c in 91% yield
(Table 7, Entry 3). We previously reported that [RuII-
ACHTUNGTRENNUNG(TTP)(CO)]-catalyzed intramolecular ammonium ylide/ ACHTUNG-
TRENNUNG[2,3]-sigmatropic rearrangement could be used as a key step
for the synthesis of (� )-platynecine.[21] In the work reported
herein, we found that with NCPS-Ru 1 as catalyst
(1.0 mol%), a similar result (85% yield, d.r.=2:1) was ob-
tained (Scheme 2).


Intermolecular carbenoid transfer and insertion reactions


The catalytic intermolecular alkene cyclopropanation and
carbenoid N�H and C�H insertions using NCPS-Ru 1 as
catalyst were examined. Catalyst 1 is active toward the inter-
molecular cyclopropanation of alkenes, as revealed by the
results in Table 8.


Carbenoid insertion into N�H bonds is a useful means for
the synthesis of a-amino carboxylic compounds.[22] In this
work, we found that the NCPS-Ru-catalyzed intermolecular
carbenoid N�H insertion reactions could be performed
without the use of a slow addition procedure or an inert at-
mosphere. The N�H insertion products were obtained in
high yields by a one-pot reaction of amine and ethyl diazo-
acetate in toluene at 70 8C in open atmosphere (that is, with-
out Ar/N2 protection). Complete substrate conversions were
observed within 1 h (Table 9).


Most metal-catalyzed intermolecular carbenoid N�H in-
sertion reactions are reported to have been conducted at the
millimolar scale.[22] In this work, we examined the feasibility
of scaling up the reaction between aniline and ethyl diazo-
acetate, using 0.1 mol substrate (Table 9, Entry 8). Ethyl di-
azoacetate (0.10 mol) was added in one portion to a mixture
of aniline (0.11 mol) and NCPS-Ru 1 (0.1 mol%) in toluene
at 70 8C in open atmosphere. Complete substrate conversion
was observed within 1 h. N-Phenylglycine ethyl ester was
obtained in 97% yield. At a lower catalyst loading
(0.01 mol%) the same reaction at the 0.1-mol scale required
a longer reaction time (4 days) for complete consumption of
ethyl diazoacetate, and no diazo coupling products (fuma-
rate/malate) were detected by 1H NMR analysis of the reac-
tion mixture. N-Phenylglycine ethyl ester was obtained in
93% yield.


Intermolecular carbenoid C�H insertion of saturated al-
kanes is difficult to carry out,[23] and there are no published


Table 6. NCPS-Ru 1 catalyzed intramolecular cyclopropanation of allyl
diazoacetates.[a]


Entry R1 R2 Yield [%][b]


1 H H 86
2 CH3 H 82
3 CH3CH2 H 83
4 Ph H 89
5 H Ph 70[c]


6 H CH3CH2 70
7 CH3 CH3 85


[a] A solution of allyl diazoacetate (1.0 mmol) was dropwise addition to
NCPS-Ru 1 (1.0 mol%) in toluene at 70 8C. [b] Isolated yield. [c] syn :
anti=4:1.


Table 7. NCPS-Ru-catalyzed intramolecular tandem ammonium ylide/ ACHTUNG-
TRENNUNG[2,3]-sigmatropic rearrangement reactions.[a]


Entry Substrate Product Yield [%][b]


1 92


2 89


3 91


[a] Diazo compound (1.0 mmol) was added dropwise to NCPS-Ru 1
(1.0 mol%) in toluene at 50 8C. [b] Values indicate isolated yield.


Scheme 2. Intramolecular tandem ammonium ylide/ ACHTUNGTRENNUNG[2,3]-sigmatropic re-
arrangement reactions catalyzed by NCPS-Ru 1.


Table 8. NCPS-Ru-catalyzed intermolecular cyclopropanation of alkene
with ethyl diazoacetate.[a]


Entry R Yield [%][b] trans/cis[c]


1 C6H5 91 70:30
2 p-Cl-C6H4 85 73:27
3 p-OMe-C6H4 90 68:32
4 n-butyl 67 70:30


[a] EDA (1.0 mmol) was added dropwise to a mixture of alkene
(2.0 mmol) and NCPS-Ru 1 (1.0 mol%) in toluene at 70 8C. [b] Values in-
dicate isolated yield. [c] The trans/cis ratio was determined by 1H NMR
analysis.
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reports on the use of ruthenium complexes to effectively
catalyze intermolecular carbenoid insertion into C�H bonds
of saturated alkanes. In this work, we investigated NCPS-
Ru-catalyzed intermolecular carbenoid C�H insertion reac-
tions, and the results are depicted in Table 10. The reaction
of methyl phenyl diazoacetate with neat cyclohexane in the
presence of NCPS-Ru 1 (1.0 mol%) afforded the C�H in-
sertion product 12 in 60% yield. Similarly, the NCPS-Ru-
catalyzed reaction of methyl phenyl diazoacetate with 1,4-
cyclohexadiene furnished the C�H insertion product 13 and
cyclopropanated product 14 at a ratio of 4:1 in 66% overall
yield (Table 10, Entry 2). With ethylbenzene, a 1.2:1 mixture
of C�H insertion products was obtained in 63% overall
yield (Table 10, Entry 3).[24] The reaction of indane with
methyl phenyl diazoacetate gave 17 as a single isomer in
62% yield (Table 10, Entry 4). With n-hexane as substrate,
the secondary (compounds 18a and 18b) to primary (com-
pound 19) C�H insertion products were formed in a ratio of
5:1 (Table 10, Entry 5).


Discussion


Polymer-supported catalysts for carbenoid transfer and
insertion reaction


Transition-metal-catalyzed carbenoid transfer reactions are
useful tools for the construction of carbon–carbon and
carbon–heteroatom bonds.[1–4] However, a main obstacle in
the development of the practical applications of transition-
metal-catalyzed carbenoid transfer and insertion reactions is


catalyst recovery and recycling. In this regard, supported
metal catalysts have the advantages of easy recovery. There
have been extensive reported studies on the immobilization
of ligands and metal complexes on polymer supports.[25]


The first polymer-supported heterogeneous catalyst for
carbenoid transfer was reported by Doyle and co-workers.
Dirhodium(II) tetrakis(methyl-2-oxapyrrolidine-(5S)-car-
boxylate (Rh2ACHTUNGTRENNUNG((5-S)-MEPY) supported on NovaSyn Tenta-
gel (TG) hydroxy resin and the Merrifield resin was ach-
ieved through the formation of an ester linkage to one of
the pyrrolidinone ligands. This immobilized Rh catalyst was
tested in intra- and intermolecular alkene cyclopropanation
and intramolecular carbenoid C�H insertion reactions.[7] In
2002, Davies and co-workers immobilized a dirhodium tetra-
prolinate complex on a polymer through coordination of
Rh2 ACHTUNGTRENNUNG(S-DOSP)4, Rh2ACHTUNGTRENNUNG(S-TBSP)4, or Rh2 ACHTUNGTRENNUNG(S-biTISP)4 to the
pending pyridyl groups of the polymer support. These im-
mobilized catalysts have been tested in asymmetric intra-
and intermolecular cyclopropanation of alkenes with methyl
phenyl diazoacetate and intra- and intermolecular carbenoid
C�H insertion reactions using donor/acceptor-substituted
carbenoids.[8]


Although heterogeneous catalysis offer the advantages of
simple product separation, isolation and catalyst reuse, para-
doxically several issues remain to be addressed, such as non-
linear kinetic behavior, unequal distribution/access to active
sites, and problems of solubility.[13c] The use of soluble poly-
mers as support for recyclable catalysts and reagents has re-
ceived considerable attention.[11] Soluble polymer-supported
metal catalysts exhibit similar features (such as reactivity,
catalytic activity, enantioselectivity, and stereoselectivity) to


Table 9. NCPS-Ru-catalyzed intermolecular N�H insertion of amine
with ethyl diazoacetate.[a]


Entry Substrate Product Yield [%][b]


1 99


2 97


3 97


4 83


5 91


6 89


7 60


8[c] 93


[a] EDA (1.0 mmol) was added in one portion to a mixture of amine
(1.1 mmol) and NCPS-Ru 1 (1.0 mol%) in toluene at 70 8C. [b] Values in-
dicate isolated yield. [c] EDA (0.10 mol) was added in one portion to a
mixture of aniline (0.11 mol) and NCPS-Ru 1 (0.1 mol%) in toluene at
70 8C.


Table 10. Intermolecular C�H insertion of hydrocarbons with methyl
phenyl diazoacetate catalyzed by NCPS-Ru 1.[a]


Entry Substrate Product Yield [%][b]


1 60


2[c] 66 (4:1)


3 63 (1.2:1)


4 62


5 50[d]


[a] A mixture of diazo compound (1.0 mmol) and NCPS-Ru 1
(1.0 mol%) was stirred in neat substrate at 70 8C. [b] Values indicate iso-
lated yield. [c] Toluene as solvent. [d] (18a+18b)/19=5:1.
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their analogous homogeneous counterparts.[13] Among many
soluble polymer supports, non-cross-linked polystyrene
(NCPS) is a common soluble polymer which is commercially
available. It has the advantages of homogeneous solution
chemistry (high reactivity and ease of analysis) and those of
solid-phase methods (ease of isolation and purification of
products).[13] NCPS was first used as a support for peptide
synthesis.[26] It has recently been used in a range of applica-
tion studies, including use as a support for catalysts and re-
agents.[27] Reactions with NCPS-supported metal catalysts
have been summarized in a review article.[28]


There are few reported examples on the use of soluble
polymer-supported catalysts for carbenoid transfer reactions.
Doyle and Bergbreiter used a polyethylene-supported dirho-
dium(II) 2-pyrrolidinone-5(S)-carboxylate catalyst for intra-
molecular alkene cyclopropanation and intramolecular C�H
insertion reactions, and high enantioselectivities were ob-
served in some of these reactions.[12a] We have also devel-
oped a PEG-supported ruthenium porphyrin catalyst for the
cyclopropanation of alkenes.[6] Bergbreiter and co-workers
recently reported a polyisobutylene-supported rhodium car-
boxylate and bisoxazoline copper trifluoromethanesulfonyl
complex for the cyclopropanation of alkenes.[12b]


Soluble polymer-supported ruthenium nanoparticles


Kobayashi and Akiyama reported the use of microencapsu-
lation as a technique to immobilize metal complexes by
p interactions between the phenyl rings of a polystyrene-
based polymer and metal ions.[14] Such supported metal cata-
lysts have been used in a variety of reactions such as [MC-
Sc ACHTUNGTRENNUNG(OTf)3] in aza Diels–Alder, Strecker reactions, cyanation
and alkylation,[14] Mannich-type and aldol reactions,[29] and
silylation of alcohols;[30] microencapsulated osmium tetrox-
ide [MC-OsO4] for dihydroxylation of alkenes;[31] and [MC-
Pd ACHTUNGTRENNUNG(PPh3)] for allylic substitution, Suzuki coupling, and Miz-
oroki–Heck reactions.[32] Recently, Kobayashi and co-work-
ers reported highly active and recyclable microencapsulated
gold nanoclusters as catalysts for the aerobic oxidation of al-
cohols at room temperature under atmospheric condi-
tions.[33] This is the first example of the stabilization of metal
nanoclusters by interaction with the phenyl rings of polystyr-
ene.


In the work reported herein, we found that NCPS-Ru 1
could be prepared in quantitative yield by heating a mixture
of NCPS and [RuCl2(C6H5CO2Et)]2 in 1,2-dichloroethane.
Examination of NCPS-Ru 1 by TEM revealed the presence
of uniform ruthenium nanoparticles supported on the poly-
mer. XPS analysis of a freshly prepared polymer-supported
ruthenium catalyst showed a peak at 463.9 eV, which devi-
ates slightly from the reported value of bulk Ru metal
(462.0 eV)[17] and [RuCl2(C6H5CO2Et)]2 (462.5 eV). This
result suggests that the surface of the Ru nanoparticles is
probably coated with oxidized Run+ ions.


The role of oxidized Run+ ions in reactions mediated by
the NCPS-Ru catalyst was revealed by the following sets of
experiments: We attempted to prepare a related polymer-


supported ruthenium catalyst by reduction of RuCl3·nH2O
with NaBH4


[34] in the presence of NCPS. However, the re-
sulting polymer was found to contain <0.1 wt% Ru based
on ICP analysis. We also attempted to prepare polymer-sup-
ported ruthenium nanoparticles by reacting NCPS,
[RuCl2(C6H5CO2Et)]2, and NaBH4 in 1,2-dichloroethane
under an argon atmosphere, and the resulting polymer-sup-
ported catalyst was characterized by TEM. XPS analysis of
this freshly prepared polymer-supported ruthenium catalyst
showed a peak at 463.0 eV, which is slightly lower than the
peak at 463.9 eV for the NCPS-Ru 1 (Figure 3). We suggest
that the surface charge of the ruthenium nanoparticles may
be reduced by NaBH4. Importantly, this polymer-supported
ruthenium catalyst effected <5% substrate conversion for
the cyclization of 5a over a reaction time of 4 h. When the
reaction was conducted in 1,2-dichloroethane at 70 8C with a
continuous oxygen flow at atmospheric pressure, an equimo-
lar mixture of cis and trans-b-lactams with complete sub-
strate conversion was obtained after 4 h in 88% overall
yield. Altogether, these results reveal that the oxidized
ruthenium ions of the polymer-supported ruthenium nano-
particles played a key role in the carbenoid transfer reac-
tions.


To examine the role of [RuCl2(C6H5CO2Et)]2 complex in
the preparation of NCPS-supported ruthenium nanoparti-
cles, several ruthenium precursors such as [RuCl2 ACHTUNGTRENNUNG(p-
cymene)]2, RuCl3·nH2O, and Ru3(CO)12 were used. These
Ru precursors were individually reacted with NCPS in 1,2-
dichloroethane at 70 8C in open atmosphere (that is, without
Ar/N2 protection). However, the resulting polymers con-
tained <0.1 wt% Ru based on ICP analysis. These polymers
were also screened for the intramolecular carbenoid C�H
insertion reaction of 5a. However, only the polymer-sup-
ported ruthenium catalyst prepared from
[RuCl2(C6H5CO2Et)]2 displayed the highest activity and ste-
reoselectivity, affording cis-b-lactam in 98% yield under the
following conditions: 1.0 mol% Ru relative to substrate, tol-
uene, 1 h, 70 8C. Other polymer-supported catalysts were
fruitless (<10% conversion).


Previously published hydroxyapatite-supported[35] and
graphite-supported ruthenium nanoparticles (see figure S2
in Supporting Information) were prepared and examined for
their catalytic activities toward carbenoid C�H insertion
using 5a as a substrate. Employing the reaction conditions:
1.0 mol% Ru relative to substrate, toluene, 1 h, 70 8C, these
two supported ruthenium catalysts failed to catalyze cycliza-
tion of 5a.


Chang and co-workers reported the use of [RuCl2ACHTUNGTRENNUNG(p-
cymene)]2 as catalyst in Heck-type olefination reactions for
a wide range of alkenes and aryl iodide in the presence of
sodium acetate in DMF at 135 8C.[36] Under the reaction con-
ditions: [RuCl2ACHTUNGTRENNUNG(p-cymene)]2 (5.0 mol%), NaOAc
(1.0 mmol), 5a (1.0 mmol), DMF (1 mL), cyclization of 5a
failed with complete recovery of the starting materials after
a reaction time of 4 h.


We were delighted to find that the activity of NCPS-Ru 1
is superior to that of [RuCl2 ACHTUNGTRENNUNG(p-cymene)]2. Using NCPS-Ru 1
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as catalyst, efficient carbenoid C�H insertion of diazoaceta-
mides derived from amino acids was achieved, resulting in
bicyclic g-lactams. For example, 7a and 7b were efficiently
converted into g-lactam 8a (89%) and 8b (90%), respec-
tively, in contrast to the similar reaction catalyzed by [RuCl2
ACHTUNGTRENNUNG(p-cymene)]2, which gave only <10% product yield. Nota-
bly, NCPS-Ru 1 can also catalyze intermolecular carbenoid
C�H bond insertion reactions, whereas [RuCl2ACHTUNGTRENNUNG(p-cymene)]2
does not (Table 10). This is the first example of a ruthenium
catalyst used for intermolecular carbenoid C�H insertion of
saturated alkanes.


Conclusions


Soluble polymer-supported ruthenium nanoparticles can be
conveniently prepared by treating [RuCl2(C6H5CO2Et)]2
with NCPS. Ruthenium nanoparticles were found to dis-
perse well on the phenyl rings of polystyrene. This support-
ed ruthenium catalyst efficiently catalyzes intra- and inter-
molecular carbenoid insertions into C�H and N�H bonds,
alkene cyclopropanations, and ammonium ylide/ACHTUNGTRENNUNG[2,3]-sigma-
tropic rearrangements.


Experimental Section


General: [RuCl2(C6H5CO2Et)]2 was synthesized by published methods.[37]


Toluene was freshly distilled from sodium/benzophenone under a nitro-
gen atmosphere. Flash chromatography was performed on silica gel
(Merck Kieselgel 60, 230–400 mesh). 1H and 13C NMR spectra were re-
corded on Bruker DPX-300, -400, and -500 spectrometers. Chemical
shifts (d, ppm) were determined with TMS as internal reference. MS data
were obtained on a Finnigan MAT 95 mass spectrometer. IR spectra (n,
cm�1) were recorded on a BioRad PTS-165 spectrometer. TEM was car-
ried out on a Philips Tecnai G2 20 S-TWIN instrument with an accelerat-
ing voltage of 200 kV. The TEM images were taken with a Gatan Multi-
Scan Camera Model 794. EDX analysis was performed on an Oxford In-
struments Inca with a scanning range from 0 to 20 keV. Scanning electron
microscopy (SEM) images were taken on a LEO 1530 FEG instrument
operating at 5 kV. XPS measurements were performed on a Physical
Electronic 5PHI 5600 instrument with a monochromatic AlKa X-ray
source. TEM samples were prepared by placing a drop of a freshly pre-
pared solution of NCPS-Ru 1 onto the formvar-coated copper grids,
which were then dried in a vacuum desiccator.


General procedure I: preparation of polymer-supported ruthenium
catalysts (1–4)


NCPS-supported Ru catalyst 1. A mixture of NCPS (0.50 g) and
[RuCl2(C6H5CO2Et)]2 (0.10 g, 0.16 mmol) in 1,2-dichloroethane (30 mL)
was stirred at 70 8C for 24 h. The solution was concentrated in vacuo. The
residue was taken up in 5 mL 1,2-dichloroethane. This solution was
added dropwise to vigorously stirred cold hexane (200 mL). The black
precipitate was filtered and dried to afford NCPS-Ru 1 as a black
powder (0.58 g, ~100%). The loading of Ru was determined to be
0.50 mmolg�1 by ICP analysis.


Preparation of non-cross-linked poly(tert-butylstyrene)-supported Ru
catalyst 2. A mixture of poly(tert-butylstyrene) (0.50 g) and
[RuCl2(C6H5CO2Et)]2 (0.10 g) in 1,2-dichloroethane (30 mL) was stirred
at 70 8C for 24 h. Using the same procedure as described above, NCPtBS-
Ru 2 was obtained as a black powder (0.57 g, ~100%). The loading was
determined to be 0.45 mmolg�1 by ICP analysis.


Preparation of non-cross-linked poly(tert-butylstyrene-co-styrene)-sup-
ported Ru catalyst 3. A mixture of poly(tert-butylstyrene-co-styrene)
(0.50 g) and [RuCl2(C6H5CO2Et)]2 (0.10 g) in 1,2-dichloroethane (30 mL)
was stirred at 70 8C for 24 h. Using the same procedure as described
above, NCPtBS-co-PS-Ru 3 was obtained as a black powder (0.56 g,
~100%). The loading was determined to be 0.41 mmolg�1 by ICP analy-
sis.


Preparation of non-cross-linked poly(N-isopropylacrylamide-co-styrene)-
supported Ru catalyst 4. A mixture of poly(N-isopropylacrylamide-co-
styrene) (0.50 g) and [RuCl2(C6H5CO2Et)]2 (0.10 g) in 1,2-dichloroethane
(30 mL) was stirred at 70 8C for 24 h. Using the same procedure as de-
scribed above, PNIPAM-co-PS-Ru 4 was obtained as a black powder
(0.56 g, ~100%). The loading was determined to be (0.40 mmolg�1) by
ICP analysis.


General procedure II: NCPS-Ru-catalyzed intramolecular carbenoid C�H
insertion reaction of a-diazoacetamide


A mixture of diazo compound (1.0 mmol) and NCPS-Ru 1 (1.0 mol%)
was stirred in toluene (2 mL) at 70 8C. The reaction was monitored by
TLC analysis (20% EtOAc/hexane) for complete consumption of the
diazo starting material. Upon addition of hexane (2 mL) the reaction
mixture was centrifuged, and aliquots were taken from the supernatant
for product identification and quantitation by 1H NMR spectroscopy. To
obtain pure product, the supernatant was separated and evaporated to
dryness by rotary evaporation, and the residue was loaded onto a silica
gel column for chromatography.


General procedure III: recycling of the polystyrene-supported Ru catalyst
NCPS-Ru


NCPS-Ru 1 recovered from the intramolecular carbenoid C�H insertion
reactions was mixed with diazo compound (1.0 mmol) in toluene (2 mL).
After completion of the reaction under general procedure II the reaction
was centrifuged upon addition of hexane (2 mL), and aliquots were taken
from the supernatant for product identification and quantitation by
1H NMR spectroscopy. The reaction vessel containing the catalyst was re-
charged with diazo compound and toluene (2 mL) for another consecu-
tive reaction run.


General procedure IV: NCPS-Ru-catalyzed intramolecular carbenoid N�
H insertion of diazo compounds


A mixture of diazo compound (1.0 mmol) and NCPS-Ru 1 (1.0 mol%)
was stirred in toluene (2 mL) at 70 8C. The reaction was monitored by
TLC analysis (20% EtOAc/hexane) for complete consumption of the
diazo starting material. Upon addition of methanol (2 mL) the reaction
mixture was centrifuged, and aliquots were taken from the supernatant
for product identification and quantitation by 1H NMR spectroscopy. To
obtain pure product, the supernatant was separated and evaporated to
dryness by rotary evaporation, and the residue was loaded onto a silica
gel column for chromatography.


General procedure V: NCPS-Ru-catalyzed intramolecular
cyclopropanation of allyl diazoacetate


A solution of allyl diazoacetate (1.0 mmol) in toluene (2 mL) was added
dropwise to a solution of NCPS-Ru 1 (1.0 mol%) in toluene (2 mL) over
10 h at 70 8C. After the addition, stirring was continued until all the diazo
compound had been consumed. Upon addition of hexane (2 mL), the re-
action mixture was centrifuged, and aliquots were taken from the super-
natant for product identification and quantitation by 1H NMR spectros-
copy. To obtain pure product, the supernatant was separated and evapo-
rated to dryness by rotary evaporation, and the residue was loaded onto
a silica gel column for chromatography.


General procedure VI: NCPS-Ru-catalyzed intramolecular tandem
ammonium ylide/ ACHTUNGTRENNUNG[2,3]-sigmatropic rearrangement reactions


A solution of diazo compound (1.0 mmol) in toluene (2 mL) was added
dropwise to a solution of NCPS-Ru 1 (1.0 mol%) in toluene (2 mL) over
2 h at 50 8C. After the addition, stirring was continued until all the diazo
compound had been consumed. Upon addition of hexane (2 mL), the re-
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action mixture was centrifuged, and aliquots were taken from the super-
natant for product identification and quantitation by 1H NMR spectros-
copy. To obtain pure product, the supernatant was separated and evapo-
rated to dryness by rotary evaporation, and the residue was loaded onto
a silica gel column for chromatography.


General procedure VII: NCPS-Ru-catalyzed intermolecular
cyclopropanation of alkene with ethyl diazoacetate


A solution of ethyl diazoacetate (1.0 mmol) in toluene (2 mL) was added
dropwise to a solution of NCPS-Ru 1 (1.0 mol%) and alkene (2 mmol)
in toluene (2 mL) over 10 h at 70 8C. After the addition, stirring was con-
tinued until all the diazo compound had been consumed. Upon addition
of hexane (2 mL), the reaction mixture was centrifuged, and aliquots
were taken from the supernatant for product identification and quantita-
tion by 1H NMR spectroscopy. To obtain pure product, the supernatant
was separated and evaporated to dryness by rotary evaporation, and the
residue was loaded onto a silica gel column for chromatography.


General procedure VIII: NCPS-Ru-catalyzed intermolecular N�H
insertion of amine with ethyl diazoacetate


Ethyl diazoacetate (1.0 mmol) was added in one portion to a mixture of
amine (1.1 mmol) and NCPS-Ru 1 (1.0 mol%) in toluene (2 mL) at
70 8C. Upon addition of hexane (2 mL), the reaction mixture was centri-
fuged, and aliquots were taken from the supernatant for product identifi-
cation and quantitation by 1H NMR spectroscopy. To obtain pure prod-
uct, the supernatant was separated and evaporated to dryness by rotary
evaporation, and the residue was loaded onto a silica gel column for
chromatography.


General procedure IX: NCPS-Ru-catalyzed intermolecular C�H insertion
of 1,4-cyclohexadiene with methyl phenyl diazoacetate


A mixture of methyl phenyl diazoacetate (1.0 mmol), 1,4-cyclohexadiene
(2.0 mmol), and NCPS-Ru 1 (1.0 mol%) was stirred in toluene (2 mL) at
70 8C for 2 h. Upon addition of hexane (2 mL), the reaction mixture was
centrifuged, and aliquots were taken from the supernatant for product
identification and quantitation by 1H NMR spectroscopy. To obtain pure
product, the supernatant was separated and evaporated to dryness by
rotary evaporation, and the residue was loaded onto a silica gel column
for chromatography.


General procedure X: NCPS-Ru-catalyzed intermolecular C�H insertion
of hydrocarbon with methyl phenyl diazoacetate


A mixture of methyl phenyl diazoacetate and NCPS-Ru 1 (1.0 mol%)
was stirred in neat hydrocarbon (2 mL) at 70 8C for 12 h. A Upon addi-
tion of hexane (2 mL), the reaction mixture was centrifuged, and aliquots
were taken from the supernatant for product identification and quantita-
tion by 1H NMR spectroscopy. To obtain pure product, the supernatant
was separated and evaporated to dryness by rotary evaporation, and the
residue was loaded onto a silica gel column for chromatography.


Acknowledgements


This work is supported by the Areas of Excellence Scheme (AoE/P10-
01) established under the University Grants Committee (HKSAR,
China), the Hong Kong Research Grants Council (HKU 7012/05P),
HKSAR, and The University of Hong Kong (University Development
Fund). We offer our heartfelt thanks to Mr. Frankie Yu-Fee Chan and
Mr. Wing-Sang Lee of the Electron Microscope Unit of The University
of Hong Kong for their technical assistance. We thank the Materials
Characterisation & Preparation Facility (The Hong Kong University of
Science & Technology) for technical assistance in recording XPS data.


[1] a) M. P. Doyle, M. A. McKervey, T. Ye, Modern Catalytic Methods
for Organic Synthesis with Diazo Compounds, Wiley, New York,
1998 ; b) M. P. Doyle, D. C. Forbes, Chem. Rev. 1998, 98, 911–936;


c) H. M. L. Davies, R. E. J. Beckwith, Chem. Rev. 2003, 103, 2861–
2904; d) V. F. Ferreira, Curr. Org. Chem. 2007, 11, 177–193;
e) H. M. L. Davies, S. J. Hedley, Chem. Soc. Rev. 2007, 36, 1109–
1119.


[2] a) P. M. P. Gois, C. A. M. Afonso, Eur. J. Org. Chem. 2004, 3773–
3788; b) H. M. L. Davies, Angew. Chem. 2006, 118, 6574–6577;
Angew. Chem. Int. Ed. 2006, 45, 6422–6425; c) A. G. H. Wee, Curr.
Org. Synth. 2006, 3, 499–555; d) H. M. L. Davies, J. R. Manning,
Nature 2008, 451, 417–424.


[3] a) M. M. DPaz-Requejo, P. J. PQrez, J. Organomet. Chem. 2005, 690,
5441–5450; b) M. M. DPaz-Requejo, T. R. Belderrain, M. C. Nicasio,
P. J. PQrez, Dalton Trans. 2006, 5559–5566.


[4] a) F. Kakiuchi, N. Chatani in Ruthenium in Organic Synthesis (Ed.:
S.-I. Murahashi), Wiley-VCH, Weinheim, 2004, pp. 219–256; b) G.
Maas, Chem. Soc. Rev. 2004, 33, 183–190; c) C.-M. Che, C.-M. Ho,
J.-S. Huang, Coord. Chem. Rev. 2007, 251, 2145–2166.


[5] M. K.-W. Choi, W.-Y. Yu, C.-M. Che, Org. Lett. 2005, 7, 1081–1084.
[6] J.-L. Zhang, C.-M. Che, Org. Lett. 2002, 4, 1911–1914.
[7] a) M. P. Doyle, D. J. Timmons, J. S. Tumonis, H.-M. Gau, E. C. Blos-


sey, Organometallics 2002, 21, 1747–1749; b) M. P. Doyle, M. Yan,
H.-M. Gau, E. C. Blossey, Org. Lett. 2003, 5, 561–563.


[8] a) T. Nagashima, H. M. L. Davies, Org. Lett. 2002, 4, 1989–1992;
b) H. M. L. Davies, A. M. Walji, Org. Lett. 2003, 5, 479–482;
c) H. M. L. Davies, A. M. Walji, T. Nagashima, J. Am. Chem. Soc.
2004, 126, 4271–4280; d) H. M. L. Davies, A. M. Walji, Org. Lett.
2005, 7, 2941–2944.


[9] a) J. Lloret, F. Estevan, K. Bieger, C. Villanueva, M. A. Rbeda, Or-
ganometallics 2007, 26, 4145–4151; b) J. Lloret, M. Stern, F. Estevan,
M. Sanaffl, M. A. Rbeda, Organometallics 2008, 27, 850–856.


[10] a) J. M. Fraile, J. I. GarcPa, J. A. Mayoral, M. RoldTn, Org. Lett.
2007, 9, 731–733; b) J. M. Fraile, J. I. GarcPa, J. A. Mayoral, Coord.
Chem. Rev. 2008, 252, 624–646.


[11] a) N. E. Leadbeater, K. A. Scott, L. J. Scott, J. Org. Chem. 2000, 65,
3231–3232; b) A. Cornejo, J. M. Fraile, J. I. GarcPa, M. J. Gil, S. V.
Luis, V. MartPnez-Merino, J. A. Mayoral, J. Org. Chem. 2005, 70,
5536–5544; c) A. Cornejo, J. M. Fraile, J. I. GarcPa, M. J. Gil, V.
MartPnez-Merino, J. A. Mayoral, Tetrahedron 2005, 61, 12107–
12110; d) G. Simonneaux, P. L. Maux, Y. Ferrand, J. Rault-Berthelot,
Coord. Chem. Rev. 2006, 250, 2212–2221.


[12] a) M. P. Doyle, M. Y. Eismont, D. E. Bergbreiter, H. N. Gray, J. Org.
Chem. 1992, 57, 6103–6105; b) D. E. Bergbreiter, J. Tian, Tetrahe-
dron Lett. 2007, 48, 4499–4503; c) M. Glos, O. Reiser, Org. Lett.
2000, 2, 2045–2048.


[13] For reviews on soluble polymers supports, see: a) D. E. Bergbreiter,
Chem. Rev. 2002, 102, 3345–3384; b) T. J. Dickerson, N. N. Reed,
K. D. Janda, Chem. Rev. 2002, 102, 3325–3344.


[14] S. Kobayashi, R. Akiyama, Chem. Commun. 2003, 449–460.
[15] A previous example of a polymer-supported arene–ruthenium com-


plex: R. Akiyama, S. Kobayashi, Angew. Chem. 2002, 114, 2714–
2716; Angew. Chem. Int. Ed. 2002, 41, 2602–2604.


[16] D. E. Bergbreiter, C. Li, Org. Lett. 2003, 5, 2445–2447.
[17] a) D. E. Bergbreiter, P. L. Osburn, T. Smith, C. Li, J. D. Frels, J. Am.


Chem. Soc. 2003, 125, 6254–6260; b) D. E. Bergbreiter, R. Hughes,
J. Besinaiz, C. Li, P. L. Osburn, J. Am. Chem. Soc. 2003, 125, 8244–
8249.


[18] J. F. Moulder, W. F. Stickle, P. E. Sobol, K. D. Bomben in Handbook
of X-ray Photoelectron Spectroscopy (Eds.: J. Chastain, R. C. King),
Physical Electronic, Eden Prairie, 1995.


[19] C. H. Yoon, D. L. Flanigan, B.-D. Chong, K. W. Jung, J. Org. Chem.
2002, 67, 6582–6584.


[20] Q.-H. Deng, H.-W. Xu, A. W.-H. Yuen, Z.-J. Xu, C.-M. Che, Org.
Lett. 2008, 10, 1529–1532.


[21] C.-Y. Zhou, W.-Y. Yu, P. W. H. Chan, C.-M. Che, J. Org. Chem.
2004, 69, 7072–7082.


[22] a) T. Ye, M. A. McKervey, Chem. Rev. 1994, 94, 1091–1160; b) E.
Galardon, P. L. Maux, G. Simonneaux, Tetrahedron 2000, 56, 615–
621; c) C. J. Moody, Angew. Chem. 2007, 119, 9308–9310; Angew.
Chem. Int. Ed. 2007, 46, 9148–9150; d) B. Liu, S.-F. Zhu, W. Zhang,
C. Chen, Q.-L. Zhou, J. Am. Chem. Soc. 2007, 129, 5834–5835.


1264 www.chemasianj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1256 – 1265


FULL PAPERS
C. M. Che et al.



http://dx.doi.org/10.1021/cr940066a

http://dx.doi.org/10.1021/cr940066a

http://dx.doi.org/10.1021/cr940066a

http://dx.doi.org/10.1021/cr0200217

http://dx.doi.org/10.1021/cr0200217

http://dx.doi.org/10.1021/cr0200217

http://dx.doi.org/10.2174/138527207779316462

http://dx.doi.org/10.2174/138527207779316462

http://dx.doi.org/10.2174/138527207779316462

http://dx.doi.org/10.1039/b607983k

http://dx.doi.org/10.1039/b607983k

http://dx.doi.org/10.1039/b607983k

http://dx.doi.org/10.1002/ejoc.200400237

http://dx.doi.org/10.1002/ejoc.200400237

http://dx.doi.org/10.1002/ejoc.200400237

http://dx.doi.org/10.1002/ange.200601814

http://dx.doi.org/10.1002/ange.200601814

http://dx.doi.org/10.1002/ange.200601814

http://dx.doi.org/10.1002/anie.200601814

http://dx.doi.org/10.1002/anie.200601814

http://dx.doi.org/10.1002/anie.200601814

http://dx.doi.org/10.1038/nature06485

http://dx.doi.org/10.1038/nature06485

http://dx.doi.org/10.1038/nature06485

http://dx.doi.org/10.1039/b610183f

http://dx.doi.org/10.1039/b610183f

http://dx.doi.org/10.1039/b610183f

http://dx.doi.org/10.1039/b309046a

http://dx.doi.org/10.1039/b309046a

http://dx.doi.org/10.1039/b309046a

http://dx.doi.org/10.1016/j.ccr.2007.03.019

http://dx.doi.org/10.1016/j.ccr.2007.03.019

http://dx.doi.org/10.1016/j.ccr.2007.03.019

http://dx.doi.org/10.1021/ol050003m

http://dx.doi.org/10.1021/ol050003m

http://dx.doi.org/10.1021/ol050003m

http://dx.doi.org/10.1021/ol0259138

http://dx.doi.org/10.1021/ol0259138

http://dx.doi.org/10.1021/ol0259138

http://dx.doi.org/10.1021/om011082i

http://dx.doi.org/10.1021/om011082i

http://dx.doi.org/10.1021/om011082i

http://dx.doi.org/10.1021/ol027475a

http://dx.doi.org/10.1021/ol027475a

http://dx.doi.org/10.1021/ol027475a

http://dx.doi.org/10.1021/ol025758x

http://dx.doi.org/10.1021/ol025758x

http://dx.doi.org/10.1021/ol025758x

http://dx.doi.org/10.1021/ol0273506

http://dx.doi.org/10.1021/ol0273506

http://dx.doi.org/10.1021/ol0273506

http://dx.doi.org/10.1021/ja0393067

http://dx.doi.org/10.1021/ja0393067

http://dx.doi.org/10.1021/ja0393067

http://dx.doi.org/10.1021/ja0393067

http://dx.doi.org/10.1021/ol0508835

http://dx.doi.org/10.1021/ol0508835

http://dx.doi.org/10.1021/ol0508835

http://dx.doi.org/10.1021/ol0508835

http://dx.doi.org/10.1021/om061086t

http://dx.doi.org/10.1021/om061086t

http://dx.doi.org/10.1021/om061086t

http://dx.doi.org/10.1021/om061086t

http://dx.doi.org/10.1021/om700612m

http://dx.doi.org/10.1021/om700612m

http://dx.doi.org/10.1021/om700612m

http://dx.doi.org/10.1021/ol070092y

http://dx.doi.org/10.1021/ol070092y

http://dx.doi.org/10.1021/ol070092y

http://dx.doi.org/10.1021/ol070092y

http://dx.doi.org/10.1016/j.ccr.2007.10.011

http://dx.doi.org/10.1016/j.ccr.2007.10.011

http://dx.doi.org/10.1016/j.ccr.2007.10.011

http://dx.doi.org/10.1016/j.ccr.2007.10.011

http://dx.doi.org/10.1021/jo991921z

http://dx.doi.org/10.1021/jo991921z

http://dx.doi.org/10.1021/jo991921z

http://dx.doi.org/10.1021/jo991921z

http://dx.doi.org/10.1021/jo050504l

http://dx.doi.org/10.1021/jo050504l

http://dx.doi.org/10.1021/jo050504l

http://dx.doi.org/10.1021/jo050504l

http://dx.doi.org/10.1016/j.tet.2005.07.117

http://dx.doi.org/10.1016/j.tet.2005.07.117

http://dx.doi.org/10.1016/j.tet.2005.07.117

http://dx.doi.org/10.1016/j.ccr.2006.01.014

http://dx.doi.org/10.1016/j.ccr.2006.01.014

http://dx.doi.org/10.1016/j.ccr.2006.01.014

http://dx.doi.org/10.1021/jo00049a010

http://dx.doi.org/10.1021/jo00049a010

http://dx.doi.org/10.1021/jo00049a010

http://dx.doi.org/10.1021/jo00049a010

http://dx.doi.org/10.1016/j.tetlet.2007.04.147

http://dx.doi.org/10.1016/j.tetlet.2007.04.147

http://dx.doi.org/10.1016/j.tetlet.2007.04.147

http://dx.doi.org/10.1016/j.tetlet.2007.04.147

http://dx.doi.org/10.1021/ol005947k

http://dx.doi.org/10.1021/ol005947k

http://dx.doi.org/10.1021/ol005947k

http://dx.doi.org/10.1021/ol005947k

http://dx.doi.org/10.1021/cr010343v

http://dx.doi.org/10.1021/cr010343v

http://dx.doi.org/10.1021/cr010343v

http://dx.doi.org/10.1021/cr010335e

http://dx.doi.org/10.1021/cr010335e

http://dx.doi.org/10.1021/cr010335e

http://dx.doi.org/10.1039/b207445a

http://dx.doi.org/10.1039/b207445a

http://dx.doi.org/10.1039/b207445a

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2714::AID-ANGE2714%3E3.0.CO;2-M

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2714::AID-ANGE2714%3E3.0.CO;2-M

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2714::AID-ANGE2714%3E3.0.CO;2-M

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2602::AID-ANIE2602%3E3.0.CO;2-3

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2602::AID-ANIE2602%3E3.0.CO;2-3

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2602::AID-ANIE2602%3E3.0.CO;2-3

http://dx.doi.org/10.1021/ol034655r

http://dx.doi.org/10.1021/ol034655r

http://dx.doi.org/10.1021/ol034655r

http://dx.doi.org/10.1021/ja0342852

http://dx.doi.org/10.1021/ja0342852

http://dx.doi.org/10.1021/ja0342852

http://dx.doi.org/10.1021/ja0342852

http://dx.doi.org/10.1021/ja0349498

http://dx.doi.org/10.1021/ja0349498

http://dx.doi.org/10.1021/ja0349498

http://dx.doi.org/10.1021/jo0259717

http://dx.doi.org/10.1021/jo0259717

http://dx.doi.org/10.1021/jo0259717

http://dx.doi.org/10.1021/jo0259717

http://dx.doi.org/10.1021/ol800087p

http://dx.doi.org/10.1021/ol800087p

http://dx.doi.org/10.1021/ol800087p

http://dx.doi.org/10.1021/ol800087p

http://dx.doi.org/10.1021/jo049540v

http://dx.doi.org/10.1021/jo049540v

http://dx.doi.org/10.1021/jo049540v

http://dx.doi.org/10.1021/jo049540v

http://dx.doi.org/10.1021/cr00028a010

http://dx.doi.org/10.1021/cr00028a010

http://dx.doi.org/10.1021/cr00028a010

http://dx.doi.org/10.1016/S0040-4020(99)01050-9

http://dx.doi.org/10.1016/S0040-4020(99)01050-9

http://dx.doi.org/10.1016/S0040-4020(99)01050-9

http://dx.doi.org/10.1002/ange.200703016

http://dx.doi.org/10.1002/ange.200703016

http://dx.doi.org/10.1002/ange.200703016

http://dx.doi.org/10.1002/anie.200703016

http://dx.doi.org/10.1002/anie.200703016

http://dx.doi.org/10.1002/anie.200703016

http://dx.doi.org/10.1002/anie.200703016

http://dx.doi.org/10.1021/ja0711765

http://dx.doi.org/10.1021/ja0711765

http://dx.doi.org/10.1021/ja0711765





[23] a) C. Jia, T. Kitamura, Y. Fujiwara, Acc. Chem. Res. 2001, 34, 633–
639; b) V. Ritleng, C. Sirlin, M. Pfeffer, Chem. Rev. 2002, 102, 1731–
1770.


[24] H. M. L. Davies, Q. Jin, P. Ren, A. Y. Kovalenvsky, J. Org. Chem.
2002, 67, 4165–4169.


[25] For general reviews of polymer-supported catalysts, see: a) N. E.
Leadbeater, M. Marco, Chem. Rev. 2002, 102, 3217–3274; b) C. A.
McNamara, M. J. Dixon, M. Bradley, Chem. Rev. 2002, 102, 3275–
3300; c) Q.-H. Fan, Y.-M. Li, A. S. C. Chan, Chem. Rev. 2002, 102,
3385–3466; d) M. Benaglia, A. Puglisi, F. Cozzi, Chem. Rev. 2003,
103, 3401–3430; e) B. M. L. Dioos, I. F. J. Vankelecom, P. A. Jacobs,
Adv. Synth. Catal. 2006, 348, 1413–1446; f) M. Heitbaum, F. Glorius,
I. Escher, Angew. Chem. 2006, 118, 4850–4881; Angew. Chem. Int.
Ed. 2006, 45, 4732–4762.


[26] M. M. Shemyakin, Y. A. Ovchinnikov, A. A. Kinyushkin, I. V. Koz-
hevnikova, Tetrahedron Lett. 1965, 6, 2323–2327.


[27] Selected examples of NCPS-supported reagents and catalysts:
a) T. S. Reger, K. D. Janda, J. Am. Chem. Soc. 2000, 122, 6929–
6934; b) A. B. Charette, M. K. Janes, A. A. Boezio, J. Org. Chem.
2001, 66, 2178–2180; c) H. S. He, J. J. Yan, R. Shen, S. Zhuo, P. H.
Toy, Synlett 2006, 563–566; d) A. Datta, K. Ebert, H. Plenio, Orga-
nometallics 2003, 22, 4685–4691; e) C. K.-W. Kwong, R. Huang, M.
Zhang, M. Shi, P. H. Toy, Chem. Eur. J. 2007, 13, 2369–2376.


[28] J. Chen, G. Yang, H. Zhang, Z. Chen, React. Funct. Polym. 2006, 66,
1434–1451.


[29] S. Kobayashi, S. Nagayama, J. Am. Chem. Soc. 1998, 120, 2985–
2986.


[30] T. Suzuki, T. Watahiki, T. Oriyama, Tetrahedron Lett. 2000, 41,
8903–8906.


[31] S. Kobayashi, M. Sugiura, Adv. Synth. Catal. 2006, 348, 1496–1504.
[32] R. Akiyama, S. Kobayashi, Angew. Chem. 2001, 113, 3577–3579;


Angew. Chem. Int. Ed. 2001, 40, 3469–3471.
[33] H. Miyamura, R. Matsubara, Y. Miyazaki, S. Kobayashi, Angew.


Chem. 2007, 119, 4229–4232; Angew. Chem. Int. Ed. 2007, 46, 4151–
4154.


[34] J. Yang, J. Y. Lee, T. C. Deivaraj, H.-P. Too, J. Colloid Interface Sci.
2004, 271, 308–312.


[35] C.-M. Ho, W.-Y. Yu, C.-M. Che, Angew. Chem. 2004, 116, 3365–
3369; Angew. Chem. Int. Ed. 2004, 43, 3303–3307.


[36] Y. Na, S. Park, S. B. Han, H. Han, S. Ko, S. Chang, J. Am. Chem.
Soc. 2004, 126, 250–258.


[37] B. Therrien, T. R. Ward, M. Pilkington, C. Hoffmann, F. Gilardoni,
J. Weber, Organometallics 1998, 17, 330–337.


Received: March 31, 2008
Revised: May 14, 2008


Published online: July 23, 2008


Chem. Asian J. 2008, 3, 1256 – 1265 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1265


A Polystyrene-Supported Ru Catalyst



http://dx.doi.org/10.1021/ar000209h

http://dx.doi.org/10.1021/ar000209h

http://dx.doi.org/10.1021/ar000209h

http://dx.doi.org/10.1021/cr0104330

http://dx.doi.org/10.1021/cr0104330

http://dx.doi.org/10.1021/cr0104330

http://dx.doi.org/10.1021/jo016351t

http://dx.doi.org/10.1021/jo016351t

http://dx.doi.org/10.1021/jo016351t

http://dx.doi.org/10.1021/jo016351t

http://dx.doi.org/10.1021/cr010361c

http://dx.doi.org/10.1021/cr010361c

http://dx.doi.org/10.1021/cr010361c

http://dx.doi.org/10.1021/cr0103571

http://dx.doi.org/10.1021/cr0103571

http://dx.doi.org/10.1021/cr0103571

http://dx.doi.org/10.1021/cr010341a

http://dx.doi.org/10.1021/cr010341a

http://dx.doi.org/10.1021/cr010341a

http://dx.doi.org/10.1021/cr010341a

http://dx.doi.org/10.1021/cr010440o

http://dx.doi.org/10.1021/cr010440o

http://dx.doi.org/10.1021/cr010440o

http://dx.doi.org/10.1021/cr010440o

http://dx.doi.org/10.1002/adsc.200606202

http://dx.doi.org/10.1002/adsc.200606202

http://dx.doi.org/10.1002/adsc.200606202

http://dx.doi.org/10.1002/ange.200504212

http://dx.doi.org/10.1002/ange.200504212

http://dx.doi.org/10.1002/ange.200504212

http://dx.doi.org/10.1002/anie.200504212

http://dx.doi.org/10.1002/anie.200504212

http://dx.doi.org/10.1002/anie.200504212

http://dx.doi.org/10.1002/anie.200504212

http://dx.doi.org/10.1016/S0040-4039(00)70379-0

http://dx.doi.org/10.1016/S0040-4039(00)70379-0

http://dx.doi.org/10.1016/S0040-4039(00)70379-0

http://dx.doi.org/10.1021/ja000692r

http://dx.doi.org/10.1021/ja000692r

http://dx.doi.org/10.1021/ja000692r

http://dx.doi.org/10.1021/jo005727k

http://dx.doi.org/10.1021/jo005727k

http://dx.doi.org/10.1021/jo005727k

http://dx.doi.org/10.1021/jo005727k

http://dx.doi.org/10.1021/om0303754

http://dx.doi.org/10.1021/om0303754

http://dx.doi.org/10.1021/om0303754

http://dx.doi.org/10.1021/om0303754

http://dx.doi.org/10.1002/chem.200601197

http://dx.doi.org/10.1002/chem.200601197

http://dx.doi.org/10.1002/chem.200601197

http://dx.doi.org/10.1016/j.reactfunctpolym.2006.04.008

http://dx.doi.org/10.1016/j.reactfunctpolym.2006.04.008

http://dx.doi.org/10.1016/j.reactfunctpolym.2006.04.008

http://dx.doi.org/10.1016/j.reactfunctpolym.2006.04.008

http://dx.doi.org/10.1021/ja9739289

http://dx.doi.org/10.1021/ja9739289

http://dx.doi.org/10.1021/ja9739289

http://dx.doi.org/10.1016/S0040-4039(00)01545-8

http://dx.doi.org/10.1016/S0040-4039(00)01545-8

http://dx.doi.org/10.1016/S0040-4039(00)01545-8

http://dx.doi.org/10.1016/S0040-4039(00)01545-8

http://dx.doi.org/10.1002/adsc.200606210

http://dx.doi.org/10.1002/adsc.200606210

http://dx.doi.org/10.1002/adsc.200606210

http://dx.doi.org/10.1002/1521-3757(20010917)113:18%3C3577::AID-ANGE3577%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3757(20010917)113:18%3C3577::AID-ANGE3577%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3757(20010917)113:18%3C3577::AID-ANGE3577%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3773(20010917)40:18%3C3469::AID-ANIE3469%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3773(20010917)40:18%3C3469::AID-ANIE3469%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3773(20010917)40:18%3C3469::AID-ANIE3469%3E3.0.CO;2-T

http://dx.doi.org/10.1002/ange.200700080

http://dx.doi.org/10.1002/ange.200700080

http://dx.doi.org/10.1002/ange.200700080

http://dx.doi.org/10.1002/ange.200700080

http://dx.doi.org/10.1002/anie.200700080

http://dx.doi.org/10.1002/anie.200700080

http://dx.doi.org/10.1002/anie.200700080

http://dx.doi.org/10.1016/j.jcis.2003.10.041

http://dx.doi.org/10.1016/j.jcis.2003.10.041

http://dx.doi.org/10.1016/j.jcis.2003.10.041

http://dx.doi.org/10.1016/j.jcis.2003.10.041

http://dx.doi.org/10.1002/ange.200453703

http://dx.doi.org/10.1002/ange.200453703

http://dx.doi.org/10.1002/ange.200453703

http://dx.doi.org/10.1002/anie.200453703

http://dx.doi.org/10.1002/anie.200453703

http://dx.doi.org/10.1002/anie.200453703

http://dx.doi.org/10.1021/ja038742q

http://dx.doi.org/10.1021/ja038742q

http://dx.doi.org/10.1021/ja038742q

http://dx.doi.org/10.1021/ja038742q

http://dx.doi.org/10.1021/om970735l

http://dx.doi.org/10.1021/om970735l

http://dx.doi.org/10.1021/om970735l






DOI: 10.1002/asia.200800059


Asymmetric Ligand-Exchange Reaction of Biphenol Derivatives and Chiral
Bis(oxazolinyl)phenyl–Rhodium Complex


Hiroko Inoue, Jun-ichi Ito, Makoto Kikuchi, and Hisao Nishiyama*[a]


Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday


Introduction


We previously demonstrated that chiral bis(oxazolinyl)phen-
yl (Phebox) ligands are potent terdentate NCN ligands that
provide a chiral meridional coordination site and a C2-sym-
metric environment, the transition-metal complexes of
which have been applied to asymmetric catalysis.[1] Recently,
we found that the acetate group on the Rh complexes play a
key role as a basic site for cleavage of the C�H bond of aro-
matic compounds, acetylenes, and ketones.[2] On the basis of
these observations, we envisioned the possibility of a ligand-
exchange reaction between the acetate ligand and certain
phenols in terms of molecular recognition of chiral mole-
cules around the transition-metal coordination sites. After
screening some phenol compounds, we found that 2,2’-bi-
phenol and 1,1’-bi(2-naphthol) derivatives can exchange to
form biphenolate or binaphtholate derivatives. Herein, we
reveal some ligand-exchange reactions, including enantiose-
lective reactions and kinetic resolution of binaphthol deriva-
tives, which are important chiral reagents for asymmetric
synthesis and molecular recognition.[3,4]


Results and Discussion


Reaction of RhACHTUNGTRENNUNG[(S,S)-Phebox] Acetate 1 and 2,2’-Biphenol
(2)


First, we attempted a ligand-exchange reaction with 2,2’-bi-
phenol (2). A solution of rhodium complex 1 and 2
(1.5 equiv) in CH2Cl2 was stirred for 24 h at 40 8C. The mix-
ture was purified by silica-gel column chromatography with
hexane/ethyl acetate to give RhACHTUNGTRENNUNG[(S,S)-Phebox](biphenolate)-
ACHTUNGTRENNUNG(OAc) 3 in 44% yield (Scheme 1).[5] In toluene, complex 3
was isolated in 47% yield at 40 8C and in 55% yield at


Keywords: binaphthols · enantiose-
lectivity · ligand exchange · oxazo-
lines · rhodium


Abstract: Chiral bis(oxazolinyl)phenyl–rhodium acetate complex can enantioselec-
tively capture 1,1’-binaphthol derivatives by ligand-exchange reaction. The struc-
ture of the bis(oxazolinyl)phenyl–rhodium biphenol and binaphthol complexes
were confirmed by X-ray analysis.


[a] H. Inoue, Dr. J.-i. Ito, Dr. M. Kikuchi, Prof. H. Nishiyama
Department of Applied Chemistry
Graduate School of Engineering
Nagoya University
Chikusa, Nagoya, 464-8603 (Japan)
Fax: (+81)52-789-3335
E-mail : hnishi@apchem.nagoya-u.ac.jp


Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.


Scheme 1. Ligand-exchange reaction of Rh ACHTUNGTRENNUNG[(S,S)-Phebox] acetate 1 and
2,2’-bi ACHTUNGTRENNUNG(2-phenol) (2).
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70 8C. Interestingly, X-ray analysis of 3 shows that the biphe-
nol moiety is fixed in the axially chiral form with the abso-
lute configuration of S on the rhodium complex, although
biphenol 2 is an achiral molecule (Figure 1). The corre-


sponding rhodium complex bearing the R biphenol could
not be detected under the above conditions. It is thought
that the complex with the R biphenol may be too unstable
to isolate by silica-gel chromatography or TLC monitoring
at ambient temperature.


Reaction of Rh ACHTUNGTRENNUNG[(S,S)-Phebox] Acetate 1 and 1,1’-Bi(2-
naphthol) (4)


On the basis of the above finding that the Rh ACHTUNGTRENNUNG[(S,S)-Phebox]
fragment captures favorably the S form of the biphenol skel-
eton, we envisioned that S binaphthol (S)-4 rather than (R)-
4 would bind strongly to Rh ACHTUNGTRENNUNG[(S,S)-Phebox]. A solution of
rhodium complex 1 and (S)-4 (1.5 equiv) in toluene was
stirred for 24 h at 30 8C. The mixture was purified by silica-
gel column chromatography with hexane/ethyl acetate to
give RhACHTUNGTRENNUNG[(S,S)-Phebox](S binaphtholate) ACHTUNGTRENNUNG(OAc) 5 in 54%
yield (Scheme 2). The yield increased to 90% by addition of
K2CO3 (3 equiv), which accelerated the ligand-exchange re-
action. On the other hand, the reaction of 1 with (R)-4 gave
no stable complex. Use of K2CO3 with (R)-4 gave the labile
complex 5’ in 18% yield as the desired complex, but its
structure could not be determined.


Thus, we found that the chiral RhACHTUNGTRENNUNG[(S,S)-Phebox] moiety
captures (S)-1,1’-bi(2-naphthol) selectively to make a rela-
tively stable complex by a ligand-exchange reaction. The
structure of 5 was confirmed by X-ray analysis (Figure 2).
One of the naphthalene groups is parallel to the oxazoline
plane, whereas the other is stacked on the isopropyl group.


Enantiodiscrimination of 1,1’-Bi(2-naphthol)


By using an excess of racemic 1,1’-bi(2-naphthol) (4 ;
4.0 equiv with respect to 1), the ligand-exchange reaction


Abstract in Japanese:


Figure 1. Molecular structure of Rh ACHTUNGTRENNUNG[(S,S)-Phebox](biphenolate) ACHTUNGTRENNUNG(OAc) 3.


Scheme 2. Ligand-exchange reactions of Rh ACHTUNGTRENNUNG[(S,S)-Phebox] acetate 1 and
1,1’-bi(2-naphthol) (4).


Figure 2. Molecular structure of RhACHTUNGTRENNUNG[(S,S)-Phebox](S binaphtholate)-
ACHTUNGTRENNUNG(OAc) 5.
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with 1 was performed in toluene at 50 8C for 24 h because of
the slow exchange rate (Scheme 3). After chromatographic
separation with silica gel, complex 5 was obtained in 61%
yield based on 1. Binaphthol 4 was recovered in 79% yield
based on 4, with 18% ee (R). Treatment of the isolated com-
plex 5 in methanol and hydrochloric acid at room tempera-
ture for 10 min gave the optically pure S binaphthol and Rh-
ACHTUNGTRENNUNG[(S,S)-Phebox]Cl2 ACHTUNGTRENNUNG(H2O), respectively, in quantitative yields.
At reaction temperatures of 60 and 70 8C, the yield of 5 in-
creased to 75 and 85% based on 1, respectively.


In the presence of K2CO3 (0.050 mmol), the ligand-ex-
change reaction with 1 (0.055 mmol) and racemic 4
(0.10 mmol) proceeded to give complex 5 in around 91%
yield, which was contaminated with a small amount of free
binaphthol or the isomeric complex 5’, and the R binaphthol
was recovered in 50% yield with 73% ee. The S binaphthol
obtained from the mixture of the complexes showed 93%
ee. Thus, the addition of K2CO3 accelerated the exchange re-
action, but it resulted in the formation of an undesirable
complex.


Reaction of RhACHTUNGTRENNUNG[(S,S)-Phebox] Acetate 1 and Substituted
1,1’-Bi(2-naphthol)


Other racemic substituted binaphthols 6 and 7 were exam-
ined to produce the corresponding complexes 8 and 9 with
S binaphthols as ligands in 70 and 72% yield, respectively
(Scheme 4). Optically pure S binaphthols were recovered
from 8 and 9. The molecular structure of 8 was also con-
firmed by X-ray analysis. On the other hand, 3,3’-methoxy-
carbonyl derivative 10 did not react with 1 because of the
sterically hindered binding sites.


Stabilization of the Complexes by Hydrogen Bonding


We thought that the matched pair of the (S,S)-Phebox sub-
structure on the rhodium atom and the S-binaphthol skele-
tons could be stabilized mainly by a preferable steric
convex–concave stacking relation. Furthermore, it is also in-
teresting that hydrogen bonding between an O atom of the
acetate and the H atom of the equatorial OH group of bi-
naphthol was found; this hydrogen bonding may stabilize
the complexes. The hydrogen-bond distances OAc···HOH de-
rived from X-ray analysis are 1.69–1.86 L for 3, 5, and 8
(Table 1).


Conclusions


We have demonstrated enantioselective ligand-exchange re-
actions with a chiral (bisoxazolinyl)–rhodium fragment to
show the selective capturing of S-binaphthol compounds
and to clarify the molecular structures of the resulting com-
plexes.


Scheme 3. Ligand-exchange reactions and kinetic resolution.


Scheme 4. Ligand-exchange reactions with other substituted binaphthols.


Table 1. Selected bond lengths and distances (L) of 3, 5, and 8.


Bond 3 5 8


Rh–O3 1.9977(18) 2.0177(17) 2.0044(18)
Rh–O4 2.2480(17) 2.2683(18) 2.293(2)
Rh–O5 2.0706(19) 2.0646(18) 2.0579(19)
Rh–N1 2.066(2) 2.079(2) 2.073(2)
Rh–N2 2.046(2) 2.062(2) 2.057(2)
O4–H1 0.82(4) 0.69(4) 0.71(3)
H1···O6 1.69 1.85 1.86
O4···O6 2.50 2.50 2.54
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Experimental Section


General


Complex 1 was prepared by our previously reported method.[5] Biphenol
2 and binaphthol derivatives 4 and 6 are commercially available. Binaph-
thols 7 and 10 were synthesized by coupling with CuCl(OH)·TMEDA
(TMEDA=N,N,N’,N’-tetramethylethylenediamine).[6] 1H and 13C NMR
spectra were recorded at 25 8C on Varian 300 and 500 spectrometers. In-
frared spectra were recorded on a JASCO FR/IR-230 spectrometer.
High-resolution mass spectrometry was performed on a JOEL JMS-700
spectrometer.


Syntheses


3 : Compounds 1 (26.9 mg, 0.050 mmol) and 2 (14.0 mg, 0.075 mmol) were
placed in a flask. Under argon atmosphere, dichloromethane (2 mL) was
added, and the mixture was stirred at 40 8C for 24 h. The reaction was
monitored by TLC; product Rf=0.4 (hexane/ethyl acetate=1:1). The
mixture was purified by column chromatography (silica gel, hexane/ethyl
acetate=5:1) to give 3 in 44% yield (14.2 mg, 0.022 mmol). At 40 8C, a
solution of 1 (21.5 mg, 0.040 mmol) and 2 (11.2 mg, 0.060 mmol) in tolu-
ene (2.0 mL) gave 3 in 47% yield (12.2 mg, 0.019 mmol). At 70 8C, a solu-
tion of 1 (26.9 mg, 0.050 mmol) and 2 (18.6 mg, 0.10 mmol) in toluene
(2.0 mL) gave 3 in 55% yield (17.8 mg, 0.027 mmol). 3 : Yellowish-orange
solid; m.p.: 191 8C (decomp.); IR (KBr): ñ=1620 cm�1; 1H NMR
(300 MHz, CDCl3): d=0.56 (d, J=6.9 Hz, 3H), 0.61 (d, J=6.6 Hz, 3H),
0.68 (d, J=6.9 Hz, 3H), 0.81 (d, J=7.2 Hz, 3H), 1.79 (s, 3H), 1.80–1.94
(m, 1H), 2.06–2.17 (m, 1H), 2.58 (ddd, J=10.1, 6.9, 3.2 Hz, 1H), 4.18
(ddd, J=9.9, 6.9, 3.6 Hz, 1H), 4.33–4.47 (m, 2H), 4.61–4.74 (m, 2H), 6.63
(d, J=8.4 Hz, 1H), 6.86–7.23 (m, 8H), 7.42 (d, J=7.5 Hz, 1H), 7.67 ppm
(dd, J=7.8, 1.2 Hz, 1H); 13C NMR (75 MHz, CD2Cl2): d =14.2, 14.5, 19.3,
19.4, 23.6, 29.1, 29.3, 65.9, 68.4, 71.7, 116.1, 119.1, 120.8, 123.2, 125.2,
127.4, 127.5, 128.1, 131.3, 131.5, 131.8, 131.9, 132.1, 134.9, 155.0, 167.1,
170.6 (d, JRh,C=4.6 Hz), 171.9 (d, JRh,C=4.2 Hz), 185.1, 188.2 ppm (d,
JRh,C=26.5 Hz); HRMS (FAB): m/z calcd for C32H35N2O6Rh: 646.1550;
found: 646.1559.


5 : Compounds 1 (26.9 mg, 0.050 mmol) and (S)-4 (21.5 mg, 0.075 mmol)
were placed in a flask. Under argon atmosphere, toluene (2 mL) was
added, and the mixture was stirred at 30 8C for 24 h. The reaction was
monitored by TLC; product Rf=0.6 (hexane/ethyl acetate=1:1). The
mixture was purified by column chromatography (silica gel, hexane/ethyl
acetate=4:1) to give 5 in 54% yield (20.0 mg, 0.027 mmol). With K2CO3


(20.7 mg, 0.15 mmol), 5 was obtained in 90% yield (33.7 mg,
0.045 mmol). 5 : Yellowish-orange solid; m.p.: 226 8C (decomp.); IR
(KBr): ñ =1620 cm�1; 1H NMR (300 MHz, CDCl3): d=�0.01 (d, J=


6.6 Hz, 3H), 0.33 (d, J=7.2 Hz, 3H), 0.40 (d, J=6.9 Hz, 3H), 0.48 (d, J=


6.6 Hz, 3H), 0.70–0.82 (m, 1H), 1.75 (s, 3H), 1.96–2.06 (m, 1H), 2.13–
2.19 (m, 1H), 4.05 (ddd, J=9.9, 6.3, 3.0 Hz, 1H), 4.40–4.61 (m, 4H), 6.60
(d, J=9.0 Hz, 1H), 6.91 (dd, J=13.5, 8.4 Hz, 1H), 7.01–7.08 (m, 2H),
7.16–7.25 (m, 2H), 7.35 (t, J=7.5 Hz, 1H), 7.53 (d, J=8.4 Hz, 1H), 7.59
(dd, J=7.5, 1.1 Hz, 1H), 7.67 (dd, J=7.5, 1.1 Hz, 1H), 7.83 (d, J=8.1 Hz,
1H), 7.87 (d, J=8.7 Hz, 1H), 7.92 ppm (d, J=8.7 Hz, 1H); 13C NMR
(125 MHz, CD2Cl2): d=13.4, 13.8, 18.9, 19.0, 23.7 (d, JRh,C=3.0 Hz), 28.0,
28.9, 66.1 (d, JRh,C=3.0 Hz), 68.6, 71.3, 71.8, 118.0, 121.4, 122.2, 123.3,
123.5, 124.9, 125.1, 125.6, 126.0, 127.8, 127.9, 127.9, 128.0, 128.2, 128.4,
128.6, 129.3, 129.9, 130.9, 132.3, 132.6, 135.3, 135.8, 153.4, 167.7, 171.0,
172.0, 185.1, 189.2 ppm (d, JRh,C=25.8 Hz); HRMS (FAB): m/z calcd for
C40H39N2O6Rh: 746.1863; found: 746.1876. When (R)-4 was used with
K2CO3 under the same conditions described above, 5’ was obtained in
18% yield (6.8 mg, 0.009 mmol).


Enantiodiscrimination: Compound 1 (26.9 mg, 0.050 mmol) and racemic
4 (57.3 mg, 0.20 mmol) were placed in a flask. Under argon atmosphere,
toluene (2 mL) was added, and the mixture was stirred at 50 8C for 24 h.
The mixture was purified by column chromatography (silica gel, hexane/
ethyl acetate=5:1) to give 5 in 61% yield (22.7 mg, 0.0304 mmol) and 4
in 79% yield (45.0 mg, 0.157 mmol; 18% ee (R), DAICEL CHIRALPAK
AD-H, hexane/iPrOH=90:10, 1.0 mLmin�1, tR=31.6 (R), 36.8 min (S)).
Next, hydrochloric acid (1n, 0.5 mL) was added to a solution of 5
(22.7 mg) in methanol (1.5 mL). The solvent was removed under reduced


pressure, and the residue was purified by column chromatography (silica
gel, hexane/ethyl acetate=5:1!0:1) to give (S)-4 in >99% yield
(8.6 mg, 0.030 mmol) and Rh ACHTUNGTRENNUNG[(S,S)-Phebox]Cl2 ACHTUNGTRENNUNG(H2O) in 96% yield
(14.1 mg, 0.029 mmol). With K2CO3 (19.0 mg, 0.14 mmol), a solution of 1
(29.6 mg, 0.055 mmol) and racemic 4 (28.6 mg, 0.10 mmol) in toluene
(2 mL) gave 5 in 91% yield (33.8 mg, 0.0453 mmol; yield based on
0.05 mmol of 4), and 4 was recovered in 50% yield (14.4 mg,
0.050 mmol).


8 : Compound 1 (26.9 mg, 0.050 mmol) and racemic 6 (88.8 mg,
0.20 mmol) were placed in a flask. Under argon atmosphere, toluene
(2 mL) was added, and the mixture was stirred at 70 8C for 24 h. The re-
action was monitored by TLC; product Rf=0.6 (hexane/ethyl acetate=


1:1). The mixture was purified by column chromatography (silica gel,
hexane/ethyl acetate=4:1) to give 8 in 70% yield (31.7 mg, 0.035 mmol)
and recovered 6 in 81% yield (31.7 mg, 0.035 mmol; 25.3% ee (R),
DAICEL CHIRALPAK AD-H, hexane/iPrOH=90:10, 1.0 mLmin�1,
tR=21.5 (R), 50.1 min (S)). 8 : Pale-yellow solid; m.p.: 256 8C (decomp.);
IR (KBr): ñ =1620 cm�1; 1H NMR (300 MHz, CDCl3): d=�0.01 (d, J=


6.3 Hz, 3H), 0.39 (d, J=7.2 Hz, 3H), 0.42 (d, J=6.9 Hz, 3H), 0.48 (d, J=


6.9 Hz, 3 Hz), 0.70–0.84 (m, 1H), 1.66 (br s, 1H), 1.75 (s, 3H), 1.90–2.04
(m, 1H), 2.14–2.22 (m, 1H), 3.99–4.07 (m, 1H), 4.35–4.62 (m, 4H), 6.59
(d, J=8.7 Hz, 1H), 6.72 (dd, J=13.7, 9.2 Hz, 2H), 7.11 (ddd, J=9.2, 6.3,
2.2 Hz, 2H), 7.35 (t, J=7.5 Hz, 1H), 7.44 (d, J=9.0 Hz, 1H), 7.59 (d, J=


7.5 Hz, 1H), 7.67 (d, J=7.5 Hz, 1H), 7.82 (d, J=2.1 Hz, 1H), 7.85 (dd,
J=17.4, 9.0 Hz, 2H), 7.99 ppm (d, J=1.5 Hz, 1H); 13C NMR (75 MHz,
CD2Cl2): d=13.6, 13.9, 19.1, 19.2, 23.8, 28.2, 29.1, 66.1, 68.5, 71.3, 71.7,
115.5, 116.8, 119.1, 120.8, 123.4, 124.3, 126.6, 126.9, 127.6, 127.7, 127.7,
128.3, 128.5, 129.1, 129.2, 129.3, 129.7, 129.9, 130.6, 131.8, 132.2, 133.3,
133.9, 153.7, 167.9, 170.7, 171.7, 185.0, 188.1 ppm (d, JRh,C=26.3 Hz);
HRMS (FAB): m/z calcd for C40H37Br2N2O6Rh: 902.0073; found:
902.0083.


9 : Compound 1 (26.9 mg, 0.050 mmol) and racemic 7 (69.3 mg,
0.20 mmol) were placed in a flask. Under argon atmosphere, toluene
(2 mL) was added, and the mixture was stirred at 70 8C for 24 h. The re-
action was monitored by TLC; product Rf=0.63 (hexane/ethyl acetate=


1:1). The mixture was purified by column chromatography (silica gel,
hexane/ethyl acetate=4:1) to give 9 in 72% yield (29.0 mg, 0.036 mmol)
and recovered 7 in 80% yield (55.2 mg, 0.159 mmol; 21.9% ee (R),
DAICEL CHIRALPAK AD-H, hexane/iPrOH=90:10, 1.0 mLmin�1,
tR=47.0 (S), 52.6 min (R)). 9 : Pale-yellow solid; m.p.: 157–160 8C; IR
(KBr): ñ=1620 cm�1; 1H NMR (300 MHz, CDCl3): d =0.00 (d, J=6.6 Hz,
3H), 0.39 (d, J=6.6 Hz, 3H), 0.42 (d, J=6.6 Hz, 3H), 0.50 (d, J=6.6 Hz,
3H), 0.72–0.86 (m, 1H), 1.72 (br s, 1H), 1.75 (s, 3H), 1.96–2.08 (m, 1H),
2.25–2.30 (m, 1H), 3.22 (s, 3H), 3.37 (s, 3H), 4.05 (ddd, J=9.9, 6.2,
3.0 Hz, 1H), 4.39–4.61 (m, 4H), 6.20 (d, J=2.4 Hz, 1H), 6.26 (d, J=


2.4 Hz, 1H), 6.45 (d, J=8.7 Hz, 1H), 6.87 (ddd, J=12.8, 8.8, 2.6 Hz, 2H),
7.34 (t, J=7.7 Hz, 1H), 7.44 (d, J=8.7 Hz, 1H), 7.55 (d, J=9.0 Hz, 1H),
7.58 (dd, J=7.5, 0.9 Hz, 1H), 7.67 (dd, J=7.5, 0.9 Hz, 2H), 7.70 (d, J=


9.3 Hz, 1H), 7.72 (d, J=8.7 Hz, 1H), 7.81 ppm (d, J=8.7 Hz, 1H);
13C NMR (75 MHz, CD2Cl2): d=13.6, 14.0, 19.1, 19.2, 23.8, 28.1, 29.0,
55.0, 55.1, 66.0, 68.5, 71.3, 71.7, 104.5, 105.0, 113.7, 115.2, 115.3, 120.3,
123.2, 123.8, 124.0, 125.1, 125.7, 127.4, 127.4, 127.5, 128.7, 129.1, 129.3,
131.9, 132.2, 135.9, 136.2, 153.5, 157.3, 157.6, 167.5, 170.5 (d, JRh,C=


4.0 Hz), 171.6 (d, JRh,C=4.1 Hz), 184.5 (d, JRh,C=1.2 Hz), 188.7 ppm (d,
JRh,C=26.3 Hz); HRMS (FAB): m/z calcd for C42H43N2O8Rh: 806.2074;
found: 806.2085.


Crystallographic Structural Determination


3, 5, and 8 : Single crystals suitable for X-ray diffraction were obtained
from pentane/ethyl acetate at room temperature. Diffraction data were
collected on a Brucker SMART APEX CCD diffractometer with graph-
ite-monochromated MoKa radiation (l=0.71073 L). An empirical absorp-
tion correction was applied by using SADABS. Structures were solved by
direct methods and refined by full-matrix least squares on F2 with
SHELXTL. All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. All hydrogen atoms were located on calculated
positions and refined as rigid groups. 3 : C32H35N2O6Rh, Mr=646.53, T=


173(2) K, monoclinic, space group P21, a=9.9686(11), b=9.2537(11), c=
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15.9256(18) L, b =90.916(2)8, V=1468.9(3) L3, Z=2, 1calcd=


1.462 Mgm�3, m =0.628 mm�1, F ACHTUNGTRENNUNG(000)=668, crystal size=0.40N0.30N
0.20 mm3, q=2.04–27.518, index ranges: �12�h�12, �12�k�7, �20�
l�20; reflections collected: 10383; independent reflections: 4869 (R-
ACHTUNGTRENNUNG(int)=0.0274); completeness to q=27.518, 99.6%; max./min. transmis-
sion: 1.000000/0.805557; data/restraints/parameters: 4869/1/379; good-
ness-of-fit on F2 : 1.065; final R indices (I>2s(I)): R1=0.0247, wR2=


0.0600; R indices (all data): R1=0.0253, wR2=0.0605; largest diff. peak/
hole: 0.905/�0.288 eL�3. 5 : C40H39N2O6Rh, Mr=746.64, T=173(2) K, or-
thorhombic, space group P212121, a=12.686(4), b=15.603(5), c=


16.958(5) L, V=3356.7(17) L3, Z=4, 1calcd=1.477 Mgm�3, m=


0.561 mm�1, F ACHTUNGTRENNUNG(000)=1544, crystal size=0.50N0.20N0.10 mm3, q=1.77–
28.358, index ranges: �16�h�16, �20�k�20, �25� l�22; reflections
collected: 25130; independent reflections: 8350 (R ACHTUNGTRENNUNG(int)=0.0508); com-
pleteness to q=28.358, 99.7%; max./min. transmission: 1.000000/
0.692337; data/restraints/parameters: 8350/0/451; goodness-of-fit on F2 :
1.065; final R indices (I>2s(I)): R1=0.0327, wR2=0.0735; R indices (all
data): R1=0.0354, wR2=0.0747; largest diff. peak/hole: 0.815/
�0.389 e L�3. 8 : C40H37Br2N2O6Rh, Mr=904.45, T=153(2) K, orthorhom-
bic, space group P212121, a=10.239(4), b=18.720(7), c=19.609(7) L, V=


3758(2) L3, Z=4, 1calcd=1.598 Mgm�3, m =2.630 mm�1, F ACHTUNGTRENNUNG(000)=1816,
crystal size=0.60N0.50N0.30 mm3, q =1.50–27.578, index ranges: �13�
h�12, �22�k�24, �25� l�21; reflections collected: 26413; independ-
ent reflections: 8623 (R ACHTUNGTRENNUNG(int)=0.0396); completeness to q=27.578, 99.6%;
max./min. transmission: 1.000000/0.550771; data/restraints/parameters:
8623/0/469; goodness-of-fit on F2 : 1.001; final R indices (I>2s(I)): R1=


0.0293, wR2=0.0673; R indices (all data): R1=0.0323, wR2=0.0683;
largest diff. peak/hole: 0.957/�0.398 eL�3. CCDC-677969 (3), -677968
(5), and -677970 (8) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_
request/cif.
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Introduction


Artificial molecular machines have received much attention
in recent years because of their potential applications in the
creation of molecular devices.[1,2] A wide variety of molecu-
lar machines such as shuttles,[3] rotors,[4] muscles,[5] scissors,[6]


and elevators[7] have been reported. Nevertheless, design


and synthesis of new molecular machines reminiscent of
macroscopic machines or biological machines would further
widen the scope of this chemistry.


Loop formation plays an important role in regulation of
biological processes. For example, DNA looping is a funda-
mental mechanism for the regulation of gene expression. In-
trachain loop formation is also a fundamental step of pro-
tein folding.[8,9] Three different types of intramolecular loops
are known. End-to-end loops are formed between the chain
ends. However, loop formation between an end and the in-
terior of the chain (end-to-interior loops) or between two in-
ternal residues (interior-to-interior loops) is more commonly
observed.[9d] Despite the importance of loop formation in
biological processes, synthetic molecular machines mimick-
ing the reversible formation of loops are rare.[10,11]


Cucurbit[n]uril (CB[n], n=5–10),[12] a family of macrocy-
cles comprising n glycoluril units, have been employed not
only in molecular recognition but also in construction of a
wide variety of supramolecular assemblies including me-
chanically interlocked molecules[13] and molecular machines
and switches.[11,14,18] In particular, CB[8] with a cavity com-
parable to that of g-cyclodextrin can include two identical
guest molecules to form a 1:2 complex,[12b] or two different
guest molecules to form a 1:1:1 complex.[15] The formation
of the ternary complex is driven by the markedly enhanced
charge-transfer (CT) interaction between an electron-rich


Abstract: We have designed and syn-
thesized a novel [2]pseudorotaxane-
based molecular machine in which the
interconversion between end-to-interi-
or and end-to-end loop structures is re-
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stimuli. Cucurbit[8]uril (CB[8]) and the
thread molecule 34+ with an electron-
rich hydroxynaphthalene unit and two
electron-deficient viologen units form


the 1:1 complex 44+ with an end-to-in-
terior loop structure, which is reversi-
bly converted into an end-to-end struc-
ture upon reduction. Large changes in
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and electron-deficient guest pair inside the hydrophobic
cavity of CB[8]. The discovery of the host-stabilized CT
complex formation inside of CB[8] offered a new opportuni-
ty to construct novel supramolecular assemblies.[16] For the
last several years, we and others have reported a wide varie-
ty of supramolecular assemblies and their applications[17] in-
cluding molecular necklaces,[17a] redox-controllable vesi-
cles,[17b] and dendrimers,[17c–e] based on this chemistry.


Furthermore, the ternary complex undergoes a redox-cou-
pled guest-exchange process.[18] For example, treating a 1:1
mixture of MV2+ and the ternary complex (MV2+


·HN)�CB[8] (MV2+ =methyl viologen; HN=2,6-dihydroxy-
naphthalene) with a reducing agent such as sodium dithion-
ite (Na2S2O4) resulted in near-quantitative formation of 2:1
inclusion complex (MV+ ·)2�CB[8] and free HN. This guest
exchange is completely reversible since oxidation reinstates
the hetero-guest pair inclusion complex and MV2+ . This
redox-coupled guest-exchange process has been exploited in
designing a molecular machine reminiscent of a loop lock.[18]


In expanding this work, we have now designed a new elec-
trochemically driven molecular machine, the behavior of
which is reminiscent of the intrachain loop formation in bio-
logical processes (Scheme 1). Herein we report the synthesis
and machine-like behavior of a novel [2]pseudorotaxane-
based molecular machine that undergoes reversible conver-
sion between end-to-interior and end-to-end loop structures
triggered by electrochemical stimuli.


Results and Discussion


To construct a new electrochemically controllable molecular
machine by exploiting the unique redox-coupled guest-ex-
change behavior of the host-stabilized CT complex de-
scribed above, we designed and synthesized a guest mole-
cule 34+ containing a 2,6-dihydroxynaphthalene derivative


as an electron-rich group and two viologen units as an elec-
tron-deficient group connected by the three- and twelve-
carbon chains (Scheme 2).


In water CB[8] and 34+ readily form the 1:1 complex 44+


in which 34+ forms an intramolecular CT complex inside
CB[8], as confirmed by UV/Vis and 1H NMR spectroscopy
and mass spectrometry. First of all, upon addition of one e-
quivalent of CB[8] to a solution of 34+ in H2O, the color of
the solution turned from pale yellow to violet with a charac-
teristic CT band at around 570 nm in the UV/Vis spectrum
(Figure 1), which indicated the formation of a CT com-
plex.[15]


Abstract in Korean:


Scheme 1. Novel [2]pseudorotaxane-based molecular machine.


Scheme 2. Synthesis of 34+ .
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The 1H NMR spectrum of 44+ , the assignments of which
were aided by 2D NMR techniques including ROESY and
COSY (see the Supporting Information), not only supports
the formation of the 1:1 complex, but also provides the
structural information. All the signals for 44+ are divided
into two groups, indicating that there are two different con-
formers, A and B (Figure 2). In the case of conformer A,
the proton signals for the naphthalene and the viologen unit
close to naphthalene are upfield shifted up to d�1.8 ppm.
In the case of conformer B, the proton signals for the violo-
gen unit adjacent to long alkyl chain are upfield shifted up
to d�1.7 ppm, while the three-carbon chain and the violo-
gen unit close to naphthalene show a downfield shift by
about 0.1 to 0.3 ppm compared with the signals of free 34+ .
These observations are consistent with the structures of the
host-stabilized intramolecular CT complexes, A and B both
with an end-to-interior loop structure. The complex with a
short-chain loop (conformer A) is dominant over that with a
long-chain loop (conformer B) in a 3:1 ratio, which was esti-
mated from the integration of the well-resolved signals (k, x,
and x’) for the two conformers of 34+ . The conversion rates
between conformers A and B in D2O were estimated to be
kAB=13�4 s�1 and kBA=41�4 s�1 at 298 K by 2D EXSY.


Further evidence for the formation of a 1:1 complex
comes from the size of the supramolecular species estimated
from the diffusion coefficient measured by pulsed field gra-
dient NMR techniques. The estimated size of both conform-
ers is only about 1.8 times that of CB[8] itself, thus support-
ing the 1:1 complex formation. Most convincingly, however,
strong peaks at 680 and 510 corresponding to 43+ and 44+


ions, respectively, in the ESI mass spectrum provides un-
equivocal evidence for the 1:1 complex formation.


The machine-like behavior of 44+ was investigated by
cyclic voltammetry. To understand the electrochemical be-
havior of the inclusion complex, we compared the cyclic vol-
tammogram of 44+ with that of the “free” guest, 34+ . Typical
cyclic voltammograms of 34+ and 44+ are shown in Figure 3.
As expected, 34+ undergoes two consecutive two-electron
reduction processes, with sharp peaks that indicate strong
adsorption of the reduced species (32+ and 30) on the elec-
trode surface (see the Supporting Information). Compared
to 34+ , however, 44+ exhibits a moderate negative shift of


the first reduction peak and a very large negative shift of
the second reduction peak. This cyclic voltammetric behav-
ior is similar to that of the CT complex formed between


Figure 1. Absorption spectra of 34+ (dashed line) and 44+ (solid line) in
H2O (1.0 mm in both cases).


Figure 2. Comparison of 1H NMR spectra in D2O and their assignments:
a) 34+ , b) 44+ (at 298 K), c) 44+ (at 283 K). The assignments of the con-
formers A and B are indicated in (c) by letters in bold and italics, respec-
tively. The signals for CB[8] (^) are also shown.


Figure 3. Cyclic voltammograms of 0.25 mm of 34+ (dashed line, left ordi-
nate) and 44+ (solid line, right ordinate). Supporting electrolyte: 0.1m


phosphate buffer (pH 7.0). Scan rate: 25 mVs�1.
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MV2+ and HN inside CB[8], where a similar potential shift
for the reduction process has been attributed to facile for-
mation of the stable methyl viologen radical cation dimer
inside CB[8] after one-electron reduction of MV2+ .[18,19] In
addition, the first reduction peak of 44+ consists of two
closely overlapping peaks corresponding to two electro-
chemically different viologen units. One is involved in the
CT complex formation with the naphthalene moiety of the
thread (34+) inside CB[8] while the other is free. The former
viologen unit shows a more negative-shifted reduction wave
than the latter.[18] Thus, the cyclic voltammetric behavior of
44+ suggests that the two-electron reduction of 44+ with an
end-to-interior loop structure results in generation of a spe-
cies containing two terminal viologen radical cation units,
which then undergo a rapid intramolecular paring process
inside CB[8] to form the stable complex 42+ with an end-to-
end loop structure (Scheme 1).[11,18,20]


This conjecture was supported by a spectro-electrochemi-
cal study (Figure 4). The absorption spectrum of 42+ gener-
ated by two-electron reduction of 44+ (applied potential:


�0.75 V vs. SCE) is essentially identical to that of (MV+)2�
CB[8].[11,19] In addition, when �0.30 V was applied to a solu-
tion of 42+ or the solution is exposed to the air, the absorp-
tion spectrum 44+ was completely restored. Taken together,
these studies support a machine-like behavior of 44+ in
which an electrochemically triggered reversible change in
the conformation of the thread occurs.[21]


Figure 5 shows the energy-minimized structures of 44+


(conformer A) and 42+ obtained by a molecular-modeling


study in the gas phase. It should be noted that the structure
of 44+ is rather flexible because of the long alkyl linker, and
its conformation in aqueous solution can be different from
the one depicted in Figure 5. Nevertheless, 44+ undergoes a
dramatic change not only in shape but also in size in re-
sponse to electrochemical stimuli. Such a large, reversible
structural change triggered by electrochemical stimuli may
provide insight into the designing of molecular actuators
with useful applications.


Conclusions


We have designed and synthesized a novel [2]pseudorotax-
ane-based molecular machine in which the interconversion
between end-to-interior and end-to-end loop structures is
reversibly controlled by electrochemical stimuli. CB[8] and
the thread molecule 34+ containing an electron-rich hydrox-
ynaphthalene unit and two electron-deficient viologen units
form the 1:1 complex 44+ with an end-to-interior loop struc-
ture, which is reversibly converted into an end-to-end struc-
ture upon reduction. Large changes in shape and size of the
molecule are accompanied by the reversible redox process.
The key feature of the machine-like behavior is the reversi-
ble conversion between an intramolecular CT complex and
viologen cation radical dimer formed inside CB[8] triggered
by electrochemical stimuli. This novel electrochemically
driven molecular machine not only mimics the loop forma-
tion in biological processes but also may provide useful in-
sights in designing novel molecular devices such as molecu-
lar actuators.


Experimental Section


General


All reagents and solvents employed were commercially available and
used as supplied without further purification. NMR data were recorded
on a Bruker DRX500 spectrometer. UV/Vis absorption spectra were re-
corded on a Hewlett–Packard 8453 diode array spectrophotometer. Mo-
lecular-modeling studies were carried out using the Discover module of
the Materials Studio 4.1 package (Accelrys Inc.).


NMR Experiments


1H–1H correlation spectroscopy (COSY) and rotating-frame Overhauser
effect spectroscopy (ROESY) experiments were performed on a Bruker
DRX500 NMR spectrometer operating at the proton Larmor frequency
of 500.23 MHz at 25 8C. ROESY spectra were recorded using the time
proportional phase increment method with a mixing time of 0.3 s and a
recycle delay of 4 s. 2D EXSY spectra were recorded at 298 K at
500 MHz with a phase-sensitive NOESY pulse sequence supplied with
the Bruker software. Rate constants were calculated from measurements
of the cross-peak to diagonal-peak intensities and the molar fractions of
the different compounds undergoing exchange.


Diffusion coefficient measurements were carried out using a 5 mm
Bruker QNP probe with an actively shielded z gradient coil. Diffusion
coefficients were extracted from a series of 1H NMR spectra measured
by the bipolar pulse longitudinal encode–decode pulse sequence as a
function of gradient amplitude. The hydrodynamic volume of a complex
was estimated by the ratio Vcomplex/VCB[8] , where Vcomplex and VCB[8] repre-
sent the volumes of the complex and CB[8], respectively, which was cal-


Figure 4. Absorption spectra of 44+ (dashed line) and 42+ (solid line); the
latter was generated by two-electron reduction of the former (applied po-
tential : �0.75 V vs. SCE).


Figure 5. Energy-minimized structures of 44+ and 42+ obtained by a mo-
lecular-modeling study in the gas phase.
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culated from the diffusion coefficient ratio (Vcomplex/VCB[8]= (Dcomplex/
DCB[8])


�3).


Electrochemical and Spectro-Electrochemical Experiments


Electrochemical experiments were performed with a Princeton Applied
Research Model 273 multipurpose instrument interfaced to a personal
computer. A glassy carbon working electrode (0.07 cm2), a Pt counter
electrode, and a saturated calomel electrode (SCE) as a reference elec-
trode separated with a fine glass frit were utilized in a single-compart-
ment cell. The surface of the working electrode was polished with a
0.05 mm alumina/water slurry on a felt surface and rinsed with purified
water prior to electrochemical experiments. All solutions were deoxygen-
ated by purging with argon gas and maintained under an inert atmos-
phere during the electrochemical experiments.


A spectro-electrochemical cell was assembled with a piece of glass sheet
and a piece of indium tin oxide (ITO) coated glass and a spacer film
(thickness 200 mm). Electrolysis was achieved by applying a potential to
the ITO working electrode. UV/Vis absorption spectra were recorded on
a Hewlett–Packard 8453 diode array spectrophotometer. The solution
prior to electrolysis was used as a blank reference.


Syntheses and Characterization


1: 2-Benzyloxy-6-hydroxynaphthalene was synthesized according to the
literature.[17d] A solution of 2-benzyloxy-6-hydroxynaphthalene (0.46 g,
1.9 mmol) and excess dibromododecane (1.6 g, 4.9 mmol) in acetone
(15 mL) in the presence of K2CO3 (0.70 g, 5.1 mmol) was refluxed for
12 h. Usual aqueous workup followed by purification using column chro-
matography yielded 1 (0.38 g, 1.5 mmol, 80%). 1H NMR (300 MHz,
CDCl3) d=7.65 (d, J=4.9 Hz, 1H), 7.62 (d, J=5.1 Hz, 1H), 7.50–7.32
(m, 5H), 7.19 (s, 1H), 7.17 (dd, J=2.5, 23 Hz, 1H), 7.14 (dd, J=2.5,
23 Hz, 1H), 7.10 (s, 1H), 5.16 (s, 2H), 4.05 (t, J=6.6 Hz, 2H), 3.41 (t, J=


6.9 Hz, 2H), 1.85 (q, J=6.8 Hz, 2H), 1.83 (q, J=6.1 Hz, 2H), 1.45–1.37
(m, 4H), 1.30 ppm (m, 12H); 13C NMR (75 MHz, CDCl3) d =156.1,
155.6, 137.5, 130.4, 130.0, 129.0, 128.5, 128.4, 128.0, 119.7, 119.6, 108.0,
107.3, 70.5, 68.5, 34.5, 33.3, 29.9, 29.8, 29.7, 29.2, 28.6, 26.5 ppm; MS (EI):
m/z : 159, 160, 405, 407, 416, 496, 498 [M+]; HRMS (EI) calcd for
C29H37BrO2: 496.1977; found: 496.1979.


2 : Stirring a solution of 1 (0.26 g, 0.52 mmol) in CH2Cl2-EtOA (1:1,
30 mL) in the presence of Pd/C under H2 atmosphere for 12 h at room
temperature, followed by filtration and concentration, afforded 2-hy-
droxy-6-bromododecanyloxynaphthalene, which was directly used in the
next step without further purification. To a solution of 2-hydroxy-6-bro-
mododecanyloxynaphthalene in acetone (10 mL) was added excess dibro-
mopropane (1.3 g, 6.4 mmol) and K2CO3 (0.68 g, 4.9 mmol). Heating the
solution at reflux for 12 h, followed by aqueous workup and purification
using column chromatography yielded 2 (0.27 g, 0.50 mmol, 97%).
1H NMR (300 MHz, CDCl3) d=7.64 (s, 1H), 7.61 (s, 1H), 7.15–7.09 (m,
4H), 4.20 (t, J=5.7 Hz, 2H), 4.05 (t, J=6.5 Hz, 2H), 3.65 (t, J=6.4 Hz,
2H), 3.41 (t, J=6.8 Hz, 2H), 1.86 (q, J=6.9 Hz, 2H), 1.83 (q, J=6.6 Hz,
2H), 1.45–1.37 (m, 4H), 1.39 ppm (m, 12H); 13C NMR (75 MHz, CDCl3)
d=156.1, 155.5, 130.3, 130.0, 128.6, 128.5, 119.7, 119.3, 107.6, 107.4, 68.5,
65.8, 34.5, 33.3, 32.8, 30.5, 29.9, 29.8, 29.7, 29.2, 28.6, 26.5 ppm; MS (EI):
m/z : 159, 160, 200, 280, 366, 446, 448, 526, 528 [M+]; HRMS (EI) calcd
for C25H36Br2O2: 526.1082; found: 526.1083.


34+ ·4 I� : A solution of 2 (0.90 mg, 0.18 mmol) and 4,4’-bipyridine (0.55 g,
3.5 mmol) in CH3CN was stirred for 24 h at 70 8C. After cooling to room
temperature, the resulting pyridinium salt was filtered and washed with
acetonitrile. The resulting pyridinium salt was directly used in the next
step without further purification. A solution of the pyridinium salt and
excess amount of iodomethane (0.50 g, 3.5 mmol) in DMF-CH3CN was
stirred for 24 h at 60 8C and the resulting precipitate was filtered and
washed with acetonitrile and diethyl ether and dried to give an orange-
colored solid (0.19 g, 0.17 mmol, 95%). 1H NMR (300 MHz, [D6]DMSO)
d=9.57 (d, J=6.3 Hz, 2H), 9.50 (d, J=6.3 Hz, 2H), 9.40 (d, J=6.1 Hz,
2H), 9.39 (d, J=6.0 Hz, 2H), 8.92–8.86 (m, 8H), 7.80 (d, J=8.2 Hz, 1H),
7.77 (d, J=7.7 Hz, 1H), 7.34 (s, 2H), 7.22 (d, J=9.0 Hz, 1H), 7.03 (d, J=


9.1 Hz, 1H), 5.05 (t, J=6.6 Hz, 2H), 4.79 (t, J=7.2 Hz, 2H), 4.55 (s, 6H),
4.33 (t, J=5.6 Hz, 2H), 4.12 (t, J=6.3 Hz, 2H), 2.67 (t, J=6.0 Hz, 2H),


2.08 (m, 2H), 1.86 (m, 2H), 1.54 (m, 2H), 1.42–1.38 ppm (m, 14H);
13C NMR (125 MHz, [D6]DMSO) d=156.0, 155.1, 149.6, 149.4, 149.1,
149.0, 147.5, 147.0, 146.6, 130.5, 130.1, 129.0, 128.9, 127.4, 127.3, 127.0,
119.9, 119.4, 108.0, 107.8, 68.4, 65.7, 61.8, 60.0, 49.0, 31.7, 30.0, 29.94,
29.88, 29.80, 29.75, 29.3, 26.6, 26.4 ppm; MS (ESI): m/z (%): 177 (100)
[M4+], 236 [M3+], 355 [M2+], 482 [M4+ +2I�]2+ . Elemental analysis (%)
calcd for (C47H58N4O2


4+)·4 I�·3H2O: C 44.36, H 5.07, N 4.40; found:
C 44.05, H 4.95, N 4.85.


44+ : To a solution of 34+ ·4 I�·3H2O (3.7 mg, 2.9 mmol) in water (4 mL)
was added CB[8]·2H2SO4·16H2O (6.2 mg, 3.4 mmol) and the resulting
mixture was sonicated with occasional heating until all solid materials
were dissolved. Undissolved solid was filtered off, and the filtrate (44+


·4 I�) was used for the next experiments including characterization by
ESI mass spectrometry. MS (ESI): m/z : 510 [M4+], 680 [M3+], 722 [M4+


+ I�]3+ .
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c) When the scan potential is reversed at �1.0 V, the reoxidation
peak occurs at the same potential (�0.45 V) as before (Figure S4 in
the Supporting Information).


[21] The formation of intermolecular viologen radical cation dimers such
as a 2:2 complex with a face-to-face dimer structure cannot be ruled
out. However, the intermolecular dimerization should be entropical-


ly much more unfavorable; therefore it is less likely to happen at
the concentration of the ligand (0.25 mm) employed in this study.
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Introduction


Isoxazolidines are heterocycles with a high synthetic poten-
tial. These compounds can incorporate up to three contigu-
ous stereogenic centers and contain a readily cleavable N�O
bond, thus giving access to a variety of applications either as
heterocycles or as acyclic chiral building blocks. A straight-
forward route to isoxazolidines is by a 1,3-dipolar cycloaddi-
tion reaction between an alkene and a nitrone. Following
the pioneering work of Huisgen,[1] this approach has contin-
ued to flourish, with the diastereoselective reactions taking
an important part. These reactions involve either chiral ni-
trones or chiral dipolarophiles. Catalytic reactions have
made their entry and have stimulated much new interest
and activity in recent years.[2]


Asymmetric catalytic reactions, in which the dipolarophile
is activated by a chiral Lewis acid, initially were successful
only for bidentate substrates, notably, 3-(2-alkenoyl)-2-oxa-


zolidinols (oxazolidinones).[2a,e,3] The reason lies in the pref-
erential (or competitive) coordination of nitrones to the
Lewis acid over that of enals or a,b-unsaturated ketones.
This prevents a catalytic reaction and the racemic cycload-
duct formed is the result of the uncatalyzed process.[4]


The first breakthrough for the asymmetric cycloaddition
reaction of enals with nitrones came in 2000 from the Mc-
Millan laboratory with the use of a chiral organocatalyst
that converted the enals into the corresponding chiral immi-
nium ions.[5] This approach has since seen further develop-
ments.[6] Lewis acid activation of enals towards nitrone cy-
cloaddition made its entry a few years later. For the racemic
reaction, Kanemasa et al. showed that the bulky aluminum-
ACHTUNGTRENNUNGtris(2,6-diphenylphenoxide) [ATPH][7] preferred enal coordi-
nation over that of the sterically more congested nitrones.[8]


Kanemasa coined the term “pinhole catalyst” and showed
that by judicious design of the catalytic site, the requisite
control of coordination could be achieved and that this [3+


2] cycloaddition could be catalyzed by Lewis acids.[8] We
had worked along the same line of thought but had added
ligand chirality whilst using transition-metal Lewis acids,
and reported the first highly enantioselective Lewis acid cat-
alyzed enal/nitrone cycloadditions.[9] The catalysts that we
developed were the cationic cyclopentadienyl-iron and
-ruthenium complexes 1 and 2 that incorporate the chiral bi-
dentate pentafluoroaryl-phosphinite ligands. These catalysts
had been successfully used previously in Diels–Alder reac-
tions between enals and dienes.[10] More recently, 2 has


Abstract: The highly tuned, one-point
binding cationic cyclopentadienyl-iron
and -ruthenium complexes 1 and 2 that
incorporate chiral bidentate pentafluor-
oaryl-phosphinite ligands selectively
coordinate and activate a,b-unsaturat-
ed carbonyl compounds towards asym-
metric catalytic cycloaddition reactions


with diaryl nitrones. The reaction gives
isoxazolidine products in good yields,
with complete endo selectivity and high


enantioselectivity. The products are ob-
tained as a mixture of regioisomers in
ratios varying from 96:4 to 15:85. The
regioselectivity correlates directly with
the electronic properties of the nitrone.
This is shown by the experimental and
computational data.


Keywords: cycloaddition · iron ·
Lewis acids · regioselectivity ·
ruthenium
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found application in cycloadditions between dienes and a,b-
unsaturated ketones.[11] Also in 2002, Yamada and co-work-
ers published their first results on nitrone/enal [3+2] cyclo-
addition reactions catalyzed by b-ketoiminato CoII com-
plexes.[12] A subsequent full study showed the efficiency and
versatility of these catalysts for the reaction of various diary-
lnitrones and a,b-unsaturated aldehydes.[13]


The field has seen considerable development in the past
years. The group of Carmona and Oro showed dicationic,
half-sandwich-rhodium and -iridium complexes containing
diphosphine or PN ligands to provide good catalysts for this
transformation.[14] The same group recently reported the
first examples of asymmetric catalytic cycloaddition reac-
tions of nitrones with methacrylonitrile.[15] In situ prepared
complexes of Ni, Zn, and Mg with DBFOX (dibenzofuran-
oxazoline) ligands were also found to be good catalysts.[16]


Less active N-benzyl aryl nitrones posed problems with
many catalysts, but these and N-diphenylmethyl aryl nitro-
nes are efficient substrates when binol (1,1’-bi-2-naphthol)
Ti-complexes are used as catalysts. Maruoka and co-workers
thus showed an efficient, highly regioselective access to
enantiopure isoxazoldines bearing readily cleavable groups
at the nitrogen.[17]


In previous research, we have shown the well-defined,
mild chiral Lewis acid complexes of Fe and Ru, such as
those presented in Figure 1, to selectively bind and activate
a,b-unsaturated carbonyl compounds.[9–11] Competitive ni-


trone-enal coordination at the Lewis acid was studied by
31P NMR spectroscopy, and showed a clear preference of
enal coordination and reversible binding of both substrates
at the metal center. In a preliminary communication, we
showed that the Fe and Ru complexes efficiently catalyze
the cycloadditions between nitrones and a,b-unsaturated al-
dehydes, giving the desired cycloadducts in good yields and
enantioselectivities, and with complete diastereoselectivity.[9]


Recently, the catalyzed asymmetric [3+2] cycloaddition
was extended to reactions with nitrile oxides. Despite the
strongly coordinating and very active dipoles, in the pres-
ence of the Ru complex (R,R)-2a and methacrolein, the de-
sired isoxazoles were obtained in moderate to good yields
and enantiomeric excess of up to 93%.[18]


Looking back at our preliminary results with acyclic
diaryl nitrones, we were intrigued by the change in the ratio


of regioisomers upon variation of the substitution in the C-
aryl ring of the nitrone.[9] Although Maruoka and co-work-
ers were able to achieve excellent control of the regioselec-
tivity by introducing a bulky substituent at the nitroneQs N
atom,[17b] variation of the regioisomeric-product ratio by
means of the electronic effects, appears to have not been
previously investigated, with the single exception of a com-
munication published shortly before submission of this
manuscript.[19] Herein, we report our results and interpreta-
tion of this phenomenon.


Computational Methods


The geometry parameters and selected electronic properties
of para-substituted diphenylnitrones involved in the 1,3-di-
polar cycloadditions were investigated with the density func-
tional (DFT) method. More specifically, the PBE1PBE func-
tional[20] within the Gaussion 03 package[21] was used as the
main computational method throughout this study. This par-
ticular functional was shown to yield very good results for
many organic substrates.[22] The structure optimization and
energy calculations were typically performed with the 6-
311++G** basis set. For selected structures, the geometry
optimizations were also performed with Moller–Plesset
methods, such as MP2, with a smaller 6-311G** basis set.[23]


The nature of optimized minima was further checked by the
computations of the analytical harmonic frequencies, in
which the Hessian matrix was at the same time examined to
verify the absence of negative eigenvalues for minima.
The electronic transition from the initial ground state of


the neutral system to the lowest-energy state of the cation
corresponds to the vertical ionization potential (VIP). The
adiabatic energy difference between the minima of the two
states additionally takes into account the geometry relaxa-
tion, which takes place in the excited state. The adiabatic
ionization potential (AIP) can further be improved by incor-
porating the zero point vibrational energy (ZPE) corrections
to obtain AIP(0). In the present project, the AIP(0) values
were computed as they usually correlate quite well with the
experimental results.
Both ab initio and DFT methods have been widely em-


ployed to compute the ionization potential.[24] In this con-
text, the PBE1PBE method was reported[25] to outperform
other functionals when combined with the 6-311++G** or
6-311G** basis sets. To compute the ionization potentials,
the geometry optimizations and energy calculations for neu-
tral nitrones were done with the DFT method at levels of
theory described previously. The lowest states of all diphe-
nylnitrones were also optimized for the calculation of adia-
batic ionization potentials. Finally, the ZPE obtained from
the vibrational-frequency analysis at the same level as the
energy calculations have been included to obtain AIP(0).


Figure 1. Chiral Fe and Ru Lewis acid precatalysts.
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Results and Discussion


Diphenyl Nitrone


Before setting out to investigate more closely the nitrone C-
aryl substituent effects mentioned in the introduction, we
optimized reaction conditions for the two catalytic systems
using diphenyl nitrone 3a as a substrate. The optimal cata-
lyst loading for this process was found to be 5 mol%, with a
ratio dipole/dipolarophile of 2:3 and with reactions carried
out in dry CH2Cl2. Reactions catalyzed by the Fe complex 1
were performed in the presence of 5 mol% of lutidine (2,6-
dimethyl pyridine) as acid-impurities scavenger, as reported
for the Diels–Alder reactions.[10a]


The initial set of reactions were carried out at �20 8C, at
which temperature the noncatalyzed reaction is being com-
pletely suppressed. Whereas reactions with catalyst (R,R)-1
shows a higher selectivity than those with the Ru analogue,
(R,R)-2 c, the Ru catalyst is less sensitive to water and
oxygen, and is easier to recover. In these initial reactions, a
concentrated solution of the nitrone in CH2Cl2 was added
dropwise to a mixture of the catalyst and the enal in CH2Cl2
(1 mL) at �20 8C, as the solid nitrone was not very soluble
at the required temperature (Table 1, entries 2 and 3). Our
previous work on Diels–Alder cycloadditions had shown
that reactions were best carried out in concentrated
media.[10a] For the reaction depicted above, NMR analysis


showed, that although present, the noncatalyzed reaction is
very slow at �10 8C compared to the catalyzed reaction.
This simplified the procedure, and the reactions reported in
Table 1, entries 4–8 were carried out by adding the nitrone
as a solid and in one portion to a mixture of the ruthenium
catalyst (R,R)-2c and the enal in CH2Cl2 (1 mL) at �10 8C.
This procedure was found perfectly reproducible from 0.5 to
2 mmol scale.
Varying the catalystQs counterion showed the same effect


on the rate of the cycloaddition, as has already been ob-
served and discussed previously.[10b,e,14a,b] Thus, rates are in
the order of 2a (BF4


�)<2b (PF6
�). No significant improve-


ment over 2c (SbF6
�) was found for 2d (BARF�). This


series reflects decreasing coordinating behavior of the anion
and the passage from tight to loose ion pairs in the solution.
Lower catalyst activity (e.g. 2a) also leads to an erosion of
the asymmetric induction, presumably, by the now competi-
tive achiral-background reaction. The product ee values
were determined by both NMR (integration of signals corre-
sponding to the two diastereomeric imines formed with
R(+)-a-methylbenzylamine) and HPLC analyses of the cy-
cloadducts after NaBH4 reduction of the aldehyde function.


Absolute Configuration


The stereochemical outcome of the enal/nitrone cycloaddi-
tion catalyzed by (R,R)-1 is in line with an approach of the
dipole on the available Ca-Si face of the O-coordinated
methacrolein-alkene moiety (see Scheme 1). Diastereoselec-
tivity arises from a preferred endo approach of the nitrone
to the dipolarophile (see Figure 2).
The model in Figure 2 is based on the X-ray structure of


[Ru ACHTUNGTRENNUNG((R,R)-BIPHOP-F)Cp(methacrolein)] ACHTUNGTRENNUNG[SbF6],
[10b] and


shows that the pathway leading to the exo product would
result in unfavorable steric interactions between one of the
ligandQs perfluorophenyl groups and the approaching ni-
trone. The endo approach of pyrrolidine N-oxide to metha-
crolein coordinated to complex (R,R)-1 is favored and yields
the S,S product.
The absolute configuration of the cycloadducts was as-


signed based on the model presented in Figure 2, our earlier
X-ray data and independent diastereoselective synthesis of
reaction products with cyclic nitrones,[9] and on comparison
of the literature data.[14b] Confirmation came from the X-ray
structure determination of the reductive hydroamination
product 11a (see Figure 3) after chromatographic separation
of the two regioisomeric amines.


Table 1. Asymmetric 1,3-dipolar cycloaddition of the diphenylnitrone
and methacrolein catalyzed by 1 and 2.


Entry Catalyst
(R,R)


T [8C] t [h] Isolated
yield [%]


5a/6a[a] ee [%]
5a/6a[b]


1 – 25 24 95 100:0 0:–
2[c] 1 �20 32 85 80:20 87:91
3 2c �20 32 92 60:40 76:94
4[d] 2c �10 14 99 67:33 75:94
5[e] 2c �10 16 94 62:38 75:93
6[d] 2b �10 20 52 67:33 56:44
7[d] 2a �10 22 77 64:36 73:94
8[d] 2d �10 12 80 63:37 77:94


[a] determined by NMR integration; [b] determined by HPLC analysis of
the corresponding primary alcohols; [c] reaction carried out in the pres-
ence of 2,6-lutidine (5 mol%); [d] reaction carried on 0.5 mmol scale in
CH2Cl2 (1 mL). [e] reaction carried on 2 mmol scale.


Scheme 1. Derivatization of the cycloaddition product.
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Crystallization of 11a by vapor diffusion from ethanol/di-
ACHTUNGTRENNUNGisopropyl ether afforded fine, needle-shaped crystals. For
11a, a suitable crystal was collected and determined by X-
ray analysis.[26]


The absolute configuration corresponds to C1(S), C3(S),
C18(R), as is expected from an endo approach of the Z-con-
figured nitrone to the accessible Ca-Si face of the double
bond of the methacrolein coordinated in the chiral pocket
of the [Ru ACHTUNGTRENNUNG(acetone)(R,R-BIPHOP-F)Cp] ACHTUNGTRENNUNG[SbF6] complex
(R,R)-2 c.


N-phenyl, a-Aryl Nitrones


The influence of the electronic properties of the nitrones on
the regioselectivity of the cycloaddition reaction was studied
by introducing the substituents in the a-phenyl moiety of
the nitrone. The nitrones were readily prepared in good
yields by condensation of phenylhydroxylamine with the
corresponding para-substituted benzaldehydes.
For comparison of the Fe and Ru catalysts, the reactions


were initially carried out at �20 8C, which is the temperature


required to avoid Fe-catalyst degradation. Subsequently, the
ruthenium-catalyzed reactions were performed at �10 8C for
the reasons outlined for diphenyl nitrone.
Racemic product samples for HPLC analysis were ob-


tained by stirring the diarylnitrone and methacrolein in
CH2Cl2 at room temperature for about 12–48 h. In all cases,
the only product observed in the non catalyzed reaction is
the endo-5-regioisomer.
The data in Table 2 show a clear dependence of the ratio


of regioisomers on the electronic properties of the aryl sub-


stituent. The same trend was observed by Doyle and co-
workers using a chiral dirhodium(II)-carboxamidate cata-
lyst.[19] Enantioselectivities for the 4-regioisomer (90–
95% ee) exceed those of the 5-regioisomer (75–80% ee).
This is as expected given that the background reaction leads
to the 5-regioisomer exclusively. Sensitivity of the catalytic
system (in the case of Fe) and potential decomposition of
the nitrone by the Lewis acid complexes account for the
poor yields obtained for some of the examples.[14b,27] The
low solubility of the diaryl nitrones at �20 8C required the
use of more solvent and this, in turn, led to long reaction
times.
The use of N-phenyl, a-4-cyano-phenyl nitrone 3g as a


substrate for the catalyzed reaction, afforded a 96:4 mixture
of 5g/6g regioisomers in 23% isolated yield after 77 h.


Table 2. Asymmetric catalytic 1,3-dipolar cycloaddition reactions of dia-
rylnitrones with methacrolein.


R Catalyst[a]


(R,R)
T [8C] t [h] Isolated


yield [%]
5/6[b] ee [%] 5/


6[c]


NO2
(3b)


1
2a
2a


�20
�20
�10


>120
>120
74


Traces
16
16


–:–
96:4
95:5


–:–
78:60
71:–


CF3
(3c)


1
2a
2a


�20
�20
�10


>120
96
64


34
79
99


97:3
90:10
91:9


59:–
74:–
74:88


Cl
(3d)


1
2a
2a


�20
�20
�10


>120
>120
64


36
80
89


86:14
71:29
73:27


64:–
70:83
77:89


Me
(3e)


1
2a
2a


�20
�20
�10


120
96
22


50
88
99


64:36
43:57
41:59


46:92
76:94
74:95


OMe
(3 f)


1
2a
2a


�20
�20
�10


120
96
22


53
82
99


28:72
15:85
21:79


81:95
76:93
75:92


[a] reactions catalyzed by (R,R)-1 were carried out in the presence of 2,6-
lutidine (5 mol%); [b] determined by NMR integration; [c] determined
by HPLC analysis of the corresponding primary alcohols.


Figure 3. X-ray structure of the reductive amination product (11a) de-
rived from isoxazolidine endo-5a.


Figure 2. Proposed model for the nitrone approach on the more accessi-
ble face of the methacrolein coordinated in the chiral-catalyst site.
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HPLC analysis of the alcohol revealed that the mixture is
racemic. We presume that aryl nitrile irreversibly binds to
the ruthenium, thus blocking the catalytic cycle. Nitriles are
good ligands for the RuII system, and ligand exchange takes
place only slowly even at room temperature.[15]


Other aromatic moieties can be introduced at the nitrone
a-position as shown by the two examples in Table 3.


Hammett plots


The data was correlated by plotting log[(%5-R/%6-R)/(%
5-H/%6-H)] versus the Hammett-sP


+ electronic parame-
ter,[28, 29] in which, R and H represent the corresponding sub-
stituents in the nitrone (see Figure 4). The ratios are based
on 1H NMR integration.[28c]


The standardized trendline assigned to this semilogarith-
mic equation gives 1 (the reaction constant) equal to +1.34
(99% fit). Thus, an appreciable dependence of the reaction
outcome on the electronic effects of the substituent becomes
important, and the positive 1 value confirms that the cyclo-
addition is assisted by electron-poor substituents placed on
the nitrone.[30]


Preference for the selective formation of the endo cyclo-
adducts is in good agreement with the previous studies on
the Lewis acid catalyzed cycloaddition reactions.[31] The ex-


perimental results represent the first instance of a “gradual
regiochemical switch” based on the variation of the elec-
tronic properties of the nitrone. All previous examples of re-
giocontrol were based on the variation of the electronic
properties of the alkene.[30b,32] These two systems can be con-
sidered equivalent, knowing that in the transition state for
the 1,3-dipolar cycloaddition of nitrones with electron-defi-
cient alkenes, both types of HOMO–LUMO interactions
become important.[28a,33] An NMR investigation of the sub-
stitution effects in this series of diarylnitrones confirms the
good correlation between key 13C and 1H shifts, and the cor-
responding Hammett parameters.[34] Considering that the in-
itial differences in the electronic properties of the diarylni-
trones are reflected in the regioisomeric ratio of the cyclo-
adducts, we postulate that the Ru-catalyzed 1,3-dipolar cy-
cloaddition reaction involves an early transition state with a
highly asynchronous character.
To determine if the variations observed can be rational-


ized computationally, the study was extended using DFT
methods.[30a,32b]


Modelling


The parent diarylnitrone 3a was investigated previously by
using B3LYP/6-31G* methods in the context of 1,3-dipolar
cycloadditions.[35] However, this was not the case for the di-
phenylnitrones substituted in the para position of the a-
phenyl. Therefore, in an effort to provide further evidence
for the interesting reversal of the regioselectivity observed
in the context of the present work, we undertook a compu-
tational investigation of the series of diphenylnitrones sub-
stituted in at the para position of the a-phenyl.
The distortion from planarity of the two aryls is a notable


structural feature of the unsubstituted diphenylnitrone 3a.
Indeed, using the B3LYP method for the optimization of di-
phenylnitrone 3a, Salvatella and co-workers reported the di-
hedral angle of CPh�CPh�N�O as 31.68.[36] This angle is an
appropriate descriptor revealing the distortion between the
planes of the two aryl rings. In the present work, the
PBE1PBE functional with larger basis sets indicated for 3a,
shows a similar distortion with a dihedral angle of 33.78. To
verify whether this distortion is independent of the compu-
tational method, we also optimized the geometry of 3a with
the post Hartre–Fock ab initio method. To our satisfaction,
the geometry optimization using the MP2/6-311G** method
provided very similar results. Its structural parameters and
the CPh�CPh�N�O dihedral angle in particular, were in
good agreement with the PBE1PBE results, as well as re-
sults reported in the literature (Table 4, entry 1).[35,36] These
results indicate, on one hand, no matter which computation-
al method is used, the conjugation between the nitrone and
the N-phenyl group will be perturbed as a consequence of
this distortion. On the other hand, the C-phenyl remains
fully conjugated with the nitrone as confirmed by the meth-
ods cited previously. This observation is important when de-
ciding on which phenyl the para substituent would most ef-
fectively modulate the electronic properties of the nitrone


Table 3. N-phenyl, a-2-naphthyl, and N-phenyl, a-2-furyl nitrones as 1,3-
dipoles.


Ar t [h] Isolated yield [%] 5:6[a] ee [%] 5/6[b]


2-naphthyl (3h) 23 80 63:37 70:91
2-furyl (3 i) 64 72 60:40 70:91


[a] determined by NMR integration; [b] determined by HPLC analysis of
the corresponding primary alcohols.


Figure 4. Hammett plot of the observed regioisomeric product ratio as a
function of the electronic parameter (sP


+) of the nitrone substituents.
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moiety. Consequently, while the para-substitution effects on
the N-phenyl would be perturbed by the distortion from the
planarity, the site of choice for effective substituent effects
is the para position on the C-phenyl.
For the series of the para-substituted diphenylnitrones,


our geometry optimizations with the DFT methods revealed
the same type of out-of-planarity distortion between the two
aryls as was observed for the non substituted species 3a.
Indeed, the dihedral angle CPh�CPh�N�O remains in quite
a narrow range between 32.58 and 33.78 (Table 4). Also, no
meaningful correlation could be established between the
substituents at the para position and the out-of-planarity dis-
tortion of the two aryls in diphenylnitrones.
This contribution aims to provide the rationale for the


changes in the regioselectivity of 1,3-dipolar cycloadditions
as a function of nitrone properties. As the series of substitut-
ed diphenylnitrones react with the same dipolarophile, it is
suggested that the variation in electronic properties of the
nitrone governs the regiochemical outcome of this cycload-
dition. For the series of substituted diphenylnitrones, we
therefore plotted the adiabatic ionization potentials AIP(0)
with the log of ratio between 5-substituted and 4-substituted
adducts (Figure 5). A very good correlation factor of 0.993 is
obtained for the decrease of the ionization potential, where-
as the regioselectivity changes progressively from 5-cycload-
ducts to 4-cycloadducts. In view of the correlation depicted


in Figure 4, the increased pro-
portion of 4-regioisomer re-
flects stronger nitrone
HOMO–dipolarophile LUMO
interactions. This is in agree-
ment with the reports in the
literature that the regioselec-
tivity switches from the usually
observed 5-adducts to 4-ad-
ducts when the ionization po-
tential of the nitrone decreas-
es.[37]


With the full conjugation of
the a-phenyl with the dipole,


the para position is also well-suited to modify the charges in
the nitrone moiety. Specifically, the accumulation of charge
on the oxygen atom can contribute to the enhanced forma-
tion of 4-substituted isoxazolidine, as the stabilizing, possi-
bly, electrostatic interaction between the nitrone oxygen and
the b-carbon of the dipolarophile takes place. Even though
the computed NBO charges for the series of substituted sub-
strates, 3b to 3 f, are within quite a narrow range, they nev-
ertheless also correlate quite well (correlation factor 0.96)
with the ratio between the 5-cycloadducts and the 4-cycload-
ducts (Figure 6). It appears that, in addition to increasing


the nitrone HOMO–dipolarophile LUMO interactions, the
para substitution pattern at the a-phenyl position also in-
creases the nucleophilicity of the nitrone moiety and the
propensity to form the 4-cycloadduct. In this evolution, the
gradual modification of the electronic properties at the
oxygen terminus of the nitrone also plays an active role.


Opening of the Isoxazolidine Core


Reductive cleavage of the N�O bond in the isoxazolidines
gives access to acyclic building blocks that carry multiple
stereogenic centers and diverse functionalities. A variety of
reducing methods were developed for this purpose, includ-
ing the catalytic hydrogenation over Raney nickel,[38] Pd,[39]


Pt,[40] Rh,[41] Al amalgam,[42] LiAlH4,
[43] or Zn–Al bimetallic


systems.[44] Lewis acids have also been shown to ring-open


Table 4. Total energies and selected properties for diphenylnitrones computed at PBE1PBE/6-311++G**
level of theory.


Etot
[a] Etot


[a] ZPE[b] ZPE[b] AIP(0)[c] Oxygen[d] Dih.[e]


Entry R neutral cation neutral cation charge angle
[hartree] [hartree] [hartree] [hartree] [eV] [deg]


1 H �631.331660 �631.059523 0.208755 0.208816 7.41 �0.54 33.7
2 NO2 �835.690505 �835.397243 0.211456 0.210915 7.97 �0.51 34.5
3 CF3 �968.165340 �967.879996 0.213525 0.213426 7.76 �0.52 34.2
4 Cl �1090.795617 �1090.522469 0.199209 0.199382 7.44 �0.54 33.7
5 CH3 �670.610378 �670.346024 0.235988 0.235984 7.19 �0.54 33.3
6 OMe �745.763189 �745.508918 0.241338 0.241941 6.94 �0.55 32.5


[a] Total electronic energies. [b] Zero-point vibrational-energy corrections using the harmonic approach.
[c] Adiabatic ionization potentials including the ZPE correction. [d] NBO charge on the N�oxygen of diphe-
nylnitrone. [e] CPh�CPh�N�O dihedral angle.


Figure 5. Linear correlation of the adiabatic ionization potentials
(AIP(0)) with the observed regioisomeric ratio.


Figure 6. Correlation of the NBO charges on nitrone oxygen (O-charge)
with the observed regioisomeric product ratio.
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the isoxazolidines.[45] However, we found most of these
methods to be substrate-specific, low yielding, and, in our
case, led to secondary products.
Konwar and co-worker reported a mild, clean, and gener-


al procedure for the reductive cleavage of isoxazolidines
and 1,2-benzisoxazoles based on the use of iodo trimethylsi-
lane (generated in situ from chloro trimethylsilane and po-
tassium iodide in acetonitrile, with traces of water).[46] This
procedure also worked for the isoxazolidines reported in
this study. Thus, starting from a mixture of the alcohols 7a
and 8a in acetonitrile, the addition of 3 equivalents of iodo
trimethylsilane afforded the desired aminodiols in 90% iso-
lated yield (see Scheme 2).


Conclusions


The asymmetric iron- and ruthenium-Lewis acid catalyzed
dipolar cycloaddition reaction between diaryl nitrones and
methacrolein has afforded isoxazolidine products in good
yields, high enantioselectivity, and with complete endo selec-
tivity. The products are obtained as regioisomeric mixtures
in ratios varying from 96:4 to 15:85. The regioselectivity cor-
relates directly with the electronic properties of the nitrone.
The experimental and computational data provide a full ra-
tionale for this observation.


Experimental Section


General


Complexes (R,R)-1 and (R,R)-2a–d were prepared by using our previous-
ly published procedures.[10] Reactions were carried out under a positive
pressure of nitrogen unless otherwise stated. Glassware was oven-dried,
and further dried by placing under vacuum, and heated with a heat gun
for approximately 5 min as necessary. Purification of THF, diethyl ether,
n-hexane, toluene, and dichloromethane were carried out by using a Sol-
vtekHT purification system. The nitrones 3a–j were synthesized by the
condensation of the appropriate substituted benzaldehyde with phenylhy-
droxylamine[47] Other commercially available chemicals were used as sup-
plied unless stated otherwise. Flash column chromatography was carried
out using silica gel (60 L, 32–63 mesh, Brunschwig SA, Basel). Thin-layer
chromatography was performed on precoated aluminum plates (Merck
silica 60F254), and visualized using UV light, aqueous KMnO4, or ceric
ammonium molybdate acidic solution. 1H, 31P, and 13C NMR spectra were
recorded on Bruker AMX 300, 400, and 500 spectrometers. Chemical
shifts are quoted relative to tetramethylsilane and referenced to the re-
sidual solvent peaks as appropriate. Infrared spectra were recorded on a
Perkin–Elmer Spectrum One spectrophotometer as neat liquids using a
Golden Gate accessory. Polarimetry was performed using a Perkin–
Elmer 241 Polarimeter with a Na lamp (589 nm, continuous), and circular
dichroism spectra were recorded with a JASCO J-715 spectropolarimeter.
LRMS were acquired using a Varian CH4 or SM1 spectrometer with the
ionizing voltage at 70 eV, whereas HRMS were measured using a positive
TOF mode in the ESI-MS mode using an Applied Biosystems/Scix (Q-


STA) spectrometer. HPLC analyses were recorded on an Agilent HP
1100 Series instrument (hexanes/2-propanol mixtures).


Crystallographic Data


11a: (C25H29N2O)
+ Cl� ; Mr=409.0, Orthorhombic, P212121, a=6.8037(3),


b=15.5597(9), c=21.8068(13) U, V=2308.5(2) U3; Z=4, m =0.183 mm�1,
dx=1.177 gcm


�3, MoKa radiation (l=0.71073 U); 19653 reflections mea-
sured at 150 K on a STOE IPDS diffractometer, 4441 unique reflections
of which 2165 with jFo j>4s (Fo). Data were corrected for Lorentz and
polarization effects, and for absorption (Tmin, Tmax=0.9828, 0.9930). The
structure was solved by the direct methods (SIR97).[48] All calculations
were performed with the XTAL system.[49] Full-matrix least-squares re-
finement based on F using weights of 1/ ACHTUNGTRENNUNG(s2 (Fo)+0.0003(F


2
o)) gave final


values R=0.032, wR=0.027, and S=0.93(2) for 263 variables and 2283
contributing reflections. The Flack parameter x=�0.07(10) and the CD
spectrum of the crystal used for X-ray diffraction study was fully super-
imposable to the spectrum of the bulk of 11a. CCDC 652569 contains the
supplementary crystallographic data for 11a. These data can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).


Non Catalyzed 1,3-Dipolar Cycloaddition Reactions


In a Schlenk tube (50 mL) equipped with a magnetic stirring bar, the ni-
trone (1 equiv) in CH2Cl2 (2–5 mL) was stirred at RT to give a clear
pale-yellow solution. Methacrolein (1.2 equiv) was added dropwise using
a syringe at RT. The reaction mixture was stirred at RT until TLC analy-
sis (SiO2, CH2Cl2, or AcOEt/cyclohexane 2:3) showed no unreacted ni-
trone. Addition of dry hexane (10 mL), filtration (P3-frit, Celite 545,
Hdry=1.5 cm, Fe=2 cm), and in vacuo removal of solvents afforded a
colorless oil. Purification by column chromatography (SiO2, Hdry=15 cm,
Fe=2 cm) in CH2Cl2 (Rf=0.64) or gradient cyclohexane/ethylacetate
(10:1, 55 mL; 8:1, 45 mL; 6:1, 47 mL) gave viscous, clear oils that solidify
at �30 8C. The regioisomeric ratio was determined by 1H NMR of the
crude mixture. In all instances only the endo-5-substituted isoxazolidine
was isolated. Baseline separation of signals for the racemic mixtures was
obtained by HPLC analysis of the corresponding primary alcohols
(CHIRACEL OD-H, Grad. 99+1–90+10, solvent 1 mLmin�1, 60 min,
254 nm).


rac-5a: (rac-5-methyl-2-N-3-diphenyl-isoxazoline-5-carbaldehyde) Ob-
tained in 93% yield according to the general procedure, after 19 h. IR,
1H NMR, 13C NMR, MS and HRMS analyses matched to the previously
described data.[9,14c]


rac-5b : (rac-5-methyl-3-(4-nitro-phenyl)-2-phenyl-isoxazoline-5-carbalde-
hyde) Obtained in 81% yield according to the general procedure, after
25 h. IR, 1H NMR, 13C NMR, MS and HRMS analyses matched to the
previously described data.[9]


rac-5c : (rac-5-methyl-3-(4-trifluoromethyl-phenyl)-2-phenyl-isoxazoline-
5-carbaldehyde) Obtained in 96% yield according to the general proce-
dure, after 26 h. IR, 1H NMR, 13C NMR, MS and HRMS analyses
matched to the previously described data.[9]


rac-5d : (rac-5-methyl-3-(4-chloro-phenyl)-2-phenyl-isoxazoline-5-carbal-
dehyde) Obtained in 91% yield according to the general procedure, after
66 h. IR (CH2Cl2): ñ=726, 829, 909, 1014, 1091, 1490, 1598, 1731, 2250,
2988, 3029 cm�1; 1H NMR (400 MHz, C6D6): d=1.01 (s, 3H, CH3), 1.67–
1.69 (dd, 1H, J=4.2, 6.8 Hz, C(4)-HA), 2.83–2.88 (dd, 1H, J=4.2, 6.8 Hz,
C(4)-HB), 4.34–4.38 (t, 1H, J=6.8 Hz, C(3)-H), 6.75–6.78 (m, 1H, Harom),
6.88–6.91 (m, 4H, Harom), 7.00–7.06 (m, 4H, Harom), 9.42 ppm (s, 1H,
CHO); 13C NMR (100.6 MHz, CDCl3): d=18.7, 45.9, 67.8, 87.1, 114.9,
123.2, 128.0, 128.7, 128.9, 133.3, 139.5, 149.5, 201.2 ppm; MS (EI): m/z
(%): 301 [M+ , 38], 230 (23), 216 (28), 139 (42), 121 (100), 111 (26), 104
(15), 93 (86), 91 (66), 77 (53), 66 (45); HRMS (ESI+ ) m/z (%) calcd for
C17H16ClNO2: 301.0871 [M+H]+ ; found: 301.0865.


rac-5e : (rac-5-methyl-3-(4-methyl-phenyl)-2-phenyl-isoxazoline-5-carbal-
dehyde) Obtained in 77% yield according to the general procedure, after
49 h. IR (CH2Cl2): ñ=970, 1386, 1488, 1598, 1731, 2091, 2197, 2301, 2875,
2988, 3029, 3340 cm�1; 1H NMR (400 MHz, C6D6): d=1.27 (s, 3H, CH3),
1.88–1.91 (dd, 1H, J=4.8, 6.0 Hz, C(4)-HA), 2.03 (s, 3H, CH3), 2.92–2.97


Scheme 2. Ring-opening of the isoxazolidine ring.
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(dd, 1H, J=4.8, 6.0 Hz, C(4)-HB), 4.49–4.53 (t, 1H, J=6.8 Hz, C(3)-H),
6.74–6.77 (m, 1H, Harom), 6.90–6.92 (d AB, 2H, J=7.8 Hz, Harom), 6.99–
7.07 (m, 4H, Harom), 7.14 (m, 3H, Harom), 9.49 ppm (s, 1H, CHO);
13C NMR (100.6 MHz, CDCl3): d=19.1, 21.3, 46.8, 68.8, 87.5, 115.5,
122.0, 127.2, 129.1, 129.9, 137.9, 138.8, 150.6, 201.8 ppm; MS (EI) m/z
(%): 281 (M+ , 38), 238 (27), 210 (54), 196 (48), 173 (26), 160 (38), 145
(84), 121 (46), 117 (38), 104 (22), 91 (69), 77 (34); HRMS (ESI+ ) m/z
(%) calcd for C18H19NO2: 281.1408 [M+H]+ ; found: 281.1411.


rac-5 f : (rac-5-methyl-3-(4-methoxy-phenyl)-2-phenyl-isoxazoline-5-car-
baldehyde) Obtained in 67% yield according to the general procedure,
after 60 h. IR (CH2Cl2): ñ =667, 833, 970, 1177, 1386, 1489, 1512, 1598,
1731, 2003, 2091, 2197, 2301, 2599, 2875, 2990, 3029, 3340 cm�1; 1H NMR
(200 MHz, CDCl3): d=1.53 (s, 3H, CH3), 2.30–2.38 (dd, 1H, J=8,
12.6 Hz, C(4)-HA), 3.17–3.27 (dd, 1H, J=8, 12.6 Hz, C(4)-HB), 3.80 (s,
3H, OCH3), 4.66–4.74 (t, 1H, J=8 Hz, C(3)-H), 6.84–7.01 (m, 5H,
Harom), 7.17–7.37 (m, 4H, Harom), 9.68 ppm (s, 1H, CHO); 13C NMR
(100.6 MHz, CDCl3): d =19.2, 46.8, 55.7, 68.6, 87.4, 114.6, 115.6, 122.1,
128.5, 129.1, 133.6, 150.6, 159.6, 201.9 ppm; MS (EI) m/z (%)=297 [M+ ,
95], 226 (28), 210 (33), 189 (86), 178 (61), 162 (67), 134 (42), 121 (33),
104 (24), 91 (100), 77 (65); HRMS (ESI+ ) m/z (%) calcd for
C18H19NO3: 297.1355 [M+H]+ ; found: 297.1363.


rac-5g : (rac-5-methyl-3-(4-cyano-phenyl)-2-phenyl-isoxazoline-5-carbal-
dehyde) Obtained in 80% yield according to the general procedure, after
18 h. IR (CHCl3): ñ =693, 756, 836, 886, 946, 1020, 1031, 1086, 1105, 1179,
1201, 1248, 1292, 1375, 1414, 1453, 1489, 1597, 1729, 1929, 2229, 2810,
2979, 3441 cm�1; 1H NMR (400 MHz, CDCl3): d=1.50 (s, 3H, CH3),
2.17–2.22 (dd, 1H, J=4.8, 6.8 Hz, C(4)-HA), 3.32–3.37 (dd, 1H, J=4.8,
6.8 Hz, C(4)-HB), 3.98–4.00 (d, 1H, J=8.8 Hz, C(3)-H), 4.41–4.43 (d, 1H,
J=8.8 Hz, 4-HB-C5), 4.84–4.88 (t, 1H, J=6.8 Hz, 5-H-C3), 4.99 (s, 1H, 4-
H-C3), 6.88–6.94 (m, 3H, Harom), 7.12–7.27 (m, 2H, Harom), 7.54–7.56 (d
AB, 2H, J=8 Hz, Harom), 7.63–7.65 (d AB, 2H, J=8 Hz, Harom), 9.66 ppm
(s, 1H, 4-CHO); 13C NMR (100.6 MHz, CDCl3): d=18.6, 45.4, 67.7,
114.7, 127.4, 128.9, 132.7, 122.1, 200.8 ppm; MS (TS) m/z (%): 293.5 [M+


1], 264.3, 208.3, 207.3; HRMS (ESI+ ) m/z (%) calcd for C18H17N2O2:
293.1284 [M+H]+ ; found: 293.1289.


rac-5h : (rac-5-methyl-3-(2-naphthyl)-2-phenyl-isoxazoline-5-carbalde-
hyde) Obtained in 97% yield according to the general procedure, after
24 h. IR (CHCl3): ñ =693, 754, 820, 859, 890, 1031, 1085, 1125, 1373, 1452,
1489, 1597, 1730, 2808, 2932, 3059 cm�1; 1H NMR (400 MHz, CDCl3): d=


1.54 (s, 3H, CH3), 2.34–2.39 (dd, 1H, J=7.6, 12.8 Hz, C(4)-HA), 3.33–3.38
(dd, 1H, J=8.0, 12.8 Hz, C(4)-HB), 4.93–4.97 (t, 1H, J=7.6 Hz, C(3)-H),
6.89–6.93 (m, 1H, Harom), 7.02–7.04 (m, 2H, Harom), 7.19–7.23 (m, 2H,
Harom), 7.48–7.53 (m, 2H, Harom), 7.59–7.61 (m, 1H, Harom), 7.84–7.92 (m,
4H, Harom), 9.74 ppm (s, 1H, CHO);


13C NMR (100.6 MHz, CDCl3): d=


18.9, 46.3, 69.0, 87.4, 114.9, 121.9, 124.5, 125.6, 126.2, 126.5, 127.9, 128.1,
128.9, 129.0, 133.0, 137.6, 138.7, 150.3, 201.4 ppm; MS (TS) m/z (%):
350.5 [M+CH3OH], 318.5 [M+1], 289.3, 232.3, 193.3, 178.3; HRMS
(ESI+ ) m/z (%) calcd for C22H24NO3: 350.1750 [M+CH3OH]


+ ; found:
350.1740.


rac-5 i : (rac-5-methyl-3-(2-furyl)-2-phenyl-isoxazoline-5-carbaldehyde)
Obtained in 77% yield according to the general procedure, after 24 h. IR
(CHCl3): ñ=696, 753, 820, 859, 890, 1031, 1085, 1125, 1372, 1452, 1489,
1597, 1735, 2808, 2932, 3059 cm�1; 1H NMR (400 MHz, CDCl3): d=1.57
(s, 3H, CH3), 2.46–2.50 (dd, 1H, J=4.6, 12.8 Hz, C(4)-HA), 3.17–3.22 (dd,
1H, J=8.4, 12.8 Hz, C(4)-HB), 4.94–4.98 (q, 1H, J=4.6, 8.4 Hz, C(3)-H),
6.23–6.29 (m, 2H, Harom), 6.96–6.99 (m, 1H, Harom), 7.04–7.06 (m, 2H,
Harom), 7.24–7.29 (m, 2H, Harom), 7.35–7.36 (m, 1H, Harom), 9.69 ppm (s,
1H, CHO); 13C NMR (100.6 MHz, CDCl3): d=18.8, 41.7, 61.9, 86.5,
108.3, 110.5, 116.1, 122.6, 128.7, 142.5, 148.5, 152.7, 202.4 ppm.


rac-5 j: (rac-5-methyl-3-phenyl-2-(4-methoxy-phenyl)-isoxazoline-5-car-
baldehyde) Obtained in 95% yield according to the general procedure,
after 25 h. IR (CHCl3): ñ =691, 756, 823, 889, 1029, 1107, 1180, 1192,
1241, 1299, 1393, 1454, 1505, 1606, 1879, 2835, 2930, 3030, 3337 cm�1;
1H NMR (400 MHz, CDCl3): d=1.50 (s, 3H, CH3), 2.33–2.39 (dd, 1H,
J=8, 12.8 Hz, C(4)-HA), 3.23–3.28 (dd, 1H, J=8.0, 12.8 Hz, C(4)-HB),
3.76 (s, 3H, OMe), 4.65–4.69 (t, 1H, J=8 Hz, C(3)-H), 6.79 (d, 2H, J=


8.8 Hz, Harom), 7.76 (d, 2H, J=8.8 Hz, Harom), 7.29–7.33 (m, 3H, Harom),
7.36–7.40 (m, 1H, Harom), 7.45–7.48 (m, 1H, Harom), 9.73 ppm (s, 1H,


CHO); 13C NMR (100.6 MHz, CDCl3): d=19.5, 55.5, 69.6, 86.6, 114.0,
118.0, 127.1, 118.0, 127.1, 127.8, 128.8, 140.4, 143.4, 155.5, 201.3 ppm.


General Procedure for the Reduction of the Cycloadducts


In a flask (10–25 mL) equipped with a magnetic stirring bar, the cycload-
duct (1 equiv) and excess NaBH4 (4–8 equiv) were loaded and absolute
ethanol was added by syringe (5 mL). The reaction was followed by TLC
analysis (cyclohexane/AcOEt 3:2), and upon complete reduction of the
aldehyde, water (5 mL) was added to quench the excess borohydride.
The mixture was extracted with Et2O (3V10 mL), dried on anhydrous
Na2SO4, filtered, and solvents were removed in vacuo to give a crude
mixture that was further purified by flash column chromatography (SiO2,
cyclohexane/AcOEt 3:2). The procedure applies for the non racemic cy-
cloadducts as well.


rac-7a: (rac-5-methyl-2-N-3-diphenyl-isoxazoline-5-methanol) Obtained
in 90% yield according to the general procedure. IR, 1H NMR,
13C NMR, MS and HRMS analyses matched to the previously described
data.[16b]


rac-7b : (rac-5-methyl-3-(4-nitro-phenyl)-2-phenyl-isoxazoline-5-metha-
nol) Obtained in 86% yield according to the general procedure. IR
(CHCl3): ñ=760, 838, 855, 1048, 1109, 1180, 1346, 1453, 1490, 1519, 1598,
2935, 3423 cm�1; 1H NMR (400 MHz, C6D6): d=1.47 (s, 3H, CH3), 1.90
(br s, 1H, OH), 2.17–2.22 (dd, 1H, J=7.6, 12.4 Hz, C(4)-HA), 3.01–3.06
(dd, 1H, J=7.6, 12.4 Hz, C(4)-HB), 3.48–3.61 (m, 2H, CH2OH), 4.76–
4.81 (t, 1H, J=7.6 Hz, C(3)-H), 6.86–6.89 (m, Harom), 6.92–6.96 (m,
Harom), 7.19–7.24 (m, Harom), 7.63–7.66 (d AB, 2H, J=8.8 Hz, Harom), 8.22–
8.24 ppm (d AB, 2H, J=8.8 Hz, Harom);


13C NMR (100.6 MHz, CDCl3):
d=18.75, 45.58, 67.61, 87.45, 114.88, 122.34, 124.26, 127.74, 129.07,
147.53, 148.83, 149.21 ppm; MS (TS) m/z (%): 315.5 [M+1], 284.3, 241.5,
227.3, 181.5, 168.3; HRMS (ESI+ ) m/z (%) calcd for C17H18N2O4:
315.1339 [M+H]+ ; found: 315.1335; HPLC (CHIRACEL OD-H, Grad.
99+–90+10, 1 mLmin�1, 60 min, 254+340 nm): tR (min.)=55.01
(50.5%), 57.98 (49.5%).


rac-7c : (rac-5-methyl-3-(4-trifluoromethyl-phenyl)-2-phenyl-isoxazoline-
5-methanol) Obtained in 98% yield according to the general procedure.
IR (CHCl3): ñ =694, 757, 838, 1018, 1066, 1120, 1163, 1322, 1419, 1454,
1489, 1598, 1619, 2876, 2936, 3422 cm�1; 1H NMR (400 MHz, C6D6): d=


1.47 (s, 3H, CH3), 1.93 (br s, 1H, OH), 2.17–2.22 (dd, 1H, J=8.0,
12.4 Hz, C(4)-HA), 2.97–3.02 (dd, 1H, J=8.0, 12.4 Hz, C(4)-HB), 3.47–
3.60 (m, 2H, CH2OH), 4.70–4.74 (t, 1H, J=8.0 Hz, C(3)-H), 6.88–6.95
(m, Harom), 7.19–7.27 (m, Harom), 7.58–7.60 (d AB, 2H, J=8 Hz, Harom),
7.62–7.64 ppm (d AB, 2H, J=8 Hz, Harom);


13C NMR (100.6 MHz,
CDCl3): d=19.02, 46.05, 68.42, 87.88, 115.21, 122.33, 128.01, 126.25,
129.33, 146.29, 150.25 ppm; MS (TS) m/z (%): 338.3 [M+1], 307.5, 264.3,
250.1; HRMS (ESI+ ) m/z (%) calcd for C18H18F3NO2: 338.1362 [M+


H]+ ; found: 338.1368; HPLC (CHIRACEL OD-H, Grad. 99+1–90+10,
1 mLmin�1, 60 min, 254+340 nm): tR (min.)=31.69 (48.4%), 34.78
(50.2%).


rac-7d : (rac-5-methyl-3-(4-chloro-phenyl)-2-phenyl-isoxazoline-5-metha-
nol) Obtained in quantitative yield according to the general procedure.
IR (CHCl3): ñ =760, 826, 854, 888, 945, 1014, 1048, 1089, 1290, 1375,
1409, 1453, 1489, 1597, 2935, 3425 cm�1; 1H NMR (400 MHz, C6D6): d=


1.47 (s, 3H, CH3), 1.86 (bs, 1H, OH), 1.87–1.94 (dd, 1H, J=5.6, 12.4 Hz,
C(4)-HA), 2.93–2.99 (dd, 1H, J=8.0, 12.4 Hz, C(4)-HB), 3.40–3.61 (m,
2H, CH2OH), 4.61–4.66 (t, 1H, J=8.0 Hz, C(3)-H), 6.91–7.05 (m, Harom),
7.21–7.25 (m, Harom), 7.29–7.44 ppm (m, Harom);


13C NMR (100.6 MHz,
CDCl3): d=19.2, 46.3, 68.3, 89.2, 115.7, 124.1, 129.2, 130.1, 132.2, 134.7,
141.5, 152.1 ppm; MS (TS) m/z (%): 304.5 [M+1], 273.3, 230.3, 218.3,
216.3, 194.3, 180.5, 163.3; HRMS (ESI+ ) m/z (%) calcd for
C17H18ClNO2: 304.1098 [M+H]+; found: 304.1095; HPLC (CHIRACEL
OD-H, Grad. 99+1–90+10, 1 mLmin�1, 60 min, 254+340 nm): tR
(min.)=41.63 (51.0%), 46.90 (49.0%).


rac-7e : (rac-5-methyl-3-(4-methyl-phenyl)-2-phenyl-isoxazoline-5-metha-
nol) Obtained in 80% yield according to the general procedure. IR
(CHCl3): ñ=693, 752, 819, 889, 1041, 1179, 1378, 1452, 1488, 1514, 1598,
2871, 2924, 3402 cm�1; 1H NMR (400 MHz, C6D6): d=1.56 (s, 3H, CH3),
2.45 (s, 3H, CH3), 1.93 (br s, 1H, OH), 2.27–2.34 (dd, 1H, J=8.4,
12.6 Hz, C(4)-HA), 2.97–3.04 (dd, 1H, J=8.4, 12.6 Hz, C(4)-HB), 4.64–
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4.70 (t, 1H, J=8.4 Hz, C(3)-H), 6.88–6.97 (m, Harom), 6.96–7.01 (m,
Harom), 7.24–7.29 (m, Harom), 7.40–7.44 ppm (m, Harom);


13C NMR
(100.6 MHz, CDCl3): d=19.2, 46.3, 68.3, 89.2, 115.7, 124.1, 129.2, 130.1,
132.2, 134.7, 141.5, 152.1 ppm; MS (TS) m/z (%): 284.5 [M+1], 254.5,
236.3, 224.5, 210.3, 196.5, 162.3; HRMS (ESI+ ) m/z (%) calcd for
C18H21NO2: 284.1624 [M+H]+; found: 284.1632; HPLC (CHIRACEL
OD-H, Grad. 99+1–90+10, 1 mLmin�1, 60 min, 254+340 nm): tR
(min.)=39.10 (52.1%), 43.08 (47.9%).


rac-7 f : (rac-5-methyl-3-(4-methoxy-phenyl)-2-phenyl-isoxazoline-5-meth-
anol) Obtained in 92% yield according to the general procedure. IR
(CHCl3): ñ=838, 1034, 1174, 1247, 1302, 1463, 1489, 1511, 1598, 1612,
2872, 2934, 3436 cm�1; 1H NMR (400 MHz, C6D6): d=1.48 (s, 3H, CH3),
1.79 (br s, 1H, OH), 2.17–2.24 (dd, 1H, J=8.4, 12.3 Hz, C(4)-HA), 2.87–
2.94 (dd, 1H, J=8.4, 12.3 Hz, C(4)-HB), 3.44–3.61 (m, 2H, CH2OH), 3.82
(s, H, OCH3), 4.52–4.58 (t, 1H, J=8.4 Hz, C(3)-H), 6.87–6.92 (m, Harom),
7.15–7.18 (d AB, 2H, J=8.4 Hz, Harom), 7.18–7.21 (m, Harom), 7.34–
7.37 ppm (d AB, 2H, J=8.4 Hz, Harom);


13C NMR (100.6 MHz, CDCl3):
d=18.2, 22.5, 22.7, 43.1, 48.7, 53.6, 55.4, 67.3, 69.6, 74.2, 74.8, 83.3, 114.1,
114.4, 114.9, 115.4, 121.5, 128.0, 128.9, 129.2, 131.7, 151.5, 159.1 ppm; MS
(TS) m/z (%): 300.5 [M+1], 270.5, 252.5, 236.3, 224.3, 212.3, 177.3,
161.3; HRMS (ESI+ ) m/z (%) calcd for C18H22NO3: 300.1594 [M+H]+ ;
found: 300.1599; HPLC (CHIRACEL OD-H, Grad. 99+1–90+10,
1 mLmin�1, 60 min, 254+340 nm): tR (min.)=44.37 (50.0%), 48.38
(50.0%).


rac-7g : (rac-5-methyl-3-(4-cyano-phenyl)-2-phenyl-isoxazoline-5-metha-
nol) Obtained in 92% yield according to the general procedure. IR
(CHCl3): ñ =759, 836, 1050, 1105, 1178, 1291, 1412, 1453, 1489, 1598,
2229, 2934, 3460 cm�1; 1H NMR (400 MHz, CDCl3): d=1.46 (s, 3H,
CH3), 1.95–1.98 (m, 1H, OH), 2.14–2.19 (dd, 1H, J=4.8, 7.8 Hz, C(4)-
HA), 2.98–3.03 (dd, 1H, J=4.8, 7.8 Hz, C(4)-HB, 3.46–3.60 (m, 2H,
CH2OH), 4.70–4.74 (t, 1H, J=7.8 Hz, C(3)-H), 6.86–6.88 (m, 2H, Harom),
6.88–6.95 (m, 1H, Harom), 7.19–7.24 (m, 2H, Harom), 7.57–7.59 (d AB, 2H,
J=8.4 Hz, Harom), 7.65–7.67 ppm (d AB, 2H, J=8.4 Hz, Harom);


13C NMR
(100.6 MHz, CDCl3): d =22.3, 26.9, 47.9, 66.9, 68.8, 114.8, 127.3, 129.0,
132.8, 122.0 ppm; MS (TS) m/z (%): 295.5 [M+1], 264.5, 221.3, 207.3;
HRMS (ESI+ ) m/z (%) calcd for C18H19N2O2: 295.1441 [M+H]+ ;
found: 295.1438; HPLC (CHIRACEL OD-H, Grad. 99+1–85+15,
1 mLmin�1, 120 min, 254+320 nm): tR (min.)=53.72 (52.6%), 55.79
(47.4%).


rac-7h : (rac-5-methyl-3-(2-naphthyl)-2-phenyl-isoxazoline-5-carbalde-
hyde) Obtained in quantitative yield according to the general procedure.
IR (CHCl3): ñ=693, 752, 822, 859, 889, 950, 1042, 1124, 1373, 1452, 1488,
1508, 1597, 1930, 2871, 2933, 3058, 3414 cm�1; 1H NMR (400 MHz,
CDCl3): d =1.54 (s, 3H, CH3), 2.17 (br s, 1H, OH), 2.30–2.35 (dd, 1H,
J=7.6, 12.8 Hz, C(4)-HA), 3.00–3.05 (dd, 1H, J=8.0, 12.8 Hz, C(4)-HB),
3.52–3.63 (d, 2H, CH2OH), 4.79–4.84 (t, 1H, J=7.6 Hz, C(3)-H), 6.90–
6.94 (m, 1H, Harom), 6.98–7.00 (m, 2H, Harom), 7.18–7.22 (m, 2H, Harom),
7.48–7.53 (m, 2H, Harom), 7.62–7.65 (m, 1H, Harom), 7.83–7.93 ppm (m,
4H, Harom);


13C NMR (100.6 MHz, CDCl3): d=22.6, 48.5, 67.1, 70.1, 83.6,
100.1, 115.0, 121.8, 124.7, 125.4, 126.1, 126.4, 127.9, 128.0, 128.9, 129.0,
133.0, 133.6, 139.4, 1851.2 ppm; MS (TS) m/z (%): 320.5 [M+1], 289.3,
246.3, 232.3, 162.3, 153.3; HRMS (ESI+ ) m/z (%) calcd for C21H22NO2:
320.1645 [M+H]+ ; found: 320.1636; HPLC (CHIRACEL OD-H, Grad.
99+1–90+10, 0.75 mLmin�1, 100 min, 254+340 nm): tR (min.)=47.58
(48.7%), 53.07 (49.1%).


rac-7 i : (rac-5-methyl-3-(2-furyl)-2-phenyl-isoxazoline-5-carbaldehyde)
Obtained in quantitative yield according to the general procedure. IR
(CHCl3): ñ=692, 757, 781, 884, 925, 1011, 1044, 1150, 1181, 1232, 1340,
1379, 1453, 1489, 1598, 2875, 2935, 3409 cm�1; 1H NMR (400 MHz,
CDCl3): d =1.50 (s, 3H, CH3), 2.26 (br s, 1H, OH), 2.42–2.47 (dd, 1H,
J=4.6, 12.8 Hz, C(4)-HA), 2.79–2.84 (dd, 1H, J=8.4, 12.8 Hz, C(4)-HB),
3.50–3.61 (d, J=11.6, 2H, CH2OH), 4.73–4.77 (q, 1H, J=4.6, 8.4 Hz,
C(3)-H), 6.25–6.32 (m, 2H, Harom), 6.93–7.02 (m, 1H, Harom), 7.04–7.06
(m, 3H, Harom), 7.21–7.27 (m, 2H, Harom), 7.39 ppm (m, 1H, Harom);
13C NMR (100.6 MHz, CDCl3): d=22.2, 43.4, 63.5, 67.7, 83.3, 107.8,
110.5, 115.7, 122.4, 128.8, 142.4, 150.1, 153.2 ppm; MS (TS) m/z (%):
260.3 [M+1], 229.3, 212.5, 194.3, 186.5, 172.5, 170.3, 162.3, 158.3; HRMS
(ESI+ ) m/z (%) calcd for C15H18NO3: 260.1281 [M+H]+ ; found:


240.1270; HPLC (CHIRACEL OD-H, Grad. 99+1–90+10,
0.75 mLmin�1, 100 min, 254+340 nm): tR (min.)=39.73 (49.0%), 43.40
(48.6%).


rac-7 j: (rac-5-methyl-3-phenyl-2-(4-methoxy-phenyl)-isoxazoline-5-meth-
anol) Obtained in 66% yield according to the general procedure. IR
(CHCl3): ñ=762, 830, 939, 1045, 1180, 1241, 1297, 1375, 1455, 1505, 2835,
2871, 3450 cm�1; 1H NMR (400 MHz, CDCl3): d =1.50 (s, 3H, CH3), 2.17
(br s, 1H, OH), 2.19–2.25 (dd, 1H, J=7.6, 12.8 Hz, C(4)-HA), 2.91–2.96
(dd, 1H, J=8.0, 12.8 Hz, C(4)-HB), 3.48–3.63 (d, 2H, CH2OH), 3.72 (s,
3H, OMe), 4.40–4.44 (t, 1H, J=7.6 Hz, C(3)-H), 6.72–6.76 (d, 2H, J=


8.8 Hz, Harom), 6.91–6.95 (d, 2H, J=8.8 Hz, Harom), 7.25–7.29 (m, 3H,
Harom), 7.32–7.36 (m, 1H, Harom), 7.42–7.44 ppm (m, 1H, Harom);


13C NMR
(100.6 MHz, CDCl3): d=23.5, 27.1, 48.8, 55.6, 67.5, 70.9, 82.6, 114.1,
118.9, 127.2, 127.7, 128.9, 141.1, 143.8, 155.7 ppm; MS (TS) m/z (%):300.5
[M+1], 269.5, 226.5, 213.5, 212.5, 197.3, 168.3; HRMS (ESI+ ) m/z (%)
calcd for C18H22NO3: 300.1594 [M+H]+ ; found: 300.1575; HPLC (CHIR-
ACEL OD-H, Grad. 99+1–90+10, 0.75 mLmin�1, 100 min, 254+


340 nm): tR (min.)=44.77 (50.09%), 59.18 (49.91%); HPLC (CHIRAL-
PACK AD, Grad. 99+1–85+15, 0.5 mLmin�1, 80 min, 254+340 nm): tR
(min.)=36.44 (50.2%), 37.35 (49.8%).


General Procedure for the Reactions Performed at �20 8C


In a Schlenk tube (50–100 mL) equipped with a magnetic stirring bar, the
catalyst (0.025 mmol, 0.05 equiv) and methacrolein (0.75 mmol, 1.5 equiv)
in dry CH2Cl2 (1 mL) were stirred at �20 8C. Using a syringe, a solution
of the nitrone (0.5 mmol, 1 equiv) in the smallest amount of CH2Cl2 re-
quired for the complete dissolution of the nitrone was added dropwise
over a period of 10 min. The reaction was followed by TLC analysis (cy-
clohexane/AcOEt 3:2), and upon complete conversion of the nitrone,
hexanes (10 mL) were added to the reaction mixture to precipitate the
catalyst. The mixture was filtered on a Celite 545 plug and the precipitate
was washed with hexanes (10 mL). At this point, the Ru complex could
be recovered by elution of the solid with acetone followed by precipita-
tion and washing with ether. Volatiles were removed in vacuo from the
hexanes solution and the crude reaction mixture was further purified by
flash column chromatography (SiO2, CH2Cl2). For all the examples, only
the endo cycloadducts were observed.


General Procedure for the Reactions Performed at �10 8C


In a Schlenk tube (50–100 mL) equipped with a magnetic stirring bar, the
catalyst (0.025 mmol, 0.05 equiv) and methacrolein (0.75 mmol, 1.5 equiv)
in dry CH2Cl2 (1 mL) were stirred at �10 8C. Under N2, the nitrone was
added to the reaction as a solid and in one portion. The reaction was fol-
lowed by TLC analysis (cyclohexane/AcOEt 3:2), and upon complete
conversion of the nitrone, hexanes (10 mL) were added to the reaction
mixture to precipitate the catalyst. The mixture was filtered on a Celite
545 plug and the precipitate was washed with hexanes (10 mL). At this
point, the Ru complex could be recovered by elution of the solid with
acetone followed by precipitation and washing with ether. Volatiles were
removed in vacuo from the hexanes solution and the crude reaction mix-
ture was further purified by flash column chromatography (SiO2,
CH2Cl2). For all the examples, only the endo cycloadducts were observed.


5a and 6a : ((3S,5S)-5-methyl-2-N-3-diphenyl-isoxazoline-5-carbaldehyde
and (3S,4S)-4-methyl-2-N-3-diphenyl-isoxazoline-4-carbaldehyde) Ob-
tained according to the general procedure in quantitative yield after 14 h.
The regioisomeric ratio 5a/6a of 67:33 was determined by 1H NMR inte-
gration. IR, 1H NMR, 13C NMR, MS and HRMS analyses matched to the
previously described data.[9, 14c]


7a and 8a : ((3S,5S)-5-methyl-2-N-3-diphenyl-isoxazoline-5-methanol and
(3S,4S)-4-methyl-2-N-3-diphenyl-isoxazoline-4-methanol) Obtained ac-
cording to the general procedure in 95% yield. Partial data for 8a (in the
mixture): IR (CHCl3): ñ =695, 755, 888, 1045, 1364, 1452, 1489, 1598,
2873, 2934, 3029, 3414 cm�1; 1H NMR (400 MHz, C6D6): d=1.25 (s, 3H,
CH3), 1.6 (br s, OH), 3.69 (s, 1H, C(5)-HA), 3.92–4.15 (dd, J=12 Hz, 2H,
CH2OH), 4.45 (s, 1H, C(3)-H), 4.67–4.71 (t, J=8 Hz, 1H, C(5)-HB),
6.94–6.98 (m, Harom), 7.22–752 ppm (m, Harom);


13C NMR (100.6 MHz,
CDCl3): d=19.0, 46.5, 68.8, 87.4, 115.1, 121.9, 126.8, 127.8, 128.9, 129.0,
141.3,150.2 ppm; MS (TS) m/z (%): 270.5 [M+1], 239.5, 222.3, 196.5,
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182.5, 162.3; HRMS (ESI+ ) m/z (%) calcd for C17H19NO2: 240.1488
[M+H]+ ; found: 240.1480; HPLC (CHIRACEL OD-H, Grad. 99+1–
90+10, 0.75 mLmin�1, 100 min, 254+340 nm): tR=40.30 (52.2%, 7a,
maj.), 45.28 (1.0%, 8a, min.), 50.36 (7.5%, 7a, min.), 72.75 (32.9%, 8a,
maj.).


5b and 6b : (3S,5S)-5-methyl-3-(4-nitro-phenyl)-isoxazoline-5-carbalde-
hyde and (3S,4S)-4-methyl-3-(4-nitro-phenyl)-isoxazoline-4-carbaldehyde
Obtained according to the general procedure in 16% yield after 74 h.
The regioisomeric ratio 5b/6b of 95:5 was determined by 1H NMR inte-
gration. IR, 1H NMR, 13C NMR, MS and HRMS analyses matched to the
previously described data.[9]


7b and 8b : ((3S,5S)-5-methyl-3-(4-nitro-phenyl)-2-phenyl-isoxazoline-5-
methanol and (3S,4S)-4-methyl-3-(4-nitro-phenyl)-2-phenyl-isoxazoline-4-
methanol) Obtained according to the general procedure in 95% yield.
Partial data for 8b (in the mixture): IR (CHCl3): ñ =760, 838, 855, 1048,
1109, 1180, 1346, 1453, 1490, 1519, 1598, 2935, 3423 cm�1; 1H NMR
(400 MHz, C6D6): d=1.47 (s, 3H, CH3), 1.60 (br s, 1H, OH), 3.48–3.61
(m, 2H, CH2OH), 3.86–3.88 (d AB, 1H, J=8.4 Hz, C(5)-HA), 4.07–4.09
(d AB, 1H, J=8.4 Hz, C(5)-HB), 4.62 (s, 1H, C(3)-H), 6.86–6.89 (m,
Harom), 6.92–6.96 (m, Harom), 7.19–7.24 (m, Harom), 7.63–7.66 (d AB, 2H,
J=8.8 Hz, Harom), 8.22–8.24 ppm (d AB, 2H, J=8.8 Hz, Harom);


13C NMR
(100.6 MHz, CDCl3): d=18.75, 45.58, 67.61, 87.45, 114.88, 122.34, 124.26,
127.74, 129.07, 147.53, 148.83, 149.21 ppm; MS (TS) m/z (%): 315.5
[M+1], 284.3, 241.5, 227.3, 181.5, 168.3; HRMS (ESI+ ) m/z (%) calcd
for C17H18N2O4: 315.1339 [M+H]+; found: 315.1329; HPLC (CHIRAL-
PAK AD, Grad. 99+1–85+15, 1 mLmin�1, 80 min, 254+320 nm): tR=


49.28 (77.2%, 7b, maj.), 52.89 (19.1%, 7b, min.), 55.03 (0.4%, 8b, min.),
72.62 (3.3%, 8b, maj.).


5c and 6c : ((3S,5S)-5-methyl-3-(4-trifluoromethyl-phenyl)-isoxazoline-5-
carbaldehyde and (3S,4S)-4-methyl-3-(4-trifluoromethyl-phenyl)-isoxazo-
line-4-carbaldehyde) Obtained according to the general procedure in
99% yield after 64 h. The regioisomeric ratio 5c/6c of 91:9 was deter-
mined by 1H NMR integration. IR, 1H NMR, 13C NMR, MS and HRMS
analyses matched to the previously described data.[9]


7c and 8c : ((3S,5S)-5-methyl-3-(4-trifluoromethyl-phenyl)-2-phenyl-iso-
xazoline-5-methanol and (3S,4S)-4-methyl-3-(4-trifluoromethyl-phenyl)-2-
phenyl-isoxazoline-4-methanol) Obtained according to the general proce-
dure in 95% yield. Partial data for 8c (in the mixture): IR (CHCl3): ñ=


694, 757, 838, 1018, 1066, 1120, 1163, 1322, 1419, 1454, 1489, 1598, 1619,
2876, 2936, 3422 cm�1; 1H NMR (400 MHz, C6D6): d=1.29 (s, 3H, CH3),
1.63 (bs, 1H, OH), 3.47–3.60 (m, 2H, CH2OH), 3.86–3.88 (d, 1H, J=


8.4 Hz, C(5)-HA), 4.07–4.09 (d, 1H, J=8.4 Hz, C(5)-HA), 4.53 (s, 1H,
C(3)-H), 6.88–6.95 (m, Harom), 7.19–7.27 (m, Harom), 7.58–7.60 (d AB, 2H,
J=8 Hz, Harom), 7.62–7.64 ppm (d AB, 2H, J=8 Hz, Harom);


13C NMR
(100.6 MHz, CDCl3): d=19.02, 46.05, 68.42, 87.88, 115.21, 122.33, 128.01,
126.25, 129.33, 146.29, 150.25; MS (TS) m/z (%): 338.3 [M+1], 307.5,
264.3, 250.1 ppm; HRMS (ESI+ ) m/z (%) calcd for C18H18F3NO2:
338.1362 [M+H]+ ; found: 338.1362; HPLC (CHIRACEL OD-H, Grad.
99+1–90+10, 1 mLmin�1, 60 min, 254+340 nm): tR=8.03 (79.9%, 7c,
maj.), 9.33 (11.8%, 7c, min.), 20.96 (8.2%, 8c, maj.).


5d and 6d : ((3S,5S)-5-methyl-3-(4-chloro-phenyl)-isoxazoline-5-carbalde-
hyde and (3S,4S)-4-methyl-3-(4-chloro-phenyl)-isoxazoline-4-carbalde-
hyde) Obtained according to the general procedure in 89% yield after
64 h. The regioisomeric ratio 5d/6d of 73:27 was determined by 1H NMR
integration. Partial data for 6d (in the mixture): IR (CH2Cl2): ñ =726,
829, 909, 1014, 1091, 1490, 1598, 1731, 2250, 2988, 3029 cm�1; 1H NMR
(400 MHz, C6D6): d=0.77 (s, 3H, CH3), 3.99–4.01 (d, 1H, J=9.2 Hz,
C(5)-HA), 4.42–4.44 (d, 1H, J=9.2 Hz, C(5)-HB), 4.99 (s, 1H, C(3)-H),
6.91–6.93 (m, Harom), 7.19–7.24 (m, Harom), 7.55–7.57 (d AB, 2H, J=8 Hz,
Harom), 7.60–7.62 (d AB, 2H, J=8 Hz, Harom), 9.66 ppm (s, 1H, CHO);
13C NMR (100.6 MHz, CDCl3): d=18.7, 45.9, 67.8, 87.1, 114.9, 123.2,
128.0, 128.7, 128.9, 133.3, 139.5, 149.5, 201.2 ppm; MS (EI) m/z (%): 301
[M+ , 38], 230 (23), 216 (28), 139 (42), 121 (100), 111 (26), 104 (15), 93
(86), 91 (66), 77 (53), 66 (45); HRMS (ESI+ ) m/z (%) calcd for
C17H16ClNO2: 301.0871 [M+H]+ ; found: 301.0870.


7d and 8d : ((3S,5S)-5-methyl-3-(4-chloro-phenyl)-2-phenyl-isoxazoline-5-
methanol and (3S,4S)-4-methyl-3-(4-chloro-phenyl)-2-phenyl-isoxazoline-
4-methanol) Obtained according to the general procedure in 95% yield.


Partial data for 8d (in the mixture): IR (CHCl3): ñ=760, 826, 854, 888,
945, 1014, 1048, 1089, 1290, 1375, 1409, 1453, 1489, 1597, 2935, 3425 cm�1;
1H NMR (400 MHz, C6D6): d=0.77 (s, 3H, CH3), 1.86 (br s, 1H, OH),
3.40–3.61 (m, 2H, CH2OH), 3.85–3.87 (d, 1H, J=8.4 Hz, C(5)-HA), 4.07–
4.09 (d AB, 1H, J=8.4 Hz, C(5)-HB), 4.21 (s, 1H, C(3)-H), 6.91–7.05 (m,
Harom), 7.21–7.25 (m, Harom), 7.29–7.44 ppm (m, Harom);


13C NMR
(100.6 MHz, CDCl3): d=19.2, 46.3, 68.3, 89.2, 115.7, 124.1, 129.2, 130.1,
132.2, 134.7, 141.5, 152.1 ppm; MS (TS) m/z (%): 304.5 [M+1], 273.3,
230.3, 218.3, 216.3, 194.3, 180.5, 163.3; HRMS (ESI+ ) m/z (%) calcd for
C17H18ClNO2: 304.1098 [M+H]+ ; found: 304.1086; HPLC (CHIRAL-
PAK AD, Grad. 99+1–85+15, 1 mLmin�1, 80 min, 254+320 nm): tR=


30.94 (65.1%, 7d, maj.), 35.08 (1.4%, 8d, min.), 37.67 (8.4%, 7d, min.),
55.17 (24.3%, 8d, maj.).


5e and 6e : ((3S,5S)-5-methyl-3-(4-methyl-phenyl)-isoxazoline-5-carbalde-
hyde and (3S,4S)-4-methyl-3-(4-methyl-phenyl)-isoxazoline-4-carbalde-
hyde) Obtained according to the general procedure in quantitative yield
after 22 h. The regioisomeric ratio 5e/6e of 41:59 was determined by
1H NMR integration. Partial data for 6e (in the mixture): IR (CH2Cl2):
ñ=970, 1386, 1488,1598, 1731, 2091, 2197, 2301, 2875, 2988, 3029,
3340 cm�1; 1H NMR (400 MHz, C6D6): d =0.89 (s, 3H, CH3), 2.34 (s, 3H,
CH3), 3.97–3.99 (d, 1H, J=8.8 Hz, C(5)-HA), 4.41–4.43 (d, 1H, J=


8.8 Hz, C(5)-HB), 4.85 (s, 1H, C(3)-H), 6.88–6.97 (m, Harom), 7.12–7.24
(m, Harom), 7.27–7.36 (m, Harom), 9.68 ppm (s, 1H, CHO); 13C NMR
(100.6 MHz, CDCl3): d =19.1, 21.3, 46.8, 68.8, 87.5, 115.5, 122.0, 127.2,
129.1, 129.9, 137.9, 138.8, 150.6, 201.8 ppm; MS (EI) m/z (%): 281 [M+ ,
38], 238 (27), 210 (54), 196 (48), 173 (26), 160 (38), 145 (84), 121 (46),
117 (38), 104 (22), 91 (69), 77 (34); HRMS (ESI+ ) m/z (%) calcd for
C18H19NO2: 281.1408 [M+H]+ ; found: 281.1416.


7e and 8e : ((3S,5S)-5-methyl-3-(4-methyl-phenyl)-2-phenyl-isoxazoline-5-
methanol and (3S,4S)-4-methyl-3-(4-methyl-phenyl)-2-phenyl-isoxazoline-
4-methanol) Obtained according to the general procedure in 95% yield.
Partial data for 8e (in the mixture): IR (CHCl3): ñ=693, 752, 819, 889,
1041, 1179, 1378, 1452, 1488, 1514, 1598, 2871, 2924, 3402 cm�1; 1H NMR
(400 MHz, C6D6): d =1.52 (s, 3H, CH3), 2.44 (s, 3H, CH3), 1.73 (br s, 1H,
OH), 3.53–3.72 (m, 2H, CH2OH), 3.94–3.97 (d, 1H, J=8.4 Hz, C(5)-HA),
4.15–4.18 (d, 1H, J=8.4 Hz, C(5)-HB), 4.43 (s, 1H, C(3)-H), 6.88–6.97
(m, Harom), 6.96–7.01 (m, Harom), 7.24–7.29 (m, Harom), 7.40–7.44 ppm (m,
Harom);


13C NMR (100.6 MHz, CDCl3): d =19.2, 46.3, 68.3, 89.2, 115.7,
124.1, 129.2, 130.1, 132.2, 134.7, 141.5, 152.1 ppm; MS (TS) m/z (%):
284.5 [M+1], 254.5, 236.3, 224.5, 210.3, 196.5, 162.3; HRMS (ESI+ ) m/z
(%) calcd for C18H21NO2: 284.1624 [M+H]+ ; found: 284.1645; HPLC
(CHIRACEL OD-H, Grad. 99+1–90+10, 1 mLmin�1, 60 min, 254+


340 nm): tR=28.29 (37.5%, 7e, maj.), 30.97 (1.6%, 8e, min.), 31.87
(5.1%, 7e, min.), 46.97 (55.7%, 8e, maj.).


5 f and 6 f : ((3S,5S)-5-methyl-3-(4-methoxy-phenyl)-isoxazoline-5-carbal-
dehyde and (3S,4S)-4-methyl-3-(4-methoxy-phenyl)-isoxazoline-4-carbal-
dehyde) Obtained according to the general procedure in quantitative
yield after 22 h. The regioisomeric ratio 5 f/6 f of 21:79 was determined
by 1H NMR integration. Partial data for 6f (in the mixture): IR
(CH2Cl2): ñ =667, 833, 970, 1177, 1386, 1489, 1512, 1598, 1731, 2003,
2091, 2197, 2301, 2599, 2875, 2990, 3029, 3340 cm�1; 1H NMR (400 MHz,
C6D6): d=0.90 (s, 3H, CH3), 3.80 (s, 3H, OCH3), 3.97–3.99 (d, 1H, J=


8.8 Hz, C(5)-HA), 4.41–4.43 (d, 1H, J=8.8 Hz, C(5)-HB), 4.83 (s, 1H,
C(3)-H), 6.91–6.97 (m, Harom), 7.19–7.24 (m, Harom), 7.33–7.35 (m, Harom),
9.67 ppm (s, 1H, CHO); 13C NMR (100.6 MHz, CDCl3): d =19.2, 46.8,
55.7, 68.6, 87.4, 114.6, 115.6, 122.1, 128.5, 129.1, 133.6, 150.6, 159.6,
201.9 ppm; MS (EI) m/z (%): 297 [M+ , 95], 226 (28), 210 (33), 189 (86),
178 (61), 162 (67), 134 (42), 121 (33), 104 (24), 91 (100), 77 (65); HRMS
(ESI+ ) m/z (%) calcd for C18H19NO3: 297.1355 [M+H]+ ; found:
297.1365.


7 f and 8 f : ((3S,5S)-5-methyl-3-(4-methoxy-phenyl)-2-phenyl-isoxazoline-
5-methanol and (3S,4S)-4-methyl-3-(4-methoxy-phenyl)-2-phenyl-isoxazo-
line-4-methanol) Obtained according to the general procedure in 95%
yield. Partial data for 8 f (in the mixture): IR (CHCl3): ñ=838, 1034,
1174, 1247, 1302, 1463, 1489, 1511, 1598, 1612, 2872, 2934, 3436 cm�1;
1H NMR (400 MHz, C6D6): d=0.76 (s, 3H, CH3), 1.63 (br s, 1H, OH),
3.44–3.61 (m, 2H, CH2OH), 3.81 (s, H, OCH3), 3.85–3.88 (d, 1H, J=


8.4 Hz, C(5)-HA), 4.06–4.09 (d, 1H, J=8.4 Hz, C(5)-HB), 4.33 (s, 1H,
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C(3)-H), 6.87–6.92 (m, Harom), 7.15–7.18 (d AB, 2H, J=8.4 Hz, Harom),
7.18–7.21 (m, Harom), 7.34–7.37 ppm (d AB, 2H, J=8.4 Hz, Harom);
13C NMR (100.6 MHz, CDCl3): d =18.2, 22.5, 22.7, 43.1, 48.7, 53.6, 55.4,
67.3, 68.0, 69.6, 74.2, 74.8, 76.8, 83.3, 114.1, 114.4, 114.9, 115.4, 121.5,
121.9, 128.0, 128.8, 128.9, 129.2, 131.4, 131.7, 151.5, 159.1 ppm; MS (TS)
m/z (%): 300.5 [M+1], 270.5, 252.5, 236.3, 224.3, 212.3, 177.3, 161.3;
HRMS (ESI+ ) m/z (%) calcd for C18H22NO3: 300.1594 [M+H]+ ; found:
300.1602; HPLC (CHIRALPAK AD, Grad. 99+1–85+15, 1 mLmin�1,
80 min, 254+320 nm): tR=36.57 (14.6%, 7 f, maj.), 39.99 (4.1%, 7 f,
min.), 50.90 (0.5%, 8 f, min.), 57.87 (80.8%, 8 f, maj.).


5g and 6g : ((3S,5S)-5-methyl-3-(4-cyano-phenyl)-isoxazoline-5-carbalde-
hyde and (3S,4S)-4-methyl-3-(4-cyano-phenyl)-isoxazoline-4-carbalde-
hyde) Obtained according to the general procedure in 23% yield after
77 h. The regioisomeric ratio 5g/6g of 96:4 was determined by 1H NMR
integration. Partial data for 6g (in the mixture): IR (CHCl3): ñ=693, 756,
836, 886, 946, 1020, 1031, 1086, 1105, 1179, 1201, 1248, 1292, 1375, 1414,
1453, 1489, 1597, 1729, 1929, 2229, 2810, 2979, 3441 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.50 (s, 3H, CH3), 3.98–4.00 (d, 1H, J=8.8 Hz,
C(5)-HA), 4.41–4.43 (d, 1H, J=8.8 Hz, C(5)-HB), 4.99 (s, 1H, C(3)-H),
6.88–6.94 (m, 3H, Harom), 7.12–7.27 (m, 2H, Harom), 7.54–7.56 (d AB, 2H,
J=8 Hz, Harom), 7.63–7.65 (d AB, 2H, J=8 Hz, Harom), 9.64 ppm (s, 1H,
5-CHO); 13C NMR (100.6 MHz, CDCl3): d=18.6, 45.4, 67.7, 114.7, 127.4,
128.9, 132.7, 122.1, 200.8 ppm; MS (TS) m/z (%): 293.5 [M+1], 264.3,
208.3, 207.3; HRMS (ESI+ ) m/z (%) calcd for C18H17N2O2: 293.1284
[M+H]+ ; found: 293.1279.


7g and 8g : ((3S,5S)-5-methyl-3-(4-cyano-phenyl)-2-phenyl-isoxazoline-5-
methanol and (3S,4S)-4-methyl-3-(4-cyano-phenyl)-2-phenyl-isoxazoline-
4-methanol) Obtained according to the general procedure in 70% yield.
Partial data for 8g (in the mixture): IR (CHCl3): ñ =759, 836, 1050, 1105,
1178, 1291, 1412, 1453, 1489, 1598, 2229, 2934, 3460 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.46 (s, 3H, CH3), 1.95 (br s, 1H, OH), 3.46–3.60
(m, 2H, CH2OH), 6.86–6.88 (m, 2H, Harom), 6.88–6.95 (m, 1H, Harom),
7.19–7.24 (m, 2H, Harom), 7.57–7.59 (d AB, 2H, J=8.4 Hz, Harom), 7.65–
7.67 ppm (d AB, 2H, J=8.4 Hz, Harom);


13C NMR (100.6 MHz, CDCl3):
d=22.3, 26.9, 47.9, 66.9, 68.8, 114.8, 127.3, 129.0, 132.8, 122.0 ppm; MS
(TS) m/z (%): 295.5 [M+1], 264.5, 221.3, 207.3; HRMS (ESI+ ) m/z (%)
calcd for C18H19N2O2: 295.1441 [M+H]+ ; found: 295.1427; HPLC
(CHIRACEL OD-H, Grad. 99+1–90+10, 1 mLmin�1, 60 min, 254+


340 nm): tR (min.)=68.89 (53.5%), 76.39 (46.5).


5h and 6h : ((3S,5S)-5-methyl-3-(2-naphthyl)-isoxazoline-5-carbaldehyde
and (3S,4S)-4-methyl-3-(2-naphthyl)-isoxazoline-4-carbaldehyde) Ob-
tained according to the general procedure in 80% yield after 23 h. The
regioisomeric ratio 5h/6h of 63:37 was determined by 1H NMR integra-
tion. Partial data for 6h (in the mixture): IR (CHCl3): ñ=693, 754, 820,
859, 890, 1031, 1085, 1125, 1373, 1452, 1489, 1597, 1730, 2808, 2932,
3059 cm�1; 1H NMR (400 MHz, CDCl3): d=0.95 (s, 3H, CH3), 4.08–4.10
(d, 1H, J=8.8 Hz, C(5)-HA), 4.49–4.51 (d, 1H, J=8.8 Hz, C(5)-HB), 5.12
(s, 1H, C(3)-H), 6.91–8.04 (m, Harom), 10.2 ppm (s, 1H, 4-CHO);
13C NMR (100.6 MHz, CDCl3): d=18.9, 46.3, 69.0, 87.4, 114.9, 121.9,
124.5, 125.6, 126.2, 126.5, 127.9, 128.1, 128.9, 129.0, 133.0, 137.6, 138.7,
150.3, 201.4 ppm; MS (TS) m/z (%): 350.5 [M+CH3OH], 318.5 [M+1],
289.3, 232.3, 193.3, 178.3; HRMS (ESI+ ) m/z (%) calcd for C22H24NO3:
350.1750 [M+CH3OH]


+ ; found: 350.1721.


7h and 8h : ((3S,5S)-5-methyl-3-(2-naphthyl)-2-phenyl-isoxazoline-5-
methanol and (3S,4S)-4-methyl-3-(2-naphthyl)-2-phenyl-isoxazoline-4-
methanol) Obtained according to the general procedure in quantitative
yield. Partial data for 8 h (in the mixture): IR (CHCl3): ñ =693, 752, 822,
859, 889, 950, 1042, 1124, 1373, 1452, 1488, 1508, 1597, 1930, 2871, 2933,
3058, 3414 cm�1; 1H NMR (400 MHz, CDCl3): d =0.81 (s, 3H, CH3), 2.16
(bs, 1H, OH), 3.68–3.75 (d, 2H, CH2OH), 3.96–3.98 (d, 1H, J=8.8 Hz,
C(5)-HA), 4.16–4.18 (d, 1H, J=8.8 Hz, C(5)-HB), 4.61 (s, 1H, C(3)-H),
6.91–7.97 ppm (m, Harom);


13C NMR (100.6 MHz, CDCl3): d=22.6, 48.5,
67.1, 70.1, 83.6, 100.1, 115.0, 121.8, 124.7, 125.4, 126.1, 126.4, 127.9, 128.0,
128.9, 129.0, 133.0, 133.6, 139.4, 1851.2 ppm; MS (TS) m/z (%): 320.5
[M+1], 289.3, 246.3, 232.3, 162.3, 153.3; HRMS (ESI+ ) m/z (%) calcd
for C21H22NO2: 320.1645 [M+H]+ ; found: 320.1632; HPLC (CHIRA-
CEL OD-H, Grad. 99+1–90+10, 0.75 mLmin�1, 100 min, 254+340 nm):


tR=46.22 (49.5%, 7h, maj.), 51.87 (10.5%, 7h, min.), 56.16 (1.1%, 8h,
min.), 75.08 (32.0%, 8h, maj).


5 i and 6 i : ((3S,5S)-5-methyl-3-(2-furyl)-isoxazoline-5-carbaldehyde and
(3S,4S)-4-methyl-3-(2-furyl)-isoxazoline-4-carbaldehyde) Obtained ac-
cording to the general procedure in 72% yield after 64 h. The regioiso-
meric ratio 5 i/6 i of 60:40 was determined by 1H NMR integration. Partial
data for 6 i (in the mixture): IR (CHCl3): ñ =696, 753, 820, 859, 890, 1031,
1085, 1125, 1372, 1452, 1489, 1597, 1735, 2808, 2932, 3059 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.09 (s, 3H, CH3), 4.03–4.06 (d, 1H, J=9.2 Hz,
C(5)-HA), 4.46–4.48 (d, 1H, J=9.2 Hz, C(5)-HB), 5.01 (s, 1H, C(3)-H),
6.23–7.45 (m, Harom), 9.69 ppm (s, 1H, 4-CHO); 13C NMR (100.6 MHz,
CDCl3): d=18.8, 41.7, 61.9, 86.5, 108.3, 110.5, 116.1, 122.6, 128.7, 142.5,
148.5, 152.7, 202.4 ppm.


7 i and 8 i : ((3S,5S)-5-methyl-3-(2-furyl)-2-phenyl-isoxazoline-5-methanol
and (3S,4S)-4-methyl-3-(2-furyl)-2-phenyl-isoxazoline-4-methanol) Ob-
tained according to the general procedure in quantitative yield. Partial
data for 8i (in the mixture): IR (CHCl3): ñ=692, 757, 781, 884, 925, 1011,
1044, 1150, 1181, 1232, 1340, 1379, 1453, 1489, 1598, 2875, 2935,
3409 cm�1; 1H NMR (400 MHz, CDCl3): d=0.96 (s, 3H, CH3), 2.35 (br s,
1H, OH), 3.61–3.65 (d, 2H, CH2OH), 3.89–3.92 (d, 1H, J=9.2 Hz, C(5)-
HA), 4.07–4.09 (d, 1H, J=9.2 Hz, C(5)-HB), 4.48 (s, 1H, C(3)-H), 6.28–
7.47 ppm (m, Harom);


13C NMR (100.6 MHz, CDCl3): d =22.2, 43.4, 63.5,
67.7, 83.3, 107.8, 110.5, 115.7, 122.4, 128.8, 142.4, 150.1, 153.2 ppm; MS
(TS) m/z (%): 260.3 [M+1], 229.3, 212.5, 194.3, 186.5, 172.5, 170.3, 162.3,
158.3; HRMS (ESI+ ) m/z (%) calcd for C15H18NO3: 260.1281 [M+H]+ ;
found: 240.1275; HPLC (CHIRACEL OD-H, Grad. 99+1–90+10,
0.75 mLmin�1, 100 min, 254+340 nm): tR=39.22 (46.2%, 7 i, maj.), 42.93
(8.4%, 7 i, min.), 57.49 (1.2%, 8 i, min.), 66.54 (42.1%, 8 i, maj.).


5j and 6j : ((3S,5S)-5-methyl-3-phenyl-2-(4-methoxy-phenyl)-isoxazoline-
5-carbaldehyde and (3S,4S)-4-methyl-3-phenyl-2-(4-methoxy-phenyl)-iso-
xazoline-4-carbaldehyde) Obtained according to the general procedure in
95% yield after 25 h. The regioisomeric ratio 5j/6 j of 80:20 was deter-
mined by 1H NMR integration. Partial data for 6 j (in the mixture): IR
(CHCl3): ñ=691, 756, 823, 889, 1029, 1107, 1180, 1192, 1241, 1299, 1393,
1454, 1505, 1606, 1879, 2835, 2930, 3030, 3337 cm�1; 1H NMR (400 MHz,
CDCl3): d=1.54 (s, 3H, CH3), 3.77 (s, 3H, 4-OMe), 3.99–4.01 (d, 1H, J=


8.8 Hz, C(5)-HA), 4.47–4.49 (d, 1H, J=8.8 Hz, C(5)-HB), 4.81 (s, 1H,
C(3)-H), 6.78–6.82 (m, 2H, Harom), 6.97–7.04 (m, 2H, Harom), 7.29–7.33
(m, Harom), 7.28–7.51 (m, Harom), 9.73 ppm (s, 1H, CHO); 13C NMR
(100.6 MHz, CDCl3): d=19.5, 55.5, 69.6, 86.6, 114.0, 118.0, 127.1, 118.0,
127.1, 127.8, 128.8, 140.4, 143.4, 155.5, 201.3 ppm.


7j and 8j : ((3S,5S)-5-methyl-3-phenyl-2-(4-methoxy-phenyl)-isoxazoline-
5-methanol and (3S,4S)-4-methyl-3-phenyl-2-(4-methoxy-phenyl)-isoxazo-
line-4-methanol) Obtained according to the general procedure in quanti-
tative yield. Partial data for 8j (in the mixture): IR (CHCl3): ñ=762, 830,
939, 1035, 1112, 1180, 1241, 1297, 1367, 1455, 1505, 1605, 2835, 2871,
2933, 3420 cm�1; 1H NMR (400 MHz, CDCl3): d =0.79 (s, 3H, CH3), 2.10
(br s, 1H, OH), 3.54–3.69 (d, 2H, CH2OH), 3.77 (s, 3H, OMe), 3.91–3.93
(d, 1H, J=8.8 Hz, C(5)-HA), 4.15–4.17 (d, 1H, J=8.8 Hz, C(5)-HB), 4.32
(s, 1H, C(3)-H), 6.78–6.81 (m, 2H, Harom), 6.95–6.99 (m, 2H, Harom), 7.29–
7.49 (m, 3H, Harom), 7.28–7.51 ppm (m, 4H, Harom);


13C NMR
(100.6 MHz, CDCl3): d=23.5, 27.1, 48.8, 55.6, 67.5, 70.9, 82.6, 114.1,
118.9, 127.2, 127.7, 128.9, 141.1, 143.8, 155.7 ppm; MS (TS) m/z (%):
300.5 [M+1], 269.5, 226.5, 213.5, 212.5, 197.3, 168.3; HRMS (ESI+ ) m/z
(%) calcd for C18H22NO3: 300.1594 [M+H]+ ; found: 300.1584; HPLC
(CHIRACEL OD-H, Grad. 99+1–90+10, 0.75 mLmin�1, 100 min, 254+


340 nm): tR=44.21 (71.2%, 7j, maj.), 58.63 (9.5%, 7 j, min.), 60.57
(18.3%, 8j, maj.), 65.37 (0.5%, 8j, min.).


Reductive Amination[50]


A mixture of 5a/6a (100 mg, 0.37 mmol, 1 equiv), R-(+ )-methylbenzyl-
ACHTUNGTRENNUNGamine (0.047 mL, 0.37 mmol, 1 equiv), and anhydrous Na2SO4 (~20 mg)
were placed in a Schlenk tube (50 mL) equipped with a magnetic stirring
bar. The walls of the tube were washed with dry CH2Cl2 (2 mL). After
24 h of stirring at RT, NaBH(OAc)3 (220 mg, 1.11 mmol, 4 equiv) and dry
CH2Cl2 (2 mL) were added, and the mixture was stirred vigorously. After
6 h, water (5 mL) was added to quench the excess borohydride, and the
aqueous solution was extracted with CH2Cl2 (10 mL + 3V5 mL), then
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AcOEt (20 mL), and dried over anhydrous Na2SO4. Volatiles were re-
moved in vacuo to give the crude amine, which was further purified by
flash column chromatography (SiO2, Hdry=15 cm, Fe=1 cm, gradient cy-
clohexane/ethylacetate 95:5, 90:10, 50:50). Two fractions corresponding
to the two diastereomeric amines were isolated to give a good quantita-
tive overall yield (56 mg of 10a, 97.5% de by NMR and 95 mg of 9a,
88.1% de by NMR). The spectral data below is given for the major dia-
stereoisomer only.


9a : ((3S,5S,8R)-5-methyl-2-N-3-diphenyl-isoxazoline-5-methyl-N-methyl-
benzylamine) IR (CH2Cl2): ñ=696, 849, 888, 912, 1029, 1075, 1128, 1179,
1249, 1278, 1370, 1451, 1490, 1598, 2928, 2970, 3027 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.36 (s, 3H, CH3), 1.56 (s, 3H, CH3), 1.64 (br s,
NH), 2.22–2.27 (dd, J=8.6, 12.1 Hz, 1H, C(4)-HA), 2.48–2.69 (dd, J=


12.1 Hz, CH2), 3.03–3.08 (dd, J=8.3, 12.1 Hz, 1H, C(4)-HB), 3.73–3.78
(dd, J=6.6 Hz, CH2), 4.67–4.71 (t, J=8.4 Hz, 1H, C(3)-H), 6.99–7.03 (m,
Harom), 7.25–7.32 (m, Harom), 7.34–7.38 (m, Harom), 7.43–7.47 (m, Harom),
7.55–7.57 ppm (m, Harom);


13C NMR (100.6 MHz, CDCl3): d=14.6, 19.1,
31.2, 51.2, 59.5, 68.1, 76.7, 79.7, 115.9, 121.9, 126.9, 127.6, 128.8, 129.0,
151.8 ppm; MS (TS) m/z (%): 373.7 [M+1], 355.5, 250.5, 234.5, 196.5,
194.5, 186.5, 169.5; HRMS (ESI+ ) m/z (%) calcd for C17H19NO2:
373.2274 [M+H]+ ; found: 373.2286.


(10a):[14b] ((3S,4S,8R)-4-methyl-2-N-3-diphenyl-isoxazoline-4-methyl-N-
methylbenzylamine) IR (CH2Cl2): ñ=694, 758, 784, 886, 1009, 1029, 1048,
1076, 1123, 1174, 1207, 1290, 1369, 1453, 1490, 1599, 2858, 1966,
3027 cm�1; 1H NMR (400 MHz, CDCl3): d=0.74 (s, 3H, CH3), 1.35 (s,
3H, CH3), 2.53–2.65 (dd, J=11.9 Hz, CH2), 3.69–3.75 (dd, J=6.6 Hz,
CH2), 3.84–3.86 (d, J=8.1 Hz, 1H, C(5)-HA), 4.01–4.03 (d, J=8.1 Hz,
1H, C(5)-HB), 4.43 (s, 1H, C(3)-H), 6.87–6.92 (m, Harom), 7.16–7.24 (m,
Harom), 7.25–7.31 (m, Harom), 7.35–7.39 (m, Harom), 7.46–7.47 ppm (m,
Harom);


13C NMR (100.6 MHz, CDCl3): d=14.6, 19.7, 24.4, 31.2, 51.2, 58.9,
68.2, 77.4, 114.7, 122.2, 127.6, 128.6, 128.8, 129.7, 135.5, 149.3 ppm; MS
(TS) m/z (%): 373.7 [M+1], 268.5, 240.5, 222.5, 195.5, 182.5; HRMS
(ESI+ ) m/z (%) calcd for C17H19NO2: 373.2274 [M+H]+ ; found:
373.2276.


Formation of 11a and 12a


In a conical-bottom flask (10 mL) equipped with a magnetic stirring bar,
to the amine in dry Et2O (2 mL), a solution of hydrochloric acid (2N)
was added by a syringe as a solution in dry Et2O (1 mL). Immediately, a
fine, white solid precipitated from the mixture. The solid was filtered on
a frit and washed with Et2O, then dried to give the desired product as an
amorphous white solid in quantitative yield. Crystals suitable for the X-
ray analysis were obtained for the diastereomer corresponding to the 4-
substituted isoxazolidine 11a by vapor-diffusion crystallization from the
EtOH/iPr2O solvent system.


11a : (3S,5S,8R)-5-methyl-2-N-3-diphenyl-isoxazoline-5-methyl-N-methyl-
benzylammonium chloride) ½a�20D =�90.48 (c=10 mgmL�1, ethanol,
88% ee); mol CD (0.033 mm, acetonitrile, 20 8C): l =249 (�14.12e�14),
221 (�4.33e�4), 213 (�2.21e�3); IR (CH2Cl2): ñ=670, 755, 849, 889, 953,
1029, 1085, 1128, 1155, 1211, 1266, 1383, 1453, 1490, 1598, 2732,
2939 cm�1; 1H NMR (400 MHz, CDCl3): d=1.59 (s, 3H, CH3), 1.84 (s,
3H, CH3), 1.64 (br s, NH2


+), 2.21–2.28 (m, 1H, C(4)-HA), 2.95 (br s, 2H,
CH2), 3.51–3.56 (m, 1H, C(4)-HB), 3.70–3.75 (dd, J=6.6 Hz, CH2), 4.45
(bs, 1H, C(3)-H), 4.82 (br t, 1H, CH-NH2


+), 6.81–6.83 (m, Harom), 6.89–
6.92 (m, Harom), 7.15–7.25 (m, Harom), 7.33–7.38 (m, Harom), 7.50–7.53 ppm
(m, Harom);


13C NMR (100.6 MHz, CDCl3): d=14.7, 18.9, 24.3, 31.2, 51.2,
59.5, 68.1, 77.4, 79.7, 115.9, 121.9, 127.9, 128.4, 128.9, 129.7, 137.7,
151.8 ppm; MS (TS) m/z (%): 373.7 [M+1], 355.5, 250.5, 234.5, 196.5,
194.5, 186.5, 182.3, 169.5; HRMS (ESI+ ) m/z (%) calcd for C17H19NO2:
373.2274 [M+H]+ ; found: 373.2278.


12a :[14b] (3S,4S,8R)-4-methyl-2-N-3-diphenyl-isoxazoline-4-methyl-N-
methylbenzylammonium chloride) ½a�20D =++78.78 (c=10 mgmL�1, metha-
nol, 97.5% ee); mol CD (0.033 mm, acetonitrile, 20 8C): l=284 (2.79e3),
238 (10.33e10), 204 (0.85e1); IR (CH2Cl2): ñ=698, 740, 762, 780, 849, 895,
1004, 1030, 1073, 1261, 1377, 1455, 1490, 1578, 2698 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.93 (s, 3H, CH3), 1.61 (s, 3H, CH3), 2.81–2.97
(m, CH2), 3.70–3.76 (dd, J=6.6 Hz, CH2), 4.05–4.07 (d, J=8.1 Hz, 1H,
C(5)-HA), 4.18 (s, 1H, C(3)-H), 4.20–4.22 (d, J=8.1 Hz, 1H, C(5)-HB),


4.45–4.47 (br t, 1H, CH-NH2
+), 6.78–6.80 (m, Harom), 6.85–6.90 (m,


Harom), 7.12–7.17 (m, Harom), 7.28–7.31 (m, Harom), 7.41–7.44 (m, Harom),
7.59–7.62 ppm (m, Harom);


13C NMR (100.6 MHz, CDCl3): d=14.6, 19.1,
24.4, 31.2, 51.0, 59.7, 68.2, 77.4, 79.9, 115.9, 122.2, 127.1, 127.7, 128.3,
128.9, 129.7, 135.5, 149.2 ppm; MS (TS) m/z (%): 373.7 (M+1), 341.5,
268.5, 222.5, 195.5, 182.3, 180.5; HRMS (ESI+ ) m/z (%) calcd for
C17H19NO2: 373.2274 [M+H]+ ; found: 373.2275.


Ring-Opening with TMSI[46]


TMSCl (160 mL, 1.23 mmol, 3 equiv) and KI (204 mg, 1.23 mmol, 3 equiv)
were stirred in CH3CN (5 mL), at room temperature for 30 min, to give a
white, cloudy, suspension. To this suspension, a solution of the isoxazol-
dine alcohols 7a/8a (110 mg, 0.41 mmol, 1 equiv) in CH3CN (5 mL) was
added, followed by traces of water (5 mL). Upon stirring at room temper-
ature for 16 h, volatiles were removed in vacuo, and to the brown oily
residue, water (20 mL) was added, and the resulting mixture was stirred
for 20 min before extracting with AcOEt (3V30 mL). The combined or-
ganic extracts were washed with an aqueous solution of Na2S2O3 (20 mL,
5%). The color of the solution immediately turned from brown to pale
yellow. The organic extracts were dried on anhydrous Na2SO4, filtered,
and the solvent was removed on the rotary evaporator, and further dried
on the high-vacuum pump to give a pale-yellow oily residue that was fur-
ther purified by FCC (SiO2, AcOEt/CyH 2:3 1:1 3:2, Fe=2 cm, Hdry=
25 cm). The product is a pale-yellow dense oil (100 mg, 90%).


13a and 14a : ((2R,4R)-2-methyl-4-phenyl-4-(phenylamino)butane-1,2-
diol and (S)-2-methyl-2-(phenyl(phenylamino)methyl)propane-1,3-diol)
IR (CHCl3): ñ=630.8, 702.7, 750.8, 892.5, 992.8, 1031.5, 1266.9, 1320.0,
1357.2, 1426.2, 1453.2, 1500.3, 1601.3, 2051.0, 3378.0 cm�1; 1H NMR
(400 MHz, CDCl3): d =0.75–0.77 (br d, 3H, CH3), 1.25–1.30 (m, 3H.
CH3), 1.95–2.12 (bm, 2H, CH2), 3.52–3.80 (br m, 6H, CH2 + CH), 4.55–
4.67 (br m, 6H, CH2 + CH), 6.35–6.37 (m, 1H, Harom), 6.61–6.76 (m, 3H,
Harom), 7.09–7.16 (m, 2H, Harom), 7.26–7.43 ppm (m, 6H, Harom);


13C NMR
(100.6 MHz, CDCl3): d=15.4, 17.5, 25.9, 42.7, 47.3, 55.9, 62.5, 62.9, 66.0,
67.2, 67.8, 69.0, 70.0, 73.3, 78.2, 114.3, 114.7, 116.2, 117.9, 118.5, 126.1,
127.2, 128.2, 128.6, 128.9, 129.0, 129.3, 137.7, 139.4, 139.7, 144.3,
147.2 ppm; MS (TS) m/z=272.5 [M+1], 220.1, 182.3, 161.3, 155.3;
HRMS (ESI+ ) m/z : calcd. for C17H21NO2 [M+H]+ : 272.1645, found:
272.1655.


Acknowledgements


This study was supported by grant 200020–111710 of the Swiss National
Science Foundation.


[1] a) R. Huisgen, Angew. Chem. 1963, 75, 604; Angew. Chem. Int. Ed.
Engl. 1963, 2, 565; R. Huisgen, Angew. Chem. 1963, 75, 742; Angew.
Chem. Int. Ed. Engl. 1963, 2, 633; b) For a biography of R. Huisgen
see: J. I. Seeman, Helv. Chim. Acta 2005, 88, 1145.


[2] a) J. J. Tufariello, 1,3-Dipolar Cycloaddition Chemistry, Vol. 9, Wiley,
New York, 1984 ; b) K. V. Gothelf, K. A. Jørgensen, Chem. Rev.
1998, 98, 863; c) K. V. Gothelf, K. A. Jørgensen, Chem. Commun.
2000, 1449; d) K. V. Gothelf in Cycloaddition Reactions in Organic
Synthesis, Vol. 7 (Eds.: S. Kobayashi, K. A. Jørgensen), Wiley-VCH,
Weinheim, 2002, chap. 6, p. 211; e) S. Kanemasa in Cycloaddition
Reactions in Organic Synthesis, Vol. 7 (Eds.: S. Kobayashi, K. A. Jør-
gensen), Wiley-VCH, Weinheim, 2002, chap. 7, p. 249; f) J. N.
Martin, R. C. F. Jones in Synthetic Applications of 1,3-Dipolar Cy-
cloaddition Chemistry Toward Heterocycles and Natural Products
(Eds.: A. Padwa, W. H. Pearson), Wiley, New York, 2002 ; g) X.-F.
Hu, Y.-Q. -Feng, X.-F. Li, Chin. J. Org. Chem. 2005, 25, 1; h) H. Pel-
lissier, Tetrahedron 2007, 63, 3235.


[3] For recent examples see: a) M. P. Sibi, Z. Ma, C. P. Jasperse, J. Am.
Chem. Soc. 2004, 126, 718; b) H. Suga, T. Nakajima, K. Itoh, A.
Kakehi, Org. Lett. 2005, 7, 1431; c) C. Palomo, M. Oiarbide, E.
Arceo, J. M. Garcia, R. Lopez, A. Gonzalez, A. Linden, Angew.


Chem. Asian J. 2008, 3, 1298 – 1311 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1309


Iron- and Ruthenium-Lewis Acid Catalyzed Reactions



http://dx.doi.org/10.1002/ange.19630751304

http://dx.doi.org/10.1002/anie.196305651

http://dx.doi.org/10.1002/anie.196305651

http://dx.doi.org/10.1002/ange.19630751603

http://dx.doi.org/10.1002/anie.196306331

http://dx.doi.org/10.1002/anie.196306331

http://dx.doi.org/10.1002/hlca.200590097

http://dx.doi.org/10.1021/cr970324e

http://dx.doi.org/10.1021/cr970324e

http://dx.doi.org/10.1039/b004597g

http://dx.doi.org/10.1039/b004597g

http://dx.doi.org/10.1016/j.tet.2007.01.009

http://dx.doi.org/10.1021/ja039087p

http://dx.doi.org/10.1021/ja039087p

http://dx.doi.org/10.1021/ol050397h

http://dx.doi.org/10.1002/ange.200502308





Chem. 2005, 117, 6343; Angew. Chem. Int. Ed. 2005, 44, 6187;
d) D. A. Evans, H.-J. Song, K. R. Fandrick, Org. Lett. 2006, 8, 3351.


[4] a) K. V. Gothelf, R. G. Hazell, K. A. Jørgensen, J. Org. Chem. 1996,
61, 346; b) J. Tanaka, S. Kanemasa, Tetrahedron 2001, 57, 899.


[5] W. S. Jen, J. J. M. Wiener, D. W. C. MacMillan, J. Am. Chem. Soc.
2000, 122, 9874.


[6] a) S. Karlsson, H. E. Hogberg, Tetrahedron: Asymmetry 2002, 13,
923; b) S. Karlsson, H. E. Hogberg, Eur. J. Org. Chem. 2003, 2782;
c) A. Puglisi, M. Benaglia, M. Cinquini, F. Cozzi, G. Celentano, Eur.
J. Org. Chem. 2004, 567; d) M. Lemay, J. Trant, W. W. Ogilvie, Tetra-
hedron 2007, 63, 11644; e) S. S. Chow, M. Nevalainen, C. A. Evans,
C. W. Johannes, Tetrahedron Lett. 2007, 48, 277.


[7] K. Maruoka, H. Imoto, S. Saito, H. Yamamoto, J. Am. Chem. Soc.
1994, 116, 4131.


[8] S. Kanemasa, N. Ueno, M. Shirahase, Tetrahedron Lett. 2002, 43,
657.


[9] F. Viton, G. Bernardinelli, E. P. KCndig, J. Am. Chem. Soc. 2002,
124, 4968.


[10] a) M. E. Bruin, E. P. KCndig, Chem. Commun. 1998, 2635; b) E. P.
KCndig, C. M. Saudan, G. Bernardinelli, Angew. Chem. 1999, 111,
1297; Angew. Chem. Int. Ed. 1999, 38, 1219; c) E. P. KCndig, M. C.
Saudan, V. Alezra, F. Viton, G. Bernardinelli, Angew. Chem. 2001,
113, 4613; Angew. Chem. Int. Ed. 2001, 40, 4481; d) E. P. KCndig,
C. M. Saudan, F. Viton, Adv. Synth. Catal. 2001, 343, 51; e) P. G.
Anil Kumar, P. S. Pregosin, M. Vallet, G. Bernardinelli, R. F. Jazzar,
F. Viton, E. P. KCndig, Organometallics 2004, 23, 5410.


[11] J. Rickerby, M. Vallet, G. Bernardinelli, F. Viton, E. P. KCndig,
Chem. Eur. J. 2007, 13, 3354.


[12] T. Mita, N. Ohtsuki, T. Ikeno, T. Yamada, Org. Lett. 2002, 4, 2457.
[13] a) S. Kezuka, N. Ohtsuki, T. Mita, Y. Kogami, T. Ashizawa, T.


Ikeno, T. Yamada, Bull. Chem. Soc. Jpn. 2003, 76, 2197; b) N. Ohtsu-
ki, S. Kezuka, Y. Kogami, T. Mita, T. Ashizawa, T. Ikeno, T.
Yamada, Synthesis 2003, 1462.


[14] a) D. Carmona, M. P. Lamata, F. Viguri, R. Rodriguez, L. A. Oro,
A. I. Balana, F. J. Lahoz, T. Tejero, P. Merino, S. Franco, I. Montesa,
J. Am. Chem. Soc. 2004, 126, 2716; b) D. Carmona, M. P. Lamata, F.
Viguri, R. Rodriguez, L. A. Oro, F. J. Lahoz, A. I. Balana, T. Tejero,
P. Merino, J. Am. Chem. Soc. 2005, 127, 13386; c) D. Carmona, M. P.
Lamata, F. Viguri, J. Ferrer, N. Garcia, F. J. Lahoz, M. L. Martin,
L. A. Oro, Eur. J. Inorg. Chem. 2006, 3155; d) D. Carmona, M. P.
Lamata, F. Viguri, R. Rodriguez, T. Fischer, F. J. Lahoz, I. T. Dobri-
novitch, L. A. Oro, Adv. Synth. Catal. 2007, 349, 1751.


[15] D. Carmona, M. Pilar Lamata, F. Viguri, R. Rodriguez, F. J. Lahoz,
L. A. Oro, Chem. Eur. J. 2007, 13, 9746.


[16] a) M. Shirahase, S. Kanemasa, M. Hasegawa, Tetrahedron Lett.
2004, 45, 4061; b) M. Shirahase, S. Kanemasa, Y. Oderaotoshi, Org.
Lett. 2004, 6, 675.


[17] a) T. Kano, T. Hashimoto, K. Maruoka, J. Am. Chem. Soc. 2005,
127, 11926; b) T. Hashimoto, M. Omote, T. Kano, K. Maruoka, Org.
Lett. 2007, 9, 4805; c) T. Hashimoto, M. Omote, Y. Hato, T. Kano,
K. Maruoka, Chem. Asian J. 2008, 3, 407.


[18] Y. Brinkmann, J. M. Reniguntala, R. Jazzar, G. Bernardinelli, E. P.
KCndig, Tetrahedron 2007, 63, 8413.


[19] Y. W. Wang, J. Wolf, P. Zavalij, M. P. Doyle, Angew. Chem. 2008,
120, 1461; Angew. Chem. Int. Ed. 2008, 47, 1439.


[20] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.
[21] Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schle-


gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, Jr., J. A. Mont-
gomery, T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-


slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford CT, 2004.


[22] a) Y. Zhao, D. G. Truhlar, J. Phys. Chem. A 2004, 108, 6908; b) Y.
Zhao, D. G. Truhlar, J. Chem. Theory Comput. 2005, 1, 415.


[23] a) C. Møller, M. S. Plesset, Phys. Rev. 1934, 46, 618; < lit b>R.
Krishnan, J. A. Pople, Int. J. Quantum Chem. 1978, 14, 91; c) M. J.
Frisch, M. Head-Gordon, J. A. Pople, Chem. Phys. Lett. 1990, 166,
281.


[24] a) A. O. Colson, B. Besler, M. D. Sevilla, J. Phys. Chem. 1992, 96,
9787; b) M. D. Sevilla, B. Besler, A. O. Colson, J. Phys. Chem. 1995,
99, 1060; c) C. E. Crespo-HernXndez, R. Arce, Y. Ishikawa, L. Gorb,
J. Leszczynski, D. M. Close, J. Phys. Chem. A 2004, 108, 6373.


[25] K. E. Riley, K. M. Merz, Jr., J. Phys. Chem. A 2007, 111, 6044.
[26] 11a : The compound crystallizes in the orthorhombic system with no


inclusion of solvent, and the unit cell comprises four molecules. The
chlorine atom is situated at a normal distance from the quaternary
nitrogen, making a weak hydrogen bonding with one of the benzylic
hydrogen atoms. CD spectra of the crystal used for the X-ray meas-
urements match the spectra run on the bulk of the crystals. For fur-
ther details see the Experimental section. CCDC 652569 contains
the supplementary crystallographic data for 11a. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or de-
posit@ccdc.cam.ac.uk).


[27] A. J. Blacker, M. L. Clarke, M. S. Loft, M. F. Mahon, J. M. J. Wil-
liams, Organometallics 1999, 18, 2867.


[28] a) T. G. Wallis, N. A. Porter, C. K. Bradsher, J. Org. Chem. 1973, 38,
2917; b) R. Huisgen in 1,3-Dipolar Cycloaddition Chemistry, Vol. 1
(Ed.: A. Padwa), Wiley, New York, 1984, p. 1; c) M. Cushman, E. J.
Madaj, J. Org. Chem. 1987, 52, 907.


[29] C. G. Swain, E. C. Lupton, J. Am. Chem. Soc. 1968, 90, 4328.
[30] a) Y. D. Samuilov, S. E. Soloveva, A. I. Konovalov, Zh. Obshch.


Khim. 1980, 50, 138;b) A. Padwa, L. Fisera, K. F. Koehler, A. Rodri-
guez, G. S. K. Wong, J. Org. Chem. 1984, 49, 276.


[31] J. Tanaka, S. Kanemasa, Tetrahedron 2001, 57, 899.
[32] a) E. Stephan, Tetrahedron 1975, 31, 1623; b) K. N. Houk, A. Bima-


nand, D. Mukherjee, J. Sims, Y. M. Chang, D. C. Kaufman, L. N. Do-
melsmith, Heterocycles 1977, 7, 293.


[33] S. Kobayashi, K. A. Jørgensen, Cycloaddition Reactions in Organic
Synthesis, Wiley-VCH, Weinheim, 2002.


[34] C. Yijima, T. Tsujimoto, K. Suda, M. Yamauchi, Bull. Chem. Soc.
Jpn. 1986, 59, 2165.


[35] a) P. Perez, L. R. Domingo, M. J. Aurell, R. Contreras, Tetrahedron
2003, 59, 3117; b) L. R. Domingo, M. J. Aurell, M. Arno, J. A. Saez,
J. Mol. Struct. 2007, 811, 125; c) L. R. Domingo, W. Benchouk, S. M.
Mekelleche, Tetrahedron 2007, 63, 4464.


[36] C. Barba, D. Carmona, J. I. Garcia, M. P. Lamata, J. A. Mayoral, L.
Salvatella, F. Viguri, J. Org. Chem. 2006, 71, 9831.


[37] a) K. N. Houk, Acc. Chem. Res. 1975, 8, 361; b) K. N. Houk, A. Bi-
manand, D. Mukherjee, J. Sims, Y.-M. Chang, D. C. Kaufman, L. N.
Domelsmith, Heterocycles 1977, 7, 293.


[38] a) A. Vasella, Helv. Chim. Acta 1977, 60, 426; b) T. Koizumi, H.
Hirai, E. Yoshii, J. Org. Chem. 1982, 47, 4004.


[39] a) R. Grashey, R. Huisgen, H. Leitermann, Tetrahedron Lett. 1960,
1, 9; b) W. C. Lumma, J. Am. Chem. Soc. 1969, 91, 2820; c) C. M.
Tice, B. Ganem, J. Org. Chem. 1983, 48, 5048.


[40] a) J. B. Bapat, R. F. C. Brown, D. S. C. Black, C. Ichlov, Aust. J.
Chem. 1972, 25, 2445; b) S. ItY, S. Narita, K. Endo, Bull. Chem. Soc.
Jpn. 1973, 46, 3517.


[41] a) A. Vasella, Helv. Chim. Acta 1977, 60, 1273; b) A. Vasella, R.
Voeffray, J. Chem. Soc. Chem. Commun. 1981, 97.


[42] R. Huisgen, R. Grashey, H. Hauck, H. Seidl, Chem. Ber. 1968, 101,
2043; R. Huisgen, R. Grashey, H. Hauck, H. Seidl, Chem. Ber. 1968,
101, 2548; R. Huisgen, R. Grashey, H. Hauck, H. Seidl, Chem. Ber.


1310 www.chemasianj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1298 – 1311


FULL PAPERS
E. P. KCndig et al.



http://dx.doi.org/10.1002/ange.200502308

http://dx.doi.org/10.1002/anie.200502308

http://dx.doi.org/10.1021/ol061223i

http://dx.doi.org/10.1021/jo951204e

http://dx.doi.org/10.1021/jo951204e

http://dx.doi.org/10.1016/S0040-4020(00)01045-0

http://dx.doi.org/10.1021/ja005517p

http://dx.doi.org/10.1021/ja005517p

http://dx.doi.org/10.1016/S0957-4166(02)00231-8

http://dx.doi.org/10.1016/S0957-4166(02)00231-8

http://dx.doi.org/10.1002/ejoc.200300172

http://dx.doi.org/10.1002/ejoc.200300571

http://dx.doi.org/10.1002/ejoc.200300571

http://dx.doi.org/10.1016/j.tet.2007.08.110

http://dx.doi.org/10.1016/j.tet.2007.08.110

http://dx.doi.org/10.1016/j.tetlet.2006.11.029

http://dx.doi.org/10.1021/ja00088a080

http://dx.doi.org/10.1021/ja00088a080

http://dx.doi.org/10.1016/S0040-4039(01)02246-8

http://dx.doi.org/10.1016/S0040-4039(01)02246-8

http://dx.doi.org/10.1021/ja017814f

http://dx.doi.org/10.1021/ja017814f

http://dx.doi.org/10.1039/a806445h

http://dx.doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1297::AID-ANGE1297%3E3.0.CO;2-G

http://dx.doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1297::AID-ANGE1297%3E3.0.CO;2-G

http://dx.doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1219::AID-ANIE1219%3E3.0.CO;2-D

http://dx.doi.org/10.1002/1521-3757(20011203)113:23%3C4613::AID-ANGE4613%3E3.0.CO;2-I

http://dx.doi.org/10.1002/1521-3757(20011203)113:23%3C4613::AID-ANGE4613%3E3.0.CO;2-I

http://dx.doi.org/10.1002/1521-3773(20011203)40:23%3C4481::AID-ANIE4481%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1615-4169(20010129)343:1%3C51::AID-ADSC51%3E3.0.CO;2-N

http://dx.doi.org/10.1002/chem.200600851

http://dx.doi.org/10.1021/ol026079p

http://dx.doi.org/10.1246/bcsj.76.2197

http://dx.doi.org/10.1021/ja031995z

http://dx.doi.org/10.1021/ja0539443

http://dx.doi.org/10.1002/ejic.200600408

http://dx.doi.org/10.1002/adsc.200700010

http://dx.doi.org/10.1002/chem.200701140

http://dx.doi.org/10.1016/j.tetlet.2004.03.151

http://dx.doi.org/10.1016/j.tetlet.2004.03.151

http://dx.doi.org/10.1021/ol0361148

http://dx.doi.org/10.1021/ol0361148

http://dx.doi.org/10.1021/ja0523284

http://dx.doi.org/10.1021/ja0523284

http://dx.doi.org/10.1021/ol702123n

http://dx.doi.org/10.1021/ol702123n

http://dx.doi.org/10.1002/asia.200700344

http://dx.doi.org/10.1016/j.tet.2007.06.033

http://dx.doi.org/10.1002/ange.200704618

http://dx.doi.org/10.1002/ange.200704618

http://dx.doi.org/10.1002/anie.200704618

http://dx.doi.org/10.1103/PhysRevLett.77.3865

http://dx.doi.org/10.1021/jp048147q

http://dx.doi.org/10.1021/ct049851d

http://dx.doi.org/10.1002/qua.560140109

http://dx.doi.org/10.1016/0009-2614(90)80030-H

http://dx.doi.org/10.1016/0009-2614(90)80030-H

http://dx.doi.org/10.1021/j100203a039

http://dx.doi.org/10.1021/j100203a039

http://dx.doi.org/10.1021/j100003a032

http://dx.doi.org/10.1021/j100003a032

http://dx.doi.org/10.1021/jp0705931

http://dx.doi.org/10.1021/om990186e

http://dx.doi.org/10.1021/jo00956a046

http://dx.doi.org/10.1021/jo00956a046

http://dx.doi.org/10.1021/jo00381a033

http://dx.doi.org/10.1021/ja01018a024

http://dx.doi.org/10.1021/jo00176a012

http://dx.doi.org/10.1016/S0040-4020(00)01045-0

http://dx.doi.org/10.1016/0040-4020(75)87024-4

http://dx.doi.org/10.1246/bcsj.59.2165

http://dx.doi.org/10.1246/bcsj.59.2165

http://dx.doi.org/10.1016/S0040-4020(03)00374-0

http://dx.doi.org/10.1016/S0040-4020(03)00374-0

http://dx.doi.org/10.1016/j.tet.2007.03.064

http://dx.doi.org/10.1021/jo062200k

http://dx.doi.org/10.1021/ar50095a001

http://dx.doi.org/10.1002/hlca.19770600214

http://dx.doi.org/10.1021/jo00141a046

http://dx.doi.org/10.1016/S0040-4039(01)99305-0

http://dx.doi.org/10.1016/S0040-4039(01)99305-0

http://dx.doi.org/10.1021/ja01038a091

http://dx.doi.org/10.1021/jo00173a050

http://dx.doi.org/10.1002/hlca.19770600417

http://dx.doi.org/10.1039/c39810000097

http://dx.doi.org/10.1002/cber.19681010620

http://dx.doi.org/10.1002/cber.19681010620

http://dx.doi.org/10.1002/cber.19681010734

http://dx.doi.org/10.1002/cber.19681010734

http://dx.doi.org/10.1002/cber.19681010735





1968, 101, 2559; R. Huisgen, R. Grashey, H. Hauck, H. Seidl, Chem.
Ber. 1968, 101, 2568.


[43] a) J. J. Tufariello, E. J. Trybulski, J. Chem. Soc. Chem. Commun.
1973, 19, 720; b) W. Oppolzer, M. Petrzilka, J. Am. Chem. Soc. 1976,
98, 6722.


[44] M. Boruah, D. Konwar, J. Chem. Res. Synop. 2000, 5, 232.
[45] T. Shimizu, M. Ishizaki, N. Nitada, Chem. Pharm. Bull. 2002, 50,


908.
[46] M. Boruah, D. Konwar, J. Chem. Res. Synop. 2002, 12, 601.
[47] S. R. Sandler, W. Karo, Organic Functional Group Preparations,


Vol. 3, Academic Press, New York, 1986.


[48] A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarano, C. Giaco-
vazzo, A. Guagliardi, A. G. G. Moliterni, G. Polidori, R. Spagna, J.
Appl. Crystallogr. 1999, 32, 115.


[49] S. R. Hall, H. D. Flack, J. M. Stewart, Xtal 3.2 UserBs Manual, Uni-
versities of Western Australia and Maryland, 1992.


[50] a) J. C. Kizirian, J. C. Caille, A. Alexakis, Tetrahedron Lett. 2003, 44,
8893; b) A. T. Carmona, F. Popowycz, S. Gerber-Lemaire, E. Rodri-
guez-Garcia, C. Schutz, P. Vogel, I. Robina, Bioorg. Med. Chem.
2003, 11, 4897.


Received: February 26, 2008
Published online: July 16, 2008


Chem. Asian J. 2008, 3, 1298 – 1311 J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1311


Iron- and Ruthenium-Lewis Acid Catalyzed Reactions



http://dx.doi.org/10.1002/cber.19681010735

http://dx.doi.org/10.1002/cber.19681010736

http://dx.doi.org/10.1002/cber.19681010736

http://dx.doi.org/10.1021/ja00437a062

http://dx.doi.org/10.1021/ja00437a062

http://dx.doi.org/10.1248/cpb.50.908

http://dx.doi.org/10.1248/cpb.50.908

http://dx.doi.org/10.1107/S0021889898007717

http://dx.doi.org/10.1107/S0021889898007717

http://dx.doi.org/10.1016/j.tetlet.2003.09.171

http://dx.doi.org/10.1016/j.tetlet.2003.09.171

http://dx.doi.org/10.1016/j.bmc.2003.09.020

http://dx.doi.org/10.1016/j.bmc.2003.09.020






DOI: 10.1002/asia.200800101


Metallodynamers: Neutral Double-Dynamic Metallosupramolecular
Polymers


Cheuk-Fai Chow,[a, c] Shunsuke Fujii,[a, b] and Jean-Marie Lehn*[a]


Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday


Introduction


Supramolecular chemistry is about dynamism.[1] The interac-
tions that connect the molecules of a supramolecular entity
are easily broken and reformed, thus allowing supramolec-
ular species to modify their constitution readily by incorpo-
rating, exchanging, and reorganizing their components. This
dynamic form of chemistry concerns the constitution of the
chemical object itself. When it is imported into molecular
chemistry by the introduction of reversible bonds, dynamic
covalent chemistry is attained,[2] which, together with supra-
molecular chemistry, defines constitutional dynamic chemis-
try (CDC)[1b,c] on both the molecular/covalent and the supra-
molecular/noncovalent levels. The introduction of CDC into


materials science, in particular, polymer chemistry, leads to
dynamic polymers: dynamers that are both supramolec-
ular[1,3] and molecular[1,2, 3e] in nature.


Dynamers are particularly interesting because both micro-
scopic and macroscopic properties of the polymeric entities
can be rationally altered and tuned after polymerization.
Dynamers may be defined as constitutional dynamic poly-
mers, that is, polymeric entities whose monomeric compo-
nents are linked through reversible connections and have
the capacity to modify their constitution by incorporation,
exchange, and reshuffling of their components.[1b,c,3b,e] Tradi-
tionally, the primary focus of polymer chemistry has been to
avoid constitutional exchange reactions and to produce
chemically well-defined, unique polymers, in particular, for
industry.[4] Dynamers, by taking advantage of their ability to
modify components through breaking and reforming their
connections, provide a means for developing new materials
that exhibit unusual properties.[3,5] Dynamers based on re-
versible covalent bonds[3e,5] were recently shown to undergo
constitutional exchange reactions and transformation of
macroscopic properties in solution as well as in neat poly-
mer films.[5h,i] Such constitutional exchange may also occur
in a special class of supramolecular dynamers, coordination
polymers,[6] in which the monomeric components are ligand
molecules linked through metal-ion coordination. As kineti-
cally labile metal–ligand interactions are by nature dynamic,
the coordinative bonding can dissociate and associate under
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the influence of chemical and physical triggers.[7] Therefore,
these coordination polymers may be defined as dynamic
metallosupramolecular entities, or metallodynamers.[7] Coor-
dination polymers have drawn much attention in polymer
science in recent times because properties such as charge,
color, luminescence, magnetism, macroscopic morphology,
and kinetic lability can in principle be tuned with the appro-
priate combination of ligands and metal ions.[6] Although
most of them are either cationic or anionic,[6] it would be of
much interest to assemble monomeric ligands and metal
ions in such a way that they generate neutral coordination
polymers,[7] which can ultimately be used to blend into con-
ventional neutral polymers. Furthermore, the coordination
site itself may be self-assembled from a set of subunits
driven by metal-ion binding and with subunit selection, as
was shown to occur in the formation of grid-type metallosu-
pramolecular architecture.[8] Such coordination-site self-as-
sembly has been implemented in the formation of coordina-
tion polymers.[7]


The present report describes the self-assembly and prop-
erties of coordination polymers based on neutral coordina-
tion centers and that display both metallosupramolecular
and molecular covalent dynamics. We also report their dy-
namic constitutional modification through ligand exchange
at the metal coordination site with another dynamic poly-
mer in the neat phase (without any catalyst) as well as the
resulting acquisition of novel functional properties. These
coordination polymers combine a particularly broad range
of features: 1) a metallosupramolecular linkage through
metal-ion coordination; 2) self-assembly of the connection
sites from ligand subunits; 3) neutral/charged interchange
through NH ionization or NR substitution with concomitant
organophilic/hydrophilic behavior; 4) constitutional dynam-
ics modulated by the nature of the coordination center, thus
allowing coordination-site reshuffling by exchange of either
ligand or metal ion; 5) orthogonal double dynamics involv-
ing both reversible coordination and reversible covalent-
bond (imine) formation; 6) control of initiation and poly-
merization through either metal-ion coordination or imine
condensation or both; 7) potential combinatorial monomer
selection in a mixture of monomers by tetra-, penta-, or hexa-
coordination driven by specific metal ions; and 8) dynamic
modulation of functional features such as optical or mechan-
ical properties through component recombination
(Figure 1).


Results and Discussion


Synthesis and Characterization of Ligand Subunits, Free
Ligands, and Model Complexes


To obtain reference data for the study of the dynamic metal-
losupramolecular polymers, we first synthesized a series of
ligand subunits: carboxaldehydes and bisacyl hydrazides,
free acyl hydrazone ligands, and neutral model metal com-
plexes, so as to characterize their spectroscopic properties
and for comparison with metallosupramolecular polymers.
Pyridine-2-carboxyaldehyde (Py2al), quinoline-2-carboxyal-
dehyde (Qui2al), and 5-decyloxylpyridine-2-carboxyalde-
hyde (Py2alC10) were used as core aldehyde subcomponents.
Py2alC10 was synthesized from the nucleophilic substitution
reaction of 1-iododecane with 5-hydroxypyridine-2-carboxy-
aldehyde in the presence of K2CO3 in anhydrous N,N-dime-
thylformamide (DMF) as pale-yellow solids. The bisacyl hy-
drazide subcomponents BH1 and BH2 were obtained as oily
materials by treating the hydride-terminated polydimethyl-
siloxane with corresponding alkene-terminated methyl or
ethyl esters in the presence of the Karstedt catalyst, fol-
lowed by treatment with hydrazine monohydrate in ethanol
to convert the ester group into an acyl hydrazide
(Scheme 1). The free acyl hydrazone ligands L1–L6 were
obtained by condensation of the corresponding aldehyde
and acyl hydrazide (Scheme 2).


Neutral coordination centers may be obtained by using
coordination subunits with ionizable sites. This is the case
for the ionizable analogues of the tridentate terpyridine
group[9] based on pyridyl hydrazone[10] and acyl hydrazone[11]


units, which incorporate an N–H site that undergoes acidifi-
cation and facile ionization upon binding of a metal ion.[14]


The neutral model complex 1 (Figure 2) was formed by a
self-assembly reaction by stirring 2 equivalents of Py2al and
4-chlorobenzoic hydrazide with 1 equivalent of Zn-
ACHTUNGTRENNUNG(SO4)·7H2O in the presence of Na2CO3 at room tempera-
ture. A perspective view of the crystal structure with atom
labeling is shown in Figure 2.[12] The coordination geometry
of the ZnII center is a distorted octahedron with the two tri-
dentate ligands lying almost perpendicular to each other.
The dihedral angle between the mean planes defined by
O1–N1–N2–N3 and O2–N4–N5–N6 is 94.68. Deprotonation


Abstract in Chinese:


Figure 1. Schematic representation of the transformation of properties
that result from constitutional metal–ligand exchange reactions in metal-
lodynamers.
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of the acidic protons from the amide moieties in 1 results in
a neutral complex. The neutral heteroligand complex 2 was
formed by stirring equal amounts of presynthesized acyl hy-
drazone ligands L7 and L8 as well as ZnACHTUNGTRENNUNG(SO4)·7H2O in the
presence of Na2CO3 at room temperature. Nine other neu-
tral homoligand model complexes 3–11 were also obtained
by a procedure similar to that for complex 1: one-pot reac-
tion of an acyl hydrazide (octyloic hydrazide or 4-methoxy-
benzhydrazide) with a carboxaldehyde (Py2al, Py2alC10, or
Qui2al) and a CoII, NiII, ZnII, or CdII transition-metal salt in
a 2:2:1 molar ratio in the presence of a mild base (Na2CO3)
in MeOH/CH2Cl2 (1:1 v/v) at room temperature
(Figure 2).[13] Perspective views of the crystal structures of
complexes 8 and 10 with atom labeling are shown in
Figure 2.[12] The coordination geometry of the ZnII and NiII


centers in 8 and 10, respectively, is a distorted octahedron,
and the dihedral angle between the mean planes defined by
O1–N1–N2–N3 and O3–N4–N5–N6 is 93.68 in 8 and 92.68 in
10.


Synthesis and Characterization of Neutral
Metallosupramolecular Polymers


After the formation of neutral model complex 1 was ach-
ieved by subunit self-assembly, nine neutral metallosupra-
molecular polymers P1–P9, connected through neutral coor-
dination centers, were obtained, by following the same pro-
cedure, by one-pot reaction of bisacyl hydrazide BH1 or
BH2 with carboxaldehyde Py2al, Py2alC10, or Qui2al and a
CoII, NiII, ZnII, or CdII transition-metal salt in a 1:2:1 molar
ratio in the presence of a mild base (Na2CO3) in MeOH/
CH2Cl2 (1:1 v/v) at room temperature (Scheme 3). The gen-
eration of P1–P9 resulted from a self-assembly polymeri-
zation involving three processes: 1) subunit condensation to


Scheme 1. Synthetic scheme for the preparation of the bisacyl hydrazide subunits BH1 and BH2. Reagents: a) Hydride-terminated polydimethylsiloxane
(10 mmol), alkene-terminated ester E1 or E2 (24 mmol), and Karstedt catalyst (4 drops) in toluene (50 mL); b) BE1 or BE2 (10 mmol) and hydrazine
monohydrate (200 mmol) in ethanol (15 mL). n�13 for all the siloxanes.


Scheme 2. Structures of the aldehyde, hydrazine, and hydrazone subcom-
ponents (n�13).
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form the tridentate coordination moiety; 2) multiple metal–
ligand coordination to connect the ligand monomers; and
3) simultaneous deprotonation to form neutral coordination
centers.


Different morphologies of the metallosupramolecular
polymers were obtained by using different combinations of
ligands and metal ions. Among the metallosupramolecular
polymers, P1 and P3–P9 formed transparent free-standing
films, whereas P2 formed a gum after evaporation of a solu-
tion in CH2Cl2 (Figure 3). For comparison, the free ligands
L1–L6 (Scheme 2) incorporated in the polymers were pre-
pared independently as oily materials. The corresponding
neutral model complexes 3–11 were obtained as opaque
solids. All the polymers are well-soluble in common organic
solvents such as CH2Cl2, CHCl3, THF, and DMF, but not in
water, as the polymeric dimethylsiloxane spacer was expect-
ed to offer sufficient solubility.


1H NMR spectroscopy confirmed the formation of the
supramolecular polymers. As shown in Table 1, the 1H NMR
signals of the coordinated imine protons in P1–P6 and P9
were found at 0.33–0.85 ppm downfield of the corresponding
signals of the noncoordinated imine protons in free ligands
L1–L6. The corresponding proton signals for P1–P9 were
exactly the same as those for the neutral model complexes


3–11.[13] As expected, the
1H NMR spectroscopic features
of P7 and P8 showed that they
were paramagnetic owing to
the cobalt(II) d7 and nickel(II)
d8 centers. The linear chain
structure of the supramolecular
polymers agrees with the occur-
rence of signals of uncomplexed
terminal acyl hydrazone moiet-
ies in the 1H NMR spectra.
However, the formation of
large macrocyclic complexes
cannot be excluded. Integration
of the 1H NMR signals of the
imine CH or OCH2 protons at
uncomplexed and complexed
coordination sites gives the
average molecular weight of
the metallosupramolecular
polymers. As shown in Table 1,
the average molecular weight
of the different polymers lie in
the range 33000–52000 gmol�1,
which corresponds to 17–30 re-
peating units. 1H NMR spec-
troscopy also revealed the dy-
namic behavior of these metal-
lodynamers. By progressively
increasing the concentration of
P1 from 3.125 through 12.5 to
50 mm in CDCl3, its average
molecular weight increased


from 15000 through 25000 to 41000 gmol�1. The relation-
ship between the degree of polymerization (DP), the con-
centration of the dissolved polymer ([M]), and the binding
constant (K) is expressed by Equation (1).[14] Figure 4 illus-
trates the linear relationship between (DP)2 and the concen-
tration of P1 dissolved in CDCl3.


DP � ðK½M�Þ1=2 ð1Þ


Polymer P3 presented an emission at 499 nm under exci-
tation at 452 nm, due to the zinc(II) coordination center,
which contains quinoline residues. An increase in the exten-
sion of p conjugation with the presence of aromatic acyl hy-
drazone moieties in zinc(II)-based polymers P4–P6 led to a
stronger corresponding emission at 519, 461, and 519 nm, re-
spectively. Polymer P9 presented an emission at 525 nm
under excitation at 481 nm, due to the cadmium(II) coordi-
nation center, which contains aromatic acyl hydrazone quin-
oline residues. On the other hand, P1 and P2 were only
weakly fluorescent at 450 nm under excitation at 390 nm as
they only contain pyridine groups, whereas P7 and P8 were
nonluminescent, probably due to quenching of the emission
by cobalt(II) and nickel(II) ion (Table 1).


Figure 2. a) Structures of the neutral homoligand complexes 1 and 3–11 and the neutral heteroligand complex
2. b) Perspective views of the solid-state X-ray molecular structures of complexes 1, 8, and 10. Selected bond
lengths for 1 (O): Zn1–N2 2.064(3), Zn1–N3 2.306(3), Zn1–O1 2.102(3), Zn1–N5 2.060(2), Zn1–N6 2.252(2),
Zn1–O2 2.095(2), N1–N2 1.367(4), N4–N5 1.365(3). The dihedral angle between the mean planes defined by
O1–N1–N2–N3 and O2–N4–N5–N6 is 94.28. Selected bond lengths for 8 (O): Zn1–N1 2.318(3), Zn1–N2
2.065(2), Zn1–O1 2.159(2), Zn1–N4 2.238(3), Zn1–N5 2.049 (2), Zn1–O3 2.145(3), N2–N3 1.366(3), N5–N6
1.361(3). The dihedral angle between the mean planes defined by O1–N1–N2–N3 and O3–N4–N5–N6 is 93.68.
Selected bond lengths for 10 (O): Ni1–N1 2.167(6), Ni1–N2 1.972(5), Ni1–O1 2.085(6), Ni1–N4 2.176(6), Ni1–
N5 1.990(6), Ni1–O3 2.081(5), N2–N3 1.378(7), N5–N6 1.373(7). The dihedral angle between the mean planes
defined by O1–N1–N2–N3 and O3–N4–N5–N6 is 92.68.
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Selection of Combinatorial Monomeric Subunits in Ligand
Self-Assembly


The use of subunits (carboxaldehyde, bishydrazide, and
metal-ion salt) rather than presynthesized ligands (L1–L6)
for the formation of the metallosupramolecular polymers
gives an opportunity to investigate the selection of combina-
torial monomeric subunits. The formation of the neutral
metallosupramolecular polymer P1 may be expected to in-
volve ZnII-mediated selection of Py2al from a library of car-
boxaldehydes, on the basis of its ability to form a tridentate
hydrazone ligand (Scheme 4). Figure 5a shows the 1H NMR


spectrum of a mixture of several carboxaldehydes (Py2al,
benzaldehyde, 3-chloro-4-pyridinecarboxaldehyde, 2-me-
thoxy-3-pyridinecarboxaldehyde) and the bisacyl hydrazide
monomer BH1 in the absence of metal salt : a mixture of
condensation products was obtained in different amounts
(acyl hydrazone (%)/remaining aldehyde (%)=30:70 (ben-
zaldehyde), 28:72 (Py2al), 35:65 (2-methoxy-3-pyridinecar-
boxaldehyde), 7:93 (3-chloro-4-pyridinecarboxaldehyde)). In
sharp contrast, when the reaction was performed in the
presence of ZnACHTUNGTRENNUNG(SO4)·7H2O, the 1H NMR spectrum revealed
that only Py2al reacted with BH1 under coordination to the
zinc(II) ions to form the corresponding polymer P1 (Fig-
ure 5b). There was no acyl hydrazone product formed with
the other three aldehydes, and all the Py2al were used up in
the reaction; the new 1H NMR peaks corresponded with
those of pure homopolymer P1 (Figure 5c). The preferential
formation of P1 thus amounts to subunit selection under co-
ordination pressure, as in the case of the generation of a
grid-type metallosupramolecular architecture.[8]


Constitutional Dynamic Behavior of Metallosupramolecular
Polymers


The constitutional dynamic behavior of the present neutral
metallosupramolecular polymers was demonstrated by the
occurrence of cross-over ligand exchange due to the reversi-
bility of the coordination bonds (Scheme 5), as shown by
1H NMR spectroscopic studies of polymer blends. Polymer
blend B1 was prepared by simply stacking on the top of
each other two neat films of the homopolymers P2 and P6
in a 1:1 molar ratio at 50 8C for 24 h (without solvent or cat-
alyst). 1H NMR spectroscopic analysis of B1 in CDCl3


Scheme 3. Synthetic scheme of the self-assembly of metallosupramolecu-
lar polymers P1–P9 by multiple condensation–coordination–deprotona-
tion reactions between bishydrazide BH1 or BH2 (0.15 mmol), aldehyde
Py2al, Py2alC10, or Qui2al (0.3 mmol), and CoII, NiII, ZnII, or CdII metal
salt in the presence of Na2CO3 (0.33 mmol) in MeOH/CH2Cl2 (1:1 v/v,
15.0 mL) at room temperature. n�13 for BH1 and BH2.


Figure 3. Photographs of samples of neutral metallosupramolecular poly-
mers. Zinc(II)-based polymers: a) soft transparent film P1 with weak
fluorescence; b) polymer gum P2 with weak fluorescence; c) strong trans-
parent film P3 with yellow fluorescence; d) strong transparent film P4
with strong yellow fluorescence; e) soft transparent film P5 with yellow-
ish-green fluorescence; and f) strong transparent film P6 with strong
yellow fluorescence. Various transition-metal-based polymers:
g) cobalt(II)-based polymer P7 as a paramagnetic strong film; h) nickel-
(II)-based polymer P8 as a paramagnetic strong film; and i) cadmium(II)-
based polymer P9 as a strong film with strong yellow fluorescence. The
photographs of polymer fluorescence were taken under excitation at
365 nm.
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(�50 mm) allowed identification of the various types of con-
nections between zinc ion and acyl hydrazone ligands by the
signals of the C–H protons of the imine and aromatic


groups between 6.6–8.9 ppm
(Figure 6). The spectrum of B1
showed three characteristic
imine proton signals, which
were assigned to 1) P2
(8.27 ppm): starting homopoly-
mer; 2) P6 (8.80 ppm): starting
homopolymer; and, most im-
portantly, 3) a new imine peak
(8.60 ppm): a new heteroligand
zinc(II) coordination polymer
containing both L2 and L6.
Confirmation was obtained by
synthesizing monomeric ZnII


complex 2 as a reference com-
pound. These results indicate
that the blending of two differ-
ent metallodynamers generated
a new heteroligand metallosu-
pramolecular polymer by ligand
exchange (even in the neat
phase without catalyst). The
random copolymer C1 was also
prepared as a reference materi-
al by reaction of a mixture of
the free ligands L2 and L6 with
ZnII metal salt in a 1:1:2 molar
ratio. The 1H NMR signals
found for C1 were exactly the
same as those for B1 (Fig-
ure 6e). Integration of the
1H NMR signals for the CH2


ACHTUNGTRENNUNG(C=O) and CH ACHTUNGTRENNUNG(imine) protons
of uncomplexed and complexed


coordination sites gave an average molecular weight of
around 28000 gmol�1, which is of the same order as the
parent polymers P2 and P6. On the basis of the appearance
of the uncomplexed coordination sites as end groups, linear
coordination polymer structures can be inferred. To study
the kinetics of the dynamic ligand-exchange reaction be-
tween homopolymers P2 and P6, 1H NMR spectroscopic
analysis was performed on 1:1 mixtures of P2 and P6
(2.5 mm each) at 25 8C in CDCl3; however, equilibrium was
reached as soon as P2 and P6 were mixed.


The degree of constitutional dynamic evolution was corre-
lated with the ratio of P2 and P6 incorporated in the poly-
mer blend. Polymer blends B2 and B3 were prepared in the
same way as B1 except that when stacking the homopoly-
mers P2 and P6, the molar ratio 1:1 was replaced by 2:1
(B2) and 1:2 (B3). As expected, the 1H NMR spectra of B1–
B3 showed the three characteristic imine proton signals
(Figure 7). The ratio of the areas of the signals assigned to
the P2/P6 heteroligand polymer was found to be about 1:1:2
in B1, as opposed to 6:1:4 and 1:6:4 in B2 and B3, respec-
tively. These results indicate that the outcome of the consti-
tutional dynamic behavior can be statistically correlated
with the ratio of P2 and P6 used in the polymer blend.


Table 1. 1H NMR chemical shifts, molecular weights, and optical properties for the metallosupramolecular
polymers P1–P9 depicted in Scheme 1.


Polymer d ACHTUNGTRENNUNG(Himine)
ACHTUNGTRENNUNG[ppm]


dACHTUNGTRENNUNG(Himine,L)
ACHTUNGTRENNUNG[ppm]


Average Mr


ACHTUNGTRENNUNG[gmol�1][b]
DP[d] lmax,abs [nm]


ACHTUNGTRENNUNG(emax [dm3 mol�1 cm�1])[e]
lmax,ex


[nm][f]
lmax,em


[nm][f]


P1 8.31 7.98 (L1) 33000 20 291 (33640),
364 (15000)


400 456


P2 8.27 7.88 (L2) 39000 20 299 (27245),
364 (26650)


392 451


P3 8.61 8.14 (L3) 43000 25 274 (27110),
304 (27400),
400 (25960)


452 499


P4 8.49 8.06 (L4) 55000 30 307 (18330),
338 (17905),
383 (24375)


462 519


P5 8.43 8.23 (L5) 38000 17 277 (42870),
330 (38020),
342 (34920),
368 (20880)


378 461


P6 8.80 8.46 (L6) 45000 23 286 (31290),
303 (31540),
426 (34675)


478 510


P7 –[a] 8.46 (L6) –[c] –[c] 286 (35730),
311 (40055),
423 (58715)


–[g] –[g]


P8 –[a] 8.46 (L6) –[c] –[c] 287 (31370),
314 (41350),
437 (53855),
896 (42)


–[g] –[g]


P9 8.79 8.46 (L6) 52000 26 288 (29345),
311 (30845),
431 (42240)


481 525


[a] Paramagnetic materials. [b] Average molecular weight was determined by the integration of the 1H NMR
signals for imine CH or OCH2 protons at uncomplexed and complexed coordination sites of each polymer at
25 mm in CDCl3. [c] Paramagnetic materials; could not determined by integration of 1H NMR signals.
[d] Degree of polymerization=number of repeating units in polymer chain. [e] Electronic spectroscopic meas-
urements were obtained in CHCl3 at 298 K. [f] Spectrofluorimetric measurements were performed at 0.20 mm


in CHCl3. [g] Non-emissive materials.


Figure 4. Relationship between DP and the concentration of P1 in CDCl3
according to Equation (1). The slope and vertical intercept of the best-fit
(DP)2 versus [P1] plot are (1.22�0.054)Q104


m
�1 and 5.10�0.042Q102,


respectively.
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Transformation of Mechanical and Optical Properties by
Dynamic Constitutional Exchange in
Metallosupramolecular Polymers


Materials may introduce new functional properties through
dynamic constitutional metal–ligand exchange in dynamers.
For example, optical properties can be easily transformed
through component incorporation. Polymer blends B4–B6
were prepared by stacking 33, 50, and 67 mol% of P8 with
respect to P2, respectively, at 50 8C for 24 h in the absence
of solvent. P2, which contains two acyl hydrazone–pyridine
units, is a very weakly emissive gum, whereas P8 is a non-
emissive film because of the presence of the paramagnetic
NiII metal center. Spectrofluorimetric analysis of the ex-
changed polymer blends B4–B6 in CHCl3 allowed identifica-
tion of the dynamic exchange between metal ions and acyl
hydrazone ligands by following their optical properties (Fig-
ure 8a). B4–B6 all showed an excitation maximum at
478 nm and an emission maximum at 512 nm, which were
fully matched to the excitation and emission spectra of ho-
mopolymer P6 (one of the main luminescent domains in the


polymer blends). This indicates
that cross-over metal-cation ex-
change had occurred during the
preparation of the film of the
polymer blend. Figure 8b shows
the optical features of P2, P8,
B5 (before exchange reaction)
and B5 (after exchange).


Evolution of the mechanical
properties[5h] of B4–B6 was also
observed. P2, which contains
two decyloxypyridine units, is a
gum, whereas P8 is a hard film
because of the presence of aro-
matic-type acyl hydrazone and
quinoline moieties. Viscoelastic-
ity measurements revealed that
the storage elastic modulus E’
of P8 was 8.33Q10�2 GPa at
25 8C, and the profile of the loss


Scheme 4. Preferential formation of the neutral metallosupramolecular polymer P1 through ZnII-mediated selection of Py2al from a library of carboxal-
dehydes based on the ability to form a bistridentate acyl hydrazone ligand (highlighted).


Figure 5. 1H NMR spectra of the condensation reaction between a mix-
ture of carboxaldehydes (i=benzaldehyde, ii=pyridine-2-carboxalde-
hyde, iii=2-methoxy-3-pyridinecarboxaldehyde, iv=3-chloro-4-pyridine-
carboxaldehyde) and bishydrazide monomer BH1 (2:2:2:2:1 ratio) in the
a) absence and b) presence of ZnACHTUNGTRENNUNG(SO4)·7H2O. c) 1H NMR spectrum of
homopolymer P1 (control). The signals highlighted in b) show the disap-
pearance of ii and the appearance of P1.


Scheme 5. Constitutional metal–ligand exchange reaction between metallodynamers P2 and P6 : evolution of
metallodynamers that contain only homoligand domains into polymer blend B1, which contains heteroligand
domains.
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elastic modulus, E’’, gave the Tm value of P8 as 83.5 8C
(Table 2). These results are in line with the gum and hard-
film behavior of P2 and P8, respectively (Figure 8). As the
polymer blends B4–B6 are composed of 33, 50, and
66 mol% of P8 (hard segment) with respect to P2, respec-
tively, the increase in E’ and Tm values from B4 to B6 corre-
lates with the molar percentage of P8 present (Table 2).
This correlation is nicely reflected in the difference in film
hardness at room temperature among B4–B6 (Figure 8d).
Scheme 6 shows the proposed constitutional metal–ligand
exchange reaction between metallodynamers P2 and P8.


Conclusions


The present results demonstrate that neutral metallosupra-
molecular polymers can be rationally designed and synthe-
sized in a selective, self-assembly manner. They also reveal
that these coordination polymers are indeed dynamic, capa-
ble of interchanging the elements (ligand components and
metal ions) of their coordination centers in solution as well
as in the neat phase, thus allowing the introduction of novel
properties, a particularly attractive feature of such function-
al dynamic materials. At the meeting point of metallosupra-
molecular chemistry, coordination chemistry, and polymer
chemistry, coordination polymers are constitutional dynamic
materials, or metallodynamers, that offer a rich palette of
entities and properties resulting from the blending of consti-
tutional dynamic chemistry with pure and applied materials
science.


Experimental Section


General


Pyridine-2-carboxaldehyde, 2-quinoline-carboxaldehyde, benzaldehyde,
2-methoxy-3-pyridinecarboxaldehyde, 3-chloro-4-pyridinecarboxaldehyde,
Co ACHTUNGTRENNUNG(BF4)2·6H2O, Ni ACHTUNGTRENNUNG(BF4)2·6H2O, ZnACHTUNGTRENNUNG(SO4)·7H2O, Cd ACHTUNGTRENNUNG(NO3)2·4H2O, octylo-
ic hydrazide, 4-methoxybenzhydrazide, 1-iododecane, ethyl-4-pentenoate,
hydrazine monohydrate, 4-hydroxymethylbenzoate, and 5-bromo-1-pen-
tene were obtained from Aldrich. Hydrogen-terminated polydimethylsil-
oxane (Mr�1000–1100 gmol�1) and Karstedt catalyst were obtained from
ABCN. 5-Hydroxypyridine-2-carboxyaldehyde was prepared according to
the literature method.[15] Deuterated chloroform used for the kinetic
measurements was flushed through basic alumina immediately prior to
use to remove any trace of acid. 1H NMR spectra were recorded on a
Bruker 400-MHz Ultrashield Avance 400 spectrometer. UV/Vis spectra
were recorded on a Varian-Cary-3 spectrometer or on a Jasco V-560 spec-
trometer. EI and ES MS was performed by the Service de Spectrom:trie
de Masse, Universit: Louis Pasteur. Elementary analysis was performed
on a Vario EL elementary analyzer. Details about data collection and so-
lution refinement are given in the Supporting Information. X-ray diffrac-
tion measurements for complex 1 were performed on a Nonius Kappa
CCD diffractometer operating with an MoKa(l=0.71073 O) X-ray tube
with a graphite monochromator. The structure was solved (SHELXS-97)
by direct methods and refined (SHELXL-97) by full-matrix least-square
procedures on F2. All non-H atoms were refined anisotropically.[12]


Syntheses


E2 : A mixture of 4-hydroxymethylbenzoate (5.45 g, 35.8 mmol), 5-
bromo-1-pentene (4.85 g, 32.5 mmol), K2CO3 (22 g, 163 mmol), KI


Figure 6. Section of the 1H NMR spectra of a) polymer P2, b) polymer
P6, c) reference heteroligand complex 2, d) blend B1, and e) copolymer
C1 in CDCl3 (�50 mm), showing the C–H proton signals of the imine or
aromatic entities. The symbols indicate the corresponding characteristic
proton signals in the spectra (star=P2, diamond=P6) and the new heter-
oligand polymer (triangle).


Figure 7. Section of the 1H NMR spectra of the blended polymers a) B1
(from P2/P6=1:1), b) B2 (from P2/P6=2:1), and c) B3 (from P2/P6=


1:2) in CDCl3 (�50 mm). The symbols indicate the corresponding charac-
teristic proton signals of the reference polymers (star=P2, diamond=


P6) and the new heteroligand polymer (triangle).
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(0.55 g, 3.25 mmol), and acetone (200 mL) was heated at reflux with stir-
ring under nitrogen overnight. The white solid in the reaction mixture
was filtered out. The filtrate collected was concentrated by using a rotary
evaporator. A crude yellow oil was obtained. TLC analysis of the crude
product (heptane/diethyl ether=4:1) gave Rf =0 (starting material) and
0.5 (product). The crude oil was purified by silica-gel column chromatog-
raphy to give 4-(pent-4-enoxy)methylbenzoate (E2 ; 85%) as a colorless
oil. 1H NMR (CDCl3): d=8.00 (d, J=8.97 Hz, 2H), 6.92 (d, J=8.94 Hz,
2H), 5.92–5.81 (m, 1H), 5.11–5.01 (m, 2H), 4.04 (t, J=6.43 Hz, 2H), 3.90
(s, 3H), 2.26 (q, J=6.89 Hz, 2H), 1.92 ppm (quint, J=6.82 Hz, 2H); MS
(ES+ ): m/z=221 [M+H]+ ; elemental analysis: calcd (%) for C13H16O3:
C 70.89, H 7.32; found: C 71.06, H 7.32.


Py2alC10: A mixture of 5-hydroxypyri-
dine-2-carboxyaldehyde[15] (0.414 g,
3.64 mmol), 1-iododecane (1.35 g,
5.1 mmol), K2CO3 (1.25 g, 9.1 mmol),
and anhydrous DMF (40 mL) was
heated to 80 8C with stirring under ni-
trogen overnight. The white solids in
the reaction mixture were then filtered
out. The filtrate collected was concen-
trated by using a rotary evaporator.
TLC analysis of the crude product (pe-
troleum ether/ethyl acetate=7.5:1)
gave Rf =0 (unknown side product)
and 0.5 (product). The crude solid was
purified by silica-gel column chroma-
tography to give Py2alC10 (90%) as a
white crystalline solid. 1H NMR
(CDCl3): d =10.00 (s, 1H), 8.44 (d, J=


2.68 Hz, 1H), 7.97 (d, J=8.65 Hz,
1H), 7.30 (dd, J=8.67, 2.99 Hz, 1H),
4.11 (t, J=6.52 Hz, 2H), 1.91–1.81 (m,
2H), 1.54–1.43 (m, 2H), 1.43–1.22 (m,
12H), 0.90 ppm (t, J=6.84 Hz, 3H);
MS (ESI+ ): m/z=264 [M+H]+ ; ele-
mental analysis: calcd (%) for
C16H25NO2: C 72.96, H 9.57, N 5.32;
found: C 72.77, H 9.67, N 5.24.


BE1: Ethyl-4-pentenoate (E1; 3.1 g,
24 mmol) was added to hydrogen-ter-
minated toluene polydimethylsiloxane
(50 mL, 11 g, 10 mmol). Karstedt cata-
lyst (platinum divinyltetramethyldisi-
loxane complex in xylene, 4 drops)
was then added to the mixture. The re-
action mixture was stirred at room
temperature under nitrogen overnight.
During the course of the reaction, the
solution turned from colorless to pale
yellow. The reaction was exothermic
during the first 10 min. Silica gel was


used to remove the Karstedt catalyst by simply loading the resulting mix-
ture in toluene on a column and eluting with CH2Cl2 (250 mL). The elu-
tant was concentrated to give polydimethylsiloxanes-a,w-bis(ethyl-1-pen-
tanoate) (BE1; 98%) as a colorless oil, which was used without further
purification. As a result of the molecular-weight dispersion of the prod-
uct, characterization was based mainly on NMR spectroscopy. 1H NMR
(CDCl3): d=4.13 (q, J=7.13 Hz, 4H), 2.30 (t, J=7.54 Hz, 4H), 1.66
(quint, J=7.50 Hz, 4H), 1.43–1.33 (m, 4H), 1.26 (t, J=7.14 Hz, 6H), 0.56
(t, J=7.60 Hz, 4H), 0.09 ppm (s, 90H).


BE2 : The same procedure as that used for BE1 was used to synthesize
polydimethylsiloxanes-a,w-bis[4-(pentan-4-oxy)methylbenzoate] (BE2 ;
98%) by replacing E1 with E2. The colorless oil obtained was used with-
out further purification. As a result of the molecular-weight dispersion of
the product, characterization was based mainly on NMR spectroscopy.
1H NMR (CDCl3): d=8.00 (d, J=8.91 Hz, 4H), 6.92 (d, J=8.89 Hz, 4H),
4.03 (t, J=6.54 Hz, 4H), 3.91 (s, 6H), 1.83 (quint, J=6.65 Hz, 4H), 1.57–
1.47 (m, 4H), 1.47–1.37 (m, 4H), 0.60 (t, J=7.67 Hz, 4H), 0.10 ppm (s,
90H).


BH1: A solution of BE1 (12.6 g, 10.0 mmol) in ethanol (15 mL) was
added to hydrazine monohydrate (10 g, 200 mmol). The reaction mixture
was heated at reflux and stirred under nitrogen for 24 h. The reaction
mixture was concentrated. TLC analysis of the crude product with
CHCl3/MeOH (25:1) gave Rf =0.05 (hydrazine) and 0.25 (product). The
crude oil was purified by silica-gel column chromatography to yield poly-
dimethylsiloxanes-a,w-bis(pentanoic-1-hydrazide) (BH1; 95%) as a col-
orless oil. BH1 was kept in a refrigerator. As a result of the molecular-
weight dispersion of the product, characterization was based mainly on
NMR spectroscopy. 1H NMR (CDCl3): d =6.85 (br, 2H), 3.21 (br, 4H),


Figure 8. Evolution of the optical properties of the metallodynamers. a) Excitation (dashed line) and emission
(solid line) spectra of i) P2, ii) P6, and iii) polymer blend B5 in CHCl3 (0.2 mm). b) Photographs of the metallo-
dynamer films taken under excitation at 365 nm: nonfluorescent films i) P2, ii) P8, and iii) B5 before the ex-
change reaction, and iv) fluorescent film B5 after exchange. c) Temperature dependence of the storage elastic
modulus E’ of the films i) blend B5, ii) blend B6, and iii) P8, and of the loss elastic modulus E’’ of the films iv)
blend B5, v) blend B6, and vi) P8. d) Visualization of the progressive soft-to-hard evolution of the mechanical
properties of the metallodynamers i) P2 (gum), ii) blend B4 (very soft and stretchy material), iii) blend B5
(soft film), iv) blend B6 (hard film), and v) P8 (hard film).


Table 2. Evolution in mechanical properties of the dynamic metallosu-
pramolecular polymers P2, P8, B4, B5, and B6 as a function of the
amount of incorporation of P8 into P2.


Polymer P8/P2 [mol%] Tm [8C][a] E’ [GPa][b]


P2 0 �32.3[c] –[d]


B4 33 �20.1[c] –[d]


B5 50 19.1 8.35Q10�3


B6 67 33.5 9.77Q10�3


P8 100 83.5 1.08Q10�2


[a] Melting temperature determined by the profile of the loss elastic
modulus E’’. [b] Storage elastic modulus E’ at the melting temperature.
[c] Melting temperature determined by differential scanning calorimetry.
[d] Materials were a gum.
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2.18 (t, J=7.66 Hz, 4H), 1.69 (quint, J=7.56 Hz, 4H), 1.36–1.26 (m, 4H),
0.57 (t, J=8.30 Hz, 4H), 0.09 ppm (s, 90H).


BH2 : The same procedure as that used for the synthesis of BH1 was
used to synthesize BH2, with BE1 replaced by BE2. TLC analysis of the
crude product with CHCl3/MeOH (5:1) gave Rf =0.05 (hydrazine) and
0.8 (product). The crude oil was purified by silica-gel column chromatog-
raphy to yield polydimethylsiloxanes-a,w-bis[4-(pentan-4-oxy)benzoic-1-
hydrazide] (BH2 ; 95%) as a pale-yellow oil. BH2 was kept in a refrigera-
tor. As a result of the molecular-weight dispersion of the product, charac-
terization was based mainly on NMR spectroscopy. 1H NMR (CDCl3):
d=7.72 (d, J=8.69 Hz, 4H), 6.94 (d, J=8.68 Hz, 4H), 4.01 (t, J=


6.37 Hz, 4H), 1.83 (quint, J=6.52 Hz, 4H), 1.55–1.46 (m, 4H), 1.46–1.36
(m, 4H), 0.60 (t, J=7.66 Hz, 4H), 0.10 ppm (s, 90H).


L1: A mixture of Py2al (0.15 mmol), BH1 (0.075 mmol), and anhydrous
Na2SO4 (1.5 mmol) was stirred at room temperature under N2 for 24 h in
CH2Cl2 (7.50 mL). The crude oil was purified by silica-gel column chro-
matography (CH2Cl2/MeOH =40:1) to give L1 (95%) as a pale-yellow
oil. As a result of the molecular-weight dispersion of the product, charac-
terization was based mainly on NMR spectroscopy. 1H NMR spectrum
(CDCl3): d=8.61 (d, J=6.94 Hz, 2H), 7.98 (s, 2H), 7.94 (d, J=7.98 Hz,
2H), 7.72 (t, J=7.96 Hz, 2H), 7.27 (t, J=6.98 Hz, 2H), 2.78 (t, J=


7.75 Hz, 4H), 1.77 (quint, J=7.65 Hz, 4H), 1.52–1.41 (m, 4H), 0.67–0.58
(m, 4H), 0.10 ppm (s, 90H).


L2 : A mixture of Py2alC10 (0.15 mmol), BH1 (0.075 mmol), and anhy-
drous Na2SO4 (1.5 mmol) was stirred at room temperature under N2 for
24 h in CH2Cl2 (7.50 mL). The crude product was purified by silica-gel
column chromatography (CH2Cl2/MeOH =40:1) to give L2 (89%) as a
pale-yellow oil. As a result of the molecular-weight dispersion of the
product, characterization was based mainly on NMR spectroscopy.
1H NMR (CDCl3): d=8.28 (d, J=2.88 Hz, 2H), 7.90 (d, J=8.00 Hz, 2H),
7.88 (s, 2H), 7.34 (d, J=8.04 Hz, 2H), 4.06 (t, J=6.46 Hz, 4H), 2.76 (t,
J=7.66 Hz, 4H), 1.90–1.72 (m, 8H), 1.54–1.42 (m, 8H), 1.42–1.24 (m,
24H), 0.90 (t, J=6.80 Hz, 6H), 0.66–0.56 (m, 4H), 0.09 ppm (s, 90H).


L3 : A mixture of Qui2al (0.15 mmol), BH1 (0.075 mmol), and anhydrous
Na2SO4 (1.5 mmol) were stirred at room temperature under N2 for 24 h
in CH2Cl2 (7.50 mL). The crude product was purified by silica-gel column
chromatography (CH2Cl2/MeOH=50:1) to give L3 (91%) as a pale-
yellow oil. As a result of the molecular-weight dispersion of the product,


characterization was based mainly on
NMR spectroscopy. 1H NMR (CDCl3):
d=8.17 (d, J=9.15 Hz, 2H), 8.14 (s,
2H), 8.12–8.05 (m, 4H), 7.83 (d, J=


8.05 Hz, 2H), 7.74 (t, J=7.69 Hz, 2H),
7.57 (t, J=7.48 Hz, 2H), 2.85 (t, J=


7.63 Hz, 4H), 1.83 (quint, J=7.94 Hz,
4H), 1.51 (quint, J=7.88 Hz, 4H),
0.68 (t, J=8.05 Hz, 4H), 0.10 ppm (s,
90H).


L4 : A mixture of Py2al (0.15 mmol),
BH2 (0.075 mmol), and anhydrous
Na2SO4 (1.5 mmol) was stirred at
room temperature under N2 for 24 h
in CH2Cl2 (7.50 mL). The crude oil
was purified by silica-gel column chro-
matography (CH2Cl2/MeOH=40:1) to
give L4 (95%) as a pale-yellow oil. As
a result of the molecular-weight dis-
persion of the product, characteriza-
tion was based mainly on NMR spec-
troscopy. 1H NMR spectrum (CDCl3):
d=8.51 (d, J=6.99 Hz, 2H), 8.06 (s,
2H), 8.00–7.87 (m, 6H), 7.66 (t, J=


7.85 Hz, 2H), 7.22 (t, J=7.77 Hz, 2H),
6.86 (d, J=7.88 Hz, 4H), 4.04 (t, J=


6.48 Hz, 4H), 1.87–1.73 (m, 4H), 1.56–
1.35 (m, 8H), 0.65–0.54 (m, 4H),
0.10 ppm (s, 90H).


L5 : A mixture of Py2alC10


(0.15 mmol), BH2 (0.075 mmol), and anhydrous Na2SO4 (1.5 mmol) was
stirred at room temperature under N2 for 24 h in CH2Cl2 (7.50 mL). The
crude product was purified by silica-gel column chromatography
(CH2Cl2/MeOH =60:1) to give L5 (92%) as a pale-yellow oil. As a result
of the molecular-weight dispersion of the product, characterization was
based mainly on NMR spectroscopy. 1H NMR (CDCl3): d=8.23 (s, 2H),
7.97 (d, J=8.48 Hz, 4H), 7.44 (s, 2H), 7.34 (d, J=7.05 Hz, 2H), 7.20 (d,
J=7.04 Hz, 2H), 6.98 (d, J=8.46 Hz, 4H), 4.08 (t, J=6.48 Hz, 4H), 4.02
(t, J=6.22 Hz, 4H), 1.89–1.75 (m, 8H), 1.48–1.40 (m, 12H), 1.40–1.22 (m,
24H), 0.90 (t, J=6.53 Hz, 6H), 0.65–0.55 (m, 4H), 0.09 ppm (s, 90H).


L6 : A mixture of Qui2al (0.15 mmol), BH2 (0.075 mmol), and anhydrous
Na2SO4 (1.5 mmol) were stirred at room temperature under N2 for 24 h
in CH2Cl2 (7.50 mL). The crude product was purified by silica-gel column
chromatography (CH2Cl2/MeOH=50:1) to give L6 (91%) as a pale-
yellow oil. As a result of the molecular-weight dispersion of the product,
characterization was based mainly on NMR spectroscopy. 1H NMR
(CDCl3): d=8.46 (s, 2H), 8.18 (d, J=8.84 Hz, 2H), 8.12 (d, J=8.58 Hz,
2H), 8.06 (d, J=8.49 Hz, 2H), 7.96 (d, J=7.99 Hz, 4H), 7.79 (d, J=


7.05 Hz, 2H), 7.69 (t, J=8.31 Hz, 2H), 7.54 (t, J=7.01 Hz, 2H), 6.94 (d,
J=6.99 Hz, 4H), 4.01 (t, J=6.31 Hz, 4H), 1.82 (quint, J=6.67 Hz, 4H),
1.54–1.36 (m, 8H), 0.62 (t, J=6.73 Hz, 4H), 0.11 ppm (s, 90H).


L7: A mixture of Qui2al (6 mmol) and 4-methoxybenzhydrazide
(6 mmol) was stirred and heated at reflux under N2 for 4 h in EtOH
(20 mL). The solvent was removed by rotary evaporation. The crude
product was purified by silica-gel column chromatography to give L7
(91%) as a shiny solid. 1H NMR (CD3OD): d =8.46 (s, 1H), 8.18 (d, J=


8.88 Hz, 1H), 8.12 (d, J=8.78 Hz, 1H), 8.06 (d, J=8.49 Hz, 1H), 7.96 (d,
J=7.99 Hz, 2H), 7.79 (d, J=7.05 Hz, 1H), 7.69 (t, J=8.31 Hz, 1H), 7.54
(t, J=7.05 Hz, 1H), 6.94 (d, J=6.98 Hz, 2H), 4.01 ppm (s, 3H); MS
(ESI+ ): m/z=306 [M+H]+ ; elemental analysis: calcd (%) for
C18H15N3O2·CH3CH2OH: C 68.36, H 6.02, N 13.66; found: C 68.31,
H 5.99, N 13.67.


L8 : A mixture of Py2alC10 (1 mmol) and acethydrazide (1 mmol) was
stirred and heated at reflux under N2 for 4 h in EtOH (10 mL). The sol-
vent was removed by rotary evaporation. The crude product was purified
by silica-gel column chromatography to give L8 (95%) as a shiny white
solid. 1H NMR (CDCl3): d =8.28 (d, J=2.78 Hz, 1H), 7.89 (d, J=


8.80 Hz, 1H), 7.87 (s, 1H), 7.24 (dd, J=2.80, 8.75 Hz, 1H), 4.06 (t, J=


Scheme 6. Dynamic constitutional interchange of the elements (ligand and metal ions) of the coordination cen-
ters of P2 and P8 to result in a new functional polymer blend, and proposed constitutional metal–ligand ex-
change reaction between metallodynamers P2 and P8 : evolution of the domains in the metal coordination
complexes from two homotypes in the metallodynamers P2 and P8 into six different types in the polymer
blends B4–B6.
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6.52 Hz, 2H), 2.39 (s, 3H), 1.86–1.79 (m, 2H), 1.52–1.42 ACHTUNGTRENNUNG(m, 2H), 1.42–
1.24 (m, 12H), 0.90ppm (t, J=6.83 Hz, 3H); MS (ESI+ ): m/z=320
[M+H]+ ; elemental analysis: calcd (%) for C18H29N3O2: C 67.68, H 9.15,
N 13.15; found: C 67.44, H 9.10, N 13.23.


General procedure for the preparation of 1 and 3–11: The self-assembly
reaction was performed by adding pyridine-2-carboxaldehyde (Py2al,
Py2alC10, or Qui2al; 3 mmol), acyl hydrazide (4-chlorobenzoic hydrazide,
octyloic hydrazide, or 4-methoxybenzhydrazide; 3 mmol), transition-
metal salt (CoII, NiII, ZnII, or CdII ; 1.5 mmol), Na2CO3 (3.3 mmol), and
anhydrous Na2SO4 (30 mmol) in MeOH/CH2Cl2 (1:1 v/v, 50.0 mL). The
reaction mixture was stirred at room temperature under N2 for 4 h.
Na2CO3 and Na2SO4 were then filtered out. The clear solution was re-
duced in volume and washed with diethyl ether.


1: Yellow crystals were obtained by slow evaporation in EtOH/CH2Cl2
(1:1 v/v). 1H NMR (CDCl3): d=8.53 (s, 2 H), 8.18 (d, J=8.53 Hz, 4H),
8.06 (d, J=7.29 Hz, 2H), 7.77 (t, J=7.68 Hz, 2H), 7.42 (d, J=7.81 Hz,
2H), 7.36 (d, J=8.52 Hz, 4H), 7.20 ppm (t, J=7.18 Hz, 4H); MS
(ESI+ ): m/z=581.02 [M+H]+ ; elemental analysis: calcd (%) for
C26H18Cl2N6O2Zn: C 53.59, H 3.11, N 14.42; found: C 53.61, H 3.12,
N 14.48.


3 : White solid (78%) soluble in CH2Cl2.
1H NMR (CDCl3): d =8.31 (s,


2H), 8.03 (d, J=4.64 Hz, 2H), 7.75 (t, J=7.63 Hz, 2H), 7.35 (d, J=


7.71 Hz, 2H), 7.20 (t, J=7.13 Hz, 2H), 2.41 (t, J=7.71 Hz, 4H), 1.70–
1.59 (m, 4H), 1.26–1.21 (m, 16H), 0.85 ppm (t, J=6.84 Hz, 6H); MS
(ESI+ ): m/z=557.25 [M+H]+ ; elemental analysis: calcd (%) for
C28H40N6O2Zn: C 60.26, H 7.22, N 15.06; found: C 60.21, H 7.30, N 15.11.


4 : White solid (80%) soluble in CH2Cl2.
1H NMR (CDCl3): d =8.27 (s,


2H), 7.76 (s, 2H), 7.30 (d, J=7.63 Hz, 2H), 7.21 (t, J=7.72 Hz, 2H), 3.91
(t, J=6.63 Hz, 4H), 2.40 (t, J=7.23 Hz, 4H), 1.88–1.71 (m, 8H), 1.71–
1.48 (m, 4H), 1.49–1.28 (m, 28H), 1.25–1.20 (m, 12H), 0.92–0.85 ppm (m,
12H); MS (ESI+ ): m/z=869.55 [M+H]+ ; elemental analysis: calcd (%)
for C48H80N6O4Zn: C 66.22, H 9.26, N 9.65; found: C 65.99, H 9.19,
N 9.66.


5 : Yellow solid (71%) soluble in CH2Cl2.
1H NMR (CDCl3): d =8.60 (s,


2H), 8.24 (d, J=8.43 Hz, 2H), 7.71 (d, J=8.32 Hz, 4H), 7.58–7.51 (m,
4H), 7.40 (t, J=7.17 Hz, 2H), 2.33 (t, J=7.87 Hz, 4H), 1.70–1.60 (m,
4H), 1.30–1.18 (m, 16H), 0.82 ppm (t, J=7.77 Hz, 6H); MS (ESI+ ):
m/z=657.28 [M+H]+ ; elemental analysis: calcd (%) for C36H44N6O2Zn:
C 65.70, H 6.74, N 12.77; found: C 65.86, H 6.80, N 12.69.


6 : Yellow solid (91%) soluble in CH2Cl2.
1H NMR (CDCl3): d =8.47 (s,


2H), 8.20 (d, J=8.66 Hz, 4H), 8.02 (d, J=4.30 Hz 2H), 7.69 (t, J=


7.20 Hz, 2H), 7.33 (d, J=7.70 Hz, 2H), 7.10 (t, J=5.02 Hz, 2H), 6.88 (d,
J=8.66 Hz, 4H), 3.82 ppm (s, 6H); MS (ESI+ ): m/z=573.12 [M+H]+ ;
elemental analysis: calcd (%) for C28H24N6O4Zn·H2O: C 56.81, H 4.43,
N 14.20; found: C 56.77, H 4.44, N 14.18.


7: Yellow solid (88%) soluble in CH2Cl2.
1H NMR (CDCl3): d =8.41 (s,


2H), 8.18 (d, J=8.90 Hz, 4H), 7.75 (s, 2H), 7.23 (d, J=8.60 Hz, 2H),
7.12 (d, J=8.66 Hz, 2H), 6.87 (d, J=8.96 Hz, 4H), 3.87 (s, 6H), 3.85–3.75
(m, 4H), 1.69–1.59 (m, 4H), 1.30–1.20 (m, 28H), 0.88 ppm (t, J=6.77 Hz,
6H); MS (ESI+ ): m/z=885.42 [M+H]+ ; elemental analysis: calcd (%)
for C48H64N6O6Zn·H2O: C 63.74, H 7.36, N 9.29; found: C 63.79, H 7.44,
N 9.21.


8 : Yellow solid (85%) soluble in CH2Cl2.
1H NMR (CDCl3): d =8.81 (s,


2H), 8.22 (d, J=8.43 Hz, 2H), 8.13 (d, J=8.83 Hz, 4H), 7.77 (d, J=


8.69 Hz, 2H), 7.68 (d, J=7.04 Hz, 2H), 7.63 (d, J=8.52 Hz, 2H), 7.46 (t,
J=7.24 Hz, 2H), 7.35 (t, J=7.41 Hz, 2H), 6.82 (d, J=8.92 Hz, 4H),
3.80 ppm (s, 6H); MS (ESI+ ): m/z=673.15 [M+H]+ ; elemental analy-
sis: calcd (%) for C36H28N6O4Zn: C 64.15, H 4.19, N 12.47; found:
C 64.33, H 4.13, N 12.52.


9 : Dark-brown solid (85%) soluble in MeOH. 1H NMR (CD3OD/
CDCl3 =1:1 v/v): d=208.80, 63.76, 33.00, 32.76, 29.87, 7.58, 6.86, 4.66,
4.07, 3.50, 3.34, 2.20, 1.18, �0.87, �2.88, �65.27 ppm; MS (ESI+ ): m/z=


668.15 [M+H]+ ; elemental analysis: calcd (%) for
C36H28CoN6O4·CH3OH: C 63.52, H 4.61, N 12.01; found: C 63.44, H 4.71,
N 11.89.


10 : Yellowish-brown solid (85%) soluble in MeOH/CHCl3.
1H NMR


(CD3OD/CDCl3 =1:1 v/v): d =47.50, 25.68, 13.98, 13.72, 9.66, 7.48, 7.27,


5.26, 4.74, 4.08, 3.61, 3.34, 1.24, 1.18, 0.85, 0.08 ppm; MS (ESI+ ): m/z=


667.16 [M+H]+ ; elemental analysis: calcd (%) for C36H28N6NiO4·H2O:
C 63.09, H 4.41, N 12.26; found: C 63.00, H 4.47, N 12.30.


11: Yellow solid (95%) soluble in CH2Cl2.
1H NMR (CDCl3): d=8.79 (s,


2H), 8.25 (d, J=8.40 Hz, 2H), 8.18 (d, J=8.85 Hz, 4H), 7.77 (d, J=


8.54 Hz, 2H), 7.70 (d, J=7.64 Hz, 2H), 7.58 (d, J=8.43 Hz, 2H), 7.51 (t,
J=7.80 Hz, 2H), 7.37 (t, J=7.52 Hz, 2H), 6.86 (d, J=8.90 Hz, 4H),
3.82 ppm (s, 6H); MS (ESI+ ): m/z=723.13 [M+H]+ ; elemental analy-
sis: calcd (%) for C36H28CdN6O4: C 59.97, H 3.91, N 11.66; found:
C 59.89, H 3.88, N 11.58.


2 : A mixture of L7 (0.3 mmol) and Zn ACHTUNGTRENNUNG(SO4)·7H2O (0.3 mmol) was stirred
in MeOH/MeCN (1:1 v/v, 30.0 mL) at room temperature under N2 for
4 h. L8 (0.3 mmol) and Na2CO3 (0.66 mmol) were then added to the mix-
ture, which was further stirred for another 4 h. The crude product ob-
tained was purified by flash chromatography. Heteroligand zinc complex
2 (30%) was obtained as shiny yellow crystals. 1H NMR (CDCl3): d=


8.66 (s, 1H), 8.38 (s, 1H), 8.16 (d, J=8.82 Hz, 2H), 8.12 (d, J=8.86 Hz,
1H), 7.76–7.70 (m, 2H), 7.66–7.59 (m, 2H), 7.52 (d, J=8.40 Hz, 1H),
7.44 (t, J=7.65 Hz, 1H), 7.26 (d, J=7.55 Hz, 1H), 7.06 (d, J=8.53 Hz,
1H), 6.85 (d, J=8.85 Hz, 2H), 3.77 (t, J=7.40 Hz, 2H), 3.75 (s, 3H), 2.17
(s, 3H), 1.66–1.57 (m, 2H), 1.38–1.26 (m, 14H), 0.88 ppm (t, J=6.73 Hz,
3H); MS (ESI+ ): m/z=687.26 [M+H]+ ; elemental analysis: calcd (%)
for C36H42N6O4Zn: C 62.83, H 6.15, N 12.21; found: C 63.00, H 6.24,
N 12.12.


General procedure for the preparation of the neutral metallosupramolec-
ular polymers: The self-assembly reaction was performed by adding the
carboxaldehyde (Py2al, Py2alC10, or Qui2al; 0.3 mmol), polydimethylsil-
oxane-a,w-hydrazide (BH1 or BH2 ; 0.15 mmol), transition-metal salt
(CoII, NiII, ZnII, or CdII ; 0.15 mmol), Na2CO3 (0.33 mmol), and anhydrous
Na2SO4 (3 mmol) to a mixture of MeOH and CH2Cl2 (1:1 v/v,
0.15 mmol). The reaction mixture was stirred at room temperature under
N2 for 24 h. The solution was then evaporated to dryness, and CH2Cl2
was added to redissolve the mixture. Na2CO3 and Na2SO4 were filtered
off. A polymer film was obtained by casting in a petri dish (2.5 cm diame-
ter), redissolving the polymer product in CH2Cl2, and then letting the so-
lution slowly evaporate under ambient atmosphere and at 50 8C.


P1 (ZnII-Py2al-BH1): Mr�33000 gmol�1; 1H NMR (25 mM, CDCl3): d=


8.31 (s, 2H), 8.02 (d, J=4.54 Hz, 2H), 7.74 (t, J=7.59 Hz, 2H), 7.35 (d,
J=7.72 Hz, 2H), 7.20 (t, J=7.43 Hz, 2H), 2.42 (t, J=7.73 Hz, 4H), 1.70–
1.60 (m, 4H), 1.46–1.26 (m, 4H), 0.59–0.49 (m, 4H), 0.10 ppm (s, 90H).


P2 (ZnII-Py2alC10-BH1): Mr�39000 gmol�1; 1H NMR (25mM, CDCl3):
d=8.27 (s, 2H), 7.76 (s, 2H), 7.30–7.21 (m, 2H), 7.17 (br, 2H), 3.91 (t,
J=6.61 Hz, 4H), 2.40 (br, 4H), 1.85–1.73 (m, 8H), 1.49–1.28 (m, 32H),
0.89 (br, 6H), 0.60–0.49 (m, 4H), 0.10 ppm (s, 90H).


P3 (ZnII-Qui2al-BH1): Mr�43000 gmol�1; 1H NMR (25 mM, CDCl3):
d=8.61 (s, 2H), 8.23 (d, J=8.45 Hz, 2H), 7.71 (d, J=8.35 Hz, 4H), 7.58–
7.51 (m, 4H), 7.40 (t, J=7.08 Hz, 2H), 2.36 (t, J=7.87 Hz, 4H), 1.65–
1.45 (m, 4H), 1.30–1.17 (m, 4H), 0.50–0.37 (m, 4H), 0.10 ppm (s, 90 H).


P4 (ZnII-Py2al-BH2): Mr�55000 gmol�1; 1H NMR (25 mM, CDCl3): d=


8.49 (s, 2H), 8.19 (d, J=8.76 Hz, 4H), 8.00 (d, J=8.36 Hz, 2H), 7.76–7.65
(m, 2H), 7.40–7.31 (m, 2H), 7.18–7.08 (m, 2H), 6.88 (d, J=8.76 Hz, 4H),
4.05 (t, J=6.46 Hz, 4H), 1.85 (t, J=7.3 Hz, 4H), 1.58–1.35 (m, 8H),
0.66–0.54 (m, 4H), 0.10 ppm (s, 90H).


P5 (ZnII-Py2alC10-BH2): Mr�38000 gmol�1; 1H NMR (25 mM, CDCl3):
d=8.43 (s, 2H), 8.18 (d, J=8.62 Hz, 4H), 7.76 (s, 2H), 7.25 (d, J=


8.60 Hz, 2H), 7.13 (d, J=7.66 Hz, 2H), 6.87 (d, J=8.90 Hz, 4H), 4.13–
4.04 (m, 4H), 3.81 (br, 4H), 2.45–2.30 (m, 4H), 1.90–1.72 (m, 4H), 1.49–
1.28 (m, 36H), 0.89 (t, J=6.97 Hz, 6H), 0.64–0.54 (m, 4H), 0.10ppm (s,
90H).


P6 (ZnII-Qui2al-BH2): Mr�45000 gmol�1; 1H NMR (25 mM, CDCl3):
d=8.80 (s, 2H), 8.21 (d, J=8.60 Hz, 2H), 8.13 (br, 4H), 7.76 (d, J=


8.14 Hz, 2H), 7.67 (d, J=7.64 Hz, 2H), 7.60 (d, J=8.73 Hz„ 2H), 7.49–
7.41 (m, 2H), 7.37–7.31 (m, 2H), 6.80 (d, J=8.19 Hz, 4H), 3.92 (br, 4H),
1.80 (br, 4H), 1.48–1.37 (m, 8H), 0.65–0.50 (m, 4H), 0.11 ppm (s, 90H).


P7 (CoII-Qui2al-BH2): 1H NMR (25 mm, CD3OD/CDCl3 =1:1 v/v): d=


208.83, 63.54, 33.07, 32.98, 29.89, 7.56, 6.91, 4.66, 4.10, 3.34, 3.34, 2.25,
2.12, 1.23, 0.60, 0.43, 0.32, �0.87, 0.06, �0.01, �0.05, �0.08, �0.16, �0.21,
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�0.24, �0.29, �0.36, �0.40, �0.86, �2.78, �65.22, 57.95, 57.69, 32.96,
32.76, 29.41, 7.62, 5.37, 5.34, 5.27, 2.58, 2.46, 2.07, 1.30, 0.67, 0.55, 0.11,
0.06, 0.04, 0.00 ppm.


P8 (NiII-Qui2al-BH2): 1H NMR (25 mm, CD3OD/CDCl3 =1:1 v/v): d=


47.38, 25.61, 13.94, 13.63, 9.66, 7.48, 7.23, 6.88, 5.33, 4.49, 3.98, 3.68, 3.34,
1.77, 1.57, 1.41, 1.26, 0.85, 0.79, 0.56, 0.43, 0.06, �0.03 ppm.


P9 (CdII-Qui2al-BH2): Mr�52000 gmol�1; 1H NMR (25mM, CDCl3): d=


8.80 (s, 2H), 8.26 (d, J=8.71 Hz, 2H), 8.17 (d, J=7.72 Hz, 4H), 7.77 (d,
J=8.41 Hz, 2H), 7.71 (d, J=7.65 Hz, 2H), 7.60 (d, J=8.11 Hz, 2H), 7.51
(br, 2H), 7.38 (t, J=7.11 Hz, 2H), 6.85 (d, J=8.52 Hz, 4H), 3.97 (br,
4H), 1.76 (br, 4H), 1.46–1.39 (m, 8H), 0.65–0.51 (m, 4H), 0.11 (s, 90H).


Polymer formation from combinatorial-subunit selection driven by
zinc(II) metal ion: The self-assembly reaction was performed by adding
Py2al (0.3 mmol), benzaldehyde (0.3 mmol), 3-chloro-4-pyridinecarboxal-
dehyde (0.3 mmol), 2-methoxy-3-pyridinecarboxaldehyde (0.3 mmol),
BH1 (0.15 mmol), Na2CO3 (0.33 mmol), and anhydrous Na2SO4 (3 mmol)
to MeOH/CH2Cl2 (1:1 v/v, 15.0 mL) with a) 0 mmol and b) 0.3 mmol of
Zn ACHTUNGTRENNUNG(SO4)·7H2O. The reaction mixture was stirred at 25 8C under N2 for
24 h. The solution was then evaporated. CH2Cl2 was added to redissolve
the crude mixture, and Na2CO3 and Na2SO4 were removed by filtration.
The solution was then evaporated again. The resulting mixture was ana-
lyzed by 1H NMR spectroscopy in CDCl3 (1.00 mL).


Dynamic properties of P1 at different concentrations, time, and tempera-
ture in CDCl3: The average molecular weight of polymer P1 was deter-
mined by integration of the 1H NMR signals for the imine CH or OCH2


protons at uncomplexed and complexed coordination sites and used to
reveal the dynamic behavior of P1. Different concentrations (50.00,
25.00, 12.50, 6.25, and 3.125 mm) of P1 in CDCl3 were prepared. The five
samples were kept at 25 8C. At different time periods (0, 12, 24, and
48 h), 1H NMR spectroscopic analysis of these samples were conducted.
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Introduction


Asymmetric reactions catalyzed by chiral Lewis acids have
provided a wide variety of optically active compounds.[1]


Well-organized chiral environments of these catalysts enable
one to create optically pure molecules. Compared with the
great success of these catalytic reactions on the enantiose-


lectivity, the number of catalyst turnovers or the catalyst
lifetime of many reactions seems to be unsatisfactory. The
substrate-to-catalyst molar ratio (S/C) is usually less than
100 for completion of reactions within a reasonable period[1]


because many Lewis acid catalysts have inherent drawbacks
such as high sensitivity to moisture and tendency towards
undergoing inhibition by the products. Thus, we propose
here four criteria for achieving high reactivity and enantio-
selectivity in the Lewis acid catalyzed reactions: 1) use of
moisture-robust late-transition-metal catalysts for achieving
a long life span; 2) choice of well-designed chiral ligands
preferably with C2 symmetry for predicting the stereochem-
istry of the products; 3) use of substrates to form a rigid che-
late intermediate (and/or transition state) with a center
metal of the catalyst for achieving efficient enantioselection;
and 4) selection of a type of reaction that will form products
with only weak binding affinity for the catalyst, thereby
avoiding product inhibition. According to these criteria, we
planned a kinetic resolution of racemic a-hydroxy lactones
by enantiomer-selective carbamoylation with bis(oxazoline)-
CuII (box-CuII) catalysts, which show high enantioselectivity
in a wide range of asymmetric reactions.[2,3]


Our scenario for enantiomer-selective carbamoylation of
a-hydroxy lactones is depicted in Scheme 1. The S-enantio-
mer-selective reaction is exemplified. Some nonproductive


Abstract: Enantiomer-selective carba-
moylation of racemic a-hydroxy g-lac-
tones with half equivalents of isocya-
nates in the presence of chiral CuII cat-
alysts was studied. Among a series of
catalyst bearing chiral bis(oxazoline)
(box) and pyridine(bisoxazoline) li-
gands, [Cu ACHTUNGTRENNUNG(tBu-box)]X2 [X= OSO2CF3


(3a), SbF6 (3b)] showed the highest
enantioselectivity in the reaction of


pantolactone (1a). Use of n-C3H7NCO,
a small alkyl isocyanate, in CH2Cl2 so-
lution was important to achieve a high
level of enantiomer selection. The tBu-
box-CuII catalyst efficiently differenti-


ated two enantiomers of b-substituted
a-hydroxy g-lactones under the opti-
mized reaction conditions, resulting in
a stereoselectivity factor (s=kfast/kslow)
of up to 209. Furthermore, this catalyst
is highly active, so that the carbamoyla-
tion can be conducted with a substrate-
to-catalyst molar ratio of 2000–3000. A
catalytic cycle of this reaction is also
proposed.


Keywords: asymmetric catalysis ·
copper · kinetic resolution · Lewis
acids · lactones


[a] Dr. N. Kurono, T. Kondo, M. Wakabayashi, H. Ooka,
Prof. Dr. T. Ohkuma
Division of Chemical Process Engineering
Graduate School of Engineering
Hokkaido University
Sapporo 060-8628 (Japan)
Fax: (+81) 11-706-6598
E-mail : ohkuma@eng.hokudai.ac.jp


[b] H. Ooka, Dr. T. Inoue
Odawara Research Center
Nippon Soda Co., Ltd.
345 Takada, Odawara 250-0280 (Japan)


[c] Dr. H. Tachikawa
Division of Materials Chemistry
Graduate School of Engineering
Hokkaido University
Sapporo 060-8628 (Japan)


Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.


Chem. Asian J. 2008, 3, 1289 – 1297 G 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1289



www.interscience.wiley.com





or minor pathways are omitted for clarity. When a racemic
a-hydroxy lactone, (� )-A, is mixed with 0.5 equiv of alkyli-
socyanate, RNCO, in the presence of a chiral box-CuII cata-
lyst, the unreacted (R)-A and the S carbamate, (S)-B, are se-
lectively obtained. (R)-A and (S)-A with the box-CuII cata-
lyst form diastereomeric chelate complexes, (R)-AM and
(S)-AM, respectively. The two diastereomers are in equilib-
rium. (S)-AM is more reactive with RNCO than (R)-AM to
give the (S)-B-CuII complex, (S)-BM, selectively. The seven-
membered chelate complex, (S)-BM, is less stable than the
five-membered chelate complexes, (R)- and (S)-AM, so that
(S)-BM is easily converted into AM with release of the
product (S)-B.


Recently, Matsumura and co-workers reported asymmet-
ric carbamoylation of meso 1,2-diols using C6H5NCO to the
optically active hydroxy carbamates with a Ph-box-CuII cata-
lyst.[4,5] The reactions were conducted with an S/C ratio of
10 in THF at �40 8C to give the chiral products in up to
93 % ee. We describe here our studies on the asymmetric
carbamoylation of a-hydroxy g-lactones in detail. The fea-
tures are different from MatsumuraKs desymmetrization of
meso 1,2-diols. The reactions can be conducted with an S/C
ratio of 2000–3000, achieving a stereoselectivity factor (s=
kfast/kslow)[6,7] of up to 209.


Results and Discussion


Screening of Chiral CuII Catalysts


We first selected the enantiomer-selective carbamoylation of
racemic pantolactone [(� )-1a][8,9] with n-C3H7NCO
(0.5 equiv to 1a) to find a chiral CuII catalyst that showed
sufficiently high activity and enantiomer discrimination abil-
ity. Optically active pantolactone[10] is a key intermediate for
synthesizing biologically active pantothenic acid and its de-
rivatives,[8,11] as well as other naturally occurring com-
pounds.[12] It is also utilized as an efficient chiral auxiliary
for many stereoselective transformations.[10,13] The chiral
CuII complexes 3 shown in Table 1 were freshly prepared


before use according to the procedure reported by Evans
et al.[14] with slight modifications. The chiral ligand
(26.5 mmol) and CuACHTUNGTRENNUNG(OTf)2 (24 mmol) were dissolved in
THF (2 mL). The solution was stirred at ambient tempera-
ture for 10 min, and then THF was removed under reduced
pressure. The residue was dissolved in CH2Cl2 (10 mL), and


Abstract in Japanese:


Scheme 1. Enantiomer-selective carbamoylation and expected mecha-
nism.


Table 1. Carbamoylation of racemic pantolactone [(� )-1a] with chiral
CuII catalysts 3.[a]


3 ee1a [%][b] ee2a [%][b] Conv. [%][c] s[d]


3a 90.9 90.4 50.1 62
3b 86.8 91.5 48.7 64
3c 64.2 86.9 42.5 28
3d 48.5 83.4 36.8 18
3e 32.8 77.0 29.8 11
3 f 84.5 89.0 48.7 46
3g 76.3 87.4 46.6 34
3h 54.2 76.6 41.4 13
3 i 89.1 87.5 50.5 45
3j 1.1 6.7 14.1 1
3k 2.0[e] 8.1[e] 19.8 1


[a] Reactions were conducted using (� )-1a (5.0 mmol) and n-C3H7NCO
(2.5 mmol) in CH2Cl2 (10 mL) containing (S,S)-3 with an S/C ratio of
2000 at 25 8C for 1 h. [b] Determined by chiral GC analysis. [c] Conv.=
ee1a/(ee1a+ee2a). [d] s= ln ACHTUNGTRENNUNG[(1�conv.) ACHTUNGTRENNUNG(1�ee1a)]/ln ACHTUNGTRENNUNG[(1�conv.) ACHTUNGTRENNUNG(1+ee1a)].
[e] (S)-1a and (R)-2a were the major compounds.
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insoluble contents were removed by filtration with a mem-
brane filter. The obtained clear solution was used as a cata-
lyst solution (see the Experimental Section). The carbamoy-
lation was carried out with an S/C ratio of 2000 in CH2Cl2 at
25 8C for 1 h. The results are listed in Table 1. High reactivi-
ty and enantioselectivity were achieved in the reaction using
[Cu ACHTUNGTRENNUNG{(S,S)-tBu-box}] ACHTUNGTRENNUNG(OTf)2 (TfO�= trifluoromethanesulfo-
nate) [(S,S)-3a] as a catalyst. The isocyanate was consumed
(50.1 % conversion) to afford unreacted (R)-1a in 90.9 % ee
and the S carbamate, (S)-2a, in 90.4 % ee. The s value was
calculated to be 62. [Cu ACHTUNGTRENNUNG(tBu-box)] ACHTUNGTRENNUNG(SbF6)2 (3b)[14] showed a
comparable efficiency, suggesting that the counteranion has
virtually no influence on the catalytic performance.[15] Thus,
we used the triflate complex for further screening because
of the operational simplicity. When box-CuII catalysts, 3c–
3e, bearing smaller R2 groups (i-C3H7, CH3, and C6H5) on
the oxazoline ring, were employed, the enantiomer selectivi-
ty was decreased. This tendency in the enantioselectivity
was also observed in a series of reactions with 3 f (R1 =


C2H5, R2 = t-C4H9), 3g (R1 =C2H5, R2 = i-C3H7), and 3h
(R1 =C2H5, R2 =C6H5). The alkyl substituent R1 at the
spacer carbon atom also influenced the s value. Complex 3a
(R1 =CH3, R2 = t-C4H9) showed better selectivity than 3 f
(R1 =C2H5, R2 = t-C4H9) and 3 i (R1 =n-C3H7, R2 = t-C4H9).
The pyridine(bisoxazoline)-CuII catalysts,[15–17] 3 j and 3k,
negligibly differentiated two enantiomers of 1a with rela-
tively low activity.


Effect of the Isocyanate Structure


We next surveyed the effect of the isocyanate structure on
the catalytic activity and enantioselectivity. Five characteris-
tic and commercially available reagents, n-C3H7NCO,
C6H5CH2NCO, cyclo-C6H11NCO, t-C4H9NCO, and
C6H5NCO, were selected. The more volatile and irritant
CH3NCO and C2H5NCO were excluded. As shown in
Table 2, the highest enantioselectivity (s=62) was obtained
by the use of n-C3H7NCO (catalyst: 3a, S/C=2000; solvent:
CH2Cl2, 25 8C, 1 h). More bulky alkyl isocyanates (R=


C6H5CH2, cyclo-C6H11) caused lower stereoselectivity. The
reaction with t-C4H9NCO showed the worst selectivity and
reactivity. Use of an aromatic isocyanate, C6H5NCO, gave
good reactivity and enantioselectivity (s= 43). The small
alkyl isocyanate 3a is preferable for this transformation.


Optimization of Reaction Conditions


Screening experiments of catalysts and isocyanate structures
revealed that the tBu-box-CuII complex 3a exhibits excellent
catalytic activity (S/C=2000) and enantiomer selectivity (s=
62) in the reaction of (� )-1a and n-C3H7NCO in CH2Cl2 at
25 8C (Table 3, entry 1). When the carbamoylation was con-
ducted at 0 8C, a higher s value of 95 was attained, while it
took 4 h to reach 50 % conversion (Table 3, entry 2). The s
value decreased to 53 in the reaction with an S/C of 3000
(Table 3, entry 3). Employment of a solvent other than
CH2Cl2 resulted in a decline in the enantiomer selectivity


(Table 3, entries 4–10). Interestingly, various types of sol-
vents, such as CHCl3, ethers, ethyl acetate, and acetonitrile,
resulted in an s value in the range of 20–29. The low conver-
sion of the reaction in toluene was caused by the limited sol-
ubility of the catalyst (Table 3, entry 8).


Scope of the Reaction


Carbamoylation of racemic b,b-disubstituted a-hydroxy g-
lactones, (� )-1a–e, with a half equivalent of n-C3H7NCO in
CH2Cl2 in the presence of (S,S)-3a at an S/C ratio of 2000
was examined (Table 4). As described above, reaction of


Table 2. Effect of isocyanate structure in carbamoylation of racemic pan-
tolactone [(� )-1a] with chiral CuII catalyst 3a.[a]


R ee1a [%][b] ee2a [%][b] Conv. [%][c] s[c]


n-C3H7 90.9 90.4 50.1 62
C6H5CH2 62.8 85.9 42.2 25
cyclo-C6H11 71.7 87.4 45.1 32
t-C4H9 32.1 75.6 29.8 10
C6H5 88.1 87.5 50.2 43


[a] Reactions were conducted using (� )-1a (5.0 mmol) and RNCO
(2.5 mmol) in CH2Cl2 (10 mL) containing (S,S)-3a with an S/C ratio of
2000 at 25 8C for 1 h. [b] Determined by chiral GC and/or HPLC analysis.
[c] See footnotes of Table 1.


Table 3. Carbamoylation of racemic pantolactone [(� )-1a] with chiral
CuII catalyst 3a : optimization of reaction conditions.[a]


Entry Solvent T
[8C]


t
[h]


S/C[b] ee1a
[%][c]


ee2a
[%][c]


Conv.
[%][d]


s[d]


1 CH2Cl2 25 1 2000 90.9 90.4 50.1 62
2 CH2Cl2 0 4 2000 93.3 93.0 50.1 95
3 CH2Cl2 0 12 3000 86.4 90.0 49.0 53
4 CHCl3 25 1 2000 61.2 83.5 42.4 21
5 ACHTUNGTRENNUNG(C2H5)2O 25 1 2000 63.4 85.2 42.7 24
6 THF 25 1 2000 76.4 85.4 47.2 29
7 DME 25 1 2000 65.1 81.9 44.3 20
8 toluene 25 1 2000 0.3 5.7 4.3 1
9 CH3CO2C2H5 25 1 2000 48.2 85.0 36.2 20
10 CH3CN 25 1 2000 60.9 87.8 41.0 29


[a] Reactions were conducted using (� )-1a (5.0 mmol) and n-C3H7NCO
(2.5 mmol) in solvent (10 mL) containing (S,S)-3a. [b] Substrate/catalyst
molar ratio. [c] Determined by chiral GC analysis. [d] See footnotes of
Table 1.
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(� )-1a (R=CH3) selectively gave (S)-2a, leaving unreacted
(R)-1a. The s values were 62 at 25 8C and 95 at 0 8C. The re-
action of b,b-diethyl substrate 1b gave even better selectivi-
ty (s=72 at 25 8C, 114 at 0 8C) without loss of reactivity.
Sterically more hindered 1c (R=C6H5) achieved an s value
of 113 at 25 8C, while the reaction rate was slowed down.
The low solubility of 1c in CH2Cl2 did not allow the reaction
at 0 8C. The spiro compound 1d reacted in the same way
(s= 119 at 0 8C). The bulkiness around the b position of sub-
strates is crucially important to achieve high enantiomer se-
lectivity. Thus, the two enantiomers of simple a-hydroxy g-
lactone 1e (R= H) were hardly differentiated by the Cu cat-
alyst 3a. Racemic pantolactam (R=CH3, X= NH) [(� )-1 f]
is a difficult substrate for differentiating two enantiomers by
this carbamoylation. The s value at 25 8C was only 3.


Compound (R)-1a in greater than 99 % ee became avail-
able when (� )-1a was treated with 0.55 equiv of n-
C3H7NCO in the presence of (S,S)-3a (S/C=2000, 0 8C,
22 h, 54.0 % conversion). The crude mixture was filtered
through a silica-gel pad to remove Cu contents followed by
a short-path distillation under reduced pressure to give (R)-
1a in 99.6 % ee (99 % chemical purity determined by GC
analysis; see the Experimental Section).


Reaction with Diastereomeric Compounds


We next examined the carbamoylation of cis- and trans-a-
hydroxy b-phenyl g-lactones, (� )-cis-4 and (� )-trans-4, to
reveal the influence of each cis and trans b substituent on
the enantioselectivity. When (� )-cis-4 was treated with n-
C3H7NCO in the presence of (S,S)-3a at 23 8C, unreacted
(R)-cis-4 in 93.3 % ee and (S)-cis-5 in 87.1 % ee were ob-


tained with 51.6 % conversion (Table 5). The s value was cal-
culated to be 50. The enantiomer selectivity was notably in-
creased in the reaction at 0 8C. Thus, the isocyanate was con-


sumed within 2 h (S/C =2000), resulting in an s value of 209.
On the other hand, the carbamoylation of (� )-trans-4 with
(S,S)-3a at 23 8C resulted in an s value of only 3 with much
lower reactivity than that of the reaction with (� )-cis-4. No
increment of the enantiomer selectivity was observed under
lower-temperature conditions. These results clearly show
that the tBu-box-CuII catalyst 3a recognizes the cis-b sub-
stituent of 1a–1e and 4 in the enantiomer discrimination.


Plausible Reaction Mechanism


Our proposed mechanism for the carbamoylation of a-hy-
droxy g-lactones catalyzed by box-CuII complexes is shown
in Scheme 2. [Cu ACHTUNGTRENNUNG(box)]X2 (3 ; X=OTf, SbF6) liberates the


counteranion, X�, to be the solvated cationic species [Cu-
ACHTUNGTRENNUNG(box)Sn]


2+ (6 ; S= solvent) in the reaction mixture. The
weakly binding solvent molecules (S) are replaced by an a-


Table 4. Carbamoylation of racemic a-hydroxy carbonyl compounds
(�)-1 with chiral CuII catalyst 3a.[a]


Substrate 1 T [8C] t [h] ee1 [%][b] ee2 [%][b] Conv. [%][c] s[c]


1a 25 1 90.9 90.4 50.1 62
1a 0 4 93.3 93.0 50.1 95
1b 25 1 83.4 93.0 47.3 72
1b 0 4 85.2 95.4 45.5 114
1c 25 9 92.7 94.1 49.6 113
1d 0 4 96.7 93.3 50.9 119
1e 0 4 36.2 41.3 46.7 3
1 f[d] 25 6 24.3 40.8 37.3 3


[a] Unless otherwise stated, reactions were conducted using (� )-1
(5.0 mmol) and n-C3H7NCO (2.5 mmol) in CH2Cl2 (10 mL) containing
(S,S)-3a with an S/C ratio of 2000. [b] Determined by chiral GC or
HPLC analysis. [c] See footnotes of Table 1. [d] This reaction was con-
ducted with 1 f (2.0 mmol) and n-C3H7NCO (1.0 mmol) in CH2Cl2


(16 mL).


Table 5. Carbamoylation of racemic a-hydroxylactones (� )-4 with chiral
CuII catalyst 3a.[a]


Substrate 4 T [8C] t [h] ee1 [%][b] ee2 [%][b] Conv. [%][c] s[c]


cis-4 23 1 93.3 87.1 51.6 50
cis-4 0 2 96.0 96.3 49.9 209
trans-4 23 7 31.5 36.5 46.3 3
trans-4 0 16 18.3 20.1 47.4 2


[a] Reactions were conducted using (� )-4 (1.0 mmol) and n-C3H7NCO
(0.50 mmol) in CH2Cl2 (2.0 mL) containing (S,S)-3a with an S/C ratio of
2000. [b] Determined by chiral HPLC analysis. [c] See footnotes of
Table 1.


Scheme 2. Proposed mechanism for CuII-catalyzed carbamoylation of a-
hydroxy g-lactones (HL=a-hydroxy lactone, car=carbamate, S= sol-
vent).
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hydroxy lactone (HL) to form a chelation complex 7. The
species 7 reacts with RNCO to afford the carbamate-CuII


(car-CuII) complex 8. Catalytic species 6 and/or 7 are regen-
erated with release of the carbamate. Three cationic species
6, 7, and 8 could be in equilibrium. The HL-CuII species 7
with a rigid bicycloACHTUNGTRENNUNG[3.3.0] structure is much more stable than
the solvated complex 6 and the car-CuII complex 8 with a
bicycloACHTUNGTRENNUNG[5.3.0] structure, so that this reaction proceeds with-
out serious product inhibition.


No clear spectroscopic data to determine the structures of
the HL-CuII intermediates 7 in Scheme 2 was available.
Therefore, we estimated the optimized structures of two dia-
stereomeric species, (R)-HL/ ACHTUNGTRENNUNG(S,S)-tBu-box-CuII [(R/S,S)-7]
and (S)-HL/ ACHTUNGTRENNUNG(S,S)-tBu-box-CuII [(S/S,S)-7], by calculation at
the B3LYP/LANL2DZ level.[18] The obtained structures are
shown in Figure 1. Both species, (R/S,S)-7 and (S/S,S)-7,
have highly distorted square-planar structures, of which the
dihedral angles are (O1-Cu-N1-C1 358, O2-Cu-N2-C2 358)
and (O1-Cu-N1-C1 318, O2-Cu-N2-C2 318), respectively.[19]


As shown in Table 6, the difference of total energy between


these two species is only 0.2 kcal mol�1, suggesting that the
enantiomer selectivity in this reaction is kinetically deter-
mined at the irreversible step 7!8 (Scheme 2). The electro-
philic RNCO could approach the lone-pair orbital of the hy-
droxy oxygen atom (O1) from the side opposite the hydroxy
proton (H1) that is, from the upper side of 7. The RNCO
molecule may be activated by the Lewis acidic Cu species.[20]


Compound (S/S,S)-7 is much more reactive than the diaste-
reomeric (R/S,S)-7 because the approach of RNCO to (R/
S,S)-7 is blocked by the tert-butyl group of the box ligand
and the b-CH3 moiety connects cis to the hydroxy group of
the substrate. This view is consistent with the observation
that the reaction of cis-a-hydroxy b-phenyl g-lactones, (� )-
cis-4, catalyzed by 3a showed much higher enantioselectivity
than the reaction of (� )-trans-4 (Table 5).


Conclusions


The tBu-box-CuII complex performs high catalytic activity
and enantiomer selectivity in the carbamoylation of racemic
a-hydroxy g-lactones. The reaction is conducted with an S/C
ratio of 2000–3000 to achieve an s value of up to 209 under
the optimized conditions. A reaction mechanism is proposed
according to the experimental data and a computational
analysis. These results demonstrate that our proposed four
criteria for achieving high efficiency in the Lewis acid cata-
lyzed reactions are useful, that is, 1) use of late-transition-
metal catalysts, 2) choice of well-designed chiral ligands,
3) use of substrates to form a rigid chelate intermediate, and
4) selection of a reaction that will form products that bind
only weakly to the catalyst. We hope these criteria will help
in the development of new and efficient asymmetric Lewis
acid catalyzed reactions.


Experimental Section


General


Gas chromatographic (GC) analysis was conducted on a Shimadzu GC-
17A or Shimadzu GC-2010 instrument with a CP-Chirasil-Dex column
(chiral; 0.32 mm inner diameter P 25 m, df= 0.25 mm, VARIAN) using
helium carrier gas (72 kPa) with a split ratio of 45:1 or a TC-5 column
(achiral; 0.53 mm inner diameter P 30 m, df=1.50 mm, GL Sciences) using
helium carrier gas (80 kPa) under a splitless setting. High-performance
liquid chromatographic (HPLC) analysis was conducted on a JASCO
PU-980 instrument with CHIRALPAK AD-H, AD-RH, and OD-RH


Figure 1. Calculated diastereomeric intermediates, (R/S,S)-7 (a) and (S/
S,S)-7 (b). Dihedral angles: (R/S,S)-7; O1-Cu-N1-C1 358, O2-Cu-N2-C2
358. (S/S,S)-7; O1-Cu-N1-C1 318, O2-Cu-N2-C2 318.


Table 6. Natural atomic charges, and total and relative energies of inter-
mediates (R/S,S)-7 and (S/S,S)-7 calculated at the B3LYP/LANL2DZ
level.


Atom ACHTUNGTRENNUNG(R/S,S)-7 ACHTUNGTRENNUNG(S/S,S)-7


O1 �0.86 �0.86
H1 +0.55 +0.55
Cu +1.38 +1.38
O2 �0.70 �0.70
Total energy [a.u.] �1581.64378 �1581.64342
Relative energy [kcal mol�1] 0.0 0.2
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columns (4.6 mm inner diameter P 150 mm, Daicel Chemical Ind.). 1H
and 13C NMR spectra were recorded on a JEOL EX-270 (270/67.8 MHz)
or JNM-400 FT NMR (400/100 MHz) spectrometer. The chemical shifts
of 1H and 13C NMR resonances are reported in ppm relative to tetrame-
thylsilane. Optical rotation measurements of chiral products were per-
formed on a JASCO DIP-360 polarimeter using a sodium lamp in the in-
dicated solvent in a 10 mm inner diameter P 10 cm cell.


Materials


Benzyl, tert-butyl, cyclohenyl, phenyl, and n-propyl isocyanates were pur-
chased from TCI Co., Ltd. Dehydrated solvents (THF, CH2Cl2, CHCl3,
diethyl ether, DME, toluene, ethyl acetate, and acetonitrile) were pur-
chased from Kanto Chemical Co., Inc. and used without further purifica-
tion. Racemic hydroxy lactones (� )-1a (Aldrich Co., Ltd.) and (� )-1e
(TCI Co., Ltd.) were used as purchased. Box ligands 3a–3 i were pre-
pared as described in the literature.[14, 21] Pybox ligands 3j and 3k were
purchased from Aldrich Co., Ltd. and used without further purification.
Anhydrous Cu ACHTUNGTRENNUNG(OTf)2 (TCI Co., Ltd.) and AgSbF6 (Aldrich Co., Ltd.)
were used as purchased. Racemic carbamates 2a–2h were prepared as
described in the literature.[22] Argon gas of 99.99 % purity (Air Water
Inc.) was used. For preparative column chromatography and thin layer
chromatography, silica gel 60N (100–210 mm, Kanto Chemical. Co., Inc.)
and Merck precoated TLC (silica gel 60 F254 1.0 mm) were used, respec-
tively.


Syntheses


Preparation of [Cu ACHTUNGTRENNUNG{(S,S)-bis(tert-butyloxazoline)}] ACHTUNGTRENNUNG(OTf)2 [(S,S)-3a]:[14]


Cu ACHTUNGTRENNUNG(OTf)2 (8.65 mg, 24 mmol) and (S)-2,2-isopropylidene-bis(4-tert-butyl-
2-oxazoline) (7.80 mg, 26.5 mmol) were placed in an oven-dried 20-mL
Schlenk tube equipped with a teflon-coated magnetic stirring bar and a
serum rubber cap. After the air in the flask had been replaced with
argon, THF (2 mL) was added at ambient temperature to give a light-
blue solution. After 10 min of stirring, THF was evaporated under re-
duced pressure. The light-green residue was dissolved in CH2Cl2 (10 mL)
at ambient temperature. The obtained green solution of [Cu ACHTUNGTRENNUNG{(S,S)-tBu-
box}] ACHTUNGTRENNUNG(OTf)2 [(S,S)-3a] was used for asymmetric carbamoylation.


Representative procedure for enantiomer-selective carbamoylation of
racemic pantolactone [(� )-1a]: Racemic pantolactone [(� )-1a] (653 mg,
5.02 mmol) and CH2Cl2 (9 mL) were placed in an oven-dried, 25-mL
two-necked flask equipped with a teflon-coated magnetic stirring bar, a
serum rubber cap, and a rubber balloon filled with argon. The CH2Cl2 so-
lution of (S,S)-3a described above (1.0 mL, 2.4 mmol) was added to this
flask through a syringe filter unit (pore size of 450 nm; Toyo Roshi
Kaisha, Ltd.) to remove unreacted solid Cu ACHTUNGTRENNUNG(OTf)2. The resulting solution
was stirred for 30 min at 0 8C. To this solution was added n-C3H7NCO
(0.23 mL, 2.5 mmol), and the reaction mixture was stirred for 4 h at 0 8C.
Methanol (5 mL) was added to the mixture, which was then concentrated
under reduced pressure. The residue was passed through a silica gel pad
eluted with ethyl acetate to remove metal components, affording a mix-
ture of recovered (R)-1a and the carbamate (S)-2a. The ee values of 1a
and 2a, ee1a and ee2a, respectively, were determined by GC analysis. The
conversion (conv.) was estimated by the following equation: conv.=ee1a/
(ee1a+ee2a).[6,7] The estimated conv. value agreed well with that deter-
mined by GC analysis using tetralin as an internal standard. The stereo-
selectivity factor (s=kfast/kslow) was calculated by the following equation:
s= ln ACHTUNGTRENNUNG[(1�conv.)ACHTUNGTRENNUNG(1�ee1a)]/ln ACHTUNGTRENNUNG[(1�conv.) ACHTUNGTRENNUNG(1+ee1a)].[6,7]


Isolation of (R)-1 a in >99 % ee


Preparation of catalyst : The CH2Cl2 solution of (S,S)-3a was prepared as
described above. Conditions: 1) Cu ACHTUNGTRENNUNG(OTf)2 (30.6 mg, 84.8 mmol), (S)-2,2-
isopropylidene-bis(4-tert-butyl-2-oxazoline) (25.0 mg, 84.9 mmol), THF
(3 mL), ambient temperature, 30 min; 2) concentration under reduced
pressure; 3) dissolution in CH2Cl2 (10 mL).


Carbamoylation: Racemic substrate (� )-1a (19.3 g, 148 mmol) and
CH2Cl2 (291 mL) were placed in an oven-dried 300-mL three-necked
flask equipped with a teflon-coated magnetic stirring bar, a serum rubber
cap, and a rubber balloon filled with argon. The CH2Cl2 solution of (S,S)-
3a (8.8 mL, 75 mmol) was added to this flask through a syringe filter


unit. The resulting solution was stirred for 30 min at 0 8C. To this solution
was added n-C3H7NCO (6.99 g, 82.1 mmol, 0.55 equivalents to 1a), and
the reaction mixture was stirred for 22 h at 0 8C. Methanol (50 mL) was
added to the mixture, which was then concentrated under reduced pres-
sure to give the crude product (25.8 g) as a green viscous oil. The yield
and ee value of (R)-1a determined by GC analysis were 45 % and
99.0 % ee, respectively. The crude product was passed through a silica gel
pad eluted with ethyl acetate to remove metal components, affording a
mixture of recovered (R)-1a and the carbamate (S)-2a. A short-path dis-
tillation of the mixture without water cooling afforded (R)-1a in
99.6 % ee (8.19 g, 43% yield based on (� )-1a, 99% chemical purity de-
termined by GC analysis). B.p. 64 8C/0.15 mmHg; m.p. 48–49 8C; [a]D


20


�50 (c=0.90, H2O) (reference [23]: [a]D
25 �54.0 (c=0.25, H2O), 94 % ee


(R)); 1H NMR (400 MHz, CDCl3) d= 1.09 (s, 3 H; CH3C), 1.23 (s, 3 H;
CH3C), 3.89 (br, 1 H; OH), 3.96 (d, J=8.8 Hz, 1H; CHH), 4.03 (d, J=


8.8 Hz, 1H; CHH), 4.20 ppm (s, 1 H; CHOH); 13C NMR (100 MHz,
CDCl3) d=18.76, 22.70, 40.71, 75.56, 76.41, 178.04 ppm; GC: column,
CP-Chirasil-Dex; column temp., 130 8C; injection temp., 220 8C; reten-
tion time (tR) of (R)-1a, 7.2 min; tR of (S)-1a, 6.6 min.


(S)-Dihydro-4,4-dimethyl-3-propylaminocarbonyloxy-2(3H)-franone [(S)-
2a] (Table 3): Isolation: TLC (eluent, 1:1 ethyl acetate/hexane), 44 %
yield. B.p. 135 8C/0.25 mmHg (bulb-to-bulb); m.p. 37–38 8C; [a]D


20 +28
(c= 1.30, CHCl3), 93% ee ; 1H NMR (400 MHz, CDCl3) d= 0.94 (t, J=


7.4 Hz, 3H; CH3CH2), 1.05 (s, 3H; CH3C), 1.09 (s, 3H; CH3C), 1.50–1.63
(sext, J=7.4 Hz, 2H; CH3CH2), 3.16–3.23 (q, J=7.4 Hz, 2H;
CH2CH2NH), 4.02 (s, 2H; CH2O), 5.00 (br, 1 H; NH), 5.29 ppm (s, 1 H;
CHOCO); 13C NMR (100 MHz, CDCl3) d =11.05, 19.65, 22.83, 40.09,
42.93, 75.40, 76.0, 154.92, 173.35 ppm; IR (KBr): ñ=3344, 1793,
1717 cm�1; MS (EI, relative intensity): 215 (4), 186 (58), 113 (40), 99 (23),
86 (45), 71 (100); HRMS (EI): m/z calcd for C10H17NO4: 215.1157
([M]+); found: 215.1153; GC: column, CP-Chirasil-Dex; initial column
temp., 130 8C (10 min); final column temp., 160 8C (15 min); progress
rate, 10 8C min�1; injection temp., 220 8C; tR of (R)-2a, 23.6 min; tR of (S)-
2a, 24.1 min.


(S)-3-Benzylaminocarbonyloxy-dihydro-4,4-dimethyl-2(3H)-franone [(S)-
2aa] (Table 2): Isolation: TLC (eluent, 1:1 ethyl acetate/hexane), 41 %
yield. M.p. 110–113 8C; [a]D


22 +26 (c=0.08, CHCl3), 86 % ee ; 1H NMR
(270 MHz, CDCl3) d=1.10 (s, 3 H; CH3C), 1.24 (s, 3H; CH3C), 4.03 (s,
2H; CH2O), 4.42 (d, J=5.9 Hz, 2H; PhCH2), 5.27 (bs, 1H; NH), 5.32 (s,
1H; CHOCO), 7.23–7.46 ppm (m, 5 H; aromatics); 13C NMR (67.8 MHz,
CDCl3) d=19.71, 22.85, 40.11, 45.22, 75.72, 76.00, 127.49, 128.64, 137.74,
154.99, 173.15 ppm; IR (KBr): ñ=3314, 3029, 2969, 2918, 2879, 1786,
1731, 1706, 1538 cm�1; MS (EI, relative intensity): 263 (2.6), 150 (46), 132
(3.3), 114 (20), 106 (100), 99 (48), 91 (80), 79 (7.4), 65 (8.6); HRMS (EI):
m/z calcd for C14H17NO4: 263.1157 ([M]+); found: 263.1159; HPLC:
column, AD-H; eluent, 10:90 2-propanol/hexane; flow rate, 1.0 mL min�1;
detection, 254 nm light; tR of (R)-2aa, 8.6 min; tR of (S)-2aa, 7.6 min.


(S)-3-Cyclohexylaminocarbonyloxy-dihydro-4,4-dimethyl-2(3H)-franone
[(S)-2ab] (Table 2): Isolation: TLC (eluent, 2:1 diethyl ether/hexane),
43% yield. M.p. 144–145 8C; [a]D


19 +25 (c=0.70, CHCl3), 87 % ee ;
1H NMR (270 MHz, CDCl3) d =1.09 (s, 3 H; CH3C), 1.23 (s, 3 H; CH3C),
0.96–2.10 (m, 10 H; cyclohexyl CH2), 3.37–3.61 (m, 1H; cyclohexyl CH),
4.02 (s, 2 H; CH2O), 4.76–4.95 (br s, 1 H; NH), 5.27 ppm (s, 1H;
CHOCO); 13C NMR (67.8 MHz, CDCl3) d= 19.73, 22.90, 24.67 (two sig-
nals), 25.30, 32.95, 33.09, 40.17, 50.28, 75.35, 76.01, 153.98, 173.37 ppm;
IR (KBr): ñ=3311, 2940, 2856, 1790, 1704, 1546 cm�1; MS (EI, relative
intensity): 255 (5.7), 212 (43), 174 (57), 142 (42), 131 (13), 113 (47), 98
(100), 83 (60), 71 (20), 55 (38), 41 (26); HRMS (EI): m/z calcd for
C13H21NO4: 255.1470 ([M]+); found: 255.1467; HPLC: column, AD-RH;
eluent, 50:50 H2O/CH3CN; flow rate, 0.5 mL min�1; detection, RI; tR of
(R)-2ab, 9.7 min; tR of (S)-2ab, 7.9 min.


(S)-3-tert-Butylaminocarbonyloxy-dihydro-4,4-dimethyl-2(3H)-franone
[(S)-2ac] (Table 2): Isolation: TLC (eluent, 1:1 ethyl acetate/hexane),
30% yield. M.p. 114–116 8C; [a]D


18 +32 (c=0.50, CHCl3), 76 % ee ;
1H NMR (270 MHz, CDCl3) d =1.08 (s, 3 H; CH3C), 1.22 (s, 3 H; CH3C),
1.35 (s, 9H; tert-butyl CH3), 4.02 (s, 2 H; CH2O), 4.93 (br s, 1H; NH),
5.23 ppm (s, 1H; CHOCO); 13C NMR (67.8 MHz, CDCl3) d =20.21,
23.46, 29.09 (three signals), 40.65, 51.21, 75.40, 76.52, 153.39, 173.91 ppm;
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IR (KBr): ñ =3327, 2974, 1784, 1709, 1533 cm�1; MS (EI, relative intensi-
ty): 230 (1.6), 214 (100), 174 (2.3), 131 (52), 113 (20), 102 (9.0), 84 (61),
72 (12), 57 (78), 43 (15); HRMS (EI): m/z calcd for C11H20NO4: 230.1392
([M+H]+); found: 230.1394; HPLC: column, AD-RH; eluent, 60:40
H2O/CH3CN; flow rate, 0.5 mL min�1; detection, RI; tR of (R)-2ac,
8.5 min; tR of (S)-2ab, 7.4 min.


(S)-Dihydro-4,4-dimethyl-3-phenylaminocarbonyloxy-2(3H)-franone [(S)-
2ad] (Table 2): Isolation: GPC (eluent, CHCl3), 40% yield. M.p. 149–
151 8C: [a]D


22 +28 (c=0.80, CHCl3), 88 % ee ; 1H NMR (270 MHz,
CDCl3) d =1.15 (s, 3H; CH3C), 1.28 (s, 3 H; CH3C), 4.07 (s, 2H; CH2O),
5.39 (s, 1 H; CHOCO), 6.95 (br s, 1H; NH), 7.05–7.48 ppm (m, 5H; aro-
matics); 13C NMR (67.8 MHz, CDCl3) d=19.80, 22.85, 40.26, 75.77, 76.17,
118.84, 123.89, 129.01 (three signals), 137.14, 151.95, 173.22 ppm; IR
(KBr): ñ= 3365, 3048, 2970, 2912, 1793, 1715, 1604, 1541 cm�1; MS (EI,
relative intensity): 249 (74), 177 (12), 137 (9.0), 119 (100), 93 (27);
HRMS (EI): m/z calcd for C13H15NO4: 249.1001 ([M]+); found: 249.1001;
HPLC: column, AD-RH; eluent, 60:40 H2O/CH3CN; flow rate,
0.5 mL min�1; detection, 230 nm light; tR of (R)-2ad, 14.3 min; tR of (S)-
2ad, 12.5 min.


(R)-4,4-Diethyl-dihydro-3-hydroxy-2(3H)-franone [(R)-1b] (Table 4): Iso-
lation: TLC (eluent, 1:1 ethyl acetate/hexane), 40 % yield. M.p. 48–49 8C;
[a]D


21 �6.3 (c=0.10, CH3OH), 85% ee (reference [23]: [a]D
25 �12.0 (c=


0.33, CH3OH), 95 % ee (R)); 1H NMR (400 MHz, CDCl3) d =0.91 (t, J=


7.5 Hz, 3H; CH3), 0.99 (t, J=7.5 Hz, 3H; CH3), 1.39–1.67 (m, 4 H;
2CH3CH2), 2.41 (br, 1 H; OH), 3.87 (d, J=9.4 Hz, 1 H; CHHO), 4.16 (d,
J=9.4 Hz, 1 H; CHHO), 4.20 ppm (s, 1 H; CHOH); 13C NMR (100 MHz,
CDCl3) d=8.04, 8.42, 21.50, 28.05, 46.53, 73.14, 74.63, 178.52 ppm; IR
(KBr): ñ=3434, 1771 cm�1; GC: column, CP-Chirasil-Dex; column
temp., 145 8C; injection temp., 220 8C; tR of (R)-1b, 10.4 min; tR of (S)-
1b, 9.5 min.


(S)-4,4-Diethyl-dihydro-3-propylaminocarbonyloxy-2(3H)-franone [(S)-
2b] (Table 4): 47 % yield. M.p. 42–43 8C; [a]D


20 +6.1 (c=0.50, CHCl3),
95% ee ; 1H NMR (400 MHz, CDCl3) d=0.89–0.97 (m, 9H; 2CH3CH2


and CH3CH2CH2NH), 1.45–1.62 (m, 6H; 2CH3CH2 and
CH3CH2CH2NH), 3.20 (q, J=7.0 Hz, 2H; CH3CH2CH2NH), 3.99 (d, J=


9.3 Hz, 1 H; CHHO), 4.15 (d, J=9.3 Hz, 1 H; CHHO), 4.93 (br, 1 H;
NH), 5.44 ppm (s, 1H; CHOCO); 13C NMR (100 MHz, CDCl3) d =8.08
(two signals), 11.07, 22.90, 23.12, 27.58, 42.96, 45.69, 72.61, 73.78, 154.84,
174.02 ppm; IR (KBr): ñ =3435, 3327, 1794, 1702 cm�1; elemental analy-
sis: calcd (%) for C12H21NO4: C 59.24, H 8.70, N 5.76; found: C 59.02,
H 8.66, N 5.68; MS (EI, relative intensity): 243 (8), 214 (29), 113 (42), 85
(100), 86 (45); HRMS (EI): m/z calcd for C12H21NO4: 243.1470 ([M]+);
found: 243.1462; GC: column, CP-Chirasil-Dex; initial column temp.,
145 8C (12 min); final column temp., 180 8C (10 min); progress rate,
5 8C min�1; injection temp., 220 8C; tR of (R)-2b, 25.5 min; tR of (S)-2b,
26.2 min.


(R)-Dihydro-3-hydroxy-4,4-diphenyl-2(3H)-furanone [(R)-1c] (Table 4):
Isolation: TLC (eluent, 1:1 ethyl acetate/hexane), 44% yield. M.p. 179–
180 8C; [a]D


19 +204 (c=0.20, CHCl3), 93 % ee ; 1H NMR (400 MHz,
CDCl3) d=2.25 (d, J=7.8 Hz, 1H; OH), 4.48 (d, J=9.7 Hz, 1H;
CHHO), 5.11 (d, J=7.8 Hz, 1 H; CHOH), 5.19 (d, J=9.7 Hz, 1H;
CHHO), 7.12–7.44 ppm (m, 10H; aromatics); 13C NMR (100 MHz,
[D6]DMSO) d =55.29, 72.43, 72.93, 126.82, 127.07 (two signals), 127.29,
127.95 (two signals), 128.79 (two signals), 128.94 (two signals), 139.92,
143.56, 176.32 ppm; IR (KBr): ñ =3435, 1780 cm�1; elemental analysis:
calcd (%) for C16H14O3: C 75.58, H 5.55; found: C 75.65, H 5.65; MS (EI,
relative intensity): 254 (24), 180 (100), 165 (28); HRMS (EI) m/z calcd
for C16H14O3: 254.0943 ([M]+); found: 254.0934; HPLC: column, AD-H;
eluent, 10:90 2-propanol/hexane; flow rate, 0.5 mL min�1; detection,
230 nm light; tR of (R)-1c, 21.7 min; tR of (S)-1c, 15.4 min. The absolute
configuration was estimated by 1H NMR analysis after conversion to the
(R)- and (S)-2-methoxy-2-phenyl-2-(trifluoromethyl)acetic acid (MTPA)
esters (see the Supporting Information).[24]


(S)-Dihydro-4,4-diphenyl-3-propylaminocarbonyloxy-2(3H)-franone [(S)-
2c] (Table 4): 50% yield. M.p. 138 8C; [a]D


20 �76 (c=0.10, CHCl3),
94% ee. The carbamate 2c existed as an 85:15 mixture of conformational
isomers in CDCl3 at ambient temperature: 1H NMR (400 MHz, CDCl3)
d=0.68 (br m, 3H; a set of signals of CH3CH2CH2), 0.91 (t, J=7.3 Hz,


3H; CH3CH2CH2), 1.26 (br m, 2H; a set of signals of CH3CH2CH2), 1.53
(sext, J= 7.3 Hz, 2H; CH3CH2CH2), 2.72 (br m, 2 H; a set of signals of
CH3CH2CH2), 3.19 (q, J= 7.3 Hz, 2H; CH3CH2CH2), 4.47 (d, J=9.6 Hz,
1H; CHH), 4.65 (br s, 1 H; NH), 5.11 (d, J=9.6 Hz, 1H; CHH), 6.38 (s,
1H; CH), 7.09–7.41 ppm (m, 10 H; aromatics). This compound was de-
tected as a single isomer in [D6]DMSO at 80 8C, the NMR behavior of
which is described in the Supporting Information. 13C NMR (100 MHz,
CDCl3) d=11.09, 22.90, 42.99, 55.14, 72.32, 74.05, 126.69 (two signals),
127.50, 127.78, 128.28 (two signals), 128.47 (two signals), 123.08 (two sig-
nals), 139.05, 141.36, 154.49, 172.09 ppm; IR (KBr): ñ=3320, 2964, 1796,
1721, 1704, 1529 cm�1; elemental analysis: calcd (%) for C20H21NO4:
C 70.78, H 6.24, N 4.13; found: C 70.49, H 6.25, N 4.03; MS (EI, relative
intensity): 339 (8), 254 (27), 180 (100), 165 (16), 149 (19); HRMS (EI)
m/z calcd for C20H21NO4: 339.1470 ([M]+); found: 339.1462; HPLC:
column, AD-H; eluent, 10:90 2-propanol/hexane; flow rate, 0.5 mL min�1;
detection, 230 nm light; tR of (R)-2c, 26.7 min; tR of (S)-2c, 23.0 min.


(R)-4-Hydroxy-2-oxaspiro ACHTUNGTRENNUNG[4,4]nonan-3-one [(R)-1d] (Table 4): Isolation:
TLC (eluent, 1:1 ethyl acetate/hexane), 44% yield. M.p. 74–75 8C; [a]D


22


�12 (c=0.19, CHCl3), 97 % ee (reference [25]: [a]D
25 +18.6 (CHCl3),


94% ee (S)); 1H NMR (400 MHz, CDCl3) d= 1.40–2.06 (m, 8H; cyclo-
pentyl), 2.82 (d, J=3.3 Hz, 1H; OH), 4.02 (dd, J=8.9 and 0.7 Hz, 1 H;
OCHH), 4.13 (d, J= 8.9 Hz, 1H; OCHH), 4.29 ppm (d, J=3.5 Hz, 1 H;
CHOH); 13C NMR (100 MHz, CDCl3) d=24.76, 24.87, 28.96, 33.35,
51.45, 73.41, 76.00, 178.04 ppm; IR (KBr): ñ=3389, 2965, 2869,
1765 cm�1; GC: column, CP-Chirasil-Dex; column temp., 160 8C; injec-
tion temp., 220 8C; tR of (R)-1d, 8.5 min; tR of (S)-1d, 7.6 min.


(S)-2-Oxa-4-(propylaminocarbonyloxy)spiro ACHTUNGTRENNUNG[4,4]nonan-3-one [(S)-2d]
(Table 4): 49 % yield. B.p. 147 8C/0.14 mmHg (bulb-to-bulb); [a]D


20 +26
(c= 0.20, CHCl3), 93% ee ; 1H NMR (400 MHz, CDCl3) d= 0.94 (t, J=


7.3 Hz, 3 H; CH3), 1.49–1.96 (m, 10H; cycropentyl, NCH2CH2), 3.15–3.22
(m, 2H; NH2), 4.08 (d, J=8.9 Hz, 1H; OCHH), 4.13 (d, J= 9.0 Hz, 1 H;
CHOH), 5.06 (br s, 1H; NH), 5.45 ppm (d, J=9.0 Hz, 1H; CHOCO);
13C NMR (100 MHz, CDCl3) d=11.15, 22.97, 24.75, 24.78, 30.35, 33.22,
43.04, 50.81, 73.59. 75.63, 154.94, 173.35 ppm; IR (KBr): ñ =3360, 2963,
2875, 1793, 1725, 1531 cm�1; elemental analysis: calcd (%) for
C12H19NO4: C 59.73, H 7.94, N 5.81; found: C 59.47, H 8.02, N 5.80; MS
(EI, relative intensity): 241(10), 212 (49), 156 (40), 139 (100), 112 (72), 94
(66), 81 (57); HRMS (EI): m/z calcd for C12H19NO4: 241.1314 ([M]


+);
found: 241.1316; GC: column, CP-Chirasil-Dex; column temp., 180 8C;
injection temp., 220 8C; tR of (R)-2d, 17.5 min; tR of (S)-2d, 18.2 min.


(R)-Dihydro-3-hydroxy-2(3H)-furanone [(R)-1e] (Table 4): Isolation:
TLC (eluent, Et2O), 45 % yield. B.p. 74 8C/0.25 mmHg (bulb-to-bulb);
[a]D


22 +32 (c=0.30, CHCl3), 36% ee (reference [26]: [a]D
20 �60.1 (c=


0.67, CHCl3), 99% ee (S)); 1H NMR (270 MHz, CDCl3) d=2.17–2.44 (m,
1H; CHCHH), 2.52–2.77 (m, 1H; CHCHH), 3.24–3.57 (br, 1H; OH),
4.16–4.34 (m, 1 H; CHOH), 4.38–4.62 ppm (m, 2 H; OCH2); 13C NMR
(67.8 MHz, CDCl3) d=30.72, 65.24, 67.25, 178.37 ppm; IR (KBr): ñ=


3377, 1772 cm�1; GC: column, CP-Chirasil-Dex; column temp., 100 8C;
injection temp., 220 8C; tR of (R)-1e, 17.5 min; tR of (S)-1e, 17.0 min.


(S)-Dihydro-3-propylaminocarbonyloxy-2(3H)-franone [(S)-2e] (Table 4):
46% yield. B.p. 135 8C/0.18 mmHg (bulb-to-bulb); [a]D


20 �2.0 (c=0.40,
CHCl3), 41% ee ; 1H NMR (400 MHz, CDCl3) d=0.93 (t, J=7.3 Hz, 3H;
CH3CH2CH2), 1.48–1.62 (sext, J=7.3 Hz, 2H; NCH2CH2), 2.22–2.38 (m,
1H; CHHCH2O), 2.67–2.78 (m, 1H; CHHCH2O), 3.14–3.21(m, 2H;
NCH2), 4.24–4.33 (m, 1H; CH2CHHO), 4.43–4.50 (m, 1 H; CH2CHHO),
4.99 (br s, 1H; NH), 5.36 ppm (dd, J=8.7 and 9.7 Hz, 1H; CHOCO);
13C NMR (100 MHz, CDCl3) d=11.14, 22.96, 29.34, 42.97, 64.92, 68.15,
154.85, 173.44, 154.9, 173.4 ppm; IR (KBr): ñ=3326, 1794, 2971, 1702,
1544 cm�1; MS (EI, relative intensity): 188 ([M+H]+, 6), 158 (100), 86
(59), 58 (37), 43 (57); HRMS (EI): m/z calcd for C8H14NO4: 188.2011
([M+H]+); found: 188.0923; GC: column, CP-Chirasil-Dex; initial
column temp., 100 8C (25 min); final column temp., 170 8C (11 min);
progress rate, 10 8C min�1; injection temp., 220 8C; tR of (R)-2e, 40.2 min;
tR of (S)-2e, 40.8 min.


(R)-3-Hydroxy-4,4-dimethyl-2-pyrrolidinone [(R)-1 f] (Table 4): Isolation:
TLC (eluent, 2:1 ethyl acetate/hexane), 46% yield. M.p. 158–159 8C;
[a]D


20 +5.0 (c=0.20, CH3OH), 24% ee (reference [27]: [a]D
23 + 25.6 (c=


1.0, C2H5OH), (R)); 1H NMR (270 MHz, CDCl3) d=1.07 (s, 3H; CH3C),
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1.24 (s, 3 H; CH3C), 3.08 (dd, J=9.5 and 10.5 Hz, 2H; CH2NH), 3.41 (d,
J=3.6 Hz, 1H; CHOH), 3.95 (d, J=3.6 Hz, 1 H; CHOH), 6.34 ppm (br s,
1H; NH); 13C NMR (67.8 MHz, CDCl3) d=19.86, 24.86, 40.88, 51.98,
77.07, 177.61 ppm; IR (KBr): ñ=3355, 3218, 1705, 1683 cm�1; elemental
analysis: calcd (%) for C6H11NO2: C 55.80, H 8.58, N 10.84; found:
C 55.72, H 8.50, N 10.84; MS (EI, relative intensity): 129 (100), 71 (56);
HRMS (EI): m/z calcd for C6H11NO2: 129.0790 ([M]+); found: 129.0785;
HPLC: column, AD-RH; eluent, 5:95 2-propanol/hexane; flow rate,
0.5 mL min�1; detection, 210 nm light) tR of (R)-1 f, 11.3 min; tR of (S)-1 f,
13.1 min.


(S)-4,4-Dimethyl-3-propylaminocarbonyloxy-2-pyrrolidinone [(S)-2 f]
(Table 4): 45% yield. M.p. 95–97 8C; [a]D


20 �7.9 (c=0.50, CH3OH),
40.8 % ee ; 1H NMR (270 MHz, CDCl3) d=0.93 (t, J=7.3 Hz, 3H;
CH3CH2CH2), 1.07 (s, 3 H; CCH3), 1.24 (s, 3H; CCH3), 1.55 (sext, J=


7.3 Hz, 2 H; CH3CH2CH2), 3.05 (dd, J=1.3 and 9.4 Hz, 1H; CHH of
lactam), 3.17 (t, J=7.3 Hz, 2H; CH3CH2CH2), 3.20 (d, J=9.4 Hz, 1H;
CHH of lactam), 5.05 (br s, 1H; NH of carbamate), 5.12 ppm (s, 1H;
CHOCO), 6.51 (br s, 1H; NH of lactam); 13C NMR (67.8 MHz, CDCl3)
d=11.16, 20.87, 22.96, 25.03, 40.02, 42.92, 52.21, 77.61, 155.66,
174.37 ppm; IR (KBr): ñ= 3422, 1702 cm�1; elemental analysis: calcd (%)
for C10H18N2O3: C 56.06, H 8.47, N 13.07; found: C 55.82, H 8.13, N 12.8;
MS (EI, relative intensity): 214 (3), 185 (12), 156 (12), 129 (45), 111
(100), 98 (31); HRMS (EI): m/z calcd for C10H18N2O3: 214.1318 ([M]+);
found: 214.1326. The ee value was determined after conversion into 1 f.[28]


HPLC: column, AD-RH; eluent, 5:95 2-propanol/hexane; flow rate,
0.5 mL min�1; detection, 210 nm light; tR of (R)-1 f, 11.3 min; tR of (S)-1 f,
13.1 min.


(3R,4R)-Dihydro-3-hydroxy-4-phenyl-2(3H)-furanone [(R)-cis-4] (Table 5):
Isolation: TLC (eluent, ethyl acetate), 45% yield. M.p. 97 8C; [a]D


20 �11
(c= 0.10, CHCl3), 96 % ee; 1H NMR (270 MHz, CDCl3) d=2.14 (d, J=


6.3 Hz, 1 H; OH), 3.86 (ddd, J= 2.8, 5.2, and 7.9 Hz, 1H; PhCH), 4.63
(dd, J=2.8 and 9.7 Hz, 1H; CHH), 4.66 (dd, J=5.2 and 9.7 Hz, 1 H;
CHH), 4.73 (dd, J=6.3 and 7.9 Hz, 1H; CHOH), 7.19–7.44 ppm (m, 5 H;
aromatics); 13C NMR (67.8 MHz, CDCl3) d =45.90, 69.94, 70.61, 128.05
(two signals), 128.13, 129.00 (two signals), 134.90, 176.51 ppm; IR (KBr):
ñ= 3440, 1765, 1189 cm�1; elemental analysis: calcd (%) for C10H10O3:
C 67.41, H 5.66; found: C 67.45, H 5.72; MS (EI, relative intensity): 178
(61), 121 (30), 104 (100), 91 (59), 78 (27); HRMS (EI): m/z calcd for
C10H10O3: 178.0630 ([M]+); found: 178.0622; HPLC: column, AD-H;
eluent, 10:90 2-propanol/hexane; flow rate, 1.0 mL min�1; detection,
254 nm light; tR of (R)-cis-4, 7.2 min; tR of (S)-cis-4, 6.0 min. The absolute
configuration was estimated by 1H NMR analysis after conversion into
the corresponding (R)- and (S)-MTPA esters (see the Supporting Infor-
mation).[24]


ACHTUNGTRENNUNG(3S,4S)-Dihydro-4-phenyl-3-propylaminocarbonyloxy-2(3H)-furanone
[(S)-cis-5] (Table 5): 45% yield. M.p. 118 8C; [a]D


20 +135 (c=0.20,
CHCl3), 96% ee. The carbamate cis-5 existed as an 87:13 mixture of con-
formational isomers in CDCl3 at ambient temperature: 1H NMR
(270 MHz, CDCl3) d =0.52–0.74 (m, 0.4H; CH3CH2CH2 (minor isomer)),
0.83 (t, J=7.3 Hz, 2.6H; CH3CH2CH2 (major isomer)), 0.98–1.30 (m,
0.3H; CH3CH2CH2 (minor isomer)), 1.42 (sext, J=7.3 Hz, 1.7H;
CH3CH2CH2 (major isomer)), 2.59–2.82 (m, 0.3H; CH3CH2CH2 (minor
isomer)), 2.95–3.17 (m, 1.7H; CH3CH2CH2 (major isomer)), 4.00–4.13
(m, 1H; CHOCO), 4.57–4.78 (m, 3H; CH2O and PhCH), 5.60 (d, J=


8.2 Hz, 0.9H; NH (major isomer)), 5.63–5.73 (m, 0.1 H; NH (minor
isomer)), 7.10 ppm (m, 5H; aromatics); 13C NMR (100 MHz, CDCl3) d=


11.0, 22.8, 42.7, 44.5, 70.5, 70.9, 127.7 (two signals), 127.8, 128.8 (two sig-
nals), 135.6, 154.4, 172.7 ppm; IR (KBr): ñ=3342, 1776, 1705, 1548 cm�1;
elemental analysis: calcd (%) for C14H17NO4: C 63.87, H 6.51, N 5.32;
found: C 63.88, H 6.55, N 5.31; MS (EI, relative intensity): 263 (8), 234
(13), 178 (9), 161 (13), 133 (10), 117 (9), 104 (100), 92 (16), 77 (11);
HRMS (EI): m/z calcd for C14H17NO4: 263.1157 ([M]+); found: 263.1160;
HPLC: column, AD-H; eluent, 10:90 2-propanol/hexane; flow rate,
1.0 mL min�1; detection, 254 nm light; tR of (R)-cis-5, 6.7 min; tR of (S)-
cis-5, 7.6 min.


ACHTUNGTRENNUNG(3R,4S)-Dihydro-3-hydroxy-4-phenyl-2(3H)-furanone [(R)-trans-4] (Table 5):
Isolation: TLC (eluent, 1:1 ethyl acetate/hexane), 43% yield. M.p. 83–
84 8C; [a]D


19 +17 (c=0.30, CHCl3), 32% ee ; 1H NMR (270 MHz, CDCl3)


d=3.05 (d, J= 3.3 Hz, 1 H; OH), 3.61–3.83 (m, 1H; PhCH), 4.16–4.83 (m,
1H; OCHH), 4.58 (dd, J= 3.3 and 10.9 Hz, 1 H; CHOH), 4.67 (t, J=


8.6 Hz, 1 H; OCHH), 7.18–7.54 ppm (m, 5 H; aromatics); 13C NMR
(67.8 MHz, CDCl3) d =48.73, 69.42, 72.85, 127.11 (two signals), 128.02,
129.07 (two signals), 135.82, 176.95 ppm; IR (KBr): ñ=3381, 1763 cm�1;
elemental analysis: calcd (%) for C10H10O3: C 67.41, H 5.66; found:
C 67.22, H 5.67; MS (EI, relative intensity): 178 (97), 134 (21), 121 (22),
104 (100), 91 (88), 78 (42); HRMS (EI): m/z calcd for C10H10O3: 178.0630
([M]+); found: 178.0633; HPLC: column, AD-H; eluent, 10:90 2-propa-
nol/hexane; flow rate, 1.0 mL min�1; detection, 254 nm light; tR of (R)-
trans-4, 8.1 min; tR of (S)-trans-4, 9.5 min. The absolute configuration was
determined after conversion into (S)-cis-4 (see the Supporting Informa-
tion).


ACHTUNGTRENNUNG(3S,4R)-Dihydro-4-phenyl-3-propylaminocarbonyloxy-2(3H)-furanone
[(S)-trans-5] (Table 5): 45 % yield. M.p. 75–76 8C; [a]D


20 �17 (c=0.10,
CHCl3), 37% ee ; 1H NMR (270 MHz, CDCl3) d=0.90 (t, J=7.3 Hz, 3H;
CH3CH2CH2), 1.51 (sext, J=7.3 Hz, 2H; CH3CH2CH2), 3.15 (m, 2H;
CH3CH2CH2), 3.87 (dd, J=8.5 and 10.7 Hz, 1H; PhCH), 4.19–4.28 (m,
1H; OCHH), 4.67 (t, J=8.6 Hz, 1H; OCHH), 4.92 (br s, 1H; CHOCO),
5.72 (d, J=10.9 Hz, 1H; NH), 7.24–7.47 ppm (m, 5 H; aromatics):
13C NMR (67.8 MHz, CDCl3) d =11.05, 22.83, 42.91, 46.77, 69.69, 72.50,
127.09 (two signals), 128.14, 129.11 (two signals), 135.09, 154.58,
172.63 ppm; IR (KBr): ñ =3363, 3064, 3033, 2966, 2934, 2876, 1793, 1730,
1530, 1148 cm�1; elemental analysis: calcd (%) for C14H17NO4: C 63.87,
H 6.51, N 5.32; found: C 63.61, H 6.57, N 5.02; MS (EI, relative intensi-
ty): 264 ([M+ H]+ , 1), 233 (14), 190 (12), 161 (100), 131 (67), 120 (7), 104
(35), 91 (20), 77 (12); HRMS (EI): m/z calcd for C14H18NO4: 264.1236
([M+H]+); found: 264.1228; HPLC: column, AD-H; eluent, 10:90 2-
propanol/hexane; flow rate, 1.0 mL min�1; detection, 254 nm light) tR of
(R)-trans-5, 19.2 min; tR of (S)-trans-5, 13.2 min.
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Introduction


The term “cryptochirality” was introduced by Mislow and
Bickart in 1977 to describe a chiral molecule whose chirality
cannot be operationally determined.[1] This term applies to
isotactic poly(a-olefins) in which a large number of chiral
centers are formed from prochiral olefins. Their optical ac-
tivity cannot be measured in solution, since high-molecular-
weight polymers possess pseudo-Cs symmetry.[2,3] Optically


active poly(a-olefins) can be obtained in cases where the
pseudosymmetry is destroyed,[4] for example by (co)poly-
merization of a chiral monomer[5,6] or by the presence of
specific stereosequences in the main chain of the poly-
mer.[7,9b] Often, optical activity stems from the formation of
helical structures with a preferred screw sense.[8] The devel-
opment of well-defined,[9] chiral, and in rare cases enantio-
pure[10] ansa-metallocene complexes has allowed the obser-
vation of enantiofacial selectivity of insertion of the prochi-
ral olefin insertion at the metal center during oligomeriza-
tion.[3,6,11] At what degree of polymerization the observable
optical activity of poly(a-olefins) disappears and whether
“homochiral” isotactic poly(a-olefins) can be accessed are
questions insufficiently addressed so far.[12]


We have recently shown that chiral, configurationally
rigid bis(phenolato) titanium catalysts derived from the
linear, 1,w-dithioalkanediyl-bridged [OSSO]-type ligand effi-
ciently polymerize styrene to give isotactic polystyrene
(iPS).[13] Previously, iPS has been prepared using heteroge-
neous Ziegler-type catalysts and characterized as the first
crystallizable polyolefin by Natta and co-workers.[14] In con-


Abstract: Chiral 1,2-trans-dithiocyclo-
hexanediyl-bridged bis ACHTUNGTRENNUNG(phenols) of the
type [2,2’-{HOC6H2-6-R1-4-R2}2S2C6H10]
([OSSO]H2, R1 = tBu, iPr, H; R2 = tBu,
iPr, Me) could be conveniently and se-
lectively synthesized in three steps,
starting from cyclohexene oxide and
arene thiolate. The racemic bis-
ACHTUNGTRENNUNG(phenols) could be resolved using an
enantiopure (S)-camphorsulfonic ester
auxiliary or by (chiral) HPLC. Com-
plexation of the racemic bis ACHTUNGTRENNUNG(phenols)
to TiX4 (X=Cl, OiPr) proceeds in a
diastereoselective fashion to give only


the L,R,R and D,S,S enantiomers. Rac-
emic [Ti{(OC6H2-6-tBu-4-Me)2S2C6H10}
ACHTUNGTRENNUNGCl2] reacts with benzyl magnesium bro-
mide to afford the crystallographically
characterized dibenzyl complex. The
benzyl cation formed using B ACHTUNGTRENNUNG(C6F5)3 in
C6D5Br slowly decomposes at tempera-
tures above +10 8C. When treated with
methylaluminoxane, the dichloro com-
plexes [Ti ACHTUNGTRENNUNG{OSSO}Cl2] polymerize sty-


rene with activities up to
146 kg(molcatalyst)�1


ACHTUNGTRENNUNG[styrene
ACHTUNGTRENNUNG(molL�1)]�1h�1; diisopropoxy com-
plexes [Ti ACHTUNGTRENNUNG{OSSO} ACHTUNGTRENNUNG(OiPr)2] show mere
trace activity. With 1-hexene as a
chain-transfer agent, activated enantio-
pure titanium complexes give low-mo-
lecular-weight homochiral isotactic oli-
gostyrenes, terminated by one to five
1-hexene units with Mn values as low
as 750 gmol�1 for R= tBu and
1290 gmol�1 for R=Me. Below Mn


�5000 these oligostyrenes show optical
activity.
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trast to homogeneous catalysts
for the syndiotactic polymeri-
zation of styrene, of which
many have been discovered
since their introduction by Ish-
ihara and co-workers,[15,16] very
few other homogeneous cata-
lysts for the production of
highly isotactic polystyrene are
known.[17,18] Although the
aforementioned [OSSO]-titani-
um complexes are chiral, they
are not easily resolved, partly
because complexation of the
ligand to the titanium center is
not stereoselective.[19] We have
recently prepared optically
active catalyst precursors
which feature an inherently
chiral, 1,2-dithiocyclohexanedi-
yl-bridged [OSSO] ligand. By utilizing chain-transfer meth-
odology in the presence of 1-hexene, we demonstrate that
the insertion of styrene in such post-metallocene catalysts[20]


occurs stereospecifically, giving optically active iPS oligo-
mers.[12, 21]


Results and Discussion


Synthesis and Characterization


The racemic bis ACHTUNGTRENNUNG(phenol) ligand precursors could be obtained
in three steps by consecutive nucleophilic substitutions
(Scheme 1). The syntheses feature ring opening of cyclohex-
ene oxide by a hydroxyarene thiolate to give the appropri-
ate (trans-2-hydroxycyclohexyl)phenol. Chlorination of the
hydroxycyclohexyl moiety with thionyl chloride in CH2Cl2
and subsequent substitution by a second equivalent of arene
thiolate afforded the racemic bis ACHTUNGTRENNUNG(phenols) in 61% (3a) and
90% (3b) overall yield, respectively. Exclusively trans-bis-
ACHTUNGTRENNUNG(phenol) was formed owing to anchimeric assistance of the
thioarene moiety via a thiiranium intermediate.[22] This is in
agreement with X-ray analysis of single crystals of rac-2a,
which shows a trans product.


For chiral resolution, compounds rac-3a,b were modified
with a suitable chiral ancillary. Lithiation of the ligand with
nBuLi and subsequent reaction with two equivalents of
(1S)-camphorsulfonyl chloride in diethyl ether afforded the
diastereomeric bis((1S)-camphorsulfonates) (S,S,S,S)- and
(R,R,S,S)-4a,b in good yield. Traces of starting material and
monosubstituted product were removed by column chroma-
tography. Fractional crystallizaton of the diastereomers was
attempted from a variety of common solvents, with acetone
and cyclohexane found to be most suitable for 4a and 4b,
respectively. Hydrolytic cleavage of the sulfonate ester with
aqueous NaOH in a 1:1 mixture of THF and methanol af-
forded the enantiopure bis ACHTUNGTRENNUNG(phenols) (�)-(R,R)-3a,b and
(+)-(S,S)-3a. In the case of 4b the second diastereomer


could not be obtained in more than 71% de, even after re-
peated recrystallizations. Alternatively, access to all enantio-
pure bis ACHTUNGTRENNUNG(phenols) was achieved by preparative (chiral)
HPLC of 4a and rac-3b.[23] The absolute configuration of
the chiral bis ACHTUNGTRENNUNG(phenols) 3a and 3b was established by single-
crystal X-ray crystallography of enantiopure 3a and dia-
steromers 4a and 4b.[24a] The chiral bis(phenolates) were fur-
ther characterized by optical rotation and CD spectrosco-
py.[24b]


Reaction of racemic 3a,b with TiX4 in pentane proceeded
smoothly to give the appropriate [TiACHTUNGTRENNUNG{OSSO}X2] complexes
(5a,b : X=Cl; 6a,b : X=OiPr) in good yield (Scheme 2).
The 1H NMR spectra of 5 and 6 all show a single set of reso-


Scheme 1. Synthesis of racemic ligands 3a–d.


Scheme 2. Synthesis of racemic complexes 5 and 6.
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nances for the arene substituents of the ligand, which sug-
gests the formation of C2-symmetrical species of cis-a geom-
etry.[25] High-temperature NMR measurements show that
these complexes 5 and 6 are configurationally stable at 80 8C
and that no significant decomposition occurs. Dithiobutane-
bridged [OSSO]-titanium complexes with ortho substituents
smaller than tBu are not configurationally stable at room
temperature (R=H) or at 80 8C (R= iPr).[26] To determine
the stabilizing effect of the bridge on the configuration of
the titanium complex, analogous dithiocyclohexane-bridged
racemic bis ACHTUNGTRENNUNG(phenols) [2,2’-{HOC6H2-4,6-iPr2}2S2C6H10] (rac-
3c) and [2,2’-{HOC6H3-4-Me}2S2C6H10] (rac-3d) and their re-
spective dichloro titanium complexes (rac-5c,d) were syn-
thesized. A stable cis-a configuration was inferred from X-
ray single-crystal diffraction data of 5d (see the Supporting
Information) and NMR spectra of 5c and 5d, which feature
single C2-symmetrical species. Remarkably, variable-temper-
ature NMR in C2D2Cl4 showed complex 5d to be configura-
tionally stable up to 100 8C.


The observation of a single product in the NMR spectra
of compounds 5 and 6 excludes formation of diastereomer
pairs. Thus, introduction of a chiral 1,2-dithiocyclohexanedi-
yl backbone in rac-3 resulted in diasteroselective formation
of only one pair of enantiomers of complexes rac-5 and rac-
6. This result was supported by X-ray diffraction of single
crystals obtained in the synthesis of rac-5a. Only enantio-
mers (L,R,R)-5 and (D,S,S)-5 were present; (D,R,R)-5 and
(L,S,S)-5 were not observed. The reaction of enantiopure
bis ACHTUNGTRENNUNG(phenols) (�)-(R,R)-3 and (+)-(S,S)-3 with TiX4 there-
fore leads to the corresponding optically active complexes
(L,R,R)-[Ti ACHTUNGTRENNUNG{OSSO}X2] and (D,S,S)-[Ti ACHTUNGTRENNUNG{OSSO}X2] respective-
ly, which were all fully characterized. Noteworthy is the
change of the sign of rotation between chiral complexes 5
and 6. The Cotton effect in the CD spectra of the corre-
sponding enantiomers of 5a and 6b in CH2Cl2 shows the
same sign up to about 425 nm (Figure 1). At higher wave-
lengths the De value approaches zero for 6b.


The absolute configuration of complexes (�)-(L,R,R)-5b
and (+)-(L,R,R)-6b was established by single-crystal X-ray
crystallography, which corroborated the expected cis-a con-
figuration of the tetradentate ligand around an octahedral ti-


tanium center. The structural features of complex (L,R,R)-
5b (Figure 2, Table 1), which was crystallized from CH2Cl2,
closely resemble those of the recently published rac-5a and
1,4-dithiobutanediyl-bridged [TiACHTUNGTRENNUNG{OSSO}Cl2] complexes, with
phenoxy groups in the apical positions and the chloride li-
gands in cis positions.[26,28] Bond lengths and angles are well


within the range commonly observed for structurally related
complexes (Table 1).[13,29, 30] Only poorly diffracting single
crystals of diisopropoxy titanium complex (L,R,R)-6b could
be obtained from hexamethyldisiloxane solution (see the
Supporting Information). The unit cell contains three crys-
tallographically independent molecules with slightly varying
bond lengths and bond angles. With 1.749(7)–1.790(7) P the
isopropoxy Ti�O bonds are considerably shorter than the
Ti�Cl bonds of rac-5b (2.2509(17)–2.2676(17) P), which
causes a lengthening of the phenolic Ti�O bonds from
1.855(4)–1.858(4) P to 1.920(7)–1.935(7) P. The large Ti-O-
C bond angles of the isopropoxy ligands (141.6(11)–
168.1(8)8) suggest significant Ti�O p interaction.[19a,31]


Figure 2. ORTEP diagram of (L,R,R)-5b. Hydrogen atoms are omitted
for clarity; thermal ellipsoids are drawn at the 50% probability level.[27]


Table 1. Selected bond lengths (P) and angles (8) for complexes
(L,R,R)-5b and 7.


ACHTUNGTRENNUNG(L,R,R)-5b 7


Ti-O1 1.858(4) Ti-O1 1.873(2)
Ti-O2 1.855(4) Ti-O2 1.989(2)
Ti-S1 2.6353(17) Ti-S1 2.7382(12)
Ti-S2 2.6206(16) Ti-S2 2.6468(13)
Ti-Cl1 2.2676(17) Ti-C29 2.138(4)
Ti-Cl2 2.2509(17) Ti-C36 2.145(3)
O1-Ti-O2 158.50(19) O1-Ti-O2 159.60(10)
S1-Ti-S2 78.77(5) S1-Ti-S2 76.82(3)
Cl1-Ti-Cl2 106.96(7) C29-Ti-C36 119.17(15)


Ti-C29-C30 100.3(3)
Ti-C36-C37 119.0(2)


Figure 1. CD spectra (CH2Cl2, 25 8C) of the enantiomerically pure titani-
um complexes 5a and 6b.
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Benzyl Cation


To gain some insight into the active species of isospecific
styrene polymerization using the above mentioned titanium
complexes, the synthesis and characterization of the benzyl
cation was attempted (Scheme 3).[29a,b] Reaction of 5b with


two equivalents of benzylmagnesium chloride proceeds
smoothly in pentane at low temperature to give the appro-
priate dibenzyl titanium complex 7 in 56% yield. The
1H NMR spectroscopic data of 7 in C6D6 is consistent with
the expected cis-a geometry of the ligand around the titani-
um center. The benzylic protons appear as AB doublets at
d=3.42 and 3.50 ppm, with a coupling constant of 2JHH =


9.0 Hz; in the 13C NMR spectrum the benzylic carbon is
found at d=88.9 ppm. The coupling constant of 1JCH =


132 Hz exceeds values normally found for h1-coordinated
benzyl moieties (122–126 Hz)[32] and was found to be similar
to that of the closely related [Ti{(OC6H2-4,6-tBu2)2S-
ACHTUNGTRENNUNG(CH2)2S} ACHTUNGTRENNUNG(CH2Ph)2].


[29a] No significant high-field shift was ob-
served for the ortho-H resonances of the benzyl group,
which suggests that partial h2 coordination to the metal
center in solution is weak.[32a,b,33,34] In the solid state 7 is
stable at �30 8C for prolonged periods, and single crystals
suitable for X-ray analysis could be grown from a pentane
solution at �30 8C over a period of several days. The solid-
state structure (Figure 3, Table 1) shows the cis-benzyl moi-
eties and the [OSSO] ligand in a distorted octahedral envi-
ronment (O1-Ti-O2=159.60(10)8). The benzyl ligands coor-
dinate in h1 and partial h2 bonding modes, with Ti-Ca-Cipso


bond angles of 119.0(2)8 and 100.3(3)8, respectively. The
more acute bond angle associated with h2 coordination re-
sults in a relatively short Ti�Cipso bond length of 2.797(4) P.
The increased steric requirement of the benzyl ligands over


the chloro ligands is reflected in the large increase in bond
angle from 106.96(7)8 (Cl1-Ti-Cl2) to 119.17(15)8 (C29-Ti-
C36). The widening of this angle causes a reduction of the
S1-Ti-S2 bond angle from 78.77(5)8 (5b) to 76.82(3)8 (7) and
subsequent lengthening of the Ti�S1 bond trans to the h1-
benzyl moiety by about 0.09 P to accommodate the C2S2Ti
framework. A similar bond-lengthening effect was observed
for [Ti{(OC6H2-4,6-tBu2)2SACHTUNGTRENNUNG(CH2)2S}ACHTUNGTRENNUNG(CH2Ph)2], although in
that case the Ti�S bond trans to the h2-coordinated benzyl
group was affected. Notably, the structural features of both
dibenzyl complexes are dissimilar. While the phenyl rings of
the benzyl groups of [Ti{(OC6H2-4,6-tBu2)2SACHTUNGTRENNUNG(CH2)2S}-
ACHTUNGTRENNUNG(CH2Ph)2] are directed outwards from each other to reduce
steric interactions, the h2-benzyl moiety of 7 is pointed to-
wards the other benzyl group, leading to an increase in the
C-Ti-C bond angle (90.57(8)8 vs. 119.17(15)8) and a decrease
in respective titanium–sulfur bond lenths of 0.10–0.15 P
(2.8836(7), 2.7472(7) P vs. 2.7382(12), 2.6468(13) P).


Reaction of 7 with one equivalent of B ACHTUNGTRENNUNG(C6F5)3 in C6D5Br
at �30 8C does not give clean formation of the expected [Ti-
ACHTUNGTRENNUNG{OSSO} ACHTUNGTRENNUNG(CH2Ph)]+


ACHTUNGTRENNUNG[(PhCH2)B ACHTUNGTRENNUNG(C6F5)3]
� . In addition to the


benzylic AB doublets in the 1H NMR spectrum at d=3.80
and 3.85 ppm (2JHH =4.8 Hz) that we assign to TiCH2 of the
aforementioned species, two smaller sets of AB doublets at
d=3.35/4.03 (2JHH =5.9 Hz) and 2.95/3.55 ppm (2JHH =


7.1 Hz) were observed. The former two signals could be cor-
related to 13C NMR resonances at d=98.37 and 99.87 ppm,
but in contrast to [Ti{(OC6H2-4,6-tBu2)2S ACHTUNGTRENNUNG(CH2)2S} ACHTUNGTRENNUNG(CH2Ph)]+,
no diastereomer formation owing to slow isomerization on
the NMR time scale occurred. For the aryl substituents mul-
tiple signals, consistent with the presence of at least two C1-
symmetric species, are observed. The proton resonance for
BCH2 at d=3.47 ppm integrates 1:1 in comparison with the
combined TiCH2 resonances. Besides the presence of residu-
al B ACHTUNGTRENNUNG(C6F5)3,


11B and 19F NMR spectra show no arene coordi-
nation of the anion[35] and that the ion pair is solvent sepa-
rated.[36] At 10 8C the main benzyl resonances and arene


Scheme 3. Synthesis of dibenzyl 7 and formation of diastereomeric benzyl
cation.


Figure 3. ORTEP diagram of (L,R,R)-7. Hydrogen atoms are omitted for
clarity; thermal ellipsoids are drawn at the 50% probability level.[27]
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substituents coalesce to give an apparent C2-symmetric spe-
cies, featuring a broad benzyl resonance at d=3.88 ppm in
the 1H NMR spectrum at 25 8C. Above 10 8C slow decompo-
sition sets in with the third set of benzyl resonances increas-
ing in intensity and the BCH2 resonance collapsing.


Styrene Oligomerization


To extend our previous studies on homogeneous styrene
polymerization, racemic and optically active precatalysts
5a,b and 6a,b were activated with MAO to give conforma-
tionally stable alkyl cations, which were tested for styrene
polymerization (Table 2). In comparison to their C2-bridged
counterparts, 1,2-cyclohexanediyl-bridged bis(phenolate) ti-
tanium dichloride complexes give much less active catalysts,


with 5b producing significantly lower molecular weight iPS
than 5a.[26,28] Both 5a and 5b give polymers with narrow
molecular weight distributions,
consistent with the presence of
a single active species. Com-
plex 5d polymerizes styrene
with significantly lower activi-
ty, giving mainly low-molecu-
lar-weight atactic polystyrene.
This demonstrates that config-
urational stability of the cata-
lyst by itself is not sufficient
for the production of iPS and
that the presence of large
ortho substituents is required
for isoselective polymerization
to occur. The relative stability
of the titanium isopropoxy
oxygen bonds in 6a and 6b re-
sulted in trace activity. As ex-


pected, the chiral, high-molecular-weight isotactic polystyr-
ene obtained from enantiopure catalysts did not show any
optical activity owing to cryptochirality.


To investigate the relation between chain length and cryp-
tochirality, a chain-tranfer agent was employed to control
the molecular weight. For that purpose 1-hexene was pre-
ferred over traditional chain-transfer agents such as H2 and
ZnEt2, which were found to be less suitable.[37] For the enan-
tiomers of precatalyst 5a it was established that by variation
of the 1-hexene/styrene ratio the molecular weight of the
oligostyrenes could be controlled down to about 750 gmol�1.
A similar set of oligomerization experiments showed that
(D,S,S)-5b produces significantly higher molecular weight
oligomers under similar conditions (Table 3, entries 1 and
8), with a minimum molecular weight of 1290 gmol�1 at high
1-hexene/styrene ratios. The molecular weight is not just de-
pendant on the monomer ratio, but the absolute concentra-
tion is a determining factor as well.


The microstructure of the co-oligomers produced by
chiral 5a and 5b were investigated by 1H and 13C NMR
spectroscopy. A sharp 13C resonance at d=146.3 ppm at
lower 1-hexene/styrene ratios indicated the presence of iso-
tactic oligostyrenes. The oligohexene fragments were found
to be atactic. End-group analysis by NMR revealed the pres-
ence of resonances for vinylene end groups at d=5.15 ppm
(1H) and 131.9 ppm (13C). No vinylidene resonances were
observed. We therefore conclude that b-H elimination fol-
lows exclusively after 2,1-insertion of 1-hexene. For both 5a
and 5b at monomer ratios sufficiently large to produce olig-
omers with molecular weight below 2000 gmol�1, an addi-
tional vinylene resonance was observed at d=5.30 ppm in
the 1H NMR spectrum. Homo-oligomerization experiments
of 1-hexene with precatalysts 5a and 5b support the forma-
tion of atactic homo-oligo ACHTUNGTRENNUNG(1-hexene). In accordance with
our recent investigations into structurally related bis(pheno-
lato) titanium 1-hexene oligomerization catalysts, a small
amount of vinylidene-terminated oligomers was also present
(90:10 vinylene/vinylidene ratio by 1H NMR spectrosco-
py).[38] Neither stereoselectivity nor optical activity were ob-


Table 2. Styrene polymerization with 1,2-dithiocyclohexanediyl-bridged
bis(phenolate) titanium complexes.


Entry[a] Complex[b] Yield
[mg]


Activity[c] Mn
[d] R10�3


ACHTUNGTRENNUNG[gmol�1]
Mw/Mn


[d]


1 rac-5a 937 127 403 1.65
2 rac-5b 667 91 283 1.51
3[e] rac-5d 14 2 7.5


1657
n.d.


4[e] rac-6a <5 trace 20
400


n.d.


5[e] rac-6b <5 trace 15
250


n.d.


6 ACHTUNGTRENNUNG(R,R)-5a 1100 146 511 1.60
7 ACHTUNGTRENNUNG(S,S)-5a 576 78 298 1.43


[a] Polymerization conditions: 1.25 mmol of complex; [Al]/[M]=1500;
5 mL of styrene in 7.5 mL of toluene; T=40 8C; t=2 h. [b] Activated
with MAO. [c] (kg polymer) (mol catalyst)�1


ACHTUNGTRENNUNG[styrene ACHTUNGTRENNUNG(molL�1)]�1h�1.
[d] Determined by GPC using polystyrene standard. [e] Bimodal distribu-
tion; aPS owing to MAO was not washed out because of low polymer
yield. n.d.=not determined.


Table 3. OligoACHTUNGTRENNUNG(1-hexene)-capped polystyrene prepared by optically active titanium dichloro complexes (+)-
(D,S,S)-5a and (+)-(D,S,S)-5b activated by MAO.


Entry[a]
ACHTUNGTRENNUNG[Styrene]
ACHTUNGTRENNUNG[molL�1]


ACHTUNGTRENNUNG[1-Hexene]
ACHTUNGTRENNUNG[molL�1]


1-Hexene/
styrene ratio


Cat. Yield
[mg]


Mn
[b]


ACHTUNGTRENNUNG[gmol�1]
Mw/Mn


[b] [a]23
D


[c]


1 0.48 4.5 9.4 (+)-5a 568 790 1.35 +4.4(1)
2 0.64 4.5 7.0 (+)-5a 377 1120 1.25 +5.6(1)
3 1.6 4.5 2.8 (+)-5a 468 1880 1.49 +3.5(2)
4 1.6 3.4 2.1 (+)-5a 168 2680 1.46 +2.7(1)
5 1.6 2.3 1.4 (+)-5a 235 3460 1.58 +2.2(1)
6 1.6 1.4 0.9 (+)-5a 617 4590 1.45 +1.5(1)
7 3.2 3.2 1.0 (+)-5a 680 5870 1.68 –
8 0.45 4.5 10 (+)-5b 242 1290 1.30 +7.2(2)
9 0.45 2.4 5.3 (+)-5b 264 3290 1.51 +3.4(1)
10 0.90 2.4 2.7 (+)-5b 519 4370 1.64 +1.9(1)
11 0.90 1.8 2.0 (+)-5b 221 7990 1.57 –
12 0.90 0.80 0.9 (+)-5b 263 19130 1.28 –


[a] Reaction time for entries 1–3 and 8–10: 6 h. [b] Determined by GPC using a polystyrene standard.
[c] degcm3g�1dm�1, c�0.10 gmL�1 (CH2Cl2).
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served. MALDI-TOF mass spectroscopy of a typical oligo-
mer sample (Table 3, entry 3) supports the GPC results, with
maximum intensity peaks at n�30 (Scheme 4). For each oli-
gostyrene chain, peaks for one to five terminating 1-hexene


units (m=0–4) were observed with maximum intensity at
m=2. In addition, it was calculated from 1H NMR spectra
of oligomers produced by 5b that on average about four 1-
hexene units are present in the oligomer, which slowly in-
creases at higher monomer ratios. In comparison, GPC re-
sults of 1-hexene homo-oligomerization experiments show a
distribution from which dimers up to heptamers can be iden-
tified.


Isotactic oligostyrenes (Table 3) produced by enantiopure
precatalysts (D,S,S)-5a and (D,S,S)-5b show optical activity,
with specific rotation values varying from +7.2(2) to
+1.5(1) degcm3g�1 dm�1. The exclusive production by (+)-
(D,S,S)-5a and (+)-(D,S,S)-5b of oligomers with the same
sign of rotation confirms that main-chain stereochemistry is
governed by enantiomorphic site control. Previously pub-
lished results show that use of the opposite enantiomer
(L,R,R)-5a leads to oligomers with negative optical rotation
values, which is corroborated by CD spectroscopy of a pair
of enantiomeric oligomers of Mn�1100 (see the Supporting
Information). Residual catalyst or ligand contributions to
the optical activity of the oligomers can be excluded, owing
to their negligible concentration. Specific rotation values
slowly decrease with increasing molecular weight and
beyond Mn�5000, which corresponds to an approximate
degree of polymerization of 45 for styrene (factoring in an
average of three 1-hexene units); no optical rotation could
be measured. At this point the optical activity owing to the
presence of two different end groups has been “diluted” by
the increased chain length of the oligomer and the accompa-
nying reduction in solubility beyond measuring capability.
Notably, for 5a at the low-molecular-weight end of the
series the optical activity drops off. The effect occurs at high
1-hexene/styrene ratios owing to the presence of an increas-
ing amount of homo-oligo ACHTUNGTRENNUNG(1-hexene), which cannot be re-
moved during workup. This reduces the effective concentra-
tion of the chiral oligostyrene, thus lowering specific rota-
tion values. Furthermore we cannot exclude that lower ste-
reoselectivity of insertion occurs at the early stages of chain
growth. The interaction of the styrene chain with the ligand
sphere is less effective for enantiofacial discrimination.[39]


Conclusions


We have shown that the configurational stability of [OSSO]-
type titanium complexes results from the diastereoselective
tranfer of chirality from the trans-1,2-cyclohexanediyl-linked
bis(phenolate) ligand to the titanium center. When activat-
ed, the helical chirality at the titanium alkyl cation is trans-
ferred from the catalyst to the incoming styrene monomer
to give homochiral oligostyrene. The main-chain chirality of
oligostyrene results in optical activity up to a degree of poly-
merization of about 45. Beyond Mn�5000 optical activity
cannot be reliably measured, rendering higher-molecular-
weight polystyrenes cryptochiral.


Experimental Section


General Considerations


All operations were performed under an inert atmosphere of argon using
standard Schlenk and glovebox techniques. Diethyl ether was distilled
from sodium benzophenone ketyl; pentane and toluene were purified by
distillation from sodium/triglyme benzophenone ketyl; dichloromethane
was dried over calcium hydride; titanium tetrachloride was used as re-
ceived. Deuterated solvents were dried over sodium or calcium hydride
and degassed prior to use. Mercaptophenols were synthesized according
to literature procedure.[40] All other chemicals were commercially avail-
able and were used after appropriate purification. NMR spectra were re-
corded on a Varian Unity 500 spectrometer (1H 499.6 MHz, 13C
125.6 MHz, 11B 160.3 MHz) or on a Bruker DRX 400 spectrometer (1H
400.1 MHZ, 13C 125.6 MHz, 19F 376.5 MHz, 11B 128.4 MHz) at 25 8C,
unless otherwise stated. Chemical shifts for 1H and 13C{1H} NMR spectra
were referenced internally using residual solvent resonances and reported
relative to tetramethylsilane. Assignments were verified by correlated
spectroscopy. Specific rotation was measured using a THG-GLOCK
(ADP2003/WZZ-2S) instrument in appropriate solvents mentioned
below (l =589.3 nm at 23 8C) in a 0.5-dm measuring cell, unless otherwise
indicated. Circular dichroism spectra were recorded on an AVIV Assoc.
62DS instrument. A cell with path length of 0.1 cm and c=3R10�4


m solu-
tion in dichloromethane was used for all measurements. Elemental analy-
ses were performed by the departmental Microanalytical Laboratory.
GPC measurements were performed on an Agilent 1100 series instru-
ment at 35 8C, using THF as solvent against a polystyrene standard.


General Polymerization Procedure


Toluene, styrene, and 1-hexene were dried over sodium or calcium hy-
dride and degassed three times prior to use. A 50-mL Schlenk tube was
charged with toluene (calculated for a total volume of 15 mL), MAO so-
lution in toluene (1.2 mL, 10 wt%; Aldrich; used as received), styrene,
and 1-hexene (oligomerizations only). The mixture was allowed to warm
up to 40 8C for 10 min, followed by addition of 0.5 mL of a 2.5 mm stock
solution of ( ACHTUNGTRENNUNG(D,S,S)-enantiopure) precatalyst in toluene. The reaction
mixture was stirred at 40 8C for 2 h or 6 h and quenched by addition of
0.5 mL isopropanol. The product was precipitated from 100 mL of acidi-
fied methanol, filtered, and redissolved in a minimum of chloroform.
This procedure was repeated twice with filtration of the chloroform solu-
tion through a layer of silica before the last precipitation. Oligomers
were dried in vacuo to constant weight; polymers were washed with buta-
none prior to drying.


Crystallographic Data


Diffraction data were obtained with a Bruker AXS SMART CCD dif-
fractometer with graphite-monochromated MoKa radiation using f and w


scans. The data reductions as well as absorption corrections were carried
out using the SMART program.[41a] The structures were solved by direct
methods and Fourier methods using the programs SHELXS-86[41b] and


Scheme 4. Synthesis of oligohexene-terminated isotactic oligostyrenes.
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SHELXL-96.[41c] Hydrogen atoms were included into calculated positions.
Crystallographic data are summarized in Table 4.


Synthesis


1a : 2,4-Di-tert-butyl-6-(2-hydoxycyclohexylthio)phenol: Solid NaOH
(1.67 g, 42.0 mmol) was added to a solution of 4,6-di-tert-butyl-2-mercap-
tophenol (10.0 g, 42.0 mmol) in methanol (100 mL). The mixture was re-
fluxed until all NaOH dissolved, then cooled to room temperature; cyclo-
hexene oxide (4.2 g, 42.0 mmol) was added dropwise and the mixture was
refluxed for 2 h. Methanol was evaporated, water (100 mL) was added,
and the aqueous phase was extracted with diethyl ether (3R100 mL). The
organic layer was separated, dried over anhydrous Na2SO4, and evaporat-
ed to give an oil (13.1 g, 38.9 mmol, 93%). 1H NMR (CDCl3): d =1.09–
1.18 (m, 2H, CH C6H10), 1.22 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.23–1.34 (m, 2H, CH
C6H10, partial overlap with tBu signal), 1.34 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.54–1.64
(m, 2H, CH C6H10), 1.94–2.08 (m, 2H, CH C6H10), 2.51 (m, 1H, CHS),
2.77 (br s, 1H, CHOH), 3.28 (m, 1H, CHOH), 7.26 (s, 2H, arom. CH),
7.45 ppm (s, 1H, OH); 13C{1H} NMR (CDCl3): d =24.21 (CH2 C6H10),
25.95 (CH2 C6H10), 29.43 (C ACHTUNGTRENNUNG(CH3)3), 31.49 (C ACHTUNGTRENNUNG(CH3)3), 32.63 (CH2 C6H10),
34.15 (C ACHTUNGTRENNUNG(CH3)3), 34.79 (CH2 C6H10), 35.13 (C ACHTUNGTRENNUNG(CH3)3), 56.67 (CHS), 72.36
(CHO), 115.86 (arom.), 125.97 (arom. CH), 131.6 (arom. CH), 135.17
(arom.), 141.64 (arom.), 154.00 ppm (arom.); elemental analysis (%)
calcd for C20H32O2S (336.54): C 71.38, H 9.58; found: C 71.12, H 9.57.


1b : 2-tert-Butyl-6-(2-hydroxycyclohexylthio)-4-methylphenol: Compound
1b was prepared following the same procedure as reported for 1a using
2-tert-butyl-6-mercapto-4-methylphenol (21.80 g, 111 mmol) and cyclo-
hexene oxide (11.97 g, 122 mmol) to give a viscous oil, which slowly sol-
idified (32.3 g, 110 mmol, 99%). 1H NMR (CDCl3): d=1.19–1.35 (m, 4H,
CH C6H10), 1.37 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.62–1.69 (m, 2H, CH C6H10), 2.01–
2.11 (m, 2H, CH C6H10), 2.24 (s, 3H, CH3), 2.56 (m, 1H, CHS), 2.65 (br s,
1H, CHOH), 3.33 (m, 1H, CHOH), 7.08 (d, 1H, 4JHH =2.0 Hz, arom.
CH), 7.13 (m, 1H, 4JHH =2.0 Hz, arom. CH), 7.43 ppm (s, 1H, OH);


13C{1H} NMR (CDCl3): d =20.63 (CH3), 24.23 (CH2 C6H10), 26.03 (CH2


C6H10), 29.38 (CACHTUNGTRENNUNG(CH3)3), 32.56 (CH2 C6H10), 34.72 (CH2 C6H10), 34.88 (C-
ACHTUNGTRENNUNG(CH3)3), 56.98 (CHS), 72.20 (CHO), 116.06 (arom.), 128.41 (arom.),
129.80 (arom. CH), 134.99 (arom. CH), 135.86 (arom.), 154.23 ppm
(arom.). M.p. 84–85 8C; elemental analysis (%) calcd for C20H26O2S
(294.45): C 69.34, H 8.90; found: C 69.03, H 9.65.


2a : Thionyl chloride (4.6 g, 38.7 mmol) was added dropwise to a stirred
solution of 1a (13.0 g, 38.6 mmol) in CH2Cl2 (120 mL) and the mixture
was refluxed for 2 h. After cooling the solution, water was added and the
organic phase was washed with NaHCO3 solution and water. After
drying over anhydrous Na2SO4, the product was isolated as an oil (11.8 g,
33.2 mmol, 90%). 1H NMR (CDCl3): d =1.29–1.34 (m, 2H, CH C6H10,
overlap with tBu signals), 1.31 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.36–1.49 (m, 1H, CH
C6H10, overlap with tBu signals), 1.34 (s, 9H, C ACHTUNGTRENNUNG(CH3)3), 1.71 (m, 3H, CH
C6H10), 2.16 (m, 1H, CH C6H10), 2.33 (m, 1H, CH C6H10), 2.87 (m, 1H,
CHS,), 3.83 (m, 1H, CHCl), 7.26 (s, 1H, OH), 7.35 (s, 1H, arom. CH),
7.38 ppm (s, 1H, arom. CH); 13C{1H} NMR (CDCl3): d =24.20 (CH2


C6H10), 24.47 (CH2 C6H10), 29.40 (C ACHTUNGTRENNUNG(CH3)3), 31.48 (C ACHTUNGTRENNUNG(CH3)3), 32.08 (C-
ACHTUNGTRENNUNG(CH3)3), 34.11 (CH2 C6H10), 35.09 (CH2 C6H10), 35.52 (C ACHTUNGTRENNUNG(CH3)3), 55.25
(CHS), 62.47 (CHCl), 116.08 (arom.), 126.05 (arom. CH), 131.31 (arom.
CH), 135.04 (arom.), 141.63 (arom.), 153.64 ppm (arom.); elemental anal-
ysis (%) calcd for C20H31ClOS (354.98): C 67.67, H 8.80; found: C 67.57,
H 8.78.


2b : Thionyl chloride (16.4 g, 10.0 mL, 138 mmol) was slowly added to a
stirred solution of 1b (32.3 g, 110 mmol) in CH2Cl2 (270 mL) at �30 8C.
The reaction micture was allowed to warm up to room temperature and
then refluxed for 10 h. After removal of the volatiles the resulting oil was
taken up in diethyl ether (300 mL) and water (120 mL) and stirred for
10 min. The organic layer was separated and sequentially washed with
NaHCO3 (2R150 mL) and water (150 mL), dried over anhydrous
Na2SO4, and evaporated to give 2b as a red oil (33.6 g, 107 mmol, 98%).
1H NMR (CDCl3): d=1.32 (m, 2H, CH C6H10), 1.40 (s, 9H, C ACHTUNGTRENNUNG(CH3)3),
1.43–1.53 (m, 1H, CH C6H10), 1.72 (m, 3H, CH C6H10), 2.15 (m, 1H, CH
C6H10), 2.26 (s, 3H, CH3), 2.35 (m, 1H, CH C6H10), 2.89 (m, 1H, CHS),
3.84 (m, 1H, CHCl), 7.08 (d, 1H, 4JHH =1.8 Hz, arom. CH), 7.15 (d, 1H,
4JHH =1.8 Hz, arom. CH), 7.20 ppm (s, 1H, OH); 13C{1H} NMR (CDCl3):
d=20.64 (CH3), 24.30 (CH2 C6H10), 24.55 (CH2 C6H10), 29.36 (C ACHTUNGTRENNUNG(CH3)3),
32.12 (CH2 C6H10), 34.90 (CACHTUNGTRENNUNG(CH3)3), 35.62 (CH2 C6H10), 55.50 (CHS),
62.68 (CHCl), 116.55 (arom.), 128.42 (arom.), 129.94 (arom. CH), 134.72
(arom. CH), 135.77 (arom.), 153.91 ppm (arom.); MS (EI) m/z (%): 312
(53) [M+], 297 (23) [M+�CH3], 276 (13) [M+�Cl], 196 (61) [(1-tBu-4-
Me-6-S-C6H2OH)+], 181 (100) [(1-tBu-4-Me-6-S-C6H2OH)+-CH3], 81
(42) [C6H9


+].


rac-3a : Solid NaOH (1.69 g, 42.3 mmol) was added to a solution of 4,6-
di-tert-butyl-2-mercaptophenol (10.0 g, 42.3 mmol) in methanol (100 mL),
refluxed until all NaOH dissolved, and cooled to room temperature. A
solution of 2a (15.0 g, 42.3 mmol) in methanol (100 mL) was added drop-
wise and the mixture was refluxed for 2 h. Methanol was evaporated,
water was added, and the mixture was extracted with diethyl ether (3R
100 mL). The organic layer was separated, dried over anhydrous Na2SO4,
and evaporated to give a white powder (17.7 g, 31.7 mmol, 75%).
1H NMR (CDCl3): d=1.23 (m, 2H, CH C6H10), 1.32 (s, 18H, C ACHTUNGTRENNUNG(CH3)3),
1.38–1.49 (m, 2H, CH C6H10, overlap with tBu signal), 1.45 (s, 18H, C-
ACHTUNGTRENNUNG(CH3)3), 1.68 (m, 2H, CH C6H10), 2.06 (m, 2H, CH C6H10), 2.81 (m, 2H
CHS), 7.36 (d, 2H, 4JHH =2.3 Hz, arom. CH), 7.40 (d, 2H, 4JHH =2.3 Hz,
arom. CH), 7.45 ppm (s, 1H, OH); 13C{1H} NMR (CDCl3): d=25.47
(CH2 C6H10), 29.66 (CACHTUNGTRENNUNG(CH3)3), 31.72 (CACHTUNGTRENNUNG(CH3)3), 33.49 (CACHTUNGTRENNUNG(CH3)3), 34.07
(C ACHTUNGTRENNUNG(CH3)3), 35.37 (CH2 C6H10), 52.73 (CHS), 116.10 (arom.), 126.14
(arom. CH), 131.64 (arom. CH), 135.15 (arom.), 141.74 (arom.),
153.93 ppm (arom.); elemental analysis (%) calcd for C34H52O2S2


(556.91): C 73.33, H 9.41, S 11.52; found: C 72.69, H 9.19, S 11.44.


rac-3b : In an analogous procedure as reported for compound rac-3a, 2-
tert-butyl-6-mercapto-4-methylphenol (21.1 g, 107 mmol) and solid
NaOH (4.32 g, 108 mmol) were treated with 2b (33.6 g, 107 mmol) in
methanol (360 mL) for 4 h to give rac-3b as a white powder (47.1 g,
99.6 mmol, 93%). 1H NMR (CDCl3): d=1.23 (m, 2H, CH C6H10), 1.40–
1.52 (m, 2H, CH C6H10, overlap with tBu signal), 1.46 (s, 18H, C ACHTUNGTRENNUNG(CH3)3),
1.68 (m, 2H, CH C6H10), 2.08 (m, 2H, CH C6H10), 2.29 (s, 6H, CH3), 2.79


Table 4. Crystallographic and data collection parameters for [Ti{(OC6H2-
4-Me-6-tBu)2S2C6H10}Cl2] ((L,R,R)-5b) and [Ti{(OC6H2-4-Me-6-
tBu)2S2C6H10} ACHTUNGTRENNUNG(CH2C6H5)2] (rac-7).


ACHTUNGTRENNUNG(L,R,R)-5b rac-7


Empirical formula C28H38O2S2Cl2Ti·
CH2Cl2


C42H52O2S2Ti·
0.5 C5H12


Mr 674.43 1473.86
Crystal size [mm] 0.40R0.20R0.20 0.33R0.15R0.14
Crystal color red dark red
Crystal system orthorhombic triclinic
Space group P212121 P1̄
a [P] 12.1954(16) 12.179(4)
b [P] 16.963(2) 12.883(4)
c [P] 17.562(2) 13.578(4)
a [8] 90 86.936(10)
b [8] 90 89.313(9)
g [8] 90 76.326(10)
V [P3] 3633.1(8) 2067.1(11)
Z 4 2
1calcd [gcm�3] 1.233 1.184
T [K] 130(2) 133(2)
m ACHTUNGTRENNUNG(MoKa) [mm�1] 0.667 0.342
F ACHTUNGTRENNUNG(000) 1408 790
q range [8] 2.32–29.97 2.07–26.05
Reflections collected 32494 19436
Reflections obsd [I>2s(I)] 9022 5913
Independent reflections (Rint) 10075 (0.0519) 8118 (0.0443)
Data/restraints/parameters 10075/0/378 8118/0/454
GoF on F2 1.157 1.044
R1, wR2 [I>2s(I)] 0.0869, 0.2451 0.0628, 0.1634
R1, wR2 (all data) 0.0946, 0.2501 0.0892, 0.1789
Flack parameter 0.07(6) –
Largest diff. peak/hole [eP�3] 0.871, �0.819 1.070, �0.287
CCDC number 679157 679158
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(m, 2H, CHS), 7.14 (d, 2H, 4JHH =2.1 Hz, arom. CH), 7.22 (m, 2H,
4JHH =2.1 Hz, arom. CH), 7.46 ppm (s, 2H, OH); 13C{1H} NMR (CDCl3):
d=20.63 (CH3), 25.32 (CH2 C6H10), 29.42 (CACHTUNGTRENNUNG(CH3)3), 33.35 (CH2 C6H10),
34.88 (C ACHTUNGTRENNUNG(CH3)3), 52.79 (CHS), 116.43 (arom.), 128.32 (arom.), 129.73
(arom. CH), 134.73 (arom. CH), 135.68 (arom.), 154.11 ppm (arom.).
M.p. 118.5–120.5 8C; elemental analysis (%) calcd for C28H40O2S2


(472.74): C 71.14, H 8.53, S 13.57; found: C 71.12, H 8.42, S 13.56.


rac-3c : This compound was prepared in the same manner as rac-3 and
isolated as a viscous oil in 73% yield (three steps, based on the mercapto-
phenol). 1H NMR (CDCl3): d=1.08–1.28 (m, 2H, CH C6H10, overlap
with iPr signals), 1.16–1.30 (m, 24H, CH ACHTUNGTRENNUNG(CH3)2), 1.32–1.53 (m, 2H, CH
C6H10), 1.65 (m, 2H, CH C6H10), 2.03 (m, 2H, CH C6H10), 2.75 (m, 2H,
CHS, partial overlap with iPr signal), 2.81 (septet, 2H, CH ACHTUNGTRENNUNG(CH3)2), 3.31
(septet, 2H, CH ACHTUNGTRENNUNG(CH3)2), 7.07 (d, 2H, 4JHH =2.2 Hz, arom. CH), 7.18 (d,
2H, 4JHH =2.2 Hz, arom. CH), 7.23 ppm (s, 2H, OH); 13C{1H} NMR
(CDCl3): d =22.57 (CH ACHTUNGTRENNUNG(CH3)2), 24.25 (CH ACHTUNGTRENNUNG(CH3)2), 25.53 (CH2 C6H10),
27.96 (CHACHTUNGTRENNUNG(CH3)2), 33.41 (CH ACHTUNGTRENNUNG(CH3)2), 33.86 (CH2 C6H10), 52.56 (CHS),
115.07 (arom.), 126.57 (arom. CH), 131.94 (arom. CH), 134.38 (arom.),
140.15 (arom.), 153.15 ppm (arom.); elemental analysis (%) calcd for
C30H44O2S2 (500.81): C 71.95, H 8.86; found: C 72.69, H 9.19.


rac-3d : This compound was prepared in the same manner as rac-3 and
isolated as a white solid in 58% yield (three steps, based on the mercap-
tophenol). 1H NMR (CDCl3): d =1.16 (m, 2H, CH C6H10), 1.39 (m, 2H,
CH C6H10), 1.63 (m, 2H, CH C6H10), 2.00 (m, 2H, CH C6H10), 2.25 (s,
6H, CH3), 2.73 (m, 2H CHS), 6.90 (d, 2H, 3JHH =8.3 Hz, arom. CH), 7.05
(s, 2H, OH), 7.09 (dd, 2H, 3JHH =8.3 Hz, 4JHH =2.3 Hz, arom. CH),
7.24 ppm (m, 2H, 4JHH =2.3 Hz, arom. CH); 13C{1H} NMR (CDCl3): d=


20.34 (CH3), 25.46 (CH2 C6H10), 33.76 (CH2 C6H10) 52.31 (CHS), 114.89
(arom. CH), 115.39 (arom.), 129.78 (arom.), 132.39 (arom. CH), 137.56
(arom. CH), 155.74 ppm (arom.). M.p. 103–104 8C; elemental analysis
(%) calcd for C20H24O2S2 (360.54): C 66.63, H 6.71; found: C 66.80,
H 7.01.


4a : {trans-1,2-Dithiocyclohexanediyl-2,2’-bis(4,6-di-tert-butylphenoxy)}-
bis((1S)-camphor-10-sulfonate): 2.5m nBuLi in hexane (15 mL, 2.40 g,
37.5 mmol) was added to a solution of rac-3a (9.5 g, 17 mmol) in diethyl
ether (100 mL) at �20 8C. The mixture was allowed to warm up to room
temperature, (1S)-camphor-10-sulfonylchloride (9.83 g, 40 mmol) in di-
ethyl ether (150 mL) was added, and the reaction mixture was heated at
reflux for 12 h. Subsequently, an NH4Cl solution (100 mL) was added and
the organic layer was extracted, washed with water, and dried over anhy-
drous Na2SO4 to obtain 16.0 g of crude product, which was purified by
column chromatography using 5% ethyl acetate/hexane mixture as
eluent (Rf =0.2 in 10% ethyl acetate/hexane) to afford 4a (12.8 g,
13.0 mmol, 76%).


ACHTUNGTRENNUNG{(1R,2R)-Dithiocyclohexanediyl-2,2’-bis(4,6-di-tert-butylphenoxy)}-
bis((1S)-camphor-10-sulfonate) ((R,R,S,S)-4a): Crystallization of 4a from
75 mL of acetone afforded diastereomer (R,R,S,S)-4a in 70% yield
(4.5 g, 4.6 mmol). X-ray quality crystals were grown by recrystallization
from acetone. Alternatively, (R,R,S,S)-4a was obtained by preparative
HPLC of 4a on a Kromasil Si 100 column, using cyclohexane/ethyl ace-
tate 98:2. [a]23


D =�42.3 (c=30 mgmL�1, CHCl3);
1H NMR (CDCl3): d=


0.98 (s, 6H, CH3), 1.20 (s, 6H, CH3), 1.24 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 1.39–1.46
(m, 6H, CH2), 1.46 (s, 18H, CACHTUNGTRENNUNG(CH3)3), 1.67–1.79 (m, 4H, CH2), 1.92–2.13
(m, 8H, CH and CH2), 2.38–2.47 (m, 2H, CH2), 2.53–2.64 (m, 2H, CH2),
3.23 (br s, 2H, CHS), 4.14 (d, 2H, 2JHH =14.8 Hz, SO2CH), 4.51 (d, 2H,
2JHH =14.8 Hz, SO2CH), 7.36 (d, 2H, 4JHH =2.2 Hz, arom. CH), 7.37 ppm
(d, 2H, 4JHH =2.2 Hz, arom. CH); 13C{1H} NMR (CDCl3): d=19.86
(CH3), 20.22 (CH3), 23.40 (CH2 C6H10), 25.29 (CH2), 26.96 (CH2), 29.98
(CH2 C6H10), 31.27 (CACHTUNGTRENNUNG(CH3)3), 31.40 (CACHTUNGTRENNUNG(CH3)3), 34.66 (CACHTUNGTRENNUNG(CH3)3), 35.89
(C ACHTUNGTRENNUNG(CH3)3), 42.48 (CH2), 42.95 (CH), 47.90 (Cq ACHTUNGTRENNUNG(CH3)2), 50.32 (CH2S),
51.50 (CHS), 58.67 (Cq ACHTUNGTRENNUNG(C=O)), 125.88 (arom. CH), 128.85 (arom.), 131.09
(arom. CH), 144.02 (arom.), 146.86 (arom.), 149.09 (arom.), 214.11 ppm
(C=O). M.p. 142 8C; elemental analysis (%) calcd for C54H80O8S4


(985.46): C 65.82, H 8.18; found: C 65.53, H 8.19.


ACHTUNGTRENNUNG{(1S,2S)-Dithiocyclohexanediyl-2,2’-bis(4,6-di-tert-butylphenoxy)}bis((1S)-
camphor-10-sulfonate) ((S,S,S,S)-4a): The mother liquor gave 6.0 g of
compound ACHTUNGTRENNUNG(S,S,S,S)-4a (95% de) upon standing for 24 h, which was re-
crystallized from acetone to give the pure product in 75% yield (4.8 g,


4.9 mmol). Alternatively, (S,S,S,S)-4a was obtained by preparative HPLC
of 4a. [a]23


D =++24.2 (c=30 mgmL�1, CHCl3);
1H NMR (CDCl3): d=0.98


(s, 6H, CH3), 1.21 (s, 6H, CH3), 1.25 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 1.37–1.47 (m,
6H, CH2), 1.46 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 1.60–1.76 (m, 4H, CH2), 1.93–2.10 (m,
9H, CH and CH2), 2.38–2.64 (m, 3H, CH2), 3.28 (br s, 2H, CHS), 4.12 (d,
2JHH =14.8 Hz, SO2CH), 4.52 (d, 2JHH =14.8 Hz, SO2CH), 7.33 (d, 2H,
4JHH =2.2 Hz, arom. CH), 7.38 ppm (d, 2H, 4JHH =2.2 Hz, arom. CH);
13C{1H} NMR (CDCl3): d =19.92 (CH3), 20.24 (CH3), 23.42 (CH2 C6H10),
25.34 (CH2), 26.99 (CH2), 29.98 (CH2 C6H10), 31.29 (CACHTUNGTRENNUNG(CH3)3), 31.39 (C-
ACHTUNGTRENNUNG(CH3)3), 34.70 (C ACHTUNGTRENNUNG(CH3)3), 35.89 (Cq ACHTUNGTRENNUNG(CH3)3), 42.54 (CH2), 42.89 (CH),
47.98 (C ACHTUNGTRENNUNG(CH3)2), 50.18 (CH2S), 51.52 (CHS), 58.68 (Cq ACHTUNGTRENNUNG(C=O)), 125.69
(arom. CH), 129.21 (arom.), 130.55 (arom. CH), 144.07 (arom.), 146.94
(arom.), 149.14 (arom.), 214.28 ppm (C=O). M.p. 208 8C; elemental analy-
sis (%) calcd for C54H80O8S4 (985.46): C 65.82, H 8.18; found: C 66.24,
H 8.29.


4b : {trans-1,2-Dithiocyclohexanediyl-2,2’-bis(6-tert-butyl-4-methylphen-
ACHTUNGTRENNUNGoxy)}bis((1S)-camphor-10-sulfonate): Compound 4b was prepared follow-
ing the same procedure as reported for compound 4a, treating 2.5m


nBuLi in hexane (37 mL, 5.93 g, 92.5 mmol) and 4 (20.0 g, 42,3 mmol)
with (1S)-camphor-10-sulfonyl chloride (24.3 g, 96.9 mmol) in THF
(350 mL) to obtain 38.4 g of crude product. Column chromatography
using 5% ethyl acetate/hexane (Rf =0.25 in 10% ethyl acetate/hexane)
to obtain 4b (31.8 g, 35.3 mmol, 83%) as a white powder.


ACHTUNGTRENNUNG{(1R,2R)-Dithiocyclohexanediyl-2,2’-bis(6-tert-butyl-4-methylphenoxy)}-
bis((1S)-camphor-10-sulfonate) ((R,R,S,S)-4b): Fractional crystallization
of 4b from 300 mL of cyclohexane afforded (R,R,S,S)-4b in 74% yield
(11.8 g, 13.1 mmol). [a]23


D =�48.6 (c=10 mgmL�1, CH2Cl2);
1H NMR


(CDCl3): d=0.97 (s, 6H, CH3), 1.19 (s, 6H, CH3), 1.44 (s, 18H, C ACHTUNGTRENNUNG(CH3)3),
1.43–1.46 (m, 4H, CH, overlap with tBu signal), 1.63 (m, 4H, CH), 1.71
(ddd, JHH =14.1 Hz, JHH =9.4 Hz, JHH =4.6 Hz, 2H, CH), 1.95 (d, 2H,
JHH =18.3 Hz, CH), 2.07 (m, 2H, CH, overlapping), 2.11 (t, 2H, JHH =


4.6 Hz, CH, overlapping), 2.14 (m, 2H, CH, overlapping), 2.21 (s, 6H,
CH3), 2.42 (dt, 2H, JHH =18.3 Hz, JHH =4.0 Hz, 2H, CH), 2.57 (m, 2H,
CH), 3.18 (br s, 2H, CHS), 4.16 (d, 2H, 2JHH =15.0 Hz, SO2CH), 4.45 (d,
2H, 2JHH =15.0 Hz, SO2CH), 7.04 (d, 2H, 4JHH =2.0 Hz, arom. CH),
7.14 ppm (d, 2H, 4JHH =2.0 Hz, arom. CH); 13C{H} NMR (CDCl3): d=


19.83 (CACHTUNGTRENNUNG(CH3)2), 20.24 (C ACHTUNGTRENNUNG(CH3)2) 20.94 (CH3), 23.02 (CH2 C6H10), 25.23
(CH2), 26.91 (CH2), 26.95 (CH2), 29.27 (CH2 C6H10), 31.39 (C ACHTUNGTRENNUNG(CH3)3),
35.60 (C ACHTUNGTRENNUNG(CH3)3), 42.49 (CH2 ACHTUNGTRENNUNG(C=O)), 42.94 (CH), 47.87 (C ACHTUNGTRENNUNG(CH3)2), 50.22
(CH2S), 51.51 (CHS), 58.66 (CH2Cq), 129.47 (arom. CH), 129.91 (arom.),
133.65 (arom. CH), 136.26 (arom.), 144.60 (arom.), 146.64 (arom.),
214.17 ppm (C=O). M.p. 187–188.5 8C; elemental analysis (%) calcd for
C48H68O8S4·C6H12 (901.30): C 65.82; H 8.18; found: C 65.99; H 8.42.


ACHTUNGTRENNUNG{(1S,2S)-Dithiocyclohexanediyl-2,2’-bis(6-tert-butyl-4-methylphenoxy)}-
bis((1S)-camphor-10-sulfonate) ((S,S,S,S)-4b): From the mother liquor
after four recrystallizations from cyclohexane (S,S,S,S)-4b could be isolat-
ed in 30% yield (4.8 g, 5.3 mmol) in 71% de. Suitable single crystals
were measured by X-ray analysis. 1H NMR (CDCl3): d =0.98 (s, 6H,
CH3), 1.20 (s, 6H, CH3), 1.44 (s, 18H, CACHTUNGTRENNUNG(CH3)3), 1.41–1.46 (m, 4H, CH,
overlap with tBu signals), 1.54–1.67 (m, 4H, CH), 1.70 (ddd, JHH =


18.9 Hz, JHH =9.6 Hz, JHH =5.3 Hz 2H, CH), 1.96 (d, 2H, JHH =18.3 Hz,
CH), 2.03–2.14 (m, 6H, CH), 2.24 (s, 6H, CH3), 2.42 (dt, 2H, JHH =


18.5 Hz, JHH =3.9 Hz, 2H, CH), 2.58 (m, 2H, CH), 3.22 (br s, 2H, CHS),
4.14 (d, 2H, 2JHH =14.8 Hz, SO2CH), 4.52 (d, 2H, 2JHH =14.9 Hz,
SO2CH), 7.05 (d, 4JHH =1.8 Hz, arom. CH), 7.16 ppm (d, 4JHH =1.8 Hz,
arom. CH); 13C{H} NMR (CDCl3): d=19.88 (C ACHTUNGTRENNUNG(CH3)2), 20.28 (C ACHTUNGTRENNUNG(CH3)2),
20.97 (CH3), 23.21 (CH2 C6H10), 25.32 (CH2), 26.92 (CH2), 26.97 (CH2),
29.73 (CH2 C6H10), 31.38 (C ACHTUNGTRENNUNG(CH3)3), 31.39 (C ACHTUNGTRENNUNG(CH3)3), 34.70 (C ACHTUNGTRENNUNG(CH3)3),
35.60 (C ACHTUNGTRENNUNG(CH3)3), 42.53 (CH2 ACHTUNGTRENNUNG(C=O)), 42.93 (CH), 47.94 (C ACHTUNGTRENNUNG(CH3)2), 50.24
(CH2S)), 51.67 (CHS), 58.69 (CH2Cq), 125.69 (arom. CH), 129.21
(arom.), 130.55 (arom. CH), 144.07 (arom.), 146.94 (arom.), 149.14
(arom.), 214.28 ppm (C=O); elemental analysis (%) calcd for C48H68O8S4


(901.30): C 63.97, H 7.60; found: C 63.99, H 8.07.


ACHTUNGTRENNUNG(R,R)-3a : Refluxing (R,R,S,S)-4a (2.50 g, 2.54 mmol) in THF/MeOH 1:1
(30 mL) with 1.5m aqueous NaOH solution (30 mL) for 8 h, followed by
extraction with diethyl ether and drying over Na2SO4, afforded (R,R)-3a
in 90% yield (1.27 g, 2.29 mmol). M.p. 113–115 8C; [a]23


D =�72.4 (c=
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30 mgmL�1, CHCl3); elemental analysis (%) calcd for C34H52O2S2


(556.91): C 73.33, H 9.41; found: C 73.99, H 9.19.


ACHTUNGTRENNUNG(S,S)-3a : Following the same procedure as reported for the preparation
of (R,R)-3a, compound (S,S)-3a was obtained in 93% yield (1.68 g,
3.02 mmol). M.p. 113–115 8C; [a]23


D =++71.0 (c=30 mgmL�1, CHCl3); ele-
mental analysis (%) calcd for C34H52O2S2 (556.91): C 73.33, H 9.41;
found: C 72.96, H 9.79.


ACHTUNGTRENNUNG(R,R)-3b : Following the same procedure reported as for the preparation
of (R,R)-3a afforded compound (R,R)-3b in 79% yield (5.3 g,
11.2 mmol). Alternatively, (R,R)-3b was obtained by preparative chiral
HPLC of rac-3b, using n-hexane/isopropanol (2 L/1 mL) on a ChiralPak
AD 50 mm column, in two passes. M.p. 114–115 8C; [a]23


D =�105 (c=


3.1 mgmL�1, CH2Cl2); elemental analysis (%) calcd for C28H40O2S2


(472.74): C 71.14, H 8.53, S 13.57; found: C 71.24, H 8.57, S 13.46.


ACHTUNGTRENNUNG(S,S)-3b : Enantiopure (S,S)-3b was obtained by chiral HPLC.
M.p. 114.5–115.5 8C; [a]23


D =++103 (c=4.1 mgmL�1, CH2Cl2).


rac-5a : Neat titanium tetrachloride (47 mL, 0.08 g, 0.43 mmol) was added
dropwise to a solution of rac-3a (0.24 g, 0.43 mmol) in pentane (30 mL)
at �10 8C. The mixture was allowed to warm up to room temperature
and stirred for 2 h. A red powder precipitated and was washed with pen-
tane (2R15 mL) and dried in vacuo to give rac-5a (0.25 g, 0.37 mmol,
86%). Crystals suitable for X-ray analysis were obtained as toluene sol-
vate by slow evaporation of a toluene solution at room temperature.
1H NMR (C6D6): d=0.36 (m, 2H, CH C6H10), 1.13 (m, 2H, CH C6H10,
overlapping with tBu signal), 1.18 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 1.32 (m, 2H, CH
C6H10), 1.59 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 1.78 (m, 2H, CH C6H10), 2.49 (m, 2H,
CHS), 7.10 (d, 2H, 4JHH =2.2 Hz, arom. CH), 7.47 ppm (d, 2H, 4JHH =


2.2 Hz, arom. CH); 13C{1H} NMR (C6D6): d =25.10 (CH2 C6H10), 29.82
(C ACHTUNGTRENNUNG(CH3)3), 31.59 (C ACHTUNGTRENNUNG(CH3)3), 32.41 (CH2 C6H10), 34.61 (CACHTUNGTRENNUNG(CH3)3), 35.87
(C ACHTUNGTRENNUNG(CH3)3), 55.59 (CHS), 117.42 (arom.), 127.33 (arom. CH), 129.70
(arom. CH), 137.18 (arom.), 144.03 (arom.), 167.64 ppm (arom.); UV/Vis
(CH2Cl2): lmax =400 nm; elemental analysis (%) calcd for
C34H50Cl2O2S2Ti (673.66): C 60.62, H 7.48; found: C 60.63, H 7.86.


ACHTUNGTRENNUNG(L,R,R)-5a : Following the same procedure as reported for the prepara-
tion of rac-5a, starting from (R,R)-3a (0.25 g, 0.45 mmol) and titanium
tetrachloride (50 mL, 0.085 g, 0.45 mmol), (L,R,R)-5a was obtained in
87% yield (0.27 g, 0.39 mmol). Crystals suitable for X-ray analysis were
obtained by slow evaporation of a toluene solution at room temperature.
[a]23


D =�252 (c=2 mgmL�1, CH2Cl2); elemental analysis (%) calcd for
C34H50Cl2O2S2Ti (673.66): C 60.62, H 7.48; found: C 61.56, H 7.89.


ACHTUNGTRENNUNG(D,S,S)-5a : Following the same procedure as reported for the preparation
of rac-5a, starting from (S,S)-3a (0.25 g, 0.45 mmol) and titanium tetra-
chloride (50 mL, 0.085 g, 0.45 mmol), ACHTUNGTRENNUNG(D,S,S)-5a was obtained in 82%
yield (0.25 g, 0.37 mmol). Crystals suitable for X-ray analysis were ob-
tained from dichloromethane solution at room temperature. [a]23


D =++251
(c=2 mgmL�1, CH2Cl2); elemental analysis (%) calcd for
C34H50Cl2O2S2Ti·0.5C7H8 (719.73): C 62.58, H 7.56 found: C 62.04, H 7.22.


rac-5b : Neat titanium tetrachloride (200 mL, 0.34 g, 1.81 mmol) was
added dropwise to a solution of rac-3b (0.86 g, 1.81 mmol) in pentane
(80 mL) at room temperature and stirred for 2 h. A red powder, which
precipitated immediately, was washed with pentane (2R20 mL) and dried
in vacuo to give rac-5b (1.00 g, 1.70 mmol, 94%). 1H NMR (CDCl3): d=


1.06 (m, 2H, CH C6H10), 1.49 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 1.59 (m, 2H, CH
C6H10), 1.70 (m, 2H, CH C6H10), 2.22 (m, 2H, CH C6H10), 2.30 (s, 6H,
CH3), 2.61 (m, 2H, CHS), 6.98 (d, 2H, 4JHH =2.0 Hz, arom. CH),
7.19 ppm (d, 2H, 4JHH =2.0 Hz, arom. CH); 13C{1H} NMR (CDCl3): d=


20.99 (CH3), 25.01 (CH2 C6H10), 29.45 (C ACHTUNGTRENNUNG(CH3)3), 32.13 (CH2 C6H10),
35.18 (C ACHTUNGTRENNUNG(CH3)3), 55.43 (CHS), 116.98 (arom.), 130.65 (arom.), 130.96
(arom. CH), 132.60 (arom. CH), 137.31 (arom.), 167.29 ppm (arom.); ele-
mental analysis (%) calcd for C28H38Cl2O2S2Ti (589.53): C 57.05, H 6.50;
found: C 56.72, H 6.65.


ACHTUNGTRENNUNG(L,R,R)-5b : Following the same procedure as reported for the prepara-
tion of rac-5b, (L,R,R)-5b was obtained in 92% yield. Crystals suitable
for X-ray analysis were obtained by slow evaporation of a CH2Cl2 solu-
tion at room temperature. [a]23


D =�210 (l=1.0 dm, c=0.75 mgmL�1,
CH2Cl2); elemental analysis (%) calcd for C28H38Cl2O2S2Ti (589.53):
C 57.05, H 6.50, S 10.88; found: C 57.21, H 6.49, S 10.79.


ACHTUNGTRENNUNG(D,S,S)-5b : Following the same procedure as reported for the preparation
of rac-5a, starting from (S,S)-3b (54 mg, 0.11 mmol) and titanium tetra-
chloride (13 mL, 22 mg, 0.12 mmol), ACHTUNGTRENNUNG(D,S,S)-5b was obtained in 99%
yield (66 mg, 0.11 mmol); [a]23


D =++213 (l=1.0 dm, c=0.73 mgmL�1,
CH2Cl2); elemental analysis (%) calcd for C28H38Cl2O2S2Ti·0.5C5H12


(625.61): C 58.56, H 7.09; found: C 58.34, H 7.05.


rac-5c : Neat titanium tetrachloride (145 mL, 0.25 g, 1.32 mmol) was
added dropwise to a solution of rac-3c (0.66 g, 1.32 mmol) in toluene
(10 mL) at �30 8C. The mixture was allowed to warm up to room temper-
ature and stirred for 2 h. The solvent was removed under reduced pres-
sure and the residue was recrystallized from toluene to give rac-5c
(0.65 g, 1.05 mmol, 80%) as a red powder. 1H NMR (CDCl3): d =1.03
(m, 2H, CH C6H10), 1.22 (dd, 3JHH =6.9 Hz, 4JHH =1.7 Hz, 12H, CH-
ACHTUNGTRENNUNG(CH3)2), 1.32 (dd, 3JHH =6.9 Hz, 4JHH =1.3 Hz, 12H, CH ACHTUNGTRENNUNG(CH3)2), 1.59 (m,
2H, CH C6H10), 1.72 (m, 2H, CH C6H10), 2.25 (m, 2H, CH C6H10), 2.65
(m, 2H, CHS), 2.85 (septet, 3JHH =6.9 Hz, 2H, CH ACHTUNGTRENNUNG(CH3)2), 3.31 (septet,
3JHH =6.9 Hz, 2H, CH ACHTUNGTRENNUNG(CH3)2), 6.98 (d, 2H, 4JHH =2.0 Hz, arom. CH),
7.15 ppm (d, 2H, 4JHH =2.0 Hz, arom. CH); 13C{1H} NMR (CDCl3): d=


22.07 (CH ACHTUNGTRENNUNG(CH3)2), 22.55 (CH ACHTUNGTRENNUNG(CH3)2), 24.11 (CH ACHTUNGTRENNUNG(CH3)2), 24.15 (CH-
ACHTUNGTRENNUNG(CH3)2), 25.15 (CH2 C6H10), 29.25 (CH ACHTUNGTRENNUNG(CH3)2), 32.21 (CH2 C6H10), 33.55
(CH ACHTUNGTRENNUNG(CH3)2), 55.47 (CHS), 115.78 (arom.), 128.32 (arom. CH), 129.57
(arom. CH), 135.39 (arom.), 142.25 (arom.), 166.73 ppm (arom.); elemen-
tal analysis (%) calcd for C30H42O2S2Cl2Ti (617.59): C 58.34, H 6.85;
found: C 58.16, H 6.79.


rac-5d : Neat titanium tetrachloride (110 mL, 0.19 g, 1.0 mmol) was added
dropwise to a solution of rac-3d (0.36 g, 1.0 mmol) in toluene (10 mL) at
�30 8C. The mixture was allowed to warm up to room temperature and
stirred overnight. The solvent was removed under reduced pressure, the
residue was washed with pentane (2R10 mL) and subsequently dried in
vacuo to give rac-5d (0.25 g, 0.37 mmol, 86%) as a red powder. Crystals
suitable for X-ray analysis could be obtained from toluene solution.
1H NMR (CDCl3): d=1.05 (m, 2H, CH C6H10), 1.61 (m, 2H, CH C6H10),
2.25 (m, 2H, CH C6H10, partial overlap with Me signal), 2.31 (s, 3H,
CH3), 2.71 (m, 2H, CHS), 6.78 (d, 2H, 3JHH =8.4 Hz, arom. CH), 7.12 (m,
2H, arom. CH), 7.22 ppm (dd, 3JHH =8.4 Hz, 4JHH =2.2 Hz, arom. CH);
13C{1H} NMR (CDCl3): d =20.64 (CH3), 24.29 (CH2 C6H10), 32.00 (CH2


C6H10), 55.63 (CHS), 115.15 (arom. CH), 115.57 (arom.), 131.68 (arom.),
134.01 (arom. CH), 135.09 (arom. CH), 168.52 ppm (arom.); elemental
analysis (%) calcd for C20H22O2S2Cl2Ti (477.33): C 60.62, H 7.48; found:
C 60.63, H 7.86.


rac-6a : Neat titanium tetra(isopropoxide) (126 mL, 0.12 g, 0.41 mmol)
was added to a stirred solution of rac-3a (0.23 g, 0.41 mmol) in pentane
(25 mL). The resulting yellow solution was stirred for 2 h. All volatiles
were removed under reduced pressure and the resulting pale yellow solid
was dissolved in pentane and stored at �78 8C for several days to give
rac-6a in 71% yield (0.21 g, 0.29 mmol). 1H NMR (C6D6): d=0.40 (m,
2H, CH C6H10), 1.05–1.16 (m, 2H, CH C6H10), 1.25 (d, 6H, 3JHH =6.1 Hz,
CH ACHTUNGTRENNUNG(CH3)2), 1.29 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 1.30 (d, 6H, 3JHH =6.1 Hz, CH-
ACHTUNGTRENNUNG(CH3)2), 1.46–1.66 (m, 2H, CH C6H10), 1.74 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 1.91 (m,
2H, CH C6H10), 2.53 (m, 2H, CHS), 4.89 (septet, 2H, 3JHH =6.1 Hz, CH-
ACHTUNGTRENNUNG(CH3)2), 7.35 (d, 2H, 4JHH =2.5 Hz, arom. CH), 7.58 ppm (d, 2H, 4JHH =


2.5 Hz, arom. CH). 13C{1H} NMR (C6D6): d =25.54 (CH2 C6H10), 26.15
(CH ACHTUNGTRENNUNG(CH3)2), 26.79 (CH ACHTUNGTRENNUNG(CH3)2), 29.84 (C ACHTUNGTRENNUNG(CH3)3), 31.79 (C ACHTUNGTRENNUNG(CH3)3), 33.08
(CH2 C6H10), 34.25 (C ACHTUNGTRENNUNG(CH3)3), 35.84 (C ACHTUNGTRENNUNG(CH3)3), 53.17 (CHS), 79.80 (CH-
ACHTUNGTRENNUNG(CH3)2), 114.94 (arom.), 126.52 (arom. CH), 130.28 (arom. CH), 136.98
(arom.), 139.60 (arom.), 168.01 ppm (arom.); elemental analysis (%)
calcd for C40H64O4S2Ti (720.96): C 66.64, H 8.95; found: C 66.34, H 8.75.


ACHTUNGTRENNUNG(L,R,R)-6a : Following the same procedure as reported for the prepara-
tion of rac-6a, starting from (R,R)-3a (0.30 g, 0.54 mmol) and titanium
tetra(isopropoxide) (157 mL, 0.15 g, 0.54 mmol), (L,R,R)-6a was isolated
in 79% yield (0.31 g, 0.43 mmol). [a]23


D =++200 (c=2.0 mgmL�1, CH2Cl2);
elemental analysis (%) calcd for C40H64O4S2Ti (720.96): C 66.64, H 8.95;
found: C 66.36, H 8.95.


ACHTUNGTRENNUNG(D,S,S)-6a : Following the same procedure as reported for the preparation
of rac-6a, starting from (S,S)-3a (0.30 g, 0.54 mmol) and titanium tetra(i-
sopropoxide) (157 mL, 0.15 g, 0.54 mmol), (D,S,S)-6a was obtained in
75% yield (0.29 g, 0.40 mmol). [a]23


D =�184 (c=1.8 mgmL�1, CH2Cl2); el-
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emental analysis (%) calcd for C40H64O4S2Ti (720.96): C 66.64, H 8.95;
found: C 66.97, H 9.15.


rac-6b : Neat titanium tetra(isopropoxide) (800 mL, 0.76 g, 2.69 mmol)
was added to a stirred solution of rac-3b (1.28 g, 2.64 mmol) in pentane
(20 mL). The resulting yellow solution was stirred for 2 h. All volatiles
were removed under reduced pressure and the residue was recrystallized
from hexamethyldisiloxane to afford microcrystalline pale yellow rac-6b
in 68% yield (1.14 g, 1.80 mmol). 1H NMR (CDCl3): d=1.05 (m, 2H, CH
C6H10), 1.13 (d, 2JHH =6.0 Hz, CH ACHTUNGTRENNUNG(CH3)2, overlapping), 1.14 (d, 2JHH =


6.0 Hz, CH ACHTUNGTRENNUNG(CH3)2, overlapping), 1.44 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 1.60 (m, 4H,
CH C6H10), 2.14 (m, 2H, CH C6H10), 2.24 (s, 6H, CH3), 2.35 (m, 2H,
CHS), 4.69 (septet, 3JHH =6.0 Hz, CH ACHTUNGTRENNUNG(CH3)2), 6.93 (d, 2H, 4JHH =2.3 Hz,
arom. CH), 7.07 ppm (d, 2H, 4JHH =2.3 Hz, arom. CH); 13C{1H} NMR
(CDCl3): d=20.74 (CH3), 25.47 (CH2 C6H10), 25.84 (CH ACHTUNGTRENNUNG(CH3)2), 29.29
(C ACHTUNGTRENNUNG(CH3)3), 32.63 (CH2 C6H10), 35.05 (C ACHTUNGTRENNUNG(CH3)3), 52.74 (CHS), 79.24 (CH-
ACHTUNGTRENNUNG(CH3)2), 114.36 (arom.), 125.45 (arom.), 129.81 (arom. CH), 133.18
(arom. CH), 137.04 (arom.), 167.45 ppm (arom.); elemental analysis (%)
calcd for C34H52O4S2Ti (636.80): C 64.13, H 8.23; found: C 63.70, H 8.03.


ACHTUNGTRENNUNG(L,R,R)-6b : Following a similar procedure as reported for the prepara-
tion of rac-6b, starting from rac-3b (0.40 g, 0.85 mmol) and titanium tet-
ra(isopropoxide) (255 mL, 0.24 g, 0.86 mmol), (L,R,R)-6b was obtained in
72% yield. Crystals suitable for X-ray analysis could be obtained from
hexamethyldisiloxane solution. [a]23


D =++311 (c=1.8 mgmL�1, CH2Cl2);
elemental analysis (%) calcd for C48H64O2S2Ti (636.80): C 64.13, H 8.23;
found: C 63.84, H 8.04.


ACHTUNGTRENNUNG(D,S,S)-6b : Following a similar procedure as reported for the preparation
of rac-6b, starting from rac-3b (40 mg, 0.09 mmol) and titanium tetra(iso-
propoxide) (27 mL, 26 mg, 0.09 mmol), (D,S,S)-6b was obtained in 81%
yield. [a]23


D =�317 (c=2.8 mgmL�1, CH2Cl2); elemental analysis (%)
calcd for C48H64O2S2Ti (636.80): C 64.13, H 8.23; found: C 63.36, H 8.10.


7: 1.0m Benzyl magnesium chloride in diethyl ether (2.7 mL, 0.41 g,
2.70 mmol) was added to a stirred suspension of rac-5b (0.75 g,
1.27 mmol) in pentane (40 mL) at �78 8C. The resulting dark red solution
was allowed to slowly warm to 0 8C and then stirred for 1 h. The solution
was filtered, concentrated, and stored at �70 8C overnight to give 7 as a
dark red powder in 56% yield (0.50 g, 0.71 mmol). Crystals suitable for
X-ray analysis were obtained from pentane solution at �30 8C. 1H NMR
(C6D6): d =0.17 (m, 2H, CH C6H10), 0.93 (m, 2H, CH C6H10), 1.31 (m,
2H, CH C6H10), 1.63 (m, 2H, CH C6H10), 1.76 (s, 18H, C ACHTUNGTRENNUNG(CH3)3), 2.08
(m, 2H, CHS, overlapping with CH3 signal), 2.13 (s, 6H, CH3), 3.42 (d,
2H, 2JHH =9.0 Hz, TiCH), 3.50 (d, 2H, 2JHH =9.0 Hz, TiCH), 6.89 (t, 2H,
C6H5 p-CH, overlapping with C6H2 signal), 6.91 (m, 2H, C6H2 CH), 7.06
(m, 4H, C6H5 m-CH), 7.20 (d, 4H, C6H5 o-CH), 7.26 ppm (d, 2H, 4JHH =


1.8 Hz, C6H2 CH); 13C{1H} NMR (C6D6): d =20.87 (CH3), 25.17 (CH2


C6H10), 30.01 (C ACHTUNGTRENNUNG(CH3)3), 33.13 (CH2 C6H10), 35.50 (C ACHTUNGTRENNUNG(CH3)3), 53.23
(CHS), 88.94 (TiCH2,


1JCH =132 Hz), 118.28 (arom.), 123.57 (p-C6H5),
128,29 (arom., overlapping with solvent), 128.57 (m-C6H5), 130.07 (o-
C6H5), 130.58 (arom. CH), 134.01 (arom CH), 137.63 (arom.), 144.16
(ipso-C6H5), 166.84 ppm (arom.); elemental analysis (%) calcd for
C42H52O2S2Ti (700.89): C 71.97, H 7.48; found: C 72.03, H 7.57.


Reaction of 7 with BACHTUNGTRENNUNG(C6F5)3: Compound 7 (35 mg, 50 mmol) and B ACHTUNGTRENNUNG(C6F5)3


(27 mg, 53 mmol) were weighed into a vial and dissolved in precooled
C6D5Br. The solution was transferred immediately into an NMR (Young)
tube and kept frozen until immediately before NMR spectroscopic mea-
surement. Variable-temperature measurements were made between
�30 8C and 25 8C. 1H NMR (C6D5Br, 25 8C, selected resonances): d=0.43
(m, CH C6H10), 0.75–1.60 (multiple resonances CH C6H10), 1.40 (s, C-
ACHTUNGTRENNUNG(CH3)3), 1.43 (s, CACHTUNGTRENNUNG(CH3)3), 1.52 (s, C ACHTUNGTRENNUNG(CH3)3), 1.74 (m, CH C6H10), 2.14 (s,
CH3), 2.17 (s, CH3), 2.22 (s, CH3), 2.40 (m, CHS), 2.56 (m, CHS), 3.05 (d,
1JHH =7.0 Hz, TiCH2), 3.36 (br s, BCH2), 3.52 (d, 1JHH =7.0 Hz, TiCH2),
3.76 (br), 3.88 (br s, TiCH2), 6.65–7.45 ppm (arom.); 13C{1H} NMR
(C6D5Br, 25 8C): d =20.86 (CH3), 20.98 (CH3), 23.39 (CH2 C6H10), 24.79
(CH2 C6H10), 25.12 (CH2 C6H10), 29.51 (C ACHTUNGTRENNUNG(CH3)3), 29.64 (C ACHTUNGTRENNUNG(CH3)3), 29.74
(C ACHTUNGTRENNUNG(CH3)3), 31.53 (CH2 C6H10), 32.45 (br, BCH2), 34.95 (C ACHTUNGTRENNUNG(CH3)3), 35.23
(C ACHTUNGTRENNUNG(CH3)3) , 35.44 (CACHTUNGTRENNUNG(CH3)3), 59.45 (CHS), 98.37 (br, TiCH2), 99.70
(TiCH2) 118–164 ppm (arom.); 19F NMR (C6D5Br, 25 8C): d =�127.03 (d,
o-F), �141.54 (m, p-F), �159.03 (m, m-F), �134.28 (d, 3JFF =24.0 Hz, o-
F), �158.78 (t, 3JFF =21.0 Hz , p-F), �163.75 ppm (t, 3JFF =21.0 Hz, m-F).


1H NMR (C6D5Br, �30 8C, selected resonances): d=0.33 (m, CH C6H10),
0.90 (m, CH C6H10), 1.16 (m, CH C6H10), 1.38 (s, C ACHTUNGTRENNUNG(CH3)3), 1.50 (s, C-
ACHTUNGTRENNUNG(CH3)3), 1.63 (m, CH C6H10), 1.89 (m, CH C6H10), 2.11 (s, CH3), 2.16 (s,
CH3), 2.21 (s, CH3), 2.24 (s, CH3), 2.37 (m, CHS), 3.35 (d, 1JHH =5.5 Hz,
TiCH2), 3.48 (br s, BCH2), 3.82 (d, 1JHH =15.2 Hz, TiCH2), 4.02 (d, 1JHH =


5.8 Hz, TiCH2), 6.35–7.55 ppm (arom.); 13C{1H} NMR (C6D5Br, �30 8C):
d=20.86 (CH3), 20.98 (CH3), 23.39 (CH2 C6H10), 24.79 (CH2 C6H10),
25.12 (CH2 C6H10), 29.51 (C ACHTUNGTRENNUNG(CH3)3), 29.64 (C ACHTUNGTRENNUNG(CH3)3), 29.74 (C ACHTUNGTRENNUNG(CH3)3),
31.53 (CH2 C6H10), 32.45 (br, BCH2), 34.95 (C ACHTUNGTRENNUNG(CH3)3), 35.23 (C ACHTUNGTRENNUNG(CH3)3) ,
35.44 (CACHTUNGTRENNUNG(CH3)3), 59.45 (CHS), 98.37 (br, TiCH2), 99.70 (TiCH2) 118–
164 ppm (arom.); 19F NMR (C6D5Br, �30 8C): d=�127.03 (d, o-F),
�141.54 (m, p-F), �159.03 (m, m-F), �134.28 (d, 3JFF =24.0 Hz, o-F),
�158.78 (t, 3JFF =21.0 Hz , p-F), �163.75 ppm (t, 3JFF =21.0 Hz, m-F);
11B NMR (C6D5Br, �30 8C): d=�12.53 ppm.
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Introduction


Fullerene C60 has a curved but fully conjugated polycyclic 60
p-electron system with empty space inside. Theoretical and
experimental investigations into the magnetic properties of
fullerenes have revealed that the six-membered rings (6-
MRs) of C60 possess weak diamagnetic ring currents, where-
as the five-membered-rings (5-MRs) have strong paramag-


netic ring currents.[1] Saunders et al. established a high-tem-
perature and high-pressure method to introduce a 3He atom
as an NMR-active nucleus inside the C60 cage at an occupa-
tion level of roughly 0.1%.[2] The magnetic shielding effect
inside the C60 cage was then measured by


3He NMR experi-
ment. A sharp signal of 3He inside the C60 cage appears at
d=�6.36 ppm relative to the resonance of free 3He dis-
solved in 1-methylnaphthalene, as a result of the compensa-
tion of opposite shielding effects by the ring currents in 6-
MRs and 5-MRs.[3] The chemical shift of 3He inside C60 was
shown to be sensitive toward chemical functionalization of
the C60 cage. A large number of C60 derivatives bearing or-
ganic addend(s) at the 1,2-position(s) encapsulating 3He
were synthesized, and the NMR chemical shift of the 3He
signal has been shown to be in the range of d=�7.2 to d=


�9.7 ppm.[4] Interestingly, when 3He@C60 acquires six extra
electrons, the 3He signal shifts dramatically to higher field
(d=�48.7 ppm), reflecting the strong shielding effect of
C60


6�.[5] The highly aromatic character of the C60
6� inner sur-


face was supported by both experimental[5b] and theoreti-
cal[1d] studies, which indicated that all of the 6-MRs and 5-
MRs of C60


6� possess diamagnetic ring currents. In a related
study, Taylor et al. reported the synthesis and 3He NMR
studies of cationic species of 3He@C60 derivative 1


+ and
demonstrated that the aromaticity of the C60 p system slight-
ly decreases upon formation of cation 1+ from its neutral
precursor 2.[6] However, research on the aromaticity of ionic
C60 and its derivatives has been limited to these two reports


Keywords: aromaticity · density
functional calculations · fullerenes ·
NMR spectroscopy · ring currents


Abstract: 1H NMR chemical shifts of molecular hydrogen encapsulated in dichlor-
omethyl–C60 cation and (1-octynyl)–C60 anion were studied to clarify the difference
in magnetic shielding effects inside the fullerene cages. The signals of the H2 mole-
cule inside both cationic and anionic C60 cages appeared at lower fields than those
of the neutral counterparts. These results were interpreted based on the results of
NICS calculations. It was demonstrated that the H2 molecule inside the C60 cages
can serve as an excellent NMR probe of aromaticity for both cationic and anionic
C60 derivatives.
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until we succeeded in synthesizing C60 encapsulating a H2
molecule at an occupation level of 100%.[7]


The H2 molecule encapsulated in C60 can also be used as a
sensitive NMR probe in the same way as 3He, with the ad-
vantage that it can be used in commonly accessible 1H NMR
spectroscopy.[8] Actually, we recently proved the drastic de-
crease in overall aromaticity of C60 upon two-electron reduc-
tion based on the remarkably large downfield shift of the H2
signal of H2@C60


2� (d=++26.36 ppm in CD3CN vs. TMS) rel-
ative to that of neutral H2@C60 (d=�1.45 ppm in 1,2-
Cl2C6D4).


[9] The 1H NMR measurement of anionic H2@C60
derivative 3� revealed that aromaticity of the fullerenyl cage
of 3� is almost comparable to that of the neutral counterpart
4, despite the existence of an aromatic cyclopentadienyl
anion moiety on the C60 cage.


[10] On the other hand, we pre-
viously reported dichloromethyl–C60 cation 5


+ [11] as well as
1-octynyl–C60 anion 6


�[12] as stable ionic species in solution.
Both 5+ and 6� have only one organic addend on the C60
cage, and these compounds appear to be well suited for the
study of the difference in aromaticity between monofunc-


tionalized C60 cations and anions based on the
1H NMR


chemical shifts of the encapsulated H2 molecule. Herein, we
report the generation and NMR measurements of H2@5


+


and H2@6
�, as well as an attempted generation of dichloro-


methyl–C60 anion 5
�.


Results and Discussion


Generation of Dichloromethylfullerenyl Cation
Encapsulating H2


Dichloromethyl–C60 cation encapsulating a H2 molecule,
H2@5


+ , was generated following the procedure for forma-
tion of empty 5+ .[11] As shown in Scheme 1, a solution of
H2@C60 (occupation level of 9%) in CHCl3 was stirred in


the presence of a large excess of aluminumACHTUNGTRENNUNG(III) chloride at
room temperature for two hours to give the 1,4-adduct
H2@7 in 61% yield. Upon silica-gel column chromatogra-
phy, H2@7 was readily converted into fullerenol H2@8 in
60% yield. The NMR signals of the H2 molecule inside
H2@7 and H2@8 were observed at d=�6.00 and �6.03 ppm
in CS2–CDCl3 (1:1), respectively, indicating that the magnet-
ic shielding effect is nearly the same as far as the addition
pattern (1,4-) is the same. Then, a brown powder of fullere-
nol H2@8 was added to triflic acid to give a reddish purple
solution of cation H2@5


+ . The 1H NMR spectrum of this so-
lution exhibited a singlet from the dichloromethyl proton at
d=6.44 ppm, which was exactly the same value as that re-
ported for empty 5+ .[11] A small signal assignable to the en-
capsulated H2 molecule appeared at d=�2.89 ppm, as
shown in Figure 1, which was not observed for empty 5+ .


Abstract in Japanese:


Scheme 1. Generation of dichloromethyl–C60 cation H2@5
+ .


Figure 1. 1H NMR (400 MHz, C6D12 as an external standard) signal of the
encapsulated H2 molecule of H2@5


+ in CF3SO3H.
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The NMR signal of the H2 molecule shifted to lower field
by 3.14 ppm relative to that of H2@8, indicating that the
overall aromaticity of the C60 p system of H2@5


+ decreased
as compared to that of 8.


Attempted Generation of the Dichloromethylfullerenyl
Anion


It is well recognized that the acidity of a proton directly at-
tached to the C60 cage is quite high.


[12,13] For example, a pKa
value of 5.7 has been reported for tBu–C60–H.


[13] Thus, we
first examined a halogen–lithium exchange reaction of H2@7
to prepare the precursor of anion H2@5


�. The reaction of
H2@7 with nBuLi in THF at �15 8C and subsequent proto-
nation with trifluoroacetic acid gave the desired 1,2-adduct
H2@9 in 23% yield (Scheme 2). Since the yield of isolated


H2@9 was not sufficient for further investigation of the
anion, we pursued an alternative method to prepare H2@9.
Baba et al. developed an efficient method to reduce tertiary
alcohols by the use of chlorodiphenylsilane and a catalytic
amount of indium ACHTUNGTRENNUNG(III) chloride.[14] By applying this reaction
to fullerenol H2@8 in 1,2-dichlorobenzene (ODCB), 1,4-
adduct H2@10 was obtained in 75% yield as a major prod-
uct (including 6% of 1,2-adduct H2@9 as a minor product),
as shown in Scheme 3. The NMR signals of the H2 molecule


inside H2@9 and H2@10 were observed at d=�4.62 and
�5.78 ppm in CS2–CDCl3 (1:1), respectively, reflecting the
different addition patterns of the organic substituents on the
C60 cage. It should be noted that the NMR chemical shifts of
exohedral protons in the dichloromethyl groups of H2@9
and H2@10 were less sensitive toward the positions of the
substituents and were in a similar region, such as d=


6.96 ppm for H2@9 and d=7.03 ppm for H2@10 in CS2–
CDCl3 (1:1).
It was reported that a monofunctionalized C60 anion gen-


erated in THF exhibits a deep green color.[12] However,


when the brown solution of empty 10 was treated with
1.1 equiv of tBuOK in ODCB, the color of the solution re-
mained unchanged. This turned out to be due to the intra-
molecular nucleophilic substitution of anionic intermediate
5� proceeding immediately to give new methanofullerene
derivative 11 (Scheme 4). Although a dark green solution


was obtained when the above reaction was conducted in
benzonitrile, it gradually turned to brown even under
vacuum at 0 8C because of the formation of 11.


Generation of 1-Octynylfullerenyl Anion Encapsulating H2


In contrast to the instability of anion 5�, 1-octynyl–C60 anion
6� has been reported to be stable in solution under vacuum
even for half a year. Hence, we tried to generate H2@6


� en-
capsulating H2 following the previously reported method for
empty 6�.[12] The reaction of H2@C60 (occupation level of
9%) with 1-octynyllithium proceeded smoothly at room
temperature in THF to give a dark green solution. This solu-
tion was protonated with trifluoroacetic acid to afford 1,2-
adduct H2@12 in 47% yield (Scheme 5). When a THF solu-


tion of H2@12 was treated with 1.2 equiv of tBuOK, the
brown solution immediately turned into a dark green solu-
tion again, indicating the formation of desired anion H2@6


�.
The 1H NMR spectrum of this solution exhibited no signal
for the proton directly attached to the C60 cage.


[12] Further-
more, as shown in Figure 2, a new signal corresponding to


Scheme 2. Synthesis of 1,2-adduct H2@9 by halogen–lithium exchange.


Scheme 3. Synthesis of 1,4-adduct H2@10 by direct reduction of fullerenol
H2@8.


Scheme 4. Attempted generation of dichloromethyl–C60 anion 5
�.


Scheme 5. Generation of 1-octynyl–C60 anion H2@6
�.


1338 www.chemasianj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1336 – 1342


FULL PAPERS
Komatsu, Murata et al.







the encapsulated H2 molecule appeared at d=�0.60 ppm,
which was shifted downfield by 4.15 ppm as compared to
that of neutral precursor H2@12 (d=�4.75 ppm in CS2–
CDCl3 (1:1)). The weaker magnetic shielding effect inside
the C60 cage of 6


� is attributed to a decrease in aromatic
character of the C60 p system of 6�.


NICS Calculations for Dichloromethyl–C60 Cation and 1-
Octynyl–C60 Anion


The NMR signal of the encapsulated H2 molecule of cation
H2@5


+ (d=�2.89 ppm in CF3SO3H) was shifted downfield
by 1.73 ppm relative to that of the neutral precursor, 1,2-
adduct H2@9 (d=�4.62 ppm in CS2–CDCl3 (1:1)). This ap-
parently indicates that the magnetic shielding effect inside
the C60 cage of 5


+ is weaker than that of 9. To interpret the
changes in diamagnetic and paramagnetic ring currents of
all the p-conjugated cyclic units of the C60 cage, the nucleus-
independent chemical shift (NICS)[15] calculations[16] were
performed for all the 6-MRs and 5-MRs of cation 5+ as well
as 9 at the GIAO-B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of theory for
the structures optimized at the B3LYP/6-31G(d) level. As
shown in Figure 3, it turned out that the 5-MR (denoted as


A) of 5+ including the cationic center possesses high antiar-
omaticity (NICS=++12.8). In addition, it is noted that the
two 6-MRs (B) also have antiaromaticity with a positive
NICS value (NICS=++3.7) whereas the corresponding 6-
MRs (C) of 9 exhibit aromatic character (NICS=�6.5).
Owing to this difference, the contribution of the paramag-
netic ring currents dominates in the fullerene p system of
5+, which results in a downfield shift of the H2 signal of


H2@5
+ relative to that of H2@9. It should be noted that this


interpretation for the monofunctionalized C60 cation 5
+ is


consistent with that for pentafunctionalized C60 cation
3He@1+ reported by Taylor et al.[6]


The NMR signal of the H2 molecule inside anion H2@6
�


(d=�0.60 ppm in [D8]THF) is also downfield shifted by
4.15 ppm relative to that of neutral precursor H2@12 (d=


�4.75 ppm in CS2–CDCl3 (1:1)), and by 2.29 ppm relative to
that of cation H2@5


+ . Thus, the magnetic shielding effect
inside the C60 cage of anion 6


� is relatively weak, the overall
aromaticity of 6� being relatively decreased as compared
with the case of cation H2@5


+ . The results of NICS calcula-
tions for empty 6� and 12 are shown in Figure 4 in Schlegel


diagrams. They suggest that the aromatic character of 6� de-
creases not only in the specific 6-MRs around the anionic
center but in most of the 6-MRs of the entire C60 cage; that
is, the aromatic characters of the sixteen 6-MRs out of eight-
een 6-MRs decrease (decrease in absolute NICS value by
0.3–7.3) with the exception of two rings (increase in absolute
NICS value by 0.2 and 0.5). On the other hand, the antiaro-


Figure 2. 1H NMR (400 MHz) signal of the encapsulated H2 molecule of
H2@6


� in [D8]THF.


Figure 3. Selected NICS values of 5+ and 9 calculated at the B3LYP/6-
311G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G(d) level of theory.


Figure 4. Schlegel diagrams of a) anion 6� and b) 12 showing the NICS
values calculated at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G(d) level of
theory: pink regions represent negative NICS values and blue regions
represent positive values.
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matic character of the 5-MRs slightly increases for three
rings out of ten rings (increase in absolute NICS value by
0.3–0.5) while others decrease (decrease in absolute NICS
value by 1.1–3.8). Since there are more 6-MRs than 5-MRs
in the C60 cage, the large decrease in aromatic character
caused by the 6-MRs overwhelms the decrease in antiaro-
matic character caused by the 5-MRs. This can be taken as
the main reason for the observed downfield shift for the H2
signal of H2@6


�.
The downfield shifts of the H2 signals of cation H2@5


+


and anion H2@6
� relative to the neutral counterparts were


thus limited to a small extent (absolute Dd values, 1.73 and
4.15 ppm) as compared to the large shifts reported for hex-
aanion 3He@C60


6� (Dd=�42.3 ppm) and dianion H2@C602�
(Dd=++27.8 ppm).


Endohedral Chemical Shifts of Encapsulated H2 Molecule
and NICS Values at the Center of the Fullerene Cages


In this work, we prepared several neutral or ionic C60 deriv-
atives encapsulating molecular hydrogen, and examined the
magnetic shielding effects inside the C60 cages by means of
1H NMR spectroscopy. To examine if the density functional
calculations can reproduce the chemical shifts of the H2
molecule, GIAO calculations at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p)//
B3LYP/6-31G(d) level of theory were conducted to give the
results shown in Table 1, together with the NICS values. All


chemical shifts are the averaged values of those for two hy-
drogen atoms, which are expressed with reference to that
for TMS calculated at the same level of theory. The GIAO
calculations were found to reproduce the experimental
chemical shifts qualitatively, with a tendency to underesti-
mate the magnetic shielding effects inside the C60 cages by a
range of 2.1–3.2 ppm.
Our previous study on the synchrotron X-ray diffraction


experiment for a single crystal of an open-cage fullerene de-
rivative[17] encapsulating H2 clearly revealed that the elec-
tron density of the H2 molecule is highest at the center of


the fullerene cage.[18] The NMR resonance of the encapsu-
lated H2 molecule also gives direct information about the in-
tensity of the magnetic field at the center of the C60 cage.
Thus, the NMR chemical shift of the encapsulated H2 mole-
cule inside the C60 cage should have correlation with the
NICS value calculated at the center of the corresponding
empty C60 cage. The NICS values at the center of the C60
cages were calculated at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of
theory for structures of a series of neutral and ionic C60 de-
rivatives without a H2 molecule, optimized at the B3LYP/6-
31G(d) level, as shown in Table 1. As expected, when the
experimentally observed chemical shifts of encapsulated H2
are plotted against the corresponding NICS values at the
center of empty C60 cages, a linear relationship is clearly rec-
ognized (Figure 5). In addition, a similar relation is also


found between the NICS values and calculated chemical
shifts of encapsulated H2 molecules at the same level of
theory. These data indicate that the 1H NMR chemical shift
of the encapsulated H2 molecule serves as an excellent
probe for the magnetic field at the center of the C60 cages,
as has been observed for 3He,[3b] and, thus, for the aromatici-
ty of the conjugated p systems of the fullerenes. As judged
from the linear relationship, the encapsulated H2 molecule
does not have specific electronic interactions with the C60
cage even when it is positively or negatively charged.
Hence, the chemical shift of the H2 molecule inside the C60
cages is a good criterion for the validity of NICS calcula-
tions, exactly as 3He has been used for that reason.[1g]


Conclusions


In this work, we demonstrated that the dichloromethyl–C60
cation and the 1-octynyl–C60 anion encapsulating a H2 mole-


Table 1. Experimental and calculated NMR chemical shifts for encapsu-
lated hydrogen of a series of neutral and ionic H2@C60 derivatives togeth-
er with the NICS values at the center of the corresponding empty C60
cages.


d (exptl) [ppm] d (calcd)[a] [ppm] NICS[b]


H2@C60 �1.44[c] +1.79 �3.25
H2@5


+ �2.89[d] �0.78 �5.72
H2@6


� �0.60[e] +1.66 �3.35
H2@7 �6.00[f] �3.79 �8.96
H2@8 �6.03[f] �3.84 �8.84
H2@9 �4.62[f] �2.27 �7.20
H2@10 �5.78[f] �3.27 �8.48
H2@12 �4.75[f] �2.53 �7.37


[a] Caculated at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G(d) level of
theory. [b] Values at the center of the empty C60 cages calculated at the
B3LYP/6-311G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G(d) level of theory. [c] Value taken
from reference [7a]. [d] At 400 MHz in CF3SO3H. [e] At 300 MHz in
[D8]THF. [f] At 300 MHz in CS2–CDCl3 (1:1).


Figure 5. The experimental chemical shifts (*) and calculated chemical
shifts of the encapsulated H2 (~), plotted against the NICS values at the
center of the cages of a series of empty C60 derivatives.
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cule exhibit 1H NMR signals at low magnetic fields as com-
pared to the corresponding neutral derivatives. The magnet-
ic fields inside the C60 cages bearing the positive or negative
charges were interpreted based on the results of density
functional calculations. According to the linear relationship
between experimental chemical shifts of the encapsulated
H2 molecule and the NICS values at the center of the corre-
sponding empty C60 cages, H2@C60 is shown to be useful as
an NMR probe for the spherical aromaticity not only for
the neutral C60 derivatives but also for the ionic C60 deriva-
tives as well.


Experimental Section


General


The 1H and 13C NMR measurements were carried out on Varian Mercury
300 and JEOL AL-400 instruments, and the chemical shifts are reported
in ppm from tetramethylsilane. UV/Vis spectra were recorded on a Shi-
madzu UV-3150 spectrometer. IR spectra were taken with a Shimadzu
FT-IR-8600 spectrometer. FAB mass spectra were recorded on a JEOL
Mstation JMS-700. APCI mass spectra were measured on a Finnigan-
MAT TSQ 7000 spectrometer. The high-pressure liquid chromatography
(HPLC) was performed by use of a Cosmosil Buckyprep column
(4.6 mmM250 mm) for analytical purpose. Fullerene C60 was purchased
from Matsubo Co. Fullerene C60 encapsulating a H2 molecule, H2@C60,
was synthesized as reported previously.[7,8] All other reagents were of the
reagent grade obtained commercially.


Synthesis


H2@7: To a solution of H2@C60 (occupation level of 9%; 51 mg,
0.071 mmol) in dry CHCl3 (50 mL) was added aluminumACHTUNGTRENNUNG(III) chloride
(940 mg, 7.1 mmol) at room temperature. The mixture was stirred for
70 min and quenched by the addition of cold water (50 mL). The product
was extracted with CS2 and the organic layer was washed with a 10%
aqueous solution of NaHCO3 (50 mL) and with water (50 mL) and dried
over MgSO4. Evaporation of the solvent gave a dark brown solid, which
was dissolved in ODCB (4.5 mL). This solution was subjected to prepara-
tive HPLC using Cosmosil 5PBB columns (two directly connected col-
umns, 20 mmM250 mm, with ODCB as a mobile phase; flow rate:
3.0 mLmin�1) to give H2@7 (36.2 mg, 0.043 mmol, 61%) as a dark brown
solid. 1H NMR (300 MHz, CS2–CDCl3 (1:1)): d=6.97 (s, 1H), �6.00 ppm
(s, 0.18H). Reported data for 7: 1H NMR (270 MHz, CS2–CDCl3 (2:1)):
d=6.98 ppm (s).[11]


H2@8 : To a CS2 solution (45 mL) of H2@7 (occupation level of 9%;
30.9 mg, 0.038 mmol) was added silica gel (230–400 mesh, 17 g), and the
solvent was removed under reduced pressure. The residual silica gel
powder, on which H2@7 was adsorbed, was added to the top of a chroma-
tography column (25 mmM400 mm) filled with silica gel (230–400 mesh).
The column was eluted with toluene (flow rate: 30 mLmin�1). The frac-
tion containing the major component was collected and evaporated
under reduced pressure to give fullerenol H2@8 (18.1 mg, 0.022 mmol,
60%) as a dark brown solid. 1H NMR (300 MHz, CS2–CDCl3 (1:1)): d=


6.96 (s, 1H), 4.10 (s, 1H), �6.03 ppm (s, 0.18H). Reported data for 8 :
1H NMR (400 MHz, CS2–CDCl3 (4:1)): d=6.94 (s, 1H), 4.01 ppm (s,
1H).[11]


Generation of H2@5
+ : To a brown solid of H2@8 (occupation level of


5%; 3.0 mg, 0.0036 mmol) was added triflic acid (0.8 mL) dropwise at
room temperature. The mixture was sonicated to give a reddish purple
solution. This was subjected to an NMR measurement using
[D12]cyclohexane as an external standard. 1H NMR (400 MHz,
CF3SO3H): d=6.44 (s, 1H), �2.89 ppm (s, 0.10H). Reported data for 5+ :
1H NMR (400 MHz, CF3SO3H): d=6.44 ppm (s).[11]


H2@9 : To a brown suspension of H2@7 (occupation level of 5%; 19.7 mg,
0.023 mmol) in THF (25 mL) was added 1.6n nBuLi in hexane (15 mL,


0.024 mmol) at �15 8C under argon. After being stirred for 2 h, the mix-
ture was treated with excess trifluoroacetic acid to give a brown suspen-
sion. To the suspension was added toluene (30 mL), and the resulting
brown solution was washed with a saturated aqueous solution of
NaHCO3 (50 mL). The organic layer was dried over MgSO4 and evapo-
rated under reduced pressure to give a residual brown solid, which was
dissolved in ODCB (5 mL). This solution was subjected to preparative
HPLC using Cosmosil 5PBB columns (two directly connected columns,
20 mmM250 mm, with ODCB as a mobile phase; flow rate: 3 mLmin�1)
to give H2@9 (4.4 mg, 23%) as a brown solid. UV/Vis (cyclohexane): lmax
(loge)=211 (4.74), 255 (4.58), 310 (4.11), 430 nm (3.20); 1H NMR
(300 MHz, CS2–CDCl3 (1:1)): d=7.34 (s, 1H), 6.98 (s, 1H), �4.62 ppm (s,
0.10H); 13C NMR (75 MHz, CS2–CDCl3 (3:1)): d =152.70, 149.36, 146.49,
146.33, 146.18, 145.99 (2), 145.76, 145.39, 145.32, 145.21, 145.18, 145.10,
144.56, 144.06, 142.96, 142.53, 142.39, 142.22, 141.96, 141.84, 141.52,
141.46, 140.99, 140.30, 139.74, 138.09, 136.06, 130.27, 127.34, 80.48, 72.80,
55.85 ppm; IR (KBr): ñ =1515, 1429, 1215, 1186, 1064, 840, 801, 793, 779,
739, 732, 703, 583, 527 cm�1; HRMS (+FAB): calcd for C61H2Cl2 ([M]


+


of 9): 805.9504; found: 805.9518.


H2@10 : To a mixture of indium ACHTUNGTRENNUNG(III) chloride (0.3 mg, 0.002 mmol) and
H2@8 (occupation level of 9%; 7.0 mg, 0.0085 mmol) in dry ODCB
(4 mL) was added chlorodiphenylsilane (5 mL, 0.026 mmol) under argon.
The brown solution was stirred at 60 8C for 1.5 h. After cooling to room
temperature, the reaction mixture was transferred to pentane (50 mL)
with vigorous stirring to give brown precipitates. The precipitates, collect-
ed by centrifuge, were further washed with pentane (50 mL) twice. The
solid was dissolved in CS2 (20 mL) and the resulting solution was filtered
through a filter paper. The filtrate was evaporated under reduced pres-
sure to give H2@10 contaminated with 6% of H2@9 (5.3 mg,
0.0066 mmol, 75% (calculated H2@10, 5.0 mg, 69%)) as a brown solid.
H2@10 : UV/Vis (cyclohexane): lmax (loge)=210 (5.34), 257 (4.88), 324
(4.37), 448 nm (3.63); 1H NMR (300 MHz, CS2–CDCl3 (1:1)): d=7.03 (s,
1H), 6.45 (s, 1H), �5.78 ppm (s, 0.18H); 13C NMR (75 MHz,
[D4]ODCB): d=153.30 (2), 151.68, 149.24, 148.75, 148.71, 148.66, 148.28,
148.21, 147.25, 147.18, 147.16, 146.86, 146.79, 146.72 (2), 146.48, 146.15,
145.59, 145.44, 145.36, 145.28, 144.96, 144.84, 144.64, 144.51, 144.32,
144.30, 144.21, 144.12, 143.95, 143.91, 143.78, 143.61, 143.55, 143.52,
143.15, 143.13, 143.05, 143.03, 143.00, 142.64, 142.57, 142.52, 142.49,
142.36, 142.27, 142.06, 141.91, 141.84, 141.21, 141.11, 139.87, 139.71,
139.12, 138.71, 137.97, 137.60, 77.74, 65.38, 48.95 ppm; IR (KBr): ñ=


1458, 1429, 1187, 833, 809, 788, 764, 751, 742, 729, 716, 704 cm�1; HRMS
(+FAB): calcd for C61H2Cl2 ([M]


+ of 10): 805.9504; found: 805.9483.


11: To a brown solution of 10 (38.2 mg, 0.047 mmol) in ODCB (20 mL)
was added tBuOK (5.4 mg, 0.048 mmol) at room temperature under
argon. After being stirred for 24 h, the mixture was treated with excess
trifluoroacetic acid. The solution was then diluted with toluene (10 mL),
and the resulting brown solution was washed with a saturated aqueous
solution of NaHCO3 (30 mL). The organic layer was dried over MgSO4
and evaporated under reduced pressure to give a residual brown solid.
This solid was dissolved in ODCB (6 mL), and the resulting solution was
subjected to preparative HPLC using Cosmosil 5PBB columns (two di-
rectly connected columns, 20 mmM250 mm, with ODCB as a mobile
phase; flow rate: 3 mLmin�1) to give 11 (10.6 mg, 0.014 mmol, 29%) as a
brown solid. UV/Vis (CHCl3): lmax (log e)=260 (5.08), 326 (4.54), 428
(3.37), 486 (3.15), 686 nm (2.28); 1H NMR (300 MHz, CS2–C6D6 (5:1)):
d=5.50 ppm (s); 13C NMR (100 MHz, CS2–C6D6 (5:1)): d=146.60,
145.56, 145.52, 145.50, 145.42, 145.36, 145.08, 145.05 (2), 144.94, 144.81,
144.78 (2), 144.60, 143.93, 143.89, 143.56, 143.49, 143.32 (2), 143.15,
142.81, 142.49, 142.48, 142.38, 141.57, 141.40, 139.70, 136.91, 128.54 (2),
75.24, 44.01 ppm; IR (KBr): ñ =1428, 1186, 859, 819, 740, 711, 577, 561,
526, 500, 474, 448, 403 cm�1; HRMS (+FAB): calcd for C61HCl ([M]


+):
767.9766; found: 767.9756.


H2@12 : A solution of 1-octynyllithium was prepared by adding 1.6n


nBuLi in hexane (0.83 mL, 1.33 mmol) to a stirred solution of 1-octyne
(0.22 mL, 1.43 mmol) in THF (1.95 mL) at 0 8C and stirring for 30 min.
To a vigorously stirred suspension of H2@C60 (occupation level of 9%;
16.3 mg, 0.023 mmol) in THF (16 mL) was added the solution of 1-octy-
nyllithium dropwise at room temperature. A total of 0.20 mL
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(0.090 mmol) of the solution was added over 1 min to give a dark green
solution. The mixture was treated with excess trifluoroacetic acid to give
a dark brown suspension, which was evaporated under vacuum. The re-
sidual solid was extracted with CS2 (3 mL). The resulting brown solution
was evaporated, and the residual brown solid was dissolved in toluene
(2.5 mL). This solution was subjected to preparative HPLC using Cosmo-
sil Buckyprep columns (two directly connected columns, 10 mmM
250 mm, with toluene as a mobile phase; flow rate: 4 mLmin�1) to give
H2@12 (12.7 mg, 0.015 mmol, 68%) as a brown solid. 1H NMR
(300 MHz, CS2–CDCl3 (1:1)): d=6.96 (s, 1H), 2.62 (t, 2H), 1.83 (m, 2H),
1.63 (m, 2H), 1.44 (m, 4H), 0.97 (t, 3H), �4.75 ppm (s, 0.18H). Reported
data for 12 : 1H NMR (300 MHz, CS2–CDCl3 (1:1)): d=6.96 (s, 1H), 2.62
(t, 2H), 1.84 (m, 2H), 1.64 (m, 2H), 1.44 (m, 4H), 0.97 ppm (t, 3H).[12]


Generation of H2@6
� : Compound H2@12 (occupation level of 9%;


3.7 mg, 0.0045 mmol) was weighed into a glass tube (outer diameter:
5 mm) having an NMR tube and another branched glass tube as side
arms. In the branched glass tube was placed a 0.023m THF solution of
tBuOK (0.22 mL, 0.0058 mmol) by the use of a long-needle syringe under
argon. The whole system was connected to a vacuum line, and the solvent
was evaporated. [D8]THF (0.75 mL) was dried over Na and was then
vacuum transferred onto tBuOK. The whole system was sealed under
vacuum. The solution of tBuOK was mixed well with H2@12 to give a
dark green suspension. The suspension was filtered through a cotton plug
placed in the glass tube, and the dark green filtrate was poured into the
NMR tube. The NMR tube was sealed off and subjected to NMR mea-
surement. 1H NMR (400 MHz, [D8]THF): d=2.75 (t, 2H), 1.93 (m, 2H),
�0.60 ppm (s, 0.18H) (other signals of the 1-octynyl moiety overlapped
with the signals of tBuOK, tBuOH, and THF).
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Introduction


Fullerene derivatives bearing light-absorbing fragments,[1]


and their supramolecular assembly,[2] have been the subject
of numerous studies related to interest in photovoltaic devi-
ces and in light-harvesting systems in nature.[3] Among
them, covalently multifunctionalized molecules bearing sev-
eral integrated chromophores on the fullerene core have at-
tracted special attention.[4,5] Such multifunctionalized mole-
cules are, however, almost inevitably very large, and conse-
quently, their synthesis requires many synthetic steps.
Herein, we report on a quick and effective synthesis of
[60]fullerene derivatives that bear five pyrene units, on the
structural analysis of these molecules and their molecular
assembly in crystals, and on their absorption and emission


spectra. From these data, we can elucidate the structural de-
pendence of the energy transfer between the excited state of
the pyrene moieties and the fullerene core.


Results and Discussion


Synthesis of the PentaACHTUNGTRENNUNG(pyrenyl)[60]fullerene Derivatives


In this paper, we describe the synthesis of four penta-
ACHTUNGTRENNUNG(pyrenyl)[60]fullerene derivatives that have five pyrenyl
groups with either a direct connection or phenylene, phenyl-
ene-oxycarbonyl, and phenylene-oxycarbonylpropyl spacers
(Scheme 1). Compounds 1 and 2 were prepared in a single
step, and compounds 3 and 4 in several steps. The regiose-
lective penta-arylation reaction of 1-pyrenyl and 4-(1-pyre-
nyl)phenyl Grignard reagents[6] with [60]fullerene in the
presence of a copper salt afforded 1 and 2 in a near-quanti-
tative yield. The reaction required moderate heating (40 8C),
which perhaps indicates that these hindered Grignard re-
agents are less reactive than the corresponding phenyl re-
agent. To obtain 3 and 4, we first synthesized penta(4-hy-
droxyphenyl)[60]fullerene[7] from the reaction of [60]fuller-
ene with a [4-(tetrahydropyranyloxy)phenyl]copper reagent,
followed by deprotection of the tetrahydopyranyl group
with a catalytic amount of p-toluenesulfonic acid. Esterifica-
tion of the penta(hydroxyphenyl)[60]fullerene with pyrene-
carboxylic and 3-(1-pyrenyl)propanoic acid chlorides in the
presence of a base produced the expected pentapyrenyl
compounds 3 and 4. All the pyrenyl compounds were ob-


Abstract: A new type of fullerene–
pyrene hybrid molecule, C60Ar5R [Ar=


1-pyrenyl, 4-(1-pyrenyl)C6H4, 4-{(1-pyr-
enyl)CO2}C6H4, and 4-{(1-pyrenyl)-
ACHTUNGTRENNUNG(CH2)3CO2}C6H4; R=H and Me] was
synthesized by a regioselective penta-
addition reaction using organocopper
reagents. The compounds were investi-


gated using electrochemical measure-
ments, DFT calculations, single-crystal
X-ray structural analysis, and spectro-


scopic and fluorescence measurements.
Intramolecular and intermolecular full-
erene–pyrene and pyrene–pyrene inter-
actions were characterized in the crys-
tals. Fluorescence measurements in
dilute solutions suggested the presence
of intramolecular fullerene–pyrene and
pyrene–pyrene interactions.
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pi interactions · pyrene
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tained in moderate to good overall yields, and were accepta-
bly stable in air. Compound 1 showed poor solubility in all
solvents, but compounds 2–4 were much more soluble, for
example, in aromatic solvents, CS2, THF, chloroform, and di-
chloromethane. In particular, compound 4 showed good sol-
ubility, even in aliphatic solvents. Characterization of the
compounds was performed using NMR and MS, as well as
X-ray crystallography for 1 and 3.


We also synthesized the corresponding methylated com-
pounds, C60(1-pyrenyl)5Me (1’), C60ACHTUNGTRENNUNG[C6H4-(1-pyrenyl)]5Me
(2’), C60[C6H4-OCO-(1-pyrenyl)]5Me (3’), and C60[C6H4-
OCO- ACHTUNGTRENNUNG(CH2)3-(1-pyrenyl)]5Me (4’), which were obtained by
deprotonation of 1–4 and subsequent electrophilic methyla-
tion with methyl iodide in quantitative yield.[8] In contrast to
1 to 4, which tended to be oxidized on standing and were re-
active under reducing electrochemical conditions,[9] the me-
thylated products were very stable in solution under air for
a long period. Therefore, the methylated products were used
in the electrochemical experiments, while the protio com-


pounds were used for crystallographic and spectroscopic
analyses.


The 1H NMR spectra of these compounds are of interest
(Figure 1). First, the C1-symmetric pattern of the spectrum
of 1’ (Figure 1, bottom), owing to a restriction on the rota-
tion of the pyrene groups, was apparent. This is in contrast
to the Cs-symmetric pattern of 1 (Figure 1, top) and the
other flexible compounds, 2–4 and 2’-4’ (data not shown).
The magnetic anisotropic effects of the fullerene p-electron-
conjugated system caused the protons at the C1’’ and C9 po-
sitions in 1 and 1’ to undergo large changes in their chemical
shift. Thus, the signals owing to the C9 pyrene protons in 1
and 1’ (e.g., d=9.87 ppm in 1) are shifted significantly
downfield in comparison to pyrene itself (d=8.1 ppm). In
contrast, the C1’’ pyrene protons were shifted significantly
upfield (e.g., d=5.30 ppm in 1 vs. 7.66 ppm for pyrene).


Electrochemical Properties and Electronic Structures of the
PentaACHTUNGTRENNUNG(pyrenyl)[60]fullerene Derivatives


Cyclic voltammetric analysis of the pentapyrenylated deriva-
tives was performed to investigate the electronic perturba-
tion of the fullerene unit by the five pyrene groups. Com-
pounds 1’–4’ exhibited two reversible one-electron reduc-
tions for the fullerene part, and one reversible three- to
five-electron reduction for the five pyrene groups (Figure 2).
The first and second reduction potentials (�1.31 and
�1.81 V, respectively, versus a ferrocene/ferrocenium
couple) owing to the fullerene 50p-electron system were
shifted to the positive side compared to the reference penta-
aryl compound, C60(C6H4-nBu-4)5Me (Figure 3), because of


Abstract in Japanese:


Scheme 1. Synthesis of penta ACHTUNGTRENNUNG(pyrenyl)[60]fullerenes. THP= tetrahydopyranyl, DMAP=4-dimethylaminopyridine.
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the electron-withdrawing nature of the pyrene unit. This
tendency was observed most conspicuously in 1’, where the
pyrene unit is directly connected to the fullerene core.


DFT calculations of 1 at the B3LYP/6-31G* level were
performed to study the molecular orbital characteristics.
The lowest unoccupied molecular orbital (LUMO=


�2.857 eV) is localized at the fullerene 50p-electron system


(Figure 4a), while the lowest unoccupied molecular orbital
of the pyrene part was observed at �1.769 eV as LUMO+4
(see the Supporting Information). The highest occupied mo-
lecular orbital (HOMO) is localized on the pyrene groups
(Figure 4b). We can surmise that the HOMO–LUMO orbi-
tal interaction between the pyrene part and the fullerene
core may have a favorable effect on the formation of the
one-dimensional head-to-tail stacking of the molecules, as
discussed later.


X-ray Structural Analysis and Supramolecular Interactions
in the Crystals


X-ray crystallographic analysis of 1 and 3 revealed two dif-
ferent types of intermolecular interactions in the crystals
(Figures 5–8). Single crystals suitable for X-ray diffraction
analysis were obtained by slow diffusion of ethanol into a
solution of 1 in CS2 and a solution of 3 in chloroform.


Figure 1. 1H NMR spectra of the penta ACHTUNGTRENNUNG(pyrenyl)[60]fullerenes 1 and 1’ in CDCl3 at 25 8C.


Figure 2. Electrochemical propeties of 2’. a) Cyclic voltammogram.
b) Differential pulse voltammogram. Both measurements were per-
formed at 25 8C in a THF solution containing nBu4NClO4 as a supporting
electrolyte.


Figure 3. Reduction potentials of the penta ACHTUNGTRENNUNG(pyrenyl)[60]fullerenes 1’–4’,
reference compound, and pyrene at 25 8C in a THF solution containing
nBu4NClO4 as a supporting electrolyte.
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In the crystal structure of 1, the pyrene groups form a
propeller-like arrangement from the steric repulsion be-
tween the hydrogen atom on the fullerene skeleton and the
hydrogen atom of the neighboring pyrene group (Fig-
ure 5b). The picture in Figure 5b combined with molecular
modeling suggests that a slight twisting of the two neighbor-
ing pyrene units allows them to assume a near-parallel ori-
entation that is suitable for photoexcimer formation in solu-
tion (see below).


The distance between the two fullerene molecules of 1 in
a unit cell is 10.2 N (compare the van der Waals distance be-
tween [60]fullerene molecules in their face-centered cubic
crystal of 10.0 N), and hence, the fullerene p surfaces are
pushed tightly against each other. In addition, it can be seen
that the fullerene p and the pyrene p surfaces interact with
each other (Figure 6b). This interaction holds the two mole-
cules together side by side, as seen in Figure 6a and b. We
can surmise that the 1-pyrene unit is too small to embrace
the second molecules of 1 to form the linear array observed
in 3.


The crystal structure of 3 showed an entirely different
supramolecular profile, because of the deep, cup-shaped


cavity[10] formed by the phenylene-oxycarbonyl spacer
(Figure 7). We can readily see that the fullerene moiety in 3
is surrounded by the pyrene units of the next nearest neigh-
bor (Figure 8a), and therefore forms a one-dimensional col-
umnar array. The fullerene moiety cannot have a direct in-
teraction with the fullerene moiety of the neighboring mole-
cules (unlike in 1, as shown in Figure 6a), but instead, the
pyrene groups interact with the pyrene groups of the nearest
neighbor (Figure 8a) to form a quasi-hexagonal packing
with an antiparallel arrangement (Figure 8b). The fullerene–


Figure 4. Molecular orbital representation of 1: a) LUMO; b) HOMO.
The data were obtained from DFT calculations (B3LYP/6-31G*).


Figure 5. The molecular structure of 1. a) ORTEP drawing with thermal
ellipsoids at the 30% probability level. Solvent molecules have been
omitted for clarity. b) A top view of the CPK model. c) A side view of
the CPK model.


Figure 6. Crystal packing of 1. a) A side view. b) A view displaying the p–
p stacking between the fullerene and the pyrene groups. The crystal is tri-
clinic, space group P1̄, a=16.883(5) N, b=17.771(5) N, c=18.157(5) N,
a =107.007(5)8, b =103.635(5)8, g=103.635(5)8, V=4456.0(2) N3.


Figure 7. ORTEP drawing of 3 with thermal ellipsoids at the 30% proba-
bility level. a) A side view. b) A top view. Crystals suitable for X-ray
analysis were obtained as 3·4CHCl3. The solvent molecules have been
omitted for clarity.


Figure 8. Crystal packing of 3. a) A side view. b) A top view. A single
layer is shown in this figure. The solvent molecules have been omitted
for clarity. The crystal is monoclinic, space group P21/c (No. 14), a=


22.125(5) N, b=25.296(5) N, c=22.351(5) N, b=90.49(5)8, V=


12508.8(9) N3.
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pyrene separation in 3 is 3.11 N, which is 10% shorter than
that in 1. The interfullerene distance within the column for
3 is 11.25 N, which is long, as a result of the presence of the
cyclopentadiene hydrogen atom in the bottom of the cavity.


Energy-Transfer Properties and Supramolecular
Interactions in Solution


The pyrene and fullerene groups have their own characteris-
tic absorption and emission properties. The pyrene molecule
itself shows a strong absorption in the UV region, with an
absorption maximum at labs=336 nm (e=4.8R104


m
�1 cm�1).


The fluorescence of the pyrene molecule C16H10 occurred
through monomer and excimer emissions (lem=360–420 and
440–540 nm, respectively) with a large fluorescence quantum
yield. The penta ACHTUNGTRENNUNG(organo)[60]fullerenes generally showed a
broad UV absorption, featuring a characteristic absorption
maximum at about 340–360 nm (e�2R105


m
�1 cm�1) and


weaker absorptions in the visible range extending to labs


�670 nm (Table 1). On the other hand, the penta-


ACHTUNGTRENNUNG(organo)[60]fullerenes showed a very weak fluorescence at
labs�630 nm (in toluene, for C60Me5H, f=2.2R10�3, and for
C60Ph5H, f=1.5R10�3).[11]


The UV absorption spectra of 1 to 4 are roughly superim-
positions of those of the individual components, fullerene
and pyrene, except that the pyrene absorption of 1 (357 nm)
was more red shifted than the other compounds (Figure 9a),
because of the strong intramolecular electronic interaction
of the fullerene and the pyrene moieties in 1. The most re-
markable observation is the very low quantum yield of the
emission of 1–4 (f on the order of 10�3 to 10�2), as opposed
to the very high value of pyrene itself (f=0.65). The fluo-
rescence quantum yield decreased to f=1.7R10�3 for 1 and
3.3R10�3 for 4, compared to the strong emission of the
pyrene groups.


Interestingly, the fluorescence spectra of 1 and 4 showed
maxima at lem=460 nm and 483 nm, respectively, indicating
that the emission occurred from a dimeric pyrene excimer
even at very low concentrations of 5R10�6m, accompanied
by weak emission of the fullerene 50p-electron systems at
lem=620–630 nm (Figure 9b). No, or very small, emission of


the monomeric pyrene group was observed. Therefore, we
conclude that the excimer emission occurred intramolecular-
ly from neighboring pyrene groups. In 1, the dimer responsi-
ble for the excimer emission is the one formed by the twist-
ing of the propeller structure (Figures 5 and 10), and in 4,
the excimer emission is due to an intramolecular pyrene–
pyrene interaction, as shown in Figure 10. Flexible spacers
in 4 likely contribute to form the dimeric structure of the
pyrene groups within the molecule.


In contrast, compounds 2 and 3 did not show any excimer
emission (i.e., no emission at lem=460–480 nm), but showed
weak monomer emission lem=437 nm and 420 nm, respec-
tively, with quantum yields of f=1.1R10�2 and 1.2R10�2, re-
spectively. The tether connecting the pyrene and the fuller-


Table 1. Spectroscopic data of 1–4 in a 5 mm solution at 25 8C.


Compd Solvent lmax
abs


[nm] ([eV])
e [m�1 cm�1] lmax


em


[nm] ([eV])
f[a]


1 CH2Cl2 357 (3.47) 2.1R105 460 (2.70) 1.7R10�3


1 toluene 357 (3.47) 2.1R105 450 (2.76) n.d.
2 CHCl3 347 (3.57) 2.0R105 437 (2.84) 1.1R10�2


3 CHCl3 357 (3.47) 1.7R105 420 (2.95),
441[b] (2.81)


1.2R10�2


4 CHCl3 345 (3.59) 2.2R105 395[b] (3.14),
483 (2.57)


3.3R10�3


pyrene cyclohexane 336 (3.36) 4.8R104 369 (3.36),
437 (2.62)[b]


0.65


[a] Quantum yield was determined using rhodamine B as a standard.
[b] Shoulder peak. n.d.=not determined.


Figure 9. a) Absorption spectra of 1 (blue line), 4 (purple line), and
pyrene (gray line). b) Emission spectra of 1 (blue line), 4 (green line),
and pyrene (gray line). Solvents: cyclohexane (pyrene), toluene (1), and
chloroform (4). Concentration: 1.0R10�5 m (absorption) and 1.0R10�6m


(emission).


Figure 10. Intramolecular interaction between the neighboring pyrene
groups of 1 and 4.
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ene moieties was neither very short nor very long, and
therefore, the pyrene moieties in a dilute solution could
only emit light as the monomer.


Conclusions


In this study, we have reported on the efficient synthesis of
fullerene–pyrene hybrid molecules, penta-
ACHTUNGTRENNUNG(pyrenyl)[60]fullerenes that bear five pyrene groups. The
molecules form either a head-to-tail columnar array (for 3)
featuring fullerene–pyrene interactions, or a linear fullerene
array featuring strong fullerene–fullerene interactions (for
1). The photoenergy absorbed by the pyrene units was read-
ily transferred to the fullerene moiety, and hence, the
pyrene fluorescence was largely quenched. A low residual
fluorescence was due to excimers in molecules of 1 and 4,
and due to monomers in 2 and 3. This difference can be as-
cribed to either structural flexibility or to the inflexibility of
the tether connecting the pyrene and the fullerene moieties.
We recently reported that fullerene molecules related to
those reported above can be attached to an indium tin oxide
surface and allowed to generate photoelectric current with a
quantum yield of about 20% (irradiation at 400 nm).[12]


Therefore, we expect that installation of a light-harvesting
antenna similar to the above pyrene rings would enhance
the efficiency of such a molecular photovoltaic device.


Experimental Section


General


All the reactions dealing with air- or moisture-sensitive compounds were
performed in an oven-dried reaction vessel under an argon or nitrogen
atmosphere using standard Schlenk techniques. Air- and moisture-sensi-
tive liquids and solutions were transferred via a syringe or a stainless
steel cannula. Analytical thin-layer chromatography (TLC) was per-
formed on glass plates with 0.25 mm 230–400 mesh silica gel containing a
fluorescent indicator (Merck, #1.05715.0009). The TLC plates were vi-
sualized by exposure to an ultraviolet lamp (254 nm and/or 356 nm).
Flash column chromatography was performed on Kanto Silica gel 60
(spherical, neutral, 140–325 mesh), as described by Still et al.[13] The
water content of the solvents was determined to be less than 30 ppm
using a Karl Fischer moisture titration (MK-210, Kyoto Electronics Co.,
Japan). High-performance liquid chromatography (HPLC) was used to
monitor the reactions (column=Nomura Chemical Develosil RPFuller-
ene, 4.6R250 mm or Nacalai Tesque Cosmosil Buckyprep, 4.6R250 mm,
detector=Shimadzu SPD-M10Avp, detection at 350 nm). The fluores-
cence quantum yields were determined according to a literature proce-
dure.[14] The yields were calculated based on the starting fullerene com-
pounds.


All 1H NMR spectra were taken at 500 MHz (JEOL ECA-500 spectrom-
eter). The chemical shift values for the protons were reported in parts
per million (ppm, d scale) from an internal tetramethylsilane standard
(d=0.00 ppm) or from the residual protons of the deuterated solvent for
1H NMR (e.g., d =7.26 ppm for chloroform), and from the solvent
carbon atoms (e.g., d=77.00 ppm for chloroform) for the 13C NMR data.
The data were presented as follows: chemical shift, multiplicity (s= sin-
glet, d=doublet, m=multiplet and/or multiplet resonances), coupling
constant (in Hz), signal area integration in natural numbers, and assign-
ment (in italics). The IR spectra were recorded using a React IR 1000
Reaction Analysis System equipped with DuraSample IR (ASI Applied


System) and were reported in cm�1. The UV/Vis and fluorescence spectra
were recorded using Hitachi U3500 and Hitachi F4010 spectrometers, re-
spectively. The mass spectra were recorded using Waters ZQ2000 or
JEOL JMS T100 LC mass spectrometers.


Materials: All commercially available reagents, except those noted
below, were used after nitrogen saturation or recrystallization. Anhy-
drous tetrahydrofuran (THF) was purchased from Kanto Chemical Co.,
Inc. (free from stabilizer) and dried by distillation over a Na/K alloy. The
1,2-Cl2C6H4 used was dried by distillation from CaH2 and stored under
4 N molecular sieves. The CuBr·SMe2 used was freshly prepared from
CuBr (washed with methanol before use) and dimethyl sulfide and repre-
cipitated from pentane.[15] A solution of KOtBu in THF was purchased
from Aldrich Inc., and was used as received. The 1-pyreneboronic
acid,[16] 1-(4-bromophenyl)pyrene,[17] and pyrene-1-carboxylic acid[18] were
prepared according to a literature procedure. The penta(4-hydroxyphe-
nyl)[60]fullerene, C60ACHTUNGTRENNUNG(C6H4OH)5H, was synthesized according to a previ-
ous report.[7a]


Synthesis


1: A THF solution of 1-pyrenylmagnesium bromide (0.70m, 10 mL,
7.0 mmol) at 0 8C was added to a suspension of CuBr·SMe2 (1.44 mg,
7.0 mmol) and C60 (500 mg, 0.70 mmol) in 1,2-Cl2C6H4 (20 mL). The reac-
tion mixture was then warmed to 25 8C, and stirred for a period of 12 h.
The reaction was monitored using HPLC (Buckyprep, eluent=7:3 tolu-
ene/2-propanol, flow rate=2.0 mLmin�1, retention time=5.1 min), until
completion of the reaction. The reaction was quenched by using an aque-
ous saturated NH4Cl solution (ca. 0.5 mL), followed by the removal of
any volatile materials under reduced pressure. The mixture was diluted
with toluene and CS2 (5:5 toluene/CS2, ca. 200 mL) and filtered through a
pad of silica gel. The orange-colored eluent was evaporated to obtain a
solid. The crude product was purified using silica gel column chromatog-
raphy (0%–5% toluene in CS2) to obtain the desired compound (880 mg,
70%) as a red solid after recrystallization using CS2 and ethanol.
1H NMR (500 MHz, CDCl3): d =5.30 (d, J=9.5 Hz, 1H, C16H9), 6.26 (s,
1H, C60-H), 6.86 (d, J=7.7 Hz, 1H, C16H9), 6.94 (d, J=8.3 Hz, 1H,
C16H9), 7.24 (d, J=9.7 Hz, 2H, C16H9), 7.50 (d, J=8.3 Hz, 2H, C16H9),
7.56–7.64 (m, 7H, C16H9), 7.70 (t, J=8.5 Hz, 2H, C16H9), 7.76 (d, J=


8.8 Hz, 1H, C16H9), 7.79 (d, J=8.8 Hz, 2H, C16H9), 7.82 (d, J=8.8 Hz,
1H, C16H9), 7.89 (d, J=8.5 Hz, 2H, C16H9), 7.91 (d, J=7.2 Hz, 2H,
C16H9), 7.95–7.99 (m, 8H, C16H9), 8.03 (d, J=9.1 Hz, 2H, C16H9), 8.07 (d,
J=7.5 Hz, 1H, C16H9), 8.19 (d, J=7.1 Hz, 2H, C16H9), 8.78 (t, J=8.0 Hz,
4H, C16H9), 8.81 (d, J=9.8 Hz, 2H, C16H9), 9.87 ppm (d, J=9.5 Hz, 2H,
C16H9); IR (ReactIR diamond probe): ñ=3043, 2964, 2930, 1507, 1496,
1459, 1436, 1415, 1291, 1248, 1214, 1181, 1166, 1142, 1111, 971, and
967 cm�1; APCI-HRMS (�) calcd for C140H45 [M�H]�: 1725.3521; found:
1725.3523.


1’: All the methylated compounds 1’–4’ were synthesized using a deproto-
nation/methylation method according to a previous report.[8] A THF solu-
tion of 1-pyrenylmagnesium bromide (0.70m, 10 mL, 7.0 mmol) was
added to a suspension of CuBr·SMe2 (1.4 g, 7.0 mmol) and C60 (500 mg,
0.70 mmol) in 1,2-Cl2C6H4 (20 mL) at 0 8C. The reaction mixture was
stirred at 25 8C for a period of 12 h. The reaction was monitored using
HPLC to confirm the conversion of the reaction. Methyl iodide
(0.44 mL) was added to this solution, and then the reaction solution was
refluxed. HPLC analysis suggested the completion of the methylation
after a period of 6 h (Buckyprep, eluent=7:3 toluene/2-propanol, flow
rate=2.0 mLmin�1, retention time=4.9 min). After the removal of any
volatile materials under reduced pressure, the crude mixture was diluted
with toluene and CS2 (5:5 toluene/CS2, ca. 200 mL) and filtered through a
pad of silica gel. The orange-colored eluent was evaporated to obtain a
solid. The crude product was purified using silica gel column chromatog-
raphy (0%–5% toluene in CS2) to obtain the desired compound (920 mg,
73%) as a red solid after recrystallization with CS2 and ethanol. 1H NMR
(500 MHz, CDCl3): d=1.97 (s, 3H, C60-CH3), 5.18 (d, J=9.1 Hz, 1H,
C16H9), 6.66 (d, J=7.5 Hz, 1H, C16H9), 6.92 (d, J=8.0 Hz, 1H, C16H9),
7.10 (d, J=9.1 Hz, 1H, C16H9), 7.17 (d, J=9.1 Hz, 1H, C16H9), 7.38–7.47
(m, 2H, C16H9), 7.53 (d, J=8.5 Hz, 1H, C16H9), 7.59–7.65 (m, 5H, C16H9),
7.69 (d, J=9.1 Hz, 1H, C16H9), 7.69–7.89 (m, 8H, C16H9), 7.95–8.12 (m,
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10H, C16H9), 8.17–8.25 (m, 6H, C16H9), 8.69 (d, J=9.1 Hz, 1H, C16H9),
8.78 (d, J=10.1 Hz, 1H, C16H9), 8.85 (d, J=8.0 Hz, 1H, C16H9), 8.91 (d,
J=8.0 Hz, 1H, C16H9), 9.03 (d, J=8.0 Hz, 1H, C16H9), 9.06 (d, J=8.0 Hz,
1H, C16H9), 9.36 (d, J=9.5 Hz, 1H, C16H9), 9.41 (d, J=10.0 Hz, 1H,
C16H9), 9.98 (d, J=9.1 Hz, 1H, C16H9), 10.10 ppm (d, J=9.5 Hz, 1H,
C16H9);


13C NMR (125 MHz, CDCl3): d=26.53 (C60-CH3), 60.34, 63.55,
64.48, 64.54, 64.96, 70.63, 123.85–131.35 (C16H9), 135.13, 139.15, 141.22,
141.37, 141.79, 143.72, 143.86, 143.88, 143.90, 144.04, 144.16, 144.17,
144.23, 144.28, 144.85, 144.89, 145.43, 145.56, 145.93, 146.17, 146.55,
147.63, 147.86, 147.97, 148.08, 148.15, 148.18, 148.29, 148.33, 148.56,
148.68, 148.74, 148.76, 148.85, 149.02, 149.15, 149.19, 149.72, 151.35,
153.83, 155.67, 155.93, 158.36, 159.58, 160.45, 162.07, 162.43, 165.58 ppm;
IR (ReactIR diamond probe): ñ =3043, 2964, 2930, 1507, 1496, 1459,
1436, 1415, 1291, 1248, 1214, 1181, 1166, 1142, 1111, 971, and 967 cm�1;
APCI-MS (�): m/z : 1739 ([M]�).


2 : A solution of C60 (50 mg, 0.070 mmol) in 1,2-Cl2C6H4 (2.0 mL) was
added at 0 8C to an organocopper reagent prepared from 4-(1-pyre-
nyl)C6H4MgBr[19](0.60m, 1.2 mL, 0.70 mmol) and CuBr·SMe2 (140 mg,
0.70 mmol) in THF (1.0 mL). The resulting dark brown suspension was
gradually warmed to 25 8C over a period of 30 min. The reaction was
monitored using HPLC, suggesting the reaction was complete after 6 h
(Buckyprep, eluent=7:3 toluene/2-propanol). The reaction was quenched
with an aqueous saturated NH4Cl solution (ca. 0.05 mL), followed by the
removal of any volatile materials under reduced pressure. The mixture
was diluted with toluene and CS2 (5:5 toluene/CS2, ca. 20 mL) and fil-
tered through a pad of silica gel. After an orange-colored eluent was
evaporated to obtain a solid, the crude product was purified using silica
gel column chromatography (0%–5% toluene in CS2) to obtain the de-
sired compound (110 mg, 72%) as an orange solid. 1H NMR (500 MHz,
CDCl3): d=5.74 (s, 1H, C60-H), 7.37–7.40 (m, 8H, C6H4), 7.47, 7.49 (m,
4H, C6H4), 7.57–7.60 (m, 8H, C6H4), 7.67–7.76, 7.78–7.84, 7.85, 7.87,
7.88–7.90, 7.92, 7.94, 7.95, 7.96, 7.97–7.98, 7.99–8.20, 8.18–8.20, 8.23,
8.25 ppm (m, 45H, C16H9);


13C NMR (125 MHz, CDCl3): d =34.75, 58.03,
58.97, 61.02, 124.57–125.24, 125.88–126.02, 127.06–128.45, 130.52–131.47,
136.64, 136.77, 137.12, 138.66, 139.43, 139.67, 140.24, 140.67, 140.83,
143.97, 144.22, 144.35, 144.33, 144.57, 144.63, 144.77, 145.84, 146.08,
147.14, 147.22, 147.87, 148.24, 148.57, 148.71, 148.80, 148.97, 152.34,
152.67 ppm; IR (ReactIR diamond probe); ñ =3037, 2964, 2933, 2848,
1602, 1584, 1559, 1517, 1497, 1488, 1459, 1434, 1418, 1405, 1289, 1192,
1177, 1111, 1073, 1023, 1005, and 967 cm�1; APCI-MS (�): m/z : 2105
([M]�).


Preparation of acid chlorides: Pyrene-1-carbonyl chloride: To a mixture
of pyrene-1-carboxylic acid (5.0 g, 2.05 mmol) and DMF (60 mL,
0.72 mmol) in dichloromethane (100 mL), thionyl chloride (0.4 mL,
5.2 mmol) was added dropwise at a rate sufficient to maintain a steady
evolution of gas. This solution was heated at reflux for a period of 2 h
and cooled to ambient temperature, and the excess thionyl chloride was
removed in vacuo to give the acid chloride, which was used in the next
reaction without further purification. 4-(Pyren-1-yl)butanoyl chloride was
prepared using the same procedure.


3 : To a mixture of C60 ACHTUNGTRENNUNG(C6H4OH)5H (200 mg, 0.17 mmol) and pyrene-1-
carbonyl chloride (300 mg, 1.1 mmol) in THF (80 mL), triethylamine
(0.16 mL, 1.2 mmol), and 4-dimethylaminopyridine (140 mg, 1.2 mmol)
were added at 0 8C. The reaction was monitored using HPLC, suggesting
the reaction was complete after a period of 3 h (RPFullerene, eluent=


5:5 toluene/methanol, flow rate=2.0 mLmin�1, retention time=5.0 min).
After the solvent was removed under reduced pressure, the resulting
crude product was purified using silica gel column chromatography with
CS2 and chloroform (5:5 CS2/chloroform) as eluents, and recrystallized
using chloroform and ethanol to obtain the desired compound (280 mg,
70%) as reddish-orange microcrystals. 1H NMR (500 MHz, CDCl3): d=


5.56 (s, 1H, C60-H), 7.36–7.41 (m, 8H, C6H4), 7.47–7.51 (m, 4H, C6H4),
7.65–7.68 (m, 8H, C6H4), 7.83–8.36, 8.87–8.93, 9.29, 9.30, 9.34–9.37, 9.51,
9.53 ppm (m, 45H, C16H9).


13C NMR (125 MHz, CDCl3): d =58.4, 58.6,
62.1, 63.1, 93.8, 99.7, 121.0, 121.7, 121.8, 122.5–122.8, 123.8–124.0, 124.7–
125.0, 126.0–126.4, 126.5, 126.8–127.1, 128.8, 129.0–129.3, 129.7–130.2,
130.5–130.8, 131.8–131.9, 132.6, 134.6, 134.7, 135.5, 136.8, 136.9, 141.3,
142.8, 142.9, 143.3, 143.6, 143.9, 144.2, 144.2–144.8, 145.2, 145.4, 145.7,


145.8, 146.8, 147.0, 147.1, 147.7, 148.0, 148.1, 148.2, 148.4, 148.6–148.8,
150.2, 150.7, 150.9, 151.3, 151.5, 151.9, 152.3, 155.0, 156.0, 159.163.1,
165.4 ppm; IR (ReactIR diamond probe): ñ =3043, 2964, 2952, 2890,
1727 (s), 1596 (s), 1503 (s), 1385, 1328, 1248, 1229, 1206, 1191, 1142, 1123,
1123, 1079, 1017, 1017, and 971 cm�1; APCI-MS (�): m/z : 2325 ([M]�).


4 : Compound 4 was synthesized using the same synthetic route as 3 start-
ing from C60ACHTUNGTRENNUNG(C6H4OH)5H (300 mg, 0.25 mmol) and 4-(pyren-1-yl)butano-
yl chloride (520 mg, 1.7 mmol). The desired compound was obtained as
an orange solid (560 mg, 87%). 1H NMR (500 MHz, CDCl3). d=2.07–
2.18 (m, 10H, CH2), 2.44–2.52 (m, 10H, CH2), 3.17–3.26 (m, 10H, CH2),
5.18 (s, 1H, C60-H), 6.88–6.92 (m, 10H, C6H4), 6.99–7.01 (m, 10H, C6H4),
7.31, 7.33, 7.49, 7.50, 7.61–8.13, 8.19, 8.21, 8.23, 8.25, 8.28, 8.29, 8.31 ppm
(m, 45H, C16H9);


13C NMR (125 MHz, CDCl3): d=26.54, 26.83, 32.46,
32.54, 33.77, 33.93, 63.17, 93.84, 99.71, 122.08, 122.16, 123.13, 123.23,
124.77, 124.85, 124.91, 125.35, 125.73, 126.67, 127.24, 127.36, 127.42,
128.27, 128.34–129.07, 129.83, 130.78, 130.92, 131.45, 131.57, 135.32–
136.16, 136.93, 137.07, 137.82, 142.87, 143.04, 143.27, 143.93, 144.07,
144.12, 144.25, 144.97, 145.22, 145.57, 146.81, 146.94, 147.02, 147.27,
147.53, 147.98, 148.04, 148.18, 148.24, 148.58, 148.62, 149.19–150.14,
151.12, 151.75, 152.33, 155.67, 171.64, 171.77, 173.42 ppm; IR (ReactIR
diamond probe): ñ=3041, 2939, 2875, 1756 (s), 1603 (w), 1503 (s), 1459,
1416, 1208, 1169, 1123 (s), 1017, 1017, and 841 cm�1; APCI-MS (�): m/z :
2535 ([M]�).


X-ray Crystallographic Analysis


The data sets of 1 and 3 were collected using a MacScience DIP2030
Imaging Plate diffractometer employing MoKa radiation (graphite mono-
chromated, l =0.71069 N). The positional and thermal parameters of the
non-hydrogen atoms were refined anisotropically on F2 using the full-
matrix least-squares method employing the SHELXL-97 software pro-
gram.[20] The hydrogen atoms were placed at the calculated positions and
refined using a riding mode on their corresponding carbon atoms.
CCDC-682300 and 682301 contain the supplementary crystallographic
data for this paper.


Electrochemical Measurements


Cyclic voltammetry and differential pulse voltammetry were performed
using a Hokuto Denko HZ-5000 voltammetric analyzer. A glassy carbon
electrode, platinum coil, and an Ag/Ag+ electrode were used as the
working, counter, and reference electrodes, respectively. All half-wave
potentials E1/2= (Epc+Epa)/2, where Epc and Epa are the cathodic and
anodic peak potentials, respectively, were corrected against a ferrocene/
ferrocenium couple, Fc/Fc+ .


Theoretical Calculations


All the theoretical calculations were performed using the Gaussian03
software package. The density functional theory (DFT) method was em-
ployed using the B3LYP hybrid functional.[21] A 6-31G* basis set was
used for the geometry optimization of model compounds 1 and 1’.[22]
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Introduction


“Transition-metal-catalyzed living radical polymerization”[1]


is a family of precisely controlled, chemo- and regioselec-
tive, repetitive radical-addition reactions towards alkenes
(monomers), mediated by transition-metal catalysts such as
ruthenium, copper, iron, and nickel complexes (Scheme 1).
A key process therein is the metal-assisted reversible and
selective generation of a growth-active carbon radical from
an alkyl halide carrying a conjugating, and thus, radical-sta-
bilizing a-substituent; the precursor halide may be a small
molecule (initiator) or a polymeric analogue (dormant spe-
cies) thereof.
In this metal-assisted living process, as its name implies,


the metal complex is vital. Its low-valence form catalyzes
the homolytic dissociation of the alkyl-halide initiator or the
dormant end, whereas the higher-valence form does the
back reaction, that is, the regeneration of the halogen-


capped dormant species from the growing radical. In sum-
mary, the catalysis involves a reversible one-electron redox
process, in which the halogen is exchanged between the
halide and the metal catalyst by the active carbon radical.
The dynamic-fast-exchange process maintains the instanta-
neous radical concentration much lower than in the conven-
tional radical polymerization, thereby suppressing the bimo-
lecular radical termination and other side-reactions inherent
to radicals, whereas ensuring all the dormant ends have a
virtually equal probability to dissociate and grow, and ensur-
ing a very narrow molecular-weight distribution (MWD) of
the polymer product.
With such an unprecedented precision control, along with


the availability of highly versatile and tunable metal cata-
lysts, metal-catalyzed living radical polymerization is now a


Abstract: The systematic search and
design of phosphine ligands (PR3) and
amine cocatalysts resulted in obtaining
pentamethyl-cyclopentadienyl (Cp*)
ruthenium(II) phosphine complexes
[RuCp*Cl ACHTUNGTRENNUNG(PR3)2], which are highly
active and removable catalysts, for
transition-metal-catalyzed living radical
polymerization of methyl methacrylate
(MMA). The catalysts are conveniently
prepared in situ from a tetrameric pre-


cursor [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4 and a selected
phosphine (PR3). The combination of
the meta-tolyl phosphine [P ACHTUNGTRENNUNG(m-Tol)3]
ligand and a primary diamine cocata-
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control of the molecular weight of the
polymer. The high activity enables a
low catalyst dose and a high turn-over
frequency without deteriorating the
controllability. A hydrophilic amine co-
catalyst (amino alcohol) in place of the
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Scheme 1. Transition-metal-catalyzed living radical polymerization.
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universal “tool” to design and synthesize not only well-de-
fined polymers but also tailored and functionalized polymer-
ic materials. The widespread application of this reaction, in
turn, now requires more active and versatile catalysts to
enable element-economical processes with a high catalytic
turn-over efficiency, and also, that may readily be removed
and possibly recycled, so as to obtain cleaner products.
This paper addresses these current requisites for the


metal-catalyzed living radical polymerization with rutheni-
um (RuII) catalysts. The primary objectives include the de-
velopment of highly active catalyts, with an additional re-
movability, by the design of phosphine ligands and amine
cocatalysts (additives).
For living radical polymerization, a variety of transition-


metal catalysts have evolved,[1,2] some of which are actually
directed towards their enhance catalytic activity and facile
removal for more simplified and cost-effective processes.
For example, in the copper-catalyzed living radical polymeri-
zation (atom-transfer radical polymerization), highly active
catalytic systems have been developed with the use of re-
ducing agents,[3] improved ligands,[4] and/or zero-valence
metal Cu0 for a CuI catalyst.[5]


As demonstrated in the representative ruthenium-cata-
lyzed organic reactions and polymerizations, including those
pioneered by Noyori and Grubbs,[6] ruthenium complexes
offer quite attractive catalysts, particularly with regards to
the high tolerance to functional groups and facile tunability
by a variety of ligands. This is equally the case for living rad-
ical polymerization, and RuII-based catalysts have extensive-
ly been developed since our first discovery.[7] For example,
half-ruthenocene complexes [e.g., [RuACHTUNGTRENNUNG(Ind)Cl ACHTUNGTRENNUNG(PPh3)2]; Ind=


h5-C9H7] are active, versatile, and applicable to high-molecu-
lar-weight polymers and block copolymers.[8–10] Their catalyt-
ic efficiency is thus intrinsically low (typically, [catalyst]0/[in-
itiator]0=1:10) but not low enough, and their removal is not
efficient.
This work is more specifically directed to the systematic


design of ligands and cocatalysts for ruthenium (RuII) cata-
lysts, by which new, highly active, and removable complexes
are generated in situ, while retaining the advantage of the
functionality tolerance of the RuII catalysts. Herein, we
focus on pentamethylcyclopentadiene [Cp*: h5-C5ACHTUNGTRENNUNG(CH3)5]-
based ruthenium complexes ([Ru ACHTUNGTRENNUNG(Cp*)Cl ACHTUNGTRENNUNG(PR3)2]; PR3=


alkyl and aryl phosphines; Scheme 2). The Cp* family
would be potentially active and versatile, as judged from the


low redox potential[11] and our recent studies with the PPh3
derivative[9,10] , demonstrating fast halogen exchange with
alkyl halides and applicability to both methacrylate and sty-
rene. Another advantage is that [RuACHTUNGTRENNUNG(Cp*)Cl ACHTUNGTRENNUNG(PR3)2] can
readily be prepared in situ by mixing a tetrameric precursor
[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4 and a PR3 ligand


[12] .
Our objectives specifically include the design of more


active and removable [RuACHTUNGTRENNUNG(Cp*)ClACHTUNGTRENNUNG(PR3)2] catalysts by sys-
tematically examining the electronic and steric effects of the
PR3 on the catalytic activity and controllability, in conjunc-
tion with the use of bifunctional amine cocatalysts in the
polymerization of methyl methacrylate (MMA).


Results and Discussion


Ligand Design


According to Scheme 2, Cp*-based ruthenium complexes
[Ru ACHTUNGTRENNUNG(Cp*)Cl ACHTUNGTRENNUNG(PR3)2] were prepared in situ by the reaction of
[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4 with two equivalents of a phosphine (PR3)-
bearing different substituent(s) with varying electronic and
steric (bulkiness) factors. Without isolation and purification,
the prepared complexes were directly employed as catalysts
for the MMA polymerization, coupled with a chloride initia-
tor [H-(MMA)2-Cl] and dibutylamine (nBu2NH; additive or
cocatalyst)[13,14] in toluene at 80 8C. Herein, these combina-
tions of a metal catalyst, PR3, and an amine cocatalyst are
coined as catalyst systems. The overall results are summar-
ized in Table 1, along with some physical properties of the
ligands.


para-Substituted Triphenyl Phosphines: Effects of the
Electronic Properties. First, we compared a series of para-
substituted triphenyl phosphines [-H: PPh3; -CH3: PACHTUNGTRENNUNG(p-Tol)3;
-OCH3: PACHTUNGTRENNUNG(p-Ani)3; -F: PACHTUNGTRENNUNG(F-Ph)3; -Cl: PACHTUNGTRENNUNG(Cl-Ph)3] to examine
the electronic effects on living radical polymerization, in
terms of the reaction rate (catalytic activity) and molecular-
weight control (controllability; Figure 1). The electronic
factor was estimated by the pKa of the phosphineLs conju-
gate acid (PR3H


+);[15] the larger the pKa, the higher the ba-


Abstract in Japanese:


Scheme 2. In-situ preparation of [Ru ACHTUNGTRENNUNG(Cp*)Cl ACHTUNGTRENNUNG(PR3)2] for living radical
polymerization of MMA.
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sicity or the stronger the electron donation. Para-derivatives
were favorably compared because their bulkiness is consid-
ered virtually the same (cone angle=1458).
Figure 1 shows time-conversion curves for the MMA poly-


merization and size-exclusion chromatography (SEC) curves
of PMMAs obtained therein at about 90% conversion. Con-
trary to our prediction that electron-donating ligands facili-
tate the generation of radicals by a one-electron transfer
from the catalyst, the relevant phosphines [PACHTUNGTRENNUNG(p-Tol)3 and P-
ACHTUNGTRENNUNG(p-Ani)3] invariably resulted in slightly slower polymeri-
zations than that observed with the nonsubstituted ligand
(PPh3). The electron-withdrawing counterparts [P ACHTUNGTRENNUNG(F-Ph)3
and PACHTUNGTRENNUNG(Cl-Ph)3] also led to a polymerization rate similar to
that observed using PPh3.
Given the strong electron donation by the Cp* ligand,


therefore, the electronic contribution from phosphine li-
gands may be less influential. Alternatively, the phosphineLs
strong electron donation occurs and would generate too


much oxidized RuIII complex at
the early stage of the reaction,
which in turn, would lead to the
termination of some of the in-
cipient radicals, and thereby, to
a slower polymerization. The
initial polymerization rate was
in fact slower with more elec-
tron-donating phosphines
(Figure 2). However, no signifi-
cant effects were observed on
the MWD (Mw/Mn) of the poly-
mers.
Methyl-Substituted Triphenyl


Phosphines with Different Posi-
tions: Steric Effects. More visi-
ble effects were observed with
the three methyl-substituted tri-


phenyl phosphines [P ACHTUNGTRENNUNG(o-Tol)3, P ACHTUNGTRENNUNG(m-Tol)3, and P ACHTUNGTRENNUNG(p-Tol)3], in
which the bulkiness around the coordinating P-atom, as de-
fined by the cone angle (q),[15,16] increased in the order: PACHTUNGTRENNUNG(o-
Tol)3 (1948)>PACHTUNGTRENNUNG(m-Tol)3 (1658)>PACHTUNGTRENNUNG(p-Tol)3 (1458), while
keeping the electron donation ability practically unchanged
(pKa=3.08–3.84; Table 1).
PACHTUNGTRENNUNG(m-Tol)3 and PACHTUNGTRENNUNG(p-Tol)3 induced smooth polymerizations


reaching >90% MMA conversion without losing the activi-
ty (Figure 3). In sharp contrast, the ortho-counterpart [PACHTUNGTRENNUNG(o-
Tol)3] resulted in the deceleration beyond 70% conversion.
Molecular-weight control was clearly dependent on the posi-
tion of the methyl group: the meta-derivative gave quite a
narrow MWD (Mw/Mn<1.10), whereas the ortho-counter-
part gave broad distributions. These results demonstrate
that the ligand bulkiness is more important in determining
the controllability, as further discussed in the following sec-
tion.


Table 1. Effects of Ligands on the Polymerization of MMA Coupled with [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4.
[a]


Entry Ligand pKa
[b] Cone angle, q[c] t [h] Conv [%] Mn (calcd)


[d] Mn (obsd)
[e] Mw/Mn


[e]


1 PPh3 2.73 145 30 90 9300 13000 1.20
2 P ACHTUNGTRENNUNG(o-Tol)3 3.08 194 30 72 7500 61000 2.24
3 P ACHTUNGTRENNUNG(m-Tol)3 3.30 165 34 87 9000 10900 1.07
4 P ACHTUNGTRENNUNG(p-Tol)3 3.84 145 34 88 9100 11000 1.15
5 P ACHTUNGTRENNUNG(p-Ani)3 4.59 145 50 94 9700 10800 1.31
6 P ACHTUNGTRENNUNG(F-Ph)3 1.97 145 30 91 9400 10900 1.13
7 P ACHTUNGTRENNUNG(Cl-Ph)3 1.03 145 30 93 9600 13400 1.19
8 P ACHTUNGTRENNUNG(nPr)3 8.64 132 30 73 7600 10500 1.39
9 P ACHTUNGTRENNUNG(nBu)3 8.43 132 30 88 9100 10000 1.24
10 P ACHTUNGTRENNUNG(tBu)3 11.40 182 28 92 9500 73500 1.85
11 PCy3 9.70 170 22 97 10000 14700 1.74
12 PPh2Cy 5.05 153 50 95 9800 12000 1.10
13 PPhCy2 - 162 28 88 9100 19000 1.32


[a] Reaction conditions: [MMA]0=4.0m ; [H-(MMA)2-Cl]0=40 mm ; [[RuCp*ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [PR3]0=


8.0 mm ; [nBu2NH]0=40 mm ; in toluene at 80 8C. [b] Ref [15], for the conjugate acid (PR3H
+) of the phosphine


ligand (PR3). [c] Ref [15] and [16]. [d]Mn (calcd)=m(H)+m ACHTUNGTRENNUNG(MMA)N(2+DPn)+m(Cl); DPn= [MMA]0/[H- ACHTUNG-
TRENNUNG(MMA)2-Cl]0N(% conv)/100; based on the structure [H-(MMA)2-(MMA)n-Cl]; m(X) is the molecular or
atomic weight of X, in which m(X)=1, 100.12, and 35.5 for X=H, MMA, and Cl, respectively. [e] By size-ex-
clusion chromatography calibrated with PMMA standards.


Figure 1. Effects of the electronic properties of ligands (PR3) on the poly-
merization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/PR3/nBu2NH in
toluene at 80 8C: [MMA]0=4.0m ; [H-(MMA)2-Cl]0=40 mm ; {[RuCp* ACHTUNGTRENNUNG(m3-
Cl)]4}0=1.0 mm ; [PR3]0=8.0 mm ; [nBu2NH]0=40 mm.


Figure 2. Effects of the electronic properties (pKa values of R3PH
+) of li-


gands (PR3) on the initial kinetics constant (k, h�1) and the Mw/Mn of
PMMAs in the polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-
Cl)]4/PR3/nBu2NH in toluene at 80 8C: [MMA]0=4.0m ; [H-(MMA)2-
Cl]0=40 mm ; [[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [PR3]0=8.0 mm ; [nBu2NH]0=


40 mm.
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Effects of Phosphine Ligands on Polymerization. Table 1
summarizes the polymerization results obtained with various
phosphine ligands. It is observed that the electronic factor
(pKa) seems less influential to either polymerization rate or
controllability (Mw/Mn). Even with basic ligands such as
PCy3 and PACHTUNGTRENNUNG(tBu)3 (pKa=170 and 182, respectively), the rate
still did not show a considerable increase (entry 10 and 11).
In contrast, ligand bulkiness appears to be correlated with


the MWD of the polymer. Figure 4 plots Mw/Mn against the


cone angle (q). In the range of q=135–1658, the MWD be-
comes increasingly narrower with bulkier ligands, but
abruptly broadens beyond q>1708. Such trends suggest that
a moderate bulky ligand may be best for [RuACHTUNGTRENNUNG(Cp*)Cl-
ACHTUNGTRENNUNG(PR3)2]. With their 18-electron configuration, these com-
plexes must release one of the two ligands, before or upon
radical formation, from the dormant end by accepting the
terminal halogen,[17] and the released phosphine would


sooner or later re-coordinate to the Ru center. The en-
hanced repetition of ligand release and re-coordination
would consequently facilitate the dormant-active species
(Scheme 1), and would in turn narrow the MWD of the po-
lymer. For such a dynamic contribution, moderately bulky
ligands may be best suited, both for release by some steric
repulsion and for re-coordination that would be difficult for
too bulky phosphines.


Cocatalyst Design


Although controllability or the control of the MWD was im-
proved with the moderately bulky phosphines, catalytic ac-
tivity was not dramatically enhanced. Thus, we turn our at-
tention to another component, that is, the amine cocatalysts
in place of nBu2NH, for the PACHTUNGTRENNUNG(m-Tol)3-based Cp* ruthenium
catalyzed system.
Amine Cocatalysts for Activity Enhancement. We have


already reported that the addition of butyl amine (nBuNH2)
considerably accelerates the MMA polymerization with
[RuCl2ACHTUNGTRENNUNG(PPh3)3]


[13] or [RuACHTUNGTRENNUNG(Ind)Cl ACHTUNGTRENNUNG(PPh3)3],
[14] but the strongly


basic cocatalyst also deteriorates the controllability, proba-
bly by generating a very active catalyst in situ that forms too
many radicals. In contrast, when coupled with [RuCl-
ACHTUNGTRENNUNG(Cp*){P ACHTUNGTRENNUNG(m-Tol)3}2], the same amine induced a fast polymeri-
zation without a loss of controllability (Mw/Mn=1.10)
(Figure 5). The polymerization rate was further enhanced at
a higher temperature (100 8C), at which the MMA conver-
sion reached 86% in 5 h (Mw/Mn=1.09).


A similar rate enhancement worked with the primary dia-
mines [NH2ACHTUNGTRENNUNG(CH2)nNH2, n=2, 4, 6] (Figure 6). All these bi-
functional amines clearly accelerated the polymerization,
most notably with the hexayl derivative (n=6), which led to
a 92% conversion in 1.5 h. However, controllability was de-
pendent on the spacer length between the amino groups,
with the MWD of the polymer narrowing in the order of
n=2<4<6, most likely because ethylene diamine (n=2)


Figure 3. Effects of the steric properties (cone angle, q) of tritolylphos-
phine on the polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-
Cl)]4/PR3/nBu2NH in toluene at 80 8C: [MMA]0=4.0m ; [H-(MMA)2-
Cl]0=40 mm ; [[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [PR3]0=8.0 mm ; [nBu2NH]0=


40 mm.


Figure 4. Dependence of Mw/Mn of the prepared PMMAs on the cone
angle (q) of ligands (PR3) for the polymerization of MMA with H-
(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/PR3/nBu2NH in toluene at 80 8C: [MMA]0=


4.0m ; [H-MMA)2-Cl]0=40 mm ; [[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [PR3]0=


8.0 mm ; [nBu2NH]0=40 mm.


Figure 5. Polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P-
ACHTUNGTRENNUNG(m-Tol)3/nBu2NH or nBuNH2 in toluene at 80 or 100 8C: [MMA]0=4.0m ;
[H-(MMA)2-Cl]0=40 mm ; [[RuCp*ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [P ACHTUNGTRENNUNG(m-Tol)3]0=


8.0 mm ; [amine additive]0=40 mm.
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undergoes a chelate coordination to form a too stable com-
plex with a five-membered ring. 31P NMR analysis on the
mixture of the ruthenium complex and NH2ACHTUNGTRENNUNG(CH2)6NH2


(Figure 7) indicated that one of the two phosphine ligands
exchanged with the amine (52 and 2 ppm are assigned to a
singly coordinating and a free PACHTUNGTRENNUNG(m-Tol)3, respectively;
44 ppm is assigned to geminally coordinating phosphines
without a neighboring amine).[18] The detection of a free
amine indicates the in situ generation of a more active cata-
lyst, [Ru ACHTUNGTRENNUNG(Cp*)Cl{P ACHTUNGTRENNUNG(m-Tol)3}NH2ACHTUNGTRENNUNG(CH2)6NH2], whose mixed-
ligand structure would enhance the dynamic amine–phos-
phine exchange between free PACHTUNGTRENNUNG(m-Tol)3 and NH2


ACHTUNGTRENNUNG(CH2)6NH2.


Reduction of Catalyst Dose. The fast living polymeri-
zation with the diamine enabled us to decrease the RuCp*
catalyst concentration (Figure 8). The best system seems to


be a combination of Ru/amine=1.0:80 mm (MMA 4.0m),
leading to 89% conversion in 4 h and Mw/Mn=1.11. Impor-
tantly, despite the lower catalyst dose, the MWD is among
the narrowest for RuCp*. The excess of amine cocatalyst is
apprarently needed, and the 1.0:40 mm system in fact slight-
ly decelerated the reaction (87% conversion in 5 h) and
broadened the MWD.
Under the best conditions, the products are virtually free


of an olefin terminal [~~~~CH2C ACHTUNGTRENNUNG(CO2CH3)=CH2, 5.4–
6.3 ppm by 1H NMR, <1%], demonstrating the near ab-
sence of disproportionation.[13,14] These results indicate the
possibility of further reduction of the catalyst dose by de-
signing the cocatalysts and varying their relative amounts.
Hydrophilic Amines for a Removable Catalyst System.


The facile in situ ligand exchange of an added amine proved
effective, not only in the activity enhancement, but also in
the modulation of the catalyst solubility. Thus, a hydrophilic
amine, 4-amino-1-butanol [NH2ACHTUNGTRENNUNG(CH2)4OH], was employed
as a cocatalyst for the [RuClACHTUNGTRENNUNG(Cp*){P ACHTUNGTRENNUNG(m-Tol)3}2] catalyst
(Figure 9). The polymerization proceeded as fast as with its
hydrophobic analogue NH2ACHTUNGTRENNUNG(CH2)6NH2, and the molecular
weight was well-controlled (being directly proportional to
the conversion), though the MWD broadened (Mw/Mn~
1.40).
After the polymerization, the reaction mixture (Ru=


1000 ppm to monomer) was washed with a solution of HCl
(0.1n) and then water, three times each, to give a nearly col-
orless, transparent solution. Also, the solution of the isolated
polymers in CHCl3 (3 wt%) was colorless, in contrast to the
yellow-brown solution obtained from the nBuNH2 cocatalyst
in place of the aminoalcohol, under otherwise the same re-
action conditions.
According to the quantitative elemental analysis by induc-


tively coupled plasma-atomic emission spectrometry (ICP-


Figure 6. Polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P-
ACHTUNGTRENNUNG(m-Tol)3/NH2 ACHTUNGTRENNUNG(CH2)nNH2 in toluene at 100 8C: [MMA]0=4.0m ; [H-
(MMA)2-Cl]0=40 mm ; [[RuCp*ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [P ACHTUNGTRENNUNG(m-Tol)3]0=


8.0 mm ; [NH2 ACHTUNGTRENNUNG(CH2)nNH2]0=40 mm.


Figure 7. 31P NMR spectra showing the ligand exchange onto the rutheni-
um complex in toluene at 100 8C: a) P ACHTUNGTRENNUNG(m-Tol)3=2.0 mm, b) [RuCp* ACHTUNGTRENNUNG(m3-
Cl)]4/P ACHTUNGTRENNUNG(m-Tol)3=0.25/2.0 mm, c) [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P ACHTUNGTRENNUNG(m-Tol)3/NH2


ACHTUNGTRENNUNG(CH2)6NH2=0.25/2.0/80 mm. Capillary tube was used with a [D8]toluene
and (C2H5O)2POH as an internal standard for the adjustment of the
chemical shift.


Figure 8. Polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P-
ACHTUNGTRENNUNG(m-Tol)3/NH2 ACHTUNGTRENNUNG(CH2)6NH2 in toluene at 100 8C: [MMA]0=4.0m ; [H-
(MMA)2-Cl]0=40 mm ; [[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4]0=0.25 or 1.0 mm ; [P ACHTUNGTRENNUNG(m-
Tol)3]0=2.0 or 8.0 mm ; [NH2 ACHTUNGTRENNUNG(CH2)nNH2]0=40 or 80 mm. [[RuCp* ACHTUNGTRENNUNG(m3-
Cl)]4]0/[P ACHTUNGTRENNUNG(m-Tol)3]0/ ACHTUNGTRENNUNG[NH2 ACHTUNGTRENNUNG(CH2)nNH2]0: 1.0/8.0/40 mm (*); 0.25/2.0/80 mm


(~); 0.25/2.0/40 mm (&).
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AES), the ruthenium residue in the colorless PMMA was
63 ppm (97% removal), much lower than that for the con-
ventional samples (400 ppm) obtained with nBuNH2.
These observations have demonstrated that the simple


use of a hydrophilic amine as a cocatalyst realizes a near-
quantitative facile removal of the metal residue, while re-
taining a fair catalytic activity of the RuII catalysts without
serious deterioration of the molecular-weight controllability
of the polymer.


Conclusions


The systematic search and design of ligands and cocatalysts
in the transition-metal-catalyzed living radical polymeri-
zation produces highly active and sometimes readily remov-
able RuII catalysts, that also enables precise molecular-
weight control (conv.=89% for 4 h, Mw/Mn=1.11). Among
the best combinations is the [RuACHTUNGTRENNUNG(Cp*)Cl{P ACHTUNGTRENNUNG(m-Tol)3}2] com-
plex coupled with NH2ACHTUNGTRENNUNG(CH2)6NH2 as cocatalyst; the catalyst
may conveniently and cleanly be prepared in situ from a tet-
rameric precursor [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4 and a carefully selected
phosphine. It is shown that, in the selection of the phosphine
ligands, moderate steric bulkiness is the most effective,
whereas electron donacity seems unimportant. The highly
active catalyst, in fact, works at a low concentration (mono-
mer/RuII=4000:1) with a high turn-over efficiency (1:40 rel-
ative to the initiator or the dormant end) to give the poly-
ACHTUNGTRENNUNG(MMA) with a high and controlled molecular weight.
The use of a hydrophilic amine, NH2ACHTUNGTRENNUNG(CH2)2OH, provided


a simple and efficient way to simultaneously realize both
the catalytic activity and controllability with a ready and
near quantitative removal of the catalyst residue (>97% re-
moval, 63 ppm). The key to these systems is apparently a
facile in situ ligand exchange between the phosphine on the
metal and the added amine cocatalyst.


Experimental Section


Materials


MMA (Tokyo Kasei; >99%) was distilled from calcium hydride under
reduced pressure after drying overnight over calcium chloride. All the li-
gands and materials of ruthenium complexes were used as received with-
out further purification and handled in a glovebox under a moisture- and
oxygen-free argon atmosphere (H2O<1 ppm, O2<1 ppm): triphenyl-
phosphine (Aldrich, 99%), tri-o-tolylphosphine (Strem, 99%), tri-m-tol-
ylphosphine (Strem, 98%), tri-p-tolylphosphine (Strem, 98%), tri-p-me-
thoxyphenylphosphine (Strem, 98%), tris(4-fluorophenyl)phosphine (Al-
drich, 98%), tris(4-chlorophenyl)phosphine (Aldrich, 95%), tri-n-propyl-
phosphine (Strem, >95%), tri-n-butylphosphine (Strem, 99%), tri-tert-
butylphosphine (Strem, 99%), tricyclohexylphosphine (Strem, 97%), cy-
clohexydiphenylphosphine (Aldrich), dicyclohexyphenylphosphine (Al-
drich, 95%), ruthenium ACHTUNGTRENNUNG(III) chloride hydrate (Wako, 99.9%), 1,2,3,4,5-
pentamethylcyclopentadiene (Strem, 98%), lithium triethyl-hydridobo-
rate (Aldrich, 1.0m solution in THF). The initiator [H-(MMA)2-Cl] was
prepared according to the literature.[19] Toluene (Kishida Kagaku;>
99.5%) was purified by passage through a purification column (Seca Sol-
vent System manufactured by Glass Contour Company) before use. An
internal standard for gas chromatography, n-octane (Wako,>99%), was
dried overnight over calcium chloride, distilled twice over calcium hy-
dride, and handled with dry nitrogen for more than 15 min before use.
Amine additives were used as received, all from Tokyo Kasei: tributhyla-
mine (>98%), n-butylamine (>99%), ethylenediamine (>98%), 1,4-bu-
tanediamine (>98%), 1,6-hexanediamine (99%), 4-amino-1-butanol (>
98%).


Preparation of Ruthenium Complexes


Dichloro(pentamethylcyclopentadienyl)-ruthenium, [(Cp*)RuCl2]n, was
prepared by the reaction of RuCl3·nH2O (6.0 g, 26.6 mmol) with pentam-
ethylcyclopentadiene (9.5 mL, 60.7 mmol) in refluxing ethanol (100 mL)
for 3 h according to the literature.[20] The obtained [(Cp*)RuCl2]n (2.03 g,
6.60 mmol for Ru) was reacted with lithium triethylborohydride
(6.60 mL, 1m solution in THF, 6.0 mmol) at room temperature according
to the literature.[12] The formation of [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4 was confirmed by
elemental analysis. Calcd (%) for C40H60Ru4Cl4: C 44.20, H 5.56,
Cl 13.05; found: C 43.49, H 5.55, Cl 12.24.


Polymerization Procedures


Polymerization was carried out by the syringe technique under dry argon
in baked and sealed glass vials. A typical example for the polymerization
of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P ACHTUNGTRENNUNG(m-Tol)3/nBu2NH is
given. In a round-bottomed flask (50 mL) was placed [RuCp* ACHTUNGTRENNUNG(m3-Cl)]4
(8.7 mg, 0.032 mmol), P ACHTUNGTRENNUNG(m-Tol)3 (19.48 mg, 0.064 mmol), and toluene
(2.60 mL). The solution was heated for introduction of phosphine at
80 8C for 12 h, at which point the color changed from black-brown to red-
brown. After cooling the flask to room temperature, n-octane (0.40 mL),
MMA (3.42 mL, 32.0 mmol), a solution of nBu2NH (0.8 mL, 400 mm in
toluene), and a solution of H-(MMA)2-Cl (0.40 mL, 809.9 mm in toluene)
were added, in which the total volume was 8.00 mL. Immediately after
mixing, five aliquots (0.5 mL–1.0 mL each) of the solutions were injected
into baked glass tubes. The reaction vials were sealed and placed in an
oil bath kept at 80 8C. In predetermined intervals, the polymerization was
terminated by cooling the reaction mixtures to �78 8C. Monomer conver-
sion was determined from the residual monomer measured by gas chro-
matography with n-octane as an internal standard. The quenched reac-
tion solutions were diluted with toluene, washed with water, and evapo-
rated to dryness to give the polymers, which were subsequently dried
overnight under vacuum at room temperature.


Measurement


The MWD, Mw, and Mw/Mn ratios of the polymers were measured by
SEC in chloroform at 40 8C on three linear-type polystyrene-gel columns
(Shodex K-805 L; pore size=20–1000 S, 8.0 mm i.d.N30 cm, flow rate=


1.0 mLmin�1) connected to a Jasco PU-980 precision pump and a Jasco
930-RI refractive index detector. The columns were calibrated against 11


Figure 9. Polymerization of MMA with H-(MMA)2-Cl/ ACHTUNGTRENNUNG[RuCp* ACHTUNGTRENNUNG(m3-Cl)]4/P-
ACHTUNGTRENNUNG(m-Tol)3/NH2 ACHTUNGTRENNUNG(CH2)4OH in toluene at 100 8C: [MMA]0=4.0m ; [H-
(MMA)2-Cl]0=40 mm ; [[RuCp*ACHTUNGTRENNUNG(m3-Cl)]4]0=1.0 mm ; [P ACHTUNGTRENNUNG(m-Tol)3]0=


8.0 mm ; [NH2 ACHTUNGTRENNUNG(CH2)4OH]0=80 mm. Pictures are of PMMA solutions in
CHCl3 (3 wt%) after washing with a solution of HCl (0.1n) and water,
three times for each.
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standard poly ACHTUNGTRENNUNG(MMA) samples (Polymer Laboratories, Mw=630–220000,
Mw/Mn=1.06–1.22). 1H NMR spectra of the obtained polymers were re-
corded in CDCl3 at 25 8C on a JEOL JNM-LA500 spectrometer operat-
ing at 500.16 MHz. Polymer samples for 1H NMR analysis were fractio-
nated by preparative SEC (column: Shodex K-2002).
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Introduction


The ability to store gas molecules is a typical property of
porous materials. Porous coordination polymers (PCPs) con-
structed from transition-metal ions and bridging organic li-


gands have resulted in new types of microporous materials
suitable for gas storage.[1] One of the advantages of PCPs
over conventional porous materials is that their pore size,
shape, and functionality can be systematically and predicta-
bly controlled through synthetic modification of the organic
component.[2] Various PCPs have been studied as gas-stor-
age materials (for gases such as hydrogen,[3] methane,[4] and
carbon dioxide[5]), and these results could provide promising
guidelines for the design of gas-storage materials.
Acetylene gas is an important starting material for fine


chemical products[6] and electric materials.[7] Acetylene is
well-known to be a highly reactive molecule: it cannot be
compressed above 0.2 MPa as it would explode in the ab-
sence of oxygen, even at room temperature.[8] High-density
storage of highly pure acetylene at low pressure by a nonvo-
latile solid matrix could be a key research subject for the
preparation of advanced organic materials. Recently, several
PCPs showed high levels of selective sorption of acetylene
molecules compared with a very similar molecule, carbon di-
oxide.[9] Although selective acetylene uptake is an attractive
function, the adsorbed amounts were small. The adsorption
potential becomes deeper with decreasing pore width.[10] On
the other hand, a larger pore volume is essential for enhanc-
ing the sorption amount. Frameworks exhibiting both a


Abstract: The acetylene-sorption prop-
erties of six porous coordination poly-
mers (PCPs), [M2(L)2ACHTUNGTRENNUNG(dabco)]n
(dabco=1,4-diazabicycloACHTUNGTRENNUNG[2.2.2]octane,
M=Cu2+ (1), Zn2+ (2), L=1,4-benz-
enedicarboxylate (bdc; 1a, 2a), 1,4-
naphthalenedicarboxylate (ndc; 1b,
2b), 9,10-anthracenedicarboxylate
(adc; 1c, 2c)), were investigated. The
acetylene sorption isotherms of 1 and 2
measured at 195 K are of type I and
show a steep increase at low relative


pressures. The sorption properties of
carbon dioxide at 195 K were also in-
vestigated. Compounds 1 and 2 showed
a large difference in onset pressure be-
tween acetylene sorption isotherms, al-
though the difference between the
carbon dioxide sorption isotherms is


not so significant. In particular, 2c dis-
played a remarkable affinity for acety-
lene. The acetylene sorption isotherm
at 298 K showed that the adsorption
amounts for 2c and 2b at 298 K, 1 atm
(101 and 106 mLg�1, respectively) were
higher than those of other conventional
porous materials. Notably, of the com-
pounds 1 and 2, the porous crystals 2c
had the highest affinity for acetylene.
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deep adsorption potential and large pore volume are desired
to facilitate acetylene adsorption at ambient temperature
and low pressure. Despite several investigations into PCPs
as acetylene-storage materials, systematic and quantitative
studies on their sorption properties have not yet been ac-
complished to clarify a strategy for designing PCPs with
high acetylene-storage capacities.
The aim of this paper is to identify the factors that affect


acetylene adsorption in the ambient-pressure region. We
measured the acetylene sorption properties of six PCP com-
pounds [M2(L)2ACHTUNGTRENNUNG(dabco)]n (dabco=1,4-diazabicyclo-
ACHTUNGTRENNUNG[2.2.2]octane, L=dicarboxylate, M=Cu2+ (1), Zn2+ (2)),
whose pore size and surface properties can be systematically
controlled by changing the bridging dicarboxylate ligands, L
(Table 1 and Figure 1).[11] Adsorption experiments showed
that 2c (L=9,10-anthracenedicarboxylate (adc)) had the
highest acetylene adsorption capacity at 298 K, 1 atm and
thus the highest affinity for acetylene.


Results and Discussion


Porous Structures


We prepared host PCP compounds 1 and 2 by the method
in the literature.[11b,c,12] The crystal structures of 1 and the
corresponding 2 are almost the same, in which two-dimen-
sional (2D) layered structures based on paddle-wheel units
are linked with dabco as a pillar ligand (Figure 1). The use
of 1,4-benzenedicarboxylate (bdc) gave hosts 1a and 2a
with a flat and smooth one-dimensional (1D) channel along
the c axis (pore size=7.5K7.5 L2).[12] On the other hand, 1b
and 2b (L=1,4-naphthalenedicarboxylate (ndc)) contain
narrower 1D undulating channels (pore size=5.7K5.7 L2)
because of steric hindrance of the naphthalene moiety.[11c,12]


In the cases of 1c and 2c (L=adc), the large anthracene
unit fills the channels, thus resulting in a nonporous undulat-
ing 2D sheet. The undulating 2D sheets are connected by
dabco pillars to afford 2D channels with cross-sections of
4.8K4.3 L2.[12,13] The micropore volume (Vm) estimated from
N2 adsorption as well as the crystalline density (1calcd) esti-
mated from the cell parameters of 2 are summarized in
Table 2. Because of the large size and the alternating orien-


Abstract in Japanese:


Table 1. The PCP compounds [M2(L)2 ACHTUNGTRENNUNG(dabco)]n investigated.


Compound M L


1a CuII


1b CuII


1c CuII


2a ZnII


2b ZnII


2c ZnII


Figure 1. Schematic view of the three-dimensional frameworks of [M2(L)2
ACHTUNGTRENNUNG(dabco)]n.


Table 2. Micropore volume (Vm) and crystalline density (1calcd).


Compound Vm [cm
3g�1] 1calcd [gcm


�3]


1a 0.73[a] 0.82[c]


2a 0.75[b] 0.83
1b 0.44[a] 0.97[c]


2b 0.52[b] 0.97
1c 0.28[a] 1.14[c]


2c 0.31[a] 1.15


[a] Obtained from Dubinin–Radushkevich analysis of N2 adsorption iso-
therms. [b] Obtained from the literature.[11c] [c] Obtained by using the cell
parameters of the corresponding 2.
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tation of adc and ndc, the Vm values were significantly de-
creased.


Acetylene and Carbon Dioxide Sorption at 195 K


Acetylene sorption isotherms of 1a and 2a measured at
195 K are shown in Figure 2a. The equilibrium data exhibit
type-I isotherms and show no apparent hysteresis on desorp-
tion. The carbon dioxide adsorption isotherms of 1a and 2a
at 195 K are also of type I (Figure 2b). Acetylene adsorption
isotherms for 1b and 2b at 195 K are shown in Figure 2c.
There is a step in the isotherm for 2b at low relative pres-
sure (P/P0=0.035–0.038). In contrast, the acetylene adsorp-
tion isotherm for 1b was of type I and showed no evidence
of any steps in the isotherm. The adsorption isotherms for
carbon dioxide on 1b and 2b at 195 K are shown in Fig-
ure 2d. Comparison of the adsorption isotherms for 1b and
2b shows that there are steps in the isotherms at different
relative pressures (1b : P/P0=0.35–0.60; 2b : P/P0=0.45–
0.48). The step in the sorption isotherm for 1b and 2b could
be attributed to a change in the naphthalene rotation mode,


as with benzene adsorption of 2b.[14] The naphthalene ring
of the dicarboxylate ion in the guest-free framework of 2b
is disordered over four positions. Solid-state 2H NMR stud-
ies revealed that when benzene molecules are densely ad-
sorbed inside the pores at high relative pressure, the ad-
sorbed molecules could interfere with the free rotation of
the naphthalene rings, thus resulting in a stepwise sorption
isotherm. Similar behavior might be observed in acetylene
and carbon dioxide adsorption. Acetylene sorption iso-
therms for 1c and 2c and carbon dioxide sorption isotherms
for 1c and 2c are shown in Figure 2e and f, respectively.
There is a step in the isotherm for acetylene on 1c at low
relative pressure (P/P0=0.0057–0.0063), but the other iso-
therms showed no apparent step. Several flexible PCPs
showed such isotherm discontinuities with hysteresis, which
was accompanied by a reversible and significant structure
change.[15] The flexible and dynamic properties of 1 are
quite different from those of 2.[16] The origin of the step on
the isotherm of 1c, although still unclear, is most likely to
be structural change of the host framework.
The adsorption amount of adsorbates on microporous ma-


terials can be compared by
using the Dubinin–Radushke-
vich (DR) equation [Eq. (1)]:


lnW ¼ lnW0 � ðA=bE0Þ2 ð1Þ


in which W is the amount of ad-
sorption at a relative pressure
P/P0, W0 is the saturated
amount of adsorption, b is the
affinity coefficient, E0 is the
characteristic adsorption
energy, and A is the Polanyi ad-
sorption potential defined in
Equation (2).[17]


A ¼ RT lnðP0=PÞ ð2Þ


At higher relative pressure
(P/P0), the DR plot has a linear
relationship, from which the
values of bE0 and W0 were ob-
tained. The micropore and ther-
modynamic parameters from
the DR analysis are summar-
ized in Table 3. The introduc-
tion of a larger aromatic ring
resulted in a significant de-
crease in the adsorption
amount (W0), which may be
easily understood and expected
from the crystal structures and
micropore volume (Vm) ob-
tained from the N2 adsorption
data.


Figure 2. Comparison of sorption isotherms at 195 K for a) acetylene on 1a (circles) and 2a (triangles),
b) carbon dioxide on 1a (circles) and 2a (triangles), c) acetylene on 1b (circles) and 2b (triangles), d) carbon
dioxide on 1b (circles) and 2b (triangles), e) acetylene on 1c (circles) and 2c (triangles), and f) carbon dioxide
on 1c (circles) and 2c (triangles). Open symbols=adsorption, solid symbols=desorption. Inset of e): Acety-
lene adsorption for 1c in the low-relative-pressure region.
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Although the graphical presentation of adsorption iso-
therms shown in Figure 2 is suitable for demonstrating step-
wise sorption and comparison of total adsorption amount,
this form is not practical for displaying the characteristic
features at relative pressures below 0.01. As shown in
Figure 3, the use of the Polanyi adsorption potential A
(given by [Eq. (2)]) instead of the normal pressure scale dis-
plays adsorption data at low pressures much better and
demonstrates clearly the difference in the affinity for the ad-
sorbates. The plot of the amount adsorbed against the ad-
sorption potential is often called the characteristic adsorp-
tion curve.[17] Because A is proportional to the logarithm of
the relative pressure, the potential at initial adsorption cor-
responds to the onset pressure. A comparison of characteris-
tic adsorption curves in Figure 3 and Figure S1 in the Sup-
porting Information shows that the order of affinity for acet-
ylene and carbon dioxide at initial adsorption is 2c>1c>
2b�1b>2a>1a. Interestingly, these PCPs show a large
difference in onset pressure between acetylene sorption iso-
therms, although the difference for the carbon dioxide sorp-
tion isotherms is not so significant. In particular, 2c shows a
remarkable affinity for acetylene, because at very low pres-
sures (i.e., A>15 kJmol�1), the amount adsorbed on 2c is
much higher than for the rest. Generally, the quite narrow
micropore, whose width is correct for the size of the adsor-
bate molecule, has a very deep potential well for the guest
and is effective for adsorption in the low-relative-pressure
region.[10] The order of the affinity for the adsorbate is con-
sistent with the pore size of the adsorbents. Moreover, the
relative pressure at which micropore filling occurs is also de-
pendent on polar groups on the surfaces or interaction
sites.[18] Therefore, the origin of the high affinity of 2c for
acetylene is most likely not only the micropore effect but
also acetylene–anthracene interactions, because the polariz-
ability of anthracene is known to be a =25.4K10�24 L3,
which is much larger than that of benzene or naphthalene.[19]


The difference in metal ions may also affect the polarizabili-
ty.


Effect of Temperature on Acetylene-Sorption Properties


To demonstrate the potential application of 1 and 2 for acet-
ylene storage, acetylene sorption isotherms for 1 and 2 were
recorded over the temperature range 273–323 K. Sorption
isotherms for 1a and 2a are shown in Figure 4a and b, re-
spectively. Over these temperatures and pressures, Henry’s
law is obeyed and the isotherms are close to linear. In con-
trast, the acetylene sorption isotherms for 1b, 2b, 1c, and 2c
were type I, as shown in Figure 2c–f, respectively. Hysteresis
for the adsorption/desorption of acetylene on 1 and 2 is in-
significant, except for 1c. The origin of the hysteresis for 1c
is most likely adsorbent or adsorbate structural change,
which is consistent with the step in the acetylene adsorption
isotherm for 1c at 195 K. The adsorption amounts obtained
from these isotherms are shown in Table 4. The adsorption
amounts for 2b and 2c at 298 K, 1 atm (106 and 101 mLg�1,
respectively) are higher than those for carbon molecular


Table 3. Microporous parameters of 1 and 2 for acetylene and carbon di-
oxide adsorption from DR analysis.


Adsorbent Adsorbate P/P0
[a] W0 [mLg


�1


(STP)]
bE0
[kJmol�1]


1a C2H2 0.023–0.15 354.2 20.2
2a C2H2 0.0094–0.034 345.2 22.1
1b C2H2 0.0044–0.031 176.3 14.1
2b C2H2 0.0017–0.027 191.0 10.2
1c C2H2 0.031–0.080 134.0 12.6
2c C2H2 0.00049–0.0072 132.6 27.5
1a CO2 0.091–0.26 356.3 10.1
2a CO2 0.037–0.23 373.7 11.5
1b CO2 0.024–0.19 194.6 12.4
2b CO2 0.021–0.28 180.8 13.8
1c CO2 0.0061–0.15 163.8 8.0
2c CO2 0.010–0.19 152.5 12.3


[a] Pressure range for DR analysis.


Figure 3. Characteristic adsorption curve of 2a (solid circles), 2b (open
triangles), and 2c (open squares) for a) acetylene and b) carbon dioxide
at 195 K.
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sieves (45 mLg�1),[20] mesoporous silica SBA-15
(36 mLg�1),[21] type-A zeolite (98 mLg�1),[22] and [Mg-
ACHTUNGTRENNUNG(HCOO)2]n (66 mLg


�1),[9b] which has the highest acetylene
adsorption capacity at 298 K, 1 atm among other PCPs. In
particular, the adsorption amount for 2c was 84 mLg�1 even
at 323 K, although that of 2b was 75 mLg�1. The storage
density of acetylene in 2c at 298 K is 0.135 gmL�1, which is
equivalent to the density of acetylene at 13 MPa at 298 K
and is 65 times larger than the value of the compression
limit for the safe storage of acetylene at room temperature,
0.20 MPa: 0.002 gmL�1. The greater uptake capacity of 2c


under ambient conditions is
consistent with the high affinity
of 2c for acetylene at 195 K.
The adsorption-potential (A)


distribution is a model-inde-
pendent thermodynamic func-
tion and reflects the pore size
and shape distribution.[23] Non-
normalized adsorption-potential
distributions calculated from
the sorption isotherms at 273 K
are shown in Figure 5. 1a and
2a gave sharp peaks, which in-
dicates the existence of uniform
micropores. On the other hand,
the peak for 2c is smaller, but
the maximum is located at the
highest value of the adsorption
potential. Comparison of the
potential distributions shows
that the order of maximum ad-
sorption potential values is 2c>
1c>2b�1b>2a>1a, which is
consistent with the characteris-
tic adsorption curves at 195 K.
The strength of the interac-


tion between the framework
and acetylene was studied by
using the isosteric enthalpy of
acetylene adsorption, which
was calculated according to
Equation (3) with adsorption
isotherms measured at 273, 298,
and 323 K:


DHads ¼ �R
@ lnP
@ð1=TÞ


� �
N


ð3Þ


in which DHads, R, P, and N represent the isosteric enthalpy
of adsorption, gas constant, pressure, and the uptake of acet-
ylene, respectively. As shown in Figure 6, the isosteric en-


Figure 4. Sorption isotherms for acetylene on a) 1a, b) 2a, c) 1b, d) 2b, e) 1c, and f) 2c at 273 K (circles),
298 K (triangles), and 323 K (squares). Open symbols=adsorption, solid symbols=desorption.


Table 4. Amount of acetylene adsorbed on 1 and 2 over the temperature
range 273–323 K at 1 atm.


Adsorbent Amount adsorbed [mLg�1 (STP)]
273 K 298 K 323 K


1a 135 60 28
2a 203 93 44
1b 136 97 56
2b 143 106 75
1c 96 82 62
2c 112 101 84


Figure 5. Adsorption-potential distribution for 1a (black), 2a (purple),
1b (blue), 2b (red), 1c (green), and 2c (orange).
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thalpy of adsorption lies in the range 20.6–23.5 kJmol�1 for
1a, 22.6–24.0 kJmol�1 for 2a, 26.6–27.5 kJmol�1 for 1b,
27.8–30.3 kJmol�1 for 2b, 32.3–33.7 kJmol�1 for 1c, and
35.2–36.2 kJmol�1 for 2c. The isosteric enthalpies of adsorp-
tion for 1b, 2b, 1c, and 2c are significantly higher than the
latent enthalpy of vaporization for acetylene (1 atm at boil-
ing point) of 20.9 kJmol�1. The observed value of
36 kJmol�1 for 2c is smaller than that for [Cu2 ACHTUNGTRENNUNG(pzdc)2ACHTUNGTRENNUNG(pyz)]n
(42.5 kJmol�1[9a] ; pyz=pyrazine, pzdc=pyrazine-2,3-dicar-
boxylate) and is similar to that for [Mg ACHTUNGTRENNUNG(HCOO)2]n
(38.5 kJmol�1).[9b] The higher enthalpy of acetylene adsorp-
tion for [Cu2ACHTUNGTRENNUNG(pzdc)2ACHTUNGTRENNUNG(pyz)]n is due to the hydrogen-bonding
interactions between the hydrogen atom of acetylene and
the oxygen atom on the pore surface. On the other hand, no
specific interaction except for van der Waals interactions be-
tween adsorbed acetylene molecules and the pore wall of
[Mg ACHTUNGTRENNUNG(HCOO)2]n was apparent. This suggests that the high
acetylene uptake observed in 2c is due to physical adsorp-
tion, and therefore physisorption could be suitable for high-
capacity acetylene storage. Interestingly, the isosteric enthal-
py of adsorption for 2c was unchanged during the adsorp-
tion process, although DHads for [Mg ACHTUNGTRENNUNG(HCOO)2]n decreased
as the amount of adsorbed acetylene increased. This result
indicates that the binding sites of 2c are relatively uniform.


Conclusions


We have studied the acetylene-sorption properties of six
PCPs, 1 and 2, which have a jungle-gym-like 3D network
structure. The capability for the design and size tuning of
micropores has permitted the systematic study of acetylene
sorption on PCPs. Notably, the porous crystals 2c, which
contain anthracene moieties, had the highest acetylene ad-
sorption capacity and showed the highest affinity for acety-


lene of the compounds 1 and 2. These results provide useful
information for the understanding and design of PCPs for
acetylene storage.


Experimental Section


Materials


The host PCP compounds 1a–c, [Cu2(L)2 ACHTUNGTRENNUNG(dabco)]n,
[11f,12] and 2a–c,


[Zn2(L)2 ACHTUNGTRENNUNG(dabco)]n,
[11a, c,13] were prepared by previously described methods.


Adsorption Measurements


The sorption isotherms of 1a, 2a, 1b, 1c, and 2c for acetylene and
carbon dioxide at 195 K were recorded on a Quantachrome Autosorb-1
volumetric-adsorption instrument. The sorption isotherms of 2b for acet-
ylene and carbon dioxide at 195 K were recorded on a BELSORP-18-
Plus volumetric-adsorption instrument from BEL Japan, Inc. The acety-
lene sorption isotherms for all compounds at 273, 298, and 323 K were re-
corded on a BELSORP-18-Plus volumetric-adsorption instrument.
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Introduction


Aggregation of organic dyes is a phenomenon of interest,
both from the fundamental and technological points of view.
As a result of exciton interaction, the absorption and emis-
sion properties of aggregates will be different from those of
the corresponding monomers. This phenomenon usually
leads to low-order structures such as dimers, trimers, tetram-


ers, or pentamers. Aggregation of a variety of functional
dyes such as cyanines,[1] merocyanines[2] porphyrins,[3] pery-
lenes,[4] and squaraines[5] has been reported, which occurs
because of p-interaction and solvophobic assistance. On the
other hand, use of hydrogen bonding and metal ion coordi-
nation along with p-stacking facilitates self-assembly of the
dye leading to supramolecular architectures with definite
shape and size. In this way, different morphologies such as
vesicles, micelles, tubes, rods, and fibers of functional dyes
could be possible in solvents of varying polarity.[6] In this
context, supramolecular dye chemistry has been attracting
significant attention in recent years.[7]


Squaraines are a well-studied class of organic dyes for
both fundamental, and technological reasons.[8] They are ex-
tensively used in electrophotography,[9] organic solar cells,[10]


non-linear optics,[11] optical data storage,[12] cation sensing,[13]


two-photon studies[14] and in photodynamic therapy.[15] Even
though the aggregation behavior of squaraine dyes are well-


Abstract: The synthesis, characterisa-
tion, optical, chiroptical, aggregation,
and alkaline earth metal cation assisted
self-assembly properties of tripodal
squaraine dyes have been described. In
the tripodal geometry, these dyes ex-
hibit three absorption bands around
650, 620 and 580 nm in contrast to the
single, sharp absorption of a simple dye
(SQ) at 640 nm. The fluorescence
quantum yield of the squaraine dyes
are 25–30 times lower when compared
to that of SQ, which indicates intramo-
lecular exciton interaction as a result
of the confinement of the dyes. The
evaporation of an acetonitrile solution
of the dye resulted in the formation of
vesicular objects as confirmed by AFM
and TEM analyses. However, evapora-


tion of an acetonitrile solution contain-
ing 10–12% water gave short fibrous
aggregates. In the presence of Ca2+ or
Mg2+ ions, the dyes exhibit an intense
and sharp absorption band at 547 nm
with a concomitant decrease of the
native absorption. Interestingly, the
dye with chiral groups failed to give a
circular dichroic signal during aggrega-
tion in solvent mixtures, whereas
strong signals were observed in the
presence of Ca2+ and Mg2+ ions. AFM
and TEM analyses of the correspond-
ing cation complexes revealed the for-


mation of worm like nanohelices. How-
ever, addition of EDTA to the Ca2+ or
Mg2+ complex exhibited a reversal of
the absorption, emission, and circular
dichroic spectra to that of the native
dye, indicating decomplexation. AFM
analyses revealed the transformation of
the helices to particles. These observa-
tions reveal the difference in the
nature and properties of the simple ag-
gregates formed in solvent mixtures
and those formed in the presence of
cations. In the present study, we were
able to establish the importance of spe-
cific cation binding in controlling the
size, shape, and properties of the hier-
archical assemblies of tripodal squar-
aines.
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understood, studies pertaining to the self-assembly of these
dyes to supramolecular architectures are very few.[16–19]


Whitten and co-workers have earlier reported the organo
gel formation of cholesterol linked squaraine dyes because
of the formation of micrometer sized fiber networks.[16] Re-
cently we have demonstrated cation assisted amplification
of chirality and morphology change from spheres to helices
in a chiral tripodal squaraine upon complexation with
Ca2+ .[17] Herein, we present the detailed results on the ag-
gregation and self-assembly of a few tripodal squaraines, in-
duced by solvophobic effects and cations, leading to signifi-
cant changes in the optical, chiroptical, and morphological
properties.


Results and Discussion


The tripodal dyes 1a–c were synthesized according to
Scheme 1 with the speculation that confinement of the dyes
on a rigid aromatic core might enhance the propensity of ag-
gregation leading to hierarchical assemblies. The precursor 4
was obtained by the reaction of 3 with phloroglucinol which,
on further reaction with 3.3 equivalents of the corresponding
N,N-(dialkylaminophenyl)-4-hydroxycyclobut-3-en-1,2-dione
in propan-2-ol in the presence of a catalytic amount of tribu-
tyl orthoformate, gave the dyes 1a–c in 11–25% yields. The


purified compounds were characterized by NMR and mass
spectral analyses.


Optical Properties


The absorption and emission spectra of 1a–c and their fluo-
rescence quantum yields in acetonitrile are shown in
Table 1. These dyes showed three clear absorption bands in
acetonitrile when compared to the single sharp absorption
band of an analogous model dye SQ obtained from N,N-di-
butylaniline and squaric acid.[20] The fluorescence quantum
yields of 1a–c are nearly 25–30 times lower than that of the
SQ dye. The absorption and emission spectra of 1b in differ-
ent solvents are shown in Figure 1a and 1b. In acetonitrile,
1b exhibited an absorption maximum at 651 nm with two
absorption shoulders at 619 and 580 nm (Figure 1a). In
chloroform, apart from the strong sharp absorption at
647 nm there was an absorption shoulder at around 616 nm.
In DMSO, the dye exhibited a broad absorption at 665 nm.
The emission spectra showed a maximum at 666 nm in
chloroform which was red shifted by 19 nm in DMSO
(685 nm). The presence of two clear shoulder bands in the
absorption spectra of the dyes in acetonitrile, in addition to
the absorption maximum, indicates solvent dependent exci-
ton coupling in 1a–c as a result of intramolecular interac-
tions of the conformationally confined dye molecules.[21] In-
creasing the concentration of the dye in acetonitrile (10�6–


Scheme 1. Synthesis of 1a–c.
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10�4m) did not show any considerable change in the absorp-
tion and emission spectra, thus ruling out any intermolecular
processes.


Solvent Induced Changes in the Optical Properties


Optical properties of the squaraines are known to be strong-
ly influenced by solvent polarity as well as solvent composi-
tion as a result of the aggregation of molecules.[5] These are
mainly intermolecular aggregation leading either to “H”- or
“J”-type aggregates. In the case of dyes 1a–c, the absorption
spectra indicate intramolecular exciton interaction, which is
strong in acetonitrile. Since water is known to induce aggre-
gation of the squaraine dyes, the absorption spectral changes
of 1a–c were monitored in solutions of acetonitrile and
DMSO having different compositions of water. The absorp-
tion spectral changes of 1b in acetonitrile having 0–12%
ACHTUNGTRENNUNG(v/v) water are shown in Figure 2. The major absorption
band of 1b at 651 nm decreases in intensity with a concomi-
tant increase in intensity of the shoulder band at 580 nm as
the water content in the mixture is gradually increased to
12%. Increase in temperature from 25–70 8C showed only a
slight decrease in the intensity of the peak at 580 nm, which
indicates that the aggregates of 1b are fairly stable. In the
emission spectra, the intensity of emission at 660 nm de-
creases as the water percentage in acetonitrile is increased


(Figure 2b). These changes in
the absorption and emission
properties of 1b are in accord-
ance with the formation of
“H”-type aggregates. In a 12%
water–acetonitrile mixture, the


dye 1b showed an additional weak band at 540 nm. Howev-
er, the nature of this band could not be studied because a
further increase in the water content induced precipitation
of the aggregates. For an insight on the phenomenon,
DMSO–water mixtures of different compositions were
chosen. Initially, the dye in DMSO (1.2H10�6m) exhibited a
broad absorption centred at 668 nm. However, increasing
the water content from 0–14% resulted in a decrease in the
intensity of the absorption at 668 nm with the growth of a
new blue-shifted absorption at 597 nm (Figure 3a).


Interestingly, increasing the water content from 14–20%
resulted in a decrease in the intensity of the absorption at
597 nm with a sharp rise in the absorption at 537 nm (Fig-
ure 3a). Again, further increase in the water content lead to
precipitation of the dye. The color of these aggregates at dif-
ferent water compositions are shown in Figure 3d. In
DMSO, the dye is green in color whereas the aggregates in
10% and 15% water in DMSO appeared light blue and
purple respectively. The emission of the dye in DMSO at
685 nm was quenched as the water composition increased
(Figure 3b), with a slight blue shift (685–681 nm).


The absorption spectrum of 1b in DMSO with 12–14%
water content showed a time-dependent increase in the in-
tensity of the band at 537 nm. The intensity of the absorp-
tion at 595 nm rapidly decreased in a 14% water solution
reaching equilibration within a time span of around 8 min.


Figure 1. a) Absorption and b) emission spectra of 1b in chloroform,
DMSO and acetonitrile (10�6m).


Table 1. Absorption, emission and quantum yields of 1a–c and a model dye SQ in acetonitrile.


Compound Abs lmax [nm] e [105m
�1 cm�1] Ems lmax [nm] Quantum yield (F)[a]


1a 651,620,580 6.9 668 0.004
1b 650,619,580 7.2 668 0.006
1c 650,620,579 8.9 670 0.004
SQ 640 3 660 0.15


[a] Fluorescence quantum yields are calculated using 4,4-[bis-(N,N-dimethylamino)phenyl]squaraine dye as
standard (F =0.7 in CHCl3), excited at 570 nm.


Figure 2. Absorption and emission spectral changes of 1b (1.2H10�6m) in
different acetonitrile–water compositions.
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The same phenomenon was observed in the case of the
13% water solution; however the process was comparatively
slow and required 14 min for equilibration (Figure 4c).
During the process, the intensity of the absorption at
659 nm also decreased (Figure 4a) with an isosbestic point
at 570 nm. The plot of the intensity of the 537 nm band
versus time (Figure 4c) reveals that the water content in
DMSO plays a crucial role in the time-dependent conver-
sion of aggregates. Similar observation of time-dependent
change in the aggregate bands of squaraines in DMSO–
water has been reported, and was attributed to the dynamic
conversion of “kinetically” to “thermodynamically” pre-
ferred aggregates.[22] The formation of the blue-shifted band
at 537 nm suggests further aggregation processes occur with
time to form more stable assemblies.


Cation Induced Changes in the Optical Properties


Alkaline earth metal cations, particularly Ca2+ and Mg2+


ions are known to strongly bind to podands and polymethy-
lene linked squaraines, inducing a significant blue shift of
the absorption spectrum.[23] The cations are shown to induce
folding of the flexible chains leading to “H”-type intramo-
lecular dimers. In some cases, the cation bound complex
leads to the formation of metallo supramolecular arrays.[24]


The tripodal dyes 1a–c showed a similar decrease in the
original absorption with the formation of a new band at
547 nm and an isosbestic point at 563 nm upon addition of
Ca ACHTUNGTRENNUNG(ClO4)2·4H2O. The emission spectrum showed a gradual
quenching of the maximum at 670 nm with the addition of
the cation salt. These changes for 1b are shown in Figure 5a
and 5c. Although other alkaline earth metal ions such as
Mg2+ , Ba2+ , and Sr2+ exhibited changes in the absorption


and emission spectra, these changes were comparatively
weaker than those induced by the Ca2+ ion and decreased
in the order Mg2+ >Sr2+>Ba2+ (Figure 5b and d). The dif-
ference in the binding affinity may be as a result of the dif-


Figure 3. Aggregation of 1b (1.2H10�6m) in various composition of
DMSO–water. a) Absorption and b) emission spectral changes of 1b in
0–20% water–DMSO, c) variation of absorbance at 537 nm at various
water–DMSO compositions. d) Photograph of the aggregates of 1b
formed at different water–DMSO composition: I) 0% water, II) 10%
water–DMSO and III) 15% water–DMSO.


Figure 4. Time-dependent absorption spectral changes of the aggregate of
1b (1.2H10�6m) in a) 13% water–DMSO, b) corresponding variation of
absorbance at 659, 595 and 537 nm with time and c) variation of absorb-
ance at 537 nm of aggregates in 12, 13 and 14% water–DMSO.


Figure 5. a) Absorption and b) emission spectral changes of 1b (1.2H
10�6m) in acetonitrile on addition of Ca ACHTUNGTRENNUNG(ClO4)2·4H2O (0–4H10�6m) at
298 K (path length: 10 mm)
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ference in the size and charge density of the cations. Ca2+


and Mg2+ ions are known to strongly bind with negatively
charged chelating agents.


The changes get saturated upon addition of one equiva-
lent of the calcium salt as can be seen from the plots of ab-
sorbance at 547 nm against the ratio of the dye and the
cation (Figure 5b). Job plots revealed 1:1 complexation be-
tween the cation and the dye. The dyes 1a and 1c showed a
similar trend in the absorption and emission spectra with
different alkaline earth cations. It is interesting to note that
the absorption maxima of the Ca2+ and the Mg2+ complexes
of 1a–c fall very close to that of the aggregate band in ace-
tonitrile and DMSO with a higher water (>12%) composi-
tion. However, the absorption bands of the cation com-
plexes are more intense and sharp when compared to those
of the aggregates obtained from the solvent mixtures, which
indicates a more organized self-assembly in the former. In
order to get more insight into this hypothesis, we have used
the dye 1c having a chiral handle. In this case, circular di-
chroism (CD) becomes a powerful tool to probe the differ-
ence in the nature of the aggregates formed in solvent mix-
tures and with cations.


Chiroptical Properties


In the case of chromophores having chiral centres, a CD
signal arises as a result of biased interchromophore aggrega-
tion leading to organized hierarchical helical assemblies
with a preferred handedness. Recently, Hecht and co-work-
ers have shown that a chiral squaraine dye which forms both
blue- and red-shifted aggregates from acetonitrile–water
mixtures exhibit CD signals indicating helical aggregates.[25]


However, in this case the observed strong CD signal corre-
sponds to the red-shifted aggregate band. In the case of 1c,
the CD signal was negligible in acetonitrile at a concentra-
tion of 3.6H10�6m, which indicates the absence of interchro-
mophore aggregation. Surprisingly, in solvent mixtures, even
though aggregation is evident from the absorption spectrum,
we could not see any considerable CD response. From this
observation it can be inferred that in solvent mixtures, the
tripodal geometry of 1c facilitates the collapse of the dye
moieties, resulting in ill-defined aggregates without a helical
twist. However, addition of Ca2+ or Mg2+ ions to a solution
of 1c in acetonitrile (3.6H10�6m) resulted in a CD couplet
with a first positive Cotton effect at 622 nm followed by a
negative one at 541 nm through zero crossing at 565 nm
(Figure 6a). The increase in the intensity of the CD signal
gets saturated after the addition of one equivalent of the
metal salt. The CD intensities on complexation with alkaline
earth metal ions varies in the order Ca2+>Mg2+>Sr2+ >


Ba2+ (Figure 6c). These observations are in agreement with
the absorption and emission spectral changes. Furthermore,
the observed difference in the CD response of the aggre-
gates of 1c formed in solvent mixtures and in the presence
of the cations, indicates the remarkable difference in their
supramolecular organization and morphology. It is obvious
that cation complexation is crucial for the expression of chir-


ality and helps the dye molecules in 1c to form aggregates
with a helical bias leading to supramolecular helicity.


Morphological Properties


Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) analyses of the acetonitrile solutions of
1a–c after evaporation on a mica surface and carbon coated
grids, showed spherical structures (Figure 7). The AFM
analysis of 1c from acetonitrile revealed spheres with a di-
ameter in the range of 80 nm–2.3 mm after reducing the tip
broadening factor (Figure 7a).[26] Detailed particle size anal-
ysis revealed an average size of 518 nm as shown in the his-
togram (Figure 7b). The height of these spheres was in the
range of 10–350 nm, which indicated considerable flattening
of the objects. This phenomenon is common in organic soft
self-assemblies which is caused by the local force exerted by
the AFM tip.[27] Since we could not observe any major
changes in the absorption spectra of 1a–c in acetonitrile at
different concentrations and temperatures, it was clear that
these dyes do not form any type of hierarchical assemblies
in solution. This hypothesis is supported by the fact that dy-
namic light scattering (DLS) failed to show the presence of
particles in solution. Therefore, particle formation could be


Figure 6. Circular dichroism spectral changes of 1c (3.6H10�6m) in aceto-
nitrile on addition of a) CaACHTUNGTRENNUNG(ClO4)2·4H2O and b) Mg ACHTUNGTRENNUNG(ClO4)2·4H2O (0–4H
10�6m) at 298 K. c) Plots corresponding to the intensities of the positive
and negative CD signals against the ratio of the dye to the cations.
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as a result of the slow evaporation of the solvent on the
mica surface.


TEM images of a dried solution of 1c, dip cast on a
carbon coated grid showed particles of 40–80 nm in size
(Figure 8a). These particles are vesicular, as could be seen


from a zoomed part of the image which shows a clear differ-
ence in contrast to the periphery and the inner part of the
spheres (Figure 8b). The wall thickness of these images are
of ca. 4–5 nm (Figure 8b, inset), which agrees with the calcu-
lated bilayer thickness of two stacked tripodal dye units
after deducting the length of the alkyl chains. The large dif-
ference in the particle size observed in the AFM images
may arise from the fusion of small vesicles during the slow
evaporation of the solvent on the mica surface.


The AFM images of 1c obtained by the evaporation of its
solution in acetonitrile containing 10% water (v/v), drop
cast on a mica surface are shown in Figure 9. The images 9a
and 9b are taken from two different places of the same
sample which indicate a large variation in the morphology.


In many places, short fibrous structures of 50–100 nm in
width could be seen. It must be remembered that the CD
spectra of 1c did not show any response in the same solvent
mixture indicating the absence of chiral assemblies. There-
fore, the structures seen on the mica surface must have been
formed from the organization of the elementary aggregates
upon evaporation of the solvent. Thus a change of solvent
from pure acetonitrile to 10% water–acetonitrile had a pro-
found influence on the morphology, namely, from vesicles to
fibres. Unfortunately, we failed to acquire good TEM
images of these aggregates even after repeated attempts.


Addition of Ca ACHTUNGTRENNUNG(ClO4)2·4H2O to a solution of 1a–c result-
ed in uniformly distributed fibres having a width of (28�15)
nm and a height of (3.5�0.5) nm, as visualised from the
AFM image. In the case of 1c these fibres are helical in
nature (Figure 10). They appear to be worm like with a near


uniform width of ca. 50 nm with a right handed helical pitch
of 90 nm. TEM images showed a comparable morphology
and size even though the helicity was not very clear
(Figure 11). The size of the supramolecular structures found
in the AFM and TEM images in the presence of the cations
are comparable to each other. This could be attributed to
the possible formation of the self-assembly in the solution
itself and evaporation of the solvent on the mica surface
may not have much influence on deciding the size and the
morphology. It must be recalled that 1c in the presence of
Ca2+ exhibited a strong CD signal in solution, which indi-
cates the formation of a helical assembly. The morphology


Figure 7. a) AFM height image of 1c from acetonitrile (2H10�6m) evapo-
rated on mica surface. Z-scale: 250 nm. b) Histogram showing the parti-
cle distribution with an average size of 518 nm (Lorentzian fit, R2=


0.9948).


Figure 8. a) TEM image of the nanospheres obtained by the dip coating
of an acetonitrile solution of 1c on carbon coated grid (inset: image of a
fused vesicle). b) Zoomed images of the marked area showing the vesicu-
lar nature (inset: zoomed image of a single vesicle showing the wall
thickness).


Figure 9. AFM height images of the aggregates of 1c in 90% acetoni-
trile-water casted on mica surface. Images are obtained from two differ-
ent places of the sample. z-scale: a) and b) 20 nm.


Figure 10. AFM images of 1c.Ca2+ on mica substrate cast from acetoni-
trile solution (1.8H10�6m).
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of the Mg2+ complex was almost similar to that of the Ca2+


complex as evident from the AFM images except that the
length of the fibres are relatively shorter in the case of the
Mg2+ complex (Figure 12).


An interesting feature of 1a–c is the reversibility of the
cation complexation in the presence of EDTA. Addition of
an equivalent amount of EDTA, which is a better chelator
of Ca2+ and Mg2+ , facilitates decomplexation leading to the
reversal of the absorption, emission, and CD spectra to the
initial state of the dye (Figure 13). AFM analysis of the
1c·Ca2+ complex in acetonitrile after addition of an equiva-
lent amount of EDTA resulted in the complete transforma-
tion of the helical structures to disc like objects (Fig-
ure 13c). This change in the morphology indicates that
cation complexation is essential for the formation of nano-
helices.


Conclusions


With the help of a few tripodal squaraine dyes, we have il-
lustrated that confinement of the dye moieties on an aro-
matic platform strongly influences the optical, chiroptical,
and morphological properties. We could establish significant
differences in the properties of the aggregates, which are in-
duced by solvents and cations. The tripodal dyes gave vesic-
ular assemblies when evaporated from acetonitrile while
forming fibrous aggregates on evaporation from acetoni-


trile–water mixtures. On the other hand, in the presence of
Ca2+ or Mg2+ ions, nanosized fibrous self-assemblies are
formed. In the case of a chiral dye, amplification of chirality
was observed upon cation binding, whereas the solvent in-
duced aggregates were optically inactive by circular dichro-
ism. The worm like nanohelices formed with cations are de-
formed into particles upon addition of EDTA. These results
reveal that in the present systems, cations play an important
role in the expression of molecular chirality to supramolec-
ular helicity. The clear difference in the nature and proper-
ties of solvent and cation induced aggregates suggest that an
appropriate cation binding is essential for an organized self-
assembly of the tripodal squaraines, leading to supramolec-
ular architectures with controlled shape and size.


Experimental Section


General experimental details including the instrumentation and methods
are given in the Supporting Information.


Synthesis of 1a–c: 1,3,5-tris[(2-(N-methyl-N-phenyl)amino)ethoxy]ben-
zene (4) was refluxed with 3.3 equivalents of the corresponding N,N-(di-
alkylaminophenyl)-4-hydroxycyclobut-3-en-1,2-dione in propan-2-ol
(50 mL) in the presence of tributyl orthoformate (TBOF, 1 mL) for 20 h,
which resulted in the formation of the squaraine dyes 1a–c. The crude
products were purified over silica gel (100–200 mesh) using chloroform/
methanol (9:1) as the eluent.


1a : Yield: 11%; m.p. >320 8C (decomp); FT-IR (KBr) nmax=3513, 2955,
1710, 1587, 1402.3, 1349, 1182, 834, 786.9 cm�1; 1H NMR (300 MHz,
CDCl3, TMS): d=0.96(t, J=8 Hz, 18H, -CH3), 1.31–1.43 (m, 24H, -CH2),
3.1 (s, 9H, -NCH3), 3.41–3.67 (m, 24H, -NCH2 and -OCH2), 6.1(s, 3H, ar-
omatic), 6.71–6.78 (m, 15H, aromatic), 8.36–8.39 ppm (m, 12H, aromat-
ic); 13C NMR (75 MHz, CDCl3): d=13.8, 20.2, 29.5, 39.6, 51.2, 76.9,
106.9, 112.3, 112.4, 120.1, 132.7, 133.6, 153.8, 183.3, 187.3 ppm; elemental
analysis: calcd (%) for C87H102N6O9: C 75.95, H 7.47, N 6.11; found:
C 75.86, H 7.50, N 6.09.


1b Yield: 25%; mp>320 8C (decomp); FT-IR (KBr) nmax=2954, 2914,
2670, 1718, 1581.4, 1429, 1389, 1351.3, 1286.5, 1178, 1126.4, 932, 840, 787,


Figure 11. TEM images of 1c.Ca2+ complex on carbon coated grid casted
from acetonitrile solution (1.8H10�6m).


Figure 12. AFM images of 1c.Mg2+ complex cast from acetonitrile solu-
tion on mica surface at two different magnifications and view. z-scale:
a) 25 nm and b) 20 nm.


Figure 13. a) Absorption and b) CD spectral changes of 1c.Ca2+ on addi-
tion of EDTA. c) AFM images of 1c.Ca2+ on addition of equivalent
amount of EDTA showing morphology change from helical fibres to par-
ticles. z-scale: c) 50 nm.
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501.4 cm�1; 1H NMR (300 MHz, CDCl3, TMS): d=0.91(t, J=8.1 Hz, 18H,
-CH3), 1.41–1.44(m, 27H, -CH2), 3.1 (s, 18H, -NCH3), 3.39–3.67(m, 18H,
-NCH2 and -OCH2), 6.75–6.78 (m, 15H, aromatic), 8.36–8.39 ppm (d,
12H, aromatic); 13C NMR (75 MHz, CDCl3) d =10.66, 14.00, 23, 23.90,
28.61, 30.57, 37.8, 38.2, 39.61, 40.11, 52.27, 56.63, 56.95, 69, 104.3, 105.63,
107.73, 110.4, 110.8, 111, 111.95, 112.3, 114.7, 118.32, 119.69, 120, 131.9,
154.9, 183.3, 187.7 ppm; elemental analysis: calcd (%) for C90H108N6O9:
C 76.24, H 7.68, N 5.93; found: C 76.36, H 7.59, N 6.01.


1c :Yield: 21%; m.p. >320 8C (decomp); FT-IR (KBr) nmax=2953, 2924,
2673, 1720, 1587.4, 1435, 1384, 1355.3, 1284.5, 1182, 1126.4, 933, 835, 785,
503.4 cm�1; 1H NMR (300 MHz, CDCl3, TMS): d =0.86–0.88(d, 18H,
-CH3), 0.96–0.98(d, 9H, -CH3), 1.25–1.71 (m, 30H, -CH2), 3.1 (s, 18H,
-NCH3), 3.51–3.67(m, 18H, -NCH2 and -OCH2), 6.72–6.78 (m, 15H, aro-
matic), 8.35–8.4 ppm (d, 12H, aromatic); 13C NMR (75 MHz, CDCl3) d=


15.2, 19.6, 22.6, 24.6, 27.9, 29.6, 30.9, 33.9, 37.1, 39.6, 52.3, 69, 92.8, 94.6,
96.4, 104.4, 107.4, 110.8, 113, 119, 120.1, 124, 128.7, 132.9, 133.5, 183.3,
194.3, 197.2, 199.3 ppm. MALDI-TOF MS (MW=1500.99): m/z=1501.07
[M]+ .
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Introduction


Ruthenium-based hydrogenation catalysts have undergone a
meteoric rise in popularity since the early 1990s,[1] and the
chiral ruthenium catalysts that earned Professor Noyori the
Nobel Prize in 2001[2] have played a major role in driving
this trend. Noyori, Takaya, Akutagawa, and co-workers re-
ported the highly enantioselective hydrogenation of func-
tionalized ketones by ruthenium complexes in the late
1980s,[3,4] and Noyori and colleagues reported the same reac-
tion for “simple” ketones (those in which the only other
functional groups are aromatic rings) in 1995.[5] Highly
active and selective ruthenium catalysts for transfer hydro-
genation were developed concurrently by Noyori and
others.[6] These breakthroughs have driven ruthenium com-
pounds to the forefront of the ketone hydrogenation field,[4]


and therefore these compounds have also been applied to
the less-studied imine hydrogenation reactions.[7,8] Although
recent work on ketone and imine hydrogenations has fo-
cused on enantioselective reduction, the industrial advantag-
es of even achiral or racemic catalysts for ketone[9a] and C=


Y (Y=N or O)[9b] hydrogenation have been discussed.
The four types of ruthenium precatalysts most commonly


used for ketone (and, in some cases, imine) hydrogenation
and transfer hydrogenation are shown in Figure 1. Each of


these catalyst precursors reacts with base (usually an alkox-
ide or a hydroxide) to form the active catalyst via deproto-
nation of an NH or OH moiety on the ligand. Most of the
precatalysts described by A–D in Figure 1 are active for
either the direct or the transfer hydrogenation of ketones;
Rautenstrauch, Morris, and co-workers demonstrated that a
few can be catalysts for both transformations, albeit by
forming different active catalysts in each mode.[9] The cata-
lyst precursors A are useful in transfer hydrogenations[10]


and are advantageous because some 1,2-aminoalcohol li-
gands (such as norephedrine) that give highly active cata-
lysts are available relatively cheaply in both enantiomers.[6]


In 1995, Noyori and co-workers described the phosphine-
free Ru–arene/diamine complexes B.[11] After activation by
a strong base, these (in particular, the complex B with
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Figure 1. Ruthenium-based precatalysts for the direct and transfer hydro-
genation of ketones and, in some cases, imines.
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R1,R2= (R,R)- or (S,S)-diphenyl and h6-arene=p-cymene)
catalyzed the asymmetric transfer hydrogenation of ketones
using iPrOH or, better still, a mixture of formic acid and
triethylamine, as the H2 source.


[12] The latter system also cat-
alyzed the transfer hydrogenation of imines effectively and
stereoselectively,[13] offering a major improvement over the
previous state of the art. The structures B have served as
templates for many related catalysts.[14]


The development of the ruthenium-catalyzed, direct
asymmetric hydrogenation of imines has also drawn consid-
erably on the analogous ketone reductions, but the imine re-
duction has lagged behind.[15] Although early reports of the
ruthenium-catalyzed homogeneous hydrogenation of
oximes[16] demonstrated this metalKs activity towards C=N
double bonds, the (diphosphine)ruthenium catalysts that
work so well for ketone hydrogenation can be deactivated
in the presence of bases, which complicates their application
to imine hydrogenation.[5] James and co-workers applied
NoyoriKs BINAP-ligated ruthenium catalysts[2] to imine hy-
drogenation, and found that they performed poorly for
asymmetric imine hydrogenation.[17] However, they did find
other RuP2 systems that gave moderate conversions and
modest ee values in the hydrogenation of imines to amines.


In 1995 Noyori and co-workers demonstrated that ruthe-
nium complexes bearing a chelating diphosphine (or two
monodentate phosphines) and a chelating diamine ligand
(structure C), upon activation with an alkoxide or hydroxide
base, catalyzed the asymmetric hydrogenation of ketones.[5]


These catalysts are highly active and chemoselective for
ketone hydrogenation, even in the presence of olefin func-
tionalities.[18] Recently, [RuP2N2] complexes have been ap-
plied toward catalytic imine hydrogenation by Abdur-
Rashid et al. (who used [Ru(diphosphine)-
ACHTUNGTRENNUNG(diamine)HCl][19,20] and [Ru(phosphine)2ACHTUNGTRENNUNG(diamine)HCl][21]


precatalysts) and Cobley and Henschke (who used
[Ru(diphosphine) ACHTUNGTRENNUNG(diamine)Cl2] precatalysts).


[22]


Later, Ikariya and co-workers published the phosphine-
free RuCp* ACHTUNGTRENNUNG(diamine) complexes D,[23] which are isoelectron-
ic to B. The complexes D can be activated with KOH to
form catalysts for the direct hydrogenation of ketones. The
authors examined the effect of various diamine ligands on
the reaction and concluded that diamines bearing one pri-
mary and one tertiary amino function showed the highest
activity. Additionally, Ikariya and colleagues found that al-
cohols such as isopropanol and ethanol are the best solvents
for these reactions. Deuterium labeling studies revealed that
the alcohol solvent participates in the reaction by forming a
hydrogen bond network that facilitates the scission of H2 to
produce an active ruthenium hydride species.


Our research group has employed Cinchona alkaloid-de-
rived diamines as chiral ligands in D to produce precatalysts
for exceptionally rapid, highly selective ketone hydrogena-
tions.[24] We also studied the reaction computationally, and
found a mechanism that accurately predicts the sense of en-
antiomeric discrimination for the hydrogenation of sub-
strates by several catalysts. Our mechanism was in accord
with that proposed by Ikariya; in particular, we calculated


that the activation energy for H2 cleavage was decreased by
7–10 kcalmol�1 in the case of alcohol-mediated cleavage.


Despite the remarkable ability of D/alkoxide and D/hy-
droxide systems to catalyze the hydrogenation of ketones,
they have not yet been applied to the hydrogenation of
other C=Y bonds. This encouraged us to investigate the pos-
sible hydrogenation of imines using a similar catalytic
system.


Results and Discussion


Earlier reports indicated that the diamine ligand in a cata-
lyst of type D must contain one tertiary and one primary ni-
trogen atom to produce a fast catalyst for ketone hydroge-
nation. Recently, Noyori[25] and Baratta[26] used 2-(aminome-
thyl)pyridine as a ligand in the [RuP2N2]-catalyzed hydroge-
nation and transfer hydrogenation, respectively, of ketones;
this demonstrates the potential of unsaturated diamines in
ketone reduction. Therefore, our preliminary studies includ-
ed two types of ligands (Figure 2): ligands of the first type
(I–III) have one sp2 and one sp3 nitrogen each, whereas
those of the second type (IV–VI) have two sp3 nitrogen
atoms each. Additionally, the different basicities of the
donor sp2 nitrogen atoms of I and II allowed us to study
how this parameter affects the hydrogenation reaction.


N-(1-Phenylethylidene)aniline (1) was chosen as the test
substrate for hydrogenation. Test reactions were carried out
in iPrOH containing the substrate, [Cp*RuCl]4, diamine,
and potassium tert-butoxide at room temperature and at
50 8C under H2 (100 bar) for 18 h. The results of these initial
catalyst screening reactions are summarized in Table 1.
Among the ligands tested, 2-(aminomethyl)pyridine (I,
Table 1, Entries 2 and 3) produced the most active catalyst,
which completely converted 1 to the corresponding amine
even after 12 h at room temperature (Entry 3). The imida-
zole-based ligands II and III (Entries 4 and 5) also per-
formed well, but at room temperature produced lower con-
versions than ligand I. Reactions performed with N-methyl-
ethylenediamine (IV, Entry 6), N,N-dimethylethylenedia-


Figure 2. Diamine ligands used in the initial hydrogenation studies.
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mine (V, Entry 7), and 1-(2-aminoethyl)pyrrolidine (VI,
Entry 8) as ligands gave only modest conversions. Thus in
general, ligands containing one aromatic donor sp2 and one
aliphatic sp3 nitrogen each produced active catalysts at both
temperatures tested. The ligands that possess two aliphatic
sp3 nitrogen functionalities (one tertiary and one primary)
showed inferior conversions. This is in contrast to the case
of ketone hydrogenation by this type of catalyst, for which
the latter ligand class was ideal.[23] In a control experiment,
the attempted hydrogenation of 1 using [Cp*RuCl]4 without
any ligand (Entry 1) showed very low conversion even at
elevated temperature; therefore the ruthenium source alone
is not a competent catalyst for the reaction.


Because this is the first hydrogenation of C=N bonds
using [Cp*Ru ACHTUNGTRENNUNG(diamine)] complexes, we sought to probe the
scope of the reaction. Based on its success in the hydrogena-
tion of 1, the complex formed from ligand I and [Cp*RuCl]4
in the presence of KOtBu (Scheme 1) was tested in the hy-
drogenations of various imines (Table 2) under the condi-
tions described above, but with overnight reactions. Consis-
tent with the data in Table 1, the hydrogenation of 1 using
H2 (100 bar) at room temperature proceeded to full conver-
sion overnight (Table 2, Entry 1). Introducing electron-with-
drawing or -donating groups at the para positions of either
phenyl moiety led to lower conversions. For example, sub-
strate 2 (Entry 2), which bears an electron-withdrawing


group at the para position of the N-phenyl group, was 70%
hydrogenated over the same time period. Substrate 3
(Entry 3), with an electron-donating group on the N-phenyl
and an electron-withdrawing group on the C-phenyl moiety,
was hydrogenated even more slowly. Switching the electron-
ic character of the phenyl rings to give 4 (Entry 4) did not
alter this effect, as 3 and 4 were both 50% hydrogenated at
room temperature under 100 bar H2. Substrates 5 and 6,
bearing electron-withdrawing p-toluenesulfonyl (Ts) and di-
phenylphosphine oxide (dpp) protecting groups, respective-
ly, gave 91 and 90% conversion (Entries 5 and 6). The
imino ester 7 (Entry 7) was also reduced, in 60% conver-
sion. Finally, we attempted the hydrogenation of cyclic
imines. The endocyclic imine 8 (Entry 8) was quite reactive
(87% conversion), whereas the exocyclic imine 9 (Entry 9)
was much less so (38% conversion).


Encouraged by the ability of [Cp*Ru ACHTUNGTRENNUNG(diamine)] com-
plexes to catalyze the hydrogenation of imines, we pursued


Table 1. Hydrogenation of N-(1-phenylethylidene)aniline catalyzed by
[Cp*RuCl]4, KOtBu, and various diamine ligands.[a]


Entry Ligand Conv. [%][b] TOF [h�1][c] Conv.(50) [%][d]


1 none <5 <0.28 10
2 I >99 >5.5 >99
3[e] I >99 >8.3 –[f]


4 II 80 4.4 >99
5 III 90 5.0 >99
6 IV 12 0.67 20


18 1.0 30
8 VI 25 1.4 25


[a] Experimental conditions: 1/ligand/ ACHTUNGTRENNUNG[Cp*RuCl]4=100:1:0.25, P(H2)=


100 bar, t=18 h. [b] Conversion of the reaction performed at room tem-
perature as determined by 1H NMR spectroscopy. [c] Turnover frequency
for the reaction performed at room temperature as determined from the
conversion. [d] Conversion of the reaction performed at 50 8C as deter-
mined by 1H NMR spectroscopy. [e] Reaction was run for 12 h. [f] Not
determined.


Scheme 1. In situ formation of the catalyst from I, [Cp*RuCl]4, and
KOtBu.


Table 2. Hydrogenation of imine substrates by [Cp*RuCl]4/I.
[a]


Entry Substrate Conv. [%][b] TOF [h�1][c]


1 >99 >5.5


2 70 3.9


3 50 2.8


4 50 2.8


5 94 5.2


6 90 5.0


7 60 3.3


8 87 4.8


9 38 2.1


[a] Experimental conditions: imine/I/ ACHTUNGTRENNUNG[Cp*RuCl]4=100:1:0.25, T= room
temperature, P(H2)=100 bar, t=overnight. [b] Substrate conversion as
determined by 1H NMR spectroscopy. [c] Turnover frequency as calculat-
ed from conversion.
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a chiral version of the catalyst (Figure 3). To begin, we
modified the ligand I by introducing alkyl groups on the
side chain, yielding VII and VIII. Though this did not dimin-


ish the conversion, it unfortunately did not induce enantio-
selectivity (Table 3, Entries 1 and 2). Ligand IX, a chiral var-
iant of II, was also unable to direct the stereochemistry of
the reaction (Entry 3).


Our research group reported previously on the synthesis
of N,P ligands similar to X for use in iridium-catalyzed
asymmetric hydrogenation of unfunctionalized olefins[27] and
Ru-catalyzed asymmetric ketone hydrogenations.[28] Like the
1,4-diamines used in catalysts I–IX, this ligand features one
aromatic sp2 nitrogen atom and one primary amine, and we
therefore considered that it might form an active catalyst in
the present system. Indeed, the catalyst that formed when X
was combined with [Cp*RuCl]4 and KOtBu in iPrOH
showed good conversion and promising enantioselectivity
(80% conversion, 52% ee) in the hydrogenation of 1. Appli-
cation of this same catalyst system to the substituted sub-
strate 3, which was hydrogenated by [Cp*RuCl]4/I/KOtBu
much more slowly than 1, resulted in a lower conversion
(48%) and a slightly lower enantiomeric excess (43% ee),
although the stereoselectivity was in the same range
(Scheme 2). The asymmetric reduction of additional prochi-
ral olefins and, more importantly, the development of more
effective chiral ligands for this new reaction are now under-
way in our laboratory.


We have not yet investigated the mechanism by which
this class of catalysts hydrogenates imines. However it is
probable that, analogous to the hydrogenation of ketones by


catalysts based on the complexes D, this reaction is a case of
solvent-assisted H2 cleavage.[23] Thus, we propose that the
ruthenium center activates H2 to form a ruthenium-bound
dihydrogen species, the subsequent heterolytic splitting of
which is assisted by the iPrOH solvent.


Conclusions


We have described the direct hydrogenation of a range of
imines to amines using base-activated Cp*RuACHTUNGTRENNUNG(diamine) com-
plexes as catalysts. Catalyst I completely hydrogenates 1 to
amine in an overnight reaction at room temperature. The
chiral ligand X produced a catalyst that hydrogenated 1 to
the corresponding R-configured amine in moderate enantio-
meric excess, and similar enantioselectivity was observed for
the reduction of 3, an imine with different electronic proper-
ties. We therefore consider this an auspicious system for the
asymmetric hydrogenation of imines. To our knowledge, this
is the first study to use phosphine-free Cp*Ru/diamine com-
plexes as catalysts for the reduction of C=N double bonds.
The development of more effective chiral diamine ligands
and the expansion of the substrate scope for this transforma-
tion are underway in our research group.


Experimental Section


2-(Aminomethyl)pyridine (Lancaster), and [Cp*RuCl]4 (Strem) were
used as received. iPrOH was dried over CaH2 prior to use. Samples for
NMR spectroscopy were prepared in CDCl3 and run at room tempera-
ture. 1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded on a
400 MHz Varian Unity spectrometer. 31P (121 MHz) NMR spectra were
recorded on a 300 MHz Varian Mercury spectrometer. Imines and dia-
mine ligands were synthesized according to published procedures.[30]


Hydrogenation : A solution of 2-(aminomethyl)pyridine (0.015 mmol) in
dry iPrOH (2 mL) was added to [Cp*RuCl]4 (0.0037 mmol) in a dry
Schlenk tube. The resulting solution was stirred under argon for 30 min.
Imine (1.5 mmol) was weighed into a glass vial and dissolved in dry
CH2Cl2 (0.5 mL). The vial was flushed with argon and sealed with a
rubber septum to maintain an inert atmosphere. The catalyst solution
was transferred to the reaction vial under argon, and a solution of
KOtBu (0.11m) in iPrOH (0.136 mL, 0.015 mmol) was added. The hydro-
genation vial was transferred to a high-pressure hydrogenation apparatus
fitted with a steel bomb. Nitrogen gas was introduced to the steel bomb
and vented carefully. After it was purged in this way three times, the
bomb was pressurized with H2 to 100 bar. The reaction mixture was
stirred at this pressure and 50 8C overnight. After careful venting, the re-
action mixture was transferred to a 50-mL round-bottom flask. The sol-
vents were evaporated under reduced pressure, and the residue was dis-
solved in CH2Cl2 and filtered through a short plug of silica. The solvent
was evaporated, and the sample was analyzed by 1H NMR spectroscopy.


Figure 3. Chiral diamine ligands used in this study.


Table 3. Asymmetric hydrogenation of 1 using [Cp*RuCl]4 and chiral di-
amine ligands.[a]


Ligand Conv. [%][b] TOF [h�1][c] ee [%][d]


VII >99 >5.5 rac
VIII >99 >5.5 rac
IX 52 2.9 rac
X 80 4.4 51 (R)


[a] Experimental conditions: 1/ligand/ACHTUNGTRENNUNG[Cp*RuCl]4=100:1:0.25, T= room
temperature, P(H2)=100 bar, t=overnight. [b] Conversion as determined
by 1H NMR spectroscopy. [c] Turnover frequency as calculated from con-
version. [d] Determined by chiral HPLC.


Scheme 2. Asymmetric hydrogenation of substrate 3 with [Cp*RuCl]4/X/
KOtBu. The optical rotation was assigned based on comparison of the
HPLC retention time of the product to the reported compound.[29]
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Introduction


Asymmetric transfer hydrogenation (ATH) of ketones and
imines provides an efficient approach to the enantioselective
synthesis of secondary alcohols and of imines, respective-
ly.[1–10] Research into the development and application of
new catalysts for this path has seen a sharp increase in
recent years owing to the development of catalysts such as
1–3, which are based on RuII,[2,4] RhIII, and IrIII [3,4] metals
complexed to a monotosylated-1,2-diamine ligand. This
ligand is usually N-tosyl-1,2-diphenylethane diamine
(TsDPEN) or N-tosyl-1,2-diaminocyclohexane (TsDAC)
and is derived from the enantiomerically pure C2-symmetric
diamine.[5] Following the initial reports by Noyori et al.,[2]


complexes of this type have been the subject of extensive in-
ternational research efforts and are now a popular choice
for synthetic organic chemists working on total syntheses of
complex organic molecules.[6–8] Whilst the combination of
formic acid/triethylamine remains a popular one, the use of
the catalysts in an aqueous system has also been demon-
strated to be highly efficient and enantioselective and is
often significantly faster.[9]


In addition to the many synthetic applications which have
been reported for the Ru-, Rh-, or Ir-based TsDPEN/
TsDAC-containing catalysts, extensive studies have been
conducted into the mechanism by which they operate in re-
duction reactions.[10] These have revealed that the hydrogen-
transfer process takes place through a six-atom cyclic transi-
tion state in which there is no direct contact between the
substrate and the metal centre (i.e., an “outer sphere”
mechanism).


Although the RuII-based catalyst system has been the one
to enjoy the greatest level of mechanistic study and synthet-
ic application,[2,4,6,8–10] the isoelectronic RhIII- and IrIII-based
catalysts have been found to be efficient and highly enantio-
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selective for several classes of ketones and imines, and in
some cases, they also give superior results.[3,4, 7,8–10] The RhIII


catalyst system has been patented by Avecia and commer-
cialized as the “CATHy” asymmetric transfer hydrogenation
system.[3d,7a] Recently, both the RuII- and IrIII-based catalysts
1 and 3 have also been demonstrated to be effective for
asymmetric hydrogenation of ketones when used in metha-
nol rather than isopropanol.[11]


During the course of our studies on asymmetric transfer
hydrogenation, we recently reported on the synthesis and
applications of a series of “tethered” catalysts related to
complexes 1 and 2. In particular, we have discovered that
RuII-based catalyst 4[12] and the RhIII-based catalysts 5 and
6[13] are highly stable, robust, and efficient catalysts for the
reduction of a series of ketones with high ee values and high
conversions. Catalyst 4, for example, outpaces the non-teth-
ered analogue and completes the reduction of ketones such
as acetophenone within 100 min at S/C=200 (RT), and can
be used at S/C of up to 10000. Catalysts 5 and 6 are particu-
larly well suited to the reduction of a range of ketones, in-
cluding a-chloro ketones and tetralones, and are compatible
with use in water. Given these promising results, we have
extended our studies into the RhIII catalysts. Herein, we
report on the use of catalysts 5 and 6 in the asymmetric
transfer hydrogenation of a series of more challenging ke-
tones as well as to imines. We also report on the synthesis of
a new derivative of catalyst 6 and on our attempts to pre-
pare an IrIII analogue of 5.


Results and Discussion


We first elected to study the ability of catalysts (R,R)-5 and
(R,R)-6[14] in the asymmetric reduction of a representative
series of imines. In particular, we selected imines 7–11 as
representative targets, which have each previously been the
subject of enantioselective reduction studies. Each imine
was prepared by following established methods from amine
starting materials. In the case of 7, 9, and 10, the key syn-
thetic step was the cyclization of the appropriate precursor
amide in a Bischler–Napieralski reaction.[8] Imine 8 was
formed by a condensation reaction between acetophenone
and benzylamine, whilst 11 was prepared in one step by the
addition of methyllithium to saccharin.[8j]


Reduction of imines 7–11 was studied by using catalysts 5
and 6, and complete reduction was achieved in a short reac-
tion time (as low as 15 min; Table 1) by using the dropwise
formic acid method introduced by Blackmond et al.[8a] Abso-
lute product configurations were established by comparison
of the sign of optical rotation to that of known compounds,
and the ee values were determined by using chiral GC anal-
ysis. In the case of 7, product 12 was formed with rather
higher ee values by using the TsDPEN catalyst 5 than with
the cyclohexyl-based catalyst 6. This observation was mir-
rored in the reductions of the related cyclic imines 9 and 10
with an ee value of 96% being recorded for product 15,
which compares favorably with other catalysts that have


been previously employed in this process.[8] By using the un-
tethered analogue of 5, product 12 was formed in 90% ee.[8c]


The reduction of the acyclic imine 8 gave a product of
44% ee by using catalyst 6 ; although low, this represents an
improvement over the result reported (8.4% ee) for related
catalysts with this challenging substrate.[8c] The reduction of
imine 11 was disappointing, however, with the ee values of
product 16 being just 19 and 8%, respectively, by using cata-
lysts 5 and 6. This was quite unexpected as the untethered
complexes are known to reduce this substrate in 68% ee.[8c]


The absolute sense of reduction mirrored those achieved by
untethered catalysts, and the switch in configuration (and
face to which hydrogen is delivered) reflects previous expe-
rience and reported results with other ATH catalysts.[8]


We have also extended the ketone reduction capabilities
of our catalysts to substrates containing a more complex and
challenging set of functional groups. Two examples are re-
ported herein, the first being 17, which was prepared and re-


Table 1. Asymmetric transfer hydrogenation of imines 7–11 by using
RhIII catalysts (R,R)-5 and (R,R)-6.[a]


Imine[a] Catalyst t Conv. [%] Yield [%][b] ee [%][c,d] R/S[e]


7 5 15 min 100 72 87 S
7 6 15 min 100 71 51 S
8 6 15 min 100 70 44 S
9 5 15 min 100 69 88 S
9 6 15 min 100 65 32 S
10 5 15 min 100 69 96 S
10 6 15 min 100 66 79 S
11 5 1 h 100 74 19 R
11 6 1 h 100 69 8 R


[a] S/C=200, in HCO2H/Et3N (5:2), [imine]=0.54m, dichloromethane
(DCM), 25 8C. [b] yields of isolated products (no major byproducts
formed) [c] ee values were determined by chiral HPLC or GC. [d] Race-
mic standards of each amine product were prepared by using sodium
borohydride to reduce the imine. [e] Determined by comparison of sign
of optical rotation to a reported example; 12,[8m] 13,[8c] 14,[8m] 15,[8m] 16.[8m]
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duced to the potential drug development candidate 18 with
high ee values by Tellers et al.[6e] The screening of several
asymmetric hydrogenation (AH) catalysts led to the identifi-
cation of a ruthenium(phosphinoferrocenyl)oxazoline cata-
lyst that gave 18 in up to 93% ee. In their tests on asymmet-
ric transfer hydrogenation catalysts for this application, it
was found that the p-cymene/Ru catalyst 1 gave a reductive
product in up to 86% ee (6 mol% catalyst) and the RhIII-
based catalyst gave a product of only 64% ee (10 mol% cat-
alyst). Our experience suggested that the tethered com-
plexes may show improved activities and we therefore elect-
ed to test catalysts (R,R)-5 and (R,R)-6 for this application.


The synthesis of 17 proved surprisingly elusive and our in-
itial attempts to make it from a combination of the appro-
priate a-bromoketone and cyclohexanol precursors failed.
The successful sequence for the preparation of 17 is shown
in Scheme 1 and follows the method reported in a patent.[15]


The reaction of the benzyloxycarbonyl (CBz)/ tert-butyldi-
methylsilyl (TBS)-protected amino alcohol 19 with aldehyde
20 under reductive conditions (with triethylsilane) resulted
in the formation of 21 in 68% yield. The alcohol protecting
group is also removed under these conditions. A Suzuki re-
action of 21 with 22 gave the 2,3-diaryl-substituted allylic al-
cohol 23 in 67% yield. This alkene was subsequently con-
verted to 17 upon ozonolysis in 44% yield.


The reduction of 17 by using the tethered Rh catalysts
was successful and in each case, full reduction to 18 was ach-
ieved in 1 h by using approximately 0.5 mol% catalyst in
formic acid/triethylamine (5:2 azeotrope) in 92 and 94% ee,


respectively (Scheme 1).[6e] The ee values were determined
in each case by using a supercritical fluid system at
Merck.[6e] The enantioselectivities were higher than previ-
ously reported for asymmetric transfer hydrogenation cata-
lysts, and were achieved at lower catalyst loadings, thereby
providing a viable alternative to pressure hydrogenation for
the enantioselective preparation of this substrate.[16]


The asymmetric reduction of a protected a-aminoaceto-
phenone such as 24 is an attractive reaction as it provides a
route to 2-amino-1-phenylethanol 25, which is a useful
building block for a variety of pharmaceutically important
compounds.[17] Compound 24 may, in principle, be prepared
by a number of routes that involve a ketone reduction step;
for example, through the asymmetric oxazaborolidine
(OAB)-mediated reduction of an a-chloroketone precur-
sor.[17] We, and others, have demonstrated that ATH of a-
chloroketones can also be achieved with very high enantio-
selectivity by using both tethered and untethered RhIII/
TsDPEN catalysts.[6r,7b,c,13] However, we were not aware of
the application of ATH to the direct reduction of 24 with
high ee values, which represents perhaps the most conceptu-
ally simple approach to the asymmetric synthesis of 25. This
reduction has been successfully achieved through the use of
an AH catalyst with ee values of >99% in the optimized
cases.[17]


We were pleased to find that the increased stability and
activity of catalyst 5, conferred by the tethering group, ren-
dered it capable of catalyzing the full reduction of 24 to the
protected alcohol 26 in approximately 98% ee (S)
(Scheme 2). The ee of the product was determined by using


an NMR spectroscopic shift reagent. Although the reaction
time was long (7 days for full conversion), only 1 mol% of
catalyst is required, and the method provides an alternative
to hydrogenation under pressure. Completion of the synthe-
sis of 25 was achieved by hydrolysis of 26 with aqueous
sodium hydroxide in ethanol (Scheme 2). The comparison of
the sign of optical rotation of 26 with the reported value
served to confirm the absolute configuration of the product
as (S).


An attempt was also made to develop a highly enantiose-
lective reduction of a-keto esters with RhIII catalysts 5 and 6


Scheme 1. Preparation and asymmetric transfer hydrogenation of 17.
Bz=benzyl.


Scheme 2. ATH of 24 by using catalyst (R,R)-5.
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as these catalysts are known to be challenging substrates for
ATH. Unfortunately, the reductions of 27 and 28[18] to alco-
hols 29 and 30 were achieved in only 67–68% and 25–
42% ee respectively, depending on the catalyst used.


Synthesis and Applications of Novel Catalyst Derivatives


We were interested in preparing the IrIII derivative of cata-
lyst 5, that is, 31, as the iridium complexes of TsDPEN (with
associated pentamethyl cyclopentadienyl ligands) have been
shown to be very effective catalysts for both ATH[7] and,
more recently, AH.[11] Unfortunately, we were unable to pre-
pare and isolate 31 despite a number of attempts at com-
plexation of precursor 32 with iridium trichloride.[13] There
was evidence, however, of the formation of 31 in situ as the
crude product was capable of the asymmetric reduction of a
series of ketones. Although the ee values were very good in
some cases, the conversions were low and results were ob-
tained that indicate some formation of catalyst: acetophe-
none; 21% yield, 94% ee (R) after 9 days, a-chloroaceto-
phenone; 63% yield, 97% ee (S) after 20 h, p-trifluorome-
thylacetophenone; 41% yield, 80% ee (R) after 6 days, m-
chloroacetophenone; 43% yield, 75% ee (R) after 7 days, p-
chloroacetophenone; 14% yield, 83% ee (R) after 4 days, a-
hydroxyacetophenone; 4% yield, 84% ee (S) after 2 days. In
all cases, reactions were conducted at 28 8C in formic acid/
triethylamine (5:2) at S/C=200.


More success was achieved in the synthesis of the RhIII


catalyst (R,R)-33, which contains a methoxy group on the
tethering aryl ring. This was of interest because it provided
an opportunity to establish whether or not this would influ-
ence the performance of the catalyst, with a view to creating
supported versions (for example, on soluble polymers)
through a linkage at this point. The successful[19] route to
(R,R)-33 is illustrated in Scheme 3 and starts from the bro-
mide 34,[20] which was converted to 35 through a three step
sequence that mirrors that used for 6. Reductive amination
of 35 with (R,R)-N-tosyl-1,2-cyclohexyldiamine resulted in
formation of (R,R)-36, which was converted to (R,R)-33 by
refluxing with rhodium trichloride in methanol in 43%
yield.


Catalyst (R,R)-33 was isolated as a dark-red solid and the
proton NMR spectra indicated the formation of a single dia-
stereoisomer of product. Six methyl singlets were present, as
well as a clear AB system owing to the benzylic methylene
group. Although an X-ray crystallographic structure was not
obtained, its relative configuration was assigned by analogy
with that of (R,R)-6. Complex (R,R)-33 proved to be an ef-
fective catalyst for ATH of a series of ketones in formic
acid/triethylamine (Table 2), and the product configurations


matched that which was predicted by using the ligand enan-
tiomers employed, assuming that tethering does not alter its
mode of action.


In comparison with catalysts (R,R)-5 and (R,R)-6,[13]


(R,R)-33 exhibited a similar reactivity and selectivity, and
the aromatic ketones were reduced in high ee values, with
the exception of the more sterically hindered compounds
that contain an ortho substituent. Presumably this arises
from an unfavourable steric interaction between this sub-
stituent and a group on the catalyst. Acetylcyclohexane was
reduced in an acceptable 87% ee, which matched that ach-


Scheme 3. Synthesis of catalyst (R,R)-33. TsDAC=1,2-diaminocyclohex-
ane.


Table 2. Asymmetric transfer hydrogenation of ketones by using catalyst
(R,R)-33.[a]


R[a] t [h] Conv. [%] ee [%][b] R/S[c] ee [%] with 6[d]


Ph 2.5 99 95 R 96 (R)
p-BrC6H4 3 100 95 R 93 (R) (aq.)[e]


p-MeC6H4 5 100 94 R 94 (R) (aq.)[e]


o-ClC6H4 9 100 85 R 85 (R)
o-(CF3)C6H4 48 37 60 R 62 (R)
o-(MeO)C6H4 18 37 94 R 94 (R)
1-naphthyl 48 99 87 R 84 (R)
2-furyl 3 100 98 R 98 (R)
2-thiophenyl 5 100 97 R 97 (R)
cC6H11 28 96 87 S 87 (S)


[a] S/C=200, in HCO2H/Et3N (5:2), [ketone]= approximately 1.0–1.6m,
25 8C. [b] ee values were determined by chiral HPLC or GC. [c] Deter-
mined by comparison of the sign of optical rotation to a reported exam-
ple.[13c] [d] From reference [13a,b]. [e] Reaction in aqueous solution.
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ieved by using (R,R)-6, again with an absolute configuration
which was reversed relative to the aromatic ketones. This re-
versal of face selectivity has been observed for many of the
tethered catalysts that we have prepared,[12,13] and presuma-
bly reflects the fact that the aromatic substrates can engage
in a CH–p interaction with a part of the catalyst, whilst
purely aliphatic substrates cannot.[10]


Conclusions


In conclusion, we have demonstrated that tethered com-
plexes containing a RhIII/cyclopentadienyl/tosylated diamine
combination can be used effectively in the asymmetric re-
duction of imines and of complex functionalized ketones. In
the case of 17, the catalysts give better ee values than other
methods for this transformation, at lower catalyst loadings.
We have demonstrated that the introduction of a methoxy
group into the tethering aryl ring does not unfavorably influ-
ence the performance of the catalyst, thus opening up a
route to supported derivatives. IrIII derivatives have re-
mained elusive.


Experimental Section


General


All reactions, unless otherwise stated, were carried out in vacuum-flame-
dried glassware under an atmosphere of nitrogen at ambient temperature
(18–22 8C). 0 8C refers to an ice/water slush bath and �78 8C refers to a
dry-ice–acetone bath. All reagents were obtained from commercial sour-
ces and used without purification unless stated. Distilled solvents (THF,
Et2O) were freshly distilled over sodium. Other dry solvents were sup-
plied by Romil as Hi-Dry solvents, and N,N-dimethylformamide (DMF)
and dichloromethane (DCM) were supplied from Fluka/Aldrich as anhy-
drous in Sure/Seal bottles. All other solvents were from commercial sour-
ces and used without further preparation unless otherwise stated. Thin
Layer Chromatography was performed on commercially available pre-
coated aluminium-backed silica gel 60 (F254) plates supplied by Merck
and visualized by UV254 and 2,4-dinitrophenylhydrazine, ninydrin, phos-
phomolybdic acid, potassium permanganate, and vanillin dips as appro-
priate. Flash column chromatography was carried out on silica gel 40-
63U 60A supplied by Fluorochem Limited. Organic solvents were re-
moved on a Buchi Rotary Evaporator. Melting points were determined
by using a Stuart Scientific SMP1 instrument and are uncorrected. Infra-
red spectra were recorded neat by using a Nicolet Avatar 320 FTIR
fitted with a Specac golden gate single reflection diamond attenuated
total reflection top plate. Optical rotations were measured using a
Perkin–Elmer 241 polarimeter (sodium D line) at room temperature with
a 10 cm rotation cell. NMR spectra were recorded on Bruker DPX
300 MHz or Bruker DPX 400 MHz spectrometers. Chemical shift values,
quoted in ppm, are relative to the internal standard teramethylsilane
(TMS) for 1H NMR, or the middle of the chloroform triplet d=77 ppm
for 13C NMR. Multiplicities are quoted as singlet (s), doublet (d), triplet
(t), quartet (q), or multiplet (m) and coupling constants (J) are quoted in
Hz. Mass spectra were recorded on a Kratos analytical MS80 RFAO
spectrometer. Transfer hydrogenation conversions and ee value determi-
nations were made with GC by using a Cyclodextrin-b-236M-19
(CHROMPAC, 50 m) column or by HPLC by using a Chiralcel OD
column supplied by Daicel. The following starting materials have been
reported and were prepared by published methods; 7–11,[8] 19, and[15]


34.[20] In cases where a substrate was reduced by several catalysts, only
the result from one of them is generally listed.


Synthesis


12 : A mixture of catalyst (R,R)-5 or (R,R)-6 (0.014 mmol) in triethyl-
ACHTUNGTRENNUNGamine (0.95 mL, 6.8 mmol) was stirred at 28 8C for 10 min. A solution of
6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline 7 (0.58 g, 2.81 mmol) in
anhydrous DCM (3 mL) was added, followed by the dropwise addition of
formic acid (0.65 mL, 17.2 mmol) over 10 min and the reaction mixture
was then stirred at 28 8C while the reaction was monitored by TLC.
Upon completion of the reaction, the solution was washed with saturated
Na2CO3 (10 mL) and extracted with DCM (4P20 mL), the combined or-
ganic extracts were dried (MgSO4), and the solvent removed under re-
duced pressure to give a crude brown oil, which was purified by silica gel
column chromatography (50!100% v/v EtOAc/hexane) to afford prod-
uct 7[8b] as a pale-orange oil (0.42 g, 2.03 mmol, 72%). IR (film): ñ=3268,
2930, 2833, 1608, 1511, 1455, 1253, 1222, 1130, 995, 860, 786 cm�1;
1H NMR (400 MHz; CDCl3, 25 8C, TMS): d =6.62 (s, 1H; ArH), 6.57 (s,
1H, ArH), 4.04 (q, 3JHH =6.5 Hz, 1H; CH3CH), 3.85 (s, 3H; OCH3), 3.84
(s, 3H; OCH3), 3.29–3.21 (m, 1H; NHCHaHb), 3.04–2.95 (m, 1H;
NHCHaHb), 2.84–2.74 (m, 1H; ArCHaHb), 2.69–2.60 (m, 1H; ArCHaHb),
1.93 (brs, 1H; NH), 1.44 ppm (d, 3JHH =6.5 Hz, 3H; CHCH3);
13C NMR(100.6 MHz; CDCl3, 25 8C, TMS): d=147.3 (ArCq), 147.3
(ArCq), 132.4 (ArCq), 126.8 (ArCq), 111.8, 109.1 (ArCH), 56.0 (OCH3),
55.9 (OCH3), 51.2 (CH), 41.8 (CH2), 29.5 (CH2), 22.8 ppm (CH3); MS
(LSIMS): m/z (%) 208 (MH+ , 100), 192 (56), 154 (18); HRMS (LSIMS):
m/z (%) calcd for C12H17NO2: 208.1338 [M+H]+ ; found: 208.1344
(3.2 ppm error). Enantiomeric excess determined by HPLC analysis
(Chiralcel OD-H, 250P4.6 mm column, hexane/propan-2-ol/Et2NH=


90:10:0.1 (0.5 mLmin�1), 254 nm, room temperature, S isomer 23.8 min.,
R isomer 32.7 min.); a½ �26


D =�27.1 (c=1.17, EtOH) 87% ee (S); (lit.[8m]


a½ �23
D =�51.2 (c=1.69, EtOH) 95% ee (S)). A racemic standard was pre-


pared by reduction of 7 with NaBH4.


13 : Following the general procedure described for 12, from reduction of
acetophenone benzylimine 8 (0.68 g, 3.25 mmol), product 13 was ob-
tained as a pale-yellow oil (0.48 g, 2.27 mmol, 70%).[8c] 1H NMR
(400 MHz; CDCl3, 25 8C, TMS): d=7.38–7.20 (m, 10H; ArH), 3.81 (q,
1H, 3JHH =6.6 Hz, 1H; CH), 3.66 (d, 1H, 3JHH =13.2 Hz, 1H; NCHaHb),
3.59 (d, 3JHH =13.2 Hz, 1H; NCHaHb), 1.66 (br s, 1H; NH), 1.37 ppm (d,
3JHH =6.6 Hz, 3H; CH3);


13C NMR (100.6 MHz; CDCl3, 25 8C, TMS): d=


145.6 (ArCq), 140.7 (ArCq), 128.5, 128.4, 128.2, 127.0, 126.9, 126.7
(ArCH), 57.5 (CH), 51.7 (CH2), 24.5 ppm (CH3). Enantiomeric excess de-
termined by HPLC analysis (Chiralcel OD-H, 250P4.6 mm column,
hexane/propan-2-ol=99.5:0.5 (0.5 mLmin�1), 254 nm, RT, R isomer
15.1 min., S isomer 17.2 min.); a½ �26


D =�23.9 (c=1.12, EtOH) 44% ee (S);
(lit.[8c] a½ �20


D =�3.3 (c=1.0, EtOH) 8.4% ee (S)). A racemic standard was
prepared by reduction of 8 with NaBH4.


14 : Following the general procedure, from reduction of 1-methyl-4,9-di-
hydro-3H-b-carboline 9 (0.52 g, 2.81 mmol), product 14 was obtained as a
brown oil (0.36 g, 1.93 mmol, 69%);[21] IR (film): ñ=3396, 3055, 2842,
1453, 1300, 1158, 1121, 1007, 846, 801, 740 cm�1; 1H NMR (400 MHz;
CDCl3, 25 8C, TMS): d=8.04 (br s, 1H; NH), 7.47 (d, 3JHH =7.6 Hz;
ArH), 7.28 (d, 3JHH =7.6 Hz, 1H; ArH), 7.16–7.06 (m, 2H; ArH), 4.15 (q,
3JHH =6.8 Hz, 1H; CH), 3.39–3.29 (m, 1H; NHCHaHb), 3.08–2.98 (m,
1H; NHCHaHb), 2.81–2.66 (m, 2H; CH2), 2.41 (br s, 1H; NH), 1.43 (d,
3JHH =6.8 Hz, 3H; CH3) ppm; 13C NMR (100.6 MHz; CDCl3, 25 8C,
TMS): d=136.9 (ArCq), 135.7 (ArCq), 127.5 (ArCq), 121.6, 119.4, 118.1,
110.8 (ArCH), 108.4 (ArCq), 48.3 (CH), 42.6 (CH2), 22.6 (CH2), 20.7 ppm
(CH3); MS (EI): m/z (%) 186 (M+ , 51), 171 (100), 157 (50%), 156 (60),
77 (32), 63 ppm (40); HRMS (EI) m/z (%) calcd for C12H14N2: 186.1157
[M]+ ; found: 186.1150 (3.8 ppm error). Enantiomeric excess determined
by HPLC analysis (Chiralcel OD-H, 250P4.6 mm column, hexane/
propan-2-ol/Et2NH=80:20:0.1 (1.0 mLmin�1), 254 nm, RT, R isomer
10.5 min., S isomer 15.2 min.); a½ �32


D =�37.1 (c=0.26, EtOH) 88% ee (S);
(reference [8m]: a½ �25


D =�62.1 (c=1.36 EtOH) 99% ee (S)). A racemic
standard was prepared by reduction of 9 with NaBH4.


15 : Following the general procedure, from reduction of 1-phenyl-4,9-di-
hydro-3H-b-carboline 10 (0.69 g, 2.81 mmol), product 15 was obtained as
a brown oil (0.48 g, 1.94 mmol, 69%);[21] IR (film): ñ=3394, 3056, 2845,
1454, 1298, 739, 700 cm�1; 1H NMR (400 MHz; CDCl3, 25 8C, TMS): d=


7.91 (br s, 1H; NH), 7.60–7.55 (m, 1H; ArH), 7.38–7.32 (m, 3H; ArH),
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7.31–7.26 (m, 2H; ArH), 7.19–7.11 (m, 3H; ArH), 5.11 (s, 1H; CH),
3.38–3.29 (m, 1H; NHCHaHb), 3.17–3.06 (m, 1H; NHCHaHb), 2.98–2.78
(m, 2H; CH2), 1.92 ppm (br s, 1H; NH); 13C NMR (100.6 MHz; CDCl3,
25 8C, TMS): d =141.9 (ArCq), 136.0 (ArCq), 134.5 (ArCq), 128.8, 128.6,
128.2 (ArCH), 127.4 (ArCq), 121.7, 119.4, 118.3, 110.9 (ArCH), 110.2
(ArCq), 58.1 (CH), 42.8 (CH2), 22.5 ppm (CH2); MS (EI): m/z (%) 248
[M]+ (86), 247 (55), 219 (76), 218 (100), 217 (42), 171 (44), 78 (25), 69
(45), 63 (29); HRMS (EI): m/z (%) calcd for C17H16N2: 248.1313 [M]+ ,
found: 248.1314 (0.3 ppm error). Enantiomeric excess determined by
HPLC analysis (Chiralcel OD-H, 250P4.6 mm column, hexane/propan-2-
ol/Et2NH=80:20:0.1 (1.0 mLmin�1), 254 nm, RT, S isomer 13.0 min.,
R isomer 17.9 min.); a½ �21


D =++0.82 (c=0.39, CHCl3) 96% ee (S); (referen-
ce [8m]: a½ �23


D =++0.92 (c=0.97, CHCl3) 99% ee (S)). A racemic standard
was prepared by reduction of 10 with NaBH4.


16 : Following the general procedure, from 11 (0.51 g, 2.81 mmol), product
16 was obtained as a white solid (0.38 g, 2.08 mmol, 74%);[22] m.p.: 57–
59 8C; IR (film): ñ =3246, 1453, 1396, 1298, 1203, 1165, 1126, 1025, 887,
757 cm�1; 1H NMR (400 MHz; CDCl3, 25 8C, TMS): d =7.75 (d, 3JHH =


7.8 Hz, 1H; ArH), 7.62 (dt, 3JHH =7.7, 1.0 Hz, 1H; ArH), 7.51 (t, 3JHH =


7.7 Hz, 1H; ArH), 7.39 (d, 3JHH =7.8 Hz, 1H; ArH), 5.05 (br s, 1H; NH),
4.79 (quin, 3JHH =6.5 Hz, 1H; CH), 1.60 ppm (d, 3JHH =6.5 Hz, 3H; CH3);
13C NMR (100.6 MHz; CDCl3, 25 8C, TMS): d=141.8 (ArCq), 135.5
(ArCq), 133.2, 129.2, 123.9, 121.2 (ArCH), 53.4 (CH), 21.4 ppm (CH3);
MS (EI): m/z (%) 184 [MH]+ (21), 168 (100), 150 (16), 104 (14), 77 (20);
elemental analysis: calcd (%) for C8H9NO2S: C 52.44, H 4.95, N 7.64%;
found: C 52.14, H 4.92, N 7.54. Enantiomeric excess determined by
HPLC analysis (Chiralcel OD-H, 250P4.6 mm column, hexane/propan-2-
ol=85:15 (1.0 mLmin�1), 254 nm, RT, S isomer 15.1 min., R isomer
19.5 min.); a½ �25


D =++4.29 (c=1.2, CHCl3) 19% ee (R); (reference [8m]:
a½ �20


D =++19.1 (c=1.50, CHCl3) 65% ee (R)). A racemic standard was pre-
pared by reduction of 11 with NaBH4.


21: To a stirred mixture of benzyl trans-(4-tert-butyldimethylsilyloxy) cy-
clohexylcarbamate 19 (17.40 g, 47.9 mmol) and 2-bromocinnamaldehyde
21 (13.66 g, 64.7 mmol) in anhydrous acetonitrile (300 mL) was added
bismuth tribromide (1.36 g, 3.02 mmol). After 15 min, triethylsilane (10 g,
13.8 mL, 86.2 mmol) was added dropwise over 15 min. After stirring for
1 hour, the reaction was complete as ascertained by TLC analysis and
was quenched with saturated Na2CO3 (400 mL), allowed to stir until the
black precipitated bismuth metal was consumed and a white precipitate
was formed and subsequently extracted with EtOAc (3P400 mL). The
combined organic extracts were dried (MgSO4) and concentrated under
reduced pressure to give the crude product, which was purified by flash
column chromatography (0!20% v/v EtOAc/hexane) to give product 21
as a white solid (14.38 g, 32.5 mmol, 68%); m.p.: 88–90 8C; IR (film): ñ=


3321, 2941, 2857, 1683, 1545, 1525, 1447, 1304, 1265, 1228, 1083, 1052,
749, 741, 692 cm�1; 1H NMR (400 MHz; CDCl3, 25 8C, TMS): d=7.62 (d,
3JHH =7.3, 1H; ArH), 7.38–7.26 (m, 9H; ArH), 7.06 (s, 1H; vinyl CH),
5.08 (s, 2H; CH2), 4.65 (br s, 1H; NH), 4.28 (s, 2H; CH2), 3.60–3.45 (m,
1H; cyclohexyl CH ortho to OR), 3.44–3.32 (m, 1H; cyclohexyl CH
ortho to NH), 2.05 (brd, 3JHH =10.4 Hz, 4H; 4Pcyclohexyl CH), 1.45 (dd,
3JHH =22.1, 10.4 Hz, 2H; 2Pcyclohexyl CH), 1.18 ppm (dd, 3JHH =22.1,
10.4 Hz, 2H; 2Pcyclohexyl CH); 13C NMR (100.6 MHz; CDCl3, 25 8C,
TMS): d=155.6 (C=O), 136.6 (ArCq), 135.2 (ArCq), 129.1, 128.6, 128.2,
128.2, 127.5 (5 overlapping ArCH + vinyl CH), 123.1 (CqBr), 76.7 (CH),
74.2 (CH2), 66.6 (CH2), 49.4 (CH), 30.9 (CH2 of cyclohexyl ring),
30.5 ppm (CH2 of cyclohexyl ring); MS (EI): m/z (%) 446 [MH ACHTUNGTRENNUNG(81Br)]+


(60), 445 [M ACHTUNGTRENNUNG(81Br)]+ (38), 444 [MH ACHTUNGTRENNUNG(79Br)]+ (60), 402 (41), 400 (45), 364
(54), 320 (57), 310 (82), 308 (82), 293 (42), 291 (40), 248 (71), 232 (89),
230 (48), 204 (81), 195 (100), 193 (100), 188 (59), 181 (45), 171 (32), 146
(55), 142 (90), 117 (76), 115 (86); elemental analysis: calcd (%) for
C23H26BrNO3: C 62.17, H 5.90, N 3.15%; found: C 62.05, H 5.89, N 3.02.
The NMR data is in agreement with the published data for this com-
pound.[15]


23 :[15] A stirred mixture of benzyl trans-(4-((Z)-2-bromo-3-phenylallyl-
oxy) cyclohexyl carbamate 21 (8 g, 18.1 mmol), 2-fluorophenylboronic
acid 22 (2.73 g, 19.5 mmol), barium hydroxide octahydrate (8.55 g,
27.1 mmol), tetrakis-triphenylphosphine palladium (0.46 g, 0.4 mmol),
DME (110 mL), and water (20 mL) was heated to reflux for 12 h. The


mixture was cooled and partitioned between saturated Na2CO3 (180 mL)
and EtOAc (3P350 mL). The combined organic extracts were dried
(MgSO4) and concentrated under reduced pressure to give the crude
product, which was purified by flash column chromatography (0!20%
v/v EtOAc/hexane) to give product 23 as a white solid (5.6 g, 12.2 mmol,
67%); m.p.: 104–106 8C; IR (film): ñ =3345, 2942, 2859, 1684, 1532, 1445,
1311, 1265, 1223, 1124, 1103, 1060, 754, 694 cm�1; 1H NMR (400 MHz;
CDCl3, 25 8C, TMS): d=7.37–7.24 (m, 6H; ArH), 7.18–6.96 (m, 8H;
ArH), 6.80 (s, 1H; vinyl CH), 5.08 (s, 2H; CH2), 4.57 (br s, 1H, NH), 4.31
(s, 2H; CH2), 3.57–3.41 (m, 1H; cyclohexyl CH ortho to NH), 3.40–3.30
(m, 1H; cyclohexyl CH ortho to OR), 2.09–1.94 (m, 4H; 4Pcyclohexyl
CH), 1.46–1.32 (m, 2H; 2Pcyclohexyl CH), 1.23–1.09 ppm (m, 2H; 2P
cyclohexyl CH); 13C NMR (100.6 MHz; CDCl3, 25 8C, TMS): d=160.0
(3JFC =246.1 Hz, ArC–F), 155.6 (C=O), 136.6 (ArCq), 136.4 (ArCq), 133.9
(vinyl Cq), 131.4, 129.4, 129.3, 129.2, 128.8, 128.6, 128.1, 128.1, 127.1,
124.4 (9 ArCH + 1 vinyl CH), 126.5 (3JFC =16.5 Hz, ArCq adjacent to
ArC–F), 115.9 (3JF =21.9 Hz, ArCH adjacent to ArC–F), 76.4 (CH), 72.5
(CH2), 66.6 (CH2), 49.5 (CH), 30.9 (CH2 of cyclohexyl ring), 30.4 ppm
(CH2 of cyclohexyl ring); MS (EI): m/z (%) 460 [MH]+ (12), 351 (34),
248 (30), 232 (92), 212 (100), 199 (84), 196 (80), 188 (50), 171 (42), 142
(30), 133 (68), 115 (77); elemental analysis: calcd (%) for C29H30FNO3:
C 75.79, H 6.58, N 3.05; found: C 75.94, H 6.67, N 3.04.)


17:[6e] A stream of ozone from an ozone generator was dispersed into a
stirred solution of benzyl trans-(4-((E)-2-(2-fluorophenyl)-3-phenylally-
loxy) cyclohexyl carbamate 23 (2.52 g, 5.5 mmol) in DCM (75 mL) and
MeOH (25 mL) cooled to �78 8C until a blue color persisted. The excess
ozone was purged with nitrogen until the blue color dissipated, and zinc
metal (2.51 g, 38.4 mmol) followed by acetic acid/water (15 mL/5 mL)
was added to the reaction mixture at �78 8C. The reaction mixture was
allowed to warm to room temperature and stirred for a further 1 hour
before being filtered through celite. The filtrate was washed with saturat-
ed NaHCO3 (50 mL) and saturated brine (50 mL). The aqueous layer
was extracted with DCM (3P50 mL) and the combined organic layers
were dried (MgSO4) and concentrated under reduced pressure to give
the crude product, which was purified by flash column chromatography
(0!30% v/v EtOAc/hexane) to give product 17 as a white solid (0.92 g,
2.39 mmol, 44%); m.p.: 107–108 8C; IR (film): ñ=3326, 2941, 2867, 1696,
1609, 1524, 1481, 1454, 1316, 1264, 1221, 1122, 1098, 1053, 977, 842, 767,
748, 725, 695 cm�1; 1H NMR (400 MHz; CDCl3, 25 8C, TMS): d=7.94
(1H, dt, 3JHH =7.5 and 1.8, ArH), 7.58–7.51 (m, 1H; ArH), 7.37–7.24 (m,
6H; ArH), 7.17–7.11 (m, 1H; ArH), 5.08 (s, 2H; CH2), 4.70 (s, 2H;
CH2), 4.57 (br s, 1H; NH), 3.59–3.47 (m, 1H; cyclohexyl CH ortho to
NH), 3.42–3.32 (m, 1H; cyclohexyl CH ortho to OR), 2.14–2.02 (m, 4H;
4Pcyclohexyl CH), 1.54–1.41 (m, 2H; 2Pcyclohexyl CH), 1.24–1.11 ppm
(m, 2H; 2Pcyclohexyl CH); 13C NMR (100.6 MHz; CDCl3, 25 8C, TMS):
d=195.3 (C=O), 162.0 (3JFC =253.8 Hz, ArC–F), 155.6 (C=O), 136.6
(ArCq), 135.1, 135.0, 130.7, 128.5, 128.1, 124.8 (ArCH), 123.4 (3JFC =


15.3 Hz, ArCq adjacent to ArC–F), 116.5 (3JFC =23.8 Hz, ArCH adjacent
to ArC–F), 77.8 (CH), 74.4 (CH2), 66.6 (CH2), 49.4 (CH), 30.9 (CH2 of
cyclohexyl ring), 30.2 ppm (CH2 of cyclohexyl ring); MS (EI): m/z (%)
386 [MH]+ (38), 340 (40), 278 (36), 248 (60), 232 (82), 204 (55), 188 (70),
181 (41), 155 (51), 142 (40), 123 (76), 96 (49), 91 (100), 69 (52); elemental
analysis: calcd for C22H24FNO4: C 68.56, H 6.28, N 3.63; found: C 68.61,
H 6.24, N 3.69.


Racemic 18 : A stream of ozone from an ozone generator was dispensed
into a stirred solution of benzyl trans-(4-((E)-2-(2-fluorophenyl)-3-phe-
nylallyloxy) cyclohexyl carbamate 23 (0.51 g, 1.11 mmol) in DCM
(15 mL) and MeOH (5 mL) cooled to �78 8C until a blue color persisted.
The excess ozone was purged with nitrogen until the blue color dissipat-
ed, and sodium borohydride (0.084 g, 2.22 mmol) was added to the reac-
tion mixture at �78 8C. After warming the reaction to room temperature
over 30 min, the solution was diluted with water (5 mL) and concentrated
under reduced pressure. The residue was treated with 3% HCl (10 mL)
and extracted with DCM (3P10 mL) and the combined organic layers
were dried (MgSO4) and concentrated under reduced pressure to give
the crude product, which was purified by flash column chromatography
(0!30% v/v EtOAc/hexane) to give product 18 as a white solid (0.2 g,
0.52 mmol, 47%); m.p.: 119–121 8C; IR (film): ñ=3408, 3304, 2935, 2860,
1684, 1534, 1455, 1308, 1267, 1228, 1052, 949, 758, 744, 697 cm�1;
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1H NMR (400 MHz; CDCl3, 25 8C, TMS): d =7.55 (dt, 3JHH =7.5, 1.4 Hz,
1H; ArH), 7.37–7.22 (m, 6H; ArH), 7.16 (dt, 3JHH =7.5, 1.4 Hz, 1H;
ArH), 7.04–6.98 (m, 1H; ArH), 5.16 (dt, 3JHH =5.8, 2.8 Hz, 1H; CHOH),
5.08 (s, 2H; CH2), 4.57 (brs, 1H; NH), 3.71 (dd, 3JHH =9.4, 3.1 Hz, 1H;
CHaHb), 3.58–3.46 (m, 1H; cyclohexyl CH ortho to NH), 3.40 (t, 3JHH =


9.4 Hz, 1H; CHaHb), 3.35–3.27 (m, 1H; cyclohexyl CH ortho to OR),
2.84 (d, 3JHH =2.8 Hz, 1H; OH), 2.09–1.98 (m, 4H; 4Pcyclohexyl CH),
1.48–1.32 (m, 2H; 2Pcyclohexyl CH), 1.24–1.10 (m, 2H; 2Pcyclohexyl
CH) ppm; 13C NMR (100.6 MHz; CDCl3, 25 8C, TMS): d=160.0 (3JFC =


245.8 Hz, ArC–F), 155.6 (C=O), 136.6 (ArCq), 129.2, 129.1, 128.6, 128.1,
127.7 (ArCH), 127.4 (3JFC =13.4 Hz, ArCq adjacent to ArC–F), 124.3
(ArCH), 115.1 (3JFC =21.5 Hz, ArCH adjacent to ArC–F), 77.5 (CH),
72.4 (CH2), 67.1 (CH), 66.6 (CH2), 49.4 (CH), 30.8 (CH2 of cyclohexyl
ring), 30.3 ppm (CH2 of cyclohexyl ring); MS (EI): m/z (%) 388 [MH]+


(8), 263 (17), 233 (23), 232 (95), 188 (22), 142 (29), 125 (51), 91 (100); ele-
mental analysis: calcd (%) for C22H26FNO4: C 68.20, H 6.76, N 3.62;
found: C 68.23, H 6.78, N 3.60.


18 via ATH: A solution of 5 (0.0028 mmol) in formic acid:triethylamine
5:2 azeotrope (1.5 mL) was stirred in a flame dried Schlenk tube at 28 8C
for 15 min. Ketone 17 (0.22 g, 0.56 mmol) was added and the reaction
mixture was stirred at 25 8C for 1 h, at which point, full conversion had
been achieved (ascertained by TLC). The reaction was filtered (silica),
washed (50% EtOAc/50% hexane), and concentrated under vacuum to
afford reduction product 18 as a white solid (0.20 g, 0.52 mmol, 93%).
Enantiomeric excess determined by supercritical fluid chromatography
with a Daicel Chemical Industries Chiralpak AD column by using iso-
cratic 30% (25 mmol iBuNH2 in MeOH)/CO2 (1.5 mLmin�1, 35 8C, 200
psig, 215 nm, room temperature, R isomer 9.47 min., S isomer 10.04 min);
a½ �23


D =++22.2 (c=0.3, CHCl3) 92% ee (S).[15]


26: Catalyst (R,R)-5 (0.005 g, 0.0074 mmol) was dissolved in formic acid
(FA)/ triethylamine (TEA) (1 mL) at 28 8C for 30 min with stirring and
then a solution of 24 (0.160 g, 0.74 mmol) in FA/TEA (3 mL) was added
and the system was stirred at 25 8C. The reaction was followed by
H NMR spectroscopy, which indicated full conversion in 7 days. The
crude mixture was filtered through a short silica gel column and eluted
with CHCl3/MeOH 9:1 and evaporated to afford 26 as a light-yellow
solid (0.147 g, 0.67 mmol, 90%). A sample was recrystalized from
hexane/ethyl acetate (0.11 g); m.p.: 185–188 8C (lit[23] 162 8C); a½ �23


D =


+37.6 (c=0.22, CHCl3); IR (film): ñ =3360, 2937, 1769, 1678, 1496, 1429,
1402, 1319, 1245, 1165, 1113, 767, 702 cm�1; 1H NMR (300 MHz; CDCl3,
25 8C, TMS): d=7.44–7.28 (m, 5H; ArH), 4.99 (m, 1H; CHOH), 3.91
(dd, 2JHH =10.5, 3JHH =6.5 Hz, 1H; CHaHb), 3.80 (dd, 2JHH =10.5, 3JHH =


1.5 Hz, 1H; CHaHb), 2.94 (br s, 1H; OH), 2.73 ppm (s, 4H; 2CH2);
13C NMR (75 MHz; CDCl3, 25 8C, TMS): d=178.0 (2C=O), 140.9, 128.5,
128.1, 125.8, (ArC), 71.8 (CH), 46.3 (CH2), 28.1 ppm (2CH2); HRMS
(EI): m/z (%) calcd for C12H13NNaO3 [M+Na]+ , 242.0788; found:
242.0778 (4.1 ppm error). The ee value was determined on the crude
product by using the chiral shift reagent EuACHTUNGTRENNUNG(hfc)3 (hfc=3-(heptafluoro-
propylhydroxymethylene)-d-camphorate). Addition of Eu ACHTUNGTRENNUNG(hfc)3 (10 mg)
to a CDCl3 solution of racemic 26 (10 mg) produced a 0.24 ppm shift be-
tween the CHOH protons, which moved downfield to d=8.21 and
7.98 ppm. In the same experiment on enantiomerically pure material, the
d=8.21 and 7.98 ppm peaks were present in a ratio of approximately
99:1, respectively.


25: Alcohol 26 (0.048 g, 0.22 mmol) was dissolved in 2 mL of 95% etha-
nol followed by addition of 2 mL of 20% aqueous sodium hydroxide.
The resulting solution was refluxed for 18 h and then the excess ethanol
was evaporated. Methyl tert-butyl ether (MTBE; 20 mL) was added to
the resulting solution and the mixture was refluxed for one hour to ex-
tract the amino alcohol. The mixture was cooled to room temperature
and the organic layer was separated, dried over MgSO4, and evaporated,
providing crude 25.[17] The crude compound was filtered on a short silica
gel column eluted with chloroform (10 mL) and then 9:1 CHCl3/MeOH
(10 mL), providing the pure 25 as a yellow solid (0.026 g, 0.18 mmol,
86% yield). a½ �25


D =++14.3 (c=0.11, EtOH) 98% ee (S); (reference [24]:
a½ �24


D =++43.9 (c=2, EtOH) 99.1% ee (S); 1H NMR (300 MHz; CDCl3,
25 8C, TMS): d=7.36–7.26 (m, 5H; ArH), 4.63 (m, 1H; a-OH), 3.0 ppm


(m, 2H; CH2);
13C NMR (75 MHz; CDCl3, 25 8C, TMS) d=142.5, 128.4,


127.5, 125.8 (ArC), 74.3 (CH), 49.2 ppm (CH2).


29 : Following the general procedure for 17, by using (R,R)-5
(0.016 mmol) and ketone substrate 27 (0.52 g, 3.2 mmol), reduction prod-
uct 29 was obtained as a white solid (0.35 g, 2.1 mmol, 66%);[25] m.p.: 56–
58 8C; IR (film): ñ =3438, 2953, 1737, 1433, 1262, 1201, 1186, 1093, 1067,
981, 893, 783, 732, 695 cm�1; 1H NMR (400 MHz; CDCl3, 25 8C, TMS):
d=7.43–7.29 (m, 5H; ArH), 5.17 (d, 3JHH =5.8 Hz, 1H; CH), 3.74 (s, 3H;
CH3) 3.53 ppm (d, 3JHH =5.8 Hz, 1H; OH); 13C NMR (100.6 MHz;
CDCl3, 25 8C, TMS): d=174.1 (C=O), 138.3 (ArCq), 128.6, 128.5, 126.6
(ArCH), 72.9 (CH), 53.0 ppm (CH3); MS (EI): m/z (%) 167 [MH]+ (19),
149 (89), 121 (18), 107 (72), 79 (24); elemental analysis: calcd (%) for
C9H10O3: C 65.05, H 6.07; found: C 64.94, H 6.02. Enantiomeric excess
determined by HPLC analysis (Chiralcel OD-H, 250P4.6 mm column,
hexane/propan-2-ol=95:5 (0.7 mLmin�1), 220 nm, RT, S isomer
16.0 min., R isomer 29.6 min.); a½ �26


D =++86.1 (c=0.68, MeOH) 68% ee
(S). Assigned by comparison with authentic commercial product; methyl
(R)-2-hydroxy-2-phenylacetate [20698-91-3], Aldrich, a½ �20


D =�144.0 (c=


1.00, MeOH) 97% ee (R)).


28 :[18] 4-Chlorophenylmagnesium bromide (29.0 mL, 1.0m in Et2O,
29.1 mmol) was added to a slurry of anhydrous ZnCl2 (5.16 g, 37.0 mmol)
in THF (60 mL) at 0 8C. After stirring for 15 min at 0 8C and for 10 min
at RT, tetrakis (triphenylphosphine) palladium (1.41 g, 1.22 mmol) was
added. The mixture was cooled to 0 8C and methyl chlorooxoacetate (3 g,
2.25 mL, 24.5 mmol) was added quickly. The resulting mixture was stirred
at 0 8C for 4 h before being filtered through celite. The filtrate was
washed with cold saturated NH4Cl (50 mL) and saturated brine (50 mL).
The aqueous layer was extracted with DCM (3P50 mL) and the com-
bined organic layers were dried (MgSO4) and concentrated under re-
duced pressure to give the crude product, which was purified by flash
column chromatography (0!2% v/v EtOAc/hexane) to give product 28
as a white solid (0.72 g, 3.63 mmol, 12%); m.p.: 53–55 8C; IR (film): ñ=


3092, 2961, 1726, 1682, 1586, 1441, 1404, 1327, 1206, 1168, 1084, 1002,
910, 845, 825, 782, 712, 667 cm�1; 1H NMR (400 MHz; CDCl3, 25 8C,
TMS): d=7.99 (d, 3JHH =8.5 Hz, 2H; ArH), 7.49 (d, 3JHH =8.5 Hz, 2H;
ArH), 3.98 ppm (s, 3H; CH3);


13C NMR (100.6 MHz; CDCl3, 25 8C,
TMS): d =184.5 (C=O ortho to OMe), 163.4 (C=O ortho to phenyl ring),
141.7 (ArCq), 131.5 (ArCH), 130.9 (ArCq), 129.3 (ArCH), 53.0 ppm
(CH3); MS (EI): m/z (%) 199 [MH]+ (53), 141 (40), 139 (100), 111 (36),
75 (22); elemental analysis: calcd (%) for C9H7ClO3: C 54.43, H 3.55;
found: C 54.77, H 3.58.


30: Following the general procedure for 17, by using (R,R)-5
(0.014 mmol) and ketone substrate 28 (0.56 g, 2.8 mmol), reduction prod-
uct 30 was obtained as a colorless oil (0.42 g, 2.1 mmol, 75%); IR (film):
ñ=3325, 3000, 2951, 1732, 1488, 1436, 1215, 1085, 1005, 983, 859, 833,
813, 767 cm�1; 1H NMR (400 MHz; CDCl3, 25 8C, TMS): d=7.38–7.32
(m, 4H; ArH), 5.15 (d, 3JHH =5.3 Hz, 1H; CH), 3.76 (s, 3H; CH3)
3.56 ppm (d, 3JHH =5.3 Hz, 1H; OH); 13C NMR (100.6 MHz; CDCl3,
25 8C, TMS): d =173.8 (C=O), 136.7 (ArCq), 134.4 (ArCq), 128.8, 128.0
(ArCH), 72.2 (CH), 53.2 ppm (CH3); m/z (EI) 200 (M+ , 12%), 165
(29%), 143 (32%), 141 (100%), 111 (42%), 89 (36%), 77 (49%); ele-
mental analysis: calcd (%) for C9H9ClO3: C 53.88, H 4.52; found:
C 54.24, H 4.55. Enantiomeric excess determined by HPLC analysis
(Chiralcel OD-H, 250P4.6 mm column, hexane/propan-2-ol=98:2
(0.5 mLmin�1), 254 nm, RT, S isomer 34.2 min., R isomer 41.3 min.);
a½ �26


D =++0.91 (c=0.5, CHCl3); 25% ee (S). Product assumed to be of S
configuration based on published retention times and analogy with 29.[26]


35 : Under a nitrogen atmosphere, a solution of 2-(2-bromo-5-methoxy-
phenyl)-1,3-dioxolane 34 (5 g, 19.3 mmol) in freshly distilled Et2O
(35 mL) was cooled to �100 8C and a solution of nBuLi (8.11 mL, 2.5m


in hexane, 20.3 mmol) was added dropwise. After maintaining the tem-
perature at �100 8C for 1 hour, a solution of 2,3,4,5-tetramethylcyclopen-
tenone (2.81 g, 3.03 mL, 20.3 mmol) was added dropwise to the mixture.
The reaction was allowed to warm to room temperature and stirred for a
further 3 h. Toluene (25 mL) and water (25 mL) were added to the reac-
tion mixture and the aqueous layer was removed. The obtained organic
layer was washed with saturated brine (25 mL), dried (MgSO4), and con-
centrated under reduced pressure give the crude product 2-(1-hydroxy-
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2,3,4,5-tetramethylcyclopent-2-enyl)-5-methoxybenzaldehyde (5.92 g). To
the obtained crude product (5.92 g) was added THF (120 mL), 3% aque-
ous HCl solution (50 mL), and acetone (15 mL) and the mixture was
stirred at 25 8C for 18 h, after which toluene (65 mL) was added to the re-
action mixture. The organic layer was washed with water (65 mL), satu-
rated brine (65 mL), and dried (MgSO4). The solvent was removed to
give a crude residue, which was purified by silica gel column chromatog-
raphy (0!5% v/v EtOAc/hexane) to afford product 35 as a bright
orange/red oil (1.82 g, 7.11 mmol, 37%); IR (film); ñ=2962, 2913, 2854,
1684, 1605, 1491, 1385, 1305, 1274, 1224, 1161, 1037, 931, 868, 826, 771,
716 cm�1; 1H NMR (400 MHz; CDCl3, 25 8C, TMS): d =9.88–9.77 (m,
1H; ArHC=O), 7.45 (d, 3JHH =2.5 Hz, 1H; ArH), 7.21–7.11 (m, 2H;
ArH), 3.87 (s, 3H; OCH3), 3.27–3.06 (m, 1H; CpH), 1.93 (s, 3H;
CpCH3), 1.86 (s, 3H; CpCH3), 1.72 (s, 3H; CpCH3), 0.94 ppm (d, 3JHH =


7.5 Hz, 3H; CpCH3 (next to CpH)); 13C NMR (100.6 MHz; CDCl3, 25 8C,
TMS): d=192.9 (HC=O), 158.4 (ArCq), 141.8 (ArCq), 138.3 (ArCq),
134.5 (CpCH), 132.0, 123.1, 121.8, 118.7, 112.7, 109.0, 106.9 (3 ArCH and
4 CpC), 55.6 (OCH3); 14.2 (CpCH3), 12.4 (CpCH3), 11.9 (CpCH3),
11.0 ppm (CpCH3); MS (EI): m/z (%) 257 [MH]+ (22), 256 (M+ , 100),
162 (7). HRMS (EI): m/z (%) calcd for C17H2002: [M]+ , 256.1463; found
256.1471 (3.0 ppm error). Cp=C5H5.


36 : 5-Methoxy-2-(2,3,4,5-tetramethylcyclopenta-1,4-dienyl) benzaldehyde
35 (1.50 g, 5.86 mmol) was dissolved in dry MeOH (40 mL). To this solu-
tion was added (R,R)-TsDAC (1.88 g, 7.03 mmol), followed by the addi-
tion of 2 g of molecular sieves and 6 drops of glacial acetic acid. After
formation of the imine was confirmed by TLC, sodium cyanoborohydride
(0.48 g, 7.62 mmol) was added and the reaction left to stir overnight at
room temperature. The molecular sieves wereremoved by filteration
through filter paper and the solution was concentrated under reduced
pressure to remove the MeOH. The residue was redissolved in EtOAc
(40 mL). The organic layer was washed with saturated NaHCO3 (40 mL)
and saturated brine (40 mL) and then dried (MgSO4). The solvent was re-
moved to give a crude solid, which was purified by silica gel column chro-
matography (0!30% v/v EtOAc/hexane) to afford product 36 as a
yellow solid (1.42 g, 2.8 mmol, 48%); m.p.; 54–56 8C; a½ �24


D =�33.7 (c=


0.3, CHCl3); IR (film): ñ =3258, 2928, 2857, 1599, 1494, 1446, 1325, 1287,
1232, 1159, 1092, 813, 662 cm�1; 1H NMR (400 MHz; CDCl3, 25 8C,
TMS): d =7.75–7.67 (m, 2H; ArH), 7.26–7.19 (m, 2H; ArH), 7.06–6.85
(m, 2H; ArH), 6.84–6.75 (m, 1H; ArH), 5.39 (brs, 1H; NHTs), 3.87 (s,
3H; OCH3), 3.74–3.32 (m, 2H; ArCH2), 3.08–2.41 (m, 2H; NHCH2 +


CpH), 2.39 (s, 3H; TsCH3), 2.25–0.70 ppm (m, 22H; 4PCpCH3+
CHNHTs+CHNHCH2 +8PCH of cyclohexyl ring); 13C NMR
(100.6 MHz; CDCl3, 25 8C, TMS): d =143.1 (ArCq), 140.1 (ArCq), 138.2
(ArCq), 136.8 (ArCq), 136.2 (ArCq), 131.0, 130.6, 130.2, 129.6, 127.2,
126.9, 123.1, 122.6, 114.2 (5 ArCH and 4 CpC), 60.4 (CH), 58.1 (CH),
57.6 (CH), 55.3 (OCH3), 46.9 (CH2), 32.6 (CH2 of cyclohexyl ring), 31.2
(CH2 of cyclohexyl ring), 24.6 (CH2 of cyclohexyl ring), 24.3 (CH2 of cy-
clohexyl ring), 21.5 (CH3), 14.0 (CpCH3), 11.9 (CpCH3), 11.4 (CpCH3),
11.2 ppm (CpCH3); m/z (EI) 509 (MH+ , 100%), 241 (49%), 154 (35%).
HRMS (EI): m/z (%) calcd for C30H40N2O3S: 508.2760 [M]+ ; found:
508.2761 (0.2 ppm error).


33 : Rhodium ACHTUNGTRENNUNG(III) chloride hydrate (0.50 g, 2.4 mmol) was added to a
stirred solution of 5-methoxy-2-(2,3,4,5-tetramethylcyclopenta-1,4-
dienyl)-benzyl-(1R,2R) toluenesulfonyl cyclohexyldiamine 36 (1.22 g,
2.4 mmol) in MeOH (55 mL). The reaction mixture was heated under
reflux and stirred for 24 h. Triethylamine (0.67 mL, 4.8 mmol) was added
to the reaction mixture and the reactants were stirred at reflux tempera-
ture for a further 24 h. The reaction mixture was cooled to room temper-
ature and the solvent removed under reduced pressure. The crude resi-
due was triturated with water (30 mL) for 10 min, collected by filtration
(filter paper), washed with water (30 mL), and then allowed to dry on
the filter paper. The red-brown solid was purified by silica gel column
chromatography (50!100% v/v EtOAc/hexane and then 0!5% v/v
MeOH/EtOAc) to afford the product (R,R)-33 as a dark-red solid
(0.66 g, 1.02 mmol, 43% yield); decomposition temperature 256–258 8C;
a½ �24


D =�218.4 (c=0.3, CHCl3); IR (film): ñ=2925, 1608, 1447, 1264, 1238,
1127, 1086, 928, 889, 826, 662 cm�1; 1H NMR (400 MHz; CDCl3, 25 8C,
TMS): d=7.93 (d, 3JHH =8.2 Hz, 2H; ArH), 7.35–7.28 (m, 1H; ArH),
7.16 (d, 3JHH =8.2 Hz, 2H; ArH), 7.06–6.99 (m, 2H; ArH), 4.33 (brd,


3JHH =14.1 Hz, 1H; ArCHaHb), 4.19 (brd, 3JHH =14.1 Hz, 1H; ArCHaHb),
4.06 (br s, 1H; NH), 3.88 (s, 3H; OCH3), 2.40–2.24 (m, 2H; CHNTs+


CHaHbCHaHbCHNTs), 2.34 (s, 3H; TsCH3), 2.11–1.97 (m, 2H;
CHNHCH2 +CHaHbCHaHbCHNHCH2), 1.93 (s, 3H; CpCH3), 1.86 (s,
3H; CpCH3), 1.57 (s, 3H; CpCH3), 1.55–1.50 (m, 1H;
CHaHbCHaHbCHNTs), 1.47 (s, 3H; CpCH3), 1.43–1.34 (m, 1H;
CHaHbCHaHbCHNHCH2), 1.05–0.91 (m, 1H; CHaHbCHaHbCHNHCH2),
0.90–0.75 ppm (m, 3H; CHaHbCHaHbCHNTs+CHaHbCHaHbCHNTs+


CHaHbCHaHbCHNHCH2);
13C NMR (100.6 MHz; CDCl3, 25 8C, TMS):


d=160.3 (ArCq), 141.3 (ArCq), 140.1 (ArCq), 137.1 (ArCq), 131.2, 128.6,
128.1 (ArCH), 118.3 (ArCq), 117.2, 114.1 (ArCH), 104.2 (3JRhC =6.5 Hz,
CpC), 100.7 (3JRhC =6.9 Hz, CpC), 97.2 (JRhC =9.6 Hz, CpC), 87.1 (3JRhC =


10.0 Hz, CpC), 80.8 (3JRhC =8.8 Hz, CpC), 67.7 (CH), 63.5 (CH), 55.6
(OCH3), 51.0 (CH2), 35.4 (CH2 of cyclohexyl ring), 30.2 (CH2 of cyclo-
hexyl ring), 24.6 (CH2 of cyclohexyl ring), 24.3 (CH2 of cyclohexyl ring),
21.4 (CH3), 10.9 (CpCH3), 9.9 (CpCH3), 9.7 (CpCH3), 7.9 ppm (CpCH3);
m/z (LSIMS) 609 (M-Cl, 14%), 307 (25%), 154 (100%), 137 (76%).
HRMS (LSIMS): m/z (%) calcd for C30H38N2O3SRh [M-Cl]+ : 609.1658;
found: 609.1676 (2.9 ppm error).


Reduction of ketones by using catalyst (R,R)-33 : Reductions were ach-
ieved, and ee values were determined by following the method previously
reported with complex 6.[13c]


1-Phenylethanol : Enantiomeric excess and conversion determined by GC
analysis (Chrompac cyclodextrin-b-236M-19 50 m, T=115 8C, P=15 psi,
ketone 9.6 min, R isomer 13.9 min., S isomer 14.8 min.); 95% ee (R).


1-(4’-Bromophenyl)ethanol : Enantiomeric excess and conversion deter-
mined by GC analysis (Chrompac cyclodextrin-b-236M-19 50 m, T=


150 8C, P=15 psi, ketone 10.0 min, R isomer 15.6 min., S isomer
16.5 min.); 95% ee (R).


1-(4’-Methylphenyl)ethanol : Enantiomeric excess and conversion deter-
mined by GC analysis (Chrompac cyclodextrin-b-236M-19 50 m, T=


125 8C, P=15 psi, ketone 11.9 min, R isomer 14.3 min., S isomer
15.1 min.); 94% ee (R).


1-(2’-Chlorophenyl)ethanol : Enantiomeric excess and conversion deter-
mined by GC analysis (Chrompac cyclodextrin-b-236M-19 50 m, T=


150 8C, P=15 psi, ketone 6.8 min, R isomer 10.0 min., S isomer
10.7 min.); 85% ee (R).


1-(2’-Trifluoromethylphenyl)ethanol : Enantiomeric excess and conver-
sion determined by GC analysis (Chrompac cyclodextrin-b-236M-19
50 m, T=120 8C, P=10 psi, ketone 9.2 min, R isomer 15.6 min., S isomer
16.5 min.); 60% ee (R).


1-(2’-Methoxyphenyl)ethanol : Enantiomeric excess and conversion deter-
mined by GC analysis (Chrompac cyclodextrin-b-236M-19 50 m, T=


140 8C, P=15 psi, ketone 10.8 min, S isomer 13.0 min., R isomer
13.5 min.); 94% ee (R).


1-(1’-Naphthyl)ethanol : Enantiomeric excess and conversion determined
by GC analysis (Chrompac cyclodextrin-b-236M-19 50 m, T=170 8C, P=


10 psi, ketone 27.0 min, S isomer 41.4 min., R isomer 42.9 min.); 87% ee
(R).


2-Furylethanol : Enantiomeric excess and conversion determined by GC
analysis (Chrompac cyclodextrin-b-236M-19 50 m, T=85 8C, P=15 psi,
ketone 9.5 min, R isomer 14.6 min., S isomer 15.7 min.); 98% ee (R).


2-Thienylethanol : Enantiomeric excess and conversion determined by
GC analysis (Chrompac cyclodextrin-b-236M-19 50 m, T=125 8C, P=


9 psi, ketone 11.7 min, R isomer 14.0 min., S isomer 14.8 min.); 97% ee
(R).


1-Cyclohexylethanol : Enantiomeric excess and conversion determined by
GC analysis (Chrompac cyclodextrin-b-236M-19 50 m, T=92 8C, P=


9 psi, ketone 25.7 min, R isomer 41.5 min., S isomer 42.0 min.); 87% ee
(S).
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[22] C. Fruit, P. Műller, Helv. Chim. Acta 2004, 87, 1607–1615.
[23] P. Knochel, T. S. Chou, C. Jubert, D. Rajagopal, J. Org. Chem. 1993,


58, 588–599.
[24] O. Lohse, C. Spçndlin, Org. Process Res. Dev. 1997, 1, 247–249.
[25] L. F. Walker, A. Bourghida, S. Connolly, M. Wills, J. Chem. Soc.


Perkin Trans. 1 2002, 965–981.
[26] F. Cederbaum, C. Lamberth, C. Malan, F. Naud, F. Spindler, M.


Studer, H.-U. Blaser, Adv. Synth. Catal. 2004, 346, 842–848.
[27] D. A. Fletcher, R. F. McMeeking, ; D. Parkin, J. Chem. Inf. Comput.


Sci. 1996, 36, 746–749; D. Parkin, J. Chem. Inf. Comput. Sci. 1996,
36, 746–749.


Received: May 2, 2008
Published online: July 30, 2008


Chem. Asian J. 2008, 3, 1374 – 1383 G 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim www.chemasianj.org 1383


Asymmetric Transfer Hydrogenation by Tethered RhIII Catalysts



http://dx.doi.org/10.1021/ol702226j

http://dx.doi.org/10.1021/ol702226j

http://dx.doi.org/10.1021/ol702226j

http://dx.doi.org/10.1021/ol702226j

http://dx.doi.org/10.1021/ol052559f

http://dx.doi.org/10.1021/ol052559f

http://dx.doi.org/10.1021/ol052559f

http://dx.doi.org/10.1039/b606288a

http://dx.doi.org/10.1039/b606288a

http://dx.doi.org/10.1039/b606288a

http://dx.doi.org/10.1016/j.tetlet.2003.11.024

http://dx.doi.org/10.1016/j.tetlet.2003.11.024

http://dx.doi.org/10.1016/j.tetlet.2003.11.024

http://dx.doi.org/10.1016/j.tetlet.2003.11.024

http://dx.doi.org/10.1021/op060122x

http://dx.doi.org/10.1021/op060122x

http://dx.doi.org/10.1021/op060122x

http://dx.doi.org/10.1021/op060122x

http://dx.doi.org/10.1016/S0040-4020(99)00632-8

http://dx.doi.org/10.1016/S0040-4020(99)00632-8

http://dx.doi.org/10.1016/S0040-4020(99)00632-8

http://dx.doi.org/10.1016/S0040-4020(99)00632-8

http://dx.doi.org/10.1016/j.tetlet.2004.10.167

http://dx.doi.org/10.1016/j.tetlet.2004.10.167

http://dx.doi.org/10.1016/j.tetlet.2004.10.167

http://dx.doi.org/10.1016/j.tetlet.2004.10.167

http://dx.doi.org/10.1021/jo990267k

http://dx.doi.org/10.1021/jo990267k

http://dx.doi.org/10.1021/jo990267k

http://dx.doi.org/10.1002/hlca.200490148

http://dx.doi.org/10.1002/hlca.200490148

http://dx.doi.org/10.1002/hlca.200490148

http://dx.doi.org/10.1021/jo00055a010

http://dx.doi.org/10.1021/jo00055a010

http://dx.doi.org/10.1021/jo00055a010

http://dx.doi.org/10.1021/jo00055a010

http://dx.doi.org/10.1021/op9600264

http://dx.doi.org/10.1021/op9600264

http://dx.doi.org/10.1021/op9600264

http://dx.doi.org/10.1039/b111097g

http://dx.doi.org/10.1039/b111097g

http://dx.doi.org/10.1039/b111097g

http://dx.doi.org/10.1039/b111097g

http://dx.doi.org/10.1002/adsc.200404022

http://dx.doi.org/10.1002/adsc.200404022

http://dx.doi.org/10.1002/adsc.200404022

http://dx.doi.org/10.1021/ci960015+

http://dx.doi.org/10.1021/ci960015+

http://dx.doi.org/10.1021/ci960015+

http://dx.doi.org/10.1021/ci960015+






DOI: 10.1002/asia.200800186


Solphos: A New Family of Efficient Biaryl Diphosphine Ligands


Martin Kesselgruber, Matthias Lotz, Pierre Martin,* Gianpietro Melone, Markus M/ller,
Beno0t Pugin, Fr1d1ric Naud, Felix Spindler,* Marc Thommen, Paul Zbinden, and


Hans-Ulrich Blaser[a]


Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday


Introduction


Biaryl diphosphine ligands in general and binap in particular
are arguably the most versatile ligands for transition- and
noble-metal-catalyzed asymmetric transformations.[1] De-
spite the fact that a plethora of these atropisomeric ligands
has been prepared, only very few are commercially avail-
able; the most important representatives are depicted in
Scheme 1. As a consequence, only a handful of such ligands
have been used for synthetic and/or industrial applica-
tions.[2,3] The possibility to vary the nature of the substitu-
ents at the phosphorous atoms, allowing the steric and elec-
tronic tuning of the ligands, is an important feature and is
often decisive for achieving good catalyst performance. Our
main motivation to undertake the preparation of novel rep-
resentatives of this class of ligands was the completion of
our ligand portfolio consisting mainly of ferrocene-based di-


phosphines and phospholanes.[4] Furthermore, existing biaryl
phosphines did not always give satisfactory results, and the
most effective biaryl diphosphines are patent protected and
not always convenient to license.
In our assessment, the family of MeO-biphep ligands, cre-


ated and owned by Roche,[5] has a very attractive perfor-
mance profile and a technical synthesis has been developed.


Abstract: Solphos (7,7’-bis(diarylphos-
phino)-3,3’,4,4’-tetrahydro-4,4’-dimeth-
yl-8,8’-bis-2H-1,4-benzoxazine) is a new
modular atropisomeric biaryl ligand
with a very attractive activity profile. A
technically feasible synthesis is de-
scribed allowing the synthesis of vari-
ous derivatives of enantiopure ligand
on a technical scale. Very good catalyt-
ic performances have been demonstrat-


ed for the following transformations:
Ru-catalyzed hydrogenation of various
b-keto esters (95–99% ee, s/c up to
100000), of acetyl acetone (>99% ee,
dl/meso>98:2), and of an exocyclic


a,b-unsaturated acid (98.6% ee, s/c
250). In several cases, the nature of the
PAr2 moiety had a significant effect on
the enantioselectivity. Furthermore, Rh
and Ir Solphos complexes achieved
high enantioselectivities for a novel
synthesis of 3,3-disubstituted phthalides
and the reductive coupling of alkynes
with N-sulfonyl imines, respectively.
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Scheme 1. Commercially available biaryl-type phosphine ligands (R enan-
tiomers).
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We reasoned that additional N-based substituents ortho to
the MeO group and para to the phosphorus atom would
make the ligand slightly more electron-rich, and should
supply a handle to further tune and functionalize the ligand.
Last but not least, this would provide ligands outside the nu-
merous existing patents. When we analyzed a paper by a
group at Takasago[6] on the excellent results achieved with
segphos, another variation of the binap motif, we decided to
concentrate on a benzoxazine structure. We assumed that a
similar coupling and modular phosphine-introduction strat-
egy as developed for the MeO-biphep ligands (Scheme 2)
would be applicable. Very soon we found that things were
not so simple. When we tried to couple the appropriate frag-
ments with various X and Y substituents using a variety of
catalysts, we found to our disappointment that only traces of
the desired benzoxazine were formed. Since the few milli-
grams of the new ligand prepared by this route showed the
expected excellent catalytic performance (see below), we
had to devise a more promising synthetic approach.


Results and Discussion


Synthetic Approaches


In a concerted effort involving several Solvias teams a scale-
able synthesis for the Solphos ligand family was devel-
oped.[7] Since both enantiomers of the ligands were needed,
the separation of a racemic intermediate by crystallization
to as close to the final ligand as possible was a major consid-
eration. Of the various variants investigated, the most con-
venient one, depicted in Schemes 3 and 4, was carried out
on a kilogram scale.
The synthesis starts from the cheap, commercially avail-


able 2,2’-biphenyldiol. For the desired 3,3’-dinitration, the
two para positions had to be protected first. The bromina-
tion was successful only in chloroform; other solvents af-
forded complex mixtures of isomers and polybrominated
compounds. The nitration of 1 also required chlorinated sol-
vents, and the best results were obtained in methylene chlo-


ride. Hydrogenation of 2 in the presence of Pd/C led to the
air- and light-sensitive debrominated 3,3’-diamino biphenyl-
diol, which, after filtering off the Pd/C catalyst, was directly
converted into the stable bis-benzoxazoledione 3. Alkylation
with 1,2-dibromoetane to 4 and subsequent bromination af-
forded 5 in good yield. The construction of the tetrahy-
drooxazine ring by opening of the oxazoledione and the sub-
sequent nucleophilic substitution of the bromide were car-
ried out in a one-pot reaction to give racemic 6 in crystalline
form. All intermediates 1–6 are solids, thus allowing purifi-
cation without chromatography, and the synthesis was scaled
up for the multikilogram production of rac-6, the starting
material for the enantiopure ligands (Scheme 4).
Since we did not succeed in finding a crystalline salt of


rac-6 for a classical resolution, we prepared various diaste-
reomeric derivatives of 6. The best results were obtained
with the bis-(S)-proline amide 8. The Z-protected derivative
7 (mixture of S,S,S and S,S,R diastereomers; Z=benzyloxy-
carbonyl) was prepared by treating rac-6 suspended in di-
chloromethane with (S)-Z-ProCl, freshly prepared from (S)-
Z-ProOH and oxalyl chloride under standard conditions at
35 8C. H@nigMs base had to be added slowly to drive the reac-
tion to completion. For deprotection, 7 was dissolved in gla-
cial acetic acid and hydrochloric acid and hydrogenated in
the presence of 5% Pd/C at <0.5 bar to avoid debromina-
tion or amide cleavage. After evaporation of the acetic acid
the HCl adduct, 8 was isolated from ethanol by simple crys-
tallization with seeding. Purity was essential for the crystalli-
zation to occur. The choice of Ca(OH)2 was critical in the
liberation of the free base 9 (mixture of S,S,S and S,S,R dia-
stereomers). Stronger bases such as NaOH, KOH, NaOMe,
or Na2CO3 can cleave the amide bond to give by-products
which inhibit the subsequent crystallization. The diastereo-


Scheme 2. Coupling strategy for Solphos.


Scheme 3.
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meric mixture of (S,S,S)-9 and (S,S,R)-9 was dissolved in the
fivefold amount of dichloromethane, seeded, and stirred at
room temperature for five days, resulting in a first crop of
crystalline material (20% yield). Since crystallization
proved to be sensitive to small impurities, the mother liquor
was chromatographed, followed by a second crystallization.
The total yield of (S,S,S)-9 was 37%, and this was hydro-
lyzed at reflux with sodium hydroxide to give (S,S,S)-10. The
product precipitated from solution and was washed with
water. The nitrogen atom was methylated by using a reduc-
tive amination protocol with 5% Pd/C and aqueous formal-
dehyde in methanol/THF to give a gray foam in quantitative
yield. Similar results were obtained with formaldehyde and
NaCNBH3.
Compounds (S)-10 and (R)-10 (prepared in an analogous


way by using (R)-Z-ProCl) are the central intermediates al-
lowing the preparation of various Solphos derivatives by Br/
Li exchange and subsequent reaction with ClPR2 at temper-
atures below �65 8C to avoid racemization. In this way, the
bisphenylphosphino derivative (S)-Ph-Solphos (for the
naming of the ligands, see Scheme 5) was obtained in 80–
99% yield (for unknown reasons yields varied significantly,
especially in larger batches). The resulting amorphous
powder is stable under ambient conditions.
(R)-Ph-Solphos and both enantiomers of Xyl-Solphos,


MeOXyl-Solphos, and MeOtBu2-Solphos were prepared in
analogy using the corresponding ClPAr2 compounds. Yields


were significantly lower for the
sterically more hindered deriva-
tives.
In principle, the presence of


an amine group in the Solphos
ligand provides opportunities to
tune the catalytic as well as the
physical/technical properties.
We observed, for example, that
by the addition of a strong acid
such as MeSO3H a Rh/Solphos
complex was active in water
whereas the corresponding Rh/
MeO-biphep catalyst showed
no activity in water under the
same conditions owing to its in-
solubility. However, we found
that increasing the size of the
substituents (Me, CH2Ph,
CH2Np) at the amine groups
had only a marginal effect on
the enantioselectivity for the
Ru-catalyzed hydrogenation of
an a,b-unsaturated acid. For
this reason this issue was not
pursued further.


Catalytic Results


The catalytic performance of three Solphos derivatives was
investigated for relevant model hydrogenation reactions
(Scheme 5), and selected results are summarized in Table 1.
As expected, several b-keto esters were hydrogenated with
very high enantioselectivities using a Ru catalyst prepared
in situ from [RuI2ACHTUNGTRENNUNG(p-cymene)]2 (Table 1, entries 1-5). While


Scheme 4.


Scheme 5. Nomenclature of Solphos ligands and hydrogenation condi-
tions for selected ketones.
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the ee values were comparable to results obtained with li-
gands such as segphos, MeO-biphep, or Synphos,[8] the Ru/
Ph-Solphos system showed extraordinarily high activity, ena-
bling complete conversion within 20 h with substrate/catalyst
ratios (s/c) up to 100000. The catalytic system is relatively
insensitive to the nature of the R and RM groups in the sub-
strate and (somewhat surprisingly) also to the nature of the
Ar group of the Solphos ligand. Acetoxyacetone (F) is hy-
drogenated to 2,5-pentanediol with ee values around 99%
and very high diastereoselectivity (Table 1, entry 6) while
the a-keto ester G is hydrogenated with relatively modest
enantioselectivities (entry 7).
Furthermore, Solphos also showed very good performan-


ces for the hydrogenation of a number of industrial sub-
strates, as summarized in Scheme 6 (for reasons of confiden-
tiality, the exact structure of the substrates can not be di-
vulged). In most cases, Solphos and MeO-biphep ligands
gave the best overall performance while binap was signifi-
cantly less effective. In contrast to the model studies de-
scribed above, the nature of the PAr2 moiety had a more
pronounced effect in these “real-world“ substrates, and es-
pecially the very bulky MeOtBu2-Solphos showed the largest


deviation, either positive as for the hydrogenation of the
exocyclic a,b-unsaturated acid or negative for the hydroge-
nation of the b-keto ester.
Solphos ligands were also applied in the two novel trans-


formations depicted in Scheme 7. A Rh/Solphos complex
was shown to be the catalyst of choice for the asymmetric
one-pot transesterification and [2+2+2] cycloaddition lead-
ing to enantioenriched 3,3-disubstituted phthalides reported
by Tanaka et al.[9] In the case of the unsymmetrical substrate
(fivefold excess) kinetic resolution of the racemic alcohol is
achieved. Very high enantioselectivities were also observed
for the Ir/Solphos-catalyzed reductive coupling of alkynes
with N-sulfonyl imines developed by the Krische group.[10]


Conclusions


Solphos is a new and very effective family of biaryl diphos-
phine ligands. Its catalytic performance for a variety of Ru-,
Rh-, and Ir-catalyzed reactions is comparable or better than
that of commercially available ligands of the class of atropi-
someric diphosphine ligands such as binap, MeO-biphep,
segphos, or Synphos. Our results confirm that already small
changes in the structure of the biaryl backbone can lead to
significant differences in selectivity and/or activity. While
some of these differences might be explained by differences
in bite angle,[6] the electronic nature of the PAr2 group as
well as of the substituent para to the the PAr2 group certain-
ly also has an effect. However, we can not recognize a sys-
tematic trend when we compare the performance of Solphos
(with one oxygen and one nitrogen substituent) with ligands
with one (MeO-biphep) or two (segphos or Synphos)
oxygen substituents.
The synthesis of the new ligand family was much more


difficult than anticipated—again a big effect from a seem-
ingly small structural difference. The final route is relatively
complex but uses only readily available reagents, requires
no expensive chromatography, and allows racemate separa-
tion right before the R and PAr2 groups are introduced. As
we have demonstrated, the synthesis can be carried out on
the kilogram scale for the key intermediate 6. However, es-
pecially the crystallization of the diastereomeric mixture is
very sensitive to impurities, and also final introduction of


Table 1. Catalytic performance of Solphos derivatives in the hydrogena-
tion reactions shown in Scheme 5.


Entry Ketone ee [%]
Ar=Ph


ee [%]
Ar=Xyl


ee [%]
Ar=MeOXyl


Comments


1 A 97.8 98.5 99.0 Ar=Ph: s/c 100000
2 B 98.3 98.7 99.1 Ar=Ph: s/c 50000
3 C 98.2 97.3 98.0
4 D 98.0 98.2 96.7
5 E 96.6 96.4 95.4
6 F 99.0 99.4 98.8 dl/meso>98:2
7 G 91.6 89.8 90.0


Reaction conditions: ethanol, s/c 200, p(H2) 60–80 bar, 80 8C.


Scheme 6. Industrial applications of Solphos ligands.


Scheme 7. Rh- and Ir-catalyzed reactions using Solphos.
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the PAr2 groups is not always reproducible. For these rea-
sons and despite the excellent catalytic results, the Solphos
ligands do not meet the criteria to be included in the Solvias
Ligand Portfolio at the present time.


Experimental Section


General Remarks


Unless otherwise noted, reagents were purchased either from Fluka or
Merck (pa grade) and used as received. All reactions involving air-sensi-
tive materials were conducted in an inert argon atmosphere. Chromatog-
raphy was carried out with Kieselgel (Merck, 0.04–0.06 mm); HPLC was
carried out on a HP Hypersyl BDS-C18 column. MS measurements were
performed on a Waters ZQ 2000 ESI (desolvation; T: 300 8C).


Synthesis


1: A solution of Br2 (140 mL, 2.73 mol) in 600 mL CHCl3 was added over
2.5 h to 2,2’-dihydroxybiphenyl (250 g, 1.34 mol) dissolved in CHCl3
(3.4 L). The reaction mixture was concentrated to 600 mL and the crys-
talline solid was filtered and washed twice with CHCl3 (75 mL) to give
dibromide 1 (379.5 g, 82%). 1H NMR (300 MHz, CDCl3): d =5.80 (s, 2
OH), 6.85 (d, 2H), 7.40 ppm ACHTUNGTRENNUNG(m, 4H); MS: m/z : 341, 343, 345.


2 : Dibromide 1 (394 g, 1.40 mol) was added to a solution of conc. HNO3


(95.2 mL, 2.28 mol) in 3.6 L CH2Cl2 in portions over 25 min under cool-
ing with ice. After stirring for 90 min at room temperature the reaction
mixture was filtered and the product was washed twice with MeOH
(30 mL) to give the dinitro compound 2 (400 g, 81%) as orange crystals.
1H NMR (300 MHz, CDCl3): d=7.70 (d, 2H), 8.35 (d, 2H), 10.85 ppm (s,
2 OH); MS: m/z : 433 [M]+ .


3 : Dibromide 2 (823 g, 1.90 mol) was dissolved in 4 L THF and triethyla-
mine (1.06 L, 7.59 mol, 4 equiv). After addition of 62.2 g of palladium on
carbon 5%, hydrogenation was carried out to saturation in a low-pres-
sure hydrogenation apparatus at 1 bar for 40 h (uptake of 361 L H2,
106%). The solution was filtered through hyflo, and half the solution was
immediately processed further. Triethylamine (608 mL, 4.36 mol) was
added, followed by the slow addition of triphosgene (393.9 mL, 1.33 mol)
in 500 mL THF in such a way that the temperature was less than 27 8C
(ca. 45 min). Then triethylamine (0.9 equiv) was added and the mixture
was stirred for 1 h at room temperature. After evaporation of the solvent,
the residue was treated with water/MeOH 2:1 (ca. 1 L) at 45 8C. After
cooling to room temperature, HCl (37%) was added until pH 2. The pre-
cipitate was collected by filtration and washed with MeOH, yielding bis-
benzoxazole 3 (516.2 g) as a beige solid containing 13% NEt3·HCl (yield:
87%). 1H NMR (300 MHz, [D6]DMSO): d=7.15 (d, 2H), 7.29 (t, 2H),
7.35 (d, 2H), 11.85 ppm (s, 2H); MS: m/z : 291 [M+Na]+ .


4 : A solution of compound 3 (510 g, 1.9 mol) in 4.0 L DMF was stirred
overnight at room temperature with potassium carbonate (525 g,
3.80 mol) and 1,2-dibromoethane (1.47 L, 17 mol) and then heated to
80 8C for 1 h. The reaction mixture was evaporated and the residue was
triturated overnight with water and filtered. The precipitate was washed
with water and dried for 3 days at 50 8C to give as a brown solid (710 g,
77%). 1H NMR (CDCl3): d=3.71 (t, 4H), 4.30 (t, 4H), 7.10 (dd, 2H),
7.32 (t, 2H), 7.60 ppm (dd, 2H); MS: m/z : 505 [M+Na]+ .


5 : Bromine (225 mL, 4,39 mol) was added in one portion to a suspension
of 4 (705 g, 1.46 mol) in 2.8 L tetrachloroethane. The mixture was stirred
at room temperature for 21 h and then poured into 1.2 L water. After
phase separation, the organic layer was washed with saturated NHSO3


solution, dried with Na2SO4, treated with charcoal (16 g) and silica gel
(200 g), and filtered. The solution was evaporated and heated to 80 8C
with 2 L acetonitrile. After cooling to room temperature, the precipitate
was filtered, affording 5 as a brown solid (542 g); after concentration an-
other crop of white crystals resulted (67.7 g). Total yield of 5 : 610.3 g,
65%. 1H NMR (CDCl3): d=3.70 (t, 4H), 4.26 (dt, 4H), 7.13 (d, 2H),
7.57 (d, 2H); MS: m/z : 622 [M+Na]+ .


rac-6 : Aqueous NaOH (25%, 823 mL, 10 equiv) was added to a suspen-
sion of the tetrabromide 5 (513 g, 0.8 mol) in 3.0 L THF and 3.0 L MeOH
over 15 min (exothermic, 45 8C) and then heated at reflux for 5 h. Stirring
was continued overnight at room temperature. After evaporation the res-
idue was triturated with water (1.7 L) for 10 min at 50 8C. After cooling
the residue was collected and dried (14 h, 80 8C), resulting in beige crys-
tals of rac-6 (306.6 g, 90%). 1H NMR ([D6]DMSO): d=3.25 (q, 4H), 4.00
(m, 4H), 5.92 (s, 2 NH), 6.50 (d, 2H), 6.91 ppm (d, 2H); MS: m/z : 427
[M]+ .


7: Z-l-proline (2.02 kg, 8.1 mol) was dissolved in 12 L dichloromethane,
and DMF (7 mL) was added. Oxalyl chloride (1070 mL, 12.65 mol) was
added at 35 8C at a rate such that gas evolution stayed within acceptable
limits (ca. 90 min). The solution was stirred for 2 h, transferred to a
rotary evaporator under exclusion of humidity, and evaporated
(100 mbar) until no oxalyl chloride distilled off anymore. The Z-l-proline
chloride was added within 30 min at 20 8C (light cooling necessary) to
rac-6 (1.5 kg, 3.52 mol) suspended in 17 L dichloromethane. Then
H@nigMs base (1385 mL, 8.1 mol) was added over 5 h, and the mixture
was stirred for 12 h. The mixture was transferred to a separation vessel
and extracted twice with 3 L 2m HCl. The combined aqueous phases
were extracted with 5 L dichloromethane. The combined organic phases
were washed with 10 L 5% Na2CO3 solution, dried over sodium sulfate
and silica gel, and evaporated completely to give 7 as a beige foam in ap-
proximately quantitative yield of (some residual dichloromethane pres-
ent). MS: m/z : 907 [M]+ .


8 : Compound 7 (1.85 kg, 0.42 mol) was dissolved in 15 L glacial acetic
acid and 525 mL HCl conc. in a 50 L stainless steel autoclave with an im-
peller. 5% Pd/C (200 g, Engelhard) was added, and the mixture was hy-
drogenated at atmospheric pressure for 24 h at 40–45 8C. The mixture
was filtered and evaporated completely. To remove the acetic acid, the
residue was evaporated twice with 10 L toluene and dissolved in 4 L eth-
anol. After evaporation of 2 L the product started to crystallize on cool-
ing, resulting in hydrochloride salt 8 as an off-white solid (850 g, 78%).
MS: m/z : 621 [M]+ .


ACHTUNGTRENNUNG(S,S,S)-9 : Hydrochloride salt 8 (1.68 kg, 2.42 mol) was dissolved in 12 L
water in a 50 L separation vessel. Dichloromethane (8 L), methanol
(2 L), BHT (200 mg, as radical inhibitor), and powdered Ca(OH)2 (718 g,
9.7 mol) were added, and the white suspension was stirred for 60 min.
Then hyflo was added, and the suspension was filtered. The organic
phase was separated, and the aqueous phase was extracted with 5 L di-
chloromethane and 1 L methanol. The combined organic phases were
dried over sodium sulfate and evaporated. The resulting foam was dis-
solved in 1 L dichloroethane and evaporated again to remove methanol
traces. The crude product was dissolved in 8 L dichloromethane and
seeded with (S,S,S)-9. The precipitate of (S,S,S)-9 that formed after
5 days was collected by filtration and dried to yield colorless crystals
(298 g, 20%). The mother liquors was evaporated with 1 kg silica gel and
chromatographed (8 kg silica gel, ca. 200 L dichloromethane/methanol/
triethylamine 10:1:0.3, increasing polarity during elution) to give en-
riched fractions of (S,S,S)-9 and (S,S,R)-9. A further crystallization from
dichloromethane as described above yielded a second crop of crystals
(248 g, 17%). Total yield of (S,S,S)-9 : 546 g, 37%. MS: m/z : 621 [M]+ .


(S)-6 : Compound (S,S,S)-9 (660 g, 1.06 mol) was suspended in 6 L metha-
nol and 4 L THF, and 200 mg BHT was added as a radical inhibitor. Then
30% NaOH (655 mL) was added slowly, and the mixture was heated to
reflux, resulting in dissolution of the reactant. The product started to pre-
cipitation from the reaction mixture. Water (500 mL) was added, and the
organic solvents were removed on a rotary evaporator. The obtained
crude product was filtered, washed thoroughly with water, and dried,
yielding (S)-6 as a beige solid (355 g, 79%). 1H NMR ([D6]DMSO): d=


3.25 (q, 4H), 4.00 (m, 4H), 5.92 (s, 2 NH), 6.50 (d, 2H), 6.91 ppm (d,
2H); MS: m/z : 427 [M]+ .


(S)-10 : Compound (S)-6 (450 g, 1.06 mol) was dissolved in 2.3 L metha-
nol and 2.2 L THF. Aqueous formaldehyde (36%, 311 mL, 3.85 equiv)
and 5% Pd/C (45 g, Engelhard) were added, and the mixture was hydro-
genated at atmospheric pressure for 36 h. The suspension was filtered,
and the residual water was removed by azeotropic distillation with tolu-
ene (3R2 L), yielding (S)-10 as a gray foam in quantitative yield.
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1H NMR (CDCl3): d =2.90 (s, 6H), 3.28 (m, 4H), 4.23 (t, 4H), 6.57 (d,
2H), 7.13 ppm (d, 2H); 477 [M+Na]+ .


(S)-Ph-Solphos: Compound (S)-10 (240 g, 0.53 mol) was dissolved in
3.6 L THF and cooled to �75 8C (internal temperature). A solution of
tBuLi (742 g, 18% in pentane; Chemetall) was added by cannula at less
than �65 8C (ca. 90 min). The mixture was stirred at �65 8C for 2 h and
chlorodiphenylphosphine (232 g, 1.06 mol) diluted with 150 mL THF was
added slowly at under �65 8C (ca. 45 min). The mixture was stirred for
30 min at �75 8C and then warmed to �45 8C. At this temperature the re-
action was quenched with 20 mL concentrated ammonia and 50 mL
water. The mixture was evaporated, and the residue was dissolved again
in dichloromethane (ca. 500 mL). The cloudy solution was filtered over
hyflo and evaporated. The residue was dissolved in 1100 mL THF and
added at �15 8C to 7.5 L methanol, 0.5 L water, and 10 mL aqueous am-
monia, resulting in the precipitation of a grainy solid that was filtered,
washed with plenty of methanol/water (4:1), and dried, yielding (S)-Sol-
phos (350 g, 99%). M.p. 151 8C; 1H NMR (300 MHz, CDCl3): d=2.77 (s,
6H), 2.85 (ddd, 2J=11.3 Hz, 3J=3.5 Hz, 2H), 3.13 (ddd, 2J=11.3 Hz, 3J=


3.5 Hz, 2H), 3,41 (ddd, 2J=11.25 Hz, 3J=7.5, 3.5 Hz, 2H), 3.60 (ddd, 2J=


11.3 Hz, 3J=3.5 Hz, 2H), 6.35 (dPd,
3J=7.5 Hz, 4J=3.5 Hz, 2H), 6.55


(dPd,
3J=15.0, 7.5 Hz, 2H), 7.09–7.21 (m, 4H), 7.21–7.45 (m, 12H), 7.55–


7.65 ppm (m, 4H); 31P NMR (121.5 MHz, CDCl3): d=++30.93 ppm; MS:
m/z : 665 [M]+ . Elemental analysis (%) calcd for C42H38N2O2P2 (664.72):
C 75.89, H 5.76, N 4.21, O 4.81, P 9.32; found: C 75.68, H 5.80, N 4.22,
O 4.87, P 9.18. The yields for this step were not well reproducible, varying
between 40% and 99% for unknown reasons.


Hydrogenation


General procedure: [RuI2 ACHTUNGTRENNUNG(p-cymene)]2 (0.01 mmol) and the appropriate
diphosphine ligand (0.021 mmol) were introduced into a Schlenk vessel
filled with argon. Ethanol (20 mL, degassed) was subsequently added,
and the solution was stirred at room temperature for 10 min. The solu-
tion was used directly for the hydrogenation. The ketone (2 mmol) and
degassed ethanol (5 mL) were introduced in succession into a Schlenk
vessel filled with argon. This solution and the freshly prepared catalyst
solution were then transferred in succession with a steel capillary into a
50 mL steel autoclave filled with argon. The s/c (substrate/catalyst) ratio
was 200. The autoclave was closed, and a pressure of 50 bar was set using
four flushing cycles (pressurization with 20 bar of hydrogen). The auto-
clave was then heated to 80 8C, and after 30 min the reaction pressure


was set to 80 bar. The autoclave mixture was stirred for 21 h. The heating
was subsequently switched off, and the autoclave was cooled to room
temperature. The conversion was determined by means of GC and
1H NMR spectroscopy. Removal of the solvent on a rotary evaporator
gave a quantitative yield of the corresponding alcohol, and the enantio-
meric purity was determined by HPLC; column: Chiralcel OD-H,
250 mm, hexane/isopropanol 93:7, flow rate: 0.8 mLmin�1.
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Introduction


The carbobicyclic structure is one of the most interesting
moieties in the skeletons of natural products. Among them,
the bicycloACHTUNGTRENNUNG[2.2.2]octane skeleton was considered the most
accessible owing to its facile construction by the Diels–
Alder reaction of cyclohexadiene derivatives with various
dienophiles.[1] The ring-expansion reaction of the bicyclo-
ACHTUNGTRENNUNG[2.2.2]octane skeleton could potentially provide a facile
route to the formation of counterparts with larger cyclic sys-
tems that were considered synthetically challenging.[2,3] Pre-
viously, we reported a practical method to synthesize
bicycloACHTUNGTRENNUNG[4.2.2]dec-7-en-4-one derivatives through a two-
carbon ring-expansion of 2-vinylbicyclo ACHTUNGTRENNUNG[2.2.2]octenols by
anionic [1,3] rearrangement[4] [Eq. (1)]. Although there have
been extensive studies on 1,3-migration to generate a two-
carbon ring expansion,[5,6] most of them cannot be easily ap-
plied to general organic synthesis. In our previous report,
the reactions, which were carried out under basic conditions,
gave good to excellent yields of the ring-enlarged 1,3-rear-
ranged products.


This methodology was proven to be synthetically useful
when we applied the strategy to synthesize the natural prod-
uct (� )-pallescensin B. This furanosesquiterpenoid com-
pound, which bears a rare bicycloACHTUNGTRENNUNG[4.2.2]decane system, was
constructed by use of anionic 1,3-rearrangement of a 2-
vinylbicycloACHTUNGTRENNUNG[2.2.2]octenol derivative as the key step.[7] On
the basis of the above result, we explored the scope and lim-
itation of this type of ring-expansion reaction; the effect of
substituents on the reaction was investigated. We found
that, besides basic conditions, neutral conditions that involve
heating the reaction mixture in a sealed tube could also
afford the same type of 1,3-rearranged products. Interesting-
ly, we discovered that the endocyclic olefin plays an impor-
tant role in this ring-expansion reaction; in contrast, sub-
strates with a double bond displaced to the exocyclic posi-
tion on the bicycloACHTUNGTRENNUNG[2.2.2]octenone derivatives underwent
1,2-rearrangement to give bicycloACHTUNGTRENNUNG[3.2.2]nonenones. We
report herein our findings.


Results and Discussion


Ring Expansion by 1,3-Migration


As shown in Table 1, several cases of the ring-expansion re-
action of 2-vinylbicycloACHTUNGTRENNUNG[2.2.2]octenols 1 under basic condi-
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tions are listed. Most of these transformations proceeded
smoothly at room temperature or upon mild heating to give
moderate to excellent yields of products 2. Notably, more
highly substituted substrates required higher reaction tem-
peratures (1e, 1 f, and 1h). In the case of 1 i (Table 1,
entry 9), the dramatically decreased yield could be due to
the installation of three methyl groups, of which remote
steric effect caused the resultant 2 i to be obtained in low
yield. Furthermore, compounds with a larger cyclic ketal
linkage also needed heating during the reaction (Table 1, en-
tries 10 and 11). To survey the role of the cyclic ketal func-
tion in the reaction, we next tried a series of substrates that
lack the cyclic ketal linkage (Scheme 1). The results strongly
imply the need for the cyclic ketal group, as substrates with-


out this functional group af-
forded low yields or no desired
products.


Aside from the examples
listed in Table 1, an unexpected
result was found when sub-
strates with the electron-with-
drawing group CO2Me were
treated under the same basic
conditions (Scheme 2). In the
cases of 1 j and 1k, 1,3-migra-
tion gave the minor products,
whereas vinylogous retro-aldol–
Michael addition ([3,3] rear-
rangement) yielded the major
products. This result could be
explained by the anion-stabiliz-
ing effect of the ester group to


provide the anionic intermediate 9 with the canonical struc-
tures 9a and 9b ; thus, the reaction proceeds through a step-
wise mechanism and produced both ring-expansion and
retro-aldol–Michael addition ([3,3] rearrangement) products.
This phenomenon implies that the relative stability of the in-
termediate is the key point; as the two olefinic moieties are
in anti positions,[13] which forbids the occurrence of the [3,3]
sigmatropic process,[8a] the ester group in 1 j and 1k could
stabilize the anionic intermediate 9 by delocalization with
longer lifetimes than their alkyl counterparts, thus making it
possible for the relaxation of the initial boat geometry in 9
and leading to cis-decalin formation. This hypothesis was
further proved by heating 1k in xylene in a sealed tube at
250 8C; the exclusive formation of 2k suggests that the same
starting material could undergo reaction by an alternative
pathway, probably through homolytic cleavage, to yield the
1,3-migration compound as the only product[8b] (Scheme 3).


As neutral conditions were found to be applicable for the
substrate with an electron-withdrawing ester group
(Scheme 3), we next subjected alkylated substrate 1e to the
same reaction conditions. The reaction was found to give a
high yield of a 1:1 mixture of the desired 1,3-migration prod-
uct 2e and compound 10, which is proposed as a secondary
product from 2e through an intramolecular ene reaction.


Table 1. Ring-expansion reaction of 2-vinylbicycloACHTUNGTRENNUNG[2.2.2]octenols 1 by anionic 1,3-migration.[a]


Entry R1 R2 R3 R4 n Solvent T [8C] t [h] Product Yield [%]


1 H H H H 1 THF RT 12 2a 76
2 Me H H H 1 THF RT 12 2b 73
3 H Me H H 1 THF RT 12 2c 90
4 H Ph H H 1 THF RT 12 2d 88
5 Me Me H H 1 1,4-dioxane 80 50 min 2e 81
6 Me Ph H H 1 1,4-dioxane 80 50 min 2 f 53
7 Me H H OMe 1 THF RT 5 2g 77
8 Me Ph H OMe 1 THF RT 30 min 2h 90
9 Me Me Me H 1 1,4-dioxane 80 4 2 i 35


10 Me H H H 2 1,4-dioxane 80 50 min 2 j 70
11 Me H H OMe 2 1,4-dioxane 55 1 2k 65


[a] Entries 1–8 and 10 were reported in reference [4]; spectral data for entries 9 and 11 can be found in the Ex-
perimental Section and Supporting Information.


Scheme 1. Attempt at anionic 1,3-migration of substrates with no cyclic
ketal group. Bn=benzyl.


Scheme 2. 1,3-Migration and retro-aldol–Michael reaction of 1 j and 1k
to form products from the two resonance forms.
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The ratio of the mixture was shown to be the result of ther-
modynamic equilibrium at 250 8C by subjecting 2e or 10 to
the exact reaction conditions from which the 1:1 ratio of 2e
to 10 was obtained. To investigate the role of the endocyclic
olefin, the reduced compound 11 from 1e was heated in a
sealed tube (Scheme 4). The reaction was found to be slug-


gish and required elongated reaction times of up to 9 days
at 280 8C in mesitylene. A mixture of stereoisomers of 13
was obtained in a 3:1 ratio. Spectral characterization
showed that 1,3-migration occurred with the participation of
mesitylene. Although the mechanism is unclear, the struc-
ture of 13 suggests that after the ring expansion takes place,
the enol form 12 probably undergoes a radical-type reaction
with the solvent before returning to the keto form 14. The
possibility of 13 being a secondary product from the 1,3-mi-
gration product 14 was ruled out as the experimental result


showed 15 as the only product, presumably from a rarely
seen acid-catalyzed benzyl–benzylic acid type rearrange-
ment.[9,10]


From the above experimental result, we can summarize
the target 1,3-migration ring-expansion reaction as the fol-
lowing: 1) The steric effect of substituents installed on the 2-
vinylbicycloACHTUNGTRENNUNG[2.2.2]octenol provides a small to moderate in-
fluence on the reaction. 2) The cyclic ketal linkage is crucial
for the reaction. Increasing the ring size or removing the
cyclic ether moiety would result in low yields or no observa-
ble products. An explanation for this observation could be
that the extra fused ketal linkage retains the geometry of
the intermediate, thus placing both ends of the diradical ter-
mini in close proximity, which facilitates the ring-closure
process. 3) As the Woodward–Hoffmann rule indicates, a su-
prafacial [1,3] sigmatropic rearrangement is symmetrically
forbidden.[11] The observed [1,3] migration would thus re-
quire a stepwise mechanism; therefore, the stability and life-
time of the intermediates would determine the reaction out-
come. The endocyclic olefin provides an important electron-
ic effect. The attachment of an ester significantly increases
the relative stability of the anionic intermediate; thus, the
alternative route of [3,3] rearrangement was instead found
to be the major pathway. Saturation of the olefinic moiety
would slow the reaction significantly, which suggests that the
presence of a double bond would stabilize the reaction inter-
mediate from the initial homolytic cleavage. This is in agree-
ment with previous research stating the need of an activat-
ing group in this type of 1,3-migration.[6b] On the basis of
these observations, we next investigated substrates with an
olefin at the exocyclic position.


Ring Expansion by 1,2-Migration


To establish analogous substrates with an olefin in an exocy-
clic position to the bicycloACHTUNGTRENNUNG[2.2.2]octanol moiety, we made
use of a second Diels–Alder reaction of compounds 17 and
18 with dienophiles (Scheme 5). A long reaction time was
needed with conventional heating. However, microwave


Scheme 3. 1,3-Migration under neutral conditions.


Scheme 4. Attempt at anionic 1,3-migration of substrates without an en-
docyclic olefin.


Scheme 5. Diels–Alder reaction to generate an exocyclic olefin. DMF=


N,N-dimethylformamide.
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conditions efficiently speeded up the reaction, and high
yields of products were obtained stereospecifically for reac-
tions with N-phenylmaleimide and maleic anhydride. The
series of products 19–22 were structurally assigned by IR
and NMR spectroscopy and mass spectrometry. X-ray dif-
fraction was employed for 21 to determine its relative ste-
reochemistry (Figure 1). On the other hand, two stereoiso-


mers were obtained in a 1:1 ratio from the reaction of 17
with methyl vinyl ketone. The relative stereochemistry of
23a and 23b was assigned by spectral comparison with
known analogues.[12]


At first, we subjected 22 to the thermal reaction at 220 8C
in a sealed tube; surprisingly, instead of 1,3-migration, the
1,2-migration product 24 was isolated along with by-product


25 (Scheme 6). For the reaction of 23a, the 1,2-migration
product 26 was obtained along with by-products 27 and 28.
Structural determination of the products was performed
with IR and NMR spectroscopy, mass spectrometry, and X-
ray diffraction see the Supporting Information. Product 28 is
assumed to be a secondary product of 27 presumably de-
rived from an acid-catalyzed benzyl–benzylic acid type rear-
rangement similar to the case of 15 (Scheme 4).


However, in the reaction of 22, there was no observation
of the precursor (33) of 25 ; when we attempted to suppress
the acid-catalyzed formation of 25 by pretreating the tube
sequentially with aqueous NaOH and H2O and then drying
it in an oven, the yield of the primary product 24 significant-
ly increased with 25 as a minor product. These contrasting
results of obtaining bicycloACHTUNGTRENNUNG[3.2.2]nonenone derivatives from
1,2-migration with ring expansion were unexpected and are
clearly related to the displacement of the original endocyclic
olefin to the exocyclic position. On the other hand, 23b was
recovered under the same reaction conditions, which shows
that the configuration of C3 has an important influence on
the nearby geometry and disfavors the initial cleavage.


This intriguing outcome led us to perform a deuterium-la-
beling experiment (Scheme 7). The deuterium atom was
transferred from the tertiary alcohol to the methyl group in
the 1,2-migration product 24*. The hydrogen-transfer pro-
cess was further proven to be intramolecular by heating un-
labeled compound 22 in [D8]toluene; the reaction yielded 24
exclusively without giving any deuterized product. On the
basis of these observations, we propose a mechanism for the
ring-expanding 1,2-migration (Scheme 8). The intermediate
32 is initially formed by a retro-ene reaction from thermoly-
sis. Next, an intramolecular ene reaction proceeds with hy-


drogen abstraction from car-
bon a to the exo position of the
right-hand olefin to form 24
with insertion of a one-carbon
unit; this explains the displace-
ment of deuterium in the label-
ing experiment. As for the by-
product 25, we imagine that it
came from the common inter-
mediate 32, which also under-
goes an intramolecular ene re-
action but with hydrogen ab-
straction from carbon b to the
exo olefin to yield 33, which is
prone to acid-catalyzed benzyl–
benzylic acid type rearrange-
ment to form 25.


When the structures of the
preliminary resultant com-
pounds were determined, we
then applied the same reaction
conditions to 19, 20, and 21
(Table 2). Good yields of 1,2-
migration compounds were ob-
tained. This result reaffirms the


Figure 1. Structure and ORTEP diagram of 21. Thermal ellipsoids are
drawn at the 50% probability level.


Scheme 6. 1,2-Migration of 22 and 23 under sealed-tube conditions.
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effect of the exocyclic olefin on the bicycloACHTUNGTRENNUNG[2.2.2]octanol
moiety in this ring-expansion reaction with one-carbon-unit
insertion.


Conclusions


In summary, we have reported a novel ring-expansion reac-
tion with a 2-vinylbicycloACHTUNGTRENNUNG[2.2.2]octenol system to yield


bicycloACHTUNGTRENNUNG[4.2.2]decenone and bicycloACHTUNGTRENNUNG[3.2.2]nonenone moieties
with complete control by manipulating the endo/exocyclic
position of the olefin in the 2-vinylbicyclo ACHTUNGTRENNUNG[2.2.2]octenol
system. The reactions gave moderate to excellent yields of
products and provide an efficient and effective route to the
synthesis of less easily accessible bicyclic systems from
bicycloACHTUNGTRENNUNG[2.2.2]octenones, which can be easily obtained from
well-developed masked o-benzoquinone chemistry.[1d,e,13]


Experimental Section


Details for the preparation of the 2-vinylbicycloACHTUNGTRENNUNG[2.2.2]octenols used as
starting materials in this study are reported in our previous publica-
tion.[13]


General procedure for anionic 1,3-migration: Anhydrous THF (5 mL),
the 2-vinylbicyclo ACHTUNGTRENNUNG[2.2.2]octenol (0.4 mmol, 1 equiv, in 2 mL THF), and
[18]crown-6 (2 mmol, 5 equiv, in 3 mL THF) were added successively to
prewashed KH (2 mmol, 5 equiv). The reaction mixture was then stirred
at the required temperature and tracked by TLC. Saturated aqueous
NH4Cl was added to quench the reaction, and the aqueous layer was ex-
tracted with ethylamine and concentrated to yield the crude product.


General procedure for reaction in a sealed tube: The 2-vinylbicyclo-
ACHTUNGTRENNUNG[2.2.2]octenol (0.28 mmol) was dissolved in toluene (3 mL) in a pyrex
glass tube (10 cmL1.5 cm). The tube was then sealed under vacuum and
placed in a high-temperature oven at 220 8C for the appropriate time.
The solvent was removed by rotary evaporation to give the crude prod-
uct.


2 i : rac-(1R,4R,8S,11R,12R)-4-Methoxy-1,10,12-trimethyl-3-oxatricy-
clo[6.3.1.04.11]didec-9-en-5-one: Yellowish oil. IR (neat): ñ =2959 (m),
2936 (m), 1718 (s), 1445 (m), 1455 (m), 1381 (w), 1295 (w), 1174 (m),
1125 cm�1 (s); 1H NMR (400 MHz, CDCl3): d=0.93 (s, 3H), 0.98 (d, J=


7.6 Hz, 3H), 1.65–1.73 (m, 1H), 1.70 (d, J=1.6 Hz, 3H), 1.87–1.92 (m,
1H), 2.01–2.06 (m, 1H), 2.16–2.22 (m, 2H), 2.40 (s, 1H), 3.23 (s, 3H),
3.33–3.41 (m, 1H), 3.87 (ABq, J=8 Hz, 2H), 5.52 ppm (app d, J=6.8 Hz,
1H); 13C NMR (100 MHz, CDCl3): d=18.4 (CH3), 20.4 (CH3), 23.5
(CH3), 31.0 (CH2), 34.4 (CH2), 35.2 (CH), 41.1 (CH), 47.8 (C), 52.1
(CH3), 62.3 (CH), 82.2 (CH2), 114.3 (C), 126.3 (CH), 131.5 (C),
209.4 ppm (C); MS (EI): m/z (%)=250 [M]+ (2), 232 (14), 218 (23), 193
(100), 178 (9), 160 (10), 146 (19), 134 (43), 118 (36); HRMS (EI): m/z
calcd for C15H22O3: 250.1569; found: 250.1564.


2k : rac-(1R,5R,9R,10R)-1,5-Dimethoxy-11-methyl-6-oxatricy-
clo[7.3.1.05.11]tridec-11-en-4-one: Colorless liquid. IR (neat): ñ=2917 (s),
1716 (s), 1453 (s), 1212 (s), 1097(s), 947 (s), 913 (m), 845 (m), 770 cm�1


(m); 1H NMR (400 MHz, CDCl3): d =1.15–1.21 (m, 1H), 1.60 (t, J=
13.7 Hz, 1H), 1.77–1.99 (m, 4H), 2.17 (d, J=1.3 Hz, 3H), 2.16–2.24 (m,
1H), 2.40–2.70 (m, 3H), 3.24 (s, 3H), 3.37 (s, 3H), 3.91–3.96 (m, 1H),
4.17–4.30 (m, 1H), 5.49 ppm (q, J=1.3 Hz, 1H); 13C NMR (100 MHz,
CDCl3): d=25.0 (CH3), 29.4 (CH3), 31.6 (CH), 34.1 (CH2), 36.8 (CH2),
42.1 (CH2), 49.5 (CH), 50.9 (CH3), 51.0 (CH3), 60.7 (CH2), 76.4 (C), 104.6
(C), 129.2 (CH), 142.8 (C), 207.3 ppm (C); MS (EI): m/z (%)=266 [M]+


(5), 251 (4), 235 (5), 181 (100), 151 (59), 137 (35), 123 (56); HRMS (EI):
m/z calcd for C15H22O4: 266.1518; found: 266.1515.


5 : rac-(1S,2R,4R,7R)-7-Benzyloxy-2-ethenyl-3,3-dimethoxy-5-methyl-
bicyclo ACHTUNGTRENNUNG[2.2.2]oct-5-en-2-one: Colorless liquid. IR (neat): ñ=3558 (s),
2946 (s), 1447 (m), 1337 (m), 1174 (m), 1099 (s), 1075 (s), 997 cm�1 (m);
1H NMR (400 MHz, [D]acetone): d=1.25 (app dt, J=13.3, 3.3 Hz, 1H),
2.00 (d, J=1.4 Hz, 3H), 2.32 (ddd, J=13.3, 8.3, 2.7 Hz, 1H), 2.79–2.81
(m, 1H), 2.83 (dd, J=6.0, 2.5 Hz, 1H), 3.04 (s, 3H), 3.35 (s, 3H), 3.36 (s,
3H), 4.15–4.17 (m, 1H), 4.54 (ABq, J=12.0 Hz, 1H), 4.59 (ABq, J=


12.0 Hz, 1H), 5.17 (dd, J=10.6, 2.7 Hz, 1H), 5.61 (dd, J=17.2, 10.6 Hz,
1H), 5.85 (app d, J=6.0 Hz, 1H) 6.42 (dd, J=17.2, 10.6 Hz, 1H), 7.39–
7.48 ppm (m, 5H); 13C NMR (100 MHz, [D]acetone): d=21.4 (CH3), 31.6
(CH2), 45.1 (CH), 50.3 (CH3), 52.3 (CH3), 53.0 (CH), 70.8 (CH2), 74.7
(CH), 78.5 (C), 106.4 (C), 112.7 (CH2), 122.9 (CH), 128.4 (CH), 128.6
(2LCH), 129.3 (2LCH), 140.6 (C), 141.5 (CH), 142.3 ppm (C); MS (EI):


Scheme 7. Deuterium-labeling experiment for 1,2-migration.


Scheme 8. Proposed mechanism for the formation of 24 and 33.


Table 2. Examples of 1,2-migration.


Starting material R X Product Yield [%]


19 H O 29 75
20 H NPh 30 82
21 Me O 31 78
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m/z (%)=329 [M�1]+ (26), 297 (29), 206 (74), 190 (100), 166 (50), 163
(42), 158 (78); HRMS (EI): m/z calcd for C20H26O4: 330.1831; found:
330.1815.


6 : rac-(1S,3R,4R,7R,8R)-3-Methoxy-8-methoxymethyl-3,5,7-
trimethylbicycloACHTUNGTRENNUNG[2.2.2]oct-5-en-2-one: Colorless liquid. IR (neat): ñ=


3037 (w), 2921 (s), 1729 (s), 1646 (w), 1452 (m), 1371 (m), 1196 (m), 1111
(s), 1053 (m), 846 cm�1 (w); 1H NMR (400 MHz, CDCl3): d=0.99 (d, J=


6.8 Hz, 3H), 1.23 (s, 3H), 1.38–1.43 (m, 1H), 1.79–1.85 (m, 1H), 1.87 (d,
J=1.7 Hz, 3H), 2.77 (d, J=1.7 Hz, 1H), 2.81 (dd, J=6.0, 1.5 Hz, 1H),
3.29 (s, 3H), 3.35 (s, 3H), 3.54 (dd, J=9.0, 6.3 Hz, 1H), 3.71 (dd, J=9.0,
8.7 Hz, 1H), 5.60 ppm (app d, J=6.0 Hz, 1H); 13C NMR (100 MHz,
CDCl3): d=19.6 (CH3), 20.6 (CH3), 21.1 (CH3), 33.9 (CH), 45.8 (CH),
48.8 (CH), 50.3 (CH3), 54.4 (CH), 58.6 (CH3), 75.3 (CH2), 76.1 (C), 118.1
(CH), 147.8 (C), 208.4 ppm (C); MS (EI): m/z (%)=238 [M]+ (1), 209
(92), 206 (100), 176 (15), 162 (11), 145 (29), 132 (69); HRMS (EI): m/z
calcd for C14H22O3: 238.1569; found: 238.1670.


10 : rac-(3R,3aR,4aR,5S,7aR,7bS,8S)-7b-Methoxy-8-methyl-4-methyl-
eneoctahydro-3,5-methanopentalenoACHTUNGTRENNUNG[1,2-b]furan-7a(4H)-ol: Yellowish
oil. IR (neat): ñ=3549 (b), 2951 (s), 2873 (m), 1674 (m), 1455 (m), 1361
(m), 1241 (m), 1069 (m), 886 cm�1 (m); 1H NMR (400 MHz, CDCl3): d=


1.04 (d, J=7.2 Hz, 3H), 1.38–1.47 (m, 2H), 1.69–1.77 (m, 1H), 2.14–2.26
(m, 3H), 2.41–2.50 (m, 2H), 2.65 (dd, J=2.4, 10.0 Hz, 1H), 3.02 (dd, J=


2.4, 7.6 Hz, 1H), 3.36 (s, 3H, OMe), 3.88 (d, J=8.4 Hz, 1H), 4.15 (dd,
J=4.8, 8.4 Hz, 1H), 5.02 ppm (d, J=5.2 Hz, 2H); 13C NMR (100 MHz,
CDCl3): d=25.8 (CH3), 31.9 (CH2), 34.2 (CH2), 40.6 (CH), 46.7 (CH),
50.8 (CH3), 51.1 (CH), 51.3 (CH), 57.1 (CH), 78.2 (C H2), 89.2 (C), 108.7
(CH2), 115.9 (C), 147.3 ppm (C); MS (EI): m/z (%)=236 [M]+ (27), 208
(19), 204 (81), 180 (15), 176 (80), 161 (25), 148 (23), 133 (60), 119 (100);
HRMS (EI): m/z calcd for C14H20O3: 236.1412; found: 236.1412.


14 : rac-(3R,3aS,4R,6R,9aR,10S)-9a-Methoxy-4,10-dimethyloctahydro-3,6-
methanocycloocta[b]furan-9(4H)-one: Yellowish oil. IR (neat): ñ =2955
(s), 2930 (s), 2877 (s), 1717 (s), 1456 (m), 1385 (m), 1108 (m), 1057 (m),
1044 (m), 990 (m), 938 cm�1 (m); 1H NMR (400 MHz, CDCl3): d=0.93
(d, J=7.2 Hz, 3H), 0.94–0.99 (m, 1H), 1.08 (d, J=7.6 Hz, 3H), 1.64–1.70
(m, 1H), 1.86–2.11 (m, 5H), 2.17–2.20 (m, 1H), 2.45–2.53 (m, 2H), 2.71–
2.78 (m, 1H), 3.19 (s, 3H, OMe), 3.95 (d, J=8.8 Hz, 1H), 4.26 ppm (dd,
J=6.0, 8.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=17.9 (CH3), 23.2
(CH), 25.9 (CH3), 26.3 (CH2), 31.7 (CH2), 33.8 (CH), 38.9 (CH2), 40.7
(CH), 45.9 (CH), 51.0 (CH3), 54.8 (CH), 476.9 (CH2), 109.4 (C),
211.1 ppm (C); MS (EI): m/z (%)=238 [M]+ (2), 237 (10), 210 (38), 207
(48), 182 (21), 178 (14), 167 (30) , 99 (100), 92 (23); HRMS (EI): m/z
calcd for C14H22O3: 238.1569; found: 238.1568.


15 : rac-(4R,4aS,5R,7R,9aS,10S)-9a-Hydroxy-5,10-dimethyloctahydro-4,7-
methanocyclohepta[c]pyran-1(3H)-one: Yellowish oil. IR (neat): ñ =3464
(b), 2948 (m), 2914 (m), 2873 (m), 1709 (s), 1469 (m), 1390 (m), 1257
(m), 1139 (m), 1071 cm�1 (m); 1H NMR (400 MHz, CDCl3): d =1.08 (d,
J=7.2 Hz, 3H), 1.15–1.19 (m, 1H), 1.22 (d, J=7.2 Hz, 3H), 1.25–1.30 (m,
1H), 1.42–1.46 (m, 1H), 1.75–1.79 (m, 1H), 1.87–1.93 (m, 2H), 1.94–1.97
(m, 2H), 2.02–2.10 (m, 3H), 4.19 (dd, J=1.6, 11.2 Hz, 1H), 4.38 ppm (dd,
J=3.2, 11.2 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=21.0 (CH3), 23.2
(CH3), 27.4 (CH2), 31.5 (CH), 31.8 (CH2), 35.7 (CH), 35.8 (CH2), 38.2
(CH), 42.2 (CH), 45.0 (CH), 73.7 (CH2), 77.6 (C), 178.2 ppm (C); MS
(EI): m/z (%)=224 [M]+ (2), 181 (12), 180 (100), 178 (13), 165 (62), 162
(29), 152 (19), 151 (43), 147 (40); HRMS (EI): m/z calcd for C13H20O3:
224.1412; found: 224.1413.


19 : rac-(3aR,6R,7S,7aS,10S,10aR,10bR,10cS,11S)-7-Hydroxy-7a-methoxy-
11-methyl-7-vinyl-3a,4,6,7,7a,9,10,10a,10b,10c-decahydro-6,10-methano-
naphtho[2,1-b :7,8-c’]difuran-1,3-dione: White crystals. M.p.: 158.6–
159.2 8C; IR (neat): ñ=3553 (b), 2955 (m) 2928 (m), 1859 (s), 1780 (s),
1220 (m), 1058 (m), 1007 (m), 921 cm�1 (m); 1H NMR (600 MHz,
CDCl3): d=0.93 (d, J=7.2 Hz, 3H), 1.85 (ddd, J=2.4, 3.0, 3.0 Hz, 1H),
1.96 (ddq, J=2.4, 3.0, 7.2 Hz, 1H), 2.11 (dddd, J=2.4, 3.0, 10.8, 15.6 Hz,
1H), 2.22 (d, J=3.0 Hz, 1H), 2.37 (dddd, J=2.4, 3.0, 3.0, 10.8 Hz, 1H),
2.77 (br, 1H), 2.79 (ddd, J=6.6, 7.8, 15.6 Hz, 1H), 2.95 (dd, J=3.0,
3.0 Hz, 1H), 3.16 (ddd, J=7.8, 10.8, 10.8 Hz, 1H), 3.36 (dd, J=10.8,
10.8 Hz, 1H), 3.46 (s, 3H), 3.59 (d, J=7.8 Hz, 1H), 3.98 (dd, J=3.0,
7.8 Hz, 1H), 5.21 (dd, J=1.8, 10.8 Hz, 1H), 5.43 (dd, J=1.8, 17.4 Hz,
1H), 5.78 (ddd, J=3.0, 3.0, 6.6 Hz, 1H), 6.39 ppm (dd, J=10.8, 17.4 Hz,


1H); 13C NMR (100 MHz, CDCl3): d=21.2 (CH3), 23.5 (CH2), 33.3
(CH), 33.7 (CH), 36.0 (CH), 40.4 (CH), 42.3 (CH), 44.8 (CH), 49.6
(CH3), 51.7 (CH), 72.5 (CH2), 77.3 (C), 106.4 (C), 113.9 (CH2), 121.0
(CH), 138.0 (CH), 138.2 (C), 173.1 (C), 173.4 ppm (C); MS (EI): m/z
(%)=346 [M]+ (57), 314 (27), 274 (14), 256 (15), 253 (12), 165 (100), 164
(20), 155 (56); HRMS (EI): m/z calcd for C19H22O6: 346.1416; found:
346.1413; elemental analysis: calcd for C19H22O6: C65.88, H6.40; found:
C65.78, H6.44.


20 : rac-(3aR,6R,7S,7aS,10S,10aR,10bR,10cS,11S)-7-Hydroxy-7a-methoxy-
11-methyl-2-phenyl-7-vinyl-3a,4,6,7,7a,9,10,10a,10b,10c-decahydro-1H-
6,10-methano[1]benzofuro ACHTUNGTRENNUNG[4,5-e]isoindole-1,3(2H)-dione: White crystals.
M.p.: 162.7–163.4 8C; IR (neat): ñ=3549 (b), 2954 (w), 1774 (w), 1708 (s),
1500 (m), 1378 (m), 1183 (m), 1005 (m), 925 (w), 734 cm�1 (w); 1H NMR
(600 MHz, CDCl3): d=0.95 (d, J=7.2 Hz, 3H), 1.84 (ddd, J=2.4, 3.0,
3.6 Hz, 1H), 1.97 (ddq, J=2.4, 3.0, 7.2 Hz, 1H), 2.06 (dddd, J=2.4, 3.0,
10.8, 15.0 Hz, 1H), 2.23 (d, J=3.0 Hz, 1H), 2.36 (dddd, J=2.4, 3.0, 3.0,
11.4 Hz, 1H), 2.85 (br, 1H), 2.87 (ddd, J=6.6, 7.2, 15.0 Hz, 1H), 3.05
(ddd, J=7.2, 10.2, 10.8 Hz, 1H), 3.13 (dd, J=3.0, 3.0 Hz, 1H), 3.23 (dd,
J=10.2, 11.4 Hz, 1H), 3.49 (s, 3H), 3.58 (d, J=7.2 Hz, 1H), 3.96 (dd, J=
3.6, 7.2 Hz, 1H), 5.21 (dd, J=1.8, 10.8 Hz, 1H), 5.46 (dd, J=1.8, 17.4 Hz,
1H), 5.83 (ddd, J=3.0, 3.0, 6.6 Hz, 1H), 6.42 (dd, J=10.8, 17.4 Hz, 1H),
7.29–7.48 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=21.2 (CH3),
24.2 (CH2), 33.8 (CH), 33.9 (CH), 36.2 (CH), 40.2 (CH), 41.7 (CH), 45.0
(CH), 49.6 (CH3), 51.8 (CH), 72.5 (CH2), 77.2 (C), 106.6 (C), 113.8
(CH2), 122.1 (CH), 126.3 (2LCH), 128.3 (CH), 128.9 (2LCH), 131.5 (C),
138.1 (CH), 138.5 (C), 177.9 (C), 178.9 ppm (C); MS (EI): m/z (%)=421
[M]+ (100), 389 (24), 335 (19), 307 (10), 291 (27), 174 (24), 159 (17), 157
(18); HRMS (EI): m/z calcd for C25H27NO5: 421.1889; found: 421.1889;
elemental analysis: calcd for C25H27NO5: C71.24, H6.46, N3.32; found:
C71.15, H6.22, N3.17.


21: rac-(3aR,4S,6S,7R,7aR,10R,10aS,10bS,10cS,11R)-7a-Ethoxy-7-hy-
droxy-4,11-dimethyl-7-vinyl-3a,4,6,7,7a,9,10,10a,10b,10c-decahydro-6,10-
methanonaphtho[2,1-b :7,8-c’]difuran-1,3-dione: White crystals. M.p.:
167.6–168.3 8C; IR (neat): ñ =3541 (b), 2958 (m), 2929 (m), 1857 (s), 1776
(s), 1213 (m), 1055 (m), 1099 (m), 975 cm�1 (m); 1H NMR (400 MHz,
CDCl3): d=0.92 (d, J=7.2 Hz, 3H), 1.16 (t, J=7.2 Hz, 3H), 1.45 (d, J=
6.8 Hz, 3H), 1.80–1.84 (m, 1H), 1.92–1.98 (m, 1H), 2.18 (d, J=2.8 Hz,
1H), 2.35–2.38 (m, 2H), 2.72 (dd, J=10.4, 10.4 Hz, 1H), 2.86 (br, 1H),
2.92 (dd, J=2.8, 3.6 Hz, 1H), 3.38 (dd, J=10.8, 10.8 Hz, 1H), 3.56 (d, J=
7.6 Hz, 1H), 3.76 (q, J=7.2 Hz, 2H), 3.95 (dd, J=3.2, 7.6 Hz, 1H), 5.18
(dd, J=1.2, 10.8 Hz, 1H), 5.51 (dd, J=1.2, 17.2 Hz, 1H), 5.46–5.50 (m,
1H), 6.37 ppm (dd, J=10.8, 17.2 Hz, 1H); 13C NMR (100 MHz, CDCl3):
d=15.0 (CH3), 19.0 (CH3), 21.2 (CH3), 30.7 (CH), 33.4 (CH), 33.6 (CH),
36.6 (CH), 42.9 (CH), 44.6 (CH), 47.7 (CH), 51.1 (CH), 57.6 (CH2), 72.3
(CH2), 76.5 (CH2), 106.0 (C), 113.7 (CH2), 128.5 (CH), 137.2 (C), 137.9
(CH), 172.3 (C), 173.2 ppm (C); MS (EI): m/z (%)=374 [M]+ (71), 328
(32), 302 (13), 273 (24), 245 (19), 227 (10), 217 (21), 202 (27), 185 (10),
173 (19), 55.0 (100); HRMS (EI): m/z calcd for C21H26O6: 374.1729;
found: 374.1730; elemental analysis: calcd for C21H26O6: C67.36, H7.00;
found: C67.45, H6.82.


22 : rac-(3aR,4S,6S,7R,7aR,10R,10aS,10bS,10cS,11R)-7a-Ethoxy-7-hy-
droxy-4,11-dimethyl-2-phenyl-7-vinyl-3a,4,6,7,7a,9,10,10a,10b,10c-decahy-
dro-1H-6,10-methano[1]benzofuro ACHTUNGTRENNUNG[4,5-e]isoindole-1,3(2H)-dione: White
crystals. M.p.: 190.6–191.0 8C; IR (neat): ñ=3553 (b), 2956 (m), 29296,
(m), 1772 (m), 1710 (s), 1500 (m), 1459 (m), 1379 (m), 1181 (m), 1061 (w)
cm�1; 1H NMR (400 MHz, CDCl3): d=0.94 (d, J=7.2 Hz, 3H), 1.16 (t,
J=7.2 Hz, 3H), 1.52 (d, J=7.2 Hz, 3H), 1.81 (ddd, J=1.8, 3.0, 3.6 Hz,
1H), 1.97 (ddq, J=1.8, 3.0, 7.2 Hz, 1H), 2.21 (d, J=3.0 Hz, 1H), 2.34–
2.38 (m, 2H), 2.63 (dd, J=9.6, 9.6 Hz, 1H), 3.00 (br, 1H), 3.10 (dd, J=


3.0, 3.0 Hz, 1H), 3.24 (dd, J=9.6, 10.8 Hz, 1H), 3.55 (d, J=7.8 Hz, 1H),
3.76 (dq, J=7.2, 9.0 Hz, 1H), 3.89 (dq, J=7.2, 9.6 Hz, 1H), 3.93 (dd, J=


3.6, 7.8 Hz, 1H), 5.20 (dd, J=1.8, 10.8 Hz, 1H), 5.45 (dd, J=1.8, 17.4 Hz,
1H), 5.51 (dd, J=2.4, 2.4 Hz, 1H), 6.39 (dd, J=10.8, 17.4 Hz, 1H), 7.29–
7.47 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=15.2 (CH3), 19.7
(CH3), 21.4 (CH3), 31.5 (CH), 33.9 (CH), 34.4 (CH), 37.1 (CH), 42.6
(CH), 45.1 (CH), 47.5 (CH), 51.3 (CH), 57.7 (CH2), 72.4 (CH2), 77.1
(CH), 106.4 (C), 113.7 (CH2), 126.4 (2LCH), 128.4 (CH), 129.0 (2LCH),
129.1 (CH), 131.7 (C), 137.2 (C), 138.3 (CH), 177.6 (C), 178.2 ppm (C);
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MS (EI): m/z (%)=449 [M]+ (100), 403 (28), 348 (18), 320 (11), 305
(25), 266 (9), 183 (13), 174 (20), 171 (14); HRMS (EI): m/z calcd for
C27H31NO5: 449.2202; found: 449.2203; elemental analysis: calcd for
C27H31NO5: C72.14, H6.95, N3.12; found: C71.97, H7.28, N2.84.


23a : rac-1-[(1R,3aR,4R,5S,9S,9aR,9bS,10R)-10-Hydroxy-1-methoxy-4-
methyl-10-vinyl-1,3,3a,4,5,7,8,9,9a,9b-decahydro-1,5-methanonaphthoACHTUNGTRENNUNG[1,2-
c]furan-9-yl]ethanone: White crystals. M.p.: 120.3–120.7 8C; IR (neat):
ñ=3538 (b), 2933 (m), 2876 (m), 1705 (s), 1458 (m), 1348 (m), 1184 (m),
998 (m), 729 cm�1 (m); 1H NMR (400 MHz, CDCl3): d=1.02 (d, J=
7.2 Hz, 3H), 1.50–1.60 (m, 1H), 1.91–2.03 (m, 4H), 2.18–2.20 (m, 4H),
2.27–2.31 (m, 2H), 2.62–2.76 (m, 2H), 3.28 (s, 3H), 3.48 (d, J=7.6 Hz,
1H), 3.92 (dd, J=4.0, 7.6 Hz, 1H), 5.14 (dd, J=2.0, 10.8 Hz, 1H), 5.45–
5.50 (m, 2H), 6.33 ppm (dd, J=10.8, 17.2 Hz, 1H); 13C NMR (150 MHz,
CDCl3): d=21.6 (CH3), 24.7 (CH2), 27.1 (CH2), 29.9 (CH3), 33.9 (CH),
34.5 (CH), 39.4 (CH), 45.4 (CH), 49.7 (CH), 50.8 (CH3), 54.0 (CH), 72.4
(CH2), 77.2 (C), 107.0 (C), 113.3 (CH2), 123.5 (CH), 134.2 (C), 138.8
(CH), 213.1 ppm (C); MS (EI): m/z (%)=318 [M]+ (5), 300 (8), 286
(13), 276 (25), 257 (34), 244 (19), 231 (11), 215 (79), 205 (22), 197 (71),
55.0 (100); HRMS (EI): m/z calcd for C19H26O4: 318.1831; found:
318.1834; elemental analysis: calcd for C19H26O4: C71.67, H8.23; found:
C71.60, H8.25.


23b : rac-1-[(1R,3aR,4R,5S,9R,9aS,9bS,10R)-10-Hydroxy-1-methoxy-4-
methyl-10-vinyl-1,3,3a,4,5,7,8,9,9a,9b-decahydro-1,5-methanonaphthoACHTUNGTRENNUNG[1,2-
c]furan-9-yl]ethanone: Clear oil. IR (neat): ñ=3553 (b), 2928 (m) 2871
(m), 1707 (s), 1354 (m), 1253 (m), 1197 (m), 1008 (m), 929 (m), 736 cm�1


(m); 1H NMR (400 MHz, CDCl3): d=0.94 (d, J=7.2 Hz, 3H), 1.64–1.75
(m, 2H), 1.83–1.88 (m, 1H), 2.00–2.06 (m, 2H), 2.11–2.12 (m, 1H), 2.17
(s, 3H), 2.20–2.42 (m, 3H), 2.86–2.90 (m, 1H), 3.12 (br, 1H), 3.35 (s,
3H), 3.51 (d, J=6.8 Hz, 1H), 3.74 (dd, J=2.4, 6.8 Hz, 1H), 5.19 (dd, J=
2.0, 11.2 Hz, 1H), 5.26–5.28 (m, 1H), 5.47 (dd, J=2.0, 17.2 Hz, 1H),
6.40 ppm (dd, J=11.2, 17.2 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=


20.7 (CH3), 24.9 (CH2), 26.8 (CH2), 28.4 (CH3), 32.7 (CH), 35.2 (CH),
38.5 (CH), 40.9 (CH), 49.8 (CH3), 51.1 (CH), 53.2 (CH), 73.7 (CH2), 77.9
(C), 108.1 (C), 114.2 (CH2), 120.3 (CH), 133.6 (C), 138.0 (CH),
211.9 ppm (C); MS (EI): m/z (%)=318 [M]+ (5), 300 (8), 286 (13), 276
(25), 257 (34), 244 (19), 231 (11), 215 (79), 205 (22), 197 (71), 188.2 (100);
HRMS (EI): m/z calcd for C19H26O4: 318.1831; found: 318.1834.


24 : rac-(3aR,4R,6S,7S,8aS,11S,11aR,11bR,11cS,12R)-8a-Ethoxy-4,7,12-tri-
methyl-3a,4,6,7,8a,10,11,11a,11b,11c-decahydro-1H-6,11-
methanofuro[2’,3’:6,7]cyclohepta ACHTUNGTRENNUNG[1,2-e][2]benzofuran-1,3,8-trione: White
crystals. M.p.: 144.2–144.6 8C; IR (neat): ñ=2971 (m), 2930 (m), 1774
(m), 1712 (s), 1499 (w), 1379 (m), 1182 (m), 1110 (m), 996 (m), 732 cm�1


(m); 1H NMR (600 MHz, CDCl3): d=0.99 (d, J=6.6 Hz, 3H), 1.00 (d,
J=7.2 Hz, 3H), 1.17 (t, J=7.2 Hz, 3H), 1.40 (d, J=7.2 Hz, 3H), 2.01 (d,
J=1.8 Hz, 1H), 2.07–2.14 (m, 2H), 2.18–2.20 (m, 1H), 2.32 (dd, J=10.2,
10.8 Hz, 1H), 2.55–2.58 (m, 1H), 3.13–3.20 (m, 2H), 3.38 (dd, J=4.8,
4.8 Hz, 1H), 3.62 (dq, J=6.6, 7.2 Hz, 2H), 3.93 (d, J=8.4 Hz, 1H), 4.30
(dd, J=4.2, 8.4 Hz, 1H), 5.46 (dd, J=3.0, 3.0 Hz, 1H), 7.26–7.45 ppm (m,
5H); 13C NMR (150 MHz, CDCl3): d=13.9 (CH3), 15.9 (CH3), 19.3
(CH3), 23.9 (CH3), 31.8 (CH), 32.6 (CH), 40.2 (CH), 41.5 (CH), 44.7
(CH), 46.9 (CH), 46.9 (CH), 47.5 (CH), 49.7 (CH), 59.7 (CH2), 76.2
(CH2), 109.4 (C), 126.3 (2LCH), 128.2 (CH), 128.8 (2LCH), 131.6 (C),
132.3 (CH), 134.3 (C), 176.8 (C), 178.0 (C), 208.0 ppm (C); MS (EI): m/z
(%)=449 [M]+ (2), 421 [M�28]+ (100), 375 (32), 351 (9), 347 (13), 320
(39), 277 (20), 248 (9); HRMS (EI): m/z calcd for C27H31NO5: 449.2202,
found: 449.2206; elemental analysis: calcd for C27H31NO5: C72.14, H6.95,
N3.12; found: C71.79, H6.73, N3.13.


25 : rac-(3aR,4R,5aR,7aR,11S,11aR,11bR,11cS,12S)-11-Hydroxy-4,7,12-tri-
methyl-2-phenyl-4,5,7a,8,11,11a,11b,11c-octahydro-1H-5a,11-
methanoisochromeno ACHTUNGTRENNUNG[5,6-e]isoindole-1,3,10 ACHTUNGTRENNUNG(2H,3aH)-trione: Yellowish
oil. IR (neat): ñ=3463 (m), 2958 (m), 2927 (m), 1770 (s), 1708 (s), 1598
(w), 1498 (m), 1380 (m), 1243 (m), 1187 (m), 1073 cm�1 (m); 1H NMR
(400 MHz, CDCl3): d=0.99 (d, J=6.8 Hz, 3H), 1.21–1.25 (m, 2H), 1.30
(d, J=6.4 Hz, 3H), 1.68–1.75 (m, 4H), 1.87–1.96 (m, 1H), 2.15 (d, J=


12.4 Hz, 1H), 2.22 (q, J=7.2 Hz, 1H), 2.58–2.63 (m, 2H), 3.30 (d, J=
4.8 Hz, 1H), 3.66 (dd, J=9.2, 13.2 Hz, 1H), 4.29 (dd, J=2.4, 11.6 Hz,
1H), 4.49 (dd, J=2.0, 11.6 Hz, 1H), 5.58 (s, 1H), 7.26–7.47 ppm (m, 5H);
13C NMR (150 MHz, CDCl3): d=10.8 (CH3), 18.8 (CH3), 20.1 (CH3), 28.8


(CH), 39.3 (CH), 41.6 (CH2), 41.8 (CH), 45.5 (C), 46.3 (CH), 46.7 (CH),
48.4 (CH), 63.9 (CH), 68.1 (CH2), 81.5 (C), 126.2 (2LCH), 127.9 (CH),
128.5 (2LCH), 130.5 (C), 131.6 (C), 138.6 (CH), 173.9 (C), 177.6 (C),
178.6 ppm (C); MS (EI): m/z (%)=421 [M]+ (53), 377 (100), 362 (17),
330 (8), 316 (50), 306 (26), 291 (8), 270 (10); HRMS (EI): m/z calcd for
C25H27NO5: 421.1889; found: 421.1890.


26 : rac-(1R,3aR,5R,6R,10S,10aR,10bS,11S)-10-Acetyl-3a-methoxy-5,11-di-
methyl-1,2,3a,5,6,8,9,10,10a,10b-decahydro-4H-1,6-methanobenzo-
ACHTUNGTRENNUNG[3,4]cyclohepta ACHTUNGTRENNUNG[1,2-b]furan-4-one: White crystals. M.p.: 131.3–131.8 8C;
IR (neat): ñ=2932 (m), 2871 (m), 1725 (s), 1711 (s), 1455 (m), 1376 (m)
1350 (m), 1185 (m), 1152 (m), 1003 cm�1 (m); 1H NMR (400 MHz,
CDCl3): d =1.1 (d, J=6.4 Hz, 3H), 1.05 (d, J=7.6 Hz, 3H), 1.37–1.48 (m,
1H), 1.84–2.00 (m, 3H), 2.11–2.17 (m, 2H), 2.18–2.22 (m, 4H), 2.49–2.53
(m, 2H), 2.71–2.77 (m, 1H), 2.99 (q, J=6.8 Hz, 1H), 3.30 (s, 3H), 3.86
(d, J=7.6 Hz, 1H), 4.24 (dd, J=4.8, 7.6 Hz, 1H), 5.39–5.42 ppm (m, 1H);
13C NMR (100 MHz, CDCl3): d=14.2 (CH3), 24.0 (CH3), 25.0 (CH2), 27.2
(CH2), 30.2 (CH3), 34.0 (CH), 40.6 (CH), 45.2 (CH), 46.6 (CH), 47.9
(CH), 48.8 (CH), 49.9 (CH), 51.7 (CH3), 76.7 (CH2), 108.7 (C), 123.8
(CH), 131.6 (CH), 207.2 (C), 213.7 ppm (C); MS (EI): m/z (%)=318
[M]+ (54), 290 [M�28]+ (58), 257 (37), 247 (61), 215 (39), 204 (100), 187
(43), 159 (78); HRMS (EI): m/z calcd for C19H26O4: 318.1831; found:
318.1833; elemental analysis: calcd for C19H26O4: C71.67, H8.23; found:
C71.57, H8.30.


27: rac-(1R,3aS,5aR,9S,9aR,9bS,10R)-9-Acetyl-1-methoxy-4,10-dimethyl-
3,3a,6,7,8,9, 9a,9b-octahydro-1H-1,5a-ethanonaphtho ACHTUNGTRENNUNG[1,2-c]furan-11-one:
White crystals. M.p.: 152.4–152.9 8C; IR (neat): ñ=2930 (m), 2870 (m),
1713 (s), 1446 (m), 1380 (m), 1349 (m) 1271 (m), 1178 (m), 1104 (m),
988 cm�1 (m); 1H NMR (400 MHz, CDCl3): d=0.96 (d, J=6.8 Hz, 3H),
1.14–1.32 (m, 2H), 1.41–1.50 (m, 1H), 1.55 (s, 3H), 1.67–1.77 (m, 2H),
1.98–2.02 (m, 1H), 2.12 (dd, J=6.8 Hz the other J=1.6 Hz, 1H), 2.25 (s,
3H), 2.46 (dd, J=2.0, 7.2 Hz, 1H), 2.92 (q, J=6.8 Hz, 1H), 3.26 (s, 3H),
3.30–3.35 (m, 1H), 3.69 (dd, J=2.0, 8.4 Hz, 1H), 4.11 (dd, J=8.8, 8.8 Hz,
1H), 5.25 ppm (s, 1H); 13C NMR (100 MHz, CDCl3): d =8.0 (CH3), 20.4
(CH3), 20.9 (CH2), 30.0 (CH2), 30.9 (CH3), 34.1 (CH2), 40.5 (C), 40.9
(CH), 42.7 (CH), 44.5 (CH), 46.6 (CH), 47.8 (CH), 52.1 (CH3), 68.7
(CH2), 103.8 (C), 130.7 (CH), 134.8 (CH), 206.8 (C), 212.6 ppm (C); MS
(EI): m/z (%)=318 [M]+ (71), 290 [M�28]+ (100), 275 (30), 247 (94),
215 (19), 187 (39), 173 (48), 159 (32); HRMS (EI): m/z calcd for
C19H26O4: 318.1831; found: 318.1831; elemental analysis: calcd for
C19H26O4: C71.67, H8.23; found: C71.60, H8.02.


28, rac-(1R,4aS,6aR,10S,10aS,10bS,11R)-10-Acetyl-1-hydroxy-5,11-di-
methyl-4,4a,7,8,9,10,10a,10b-octahydro-1,6a-methanobenzo[f]isochromen-
2(1H)-one: White crystals. M.p.: 197.8–198.2 8C; IR (neat): ñ=3461 (b),
2932 (m), 2868 (m), 1734 (s), 1717 (s), 1685 (m) 1455 (m), 1363 (m), 1174
(m), 1045 (m) cm�1; 1H NMR (400 MHz, CDCl3): d=0.85 (d, J=7.6 Hz,
3H), 1.08–1.18 (m, 1H), 1.22–1.30 (m, 1H), 1.42–1.54 (m, 1H), 1.60–1.68
(m, 5H), 1.94–1.98 (m, 1H), 2.11 (d, J=11.2 Hz, 1H), 2.19 (s, 3H), 2.34
(d, J=5.2 Hz, 1H), 2.45 (q, J=7.6 Hz, 1H), 2.58–2.61 (m, 1H), 3.12–3.20
(m, 2H), 4.19 (dd, J=2.4, 11.6 Hz, 1H), 4.46 (dd, J=2.4, 11.6 Hz, 1H),
5.39–5.42 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=10.7 (CH3),
19.0 (CH3), 20.9 (CH2), 29.0 (CH2), 29.5 (CH2), 30.0 (CH3), 42.1 (CH),
45.0 (C), 48.8 (CH), 49.0 (CH), 49.3 (CH), 55.6 (CH), 68.9 (CH2), 82.6
(C), 128.8 (C), 138.1 (CH), 174.9 (C), 212.5 ppm (C); MS (EI): m/z
(%)=304 [M]+ (89), 291 (6), 260 (21), 241 (16), 215 (19), 201 (10), 185
(15), 171 (11), 159 (100); HRMS (EI): m/z calcd for C18H24O4: 304.1675;
found: 304.1665; elemental analysis: calcd for C18H24O4: C71.03, H7.95;
found: C70.97, H7.97.


29 : rac-(3aR,6S,7S,8aS,11S,11aR,11bR,11cS,12R)-8a-Methoxy-7,12-di-
methyl-3a,4,6,7,8a,10,11,11a,11b,11c-decahydro-1H-6,11-
methanofuro[2’,3’:6,7]cyclohepta ACHTUNGTRENNUNG[1,2-e][2]benzofuran-1,3,8-trione: Clear
oil. IR (neat): ñ=2952 (m), 2371 (m), 1865 (m), 1778 (s), 1717 (s), 1451
(w) 1223 (m), 1040 (m), 914 cm�1 (m); 1H NMR (400 MHz, CDCl3): d=


0.96 (d, J=6.8 Hz, 3H), 0.98 (d, J=7.2 Hz, 3H), 1.89–1.98 (m, 1H), 2.02–
2.06 (m, 1H), 2.08–2.14 (m, 1H), 2.19–2.22 (m, 1H), 2.50–2.55 (m, 1H),
2.64–2.71 (m, 1H), 2.81–2.88 (m, 1H), 3.16–3.20 (m, 2H), 3.27 (dd, J=


10.0, 10.0 Hz, 1H), 3.35 (s, 3H), 3.97 (d, J=8.8 Hz, 1H), 4.32 (dd, J=4.0,
8.4 Hz, 1H), 5.75–5.78 ppm (m, 1H); 13C NMR (150 MHz, CDCl3): d=


13.9 (CH3), 24.0 (CH2), 24.5 (CH2), 32.1 (CH), 40.1 (CH), 40.2 (CH3),
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41.7 (CH), 44.7 (CH), 47.2 (CH), 47.3 (CH), 50.2 (CH), 51.9 (CH3), 76.6
(CH2), 109.3 (C), 124.4 (CH), 135.6 (CH), 172.1 (C), 173.4 (C),
208.2 ppm(C); MS (EI): m/z (%)=346 [M]+ (8), 336 (14), 318 (100), 302
(17), 291 (17), 281 (48), 265 (20), 258 (25); HRMS (EI): m/z calcd for
C19H22O6: 346.1416; found: 346.1426.


30 : rac-(3aR,6S,7S,8aS,11S,11aR,11bR,11cS,12R)-8a-Methoxy-7,12-di-
methyl-2-phenyl-3a,4,6,7,8a,10,11,11a,11b,11c-decahydro-6,11-
methanofuro[2’,3’:6,7]cyclohepta ACHTUNGTRENNUNG[1,2-e]isoindole-1,3,8(2H)-trione: White
crystals. M.p.: 208.8–209.4 8C; IR (neat): ñ =2963 (m), 2858 (m), 1706 (s),
1497 (m), 1451 (w), 1379 (m), 1185 (m), 995 (m), 751 cm�1 (w); 1H NMR
(400 MHz, CDCl3): d=0.99 (d, J=7.2 Hz, 3H), 1.00 (d, J=6.8 Hz, 3H),
1.84–1.92 (m, 1H), 2.05–2.07 (m, 1H), 2.08–2.14 (m, 1H), 2.19–2.21 (m,
1H), 2.52–2.57 (m, 1H), 2.70–2.78 (m, 2H), 3.10–3.20 (m, 2H), 3.34 (s,
3H), 3.40–3.43 (m, 1H), 3.97 (d, J=8.4 Hz, 1H), 4.32 (dd, J=4.0, 8.4 Hz,
1H), 5.80–5.82 (m, 1H), 7.25–7.45 (m, 5H); 13C NMR (150 MHz, CDCl3):
d=19.9 (CH3), 23.9 (CH3), 25.3 (CH2), 32.5 (CH), 40.0 (CH), 40.3 (CH),
41.0 (CH), 44.8 (CH), 46.7 (CH), 47.1 (CH), 50.1 (CH), 51.4 (CH3), 76.5
(CH2), 109.3 (CH), 124.6 (CH), 126.3 (2LCH), 128.3 (CH), 128.9 (2L
CH), 131.6 (C), 135.7 (C), 177.6 (C), 178.2 (C), 207.9 ppm (C); MS (EI):
m/z (%)=421 [M]+ (43), 389 (34), 371 (19), 361 (21), 334 (19), 305 (21),
292 (23), 269 (14), 219.0 (100); HRMS (EI): m/z calcd for C25H27NO5:
421.1889; found: 421.1888; elemental analysis: calcd for C25H27NO5:
C71.24, H6.46, N3.32; found: C71.11, H6.45, N3.28.


31: rac-(3aR,4R,6S,7S,8aS,11S,11aR,11bR,11cS,12R)-8a-Ethoxy-4,7,12-tri-
methyl-3a,4,6,7,8a,10,11,11a,11b,11c-decahydro-1H-6,11-
methanofuro[2’,3’:6,7]cyclohepta ACHTUNGTRENNUNG[1,2-e][2]benzofuran-1,3,8-trione: White
crystals. M.p.: 163.0–163.5 8C; IR (neat): ñ =2971 (m), 1853 (m), 1781 (s),
1721 (s), 1458 (w), 1211 (m), 1048 (m), 945 (m), 919 cm�1 (m); 1H NMR
(600 MHz, CDCl3): d=0.95 (d, J=6.6 Hz, 3H), 0.98 (d, J=7.2 Hz, 3H),
1.16 (t, J=7.2 Hz, 3H), 1.35 (d, J=6.6 Hz, 3H), 2.00 (s, 1H), 2.08–2.19
(m, 3H), 2.38 (dd, J=10.8, 10.8 Hz, 1H), 2.52–2.57 (m, 1H), 3.13–3.18
(m, 2H), 3.34 (dd, J=10.2, 10.2 Hz, 1H), 3.55–3.60 (m, 2H), 3.95 (d, J=
8.4 Hz, 1H), 4.31 (dd, J=4.2, 8.4 Hz, 1H), 5.45 ppm (dd, J=3.0, 3.0 Hz,
1H); 13C NMR (150 MHz, CDCl3): d=13.8 (CH3), 15.9 (CH3), 18.8
(CH3), 24.0 (CH3), 31.2 (CH), 32.0 (CH), 40.1 (CH), 42.2 (CH), 44.6
(CH), 47.0 (CH), 47.3 (CH), 48.0 (CH), 49.8 (CH), 60.3 (CH2), 76.3
(CH2), 109.3 (C), 131.9 (CH), 134.6 (C), 171.5 (C), 173.5 (C), 208.4 ppm
(C); MS (EI): m/z (%)=374 [M]+ (1), 346 [M�28]+ (100), 277 (91), 272
(9), 248 (27), 218 (38), 175 (52), 157 (27); HRMS (EI): m/z calcd for
C21H26O6: 374.1729; found: 374.1746; elemental analysis: calcd for
C21H26O6: C67.36, H7.00; found: C67.02, H7.01.


CCDC-681322 (21), -681323 (27), -681324 (28), and -681325 (31) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre at www.ccdc.cam.ac.uk/data_request/cif.


Acknowledgements


We are grateful to the referees for their advice on the mechanistic discus-
sion in Scheme 8, and we appreciatively thank the National Science
Council of Taiwan for financial support.


[1] a) S. Quideau, L. Pouysegu, Org. Prep. Proced. Int. 1999, 31, 617;
b) E. J. Corey, Angew. Chem. 2002, 114, 1724; Angew. Chem. Int.
Ed. 2002, 41, 1650; c) K. C. Nicolaou, S. A. Snyder, T. Montagnon,
G. Vassilikogiannakis, Angew. Chem. Int. Ed. 2002, 41, 1668; d) C.-
C. Liao, R. K. Peddinti, Acc. Chem. Res. 2002, 35, 856; e) C.-C Liao,
Pure Appl. Chem. 2005, 77, 1221.


[2] a) T. Uyehara, M. Sugimoto, I. Suzuki, Y. Yamamoto, J. Chem. Soc.
Chem. Commun. 1989, 1841; b) T. Uyehara, M. Sugimoto, I. Suzuki,
Y. Yamamoto, J. Chem. Soc. Perkin Trans. 1 1992, 1785.


[3] a) Y. Sakai, K. Terashima, Y. Tobe, Y. Odaira, Bull. Chem. Soc. Jpn.
1981, 54, 2229; b) A. Gambacorta, S. Turchetta, S. Stefanelli, Tetra-
hedron Lett. 1991, 32, 6805.


[4] T.-H. Lee, C.-C. Liao, W.-C. Liu, Tetrahedron Lett. 1996, 37, 5897.
[5] a) M. Hesse, Ring Enlargement in Organic Chemistry, VCH, Wein-


heim, 1991, pp. 53–94; b) S. R. Wilson in Organic Reactions, Vol. 43
(Eds.: L. A. Paquette, P. Beak, E. Ciganek, D. Curran, L. Hegedus,
R. C. Kelly, L. E. Overman, W. Roush, C. Sih, A. B. Smith III, M.
Uskokovic, J. D. White), Wiley, New York, 1993, chap. 2; c) G. A.
Molander, Acc. Chem. Res. 1998, 31, 603.


[6] a) R. W. Thies, K. P. Daruwala, J. Org. Chem. 1987, 52, 3798; b) K.-
S. Shia, N.-W. Jan, J.-L. Zhu, T.-W. Ly, H.-J. Liu, Tetrahedron Lett.
1999, 40, 6753.


[7] W.-C. Liu, C.-C. Liao, Chem. Commun. 1999, 117.
[8] a) J. A. Berson, M. Jones, Jr., J. Am. Chem. Soc. 1964, 86, 5017;


b) J. A. Berson, M. Jones, Jr., J. Am. Chem. Soc. 1964, 86, 5019.
[9] a) J. Liebig, Justus Liebigs Ann. Chem. 1838, 25, 27; b) N. Zinin,
Justus Liebigs Ann. Chem. 1939, 31, 329.


[10] a) A. Lachman, J. Am. Chem. Soc. 1923, 45, 1529; b) C. M. Comisar,
P. E. Savage, Green Chem. 2005, 7, 800.


[11] a) R. B. Woodward, R. Hoffmann, J. Am. Chem. Soc. 1965, 87, 395;
b) F. A. Carey, R. J. Sundberg, Advanced Organic Chemistry Part A,
4th ed. , Plenum, New York, 2000.


[12] Y.-B. Lu, PhD thesis, National Tsing Hua University, Hsinchu
(Taiwan), 2006.


[13] W.-J. Juo, T.-H. Lee, W.-C. Liu, S. Ko, S. K. Chittimalla, C. P. Rao,
C.-C. Liao, J. Org. Chem. 2007, 72, 7992.


Received: March 19, 2008
Published online: July 28, 2008


Chem. Asian J. 2008, 3, 1422 – 1429 B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1429


Carbo-Migration of 2-VinylbicycloACHTUNGTRENNUNG[2.2.2]octenols



http://dx.doi.org/10.1002/1521-3757(20020517)114:10%3C1724::AID-ANGE1724%3E3.0.CO;2-Q

http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1650::AID-ANIE1650%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1650::AID-ANIE1650%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1668::AID-ANIE1668%3E3.0.CO;2-Z

http://dx.doi.org/10.1021/ar000194n

http://dx.doi.org/10.1351/pac200577071221

http://dx.doi.org/10.1039/c39890001841

http://dx.doi.org/10.1039/c39890001841

http://dx.doi.org/10.1039/p19920001785

http://dx.doi.org/10.1246/bcsj.54.2229

http://dx.doi.org/10.1246/bcsj.54.2229

http://dx.doi.org/10.1016/S0040-4039(00)93608-6

http://dx.doi.org/10.1016/S0040-4039(00)93608-6

http://dx.doi.org/10.1016/0040-4039(96)01271-3

http://dx.doi.org/10.1021/jo00226a014

http://dx.doi.org/10.1016/S0040-4039(99)01401-X

http://dx.doi.org/10.1016/S0040-4039(99)01401-X

http://dx.doi.org/10.1039/a808714h

http://dx.doi.org/10.1021/ja01076a066

http://dx.doi.org/10.1021/ja01076a067

http://dx.doi.org/10.1021/ja01659a029

http://dx.doi.org/10.1039/b510340a

http://dx.doi.org/10.1021/ja01080a054






DOI: 10.1002/asia.200800109


Total Synthesis of an Anti-Helicobacter pylori Agent, Actinopyrone A
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Masataka Kawarasaki, and Kuniaki Tatsuta*[a]


Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday


Introduction


Actinopyrone A (1) was isolated from a culture broth of
Streptomyces pactum S12538 as a relatively unstable com-
pound that possesses coronary vasodilating activity and anti-
microbial activity.[1] It was later found to exhibit potent ac-
tivity against Helicobacter pylori.[2]


In addition to multi-bioactivity, low toxicity makes actino-
pyrone A (1) a potentially attractive drug candidate for che-
motherapy. However, the instability of 1 makes it difficult to
promote further research, and its absolute configuration has
not yet been disclosed. Therefore, establishment of the syn-
thesis of 1 is important. Herein we present the first total
synthesis of actinopyrone A,[3] which is applicable toward a
variety of derivatives.[4]


Results and Discussion


Our synthetic plan is shown in Scheme 1. To circumvent the
instability of actinopyrone A (1), the conjugated pyrone 2
was set up as the precursor. Compound 2 can be subjected
to reductive de-conjugation of the conjugated pyrone
moiety in the final stage of the synthesis. The conjugated
pyrone 2 can be synthesized by connection of compounds 3–
5. The chiral centers C14 and C15 of vinylogous anti-aldol 3
can be constructed by our developed methodology using the
chiral vinylketene N,O-acetal 7,[5] which was prepared from
d-valine.


Compound 4 was synthesized from 8 in two steps
(Scheme 2). The commercially available compound 8 was
converted into tetrazole 10 under Mitsunobu conditions.
Both the olefin and sulfide of 10 were oxidized to give
epoxy ACHTUNGTRENNUNGsulfone 4 by treatment with mCPBA in the presence
of NaHCO3.


[6]


g-Pyrone 5 was synthesized as shown in Scheme 3. Treat-
ment of the known a-pyrone 11[7] with calcium carbonate
and dimethyl sulfate in acetone at 50 8C promoted 2-O-
methylation to give g-pyrone 12[8] as a major product. The
regioselectivity of the O-methylation was 2-O-methyl/4-O-
methyl= 3:1, and g-pyrone 12 was isolated in 54 % yield.
The regioselective chlorination of g-pyrone 12 to obtain
chloromethylpyrone 13 was performed with lithium hexame-
thyldisilazide and N-chlorosuccinimide. Chloromethylpyrone
13 was treated with triethyl phosphite at 140 8C to afford
phosphonate 5.[9]


The next stage was to construct vinylogous anti-aldol 3.
Although the vinylogous anti-aldol is the structure available


Keywords: actinopyrone A · aldol
reaction · remote stereoinduction ·
structural determination · total
synthesis


Abstract: Actinopyrone A, an anti-Helicobacter pylori agent, was synthesized in
nine steps from a silyl dienol ether. A vinylogous anti-aldol was stereoselectively
synthesized by our developed remote stereoinduction methodology; coupling of
this with a sulfone and a phosphonate species led to the construction of a vinylpyr-
one compound. This was submitted to reductive de-conjugation to give actinopyro-
ne A. The absolute stereochemistry of actinopyrone A was determined to have the
configuration 14R,15R.
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through current asymmetric synthesis, stereoselective syn-
thesis of the arrangement requires a long sequence of steps
to give the desired product, and the overall yield is low.
Boger and co-workers examined some aldol methodologies
to construct aldehyde 3 in the total synthesis of pierici-
din A1,[10] which possesses the same side chain as actinopyr-
one A (1). However, overall yields were 16–27 % from pro-
pionate possessing chiral auxiliaries, and several steps were
necessary to obtain aldehyde 3.


Recently, we developed highly stereoselective vinylogous
Mukaiyama aldol reactions using vinylketene N,O-acetals
possessing the chiral oxazolidone,[5] and have applied these
to the total synthesis of natural products. This methodology
was used to construct 3, the C11–C18 unit of 1. Silyl dieno-
late 7,[5c] prepared from 2-methyl-2-pentenoic acid and d-
valine-derived oxazolidone in 2 steps, was coupled with
tiglic aldehyde (6) in the presence of TiCl4 to give the C14–
C15 anti adduct 14 as a single isomer (Scheme 4). Protection
of 14 as the TBS ether afforded crystalline 15, the stereo-
chemistry of which was determined by X-ray crystallography
to be the 14R,15R isomer, as expected from our previous
studies (Figure 1).[5,11] The chiral auxiliary of 15 was re-
moved to give aldehyde 3 by treatment with DIBALH at
�78 8C.[5c] Thus, the vinylogous anti-aldol 3 was provided in
three steps from dienol ether 7. The remote asymmetric in-
duction methodology is an effective and straightforward
method to obtain vinylogous anti-aldol compounds.


The total synthesis of actinopyrone A (1) was accom-
plished as shown in Scheme 5 and Table 1. The aldehyde 3


Abstract in Japanese:


Scheme 1. Retrosynthetic analysis of actinopyrone A (1).


Scheme 2. Reagents and conditions: a) DEAD, PPh3, THF, room temper-
ature, 2 h, 92%; b) mCPBA, NaHCO3, CH2Cl2, room temperature,
34 days, 85%.


Scheme 3. Reagents and conditions: a) CaCO3, Me2SO4, acetone, 50 8C,
3 days, 54%; b) LHMDS, NCS, THF, �78 8C, 1 h, 67%; c) P ACHTUNGTRENNUNG(OEt)3,
140 8C, 6.5 h, 80%.


1416 www.chemasianj.org D 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1415 – 1421


FULL PAPERS







was converted into triene 16 (10,11 E/Z=93:7) by Kocień-
skiMs method[6] using sulfone 4. Epoxide 16 was transformed
under acidic conditions to primary alcohol 17, which was
separated from the 10,11-Z isomer by silica gel column chro-
matography. Alcohol 17 was submitted to oxidation to
afford aldehyde 18. The pyrone moiety was introduced by
Horner–Wadsworth–Emmons reaction of 18 with phospho-
nate 5 to afford the stable vinylpyrone 19 (2 : R=TBS). De-
O-silylation of 19 under acidic conditions proceeded in good
yield to provide 20 (2 : R=H). The final and key step was
settled. Samarium(II)-mediated reductive de-conjugation
was examined with vinylpyrone 20 (Table 1).[12]


Addition of hexamethylphosphorous triamide resulted in
the production of multiple products, none of which were the
target molecule 1 (Table 1, entry 1). Addition of methanol
gave actinopyrone A (1) along with 7-hydro-8-methoxyacti-
nopyrone A (22) (Table 1, entry 2). This result is explained
in Scheme 6, which contains intermediate dianion 23. Com-
pound 1 was obtained by successive elimination of methox-
ide and protonation at C6 (route a), while 22 was produced
by protonation of 23 at C7 followed by protonation of 25 at
C6 (route b). Accordingly, the preferred production of 1
should suppress protonation of 23, thus slowing route b. The
best result was obtained by using 2-propanol, with which
protonation proceeded slowly enough to complete elimina-
tion to give intermediate trienolate 24, and 22 was not ob-
served at all (Table 1, entry 3). Therefore, actinopyrone A
(1) was afforded along with the 7,8-Z isomer at a ratio of


Scheme 4. Reagents and conditions: a) TiCl4, CH2Cl2, �60 8C, 4 d, 82 %;
b) TBSOTf, 2,6-lutidine, CH2Cl2, 0 8C, 1.5 h, 93%; c) DIBALH, CH2Cl2,
�78 8C, 2 h, 68%.


Figure 1. ORTEP drawing of silylether 15.


Scheme 5. Reagents and conditions: a) NaHMDS, DME, �60!0 8C,
18 h; b) CSA, MeOH, 0 8C, 1 h, 67 % (2 steps); c) SO3·Py, DMSO, Et3N,
room temperature, 30 min, 94 %; d) LHMDS, THF, �78!0 8C, 5.5 h,
96%; e) CSA, MeOH, room temperature, 18 h, 70%.


Table 1. Reductive de-conjugation of 20 with SmI2.


Entry Additive Ratio
1:21:22


1 HMPA, MeOH complex mixture
2 MeOH 38:12:50
3 iPrOH 88:12:0
4 tBuOH 76:16:8
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88:12. These isomers were easily separated by silica gel
column chromatography to isolate 1 in 70 % yield. Synthetic
1 was identical in all respects to the natural product, includ-
ing optical rotation (synthetic 1: [a]25


D =++31.38 (c= 0.43,
CH2Cl2), natural 1: [a]26


D =++ 30.88 (c= 0.42, CH2Cl2)). There-
fore, the absolute configuration of actinopyrone A (1) was
determined to be 14R,15R. We also synthesized the enantio-
mer of actinopyrone A, showing the opposite optical rota-
tion ([a]23


D =�31.78 (c=0.43, CH2Cl2)) by starting from the
enantiomer of 7[5d] derived from l-valine (Scheme 7).


Conclusions


The first total synthesis and structural determination of acti-
nopyrone A (1) were accomplished by the coupling of four


components (compounds 4, 5, 6, and 7) and reductive de-
conjugation of the vinylpyrone 20. The longest linear se-
quence comprised nine steps and proceeded in 15 % overall
yield from dienol ether 7. The stable intermediate 19 made
it easy to produce anti-Helicobacter pylori drugs. This route
is highly convergent for the synthesis of a variety of actino-
pyrone A analogues to promote drug discovery.


Experimental Section


General methods


1H NMR spectra were recorded at 400 MHz with a JEOL LMN-AL400
instrument. Coupling constants (J) are reported in Hz. 13C NMR spectra
were recorded at 100 MHz with a JEOL LMN-AL400 instrument. Chem-
ical shifts (d) are quoted in parts per million (ppm) and are referenced to
the residual solvent peak. Melting point (mp) determinations were per-
formed by using a Yanako MP-S3 instrument. FTIR spectra were record-
ed with a JEOL JIR-WINSPEC 50 instrument. HRMS and MS data
were obtained with a JEOL JMS-SX102A instrument. Optical rotations
were measured with a JASCO DIP-370 instrument. X-ray crystallograph-
ic analysis was performed with a Rigaku RAXIS-RAPID apparatus. An-
alytical thin layer chromatography was performed on 0.25-mm E. Merck
silica gel plates (60 F254).


Syntheses


10 : A solution of diethyl azodicarboxylate (2.2 m) in toluene (590 mL,
1.30 mmol) was added to a mixture of 3-methyl-3-butene-1-ol (8, 131 mL,
1.30 mmol), 1-phenyl-1H-tetrazol-5-thiol (9, 178 mg, 1.00 mmol) and tri-
phenylphosphine (341 mg, 1.30 mmol) in tetrahydrofuran (THF, 2.7 mL)
at 0 8C under argon atmosphere. After stirring at room temperature for
2 h, the reaction mixture was concentrated to afford the residue, which
was purified by silica gel column chromatography (hexane/EtOAc =6:1)
to yield thioether 10 (226 mg, 917 mmol, 92%). Rf value: 0.28 (hexane/
EtOAc= 6:1). IR (KBr) 3074, 2937, 1648, 1595, 1500, 761 cm�1. 1H NMR
(400 MHz, CDCl3) d=1.77 (3 H, s, Me-8), 2.54 (2 H, t, J=13.0 Hz, H-9),
3.54 (2 H, t, J=13.0 Hz, H-10), 4.78 (1 H, m, H-7), 4.84 (1 H, m, H-7’),
7.51–7.64 ppm (5 H, m, Ph). 13C NMR (100 MHz, CDCl3) d=22.0, 31.4,
36.8, 77.2, 112.4, 123.8, 129.8, 130.1, 133.7, 142.5, 154.3 ppm. HRFAB-MS
(m/z): 247.1008 [M+H]+ ; calcd for C12H15N4S1: 247.1017.


4 : m-Chloroperbenzoic acid (mCPBA, 6.12 g, 35.5 mmol) in CH2Cl2


(75 mL) was added to a mixture of thioether 10 (2.52 g, 10.1 mmol) and
sodium bicarbonate (3.04 g, 36.2 mmol) in CH2Cl2 (25 mL) at 0 8C under
argon atmosphere. After 1 h, sodium bicarbonate (0.85 g, 10.1 mmol) and
mCPBA (1.75 g, 10.1 mmol) in CH2Cl2 (20 mL) was added. The mixture
was warmed to room temperature and stirred for 71 h. Dichloromethane
(100 mL) was added to the mixture, which was subsequently washed with
1.0m aqueous sodium thiosulfate (45 mL), 1.0 m aqueous sodium carbon-
ate (45 mL), H2O (40 mL), and brine (40 mL). The organic layer was
concentrated to afford the residue, which was purified by silica gel
column chromatography (hexane/EtOAc=2:1) to give epoxide 4 (2.54 g,
8.63 mmol, 85%). Rf value: 0.24 (hexane/EtOAc =2:1). Prisms recrystal-
lized from isopropanol, mp: 88.3–88.7 8C. 1H NMR (400 MHz, CDCl3)
d=1.40 (3 H, s, Me-8), 2.21 (1 H, ddd, J=14.4, 10.8, 5.4 Hz, H-9), 2.32
(1 H, ddd, J=14.4, 10.8, 5.6 Hz, H-9’), 2.66 (1 H, d, J=4.0 Hz, H-7), 2.71
(1 H, d, J= 4.0 Hz, H-7’), 3.75 (1 H, ddd, J=14.8, 10.8, 5.4 Hz, H-10), 3.83
(1 H, ddd, J= 14.8, 10.8, 5.6 Hz, H-10’), 7.56–7.64 (3 H, m, Ph), 7.65–
7.73 ppm (2 H, m, Ph). 13C NMR (100 MHz, CDCl3) d =21.0, 28.9, 52.1,
53.3, 54.8, 125.1, 129.8, 131.5, 133.0, 153.3 ppm. IR (KBr) ñ= 2981, 2927,
1494, 1348, 1324, 1155, 765 cm�1. HRFAB-MS (m/z): 295.0863 [M+H]+ ;
calcd for C12H15O3N4S1: 295.0865. Anal. calcd for C12H14O3N4S1: C 48.97,
H 4.79, N 19.04, found: C 48.92, H 4.78, N 18.91.


12 : CaCO3 (298 mg, 2.98 mmol) and dimethyl sulfate (940 mL,
9.93 mmol) were sequentially added to a solution of pyrone 11 (153 mg,
0.99 mmol) in acetone (3.0 mL) at room temperature, and the resulting
mixture was stirred at 50 8C under argon atmosphere. After 3 days, the


Scheme 6. Production of actinopyrone A (1) and 7-hydro-8-methoxyac-
tionpyrone (22).


Scheme 7. Synthesis of (14S,15S)-actinopyrone A (ent-1) from ent-7.
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reaction mixture was filtered, and the residue was washed with acetone.
The filtrate was concentrated and separated by silica gel column chroma-
tography (CHCl3/acetone= 8:1) to afford g-pyrone 12 (89.9 mg,
0.53 mmol, 54 %) and a-pyrone (29.2 mg, 0.17 mmol, 18%). g-pyrone 12
Rf value: 0.33 (CHCl3/acetone =3:1). 1H NMR (400 MHz, CDCl3) d=


1.83 (3 H, s, Me), 1.91 (3 H, s, Me), 2.25 (3 H, s, Me), 3.93 ppm (3 H, s,
OMe). IR (KBr) ñ=2956, 1673, 1594, 1417, 1176 cm�1.


13 : A solution of lithium bis(trimethylsilyl)amide (1.06 m) in THF
(3.07 mL, 3.25 mmol) was added to a solution of 2-methoxy-g-pyrone (12,
320 mg, 2.50 mmol) in THF (8.4 mL) at �78 8C under argon atmosphere.
After 0.5 h, N-chlorosuccinimide (0.85 g, 10.1 mmol) in THF (20 mL) was
added, and the resulting mixture was stirred for 1 h. The mixture was
concentrated, then EtOAc (300 mL) and H2O (10 mL) were added. The
layers were separated, and the aqueous solution was extracted twice with
EtOAc. The combined organic extracts were sequentially washed with sa-
turated aqueous sodium bicarbonate (2 O 10 mL) and brine (10 mL). The
organic extracts were concentrated to afford the residue, which was puri-
fied by silica gel column chromatography (hexane/EtOAc=1:1) to afford
chloride 13 (338 mg, 1.67 mmol, 67 %). Rf value: 0.19 (hexane/EtOAc=


1:1). 1H NMR (400 MHz, CDCl3) d=1.86 (3 H, s, Me), 2.04 (3 H, s, Me),
4.01 (3 H, s, OMe), 4.45 ppm (2 H, s, H-6). 13C NMR (100 MHz, CDCl3)
d=7.0, 9.8, 39.4, 55.6, 100.4, 121.4, 151.7, 162.2, 180.2 ppm. IR (KBr) ñ=


3039, 1668, 1602, 1465, 1332 cm�1. FAB-MS (m/z): 203, 205 [M+H]+ .
HRFAB-MS (m/z): 203.0489 [M+H]+ ; calcd for C9H12O3Cl1: 203.0475.


5 : Chloride 13 (141 mg, 695 mmol) was dissolved in triethyl phosphite
(2.1 mL, 12.2 mmol) under argon atmosphere, and stirred at 140 8C for
6.5 h. The mixture was concentrated to afford the residue, which was pu-
rified by silica gel column chromatography (PhMe/acetone=3:2) to phos-
phate 5 (169 mg, 555 mmol, 80 %). Rf value: 0.19 (PhMe/acetone= 1:1).
Prisms recrystallized from iPr2O, mp: 70.0–70.4 8C. 1H NMR (400 MHz,
CDCl3) d=1.32 (6 H, t, J=7.1 Hz), 1.85 (3 H, s), 1.98 (3 H, d, J=3.7 Hz),
3.14 (2 H, d, J=22.0 Hz), 3.99 (3 H, s), 4.08–4.17 ppm (4 H, m). 13C NMR
(100 MHz, CDCl3) d=6.9, 10.4 (d, J= 3 Hz), 16.5 (d, J=6 Hz), 30.1 (d,
J=140 Hz), 55.7, 62.6 (d, J=6 Hz), 99.8, 120.8 (d, J=9 Hz), 149.4 (d, J=


12 Hz), 162.3, 180.4 ppm (d, J=3 Hz). IR (KBr) ñ= 2985, 2927, 1672,
1602, 1253, 1020, 977 cm�1. HRFAB-MS (m/z): 305.1158 [M+H]+ ; calcd
for C13H22O6P1: 305.1154.


14 : TiCl4 (1.78 mL, 16.3 mmol) in CH2Cl2 (152 mL) was added to a mix-
ture of oxazolidone 7 (5.26 g, 15.5 mmol) and trans-2-methyl-2-butenal
(6, 2.24 mL, 23.2 mmol) in CH2Cl2 (50 mL) at �78 8C under argon atmos-
phere. The resulting mixture was stirred at �60 8C for 4 days. Pyridine
(1.3 mL, 16.1 mmol) was added at 0 8C, and the resulting mixture was
poured into saturated aqueous sodium bicarbonate (100 mL). The mix-
ture was filtered through Celite, and the filtrate was separated. The aque-
ous solution was extracted with CHCl3 (50 mL), and the combined organ-
ic extracts were washed with brine (30 mL). The organic extracts were
concentrated to afford the residue, which was purified by silica gel
column chromatography (hexane/EtOAc =3:1) to yield anti adduct 14
(3.89 g, 12.6 mmol, 82%). Rf value: 0.23 (hexane/EtOAc =2:1). [a]25


D =++


16.58 (c=1.16, CH2Cl2). 1H NMR (400 MHz, CDCl3) d =0.82 (3 H, d, J=


6.6 Hz, Me-14), 0.92 (3 H, d, J=7.1 Hz, iPr), 0.93 (3 H, d, J=7.1 Hz, iPr),
1.63 (3 H, d, J=6.6 Hz, Me-17), 1.66 (3 H, d, J=1.2 Hz, Me-16), 1.97
(3 H, d, J=1.2 Hz, Me-12), 2.34 (1 H, dqq, J=7.1, 7.1, 4.7 Hz, iPr), 2.74
(1 H, ddq, J= 10.3, 9.3, 6.6 Hz, H-14), 3.31 (1 H, d, J=1.7 Hz, OH-15),
3.66 (1 H, dd, J=9.3, 1.7 Hz, H-15), 4.18 (1 H, dd, J=9.0, 5.6 Hz), 4.34
(1 H, dd, J=9.0, 9.0 Hz), 4.57 (1 H, ddd, J=9.0, 5.6, 4.7 Hz), 5.47 (1 H, q,
J=6.6 Hz, H-17), 5.78 ppm (1 H, dd, J=10.3, 1.2 Hz, H-13). 13C NMR
(100 MHz, CDCl3) d= 10.4, 13.1, 14.0, 15.2, 16.1, 17.8, 28.4, 37.8, 58.1,
63.4, 82.2, 123.6, 131.7, 134.8, 142.0, 154.5, 171.5 ppm. IR (KBr) ñ =3509,
2966, 1772, 1683 cm�1. FAB-MS (m/z): 308 [M�H]+ , 292 [M�OH]+ .
HRFAB-MS (m/z): 308.1843 [M�H]+ ; calcd for C17H26O4N1: 308.1862.


15 : tert-Butyldimethylsilyl trifluoromethanesulfonate (TBSOTf, 2.23 mL,
12.7 mmol) was added to a mixture of anti adduct 14 (3.01 g, 9.78 mmol)
and 2,6-lutidine (1.71 mL, 14.7 mmol) in CH2Cl2 (60 mL) at 0 8C under
argon atmosphere, and the resulting mixture was stirred for 1 h. TBSOTf
(171 mL, 977 mmol) was added, and the mixture was stirred for 30 min.
H2O (20 mL) was added to the resulting mixture at 0 8C, and the organic
layer was separated. The aqueous solution was extracted with CH2Cl2


(20 mL), and the combined organic extracts were washed with brine
(20 mL). The organic extracts were concentrated to afford the residue,
which was purified by silica gel column chromatography (hexane/
EtOAc= 10:1) to afford silyl ether 15 (3.85 g, 9.12 mmol, 93 %). Rf value:
0.55 (hexane/EtOAc=3:1). [a]22


D =�14.58 (c=1.16, CH2Cl2). 1H NMR
(400 MHz, CDCl3) d=�0.06 (3 H, s, SiMe), 0.01 (3 H, s, SiMe), 0.84 (9 H,
s, SitBu), 0.84 (3 H, d, J=7.5 Hz, Me-14), 0.89 (3 H, d, J=7.5 Hz, iPr),
0.91 (3 H, d, J=7.5 Hz, iPr), 1.56 (3 H, s, Me-16), 1.59 (3 H, d, J=6.7 Hz,
Me-17), 1.92 (3 H, d, J=1.8 Hz, Me-12), 2.39 (1 H, dqq, J= 7.5, 7.5,
4.7 Hz, iPr), 2.64 (1 H, ddq, J=10.1, 7.5, 7.5 Hz, H-14), 3.76 (1 H, d, J=


7.5 Hz, H-15), 4.17 (1 H, dd, J=9.2, 4.7 Hz), 4.29 (1 H, dd, J=9.2,
9.2 Hz), 4.47 (1 H, ddd, J=9.2, 4.7, 4.7 Hz), 5.36 (1 H, q, J=6.7 Hz, H-
17), 5.93 ppm (1 H, dd, J= 10.1, 1.8 Hz, H-13). 13C NMR (100 MHz,
CDCl3) d =�5.1, �4.8, 11.0, 12.9, 14.2, 14.9, 16.5, 17.9, 18.1, 25.8, 28.2,
37.8, 58.4, 63.4, 82.7, 121.7, 130.8, 136.7, 142.3, 153.4, 171.8 ppm. IR
(KBr) ñ=2958, 1783, 1693, 860, 838, 777 cm�1. HRFAB-MS (m/z):
422.2706 [M+H]+ ; calcd for C23H40O4N1Si1: 422.2727.


3 : A solution of diisobutylaluminum hydride (DIBALH, 0.99 m) in tolu-
ene (4.09 mL, 4.05 mmol) dissolved in CH2Cl2 (123 mL) was added to a
solution of silyl ether 15 (1.41 g, 2.70 mmol) in CH2Cl2 (23 mL) at �78 8C
under argon atmosphere. The resulting mixture was stirred for 2 h.
MeOH (3.0 mL) and sodium sulfate decahydrate were added, and the
mixture was stirred for 1 h. The mixture was filtered through Celite, and
the filtrate was concentrated to afford the residue, which was purified by
silica gel column chromatography (hexane/EtOAc=10:1) to yield alde-
hyde 3 (545 mg, 1.84 mmol, 68%). Rf value: 0.44 (hexane/EtOAc =10:1).
[a]23


D =++9.608 (c=0.50, CH2Cl2). 1H NMR (400 MHz, CDCl3) d=�0.07
(3 H, s, SiMe), �0.03 (3 H, s, SiMe), 0.81 (9 H, s, SitBu), 0.89 (3 H, d, J=


6.7 Hz, Me-14), 1.57 (3 H, s, Me-16), 1.60 (3 H, d, J=6.7 Hz, Me-17), 1.75
(3 H, d, J=1.3 Hz, Me-12), 2.85 (1 H, ddq, J= 10.1, 8.0, 6.7 Hz, H-14),
3.81 (1 H, d, J= 8.0 Hz, H-15), 5.40 (1 H, q, J=6.7 Hz, H-17), 6.36 (1 H,
dd, J=10.1, 1.3 Hz, H-13), 9.40 ppm (1 H, s, H-11). 13C NMR (100 MHz,
CDCl3) d =�5.1, �4.7, 9.5, 10.9, 13.0, 16.5, 18.1, 25.7, 38.4, 82.8, 122.3,
136.3, 139.0, 158.8, 195.6 ppm. IR (KBr) ñ=2929, 1693, 860, 836,
775 cm�1. HRFAB-MS (m/z): 319.2104 [M+Na]+ ; calcd for
C17H32O2Si1Na1: 319.2069.


16 : Sodium bis(trimethylsilyl)amide (0.99 m) in THF (273 mL, 270 mmol)
was added to a solution of sulfone 4 (83.6 mg, 284 mmol) in dimethoxy-
ethane (420 mL) at �78 8C under argon atmosphere, and the resulting
mixture was stirred at �60 8C for 30 min. Aldehyde 3 (42.1 mg, 142 mmol)
in dimethoxyethane (600 mL) was added to the mixture, and the stirring
mixture was warmed to 0 8C over 18 h. EtOAc (5.0 mL) and H2O
(2.5 mL) were added, and the organic layer was separated. The aqueous
layer was extracted with EtOAc (3.0 mL), and the combined organic ex-
tracts were washed with brine (2.5 mL). The organic extracts were con-
centrated to afford the residue, which was purified by silica gel column
chromatography (hexane/EtOAc=25:1) to yield triene 16 (43.1 mg,
118 mmol). Rf value: 0.48 (hexane/EtOAc =10:1). 1H NMR (400 MHz,
CDCl3) d =�0.09 (3 H, s, SiMe), �0.07 (3 H, s, SiMe), 0.76 (3 H, d, J=


6.8 Hz, Me-14), 0.80 (9 H, s, SitBu), 1.31 (3 H, d, J=2.0 Hz, Me-8), 1.55
(3 H, s, Me-12), 1.58 (3 H, d, J=6.8 Hz, Me-17), 1.73 (3 H, s, Me-16), 2.30
(1 H, dd, J=14.4, 7.2 Hz, H-9), 2.41 (1 H, dd, J=14.4, 8.0 Hz, H-9’), 2.60
(1 H, d, J=4.8 Hz, H-7), 2.62 (1 H, dd, J=8.0, 2.0 Hz, H-14), 2.65 (1 H, d,
J=4.8 Hz, H-7’), 3.63 (1 H, d, J=8.0 Hz, H-15), 5.21 (1 H, d, J=8.0 Hz,
H-13), 5.31 (1 H, q, J= 6.8 Hz, H-17), 5.45 (1 H, ddd, J=14.6, 8.0, 7.2 Hz,
H-10), 6.50 ppm (1 H, d, J=14.6 Hz, H-11). HRFAB-MS (m/z): 363.2697
[M�H]+ ; calcd for C22H39O2Si1: 363.2719.


17: Camphorsulfonic acid (1.4 mg, 5.9 mmol) was added to a solution of
triene 16 (43.1 mg, 118 mmol) in MeOH (800 mL) at 0 8C under argon at-
mosphere and stirred for 1 h. Triethylamine (5 mL, 36.5 mmol) was added,
and the resulting mixture was concentrated to afford the residue, which
was purified by silica gel column chromatography (hexane/EtOAc =8:1)
to yield primary alcohol 17 (38.0 mg, 95.8 mmol, 67 % in 2 steps). Rf


value: 0.09 (hexane/EtOAc =8:1). [a]25
D =�2.938 (c=1.00, CH2Cl2).


1H NMR (400 MHz, CDCl3) d=�0.09 (3 H, s, SiMe), �0.07 (3 H, s,
SiMe), 0.75 (3 H, d, J= 6.7 Hz, Me-14), 0.80 (9 H, s, SitBu), 1.12 (3 H, s,
Me-8), 1.55 (3 H, s, Me-12), 1.58 (3 H, d, J=6.7 Hz, Me-17), 1.73 (3 H, s,
Me-16), 1.86 (1 H, t, J=6.0 Hz, OH-7), 2.22–2.41 (2 H, m, H-9), 2.61 (1 H,
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ddq, J=9.6, 8.0, 6.7 Hz, H-14), 3.26 (3 H, s, OMe), 3.42 (1 H, dd, J=11.2,
6.1 Hz, H-7), 3.48 (1 H, dd, J=11.2, 6.1 Hz, H-7’), 3.62 (1 H, d, J=8.0 Hz,
H-15), 5.19 (1 H, d, J=9.6 Hz, H-13), 5.32 (1 H, q, J=6.6 Hz, H-17), 5.46
(1 H, dt, J=15.5, 7.7 Hz, H-10), 6.09 ppm (1 H, d, J=15.5 Hz, H-11). The
diastereomers at position C8 were not distinguishable by 400 MHz
1H NMR. 13C NMR (100 MHz, CDCl3): (values in brackets are data of
the isomer at position C8): d=�5.1, �4.8, 10.7 [10.8], 12.9, 13.0, 17.5,
18.1, 19.0, 19.1, 25.7, 37.2, 38.5 [38.4], 49.3 [49.3], 66.8 [66.8], 77.3 [77.4],
83.6 [83.6], 121.3 [121.1], 132.8 [132.8], 136.2 [136.1], 137.2, 138.6 ppm
[138.6]. IR (KBr) ñ=3444, 2927, 860, 835, 773 cm�1. HRFAB-MS (m/z):
395.2977 [M�H]+ ; calcd for C23H43O3Si1: 395.2981.


18 : Sulfur trioxide pyridine complex (895 mg, 5.62 mmol) was added to a
mixture of primary alcohol 17 (225 mg, 566 mmol) and triethylamine
(1.58 mL, 11.3 mmol) in dimethoxyethane (3.9 mL) at room temperature
under argon atmosphere, and the resulting mixture was stirred for
30 min. Toluene (12 mL) and H2O (4.0 mL) were added to the reaction
mixture, and the organic layer was separated. The aqueous solution was
extracted with toluene (12 mL), and the combined organic extracts were
washed twice with brine (2 O 3.0 mL). The organic extracts were concen-
trated to afford the residue, which was purified by silica gel column chro-
matography (hexane/EtOAc=25:1) to yield aldehyde 18 (211 mg,
535 mmol, 94%). Rf value: 0.48 (hexane/EtOAc= 10:1). [a]25


D =�3.308
(c= 1.11, CH2Cl2). 1H NMR (400 MHz, CDCl3): (values in brackets are
data of the isomer at position C8): d=�0.09 (3 H, s, SiMe), �0.07 (3 H, s,
SiMe), 0.75 (3 H, d, J= 6.9 Hz, Me-14), 0.80 (9 H, s, SitBu), 1.21 [1.22]
(3 H, s, Me-8), 1.55 (3 H, s, Me-12), 1.58 (3 H, d, J=6.4 Hz, Me-17), 1.71
(3 H, s, Me-16), 2.33–2.52 (2 H, m, H-9), 2.59 (1 H, ddq, J=10.1, 8.0,
6.9 Hz, H-14), 3.32 (3 H, s, OMe), 3.62 (1 H, d, J=8.0 Hz, H-15), 5.20
(1 H, d, J=10.1 Hz, H-13), 5.31 (1 H, q, J=6.4 Hz, H-17), 5.41 (1 H, dt,
J=17.9, 7.5 Hz, H-10), 6.09 (1 H, d, J=17.9 Hz, H-11), 9.58 ppm [9.59]
(1 H, s, H-7). 13C NMR (100 MHz, CDCl3) d =�5.1, �4.8, 10.8 [10.8],
12.9 [13.0], 17.4, 17.5 [17.5], 18.1, 25.7, 37.3, 38.0 [38.2], 51.9 [51.9], 82.4
[82.4], 83.5 [83.6], 118.9, 121.3 [121.3], 132.7, 136.7 [136.7], 137.1, 139.5
[139.6], 205.0 ppm [205.1]. IR (KBr) ñ =2956, 2929, 2856, 2701, 1737,
1247, 1079, 1056, 860, 836, 773 cm�1. HRFAB-MS (m/z): 393.3827
[M�H]+ ; calcd for C23H41O3Si1: 393.2825.


19 : Lithium bis(trimethylsilyl)amide (1.0 m) in THF (576 mL, 576 mmol)
was added to a solution of phosphate 5 (183 mg, 600 mmol) in THF
(5.7 mL) at �78 8C under argon atmosphere, and the resulting mixture
was stirred at �78 8C for 1 h. Aldehyde 18 (189 mg, 480 mmol) in THF
(3.7 mL) was added to the mixture, and the resulting mixture was stirred
for 1 h, then warmed to 0 8C over 2.5 h, and stirred at 0 8C for 2 h. Acetic
acid was added, and the resulting mixture was concentrated to afford the
residue, which was purified by silica gel column chromatography
(hexane/EtOAc =3:1) to give vinylpyrone 19 (250 mg, 459 mmol, 96%).
Rf value: 0.10 (hexane/EtOAc=4:1). [a]23


D =�0.998 (c=1.15, CH2Cl2).
1H NMR (400 MHz, CDCl3): (values in brackets are data of the isomer at
position C8): d=�0.12 (3 H, s, SiMe), �0.10 (3 H, s, SiMe), 0.75 (3 H, d,
J=6.9 Hz, Me-14), 0.78 [0.79] (9 H, s, SitBu), 1.33 [1.34] (3 H, s, Me-8),
1.54 (3 H, s, Me-12), 1.58 (3 H, d, J=6.7 Hz, Me-17), 1.71 [1.72] (3 H, s,
Me-2), 1.87 (3 H, s, Me-16), 2.04 (3 H, s, Me-4), 2.43 (2 H, d, J=7.1 Hz,
H-9), 2.55–2.67 (1 H, m, H-14), 3.24 [3.26] (3 H, s, OMe-8), 3.62 (1 H, d,
J=8.3 Hz, H-15), 4.00 (3 H, s, OMe-1), 5.19 (1 H, d, J=10.1 Hz, H-13),
5.31 (1 H, q, J=6.9 Hz, H-17), 5.41–5.52 (1 H, m, H-10), 6.08 [6.10] (1 H,
d, J=15.2 Hz, H-11), 6.36 (1 H, d, J=16.6 Hz, H-6), 6.48 ppm [6.49] (1 H,
d, J=16.6, 2.4 Hz, H-7). 13C NMR (100 MHz, CDCl3) d=�5.1, �4.8, 6.9,
9.7, 10.8 [10.8], 12.9 [13.1], 17.5 [18.1], 21.9 [22.3], 25.7, 37.3, 43.4 [43.6],
50.5 [50.6], 55.3 [55.3], 77.2 [77.5], 83.5, 99.6 [99.6], 119.0 [119.0], 119.3
[119.5], 120.7 [120.8], 121.3 [121.3], 132.8 [132.8], 136.3 [136.4], 137.1
[137.1], 138.9 [139.0], 140.3 [140.4], 151.3 [151.3], 161.7, 181.0 ppm. IR
(KBr) ñ=2927, 1666, 1616, 1253, 860, 835, 773 cm�1. HRFAB-MS (m/z):
545.3646 [M+H]+ ; calcd for C32H53O5Si1: 545.3662.


20 : Camphorsulfonic acid (13.3 mg, 57.1 mmol) in MeOH (400 mL) was
added to a solution of vinylpyrone 19 (31.1 mg, 57.1 mmol) in MeOH
(1.6 mL) at room temperature under argon atmosphere, and left for 18 h.
Triethylamine was added to the solution at 0 8C, and the resulting mixture
was concentrated to afford the residue, which was purified by silica gel
column chromatography (hexane/EtOAc =1:1) to give secondary alcohol


20 (17.2 mg, 39.9 mmol, 70 %). Rf value: 0.19 (hexane/EtOAc=1:1).
[a]25


D =++3.648 (c=1.28, CH2Cl2). 1H NMR (400 MHz, CDCl3) (values in
brackets are data of the isomer at position C8): d= 0.81 (3 H, d, J=


6.9 Hz, Me-14), 1.35 (3 H, s, Me-8), 1.63 (3 H, d, J= 5.1 Hz, Me-17), 1.64
(3 H, s, Me-12), 1.80 (3 H, s, Me-2), 1.87 (3 H, s, Me-16), 2.05 (3 H, s, Me-
4), 2.44 (2 H, d, J=7.2 Hz, H-9), 2.69 (1 H, ddq, J=9.6, 9.1, 6.5 Hz, H-
14), 3.25 [3.25] (3 H, s, OMe-8), 3.63 (1 H, d, J=9.1 Hz, H-15), 4.00 [4.00]
(3 H, s, OMe-1), 5.26 (1 H, d, J=9.6 Hz, H-13), 5.49 (1 H, q, J=6.2 Hz,
H-17), 5.53–5.63 (1 H, m, H-10), 6.13 [6.14] (1 H, d, J=16.3 Hz, H-11),
6.36 (1 H, d, J=16.3 Hz, H-6), 6.50 ppm [6.51] (1 H, d, J=16.3 Hz, H-7).
13C NMR (100 MHz, CDCl3) d =6.9, 9.6, 10.5, 13.1 [13.1], 17.4, 22.2
[22.2], 36.8, 43.5 [43.6], 50.5, 55.3, 77.2 [77.2], 82.8, 99.6, 119.1, 119.5
[119.5], 122.4 [122.5], 123.6, 134.1 [134.1], 135.5 [135.5], 135.6, 138.0
[138.1], 140.0, 151.2, 161.7, 181.0 ppm. IR (KBr) ñ =3423, 2971, 2925,
1666, 1602, 1577, 1376, 1336, 968 cm�1. HRFAB-MS (m/z): 431.2769
[M+H]+ ; calcd for C26H39O5: 431.2797.


(+)-Actinopyrone A (1): Samarium iodide (0.1 m) in THF (438 mL,
43.8 mmol) was added to a mixture of secondary alcohol 20 (6.3 mg,
14.6 mmol) and isopropanol (11 mL, 14.6 mmol) in THF (630 mL) at
�78 8C under argon atmosphere, and the resulting mixture was stirred at
�20 8C for 30 min. Air was bubbled into the solution. EtOAc (1.0 mL),
saturated aqueous sodium bicarbonate (0.5 mL), and H2O (0.5 mL) were
added, and the organic layer was separated. The aqueous layer was ex-
tracted with EtOAc (0.5 mL), and the combined organic extracts were
concentrated to afford the residue, which was purified by silica gel
column chromatography (hexane/acetone=4:1) to yield (+)-actinopyro-
ne A (1, 4.1 mg, 10.3 mmol, 70%) along with (7,8-Z)-actinopyrone (21,
0.6 mg, 1.4 mmol, 10%). (+)-actinopyrone A (1): Rf value: 0.33 (hexane/
acetone=1:1). Synthetic: [a]25


D =++31.3 (c=0.43, CH2Cl2); natural: [a]26
D =


+30.8 (c=0.42, CH2Cl2). 1H NMR (400 MHz, CDCl3) d=0.81 (3 H, d,
J=6.9 Hz, Me-14), 1.63 (3 H, d, J= 6.0 Hz, Me-17), 1.64 (3 H, s, Me-12),
1.67 (1 H, br, OH-15), 1.73 (3 H, s, Me-16), 1.81 (3 H, s, Me-8), 1.84 (3 H,
s, Me-2), 1.96 (3 H, s, Me-4), 2.68 (1 H, ddq, J=9.6, 9.1, 6.9 Hz, H-14),
2.80 (2 H, d, J=6.9 Hz, H-9), 3.31 (2 H, d, J=7.3 Hz, H-6), 3.63 (1 H, d,
J=9.1 Hz, H-15), 3.92 (3 H, s, OMe-8), 5.24 (1 H, d, J= 9.6 Hz, H-13),
5.26 (1 H, t, J= 7.3 Hz, H-7), 5.49 (1 H, q, J=6.0 Hz, H-17), 5.56 (1 H, dt,
J=15.5, 6.9 Hz, H-10), 6.10 ppm (1 H, d, J=15.5 Hz, H-11). The nOe was
observed between H-6 and Me-8 (8.2 %) and between H-6 and Me-4
(7.5 %). 13C NMR (100 MHz, CDCl3) d=6.9, 9.9, 10.5, 13.1, 13.2, 16.6,
17.4, 30.0, 36.9, 42.9, 55.2, 82.8, 99.3, 118.0, 118.1, 123.6, 125.6, 133.8,
135.57, 135.61, 136.4, 138.0, 156.9, 162.1, 181.0 ppm. IR (KBr) ñ=3407,
3023, 2958, 2923, 2863, 1666, 1587, 1463, 1378, 1326, 1251, 1164 cm�1.
HRFAB-MS (m/z): 401.2673 [M+H]+ ; calcd for C25H37O4: 401.2692. (7,8-
Z)-actinopyrone (21): Rf value: 0.34 (hexane/acetone =1:1). 1H NMR
(400 MHz, CDCl3) d=0.81 (3 H, d, J=6.7 Hz, Me-14), 1.63 (3 H, d, J=


6.7 Hz, Me-17), 1.64 (3 H, s, Me-8), 1.75 (3 H, s, Me), 1.75 (1 H, br, OH-
15), 1.79 (3 H, s, Me), 1.84 (3 H, s, Me), 1.96 (3 H, s, Me-4), 2.68 (1 H,
ddq, J=10.1, 8.5, 6.7 Hz, H-14), 2.91 (2 H, d, J= 6.5 Hz, H-9), 3.31 (2 H,
d, J=7.2 Hz, H-6), 3.63 (1 H, d, J=8.5 Hz, H-15), 3.93 (3 H, s, OMe-8),
5.23 (1 H, d, J=10.1 Hz, H-13), 5.31 (1 H, t, J=7.2 Hz, H-7), 5.49 (1 H, q,
J=6.7 Hz, H-17), 5.53 (1 H, dt, J=15.5, 6.5 Hz, H-10), 6.09 ppm (1 H, d,
J=15.5 Hz, H-11). The nOe was observed between H-6 and Me-4
(3.7 %), between H-6 and H-9 (2.0 %), and between H-7 and Me-8
(6.7 %). 13C NMR (100 MHz, CDCl3) d=6.9, 9.9, 10.5, 13.1, 13.1, 17.4,
23.7, 29.8, 35.3, 36.9, 55.3, 82.8, 99.4, 118.1, 118.5, 123.6, 124.4, 134.0,
135.4, 135.6, 135.9, 137.5, 156.9, 162.1, 181.1 ppm. 7-hydro-8-methoxyacti-
nopyrone (22): Rf value: 0.12 (hexane/EtOAc=1:1). 1H NMR (400 MHz,
CDCl3) (values in brackets are data of the isomer at position C8): d=


0.80 (3 H, d, J=6.9 Hz, Me-14), 1.25 (3 H, s, Me-8), 1.63 (3 H, d, J=


6.0 Hz, Me-17), 1.64 (3 H, s, Me-12), 1.71–1.80 (2 H, m, H-7), 1.81 (3 H, s,
Me-16), 1.84 (3 H, s, Me-2), 1.94 (3 H, s, Me-4), 2.30–2.35 (2 H, m, H-6),
2.58–2.73 (3 H, m, H-9, H-14), 3.24 (3 H, s, OMe-8), 3.63 (1 H, d, J=


9.1 Hz, H-15), 3.93 (3 H, s, OMe-1), 5.24 (1 H, d, J=9.9 Hz, H-13), 5.45–
5.61 (2 H, m, H-10, H-17), 6.13 ppm [6.14] (1 H, d, J=15.5 Hz, H-11). IR
(KBr) ñ =3411, 2958, 2923, 2861, 1668, 1587, 1463, 1378, 1328, 1251,
1168 cm�1. FAB-MS (m/z): 433 [M+H]+ , 415 [M�OH]+ , 239 [M�(C9–
C18 fragment)]+ . HRFAB-MS (m/z): 433.2951 [M+H]+ ; calcd for
C26H41O5: 433.2954.
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Introduction


Cationic rare-earth-metal alkyl complexes have received
much current interest as a new family of olefin-polymeri-
zation catalysts.[1–3] Among them, the half-sandwich com-
plexes that bear mono(cyclopentadienyl) (Cp) ligands exhib-
it unique characteristics with regard to reactivity and mono-
mer scope in polymerization catalysis.[1,2] However, structur-
ally well-defined cationic half-sandwich rare-earth alkyl


complexes remain scarce,[2c,g,l] in contrast with the large
number of Cp-free analogues.[3] A major problem that ham-
pered the isolation and structural characterization of cation-
ic mono(cyclopentadienyl) rare-earth alkyl complexes is
facile ligand scrambling in these complexes. From the view-
point of the balance between stability and reactivity, rare-
earth allyl complexes are of much interest because the allyl
unit can exhibit both p-h3 and s forms, thus offering higher
stability as well as appropriate activity. Although a number
of rare-earth allyl complexes have been reported,[4,5] cationic
rare-earth allyl complexes have received much less atten-
tion, and so far only one structurally characterized example,
[Nd ACHTUNGTRENNUNG(C3H5)Cl ACHTUNGTRENNUNG(thf)5][B ACHTUNGTRENNUNG(C6F5)4], which is stabilized by five thf
ligands and showed no activity toward olefin polymeri-
zation, was reported in the literature.[5k]


During our recent studies on cationic rare-earth alkyl and
hydride complexes,[2a,b,f–k,3a,e,f, 6] we became interested in the
analogous allyl complexes. We report herein a novel family
of cationic mono(cyclopentadienyl)scandium allyl complexes
generated by the reactions of neutral diACHTUNGTRENNUNG(allyl) precursors


Abstract: The one-pot salt-metathesis
reaction of ScCl3, cyclopentadienyl lith-
ium salts, and allylmagnesium chlorides
afforded with ease the corresponding
base-free half-sandwich scandium di-
ACHTUNGTRENNUNG(h3-allyl) complexes [(C5Me4SiMe3)Sc-
ACHTUNGTRENNUNG(C3H5)2] (1a), [(C5Me5)Sc ACHTUNGTRENNUNG(C3H5)2] (1b),
and [(C5Me5)Sc ACHTUNGTRENNUNG(2-MeC3H4)2] (1c) in
high yields. Reaction of 1a with
1 equivalent of [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4]
in toluene gave rapidly the N,N-dime-
thylaniline-coordinated cationic mono-
ACHTUNGTRENNUNG(h3-allyl) complex [(C5Me4SiMe3)ScACHTUNGTRENNUNG(h


3-
C3H5)(h


6-PhNMe2)][B ACHTUNGTRENNUNG(C6F5)4] (2). The
similar reaction of 1a with [Ph3C][B-
ACHTUNGTRENNUNG(C6F5)4] yielded the analogous toluene-


separated ion pair [(C5Me4SiMe3)Sc ACHTUNGTRENNUNG(h
3-


C3H5) ACHTUNGTRENNUNG(h
6-PhMe)][B ACHTUNGTRENNUNG(C6F5)4] (3). When


[PhNMe2H]ACHTUNGTRENNUNG[BPh4] was treated with 1a,
the contact ion pair [(C5Me4SiMe3)Sc-
ACHTUNGTRENNUNG(h3-C3H5) ACHTUNGTRENNUNG( m,h6-Ph)BPh3] (4) was ob-
tained. Recrystallization of 2, 3, and 4
in THF yielded the corresponding thf-
separated ion pair complexes
[(C5Me4SiMe3)Sc ACHTUNGTRENNUNG(h


3-C3H5)ACHTUNGTRENNUNG(thf)2][B-
ACHTUNGTRENNUNG(C6F5)4] (5) and [(C5Me4SiMe3)Sc ACHTUNGTRENNUNG(h


3-
C3H5) ACHTUNGTRENNUNG(thf)2]ACHTUNGTRENNUNG[BPh4] (6). The N,N-dime-


thylaniline-coordinated cationic scandi-
um allyl complex 2 and the toluene-co-
ordinated analogue 3 showed high ac-
tivity (activity: 3>2) toward the poly-
merization and copolymerization of
isoprene and norbornene to afford
random copolymers with a broad range
of isoprene content (33–86 mol%). The
tight ion pair 4 and the thf-coordinated
complexes 5 and 6 showed no activity
under the same conditions. These re-
sults offer unprecedented insight into
the structure–activity relationship of a
cationic metal polymerization-catalyst
system.
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with various activators such as [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4],
[Ph3C][B ACHTUNGTRENNUNG(C6F5)4], and [PhNMe2H] ACHTUNGTRENNUNG[BPh4]. Well-defined cat-
ionic half-sandwich allyl complexes with various Lewis base
ligands such as toluene, N,N-dimethylaniline, and thf were
isolated under appropriate conditions. Novel structure varia-
tions with the Cp ligands, the Lewis base ligands, and the
counteranions were observed. These cationic complexes
were examined as catalysts for the polymerization and co-
polymerization of isoprene and norbornene, which demon-
strated significant influence of the Lewis base ligands and
the counteranions on the catalytic activity of the polymeri-
zation. Some of these complexes showed unique activity for
the copolymerization of isoprene and norbornene to afford
random isoprene–norbornene copolymers that were previ-
ously unavailable.


Results and Discussion


Synthesis and Characterization of Neutral DiACHTUNGTRENNUNG(allyl)
Complexes


The one-pot reaction of ScCl3 with 1 equivalent of
LiC5Me4SiMe3 followed by addition of 2 equivalents of allyl-
magnesium chloride in THF at room temperature afforded
the corresponding half-sandwich di ACHTUNGTRENNUNG(h3-allyl) complex
[(C5Me4SiMe3)ScACHTUNGTRENNUNG(h


3-C3H5)2] (1a) in 91% yield (Scheme 1).


The similar reaction of ScCl3 with LiC5Me5 and allylmagne-
sium chloride or 2-methylallylmagnesium chloride yielded
[(C5Me5)Sc(h


3-CH2CHCH2)2] (1b) or [(C5Me5)Sc(h
3-


CH2CMeCH2)2] (1c), respectively (Scheme 2). Although
complexes 1a–c were isolated from THF, the incorporation
of a thf ligand in these complexes was not observed, which
is in contrast with the previously reported h1-alkyl analogues
such as [(C5Me4SiMe3)Sc ACHTUNGTRENNUNG(CH2SiMe3)2ACHTUNGTRENNUNG(thf)] , from which re-
moval of the strongly coordinating thf ligand was diffi-
cult.[2b,h,i,k] These results demonstrate that the allyl group is
more suitable for the preparation of a thf-free rare-earth


complex than a simple alkyl group because of the p-h3 bond-
ing mode of the former.


Complexes 1a–c were structurally characterized by X-ray
diffraction. Selected bond lengths and angles are summar-
ized in Table 1. The ORTEP drawing of 1a is shown in


Figure 1, and those of 1b and 1c are given in Figure 2. The
overall structural features of 1a–c are similar: the Sc metal
center and the centroids of the Cp ring and the two allyl
units are coplanar. Complex 1b
contains a mirror plane that bi-
sects the C5Me5 and allyl li-
gands (Figure 2, left). In 1b and
1c, one allyl ligand adopts a
prone orientation, whereas the
other is supine. In contrast, the
two allyl ligands in 1a are all
prone, probably due to steric
repulsion between the bulky
C5Me4SiMe3 ligand and the ter-
minal allyl protons. The bond
lengths of the terminal Sc–C-
ACHTUNGTRENNUNG(allyl) bonds in 1a (average
2.445(5) L) are comparable
with those of the central Sc–C-
ACHTUNGTRENNUNG(allyl) bonds (average


Scheme 1. Synthesis of neutral half-sandwich scandium di ACHTUNGTRENNUNG(h3-allyl) com-
plex 1a.


Scheme 2. Synthesis of neutral half-sandwich scandium di ACHTUNGTRENNUNG(h3-allyl) com-
plexes 1b and 1c.


Table 1. Selected bond lengths/distances (L) and angles (8) for 1a–c.


1a 1b 1c


Sc–C(Cp) (average) 2.477(3) 2.463(3) 2.485(3)
Sc–CAT


[a] 2.433(4) 2.424(3) 2.397(2)
2.460(4) 2.434(3) 2.397(2)
2.419(4) 2.460(3) 2.435(2)
2.466(5) 2.440(3) 2.435(2)


Sc–CAC
[b] 2.430(5) 2.415(3) 2.494(3)


2.452(6) 2.439(3) 2.512(3)


CAT–CAC–CAT
[a,b] 130.2(6) 125.3(3) 121.7(3)


131.8(8) 134.8(4) 122.5(3)
Cent1–Sc–Cent2[c] 121.65 120.10 123.14
Cent1–Sc–Cent3[c] 118.70 124.79 124.75
Cent2–Sc–Cent3[c] 119.11 115.09 112.11


[a] CAT= terminal allylic carbon atom. [b] CAC=central allylic carbon
atom. [c] Cent1, Cent2, and Cent3 are the centroids of the cyclopenta-
dienyl ring and the two allyl ligands, respectively.


Figure 1. ORTEP drawing of
1a with thermal ellipsoids at
30% probability. Hydrogen
atoms are omitted for clarity.


Figure 2. ORTEP drawings of 1b (left) and 1c (right) with thermal ellip-
soids at 30% probability. Hydrogen atoms are omitted for clarity.
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2.441(6) L); so are those in 1b (terminal: 2.440(3) L; cen-
tral: 2.427(3) L). However, the central Sc–C ACHTUNGTRENNUNG(allyl) bonds
(average 2.503(3) L) in 1c are significantly longer than
those of the terminal Sc–C ACHTUNGTRENNUNG(allyl) bonds (average
2.416(2) L), which indicates that the central Sc–C ACHTUNGTRENNUNG(allyl)
bonds in 1c are weaker than the terminal Sc–C ACHTUNGTRENNUNG(allyl) bonds,
probably due to steric hindrance of the methyl group at the
central atom of the allyl unit. The bond lengths of the Sc–
C(Cp) bonds of 1a–c fall in the normal range of cyclopenta-
dienyl–Sc complexes.


The 1H NMR spectra of 1a–c in [D8]toluene are tempera-
ture-dependent, which indicates that these complexes are
fluxional in solution. At room temperature, complex 1a
showed two broad signals for the terminal allylic protons
(Hsyn and Hanti) and one multiplet for the central allylic pro-
tons. At �80 8C, however, the terminal allylic protons
showed four doublets, and the central allylic protons gave
two multiplets, which suggest that the two allyl units in 1a
are no longer equivalent: one could be in the prone orienta-
tion and the other might be supine, an arrangement differ-
ent from that of its solid structure. At 100 8C, the central al-
lylic protons showed one doublet, which demonstrates a
rapid exchange between the two isomers. A similar fluxion-
ality was also observed previously in ansa-scandocene allyl
complexes.[5m,o]


Synthesis and Characterization of Cationic Allyl Complexes


The reaction of the di ACHTUNGTRENNUNG(allyl) complex 1a with 1 equivalent of
[PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4] in toluene or chlorobenzene took
place rapidly to give the cationic monoACHTUNGTRENNUNG(allyl) complex 2,
which bears an N,N-dimethylaniline ligand at the metal
center (Scheme 3). In contrast, the similar reaction of 1a
with [Ph3C][B ACHTUNGTRENNUNG(C6F5)4] in toluene yielded the toluene-coordi-
nated analogue 3. The use of chlorobenzene as a solvent for
the reaction of 1a with [Ph3C][B ACHTUNGTRENNUNG(C6F5)4] in the absence of
toluene gave unidentified oily products. These results sug-
gest that the coordination of a Lewis base (even one as


weak as toluene) to the metal center could play an impor-
tant role in the stabilization of the cationic species. Addition
of 1 equivalent of N,N-dimethylaniline to 3 in
[D5]chlorobenzene led to rapid formation of 2 and free tolu-
ene as monitored by 1H NMR spectroscopy, which suggests
that N,N-dimethylaniline is a more strongly coordinating
ligand than toluene.


The allyl ligands in both 2 and 3 adopt the prone orienta-
tion, as shown by X-ray analysis (Figures 3 and 4). The Sc–
Callyl bond lengths in 2 (average 2.561(7) L) are significantly


longer than those in 3 (average 2.459(4) L) (Table 2), appa-
rently due to the influence of the coordination of N,N-dime-
thylaniline to the metal center in 2, which is stronger than
that of toluene in 3 (see below). Notably, the N,N-dimethy-
laniline ligand in 2 is bonded to the metal center only
through the phenyl ring in a highly tilted h6 manner, in
which the Sc–C ACHTUNGTRENNUNG(para) bond is the shortest (2.495(4) L) and
the Sc–C ACHTUNGTRENNUNG(ipso) bond is the longest (2.881(1) L), whereas an
interaction between the amine group and the metal center
was not observed (Sc···N separation: 3.846 L) (Figure 3).
This bonding mode is in sharp contrast with that proposed
previously for the interaction between N,N-dimethylaniline


Scheme 3. Synthesis of cationic half-sandwich scandium h3-allyl com-
plexes.


Figure 3. ORTEP drawing of 2 with thermal ellipsoids at 20% probabili-
ty. Hydrogen atoms are omitted for clarity.


Figure 4. ORTEP drawing of 3 with thermal ellipsoids at 20% probabili-
ty. Hydrogen atoms are omitted for clarity.
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and cationic Group 4 metal centers, in which the bonding in-
teraction between the amine group and the metal center
was thought to be essential.[7] To the best of our knowledge,
complex 2 represents the first example of a crystallographi-
cally characterized N,N-dimethylaniline-coordinated cationic
metal complex.[7,8] The average bond distance of the Sc–
Carene bonds in 2 (2.651(5) L) is around 0.1 L shorter than
that in 3 (2.759(3) L), in agreement with the fact that N,N-
dimethylaniline is much more electron-donating than tolu-
ene. The p–p stacking interactions between the phenyl
plane of the N,N-dimethylaniline ligand and one C6F5 group
of the counteranion [BACHTUNGTRENNUNG(C6F5)4]


� in both 2 and 3 were ob-
served. The distances between the phenyl plane of the N,N-
dimethylaniline ligand and the C6F5 plane of the counteran-
ion [BACHTUNGTRENNUNG(C6F5)4]


� in 2 and 3 are 3.30(1) and 3.40(1) L, with di-
hedral angles of 7.6(3) and 3.8(2)8, respectively (Figures 3
and 4).


To see the influence of the counteranion on the structure
of the cationic species, the reaction of [PhNMe2H] ACHTUNGTRENNUNG[BPh4]
with 1a in toluene was carried out, which gave the Lewis
base free contact-ion-pair complex [(C5Me4SiMe3)ScACHTUNGTRENNUNG(h


3-
C3H5)(m,h


6-PhBPh3)] (4) in 86% yield (Scheme 3). This is in
contrast with the formation of the solvent/Lewis base sepa-
rated ion pairs 2 and 3 in the cases of perfluorophenyl bo-
rates (PhNMe2H)[B ACHTUNGTRENNUNG(C6F5)4] and [Ph3C][B ACHTUNGTRENNUNG(C6F5)4], and is in
accordance with the fact that [BPh4]


� is more strongly coor-
dinating than [BACHTUNGTRENNUNG(C6F5)4]


� . Interestingly, only one of the four
Ph groups in [BPh4]


� showed bonding interactions with the
Sc atom in 4 in an h6 manner (Figure 5 and Table 2). In
most of the previously reported rare-earth tetraphenyl
borate complexes, such as [(Me3Si)2NYb(m-h6:h1-Ph)2BPh2


ACHTUNGTRENNUNG(thf)],[9a] [(C5Me5)Sm(m-h6:h1-Ph)2BPh2],
[9b]


[(C5Me5)Sm(m,h6 :h1-Ph)BPh3ACHTUNGTRENNUNG(N2Ph2)],
[9b] and [(C5Me5)2M-


ACHTUNGTRENNUNG(m,h2-Ph)2BPh2)] (M=Y,[5b] Nd,[5p] Sm,[5e] Gd,[5b] Lu[5e]), a
chelating interaction between two phenyl groups of the
[BPh4]


� anion and the metal center was observed. The allyl
ligand in 4 is oriented in a supine manner, in contrast with


the prone configuration in 2 and 3, apparently due to steric
hindrance of the [B ACHTUNGTRENNUNG(C6F5)4]


� unit in 4.
The cationic allyl complexes 2–4 are fluxional in solution,


as shown by the 1H NMR spectra in [D5]chlorobenzene.
However, interaction between the N,N-dimethylaniline
ligand and the metal ion in 2 is evident, as indicated by the
downfield shift of its 1H NMR peaks relative to those of
free N,N-dimethylaniline.[7,10] The methyl group of the tolu-
ene ligand in 3 showed a sharp singlet at 2.18 ppm, which
was shifted slightly downfield to that of free toluene
(2.14 ppm).


The N,N-dimethylaniline ligand in 2 and the toluene
ligand in 3 could be easily replaced by thf. Recrystallization
of 2 and 3 in THF gave quantitatively the thf adduct
[(C5Me4SiMe3)ScACHTUNGTRENNUNG(h


3-C3H5) ACHTUNGTRENNUNG(thf)2][B ACHTUNGTRENNUNG(C6F5)4] (5 ; Scheme 4).
Similarly, recrystallization of the contact ion pair 4 in THF
yielded the thf-separated ion pair [(C5Me4SiMe3)Sc ACHTUNGTRENNUNG(h


3-C3H5)
ACHTUNGTRENNUNG(thf)2]ACHTUNGTRENNUNG[BPh4] (6 ; Scheme 5). The allyl ligand in 6 adopts a
prone configuration (Figure 6), in contrast with the supine
orientation in the precursor 4, apparently due to the re-


Table 2. Selected bond lengths/distances (L) and angles (8) for 2–4.


2 3 4


Sc1–C(Cp) (average) 2.456(4) 2.464(2) 2.486(2)
Sc1–C1 2.575(6) 2.454(3) 2.409(2)
Sc1–C2 2.584(9) 2.498(5) 2.452(2)
Sc1–C3 2.523(5) 2.417(3) 2.515(2)
Sc1–C ACHTUNGTRENNUNG(arene) 2.881(7) 2.920(3) 2.816(2)


2.760(7) 2.888(3) 2.765(2)
2.539(4) 2.746(3) 2.679(2)
2.495(4) 2.630(3) 2.629(2)
2.528(4) 2.621(3) 2.632(2)
2.701(6) 2.750(3) 2.670(2)


C1–C2–C3 126.3(11) 126.9(6) 125.7(3)
Cent1–Sc1–Cent2[a] 135.67 135.67 133.14
Cent1–Sc1–Cent3[a] 112.06 112.64 117.14
Cent2–Sc1–Cent3[a] 111.87 111.32 109.65


[a] Cent1, Cent2, and Cent3 are the centroids of the Cp ring, the coordi-
nated arene ring, and the allyl ligand, respectively.


Figure 5. ORTEP drawing of 4 with thermal ellipsoids at 30% probabili-
ty. Hydrogen atoms are omitted for clarity.


Scheme 4. Synthesis of thf-coordinated cationic scandium h3-allyl com-
plexes with the [BACHTUNGTRENNUNG(C6F5)4]


� anion.
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placement of the sterically demanding BPh4 ligand by thf at
the metal center.


Polymerization and Copolymerization of Isoprene and
Norbornene


The N,N-dimethylaniline-coordinated complex 2 and the tol-
uene-coordinated analogue 3 showed high activity toward
the polymerization of isoprene at room temperature in tolu-
ene to afford polyisoprene with mixed 1,4- and 3,4-micro-
structures and a narrow molecular-weight distribution
(Table 3, entries 1 and 2), similar to the analogous cationic
alkyl catalyst system [(C5Me4SiMe3)ScACHTUNGTRENNUNG(CH2SiMe3)2
ACHTUNGTRENNUNG(thf)]/ ACHTUNGTRENNUNG[Ph3C][B ACHTUNGTRENNUNG(C6F5)4].


[2b] In this polymerization, the tolu-
ene-coordinated complex 3 exhibited higher activity than
the N,N-dimethylaniline adduct 2, in agreement with the
above observation that the coordination of toluene to the
metal center is weaker than that of N,N-dimethylaniline.
Complexes 5 and 6, which bear more strongly coordinating
thf ligands, showed no activity under the same conditions.
These results clearly indicate that replacement of a Lewis
base or solvent ligand with an olefin monomer at the metal
center is essential for initiating the polymerization reaction.
The neutral complex 1a and the cationic complex 4, which


bears [BPh4]
� as a counteranion, were inactive under the


same conditions, in contrast with the highly active perfluoro-
phenyl borate complexes 2 and 3, thus demonstrating that
the formation of a cationic species with a weakly coordinat-
ing counteranion is critically important for generating an
active polymerization catalyst. Although significant influen-
ces of solvent and activator on the catalytic activity of vari-
ous cationic metal polymerization-catalyst systems have
been observed previously, as far as we are aware this is the
first example to clarify these effects on the basis of a family
of well-defined cationic metal complexes. More remarkably,
complexes 2 and 3 were also active toward the polymeri-
zation of norbornene and led to the selective copolymeriza-
tion of isoprene and norbornene in the presence of the two
monomers (Table 3, entries 3–6). The use of the isolated cat-
ionic allyl complexes was not necessarily required for these
polymerization reactions. The combination of the neutral
complex 1a with [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4] was also effective
(Table 3, entries 7–10). Isoprene incorporation in the present
copolymerization reactions was easily controlled simply by
changing the isoprene/norbornene feed ratio to give the cor-
responding random copolymers with a wide range of iso-
prene content (33–86 mol%; Table 3, entries 5–10). It is usu-
ally difficult to incorporate isoprene into a cyclic olefin co-
polymer by other catalysts.[11] The only previously reported
isoprene–norbornene copolymerization was catalyzed by a
nickel-based catalyst, but with much lower isoprene incorpo-
ration.[12] The present allyl catalyst systems are also highly
active toward the copolymerization of ethylene with norbor-
nene and the copolymerization of ethylene with styrene, as
reported previously for analogous alkyl catalysts.[1b,2a,g–k]


Conclusions


We have demonstrated that base-free half-sandwich scandi-
um di ACHTUNGTRENNUNG(h3-allyl) complexes such as 1a–c can be easily pre-
pared by one-pot salt-metathesis reactions of ScCl3, cyclo-
pentadienyl lithium salts, and allylmagnesium chloride. By
treatment of the diallyl complex 1a with 1 equivalent of
[PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4] in toluene, the structurally character-
izable N,N-dimethylaniline-coordinated cationic allyl com-
plex 2 was isolated. In contrast, the similar reaction of 1a
with [Ph3C][B ACHTUNGTRENNUNG(C6F5)4] afforded the toluene-coordinated ana-
logue 3, whereas the reaction of 1a with [PhNMe2H] ACHTUNGTRENNUNG[BPh4]
yielded the solvent/Lewis base free contact-ion-pair complex
4. These results demonstrate well that N,N-dimethylaniline
is more strongly coordinating than toluene, and that [B-
ACHTUNGTRENNUNG(C6F5)4]


� is a more weakly coordinating anion than [BPh4]
� .


When 2–4 were dissolved in more strongly coordinating
THF, the corresponding thf-coordinated cationic complexes
5 and 6 were obtained. Complexes 2–6 constitute a novel
family of structurally well-defined cationic allyl complexes
with different Lewis base/solvent ligands and different coun-
teranions, thus offering an unprecedented structural basis
for the understanding of the effects of activator and solvent
on the activity of cationic rare-earth and related polymeri-


Scheme 5. Synthesis of a thf-coordinated cationic scandium h3-allyl com-
plex with the [BPh4]


� anion.


Figure 6. ORTEP drawing of the cationic part of 6 with thermal ellipsoids
at 30% probability. Hydrogen atoms and the solvent THF molecule in
the lattice are omitted for clarity. Selected bond lengths/distances [L]
and angles [8]: Sc1-C(Cp) (average) 2.484(4), Sc1-C1 2.370(5), Sc1-C2
2.431(5), Sc1-C3 2.485(5), Sc1-O1 2.174(3), Sc1-O2 2.185(3); C1-C2-C3
127.0(7), O1-Sc1-O2 82.45(10).
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zation-catalyst systems. The high incorporation of isoprene
in the copolymerization of isoprene and norbornene cata-
lyzed by 2, 3, and 1a/ ACHTUNGTRENNUNG[PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4] demonstrates
that cationic half-sandwich rare-earth metal allyl complexes
can serve as a new family of polymerization catalysts.


Experimental Section


General Procedure and Materials


All manipulations were performed under pure argon with rigorous exclu-
sion of air and moisture by using standard Schlenk techniques or in a ni-
trogen-filled Mbraun glovebox. Argon (>99.9%, research grade, Taka-
chiho Chemical Industrial Co., Ltd.) was purified by passing it through a
Dryclean column (4-L molecular sieves, Nikka Seiko Co.) and a Ga-
sclean GC-XR column (Nikka Seiko Co.). Solvents were purified by an
Mbraun SPS-800 solvent-purification system and dried over fresh Na
chips in the glovebox. Samples for NMR spectroscopic measurements
were prepared in the glovebox with J. Young valve NMR tubes. NMR
(1H, 13C, 11B, 19F) spectra were recorded on JNM-AL 300, JNM-AL 400,
and JEOL ECA-600 spectrometers. 19F and 11B NMR spectra were refer-
enced to external CFCl3 and BF3·Et2O, respectively. Elemental analysis
was performed on a MICRO CORDER JM10 instrument (J-SCIENCE
LAB Co.). Molecular weights and molecular-weight distributions of poly-
mer samples were determined by gel permeation chromatography on a
TOSOH HLC-8220 GPC chromatograph (column: Super HZM-HO3) at
40 8C with THF as an eluent at a flow rate of 0.35 mLmin�1 against poly-
styrene standards. DSC measurements were performed on an SII
DSC6220 instrument at a heating rate of 20 8Cmin�1 under nitrogen at-
mosphere. ScCl3 was purchased from Strem. [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4] and
[Ph3C][B ACHTUNGTRENNUNG(C6F5)4] were obtained from Tosoh Finechem Corporation and
used without purification. [PhNMe2H] ACHTUNGTRENNUNG[BPh4]


[13] was prepared according
to literature procedures. Allylmagnesium chloride (2.0m in THF) and 2-
Me-allylmagnesium chloride (2.0m in THF) were purchased from Al-
drich. Isoprene was purchased from Junsei Chemical Co., Ltd., dried
over CaH2, vacuum transferred, and degassed by two freeze–pump–thaw
cycles. Norbornene was purchased from Aldrich, dried over sodium,
vacuum transferred, and degassed by two freeze–pump–thaw cycles. Deu-
terated solvents [D5]chlorobenzene (99 atom% D), [D6]benzene


(99.6 atom% D), and 1,1,2,2,-
[D2]tetrachloroethane (99.6 atom%
D) were purchased from Cambridge
Isotope.


Syntheses


1a : nBuLi (0.38 mL, 1 mmol, 2.63m in
hexane) was added dropwise to a solu-
tion of C5Me4H ACHTUNGTRENNUNG(SiMe3) (195 mg,
1 mmol) in THF (10 mL). After
15 min, the reaction mixture (contain-
ing LiC5Me4SiMe3 prepared in situ)
was added to a suspension of ScCl3
(151 mg, 1 mmol) in THF (20 mL).
The mixture was stirred for 30 min to
afford a clear solution, to which
C3H5MgCl (1 mL, 2 mmol, 2.0m in
THF) was added. The resulting light-
yellow solution was left overnight. Re-
moval of volatiles yielded a yellow res-
idue, which was extracted with hexane.
Evaporation of the solvent gave 1a as
a red crystalline solid (291 mg, 91%).
Recrystallization from hexane gave
single crystals suitable for X-ray analy-
sis. 1H NMR (C6D6, 25 8C): d=7.03–
7.19 (m, 2H, CH2CHCH2), 3.76 (br s,


4H, CH2CHCH2), 2.92 (br s, 4H, CH2CHCH2), 2.22 (s, 6H, C5Me4), 1.73
(s, 6H, C5Me4), 0.17 ppm (s, 9H, C5Me4SiMe3);


13C NMR (C6D6, 25 8C):
d=157.9 (CH2CHCH2), 130.7 (C5Me4SiMe3), 125.8 (C5Me4SiMe3), 119.1
(Cipso of C5Me4SiMe3), 79.3 (CH2CHCH2), 16.0 (C5Me4SiMe3), 12.2
(C5Me4SiMe3), 2.2 ppm (C5Me4SiMe3); elemental analysis: calcd for
C18H31ScSi: C 67.46, H 9.75; found: C 67.40, H 9.22.


1b : nBuLi (0.38 mL, 1 mmol, 2.63m in hexane) was added dropwise to a
solution of C5Me5H (136 mg, 1 mmol) in THF (10 mL). After 15 min, the
reaction mixture (containing LiC5Me5 prepared in situ) was added to a
suspension of ScCl3 (151 mg, 1 mmol) in THF (20 mL). The mixture was
stirred for 4 h to afford a clear solution, to which C3H5MgCl (1 mL,
2 mmol, 2.0m in THF) was added. The resulting light-yellow solution was
left overnight. Removal of volatiles yielded a yellow residue, which was
extracted with hexane. Evaporation of the solvent gave 1b as a red crys-
talline solid (187 mg, 71%). Recrystallization from hexane gave single
crystals suitable for X-ray analysis. 1H NMR (C6D6, 25 8C): d=6.72–6.91
(m, 2H, CH2CHCH2), 3.03 (br s, 8H, CH2CHCH2), 1.61 ppm (s, 15H,
C5Me5);


13C NMR (C6D6, 25 8C): d=158.1 (CH2CHCH2), 120.7 (C5Me5),
78.4 (CH2CHCH2), 11.8 ppm (C5Me5); elemental analysis: calcd for
C16H25Sc: C 73.26, H 9.61; found: C 72.79, H 9.76.


1c : nBuLi (0.38 mL, 1 mmol, 2.63m in hexane) was added dropwise to a
solution of C5Me5H (136 mg, 1 mmol) in THF (10 mL). After 15 min, the
reaction mixture (containing LiC5Me5 prepared in situ) was added to a
suspension of ScCl3 (151 mg, 1 mmol) in THF (20 mL). The mixture was
stirred for 4 h to afford a clear solution, to which 2-Me-C3H4MgCl (1 mL,
2 mmol, 2.0m in THF) was added. The resulting light-yellow solution was
left overnight. Removal of volatiles yielded a yellow residue, which was
extracted with hexane. Evaporation of the solvent left 1c as a red crystal-
line solid (275 mg, 95%). Recrystallization from hexane gave single crys-
tals suitable for X-ray analysis. 1H NMR (C6D6, 25 8C): d=2.87 (br s, 8H,
CH2CMeCH2), 1.81 (s, 6H, CH2CMeCH2), 1.71 ppm (s, 15H, C5Me5);
13C NMR (C6D6, 25 8C): d =167.6 (CH2CMeCH2), 120.6 (C5Me5), 74.9
(CH2CMeCH2), 27.9 (CH2CMeCH2), 12.0 ppm (C5Me5); elemental analy-
sis: calcd for C18H29Sc: C 74.45, H 10.07; found: C 73.72, H 9.85.


2 : A 30-mL flask was charged with [(C5Me4SiMe3)ScACHTUNGTRENNUNG(h
3-C3H5)2] (64 mg,


0.20 mmol) and (PhNMe2H)[B ACHTUNGTRENNUNG(C6F5)4] (162 mg, 0.20 mmol), and toluene
(10 mL) was added to the mixture. The resulting red suspension was
stirred for 30 min at 25 8C, and the solvent was then removed under
vacuum. The dark-red residue was washed with hexane (3O5 mL) to give
2 (200 mg, 93%) as a fine brick-red powder. Layering of hexane on the
reaction mixture of [(C5Me4SiMe3)Sc ACHTUNGTRENNUNG(h


3-C3H5)2] and [PhNMe2H][B-


Table 3. Polymerization and copolymerization of isoprene (IP) and norbornene (NB) by cationic h3-allyl scan-
dium complexes.[a]


Entry Cat. NB
[mmol]


IP
[mmol]


Yield
[%]


Activity [kg-
(polymer)mol(Sc)�1 h�1]


Mn
[c]


(104)
Mw/
Mn


[c]
IP content[d]


[mol%]
Tg


[e]


[8C]


1 2 0 5 85 46.4 3.3 1.12 100 �1.9
2 3 0 5 91 49.6 2.2 1.12 100 �6.9
3[b] 2 5 0 59 0.93 0.5 1.70 – 380.0
4[b] 3 5 0 66 1.03 0.4 1.81 – 384.7
5 2 5 5 35 44.8 2.5 1.33 81 13.4
6 3 5 5 44 57.6 2.3 1.13 69 20.2
7 1a/A 5 5 37 48.0 1.5 1.29 86 9.4
8 1a/A 25 5 7 30.4 1.3 1.45 56 45.6
9 1a/A 35 5 3 18.4 1.4 1.43 43 53.4


10 1a/A 50 5 1 5.6 0.9 1.59 33 66.1


[a] Conditions: [Sc] (25 mmol), A= [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4] (25 mmol), toluene (25 mL), 25 8C, 15 min, unless
otherwise noted. [b] Polymerization time=12 h. [c] Determined by GPC against polystyrene standard. [d] De-
termined by 1H NMR spectroscopy; 1,4-/3,4-IP�30:70. [e] Measured by DSC.
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ACHTUNGTRENNUNG(C6F5)4] in chlorobenzene yielded dark-red crystals suitable for X-ray dif-
fraction. 1H NMR (C6D5Cl, 25 8C): d=7.17–7.21 (m, 2H, m-Ph), 6.95–
7.03 (m, 1H, p-Ph), 6.65–6.81 (m, 1H, CH2CHCH2), 6.63–6.66 (m, 2H, o-
Ph), 2.35–2.60 (m, 4H, CH2CHCH2), 2.61 (s, 6H, NMe2), 2.05 (s, 6H,
C5Me4), 1.61 (s, 6H, C5Me4), 0.09 ppm (s, 9H, C5Me4SiMe3); the
13C NMR spectrum of 2 was not informative due to decomposition of 2
during the recording time; 19F NMR (C6D5Cl, 25 8C): d =�132.3, �162.6,
�166.6 ppm; 11B NMR (C6D5Cl, 25 8C): d=�16.6 ppm; elemental analy-
sis: calcd for C47H38BF20NScSi: C 52.29, H 3.45, N 1.30; found: C 52.15,
H 3.62, N 1.49.


3 : A 30-mL flask was charged with [(C5Me4SiMe3)ScACHTUNGTRENNUNG(h
3-C3H5)2] (64 mg,


0.20 mmol) and (Ph3C)[B ACHTUNGTRENNUNG(C6F5)4] (184 mg, 0.20 mmol), and toluene
(10 mL) was added to the mixture. The resulting red suspension was
stirred for 30 min at 25 8C, and the solvent was then removed under
vacuum. The dark-red residue was washed with hexane (3O5 mL) to give
3 (193 mg, 92%) as a fine brick-red powder. Layering of toluene on the
reaction mixture of [(C5Me4SiMe3)ScACHTUNGTRENNUNG(h


3-C3H5)2] and [Ph3C][B ACHTUNGTRENNUNG(C6F5)4] in
chlorobenzene yielded dark-red crystals suitable for X-ray diffraction.
1H NMR (C6D5Cl, 25 8C): d=6.95–7.20 (m, 5H, PhMe), 6.65–6.81 (m,
1H, CH2CHCH2), 3.08 (d, J=8.7 Hz, 2H, syn-CH2CHCH2), 2.74 (d, J=


15.2 Hz, 2H, anti-CH2CHCH2), 2.15 (s, 3H, PhMe), 2.06 (s, 6H, C5Me4),
1.69 (s, 6H, C5Me4), 0.14 ppm (s, 9H, C5Me4SiMe3);


13C NMR (C6D5Cl,
25 8C): d=160.3 (CH2CHCH2), 149.0 (d, JC,F=239.6 Hz, 2-C6F5), 139.3 (d,
JC,F=246.1 Hz, 4-C6F5), 138.4 (Cipso of PhMe), 137.1 (d, JC,F=243.7 Hz, 3-
C6F5), 132.8, 130.5 (Carom and Cp), 124.5 (br m, 1-C6F5), 87.4
(CH2CHCH2), 21.7 (PhMe), 15.5 (C5Me4SiMe3), 11.8 (C5Me4SiMe3),
1.3 ppm (C5Me4SiMe3); some peaks for the aromatic and Cp ring carbon
atoms could not be assigned due to overlap with the solvent peaks;
19F NMR (C6D5Cl, 25 8C): d =�132.1, �161.8, �166.1 ppm; 11B NMR
(C6D5Cl, 25 8C): d=�16.6 ppm; elemental analysis: calcd for
C46H34BF20ScSi: C 52.59, H 3.26; found: C 53.14, H 3.33.


4 : A 30-mL flask was charged with [(C5Me4SiMe3)ScACHTUNGTRENNUNG(h
3-C3H5)2] (64 mg,


0.20 mmol) and [PhNMe2H] ACHTUNGTRENNUNG[BPh4] (88 mg, 0.20 mmol), and toluene
(10 mL) was added to the mixture. The resulting red suspension was
stirred for 30 min at 25 8C, and the solvent was then removed under
vacuum. The dark-red residue was washed with hexane (3O5 mL) to give
4 (103 mg, 86%) as a fine brick-red powder. Layering of hexane on the
reaction mixture of [(C5Me4SiMe3)Sc ACHTUNGTRENNUNG(h


3-C3H5)2] and [PhNMe2H]ACHTUNGTRENNUNG[BPh4]
in chlorobenzene yielded dark-red crystals suitable for X-ray diffraction.
1H NMR (C6D5Cl, 25 8C): d=7.61 (d, J=7.5 Hz, 8H, o-Ph), 7.43 (t, J=


7.5 Hz, 8H, m-Ph), 7.12 (t, J=6.9 Hz, 4H, p-Ph), 6.43–6.70 (m, 1H,
CH2CHCH2), 3.12 (br s, 4H, CH2CHCH2), 2.34 (s, 6H, C5Me4), 1.86 (s,
6H, C5Me4), 0.15 ppm (s, 9H, C5Me4SiMe3); the


13C NMR spectrum of 4
in C6D5Cl was not informative due to decomposition during the record-
ing time; 11B NMR (C6D5Cl, 25 8C): d=�6.3 ppm; elemental analysis:
calcd for C39H46BScSi: C 78.25, H 7.75; found: C 78.36, H 7.69.


5 : A 30-mL flask was charged with [(C5Me4SiMe3)ScACHTUNGTRENNUNG(h
3-C3H5)2] (64 mg,


0.20 mmol) and (PhNMe2H)[B ACHTUNGTRENNUNG(C6F5)4] (162 mg, 0.20 mmol), and THF
(5 mL) was added to the mixture. The resulting yellow solution was
stirred for 30 min at 25 8C, and the solvent was then removed under
vacuum. The residue was washed with hexane (3O5 mL) to give 5 quanti-
tatively (220 mg) as a fine light-yellow powder. 1H NMR (C6D5Cl, 25 8C):
d=6.60–6.76 (m, 1H, CH2CHCH2), 3.69 (br s, 8H, THF), 2.95 (d, J=


12.0 Hz, 4H, CH2CHCH2), 2.10 (s, 6H, C5Me4), 1.78 (br s, 8H, THF),
1.76 (s, 6H, C5Me4), 0.28 ppm (s, 9H, C5Me4SiMe3);


13C NMR (C6D5Cl,
25 8C): d=155.5 (CH2CHCH2), 148.9 (d, JC,F=240.6 Hz, 2-C6F5), 138.7 (d,
JC,F=244.3 Hz, 4-C6F5), 136.9 (d, JC,F=246.9 Hz, 3-C6F5), 134.4
(C5Me4SiMe3), 127.8 (C5Me4SiMe3), 123.2 (Cipso of C5Me4SiMe3), 81.9
(CH2CHCH2), 73.3 (THF), 25.2 (THF), 15.1 (C5Me4SiMe3), 11.6
(C5Me4SiMe3), 1.6 ppm (C5Me4SiMe3); the peak of 1-C6F5 was not ob-
served due to overlap with solvent peaks; elemental analysis: calcd for
C47H42BF20O2ScSi: C 51.19, H 3.84; found: C 51.35, H 4.10.


6 : Complex 6 was prepared quantitatively by a procedure analogous to
that for 5. Recrystallization from THF gave single crystals suitable for X-
ray diffraction. 1H NMR (C6D5Cl, 25 8C): d=7.83 (br s, 8H, o-Ph), 7.18
(t, J=7.5 Hz, 8H, m-Ph), 7.02 (t, J=6.9 Hz, 4H, p-Ph), 6.54–6.71 (m,
1H, CH2CHCH2), 3.38 (br s, 12H, THF), 2.75 (d, J=12.0 Hz, 4H,
CH2CHCH2), 1.92 (s, 6H, C5Me4), 1.57 (s, 6H, C5Me4), 1.42 (br s, 12H,


THF), 0.14 ppm (s, 9H, C5Me4SiMe3);
13C NMR (C6D5Cl, 25 8C): d=


164.8 (q, JB,C=49.1 Hz, PhBPh3), 154.3 (CH2CHCH2), 136.8, 134.2, 133.8,
127.5, 126.1, 122.2 (Carom and Cp), 81.8 (CH2CHCH2), 73.0 (THF), 25.4
(THF), 15.3 (C5Me4SiMe3), 11.9 (C5Me4SiMe3), 1.9 ppm (C5Me4SiMe3);
elemental analysis: calcd for C51H70BO3ScSi (6·THF): C 75.16, H 8.66;
found: C 75.26, H 8.64.


Typical procedure for the random copolymerization of isoprene with nor-
bornene by 2 (Table 1, entry 5): In a glovebox, a solution of 2 (27.0 mg,
25 mmol) in toluene (2 mL) was added to a well-stirred solution of nor-
bornene (0.47 g, 5 mmol) and isoprene (0.34 g, 5 mmol) in toluene
(3 mL) in a 20-mL flask at 25 8C. After 15 min, the flask was taken out of
the glovebox, and methanol was added to terminate the polymerization.
The mixture was poured into methanol (200 mL) to precipitate the poly-
mer product. The precipitated polymer was dried under vacuum at 60 8C
to a constant weight (0.28 g, 35%). The copolymer is soluble in THF and
chloroform at room temperature.


Isoprene (IP) and norbornene (NB) content in copolymer: The norbor-
nene and 1,4-polyisoprene content of the copolymer was calculated ac-
cording to the following formulae:


NB (mol%)= (Itot�7IIP-1,4�3IIP-3,4)/(Itot+3IIP-1,4+2IIP-3,4)O100%


IP-1,4%=10IIP-1,4/(Itot+3IIP-1,4+2IIP-3,4)O100%


IP-3,4%=5IIP-3,4/(Itot+3IIP-1,4+2IIP-3,4)O100%


in which IIP-1,4 is the area of the resonance at 5.0 ppm (one vinyl proton),
IIP-3,4 is the area of the resonance at 4.7 ppm (two vinyl protons), and Itot
is the total area of the resonances at 2.6–0.7 ppm (all aliphatic protons)
in the 1H NMR spectrum.


X-ray Crystallographic Analysis


Crystals for X-ray analysis were sealed in a thin-walled glass capillary
under a microscope in a glovebox. Data collection was performed at
�100 8C on a Bruker SMARTAPEX diffractometer with a CCD area de-
tector by using graphite-monochromated MoKa radiation (l=0.71069 L).
Determination of crystal class and unit-cell parameters was carried out
by the SMART program package.[14] Raw frame data were processed
with SAINT[15] and SADABS[16] to yield the reflection data file. Struc-
tures were solved by using the SHELXTL program.[17] Refinements were
performed on F2 anisotropically for all non-hydrogen atoms by the full-
matrix least-squares method. Analytical scattering factors for neutral
atoms were used throughout the analysis. Hydrogen atoms were placed
at calculated positions and were included in the structure calculation
without further refinement of the parameters. The residual electron den-
sities were of no chemical significance. The central carbon atoms of the
allyl groups (C2/C19, C5/C20) in 1a were disordered (70:30 occupancy).
The central carbon atoms in the allyl group and the carbon atoms of the
phenyl group of N,N-dimetylaniline (C2/C51, C10/C4, C9/C5, C14/C6) in
2 were disordered (60:40 occupancy). The central carbon atom of the
allyl group (C2/C4) in 3 was disordered (55:45 occupancy). Crystal data,
data collection, and processing parameters for compounds 1a–c, 2–4, and
6 are summarized in Table 4. CCDC-648920 (1a), 666957 (1b), 666958
(1c), 648921 (2), 648922 (3), 648923 (4), and 648924 (6) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
at www.ccdc.cam.ac.uk/data_request/cif.
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Table 4. Crystallographic data and structure-refinement details for 1a–c, 2–4, and 6.


1a 1b 1c 2 3 4 6·THF


Formula C18H31ScSi C16H25Sc C18H29Sc C47H36BF20NSiSc C46H34BF20SiSc C39H46BSiSc C51H70BO3SiSc
Mr 320.48 262.32 290.37 1078.63 1050.59 598.62 814.93
Crystal system triclinic monoclinic orthorhombic monoclinic monoclinic monoclinic monoclinic
Space group P1̄ P21/n Pnma P21/c C2/c P21/c P21/c
a [7] 7.2641(15) 8.2334(16) 10.620(1) 13.9685(18) 31.845(2) 9.0991(7) 19.865(2)
b [7] 9.934(2) 14.542(3) 11.8991(12) 14.9902(19) 15.029(1) 18.7657(15) 9.8603(10)
c [7] 14.340(3) 12.580(3) 13.5515(13) 22.697(3) 21.2478(15) 20.1759(16) 23.929(3)
a [8] 82.359(3) 90 90 90 90 90 90
b [8] 77.838(4) 95.323(4) 90 102.369(2) 119.292(1) 102.297(2) 94.187(2)
g [8] 69.221(3) 90 90 90 90 90 90
V [L3] 943.8(3) 1499.7(5) 1712.5(3) 3164.7(12) 8868.6(11) 3366.0(5) 4674.7(8)
Z 2 4 4 4 8 4 4
1calcd [gcm


�3] 1.128 1.162 1.126 1.543 1.574 1.181 1.158
m [mm�1] 0.444 0.469 0.417 0.301 0.312 0.280 0.223
F ACHTUNGTRENNUNG(000) 348 568 632 2180 4240 1280 1760
q range [8] 1.46–25.03 2.15–25.01 2.28–25.52 1.49–25.10 1.67–25.03 1.50–25.05 1.71–25.06
No. of reflns. collected 4843 7677 8817 23752 22588 17352 23596
No. of indep. reflns. 3244 2634 1679 8198 7802 5936 8236
No. of variables 198 159 106 685 644 386 489
GOF 1.072 1.005 1.084 1.002 1.000 1.007 1.030
R (I>2s(I)) 0.0521 0.0512 0.0372 0.0495 0.0393 0.0406 0.0826
Rw 0.1415 0.1375 0.0965 0.0814 0.0813 0.0725 0.2303
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Introduction


Carbohydrate microarrays are a powerful tool for the study
of glycobiology and the high-throughput bioassay of epi-
demic diseases.[1] A fundamental problem of this technology
is how to characterize and quantify the oligosaccharides that


are covalently bound to the surface. Effective immobiliza-
tion of sugars on the surface is essential for surviving con-
secutive substrate washing when evaluating sugar–protein
binding. Mass spectrometry (MS) has been reported to be a
useful analytical method[2] for the high-throughput charac-
terization of immobilized sugars on porous glass slides.


Although a variety of substrates are commercially avail-
able for glycan arrays, they are not suitable for direct mass
spectrometric analysis. These substrates include glass and
polyethylene terephthalate (PET) coated with amine, car-
boxylate, N-hydroxysuccinimide (NHS), avidin, epoxy, alde-
hyde, chelating nickel groups, and so on. In fact, NHS-func-
tionalized glass slides are commonly used[3,4] for the prepa-
ration of glycan arrays. A typical example is that of sugar
antigens immobilized on the surface of the glass slide, after
which a sugar-binding monoclonal antibody and a fluores-
cence-tagged secondary antibody were incubated for studies
of protein–carbohydrate interaction. Although effective,
these glass slides are not ideal for use to characterize the
bound sugars by mass spectrometry.


Substrates selected for matrix-assisted laser desorption–
ionization time-of-flight (MALDI-TOF) MS should be con-
ductive or semiconductive so that a uniform electric field
can be produced under high vacuum. Standard stainless-
steel plates are usually the choice for loading the analytes.


Abstract: We have developed a novel
method of immobilizing glycans onto
aluminum-coated glass (ACG) slides
for potential use in disease diagnosis
and drug discovery. The quality of
these sugar chips can be assessed by
mass spectrometry and fluorescence
measurements with high sensitivity.
The unique properties of ACG slides
include: 1) the metal oxide layer on the
surface can be activated for grafting or-
ganic compounds such as modified oli-
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In MALDI MS, the energy of
the pulse laser beam is ab-
sorbed by the matrix (miscible
organic chemicals) to prevent
sample fragmentation.
MALDI-TOF MS is an excel-
lent tool for analyzing high-
molecular-weight biomole-
cules. However, the chemicals
in the organic matrix interfere
with low-molecular-weight oli-
gosaccharides (typically less
than 2000 Da); thus, porous
silicon was chosen as the sub-
strate for analyzing biomole-
cules by MS[2,5–7] without the
addition of matrix chemicals.
In desorption–ionization on
silicon (DIOS) MS, biomole-
cules of relatively low molecu-
lar weight were identified on
the basis of the m/z ratio of
the pseudoparent peak from
MS.


Effective adhesion between
sugar molecules and the sub-
strate surfaces have been ach-
ieved through covalent bond-
ing.[1,2,8] Physical adsorption of sugar derivatives on fluorous
surfaces[9] may also be feasible for sufficient adhesion.
Porous silicon plates also acted as a matrix in DIOS MS,
and mass spectra were obtained with a high signal-to-noise
(S/N) ratio without fragmentation. The preparation of
porous silicon plates requires the usage of corrosive acid,
which is not environmentally friendly, and the quality of the
plates is difficult to control. On the other hand, porous alu-
minum oxide exists naturally on the surface of aluminum;


the electrochemical anodization of aluminum-coated glass
(ACG) slides can be carried out in mildly acidic aqueous so-
lution. Silylation reactions on silicon surfaces[10–12] can also
be used on aluminum surfaces under proper conditions. The
freshly cut surface of plate aluminum has a shiny metallic
texture. When exposed to air, the surface gradually oxidizes
and turns opaque as a layer of aluminum oxide (called
native oxide) is formed. Native aluminum oxide (NAO)
grown on aluminum surfaces has no orientation compared
to that of anodized aluminum oxide (AAO). The thickness
of NAO on aluminum surfaces is just a few nanometers.[12]


In contrast, the thickness of AAO could grow quickly
(within 15–20 min) to the micrometer range with the grow-
ing direction aligned to an applied electric field. In a few
trial experiments, we fabricated pure aluminum plates (with
a thickness of 1 mm) and deliberately grew the AAO layer
to 2 mm on the surface of the plate. This surface with a thick
layer of AAO became nonconductive (like ceramics) and
was not suitable for our study. However, in all cases, the
amorphous oxide layers on the aluminum surfaces could be
modified chemically, and the substrate remained electrically
conductive only when the thickness of the oxide layer on
the surface was in the nanometer range.


In this study (Scheme 1), we fabricated several new sub-
strates with a thin layer of aluminum oxide on the surface of
ACG slides in an attempt to characterize the molecular
weight of the surface-grafted oligosaccharide and simultane-
ously to look for its sugar–protein binding capability. De-
signed mannose and lactose derivatives with a built-in pho-


Abstract in Chinese:


Scheme 1. a) A sugar derivative such as mannose with a built-in photocleavable linker. b) ACG slide (75.5I
25.4I1 mm3) with layers of aluminum oxide (<5 nm) on the surface and pure aluminum (>100 nm) coated on
the glass slide (1 mm). c) The ACG slide was activated, and the sugar derivatives were immobilized (microar-
rayed and manually spotted) on the surface. The slide was subjected to d) molecular-weight identification of
the sugar by mass spectrometry and e) further evaluated for its sugar–protein binding by a fluorescence scan-
ner.
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tocleavable linker (PCL) were synthesized and covalently
bound to the activated ACG slides (Scheme 2). Without ad-
dition of a miscible organic matrix, the sugar-immobilized
ACG slides were subjected to molecular-weight identifica-
tion and protein-binding evaluation.


Results and Discussion


Surface Properties of ACG Slides


A layer of pure aluminum (99.999%) at least 100 nm thick
was coated onto the micro glass slides by using various coat-
ing techniques, such as magnetron sputtering, cathode arc
evaporation, and thermal coating. These slides were either
used without further manipulation or electrically anodized
before usage. Figure 1 shows their surface morphology, com-
position, and roughness as determined by scanning electron
microscopy (SEM), atomic force microscopy (AFM), and X-
ray photoelectron spectroscopy (XPS). As can be seen, the
ACG slide produced by cathode arc evaporation has a coat-
ing of large granules and a high surface roughness. Slides
with high surface roughness affect the surface-wetting prop-
erty. The magnetron-sputtered ACG slide gave an accepta-
ble surface roughness; however, it required a long coating
time to achieve the desired coating thickness and was used
only at the early stages of this study.


As the study proceeded, we noticed that the thermally
coated ACG slides achieved the desired coating thickness in
a relatively short time. It gave the smoothest surface with a
surface roughness of 10 nm. With subsequent surface-anodi-
zation treatment, the ACG slide provided a stable surface
for grafting. Only the anodized slide surfaces were covered
with 100% aluminum oxide (Figure 2).


The electrical resistance of the ACG slide (end-to-end dis-
tance) was measured between 1.6 and 4 W. These slides
became electrically nonconductive when the oxide layer
grew thick. The depth of penetration for XPS was 20–50 L,
and the thickness of the oxide layer (either NAO or AAO)
in this study was estimated from the cross-section to be no
more than 5 nm.


The thickness of coated aluminum on the glass slide
needs to be >100 nm so that the substrate remains non-
transparent within the visible region. When a transparent
substrate was used, part of the fluorescent light passed
through the substance, and the scanner detected only a por-
tion of the Cy3 fluorescence. The instrument detected more
fluorescent light when a nontransparent ACG slide was
used as the background substrate. Figure 3 shows the optical
properties of ACG slides compared to those of the micro
glass slide. The thickness of the coated aluminum on the
semitransparent ACG slides was just a few nanometers, and
that of the reflective ACG slides was approximately 300 nm.


Scheme 2. Synthesis of mannose–ACG and lactose–ACG with a photocleavable linker. DIPEA=N,N-diisopropylethylamine, DSC=N,N’-disuccinimidyl
carbonate, HBTU=2-(1-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, TBAF= tetra-n-butylammonium fluoride, TEA= triethyl-
amine.
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A series of progressively diluted streptavidin-Cy3 solu-
tions was arrayed on these slides, dried, and analyzed by an
arrayWoRx fluorescence spectrometer. The wavelength for
Cy3 excitation is 540 nm, and the fluorescence peak at
595 nm was measured by the detector. As shown in Figure 3,
the detection sensitivity for the nontransparent (or reflec-
tive) ACG slide is the highest among all slides prepared.


Surface Activation


In the screening experiments, plasma of oxygen, argon, and
mixed gases of oxygen and argon were tested for slide-sur-
face activation. The residues (CO, CO2, and H2O) were re-
moved under vacuum. It is the removal of this surface con-


Figure 1. SEM images showing surface morphology, composition, and
roughness of NAO/ACG slides obtained by a) cathode arc evaporation
and b) magnetron sputtering, and c) an AAO/ACG slide obtained by
thermal coating followed by electrochemical surface anodization.


Figure 2. XPS spectra of the surface composition of a) an NAO/ACG
slide obtained by cathode arc evaporation, b) an NAO/ACG slide ob-
tained by magnetron sputtering, and c) an AAO/ACG slide obtained by
thermal coating followed by surface anodization. The binding energy for
C(1s) at 284.5 eV and O(1s) at 531 eV were used to calibrate the binding
energy of these spectra.


Figure 3. Optical properties of the micro glass slide, the semitransparent
ACG slide, and the totally reflective (nontransparent) ACG slide. a) A
series of Cy3–streptavidin solutions of 1 mgmL�1 original concentration
diluted 1000, 2000, 5000, 10000, and 20000 times was spotted on each of
these slides, air-dried, and analyzed with an arrayWoRx fluorescence
spectrometer. A light source of wavelength 540 nm was provided by the
instrument. Fluorescence of wavelength 595 nm was emitted from the
slide surface and detected by the detector. The scanner detected the fluo-
rescence only up to 5000 times dilution for the transparent micro glass
slide, but up to 10000 and 20000 times dilution, respectively, for the sem-
itransparent ACG slide and the totally reflective ACG slide, in which the
thickness of the coated aluminium varied from a few nanometers in the
former to greater than 100 nm in the latter. b) The actual calculated fluo-
rescence intensity for each substrate.
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tamination that contributed to the success of grafting the de-
sired organic compounds chemically. The surface was
gauged with an attenuated total reflectance Fourier trans-
form infrared (ATR/FTIR) spectrometer. The ATR/FTIR
spectra showed Al–OH peaks at around 800–1100 cm�1


(Figure 4), which indicates that the surface had converted


into Al–OH after the surface-cleaning process.[13–14] The idea
behind the plasma treatment is to use just enough plasma
energy to clean and “tickle” the surface of the ACG slide to
remove the organic contamination but still hold the alumina
layer without etching the underlying surface. The activation
process was successfully completed by using a mere 6.8 W
(at 680 V) of energy for 10 min under a gas-flow pressure of
270–300 mTorr. Argon plasma turned out to be the most ef-
fective for grafting sugar derivatives, as observed in later ex-
periments.


The hydrophilic surface after plasma treatment gradually
became hydrophobic, possibly because the oxide layer on
the surface reformed. Disappearance of Al–OH from the
substrate surface was traced by ATR/FTIR spectroscopy.
The Al–OH peak intensity[13] in the 800–1100 cm�1 region
decreased significantly over a matter of hours (Figure 4).
Therefore, it was necessary to treat the ACG slides with 3-
aminopropyldimethylethoxysilane (APDMES) immediately
after plasma treatment. This activated ACG surface was
used to immobilize the sugar derivative of mannose and lac-
tose with a PCL in the next step of the reaction.


As shown in Figure 5, the water contact angle on the sur-
face changed during surface activation. Therefore, measure-
ment of the contact angle can be used as a quick check of
the completion of the activation process. Substrates with a
high surface roughness tend to give smaller contact angles.


Mannose with PCL Immobilized on the Activated Surface
of the ACG Slide


As shown in Scheme 2, compound 6, which has a carboxy
functional group, was synthesized. A solution[15] of HBTU
and compound 6 was manually spotted and microarrayed on
the activated surface of the ACG slide. Amide formation on
the surface of the ACG slide took place overnight at room
temperature. All salt residues, as well as unbound mannose
derivative, were washed away thoroughly with methanol and
deionized water. After all these preparations, the substance
was ready for mass identification and protein-binding evalu-
ation.


Mass Spectrometric Analysis of the Sugar Derivative
Grafted on the ACG Slides


We learned that the matrix-free porous silicon surfaces
(DIOS) produced molecular-ion peaks with negligible
sample fragmentation. The ACG slide dimensions (75.5I
25.4I1 mm3) fit well in the ultraflex mass spectrometry in-
strument; slides at each step of the treatment were analyzed,
as shown in Figure 6 (see also Scheme 3).


Figure 6a and b shows the MS data for the early experi-
ments on a pure aluminum plate and ACG slide, whereby
the mannose peak intensities were relatively low. Figure 6c
shows the MS data of the ACG slide produced by cathode
arc evaporation, for which the surface-activation conditions
were optimized and the peak intensity of the mannose de-
rivative was high. Although the substrates gave large back-
ground peaks at m/z 415 and 451 (Figure 6a and c), the mo-
lecular weight of the mannose derivative (265) was detected
quite easily by its adducts with proton (m/z 266), lithium
(m/z 272), sodium (m/z 288), and sometimes potassium (m/z
304) ions.


According to Heijnsbergen et al. ,[16] under high vacuum,
UV excimer laser vaporizes aluminum oxide clusters to the
gas phase; ultraviolet photon ionization produces sparse


Figure 4. ATR/FTIR spectra of Al–OH on an ACG slide. The Al–OH
peak intensity in the 800–1100 cm�1 region decreased significantly from
25 to 99 min after plasma treatment.


Figure 5. Typical changes in water contact angle for ACG slides that were
a) solvent-cleaned, b) treated with plasma, and c) activated with 3-amino-
propyldimethylethoxysilane. These samples were made and measured as
an example with the nontransparent magnetron-sputtered ACG slide.
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mass spectra with relatively light aluminum oxide clusters.
The majority of the oxide clusters in the gas phase under
vacuum consisted of AlO ACHTUNGTRENNUNG(Al2O3)n, even though the alumi-


num oxide clusters could exist in many different forms.[16] In
Figure 6a and c, the large background peaks that occurred
at m/z 451 and 415 are speculated to belong to the oxide
clusters [(Al2O3)4+Li]+ and [AlO ACHTUNGTRENNUNG(Al2O3)4]


+ .


Semiquantitative Comparison of the Content of Mannose
with Its Protein-Binding Capability


The optimization of the plasma gas treatment on the same
type of ACG slide was evaluated by the fluorescence inten-
sity of the immobilized sugar–protein binding. Figure 7 was
obtained by selecting the type of gas used for plasma clean-
ing. ACG slides produced by cathode arc evaporation were
exposed to oxygen, argon, or a mixture of oxygen and argon
plasma gases prior to aminosilane grafting. A 10I10 block
(100 spots) of the mannose derivative (sugar complex solu-
tion, 160 mm) was microarrayed onto the substrate surfaces.
The sugar complex solution was also manually spotted on
each of these slides (1 mL per spot) specifically for mass
identification. Therefore, these slides were analyzed first by
mass spectrometry and then subjected to biotinylated ConA
binding followed by Cy3-tagged streptavidin detection. Fig-
ure 7a–d shows the protein-binding assays of the arrayed
slides; Figure 7 f shows the fluorescence intensities of sub-
strates versus those of the commercially available glass slide.
The intensity difference shown in Figure 3 demonstrates the
absolute effect of the physical properties of the substrate.
The intensity difference in Figure 7 f resulted from the ef-
fects of both the physical properties of the specific sub-
strates and the binding-site architectures between the immo-
bilized sugar and its binding proteins. Both sets of data indi-
cate that argon plasma treatment of the ACG slide surface
produced the best substrate for mannose grafting, hence the
mannose–protein binding.


A semiquantitative comparison of the content of the im-
mobilized mannose and the mannose–protein binding capa-
bility are given in Figures 8 and 9. Two different types of
slide substrates were used for immobilizing mannose with
the built-in PCL, that is, the NH2 functionalized glass slide
and the APDMES-activated NH2–ACG slides that were
thermally coated with aluminum followed by surface-anodi-
zation treatment. The mannose–ACG slide was first subject-
ed to MS analysis for molecular-weight identification and
then to protein-binding evaluation along with the mannose–


Scheme 3. Selective bond cleavage and detection of the sugar (mannose) derivative by ultraflex mass spectrometry.


Figure 6. a) Ultraflex TOF mass spectra of mannose with PCL grafted on
A) a 99.999% pure aluminum plate (1 mm thick) and B) an ACG slide
formed by cathode arc evaporation. C) The background signal for cath-
ode arc evaporation of the ACG slide. b) Ultraflex TOF mass spectra of
a) at the m/z region of interest. c) TOF mass spectrum of mannose with
PCL grafted on an ACG slide formed by cathode arc evaporation at the
m/z region of interest.
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glass slide. Figure 8 shows the protein-binding data resulting
from the two different types of slide substrates. It clearly in-
dicates that the mannose–ACG slide (Figure 8b) showed
higher fluorescence of Cy3 with a better sensitivity than the
glass slide (Figure 8a). The fluorescence intensity from the
ACG slide was calculated and is given in Figure 9b.


The differences in fluorescence intensity in Figure 8 were
caused by the difference in physical properties of the slide
substrates and the difference in the degree of mannose–
ConA and Cy3–streptavidin binding. This difference in turn,


implies a variation in the grafting density of mannose on the
substrate surface. A recent report indicated[22] that the inter-
action between ConA and mannose becomes weak when
the density of mannose on the substrate surface is about


Figure 7. Protein-binding assays of ACG slides formed by cathode arc
evaporation upon treatment with a) oxygen plasma (Al-1), b) argon
plasma (Al-2), and c) a mixture of oxygen and argon plasma (Al-3) prior
to APDMES grafting. d) Protein-binding assay of the commercially avail-
able NH2–glass slide from Corning Glass (#40004). e) Signal intensities
from MALDI mass spectra for the mass identification of sugar. The max-
imum-intensity spectra (70% fluence) observed from each substance was
used to create this graph. f) Fluorescence intensities of a)–d) with stan-
dard errors calculated with an arrayWoRx fluorescence spectrometer.
The array was made in four blocks per slide with 10I10 (100) spots per
block of the same aqueous solution of sugar complex. Only the best
block from each slide was chosen (as shown in b)–d)); large spots among
the best blocks were eliminated for fluorescence-intensity calculations.


Figure 8. Fluorescence-tagged protein-binding assay of mannose immobi-
lized on a) a glass slide and b) an ACG slide. The NH2-functionalized
glass slide was purchased from Corning Glass (#40004). The ACG slide
was thermally coated with pure aluminum and then electrochemically
anodized. The array was made in a block of 10I6 (60) spots. The solution
of sugar–HBTU complex (156 mm) was prepared to 100 and 10000 times
dilution. Each solution was spotted in two columns (20 spots) in the
block for grafting. Substrate a) shows fluorescence only in the first two
columns (the solution of sugar complex), but substrate b) shows signals
up to the sixth column (10000 times dilution of the starting solution of
sugar complex).


Figure 9. Comparison of the peak intensities of the ultraflex TOF mass
spectra of mannose with PCL grafted on ACG slides with the fluores-
cence intensities of mannose–protein-bound ACG slide formed by ther-
mal coating followed by electrochemical anodization on the slide surface.
The concentration of the mannose solution varied from 156 mm to 102
(1.56 mm) and 104 times dilution (15.6 nm). a) Average peak intensities of
mannose mass spectrometric adducts obtained at m/z 265.1 [M]+ , 266.1
[M+1]+ , and 272.1 [M+Li]+ . b) Corresponding fluorescence intensities
of the same mannose–ACG slide sample obtained from the fluorescence-
tagged protein-binding assay.
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100 L apart,[17] thus reflecting the degree of polyvalent inter-
action.


MS analysis of the same mannose–ACG slide (Figure 8b)
revealed the parent peak (m/z 265) as well as the proton
(m/z 266) and lithium (m/z 272) adducts. In analyzing this
slide, each manually spotted (in the series of dilutions)
sample was measured six times with 500 shots per measure-
ment. The average peak intensity with standard deviation is
given in Figure 9a, which demonstrates that MS could still
identify the sugar, even when the concentration of the solu-
tion for grafting was diluted to 15.6 nm. The signal intensi-
ties measured by MS (Figure 9a) are further compared to
the fluorescence intensities shown in Figure 9b. The de-
scending trends of these two different measurements are
similar. Apparently, the quantity of immobilized sugar re-
flects its protein-binding capability.


Utility of ACG Slides on Carbohydrate Microarrays


By using the synthetic route in Scheme 2, lactose with PCL
was also immobilized on an ACG slide (Figure 10a). As
seen in the MS analysis of this sample (Figure 10b), the in-
terference occurred resulting from the sparse aluminum
oxide peaks at 415 and 451. However, the molecular weight
of the lactose derivative (m/z 427) could still be clearly iden-
tified by its adducts with proton (m/z 428), sodium (m/z
450), and potassium (m/z 466) ions.


For further utilization of this newly fabricated substrate,
the NH2–ACG surface was modified through conversion
into NHS–ACG by treatment with disuccinimidyl suberate
(DSS) in DMF and diisopropylethylamine. With glass slides
as reference, a Globo H derivative with an amine functional
group was arrayed on the NHS–ACG slide (Figure 10c) and
subjected to VK9 (a mouse IgG anti-Globo H monoclonal
antibody) protein-binding evaluation.[4] The results in Fig-
ure 10d and e indicate that the ACG slide shows the highest
fluorescence intensity among all three samples.


Factors Affecting Fluorescence Intensity


Substrate Property and Surface Morphology


The optical properties of substrates apparently affect the
fluorescence intensity. Fluorescence (Cy3) is the sole light
source in a protein-binding assay. Glass as well as porous sil-
icon both pass and reflect light to different extents. On the
contrary, aluminium-coated glass can be fabricated such that
it becomes completely nontransparent and minimizes the
“waste” of light provided by the light source.


The surface morphology of the substrate could affect the
grafting density in immobilizing sugars. The NAO surface
showed only 75% oxide content. On the contrary, the AAO
surface contains 100% aluminum oxide, thus providing a
stable surface and leading to a steady immobilizing density
of the final slide for assay.


Substrate stability may also be affected by the way in
which the surface is chemically treated. An example is the


surface with cross-linked amines versus that with a monolay-
er of amine functional groups, both of which were made by
activating the ACG slide with either 3-aminopropyltrieth-
oxysilane (APTES) or 3-aminopropyldimethylethoxysilane
(APDMES). Various chemical treatments of the ACG slide
surface are under investigation.


Figure 10. a) Lactose–ACG slide with PCL. b) Ultraflex TOF mass spec-
tra obtained from the lactose–ACG slide with PCL. c) Globo H–ACG
slide with no PCL. d) Fluorescence-tagged protein-binding assay of
Globo H immobilized on NHS–glass slide, NH2-modified glass slide
(Corning #40004), and NHS–ACG slide. e) Corresponding fluorescence
intensities calculated from d) with a GenePix 4000 fluorescence scanner.
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Binding-Site Architectures/Interactions of Proteins with
Sugars Immobilized on the Substrate Surface


Under our experimental conditions, both concanavalin A
and streptavidin exist as tetramers of their quaternary struc-
tures.[18–22] The ratio of the dimensions of mannose to ConA
is about 1:400 (corresponding to their molecular weight of
265 vs. 104 kDa). Owing to the geometric constraint, only
two binding sites per tetramer of biotinylated ConA are
available for mannose binding on the surface. On the high-
density mannose array surface, each ConA tetramer would
bind two molecules of mannose, and the two mannose mole-
cules would probably be grafted on the surface not too far
away from each other. As the chain length of the mannose
derivative increases, the grafted mannose becomes further
away from the substrate, and a high degree of randomness
of the interaction could occur when both the grafting densi-
ty and the amount of immobilized sugar–protein binding in-
crease. Furthermore, we allowed the flexible docking of the
streptavidin–Cy3 complex to biotinylated ConA. A similar
geometric restriction can also be illustrated for Globo H,
IgG monoclonal antibody VK9 (from mouse), and its goat
anti-mouse IgG protein. The binding-site architecture be-
tween sugar and proteins could affect the density of the
fluorescence-tagged protein and, thus, the fluorescence in-
tensity in the sugar–protein-binding assay.


One purpose of studying the surface immobilization of
sugars is to mimic the ligand interactions that occur on the
cell surface of biological entities,[4,23, 24] for example, the exis-
tence and overexpression of the sugar antigen Globo H on
the surfaces of normal and malignant cells. The sugar anti-
gens, when overly populated on the cell surfaces, could
result in massive polyvalent carbohydrate–protein interac-
tions and greatly impact the provided biological function of
the living entities. This study provides a more precise quan-
titative measurement and comparison of such a biological
system.


Conclusions


Newly fabricated aluminum-coated glass (ACG) slides have
been developed for immobilizing sugars. Mannose and lac-
tose with a built-in photocleavable linker immobilized on
the ACG slide surfaces were subjected to MALDI MS anal-
ysis to characterize the molecular weight of the immobilized
sugars. A proportional correlation was observed between
the quantity of mannose (m/z) and the fluorescence intensi-
ty of its protein binding. In protein-binding assays of man-
nose–ACG and Globo H–ACG slides, we observed higher
fluorescence intensity and sensitivity than with glass slides,
perhaps due to the material properties, surface morpholo-
gies, and binding-site architectures between proteins and the
immobilized sugars on the slide surfaces.


Experimental Section


Substrate Materials


Micro glass slides (75.5I25.4I1 mm3) were cleaned in piranha solution,
a mixture of concentrated H2SO4 and 30% H2O2 (70:30 v/v), at 120 8C
for 30 min, rinsed with plenty of deionized water until pH 7, and purge-
dried with high-quality nitrogen gas. The high-purity aluminum targets
(99.999% pure) were obtained from Summit-Tech Resource Corp. (Hsin-
Chu, Taiwan). These raw materials were provided to vendors Cheng-Jen
Corp. (Kao-Hsiung, Taiwan) and Yujay-Tech Corp. (Chin-Ju, Taiwan) for
the fabrication of ACG slides by using different coating techniques such
as magnetron sputtering, cathode arc evaporation, and thermal evapora-
tion.[26] The fabricated ACG slides were either used directly or anodized
with a DC current at 20 V (Keithley 2400 Model) at 4 8C in 0.3m aqueous
oxalic acid for 60–90 s.[26] The surface properties of the fabricated ACG
slides are shown in Figure 1. The surfaces were sputtered with gold and
examined by SEM (FEI XL30 SFEG, FEI Company). The surface rough-
ness and thickness of the aluminum coating were measured by AFM (Di-
mension 3100 Veeco Instruments, Inc.). The surface compositions of
these slides were analyzed by XPS by using an Omicron ESCA spectrom-
eter with a monochromatic AlKa X-ray (1486.6 eV) source under ultra-
high vacuum (1I10�10 Torr). All spectra were calibrated by the carbon 1s
spectrum at 284.5 eV and the oxygen 1s spectrum at 532 eV.


Fabrication of NH2–ACG Slides


The ACG slide was washed with acetone and water consecutively on a
multishaker (FMS2 FINEPCR) for 2–3 min, purge-dried with high-purity
nitrogen gas, and further dried in an oven at 100 8C for 10–15 min. Sur-
face activation was conducted by a plasma cleaner (Harrick PDC 32 G,
200–600 mTorr) with oxygen, argon, or mixed gases at room temperature
for 10 min. Immediately after plasma treatment, APDMES (0.8 mL) was
placed evenly on the surface (in bulk), which was covered with a sealed
petri dish and heated directly on a hot plate at 65 8C for 40 min–1 h.
When the reaction was completed, the sample slide was rinsed thorough-
ly, sonicated in methanol for 3 min (20% power), and purge-dried with
high-purity nitrogen gas. The surface with aminosilane-grafted substrate
was used for amide-linkage formation in situ with the mannose derivative
compound 6 and HBTU. The commercial NH2–glass slides (#40004 from
Corning Inc.) were used for comparison of protein binding.


Fabrication of NHS–ACG Slides


ACG slides coated by thermal evaporation were further anodized in 0.3m


oxalic acid for 90 s, rinsed with deionized water, and activated by argon
plasma as usual. Without any contamination, the slide was assembled in a
designed teflon sealed, heat-transferable reaction cell, and APTES
(1 mL, bulk) was immediately added to the cell. The teflon cell was cov-
ered with a glass plate. Under moisture-free conditions, the cell was
heated at 65 8C for 30 min and rinsed thoroughly with methylene chloride
and methanol. The slides were then purge-dried with nitrogen gas. Be-
forehand, a saturated solution of DSS (0.5 g; CAS #68528-80-30) in DMF
(4 mL) and diisopropylethylamine (220 mL) was prepared. A portion
(1.33 mL) of this saturated solution was added to each reaction cell. The
NHS–ACG slide was formed within 3 h with constant swirling at room
temperature. The slide was rinsed thoroughly with ethyl acetate and
purge-dried with high-quality nitrogen gas. After the teflon cell was dried
and disassembled, the slide was ready for Globo H–NH2 microarray.


Reference-Controlled NHS–Glass Slides


NHS–glass slides (from SCHOTT, North America) were used directly.
The NH2–glass slide (#40004 from Corning, Inc.) was modified by using
the same preparation method for the NHS–ACG slide. The slide was as-
sembled in a designed teflon sealed, heat-transferable reaction cell. A
portion (1.33 mL) of saturated DSS solution was added for reaction with
the NH2–glass surface. After constant swirling at room temperature for
3 h, the slide was rinsed thoroughly with ethyl acetate and purge-dried
with high-quality nitrogen gas. After the teflon cell was dried and disas-
sembled, the slides were ready for Globo H–NH2 microarray.
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Chemical Materials


All chemicals employed in the synthesis of 6 were purchased from Al-
drich or the specified individual chemical companies and used without
any further purification.


Syntheses


5 : As shown in Scheme 2, the intermediate product prepared from 3 had
to be used immediately. Therefore, this step was carried out prior to the
reaction with 4[25] (similarly with 8). Compound 1 was prepared by using
the method reported previously.


2 : In a 100-mL round-bottomed flask, a solution (13.3 mL) of TBAF (1m,


13.3 mmol) in THF was added to a mixture of 1 (2.0 g, 9.48 mmol) and
methyl-4-bromobutyrate (1.96 g, 10.8 mmol) at room temperature. The
solution was kept stirring at room temperature for 12 h, and the solvent
was evaporated under reduced pressure. The residue was extracted with
methylene chloride and saturated aqueous sodium bicarbonate. The
product was collected by evaporating the organic layer and purified by
silica-gel column chromatography (EtOAc/hexane=4:1) to afford 2
(2.9 g, 98%). 1H NMR (600 MHz, CDCl3): d=7.59 (s, 1H), 6.73 (s, 1H),
4.13 (t, J=6.2 Hz, 2H), 3.93 (s, 3H), 3.69 (d, J=9.5 Hz, 3H), 2.54 (t, J=


7.1 Hz, 2H), 2.49 (q, J=7.2 Hz, 3H), 2.20–2.13 ppm (m, 2H); 13C NMR
(150 MHz, CDCl3): d=177.9, 173.2, 128.8, 117.9, 111.1, 109.1, 108.3,
106.8, 68.5, 56.5, 51.9, 32.9, 27.9, 24.3 ppm; HRMS (ESI-TOF): m/z calcd
for C14H17NO7: 311.1005 [M+Na]+ ; found: 334.0915.


3 : Sodium borohydride (0.35 g, 9.25 mmol) was added to a solution of 2
(2.9 g, 10.9 mmol) in methanol (37 mL) at 0 8C. The ice bath was then re-
moved, and the reaction mixture was stirred at room temperature for 1 h.
The solvent was extracted under reduced pressure, and the residue was
extracted with water and ethyl acetate. The product was collected by
evaporating the organic layer and purified by silica-gel column chroma-
tography (EtOAc/hexane=4:1) to afford 3 (2.0 g, 68%). 1H NMR
(600 MHz, CD3OD): d=7.58 (s, 1H), 7.39 (s, 1H), 5.46 (q, J=6.2 Hz,
1H), 4.10 (t, J=6.2 Hz, 2H), 3.96 (s, 3H), 3.35 (s, 3H), 2.51 (t, J=7.3 Hz,
2H), 2.10 (q, J=6.4 Hz, 2H), 1.47 ppm (d, J=6.3 Hz, 3H); 13C NMR
(150 MHz, CD3OD): d=175.5, 155.6, 148.3, 140.3, 139.1, 110.2, 110.4,
69.6, 66.4, 56.8, 52.3, 31.4, 25.7, 25.3 ppm; HRMS (ESI-TOF): m/z calcd
for C14H19NO7: 313.3032 [M+Na]+ ; found: 336.1073.


5 : Compound 3 (0.60 g, 1.9 mmol) was dissolved in acetonitrile (12 mL)
in a 50-mL round-bottomed flask. DSC (0.73 g, 2.72 mmol) and triethyl-
amine (0.57 g, 5.6 mmol) were added at room temperature. The solution
was stirred at room temperature for 2.5 h. The solvent was evaporated,
and saturated aqueous sodium bicarbonate (10 mL) was added to remove
the excess reagent. The product was extracted with ethylene chloride
(10 mL) three times, and the organic layer was collected. After the sol-
vent was evaporated, the residue was dissolved in dry DMF (11.2 mL) in
a 50-mL round-bottomed flask. Compound 4 (0.33 g, 1.24 mmol) and
DIPEA were added to the solution at room temperature. The solution
was stirred overnight at room temperature and checked for completion
of the reaction by TLC with MeOH/CH2Cl2 (1:5). After removal of the
solvent, the purified product 5 (260 mg, 35%) was obtained by silica-gel
column chromatography. 1H NMR (600 MHz, CDCl3): d=7.50 (s, 1H),
6.97 (s, 1H), 6.26 (q, J=6.2 Hz, 1H), 5.32 (dd, J=5.3 Hz, J=4.2 Hz,
1H), 4.71 (br s, 1H), 4.04 (t, J=6.1 Hz, 2H), 3.88 (s, 3H), 3.88 (dd, J=


10.2 Hz, J=5.4 Hz, 1H), 3.86 (br s, 1H), 3.82 (br s, 1H), 3.73 (br s, 1H),
3.68 (dd, J=9.9 Hz, J=6.0 Hz, 1H), 3.62 (s, 3H), 3.54 (dd, J=8.3 Hz, J=


5.4 Hz, 1H), 3.41 (dd, J=9.2 Hz, J=5.0 Hz, 1H), 3.30 (dd, J=8.4 Hz, J=


5.4 Hz, 1H), 3.05 (dd, J=6.3 Hz, J=5.0 Hz, 1H), 2.99 (dd, J=6.3 Hz, J=


4.2 Hz, 1H), 2.49 (t, J=7.2 Hz, 2H), 2.11 (q, J=6.7 Hz, 2H), 1.51 (dd,
J=6.4 Hz, J=2.1 Hz, 3H), 1.48 (br s, 2H), 1.40 (q, J=7.2 Hz, 2H), 1.30–
1.21 ppm (m, 2H); 13C NMR (150 MHz, CDCl3): d =173.6, 173.2, 155.7,
154.2, 147.1, 139.6, 109.1, 108.3, 100.1, 72.3, 71.7, 71.1, 68.8, 68.3, 67.6,
66.5, 61.1, 56.5, 51.9, 41.0, 30.5, 29.8, 29.0, 24.3, 23.5, 22.3 ppm; HRMS
(ESI-TOF): m/z calcd for C26H40N2O14: 604.2408 [M+Na]+ ; found:
627.2375.


6 : At 0 8C, LiOH (36.0 mg, 0.86 mmol) was added to a solution of 5
(0.26 g, 0.43 mmol) in MeOH/H2O (4:1, 3.6 mL). The reaction was con-
ducted at room temperature for approximately 6 h until completion of


the reaction. Aqueous HCl (1n) was added to neutralize the mixture to
pH 7, and the solvent was evaporated under vacuum. The residue was pu-
rified by silica-gel column chromatography to afford 6 (0.2 g, 79%).
1H NMR (600 MHz, CD3OD): d=7.62 (s, 1H), 7.16 (s, 1H), 6.25 (d, J=


6.4 Hz, 1H), 4.71 (d, J=1.9 Hz, 1H), 4.08 (t, J=6.4 Hz, 2H), 3.95 (s,
3H), 3.82 (dd, J=2.2, 4.4 Hz, 1H), 3.76 (dd, J=4.5 Hz J=1.5 Hz, 1H),
3.72 (dd, J=3.0 Hz, J=2.1 Hz, 1H), 3.71 (dd, J=2.2, 4.0 Hz, 1H), 3.69
(br s, 1H), 3.58 (t, J=9.6 Hz, 1H), 3.50 (br s, 1H), 3.41–3.35 (m, 1H),
3.05 (t, J=6.9 Hz, 2H), 2.44 (t, J=7.4 Hz, 2H), 2.10 (q, J=6.9 Hz, 2H),
1.58 (d, J=3.3 Hz, 3H), 1.58 (q, J=6.5 Hz, 2H), 1.48 (q, J=7.0 Hz, 2H),
1.36 ppm (q, J=7.6 Hz, 2H); 13C NMR (150 MHz, CD3OD): d=179.7,
172.6, 158.1, 155.8, 141.1, 135.4, 110.1, 109.4, 101.7, 74.8, 72.7, 72.4, 70.0,
69.8, 68.7, 68.5, 63.1, 57.0, 41.7, 33.4, 30.5, 30.4, 26.6, 24.7, 22.6 ppm;
HRMS (ESI-TOF): m/z calcd for C25H38N2O14: 590.2323 [M+Na]+ ;
found: 613.2224.


Immobilization of mannose with a PCL onto the NH2–ACG slides[15] (7):
Mannose derivative 6 (11.8 mg, 0.02 mmol) was dissolved in DMF
(118 mL). With constant stirring, HBTU (11.4 mg, 0.03 mmol) and
DIPEA (7 mL, 0.042 mmol) were added consecutively to the mixture.
The complex formed within an hour with a change in the solution from
brown to reddish orange. The freshly prepared sugar solution was spotted
manually (for MS analysis) and also microarrayed on the activated ACG
slides. Microarray was constructed with a BioDot AD3200 instrument
(Agilent Technology) by robotic pin (Array It, Stealth Micro Spotting
Pin, SMP4) deposition of approximately 1.1 nL of the sugar solution per
spot of the arrays. Four or five blocks (9 mm separation between blocks)
with 10I10 (or 10I6) spots per block (100 or 60 spots, separated by
0.80 mm) were printed on each slide, and the slides were left overnight in
a sealed petri dish saturated with diisopropylethylamine vapor. On the
next day, the slides were rinsed with plenty of methanol and purge-dried
gently with high-purity nitrogen gas. The prepared sample 7 was stored
in the dark prior to MS analysis and protein-binding study.


Immobilization of lactose with a PCL onto the NH2–ACG slides:[15] Lac-
tose derivative 9 (0.08 mmol) was dissolved in DMF (3 mL). With con-
stant stirring, HBTU (40 mg, 0.1 mmol) and DIPEA (27 mL, 0.16 mmol)
were added to form the mixture of sugar complex. The complex was
formed within an hour with a change in the solution from brown to red-
dish orange. The freshly prepared sugar solution was manually spotted
and left overnight for amide bond formation in situ. On the next day, the
slides were rinsed with plenty of methanol and purge-dried gently with
high-purity nitrogen gas. The prepared sample 10 was stored in the dark
prior to MS analysis.


Immobilization of Globo H with an amine functional group onto the
NHS–ACG slides: Globo H solutions (50 mL) of various concentrations
(200, 100, 50, 5, and 1 mm) were placed in a solvent-resistant PP microar-
ray tray. A BioDot AD3200 instrument was used to microarray these
sugar solutions. Four blocks of 100 dots per block (10I10; 20 dots for
each concentration of solution) of Globo H were arrayed on an NHS–
glass slide (SCHOTT), an NHS–glass slide modified from an NH2-func-
tionalized glass slide (Corning #40004), and an NHS–ACG slide under
80% controlled relative humidity. These slides were left overnight in the
array chamber and used for protein-binding analysis the next day.


Mass Spectrometry


The immobilized slide was analyzed with a Bruker Ultraflex MALDI-
TOF mass spectrometer equipped with a nitrogen pulsed laser (355 nm).
Each data point was collected at the average of 500–1000 shots of the
laser beam, and the laser fluence was applied at 40–95%, with the best
results obtained mostly at 50–80%. A standard aqueous solution of man-
nose–NH2 was manually deposited on a defined area of the ACG slide
and used to calibrate the data obtained from the immobilized sugars on
the same slide substrate. For quantitative comparison of the grafted man-
nose derivatives at different concentrations, all analyses were made at a
single measurement of 500 shots at 80% fluence. The variation in aver-
age peak intensity with S/N ratio was plotted.
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Protein-Binding Assay


Mannose–protein-binding assay of immobilized mannose with biotinylat-
ed ConA and Cy3-tagged streptavidin: The same slide used for MS anal-
ysis was washed again with distilled water under mild sonication and
then rinsed with PBS (phosphate-buffered saline) buffer. Biotin-labeled
ConA (Invitrogen C 21420) was diluted 500–1000 times in PBST buffer
(PBS with 0.05% Tween 20). The protein solution (50 mL) was applied to
each array substrate and incubated in a Whatman 16-pad incubation
chamber. These slides were wrapped with foil and incubated for 1 h in a
shaker at room temperature. After the incubation, the slides were
washed three times with PBST buffer. Streptavidin–Cy3 (Sigma S 6402)
was diluted in PBS buffer 100 times, and the slides were covered with
aluminum foil and incubated again with streptavidin–Cy3 for another
hour. After the second incubation, the slides were washed with PBST
buffer and distilled water and then purge-dried with high-quality nitrogen
gas. The array pattern was analyzed in reflective mode with 540-nm laser
light by using the fluorescence light scanner, ArrayWoRx, made by Ap-
plied Precision. The best block on each slide was selected for statistical
fluorescence-intensity analysis.


Globo H–protein-binding assay of immobilized Globo H with monoclo-
nal antibody VK9 (IgG) from mouse and Cy3-tagged secondary anti-
body: The Globo H microarray slides were blocked with aqueous etha-
nolamine (50 mm) to remove the unreacted NHS on the slide surface.
The slides were assembled again in the reaction cell and washed with
PBS buffer (pH 7.4). Next, a solution of VK9 (1 mL, 50 mgmL�1 in each
cell), the anti-Globo H monoclonal antibody (IgG) from mouse, in PBST
(pH 7.4) was added to the cell. The binding experiment was conducted
with constant shaking for 1 h. The slide was washed three times (with
10 min constant swirling each time) with PBST buffer (pH 7.4). Cy3-
tagged goat anti-mouse IgG for VK9 was added to the cell, and the mix-
ture was incubated with shaking in the dark for 1 h. The protein-bound
slides were washed five times each with PBST buffer (pH 7.4), PBS
buffer (pH 7.4), and water and then purge-dried with nitrogen gas.
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Introduction


Poly(aryleneethynylene)s (PAEs) are one of the fundamen-
tal p-conjugated polymers and have long been the subject of
extensive research since the first synthesis reported by Ya-
mamoto and coworkers in 1984.[1] In the past two decades, a
number of PAEs possessing various arylene units have been
designed and studied.[2] Their intense absorption and fluo-
rescence of various colors convinced researchers of their
promising applications in light-emitting diodes,[3] photovolta-
ic cells,[4] and sensors.[5] For gaining their optimal properties
and functions, the crucial issue is how to sterically and elec-
tronically modify the PAE skeletons. For example, the intro-
duction of bulky substituents, such as the dendritic side
chains[6] or structurally rigid three-dimensional skeleton like
pentiptycene,[7] can effectively insulate the PAE main chain,
resulting in an intense fluorescence even in a highly concen-
trated solution or in the solid state. The electronic perturba-


tion by the substituents based on the inductive effect[8] or
resonance effect[9] also modulates the electronic structure,
and thus, the properties. In this context, we are now interest-
ed in exploiting a silyl group as a side chain for the PAEs.
We envision that the trialkylsilyl group simply works as a
bulky tertiary group to prevent the detrimental aggregation
leading to the fluorescence quenching. Moreover, the silyl
groups attached to p-conjugated systems are known to pro-
vide perturbations on the electronic structure through a s–p


or s*–p* interaction, which is responsible for the bathochro-
mic shifts in the absorption and fluorescence spectra, and
enhancement of the fluorescence intensity.[10] The silyl group
can also stabilize the anionic p-system through the hyper-
conjugative effects.[11]


In this study, we designed disilyl- and tetrasilyl-substituted
phenylenes as a new building unit for PAEs, as shown in
Figure 1. For the disilylphenylene unit, we employed a series
of trialkylsilyl groups to elucidate the effect of the alkyl
groups. In the case of the tetrasilylphenylene unit, we intro-
duced four silyl groups onto one benzene ring with a fused
tricyclic structure in order to minimize the steric congestion
of the bulky trialkylsilyl groups. We also envisioned that the
cyclic structure can effectively fix the exocyclic Si�C bonds
so as to cause the efficient s–p or s*–p* interaction. To con-
firm the effect of the tricyclic structure, we also examined
the acyclic tetrakis(trimethylsilyl)benzene as a reference
skeleton. We synthesized a series of PAEs 1–3 consisting of


Abstract: We report the synthesis and
photophysical properties of poly(aryl-
ACHTUNGTRENNUNGeneethynylene)s (PAEs) containing di-
ACHTUNGTRENNUNGsilyl- or tetrasilyl-substituted phenylene
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the disilyl- or tetrasilyl-substituted phenylene units and fluo-
rene unit, as shown in Figure 1. The PAEs consisting of a
fluorene unit generally have superior fluorescent proper-
ties.[12] Indeed, we now found that the produced polymers
showed an intense fluorescence with very narrow emission
bands. Furthermore, one of our polymers showed an ex-
tremely large radiative decay rate constant for the decay
from the singlet excited state. Notably, a large radiative
decay rate constant is one requirement for attaining an effi-
cient amplified spontaneous emission (ASE) with a low
threshold.[13] We also synthesized bis(phenylethynyl)benzene
derivatives 4–6 as the models of the PAEs (Figure 1) in
order to elucidate the structural and electronic effects of the
silyl groups. The details of the synthesis and properties of
the polymers, as well as the structural and electronic eluci-
dation of the model systems are described in this article.


Results and Discussion


Monomer Synthesis


PAEs 1a–c were synthesized from the key starting materials
9a–c, which were prepared from 1,4-dibromo-2,5-bis(trime-
thylsilylethynyl)benzene (7) in two steps, as shown in
Scheme 1. The lithium-halogen exchange reaction of 7 with
n or tBuLi followed by treatment with trialkylsilyl chlorides
or triflates produced the tetrasilylated compounds 8a–c. The


alkaline desilylation of the terminal trimethylsilyl groups
produced the disilylbenzenes 9a–c.


The synthetic routes of the 1,4-diethynyl-2,3,5,6-tetrasilyl-
benzenes are shown in Scheme 2. The key step in construct-


ing the tetrasilylphenylene skeleton is the consecutive ortho-
lithiation/silylation reaction at the ortho positions of the
bromine, which was originally reported by Lulinski and Ser-
watowski.[14] The treatment of 7 with LDA in the presence
of 1,2-bis(chlorodimethylsilyl)ethane gave a 1,4-dibromo-
2,5-disilylbenzene intermediate, which was further converted
to the ethoxysilyl-substituted 10 by treatment with EtOH
and triethylamine. The dilithiation of 10 with tBuLi was fol-
lowed by the intramolecular cyclization by nucleophilic sub-
stitution at the silicon atoms to produce the tricyclic com-
pound 11. Desilylation of the terminal trimethylsilyl groups
with K2CO3 gave the tricyclic tetrasilylbenzene 12. On the
basis of this method, the acyclic tetrakis(trimethylsilyl)-sub-
stituted derivative 15 was also synthesized.


Synthesis of Copolymers with Fluorene


With the starting materials 9a–c in hand, the Sonogashira
reactions were conducted using 2,7-diiodo-9,9-dioctylfluor-
ene. The reactions using Pd ACHTUNGTRENNUNG(PPh3)4 and CuI as the cocata-
lysts in toluene/ ACHTUNGTRENNUNG(iPr)2NH smoothly proceeded. After treat-
ment of the reaction mixture with an aqueous solution of
NH4Cl, repeated reprecipitation from poor solvents, such as
MeOH, iPrOH, and hexane, gave the spectroscopically pure
PAEs 1a–1c in good yields (Scheme 3). This condition, how-
ever, was not applicable to the synthesis of the tetrasilylphe-
nylene-containing polymers, which resulted only in unidenti-
fied brown solids. Instead, using a Pd2ACHTUNGTRENNUNG(dba)3·CHCl3/S-
phos[15] catalyst system, the polymerization proceeded well
to yield the desired polymers 2 and 3 in moderate yields. All
of the obtained polymers are stable in air and moisture, and


Figure 1. Chemical structures of silyl-substituted PAEs 1–3 and their
model compounds 4–6.


Scheme 1. Synthesis of diethynyldisilylbenzenes. Reaction conditions:
a) n or tBuLi, THF, �78 8C; b) Me3SiCl, Hex3SiCl, or iPr3SiOTf, �78 8C
to RT; c) K2CO3, MeOH/THF, RT.


Scheme 2. Synthesis of diethynyltetrasilylbenzenes. Reaction conditions:
a) 1,2-bis(chlorodimethylsilyl)ethane, LDA, THF, �78 8C to RT;
b) EtOH, Et3N, 0 8C to RT; c) tBuLi, THF, �78 8C to RT; d) K2CO3,
MeOH/THF, RT; e) Me3SiCl, LDA, THF, �78 8C to RT; f) i, LDA, THF,
�78 8C; ii, Me3SiCl, �78 8C to RT.
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soluble in common organic solvents, such as THF, CHCl3,
and CH2Cl2. As reference polymers, polymers 16 and 17,
containing unsubstituted phenylene and 2,5-bis(2-ethyl-
ACHTUNGTRENNUNGhexyloxy)-1,4-phenylene, respectively, were also prepared in
a similar manner.


The molecular weights of the polymers obtained by the
reprecipitation were estimated by the GPC measurements
using polystyrene standards. The number-average molecular
weights (Mn) of the polymers varied from 8.89103 to 1.029
105, and the degree of polymerizaton (DP) was from 11 to
180 (Table 1). For evaluation of their photophysical proper-
ties (Table 2), the high-molecular-weight samples were frac-


tionated by the preparative GPC to minimize the effect of
the terminal groups. The estimated molecular weights of
those samples are summarized in Table 1.


Structures of Tetrasilylphenylene Units


To elucidate the structural difference between the cyclic and
acyclic tetrasilylphenylene units, the bis(phenylethynyl)ben-
zene derivatives 5 and 6 were prepared by the Sonogashira
reactions of 12 and 15 with iodobenzene. The crystal struc-
tures of these compounds were determined by X-ray crystal-
lographic analysis. Their ORTEP drawings are shown in
Figure 2. The cyclic compound 5 has a fairly coplanar p-con-


jugated framework. The dihedral angle between the termi-
nal benzene and the inner silyl-substituted benzene is 12.84-


ACHTUNGTRENNUNG(0.12)8 (Figure 2a). The torsion
angle between the two adja-
cent Si�C bonds attached to
the central phenylene is
10.2(3)8, demonstrating that
the four silicon atoms lie in the
plane of the central phenylene.
In contrast, the acyclic com-
pound 6 has a highly distorted
structure (Figure 2b). The cen-
tral benzene ring has a chair
conformation like cyclohexane.
The torsion angle of the Si�C�
C�Si on the central phenylene
is as large as 42.70(16)8, and
the four silicon atoms are sig-
nificantly deviated from the


Scheme 3. Synthesis of polymers.


Table 1. Estimated Molecular Weights of PAEs.[a]


As-synthesized Fractionated
Cmpd Mn PDI[b] DP[c] Mn PDI[b] DP[c]


1a 102000 4.7 180 236000 1.9 360
1b 36000 3.7 43 50500 2.8 61
1c 15000 2.6 14 33500 1.7 31
2 8800 2.0 11 36900 1.1 46
3 11800 2.3 15 45400 1.4 57
16 21200 3.7 41 115000 1.5 220
17 52000 2.2 68 57700 1.7 75


[a] Determined by GPC in THF, using polystyrene standards. [b] Polydis-
persity index: Mw/Mn. [c] Degree of polymerization.


Table 2. Photophyiscal Properties of 1-5, 16, and 17.[a]


Absorption Fluorescence
Cmpd[b] lmax [nm][c] log e lmax [nm][c] FF


[d] ts [ns]
[e] kr [s


�1][f] knr [s
�1][g]


1a 418 4.96[h] 428 0.92 0.39 2.49109 2.19108


1b 392 4.81[h] 428 0.58 0.43 1.49109 9.89108


1c 412 4.84[h] 430 0.65 0.44 1.59109 8.09108


2 427 4.75[h] 439 0.84 0.44 1.99109 3.69108


3 410 4.53[h] 445 0.45 0.45 1.09109 1.29109


4 350 4.68 360 0.79 0.79 1.09109 2.79108


5 360 4.66 369 0.31 0.52 6.09108 1.39109


16 406 4.91[h] 417 0.67 0.33 2.09109 1.09109


17 435 4.90[h] 448 0.65 0.46 1.49109 7.69108


[a] In THF. [b] The high molecular weight samples (see Table 1) fractionated by a preparative GPC were used
for the measurements. [c] Only the longest absorption and shortest emission maximum wavelengths are given.
[d] Absolute fluorescence quantum yield, determined by a calibrated integral sphere system. [e] Lifetime of
the singlet excited state. [f] Radiative decay rate constant: kr= FF/ts. [g] Nonradiative decay rate constant:
knr= (1�FF)/ts. [h] Per repeating unit.


Figure 2. ORTEP drawings of bis(phenylethynyl)tetrasilylbenzenes a) 5
and b) 6. Thermal ellipsoids are drawn at the 50% probability. Hydrogen
atoms are omitted for clarity.
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central benzene plane. This structure is clearly a result of
the steric repulsion between the adjacent bulky trimethyl-
silyl groups. These results demonstrate the importance of
the cyclic structure for maintaining the high coplanarity.


UV/Vis Absorption and Fluorescence Spectra


The UV/Vis absorption and fluorescence spectra of the
PAEs 1–3 in THF are shown in Figure 3. The data are sum-


marized in Table 2, together with those of PAEs 16 and 17
for comparison. In the absorption spectra, PAEs 1a–c have
the longest wavelength absorption maxima in the range of
392–418 nm. The cyclic teterasilylphenylene-containing 2
has an absorption maximum at 427 nm, which is slightly
longer than those of 1a–c, arising from the effect of the silyl
groups. In the fluorescence spectra, polymers 1a–c show
sharp emission bands with the maxima around 428–430 nm,
together with broad weak vibronic bands. The cyclic-tetrasi-
lylated derivative 2 again showed a slightly longer emission
maximum at 439 nm. The acyclic one 3 also has a longer
emission maximum at 445 nm. This is presumably a result of
the highly distorted structure of the tetrasilylphenylene skel-
eton in 3, which may induce the large structural relaxation
in the excited state.


To gain a deeper insight into the photophysical properties
of the polymers, the fluorescence quantum yields (FF) were
determined using a calibrated integral sphere system, and
the fluorescence lifetimes (ts) were measured by time-re-
solved photoluminescence spectroscopy. The data are in-
cluded in Table 2. The radiative and nonradiative decay rate
constants, kr and knr, for all the polymers are calculated
from FF and ts, which are compared in Figure 4. Among the
polymers 1–3, the bis(trimethylsilyl)-substituted 1a has su-
perior properties, that is, the highest FF of 0.92 with a rather
short lifetime of 0.39 ns. These data are noteworthy because
the resulting kr, of 2.4910


9 s�1 is significantly large, which is
20% and 70% greater, compared with those of the unsubsti-
tuted 16 and alkoxy-substituted 17, respectively. This may
be close to the maximum value for organic molecules.[16] A
comparison among 1a–c, however, shows that the large kr


observed for 1a is not simply from the effect of the silyl


groups, but may be special for the trimethylsilyl group. As
for the tetrasilylphenylene derivatives, the cyclic derivative
2 also has a fairly large kr (1.9910


9 s�1) comparable to that
of 16, whereas the acyclic tetrasilylphenylene-containing 3
has only a moderate kr value of 1.09109 s�1. A common fea-
ture of 1a and 2 is their small nonradiative rate constants
knr. Their relatively rigid-coplanar structures[17] may play an
important role in these superior excited-state dynamics.


Theoretical Studies of the Silyl Effects


To study the electronic effects of the silyl groups, we carried
out theoretical calculations of the model compounds, 1,4--
ACHTUNGTRENNUNGbis(phenylethynyl)benzene 18, the disilyl-substituted 4, and
the tetrasilyl-substituted 5.


The calculations at the B3LYP/6-31G(d) level of theory
revealed how the silyl groups affect the energy levels of the
relevant molecular orbitals, as shown in Figure 5. The three
compounds, 18, 4, and 5, have similar HOMOs and LUMOs,
both of which are delocalized over the entire p-conjugated
skeleton, and the silyl groups provide trivial contribution to
these frontier orbitals without changing their energy levels.
Instead, the silyl groups affect the HOMO�2 and LUMO+


2 in the disilyl-substituted 4, through the s-p and s*-p* in-
teraction, respectively. The effect of silyl becomes more sig-
nificant in the tetrasilylated 5, and further shifts the corre-
sponding molecular orbitals to the HOMO�1 and LUMO+


1, respectively. The insignificant contribution of the silyl
groups to the HOMO and LUMO is presumably a result of
the large differences in energy between the s/s* orbitals of
the silyl group and the relevant p/p* orbitals of the bis(phe-
nylethynyl)benzene skeleton.


We also carried out the TD-DFT calculations of 18, 4,
and 5 to understand the details of the transitions. According
to the results, the longest absorption band is assigned to the
HOMO!LUMO transition without any contribution by the
other electronic configuration. The radiative rate constant,
kr, has a relationship with the wavenumber, n, of the absorp-
tion maximum and the oscillator strength, f, as shown in
Equation (1).[18]


kr / n2f ð1Þ


Figure 3. Normalized a) UV/Vis absorption and b) fluorescence spectra
of 1–3 in THF.


Figure 4. Radiative (kr, black) and nonradiative (knr, gray) decay rate
constants of 1–3, 16, and 17 in THF.
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We now paid attention to the effect of the silyl groups on
the oscillator strength, f, since the differences in the absorp-
tion maxima among these three compounds are not signifi-
cant. The TD-DFT calculations revealed that the f value
tends to decrease in the order of 18, 4, and 5. This trend was
also experimentally confirmed. Thus, the oscillator strength,
f, is experimentally detemined using Equation (2):[18]


f ¼ 4mece0


NAe2
ln 10


� �
�A ¼ 1:44� 10�19 �A ð2Þ


where me is the electron mass, c is the velocity of light, e0 is
the vacuum permittivity, NA is AvogadroOs number, and e is
the elementary charge. A is the integral extinction coeffi-
cient defined by the Equation (3):[18]


A ¼
Z


eðuÞdu ð3Þ


where e is the extinction coefficient and n is the wavenum-
ber. The oscillator strength, fobs, was calculated using the ob-
served absorption spectra shown in Figure 6. As summarized


in Table 3, the fobs decreased as the number of silyl groups
increased. We can thus conclude that the incorporation of
the silyl groups to the present p-conjugated skeleton results
in a decrease in the oscillator strength of the transition.[19]


Figure 6. Absorption spectra of model compounds 18, 4, and 5 in THF.


Figure 5. Molecular orbital energy diagram for 18, 4, and 5, calculated at the B3LYP/6-31G(d) level of theory and pictorial representation of the relevant
molecular orbitals.
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This finding of the silyl effect raises two new questions.
One is how the silyl groups affect the oscillator strength of
the HOMO!LUMO transition despite the trivial contribu-
tion of the silyl groups to the HOMO and LUMO. The care-
ful inspection of the composition of these frontier orbitals in
terms of the eigenvalue of each atomic orbital revealed that
although the contribution of the silyl groups to the HOMO
is indeed neglegible, the p orbitals of the silicon atoms,
namely the s* orbitals of the exocylcic Si�C bonds, slightly
participate in the LUMO. This subtle contribution may be
responsible for the silyl effect on f. The other question is the
discrepancy between the trends in the oscillator strength, f,
and kr. Even in the case of these model systems, the kr of 4
(kr=1.09109 s�1) and 5 (6.09108 s�1; Table 2) are much
greater than that of the unsubstituted 18 (1.959108 s�1).[20]


This is not consistent with the trend in the oscillator
strength, f and this discrepancy is still to be understood at
this moment.


Conclusions


We have succeeded in synthesizing a series of poly(arylene-
ACHTUNGTRENNUNGethynylene)s containing disilyl- and tetrasilyl-phenylenes as
a key building unit. The incorporation of the silyl groups ef-
fectively produced superior fluorescence properties. Some of
the produced polymers, such as 1a and 2, exhibit an intense
fluorescence (FF 0.92 for 1a and 0.84 for 2) with large kr


values of 2.49109 and 1.99109 s�1, respectively. The develop-
ment of materials having high fluorescence quantum yields
with large kr values is one way of exploring the promising
materials for organic lasers, as it is reported that the kr is in
inverse proportion to the lasing threshold.[13] Further investi-
gations are now in progress on the synthesis of various p-
conjugated polymers using disilyl- and tetrasilyl-substituted
phenylene, as well as the rationalization of the effect of the
silyl groups attached to the p-conjugated frameworks.


Experimental Section


General


Melting points (m.p.) were measured on a Stanford Research System Op-
tiMelt MPA100. 1H and 13C NMR spectra were recorded with a JEOL A-


400 spectrometer in CDCl3, C6D6, or [D8]toluene (400 MHz for 1H and
100 MHz for 13C). UV/Vis absorption spectra and fluorescence spectra
measurements were performed with a Shimadzu UV-3150 spectrometer
and a Hitachi F-4500 spectrometer, respectively, in spectral grade sol-
vents. Quantum yields were determined with a Hamamatsu C9920-02
calibrated integral sphere system. Fluorescence lifetimes were measured
with a Hamamatsu C4780 measurement system equipped with a picosec-
ond light pulser PLP-10 (LED wavelength: 375 nm or 405 nm). Thin-
layer chromatography (TLC) was performed on plates coated with
0.25 mm thick silica gel 60F-254 or Aluminum oxide 150 F-254 (Merck).
Column chromatography was performed with a PSQ 60B (Fuji Silysia) or
Aluminum oxide 150 (type T) (Merck). Preparative gel-permeation chro-
matography (GPC) was performed with a JAI LC-918 chromatograph
equipped with JAIGEL 1H and 2H columns. The analytical GPC meas-
urements were performed with a Shimadzu LC-10AD liquid chromato-
graph equipped with Shimadzu Shim-pack GPC-801, GPC-8025, GPC-
803, GPC-805 columns using THF as an eluent. The molecular weights
were calculated using the polystyrene standards. Compounds 7,[21] 8b,[22]


9b,[22] and 2,7-diiodo-9,9-dioctylfluorene[23] were prepared according to
the literature. All reactions were carried out under argon atmosphere.


Synthesis of Starting Materials


8a : 1,4-Bis(trimethylsilyl)-2,5-bis(trimethylsilylethynyl)benzene: To a so-
lution of 7 (6.00 g, 14.0 mmol) in ether (35 mL) was added a hexane solu-
tion of nBuLi (1.6m, 21.8 mL, 34.9 mmol) dropwise at �78 8C. The mix-
ture was stirred at the same temperature for 10 h. Trimethylsilyl chloride
(4.30 mL, 33.6 mmol) was added to the reaction mixture using a syringe.
The reaction mixture was gradually warmed to room temperature and
stirred for 19 h and concentrated under reduced pressure. The resulting
mixture was purified by silica-gel column chromatography (hexane, Rf=


0.60) to afford a colorless solid (8a, 5.63 g, 13.6 mmol, 97% yield): m.p.
118 8C (subl); 1H NMR (CDCl3): d=7.56 (s, 2H), 0.36 (s, 18H), 0.25 ppm
(s, 18H); 13C NMR (CDCl3): d=142.9, 137.9, 127.2, 106.7, 98.9, �0.3,
�1.4 ppm; HRMS (EI): m/z (%) calcd for C22H38Si2: 414.2051 [M+];
found: 414.2055.


8c : 1,4-Bis(trihexylsilyl)-2,5-bis(trimethylsilylethynyl)benzene: To a solu-
tion of 7 (1.50 g, 3.50 mmol) in ether (20 mL) was added a hexane solu-
tion of nBuLi (1.6m, 5.42 mL, 8.66 mmol) dropwise at �78 8C. The mix-
ture was stirred at the same temperature for 5 h. Trihexylsilyl chloride
(2.82 mL, 7.70 mmol) was added to the reaction mixture using a syringe.
The reaction mixture was gradually warmed to room temperature and
stirred for 18 h and concentrated under reduced pressure. The resulting
mixture was purified by silica-gel column chromatography (hexane, Rf=


0.83) to afford a colorless oil (8c, 2.53 g, 3.03 mmol, 67% yield):
1H NMR (CDCl3): d =7.47 (s, 2H), 1.35–1.18 (m, 48H), 0.95–0.83 (m,
30H), 0.26 ppm (s, 18H); 13C NMR (CDCl3): d=141.0, 139.6, 127.6,
107.5, 98.4, 33.8, 31.8, 24.1, 22.9, 14.4, 12.1 0.1 ppm; HRMS (FAB): m/z
(%) calcd for C52H98Si4: 834.6746 [M+]; found: 834.6758.


9a : 1,4-Diethynyl-2,5-bis(trimethylsilyl)benzene: To a mixture of 8a
(5.63 g, 13.6 mmol) and K2CO3 (394 mg, 2.85 mmol) was added a THF/
MeOH (1:1, 50 mL) mixed solvent and stirred at room temperature for
22 h. The reaction mixture was concentrated under reduced pressure and
purified by silica-gel column chromatography (hexane, Rf=0.60) to give
a colorless solid (9a, 3.66 g, 13.5 mmol, 99% yield): m.p. 99 8C (subl);
1H NMR (CDCl3): d=7.61 (s, 2H), 3.31 (s, 2H), 0.36 (s, 18H); 13C NMR
(CDCl3): d 143.2, 138.5, 126.6, 85.1, 81.7 ppm, �1.3; HRMS (FAB): m/z
(%) calcd for C16H22Si2: 270.1260 [M+]; found: 270.1264.


9c : 1,4-Diethynyl-2,5-bis(trihexylsilyl)benzene: To a mixture of 8c
(2.52 g, 3.03 mmol) and K2CO3 (88.7 mg, 0.64 mmol) was added a THF/
MeOH (1/1, 20 mL) mixed solvent and stirred at room temperature for
20 h. After addition of an aqueous solution of HCl (1m), the organic
layer was separated and the aqueous layer was extracted with diethyl
ether. The combined organic layer was dried over MgSO4, filtered, and
concentrated under reduced pressure. The resulting product was purified
by silica-gel column chromatography (hexane, Rf=0.83) to give a yellow
oil (9c, 1.37 g, 1.99 mmol, 66% yield): 1H NMR (CDCl3): d=7.53 (s,
2H), 3.27 (s, 2H), 1.35–1.15 (m, 48H), 0.98–0.80 ppm (m, 30H);
13C NMR (CDCl3): d=141.2, 139.6, 126.7, 85.5, 81.1, 33.3, 31.4, 23.8, 22.6,


Table 3. Observed and Calculated Transition Energies and Oscillator
Strengths of 18, 4 and 5.


Observed[a] Calculated[b]


Cmpd labs [nm][c] (eV) emax (log emax) fobs
[d] labs [nm] (eV) fcalc


[d,e]


18 319 (3.78) 59800 (4.78) 1.31 344 (3.61) 1.83
4 331 (3.75) 48500 (4.68) 1.03 344 (3.61) 1.36
5 342 (3.64) 45900 (4.66) 0.97 352 (3.52) 1.21


[a] In THF. [b] Calculated at the B3LYP/6-31G(d) level of theory. Crystal
structures determined by X-ray crystallography were used for the single
point TD-DFT calculations. [c] Only the strongest absorption wave-
lengths are given. [d] Oscillator strength. [e] In all the compounds, the
absorption bands are assigned to the HOMO!LUMO transition.


Chem. Asian J. 2008, 3, 1456 – 1464 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1461


Disilyl- and Tetrasilyl-phenylene as a Key Unit for Poly(aryleneethynylene)s







14.1, 11.9 ppm; HRMS (EI): m/z (%) calcd for C46H82Si2: 690.5955 [M+];
found: 690.5974.


10 : 1,4-Dibromo-2,5-bis{[2-(ethoxydimethylsilyl)ethyl]dimethylsilyl}-3,6-
(trimethylsilylethynyl)benzene:To a mixture of 7 (8.57 g, 20.0 mmol) and
1,2-bis(chlorodimethylsilyl)ethane (21.5 g, 100 mmol) in THF (150 mL)
was added a solution of lithium diisopropylamide (LDA) that was freshly
prepared from (iPr)2NH (6.20 mL, 44.0 mmol), and a hexane solution of
nBuLi (1.6m, 27.5 mL, 44.0 mmol) at �78 8C. The reaction mixture was
allowed to warm to room temperature and stirred for 14.5 h. Et3N
(34.0 mL, 244 mmol) and EtOH (14.3 mL, 244 mmol) were added to the
mixture at 0 8C followed by stirring for an additional 1 h. The reaction
mixture was filtered by celite


S


and the filtrate was concentrated under re-
duced pressure. The resulting product was purified by aluminum column
chromatography (50:1 hexane/ethyl acetate, Rf=0.55) to give a yellow oil
(10, 9.91 g, 12.3 mmol, 62% yield): 1H NMR ACHTUNGTRENNUNG(C6D6) d =3.49 (q, 3JHH=


7.1 Hz, 4H), 1.19–1.14 (m, 4H), 1.09 (t, 3JHH=7.1 Hz, 6H) , 0.66–0.64 (m,
4H), 0.62 (s, 12H) , 0.22 (s, 18H) , 0.07 ppm (s, 12H); 13C NMR (C6D6)
d=142.8, 131.8, 129.3, 104.8, 102.3, 54.6, 15.3, 5.7, 5.6, �1.5, �4.1,
�6.1 ppm; HRMS (APCI): m/z (%) calcd for C32H61Br2O2Si6: 803.1654
[M+H]+ ; found: 803.1648.


11: 1,1,4,4,5,5,8,8-Octamethyl-9,10-bis(trimethylsilylethynyl)-
1,2,3,4,5,6,7,8-octahydro-1,4,5,8-tetrasilaanthracene: To a solution of 10
(9.50 g, 11.8 mmol) in THF (100 mL) was added a pentane solution of
tBuLi (1.58m, 31.5 mL, 49.8 mmol) dropwise at �78 8C. The mixture was
allowed to warm to room temperature and stirred for 45 h. After addition
of an aqueous solution of NH4Cl (5%) to the mixture, the organic layer
was separated and the aqueous layer was extracted with ether. The com-
bined organic layer was washed with brine, dried over MgSO4, filtered,
and concentrated under reduced pressure. The resulting crude product
was added to hexane and the soluble impurity was removed by filtration.
The collected insoluble mixture was purified by recrystallization from
ethyl acetate to givea colorless solid (11, 4.31 g, 7.77 mmol, 66% yield):
m.p. 220.7–220.9 8C; 1H NMR ACHTUNGTRENNUNG(CDCl3) d=0.40 (s, 36H), 0.24 ppm (s,
18H); 13C NMR (CDCl3) d=149.0, 133.9, 109.0, 105.1, 8.7, �0.6,
�1.5 ppm; HRMS (FAB): m/z (%) calcd for C28H50Si6: 554.2528 [M+];
found: 554.2515.


12 : 9,10-Diethynyl-1,1,4,4,5,5,8,8-octamethyl-1,2,3,4,5,6,7,8-octahydro-
1,4,5,8-tetrasilaanthracene: To a mixture of 11 (223 mg, 0.40 mmol) and
K2CO3 (11.0 mg, 0.080 mmol) was added a MeOH/THF (3:4, 14 mL)
mixed solvent. The mixture was stirred at room temperature for 21 h,
then concentrated under reduced pressure. The crude product was puri-
fied by silica-gel column chromatography (hexane, Rf=0.63) to afford a
colorless solid (12, 157 mg, 0.38 mmol, 95% yield): m.p. 234.9–238.0 8C
(dec); 1H NMR ACHTUNGTRENNUNG(CDCl3) d =3.54 (s, 2H), 0.91 (s, 8H), 0.41 ppm (s, 24H);
13C NMR (CDCl3) d =149.5, 133.2, 88.2, 87.4, 8.7, �1.3 ppm; HRMS
(FAB): m/z (%) calcd for C22H34Si4: 410.1738 [M+]; found: 410.1725.


13 : 1,4-Dibromo-2,5-bis(trimethylsilyl)-3,6-(trimethylsilylethynyl)ben-
zene: To a mixture of 7 (1.50 g, 3.50 mmol) and trimethylsilyl chloride
(1.80 mL, 14.0 mmol) in THF (7 mL), was added a THF solution of LDA
that was freshly prepared from (iPr)2NH (1.10 mL, 7.70 mmol) and a
hexane solution of nBuLi (1.6m, 4.83 mL, 7.70 mmol) at �78 8C. The re-
action mixture was stirred at the same temperature for 3 h and was al-
lowed to warm to room temperature over 4 h. After addition of Et3N
(1 mL) and ethanol (0.5 mL) to quench the excess silyl chloride, an aque-
ous solution of NH4Cl (5%) was added. The organic layer was separated
and the aqueous layer was extracted with ether. The combined organic
layer was washed with brine, dried over MgSO4, filtered, and concentrat-
ed under reduced pressure. The resulting mixture was purified by silica-
gel column chromatography (hexane, Rf=0.55). The crude product was
purified by recrystallization from ethyl acetate to afford a colorless solid
(13, 1.88 g, 3.26 mmol, 93% yield): m.p. 176.3–177.1 8C; 1H NMR
(CDCl3) d=0.53 (s, 18H), 0.26 ppm (s, 18H); 13C NMR (CDCl3) d=


146.1, 134.4, 131.9, 108.1, 105.0, 3.3, �0.6 ppm; HRMS (FAB): m/z (%)
calcd for C22H36Si4Br4: 570.0261 [M+]; found: 570.0256 .


14 : 1,2,4,5-Tetrakis(trimethylsilyl)-3,6-bis(trimethylsilylethynyl)benzene:
To a solution of 13 (859 mg, 1.50 mmol) in THF (3 mL) was added a pen-
tane solution of tBuLi (1.58m, 4. 0 mL, 6.32 mmol) dropwise at �78 8C.
The mixture was stirred at the same temperature for 1.5 h. Trimethylsilyl


chloride (571 mL, 4.50 mmol) was added dropwise. The reaction mixture
was allowed to warm to room temperature followed by stirring for 21 h.
After addition of Et3N (0.5 mL) and ethanol (0.25 mL) to quench the
excess silyl chloride, an aqueous solution of NH4Cl (5%) was added. The
organic layer was separated and the aqueous layer was extracted with
ether. The combined organic layer was washed with brine, dried over
MgSO4, filtered, and concentrated under reduced pressure. The resulting
mixture was purified by silica-gel column chromatography (hexane, Rf=


0.55). The crude product was purified by recrystallization from ethyl ace-
tate to afford a colorless solid (14, 205 mg, 0.37 mmol, 37% yield): m.p.
160.3–160.6 8C; 1H NMR (CDCl3) d =0.40 (s, 36H), 0.24 ppm (s, 18H);
13C NMR (CDCl3) d =150.7, 132.7, 109.0, 103.8, 2.7, �0.5 ppm; HRMS
(FAB): m/z (%) calcd for C28H54Si6: 558.2841 [M+]; found: 558.2831.


15 : 1,4-Diethynyl-2,3,5,6-tetrakis(trimethylsilyl)benzene: To a mixture of
14 (183 mg, 0.327 mmol) and K2CO3 (10.0 mg, 0.072 mmol) was added a
MeOH/THF (1:2, 3 mL) mixed solvent. The mixture was stirred at room
temperature for 20 h. After being concentrated under reduced pressure,
the resulting mixture was purified by silica-gel column chromatography
(hexane, Rf=0.48) to afford a colorless solid (15, 115 mg, 0.28 mmol,
85% yield): m.p. 156 8C (dec); 1H NMR (CDCl3) d=3.50 (s, 2H),
0.40 ppm (s, 36H); 13C NMR (CDCl3) d=151.1, 131.8, 87.3, 87.0,
2.7 ppm; HRMS (FAB): m/z (%) calcd for C22H38Si4: 414.2051 [M+];
found: 414.2060.


Synthesis of Reference Compounds


5 : 1,1,4,4,5,5,8,8-Octamethyl-9,10-bis(phenylethynyl)-1,2,3,4,5,6,7,8-octa-
hydro-1,4,5,8-tetrasilaanthracene: To a mixture of 12 (125 mg,
0.304 mmol), Pd2 ACHTUNGTRENNUNG(dba)3·CHCl3 (5.1 mg, 4.9 mmol), CuI (1.9 mg, 10 mmol),
and 2-(dicyclohexylphosphanyl)biphenyl (3.5 mg, 10 mmol) was added a
toluene/ ACHTUNGTRENNUNG(iPr)2NH (3:1, 2.4 mL) degassed mixed solvent and iodobenzene
(72.0 mL, 0.638 mmol). The mixture was stirred at 100 8C for 72 h. After
cooling to room temperature, an aqueous solution of NH4Cl (5%) was
added to the reaction mixture. The organic layer was separated and the
aqueous layer was extracted with CHCl3. The combined organic layer
was washed with brine, dried over MgSO4, filtered, and concentrated
under reduced pressure. The resulting mixture was purified by silica-gel
column chromatography (50:1 hexane/toluene, Rf=0.33) to afford a col-
orless solid (5, 111 mg, 0.20 mmol, 64% yield): m.p. 242.4 8C (dec);
1H NMR (CDCl3) d=7.54–7.52 (m, 4H,), 7.40–7.36 (m, 6H), 0.98 (s,
8H), 0.50 ppm (s, 24H); 13C NMR (CDCl3) d=148.9, 133.8, 130.8, 128.6,
128.3, 12.7, 98.7, 94.2, 8.8, �1.4 ppm; HRMS (FAB): m/z (%) calcd for
C34H42Si4: 562.2364 [M+]; found: 562.2352.


6 : 1,4-Bis(phenylethynyl)-2,3,5,6-tetrakis(trimethylsilyl)benzene: This
compound was prepared essentially in the same manner as described for
5. Using 15 (127 mg, 0.305 mmol), iodobenzene (80 mL, 0.72 mmol), Pd2


ACHTUNGTRENNUNG(dba)3·CHCl3 (3.3 mg, 3.2 mmol), CuI (1.3 mg, 6.8 mmol), and 2-(dicyclo-
hexylphosphanyl)biphenyl (2.1 mg, 6.1 mmol), afforded a yellow solid (6,
111 mg,0.20 mmol, 64% yield): m.p. 192.6–193.6 8C; 1H NMR (CDCl3)
d=7.55–7.52 (m, 4H), 7.41–7.35 (m, 6H), 0.48 ppm (s, 36H); 13C NMR
(CDCl3) d =150.5, 132.8, 130.7, 128.5, 128.1, 124.0, 97.8, 94.1, 2.8 ppm;
HRMS (FAB): m/z (%) calcd for C34H46Si4: 566.2677 [M+]; found:
566.2695.


Synthesis of PAEs


Polymer 1a : To a mixture of 9a (50.0 mg, 0.185 mmol), 2,7-diiodo-9,9-di-
octylfluorene (118.7 mg, 0.185 mmol), Pd ACHTUNGTRENNUNG(PPh3)4 (2.3 mg, 2.0 mmol), and
CuI (1.2 mg, 6.3 mmol) was added a toluene/ ACHTUNGTRENNUNG(iPr)2NH (3:1, 2 mL) de-
gassed mixed solvent. The reaction mixture was stirred at 100 8C for 24 h.
After cooling to room temperature, an aqueous solution of NH4Cl (5%)
was added to the reaction mixture. The organic layer was separated and
the aqueous layer was extracted with CHCl3. The combined organic layer
was dried over MgSO4, filtered, and concentrated under reduced pres-
sure. The resulting mixture was dissolved into a small amount of THF
and poured into a vigorously stirred MeOH solution to form a precipi-
tate. The reprecipitation was repeated using hexane as the poor solvent
to afford a yellow solid (1a, 108 mg, 89% yield): 1H NMR (CDCl3): d=


7.77–7.67 (m, 4H), 7.54–7.46 (m, 4H), 1.30–0.95 (m, 24H), 0.82 (t, 3JHH=


6.8 Hz, 6H), 0.60–0.25 ppm (m, 22H); 13C NMR (CDCl3): d=151.6,
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143.1, 141.0, 138.0, 130.6, 127.5, 126.1, 122.4, 120.5, 95.1, 92.3, 55.6, 40.6,
32.1, 30.3, 29.6, 29.5, 24.1, 23.0, 14.4, �0.7 ppm; Mn=1.029105, Mw=


4.789105, Mw/Mn=4.68.


Polymer 1b: This polymer was prepared essentially in the same manner
as described for 1a using 9b (53.2 mg, 0.121 mmol), 2,7-diiodo-9,9-dio-
ctylfluorene (77.9 mg, 0.121 mmol), PdACHTUNGTRENNUNG(PPh3)4 (1.8 mg, 1.6 mmol), CuI
(1.2 mg, 6.3 mmol), and toluene/ ACHTUNGTRENNUNG(iPr)2NH (3:1, 2 mL). The obtained crude
product was purified by repeated reprecipitation from MeOH and then
from iPrOH to give a yellow solid (1b, 81 mg, 79% yield): 1H NMR
(CDCl3): d =7.76 (s, 2H), 7.74–7.66 (m, 2H), 7.55–7.45 (m, 4H), 1.83 (7,
3JHH=7.6 Hz, 6H), 1.35–0.99 (m, 64H), 0.82 ppm (t, 3JHH=6.8 Hz, 6H);
13C NMR (CDCl3): d=151.1, 140.6, 138.3, 131.1, 130.1, 127.9, 125.6,
122.3, 120.1, 93.5, 92.9, 55.1, 40.3, 31.8, 30.1, 29.3, 29.2, 23.9, 22.6, 19.1,
14.1, 12.1 ppm; Mn=3.609104, Mw=1.339105, Mw/Mn=3.70.


Polymer 1c : This polymer was prepared essentially in the same manner
as described for 1a using 9c (70.1 mg, 0.101 mmol), 2,7-diiodo-9,9-dio-
ctylfluorene (65.1 mg, 0.101 mmol), PdACHTUNGTRENNUNG(PPh3)4 (1.3 mg, 1.1 mmol), CuI
(2.0 mg, 11 mmol), and toluene/ ACHTUNGTRENNUNG(iPr)2NH (3:1, 2 mL). The obtained crude
product was purified by repeated reprecipitation from MeOH and then
from iPrOH to give a yellow solid (1c, 100 mg, 92% yield): d=7.74–7.68
(m, 2H), 7.66 (s, 2H), 7.56–7.50 (m, 4H), 1.42–0.98 (m, 88H), 0.92–
0.80 ppm (m, 24H); 13C NMR (CDCl3): d=151.2, 140.7, 138.9, 131.3,
130.3, 127.3, 125.7, 122.2, 120.0, 94.1, 92.3, 55.2, 40.4, 33.5, 31.8, 31.5, 30.2,
29.4, 29.3, 23.9, 23.8, 22.6, 22.5, 14.2, 14.1, 12.1 ppm; Mn=1.509104, Mw=


3.879104, Mw/Mn=2.57.


Polymer 2 : This polymer was prepared essentially in the same manner as
described for 1a using 12 (79.3 mg, 0.193 mmol), 2,7-diiodo-9,9-dioctyl-
fluorene (124 mg, 0.193 mmol), Pd2 ACHTUNGTRENNUNG(dba)3·CHCl3 (2.0 mg, 1.9 mmol), CuI
(0.8 mg, 4.2 mmol), 2-(dicyclohexylphosphanyl)biphenyl (1.4 mg,
4.0 mmol), and toluene/ ACHTUNGTRENNUNG(iPr)2NH (3:1, 2 mL). The obtained crude product
was purified by repeated reprecipitation from MeOH and then iPrOH to
give a yellow solid (2, 84 mg, 55% yield): 1H NMR (CDCl3): d =7.76–
7.74 (m, 2H), 7.55–7.35 (m, 4H), 3.54 (s, terminal unit), 2.12–1.86 (m,
4H), 1.25–1.14 (m, 22H), 1.05–0.99 (m, 8H, containing terminal unit),
0.84 (t, 3JHH=6.8 Hz, 6H), 0.58–0.46 ppm (m, 24H, containing terminal
unit); 13C NMR (CDCl3): d=151.5, 148.9, 140.5, 133.8, 130.8, 129.7, 125.4,
122.4, 120.2, 99.8, 94.9, 55.0, 39.9, 31.8, 29.9, 29.2, 29.2, 23.9, 22.6, 14.1,
8.8, �1.3 ppm; Mn=8.779103, Mw=1.769104, Mw/Mn=2.01.


Polymer 3 : This polymer was prepared essentially in the same manner as
described for 1a using 15 (81.3 mg, 0.196 mmol), 2,7-diiodo-9,9-dioctyl-
fluorene (126 mg, 0.196 mmol), Pd2 ACHTUNGTRENNUNG(dba)3·CHCl3 (2.1 mg, 2.0 mmol), CuI
(0.8 mg, 4.2 mmol), 2-(dicyclohexylphosphanyl)biphenyl (1.4 mg,
4.0 mmol), and toluene/ ACHTUNGTRENNUNG(iPr)2NH (3:1, 2.4 mL). The obtained crude prod-
uct was purified by reprecipitation from iPrOH to give a yellow solid (3,
102 mg, 65% yield): 1H NMR (CDCl3): d=7.85–7.65 (m, 2H), 7.60–7.45
(m, 4H), 3.54 (s, terminal unit), 2.14–1.82 (m, 4H), 1.30–0.95 (m, 22H),
0.83 (t, 3JHH=7.1 Hz, 6H), 0.55–0.35 ppm (m, 36H, containing terminal
unit); 13C NMR (CDCl3): d=151.3, 150.6, 140.3, 132.8, 129.6, 125.3, 122.7,
120.1, 98.9, 94.7, 55.0, 40.0, 31.8, 30.9, 29.2, 29.2, 23.9, 22.6, 14.1, 2.9, 1.7
(terminal unit), 1.3 ppm (terminal unit); Mn=1.189104, Mw=2.789104,
Mw/Mn=2.35.


Polymer 16 : This polymer was prepared essentially in the same manner
as described for 1a using 1,4-diethynylbenzene (63.0 mg, 0.499 mmol),
2,7-diiodo-9,9-dioctylfluorene (320.9 mg, 0.499 mmol), Pd ACHTUNGTRENNUNG(PPh3)4 (5.4 mg,
4.7 mmol), CuI (2.2 mg, 12 mmol), and toluene/ ACHTUNGTRENNUNG(iPr)2NH (3:1, 40 mL). The
obtained crude product was purified by reprecipitation from iPrOH to
give a yellow solid (16, 229 mg, 86% yield): 1H NMR (CDCl3): d =7.76–
7.65 (m, 2H), 7.65–7.45 (m, 8H), 1.98 (br, 2H), 1.30–0.98 (m, 22H), 0.89–
0.77 (m, 8H), 0.62 ppm (br, 2H); 13C NMR (CDCl3): d =150.8, 140.5,
131.2, 130.5, 125.7, 122.8, 121.4, 119.7, 92.1, 89.3, 55.1, 40.0, 31.5, 29.7,
29.6, 28.9, 23.4, 22.3, 13.8 ppm; Mn=2.129104, Mw=7.779104, Mw/Mn=


3.66.


Polymer 17: This polymer was prepared essentially in the same manner
as described for 1a using 1,4-diethynyl-2,5-bis(2-ethylhexyloxy)benzene
(52.5 mg, 0.137 mmol), 2,7-diiodo-9,9-dioctylfluorene (88.2 mg,
0.137 mmol), PdACHTUNGTRENNUNG(PPh3)4 (6.6 mg, 5.7 mmol), CuI (2.5 mg, 13 mmol), and
toluene/ ACHTUNGTRENNUNG(iPr)2NH (3:1, 15 mL). The obtained crude product was purified
by reprecipitation from MeOH to give a yellow solid (17, 91 mg, 86%


yield): 1H NMR (CDCl3): d=7.73–7.65 (m, 2H), 7.58–7.48 (m, 4H), 7.07
(s, 2H), 4.02–3.91 (m, 4H), 1.92–0.78 ppm (m, 64H); 13C NMR (CDCl3):
d=153.9, 151.0, 140.7, 130.6, 125.9, 122.1, 119.9, 116.3, 113.8, 96.0, 86.6,
71.9, 55.1, 40.8, 39.6, 31.8, 30.7, 30.6, 30.1, 29.3, 29.1, 24.1, 23.7, 23.1, 22.6,
14.1, 14.0, 11.4 ppm; Mn=5.209104, Mw=1.149105, Mw/Mn=2.19.


X-Ray Crystal Structure Analysis


5 : Single crystals of 5 suitable for X-ray crystal analysis were obtained by
recrystallization from ethyl acetate. Intensity data were collected at
123 K on a Rigaku Single Crystal CCD X-ray Diffractometer (Saturn 70
with MicroMax-007) with a MoKa radiation (l =0.71070 T) and a graph-
ite monochromator. A total of 21450 reflections were measured at a
maximum 2q angle of 50.08, of which 2867 were independent reflections
(Rint=0.01594). The structure was solved by direct methods (SHELXS-
97[24]) and refined by the full-matrix least-squares on F2 (SHELXL-97[24]).
All non-hydrogen atoms were refined anisotropically and all hydrogen
atoms were placed using AFIX instructions. The crystal data are as fol-
lows: C34H42Si4; FW=563.04, crystal size 0.1590.1290.10 mm3, tetrago-
nal, P42/n (#86), a=18.0686(5) T, b=18.0686(5) T, c=9.9689(4) T, V=


3254.59(18) T3, Z=4, 1cald=1.149 gcm�3. The refinement converged to
R1=0.0519, wR2=0.1161 (I>2s(I)), GOF=1.126. CCDC 682412 con-
tains the supplementary crystallographic data for this compound. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.


6 : Single crystals of 6 suitable for X-ray crystal analysis were obtained by
recrystallization from ethyl acetate. Intensity data were collected at
173 K on a Rigaku Single Crystal CCD X-ray Diffractometer (Saturn 70
with MicroMax-007) with a MoKa radiation (l =0.71070 T) and a graph-
ite monochromator. A total of 11303 reflections were measured at a
maximum 2q angle of 51.08, of which 3116 were independent reflections
(Rint=0.0282). The structure was solved by direct methods (SHELXS-
97[24]) and refined by the full-matrix least-squares on F2 (SHELXL-97[24]).
All non-hydrogen atoms were refined anisotropically and all hydrogen
atoms were placed using AFIX instructions. The crystal data are as fol-
lows: C34H46Si4; FW=567.07, crystal size 0.2090.2090.10 mm3, monoclin-
ic, P21/c (#14), a=12.481(2) T, b=10.1186(19) T, c=13.259(3) T, b=


90.351(3)8, V=1674.5(6) T3, Z=2, 1cald=1.125 gcm�3. The refinement
converged to R1=0.0337, wR2=0.0885 (I>2s(I)), GOF=1.052.
CCDC 682413 contains the supplementary crystallographic data for this
compound. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_
request/cif.


Theoretical Calculations


Molecular orbital calculations were performed using the Gaussian 98
program.[25] Single point calculations of 18, 4, and 5 at the B3LYP/6-
31G(d) level of theory were carried out using the geometries derived
from the crystal structures. The time-dependent density functional theory
(TD-DFT) calculations were conducted at the B3LYP/6-31G(d) level of
theory.
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Introduction


Nucleophilic addition reactions of enolate equivalents to
imines, the so-called Mannich-type reactions, represent a
fundamental class of carbon–carbon bond-forming reac-
tions.[1] Because this transformation can produce a stereo-
genic carbon center connected to a nitrogen atom, the Man-
nich adducts find many applications in the synthesis of natu-
ral and unnatural compounds. Therefore, the development
of efficient methods for catalytic asymmetric Mannich-type
reactions is of great interest.[2,3] In addition to reactions
using preformed metal enolates,[4,5] the direct Mannich-type


reaction has attracted much attention, and the use of simple
aldehydes and ketones has become feasible as a result of the
development of ingenious catalysts, including basic metal
catalysts and organocatalysts.[6–8] In contrast, the reaction of
readily enolizable 1,3-dicarbonyl compounds has not been
intensively investigated. Before our preliminary report,[9]


there had been only a few examples of the Mannich-type re-
action using such pronucleophiles. Jørgensen and co-workers
reported the reactions of b-ketoesters with highly activated
N-Ts imino acetate (Ts=p-toluenesulfonyl).[10] Terada re-
ported the organocatalytic reactions of acetylacetone with
N-Boc imines (Boc= tert-butoxycarbonyl).[8d] Unfortunately,
the scope of the available imines and dicarbonyl compounds
was not fully investigated in their work. Recently, Shaus,
Deng, and Dixon independently reported catalytic asymmet-
ric Mannich-type reactions of 1,3-dicarbonyl compounds to
acylimines using cinchona alkaloid derivatives.[11, 12] They
successfully demonstrated the conversion of the Mannich
adducts to optically active, biologically important com-
pounds such as dihydropyrimidones, highlighting the syn-
thetic utility of these reactions. As a powerful tool for the


Abstract: This paper describes catalytic
asymmetric Mannich-type reactions of
b-ketoesters and malonates using chiral
palladium complexes. Although readily
enolizable, carbonyl compounds are at-
tractive substrates, the use of such
compounds as nucleophiles in Man-
nich-type reactions has not been exten-
sively investigated. In the presence of
chiral Pd aqua complexes (2.5 mol%),
b-ketoesters reacted with various N-
Boc imines (Boc= tert-butoxycarbonyl)
to afford the desired b-aminocarbonyl
compounds in good yield with high to


excellent stereoselectivity (up to 96:4
d.r., 95–99% ee in most cases). In these
reactions, construction of highly crowd-
ed vicinal quaternary and tertiary
carbon centers was achieved in one
step. A chiral Pd enolate is considered
to be the key intermediate. To eluci-
date the stereoselectivity observed in


the reaction, possible transition-state
models are discussed, taking into ac-
count steric and stereoelectronic ef-
fects. Furthermore, this catalytic system
was applied to the Mannich-type reac-
tion of malonates with N-Boc imine as
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synthesis of highly functionalized b-aminocarbonyl com-
pounds, the development of efficient asymmetric Mannich-
type reactions of 1,3-dicarbonyl compounds with broad sub-
strate generality is now attracting much attention.
We previously found that the chiral palladium complexes


1 and 2 acted as acid–base catalysts, and chiral palladium
enolates A were formed by the reaction with 1,3-dicarbonyl
compounds, such as b-ketoesters (Scheme 1).[13] Notably,


these reactions occurred under non-basic conditions, and a
strong protic acid was concomitantly generated in the case
of 1, and a water molecule in the case of 2. Using these pal-
ladium enolates as key intermediates, we reported a highly
enantioselective catalytic Mannich-type reaction of b-ke-
toesters.[9] Using the established catalytic conditions for the
reactions with N-p-methoxyphenylimino esters [Scheme 2,
Eq. (1)], we examined the reactions with other imines. In
the first part of this paper, we present full details of our
Mannich-type reaction of b-ketoesters with N-Boc imines,
including the scope of the substrates and the reaction mech-


anism [Scheme 1, Eq. (2)]. Based on these results, the
second part describes the applicability of this system to
other substrate combinations. The reaction of malonates
with N-Boc imine [Eq. (3)] and the classical Mannich reac-
tion, namely aminomethylation of b-ketoesters using formal-
in and benzylamine [Eq. (4)], were examined.


Results and Discussion


Part 1: Reactions of b-Ketoesters with N-Boc Imines


Anticipating high reactivity of the imine and practicability
of a protecting group of the nitrogen atom, we chose N-Boc
imines.[14] To our delight, the reaction of 3a with the imine
6a derived from benzaldehyde proceeded at room tempera-
ture (Table 1). When the reaction was carried out with 1a at
10 mol%, the product 7aa was isolated in 68% yield after
36 h, and promising stereoselectivity was observed (entry 1).
We found that considerable decomposition of the unstable
imine occurred during the reaction, including hydrolysis and
polymerization, which might be associated with the acidic
nature of the catalyst. After careful optimization, a decrease


Abstract in Japanese:


Scheme 1. Reaction of chiral Pd complexes 1 and 2 with 1,3-dicarbonyl
compounds to give chiral Pd enolates.


Scheme 2. Mannich-type reaction catalyzed by the Pd complexes. PMP=


p-methoxyphenyl; Boc= tert-butoxycarbonyl; Ac=acetyl.


Table 1. Initial reactions of 3a with N-Boc imine 6a.


Entry 1a [mol%] c [m] t [h] Yield [%] d.r.[a] ee[b] [%]


1 10 0.25 36 68 63:27 76/88
2 2.5 1 4 85 85:15 95/90
3 1 1 8 64[c] 87:13 ND[d]


[a] Determined based on 1H NMR analysis of the crude products.
[b] Major/minor; determined by chiral HPLC analysis. [c] NMR yield.
[d] Not determined.
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in the amount of catalyst was found to be effective to sup-
press such decomposition, and the desired product was ob-
tained in 85% yield with excellent stereoselectivity, with
2.5 mol% 1a [d.r.=85:15, 95% ee (major), 90% ee (minor)]
(entry 2). However, a further decrease in the amount of cat-
alyst did not improve the yield (entry 3).
With the optimized reaction conditions established, we


next investigated the generality regarding imines. As sum-
marized in Table 2, N-Boc imines derived from various aro-


matic aldehydes were converted into the desired Mannich
adducts in a highly enantioselective manner (up to 98% ee).
Like 6a, para- and meta-substituted imines 6b–6e under-
went the reaction smoothly (entries 3–6). Although the acy-
clic substrate 3a is less reactive than cyclic b-ketoesters, the
reaction reached completion within several hours in most
cases, and good to high diastereoselectivity and excellent
enantioselectivity were observed. In particular, in spite of
steric repulsion, ortho-substituted imines were available in
our reaction (entries 7–9). The reactions of 6 f and 6g gave
rise to the corresponding Mannich adducts in good yield
with high diastereoselectivity (d.r.>90:10). The ee values of
these products were again 98% (major). Among the sub-
strates tested, 6h required a prolonged reaction time. This is
probably due to bidentate coordination to the palladium
complex, which may be competitive with that of 3a. In
entry 10, a furan-ring-substituted imine 6 i, which is basically
unstable under acidic conditions, reacted with 3a smoothly
to afford 7ai with high optical purity.
The scope regarding acyclic b-ketoesters was investigated


(Scheme 3). This reaction seems to be sensitive to the steric
bulk of the substrates, and a phenyl-substituted 3b hardly
reacted. However, ethyl-substituted b-ketoesters 3c and 3d
underwent the desired reaction at room temperature. Be-
cause the reaction of such substrates was slow relative to
those listed in Table 2, chemical yield was modest even after
6 h. But the Mannich adducts 7ca and 7da were obtained
with high optical purity.


Next, the reaction was applied to cyclic b-ketoester 3e.
The results are summarized in Table 3. Because 3e was
more reactive than 3a, the reaction could be carried out


under cooling with an ice bath. In these reactions, the
amount of the imines was decreased to 1.5 equiv, as decom-
position of the imines was slow at 0 8C. Subjection of 3e to
reaction with 6a gave the corresponding product 7ea in
93% yield with high enantioselectivity. As in the case of 3a,
various imines with electron-donating and electron-with-
drawing groups on the aromatic ring could be used. In some
cases, we found that diastereoselectivity of the products
changed substantially during purification, probably because
one of the diastereomers was unstable. However, the diaste-
reoselectivity remained high just after aqueous workup, as
determined from the 1H NMR spectra of the crude products.
These observations led us to question if the diastereoselec-
tivity of 7eb might have been determined erroneously in
our previous work.[9] After careful reinvestigation, we con-
cluded that the reaction with 6b also proceeded with high
diastereoselectivity (d.r.=90:10) on the basis of 1H NMR
data from the crude products obtained immediately after
workup (entry 2). Other imines with a substituent at the
ortho or meta position and the 2-furylimine were also good


Table 2. Reactions of 3a with various N-Boc imines 6.


Entry Imine (Ar) Product t [h] Yield [%] d.r.[a] ee[b] [%]


1 6a (C6H5) 7aa 4 85 85:15 95/90
2[c,d] 6a (C6H5) 7aa 4 84 86:14 98/95
3 6b (p-MeC6H4) 7ab 4 82 90:10 97/85
4 6c (p-MeOC6H4) 7ac 4 96 80:10 97/95
5 6d (m-MeC6H4) 7ad 6 57 89:11 95/90
6 6e (m-ClC6H4) 7ae 2 94 82:18 96/95
7 6 f (o-MeC6H4) 7af 9 87 96:4 98/–[e]


8 6g (o-ClC6H4) 7ag 2 80 91:9 98/–[e]


9 6h (o-MeOC6H4) 7ah 47 54 79:21 96/–[e]


10[d] 6 i (2-furyl) 7ai 3 71 82:18 96/99


[a] Determined based on 1H NMR analysis of the crude products.
[b] Major/minor; determined by chiral HPLC analysis. [c] 1c was used.
[d] The imine was added in three portions. [e] Not determined.


Scheme 3. Reactions of bulkier acyclic b-ketoesters with 6a.


Table 3. Reaction of cyclic 3b with various N-Boc imines 6.


Entry Imine (Ar) Product t [h] Yield [%] d.r.[a] ee[b] [%]


1 6a (C6H5) 7ea 5 93 88:12 99/97
2 6b (p-MeC6H4) 7eb 2 93 90:10 95/99
3 6d (m-MeC6H4) 7ed 6 75 84:16 84/91
4 6 f (o-MeC6H4) 7ef 5 74 93:7 94/–[c]


5 6g (o-ClC6H4) 7eg 1 52 95:5 93/–[c]


6[d] 6h (o-MeOC6H4) 7eh 2 75 80:20 93/–[c]


7[e] 6 i (2-furyl) 7ei 2 75 >95:5 86/–[c]


8[f,g] 6a (C6H5) 7ea 4 80 66:34 96/84


[a] Determined based on 1H NMR analysis of the crude products.
[b] Major/minor; determined by chiral HPLC analysis. [c] Not deter-
mined. [d] 3 equiv 6h were used. [e] 5 mol% 1a. [f] 1d was used. [g] The
diastereomer, which was minor in entry 1, was predominant.
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substrates (entries 3–7). In entry 6, the reaction was com-
plete after 2 h, which is in contrast to the reaction of 3a
with 6h (Table 2, entry 9). We speculate that 3e is more sus-
ceptible to reaction with 1a to give the enolate A, and the
coordination of 6h to Pd did not significantly affect the re-
action rate. Interestingly, when the bulkier Pd complex 1d
was used, the opposite diastereomer was obtained predomi-
nantly (entry 8).
Our reaction is therefore applicable to a variety of sub-


strates, regardless of their electronic and steric properties.
The reaction was completed within hours in most cases, and
the desired adducts were obtained in good yield with excel-
lent enantioselectivity. In these reactions, highly crowded vi-
cinal tertiary and quaternary carbon centers were construct-
ed in a single step, and optically active a,a-disubstituted b-
aminocarbonyl compounds were produced.
In our previous work,[9] we revealed that the Pd m-hy-


droxo complex 2 was less reactive. Because 2 produces a
water molecule and not a proton in the formation of the
enolate, the imine was not activated effectively by protona-
tion. Therefore, the reaction of 3e with 4a did not proceed
well [Scheme 4, Eq. (5)], although the same reaction cata-
lyzed by 1 was complete within 6 h [Scheme 2, Eq. (1)].


These results indicate that the Pd enolate acted with the
proton to activate the imine, smoothly promoting the reac-
tion. Unlike the case of 4a, the reaction with 6a proceeded
even in the presence of 2a, probably because of the high re-
activity of the N-Boc imine [Eq. (6)]. However, the enantio-
selectivity was decreased, and the reaction was slower, even
though twice the amount of Pd complex was used [1a
(2.5 mol% to Pd): 93% after 5 h; 2a (5 mol% to Pd): 58%
after 5 h]. From these results, we were convinced that a
proton plays a key role even in the reaction with the N-Boc
imines.
The stereochemistry of 7ea was determined as follows


(Scheme 5). Stereoselective reduction of the major diaste-
reomer of 7ea with LiAlH4, followed by acetylation, afford-
ed compound 8. The absolute stereochemistry was deter-
mined by comparing the optical rotation of 8 with the value
reported by Karlsson and Hçgberg.[15] Consequently, the ab-
solute configuration of the quaternary carbon center in the
major diastereomer of 7ea was revealed to be R, and that of
the tertiary carbon center was S. This relative configuration


was further confirmed by a single-crystal X-ray analysis of
the minor diastereomer of 7ea.
On the basis of these results, coupled with our previous


studies on the Michael reaction,[13] the excellent enantiose-
lectivity may be associated with face selection of the chiral
Pd enolate (Figure 1).[16,17] Thus, a bulky tBu group was pref-
erentially located at one of the faces of the Pd enolate to
avoid steric repulsion with the equatorial phenyl group of
BINAP. Therefore, the imines preferentially approached the
enolate from the less crowded re face. Because the Pd com-
plex 1 was superior to the Pd complex 2 as a catalyst
(Scheme 4), we speculate that the protonated imines may be
involved in the transition state. Face selection of the imines
is most likely to be responsible for the relative stereochem-
istry, and the C�C bond formation occurs with the appropri-


Scheme 4. Reactions using 2a as a catalyst.


Scheme 5. Stereochemistry of 7ea.


Figure 1. A working hypothesis for the transition state of the Mannich-
type reaction.
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ate geometry as shown in Figure 1 to minimize steric inter-
actions.
In addition, the stereoelectronic effect also seems to be


an important factor in controlling diastereoselectivity.
13C NMR analysis of the Pd enolate derived from 2b and 3e
revealed that the enolate is not completely delocalized, and
the keto enolate form prevails over the ester enolate
form.[18] Thus, the chemical shift of the ketone carbonyl
group of 3e alone moved upfield significantly (from d=


212.6 to 189.7 ppm) upon formation of the Pd enolate,
whereas only a small change was observed for the ester
group (from d=168.7 to 169.4 ppm) (Scheme 6).


Provided that the overlap of the p orbital of the enolate
with the p* orbital of the imine is most favorable, the imine
should approach to the enolate as shown in Figure 1, and
the alternative approach to the enolate (Scheme 6), which
mainly gives the minor diastereomer in the present reaction,
may be less involved.
Based on these results, the improved diastereoselectivity


in the case of the ortho-substituted imines can be explained
as follows: The stable conformation of the protonated form
of 6 f was calculated by using the semiempirical PM5
method with CAChe 5.0. Among possible conformations,
conformation B was found to be the most stable, with the
methyl group pointed away from the nitrogen atom of the
imine (Figure 2). On the assumption that the imine 6 f with
this conformation is involved in the C�C bond-forming step,
we compared two possible transition-state models by super-
imposing the imine over the enolate. When the imine ap-
proaches the enolate as depicted in Figure 1 (major path-
way), the methyl group at the ortho position appears to be
accommodated in the chiral cavity (C, Figure 2). However,
when the other geometry was applied, the methyl group was
required to approach the pseudo-equatorial phenyl group of
the ligand, thus causing severe steric repulsion (D). We
think that this destabilization effect is also a factor in en-
hancing the diastereoselectivity. Based on these considera-
tions, together with the observations in Scheme 6, we think
that the excellent diastereoselectivity was the result of steric


and stereoelectronic factors operative in the cases of 6 f and
6g.
In contrast, the diastereoselectivity was not improved in


the case of 6h. Computational studies predicted that the
most stable conformation of the protonated 6h would have
the methoxy group close to the nitrogen atom of the imine,
probably due to hydrogen bonding interactions (E in
Figure 3). Molecular modeling studies suggested that the


imine would react with the enolate, with the methoxy group
being remote from the chiral environment in both possible
transition states (F and G). Thus, the energy difference be-
tween F and G that arises from the methoxy group was not
marked. For this reason, the reaction of 6h is likely to pro-
ceed along a similar energy profile to that in the case of 6a,
so that the diastereoselectivity was not improved.
Interestingly, our reaction is highly enantioselective, al-


though protic acids are known to promote non-enantioselec-
tive Mannich reactions.[19] We think that the excellent enan-
tioselectivity observed in our reaction can be explained by


Scheme 6. 13C NMR spectroscopic data of 3e and the corresponding Pd
enolate derived from 2b ; chemical shifts are reported in ppm.


Figure 2. Transition-state (TS) models for 6 f (B): major TS (C) and
minor TS (D).


Figure 3. Transition-state (TS) models for 6h (E): major TS (F) and
minor TS (G).
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assuming a cooperative action between the palladium eno-
late and the strong protic acid.


Part 2: Catalytic Asymmetric Mannich-Type Reactions
Using Other Substrates


Encouraged by the above results, we next examined whether
or not this catalytic system would be applicable to reactions
with other substrates.


Mannich-type Reaction of Malonates with N-Boc Imines


We envisaged that malonates would also undergo Mannich-
type reaction with the N-Boc imine [Scheme 2, Eq. (3)].[11]


Because the catalyst is considered to activate the malonate
and not the imine, face selection of the imine seems diffi-
cult. We thought, however, that reasonable enantioselectivi-
ty would be observed, because high diastereoselectivity was
observed in the reactions of b-ketoesters with the imines.
The results of optimization are summarized in Table 4.
The reaction of dibenzyl malonate 9a with 6a proceeded


smoothly at room temperature in the presence of 1a
(2.5 mol%), and the Mannich adduct 10a was obtained with
22% ee (entry 1). Lowering the reaction temperature did
not dramatically improve enantioselectivity (entries 2 and
3). The effect of the ester group of malonates was also ex-
amined, and it was found that the size of the ester group af-
fected selectivity. Whereas the reaction of diethyl malonate
9b gave a racemic compound, improved enantiomeric
excess was observed in the case of diisopropyl malonate 9c
(entries 1 and 3–5). However, we selected 9a for further in-
vestigation because of the synthetic utility of the benzyl
ester. When CH2Cl2 was used as a solvent, the enantiomeric
excess was improved (entry 6). Expecting that a more
crowded chiral environment would be effective for improve-
ment of the enantioselectivity, we examined the reaction by
using the bulkier 1b. However, probably due to the slow re-
action of malonate with 1b, decomposition of the unstable
imine became predominant even at �20 8C to afford a white
suspension, and none of the desired product was obtained


(entry 7). Such decomposition might be induced by the
acidic nature of the Pd complex. Based on the results shown
in Scheme 4, we examined the reaction using the less acidic
Pd complex 2. Although the reaction was slow, the desired
product was formed in 94% yield, albeit with 26% ee
(entry 8). As shown in entry 9, use of the Pd-m-OH complex
allowed the use of the bulkier ligand, and the reaction cata-
lyzed by 2b reached completion after 48 h to give 10a in
93% yield with the improved enantioselectivity of 45% ee.
Finally, the reaction in CH2Cl2 gave the best enantioselectiv-
ity of 59% ee (entry 10). Unfortunately, the reaction with
2b did not proceed at temperatures below �20 8C, probably
because the imine was not activated with the less acidic 2.
Further investigation to improve enantioselectivity is under-
way in our research group.


Classical Three-Component Mannich Reaction of
b-Ketoesters


In contrast to asymmetric Mannich-type reactions with iso-
lated imines, the catalytic asymmetric version of the classical
Mannich reaction, namely a-aminomethylation using aque-
ous formalin and amines has been less well studied. There
are currently only a few examples of the synthesis of optical-
ly active aminomethylated compounds: 1) Enders et al. re-
ported a highly diastereoselective a-aminomethylation of
preformed Li enolates of chiral a-silylated ketones using a
combination of dibenzylaminomethylmethylether and
BF3·OEt2.


[20] 2) Shibasaki and co-workers reported the first
example of a direct catalytic asymmetric a-aminomethyla-
tion of propiophenone with an N,O-acetal, for which a rea-
sonable enantiomeric excess was achieved, although the
chemical yield was unsatisfactory.[7a] 3) Organocatalytic
asymmetric aminomethylations of carbonyl donors with the
dibenzylaminomethylmethylether were also reported.[21] To
our knowledge, there is only one example of a one-pot ami-
nomethylation starting from ketones, formalin, and aromatic
amines using l-proline as a catalyst to afford the corre-
sponding products with excellent enantioselectivity.[22] In
general, the classical Mannich reaction is usually performed


in one pot using nucleophilic
carbonyl donors, formalin and
amine salts, and secondary
amines are usually used so that
the formation of undesired
multi-alkylated products is sup-
pressed.[1] Provided that the Pd
complex is stable to water and
b-ketoesters can be activated
by the Pd complex under acidic
conditions, we envisaged that
three-component catalytic
asymmetric a-aminomethyla-
tion of b-ketoesters using for-
malin and amine salts would be
possible [Scheme 2, Eq. (4)].
Initially, we attempted the re-


action of 3e using formalin


Table 4. Reaction of malonates with 6a.


Entry Pd cat. Malonate (R) Product Solvent T [8C] t [h] Yield [%] ee [%]


1 1a 9a (Bn) 10a THF RT[b] 3 89 22
2 1a 9a (Bn) 10a THF �20 6 90 31
3 1a 9a (Bn) 10a THF �40 24 88 33
4 1a 9b (Et) 10b CH2Cl2 0 18 90 0
5 1a 9c (iPr) 10c THF �40 24 99 48
6 1a 9a (Bn) 10a CH2Cl2 �40 24 77 47
7[a] 1b 9a (Bn) 10a THF �20 6 – –
8 2a 9a (Bn) 10a THF 0 12 94 26
9 2b 9a (Bn) 10a THF 0 48 93 45
10 2b 9a (Bn) 10a CH2Cl2 0 24 75 59


[a] A white precipitate was formed. [b] RT= room temperature.
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(37% aq) and benzylamine in the presence of 1a (5 mol%)
(Scheme 7). Probably because the catalyst was deactivated
as a result of the coordination of the amine, the reaction did
not proceed well, and the enamine 11 and the aminal 12
were formed.


To suppress such side reactions associated with the high
nucleophilicity of benzylamine, we next examined the use of
benzylamine trifluoromethanesulfonic acid salt (13).[23] In
the absence of the Pd complex 1a, spontaneous aminome-
thylation did not proceed, and instead hydroxymethylation
was the dominant reaction. Interestingly, however, the de-
sired aminomethylation occurred almost exclusively, only in
the presence of a catalytic amount of 1 (Table 5). With 1a as


catalyst, the desired aminomethylated b-ketoester 14e was
obtained almost quantitatively with 55% ee (entry 1). Be-
cause the corresponding Mannich base tends to undergo the
retro-Mannich reaction, the enantiomeric excess of the
product was determined after
acetylation. Among the ligands
tested, (R)-SEGPHOS gave
the best result, and 68% ee
was observed with 1c as a cat-
alyst (entry 3). Unfortunately,
distinct improvement of the
enantiomeric excess was not
achieved, although the effects
of solvent,[24] reaction tempera-
ture,[25] and substituents on the
nitrogen atom[26] were exam-
ined.


The observation that neutralization of the reaction mix-
ture with aqueous sodium bicarbonate induced the retro-
Mannich reaction suggested that the reaction might be re-
versible. To clarify this point, we carried out the following
experiments (Scheme 8): After the reaction catalyzed by


(R)-1c (2 mol%) was complete, the reaction mixture was di-
vided into two fractions. The first fraction was subjected to
the usual acetylation to give 15e. The second fraction was
further treated with (S)-1c (2 mol%) before acetylation to
afford 15e’. The ee values of both compounds were found to
be the same. If the reaction is reversible, the enantiomeric
excess of 15e’ should be lower than that of 15e. Therefore,
it is most likely that no retro-Mannich reaction takes place,
and that the ee value does not change during the reaction.
This is probably because the Mannich adduct is released as
a TfOH salt, thereby significantly suppressing the backward
reaction.
As shown in Table 6, this reaction was applicable to other


b-ketoesters 3a and 3 f (entries 1,2). Further optimization
revealed that the reaction proceeded smoothly, even if the
amounts of the amine salt 13 and the catalyst were de-
creased (entries 3–5). In the presence of 1c at 1 mol%, all
the substrates examined underwent the desired reaction to
give the aminomethylated products in high yield with up to
68% ee. Notably, no organic solvent was used in these reac-
tions.
To improve enantioselectivity, slow addition of either a


solution of 3 in THF or a mixture of formalin and the salt


Scheme 7. Aminomethylation using benzylamine.


Table 5. Aminomethylation of 3e.


Entry Pd cat. t [h] Yield[a] [%] ee[b] [%]


1 1a 2 97 55
2 1b 1.5 90 50
3 1c 1.5 73 68
4 1d 1.5 88 61


[a] Isolated yields of 15e. [b] Enantiomeric excess values of 15e.


Scheme 8. Control experiments.


Table 6. Catalytic asymmetric aminomethylation of b-ketoesters.


Entry 3 {R1/R2} Salt [equiv] Pd cat. [mol%] Solvent Product Yield[a] [%] ee[b] [%]


1 3a {Me/Me} 2 5 THF 15a 42 61
2 3 f {-(CH2)4-} 2 5 THF 15 f 92 57
3 3a {Me/Me} 1 1 – 15a 75 57
4 3e {-(CH2)3-} 1 1 – 15e 99 68
5 3 f {-(CH2)4-} 1 1 – 15 f 80 61


[a] Isolated yields of 15. [b] Enantiomeric excess values of 15.
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13 in THF was tested. However, the enantiomeric excess
was not improved in any case. These results suggest that the
noncatalyzed reaction between b-ketoesters and the in situ
formed iminium ion was negligible. We speculate that the
reaction might proceed even from the crowded face of the
enolate (Figure 1), as the size of the reaction center of the
putative iminium ion is small, and this may be the reason
why the ee values were low relative to those observed in the
first part. Although the enantioselectivity needs to be im-
proved, the catalytic asymmetric aminomethylation of b-ke-
toesters to construct a chiral quaternary center has become
feasible for the first time.
Finally, we propose the catalytic cycle illustrated in


Scheme 9. Considering that the catalyst 1 was essential for


aminomethylation, we speculate that the catalyst facilitates
formation of the iminium ion. The reaction of formalin and
the salt 13 would give the hemiaminal 15, and the proton,
formed during enolate formation, would activate 15 to give
the corresponding iminium ion 16. We think that this coop-
erative action of the enolate with the proton is the key for
smoothly promoting the reaction. In contrast, hydroxyme-
thylation occurred in the absence of 1.


Conclusions


We have succeeded in developing a highly enantioselective
catalytic Mannich-type reaction of b-ketoesters. Our reac-
tion is applicable to a wide range of aromatic N-Boc imines.
This method allows easy access to stereochemically elabo-
rated a-aminocarbonyl compounds in up to 99% ee. To ex-
plain the stereochemistry observed in the reaction, a transi-
tion-state model was proposed. In this reaction, the Pd eno-
late is an important intermediate, and its cooperative action
with the protic acid is considered to be the key to high reac-
tivity and high enantioselectivity. Furthermore, we applied


the established conditions to the catalytic asymmetric Man-
nich-type reaction of malonates with the N-Boc imine and
three-component aminomethylation of b-ketoesters. We be-
lieve that these results offer a basis for further design of
novel reactions. Investigations to improve the stereoselectiv-
ity are underway in our research group.


Experimental Section


General : NMR spectra were recorded on a Jeol JNM-LA400 spectrome-
ter operating at 400 MHz for 1H NMR and at 100.4 MHz for 13C NMR.
Chemical shifts were reported downfield from TMS (d =0) for 1H NMR.
For 13C NMR, chemical shifts were reported in the scale relative to
CDCl3 as an internal reference. FAB-LRMS was taken on a Jeol JMS
GCmate II instrument using m-nitrobenzyl alcohol (mNBA) as the
matrix. FAB-HRMS was also taken on a Jeol JMS GCmate II using
mNBA as the matrix and with PEG 400 as an internal standard.
MALDI-TOF MS was measured using a Bruker Reflex III instrument.
Optical rotations were measured on a Jasco DIP-370 polarimeter. IR
spectra were measured on a Thermo Nicolet Avatar 370 FTIR instrument
equipped with DuraScope. Melting points were measured using a Yanaco
MP-J3 instrument. Short-column chromatography was performed with
silica gel 60 (40–100 mm) purchased from Kanto Chemical Co. Purifica-
tion was carried out using medium-pressure liquid chromatography
(MPLC) or gel permeation chromatography (GPC) with the following
equipment: Shimadzu MPLC system [pump: LC-6AD, UV detector:
SPD-10A, RI detector: RID-10A, column: Yamazen Ultra SI-40A,
eluent: n-hexane/EtOAc]; Japan Analytical Industry recycling GPC
system [pump: LC-918, UV detector: UV-50, RI detector: RI-50,
column: Jaigel-1H,2H; eluent: CHCl3]. Enantiomeric excesses were de-
termined by chiral HPLC. HPLC analysis was performed on a Shimadzu
HPLC system with the following equipment: pump: LC-10AD, detector:
SPD-10A set at 220 nm or 254 nm. A Jasco HPLC system was also used:
pump: PU-2080 Plus, detector: CD-2095 Plus set at 220 nm or 254 nm,
column: Daicel Chiralpak AD-H, AS-H, or Daicel Chiralcel OD-H, OJ-
H, OF; mobile phase: hexane/2-propanol (IPA). Dehydrated stabilizer-
free tetrahydrofuran (THF) was purchased from Kanto Chemical Co.,
and was used directly. Other reagents were purified according to standard
methods.


A Representative Procedure for the Catalytic Asymmetric Mannich-Type
Reactions of b-Ketoesters to N-Boc Imines (Table 3, entry 1)


The b-ketoester 3e (20 mL, 108.6 mmol) and the palladium complex 1a
(2.9 mg, 2.5 mol%) were added successively to a solution of the N-Boc
imine 6a (33.4 mg, 162.8 mmol) in THF (110 mL) at 0 8C. This reaction
mixture was stirred for 5 h at the same temperature. After completion of
the reaction (TLC: n-hexane/EtOAc=3:1), EtOAc (5 mL) and brine
(3 mL) were added for quenching. The aqueous layer was extracted with
EtOAc (3R5 mL). The combined organic layers were washed with water
and brine, then dried over Na2SO4, and the solvent was evaporated under
reduced pressure. At this stage, the diastereomeric ratio was determined
by 1H NMR analysis of the crude products. Further purification was per-
formed by MPLC to give 7ea (SiO2: n-hexane/EtOAc=4.1; major:
35.0 mg, 82%; minor: 4.6 mg, 11%). The ee values of the diastereomers
were determined by chiral HPLC analysis.


Characterization of the Mannich Adducts


7aa (major diastereomer): white solid: mp: 78.0–78.5 8C; IR (solid): ñ=


3422, 2978, 2931, 1702, 1488, 1455, 1366, 1319, 1251, 1149, 1094, 1013,
844, 755 cm�1; 1H NMR (400 MHz, CDCl3): d=1.26 (s, 3H), 1.37 (s, 9H),
1.41 (s, 9H), 2.26 (s, 3H), 5.09 (d, J=10.0 Hz, 1H), 6.68 (brd, J=


10.0 Hz, 1H), 7.23–7.31 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=


20.1, 25.6, 27.7, 28.3, 58.8, 64.7, 79.5, 82.8, 127.8, 128.1, 128.4, 138.2, 155.0,
170.7, 206.2 ppm; FAB-LRMS (mNBA) m/z 400 [M+Na]+ , 378 [M+1]+ ,
320 [M�tBu]+ ; ½a�28D =++13.2 (c=1.50, acetone) (96% ee); HPLC (Daicel
Chiralpak AD-H, n-hexane/IPA=90:10, 1.0 mLmin�1, 254 nm, tmajor


Scheme 9. Proposed catalytic cycle.
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4.9 min, tminor 6.9 min); Anal. calcd for C22H31NO5: C 66.82, H 8.28, N
3.71, found: C 66.68, H 8.27, N 3.69.


7aa (minor diastereomer): white solid: mp: 111.0–111.5 8C; IR (solid):
ñ=3447, 2978, 2931, 1705, 1490, 1455, 1366, 1250, 1158, 1098, 1017, 844,
702 cm�1; 1H NMR (400 MHz, CDCl3): d=1.35 (s, 3H), 1.37 (s, 9H), 1.46
(s, 9H), 2.07 (s, 3H), 5.15 (brd, J=8.6 Hz, 1H), 6.29 (br s, 1H), 7.22–
7.32 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=19.6, 27.8, 28.3, 28.6,
59.2, 63.4, 79.4, 82.8, 127.6, 128.1, 128.8, 138.6, 154.8, 170.6, 207.3 ppm;
½a�28D =�24.6 (c=0.74, acetone) (92% ee); HPLC (Daicel Chiralpak AD-
H, n-hexane/IPA=90:10, 1.0 mLmin�1, 254 nm, tmajor 9.0 min, tminor
5.8 min).


7ab (major diastereomer): colorless oil; IR (neat): ñ =3432, 2975, 2927,
1715, 1490, 1367, 1252, 1164 cm�1; 1H NMR (400 MHz, CDCl3): d=1.25
(s, 3H), 1.37 (s, 9H), 1.43 (s, 9H), 2.26 (s, 3H), 2.31 (s, 3H), 5.05 (d, J=


9.8 Hz, 1H), 6.65 (d, J=9.8 Hz, 1H), 7.09 (d, J=7.8 Hz, 2H), 7.20 ppm
(d, J=7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=20.1, 21.0, 25.5,
27.8, 28.3, 58.5, 64.8, 79.4, 82.7, 128.3, 128.8, 135.2, 137.4, 154.9, 170.8,
206.4 ppm; MALDI-TOF MS (a-cyano-4-hydroxycinnamic acid) m/z 414
[M+Na]+ ; ½a�26D =++17.3 (c=1.29, acetone) (95% ee); HPLC (Daicel
Chiralpak AD-H, n-hexane/IPA=90:10, 1.0 mLmin�1, 254 nm, tmajor
4.8 min, tminor 6.2 min); Anal. calcd for C22H33NO5+0.25H2O: C 66.73, H
8.46, N 3.54, found: C 66.81, H 8.42, N 3.54.


7ab (minor diastereomer): colorless oil; IR (neat): ñ=3445, 2978, 2922,
1709, 1485, 1366, 1251, 1159, 1018, 844 cm�1; 1H NMR (400 MHz,
CDCl3): d=1.34 (s, 3H), 1.37 (s, 9H), 1.46 (s, 9H), 2.07 (s, 3H), 2.30 (s,
3H), 5.11 (brd, J=9.5 Hz, 1H), 6.27 (brd, J=9.5 Hz, 1H), 7.08 (d, J=


7.8 Hz, 2H), 7.19 ppm (d, J=7.8 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=19.6, 21.0, 27.8, 28.4, 28.6, 59.0, 63.4, 79.3, 82.8, 128.7, 128.7, 135.6,
137.2, 154.8, 170.7, 207.4 ppm; ½a�27D =�23.3 (c=0.37, acetone) (94% ee);
HPLC (Daicel Chiralpak AD-H, n-hexane/IPA=90:10, 1.0 mLmin�1,
254 nm, tmajor 5.5 min, tminor 9.4 min).


7ac (major diastereomer): colorless oil; IR (neat): ñ =3420, 3403, 2977,
2932, 1708, 1612, 1488, 1366, 1319, 1247, 1161, 1036, 844 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.25 (s, 3H), 1.37 (s, 9H), 1.42 (s, 9H), 2.25 (s,
3H), 3.79 (s, 3H), 5.03 (d, J=9.8 Hz, 1H), 6.64 (brd, J=9.5 Hz, 1H),
6.82 (m, 2H), 7.24 ppm (d, J=8.5 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=20.1, 25.6, 27.8, 28.3, 55.2, 58.3, 64.9, 79.5, 82.7, 113.4, 129.5, 130.5,
154.9, 159.0, 170.9, 206.4 ppm; FAB-LRMS (mNBA) m/z 430 [M+Na]+ ,
408 [M+H]+ ; ½a�28D =++18.7 (c=0.99, acetone) (97% ee); HPLC (Daicel
Chiralpak AD-H, n-hexane/IPA=90:10, 1.0 mLmin�1, 254 nm, tmajor
6.2 min, tminor 8.3 min); Anal. calcd for C22H33NO6: C 64.84, H 8.16, N
3.44, found: C 64.79, H 8.15, N 3.30.


7ac (minor diastereomer): white solid: mp: 102.5–103.0 8C (dec); IR
(neat): ñ =3451, 2979, 2933, 1708, 1612, 1512, 1490, 1366, 1246, 1159,
1035, 837 cm�1; 1H NMR (400 MHz, CDCl3): d=1.34 (s, 3H), 1.37 (s,
9H), 1.46 (s, 9H), 2.07 (s, 3H), 3.78 (s, 3H), 5.08 (brd, J=7.8 Hz, 1H),
6.26 (brd, J=7.3 Hz, 1H), 6.80 (m, 2H), 7.23 ppm (d, J=8.5 Hz, 2H);
13C NMR (100 MHz, CDCl3): d =19.6, 27.8, 28.4, 28.6, 55.2, 58.8, 63.5,
79.4, 82.8, 113.4, 129.9, 130.8, 154.8, 158.9, 170.8, 207.5 ppm; ½a�29D =�25.6
(c=0.30, acetone) (95% ee); HPLC (Daicel Chiralpak AD-H, n-hexane/
IPA=90:10, 1.0 mLmin�1, 254 nm, tminor 7.4 min, tmajor 14.0 min).


7ad (major diastereomer): colorless oil; IR (neat): ñ =3433, 2976, 2929,
2364, 1712, 1490, 1367, 1319, 1251, 1164, 1114 cm�1; 1H NMR (400 MHz,
CDCl3): d=1.24 (s, 3H), 1.38 (s, 9H), 1.42 (s, 9H), 2.26 (s, 3H), 2.32 (s,
3H), 5.05 (brd, J=9.8 Hz, 1H), 6.69 (brd, J=9.5 Hz, 1H), 7.06–7.20 ppm
(m, 4H); 13C NMR (100 MHz, CDCl3): d =20.2, 21.4, 25.5, 27.8, 28.3,
58.8, 64.7, 79.5, 82.8, 125.5, 128.0, 128.5, 129.1, 137.6, 138.1, 155.0, 170.8,
206.4 ppm; FAB-LRMS (mNBA) m/z 414 [M+Na]+ , 392 [M+H]+ , 391
[M]+ ; ½a�28D =++8.7 (c=0.89, acetone) (95% ee); HPLC (Daicel Chiralpak
AD-H, n-hexane/IPA=95:5, 1.0 mLmin�1, 254 nm, tmajor 5.8 min, tminor
10.7 min); Anal. calcd for C22H33NO5+0.5H2O: C 65.97, H 8.56, N 3.50,
found: C 65.97, H 8.34, N 3.40.


7ad (minor diastereomer): colorless oil; IR (neat): ñ=3453, 2980, 2932,
1715, 1491, 1367, 1253, 1163 cm�1; 1H NMR(400 MHz, CDCl3): d =1.34
(s, 3H), 1.37 (s, 9H), 1.46 (s, 9H), 2.08 (s, 3H), 2.32 (s, 3H), 5.31 (brd,
J=8.0 Hz, 1H), 6.25 (brd, J=7.8 Hz, 1H), 7.04–7.18 ppm (m, 4H);
13C NMR (100 MHz, CDCl3): d =19.4, 21.5, 27.8, 28.4, 28.6, 59.1, 63.5,
79.4, 82.8, 125.7, 128.0, 128.3, 129.6, 137.5, 138.5, 154.8, 170.6, 207.4 ppm;


½a�28D =�41.0 (c=0.1, acetone) (90% ee); HPLC (Daicel Chiralpak AD-
H, n-hexane/IPA=95:5, 1.0 mLmin�1, 254 nm, tminor 7.4 min, tmajor
12.3 min).


7ae (major diastereomer): colorless oil; IR (neat): ñ=3417, 3362, 2978,
1709, 1488, 1368, 1250, 1163 cm�1; 1H NMR (400 MHz, CDCl3): d=1.26
(s, 3H), 1.39 (s, 9H), 1.43 (s, 9H), 2.25 (s, 3H), 5.05 (d, J=9.5 Hz, 1H),
6.64 (brd, J=9.8 Hz, 1H), 7.21–7.31 ppm (m, 4H); 13C NMR (100 MHz,
CDCl3): d=20.1, 25.7, 27.7, 28.3, 58.4, 64.4, 79.8, 83.3, 126.9, 128.0, 128.4,
129.3, 134.1, 140.4, 154.9, 170.6, 205.7 ppm; FAB-LRMS (mNBA) m/z
434 [M+Na]+ , 412 [M+H]+ , 413, 414; ½a�29D =++17.0 (c=1.12, acetone)
(96% ee); HPLC (Daicel Chiralpak AD-H, n-hexane/IPA=90:10,
1.0 mLmin�1, 254 nm, tmajor 4.7 min, tminor 7.3 min); FAB-HRMS (mNBA)
calcd for C21H31NO5Cl [M+H]+ 412.1891, found: 412.1905.


7ae (minor diastereomer): colorless oil; IR (neat): ñ =2976, 1716, 1492,
1368, 1253, 1163 cm�1; 1H NMR (400 MHz, CDCl3): d=1.34 (s, 3H), 1.38
(s, 9H), 1.46 (s, 9H), 2.11 (s, 3H), 5.13 (brd, J=8.1 Hz, 1H), 6.23 (br s,
1H), 7.20–7.37 ppm (m, 4H); 13C NMR (100 MHz, CDCl3): d =19.4, 27.8,
28.1, 28.4, 60.5, 63.3, 79.7, 83.2, 124.3, 127.1, 127.8, 129.0, 129.3, 134.0,
154.8, 170.3, 211.9 ppm; ½a�29D =�16.6 (c=0.29, acetone) (95% ee); HPLC
(Daicel Chiralpak AD-H, n-hexane/IPA=90:10, 1.0 mLmin�1, 254 nm,
tminor 5.3 min, tmajor 7.7 min).


7af (major diastereomer): colorless oil; IR (neat): ñ =3439, 2978, 2936,
1714, 1489, 1367, 1320, 1254, 1158 cm�1; 1H NMR (400 MHz, CDCl3): d=


1.22 (s, 3H), 1.37 (s, 9H), 1.43 (s, 9H), 2.29 (s, 3H), 2.52 (s, 3H), 5.48
(brd, J=9.5 Hz, 1H), 6.75 (brd, J=9.3 Hz, 1H), 7.10–7.17 (m, 3H),
7.34–7.36 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=19.1, 20.3, 25.9,
27.7, 28.3, 53.4, 65.3, 79.3, 82.9, 126.2, 127.4, 127.5, 130.5, 136.7, 137.8,
155.1, 171.3, 206.4 ppm; FAB-LRMS (mNBA) m/z 414 [M+Na]+ ; ½a�27D =


+16.2 (c=1.29, acetone) (98% ee); HPLC (Daicel Chiralcel OF, n-
hexane/IPA=90:10, 1.0 mLmin�1, 254 nm, tminor 5.8 min, tmajor 7.6 min);
FAB-HRMS (mNBA) calcd for C18H24NO5 [M�tBu]+ 334.1654, found:
334.1652.


7ag (major diastereomer): colorless oil; IR (neat): ñ=3436, 2979, 1718,
1488, 1368, 1157 cm�1; 1H NMR (400 MHz, CDCl3): d=1.29 (s, 3H), 1.37
(s, 9H), 1.45 (s, 9H), 2.32 (s, 3H), 5.86 (d, J=9.5 Hz, 1H), 6.93 (brd, J=


9.3 Hz, 1H), 7.19–7.27 (m, 2H), 7.35–7.38 (m, 1H), 7.44–7.46 ppm (m,
1H); 13C NMR (100 MHz, CDCl3): d=18.6, 25.2, 27.8, 28.2, 53.5, 65.4,
79.6, 83.1, 127.0, 128.9, 129.1, 129.6, 134.5, 136.9, 154.8, 171.0, 206.1 ppm;
FAB-LRMS (mNBA) m/z 434 [M+Na]+ , 412 [M+H]+ , 413, 414; ½a�26D =


�14.9 (c=1.33, acetone) (98% ee); HPLC (Daicel Chiralpak AD-H, n-
hexane/IPA=97:3, 1.0 mLmin�1, 280 nm, tminor 6.5 min, tmajor 7.5 min);
Anal. calcd for C21H30ClNO5+0.2H2O: C 60.70, H 7.37, N 3.37, found: C
60.70, H 7.27, N 3.28.


7ah (major diastereomer): colorless oil; IR (neat): ñ =3445, 2977, 2934,
1716, 1491, 1367, 1244, 1158, 1095, 1029, 757 cm�1; 1H NMR (400 MHz,
CDCl3): d=1.22 (s, 3H), 1.37 (s, 9H), 1.44 (s, 9H), 2.29 (s, 3H), 3.85 (s,
3H), 5.83 (d, J=10.0 Hz, 1H), 6.79 (d, J=10.0 Hz, 1H), 6.85–6.92 (m,
2H), 7.21–7.33 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d =18.5, 25.3,
27.8, 28.3, 50.3, 55.5, 65.7, 79.3, 82.5, 110.3, 120.5, 127.3, 128.6, 128.7,
154.9, 156.9, 171.1, 206.8 ppm; FAB-LRMS (mNBA) m/z 430 [M+Na]+ ,
408 [M+H]+ , 407 [M]+ ; ½a�26D =�11.2 (c=0.84, acetone) (96% ee); HPLC
(Daicel Chiralcel OF, n-hexane/IPA=95:5, 1.0 mLmin�1, 280 nm, tminor
18.0 min, tmajor 22.6 min); Anal. calcd for C12H33NO6: C 64.84, H 8.16, N
3.44, found: C 65.14, H 8.44, N 3.25.


7ai (major diastereomer): colorless oil; IR (neat): ñ=3450, 2976, 2920,
1713, 1488, 1367, 1318, 1254, 1161, 1009, 845 cm�1; 1H NMR (400 MHz,
CDCl3): d=1.33 (s, 3H), 1.41 (s, 9H), 1.47 (s, 9H), 2.23 (s, 3H), 5.30 (d,
J=10.0 Hz, 1H), 6.13 (brd, J=10.0 Hz, 1H), 6.25 (d, J=2.9 Hz, 1H),
6.29–6.31 (m, 1H), 7.30 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d=


19.1, 25.8, 27.7, 28.3, 52.5, 64.0, 79.8, 82.7, 108.2, 110.3, 141.7, 152.1, 155.0,
170.3, 205.3 ppm; MALDI-TOF MS (a-cyano-4-hydroxycinnamic acid)
m/z 390 [M+Na]+ ; ½a�27D =++33.1 (c=0.9, CHCl3) (96% ee); HPLC
(Daicel Chiralcel OF, n-hexane/IPA=97:3, 1.0 mLmin�1, 254 nm, tmajor
18.5 min, tminor 10.4 min; Anal. calcd for C19H29NO6: C 62.11, H 7.96, N
3.81, found: C 62.20, H 8.02, N 3.79.


7ai (minor diastereomer): colorless oil; IR (neat): ñ =3457, 3422, 2975,
2931, 1716, 1490, 1368, 1255, 1162, 1013, 742 cm�1; 1H NMR (400 MHz,
CDCl3): d=1.37 (s, 3H), 1.41 (s, 9H), 1.45 (s, 9H), 2.21 (s, 3H), 5.41 (d,
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J=9.3 Hz, 1H), 5.82 (brd, J=9.3 Hz, 1H), 6.22 (d, J=3.2 Hz, 1H), 6.29
(dd, J=1.9, 3.2 Hz, 1H), 7.29 ppm (m, 1H); 13C NMR (100 MHz,
CDCl3): d=18.3, 27.7, 28.3, 29.7, 52.8, 63.4, 79.8, 82.8, 108.2, 110.4, 141.6,
152.4, 154.9, 170.0, 205.8 ppm; ½a�29D =�43.3 (c=0.125, CHCl3) (99% ee);
HPLC (Daicel Chiralcel OF, n-hexane/IPA=97:3, 1.0 mLmin�1, 254 nm,
tmajor 20.1 min, tminor 9.8 min).


7ca (major diastereomer): white solid: mp: 96.0–96.5 8C; IR (neat): ñ=


3430, 2979, 2943, 1714, 1491, 1458, 1368, 1319, 1251, 1163 cm�1; H NMR
(400 MHz, CDCl3): d =1.09 (t, J=7.2 Hz, 3H), 1.25 (s, 3H), 1.37 (s, 9H),
1.41 (s, 9H), 2.56–2.67 (m, 2H), 5.10 (d, J=9.8 Hz, 1H), 6.70 (d, J=


9.8 Hz, 1H), 7.24–7.31 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=


8.0, 20.3, 27.8, 28.3, 30.6, 58.8, 64.6, 79.5, 82.7, 127.7, 128.1, 128.5, 138.4,
154.9, 171.0, 209.2 ppm; FAB-LRMS (mNBA) m/z 414 [M+Na]+ , 392
[M+H]+ , 391 [M]+ ; ½a�27D =++11.7 (c=1.205, acetone) (89% ee); HPLC
(Daicel Chiralpak AD-H, n-hexane/IPA=90:10, 1.0 mLmin�1, 280 nm,
tmajor 4.9 min, tminor 5.7 min); Anal. calcd for C23H33NO5: C 67.49, H 8.50,
N 3.58, found: C 67.32, H 8.49, N 3.53.


7ca (minor diastereomer): colorless oil; IR (neat): ñ=2977, 2933, 1716,
1493, 1456, 1368, 1251, 1164 cm�1; 1H NMR (400 MHz, CDCl3): d=0.98
(t, J=7.2 Hz, 3H), 1.36 (s, 9H), 1.36 (s, 3H), 1.46 (s, 9H), 2.13–2.23 (m,
1H), 2.45–2.51 (m, 1H), 5.11 (brd, J=9.3 Hz, 1H), 6.44 (brd, J=7.1 Hz,
1H), 7.22–7.52 ppm (m, 5H); ½a�26D =�27.7 (c=0.29, acetone) (86% ee);
HPLC (Daicel Chiralpak AD-H, n-hexane/IPA=90:10, 1.0 mLmin�1,
280 nm, tminor 5.2 min, tmajor 9.5 min).


7da (major diastereomer): colorless oil; IR (neat): ñ =2976, 1710, 1492,
1365, 1250, 1164 cm�1; 1H NMR (400 MHz, CDCl3): d=0.88 (t, J=


7.3 Hz, 3H), 1.37 (s, 9H), 1.43 (s, 9H), 1.64–1.78 (m, 2H), 2.22 (s, 3H),
5.12 (d, J=9.5 Hz, 1H), 6.71 (brd, J=9.5 Hz, 1H), 7.25–7.28 ppm (m,
5H); 13C NMR (100 MHz, CDCl3): d =9.7, 27.1, 27.4, 27.9, 28.3, 58.5,
68.6, 79.5, 82.9, 127.8, 128.1, 138.4, 154.9, 170.5, 206.0 ppm; FAB-LRMS
(mNBA) m/z 414 [M+Na]+ , 392 [M+H]+, 391 [M]+ ; ½a�28D =�10.9 (c=


0.80, CHCl3) (97% ee); HPLC (Daicel Chiralpak AD-H, n-hexane/IPA=


90:10, 1.0 mLmin�1, 280 nm, tmajor 4.7 min, tminor 5.6 min); Anal. calcd for
C23H33NO5+0.2H2O: C 66.88, H 8.52, N 3.55, found: C 66.94, H 8.46, N
3.41.


7ea (major diastereomer): white solid: mp: 144.0–145 8C; IR (solid): ñ=


3440, 3342, 2977, 2930, 1710, 1693, 1493, 1454, 1366, 1243, 1148, 1118,
1048, 703 cm�1; 1H NMR (400 MHz, CDCl3): d=1.34 (s, 9H), 1.39 (s,
9H), 1.87 (br s, 2H), 1.96–2.03 (m, 1H), 2.22 (br s, 1H), 2.31–2.37 (m,
1H), 2.44–2.51ACHTUNGTRENNUNG(m, 1H), 5.19 (d, J=9.5 Hz, 1H), 5.74 (br s, 1H), 7.22–7.31
(m, 3H), 7.37 ppm (brd, J=6.6 Hz, 2H); 13C NMR (100 MHz, CDCl3):
d=18.9, 27.6, 28.3, 31.3, 37.7, 56.1, 65.7, 79.6, 82.6, 127.6, 128.2, 128.4,
139.0, 155.2, 168.4, 211.7 ppm; FAB-LRMS (mNBA) m/z 412 [M+Na]+ ,
390 [M+1]+ ; ½a�28D =++7.9 (c=1.28, CHCl3) (98% ee); HPLC (Daicel
Chiralpak AD-H, n-hexane/IPA=19:1, 1.0 mLmin�1, 254 nm, tmajor
11.7 min, tminor 24.0 min; Anal. calcd for C22H31NO5: C 67.84, H 8.02, N
3.60, found: C 67.58, H 8.00, N 3.56.


7ea (minor diastereomer): white solid: mp: 151 8C; IR (solid): ñ=3426,
2976, 2931, 1716, 1494, 1367, 1248, 1156, 1027, 704 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.37 (s, 9H), 1.48 (s, 9H), 1.68–1.88 (m, 3H),
2.24–2.39 (m, 3H), 5.15 (brd, J=9.5 Hz, 1H), 6.81 (brd, J=9.3 Hz, 1H),
7.22–7.30 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=19.4, 27.8, 28.4,
33.0, 39.5, 57.7, 63.9, 79.2, 82.8, 127.7, 128.3, 128.5, 138.8, 154.8, 170.3,
217.2 ppm; ½a�28D =++18.3 (c=0.58, CHCl3) (98% ee); HPLC (Daicel Chir-
alpak AD-H, n-hexane/IPA=19:1, 1.0 mLmin�1, 254 nm, tmajor 18.4 min,
tminor 8.1 min)


7eb (major diastereomer): colorless oil; IR (neat): ñ =3453, 3342, 2976,
2930, 1749, 1710, 1494, 1454, 1366, 1244, 1149, 1116, 1047, 842, 735 cm�1;
1H NMR (400 MHz, CDCl3): d=1.36 (s, 9H), 1.38 (s, 9H), 1.77–2.02 (m,
3H), 2.12–2.38 (m, 2H), 2.30 (s, 3H), 2.43–2.49 (m, 1H), 5.15 (d, J=


9.5 Hz, 1H), 5.73 (br s, 1H), 7.09 (d, J=7.8 Hz, 1H), 7.24 ppm (d, J=


7.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=18.9, 21.0, 27.7, 28.3, 31.0,
37.7, 55.8, 65.7, 79.5, 82.6, 128.2, 128.9, 136.0, 137.2, 155.2, 168.4,
211.7 ppm; MALDI-TOF MS (a-cyano-4-hydroxycinnamic acid) m/z 426
[M+Na]+ ; ½a�28D =++4.4 (c=0.79, CHCl3) (89% ee), ½a�28D =++1.6 (c=0.79,
acetone) (89% ee); HPLC (Daicel Chiralpak AD-H, n-hexane/IPA=


90:10, 1.0 mLmin�1, 254 nm, tmajor 6.6 min, tminor 15.5 min). ; Anal. calcd
for C23H33NO5: C 68.46, H 8.24, N 3.47, found: C 68.24, H 8.31, N 3.42.


7eb (minor diastereomer): white solid: mp: 120.5–121.0 8C; IR (neat):
ñ=3420, 2967, 2922, 1725, 1490, 1363, 1247, 1157 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.37 (s, 9H), 1.45–1.54 (m, 1H), 1.48 (s, 9H),
1.68–1.75 (m, 1H), 1.77–1.89 (m, 2H), 2.22–2.25 (m, 1H), 2.30 (s, 3H),
2.32–2.39 (m, 1H), 3.78 (s, 3H), 5.11 (d, J=9.3 Hz, 1H), 6.79 (brd, J=


9.3 Hz, 1H), 7.08 (d, J=7.8 Hz, 2H), 7.1 ppm1 (d, J=8.3 Hz, 2H);
13C NMR (100 MHz, CDCl3): d =19.4, 21.0, 27.8, 28.4, 33.0, 39.6, 57.4,
64.0, 79.1, 82.7, 128.3, 129.0, 135.7, 137.3, 154.7, 170.4, 217.3 ppm; ½a�28D =


+10.4 (c=1.02, CHCl3) (95% ee); HPLC (Daicel Chiralpak AD-H, n-
hexane/IPA=90:10, 1.0 mLmin�1, 254 nm, tmajor 12.8 min, tminor 6.0 min


7ed (major diastereomer): colorless oil; IR (neat): ñ =2977, 2925, 1747,
1715, 1492, 1367, 1247, 1157 cm�1; 1H NMR (400 MHz, CDCl3): d=1.35
(s, 9H), 1.39 (s, 9H), 1.86–2.02 (m, 4H), 2.13–2.34 (m, 1H), 2.32 (s, 3H),
2.40–2.47 (m, 1H), 5.13 (d, J=9.5 Hz, 1H), 5.80 (brd, J=7.1 Hz, 1H),
7.05–7.18 ppm (m, 4H); 13C NMR (100 MHz, CDCl3): d=18.9, 21.5, 27.7,
28.3, 31.2, 37.7, 56.0, 65.6, 79.6, 82.6, 125.4, 128.1, 128.3, 129.1, 137.8,
138.9, 155.2, 168.4, 211.6 ppm; FAB-LRMS (mNBA) m/z 426 [M+Na]+ ,
404 [M+H]+ ; ½a�27D =++5.0 (c=0.94, benzene) (84% ee); HPLC (Daicel
Chiralpak AD-H, n-hexane/IPA=95:5, 1.0 mLmin�1, 254 nm, tmajor
9.8 min, tminor 23.5 min); FAB-HRMS (mNBA) calcd for C23H34NO5


[M+H]+ 404.2437, found: 404.2440.


7ed (minor diastereomer): white solid: mp: 113.0–113.5 8C (dec); IR
(solid): ñ =2969, 1721, 1495, 1454, 1367, 1246, 1159 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.38 (s, 9H), 1.48 (s, 9H), 1.64–1.89 (m, 4H),
2.22–2.38 (m, 2H), 2.32 (s, 3H), 5.17 (d, J=9.3 Hz, 1H), 6.99 (brd, J=


9.5 Hz, 1H), 7.00–7.06 (m, 3H), 7.17 ppm (t, J=7.6 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=19.5, 21.4, 27.8, 28.4, 33.0, 39.6, 57.7, 63.9, 79.2,
82.7, 125.4, 128.3, 128.5, 129.4, 137.9, 138.7, 154.8, 170.4, 217.3 ppm;
½a�27D =�5.9 (c=0.29, CH3CN) (91% ee); HPLC (Daicel Chiralpak AD-
H, n-hexane/IPA=95:5, 1.0 mLmin�1, 254 nm, tminor 8.0 min, tmajor
15.0 min).


7ef (major diastereomer): colorless oil; IR ACHTUNGTRENNUNG(neat): ñ=2977, 1712, 1490,
1367, 1249, 1153 cm�1; 1H NMR (400 MHz, CDCl3): d=1.20 (s, 9H), 1.39
(s, 9H), 1.83–2.59 (m, 6H), 2.50 (s, 3H), 5.39 (d, J=10.0 Hz, 1H), 5.46
(brd, J=10.0 Hz, 1H), 7.12–7.18 (m, 3H), 7.73–7.75 ppm (m, 1H);
13C NMR (100 MHz, CDCl3): d =19.0, 20.2, 27.4, 28.3, 34.0, 37.9, 51.3,
66.3, 79.5, 82.4, 126.2, 127.5, 128.4, 130.5, 137.0, 138.3, 155.4, 169.4,
213.0 ppm; FAB-LRMS (mNBA) m/z 426 [M+Na]+ , 404 [M+H]+ ;
½a�29D =++71.0 (c=1.43, CHCl3) (94% ee); HPLC (Daicel Chiralcel OF, n-
hexane/IPA=97:3, 1.0 mLmin�1, 254 nm, tmajor 9.6 min, tminor 12.3 min);
Anal. calcd for C23H33NO5: C 68.46, H 8.24, N 3.47, found: C 68.01, H
8.31, N 3.35.


7eg (major diastereomer): colorless oil; IR (neat): ñ=3439, 2977, 2934,
1746, 1714, 1491, 1368, 1250, 1152 cm�1; 1H NMR (400 MHz, CDCl3): d=


1.29 (s, 9H), 1.39 (s, 9H), 1.92–1.95 (m, 1H), 2.10–2.17 (m, 2H), 2.42–
2.45 (m, 3H), 5.64 (brd, J=9.3 Hz, 1H), 5.91 (br s, 1H), 7.17–7.24 (m,
2H), 7.33–7.36 (m, 1H), 7.79 ppm (d, J=6.8 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=19.0, 27.6, 28.3, 32.7, 37.7, 51.7, 65.5, 79.6, 82.8,
127.1, 128.8, 129.6, 130.2, 134.4, 137.4, 155.2, 168.8, 212.1 ppm; FAB-
LRMS (mNBA) m/z 446 [M+Na]+ , 424 [M+H]+ , 425, 426; ½a�25D =++57.8
(c=0.85, acetone) (93% ee); HPLC (Daicel Chiralpak AD-H, n-hexane/
IPA=95:5, 0.5 mLmin�1, 280 nm, tmajor 14.4 min, tminor 16.0 min); Anal.
calcd for C22H30ClNO5: C 62.33, H 7.13, N 3.30, found: C 62.44, H 7.23,
N 3.24.


7eh (major diastereomer): colorless oil; IR (neat): ñ =2973, 1723, 1493,
1366, 1245, 1157, 1028, 756 cm�1; 1H NMR (400 MHz, CDCl3): d =1.38 (s,
9H), 1.48 (s, 9H), 1.54–1.88 (m, 4H), 2.27–2.36 (m, 2H), 3.83 (s, 3H),
5.80 (d, J=9.5 Hz, 1H), 6.82–6.90 (m, 3H), 7.19–7.27 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d =19.6, 27.8, 28.4, 32.6, 39.2, 50.1, 55.4,
64.2, 78.9, 82.4, 110.3, 120.7, 127.6, 128.6, 128.7, 154.8, 157.0, 170.6,
217.2 ppm; FAB-LRMS (mNBA) m/z 442 [M+Na]+ , 420 [M+H]+ , 419
[M]+ ; ½a�27D =++18.2 (c=1.03, CHCl3) (93% ee); HPLC (Daicel Chiralcel
OD-H, n-hexane/IPA=99:1, 0.5 mLmin�1, 280 nm, tmajor 17.6 min, tminor
22.7 min); Anal. calcd for C23H32NO6: C 65.85, H 7.93, N 3.34, found: C
65.77, H 7.89, N 3.29.


7ei (major diastereomer): colorless oil; IR (neat): ñ=3442, 3330, 2972,
2928, 1749, 1710, 1492, 1367, 1245, 1149, 1010, 735 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.40 (s, 9H), 1.41 (s, 9H), 1.88–2.04 (m, 3H),
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2.24–2.38 (m, 2H), 2.50–2.56 (m, 1H), 5.33 (d, J=10.0 Hz, 1H), 5.44
(brd, J=10.0 Hz, 1H), 6.22 (d, J=3.2 Hz, 1H), 6.28 (dd, J=1.7, 3.2 Hz,
1H), 7.29 ppm (dd, J=0.7, 1.7 Hz, 1H); 13C NMR (100 MHz, CDCl3):
d=18.9, 27.7, 28.2, 30.8, 37.7, 50.7, 64.9, 79.8, 82.5, 107.9, 110.4, 141.6,
152.3, 155.2, 167.9, 211.1 ppm; MALDI-TOF MS (a-cyano-4-hydroxycin-
namic acid) m/z [M+Na]+ 402; The optical rotations were measured
after purification by chiral HPLC. ½a�27D =++5.7 (c=1.80, acetone)
(>99% ee); ½a�25D =++2.4 (c=1.80, CHCl3) (>99% ee); HPLC (Daicel
Chiralpak AD-H, n-hexane/IPA=90:10, 1.0 mLmin�1, 254 nm, tmajor
5.7 min, tminor 7.5 min); Anal. calcd for C20H29NO6: C 63.31, H 7.70, N
3.69, found: C 62.99, H 7.61, N 3.66.


Transformation of 7ea to 8 and Determination of the Relative and
Absolute Stereochemistry


LiAlH4 (327.4 mg, 8.6 mmol, 30.0 equiv) was slowly added to a solution
of the major diastereomer of Mannich product 7ea (112.0 mg, 0.29 mmol,
85% ee) in dry THF (3.5 mL) at room temperature. The mixture was
heated at reflux under N2 for 24 h. The reaction mixture was diluted with
CH2Cl2 (10.0 mL) at �78 8C. To this solution were added H2O (0.33 mL),
1n NaOH (0.33 mL, aq), then H2O (1.0 mL) successively. The resulting
mixture was gradually warmed to room temperature. The precipitate was
filtered through a Celite pad, which was washed with CH2Cl2 (3R10 mL).
The solvent was removed under reduced pressure to afford the crude
product.


Pyridine (5.0 mL) and acetic anhydride (2.5 mL) were added to this resi-
due, and the resulting mixture was stirred for 12 h. Excess pyridine and
acetic anhydride were removed directly with a vacuum pump. Further
purification was performed by MPLC (diol-SiO2; n-hexane/EtOAc=1:1)
to give the pure product 8 (61.6 mg, 59.3%). The ee value of this product
was determined by chiral HPLC analysis.


All spectroscopic data obtained (1H NMR at RT, 13C NMR, LRMS) were
found to be identical with those of the opposite enantiomer reported by
Karlsson et al.[15] By comparing the sign of optical rotation, the absolute
stereochemistry of 8 was determined to be as depicted in Scheme 5. It
was concluded that the major diastereomer of 7ea had the stereochemis-
try shown above.


8 from 7ea (major diastereomer): ½a�25D =++59.5 (c=1.17, CHCl3, 73% ee)
[Lit. ½a�25D =�75.2 (c=0.39, CHCl3, 91% ee); 1H NMR [(CD3)2SO, 60 8C];
d=1.18–2.17 (m, 6H), 1.76 (s, 3H), 1.93 (s, 3H), 1.97 (s, 3H), 2.93 (s,
3H), 3.89 (d, J=12.0 Hz, 1H), 4.09 (d, J=12.0 Hz, 1H), 5.13–5.16 (m,
1H), 5.25 (br s, 1H), 6.04 (s, 1H), 7.25–7.39 ppm (m, 5H); 13C NMR
(CDCl3, 22 8C); d=20.8, 20.9, 21.1, 21.2, 22.0, 22.4, 30.9, 31.1, 31.8, 34.1,
52.7, 53.0, 57.5, 63.0, 65.8, 67.0, 79.2, 79.7, 127.2, 127.6, 128.3, 128.6, 128.6,
129.5, 138.9, 139.2, 169.9, 170.4, 170.4, 170.9, 171.2, 171.5 ppm; 13C NMR
(CDCl3 at 50 8C): d=20.8, 21.2, 21.2, 22.4, 31.1, 32.0, 34.2, 53.2, 57.8, 66.1,
79.3, 127.2, 128.3, 128.6, 129.6, 139.5, 170.3, 170.8, 171.2 ppm; MS (EI)
m/z=361 [M]+ ; HPLC (Daicel Chiralcel OJ-H, n-hexane/IPA=90:10,
1.0 mLmin�1, 220 nm, tmajor 16.0 min, tminor 19.1 min).


X-ray Structural Analysis of 7ea (minor)


The structure of 7ea (minor) was determined by a single-crystal X-ray
analysis using a Rigaku R-AXIS-CS instrument. A single crystal suitable
for X-ray analysis was obtained by recrystallization from hexane/EtOAc.
CCDC 288294 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/data_
request/cif.


A Representative Procedure for the Catalytic Asymmetric Mannich-Type
Reactions of Malonates to N-Boc Imines (Table 4, entry 9)


Dibenzyl malonate 9a (30 mL, 120 mmol, 1.0 equiv) and the Pd complex
2a (3.0 mg, 1.5 mmol, 2.5 mol% Pd) were dissolved in CH2Cl2 (0.24 mL).
N-Boc imine 6a (74 mg, 360 mmol, 3.0 equiv) was added to this solution,
and the reaction mixture was stirred at 0 8C for 24 h. Saturated aqueous
NaCl was added for quenching, and the water layer was extracted by
EtOAc (3R5 mL). The combined organic layers were washed with brine
and dried over Na2SO4. Further purification was carried out by MPLC
(SiO2; hexane/EtOAc=6:1) to afford the desired product 10a in up to


75% yield; chiral HPLC analysis indicated 59% ee. The product 10a was
reported previously.[11g]


10a :[11g] white solid: mp: 96.0–97.0 8C; IR (neat): ñ =3426, 3425, 3028,
2975, 1715, 1494, 1454, 1366, 1349, 1245, 1220, 1156 cm�1; 1H NMR
(400 MHz, CDCl3): d =1.41 (s, 9H), 4.01 (s, 1H), 5.04 (s, 2H), 5.13 (d,
J=12.2 Hz, 1H), 5.16 (d, J=12.2 Hz, 1H), 5.55 (br s, 1H), 6.19 (br s, 1H),
7.08–7.10 (m, 2H), 7.22–7.32 ppm (m, 13H); 13C NMR (100 MHz,
CDCl3): d=28.3, 53.5, 56.9, 67.3, 67.6, 79.7, 126.2, 127.6, 128.0, 128.2,
128.3, 128.4, 128.5, 128.6, 128.6, 134.8, 135.0, 139.3, 155.0, 166.8,
167.8 ppm; FAB-LRMS (mNBA) m/z 490 [M+H]+ , 434 [M�tBu+2H]+ ;
ESI-LRMS(+): m/z 512 [M+Na]+ , 456 [M�tBu+H+Na]+ ; ½a�24D =++8.5
(c=2.43, CHCl3) (45% ee); HPLC (Daicel Chiralpak AS-H, n-hexane/
IPA=97:3, 1.0 mLmin�1, 220 nm, tmajor 22.5 min, tminor 28.2 min); Anal.
calcd for C29H31NO6 C: 71.15, H: 6.38, N: 2.86, found: C: 71.08, H: 6.46,
N: 2.83.


10b : colorless oil; IR (neat): ñ =3432, 3380, 2980, 2936, 2907, 1714, 1497,
1454, 1391, 1368, 1347, 1289, 1249, 1165, 1040, 1032, 1018 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.13 (t, J=7.1 Hz, 3H), 1.26 (t, J=7.1 Hz, 3H),
1.41 (s, 9H), 3.89 (br s, 1H), 4.02–4.27 (m, 4H), 5.50 (br s, 1H), 6.19 (br s,
1H), 7.24–7.31 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d =13.9, 14.0,
28.3, 53.4, 56.9, 61.6, 62.0, 79.6, 126.2, 127.5, 128.4, 139.5, 154.9, 167.0,
167.9 ppm; ESI-LRMS(+): m/z 388 [M+Na]+ , 332 [M�tBu+H+Na]+ ;
HPLC (Daicel Chiralpak AS-H, n-hexane/IPA=90:10, 1.0 mLmin�1,
254 nm, tfaster 5.8 min, tslower 6.9 min).


10c : white solid: mp: 58.8–59.2 8C; IR (neat): ñ=3433, 3375, 2980, 2936,
2879, 1720, 1496, 1467, 1455, 1369, 1332, 1287, 1246, 1167, 1102, 1049,
1025 cm�1; 1H NMR (400 MHz, CDCl3): d=1.04 (d, J=6.3 Hz, 3H), 1.18
(d, J=6.3 Hz, 3H), 1.23 (d, J=6.3 Hz, 3H), 1.25 (d, J=6.3 Hz, 3H), 1.41
(s, 9H), 3.83 (brd, J=3.9 Hz, 1H), 4.95 (sept, J=6.3 Hz, 1H), 5.05 (sept,
J=6.3 Hz, 1H), 5.47 (br s, 1H), 6.22 (br s, 1H), 7.20–7.33 ppm (m, 5H);
13C NMR (100 MHz, CDCl3): d =21.4, 21.5, 21.6, 28.3, 53.4, 57.1, 69.2,
69.7, 79.5, 126.2, 127.4, 128.4, 139.7, 154.8, 166.6, 167.5 ppm; ½a�29D =�10.2
(c=1.43, acetone) (48% ee); HPLC (Daicel Chiralpak AD-H, n-hexane/
IPA=90:10, 1.0 mLmin�1, 254 nm, tmajor 15.9 min, tminor 12.7 min); FAB-
HRMS (mNBA) calcd for C21H31NO6Na [M+Na]+ 416.2049, found:
417.2083.


A Representative Procedure for the Catalytic Asymmetric a-
Aminomethylation of b-Ketoesters (Table 6, entry 4)


Palladium complex 1c (2.2 mg, 1 mol%) and the b-ketoester 3e (80 mL,
434 mmol) were successively added to a mixture of benzylamine TfOH
salt 13 (112 mg, 434 mmol) and formalin (37% aq, 72 mL, 868 mmol). This
reaction mixture was stirred for 1 h at room temperature. After consump-
tion of 3e (TLC: n-hexane/EtOAc=3:1), anhydrous Na2SO4 and EtOAc
were added. Filtration followed by evaporation under reduced pressure
gave the crude product. Ac2O (3 equiv) and Et3N (2 equiv) were added
to a stirred solution of this crude product in CH2Cl2 (3 mL) under cooling
in an ice bath, and the resulting mixture was stirred overnight. After
usual workup, purification was performed by MPLC (SiO2; n-hexane/ace-
tone=2:1) to give 15e (149 mg, 99%). The ee value was determined by
chiral HPLC analysis.


15a : This compound was a mixture of rotamers in a ratio of 4.1:1 at 22 8C
in CDCl3: colorless oil; IR (neat): ñ=2975, 2931, 1705, 1648, 1416, 1359,
1254, 1145, 1114, 978, 956, 838, 728, 693 cm�1; 1H NMR (400 MHz,
CDCl3) for major rotamer: d=1.37 (s, 3H), 1.45 (s, 9H), 2.06 (s, 3H),
2.23 (s, 3H), 3.66 (d, J=14.4 Hz, 1H), 4.18 (d, J=14.4 Hz, 1H), 4.49 (d,
J=17.5 Hz, 1H), 4.63 (d, J=17.5 Hz, 1H), 7.25 (d, J=7.3 Hz, 2H), 7.38–
7.25 ppm (m, 3H); for minor rotamer: d=1.37 (s, 3H), 1.47 (s, 9H), 2.17
(s, 3H), 2.18 (s, 3H), 3.71 (d, J=15.6 Hz, 1H), 3.98 (d, J=15.6 Hz, 1H),
4.32 (d, J=14.9 Hz, 1H), 4.67 (d, J=14.9 Hz, 1H), 7.38–7.12 ppm (m,
5H); 13C NMR (100 MHz, CDCl3) for major rotamer: d=17.9, 21.7, 27.7,
49.1, 53.4, 61.0, 82.2, 125.9, 127.5, 128.9, 136.6, 171.2, 172.4, 204.5 ppm;
for minor rotamer: d =18.5, 22.0, 26.3, 47.7, 49.2, 61.0, 83.2, 127.2, 128.0,
128.4, 137.0, 170.8, 171.6, 204.3 ppm; FAB-LRMS (mNBA) m/z 356
[M+Na]+ , 276 [M�tBu]+ , 242 [M�Bn]+ ; FAB-HRMS (mNBA) calcd
for C19H28NO4 334.2018 [M+H]+ , found: 334.2019; ½a�29D =++11.6 (c=


1.30, CHCl3) (57% ee); HPLC (Daicel Chiralcel OD-H, n-hexane/IPA=


90:10, 0.5 mLmin�1, 254 nm, tmajor 13.9 min, tminor 15.6 min).
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15e : This compound was a mixture of rotamers in a ratio of 3.6:1 at
22 8C in CDCl3: colorless oil; IR (neat): ñ =2975, 2936, 1744, 1719, 1650,
1434, 1413, 1368, 1251, 1140, 1005, 845, 733, 699 cm�1; 1H NMR
(400 MHz, CDCl3) for major rotamer: d=1.41 (s, 9H), 2.07 (s, 3H),
1.88–2.46 (m, 6H), 3.70 (d, J=13.9 Hz, 1H), 3.98 (d, J=13.9 Hz, 1H),
4.64 (s, 2H), 7.17 (d, J=7.3 Hz, 2H), 7.37–7.23 ppm (m, 3H); for minor
rotamer: d=1.42 (s, 9H), 2.20 (s, 3H), 1.88–2.46 (m, 6H), 3.72 (d, J=


14.6 Hz, 1H), 3.95 (d, J=14.6 Hz, 1H), 3.99 (d, J=14.6 Hz, 2H), 4.87 (d,
J=14.6 Hz, 1H), 7.17 (d, J=7.3 Hz, 2H), 7.37–7.23 ppm (m, 3H);
13C NMR (100 MHz, CDCl3) for major rotamer: d =20.0, 21.8, 27.8, 33.8,
38.4, 48.1, 52.7, 61.3, 82.1, 126.2, 127.4, 128.8, 137.1, 170.9, 172.7,
214.0 ppm; FAB-LRMS (mNBA) m/z 346 [M+H]+ ; FAB-HRMS
(mNBA) calcd for C20H27NO4 345.1940 [M]+ , found: 345.1934; ½a�30D =


�15.6 (c=3.5, CHCl3) (60% ee); HPLC (Daicel Chiralpak AD-H, n-
hexane/IPA=90:10, 0.5 mLmin�1, 254 nm, tmajor 20.4 min, tminor 17.5 min)


15 f : This compound was a mixture of rotamers in a ratio of 1.8:1 at 22 8C
in CDCl3: colorless oil; IR (neat): ñ=2972, 2939, 2867, 1708, 1651, 1434,
1416, 1364, 1251, 1146, 1096, 991, 842, 728, 698 cm�1; 1H NMR (400 MHz,
CDCl3) for major rotamer: d=1.47 ACHTUNGTRENNUNG(s, 9H), 2.03–1.31 (m, 5H), 2.06 (s,
3H), 2.60–2.36 (m, 3H), 3.72 (d, J=14.2 Hz, 1H), 4.09 (d, J=14.2 Hz,
1H), 4.52 (d, J=17.5 Hz, 1H), 4.63 (d, J=17.5 Hz, 1H), 7.37–7.12 ppm
(m, 5H); for minor rotamer: d=1.48 (s, 9H), 2.03–1.31 (m, 5H), 2.18 (s,
1H), 2.60–2.36 (m, 3H), 3.41 (d, J=15.4 Hz, 1H), 4.00 (d, J=15.4 Hz,
1H), 4.35 (d, J=14.6 Hz), 4.80 (d, J=14.6 Hz, 1H), 7.37–7.12 ppm (m,
5H); 13C NMR (100 MHz, CDCl3) for major rotamer d=21.9, 22.3, 27.2,
27.8, 34.4, 41.0, 48.3, 52.8, 62.5, 82.4, 125.9, 127.4, 128.9, 137.0, 169.8,
172.5, 207.4 ppm; for minor rotamer d=22.1, 22.8, 27.4, 27.8, 36.8, 41.2,
47.8, 48.9, 63.4, 83.5, 127.2, 128.4, 128.5, 137.6, 169.4, 171.7, 206.7 ppm;
FAB-LRMS (mNBA) m/z 360 [M+H]+ , 302 [M�tBu]+ ; FAB-HRMS
(mNBA) calcd for C21H30NO4 360.2175 [M+H]+ , found: 360.2162; ½a�28D =


+61.6 (c=2.55, CHCl3) (61% ee); HPLC (Daicel Chiralpak AS-H, n-
hexane/IPA=95:5, 1.0 mLmin�1, 254 nm, tmajor 15.7 min, tminor 24.4 min)
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Introduction


The mechanism for the growth of nanocrystals has attracted
significant attention recently in view of its importance, both
academically and technologically.[1,2] A popular mechanism
employed to explain the growth kinetics of nanocrystals is
the diffusion-limited Ostwald ripening process following the
Lifshitz-Slyozov-Wagner (LSW) theory.[3,4] Alivisatos and
coworkers[5] examined the growth of CdSe and InAs nano-
crystals by employing UV/Vis absorption spectroscopy to
determine the size of nanocrystals, and the bandwidths in
the photoluminescence spectra to determine their size distri-
bution. They observed a focusing and defocusing effect of


the size distribution similar to that expected in Ostwald rip-
ening. Qu et al.[6] noted an asymmetric diameter distribution
similar to that expected for diffusion-limited Ostwald ripen-
ing at the last stage of the growth mechanism in the case of
CdSe nanocrystals. Peng and Peng[7,8] examined the growth
kinetics of CdSe nanorods by UV/Vis spectroscopy and
transmission electron microscopy (TEM), and found the dif-
fusion-controlled model to be valid when the monomer con-
centration was sufficiently high. Searson and coworkers[9–11]


found the growth of ZnO and TiO2 nanocrystals to follow
Ostwald ripening as the dominant mechanism. Our own
study of growth kinetics of uncapped ZnO nanorods[12] has
shown a diffusion-controlled growth. Based on an in-situ
TEM investigation, El-Sayed and coworkers[13] reported a
diffusion-controlled growth of small gold nanoclusters.


There are several reports in the literature, in which the
growth kinetics of nanocrystals is observed to deviate from
the simple diffusion-limited Ostwald ripening model. Sesha-
dri et al.[14] propose the growth of gold nanocrystals to be es-
sentially stochastic, wherein the nucleation and growth steps
are well separated. A recent study of the nucleation and
growth of gold nanocrystals by small angle X-ray scattering
(SAXS) and UV/Vis spectroscopy over a very short time
scale suggests a surface reaction-limited growth of nanocrys-


Abstract: The growth of capped CdSe
and CdS nanocrystals formed by the
reaction of selenium or sulfur with cad-
mium stearate in toluene solution in
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tals in the presence of an alkanoic acid.[15] The slow growth
kinetics of gold nanocrystals has been recently reported to
follow a sigmoidal growth law rather than Ostwald ripen-
ing.[16] Sarma and coworkers[17] reported that the growth ki-
netics of CdS and ZnS nanocrystals, investigated by SAXS,
does not follow the Ostwald-ripening model. These workers
also reported that the growth kinetics of the ZnO nanocrys-
tals in the absence of any capping agent, deviates from dif-
fusion-controlled Ostwald ripening.[18,19] These studies, as
well as the theoretical studies of Talapin et al.[20] suggested
that the growth kinetics of nanocrystals are best explained
on the basis of a combined model containing both the diffu-
sion of monomers and the reaction at the surface. Growth
kinetics of nanocrystals in the presence of capping agents is
controlled by several factors, and signatures of either the
diffusion or the surface reaction-controlled regimes are
seen. The effect of capping agents on the growth of nano-
crystals has been examined by a few workers.[5–8,21–27] For ex-
ample, the growth kinetics of ZnO nanorods in the presence
of poly(vinyl pyrollidone) (PVP) is best explained on the
basis of a combined growth model involving both diffusion
and surface reaction.[12]


In view of the importance of understanding of the de-
tailed growth mechanism of II-VI semiconductor nanocrys-
tals, we considered it valuable to investigate the growth ki-
netics of CdSe and CdS nanocrystals over relatively long pe-
riods by employing a variety of techniques. Most of the stud-
ies of the growth kinetics of CdSe and CdS nanocrystals re-
ported in the literature are based on UV/Vis and
photoluminescence (PL) spectroscopies, which are indirect
and are strongly affected by the change in the electronic
structure of the nanomaterials. We have therefore employed
SAXS along with TEM, and UV/Vis and PL spectroscopies
for our study of the growth kinetics of CdSe and CdS nano-
crystals. Employing such independent techniques is impor-
tant because of the limitations of each of the techniques.
SAXS provides a direct probe to determine the size and
shape of nanomaterials, and the sampling size is very much
larger than that in TEM measurements. Additionally, SAXS
is most suited for an in-situ study of the growth of nanocrys-
tals. We have also obtained the size distribution of the nano-
crystals by TEM at different times of growth. Although
TEM is the most direct probe to obtain the size, shape, and
size distribution of nanostructures, it is not possible to carry
out in-situ measurements, especially when the initial nano-
structures are small in size.


We have employed a solvothermal reaction between cad-
mium stearate [Cd(st)2] and Se or S powder, in the presence
of dodecanethiol or trioctylphosphine oxide (TOPO) in tol-
uene and a catalytic amount of tetralin.[28,29] We have ob-
tained growth-kinetic data starting with different initial con-
centrations of Cd(st)2, and report the results of this study in
this article. Our study has provided good kinetic data on the
growth of CdSe and CdS nanocrystals. The data, however,
do not conform to diffusion-limited Ostwald ripening in
both cases. The growth mechanism in both CdSe and CdS
nanocrystals deviates from the diffusion-limited LSW


model, requiring the inclusion of an additional contribution
from a surface process.


Results and Discussion


SAXS measurements on the growth of dodecanethiol-
capped CdSe nanocrystals were carried out at different ini-
tial concentrations of Cd(st)2. Figure 1a and b shows typical


logarithmic scale plots of intensity versus scattering vector
for different times of growth in the case of nanocrystals pre-
pared with 0.05 g (0.07 mmol) and 0.2 g (0.29 mmol) of
Cd(st)2, respectively. The changes observed in the SAXS
patterns clearly indicate that the nanocrystals grow as a
function of time at both concentrations of Cd(st)2 investigat-
ed. To estimate the average diameter and diameter distribu-
tion of CdSe nanocrystals, we have fitted the experimental
SAXS data to the spherical model mentioned in the Experi-
mental Section. The scattering contrast for X-rays is given
by the electron-density difference between the particle and
the solvent. As CdSe has a higher contrast than the solvent,
only the CdSe particles need to be considered for analysis.
In the case of a diluted assembly of spherical particles, ne-
glecting particle interaction, the scattering intensity is given
by Equation (1)


IðqÞ /
Z


f ðRÞVðRÞ2Pðq;RÞdR ð1Þ


in which V(R) and P ACHTUNGTRENNUNG(q, R) are the volume and form factor,
respectively, of a sphere of radius, R. The form factor of the
sphere is given by Equation 2.


Pðq;RÞ ¼ 3fsinðqRÞ � qR cosðqRÞg
ðqRÞ3


� �2


ð2Þ


Figure 1. SAXS data for the growth of CdSe nanocrystals prepared from
a) 0.05 g (0.07 mmol), and b) 0.2 g (0.29 mmol) of cadmium stearate after
different times of the reaction. Solid lines are the spherical model fits to
the experimental data.
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In Equation (2), q is the scattering vector (q ¼ 4pSinq=l,
in which, q is scattering angle and l is X-ray wave length),
and R, the radius of the sphere. To obtain the particle size
distribution, we used the Gaussian distribution, f(R) in
Equation (3).


f ðRÞ ¼ 1


s
ffiffiffiffiffiffi
2p
p e� ðR�R0Þ2=2s2½ 
 ð3Þ


Least-square refinement yields two parameters, R and s,
in which the latter is the standard deviation. The solid
curves in Figure 1 are the sphere-model fits of the experi-
mental SAXS data. The fits with the experimental patterns
are quite good, yielding the average diameter, as well as the
diameter distributions for different growth times.


We have estimated the diameter, D, of the CdSe nano-
crystals after different periods of growth from the SAXS
data, and show the time evolution of the diameter distribu-
tion in Figure 2a in the case of nanocrystals prepared with
0.2 g (0.29 mmol) of Cd(st)2. Figure 2b represents the corre-


sponding time evolution of the standard deviation of the di-
ameter distribution, sD (i.e. half-width of the diameter distri-
bution). The width of the diameter distribution increases up
to a certain time, undergoes a sudden drop, and finally
reaches a maximum value. We have observed a similar fluc-
tuation in the diameter distribution in the case of CdSe
nanocrystals prepared from a lower concentration of
Cd(st)2. Such focusing and defocusing of the diameter and
length distributions has been noticed earlier in the case of
CdSe nanoparticles[5] and of ZnO nanorods.[12] When the
monomer concentration gets depleted, arising from the
faster growth of the nanocrystals, the smaller nanocrystals
start to shrink, while the bigger ones keep growing. The size
distribution, therefore, becomes broader (e.g., t=3 hrs).
Dissolution of the small nanocrystals again enriches the mo-
nomer concentration in the solution, with the growth of the
bigger nanocrystals continuing through the diffusion of the


monomer from solution to the nanocrystals surface, giving
rise to a focusing of the diameter distribution (e.g., t=4 to
5 hrs). The focusing and defocusing of the diameter distribu-
tion is, thus, dependent on the variation of the monomer
concentration in the solution, indicating that the growth of
CdSe nanocrystals occurs, at least partly, by diffusion of mo-
nomer from the solution to the surface of the nanocrystals.


We have carried out TEM measurements at a few points
during the growth of the CdSe nanocrystals. Figure 3 shows


typical TEM images of CdSe nanocrystals prepared with
(0.2 g, 0.29 mmol) of Cd(st)2 after different periods of
growth to illustrate how the size of the CdSe nanocrystals
increases with increasing growth time. We have estimated
the average diameter and the diameter distribution of CdSe
nanocrystals at different stages of the growth from the TEM
images. Although the TEM data are not statistically as satis-
factory as SAXS, the diameter distributions obtained from
TEM and SAXS after 3, 4, 5, and 10 h of growth show good
agreements.


We have also carried out UV/Vis and PL spectroscopy
measurements to obtain additional information on the
growth kinetics of CdSe nanocrystals. Figure 4a and b, re-
spectively represent the time evolution of UV/Vis and PL
spectra of the CdSe nanocrystals prepared from 0.2 g
(0.29 mmol) of Cd(st)2. The UV/Vis spectra show three


Figure 2. a) Time evolution of diameter distribution of the CdSe nano-
crystals prepared from 0.2 g (0.29 mmol) of cadmium stearate and b) the
corresponding time evolution of the standard deviation, sD, of diameter
distribution. The distributions are obtained from the spherical model fits
to the experimental SAXS data, recorded after different reaction times
(1–10 hrs).


Figure 3. TEM images of CdSe nanocrystals prepared from 0.2 g
(0.29 mmol) of cadmium stearate obtained after a) 3 and b) 10 hrs of
growth. Insets show the diameter distributions obtained from TEM. NF:
normalized frequency.


Figure 4. a) UV/Vis spectra and b) photoluminescence spectra of CdSe
nanocrystals prepared from 0.2 g (0.29 mmol) of cadmium stearate ob-
tained after different times of growth (1–10 hrs).
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clearly resolved bands at approximately 410, 458, and
505 nm after 3 h of the reaction, which is consistent with
that reported in the literature.[5,28,30] With increasing reaction
time, the absorption bands of CdSe nanocrystals are red-
shifted from 400 to 600 nm as the particle size increases. We
have calculated the average diameters of the CdSe nano-
crystals after different times of the reaction from the UV/
Vis spectra following the method described in the Experi-
mental Section.


The PL spectra of CdSe nanocrystals in Figure 4b show
clearly resolved band-edge luminescence (e.g., 518 nm band
after 3 h of reaction), which is consistent with the litera-
ture.[5,6, 28,30] The PL band of CdSe nanocrystals is red-shifted
from 455 to 615 nm with increasing reaction time. The width
of the PL spectra also provides information about the parti-
cle-size distribution.[6] The width of the PL band changes
with an increase in reaction time similar to the relationship
observed for the width of diameter distribution with time
(Figure 2). The diameter distributions derived from PL
bands are similar to those from SAXS, showing a broaden-
ing and narrowing of the PL bandwidth with reaction time.[6]


Surprisingly, the PL bands become symmetric (t=1, 3, 4,
and 10 h) and asymmetric ( t=2 and 5 h) during the growth
of the particle. The LSW theory of growth predicts an asym-
metric size distribution.[2,3] Thus, the PL data reveal that the
diffusion-limited reaction contributes to the growth of CdSe
nanocrystals.


In Figure 5, we have shown the time evolution of the aver-
age diameter obtained from SAXS (filled circles), TEM
(open circles) and UV/Vis spectroscopy (open triangles) of
the CdSe nanocrystals prepared with two different concen-
trations of Cd(st)2. The diameters obtained from different
techniques are in close agreement. The diameter of the
CdSe nanocrystals varies from 1 to 2.1 nm and from 1.3 to


4.4 nm when the starting Cd(st)2 concentrations are 0.07 and
0.29 mmol, respectively. With increasing concentration of
Cd(st)2, the diameter of CdSe nanocrystals increases, with
higher monomer concentrations favoring the formation of
bigger CdSe nanocrystals.


Although some qualitative evidence for the diffusion-lim-
ited growth of CdSe nanocrystals is provided by the obser-
vation of the focusing and defocusing diameter distribution,
a better insight is obtained from the time evolution of the
average diameter of nanocrystals. If the diffusion-limited
Ostwald ripening according to LSW theory[3,4] were the sole
contributor for the growth, the rate law would be given by
Equation (4)[2]


D3 �D3
0 ¼ Kt ð4Þ


in which D is the average diameter at time t, and D0, the
average initial diameter of the nanocrystals. The rate con-
stant K is given byK ¼ 8gdV2


mC1
�
9RT, with d the diffusion


constant at temperature T, Vm, the molar volume, g, the sur-
face energy, and C1, the equilibrium concentration at a flat
surface. We have tried to fit the D(t) data of the CdSe nano-
crystals obtained from SAXS, TEM, and UV/Vis spectrosco-
py to the Ostwald-ripening model and found that it was not
possible to obtain a good fit of the D(t) data by using Equa-
tion (4). A typical fit, using Equation (4), of the D(t) data of
the CdSe nanocrystals obtained, is shown in Figure 5 by the
broken curve. The fit is not satisfactory with a coefficient of
determination, R2, of 0.33 and 0.58 for 0.07 and 0.29 mmol
of Cd(st)2, respectively. The growth process clearly deviates
from diffusion-limited Ostwald ripening. We have tried to fit
the D(t) data to the surface-limited reaction model (D2 / t)
or by varying the value of the exponent (n in Dn / t;), and
found that the fit of the data was unsatisfactory to both the
surface-reaction model and to a variable-n model.[2] To fit
the experimental D(t) data of the CdSe nanocrytals, we
have, therefore, used a model which contains both the diffu-
sion-limited and surface-limited growth,[2,12,19] shown in
Equation (5)


BD3 þ CD2 þ const ¼ t ð5Þ


in which, B ¼ AT=expð�Ea=kBTÞ, A / 1
�
ðD0gV


2
mC1Þ and


C / T=ðkdgV2
mC1Þ, kd is the rate constant of surface reac-


tion. The goodness of fits with R2=0.99 and 0.97 for the
lower and higher concentrations of Cd(st)2, respectively,
over the entire range of experimental data by the combined
diffusion and surface reaction-control model is shown by the
thick solid curve in Figure 5. The observed improvement to
the fitting of the data suggests that the growth of the CdSe
nanocrystals appears to have contributions from the surface
reaction as well.


We have studied the effect of a capping agent on the
growth kinetics of CdSe nanocrystals. For this purpose, we
have employed trioctylphosphine oxide (TOPO) in place of
dodecanethiol keeping the other conditions same at the
time of the reaction. We have estimated the diameters and


Figure 5. Time evolution of the average diameter (D) of the CdSe nano-
crystals obtained from SAXS for different concentrations of cadmium
stearate (filled circles). TEM data are shown by open circles. Average di-
ameter calculated from UV/Vis spectra are given by open triangles. Solid
curves represent fits of the data to the combined surface- and diffusion-
growth model. Dotted curve is the Ostwald ripening-model fit to the ex-
perimental data.
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diameter distributions of TOPO-capped CdSe nanocrystals
after different times of the reaction by using SAXS, TEM,
UV/Vis, and photoluminescence, as was undertaken for the
dodecanethiol-capped CdSe nanocrystals. In Figure 6, we
show the average diameter of TOPO-capped CdSe nanocry-


tals obtained from SAXS, TEM, and UV/Vis spectroscopy
after different times of the reaction. Diameters obtained
from the different techniques show close agreement. The di-
ameter of the CdSe nanocrystals varies from 1.1 to 2.7 nm
when the starting Cd(st)2 concentration is 0.29 mmol. In the
presence of TOPO, the increase in diameter is somewhat
smaller compared to that observed in the dodecanethiol-
capped case. We have found the Ostwald ripening model
[Eq. (4)] to be unsatisfactory for the data with TOPO as
capping agent. Utilising the surface-limited reaction model
or by variation of the exponent (n in Dn / t;), does not pro-
vide a good agreement with the experimentally obtained re-
sults. We have therefore used the combined model, Equa-
tion (5), containing both diffusion-limited and surface-limit-
ed growth. The fit is good over the entire range of the data
(R2=0.997, solid curve in Figure 6). Thus, the growth of the
TOPO-capped CdSe also follows the combined diffusion
and surface reaction-control model.


We have carried out studies on the growth kinetics of the
dodecanethiol-capped CdS nanocrystals by a combined use
of SAXS, TEM, and UV/Vis and photoluminescence spec-
troscopy. Figure 7 shows typical intensity versus scattering
vector plots in the logarithmic scale for different times of
growth in the case of CdS nanocrystals prepared with 0.05 g
(0.07 mmol) of Cd(st)2. To estimate the average diameter
and diameter distribution of CdS nanocrystals, we have
fitted the experimental SAXS data to the spherical model.
The width of the diameter distribution obtained from SAXS


shows the similar focusing and defocusing observed in the
case of CdSe nanocrystals. We have also carried out TEM
measurements on the CdS nanocrystals at a few points
during the growth, and Figure 8 shows typical TEM images
of CdS nanocrystals prepared with 0.05 g (0.07 mmol) of
Cd(st)2 after different periods of growth. We have estimated
the average diameter and the diameter distribution of CdS
nanocrystals at different stages of the growth from the TEM
images. Although the TEM data are not expected to be as


Figure 6. Time evolution of the average diameter (D) of the CdSe nano-
crystals obtained from SAXS using TOPO as the capping agent (filled
circles). TEM data are shown by open circles. Average diameter calculat-
ed from UV/Vis spectra are given by open triangles. Solid curves repre-
sent the combined surface and diffusion growth-model fits to the experi-
mental data.


Figure 7. SAXS data for the growth of CdS nanocrystals prepared from
a) 0.05 g (0.07 mmol) of cadmium stearate after different times of the re-
action. Solid lines are the spherical-model fits to the experimental data.


Figure 8. TEM images of CdS nanocrystals prepared from 0.05 g
(0.07 mmol) of cadmium stearate obtained after a) 4 and b) 10 hrs of
growth. Insets show the diameter distributions obtained from TEM. NF:
normalized frequency.
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statistically satisfactory as SAXS, the diameter distributions
obtained from TEM and SAXS after 4 and 10 h of growth
are in good agreement.


Figure 9 represents the time evolution of UV/Vis spectra
of the CdS nanocrystals prepared from 0.05 g (0.07 mmol)
of Cd(st)2. The UV/Vis spectra show one transition (e.g.,


375 nm band after 3 h of the reaction) that is consistent with
the literature.[30] With increasing reaction time, the absorp-
tion bands of CdS nanocrystals are red-shifted from 360 to
390 nm as the particle size increases. The PL spectra of CdS
are not as good as those obtained from CdSe. The band-
edge luminescence is obtained to be about 370 nm after 2 h
of the reaction.


Figure 10 shows the plot of the average diameter obtained
from SAXS (filled circles), TEM (open circles), and UV/Vis
spectroscopy (open triangles) of CdS nanocrystals against
time. Diameters obtained from different techniques exhibit
close agreement. The diameter of the CdS nanocrystals
varies from 2.3 to 3.1 nm when the starting Cd(st)2 concen-
tration is 0.07 mmol. We tried to fit the D(t) data to the Ost-
wald-ripening model [Eq. (4)], yet an unsatisfactory fit was
obtained having an R2 value of only 0.85. A typical fit of the
D(t) data to Equation (4) of the CdS nanocrystals is shown
in Figure 10 by the broken curve. The growth process clearly
deviates from the diffusion-limited Ostwald ripening model.
We found a good fit of the data only with the combined
model, shown in Equation (5), accounting for both diffu-
sion-limited and surface-limited growth. The fit is good over
the entire range of the data (R2=0.99, solid curve in


Figure 10). Thus, the growth of the CdS deviates sufficiently
from the diffusion-limited Ostwald-ripening model, and fol-
lows a mechanism involving both diffusion-control and sur-
face-reaction control.


The growth of the nanocrystals mainly occurs by the diffu-
sion of monomers from solution to the nanocrystal surface,
or by the reaction at the surface, at which units of the diffus-
ing particles get assimilated into the growing nanocrystals.
Diffusion and surface reaction are the limiting cases in the
nanocrystal growth. The presence of a capping agent in both
cases, gives rise to a barrier to diffusion. The contribution of
the surface reaction, therefore, comes into picture. The
growth of capped CdSe and CdS nanocrystals clearly occurs
through a combination of diffusion and surface-reaction pro-
cesses.


Conclusions


A systematic study of the growth of capped CdSe and CdS
nanocrystals has been carried out by a combined use of
SAXS, TEM, UV/Vis, and PL spectroscopies to obtain relia-
ble data on the growth kinetics. The rate of growth was suf-
ficiently slow to follow the kinetics over a long period. Thus,
the data represent the kinetics of the growth immediately
after the nucleation, which probably occurs within a minute
or so. With an increase in the concentration of the starting
metal precursor, Cd(st)2, the diameter of the CdSe nanocrys-
tals increases. Focusing and defocusing of the diameter dis-
tribution, and the asymmetric nature of the PL band of the
nanocrystals, reveal that the diffusion of the monomer con-
tributes towards the growth of the nanocrystals. However,
the best fits of the D(t) data is found to be a D3+D2 model,
suggesting that the growth mechanism of capped CdSe and


Figure 9. UV/Vis spectra of CdS nanocrystals prepared from 0.05 g
(0.07 mmol) of cadmium stearate obtained after different times of growth
(1–10 hrs).


Figure 10. Time evolution of the average diameter (D) of the CdS nano-
crystals obtained from SAXS for 0.05 g (0.07 mmol) of cadmium stearate
(filled circles). TEM data are shown by open circles. Average diameter
calculated from UV/Vis spectra are given by solid triangles. Solid curves
represent the combined surface and diffusion growth-model fits to the ex-
perimental data. Dotted curve is the Ostwald ripening-model fit to the
experimental data.


1440 www.chemasianj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1435 – 1442


FULL PAPERS
C. N. R. Rao et al.







CdS nanocrystals involves both diffusion and surface reac-
tions. The presence of a capping agent, gives rise to a barrier
to diffusion, thereby rendering the contribution of the sur-
face reaction relevant.


Experimental Section


Synthesis


CdSe nanocrystals : To carry out the growth study, CdSe nanocrystals
were prepared by the reaction of cadmium stearate and selenium powder
in toluene at 250 8C under solvothermal conditions as reported in the lit-
erature.[28] The reaction was stopped at different times (1, 2, 3, 4, 5, and
10 h) and the products were analyzed by using TEM and SAXS, and UV/
Vis and photoluminescence spectroscopies. In a typical synthesis, cadmi-
um stearate (0.2 g, 0.29 mmol) and selenium powder (0.023 g, 0.29 mmol)
were added to toluene (20 mL), followed by the addition of tetralin
(30.4 mL) and 1-dodecanethiol (17.4 mL). The reaction mixture was sealed
in a teflon-lined autoclave (60% filling fraction) and maintained at
250 8C in a hot air oven. The solid products obtained at different times
after the reaction were precipitated with the addition of 2-propanol. The
precipitate was collected by centrifugation and redissolved in toluene. To
study the effect of the concentration of the reactants on the growth pro-
cess, we prepared CdSe nanocrystals at a lower concentration of cadmi-
um stearate (0.05 g, 0.07 mmol) keeping the other reaction parameters
the same. The samples were taken out after different reaction times (2, 3,
4, 5, and 10 h) for investigation. To study the effect of the capping on the
growth process, we prepared CdSe nanocrystals using trioctylphosphine
oxide, TOPO, as capping agent (0.0038 g, 0.00 9 mmol) instead of 1-do-
decanethiol keeping the other reaction parameters the same. The samples
were taken out after different reaction times (2, 3, 4, 5, and 10 h) for in-
vestigation.


CdS nanocrystals : To carry out the growth study, CdS nanocrystals were
prepared by the reaction of cadmium stearate and sulfur powder in tolu-
ene at 250 8C under solvothermal conditions as reported in the litera-
ture.[29] The reaction was stopped at different times (1, 2, 3, 4, 5, and
10 h) and the products were analyzed by using TEM and SAXS, and UV/
Vis and photoluminescence spectroscopies. In a typical synthesis, cadmi-
um stearate (0.05 g, 0.07 mmol) was dissolved in toluene (20 mL), and
sulfur powder (2.4 mg, 0.07 mmol), tetralin (30.4 mL), and 1-dodecane-
thiol (17.4 mL) were added under stirring. The reaction mixture was
sealed in a teflon-lined autoclave (60% filling fraction) and maintained
at 250 8C in a hot air oven. The solid products obtained at different times
after the reaction, were precipitated with the addition of 2-propanol. The
precipitate was collected by centrifugation and redissolved in toluene.


Characterizations


SAXS : The average diameter of the CdSe and CdS nanocrystals could be
readily obtained by SAXS[31–33] . We performed SAXS experiments with a
Bruker-AXS NanoSTAR instrument modified and optimized for solution
scattering. The instrument is equipped with an X-ray tube (Cu Ka radia-
tion, operated at 45 kV/35 mA), cross-coupled Gçbel mirrors, three-pin-
hole collimation, evacuated beam path, and a 2D gas-detector (HI-
STAR)[33] . The accessible scattering range of the instrument can be
varied by selecting different distances between the sample and the detec-
tor of 42.2 cm and 66.2 cm. The modulus of the scattering vector is
q ¼ 4pSinq=l, in which, q is scattering angle and l is X-ray wavelength.
We recorded the SAXS data in the q=0.007 to 0.21 M�1 range, that is,
2q=0.1 to 38. Solutions of the CdSe and CdS nanocrystals in toluene (ap-
proximately 0.1 w/v% concentration) obtained after lapse of different re-
action times, were used for SAXS measurements. The solutions of nano-
crystals were taken in quartz capillaries (diameter of about 2 mm) for the
measurements with an exposure time of 20 min in order to obtain good
signal-to-noise ratios. A capillary filled with only toluene was used for
background correction. The concentration of the nanocrystals was suffi-
ciently low to neglect interparticle-interference effects. The experimental
SAXS data were fitted using Bruker-AXS DIFFRACplus NANOFIT soft-


ware using a solid-sphere model. The form factor of the spheres used in
this software, is that arising from Rayleigh.[34] The assumption of the
spherical model was verified by carrying out TEM investigations at sever-
al points of the growth process.


TEM : The solid products obtained after different reaction periods, were
dissolved in toluene and were taken on holey carbon-coated Cu grids for
TEM investigations with a JEOL (JEM3010) microscope operating with
an accelerating voltage of 300 kV. The diameter distributions were ob-
tained from the magnified micrograph by using a DigitalMicrograph 3.4
software.


UV/Vis and Photoluminescence : The UV/Vis spectroscopy measure-
ments were performed using a Perkin–Elmer Lambda 900 UV/VIS/NIR
spectrophotometer. The nanocrystals were dissolved in toluene, and the
solution was used to carry out the UV/Vis measurements. Photolumines-
cence spectra of these solutions were recorded with a Perkin–Elmer
model LS55 luminescence spectrophotometer. The average diameter of
the nanocrystals was calculated from the absorption peak position using
the sizing curves given in the literature.[35] The sizing curves provided the
diameter of CdSe and CdS nanocrystals, which was calculated by using
TEM and XRD and the first absorption peak position.
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Introduction


The chiral-ligand-controlled asymmetric conjugate addition
reaction[1] of lithium arylmethyl(trimethylsilyl)- or allyl(trial-
kylsilyl)amides 1 (R1=Ar,[2a,c–e] CH=CH2


[2b]) with acyclic
and cyclic enoates 2 gives the corresponding 3-alkylaminoal-
kanoates 4 in high enantio- and diastereoselectivity
(Scheme 1).[3–5] Chiral 3-aminoalkanoates 4 are known to be
the essential and versatile components of biologically potent
compounds.[6,7] Herein we describe that 3-benzylamino- or
3-allylaminoalkanoates 4 serve as starting materials for the


stereoselective one-pot synthesis of five- and seven-mem-
bered lactams trans-5 and cis-6 through a base-induced cycli-
zation–rearrangement sequence.


Results and Discussion


Unexpected Sequential Cyclization–Rearrangement of 3-
Aminoalkanoates


We encountered this unexpected behavior of 3-aminoalka-
noate 4 during the attempted chlorine–lithium exchange re-
action of 4a (Scheme 2). The reaction of 4a with 6 equiv of
tert-butyllithium in THF at �78 8C for 0.5 h gave five-mem-
bered lactam trans-5a in 20% yield and seven-membered
lactams 6a, 7, and 8 in 40, 15, and 12% yields, respectively.


Abstract: By treatment with tBuLi,
linear 3-aminoalkanoates (4) were con-
verted stereoselectively into five- and
seven-membered lactams (trans-5 and
cis-6). Initial cyclization to azetidin-2-
one with subsequent aza-[1,2] and [2,3]
rearrangement is the probable mecha-


nistic pathway from 4 to 5 and 6. Al-
though enantioenriched 4 was convert-
ed into nearly racemic 5 and 6, a linear


3-amino-2-methylalkanoate (17) with
90% ee bearing chirality at the ester a-
position afforded an all-cis seven-mem-
bered lactam (18) bearing three asym-
metric centers with 85% ee.Keywords: chirality · cyclization ·


lactams · lithium · rearrangement
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Scheme 1. Chiral ligand 3 controlled asymmetric conjugate addition reac-
tion of lithium amides 1 with enoates 2.[2]


Scheme 2. tBuLi-induced conversion of 3-benzylaminoalkanoate 4a into
five- and seven-membered lactams 5a, 6a, 7, and 8. PMB=4-methoxy-
benzyl.
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It is also important to note that trans-5a was obtained as a
single diastereomer.[8] Treatment with n-butyllithium also
gave the similar outcome of trans-5a in 24% yield and 6a in
33% yield without formation of 7 and 8. N-benzylazetidin-
2-one 9a (see Scheme 3) would be the initial product ex-
pected in the reaction of 4a with tert-butyllithium,[9] and N-
benzylazetidin-2-ones have been reported to undertake or-
ganolithium-induced aza-[1,2] and [2,3] rearrangements
giving five- and seven-membered lactams.[10]


In fact, the reaction of 9a, prepared in 81% yield from 4a
by acidic hydrolysis and b-lactam formation,[11] with tBuLi in
THF at �78 8C for 5 min gave trans-5a, 6a, 7, and 8 in the
very similar yields of 26, 42, 17, and 12%, respectively
(Scheme 3). It is also important to note that treatment of 4a


with 1 equiv of tBuLi gave 9a in 21% yield along with rear-
ranged lactams.
The formation of trans-5a, 6a, 7, and 8 can be accounted


for by the following mechanism. The N-benzylic position of
azetidin-2-one 9a is deprotonated to produce anionic species
10, in which a N�C bond in the azetidinone[12] is then
cleaved, giving an imine 11 bearing an anion moiety. The 5-
endo cyclization exhibited by 11a gave 5a, and the 7-endo
cyclization exhibited by 11b gave 12, which was then dehy-
drochlorinated to afford 6a (Scheme 4). Michael reaction of
tBuLi with 6a or SN2’ reaction with 12 would give 7. Reduc-
tion of 6a or lithium–chlorine exchange reaction of 12 with
subsequent isomerization of a double bond would be one of
the possible pathways to 8.


Scope of 3-Aminoalkanoates and Determination of Relative
Configuration of Product Lactams


The unprecedented one-pot conversion of 3-aminoalkanoate
4 to rearranged lactams and its undeveloped stereochemistry
stimulated us to explore the reaction in more detail. As
shown in Scheme 5, 4b bearing a chlorine-free indole


moiety provided five- and seven-membered lactams trans-5b
and 6b in 29 and 46% yields as single diastereomers, respec-
tively. The lower stability of 6b was confirmed by the com-
plete conversion into a 10:1 mixture of 6a and 8 upon stand-
ing for one week at room temperature in CDCl3. Five-mem-


Abstract in Japanese:


Scheme 3. Formation of azetidin-2-one 9a from 4a and its conversion
into lactams 5a, 6a, 7, and 8.


Scheme 4. Plausible pathway to 5a and 6a.


Scheme 5. tBuLi-induced sequential cyclization–rearrangement of 3-
benzyl- and 3-allylaminoalkanoates 4.
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bered lactam trans-5c (52%) was the sole product in the re-
action of 4c.[10a] 3-Benzylaminoalkenoate 4d was converted
into trans-5d in 13% yield along with cis-6d in 45% yield
as single diastereomers. 3-Allylaminoalkenoate 4 f was con-
verted into trans-5e in 1% yield and cis-6e in 34% yield.
The cis stereochemistry of 6d was unambiguously deter-
mined by X-ray crystallography, as shown in Figure 1,[13] and


the relative configuration of trans-5d,e and cis-6e was deter-
mined by an NOE (nuclear Overhauser effect) experiment,
as shown in Figure 2. Corresponding ethyl esters 4e and 4g


were relatively better starting esters than sterically demand-
ing tert-butyl esters to give 5d,e and 6d,e in better yields
compared with those obtained by the reaction of tert-butyl
esters. In the case of 4g, cis-5e was also obtained in 3%
yield along with trans-5e in 6% yield and cis-6e in 39%
yield.
Stereoselective production of trans-5 and cis-6 is rational-


ized by the pathway starting from the anion 11 that is gener-
ated from 4 by cyclization to azetidin-2-one with subsequent
opening of the four-membered lactam (Scheme 6: represent-
ed by the reactions starting from 4d–g). The anion moiety
of 11 attacks an imine carbon atom via the more favorable
conformations 13 and 14 to afford trans-5d,e and cis-6d,e,


respectively. The more favored 7-endo cyclization gave 6 as
a major product.[14]


Reaction of Enantioenriched 4


The enantioenriched aminoalkanoates 4 were synthesized by
the asymmetric conjugate addition[2] of lithium amide 1 to
enoates 2 under the control of 3. It is quite reasonable to
expect that the reaction of enantioenriched 4 should give
racemic 5 and 6, because the anion intermediate 11 is not
chiral. However, we were very much surprised to find that
the enantiomeric purity of (+)-4a with 97% ee was partially
maintained to give 5a with 2% ee, (+)-6a with 17% ee, (+)-
7 with 17% ee, and (�)-8 with 18% ee [Eq. (1)]. Unfortu-
nately (+)-4d with 98% ee was converted into nearly race-
mic 5d and 6d [Eq. (2)]. Nearly racemic 6e was also ob-
tained starting from (+)-4 f with 55% ee [Eq. (3)]. These re-
sults suggested that the rearrangement step proceeded not
by a concerted mechanism but by a stepwise manner.


ðþÞ-4 a ð97% eeÞ !5 a ð2% eeÞ, ðþÞ-6 a ð17% eeÞ,
ðþÞ-7 ð17% eeÞ, ð�Þ-8 ð18% eeÞ


ð1Þ


ðþÞ-4 d ð98% eeÞ ! 5 d ð0% eeÞ, 6 d ð3% eeÞ ð2Þ


ðþÞ-4 f ð55% eeÞ ! 6 e ð3% eeÞ ð3Þ


Contrary to the results above, it was our surprise and de-
light to find that (4R,5S)-5c with 43% ee was obtained start-
ing from (R)-4c with 76% ee (Scheme 7). The absolute con-
figuration and ee value of 5c were determined by the specif-
ic rotation.[10c]


Figure 1. ORTEP plot of 6d. Thermal ellipsoids are shown at the 50%
probability.


Figure 2. Relative stereochemistry of trans-5d, trans- and cis-5e, and cis-
6e by NOE.


Scheme 6. Plausible pathway to trans-5d,e and cis-6d,e from 4d-g via 11.


Scheme 7. Conversion of (R)-4c into (4R,5S)-5c via 16c, generated from
azetidinone 9c.
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The partial but significant retention of enantiomeric
purity of 4c may be rationalized as follows.[15] Azetidinone
9c could be lithio-deprotonated at the benzylic position to
afford an anion in which an N�C bond of the azetidinone
ring is then cleaved, leading to an imine bearing another
benzylic anion, as shown in 11c from 16c. However, it is
highly probable that the anionic species 16c would quickly
lead to the reactive conformation 15 rather than to an achi-
ral anion 11c, thus affording partially racemized (4R,5S)-5c
as a major product (Scheme 7).


Anchoring Role of the a-Position Chirality of an Ester
Moiety


The mechanistic rationalization above suggests that efficient
chirality transfer from 4 to the product 6 would be possible
by using the anchoring role of the a-position chirality of an
ester moiety in 17. We expected that the anion moiety 20,
generated via 19, would still be chiral and the cyclization
would proceed through the most favorable reactive confor-
mation (21). To our delight, the reaction of anti-major a-
methyl-substituted ester (�)-17 with 90% ee and 93:7 d.r.
gave stereoselectively all-cis-(�)-18 with 85% ee bearing
three stereogenic centers (Scheme 8).[16] The all-cis stereo-


chemistry of (�)-18 was deter-
mined by NOE, as shown in
Figure 3. This retention of ste-
reochemical integrity is in sharp
contrast to the nearly total loss
observed in the conversion of
4d,f into 6d,e and confirms the
possible feasibility of the reac-
tive conformations 14 and 21.


Conclusions


We have demonstrated the usefulness of 3-aminoalkanoates
4 in the one-pot conversion to five- and seven-membered


lactams trans-5 and cis-6. Chirality at the a-position of an
ester group is efficiently transferable to the cyclization–rear-
rangement product bearing three chiral centers. Sequential
cyclization to azetidin-2-one and aza-[1,2] and [2,3] rear-
rangement would be the probable pathway in this transfor-
mation.[10,12,17] Preferred production of seven-membered cis-
lactam 6 is the key to the probable mechanistic consider-
ation. Since seven-membered lactam moieties are included
in various types of bioactive compounds[18,19] and construc-
tions of seven-membered heterocycles are attractive
topics,[20,21] we believe that our method will contribute to the
field of synthetic chemistry.


Experimental Section


General


All melting points are uncorrected. 1H and 13C NMR spectra were taken
in CDCl3 at 500 and 125 MHz, respectively.


13C peak multiplicity assign-
ments were made based on DEPT data. Chemical shift values are refer-
enced to internal TMS. J values are presented in Hz.


Synthetic Procedures


1-(4-Methoxybenzyl)indole-3-carbaldehyde: To a suspension of NaH
(60% w/w dispersion in mineral oil, 960 mg, 24 mmol) in DMSO (12 mL)
was added a solution of indole-3-carbaldehyde (2.86 g, 20 mmol) in
DMSO (12 mL) under Ar at room temperature. After the mixture was
stirred for 1 h, p-methoxybenzyl chloride (3.27 mL, 24 mmol) was added
at 0 8C. After stirring for 3 h at room temperature, the mixture was
poured into ice water (100 mL). The whole was extracted with AcOEt
and the organic layer was washed with brine and dried over sodium sul-
fate. Concentration and column chromatography (CHCl3) gave the com-
pound (3.9 g, 74%) as pale yellow needles. M.p. 108.0–109.0 8C; IR
(KBr): ñ=1651, 1512, 1250, 756 cm�1; 1H NMR: d=3.80 (3H, s), 5.29
(2H, s), 6.89 and 7.15 (each 2H, d, J=8.6), 7.30–7.38 (3H, m), 7.68 (1H,
s), 8.33 (1H, m), 9.99 ppm (1H, s); 13C NMR: d=50.2 (CH2), 55.1 (CH3),
110.3 (CH), 114.3 (CH), 118.2 (C), 122.0 (CH), 122.9 (CH), 124.0 (CH),
125.4 (C), 127.0 (C), 128.8 (CH), 137.3 (C), 138.4 (CH), 159.5 (C),
184.6 ppm (CH); MS (EI): 265 [M]+ ; elemental analysis: calcd (%) for
C17H15NO2: C 76.96, H 5.70, N 5.28; found: C 76.70, H 5.74, N 5.20.


tert-Butyl (E)-3-[2-chloro-1-(4-methoxybenzyl)indol-3-yl]propenoate: A
mixture of 2-chloro-1-(4-methoxybenzyl)indole-3-carbaldehyde[22]


(556 mg, 1.86 mmol), Ph3P=CHCO2tBu (1.40 g, 3.71 mmol), and toluene
(10 mL) were stirred under reflux for 48 h. After further addition of
Ph3P=CHCO2tBu (1.40 g, 3.71 mmol), the whole was stirred under
reflux for 10 h. After cooling to room temperature, the whole was filtered
with suction, and the residue was concentrated. Column chromatography
(AcOEt/hexane=1:10) gave the compound (716 mg, 97%) as a yellow
oil. IR (KBr): ñ=2978, 1697, 1620, 1250, 1150, 741 cm�1; 1H NMR: d=


1.56 (9H, s), 3.75 (3H, s), 5.36 (2H, s), 6.50 (1H, d, J=16.1), 6.82 and
7.06 (each 2H, d, J=8.8), 7.21–7.30 (3H, m), 7.87 (1H, m), 7.89 ppm
(1H, d, J=16.1); 13C NMR: d=28.2 (CH3), 46.8 (CH2), 55.2 (CH3), 80.0
(C), 108.8 (C), 110.3 (CH), 114.2 (CH), 116.6 (CH), 119.9 (CH), 121.9
(CH), 123.1 (CH), 125.1 (C), 127.8 (CH), 127.9 (C), 129.9 (C), 134.6
(CH), 136.0 (C), 159.2 (C), 167.5 ppm (C); MS (EI): 399 [M+2], 397
[M]+ ; elemental analysis: calcd (%) for C23H24ClNO3: C 69.43, H 6.08,
N 3.52; found: C 69.68, H 6.10, N 3.57.


tert-Butyl (E)-3-[1-(4-methoxybenzyl)indol-3-yl]propenoate: The same
procedure for tert-butyl 3-(2-chloro-1-(4-methoxybenzyl)indol-3-yl)prope-
noate with 1-(4-methoxybenzyl)indole-3-carbaldehyde (1.90 g,
7.10 mmol) and column chromatography (AcOEt/hexane=1:10) gave the
compound (2.25 g, 87%) as pale yellow needles. M.p. 89.5–90.5 8C; IR
(KBr): ñ =1697, 1620, 1389, 1142 cm�1; 1H NMR: d=1.54 (9H, s), 3.78
(3H, s), 5.24 (2H, s), 6.35 (1H, d, J=16.2), 6.85 and 7.09 (each 2H, d,
J=8.9), 7.21–7.34 (3H, m), 7.35 (1H, s), 7.79 (1H, d, J=16.2), 7.92 ppm


Scheme 8. Expected and confirmed positive role of the chirality at the a-
position of an ester moiety of 17.


Figure 3. Structure determina-
tion of 18 by NOE.
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(1H, m); 13C NMR: d =28.3 (CH3), 49.8 (CH2), 55.3 (CH3), 79.7 (C),
110.4 (CH), 112.6 (C), 114.3 (CH), 115.0 (CH), 120.7 (CH), 121.2 (CH),
122.9 (CH), 126.4 (C), 128.2 (C), 128.5 (CH), 131.8 (CH), 136.9 (CH),
137.6 (C), 159.4 (C), 167.7 ppm (C); MS (EI): 363 [M]+ , 306 [M�tBu];
elemental analysis: calcd (%) for C23H25NO3: C 76.36, H 7.21, N 3.71,
found: C 76.14, H 7.31, N 3.68.


4a : Under Ar atmosphere, a 1.6m hexane solution of nBuLi (1.8 mL,
3.0 mmol) was added to a solution of an N-benzyl-N-trimethylsilylamine
(0.59 mL, 3.0 mmol) in THF (8 mL) at �78 8C over 5 min. After stirring
for 0.5 h, tert-butyl (E)-3-(2-chloro-1-(4-methoxybenzyl)indol-3-yl)prope-
noate (398 mg, 1.0 mmol) in THF (2 mL) was added and the mixture was
stirred for at �78 8C for 1.0 h and at �40 8C for 2.5 h. The reaction was
quenched with saturated NH4Cl (3.0 mL). After addition of saturated
NaHCO3 (10 mL), the mixture was extracted with AcOEt. The organic
layer was washed with brine and dried over sodium sulfate. Concentra-
tion and silica gel column chromatography (AcOEt/hexane=1:10) gave
4a (407 mg, 80%) as a yellow oil. IR (KBr): ñ =3333, 2978, 1720, 1458,
1250, 1150, 741 cm�1; 1H NMR: d=1.34 (9H, s), 1.77 (1H, br s), 2.73
(1H, dd, J=5.6, 15.4), 3.00 (1H, dd, J=8.8, 15.4), 3.60 and 3.66 (each
1H, d, J=13.2), 3.75 (3H, s), 4.56 (1H, dd, J=5.6, 8.8), 5.32 (2H, s), 6.81
and 7.04 (each 2H, d, J=8.8), 7.10–7.28 (8H, m), 7.86 ppm (1H, m);
13C NMR: d=27.9 (CH3), 42.2 (CH2), 46.3 (CH2), 51.6 (overlapped, CH
and CH2), 55.2 (CH3), 80.5 (C), 109.7 (CH), 111.5 (C), 114.1 (CH), 119.7
(CH), 120.0 (CH), 122.1 (CH), 123.9 (C), 125.7 (C), 126.7 (CH), 127.8
(CH), 128.2 (CH), 128.3 (CH), 129.1 (C), 135.7 (C), 140.6 (C), 159.0 (C),
171.3 ppm (C); MS (EI): 506 [M+2], 504 [M]+ ; elemental analysis: calcd
(%) for C30H33ClN2O3: C 71.34, H 6.59, N 5.55; found: C 71.52, H 6.58,
N 5.49.


4b : The same precedure for 4a with tert-butyl (E)-3-(1-(4-methoxybenzyl)-
indol-3-yl)propenoate (363 mg, 1.0 mmol) and silica gel column chroma-
tography (AcOEt/hexane=1:3) gave 4b (360 mg, 77%) as a yellow oil.
IR (KBr): ñ =3333, 2978, 1720, 1157, 741 cm�1; 1H NMR: d=1.34 (9H,
s), 1.84 (1H, br s), 2.73 (1H, dd, J=5.5, 15.3), 2.85 (1H, dd, J=8.6, 15.3),
3.66 and 3.76 (each 1H, d, J=13.1), 3.77 (3H, s), 4.45 (1H, dd, J=5.5,
8.6), 5.21 (2H, s), 6.82 (2H, d, J=8.9), 7.05–7.30 (11H, m), 7.76 ppm
(1H, m); 13C NMR: d=28.0 (CH3), 43.2 (CH2), 49.4 (CH2), 51.5 (CH2),
51.8 (CH), 55.2 (CH3), 80.4 (C), 109.8 (CH), 114.1 (CH), 116.5 (C), 119.1
(CH), 119.9 (CH), 121.8 (CH), 126.1 (CH), 126.7 (overlapped, CHL2),
127.1 (C), 128.3 (overlapped, CHL2), 129.5 (C), 136.9 (C), 140.8 (C),
159.1 (C), 171.7 ppm (C); MS (EI): 470 [M]+ , 413 [M�tBu]; elemental
analysis: calcd (%) for C30H34N2O3: C 76.57, H 7.28, N 5.95; found:
C 76.79, H 7.36, N 5.89.


4e : The same procedure for 4a with ethyl sorbate (1.40 g, 10 mmol) and
silica column chromatography (acetone/hexane=1:6) gave 4e (1.04 g,
42%) as a colorless oil. IR (KBr): ñ=3333, 2978, 1736, 1173, 732 cm�1;
1H NMR: d=1.23 (3H, t, J=7.1), 1.705 (3H, dd, J=1.5, 6.4), 1.710 (1H,
br s), 2.45 (1H, dd, J=5.8, 15.3), 2.50 (1H, dd, J=7.7, 15.3), 3.46 (1H,
ddd, 5.8, 7.7, 8.6), 3.65 and 3.81 (each 1H, d, J=13.1), 4.11 (2H, q, J=


7.1), 5.33 (1H, ddq, J=8.6, 15.3, 1.5), 5.61 (1H, dq, J=15.3, 6.4), 7.21–
7.33 ppm (5H, m); 13C NMR: d =14.1 (CH3), 17.6 (CH3), 41.1 (CH2),
51.0 (CH2), 56.8 (CH), 60.3 (CH2), 126.8 (CH), 127.9 (CH), 128.2 (CH),
128.4 (CH), 132.3 (CH), 140.5 (C), 172.0 ppm (C); MS (EI): 247 [M]+ ,
160 [M�CH2CO2Et]; elemental analysis: calcd (%) for C15H21NO2:
C 72.84, H 8.56, N 5.66; found: C 73.10, H 8.77, N 5.62.


4g : Under Ar atmosphere, a 1.6m hexane solution of nBuLi (18.8 mL,
30 mmol) was added to a solution of an N-allyl-N-tert-butyldimethylsilyl-
amine (5.14 mg, 30 mmol) in THF (90 mL) at �78 8C over 5 min. After
stirring for 0.5 h, ethyl sorbate (1.40 g, 10 mmol) in THF (10 mL) was
added and the mixture was stirred for 3 h at �78 8C. The reaction was
quenched with saturated NH4Cl (30 mL). After addition of 40% HF aq.
(10 mL), the mixture was stirred for 5 min at room temperature. After
acidification with 10% HCl aq. (10 mL) to pH 2, the whole was washed
with AcOEt. The aquous layer was treated with sodium bicarbonate to
pH 9 and then extracted with AcOEt. The organic layer was washed with
brine and dried over sodium sulfate. Concentration and distillation
(ca. 150 8C/5 mmHg) gave 4g (945 mg, 48%) as a colorless oil. IR (KBr):
ñ=3333, 2978, 1735, 1180 cm�1; 1H NMR: d =1.25 (3H, t, J=7.0), 1.62
(1H, br s), 1.68 (3H, dd, J=1.6, 6.4), 2.43 (1H, dd, J=6.1, 15.3), 2.49


(1H, dd, J=7.3, 15.3), 3.12 (1H, dddd, J=1.2, 1.2, 6.4, 14.1), 3.26 (1H,
dddd, J=1.5, 1.5, 5.5, 14.1), 3.46 (1H, dddd, J=0.6, 6.1, 7.3, 8.3), 4.13
(2H, q, J=7.0), 5.08 (1H, dddd, J=1.2, 1.5, 1.5, 10.4), 5.16 (1H, dddd,
J=1.2, 1.5, 1.5, 17.1), 5.28 (1H, ddq, J=8.3, 15.3, 1.6), 5.60 (1H, ddq, J=


0.6, 15.3, 6.4), 5.88 ppm (1H, dddd, J=5.5, 6.4, 10.4, 17.1); 13C NMR: d=


14.2 (CH3), 17.6 (CH3), 41.0 (CH2), 49.6 (CH2), 56.8 (CH), 60.3 (CH2),
115.8 (CH2), 127.8 (CH), 132.2 (CH), 136.9 (CH), 172.0 ppm (C); MS
(EI): 167 [M�Et�1], 156 [M�CH2-CH=CH2], 110 [M�CH2CO2Et]; ele-
mental analysis: calcd (%) for C11H19NO2: C 66.97, H 9.71, N 7.10;
found: C 66.88, H 9.96, N 7.16.


(+)-4a : Under Ar atmosphere, a 1.6m hexane solution of nBuLi
(0.94 mL, 1.5 mmol) was added to a solution of N-benzyl-N-trimethylsi-
lylamine (0.30 mL, 1.5 mmol) in toluene (4 mL) at �78 8C over 5 min.
After stirring for 0.5 h, (1R,2R)-1,2-dimethoxy-1,2-diphenylethane (�)-3
(436 mg, 1.8 mmol) in toluene (2 mL) was added and the mixture was
stirred for 0.5 h at �78 8C. A toluene solution of tert-butyl 3-(2-chloro-1-
(4-methoxybenzyl)indol-3-yl)propenoate (398 mg, 1.0 mmol) and TMSCl
(0.63 mL, 5.0 mmol) was added over 5 min and the mixture was stirred at
�78 8C for 1 h and at �40 8C for 14 h. The reaction was quenched with
saturated NH4Cl (2.0 mL). After addition of saturated NaHCO3 (20 mL),
the mixture was extracted with AcOEt. The organic layer was washed
with brine and dried over sodium sulfate. Concentration and silica gel
column chromatography (AcOEt/hexane=1:10–1:4) gave (+)-4a
(167 mg, 33%) as a pale yellow oil of [a]25D =++8.8 (c=1.34, CHCl3) with
97% ee (Daicel Chiralpak AD-Hx2, hexane/2-PrOH=25:1,
1.0 mLmin�1, 254 nm, major 25.2 min and minor 30.6 min). All spectro-
scopic data were identical to those of (� )-4a.
(�)-17: Under Ar atmosphere, a 1.6m hexane solution of nBuLi
(7.20 mL, 12 mmol) was added to a solution of N-benzyl-N-trimethylsilyl-
amine (2.36 mL, 12 mmol) in toluene (32 mL) at �78 8C over 5 min.
After stirring for 0.5 h, (1R,2R)-1,2-dimethoxy-1,2-diphenylethane (�)-3
(3.48 g, 15 mmol) in toluene (24 mL) was added and the mixture was
stirred for 0.5 h at �78 8C. A toluene (8 mL) solution of tert-butyl sorbate
(672 mg, 4.0 mmol) was added over 5 min and the mixture was stirred at
�78 8C for 3.0 h. After successive addition of THF (48 mL) and HMPA
(4.16 mL, 40 mmol), the mixture was stirred for 15 min at �78 8C. To the
mixture was added methyl iodide (0.93 mL, 15 mmol) and the whole was
stirred at �78 8C for 1.5 h. The reaction was quenched with saturated
NH4Cl (12 mL). After addition of saturated NaHCO3 (40 mL), the mix-
ture was extracted with AcOEt. The organic layer was washed with brine
and dried over sodium sulfate. Concentration and silica gel column chro-
matography (AcOEt/hexane=1:10–1:4) gave a 93:7 mixture of anti- and
syn-(�)-17 (856 mg, 74%) as a colorless oil of [a]25D =�1.2 (c=1.17,
CHCl3). The ee value of major anti-17 was determined to be 90% ee
after conversion into the corresonding b-lactam (see below). IR (KBr):
ñ=3355, 2978, 1728, 1157 cm�1; 1H NMR: d=1.05 (2.79H, d, J=7.0),
1.12 (0.21H, d, J=7.0), 1.41 (0.63H, s), 1.43 (8.37H, s), 1.55 (1H, br s),
1.72 (0.21H, dd, J=1.5, 6.4), 1.73 (2.79H, dd, J=1.5, 6.4), 2.35 (0.93H,
dq, J=8.2, 7.0), 2.48 (0.07H, dq, J=6.1, 7.0), 3.11 (0.07H, dd, J=6.1,
8.9), 3.14 (0.93H, dd, J=8.2, 8.9), 3.608 and 3.80 (each 0.93H, d, J=


13.1), 3.612 and 3.82 (each 0.07H, d, J=13.2), 5.17 (0.93H, ddq, J=8.9,
15.3, 1.5), 5.34 (0.07H, ddq, J=8.9, 15.6, 1.5), 5.559 (0.93H, dq, J=15.3,
6.4), 5.560 (0.07H, dq, J=15.6, 6.4), 7.21–7.30 ppm (5H, m); 13C NMR
for major anti-17: d=14.1 (CH3), 17.8 (CH3), 28.0 (CH3), 45.8 (CH), 51.0
(CH2), 62.9 (CH), 80.1 (C), 126.7 (CH), 128.20 (CH), 128.24 (CH), 129.0
(CH), 131.1 (CH), 140.7 (C), 175.0 ppm (C); MS (FAB) m/z : 290 [M+


H]; HRMS (FAB) m/z : calcd for C18H28NO2: 290.2120; found: 290.2103.


(�)-trans-1-benzyl-3-methyl-4-((E)-prop-1-enyl)azetidin-2-one: Under Ar
atmosphere, a 3.0m Et2O solution of EtMgBr (1.0 mL, 3.0 mmol) was
added to a solution of (�)-14a (289 mg, 1.0 mmol) in THF (20 mL) at
0 8C. After stirring for 15 min at 0 8C, the mixture was quenched with sa-
turated NH4Cl (5 mL). The whole was extracted with AcOEt and the or-
ganic layer was washed with brine and dried over sodium sulfate. Con-
centration and column chromatography (hexane/AcOEt=4:1) gave the
compound (147 mg, 68%) as a colorless oil of [a]25D =�81.0 (c=1.27,
CHCl3) with 90% ee (Daicel Chiralcel OD-Hx2, hexane/2-PrOH=100:1,
1.0 mLmin�1, 254 nm, major 35.5 min and minor 34.3 min). IR (KBr): ñ=


2923, 1751, 1118; 1H NMR: d=1.26 (3H, d, J=7.3), 1.69 (3H, dd, J=1.5,
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6.7), 2.87 (1H, dq, J=1.9, 7.3), 3.44 (1H, dd, J=1.9, 8.9), 3.94 and 4.63
(each 1H, d, J=15.1), 5.35 (1H, ddq, J=8.9, 15.3, 1.5), 5.65 (1H, dq, J=


15.3, 6.7), 7.21–7.34 ppm (5H, m); 13C NMR: d =12.5 (CH3), 17.7 (CH3),
44.1 (CH2), 51.2 (CH), 61.2 (CH), 127.5 (CH), 128.4 (CH), 128.7 (CH),
128.8 (CH), 131.1 (CH), 136.3 (C), 170.6 ppm (C); MS (FAB): m/z 216
[M+H]; HRMS (FAB): m/z calcd for C14H18NO: 216.1388; found:
216.1409.


Procedure for rearrangement of (+)-4a with tBuLi to five-membered
lactam 5a and seven-membered lactams (+)-6a, (+)-7, and (�)-8 : Under
Ar atmosphere, a 1.57m pentane solution of tBuLi (0.79 mL, 1.2 mmol)
was added to a solution of (+)-4a (100 mg, 0.20 mmol) with 97% ee in
THF (5 mL) at �78 8C over 5 min. After stirring for 30 min at �78 8C,
the mixture was quenched with saturated NH4Cl (2 mL). After addition
of saturated NaHCO3, the whole was extracted with AcOEt. The organic
layer was washed with brine and dried over sodium sulfate. Concentra-
tion and silica gel column chromategraphy (hexane/AcOEt=2:1) gave
(+)-6a (32 mg, 40%) of [a]25D =++82.8 (c=1.06, CHCl3) as a yellow amor-
phous, (+)-7 (13 mg, 15%) of [a]25D =++12.1 (c=0.95, CHCl3) as a yellow
amorphous, and a mixture of (�)-8 and 5a. Column chromatography
(Et2O/hexane=2:1) of the mixture of (�)-8 and 5a gave (�)-8 (9 mg,
12%) of [a]25D =�8.4 (c=0.52, CHCl3) as a yellow amorphous and 5a
(17 mg, 20%) as pale yellow needles of m.p. 189.0–190.0 8C; 5a : 2% ee
determined by HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=1:1,
1.0 mLmin�1, 254 nm, major 15.0 min and minor 11.3 min); IR (KBr): ñ=


3209, 2923, 1697, 1458, 1250, 741 cm�1; 1H NMR: d =2.84 (1H, dd, J=


9.5, 17.4), 3.09 (1H, dd, J=10.1, 17.4), 3.76 (3H, s), 3.77 (1H, ddd, J=


8.0, 9.5, 10.1), 5.03 (1H, d, J=8.0), 5.26 and 5.30 (each 1H, d, J=16.5),
6.07 (1H, br s), 6.81 and 6.99 (each 2H, d, J=8.6), 7.13–7.30 (8H, m),
7.59 ppm (1H, m); 13C NMR: d =36.2 (CH2), 42.8 (CH), 46.5 (CH2), 55.2
(CH3), 63.2 (CH), 109.2 (C), 110.3 (CH), 114.2 (CH), 118.6 (CH), 120.4
(CH), 122.4 (CH), 124.4 (C), 125.2 (C), 125.6 (CH), 127.8 (CH), 128.1
(CH), 128.77 (CH), 128.80 (C), 135.8 (C), 141.1 (C), 159.1 (C), 177.1 ppm
(C); MS (EI): 432 [M+2], 430 [M]+ ; HRMS (EI) m/z calcd for
C26H23ClN2O2: 430.1448; found: 430.1443; (+)-6a : 17% ee determined by
HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=1:1, 1.0 mLmin�1,
254 nm, major 42.3 min and minor 8.4 min); IR (KBr): ñ=3202, 2931,
1643, 1458, 1250, 1180, 733 cm�1; 1H NMR: d =3.69 (3H, s), 5.22 and 5.39
(each 1H, d, J=16.8), 5.68 (1H, d, J=7.7), 5.90 ppm (1H, d, J=11.9),
6.71 and 6.94 (each 2H, d, J=7.1), 7.00–7.40 (9H, m), 7.75 (1H, d, J=


7.7), 7.90 ppm (1H, br s); 13C NMR: d=46.6 (CH2), 51.0 (CH), 55.2
(CH3), 110.5 (CH), 112.1 (C), 114.4 (CH), 118.5 (CH), 120.2 (CH), 121.5
(CH), 123.2 (CH), 126.4 (C), 126.5 (CH), 127.3 (CH), 127.8 (CH), 127.9
(C), 128.3 (CH), 130.8 (CH), 136.6 (C), 138.3 (C), 139.9 (C), 159.3 (C),
171.2 ppm (C); MS (EI): 394 [M]+ , 273 [M�p-MeOC6H4CH2]; HRMS
(EI): m/z calcd for C26H22N2O2: 394.1681; found: 394.1673; (+)-7: 17% ee
determined by HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=85:15,
1.0 mLmin�1, 254 nm, major 28.2 min and minor 10.3 min); IR (KBr): ñ=


3217, 2955, 1666, 1458, 1250, 733 cm�1; 1H NMR: d =0.97 (9H, s), 2.68
(1H, dd, J=5.0, 13.4), 2.90 (1H, dd, J=9.1, 13.4), 3.34 (1H, dd, J=5.0,
9.1), 3.75 (3H, s), 4.77 and 5.33 (each 1H, d, J=17.4), 5.55 (1H, d, J=


4.3), 5.78 (1H, d, J=4.3), 6.62 and 6.75 (each 2H, d, J=8.6), 7.12–7.38
(8H, m), 7.71 ppm (1H, m); 13C NMR: d=29.5 (CH3), 36.7 (C), 38.5
(CH2), 42.4 (CH), 46.2 (CH2), 54.2 (CH), 55.2 (CH3), 109.2 (CH), 114.4
(CH), 116.0 (C), 119.4 (CH), 121.4 (CH), 122.3 (CH), 126.7 (CH), 127.2
(CH), 128.3 (CH), 128.98 (C), 129.01 (C), 129.2 (CH), 135.3 (C), 136.9
(C), 140.3 (C), 159.0 (C), 176.3 ppm (C); MS (EI): 452 [M]+ , 395
[M�tBu]; HRMS (EI) m/z calcd for C30H32N2O2: 452.2464; found:
452.2469; (�)-8 : 18% ee determined by HPLC (Daicel Chiralcel OD-H,
hexane/2-PrOH=1:1, 1.0 mLmin�1, 254 nm, major 16.3 min and minor
6.4 min); IR (KBr): ñ=3225, 2924, 1666, 1458, 1249, 732 cm�1; 1H NMR:
d=2.51 (1H, m), 2.67 (1H, m), 3.13–3.16 (2H, m), 3.75 (3H, s), 4.82 and
5.36 (each 1H, d, J=17.4), 5.42 (1H, d, J=8.2), 6.76 and 6.80 (each 2H,
d, J=9.2), 6.89 (1H, br s), 7.10–7.61 ppm (9H, m); 13C NMR: d =20.4
(CH2), 34.3 (CH2), 45.8 (CH2), 51.6 (CH3), 55.2 (CH), 109.4 (CH), 112.6
(C), 114.4 (CH), 118.7 (CH), 119.8 (CH), 122.6 (CH), 126.8 (CH), 127.1
(CH), 127.6 (C), 128.0 (CH), 128.8 (CH), 129.3 (C), 133.0 (C), 136.2 (C),
141.0 (C), 159.1 (C), 177.1 ppm (C); MS (EI): 396 [M]+ ; HRMS (EI):
m/z calcd for C26H24N2O2: 396.1838; found: 396.1845.


Five-membered lactam 5b and seven-membered lactam 6b : The same
procedure as (+)-4a with 4b (110 mg, 0.234 mmol) and silica gel column
chromatography (hexane/acetone=3:2) gave 5b (27 mg, 29%) as a
yellow amorphous and 6b (43 mg, 46%) as a yellow amorphous; 5b : IR
(KBr): ñ=3209, 1690, 1250, 733 cm�1; 1H NMR: d=2.84 (1H, dd, J=9.3,
16.8), 2.92 (1H, dd, J=8.9, 16.8), 3.66 (1H, ddd, J=7.1, 8.9, 9.3), 3.78
(3H, s), 4.86 (1H, d, J=7.1), 5.19 (2H, s), 5.99 (1H, br s), 6.82–7.37 ppm
(14H, m); 13C NMR: d=37.6 (CH2), 43.3 (CH), 49.4 (CH2), 55.2 (CH3),
64.7 (CH), 110.1 (CH), 114.2 (CH), 114.3 (C), 119.33 (CH), 119.34 (CH),
122.1 (CH), 125.4 (CH), 126.1 (CH), 126.8 (C), 128.1 (CH), 128.2 (CH),
128.8 (CH), 129.2 (C), 137.1 (C), 141.4 (C), 159.2 (C), 177.2 ppm (C); MS
(EI): 396 [M]+ ; HRMS (EI) m/z calcd for C26H24N2O2: 396.1838; found:
396.1837; 6b : IR ACHTUNGTRENNUNG(KBr): ñ =3200, 3017, 1651, 1219, 772 cm�1; 1H NMR:
d=3.11 (1H, m), 3.28 (1H, m), 3.76 (3H, s), 4.42 and 4.55 (each 1H, d,
J=15.6), 4.65 (1H, m), 4.80 (1H, m), 5.64 (1H, m), 6.62–6.83 (5H, m),
7.07–7.38 ppm (9H, m); 13C NMR: d =38.5 (CH2), 51.3 (CH2), 54.7 (CH),
55.2 (CH3), 69.0 (CH), 107.9 (CH), 108.9 (CH), 114.2 (CH), 118.7 (CH),
120.1 (CH), 127.2 (C), 127.35 (CH), 127.4 (CH), 127.9 (CH), 129.1 (CH),
129.2 (C), 129.7 (CH), 137.9 (C), 138.9 (C), 152.6 (C), 159.1 (C),
174.0 ppm (C); MS (EI): 396 [M]+ ; HRMS (EI): m/z calcd for
C26H24N2O2: 396.1838; found: 396.1843.


Five-membered lactam (4R,5S)-5c : The same procedure as (+)-4a with
(R)-4c (156 mg, 0.50 mmol, 76% ee) and silica gel column chromatogra-
phy (hexane/AcOEt=1:1) gave 5c (62 mg, 52%) of m.p. 103–194 8C (lit-
erature: 215–218 8C for racemic 5c, 104–106 8C for (4S,5R)-5c) and
[a]25D =++65.5 (c=0.86, MeOH) with 43% ee determined by comparison
of the specific rotation with that reported ([a]25D =�150.1 (c=1.1, MeOH,
4S,5R)); IR (KBr): ñ=3186, 2885, 1697, 1342, 763, 702 cm�1; 1H NMR:
d=2.72 (1H, dd, J=9.5, 17.1), 2.89 (1H, dd, J=8.9, 17.1), 3.42 (1H, ddd,
J=7.4, 8.9, 9.5), 4.69 (1H, d, J=7.4), 7.80 (1H, br s), 7.15–7.35 ppm
(10H, m); 13C NMR: d=38.5 (CH2), 51.2 (CH), 66.0 (CH), 125.9 (CH),
127.4 (overlapped, CHL2), 128.2 (CH), 128.9 (overlapped, CHL2), 140.5
(C), 140.7 (C), 176.8 ppm (C); MS (EI): 237 [M]+ . The melting point, the
specific rotation, and all the spectroscopic data were reported in
Ref. [10c].


Five-membered lactam 5d and seven-membered lactam 6d : The same
procedure as (+)-4a with 4e (247 mg, 1.0 mmol) and silica gel column
chromatography (hexane/AcOEt=1:1) gave 5d (23 mg, 12%) as a color-
less oil and 6d (115 mg, 57%) as colorless plates of m.p. 183.0–184.0 8C;
5d : IR (KBr): ñ=3217, 2916, 1697, 748; MS (EI): 201 [M]+ ; 1H NMR:
d=1.65 (3H, d, J=6.1), 2.33 (1H, dd, J=9.8, 16.8), 2.58 (1H, dd, J=8.6,
16.8), 2.81 (1H, dddd, J=7.6, 7.9, 8.6, 9.8), 4.36 (1H, d, J=7.6), 5.36
(1H, dq, J=15.3, 6.1), 5.47 (1H, dd, J=7.9, 15.3), 6.18 (1H, br s), 7.26–
7.37 ppm (5H, m); 13C NMR: d =17.7 (CH3), 37.2 (CH2), 48.9 (CH), 64.1
(CH), 126.2 (CH), 128.0 (CH), 128.1 (CH), 128.8 (CH), 129.6 (CH),
140.6 (C), 177.1 ppm (C); HRMS (EI): m/z calcd for C13H15NO:
201.1154; found: 201.1158. The ee value of 5d, synthesized from (+)-4d
with 98% ee, was determined to be 0% ee by HPLC (Daicel Chiralpak
AD-H, hexane/2-PrOH=1:1, 1.0 mLmin�1, 254 nm, 6.7 min and 8.1 min);
6d : IR (KBr): ñ=3224, 1674, 1450, 1412, 756 cm�1; 1H NMR: d =0.94
(3H, d, J=7.0), 2.59 (1H, m), 2.93 (1H, m), 3.63 (1H, m), 5.22 (1H, d,
J=7.1), 5.61 (1H, m), 5.69 (1H, m), 6.03 (1H, br s), 7.26–7.41 ppm (5H,
m); 13C NMR: d=12.6 (CH3), 35.2 (CH2), 39.2 (CH), 57.4 (CH), 118.9
(CH), 126.2 (CH), 127.6 (CH), 128.7 (CH), 135.6 (CH), 138.6 (C),
174.7 ppm (C); MS (EI): 201 [M]+ ; elemental analysis: calcd (%) for
C13H15NO: C 77.58, H 7.51, N 6.96; found: C 77.70, H 7.51, N 6.91. The ee
value of 6d, synthesized from (+)-4d with 98% ee, was determined to be
17% ee by HPLC (Daicel Chiralcel OD-H, hexane/2-PrOH=10:1,
1.0 mLmin�1, 254 nm, major 94.7 min and minor 13.9 min). Slow cooling
of a hot solution of 6d in CHCl3 provided plates suitable for X-ray dif-
fraction (Figure 1), and the stereochemistry of 5d was determined by an
NOE experiment (Figure 2).


Five-membered lactams trans-5e and cis-5e and seven-membered lactam
6e : The same procedure as (+)-4a with 4g (197 mg, 1.0 mmol) and silica
column chromatography (hexane/AcOEt=2:1–1:1) gave trans-5e (9 mg,
6%) as a colorless oil, cis-5e (4 mg, 3%) as a colorless oil, and 6e
(58 mg, 39%) as colorless needles of m.p. 93.0–94.0 8C; trans-5e : IR
(KBr): ñ =3225, 2923, 1697, 972 cm�1; 1H NMR: d=1.69 (3H, d, J=6.4),
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2.24 (1H, dd, J=9.8, 16.8), 2.49 (1H, dd, J=8.3, 16.8), 2.68 (1H, dddd,
J=7.3, 7.7, 8.3, 9.8), 3.80 (1H, dd, J=7.3, 7.3), 5.17 (1H, d, J=10.4), 5.22
(1H, d, J=17.1), 5.41 (1H, dd, J=7.7, 15.3), 5.54 (1H, dq, J=15.3, 6.4),
5.75 (1H, ddd, J=7.3, 10.4, 17.1), 5.77 ppm (1H, br s); 13C NMR: d=17.8
(CH3), 36.8 (CH2), 45.7 (CH), 62.6 (CH), 117.0 (CH2), 127.8 (CH), 129.7
(CH), 137.0 (CH), 176.9 ppm (C); MS (EI): 151 [M]+ ; HRMS (EI): m/z
calcd for C9H13NO: 151.0997; found: 151.0998; cis-5e : IR (KBr): ñ=


3225, 2916, 1697, 972 cm�1; 1H NMR: d=1.68 (3H, d, J=6.1), 2.23 (1H,
dd, J=9.5, 16.8), 2.37 (1H, dd, J=8.3, 16.8), 3.20 (1H, dddd, J=7.3, 8.3,
8.5, 9.5), 4.15 (1H, dd, J=6.5, 7.3), 5.198 (1H, d, J=11.3), 5.202 (1H, d,
J=15.6), 5.35 (1H, dd, J=8.5, 15.3), 5.54 (1H, dq, J=15.3, 6.1), 5.78
(1H, ddd, J=6.5, 11.3, 15.6), 5.80 ppm (1H, br s); 13C NMR: d =17.8
(CH3), 35.2 (CH2), 42.6 (CH), 59.7 (CH), 116.6 (CH2), 127.9 (CH), 128.8
(CH), 135.8 (CH), 177.4 ppm (C); MS (EI): 151 [M]+ ; HRMS (EI): m/z
calcd for C9H13NO: 151.0997; found: 151.0995; 6e : IR (KBr): ñ =3209,
1674, 1420, 740; 1H NMR: d=0.96 (3H, d, J=7.1), 2.39 (1H, m), 2.85
(1H, m), 3.50 (1H, m), 4.57 (1H, m), 5.26–5.30 (2H, m), 5.51–5.63 (3H,
m), 5.84 ppm (1H, m); 13C NMR: d =13.0 (CH3), 35.5 (CH2), 38.3 (CH),
55.2 (CH), 116.3 (CH2), 118.8 (CH), 135.4 (CH), 135.9 (CH), 174.6 ppm
(C); MS (EI): 151 [M]+ ; elemental analysis: calcd (%) for C9H13NO:
C 71.49, H 8.67, N 9.26; found: C 71.21, H 8.49, N 8.98. The ee value of
6e, synthesized from (+)-4 f with 55% ee, was determined to be 3% ee
by GC (SUPELCO GAMMA DEXTM 225 with constant 180 8C oven
temperature, major 4.86 min and minor 5.64 min). The stereochemistry of
6e, trans-5e and cis-5e was determined by an NOE experiment
(Figure 2).


(�)-18 : The same procedure as (+)-4a using (�)-17 (289 mg, 1.0 mmol)
with 90% ee and silica gel column chromatography (hexane/AcOEt=
4:1–1:1) gave the compound as a white solid of m.p. 70.0–82.0 8C (race-
mic 18 : colorless needles of m.p. 118–119 8C) and [a]25D =�74.1 (c=1.22,
CHCl3) with 85% ee (Daicel Chiralcel OD-H, hexane/2-PrOH=4:1,
1.0 mLmin�1, 254 nm, major 17.1 min and minor 6.7 min); IR (KBr): ñ=


3233, 1674, 1450, 756 cm�1; 1H NMR: d=0.88 (3H, d, J=7.0), 1.30 (3H,
d, J=7.0), 2.62 (1H, dddq, J=2.2, 2.2, 4.9, 7.0), 3.71 (1H, ddq, J=2.2,
3.1, 7.0), 5.31 (1H, ddd, J=2.2, 2.2, 11.6), 5.33 (1H, dd, J=2.2, 5.8), 5.60
(1H, ddd, J=3.1, 4.9, 11.6), 6.00 (1H, d, J=5.8), 7.25–7.41 ppm (5H, m);
13C NMR: d=12.7 (CH3), 16.4 (CH3), 35.5 (CH), 38.9 (CH), 56.3 (CH),
126.2 (CH), 127.6 (CH), 127.7 (CH), 128.8 (CH), 134.8 (CH), 138.6 (C),
176.3 ppm (C); MS (EI): 215 [M]+ ; elemental analysis: calcd (%) for
C14H17NO: C 78.10, H 7.96, N 6.51; found: C 78.21, H 8.01, N, 6.45. The
relative configuration of 18 was determined by an NOE experiment
(Figure 3).


9a : A mixture of racemic 4a (100 mg, 0.198 mmol) and 8N HCl in diox-
ane (1 mL, 8 mmol) was stirred for 2 h at room temperature. After con-
centration, a mixture of the resulting yellow residue, PPh3 (208 mg,
0.79 mmol), 2,2’-dipyridinyldisulfide (174 mg, 0.79 mmol), and Et3N
(0.14 mL, 1.9 mmol) in MeCN (20 mL) was stirred at 70 8C for 14 h.
After concentration, silica gel column chromatography (twice, hexane/
AcOEt=5:2 and hexane/acetone=4:1) gave 9a (69 mg, 81%) as a pale
yellow oil. IR (KBr): ñ =1744, 1250, 733 cm�1; 1H NMR: d=3.34 (1H,
dd, J=2.6, 14.9), 3.39 (1H, dd, J=5.1, 14.9), 3.71 and 4.74 (each 1H, d,
J=14.8), 3.77 (3H, s), 4.81 (1H, dd, J=2.6, 5.1), 5.27 and 5.33 (each 1H,
d, J=16.6), 6.83 and 7.05 (each 2H, d, J=8.6), 7.10–7.58 ppm (9H, m);
13C NMR: d=43.9 (CH2), 44.8 (CH2), 46.4 (CH2), 46.9 (CH), 55.1 (CH3),
106.7 (C), 110.1 (CH), 114.1 (CH), 118.6 (CH), 120.9 (CH), 122.6 (CH),
124.8 (C), 125.5 (C), 127.5 (CH), 127.8 (CH), 128.50 (C), 128.52 (over-
lapped, CHL2), 135.4 (C), 135.7 (C), 159.1 (C), 167.1 ppm (C); MS (EI):
432 [M+2], 430 [M]+ , 395 [M�Cl]; HRMS (EI) m/z calcd for
C26H23ClN2O2: 430.1448; found: 430.1450.


Procedure for rearrangement of 9a with tBuLi: A solution of 9a (65 mg,
0.16 mmol) in THF (4 mL) was added to a 1.57N pentene solution of
tBuLi (0.60 mL, 0.94 mmol) at �78 8C under Ar. After stirring for 5 min
at �78 8C, the reaction mixture was quenched with saturated NH4Cl aq.
(2 mL). After addition of saturated NaHCO3 aq. (5 mL), the whole was
extracted with AcOEt and the organic layer was washed with brine and
dried over sodium sulfate. Silica gel column chromatography (hexane/
AcOEt=2:1) gave 6a (26 mg, 42%), 7 (12 mg, 17%), and a mixture of 8


and 5a. Further silica gel column chromatography (Et2O/hexane=2:1) of
the mixture gave 8 (8 mg, 12%) and 5a (17 mg, 26%).
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Introduction


Human serum albumin (HSA) is synthesized in the liver. It
binds to a fairly diverse range of drugs, un-esterified fatty
acids, and various organic compounds; it therefore acts as
an almost universal carrier for many important molecules.
HSA consists of 585 amino acids with an average molecular
weight (Mr) of 65 kDa.[1] HSA is asymmetric in structure,
with six sub-domains assembled to a nearly heart-shaped
structure. Its shape resembles a rough equilateral triangle
with an edge length (l) of ~80 , and a depth (d) of ~30 ,.[1]


There is a long-standing interest in the binding of long-chain
fatty acid and surfactant molecules to HSA.[2–5] Binding of a
surfactant to a protein plays an important role in molecular
recognition at cell surfaces and surfactant-induced denatura-
tion of a protein during gel electrophoresis.[2–7] HSA has
been reported to have five principle binding sites for a long-
or medium-chain fatty acid, three of which bind quite
strongly.[2] Curry et al. carried out a detailed crystallographic
study on the binding of a long-chain fatty acid (myristic
acid) to HSA.[3] They reported three domains (I, II, and III)


as the binding sites. Gelamo et al. studied binding of sodium
dodecyl sulfate (SDS) to HSA using CD and molecular
modeling. According to them, even at a very low SDS con-
centration (~100 mm) about 10 molecules of SDS remain
bound to each protein molecule.[4] HSA contains 35 cysteine
moieties with 17 disulfide bridges (Cys–Cys), and only one
free thiol (Cys34).[1] The lone free cysteine (Cys34) is locat-
ed in domain I. Therefore, if the free cysteine SH group is
labeled by a solvation probe it will reside close to a surfac-
tant binding site and report the effect of SDS binding to
HSA.


Herein we report our study of the effect of SDS binding
to the hydration layer of HSA using femtosecond solvation
dynamics. For this purpose, we covalently attached a fluores-
cent probe at the free thiol group (Cys34) of the protein.
The covalent attachment ensures that the probe is not relo-
cated when the surfactant binds to the protein. Buzady et al.
previously studied solvation dynamics in an acrylodan-la-
beled HSA using a transient absorption technique.[6] They
detected a 3-ps component of solvent relaxation. However,
they did not look for a possible slower component. Earlier
we studied solvation dynamics in the HSA/SDS system
using a noncovalent probe and a picosecond setup.[7]


The dynamics of water in the hydration layer of proteins
has received a great deal of attention recently. In bulk
water, solvation dynamics is very fast, with a major sub-pi-
cosecond (<0.1 ps) component.[8] However, many proteins
and organized assemblies display a substantially slow com-
ponent.[9–14] Herein we show that the local environment in
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the hydrophobic pocket around the fluorescent probe 7-di-
methylamino-3-(4-maleimidophenyl)-4-methylcoumarin
(CPM) is modified as a result of the binding of the surfac-
tant molecule. We used a very low concentration of SDS


(150 mm), much lower than its critical micellar concentration
(CMC) of 8000 mm. At 150 mm SDS, the protein essentially
retains its three-dimensional structure.[5a]


Results


Steady-state spectra


Figure 1a shows the emission spectrum of the solvation
probe (CPM) covalently attached to HSA in 0.1m phosphate
buffer. The CPM–HSA conjugate exhibits an absorption
maximum at ~390 nm and an emission maximum at 460 nm.
With the addition of SDS, both the absorption and emission
maxima of HSA-bound CPM undergoes a red shift
(Figure 1). With HSA/SDS at a molar ratio of 1:10, with
nearly 10 anionic SDS molecules bound to the positively
charged protein, the emission maximum is red shifted by
~3 nm (Figure 1b, inset). The red shift suggests that in the
presence of SDS, the microenvironment of CPM with HSA
becomes more polar than that with HSA alone.


Anisotropy decay


In water, a coumarin dye (coumarin 480) shows a fast aniso-
tropy decay with a time constant of ~70 ps.[15] Anisotropy


decay of CPM was recorded in methanol because CPM is
almost insoluble in water. Figure 2a shows the anisotropy
decay of CPM in methanol as well as that of CPM bound to
HSA. From Figure 2a it is evident that the anisotropy decay


of CPM bound to HSA is much slower than that of CPM in
methanol. The high initial anisotropy value also suggests
that the picosecond setup captures almost the entire rota-
tional dynamics for CPM bound to HSA (and HSA/SDS,
Figure 2a and 2b).


In methanol, CPM exhibits a fast anisotropy decay with a
time constant of ~100 ps (Figure 2a). The anisotropy decay
of CPM bound to HSA displays a major component >10 ns.
The slow component (>10 ns) of anisotropy decay may be
attributed to the large volume and long tumbling time of
HSA. HSA is a nearly heart-shaped molecule that can be
approximated to an equilateral triangle with dimensions of
80 , for each of the three sides, and a thickness of 30 ,.[1]


For a probe covalently attached to HSA, the time constant
(tP) of the overall rotation or tumbling is given by:


tP ¼
hV
kBT


ð1Þ


for which h is the solution viscosity and V is the volume
of HSA. This corresponds to a rotational relaxation time of
~20 ns. A similar slow rotational relaxation time (>20 ns)
was reported earlier for HSA in the case of a noncovalent
probe (anilinonaphthalene sulfonate, ANS),[17a] a RuII com-
plex,[17b] and for erythrosin bound to BSA.[17c]


The detection of such a long component of anisotropy
decay (20 ns) requires a dye with a fluorescence lifetime on
a similar order (~20 ns).[17a] Unfortunately, the lifetime of
the covalent CPM probe is too short (~3.5 ns). Because of
the very low fluorescence intensity of CPM at long times
(>10 ns) the signal-to-noise ratio is not very good for CPM
bound to HSA or HSA/SDS (Figure 2). Thus the long com-
ponent of anisotropy (~20 ns) could not be accurately deter-
mined for CPM bound to HSA (or HSA/SDS). To get a
rough approximation, both the anisotropy decays (with


Figure 1. Emission spectra of CPM in the CPM–HSA complex (15 mm) in
the a) absence and b) presence of SDS (150 mm) at an excitation wave-
length of 405 nm. The insets show the absorption and emission peaks for
(1) HSA (a) and (2) HSA/SDS (c).


Figure 2. Fluorescence anisotropy decay (lex=405 nm, lem=460 nm):
a) (1) CPM in methanol and (2) CPM bound to HSA; b) CPM bound to
HSA (15 mm) in 150 mm SDS. Points denote experimental data, and the
line represents the best fit to a bi-exponential decay.
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HSA and HSA/SDS) were fitted to a bi-exponential decay
with a relatively fast component (1.35 ns for HSA and 0.7 ns
for HSA/SDS) and a long component of ~20 ns.


In summary, CPM bound to HSA exhibits a very slow
(>10 ns) anisotropy decay, which is much slower than that
of CPM in methanol (~100 ps or 0.1 ns). The very slow ani-
sotropy decay suggests that the signal arises from CPM
bound to HSA and contribution of free CPM (if any) in
bulk water is negligible.


Time-resolved studies: picosecond and femtosecond decays


The fluorescence transients of CPM in CPM–HSA complex
both in the presence and absence of SDS were found to be
wavelength dependent (Figure 3 and 4). For both systems, a
rise precedes the decay at the red end. No such rise is ob-
served at the blue end, and only a decay is detected. Such
wavelength dependence of emission decays, and in particu-
lar the rise, is clear proof of solvation dynamics. It should be
mentioned that we did not detect any rise component in our
picosecond setup (Figure 3). This is reasonable because the
rather large CPM probe is bound to an exposed site
(Cys34).


In the case of CPM bound to HSA, the femtosecond fluo-
rescence transient at 425 nm (blue end) exhibits three decay
components: 2, 22, and 1920 ps (Figure 4). In the absence of
SDS, a rise component (2.2 ps) precedes long decay compo-


nents (300 and 3600 ps) at the red end (emission wavelength
of 540 nm; Figure 4). Upon addition of SDS to the CPM–
HSA aggregate, the corresponding decay components at the
blue end are 3.3, 30, and 1900 ps, and at the red end
(540 nm) there is a single rise component (1.2 ps) with two
long decay components (57 and 3800 ps).


Figure 5 shows the time-resolved emission spectra
(TRES) of C480 in CPM–HSA in the absence and presence
of SDS. The total dynamic Stokes shifts (DSS= n(0)�n(1))
in CPM–HSA and CPM–HSA/SDS complexes were found
to be 400 and 500 cm�1, respectively (Table 1). Figure 6
shows the decays of the solvent response function, C(t), for
the CPM–HSA complex in the absence and presence of
SDS, and Table 1 summarizes the decay parameters of C(t).


Discussion


The main findings of this work are as follows: Solvation dy-
namics for HSA and HSA/SDS are significantly slower than


Figure 3. Picosecond decay of CPM (lex=405 nm) in CPM–HSA complex
(50 mm) in the a–c) absence and d–f) presence of SDS (150 mm). Values
of lem are indicated.


Figure 4. Femtosecond transients of CPM (lex=405 nm) in CPM–HSA
complex in the a–c) absence and d–f) presence of SDS (150 mm). Values
of lem are indicated.
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that in bulk water (<1 ps). The average solvation time for
HSA/SDS is 500 ps, which is ~30% faster than that for
HSA (~650 ps, Table 1). The anisotropy decay of CPM
bound to HSA exhibits a very long component (>20000 ps)
and becomes faster with the addition of SDS. The time
scales of solvation and anisotropy decays are very different
and hence, they originate from different kinds of motion.
The anisotropy decay arises from the motion of the CPM
probe. The solvation dynamics may be attributed to the
motion of the polar entities (water molecule, polar residues,
and head groups of SDS). The major source of the ultraslow
components of solvation (30 and 800 ps in the case of HSA)


is the strong hydrogen bond as well as other electrostatic in-
teractions in the protein.[11–14] As noted in many recent simu-
lations, such interactions lead to the formation of a hydro-
gen bond network around a protein, stabilized by quasi-
stable hydrogen bonds (“pinning sites”).[11–14] The hydrogen
bond network and bound-to-free interconversion gives rise
to anomalously slow dynamics of the structured and quasi-
bound water molecules (“biological water”) around a pro-
tein.[11–14]


Interestingly, the binding of SDS at a site near the probe
(CPM) leads to a red shift of the emission spectra and accel-
eration of the anisotropy decay and solvation dynamics. Be-
cause the probe is covalently bound to the protein, reloca-
tion of the probe on binding of SDS can be ruled out. The
red shift of the emission maximum may arise from the in-
crease in local polarity of the microenvironment because of
the presence of the ionic head group of SDS and the coun-
terions. The ~30% acceleration of solvation dynamics may
be explained as follows: First, SDS seems to displace the
tightly bound slow water from the immediate vicinity of the
probe and as a result, contribution of the slow water mole-
cules decreases. Second, SDS may change the local confor-
mation of the side chain, making the CPM probe more ex-
posed to bulk water.


Conclusions


This work demonstrates the presence of slow water mole-
cules inside HSA near the Cys34 residue, to which a solva-
tion probe is covalently bound. Binding of SDS near this
site causes an acceleration of the anisotropy decay and sol-
vation dynamics. This is attributed to displacement of the
slow and buried water molecules by SDS and the increased
exposure of the probe.


Experimental Section


Laser-grade CPM (7-dimethylamino-3-(4-maleimidophenyl)-4-methylcou-
marin, Exciton) and sodium dodecyl sulfate (SDS, Aldrich) were used as
received. Human serum albumin (HSA) was purchased from Sigma and
used without further purification. The steady-state absorption and emis-
sion spectra were recorded with a Shimadzu UV-2401 spectrophotometer
and a Spex FluoroMax-3 spectrofluorimeter, respectively.


The CPM–HSA complex was prepared according to the method reported
by Wang et al. , with minor modifications.[18a] A stock solution containing
HSA (75 mm) was prepared in 0.1m phosphate buffer (pH 7.0). A suffi-
cient quantity of CPM (in the minimum amount of N,N-dimethylforma-
mide) was added to 10 mL of this solution to give a molar ratio of HSA
to CPM of 1:1. The mixture was stirred gently and maintained at room
temperature for 15 h. It was then dialyzed for 4 days at 4 8C against
500 mL phosphate buffer (0.1m) with a change of dialysis buffer after
every 12 h. The labeled protein was then passed through a G-50 Sepha-
dex column to dislodge any unreacted label. The concentration of labeled
protein was measured by the method of Lowry et al.[18b] The labeling effi-
ciency was determined to be 85%. During our experiment, however, the
concentration of labeled protein was kept fixed ~15 mm. We used SDS at
a concentration of 150 mm, which is 10-fold greater than that of the pro-
tein (HSA) and ~50-fold less than the CMC of SDS (8000 mm).


Figure 5. Time-resolved emission spectra (TRES) of CPM (lex=405 nm)
in CPM–HSA complex in the a) absence and b) presence of SDS
(150 mm) at 0 (&), 24 (*), 500 (~), and 3500 ps (!).


Table 1. Parameters obtained from the decay of C(t) for CPM in various
systems at 295 K


System Dnobs [cm
�1][a] a1 t1 [ps]


[a] a2 t2 [ps]
[a] hti [ps][b]


CPM–HSA 400 0.20 30 0.80 800 650
CPM–HSA+


SDS[c]
500 0.40 15 0.60 800 500


[a] SE�10%. [b] hti=a1t1+a1t2. [c] 15 mm CPM–HSA conjugate;
150 mm SDS.


Figure 6. Complete decay of solvent response function C(t) of CPM in
CPM–HSA complex for lex=405 nm in the absence (~) and presence
(*) of 150 mm SDS. The points denote the actual values of C(t), and the
solid lines denote the best fit. Initial portions of the decays are shown in
the inset.
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In our femtosecond up-conversion setup (FOG 100, CDP) the sample
was excited at 405 nm. Briefly, the sample was excited using the second
harmonic of a mode-locked Ti sapphire laser at a repetition rate of
80 MHz (Tsunami, Spectra Physics), pumped by 5-W Millennia (Spectra
Physics). The fundamental beam was frequency-doubled in a nonlinear
crystal (1 mm BBO, q=258, f=908). The fluorescence emitted from the
sample was up-converted in a nonlinear crystal (0.5 mm BBO, q=388,
f=908) using a gate pulse of the fundamental beam. The up-converted
light was dispersed in a monochromator and detected with photon-count-
ing electronics. A cross-correlation function obtained by using the
Raman scattering from ethanol displayed a full width at half-maximum
(FWHM) of 350 fs. The femtosecond fluorescence decays were fitted
using a Gaussian shape for the excitation pulse.


Knowledge of the long decay components is required for fitting the fem-
tosecond data. The components were detected using a picosecond setup
in which the samples were excited at 405 nm using a picosecond diode
laser (IBH Nanoled-07) in an IBH Fluorocube apparatus. The emission
was collected at a magic-angle polarization using a Hamamatsu micro-
channel plate (MCP) photomultiplier (5000U-09). The time-correlated
single-photon counting (TCSPC) setup consisted of an Ortec 9327 CFD
and a Tennelec TC 863 TAC. The data were collected with a PCA3 card
(Oxford) as a multichannel analyzer. The typical FWHM of the system
response using a liquid scatterer is ~90 ps. The fluorescence decays were
deconvoluted using IBH DAS6 software.


To fit the femtosecond transient, we first determined the long picosecond
components by deconvolution of the picosecond decays. The long pico-
second components were then kept fixed to fit the femtosecond data.
The time-resolved emission spectra (TRES) were constructed by using
the parameters of best fit to the fluorescence decays and the steady-state
emission spectrum following the procedure described by Maroncelli and
Fleming.[16] The solvation dynamics are described by the decay of the sol-
vent correlation function C(t), defined as:


CðtÞ ¼ nðtÞ � nð1Þ
nð0Þ � nð1Þ ð2Þ


in which n(0), n(t), and n(1) are the peak frequencies at time 0, t, and
1, respectively.


To study fluorescence anisotropy decay, the analyzer was rotated at regu-
lar intervals to get perpendicular (I? ) and parallel (Ik) components. The
anisotropy function r(t) was then calculated using the formula:


rðtÞ ¼
I==ðtÞ �GI?ðtÞ
I==ðtÞ þ 2GI?ðtÞ


ð3Þ


The G value of the picosecond setup was determined by using a probe
with very rapid rotational relaxation, such as coumarin 480 in methanol.
The G value was found to be 1.5.
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Introduction


Dialkylzinc reagents are inert to carbonyl compounds be-
cause these molecules have linear structures and a C�Zn
bond with low polarity. However, once the linearity is lost
because of the coordination of zinc atom to a heteroatom,
these reagents can react with aldehydes. After Oguni and
Omi!s first report,[1] a number of chiral amino alcohols have
been developed for the catalytic asymmetric 1,2-addition of
dialkylzinc to aldehydes, and one that achieves high enantio-
selectivity has been reported.[2] As a pioneering work,
Noyori and Kitamura et al. developed (�)-DAIB ((�)-3-
exo-(dimethylamino)isoborneol: 1; see Figure 1) as a chiral
b-amino alcohol and achieved highly enantioselective alky-
lation using dialkylzinc.[3] So far, most of the catalysts used
for the asymmetric addition of dialkylzinc to aldehydes are
chiral b-amino alcohol derivatives.[4] Furthermore, 2 or more
mol% catalysts are often used for this asymmetric reaction.
To our knowledge, there are only three studies that used
ONO-tridentate ligands[5] and all of them afforded alkylated
products in low enantiomeric excess compared with biden-
tate amino alcohols. For example, Corey and Hannon re-


ported that the enantioselective ethylation of benzaldehyde
catalyzed by 12 mol% tridentate ligand derived from (+ )-
pseudoephedrine gives a product in 86% ee.[5a]


A variety of innovative studies have been reported in this
exciting field. Examples include an asymmetric reaction
system that uses a combination of dialkylzinc and titanium
alkoxide,[6] asymmetric amplification,[4,7] and asymmetric au-
tocatalysis.[8] Recently, Harada and Kanda reported that a ti-
tanium(IV) complex derived from 3-(3,5-diphenylphenyl)-
binaphthol exhibits remarkably enhanced catalytic activity
for the asymmetric addition of diethylzinc to aldehydes.[9]


They achieved high enantioselectivity using less than
1 mol% unsymmetric 3-(3,5-diphenylphenyl)-binaphthol.
Following the report of enantioselective cyclopropanation


of olefins using a chiral Schiff base-copper complex by
Nozaki, Moriuchi, Takaya, and Noyori in 1966,[10] which is
the first example of a homogeneous catalytic asymmetric re-
action, catalytic asymmetric reactions in the presence of
metal catalysts and chiral Schiff base as ligand have been ac-


Keywords: aldehydes · alkylation ·
asymmetric catalysis · enantioselec-
tivity · Schiff bases


Abstract: We have developed chiral Schiff base catalysts based on the ONO-tri-
dentate ligand for the catalytic enantioselective addition of dialkylzinc to alde-
hydes. Various aldehydes were smoothly converted into corresponding optically
active secondary alcohols with high enantioselectivity (up to 98% ee) in high yield.
Furthermore, we have succeeded in decreasing the catalyst loading minimum to
0.1 mol% in the chiral Schiff base-catalyzed enantioselective alkylation of alde-
hydes.
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Figure 1. Chiral catalysts for enantioselective alkylation using dialkylzinc.
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tively investigated. We prepared chiral Schiff base 2 from
salicylaldehydes (or ketones), which possesses a bulky sub-
stituent at the ortho position on the phenolic hydroxyl
group, and chiral amino alcohols for the enantioselective tri-
methylsilylcyanation of aldehydes in 1991.[11] Subsequent to
our first report, a number of asymmetric reactions using this
type of chiral Schiff base ligand have been reported.[12]


Herein, we describe the synthesis of a new chiral Schiff
base as a new ONO-tridentate ligand and its application to
the highly enantioselective alkylation of aldehydes using di-
alkylzinc reagents.[13]


Results and Discussion


We first examined the asymmetric addition of diethylzinc to
aldehydes with aldimine-type chiral Schiff bases 2 (R2=H).
Aldimine-type chiral Schiff bases 2 in Figure 1 were pre-
pared easily from 3-tert-butyl-2-hydroxybenzaldehydes and
chiral amino alcohols.[14] Unfortunately, we found that the
desired alkylated product was obtained in moderate yield
(36–53%) and poor enantioselectivity (18–21% ee (R);
(Scheme 1)). Thus, we explored the utility of more effective


chiral Schiff bases as an ONO-tridentate ligand for asym-
metric alkylation, and found that the use of ketoimine-type
chiral Schiff bases 2 (R2 ¼6 H) developed previously by our
group[15] increased both the reactivity and enantioselectivity.
Ketoimine-type chiral Schiff bases 2 (R2 ¼6 H) were pre-


pared in three steps: the Grignard reaction of salicylalde-
hydes 3 with R2MgX; oxidation of benzylic alcohols; and
condensation with chiral amino alcohols (Scheme 2). Salicyl-
aldehydes 3 were obtained following Casnati!s method,[16]


the Duff reaction,[17] or from a commercial source. The cru-
cial step was the oxidation of benzylic alcohols 4 to ketones


5. First, we tried the conventional method using chromium
trioxide (CrO3); however, it afforded ketones 5 in only up
to 30% yield because of the oxidative decomposition of the
phenolic moiety. Faced with the necessity to develop a new
and efficient oxidation method for benzylic alcohols possess-
ing a phenolic moiety, we succeeded in the oxidation of ben-
zylic alcohols 4 using two new methods. The first method
employs the Pd/C-ethylene system.[18] This oxidized the ben-
zylic alcohol to the corresponding ketone based on hydro-
gen-transfer reaction. Utilizing 30 wt% of 10% Pd/C under
ethylene atmosphere, ketone 5 was obtained in 83% yield
(R1=H, R2=Ph). Very recently, we have developed a
method for the aerobic oxidation of benzylic alcohols using
activated carbon without a metal.[19] Using 50 wt% activated
carbon under molecular oxygen atmosphere, ketone 5 was
obtained in 77% yield (R1= tBu, R2=Ph). This simple oxi-
dation process is not only environmentally friendly but also
economical and operationally simple. Chiral b-amino alco-
hols were prepared by the direct reduction of a-amino acid
according to the methods developed by Abiko[20] and
Meyers.[21] Thus, ketoimine-type chiral Schiff bases were pre-
pared easily. Furthermore, it should be mentioned that ke-
toimine-type chiral Schiff bases are more stable in water
and protic acid than their aldimine-type counterparts.
Using these ketoimine-type chiral Schiff bases, we exam-


ined the asymmetric addition of diethylzinc to benzaldehyde
in hexane at 0 8C (Table 1). In the case of the chiral Schiff
bases derived from (S)-valinol (R3= iPr), the enantiomeric
excess of the alkylated products was not so high (Table 1,
entries 1–7). On the other hand, the use of the chiral Schiff
base derived from (S)-tert-leucinol (R3= tBu) gave high
enantioselectivities (Table 1, entries 8–12). Especially, chiral
Schiff base 2 i afforded (R)-1-phenyl-1-propanol in 94%
yield and 96% ee (Table 1, entry 9). Even if the amount of
chiral Schiff base 2 i was decreased to 1 mol%, the same
levels of chemical and optical yields were attained (Table 1,
entry 10).
Table 2 lists various aldehydes examined with 1 mol%


chiral Schiff base 2 i under optimized conditions. The reac-
tions of aromatic aldehydes with Et2Zn proceeded to give
ethylated products in high yields and enantioselectivities
(Table 2, entries 1–6). Hetero-aromatic aldehydes were also


Abstract in Japanese:


Scheme 1. Asymmetric addition of Et2Zn using aldimine-type chiral
Schiff base.


Scheme 2. Synthesis of ketoimine-type chiral Schiff bases 2 (R2 ¼6 H).
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ethylated effectively by a chiral Schiff base 2 i ; noteworthy
is 2-thiophenecarboxaldehyde, which gave a product in 99%
yield and 95% ee (Table 2, entry 7 and 8). It should be
noted that the present zinc Schiff base catalyst system is ef-
fective not only for aromatic aldehydes but also for aliphatic
aldehydes. For example, the reaction of cyclohexanecarbox-


aldehyde with diethylzinc aided by 1 mol% chiral Schiff
base 2 i gave an ethylated product in 94% ee (Table 2,
entry 13).
Next, we focused on catalytic activity for the asymmetric


addition of diethylzinc to aldehydes. Novel chiral Schiff
bases 2 l–2o possessing OMe or CF3 groups were prepared
according to the procedure shown in Scheme 2 (Figure 2).
Using novel chiral Schiff bases 2m and 2o, the asymmetric


addition of Et2Zn to benzaldehyde was examined at very
low catalyst load (Table 3). Even if the amount of chiral
Schiff base 2m and 2o were decreased to 0.1 mol%, the
same levels of chemical yield and enantiomeric excess
(95% ee) were obtained.


The asymmetric n-butylation of aldehydes using di-n-bu-
tylzinc reagent (nBu2Zn) was also examined.


[23] As shown in
Table 4, the reaction of nBu2Zn with benzaldehyde proceed-
ed smoothly in the presence of 5 mol% chiral Schiff bases
2 i–2o to give (R)-1-phenyl-1-pentanol in high enantiomeric
purity. It should be noted that the reduction of benzalde-
hyde occurred in the case of nBu2Zn.


[24] Five mol% chiral
Schiff base was required in the asymmetric addition of
nBu2Zn to benzaldehyde to obtain the desired product in a
satisfactory yield. We disclosed that chiral Schiff base 2m
was the most effective catalyst for the asymmetric n-butyla-
tion at 20 8C (Table 4, entry 4). Then, we examined the reac-
tions at lower temperatures using chiral Schiff base 2m
(Table 4, entries 5 and 6). Chiral Schiff base 2m afforded an
n-butylated product in 83% yield and 98% ee at 0 8C, and


Table 1. Asymmetric addition of Et2Zn to benzaldehyde using keto-
imine-type chiral Schiff base 2[a]


Entry Chiral Schiff base 2 Yield[b] [%] ee[c,d] [%]
R1 R2 R3


1 2a H Me iPr 84 88
2 2b H Ph iPr 95 90
3 2c tBu Ph iPr 87 76
4 2d H 4-tBu�C6H4 iPr 90 86
5 2e tBu 4-tBu�C6H4 iPr 81 63
6 2 f H 2-Np iPr 93 87
7 2g tBu 2-Np iPr 93 56
8 2h H Me tBu 90 94
9 2 i H Ph tBu 94 96
10[e] 2 i H Ph tBu 88 96
11[e] 2j tBu Ph tBu 85 96
12[e] 2k H 2-Np tBu 92 95


[a] All reactions were carried out in hexane at 0 8C for 24 h. [b] Deter-
mined by 1H NMR analysis after silica-gel column chromatography.
[c] Enantiomeric excess was determined by a chiral HPLC analysis
(CHIRALCEL OD-H). [d] Absolute configuration was determined as R
by comparison of optical rotation values with those in the literature.[22a]


[e] 1 mol% chiral Schiff base was used.


Table 2. Asymmetric addition of Et2Zn to various aldehydes.
[a]


Entry R Yield[b] [%] ee[c,d] [%]


1 Ph 88 (86) 96 (95) (R)
2 4-MeO�C6H4 96 (90) 80 (84) (R)
3 4-Cl�C6H4 92 90 (R)
4 2-F�C6H4 94 94 (R)
5 1-Np 98 65 (R)
6 2-Np 99 96 (R)
7 2-furyl 82 90 (R)[e]


8 2-thienyl 99 95 (R)[e]


9 PhC�C 85 60 (R)
10 (E)-PhCH=CH 69 (55) 75 (76) (R)
11 PhCH2CH2 75 (81) 81 (83) (R)
12 n-C5H11 45 81 (R)[e]


13 c-C6H11 67 94 (R)[e]


[a] All reactions were carried out in hexane at 0 8C for 24 h. Values in pa-
rentheses are the yields obtained when toluene was used as solvent.
[b] Isolated yield after Kugelrohr distillation. [c] Enantiomeric excess was
determined by a chiral HPLC analysis (CHIRALCEL OD-H and OB).
[d] All absolute configurations were determined as R by comparison of
optical rotation values with those in the literature.[22a–d] [e] Determined
by HPLC analysis of the corresponding benzoate using CHIRALPAK
AD-H column.


Figure 2. Novel chiral Schiff bases 2 l–2o possessing OMe or CF3 groups.


Table 3. Reduction of catalyst loading in asymmetric addition of Et2Zn
to benzaldehyde using chiral Schiff base.[a]


Entry Catalyst Catalyst loading [mol%] Yield[b] [%] ee[c] [%]


1 2 i 1.0 88 96
2 2 i 0.5 88 96
3 2 i 0.1 71 90


4 2m 1.0 93 96
5 2m 0.5 92 96
6 2m 0.1 99 95


7 2o 1.0 91 96
8 2o 0.5 93 96
9 2o 0.1 74 95


[a] All reactions were carried out on the 1.8 mmol scale in hexane at 0 8C
for 24 h. [b] Isolated yield after Kugelrohr distillation. [c] Enantiomeric
excess was determined by a chiral HPLC analysis (CHIRALCEL OD-
H).
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suppressed the formation of the side reduction product to
only 6%.
Table 5 shows the asymmetric addition of nBu2Zn to vari-


ous aldehydes using the chiral Schiff base 2m. Most aromat-
ic and hetero-aromatic aldehydes were n-butylated in high
yield and enantiomeric excess (Table 5, entries 1–8, 82–
98% ee).


The non-linear effect, which is the relationship between
the enantiomeric excess of the alkylated product and chiral
Schiff base 2 i, was studied in the asymmetric addition of
Et2Zn to benzaldehyde (Figure 3). Noyori and Kitamura
et al. investigated the mechanism of the positive non-linear


effect (namely, asymmetric amplification) by conducting
1H NMR analysis, X-ray analysis, and calculations using (�)-
DAIB as a catalyst, and concluded that the difference in re-
activity between heterodimer and homodimer is the origin
of the asymmetric amplification.[4,7,25] We disclosed that the
degrees of amplification were strongly related to the con-
centration of the chiral Schiff base. In the case of 100 mm


catalyst (^), a strong positive non-linear effect was ob-
served. These experimental results indicate that the aggrega-
tion of zinc species participates in the catalytic cycles.
In this catalytic system, the chiral Schiff base as an ONO


ligand initially reacted with dialkylzinc reagent to form the
chiral Schiff base–zinc complex with the generation of two
equivalents of ethane. Analyzing the resultant complex by
1H NMR spectroscopy, we confirmed that two hydroxyl pro-
tons in the chiral Schiff base disappeared. In the presence of
aldehyde, the chiral Schiff base–zinc complex coordinated as
a chiral Lewis acid to the aldehyde. The stereochemical out-
come of this asymmetric addition of dialkylzinc could be
reasonably explained by the proposed transition state shown
in Figure 4. When an S-chiral Schiff base is used as a chiral
source, the alkyl nucleophile attacks the Re face of the acti-
vated aldehyde, forming an R-configuration alkylated prod-
uct. This is because the phenolic-oxygen atom would be
blocked by the tert-butyl substituent in the chiral Schiff
base. On the other hand, when a chiral Schiff base without a
tert-butyl group at the ortho position (R1=H, R2=Ph, R3=


Table 4. Asymmetric addition of nBu2Zn to benzaldehyde.
[a]


Entry Schiff base Temperature [8C] Yield [%][b,c] ee [%][d,e]


1[f] 2 i 20 73 (17) 95
2 2 j 20 80 (13) 97
3 2 l 20 81 (14) 97
4 2m 20 82 (10) 97
5 2m 10 79 (9) 98
6[f] 2m 0 83 (6) 98
7 2n 20 77 (19) 96
8 2o 20 73 (13) 96


[a] All reactions were carried out in hexane/heptane (1:7) for 6 h, unless
otherwise noted. [b] Isolated yield after Kugelrohr distillation. [c] Values
in parentheses indicate yield of benzyl alcohol as a reduced product.
[d] Enantiomeric excess was determined by a chiral HPLC analysis
(CHIRALCEL OB). [e] Absolute configuration was determined as R by
comparison of optical rotation values with those in the literature.[22e]


[f] Reaction time was 24 h.


Table 5. Asymmetric addition of nBu2Zn to various aldehydes.
[a]


Entry R Yield[b] [%] ee[c,d] [%]


1 Ph 83 98 (R)
2 4-Me�C6H4 82 97 (R)
3 4-MeO�C6H4 81 85 (R)[e]


4 3-Cl�C6H4 79 97 (R)[e]


5 4-Cl�C6H4 74 98 (R)
6 2-furyl 73 93 (R)[f]


7 2-thienyl 82 98 (R)[f]


8 (E)-PhCH=CH 73 82 (R)


[a] All reactions were carried out in heptane/hexane (7:1) at 0 8C for
24 h. [b] Isolated yield after Kugelrohr distillation. [c] Enantiomeric
excess was determined by a chiral HPLC analysis (CHIRALCEL OB
and OD-H). [d] Absolute configurations were determined as R by com-
parison of optical rotation values with those in the literature.[22e–i] [e] Ab-
solute configurations were determined as R by comparison with the re-
tention time in HPLC analyses. [f] Determined by HPLC analysis of the
corresponding benzoate using CHIRALPAK AD-H column.


Figure 3. Correlation between ee of alkylated product and ee of chiral
Schiff base 2 i ; reaction using 0.8m Et2Zn, 0.4m PhCHO, and chiral Schiff
base 2 i (*: 4 mm, &: 40 mm, ^: 100 mm) in hexane at 0 8C for 24 h.


Figure 4. Proposed transition state for the asymmetric addition of dialkyl-
zinc.
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tBu) is employed for the reaction, the alkyl nucleophile at-
tacks the Si face of the aldehyde to produce the S-configura-
tion product in 57% ee (S).


Conclusions


The new ketoimine-type chiral Schiff base is used as a cata-
lyst for the asymmetric 1,2-addition of dialkylzinc reagents
to aldehydes. This system exhibits high catalytic activity and
enantioselectivity.


Experimental Section


General


All reactions were carried out in oven-dried glassware with magnetic stir-
ring. All melting points were measured on a Yanaco MP-500D melting
point apparatus and uncorrected. 1H and 13C NMR spectra (400 and
100.6 MHz, respectively) were recorded on a JEOL JNM-LA 400 spec-
trometer using Me4Si as the internal standard (0 ppm). IR spectra were
measured with a Perkin–Elmer FTIR Spectrometer Spectrum-1000. Ele-
mental analyses were performed with a Yanaco CHN Corder MT-5 ele-
mental analyzer. Mass spectra were measured on a Thermo Quest LCQ
DECA Plus spectrometer. Optical rotations were measured on a
HORIBA SEPA-300 polarimeter for solution in a 1 dm cuvette. Prepara-
tive column chromatography was carried out on a Fuji Silysia BW-
820MH or YMC*Gel Silica (6 nm I-40–63 um). Thin-layer chromatogra-
phy (TLC) was carried out on Merck-25 TLC aluminium sheets Silica gel
60 F254. HPLC was performed on a Shimadzu LC-VP series or a HITA-
CHI L-2000 series instrument equipped with a diode-array detector.
Chiral column used for HPLC analyses was DAICEL CHIRALCEL
OD-H, CHIRALCEL OB, or CHIRALPAK AD-H (0.46P25 cm).


Syntheses


General procedure for the synthesis of ketoimine-type chiral Schiff base:
A mixture of toluene (10 mL), l-valinol or l-tert-leucinol (8.5 mmol), sal-
icylketone (7.5 mmol), and anhydrous Na2SO4 (3 g) was refluxed at
115 8C for 24 h. The mixture was filtered through a glass filter and the fil-
trate was evaporated. The residue was subjected to column chromatogra-
phy on silica gel using hexane/ethyl acetate (15:1) as eluent to afford the
corresponding chiral Schiff base 2 (R2 ¼6 H).
2 i : 92%; yellow solid; Rf=0.30 (hexane/ethyl acetate, 5:1); m.p.: 143–
144 8C; [a]29D =�44.2 (c=1.00, CHCl3); IR (KBr): nmax=3476, 2960, 1593,
1442, 1324, 1288, 1254, 1214, 1141, 919, 752, 706 cm�1; 1H NMR
(400 MHz, CDCl3): d =0.93 (s, 9H), 1.36 (t, J=6.4 Hz, 1H), 1.48 (s, 9H),
3.25 (dd, J=9.6, 4.8 Hz, 1H), 3.79–3.87 (m, 2H), 6.56 (t, J=7.8 Hz, 1H),
6.63 (dd, J=7.8, 1.8 Hz, 1H), 7.16 (m, 1H), 7.30 (dd, J=7.6, 2.0 Hz, 1H),
7.37 (m, 1H), 7.45 (m, 3H), 16.25 ppm (s, 1H); 13C NMR (100.6 MHz,
CDCl3): d=27.1, 29.5, 33.9, 35.0, 63.5, 70.9, 116.2, 119.7, 128.0, 128.2,
128.3, 128.6, 129.0, 129.4, 130.3, 134.5, 137.9, 163.0, 175.9 ppm; MS (ESI):
m/z 354 [M+H]+ ; elemental analysis: calcd (%) for C23H31NO2: C 78.15,
H 8.84, N 3.96; found: C 78.21, H 8.97, N 4.02.


2j : 65%; yellow solid; Rf=0.33 (hexane/ethyl acetate, 5:1); m.p.: 180–
181 8C; [a]25D =�25.9 (c=1.00, CHCl3); IR (KBr): nmax=3427, 2964, 2907,
2871, 1609, 1583, 1477, 1363, 1252, 887, 774, 704 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.92 (s, 9H), 1.09 (s, 9H), 1.49 (s, 9H), 1.55 (s,
1H), 3.27 (dd, J=8.0, 4.4 Hz, 1H), 3.79–3.87 (m, 2H), 6.62 (s, 1H), 7.18
(m, 1H), 7.38 (m, 2H), 7.45 (m, 3H), 15.98 ppm (s, 1H); 13C NMR
(100.6 MHz, CDCl3): d =27.1, 29.5, 31.2, 33.9, 33.4, 35.2, 63.5, 70.9, 118.8,
126.5, 127.0, 127.8, 128.5, 129.0, 134.6, 137.1, 138.1, 160.6, 176.1 ppm; MS
(ESI): m/z 410 [M+H]+ ; elemental analysis: calcd (%) for C25H35NO4:
C 79.17, H 9.60, N 3.42; found: C 79.02, H 9.70, N 3.42.


2 l : 60%; yellow solid; Rf=0.22 (hexane/ethyl acetate, 5:1); m.p.: 68–
69 8C; [a]29D =�31.6 (c=1.00, CHCl3); IR (KBr): nmax=3438, 2959, 2908,


2874, 1593, 1457, 1424, 1356, 1206, 1157, 1065, 846, 753 cm�1; 1H NMR
(400 MHz, CDCl3): d =0.95 (s, 9H), 1.39 (s, 1H), 1.48 (s, 9H), 3.29 (dd,
J=8.8, 3.6 Hz, 1H), 3.78 (s, 6H), 3.73–3.87 (m, 2H), 6.31 (s, 1H), 6.51 (t,
J=1.8 Hz, 1H), 6.55 (s, 1H), 6.59 (t, J=7.8 Hz, 1H), 6.76 (dd, J=7.8,
1.8 Hz, 1H), 7.30 (dd, J=7.8, 1.8 Hz, 1H), 16.15 ppm (s, 1H); 13C NMR
(100.6 MHz, CDCl3): d =27.2, 29.4, 33.8, 35.0, 55.4, 55.4, 63.4, 71.0, 100.7,
106.2, 107.0, 116.2, 119.2, 129.4, 130.2, 136.2, 137.8, 160.4, 160.6, 162.9,
175.2 ppm; MS (ESI): m/z 414 [M+H]+ ; elemental analysis: calcd (%)
for C25H35NO4: C 72.61, H 8.53, N 3.39; found: C 72.48, H 8.72, N 3.47.


2m : 70%; yellow solid; Rf=0.19 (hexane/ethyl acetate, 5:1); m.p.: 203–
204 8C; [a]29D =�21.4 (c=1.00, CHCl3); IR (KBr): nmax=3469, 2962, 1596,
1454, 1364, 1293, 1206, 1062, 837, 715 cm�1; 1H NMR (400 MHz, CDCl3):
d=0.94 (s, 9H), 1.14 (s, 9H), 1.26 (s, 1H), 1.49 (s, 9H), 3.31 (dd, J=8.4,
4.0 Hz, 1H), 3.77 (s, 3H), 3.79 (s, 3H), 3.79–3.89 (m, 2H), 6.34 (s, 1H),
6.52 (t, J=2.4 Hz, 1H), 6.57 (s, 1H), 6.78 (d, J=2.4 Hz, 1H), 7.38 (d, J=


2.4 Hz, 1H), 15.93 ppm (s, 1H); 13C NMR (100.6 MHz, CDCl3): d=27.2,
29.5, 31.3, 33.8, 34.0, 35.2, 55.5, 63.5, 70.9, 101.0, 106.1, 107.1, 118.3, 126.3,
127.1, 136.3, 137.1, 138.1, 160.5, 175.5 ppm; MS (ESI): m/z 470 [M+H]+ ;
elemental analysis: calcd (%) for C29H43NO4: C 74.16, H 9.23, N 2.98;
found: C 74.08, H 9.34, N 3.09.


2n : 64%; yellow solid; Rf=0.28 (hexane/ethyl acetate, 10:1); m.p.: 62–
63 8C; [a]25D =�14.5 (c=1.00, CHCl3); IR (KBr): nmax=3440, 2965, 2910,
1595, 1439, 1383, 1316, 1280, 1175, 1140, 904, 752, 681 cm�1; 1H NMR
(400 MHz, CDCl3): d =0.93 (s, 9H), 1.48 (s, 9H), 1.51 (s, 1H), 3.01 (dd,
J=9.2, 3.2 Hz, 1H), 3.82 (t, J=9.2 Hz, 1H), 3.89 (d, J=9.2 Hz, 1H), 6.43
(dd, J=7.8, 1.6 Hz, 1H), 6.63 (t, J=7.8 Hz, 1H), 7.34 (dd, J=7.8, 1.6 Hz,
1H), 7.63 (s, 1H), 7.98 (s, 1H), 15.65 ppm (s, 1H); 13C NMR (100.6 MHz,
CDCl3): d=27.0, 29.4, 33.8, 35.1, 63.0, 71.8, 116.9, 118.9, 122.5 (m, 3JC-F=


4.1 Hz), 124.6 (q, 1JC-F=272.6 Hz) , 124.6 (q, 1JC-F=272.6 Hz), 128.3,
129.4, 130.0, 130.3, 131.5 (q, 2JC-F=33.9 Hz), 131.7 (q, 2JC-F=33.9 Hz),
136.7, 138.4, 162.5, 171.8 ppm; MS (ESI): m/z 490 [M+H]+ ; elemental
analysis: calcd (%) for C25H29F6NO2: C 61.34, H 5.97, N 2.86; found:
C 61.43, H 5.99, N 2.78.


2o : 66%; yellow solid; Rf=0.39 (hexane/ethyl acetate, 5:1); m.p.: 149–
150 8C; [a]29D =�7.6 (c 1.00, CHCl3); IR (KBr): nmax=3628, 2966, 1580,
1477, 1385, 1280, 1141, 1039, 905 cm�1; 1H NMR (400 MHz, CDCl3): d=


0.93 (s, 9H), 1.09 (s, 9H), 1.41 (s, 1H), 1.49 (s, 9H), 3.07 (dd, J=9.4,
3.4 Hz, 1H), 3.83 (t, J=9.4 Hz, 1H), 3.90 (dd, J=9.4, 3.4 Hz, 1H), 6.38
(d, J=2.6 Hz, 1H), 7.42 (d, J=2.6 Hz, 1H), 7.67 (s, 1H), 8.00 (s, 1H),
8.03 (s, 1H), 15.44 ppm (s, 1H); 13C NMR (100.6 MHz, CDCl3): d =26.5,
29,5, 31.1, 33.9, 34.0, 35.3, 60.1, 71.8, 118.0, 122.3 (m, 3JC-F=3.7 Hz), 123.1
(q, 1JC-F=272.6 Hz), 123.1 (q, 1JC-F=272.6 Hz), 125.6, 127.6, 128.3, 128.6,
130.4, 131.4 (q, 2JC-F=33.8 Hz) , 131.7 (q, 2JC-F=33.8 Hz), 136.9, 137.7,
138.9, 160.2, 171.9 ppm; MS (ESI): m/z 546 [M+H]+ ; elemental analysis:
calcd (%) for C29H37F6NO2: C 63.84, H 6.84, N 2.57; found: C 63.04,
H 7.03, N 2.57.


General procedure for asymmetric ethylation (Table 2): To a solution of
chiral Schiff base (0.018 mmol) in solvent (4 mL) at �40 8C was added di-
ethylzinc (0.37 mL, 3.6 mmol). The solution was warmed to 0 8C, stirred
for 30 min, and then cooled to �40 8C again, after which an aldehyde
(1.8 mmol) was added. The reaction mixture was stirred for 24 h at 0 8C
and then quenched by adding an aqueous solution of HCl (20 mL, 1n).
After extraction with diethyl ether (20 mL x 3), silica-gel column chroma-
tography [eluent: hexane/ethyl acetate, 10:1], and Kugelrohr distillation,
the product was obtained. Enantiomeric excess was determined by
HPLC analysis using a chiral column.


(R)-1-Phenyl-1-propanol: 88%, 96% ee (tR of R-isomer: 11.07 min; tR of
S-isomer: 13.36 min [column: CHIRALCEL OD-H (DAICEL); eluent:
hexane-2-propanol (97.5:2.5), 1.0 mLmin�1]); [a]29D =++41.9 (c=1.00,
CHCl3) (lit. [22a]: [a]


20
D =++42.9 (c=3.58, CHCl3, 87.5% ee (R))).


(R)-1-(4-Methoxyphenyl)-1-propanol: 96%, 80% ee (tR of R-isomer:
19.57 min; tR of S-isomer: 23.09 min [column: CHIRALCEL OD-H
(DAICEL); eluent: hexane/2-propanol (95:5), 0.5 mLmin�1]); [a]29D =


+24.1 (c=1.00, benzene) (lit. [22a]: [a]20D =++31.3 (c=4.48, benzene,
96.9% ee (R))).


(R)-1-(4-Chlorophenyl)-1-propanol: 92%, 90% ee (tR of S-isomer:
13.96 min; tR of R-isomer: 15.10 min [column: CHIRALCEL OD-H
(DAICEL); eluent: hexane/2-propanol (95:5), 0.5 mLmin�1]); [a]29D =
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+24.1 (c=1.00, benzene) (lit. [22a]: [a]20D =++26.4 (c=5.27, benzene,
96.9% ee (R))).


(R)-1-(2-Fluorophenyl)-1-propanol: 94%, 94% ee (tR of S-isomer:
10.05 min; tR of R-isomer: 12.19 min [column: CHIRALCEL OB
(DAICEL); eluent: hexane/2-propanol (96:4), 0.5 mLmin�1]); [a]29D =


+31.5 (c=1.00, CHCl3) (lit. [22b]: [a]
25
D =�20.1 (c=1.77, CHCl3, 62% ee


(S))).


(R)-1-(1’-Naphthyl)-1-propanol: 98%, 65% ee (tR of S-isomer: 9.41 min;
tR of R-isomer: 12.69 min [column: CHIRALCEL OD-H (DAICEL);
eluent: hexane/2-propanol (90:10), 1.0 mLmin�1]); [a]30D =++50.1 (c=1.00,
CHCl3) (lit. [22a]: [a]


20
D =++52.6 (c=2.55, CHCl3, 93.5% ee (R))).


(R)-1-(2’-Naphthyl)-1-propanol: 99%, 96% ee (tR of S-isomer: 8.33 min;
tR of R-isomer: 9.35 min [column: CHIRALCEL OD-H (DAICEL);
eluent: hexane/2-propanol (90:10), 1.0 mLmin�1]); [a]29D =++36.8 (c=1.00,
CHCl3) (lit. [22a]: [a]


20
D =++27.5 (c=3.80, benzene, 96.1% ee (R))).


(R)-1-(2-Furyl)-1-propanol: 82%, 90% ee (Analysis of its benzoate, tR of
R-isomer: 11.07 min; tR of S-isomer: 12.60 min [column: CHIRALCEL
AD-H (DAICEL); eluent: hexane/2-propanol (98:2), 0.5 mLmin�1]);
[a]29D =++25.9 (c=2.10, CHCl3) (lit. [22a]: [a]


20
D =++14.3 (c=2.20, CHCl3,


78% ee (R))).


(R)-1-(2-Thienyl)-1-propanol: 99%, 95% ee (Analysis of its benzoate, tR
of R-isomer: 6.81 min; tR of S-isomer: 8.91 min [column: CHIRALCEL
AD-H (DAICEL); eluent: hexane/2-propanol (98:2), 0.5 mLmin�1]);
[a]28D =++26.4 (c=2.20, CHCl3) (lit. [22a]: [a]


20
D =++23.3 (c=2.24, CHCl3,


94.9% ee (R))).


(R)-1-Phenylpent-1-yn-3-ol: 85%, 60% ee (tR of R-isomer: 8.54 min; tR of
S-isomer: 21.55 min [column: CHIRALCEL OD-H (DAICEL); eluent:
hexane/2-propanol (95:5), 1.0 mLmin�1]); [a]28D =++12.5 (c=1.00, Et2O)
(lit. [22c]: [a]20D =++7.8 (c=2.12, Et2O, 38% ee (R))).


(R)-(E)-1-Phenylpent-1-en-3-ol: 69%, 75% ee (tR of R-isomer:
12.23 min; tR of S-isomer: 20.79 min [column: CHIRALCEL OD-H
(DAICEL); eluent: hexane/2-propanol (95:5), 1.0 mLmin�1]); [a]28D =


+6.1 (c=1.01, CHCl3) (lit. [22a]: [a]
20
D =++5.2 (c=1.91, CHCl3, 81.3% ee


(R))).


(R)-1-Phenyl-3-pentanol: 75%, 81% ee (tR of R-isomer: 9.51 min; tR of S-
isomer: 13.60 min [column: CHIRALCEL OD-H (DAICEL); eluent:
hexane/2-propanol (95:5), 1.0 mLmin�1]); [a]28D =�23.4 (c=1.00, EtOH)
(lit. [23c]: [a]19D =�21.2 (c=7.72, EtOH, 94% ee (S))).


(R)-3-Octanol: 45%, 81% ee (Analysis of its benzoate, tR of S-isomer:
13.76 min; tR of R-isomer: 14.17 min [column: CHIRALCEL OD-H
(DAICEL); eluent: hexane/2-propanol (99.94:0.06), 0.5 mLmin�1]);
[a]28D =�7.4 (c=1.00, CHCl3) (lit. [22d]: [a]


20
D =++12.5 (c=1.29, CHCl3,


56% ee (S))).


(R)-1-Cyclohexyl-1-propanol: 67%, 94% ee (Analysis of its benzoate, tR
of R-isomer: 9.48 min; tR of S-isomer: 11.50 min [column: CHIRALCEL
AD-H (DAICEL); eluent: hexane/2-propanol (99.9:0.1), 1.0 mLmin�1]);
[a]28D =++4.5 (c=1.00, CHCl3) (lit. [22a]: [a]


20
D =++6.35 (c=3.00, CHCl3,


94.8% ee (R))).


General procedure for asymmetric butylation (Table 5): To a solution of
chiral Schiff base (0.018 mmol) in hexane (0.5 mL) at �40 8C was added
di-n-butylzinc (~1m in heptane, 3.6 mL, ~3.6 mmol). The solution was
warmed to 0 8C, stirred for 30 min, and then cooled to �40 8C again, after
which an aldehyde (1.8 mmol) was added. The reaction mixture was
stirred for 24 h at 0 8C and then quenched by adding an aqueous solution
of HCl (20 mL, 1n). After extraction with diethyl ether (20 mL x 3),
silica-gel column chromatography [eluent: hexane/ethyl acetate, 10:1],
and Kugelrohr distillation, the product was obtained. Enantiomeric
excess was determined by HPLC analysis using a chiral column.


(R)-1-Phenyl-1-pentanol: 83%, 98% ee (tR of S-isomer: 10.56 min; tR of
R-isomer: 11.91 min [column: CHIRALCEL OB (DAICEL); eluent:
hexane/2-propanol (99:1), 1.0 mLmin�1]); [a]29D =++40.0 (c=1.00, CHCl3)
(lit. [22e]: [a]27D =�15.9 (c=1.20, CHCl3, 59% ee (S))).


(R)-1-(4-Methylphenyl)-1-pentanol: 82%, 97% ee (tR of R-isomer:
53.20 min; tR of S-isomer: 59.80 min [column: CHIRALCEL OD-H
(DAICEL); eluent: hexane/2-propanol (99.9:0.1), 1.0 mLmin�1]); [a]29D =


+37.1 (c=1.00, benzene) (lit. [22f]: [a]25D =++28.5 (c=1.10, benzene,
76% ee (R))).


(R)-1-(4-Methoxyphenyl)-1-pentanol: 81%, 85% ee (tR of R-isomer:
16.81 min; tR of S-isomer: 18.22 min [column: CHIRALCEL OD-H
(DAICEL); eluent: hexane/2-propanol (95:5), 0.5 mLmin�1] Absolute
configuration was determined as R by comparison with the retention
time in HPLC analysis.); [a]31D =++29.0 (c=1.00, benzene)).


(R)-1-(3-Chlorophenyl)-1-pentanol: 79%, 97% ee (tR of S-isomer:
20.01 min; tR of R-isomer: 22.35 min [column: CHIRALCEL OD-H
(DAICEL); eluent: hexane/2-propanol (98:2), 0.5 mLmin�1] Absolute
configuration was determined as R by comparison with the retention
time in HPLC analysis.); [a]31D =++24.3 (c=1.00, benzene))).


(R)-1-(4-Chlorophenyl)-1-pentanol: 74%, 98% ee (tR of S-isomer:
17.17 min; tR of R-isomer: 18.45 min [column: CHIRALCEL OD-H
(DAICEL); eluent: hexane/2-propanol (98:2), 0.5 mLmin�1]); [a]30D =


+35.3 (c=1.00, benzene) (lit. [22f]: [a]25D =++14.8 (c=0.87, benzene,
66% ee (R))).


(R)-1-(2-Furyl)-1-pentanol: 73%, 93% ee (Analysis of its benzoate, tR of
R-isomer: 10.51 min; tR of S-isomer: 11.27 min [column: CHIRALCEL
AD-H (DAICEL); eluent: hexane/2-propanol (98:2), 0.5 mLmin�1]);
[a]32D =++16.8 (c 1.00, CHCl3) (lit. [22g]: [a]


25
D =++9.2 (c 1.07, CHCl3,


94% ee (R))).


(R)-1-(2-Thienyl)-1-pentanol: 82%, 98% ee (Analysis of its benzoate, tR
of R-isomer: 11.90 min; tR of S-isomer: 13.02 min [column: CHIRALCEL
AD-H (DAICEL); eluent: hexane/2-propanol (98:2), 0.5 mLmin�1]);
[a]32D =++19.5 (c=1.00, CHCl3) (lit. [22h]: [a]


25
D =++20.7 (c=1.11, CHCl3,>


95% ee (R))).


(R)-(E)-1-Phenylhept-1-en-3-ol: 72%, 83% ee (tR of R-isomer: 8.65 min;
tR of S-isomer: 11.88 min [column: CHIRALCEL OD-H (DAICEL);
eluent: hexane/2-propanol (80:20), 0.6 mLmin�1]); [a]30D =�3.0 (c=1.00,
benzene) (lit. [22i]: [a]25D =�2.7 (c=0.47, benzene, 66% ee (R))).
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Introduction


Chiral dienes have recently been recognized as a new type
of chiral ligand in asymmetric reactions since the pioneering
work of Hayashi[1] and Carreira.[2] Considerable attention
has been attracted by the sufficient stability and excellent
catalytic activity of diene–metal complexes shown in asym-
metric process,[3–5] with bridged bicyclic 1,4-cyclohexdiene
and 1,5-cyclooctadiene structures identified as privileged
frameworks. In catalysis, chiral dienes with these special
frameworks can form stable complexes with a metal and
exert a high catalytic activity as well as excellent stereocon-
trol. For example, the C2-symmetric bicyclo-
ACHTUNGTRENNUNG[2.2.1]heptadienes and C1-symmetric bicycloACHTUNGTRENNUNG[2.2.2]octadienes


are elegant ligands for Rh-catalyzed asymmetric 1,4-addition
reactions;[1,4d,5] the C2-symmetric bicycloACHTUNGTRENNUNG[2.2.2]octadienes
have shown high performance in the Rh-catalyzed asymmet-
ric arylation of N-tosylarylimines;[4b–c] and the C1-symmetric
bicycloACHTUNGTRENNUNG[2.2.2]octadiene–IrI complex is proved to be an effi-
cient catalyst for kinetic resolution of allyl carbonates.[2] De-
spite this impressive progress, however, the design and use
of easily accessible new chiral dienes with different frame-
works and catalytic properties have been much less stud-
ied.[6] In early 2007, we reported our discovery of a new
family of C2-symmetric chiral diene ligands bearing a simple
nonbridged bicycloACHTUNGTRENNUNG[3.3.0] backbone and their successful ap-
plication in the Rh-catalyzed enantioselective arylation of
N-tosylarylimines with arylboronic acids.[7] In this paper, we
report a full description of the preparation of enantiopure
3,6-disubstituted bicycloACHTUNGTRENNUNG[3.3.0] dienes and their use in the
Rh-catalyzed asymmetric 1,4-addition of arylboronic acids
to a,b-unsaturated carbonyl compounds.[8,9] Very recently, a
similar work of 1,4-addition to enones using chiral bicyclo-
ACHTUNGTRENNUNG[3.3.0] dienes has been published.[10]


Results and Discussion


The synthetic pathway to the C2-symmetric chiral bicyclo-
ACHTUNGTRENNUNG[3.3.0] diene, (3aS,6aS)-3,6-disubstituted-1,3a,4,6a-tetrahy-
dropentalene 6, is shown in Scheme 1. The synthesis began
with the palladium chloride-mediated transannular cycliza-
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tion of the simple olefin compound 1,5-cyclooctadiene,[11]


followed by a subsequent hydrolysis in basic conditions to
give racemic octahydropentalene-1,4-diol 1. The kinetic res-
olution of rac-1 by transesterification with vinyl acetate cat-
alyzed by lipase PCL is the key transformation to furnish
optically active octahydropentalene derivatives
(1R,3aS,4R,6aS)-1,4-diyl diacetate 2 and (1S,3aR,4S,6aR)-
1,4-diol 3 (Scheme 1a).[12] Notably, both enantiomerically
pure (>99% ee) 2 and 3 could be readily obtained after
crystallization. For the preparation of the diene ligand (S,S)-
6, (1R,3aS,4R,6aS)-diacetate 2 was used. Hydrolysis of 2 in
KOH/MeOH gave the corresponding diol compound ent-3.
This diol was then subjected to oxidation by PCC to afford
diketone 4 in good yield. To construct the diene skeleton, di-
ketone 4 was expected to convert into its tetrahydropenta-


lene ditriflate form. Fortunately, when 4 was treated with
Tf2O in the presence of 2,6-lutidine, the ditriflate product 5
was successfully isolated as a white solid in 72% yield. In a
similar reaction by Hayashi, more expensive N-(2-pyridyl)-
triflimide (Tf2NPy-2) and lithium diisopropylamide (LDA)
were used.[1,4b] With ditriflate 5 as an electrophile, the de-
signed chiral diene (S,S)-6 could be readily prepared using
the coupling strategy (Scheme 1b). Notably, enantiomeri-
cally pure dienes 6a–f with the variation of the Ar substitu-
ents at C-3 and C-6 were easily produced by the Suzuki-cou-
pling reaction of ditriflate 5 with different coupling reagents.
This indicates that the electronic and steric properties of the
diene ligands could be possibly tuned. An alternative way to
prepare diene 6 from diketone 4 is the addition with orga-
nomagnesium or organolithium reagents followed by dehy-
dration of diol 7[13] in acidic conditions (Scheme 1c). Howev-
er, the conjugated diene product 8 was also generated. The
desired diene 6 is usually very difficult to be separated from
8 because of the similar polarity.


Treatment of the diene (S,S)-6a with [RhCl ACHTUNGTRENNUNG(C2H4)2]2 in di-
oxane at 50 8C for 4 h gave the corresponding diene–rhodi-
um complex [RhCl ACHTUNGTRENNUNG(6a)]2. Suitable crystals of this complex
were obtained by recrystallization from CH2Cl2/petroleum
ether. For comparison, both of the structural properties of
crystalline solids (S,S)-6a and [RhCl ACHTUNGTRENNUNG((S,S)-6a)]2 were deter-
mined by X-ray diffraction (Figure 1). As depicted, the two
cis-fused cyclopentene rings in the molecule 6a effect a
characteristic wedge structure, when the two double bonds
coordinate to rhodium, the wedge structured tetrahydropen-
talene, together with two substitutions of a phenyl group at
the C-3 and C-6 positions create a very good chiral environ-
ment around the metal. Similar to the case of HayashiKs
complex [RhCl ACHTUNGTRENNUNG(bicycloACHTUNGTRENNUNG[3.3.1]nona-2,6-diene)]2,


[4e] the two
double bonds of our rhodium complex [RhCl ACHTUNGTRENNUNG(6a)]2 are also
not parallel and twisted by 258 (238 in HayashiKs). A slightly
larger angle 278 is found in the uncoordinated free diene
ligand. The bite angle of the diene coordination in [RhCl-
ACHTUNGTRENNUNG(6a)]2 is 838.


To broaden the utility of these C2-symmetric chiral
bicycloACHTUNGTRENNUNG[3.3.0] dienes (6) as olefin ligands in catalysis, we ex-
amined them in the rhodium-catalyzed asymmetric 1,4-addi-
tion of arylboronic acids to a,b-unsaturated carbonyl com-
pounds. In our initial study, 6a was used as the ligand, and
the reaction of 2-cyclopentenone (9a) with phenylboronic
acid (10a) was carried out under similar conditions to those
reported by Hayashi.[1] The reaction proceeded smoothly at
50 8C and went to completion in an hour. As shown in
Table 1, entry 1, the 1,4-addition product 11aa was isolated
in 85% yield and with 96% ee using KOH (50 mol%) as a
base additive. Being aware of the importance of the additive
in Rh-catalyzed 1,4-additions,[14] we screened the reaction
conditions by adding other inorganic bases such as K3PO4,
NaHCO3, Na2CO3, LiOH, and KF (Table 1, entries 2–6). In
all cases, the enantioselectivities could be maintained to a
very high degree (95~96%). Using 50 mol% of K3PO4 pro-
vided the best reaction with a 96% yield (Table 1, entry 2).
Notably, it was also found that the reaction can be success-


Abstract in Chinese:


Scheme 1. Synthetic routes to C2-symmetric chiral bicyclo ACHTUNGTRENNUNG[3.3.0] diene 6.
Reagents and conditions: a) Pb ACHTUNGTRENNUNG(OAc)4, PdCl2, AcOH, 60%; b) KOH,
MeOH, 90%; c) PCL, vinyl acetate, TBME, 40% for 2 (99% ee), 40%
for 3 (>99% ee); d) KOH, MeOH, 90%; e) PCC, CH2Cl2, 90%; f) Tf2O,
2,6-lutidine, CH2Cl2, �78 8C to room temperature, 72%; g) ArB(OH)2,
[Pd ACHTUNGTRENNUNG(PPh3)4], 2n Na2CO3, toluene/EtOH, reflux, 90% for 6a ; 90% for
6b ; 90% for 6c ; 79% for 6d ; 86% for 6e ; BnBF3K, [Pd ACHTUNGTRENNUNG(PPh3)4], 2n


Cs2CO3, THF/H2O, reflux, 21% for 6 f ; h) ArLi, Et2O–benzene, �78 8C;
i) TsOH, CH2Cl2, room temperature or HCOOH, AcOH, reflux, 80%
for 6a, 70% for 6b, 23% for 6c, 62% for 6d.
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fully run at room temperature, equally affording the addi-
tion product 11aa in excellent yield (96%) and enantiomer-
ic excess (96%; Table 1, entry 7). This result suggests that
the catalytic efficiency of the diene–rhodium complex
[RhCl ACHTUNGTRENNUNG(6a)]2 is very high.


Having optimized the reaction conditions, we next fo-
cused on the evaluation of catalytic activities of other diene
ligands (6b–f) in the reaction of phenylboronic acid to 2-cy-
clohexenone at room temperature. In most cases, the reac-
tion was complete in 3 h. Among the ligands tested, 6a per-
formed best (Scheme 2). Using 6a, the 1,4-addition product


11ba was obtained in 96% yield and with 91% ee. Replac-
ing both phenyl units in 6a by two more electron-rich p-me-
thoxylphenyl groups (6b) or two more electron-poor p-fluo-
rophenyl groups (6c) did not significantly influence the
enantioselectivity . When two more sterically bulky 1-naph-
thyl groups were introduced (6d), a significant loss of cata-
lytic activity was observed and no reaction took place, prob-
ably owing to the coordination difficulty with rhodium.
Using two 2-naphthyl substituents instead (6e), the reaction
occurred with moderate yield (69%) and enantioselection
(85%). A decrease in the size of the R group to a less hin-
dered benzyl group (6 f) led to an obvious drop in the enan-
tioselectivity, though the high reaction yield was maintained.
Therefore, the catalytic properties of diene ligands seem to
be mainly affected by the steric nature of the R substituents
at the C-3 and C-6 positions.


With these findings, we decided to pursue the reaction
generality of this rhodium-catalyzed asymmetric 1,4-addition
by using catalytic amounts of chiral diene ligand 6a. A
series of arylboronic acids 10 with different substituents on
the phenyl ring were reacted with 2-cyclopentenone (9a)
and 2-cyclohexenone (9b). In all cases, the expected addi-
tion products 11 were readily produced at room temperature
with good to excellent enantioselectivities (Table 2, en-
tries 1–17). The electron-donating or -withdrawing groups
on the phenyl ring of boronic acids did not seem to affect
the reaction significantly, either in the yield of the product
or the enantioselectivity of the reaction. On the other hand,
with the sterically more hindered 1-naphthylboronic acid or
2-tolylboronic acid, slightly better enantiomeric excesses of
the adducts 11ai, 11aj, 11bi, and 11bj were achieved
(Table 2, entries 9–10 and 16–17). When a,b-unsaturated


Figure 1. ORTEP illustration of 6a (upper) and [RhCl ACHTUNGTRENNUNG(6a)]2 (lower) with
thermal ellipsoids drawn at the 50% probability level.


Table 1. Optimization of the reaction conditions.


Entry[a] Base Yield [%][b] ee [%][c,d]


1 KOH 85 96
2 K3PO4 96 96
3 NaHCO3 77 96
4 Na2CO3 83 96
5 LiOH 88 95
6 KF 92 96
7[e] K3PO4 96 96
8[f] K3PO4 73 96


[a] The reaction was carried out with 0.5 mmol of 2-cyclopentenone,
2 equiv of phenylboronic acid in the presence of 2.5 mol% of [RhCl-
ACHTUNGTRENNUNG(C2H4)2]2, 5.5 mol% of chiral diene 6a, and 1.5m aq base (0.1 mL) in di-
oxane (1.0 mL) at 50 8C, unless otherwise noted. [b] Yield of isolated
product. [c] Determined by chiral HPLC analysis. [d] The absolute con-
figurations were determined by comparing the optical rotation [a]D with
known data. [e] The reaction was performed at room temperature for
3 h. [f] 1.5 mol% of [RhCl ACHTUNGTRENNUNG(C2H4)2]2 and 3.3 mol% of chiral diene 6a
were used.


Scheme 2. Evaluation of catalytic activities of chiral diene ligands.
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cyclic esters 9c and 9d were subjected to these reaction con-
ditions, equally high levels of enantioselectivities were ob-
served (Table 2, entries 18–22), indicating a very useful ex-
tension of the substrate scope. The attempts at the enantio-
selective 1,4-addition of linear enones (E)-3-heptenone and
(E)-5-methyl-3-hexenone with phenylboronic acid, however,
were unsuccessful under the optimized reaction condi-
tions.[15] When the reaction temperature was elevated to
100 8C, the addition products were observed but with disap-
pointing enantioselectivities, 20 and 32% ee, respectively.


Conclusions


In summary, a new type of C2-symmetric chiral diene ligands
with a nonbridged bicyclic [3.3.0] backbone has been suc-
cessfully developed. Using mainly lipase-catalyzed transes-
terification and Suzuki-coupling strategies, a family of enan-
tiopure 3,6-disubstituted bicycloACHTUNGTRENNUNG[3.3.0] dienes was easily pre-
pared. The synthetic approach offers a highly flexible and
convenient construction of diene ligands with different elec-
tronic and steric properties. With these bicycloACHTUNGTRENNUNG[3.3.0] dienes,
we have demonstrated that they are new effective chiral li-


gands not only for the Rh-catalyzed enantioselective aryla-
tion of N-tosylarylimines but also for the Rh-catalyzed
asymmetric 1,4-addition of arylboronic acids to a,b-unsatu-
rated cyclic carbonyl compounds. Under the optimized con-
ditions, the reactions afforded the addition products smooth-
ly at room temperature with very good to excellent enantio-
selectivities. Other applications of these readily available
bicycloACHTUNGTRENNUNG[3.3.0] dienes in asymmetric synthesis are underway.


Experimental Section


General


All anaerobic and moisture-sensitive manipulations were carried out with
standard Schlenk techniques under predried nitrogen. NMR spectra were
recorded on a Varian or Bruker spectrometer (300 MHz for 1H, and
75 MHz for 13C). Chemical shifts are reported in d (ppm) referenced to
an internal SiMe4 standard for 1H NMR and [D]chloroform (d=


77.05 ppm) for 13C NMR. Optical rotations were measured on a JASCO
P-1030 polarimeter.


4 : To a mixture of PCC (17.2 g) and CH2Cl2 (120 mL) was added drop-
wise a solution of diol 3 (2.84 g, 20 mmol) in CH2Cl2 (30 mL). The mix-
ture was stirred at RT for 4 h. When the reaction was completed, a large
quantity of ether (about 500 mL) was added to the reaction system and
vigorously stirred for 2 h. The dark mixture was then filtered over celite.
The ether solution was combined and concentrated under vacuum. The
residue was purified by silica gel column chromatography to afford dike-
tone 4 as a white solid (2.36 g, 86%). [a]20D =++467.2 (c 1.02, CHCl3);
1H NMR (300 MHz, CDCl3): d=2.08–2.25 (m, 6H), 2.35–2.43 (m, 2H),
2.93–2.95 ppm (m, 2H).


5 : To a mixture of 2,6-lutidine (1.6 mL, 13.6 mmol), triflic anhydride
(2.7 mL, 16.3 mmol), and CH2Cl2 (35 mL) under nitrogen at �78 8C was
dropped in slowly a solution of diketone 4 (500 mg, 3.6 mmol) in CH2Cl2
(8 mL). The mixture was allowed to warm to RT. After stirring at RT for
24 h, the solvent was removed. The residue was diluted with hexane and
washed with 1n HCl, saturated aqueous NaHCO3, and brine. The organic
layer was dried and concentrated under vacuum. The residue was puri-
fied by silica gel column chromatography to afford ditriflate 5 as a white
solid (1.04 g, 72%). [a]20D =++35.9 (c 1.00, CHCl3);


1H NMR (300 MHz,
CDCl3): d=2.47–2.71 (m, 4H), 3.62–3.65 (m, 2H), 5.64 ppm (s, 2H);
13C NMR (75 MHz, CDCl3): d =30.35, 44.14, 115.30, 116.95, 120.14,
149.02 ppm; 19F NMR (282 MHz, CDCl3): d=�73.84 ppm; FTIR (KBr):
ñ=1661, 1426, 1251, 1211, 1141, 1116, 827, 614 cm�1; MS (EI): m/z (%):
119 (5.11), 91 (14.55), 81 (5.49), 79 (5.10), 77 (9.65), 69 (28.23), 55
(100.00), 53 (11.44); elemental analysis calcd (%) for C10H8F6O6S2:
C 29.86, H 2.00; found: C 29.81, H 1.90.


General procedure for the synthesis of dienes 6a–e : Under nitrogen, a
mixture of arylboronic acid (1 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (29 mg, 5 mol%), ditri-
flate 7 (101 mg, 0.25 mmol), toluene (3 mL), EtOH (1 mL), and aqueous
solution of Na2CO3 (2m, 1.5 mL) was heated to reflux. After stirring at
reflux for 4 h, the reaction was quenched with saturated NH4Cl. The mix-
ture was extracted with ethyl acetate and washed with brine. The organic
layer was dried and concentrated under vacuum. The residue was puri-
fied by silica gel column chromatography to afford chiral diene 6 as a
white solid.


6a : Yield: 90%. [a]20D =++443.8 (c 0.97, CHCl3);
1H NMR (300 MHz,


CDCl3): d =2.41 (dd, 2H, J1=17.4 Hz, J2=2.4 Hz), 2.90–2.97 (m, 2H),
4.06–4.10 (m, 2H), 6.04 (s, 2H), 7.22–7.48 ppm (m, 10H); 13C NMR
(75 MHz, CDCl3): d=38.64, 48.36, 124.35, 126.24, 126.86, 128.35, 135.88,
145.16 ppm; FTIR (KBr): ñ=2904, 2835, 1494, 1444, 827, 771, 747,
694 cm�1; MS (EI): m/z (%): 258 (49.78), 154 (18.83), 117 (100.00), 115
(59.51), 91 (39.05), 77 (15.79), 51 (15.67), 44 (29.08); elemental analysis
calcd (%) for C20H18: C 92.98, H 7.02; found: C 92.81, H 6.99. Crystallo-
graphic data for (S,S)-6a (C20H18): T=293 (2) K; wavelength: 0.71073 O;
crystal system: orthorhombic, space group: P212121; unit cell dimensions:
a=5.3180 (6) O, b=13.1826 (14) O, c=20.997 (2) O, a =908, b=908, g=


Table 2. Asymmetric 1,4-addition of arylboronic acids to a,b-unsaturated
cyclic carbonyl compounds catalyzed by [RhCl ACHTUNGTRENNUNG(C2H4)2]2/ ACHTUNGTRENNUNG(S,S)-6a.


Entry[a] 9 Ar (10) 11 Yield [%][b] ee [%][c]


1 9a C6H5 (10a) 11aa 96 96
2 9a 4-FC6H4 (10b) 11ab 96 96
3 9a 4-ClC6H4 (10c) 11ac 97 97
4 9a 4-BrC6H4 (10d) 11ad 96 97
5 9a 4-MeC6H4 (10e) 11ae 94 96
6 9a 4-MeOC6H4 (10 f) 11af 98 96
7 9a 3-ClC6H4 (10g) 11ag 81 94
8 9a 2-MeOC6H4 (10h) 11ah 93 97
9 9a 2-MeC6H4 (10 i) 11ai 98 98
10 9a 1-Naphthyl (10 j) 11aj 97 98
11 9b C6H5 (10a) 11ba 96 91
12 9b 4-FC6H4 (10b) 11bb 91 86
13 9b 4-CF3C6H4 (10k) 11bk 73 86
14 9b 3-ClC6H4 (10g) 11bg 79 91
15 9b 2-MeOC6H4 (10h) 11bh 89 90
16 9b 2-MeC6H4 (10 i) 11bi 91 93
17 9b 1-Naphthyl (10 j) 11bj 87 96
18 9c C6H5 (10a) 11ca 87 93
19 9c 2-MeC6H4 (10 i) 11ci 91 97
20 9c 4-MeC6H4 (10e) 11ce 93 89
21 9c 2-Naphthyl (10 l) 11cl 94 94
22 9d 2-MeC6H4 (10 i) 11di 55 95


[a] The reaction was carried out at room temperature with 0.3 mmol of
enone, 2 equiv of phenylboronic acid in the presence of 2.5 mol% of
[RhCl ACHTUNGTRENNUNG(C2H4)2]2, 5.5 mol% of chiral diene 6a, and 1.5m aq K3PO4


(0.1 mL) in dioxane (1.0 mL) for 3 h, unless otherwise noted. [b] Yield of
isolated product. [c] Determined by chiral HPLC analysis.
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908 ; V=1472.0 (3) O3; Z=4; 1calcd=1.166 Mgm�3 ; F ACHTUNGTRENNUNG(000)=552; final R
indices [I>2s(I)]: R1=0.0386, wR2=0.0628; R indices (all data), R1=


0.0860, wR2=0.0737; 8689 reflections measured, 3146 were unique
(R(int)=0.0607). CCDC-682896 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif


6b : Yield: 90%. [a]20D =++397.2 (c 0.93, THF); 1H NMR (300 MHz,
CDCl3): d =2.39 (dd, 2H, J1=17.4 Hz, J2=2.7 Hz), 2.86–2.94 (m, 2H),
3.86 (s, 6H), 4.00–4.01 (m, 2H), 5.88 (s, 2H), 6.87 (d, 4H, J=8.7 Hz),
7.39 ppm (d, 4H, J=8.1 Hz). 13C NMR (75 MHz, CDCl3): d=38.70,
48.56, 55.26, 113.78, 122.12, 127.39, 128.73, 144.61, 158.64 ppm; FTIR
(KBr): ñ =2834, 1608, 1512, 1284, 1251, 1179, 1032, 824 cm�1; MS (EI):
m/z (%): 318 (94.96), 184 (28.59), 147 (97.98), 121 (51.74), 91 ACHTUNGTRENNUNG(38.06), 44
(100.00), 42 (41.54); HRMS (EI) calcd for C22H22O2: 318.1622, found:
318.1620.


6c : Yield: 88%. [a]20D =++404.2 (c 1.08, CHCl3);
1H NMR (300 MHz,


CDCl3): d=2.37 (ddd, 2H, J1=17.7 Hz, J2=5.7 Hz, J3=2.7 Hz), 2.86–
2.96 (m, 2H), 4.00–4.05 (m, 2H), 5.93 (s, 2H), 6.99–7.05 (m, 4H), 7.38–
7.43 ppm (m, 4H). 13C NMR (75 MHz, CDCl3): d =38.50, 48.57. 115.24
(d, J=16.0 Hz), 123.91 (d, J=1.1 Hz), 127.76 (d, J=5.7 Hz), 131.99 (d,
J=2.4 Hz), 144.12, 161.95 ppm (d, J=183.5 Hz); FTIR (KBr): ñ=2917,
1507, 1220, 1154, 828, 807, 603, 500 cm�1; MS (EI): m/z (%): 295 (22.06),
294 (100.00), 266 (16.49), 172 (24.19), 159 (13.72), 135 (69.54), 133
(26.65), 109 (16.96); HRMS (EI) calcd for C20H16O2: 294.1220, found:
294.1220.


6d : Yield: 79%. [a]20D =++124.3 (c 0.60, CHCl3);
1H NMR (300 MHz,


CDCl3): d=2.34 (ddd, 2H, J1=17.4 Hz, J2=4.8 Hz, J3=2.4 Hz), 2.64–
2.74 (m, 2H), 4.15–4.18 (m, 2H), 5.75 (s, 2H), 7.39–7.42 (m, 2H), 7.47–
7.53 (m, 6H), 7.79 (d, 2H, J=8.1 Hz), 7.87–7.90 (m, 2H), 8.20–8.23 ppm
(m, 2H); 13C NMR (75 MHz, CDCl3): d=36.96, 51.87, 125.28, 125.67,
125.74, 125.93, 127.11, 128.35, 128.81, 132.44, 133.90, 136.29, 144.35 ppm;
FTIR (KBr): ñ=3041, 2903, 2841, 1506, 1393, 843, 779, 651 cm�1;
MS (EI): m/z (%): 357 (40.80), 167 (54.10), 166 (42.44), 165 (54.15), 152
(21.92), 48 (14.38), 44 (100.00), 42 (25.53); elemental analysis calcd (%)
for C28H22: C 93.81, H 6.19; found: C 93.96, H 6.09.


6e : Yield: 86%. [a]20D =++417.4 (c 1.03, CHCl3);
1H NMR (300 MHz,


CDCl3): d=2.55 (ddd, 2H, J1=17.7 Hz, J2=5.7 Hz, J3=2.7 Hz), 3.03–
3.14 (m, 2H), 4.23–4.26 (m, 2H), 6.18 (s, 2H), 7.42–7.50 (m, 4H), 7.69
(dd, 2H, J1=8.7 Hz, J2=1.0 Hz), 7.78–7.85 ppm (m, 8H); 13C NMR
(75 MHz, CDCl3): d=39.04, 48.51, 124.77, 124.87, 125.29, 125.64, 126.12,
127.61, 127.89, 128.11, 132.60, 133.27, 133.61, 145.22; FTIR (KBr) 2834,
1503, 891, 857, 812, 751, 742, 472 cm�1; MS (EI): m/z (%): 359 (24.69),
358 (100.00), 215 (16.18), 204 (23.86), 191 (15.45), 167 (65.30), 165
(28.23), 141 (17.61); elemental analysis calcd (%) for C28H22: C 93.81,
H 6.19; found: C 94.02, H 6.03.


6 f : Under nitrogen, a mixture of potassium benzyltrifluoroborates
(106 mg, 0.5 mmol), [PdCl2 ACHTUNGTRENNUNG(dppf)] (18 mg, 9 mol%), ditriflate 7 (101 mg,
0.25 mmol), Cs2CO3 (489 mg, 1.5 mmol), THF (5 mL), and H2O (0.5 mL)
was heated to reflux. After stirring at reflux for 24 h, the reaction was
quenched with saturated NH4Cl. The mixture was extracted with ethyl
ether, washed with brine. The organic layer was dried and concentrated
under vacuum. The residue was purified by silica gel column chromatog-
raphy to afford chiral dienes 6 f as a colorless oil. Yield: 15%. [a]20D =


+49.9 (c 0.70, CHCl3);
1H NMR (300 MHz, CDCl3): d =2.25–2.31 (m,


2H), 2.43–2.48 (m, 2H), 3.19–3.29 (m, 4H), 3.47 (d, 2H, J=15.3 Hz),
5.15 (s, 2H), 7.16–7.30 ppm (m, 10H); 13C NMR (75 MHz, CDCl3): d=


35.93, 36.01, 49.81, 123.33, 125.86, 128.23, 128.98, 140.00, 145.88 ppm;
FTIR (KBr): ñ=2918, 2848, 1493, 1452, 838, 753, 701, 614 cm�1; MS (EI):
m/z (%): 286 (23.30), 195 (45.99), 167 (13.84), 129 (9.98), 117 (17.01), 115
(18.15), 91 (100.00), 65 (15.22); HRMS (EI) calcd for C22H22: 286.1722,
found: 286.1735.


ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG((S,S)-6a)]2: A mixture of [RhCl ACHTUNGTRENNUNG(C2H4)2]2 (23 mg, 0.059 mmol) and
(S,S)-6a (20 mg, 0.078 mmol) in 5 mL of dioxane was stirred at 50 8C for
4 h. The solvent was then evaporated under reduced pressure. The resi-
due was dissolved in CH2Cl2 and filtered. Crystallization from CH2Cl2/pe-
troleum ether gave the desired complex as red crystals (20 mg, 65%).
m.p.: 110–113 8C; 1H NMR (300 MHz, CDCl3): d=1.80–1.95 (m, 8H),


1.85 (d, J=7.2 Hz, 4H), 4.80 (s, 4H), 7.20–7.36 (m, 12H), 7.51–7.62 ppm
(m, 8H); 13C NMR (75 MHz, CDCl3): d =37.25, 47.78, 93.81, 93.94,
126.78, 128.12, 128.30, 139.74 ppm. Crystallographic data for [RhCl ACHTUNGTRENNUNG((S,S)-
6a)]2 (C40H36Cl2Rh2): T=293 (2) K; wavelength: 0.71073 O; crystal
system: orthorhombic, space group: P212121; unit cell dimensions: a=


9.9003 (7) O, b=10.2094 (7) O, c=35.051 (3) O, a =908, b =908, g =908 ;
V=3542.8 (4) O3; Z=4; 1calcd=1.647 Mgm�3 ; F (000)=1768; final R in-
dices [I>2s(I)]: R1=0.0396, wR2=0.0888; R indices (all data), R1=


0.0497, wR2=0.0928; 20970 reflections measured, 7603 were unique
(R(int)=0.0614). CCDC-682895 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


The catalytic asymmetric 1,4-addition of arylboronic acids to a,b-unsatu-
rated carbonyl compounds: Under argon atmosphere, a solution of
[RhCl ACHTUNGTRENNUNG(C2H4)2]2 (2.9 mg, 0.015 mmol of Rh), 6a (4.3 mg, 0.0165 mmol),
and arylboronic acid (0.60 mmol) in 1 mL of dioxane was stirred at room
temperature for 15 min. To this mixture were added the a,b-unsaturated
carbonyl compounds (0.30 mmol) and aqueous K3PO4 (0.1 mL, 1.5m,
0.15 mmol). After being stirred at room temperature for 3 h, the mixture
was concentrated under reduced pressure. The residue was purified by
silica gel column chromatography to afford the corresponding addition
product 11 (see the Supporting Information for characterization data).


Acknowledgements


This work was supported by the National Natural Science Foundation of
China (20632060, 20721003), Shanghai Institute of Materia Medica, the
Chinese Academy of Sciences, and the Major State Basic Research De-
velopment Program (2006CB806106).


[1] T. Hayashi, K. Ueyama, N. Tokunaga, H. Yoshida, J. Am. Chem.
Soc. 2003, 125, 11508.


[2] C. Fischer, C. Defieber, T. Suzuki, E. M. Carreira, J. Am. Chem.
Soc. 2004, 126, 1628.


[3] For a mini review: F. Glorius, Angew. Chem. 2004, 116, 3444;
Angew. Chem. Int. Ed. 2004, 43, 3364.


[4] a) R. Shintani, K. Ueyama, I. Yamada, T. Hayashi, Org. Lett. 2004,
6, 3425; b) N. Tokunaga, Y. Otomaru, K. Okamoto, K. Ueyama, R.
Shintani, T. Hayashi, J. Am. Chem. Soc. 2004, 126, 13584; c) Y. Oto-
maru, N. Tokunaga, R. Shintani, T. Hayashi, Org. Lett. 2005, 7, 307;
d) Y. Otomaru, K. Okamoto, R. Shintani, T. Hayashi, J. Org. Chem.
2005, 70, 2503; e) Y. Otomaru, A. Kina, R. Shintani, T. Hayashi, Tet-
rahedron: Asymmetry 2005, 16, 1673; f) T. Hayashi, N. Tokunaga, K.
Okamoto, R. Shintani, Chem. Lett. 2005, 1480; g) R. Shintani, T.
Kimura, T. Hayashi, Chem. Commun. 2005, 3213; h) R. Shintani, K.
Okamoto, T. Hayashi, Org. Lett. 2005, 7, 4757; i) R. Shintani, K.
Okamoto, Y. Otomaru, K. Ueyama, T. Hayashi, J. Am. Chem. Soc.
2005, 127, 54; j) R. Shintani, A. Tsurusaki, K. Okamoto, T. Hayashi,
Angew. Chem. 2005, 117, 3977; Angew. Chem. Int. Ed. 2005, 44,
3909; k) A. Kina, K. Ueyama, T. Hayashi, Org. Lett. 2005, 7, 5889;
l) F.-X. Chen, A. Kina, T. Hayashi, Org. Lett. 2006, 8, 341; m) T.
Nishimura, Y. Yasuhara, T. Hayashi, Org. Lett. 2006, 8, 979; n) R.
Shintani, W.-L. Duan, T. Hayashi, J. Am. Chem. Soc. 2006, 128,
5628; o) A. Kina, Y. Yasuhara, T. Nishimura, H. Iwamura, T. Haya-
shi, Chem. Asian J. 2006, 1, 707; p) G. Berthon-Gelloz, T. Hayashi, J.
Org. Chem. 2006, 71, 8957; q) T. Nishimura, T. Katoh, K. Takatsu,
R. Shintani, T. Hayashi, J. Am. Chem. Soc. 2007, 129, 14158; r) R.
Shintani, Y. Sannohe, T. Tsuji, T. Hayashi, Angew. Chem. 2007, 119,
7415; Angew. Chem. Int. Ed. 2007, 46, 7277; s) T. Tokunaga, T. Hay-
ashi, Adv. Synth. Catal. 2007, 349, 513.


[5] a) C. Defieber, J.-F. Paquin, S. Serna, E. M. Carreira, Org. Lett.
2004, 6, 3873; b) J.-F. Paquin, C. Defieber, C. R. J. Stephenson,
E. M. Carreira, J. Am. Chem. Soc. 2005, 127, 10850; c) J.-F. Paquin,


Chem. Asian J. 2008, 3, 1511 – 1516 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1515


Easily Accessible C2-Symmetric Ligands for Rhodium-Catalyzed 1,4-Addition



http://dx.doi.org/10.1021/ja037367z

http://dx.doi.org/10.1021/ja037367z

http://dx.doi.org/10.1021/ja0390707

http://dx.doi.org/10.1021/ja0390707

http://dx.doi.org/10.1002/ange.200301752

http://dx.doi.org/10.1002/anie.200301752

http://dx.doi.org/10.1021/ol048421z

http://dx.doi.org/10.1021/ol048421z

http://dx.doi.org/10.1021/ja044790e

http://dx.doi.org/10.1021/ol0476063

http://dx.doi.org/10.1021/jo047831y

http://dx.doi.org/10.1021/jo047831y

http://dx.doi.org/10.1016/j.tetasy.2005.02.022

http://dx.doi.org/10.1016/j.tetasy.2005.02.022

http://dx.doi.org/10.1039/b502921j

http://dx.doi.org/10.1021/ol051978+

http://dx.doi.org/10.1021/ja044021v

http://dx.doi.org/10.1021/ja044021v

http://dx.doi.org/10.1002/ange.200500843

http://dx.doi.org/10.1002/anie.200500843

http://dx.doi.org/10.1002/anie.200500843

http://dx.doi.org/10.1021/ol0524914

http://dx.doi.org/10.1021/ol052756e

http://dx.doi.org/10.1021/ol060213e

http://dx.doi.org/10.1021/ja061430d

http://dx.doi.org/10.1021/ja061430d

http://dx.doi.org/10.1002/asia.200600184

http://dx.doi.org/10.1021/jo061385s

http://dx.doi.org/10.1021/jo061385s

http://dx.doi.org/10.1021/ja076346s

http://dx.doi.org/10.1002/ange.200702586

http://dx.doi.org/10.1002/ange.200702586

http://dx.doi.org/10.1002/anie.200702586

http://dx.doi.org/10.1002/adsc.200600632

http://dx.doi.org/10.1021/ol048240x

http://dx.doi.org/10.1021/ol048240x

http://dx.doi.org/10.1021/ja053270w





C. R. J. Stephenson, C. Defieber, E. M. Carreira, Org. Lett. 2005, 7,
3821.


[6] a) M. A. Grundl, J. J. Kennedy-Smith, D. Trauner, Organometallics
2005, 24, 2831; b) F. LQng, F. Breher, D. Stein, H. GrRtzmacher, Or-
ganometallics 2005, 24, 2997; c) P. Maire, F. Breher, H. GrRtzmacher,
Angew. Chem. 2005, 117, 6483; Angew. Chem. Int. Ed. 2005, 44,
6325; d) T. NoSl, K. Vandyck, J. Van der Eycken, Tetrahedron 2007,
63, 12961.


[7] Z.-Q. Wang, C.-G. Feng, M.-H Xu, G.-Q. Lin, J. Am. Chem. Soc.
2007, 129, 5336.


[8] A very preliminary result on 1,4-additions was communicated in
Ref. [7].


[9] For recent reviews on rhodium-catalyzed asymmetric conjugate ad-
ditions, see: a) K. Fagnou, M. Lautens, Chem. Rev. 2003, 103, 169;
b) T. Hayashi, K. Yamasaki, Chem. Rev. 2003, 103, 2829; c) T. Haya-
shi, Bull. Chem. Soc. Jpn. 2004, 77, 13; d) J. Christoffers, G. Koripel-
ly, A. Rosiak, M. Rçssle, Synthesis 2007, 1279.


[10] S. Helbig, S. Sauer, N. Cramer, S. Laschat, A. Baro, W. Frey, Adv.
Synth. Catal. 2007, 349, 2331.


[11] P. M. Henry, M. Davies, G. Ferguson, S. Phillips, R. Restivo, J.
Chem. Soc. Chem. Commun. 1974, 112.


[12] a) K. Lemke, S. Ballschuh, A. Kunath, F. Theil, Tetrahedron: Asym-
metry 1997, 8, 2051; b) Y.-W. Zhong, X.-S. Lei, G.-Q. Lin, Tetrahe-
dron: Asymmetry 2002, 13, 2251.


[13] For the preparation of racemic diol 7a, see: S. Wawzonek, J. Am.
Chem. Soc. 1943, 65, 839.


[14] R. Itooka, Y. Iguchi, N. Miyaura, J. Org. Chem. 2003, 68, 6000.
[15] In LaschatKs work, benzyl-substituted diene 6 f was found to be a


better ligand for 1,4-addition to acyclic enones.


Received: February 19, 2008
Published online: May 7, 2008


1516 www.chemasianj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1511 – 1516


FULL PAPERS
M.-H. Xu, G.-Q. Lin et al.



http://dx.doi.org/10.1021/ol051533l

http://dx.doi.org/10.1021/ol051533l

http://dx.doi.org/10.1021/om050277d

http://dx.doi.org/10.1021/om050277d

http://dx.doi.org/10.1002/ange.200502036

http://dx.doi.org/10.1002/anie.200502036

http://dx.doi.org/10.1002/anie.200502036

http://dx.doi.org/10.1021/ja0710914

http://dx.doi.org/10.1021/ja0710914

http://dx.doi.org/10.1021/cr020007u

http://dx.doi.org/10.1021/cr020022z

http://dx.doi.org/10.1246/bcsj.77.13

http://dx.doi.org/10.1055/s-2007-966005

http://dx.doi.org/10.1002/adsc.200700232

http://dx.doi.org/10.1002/adsc.200700232

http://dx.doi.org/10.1039/c39740000112

http://dx.doi.org/10.1039/c39740000112

http://dx.doi.org/10.1016/S0957-4166(97)00213-9

http://dx.doi.org/10.1016/S0957-4166(97)00213-9

http://dx.doi.org/10.1016/S0957-4166(02)00584-0

http://dx.doi.org/10.1016/S0957-4166(02)00584-0

http://dx.doi.org/10.1021/ja01245a023

http://dx.doi.org/10.1021/ja01245a023

http://dx.doi.org/10.1021/jo0207067






DOI: 10.1002/asia.200800137


Aerobic Oxidation of Alcohols with Bifunctional Transition-Metal Catalysts
Bearing C–N Chelate Ligands


Sachiko Arita, Takashi Koike, Yoshihito Kayaki, and Takao Ikariya*[a]


Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday


Introduction


Bifunctional molecular catalysts based on a metal/NH syner-
gy effect are now realized to be one of the most powerful
and practical tools for attaining highly efficient molecular
transformations.[1] These include asymmetric reduction of
polar functional groups and enantioselective C–C and C–N
bond formation. Among the systems developed to date,
transfer hydrogenation has considerable potential in organic
synthesis. Hydrogen transfer between secondary alcohols
and ketones can proceed reversibly through interconversion
of the real catalysts, the amido and hydrido ACHTUNGTRENNUNG(amine) com-
plexes (Scheme 1). The amido complex readily dehydrogen-
ates alcohols to generate the hydrido ACHTUNGTRENNUNG(amine) complex and
ketones (step A). The resulting hydrido ACHTUNGTRENNUNG(amine) complex can
activate the carbonyl group of ketone substrates by aid of


the acidic NH proton, thus leading to the amido complex
and secondary alcohols (step B). This reversibility is also ap-
plicable to the oxidation of alcohols in the presence of ap-
propriate hydrogen acceptors such as ketones and a,b-unsa-
turated carbonyl compounds.[2]


Recently, we developed a new series of bifunctional
amido– and hydrido ACHTUNGTRENNUNG(amine)–Ir complexes with C–N chelate
amine ligands derived from benzylic amines, [Cp*Ir{k2-
ACHTUNGTRENNUNG(N,C)-(NHCR2-2-C6H4)}] (1a : R=C6H5; 1b : R=CH3) and
[Cp*IrH{k2


ACHTUNGTRENNUNG(N,C)-(NH2CR2-2-C6H4)}] (2a : R=C6H5; 2b :


Abstract: The aerobic oxidation of al-
cohols with a family of bifunctional Ir,
Rh, and Ru complexes bearing C–N
chelating ligands derived from primary
benzylic amines was investigated. The
isolable amido–Ir complexes [Cp*Ir{k2-
ACHTUNGTRENNUNG(N,C)-(NHCR2-2-C6H4)}] (R=C6H5,
CH3; Cp*=1,2,3,4,5-pentamethylcyclo-
pentadienyl) effected the oxidation of
secondary alcohols smoothly under at-
mospheric pressure of air at 30 8C in


THF to give the corresponding ketones
in good yields. The hydrido ACHTUNGTRENNUNG(amine)–Ir
complexes [Cp*IrH{k2


ACHTUNGTRENNUNG(N,C)-(NH2CR2-
2-C6H4)}] and the combined catalyst
system involving the chloro ACHTUNGTRENNUNG(amine)–Ir
complex [Cp*IrCl{k2


ACHTUNGTRENNUNG(N,C)-(NH2CR2-2-


C6H4)}] and KOC ACHTUNGTRENNUNG(CH3)3 were also
found to be effective catalysts, whereas
the tertiary amine complex
[Cp*IrCl{k2


ACHTUNGTRENNUNG(N,C)-(N ACHTUNGTRENNUNG(CH3)2CH2-2-
C6H4)}], which does not have a metal/
NH moiety, did not show catalytic ac-
tivity. The employment of primary al-
cohols in the aerobic reaction with the
Cp*IrCl complex and KOC ACHTUNGTRENNUNG(CH3)3 re-
sulted in the formation of esters
through oxidative dimerization.
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Scheme 1. Hydrogen-transfer mechanism based on the metal/NH bifunc-
tionality. Cp*=1,2,3,4,5-pentamethylcyclopentadienyl.
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R=CH3).
[3] The isolable Cp*Ir complexes 1 and 2 were


found to effect the catalytic transfer hydrogenation of aceto-
phenone. Notably, the Cp*IrACHTUNGTRENNUNG(C–N) complexes with electron-
donating ligands showed greater activity than the Cp*Ir(Ts–
diamine) catalyst system (Ts=p-toluenesulfonyl). Further-
more, the hydrido ACHTUNGTRENNUNG(amine)–Ir complexes 2 reacted rapidly
with molecular oxygen under mild conditions to generate
the corresponding amido–Ir complexes 1, as represented by
step C in Scheme 1.[4,5] On the basis of a combination of
steps A and C, we successfully developed the aerobic oxida-
tive kinetic resolution of racemic 1-aryl ethanol derivatives
with chiral bifunctional Cp*Ir, Cp*Rh, and (h6-arene)Ru
catalysts.[4] Because the employment of molecular oxygen as
a hydrogen acceptor in alcohol oxidation is especially attrac-
tive from economic and environmental points of view, a
wide variety of homogeneous and heterogeneous systems[6]


based on transition metals such as V,[7] Ru,[8] Co,[9] Pd,[10]


Pt,[11] Cu,[12] and Au[13] have been explored; however, limited
examples of Rh-[14] and Ir-catalyzed[4,5, 15] reactions have
been previously reported.


Our findings encouraged us to develop effective bifunc-
tional catalysts bearing C–N ligands for the aerobic oxida-
tion of alcohols. Herein, we report that a series of half-sand-
wich Group 8 and 9 metal complexes derived from benzylic
amines serve as effective catalysts for the oxidative transfor-
mation of secondary and primary alcohols into the corre-
sponding ketones and esters under mild conditions.


Results and Discussion


Synthesis of Cp*Rh and (p-cymene)Ru Complexes Bearing
C–N Chelate Ligands


The catalyst precursors of Rh and Ru complexes with C–N
chelate ligands were synthesized according to our previous
report on related Cp*Ir complexes.[3,16] The reaction of
[Cp*RhCl ACHTUNGTRENNUNG(m-Cl)]2 with tritylamine or cumylamine in the
presence of sodium acetate in THF at room temperature led
to the formation of the metallacycles [Cp*RhCl{k2


ACHTUNGTRENNUNG(N,C)-
(NH2CR2-2-C6H4)}] (4a : R=C6H5; 4b : R=CH3), which
were isolated as orange and red crystals in 89–99% yield.
When the cyclometalation of the benzylic amines with
[RuCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(p-cymene)]2 was conducted at 60 8C in acetoni-
trile containing a slight excess of sodium acetate, the corre-
sponding ruthenacycles, [RuCl{k2


ACHTUNGTRENNUNG(N,C)-(NH2CR2-2-C6H4)}
ACHTUNGTRENNUNG(p-cymene)] (5a : R=C6H5; 5b : R=CH3), were obtained in
61 and 45% yield, respectively. The isolable Rh and Ru
complexes 4 and 5 were fully characterized by NMR spec-
troscopy and elemental analysis (see Experimental Section).
The 1H NMR spectrum of 4a in CD2Cl2 exhibits a set of two
doublets due to the NH2 protons at 4.19 and 5.25 ppm with
a geminal coupling constant of 10.0 Hz, which indicates the
chelating structure of the amine ligand. The NH2 protons of
4b were observed as broad peaks at lower chemical shifts of
3.09 and 3.93 ppm. A similar trend was observed for the Ru
complexes 5a and 5b. The formation of the C–Rh bond in
4a and 4b was further evidenced by the 103Rh-coupled


13C{1H} NMR signals at 171.0 (1JC,Rh=30.7 Hz) and
167.5 ppm (1JC,Rh=29.7 Hz), respectively.


The molecular structures of the Rh complexes 4a and 4b
in the solid state were confirmed by X-ray crystallographic
analysis (Table 1). The ORTEP depictions of 4a and 4b are


shown in Figures 1 and 2, along with the principal bond
lengths and angles. Both complexes have distorted tetrahe-
dral geometry with the Cp*, chloro, and C–N chelate li-
gands, as observed in the analogous Ir complexes.[3] A slight
increase in the Rh�N bond length of 4a (2.134 L) with re-
spect to that of 4b (2.116 L) may reflect the greater steric
effect or the weaker electron-donating property of the
phenyl substituents on the C–N chelate ligand relative to


Table 1. Crystallographic data for 4a and 4b.[a]


4a·CH2Cl2 4b·1=4 C6H5CH3


Empirical formula C30H33NCl3Rh C20.75H29NClRh
Mr 616.86 430.82
Crystal color orange red
Crystal system orthorhombic monoclinic
Space group P212121 (#19) C2/c (#15)
a [L] 11.5625(19) 36.34(2)
b [L] 11.9338(11) 10.438(6)
c [L] 20.315(3) 22.023(13)
b [8] 107.287(6)
V [L3] 2803.2(7) 7976(8)
Z 4 16
Dcalcd [gcm


�3] 1.462 1.435
F000 1264.00 3560.00
m ACHTUNGTRENNUNG(MoKa) [cm


�1] 9.128 9.898
No. of reflections measured 21908 42014
No. of unique reflections 6316 9122
No. of variables 332 465
R1 (I>2s(I)) 0.0597 0.0572
wR2 (all reflections) 0.1614 0.1257
GOF on F2 1.001 0.995


[a] R1=S j jFo j� jFc j j /S jFo j , wR2= [S(w ACHTUNGTRENNUNG(Fo
2�Fc


2)2)/Sw ACHTUNGTRENNUNG(Fo
2)2]


1=2 .


Figure 1. Molecular structure of [Cp*RhCl{k2
ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(C6H5)2-2-


C6H4)}]·CH2Cl2 (4a·CH2Cl2). The solvent molecule and hydrogen atoms
other than the amine protons are omitted for clarity, and ellipsoids are
drawn at the 50% probability level.
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the methyl substituents. The increased steric demands can
also be seen in the N–Rh–C bite angle of 4a (79.088), which
is larger than that of 4b (78.358).


Aerobic Oxidation of Secondary Alcohols


The Ir, Rh, and Ru complexes bearing C–N chelate ligands
catalyzed the aerobic dehydrogenative oxidation of 1-phe-
nylethanol under identical conditions [Eq. (1)]. Representa-
tive results are shown in Table 2. The reaction of 1-phenyle-
thanol proceeded smoothly under atmospheric pressure of
air at 30 8C in THF containing amido–Ir complexes 1 with a
substrate/catalyst (S/C) ratio of 10 to give acetophenone in
66–72% yield after 3 h (Table 2, entries 1 and 2). The
phenyl substituent on the a-carbon atom bound to the NH


group of 1 provided greater catalyst activity than the methyl
substituent. The hydrido ACHTUNGTRENNUNG(amine)–Ir complexes with the
metal/NH bifunctional unit (2a and 2b) also afforded the
oxidation product acetophenone (Table 2, entries 3 and 4),
whereas hydrido complex 2c, which bears an N,N-dimethyl-
amino group, did not exhibit catalytic activity under other-
wise identical conditions (Table 2, entry 5), possibly because
the aerobic dehydrogenation proceeds through the intercon-
version between the amine/amido catalyst intermediates.
Binary catalyst systems, including the chloro ACHTUNGTRENNUNG(amine)–Ir com-
plex 3 and KOC ACHTUNGTRENNUNG(CH3)3, were applicable to the aerobic oxi-
dation (Table 2, entries 6 and 7). Although the chloro-
ACHTUNGTRENNUNG(amine)–Rh complexes 4 in combination with KOC ACHTUNGTRENNUNG(CH3)3
(Table 2, entries 8 and 9) allowed comparable catalyst per-
formance, the related Ru systems gave unsatisfactory results,
possibly due to facile decomposition in the presence of O2


(Table 2, entries 10 and 11).


Other secondary alcohols were converted into the corre-
sponding ketones by using the amido–Ir complex 1a
(Table 3). The reaction of 1-phenylethanols with substituents
on the arene ring afforded the acetophenone derivatives in
45–64% yield under the standard conditions (Table 3, en-
tries 1–3). Sterically congested diphenylmethanol was also
catalytically dehydrogenated to give benzophenone in 62%
yield (Table 3, entry 4). The aliphatic secondary alcohol in
Table 3, entry 5 was found to be a good substrate, whereas
unsaturated 2-cyclohexen-1-ol gave the desired ketone prod-
uct in slightly lower yield (Table 3, entry 6). Although a-hy-
droxy carbonyl compounds gave poor results (Table 3, en-
tries 7 and 8), selective formation of a-hydroxyketones were
accomplished by the reaction of 1,2-diols such as hydroben-
zoin and 1,2-cyclohexanediol (Table 3, entries 9 and 10).


Figure 2. Molecular structure of [Cp*RhCl{k2
ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(CH3)2-2-


C6H4)}]·
1=4 C6H5CH3 (4b·1=4 C6H5CH3). Only one of the two independent


molecules is shown. The solvent molecule and hydrogen atoms other
than the amine protons are omitted for clarity, and ellipsoids are drawn
at the 50% probability level.


Table 2. Aerobic oxidation of 1-phenylethanol with bifunctional catalysts
1–5.[a]


Entry Catalyst Yield [%][b]


1 ACHTUNGTRENNUNG[Cp*Ir{k2
ACHTUNGTRENNUNG(N,C)-(NHC ACHTUNGTRENNUNG(C6H5)2-2-C6H4)}] (1a) 72


2 ACHTUNGTRENNUNG[Cp*Ir{k2
ACHTUNGTRENNUNG(N,C)-(NHC ACHTUNGTRENNUNG(CH3)2-2-C6H4)}] (1b) 66


3[c] ACHTUNGTRENNUNG[Cp*IrH{k2
ACHTUNGTRENNUNG(N,C)-(NH2CACHTUNGTRENNUNG(C6H5)2-2-C6H4)}] (2a) 63


4[c] ACHTUNGTRENNUNG[Cp*IrH{k2
ACHTUNGTRENNUNG(N,C)-(NH2CACHTUNGTRENNUNG(CH3)2-2-C6H4)}] (2b) 51


5[c] ACHTUNGTRENNUNG[Cp*IrH{k2
ACHTUNGTRENNUNG(N,C)-(N ACHTUNGTRENNUNG(CH3)2CH2-2-C6H4)}] (2c) 5


6[c] ACHTUNGTRENNUNG[Cp*IrCl{k2
ACHTUNGTRENNUNG(N,C)-(NH2CACHTUNGTRENNUNG(C6H5)2-2-C6H4)}] (3a) 83


7[c] ACHTUNGTRENNUNG[Cp*IrCl{k2
ACHTUNGTRENNUNG(N,C)-(NH2CACHTUNGTRENNUNG(CH3)2-2-C6H4)}] (3b) 63


8[c] ACHTUNGTRENNUNG[Cp*RhCl{k2
ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(C6H5)2-2-C6H4)}] (4a) 72


9[c] ACHTUNGTRENNUNG[Cp*RhCl{k2
ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(CH3)2-2-C6H4)}] (4b) 60


10[c] ACHTUNGTRENNUNG[RuCl{k2
ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(C6H5)2-2-C6H4)} ACHTUNGTRENNUNG(p-cymene)]


(5a)
42


11[c] ACHTUNGTRENNUNG[RuCl{k2
ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(CH3)2-2-C6H4)} ACHTUNGTRENNUNG(p-cymene)]


(5b)
39


[a] Reaction conditions: catalyst (0.10 mmol), 1-phenylethanol
(1.0 mmol), THF (1 mL), air (0.1 MPa), 30 8C, 3 h. [b] Yield determined
by GC. [c] KOCACHTUNGTRENNUNG(CH3)3 (0.1 mmol) was added.


Table 3. Aerobic oxidation of secondary alcohols with 1a.[a]


Entry Substrate Product Yield
[%][b]


1 C6H5CH(OH)CH3 C6H5COCH3 64
2 4-CH3OC6H4CH(OH)CH3 4-CH3OC6H4COCH3 62
3 4-ClC6H4CH(OH)CH3 4-ClC6H4COCH3 55
4 C6H5CH(OH)C6H5 C6H5COC6H5 62
5 C6H5CH2CH2CH(OH)CH3 C6H5CH2CH2COCH3 87
6 2-cyclohexen-1-ol 2-cyclohexen-1-one 47
7 C6H5CH(OH)COC6H5 C6H5COCOC6H5 10
8 C6H5CH(OH)CO2CH3 0
9 C6H5CH(OH)CH(OH)C6H5 C6H5COCH(OH)C6H5 34


10[c] trans-1,2-cyclohexanediol 2-hydroxycyclohexa-
none


31


[a] Reaction conditions: catalyst (0.10 mmol), alcohol (1.0 mmol), THF
(1 mL), air (0.1 MPa), 30 8C, 3 h. [b] Yield of isolated product. [c] 6 h.
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Aerobic Oxidation of Primary Alcohols


Stimulated by the promising results on the aerobic oxidation
of secondary alcohols with the bifunctional Ir and Rh cata-
lysts, we next investigated the reaction with primary alcohols
[Eq. (2)]. When a mixture of benzyl alcohol containing the
amido–Ir complex 1a in THF was stirred under air at 30 8C
for 6 h, benzyl benzoate was obtained in 40% yield, along
with a small amount (6%) of benzaldehyde (Table 4,


entry 1). The combined catalyst of the chloro complex 3a
with an equimolar amount of KOCACHTUNGTRENNUNG(CH3)3 resulted in a com-
parable yield of the ester (Table 4, entry 2). Use of an
excess amount of the base in the oxidation with elongated
reaction time facilitated the ester formation (Table 4,
entry 3). The analogous combined Rh system, 4a and KOC-
ACHTUNGTRENNUNG(CH3)3, promoted the reaction as well (Table 4, entries 4–6).


The scope of substrates for the oxidative dimerization
with 3a as the catalyst precursor was examined with a range
of primary alcohols. The results are summarized in Table 5.
The oxidation of 1,2-benzenedimethanol afforded phthalide
in 72% yield by an intramolecular esterification (Table 5,
entry 2).[17] Whereas the oxidation of p-chlorobenzyl and p-
methylbenzyl alcohols gave good yields (Table 5, entries 3


and 4), p-methoxybenzyl alcohol, which has a strongly elec-
tron-donating group, was converted into p-methoxybenzal-
dehyde in 71% yield without formation of the ester, possi-
bly owing to lowering of the reactivity of the aldehyde by
the methoxy group (Table 5, entry 5). In the oxidation of ali-
phatic alcohols, esters were produced in moderate yields
and with good selectivities (Table 5, entries 6 and 7).


Although a variety of metal catalysts have been used to
promote the oxidative dimerization of primary alcohols to
esters,[18–21] the reactions were conducted at high tempera-
ture except for the catalyst system of Cp*Ir(amino alcohol)
complex with 2-butanone as an oxidant.[2l,22] Recently,
Karimi et al. reported that a unique palladium catalyst
system immobilized on functionalized SBA-15 could pro-
duce esters in the aerobic oxidation of aliphatic primary al-
cohols.[10e] However, benzylic and allylic alcohols were not
applicable to the esterification but were oxidized to the cor-
responding aldehydes.


To account for the dehydrogenative process with the bi-
functional catalysts, a plausible mechanism is shown in
Scheme 2. In the presence of O2, the oxidation of benzyl al-
cohol takes place smoothly to give benzaldehyde. Subse-
quent attack of the remaining alcohol affords the hemiace-
tal, and its ready conversion into the ester is accomplished
by the second oxidation.[21,22] The positive effect of using a
slight excess of KOC ACHTUNGTRENNUNG(CH3)3 with respect to 3a on the yield
of ester is consistent with the intermediate formation of the
hemiacetal.


Conclusions


We found that a family of C–N chelate complexes bearing
the metal/NH bifunctional moiety, including Ir complexes
and newly synthesized Rh and Ru complexes, could facili-
tate the aerobic oxidation of alcohols under mild conditions
of atmospheric pressure and ambient temperature, with mo-


Table 4. Aerobic oxidative esterification of benzyl alcohol.[a]


Entry Catalyst KOC ACHTUNGTRENNUNG(CH3)3 [equiv] t [h] Yield [%][b]


1 1a 0 6 40
2 3a 1 6 48
3 3a 1.2 18 64
4 4a 1 6 25
5 4a 1.2 18 46
6 4a 1.5 6 47


[a] Reaction conditions: catalyst (0.10 mmol), alcohol (1.0 mmol), THF
(1 mL), air (0.1 MPa), 30 8C. [b] Yield of isolated product.


Table 5. Aerobic oxidative esterification of primary alcohols.[a]


Entry Substrate Product t
[h]


Yield
[%][b]


1 C6H5CH2OH C6H5CO2CH2C6H5 18 64
2 1,2-(HOCH2)2C6H4 phthalide 3 72
3 p-ClC6H4CH2OH p-ClC6H4CO2CH2 ACHTUNGTRENNUNG(p-ClC6H4) 3 62
4 p-CH3C6H4CH2OH p-CH3C6H4CO2CH2(p-CH3C6H4) 18 64
5 p-CH3OC6H4CH2OH p-CH3OC6H4CHO 3 71
6 C6H5CHACHTUNGTRENNUNG(CH3)CH2OH C6H5CHACHTUNGTRENNUNG(CH3)CO2CH2CH ACHTUNGTRENNUNG(CH3)C6H5 18 45
7 C6H5 ACHTUNGTRENNUNG(CH2)3OH C6H5 ACHTUNGTRENNUNG(CH2)2CO2 ACHTUNGTRENNUNG(CH2)3C6H5 3 46


[a] Reaction conditions: 3a (0.10 mmol), KOC ACHTUNGTRENNUNG(CH3)3 (0.12 mmol), alcohol
(1.0 mmol), THF (1 mL), air (0.1 MPa), 30 8C. [b] Yield of isolated product.


Scheme 2. Possible reaction pathway for oxidative esterification of pri-
mary alcohols.
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lecular oxygen serving as an excellent hydrogen acceptor.
The amido and hydrido ACHTUNGTRENNUNG(amine) complexes 1 and 2, together
with the combined systems of the chloro ACHTUNGTRENNUNG(amine) complexes
3–5 and KOC ACHTUNGTRENNUNG(CH3)3, promoted the aerobic oxidation of sec-
ondary alcohols to ketones. The reaction of primary alcohols
under identical conditions afforded the oxidative dimeriza-
tion product, esters, possibly via the formation of aldehydes,
subsequent attack by another equivalent of alcohol to lead
to hemiacetals, and successive dehydrogenation. The present
work provides a new hydrogen-transfer protocol that is char-
acterized by environmentally benign transformation as well
as easy handling in laboratory procedures.


Experimental Section


General


Catalyst preparation was conducted under argon atmosphere with
Schlenk techniques. Solvents were purchased from Kanto Chemical,
dried by heating under reflux over sodium benzophenone ketyl (THF,
toluene) or P2O5 (dichloromethane, hexane, acetonitrile), and distilled
under argon. The catalyst precursors [Cp*RhCl ACHTUNGTRENNUNG(m-Cl)]2


[23] and [RuCl ACHTUNGTRENNUNG(m-
Cl) ACHTUNGTRENNUNG(p-cymene)][24] were prepared according to the literature. The synthe-
sis of the C–N chelate Ir complexes [Cp*Ir{k2


ACHTUNGTRENNUNG(N,C)-(NHC ACHTUNGTRENNUNG(C6H5)2-2-
C6H4)}] (1a), [Cp*Ir{k2


ACHTUNGTRENNUNG(N,C)-(NHCACHTUNGTRENNUNG(CH3)2-2-C6H4)}] (1b), [Cp*IrH{k2-
ACHTUNGTRENNUNG(N,C)-(NH2CACHTUNGTRENNUNG(C6H5)2-2-C6H4)}] (2a), [Cp*IrH{k2


ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(CH3)2-2-
C6H4)}] (2b), [Cp*IrH{k2


ACHTUNGTRENNUNG(N,C)-(N ACHTUNGTRENNUNG(CH3)2CH2-2-C6H4)}] (2c), [Cp*IrCl{k
2-


ACHTUNGTRENNUNG(N,C)-(NH2CACHTUNGTRENNUNG(C6H5)2-2-C6H4)}] (3a), and [Cp*IrCl{k2
ACHTUNGTRENNUNG(N,C)-(NH2C-


ACHTUNGTRENNUNG(CH3)2-2-C6H4)}] (3b) was presented in our previous paper.[3] Other re-
agents were used as delivered. 1H and 13C NMR spectra were acquired
on JEOL JNM-LA300 and JNM-ECA400 spectrometers. NMR chemical
shifts were referenced to either residual proton impurities in the deuter-
ated solvent (1H) or the deuterated solvent (13C). IR spectra were record-
ed on a Jasco FT/IR-610 spectrometer. Elemental analysis was carried
out on a PE2400 Series II CHNS/O Analyzer (Perkin Elmer). Analytical
gas chromatography was performed with a Shimadzu GC-17A gas chro-
matograph equipped with a DB-1 capillary column (0.25 mmR30 m) pur-
chased from Agilent Technologies.


Syntheses


4a : A mixture of [Cp*RhCl ACHTUNGTRENNUNG(m-Cl)]2 (0.10 g, 0.15 mmol), tritylamine
(0.31 mmol), and sodium acetate (0.032 g, 0.39 mmol) in THF (10 mL)
was stirred at room temperature for 20 h. The solvent was removed
under reduced pressure. After the reaction mixture was dissolved in tolu-
ene and filtered through filter paper, evaporation of the filtrate to dry-
ness gave the rhodacycle product [Cp*RhCl{k2


ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(C6H5)2-2-
C6H4)}] (4a). Orange crystals (0.14 g, 0.27 mmol, 89%) suitable for X-ray
crystallography were obtained by slow diffusion of hexane into a solution
of 4a in CH2Cl2. IR (KBr): ñ =3292 (m), 3229 (m), 3038 (w), 2911 (w),
1584 (m), 1571 (m), 1443 (m), 1023 (m), 765 (m), 750 (m), 732 cm�1 (m);
1H NMR (399.8 MHz, CD2Cl2, RT): d=1.38 (s, 15H; C ACHTUNGTRENNUNG(CH3)5), 4.19, 5.25
(2Rd, 2JH,H=10.0 Hz, 1H; NH2C ACHTUNGTRENNUNG(C6H5)2C6H4), 6.83–7.43 ppm (m, 14H;
NH2C ACHTUNGTRENNUNG(C6H5)2C6H4);


13C{1H} NMR (100.5 MHz, CD2Cl2, RT): d=9.1 (C5-
ACHTUNGTRENNUNG(CH3)5), 77.9 (NH2CACHTUNGTRENNUNG(C6H5)2C6H4), 95.0 (d, 1JC,Rh=6.7 Hz; C5 ACHTUNGTRENNUNG(CH3)5),
122.4, 127.1, 127.4, 127.6, 128.5, 128.6, 128.7, 128.9, 129.1, 137.2, 145.1,
148.4, 153.5, 171.0 ppm (d, 1JC,Rh=30.7 Hz; NH2C ACHTUNGTRENNUNG(C6H5)2C6H4); elemen-
tal analysis: calcd (%) for C29H31NClRh ACHTUNGTRENNUNG(CH2Cl2)0.1: C 64.68, H 5.82,
N 2.59; found: C 64.31, H 5.83, N 2.49.


4b : A mixture of [Cp*RhCl ACHTUNGTRENNUNG(m-Cl)]2 (0.10 g, 0.15 mmol), cumylamine
(0.31 mmol), and sodium acetate (0.032 g, 0.39 mmol) in THF (10 mL)
was stirred at room temperature for 20 h. The solvent was removed
under reduced pressure. After the reaction mixture was dissolved in tolu-
ene and filtered through filter paper, evaporation of the filtrate to dry-
ness gave the rhodacycle product [Cp*RhCl{k2


ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(CH3)2-2-
C6H4)}] (4b). Red crystals (0.12 g, 0.30 mmol, 99%) suitable for X-ray


crystallography were obtained by slow diffusion of hexane into a solution
of 4b in toluene. 1H NMR (399.8 MHz, CD2Cl2, RT): d=1.57, 1.62 (2Rs,
3H; NH2C ACHTUNGTRENNUNG(CH3)2C6H4), 1.66 (s, 15H; C ACHTUNGTRENNUNG(CH3)5), 3.09, 3.93 (2Rbr s, 1H;
NH2C ACHTUNGTRENNUNG(CH3)2C6H4), 6.71–6.73, 6.87–6.91, 6.98–7.02, 7.43–7.45 ppm (4Rm,
1H; NH2C ACHTUNGTRENNUNG(CH3)2C6H4);


13C{1H} NMR (100.5 MHz, CD2Cl2, RT): d =9.4
(C5ACHTUNGTRENNUNG(CH3)5), 30.8, 32.3 (NH2C ACHTUNGTRENNUNG(CH3)2C6H4), 64.5 (NH2C ACHTUNGTRENNUNG(CH3)2C6H4), 94.6
(d, 1JC,Rh=6.7 Hz; C5 ACHTUNGTRENNUNG(CH3)5,), 121.4, 124.8, 128.5, 136.8, 155.2, 167.5 ppm
(d, 1JC,Rh=29.7 Hz; NH2C ACHTUNGTRENNUNG(CH3)2C6H4); elemental analysis: calcd (%) for
C19H27NClRh: C 55.96, H 6.67, N 3.43; found: C 56.08, H 6.72, N 3.36.


5a : A mixture of [RuCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(p-cymene)]2 (0.10 g, 0.16 mmol), trityla-
mine (0.33 mmol), and sodium acetate (0.033 g, 0.40 mmol) in CH3CN
(10 mL) was stirred at 60 8C for 20 h. The solvent was removed under re-
duced pressure. After the reaction mixture was dissolved in toluene and
filtered through filter paper, evaporation of the filtrate to dryness gave
the ruthenacycle product [RuCl{k2


ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(C6H5)2-2-C6H4)} ACHTUNGTRENNUNG(p-
cymene)] (5a ; 0.11 g, 0.20 mmol, 61%). IR (KBr): ñ =3265 (m), 3230
(m), 3052 (m), 2965 (m), 1595 (m), 1571 (m), 1442 (m), 1036 (w), 1220
(w), 771 (w), 761 (m), 747 cm�1 (m); 1H NMR (399.8 MHz, CD2Cl2, RT):
d=1.19, 1.23 (2xd, 3JH,H=6.9 Hz, 3H, CH3C6H4CH ACHTUNGTRENNUNG(CH3)2), 1.57 (s, 3H;
CH3C6H4CH ACHTUNGTRENNUNG(CH3)2), 2.64 (tt, 3JH,H=6.9, 6.9 Hz, 1H, CH3C6H4CH ACHTUNGTRENNUNG(CH3)2),
3.50, 4.80 (2Rbr s, 1H; C ACHTUNGTRENNUNG(C6H5)2NH2), 4.93, 4.99, 5.41, 6.12 (4Rd, 3JH,H=


5.4 Hz, 1H, CH3C6H4CH ACHTUNGTRENNUNG(CH3)2), 6.14 (d, 3JH,H=6.1 Hz, 1H; C6H4C-
ACHTUNGTRENNUNG(C6H5)2NH2), 6.70–6.72 (m, 1H, C6H4CACHTUNGTRENNUNG(C6H5)2NH2), 6.93–7.45 (11H,
C6H4C ACHTUNGTRENNUNG(C6H5)2NH2), 7.87 ppm (d, 3JH,H=7.3 Hz, C6H4CACHTUNGTRENNUNG(C6H5)2NH2);
13C{1H} NMR (100.5 MHz, CD2Cl2, RT): d=18.0 (CH3C6H4C ACHTUNGTRENNUNG(CH3)2),
21.4, 23.8 (CH3C6H4C ACHTUNGTRENNUNG(CH3)2), 30.9 (CH3C6H4C ACHTUNGTRENNUNG(CH3)2), 73.0 (NH2C-
ACHTUNGTRENNUNG(C6H5)2C6H4), 75.7, 78.3, 80.6, 85.5, 95.8, 109.2 (CH3C6H4CH ACHTUNGTRENNUNG(CH3)2),
121.8, 126.3, 126.7, 127.4, 128.0, 128.2, 128.3, 128.7, 138.6, 138.4, 144.2,
147.1, 150.4, 151.9 ppm (C6H4C ACHTUNGTRENNUNG(C6H5)2NH2); elemental analysis: calcd
(%) for C29H30NClRu: C 65.83, H 5.72, N 2.65; found: C 65.90, H 5.74,
N 2.64.


5b : A mixture of [RuCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(p-cymene)]2 (0.10 g, 0.16 mmol), cumyla-
mine (0.33 mmol), and sodium acetate (0.033 g, 0.40 mmol) in CH3CN
(10 mL) was stirred at 60 8C for 20 h. The solvent was removed under re-
duced pressure. After the reaction mixture was dissolved in toluene and
filtered through filter paper, evaporation of the filtrate to dryness gave
the ruthenacycle product [RuCl{k2


ACHTUNGTRENNUNG(N,C)-(NH2C ACHTUNGTRENNUNG(CH3)2-2-C6H4)} ACHTUNGTRENNUNG(p-
cymene)] (5b ; 0.058 g, 0.14 mmol, 45%). 1H NMR (300.4 MHz, CD2Cl2,
RT): d =1.18 (s, 3H, C ACHTUNGTRENNUNG(CH3)2NH2), 1.22, 1.25 (2xd, 3JH,H=6.8 Hz, 3H,
CH3C6H4CH ACHTUNGTRENNUNG(CH3)2), 1.55 (s, 3H; CACHTUNGTRENNUNG(CH3)2NH2), 1.92 (s, 3H;
CH3C6H4CH ACHTUNGTRENNUNG(CH3)2), 2.80 (tt, 3JH,H=6.8, 6.8 Hz, 1H; CH3C6H4CH-
ACHTUNGTRENNUNG(CH3)2), 3.86, 3.93 (2Rbr s, 1H, C ACHTUNGTRENNUNG(CH3)2NH2), 4.77, 5.06, 5.13, 5.48 (4Rd,
3JH,H=5.6 Hz, 1H, CH3C6H4CH ACHTUNGTRENNUNG(CH3)2), 6.68–6.71, 6.84–6.89, 7.18–7.24,
7.78–7.81 ppm (4Rm, 1H, NH2C ACHTUNGTRENNUNG(CH3)2C6H4);


13C{1H} NMR (75.6 MHz,
CD2Cl2, RT): d=18.5 (CH3C6H4CHACHTUNGTRENNUNG(CH3)2), 21.5, 23.9 (CH3C6H4CH-
ACHTUNGTRENNUNG(CH3)2), 31.3 (CH3C6H4CH ACHTUNGTRENNUNG(CH3)2), 31.4, 31.9 (C6H4C ACHTUNGTRENNUNG(CH3)2NH2), 54.5
(C6H4C ACHTUNGTRENNUNG(CH3)2NH2), 65.0, 78.0, 82.7, 84.0, 86.2, 108.9 (CH3C6H4CH-
ACHTUNGTRENNUNG(CH3)2), 121.5, 122.7, 126.6, 139.6, 152.7 ppm (C6H4C ACHTUNGTRENNUNG(CH3)2NH2); ele-
mental analysis: calcd (%) for C19H26NClRu ACHTUNGTRENNUNG(C6H5CH3)0.25 : C 58.23,
H 6.59, N 3.27; found: C 58.56, H 6.65, N 3.15.


Aerobic oxidation of 1-phenylethanol catalyzed by Ir, Rh, or Ru com-
plexes 1–5 : A 20-mL Schlenk flask was charged with the respective cata-
lyst (0.10 mmol), durene (0.024 mg, 1.1 mmol; an internal standard), and
THF (1.0 mL) under Ar atmosphere. When the chloro complex 3, 4, or 5
was used as the catalyst precursor, KOC ACHTUNGTRENNUNG(CH3)3 (0.10 mmol) was added to
the catalyst solution. After 1-phenylethanol (1.0 mmol) had been intro-
duced, the flask was filled with air. The reactions were carried out at
30 8C under an air balloon for 3 h. After the removal of the metal catalyst
from the reaction mixture by filtration through a short plug of silica, the
product acetophenone was analyzed by GC.


Aerobic oxidation of secondary alcohols catalyzed by amido–Ir complex
1a : In a 20-mL Schlenk flask, the appropriate secondary alcohol
(1.0 mmol) was added to a solution of 1a (0.10 mmol) in THF (1.0 mL),
and the flask was then filled with air. The reaction was carried out at
30 8C under an air balloon for 3 h. The crude products were purified by
column chromatography on silica gel. The products were characterized
by comparison with data of authentic samples (NMR, TLC).
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Aerobic Alcohol Oxidation







Aerobic oxidative condensation of primary alcohols: A 20-mL Schlenk
flask was charged with the respective catalyst (0.10 mmol) and THF
(1.0 mL) under Ar atmosphere. When the chloro complex 3 or 4 was
used as the catalyst precursor, KOCACHTUNGTRENNUNG(CH3)3 (0.10–0.15 mmol) was added
to the catalyst solution. After the appropriate primary alcohol
(1.0 mmol) had been introduced, the flask was filled with air. The reac-
tion mixture was stirred at 30 8C under an air balloon. The crude prod-
ucts were purified by column chromatography on silica gel. The products
were characterized by comparison with data of authentic samples (NMR,
TLC).


X-ray Structure Determination of 4a and 4b


All measurements were made on a Rigaku Saturn CCD area detector
equipped with graphite-monochromated MoKa radiation (l=0.71070 L)
under a nitrogen stream at 193 K. Indexing was performed from seven
images. The crystal-to-detector distance was 45.05 mm. Data were collect-
ed to a maximum 2q value of 55.08. A total of 720 oscillation images
were collected. A sweep of data was carried out by using w scans from
�110.0 to 70.08 in 0.58 steps at c =45.08 and f=0.08. A second sweep
was performed by using w scans from �110.0 to 70.08 in 0.58 steps at c=


45.08 and f=90.08. Intensity data were collected for Lorentz-polarization
effects as well as absorption. Structure solution and refinement were per-
formed with the CrystalStructure program package. Heavy-atom posi-
tions were determined by a direct-program method (SIR2002), and the
remaining non-hydrogen atoms were found by subsequent Fourier tech-
niques (DIRDIF99). An empirical absorption correction based on equiv-
alent reflections was applied to all data. All non-hydrogen atoms were
refined anisotropically by full-matrix least-squares techniques based on
F2. All hydrogen atoms were constrained to ride on their parent atom.
Relevant crystallographic data are compiled in Table 1.
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Introduction


Regioselective addition of carbon functional groups to
carbon–carbon unsaturated bonds is a useful tool in the syn-
thesis of organic compounds by constructing desired carbon
skeletons. A number of catalytic reactions have been devel-
oped mainly by the use of late-transition-metal catalysts.
During our study on the regioselective addition of alkyl
groups to alkenes with the aid of early-transition-metal cata-
lysts,[1] we found that anionic titanocene complexes have a
high ability for electron transfer to alkyl halides, resulting in
the formation of alkyl radical species as key intermediates.
A successful example is the double alkylation of alkenes
with alkyl halides.[2] This reaction is promoted by Grignard
reagents in the presence of a catalytic amount of [Cp2TiCl2].
The combined use of primary and secondary, primary and


tertiary, or secondary and tertiary alkyl bromides in THF af-
fords the doubly alkylated products A in a manner such that
more substituted alkyl groups are introduced at the terminal
carbon atom of styrenes (Scheme 1). In ether, however, sub-
stitution of a styrene vinylic hydrogen atom with an alkyl
group, rather than the addition reaction, proceeds to give B
under similar conditions.[3]


Herein we report a similar but new type of regioselective
alkylation of styrenes using alkyl Grignard reagents and b-
functionalized ethyl bromides. In THF solution, the double-
alkylation products C, possessing an alkyl group from a
Grignard reagent at the terminal carbon atom and an alkyl
group from the bromide at the benzylic carbon atom, were
formed with high regioselectivities. Monoalkylation products
D were obtained stereoselectively in ether solution
(Scheme 2).


Keywords: alkylation · Grignard
reaction · homogeneous catalysis ·
styrene · titanium


Abstract: Regioselective double alkylation of styrenes with alkyl Grignard re-
agents and alkyl bromides having a heteroatom functional group at the b-position
has been achieved by the use of a titanocene catalyst in THF. When ether was
used instead of THF as a solvent, monoalkylation by substitution of a vinylic hy-
drogen atom with an alkyl group proceeded under similar conditions. These reac-
tions involve the addition of alkyl radicals to styrenes to form benzylic radical in-
termediates.
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Scheme 1. Titanocene-catalyzed double alkylation (A) or dehydrogena-
tive monoalkylation (B) of styrenes.
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Results and Discussion


To a THF solution of styrene (1.0 mmol), n-octyl bromide
(2.2 mmol), and the n-butyl Grignard reagent (4.5 mmol)
was added [Cp2TiCl2] (0.05 mmol) and stirred at �20 8C for
24 h. The double-alkylation product 1a was obtained in
81% yield as the sole alkylation product.[2] When the reac-
tion was performed using 3-bromopropyl or 4-bromobutyl
phenyl ether as an alkyl bromide, the corresponding double-
alkylation product 1c or 1d was obtained in 81% or 73%
yield along with a small amount of the other double-alkyla-
tion product 2c or 2d, respectively, with the n-butyl group
at the terminal carbon atom. Interestingly, however, use of
the alkyl bromide bearing the phenoxy group at the b-posi-
tion provided the double-alkylation product 2b as the major
product, in which n-butyl and phenoxyethyl groups were in-
corporated regioselectively at the terminal carbon atom of
styrene in 84% yield, along with a 3% yield of 1b
(Scheme 3).


The results obtained using various styrenes, alkyl bro-
mides having an alkoxy, phenoxy, thiophenyl, or amino
group at the b-position, and alkyl Grignard reagents are
summarized in Table 1. 2-Bromoethyl ethyl ether also gave


the corresponding product 2e in high yield (Table 1,
entry 1). The use of n-octyl Grignard reagent in place of the
n-butyl Grignard reagent afforded 2 f in 70% yield (Table 1,
entry 2). No reaction took place with MeMgBr and PhMgBr
under the same conditions. When 2-bromoethyl phenyl sul-
fide was employed, the corresponding product 2g was ob-
tained in 82% yield (Table 1, entry 3). A 2-bromoethyl-
ACHTUNGTRENNUNGamine also gave the corresponding double-alkylation prod-
uct in a moderate yield (Table 1, entry 4). 2-Vinylnaphtha-
lene and p-methyl-, p-fluoro-, and o-methoxystyrenes yield-
ed the corresponding products in 66% 72%, 63%, and 74%
yields, respectively (Table 1, entries 5–8). Although internal
alkenes such as b-methyl styrene or stilbene, and 1-alkenes
not having an aryl group (such as 1-octene) were sluggish
under similar conditions, a-methyl- and a-phenylstyrenes
also efficiently underwent the double alkylation (Table 1,
entries 9 and 10).


A plausible reaction pathway is shown in Scheme 4 in-
volving a b-bromoethyl ether 4. [Cp2TiCl2] reacts with three
equivalents of alkyl Grignard reagent to generate the
dialkyltitanateACHTUNGTRENNUNG(III) complex 3[4] through [Cp2TiCl][5] and
alkyltitanocene ACHTUNGTRENNUNG(III).[6] Electron transfer from 3 to the b-bro-
moethyl ether in the presence of an alkyl Grignard reagent
leads to the formation of alkyl radical species 6 along with
[Cp2TiII] (7) via dialkyltitanocene(IV) 5.[7] Addition of 6 to
styrene at the terminal carbon atom affords the benzyl radi-
cal species 8, which recombines with 7 to give the corre-
sponding benzyl titanocene complex 9. Subsequent transme-
talation of 9 with the alkyl Grignard reagent via 10 gives the
benzyl Grignard reagent 11, along with regeneration of al-
kyltitanocene.[8] Finally, 11 reacts with b-bromoethyl ether
to form the double-alkylation product 12. The evidence pro-
vided below supports this reaction pathway.


Since it is known that [Cp2TiCl2] catalyzes the addition of
allyl Grignard reagents to isoprene,[9] we first examined
whether such an addition process of alkyl Grignard reagents
to styrene is involved. When a reaction similar to entry 1 of
Table 1 was carried out in the absence of 2-bromoethyl ethyl
ether, no evidence for the formation of a butylation product
of styrene was detected after quenching the reaction mixture


Abstract in Japanese:


Scheme 2. Titanocene-catalyzed regioselective alkylation of styrenes with
Grignard reagents and b-functionalized ethyl bromides.


Scheme 3. Titanocene-catalyzed double alkylation of styrene.


Table 1. Titanocene-catalyzed double alkylation of styrenes.


Entry Ar R Alkyl Y Yield [%][a]


1 Ph H nBu OEt 2e, 85
2 Ph H nOct OEt 2 f, 70
3 Ph H nBu SPh 2g, 82
4 Ph H nBu NMePh 2h, 47
5 2-Naphthyl H nBu OEt 2 i, 66
6 pTol H nBu OEt 2 j, 72
7 p-FC6H4 H nBu OEt 2k, 63
8 o-MeOC6H4 H nBu OEt 2 l, 74
9 Ph Me nBu OEt 2m, 73
10 Ph Ph nBu OEt 2n, 76


[a] Yield of isolated product based on the styrene used.
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with 1n HCl. This result suggests that carbomagnesiation
products such as 11 are not formed in the absence of 2-bro-
moethyl ethyl ether.


We next tested for the presence of benzylic radical inter-
mediates. In the reaction of a-cyclopropyl styrene deriva-
tives 13 with 2-bromoethyl methyl ether, the product 14 was
formed as the sole three-component coupling product by
ring opening of the cyclopropyl group (Scheme 5).[10] This


indicates that the terminal
carbon–carbon bond-forming
step proceeds by a radical
mechanism to form the benzyl
radical species 15, which un-
dergoes rapid ring opening,
leading to 16.[10] Following a
similar pathway to that shown
in Scheme 4, 16 gives 14 via 17.


When a reaction similar to
that of entry 1 in Table 1 was
carried out in the presence of
n-octyl bromide, double-alkyla-
tion products having an n-butyl
group (2e and 18) were prefer-
entially formed compared with


the corresponding n-octyl-sub-
stituted products (2 f and 1a ;
Scheme 6). This result indi-
cates that the reaction in
Scheme 1 via an octyl radical
intermediate competes with
that in Scheme 2 via a butyl
radical intermediate, and that
the latter proceeds preferen-
tially.


To probe the mechanism of
this new double-alkylation re-
action, we performed explora-
tory kinetic studies as shown in
Figure 1. The product ratio of
1e to 2e was plotted against
the amount of styrene. Increas-
ing the amount of styrene
leads to the preferred forma-


tion of 1e with concomitant suppression of 2e, and the ratio
obeys first-order kinetics on the concentration of styrene.


Scheme 4. Proposed reaction pathway of regioselective double alkylation of styrenes.


Scheme 5. Intermediate involvement of a benzyl radical 15. Scheme 6. Competitive reaction using two kinds of alkyl bromide.


Figure 1. Plot of 1e/2e ratio with different concentrations of styrene.
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This result can be interpreted assuming that the ethox-
yethyl radical 19a is formed by electron transfer from the
dibutyltitanate ACHTUNGTRENNUNG(III) complex 3a to b-bromoethyl ether
in situ and reacts in two competitive pathways: addition to
styrene, and butyl radical formation. The mechanistic details
of the latter process are still unknown, but a Ti complex
may not be involved because the amount of [Cp2TiCl2] used
did not influence the 1e/2e product ratio (Figure 2). Taking
into account these results, possible reaction pathways are
depicted in Scheme 7.


To prove the degradation process of 2-alkoxyethyl radicals
shown in Scheme 7, the reaction of styrene with 2-(bromo-
methyl)tetrahydrofuran 20 was conducted under similar con-
ditions. After the usual workup, the corresponding product
21 was obtained in 58% yield along with a 62% yield of
pentenol 22 (Scheme 8). No evidence was obtained for the
formation of 2-methyl-tetrahydrofuran 23 or 2-methylene-


tetrahydrofuran 24. This result suggests that the reaction de-
picted in Scheme 9 proceeds efficiently.


According to the reaction of Scheme 9, when (2-bromo-1-
methoxyethyl)benzene 25 is used, styrene should be formed
along with the concomitant formation of the butyl radical
6a (Scheme 10).


Reaction of 25 with the n-butyl Grignard reagent in the
absence of styrene was carried out under conditions similar
to those of entry 1 in Table 1. After general workup, the ex-
pected product 27 was obtained as a single product in 70%
yield, indicating that styrene generated in situ was incorpo-
rated in this catalytic cycle (Scheme 11).


The intermediate role of the benzyl Grignard species 11 is
supported by the observation that when the reaction of
Scheme 2 was performed in the presence of a chlorosilane,
the carbosilylation product 28 was obtained. This was
proved by trapping 11 with chlorosilane, which resulted in
suppression of the double alkylation (Scheme 12).


It should be noted that changing the solvent from THF to
ether led to the formation of a different alkylation product
in which a terminal vinylic hydrogen atom was replaced


Figure 2. Plot of 1e/2e ratio against the amount of [Cp2TiCl2] used.


Scheme 7. Intermediate role of b-ethoxyethyl radical 19a formed by elec-
tron transfer from the titanate complex 3a to a b-bromoethyl alkyl ether.


Scheme 8. Reaction using 2-(bromomethyl)tetrahydrofuran.


Scheme 9. b-Oxygen elimination of b-alkoxyethyl radical.


Scheme 10. Generation of styrene from (2-bromo-1-methoxyethyl)ben-
zene.


Scheme 11. Reaction of (2-bromo-1-methoxyethyl)benzene with n-butyl
Grignard reagent.


Scheme 12. Titanocene-catalyzed carbosilylalkylation of styrenes with
Grignard reagents and a chlorosilane.
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with an alkyl group of the Grignard reagent. When an ether
solution of styrene (1.0 mmol), 2-bromoethyl ethyl ether
(2.2 mmol), n-butyl Grignard reagent (4.5 mmol), and
[Cp2TiCl2] (0.05 mmol) was stirred for 24 h at 0 8C, (E)-1-
phenyl-1-hexene (29a) was obtained in 78% yield with
greater than 98% regio- and stereoselectivities, without the
formation of 2e (Scheme 13).


Results obtained from reactions with other substrates are
shown in Table 2. The use of an n-octyl Grignard reagent af-
forded the corresponding product 29b in 63% yield
(Table 2, entry 1). 2-Vinyl-naphthalene and p-chlorostyrene
also gave the desired products in good yields (Table 2, en-
tries 2 and 3).


A plausible pathway for this dehydrogenative alkylation
is shown in Scheme 14. The titanateACHTUNGTRENNUNG(III) complex 3 reacts
with b-bromoethyl alkyl ether, styrene, and two equivalents
of the Grignard reagent to form 10 by the same reaction
pathway as that in Scheme 4. In ether solution, the electron
transfer from the titanate ACHTUNGTRENNUNG(III) complex 10 to b-bromoalkyl
ether took place predominantly to give 30. Alternatively, 10
may undergo transmetalation leading to the benzylmagnesi-
um 11, as in the case of THF solvent; however, 11 may not
react with alkyl halides in ether solvent.[11] The successive b-
elimination of 30 by site-selective hydrogen abstraction at
the benzylic side in favor of conjugated double-bond forma-
tion affords the corresponding product 29, along with regen-
eration of 7. The 2-alkoxyethyl radical 19 works in a similar
way as in THF, giving rise to the benzyl radical 8, which
then regenerates the TiIII complex 9.


Conclusions


A new method for alkylation reactions of styrenes using
alkyl Grignard reagents and b-bromoethyl ethers, thioethers,
or amines has been developed with the aid of a titanocene
catalyst. In these reactions, b-bromoethyl ethers play impor-
tant roles as oxidizing reagents towards alkyl Grignard re-
agents to generate alkyl radicals and, in THF, as electro-
philes. The reaction in THF involves two types of carbon–
carbon bond-forming steps: 1) addition of alkyl radicals
toward styrenes in the first step, and 2) electrophilic trap-
ping of benzyl Grignard reagents with a b-bromoethyl ether
in the second step. The titanocene catalyst plays important
roles in generating active key species in promoting these
crucial steps; alkyl radicals are formed by electron transfer
from titanate complexes, and benzyl Grignard reagents are
formed by transmetalation of the corresponding TiIII com-
plexes with Grignard reagents. In ether solution, the latter
process is switched by b-hydrogen elimination, resulting in
the formation of dehydrogenative alkylation products with
high regio- and stereoselectivities.


Experimental Section


General


Infrared spectra were obtained with a Perkin–Elmer FTIR (Model 1600).
1H NMR and 13C NMR spectra were recorded with a JEOL JNM-Alice
400 spectrometer (400 MHz and 100 MHz, respectively). Chemical shifts
are given in parts per million (d) downfield from internal tetramethylsi-
lane. Both conventional and high-resolution mass spectra were recorded
with a JEOL JMS-DX303HF spectrometer. GC mass analyses (EI) were
obtained using a JMS-mate operating in the electron-impact mode
(70 eV) equipped with an RTX-5 30MX.25MMX.25U column. Elemental
analyses were performed on a Perkin–Elmer 240C apparatus. Butylmag-
nesium chloride in THF, dicyclopentadienyltitanium dichloride (Kanto
Chemical Company), butylmagnesium chloride in Et2O, octylmagnesium
halide solution, b-bromophenetole, 2-vinylnaphtalene, p-fluorostyrene, o-


Scheme 13. Titanocene-catalyzed dehydrogenative alkylation of styrene
with a Grignard reagent.


Table 2. Titanocene-catalyzed dehydrogenative alkylation of styrenes
with Grignard reagents.


Entry Ar Alkyl-MgX Yield [%][a]


1 Ph nOct-MgBr 29b, 63
2 2-Naphthyl nBu-MgCl 29c, 59
3 p-ClC6H4 nBu-MgCl 29d, 75


[a] Yield of isolated product based on the styrene used.


Scheme 14. Proposed reaction pathways of dehydrogenative alkylation of
styrenes.
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methoxystyrene, 1,1-diphenylethylene (Aldrich Chemical Company), 4-
bromobutylphenylether, styrene, p-methylstyrene, a-methylstyrene, 2-
bromoethyl methyl ether (Wako Pure Chemical Company), octyl bro-
mide, 3-bromopropyl phenyl ether, 2-bromoethyl ethyl ether, 2-bro-
moethyl phenyl sulfide, 2-(bromomethyl)tetrahydrofuran, p-chlorostyrene
(Tokyo Chemical Industry Company) were purchased and used as re-
ceived. a-Cyclopropylstyrene derivatives 13 were prepared according to
the literature from trans-calcone via phenyl(2-phenylcyclopropyl)metha-
none.[12, 13] 2-Bromoethyl methylphenyl amine and (2-bromo-1-methoxy-
ethyl)benzene 25 were prepared from the corresponding alcohol accord-
ing to the literature.[14]


Synthesis


Typical procedure of double alkylation of styrene (Table 1, entry 1): To a
mixture of styrene (104.0 mg, 1.0 mmol), 2-bromoethyl ethyl ether
(341.1 mg, 2.2 mmol), n-buthylmagnesium chloride (1.8m, 2.5 mL,
4.5 mmol in THF) was added [Cp2TiCl2] (12.3 mg, 0.05 mmol) at �20 8C
under nitrogen. After stirring for 24 h, the reaction mixture was
quenched with a few drops of aqueous 1n HCl at �20 8C. H2O (50 mL)
was added, and the product was extracted with ether (50 mL). The organ-
ic layer was dried over Na2SO4 and evaporated. Purification by column
chromatography on silica gel with 19:1 hexane/Et2O afforded 198.6 mg
(85%) of 2e as a colorless oil.


The spectra of compounds 29a,[15] 29b,[16] 29c,[17] and 29d[18] were identi-
cal to those reported in the literature.


2c : 1-Phenoxy-3-phenyloctane: 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=7.29–7.15 (m, 7H), 6.93–6.80 (m, 3H), 3.90–3.70 (m, 2H), 2.90–2.75
(m, 1H), 2.20–2.12 (m, 1H), 2.00–1.95 (m, 1H), 1.81–1.60 (m, 2H), 1.23–
1.10 (m, 6H), 0.85–0.82 ppm (m, 3H); 13C NMR (100 MHz, CDCl3): d=


158.7, 144.8, 129.2, 128.2, 127.5, 120.3, 114.41, 114.36, 66.0, 42.5, 37.0,
36.4, 32.0, 27.3, 22.7, 14.2; IR (NaCl): ñ=3062, 3029, 2954, 2928, 2857,
1600, 1586, 1496, 1469, 1453, 1245, 1171, 1078, 1035, 753, 701 cm�1; MS
(EI): m/z (relative intensity,%): 282 ([M]+ , 0.1), 188 (9), 132 (15), 119
(16), 117 (43), 105 (31), 104 (8), 94 (8), 92 (8), 91 (100), 77 (13); HRMS
calcd for C20H26O: 282.1984, found: 282.1988. Elemental analysis (%)
calcd for C20H26O: C 85.06, H 9.28; found: C 84.79, H 9.27.


2e : 1-Ethoxy-3-phenyloctane: 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=7.29–7.25 (m, 2H), 7.19–7.13 (m, 3H), 3.42–3.30 (m, 2H), 3.27–3.14
(m, 2H, 2.65 (septet-like tt J=4.8, 9.5 Hz, 1H), 2,00–1.92 (m, 1H), 1.82–
1.73 (m, 1H), 1.66–1.52 (m, 2H), 1.21–1.09 (m, 9H), 0.84–0.80 ppm (m,
3H); 13C NMR (100 MHz, CDCl3): d =145.2, 128.0, 127.5, 125.7, 68.7,
66.1, 42.6, 37.0, 36.9, 32.0, 27.3, 22.7, 15.4, 14.2 ppm; IR (NaCl): ñ =3029,
2956, 2928, 2859, 1602, 1494, 1453, 1380, 1353, 1123, 1028, 759, 700 cm�1;
MS (EI): m/z (relative intensity,%): 234 ([M]+ , 0.1), 188 (58), 132 (43),
119 (10), 118 (14), 117 (100), 105 (17), 104 (21), 92 (19), 91 (67), 79 (3),
78 (5), 77 (4), 59 (27); HRMS calcd for C16H26O: 234.1984, found:
234.1975. Elemental analysis (%) calcd for C16H26O: C 81.99, H 11.18;
found: C 81.80, H 11.08.


2 f : 1-Ethoxy-3-phenylundecane: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.29–7.25 (m, 2H), 7.19–7.13 (m, 3H), 3.42–3.30 (m, 2H),
3.27–3.14 (m, 2H, 2.65 (septet-like tt, J=4.9, 9.5 Hz, 1H), 2,00–1.91 (m,
1H), 1.81–1.73 (m, 1H), 1.66–1.55 (m, 2H), 1.27–1.09 (m, 17H), 0.84–
0.80 ppm (m, 3H); 13C NMR (100 MHz, CDCl3): d =145.5, 128.2, 127.7,
125.8, 68.7, 66.0, 42.6, 37.0, 36.8, 31.9, 29.7, 29.6, 29.5, 29.3, 27.5, 22.6,
15.2, 14.1 ppm; IR (NaCl): ñ=3062 3027, 2925, 2854, 2800, 1603, 1494,
1454, 1378, 1353, 1124, 1028, 760, 700 cm�1; MS (EI): m/z (relative inten-
sity,%): 290 ([M]+ , 0.1), 244 (82), 218 (7), 215 (2), 145 (4), 133 (10), 119
(11), 118 (16), 117 (100), 105 (14), 104 (23), 92 (17), 91 (47), 78 (3), 77
(2), 59 (21); HRMS calcd for C20H34O: 290.2610, found: 290.2605. Ele-
mental analysis (%) calcd for C20H34O: C 82.69, H 11.80; found: C 82.65,
H 11.58.


2g : 3-Phenyloctyl phenyl sulfide: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.31–7.11 (m, 10H), 2.75–2.64 (m, 3H), 1.97–1.86 (m, 2H),
1.60–1.53 (m, 2H), 1.23–1.09 (m, 6H), 0.83–0.80 ppm (m, 3H);13C NMR
(100 MHz, CDCl3): d=144.5, 128.64, 128.61, 128.2, 127,5 126.0, 125.5,
45.2, 36.8, 36.2, 32.0, 31.6, 27.3, 22.7, 14.2 ppm; IR (NaCl): ñ=3060, 3026,
2954, 2926, 2855, 1602, 1584, 1480, 1466, 1452, 1438, 1400, 1269, 1091,
1026, 737, 701, 691 cm�1; MS (EI): m/z (relative intensity,%): 298 ([M]+ ,


42), 189 (4), 188 (27), 137 (30), 132 (43), 123 (25), 118 (13), 117 (100),
110 (9), 109 (14), 104 (13), 91 (49), 79 (3), 78 (3), 77 (6); HRMS calcd for
C20H26S: 298.1755, found: 298.1761. Elemental analysis (%) calcd for
C20H26S: C 80.48, H 8.78; found: C 80.42, H 8.77.


2h : Methylphenyl 3-phenyloctyl amine: 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d =7.33–7.15 (m, 7H), 6.66–6.62 (m, 1H), 6.55–6.53 (m,
2H), 3.21–3.05 (m, 2H), 2.80 (s, 3H), 2.55–2.49 (m, 1H), 1.97–1.89 (m,
1H), 1.83–1.75 (m, 1H), 1.64–1.54 (m, 2H), 1.23–1.20 (m, 6H), 0.83–
0.80 ppm (m, 3H); 13C NMR (100 MHz, CDCl3): d =149.1, 145.3, 129.1,
128.4, 127.6, 126.1, 115.8, 112.1, 51.0, 43.9, 38.1, 37.2, 32.9, 31.9, 27.2, 22.5,
14.0 ppm; IR (NaCl): ñ =3061, 3026, 2926, 2857, 1600, 1505, 1452, 1372,
1192, 1034, 747, 700 cm�1; MS (EI): m/z (relative intensity,%): 295
([M]+ , 18), 133 (1), 132 (1), 121 (9), 120 (100), 117 (1), 107 (8), 105 (4),
104 (3), 91 (5), 79 (1); HRMS calcd for C21H29N: 295.2300, found:
295.2314. Elemental analysis (%) calcd for C21H29N: C 85.37, H 9.89,
N 4.74; found: C 85.31, H 10.13, N 4.67.


2 i : 1-Ethoxy-3-(2-naphtyl)octane: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.82–7.74 (m, 3H), 7.57 (s, 1H), 7.47–7.25 (m, 3H), 3.38–3.18
(m, 4H,) 2.88–2.80 (m, 1H), 2.06–2.00 (m, 1H), 1.92–1.87 (m, 1H), 1.69–
1.68 (m, 2H), 1.21–1.11 (m, 9H), 0.83–0.81 ppm (m, 3H); 13C NMR
(100 MHz, CDCl3): d=142.9, 133.5, 132.2, 127.9, 127.6, 127.5, 126.3,
125.9, 125.8, 125.0, 68.7, 66.0, 42.7, 36.9, 36.7, 31.9, 27.2, 22.5, 15.2,
14.0 ppm; IR (NaCl): ñ =3052, 3016, 2924, 2857, 2800, 1633, 1600, 1508,
1466, 1377, 1355, 1120, 889, 818, 746, 662 cm�1; MS (EI): m/z (relative in-
tensity,%): 284 ([M]+ ,26), 238 (10), 213 (17), 212 (100), 182 (13), 169
(22), 168 (16), 167 (79), 155 (33), 142 (39), 141 (96), 128 (13), 59 (19);
HRMS calcd for C20H28O: 284.2140, found: 284.2147.


2j : 1-Ethoxy-3-p-methylphenyloctane: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.10–7.02 (m, 4H), 3.42–3.30 (m, 2H), 3.28–3.14 (m, 2H), 2.61
(septet-like tt, J=4.9, 9.4 Hz, 1H), 2.32 (s, 3H), 1.97–1.89 (m, 1H), 1.79–
1.70 (m, 1H), 1.63–1.53 (m, 2H), 1.24–1.10 (m, 9H), 0.82 ppm (t, J=


6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=133.7, 127.8, 126.6, 120.5,
110.5, 69.2, 66.0, 55.3, 35.7, 35.5, 35.0, 32.0, 27.1, 22.5, 15.2, 14.0 ppm; IR
(NaCl): ñ=3019, 2927, 2858, 2800, 1513, 1456, 1378, 1124, 1020, 816,
722 cm�1; MS (EI): m/z (relative intensity,%): 248 ([M]+ , 7), 202 (55),
187 (54), 146 (41), 131 (95), 118 (12) 117 (18), 105 (100), 91 (9), 59 (28);
HRMS calcd for C17H28O: 248.2140, found: 248.2133. Elemental analysis
(%) calcd for C17H28O: C 82.20, H 11.36; found: C 82.09, H 11.30.


2k : 1-Ethoxy-3-p-fluorophenyloctane: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.11–6.94 (m, 4H), 3.38–3.33 (m, 2H), 3.25–3.21 (m, 1H),
3.16–3.13 (m, 1H) 2.67 (septet-like tt, J=4.9, 9.8 Hz, 1H), 1.99–1.90 (m,
1H), 1.75–1.51 (m, 3H), 1.23–1.10 (m, 9H), 0.82 ppm (t, J=6.8 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=161.2 (d, J=242 Hz), 141.0 (d, J=


2.8 Hz), 128.9 (d, J=7.8 Hz), 115.0 (d, J=21.1 Hz), 68.5, 66.1, 41.8, 37.0,
36.9, 31.8, 27.1, 22.5, 15.2, 14.0 ppm; IR (NaCl): ñ=3091, 2956, 2929,
2958, 1604, 1509, 1468, 1378, 1353, 1296, 1223, 1158, 1123, 1015, 834, 725,
687 cm�1; MS (EI): m/z (relative intensity,%): 252 ([M]+ , 0.4), 206 (36),
180 (3), 163 (2), 150 (36), 135 (100), 122 (13), 110 (59), 96 (2), 59 (26);
HRMS calcd for C16H25FO: 252.1889, found: 252.1887. Elemental analy-
sis (%) calcd for C16H25FO: C 76.15, H 9.98; found: C 76.25, H 10.00.


2 l : 1-Ethoxy-3-o-methoxyphenyloctane: 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=7.17–7.12 (m, 2H), 6.91–6.82 (m, 2H), 3.79 (s, 3H),
3.40–3.33 (m, 2H), 3.24 (t, J=7.2 Hz, 2H), 3.15 (quintet-like tt, J=7.3,
7.4 Hz, 1H), 1.96–1.84 (m, 2H), 1.63–1.57 (m, 2H), 1.23–1.11 (m, 9H),
0.82 ppm (t, J=6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=157.6,
133.7, 127.8, 126.6, 120.5, 110.5, 69.2, 66.0, 55.3, 35.7, 35.5, 32.0, 27.1, 22.5,
15.2, 14.0 ppm; IR (NaCl): ñ=3025, 2929, 2858, 1600, 1585, 1492, 1464,
1439, 1378, 1288, 1240, 1109, 1052, 1032, 794, 753 cm�1; MS (EI): m/z (rel-
ative intensity,%): 264 ([M]+ , 22), 218 (9), 192 (5), 162 (14), 149 (35),
147 (63), 134 (4), 121 (100), 108 (2), 91 (20), 59 (21); HRMS calcd for
C17H28O2: 264.2089, found 264.2087. Elemental analysis (%) calcd for
C17H28O2: C 77.22, H 10.67; found: C 77.02, H 10.39.


2m : 1-Ethoxy-3-methyl-3-phenyloctane: 1H NMR (400 MHz,
CDCl3,25 8C, TMS): d=7.33–7.24 (m, 2H), 7.18–7.14 (m, 2H), 3.36–3.24
(m, 3H), 3.16–3.10 (m, 1H), 2.09–2.02 (m, 1H), 1.91–1.84 (m, 1H), 1.71–
1.62 (m, 1H), 1.57–1.50 (m, 1H) 1.31 (s, 3H) 1.23–1.10 (m, 9H), 1.00–
0.90 (m, 1H), 0.81 ppm (t, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3):
d=147.5, 128.0, 126.2, 125.4, 67.5, 66.1, 43.8, 42.2, 39.6, 32.5, 24.3, 23.6,
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22.5, 15.2, 14.0 ppm; IR (NaCl): ñ=3088, 3058, 3023, 2957, 2931, 2862,
2802, 1602, 1497, 1468, 1445, 1378, 1357, 1130, 1105, 1032, 763, 700 cm�1;
MS (EI): m/z (relative intensity,%): 248 ([M]+ , 2), 176 (44), 145 (1), 133
(73), 131 (15), 119 (14), 105 (100), 91 (75), 59 (62); HRMS calcd for
C17H28O: 248.2140, found: 248.2145. Elemental analysis (%) calcd for
C17H28O: C 82.20, H 11.36; found: C 81.92, H 11.07.


2n: 1-Ethoxy-3,3-diphenyloctane: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.36–7.13 (m, 10H), 3.32 (q, J=7.1 Hz, 2H), 3.13 (t, J=7.8 Hz,
2H), 2.43 (t, J=7.7 Hz, 2H), 2.08–2.04 (m, 2H), 1.22–1.19 (m, 4H), 1.12
(t, J=7.1 Hz, 3H), 1.05–1.00 (m, 2H), 0.799 ppm (t, J=7.0 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=148.5, 127.8, 127.7, 125.6, 67.6, 66.2,
48.0, 38.1, 37.0, 32.5, 23.6, 22.5, 15.2, 14.0 ppm; IR (NaCl): ñ=3087, 3056,
2934, 2868, 2802, 1598, 1579, 1495, 1444, 1378, 1357, 1111, 1030, 754, 700,
622 cm�1; MS (EI): m/z (relative intensity,%): 310 ([M]+ , 4), 241 (2), 239
(100), 195 (55), 181 (11), 167 (74), 133 (9), 117 (45), 105 (18), 91 (71), 59
(59); HRMS calcd for C22H30O: 310.2297, found: 310.2294. Elemental
analysis (%) calcd for C22H30O: C 85.11, H 9.74; found: C 84.91, H 9.60.


14 : (E)-1-Methoxy-3,6-diphenyl-5-undecene: 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=7.31–7.15 (m, 10H), 5.21(t, J=7.1 Hz, 1H), 3.28–3.20 (m,
5H), 2.87–2.80 (m, 1H), 2.58–2.36 (m, 4H), 2.11–2.03 (m, 1H), 1.91–1.82
(m, 1H), 1.24–1.22 (m, 6H), 0.83 ppm (t, J=6.6 Hz, 3H); NOE differ-
ence measurement: irradiation of methylene protons at d=2.42 ppm
(-CH2-nBu) caused 8.6% enhancement of methylene proton at d=


2.58 ppm (vinyl-CHH-benzyl), irradiation of methylene proton at d=


2.58 ppm caused 7.4% enhancement of methylene protons at d=


2.42 ppm; 13C NMR (100 MHz, CDCl3): d=144.8, 143.4, 141.3, 128.3,
128.0, 127.7, 126.7, 126.6, 126.4, 70.8, 58.5, 42.9, 36.0, 35.7, 31.9, 29.8, 28.2,
22.5, 14.0 ppm; IR (NaCl): ñ=3081, 3059, 3026, 2954, 2928, 2870, 1600,
1493, 1453, 1388, 1121, 760, 699 cm�1; MS (EI): m/z (relative intensi-
ty,%): 336 ([M]+ , 0.1), 304 (2), 277 (2), 205 (2), 188 (11), 189 (65), 174
(2), 162 (3), 147 (18), 131 (27), 127 (2), 119 (10), 118 (16), 117 (100), 115
(12), 105 (10), 91 (41); HRMS calcd for C24H32O: 336.2453, found:
336.2457. Elemental analysis (%) calcd for C24H32O: C 85.66, H 9.58;
found: C 85.62, H 9.47.


21: 2-Phenyloctyltetrahydrofuran: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.30–7.15 (m, 5H), 3.85–3.80 (m, 1H), 3.67–3.61 (m, 1H),
3.53–3.49 (m, 1H), 2.75 (septet-like tt, J=4.9, 9.3 Hz, 1H), 1.84–1.55 (m,
7H), 1.34–1.09 (m, 7H), 0.82 (t, J=6.8 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d= (145.61, 145.57), (128.3, 128.2), (127.8, 127.5), (125.9, 125.8),
(77.19, 77.18), (67.4, 2C) (43.4, 43.0), (43.3, 42.6), (37.4, 36.9), (31.89,
31.88), (31.8, 31.1), (27.2, 27.1), (25.64, 25.63), (22.5, 2C), (14.02, 14.01)
ppm; IR (NaCl): ñ =3062, 3027, 2956, 2927, 2856, 1602, 1494, 1454, 1378,
1063, 759, 700 cm�1; MS (EI): m/z (relative intensity,%): 246 ([M]+ , 10),
218 (3), 200 (1), 190 (3), 175 (11), 162 (85), 157 (17), 129 (13), 118 (21),
105 (25), 91 (79), 71 (100); HRMS calcd for C17H26O: 246.1984, found:
246.1980. Elemental analysis (%) calcd for C17H26O: C 82.87, H 10.64;
found: C 82.68, H 10.35.


27: 1-Methoxy-1,3-diphenyloctane: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d =7.33–7.16 (m, 10H), 3.69 (dd, J=2.9, 10.4 Hz, 1H), 3.09 (s,
3H), 2.97–2.89 (m, 1H), 2.06 (ddd, J=4.2, 10.4, 14.3 Hz, 1H), 1.72 (ddd,
J=2.9, 11.1, 14.3 Hz, 1H),1.60–1.55 (m, 2H), 1.26–1.17 (m, 6H),
0.82 ppm (t J=6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=145.4,
143.0, 128.3, 128.3, 128.1, 127.9, 127.3, 126.3, 126.0, 81.3, 56.6, 46.5, 42.5,
37.1, 31.9, 29.7, 27.2, 22.5, 14.0 ppm; IR (NaCl): ñ=3062, 3028, 2927,
2857, 2820, 2364, 1602, 1493, 1454, 1358, 1100, 1072, 756, 700 cm�1; MS
(EI): m/z (relative intensity,%): 296 ([M]+ , 0.5), 264 (22), 193 (17), 162
(4), 121 (100), 104 (5), 91 (12); HRMS calcd for C21H28O: 296.2140,
found: 296.2145. Elemental analysis (%) calcd for C21H28O: C 85.08,
H 9.52; found: C 84.79, H 9.26.


28 : Triethyl(1-phenylhexyl)silane: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.26–7.03 (m7.26–7.03, 5H), 2.13 (dd, J,=12.2, 3.2 Hz, 1H),
1.83–1.77 (m, 1H), 1.69–1.65 (m, 1H), 1.25–1.09 (m, 6H), 0.88 (t, J=


7.9 Hz, 9H), 0.84–0.81 (m, 3H), 0.49 ppm (q, J=7.9 Hz, 6H); 13C NMR
(100 MHz, CDCl3): d=144.1, 128.0, 127.9, 124.1, 34.1, 31.7, 29.7, 29.1,
22.5, 14.1, 7.5, 2.3 ppm; IR (NaCl): ñ =3080, 3060, 3023, 2954, 2875, 1600,
1493, 1450, 1416, 1378, 1240, 1188, 1089, 1016, 803, 722, 713, 700 cm�1;
MS (EI): m/z (relative intensity,%): 277 ([M]+ , 2), 276 (6), 247 (2), 160
(16), 135 (2), 121 (2), 116 (11), 115 (100), 107 (5), 104 (3), 87 (62), 59


(17); HRMS calcd for C18H32Si: 276.2273, found: 276.2277. Elemental
analysis (%) calcd for C18H32Si: C 78.18, H 11.66; found: C 77.98,
H 11.71.


29a : (E)-1-Phenyl-1-hexene: 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=7.40–7.11 (m, 5H) 6.38 (d, J=15.9 Hz, 1H), 6.26–6.19 (m, 1H), 2.21
(q, J=6.8 Hz, 2H), 1.49–1.31 (m, 4H), 0.92 ppm (t, J=7.2 Hz, 3H);
13C NMR (100 MHz, CDCl3): d =137.9, 131.2, 129.7, 128.4, 126.7, 125.9,
32.7, 31.5, 22.3, 13.9 ppm.


29b : (E)-1-Phenyl-1-decene: 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=7.40–7.15 (m, 5H), 6.37 (d, J=15.6 Hz, 1H), 6.26–6.19 (m, 1H), 2.23–
2.17 (m, 2H), 1.48–1.27 (m, 12H), 0.88 ppm (t, J=6.8 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d=138.0, 131.3, 129.7, 128.4, 126.7, 125.9, 33.1, 31.9,
29.5, 29.4, 29.3, 29.2, 22.7, 14.1 ppm; HRMS calcd for C16H24: 216.1878,
found: 216.1875.


29c : (E)-1-(2-Naphthyl)-1-hexene: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=7.74 (t, J=8.8 Hz, 3H), 7.64 (s, 1H), 7.56 (d, J=8.6 Hz, 1H),
7.42–7.35 (m, 2H), 6.52 (d, J=15.9 Hz, 1H), 6.37–6.29 (m, 1H), 2.24 (q,
J=7.0 Hz, 2H), 1.51–1.31 (m, 4H), 0.93 ppm (t, J=7.2 Hz, 3H);
13C NMR (100 MHz, CDCl3): d =135.7, 134.1, 133.0, 132.0, 130.2, 128.3,
128.1, 127.9, 126.4, 125.7, 125.6, 123.9, 33.2, 31.9, 22.6, 14.3 ppm; HRMS
calcd for C16H18: 210.1409, found: 210.1411.


29d : (E)-1-p-Chlorophenyl-1-hexene: 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d =7.25 (s, 4H), 6.32 (d, J=15.6 Hz, 1H), 6.23–6.16 (m, 1H),
2.23–2.17 (m, 2H), 1.49–1.32 (m, 4H), 0.92 ppm (t, J=7.2 Hz, 3H);
13C NMR (100 MHz, CDCl3): d =136.4, 132.2, 131.9, 128.6, 128.5, 127.1,
32.7, 31.4, 22.3, 13.9 ppm; HRMS calcd for C12H15Cl: 194.0862, found:
194.0864.
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Introduction


The synthesis of N-aryl amines, N-aryl anilines, and N-aryl
imidazoles has attracted significant interest owing to the fre-
quent occurrence of these fragments in pharmaceutically
and agriculturally interesting compounds. The palladium-
catalyzed amination of haloarenes developed by Buchwald
and Hartwig[1] and copper-mediated N arylation with aryl
boron, lead, bismuth, stannane, or silicon compounds[2] are
two practical and straightforward methods that have been
employed for various syntheses of these N-aryl compounds.
Among these extensive works in N arylation, the coupling
between an N�H, O�H, or S�H bond and aryl boronic
acids, discovered independently by Chan et al. ,[3a] Evans
et al. ,[3b] and Lam et al.[3c] in 1998, attracted much attention
because of the very mild conditions: the reactions smoothly
take place typically in air at room temperature. Although a
stoichiometric amount of copper(II) salt and several equiva-
lents of an external base/ligand were used in the original dis-
covery,[3a,4] the synthetic value of this protocol was greatly


improved when a reoxidant was employed for a catalytic
amount of copper complex.[5] On the basis of these pioneer-
ing studies, the catalytic protocol has been further improved
by many groups.[6–8] Air oxidation was used for the N aryla-
tion of aromatic and aliphatic amines as well as imidazo-
ACHTUNGTRENNUNGles.[5a,b,d] Pyridine N-oxide or 2,2,6,6-tetramethylpipedinyloxy
(TEMPO) was effective for the N arylation of amines, NH
heterocycles, and phenols.[5c] A ligand- and base-free Cu-cat-
alyzed C–N bond coupling of potassium aryl trifluoroborate
was reported by Quach and Batey.[7] We recently invented
novel cyclic triolborates with high reactivity toward metal-
catalyzed reactions, including copper-catalyzed N arylation
with aryl boronic acids.[9] Herein, we report a new set of re-
action conditions optimized for the copper(II)-catalyzed
N arylation of primary and secondary amines, anilines, and
imidazoles with potassium aryl triolborates (Scheme 1).


Results and Discussion


Reaction Conditions


Initially, we chose potassium tolyl triolborate 1b[9] to exam-
ine its efficiency toward copper(II)-catalyzed reaction with
octylamine [Eq. (1)]. Thus, the N arylation of octylamine
(1.0 equiv) with 1b (1.5 equiv), 10 mol% Cu ACHTUNGTRENNUNG(OAc)2, and
powdered 4-> molecular sieves (M.S.) in CH2Cl2 under mo-
lecular oxygen charged in a teflon bag at room temperature
for 20 h gave an excellent yield of N-arylation product (2a,
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and secondary aliphatic amines, ani-
lines, and imidazoles with novel potas-
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catalytic amount of CuACHTUNGTRENNUNG(OAc)2
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90%) with cresol 5 and ditolyl ether (6) as by-pro-
ducts.[3b,5b,10] Other solvents such as diethyl ether, THF,
EtOAc, N,N-dimethylformamide (DMF), and MeOH also
afford 2a in good yields, but these solvents increased the
formation of cresol and ditolyl ether. Finally, the desired
amine was selectively afforded in 90% yield when the reac-
tion was carried out in toluene for 20 h [Eq. (1)]. No trace
of cresol or ditolyl ether was observed.


Arylation of anilines and imidazoles resulted in low yields
when molecular oxygen was used as the reoxidant. The role
of oxygen has been hypothesized as facilitating the oxida-


tion of the low-valent copper species to higher oxidation
states to recycle the catalyst. Another role of molecular
oxygen is oxidation of the CuII


ACHTUNGTRENNUNG(NR2)(Ar) intermediate to
CuIII species. The CuIII complex, being in a higher oxidation
state, can undergo more facile reductive elimination than
the corresponding CuII complex to form the C–N cross-cou-
pled product.[5b,9] Recently, Lam et al. reported that pyridine
N-oxide is more efficient than molecular oxygen for the con-
version of the CuII complex into the CuIII complex.[5c]


Among various oxidizing reagents, including pyridine N-
oxide (23%), trimethylamine N-oxide (96%), tBuOOH
(14%), m-chloroperbenzoic acid (MCPBA; 5%),
K3[Fe(CN)6] (0%), AgSbF6 (9%), and AgBF4 (9%), trime-
thylamine N-oxide was found to be the best oxidant: it gave
3a in 93% yield at room temperature [Eq. (2)]. Trimethyla-
mine N-oxide was also recognized to be the best reagent for
the arylation of imidazoles in DMF.


The results of reaction velocity in the coupling of repre-
sentative boron compounds such as PhB(OH)2, (PhBF3)K,
and potassium phenyl triolborate 1a with piperidine are
shown in Figure 1. The reaction of potassium phenyl triolbo-


rate was three times faster than that of PhB(OH)2 because
of the easier transmetalation of the negatively charged com-
plex 1 relative to the neutral latter compound.[11] On the
other hand, the analogous complex (PhBF3)K resulted in
very slow reaction owing to its low nucleophilicity and poor
solubility in toluene.


Abstract in Japanese:


Scheme 1. CuII-catalyzed arylation of N–H bonds.


Figure 1. N arylation of piperidine with phenyl triolborate 1a (^), phenyl-
boronic acid (&), and (PhBF3)K (*) at room temperature under oxygen
atmosphere (1 atm) in the presence of Cu ACHTUNGTRENNUNG(OAc)2 (10 mol%) and molecu-
lar sieves in toluene.
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N Arylation of Aliphatic Amines


The scope and limitation of the method for various aliphatic
amines and potassium aryl triolborates were studied under
conditions thus optimized (Table 1). The N arylation of a va-
riety of primary amines (Table 1, entries 1–9) and secondary
amines (Table 1, entries 10–13) with 1a produced 2a–c in
high yields. Functional groups such as ether, ester, alkene,
and halide were tolerated (Table 1, entries 6–9). The reac-


tion was carried out at 40–60 8C for bulky tert-butylamine
(Table 1, entry 4) and secondary amines (Table 1, entries 10,
11, 14, and 15) as well as for an amide and imide whose N–
H bonds have low nucleophilicity (Table 1, entries 12 and
13). Representative potassium aryl triolborates with an elec-
tron-withdrawing or -donating substituent group afforded
aryl amines in good yields (Table 1, entries 16–20).


The cross-coupling reaction of pyridine-derived boronic
acids has proven to be greatly challenging: only a few rele-
vant studies can be found in the literature.[12,13] The primary
problem associated with these boronic acids is sensitivity to
hydrolytic C–B bond cleavage with water and their slow
rate of transmetalation, which can be attributed to the elec-
tron deficiency of the heteroaromatic ring.[13] Notably, cop-
per(II)-catalyzed coupling of potassium 2-pyridine triolbo-
rate 1h with piperidine gave the desired product 2u in 70%
yield [Eq. (3)]. Similarly, potassium 3-pyridine triolborate 1 i
was also suitable and formed 2v in 85% yield [Eq. (4)].


N Arylation of Aromatic Amines


The successful outcome led us to investigate the scope and
limitations for various aryl triolborates and anilines. Ani-
lines with an electron-donating methoxy group or a weakly
electron-withdrawing halogen atom were smoothly coupled
with 1b at room temperature (Table 2, entries 2–7), but
more-electron-deficient anilines with a nitro, ester, or keto
group resulted in moderate yields even at 40 8C (Table 2, en-
tries 8–10). Among them, the reaction selectively provided a
single monoarylation product for o- and m-anisidine in the
presence of 1.5 equivalents of 1b (Table 2, entries 2 and 3),
but p-anisidine gave a mixture of mono- and diarylation
products. To avoid this bisarylation, a slightly excess of p-
anisidine (1.1 equiv) was used with 1b to form 3d selectively
in 85% yield (Table 2, entry 4). The reaction tolerates vari-
ous functional groups on the aromatic rings in anilines
(Table 2, entries 2–10) and aryl triolborates (Table 2, en-
tries 11–15).


Table 1. N arylation of aliphatic amines.[a]


Entry Borate R1R2NH T [8C] Prod. Yield [%][b]


1 1b n-Oct-NH2 RT 2a 90


2 1b RT 2b 94


3 1b RT 2c 93


4 1b 60 2d 60


5 1b RT 2e 88


6 1b RT 2 f 92


7 1b RT 2g 93


8 1b[c] RT 2h 88


9 1b[c] RT 2 i 89


10 1b 60 2j 55


11 1b 60 2k 64


12 1b 60 2 l 90


13 1b 40 2m 86


14 1b 40 2n 96


15 1b RT 2o 95


16 1c RT 2p 98


17 1d RT 2q 94


18 1e RT 2r 92


19 1 f RT 2s 81


20 1g RT 2t 67


[a] A mixture of amine (1.0 equiv), borate 1 (1.5 equiv), CuACHTUNGTRENNUNG(OAc)2


(10 mol%), and 4-> M.S. in toluene was stirred at room temperature to
60 8C for 20 h under O2 (1 atm). [b] Yield of isolated product. [c] 2 equiv-
alents of borate were used.


Chem. Asian J. 2008, 3, 1517 – 1522 H 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim www.chemasianj.org 1519


Aryl Triolborates







N Arylation of Imidazoles


The application of this methodology to the arylation of imi-
dazoles with potassium aryl triolborates was also explored
by using trimethylamine N-oxide as reoxidant and DMF as
solvent (Table 3). Such coupling of 1b with various imida-
zoles formed aryl imidazoles 4a–e in yields no less than
83% (Table 3, entries 1–5), except for 2-phenylimidazole,
which resulted in 43% yield due to steric hindrance of the
phenyl group (Table 3, entry 6). The representative aryl bo-
rates were suitable for the arylation of imidazoles and gave
the products in 70–90% yield (Table 3, entries 7–10).


Conclusions


Potassium aryl triolborates were found to be better aryl
donors than traditional boronic acids and trifluoroborates


for copper(II)-catalyzed N arylation. Because of the high
nucleophilicity and high stability to air and water of triolbo-
rates, extension to other metal-catalyzed reactions will be
the topic of further accounts from this laboratory.


Experimental Section


General


Infrared (IR) spectra were recorded on a Thermo Nicolet AVATAR 320
FTIR spectrometer. Frequencies of maximum absorbance are quoted in
cm�1. 1H NMR spectra were recorded on a JEOL JNM-400II spectrome-
ter (400 MHz) in CDCl3 (dH =7.25 ppm) with tetramethylsilane as an in-
ternal standard. Chemical shifts are reported in parts per million (ppm),
and signals are expressed as singlet (s), doublet (d), triplet (t), quartet
(q), multiplet (m), and broad (br). 13C NMR spectra were recorded on a
JEOL JNM-400II spectrometer (100 MHz) in CDCl3 (dC =77.0 ppm)
with tetramethylsilane as an internal standard. Chemical shifts are report-
ed in parts per million (ppm). High-resolution mass spectrometry
(HRMS) was performed on a JEOL JMS AX-500 or a JEOL JMS-
SX102A mass spectrometer at the Center for Instrumental Analysis,
Hokkaido University. GC analysis was performed with a Hitachi G-3500
chromatograph equipped with a glass column (OV-101 or OV-17 on Uni-


Table 2. N Arylation of aromatic amines.[a]


Entry Borate Aniline T [8C] Prod. Yield [%][b]


1 1b RT 3a 93 (96)


2 1b 40 3b 71


3 1b RT 3c 91


4 1b[c] RT 3d 85


5 1b RT 3e 85


6 1b RT 3 f 87


7 1b RT 3g 93


8 1b 40 3h 66


9 1b 40 3 i 73


10 1b 40 3j 73


11 1c RT 3k 94


12 1d RT 3 l 85


13 1e 40 3m 89


14 1 f 40 3n 81


15 1g 40 3o 53


[a] A mixture of aniline (1.0 equiv), borate 1 (1.5 equiv), CuACHTUNGTRENNUNG(OAc)2


(10 mol%), trimethylamine N-oxide (1.1 equiv), and 4-> M.S. in toluene
was stirred at room temperature to 40 8C for 20 h under O2 (1 atm).
[b] Yield of isolated product; yield determined by NMR spectroscopy in
parentheses. [c] 1.3 equivalents of borate were used.


Table 3. N arylation of imidazoles.[a]


Entry Borate Imidazole T [8C] Prod. Yield [%][b]


1 1b 60 4a 93


2 1b 60 4b 95


3 1b 60 4c 92


4 1b 60 4d 84


5 1b 60 4e 83


6 1b 60 4 f 43


7 1c 80 4g 70


8 1d 60 4h 90


9 1e 60 4 i 83


10 1 f 80 4j 71


[a] A mixture of imidazole (1.0 equiv), borate 1 (2.0 equiv), CuACHTUNGTRENNUNG(OAc)2


(10 mol%), trimethylamine N-oxide (1.1 equiv), and 4-> M.S. in DMF
was stirred at 60–80 8C for 20 h under O2 (1 atm). [b] Yield of isolated
product.
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port B, 2 m). Kanto Chemical silica gel 60(particle size 0.063–0.210 mm)
was used for flash column chromatography.


Toluene was distilled from sodium benzophenone ketyl under argon. 4->
molecular sieves were purchased from Aldrich Chemical Company in
powdered form. All glassware were oven-dried at 130 8C and allowed to
cool under a stream of dry oxygen. All other chemicals were purchased
from Aldrich, Wako Chemicals, TCI, or Kanto Chemicals and used as re-
ceived.


The spectra of compounds 2a,[14] 2b,[15] 2c,[16] 2d,[15] 2e,[5a] 2 i,[17] 2j,[18]


2k,[19] 2 l,[20] 2m,[21] 2n,[5a] 2o,[18] 2p,[5a] 2q,[22] 2r,[23] 2s,[24] 2 t,[25] 2u,[26] 2v,[27]


3a,[5d] 3b,[5d] 3c,[5a] 3d,[5d] 3e,[28] 3g,[29] 3h,[30] 3 i,[5d] 3 j,[31] 3k,[5d] 3 l,[32] 3m,[33]


3n,[24] 3o,[34] 4a,[5a] 4b,[5a] 4d,[35] 4e,[5a] 4g,[5a] 4h,[5a] 4 i,[3c] and 4 j[36] are iden-
tical to those reported in the literature.


Syntheses


Typical procedure for CuII-catalyzed N arylation of aliphatic amines and
ammonium salts with potassium aryl triolborates (Table 1): A mixture of
potassium aryl triolborate 1 (1.5 mmol), CuACHTUNGTRENNUNG(OAc)2 (0.10 mmol), and
powdered 4-> molecular sieves (300 mg) in dry toluene (6.0 mL) was
stirred for 5 min at room temperature. Amine (1.0 mmol) was added, and
the flask was then charged with molecular oxygen in a teflon bag. The
mixture was stirred for 20 h at the temperature shown in Table 1. The
crude mixture was filtered through a plug of celite to remove the molecu-
lar sieves and any insoluble by-products. The filtrate was then concentrat-
ed in vacuo to afford the crude product, which was then subjected to
chromatography on silica gel with hexanes/EtOAc (99:1–9:1) to give the
analytically pure product.


2 f : 3-Methoxypropyl-4-tolylamine: IR (neat): ñ=3391, 2921, 2867, 1617,
1519, 1256, 1183, 1115, 807 cm�1; 1H NMR (400 MHz, CDCl3): d =1.92
(tt, J=5.9, 6.3 Hz, 2H), 2.30 (s, 3H), 3.24 (t, J=6.3 Hz, 2H), 3.40 (s,
3H), 3.55 (t, J=5.9 Hz, 2H), 3.83 (br s, 1H), 6.59 (d, J=8.3 Hz, 1H),
7.04 ppm (d, J=8.3 Hz, 1H); 13C NMR (100 MHz, CDCl3): d =20.2, 29.3,
41.9, 58.5, 71.0, 112.8, 126.1, 129.6, 146.1 ppm; HRMS (EI): m/z calcd for
C11H17NO: 179.1306 [M]+ ; found: 179.1310.


2g : 3,7-Dimethylocta-2,6-dienyl-4-tolylamine: IR (neat): ñ =3408, 2916,
2857, 1617, 1518, 1248, 805 cm�1; 1H NMR (400 MHz, CDCl3): d =1.60 (s,
3H), 1.69 (s, 3H), 2.01–2.05 (m, 2H), 2.09 (t, J=6.3 Hz, 2H), 2.24 (s,
3H), 3.44 (br s, 1H), 3.68 (d, J=6.8 Hz, 2H), 5.09 (t, J=6.4 Hz, 1H),
5.33 (t, J=6.4 Hz, 1H), 6.54 (d, J=8.3 Hz, 2H), 6.98 ppm (d, J=8.3 Hz,
2H); 13C NMR (100 MHz, CDCl3): d=16.2, 17.6, 20.3, 25.6, 26.4, 39.4,
42.2, 112.9, 123.9, 126.2, 129.5, 131.4, 138.5, 146.1 ppm; HRMS (EI): m/z
calcd for C17H25N: 243.1995 [M]+ ; found: 243.1987.


2h : 3-Chloropropyl-4-tolylamine: IR (neat): ñ =2918, 1616, 1516, 1253,
806 cm�1; 1H NMR (400 MHz, CDCl3): d =2.03 (t, J=6.5 Hz, 2H), 2.08
(t, J=6.2 Hz, 2H), 2.23 (s, 3H), 3.31 (t, J=6.5 Hz, 2H), 3.56 (br s, 1H),
3.65 (t, J=6.2 Hz, 2H), 6.56 (d, J=8.6 Hz, 1H), 7.00 ppm (d, J=8.6 Hz,
1H); 13C NMR (100 MHz, CDCl3): d=20.2, 38.7, 41.0, 42.5, 112.8, 126.5,
129.6, 145.5 ppm; HRMS (EI): m/z calcd for C10H14NCl: 183.0805 [M]+ ;
found: 183.0815.


Typical procedure for CuII-catalyzed N arylation of anilines with potassi-
um aryl triolborates (Table 2): A mixture of potassium aryl triolborate
(1.5 mmol), Cu ACHTUNGTRENNUNG(OAc)2 (0.10 mmol), trimethylamine N-oxide (1.1 mmol),
and powdered 4-> molecular sieves (300 mg) in toluene (6.0 mL) was
stirred for 5 min at room temperature. Aniline (1.0 mmol) was then
added. The mixture was stirred for 20 h at the temperature shown in
Table 2. The product was isolated by chromatography on silica gel with
hexane/EtOAc/MeOH (90:10:1).


3 f : 4-Iodo-N-p-tolylbenzenamine: IR (neat): ñ =3416, 1611, 1587, 1512,
1309, 1176, 998, 807 cm�1; 1H NMR (400 MHz, CDCl3): d=2.37 (s, 3H),
5.61 (br s, 1H), 6.78 (d, J=6.8 Hz, 1H), 6.80 (d, J=6.8 Hz, 1H), 7.01 (d,
J=6.4 Hz, 1H), 7.03 (d, J=6.4 Hz, 1H), 7.13 (d, J=6.4 Hz, 1H), 7.16 (d,
J=6.4 Hz, 1H), 7.51 (d, J=6.8 Hz, 1H), 7.53 ppm (d, J=6.8 Hz, 1H);
13C NMR (100 MHz, CDCl3): d=20.7, 81.1, 118.3, 119.5, 129.9, 131.6,
137.8, 139.2, 143.8 ppm; HRMS (EI): m/z calcd for C13H12NI: 308.9998
[M]+ ; found: 309.0015.


Typical procedure for CuII-catalyzed N arylation of imidazoles with po-
tassium aryl triolborates (Table 3): A mixture of potassium aryl triolbo-


rate (2.0 mmol), imidazole (1.0 mmol), CuACHTUNGTRENNUNG(OAc)2 (0.10 mmol), trimethyl-
amine N-oxide ACHTUNGTRENNUNG(1.1 mmol), and powdered 4-> molecular sieves (300 mg)
in DMF (6.0 mL) was stirred for 20 h at the temperature shown in
Table 3. The product was isolated by chromatography on silica gel with
hexane/EtOAc/MeOH (90:10:1).


4c : 1-(p-Tolyl)-4-methylimidazole: IR (neat): ñ=1516, 1469, 1413, 1307,
822, 696 cm�1; 1H NMR (400 MHz, CDCl3): d=2.30 (s, 3H), 2.39 (s, 3H),
6.97 (s, 1H), 7.25 (s, 4H), 7.75 ppm (s, 1H); 13C NMR (100 MHz, CDCl3):
d=13.5, 20.9, 114.8, 121.1, 130.3, 134.6, 135.0, 137.1, 139.0 ppm; HRMS
(EI): m/z calcd for C11H12N2: 172.0994 [M]+; found: 234.1000.


4 f : 1-(p-Tolyl)-4-phenylimidazole: IR (neat): ñ=1514, 1464, 1413, 1306,
821, 693, 562 cm�1; 1H NMR (400 MHz, CDCl3): d=2.39 (s, 3H), 7.08–
7.12 (m, 3H), 7.17–7.19 (m, 2H), 7.24–7.27 (m, 4H), 7.38–7.41 ppm (m,
2H); 13C NMR (100 MHz, CDCl3): d =21.0, 122.9, 125.6, 128.1, 128.3,
128.5, 130.0, 130.1, 135.8, 138.1, 146.5 ppm; HRMS (EI): m/z calcd for
C16H14N2: 234.1149 [M]+ ; found: 234.1157.
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Introduction


Addition of terminal alkynes to allenes is a straightforward
method of preparing conjugate enynes, which are important
units found in biologically active compounds.[1] Although
several transition-metal complexes (Ru,[2] Rh,[3] and Pd[4])
have been reported to catalyze the addition of terminal al-
kynes to allenes, to the best of our knowledge, there have
been no reports on the asymmetric version of this catalytic
reaction.[5] If the addition to a 1,1-disubstituted allene pro-
ceeds with exo-selectivity giving an exo-enyne (I) rather
than an endo-enyne (II), it will provide the opportunity for
asymmetric synthesis (Scheme 1). Herein, we report that
phosphinylallenes are good substrates for the rhodium-cata-
lyzed asymmetric addition of terminal alkynes, which pro-
ceeds with high regio- and enantioselectivity in the presence


of a chiral rhodium(I) catalyst[6,7] and a proton donor. Mech-
anistic studies indicate that the reaction proceeds via a
chiral p-allylrhodium(I) intermediate and its protonolysis
step determines the absolute configuration of the product.


Results and Discussion


First, we examined the reaction of diphenylphosphinylallene
1a with (triphenylsilyl)acetylene (2m) under one of the
standard reaction conditions for the rhodium-catalyzed alky-
nylation[7a] using [{Rh(OH)((R)-binap)}2]


[8] (5) as a catalyst,
but the reaction did not give any hydroalkynylation products
(Table 1, entry 1). In contrast, it was found that the presence
of a catalytic amount of an acid dramatically promotes the
reaction. Thus, adding benzoic acid (5 mol%) to a solution
of allene 1a, alkyne 2m, and Rh/(R)-binap complex 5
(5 mol% of Rh) in toluene and heating the mixture at 80 8C
for 12 h gave 81% yield of the hydroalkynylation product,
which consists of exo-enyne 3am as a major isomer (93%)
and endo-(E)-enyne 4am (7%, Table 1, entry 2; Scheme 2).
It should be noted that the enantiomeric purity of 3am is
high (90% ee). Its absolute configuration was determined to
be R by X-ray crystallographic analysis of (4-bromophenyl)-
substituted enyne 6, which was derived from 3am
(Scheme 3, Figure 1). Acetic acid (Table 1, entry 3) and di-
phenylphosphinic acid (Table 1, entry 4) also promoted the
reaction to give 3am with high R selectivity (73% yield,
91% ee for acetic acid; 70% yield, 93% ee for diphenyl-
phosphinic acid). Meanwhile, the use of HBF4 (5 mol%) as
a proton donor reversed the absolute configuration of 3am
(84% ee (S), Table 1, entry 5). The S selectivity was also ob-
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Scheme 1. Addition of terminal alkynes to allenes.
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served in reactions with cationic rhodium complexes gener-
ated from [Rh ACHTUNGTRENNUNG(cod)2]BF4


[9] and (R)-binap (Table 1, entry 6),
[Rh ACHTUNGTRENNUNG(cod)2]PF6


[10] and (R)-binap (Table 1, entry 7), and


[{RhCl((R)-binap)}2]
[8] and NaBArF4


[11] (Table 1, entry 8).
These reactions gave 3am of S configuration with high enan-
tioselectivity (92–97% ee), although the regioselectivity was
low. The rhodium complex [Rh ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(C2H4)2]


[12] can be used
as a catalyst precursor combined with (R)-binap in the pres-
ence of diphenylphosphinic acid leading to the selective for-
mation of (R)-3am with 94% ee (Table 1, entry 9). The high-
est yield (90%) with the highest regio- and enantioselectivi-
ty (3am/4am=97:3, 94% ee) was obtained from the reac-
tion with two equivalents of allene 1a in the presence of di-
phenylphosphinic acid (2.5 mol%, Table 1, entry 10).


The results of the asymmetric addition of terminal alkynes
to phosphinylallenes in the presence of diphenylphosphinic
acid (Scheme 4) are summarized in Table 2. The reaction of
1-substituted phosphinylallenes 1a–1e with (triphenylsilyl)-
acetylene (2m) gave the corresponding enynes 3 in good
yields (75–85%) with high regio- and enantioselectivity (76–
94% ee, Table 2, entries 1–5). The enantioselectivity is also
high for the addition of propargylic ethers 2n and 2o to 1a
(88–91% ee, Table 2, entries 6 and 7). The asymmetric addi-
tion proceeded with simple terminal alkynes, 1-octyne (2p)
and phenylacetylene (2q), although the yields of the enynes
are somewhat lower (Table 2, entries 8 and 9).


To gain information about the catalytic cycle and the role
of acids, which greatly affect the absolute configuration of
the product, we carried out stoichiometric reactions starting
with alkynylrhodium(I) complexes. Alkynylrhodium(I) com-


Table 1. Rhodium-catalyzed asymmetric addition of 2m to 1a.[a]


Entry Catalyst Acid Yield [%][b] ee [%][c]


1 [{Rh(OH)((R)-binap)}2] – 0 –
2 [{Rh(OH)((R)-binap)}2] PhCO2H 81 (93:7) 90 (R)
3 [{Rh(OH)((R)-binap)}2] CH3CO2H 73 (92:8) 91 (R)
4 [{Rh(OH)((R)-binap)}2] Ph2P(O)OH 70 (91:9) 93 (R)
5 [{Rh(OH)((R)-binap)}2] HBF4


[d] 86 (50:50)[e] 84 (S)
6[f] [Rh ACHTUNGTRENNUNG(cod)2]BF4 – 99 (37:63)[e] 92 (S)
7[f] [Rh ACHTUNGTRENNUNG(cod)2]PF6 – 91 (37:63)[e] 92 (S)
8[g]


ACHTUNGTRENNUNG[{RhCl((R)-binap)}2] – 67 (53:47)[e] 97 (S)
9[f] [Rh ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(C2H4)2] Ph2P(O)OH 77 (95:5) 94 (R)
10[f,h] [Rh ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(C2H4)2] Ph2P(O)OH 90 (97:3) 94 (R)


[a] Reaction conditions: allene 1a (0.20 mmol), (triphenylsilyl)acetylene
(2m) (0.20 mmol), Rh catalyst (5 mol% Rh), acid (5 mol%), toluene
(0.4 mL) at 80 8C for 12 h. [b] The total yield of 3am and 4am was deter-
mined by 1H NMR. The value in parentheses is the ratio of 3am to 4am.
[c] The ee of 3am was determined by HPLC analysis with a chiral sta-
tionary phase column (Chiralpak AD-H). The absolute configuration of
(R)-3am was determined by X-ray crystallographic analysis of 6.
[d] HBF4 in Et2O was used. [e] E and Z isomers of 4am were formed.
[f] Performed with (R)-binap (6 mol%). [g] Performed with NaBArF4


(ArF=C6H3-3,5-(CF3)2; 7.5 mol%). [h] Performed with allene 1a
(0.40 mmol) and Ph2P(O)OH (2.5 mol%) for 24 h.


Scheme 2. Asymmetric addition of alkyne 2m to allene 1a.


Scheme 3. Transformation of 3am into 6.


Figure 1. ORTEP illustration of compound 6 with thermal ellipsoids
drawn at 50% probability.


Scheme 4. Asymmetric addition of terminal alkynes to phosphinylallenes.


Table 2. Rhodium-catalyzed asymmetric addition of terminal alkynes to
phosphinylallenes.[a]


Entry 1 2 Yield [%][b] 3 ee [%][c]


1 1a 2m 88 (97:3) 3am 94 (R)
2 1b 2m 81 (95:5) 3bm 92 (R)
3 1c 2m 80 (93:7) 3cm 90 (R)
4 1d 2m 75 (97:3) 3dm 76 (R)
5 1e 2m 85 (99:1) 3em 93 (R)
6 1a 2n 81 (98:2) 3an 91 (R)
7 1a 2o 75 (94:6) 3ao 88 (R)
8 1a 2p 70 (98:2) 3ap 82 (R)
9 1a 2q 50 (98:2) 3aq 84 (R)


[a] Reaction conditions: allene 1a (0.40 mmol), alkyne 2 (0.20 mmol),
[Rh ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(C2H4)2] (5 mol%), (R)-binap (6 mol%), Ph2P(O)OH
(2.5 mol%), toluene (0.4 mL) at 80 8C for 24 h. [b] Yield of the two iso-
lated isomers. The value in parentheses is the ratio of isomers (exo-
enyne/endo-enyne). [c] Determined by HPLC analysis with chiral station-
ary phase columns: Chiralpak AD-H for 3am–3em and 3an–3ap ; Chiral-
cel OJ-H for 3aq.
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plexes 7m[7a] and 7o coordinated with (R)-binap and PPh3


were prepared in high yields by the reaction of
[{Rh(OH)((R)-binap)}2] (5) with silylacetylene 2m and
propargyl ether 2o, respectively (Scheme 5).[13] Treatment of


complex 7m with allene 1a in toluene at 80 8C brought
about selective formation of the p-allylrhodium(I) complex
8m, which was isolated in 78% yield. The structure of p-al-
lylrhodium(I) complex 8o, which was prepared from 7o and
allene 1a, was determined by X-ray crystallographic analy-
sis. As shown in Figure 2, two phosphorus atoms (P(2) and
P(3)) of (R)-binap and p-allyl carbon atoms (C(1)and C(3))
constitute a distorted square-planar orientation around the
Rh center. The diphenylphosphinyl substituent on the p-
allyl unit is located anti with respect to the alkynyl group on
the central carbon atom C(2). The absolute configuration of
the p-allyl moiety in complex 8o is 2R,3R.


Stoichiometric reaction of the p-allylrhodium(I) complex
8m with acids gave us significant information on the origin
of the difference in the absolute configuration of enyne 3am
depending on the nature of the proton donors (Scheme 6,


Table 3). Protonolysis of 8m with benzoic acid (1.2 equiv) in
toluene at 80 8C for 1 h gave (R)-3am with 91% ee (Table 3,
entry 1), the stereochemical outcome being essentially the
same as that observed in the catalytic reaction (90% ee
(R)). The use of acetic acid or diphenylphosphinic acid also
gave the R isomer (Table 3, entries 2 and 3). In contrast, the
protonolysis with HBF4 gave (S)-3am with 99% ee (Table 3,
entry 4). The S configuration is also the same as that ob-
served in the catalytic reaction in the presence of HBF4


(84% ee (S)). These results clearly indicate that the catalytic
cycle involves the p-allylrhodium(I) species and its protonol-
ysis with the acid. Furthermore, this protonolysis step is
shown to determine the absolute configuration of the prod-
uct.


Scheme 7 illustrates the catalytic cycle proposed for the
present rhodium-catalyzed hydroalkynylation involving an
alkynylrhodium(I) complex A[7a] and a p-allylrhodium(I)
complex B as key intermediates. Insertion of allene 1a into
the rhodium–carbon bond in A forms p-allylrhodium(I) B,
which is identical to the complex 8m obtained in Scheme 5.
Protonolysis of B with an acid (HY) furnishes enyne 3am[14]


and the rhodium(I) species (C, [Rh]Y) bearing the anionic
ligand resulting from the acid.[15] The reaction of C with
alkyne 2m regenerates the alkynylrhodium A and acid
(HY). In the reactions catalyzed by cationic rhodium com-


Scheme 5. Synthesis of p-allylrhodium(I) intermediates.


Figure 2. ORTEP illustration of complex 8o with thermal ellipsoids
drawn at 50% probability (hydrogen atoms are omitted for clarity).


Scheme 6. Protonolysis of p-allylrhodium(I) complex 8m.


Table 3. Protonolysis of p-allylrhodium(I) complex 8m.[a]


Entry Acid Temp. [8C]/time [min] 3am/4am ee [%]


1 PhCO2H 80/60 98:2 91 (R)
2 CH3CO2H 80/60 94:6 91 (R)
3 Ph2P(O)OH 80/60 98:2 95 (R)
4 HBF4 in Et2O 25/10 89:11 99 (S)


[a] Reaction conditions: 8m (0.010 mmol), an acid (0.012 mmol), toluene
(0.5 mL).


Scheme 7. Proposed catalytic cycle.
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plexes (entries 6–8 in Table 1), HY corresponds to HBF4,
HPF6, or HBArF


4.
[16]


The R configuration of 3am observed in the catalytic and
stoichiometric reactions with PhCO2H, CH3CO2H, and
Ph2P(O)OH demonstrates that the p-allyl complex under-
goes the protonation at C(3) from the opposite side of rho-
dium (Scheme 8, route a), while the S configuration ob-


served in the reactions with HBF4, HPF6, and HBArF
4 dem-


onstrates the protonation from the same side as rhodium
(Scheme 8, route b). In the protonation with the acids (HY),
where Y� is a coordinating anion (CH3CO2


�, PhCO2
�, or


Ph2P(O)O�), it is likely that the coordination of Y� to p-al-
lylrhodium 8m takes place to form ate complex D and sub-
sequent attack of the C(3) carbon atom to the proton from
the side opposite to rhodium results in the formation of (R)-
3am. On the other hand, the protonation on rhodium to
form cationic rhodiumACHTUNGTRENNUNG(III) hydride E takes place with the
acids bearing noncoordinating anions (BF4


�, PF6
�, and


BArF4
�), and the reductive elimination produces (S)-3am.


Conclusions


Asymmetric addition of terminal alkynes to allenes to form
chiral conjugate enynes was realized for the first time by use
of a Rh/(R)-binap catalyst and a catalytic amount of proton
acids for addition to phosphinylallenes. Studies on the reac-
tions of a p-allylrhodium(I) complex revealed that the ste-
reochemical outcome of the conjugated enyne is determined
at the protonolysis of the p-allylrhodium(I) intermediate in-
volved in the catalytic cycle.


Experimental Section


General


All anaerobic and moisture-sensitive manipulations were carried out with
either standard Schlenk techniques under predried nitrogen or glovebox
techniques under argon. NMR spectra were recorded on a JEOL JNM


LA-500 spectrometer (500 MHz for 1H, 125 MHz for 13C, and 202 MHz
for 31P). Chemical shifts are reported in d (ppm) referenced to an inter-
nal SiMe4 standard for 1H NMR, [D]chloroform (d =77.00 ppm) for
13C NMR, and external H3PO4 standard for 31P NMR. Optical rotations
were measured on a JASCO DIP-370 polarimeter. Elemental analyses
were performed at the Microanalytical Center, Kyoto University. High-
resolution mass spectra were obtained with a Bruker micrOTOF spec-
trometer.


Materials


Toluene was purified by passing through a neutral alumina column under
nitrogen. Rhodium complexes, [{Rh(OH)((R)-binap)}2]


[8] (5), [{RhCl((R)-
binap)}2],


[8] [Rh ACHTUNGTRENNUNG(cod)2]BF4,
[9] [Rh ACHTUNGTRENNUNG(cod)2]PF6,


[9,10] and [Rh ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(C2H4)2],
[12]


were prepared according to the reported procedures. Diarylphosphinylal-
lenes were prepared according to the reported procedures.[4b,6,17] Allene
1e, alkyne 2o, and all the hydroalkynylation products are new com-
pounds.


Typical Procedure for Rhodium-Catalyzed Asymmetric Addition of
(Triphenylsilyl)acetylene (2m) to Diphenylphosphinylallene 1a


To a mixture of [RhACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(C2H4)2] (2.6 mg, 0.010 mmol) and (R)-binap
(7.5 mg, 0.012 mmol) in a screw cap test tube was added toluene
(0.40 mL) under N2 and the mixture was stirred at room temperature.
After 10 min diphenylphosphinylallene 1a (101.7 mg, 0.40 mmol), (tri-
phenylsilyl)acetylene 2m (56.9 mg, 0.20 mmol), and diphenylphosphinic
acid (1.1 mg, 0.005 mmol) were added and the tube was capped tightly.
Then, the mixture was stirred at 80 8C (bath temp.) for 24 h. The reaction
mixture was concentrated under vacuum and the residue was subjected
to column chromatography on silica gel with EtOAc/hexane (2:1) as
eluent to give enynes (3am and 4am) as a white solid (94.6 mg,
0.176 mmol; 88% yield).


3am : White solid; [a]20D =++20 (c=1.00, CHCl3, 94% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin�1, hexane/2-propanol=9:1, 254 nm, t1=20.6 min (R), t2=


23.7 min (S)); 1H NMR (CDCl3): d=1.46 (dd, JP-H =15.8 Hz, J=7.4 Hz,
3H), 3.35 (dq, JP-H =9.3 Hz, J=7.4 Hz, 1H), 5.76 (d, JP-H =3.6 Hz, 1H),
5.77 (d, JP-H=3.3 Hz, 1H), 7.16–7.20 (m, 2H), 7.25–7.32 (m, 1H), 7.34–
7.46 (m, 12H), 7.50–7.60 (m, 6H), 7.78–7.87 ppm (m, 4H); 13C NMR
(CDCl3): d=14.4 (d, JP-C=3.1 Hz), 40.2 (d, JP-C =66.6 Hz), 89.8, 109.4 (d,
JP-C =5.6 Hz), 127.8 (d, JP-C =6.3 Hz), 127.8, 128.0 (d, JP-C =6.8 Hz), 128.1
(d, JP-C =11.8 Hz), 128.4 (d, JP-C=11.4 Hz), 129.8, 131.2 (d, JP-C =8.3 Hz),
131.3 (d, JP-C=98.1 Hz), 131.45 (d, JP-C =8.8 Hz), 131.54 (d, JP-C =2.5 Hz),
131.6 (d, JP-C =2.5 Hz), 131.9 (d, JP-C =95.7 Hz), 133.2, 135.5 ppm;
31P NMR (CDCl3): d =33.1 ppm; elemental analysis calcd (%) for
C36H31OPSi: C 80.27, H 5.80; found: C 80.04, H 5.83.


4am : White solid. The stereochemistry of (E)-4am was determined by
NOE experiments. 1H NMR (CDCl3): d=1.97 (dq, JP-H=13.5 Hz, J=


1.4 Hz, 3H), 2.27 (dq, JP-H=2.7 Hz, J=1.4 Hz, 3H), 7.32–7.55 (m, 15H),
7.61–7.72 ppm (m, 10H); 13C NMR (CDCl3): d =21.9 (d, JP-C =6.6 Hz),
22.3 (d, JP-C =12.4 Hz), 98.0 (d, JP-C=1.5 Hz), 109.2 (d, JP-C =21.7 Hz),
128.0, 128.6 (d, JP-C=11.8 Hz), 130.0, 131.5 (d, JP-C =9.8 Hz), 131.8 (d, JP-


C=2.6 Hz), 132.8 (d, JP-C =103.3 Hz), 133.1, 134.4 (d, JP-C =12.9 Hz),
135.5, 136.3 ppm; 31P NMR (CDCl3): d=31.2 ppm; elemental analysis:
calcd (%) for C36H31OPSi: C 80.27, H 5.80; found: C 80.17, H 5.81.


3bm : White solid; [a]20D =++11 (c=0.99, CHCl3, 92% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin�1, hexane/2-propanol=9:1, 254 nm, t1=17.8 min (R), t2=


25.5 min (S)); 1H NMR (CDCl3): d=1.03 (t, J=7.3 Hz, 3H), 1.83–2.02
(m, 2H), 3.07–3.13 (m, 1H), 5.75 (d, JP-H=3.9 Hz, 1H), 5.78 (d, JP-H=


3.9 Hz, 1H), 7.23–7.48 (m, 15H), 7.55–7.60 (m, 6H), 7.75–7.86 ppm (m,
4H); 13C NMR (CDCl3): d=12.6 (d, JP-C =14.0 Hz), 22.2 (d, JP-C =


1.6 Hz), 48.5 (d, JP-C =66.7 Hz), 89.7, 109.8 (d, JP-C=5.7 Hz), 126.1, (d, JP-


C=6.2 Hz), 127.9, 128.2 (d, JP-C=11.9 Hz), 128.5 (d, JP-C =11.4 Hz), 128.7
(d, JP-C =7.7 Hz), 129.9, 131.2 (d, JP-C =8.8 Hz), 131.4 (d, JP-C =9.3 Hz),
131.5 (d, JP-C=2.6 Hz), 131.6 (d, JP-C =3.1 Hz), 131.7 (d, JP-C =97.7 Hz),
132.0 (d, JP-C =96.6 Hz), 133.4, 135.5 ppm; 31P NMR (CDCl3): d=


32.8 ppm; elemental analysis: calcd (%) for C37H33OPSi: C 80.40, H 6.02;
found: C 79.89, H 5.97.


Scheme 8. Pathway of the protonolysis of p-allylrhodium(I) complex 8m.
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3cm : White solid; [a]20D =++6 (c=0.99, CHCl3, 90% ee (R)). The enantio-
meric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin�1, hexane/2-propanol=9:1, 254 nm, t1=19.3 min (R), t2=


28.3 min (S)); 1H NMR (CDCl3): d=0.80 (t, J=7.2 Hz, 3H), 1.13–1.38
(m, 3H), 1.48–1.59 (m, 1H), 1.62–1.84 (m, 1H), 1.91–2.03 (m, 1H), 3.14–
3.24 (m, 1H), 5.74 (d, JP-H=4.0 Hz, 1H), 5.76 (d, JP-H =4.1 Hz, 1H), 7.17–
7.23 (m, 2H), 7.29–7.47 (m, 13H), 7.54–7.60 (m, 6H), 7.74–7.84 ppm (m,
4H); 13C NMR (CDCl3): d=13.8, 22.2, 28.4, 29.9 (d, JP-C=12.9 Hz), 46.4
(d, JP-C =66.7 Hz), 89.8, 109.8 (d, JP-C =5.6 Hz), 126.4 (d, JP-C =6.1 Hz),
127.9, 128.2 (d, JP-C =11.9 Hz), 128.5 (d, JP-C =11.4 Hz), 128.6 (d, JP-C =


8.3 Hz), 129.9, 131.2 (d, JP-C =8.3 Hz), 131.4 (d, JP-C =7.9 Hz), 131.5 (d,
JP-C =3.1 Hz), 131.6 (d, JP-C =2.6 Hz), 131.7 (d, JP-C =98.9 Hz), 132.0 (d,
JP-C =95.6 Hz), 133.4, 135.5 ppm; 31P NMR (CDCl3): d=32.9 ppm: ele-
mental analysis: calcd (%) for C39H37OPSi: C 80.65, H 6.42; found:
C 80.36, H 6.15.


3dm : White solid; [a]20D =�113 (c=0.93, CHCl3, 76% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin�1, hexane/2-propanol=9:1, 254 nm, t1=27.4 min (R), t2=


48.6 min (S)); 1H NMR (CDCl3): d=4.34 (d, JP-H =8.9 Hz, 1H), 5.77 (d,
JP-H =1.4 Hz, 1H), 6.27 (d, JP-H=2.3 Hz, 1H), 7.14–7.24 (m, 6H), 7.28–
7.55 (m, 22H), 7.89–7.93 ppm (m, 2H); 13C NMR (CDCl3): d=52.6 (d,
JP-C =64.7 Hz), 89.7, 109.9 (d, JP-C=9.8 Hz), 127.3 (d, JP-C =3.1 Hz), 127.4
(d, JP-C =2.0 Hz), 127.9, 128.0 (d, JP-C=11.9 Hz), 128.3 (d, JP-C =1.5 Hz),
128.5 (d, JP-C=11.9 Hz), 128.6 (d, JP-C =6.0 Hz), 129.8, 130.1 (d, JP-C =


6.1 Hz), 131.0 (d, JP-C =9.4 Hz), 131.3 (d, JP-C =2.6 Hz), 131.4 (d, JP-C =


8.8 Hz), 131.7 (d, JP-C =2.5 Hz), 132.1 (d, JP-C =97.1 Hz), 132.4 (d, JP-C =


100.2 Hz), 133.3, 134.4 (d, JP-C =4.6 Hz), 135.5 ppm; 31P NMR (CDCl3):
d=31.1 ppm; elemental analysis: calcd (%) for C41H33OPSi: C 81.97,
H 5.54; found: C 81.72, H 5.53.


3em : White solid; [a]20D =++30 (c=1.00, CHCl3, 93% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin�1, hexane/2-propanol=9:1, 254 nm, t1=28.8 min (R), t2=


38.1 min (S)); 1H NMR (CDCl3): d=1.45 (dd, JP-H =16.1 Hz, J=7.4 Hz,
3H), 3.30 (dq, JP-H =9.9 Hz, J=7.4 Hz, 1H), 5.73 (d, JP-H =4.2 Hz, 1H),
5.78 (d, JP-H=4.4 Hz, 1H), 7.12 (dd, J=8.5 Hz, JP-H =2.2 Hz, 2H), 7.32–
7.48 (m, 11H), 7.50–7.60 (m, 6H), 7.64–7.76 ppm (m, 4H); 13C NMR
(CDCl3): d=14.3 (d, JP-C=3.1 Hz), 40.4 (d, JP-C =67.2 Hz), 90.7, 109.1 (d,
JP-C =5.6 Hz), 127.3 (d, JP-C =6.6 Hz), 128.0, 128.3 (d, JP-C =8.3 Hz), 128.7
(d, JP-C=11.8 Hz), 129.0 (d, JP-C=11.8 Hz), 129.4 (d, JP-C =99.6 Hz), 130.0,
130.1 (d, JP-C=96.6 Hz), 132.5 (d, JP-C =9.3 Hz), 132.9 (d, JP-C =9.9 Hz),
133.0, 135.5, 138.5 (d, JP-C =3.0 Hz), 138.6 ppm (d, JP-C =3.1 Hz);
31P NMR (CDCl3): d=32.2 ppm; elemental analysis: calcd (%) for
C36H29Cl2OPSi: C 71.17, H 4.81; Found: C 70.99, H 4.86.


3an : Colorless oil; [a]20D =++53 (c=0.89, CHCl3, 90% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin�1, hexane/2-propanol=9:1, 254 nm, t1=33.2 min (R), t2=


35.9 min (S)); 1H NMR (CDCl3): d =1.40 (s, 3H), 1.41 (s, 3H), 1.42 (dd,
JP-H =15.8 Hz, J=7.3 Hz, 3H), 3.25 (dq, JP-H=9.3 Hz, J=7.3 Hz, 1H),
3.36 (s, 3H), 4.77 (s, 2H), 5.51 (d, JP-H =3.9 Hz, 1H), 5.54 (d, JP-H=


3.7 Hz, 1H), 7.38–7.57 (m, 6H), 7.77–7.89 ppm (m, 4H); 13C NMR
(CDCl3): d=14.2 (d, JP-C =3.1 Hz), 29.90, 29.92, 40.8 (d, JP-C =66.7 Hz),
55.4, 71.1, 84.7 (d, JP-C =5.8 Hz), 91.8, 93.2, 125.8 (d, JP-C =8.3 Hz), 127.4
(d, JP-C =6.1 Hz), 128.2 (d, JP-C =11.3 Hz), 128.5 (d, JP-C =10.9 Hz), 131.3
(d, JP-C=8.8 Hz), 131.5 (d, JP-C =9.3 Hz), 131.6 (d, JP-C =3.1 Hz), 131.7 (d,
JP-C =2.6 Hz), 131.8 (d, JP-C =97.6 Hz), 131.9 ppm (d, JP-C =98.7 Hz);
31P NMR (CDCl3): d=32.7 ppm; elemental analysis: calcd (%) for
C23H27O3P: C 72.23, H 7.12; found: C 72.03, H 7.04.


3ao : White solid; [a]20D =++27 (c=1.00, CHCl3, 88% ee (R)). The enantio-
meric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin�1, hexane/2-propanol=9:1, 254 nm, t1=42.2 min (S), t2=


51.9 min (R)); 1H NMR (CDCl3): d=1.45 (dd, JP-H =15.9 Hz, J=7.3 Hz,
3H), 3.31 (dq, JP-H =8.6 Hz, J=7.3 Hz, 1H), 3.35 (s, 3H), 4.77 (d, J=


5.8 Hz, 1H), 4.78 (d, J=5.8 Hz, 1H), 5.61 (d, JP-H=3.9 Hz, 1H), 5.65 (d,
JP-H =3.9 Hz, 1H), 7.22–7.34 (m, 8H), 7.37–7.57 (m, 8H), 7.76–7.87 ppm
(m, 4H); 13C NMR (CDCl3): d =14.3 (d, JP-C =3.1 Hz), 40.4 (d, JP-C =


67.2 Hz), 56.3, 79.1, 89.4 (d, JP-C =5.8 Hz), 89.6, 93.4, 126.50 (d, JP-C =


8.7 Hz), 126.54, 126.6, 127.4 (d, JP-C =6.3 Hz), 127.51, 127.53, 128.0 (4C),
128.2 (d, JP-C =11.4 Hz), 128.5 (d, JP-C =10.9 Hz), 131.1 (d, JP-C =8.3 Hz),


131.3 (d, JP-C=8.8 Hz), 131.52 (d, JP-C =2.6 Hz), 131.56 (d, JP-C =98.2 Hz),
131.63 (d, JP-C =2.6 Hz), 131.9 (d, JP-C =95.1 Hz), 143.5, 143.6 ppm;
31P NMR (CDCl3): d=33.2 ppm; HRMS (ESI) calcd for C33H31NaO3P
[M+Na]+ : 529.1903; found: 529.1908.


3ap : Colorless oil; [a]20D =++59 (c=0.86, CHCl3, 82% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin�1, hexane/2-propanol=9:1, 254 nm, t1=20.2 min (R), t2=


23.1 min (S)); 1H NMR (CDCl3): d=0.89 (t, J=7.2 Hz, 3H), 1.20–1.42
(m, 8H), 1.41 (dd, JP-H =16.0 Hz, J=7.3 Hz, 3H), 2.10 (t, J=7.2 Hz, 2H),
3.25 (dq, JP-H=10.0 Hz, J=7.2 Hz, 1H), 5.40 (d, JP-H=3.9 Hz, 2H), 7.38–
7.55 (m, 6H), 7.79–7.91 ppm (m, 4H); 13C NMR (CDCl3): d=14.01, 14.03
(d, JP-C =2.1 Hz), 19.2, 22.5, 28.4, 28.5, 31.3, 41.2 (d, JP-C =67.1 Hz), 80.6
(d, JP-C =5.1 Hz), 91.8, 123.8 (d, JP-C =8.3 Hz), 128.0 (d, JP-C =11.3 Hz),
128.39 (d, JP-C=11.3 Hz), 128.40 (d, JP-C =5.9 Hz), 131.3 (d, JP-C =8.3 Hz),
131.4 (d, JP-C =3.1 Hz), 131.5 (d, JP-C=2.6 Hz), 131.6 (d, JP-C =8.8 Hz),
131.8 (d, JP-C =97.6 Hz), 132.2 ppm (d, JP-C =95.1 Hz); 31P NMR (CDCl3):
d=33.0 ppm; HRMS (ESI) calcd for C24H30OP [M+H]+ : 365.2029;
found: 365.2025.


3aq : Colorless oil; [a]20D =++50 (c=0.71, CHCl3, 84% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralcel OJ-H column,
0.3 mLmin�1, hexane/2-propanol=95:5, 254 nm, t1=53.2 min (R), t2=


61.6 min (S)); 1H NMR (CDCl3): d =1.49 (dd, JP-H=15.9 Hz, J=7.3 Hz,
3H), 3.37 (dq, JP-H =9.8 Hz, J=7.3 Hz, 1H), 5.58 (d, JP-H =4.0 Hz, 1H),
5.60 (dd, JP-H =3.7 Hz, J=0.8 Hz, 1H), 7.25–7.30 (m, 5H), 7.36–7.56 (m,
6H), 7.84–7.92 ppm (m, 4H); 13C NMR (CDCl3): d=14.2 (d, JP-C =


2.6 Hz), 41.2 (d, JP-C =66.6 Hz), 89.4 (d, JP-C =5.1 Hz), 90.4 (d, JP-C =


1.0 Hz), 122.9, 125.4 (d, JP-C =8.3 Hz), 128.11 (d, JP-C=7.3 Hz), 128.14,
128.2 (d, JP-C =11.9 Hz), 128.3, 128.6 (d, JP-C =11.3 Hz), 131.4 (d, JP-C =


8.3 Hz), 131.55, 131.60 (d, JP-C =2.1 Hz), 131.65 (d, JP-C =8.8 Hz), 131.69
(d, JP-C=1.5 Hz), 131.74 (d, JP-C=97.7 Hz), 132.1 ppm (d, JP-C =98.9 Hz);
31P NMR (CDCl3): d=32.9; HRMS (ESI) calcd for C24H21NaOP [M+


Na]+ : 379.1222; found: 379.1225.


Transformation of Compound 3am into 6


To a solution of enyne 3am (269 mg, 0.50 mmol, 94% ee) in THF
(10 mL) was added tetrabutylammonium fluoride solution (1.0m in THF,
0.50 mL) at 0 8C and the mixture was stirred for 0.5 h. The mixture was
quenched with 10% aq HCl and extracted with CH2Cl2. The organic
layer was washed with brine and dried over MgSO4. Evaporation of the
solvent followed by silica gel column chromatography (hexane/ethyl ace-
tate=1:4) gave (R)-(3-methylene-4-pentyn-2-yl)diphenylphosphine oxide
(3am’, 130 mg, 0.47 mmol, 93% yield). 3am’: White solid; [a]20D =++59
(c=0.97, CHCl3, 94% ee (R)). The enantiomeric excess was measured by
HPLC (Chiralcel OJ-H column, 0.3 mLmin�1, hexane/2-propanol=95:5,
254 nm, t1=54.1 min (S), t2=58.4 min (R)); 1H NMR (CDCl3): d =1.43
(dd, JP-H=15.9 Hz, J=7.3 Hz, 3H), 2.80 (s, 1H), 3.26 (dq, JP-H =8.5 Hz,
J=7.3 Hz, 1H), 5.57 (dd, JP-H=4.0 Hz, J=0.5 Hz, 1H), 5.58 (d, JP-H=


3.8 Hz, 1H), 7.40–7.56 (m, 6H), 7.79–7.91 ppm (m, 4H); 13C NMR
(CDCl3): d=13.9 (d, JP-C =2.6 Hz), 40.6 (d, JP-C=67.2 Hz), 78.2 (d, JP-C =


1.0 Hz), 83.2 (d, JP-C =5.1 Hz), 127.1 (d, JP-C =8.3 Hz), 127.2 (d, JP-C =


6.8 Hz), 128.2 (d, JP-C =11.3 Hz), 128.5 (d, JP-C =11.3 Hz), 131.2 (d, JP-C =


8.3 Hz), 131.5 (d, JP-C =8.8 Hz), 131.60 (d, JP-C =2.6 Hz), 131.61 (d, JP-C =


98.2 Hz), 131.7 (d, JP-C=2.5 Hz), 131.8 ppm (d, JP-C =94.6 Hz); 31P NMR
(CDCl3): d=33.0 ppm; elemental analysis: calcd (%) for C18H17OP:
C 77.13, H 6.11; found: C 76.86, H 6.08. To a mixture of [PdCl2 ACHTUNGTRENNUNG(PPh3)2]
(9.1 mg, 0.013 mmol), CuI (2.5 mg, 0.013 mmol), 1-bromo-4-iodobenzene
(82.0 mg, 0.29 mmol), and triethylamine (52.6 mg, 0.52 mmol) in DMF
(1.0 mL) was added compound 3am’ (72.5 mg, 0.26 mmol) and the mix-
ture was stirred at 50 8C for 6 h. The resulting mixture was quenched
with saturated aqueous NH4Cl and extracted with ethyl acetate. The or-
ganic layer was washed with brine and dried over MgSO4. Evaporation
of the solvent followed by silica gel column chromatography on silica gel
with EtOAc/hexane (2:1) as eluent to give compound 6 as a white solid
(58.6 mg, 0.13 mmol; 52% yield). 6 : White solid; [a]20D =++65 (c=0.90,
CHCl3, 94% ee (R)). The enantiomeric excess was measured by HPLC
(Chiralcel OJ column, 0.5 mLmin�1, hexane/2-propanol=9:1, 254 nm,
t1=18.1 min (R), t2=24.7 min (S)); 1H NMR (CDCl3): d=1.48 (dd, JP-H=


15.8 Hz, J=7.3 Hz, 3H), 3.37 (dq, JP-H=7.3 Hz, J=7.3 Hz, 1H), 5.57 (d,
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JP-H =4.0 Hz, 1H), 5.60 (d, JP-H =3.6 Hz, 1H), 7.12 (d, J=8.2 Hz, 2H),
7.32–7.59 (m, 8H), 7.78–7.96 ppm (m, 4H); 13C NMR (CDCl3): d=14.0
(d, JP-C =3.1 Hz), 41.0 (d, JP-C=66.7 Hz), 89.4, 90.3 (d, JP-C =4.7 Hz),
121.8, 122.4, 125.7 (d, JP-C=8.3 Hz), 127.8 (d, JP-C =6.7 Hz), 128.1 (d, JP-


C=11.9 Hz), 128.5 (d, JP-C =11.4 Hz), 131.3 (d, JP-C =8.8 Hz), 131.3, 131.5
(d, JP-C =8.8 Hz), 131.57 (d, JP-C =2.6 Hz), 131.60 (d, JP-C =98.1 Hz), 131.7
(d, JP-C =2.6 Hz), 131.8 (d, JP-C =95.1 Hz), 132.9 ppm; 31P NMR (CDCl3):
d=32.9 ppm; HRMS (ESI) calcd for C24H20BrNaOP [M+Na]+ :
457.0327; found: 457.0316. Colorless crystals of compound 6 suitable for
X-ray crystallographic analysis were obtained by recrystallization from
CH2Cl2-hexane. CCDC-668409 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


Preparation of Rh Complexes 7m and 7o


Complexes 7m[7a] and 7o were prepared by according to the reported
procedures. 7o : Red crystals (80% yield); 1H NMR (C6D6): d =2.89 (s,
3H), 4.23 (d, J=5.5 Hz, 1H), 4.33 (d, J=5.5 Hz, 1H), 6.00–8.20 ppm (ar-
omatics, 57H); 31P NMR (C6D6): d=32.7 (ddd, 2JP-P,trans=339 Hz, 1JRh-P =


153 Hz, 2JP-P,cis=44 Hz), 34.8 (ddd, 2JP-P,trans=339 Hz, 1JRh-P =149 Hz,
2JP-P,cis=32 Hz), 39.1 ppm (ddd, 1JRh-P =133 Hz, 2JP-P,cis=44 Hz, 2JP-P,cis=


32 Hz); elemental analysis: calcd (%) for C79H62O2P3Rh: C 76.57; H 5.04;
found: C 76.35, H 4.91.


Stoichiometric Reaction of Alkynylrhodium Complex 7m with Allene 1a


A mixture of complex 7m (108.9 mg, 0.086 mmol) and allene 1a
(26.0 mg, 0.103 mmol) in degassed toluene (2.0 mL) was heated at 80 8C
for 15 h under argon with stirring. After cooling to room temperature,
the solvent was removed under reduced pressure. The resulting orange
solid was washed with degassed hexane (2 mLO3) and dried under
vacuum. Dissolution of the crude mixture in CH2Cl2 (2 mL) and layering
with hexane (10 mL) gave red crystals of 8m. The crystals were washed
with hexane and dried under vacuum. The yield of 8m was 78%
(84.9 mg, 0.067 mmol). 1H NMR (C6D6): d =1.41 (br d, J=14.3 Hz, 3H),
2.95 (br s, 1H), 3.23 (br s, 1H), 5.90–8.00 ppm (aromatics, 57H);
31P NMR (C6D6): d=34.3 (dd, 3JP-P=13 Hz, 2JRh-P =3 Hz), 37.5 (ddd,
1JRh-P =196 Hz, 2JP-P,cis=38 Hz, 3JP-P=13 Hz), 40.8 ppm (dd, 1JRh-P =


199 Hz, 2JP-P,cis=38 Hz): elemental analysis: calcd (%) for
C80H62OP3RhSi: C 76.06, H 4.95; found: C 75.78, H 4.94.


Complex 8o was prepared by a similar procedure to that for complex
8m. Orange crystals (61% yield); 31P NMR (C6D6): d=34.2 (dd, 3JP-P=


13 Hz, 2JRh-P =3 Hz), 37.4 (ddd, 1JRh-P =197 Hz, 2JP-P,cis=38 Hz, 3JP-P=


13 Hz), 41.4 ppm (dd, 1JRh-P =199 Hz, 2JP-P,cis=38 Hz); elemental analysis:
calcd (%) for C77H62O3P3Rh: C 75.12, H 5.08; found: C 74.83, H 5.04.
Orange crystals of complex 8o suitable for X-ray crystallographic analy-
sis were obtained by recrystallization from CH2Cl2-hexane. CCDC-
668410 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


General Procedure for Protonolysis of Rh Complex 8m with an acid


To a solution of Rh complex 8m (12.6 mg, 0.010 mmol) in toluene
(0.50 mL) was added an acid (0.012 mmol) at room temperature under
argon. The reactions were carried out at 80 8C for 1 h with acids,
PhCO2H, CH3CO2H, and Ph2P(O)OH, and at room temperature for
10 min with HBF4 in Et2O. The reaction mixture was concentrated under
vacuum and the residue was purified by preparative thin-layer chroma-
tography on silica gel with EtOAc/hexane (2:1) as eluent.
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Catalytic Asymmetric Epoxidation of a,b-Unsaturated Phosphane Oxides
with a Y ACHTUNGTRENNUNG(O-iPr)3/Biphenyldiol Complex
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Masakatsu Shibasaki*[a]


Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday


Introduction


Organophosphorus compounds are important substrates in
biochemical processes, and optically active tetracoordinate
pentavalent phosphorus compounds are widely used as bio-
logically active compounds.[1] For example, b-amino phos-
phonic acids, phosphonates, and phosphane oxides are im-
portant classes of compounds as isosteres of b-amino acids
and b-amino ketones.[1,2] a,b-Epoxy phosphorus compounds
are useful precursors for the synthesis of various functional-
ized phosphorus compounds, including b-amino adducts.[1]


Although several diastereoselective methods have been re-
ported for the synthesis of optically active a,b-epoxy phos-
phorus compounds,[3] only a few catalytic asymmetric meth-
ods are available.[4–6] Among them, the most practical ap-
proach to a cis-epoxy phosphonate was accomplished by
Noyori and co-workers through Ru/binap-catalyzed


(binap=2,2’-bis(diphenylphosphanyl)-1,1’-binaphthyl) asym-
metric hydrogenation of an a-bromo-b-oxo phosphonate.[4]


For the synthesis of chiral a,b-epoxy phosphorus com-
pounds, the most straightforward synthetic method can be a
catalytic asymmetric epoxidation[7,8] of a,b-unsaturated
phosphorus compounds. Chiral catalysts for the epoxidation
of a,b-unsaturated phosphorus compounds are, however,
rare, and there remains much room for improvement in sub-
strate scope, yield, and enantioselectivity.[6] Therefore, the
development of a new catalyst for the catalytic asymmetric
epoxidation of a,b-unsaturated phosphorus compounds is
highly desirable.[9] Herein, we report the use of a new Y ACHTUNGTRENNUNG(O-
iPr)3/biphenyldiol complex 1 a (Scheme 1) in the catalytic


asymmetric epoxidation of a,b-unsaturated phosphane
oxides 2. a,b-Epoxy phosphane oxides 3 with various b-sub-
stituents were obtained in good yield (up to 99%) and with
good enantioselectivity (up to 98% ee). The use of biphenyl-


Keywords: asymmetric catalysis ·
biaryldiols · epoxidation · organo-
phosphorus compounds · yttrium


Abstract: A rare-earth-metal-catalyzed asymmetric epoxidation of a,b-unsaturated
phosphane oxides is described. The appropriate selection of a chiral ligand and an
achiral additive is important for achieving good reactivity and enantioselectivity. A
Y ACHTUNGTRENNUNG(O-iPr)3/biphenyldiol complex with an achiral phosphane oxide additive afforded
b-aryl a,b-epoxy phosphane oxides in 77–99% yield and with 96–98% ee. With b-
alkyl substrates, the reaction proceeded smoothly in the absence of an achiral ad-
ditive, and b-alkyl a,b-epoxy phosphane oxides were obtained in 94–99% yield
and with 87–95% ee.
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Scheme 1. Structures of (S)-binol, S biphenyldiol 1a, and S biphenyldiol
1b.
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diol 1 a was essential for high enantioselectivity. Transforma-
tions of a,b-epoxy phosphane oxides are also described.


Results and Discussion


Our group has been working on rare-earth-metal-catalyzed
asymmetric epoxidations of a,b-unsaturated carbonyl com-
pounds, such as enones,[10–12] a,b-unsaturated amides,[13] a,b-
unsaturated N-acyl pyrroles,[14] and a,b-unsaturated esters.[15]


In these reactions, the suitable selection of RE ACHTUNGTRENNUNG(O-iPr)3
(RE= rare-earth metal), binol (1,1’-bi-2,2’-naphthol), or bi-
phenyldiol chiral ligands and achiral phosphane oxide or
arsine oxide additives was important for achieving optimum
yield and enantioselectivity. The postulated catalytic cycle of
the asymmetric epoxidation of a,b-unsaturated carbonyl
compounds is shown in Scheme 2. The rare-earth-metal alk-


oxide moiety functions as a Brønsted base to generate a
rare-earth-metal peroxide from tBuOOH through proton
exchange (I). The rare-earth-metal–binol complex also func-
tions as a Lewis acid to activate electron-deficient olefins
through monodentate coordination (II). Enantioselective
1,4-addition of the rare-earth-metal peroxide gives an inter-
mediate enolate (III), followed by epoxide formation to re-
generate the catalyst (IV). We hypothesized that the rare-
earth-metal complex would be applicable not only to a,b-
unsaturated carbonyl compounds, but also to other electron-
deficient olefins, such as a,b-unsaturated phosphorus com-
pounds.


On the basis of our most recent reports on the asymmetric
epoxidation of a,b-unsaturated esters with Y ACHTUNGTRENNUNG(O-iPr)3 and
either biphenyldiol 1 b or binol (Scheme 1),[15] we screened
for a suitable catalyst for the epoxidation of a,b-unsaturated
phosphane oxide 2 a (Table 1). In contrast to a,b-unsaturat-
ed esters, 2 a was much less reactive. A 1:1 Y ACHTUNGTRENNUNG(O-iPr)3/binol
complex with either Ph3As(O) or Ph3P(O) as an additive,[16]


which was the previously optimized condition for various


electron-deficient olefins, afforded trace amounts, if any at
all, of epoxide 3 a from a,b-unsaturated phosphane oxide 2 a
(Table 1, entries 1–2). The structures of achiral phosphane
oxide additives are beneficial for improving reactivity and/
or enantioselectivity in rare-earth-metal-catalyzed asymmet-
ric reactions.[17] Therefore, we screened achiral phosphane
oxide additives, and epoxide 3 a was obtained in 13% yield
and with 35% ee with Ph(2-MeO-C6H4)2P(O) as an additive
(Table 1, entry 3). Biphenyldiol 1 b, which was the best
ligand in the asymmetric epoxidation of b-aryl a,b-unsatu-
rated esters, gave slightly better results than binol (44%
yield, 83% ee ; Table 1, entry 4). Our previous mechanistic
studies on rare-earth-metal-catalyzed asymmetric epoxida-
tion suggest that achiral arsine oxide and/or phosphane
oxide coordinate to the rare-earth-metal center, thereby in-
creasing the nucleophilicity of the rare-earth-metal peroxide
as well as improving the chiral environment around the
rare-earth-metal center.[10b] We speculated that the amount
of achiral phosphane oxide would be important in the pres-
ent system with a,b-unsaturated phosphane oxides as sub-
strates, owing to competitive coordination of a,b-unsaturat-
ed phosphane oxides and/or a,b-epoxy phosphane oxides to
the yttrium metal center. By increasing the amount of Ph(2-
MeO-C6H4)2P(O) to 90 mol%, the yield of epoxide 3 a im-
proved to 78%; however, there remained room for improve-
ment for the enantioselectivity (89% ee ; Table 1, entry 5).
Modification of chiral biphenyldiols was effective in improv-
ing enantioselectivity, and biphenyldiol 1 a produced the
best yield and enantioselectivity:[18] thus, epoxide 3 a was ob-
tained in 89% yield and with 96% ee (Table 1, entry 6).
With ligand 1 a, we re-examined the effect of the achiral
phosphane oxide additive (Table 1, entries 7–9). In the case
of the b-aryl a,b-unsaturated phosphane oxide, the presence
of the achiral phosphane oxide additive was crucial. A con-


Scheme 2. Postulated catalytic cycle of rare-earth-metal-catalyzed asym-
metric epoxidation of a,b-unsaturated carbonyl compounds.


Table 1. Optimization of reaction conditions.


Entry Ligand
ACHTUNGTRENNUNG([mol%])


Additive
ACHTUNGTRENNUNG([mol%])


t
[h]


Yield[a]


[%]
ee[b]


[%]


1 binol (10) Ph3As(O) (10) 24 trace N.D.
2 binol (10) Ph3P(O) (30) 24 trace N.D.
3 binol (10) PhAr2P(O) (30)[c] 24 13 35
4 1 b (10) PhAr2P(O) (30)[c] 24 44 83
5 1 b (10) PhAr2P(O) (90)[c] 24 78 89
6 1 a (10) PhAr2P(O) (90)[c] 21 89[d] 96
7 1 a (20) none 20 10 N.D.
8 1 a (10) Ph3P(O) (90) 21 85 95
9 1 a (10) Ph3As(O) (10) 21 23 95


10 1 a (10) Ar3P(O) (90)[c] 21 4 N.D.


[a] Yield based on conversion was determined by 1H NMR spectroscopic
analysis unless otherwise noted. [b] Determined by chiral HPLC analysis.
[c] Ar=2-MeO-C6H4. [d] Yield of isolated analytically pure compound
after column chromatography. M.S.=molecular sieves, N.D.=not deter-
mined.
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trol experiment with the best ligand 1 a in the absence of
Ph(2-MeO-C6H4)2P(O) resulted in only 10% yield (Table 1,
entry 7). With 1 a, 90 mol% of Ph3P(O) as additive gave
comparable results (85% yield, 95% ee ; Table 1, entry 8) to
Ph(2-MeO-C6H4)2P(O).[19] Ph3As(O) as an additive afforded
epoxide 3 a with 95% ee, but the yield was unsatisfactory
(23% yield; Table 1, entry 9).[20] (2-MeO-C6H4)3P(O) was
not suitable as an additive, possibly due to its low solubility
in THF (4% yield; Table 1, entry 10).


The optimized reaction conditions were applicable to vari-
ous a,b-unsaturated phosphane oxides. With b-aryl and het-
eroaryl substituents, 10 mol% of Y ACHTUNGTRENNUNG(O-iPr)3, 10 mol% of bi-
phenyldiol 1 a, and 90 mol% of Ph(2-MeO-C6H4)2P(O) addi-
tive gave epoxides in 77–99% yield and with 95–98% ee
(Table 2, entries 1–5).[21] Substrate 2 b with an electron-with-
drawing group had high reactivity (99% yield, 98% ee ;
Table 2, entry 2), whereas 2 c with an electron-donating
group resulted in only moderate yield (77%, 97% ee ;
Table 2, entry 3). The conditions were applicable not only to
diphenylphosphane oxides, but also to di-p-tolylphosphane
oxide 2 e (79% yield, 96% ee ; Table 2, entry 5). b-Alkyl
a,b-unsaturated phosphane oxides were more reactive than
b-aryl substrates. The reaction of 2 f was complete within 6 h
under the optimized reaction conditions for b-aryl substrates
to give epoxide 3 f in 98% yield and with 91% ee (Table 2,
entry 6). In contrast to b-aryl substrates, b-alkyl a,b-unsatu-
rated phosphane oxides reacted smoothly even in the ab-
sence of the achiral phosphane oxide additive. The reaction
was complete within 1.5 h, and epoxide 3 f was obtained in
95% yield, albeit with slightly lower enantioselectivity
(85% ee ; Table 2, entry 7). We speculate that b-alkyl a,b-un-
saturated phosphane oxides play the same role as achiral
phosphane oxides. The reaction was applicable to linear and
branched b-alkyl substituents to give epoxides in 94–99%


yield and with 87–95% ee with-
out the use of an achiral phos-
phane oxide additive (Table 2,
entries 8–10).


To demonstrate the utility of
a,b-epoxy phosphane oxides,
transformations of the epoxide
moiety were investigated. As
shown in Scheme 3, regioselec-
tive epoxide ring opening was
accomplished with LiAlH4


[22] to
give b-hydroxy phosphane
oxides 4 a and 4 f in 99 and
87% yield, respectively. From
b-aryl a,b-epoxy phosphane
oxide 3 a, a-hydroxy phosphane
oxide 5 a was selectively ob-
tained in 79% yield by treat-
ment with Pd/C under H2


(1 atm).


Conclusions


We have developed a catalytic asymmetric epoxidation of
a,b-unsaturated phosphane oxides. Previously utilized rare-
earth-metal/chiral-ligand (binol or biphenyldiol 1 b) combi-
nations for a,b-unsaturated carbonyl compounds were not
effective, and the appropriate selection of a chiral biphenyl-
diol ligand and an achiral additive was important for achiev-
ing good reactivity and enantioselectivity in the present re-
actions. The Y ACHTUNGTRENNUNG(O-iPr)3/biphenyldiol complex 1 a with Ph(2-
MeO-C6H4)2P(O) as an additive afforded b-aryl epoxides 3
in 77–99% yield and with 95–98% ee.[23] With b-alkyl sub-
strates, the reaction proceeded smoothly in the absence of
an achiral additive, and b-aryl epoxides were obtained in
94–99% yield and with 85–95% ee. Further studies to ex-
plore suitable catalysts for the catalytic asymmetric epoxida-
tion of a,b-unsaturated phosphonates are ongoing.


Experimental Section


General


Infrared (IR) spectra were recorded on a JASCO FT/IR 410 Fourier
transform IR spectrophotometer. NMR spectra were recorded in CDCl3


Table 2. Catalytic asymmetric epoxidation of various a,b-unsaturated phosphane oxides 2 a–2 i.[a]


Entry R Ar 2 Cat. [mol%] Additive [mol%] t [h] Yield[b] [%] ee[c] [%]


1 Ph Ph 2a 10 90 21 89 96
2 4-F-C6H4 Ph 2b 10 90 24 99 98
3 4-Me-C6H4 Ph 2c 10 90 24 77 97
4 3-thienyl Ph 2d 10 90 18 85 95
5 Ph p-Tol 2e 10 90 24 79 96
6 PhCH2CH2 Ph 2 f 10 90 6 98 91
7 PhCH2CH2 Ph 2 f 10 0 1.5 95 85
8 n-hexyl Ph 2g 10 0 5 99 89
9 iBu Ph 2h 10 0 6 94 87


10 cyclohexyl Ph 2 i 10 0 5 99 95


[a] Reaction was performed with a,b-unsaturated phosphane oxide 2 a (0.2 mmol), tBuOOH (0.24 mmol,
1.2 equiv), Y ACHTUNGTRENNUNG(O-iPr)3 (0.02 mmol, 10 mol%), ligand 1 a (0.02 mmol, 10 mol%), Ph(2-MeO-C6H4)2P(O) (for en-
tries 1–6, 0.18 mmol), and 4-L M.S. (100 mg) in THF at room temperature. [b] Yield of isolated analytically
pure compound after column chromatography. [c] Determined by chiral HPLC analysis. Tol= tolyl.


Scheme 3. Ring opening of a,b-epoxy phosphane oxides. Reagents and
conditions: a) LiAlH4 (1.3 mol equiv), THF, 0 8C; 4a : 30 min, 99%; 4 f,
5 min, 87%; b) Pd/C, H2 (1 atm), CH3OH, room temperature, 3.5 h, 79%
yield.
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on a JEOL JNM-LA500 spectrometer operating at 500 MHz for 1H and
125.65 MHz for 13C. Chemical shifts are reported relative to TMS (tetra-
methylsilane; 0 ppm) or CHCl3 (7.24 ppm) for 1H. For 13C, chemical
shifts are reported relative to CHCl3 (77.0 ppm) as an internal reference.
ESI mass spectra were recorded on a Waters-ZQ4000 spectrometer. FAB
mass spectra were recorded on a JEOL JMS-700 spectrometer. Column
chromatography was performed with silica gel Merck 60 (230–400 mesh
ASTM). Reactions were carried out in dry solvents under argon atmos-
phere, unless otherwise stated. Tetrahydrofuran (THF) was distilled from
sodium benzophenone ketyl. Y ACHTUNGTRENNUNG(O-iPr)3 was purchased from Kojundo
Chemical Laboratory Co., Ltd. (e-mail: sales@kojundo.co.jp). Com-
pounds 3a (racemic), 4a, and 5a (racemic) are known.


Syntheses


Typical procedure for enantioselective epoxidation: 4-L M.S. (100 mg,
powder) were flame-dried for 10 min under reduced pressure (0.6 kPa)
prior to use. Y ACHTUNGTRENNUNG(O-iPr)3 (0.10 mL, 0.02 mmol, 0.2m solution in THF) was
added to a stirred suspension of 4-L M.S., S biphenyldiol 1 a (4.9 mg,
0.02 mmol), and Ph(2-MeO-C6H4)2P(O) (60.9 mg, 0.18 mmol) in THF
(0.51 mL) at room temperature. After the mixture was stirred for 30 min
at room temperature, tBuOOH (60 mL, 0.24 mmol, 4.0m solution in tolu-
ene) was added. After the mixture was stirred for 10 min, a,b-unsaturat-
ed phosphane oxide 2a (0.2 mmol) was added, and the mixture was
stirred at room temperature. After 21 h, the reaction was quenched with
saturated aqueous NH4Cl. The reaction mixture was diluted with CH2Cl2
and extracted with CH2Cl2 (3O10 mL). The combined organic layers
were washed with brine and dried over Na2SO4. After evaporation under
reduced pressure, the residue was purified by silica-gel flash column
chromatography (hexane/EtOAc=1:1) to give epoxide 3 a (89%, 96%
ee) as a colorless solid. [a]21D =�56.3 (c=1.83, CHCl3); HPLC (DAICEL
CHIRALCEL OD-H, 2-propanol/hexane=1:4, flow rate 0.5 mLmin�1,
detection at 220 nm): tR=20.6 (S,S), 23.0 min (R,R).


3b : Colorless solid. [a]20D =�60.8 (c=2.48, CHCl3); IR (KBr): ñ=2969,
1514, 1438, 1190 cm�1; 1H NMR (CDCl3): d=7.86–7.81 (m, 4H), 7.61–
7.49 (m, 6H), 7.26–7.23 (m, 2H), 7.03–6.98 (m, 2H), 4.02 (dd, J=4.0,
2.5 Hz, 1H), 3.54 ppm (dd, J=30, 2.5 Hz, 1H); 13C NMR (CDCl3): d=


163.0 (d, 1JC,F=247 Hz), 132.6, 132.6, 131.8 (d, 3JC,P=10.3 Hz), 131.2 (d,
3JC,P=9.3 Hz), 130.9, 130.9 (d, 1JC,P=103 Hz), 128.9 (d, 2JC,P=11.3 Hz),
128.9 (d, 1JC,P=104 Hz), 128.7 (d, 2JC,P=12.4 Hz), 127.6 (d, 3JC,F=7.9 Hz),
115.7 (d, 2JC,F=21.7 Hz), 58.3 (d, 1JC,P=98.1 Hz), 55.6 ppm; MS (ESI): m/
z=361 [M+Na]+ ; HRMS (FAB+): m/z calcd for C20H17FO2P


+ : 339.0945
[M+H]+ ; found: 339.0939; HPLC (DAICEL CHIRALCEL OD-H, 2-
propanol/hexane=1:4, flow rate 0.5 mLmin�1, detection at 220 nm): tR=


18.3 (major), 20.4 min (minor).


3c : Colorless solid. [a]20D =�67.6 (c=1.98, CHCl3); IR (KBr): ñ=2974,
1438, 1188, 1122 cm�1; 1H NMR (CDCl3): d=7.87–7.80 (m, 4H), 7.60–
7.47 (m, 6H), 7.16 (d, J=8.3 Hz, 2H), 7.03–6.98 (m, 2H), 4.03 (dd, J=


4.0, 2.3 Hz, 1H), 3.57 (dd, J=31, 2.3 Hz, 1H), 2.31 ppm (s, 3H);
13C NMR (CDCl3): d=138.8, 132.5, 132.5, 132.1, 131.8 (d, 3JC,P=9.3 Hz),
131.2 (d, 3JC,P=9.3 Hz), 131.0 (d, 1JC,P=102 Hz), 129.3, 129.1 (d, 1JC,P=


102 Hz), 128.9 (d, 2JC,P=11.4 Hz), 128.7 (d, 2JC,P=12.4 Hz), 58.2 (d, 1JC,P=


98.1 Hz), 56.1, 21.2 ppm; MS (ESI): m/z=357 [M+Na]+ ; HRMS
(FAB+): m/z calcd for C21H19O2PCs


+ : 467.0177 [M+Cs]+ ; found:
467.0167; HPLC (DAICEL CHIRALCEL OD-H, 2-propanol/hexane=


1:9, flow rate 0.3 mLmin�1, detection at 220 nm): tR=42.6 (major),
47.8 min (minor).


3d : Colorless solid. [a]26D =�60.6 (c=2.47, CHCl3); IR (KBr) ñ=2976,
1437, 1189, 1122 cm�1; 1H NMR (CDCl3): d=7.88–7.83 (m, 4H), 7.62–
7.57 (m, 2H), 7.55–7.50 (m, 4H), 7.32 (dd, J=3.1, 1.2 Hz, 1H), 7.30 (dd,
J=5.2, 3.1 Hz, 1H), 6.97 (dd, J=5.2, 1.2 Hz, 1H), 4.11 (dd, J=4.3,
2.4 Hz, 1H), 3.69 ppm (dd, J=30, 2.4 Hz, 1H); 13C NMR (CDCl3): d=


136.8, 132.6, 132.5, 131.8 (d, 3JC,P=9.3 Hz), 131.1 (d, 3JC,P=10.3 Hz), 130.9
(d, 1JC,P=103 Hz), 128.9 (d, 2JC,P=12.4 Hz), 128.8 (d, 1JC,P=103 Hz), 128.7
(d, 2JC,P=12.4 Hz), 126.7, 124.8, 124.0, 57.5 (d, 1JC,P=98.1 Hz), 53.0 ppm;
MS (ESI): m/z=349 [M+Na]+ ; HRMS (FAB+): m/z calcd for
C18H15O2PCsS


+ : 458.9585 [M+Cs]+ ; found: 458.9595; HPLC (DAICEL
CHIRALPAK AD-H, 2-propanol/hexane=1:4, flow rate 0.5 mLmin�1,
detection at 220 nm): tR=39.8 (major), 47.7 min (minor).


3e : Colorless solid. [a]20D =�54.5 (c=1.35, CHCl3); IR (KBr) ñ =2976,
1186, 1119 cm�1; 1H NMR (CDCl3): d=7.68–7.62 (m, 4H), 7.28–7.18 (m,
9H), 3.98 (dd, J=4.3, 2.5 Hz, 1H), 3.47 (dd, J=30, 2.5 Hz, 1H), 2.35 (s,
3H), 2.33 ppm (s, 3H); 13C NMR (CDCl3): d=143.1, 143.1 135.4, 131.8
(d, 3JC,P=9.6 Hz), 131.2 (d, 3JC,P=10.8 Hz), 129.6 (d, 2JC,P=13.2 Hz), 129.4
(d, 2JC,P=13.2 Hz), 128.8, 128.6, 127.7 (d, 1JC,P=106 Hz), 125.8 (d, 1JC,P=


107 Hz), 125.8, 58.5 (d, 1JC,P=98.7 Hz), 56.1, 21.7 ppm; MS (ESI): m/z=


371 [M+Na]+ ; HRMS (FAB+): m/z calcd for C22H21CsO2P
+ : 481.0333


[M+Cs]+ ; found: 481.0331; HPLC (DAICEL CHIRALPAK OD-H, 2-
propanol/hexane=1:9, flow rate 0.5 mLmin�1, detection at 220 nm): tR=


27.6 (major), 38.1 min (minor).


3 f : Colorless solid. [a]21D =�67.2 (c=1.83, CHCl3); IR (KBr) ñ =2976,
1437, 1197, 1121 cm�1; 1H NMR (CDCl3): d=7.83–7.72 (m, 4H), 7.58–
7.43 (m, 6H), 7.22–7.09 (m, 5H), 3.32 (dd, J=29, 4.8 Hz, 1H), 3.07–3.04
(m, 1H), 2.78–2.66 (m, 2H), 2.04–1.96 (m, 1H), 1.95–1.86 ppm (m, 1H);
13C NMR (CDCl3): d=140.3, 132.3, 132.3, 131.6 (d, 3JC,P=9.6 Hz), 131.1
(d, 1JC�P=105 Hz), 131.0 (d, 3JC,P=9.6 Hz), 128.8 (d, 1JC,P=105 Hz), 128.7
(d, 2JC,P=12.0 Hz), 128.4 (d, 2JC,P=12.0 Hz), 128.4, 128.1, 126.0, 55.8, 53.7
(d, 1JC,P=103 Hz), 33.5, 31.9 ppm; MS (ESI): m/z=371 [M+Na]+ ;
HRMS (FAB+): m/z calcd for C22H22O2P


+ : 349.1352 [M+H]+; found:
349.1362; HPLC (DAICEL CHIRALCEL OD-H, 2-propanol/hexane=


1:4, flow rate 1.0 mLmin�1, detection at 220 nm): tR=8.9 (major),
12.5 min (minor).


3g : Colorless solid. [a]24D =�64.7 (c=2.27, CHCl3); IR (KBr): ñ =2976,
1438, 1187, 1120 cm�1; 1H NMR (CDCl3): d=7.85–7.74 (m, 4H), 7.58–
7.43 (m, 6H), 3.27 (dd, J=29, 2.6 Hz, 1H), 3.04–2.99 (m, 1H), 1.73–1.64
(m, 1H), 1.61–1.53 (m, 1H), 1.43–1.33 (m, 2H), 1.29–1.18 (m, 6H),
0.83 ppm (t, J=6.9 Hz, 3H); 13C NMR (CDCl3): d =132.4, 132.4, 131.7
(d, 3JC,P=9.6 Hz), 131.4 (d, 1JC,P=103 Hz), 131.1 (d, 3JC,P=9.6 Hz), 129.0
(d, 1JC,P=105 Hz), 128.8 (d, 2JC,P=12.0 Hz), 128.5 (d, 2JC,P=12.0 Hz), 56.4,
53.7 (d, 1JC,P=105 Hz), 31.8, 31.6, 28.9, 25.7, 22.4, 14.0 ppm; MS (ESI):
m/z=351 [M+Na]+ ; HRMS (FAB+): m/z calcd for C20H26O2P


+ :
329.1665 [M+H]+ : found: 329.1667; HPLC (DAICEL CHIRALCEL, 2-
propanol/hexane=1:4, flow rate 0.7 mLmin�1, detection at 220 nm): tR=


8.0 (major), 9.5 min (minor).


3h : Colorless solid. [a]23D =�75.6 (c=2.02, CHCl3); IR (KBr): ñ=2942,
1437, 1189, 889 cm�1; 1H NMR (CDCl3): d=7.85–7.75 (m, 4H), 7.57–7.43
(m, 6H), 3.24 (dd, J=29, 2.6 Hz, 1H), 3.08–3.04 (m, 1H), 1.81–1.72 (m,
1H), 1.59–1.53 (m, 1H), 1.48–1.41 ppm (m, 1H); 13C NMR (CDCl3): d=


132.4, 132.4, 131.7 (d, 3JC,P=9.6 Hz), 131.3 (d, 1JC,P=106 Hz), 131.1 (d,
3JC,P=9.6 Hz), 129.1 (d, 1JC,P=105 Hz), 128.8 (d, 2JC,P=12.0 Hz), 128.5 (d,
2JC,P=12.0 Hz), 55.4, 53.7 (d, 1JC,P=105 Hz), 53.3, 40.9, 26.4, 22.7,
22.4 ppm; MS (ESI): m/z=323 [M+Na]+ ; HRMS (FAB+): m/z calcd for
C18H21CsO2P


+ : 433.0333 [M+Cs]+ ; found: 433.0333; HPLC (DAICEL
CHIRALCEL OD-H, 2-propanol/hexane=1:9, flow rate 0.5 mLmin�1,
detection at 220 nm): tR=16.5 (major), 21.6 min (minor).


3 i : Colorless solid. [a]24D =�62.8 (c=2.12, CHCl3); IR (KBr): ñ =2924,
1438, 1194, 1123 cm�1; 1H NMR (CDCl3): d=7.82–7.74 (m, 4H), 7.57–
7.43 (m, 6H), 3.31 (br d, J=30 Hz, 1H), 2.93 (br s, 1H), 1.81–1.61 (m,
5H), 1.33–1.05 ppm (m, 6H); 13C NMR (CDCl3): d=132.4, 132.4, 131.7
(d, 3JC,P=9.6 Hz), 131.3 (d, 1JC,P=105 Hz), 131.1 (d, 3JC,P=9.6 Hz), 129.2
(d, 1JC,P=105 Hz), 128.8 (d, 2JC,P=12.0 Hz), 128.5 (d, 2JC,P=12.0 Hz), 60.4,
52.8 (d, 1JC,P=103 Hz), 39.8, 29.3, 28.8, 26.0, 25.5, 25.3 ppm; MS (ESI):
m/z=349 [M+Na]+ ; HRMS (FAB+): m/z calcd for C20H23CsO2P


+ :
459.0490 [M+H]+ ; found: 459.0478; HPLC (DAICEL CHIRALCEL
OD-H, 2-propanol/hexane=1:9, flow rate 0.5 mLmin�1, detection at
220 nm): tR=18.9 (major), 22.2 min (minor).


4 f : Colorless solid. [a]21D =++15.8 (c=1.37, CHCl3); IR (KBr): ñ =3292,
2911, 2849, 1434, 1119 cm�1; 1H NMR (CDCl3): d=7.73–7.09 (m, 15H),
4.54 (br s, 1H), 4.13–4.06 (m, 1H), 2.76 (ddd, J=14, 10, 5.8 Hz, 1H), 2.63
(ddd, J=14, 10, 6.1 Hz, 1H), 2.46 (ddd, J=15, 12, 10 Hz, 1H), 2.36 (ddd,
J=15, 7.7, 1.9 Hz, 1H), 1.97–1.78 (m, 1H), 1.80–1.72 ppm (m, 1H);
13C NMR (CDCl3): d=141.7, 133.2 (d, 1JC,P=101 Hz), 132.1 (d, 4JC,P=


2.4 Hz), 132.0 (d, 4JC,P=2.4 Hz), 131.8 (d, 1JC,P=99.9 Hz), 130.9 (d, 3JC,P=


9.6 Hz), 130.3 (d, 3JC,P=9.6 Hz), 128.8 (d, 2JC,P=12.0 Hz), 128.8 (d, 2JC,P=


12.0 Hz), 128.3, 128.3, 125.7, 66.4, 40.3 (d, 2JC,P=14.5 Hz), 36.3 (d, 1JC,P=


71.0 Hz), 31.5 ppm; MS (ESI): m/z=373 [M+Na]+ ; HRMS (FAB+):
m/z calcd for C22H24O2P


+ : 351.1508 [M+H]+ ; found: 351.1506.
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Introduction


The preparation of optically active compounds has become
increasingly important in the fields of drugs, agrochemicals,
foods, and functional materials, such as ferroelectric liquid
crystals and organic nonlinear optical molecules. Over the
past few decades, the direct enantioseparation in high-per-
formance liquid chromatography (HPLC) has significantly
advanced as a practical method for obtaining both enantio-
mers,[1] and has become an indispensable technology partic-
ularly for the development of new chiral drugs.[2]


Among the large number of chiral selectors already re-
ported,[3] polysaccharide derivatives, such as cellulose 3,5-di-


methylphenylcarbamate (1 in Figure 1), have been recog-
nized as the most powerful for both analytical and prepara-
tive separations.[4] These polysaccharide-based chiral pack-
ing materials (CPMs) have been conventionally prepared by
coating or immobilizing the polysaccharide derivatives (ap-
proximately 20 wt%) on a macroporous silica gel support.
This means that a major portion of the CPMs (80 wt%) con-
sists of an achiral silica gel, which is inactive for chiral rec-
ognition. Thus, the current CPMs require improvement for
large-scale preparative separation.
Although the polysaccharide content in the CPMs needs


to be high in order to perform efficient preparative separa-


Abstract: The hybrid bead-type chiral
packing material (CPM) for prepara-
tive enantioseparation has been pre-
pared from the cellulose 3,5-dimethyl-
phenylcarbamate containing a small
number of 3-(triethoxysilyl)propyl
groups in the presence of tetraethyl or-
thosilicate, by a sol-gel reaction in an
aqueous surfactant solution. The ob-


tained hybrid bead-type CPM was
packed into a column and evaluated by
high-performance liquid chromatogra-


phy. When compared with the commer-
cially available Chiralpak IB, which is
prepared by the immobilization of cel-
lulose 3,5-dimethylphenylcarbamate on
silica gel, the hybrid bead-type CPM
was shown to exhibit a similar chiral
recognition and possess a higher load-
ing capacity.
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tions, it is difficult to increase the content obtained by the
conventional method without compromising the perfor-
mance. In order to increase the enantioselective sites in the
CPMs, the bead-type CPMs, which are prepared from only
polysaccharide derivatives without silica gel, have been de-
veloped and shown to have a higher loading capacity than
the conventional coated-type CPMs.[5–8] However, these
bead-type CPMs suffer from a low mechanical resistance
against high pressure arising from the absence of solid inor-
ganic supports.
In the present study, we propose the hybrid bead-type


CPM for preparative separation, which is prepared from cel-
lulose 3,5-dimethylphenylcarbamate 2 containing a small
number of 3-(triethoxysilyl)propyl groups in the presence of
tetraethyl orthosilicate (TEOS), by a sol-gel reaction. The
obtained hybrid bead was packed into an HPLC column
and its recognition ability was compared to the commercial-
ly available immobilized-type CPM, Chiralpak IB, which is
prepared by the immobilization of derivative 1 on a silica
gel.


Results and Discussion


Preparation of the Hybrid
Bead-Type CPM-1 Using
Cellulose Derivative 2 and


TEOS


The cellulose derivative 2 was
synthesized by the stepwise ad-
ditions of 3,5-dimethylphenyl
isocyanate and 3-(triethoxysi-
lyl)propyl isocyanate according
to a previous method
(Figure 2).[9,10] The ratio of the
(3,5-dimethylphenylcarbamate)/
(3-(triethoxysilyl)propylcarba-
mate) was determined to be
98:2 from the ratio of the (aro-
matic proton)/ ACHTUNGTRENNUNG(SiCH2) in the
1H NMR spectrum.
Figure 3 shows the prepara-


tion method and scanning elec-
tron microscope (SEM) image


of the hybrid bead-type CPM-1. Preparation was by the dis-
solution of 2 (0.25 g) and TEOS (2.0 mL) in a mixture of
tetrahydrofuran (THF), 1-heptanol, H2O, and trimethylsilyl
chloride(24/6/1/0.5,
v/v/v/v=31.5 mL), and then heating for 9 h at 80 8C. The
pretreated solution was then added dropwise to a 0.2%
aqueous solution (500 mL) of sodium lauryl sulfate with me-
chanical stirring (1100 rpm) at 80 8C. After the sol-gel reac-
tion for 1 h at 80 8C, the hybrid beads were isolated by filtra-
tion of the suspension. Spherical-shaped hybrid beads with a
mean particle size less than 20 mm were obtained (Figure 3).
The organic and inorganic contents in the obtained hybrid
bead-type CPM-1 were estimated to be 69 wt% and
31 wt%, respectively, from thermogravimetric (TG) analysis
(Code 2 in Table 1).
The hybrid bead-type CPM-1 could be packed into an


HPLC column at a pressure of 400 kg/ cm2 without any
change in its spherical shape. This behavior is different from
the previous bead-type CPMs prepared from only organic
components, namely, polysaccharide derivatives and diiso-
cyanates.[7,8] These could not be packed under high pressure,


because the beads were crushed in the column and the elu-
ents could not flow. These results indicate that the inorganic
component in the hybrid bead provides a supporting role
and confers sufficient mechanical resistance to the CPM.


Abstract in Japanese:


Figure 2. Synthesis of the cellulose derivative 2 bearing a triethoxysilyl group.


Figure 3. Preparation and SEM image of the hybrid bead-type CPM-1.


Table 1. The organic and inorganic contents in the hybrid beads prepared
from 2 and TEOS by sol-gel reaction.[a]


Code 2 [g] TEOS [mL] Organic/inorganic [wt%/wt%]


1 0.25 1.0 80:20
2 0.25 2.0 69:31
3 0.25 3.0 57:43


[a] The organic and inorganic contents in the hybrid beads were deter-
mined by thermogravimetric (TG) analysis.
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When the amount of TEOS was decreased from 2.0 mL
to 1.0 mL (Code 1 in Table 1), the inorganic content in the
hybrid material was decreased to 20 wt%. This hybrid did
not possess enough mechanical strength to endure a pres-
sure of 400 kg/ cm2 and could therefore, not be used as a
CPM. Although the inorganic content was increased to
43 wt% using 3.0 mL of TEOS (Code 3 in Table 1), most of
the obtained hybrid material had no spherical shape. In
order to prepare a stable micelle and a spherical hybrid
bead, an appropriate lipophilicity in the pretreated solution
of 2 and TEOS may be necessary. With respect to mechani-
cal strength and the shape of the hybrid materials, the
hybrid bead-type CPM-1 (Code 2 in Table 1) seems to be
preferable.
The solid-state 29Si CP/MAS NMR (59.6 MHz) spectrum


of the hybrid bead-type CPM-1 is shown in Figure 4. Besides


a small peak around �65 ppm, which was derived from the
3-(triethoxysilyl)propylcarbamate residue in the cellulose
derivative, four intense peaks were observed at 13, �91,
�101, and �109 ppm, which were assigned to the trimethyl-
silyl group (Si ACHTUNGTRENNUNG(CH3)3), Q


2 (Si(OH or OEt)2ACHTUNGTRENNUNG(OSi)2), Q
3


(Si(OH or OEt) ACHTUNGTRENNUNG(OSi)3), and Q
4 species (Si ACHTUNGTRENNUNG(OSi)4), respec-


tively.[11] The presence of the Q2 and Q3 species indicates
that the polycondensation of TEOS did not proceed to com-
pletion and the silanol or ethoxysilyl groups remained in the
hybrid bead-type CPM-1.
In order to investigate the distribution of the organic and


inorganic components in the hybrid bead, elemental map-
ping analysis of the hybrid bead-type CPM-1 was carried
out. Figure 5 shows the energy-dispersive X-ray (EDX)


mapping patterns of the hybrid bead-type CPM-1. The area
of the EDX mappings completely corresponds to that of the
SEM image in Figure 3. The bright spots in Figures 5a and
5b represent the distribution of nitrogen in the organic com-
ponent and silicon in the inorganic component, respectively.
These results suggest that no phase separations occurred at
least in the micrometer scale range and both the organic
and inorganic components were well dispersed on the sur-
face of the hybrid bead-type CPM-1.


Chiral Recognition Ability of the Hybrid Bead-Type CPM-1


The chiral recognition ability of the hybrid bead-type CPM-
1 was evaluated using the ten racemates shown in Figure 6.
Figure 7 shows the chromatogram for the resolution of the


racemic 2,2,2-trifluoro-1-(anthryl)ethanol 11 on the hybrid
bead-type CPM-1. The enantiomers were eluted at the re-
tention times of t1 and t2 with baseline separation. The dead
time (t0) was estimated to be 2.82 min. The capacity factors,
k1’[=ACHTUNGTRENNUNG(t1-t0)/t0] and k2’[= ACHTUNGTRENNUNG(t2-t0)/t0] , were determined to be 5.19
and 9.89, respectively, which led to the separation factor a


(=k2’/k1’) of 1.91. The resolution results on the hybrid bead-
type CPM-1 are summarized in Table 2 together with the re-
sults on the coated-type CPM-2 and the commercially avail-
able Chiralpak IB,[12] which were prepared by coating 2 and
immobilizing 1 on silica gel, respectively.
Although the elution orders of the enantiomers on both


the hybrid bead-type CPM-1 and the coated-type CPM-2
were the same using a hexane/2-propanol (90:10) mixture as
the eluent, the hybrid bead-type CPM-1 showed a lower
chiral recognition than the coated one, especially for race-
mates 4 and 7. The low enantioselectivity may be caused by
the non-enantioselective adsorption on the silanol groups re-
maining in the hybrid bead and the slightly different higher
order structure of the cellulose derivative in both the CPMs.


Figure 4. Solid-state 29Si CP/MAS NMR spectrum of the hybrid bead-
type CPM-1 at RT.


Figure 5. Energy-dispersive X-ray (EDX) mapping patterns of nitro-
gen (a) and silicon (b) in the hybrid bead-type CPM-1.


Figure 6. Structures of the racemates.


Figure 7. Chromatogram for the resolution of 11 on the hybrid bead-type
CPM-1 with hexane/2-propanol (90:10) as eluent.
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However, the hybrid bead-type CPM-1 exhibited a chiral
recognition similar to Chiralpak IB with the hexane/2-prop-
anol mixture, except for racemates 11 and 12.
While the cellulose derivative 2 was soluble in THF, the


major part (80 wt%) of the hybrid bead-type CPM-1 was in-
soluble. This suggests that molecules of 2 in the hybrid bead
partly formed cross-links with themselves or with the silica
component through the polycondensation of alkoxysilyl
groups during the sol-gel reaction. The eluents containing
less than 20% chloroform or 10% THF could be used with
the hybrid bead-type CPM-1. However, the eluents contain-
ing higher contents of chloroform and THF could not be
used, because the CPM-1 was highly swollen or partly solu-
ble in the eluents, and the column pressure became too
high. After the additional treatment of the hybrid bead-type
CPM-1 under an acidic condition (see Experimental Sec-
tion),[10] the cross-linking reaction proceeded in the hybrid
bead and the content of the insoluble part increased to
94 wt%. Even in this case, the hybrid bead was still swollen
in chloroform and THF, and therefore, could not be used.
The resolution results of the hybrid bead-type CPM-1 and


Chiralpak IB with the eluents containing 10% chloroform
are listed in Table 2. It was
found that some racemates
could be more efficiently re-
solved with the eluent contain-
ing chloroform than with the
eluent consisting of the
hexane/2-propanol mixture
and the a values obtained on
the hybrid bead-type CPM-1
were close to those obtained
on the coated one.[13] The
hybrid bead-type CPM-1 also
showed a similar or slightly
lower chiral recognition com-
pared to Chiralpak IB.
The polysaccharide contents


in the conventional CPMs,
such as the coated-type CPM-
2 and Chiralpak IB, are usual-


ly less than 20 wt%, while the organic components of the
hybrid bead-type CPM-1 are 69 wt%, mainly composed of
the cellulose derivative. Because the amount of the cellulose
derivative in the CPMs significantly influences the capacity
factors, the hybrid bead-type CPM-1 showed a much higher
capacity factor than the other two.


Comparison of Loading Capacity Between the Hybrid
Bead-Type CPM-1 and Chiralpak IB


The loading capacity of a chiral column is a particularly im-
portant factor for preparative separation, because this deter-
mines the maximum amount of racemates resolved on a
column. In order to demonstrate the potential of the hybrid
bead-type CPM-1 for preparative separation, the loading ca-
pacities on the hybrid bead-type CPM-1 and Chiralpak IB
were compared using 2,2,2-trifluoro-1-(anthryl)ethanol 11
and trans-stilbene oxide 5 racemates.
Figure 8a shows the results of the preparative separation


of 11 on the hybrid bead-type CPM-1 with a hexane/2-prop-
anol (90:10) mixture as the eluent at the flow rate of
1.0 mLmin�1. Although the individual enantiomers eluted


Table 2. Resolution of racemates 3–12 on the hybrid bead-type CPM-1, coated-type CPM-2, and Chiralpak IB.[a]


Hybrid bead-type CPM-1 Coated-type CPM-2 Chiralpak IB
Eluents H/I (90:10) H/C/I (90:10:1) H/I (90:10) H/I[b] (90:10) H/C/I (90:10:1)


Racemates k1’ a k1’ a k1’ a k1’ a k1’ a


3 3.84 (�) 1.21 3.92 (�) 1.21 1.20 (�) 1.31 1.00 (�) 1.14 1.09 (�) 1.16
4 6.00 (+ ) 1.33 6.02 (+ ) 1.27 0.94 (+ ) 1.63 0.96 (+ ) 1.22 1.16 (+ ) 1.22
5 2.15 (�) 1.76 2.63 (�) 2.16 0.73 (�) 1.52 0.55 (�) 1.77 0.71 (�) 2.37
6 3.71 (+ ) 1.23 6.83 (+ ) ~1 1.49 (+ ) 1.21 1.12 (+ ) 1.22 2.12 (+ ) 1.15
7 4.45 (�) 2.38 18.3 (�) 1.44 1.58 (�) 4.49 1.48 (�) 2.72 6.38 (�) 1.57
8 7.91 (+ ) 1.26 12.0 (+ ) 1.29 2.62 (+ ) 1.30 2.00 (+ ) 1.33 3.05 (+ ) 1.39
9 4.44 (�) 1.18 4.71 (�) 1.17 1.49 (�) 1.17 1.13 (�) 1.26 1.30 (�) 1.37
10 2.67 (+ ) ~1 1.09 1.0 0.68 (+ ) ~1 3.15 (+ ) ~1 1.26 1.0
11 5.19 (�) 1.91 34.9 (�) 2.29 1.78 (�) 2.19 1.54 (�) 2.42 11.6 (�) 2.96
12 3.11 (+ ) 1.16 – 1.15 (+ ) 1.41 0.86 (+ ) 1.89 –


[a] The signs in parentheses represent the optical rotation of the first-eluted enantiomer. Eluent: H, hexane; I, 2-propanol; C, chloroform. Column:
25 cm by 0.46 cm I.D. Flow rate: 1.0 mL min�1. [b] Data from Ref. [12]. Flow rate: 0.5 mL min�1.


Figure 8. Preparative separation of rac-2,2,2-trifluoro-1-(anthryl)ethanol 11 with hexane/2-propanol (90:10) as
eluent: a) hybrid bead-type CPM-1 at flow rate of 1.0 mLmin�1; b) Chiralpak IB at flow rate of 1.0 mLmin�1;
c) hybrid bead-type CPM-1 at flow rate of 2.0 mLmin�1.
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faster and the two peaks became closer with an increase in
the loading sample from 20 mg to 50 mg, the hybrid bead-
type CPM-1 could almost completely resolve 50 mg of the
racemate, whereas Chiralpak IB showed overlapping peaks
for the 50 mg loading (Figure 8b). In the case of the prepa-
rative separation of 5 with a hexane/chloroform (80:20) mix-
ture as the eluent at a flow rate of 0.5 mLmin�1, a larger
amount of the sample could also be resolved on the hybrid
bead-type CPM-1 than on Chiralpak IB (Figures 9a and
9b).


Under the same chromatographic condition, however, the
amount of pure enantiomers obtained per unit time on the
hybrid bead-type CPM-1 did not increase, arising from the
higher retention time compared to Chiralpak IB. Therefore,
the eluting time on the hybrid bead-type CPM-1 was set to
that on Chiralpak IB by adjusting the flow rate, and the effi-
ciency of the preparative separations was reevaluated for 11
and 5 (Figures 8c and 9c). These results clearly indicate that
a higher throughput preparation of optically active com-
pounds could be achieved using the hybrid bead-type CPM-
1 compared to Chiralpak IB.


Conclusions


An organic-inorganic hybrid material as a CPM for prepara-
tive separation by HPLC was prepared from the cellulose
3,5-dimethylphenylcarbamate having a small number of 3-
(triethoxysilyl)propyl groups in the presence of TEOS, by a
sol-gel reaction in an aqueous surfactant solution. Because
the inorganic component provided a supporting role, the ob-
tained hybrid bead possessed a high mechanical strength.
The hybrid bead-type CPM-1 exhibited a chiral recognition
similar to the commercially available Chiralpak IB, and pos-
sessed a higher loading capacity. Using the hybrid bead-type
CPM-1, a high throughput preparation of optically active
compounds could be achieved. We are now optimizing the


preparation conditions of the hybrid bead-type CPM by con-
trolling the ratio of (polysaccharide derivative)/ ACHTUNGTRENNUNG(TEOS),
changing the type and amount of surfactants, and treating
the residual silanol groups. Through these modifications, the
performance of the hybrid bead-type CPM is expected to be
improved. This preparation method of the hybrid bead can
be applied to other polysaccharide derivatives with a high
chiral recognition.


Experimental Section


Chemicals


Cellulose (Avicel, DP~200) was pur-
chased from Merck (Darmstadt, Ger-
many). 3,5-Dimethylphenyl isocya-
nate was a gift from Daicel (Tokyo,
Japan). Tetraethyl orthosilicate, 3-
(triethoxysilyl)propyl isocyanate, and
trimethylsilyl chloride were pur-
chased from Tokyo Kasei (Tokyo,
Japan). Lithium chloride and 1-hepta-
nol were obtained from Wako
(Tokyo, Japan). Sodium lauryl sulfate
was from Kishida (Osaka, Japan).
The wide-pore silica gel (Daiso gel
SP-1000) with a mean particle size of
7 mm and a mean pore diameter of
100 nm was kindly supplied by Daiso
Chemical (Osaka, Japan). The dehy-
drated N,N-dimethylacetamide and
pyridine were from Kanto (Tokyo,
Japan). HPLC grade solvents were
used in the chromatographic experi-


ments. Chiralpak IB (25 cm by 0.46 cm I.D.) was kindly supplied from
Daicel. The racemates were commercially available or were prepared by
the usual methods.[14]


Synthesis of Cellulose 3,5-Dimethylphenylcarbamate with Attached
3-(Triethoxysilyl)propyl Groups


The cellulose 3,5-dimethylphenylcarbamate 2 with affixed 3-(triethoxysi-
lyl)propyl groups was synthesized according to a previously reported
method (Figure 2).[9, 10] First, cellulose was dissolved in a mixture of N,N-
dimethylacetamide, lithium chloride, and pyridine. 3,5-Dimethylphenyl
isocyanate (83 mol% to the hydroxyl groups of cellulose) was then
added and the mixture was stirred for 8 h at 80 8C. Subsequently, 3-(tri-
ethoxysilyl)propyl isocyanate (2 mol% to the hydroxyl groups of cellu-
lose) was added and allowed to react for 12 h at 80 8C. Finally, the re-
maining hydroxyl groups were treated with an excess amount of 3,5-di-
methylphenyl isocyanate (116 mol% to the hydroxyl groups of cellulose)
for 8 h at 80 8C. The cellulose derivative 2 mainly bearing 3,5-dimethyl-
phenylcarbamate and a small amount of 3-(triethoxysilyl)propylcarba-
mate was isolated as the methanol-insoluble fraction. The ratio of the
(3,5-dimethylphenylcarbamate)/(3-(triethoxysilyl)propylcarbamate) was
determined from the ratio of the (aromatic proton)/ ACHTUNGTRENNUNG(SiCH2) in the
1H NMR spectrum.


Preparation of the Hybrid Bead-Type CPM-1


The hybrid bead-type CPM-1 was prepared as shown in Figure 3. The cel-
lulose derivative 2 (0.25 g) and TEOS (1.0, 2.0, or 3.0 mL) were first dis-
solved in a THF/1-heptanol/H2O/trimethylsilyl chloride (24:6:1:0.5
v/v/v/v=31.5 mL). This solution was then heated for 9 h at 80 8C and
added dropwise into water (500 mL) containing sodium lauryl sulfate
(0.2%) at 80 8C with mechanical stirring at 1100 rpm using a multidis-
perser (SMT PB95), which has a shaft bearing six blades (PH-4) (SHI-
MADZU, Kyoto). The stirring and temperature were maintained for 1 h.


Figure 9. Preparative separation of rac-trans-stilbene oxide 5 with hexane/chloroform (80:20) as eluent:
a) hybrid bead-type CPM-1 at flow rate of 0.5 mLmin�1; b) Chiralpak IB at flow rate of 0.5 mLmin�1;
c) hybrid bead-type CPM-1 at flow rate of 1.0 mLmin�1.
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The obtained suspension was filtered to separate the hybrid bead-type
CPM-1, which was then washed with water, ethanol, and hexane, and
dried in vacuo at room temperature for 12 h. For comparison, the coated-
type CPM-2 was separately prepared by coating 2 (20 wt% of silica gel)
on plain silica gel according to previously reported methods.[15,16]


Preparation of the Packed Column


The hybrid bead-type CPM-1 and coated-type CPM-2 were packed in a
stainless-steel tube (25 cm by 0.46 cm ID) at a pressure of 400 kg/cm2 by
a slurry method. The plate numbers of the packed columns were approxi-
mately 1800 for benzene using a hexane/2-propanol (90:10) mixture as
the eluent at the flow rate of 1.0 mLmin�1. 1,3,5-Tri-tert-butylbenzene
was used as the non-retained compound for estimating the dead time
(t0).


[17]


Acid Treatment of the Hybrid Bead-Type CPM-1


The hybrid bead-type CPM-1 (0.30 g) was dispersed into a mixture of
ethanol (6 mL), water (1.5 mL) and trimethylsilyl chloride (0.1 mL), and
heated for 10 min in an oil bath at 110 8C.[10] After the reaction, the ob-
tained beads were washed with water, ethanol, and hexane, and then
dried.


Instrumentation


SEM image and EDX mappings of the hybrid beads were recorded using
a JEOL JSM-5600 instrument (JEOL, Tokyo, Japan) with an acceleration
voltage of 20 kV. The chromatographic experiments were performed
using a JASCO PU-980 chromatograph equipped with UV (JASCO MD-
2010) and polarimetric (JASCO OR-990, Hg–Xe without filter) detectors
(JASCO, Tokyo, Japan) at room temperature. A solution of the racemate
was injected into the chromatographic system using a Rheodyne Model
7125 injector. The TG analysis was carried out on a Seiko EXSTRA 6000
system (Seiko, Chiba, Japan). The 1H NMR (400 MHz) and solid-state
29Si CP/MAS NMR (59.6 MHz) spectra were obtained using a Varian
Gemini-2000 spectrometer (Varian, California, USA) and a Bruker DSX-
300 spectrometer (Bruker BioSpin, Rheinstetten, Germany), respectively.
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Introduction


Zoanthamine alkaloids, which are isolated from marine
zoanthid Zoanthus sp. , exhibit various biological activities.[1]


Norzoanthamine (1) hydrochloride (Figure 1) possesses anti-
osteoporotic activity without serious side effects and zoanth-
amine (2) (Figure 1) inhibits phorbol myristate-induced in-
flammation.[2] The structural features of zoanthamines are
the congested quaternary carbons at C9, C12, C22 in the C-
ring and the consecutive amino acetal moiety in the DEFG-
ring. Their complex and unique architecture and biological
activities have proven to be synthetically challenging,[3–7] and
the only successful total syntheses of norzoanthamine (1)
and zoanthamine (2) were reported by Miyashita and co-
workers.[8] Our synthetic interest is focused on zoanthenol
(3) (Figure 1), which is the only member of the zoanthamine
family possessing an aromatized A-ring.[1h] Herein, we de-
scribe the enantioselective synthesis of the ABC-ring, a key
intermediate in the total synthesis of zoanthenol (3).


Results and Discussion


The features of our synthetic strategy are illustrated in
Figure 2. In our previous report, racemic 4 was prepared
from 5 and (�)-6.[9] However, coupling with chiral amino al-
cohol derivatives to build the DEFG-ring of 3 led to a mix-
ture of diastereomers which were difficult to separate. In
order to avoid this problem, we decided to construct the C-
ring 6 in an enantiomerically pure form by applying kinetic
resolution to (�)-7.


We first examined the enantioselective reduction of (�)-7
using chiral reducing agents. Borane with oxazaborolidine
(9)[10] provided the racemic alcohol 8 even at low tempera-
ture (Table 1, entry 1). When catecholborane was used in-
stead of BH3·THF to decrease the reactivity, there was no
reaction (Table 1, entry 2). Jacobsen:s Mn-salen complex/


Keywords: alkaloids · enantioselec-
tivity · natural products · palladium ·
total synthesis


Abstract: Zoanthenol, isolated from Zoanthus sp. , possesses an extremely complex
architecture including contiguous quaternary carbons. An enantioselective synthe-
sis of the fully functionalized ABC-ring of zoanthenol has been achieved and is de-
scribed herein. The key features of the synthesis are the enzymatic kinetic optical
resolution and the Mizoroki–Heck/Simmons–Smith reaction strategy used to con-
struct the congested asymmetric quaternary carbons.
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Figure 1. Structures of zoanthamine alkaloids.
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NaBH4 combination[11] afforded alcohol 8 in 63% yield, but
its enantiomeric excess was only 32% ee (Table 1, entry 3).
Use of Co-complex (11) gave an even lower enantioselectiv-
ity (Table 1, entry 4).[12]


As a result of these unsatisfactory results, we focused on
the enzymatic asymmetric acetylation of the alcohols. After
examining the various alcohols derived from (�)-7, we
found that the treatment of diol (�)-12 with lipase AK[13] in
vinyl acetate at 55 8C gave rise to (�)-12 (98% ee) and the
mono-acetate (+)-13 (77% ee) in 44% and 56% yield, re-


spectively (Scheme 1). Enantiomerically pure (+)-12 was
obtained by the methanolysis of (+)-13 followed by recrys-
tallization. The absolute configuration of (+)-12 was unam-
biguously determined by X-ray crystallographic analysis of
its p-bromobenzoate derivative (�)-14. TBS-protection of
the less hindered secondary alcohol of (+)-12 and Dess–
Martin oxidation[14] of the remaining alcohol completed the
production of the enantiomerically pure C-ring (+)-6 in
98% yield over two steps.


With the requisite (+)-6 in hand, the stage was now set
for its assembly with the A-ring 5 (Scheme 2). Treatment of
5[9d] with nBuLi in THF at �78 8C generated the correspond-
ing a-alkoxy carbanion, and the subsequent addition of a
small excess of (+)-6 gave the adduct 15 as a 2:1 diastereo-
meric mixture at C20 in 95% yield.[15] This inseparable mix-
ture was converted to the methyl ether 16 in 99% yield and


the TBAF-promoted cleavage
of the hindered TBS ether of 16
was achieved under reflux con-
ditions in 1,3-dimethyl-3,4,5,6-
tetrahydro-2 ACHTUNGTRENNUNG(1H)-pyrimidinone.
The resulting secondary alcohol
was transformed to the a,b-un-
saturated ketone 17 by Dess–
Martin oxidation and elimina-
tion of the EE group in 90%
combined yield. At this stage,
the C20-epimers were separable
by silica gel chromatography
and their configurations were
confirmed after formation of
the B-ring. Phenols 17-S and
17-R (C20-diasteromers) were
treated with N-phenyl-bis(tri-
fluoromethansulfonimide) and
NaH to give the triflates 18-S
and 18-R, both in 97% yield.


The key intramolecular Miz-
oroki–Heck reaction that was


employed to construct the quaternary carbon center at C12
was examined next.[16] Upon treatment of the triflate 18-S
with tris(dibenzylideneacetone)dipalladium-chloroform, 1,4-
bis(diphenylphosphino)butane and Et3N in dimethyl acet-
amide at 120 8C,[9d] the C�C bond formation proceeded in
the 6-exo fashion to afford the desired tetracyclic framework
19-S in 86% yield. On the other hand, the treatment of
C20-epimer (18-R) under the same conditions gave the cy-
clized product 19-R (53%) together with a significant
amount of the reduced product 20-R (21%), which might
have been enhanced as a result of the large steric repulsion
between the C20-BOM group and the methyl group (C25).


Stereoselective reduction of the ketone 19 using l-Selec-
tride and TBS protection of the resulting secondary alcohol
furnished the TBS-ether 21. Reductive removal of the BOM
group under Birch conditions followed by Dess–Martin oxi-
dation of the resulting alcohol afforded ketone 22. Treat-
ment of a-methoxyketone 22 with excess SmI2 in the pres-


Abstract in Japanese:


Figure 2. Synthetic plan of zoanthenol.


Table 1. Attempts at enantioselective reduction of (�)-7.


Entry Chiral ligand Reductant Conditions Yield [% ee][a]


1 9 (0.1 eq) BH3·THF THF, �78 8C 82%, 0% ee
2 9 (0.1 eq) catecholborane THF, �78 to 0 8C no reaction
3 10 (0.04 eq) NaBH4 tetrahydrofurfuryl alcohol EtOH, CHCl3, �20 8C 63%, 32% ee
4 11 (0.05 eq) NaBH4 tetrahydrofurfuryl alcohol EtOH, CHCl3, �40 8C 22%, 5% ee


[a]% ee was confirmed using chiral HPLC; absolute configuration was not determined.
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ence of tBuOH produced deoxygenated ketone 23 in good
yield.[17] Treatment of the corresponding a-hydroxyketone
with SmI2 in the absence of tBuOH resulted in a low yield
of 23 and the generation of side products.[9d] Importantly,
this deoxygenation caused a configurational change at C21
leading to the trans-decalin form of the BC-ring. Finally, ste-


reoselective methylation of 23 by LDA and MeI gave 24 in
98% yield.


To complete the synthesis of the ABC-ring of zoanthenol,
construction of the quaternary carbon at C9 was performed
(Scheme 3). Reduction of the ketone 24 with LiAlH4 and
the removal of the MOM group by treatment with TMSBr
afforded the diol 25. Successive treatment of 25 with BnBr
and BOMCl under basic conditions delivered the corre-
sponding Bn and BOM ethers, followed by the TBAF-pro-
moted deprotection of the C10 hydroxy group to furnish the
secondary alcohol 26 in 84% overall yield. After the oxida-
tion of alcohol 26, the resulting ketone 27 was converted to
the thermodynamically favored enol silylether 28 by treat-
ment with TMSI in the presence of HN ACHTUNGTRENNUNG(TMS)2 in hexane.[18]


Simmons–Smith cyclopropanation of the corresponding lith-
ium enolate of 28 using SmI2 and chloroiodomethane pro-
ceeded in a chemo- and stereoselective fashion to provide
the desired cyclopropanol 29.[19] Acid-catalyzed regioselec-
tive cleavage of the cyclopropane of 29 generated the fully
functionalized ABC-ring (30) of zoanthenol in 87% overall
yield.


Conclusions


We have described the synthesis of the fully functionalized
ABC-ring of zoanthenol in an enantioselective manner. The
key features of the synthesis are kinetic enzymatic resolu-
tion, intramolecular Mizoroki–Heck reaction of b,b-disubsti-
tuted enones and Simmons–Smith reaction to introduce the
consecutive chiral quaternary carbons. The application of
this powerful methodology to the synthesis of zoanthenol


Scheme 1. Enantioselective synthesis of C-ring 6.


Scheme 2. Synthesis of ketone 24.
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and other zoanthamine alkaloids is being actively investigat-
ed in our laboratory.


Experimental Section


General Methods


All air-sensitive and moisture-sensitive reactions were carried out under
argon or nitrogen atmosphere in dry, freshly distilled solvents under an-
hydrous conditions, unless otherwise noted. THF was distilled from
sodium/benzophenone, dichloromethane (CH2Cl2), pyridine, triethyl-
amine (Et3N) and toluene from calcium hydride, and DMF and DMSO
from calcium hydride under reduced pressure. All other reagents were
used as supplied unless otherwise stated.


Analytical thin-layer chromatography (TLC) was performed using E.
Merck Silica gel 60 F254 pre-coated plates. Flash column chromatogra-
phy was performed using 40–50 mm Silica Gel 60N (Kanto Chemical Co.,
Inc.). 1H- and 13C NMR spectra were recorded on a Varian INOVA 500
(500 MHz) and a Varian Mercury 200 (200 MHz) spectrometer. Chemical
shifts are reported in d (ppm) using solvent signals as internal standard
[1H NMR: CHCl3 (7.26), [D6]DMSO (2.50); 13C NMR: CDCl3 (77.0),
[D6]DMSO (39.5)]. IR spectra were recorded on a Perkin–Elmer Spec-
trum BX FT-IR spectrometer. MALDI-TOF mass spectra were measured
on an Applied Biosystems Voyager DE STR SI-3 instrument, and FAB-
MS were measured on a JEOL JMS-HX/HX-110A mass spectrometer.
Optical rotations were recorded on a JASCO DIP-370 polarimeter. Melt-
ing points were measured on a Yanaco MP-S3 micro melting point appa-
ratus. Elemental analysis was carried out on a Yanaco CHN corder MT-
6.[20]


Syntheses


(�)-8 : To a solution of (�)-7 (5.34 g, 28.1 mmol) in MeOH (50 mL),
NaBH4 (276 mg, 7.30 mmol) was added at 0 8C. After being stirred for
30 min at 0 8C, the reaction mixture was quenched with aqueous NH4Cl,
and extracted with EtOAc. The organic layer was washed with brine, and
dried over anhydrous Na2SO4 and concentrated. The residue was purified
by flash column chromatography (hexane/EtOAc=2:1) to give (�)-8
(5.41 g, 28.1 mmol) in 100% yield: pale yellow oil ; Rf=0.25 (hexane/
EtOAc=2:1); 1H NMR (500 MHz, CDCl3) d =1.25 (3H, s, Me25), 1.76
(1H, m, H23), 2.02 (3H, s, Me28), 2.10 (1H, m, H8), 2.15 (1H, m, H23),
2.28 (1H, m, H9), 2.84 (1H, m, H8), 4.29 (1H, s, H21), 5.60 (2H, m, H7,
H24), 5.88 ppm (1H, s, H11); 13C NMR (125 MHz, CDCl3) d=20.3, 21.1,
23.4, 27.4, 40.9, 50.0, 78.0, 124.4, 124.8, 125.7, 160.5, 198.6 ppm; IR (film)
ñ=3436, 2920, 1657, 1435, 1218 cm�1; HRMS (FAB): m/z calcd for
C12H16O2Na: 215.1043 [M+Na+]; found, 215.1044.


(�)-12 : To a solution of (�)-8 (2.70 g, 14.0 mmol) in THF (70.2 mL),
0.94m solution of DIBAL in hexane (37.4 mL, 35.1 mmol) was added at
�78 8C. After being stirred for 2 h at �78 8C, the reaction mixture was
quenched with EtOAc, treated with aqueous Rochelle:s salt, and extract-
ed with EtOAc. The organic layer was washed with brine, and dried over
anhydrous Na2SO4 and concentrated. The residue was purified by flash
column chromatography (hexane/EtOAc=3:1) to give (�)-12 (2.72 g,
14.0 mmol) in 100% yield.


(+)-13 : To a solution of (�)-12 (2.72 g, 14.0 mmol) in vinyl acetate
(140 mL), lipase AK (AMANO) (2.72 g, 100% w/w) was added at room
temperature. After being stirred for 4 days at 55 8C, the reaction mixture
was filtered through celite and concentrated. The residue was purified by
flash column chromatography (hexane/EtOAc=10:1 to 2:1) to give (+)-
13 (1.85 g, 7.83 mmol) in 56% yield and (�)-12 (1.19 g, 6.13 mmol) in
44% yield. (+)-13 : pale yellow oil; Rf=0.59 (hexane/EtOAc=2:1); a½ �21D
+15.3 (c 1.00, CHCl3, 77% ee), (calcd a½ �21D +19.8); 1H NMR (500 MHz,
CDCl3) d=1.04 (3H, s, Me25), 1.83 (3H, s, Me28), 1.94 (1H, m, H23),
1.94 (1H, d, J=6.5 Hz, OH), 2.03 (1H, m, H8), 2.04 (3H, s, Ac), 2.06
(1H, m, H9), 2.14 (1H, m, H8), 2.21 (1H, m, H23), 3.55 (1H, d, J=


6.5 Hz, H21), 5.33 (1H, s, H11), 5.49 (1H, brd, J=1.5 Hz, H10), 5.72
(1H, m, H7), 5.78 ppm (1H, m, H24); 13C NMR (125 MHz, CDCl3) d=


20.5, 21.3, 24.3, 26.2, 34.0, 35.4, 37.9, 70.6, 76.8, 120.2, 126.1, 127.3, 137.5,
170.9 ppm; IR (film) ñ =3500, 2917, 1731, 1435, 1372, 1242 cm�1; HRMS
(FAB): m/z calcd for C14H20O3Na: 259.1305 [M+Na+]; found, 259.1306.


(+)-12 : To a solution of (+)-13 (19.2 g, 81.2 mmol) in MeOH (203 mL),
K2CO3 (11.2 g, 81.2 mmol) was added at 0 8C. After being stirred for 12 h
at room temperature, the reaction mixture was quenched with aqueous
NH4Cl, and extracted with hexane/EtOAc=2:1. The organic layer was
washed with brine, and dried over anhydrous Na2SO4 and concentrated.
The residue was purified by flash column chromatography (hexane/
EtOAc=3:1) to give (+)-12 (13.4 g, 69.0 mmol) in 85% yield. After re-
crystalization from hexane/EtOAc=2:1, enantio pure (+)-12 (12.9 g,
66.4 mmol, 99% ee) was obtained in 62% yield. (+)-12 : colorless solid;
m.p. 142–144 8C; Rf=0.37 (hexane/EtOAc=1:1); a½ �25D +30.1 (c 1.00,
CHCl3);


1H NMR (500 MHz, CDCl3) d =1.03 (3H, s, Me25), 1.82 (3H, s,
Me28), 1.87 (1H, m, H9), 1.93 (1H, m, H23), 2.05 (1H, m, H8), 2.16
(1H, m, H23), 2.31 (1H, m, H8), 3.62 (1H, m, H21), 4.26 (1H, br s, H10),
5.46 (1H, s, H11), 5.84 ppm (2H, m, H7, H24); 13C NMR (125 MHz,
CDCl3) d=20.2, 24.2, 25.7, 32.6, 35.2, 39.8, 67.8, 77.2, 123.9, 127.27,
127.33, 136.0 ppm; IR (film) ñ=3324, 2875, 1434, 1060, 1027 cm�1;
HRMS (FAB): m/z calcd for C12H18O2Na: 217.1199 [M+Na+]; found,
217.1199; elemental analysis: calcd (%) for C12H18O2: C 74.19, H 9.34;
found: C 74.00, H 9.25.


(�)-14 : To a solution of (+)-12 (80.2 mg, 413 mmol), Et3N (288 mL,
2.06 mmol) and DMAP (10.1 mg, 82.6 mmol) in CH2Cl2 (4.13 mL), p-
BrBzCl (181 mg, 826 mmol) was added at 0 8C. After being stirred for
12 h at room temperature, the reaction mixture was quenched with aque-


Scheme 3. Synthesis of the fully functionalized ABC-ring of zoanthenol.
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ous NaHCO3, and extracted with hexane/EtOAc=2:1. The organic layer
was washed with brine, and dried over anhydrous Na2SO4 and concen-
trated. The residue was purified by flash column chromatography
(hexane/EtOAc=10:1) to give (�)-14 (90.2 mg, 239 mmol) in 58% yield:
colorless solid; m.p. 130–131 8C; Rf=0.64 (hexane/EtOAc=2:1); a½ �21D
�82.2 (c 1.00, CHCl3);


1H NMR (500 MHz, CDCl3) d =1.12 (3H, s,
Me25), 1.86 (3H, s, Me28), 1.89 (1H, d, J=6.0 Hz, OH), 1.97 (1H, m,
H23), 2.10 (1H, m, H8), 2.15 (1H, m, H9), 2.25 (1H, m, H8), 2.28 (1H,
m, H23), 3.68 (1H, brd, J=6.0 Hz, H21), 5.49 (1H, m, H11), 5.67 (1H,
m, H10), 5.71 (1H, m, H7), 5.81 (1H, m, H24), 7.56 (1H, d, J=2.0 Hz, p-
BrBz), 7.57 (1H, d, J=2.0 Hz, p-BrBz), 7.88 (1H, d, J=2.0 Hz, p-BrBz),
7.90 ppm (1H, d, J=2.0 Hz, p-BrBz); 13C NMR (125 MHz, CDCl3) d=


20.4, 24.7, 25.8, 32.6, 35.5, 38.2, 71.4, 119.8, 126.4, 126.8, 128.0, 129.4,
131.3, 131.6, 138.5, 165.6 ppm; IR (film) ñ=3508, 2916, 1714, 1590,
1274 cm�1; HRMS (FAB): m/z calcd for C19H21O3BrNa: 399.0566 [M+


Na+]; found: 399.0567.


(+)-6 : To a solution of (+)-12 (12.9 g, 66.4 mmol) and imidazole (13.6 g,
199 mmol) in DMF (133 mL), TBSCl (11.0 g, 73.0 mmol) was added at
room temperature. After being stirred for 2 h at room temperature, the
reaction mixture was quenched with MeOH, treated with aqueous
NaHCO3, and extracted with hexane/EtOAc=5:1. The organic layer was
washed with brine, and dried over anhydrous Na2SO4 and concentrated.
The residue was purified by flash column chromatography (hexane/
EtOAc=50:1) to give the corresponding TBS-ether (21.2 g, 68.7 mmol).


To a solution of the TBS-ether (21.2 g, 68.7 mmol) in CH2Cl2 (229 mL),
Dess–Martin periodinane (30.6 g, 72.1 mmol) was added at 0 8C. After
being stirred for 20 min at 0 8C, the reaction mixture was quenched with
aqueous NaHCO3, treated with aqueous Na2S2O3, and extracted with
hexane/EtOAc=5:1. The organic layer was washed with brine, and dried
over anhydrous Na2SO4 and concentrated. The residue was purified by
flash column chromatography (hexane/EtOAc=50:1) to give (+)-6
(20.0 g, 65.2 mmol) in 98% yield from (+)-12 : pale yellow oil ; Rf=0.64
(hexane/EtOAc, 5:1); a½ �20D +121 (c 1.00, CHCl3);


1H NMR (500 MHz,
CDCl3) d =0.12 (3H, s, TBS), 0.13 (3H, s, TBS), 0.92 (9H, s, TBS), 1.20
(3H, s, Me25), 1.70 (1H, m, H23), 1.77 (3H, s, Me28), 1.96 (1H, m, H8),
2.18 (1H, m, H8), 2.35 (1H, m, H9), 2.77 (1H, m, H23), 4.92 (1H, m,
H10), 5.59 (2H, m, H7, H24), 6.27 ppm (1H, s, H11); 13C NMR
(125 MHz, CDCl3) d=�4.8, 16.0, 18.2, 23.2, 24.8, 25.8, 33.3, 45.7, 47.1,
68.0, 124.9, 125.7, 132.7, 144.0, 202.0 ppm; IR (film) ñ =2928, 1683, 1254,
1082 cm�1; HRMS (FAB): m/z calcd for C18H30O2SiNa: 329.1907 [M+


Na+]; found: 329.1907.


15 : To a solution of 5 (24.2 g, 34.9 mmol) in THF (70.0 mL), 1.56m


nBuLi solution in hexane (26.9 mL, 41.9 mmol) was added at �78 8C.
After being stirred for 5 min at �78 8C, (+)-6 (13.9 g, 45.4 mmol) in THF
(30.0 mL) was added. After being stirred for 30 min at �78 to 0 8C, the
reaction mixture was quenched with H2O, and extracted with hexane/
EtOAc=1:1. The organic layer was washed with brine, and dried over
anhydrous Na2SO4 and concentrated. The residue was purified by flash
column chromatography (hexane/EtOAc=30:1) to give 15 (23.6 g,
33.2 mmol) in 95% yield as a 2:1 mixture of diastereomers at C20: pale
yellow oil; Rf=0.40 (hexane/EtOAc=5:1); IR (film) ñ =3527, 2928,
1609, 1586, 1455, 1046 cm�1; HRMS (FAB): m/z calcd for C41H62O8SiNa:
733.4106 [M+Na+]; found: 733.4109.


16 : To a solution of 15 (26.8 g, 37.7 mmol) and NaH (4.52 g, 188 mmol)
in THF (126 mL), MeI (23.5 mL, 377 mmol) was added at 0 8C. After
being stirred for 30 min at 50 8C, the reaction mixture was quenched with
H2O at 0 8C, and extracted with hexane/EtOAc=3:1. The organic layer
was washed with brine, and dried over anhydrous Na2SO4 and concen-
trated. The residue was purified by flash column chromatography
(hexane/EtOAc=35:1) to give 16 (27.0 g, 37.2 mmol) in 99% yield as a
2:1 mixture of diastereomers at C20: pale yellow oil; Rf=0.47 (hexane/
EtOAc=5:1); IR (film) ñ =2927, 1609, 1586, 1455, 1155, 1046 cm�1;
HRMS (FAB): m/z calcd for C42H64O8SiNa: 747.4263 [M+Na+]; found,
747.4265.


17-S and 17-R : To a solution of 16 (4.46 g, 6.15 mmol) in DMPU
(12.3 mL), 1.0m TBAF solution in DMPU (18.5 mL, 18.5 mmol) was
added at 0 8C. After being stirred for 30 min at 80 8C, the reaction mix-
ture was quenched with aqueous NH4Cl at 0 8C, and extracted with


hexane/EtOAc=2:1. The organic layer was washed with brine, and dried
over anhydrous Na2SO4 and concentrated. The residue was purified by
flash column chromatography (hexane/EtOAc=5:1) to give an alcohol
(3.69 g, 6.04 mmol) in 98% yield as a 2:1 mixture of diastereomers at
C20.


To a solution of the alcohol (20.7 g, 33.9 mmol) and pyridine (27.3 mL,
339 mmol) in CH2Cl2 (113 mL), Dess–Martin periodinane (15.1 g,
35.6 mmol) was added at 0 8C. After being stirred for 10 min at 0 8C, the
reaction mixture was quenched with aqueous NaHCO3, treated with
aqueous Na2S2O3, and extracted with hexane/EtOAc=2:1. The organic
layer was washed with brine, and dried over anhydrous Na2SO4 and con-
centrated. The residue was purified by flash column chromatography
(hexane/EtOAc=10:1) to give the corresponding a,b-unsaturated ketone
(19.2 g, 31.5 mmol) in 93% yield as a 2:1 mixture of diastereomers at
C20.


To a solution of the a,b-unsaturated ketone (1.20 g, 1.97 mmol) in THF
(19.7 mL), 0.5 N aqueous HCl (200 mL) was added at 0 8C. After being
stirred for 4 h at room temperature, the reaction mixture was quenched
with aqueous NaHCO3, and extracted with hexane/EtOAc=2:1. The or-
ganic layer was washed with brine, and dried over anhydrous Na2SO4 and
concentrated. The residue was purified by flash column chromatography
(toluene/EtOAc=30:1) to give 17-S (663 mg, 1.23 mmol) in 63% yield
and 17-R (383 mg, 714 mmol) in 36% yield: 17-S : pale yellow oil; Rf=


0.44 (hexane/EtOAc=2:1); a½ �16D �150 (c 1.00, CHCl3);
1H NMR


(500 MHz, CDCl3) d=1.44 (3H, s, Me25), 1.89 (1H, brdd, J=17.5,
3.5 Hz, H23), 2.06 (3H, s, Me28), 2.06 (1H, m, H8), 2.25 (3H, s, Me27),
2.42 (1H, brd, J=17.5 Hz, H23), 2.82 (1H, brdd, J=18.0, 3.5 Hz, H8),
2.98 (1H, dd, J=15.0, 7.5 Hz, H19), 3.33 (1H, dd, J=15.0, 2.0 Hz, H19),
3.43 (1H, m, H9), 3.44 (3H, s, MeO), 3.55 (3H, s, MeO), 4.21 (1H, d, J=


11.5 Hz, BOM), 4.25 (1H, dd, J=7.5, 2.0 Hz, H20), 4.33 (1H, d, J=


11.5 Hz, BOM), 4.75 (1H, d, J=7.0 Hz, BOM), 4.78 (1H, d, J=7.0 Hz,
BOM), 5.13 (1H, d, J=7.0 Hz, MOM), 5.17 (1H, d, J=7.0 Hz, MOM),
5.52 (1H, m, H24), 5.67 (1H, m, H7), 6.19 (1H, s, H11), 6.44 (1H, s, Ar),
6.47 (1H, s, Ar), 7.10–7.28 ppm (5H, m, BOM); 13C NMR (125 MHz,
CDCl3) d=20.5, 21.2, 21.6, 28.2, 33.0, 45.6, 48.1, 56.2, 58.0, 70.6, 83.3,
88.5, 94.7, 95.3, 106.7, 111.2, 112.9, 124.2, 124.6, 127.4, 127.6, 128.3, 132.8,
137.5, 138.4, 155.0, 155.8, 155.9, 198.9 ppm; IR (film) ñ =3349, 2926, 1670,
1584, 1458, 1154, 1058 cm�1; HRMS (FAB): m/z calcd for C32H40O7Na:
559.2666 [M+Na+]; found: 559.2667. 17-R : pale yellow oil; Rf=0.39
(hexane/EtOAc=2:1); a½ �16D �161 (c 1.00, CHCl3);


1H NMR (500 MHz,
CDCl3) d=1.29 (3H, s, Me25), 1.89 (1H, m, H23), 1.93 (1H, m, H8),
2.16 (3H, s, Me28), 2.25 (3H, s, Me27), 2.47 (1H, brd, J=17.0 Hz, H23),
2.73 (1H, brdd, J=18.5, 4.5 Hz, H8), 2.96 (1H, brd, J=5.5 Hz, H9), 3.03
(1H, dd, J=15.0, 9.0 Hz, H19), 3.25 (1H, dd, J=15.0, 3.5 Hz, H19), 3.43
(3H, s, MeO), 3.60 (3H, s, MeO), 4.20 (1H, d, J=12.0 Hz, BOM), 4.28
(1H, d, J=12.0 Hz, BOM), 4.47 (1H, dd, J=9.0, 3.5 Hz, H20), 4.64 (1H,
d, J=7.0 Hz, BOM), 4.66 (1H, d, J=7.0 Hz, BOM), 5.14 (2H, m,
MOM), 5.50 (1H, m, H24), 5.64 (1H, m, H7), 6.14 (1H, s, H11), 6.44
(1H, s, Ar), 6.48 (1H, s, Ar), 7.08–7.29 ppm (5H, m, BOM); 13C NMR
(125 MHz, CDCl3) d=19.2, 21.2, 21.6, 21.8, 27.9, 33.2, 45.6, 47.8, 56.2,
58.0, 71.0, 81.3, 88.4, 94.4, 95.2, 106.8, 111.3, 112.0, 124.4, 124.8, 127.5,
127.7, 128.3, 131.3, 137.4, 138.4, 155.4, 156.0, 198.7 ppm; IR (film) ñ=


3351, 2925, 1664, 1592, 1454, 1155, 1057 cm�1; HRMS (FAB): m/z calcd
for C32H40O7Na: 559.2666 [M+Na+]; found: 559.2668.


18-S : To a solution of 17-S (8.30 g, 15.5 mmol) and NaH (1.86 g,
77.3 mmol) in THF (155 mL), PhNTf2 (8.84 g, 24.7 mmol) was added at
�30 8C. After being stirred for 30 min at �30 to 0 8C, the reaction mix-
ture was quenched with H2O, treated with aqueous NaHCO3, and ex-
tracted with hexane/EtOAc=2:1. The organic layer was washed with
brine, and dried over anhydrous Na2SO4 and concentrated. The residue
was purified by flash column chromatography (hexane/EtOAc=5:1) to
give 18-S (10.1 g, 15.1 mmol) in 97% yield: pale yellow oil; Rf=0.50
(hexane/EtOAc=2:1); a½ �17D �150 (c 1.00, CHCl3);


1H NMR (500 MHz,
CDCl3) d=1.45 (3H, s, Me25), 1.89 (1H, brdd, J=17.5, 4.0 Hz, H23),
2.05 (1H, brd, J=18.5 Hz, H8), 2.16 (3H, s, Me28), 2.25 (3H, s, Me27),
2.37 (1H, brd, J=17.5 Hz, H23), 2.81 (1H, m, H8), 3.05 (1H, dd, J=


13.5, 10.5 Hz, H19), 3.08 (1H, brd, J=6.0 Hz, H9), 3.12 (1H, dd, J=13.5,
3.0 Hz, H19), 3.47 (3H, s, MeO), 3.50 (3H, s, MeO), 3.83 (1H, d, J=
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12.0 Hz, BOM), 4.02 (1H, d, J=12.0 Hz, BOM), 4.42 (1H, d, J=6.5 Hz,
BOM), 4.49 (1H, dd, J=10.5, 3.0 Hz, H20), 4.65 (1H, d, J=6.5 Hz,
BOM), 5.17 (1H, d, J=6.5 Hz, MOM), 5.20 (1H, d, J=6.5 Hz, MOM),
5.53 (1H, m, H24), 5.66 (1H, m, H7), 6.19 (1H, s, H11), 6.70 (1H, s, Ar),
6.85 (1H, s, Ar), 7.06–7.29 ppm (5H, m, BOM); 13C NMR (125 MHz,
CDCl3) d=19.7, 21.3, 21.48, 21.54, 28.4, 32.9, 45.3, 48.3, 56.4, 57.5, 69.7,
80.1, 88.3, 94.6, 96.4, 114.1, 114.7, 118.7, 124.4, 124.6, 127.0, 127.3, 128.1,
131.9, 138.1, 138.9, 149.1, 156.5, 157.7, 198.8 ppm; IR (film) ñ =2928,
1671, 1420, 1215, 1142, 1027 cm�1; HRMS (FAB): m/z calcd for
C33H39O9F3SNa: 691.2159 [M+Na+]; found: 691.2160.


18-R : Prepared by the same procedure as 18-S (97% from 17-R): pale
yellow oil; Rf=0.50 (hexane/EtOAc=2:1); a½ �17D �109 (c 1.00, CHCl3);
1H NMR (500 MHz, CDCl3) d=1.32 (3H, s, Me25), 1.89 (1H, m, H23),
1.96 (1H, m, H8), 2.17 (3H, s, Me28), 2.29 (3H, s, Me27), 2.46 (1H, m,
H23), 2.77 (1H, m, H8), 2.90 (1H, brd, J=5.0 Hz, H9), 3.10 (1H, dd, J=


14.5, 3.0 Hz, H19), 3.26 (1H, dd, J=14.5, 10.0 Hz, H19), 3.46 (3H, s,
MeO), 3.57 (3H, s, MeO), 3.92 (1H, d, J=13.0 Hz, BOM), 4.12 (1H, d,
J=13.0 Hz, BOM), 4.18 (1H, d, J=7.0 Hz, BOM), 4.32 (1H, d, J=


7.0 Hz, BOM), 4.70 (1H, dd, J=10.0, 3.0 Hz, H20), 5.20 (2H, s, MOM),
5.51 (1H, m, H24), 5.64 (1H, m, H7), 6.07 (1H, s, H11), 6.72 (1H, s, Ar),
6.86 (1H, s, Ar), 7.06–7.28 ppm (5H, m, BOM); 13C NMR (125 MHz,
CDCl3) d=19.2, 21.3, 21.5, 21.8, 28.8, 33.1, 45.4, 47.5, 56.4, 57.6, 70.2,
78.8, 87.7, 94.4, 95.5, 113.9, 114.9, 117.8, 119.0, 124.7, 127.4, 127.5, 128.2,
130.0, 137.7, 138.8, 149.2, 160.1, 198.9 ppm; IR (film) ñ =2927, 1669, 1418,
1214, 1143, 1027 cm�1; HRMS (FAB): m/z calcd for C33H39O9F3SNa:
691.2159 [M+Na+]; found: 691.2159.


19-S : To a solution of Pd2 ACHTUNGTRENNUNG(dba)3·CHCl3 (98.7 mg, 95.3 mmol) and dppb
(97.6 mg, 229 mmol) in DMAc (4.00 mL) in a sealed tube, 18-S (425 mg,
636 mmol) and Et3N (886 mL, 6.36 mmol) in DMAc (8.70 mL) were added
at room temperature. After being freeze-degassed (four times), the reac-
tion mixture was stirred for 12 h at 120 8C, quenched with H2O, and ex-
tracted with hexane/EtOAc=2:1. The organic layer was washed with
brine, and dried over anhydrous Na2SO4 and concentrated. The residue
was purified by flash column chromatography (hexane/EtOAc=5:1) to
give 19-S (285 mg, 546 mmol, 86%) and 20-S (17 mg, 32 mmol, 5%). 19-S :
pale yellow oil; Rf=0.58 (hexane/EtOAc=2:1); a½ �15D �15.6 (c 1.00,
CHCl3);


1H NMR (500 MHz, CDCl3) d =1.42 (3H, s, Me25), 1.58 (3H, s,
Me28), 1.82 (1H, m, H23), 1.84 (1H, br s, H9), 1.99 (1H, dd, J=20.0,
2.5 Hz, H8), 2.26 (3H, s, Me27), 2.55 (1H, dd, J=17.0, 4.5 Hz, H23), 2.74
(1H, dd, J=19.0, 3.0 Hz, H19), 2.78 (1H, d, J=18.0 Hz, H11), 2.79 (1H,
brd, J=20.0 Hz, H8), 3.10 (1H, dd, J=14.5, 3.0 Hz, H19), 3.10 (1H, d,
J=18.0 Hz, H11), 3.35 (3H, s, MeO), 3.62 (3H, s, MeO), 3.78 (1H, dd,
J=19.0, 3.0 Hz, H19), 4.40 (1H, d, J=12.0 Hz, BOM), 4.43 (1H, d, J=


12.0 Hz, BOM), 4.78 (1H, dd, J=3.0, 3.0 Hz, H20), 4.91 (1H, d, J=


7.5 Hz, BOM), 4.96 (1H, d, J=7.5 Hz, BOM), 4.98 (1H, d, J=7.0 Hz,
MOM), 5.00 (1H, d, J=7.0 Hz, MOM), 5.52 (1H, m, H7), 5.55 (1H, m,
H24), 6.64 (1H, s, Ar), 6.73 (1H, s, Ar), 7.20–7.32 ppm (5H, m, BOM);
13C NMR (125 MHz, CDCl3) d =21.8, 22.0, 22.3, 27.0, 29.4, 34.3, 40.8,
44.2, 49.1, 49.5, 52.4, 56.0, 70.0, 74.4, 79.5, 94.4, 94.5, 111.6, 118.2, 120.6,
124.9, 125.7, 127.6, 127.7, 128.3, 136.8, 137.7, 145.2, 154.3, 211.7 ppm; IR
(film) ñ=2937, 1714, 1453, 1215, 1151, 1095, 1027, 753 cm�1; HRMS
(FAB): m/z calcd for C32H40O6Na: 543.2717 [M+Na+]; found: 543.2717.
20-S : pale yellow oil; Rf=0.58 (hexane/EtOAc=2:1); a½ �15D �144 (c 1.00,
CHCl3);


1H NMR (500 MHz, CDCl3) d =1.44 (3H, s, Me25), 1.90 (1H,
m, H23), 2.05 (1H, m, H8), 2.15 (3H, s, Me28), 2.26 (3H, s, Me27), 2.38
(1H, m, H23), 2.64 (1H, dd, J=13.5, 10.0 Hz, H19), 2.81 (1H, m, H8),
3.16 (1H, brd, J=6.0 Hz, H9), 3.28 (1H, dd, J=13.5, 2.5 Hz, H19), 3.45
(3H, s, MeO), 3.53 (3H, s, MeO), 3.90 (1H, d, J=12.0 Hz, BOM), 4.10
(1H, d, J=12.0 Hz, BOM), 4.43 (1H, d, J=7.0 Hz, BOM), 4.45 (1H, dd,
J=10.0, 2.5 Hz, H20), 4.54 (1H, d, J=7.0 Hz, BOM), 5.17 (2H, s,
MOM), 5.53 (1H, m, H24), 5.66 (1H, m, H7), 6.14 (1H, s, H11), 6.71–
7.07 (3H, m, Ar), 7.06–7.28 ppm (5H, m, BOM); 13C NMR (125 MHz,
CDCl3) d=20.1, 21.3, 21.4, 21.7, 29.4, 33.0, 35.1, 45.2, 48.3, 56.1, 57.3,
69.8, 81.2, 87.8, 94.2, 96.4, 114.4, 122.3, 124.4, 124.8, 125.1, 127.3, 127.7,
128.1, 131.4, 131.8, 137.7, 138.2, 155.1, 158.3, 199.1 ppm; IR (film) ñ=


2927, 1668, 1152, 1084, 1025 cm�1; HRMS (FAB): m/z calcd for
C32H40O6Na: 543.2717 [M+Na+]; found: 543.2717.


19-R : Prepared by the same procedure as 19-S (53% from 18-R). 19-R :
pale yellow oil; Rf=0.58 (hexane/EtOAc=2:1); a½ �15D �63.1 (c 1.00,
CHCl3);


1H NMR (500 MHz, CDCl3) d =1.55 (3H, s, Me25), 1.55 (3H, s,
Me28), 1.92 (1H, m, H23), 1.96 (1H, m, H8), 2.29 (3H, s, Me27), 2.53
(1H, m, H8), 2.53 (1H, d, J=12.5 Hz, H11), 2.79 (1H, dd, J=18.0,
3.0 Hz, H19), 2.89 (1H, brd, J=18.0 Hz, H23), 3.23 (1H, brd, J=5.5 Hz,
H9), 3.33 (1H, d, J=12.5 Hz, H11), 3.40 (3H, s, MeO), 3.51 (1H, dd, J=


18.0, 3.0 Hz, H19), 3.53 (3H, s, MeO), 4.37 (1H, d, J=11.5 Hz, BOM),
4.40 (1H, d, J=11.5 Hz, BOM), 4.90 (1H, d, J=6.5 Hz, BOM), 4.96 (1H,
d, J=6.5 Hz, BOM), 5.03 (1H, dd, J=3.0, 3.0 Hz, H20), 5.05 (1H, d, J=


6.5 Hz, MOM), 5.06 (1H, d, J=6.5 Hz, MOM), 5.59 (1H, m, H24), 5.77
(1H, m, H7), 6.71 (1H, s, Ar), 6.79 (1H, s, Ar), 7.18–7.30 ppm (5H, m,
BOM); 13C NMR (125 MHz, CDCl3) d =20.8, 21.8, 24.7, 25.5, 26.5, 29.7,
31.9, 45.9, 48.9, 51.6, 53.6, 55.9, 70.6, 75.5, 77.9, 94.4, 94.6, 111.5, 118.0,
120.2, 123.9, 124.4, 127.7, 127.8, 128.4, 136.3, 137.3, 145.4, 154.4,
211.2 ppm; IR (film) ñ =2927, 1712, 1454, 1215, 1152, 1089, 1048,
1024 cm�1; HRMS (FAB): m/z calcd for C32H40O6Na: 543.2717 [M+Na+


]; found: 543.2717. 20-R : pale yellow oil; Rf=0.58 (hexane/EtOAc=


2:1); a½ �15D �137 (c 1.00, CHCl3);
1H NMR (500 MHz, CDCl3) d=1.38


(3H, s, Me25), 1.91 (1H, m, H23), 1.97 (1H, m, H8), 2.16 (3H, s, Me28),
2.29 (3H, s, Me27), 2.44 (1H, brd, J=18.0 Hz, H23), 2.77 (1H, dd, J=


14.0, 10.0 Hz, H19), 2.77 (1H, m, H8), 3.06 (1H, brd, J=6.0 Hz, H9),
3.34 (1H, brd, J=14.0 Hz, H19), 3.46 (3H, s, MeO), 3.61 (3H, s, MeO),
4.01 (1H, d, J=12.0 Hz, BOM), 4.17 (1H, d, J=6.5 Hz, BOM), 4.22 (1H,
d, J=12.0 Hz, BOM), 4.30 (1H, d, J=6.5 Hz, BOM), 4.69 (1H, dd, J=


10.0, 2.0 Hz, H20), 5.19 (2H, s, MOM), 5.52 (1H, m, H24), 5.62 (1H, m,
H7), 6.07 (1H, s, H11), 6.73–7.08 (3H, m, Ar), 7.08–7.28 ppm (5H, m,
BOM); 13C NMR (125 MHz, CDCl3) d =19.7, 21.3, 21.4, 22.3, 29.7, 32.9,
35.4, 45.2, 47.7, 56.1, 56.8, 70.4, 80.0, 86.9, 94.0, 96.1, 114.2, 122.4, 124.7,
124.8, 125.0, 127.45, 127.51, 128.2, 129.6, 131.9, 137.7, 137.8, 155.0, 160.5,
199.3 ppm; HRMS (FAB): m/z calcd for C32H40O6Na: 543.2717 [M+Na+


]; found: 543.2717.


21-S : To a solution of 19-S (134 mg, 257 mmol) in THF (2.57 mL), 1.0m


solution of l-selectride in THF (772 mL, 772 mmol) was added at �40 8C.
After being stirred for 4 h at �40 to �30 8C, the reaction mixture was
quenched with water at �78 8C, and treated with 30% aqueous H2O2.
After being stirred for 30 min at room temperature, the reaction mixture
was treated with aqueous Na2S2O3. After being stirred for overnight, and
extracted with hexane/EtOAc=1:1. The organic layer was washed with
brine, and dried over anhydrous Na2SO4 and concentrated. The residue
was purified by flash column chromatography (hexane/EtOAc=10:1) to
give an alcohol (134 mg, 256 mmol) in 99% yield.


To a solution of the alcohol (4.94 g, 9.45 mmol) and 2,6-lutidine (3.12 mL,
28.3 mmol) in CH2Cl2 (94.5 mL), TBSOTf (2.60 mL, 11.3 mmol) was
added at �78 8C. After being stirred for 30 min at �78 8C, the reaction
mixture was quenched with MeOH at �78 8C, and treated with aqueous
NaHCO3, and extracted with hexane/EtOAc=2:1. The organic layer was
washed with brine, and dried over anhydrous Na2SO4 and concentrated.
The residue was purified by flash column chromatography (hexane/
EtOAc=30:1) to give 21-S (5.77 g, 9.06 mmol) in 96% yield: pale yellow
oil; Rf=0.62 (hexane/EtOAc=5:1); a½ �19D �12.4 (c 1.00, CHCl3);


1H NMR
(500 MHz, DMSO, 130 8C) d=0.00 (3H, s, TBS), 0.08 (3H, s, TBS), 0.86
(3H, s, Me25), 0.90 (9H, s, TBS), 1.36 (3H, s, Me28), 1.48 (1H, m, H9),
1.74 (1H, brd, J=19.0 Hz, H23), 1.98 (1H, m, H8), 2.01 (1H, m, H11),
2.23 (1H, m, H8), 2.25 (1H, m, H11), 2.28 (3H, s, Me27), 2.80 (1H, brd,
J=19.0 Hz, H23), 3.05 (1H, brd, J=9.0 Hz, H19), 3.34 (1H, m, H19),
3.36 (3H, s, MeO), 3.50 (3H, s, MeO), 3.82 (1H, br, H10), 4.50 (1H, d,
J=12.5 Hz, BOM), 4.54 (1H, m, H20), 4.56 (1H, d, J=12.5 Hz, BOM),
4.93 (1H, d, J=6.5 Hz, BOM), 4.96 (1H, d, J=6.5 Hz, BOM), 5.10 (1H,
d, J=6.5 Hz, MOM), 5.12 (1H, d, J=6.5 Hz, MOM), 5.53 (1H, m, H24),
5.68 (1H, m, H7), 6.67 (1H, s, Ar), 6.90 (1H, s, Ar), 7.26–7.31 ppm (5H,
m, BOM); 13C NMR (125 MHz, DMSO, 130 8C) d=�5.5, �5.2, �4.0,
17.0, 20.4, 23.4, 25.1, 26.5, 28.7, 30.4, 35.5, 38.2, 41.4, 44.1, 53.5, 54.9, 66.6,
69.1, 73.3, 81.0, 94.0, 94.4, 111.3, 117.4, 119.1, 124.7, 125.2, 126.6, 126.7,
127.4, 134.8, 137.5, 145.3, 153.4 ppm; IR (film) ñ=2928, 1611, 1585, 1463,
1153, 1097, 1047, 758 cm�1; HRMS (FAB): m/z calcd for C38H56O6SiNa:
659.3738 [M+Na+]; found: 659.3738.
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21-R : Prepared by the same procedure as 21-S (86% from 19-R): pale
yellow oil; Rf=0.62 (hexane/EtOAc=5:1); a½ �19D +14.4 (c 1.00, CHCl3);
1H NMR (500 MHz, DMSO, 130 8C) d =0.04 (3H, s, TBS), 0.12 (3H, s,
TBS), 0.93 (9H, s, TBS), 0.95 (3H, br s, Me25), 1.25 (3H, br s, Me28),
1.66 (1H, br, H9), 1.66 (1H, br, H23), 2.02 (1H, brd, J=12.5 Hz, H11),
2.13 (1H, br, H8), 2.23 (1H, br, H11), 2.24 (1H, br, H8), 2.28 (3H, s,
Me27), 3.04 (1H, br, H19), 3.30 (1H, m, H19), 3.37 (3H, s, MeO), 3.51
(3H, s, MeO), 3.63 (1H, br, H23), 4.01 (1H, br, H10), 4.56 (1H, brd, J=


11.5 Hz, BOM), 4.65 (1H, brd, J=11.5 Hz, BOM), 4.78 (1H, br, H20),
4.94 (1H, brd, J=6.0 Hz, BOM), 4.98 (1H, brd, J=6.0 Hz), 5.11 (1H, d,
J=6.5 Hz, MOM), 5.13 (1H, d, J=6.5 Hz, MOM), 5.57 (1H, m, H24),
5.66 (1H, m, H7), 6.68 (1H, s, Ar), 6.84 (1H, s, Ar), 7.25–7.35 ppm (5H,
m, BOM); 13C NMR (125 MHz, DMSO, 130 8C) d=�5.4, �5.0, 17.0,
17.8, 20.5, 25.19, 25.22, 29.7, 42.4, 46.6, 52.9, 54.9, 69.5, 75.6, 93.9, 94.0,
111.3, 117.4, 124.0, 125.3, 126.7, 126.8, 127.4, 134.8, 137.5, 153.0 ppm; IR
(film) ñ=2929, 1611, 1586, 1462, 1153, 1088, 1030, 837, 758 cm�1; HRMS
(FAB): m/z calcd for C38H56O6SiNa: 659.3738 [M+Na+]; found:
659.3736.


22 : To a solution of 21-S (745 mg, 1.17 mmol) in THF/EtOH=5:1
(11.7 mL), NH3 (11.7 mL) and sodium was added until the color changed
to blue at �78 8C. After being stirred for 30 min at �78 8C, the reaction
mixture was quenched with solid NH4Cl at �78 8C and evaporated at
room temperature. The reaction mixture was treated with aqueous
NH4Cl, and extracted with hexane/EtOAc=2:1. The organic layer was
washed with brine, and dried over anhydrous Na2SO4 and concentrated.
The residue was purified by flash column chromatography (hexane/
EtOAc=15:1) to give a secondary alcohol (557 mg, 1.08 mmol) in 92%
yield.


To a solution of the alcohol (556 mg, 1.07 mmol) and pyridine (865 mL,
10.7 mmol) in CH2Cl2 (10.7 mL) Dess–Martin periodinane (502 mg,
1.18 mmol) was added at 0 8C. After being stirred for 30 min at 0 8C, the
reaction mixture was quenched with aqueous NaHCO3, treated with
aqueous Na2S2O3, and extracted with hexane/EtOAc=3:1. The organic
layer was washed with brine, and dried over anhydrous Na2SO4 and con-
centrated. The residue was purified by flash column chromatography
(hexane/EtOAc=30:1) to give 22 (518 mg, 1.01 mmol) in 94% yield.
From 21-R, 22 was prepared by the same procedure in 89% yield: pale
yellow oil; Rf=0.61 (hexane/EtOAc=3:1); a½ �23D +20.9 (c 1.00, CHCl3);
1H NMR (500 MHz, CDCl3) d=0.05 (3H, s, TBS), 0.14 (3H, s, TBS),
0.46 (3H, s, Me25), 0.93 (9H, s, TBS), 1.17 (3H, s, Me28), 1.34 (1H, brd,
J=19.5 Hz, H23), 1.66 (1H, dt, J=11.5, 5.0 Hz, H9), 2.07 (1H, m, H8),
2.09 (1H, dd, J=13.5, 3.5 Hz, H11), 2.32 (1H, dd, J=13.5, 12.0 Hz, H11),
2.37 (3H, s, Me27), 2.37 (1H, m, H8), 2.93 (1H, brd, J=19.5 Hz, H23),
3.41 (3H, s, MeO), 3.43 (1H, d, J=23.5 Hz, H19), 3.45 (3H, s, MeO),
3.83 (1H, d, J=23.5 Hz, H19), 4.28 (1H, brddd, J=12.0, 5.0, 3.5 Hz,
H10), 5.15 (1H, d, J=7.0 Hz, MOM), 5.19 (1H, d, J=7.0 Hz, MOM),
5.60 (1H, m, H24), 5.72 (1H, m, H7), 6.79 (1H, s, Ar), 6.96 ppm (1H, s,
Ar); 13C NMR (125 MHz, CDCl3) d=�4.5, �4.4, 18.1, 21.8, 23.7, 25.9,
28.5, 29.5, 34.9, 35.6, 40.3, 42.9, 47.1, 47.4, 56.1, 58.2, 66.2, 88.3, 94.2,
112.2, 117.2, 118.4, 125.2, 125.4, 137.9, 144.4, 153.5, 208.6 ppm; IR (film)
ñ=2955, 1704, 1463, 1255, 1154, 1090, 1025, 836 cm�1; HRMS (FAB): m/z
calcd for C30H46O5SiNa: 537.3007 [M+Na+]; found: 537.3007.


23 : To a degassed solution of 22 (2.0 g, 3.89 mmol) and tBuOH (372 mL,
3.89 mmol) in THF (38.9 mL), 0.1m SmI2 solution in THF (233 mL,
23.3 mmol) was added at 0 8C. After being stirred for 12 h at room tem-
perature, the reaction mixture was treated with Al2O3 at �78 8C, and fil-
tered through celite and concentrated. The residue was purified by flash
column chromatography (hexane/EtOAc=50:1) to give 23 (1.62 g,
3.34 mmol) in 86% yield: pale yellow oil; Rf=0.60 (toluene/EtOAc=


13:1); a½ �25D �80.3 (c 1.00, CHCl3);
1H NMR (500 MHz, CDCl3) d =0.07


(3H, s, TBS), 0.14 (3H, s, TBS), 0.88 (9H, s, TBS), 1.13 (3H, s, Me25),
1.25 (1H, m, H9), 1.43 (3H, s, Me28), 1.89 (1H, m, H8), 1.95 (1H, dd,
J=13.5, 3.0 Hz, H11), 2.35 (1H, s, Me27), 2.46 (1H, m, H8), 2.49 (1H,
dd, J=13.5, 3.0 Hz, H11), 2.62 (1H, s, H21), 2.75 (1H, m, H23), 2.83
(1H, m, H23), 3.35 (1H, d, J=22.0 Hz, H19), 3.48 (3H, s, MOM), 3.64
(1H, d, J=22.0 Hz, H19), 4.11 (1H, m, H10), 5.17 (1H, d, J=6.5 Hz,
MOM), 5.20 (1H, d, J=6.5 Hz, MOM), 5.54 (1H, m, H7), 5.63 (1H, m,
H24), 6.75 (1H, s, Ar), 6.78 ppm (1H, s, Ar); 13C NMR (125 MHz,


CDCl3) d=0.00, 0.81, 22.9, 26.7, 31.0, 32.4, 32.7, 33.0, 35.5, 39.0, 45.4,
45.7, 48.7, 49.8, 61.0, 68.5, 78.7, 99.1, 116.6, 121.9, 123.5, 127.9, 131.9,
142.2, 155.8, 159.0, 214.8 ppm; IR (film) ñ=2955, 1715, 1584, 1471, 1255,
1154, 1030, 837, 758 cm�1; HRMS (FAB): m/z calcd for C29H44O4SiNa:
507.2901 [M+Na+]; found: 507.2900.


24 : To a solution of iPr2NH (214 mL, 1.89 mmol) in THF (3.44 mL),
1.56m nBuLi solution in hexane (1.21 mL, 1.89 mmol) was added at
�78 8C. After being stirred for 30 min at 0 8C, a solution of 23 (458 mg,
944 mmol) in THF (3.0 mL) was added at �78 8C. After being stirred for
30 min at �78 to �60 8C, MeI (588 mL, 9.44 mmol) and HMPA (164 mL,
944 mmol) were added at �78 8C. After being stirred for 1 h at �78 8C to
room temperature, the reaction mixture was quenched with aqueous
NaHCO3, and extracted with hexane/EtOAc=3:1. The organic layer was
washed with brine, and dried over anhydrous Na2SO4 and concentrated.
The residue was purified by flash column chromatography (hexane/
EtOAc=20:1) to give 24 (463 mg, 929 mmol) in 98% yield: pale yellow
oil; Rf=0.61 (hexane/EtOAc=5:1); a½ �25D �65.9 (c 1.00, CHCl3);


1H NMR
(500 MHz, CDCl3) d=0.07 (3H, s, TBS), 0.14 (3H, s, TBS), 0.88 (9H, s,
TBS), 1.08 (3H, s, Me25), 1.26 (1H, m, H9), 1.39 (3H, s, Me28), 1.52
(3H, d, J=7.0 Hz, Me26), 1.90 (1H, m, H8), 1.92 (1H, dd, J=13.5,
3.0 Hz, H11), 2.33 (3H, s, Me27), 2.46 (1H, m, H8), 2.52 (1H, dd, J=


13.5, 3.0 Hz, H11), 2.79 (1H, m, H23), 2.88 (1H, m, H23), 3.00 (1H, s,
H21), 3.49 (3H, s, MOM), 3.52 (1H, q, J=7.0 Hz, H19), 4.11 (1H, brdd,
J=3.0, 3.0 Hz, H10), 5.18 (1H, d, J=7.0 Hz, MOM), 5.20 (1H, d, J=


7.0 Hz, MOM), 5.54 (1H, m, H24), 5.61 (1H, m, H7), 6.71 (1H, s, Ar),
6.80 ppm (1H, s, Ar); 13C NMR (125 MHz, CDCl3) d=0.00, 0.84, 22.8,
24.6, 26.6, 31.0, 32.7, 33.1, 33.9, 35.9, 38.5, 47.8, 48.5, 50.0, 51.3, 61.1, 64.6,
78.9, 99.0, 117.3, 122.5, 127.9, 128.6, 131.8, 142.5, 155.1, 159.9, 218.8 ppm;
IR (film) ñ =2928, 1715, 1574, 1470, 1255, 1152, 1029, 837, 771 cm�1;
HRMS (FAB): m/z calcd for C30H46O4SiNa: 521.3058 [M+Na+]; found:
521.3060.


25 : To a solution of LiAlH4 (93.9 mg, 2.51 mmol) in Et2O (4.36 mL), 24
(463 mg, 929 mmol) in Et2O (2.00 mL) was added at �78 8C. After being
stirred for 1 h at �78 to 0 8C, the reaction mixture was quenched with
EtOAc at �78 8C, treated with aqueous Rochelle salt, and extracted with
hexane/EtOAc=3:1. The organic layer was washed with brine, and dried
over anhydrous Na2SO4 and concentrated. The residue was purified by
flash column chromatography (hexane/EtOAc=30:1) to give the alcohol
(465 mg, 929 mmol) in 100% yield as a 9:1 mixture of diastereomers at
C20, which was used in the next reaction without further purification.


To a solution of the secondary alcohol (1.92 g, 3.83 mmol) in CH2Cl2
(38.3 mL), TMSBr (2.53 mL, 19.2 mmol) was added at �78 8C. After
being stirred for 2 h at �78 to �20 8C, the reaction mixture was quenched
with aqueous NaHCO3 at �78 8C, treated with aqueous NH4Cl, and ex-
tracted with hexane/EtOAc=3:1. The organic layer was washed with
brine, and dried over anhydrous Na2SO4 and concentrated. The residue
was purified by flash column chromatography (hexane/EtOAc=4:1) to
give 25 (1.58 g, 3.45 mmol) in 90% yield: pale yellow oil; Rf=0.60
(hexane/EtOAc=2:1); a½ �24D +1.48 (c 1.00, CHCl3);


1H NMR (500 MHz,
CDCl3) d =0.09 (3H, s, TBS), 0.18 (3H, s, TBS), 0.89 (9H, s, TBS), 1.14
(3H, s, Me25), 1.24 (3H, d, J=7.0 Hz, Me26), 1.40 (1H, m, H9), 1.60
(1H, s, H21), 1.65 (1H, dd, J=14.0, 3.5 Hz, H11), 1.80 (3H, s, Me28),
1.92 (1H, m, H23), 1.96 (1H, m, H8), 2.27 (3H, s, Me27), 2.42 (1H, dd,
J=14.0, 3.5 Hz, H11), 2.51 (1H, m, H8), 3.12 (1H, m, H23), 3.12 (1H, q,
J=7.0 Hz, H19), 4.08 (1H, ddd, J=8.5, 3.5, 3.5 Hz, H10), 4.51 (1H, br s,
H20), 5.61 (2H, m, H7, H24), 6.41 (1H, s, Ar), 6.67 ppm (1H, s, Ar);
13C NMR (125 MHz, CDCl3) d=�5.0, �3.7, 14.1, 17.9, 20.4, 21.2, 26.1,
28.0, 28.8, 31.0, 32.5, 35.2, 37.9, 38.3, 44.3, 47.5, 49.4, 60.5, 72.0, 74.1,
113.2, 117.5, 120.9, 124.2, 125.8, 136.3, 150.4, 154.1 ppm; IR (film) ñ=


3365, 2928, 1580, 1471, 1254, 1069, 837, 771 cm�1; HRMS (FAB): m/z
calcd for C28H44O3SiNa: 479.2952 [M+Na+]; found: 479.2951.


26 : To a solution of 25 (8.7 mg, 19 mmol) and Cs2CO3 (34 mg, 95 mmol) in
DMF (1.0 mL), BnBr (6.8 mL, 57 mmol) was added at 0 8C. After being
stirred for 30 min at room temperature, the reaction mixture was
quenched with MeOH, treated with aqueous NaHCO3, and extracted
with hexane/EtOAc=3:1. The organic layer was washed with brine, and
dried over anhydrous Na2SO4 and concentrated. The residue was purified
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by flash column chromatography (hexane/EtOAc=50:1) to give a Bn-
ether (9.2 mg, 17 mmol) in 91% yield.


To a solution of the Bn-ether (1.37 g, 2.51 mmol), TBAI (1.85 g,
5.01 mmol) and iPr2NEt (8.73 mL, 50.1 mmol) in (CH2Cl)2 (25.1 mL),
BOMCl (1.74 mL, 12.5 mmol) was added at 0 8C. After being stirred for
2 h at 70 8C, the reaction mixture was quenched with aqueous NaHCO3


at 0 8C, and extracted with hexane/EtOAc=3:1. The organic layer was
washed with brine, and dried over anhydrous Na2SO4 and concentrated
to give a BOM-ether.


To a solution of the BOM-ether in DMPU (25.1 mL), 1.0m solution of
TBAF in DMPU (50.2 mL, 50.2 mmol) was added at 0 8C. After being
stirred for 3 h at 95 8C, the reaction mixture was quenched with aqueous
NH4Cl, and treated with water, and extracted with hexane/EtOAc=3:1.
The organic layer was washed with brine, and dried over anhydrous
Na2SO4 and concentrated. The residue was purified by flash column chro-
matography (hexane/EtOAc=5:1) to give 26 (1.29 g, 2.33 mmol) in 93%
overall yield: pale yellow oil; Rf=0.33 (hexane/EtOAc=5:1); a½ �26D �8.52
(c 1.00, CHCl3);


1H NMR (500 MHz, CDCl3) d=1.15 (3H, s, Me25), 1.25
(3H, d, J=7.0 Hz, Me26), 1.48 (1H, m, H9), 1.62 (1H, m, H11), 1.67
(1H, s, H21), 1.86 (3H, s, Me28), 1.96 (1H, m, H23), 2.08 (1H, m, H8),
2.33 (3H, s, Me27), 2.62 (1H, dd, J=14.0, 3.0 Hz, H11), 2.66 (1H, m,
H8), 3.19 (1H, m, H23), 3.61 (1H, q, J=7.0 Hz, H19), 4.16 (1H, m,
H10), 4.32 (1H, br s, H20), 4.49 (1H, d, J=12.0 Hz, BOM), 4.59 (1H, d,
J=12.0 Hz, BOM), 4.84 (1H, d, J=6.5 Hz, BOM), 4.92 (1H, d, J=


6.5 Hz, BOM), 5.03 (1H, d, J=12.0 Hz, Bn), 5.06 (1H, d, J=12.0 Hz,
Bn), 5.79 (2H, m, H7, H24), 6.61 (1H, s, Ar), 6.84 (1H, s, Ar), 7.22–
7.41 ppm (10H, m, Bn, BOM); 13C NMR (125 MHz, CDCl3) d=14.0,
20.6, 20.9, 21.7, 27.6, 29.0, 29.1, 30.3, 32.3, 34.1, 34.3, 38.2, 43.7, 46.5, 48.9,
53.8, 69.5, 69.9, 74.5, 79.4, 94.9, 109.2, 118.1, 123.1, 123.5, 126.7, 127.3,
127.4, 127.7, 128.1, 128.3, 128.7, 135.9, 137.4, 137.8, 150.3, 156.5 ppm; IR
(film) ñ=3573, 2931, 1575, 1454, 1377, 1058, 734, 696 cm�1; HRMS
(FAB): m/z calcd for C37H44O4Na: 575.3132 [M+Na+]; found: 575.3134.


27: To a solution of 26 (1.29 g, 2.33 mmol) in CH2Cl2 (23.3 mL), Dess–
Martin periodinane (2.97 g, 7.00 mmol) was added at 0 8C. After being
stirred for 30 min at room temperature, the reaction mixture was
quenched with aqueous NaHCO3, treated with aqueous Na2S2O3, and ex-
tracted with hexane/EtOAc=3:1. The organic layer was washed with
brine, and dried over anhydrous Na2SO4 and concentrated. The residue
was purified by flash column chromatography (hexane/EtOAc=10:1) to
give 27 (1.21 g, 2.20 mmol) in 94% yield: pale yellow oil; Rf=0.44
(hexane/EtOAc=5:1); a½ �26D �42.1 (c 1.00, CHCl3);


1H NMR (500 MHz,
CDCl3) d=1.31 (3H, d, J=7.5 Hz, Me26), 1.34 (3H, s, Me25), 1.59 (3H,
s, Me28), 1.88 (1H, m, H23), 2.08 (1H, m, H8), 2.24 (1H, s, H21), 2.32
(3H, s, Me27), 2.46 (1H, d, J=7.0 Hz, H9), 2.56 (1H, d, J=11.5 Hz,
H11), 2.71 (1H, m, H8), 2.79 (1H, m, H23), 2.93 (1H, d, J=11.5 Hz,
H11), 3.68 (1H, q, J=7.5 Hz, H19), 4.34 (1H, br s, H20), 4.45 (1H, d, J=


12.0 Hz, BOM), 4.54 (1H, d, J=12.0 Hz, BOM), 4.82 (1H, d, J=7.5 Hz,
BOM), 4.90 (1H, d, J=7.5 Hz, BOM), 5.02 (1H, d, J=12.0 Hz, Bn), 5.07
(1H, d, J=12.0 Hz, Bn), 5.54 (1H, m, H24), 5.71 (1H, m, H7), 6.64 (1H,
s, Ar), 6.71 (1H, s, Ar), 7.22–7.42 ppm (10H, m, Bn, BOM); 13C NMR
(125 MHz, CDCl3) d=20.6, 21.0, 21.8, 28.6, 29.7, 31.3, 34.1, 40.7, 43.7,
48.9, 53.9, 57.1, 69.8, 70.3, 79.3, 94.8, 110.0, 118.1, 123.3, 124.1, 124.4,
127.0, 127.6, 127.7, 127.8, 128.3, 128.5, 136.6, 137.4, 137.7, 147.0, 156.7,
209.9 ppm; IR (film) ñ =2930, 1713, 1575, 1454, 1377, 1048, 910,
734 cm�1; HRMS (FAB): m/z calcd for C37H42O4Na: 573.2975 [M+Na+];
found: 573.2976.


30 : To a solution of 27 (83.5 mg, 152 mmol) in hexane (3.00 mL), HN-
ACHTUNGTRENNUNG(TMS)2 (320 mL, 1.52 mmol) and TMSI (107 mL, 760 mmol) was added at
�20 8C. After being stirred for 12 h at room temperature, the reaction
mixture was quenched with aqueous NaHCO3 at �20 8C, and extracted
with hexane/EtOAc=5:1. The organic layer was washed with brine, and
dried over anhydrous Na2SO4 and concentrated to give 28.


To a solution of 28 in DME/HMPA=5:1 (1.85 mL), 1.0m solution of
MeLi in Et2O (500 mL, 500 mmol) was added at �30 8C. After being
stirred for 30 min at �30 8C, the reaction mixture and ClCH2I (110 mL,
1.52 mmol) were added to 0.5m solution of SmI2 in THF (2.90 mL) at
�50 8C. After being stirred for 30 min at �30 8C to room temperature,


the reaction mixture was treated with Al2O3 at �78 8C, and filtered
through florisil and concentrated to give 29.


To a solution of 29 in CH2Cl2 (2.00 mL), p-TsOH (2.9 mg, 15.2 mmol) was
added at 0 8C. After being stirred for 1 h at room temperature, the reac-
tion mixture was quenched with aqueous NaHCO3 at 0 8C, and extracted
with hexane/EtOAc=2:1. The organic layer was washed with brine, and
dried over anhydrous Na2SO4 and concentrated. The residue was purified
by flash column chromatography (hexane/EtOAc=20:1) to give 30
(74.3 mg, 132 mmol) in 87% yield from 27: colorless oil; Rf=0.61
(hexane/EtOAc=3:1); a½ �24D �43.6 (c 1.00, CHCl3);


1H NMR (500 MHz,
CDCl3) d =1.19 (3H, s, Me29), 1.24 (3H, s, Me25), 1.32 (3H, d, J=


7.0 Hz, Me26), 1.63 (3H, s, Me28), 1.78 (1H, m, H8), 1.98 (1H, m, H23),
2.32 (3H, s, Me27), 2.64 (1H, s, H21), 2.70 (1H, m, H8), 2.77 (1H, d, J=


12.5 Hz, H11), 2.92 (1H, m, H23), 2.97 (1H, d, J=12.5 Hz, H11), 3.66
(1H, q, J=7.0 Hz, H19), 4.26 (1H, s, H20), 4.48 (1H, d, J=12.0 Hz,
BOM), 4.56 (1H, d, J=12.0 Hz, BOM), 4.81 (1H, d, J=7.5 Hz, BOM),
4.91 (1H, d, J=7.5 Hz, BOM), 5.03 (1H, d, J=12.5 Hz, Bn), 5.07 (1H, d,
J=12.5 Hz, Bn), 5.53 (1H, m, H24), 5.69 (1H, m, H7), 6.64 (1H, s, Ar),
6.69 (1H, s, Ar), 7.23–7.42 ppm (10H, m, Bn, BOM); 13C NMR
(125 MHz, CDCl3) d=15.3, 21.0, 21.8, 24.2, 24.9, 29.8, 31.0, 33.3, 34.4,
41.3, 42.3, 43.2, 51.8, 52.9, 65.8, 69.8, 70.4, 79.6, 94.8, 110.0, 118.0, 124.0,
124.2, 124.4, 127.0, 127.6, 127.7, 127.8, 128.4, 128.5, 136.7, 137.4, 137.8,
148.0, 156.7, 212.9 ppm; IR (film) ñ =2924, 1705, 1576, 1454, 1288, 1050,
753 cm�1; HRMS (FAB): m/z calcd for C38H44O4Na: 587.3132 [M+Na+];
found: 587.3133.
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Introduction


Electrochemiluminescence (ECL) has attracted considerable
attention during the past several decades due to its versatili-
ty, good temporal and spatial control, very low background
signal, and straightforward optical setup. It has become an
important and valuable detection method in analytical
chemistry and has been used for detection in chromatogra-
phy[1] and capillary electrophoresis.[2] Moreover, the applica-
tions of ECL are found widely in chemical sensing,[3] imag-
ing,[4] lasing,[5] immunoassays, and DNA analyses.[6] Among
all ECL systems, [Ru ACHTUNGTRENNUNG(bpy)3]


2+ is one of the most extensively
studied compounds owing to its stability, reversibility, sensi-
tivity, and capacity to undergo ECL at room temperature in
aqueous solution. To develop regenerable ECL-based sen-
sors and detection devices and to simplify the detection


system, considerable attention has been paid to the immobi-
lization of [Ru ACHTUNGTRENNUNG(bpy)3]


2+ at the electrode surface. To date,
many methods for the effective immobilization of [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ on solid electrode surfaces have been devel-
oped.[7–13] Prominent examples include the immobilization of
[Ru ACHTUNGTRENNUNG(bpy)3]


2+ in polymer,[7] Nafion film,[8] TiO2–Nafion com-
posite films,[9] carbon nanotube-based nanocomposite
films,[10] sol-gels,[11] Pt nanoparticle-based nanocomposites,[12]


and silica nanoparticles.[13] More recently, a solution-based
self-assembly strategy has been employed to prepare novel,
robust [Ru ACHTUNGTRENNUNG(bpy)3]


2+-containing supramolecular microstruc-
tures for highly efficient ECL detection.[14] Although the
above self-assembly methods could complete the efficient
immobilization of [RuACHTUNGTRENNUNG(bpy)3]


2+ , the application in ECL sen-
sors is not acceptable because the obtained aggregate is dif-
ficult to firmly immobilize on the electrode surface.


In contrast, magnetic nanoparticles have been the focus of
intense research in a wide range of disciplines such as mag-
netic fluids, catalysis, biotechnology/biomedicine, magnetic
resonance imaging, data storage, and environmental reme-
diation.[15] Magnetic nanoparticle-based immobilization of
[Ru ACHTUNGTRENNUNG(bpy)3]


2+ is a promising approach toward the construc-
tion of very stable ECL sensors. For example, Lee and co-
workers[16] reported a highly sensitive and stable [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ ECL sensor based on the multilayer films of
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Nafion-stabilized magnetic nanoparticles formed on a plati-
num electrode surface. Dong and colleagues[17] successfully
prepared a new type of bifunctional nanoparticle containing
a magnetic core and a [Ru ACHTUNGTRENNUNG(bpy)3]


2+-encapsulated lumines-
cent shell by using the Stçber method. The resulting bifunc-
tional nanoparticles exhibited excellent ECL performance.
However, the above preparation process is complex, and the
bifunctional nanoparticles obtained have low saturation
magnetization, which will probably lead to their poor immo-
bilization.


Herein we report a large-scale process that combines soni-
cation with a self-assembly technique for the preparation of
high-density gold nanoparticles supported on [Ru ACHTUNGTRENNUNG(bpy)3]


2+-
doped silica/Fe3O4 nanocomposite (GNRSF). The obtained
hybrid nanomaterials containing [Ru ACHTUNGTRENNUNG(bpy)3]


2+ have high sat-
uration magnetization, which leads to effective immobiliza-
tion at the surface of indium tin oxide (ITO) electrodes
without the need of a special immobilization apparatus.
High-density gold nanoparticles were employed as an accel-
erating agent for completing effective electron transfer be-
tween [Ru ACHTUNGTRENNUNG(bpy)3]


2+ and the ITO electrode. Most interesting-
ly, direct placement of GNRSF on a bare ITO electrode
with simultaneous control of the obtained GNRSF film by
an external magnetic field (placed at the side of the beaker),
produced good and very stable ECL behavior.


Results and Discussion


The morphology of the products was investigated by scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). Figure 1a shows a typical SEM image
of the as-prepared Fe3O4 spheres coated on the silicon sub-
strate. As shown, the silicon substrate is fully covered with
Fe3O4 spheres that have a relatively narrow size distribution.
From the TEM analysis (Figure 1b), it was determined that
the Fe3O4 spheres have an average diameter of ~350 nm.
There have been several reports of the direct coating of
magnetic nanoparticles with silica.[18] For magnetic oxide in
particular, no primer was required to promote the deposi-
tion and adhesion of the silica shell under certain conditions,


because the iron oxide surface has a strong affinity toward
silica.[18]


In the work reported herein, a simple sonication approach
to functionalize Fe3O4 with a [Ru ACHTUNGTRENNUNG(bpy)3]


2+-doped silica layer
is reported. Note that sonication probably provides a suita-
bly homogeneous environment for silica growth by prevent-
ing Fe3O4 sedimentation. After functionalization with NH2


groups, the above nanocomposite was mixed with gold
nanoparticles to generate a high-density coverage of nano-
particles supported on the [Ru ACHTUNGTRENNUNG(bpy)3]


2+-doped silica/Fe3O4


nanocomposite. The NH2 groups act as a good linker for ef-
fectively adsorbing high-density gold nanoparticles on the
nanocomposite surface; gold nanoparticles act as the elec-
tron-accelerating agents for enhancing the rate of electron
transfer between [Ru ACHTUNGTRENNUNG(bpy)3]


2+ and the ITO electrode. Typi-
cal SEM images of the obtained GNRSF at various magnifi-
cations are shown in Figure 2a–c. In Figure 2a, it can be
seen that a uniform nanocomposite film was formed on the
surface of the ITO electrode. The magnified image (Fig-
ure 2c) indicates that high-density gold nanoparticles were
located on the surface of nanocomposite. Structural details
are revealed by the TEM image (Figure 2d); the nanocom-
posite surface supports a great number of gold nanoparticles
with a diameter of ~13 nm.


Abstract in Chinese:


Figure 1. Representative a) SEM and b) TEM images of the Fe3O4


spheres prepared.


Figure 2. a–c) Representative SEM images of the as-prepared GNRSF at
various magnifications (indicated); d) typical TEM image of the as-pre-
pared GNRSF.
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The chemical composition of GNRSF was determined by
energy-dispersive X-ray spectroscopy (EDX, Figure 3a) and
X-ray maps analysis of the product coated on the ITO sub-


strate (Figure 3b). The EDX spectrum (Figure 3a) shows
peaks corresponding to Au, Fe, and Ru, along with other
peaks that originate from the substrate. The corresponding
X-ray maps (Figure 3b) reveal that Au, Fe, and Ru have a
relatively uniform distribution in the GNRSF. Based on
these observations, it can be concluded that the Fe3O4/silica
is present in the form of core/shell structures. Magnetization
curves, as shown in Figure 4a, are measured on powder sam-
ples of Fe3O4 spheres (line A) and GNRSF (line B) at room
temperature. Both exhibit negligible coercivity and rema-
nence, and their saturation magnetization is 92.5 and
20.5 emug�1, respectively. Compared with the previous liter-
ature,[17] the relatively high saturation magnetization of
GNRSF makes it quite amenable to complete magnetically
induced immobilization for practical applications through
simple manipulation by an external magnetic field.


To test the ECL behavior of the GNRSF prepared, we ac-
quired the cyclic voltammogram (CV), the ECL intensity–
potential curve, and the ECL intensity–time curve of the


GNRSF coated on an ITO electrode. Figure 4b shows the
CV acquired at a scan rate of 100 mVs�1 in 100 mm phos-
phate buffer (PBS, pH 7.5). A pair of redox waves appeared
at ~1.1 V (versus Ag/AgCl) attributed to the one-electron
redox reaction of [Ru ACHTUNGTRENNUNG(bpy)3]


2+ .[14] Another pair of redox
waves that appeared at 0.89 and 0.48 V probably resulted
from the oxidation and reduction of the gold nanoparticle-
s.[14a] Figure 4c shows the corresponding ECL intensity–po-
tential curves in the absence (trace A) and presence
(trace B) of TPA. The onset of luminescence occurs near
0.9 V, and the ECL peak intensity occurs near 1.2 V, at
which [Ru ACHTUNGTRENNUNG(bpy)3]


2+ is electrochemically oxidized. Clearly,
the addition of TPA gives a marked increase in the ECL in-
tensity, indicating good sensitivity of this ECL sensor. Fig-
ure 4d shows the corresponding ECL intensity–time curves
in the absence (trace A) and presence of 5 mm (trace B) and
210 mm (trace C) TPA in PBS (pH 7.5) under continuous po-
tential scanning for 11 cycles. The relative standard devia-
tion was <1%. In addition, the [Ru ACHTUNGTRENNUNG(bpy)3]


2+ ECL sensor
based on GNRSF gave a linear response for TPA concentra-
tions between 5 mm and 0.21 mm, with a detection limit in
the micromolar range. Notably, the sensitivity of the ECL
sensor can be easily controlled by the amount of [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ immobilized (that is, varying the amount of [Ru-
ACHTUNGTRENNUNG(bpy)3]


2+ during GNRSF synthesis). Furthermore, the long-
term storage stability of this sensor is good (two weeks),
and the nanocomposite film does not come off when con-
trolled by an external magnetic field; this may be attributed
to the following facts: the strong electrostatic interaction be-
tween positively charged [RuACHTUNGTRENNUNG(bpy)3]


2+ and negatively
charged silica nanoparticles, and the magnetically induced
immobilization caused by Fe3O4 spheres with high saturation
magnetization. These observations suggest that the resulting
[Ru ACHTUNGTRENNUNG(bpy)3]


2+-containing nanocomposites exhibit good and
very stable ECL behavior and therefore hold great promise
for solid-state ECL detection in capillary electrophoresis
(CE) or CE microchips.


Conclusions


This is the first report of a simple sonication method for the
synthesis of ECL sensor materials (GNRSF) at room tem-
perature. The electrochemical data indicate that these nano-
composites, containing [Ru ACHTUNGTRENNUNG(bpy)3]


2+ and Fe3O4 spheres, ex-
hibit good and very stable ECL behavior and thus provide a
new type of nanocomposite material for solid-state ECL de-
tection in capillary electrophoresis or CE microchips.


Experimental Section


Chemicals : Tris(2,2’-bipyridyl)dichlororuthenium(II) hexahydrate ([Ru-
ACHTUNGTRENNUNG(bpy)3Cl2]·6H2O) and tripropylamine (TPA) were from Aldrich and used
as received. Tetraethoxysilane (TEOS), 3-aminopropyltrimethoxysilane
(APTMS), NH4OH, NaH2PO4, Na2HPO4, ethanol, FeCl3, and
CH3COONa were purchased from Beijing Chemical Factory (Beijing,
China) and used as received without further purification. Water used
throughout all experiments was purified with a Millipore system.


Figure 3. a) EDX spectrum and b) X-ray maps of the as-prepared
GNRSF.


1546 www.chemasianj.org C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1544 – 1548


FULL PAPERS
E. Wang et al.







Apparatus : Scanning electron microscopy (SEM) images were generated
with a Philips XL-30 ESEM at an accelerating voltage of 15 kV. The sam-
ples for SEM characterization were prepared by placing 20 mL of the sus-
pension on the ITO substrate and allowing the solvent to slowly evapo-
rate at room temperature. TEM measurements were made on a Hitachi
H-8100 EM with an accelerating voltage of 200 kV. The sample for TEM
characterization was prepared by placing a drop of prepared solution on
carbon-coated copper grid and drying at room temperature. Hysteresis
loops were collected on a Quantum Design superconducting quantum in-
terference device (SQUID) magnetometer (LakeShore 7307) at 296 K.
Cyclic voltammetry experiments were performed on a model 800 electro-
chemical analyzer, and ECL signals were detected on a model MPI-A ca-
pillary electrophoresis ECL system (XiNan Remax Electronics Inc., XiNan,
China) with the voltage of the photomultiplier tube (PMT) at 800 V. The
working electrode was the hybrid-nanomaterial-modified ITO electrode.
An Ag/AgCl (saturated KCl) reference electrode was used for all meas-
urements. A platinum wire was used as a counterelectrode.


Preparation of nanoparticles supported on the [Ru ACHTUNGTRENNUNG(bpy)3]
2+-doped silica/


Fe3O4 nanocomposite : Fe3O4 spheres with high saturation magnetization
were synthesized by a polyol media solvothermal method according to
reference [19] with some modifications. The GNRSF was prepared by the
following process: Fe3O4 spheres (26 mg) were added to ethanol (30 mL),
followed by the addition of TEOS (800 mL), [Ru ACHTUNGTRENNUNG(bpy)3]


2+ (0.1m, 300 mL),
and NH4OH (25%, 2 mL). The resulting solution was then sonicated for
~6 h and stored overnight. After collection of the precipitate, the result-
ing product was dissolved in ethanol (20 mL) followed by the addition of
H2O (2 mL), NH4OH (25%, 2 mL), and APTMS (100 mL). After sonica-
tion for 3 h, the NH2-functionalized hybrid material was collected with
an external magnetic field and dissolved in H2O (20 mL). The gold nano-


particles (1~13 nm) were synthesized according to reference [20]. Final-
ly, the GNRSF was prepared by mixing 3 mL of the above solution with
15 mL of the solution of gold nanoparticles. The resulting product was
collected and dissolved in 3 mL H2O.


Immobilization of the hybrid nanomaterial on the bare ITO electrode
surface : A sample (20 mL) of the GNRSF suspension in H2O was placed
on an ITO electrode and air-dried at room temperature. ECL measure-
ments were carried out in PBS (0.1m, pH 7.5) at a scan rate of
100 mVs�1. An external magnetic field was placed on the side of beaker
for effectively immobilizing hybrid nanomaterials.
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Introduction


Symbiotic dinoflagellates of the genus Amphidinium, isolat-
ed from the internal cells of Okinawan marine flatworms
Amphiscolops spp., which live on algae or seaweeds in Oki-
nawan coral reefs, are rich sources of bioactive substances.
The most prominent secondary metabolites from these sour-
ces are amphidinolides, the cytotoxic macrolides of mixed
polyketide origin. Until 2003, 34 cytotoxic macrolides have
been isolated from Amphidinium spp. by Kobayashi and co-
workers.[1] Amphidinolide E (1) is a unique 18-membered
macrolide isolated from the Y-5’ strain of a dinoflagellate
Amphidinium sp.[2] The structure of 1 features a cis-2,5-dis-
ubstituted oxolane unit incorporated in the macrolide ring,
as well as a prominent triene side chain. Compound 1 exhib-
ited cytotoxic activity against L1210 (IC50=2.0 mgmL�1) and
L5178Y (IC50=4.8 mgmL�1) murine leukemia cells in vitro.
Due to its unique structural features and limited availability,
intense synthetic activities have been directed toward 1;[3]


successful total syntheses were reported by us[4] and by Va
and Roush.[5] In this paper, we report a full account of our
recent efforts on the total synthesis of 1.


Results and Discussion


At the outset, macrolide A was envisioned as the penulti-
mate target in the synthesis of 1 (Scheme 1). Introduction of
the triene side chain was postponed to the last phase of the
synthesis. For preparation of macrolide A, a double-Suzuki
stitching process was envisaged. If successful, coupling of


Keywords: amphidinolides · anti-
cancer agents · macrolides · natural
products · total synthesis


Abstract: The total synthesis of (�)-amphidinolide E was accomplished by follow-
ing a synthetic scheme that incorporates the labile C2 stereocenter at a very late
stage. The oxolane unit was prepared by b-alkoxyacrylate radical cyclization. The
enyne metathesis reaction was employed for the synthesis of the side chain. The
Kocienski–Julia reaction was used for the union of the two major fragments, and
the Kita macrolactonization protocol was used for macrolide synthesis.
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ester C (Y=BR2) with the C2-symmetric diene B (X= I)
should furnish a quick access to the macrolide structure.
Fragment B may be obtained from the known tartrate ace-
tonide precursors. Fragment C may be prepared from frag-
ment D. Fragment D may in turn be obtained by radical cyc-
lization of the allenyl ether derivative E, which should be
accessible from fragment F.


Studies on the radical cyclization of allenyl ethers were
first initiated. The known triol derivative 2[6] was converted
into propargyl ether 3 through MOM protection, hydroge-
nolysis, TBS protection of the primary hydroxy group, and
propargylation (Scheme 2). Allenyl ether 4 was prepared


from 3 upon exposure to potassium tert-butoxide,[7] and
iodide 6 was obtained via the primary alcohol 5. When 6
was allowed to react under the usual conditions of tributyl-
stannane/AIBN/benzene, a complex product mixture was
obtained. No reaction occurred when 6 was allowed to react
with tris(trimethylsilyl)silane and triethylborane at �20 8C.
The oxolane product 7 was not prepared under these condi-
tions, and it was concluded that allenyl ethers are not pro-
ductive precursors for radical cyclization.


For the preparation of intermediates like C for the
double-Suzuki stitching scheme, hydroboration of 2-methyl-
3-butynoate esters are required, and it was essential to diag-
nose the fidelity of the C2 stereocenter throughout the ma-
nipulation. For this purpose, (R)-2-methyl-3-butynoic acid
(10) was prepared from methyl (S)-3-hydroxy-2-methylpro-
panoate (8) via dibromo olefin 9 (Scheme 3).[8] It was soon
realized that it was not possible to prepare esters of the acid
10. When methyl (S)-mandelate was allowed to react with
10 in the presence of 2-chloro-1-methylpyridinium iodide


and triethylamine,[9] or in the presence of DCC and
DMAP,[10] the only product isolated was 2-methyl-2,3-buta-
dienoate 11. The message was clear: 2-methyl-3-butynoate
esters are too labile for manipulation.


By considering the results described above, it was decided
to abandon the double-Suzuki stitching scheme. In particu-
lar, it was realized that a successful total synthesis of 1
should avoid intermediates like C, which would involve dif-
ficult preparation and precarious manipulation. In a second
retrosynthetic analysis, lactonization of the seco acid G was
envisaged for the synthesis of 1, which may be prepared by
Julia coupling of the aldehyde fragment H and the sulfone
fragment I (Scheme 4). Potential problems arising from the
intrinsic lability at C2 of 1 would be faced at the end of the
macrolide synthesis. Fragment I may be prepared from frag-
ment J. Fragment J may in turn be obtained by radical cycli-
zation of the b-alkoxyacrylate derivative K, which should be
accessible from fragment F.


Scheme 2. Attempted radical cyclization of allenyl ether 6. Reaction con-
ditions: a) MOMCl, DIPEA, CH2Cl2; b) H2, Pd/C, MeOH; c) TBSCl,
imidazole, CH2Cl2; d) NaH, THF, then CHCCH2Br, reflux; e) tBuOK,
THF; f) TBAF, THF; g) CH3I, PPh3, DEAD, toluene; h) Bu3SnH
(1.5 equiv), AIBN (0.3 equiv), benzene, reflux; i) (TMS)3SiH (1.3 equiv),
Et3B (1.5 equiv), toluene, �20 8C. AIBN=2,2’-azobisisobutyronitrile,
DEAD=diethyl azodicarboxylate, DIPEA=diisopropylethylamine,
MOM=methoxymethyl, TBAF= tetra-n-butylammonium fluoride,
TBS= tert-butyldimethylsilyl, TMS= trimethylsilyl.


Scheme 3. Attempted esterification of 2-methyl-3-butynoic acid (10). Re-
action conditions: a) TBSCl, imidazole, CH2Cl2; b) DIBAL, toluene,
�78 8C, then CBr4, PPh3, CH2Cl2, �78 8C!room temperature; c) nBuLi,
diethyl ether, �78 8C; d) Jones oxidation, acetone, 0 8C; e) methyl (S)-
mandelate (1.2 equiv), 2-chloro-1-methylpyridinium iodide (1.3 equiv),
TEA (20 equiv), CH2Cl2, room temperature, 12 h; f) methyl (S)-mande-
late (2.0 equiv), DCC (2.0 equiv), DMAP (0.05 equiv), CH2Cl2, �10 8C,
10 h. DCC=dicyclohexylcarbodiimide, DIBAL=diisobutylaluminum hy-
dride, DMAP=4-dimethylaminopyridine, TEA= triethylamine.


Scheme 4. Retrosynthetic analysis II. Bn=benzyl.
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In practice, the known diol 12[11] was first converted into
aldehyde 13 by acetonide formation, LAH reduction, and
oxidation (Scheme 5). Roush crotylation of 13 with boronate
14,[12] PMB protection, acetonide deprotection, and cyclic-
acetal formation provided alcohol 15. Diol 16 was prepared
from 15 by TBS protection, hydroboration–oxidation,
benzyl protection, and acetal deprotection under acidic con-
ditions. Selective tosylation of the primary hydroxy group in
16, reaction of the secondary hydroxy group with ethyl pro-
piolate in the presence of N-methylmorpholine, and iodide
substitution led to the formation of iodide 17. The relative
inefficiency of the conversion of 16 into 17 reflects the 1,2-
migration tendency of the TBS group under basic condi-
tions. Radical cyclization[13] of 17 proceeded smoothly in the
presence of tris(trimethylsilyl)silane and triethylborane at
�20 8C, and the oxolane product 18 was isolated in good


yield. Conversion of 18 into the homologous sulfone 20 re-
quired a five-step sequence that involved DIBAL reduction,
Wittig methylenation, hydroboration–oxidation, Mitsunobu-
type substitution with thiol 19, and oxidation with ammoni-
um molybdate/hydrogen peroxide.[14]


For the synthesis of fragment H, methyl (S)-3-hydroxy-2-
methylpropanoate (8) was converted into the corresponding
TBDPS ether, from which vinyl boronic acid 21 was ob-
tained by reduction, oxidation, Corey–Fuchs homologa-
tion,[8] and hydroboration–hydrolysis (Scheme 6).[15] Suzuki
coupling[16] of 21 with the known vinyl iodide 22[17] proceed-
ed smoothly, and the resulting diene was transformed into
aldehyde 23 by TBS deprotection and oxidation.


The critical Kocienski–Julia coupling[18] between sulfone
20 and aldehyde 23 proceeded in the presence of potassium
hexamethyldisilazide in DME at low temperature
(Scheme 7). In this way, a mixture (E/Z=4:1) of olefinic
products that favored 24 was obtained in 62% yield. Selec-
tive TBAF deprotection of the terminal TBDPS group,
Dess–Martin oxidation, sodium chlorite oxidation, and ceric
ammonium nitrate deprotection of the PMB group led to
the isolation of hydroxy carboxylic acid 25 in 32% yield.
The relatively low yield reflected problems primarily associ-
ated with the PMB-deprotection step: presumably, the ceric
salt interfered with the diene group. Under Yamaguchi con-
ditions,[19] hydroxy carboxylic acid 25 cyclized to produce
the macrolide derivative 26 in 11% yield. Further manipula-
tion of macrolide 26 was not possible. For example, attempt-
ed benzyl deprotection of 26 with lithium di-tert-butylbi-
phenyl failed completely.


The truncated macrolide intermediate 26 was a dead end;
it was necessary to revise the synthetic scheme for 1. In a
new retrosynthetic analysis, synthesis of 1 would be accom-
plished by lactonization of seco acid L, which may be pre-
pared by Julia coupling of the aldehyde fragment H and the
triene sulfone fragment M (Scheme 8). Strategically, it was
decided to introduce the triene side chain relatively early in


Scheme 5. Synthesis of sulfone 20. Reaction conditions: a) Me2C ACHTUNGTRENNUNG(OMe)2,
PPTS, CH2Cl2, reflux; b) LAH, ether; c) SO3·pyr, TEA, DMSO/CH2Cl2
(1:1); d) 14, toluene, �78 8C; e) PMBCl, NaH, TBAI, DMF; f) CSA,
CH2Cl2/MeOH (2:1); g) p-MeOC6H4CHACHTUNGTRENNUNG(OMe)2, CSA, CH2Cl2;
h) TBSOTf, 2,6-lutidine, CH2Cl2; i) (sia)2BH, THF; H2O2, NaOH (2n) ;
j) BnBr, NaHMDS, THF/DMF (4:1); k) CSA, CH2Cl2/MeOH (2:1); l) p-
TsCl, TEA, CH2Cl2, 0 8C; m) CHCCO2Et, NMM, CH2Cl2; n) NaI, ace-
tone, reflux; o) (TMS)3SiH (1.3 equiv), Et3B (1.5 equiv), toluene, �20 8C,
2 h; p) DIBAL, THF, �78 8C; q) Ph3P


+CH3I
�, nBuLi, THF, �78 8C;


r) (sia)2BH, THF; H2O2, NaOH (2n) ; s) 19, DIAD, PPh3, THF;
t) (NH4)6Mo7O24·4H2O, H2O2, EtOH. CSA=camphor-10-sulfonic acid,
DIAD=diisopropyl azodicarboxylate, DMF=N,N-dimethylformamide,
DMSO=dimethyl sulfoxide, HMDS=1,1,1,3,3,3-hexamethyldisilazane,
LAH= lithium aluminum hydride, NMM=N-methylmorpholine, PMB=


p-methoxybenzyl, PMP=p-methoxyphenyl, PPTS=pyridinium p-tolue-
nesulfonate, pyr=pyridine, sia= siamyl, TBAI= tetra-n-butylammonium
iodide, Tf= trifluoromethanesulfonyl, Ts=p-toluenesulfonyl.


Scheme 6. Synthesis of aldehyde 23. Reaction conditions: a) TBDPSCl,
imidazole, CH2Cl2, 0 8C!room temperature; b) LiBH4, diethyl ether;
c) SO3·pyr, TEA, DMSO/CH2Cl2 (1:1), 0 8C!room temperature;
d) CBr4, PPh3, Zn, CH2Cl2, 0 8C!room temperature; e) nBuLi, THF,
�78 8C; f) BHBr2·DMS, CH2Cl2, 0 8C!room temperature; H2O/diethyl
ether (1:3), 0 8C!room temperature; g) 21, [Pd ACHTUNGTRENNUNG(PPh3)4], TlOEt, THF/
H2O (4:1); h) PPTS, EtOH; i) SO3·pyr, TEA, DMSO/CH2Cl2 (1:1),
0 8C!room temperature. DMS=dimethylsulfide, TBDPS= tert-butyldi-
phenylsilyl.
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the scheme, thus forestalling difficulties that may arise from
manipulations of the unstable macrolide intermediates. In
this way, potential problems arising from the intrinsic labili-
ty at C2 of 1 would be faced only at the end of the synthetic
scheme. Fragment M may be prepared from fragment N.
Fragment N may in turn be obtained by radical cyclization
of the b-alkoxyacrylate derivative O, which should be acces-
sible from fragment F. It was also clear from the experiences
above that the original set of protecting groups (R=TBS,


R’=PMB) should be changed for successful completion of
the synthesis.


The known diol 27[20] served as the starting material in the
synthesis of fragment M (Scheme 9). DDQ oxidation of 27
provided the corresponding PMP cyclic acetal, which was


converted into aldehyde 28 by MOM protection and
DIBAL reduction. Roush crotylation of 28 with boronate 14
provided a product mixture containing mainly the desired
homoallylic alcohol 29 (d.r.=16:1). TIPS protection of 29
and oxidative acetal deprotection with CAN produced diol
30. Selective tosylation of the primary hydroxy group in 30,
reaction with ethyl propiolate, and iodide substitution led to
b-alkoxyacrylate 31. Radical cyclization of 31 proceeded
smoothly in the presence of tris(trimethylsilyl)silane and
triethylborane, and the oxolane product 32 was obtained in
high yield.


Hydroboration–oxidation of olefin 32 produced the corre-
sponding primary alcohol, which was converted into the cor-
responding aldehyde. At this point, a variety of ways were


Scheme 7. Synthesis of macrolide 26. Reaction conditions: a) KHMDS,
then DME, �78!�60 8C, then 23, �78 8C!room temperature;
b) TBAF, THF; c) DMP, CH2Cl2; d) NaClO2, NaH2PO4, tBuOH/2-
methyl-2-butene/H2O (1:1:1); e) CAN, MeCN/H2O (10:1), 0 8C; f) 2,4,6-
Cl3PhCOCl (9.0 equiv), TEA (15 equiv), THF, room temperature, 3 h,
then DMAP (20 equiv), toluene, room temperature, 12 h; g) LiDBB,
THF, �78 8C. CAN=cerium(IV) ammonium nitrate, DBB=di-tert-butyl-
biphenyl, DME=1,2-dimethoxyethane, DMP=Dess–Martin periodi-
nane.


Scheme 8. Retrosynthetic analysis III.


Scheme 9. Synthesis of triene 36. Reaction conditions: a) DDQ, 3-O mo-
lecular sieves, CH2Cl2, 0 8C; b) MOMCl, DIPEA, DMAP, CH2Cl2, reflux;
c) DIBAL, CH2Cl2, �78 8C; d) 14, 4-O molecular sieves, toluene, �78 8C;
e) TIPSOTf, collidine, CH2Cl2; f) CAN, MeCN/H2O (9:1), 0 8C; g) p-
TsCl, TEA, CH2Cl2, 0 8C; h) CHCCO2Et, NMM, CH2Cl2, room tempera-
ture; i) NaI, acetone, reflux; j) (TMS)3SiH (1.3 equiv), Et3B (1.5 equiv),
toluene, �20 8C, 1 h; k) (sia)2BH, THF, 0 8C; NaBO3·4H2O, H2O;
l) DMP, CH2Cl2, 0 8C!room temperature; m) 33, Cs2CO3, EtOH, 0 8C!
room temperature; n) CH2CH2, [(H2IMes) ACHTUNGTRENNUNG(PCy3)Cl2RuCHPh], CH2Cl2,
then 35, 40 8C, sealed tube, 24 h. Cy=cyclohexyl, DDQ=2,3-dichloro-
5,6-dicyano-p-benzoquinone, Mes=mesityl, TIPS= triisopropylsilyl.
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tested for effective buildup of the side-chain unit. For exam-
ple, Nozaki–Hiyama–Kishi reaction[21] of the aldehyde with
1-iodo-4-methyl-1,4-pentadiene[22] proceeded efficiently to
yield a mixture of allylic alcohols, which was eventually con-
verted into the desired triene 36 by oxidation and Wittig
olefination. Alternatively, the homologous alkyne 34 was
obtained from the aldehyde by reaction with diazophospho-
nate 33.[23] Alkyne 34 was first treated with ethylene in the
presence of the second-generation Grubbs catalyst,[24] and
the crude product was then treated with 2-methyl-1,4-penta-
diene (35 ; commercially available). In this way, the desired
triene 36 was obtained in 65% yield accompanied by diene
37 in 19% yield (Scheme 9). Subjection of an isolated
sample of diene 37 under the same reaction conditions pro-
vided additional amounts of triene 36.


DIBAL reduction of 36 produced the corresponding alde-
hyde, which was transformed into the homologous aldehyde
by Wittig methoxymethylidenation and hydrolysis
(Scheme 10). Further reduction by NaBH4, Mitsunobu-type
substitution of the primary hydroxy group with thiol 19, and
selective oxidation led to sulfone 38. Conditions for Kocien-


ski–Julia reaction between sulfone 38 and aldehyde 23 were
then investigated; the best result was obtained when the
lithio derivative of sulfone 38 prepared in THF was treated
with aldehyde 23 in DMF/DMPU (3:1) at �78 8C. In this
way, a reaction mixture that favored the desired E olefin 39
(E/Z=10:1) was obtained in 74% yield. Selective TBDPS
deprotection of 39 proceeded under alkaline conditions, but
oxidative conversion of the primary hydroxy group into a
carboxylic acid unit proved to be painfully difficult ; for ex-
ample, Dess–Martin oxidation resulted in the scrambling of
the NMR signals from the side-chain region. Eventually, it
was found that reaction of the primary alcohol with IBX[25]


provided the corresponding aldehyde cleanly, which was
converted into hydroxy carboxylic acid 40 by oxidation with
sodium chlorite and TIPS deprotection.


For the lactonization of 40, the Kita protocol[26] worked
best; macrolide 41 was produced in 44% yield. It was not
possible to obtain a reasonable yield of 41 under Yamagu-
chi-lactonization conditions. MOM and acetonide deprotec-
tion of 41 under acidic conditions produced amphidinolide E
(1) in 77% yield[27] (Scheme 10).


Conclusions


In this synthesis, a b-alkoxyacrylate radical-cyclization reac-
tion was employed for the stereoselective construction of
the oxolane unit in the structure. The general fragility of
amphidinolide E (1), particularly at C2 and C24, necessitat-
ed careful analysis and judicious choice of reaction condi-
tions for a successful culmination of the total synthesis.


Experimental Section


General Information


1H and 13C NMR spectra were obtained on a Bruker DPX-300
(300 MHz), a Bruker Avance-600 (600 MHz), and a Varian/Oxford As-
500 (500 MHz) spectrophotometer. Chemical shifts are reported in parts
per million relative to tetramethylsilane as an internal standard unless
otherwise indicated, and coupling constants are given in Hertz. IR spec-
tra were obtained on a JASCO FTIR-660 plus spectrophotometer. Mass
spectra were recorded on a JEOL JMS 600W spectrometer with electron
impact (EI) or chemical ionization (CI), as well as a JEOL JMS
AX505WA spectrometer with fast atom bombardment (FAB). Significant
fragments are reported in the following manner: m/z (relative intensity).
MALDI-TOF spectrometric measurements were performed on a Bruker
Autoflex II LIFT-TOF/TOF mass spectrometer (dithranol matrix). Opti-
cal rotation data were obtained on a JASCO P-1030 automatic polarime-
ter.


Reaction progress was checked on TLC plates (Merck 5554 Kiesel gel 60
F254), and the spots were visualized under 254-nm UV light and/or by
charring after the TLC plates were dipped in a solution of vanillin (vanil-
lin (9.0 g) and conc. sulfuric acid (1.5 mL) in methanol (300 mL)),
KMnO4 (KMnO4 (3 g), (K2CO3) 20 g, and aq. NaOH (5%, 5 mL) in
water (300 mL)), or phosphomolybdic acid (phosphomolybdic acid
(250 mg) in ethanol (50 mL)). Column chromatography was performed
on silica gel (Merck 9385 Kiesel gel 60) with hexanes/EtOAc. The sol-
vents were simply distilled unless otherwise noted.


Unless otherwise specified, all reactions were conducted under a slight
positive pressure of dry nitrogen. The usual workup refers to washing of


Scheme 10. Synthesis of amphidinolide E (1). Reaction conditions:
a) DIBAL, THF, �78 8C; b) Ph3P


+CH2OMeCl�, tBuOK, THF, 0 8C!
room temperature, then Hg ACHTUNGTRENNUNG(OAc)2, THF/H2O (10:1), 0 8C; c) NaBH4,
MeOH; d) 19, PPh3, DIAD, THF; e) (NH4)6Mo7O24·4H2O, H2O2, EtOH;
f) LiHMDS, THF, �78!�40 8C, then 23, DMF/DMPU (3:1), �78 8C!
room temperature; g) NaOH (15%)/DMPU (1:10); h) IBX, DMSO/THF
(1:1); i) NaClO2, NaH2PO4, tBuOH/2-methyl-2-butene/H2O (1:1:1);
j) TBAF, THF; k) EtOCCH (1.5 equiv), [RuCl2 ACHTUNGTRENNUNG(p-cymene)]2 (0.02 equiv),
toluene, 0 8C!room temperature, 30 min, then CSA, room tempera-
ture!50 8C, 2 h; l) HCl (4n), MeOH. DMPU=1,3-dimethyl-3,4,5,6-tet-
rahydro-2(1H)-pyrimidone(N,N-dimethylpropylene urea), IBX=o-iod-
ACHTUNGTRENNUNGoxybenzoic acid.
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the quenched reaction mixture with brine, drying of the organic extracts
over anhydrous MgSO4, and evaporation under reduced pressure with a
rotary evaporator.


All solvents used in reactions were dried under nitrogen atmosphere.
THF was distilled from Na/benzophenone, and CH2Cl2 was distilled from
P2O5. Benzene was washed with concentrated H2SO4, distilled from Na/
benzophenone, and stored over 4-O molecular sieves. Et2O was distilled
from LAH. CH3CN was distilled from CaH2 and stored over 4-O molecu-
lar sieves. Pyridine and TEA were distilled over KOH and stored over 4-
O molecular sieves.


Boronic Acid 21


Imidazole (2.76 g, 40.6 mmol) and TBDPSCl (8.4 mL, 33 mmol) were
added to a solution of methyl (S)-(+)-3-hydroxy-2-methylpropanoate (8 ;
3 mL, 27 mmol) in CH2Cl2 (45 mL) at 0 8C. This mixture was stirred at
room temperature for 1 h, and the reaction was quenched by saturated
aqueous NH4Cl (20 mL). The reaction mixture was extracted with
CH2Cl2 (20 mL), and the organic phase was washed with brine (20 mL),
dried over MgSO4, filtered, and concentrated. Purification of the residue
by flash column chromatography (hexanes/EtOAc=15:1) provided the
corresponding ester (9.65 g, 100%). Rf=0.55 (hexanes/EtOAc=8:1);
½a�27D =++15.7 (c=1.00, CHCl3); IR (neat): ñmax=2943, 1739, 1589, 1466,
1389, 1254, 1199, 1107, 1026, 818, 702, 613, 505 cm�1; 1H NMR (500 MHz,
CDCl3): d =7.70–7.75 (m, 4H), 7.41–7.50 (m, 6H), 3.89, 3.80 (ABX, JAB=


9.8 Hz, JAX=6.9 Hz, JBX=5.9 Hz, 2H), 3.73 (s, 3H), 2.74–2.82 (m, 1H),
1.22 (d, J=7.1 Hz, 3H), 1.10 ppm (s, 9H); 13C NMR (125 MHz, CDCl3):
d=175.6, 135.8, 133.8, 133.7, 129.9, 127.9, 66.2, 51.8, 51.8, 42.6, 27.0, 19.5,
13.7 ppm; MS (CI): m/z (%)=355 [M�1]+ (1), 341 (2), 325 (6), 299 (28),
279 (100), 213 (2); HRMS (CI): m/z calcd for C21H27O3Si: 355.1729
[M�1]+ ; found: 355.1729.


LiBH4 (2.0m in THF, 27 mL, 54 mmol) was added to a solution of the
ester (9.65 g, 27.1 mmol) in Et2O (270 mL) at 0 8C, and the reaction mix-
ture was allowed to warm to room temperature. After 24 h, the reaction
was quenched by saturated aqueous NH4Cl (100 mL). The reaction mix-
ture was extracted with Et2O (2P100 mL), and the organic phase was
dried over MgSO4, filtered, and concentrated. Purification of the residue
by flash column chromatography (hexanes/EtOAc=4:1) gave the corre-
sponding alcohol (8.59 g, 97%). Rf=0.42 (hexanes/EtOAc=4:1); ½a�25D =


+3.9 (c=1.00, CHCl3); IR (neat): ñmax=3375, 3138, 3070, 3049, 2958,
1589, 1471, 1427, 1390, 1188, 1113, 939, 741 cm�1; 1H NMR (500 MHz,
CDCl3): d =7.65–7.71 (m, 4H), 7.35–7.44 (m, 6H), 3.71, 3.60 (ABX, JAB=


10.0 Hz, JAX=4.7 Hz, JBX=7.6 Hz, 2H), 3.63–3.68 (m, 2H), 2.71 (dd, J=


6.1, 4.9 Hz, 1H), 1.94–2.02 (m, 1H), 1.06 (s, 9H), 0.83 ppm (d, J=6.8 Hz,
3H); 13C NMR (125 MHz, CDCl3): d=135.9, 135.9, 133.5, 133.5, 130.1,
128.1, 68.8, 67.7, 37.7, 27.2, 19.5, 13.5 ppm; MS (CI): m/z (%)=329 [M+


1]+ (100), 311 (9), 291 (3), 271 (18), 251 (49), 239 (5), 209 (7), 199 (16),
179 (11); HRMS (CI): m/z calcd for C20H29O2Si: 329.1937 [M+1]+ ;
found: 329.1938.


TEA (4.77 mL, 34.2 mmol) was added to a solution of the alcohol
(2.25 g, 6.84 mmol) in DMSO (14 mL) and CH2Cl2 (14 mL) at 0 8C. After
the addition of SO3·pyr complex (3.28 g, 20.5 mmol), the mixture was
warmed to room temperature and stirred for 1 h. The reaction was
quenched by saturated aqueous NH4Cl (30 mL), and the mixture was ex-
tracted with Et2O (2P50 mL). The organic phase was dried over MgSO4,
filtered, and concentrated. Flash column chromatography provided the
corresponding aldehyde (1.99 g, 90%). Rf=0.51 (hexanes/EtOAc=8:1);
½a�25D =++11.4 (c=1.00, CHCl3); IR (neat): ñmax=3136, 3072, 2931, 2858,
2717, 1738, 1589, 1471, 1390, 1113, 823, 741 cm�1; 1H NMR (500 MHz,
CDCl3): d=9.76 (d, J=1.7 Hz, 1H), 7.65 (d, J=6.6 Hz, 4H), 7.36–7.46
(m, 6H), 3.90, 3.85 (ABX, JAB=10.3 Hz, JAX=4.9 Hz, JBX=6.4 Hz, 2H),
2.52–2.60 (m, 1H), 1.10 (d, J=7.1 Hz, 3H), 1.04 ppm (s, 9H); 13C NMR
(125 MHz, CDCl3): d=204.7, 135.8, 133.4, 130.1, 130.1, 128.0, 128.0, 64.4,
49.1, 27.0, 19.5, 10.6 ppm; MS (CI): m/z (%)=327 [M+1]+ (4), 309 (6),
297 (2), 269 (75), 249 (100), 239 (7), 207 (23), 193 (13), 171 (19), 131
(14); HRMS (CI): m/z calcd for C20H27O2Si: 327.1780 [M+1]+ ; found:
327.1782.


Corey–Fuchs reagent was prepared by adding a solution of CBr4 (19.2 g,
57.9 mmol) in CH2Cl2 (13 mL) to a cold (0 8C) suspension of Zn powder


(3.78 g, 57.9 mmol) and Ph3P (15.2 g, 57.9 mmol) in CH2Cl2 (65 mL) fol-
lowed by stirring for 20 min. A solution of the aldehyde (6.30 g,
19.3 mmol) in CH2Cl2 (13 mL) was added to the mixture, which was then
stirred at room temperature for 4 h and then poured into pentanes
(300 mL), filtered to remove the precipitate, and concentrated to give the
dibromo olefin. This crude dibromo olefin was dissolved in THF (35 mL)
and cooled to �78 8C. nBuLi (2.5m in hexanes, 20 mL, 50 mmol) was
added to the solution, and after 1 h, the mixture was treated with saturat-
ed aqueous NaHCO3 (50 mL) and extracted with Et2O (2P50 mL). The
ether extract was concentrated, and the residue was purified by flash
column chromatography (100% hexanes) to give the corresponding
alkyne (5.61 g, 94% from the aldehyde). Rf=0.32 (hexanes); ½a�25D =++5.6
(c=1.00, CHCl3); IR (neat): ñmax=3309, 3070, 2935, 2858, 1635, 1469,
1427, 1388, 1257, 1110, 1014, 822, 741 cm�1; 1H NMR (500 MHz, CDCl3):
d=7.69–7.73 (m, 4H), 7.39–7.47 (m, 6H), 3.76, 3.57 (ABX, JAB=9.7 Hz,
JAX=5.8 Hz, JBX=7.7 Hz, 2H), 2.65–2.73 (m, 1H), 2.05 (d, J=2.4 Hz,
1H), 1.26 (d, J=7.1 Hz, 3H), 1.09 ppm (s, 9H); 13C NMR (125 MHz,
CDCl3): d=135.9, 135.9, 133.8, 133.8, 129.9, 127.9, 86.8, 69.3, 67.7, 29.1,
27.1, 19.6, 17.6 ppm; MS (CI): m/z (%)=323 [M+1]+ (46), 305 (4), 283
(6), 269 (62), 265 (68), 245 (100), 227 (21), 203 (16), 171 (25), 137 (17);
HRMS (CI): m/z calcd for C21H27OSi: 323.1831 [M+1]+ ; found:
323.1833.


BHBr2·SMe2 (1m in CH2Cl2, 10.4 mL, 10.4 mmol) was added to a solution
of the alkyne (2.80 g, 8.69 mmol) in CH2Cl2 (9 mL) at 0 8C. The mixture
was stirred at room temperature for 2 h and cooled to 0 8C before being
poured into water (15 mL) and Et2O (45 mL) at 0 8C. The mixture was
stirred at room temperature for 30 min, and the organic phase was
washed with water (10 mL) and brine (10 mL), dried over MgSO4, fil-
tered, and concentrated. Flash column chromatography (hexanes/
EtOAc=1:1) provided boronic acid 21 (2.49 g, 80%). Rf=0.45 (hexanes/
EtOAc=1:1); ½a�25D =++5.8 (c=1.00, CHCl3); IR (neat): ñmax=3356, 3070,
2962, 1727, 1631, 1589, 1469, 1389, 1122, 999, 822, 741 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.62–7.70 (m, 4H), 7.31–7.43 (m, 6H), 6.95 (dd,
J=17.9, 6.6 Hz, 1H), 5.57 (d, J=17.6 Hz, 1H), 3.64, 3.55 (ABX, JAB=


9.8 Hz, JAX=6.1 Hz, JBX=7.1 Hz, 2H), 2.51–2.61 (m, 1H), 1.08 (d, J=


6.8 Hz, 3H), 1.05 ppm (s, 9H); 13C NMR (125 MHz, CDCl3): d=159.9,
135.9, 134.1, 134.1, 129.9, 127.9 68.2, 42.1, 27.2, 19.6, 16.1 ppm.


Aldehyde 23


TlOEt (0.22 mL, 3.1 mmol) was added to a solution of boronic acid 21
(755 mg, 2.05 mmol), vinyl iodide 22 (744 mg, 1.86 mmol), and [Pd-
ACHTUNGTRENNUNG(PPh3)4] (214 mg, 0.185 mmol) in degassed THF (36 mL) and water
(9 mL). After being stirred for 2 h at room temperature, the mixture was
diluted with hexanes/Et2O (1:1, 200 mL) and filtered through a pad of
silica. The organic phase was concentrated and purified by flash column
chromatography (hexanes/EtOAc=15:1) to afford the corresponding
diene (1.09 g, 99%). Rf=0.65 (hexanes/EtOAc=8:1); ½a�26D =++6.1 (c=


0.70, CHCl3); IR (neat): ñmax=3070, 2954, 2931, 2858, 1658, 1589, 1469,
1427, 1377, 1254, 1111, 941, 837 cm�1; 1H NMR (500 MHz, CDCl3): d=


7.65 (d, J=7.8 Hz, 4H), 7.33–7.44 (m, 6H), 6.25 (dd, J=15.2, 10.3 Hz,
1H), 6.05 (dd, J=15.4, 10.5 Hz, 1H), 5.65 (dd, J=15.4, 7.3 Hz, 1H), 5.56
(dd, J=15.3, 7.5 Hz, 1H), 4.36 (t, J=7.5 Hz, 1H), 3.68–3.78 (m, 3H),
3.54, 3.49 (ABX, JAB=9.8 Hz, JAX=6.1 Hz, JBX=6.6 Hz, 2H), 2.39–2.48
(m, 1H), 1.43 (s, 3H), 1.41 (s, 3H), 1.04 (s, 9H), 1.03 (d, J=7.1 Hz, 3H),
0.89 (s, 9H), 0.06 (s, 3H), 0.06 ppm (s, 3H); 13C NMR (125 MHz, CDCl3):
d=138.6, 135.9, 135.9, 134.4, 134.1, 134.1, 129.8, 129.2, 128.2, 127.8, 109.1,
81.7, 78.9, 68.6, 62.5, 39.6, 27.4, 27.2, 27.1, 26.1, 19.5, 18.6, 16.7 ppm; MS
(CI): m/z (%)=595 [M+1]+ (29), 579 (9), 565 (4), 537 (100), 521 (42),
479 (28), 459 (30), 405 (35), 327 (47), 281 (64), 251 (33), 209 (45); HRMS
(CI): m/z calcd for C35H55O4Si2: 595.3639 [M+1]+ ; found: 595.3641.


PPTS (138 mg, 0.549 mmol) was added to a solution of the diene (1.09 g,
1.83 mmol) in EtOH (7 mL). The mixture was stirred for 12 h at room
temperature, and the reaction was quenched by TEA (0.2 mL). Volatiles
were removed under reduced pressure, and the residue was purified by
flash column chromatography (hexanes/EtOAc=4:1) to give the corre-
sponding alcohol (0.701 g, 80%). Rf=0.65 (hexanes/EtOAc=2:1); ½a�26D =


+4.4 (c=0.55, CHCl3); IR (neat): ñmax=3471, 3070, 2958, 2931, 2858,
1658, 1589, 1469, 1427, 1377, 1242, 1111, 991 cm�1; 1H NMR (500 MHz,
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CDCl3): d=7.64 (d, J=8.1 Hz, 4H), 7.31–7.45 (m, 6H), 6.28 (dd, J=15.2,
10.5 Hz, 1H), 6.05 (dd, J=15.4, 10.5 Hz, 1H), 5.68 (dd, J=15.2, 7.3 Hz,
1H), 5.53 (dd, J=15.2, 7.8 Hz, 1H), 4.35 (t, J=8.3 Hz, 1H), 3.80–3.85
(m, 1H), 3.78 (dt, J=8.4, 3.2 Hz, 1H), 3.55–3.61 (m, 1H), 3.46–3.55 (m,
2H), 2.40–2.48 (m, 1H), 1.88 (dd, J=8.3, 4.4 Hz, 1H), 1.45 (s, 3H), 1.44
(s, 3H), 1.04 (s, 9H), 1.03 ppm (d, J=6.8 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d =139.1, 135.6, 135.2, 133.8, 129.6, 128.7, 127.6, 127.0, 109.1,
81.2, 77.9, 68.3, 60.7, 39.4, 27.1, 27.0, 26.9, 19.3, 16.4 ppm; MS (CI): m/z
(%)=479 [M�1]+ (20), 463 (93), 423 (39), 405 (100), 365 (31), 345 (51),
335 (21), 315 (31), 287 (24), 267 (33), 209 (95), 167 (37); HRMS (CI):
m/z calcd for C29H39O4Si: 479.2617 [M�1]+ ; found: 479.2615.


TEA (0.29 mL, 2.1 mmol) was added to a solution of the alcohol
(200 mg, 0.416 mmol) in DMSO (1 mL) and CH2Cl2 (1 mL) at 0 8C. After
the addition of SO3·pyr complex (196 mg, 1.23 mmol), the mixture was
warmed to room temperature and stirred for 1 h. The reaction was
quenched by saturated aqueous NH4Cl (5 mL), and the reaction mixture
was extracted with Et2O (2P10 mL). The organic phase was dried over
MgSO4, filtered, and concentrated. Flash column chromatography provid-
ed aldehyde 23 (119 mg, 60%). Rf=0.51 (hexanes/EtOAc=8:1); ½a�27D =


+11.7 (c 0.60, CHCl3); IR (neat): ñmax=3136, 3070, 2958, 2931, 2715,
1889, 1824, 1736, 1658, 1589, 1469, 1381, 1219, 1111, 991 cm�1; 1H NMR
(500 MHz, CDCl3): d =9.72 (d, J=2.0 Hz, 1H), 7.58–7.68 (m, 4H), 7.34–
7.45 (m, 6H), 6.29 (dd, J=15.2, 10.5 Hz, 1H), 6.05 (dd, J=15.3, 10.4 Hz,
1H), 5.71 (dd, J=15.4, 7.3 Hz, 1H), 5.58 (dd, J=15.2, 7.3 Hz, 1H), 4.51
(t, J=7.7 Hz, 1H), 4.06 (dd, J=7.8, 2.0 Hz, 1H), 3.47–3.56 (m, 2H),
2.39–2.48 (m, 1H), 1.50 (s, 3H), 1.46 (s, 3H), 1.05 (s, 9H), 1.03 ppm (d,
J=6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=199.7, 139.8, 135.6,
135.1, 133.8, 129.6, 128.3, 127.6, 125.8, 111.3, 84.7, 77.8, 68.3, 39.3, 26.9,
26.8, 26.2, 19.3, 16.3 ppm; MS (CI): m/z (%)=479 [M+1]+ (5), 463 (2),
421 (59), 401 (22), 379 (17), 363 (24), 343 (29), 301 (10), 269 (40), 223
(34), 165 (58), 135 (39), 101 (100); HRMS (CI): m/z calcd for C29H39O4Si:
479.2617 [M+1]+ ; found: 479.2619.


Aldehyde 28


Molecular sieves (3 O, 4 g) were added to a solution of diol 27 (9.49 g,
31.8 mmol) in CH2Cl2 (636 mL) at 0 8C. The mixture was stirred at the
same temperature for 30 min, followed by addition of DDQ (10.8 g,
47.7 mmol). After being stirred for 3 h at 0 8C, the reaction mixture was
filtered through a short pad of silica. The filtrate was washed with satu-
rated aqueous NaHCO3 (2P100 mL) and brine (50 mL), dried over
MgSO4, filtered, and concentrated. Purification of the residue by flash
column chromatography (hexanes/EtOAc=4:1) yielded the correspond-
ing acetal ester (8.69 g, 94%). Rf=0.25 (hexanes/EtOAc=2:1); ½a�18D =


+32.9 (c=0.85, CHCl3); IR (neat): ñmax=3502, 2972, 2933, 2854, 2708,
1745, 1614, 1518, 1302, 1246, 1030, 831 cm�1; 1H NMR (500 MHz,
CDCl3): d=7.35 (d, J=8.8 Hz, 2H), 6.87 (d, J=8.8 Hz, 2H), 5.49 (s,
1H), 4.22–4.35 (m, 4H), 4.16 (dd, J=8.8, 2.4 Hz, 1H), 3.99 (td, J=12.0,
2.2 Hz, 1H), 3.80 (s, 3H), 3.01 (d, J=8.8 Hz, 1H), 2.30 (qd, J=12.6,
5.1 Hz, 1H), 1.49 (d, J=13.4 Hz, 1H), 1.30 ppm (t, J=7.34 Hz, 3H);
13C NMR (125 MHz, CDCl3): d =172.4, 160.1, 130.9, 127.4, 113.7, 101.1,
77.1, 73.4, 66.8, 62.0, 55.5, 26.5, 14.5 ppm; MS (CI): m/z (%)=297 [M+


1]+ (100), 267 (2), 223 (3), 193 (30), 161 (61), 137 (38), 87 (7); HRMS
(CI): m/z calcd for C15H21O6: 297.1338 [M+1]+ ; found: 297.1337.


DMAP (4.28 g, 35.0 mmol) and DIPEA (19.9 mL, 115 mmol) were added
to a solution of the acetal (11.3 g, 38.1 mmol) in CH2Cl2 (760 mL) at 0 8C.
MOMCl (7.2 mL, 95 mmol) was slowly added to the mixture, which was
heated under reflux for 10 h before the reaction was quenched by satu-
rated aqueous NH4Cl (500 mL). The aqueous phase was extracted with
Et2O (400 mL), and the combined organic extracts were dried over
MgSO4, filtered, and concentrated. Flash column chromatography (hex-
anes/EtOAc=4:1) provided the corresponding MOM ether (12.4 g,
95%). Rf=0.25 (hexanes/EtOAc=2:1); ½a�16D =++40.8 (c=1.93, CHCl3);
IR (neat): ñmax=2964, 2935, 2898, 2840, 1747, 1616, 1587, 1518, 1466,
1250, 1109, 1032, 829 cm�1; 1H NMR (500 MHz, CDCl3): d=7.38 (d, J=


8.8 Hz, 2H), 6.86 (d, J=8.8 Hz, 2H), 5.48 (s, 1H), 4.75 (s, 2H), 4.21–4.32
(m, 5H), 3.97 (td, J=12.0, 2.5 Hz, 1H), 3.78 (s, 3H), 3.39 (s, 3H), 2.13
(qd, J=12.7, 5.1 Hz, 1H), 1.45 (br d, J=11.7 Hz, 1H), 1.29 ppm (t, J=


7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=170.2, 160.1, 131.1, 127.6,


113.7, 101.5, 96.8, 77.9, 77.5, 66.7, 61.4, 56.3, 55.5, 26.7, 14.5 ppm; MS
(EI): m/z (%)=340 [M]+ (23), 309 (4), 295 (11), 278 (3), 262 (1), 221 (2),
193 (100), 152 (19), 135 (54), 121 (21), 109 (5); HRMS (EI): m/z calcd
for C17H24O7: 340.1522 [M]+ ; found: 340.1524.


DIBAL (1m in hexanes, 110 mL, 110 mmol) was added dropwise to a so-
lution of the MOM ether ester (7.49 g, 22.0 mmol) in CH2Cl2 (110 mL) at
�78 8C. After 2 h, MeOH was carefully added at �78 8C until the reac-
tion mixture stopped foaming. The mixture was warmed to room temper-
ature, diluted with Et2O (100 mL), and washed with saturated aqueous
NH4Cl (50 mL) and NaHCO3 (50 mL). The organic phase was dried over
MgSO4, filtered, and concentrated. Flash column chromatography (hex-
anes/EtOAc=2:1) provided aldehyde 28 (4.91 g, 75%) as a white solid.
Rf=0.23 (hexanes/EtOAc=1:1); ½a�23D =++15.4 (c=1.25, CHCl3); IR
(neat): ñmax=2958, 2868, 1736, 1614, 1587, 1516, 1464, 1362, 1302, 1250,
1153, 1105, 1034 cm�1; 1H NMR (500 MHz, CDCl3): d=9.80 (d, J=


1.2 Hz, 1H), 7.37 (d, J=8.8 Hz, 2H), 6.87 (d, J=8.8 Hz, 2H), 5.47 (s,
1H), 4.80, 4.77 (ABq, JAB=6.9 Hz, 2H), 4.28–4.37 (m, 2H), 4.08 (d, J=


4.4 Hz, 1H), 3.98 (td, J=12.0, 2.4 Hz, 1H), 3.80 (s, 3H), 3.43 (s, 3H),
2.14 (qd, J=12.4, 5.1 Hz, 1H), 1.54 ppm (dd, J=13.5, 1.5 Hz, 1H);
13C NMR (125 MHz, CDCl3): d =202.3, 160.2, 130.8, 127.6, 113.8, 101.7,
97.4, 83.1, 77.2, 66.8, 56.4, 55.5, 26.8 ppm; MS (EI): m/z (%)=296 [M]+


(32), 265 (6), 251 (5), 223 (3), 193 (100), 181 (5), 152 (6), 135 (79), 109
(15), 77 (12), 57 (9); HRMS (EI): m/z calcd for C15H20O6: 296.1260 [M]+ ;
found: 296.1265.


Homoallylic Alcohol 29


Powdered 4-O molecular sieves (2 g) were poured into dry toluene
(80 mL), and the mixture was cooled to �78 8C followed by the addition
of boronate 14 (11 g, 35 mmol). A solution of aldehyde 28 (6.99 g,
23.6 mmol) in dry toluene (100 mL) was added dropwise to the mixture,
which was then stirred for 36 h at �78 8C. NaOH (2n, 40 mL) was added
to hydrolyze DIPT, and the two-phase mixture was warmed to 0 8C and
stirred for 1 h before being filtered through a pad of celite. The aqueous
phase was extracted with Et2O (4P30 mL). The combined organic ex-
tracts were dried over K2CO3, filtered, and concentrated. Flash column
chromatography (hexanes/EtOAc=3:1) provided the homoallylic alcohol
29 (7.16 g, 86%, d.r.=16:1) as a white solid. Rf=0.45 (hexanes/EtOAc=


1:1); ½a�18D =�5.6 (c=0.60, CHCl3); IR (neat): ñmax=3435, 3080, 2925,
1614, 1589, 1518, 1464, 1373, 1304, 1250, 1173, 1144, 1101 cm�1; 1H NMR
(500 MHz, CDCl3): d=7.40 (d, J=8.8 Hz, 2H), 6.89 (d, J=8.6 Hz, 2H),
5.86 (ddd, J=12.7, 10.2, 8.6 Hz, 1H), 5.49 (s, 1H), 5.16 (d, J=9.5 Hz,
1H), 5.13 (d, J=2.4 Hz, 1H), 4.93, 4.78 (ABq, JAB=6.7 Hz, 1H), 4.30
(dd, J=11.5, 4.4 Hz, 1H), 4.18–4.24 (m, 1H), 3.96 (td, J=12.0, 2.5 Hz,
1H), 3.81 (s, 3H), 3.66 (dd, J=6.2, 3.1 Hz, 1H), 3.47–3.53 (m, 1H), 3.43
(s, 3H), 2.48–2.57 (m, 1H), 2.35 (d, J=5.6 Hz, 1H), 1.96 (qd, J=12.3,
5.0 Hz, 1H), 1.59 (dd, J=13.0, 1.2 Hz, 1H), 1.10 ppm (d, J=6.8 Hz, 3H);
13C NMR (125 MHz, CDCl3): d =160.1, 140.9, 131.4, 127.5, 116.3, 113.8,
101.4, 98.6, 80.3, 79.0, 73.4, 66.9, 56.5, 55.5, 41.4, 27.4, 16.9 ppm; MS (CI):
m/z (%)=353 [M+1]+ (100), 321 (69), 297 (28), 265 (3), 245 (4), 193
(75), 181 (43), 155 (11), 137 (32), 99 (5), 87(5); HRMS (CI): m/z calcd
for C19H29O6: 353.1964 [M+1]+ ; found: 353.1966.


Diol 30


Collidine (3.40 mL, 25.6 mmol) was added to a solution of homoallylic al-
cohol 29 (4.50 g, 12.8 mmol) in CH2Cl2 (25 mL). After the mixture was
cooled to 0 8C, TIPSOTf (4.20 mL, 15.6 mmol) was added dropwise, and
the resulting mixture was warmed to room temperature. The reaction
was completed within 2 h and quenched by saturated aqueous NH4Cl
(10 mL). The organic phase was washed with brine, dried over MgSO4,
filtered, and concentrated. Flash column chromatography (hexanes/
EtOAc=6:1) provided the TIPS ether (6.43 g, 99%). Rf=0.55 (hexanes/
EtOAc=4:1); ½a�16D =++11.2 (c=0.89, CHCl3); IR (neat): ñmax=3074,
2943, 2893, 2866, 1616, 1518, 1464, 1250, 1171, 1103, 1038, 916, 827 cm�1;
1H NMR (500 MHz, CDCl3): d=7.41 (d, J=8.8 Hz, 2H), 6.88 (d, J=


8.8 Hz, 2H), 6.02 (ddd, J=17.5, 10.3, 7.6 Hz, 1H), 5.45 (s, 1H), 5.06 (d,
J=17.4 Hz, 1H), 5.00 (d, J=10.3 Hz, 1H), 4.77, 4.75 (ABq, JAB=7.0 Hz,
2H), 4.24 (dd, J=11.4, 3.8 Hz, 1H), 4.10–4.15 (m, 2H), 3.90 (td, J=12.5,
2.2 Hz, 1H), 3.81 (s, 3H), 3.61 (t, J=5.5 Hz, 1H), 3.39 (s, 3H), 2.65–2.73
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(m, 1H), 2.08 (qd, J=12.5, 4.9 Hz, 1H), 1.61 (dd, J=13.3, 1.3 Hz, 1H),
1.17 (d, J=7.1 Hz, 3H), 1.12 ppm (s, 21H); 13C NMR (125 MHz, CDCl3):
d=160.0, 141.7, 131.7, 127.5, 114.3, 113.6, 101.3, 98.6, 82.1, 77.4, 76.8,
67.1, 56.1, 55.5, 41.2, 28.5, 18.6, 18.5, 17.9, 13.4 ppm; MS (CI): m/z (%)=


509 [M+1]+ (35), 477 (83), 465 (20), 431 (3), 373 (11), 329 (100), 311
(19), 297 (8), 267 (7), 241 (45), 181 (46); HRMS (CI): m/z calcd for
C28H49O6Si: 509.3298 [M+1]+ ; found: 509.3296.


CAN (17.0 g, 31.0 mmol) was added to a solution of the TIPS ether
(5.18 g, 10.2 mmol) in CH3CN (500 mL) and water (55 mL) at 0 8C. The
reaction mixture was stirred for 2 h at the same temperature and treated
with saturated aqueous NaHCO3 (100 mL). TEA (5 mL) was added to
prevent acetal formation, and the mixture was diluted with Et2O
(500 mL). The organic phase was washed with brine (100 mL), dried over
Na2SO4, filtered, and concentrated. Flash column chromatography (hex-
anes/EtOAc=4:1) provided diol 30 (3.68 g, 92%). Rf=0.21 (hexanes/
EtOAc=2:1); ½a�16D =++29.2 (c=1.11, CHCl3); IR (neat): ñmax=3419,
3076, 2945, 2893, 2868, 1639, 1464, 1385, 1254, 1213, 1151, 1099,
1038 cm�1; 1H NMR (500 MHz, CDCl3): d =6.02 (ddd, J=17.5, 10.3,
7.6 Hz, 1H), 5.04–5.10 (m, 2H), 4.78, 4.72 (ABq, JAB=6.9 Hz, 2H), 4.05
(dd, J=5.5, 3.5 Hz, 1H), 3.98–4.03 (m, 1H), 3.78–3.86 (m, 2H), 3.42 (s,
3H), 2.84 (d, J=5.9 Hz, 1H), 2.67 (dd, J=6.8, 4.2 Hz, 1H), 2.58–2.63 (m,
1H), 1.75–1.88 (m, 2H), 1.14 (d, J=7.1 Hz, 3H), 1.10 ppm (s, 21H);
13C NMR (125 MHz, CDCl3): d =141.3, 115.1, 98.4, 83.8, 76.5, 70.5, 61.9,
56.2, 41.1, 36.6, 18.5, 17.9, 13.4 ppm; MS (CI): m/z (%)=391 [M+1]+


(12), 371 (4), 359 (100), 341 (2), 315 (9), 285 (19), 273 (7), 241 (16), 229
(12), 185 (38), 155 (37); HRMS (CI): m/z calcd for C20H43O5Si: 391.2880
[M+1]+ ; found: 391.2881.


Iodide 31


A solution of diol 30 (8.65 g, 22.1 mmol) and TEA (6.20 mL, 44.4 mmol)
in CH2Cl2 (200 mL) was treated with p-toluenesulfonyl chloride (5.06 g,
26.6 mmol). The mixture was stirred at 0 8C for 6 h, and the reaction was
quenched by saturated aqueous NH4Cl (100 mL). The reaction mixture
was extracted with Et2O (2P50 mL), dried over MgSO4, filtered, and
concentrated, and the crude products were separated by flash column
chromatography (hexanes/EtOAc=6:1) to give the corresponding tosy-
late (12.0 g, 99%). Rf=0.22 (hexanes/EtOAc=8:1); ½a�19D =++9.4 (c=3.60,
CHCl3); IR (neat): ñmax=3543, 3070, 2945, 2893, 2868, 2725, 1638, 1599,
1464, 1362, 1176, 1038, 918, 814, 663 cm�1; 1H NMR (500 MHz, CDCl3):
d=7.79 (d, J=8.3 Hz, 2H), 7.33 (d, J=8.3 Hz, 2H), 5.96 (ddd, J=17.5,
10.3, 7.5 Hz, 1H), 5.04 (d, J=12.5 Hz, 1H), 5.02 (d, J=5.4 Hz, 1H), 4.74,
4.65 (ABq, JAB=6.9 Hz, 2H), 4.15–4.25 (m, 2H), 4.02 (dd, J=5.9, 3.4 Hz,
1H), 3.77–3.85 (m, 1H), 3.36 (s, 3H), 3.31 (dd, J=5.9, 3.4 Hz, 1H), 2.52–
2.59 (m, 1H), 2.44 (s, 3H), 2.34 (d, J=7.1 Hz, 1H), 1.90–1.97 (m, 1H),
1.79–1.86 (m, 1H), 1.11 (d, J=6.8 Hz, 3H), 1.08 ppm (s, 21H); 13C NMR
(125 MHz, CDCl3): d=144.8, 141.0, 133.6, 130.0, 128.1, 115.2, 98.4, 83.2,
76.4, 68.1, 66.1, 56.2, 41.1, 34.4, 21.8, 18.5, 18.4, 17.5, 13.3 ppm; MS
(FAB): m/z (%)=545 [M+1]+ (14), 513 (53), 469 (16), 439 (6), 285 (80),
241 (50), 229 (29), 157 (69), 137 (100), 99 (62), 45 (82); HRMS (FAB):
m/z calcd for C27H49O7SSi: 545.2968 [M+1]+ ; found: 545.2953.


Ethyl propiolate (2.60 mL, 25.6 mmol) and N-methylmorpholine
(0.56 mL, 5.1 mmol) were added to a solution of the tosylate (9.30 g,
17.1 mmol) in CH2Cl2 (17 mL). The reaction mixture was stirred for 12 h
and concentrated under reduced pressure. The residue was purified by
flash column chromatography (hexanes/EtOAc=8:1) to give the corre-
sponding b-alkoxyacrylate (10.57 g, 96%). Rf=0.44 (hexanes/EtOAc=


8:1); ½a�19D =�3.4 (c=3.95, CHCl3); IR (neat): ñmax=3080, 2945, 2868,
1711, 1639, 1599, 1464, 1367, 1284, 1178, 1132, 1099, 1039, 964 cm�1;
1H NMR (500 MHz, CDCl3): d =7.77 (d, J=8.3 Hz, 2H), 7.32–7.36 (m,
3H), 5.89 (ddd, J=17.6, 10.0, 8.1 Hz, 1H), 5.17 (d, J=12.2 Hz, 1H), 5.04
(d, J=17.4 Hz, 1H), 5.00 (d, J=10.3 Hz, 1H), 4.63, 4.56 (ABq, JAB=


6.9 Hz, 2H), 4.20–4.25 (m, 1H), 4.17 (q, J=7.1 Hz, 2H), 4.10–4.15 (m,
1H), 3.94–4.01 (m, 2H), 3.50 (t, J=6.0 Hz, 1H), 3.31 (s, 3H), 2.50–2.57
(m, 1H), 2.44 (s, 3H), 2.33–2.41 (m, 1H), 1.79–1.88 (m, 1H), 1.29 (t, J=


7.2 Hz, 3H), 1.11 (d, J=6.8 Hz, 3H), 1.07 ppm (s, 21H); 13C NMR
(125 MHz, CDCl3): d=168.0, 163.3, 145.1, 140.5, 133.0, 130.1, 128.1,
115.7, 98.7, 97.6, 82.1, 80.7, 76.6, 66.5, 60.0, 56.1, 40.8, 30.9, 21.9, 18.5,
18.5, 14.6, 13.3 ppm; MS (FAB): m/z (%)=643 [M+1]+ (7), 611 (7), 599


(3), 511 (2), 465 (11), 439 (13), 383 (15), 311 (13), 285 (79), 241 (74), 157
(100); HRMS (FAB): m/z calcd for C32H55O9SSi: 643.3336 [M+1]+ ;
found: 643.3328.


NaI (3.92 g, 26.2 mmol) was added to a solution of the b-alkoxyacrylate
(8.41 g, 13.1 mmol) in acetone (260 mL), and the mixture was heated
under reflux for 3 h. The reaction was quenched by water (50 mL), and
the reaction mixture was extracted with Et2O (2P100 mL). The com-
bined organic extracts were dried over MgSO4 and concentrated, and the
crude products were purified by flash column chromatography (hexanes/
EtOAc=11:1) to give iodide 31 (7.31 g, 93%). Rf=0.44 (hexanes/
EtOAc=8:1); ½a�24D =�4.5 (c=9.40, CHCl3); IR (neat): ñmax=3076, 2945,
2897, 2868, 1712, 1643, 1463, 1369, 1282, 1132, 1039, 918, 831 cm�1;
1H NMR (500 MHz, CDCl3): d=7.51 (d, J=12.2 Hz, 1H), 5.94 (ddd, J=


17.5, 10.1, 7.6 Hz, 1H), 5.29 (d, J=12.2 Hz, 1H), 5.11 (d, J=17.4 Hz,
1H), 5.08 (d, J=10.5 Hz, 1H), 4.69, 4.60 (ABq, JAB=7.1 Hz, 2H), 4.20–
4.25 (m, 1H), 4.16 (q, J=7.0 Hz, 2H), 4.02 (dd, J=5.9, 3.7 Hz, 1H), 3.56
(t, J=5.9 Hz, 1H), 3.37 (s, 3H), 3.21–3.25 (m, 1H), 3.08–3.14 (m, 1H),
2.56–2.63 (m, 1H), 2.40–2.48 (m, 1H), 2.05–2.13 (m, 1H), 1.28 (t, J=


7.1 Hz, 3H), 1.15 (d, J=7.1 Hz, 3H), 1.11 ppm (s, 21H); 13C NMR
(125 MHz, CDCl3): d=167.2, 162.6, 139.8, 114.6, 97.7, 96.8, 83.7, 80.4,
75.6, 59.0, 55.3, 40.1, 34.2, 17.6, 17.5, 17.0, 13.7, 12.4 ppm; MS (FAB): m/z
(%)=599 [M+1]+ (8), 567 (15), 555 (5), 537 (2), 499 (1), 395 (32), 311
(21), 241 (92), 229 (22), 197 (17), 157 (100), 115 (71); HRMS (FAB): m/z
calcd for C25H48O6SiI: 599.2265 [M+1]+ ; found: 599.2265.


Ester 32


TTMSS (3.30 mL, 10.7 mmol) was added to a solution of iodide 31
(4.92 g, 8.23 mmol) in toluene at �20 8C, followed by the addition of
Et3B (1m in toluene, 12.3 mL, 12.3 mmol). After 1 h, the reaction mixture
was quickly filtered through a pad of silica gel. The silica-gel pad was
rinsed with Et2O (150 mL). The combined organic extracts were concen-
trated, and the residue was purified by flash column chromatography
(hexanes/EtOAc=25:1) to give ester 32 (3.58 g, 92%). Rf=0.42 (hex-
anes/EtOAc=8:1); ½a�17D =++10.0 (c=0.57, CHCl3); IR (neat): ñmax=3074,
2945, 2868, 1738, 1639, 1464, 1383, 1192, 1151, 1099, 1038, 916, 679 cm�1;
1H NMR (500 MHz, CDCl3): d =5.98 (ddd, J=17.5, 10.1, 7.8 Hz, 1H),
5.01 (d, J=17.4 Hz, 1H), 4.97 (d, J=10.3 Hz, 1H), 4.73, 4.72 (ABq, JAB=


6.9 Hz, 2H), 4.23 (quint, J=6.7 Hz, 1H), 4.09–4.15 (m, 3H), 3.98 (t, J=


4.8 Hz, 1H), 3.47 (t, J=5.5 Hz, 1H), 3.38 (s, 3H), 2.63, 2.43 (ABX, JAB=


15.0 Hz, JAX=6.7 Hz, JBX=6.7 Hz, 2H), 2.55–2.60 (m, 1H), 1.99–2.07 (m,
1H), 1.90–1.99 (m, 2H), 1.57–1.65 (m, 1H), 1.25 (t, J=7.2 Hz, 3H), 1.08–
1.13 ppm (m, 24H); 13C NMR (125 MHz, CDCl3): d=171.7, 141.8, 114.3,
98.1, 82.9, 79.2, 77.0, 75.4, 60.6, 56.1, 41.3, 41.3, 31.7, 28.0, 18.6, 18.5, 18.5,
18.2, 14.4, 13.4 ppm; MS (CI): m/z (%)=473 [M+1]+ (5), 455 (1), 441
(100), 411 (20), 397 (20), 367 (12), 299 (8), 267 (42), 237 (57), 219 (10),
157 (79), 131 (5); HRMS (CI): m/z calcd for C25H49O6Si: 473.3298 [M+


1]+ ; found: 473.3294.


Alkyne 34


A solution of 2-methyl-2-butene (1.90 mL, 18.0 mmol) in THF (5 mL)
was cooled to 0 8C, and borane/THF complex (1m in hexanes, 8.80 mL,
8.80 mmol) was added. After 1 h at 0 8C, the solution of disiamylborane
was added by cannula to a solution of ester 32 (2.10 g, 4.44 mmol) in
THF (2 mL) at 0 8C over 15 min. The resulting solution was stirred at
0 8C for 3 h and poured into water (37 mL). Sodium perborate tetrahy-
drate (1.35 g, 8.77 mmol) was then added, and the white suspension was
stirred vigorously for 1 h at room temperature. The mixture was extract-
ed with Et2O (3P20 mL), dried over Na2SO4, filtered, and concentrated.
Flash column chromatography (hexanes/EtOAc=2:1) provided the cor-
responding alcohol (2.00 g, 92%). Rf=0.18 (hexanes/EtOAc=4:1);
½a�19D =++8.1 (c=3.05, CHCl3); IR (neat): ñmax=3454, 2945, 2891, 2868,
1738, 1464, 1383, 1300, 1196, 1151, 1039, 883, 679 cm�1; 1H NMR
(500 MHz, CDCl3): d=4.74, 4.68 (ABq, JAB=6.9 Hz, 2H), 4.29 (quint,
J=6.6 Hz, 1H), 4.25 (td, J=7.5, 3.2 Hz, 1H), 4.10–4.17 (m, 2H), 3.96
(dd, J=5.1, 3.2 Hz, 1H), 3.68–3.75 (m, 1H), 3.54–3.61 (m, 1H), 3.45 (dd,
J=5.1, 2.9 Hz, 1H), 3.39 (s, 3H), 2.67, 2.46 (ABX, JAB=15.4 Hz, JAX=


6.9 Hz, JBX=6.6 Hz, 2H), 2.31 (t, J=5.3 Hz, 1H), 2.01–2.11 (m, 2H),
1.90–1.98 (m, 3H), 1.59–1.68 (m, 1H), 1.31–1.40 (m, 1H), 1.25 (t, J=
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7.1 Hz, 3H), 1.09 (s, 21H), 1.03 ppm (d, J=6.8 Hz, 3H); 13C NMR
(125 MHz, CDCl3): d =171.7, 98.0, 82.1, 77.3, 77.0, 75.9, 61.4, 60.6, 56.1,
40.8, 35.2, 31.5, 31.2, 28.6, 19.1, 18.5, 14.4, 13.2 ppm; MS (FAB): m/z
(%)=491 [M+1]+ (1), 460 (2), 447 (1), 415 (3), 385 (3), 307 (24), 289
(14), 255 (9), 154 (100), 136 (69), 107 (22), 85 (18); HRMS (FAB): m/z
calcd for C25H51O7Si: 491.3404 [M+1]+; found: 491.3398.


Dess–Martin periodinane (2.12 g, 5.00 mmol) was added to a solution of
the alcohol (1.23 g, 2.51 mmol) and pyridine (0.81 mL, 10 mmol) in
CH2Cl2 (25 mL) at 0 8C. The reaction mixture was warmed to room tem-
perature, stirred for 3 h, and then treated with saturated aqueous
Na2S2O3 (10 mL). The organic phase was washed with saturated aqueous
NaHCO3 (10 mL) and brine (10 mL), dried over MgSO4, filtered, and
concentrated. Flash column chromatography (hexanes/EtOAc=8:1) pro-
vided the corresponding aldehyde (1.16 g, 95%). Rf=0.45 (hexanes/
EtOAc=4:1); ½a�19D =�8.0 (c=1.23, CHCl3); IR (neat): ñmax=2945, 2893,
2868, 2715, 1732, 1464, 1383, 1300, 1194, 1151, 1039, 883, 679 cm�1;
1H NMR (500 MHz, CDCl3): d =9.71 (d, J=2.4 Hz, 1H), 4.72, 4.69
(ABq, JAB=6.9 Hz, 2H), 4.20–4.29 (m, 2H), 4.08–4.16 (m, 2H), 3.94 (t,
J=4.4 Hz, 1H), 3.47 (t, J=3.7 Hz, 1H), 3.39 (s, 3H), 2.87 (dd, J=16.6,
3.4 Hz, 1H), 2.64, 2.45 (ABX, JAB=15.4 Hz, JAX=6.9 Hz, JAB=6.5 Hz,
2H), 2.54–2.61 (m, 1H), 2.14 (ddd, J=16.7, 9.5, 3.2 Hz, 1H), 2.00–2.08
(m, 1H), 1.88–2.00 (m, 2H), 1.59–1.68 (m, 1H), 1.25 (t, J=7.2 Hz, 3H),
1.09 (s, 21H), 1.05 ppm (d, J=7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3):
d=204.0, 171.6, 97.9, 82.3, 77.0, 76.7, 75.9, 60.6, 56.1, 47.5, 40.9, 31.3, 30.1,
28.5, 19.4, 18.4, 18.4, 14.4, 13.1 ppm; MS (CI): m/z (%)=489 [M+1]+


(2), 457 (30), 427 (67), 413 (42), 383 (21), 283 (39), 265 (23), 253 (100),
235 (16), 157 (38), 111 (8), 59 (2); HRMS (CI): m/z calcd for C25H49O7Si:
489.3248 [M+1]+ ; found: 489.3241.


A solution of dimethyl 1-diazo-2-oxopropylphosphonate (33 ; 263 mg,
1.37 mmol) in EtOH (2.4 mL) was added slowly to a solution of the alde-
hyde (268 mg, 0.548 mmol) and Cs2CO3 (536 mg, 1.64 mmol) in EtOH
(7.2 mL) at 0 8C. The reaction mixture was stirred for 1 h at room temper-
ature, diluted with Et2O (15 mL), and treated with saturated aqueous
NH4Cl (5 mL). The mixture was extracted with Et2O (2P10 mL), and the
organic extracts were washed with brine (10 mL) and dried over Na2SO4.
After filtration and evaporation, flash column chromatography (hexanes/
EtOAc=10:1) provided alkyne 34 (252 mg, 95%). Rf=0.54 (hexanes/
EtOAc=8:1); ½a�24D =++17.8 (c=0.58, CHCl3); IR (neat): ñmax=3311,
2945, 2891, 2868, 1738, 1464, 1385, 1300, 1190, 1151, 1038, 883, 679 cm�1;
1H NMR (500 MHz, CDCl3): d=4.72, 4.70 (ABq, J=6.6 Hz, 2H), 4.26
(quint, J=6.7 Hz, 1H), 4.09–4.20 (m, 3H), 3.91 (dd, J=6.2, 4.3 Hz, 1H),
3.53 (t, J=4.5 Hz, 1H), 3.39 (s, 3H), 2.66, 2.45 (ABX, JAB=15.2 Hz,
JAX=6.6 Hz, JBX=6.9 Hz, 2H), 2.52 (m, 1H), 2.09–2.16 (m, 1H), 2.01–
2.10 (m, 2H), 1.91–1.99 (m, 3H), 1.58–1.67 (m, 1H), 1.25 (t, J=7.1 Hz,
3H), 1.15 (d, J=6.6 Hz, 3H), 1.06–1.11 ppm (m, 21H); 13C NMR
(125 MHz, CDCl3): d =171.6, 97.7, 84.4, 82.7, 78.5, 76.2, 75.7, 69.3, 60.6,
56.0, 41.2, 36.3, 31.4, 28.3, 22.7, 18.5, 17.1, 14.4, 13.3 ppm; MS (CI): m/z
(%)=483 [M�1]+ (2), 453 (61), 441 (31), 423 (8), 409 (15), 391 (4), 343
(4), 279 (40), 249 (100), 157 (31), 145 (6), 111 (2); HRMS (CI): m/z calcd
for C26H47O6Si: 483.3142 [M�1]+ ; found: 483.3145.


Triene 36


Grubbs second-generation catalyst (25 mg, 0.030 mmol) was added to a
solution of alkyne 34 (143 mg, 0.295 mmol) in CH2Cl2 (1.5 mL), and the
mixture was stirred under ethylene atmosphere. The reaction, monitored
by TLC, was completed within 3 h at room temperature. After removal
of the ethylene balloon, 2-methyl-1,4-pentadiene (35 ; 0.35 mL, 3.0 mmol)
was added to the mixture, and the reaction vial was sealed and heated to
40 8C. Another portion of 35 (0.35 mL, 3.0 mmol) was added to the mix-
ture after 4 h, and the reaction mixture was further stirred for 20 h. Vola-
tiles were removed under reduced pressure, and the residue was purified
by flash column chromatography (benzene/EtOAc=100:1) to give triene
36 (102 mg, 65%) along with diene 37 (29.0 mg, 19%). Rf=0.56 (pen-
tanes/Et2O=4:1); ½a�20D =++3.6 (c=1.12, CHCl3); IR (neat): ñmax=3076,
2945, 2891, 2868, 1738, 1651, 1604, 1464, 1383, 1298, 1186, 1151, 1038,
885, 679 cm�1; 1H NMR (500 MHz, CDCl3): d=6.06 (d, J=15.9 Hz, 1H),
5.74 (dt, J=15.9, 7.1 Hz, 1H), 4.98 (d, J=1.7 Hz, 1H), 4.87 (s, 1H), 4.74
(s, 3H), 4.71 (s, 1H), 4.25 (quint, J=6.6 Hz, 1H), 4.08–4.17 (m, 3H), 3.89


(dd, J=6.4, 4.4 Hz, 1H), 3.58 (dd, J=5.9, 4.2 Hz, 1H), 3.40 (s, 3H), 2.78
(br d, J=6.8 Hz, 2H), 2.75 (br s, 1H), 2.65, 2.44 (ABX, JAB=15.0 Hz,
JAX=6.5 Hz, JBX=7.0 Hz, 2H), 1.97–2.10 (m, 3H), 1.91–1.97 (m, 1H),
1.86 (dd, J=11.3, 11.1 Hz, 1H), 1.72 (s, 3H), 1.60–1.67 (m, 1H), 1.26 (t,
J=7.1 Hz, 3H), 1.08–1.15 (m, 21H), 0.95 ppm (d, J=6.6 Hz, 3H);
13C NMR (125 MHz, CDCl3): d =171.5, 145.1, 144.7, 133.8, 128.0, 115.5,
110.9, 97.8, 83.0, 79.4, 77.7, 75.4, 60.5, 55.9, 41.6, 41.3, 36.5, 35.3, 31.5,
28.1, 22.6, 18.6, 18.5, 16.5, 14.4, 13.3 ppm; MS (CI): m/z (%)=565
[M�1]+ (2), 535 (13), 523 (30), 491 (10), 479 (2), 361 (100), 331 (45), 299
(5), 187 (28), 175 (15), 157 (76), 131 (5); HRMS (CI): m/z calcd for
C32H57O6Si: 565.3924 [M�1]+ ; found: 565.3924


Sulfone 38


DIBAL (1m in toluene, 1.40 mL, 1.40 mmol) was added dropwise to a so-
lution of triene 36 (276 mg, 0.471 mmol) in THF (2.5 mL) at �78 8C.
After 1 h, MeOH was carefully added to the reaction mixture at �78 8C
until foaming stopped. The mixture was warmed to room temperature,
diluted with Et2O (100 mL), and washed with saturated aqueous NH4Cl
(50 mL) and NaHCO3 (50 mL), and the organic phase was dried over
MgSO4, filtered, and concentrated. Flash column chromatography (hex-
anes/EtOAc=4:1) provided the corresponding aldehyde (236 mg, 96%).
Rf=0.27 (hexanes/EtOAc=2:1); ½a�20D =++3.2 (c=0.78, CHCl3); IR
(neat): ñmax=3076, 2945, 2893, 2868, 2725, 2360, 1728, 1651, 1604, 1464,
1385, 1215, 1151, 1039, 883, 679 cm�1; 1H NMR (500 MHz, CDCl3): d=


9.80 (t, J=2.2 Hz, 1H), 6.06 (d, J=15.9 Hz, 1H), 5.72 (dt, J=14.7,
7.6 Hz, 1H), 4.97 (d, J=1.7 Hz, 1H), 4.86 (s, 1H), 4.75, 4.69 (ABq, JAB=


6.9 Hz, 2H), 4.73 (s, 1H), 4.70 (s, 1H), 4.29 (quint, J=6.4 Hz, 1H), 4.13
(q, J=5.9 Hz, 1H), 3.89 (dd, J=6.2, 4.5 Hz, 1H), 3.58 (t, J=5.4 Hz, 1H),
3.38 (s, 3H), 2.77 (br. d., J=4.6 Hz, 2H), 2.74 (br s, 1H), 2.68, 2.56
(ABXY, JAB=16.1 Hz, JAX=7.1 Hz, JAY=2.5 Hz, JBX=5.4 Hz, JBY=


2.0 Hz, 2H), 1.91–2.12 (m, 4H), 1.85 (dd, J=13.4, 11.0 Hz, 1H), 1.71 (s,
3H), 1.57–1.64 (m, 1H), 1.11 (s, 21H), 0.94 ppm (d, J=6.8 Hz, 3H);
13C NMR (125 MHz, CDCl3): d =201.9, 145.1, 144.8, 133.9, 128.1, 115.7,
111.0, 97.8, 82.9, 79.4, 77.6, 74.2, 56.1, 49.8, 41.6, 36.5, 35.3, 31.8, 28.2,
22.7, 18.6, 18.5, 16.6, 13.3 ppm; MS (CI): m/z (%)=523 [M+1]+ (3), 505
(2), 491 (19), 479 (33), 447 (16), 429 (6), 373 (4), 331 (8), 317 (100), 287
(37), 161 (42); HRMS (CI): m/z calcd for C30H55O5Si: 523.3819 [M+1]+ ;
found: 523.3828.


Potassium tert-butoxide (116 mg, 1.04 mmol) was added to a solution of
(methoxymethyl)triphenylphosphonium chloride (387 mg, 1.13 mmol) in
THF (5 mL) at 0 8C. The resulting red solution was stirred for 10 min at
the same temperature, followed by dropwise addition of a solution of the
aldehyde (236 mg, 0.451 mmol) in THF (3 mL). The reaction mixture was
stirred for 30 min at 0 8C, warmed to room temperature, and then further
stirred for 30 min. Saturated aqueous NaHCO3 (5 mL) was added to
quench the reaction, and the reaction mixture was extracted with Et2O
(2P20 mL). The organic phase was dried over MgSO4, filtered, and con-
centrated. The crude enol ether was dissolved in THF (10 mL) and water
(1 mL), and the solution was cooled to 0 8C. Mercuric acetate (430 mg,
1.35 mmol) was added in one portion, and the mixture was stirred for
30 min at 0 8C. The reaction mixture was treated with saturated aqueous
KI (10 mL) and extracted with Et2O (2P20 mL), and the organic phase
was washed with saturated aqueous KI (3P10 mL), dried over MgSO4,
filtered, and concentrated. Flash column chromatography (hexanes/
EtOAc=4:1) provided the homologous aldehyde (189 mg, 78%). Rf=


0.25 (hexanes/EtOAc=4:1); ½a�20D�1.0 (c=0.54, CHCl3); IR (neat): ñmax=


3076, 2945, 2893, 2868, 2725, 2360, 1728, 1651, 1604, 1464, 1385, 1215,
1151, 1039, 883, 679 cm�1; 1H NMR (500 MHz, CDCl3): d=9.78 (s, 1H),
6.06 (d, J=15.7 Hz, 1H), 5.73 (dt, J=15.3, 7.3 Hz, 1H), 4.97 (s, 1H), 4.87
(s, 1H), 4.73 (s, 1H), 4.75, 4.71 (ABq, JAB=6.9 Hz, 2H), 4.70 (s, 1H),
4.06 (q, J=6.8 Hz, 1H), 3.88 (dd, J=6.4, 4.2 Hz, 1H), 3.80–3.86 (m, 1H),
3.57 (dd, J=5.9, 4.4 Hz, 1H), 3.39 (s, 3H), 2.77 (br d, J=6.8 Hz, 3H),
2.44–2.62 (m, 2H), 1.91–2.03 (m, 3H), 1.83–1.90 (m, 3H), 1.75–1.83 (m,
1H), 1.71 (s, 3H), 1.50–1.57 (m, 1H), 1.11 (s, 21H), 0.95 ppm (d, J=


6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=202.7, 145.1, 133.8, 128.1,
115.7, 111.0, 97.9, 83.3, 79.3, 78.0, 77.9, 56.0, 41.6, 41.0, 36.5, 35.2, 31.5,
28.4, 28.2, 22.7, 18.6, 18.6, 16.6, 13.3 ppm.
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Sodium borohydride (27.0 mg, 0.714 mmol) was added to a solution of
the homologous aldehyde (189 mg, 0.352 mmol) in MeOH (3.5 mL) at
0 8C. The reaction mixture was warmed to room temperature and stirred
for 30 min. The reaction mixture was treated with saturated aqueous
NH4Cl (2 mL) and extracted with Et2O (2P10 mL), and the organic ex-
tracts were dried over MgSO4, filtered, and concentrated. Flash column
chromatography (hexanes/EtOAc=2:1) provided the corresponding alco-
hol (175 mg, 92%). Rf=0.21 (hexanes/EtOAc=2:1); ½a�21D =�7.0 (c=


0.39, CHCl3); IR (neat): ñmax=3435, 3076, 2943, 2868, 1651, 1604, 1464,
1385, 1244, 1217, 1149, 1097, 1034, 968, 883, 679 cm�1; 1H NMR
(500 MHz, CDCl3): d=6.06 (d, J=15.8 Hz, 1H), 5.73 (dt, J=15.8, 7.0 Hz,
1H), 4.97 (d, J=1.8 Hz, 1H), 4.87 (s, 1H), 4.75 (s, 2H), 4.73 (s, 1H), 4.70
(s, 1H), 4.08 (q, J=7.0 Hz, 1H), 3.89 (dd, J=6.6, 4.0 Hz, 1H), 3.80–3.86
(m, 1H), 3.61–3.69 (m, 2H), 3.59 (dd, J=6.2, 4.0 Hz, 1H), 3.39 (s, 3H),
2.77 (br d, J=7.0 Hz, 3H), 2.48 (br s, 1H), 1.97–2.05 (m, 2H), 1.88–1.96
(m, 2H), 1.82–1.88 (m, 1H), 1.71 (s, 3H), 1.63–1.69 (m, 3H), 1.56–1.62
(m, 1H), 1.48–1.56 (m, 1H), 1.11 (s, 21H), 0.95 ppm (d, J=6.6 Hz, 3H);
13C NMR (125 MHz, CDCl3): d =145.1, 144.8, 133.8, 128.1, 115.6, 111.0,
98.1, 83.6, 79.4, 79.3, 78.0, 63.1, 56.0, 41.6, 36.5, 35.2, 32.9, 31.8, 30.2, 28.1,
22.7, 18.6, 18.6, 16.6, 13.3, 13.3 ppm.


Ph3P (239 mg, 0.913 mmol), 1-phenyl-1H-tetrazole-5-thiol (19 ; 163 mg,
0.913 mmol), and DIAD (0.19 mL, 0.96 mmol) were added to a solution
of the alcohol (164 mg, 0.304 mmol) in THF at 0 8C. After the mixture
was stirred for 10 min at room temperature, the solvent was removed
under reduced pressure, and the residue was purified by flash column
chromatography (hexanes/EtOAc=10:1) to afford the corresponding sul-
fide (200 mg, 94%). Rf=0.52 (hexanes/EtOAc=4:1); ½a�21D =++1.7 (c=


0.34, CHCl3); IR (neat): ñmax=3074, 2943, 2866, 2729, 1649, 1599, 1500,
1462, 1387, 1277, 1244, 1149 cm�1; 1H NMR (500 MHz, CDCl3): d =7.52–
7.59 (m, 5H), 6.05 (d, J=15.8 Hz, 1H), 5.72 (dt, J=15.8, 7.0 Hz, 1H),
4.96 (d, J=1.8 Hz, 1H), 4.86 (s, 1H), 4.73 (s, 3H), 4.69 (s, 1H), 4.05 (q,
J=6.8 Hz, 1H), 3.87 (dd, J=6.6, 4.0 Hz, 1H), 3.79–3.85 (m, 1H), 3.57
(dd, J=6.2, 4.0 Hz, 1H), 3.43 (t, J=7.3 Hz, 2H), 3.38 (s, 3H), 2.76 (d, J=


8.4 Hz, 3H), 1.87–2.03 (m, 6H), 1.80–1.87 (m, 1H), 1.70 (s, 3H), 1.64–
1.69 (m, 2H), 1.48–1.54 (m, 1H), 1.10 (s, 18H), 1.09 (s, 3H), 0.94 ppm (d,
J=7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3): d =154.7, 145.1, 144.8,
134.0, 133.8, 130.3, 130.0, 128.1, 124.1, 115.6, 111.0, 97.8, 83.2, 79.3, 78.4,
77.8, 56.0, 41.6, 36.6, 35.3, 34.9, 33.6, 31.6, 28.1, 26.2, 22.7, 18.6, 18.5, 16.6,
13.3 ppm; MS (FAB): m/z (%)=699 [M+1]+ (0.7), 683 (1), 667 (1), 655
(1), 475 (4), 363 (5), 289 (73), 227 (14), 157 (57), 115 (87), 45 (100);
HRMS (FAB): m/z calcd for C38H63N4O4SSi: 699.4339 [M+1]+ ; found:
699.4319.


A solution of the sulfide (200 mg, 0.286 mmol) in EtOH (3 mL) at 0 8C
was treated with a solution of ammonium molybdate tetrahydrate
(70.4 mg, 0.0572 mmol) in H2O2 (30% in water, 0.25 mL, 2.8 mmol). The
resultant suspension was stirred at room temperature for 12 h, diluted
with water (5 mL), and extracted with Et2O (2P20 mL). The combined
organic extracts were washed with saturated aqueous NaHCO3 (10 mL),
dried over MgSO4, filtered, and concentrated. Flash column chromatog-
raphy (hexanes/EtOAc=8:1) provided sulfone 38 (166 mg, 79%). Rf=


0.52 (hexanes/EtOAc=4:1); ½a�21D =�2.1 (c=1.07, CHCl3); IR (neat):
ñmax=3076, 2945, 2868, 1644, 1597, 1498, 1482, 1342, 1153, 1099, 1039,
966, 885, 687 cm�1; 1H NMR (500 MHz, CDCl3): d=7.67–7.71 (m, 2H),
7.57–7.64 (m, 3H), 6.05 (d, J=15.9 Hz, 1H), 5.73 (dt, J=15.9, 7.1 Hz,
1H), 4.96 (d, J=1.7 Hz, 1H), 4.86 (s, 1H), 4.74, 4.70 (ABq, JAB=6.6 Hz,
2H) 4.73 (s, 1H), 4.69 (s, 1H), 4.07 (q, J=6.9 Hz, 1H), 3.88 (dd, J=6.6,
4.2 Hz, 1H), 3.81–3.85 (m, 1H), 3.82 (t, J=7.9 Hz, 2H), 3.58 (dd, J=5.6,
4.4 Hz, 1H), 3.38 (s, 3H), 2.76 (d, J=8.6 Hz, 3H), 1.89–2.12 (m, 6H),
1.84 (dd, J=13.3, 11.1 Hz, 1H), 1.71 (s, 3H), 1.67–1.76 (m, 2H), 1.50–
1.57 (m, 1H), 1.11 (s, 18H), 1.10 (s, 3H), 0.94 ppm (d, J=6.8 Hz, 3H);
13C NMR (125 MHz, CDCl3): d =153.7, 145.1, 144.8, 133.9, 133.3, 131.6,
129.9, 128.0, 125.3, 115.6, 111.0, 97.9, 83.2, 79.3, 78.2, 77.8, 56.2, 56.0, 41.6,
36.5, 35.2, 34.2, 31.5, 28.1, 22.7, 19.6, 18.6, 18.6, 16.6, 13.3 ppm; MS (CI):
m/z (%)=731 [M+1]+ (1), 715 (2), 699 (3), 586 (1), 525 (9), 497 (7), 467
(3), 396 (3), 321 (9), 223 (8), 195 (38), 147 (59), 119 (98), 94 (100);
HRMS (CI): m/z calcd for C38H63N4O6SSi: 731.4237 [M+1]+ ; found:
731.4245.


Olefin 39


LiHMDS (1m in THF, 0.50 mL, 0.50 mmol) was added dropwise to a so-
lution of sulfone 38 (245 mg, 0.335 mmol) in THF (1.7 mL) at �78 8C.
The resulting yellow solution was stirred at �40 8C for 1 h and then
cooled to �78 8C. A solution of aldehyde 23 (240 mg, 5.01 mmol) in
DMF (5.1 mL) and DMPU (1.7 mL) was added slowly to the solution of
lithiated sulfone, and the reaction mixture was allowed to warm slowly to
room temperature and stirred for 12 h. The reaction mixture was parti-
tioned between water (10 mL) and Et2O (10 mL), and the aqueous phase
was extracted with Et2O (2P20 mL). The combined organic extracts
were washed with brine (10 mL), dried over MgSO4, filtered, and concen-
trated. The residue was purified by flash column chromatography (hex-
anes/EtOAc=8:1) to give olefin 39 (244 mg, 74%, E/Z=10:1). Rf=0.55
(hexanes/EtOAc=4:1); ½a�25D =++3.0 (c=0.35, CHCl3); IR (neat): ñmax=


3072, 2933, 2866, 1651, 1603, 1464, 1429, 1238, 1111, 1051, 989, 885,
702 cm�1; 1H NMR (500 MHz, CDCl3): d =7.62–7.67 (m, 4H), 7.34–7.43
(m, 6H), 6.24 (dd, J=15.3, 10.4 Hz, 1H), 6.05 (d, J=16.6 Hz, 1H), 6.01–
6.06 (m, 1H), 5.69–5.83 (m, 2H), 5.64 (dd, J=15.4, 7.1 Hz, 1H), 5.50 (dd,
J=15.2, 6.8 Hz, 1H), 5.41 (dd, J=15.4, 7.3 Hz, 1H), 4.97 (d, J=1.7 Hz,
1H), 4.86 (s, 1H), 4.74 (s, 2H), 4.73 (s, 1H), 4.69 (s, 1H), 4.01–4.11 (m,
3H), 3.87 (dd, J=6.5, 4.0 Hz, 1H), 3.72–3.81 (m, 1H), 3.57 (dd, J=6.6,
3.9 Hz, 1H), 3.54, 3.49 (ABX, JAB=9.8 Hz, JAX=6.4 Hz, JBX=6.6 Hz,
2H), 3.38 (s, 3H), 2.76 (d, J=8.3 Hz, 3H), 2.39–2.48 (m, 1H), 2.11–2.20
(m, 1H), 2.03–2.11 (m, 1H), 1.94–2.02 (m, 2H), 1.81–1.92 (m, 3H), 1.71
(s, 3H), 1.60–1.68 (m, 1H), 1.45–1.54 (m, 2H), 1.43 (s, 3H), 1.43 (s, 3H),
1.11 (s, 18H), 1.10 (s, 3H), 1.04 (s, 9H), 1.03 (d, J=6.9 Hz, 3H),
0.94 ppm (d, J=6.6 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=145.1,
144.8, 138.6, 136.5, 135.9, 135.8, 134.5, 134.1, 134.1, 133.8, 129.8, 129.2,
128.1, 127.8, 126.9, 126.0, 115.6, 111.0, 108.8, 97.8, 83.3, 82.6, 82.0, 79.3,
78.6, 77.9, 68.6, 55.9, 41.7, 39.5, 36.6, 35.5, 35.3, 31.6, 29.3, 28.2, 27.3, 27.1,
22.6, 19.5, 18.6, 18.6, 16.6, 16.5, 13.3 ppm; MS (MALDI-TOF): m/z=


1005 [M+Na]+ ; HRMS (FAB): m/z calcd for C60H94O7Si2Na: 1005.6436
[M+Na]+ ; found: 1005.6472.


Seco Acid 40


Aqueous sodium hydroxide (15%, 1 mL) was added to a solution of
olefin 39 (185 mg, 0.188 mmol) in DMPU (10 mL) at room temperature,
and the resulting mixture was stirred vigorously for 2 h. The reaction
mixture was diluted with Et2O (20 mL) and then treated with saturated
aqueous NH4Cl (10 mL). The aqueous phase was extracted with Et2O
(2P10 mL), and the combined organic extracts were washed with brine
(10 mL), dried over MgSO4, filtered, and concentrated. Flash column
chromatography (hexanes/EtOAc=4:1) provided the corresponding alco-
hol (123 mg, 88%). Rf=0.22 (hexanes/EtOAc=4:1); ½a�25D =++5.8 (c=


0.58, CHCl3); IR (neat): ñmax=3448, 3093, 3078, 2943, 2868, 1649, 1604,
1462, 1377, 1238, 1153, 1038, 991, 885, 679, 511 cm�1; 1H NMR (500 MHz,
CDCl3): d=6.27 (dd, J=15.2, 10.3 Hz, 1H), 6.13 (dd, J=15.2, 10.5 Hz,
1H), 6.05 (d, J=15.9 Hz, 1H), 5.68–5.85 (m, 2H), 5.60 (dd, J=15.2,
7.8 Hz, 1H), 5.55 (dd, J=17.5, 7.3 Hz, 1H), 5.41 (dd, J=15.4, 7.3 Hz,
1H), 4.97 (s, 1H), 4.87 (s, 1H), 4.75 (s, 2H), 4.73 (s, 1H), 4.70 (s, 1H),
4.01–4.11 (m, 3H), 3.85–3.91 (m, 1H), 3.74–3.82 (m, 1H), 3.57 (dd, J=


6.4, 3.9 Hz, 1H), 3.48–3.55 (m, 1H), 3.41–3.47 (m, 1H), 3.39 (s, 3H), 2.77
(d, J=6.8 Hz, 2H), 2.75 (br s, 1H), 2.36–2.46 (m, 1H), 2.06–2.20 (m, 2H),
1.95–2.04 (m, 2H), 1.83–1.93 (m, 3H), 1.71 (s, 3H), 1.61–1.68 (m, 1H),
1.46–1.56 (m, 2H), 1.43 (s, 6H), 1.11 (s, 18H), 1.10 (br s, 3H), 1.02 (d, J=


6.6 Hz, 3H), 0.95 ppm (d, J=6.6 Hz, 3H); 13C NMR (125 MHz, CDCl3):
d=145.1, 144.8, 137.8, 136.6, 134.0, 133.8, 130.4, 128.1, 127.7, 125.9, 115.6,
111.0, 108.9, 97.8, 83.3, 82.5, 81.9, 79.3, 78.5, 77.9, 67.5, 56.0, 41.6, 39.9,
36.6, 35.4, 35.3, 31.5, 29.4, 28.2, 27.3, 27.2, 22.6, 18.6, 18.6, 16.5, 16.5,
13.3 ppm; MS (MALDI-TOF): m/z=767 [M+Na]+ ; HRMS (FAB): m/z
calcd for C44H76O7SiNa: 767.5258 [M+Na]+ ; found: 767.5253.


IBX (88.0 mg, 0.314 mmol) was dissolved in DMSO (1 mL). The opaque
mixture cleared upon stirring at room temperature for 20 min. A solution
of the alcohol (77.7 mg, 0.104 mmol) in THF (1 mL) was added dropwise
to this solution. After being stirred for 3 h, the reaction mixture was
treated with saturated aqueous Na2S2O3 (3 mL) and extracted with Et2O
(2P10 mL). The organic phase was washed with saturated aqueous
NaHCO3 (2P5 mL) and brine (5 mL), dried over MgSO4, filtered, and
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concentrated. The crude aldehyde product was dissolved in tBuOH
(3.3 mL) and 2-methyl-2-butene (3.3 mL). After the solution was cooled
to 0 8C, a solution of NaClO2 (59.0 mg, 0.522 mmol) and NaH2PO4


(50.0 mg, 0.626 mmol) in water (3.3 mL) was added. The reaction mixture
was stirred vigorously for 5 h at room temperature, and treated with
EtOAc (30 mL) and water (10 mL). The aqueous phase was extracted
with EtOAc (2P10 mL), and the combined organic extracts were washed
with brine (10 mL), dried over MgSO4, filtered, and concentrated. Flash
column chromatography (CHCl3/MeOH=30:1) provided the correspond-
ing carboxylic acid (70.4 mg, 89%). Rf=0.43 (CHCl3/MeOH=10:1);
½a�25D =�16.3 (c=0.25, CHCl3); IR (neat): ñmax=3076, 2941, 2868, 1736,
1711, 1653, 1604, 1462, 1390, 1371, 1151, 1036, 989, 885, 806, 679 cm�1;
1H NMR (500 MHz, CDCl3): d =6.27 (dd, J=15.2, 10.5 Hz, 1H), 6.15
(dd, J=15.2, 10.5 Hz, 1H), 6.05 (d, J=15.7 Hz, 1H), 5.69–5.81 (m, 3H),
5.58 (dd, J=15.2, 7.1 Hz, 1H), 5.40 (dd, J=15.4, 7.3 Hz, 1H), 4.97 (d, J=


1.5 Hz, 1H), 4.87 (s, 1H), 4.76, 4.74 (ABq, JAB=6.9 Hz, 2H), 4.73 (s,
1H), 4.69 (s, 1H), 4.01–4.11 (m, 3H), 3.86 (dd, J=6.5, 4.0 Hz, 1H), 3.75–
3.81 (m, 1H), 3.57 (dd, J=6.5, 4.0 Hz, 1H), 3.39 (s, 3H), 3.16–3.23 (m,
1H), 2.76 (d, J=6.8 Hz, 3H), 2.12–2.21 (m, 1H), 2.02–2.11 (m, 1H),
1.94–2.01 (m, 2H), 1.81–1.93 (m, 3H), 1.71 (s, 3H), 1.59–1.68 (m, 1H),
1.46–1.53 (m, 2H), 1.43 (s, 3H), 1.42 (s, 3H), 1.30 (d, J=6.8 Hz, 3H),
1.10 (s, 18H), 1.10 (s, 3H), 0.94 ppm (d, J=6.6 Hz, 3H); 13C NMR
(125 MHz, CDCl3): d=179.4, 145.1, 144.8, 136.8, 133.8, 133.3, 133.0,
130.9, 128.9, 128.1, 125.8, 115.6, 111.0, 109.0, 97.8, 83.4, 82.6, 81.7, 79.3,
78.6, 77.8, 55.9, 42.7, 41.6, 36.6, 35.5, 35.3, 31.5, 29.3, 28.1, 27.3, 27.2, 22.6,
18.6, 18.6, 17.2, 16.5, 13.3 ppm; MS (MALDI-TOF): m/z=781 [M+Na]+


; HRMS (FAB): m/z calcd for C44H74O8SiNa: 781.5051 [M+Na]+ ; found:
781.5059.


TBAF (1m in THF, 0.28 mL, 0.28 mmol) was added dropwise to a solu-
tion of the carboxylic acid (70.4 mg, 0.0927 mmol) in THF (3 mL). After
1 h, another portion of TBAF (1m in THF, 0.10 mL, 0.10 mmol) was
added to the brown reaction mixture, which was then stirred for 1 h. A
final portion of TBAF (1m in THF, 0.10 mL, 0.10 mmol) was then added,
and after further stirring for 1 h, the reaction mixture was filtered
through a short column of silica gel. The silica-gel column was washed
with hexanes/EtOAc/AcOH (1:1:0.01, 100 mL). The combined filtrates
were concentrated, and the residue was purified by flash column chroma-
tography (CHCl3/MeOH=30:1) to afford seco acid 40 (52.6 mg, 94%).
Rf=0.35 (CHCl3/MeOH=10:1); ½a�25D =�73.8 (c=0.97, CHCl3); IR
(neat): ñmax=3454, 3076, 2981, 2933, 1732, 1651, 1604, 1456, 1379, 1223,
1153, 1097, 1028, 991, 887, 731, 584 cm�1; 1H NMR (500 MHz, CDCl3):
d=6.12–6.24 (m, 2H), 6.06 (d, J=15.7 Hz, 1H), 5.66–5.79 (m, 3H), 5.56
(dd, J=14.6, 7.5 Hz, 1H), 5.39 (dd, J=15.3, 7.7 Hz, 1H), 5.01 (d, J=


6.8 Hz, 1H), 4.98 (d, J=1.5 Hz, 1H), 4.87 (s, 1H), 4.72 (s, 1H), 4.69 (d,
J=6.6 Hz, 1H), 4.69 (s, 1H), 3.94–4.07 (m, 3H), 3.65–3.72 (m, 1H), 3.62
(d, J=7.6 Hz, 1H), 3.36 (s, 3H), 3.21 (d, J=9.0 Hz, 1H), 3.11–3.19 (m,
1H), 2.89–2.95 (m, 1H), 2.71–2.80 (m, 2H), 2.14–2.22 (m, 1H), 2.03–2.13
(m, 1H), 1.83–1.95 (m, 3H), 1.73–1.82 (m, 2H), 1.70 (s, 3H), 1.46–1.54
(m, 2H), 1.42 (s, 6H), 1.37–1.45 (m, 1H), 1.27 (d, J=7.1 Hz, 3H),
0.84 ppm (d, J=6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=177.7,
145.2, 145.0, 137.3, 134.3, 134.1, 134.0, 131.2, 128.7, 128.3, 126.3, 116.0,
111.2, 109.3, 97.5, 82.6, 82.5, 80.8, 79.3, 79.0, 77.1, 56.6, 43.5, 41.7, 36.3,
35.1, 34.8, 30.4, 29.4, 28.5, 27.5, 27.4, 22.9, 17.5, 16.0 ppm; MS (MALDI-
TOF): m/z=625 [M+Na]+ ; HRMS (FAB): m/z calcd for C35H54O8Na:
625.3716 [M+Na]+ ; found: 625.3731.


Macrolide 41


Ethoxyacetylene (40% in hexanes, 0.030 mL, 0.13 mmol) was added to a
solution of seco acid 40 (52.6 mg, 0.0873 mmol) and [RuCl2ACHTUNGTRENNUNG(p-cymene)]2
(1.0 mg, 0.0016 mmol) in toluene (8 mL) at 0 8C. The mixture was
warmed to room temperature and stirred for 30 min. The dark-red solu-
tion was filtered through a pad of silica gel, which was then washed with
dry Et2O (50 mL) under N2 atmosphere. The filtrate was concentrated
under reduced pressure. The crude ethoxyvinyl ester was dissolved in tol-
uene (3 mL) and added to a solution of CSA (2.0 mg, 0.0087 mmol) in
toluene (14 mL). The reaction mixture was heated to 50 8C for 2 h, fil-
tered through a pad of silica gel, and concentrated. The residue was puri-
fied by flash column chromatography (hexanes/EtOAc=10:1) to afford
macrolide 41 (22.5 mg, 44%). Rf=0.45 (hexanes/EtOAc=4:1); ½a�25D =


�178.7 (c=0.46, CHCl3); IR (neat): ñmax=3443, 3063, 3078, 2981, 2929,
1732, 1653, 1604, 1454, 1377, 1238, 1171, 1090, 1030, 991, 885, 758,
580 cm�1; 1H NMR (500 MHz, CDCl3): d=6.30 (dd, J=14.9, 10.8 Hz,
1H), 6.19 (dd, J=14.9, 10.8 Hz, 1H), 6.04 (d, J=15.7 Hz, 1H), 5.68–5.76
(m, 2H), 5.55 (dd, J=14.7, 9.3 Hz, 2H), 5.31 (ddd, J=15.2, 8.6, 1.5 Hz,
1H), 5.12 (d, J=7.1 Hz, 1H), 4.98 (s, 1H), 4.87 (s, 1H), 4.73 (s, 1H), 4.70
(s, 1H), 4.67 (d, J=6.8 Hz, 1H), 4.64 (dd, J=10.3, 1.2 Hz, 1H), 4.02 (t,
J=8.5 Hz, 1H), 3.98 (t, J=8.5 Hz, 1H), 3.72 (dd, J=8.9, 1.3 Hz, 1H),
3.52 (td, J=9.3, 6.4 Hz, 1H), 3.36 (s, 3H), 3.24–3.32 (m, 2H), 2.77 (d, J=


7.1 Hz, 2H), 2.30–2.39 (m, 3H), 1.86–1.98 (m, 2H), 1.82 (dd, J=14.3,
11.9 Hz, 1H), 1.71 (s, 3H), 1.62–1.70 (m, 1H), 1.46–1.54 (m, 2H), 1.43 (s,
3H), 1.43 (s, 3H), 1.26–1.32 (m, 1H), 1.24 (d, J=6.6 Hz, 3H), 1.11–1.19
(m, 1H), 0.91 ppm (d, J=6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=


174.5, 144.5, 144.1, 138.5, 135.8, 135.4, 133.3, 131.3, 127.9, 127.7, 125.4,
115.7, 110.8, 109.0, 97.2, 83.0, 82.3, 80.7, 79.2, 78.0, 77.7, 77.2, 56.3, 44.0,
41.3, 35.8, 32.1, 31.6, 28.8, 27.7, 27.1, 27.1, 22.5, 17.1, 14.7 ppm; MS
(MALDI-TOF): m/z=607 [M+Na]+ ; HRMS (FAB): m/z calcd for
C35H52O7Na: 607.3611 [M+Na]+ ; found: 607.3627.


Amphidinolide E (1)


Aqueous hydrochloric acid (4n, 0.3 mL) was added dropwise to a solu-
tion of macrolide 41 (22.5 mg, 0.0385 mmol) in MeOH (3.6 mL). After
1 h, MeOH (0.5 mL) and aqueous HCl (4n, 0.2 mL) were added to the
mixture. After 2 h, MeOH (0.5 mL) and aqueous HCl (4n, 0.1 mL) were
again added to the mixture. After 1 h, the mixture was diluted with Et2O
(10 mL), and the reaction was carefully quenched by saturated aqueous
NaHCO3 (5 mL). The aqueous phase was extracted with EtOAc (3P
10 mL), and the combined organic extracts were dried over MgSO4, fil-
tered, and concentrated. The residue was purified by column chromatog-
raphy (CHCl3/MeOH=100:1) to afford amphidinolide E (1; 14.8 mg,
77%). Rf=0.25 (CHCl3/MeOH=20:1); ½a�30D =�131.1 (c=0.21, CHCl3);
IR (neat): ñmax=3417, 3076, 2925, 2854, 2731, 1865, 1732, 1668, 1606,
1456, 1377, 1319, 1248, 1169, 1088, 1047, 991, 889 cm�1; 1H NMR
(600 MHz, CDCl3): d=6.23 (dd, J=14.7, 10.7 Hz,1H), 6.15 (dd, J=14.8,
10.8 Hz, 1H), 6.05 (d, J=15.7 Hz, 1H), 5.69 (dt, J=15.7, 6.9 Hz, 1H),
5.62–5.66 (m, 1H), 5.62 (dd, J=14.5, 9.7 Hz, 1H), 5.53 (dd, J=14.9,
9.1 Hz, 1H), 5.27 (dd, J=15.3, 8.4 Hz, 1H), 4.98 (s, 1H), 4.87 (s, 1H),
4.75 (s, 1H), 4.71 (s, 1H), 4.66 (d, J=9.6 Hz, 1H), 3.94 (t, J=8.5 Hz,
1H), 3.88 (t, J=8.9 Hz, 1H), 3.71 (d, J=7.5 Hz, 1H), 3.56 (dt, J=7.2 Hz,
1H), 3.38–3.44 (m, 1H), 3.23–3.29 (m, 1H), 2.73–2.83 (m, 2H), 2.40 (dd,
J=13.6, 2.1 Hz, 1H), 2.23–2.33 (m, 2H), 1.84–1.92 (m, 1H), 1.75–1.82 (m,
2H), 1.72 (s, 3H), 1.57–1.64 (m, 1H), 1.43–1.50 (m, 1H), 1.36–1.43 (m,
1H), 1.28–1.35 (m, 2H), 1.25 (d, J=6.7 Hz, 3H), 0.92 ppm (d, J=6.7 Hz,
3H); 13C NMR (75 MHz, CDCl3): d =174.4, 144.7, 144.0, 135.1, 134.9,
134.1, 133.3, 131.4, 131.4, 129.4, 127.9, 115.7, 110.7, 79.9, 78.3, 78.1, 77.6,
76.6, 73.2, 44.1, 41.3, 36.1, 32.6, 32.3, 29.9, 29.0, 27.1, 22.5, 17.5, 15.4 ppm;
MS (CI): m/z (%)=501 [M+1]+ (18), 483 (100), 465 (93), 449 (21), 401
(18), 345 (18), 291 (22), 257 (12), 179 (22), 121 (12), 109 (13), 71 (10), 57
(12); HRMS (CI): m/z calcd for C30H45O6: 501.3216 [M+1]+ ; found:
501.3213.
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Introduction


Some of the most interesting copolymers in terms of their
physical properties are triblocks.[1] Triblocks (e.g., AxByAz,
where x, y, and z are the average numbers of monomers of
type A or B in each block) have been synthesized using a
“linear“ method (addition of A to an initiator, then B, then
A again, allowing each to be consumed) or by coupling of


living homopolymers with a bifunctional central oligomer or
polymer. Such methods have limitations, however, most seri-
ously the presence of homopolymers or diblock copolymers.
Purification through selective precipitation of the triblock
copolymer is then required. A “bifunctional” approach to
triblocks has been employed (e.g., disodium[2] or dilithio de-
rivatives[1]) in order to synthesize triblocks from monomers
that are prone to anionic polymerization (e.g., styrene). A
bifunctional approach can be more reliable than the linear
method for preparing high purity triblock copolymers since
the triblock grows from the “inside out,” that is, produces
the central B block first and then the A blocks, and involves
fewer opportunities for errors. High purity triblocks are
most desirable since the presence of homo- or diblock co-
polymers in a triblock copolymer often degrade the proper-
ties of a given pure triblock copolymer.


Abstract: Addition of four equivalents
of lithium 2,5-dimethylpyrrolide to a
solution of [Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(ORF6)2
ACHTUNGTRENNUNG(CHC5H4)]2Fe (ORF6=OCMe ACHTUNGTRENNUNG(CF3)2)
in dichloromethane led to [MoACHTUNGTRENNUNG(NAr)-
ACHTUNGTRENNUNG(Me2Pyr)2 ACHTUNGTRENNUNG(CHC5H4)]2Fe (2 ; Me2Pyr=


2,5-dimethylpyrrolide) and lithium hex-
afluoro-tert-butoxide, which crystallizes
out upon cooling the reaction mixture
to �35 8C. Attempts to prepare parent
pyrrolide complexes analogous to 2 re-
sulted in the formation of a mixture of
two products. The one that could be
isolated contains one equivalent of lith-
ium pyrrolide per molybdenum, that is
[Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(Pyr)3 ACHTUNGTRENNUNG(CHC5H4)]2FeLi2 (3).
The X-ray structure obtained shows it
to be a dimer of dimers in which each
lithium atom is bound to three pyrro-
lides. Addition of four equivalents of


lithium 2,5-dimethylpyrrolide to [Mo-
ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(ORF6)2]2ACHTUNGTRENNUNG(DME)2(CH-1,4-
C6H4CH) (1b) in cold DME produced
[Mo ACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(Me2Pyr)2]2(CH-1,4-
C6H4CH) (4) in good yield, in which
the bridging alkylidene is derived from
1,4-divinylbenzene. Three equivalents
of (S)-H2ACHTUNGTRENNUNG[Biphen] are required for a
clean reaction with 3 to form [Mo-
ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(Biphen) ACHTUNGTRENNUNG(CHC5H4)]2Fe (5) (H2-
ACHTUNGTRENNUNG[Biphen]=3,3’-di-tert-butyl-5,5’,6,6’-tet-
ramethyl-1,1’-biphenyl-2,2’-diol), Li2
ACHTUNGTRENNUNG[Biphen], and two equivalents of pyr-
role. Reactions involving 4 with the
chiral diols are the best behaved.


Brown [Mo ACHTUNGTRENNUNG(NAr)(Benz2Bitet)]2(CH-
1,4-C6H4CH) (6) can be isolated upon
addition of (R)-H2[Benz2Bitet]
(H2[Benz2Bitet]= (3,3’-dibenzhydryl-
5,5’,6,6’,7,7’,8,8’-octahydro-1,1’-bi-
naphthyl-2,2’-diol) to 4, while addition
of (R)-H2[Mes2Bitet] (H2[Mes2Bitet]=
3,3’-dimesityl-5,5’,6,6’,7,7’,8,8’-octahy-
dro-1,1’-binaphthyl-2,2’-diol) to 4 yields
[Mo ACHTUNGTRENNUNG(NAr)(Mes2Bitet)]2(CH-1,4-
C6H4CH) (7). Compounds 5, 6, and 7
were employed as initiators for the
polymerization of 2,3-dicarbomethoxy-
norbornadiene (DCMNBD) and 2,3-
bis(trifluoromethyl)norbornadiene
(NBDF6).
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Reports of bifunctional initiators for ring-opening meta-
thesis polymerization (ROMP) are rare.[3] Recently we pub-
lished examples of isolable bifunctional alkylidene initiators
for ROMP, for example [Mo ACHTUNGTRENNUNG(NAr)(OR)2ACHTUNGTRENNUNG(CHC5H4)]2Fe spe-
cies (where Ar=2,6-diisopropylphenyl; OR=OCMe3 or
OCMe ACHTUNGTRENNUNG(CF3)2), and showed them to be catalysts for the
living ROMP of several monomers.[4] This approach was em-
ployed for the preparation of ABA triblock copolymers
using the divinylferrocene-linked complexes, where the
inner blocks of the triblock copolymers were functionalized
by liquid crystal mesogens.[5] So far, the number of bifunc-
tional catalysts that can be prepared by this method has
been limited to catalysts where OR is hexafluoro-tert-butox-
ide (ORF6) or tert-butoxide. We sought a more general ap-
proach to bifunctional ROMP catalysts, including asymmet-
ric catalysts.[6] Since we have shown that bisalkoxide cata-
lysts can be prepared from bispyrrolide complexes,
Mo(NR) ACHTUNGTRENNUNG(CHR’)(pyrrolide)2,


[7] upon addition of an alcohol,
we decided to explore the possibility of preparing bifunc-
tional bispyrrolide species that could be employed as precur-
sors to bifunctional bisalkoxide or diolate complexes. We
report here the synthesis of three pyrrolide complexes of
the type [Mo ACHTUNGTRENNUNG(NAr)(X)2]2ACHTUNGTRENNUNG(linker) (where X=pyrrolide or
2,5-dimethylpyrrolide and the linker is an alkylidene derived
from divinylbenzene or divinylferrocene) and the reaction
of these complexes with various chiral diols. We demon-
strate that bifunctional diolate complexes (isolated and pre-
pared in situ) can be employed as initiators for the ROMP
polymerization of 2,3-dicarbomethoxynorbornadiene
(DCMNBD) and (2,3-bistrifluoromethylnorbornadiene
(NBDF6).


Results and Discussion


Synthesis and Characterization of Bifunctional Bispyrrolide
Complexes


We have found that bispyrollide complexes are relatively
unreactive toward olefins. Therefore it is not possible to pre-
pare [Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(Me2Pyr)2 ACHTUNGTRENNUNG(CHC5H4)]2Fe (for example)
through addition of divinylferrocene to Mo ACHTUNGTRENNUNG(NAr)-
ACHTUNGTRENNUNG(CHCMe2Ph) ACHTUNGTRENNUNG(Me2Pyr)2. Therefore [Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(ORF6)2
ACHTUNGTRENNUNG(CHC5H4)]2Fe (1a) must be prepared first and lithium 2,5-
dimethylpyrrolide added to it (Equation 1; ORF6=OCMe-
ACHTUNGTRENNUNG(CF3)2) in dichloromethane.


Four equivalents of lithium 2,5-dimethylpyrrolide are re-
quired to form a clean product, [Mo ACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(Me2Pyr)2
ACHTUNGTRENNUNG(CHC5H4)]2Fe (2, where Me2Pyr=2,5-dimethylpyrrolide).
When the reaction mixture is cooled to �35 8C, lithium hex-
afluoro-tert-butoxide crystallizes from solution and can be
removed by filtration. Compound 2 appears to be unstable


in the solid state at 22 8C over a period of days, evidenced
by a color change, even in vacuo, and variable results for el-
emental analyses. Contamination by traces of lithium hexa-
fluoro-tert-butoxide does not appear to be the cause since
no LiOCMe ACHTUNGTRENNUNG(CF3)2 could be detected by 19F NMR.
X-ray quality crystals of 2 were grown from diethyl ether.


The solid state structure is shown in Figure 1. Crystallo-


graphic data can be found in Table 1 and relevant bond
lengths and angles can be found in Table 2. The Mo�NAr�
Cipso bond angle is almost linear at 178.77(13)8. The geome-
try of the molybdenum center is pseudotetrahedral with one
of the 2,5-dimethylpyrrolide ligands being bound in an h5-
manner and the other in an h1-manner. The alkylidene is
oriented syn with respect to the imido ligand and the
Mo(1)�C(1)�C(2) angle is 136.21(13)8. The electron count
at the metal is 18. Two other compounds of this general
type that contain one h5- and one h1-pyrrolide have been
characterized crystallographically, namely WACHTUNGTRENNUNG(NAr)-
ACHTUNGTRENNUNG(CHCMe2Ph)(h


5-Me2Pyr)(h
1-Me2Pyr)


[8] and Mo ACHTUNGTRENNUNG(NAd)-
ACHTUNGTRENNUNG(CHCMe2Ph)(h


5-Me2Pyr)(h
1-Me2Pyr) (Ad=1-adamantyl).[9]


The alkylidene resonance for compound 2 is found at
13.1 ppm in the 1H NMR spectrum (C6D6) with JCH=


136 Hz, which is approximately half-way between typical
coupling constants for syn (~125 Hz) and anti (~145 Hz) iso-
mers. Variable temperature 1H NMR studies (in C6D5CD3)
reveal free rotation of the imido aryl groups and rapid inter-
conversion of the h1- and h5-bound pyrrolides at high tem-
perature (60 8C). At room temperature, the pyrrolide reso-
nances and the methine and methyl resonances of the aryli-
mido groups are broadened almost into the baseline. At
�30 8C, the spectrum begins to sharpen, and two alkylidene
resonances are observed in a 1:0.7 ratio (at 13.01 and
12.94 ppm, respectively). We ascribe these two resonances
to meso and the rac dimeric forms (as a consequence of chir-
ality at each Mo) of the two diastereomers when intercon-
version of the h1- and h5-bound pyrrolides on the molybde-


Figure 1. Thermal ellipsoid drawing of 2. Solvent molecules and hydrogen
atoms have been removed for clarity. (Only half the molecule is labelled
since the two ends are identical.)
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num is slow on the NMR timescale. At �60 8C, there are
eight ferrocene resonances and four methine resonances.
Attempts to prepare parent pyrrolide complexes analo-


gous to 2 resulted in the formation of a mixture of two prod-
ucts. The one that could be isolated in pure form is a species
that contains one equivalent of lithium pyrrolide per molyb-
denum, that is, [MoACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(Pyr)3ACHTUNGTRENNUNG(CHC5H4)]2FeLi2 (3 ; Pyr=


NC4H4
� ; Equation 2). The complex was isolated as bright


red crystals. A single alkylidene resonance at 14.01 ppm was
observed in the 1H NMR spectrum. X-ray quality crystals of
3 (Table 1) were grown from a hot benzene solution as the
solution slowly returned to room temperature. Compound 3
also appeared to be thermally unstable over a period of


days and yielded variable and
irreproducible elemental analy-
ses.
In the solid state, 3 is a


dimer of the bifunctional “ate”
complex shown in Equation 2.
The dimer contains four mo-
lybdenum atoms, four lithium
atoms, and two iron atoms. A
drawing of the metal atom
core can be found in Figure 2
and relevant bond lengths and
angles can be found in Table 2.
From the two-dimensional
view shown, the lithium atoms
form the corners of a square
and the four molybdenum
atoms are located on the four
edges of the square. The iron
atoms are located in the center
of the square, and the molyb-
denum atoms associated with
each ferrocene-linker are on
opposite edges. Each lithium
atom is coordinated to three
pyrrolides, two of which are
coordinated to one molybde-
num atom, while the third is
coordinated to a neighboring
molybdenum atom. The alkyli-
dene ligand adopts a syn con-


formation with respect to the imido group, and the Mo(1)�
C(1)�C(2) angle is 141.3(3)8. The bond lengths and angles
are comparable to other crystallographically characterized
ferrocene-linked complexes of this nature.[4] The geometry
around the molybdenum center is between trigonal bipyra-
midal and square pyramidal. The cyclopentadienyl rings of
ferrocene are almost eclipsed. The two substituents on the
cyclopentadienyl rings are related by a torsion angle of ap-
proximately 558 (Figure 2b), as opposed to the ~1808 ob-
served in other divinylferrocene-linked structures.[4] We at-
tribute this difference to the requirements for forming the
tetramolybdenum complex in the solid state.
The 1H NMR spectrum of 3 at room temperature reveals


broad resonances associated with the pyrrolide protons. The
JCH value for the alkylidene proton is 124 Hz, indicating that
in solution the alkylidene is oriented syn to the imido
ligand, as observed in the solid state. Variable temperature
1H NMR spectroscopic studies (C6D5CD3) reveal that only
one Ha resonance is observed in the temperature interval
between �80 8C and 60 8C. At �80 8C all four methyl imido


Table 1. Crystallographic details for 3 and 2.


Compound 3 2


Empirical formula C177H193Fe2Li4Mo4N16 C64H86FeMo2N6O
Molar mass [gmol-1] 3067.69 1203.12
Compound ID 07025 07035
Temperature [K] 100(2) 100(2)
l [K] 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P�1 P21/n
Unit cell dimensions
a [K]
b [K]
c [K]
a [8]
b [8]
g [8]


14.8816(18) 10.1779(13)
15.647(2) 28.119(4)
34.236(4) 11.5174(15)
101.630(2) 90
96.790(2) 114.802(2)
93.384(2) 90


Volume [K3] 7725.4(17) 2992.1(7)
Z 2 2
1calcd [Mg/m3] 1.319 1.335
Absorption coefficient [mm�1] 0.556 0.697
F ACHTUNGTRENNUNG(000) 3198 1260
Crystal size [mm3] 0.10M0.06M0.04 0.15M0.10M0.04
Range of q [8] 1.58–24.71 1.45–29.57
Index ranges �17�h�17


�18�k�18
�39� l�40


�14�h�14
�39�k�39
�15� l�15


Reflections collected 95875 57968
Independent reflections 26348 [Rint=0.1108] 8375 [Rint=0.0632]
Completeness [%] to q [8] 99.9, q=29.57 100.0, q=29.57
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents
Max. and min. transmission 0.9781 and 0.9465 0.9726 and 0.9026
Data/restraints/parameters 26348/9334/2133 8375/35/369
GoF on F2 1.005 1.028
Final R indices [I>2 s(I)] R1=0.0517, wR2=0.1028 R1=0.0292, wR2=0.0663
R indices (all data) R1=0.1075, wR2=0.1244 R1=0.0406, wR2=0.0718
Largest diff. peak and hole [eK�3] 1.101, �0.649 0.560, �0.562


Table 2. Selected bond lengths (K) and angles (8) for 2 and 3. (Distances
are given for only one of the four independent Mo atoms in 3.)


Compound 2 3


Mo(1)�C(1) 1.9523(17) 1.885(4)
Mo(1)�N(1) 1.7455(14) 1.721(3)
Mo(1)�N(2) 2.0915(14) 2.129(3)
Mo(1)�N(3) 2.4352(15) 2.162(4)
Mo(1)�N(4) n/a 2.158(3)
Mo(1)�C(1)�C(2) 136.21(13) 141.3(3)
Mo(1)�N(1)�C(11) 178.77(13) 164.8(3)
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groups (1.46–0.55 ppm) and two methine (3.85 and
2.81 ppm) protons are inequivalent as a consequence of the
imido rings being locked on the NMR timescale. Four ferro-
cene resonances are observed (4.93, 4.58, 4.44 and
3.79 ppm). The pyrrolide reso-
nances (7.69–5.82 ppm) are
sharp and resolved at low tem-
peratures. Complex fluxionali-
ty leads to broadening of all
resonances at room tempera-
ture.


Addition of four to six equivalents of lithium pyrrolide to
a cooled solution of 1 in dichloromethane led to a product
having two major alkylidene resonances (14.10 and
13.72 ppm) and two minor alkylidene resonances (14.49 and
14.17 ppm) in the 1H NMR spectrum, in addition to the res-
onance for 3 at 14.01 ppm. We postulate that the product
with two major alkylidene resonances in 1H NMR spectra
(14.10 and 13.72 ppm) contains only one extra equivalent of
lithium pyrrolide per dimer, that is to say that one equiva-
lent of lithium pyrrolide is bound to only one molybdenum
atom. The major alkylidene resonances are characteristic of
syn species. The minor alkylidene resonances are most likely
anti isomers (vide infra). All species in these product mix-
tures react with 4–10 equivalents of H2ACHTUNGTRENNUNG[Biphen] (H2-
ACHTUNGTRENNUNG[Biphen]=3,3P-di-tert-butyl-5,5’,6,6’-tetramethylbiphenyl-
2,2’-diol) to yield [Mo ACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(Biphen) ACHTUNGTRENNUNG(CHC5H4)]2Fe, as de-
scribed in the next section.
Reaction of four equivalents of lithium 2,5-dimethylpyrro-


lide with [Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(ORF6)2]2ACHTUNGTRENNUNG(DME)2(CH-1,4-C6H4CH) (1b)
in cold DME produced [Mo ACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(Me2Pyr)2]2(CH-1,4-
C6H4CH) (4) in good yield [Eq. (3)]. The alkylidene reso-
nance is observed at 13.5 ppm in the 1H NMR spectrum
with JCH=134 Hz. Variable temperature 1H NMR spectro-
scopic studies suggests that the arylimido groups rotate
freely and pyrrolide ligands interconvert at 50 8C, while at
�30 8C to �70 8C, two diastereomers (meso and rac) are ob-
served in a ratio of approximately 1:0.6. Satisfactory ele-
mental analyses also could not be obtained for 4.


Reactivity of Molybdenum Pyrrolide Complexes with
Enantiomerically Pure Diols


We were especially interested in the synthesis of compounds
of the type [MoACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(diolate) ACHTUNGTRENNUNG(CHC5H4)]2Fe, which would
allow the structure of any polymers prepared with these spe-
cies to be controlled efficiently through enantiomorphic site
control. If the growing polymer chain remains bound to the
metal center, a polymerPs structure can be controlled even
though the diolate is racemic. However, in order to simplify
the analysis of reactions between chiral diols and bifunction-
al pyrrolide catalyst precursors, enantiomerically pure diols
were employed. The complexity that arises when using a
racemic diol will be illustrated below in one case. Three
enantiomerically pure diols were investigated, namely, (R)-
and (S)-H2ACHTUNGTRENNUNG[Biphen],


[10–12] (R)-H2[Benz2Bitet] ((R)-3,3’-di-
benzhydryl-5,5’,6,6’,7,7’,8,8’-octahydro-1,1P-binaphthyl-2,2’-
diol),[10, 13] and (R)-H2[Mes2Bitet] ((R)-3,3’-dimesityl-
5,5’,6,6’,7,7’,8,8’-octahydro-1,1’-binaphthyl-2,2’-diol)[10]


(Figure 3). These diols were chosen because monofunctional
molybdenum-based metathesis catalysts that contain them


Figure 2. a) Thermal ellipsoid drawing of the full asymmetric unit of 3.
Solvent molecules and hydrogen atoms have been removed for clarity.
b) Thermal ellipsoid drawing of one molecule of 3 within the unit cell.
Solvent molecules, hydrogen atoms, isopropyl groups, and lithium atoms
have also been removed for clarity.
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have been explored previously.[6] The [Biphen]2� ligand is
the most sterically demanding of the three as a consequence
of the tert-butyl groups in the 3 and 3P positions.
Three equivalents of (S)-H2ACHTUNGTRENNUNG[Biphen] are required for a


clean reaction of it with 3 to form [Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(Biphen)-
ACHTUNGTRENNUNG(CHC5H4)]2Fe (5) [Eq. (4)]. The third equivalent of H2-
ACHTUNGTRENNUNG[Biphen] reacts with the two equivalents of lithium pyrrolide
in 3 to form Li2ACHTUNGTRENNUNG[Biphen] and two equivalents of pyrrole.


1H NMR spectroscopy of (S,S)-5 reveals four resonances
in the alkylidene region at 12.71 ppm (70%, JCH=152 Hz),
12.55 ppm (14%, JCH=152 Hz), 11.31 ppm (14%, JCH=


125 Hz) and 11.13 ppm (2%, JCH=125 Hz; Figure 4a). We
assign these four alkylidene resonances (respectively) to the
anti/anti isomer, the anti peak of the anti/syn isomer, the syn
peak of the anti/syn isomer, and the syn/syn isomer on the


basis of the JCH values in each case. Four alkylidene carbon
resonances are observed in the 13C NMR spectra (at 265.23,
264.87, 260.47, 260.05 ppm), consistent with this proposal. If
the synthesis is repeated with (rac)-H2ACHTUNGTRENNUNG[Biphen], eight reso-
nances are observed (Figure 4b) as a consequence of the
formation of (S,R)-5 in addition to (R,R)-5 and (S,S)-5 ; four
of these resonances are found at the same chemical shifts
observed when (S)-H2ACHTUNGTRENNUNG[Biphen] is employed. All of these ob-
servations are consistent with the proposed bifunctional
nature of the compounds being prepared. The added com-
plexity of the spectrum associated with the use of racemic
diols demonstrates why it is desirable to use enantiomeri-
cally pure diols when evaluating reactions of them with bi-
functional precursors.
There are no significant changes in the variable tempera-


ture 1H NMR spectra of (S,S)-5 in the range �60 8C to
60 8C, except for the typical locked rotation of the isopropyl
resonances on the NMR timescale at low temperatures and
rapid rotation of the diisopropylphenyl ring at high tempera-
tures. X-ray quality crystals of (S,S)-5 have remained elusive
arising from its high solubility in most organic solvents. X-
ray quality crystals also could not be obtained from a race-
mic mixture.
The in situ reaction between two equivalents of


H2[Benz2Bitet] and 3 produced a species whose 1H NMR
spectrum revealed an alkylidene proton at 13.37 ppm (86%,
syn/syn isomer) and two minor resonances at 13.90 ppm and
13.29 ppm (7% each, the anti and syn resonances of the
anti/syn isomer, respectively). This product was not isolated.
Compound 3 apparently does not react cleanly with two


equivalents of H2[Mes2Bitet] , and no pure compounds could
be isolated. Multiple resonances were observed in the alkyli-
dene region of the 1H NMR spectra.


No reaction between 2 and
H2 ACHTUNGTRENNUNG[Biphen] was observed,
while reactions between 2 and
H2[Benz2Bitet] or
H2[Mes2Bitet] were slow and
produced mixtures with multi-
ple alkylidene resonances.
Heating reaction mixtures to
50 8C for several hours did not
produce any one product at
the expense of the others ini-
tially present.
Reactions between 4 and the


three diols are the best-be-
haved. Compound 4 reacts
cleanly with H2[Benz2Bitet]
and H2[Mes2Bitet] to yield isol-
able complexes [Mo-
ACHTUNGTRENNUNG(NAr)(Benz2Bitet)]2(CH-1,4-
C6H4CH) (6) and [Mo-
ACHTUNGTRENNUNG(NAr)(Mes2Bitet)]2(CH-1,4-
C6H4CH) (7), respectively.
Brown 6 can be isolated and
recrystallized in moderate


Figure 3. Chiral diols selected for evaluation in syntheses of bimetallic
catalysts.


Figure 4. Alkylidene region of 1H NMR spectra for (a) (S,S)-5 and (b) rac-5.
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yield. The alkylidene proton in the 1H NMR spectrum is ob-
served at 11.25 ppm and has a JCH value of 125 Hz, consis-
tent with an alkylidene oriented syn with respect to the
imido group. Compound 7 also can be isolated in moderate
yield. Its alkylidene peak is observed in its 1H NMR spec-
trum at 11.23 ppm with JCH=125 Hz, which is indicative of a
syn orientation of the alkylidene with respect to the imido
group. Pure 4 does not react readily with H2ACHTUNGTRENNUNG[Biphen].


Polymerization of 2,3-Dicarbomethoxynorbornadiene
(DCMNBD) and 2,3-Bis(trifluoromethyl)norbornadiene


(NBDF6) with In Situ Generated and Isolated Bifunctional
Initiators Containing Chiral Diolates


2,3-Dicarbomethoxynorbornadiene (DCMNBD) and 2,3-
bis(trifluoromethyl)norbornadiene (NBDF6) were the two
monomers chosen for polymerization experiments. They
were chosen because polymerizations with monofunctional
molybdenum imido alkylidene initiators containing chiral di-
olates have been explored previously.[14] The cis/trans ratio
as well as the percent tacticity of the polymers can be deter-
mined by examining the 13C NMR spectra. Initiators 5, 6,
and 7 were employed, both as isolated and purified com-
pounds, or as generated in situ.
The synthesis of the polymers prepared with the isolated


initiators is straightforward. A solution of either DCMNBD
or NBDF6 was added in one portion to a stirred solution of
either 5, 6, or 7 in toluene. To prepare the corresponding in
situ initiators, 3.2 equivalents of H2ACHTUNGTRENNUNG[Biphen],
H2[Benz2Bitet] , or H2[Mes2Bitet] were added to a solution
of 3, or 2.2 equivalents of H2[Benz2Bitet] or H2[Mes2Bitet]
were added to 4. The solution containing the diol and pyrro-
lide complex was stirred at room temperature for fifteen mi-
nutes, at which time a solution of either DCMNBD or
NBDF6 (approximately 100 equivalents) was added. After
four hours, the polymerization was quenched with excess
benzaldehyde (see Experimental Section for details). Poly-
ACHTUNGTRENNUNG(DCMNBD) was precipitated from methanol while poly-
ACHTUNGTRENNUNG(NBDF6) was precipitated from pentane.
The cis/trans ratio and the percent tacticity of the poly-


mers were determined by 13C NMR spectroscopy; the values
are given in Table 3. Polymers prepared using initiator 5
show varied cis/trans ratios, and the observed tacticities are
modest. The presence of isomers of 5 (which is a mixture of
70% anti/anti, 28% anti/syn, and 2% syn/syn) helps explain
the formation of both cis and trans double bonds in the po-
lymer since the syn and anti isomers play a major role in de-
termining whether polymers prepared from norbornenes or
norbornadienes contain cis or trans double bonds.[14] It is in-
teresting to note that the poly ACHTUNGTRENNUNG(NBDF6) prepared with iso-
lated 5, or 5 that is generated in situ, gave identical results.
PolyACHTUNGTRENNUNG(DCMNBD) prepared with 5 gave different results de-
pending on whether the initiator is isolated or prepared in
situ. In both cases however, the tacticity was relatively low.
The lower tacticity of poly ACHTUNGTRENNUNG(DCMNBD) prepared with initia-
tor 5 is likely to be the reason why these were the only poly-
mers that were soluble in THF, and therefore, the only poly-


mers that could be analyzed by gel permeation chromatog-
raphy (GPC) in THF. PolyACHTUNGTRENNUNG(DCMNBD) prepared with in
situ generated and isolated initiator 5 gave Mn values of
1.3M104 and 1.8M104 (vs polystyrene standards) and PDI
values of 1.22 and 1.25, respectively.
The polymers prepared using initiator 6, either isolated or


prepared in situ, gave identical results for both poly-
ACHTUNGTRENNUNG(DCBNBD) and poly ACHTUNGTRENNUNG(NBDF6). The polymers contain
100% cis double bonds and are greater than 95% tactic.
The same result was observed when the catalyst employed
was prepared from monomeric Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(Pyr)2 ACHTUNGTRENNUNG(CHCMe2Ph)
and H2[Benz2Bitet] , confirming that the bifunctional nature
of initiator 6 was irrelevant.
PolyACHTUNGTRENNUNG(NBDF6) samples prepared with isolated or in situ


generated 7 contained approximately 85% cis double bonds,
and are ~75% tactic. Different results were observed in the
preparation of polyACHTUNGTRENNUNG(DCMNBD) depending on the method
of catalyst preparation. The isolated initiator produced sam-
ples of poly ACHTUNGTRENNUNG(DCMNBD) with trans/cis ratios similar to those
observed for poly ACHTUNGTRENNUNG(NBDF6), while in situ generated 7 gave
all cis, highly tactic poly ACHTUNGTRENNUNG(DCMNBD). All cis, highly tactic
poly ACHTUNGTRENNUNG(DCMNBD) was formed when the initiator was pre-
pared in situ from monomeric Mo ACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(Pyr)2ACHTUNGTRENNUNG(CHCMe2Ph)
and H2[Mes2Bitet] .


Conclusions


A series of pyrrolide bifunctional molybdenum complexes
linked by alkylidenes derived from divinylferrocene or di-
vinylbenzene were prepared. The reactivities of the bifunc-
tional complexes, [Mo ACHTUNGTRENNUNG(NAr)(X)2]2ACHTUNGTRENNUNG(linker) (where X=pyrro-
lide or 2,5-dimethylpyrrolide, linker=divinylbenzene or di-
vinylferrocene) with various diols were explored and three
new bifunctional initiators (5, 6, and 7) were isolated. Com-
pounds 5, 6, and 7 were employed as initiators for polymeri-
zation of DCMNBD and NBDF6 to give polymers whose
percent tacticity and cis/trans ratios usually were similar to
those found for polymers prepared with monomeric initia-
tors.


Table 3. Data for poly ACHTUNGTRENNUNG(DCMNBD) and polyACHTUNGTRENNUNG(NBDF6) prepared using ini-
tiators 5, 6, and 7.


Initiator Form Monomer Trans/
Cis


%Tacticity Yield of isolated
product [%]


5 isolated NBDF6 84:16 79 >95
5 in situ NBDF6 83:17 79 >95
5 isolated DCMNBD 42:58 45 90
5 in situ DCMNBD 29:71 65 75
6 isolated NBDF6 0:100 >95 >95
6 in situ NBDF6 0:100 >95 >95
6 isolated DCMNBD 0:100 >95 >95
6 in situ DCMNBD 0:100 >95 >95
7 isolated NBDF6 16:84 74 84
7 in situ NBDF6 16:84 74 >95
7 isolated DCMNBD 14:86 82 >95
7 in situ DCMNBD 0:100 >95 >95
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We have demonstrated that initiators can be prepared in
situ and used for ROMP polymerization of DCMNBD and
NBDF6. However, the synthesis of bifunctional initiators
through addition of a chiral diol to a pyrrolide precursor
should not be viewed as a general one. It is important to
first screen reactions between the diol and the pyrrolide pre-
cursor in order to determine whether the reaction is facile,
complete, and well-behaved. Initiators that form completely
and cleanly can be used for the synthesis of polymers em-
ploying initiators that are prepared in situ.


Experimental Section


General


All manipulations were performed in oven-dried (200 8C) glassware
under an atmosphere of nitrogen in a Vacuum Atmospheres glovebox or
using standard Schlenk techniques. HPLC-grade solvents were purified
by passage through an alumina column and stored over 4 K Linde-type
molecular sieves prior to use. Deuterated solvents were degassed and dis-
tilled from CaH2 or sodium benzophenone ketyl. Commercial reagents
were used without further purification unless stated otherwise. [Mo-
ACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(ORF6)2 ACHTUNGTRENNUNG(CHC5H4)]2Fe,


[4] [MoACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(ORF6)2]2 ACHTUNGTRENNUNG(DME)(CH-1,4-
C6H4CH),[4] Mo ACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(Pyr)2 ACHTUNGTRENNUNG(CHCMe2Ph),


[7] (R)-H2 ACHTUNGTRENNUNG[Biphen] and (S)-H2-
ACHTUNGTRENNUNG[Biphen],[12] (R)-H2[Benz2Bitet] ,


[10] (R)-H2[Mes2Bitet],
[10] NBDF6,[15] and


DCMNBD[16] were prepared according to literature procedures.


NMR spectra were recorded on a Varian INOVA 500 spectrometer.
1H NMR chemical shifts are given in ppm versus residual protons in the
deuterated solvents as follows: d =7.27 ppm (CDCl3), d=7.16 ppm
(C6D6), d=2.09 ppm (C6D5CD3), d=2.05 ((CD3)2CO). GPC analyses
(solvent= tetrahydrofuran, 1 mLmin�1) were carried out using a Waters
GPC system equipped with 1 Styragel HT3 column (500–30000 MW
range), 1 Styragel HT4 column (5000–600000 MW range), 1 Styragel
HT5 column (50000–4M106 MW range), a refractive index detector, and
a UV detector (254 nm) was used for molecular weight measurement rel-
ative to polystyrene standards.


Synthesis


2 : [Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(Me2Pyr)2 ACHTUNGTRENNUNG(CHC5H4)]2Fe: Solid Li ACHTUNGTRENNUNG(NC4H2Me2) (0.14 g,
1.4 mmol) was added to a �30 8C solution of [Mo ACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(ORF6)2
ACHTUNGTRENNUNG(CHC5H4)]2Fe (0.50 g, 0.34 mmol) in CH2Cl2 (10 mL). The reaction mix-
ture was stirred at room temperature for two hours and then placed in a
�35 8C freezer for twelve hours. The precipitate of LiORF6 was removed
by filtration. The volatile components of the red filtrate were removed in
vacuo. The resulting solid was redissolved in ether (5 mL), and the solu-
tion was placed in a �35 8C freezer. The burgundy crystals that formed
were isolated by filtration and dried in vacuo; yield 0.25 g (65%):
1H NMR (C6D6): d=13.1 (s, 1H, MoCHR, JCH=136 Hz), 7.00 (m, 3H,
Ar-CH), 5.98 (br s, 2H, NC4H2ACHTUNGTRENNUNG(CH3)2), 4.17 (br s, 2H, FeC4H5), 3.84 (br
s, 2H, FeC4H5), 3.39 (sept, 2H, CH ACHTUNGTRENNUNG(CH3)2), 2.08 (br s, 12H, NC4H2


ACHTUNGTRENNUNG(CH3)2), 1.04 ppm (br s, 6H, CH ACHTUNGTRENNUNG(CH3)2); Arising from the poor solubility
of this compound 13C NMR data could not be readily collected. No reso-
nances for LiORF6 were found in 19F NMR spectra. Apparent decomposi-
tion of 2 over a period of days prevented satisfactory elemental analyses.


3 : [Mo ACHTUNGTRENNUNG(NAr)ACHTUNGTRENNUNG(Pyr)3 ACHTUNGTRENNUNG(CHC5H4)]2FeLi2: Solid Li ACHTUNGTRENNUNG(NC4H4) (0.51 g, 6.9 mmol)
was added to a �30 8C solution of [Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(ORF6)2 ACHTUNGTRENNUNG(CHC5H4)]2Fe (1.7 g,
1.2 mmol) in CH2Cl2 (10 mL). The solution was stirred at room tempera-
ture for two hours during which time a bright red precipitate formed.
The precipitate was isolated by filtration and dried in vacuo; yield 1.3 g
(97%): 1H NMR (C6D6): d =14.01 (s, 1H, MoCHR, JCH=124 Hz), 7.49
(m, 1H, py-CH), 7.31 (m, 2H, py-CH), 7.12 (m, 3H, Ar-CH), 6.76 (br s,
1H, py-CH), 6.37 (br s, 2H, py-CH), 6.03 (br s, 4H, py-CH), 5.92 (br s,
2H, py-CH), 4.82 (br s, 2H, FeC4H5), 4.52 (br s, 1H, FeC4H5), 3.94 (br s,
1H, FeC4H5), 3.48 (sept, 2H, CH ACHTUNGTRENNUNG(CH3)2), 1.91 (br s, 6H, CH ACHTUNGTRENNUNG(CH3)2),
0.79 ppm (br s, 6H, CH ACHTUNGTRENNUNG(CH3)2);


13C NMR (C6D5CD3): d=283.07, 151.73,


126.89, 109.11, 108.81, 106.45, 94.45, 73.63, 71.78, 70.27, 30.72, 28.42,
23.19, 22.31 ppm. No resonances for LiORF6 were found in 19F NMR
spectra. Apparent decomposition of 3 over a period of days prevented
satisfactory elemental analyses.


4 : [Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(Me2Pyr)2]2(CH-1,4-C6H4CH): Solid Li ACHTUNGTRENNUNG(NC4H2Me2) (0.16 g,
1.6 mmol) was added to a �30 8C solution of [MoACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(ORF6)2]2
ACHTUNGTRENNUNG(DME)(CH-1,4-C6H4CH) (0.59 g, 0.39 mmol) in DME (10 mL). The solu-
tion was stirred at room temperature for one hour and the volatile com-
ponents were removed in vacuo. The solid was triturated with diethyl
ether multiple times until a bright orange powder was obtained. The
powder was isolated by filtration and dried in vacuo; yield 0.40 g (88%):
1H NMR (C6D6): d=13.51 (s, 1H, MoCHR, JCH=134 Hz), 7.12 (m, 3H,
Ar-CH), 7.00 (m, 2H, Ar-CH), 5.96 (br s, 4H, NC4H2 ACHTUNGTRENNUNG(CH3)2), 3.44 (sept,
2H, CH ACHTUNGTRENNUNG(CH3)2), 2.11 (br s, 12H, NC4H2 ACHTUNGTRENNUNG(CH3)2), 0.96 ppm (br s, 6H, CH-
ACHTUNGTRENNUNG(CH3)2);


13C NMR (C6D5CD3): d=291.99, 157.72, 148.03, 123.99, 106.99,
28.23, 24.06, 21.75, 18.53 ppm. No resonances for LiORF6 were found in
19F NMR spectra. Apparent decomposition of 4 over a period of days
prevented satisfactory elemental analyses.


5 : [Mo ACHTUNGTRENNUNG(NAr) ACHTUNGTRENNUNG(Biphen) ACHTUNGTRENNUNG(CHC5H4)]2Fe: 2.9 equivalents of (R)- or (S)-H2-
ACHTUNGTRENNUNG[Biphen] (441 mg, 1.25 mmol) were added to a stirred solution of 3
(500 mg, 0.43 mmol) in toluene (5 mL). The solution was stirred at room
temperature for three hours and the volatile components were removed
in vacuo. The remaining solid was dissolved in pentane and passed
through a glass filter tip pipette to remove the byproduct in the reaction
(LiPyr). The volatile components were again removed in vacuo, the solid
redissolved in pentane (2 mL), and the solution was placed in a �35 8C
freezer overnight. A burgundy solid formed which was isolated by filtra-
tion and dried in vacuo; yield 400 mg (65%): 1H NMR (C6D6): d=12.71
(s, MoCHR, 70%, anti/anti isomer, JCH=152 Hz), 12.55 (s, MoCHR, anti
peak of anti/syn isomer, 14%, JCH=152 Hz), 11.31 (s, MoCHR, 14%, syn
peak of anti/syn isomer, JCH=125 Hz) and 11.13 ppm (s, MoCHR, 2%,
syn/syn isomer, JCH=125 Hz). The following resonances are reported for
the major isomer only: d=7.32, 7.29, 7.16, 7.09 (m, 5H, Ar-CH), 4.60 (s,
1H, FeC4H5), 4.56 (s, 1H, FeC4H5), 3.95 (s, 1H, FeC4H5), 3.87 (s, 1H,
FeC4H5), 3.82 (sept, 2H, CH ACHTUNGTRENNUNG(CH3)2), 2.26 (s, 3H, Me-Biphen), 2.20 (s,
3H, Me-Biphen), 1.87 (s, 3H, Me-Biphen), 1.77 (s, 3H, Me-Biphen), 1.63
(s, 9H, tBu-Biphen), 1.52 (s, 9H, tBu-Biphen), 1.36 (d, 6H, CH ACHTUNGTRENNUNG(CH3)2),
1.29 ppm (d, 6H, CH ACHTUNGTRENNUNG(CH3)2);


13C NMR (C6D5CD3): d=265.23 (anti/anti
isomer), 264.87 (anti peak of anti/syn isomer), 260.47 (syn peak of anti/
syn isomer), 260.05 ppm (syn/syn isomer); The following resonances are
reported for the major isomer (anti/anti) only: d=155.66, 152.27, 148.17,
147.36, 144.88, 142.04, 140.98, 136.65, 135.27, 132.18, 131.54, 131.14,
131.07, 130.97, 129.27, 128.89, 127.33, 123.23, 89.52, 73.26, 72.87, 69.71,
69.14, 35.86, 35.70, 30.17, 29.92, 24.82, 23.58, 20.84, 20.78, 16.89,
16.84 ppm; elemental analysis: calcd (%) for C82H104Mo2N2O4Fe:
C 68.90; H 7.33, N 1.96. Found: C 69.08; H 7.30; N 1.88.


6 : [Mo ACHTUNGTRENNUNG(NAr)(Benz2Bitet)]2(CH-1,4-C6H4CH): H2[Benz2Bitet] (86 mg,
0.14 mmol) was added to a stirred solution of 4 (70 mg, 0.069 mmol) in
toluene (3 mL). The reaction was stirred at room temperature for three
hours, at which time the volatile components were removed in vacuo.
The resulting dark orange solid was washed with pentane to remove re-
sidual H2[Benz2Bitet] . The solid was dissolved in ether (2 mL). A powder
formed by slowly diffusing pentane into the solution. The powder was
isolated by filtration and dried in vacuo; yield 50 mg (39%): 1H NMR
(C6D6): d=11.24 (s, 1H, MoCHR, JCH=125 Hz), 7.55 (d, 2H, Ar-CH),
7.43 (d, 2H, Ar-CH), 7.27 (t, 2H, Ar-CH), 7.22–6.79 (m, 5H, Ar-CH),
6.49 (s, 1H, Ar-CH), 5.89 (s, 1H, Ar-CH), 3.98 (sept, 2H, CH ACHTUNGTRENNUNG(CH3)2),
2.55–2.11 (br m, 8H, CH2-Bitet), 1.50–1.02 (br m, 8H, CH2-Bitet), 1.24
(d, 6H, CH ACHTUNGTRENNUNG(CH3)2), 0.92 ppm (d, 6H, CHACHTUNGTRENNUNG(CH3)2);


13C NMR (C6D5CD3):
d=258.38, 154.79, 151.20, 149.08, 145.82, 145.77, 143.95, 143.85, 138.21,
137.55, 136.89, 136.10, 135.72, 135.17, 134.20, 133.77, 133.51, 130.76,
130.34, 130.27, 130.22, 130.16, 129.86, 129.66, 129.32, 129.14, 129.06,
128.91, 128.80, 127.70, 127.04, 126.74, 126.63, 126.55, 126.04, 126.83, 52.22,
50.06, 30.42, 30.27, 29.89, 28.82, 28.45, 24.05, 23.96, 23.63, 23.40, 23.30,
22.94, 21.77 ppm.


7: [MoACHTUNGTRENNUNG(NAr)(Mes2Bitet)]2(CH-1,4-C6H4CH): H2[Mes2Bitet] (104 mg,
0.20 mmol) was added to a stirred solution of 4 (100 mg, 0.010 mmol) in
toluene (3 mL). The reaction was stirred at room temperature for three
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hours, at which time the volatile components were removed in vacuo.
The resulting dark orange solid was washed with pentane to remove re-
sidual H2[Mes2Bitet] and then dried in vacuo; yield 100 mg (60%):
1H NMR (C6D6): d=11.23 (s, 1H, MoCHR, JCH=125 Hz), 7.20 (s, 1H,
Ar-CH), 6.97 (s, 1H, Ar-CH), 6.92 (s, 1H, Ar-CH), 6.88 (m, 3H, Ar-CH),
6.64 (s, 1H, Ar-CH), 6.08 (s, 2H, Ar-CH), 3.23 (br s, 2H, CH ACHTUNGTRENNUNG(CH3)2),
2.8–2.4 (br m, 8H, CH2-Bitet), 2.57, 2.50, 2.42, 2.26, 2.03, 1.83 (all s, each
3H, CH3Mes), 1.7–1.4 (br m, 8H, CH2-Bitet), 0.80 ppm (br s, 12H, CH-
ACHTUNGTRENNUNG(CH3)2);


13C NMR (C6D5CD3): d=260.50, 154.77, 153.18, 151.90, 145.20,
138.17, 137.76, 137.71, 137.35, 136.79, 136.56, 136.17, 136.08, 136.01,
135.85, 135.83, 135.14, 134.18, 133.8, 132.4, 132.4, 132.42, 129.73, 129.67,
129.56, 128.87, 128.73, 128.63, 128.37, 128.31, 126.81, 126.03, 123.42, 30.51,
30.24, 29.43, 28.84, 24.15, 24.09, 23.99, 23.89, 23.79, 23.56, 23.11, 21.75,
21.67, 21.59, 21.54, 21.41, 21.25 ppm; elemental analysis: calcd (%) for
C108H120Mo2N2O4: C 76.21; H 7.11; N 1.65. Found: C 75.88; H 6.98;
N 1.61.


Observation of reaction between 3 and H2[Benz2Bitet]. H2[Benz2Bitet]
(2.1 equiv, 113 mg, 0.18 mmol) in toluene (1 mL) was added to a stirred
solution of 3 (100 mg, 0.86 mmol) in toluene (3 mL). The solution was
stirred at room temperature for three hours, at which time the volatile
components were removed in vacuo. The solid was dissolved in toluene.
The resulting solution was diluted with pentane and placed in a �35 8C
freezer. The brown solid that formed was isolated by filtration and dried
in vacuo: 1H NMR (C6D6) (reported for the alkylidene region only) d=


13.9 (7%), 13.37 (86%), 13.3 ppm (7%).


Example of Polymerization of DCMNBD with Isolated Initiator.
DCMNBD (58 mg, 100 equiv, 0.28 mmol) in 2 mL of toluene was added
to a stirred solution of 4 (5.2 mg, 0.0028 mmol) in 4 mL toluene. The mix-
ture was stirred for four hours at which time two drops (~20 mg) of ben-
zaldehyde were added. The solution was stirred for an additional hour, at
which time the polymer was precipitated from methanol. The precipitate
was collected and dried in vacuo before analysis by 1H and 13C NMR;
yield 55 mg (98%).


Example of Polymerization of DCMNBD with Initiator Prepared In
Situ. H2[Benz2Bitet] (12.4 mg, 2.2 equiv, 0.021 mmol) in 1 mL of toluene
was added to a stirred solution of 4 (10 mg, 0.0098 mmol) in 4 mL of tol-
uene. The solution was stirred at room temperature for fifteen minutes.
At that time, a solution of DCMNBD (223 mg, 110 equiv, 0.107 mmol) in
2 mL of toluene was added all at once. The mixture was stirred for four
hours at which time two drops (~20 mg) of benzaldehyde were added.
The solution was stirred for an additional hour, at which time the poly-
mer was precipitated from pentane. The precipitate was collected and
dried in vacuo before analysis by 1H and 13C NMR; yield 218 mg (98%).


Polymerization of NBDF6. The procedure for polymerization of NBDF6
is analogous to those given for polymerization of DCMNBD except the
polymers were precipitated from pentane instead of methanol.


X-ray Crystallography


Low-temperature diffraction data were collected on a Siemens Platform
three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD
detector with graphite-monochromated Mo Ka radiation (l=0.71073 K),
performing f-and w-scans. The structures were solved by direct methods
using SHELXS and refined against F2 on all data by full-matrix least
squares with SHELXL-97.[17] All non-hydrogen atoms were refined aniso-
tropically. All hydrogen atoms (except hydrogen atoms on the carbon
atoms that bind directly to molybdenum, which have been taken from
the difference Fourier synthesis and refined semi-freely with the help of
distance restraints) were included into the model at geometrically calcu-
lated positions and refined using a riding model. The isotropic displace-
ment parameters of all hydrogen atoms were fixed to 1.2 times the U
value of the atoms they are linked to (1.5 times for methyl groups). De-
tails of the data quality and a summary of the residual values of the re-
finements are listed in Table 1.


Compound 2 crystallizes in the monoclinic space group P21/n with half a
molecule of 2 and half a molecule of diethyl ether in the asymmetric
unit. The rest of the main molecule as well as an alternative site for the
thus disordered solvent (both sites are mutually exclusive and statistically


each is occupied in 50% of all unit cells) are generated by the crystallo-
graphic inversion center.


Compound 3 crystallizes in the triclinic space group P�1, with one com-
plete dimer-of-dimers in the asymmetric unit. The structure contains one
disordered imido ligand. The pyrrole rings of N(7) and N ACHTUNGTRENNUNG(107) probably
are also disordered (elongated thermal ellipsoids), however it was not
possible to resolve this disorder. The same is true for the ferrocene subu-
nit around Fe(2), which seems to be disordered slightly along the Cp-Cp
axis.


Both structures contain solvent molecules. One half molecule of diethyl
ether is located near the crystallographic inversion center in the asym-
metric unit of the structure of 2 and the asymmetric unit of the structure
of 3 contains 9.5 benzene molecules, at least four of which are disor-
dered. The second half of the half molecule of benzene is generated by
the crystallographic inversion center; this molecule is actually well-be-
haved. All disorders that could be resolved were refined with the help of
similarity restraints on 1–2 and 1–3 distances and displacement parame-
ters as well as rigid bond restraints for anisotropic displacement parame-
ters. The ratios between the two components of each disorder were re-
fined freely, while constraining the sum of occupancies to unity.


CCDC -691322 and -691323 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_re-
quest/cif
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Introduction


Over the past few years, catalytic functionalization of C�H
bonds has become one of the most important frontiers in ex-
ploratory research of synthetic organic chemistry, as the
direct transformation of C�H bonds, which are ubiquitous
in organic molecules, does not require the preparation of
the reactive intermediates (e.g., halides or triflates).[1] In this
context, the silylation of aromatic C�H bonds represents a
valuable method for the preparation of arylsilanes, which
are versatile intermediates in organic synthesis.[2] Moreover,
demand for this type of silylation reaction has increased in
the field of materials chemistry.[3] Most of the C–H silylation
reactions reported to date involved hydrosilanes as the sili-


con source.[4] These reactions require the addition of alkenes
as hydrogen acceptors to achieve high conversion. Although
one catalytic system that does not require a hydrogen ac-
ceptor has been reported, it is intrinsically nonregioselective
when applied to substituted benzene derivatives.[5] Kakiuchi,
Murai, and co-workers reported that vinyl silanes can also
serve as silicon sources for the silylation of C�H bonds, al-
though applicable substrates are limited to heteroarenes.[6]


On the other hand, the catalytic silylation of C�H bonds
also proceeds with disilanes.[7–10] In this reaction, the addi-
tion of alkenes to trap the co-produced hydrosilanes is not
required. The difference in reactivity between hydrosilane
and disilane in C–H silylation reactions can be attributed to
the different thermodynanic properties of these reactions
(Scheme 1). On the basis of DFT analysis, the silylation re-
action of benzene with hydrosilane is thermodynamically
unfavorable by 4.7 kcalmol�1. Thus, to make this process
feasible, integration with a more exothermic process, such as
hydrogenation of alkenes, is required. In contrast, the corre-
sponding reaction with disilane is exothermic by 3.6 kcal
mol�1, arising, in part, from the smaller bond-dissociation
energy of the silicon–silicon bond relative to the silicon–hy-
drogen bond. In spite of this energetic advantage, the C–H
silylation reactions with disilanes reported so far have many
drawbacks, such as the photochemical conditions required,[7]


the use of strained disilanes[8] and excess amounts of arenes
(>5 equiv),[9] and the formation of a mixture of mono- and
disilylated products.[10] In this article, we describe a rhodi-
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um-catalyzed silylation of the aromatic C�H bond in 2-aryl-
pyridines with hexamethyldisilane, which affords monosily-
lated products in a regioselective manner (Scheme 2).


Results and Discussion


We recently reported the rhodium(I)-catalyzed silylation of
benzonitrile derivatives with disilanes.[11] In this reaction
system, the carbon–cyano bond is cleaved by rhodium–silyl
species generated in situ by the deinsertion of silyl isocya-
nide. Intrigued by the unique reactivity of this postulated
species toward C–CN bonds, we investigated the silylation
of other unreactive bonds in the presence of a rhodium cata-
lyst and disilanes. To our delight, the reaction of 2-(2-meth-
ylphenyl)pyridine (1) with hexamethyldisilane (2) in the


presence of a catalytic amount of [RhClACHTUNGTRENNUNG(cod)]2 in toluene
under reflux furnished ortho-silylated product 3 in 86%
yield (Table 1, entry 1). Notably, the introduction of a trime-


thylsilyl group has never been demonstrated in C–H silyla-
tion with hydrosilane owing to the gaseous nature of trime-
thylsilane (b.p.=6.7 8C). Thus, the advantage of using disi-
lanes is reinforced. As the silylation of toluene, which was
used as the solvent, was not observed, a directing group was
required for the C–H silylation reaction to proceed. The re-
action temperature has a significant impact on the catalysis.
Almost no silylated product was observed even at slightly
lower temperature (90 8C; Table 1, entry 2). With regard to
the solvent, the use of dioxane was comparably effective,
whereas DMF and an alcoholic solvent completely prevent-
ed the silylation reaction (Table 1, entries 4 and 5). Other
transition-metal complexes, including [Rh ACHTUNGTRENNUNG(cod)2]BF4, [Rh-
ACHTUNGTRENNUNG(OMe) ACHTUNGTRENNUNG(cod)]2, and [IrCl ACHTUNGTRENNUNG(cod)]2, exhibited much less or no
catalytic activity for this C–H silylation reaction (Table 1,
entries 6–9). Some metal complexes, such as [Ru3(CO)12],
[RuCl2ACHTUNGTRENNUNG(cod)]n, and Cu ACHTUNGTRENNUNG(OAc)2, were totally inactive. Addi-
tion of phosphine led to a complete loss of catalytic activity
(Table 1, entry 10).


Chelation assistance by a 2-pyridyl group was crucial in
this Rh-catalyzed C–H silylation to achieve a reasonable re-
action rate and regioselectivity. We also examined other co-
ordinating groups for their ability to promote the silylation
reaction (Scheme 3). Pyridine 4, which contains an electron-
withdrawing group, imidazole 5, oxime 6, and amide 7 did
not serve as directing groups at all. Furthermore, no silyla-
tion occurred with substrates extended by one carbon atom,
as in 8 and 9, thus indicating the importance of the forma-
tion of a five-membered metallacycle intermediate (see
below). Among the substrates we examined, oxazoline 10


Abstract in Japanese:


Scheme 1. Thermodynamic profiles of carbon–hydrogen bond silylation
reactions based on bond-dissociation energies. The values under each
compound refer to the bond-dissociation energies (kcalmol�1) of the in-
dicated bonds.


Scheme 2. Rhodium-catalyzed silylation of C�H bonds in 2-phenylpyri-
dines with disilane.


Table 1. Optimization of reaction conditions.[a]


Entry Catalyst Solvent Yield [%][b]


1 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 toluene 91 (86)[c]


2[d]
ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 toluene trace


3 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 dioxane 91
4 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 DMF 0
5 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 tert-amyl alcohol 0
6 ACHTUNGTRENNUNG[RhCl(CO)]2 toluene 0
7[e] [Rh ACHTUNGTRENNUNG(cod)2]


+BF4
� toluene 0


8 [Rh ACHTUNGTRENNUNG(OMe) ACHTUNGTRENNUNG(cod)]2 toluene 66
9 ACHTUNGTRENNUNG[IrCl ACHTUNGTRENNUNG(cod)]2 toluene 0


10[f]
ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(cod)]2 toluene 0


[a] Reaction conditions: 2-arylpyridine (1.0 mmol), hexamethyldisilane
(2.0 mmol), and catalyst (0.05 mmol) in solvent (1 mL) at 110 8C, 15 h.
[b] Determined by GC. [c] Yield of isolated 3. [d] The reaction was con-
ducted at 90 8C. [e] 0.10 mmol of catalyst was used. [f] PPh3 (0.10 mmol)
was added. cod=1,5-cyclooctadiene, DMF=N,N-dimethylformamide.
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was the only directing group that afforded the silylated
product, although the yield was significantly lower than that
of the corresponding pyridine-based substrate (Scheme 4).


With the optimized conditions in hand, we next examined
the scope of this reaction with respect to disilanes. The use
of other disilanes, such as (PhMe2Si)2, (tBuMe2Si)2, and
(Et3Si)2, did not afford any silylated products under the reac-
tion conditions used in this study. The unsuccessful result
with (PhMe2Si)2 was slightly unexpected, as it furnished a si-
lylated product in a C–CN bond silylation reaction under
almost-identical conditions.[11] This indicates that the postu-
lated rhodium–silyl species is generated even in the case of
(PhMe2Si)2, but that subsequent events, such as C�H bond
activation or C–Si bond formation, presumably proceed
with difficulty with this silyl group.


We next explored the scope of the RhI-catalyzed silylation
by using a diverse collection of 2-arylpyridines with 2
(Table 2). Mono- and disilylated products were obtained in
a 1:1.1 ratio in the reaction of 2-phenylpyridine (12). How-
ever, exclusive formation of the monosilylated product was
achieved by employing the bulkier 3-methyl-2-pyridyl direct-
ing group (Table 2, entry 2). This group impedes the forma-
tion of the metallacycle intermediate required for the
second ortho silylation owing to steric congestion between
the 3-methyl group and the silyl group already added
(Scheme 5).[12] Benzo[h]quinoline (16), in which the pyridine
moiety is fixed to be coplanar with the benzene ring to be si-
lylated, also serves as a good substrate (Table 2, entry 3), al-
though the rate of the reaction was slower than that with
conformationally flexible substrate 14. Pyridine-directed si-
lylation is also applicable to substrates containing extended
p systems, such as naphthalene (Table 2, entries 4 and 5)
and carbazole (Table 2, entry 6). Functional-group compati-


bility of this reaction was examined by using 2-phenylpyri-
dines bearing a substituent at the meta position (Table 2, en-
tries 7–14). Ether (Table 2, entries 8, 9, and 13), amine


Scheme 3. Failed directing groups.


Scheme 4. Rhodium-catalyzed silylation of 2-phenyloxazoline 10.


Table 2. Rh-catalyzed silylation of 2-arylpyridines with disilane 2.[a]


Entry 2-Arylpyridine Product Yield [%][b]


1 69 (1:1.1)[c]


2 84


3 77[d,e]


4 72[d,e]


5 86


6 56


7 a : R=Me 75
8 b : R=OMe 56 (8.3:1)[c]


9 c : R=OiPr 69 (6.7:1)[c]


10 d : R=NMe2 75[f]


11 e : R=CO2Et 51[d]


12 f : R=CF3 51[e]


13 a : R=OMe 70[f]


14 b : R=CF3 82


[a] Reaction conditions: 2-arylpyridine (1.0 mmol), hexamethyldisilane
(2.0 mmol), and [RhCl ACHTUNGTRENNUNG(cod)]2 (0.05 mmol) in o-xylene (0.5 mL) at 130 8C,
15 h. [b] Yield of isolated monosilylated product unless otherwise noted.
[c] Combined yield of isolated mono- and disilylated products. The ratio in
the parentheses refers to that of mono- to disilylated product, determined by
1H NMR spectroscopy. [d] Carried out with 4.0 mmol of disilane for 45 h.
[e] Carried out in o-xylene (1 mL). [f] Carried out with 0.10 mmol of [RhCl-
ACHTUNGTRENNUNG(cod)]2.


Scheme 5. Steric repulsion by a 3-methyl-2-pyridyl group in the second si-
lylation.
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(Table 2, entry 10), ester (Table 2, entry 11), and fluoroalkyl
(Table 2, entries 12 and 14) groups were all tolerated under
the reaction conditions. In this series of substrates, silylation
occurred specifically at the less-hindered site, with the ex-
ception of alkoxy-substituted substrates 24b and 24c, which
afforded a small amount of disilylated product (Table 2, en-
tries 8 and 9).[13] The amount of disilylated product was not
significantly affected by the steric bulk of the substituent on
the oxygen atom of the alkoxy group (Table 2, entry 8 vs. 9).
However, exclusive formation of the monosilylated product
was achieved by introduction of a methyl group on the pyri-
dine ring (Table 2, entry 13), as was the case for the sub-
strate with no meta substituent (Table 2, entry 2). As such,
unlike the Pt-catalyzed system,[10] substrates with a wide va-
riety of substituents efficiently furnished the corresponding
monosilylated products.


Our success in the carbon–cyano bond cleavage reac-
tion[11] led us to examine 2-(3-cyanophenyl)pyridine (28) to
determine the relative reactivity of carbon–cyano and
carbon–hydrogen bonds in the present catalytic system. As a
result, monosilylated product 29, in which the CN group is
replaced by a trimethylsilyl (TMS) group, was obtained in
50% yield, along with disilylated product 30 (21% yield).
This result indicates that the cyano group has a higher reac-
tivity toward the rhodium–silyl species than the ortho C�H
bond of 2-arylpyridines (Scheme 6).


Although the detailed mechanism remains elusive, a pos-
sible catalytic cycle is depicted in Scheme 7. The catalytical-
ly active rhodium–silyl species A is initially generated by
the reaction of [RhClACHTUNGTRENNUNG(cod)]2 with hexamethyldisilane (2).
For simplicity, RhI–SiMe3 is shown in Scheme 7, although
RhIII–(SiMe3)3 is also a possible competent species.[9] The
rhodium–silyl species A then activates the ortho C�H bond
of the 2-arylpyridine with the aid of coordination of the pyr-
idine ring. Although several modes of C�H bond activation
are possible,[14] the exact activation mechanism in our cataly-
sis is currently unclear. Activation through oxidative addi-
tion of the C�H bond (i.e. , step 1) is one plausible pathway.
Complex B affords the silylated product through C–Si bond-
forming reductive elimination, along with the formation of
rhodium hydride C (step 2). The catalytic cycle is completed
by the reaction of hydride C with disilane, which generates


the active rhodium–silyl species A and HSiMe3 (step 3). The
role of co-produced HSiMe3 as a silylating agent in this cat-
alysis is likely to be less significant owing to unfavorable en-
ergetics in the absence of a hydrogen acceptor (see
Scheme 1).[15]


To probe the mechanism of C�H bond activation in our
system, we next examined the kinetic isotope effect of this
reaction. Thus, the rhodium-catalyzed silylation reactions of
2-phenylpyridine 14 and its deuterium-labeled counterpart
31 were performed in a different batch under identical reac-
tion conditions, and the yield of the product in each reaction
was monitored by GC analysis (Table 3).[16] The yield of the
deuterated compound 32 was found to be slightly higher
than that of 15 at a conversion of 15–65%. These results
clearly indicate that the cleavage of the C�H bond of 2-aryl-
pyridines is not involved in the rate-limiting step of this rho-


Scheme 6. Silylation of a 2-phenylpyridine containing a CN group.


Scheme 7. Possible mechanism for the rhodium-catalyzed silylation of 2-
arylpyridines with disilane.


Table 3. Kinetic isotope effect.[a]


Time [h] 0.5 1.0 2.0 3.0


Yield of 15 [%][b] 15 35 50 51
Yield of 32 [%][b] 22 50 56 65
15/32 0.70 0.70 0.89 0.78


[a] Reaction conditions: 2-arylpyridine (1.0 mmol), hexamethyldisilane
(2.0 mmol), and [RhCl ACHTUNGTRENNUNG(cod)]2 (0.05 mmol) in o-xylene (0.5 mL) at 130 8C,
15 h. [b] Yield determined by GC. The values given are the average of
three runs.
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dium-catalyzed silylation reaction. Although the origin of
the inverse kinetic isotope effect in our catalysis is a subject
for future study, a similar isotope effect has been observed
in several organometallic processes that involve the cleavage
of C�H bonds.[17]


To gain further insight into the reaction mechanism, the
reactivity of an electronically different set of 2-arylpyridines
was examined (Table 4). Under the catalytic conditions used


in this study, an electron-deficient C�H bond was silylated
slightly faster than a 2-arylpyridine with no substituent at
the meta position (Table 4, entry 1 vs. 2). On the other hand,
the yield decreased significantly when an electron-donating
group was introduced (Table 4, entry 3). Thus, the order of
reactivity in this catalysis is as follows: CF3>H>OMe. This
order of reactivity probably reflects the susceptibility of the
rate-limiting step to the electronic nature of the substrate.
As the oxidative addition of the C�H bond (i.e. , step 1 in
Scheme 7) is unlikely to be rate-limiting on the basis of the
kinetic isotope effect observed above, reductive elimination
(i.e., step 2 in Scheme 7) is the only possible step that can
be affected by the substituent of the 2-arylpyridine; thus, re-
ductive elimination is presumed to be the rate-limiting step
of the catalytic cycle. The rate acceleration by an electron-
withdrawing group might be rationalized by a rate-limiting
C–Si bond-forming reductive elimination via Meisenheimer-
type intermediate D, which could be stablized by an elec-
tron-withdrawing group at the meta position (s–p coupling
mechanism; Scheme 8). This s–p coupling mechanism was
also proposed in ruthenium-catalyzed chelation-assisted C�
H bond alkylation, in which C�C bond-forming reductive
elimination is rate-limiting.[18]


Conclusions


We have developed a rhodium-based catalytic system for
the regioselective silylation of aromatic C�H bonds of 2-ar-
ylpyridines with hexamethyldisilane. In sharp contrast to C–
H silylation with hydrosilanes, no additive is required to
trap the co-product (i.e. , hydrosilane) in the present system.
A variety of functional groups, such as ethers, esters, fluo-
rides and amines, are tolerated under the reaction condi-
tions to furnish monosilylated products. As no primary ki-
netic isotope effect was observed, the cleavage of the ortho
C�H bond is not involved in the rate-limiting step of this
catalysis. On the basis of the substituent and the kinetic iso-
tope effect observed, we currently consider that the C–Si
bond-forming reductive elimination is rate-limiting. Ongoing
work seeks to explore a catalytic system that can effect the
cleavage of other unreactive bonds.


Experimental Section


General


1H and 13C NMR spectra were recorded on a JEOL JMN-270 or JEOL
JMTC-400/54/ss spectrometer in CDCl3 with CHCl3 as the internal stan-
dard. Data are reported as follows: chemical shifts in ppm (d), multiplici-
ty (s= singlet, d=doublet, t= triplet, q=quartet, m=multiplet), coupling
constant (Hz), integration. Infrared (IR) spectra were obtained on a
Horiba FT-700 spectrometer. Mass spectra were obtained on a Shimadzu
GCMS-QP 5000 or GCMS-QP 2010 instrument with ionization voltages
of 70 eV. Elemental analysis was performed by the Elemental Analysis
Section of Osaka University. High-resolution mass spectrometry
(HRMS) was performed on a JEOL JMS-DX303 spectrometer. Column
chromatography was performed with SiO2 (Merck silica gel 60 (230–
400 mesh)).


Materials


Commercially available materials were used as received unless otherwise
noted. Toluene and o-xylene were distilled from CaH2. [RhCl ACHTUNGTRENNUNG(cod)]2 and
16 were purchased from Wako Chemicals. Disilane 2 was purchased from
Tokyo Chemical Industry Ltd. Compounds 10 and 12 were purchased
from Aldrich. Compounds 18, 22, 24e, and 28 were prepared from the
Pd-catalyzed cross-coupling reaction of 2-bromopyridine with the corre-
sponding aryl boronic acid.[19] Compound 24d was obtained according to
a previously published method.[20] Other substituted 2-arylpyridines were
prepared from the Ni-catalyzed cross-coupling reaction of 2-bromopyri-
dine with the corresponding aryl magnesium bromide.[21]


Synthesis and Experimental Data


24c : Colorless oil. Rf=0.19 (hexane/EtOAc=10:1); b.p.: 85 8C
(0.5 mmHg); IR (neat): ñ=3074, 2978, 2931, 1585, 1564, 1493, 1385, 1290,
1213, 1117, 995, 966, 883, 771, 744, 694, 640, 615 cm�1; 1H NMR (CDCl3,
270.05 MHz): d=1.37 (d, J=5.9 Hz, 6H), 4.68 (sept, J=4.68 Hz, 1H),
6.95 (dd, J=7.8, 1.9 Hz, 1H), 7.23–7.26 (m, 1H), 7.37 (t, J=7.8 Hz, 1H),
7.52–7.57 (m, 2H), 7.69–7.78 (m, 2H), 8.68 ppm (d, J=4.9 Hz, 1H);
13C NMR (CDCl3, 67.80 MHz): d=22.2, 70.0, 114.3, 116.7, 119.1, 120.5,
122.1, 129.6, 136.6, 140.7, 149.4, 157.2, 158.2 ppm; MS (70 eV, EI): m/z
(%)=213 (28) [M]+ , 171 (100); elemental analysis: calcd (%) for
C14H15NO: C 78.84, H 7.09, N 6.57; found: C 78.63, H 7.08, N 6.40.


General procedure for the rhodium-catalyzed silylation of 2-arylpyridines
with disilane: [RhCl ACHTUNGTRENNUNG(cod)]2 (0.05 mmol), 2-arylpyridine (1.0 mmol), hex-
amethyldisilane (2.0 mmol), and o-xylene (0.5 mL) were added to an
oven-dried 10-mL two-necked flask under a gentle stream of nitrogen.
The mixture was stirred for 15 h at 130 8C under N2 atmosphere. The
product was isolated by silica-gel column chromatography.


Table 4. Substituent effect.[a]


Entry R Yield [%][b]


10 h[c] 15 h[c]


1 CF3 76 82
2 H 55 84
3 OMe 24 43


[a] Reaction conditions: 2-arylpyridine (1.0 mmol), hexamethyldisilane
(2.0 mmol), and [RhCl ACHTUNGTRENNUNG(cod)]2 (0.05 mmol) in o-xylene (0.5 mL) at 130 8C,
15 h. [b] Yield of isolated product. [c] Reaction time.


Scheme 8. Possible mechanism for the C–Si bond-forming reductive elim-
ination.
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3 : Colorless oil. Rf =0.21 (hexane/EtOAc=5:1); b.p.: 130 8C (2.0 mmHg);
IR (neat): ñ =3074, 2954, 2897, 1587, 1564, 1473, 1410, 1248, 1194, 1149,
1097, 1053, 1026, 993, 877, 837, 791, 762, 690, 623, 569 cm�1; 1H NMR
(CDCl3, 270.05 MHz): d=�0.13 (s, 9H), 1.99 (s, 3H), 7.18–7.23 (m, 3H),
7.42 (dd, J=6.9, 2.1 Hz, 1H), 7.65 (td, J=7.6, 2.1 Hz, 1H), 8.61–8.64 ppm
(m, 1H); 13C NMR (CDCl3, 67.80 MHz): d=0.2, 20.4, 121.8, 124.9, 127.2,
130.7, 132.0, 135.0, 135.6, 138.4, 146.3, 148.9, 160.9 ppm; MS (70 eV, EI):
m/z (%)=241 (3) [M]+ , 226 (100); elemental analysis: calcd (%) for
C15H19NSi: C 74.63, H 7.93, N 5.80; found: C 74.39, H 7.69, N 5.77.


11: Colorless oil. Rf=0.31 (hexane/EtOAc=5:1); b.p.: 80 8C (2.0 mmHg);
IR (neat): ñ =3057, 2968, 2895, 1657, 1462, 1435, 1352, 1309, 1282, 1246,
1213, 1190, 1128, 1095, 1059, 1041, 991, 968, 926, 845, 781, 733, 690,
621 cm�1; 1H NMR (CDCl3, 270.05 MHz): d=0.32 (s, 9H), 1.41 (s, 6H),
4.12 (s, 2H), 7.36–7.45 (m, 2H), 7.63 (dd, J=6.4, 2.6 Hz, 1H), 7.90 ppm
(d, J=6.8 Hz, 1H); 13C NMR (CDCl3, 67.80 MHz) d=0.6, 28.4, 67.4,
79.4, 128.8, 129.9, 130.1, 135.2, 140.4, 164.4 ppm; MS (70 eV, EI): m/z
(%)=247 (16) [M]+ , 232 (100); HRMS: m/z calcd for C14H21NOSi:
247.1392; found: 247.1385.


13 : Obtained as a mixture of mono- and disilylated products. Rf =0.23
(hexane/EtOAc=15:1); IR (neat): ñ=3049, 2952, 2897, 1587, 1562, 1475,
1427, 1390, 1248, 1147, 1124, 1099, 1051, 1022, 991, 856, 839, 800, 771,
752, 729, 688, 621, 463 cm�1; 1H NMR (CDCl3, 270.05 MHz): d=�0.09 (s,
disilylated product), 0.08 (s, monosilylated product), 7.24–7.51 (m), 7.63–
7.77 (m), 8.64–8.68 ppm (m); 13C NMR (CDCl3, 67.80 MHz): d=0.4, 0.9,
121.8, 122.4, 122.9, 125.6, 126.3, 127.3, 128.5, 128.6, 135.1, 135.3, 135.3,
136.2, 138.0, 139.2, 146.8, 148.3, 148.4, 152.9, 161.2, 162.9 ppm; MS
(70 eV, EI): monosilylated product: m/z (%)=226 (4) [M�H]+ , 212
(100); disilylated product: m/z (%)=298 (1) [M�H]+ , (100); HRMS:
monosilylated product: m/z calcd for C14H17NSi: 227.1130; found:
227.1104; disilylated product: m/z calcd for C17H25NSi2: 299.1526; found:
299.1486.


15 : Colorless oil. Rf =0.26 (hexane/EtOAc=5:1); b.p.: 130 8C
(1.5 mmHg); IR (neat): ñ=3051, 2952, 2897, 1583, 1570, 1458, 1442, 1419,
1250, 1126, 1092, 849, 841, 795, 758, 731 cm�1; 1H NMR (CDCl3,
270.05 MHz): d=�0.05 (s, 9H), 2.15 (s, 3H), 7.18–7.23 (m, 2H), 7.34–
7.41 (m, 2H), 7.55 (d, J=7.8 Hz, 2H), 7.65–7.68 (m, 1H), 8.47 ppm (d,
J=4.6 Hz, 1H); 13C NMR (CDCl3, 67.80 MHz): d =�0.1, 19.7, 122.3,
126.8, 128.3, 128.3, 131.4, 134.9, 137.5, 138.4, 145.8, 146.4, 161.0 ppm; MS
(70 eV, EI): m/z (%)=240 (2) [M�H]+ , 226 (100); elemental analysis:
calcd (%) for C15H19NSi: C 74.63, H 7.93, N 5.80; found: C 74.51, H 7.76,
N 5.74.


17: White solid. Rf=0.40 (hexane/EtOAc=25:1); m.p.: 110–111 8C; IR
(KBr): ñ=3043, 3016, 2951, 2935, 2897, 1502, 1406, 1240, 1107, 933, 829,
773, 746, 721, 663, 619 cm�1; 1H NMR (CDCl3, 270.05 MHz): d =0.46 (s,
9H), 7.53 (dd, J=7.8, 4.3 Hz, 1H), 7.67–7.23 (m, 2H), 7.86 (d, J=8.6 Hz,
1H), 7.95 (d, J=7.6 Hz, 1H), 8.12 (d, J=7.3 Hz, 1H), 8.20 (d, J=7.8 Hz,
1H), 8.90 ppm (d, J=4.3 Hz, 1H); 13C NMR (CDCl3, 67.80 MHz) d=3.3,
121.3, 124.6, 126.5, 127.3, 128.7, 129.2, 133.5, 135.2, 135.7, 135.9, 138.6,
145.4, 146.4 ppm; MS (70 eV, EI): m/z (%)=250 (1) [M�H]+ , 236 (100);
elemental analysis: calcd (%) for C16H17NSi: C 76.44, H 6.82, N 5.57;
found: C 76.33, H 6.77, N 5.52.


19 : Colorless oil. Rf =0.34 (hexane/EtOAc=10:1); b.p.: 130 8C
(0.5 mmHg); IR (neat): ñ=3053, 2951, 2897, 1587, 1566, 1477, 1423, 1284,
1243, 1082, 975, 889, 841, 787, 769, 746, 685, 476 cm�1; 1H NMR (CDCl3,
270.05 MHz): d =0.17 (s, 9H), 7.26–7.32 (m, 1H), 7.48–7.54 (m, 2H), 7.64
(d, J=7.6, 1H), 7.79–7.94 (m, 4H), 8.2 (s, 1H), 8.68 ppm (d, J=4.1 Hz,
1H); 13C NMR (CDCl3, 67.80 MHz): d=1.2, 121.8, 122.9, 126.2, 126.6,
127.4, 127.6, 127.8, 132.3, 133.1, 136.3, 136.4, 137.2, 143.5, 148.3,
161.1 ppm; MS (70 eV, EI): m/z (%)=263 (6) [M�14]+ , 262 (100)
[M�Me]+ ; elemental analysis: calcd (%) for C18H19NSi: C 77.93, H 6.90,
N 5.05; found: C 77.93, H 6.95 N 5.10.


21: Colorless oil. Rf=0.23 (hexane/EtOAc=5:1); b.p.: 150 8C
(2.5 mmHg); IR (neat): ñ=3051, 2952, 2895, 1585, 1562, 1502, 1471, 1427,
1377, 1248, 1149, 1105, 1026, 995, 876, 841, 816, 783, 760, 652 cm�1;
1H NMR (CDCl3, 270.05 MHz): d=0.01 (s, 9H), 7.33–7.49 (m, 5H), 7.72–
7.91 (m, 4H), 8.79 ppm (d, J=4.3 Hz, 1H); 13C NMR (CDCl3,
67.80 MHz): d=0.2, 122.3, 125.8, 125.9, 126.0, 126.1, 127.1, 127.7, 130.3,
131.8, 133.5, 135.6, 136.2, 145.0, 149.2, 160.1 ppm; MS (70 eV, EI): m/z


(%)=277 (2) [M]+ , 262 (100); elemental analysis: calcd (%) for
C18H19NSi: C 77.93, H 6.90, N 5.05; found: C 77.80, H 6.85, N 5.09.


23 : Yellow solid. Rf =0.19 (hexane/EtOAc=5:1); m.p.: 116–117 8C; IR
(KBr): ñ =3060, 3010, 2949, 2895, 1585, 1545, 1500, 1454, 1425, 1406,
1362, 1329, 1227, 1151, 1082, 837, 791, 762, 744, 698, 663 cm�1; 1H NMR
(CDCl3, 270.05 MHz): d=0.10 (s, 9H), 7.20–7.34 (m, 2H), 7.39–7.52 (m,
3H), 7.59–7.70 (m, 5H), 7.75–7.77 (m, 2H), 8.15 (d, J=7.6 Hz, 1H), 8.27
(s, 1H), 8.65 ppm (d, J=4.3 Hz, 1H); 13C NMR (CDCl3, 67.80 MHz): d=


1.4, 108.3, 109.9, 110.0, 116.8, 119.9, 120.4, 120.6, 121.4, 122.9, 123.2,
126.2, 126.9, 127.3, 129.8, 136.3, 136.3, 137.4, 137.4, 140.1, 141.3, 148.1,
161.6 ppm; MS (70 eV, EI): m/z (%)=392 (2) [M]+ , 378 (32), 377 (100),
189 (18); HRMS: m/z calcd for C26H24N2Si: 392.1709; found: 392.1713.


25a : Colorless oil. Rf =0.32 (hexane/EtOAc=5:1); b.p.: 130 8C
(2.0 mmHg); IR (neat): ñ=3051, 3012, 2952, 2897, 1587, 1568, 1475, 1425,
1248, 1149, 1099, 1051, 995, 881, 839, 791, 768, 748, 682, 648, 584,
472 cm�1; 1H NMR (CDCl3, 270.05 MHz): d=0.06 (s, 9H), 2.40 (s, 3H),
7.21–7.29 (m, 3H), 7.48 (d, J=7.6 Hz, 1H), 7.60 (d, J=7.6 Hz, 1H), 7.73
(td, J=7.6, 1,6 Hz, 1H), 8.63 ppm (d, J=4.6 Hz, 1H); 13C NMR (CDCl3,
67.80 MHz): d =0.9, 21.3, 121.8, 122.9, 128.1, 129.4, 135.4, 135.6, 136.1,
138.5, 147.0, 148.3, 161.3 ppm; MS (70 eV, EI): m/z (%)=240 (3)
[M�H]+ , 226 (100); HRMS: m/z calcd for C15H19NSi: 241.1287; found:
241.1244.


25b : White solid. Rf =0.30 (hexane/EtOAc=5:1); m.p.: 53–54 8C; IR
(KBr): ñ =3051, 3005, 2960, 2947, 2897, 2835, 1589, 1554, 1473, 1423,
1404, 1304, 1277, 1252, 1215, 1180, 1151, 1103, 1053, 1030, 879, 841, 831,
793, 762, 762, 754, 727, 681 cm�1; 1H NMR (CDCl3, 270.05 MHz): d=0.05
(s, 9H), 3.85 (s, 3H), 6.95 (dd, J=8.1, 2.4 Hz, 1H), 7.02 (d, J=2.4 Hz,
1H), 7.24–7.26 (m, 1H), 7.48 (d, J=7.6 Hz, 1H), 7.62 (d, J=8.1 Hz, 1H),
7.75 (td, J=7.6, 1.6 Hz, 1H), 8.65 ppm (d, J=4.3 Hz, 1H); 13C NMR
(CDCl3, 67.80 MHz): d=1.0, 55.2, 112.9, 114.6, 122.0, 122.9, 130.2, 136.2,
136.8, 148.3, 148.5, 159.8, 161.0 ppm; MS (70 eV, EI): m/z (%)=256 (1)
[M�H]+ , 242 (100); elemental analysis: calcd (%) for C15H19NOSi:
C 69.99, H 7.44, N 5.44; found: C 69.98, H 7.28, N 5.42.


25c : Colorless oil. Rf=0.30 (hexane/EtOAc=10:1); b.p.: 130 8C
(1.5 mmHg); IR (neat): ñ=3060, 2978, 2951, 2897, 1591, 1552, 1471, 1425,
1383, 1302, 1248, 1209, 1107, 1051, 1032, 995, 968, 839, 793, 768, 748, 685,
615 cm� ; 1H NMR (CDCl3, 270.05 MHz): d=0.04 (s, 9H), 1.35 (d, J=


5.9 Hz, 6H), 4.62 (sept, J=5.9 Hz, 1H), 6.92 (dd, J=8.1, 2.4 Hz, 1H),
7.00 (d, J=2.4 Hz, 1H), 7.24–7.29 (m, 1H), 7.47 (d, J=7.6 Hz, 1H), 7.59
(d, J=8.1 Hz, 1H), 7.74 (td, J=7.6, 1.6 Hz, 1H), 8.64 ppm (d, J=4.1 Hz,
1H); 13C NMR (CDCl3, 67.80 MHz): d=1.1, 22.2, 69.7, 114.5, 116.4,
121.9, 122.8, 129.9, 136.2, 136.8, 148.2, 148.4, 158.2, 161.0 ppm; MS
(70 eV, EI): m/z (%)=270 (89) [M�Me]+ , 228 (100); HRMS: m/z calcd
for C17H23NOSi: 285.1549; found: 286.1636.


25d : White solid. Rf=0.20 (hexane/EtOAc=5:1); m.p.: 109–110 8C; IR
(KBr): ñ =3078, 3047, 2954, 2893, 1603, 1585, 1537, 1427, 1363, 1250,
1227, 1107, 854, 835, 795, 758 cm�1; 1H NMR (CDCl3, 270.05 MHz): d=


0.04 (s, 9H), 3.00 (s, 6H), 6.77–6.81 (m, 2H), 7.24–7.28 (m, 1H), 7.49 (d,
J=7.8 Hz, 1H), 7.56 (d, J=7.8 Hz, 1H), 7.73 (td, J=7.6, 1.6 Hz, 1H),
8.65 ppm (d, J=4.6 Hz, 1H); 13C NMR (CDCl3, 67.80 MHz): d =1.0,
40.4, 111.4, 113.0, 121.7, 123.1, 124.5, 136.0, 136.3, 148.1, 148.3, 150.5,
162.1 ppm; MS (70 eV, EI): m/z (%)=270 (1) [M]+ , 255 (100); elemental
analysis: calcd (%) for C16H22N2Si: C 71.06, H 8.20, N 10.36; found:
C 71.01, H 8.09, N 10.34.


25e : Colorless oil. Rf =0.24 (hexane/EtOAc=10:1); b.p.: 175 8C
(1.5 mmHg); IR (neat): ñ=3059, 2981, 2954, 2898, 1720, 1587, 1568, 1477,
1427, 1398, 1367, 1309, 1246, 1124, 1095, 1084, 843, 795, 756 cm�1;
1H NMR (CDCl3, 270.05 MHz): d=0.10 (s, 9H), 1.39 (t, J=7.0 Hz, 3H),
4.39 (q, J=7.0 Hz, 2H), 7.28 (dd, J=6.5, 4.6 Hz 1H), 7.55 (d, J=8.1 Hz,
1H), 7.73–7.81 (m, 2H), 8.04 (dd, J=7.6, 1.4 Hz, 1H), 8.13 (s, 1H),
8.64 ppm (d, J=4.6 Hz, 1H); 13C NMR (CDCl3, 67.80 MHz): d =0.8,
14.4, 61.0, 122.2, 122.8, 127.8, 128.9, 130.5, 135.5, 136.4, 145.5, 146.9,
148.3, 160.2, 166.3 ppm; MS (70 eV, EI): m/z (%)=298 (3) [M�H]+ , 284
(100); elemental analysis: calcd (%) for C17H21NO2Si: C 68.19, H 7.07,
N 4.68; found: C 68.16, H 6.91, N 4.70.


25 f : Colorless oil. Rf=0.34 (hexane/EtOAc=20:1); b.p.: 115 8C
(2.0 mmHg); IR (neat): ñ=3066, 3020, 2954, 2898, 1589, 1570, 1477, 1400,
1338, 1281, 1252, 1171, 1128, 1066, 993, 904, 854, 837, 793, 771, 748, 690,
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658, 621, 484 cm�1; 1H NMR (CDCl3, 270.05 MHz): d=0.11 (s, 9H), 7.32
(dd, J=7.3, 5.1 Hz, 1H), 7.53 (d, J=8.1 Hz, 1H), 7.63 (d, J=7.8 Hz, H),
7.70 (s, 1H), 7.76–7.85 (m, 2H), 8.67 ppm (d, J=4.9 Hz, 1H); 13C NMR
(CDCl3, 67.80 MHz): d=0.7, 122.5, 122.8, 123.6 (q, J=3.9 Hz), 124.0 (q,
J=271.1 Hz), 124.8 (q, J=3.9 Hz), 130.7 (q, J=32.3 Hz), 135.8, 136.5,
144.3, 147.4, 148.5, 159.8 ppm; MS (70 eV, EI): m/z (%)=294 (4)
[M�H]+ , 280 (100); elemental analysis: calcd (%) for C15H16F3NSi:
C 60.99, H 5.46, N 4.74; found: C 60.83, H 5.57, N 4.72.


27a : Colorless oil. Rf =0.17 (hexane/EtOAc=5:1); b.p.: 155 8C
(3.5 mmHg); IR (KBr): ñ=3066, 2958, 2898, 1597, 1581, 1556, 1462, 1427,
1302, 1248, 1213, 1174, 1117, 1097, 1059, 1034, 883, 837, 808, 761, 748,
731, 700, 683, 594 cm�1; 1H NMR (CDCl3, 270.05 MHz): d=�0.08 (s,
9H), 2.16 (s, 3H), 3.81 (s, 3H), 6.74 (d, J=2.4 Hz, 1H), 6.92 (dd, J=8.1,
2.4 Hz, 1H), 7.21 (dd, J=7.6, 4.9 Hz, 1H), 7.54–7.59 (m, 2H), 8.47 ppm
(d, J=3.8 Hz, 1H); 13C NMR (CDCl3, 67.80 MHz): d =0.0, 19.7, 55.2,
112.7, 114.2, 122.5, 129.5, 131.5, 136.4, 137.7, 145.7, 147.8, 159.6,
160.6 ppm; MS (70 eV, EI): m/z (%)=257 (21) [M�14]+ , 256 (100)
[M�Me]+ ; elemental analysis: calcd (%) for C16H21NOSi: C 70.80,
H 7.80, N 5.16; found: C 70.90, H 7.74, N 5.17.


27b : Colorless oil. Rf=0.36 (hexane/EtOAc=5:1); b.p.: 130 8C
(2.0 mmHg); IR (neat): ñ=3053, 2954, 2898, 1585, 1572, 1446, 1392, 1336,
1281, 1252, 1169, 1068, 1057, 860, 843, 800, 791, 771, 758, 737, 721, 683,
633 cm�1; 1H NMR (CDCl3, 270.05 MHz): d=0.02 (s, 9H), 2.15 (s, 3H),
7.22–7.27 (m, 1H), 7.46 (s, 1H), 7.58–7.63 (m, 2H), 7.80 (d, J=7.8 Hz,
1H), 8.49 ppm (d, J=4.3 Hz, 1H); 13C NMR (CDCl3, 67.80 MHz): d=


�0.3, 16.6, 122.9, 123.3 (q, J=3.9 Hz), 124.0 (q, J=271.1 Hz), 124.9 (q,
J=3.9 Hz), 130.4 (q, J=32.3 Hz), 131.4, 135.5, 137.9, 143.8, 146.1, 147.0,
159.6 ppm; MS (70 eV, EI): m/z (%)=308 (2) [M�H]+ , 294 (100); ele-
mental analysis: calcd (%) for C16H18F3NSi: C 62.11, H 5.86, N 4.53;
found: C 61.88, H 5.90, N 4.58.


29 : Colorless oil. Rf =0.37 (hexane/EtOAc=5:1); b.p.: 110 8C
(2.0 mmHg); IR (neat): ñ=3084, 3051, 3006, 2954, 2897, 1587, 1564, 1460,
1431, 1389, 1282, 1250, 1174, 1153, 1120, 1095, 1041, 991, 858, 838, 771,
754, 694, 638, 620 cm�1; 1H NMR (CDCl3, 270.05 MHz): d=0.32 (s, 9H),
7.22–7.26 (m, 2H), 7.47 (t, J=7.6 Hz, 1H), 7.59 (d, J=7.6 Hz, 1H), 7.72–
7.80 (m, 2H), 7.95 (d, J=8.1 Hz, 1H), 8.12 (s, 1H), 8.71 ppm (d, J=


4.6 Hz, 1H); 13C NMR (67.80 MHz): d=�0.9, 120.7, 121.9, 127.4, 128.0,
131.7, 133.9, 136.6, 138.5, 140.9, 157.8 ppm; MS (70 eV, EI): m/z (%)=


227 (27) [M]+ , 212 (100); elemental analysis: calcd (%) for C14H17NSi:
C 73.95, H 7.54, N 6.16; found: C 74.06, H 7.32, N 6.36.


30 : Colorless oil. Rf =0.14 (hexane/EtOAc=20:1); b.p.: 120 8C
(2.0 mmHg); IR (neat): ñ=3051, 3010, 2954, 2897, 1587, 1566, 1475, 1425,
1367, 1250, 1157, 1130, 1038, 993, 841, 793, 752, 694, 636, 586, 480,
445 cm�1; 1H NMR (CDCl3, 270.05 MHz): d=0.07 (s, 9H), 0.29 (s, 9H),
7.26–7.30 (m, 1H), 7.48–7.57 (m, 3H), 7.68–7.79 (m, 2H), 8.65 ppm (d,
J=4.3 Hz, 1H); 13C NMR (CDCl3, 67.80 MHz): d=�1.1, 0.8, 121.8,
123.1, 132.2, 133.3, 133.6, 134.5, 136.2, 139.7, 141.0, 148.4, 161.6 ppm; MS
(70 eV, EI): m/z (%)=298 (2) [M�H]+ , 284 (100); elemental analysis:
calcd (%) for C17H25NSi2: C 68.16, H 8.41, N 4.68; found: C 68.43, H 8.19,
N 4.90.
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Introduction


MoS2 and WS2 are quasi two-dimensional (2D) compounds.
Atoms within a layer are bound by strong covalent bonds, in
which individual layers are held together by van der Waals
(vdW) interactions. The stacking sequence of the layers can
lead to the formation of either a hexagonal polymorph with
two layers in the unit cell (2H); rhombohedral with three
layers (3R) or a WTe2-type structure.[1] The weak interlayer
vdW interactions offer the possibility of introducing foreign
atoms or molecules between the layers by intercalation.[2]


Transition-metal dichalcogenide ReS2 is a diamagnetic semi-


conductor that possesses an indirect gap in the near-infra-
red (NIR) region of about 1.37 eV. The layered structure
ReS2 is of considerable interest for various applications be-
cause of its optical, electrical, and mechanical properties.
These applications include a sulfur-tolerant hydrogenation
and hydrodesulfurization catalyst, and possibly also as a
photoresponsive material in electrochemical solar cells.[3]


The ReS2 framework has the substructural motif consisting
of Re4-parallelogram units, which distort the lattice from the
ubiquitous hexagonal motif of layered compounds. With re-
spect to the bulk structure, this distortion results in a reduc-
tion of symmetry from P63/mmc to P1̄. With regards to the
bonding properties, the d3-Re center, which forms part of
the t2g band, has two electrons strongly hybridized with the
p orbitals of sulfur. The remaining d electrons reside in the
delocalized dx2�y2 and dxy metal orbitals. It is the overlap of
these orbitals with neighboring Re centers that form the
Re4-parallelogram units containing Re�Re metal bonds.
This, in turn, results in a gap in the middle of the bonding
and antibonding-t2g bands, thus giving rise to the semicon-
ducting nature of ReS2.


[4] Nanoparticles of MoS2, WS2, ReS2,
and a plethora of other 2D compounds are known to form
closed-cage structures, which are referred to as inorganic
fullerene-like (IF) structures and inorganic nanotubes
(INT), analogous to the respective nanostructures formed
from carbon.[1] The first report on the use of the gas-phase
reaction to prepare IF-NbS2 nanoparticles is noticeable.[5]


One of the early methods of synthesis of IF-MoS2 and IF-
WS2, which is currently going through industrial scale-up, in-
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volved starting from the respective oxide nanoparticles.[6]


Subsequently, synthesis using a gas-phase reaction starting
from MoCl5/WCln and H2S has been demonstrated.[7a,b] A
similar strategy for the synthesis of IF-MoS2 nanoparticles
using the gas-phase reaction between Mo(CO)6 and sulfur,
has been reported as well.[7c] The two kinds of reactions
progress along very different paths, which has a large effect
on the topology of the closed-cage nanoparticles. The con-
version of the metal-oxide nanoparticles to sulfides (IF)
starts on the surface of the nanoparticles progressing gradu-
ally inwards in a slow diffusion-controlled fashion.[6d–f] Con-
trarily, the gas-phase reaction proceeds by a nucleation-and-
growth mode starting from, for example, a small MoS2


nuclei and progressing outwards rather rapidly.[7] IF-ReS2


nanoparticles have been prepared by the direct sulfidization
of ReO2, formed from the decomposition of ReO3.


[8] By
adopting the multiwalled carbon nanotube (MWCNT)-tem-
plating approach, it has also been possible to prepare nano-
tubes of ReS2.


[9]


Bulk single crystals of 0.5 % and 1 % rhenium-doped (Re-
doped) Mo(W)S2 have been grown by the chemical vapor
transport method with Br2 as a transport agent. The effect
of Re doping has been determined to play a major role in
influencing the electrical and optical properties of the doped
samples.[10] Furthermore, a study of Mo-doped ReS2 single
crystals has shown that the incorporation of molybdenum
into ReSe2 has formed the specific impurity levels, which
caused an increase of the electrical conductivity and a
marked drop in the carrier mobility.[11] Thus, the doping of
Re in Mo(W)S2 induces n-type conductivity, which is the
motivation for the present study.


The doping of inorganic fullerene-like (IF) nanoparticles
and inorganic nanotubes (INT) is a subject of current inter-
est. Doping of inorganic nanotubes has been reported for
specific cases of Ti-doped MoS2 nanotubes, Nb-doped WS2


nanotubes, and Mo- and C-doped WS2 nanotubes.[12a–d] W-al-
loyed MoS2 nanotubes were synthesized by varying the W/
Mo ratio.[12e–g] The effect of Nb substitution on the electronic
structure of MoS2 was investigated theoretically using densi-
ty functional tight binding method (DFTB).[13] This work
predicted that mixed Mo1�xNbxS2 nanotubes (with varying
Nb contents) should exhibit a metallic character, independ-
ent of their chirality, diameters, and ordering type of the
substitutional atoms. In effect, the density of states close to
the Fermi level of the Nb-substituted MoS2 tubes can be
tuned over a wide range by the degree of Nb doping. This
theoretical prediction was recently confirmed experimental-
ly by doping (alloying) IF-MoS2 nanoparticles with Nb.[14]


The concentration of the Nb atoms in the MoS2 lattice was
as high as 30 %. In this high Nb concentration, patches of
the NbS2 lattice are dispersed in the MoS2 lattice forming a
chessboard like 2D lattice within each layer. The Nb-doped
(alloyed) IF-MoS2 nanoparticles were thereby shown to be
metallic. Doping of Nb in IF-MoS2 induces p-type behavior,
whereas in the present case, doping of Re would lead to n-
type conductivity. Doping of IF and INT would encourage
the idea for the application of Mo/WS2 nanostructures in


semiconducting nanoelectronic devices and as a conductive
phase in nanocomposites with numerous potential applica-
tions. The band gap of MoS2 nanotubes is similar to silicon:
0.89–1.07 eV, versus 1.17 eV for silicon. At the same time,
S�Mo�S layers with coordinatively saturated surfaces are
much more resistant against oxidation and humidity than sil-
icon or other semiconductors of the groups IV, III–V, II–VI.
Thus, the potential for applications of IF and INT could be
considerably enlarged, because of a possibility of n- or p-
type doping as for silicon.[1]


In the current study, mixed phase IF-Mo(W)1�xRexS2


nanoparticles are prepared by a vapor-based method start-
ing from the respective volatile metal-chloride precursors in
combination with H2S. This method has been previously
used for the successful synthesis of IF-MoS2 and IF-WS2


nanoparticles and nanotubes.[7a,b] The use of metal-chloride
precursors to obtain IF-NbS2, IF-TaS2, and IF-TiS2 nanopar-
ticles by the vapor-phase reaction, albeit by different means,
is well established.[5,15] One of the main advantages of this
method, is that being a vapor-phase synthesis, it allows inti-
mate mixing of the materials, namely Re, in this case with
that of Mo/W.


Results and Discussion


IF-Mo1�xRexS2 Nanoparticles and Nanotubes


IF-Mo1�xRexS2 nanoparticles synthesized at 800 8C (Table 1,
Series 1) resulted in both spherical and well-faceted nano-
particles of approximately 30 to 80 nm in diameter and in-
terlayer spacing of approximately 0.62 nm. TEM-energy dis-
persive spectroscopy (EDS) and high resolution TEM-elec-
tron energy loss spectroscopy (EELS) analysis reveal the
presence of Re in the nanoparticles.


The HRTEM images of the IF-Mo1�xRexS2 nanoparticles
synthesized at 850 8C (Table 1, Series 2) are shown in
Figure 1. The diameter of the IF-Mo1�xRexS2 nanoparticles
is in the range of 50–80 nm. The EDS spectra of the IF-


Table 1. Details of the reactions carried out for the synthesis of the IF-
Mo1�xRexS2 nanoparticle.


Temperature of
the horizontal
reactor


Temperature
of the auxiliary
furnace


Gas flow rates Size of the IF-
Mo1�xRexS2


nanoparticles


Series 1
T1 =800 8C T2 =220 8C


T3 =250 8C


Forming gas
(I)=50 cc (95 %
N2 and 5% H2)
H2S (II) =5 cc
N2 (III)=50 cc


30–80 nm


Series 2
T1 =850 8C T2 =220 8C


T3 =250 8C


Forming gas
(I)=50 cc (95 %
N2 and 5% H2)
H2S (II) =5 cc
N2 (III)=50 cc


50–80 nm


Series 3
T1 =900 8C T2 =220 8C


T3 =250 8C


Forming gas
(I)=50 cc (95 %
N2 and 5% H2)
H2S (II) =5 cc
N2 (III)=50 cc


50–100 nm IF-
nanoparticles +


nanotubes
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Mo1�xRexS2 nanoparticle shown in Figure 1 b is presented in
Figure 1 c. Rhenium atoms seem to be uniformly distributed
in all the examined nanoparticles, irrespective of their size
or shape. The presence of the characteristic and distinct Mo
(K,L), S (K), and Re (M,L) lines can be clearly seen. From
the TEM-EDS and the HRTEM-EELS analysis, the metal
to sulfur ratio is determined to be 1:2. The stoichiometry of
the IF-Mo1�xRexS2 nanoparticles is as follows: Mo/Re/S—
0.97 (�0.01):0.03 (�0.01):2. Additional TEM-EDS and
HRTEM-EELS analyses show that the Mo+ Re/S ratio re-
mained nearly constant, independent of the IF nanoparticle
diameter and position.


Figure 2 a shows a TEM image of a collection of the IF-
Mo1�xRexS2 nanoparticles synthesized at 900 8C (Table 1,
Series 3). Figure 2 b shows the HRTEM image of a single


nanoparticle. The diameter of the nanoparticles is between
50–100 nm at this temperature of synthesis. The presence of
Re is ascertained from the EDS analysis carried out on indi-
vidual as well as a collection of IF-Mo1�xRexS2 nanoparticles
(Figure 2 d). The presence of the characteristic and distinct
Mo (K,L), S (K), and Re (M,L) lines can be clearly seen
from the EDS spectra. Apart from obtaining IF-Mo1�xRexS2


nanoparticles, nanotubes of Re-doped MoS2 were also ob-
tained at 900 8C (Table 1, Series 3). The nanotubes come in
small amounts (~5 %). Figure 2 c shows the HRTEM image
of one such nanotube. The length of the nanotubes thus ob-
tained is about half a micron, whereas the diameter is about
~40 nm (~25 layers). The interlayer spacing of the nanotube
shown in Figure 2 c is ~0.62 nm, which is very similar to that
of pure IF-MoS2.


[6,7] The EELS spectra of the nanoparticles
and nanotubes showed the characteristic Mo (L3,2), S (K),
and Re (M4,5) signals, and the amount of Re in the particles
was about 1–2 atomic percent. Higher temperatures of syn-
thesis were found to be suitable for the production of the
nanotubes. This observation was consistent with the synthe-
sis of pure MoS2 and WS2 nanotubes, in which higher tem-
peratures of synthesis (~900 8C) favored their formation.[7a,b]


Figures 3 a and b show the XRD pattern of the IF-
Mo1�xRexS2 nanoparticles synthesized at 850 8C (Table 1,


Series 2,) and at 900 8C (Table 1 Series 3). The standard dif-
fraction patterns of 2H-MoS2, 2H-ReS2 are also shown in
the figure for comparison. It can be seen that all the peaks
of the sample match well with those of 2H-MoS2. The (002)
peak in the XRD pattern was characterized by a shift to a
lower angle as compared to the (002) peak in hexagonal
2H-MoS2 crystals, indicating a small lattice expansion in the
case of the IF nanoparticles and nanotubes.[6,7] This expan-
sion has been attributed to the introduction of strain owing
to curvature of the layers.[1,6,7] Comparison of the full width
at half maximum of the (002) peaks (Figures 3 a and b) con-
firm the TEM data that the size of the nanoparticles ob-


Figure 3. XRD pattern of IF-Mo1�xRexS2 nanoparticles prepared at
(a) 850 8C and (b) 900 8C are shown. Standard diffraction patterns of 2H-
MoS2 and 2H-ReS2 are also shown for comparison. The asterix in the dif-
fraction pattern corresponds to the peak arising from the filter used for
collecting the nanoparticles. The peak of the oxide of Re (ReO3) (#) and
Mo (MoO2) (+ ) are shown.


Figure 1. a) and b) HRTEM images of the IF-Mo1�xRexS2 nanoparticles
synthesized at 850 8C. c) EDS spectra of the IF-Mo1�xRexS2 nanoparticle
shown in (b).


Figure 2. a) TEM image of a collection of IF-Mo1�xRexS2 nanoparticles
synthesized at 900 8C. b) HRTEM image on one individual IF-Mo1�xRexS2


nanoparticle. c) HRTEM image of one individual Re-doped MoS2 nano-
tube. d) EDS spectra of the IF-Mo1�xRexS2 nanoparticles.


1570 www.chemasianj.org H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1568 – 1574


FULL PAPERS
R. Tenne et al.







tained at 900 8C is larger than those nanoparticles obtained
at 850 8C. Any secondary phases of ReS2 have been ruled
out from the XRD pattern. However, the presence of a
small proportion of ReO3 and MoO2 is present as can be
seen in the figure. This is in accordance with the TEM ob-
servations, in which it is seen that the core of some of the
nanoparticles reveal the presence of an oxide. Rhenium
oxides have been found to be present in the core of the IF-
ReS2 nanoparticles synthesized previously.[8] However, the
nature of the oxides found were complex and were found to
be ReO2 or amorphous ReOx. In the present case, apart
from the presence of ReO3 (as revealed from XRD data),
the possibility of ReO2 (formed by disproportionation of
ReO3) or amorphous oxides of the type ReOx cannot be
conclusively ruled out. Of the various oxides, ReO3 is
known to resemble copper in appearance and exhibit good
conductivity as well. Recently, ReO3 nanoparticles (8.5–
32.5 nm) were shown to be metallic.[16] ReO2 is formed by
disproportionation of ReO3, resulting in the formation of
both monoclinic and orthorhombic forms of the reduced
oxide. These reduced forms were, in general, found to be
more susceptible to sulfidization.[8]


Table 2 summarizes the XPS-derived atomic concentra-
tions of the IF-Mo1�xRexS2 nanoparticles (Table 1, Series 3).


The characteristic Re (4f) signal is clearly seen along with
that of Mo (3d5/2) and S (2p3/2) in the spectra, however, its
quantity (~1 %) is of a relatively large uncertainty, arising
from the neighboring Mo (3p) signal. The values in Table 2
are the average recorded over a number of experiments (10
experiments) and are in accordance with the atomic per-
centage of Re obtained with HRTEM-EELS.


The binding energies of Mo and S exhibit a marked differ-
ence when the Re-substituted and the unsubstituted IF sam-
ples are compared. This is clear evidence for the incorpora-
tion of Re into the Mo-based particles. The observed differ-
ence, is practically identical for the Mo and S lines, D=


200�100 meV, and is verified to be beyond any possible
charging effect. In these experiments, the charging condi-
tions of the sample were changed systematically by varying
the flux of the electron flood gun. Additionally, reference
lines, like that of the gold substrate and the carbon contami-
nation, do not show the relative shifts in the binding energy.
It is concluded that the D shift arises from the Re incorpora-
tion into the lattice, which raises the EF upwards, thus
making the nanoparticles more n-type.


IF-W1�xRexS2 Nanoparticles


Shown in Figures 4 a and b are the HRTEM images of IF-
W1�xRexS2 nanoparticles synthesized at 900 8C (Table 3,


Series 2). The diameter of the IF-W1�xRexS2 nanoparticles is
found to be in between 50–75 nm in this set of experimental
conditions. The nanoparticle in Figure 4 a is well-elongated,
whereas the nanoparticle in Figure 4 b is clearly faceted. The
interlayer spacing of the particle is found to be 0.62 nm as
shown by the line profile in Figure 4 a (inset). The similarity
to the value of the interlayer spacing of pure IF-WS2 sug-
gests that here again the Re is present in lower percentages.
The presence of Re is confirmed by the TEM-EDS analysis.
Shown as an inset in Figure 4 b is the EDS spectrum reveal-
ing the characteristic W (L,M), Re (L,M), and S (K) lines.
The composition as ascertained from the TEM-EDS analysis
is found to be as follows: W/Re/S—0.97 (�0.01):0.03
(�0.01):2.


In this study, both XRD and HRTEM indicate that Re is
present as a dopant in the lattice (for both MoS2 and WS2)
and not as an intercalant since the presence of Re as an in-
tercalant would result in an additional lattice expansion in
the spacing of the (002) layers.[1,2,14,17]


Attempting to dope both IF-MoS2 and IF-WS2 to values
higher than 5 %, was found to result in a segregation of sec-
ondary phases and nonuniformity of the sample. MoS2 crys-


Table 2. XPS-derived compositions of the IF-Mo1�xRexS2 nanoparticles
(Series 3, Table 1) given in atomic percentages.


Element Atomic Concentration [%]


Re 0.02
Mo 2.98
S 5.78
O 37.55
C 28.50
Si 21.98


Table 3. Details of the reactions carried out for the synthesis of the IF-
W1�xRexS2 nanoparticles.


Temperature
of horizontal
reactor


Temperature
of auxiliary
furnace


Gas flow rates Size of the IF-
W1�xRexS2 nano-
particles


Series-1
T1 =850 8C T2 =300 8C


T3 =325 8C


Forming gas
(I)=100 cc (95 %
N2 and 5% H2)
H2S (2)=10 cc
N2 (3) =50 cc


~100 nm


Series-2
T1 =900 8C T2 =300 8C


T3 =325 8C


Forming gas
(I)=100 cc (95 %
N2 and 5% H2)
H2S (2)=10 cc
N2 (3) =50 cc


50–75 nm


Figure 4. HRTEM images of the IF-W1�xRexS2 nanoparticles synthesized
at 900 8C.


Chem. Asian J. 2008, 3, 1568 – 1574 H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 1571


Fullerene-like Mo(W)1�xRexS2 Nanoparticles







tallizes in 2H or 3R structure, whereas ReS2 crystallizes in a
distorted C6 structure.[10] Therefore, it is not expected that
the two different lattices intermix at any ratio, and solid sol-
utions of ReS2 and MoS2 would be miscible. Similar behav-
ior was found in the case of the growth of Re-doped MoS2


single crystals, in which a 5 % or higher nominal doping of
Re in MoS2 prevented the growth of single crystals.[10] Fur-
thermore, contrary to other layered MS2 compounds (MoS2


and WS2), ReS2 in its bulk form contains metal–metal
bonded clusters (Re4) and metal atoms that are octahedrally
rather than trigonal prismatically coordinated with sulfur.[4]


Previously, in the case of doping Nb in MoS2, it was found
that up to 25 % Nb was incorporated in the lattice of MoS2.
This is, however, not surprising because NbS2 crystallizes
with the 2H or 3R-structure modification similar to MoS2.


[14]


Doping was investigated theoretically for the first time in
the case of Nb in MoS2 nanotubes by Seifert et al.[13] This
study showed that it was possible to incorporate up to 25 %
Nb in MoS2 nanotubes. Experimentally, Nb-doped WS2


nanotubes (yield 10 %) have been obtained with up to 10 %
Nb doping.[12a,b] Another work involved doping Ti in MoS2


nanotubes.[12c] In these works it has not been possible to
obtain large yields of nanotubes exclusively by doping be-
cause of varied issues, such as difference in structure and
bonding of the various transition-metal dichalcogenides in
comparison to the dopants. This also seems to be true for
the present case. This issue however needs to be examined
in detail both experimentally and theoretically.


DFTB calculations on Re-doped MoS2 nanotubes were
also carried out. Supported by the experimental findings
that suggest the Re doping to be a substitutional one, a
single Re atom was placed on a Mo site in the periodic su-
percell of an armchair-MoS2 nanotube (Figure 5). Thus, the
interaction between Re atoms can be neglected. The calcu-
lations were performed for (14,14), (21,21), and (28,28)
nanotubes. A supercell composing of 3 unit cells was chosen
(see Figure 6). The DFTB approach, which was previously
used to study the electronic structure of pure and Nb-al-
loyed MoS2 nanotubes,[13] was employed in the current
work. All the MoS2 nanotubes considered here are semicon-
ductors (see Figure 6 a), in which the upper part of the va-
lence band and the lower part of the conduction band are


characterized by Mo 4d states. It was observed that a substi-
tutional doping by a single Re atom changes the profile of
the DOS only slightly. There is also practically no influence
on the visible nanotube radius. However, one can see the
separation of a level at the lower edge of the Mo 4d valence
band, which has a significant Re 5d contribution (Figure 6 b,
6 c). At the same time, the Fermi level is shifted close to the


Figure 6. Densities of states (DOS) for a pure (14,14) MoS2 nanotube (a)
and for a Re-doped (14,14) Mo1�xRexS2 nanotube (x=1/84 ~1.2%) (b).
Zoomed DOS profile of Mo1�xRexS2 nanotube is also shown (c). Mo 4d-
and Re 5d-states are painted in gray in (a) and (b,c), respectively. Fermi
level �0.0 eV.


Figure 5. Structure of a fragment of Re-doped (14,14) MoS2 nanotube.
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lower edge of the conduction band. About 0.2 eV below the
conduction band edge, a state with a considerable Re 5d
character appears. This result is reminiscent of an n-type
doping of a semiconductor. The replacement of the d5s1 Mo
by the Re (d5s2) with one extra valence electron creates an
occupied donor level just below the conduction band. The
analysis of the charge distribution in this level shows that
only about 20 % can be attributed to Re 5d, whereas 80 %
are contributions from Mo 4d of the neighboring Mo atoms.
The electrons in such a donor level are much more localized
than in classical semiconductors, as for example, in the case
of phosphorous-doped silicon. The range of this new state is
only up to the second nearest Mo atom (~6 P) with some
trace to the next neighbor (~9 P). There is no contribution
from the electronic states of the S atoms. In a similar way, a
p-type doping can be realized with a substitutional doping
of Mo by Nb (d4s1) in the case of MoS2.


[18]


Conclusions


In summary, IF-Mo(W)1�xRexS2 nanoparticles and nano-
tubes with up to 5 %Re have been obtained by the reaction
of the respective metal halides with H2S as the sulphidising
agent. At lower temperatures, IF nanoparticles are obtained,
whereas at higher temperatures, a small proportion of nano-
tubes (~5 %) are obtained in addition to the nanoparticles.
The Re atoms seem to occupy substitutional lattice sites in
the host lattice. The Re doping of IF and INT of both MoS2


and WS2 constitute an important example of n-type doping
of nanostructures. Further studies on the stability, electronic,
and conduction properties of n- and p-doped Mo/WS2 nano-
tubes, and fullerene-like nanoparticles by substitutional
doping with Re and Nb are in progress.[18]


Experimental Section


Synthesis of IF-Mo1�xRexS2 Nanoparticles and Nanotubes


The synthesis of the IF-Mo1�xRexS2 nanoparticles was carried out as fol-
lows. The precursors for the synthesis of IF-Mo1�xRexS2 nanoparticles
were MoCl5 (m.p.=194 8C; b.p.=268 8C) and ReCl5 m.p.=220 8C. Initial-
ly, the precursors (Table 4) were heated in a separate auxiliary furnace
and the vapors were carried into the main horizontal reactor.[19] . The
MoCl5 and ReCl5 vapor, mixed along with the carrier gas and the H2S
gas (diluted with N2), were provided from opposite directions of the reac-
tor, respectively. This enables the reaction to occur in the central hot
region of the furnace while the product is swept by the flow and collected


onto the filter. The set-up used is shown in Figure 7. The MoCl5 and
ReCl5 vapors were obtained by preheating the respective precursors in
the auxiliary heating system (Figure 7b). The vapors were carried to the
main horizontal reactor chamber (Figure 7 a) by N2 gas flow (50–
200 ccmin�1). The temperature of the precursor source was kept usually


between 220 and 250 8C in the case of the synthesis of the IF-Mo1�xRexS2,
which is close to the boiling point of the chlorides. The preheating tem-
perature was found to be the most significant factor, determining the
amount of precursor supplied to the reaction. A small overpressure
(1.1 bar) was maintained by using a gas trap filled with NaOH (5 %) solu-
tion in the gas outlet of the reactor. The temperature of the reaction
chamber, at which the precursor and H2S mix and react, was varied in
the range of 800–900 8C (Table 1). The resulting Mo1�xRexS2 powder was
collected using a filter. The flow rate of H2S (5–10 ccmin�1) was con-
trolled by means of a TYLAN model FC260 mass-flow controller. The
H2S was diluted by mixing this gas with a stream of N2 gas (50–
200 ccmin�1 in this reaction) using another flow controller.


Synthesis of IF-W1�xRexS2 Nanoparticles and Nanotubes


The synthesis of the IF-W1�xRexS2 nanoparticles was carried out as fol-
lows: The precursors (Table 4) in this case of synthesis of the IF-
W1�xRexS2 nanoparticles were WCl4,(m.p.=300 8C and ReCl5, m.p.=
220 8C. The flow rates of the various gases were maintained similar to the
previous synthesis of the IF-Mo1�xRexS2 nanoparticles. The temperature
of the reaction chamber (Figure 7a), at which the precursors and H2S
mix and react, was varied in the range of 800–900 8C (Table 2). The re-
sulting W1�xRexS2 powder was collected using a filter.


Characterization


A vertical theta–theta diffractometer (TTRAX III, Rigaku, Japan)
equipped with a rotating Cu anode operating at 50 kV and 200 mA was
used for X-ray powder diffraction (XRD) studies. The measurements
were carried out in the reflection Bragg–Brentano mode within the range
of 10–708 of 2V-angles. XRD patterns were collected by a scintillation
detector. The minute quantities of material available dictated a very slow
data rate (0.058min�1). The peak positions and shapes of the Bragg re-
flections were determined by a self-consistent profile-fitting procedure
using the Jade 8 software. XRD analysis was carried out on both the IF-
Mo(W)1�xRexS2 (from this work) and IF-MoS2/IF-WS2 nanoparticles
(used as a reference).[7a,b]


Table 4. Details of the precursors used in the synthesis of the IF-
Mo1�xRexS2 and IF-W1�xRexS2 nanoparticles.


Precursors Melting point
(m.p.)


Boiling point
(b.p.)


Molybdenum Chloride
(MoCl5)
or
Tungsten (IV) Chloride
(WCl4)


194 8C


300 8C


268 8C


–


Rhenium Chloride (ReCl5) 220 8C –


Figure 7. Two-stage furnace set-up employed for the synthesis of the IF-
Mo(W)1�xRexS2 nanoparticles. a) Horizontal reactor and b) the secondary
precursor heat furnace (auxiliary furnace).
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The following electron microscopes were used in this work: transmission
electron microscope (Philips CM120 TEM) operating at 120 kV,
equipped with EDS detector (EDAX-Phoenix Microanalyzer); and
HRTEM with field emission gun (FEI Technai F30-UT) operating at
300 kV, equipped with a parallel electron energy loss spectrometer
[Gatan imaging filter-GIF (Gatan)]. For electron microscopy and analy-
sis, the collected powder was sonicated in ethanol and placed on a
carbon-coated Cu grid (for TEM) or on lacy carbon-coated Cu grids (for
HRTEM and EELS).


X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos
AXIS-HS spectrometer at a low power (75 W) of the monochromatized
Al (Ka) source. The samples for XPS analyses were prepared by deposit-
ing a few drops of the nanoparticles sonicated in ethanol, onto an atomi-
cally flat Au substrate (SPI supplies, thickness—150 nm) or onto Au poly-
crystalline films coating on Si substrates.[14]
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Introduction


Cationic polymerization is one of the most fundamental
methods for synthesizing polymers. Although there are sev-
eral types of cationic polymerization, cationic polymeri-
zation of vinyl monomers such as vinyl ethers is very popu-
lar. One of the most important breakthroughs in cationic
polymerization is the discovery of living cationic polymeri-
zation,[1–2] which enables excellent molecular weight and mo-
lecular weight distribution control. The inherent and serious
drawback of cationic vinyl polymerization is instability of
the carbocationic intermediates, which causes chain transfer
and leads to the formation of polymers with a broad molec-
ular weight distribution. In living cationic polymerization,


however, the carbocationic intermediate is stabilized by the
interaction with a suitably nucleophilic counter anion or an
externally added Lewis base, although such stabilization
causes a deceleration in the propagation.[3–6]


Recently, we have found another way to control molecu-
lar weight and molecular weight distribution in cationic
polymerization of vinyl ethers with the use of microflow sys-
tems.[7,8] Chemical synthesis in microflow systems has re-
ceived significant interest from both academia and indus-
try.[9,10] Prominent features of microflow systems include a
fast mixing, stemming from a short diffusion time, and fast
heat transfer, by virtue of a high surface/volume ratio, which
are advantageous for increasing the selectivity of the chemi-
cal reactions.[11] A short residence time in the micro channel
is beneficial for controlling the highly reactive intermedi-
ates.[12] Taking advantage of such features of microflow sys-
tems has allowed various chemical reactions for organic syn-
thesis to be developed.[13] Polymer synthesis is another fasci-
nating field where an application of microflow systems may
be facilitated.[14] Major advantages of polymerization using
microflow systems include the control of the molecular
weight of polymers by modulating the residence time in the
reactor. It is also noteworthy that the continuous microflow
systems are suitable for producing libraries of polymers for
high-throughput evaluation. There have been numerous re-
ports on the use of microflow systems for the polymerization
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including radical polymerization,[15] coordination polymeri-
zation,[16] polycondensation reaction,[17] and polymerization
of amino acids.[18]


We have reported that fast living/controlled cationic poly-
merization could be achieved in a microflow system using a
cation pool[19] as initiator, without adding any nucleophilic
counter anion or Lewis base.[7] A high degree of molecular
weight and molecular weight distribution control can be at-
tained without the deceleration inherent in the dynamic
equilibrium between active and dormant species. Further-
more, we have also reported that cationic polymerization
using a strong Brønsted acid, such as TfOH (CF3SO3H), can
be accomplished in a highly controlled manner in a micro-
flow system.[8] These observations may open a new aspect of
living cationic polymerization, and herein we report full de-
tails of these studies.


Results and Discussion


Cationic Polymerization by an N-Acyliminium Ion Pool
using a Macrobatch Reactor


As a “cation pool”, we chose to study the N-acyliminium
ion 2. This is generated from N-methoxycarbonyl-N-(tri-
methyl silylmethyl)butylamine 1, having a silyl group as an
electroauxiliary,[20] by low temperature electrochemical oxi-
dation in CH2Cl2, and accumulates in a solution (cation
pool; Scheme 1). The N-acyliminium ion 2 does not have a


substituent on the iminium carbon and is not sterically de-
manding. Therefore, it seems to be suitable as an initiator
for cationic polymerization. The counteranion of 2 was the
tetrafluoroborate anion (BF4


�) derived from the supporting
electrolyte (Bu4NBF4) for the electrochemical oxidation.
The formation of 2 as a single species was indicated by
NMR (1H NMR: d=8.56 and 8.83 ppm arising from the


methylene protons, 13C NMR: d=177.0 ppm arising from
the methylene carbon).


Before using the microflow system, the reaction using a
conventional macrobatch reactor was examined. A solution
of vinyl monomer (5 mL, 2.5m in CH2Cl2) was added drop-
wise to a solution of 2 (5 mL, 0.05m in CH2Cl2) in a glass
flask (50 mL) at a regular pace with vigorous magnetic stir-
ring for 1 min at �78 8C. Immediately after mixing, the reac-
tion mixture was quenched by iPr2NH/CH2Cl2 (0.83m, 3 mL)
at the same temperature, to give the polymer in quantitative
yield. The polymerization reactions of n-butyl vinyl ether
(NBVE), iso-butyl vinyl ether (IBVE), tert-butyl vinyl ether
(TBVE), styrene, p-methoxystyrene, and N-vinylcarbazole
proceeded smoothly to give the corresponding polymers, but
the molecular weight distribution was not narrow as shown
in Table 1.


The effect of the mixing method on the molecular weight
(Mn) and molecular weight distribution (Mw/Mn) control was
examined for NBVE. As shown in Table 2, the addition of


NBVE (5 mL, 2.5m in CH2Cl2, 5 mLmin�1) to a solution of
2 (5 mL, 0.05m in CH2Cl2) in a glass flask (50 mL) gave the
polymer in a quantitative yield after quenching with
iPr2NH/CH2Cl2, but the molecular weight distribution was
not narrow (Mn=5700, Mw/Mn=2.56). The reverse addition
gave rise to a similar molecular weight distribution (quanti-
tative yield, Mn=24500, Mw/Mn=2.43). The simultaneous
addition of NBVE and 2 did not improve the molecular
weight distribution control (quantitative yield, Mn=13100,
Mw/Mn=2.25). However, these results show that the molecu-
lar weight strongly depends upon the method of mixing.


Abstract in Japanese:


Scheme 1. Generation of an N-acyliminium ion pool (2) from its precur-
sor 1.


Table 1. Cationic polymerization of monomers initiated by an N-acylimi-
nium ion pool (2) using a batch reactor.


Monomer Yield [%] Mn
[a] Mw/Mn


[a]


NBVE 100 5700 2.56
IBVE 100 6900 4.31
TBVE 100 7100 2.29
styrene 100 13000 2.45
p-methoxystyrene 85 560000 2.47
N-vinylcarbazole 84 65000 4.50


[a] Polymers were analyzed with size exclusion chromatography with the
calibration using standard polystyrene samples.


Table 2. Examination of mixing methods in cationic polymerization of
NBVE by an N-acyliminium ion pool (2) using a batch reactor.


Mixing method Mn
[a] Mw/Mn


[a]


The addition of NBVE to 2 5700 2.56
The addition of 2 to NBVE 24500 2.43
The simultaneous addition of 2 and NBVE 13100 2.25


[a] Polymers were analyzed with size exclusion chromatography with the
calibration using standard polystyrene samples.
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Cationic Polymerization of n-Butyl Vinyl Ether Initiated by
an N-Acyliminium Ion Pool using a Microflow System


Experiments in a macrobatch reactor showed that the mo-
lecular weight depended strongly on the method of mixing,
because the rate of the polymerization is so fast. Thus, we
hoped that an extremely fast mixing would enable the con-
trol of the molecular weight and its distribution. To examine
the effect of extremely fast mixing for polymerization, we
employed a microflow system consisting of two micromixers
(M1 and M2) and two microtube reactors (R1 and R2),
shown in Figure 1. As M1, where the “cation pool” and the
monomer are mixed, a multilamination-type micromixer
(IMM micromixer, channel width: 40 mm) was used.


In the IMM mixer, the fluids to be mixed are introduced
into the mixing element as two counter-flows and the fluids
stream into an interdigital channel (40 mm) configuration. In
the next stage, a periodical flow configuration consisting of
the lamellae of the two fluids is generated by means of the
slit-shaped interdigital channel. Then, the lamellated flow
leaves the device perpendicular to the direction of the feed
flows.


Thus, solutions of 2 (0.05m in CH2Cl2) and NBVE (2.5m


in CH2Cl2) were introduced to M1 by syringe pumping (flow
rate: 5.0 mLmin�1) at �78 8C. Then, the reaction mixture
was introduced to a microtube reactor (R1; 1=1.0 mm,
length=10 cm), in which the polymerization took place. In
the final stage, 0.83m iPr2NH/CH2Cl2 (flow rate:
3 mLmin�1) was introduced through M2 to quench the poly-
merization. As M2, a splitting and recombination-type mi-
cromixer, Yamatake YM-1 (400 mm), was used. In the YM-1
micromixer, the two fluids to be mixed are introduced into a
segment and combined. Then, the mixture is split into two
streams, which are introduced into the next segment.


We found that the polymerization was complete within
the residence time of 0.48 s (Table 3). The polymer was ob-
tained in a quantitative yield. More outstanding is the signif-
icant improvement of the control of molecular weight distri-
bution (Mn=6700, Mw/Mn=1.14). On the other hand, when
the YM-1 (400 mm) was used as M1, where the “cation


pool” and the monomer are mixed, 2 (0.05m) and NBVE
(2.5m), a polymer with a broad molecular weight distribu-
tion (Mn=8500, Mw/Mn=1.65) was obtained. The use of a
YM-1 (400 mm) as M1 resulted in a poorer molecular weight
distribution control than that using an IMM micromixer,
probably because of its lower efficiency of mixing at this
flow rate.[11a] However, when YM-1 (200 mm) was used, po-
lymer of a narrower molecular weight distribution (Mn=


6300, Mw/Mn=1.26) was obtained. These results show the
importance of mixing devices. The effect of flow rate on mo-
lecular weight distribution also indicates the importance of
mixing, because it is well known that mixing efficiency de-
creases with a decrease in flow rate for the IMM micromix-
er.[21] Furthermore, Mw/Mn increased with increasing temper-
ature as shown in Table 3. Hence, reaction temperature was
also important for controlling the molecular weight distribu-
tion.
Mn increased linearly with an increase in monomer/initia-


tor ratio (Figure 2) indicating that transfer reactions did not
play significant roles in this system.


The present results demonstrate that a high level of mo-
lecular weight control can be achieved by the control of the
initiation process, which is facilitated by fast micromixing.
Precise temperature control for the polymerization in the
microflow system by virtue of effective heat transfer also
seems to be responsible for the remarkable control.


Figure 1. Microflow system for polymerization. M1 and M2 : IMM micro-
mixer (40 mm) or YM-1 (400 or 200 mm), R1 and R2 : microtube reactor
(R1: 1=1.0 mm, length=10 cm, R2 : 1=1.0 mm, length=50 cm).


Table 3. Cationic polymerization of NBVE initiated by N-acyliminium
ion pool (2) using microflow systems (Figure 1).


M1 (micromixer) X (mLmin�1) T [8C] Mn
[a] Mw/Mn


[a]


IMM micromixer 5 �78 6700 1.14
YM-1 ACHTUNGTRENNUNG(400 mm) 5 �78 8500 1.65
YM-1 ACHTUNGTRENNUNG(200 mm) 5 �78 6300 1.26
IMM micromixer 3 �78 5600 1.35
IMM micromixer 1 �78 6200 2.84
IMM micromixer 5 �48 7300 1.47
IMM micromixer 5 �27 5500 1.34
IMM micromixer 5 0 6500 1.61


[a] Polymers were analyzed with size exclusion chromatography with the
calibration using standard polystyrene samples.


Figure 2. Plots of molecular weight (Mn) against monomer/initiator ratio
in cationic polymerization of NBVE initiated by an N-acyliminium ion
pool (2) using a microflow system (Figure 1).
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The present method can be applied to other vinyl ethers
such as IBVE and TBVE, whereas the corresponding mac-
robatch reactions for these monomers resulted in a much
poorer molecular weight distribution control (Table 4).


It is important to know whether the N-acyliminium ion in-
itiating group was really incorporated into the polymer
chain. It is also important to know the nature of the polymer
end. To examine these factors, the polymerization of NBVE
(10 equiv) was carried out with 2 and was quenched by the
addition of allyltrimethylsilane (Figure 3).


The resulting polymer was analyzed by 1H NMR. As
shown in Figure 4, the methoxy group derived from 2 was
clearly observed at d=3.68 ppm. It is also worth noting that
an allyl group was observed as the end group (olefinic pro-
tons, d=5.02–5.10 and 5.76–5.88 ppm, relative number of
protons based on the methoxy group: d=2.09 and 1.03 ppm,
respectively), indicating that the carbocationic polymer end
was trapped by the added allyltrimethylsilane. It is also
noteworthy that the relative number of protons adjacent to
oxygen in the main chain (d=3.3–3.7 ppm) was 48.47 (4 pro-


tons adjacent to nitrogen overlapped), indicating that 16.16
of the monomer units were incorporated in a single polymer
chain in average. Because 10 equiv of the monomer based
on precursor 1 was used for the polymerization, this number
is a little large, but cannot be unreasonable if we consider
that the efficiency of the conversion of 1 to 2 is 70–80%.
The present observations indicate that the polymer end was
really living within the residence time of 0.48 s at �78 8C.


Block Copolymerization Initiated by an N-Acyliminium Ion
Pool using a Microflow System


One of the advantages of living polymerization is that the
method allows flexible synthesis of structurally defined
block copolymers composed of different monomers, which
would offer greater opportunities for the synthesis of organ-
ic materials with interesting properties. We hoped that cat-
ionic polymerization using a microflow system would offer a
simple method for the synthesis of block polymers. Thus, we
next examined block copolymerization initiated by a cation
pool of 2 using a microflow system (Figure 5). Thus, solu-


Table 4. Cationic polymerization of vinyl ethers (IBVE and TBVE) initi-
ated by an N-acyliminium ion pool (2) using a microflow system
(Figure 1).


Monomer [M]/[I] T [8C] Mixing method Mn
[a] Mw/Mn


[a]


IBVE 50 �78 batch[b]


microflow system[c]
6900
7900


4.31
1.12


TBVE 50 �78 batch[b]


microflow system[c]
7100
7600


2.29
1.50


[a] Polymers were analyzed with size exclusion chromatography with the
calibration using standard polystyrene samples. [b] A solution of vinyl
monomer (5 mL, 2.5m in CH2Cl2) was added dropwise to a solution of 2
(5 mL, 0.05m in CH2Cl2) in a glass flask (50 mL) at regular pace with vig-
orous magnetic stirring for 1 min at �78 8C to give the polymer in a
quantitative yield after quenching with 0.83m iPr2NH/CH2Cl2. [c] A solu-
tion of 2 (0.05m, 5 mLmin�1) and that of a monomer (2.5m, 5 mLmin�1)
were introduced to M1 by syringe pumping (flow rate: 5.0 mLmin�1) at
�78 8C. Then, the reaction mixture was introduced to a tube reactor (R1)
(1=1.0 mm, 10 cm). In the final stage, iPr2NH/CH2Cl2 (0.83m,
3 mLmin�1) was introduced through Yamatake YM-1 (M2) to quench
the polymerization. The outlet solution from R2 (1=1.0 mm, length=


50 cm) was taken into a flask.


Figure 3. Trapping of polymer end using a microflow system. M1: IMM
micromixer (40 mm), M2 : YM-1 (400 mm), R1 and R2 : microtube reactor
(R1: 1=1.0 mm, length=10 cm, R2 : 1=1.0 mm, length=50 cm).


Figure 4. 1H NMR spectrum (600 MHz, in CDCl3) of the polymer ob-
tained by the microflow system controlled polymerization of NBVE,
which was initiated by 2 and terminated by allyltrimethylsilane
(Figure 3).


Figure 5. Microflow-system-controlled block polymerization of NBVE
and IBVE, which was initiated by 2 and terminated by allyltrimethylsi-
lane. M1, M2 and M3 : IMM micromixer (40 mm) or YM-1 (400 mm), R1,
R2 and R3 : microtube reactor (R1: 1=1.0 mm, length=10 cm, R2 : 1=


1.0 mm, length=10 cm, R3 : 1=1.0 mm, length=50 cm).
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tions of 2 (0.05m) and IBVE (1.25m) in CH2Cl2 were intro-
duced to an IMM micromixer (M1) by syringe pumping
(flow rate: 5.0 mLmin�1) at �78 8C. Then, the reaction mix-
ture was introduced to a microtube reactor (R1; 1=


1.0 mm, length=10 cm), in which the first polymerization
took place. In the next stage, a solution of NBVE (1.25m) in
CH2Cl2 was introduced to an IMM micromixer (M2) by sy-
ringe pumping (flow rate: 5.0 mLmin�1). The reaction mix-
ture was introduced to a microtube reactor (R2 ; 1=


1.0 mm, length=10 cm), in which the second polymerization
took place. In the final stage, allyltrimethylsilane was intro-
duced through a Yamatake YM-1 (M3) to quench the poly-
merization. The sequential polymerization took place quite
effectively (100% yield) with good control of the molecular
weight distribution (Mn=6900, Mw/Mn=1.35) (Figure 5).
The introduction of the second monomer (NBVE, 25 equiv
based on the cation pool initiator) resulted in the formation
of a polymer of higher molecular weight (Mn=6900), where-
as the polymer obtained by polymerization of 25 equivalents
of NBVE based on the cation pool initiator followed by
quenching with iPr2NH/CH2Cl2 gave Mn=2900 (Figure 6).
These results show that microflow-system-controlled poly-
merization using a cation pool as an initiator is effective for
the synthesis of a block polymer.


Cationic Polymerization Initiated by
Trifluoromethanesulfonic Acid (TfOH) using a Macrobatch


Reactor


Generation of a cation pool initiator needs electrochemical
oxidation at low temperature. This might be a major draw-
back from a viewpoint of practical polymer synthesis. Thus,
we examined proton-initiated polymerization in a microflow
system, because various Brønsted acids are commercially
available. As a Brønsted acid initiator, we decided to focus
on trifluoromethanesulfonic acid (TfOH)[22] after several
trials with other acids.


Before using a microflow system, the reaction using a con-
ventional macrobatch reactor was examined. To a solution
of NBVE in 1,2-dicholoroethane (25 mL) at �25 8C or
�78 8C, TfOH (1.0 mL) was added for 1 min with vigorous
magnetic stirring. After stirring for 10 s, the reaction was
quenched with diisopropylamine in methanol (5 mL). The
polymerization was complete within 10 s even at �78 8C,


and the polymer was obtained in a quantitative yield. The
molecular weight increased with an increase in the mono-
mer/initiator ratio but the molecular weight distribution of
the polymer became broader as the monomer concentration
increased, probably because of greater heat generation per
unit volume (Table 5). The molecular weight distribution
was much broader at �25 8C ranging from 2.80 to 4.61 as
shown in Table 5, indicating that the polymerization is too
fast to control using a conventional macrobatch reactor.


Cationic Polymerization Initiated by
Trifluoromethanesulfonic Acid (TfOH) using a Microflow


System


The TfOH-initiated polymerization in a microflow system
was examined. A microflow system consisting of two IMM
micromixers (M1 and M2, channel width: 40 mm) and two
microtube reactors (R1 and R2, 1=500 mm, length=


25 cm) was used (Figure 7). A monomer solution (0.5m) and
an initiator solution (0.01m) in 1,2-dichloroethane were in-
troduced to M1 by syringe pumping. A solution of iPr2NH
in MeOH was introduced to M2 to quench the polymeri-
zation. The polymer was obtained in a quantitative yield.
The high level of molecular distribution control was attained
even at �25 8C as shown in Table 6. It is important to note
that very low temperatures such as �78 8C, which might be
an obstacle to industrial-scale applications,[23] are not re-


Figure 6. GPC traces of copolymerization with different monomers.


Table 5. TfOH initiated polymerization of NBVE in a batch reactor.


T [8C] [M]/[I] Mn
[a] Mw/Mn


[a]


�78 50 5500 1.39
�78 75 7600 1.47
�78 100 9500 1.78
�78 125 10800 2.03
�78 150 12900 2.42
�25 50 3300 2.80
�25 75 3400 2.88
�25 100 3700 3.05
�25 125 4700 3.76
�25 150 5100 4.61


[a] Polymers were analyzed with size exclusion chromatography with the
calibration using standard polystyrene samples.


Figure 7. Microflow system for polymerization. M1 and M2 : IMM micro-
mixer (40 mm), R1 and R2 : microtube reactor (1=500 mm, length=


25 cm).
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quired to attain a high degree of molecular weight distribu-
tion control in the present system.
Mn increased with an increase in the monomer/initiator


ratio. The results indicate that transfer reactions did not
play significant roles in the present system, which is consis-
tent with the observed high level of molecular weight distri-
bution control.


Although the details are not clear at present, the success-
ful control of molecular weight distribution at higher tem-
peratures can be ascribed to the stability of 1-(alkoxy)alkyl
triflate intermediate (4), which might exist as an equilibrium
mixture with a 1-(alkoxy)carbenium ion intermediate (3)[24]


in the propagation step (Scheme 2). Although there is no ex-
perimental evidence for the formation of 4,[25] it is notewor-
thy that glycosyl triflates have been known to exist as well-
characterized intermediates in glycosylation reactions.[26]


DFT calculations in the gas phase indicated that the cova-
lent bond formation between alkoxycarbenium ion 5 and tri-
flate anion 6 to give (1-alkoxy)alkyltriflate 7 (Figure 8) is
highly exoergonic (�118.8 kcalmol�1), although the ion pair
of 5 and 6 should be significantly stabilized by solvation in
the solution phase.


Next, we studied on the microflow systems using T-
shaped micromixers to develop more practically useful sys-
tems for controlled cationic polymerization. The simple T-
junction structures of T-shaped micromixers are much sim-
pler than those of multilamination-type micromixers and
splitting and recombination-type micromixers. Therefore, T-
shaped micromixers are expected to serve as practical sys-
tems for continuous operation without clogging and a high
pressure drop.[23a] Easy fabrication and low costs are also ad-


vantages of T-shaped micromixers. A microflow system con-
sisting of a T-shaped micromixer (M1, 1=250 mm) and a
microtube reactor (R1, 1=500 mm, length=50 cm;
Figure 9) was found to be quite effective for the polymeri-
zation as shown in Table 7. The polymerization was com-
plete within the residence time of 0.37–1.5 s, and the poly-
mer was obtained in almost quantitative yield.


High level of molecular distribution control similar to the
case with the multilamination-type micromixer was attained
with a T-shaped micromixer of 250 mm diameter, although
the Mw/Mn increased with a decrease in the flow rate (<
5 mLmin�1) and with an increase in the inner diameter of


Table 6. TfOH-initiated polymerization of NBVE in microflow system at
various monomer/initiator ratio (Figure 6).


T [8C] [M]/[I] Mn
[a] Mw/Mn


[a]


�25 10 2200 1.24
�25 25 3500 1.33
�25 40 5100 1.33
�25 50 6900 1.38
�25 75 9800 1.49


[a] Polymers were analyzed with size exclusion chromatography with the
calibration using standard polystyrene samples.


Scheme 2. Equilibrium mixture with an 1-(alkoxy)carbenium ion inter-
mediate.


Figure 8. Optimized structure of triflate 7 obtained by DFT calculation
(B3LYP/6-31G(d)). C-OTf: 1.504 A.


Figure 9. Microflow system based on the T-shaped micromixer for poly-
merization. M1: T-shaped micromixer (250, 500 or 800 mm), R1: a micro-
tube reactor (1=500 mm, length=50 cm).


Table 7. TfOH initiated polymerization of IBVE in microflow systems
(Figure 8).


M1
Diameter [mm]


X
ACHTUNGTRENNUNG[mLmin�1]


Y
ACHTUNGTRENNUNG[mLmin�1]


t [s] Mn
[a] Mw/Mn


[a]


250 2 2 1.50 2900 2.30
250 3 3 0.98 1600 1.61
250 4 4 0.74 5100 1.33
250 5 5 0.59 1500 1.22
250 6 6 0.49 1500 1.22
250 7 7 0.42 1500 1.19
250 8 8 0.37 1500 1.22
500 5 5 0.59 2000 2.54
500 6 6 0.49 1500 1.82
500 7 7 0.42 1400 1.67
800 6 6 0.49 2300 2.89


[a] Polymers were analyzed with size exclusion chromatography with the
calibration using standard polystyrene samples.
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the micromixer (Table 7). It is important to note that a
stable continuous operation with a low pressure drop was at-
tained, presumably by virtue of the simple inner structures
of the T-shaped micromixer.


As shown in Figure 10, Mn increased with an increase in
the monomer/initiator ratio. These results also indicate that
transfer reactions did not play significant roles in the pres-


ent system, which is consistent with the observed high level
of molecular weight distribution control. The polymerization
of other vinyl ether monomers such as NBVE and ethyl
vinyl ether (EVE) also took place in highly controlled man-
ners. The molecular weight increased with an increase in the
monomer/initiator ratio as shown in Figure 11.


In order to get a better insight into the nature of the poly-
mer end, the polymerization was quenched by the addition
of allyltrimethylsilane. Thus, the polymerization of IBVE
was carried out with 0.1 equiv of CF3SO3H using the micro-
flow systems shown in Figure 12, and allyltrimethylsilane
was introduced using the second T-shaped micromixer (M2,
1=250 mm). The 1H NMR analysis of the resulting polymer
(Mn=1200, Mw/Mn=1.36) revealed that an allyl group was
introduced as the end group (olefinic protons, d=5.0–5.10
and 5.7–5.9 ppm, Figure 13). The present observation indi-
cates that the carbocationic polymer end was effectively
trapped by the added allyltrimethylsilane. The polymer end
was really living in the microtube reactor within the resi-
dence time of 0.59 s.


Block Copolymerization using a Microflow System


Block copolymerization was examined using a microflow
system consisting of two T-shaped micromixers and two mi-
crotube reactors (Figure 14). The polymerization of vinyl
ether (IBVE, NBVE or EVE, 10 equiv based on TfOH ini-
tiator) followed by MeOH quenching at the second micro-
mixer (M2) gave the homopolymer (Table 8). The introduc-
tion of the second monomer (IBVE, NBVE or EVE,
10 equiv based on TfOH initiator) at the second micromixer
(M2) resulted in the formation of the polymer of higher mo-
lecular weight with narrow molecular weight distribution as
shown in Table 8 and Figure 15.


Block copolymerization could be carried out with any
combination and with either order of monomer addition as
shown in Table 8, demonstrating that the present microflow
system serves as an effective tool for the synthesis of block
copolymers.


Figure 10. Plots of molecular weight (Mn) against monomer/initiator ratio
in the cationic polymerization of IBVE initiated by TfOH using a micro-
flow system (Figure 9).


Figure 11. Plots of molecular weight (Mn) against monomer/initiator ratio
in the cationic polymerization of NBVE and EVE initiated by TfOH
using a microflow system (Figure 9).


Figure 12. A schematic diagram of the microflow system based on the T-
shaped micromixer for polymerization and termination with allyltrime-
thylsilane. M1 and M2 : T-shaped micromixer (250 mm), R1 and R2 : mi-
crotube reactor (R1: 1=500 mm, length=50 cm, R2 : 1=500 mm,
length=50 cm).


Figure 13. 600 MHz 1H NMR spectrum of the polymer obtained by the
quenching with allyltrimethylsilane.
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Microflow-System-Controlled Polymerization at Higher
Concentrations using a Halogen Free Solvent


Since 1,2-dichloroethane is not a suitable solvent for indus-
trial polymerization because of its toxicity, we searched for
halogen-free organic solvents for the present TfOH-initiated
microflow-system-controlled carbocationic polymerization.
Eventually, toluene was found to serve as a good alternative.
It is important to conduct the polymerization at higher con-


centration from the viewpoint of industrial applications, be-
cause productivity increases with an increase in the concen-
tration of a monomer. Thus, the concentration of the mono-
mer solution and that of the initiator solution were in-
creased to 2.5m and 0.25m, respectively. As shown in
Table 9, the polymerization in toluene may be conducted at


higher concentrations without any problem, although the
level of molecular weight distribution control was slightly
lower. It should be noted that the present laboratory scale
system has the productivity of 45–105 gh�1 of the polymer,
suggesting that the microflow-system-controlled carbocat-
ionic polymerization can be applicable to industrial produc-
tion by further scaling-up of a single flow system and its
numbering-up.


Conclusions


In conclusion, microflow-system-controlled carbocationic
polymerization of vinyl ethers has been achieved by using a
“cation pool” as an initiator at �78 8C. The molecular
weight distribution can be controlled by extremely fast mi-
cromixing using a multilamination-type micromixer, and the
polymer end can be used as living reactive species for the
subsequent reaction, such as a trapping reaction by a nucle-
ophile. Block copolymerization using two different mono-
mers could also be achieved. The polymerization was also
conducted using commercially available trifluoromethane-
sulfonic acid (TfOH) as an initiator. In this case, a high
level of molecular weight distribution control was achieved
even at �25 8C. In addition, the cationic polymerization of
vinyl ethers was conducted by using a microflow system con-
sisting of T-shaped micromixers instead of expensive multi-
lamination micromixers. Block copolymerization of two dif-
ferent monomers was also achieved using the system. Tolu-
ene may be used as a halogen free solvent, which is more
suitable for an industrial application. In this solvent, the
polymerization could be conducted at high concentrations
of monomer and initiator without any problem. The obser-
vations illustrated here increase the possibility of microflow-
system-controlled polymerization for practical synthesis of
structurally well-defined polymers and copolymers. It is


Figure 14. A schematic diagram of the microflow system based on the T-
shaped micromixer for block copolymerization. M1 and M2 : T-shape mi-
cromixer (250 mm), R1 and R2 : microtube reactor (R1: 1=500 mm,
length=50 cm, R2 : 1=500 mm, length=50 cm).


Table 8. Block copolymerization using microflow system.


Monomer-1 Monomer-2 Mn
[a] Mw/Mn


[a]


IBVE – 1400 1.18
IBVE NBVE 2300 1.43
IBVE EVE 1800 1.54
NBVE – 1000 1.24
NBVE IBVE 1700 1.45
NBVE EVE 1900 1.55
EVE – 860 1.16
EVE IBVE 2100 1.54
EVE NBVE 2100 1.41


[a] Polymers were analyzed with size exclusion chromatography with the
calibration using standard polystyrene samples.


Figure 15. GPC traces of copolymerization with different monomers.


Table 9. Polymerization of IBVE at higher concentration using toluene
as solvent.


M1
Diameter [mm]


X
ACHTUNGTRENNUNG[mLmin�1]


Y
ACHTUNGTRENNUNG[mLmin�1]


[M]/[I] Mn
[a] Mw/Mn


[a]


250 3 9 3.3 930 1.23
250 4 8 5 1000 1.23
250 5 7 7.1 1200 1.26
250 6 6 10 1300 1.29
250 7 5 14 1400 1.31
250 8 4 20 2000 1.10
250 9 3 30 2600 1.28


[a] Polymers were analyzed with size exclusion chromatography with the
calibration using standard polystyrene samples.
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hoped that the method will be applied for industrial produc-
tion of polymers based on a numbering-up technology in the
future.


Experimental Section


Typical Procedure for Cationic Polymerization Using a Cation Pool in a
Microflow System


A microflow system consisting of two micromixers (M1 and M2) and two
tube reactors (R1 and R2) was used. Pre-cooling units (1=1000 mm,
length=100 cm) were connected to an inlet of the micromixers M1 and
M2. The whole system was cooled in a dry ice/hexane bath at �78 8C. As
M1, where the cation pool and a monomer are mixed, an IMM micromix-
er was used. Solutions of 2 in dichloromethane (0.05m, 5.0 mLmin�1) and
a monomer (0.5–2.5m, 5.0 mLmin�1) were introduced to M1 through the
pre-cooling unit by syringe pumping at �78 8C. Then, the reaction mix-
ture was introduced to a microtube reactor (R1; 1=1.0 mm, 10 cm), in
which the polymerization took place. In the final stage, iPr2NH/CH2Cl2
(0.83m, 3 mLmin�1) was introduced through M2 to quench the polymeri-
zation in R2 (1=1.0 mm, length=50 cm). As M2, a Yamatake YM-1
was used. The outlet solution from R2 was collected in a flask. The mix-
ture was warmed to room temperature after quenching. The solvent was
removed under reduced pressure and the residue was filtered through a
column (15 cm) of silica gel with Et2O elution (180 mL) to remove
Bu4NBF4. The solution was concentrated to obtain a polymer product in
a quantitative yield.


Typical Procedure for Cationic Polymerization Using TfOH in a
Microflow System Based on a T-shaped Micromixer


A microflow system consisting of a T-shaped micromixer M1 (inner di-
ameter: 250 mm) and a microtube reactor R1 (inner diameter: 500 mm,
length: 50 cm) was used. Pre-cooling units (1=1000 mm, length=


100 cm) were connected to an inlet of the micromixer M1. The whole
system was cooled in a cooling bath at �25 8C. Solution of IBVE in 1,2-
dichloroethane (0.2m, 6.0 mLmin�1) and that of TfOH in 1,2-dichloro-
ethane (0.02m, 6.0 mLmin�1) were introduced to M1 through the pre-
cooling unit by syringe pumping at �25 8C. The outlet solution from the
R1 was introduced to a solution of saturated potassium carbonate in
methanol to quench the polymerization. GC analysis of the obtained so-
lution revealed the absence of any of the starting monomer. The resulting
mixture was poured into water. The organic phase was separated and the
aqueous phase was extracted with hexane or tetrahydrofuran. The com-
bined organic phase was dried over sodium carbonate. After filtration,
the solvent was removed under reduced pressure to obtain the polymer
product.


Acknowledgements


This work was partially supported by the Grant-in-Aid for Scientific Re-
search and the Project of Micro-Chemical Technology for Production,
Analysis and Measurement Systems of NEDO, Japan.


[1] a) M. Miyamoto, M. Sawamoto, T. Higashimura, Macromolecules
1984, 17, 265; b) T. Higashimura, A. Tanizaki, M. Sawamoto, J.
Polym. Sci. Part A 1984, 22, 3173; c) T. Enoki, M. Sawamoto, T. Hi-
gashimura, J. Polym. Sci. Part A 1986, 24, 2261.


[2] a) T. Higashimura, M. Sawamoto, Adv. Polym. Sci. 1984, 62, 49;
b) M. Sawamoto, Prog. Polym. Sci. 1991, 16, 111; c) K. Matyjaszew-
ski, M. Sawamoto in Cationic Polymerizations (Ed.: K. Matyjaszew-
ski), Marcel Dekker, New York, 1996.


[3] For living cationic polymerization: a) Cationic Polymerization Fun-
damentals and Applications (Eds.: R. Faust, T. D. Schaffer), Ameri-


can Chemical Society, Washington, DC, 1997; b) J. P. Kennedy, J.
Polym. Sci. Part A 1999, 37, 2285; c) J. E. Puska, G. Kaszas, Prog.
Polym. Sci. 2000, 403, 4.


[4] a) S. Aoshima, K. Shachi, E. Kobayashi, Makromol. Chem. 1991,
192, 1759; b) T. Higashimura, S. Okamoto, Y. Kishimoto, S. Aoshi-
ma, Polym. J. 1989, 21, 725; c) S. Aoshima, T. Higashimura, Polym.
Bull. 1986, 15, 417; d) S. Aoshima, T. Higashimura, Macromolecules
1989, 22, 1009; e) Y. Kishimoto, S. Aoshima, T. Higashimura, Mac-
romolecules 1989, 22, 3877; f) S. Aoshima, K. Shachi, E. Kobayashi,
T. Higashimura, Makromol. Chem. 1991, 192, 1749; g) S. Aoshima,
T. Fujisawa, E. Kobayashi, J. Polym. Sci Part A 1994, 32, 1719.


[5] For example, a) K. Satoh, J. Nakashima, M. Kamigaito, M. Sawamo-
to, Macromolecules 2001, 34, 396; b) S. Kanaoka, M. Sawamoto, T.
Higashimura, Macromol. Symp. 1998, 132, 75; c) H. Katayama, M.
Kamigaito, M. Sawamoto, Macromolecules 1998, 31, 4703; d) K.
Satoh, H. Katayama, M. Kamigaito, M. Sawamoto, ACS Symp. Ser.
1997, 665, 106; e) M. Sawamoto, H. Katayama, M. Kamigaito,
Polym. Prepr. Am. Chem. Soc. Div. Polym. Chem. 1996, 37, 341;
f) A. V. Lubnin, M. P. Kennedy, Polym. Sci. Part A 1993, 31, 2825;
g) J. P. Kennedy, J. Kurian, Polym. Prepr. Am. Chem. Soc. Div.
Polym. Chem. 1990, 31, 468; h) M. Minoda, M. Sawamoto, T. Higa-
shimura, Macromolecules 1990, 23, 4889, and references therein.


[6] For fast living cationic polymerization: a) A. Kanazawa, Y. Hira-
baru, S. Kanaoka, S. Aoshima, J. Polym. Sci Part A 2006, 44, 5795;
b) S. Aoshima, T. Yoshida, A. Kanazawa, S. Kanaoka, J. Polym. Sci
Part A 2007, 45, 1801.


[7] For the cationic polymerization initiated by a cation pool in a micro-
flow system: A. Nagaki, K. Kawamura, S. Suga, T. Ando, M. Sawa-
moto, J. Yoshida, J. Am. Chem. Soc. 2004, 126, 14702.


[8] For the cationic polymerization initiated by TfOH in a microflow
system: T. Iwasaki, A. Nagaki, J. Yoshida, Chem. Commun. 2007,
1263.


[9] a)Microreaction Technology (Ed.: W. Ehrfeld), Springer, Berlin,
1998 ; b) W. Ehrfeld, V. Hessel, H. Lçwe, Microreactors, Wiley-
VCH, Weinheim, 2000 ; c) V. Hessel, S. Hardt, H. Lçwe, Chemical
Micro Process Engineering ; Wiely-VCH, :Weinheim, 2004.


[10] Reviews: For example, a) S. J. Haswell, R. J. Middleton, B. OPSulli-
van, V. Skelton, P. Watts, P. Styring, Chem. Commun. 2001, 391;
b) K. F. Jensen, Chem. Eng. Sci. 2001, 56, 293; c) K. JQhnisch, V.
Hessel, H. Lçwe, M. Baerns, Angew. Chem. 2004, 116, 410; Angew.
Chem. Int. Ed. 2004, 43, 406; d) J. Yoshida, Chem. Commun. 2005,
4509; e) P. D. I. Fletcher, S. J. Haswell, E. Pombo-Villar, B. H. War-
rington, P. Watts, S. Y. F. Wong, X. Zhang, Tetrahedron 2002, 58,
4735; f) G. N. Doku, W. Verboom, D. N. Reinhoudt, A. van den
Berg, Tetrahedron 2005, 61, 2733.


[11] For example, a) A. Nagaki, M. Togai, S. Suga, N. Aoki, K. Mae, J.
Yoshida, J. Am. Chem. Soc. 2005, 127, 11666; b) S. Suga, A. Nagaki,
J. Yoshida, Chem. Commun. 2003, 354; c) J. Yoshida, A. Nagaki, T.
Iwasaki, S. Suga, Chem. Eng. Technol. 2005, 28, 259.


[12] For example, a) T. Kawaguchi, H. Miyata, K. Ataka, K. Mae, J.
Yoshida, Angew. Chem. 2005, 117, 2465; Angew. Chem. Int. Ed.
2005, 44, 2413; b) H. Usutani, Y. Tomida, A. Nagaki, H. Okamoto,
T. Nokami, J. Yoshida, J. Am. Chem. Soc. 2007, 129, 3046; c) A.
Nagaki, Y. Tomida, H. Usutani, H. Kim, N. Takabayashi, T. Nokami,
H. Okamoto, J. Yoshida, Chem. Asian J. 2007, 2, 1513; d) M. Taka-
suga, Y. Yabuki, Y. Kato, Chem. Eng. J. 2006, 7, 772.


[13] a) H. Salimi-Moosavi, T. Tang, D. J. Harrison, J. Am. Chem. Soc.
1997, 119, 8716; b) R. D. Chambers, R. C. H. Spink, Chem.
Commun. 1999, 883; c) C. de Bellefon, N. Tanchoux, S. Caravieilhes,
P. Grenouillet, V. Hessel, Angew. Chem. 2000, 112, 3584; Angew.
Chem. Int. Ed. 2000, 39, 3442; d) P. Watts, C. Wiles, S. J. Haswell, E.
Pombo-Villar, P. Styring, Chem. Commun. 2001, 990; e) H. Hisamo-
to, T. Saito, M. Tokeshi, A. Hibara, T. Kitamori, Chem. Commun.
2001, 2662; f) M. Sands, S. J. Haswell, S. M. Kelly, V. Skelton, D. O.
Morgan, P. Styring, B. Warrington, Lab Chip 2001, 1, 64; g) C.
Wiles, P. Watts, S. J. Haswell, E. Pombo-Villar, Lab Chip 2001, 1,
100; h) C. Wiles, P. Watts, S. J. Haswell, E. Pombo-Villar, Chem.
Commun. 2002, 1034; i) T. Fukuyama, M. Shinmen, S. Nishitani, M.
Sato, I. Ryu, Org. Lett. 2002, 4, 1691; j) M. Ueno, H. Hisamoto, T.


1566 www.chemasianj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1558 – 1567


FULL PAPERS
J. Yoshida et al.



http://dx.doi.org/10.1021/ma00133a001

http://dx.doi.org/10.1021/ma00133a001

http://dx.doi.org/10.1002/pola.1986.080240920

http://dx.doi.org/10.1007/BFb0024035

http://dx.doi.org/10.1016/0079-6700(91)90008-9

http://dx.doi.org/10.1002/(SICI)1099-0518(19990715)37:14%3C2285::AID-POLA1%3E3.0.CO;2-P

http://dx.doi.org/10.1002/(SICI)1099-0518(19990715)37:14%3C2285::AID-POLA1%3E3.0.CO;2-P

http://dx.doi.org/10.1002/macp.1991.021920810

http://dx.doi.org/10.1002/macp.1991.021920810

http://dx.doi.org/10.1295/polymj.21.725

http://dx.doi.org/10.1007/BF00265723

http://dx.doi.org/10.1007/BF00265723

http://dx.doi.org/10.1021/ma00193a001

http://dx.doi.org/10.1021/ma00193a001

http://dx.doi.org/10.1021/ma00200a010

http://dx.doi.org/10.1021/ma00200a010

http://dx.doi.org/10.1002/macp.1991.021920809

http://dx.doi.org/10.1002/pola.1994.080320914

http://dx.doi.org/10.1021/ma0006070

http://dx.doi.org/10.1021/ma980320r

http://dx.doi.org/10.1002/pola.1993.080311120

http://dx.doi.org/10.1021/ma00225a001

http://dx.doi.org/10.1002/pola.21632

http://dx.doi.org/10.1002/pola.21995

http://dx.doi.org/10.1002/pola.21995

http://dx.doi.org/10.1021/ja044879k

http://dx.doi.org/10.1039/b615159k

http://dx.doi.org/10.1039/b615159k

http://dx.doi.org/10.1039/b008496o

http://dx.doi.org/10.1016/S0009-2509(00)00230-X

http://dx.doi.org/10.1002/ange.200300577

http://dx.doi.org/10.1002/anie.200300577

http://dx.doi.org/10.1002/anie.200300577

http://dx.doi.org/10.1039/b508341a

http://dx.doi.org/10.1039/b508341a

http://dx.doi.org/10.1016/S0040-4020(02)00432-5

http://dx.doi.org/10.1016/S0040-4020(02)00432-5

http://dx.doi.org/10.1021/ja0527424

http://dx.doi.org/10.1039/b211433j

http://dx.doi.org/10.1002/ceat.200407127

http://dx.doi.org/10.1002/ange.200462466

http://dx.doi.org/10.1002/anie.200462466

http://dx.doi.org/10.1002/anie.200462466

http://dx.doi.org/10.1021/ja068330s

http://dx.doi.org/10.1002/asia.200700231

http://dx.doi.org/10.1021/ja971735f

http://dx.doi.org/10.1021/ja971735f

http://dx.doi.org/10.1039/a901473j

http://dx.doi.org/10.1039/a901473j

http://dx.doi.org/10.1039/b102125g

http://dx.doi.org/10.1039/b106494k

http://dx.doi.org/10.1039/b106494k

http://dx.doi.org/10.1039/b104036g

http://dx.doi.org/10.1039/b107861e

http://dx.doi.org/10.1039/b107861e

http://dx.doi.org/10.1039/b201220k

http://dx.doi.org/10.1039/b201220k

http://dx.doi.org/10.1021/ol0257732





Kitamori, S. Kobayashi, Chem. Commun. 2003, 936; k) E. Garcia-
Egido, V. Spikmans, S. Y. F. Wong, B. H. Warrington, Lab Chip
2003, 3, 73; l) S. M. Lai, R. Martin-Aranda, K. L. Yeung, Chem.
Commun. 2003, 218; m) K. Mikami, M. Yamanaka, M. N. Islam, K.
Kudo, N. Seino, M. Shinoda, Tetrahedron Lett. 2003, 44, 7545; n) J.
Kobayashi, Y. Mori, K. Okamoto, R. Akiyama, M. Ueno, T. Kita-
mori, S. Kobayashi, Science 2004, 304, 1305; o) R. Horcajada, M.
Okajima, S. Suga, J. Yoshida, Chem. Commun. 2005, 1303; p) L.
Ducry, D. M. Roberge, Angew. Chem. 2005, 117, 8186; Angew.
Chem. Int. Ed. 2005, 44, 7972; q) P. He, P. Watts, F. Marken, S. J.
Haswell, Angew. Chem. 2006, 118, 4252; Angew. Chem. Int. Ed.
2006, 45, 4146; r) S. Suga, A. Nagaki, Y. Tsutsui, J. Yoshida, Org.
Lett. 2003, 5, 945; s) S. Suga, Y. Tsutsui, A. Nagaki, J. Yoshida, Bull.
Chem. Soc. Jpn. 2005, 78, 1206.


[14] V. Hessel, C. Serra, H. Lçwe, G. Hadziioannou, Chem. Ing. Tech.
2005, 77, 1693, and reference therein.


[15] a) C. Serra, N. Sary, G. Schlatter, G. Hadziioannou, V. Hessel, Lab
Chip 2005, 5, 966; b) T. Iwasaki, J. Yoshida, Macromolecules 2005,
38, 1159; c) T. E. Enright, M. F. Cunningham, B. Keoshkerian, Mac-
romol. Rapid Commun. 2005, 26, 221; d) J. P. Russum, C. W. Jones,
F. J. Schork, Ind. Eng. Chem. Res. 2005, 44, 2484; e) C. Xu, T. Wu,
C. M. Drain, J. D. Batteas, K. L. Beers, Macromolecules 2005, 38, 6;
f) J. P. Russum, C. W. Jones, F. J. Schork, AIChE J. 2006, 52, 1566;
g) C. Rosenfeld, C. Serra, C. Brochon, G. Hadziioannou, Chem.
Eng. Sci. 2007, 62, 5245; h) T. Wu, Y. Mei, C. Xu, H. C. M. Byrd,
K. L. Beers, Macromol. Rapid Commun. 2005, 26, 1037; i) J. P.
Russum, C. W. Jones, F. J. Schork, Macromol. Rapid Commun. 2004,
25, 1064; j) T. Wu, Y. Mei, J. T. Cabral, C. Xu, K. L. Beers, J. Am.
Chem. Soc. 2005, 123, 9880.


[16] A. Miyazawa, T. Kase, T. Shibuya, J. Polym. Sci. Part A 2004, 42,
1841.


[17] T. Kuboyama, J. Yoshida, AIChE 2005, 132d.
[18] a) Y. Yamaguchi, K. Ogino, K. Yamashita, H. Maeda, J. Chem. Eng.


Jpn. 2004, 37, 1265; b) T. Honda, M. Miyazaki, H. Nakamura, H.
Maeda, Lab Chip 2005, 5, 812; c) M. Miyazaki, T. Honda, H. Naka-
mura, H. Maeda, Chem. Eng. Technol. 2007, 30, 300.


[19] a) J. Yoshida, S. Suga, S. Suzuki, N. Kinomura, A. Yamamoto, K. Fu-
jiwara, J. Am. Chem. Soc. 1999, 121, 9546; b) S. Suga, M. Okajima,
J. Yoshida, Tetrahedron Lett. 2001, 42, 2173; c) S. Suga, S. Suzuki, J.
Yoshida, J. Am. Chem. Soc. 2002, 124, 30; d) J. Yoshida, S. Suga,


Chem. Eur. J. 2002, 8, 2650; e) S. Suga, M. Watanabe, J. Yoshida, J.
Am. Chem. Soc. 2002, 124, 14824.


[20] a) J. Yoshida, K. Nishiwaki, J. Chem. Soc. Dalton Trans. 1998, 2589;
b) J. Yoshida, M. Sugawara, M. Tatsumi, N. Kise, J. Org. Chem.
1998, 63, 5950; c) J. Yoshida, M. Watanabe, H. Toshioka, M. Imaga-
wa, S. Suga, Chem. Lett. 1998, 1011; d) M. Sugawara, K. Mori, J.
Yoshida, Electrochim. Acta 1997, 42, 1995; e) J. Yoshida, Y. Ishichi,
S. Isoe, J. Am. Chem. Soc. 1992, 114, 7594. See also electroauxiliary
for electrochemical reactions: f) J. Yoshida, T. Maekawa, T. Murata,
S. Matsunaga, S. Isoe, J. Am. Chem. Soc. 1990, 112, 1962; g) J. Yoshi-
da, S. Isoe, Tetrahedron Lett. 1987, 28, 6621; h) H. Sun, K. D. Moel-
ler, Org. Lett. 2002, 4, 1547; i) T. Kamada, A. Oku, J. Chem. Soc.
Perkin Trans. 1 2002, 1105. photochemical reactions: j) W. Xu, X. M.
Zhang, P. S. Mariano, J. Am. Chem. Soc. 1991, 113, 8863; k) G. Gu-
tenberger, E. Steckhan, S. Blechert, Angew. Chem. 1998, 110, 679;
Angew. Chem. Int. Ed. 1998, 37, 660. chemical reactions: l) K. Nara-
saka, Pure Appl. Chem. 1997, 69, 601; m) G. Pandey, A. K. Sahoo,
S. R. Gadre, T. D. Bagul, U. D. Phalgune, J. Org. Chem. 1999, 64,
4990; n) H. Sun, K. D. Moeller, Org. Lett. 2003, 5, 3189.


[21] W. Ehrfeld, K. Golbig, V. Hessel, H. Lçwe, T. Richter, Ind. Eng.
Chem. Res. 1999, 38, 1075.


[22] For example: a) P. Sigwalt, Polym. J. 1985, 17, 57; b) C. G. Cho,
B. A. Feit, O. W. Webster, Macromolecules 1990, 23, 1918.


[23] Industrial applications of microflow systems: a) H. Wakami, J. Yosh-
ida, Org. Process Res. Dev. 2005, 9, 787; b) L. Ducry, D. M. Roberge,
Angew. Chem. 2005, 117, 8186; Angew. Chem. Int. Ed. 2005, 44,
7972.


[24] Alkoxycarbenium ions generated by the cation pool method: a) S.
Suga, S. Suzuki, A. Yamamoto, J. Yoshida, J. Am. Chem. Soc. 2000,
122, 10244; b) S. Suzuki, K. Matsumoto, K. Kawamura, S. Suga, J.
Yoshida, Org. Lett. 2004, 6, 3755; c) S. Suga, S. Suzuki, J. Yoshida,
Org. Lett. 2005, 7, 4717; d) S. Suga, K. Matsumoto, K. Ueoka, J.
Yoshida, J. Am. Chem. Soc. 2006, 128, 7710.


[25] Mechanistic studies of vinyl ether polymerization: Y. H. Kim, Mac-
romolecules 1991, 24, 2122.


[26] a) D. Crich, S. Sun, J. Org. Chem. 1996, 61, 4506; b) D. Crich, S.
Sun, J. Am. Chem. Soc. 1997, 119, 11217; c) T. Nokami, A. Shibuya,
H. Tsuyama, S. Suga, A. A. Bowers, D. Crich, J. Yoshida, J. Am.
Chem. Soc. 2007, 129, 10922.


Received: March 10, 2008
Published online: July 4, 2008


Chem. Asian J. 2008, 3, 1558 – 1567 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1567


Polymerization of Vinyl Ethers



http://dx.doi.org/10.1039/b301638b

http://dx.doi.org/10.1039/b302381h

http://dx.doi.org/10.1039/b302381h

http://dx.doi.org/10.1039/b209297b

http://dx.doi.org/10.1039/b209297b

http://dx.doi.org/10.1016/S0040-4039(03)01835-5

http://dx.doi.org/10.1126/science.1096956

http://dx.doi.org/10.1039/b417388k

http://dx.doi.org/10.1002/ange.200502387

http://dx.doi.org/10.1002/anie.200502387

http://dx.doi.org/10.1002/anie.200502387

http://dx.doi.org/10.1002/ange.200600951

http://dx.doi.org/10.1002/anie.200600951

http://dx.doi.org/10.1002/anie.200600951

http://dx.doi.org/10.1021/ol0341243

http://dx.doi.org/10.1021/ol0341243

http://dx.doi.org/10.1246/bcsj.78.1206

http://dx.doi.org/10.1246/bcsj.78.1206

http://dx.doi.org/10.1002/cite.200500142

http://dx.doi.org/10.1002/cite.200500142

http://dx.doi.org/10.1039/b500440c

http://dx.doi.org/10.1039/b500440c

http://dx.doi.org/10.1021/ma048369m

http://dx.doi.org/10.1021/ma048369m

http://dx.doi.org/10.1002/marc.200400531

http://dx.doi.org/10.1002/marc.200400531

http://dx.doi.org/10.1021/ie040136w

http://dx.doi.org/10.1021/ma048208i

http://dx.doi.org/10.1002/aic.10730

http://dx.doi.org/10.1016/j.ces.2006.12.074

http://dx.doi.org/10.1016/j.ces.2006.12.074

http://dx.doi.org/10.1002/marc.200500214

http://dx.doi.org/10.1002/marc.200400086

http://dx.doi.org/10.1002/marc.200400086

http://dx.doi.org/10.1002/pola.11056

http://dx.doi.org/10.1002/pola.11056

http://dx.doi.org/10.1252/jcej.37.1265

http://dx.doi.org/10.1252/jcej.37.1265

http://dx.doi.org/10.1039/b505137a

http://dx.doi.org/10.1002/ceat.200600333

http://dx.doi.org/10.1021/ja9920112

http://dx.doi.org/10.1016/S0040-4039(01)00128-9

http://dx.doi.org/10.1021/ja0171759

http://dx.doi.org/10.1002/1521-3765(20020617)8:12%3C2650::AID-CHEM2650%3E3.0.CO;2-S

http://dx.doi.org/10.1021/ja028663z

http://dx.doi.org/10.1021/ja028663z

http://dx.doi.org/10.1039/a803343i

http://dx.doi.org/10.1021/jo980601x

http://dx.doi.org/10.1021/jo980601x

http://dx.doi.org/10.1246/cl.1998.1011

http://dx.doi.org/10.1016/S0013-4686(97)85473-4

http://dx.doi.org/10.1021/ja00045a060

http://dx.doi.org/10.1021/ja00161a049

http://dx.doi.org/10.1016/S0040-4039(00)96929-6

http://dx.doi.org/10.1021/ol025776e

http://dx.doi.org/10.1039/b111106j

http://dx.doi.org/10.1039/b111106j

http://dx.doi.org/10.1021/ja00023a039

http://dx.doi.org/10.1002/(SICI)1521-3757(19980302)110:5%3C679::AID-ANGE679%3E3.0.CO;2-L

http://dx.doi.org/10.1002/(SICI)1521-3773(19980316)37:5%3C660::AID-ANIE660%3E3.0.CO;2-8

http://dx.doi.org/10.1351/pac199769030601

http://dx.doi.org/10.1021/jo9903757

http://dx.doi.org/10.1021/jo9903757

http://dx.doi.org/10.1021/ol034872s

http://dx.doi.org/10.1021/ie980128d

http://dx.doi.org/10.1021/ie980128d

http://dx.doi.org/10.1295/polymj.17.57

http://dx.doi.org/10.1021/ma00209a006

http://dx.doi.org/10.1021/op0501500

http://dx.doi.org/10.1002/ange.200502387

http://dx.doi.org/10.1002/anie.200502387

http://dx.doi.org/10.1002/anie.200502387

http://dx.doi.org/10.1021/ja002123p

http://dx.doi.org/10.1021/ja002123p

http://dx.doi.org/10.1021/ol048524h

http://dx.doi.org/10.1021/ol051915r

http://dx.doi.org/10.1021/ja0625778

http://dx.doi.org/10.1021/ma00008a069

http://dx.doi.org/10.1021/ma00008a069

http://dx.doi.org/10.1021/jo9606517

http://dx.doi.org/10.1021/ja971239r

http://dx.doi.org/10.1021/ja072440x

http://dx.doi.org/10.1021/ja072440x






DOI: 10.1002/asia.200800085


Synthesis of 5-Substituted 1H-Tetrazoles by the Copper-Catalyzed [3+2]
Cycloaddition of Nitriles and Trimethylsilyl Azide


Tienan Jin,*[a] Fukuzou Kitahara,[a] Shin Kamijo,[b] and Yoshinori Yamamoto*[a]


Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday


Introduction


1H-Tetrazoles are an important class of heterocycles and ex-
hibit a wide range of applications in medicinal chemistry
and the materials sciences. For example, tetrazoles are re-
garded as isosteres of the carboxylic acid functionality in
medicinal chemistry; they are applied in the materials scien-
ces and in chemical industry as propellants, explosives, and
in photography, and play an important role as ligands in co-
ordination chemistry.[1]


Owing to their potential usefulness, synthetic methods for
tetrazoles have been intensively developed, and new prepa-
rative methods have appeared.[2] The [3+2] cycloaddition of
nitriles with inorganic azides is known as one of the most
conventional methods for the synthesis of 5-substituted 1H-
tetrazoles. Recently, Sharpless and co-workers reported an
innovative and safe procedure for the preparation of 5-sub-
stituted 1H-tetrazoles from the corresponding nitriles and


NaN3 in the presence of a stoichiometric amount or
50 mol% of ZnII salts.[3] Pizzo and co-workers reported an
efficient method for the synthesis of tetrazoles by the reac-
tion of nitriles with TMSN3 (TMS= trimethylsilyl) with
50 mol% of tetra-nACHTUNGTRENNUNG-butylammonium fluoride (TBAF) as
catalyst.[4] More recently, Lakshmi Kantam et al. efficiently
synthesized tetrazoles by the reaction of nitriles with NaN3


with nanocrystalline ZnO or zinc hydroxyapatite as the cata-
lyst at 120–130 8C.[5] The development of a catalytic, envi-
ronmentally friendly, and efficient synthetic method for tet-
razoles still remains an active research area.


Previously, we developed Pd- and bimetallic Pd–Cu-cata-
lyzed three-component coupling (TCC) reactions for the re-
giocontrolled synthesis of various 2- and 1-allyltriazoles as
well as fully substituted diallyltriazoles by employing acti-
vated alkynes with electron-withdrawing groups or nonacti-
vated terminal alkynes, allyl carbonate, and TMSN3


(Scheme 1, Equations (1)–(4)).[6] We also reported a TCC
reaction for the regiocontrolled synthesis of 2-allyltetrazoles
with a variety of nitriles, allyl carbonate, and TMSN3


[Eq. (5)].[7] Later, we developed two facile deallylation pro-
tocols of the allylated products for a preparation of N-un-
substituted tetrazoles and triazoles: direct deallylation with
[NiCl2 ACHTUNGTRENNUNG(dppe)] catalyst combined with a stoichiometric
amount of tBuMgCl, and a stepwise deallylation through
consecutive reactions of a Ru-catalyzed isomerization fol-
lowed by ozonolysis (Scheme 2).[8] We also explored catalyt-
ic, direct, and general synthetic protocols for these heterocy-
cles. The synthesis of N-unsubstituted 1,2,3-triazoles was
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achieved by CuI-catalyzed [3+2] cycloaddition of nonacti-
vated terminal alkynes and trimethylsilyl azide in N,N-dime-
thylformamide (DMF)/MeOH [Eq. (6)],[9] and the acid-cata-
lyzed synthesis of 1-substituted tetrazoles was accomplished
by the [3+2] cycloaddition of isonitriles with trimethylsilyl
azide in MeOH [Eq. (7)].[10]


Encouraged by the success
of the catalytic synthesis of 5-
substituted 1,2,3-triazoles and
1-substituted tetrazoles, we
used nitriles instead of alkynes
or isocyanides as partners of
the cycloaddition. The corre-
sponding 5-substituted 1H-tet-
razoles 2 were obtained in
good to high yields through the
reaction of nitriles 1 with
TMSN3 in the presence of
Cu2O catalyst in DMF/MeOH
at 80 8C [Eq. (8)].[11] Further-


more, we found that the combined catalyst of CuBr and tri-
ethylamine also promoted the [3+2] cycloaddition reaction
of nitriles and trimethylsilyl azide at relatively low reaction
temperatures [Eq. (9)]. Herein, we report a detailed investi-
gation of these catalytic synthetic methods.


Results and Discussion


Copper Oxide Catalyzed Synthesis of 5-Substituted 1H-
Tetrazoles from Nitriles and Trimethylsilyl Azide


In the cycloaddition reaction between p-methoxybenzoni-
trile (1a) and TMSN3, we investigated the effect of solvents
and metal catalysts on the formation of tetrazole 2a
(Table 1). Among the solvents tested (with 2.5 mol%
Cu2O), DMSO and DMF gave low yields of 2a, but the
yield was dramatically improved by using a 9:1 mixture of
DMF and MeOH (Table 1, entries 1–3).[9,10,12] Other protic
solvents such as iPrOH and H2O were also effective
(Table 1, entries 4 and 5) although the yield was dramatical-
ly decreased by using a mixture of HCl and DMF (Table 1,
entry 6). We next investigated the effect of metal catalysts.
Among the copper catalysts tested, Cu2O gave the best
result at 80 8C (Table 1, entry 3); CuBr exhibited high cata-
lytic activity, although a higher reaction temperature was
needed (Table 1, entry 7). Other copper catalysts such as
CuCl, CuI, CuCl2, CuBr2, CuO, and CuOAc gave lower
yields of 2a (Table 1, entries 8–13). The reaction without
copper catalyst gave a low yield (Table 1, entry 14). Other
metal catalysts such as AuCl and ZnBr2 were less effective
(Table 1, entries 15 and 16).


The results of the [3+2] cycloaddition reaction of various
nitriles 1 with TMSN3 are summarized in Table 2. The reac-


Abstract in Japanese:


Scheme 1. Pd- and bimetallic Pd–Cu-catalyzed TCC reaction for the synthesis of various allyl tetrazoles and
allyl triazoles. dba=dibenzylideneacetone, dppp=1,3-bis(diphenylphosphanyl)propane, EWG=electron-with-
drawing group.


Scheme 2. Deallylation protocols for various allyl tetrazoles and allyl tria-
zoles. dppe=1,2-bis(diphenylphosphanyl)ethane.
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tions of the aryl nitriles 1a and 1b, which bear an electron-
donating group at the para position of the aromatic ring,
with trimethylsilyl azide were carried out in a mixture of
MeOH and DMF (1:9) at 80 8C in the presence of 2.5 mol%
Cu2O. The reactions were complete in 12 h to afford the cor-
responding tetrazoles 2a and 2b in 84 and 79% yield, re-
spectively (Table 1, entries 1 and 2). The nitriles 1c and 1d,
which have an electron-withdrawing NO2 group at the para
or meta position, produced the corresponding tetrazoles 2c
and 2d in excellent yield (Table 1, entries 3 and 4). Nitrile
1e, which contains an unprotected hydroxy group at the
para position, also gave the product tetrazole 2e in high
yield (Table 1, entry 5). Another aryl nitrile, 2-cyanonaph-
thalene (1 f), also reacted without any problems to give the
corresponding tetrazole 2 f in a high 92% yield (Table 1,
entry 6). The reaction of sterically hindered ortho-substitut-
ed aryl nitrile 1g afforded the desired tetrazole 2g in 50%
yield, although a prolonged reaction time, higher tempera-
ture, and a larger amount of catalyst were required (Table 1,


entry 7). It is now clear that the tetrazole-forming reaction
tolerates a wide range of functional groups, and the [3+2]
cycloaddition proceeds well irrespective of the position and
electronic nature of the substituents on the aromatic ring.
Next, we investigated the reactivity of the alkyl nitriles 1h–
j. The reaction of benzylnitrile (1h), valeronitrile (1 i), and
sterically bulky pivalonitrile (1 j) furnished the desired tetra-
zoles 2h–j in good to moderate yields, although longer reac-
tion times were needed (Table 1, entries 8–10).


The structures 2a–j were assigned by 1H and 13C NMR
spectroscopy as well as mass spectrometry. Besides these
spectral structural determinations, the structure of 2a was
unambiguously confirmed by X-ray crystal-structure analysis
(Figure 1).[13] The crystal-structure analysis indicates that 2a


has two conformations, 2a1 and 2a2, in the crystal state with
a 1:1 ratio, which are derived from the different orientations
of the methoxy group with respect to the hydrogen atom on
N1 or N4.


A plausible mechanism for the [3+2] cycloaddition is
shown in Scheme 3. Initially, Cu2O reacts with HN3 to pro-


Table 1. Effect of catalyst and solvent on the formation of tetrazole 2a
from 1a.[a]


Entry Catalyst Solvent (ratio) Yield [%][b]


1 Cu2O
[c] DMSO 30


2 Cu2O
[c] DMF 46


3 Cu2O
[c] MeOH/DMF (1:9) 95 (84)[d]


4 Cu2O
[c] iPrOH/DMF (1:9) 77


5 Cu2O
[c] H2O/DMF (1:9) 86


6 Cu2O
[c] HCl/DMF (1:9) 32


7 CuBr MeOH/DMF (1:9) ACHTUNGTRENNUNG(85)
8 CuCl MeOH/DMF (1:9) ACHTUNGTRENNUNG(67)
9 CuI MeOH/DMF (1:9) 69


10 CuCl2 MeOH/DMF (1:9) 64
11 CuBr2 MeOH/DMF (1:9) 72
12 CuO MeOH/DMF (1:9) 78
13 CuOAc MeOH/DMF (1:9) 62
14 none MeOH/DMF (1:9) 34
15 AuCl MeOH/DMF (1:9) ACHTUNGTRENNUNG(16)
16 ZnBr2 MeOH/DMF (1:9) 32


[a] The reaction of 1a with TMSN3 (1.5 equiv) was carried out in the
presence of 5 mol% catalyst at 100 8C for 24 h. [b] Yield determined by
1H NMR spectroscopy with dibromomethane as an internal standard.
Yield of isolated product is shown in parentheses. [c] 2.5 mol% catalyst
was used. [d] 2.5 mol% Cu2O was used at 80 8C for 12 h. DMSO=di-
methyl sulfoxide.


Table 2. Copper-catalyzed synthesis of 5-substituted 1H-tetrazoles 2.[a]


Entry R 1 t [h] 2 Yield [%][b]


1 p-MeO-C6H4 1a 12 2a 84
2 p-Me-C6H3 1b 12 2b 79
3 p-NO2-C6H4 1c 12 2c 96
4 3,5-(NO2)2-C6H4 1d 12 2d 91
5 p-HO-C6H4 1e 12 2e 87
6 2-naphthyl 1 f 12 2 f 92
7 2-(p-tolyl)-C6H4 1g 24 2g 50[c]


8 benzyl 1h 24 2h 66
9 n-butyl 1 i 24 2 i 55


10 tert-butyl 1j 24 2j 36


[a] The reaction of 1 with TMSN3 (1.5 equiv) was carried out in the pres-
ence of 2.5 mol% Cu2O at 80 8C. [b] Yield of isolated product. [c] The re-
action was carried out in the presence of 10 mol% Cu2O at 120 8C.


Figure 1. ORTEP drawing and structures of 2a.


Scheme 3. Plausible mechanism for the copper-catalyzed formation of 5-
substituted 1H-tetrazoles 2.
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duce the CuN3 catalytic species; HN3 is formed in situ by
the reaction of TMSN3 with MeOH.[14] The [3+2] cycloaddi-
tion between the C�N bond of nitrile 1 and CuN3 takes
place readily to form the intermediate B ; precoordination of
the nitrogen atom of the CN group of 1 with copper azide
to form complex A would accelerate this cyclization step.[15]


Protonolysis of the intermediate B by HN3 affords the 5-
substituted 1H-tetrazole 2 and the copper azide catalyst.


To obtain support for the proposed mechanism, the fol-
lowing experiments were carried out. The reaction of 1a
(1 equiv) with NaN3 (1.5 equiv) in the presence of 20 mol%
of CuN3, which was generated in situ from NaN3 (0.2 equiv)
and CuI (0.2 equiv),[16] in MeOH/DMF (1:9) gave the corre-
sponding tetrazole 2a in 92% yield, based on CuI
(Scheme 4, [Eq. (10)]), as determined by NMR spectrosco-


py.[17] On the other hand, the reaction of 1a with NaN3 in
MeOH/DMF (1:9) did not proceed at all in the absence of
the in situ CuN3 catalyst, and the starting material 1a was
recovered in 89% yield (Scheme 4, [Eq. (11)]). These results
clearly indicate that 1) CuN3 is a key catalytic species that
enables the [3+2] cycloaddition with 1a to produce B, 2) B
undergoes protonolysis with MeOH to give 2a, and 3) the
[3+2] cycloaddition of 1a with NaN3 does not take place.


Copper Bromide and Triethylamine-Catalyzed Synthesis of
5-Substituted 1H-Tetrazoles from Nitriles and Trimethylsilyl


Azide


When a lower reaction temperature such as 60 8C was used
in the Cu2O-catalyzed reaction of 1a with TMSN3 in
MeOH/DMF, 2a was obtained in only 9% yield [Eq. (12)]
(Table 3, entry 1 vs. Table 1, entry 3). It was reported that
Et3N·HN3 can be formed by mixing Et3N with TMSN3 and
MeOH.[18] Koguro et al. also reported a facile method for
tetrazole synthesis with nitriles and NaN3 in the presence of
a stoichiometric amount of Et3N·HCl.[2d] They proposed that
the reaction would proceed through cycloaddition between
nitriles with Et3N·HN3, which is generated in situ by the re-
action of NaN3 and Et3N·HCl. Inspired by their report,[2d]


we examined the reaction of 1a and TMSN3 in the presence
of 2.5 mol% of Cu2O and 20 mol% of Et3N. As expected,


2a was obtained in 59% yield at 60 8C (Table 3, entry 2).
The reaction without the combined catalyst did not afford
any products (Table 3, entry 3). The reaction of 1a with
TMSN3 in the presence of Et3N alone gave a low yield of 2a
(Table 3, entry 4). This result indicates that Et3N alone
cannot act as a catalyst for the tetrazole-forming reaction.
Further investigation of other copper catalysts revealed that
the yield of 2a was dramatically increased in the presence of
2.5 mol% of CuBr (instead of Cu2O) and 20 mol% of Et3N
(Table 3, entry 5), and that [CuCl ACHTUNGTRENNUNG(PPh3)3] also exhibited
high catalytic activity (Table 3, entry 6).


With the optimized combined-catalyst conditions in hand,
we investigated the cycloaddition reaction with the selected
nitriles 1g–i (Table 4). The reaction of sterically hindered
ortho-substituted aryl nitrile 1g with TMSN3 was carried out
in the presence of 2.5 mol% CuBr and 40 mol% Et3N in
MeOH/DMF (1:9) to afford the corresponding tetrazole 2g
in 44% yield, although higher temperature and prolonged
reaction time were needed (Table 4, entry 2). The alkyl ni-
triles 1h and 1 i furnished the desired tetrazoles 2h and 2 i in
75 and 41% yield, respectively, with 2.5 mol% of CuBr and
20 mol% of Et3N at 60 8C (Table 4, entries 3 and 4).


Scheme 4. Formation of 2a by the reaction of 1a with NaN3.[a] CuN3 was
prepared by mixing NaN3 with CuI in DMF at room temperature for
30 min. [b] Yield based on CuI determined by 1H NMR spectroscopy
with dibromomethane as an internal standard. [c] 1a was recovered in
89% yield.


Table 3. Effect of triethylamine on the formation of tetrazole 2a from
1a.[a]


Entry Catalyst Additive Yield [%][b]


1 Cu2O none 9
2 Cu2O Et3N 59
3 none none 0
4 none Et3N 27
5 CuBr Et3N 96 (83)
6 ACHTUNGTRENNUNG[CuCl ACHTUNGTRENNUNG(PPh3)3] Et3N 89


[a] The reaction of 1a with TMSN3 (1.5 equiv) was carried out in the
presence of 2.5 mol% copper catalyst and 20 mol% Et3N at 60 8C for
24 h. [b] Yield determined by 1H NMR spectroscopy with dibromome-
thane as an internal standard. Yield of isolated product is shown in pa-
rentheses.


Table 4. Synthesis of 5-substituted 1H-tetrazoles 2 catalyzed by CuBr
and Et3N.[a]


Entry R 1 t [h] 2 Yield [%][b]


1 p-MeO-C6H4 1a 24 2a 83
2 2-(p-tolyl)-C6H4 1g 36 2g 44[c]


3 benzyl 1h 24 2h 75
4 n-butyl 1 i 24 2 i 41


[a] The reaction of 1 with TMSN3 (1.5 equiv) was carried out in the pres-
ence of 2.5 mol% CuBr catalyst and 20 mol% Et3N at 60 8C for 24 h.
[b] Yield of isolated product. [c] The reaction of 1g and TMSN3 (2 equiv)
was carried out in the presence of 2.5 mol% CuBr and 40 mol% Et3N at
100 8C.
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A proposed mechanism for the formation of tetrazole 2
with the copper and Et3N combined catalyst is shown in
Scheme 5. Initially, Et3N·HN3 salt is formed in situ by the re-


action of Et3N, TMSN3, and MeOH. Subsequently, CuBr
catalyst reacts with Et3N·HN3 to produce the CuN3 catalytic
species and Et3N·HBr. The [3+2] cycloaddition between
CuN3 and nitrile 1 affords the Cu–tetrazole complex B via
formation of the complex A. Protonolysis of the intermedi-
ate B by Et3N·HBr or HN3 produces the desired product 2
along with the regenerated CuBr or CuN3 and Et3N catalyst.


The above results further support the intervention of
CuN3 species in the catalytic cycle and indicate that 1) the
ease of exchange between CuBr catalyst and the Et3N·HN3


formed in situ to produce the CuN3 species, and 2) the ease
of protonolysis of the Cu–tetrazole complex B by Et3N·HBr
to regenerate the copper catalyst, are two important factors
for accelerating the catalytic cycloaddition reaction.


Conclusions


We are now in a position to synthesize the 5-substituted tet-
razole 2 with a wide range of substituents in good to high
yields through the efficient and convenient copper-catalyzed
[3+2] cycloaddition reaction between nitriles 1 and trime-
thylsilyl azide. Furthermore, we have demonstrated that a
copper and triethylamine combined catalyst also promotes
the cycloaddition reaction at relatively low reaction temper-
atures. The reactions most likely proceed through the forma-
tion in situ of a copper azide catalytic species, followed by a
successive [3+2] cycloaddition with the nitrile.


Experimental Section


General


1H and 13C NMR spectra were recorded on a JEOL JNM AL 400-MHz
spectrometer. 1H NMR spectra are reported as follows: chemical shifts
(d) in ppm downfield from tetramethylsilane as an internal standard,


multiplicities (s= singlet, d=doublet, t= triplet, q=quartet, m=multip-
let, br=broad), coupling constants (Hz), integration. 13C NMR chemical
shifts (d) are reported in ppm relative to the central line of the triplet for
[D6]DMSO at 3.50 ppm. IR spectra were recorded on a SHIMADZU
FTIR-8200A spectrometer; absorptions are reported in cm�1. High-reso-
lution mass spectra were obtained on a HITACHI M-2500S spectrometer.
X-ray crystallographic data were obtained on a Rigaku/MSC Saturn dif-
fractometer with a Cu CCD device. Column chromatography was carried
out with silica gel 60 N (spherical, neutral, 40–100 mm, KANTO Chemical
Co.). Analytical thin-layer chromatography (TLC) was performed on 0.2-
mm precoated plates with Kieselgel 60 F254 (Merck). Anhydrous DMF
(WAKO), methanol (WAKO), triethylamine (WAKO), trimethylsilyl
azide (TCI), Cu2O (Aldrich), and CuBr (Aldrich) were purchased and
used as received. All other compounds are commercially available. Ele-
mental analysis was performed on a CHN CORDER MT-6.


Syntheses


Representative procedure for the Cu2O-catalyzed synthesis of 2 : Trime-
thylsilyl azide (0.1 mL, 0.75 mmol) was added to a solution of Cu2O
(1.8 mg, 0.0125 mmol) and p-methoxybenzonitrile (1a ; 66.6 mg,
0.5 mmol) in DMF and MeOH (9:1, 1 mL, 0.5m) in a pressure vial. The
reaction mixture was stirred at room temperature for 10 min and then
heated at 80 8C for 12 h. After consumption of 1a, the reaction mixture
was cooled to room temperature and extracted with ethyl acetate. The or-
ganic layer was washed with HCl (1n), dried with anhydrous Na2SO4,
and concentrated. NaOH (0.25n) was added to the residue, and the re-
sulting mixture was stirred for 30 min at room temperature. The mixture
was washed with ethyl acetate, and then concentrated HCl was added
until the pH of the aqueous layer became 1. The aqueous layer was ex-
tracted with ethyl acetate (N3), and the combined organic layers were
washed with HCl (1n). The organic layer was dried over anhydrous
Na2SO4 and concentrated. Tetrazole 2a was obtained as a white solid in
84% yield (73.7 mg).


Representative procedure for the CuBr-and-triethylamine-catalyzed syn-
thesis of 2 : Trimethylsilyl azide (0.1 mL, 0.75 mmol) was added to a solu-
tion of CuBr (1.8 mg, 0.0125 mmol), Et3N (14 mL, 0.1 mmol), and 1a
(66.6 mg, 0.5 mmol) in DMF and MeOH (9:1, 1 mL, 0.5m) in a pressure
vial. The reaction mixture was stirred at room temperature for 10 min
and then heated at 60 8C for 24 h. A workup procedure similar to that for
the Cu2O-catalyzed reaction was used, and tetrazole 2a was obtained in
83% yield (73 mg).


Experimental Data


2a : 5-(4-Methoxyphenyl)-1H-tetrazole: White solid; m.p.: 231–233 8C; IR
(KBr): ñ=3200–2300 (br), 1298, 1184, 1035, 750 cm�1; 1H NMR
(400 MHz, [D6]DMSO): d =3.83 (s, 3H), 7.14 (d, J=9.0 Hz, 2H),
7.96 ppm (d, J=9.0 Hz, 2H); 13C NMR (100 MHz, [D6]DMSO): 55.4,
114.7, 116.2, 128.5, 154.6, 161.3 ppm; HRMS (ESI): m/z calcd for
C8H7N4O: 175.0625 [M�H]� ; found: 175.0622; elemental analysis: calcd
(%) for C8H8N4O: C 54.53, H 4.58, N 31.81; found: C 54.60, H 4.83, N
32.06.


2b : 5-(4-Methylphenyl)-1H-tetrazole: White solid; m.p.: 248–249 8C; IR
(KBr): ñ=3100–2200 (br), 1614, 1569, 1504, 1163, 1055, 1028, 823,
744 cm�1; 1H NMR (400 MHz, [D6]DMSO): d =2.47 (s, 3H), 7.49 (d, J=


8.0 Hz, 2H), 8.00 ppm (d, J=8.0 Hz, 2H); 13C NMR (100 MHz,
[D6]DMSO): 21.0, 121.2, 126.8, 129.8, 141.0, 155.0 ppm; HRMS (ESI):
m/z calcd for C8H7N4: 159.0676 [M�H]� ; found: 159.0675; elemental
analysis: calcd (%) for C8H8N4: C 59.98, H 5.03, N 34.99; found: C 59.86,
H 5.21, N 35.12.


2c : 5-(4-Nitrophenyl)-1H-tetrazole: White solid; m.p.: 219–220 8C; IR
(KBr): ñ=3500–2400 (br), 1604, 1531, 1488, 1338, 1311, 993, 867,
854 cm�1; 1H NMR (400 MHz, [D6]DMSO): d =8.29 (d, J=9.0 Hz, 2H),
8.44 ppm (d, J=9.0 Hz, 2H); 13C NMR (100 MHz, [D6]DMSO): 124.6,
128.3, 130.7, 148.8, 155.6 ppm; HRMS (ESI): m/z calcd for C7H4N5O2:
190.0370 [M�H]� ; found: 190.0371; elemental analysis: calcd (%) for
C7H5N5O2: C 43.98, H 2.64, N 36.64; found: C 44.08, H 2.79, N 36.91.


2d : 5-(3,5-Dinitrophenyl)-1H-tetrazole: Yellow solid; m.p.: 178–179 8C;
IR (KBr): ñ=3200–2400 (br), 3097, 1535, 1342, 1082, 921, 754, 729 cm�1;


Scheme 5. Plausible mechanism for the formation of 2 catalyzed by
copper and triethylamine.
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1H NMR (400 MHz, [D6]DMSO): d=8.95 (dd, J=2.0, 2.0 Hz, 1H),
9.14 ppm (d, J=2.0 Hz, 2H); 13C NMR (100 MHz, [D6]DMSO): 120.0,
126.6, 127.9, 148.6, 154.7 ppm; HRMS (ESI): m/z calcd for C7H3N6O4:
235.0221 [M�H]� ; found: 235.0221; elemental analysis: calcd (%) for
C7H4N6O4: C 35.60, H 1.71, N 35.59; found: C 35.66, H 1.98, N 35.69.


2e : 5-(4-Hydroxyphenyl)-1H-tetrazole: White solid; m.p.: 234–235 8C; IR
(KBr): ñ=3600–3200 (br), 1616, 1515, 1471, 1282, 1247, 1080, 995,
842 cm�1; 1H NMR (400 MHz, [D6]DMSO): d =6.49 (d, J=8.5 Hz, 2H),
7.84 (d, J=8.5 Hz, 2H), 10.15 ppm (br s, 1H); 13C NMR (100 MHz,
[D6]DMSO): 114.6, 116.2, 128.7, 154.8, 160.0 ppm; HRMS (ESI): m/z
calcd for C7H5N4O: 161.0469 [M�H]� ; found: 161.0468.


2 f : 5-(2-Naphthyl)-1H-tetrazole: White solid; m.p.: 205–206 8C; IR
(KBr): ñ=3200–2200 (br), 3060, 1566, 1417, 1249, 1085, 1020, 825,
759 cm�1; 1H NMR (400 MHz, [D6]DMSO): d=7.59–7.68 (m, 2H), 7.98–
8.18 (m, 4H), 8.65 ppm (s, 1H); 13C NMR (100 MHz, [D6]DMSO): 121.5,
123.5, 126.9, 127.1, 127.7, 127.7, 128.5, 129.1, 132.5, 133.8, 171.8 ppm;
HRMS (ESI): m/z calcd for C11H7N4: 195.0676 [M�H]� ; found:
195.0676; elemental analysis: calcd (%) for C11H8N4: C 67.33, H 4.11, N
28.56; found: C 67.03, H 4.36, N 28.71.


2g : 5-(2-(4’-methyl)biphenyl)-1H-tetrazole: White solid; m.p.: 149–
151 8C; IR (KBr): ñ=3200–2300 (br), 1600, 1568, 1483, 1446, 1398, 1245,
1159, 825, 756 cm�1; 1H NMR (400 MHz, [D6]DMSO): d =2.28 (s, 3H),
6.95 (d, J=8.0 Hz, 2H), 7.10 (d, J=8.0 Hz, 2H), 7.48–7.58 (m, 2H), 7.59–
7.70 ppm (m, 2H); 13C NMR (100 MHz, [D6]DMSO): 20.7, 123.1, 127.4,
128.5, 128.8, 130.4, 130.5, 131.0, 136.2, 136.6, 141.3, 154.2 ppm; HRMS
(ESI): m/z calcd for C14H11N4: 235.0989 [M�H]� ; found: 235.0989.


2h : 5-Benzyl-1H-tetrazole: White solid; m.p.: 123–124 8C; IR (KBr): ñ=


3300–2200 (br), 1533, 1494, 1458, 1251, 1074, 734, 711 cm�1; 1H NMR
(400 MHz, [D6]DMSO): d=4.27 (s, 2H), 7.21–7.36 ppm (m, 5H);
13C NMR (100 MHz, [D6]DMSO): 28.9, 126.9, 128.5, 128.6, 135.8,
155.1 ppm; HRMS (ESI): m/z calcd for C8H7N4: [M�H]� 159.0676;
found: 159.0675; elemental analysis: calcd (%) for C8H8N4: C 59.98, H
5.03, N 34.99; found: C 60.00, H 5.13, N 35.09.


2 i : 5-n-Butyl-1H-tetrazole: White solid; m.p.: 40–42 8C; IR (KBr): ñ=


3100–2300 (br), 2960, 2877, 1583, 1550, 1467, 1261, 1109, 1045 cm�1;
1H NMR (400 MHz, [D6]DMSO): d=0.88 (t, J=7.5 Hz, 3H), 1.30 (sext,
J=7.5 Hz, 2H), 1.66 (q, J=7.5 Hz, 2H), 2.85 ppm (t, J=7.5 Hz, 2H);
13C NMR (100 MHz, [D6]DMSO): 13.5, 21.5, 22.4, 29.1, 155.6 ppm; ele-
mental analysis: calcd (%) for C5H10N4: C 47.59, H 7.99, N 44.42; found:
C 47.60, H 7.95, N 44.48.


2j : 5-tert-Butyl-1H-tetrazole: Colorless oil; IR (KBr): ñ =3300–2300 (br),
2981, 2869, 1560, 1467, 1398, 1377, 1265, 1218, 1045 cm�1; 1H NMR
(400 MHz, [D6]DMSO): d =1.36 ppm (s, 9H); 13C NMR (100 MHz,
[D6]DMSO): 28.9, 30.3, 163.2 ppm; HRMS (ESI): m/z calcd for C10H19N8:
251.1738 [2M�H]� ; found: 251.1739; elemental analysis: calcd (%) for
C5H10N4: C 47.59, H 7.99, N 44.42; found: C 47.71, H 7.92, N 44.43.
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Introduction


p38 mitogen-activated protein kinase (MAPK) has been
identified as an anti-inflammatory drug binding protein, a
lipopolysaccharide-activated protein kinase, or a stress-re-
sponsive protein kinase.[1] p38 is implicated as a mediator to
transmit intracellular signaling for cell survival, differentia-
tion, and response to stress, including various cytokines. We
have studied to elucidate the precise molecular mechanism
by which p38 can exert various responses to different stimu-
li,[2–4] and we previously showed that p62/SQSTM1, known
as a phosphotyrosine-independent ligand for the p56lck-SH
domain,[5] bound to regulate p38 in vitro.[6] It is also known
that p62 plays important roles in proteasomal or autophago-
somal protein degradation[7,8] and cytokine receptor signal


transduction pathways.[9,10] Our further biological studies,
such as co-immunoprecipitation assays using deletion mu-
tants of p62, revealed two domains that play an essential
role for the interaction with p38, however, it was not clear
whether both domains interacted with p38 directly. We
thought that the SPR imaging technique was suitable for the
determination of the binding site between p38 and p62 by
detecting the SPR signals that were produced by the interac-
tion between p38 and peptides derived from p62.


We have recently developed a “photoaffinity” surface
plasmon resonance (SPR) imaging platform to enable the
immobilization of structurally diverse small molecules on
solid supports in a “functional group-independent”
manner.[11] However, the SPR signals generated by the inter-
action between p38 and p62 were not detected under previ-
ously reported conditions. Herein, we describe the improve-
ment of the photoaffinity-thiol linker of our SPR imaging
platform to enable us to investigate the binding site of p62
to p38, and this new linker enables us to determine the bind-
ing site.


Abstract: p38 mitogen-activated pro-
tein kinase (MAPK) is a member of
the serine/threonine kinases and is acti-
vated in response to stress stimuli, such
as cytokines, ultraviolet irradiation,
heat shock, and osmotic shock. We re-
vealed in a previous report that p62/
SQSTM1, known to participate in pro-
teasomal or autophagosomal protein
degradation and cytokine receptor
signal transduction pathways, binds to


p38 to regulate specifically. Herein, we
describe the improvement of the pho-
toaffinity-thiol linker of our SPR imag-
ing platform, which enabled us to de-
termine the binding site of p62 to p38.
SPR imaging experiments using a new


photoaffinity linker 2 to immobilize the
peptides derived from p62 on gold sub-
strate indicate that the domain com-
prising amino acids 164–190 of p62
binds to p38 directly. These SPR analy-
sis data and empirical biologic data
reveal that the binding site of p62 to
p38 is the domain corresponding to
173–182.
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Results and Discussion


Improvement of the Photoaffinity-Thiol Linker for SPR
Imaging


In recent years, the SPR imaging technique has been used
to observe multiple interactions between non labeled biolog-
ical molecules and surface-bound molecules such as
DNA,[12,13] protein,[14,15] peptide,[16] and small molecules[17, 18]


with an array format. However, most immobilization meth-
ods on a chip need a specific functional group to mediate
covalent attachment to the solid surface. In the case of pep-
tides, a specific amino acid sequence or biotin group on the
peptide terminus is necessary for immobilization. It is im-
plied that the amino acid sequence that can be immobilized
is limited, or the structure of the immobilized peptide differs
from the original structure by modifications, such as biotiny-
lation. There are easy methods to immobilize either the C-
or N-terminus of peptides to the chip. However, there are
few methods to immobilize, in uniform condition, both C-
and N-termini of peptides onto the solid surface. The immo-
bilization method requiring the specific terminus of the pep-
tide is not usable when the terminal sequence is responsible
for the recognition of the binding partner. Once the termi-
nal was used for the immobilization, the interaction of the
peptide with the binding partner can not be observed.


We have recently developed a “photoaffinity-linking” pro-
tocol to enable the introduction of structurally diverse small
molecules on solid supports in a “functional group-inde-
pendent” manner.[19, 20] In this protocol, small molecules are
immobilized on a chip by a highly reactive carbene species
generated from surface-bound aryl diazirine upon UV irra-
diation.[21–23] We confirmed that immobilized peptides on
glass slides by our photoaffinity method were detectable
with proteins known to bind to the peptide, and those re-
sults demonstrated the functional-group independency of
the photoaffinity-linking method.[24] As mentioned above,
we also reported the development of the photoaffinity SPR
imaging platform to observe the interaction between nonla-
beled proteins and nonmodified small-molecules on chips.[11]


Thus, we thought that our SPR imaging technique was suita-
ble for determination of the binding site between p38 and


p62 using the detection of SPR signals produced by the
binding of p38 to synthetic peptides derived from p62.


First, we used photoaffinity-thiol linker 1 (Figure 1), ter-
minated with a phenyl-diazirine group, and dummy linker 5,
terminated with a hydroxyl group, reported previously,[11] to


photochemically immobilize the p38-binding peptide
MNSRKPDLRVVIPPSS derived from myocyte enhancer
factor 2A (MEF2A), which is a specific substrate of p38, as
a positive control, and its mutants MNSAAPDLRVVIPPSS
and MNSRKPDARAVIPPSS as negative controls.[25] How-
ever, in this model system, the SPR signals produced by the
binding of p38 were too low to make a sharp contrast be-
tween the positive and negative signals (Figure 3 b-A).


In the studies previously conducted, the SPR signals were
often undetectable, although the interactions should theoret-
ically be observed according to their dissociation constant.
Hence, we decided to synthesize new linkers to re-examine
the length of the polyethylene glycol (PEG) chain and the
necessity of the NH group in the PEG chain.


We synthesized new photoaffinity-thiol linkers 2–4
(Figure 1), as shown in Scheme 1. Tri(ethyleneglycol) deriva-
tive 6 was oxidized with Dess–Martin Periodinane to an al-
dehyde and then coupled with aryl-diazirine derivative 8 by
reductive amination to give 9 with a 22 % yield from 6. The
deprotection of 9 afforded photoaffinity-thiol linker 3 in a
96 % yield. Amino-thiols 10 and 11 were condensed with 12
to give 2 and 4 in 61 % and 44 % yields, respectively.


To evaluate the newly synthesized linkers, we prepared
photoaffinity-linker-coated gold substrates (PGSs) from 1–4
to immobilize 11 digoxin analogs on gold surface, and these
PGSs were treated with a mouse monoclonal anti-digoxin
antibody (Figure 2). In our previous report, it was confirmed
that the interaction between digoxin and its antibody was
observed on a PGS coated with 1.[11] In a structure–activity
relationship (SAR) experiment with the photoaffinity small
molecule microarray that we reported previously, the signal
strength produced by the interaction of the digoxin analog
and anti-digoxin antibody on the array significantly correlat-
ed with the results of the solution-phase binding assay.[24] So,
the digoxin analog–digoxin antibody model system was
thought to be appropriate for evaluation, whether the ob-
served SPR signals on the PGSs coated with new photoaf-
finity linkers were reasonable or not. As shown in Figure 2,
the observed SPR signals produced by the interaction of di-
goxin analogs and the anti-digoxin antibody were relatively


Abstract in Japanese:


Figure 1. Structure of the photoaffinity linkers 1–4 and dummy linker 5.
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reasonable in all cases, and the new linkers improved detec-
tion sensitivity. In particular, the PGS that was coated with
linker 2 gave sufficient results for analysis of the interaction
of digoxin analogs and anti-digoxin antibody in terms of
good S/N ratio, sensitivity, and shape of the spots (Fig-
ure 2 c-B).[26] As shown in Figure 2 c-A, C, and D, the spot


size differed with each com-
pound, although the signal
strength was enough to evalu-
ate the interaction between di-
goxin analogues and anti-digox-
in antibody. These spots had a
high tendency to vary in size on
the PGSs coated with 1 and 3,
being the NH-group including
linkers. However, we have not
reached a conclusion about the
optimal structure of the photo-
affinity linker for this platform,
because this tendency of a
shrinking in the size of the
spots was also observed with
linker 4.


Proof-of-Concept Study and
Determination of the Binding
Site Between p38 and p62[27]


Next, we used new linkers 2–4
in the foregoing “p38-MEF2A”
model system in a proof-of-con-


cept study (Figure 3 B–D). The best result was again ob-
tained with linker 2. The SPR signals produced by p38 bind-
ing to peptides on a PGS coated with 2, were enough to esti-
mate the differences between positive control and negative
controls, and gave good S/N ratios. The nonspecific back-
ground signals tended to be high on PGSs coated with NH-
group including linkers. Although the increasing SPR signals
of the experiments with linkers 3 and 4 were low, they
tended to be similar to the signal obtained with linker 2.
These results indicated that this SPR imaging system
worked well to detect specific binding to p38.


Since the proof-of-concept study was successful, the prac-
tical application of the SPR imaging technique to determine
the binding site between p62 and p38 was performed
(Figure 4). Further to MEF2 A-related peptides, six peptides
derived from p62, thought to play important roles in binding
to p38 in previous biological assays,[27] were arrayed on a
chip that was coated with linker 2 (Figure 4 a). The SPR
imaging study indicated that the three peptides 6, 9, and 10,
corresponding to amino acids 164–190 of p62, bound to p38
directly, and peptide 10, corresponding to 178–190, bound to
p38 the strongest.[28] These results are in reasonable agree-
ment with the empirical biologic results, suggesting that the
domain comprising amino acids 173–182 of p62 is essential
for binding to p38. However, it was indicated that the
domain corresponding to 330–342, peptide 5, was also very
important for binding in the biological assay; this SPR imag-
ing experiment revealed that the direct interaction between
p38 and peptide 5 was smaller as compared with the interac-
tion of p38 to peptides 6, 9, and 10. So, we speculate that
p38 can bind to the domain comprising amino acids 164–190
of p62 directly, and that, another important domain compris-


Scheme 1. Synthesis of the photoaffinity-thiol linkers.


Figure 2. Comparison and evaluation of new photoaffinity-thiol linkers.
Interaction between digoxin analogs and anti-digoxin antibody on PGS
coated with photoaffinity-thiol linker 1–4. a) The array pattern of the im-
mobilized digoxin analogs. M: marker to fit spot area for SPR signal
analysis; D: DMSO. b) Immobilized digoxin analogs and their IC50,
value, which was determined by the solution-phase binding assay.[24]


c) Observed SPR difference images when the gold substrate coated with
each photoaffinity linker (1–4) was treated with a solution of anti-digoxin
antibody (8 mgmL�1); A) 1 (0.1 mm) and 5 (0.9 mm), B) 2 (0.1 mm) and 5
(0.9 mm), C) 3 (0.1 mm) and 5 (0.9 mm), D) 4 (0.1 mm) and 5 (0.9 mm).
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ing amino acids 330–342 has another role in the interaction
between p38 and p62, such as a role to form a certain con-
formation suitable for association with p38. Furthermore,
peptide 3, which includes cationic amino acid residues,
bound weakly to p38, and peptide 4—which includes the
PESE sequence with homology to PXSP, the substrate se-
quence of p38—did not bind to p38.


Conclusions


Our photoaffinity SPR imaging platform is significantly im-
proved by reviewing the thiol linkers used to coat the sur-
face of the gold substrate. New photoaffinity linkers 2 and 3
allow the identification of the binding site between p38 and
p62. Notably, linker 2 improves the signal strength and S/N


ratio of SPR signals of the protein–peptide interaction,
which was difficult to analyze by SPR imaging experiments
using conventional linker 1. Furthermore, the new linkers
also improve the detection sensitivity of the interactions be-
tween not only peptides and proteins but also small mole-
cules and proteins. We have confirmed some cases that the
linker 3 is suitable in SPR experiments using different pro-
teins and other series of small molecules, although linker 2
gave good results for the binding site determination of p38
and p62. Unfortunately, we are yet to find a generally appli-
cable linker. Therefore, further studies on the improvement
of this SPR platform and screening of new bioprobes are in
progress.


Experimental Section


Synthesis


All commercially available chemicals for chemical synthesis were used
without further purification. All reactions were carried out under an
argon atmosphere and monitored by thin-layer chromatography with
0.25 mm pre-coated silica gel plates 60F254 Art 5715 (Merck, Darmstadt,
Germany) and FUJI SILYSIA CHEMICAL LDT Chromatorex 0.25 mm
NH-silica gel plates (Fuji Silysia Chemical LDT, Aichi, Japan). For silica-
gel column chromatography, Silica gel 60 N (Kanto Chemical Co., Inc.,
Tokyo, Japan) and NH-silica gel (Fuji Silysia Chemical LDT, Aichi,
Japan) were utilized. 1H NMR spectra were recorded on a JEOL JNM-


Figure 3. Proof-of-concept study: Detection of the interaction between
p38 and control peptides derived from MEF2 A. SPR difference images
showing the binding of GST-p38 to control peptides examined on PGSs.
a) DMSO solution of peptides (10 mm) was spotted to the areas designat-
ed below: D: DMSO; 1: MNSRKPDLRVVIPPSS (positive control); 2:
MNSAAPDLRVVIPPSS (negative control); 3: MNSRKPDARAVIPPSS
(negative control). b) Observed SPR difference images when the gold
substrate coated with each photoaffinity-thiol linker (1–4) was treated
with a solution of GST-p38 (0.3 mg mL�1); A) 1 (0.1 mm) and 5 (0.9 mm),
B) 2 (0.1 mm) and 5 (0.9 mm), C) 3 (0.1 mm) and 5 (0.9 mm), D) 4
(0.1 mm) and 5 (0.9 mm). c) Increase of SPR signal by incubation with
GST-p38 for 10 min. A–D correspond to A)–D) of (b). Each entry repre-
sents the average of six spots.


Figure 4. Determination of the binding site of p62 to p38. Detection of
the interaction between peptides derived from p62 and GST-p38.
a) Array design of the immobilized peptides. 1–10 show the spot area of
each peptide. b) The amino acid sequence of the synthesized peptide.
c) Observed SPR difference image when the gold substrate coated with
photoaffinity-thiol linker 2 and dummy linker 5 was treated with a solu-
tion of GST-p38 (0.3 mg mL�1). d) Increase of SPR signal by incubation
with GST-p38 for 10 min normalized by the signal strength of DMSO.
Each entry represents the average of two spots. e) The association
domain of p62 to p38 identified in this SPR imaging experiment. Black
bars and numbers show the approximate regions of synthetic peptides in
p62. SH2, AID, ZZ, TRAF6, PEST, and UBA indicate the domains that
interact with the respective binding proteins or participate in the stability
of proteins.
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AL400 spectrometer. Fast atom bombardment (FAB) mass spectra were
obtained using a JMS-HX110 mass spectrometer.


Photoaffinity-thiol linker 3 : Dess–Martin Periodinane (182 mg,
0.43 mmol) was added to a solution of 6[29] (81.0 mg, 0.21 mmol) in
CH2Cl2 (10 mL) at room temperature (RT). After the reaction mixture
had been stirred for 6 h, it was filtered through a celite pad and concen-
trated in vacuo. AcOH (13 mL, 0.22 mmol) and NaBH3CN (7.8 mg,
0.12 mmol) were added to a solution of the crude aldehyde (100 mg) and
amine 8[24] (50.0 mg, 0.11 mmol) in methanol at RT and stirred for 12 h at
this temperature. The reaction was quenched with saturated aqueous so-
lution of NaHCO3 (5 mL), and concentrated in vacuo. The residue was
diluted with water (5 mL) and extracted with EtOAc (10 mL Q 3). The or-
ganic layers were washed with brine (5 mL), dried over Na2SO4, filtered,
and concentrated in vacuo. The residue was purified by NH-silica gel
column chromatography (CHCl3/MeOH =15:1) to afford 9 (20 mg,
0.023 mmol, 22%) as a pale yellow oil.


An aqueous solution of NaSMe (0.17 mL, 15%, 0.35 mmol) was added to
a solution of 9 (20.0 mg, 0.023 mmol) in MeOH (3 mL) at RT. The reac-
tion mixture was stirred for 2 h at RT, then quenched with water (3 mL),
and concentrated in vacuo. The residue was diluted with water (5 mL)
and extracted with EtOAc (10 mL Q 3). The organic layers were washed
with brine (5 mL), dried over Na2SO4, filtered, and concentrated in
vacuo. The residue was purified by NH-silica gel column chromatography
(CHCl3/MeOH =15:1) to give thiol linker 3 (18 mg, 0.022 mmol, 96 %) as
a pale yellow oil. 9 : 1H NMR (400 MHz, CDCl3): d =7.84 (2 H, d. J=


8.4 Hz), 7.21 (2 H, d, J=8.4 Hz), 7.04 (1 H, br), 3.64–3.48 (32 H, m), 3.40
(2 H, t, J=6.8 Hz), 2.76 (2 H, dt, J=3.1, 5.3 Hz), 2.65 (2 H, t, J=7.2 Hz),
2.10–1.99 (2 H, br), 1.64 (2 H, dt, J=7.0, 14.8 Hz), 1.53 (2 H, dt, J=7.0,
14.0 Hz), 1.40–1.20 ppm (16 H, m); FAB-MS m/z (%): 55 (100), 782 (6.3),
784 (8.3), 810 (5.0), 811 (5.2) [M+H]+ ; HR-FAB-MS (NBA) m/z (%)
calcd for C38H66F3N4O9S: 811.4503 [M+H]+ ; found 811.4519.


Photoaffinity-thiol linker 2 : 12[30] (22.5 mg, 0.068 mmol) was added to a
solution of 10[31] (44.0 mg, 0.086 mmol) in CH2Cl2 (10 mL) at RT. After
the reaction mixture had been stirred for 2 h, it was concentrated in
vacuo. The residue was purified by silica-gel column chromatography
(CHCl3/MeOH =10:1) to give thiol linker 2 (39.0 mg, 0.057 mmol, 61%)
as a pale yellow oil. 2 : 1H NMR (400 MHz, CDCl3): d=7.83 (2 H, d, J=


7.9 Hz), 7.23 (2 H, d, J=7.9 Hz), 6.92 (1 H, br), 3.65–3.52 (22 H, m), 3.41
(2 H, t, J=6.7 Hz), 2.65 (2 H, t, J=7.1 Hz), 1.93–1.91 (1 H, br), 1.81–1.61
(2 H, m), 1.56–1.52 (2 H, m), 1.35–1.18 ppm (16 H, m); FAB-MS m/z (%):
55 (52), 185 (60), 228 (100), 229 (41), 256 (52), 650 (5.5), 652 (4.4), 678
(16) [M+H]+-2H 679 (7.1), 680 (3.7); HR-FAB-MS (NBA) m/z (%)
calcd for C32H51F3N3O7S: 678.3400 [M+H]+-2H; found 678.3419.


Photoaffinity-thiol linker 4 : 12 (32.0 mg, 0.10 mmol) was added to a solu-
tion of 11 (30.0 mg, 0.050 mmol) in CH2Cl2 (10 mL) at RT. After the re-
action mixture had been stirred for 12 h, it was concentrated in vacuo.
The residue was purified by silica gel column chromatography (CHCl3/
MeOH = 10:1) to give thiol linker 4 (18.0 mg, 0.022 mmol, 44%) as a
pale yellow oil. 4 : 1H NMR (400 MHz, CDCl3): d=7.83 (2 H, d, J=


8.5 Hz), 7.21 (2 H, d, J= 8.5 Hz), 6.94 (1 H, brs), 3.66–3.53 (34 H, m), 3.41
(2 H, t, J=6.8 Hz), 2.65 (2 H, t, J=7.2 Hz), 2.18–2.01 (1 H, br), 1.64 (2 H,
m), 1.52 (2 H, m), 1.35–1.24 ppm (16 H, m); FAB-MS m/z (%): 55 (75),
73 (100), 228 (75), 404 (38), 417 (34), 502 (15), 810 (7.3) [M+H]+-2H,
811 (3.2); HR-FAB-MS (NBA) m/z (%) calcd for C38H63F3N3O10S:
810.4186 [M+H]+-2H; found 810.4204.


Peptides : Peptides were synthesized by Research Resources Center/
Brain Science Institute/RIKEN. We designed the peptides as follows.
RKPDLRVVIPSS (positive control: corresponding to amino acids 269–
281 of MEF2A); MNSRKPDLRVVIPPSS (positive control: correspond-
ing to 266–281 of MEF2 A); MNSAAPDLRVVIPPSS (negative control:
MEF2 A mutant 1); MNSRKPDARAVIPPSS (negative control: MEF2 A
mutant 2); GGKRSRLTPVSPE (corresponding to 262–274 of p62);
LQMPESEGPSSLDP (corresponding to 356–369 of p62);
NCSGGDDDWTHLS (corresponding to 330–342 of p62);
TKLAFPSPFGHLS (corresponding to 164–176 of p62);
SPFGHLSEGFSHS (corresponding to 170–182 of p62);
GFSHSRWLRKVKH (corresponding to 178–190 of p62).


Preparation of the Recombinant Protein


The GST-hp38 expression plasmid was expressed in a bacterial strain,
BL21 (DE3), and grown in LB media (100 mgmL�1 ampicillin) at 37 8C
until the cell density reached an A600 of 0.8. The culture was induced with
IPTG (1 mm) and incubated at 37 8C for 2 h. The harvested bacterial cells
were resuspended in lysis buffer (50 mm Tris, pH 7.5, 25% sucrose) with
lysozyme (0.2 mg mL�1) and MgCl2 (0.01 mm). On ice for 1 h, flash-frozen
cells were thawed twice, and lysed by adding Nonidet P-40 (1 %) fol-
lowed by gentle sonication. After centrifugation at 10 000 rpm for 15 min
at 4 8C, the supernatant was mixed with glutathione-agarose beads
(SIGMA, 1 mL, 50 %) and rotated at 4 8C. After 2 h, the beads were
poured into a column and washed with wash buffer (20 mL, 20 mm Tris,
pH 7.5, 2 mm MgCl2, 1 mm DTT). Fusion protein was eluted with elution
buffer (5 mm GSH, 50 mm Tris, pH 9.6) and dialyzed into PBS with glyc-
erol (10 %).


Preparation of Photoaffinity-Linker-Coated Gold Substrates (PGSs) or
Digoxin Analogs and Peptide Printing on PGSs


The PGSs were prepared according to our previous report[11] with each
synthesized new photoaffinity linker. A gold-coated glass chip
(TOYOBO, Japan) was immersed in the ethanol solution, which con-
tained photoaffinity linker (0.1 mm of each) and dummy linker 5
(0.9 mm), for 12 h. The chip was rinsed successively with ethanol, water,
and ethanol, and dried to obtain a photo-reactive chip. DMSO solutions
of digoxin analogs (10 mm) or peptides were applied onto the chip by
using a MultiSprinter automated spotter (TOYOBO, Japan). The ob-
tained chip was dried in vacuo, and then irradiated at 365 nm under a
UV transmission filter (Sigma-Koki, Japan) with a CL-1000 L ultraviolet
cross-linker (UVP Inc. CA, USA). The irradiation energy on the chip
amounted to 2.8 J cm�2.[32] The chip was washed with DMSO for 6 h, and
then rinsed with water and ethanol.


Detection of Digoxin Analogs-Anti-Digoxin Antibody Interaction on PGS


The digoxin analog-immobilized gold substrate was placed into MultiS-
printer SPR imaging instruments (TOYOBO, Japan) and incubated with
BSA (0.1 %) in running buffer (10 mm HEPES, 150 mm NaCl, pH 7.4) for
5 min. After washing with running buffer, a solution of mouse monoclo-
nal anti-digoxin antibody clone DI-22 (Sigma–Aldrich Inc., MO, USA)
(0.1 mL, 8 mg mL�1) in running buffer was injected to the array surface at
0.1 mL min�1 and incubated for 10 min. All SPR experiments were per-
formed at 30 8C. The SPR image and signal data were collected with an
SPR analysis program (TOYOBO, Japan). The SPR difference image was
constructed by using a Scion Image (Scion, MD) program.


Detection of p38-Peptide Interaction on PGS


The peptide-immobilized gold substrate was placed into SPR imaging in-
struments (TOYOBO, Japan), and incubated with BSA (0.1 %) in run-
ning buffer (10 mm Hepes, 150 mm NaCl, pH 7.4) for 5 min. After wash-
ing with running buffer, a solution of GST-hp38 (0.1 mL, 0.3 mg mL�1) in
running buffer was injected to the array surface at 0.1 mL min�1 and incu-
bated for 10 min. All SPR experiments were performed at 30 8C. The
SPR image and signal data were collected with an SPR analysis program
(TOYOBO, Japan). The SPR difference image was constructed by using
a Scion Image (Scion, MD) program.
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Introduction


The Corey-Seebach Umpolung approach based on addition
reactions of 1,3-dithiane anions is a very useful tool in syn-
thetic organic chemistry and has widely been applied to the
synthesis of natural and unnatural compounds by temporari-
ly reversing the characteristic reactivity of carbonyl
groups.[1] For example, a-hydroxy or a-amino dithiane deriv-
atives are widely used for the synthesis of natural prod-
ucts.[2,3] Dithiane anions react with electrophiles such as car-
bonyl compounds and the dithiane moiety of the thus pro-
duced adducts can easily be converted either into the corre-
sponding carbonyl groups under mild oxidation conditions[4]


or into saturated alkyl substituents by reduction
(Figure 1).[2]


In general, a 1,3-dithiane addition reaction is carried out
by using 1,3-dithiane and an equimolar amount of a strong
base such as n-butyllithium, and the thus formed 2-lithio-
1,3-dithiane would be expected to work as a useful nucleo-
phile. Andersen et al. reported an alternative method by
using 2-trimethylsilyl-1,3-dithiane (TMS-dithiane) as the 1,3-


dithiane equivalent, which was activated by a stoichiometric
amount of tetrabutylammonium fluoride (TBAF) to gener-
ate the corresponding carbanion.[5] Further, tetrabutylammo-
nium triphenyldifluorosilicate (TBAT) was found to be an
alternative of TBAF by DeShong et al. as a mild fluoride
source in 1995.[6] On the other hand, Corey et al. reported
that various cesium salt mixtures containing cesium fluoride,
could be used as heterogeneous desilylating reagents.[7] Most
of these reactions are carried out by using an equimolar
amount of harmful fluoride reagents, and only a few exam-
ples of catalytic activation of TMS-dithiane are shown to
have been achieved.[6] Generally, these 1,3-dithiane addition
reactions are rather hard to apply to the ketones having a-
protons such as acetophenone because of the deprotonation
of its methyl group by dithiane anions. Therefore, it is essen-
tial to find milder conditions for the addition reaction of
1,3-dithiane to various electrophiles.


In our previous papers, it was shown that the nitrogen- or
oxygen-containing anions behaved as effective Lewis base
catalysts in the activation of trimethylsilyl (TMS) deriva-
tives.[8] Also, addition reactions with carbonyl and imino
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thiane addition to electrophiles such as
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aldimines with 2-trimethylsilyl-1,3-di-
thiane (TMS-dithiane) is described. By
the activation of the carbon-silicon
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Figure 1. Addition reactions and manipulations of 1,3-dithiane.
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compounds such as Aldol reactions,[9] Michael reactions,[10]


Mannich reactions,[11] trifluoromethylation,[12] cyanomethyla-
tion[13] and alkynylation[14] were successfully carried out in
the presence of Lewis base catalysts. In order to extend the
synthetic utility, activation of the carbon-silicon bond of
TMS-dithiane with a Lewis base was reported recently.[15] In
this paper, we would like to describe the scope and limita-
tion of the convenient method for the 1,3-dithiane addition
of various electrophiles with TMS-dithiane under mild con-
ditions promoted by Lewis base catalysts such as PhONn-
Bu4.


Results and Discussion


Lewis Base-Catalyzed 1,3-Dithiane Addition to Carbonyl
Compounds Using 2-Trimethylsilyl-1,3-dithiane


In order to investigate the effect of Lewis base catalysts, the
1,3-dithiane addition reaction of benzaldehyde 1a with
TMS-dithiane 2a was studied (Table 1). When acetates that


have counter cations such as lithium, potassium, or ammoni-
um were used, the reaction did not take place (entries 1–3),
nor did nitrogen-containing anions such as potassium phtha-
limide work (entry 4). On the other hand, the reaction pro-
ceeded when a phenoxide anion was employed as a counter
anion, though the yield of the desired product 3a was low.
The effect of the counter cations were further examined,
and the yield of 3a increased as the nucleophilicities of the
anions increased (entries 5–8), with the ammonium ion
giving the best result. This indicated that a suitable choice
of the counter cation of phenoxide was crucial for obtaining
the adducts in high yield. Further, the substituent effect of
the phenoxide anions were examined. Although 3a was ob-
tained in high yield when the phenoxide anion had an elec-
tron-donating group, the reaction did not proceed when an
electron-withdrawing group was employed (entries 9 and
10).


Next, the effects of solvents were examined in the pres-
ence of a catalytic amount of PhONnBu4 (Table 2). When


dichloromethane was used, the reaction did not take place
(entry 1). Similarly, no reaction took place in a less polar
solvent such as THF or toluene and 3a was obtained in poor
yield and a large amount of 1a remained unreacted (en-
tries 2 and 3). On the other hand, 3a was afforded in good
to high yields (entries 4–8) when the reaction was carried
out in polar solvents such as MeCN, DMF, dimethylaceta-
mide (DMAc), N-methylpyrrolidone (NMP), or DMSO. It
was then found that the activation of TMS-dithiane was pro-
moted in polar solvents, and the best result was obtained in
DMF.


The reactions of various aldehydes 1b–1 l with TMS-di-
thiane 2a in the presence of a catalytic amount of
PhONnBu4 were attempted (Table 3). Aromatic aldehydes
having electron-donating or -withdrawing groups reacted
smoothly with TMS-dithiane to afford 3b–3g in good to
high yields (entries 1–6) and the yields obtained from the re-
actions of the heteroaromatic aldehydes 1h and 1 i were also
good (entries 7 and 8). In the case of the aliphatic aldehydes
1 j and 1k, the reactions proceeded to give the desired ad-
ducts in good yields as well (entries 9 and 10). When an a,b-
unsaturated aldehyde 1 l was used, only the 1,2-addition


Table 1. Screening of Lewis base catalysts.


Entry Catalyst Yield [%][a] Entry Catalyst Yield [%][a]


1 AcOLi no reaction 6 PhONa 25
2 AcOK no reaction 7 PhOK 77
3 AcONnBu4 no reaction 8 PhONnBu4 96
4 phthalimide


K
no reaction 9 4-MeOPhONn-


Bu4


96


5 PhOLi 16 10 4-
NO2PhONnBu4


no reaction


[a] Yield of isolated product.


Table 2. Effect of solvents on 1,3-dithiane addition reaction.


Entry Solvent Yield [%][a] Entry Solvent Yield [%][a]


1 CH2Cl2 no reaction 5 DMF 96
2 THF 14[b] 6 DMAc 90
3 toluene 20[b] 7 NMP 84
4 MeCN 60 8 DMSO 77[c]


DMAc: Dimethylacetamide [a] Yield of isolated product. [b] The reac-
tion was carried out for 2 h. [c] The reaction was carried out at room
temperature.


Table 3. PhONnBu4 catalyzed dithiane addition of various aldehydes.


Entry 1 R Product Yield [%][a]


1 b 2-ClC6H4 3b 95
2 c 3-ClC6H4 3c 94
3 d 4-ClC6H4 3d 83
4 e 4-MeC6H4 3e 97
5 f 4-MeOC6H4 3 f 92
6 g 1-naphthyl 3g 81
7 h 2-furyl 3h 94
8 i 3-pyridyl 3 i 80
9 j tert-butyl 3j 60
10 k cyclohexyl 3k 83
11 l (E)-PhCH=CH 3 l 95


[a] Yield of isolated product.
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product 3 l was obtained in high yield (entry 11). Since the
dithiane adducts were a mixture of TMS ether and desilylat-
ed alcohol, in most cases, a complete desilylation by treating
the mixture with 1n HCl in a short time was necessary.


In order to extend the synthetic utility of this method, the
reactions of various electrophilic ketones were investigated
(Table 4). As shown in entry 1 where ketones have no pro-


tons at the a-position, the reaction proceeded smoothly to
afford 5a in high yields. In the case where an a-keto ester
4b was employed, the 1,3-dithiane addition took place re-
gioselectively to give the corresponding a-hydroxy ester 5b
in high yield (entry 2). The 1,2-adducts 5c and 5d were also
obtained in good to high yields when a,b-unsaturated ke-
tones were employed (entries 3 and 4). Importantly, the re-
actions of the substrates having a-protons such as acetophe-
none 4e afforded the desired adduct in moderate yield
though the reaction did not proceed to completion (entry 5).
When the amounts of 2a and PhONnBu4 were increased in
order to complete the reaction, 5e was obtained in 90%
yield (entry 6). Similarly, various aromatic ketones having a-
protons were successfully converted to the correponding ter-
tiary alcohols 5 f–5h in good yields (entries 7–9). Also, when
cyclohexylmethyl ketone 4 i was employed as the aliphatic
substrate, 5 i was obtained in moderate yield (entry 10).
These results indicate that the nucleophilic addition reaction
takes place prior to deprotonation of the substrates.


Lewis Base-Catalyzed 1,3-Dithiane Addition to N-
Substituted Aldimines Using 2-Trimethylsilyl-1,3-dithiane


Although catalytic 1,3-dithiane addition reactions of aldi-
mines have yet to be reported, the reactions of N-substitut-
ed aldimines were also attempted in order to extend the
utility of this synthetic method. At first, the effect of sub-
stituents on the nitrogen atom of aldimine were examined
by using a catalytic amount of PhONnBu4 in DMF


(Table 5). When N-toluenesulfonylimine 6a was used, the
desired adduct 7a was obtained in poor yield (entry 1). On
the other hand, the yield increased when an equimolar


amount of Lewis base was used (entry 2). These results
show that the Lewis base did not work catalytically for this
substrate. The desired product 7b was not detected when N-
o-nitrobenzenesulfonyl aldimine 6b was used (entry 3),
while the reaction proceeded catalytically to afford the cor-
responding adduct 7c in moderate yield with N-Boc imine
6c (entry 4). Also, when N-p-methoxyphenyl (PMP) imine
6d was used, the reaction proceeded smoothly to give the
best result (entry 5). On the other hand, when N-benzyli-
mine 6e was used, the desired products were not detected
because 6e was less reactive (entry 6). Notably, the influ-
ence of the reactivities of the imines in this reaction has
been found to be highly significant.


Based on the yields obtained, N-PMP benzaldimine 6d
was then chosen to optimize the reaction conditions
(Table 6). First, the reaction of 6d with 2a was examined in
the presence of various Lewis bases. The reactivity of the
Lewis base showed the same tendancy with the addition to
carbonyl compounds (entries 1–4), with PhONnBu4 giving a
better result (entry 5). However, some unreacted starting


Table 4. PhONnBu4 catalyzed dithiane addition of various ketones.


Entry
4 Ketone


Product Yield [%][a]


R1 R2


1 a Ph CF3 5a 93
2 b Ph CO2Me 5b 88
3 c (E)-PhCH=CH Ph 5c 91
4 d (E)-PhCH=CH Me 5d 75
5 e Ph Me 5e 60 (90[b])
6 f 4-MeOPh Me 5 f 75[b]


7 g 4-pyridyl Me 5g 70
8 h Ph iPr 5h 74[b]


9 i cyclohexyl Me 5 i 63[b]


[a] Yield of isolated product. [b] 50 mol% of catalyst and 3 equivalent of
TMS-dithiane were used.


Table 5. Effect of substituents on the nitrogen of aldimine.


Entry 6 R PhONnBu4 (mol%) Product Yield [%][a]


1 a Ts 30 7a 24
2 a Ts 100 7a 83
3 b Ns 30 7b not detected
4 c Boc 30 7c 53
5 d 4-MeOPh 30 7d 64
6 e Bn 30 7e no reaction


[a] Yield of isolated product.


Table 6. Optimization of reaction conditions.


Entry Catalyst TMS-dithiane
ACHTUNGTRENNUNG(equiv)


Yield [%][a]


1 AcOLi 2.0 no reaction
2 AcONnBu4 2.0 no reaction
3 PhOLi 2.0 7
4 PhOK 2.0 42
5 PhONnBu4 2.0 64
6 PhONnBu4 3.0 85[b]


7 PhONnBu4 3.0 46[c]


[a] Yield of isolated product. [b] 9% of compound 8 was isolated. [c] 20
mol% of PhONnBu4 was used.
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material 6d was also obtained along with the 1,3-dithiane
adduct 7d. Then, 3.0 equivalents of 2a was used in order to
complete the reaction. Thus, 6d completely disappeared and
gave the desired adduct in high yield (entry 6); however, the
yield decreased when the amount of the catalyst was re-
duced to 20 mol% (entry 7). As shown in entry 6, 9% of
olefin 8 was isolated as a by-product even under the opti-
mized conditions. The by-product 8 has been proposed to be
formed by the mechanism shown in Scheme 1. Hence, along


with the addition reaction, deprotonation of the remaining
unreacted 2a took place competitively with the dithiane
anion I to form anion II. The anion II successively reacted
with the electrophiles to form the olefin 8 (Peterson-type
olefination). These side reactions were not observed when
more reactive electrophiles such as carbonyl compounds
were used.


Reactions of various N-PMP aldimines 6 f–o with 2a were
subsequently attempted under the optimized conditions
(Table 7). Aromatic aldimines having electron-donating or
-withdrawing groups reacted smoothly with 2a to afford the
adducts 7 f–m in moderate to good yields (entries 1–8). Het-
eroaromatic N-PMP aldimines reacted smoothly as well,


and afforded the adducts 7n and 7o in good yields (entries 9
and 10). In addition, it was found that an a-amino dithiane
compound could be directly prepared from benzaldehyde
1a and p-anisidine 9, and the resulting imine successively
treated with 2a in a one-pot synthesis (Scheme 2).


2-Substituted 1,3-Dithiane Addition to Various
Electrophiles


The 2-substituted 1,3-dithiane addition to various electro-
philes such as aldehyde, ketone and imine by using 2b and
2c having no proton at the 2-position were examined
(Table 8) with the expectation that the reactions would pro-


ceed without the side-reaction mentioned above. As a
result, when 2-phenyl-2-TMS-dithiane 2b was treated with
1a, the reaction proceeded in the presence of only 2 mol%
of the catalyst to afford the corresponding adduct 10a in ex-
cellent yield (entry 1). In addition, it reacted similarly even
when PhOLi was used as a catalyst (entry 2). Also, when 2-
methyl-2-TMS-dithiane 2c was employed, the desired prod-
uct 10b was obtained in 95% yield (entry 3). Further, these
reactions were also observed for N-Boc aldimine 6c, and
the corresponding adducts 11a and 11b were afforded (en-
tries 4 and 5). Thus, this method is quite useful because the
reaction proceeded smoothly in the presence of only
2 mol% of a Lewis base catalyst such as PhONnBu4. There-
fore, it is noted that this is quite an effective procedure for


Scheme 1. Mechanism of the by-product generation.


Table 7. PhONnBu4 catalyzed dithiane addition to various aldimines.


Entry 6 R Product Yield [%][a]


1 f 1-naphthyl 7 f 74
2 g 2-ClC6H4 7g 70
3 h 3-ClC6H4 7h 87
4 i 4-ClC6H4 7 i 92
5 j 4-FC6H4 7 j 82
6 k 4-BrC6H4 7k 80
7 l 4-CF3C6H4 7 l 78
8 m 4-MeOC6H4 7m 78
9 n 2-furyl 7n 85
10 o 3-pyridyl 7o 84


[a] Yield of isolated product.


Scheme 2. One-pot synthesis of a-amino dithiane compound from alde-
hyde.


Table 8. Substituted dithiane addition to various electrophiles.


Entry Electrophiles X 2 R Product Yield [%][a]


1 1a O 2b Ph 10a 99
2 1a O 2b Ph 10a 97[b]


3 1a O 2c Me 10b 95
4 6c N-Boc 2b Ph 11a 96
5 6c N-Boc 2c Me 11b 45


[a] Yield of isolated product. [b] 2 mol% of PhOLi was used.
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the preparation of 2-substituted-a-hydroxy or a-amino di-
thiane compounds.


Mechanisms of Lewis Base-catalyzed 1,3-Dithiane Addition


As shown in Scheme 3, the reaction was carried out by using
lithiated alkoxide-intermediate 12 as a catalyst in order to
study the mechanism of the Lewis base-catalyzed 1,3-di-


thiane addition reaction.
It was observed that the addition reaction of 2b to benzal-


dehyde 1a in the presence of a catalytic amount of 12 pro-
ceeded smoothly to form the corresponding adduct 10a in a
quantitative yield. Thus, it was found that 12 worked as an
autocatalyst. Further, the intermediate 12 was silylated with
trimethylsilyl phenyl ether 13 to afford the corresponding
silyl ether 14 in 59% yield. Thus, it is assumed that the reac-
tion would proceed through either one or both of the cata-
lytic cycles illustrated in Scheme 4. In the first step, the
Lewis base catalyst I coordinates to the silicon atom of
TMS-dithiane 2b to form the carbanion II together with tri-
methylsilyl phenyl ether III. Then, the carbanion will react


with the electrophiles to form the alkoxide-intermediate IV,
which is then silylated by trimethylsilyl phenyl ether III to
afford the O-silyl ether V along with the regeneration of I
(Path A). An alternative pathway for the formation of carb-
anion II by the direct attack of IV on 2b (Path B: autocata-
lytic process) has also been considered.


Conclusions


An efficient method for the synthesis of a- hydroxy or a-
amino dithiane derivatives has been established by using 2-
TMS-dithiane and various carbonyl or imino compounds in
the presence of Lewis base-catalysts. It is noteworthy that
this reaction is applicable to various aromatic ketones
having a-protons, and N-substituted aldimines. Additionally,
the reaction of 2-substituted-2-TMS-1,3-dithianes proceeded
effectively in the presence of a small amount of Lewis base
catalyst as illustrated in the proposed mechanism. Further
studies on the catalytic reactions by using various organosili-
con reagents, and a detailed investigation of the mechanisms
are now in progress.


Experimental Section


General


All melting points were determined on a Yanagimoto micro melting ap-
paratus (Yanaco MP-S3) and are uncorrected. Infrared (IR) spectra were
recorded by using an attenuated total reflection (ATR) method on a
SensIR Technologies Travel IR spectrometer. 1H NMR spectra were re-
corded on a JEOL JNM EX270L (270 MHz) or a Varian Mercury Plus
400 (400 MHz) spectrometer; chemical shifts (d) are reported in parts
per million relative to tetramethylsilane. 13C NMR spectra were recorded
on a JEOL EX270L (68 MHz) or a Varian Mercury Plus 400 (100 MHz)
spectrometer with complete proton decoupling. Chemical shifts are re-
ported in parts per million relative to tetramethylsilane, with the solvent
resonance as the internal standard (CDCl3; d=77.0 ppm). High-resolu-
tion mass spectra (HRMS) were recorded on a JMS-700 V (JEOL) or a


Q-Tof-2-(micromass) mass spectrome-
ter. Elemental analyses were conduct-
ed using a Yanaco MT-5 CHN corder.
Analytical TLC was performed on
Merck preparative TLC plates (silica
gel 60 GF254, 0.25 mm). Preparative
thin-layer chromatography (PTLC)
was carried out on silica gel Wakogel
B-5F. Dry solvents were purchased
from Kanto Chemical. All reagents
were purchased from Tokyo Kasei
Kogyo, Kanto Chemical, Kokusan
Chemical, or Aldrich Chemical. Car-
boxylic acids were used without fur-
ther purification. Alcohols and amines
were used after purification by distilla-
tion.


Typical Experimental Procedure for
1,3-Dithiane Addition of Carbonyl
Compounds


To a stirred solution of PhONnBu4
[16]


(50.3 mg, 0.15 mmol) and benzalde-
hyde (53.1 mg, 0.50 mmol) in DMF


Scheme 3. Confirmation experiments of the catalytic process.


Scheme 4. Proposed catalytic cycle of dithiane addition reaction.
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(1.5 mL), 2-trimethylsilyl-1,3-dithiane (142 mL, 0.75 mmol) was added at
0 8C. Then the reaction mixture was warmed to room temperature and
stirred for 1 h and quenched with 1n HCl (1.0 mL, 1.0 mmol). The mix-
ture was extracted with EtOAc and the organic layer was washed with
brine, dried over anhydrous Na2SO4, and evaporated. The crude product
was purified by preparative TLC (hexane/EtOAc=2:1) to give the de-
sired product 3a (109.2 mg, 96%) as white crystals.


3a :[17] 1,3-Dithian-2-yl-phenylmethanol: White crystals; m.p. 68–70 8C. IR
(ATR): ñ=3419, 3029, 2896, 2827, 1036, 910, 698 cm�1; 1H NMR
(270 MHz, CDCl3): d=7.31–7.44 (m, 5H), 4.87 (d, J=7.6 Hz, 1H), 4.08
(d, J=7.6 Hz, 1H), 3.12 (br, 1H), 2.89–3.01 (m, 2H), 2.67–2.78 (m, 2H),
1.85–2.10 ppm (m, 2H); 13C NMR (68 MHz, CDCl3): d =140.0, 128.1,
128.0, 126.6, 74.6, 52.7, 28.2, 27.6, 25.3 ppm.


3b : 1,3-Dithian-2-yl-2-chlorophenylmethanol: White crystals; m.p. 75–
78 8C; IR (ATR): ñ =3397, 2953, 2890, 1436, 1421, 1081, 1029, 758 cm�1;
1H NMR (CDCl3): d=7.64–7.55 (m, 1H), 7.37–7.19 (m, 3H), 5.43 (d, J=


6.8 Hz, 1H), 4.14 (d, J=6.8 Hz, 1H), 3.25 (br, 1H), 3.12–2.94 (m, 2H),
2.82–2.63 (m, 2H), 2.12–1.94 ppm (m, 2H); 13C NMR (CDCl3): d=137.9,
133.1, 129.2, 129.1, 128.0, 126.8, 71.0, 51.3, 28.6, 27.3, 25.3 ppm; elemental
analysis: calcd (%) for C11H13OClS2: C 50.66, H 5.02; found: C 50.50,
H 4.99.


3c : 1,3-Dithian-2-yl-3-chlorophenylmethanol: Pale yellow oil; IR (ATR):
ñ=3396, 2892, 1421, 1080, 1030, 758, 696 cm�1; 1H NMR (270 MHz,
CDCl3): d=7.42 (s, 1H), 7.29 (d, J=6.8 Hz, 3H), 4.89 (d, J=8.1 Hz,
1H), 3.99 (d, J=8.1 Hz, 1H), 3.10 (br, 1H), 2.99–2.90 (m, 2H), 2.78–2.66
(m, 2H), 2.09–1.99 ppm (m, 2H); 13C NMR (68 MHz, CDCl3): d=142.1,
134.0, 129.3, 128.3, 126.8, 125.0, 73.9, 52.4, 28.0, 27.4, 25.2 ppm; HRMS
(EI+ ): m/z calcd for C11H13OClS2: 260.0096 [M]+ ; found 260.0108.


3d : 1,3-Dithian-2-yl-4-chlorophenylmethanol: Pale yellow oil; IR (ATR):
ñ=3417, 2899, 2361, 1490, 1419, 1013, 824 cm�1; 1H NMR (270 MHz,
CDCl3): d=7.33 (s, 4H), 4.87 (d, J=7.6 Hz, 1H), 3.99 (d, J=7.6 Hz,
1H), 3.25 (br, 1H), 2.96–2.87 (m, 2H), 2.76–2.67 (m, 2H), 2.04–1.98 ppm
(m, 2H); 13C NMR (68 MHz, CDCl3): d =138.5, 133.9, 128.2, 128.1, 73.9,
52.6, 28.1, 27.5, 25.3 ppm; HRMS (EI+ ): m/z calcd for C11H13OClS2:
260.0096 [M]+ ; found: 260.0097.


3e : 1,3-Dithian-2-yl-4-methylphenylmethanol: White crystals; m.p. 77–
80 8C; IR (ATR): ñ =3407, 2893, 1511, 1417, 1015, 810, 731 cm�1;
1H NMR (270 MHz, CDCl3): d =7.23 (dd, J=34.3, 7.8 Hz, 4H), 4.87 (d,
J=7.6 Hz, 1H), 4.08 (d, J=7.6 Hz, 1H), 2.96–2.86 (m, 3H), 2.77–2.66 (m,
2H), 2.34 (s, 3H), 2.06–2.01 ppm (m, 2H); 13C NMR (68 MHz, CDCl3):
d=138.0, 137.0, 128.9, 126.5, 74.6, 53.0, 28.4, 27.8, 25.5, 21.3 ppm; ele-
mental analysis: calcd (%) for C12H16OS2: C 59.96, H 6.71; found:
C 59.90, H 6.89.


3 f :[18] 1,3-Dithian-2-yl-4-methoxyphenylmethanol: White crystals; m.p.
84–87 8C; IR (ATR): ñ =3425, 2889, 1608, 1512, 1246, 1029, 1012, 819,
796 cm�1; 1H NMR (270 MHz, CDCl3): d=7.32 (d, J=8.7 Hz, 2H), 6.88
(d, J=8.7 Hz, 2H), 4.83 (d, J=7.7 Hz, 1H), 4.06 (d, J=7.7 Hz, 1H), 3.79
(s, 3H), 3.01 (br, 1H), 2.98–2.85 (m, 2H), 2.76–2.66 (m, 2H), 2.12–
1.91 ppm (m, 2H); 13C NMR (68 MHz, CDCl3): d=159.3, 132.1, 127.8,
113.5, 74.3, 55.2, 53.0, 28.3, 27.7, 25.4 ppm.


3g : 1,3-Dithian-2-yl-1-naphthylmethanol: Pale yellow oil; IR (ATR): ñ=


3418, 2897, 1420, 1243, 1041, 792, 775 cm�1; 1H NMR (270 MHz, CDCl3):
d=8.09–8.06 (m, 1H), 7.87–7.67 (m, 3H), 7.53–7.43 (m, 3H), 5.65 (d, J=


5.9 Hz, 1H), 4.50 (d, J=5.9 Hz, 1H), 3.06 (br, 1H), 2.91–2.73 (m, 2H),
2.70–2.59 (m, 2H), 2.06–1.82 ppm (m, 2H); 13C NMR (68 MHz, CDCl3):
d=135.4, 133.6, 130.4, 128.9, 128.6, 126.0, 125.4, 124.9, 124.6, 122.8, 72.7,
52.9, 29.4, 28.5, 25.5 ppm; HRMS (EI+ ): m/z calcd for C15H16OS2:
276.0643 [M]+ ; found: 276.0640.


3h : 1,3-Dithian-2-yl-2-furylmethanol: Pale yellow oil; IR (ATR): ñ=


3415, 2900, 2362, 1421, 1276, 1146, 1008, 921, 738 cm�1; 1H NMR
(270 MHz, CDCl3): d=7.41–7.40 (m, 1H), 6.42–6.35 (m, 2H), 4.95 (dd,
J=7.9, 4.0 Hz, 1H), 4.25 (d, J=7.9 Hz, 1H), 3.23 (d, J=4.0 Hz, 1H),
2.97–2.85 (m, 2H), 2.76–2.65 (m, 2H), 2.12–1.90 ppm (m, 2H); 13C NMR
(68 MHz, CDCl3): d =152.1, 142.0, 110.1, 108.4, 68.5, 49.4, 27.7, 27.1,
25.2 ppm; HRMS (EI+ ): m/z calcd for C9H12O2S2: 216.0279 [M]+ ;
found: 216.0287.


3 i :[19] 1,3-Dithian-2-yl-3-pyridylmethanol: Pale yellow oil; IR (ATR): ñ=


2939, 2362, 1422, 1054, 1032, 1020, 710 cm�1; 1H NMR (270 MHz,
CDCl3): d=8.55 (d, J=2.1 Hz, 1H), 8.45 (dd, J=4.8, 1.6 Hz, 1H), 7.82–
7.78 (m, 1H), 7.30–7.26 (m, 1H), 4.95 (d, J=7.2 Hz, 1H), 4.67 (br, 1H),
4.06 (d, J=7.2 Hz, 1H), 2.99–2.68 (m, 4H), 2.12–1.90 ppm (m, 2H);
13C NMR (68 MHz, CDCl3): d=148.8, 148.2, 136.4, 134.5, 123.1, 72.5,
52.7, 28.3, 27.8, 25.3 ppm.


3j :[17] 1,3-Dithian-2-yl-tert-butylmethanol: White crystals; m.p. 47–50 8C;
IR (ATR): ñ =3397, 2953, 2898, 2349, 1364, 1080, 1014, 894, 789 cm�1;
1H NMR (270 MHz, CDCl3): d=4.31 (d, J=3.0 Hz, 1H), 3.49 (br, 1H),
3.02–2.77 (m, 4H), 2.43 (br, 1H), 2.12–1.82 (m, 2H), 1.02 ppm (s, 9H);
13C NMR (68 MHz, CDCl3): d=81.6, 50.1, 36.2, 30.2, 29.2, 26.6, 25.5 ppm.


3k : 1,3-Dithian-2-yl-cyclohexylmethanol: Pale yellow oil; IR (ATR): ñ=


3449, 2920, 2850, 2361, 1448, 1421, 1085, 1067 cm�1; 1H NMR (270 MHz,
CDCl3): d=4.10 (d, J=6.1 Hz, 1H), 3.60 (br, 1H), 2.98–2.72 (m, 4H),
2.38 (br, 1H), 2.14–1.65 (m, 8H), 1.37–1.03 ppm (m, 5H); 13C NMR
(68 MHz, CDCl3): d=76.3, 50.3, 39.7, 30.0, 28.9, 28.2, 26.7, 26.3, 26.2,
25.8, 25.7 ppm; HRMS (EI+ ): m/z calcd for C11H20OS2: 232.0956 [M]+ ;
found: 232.0963.


3 l :[18] (2E)-1-(1,3-Dithian-2-yl)-3-phenylprop-2-en-1-ol: White crystals;
m.p. 67–70 8C; IR (ATR): ñ=3441, 2881, 2362, 1419, 1006, 966, 753,
693 cm�1; 1H NMR (270 MHz, CDCl3): d =7.41–7.20 (m, 5H), 6.75–6.29
(m, 2H), 4.60–4.42 (m, 1H), 4.02 (d, J=6.8 Hz, 1H), 2.98–2.70 (m, 5H),
2.13–1.96 ppm (m, 2H); 13C NMR (68 MHz, CDCl3): d =136.1, 132.5,
128.3, 127.8, 127.7, 126.5, 73.3, 52.0, 28.3, 28.0, 25.5 ppm.


5a : 1-(1,3-Dithian-2-yl)-1-[4-(trifluoromethyl)phenyl]ethanol: Pale yellow
oil; IR (ATR): ñ=3467, 2898, 1346, 1157, 1149, 1052, 1028, 693,
671 cm�1; 1H NMR (270 MHz, CDCl3): d =7.68–7.65 (m, 2H), 7.43–7.36
(m, 3H), 4.85 (s, 1H), 3.63 (s, 1H), 2.99–2.69 (m, 4H), 2.05–1.92 (m, 1H),
1.89–1.73 ppm (m, 1H); 13C NMR (68 MHz, CDCl3): d =135.1, 128.9,
128.0, 126.0 (d, JC-C-C-F =1 Hz), 124.4 (q, JC-F =288 Hz), 79.1 (q, J C-C-F =


29 Hz), 53.3, 30.2, 29.6, 24.6 ppm; elemental analysis: calcd (%) for
C12H13OF3S2: C 48.96, H 4.45; found: C 49.24, H 4.41.


5b : Methyl 1,3-dithian-2-yl ACHTUNGTRENNUNG(hydroxy)phenylacetate: White crystals; m.p.
113–115 8C; IR (ATR): ñ=3650, 2968, 2357, 1721, 1237, 1105, 1055, 1033,
1014, 692 cm�1; 1H NMR (270 MHz, CDCl3): d=7.67–7.64 (m, 2H), 7.40–
7.30 (m, 3H), 4.57 (s, 1H), 4.13 (s, 1H), 3.83 (s, 3H), 3.32–3.11 (m, 2H),
2.79–2.53 (m, 2H), 2.04–1.93 ppm (m, 2H); 13C NMR (68 MHz, CDCl3):
d=173.5, 138.9, 128.2, 128.1, 125.8, 85.0, 53.9, 50.4, 28.4, 28.1, 25.1 ppm;
elemental analysis: calcd (%) for C13H16O3S2: C 54.90, H 5.67; found:
C 54.52, H 5.63.


5c : (2E)-1-(1,3-dithian-2-yl)-1,3-diphenylprop-2-en-1-ol: White crystals;
m.p. 138–141 8C; IR (ATR): ñ=3514, 2931, 2898, 2362, 1491, 1445, 1068,
967, 743, 692, 671 cm�1; 1H NMR (270 MHz, CDCl3): d=7.59–7.55 (m,
2H), 7.44–7.22 (m, 8H), 6.81 (d, J=32.5 Hz, 1H), 6.75 (d, J=32.5 Hz,
1H), 4.65 (s, 1H), 3.10 (s, 1H), 2.88–2.73 (m, 4H), 2.09–1.99 (m, 1H),
1.91–1.75 ppm (m, 1H); 13C NMR (68 MHz, CDCl3): d =142.6, 136.2,
131.9, 130.1, 128.4, 128.1, 127.6, 126.7, 125.9, 78.6, 59.2, 30.4, 30.1,
25.4 ppm; elemental analysis: calcd (%) for C19H20OS2: C 69.47, H 6.14;
found: C 69.58, H 6.23.


5d : (3E)-2-(1,3-dithian-2-yl)-4-phenylbut-3-en-2-ol: Pale yellow oil; IR
(ATR): ñ =3680, 2971, 2362, 1055, 1033, 1013, 968, 748, 693 cm�1;
1H NMR (270 MHz, CDCl3): d=7.43–7.19 (m, 5H), 6.77 (d, J=16.0 Hz,
1H), 6.40 (d, J=16.0 Hz, 1H), 4.22 (s, 1H), 2.97–2.72 (m, 5H), 2.12–2.01
(m, 1H), 1.96–1.73 (m, 1H), 1.55 ppm (s, 3H); 13C NMR (68 MHz,
CDCl3): d=136.4, 132.9, 128.8, 128.4, 127.5, 126.5, 75.3, 59.2, 30.4, 30.0,
26.3, 25.5 ppm; HRMS (EI+ ): m/z calcd for C14H18OS2: 266.0799 [M]+ ;
found: 266.0800.


5e :[18] 1-(1,3-Dithian-2-yl)-1-phenylethanol: Pale yellow oil; IR (ATR):
ñ=3449, 2898, 2361, 1716, 1058, 909, 790, 766, 699 cm�1; 1H NMR
(270 MHz, CDCl3): d =7.53–7.49 (m, 2H), 7.38–7.30 (m, 3H), 4.43 (s,
1H), 3.06–2.71 (m, 5H), 2.07–1.94 (m, 1H), 1.92–1.70 ppm (m, 4H);
13C NMR (68 MHz, CDCl3): d=144.3, 127.9, 127.3, 125.2, 76.4, 60.0, 30.4,
30.2, 27.3, 25.4 ppm.


5 f : 1-(1,3-Dithian-2-yl)-1-(4-methoxyphenyl)ethanol: Pale yellow oil; IR
(ATR): ñ =3466, 2936, 2833, 2362, 1610, 1510, 1245, 1176, 1032, 832 cm�1;
1H NMR (270 MHz, CDCl3): d=7.43 (d, J=8.7 Hz, 2H), 6.88 (d, J=
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8.7 Hz, 2H), 4.41 (s, 1H), 3.80 (s, 3H), 2.85–2.78 (m, 5H), 2.07–1.99 (m,
1H), 1.85–1.73 ppm (m, 4H); 13C NMR (68 MHz, CDCl3): d=158.6,
136.4, 126.5, 113.2, 76.1, 60.3, 55.1, 30.5, 30.3, 27.2, 25.4 ppm; HRMS
(EI+ ): m/z calcd for C13H18O2S2: 270.0748 [M]+ ; found: 270.0749.


5g : 1-(1,3-Dithian-2-yl)-1-pyridin-4-ylethanol: White crystals; m.p. 135–
137 8C; IR (ATR): ñ =3680, 2971, 2362, 1412, 1055, 1033, 1009 cm�1;
1H NMR (270 MHz, CDCl3): d=8.54 (d, J=5.8 Hz, 2H), 7.45 (d, J=


5.8 Hz, 2H), 4.40 (s, 1H), 2.88–2.79 (m, 4H), 2.08–2.01 (m, 1H), 1.90–
1.72 ppm (m, 4H); 13C NMR (68 MHz, CDCl3): d=153.9, 149.2, 120.7,
75.9, 59.1, 30.4, 30.2, 27.2 ppm, 25.6; HRMS (EI+ ): m/z calcd for
C11H15ONS2: 241.0595 [M]+ ; found: 241.0587.


5h : 1-(1,3-Dithian-2-yl)-3-methyl-1-phenylbutan-1-ol: White crystals;
m.p. 66–68 8C; IR (ATR): ñ=2968, 2362, 1274, 1055, 1032, 1005, 909, 766,
701 cm�1; 1H NMR (270 MHz, CDCl3): d=7.51–7.25 (m, 5H), 4.66 (s,
1H), 3.07–2.64 (m, 5H), 2.63–2.34 (m, 1H), 2.05–1.99 (m, 1H), 1.88–1.68
(m, 1H), 0.97 (d, J=8.1 Hz, 3H), 0.80 ppm (d, J=8.1 Hz, 3H); 13C NMR
(68 MHz, CDCl3): d=141.1, 127.3, 127.1, 126.2, 80.3, 58.6, 34.4, 31.0, 30.3,
29.9, 25.6, 17.4, 16.5 ppm; HRMS (EI+ ): m/z calcd for C14H20OS2:
268.0956 [M]+ ; found: 268.0955.


5 i : 1-Cyclohexyl-1-(1,3-dithian-2-yl)ethanol: Pale yellow oil; IR (ATR):
ñ=2924, 2849, 2362, 1453, 1421, 1375, 1339, 1056, 1033, 1013 cm�1;
1H NMR (270 MHz, CDCl3): d=4.31 (s, 1H), 3.00–2.81 (m, 4H), 2.15–
2.03 (m, 1H), 2.00 (s, 1H), 1.92–1.65 (m, 7H), 1.30–1.02 ppm (m, 8H);
13C NMR (68 MHz, CDCl3): d =76.4, 59.2, 44.6, 31.0, 30.9, 27.4, 26.6,
26.5, 26.4, 26.1, 21.6 ppm; HRMS (EI+ ): m/z calcd for C12H22OS2:
246.1112 [M]+ ; found: 246.1111.


Typical Experimental Procedure for 1,3-Dithiane Addition of N-PMP
Aldimines.


To a stirred solution of PhONnBu4 (30.2 mg, 0.09 mmol) in DMF
(1.5 mL), a combined solution of 2-trimethylsilyl-1,3-dithiane (170 mL,
0.9 mmol) and N-p-methoxyphenyl benzaldimine (63.4 mg, 0.3 mmol) in
DMF (1.5 mL) was added slowly at room temperature. The reaction mix-
ture was stirred for 1 h and quenched with 1n HCl (1.0 mL, 1.0 mmol).
The mixture was extracted with EtOAc and the organic layer was washed
with brine, dried over anhydrous Na2SO4, and evaporated. The crude
product was purified by preparative TLC (hexane/EtOAc=4:1, hexane/
CH2Cl2 =1:1) to give the desired product (84.1 mg, 85%) as white crys-
tals.


7a : N-[1,3-Dithian-2-yl ACHTUNGTRENNUNG(phenyl)methyl]-4-methylbenzenesulfonamide:
White crystals; m.p. 145–147 8C; IR (ATR): ñ =3327, 2899, 2361, 1326,
1158, 704, 664 cm�1; 1H NMR (270 MHz, CDCl3): d=7.54 (d, J=8.2 Hz,
2H), 7.26–7.11 (m, 7H), 5.57 (d, J=5.4 Hz, 1H), 4.61 (t, J=5.9 Hz, 1H),
4.12 (d, J=6.5 Hz, 1H), 2.85–2.60 (m, 4H), 2.36 (s, 3H), 2.07–1.95 (m,
1H), 1.89–1.74 ppm (m, 1H); 13C NMR (68 MHz, CDCl3): d=143.1,
137.1, 136.7, 129.2, 128.1, 128.0, 127.4, 127.2, 60.4, 51.9, 29.2, 28.9, 25.2,
21.6 ppm; elemental analysis: calcd (%) for C18H21NO2S3: C 56.96,
H 5.58, N 3.69; found: C 56.79, H 5.37, N 3.56.


7c : t-Butyl [1,3-dithian-2-yl ACHTUNGTRENNUNG(phenyl)methyl]carbamate: White crystals;
m.p. 185–188 8C; IR (ATR): ñ=3383, 2361, 1678, 1501, 1166, 704 cm�1;
1H NMR (270 MHz, CDCl3): d=7.33 (s, 5H), 5.42 (br, 1H), 5.05 (br,
1H), 4.37 (d, J=5.6 Hz, 1H), 2.86–2.76 (m, 4H), 2.09–2.04 (m, 1H),
1.89–1.81 (m, 1H), 1.43 ppm (s, 9H); 13C NMR (68 MHz, CDCl3): d=


154.8, 138.4, 128.1, 127.7, 126.5, 79.8, 57.8, 52.7, 29.9, 29.8, 28.3, 25.4 ppm;
HRMS (EI+ ): m/z calcd for C16H23O2NS2: 325.1170 [M]+ ; found:
325.1161.


7d : N-[1,3-Dithian-2-yl ACHTUNGTRENNUNG(phenyl)methyl]-4-methoxyaniline: White crystals;
m.p. 88–90 8C; IR (ATR): ñ=3352, 2892, 2830, 2361, 1512, 1232, 1041,
811, 701 cm�1; 1H NMR (270 MHz, CDCl3): d =7.43–7.28 (m, 5H), 6.70–
6.64 (m, 2H), 6.49–6.43 (m, 2H), 4.58 (d, J=4.8 Hz, 1H), 4.50 (br, 1H),
4.44 (d, J=4.8 Hz, 1H), 3.66 (s, 3H), 2.93–2.68 (m, 4H), 2.10–2.01 (m,
1H), 1.92–1.80 ppm (m, 1H); 13C NMR (68 MHz, CDCl3): d=152.0,
140.9, 139.8, 128.2, 127.7, 127.1, 114.6, 114.5, 62.5, 55.6, 54.5, 30.6, 30.3,
25.7 ppm; elemental analysis: calcd (%) for C18H21NOS2: C 65.22, H 6.39,
N 4.23; found: C 64.99, H 6.45, N 4.42.


7 f : N-[1,3-Dithian-2-yl(naphthalen-1-yl)methyl]-4-methoxyaniline: White
crystals; m.p. 149–152 8C; IR (ATR): ñ=2970, 2867, 2360, 1513, 1251,


1054, 1033, 1014, 796 cm�1; 1H NMR (270 MHz, CDCl3): d=8.14 (d, J=


8.4 Hz, 1H), 7.92 (d, J=7.9 Hz, 1H), 7.80–7.70 (m, 2H), 7.62–7.49 (m,
2H), 7.40 (t, J=7.6 Hz, 1H), 6.61 (d, J=8.9 Hz, 2H), 6.41 (d, J=8.9 Hz,
2H), 5.39 (d, J=2.8 Hz, 1H), 4.74 (d, J=4.6 Hz, 1H), 4.65 (br, 1H), 3.63
(s, 3H), 2.99–2.56 (m, 4H), 2.08–2.03 (m, 1H), 1.92–1.77 ppm (m, 1H);
13C NMR (68 MHz, CDCl3): d=151.9, 140.9, 134.1, 134.0, 130.6, 129.3,
128.2, 126.3, 125.3, 125.2, 125.0, 121.9, 114.5, 114.4, 58.9, 55.6, 53.2, 31.1,
30.6, 25.7 ppm; HRMS (EI+ ): m/z calcd for C22H23ONS2: 381.1121 [M]+ ;
found: 381.1233.


7g : N-[(2-Chlorophenyl)(1,3-dithian-2-yl)methyl]-4-methoxyaniline: Pale
yellow oil; IR (ATR): ñ =3385, 2900, 2360, 1510, 1236, 1177, 1033, 908,
817, 752, 728 cm�1; 1H NMR (270 MHz, CDCl3): d=7.51–7.47 (m, 1H),
7.41–7.36 (m, 1H), 7.25–7.16 (m, 2H), 6.67 (d, J=8.9 Hz, 2H), 6.41 (d,
J=4.1 Hz, 2H), 5.03 (d, J=4.1 Hz, 1H), 4.63 (d, J=8.9 Hz, 1H) , 4.55
(br, 1H), 3.67 (s, 3H), 3.02–2.69 (m, 4H), 2.12–2.04 (m, 1H), 1.95–
1.80 ppm (m, 1H); 13C NMR (68 MHz, CDCl3): d=152.1, 140.5, 136.7,
132.9, 129.6, 129.1, 128.9, 126.6, 114.6, 114.3, 59.1, 55.6, 51.9, 30.8, 30.3,
25.7 ppm; HRMS (EI+ ): m/z calcd for C18H20ONClS2: 365.0675 [M]+ ;
found: 365.0668.


7h : N-[(3-Chlorophenyl)(1,3-dithian-2-yl)methyl]-4-methoxyaniline: Pale
yellow oil; IR (ATR): ñ =3379, 2900, 2360, 1510, 1236, 1179, 1034, 908,
817, 728, 693 cm�1; 1H NMR (270 MHz, CDCl3): d=7.42 (s, 1H), 7.33–
7.22 (m, 3H), 6.68 (d, J=8.7 Hz, 2H), 6.44 (d, J=8.7 Hz, 2H), 4.53 (d,
J=4.9 Hz, 1H), 4.49 (br, 1H), 4.39 (d, J=4.9 Hz, 1H), 3.67 (s, 3H), 2.93–
2.67 (m, 4H), 2.10–2.04 (m, 1H), 1.92–1.77 ppm (m, 1H); 13C NMR
(68 MHz, CDCl3): d=152.2, 142.2, 140.5, 134.2, 129.4, 127.9, 127.1, 125.4,
114.6, 114.5, 62.1, 55.6, 54.1, 30.5, 30.2, 25.6 ppm; HRMS (EI+ ): m/z
calcd for C18H20ONClS2: 365.0675 [M]+ ; found: 365.0674.


7 i : N-[(4-Chlorophenyl)(1,3-dithian-2-yl)methyl]-4-methoxyaniline: Pale
yellow oil; IR (ATR): ñ =2939, 2360, 1511, 1483, 1236, 1033, 1013,
817 cm�1; 1H NMR (270 MHz, CDCl3): d=7.38–7.25 (m, 4H), 6.67 (d, J=


8.9 Hz, 2H), 6.43 (d, J=8.9 Hz, 2H), 4.55 (d, J=4.6 Hz, 1H), 4.53 (br,
1H), 4.40 (d, J=4.6 Hz, 1H), 3.68 (s, 3H), 2.95–2.71 (m, 4H), 2.17–2.04
(m, 1H), 1.93–1.79 ppm (m, 1H); 13C NMR (68 MHz, CDCl3): d=152.2,
140.5, 138.4, 133.4, 128.5, 114.7, 114.6, 62.0, 55.7, 54.3, 30.6, 30.3,
25.7 ppm; HRMS (EI+ ): m/z calcd for C18H20ONClS2: 365.0675 [M]+ ;
found: 365.0674.


7j : N-[(4-Fluorophenyl)(1,3-dithian-2-yl)methyl]-4-methoxyaniline:
White crystals; m.p. 102–104 8C; IR (ATR): ñ =3382, 2938, 2900, 2360,
1510, 1236, 1178, 1033, 909, 817, 729 cm�1; 1H NMR (270 MHz, CDCl3):
d=7.41–7.36 (m, 2H), 7.02 (t, J=8.7 Hz, 2H), 6.68 (d, J=8.9 Hz, 2H),
6.44 (d, J=8.9 Hz, 2H), 4.56 (d, J=4.8 Hz, 1H), 4.49 (br, 1H), 4.40 (d,
J=4.8 Hz, 1H), 3.68 (s, 3H), 2.94–2.70 (m, 4H), 2.13–2.05 (m, 1H), 1.93–
1.79 ppm (m, 1H); 13C NMR (68 MHz, CDCl3): d=162.0 (d, JC-F =


246 Hz), 152.2, 140.6, 135.5 (d, JC-C-C-C-F =3 Hz), 128.7 (d, JC-C-C-F =6 Hz),
115.4, 115.1, 114.6 (d, JC-C-F =9 Hz), 61.9, 55.6, 54.4 (d, JC-C-C-C-C-F =1 Hz),
30.6, 30.3, 25.7 ppm; elemental analysis: calcd (%) for C18H20ONFS2:
C 61.86, H 5.77 N 4.01; found: C 61.69, H 5.88, N 4.20.


7k : N-[(4-Bromophenyl)(1,3-dithian-2-yl)methyl]-4-methoxyaniline: Pale
yellow oil; IR (ATR): ñ =3381, 2900, 2360, 1510, 1236, 1178, 1034, 908,
817, 727 cm�1; 1H NMR (270 MHz, CDCl3): d=7.45 (d, J=8.4 Hz, 2H),
7.30 (d, J=8.4 Hz, 2H), 6.67 (d, J=8.1 Hz, 2H), 6.43 (d, J=8.1 Hz, 2H),
4.53 (d, J=4.8 Hz, 1H), 4.49 (br, 1H), 4.39 (d, J=4.8 Hz, 1H), 3.67 (s,
3H), 2.90–2.69 (m, 4H), 2.12–2.04 (m, 1H), 1.90–1.82 ppm (m, 1H);
13C NMR (68 MHz, CDCl3): d=152.2, 140.5, 138.9, 131.4, 128.8, 121.6,
114.6, 114.5, 62.0, 55.6, 54.1, 30.6, 30.3, 25.6 ppm; HRMS (EI+ ): m/z
calcd for C18H20ONBrS2: 409.0170 [M]+ ; found: 409.0160.


7 l : N-{1,3-Dithian-2-yl[4-(trifluoromethyl)phenyl]methyl}-4-methoxyani-
line: Pale yellow oil; IR (ATR): ñ=2940, 2360, 1511, 1322, 1237, 1112,
1064, 1034, 1016, 818, 730 cm�1; 1H NMR (270 MHz, CDCl3): d =7.61–
7.53 (m, 4H), 6.68 (d, J=8.9 Hz, 2H), 6.43 (d, J=8.9 Hz, 2H), 4.63 (d,
J=4.4 Hz, 1H), 4.53 (br, 1H), 4.43 (d, J=4.4 Hz, 1H), 3.68 (s, 3H), 2.97–
2.76 (m, 4H), 2.14–2.04 (m, 1H), 1.95–1.80 ppm (m, 1H); 13C NMR
(68 MHz, CDCl3): d=152.3, 144.1, 140.4, 129.9 (q, JC-C-F =32 Hz), 127.5,
125.3 (q, JC-C-C-F =3 Hz), 124.0 (q, JC-F =272 Hz), 114.7, 114.6, 62.2, 55.6,
54.0, 30.6, 30.3, 25.6 ppm; HRMS (EI+ ): m/z calcd for C19H20ONF3S2:
399.0938 [M]+ ; found: 399.0925.
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7m : N-[1,3-Dithian-2-yl(4-methoxyphenyl)methyl]-4-methoxyaniline:
White crystals; m.p. 93–95 8C; IR (ATR): ñ=3370, 2965, 2360, 1610,
1511, 1237, 1172, 1053, 1033, 819 cm�1; 1H NMR (270 MHz, CDCl3): d=


7.35 (d, J=8.7 Hz, 2H), 6.88 (d, J=8.7 Hz, 2H), 6.69 (d, J=8.9 Hz, 2H),
6.48 (d, J=8.9 Hz, 2H), 4.56 (d, J=4.9 Hz, 1H), 4.50 (br, 1H), 4.44 (d,
J=4.6 Hz, 1H), 3.77 (s, 3H), 3.70 (s, 3H), 2.95–2.72 (m, 4H), 2.14–2.06
(m, 1H), 1.95–1.80 ppm (m, 1H); 13C NMR (68 MHz, CDCl3): d=158.9,
152.0, 140.9, 131.6, 128.1, 114.7, 114.5, 113.6, 61.9, 55.6, 55.1, 54.7, 30.6,
30.4, 25.8 ppm; HRMS (EI+ ): m/z calcd for C19H23O2NS2: 361.1170 [M]+;
found: 361.1183.


7n : N-[1,3-Dithian-2-yl(furan-2-yl)methyl]-4-methoxyaniline: Pale yellow
oil; IR (ATR): ñ=3372, 2939, 2360, 1509, 1234, 1033, 1009, 817,
734 cm�1; 1H NMR (270 MHz, CDCl3): d =7.40 (s, 1H), 6.73 (d, J=


8.7 Hz, 2H), 6.59 (d, J=8.7 Hz, 2H), 6.32–6.30 (m, 2H), 4.71 (d, J=


5.3 Hz, 1H), 4.58 (d, J=5.3 Hz, 1H), 4.25 (br, 1H), 3.71 (s, 3H), 2.85–
2.81 (m, 4H), 2.12–2.04 (m, 1H), 1.94–1.78 ppm (m, 1H); 13C NMR
(68 MHz, CDCl3): d=152.5, 152.2, 141.9, 140.4, 115.3, 114.5, 110.2, 108.3,
57.3, 55.6, 51.4, 30.1, 30.0, 25.7 ppm; HRMS (EI+ ): m/z calcd for
C16H19O2S2: 321.0857 [M]+ ; found: 321.0854.


7o : N-[1,3-Dithian-2-yl(pyridin-3-yl)methyl]-4-methoxyaniline: Pale
yellow oil; IR (ATR): ñ =3373, 2939, 2830, 2361, 1510, 1423, 1235, 1033,
909, 817, 715 cm�1; 1H NMR (270 MHz, CDCl3): d=8.69–8.68 (m, 1H),
8.54–8.52 (m, 1H), 7.74 (d, J=7.9 Hz, 1H), 7.28–7.23 (m, 1H), 6.68 (d,
J=8.9 Hz, 2H), 6.45 (d, J=8.9 Hz, 2H), 4.64 (d, J=4.8 Hz, 1H), 4.51
(br, 1H), 4.40 (d, J=4.8 Hz, 1H), 3.68 (s, 3H), 2.94–2.70 (m, 4H), 2.12–
2.04 (m, 1H), 1.94–1.79 ppm (m, 1H); 13C NMR (68 MHz, CDCl3): d=


152.4, 149.1, 149.0, 140.2, 135.5, 134.8, 123.1, 114.8, 114.6, 60.3, 55.6, 53.9,
30.4, 30.1, 25.5 ppm; HRMS (EI+ ): m/z calcd for C17H20ON2S2: 332.1017
[M]+ ; found: 332.1003.


8 :[20] 2-(Phenylmethylidene)-1,3-dithiane: Pale yellow oil; 1H NMR
(270 MHz, CDCl3): d =7.48–7.15 (m, 5H), 6.86 (s, 1H), 3.03–2.87 (m,
4H), 2.25–2.16 ppm (m, 2H); 13C NMR (68 MHz, CDCl3): d=135.9,
130.4, 128.9, 128.8, 128.0, 126.7, 29.8, 29.2, 24.4 ppm.


Typical Experimental Procedure for Substituted Dithiane Addition
Reaction.


To a stirred solution of benzaldehyde (53.1 mg, 0.50 mmol) and 2-phenyl-
2-trimethylsilyl-1,3-dithiane (148 mg, 0.60 mmol) in DMF (1.4 mL), a
0.1m solution of PhONnBu4 (0.01 mmol) in DMF was added at room
temperature. Then the reaction mixture was stirred for 1 h and quenched
with 1n HCl (1.0 mL, 1.0 mmol). The mixture was extracted with EtOAc
and the organic layer was washed with brine, dried over anhydrous
Na2SO4, and evaporated. The crude product was purified by preparative
TLC (hexane/EtOAc=3:1) to give the desired product 10a (149.3 mg,
99%) as white crystals.


10a : Phenyl-(2-phenyl-1,3-dithian-2-yl)methanol: White crystals; m.p.
127–129 8C; IR (ATR): ñ=3674, 3650, 2972, 2866, 2357, 1054, 1033, 1016,
704 cm�1; 1H NMR (270 MHz, CDCl3): d =7.75–7.53 (m, 2H), 7.40–6.96
(m, 6H), 6.90–6.73 (m, 2H), 4.94 (s, 1H) 3.05 (s, 1H), 2.80–2.39 (m, 4H),
1.99–1.72 ppm (m, 2H); 13C NMR (68 MHz, CDCl3): d =137.0, 136.9,
130.2, 127.9, 127.8, 127.7, 127.2, 126.7, 80.7, 66.2, 27.1, 26.8, 24.6 ppm; ele-
mental analysis: calcd (%) for C17H18OS2: C 67.51, H 6.00; found:
C 67.33, H 6.13.


10b : Phenyl-(2-methyl-1,3-dithian-2-yl)methanol: White crystals; m.p.
86–88 8C; IR (ATR): ñ =3737, 3451, 2970, 2360, 1055, 1033, 1019, 755,
704 cm�1; 1H NMR (270 MHz, CDCl3): d =7.48–7.45 (m, 2H), 7.32–7.25
(m, 3H), 5.09 (s, 1H), 3.37–3.01 (m, 3H), 2.73–2.63 (m, 2H), 2.17–2.11
(m, 1H), 1.96–1.82 (m, 1H), 1.30 ppm (s, 3H); 13C NMR (68 MHz,
CDCl3): d=137.3, 128.3, 127.7, 127.1, 73.6, 53.8, 26.6, 25.9, 24.2,
22.3 ppm; elemental analysis: calcd (%) for C12H16OS2: C 59.96, H 6.21;
found: C 59.70, H 6.66.


11a : tert-Butyl [(2-phenyl-1,3-dithian-2-yl) ACHTUNGTRENNUNG(phenyl)methyl]carbamate:
White crystals; m.p. 150–152 8C; IR (ATR): ñ =3651, 3251, 2970, 2350,
1698, 1378, 1363, 1164, 1052, 1033, 1014, 697 cm�1; 1H NMR (270 MHz,
CDCl3): d=7.70–7.66 (m, 2H), 7.33–7.25 (m, 3H), 7.16–7.05 (m, 3H),
6.73 (d, J=7.1 Hz, 2H), 5.75 (d, J=8.2 Hz, 1H), 5.07 (d, J=8.2 Hz, 1H),
2.68–2.55 (m, 4H), 1.90–1.86 (m, 2H), 1.42 ppm (s, 9H); 13C NMR
(68 MHz, CDCl3): d=154.7, 137.9, 136.4, 130.2, 128.3, 128.1, 127.3, 126.8,


79.6, 65.0, 63.9, 28.3, 27.3, 27.1, 24.5 ppm; elemental analysis: calcd (%)
for C22H27O2NS2: C 65.80, H 6.78, N 3.49; found: C 65.75, H 6.78, N 3.51.


11b : tert-Butyl [(2-methyl-1,3-dithian-2-yl) ACHTUNGTRENNUNG(phenyl)methyl]carbamate:
White crystals; m.p. 145–147 8C; IR (ATR): ñ =3739, 2970, 2350, 1687,
1396, 1056, 1033, 1008, 761, 703 cm�1; 1H NMR (270 MHz, CDCl3): d=


7.41–7.25 (m, 5H), 5.67 (d, J=8.1 Hz, 1H), 4.98 (br, 1H), 2.97–2.70 (m,
4H), 1.97–1.88 (m, 2H), 1.56 (s, 3H), 1.40 ppm (s, 9H); 13C NMR
(68 MHz, CDCl3): d=155.0, 128.5, 127.5, 127.4, 79.6, 61.4, 52.7, 28.3, 26.9,
26.3, 26.1, 24.5 ppm; elemental analysis: calcd (%) for C17H25O2NS2:
C 60.14, H 7.42, N 4.13; found: C 59.72, H 7.15, N 4.20.


14: 2-[Trimethylsiloxy ACHTUNGTRENNUNG(phenyl)methyl]-2-phenyl-1,3-dithiane: Pale yellow
oil; IR (ATR): ñ=3058, 3028, 2952, 2901, 1249, 1095, 1069, 899, 838, 750,
699 cm�1; 1H NMR (270 MHz, CDCl3): d =8.03–8.00 (m, 2H), 7.58–7.36
(m, 6H), 7.15–7.12 (m, 2H), 5.28 (s, 1H), 3.05–2.80 (m, 4H), 2.25–2.09
(m, 2H), 0.28 ppm (s, 9H); 13C NMR (68 MHz, CDCl3): d =138.8, 137.0,
131.5, 128.4, 127.8, 127.3, 126.9, 126.6, 81.8, 65.7, 27.4, 27.0, 25.1,
0.00 ppm; HRMS (EI+ ): m/z calcd for C20H26OSiS2: 374.1194 [M]+ ;
found: 374.1207.
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Introduction


Hydrogen of different isotopic composition (H2, HD, D2)
has been previously used in mechanistic studies of asymmet-
ric hydrogenation. In 1978 Kagan et al. proved the cis addi-
tion of hydrogen in Rh-catalyzed asymmetric hydrogenation
by using the reaction of (Z)-a-acetamidocinnamate with
D2.


[1] Later Brown and Parker demonstrated the high poten-
tial of comparative hydrogenations with H2, D2, and HD for
elucidating the subtle details of the catalytic cycle in Rh-cat-
alyzed asymmetric hydrogenation.[2] Similarly, reduction
with either H2, D2, or HD has been applied in mechanistic
studies of Ru-catalyzed asymmetric hydrogenations.[3–5] The
distribution of deuterium between the a- and b-positions of
the resulting amino acid was applied in our own studies of
the Rh-catalyzed asymmetric hydrogenation for drawing out


conclusions on the preferred mechanistic pathway.[6] Espe-
cially fruitful was the use of HD hydrogenations for the ex-
planation of the striking difference in the stereochemical
outcome of Rh-BisP*-catalyzed hydrogenations of phenyl-
and tert-butyl-substituted enamides.[7] The conclusions drawn
from these studies have been supported by low-temperature
NMR observation of crucial intermediates[7] and were con-
sistent with the results of an independent computational
study.[8]


Interestingly, so far there has been only a single observa-
tion of a notable change in the optical yield in asymmetric
hydrogenation when the hydrogen of different isotopic com-
position is used for the catalytic reaction. Thus, we have re-
ported that the enantiomeric excess of the product of the
Rh-tBu-BisP*-catalyzed hydrogenation of 1-acetylamino-1-
(2-methoxyphenyl)ethene changed from 50% with H2 to
24% with HD (in two independent runs), and dropped
again with the use of D2 (12% and 5% in two independent
runs).[7b] In all other reactions reported so far no marked de-
pendence of the optical yield on the isotopic composition of
the hydrogen has been observed.


If the effect of the isotopic composition of hydrogen origi-
nates from first-order kinetic isotope effects at a crucial step
in the catalytic cycle involving hydrogen transfer, one might
expect more frequent observation of this effect. Hence, we
report herein the scope of the marked deuterium isotope ef-
fects on optical yields and discuss the possible origins of the
effects and their limitations.


Keywords: asymmetric hydrogena-
tion · deuterium · enamides ·
isotope effects · rhodium


Abstract: Deuterium isotope effects on the enantioselectivity in the rhodium-cata-
lyzed asymmetric hydrogenation of enamides and related substrates have been
studied. Distinct deuterium isotope effects were observed in the hydrogenation of
aryl-substituted enamides having an ortho substituent that is capable of forming a
hydrogen bond. The observed isotope effects are interpreted in terms of the com-
petitive reactions of two dihydride intermediates and dideuteride intermediates
that exist in equilibrium in the catalytic cycle.
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Results and Discussion


Our first experiment was con-
ducted with the hydrogenation
of 1-acetylamino-1-(o-methoxy-
phenyl)ethene using (S,S)-tBu-
BisP*, (S,S)-diop, and (R)-seg-
phos as the chiral ligands in
various solvents. Under the
same reaction conditions, the
asymmetric reduction was car-
ried out using D2 instead of
H2, and the ee values of the
products were compared with
those of the hydrogenation
with H2. In all cases signifi-
cantly lower ee values of the
products were observed, thus
indicating marked deuterium
isotope effects on the enantio-
selectivity (Table 1, entries 1–
9). To clarify the scope and
limitation of this kind of deu-
terium isotope effect, variously
substituted enamides and de-
hydroamino acids were sub-
jected to asymmetric hydroge-
nation using H2 and D2 in
methanol at 25 8C. The results
are summarized in Table 1.


Analyzing the data of
Table 1, one can conclude that
the scope of the effect is very
narrow. It is strictly limited to
the hydrogenation of enamides
and is not observed in the
asymmetric hydrogenation of
dehydroamino acids, irrespec-
tive of the substrate structure
(Table 1, entries 24–26). More-
over, it is almost exclusively
observed for the hydrogena-
tions yielding ee values that
are not very high. Thus, the
effect is marginal in the cases
when R in the enamide is
phenyl (Table 1, entry 10), p-
tolyl (entry13), or m-chloro-
phenyl (entry 15). Entries 18–


23 also demonstrate that no changes in ee value are ob-
served for the systems yielding high ee values with H2 when
H2 is replaced with deuterium (Table 1, entries 18 and 21).
On the other hand, in the hydrogenations of the same sub-
strate using poorly performing catalysts, a notable isotope
effect on the ee value is observed (Table 1, entries 19 and


Table 1. Rhodium-catalyzed asymmetric hydrogenation of enamides with H2 or D2.


Entry[a] Substrate Ligand Solvent Product ee [%] (H2) Product ee [%] (D2)


1 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 57[b] (R) 5[c] (S)
2 ACHTUNGTRENNUNG(S,S)-tBu-BisP* THF 41 (R) 21[d] (S)
3 ACHTUNGTRENNUNG(S,S)-tBu-BisP* CH2Cl2 67 (R) 16 (R)
4 ACHTUNGTRENNUNG(S,S)-tBu-BisP* AcOEt 64 (R) 9 (R)
5 ACHTUNGTRENNUNG(S,S)-tBu-BisP* DMSO 54 (R) 21 (R)
6 ACHTUNGTRENNUNG(S,S)-diop MeOH 89 (R) 80 (R)
7 ACHTUNGTRENNUNG(S,S)-diop THF 75 (R) 57 (R)
8 (R)-segphos MeOH 47 (R) 37 (R)
9 (R)-segphos THF 68 (R) 47 (R)


10 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 99 (R) 95 (R)


11 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 98 (R) 75 (R)


12 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 61 (R) 79 (R)


13 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 99 (R) 96 (R)


14 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 48 (R) 70 (R)


15 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 99 (R) 98 (R)


16 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 94 (R) 82 (R)


17 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 55 (R) 45 (R)


18 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH >99 (S) >99 (S)
19 ACHTUNGTRENNUNG(S,S)-diop MeOH 0 18 (R)
20 (R)-segphos MeOH 55 (S) 29 (S)
21 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH >99 (S) >99 (S)
22 ACHTUNGTRENNUNG(S,S)-diop MeOH 12 (S) 7 (R)
23 (R)-segphos MeOH 64 (S) 64 (S)


24 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 99 (R) 99 (R)


25 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 99 (R) 99 (R)


26 ACHTUNGTRENNUNG(S,S)-tBu-BisP* MeOH 99 (R) 99 (R)


[a] All reactions were carried out at 25 8C. [b] Mean value of three independent runs (56% ee (R), 66% ee
(R), and 49% ee (R)). [c] Mean value of three independent runs (7% ee (S), 0% ee, and 7% ee (S)). [d] Mean
value of two independent runs (21% ee (S) and 21% ee (S)).
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20), although not in every case (entry 23). In the majority of
the observed cases of the marked isotopic effect, the abso-
lute ee value decreased when D2 was used instead of H2,
though this is also not a uniform trend (e.g., Table 1,
entry 14).


The narrow scope of the observed isotopic effects suggests
that its origin is unlikely a kinetic isotope effect at some
stage of the catalytic cycle. More likely is a proposal that
the change of the isotopic composition of the catalyst spe-
cies affects the competition between the two alternative
pathways, which has been observed only in the case when
enamides are the substrates. Thus, it has been shown by ex-
periment[7] and computational analysis[9] that the asymmetric
hydrogenation can occur either through a- or b-monohy-
dride intermediates, depending on the properties of the sub-
stituent R of the enamide, and these two pathways result in
opposite senses of enantioselection (Scheme 1). Therefore, it
is reasonable to consider that when only moderate enantio-
selectivity can be achieved in a case such as with o-methoxy-
phenyl-substituted enamide, the competition of two path-
ways leading to the opposite sense of enantioselection might
be involved in determining the final optical purity of the
product.


To get further insight into the origin of the isotopic effects
on the ee values we have approached this problem computa-
tionally. Taking into account the large number of possible
pathways and the relative insignificance of substituting hy-
drogen for deuterium from the energetic point of view, we
did not try to get quantitative justification of the observed
effects, but rather looked for the specific structural features
in the crucial intermediates that might be responsible for
the observed effects. From this point of view, the dihydride
intermediates seemed to be the most promising targets,
since it is generally accepted that these species are of major
importance for the stereoselection in Rh-catalyzed asym-
metric hydrogenation.


We optimized the structures of two dihydride intermedi-
ates of hydrogenation of the o-methoxyphenyl-substituted
enamide 1, Ra and Sb (Figure 1). The stabilities of these in-


termediates are practically equal: Sb is only 0.6 kcalmol�1


less stable than Ra. It is noteworthy that in the case of tBu-
substituted enamide 10 the corresponding Ra dihydride in-
termediate is 10.1 kcalmol�1 less stable than the Sb dihy-
dride intermediate. Of interest is the different conformation
of the o-methoxyphenyl cycle (Figure 1). In Ra, as expected,
the stable conformation is determined by the intramolecular
hydrogen bond between the OMe substituent and the NH
group of the enamide. On the other hand, in the most stable
conformation of Sb this hydrogen bond is broken to makeScheme 1. Two pathways of the hydrogenation of enamides.[7]


Figure 1. Structures of the dihydride intermediates Ra and Sb optimized
at the B3LYP/SDD level of theory.


1638 www.chemasianj.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1636 – 1641


FULL PAPERS
T. Imamoto, I. D. Gridnev et al.







possible the approach of the methoxy group to the equatori-
al hydride, yielding a Rh�H···OMe hydrogen bond.


Although hydrogen bonds in which transition-metal hy-
drides serve as hydrogen-bond donors are considered to be
uncommon, and though the nature of this bond is still un-
clear,[9] there are several definite observations of such inter-
actions for cationic[10] and even neutral[11] metal hydrides.
We conclude that this kind of interaction may be a crucial
factor in the observation of the significant isotopic effects
on the ee value in the asymmetric hydrogenation of enam-
ides. This conclusion is in accord with the strongest effects
observed for o-methoxyphenyl- (1), o-chlorophenyl- (6), and
o-fluorophenyl-substituted (8) enamides and the absence of
the isotopic effect on the ee value in the case of m-chloro-
phenyl-substituted enamide 7. On the other hand, the nota-
ble effects observed for p-methoxyphenyl- and o-tolyl-sub-
stituted enamides 3 and 4 demonstrate that other factors
may also contribute to the isotopic effects on the ee value.


Another interesting experimental fact relevant to this dis-
cussion is the anomalously high ratio of the product deuter-
ated in the a-position to the product deuterated in the b-po-
sition that was observed in the hydrogenation of 1 with HD
(Scheme 2).[7b] Usually values from 1.15 to 1.35 are observed


for the hydrogenations proceeding through the formation of
a-monohydrides,[7b,12] whereas predominance of the b-deu-
terated product is characteristic for the reactions involving
formation of b-monohydrides.[7b] These values are nicely cor-
related with the distribution of deuterium between the axial
and equatorial positions in the monodeuterated solvate di-
hydride (1.3:1).[12] Hence, the significant deviation from the
value 1.3, which is observed exclusively for substrate 1,
means the occurrence of H/D scrambling at some reaction
stages and can be mechanistically connected to the strongest
isotope effect on ee value observed for this enamide. A
good point supporting this suggestion is the fact that the de-
crease of the ee value when using HD instead of H2 was ap-
proximately half of that observed when using D2 instead of
H2 (Scheme 2, Table 1).


Thus, let us assume that Rh�H···OMe hydrogen bonding
makes the pathway through the b-monohydride more favor-
able, which results in a decrease in ee value for the catalytic
hydrogenation of 1 compared to 2. Since exchanging H2 for
HD and D2 in the hydrogenation of 1 leads to a further in-
crease of the relative amount of the S product, one can con-
clude that the Rh�D···OMe hydrogen bonding makes the
pathway through the b-monohydride still more favorable.
Hence, when HD was used for the hydrogenation of 1, the


transfer of equatorial deuterium occurred preferentially,
which led to the abnormal distribution of deuterium be-
tween the a- and b-positions (Scheme 3). The fast exchange
of hydrogen and deuterium between the axial and equatorial
positions most probably occurs through pseudorotation in
the semidissociated complexes 17 and 18. This process is
considered to be pivotal for successful enantioselection in
Rh-catalyzed asymmetric hydrogenations.[13,14] Another pos-
sibility is the exchange through a molecular hydrogen com-
plex.[12]


Conclusions


In summary, we have studied the scope of a rare phenomen-
on: dependence of the ee value of the product in asymmetric
hydrogenations on the isotopic composition of dihydrogen.
The strongest effects are observed for the hydrogenation of
aryl-substituted enamides having an ortho substituent that is
capable of forming a hydrogen bond. This effect may be
connected with the possibility of formation of a Rh�
H···OMe hydrogen bond in the dihydride intermediate (or
similar related species).


Experimental Section


General


Unless otherwise noted, all anaerobic and moisture-sensitive manipula-
tions were carried out with standard Schlenk techniques under predried
nitrogen or with glovebox techniques under prepurified argon. NMR


Scheme 2. Hydrogenation of enamide 1 using HD.[7b]


Scheme 3. Plausible mechanism for the preferential formation of 15 (S)
and 16 (S).
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spectra were recorded on a JEOL JNM LA-500 spectrometer (500 MHz
for 1H and 125 MHz for 13C) and an LA-400 spectrometer (400 MHz for
1H and 100 MHz for 13C). Chemical sifts are reported in d (ppm) refer-
enced to an internal SiMe4 standard for 1H NMR and [D]chloroform (d=


77.00 ppm) for 13C NMR. HPLC analyses were performed using a Shi-
madzu LC-10AD VP pump, a SPD-10 AVP UV detector, and a Shimad-
zu CTO-10AC VP column oven with appropriate chiral columns. GC
analyses were performed with a Shimadzu GC-17AVer.3.


Materials


1-Aryl-1-acetylaminoethenes were prepared from aryl methyl ketone
oximes according to the procedure described in the literature.[15] Tetrahy-
drofuran (THF) was distilled from sodium benzophenone ketyl under ni-
trogen prior to use. Toluene was distilled from sodium benzophenone
ketyl under nitrogen and stored in a glass flask with a teflon stopcock
under nitrogen. MeOH was distilled from magnesium under nitrogen and
stored in a glass flask with a teflon stopcock under nitrogen. Hydrogen
gas of 99.9999% purity (Nippon Sanso) and deuterium gas of 99.6%
purity (Nippon Sanso) were used.


Synthesis/Characterization


General procedure for the asymmetric hydrogenation using Rh-tBu-
BisP* complex: A 50 mL thick-wall glass bottle was charged with sub-
strate (0.5 mmol) and [Rh ACHTUNGTRENNUNG((S,S)-tBu-BisP*) ACHTUNGTRENNUNG(nbd)]BF4 (0.005 mmol; nbd=


2,5-norbornadiene) and the bottle was connected to the hydrogen tank
by stainless steel tubing. The vessel was evacuated and filled with hydro-
gen gas to a pressure of 2 atm. This operation was repeated and the
bottle was immersed in a dry-ice/acetone bath. The upper cock of the
bottle was opened and anhydrous, degassed solvent was added quickly
using a syringe. After four vacuum/H2 cycles, the bottle was pressurized
to 3 atm and was immersed in a constant-temperature bath (25 8C). The
solution was magnetically stirred for 12–24 h to complete the reaction,
and the resulting mixture was passed through silica gel using EtOAc as
an eluent. The filtrate was concentrated and was submitted to direct anal-
ysis of the ee value of the product by HPLC or GC.


In the same manner, asymmetric deuteration was carried out using D2 in
place of H2.


(R)-1-Acetylamino-1,2-dideuterio-1-phenylethane: 1H NMR (CDCl3): d=


2.14 (s, 2H), 3.00 (s, 3H), 5.76 (br s, 1H), 7.17–7.29 ppm (m, 5H);
13C NMR (CDCl3): d =21.27 (t, J =20.6 Hz), 23.43, 26.17, 127.35, 128.64,
143.05, 169.04 ppm. Enantiomeric excess determination: HPLC, Daicel
Chiralpak AD-H, hexanes/2-propanol 9:1, flow rate 1.0 mLmin�1, tR=


6.89 (R), 8.23 (S) min.


(R)-1-Acetylamino-1,2-dideuterio-1-(2’-methoxyphenyl)ethane: 1H NMR
(CDCl3): d =1.42 (s, 2H), 1.96 (s, 3H), 3.88 (s, 3H), 6.42 (br, 1H), 6.89–
6.93 (m, 2H), 7.20–7.26 ppm (m, 2H); 13C NMR (CDCl3): d=21.00 (t,
J =18.9 Hz), 23.60, 46.97 (t, J=22.2 Hz), 55.29, 111.03, 120.87, 128.02,
128.40, 130.76, 157.02, 168.72 ppm. Enantiomeric excess determination:
HPLC, Daicel Chiralpak AD-H, hexanes/2-propanol 9:1, flow rate
1.0 mLmin�1, tR=6.49 (R), 8.37 (S) min.


(R)-1-Acetylamino-1,2-dideuterio-1-(4’-methoxyphenyl)ethane: 1H NMR
(CDCl3): d =1.41 (s, 2H), 1.93 (s, 3H), 3.77 (s, 3H), 6.26 (br, 1H), 6.83–
6.86 (m, 2H), 7.21–7.24 ppm (m, 2H); 13C NMR (CDCl3): d=21.15 (t,
J =19.0 Hz), 23.21, 47.69 (t, J=21.4 Hz), 55.15, 113.83, 127.27, 135.29,
158.65, 169.08 ppm. Enantiomeric excess determination; HPLC, Daicel
Chiralpak AD-H, hexanes/2-propanol 9:1, flow rate 0.5 mLmin�1, tR=


15.46 (R), 19.04 (S) min.


(R)-1-Acetylamino-1,2-dideuterio-1-(2’-methylphenyl)ethane: 1H NMR
(CDCl3): d =1.44 (s, 2H), 1.95 (s, 3H), 2.37 (s, 3H), 5.69 (br, 1H), 7.17–
7.29 ppm (m, 4H); 13C NMR (CDCl3): d=19.06, 20.59 (t, J =19.0 Hz),
23.18, 44.88 (t, J =21.0 Hz), 124.64, 126.19, 127.21, 130.62, 135.81, 141.04,
168.90 ppm. Enantiomeric excess determination: HPLC, Daicel Chiral-
pak AD-H, hexanes/2-propanol 9:1, flow rate 1.0 mLmin�1, tR=4.74 (S),
5.64 (R) min.


(R)-1-Acetylamino-1,2-dideuterio-1-(4’-methylphenyl)ethane: 1H NMR
(CDCl3): d =1.45 (s, 2H), 1.97 (s, 3H), 2.33 (s, 3H), 5.62 (br, 1H), 7.14–
7.16 (m, 2H), 7.20–7.22 ppm (m, 2H); 13C NMR (CDCl3): d=21.00, 21.22


(t, J=20.0 Hz), 23.42, 126.11, 129.29, 137.02, 140.12, 168.98 ppm. Enantio-
meric excess determination: HPLC, Daicel Chiralpak AD-H, hexanes/2-
propanol 9:1, flow rate 1.0 mLmin�1, tR=5.49 (R), 6.80 (S) min.


(R)-1-Acetylamino-1,2-dideuterio-1-(2’-chlorophenyl)ethane: 1H NMR
(CDCl3): d=1.41 (s, 2H), 1.96 (s, 3H), 6.54 (br, 1H), 7.15–7.24 (m, 2H),
7.31–7.34 ppm (m, 2H); 13C NMR (CDCl3): d=20.44 (t, J =19.8 Hz),
23.08, 46.57 (t, J =21.5 Hz), 126.95, 127.00, 128.24, 129.88, 132.62, 140.66,
169.23 ppm. Enantiomeric excess determination: HPLC, Daicel Chiral-
pak AD-H, hexanes/2-propanol 9:1, flow rate 1.0 mLmin�1, tR=5.11 (S),
5.94 (R) min.


(R)-1-Acetylamino-1,2-dideuterio-1-(3’-chlorophenyl)ethane: 1H NMR
(CDCl3): d=1.40 (s, 2H), 1.96 (s, 3H), 6.34 (br, 1H), 7.16–7.28 ppm (m,
4H); 13C NMR (CDCl3): d=21.33 (t, J =19.8 Hz), 23.16, 47.97 (t, J=


21.4 Hz), 124.42, 126.15, 127.29, 129.82, 134.33, 145.44, 169.36 ppm. Enan-
tiomeric excess determination: HPLC, Daicel Chiralpak AD-H, hexanes/
2-propanol 9:1, flow rate 0.5 mLmin�1, tR=9.86 (R), 11.49 (S) min.


(R)-1-Acetylamino-1,2-dideuterio-1-(2’-fluorophenyl)ethane: 1H NMR
(CDCl3): d=1.46 (s, 2H), 1.98 (s, 3H), 6.10 (br, 1H), 7.01–7.11 (m, 2H),
7.21–7.30 ppm (m, 2H). 13C NMR (CDCl3): d=21.08 (t, J=19.7 Hz),
23.33, 115.84 (d, J =22.3 Hz), 124.27 (d, J=3.3 Hz), 128.18 (d, J =4.9 Hz),
128.86 (d, J=9.1 Hz), 130.08 (d, J=13.2 Hz), 160.72 (d, J=246.4 Hz),
168.00 ppm. Enantiomeric excess determination: HPLC, Daicel Chiral-
pak AD-H, hexanes/2-propanol 9:1, flow rate 0.5 mLmin�1, tR=10.32
(R), 11.82 (S) min.


(R)-1-Acetylamino-1,2-dideuterio-1-(2’-trifluoromethylphenyl)ethane:
1H NMR (CDCl3): d =2.10 (s, 2H), 3.00 (s, 3H), 6.32 (br s, 1H), 7.27–7.37
(m, 1H), 7.525.53 (m, 2H), 7.63 ppm (d, J=7.8 Hz); 13C NMR (CDCl3):
d=21.38 (t, J=19.8 Hz), 23.23, 48.10 (t, J =23.9 Hz), 122.59, 122.63,
124.09, 125.42, 129.06, 129.77, 144.38, 169.33 ppm. Enantiomeric excess
determination: HPLC, Daicel Chiralpak AD-H, hexanes/2-propanol 9:1,
flow rate 1.0 mLmin�1, tR=4.66 (R), 5.62 (S) min.


(S)-2-Acetylamino-1,2-dideuterio-3,3-dimethylbutane: 1H NMR (CDCl3):
d=0.90 (s, 9H), 1.03 (s, 2H), 1.99 (s, 3H), 5.38 ppm (br, 1H); 13C NMR
(CDCl3): d =15.70 (t, J =18.9 Hz), 23.57, 26.08, 33.91, 52.24 (t, J =


21.4 Hz), 169.24 ppm. Enantiomeric excess determination: capillary GC,
VARIAN Chirasil-DEX CB column (25 m), 110 8C, isothermal, carrier
gas N2, flow rate 24 cms�1, tR=21.16 (S), 22.28 (R) min.


(S)-1-Acetylamino-1-adamantyl-1,2-dideuterioethane: 1H NMR (CDCl3):
d=0.99 (s, 2H), 1.45–1.99 (m, 18H), 5.27 ppm (br, 1H); 13C NMR
(CDCl3): d=14.12 (t, J=19.8 Hz), 23.60, 28.22, 35.53, 36.99, 38.28, 52.50
(t, J =21.4 Hz), 169.39 ppm. Enantiomeric excess determination: HPLC,
Daicel Chiralpak AD-H, hexanes/2-propanol 9:1, flow rate 1.0 mLmin�1,
UV 210 nm, tR=8.29 (R), 12.79 (S) min.
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Introduction


In recent years, biodetection technologies have received
more and more research and application interest owing to
the rapidly increasing demands of genetic analysis, clinical
diagnosis, environmental analysis, biowarfare, and home-
land defence. Detection sensitivity is one of the most impor-
tant aspects in biosensor development, with the ultimate
goal being trace detection of biological analytes. Water-solu-
ble conjugated polymers have recently attracted much atten-
tion as the optical platform in biological sensors.[1–6] In com-
parison with small-molecule counterparts, the electronic


structure of the conjugated polymer (CP) coordinates the
action of a large number of absorbing units. The transfer of
the excitation energy along the whole backbone of the CP
to the energy/electron acceptor attached to the CP results in
the amplification of fluorescent signals.[7] The CPs have
been used for the detection of inorganic ions, biologically
active small molecules, nucleic acids, and proteins.[8–19]


According to recent research, the principal signal-trans-
duction mechanisms of CPs are based on fluorescence reso-
nance energy transfer (FRET), electron transfer, or the con-
formation transitions of polymer backbones.[1–6] To obtain
insight into the additional signal-transduction mechanism by
water-soluble conjugated polymers, the aggregations of CPs
in solutions have been studied to understand how the inter-
chain arrangement can be optimized for use in biosen-
sors.[20–23] The aggregation induced by the analyte can result
in fluorescence self-quenching owing to p stacking of the
backbones of the conjugated polymers.[20] Several biological
sensors have been developed to take advantage of the opti-
cal perturbations of CPs driven by analyte-induced aggrega-
tion.[24–27] As was first reported by Bazan and co-workers,[28]


the cationic poly{(1,4-phenylene)-2,7-[9,9-bis(6’-N,N,N-tri-
methylammonium)-hexyl-fluorene] dibromide} containing
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5% benzothiadiazole (BT) units (PFP-BT+ ; see Scheme 1
for chemical structure) demonstrates intramolecular energy
transfer from the fluorene units to the BT sites when a neg-
atively charged DNA molecule is added. The energy trans-


fer results from the increase in the interchain contacts of
PFP-BT+ by the formation of an electrostatic complex and
aggregations. The energy transfer process triggers a shift in
the emission color of PFP-BT+ from blue to green. This ra-
tiometric fluorescence technique exhibits a big shift in emis-
sion profiles and provides a measurement to reduce the
non-specific interaction events in comparison with those bio-
sensors based on intensity measurements.


There is currently a strong appetite to explore new,
simple, and efficient protein detection techniques because of
their involvement in a wide range of research fields such as
proteomics, medical diagnostics, and signal transduc-
tion.[29–31] The unchangeable isoelectric point imparts posi-
tive or negative protein charges in aqueous solution, which
makes characteristic electrostatic interactions play a robust
role in the design of protein sensors.[16c,32,33] Our recent work
has shown that PFP-BT+ or negatively charged PFP-BT�


(see Scheme 1 for chemical structure) can be used as sensi-
tive probes to assay enzyme-mediated cleavage reactions of
the charged substrates, such as adenosine triphosphate and
polyarginine peptide.[34] In this case, we take advantage of
the analyte-induced aggregations of PFP-BT+ or PFP-BT�


to discriminate proteins with different isoelectric points
based on the ratiometric fluorescence measurement. Fur-
thermore, as a member of the giant protein family, in most
cases, enzymes also exploit the coulomb attraction to immo-
bilize a substrate to its reaction site, which guarantees that
the biocatalytic reaction proceeds well. The local alteration
of the enzymeMs charge density may speed up or slow down
the biocatalytic process. Enzyme modification not only pro-
vides a means for the screening of novel biocatalysts but
also finds application in sensing and enzyme-related biotech-
nology.[32,33,35] In this case, the conjugated polyelectrolyte is
also utilized to decorate the surface of the enzyme to adjust
its catalytic activity.


Results and Discussion


Mechanism for Protein Assays


The overall strategy for protein assays based on analyte-in-
duced aggregation of charged conjugated polymers is illus-
trated in Scheme 1. The isoelectric point imparts positive,
neutral, or negative protein charges in aqueous solution at
certain pH values. The neutral or identically charged protein
to that of PFP-BT+ or PFP-BT� prohibits tight aggregation
and keeps their main chains separated, and FRET from the
fluorene units to the BT sites is inefficient. A protein that
contains multiple charges can form complexes with oppo-
sitely charged polymer PFP-BT+ or PFP-BT� through elec-
trostatic interactions. The protein-induced aggregation of
PFP-BT+ or PFP-BT� keeps the isolated main chains in
close proximity, which allows for efficient FRET from the
fluorene units to the BT sites. As a result, the emission
color of the polymer shifts from blue (420 nm) to green
(530 nm). The mechanism of the intrachain energy transfer
was supported by measuring absorption and excitation spec-
tra of the PFP-BT+ and PFP-BT� before and after adding
oppositely charged proteins (see Figure S1 in the Supporting
Information). Thus, by triggering the shift in emission color
and the change of emission intensity of PFP-BT+ or PFP-
BT�, it is possible to discriminate proteins with different iso-
electric points.


Abstract in Chinese:


Scheme 1. Schematic representation of the protein assay based on ana-
lyte-induced aggregation of charged conjugated polymers (a–b), and the
chemical structures of PFP-BT+ and PFP-BT� (c). PL=photolumines-
cence.
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Conjugated Polyelectrolyte/Protein Complex for Protein
Assays


Six proteins are chosen as our targets, of which the isoelec-
tric points (pI) extend from 4.2 to 11.35 in the testing phos-
phate-buffered saline solution (PBS, 1 mm ; pH 7.4).[16c] They
can be classified into three categories: positively charged ly-
sozyme (pI 11.35) and avidin (pI 10.4); nearly neutral strep-
tavidin (pI 6.4); and negatively charged bovine serum albu-
min (BSA, pI 4.8), concanavalin A (Con A, pI 4.5–5.5), and
glucose oxidase (pI 4.2).


To support the mechanism of our new protein assay, the
fluorescence responses of PFP-BT+ to the six proteins were
examined. Figure 1a shows the emission spectra observed


upon addition of negatively charged BSA ([BSA]=0.22–
440 nm) to the solution of PFP-BT+ ([PFP-BT+]=5.0N
10�7m in repeat units (RUs)) with an excitation wavelength
of 370 nm. The emission maximum of PFP-BT+ itself in
PBS buffer solution appeared at around 420 nm and no
emission of the BT unit at 530 nm was observed. Adding
BSA led to a significant quenching of fluorine-unit emission
at 420 nm and the appearance of the emission of the BT
unit at 530 nm. Similar results were observed when negative-


ly charged Con A and glucose oxidase were used. There was
less quenching of the emission of PFP-BT+ and no emission
of the BT unit at 530 nm was observed upon the addition of
non-negatively charged proteins, lysozyme, avidin, or strep-
tavidin. This shows that non-negatively charged proteins do
not induce the aggregation of PFP-BT+ . Figure 1b shows
the dependence of the ratio of emission intensity at 530 and
420 nm (I530nm/I420nm) of PFP-BT+ on the concentrations of
proteins. In the case of negatively charged proteins, the
values of I530nm/I420nm increase gradually with the protein con-
centration from 0.22 to 30 nm and reach a plateau after
40 nm. In the case of the other three proteins, almost no in-
crease in the I530nm/I420nmvalue was observed for PFP-BT+ ,
demonstrating that the cationic water-soluble PFP-BT+ is
selectively responsive to negatively charged proteins.


When PFP-BT� is used as a fluorescent probe, adding
positively charged lysozyme led to a significant quenching of
the fluorene unit emission at 420 nm, and the appearance of
the BT unit emission at 530 nm (Figure 2a). As shown in
Figure 2b, the values of I530nm/I420nm level off at around 0.2 or
below for non-positively charged proteins, and 0.6 for posi-
tively charged ones; the large gap between the two plateaus
can be exploited to help us discriminate different proteins.
Note that the lysozyme could even be discriminated from a
mixed solution containing the other five proteins (see Fig-


Figure 1. a) Emission spectra of PFP-BT+ as a function of the concentra-
tion of BSA in PBS buffer solution (1 mm ; pH 7.4). [PFP-BT+]=5.0N
10�7m in RUs, [BSA]=0.22–440 nm. b) The ratio of the emission intensity
of PFP-BT+ at wavelengths 530 and 420 nm (I530nm/I420nm) versus the con-
centrations of proteins. [PFP-BT+]=5.0N10�7m in RUs, [protein]=0.22–
490 nm. The excitation wavelength is 370 nm.


Figure 2. a) Emission spectra of PFP-BT� as a function of the concentra-
tion of lysozyme in PBS buffer solution (1 mm ; pH 7.4). [PFP-BT�]=
5.0N10�7m in RUs, [lysozyme]=0.25–490 nm. b) The ratio of emission in-
tensity of PFP-BT� at wavelengths 530 and 420 nm (I530nm/I420nm) versus
concentrations of proteins. [PFP-BT�]=5.0N10�7m in RUs, [protein]=
0.22–490 nm. The excitation wavelength is 370 nm.
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ure S2 in the Supporting Information). These results turn
out to be perfectly consistent with the assay mechanism
shown in Scheme 1.


Manipulation of the Catalytic Activity of Enzymes


Some enzymes also exploit the Coulomb attraction to im-
mobilize substrates to reaction sites. We speculate that the
strong electrostatic interaction between oppositely charged
CP and an enzyme is likely to be utilized to modify the ac-
tivity of the enzyme. The local alteration of the enzymeMs
charge density may speed up or slow down the biocatalytic
process.[16c,32,33] Chymotrypsin (ChT) and negatively charged
PFP� are chosen as the basic components of this working
system (see Scheme 2 for chemical structures). The pI of


ChT is 8.75,[32] which imparts to this enzyme a positive
charge density in the phosphate buffer assay solution (5 mm,
pH 7.4). Thus, the complex of PFP� and ChT can form
through electrostatic interactions. As shown in Scheme 2,
the PFP� molecule can change the local charge density of
ChT, making it more attractive to binding by positively
charged substrates and repelling negatively charged ones.
Two oligopeptides that contain a quencher (nitro group)
were tested as substrates for ChT, including negatively
charged 1 and positively charged 2. When substrates bind to
PFP�/ChT, the fluorescence of PFP� is quenched by an elec-
tron-transfer process. The cleavage reactions of substrates
can be traced by monitoring the fluorescence recovery of
PFP� or the absorption change owing to the formation of p-
nitroaniline.


We first studied the effect of PFP� on the initial rate of
the cleavage reaction of substrates 1–2 catalyzed by ChT.
The initial reaction rate (DA/min) was calculated as the
slope of the plot of the absorbance change at 380 nm of


formed p-nitroaniline versus reaction time.[36] As shown in
Figure 3, upon the addition of PFP�, the initial reaction rate
declines by about 40% in comparison with that in the ab-
sence of PFP� owing to a repulsive interaction between


PFP� and substrate 1. In the case of substrate 2, a totally
different picture appears. The attraction between PFP� and
2 plays an active role as a result of the reduction in the dis-
tance between ChT and 2, which leads to a 10% increase in
the rate ratio in comparison with that observed in the ab-
sence of PFP�. Obviously, conjugated polyelectrolytes
indeed influence the catalytic activity of enzymes to differ-
ent levels depending upon the substratesM charge type. Nota-
bly, despite the clear evidence for the modification of
enzyme activity by electrostatic interactions, other weak
forces, such as hydrophobic interactions, could also play a
role in the manipulation of catalytic activity of the enzyme.


The cleavage reactions of substrates 1–2 were also studied
by monitoring the fluorescence recovery of PFP�. After
mixing ChT with PFP�, the solution of the substrate in PBS
(5 mm, pH 7.4) was added to initiate the cleavage reaction
while simultaneously recording the emission spectra. The in-
itial solution of PFP�/ChT/substrate 2 showed a quenched
fluorescence of PFP�. The emission intensity of PFP� at
424 nm gradually increased with the incubation time from 0
to 42 min (Figure 4a). A threefold fluorescence increase of
PFP� resulted from the cleavage of substrate 2 by ChT,
which demonstrates the fluorescence “turn-on” response of
the PFP�/ChT/substrate 2 complex for ChT activity. The
fluorescence recovery of PFP� exhibits dependence upon
the incubation time of the enzyme (Figure 4b). For nega-
tively charged substrate 1, the emission intensity of PFP� at
424 nm changed little at incubation times between 0 to
33 min (Figures 5a and b). The inevitable hydrophobic inter-
action possibly results in the reduced decrease in the fluo-
rescence intensity. These results show that PFP� prohibits
substrate 1 from sufficiently binding to ChT.


Figure 3. Initial cleavage reaction rate of substrates 1–2 by ChT before
and after adding negatively charged PFP�.


Scheme 2. Schematic representation of the enzymatic adjustment for the
positively charged enzyme (ChT) with negatively charged PFP� (a) and
the chemical structures of PFP� and substrates 1–2 (b). Q=quencher.
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Conclusions


In summary, we have studied the interaction between water-
soluble conjugated polyelectrolytes and proteins. The conju-
gated polyelectrolytes can be utilized as probes for discrimi-
nating proteins with different isoelectric points based on the
ratiometric fluorescence measurement, which interfaces with
the aggregation and light-harvesting properties of conjugat-
ed polyelectrolytes. The strong electrostatic interaction be-
tween oppositely charged conjugated polyelectrolyte and
enzyme can be utilized to modify the activity of enzymes by
local alteration of the charge density. Our new method has
several important features: 1) it offers a convenient “mix-
and-detect” continuous approach for protein assays and
rapid detection of enzyme activity; 2) the use of water-solu-
ble conjugated polyelectrolytes imparts the sensor with a
high sensitivity; 3) this method does not require fluorescent
labels on the targets, which should significantly reduce the
cost.


Experimental Section


Materials and Methods


Avidin and streptavidin were purchased form Amresco. Glucose oxidase
and lysozyme were obtained from Biozyme. BSA was received from
SABC. Con A, substrates 1–2, and ChT (a-chymotrypsin from bovine
pancreas) were obtained from Sigma. PFP-BT+ ,[28a] PFP-BT�,[34] and
PFP� [37] were synthesized according to the procedures in the literatures.


The concentrations of all proteins used herein were determined from
their UV spectra. UV/Vis absorption spectra were taken on a JASCO V-
550 spectrometer. The fluorescence measurements were recorded on a
Hitachi F-4500 spectrophotometer equipped with a Xenon lamp excita-
tion source.


Protein Assays


PBS buffer solution (2 mL, 1 mm ; pH 7.4) containing 5.0N10�7m PFP-
BT+ , then respectively, lysozyme, avidin, streptavidin, BSA, Con A, and
glucose oxidase were successively added to six 3 mL polystyrene cuvettes
and the fluorescence emission spectra were measured immediately at
room temperature with an excitation wavelength of 370 nm. The assay
procedures with PFP-BT� are the same as that for PFP-BT+ , except for
the case of using PFP-BT� instead of PFP-BT+ . The plots of the emission
intensity ratio between wavelengths 530 and 420 nm (I530nm/I420nm) versus
protein concentration were obtained.


Manipulation of the Catalytic Activity of ChT


PBS buffer solution (2 mL, 5 mm ; pH 7.4) and 4.0N10�6m ChT and 6.0N
10�6m PFP�, were added to two 3 mL polystyrene cuvettes. After incuba-
tion for 30 min, a substrate, either 1 or 2, was added into one of the two
cuvettes, to initiate the cleavage reaction. The emission spectra were then
recorded at 3 min intervals over 30 min at room temperature with an ex-
citation wavelength of 380 nm. The plots of the fluorescence intensity at
424 nm versus the ChT incubating time were obtained.


Figure 4. a) Emission spectra of PFP�/ChT/substrate 2 in phosphate
buffer solution (5 mm, pH 7.4) as a function of reaction time for ChT-cat-
alyzed cleavage of substrate 2. b) The dependence of the emission inten-
sity of PFP�/ChT/substrate 2 at 424 nm as a function of reaction time for
ChT-catalyzed cleavage of substrate 2. [ChT]=4.0N10�6m, [PFP�]=6.0N
10�6m, [substrate 2]=4.0N10�5m. The excitation wavelength is 380 nm.


Figure 5. a) Emission spectra of PFP�/ChT/substrate 1 in phosphate
buffer solution (5 mm ; pH 7.4) as a function of reaction time for ChT-cat-
alyzed cleavage of substrate 1. b) The dependence of the emission inten-
sity of PFP�/ChT/substrate 1 at 424 nm as a function of reaction time for
ChT-catalyzed cleavage of substrate 1. [ChT]=4.0N10�6m, [PFP�]=6.0N
10�6m, [substrate 1]=4.0N10�5m. The excitation wavelength is 380 nm.
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Introduction


The bromination of aromatic compounds is a highly useful
transformation because the brominated products are widely
used in the fields of synthetic organic chemistry and materi-
als science. In particular, recent progress in transition-metal-
catalyzed cross-coupling reactions has extended the utility
of bromoarenes and benzylic bromides. Although N-bromo-
ACHTUNGTRENNUNGimides are widely used for both benzylic bromination and
electrophilic aromatic-ring bromination, harsh reaction con-
ditions or electron-rich substrates are usually required.[1,2]


For example, Wohl–Ziegler bromination, which is one of the
most popular methods of obtaining a-brominated alkyl
arenes, is usually performed with N-bromosuccinimide
(NBS) in the presence of a radical initiator at high tempera-
ture. Surprisingly little attention has been given to investi-
gating this reaction at lower temperatures.[1] Recently, we re-
ported that zirconium(IV) chloride catalyzes aromatic-ring
bromination quite efficiently with NBS as an electrophilic


bromination reagent.[1c] In that paper, we also mentioned
that the ZrCl4/NBS system promotes Wohl–Ziegler type
benzylic bromination of toluene derivatives without bromi-
nation on the aromatic ring. Herein, we report an even
more efficient Lewis acid catalyzed benzylic bromination
under mild conditions, in contrast to Brønsted acid catalyzed
aromatic-ring bromination [Eq. (1)].


Results and Discussion


In the course of our previous studies on Lewis acid cata-
lyzed electrophilic halogenation, we found that zirco-
ACHTUNGTRENNUNGnium(IV) chloride catalyzes the benzylic bromination of tol-
uene with NBS at room temperature to provide benzylbro-
mide.[1c] Further optimization of the reaction conditions re-
vealed that the use of 1,3-dibromo-5,5-dimethylhydantoin
(DBDMH) as the bromination reagent increased the reac-
tion rate dramatically to afford benzylbromide exclusively
(Table 1, entries 1–3). Some other metal halides also cata-
lyzed the benzylic bromination selectively (Table 1, en-
tries 4–8). In marked contrast to Lewis acid catalysis, the
use of Brønsted acids promoted the ring bromination of tol-
uene to provide a mixture of o- and p-bromotoluene in ex-
cellent yield without the generation of benzylbromide. The


Abstract: The Lewis acid catalyzed
bromination of aromatic side chains
was achieved efficiently by using 1,3-di-
bromo-5,5-dimethylhydantoin
(DBDMH) as the bromination reagent
under mild conditions. Zirconium(IV)
chloride showed the highest catalytic
activity for this benzylic bromination.


It was revealed that the present Lewis
acid catalysis proceeds by the radical-
generation pathway. In contrast,


Brønsted acids promoted aromatic-ring
bromination without any benzylic bro-
mination. Monobromination of tetra-
methylsilane was also demonstrated
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use of trifluoromethanesulfonic acid and perfluorinated al-
kanesulfonimides showed almost the same reactivity and se-
lectivity (Table 1, entries 9–11).


We assume that this sharp contrast between Lewis and
Brønsted acid catalysis can be explained by differences in
the reaction pathways. Thus, Lewis acids would assist the
generation of benzyl radical[3] from DBDMH to promote a
Wohl–Ziegler benzylic bromination, whereas Brønsted acids
would activate DBDMH by protonation[4] to accelerate Frie-
del–Crafts type electrophilic ring bromination. To ensure a
radical pathway in the course of Lewis acid catalysis, the
effect of light was investigated (Table 2). Zirconium(IV)
chloride catalyzed the bromination of ethylbenzene under
ambient light to afford (1-bromomethyl)benzene (6) in 98%
yield (Table 2, entry 1), but the reaction did not proceed in
the dark (Table 2, entry 2). Furthermore, irradiation by
green laser[5] dramatically accelerated the reaction to afford
the desired product even at �78 8C (Table 2, entry 4). These


results clearly show that this reaction involves the genera-
tion of radical species.


Next, the general scope of the reaction was probed by ap-
plication to a series of alkylated aromatic compounds with
zirconium(IV) chloride or trifluoromethanesulfonimide. The
results are presented in Table 3. In all examples except for
reactions with an electron-rich substrate, Lewis acid catalysis
produced benzylic bromination, whereas Brønsted acid cat-
alysis produced ring bromination specifically. In contrast,
when the reactions were carried out with electron-rich aro-
matic substrates, Lewis acid catalysis afforded ring-bromi-
nated products as well (Table 3, entries 6–9). Benzylic
chlorination of ethylbenzene was performed by using 1,3-di-
chloro-5,5-dimethylhydantoin (DCDMH) as a chlorination
reagent to afford (1-chloroethyl)benzene (7) in good yield
(Table 3, entry 2). Substrate 16, which contains pinacolbo-
rate, also underwent benzylic bromination by Lewis acid
catalysis to provide the desired benzyl bromide derivative
17 (Table 3, entry 10), whereas the use of Brønsted acid
gave a complicated mixture.


Finally, our method was applied to the a bromination of
silane.[6] The treatment of tetramethylsilane (18) with
DBDMH in the presence of 10 mol% of zirconium(IV)
chloride successfully afforded bromomethyltrimethylsilane
(19) in 70% yield (Scheme 1).


Conclusions


We have disclosed the highly effective Lewis acid catalyzed
side-chain bromination of aromatic compounds with
DBDMH as a bromination reagent. In particular, the use of
zirconium(IV) chloride catalyst showed excellent catalytic
activity to provide various benzyl bromide derivatives. In
contrast to Lewis acid catalysis, Brønsted acid promoted ar-
omatic-ring bromination without any benzylic bromination.
Monobromination of tetramethylsilane was also demonstrat-
ed with zirconium(IV) chloride and DBDMH. The present


Abstract in Japanese:


Table 1. Acid-catalyzed bromination of toluene.[a]


Entry Acid ([mol%]) Yield [%][b]


2 3 4


1 none 0 0 0
2[d] ZrCl4 (10) 0 0 39
3 ZrCl4 (10) 0 0 86
4 Zr ACHTUNGTRENNUNG(OiPr)4·H2O (10) 0 0 32
5 TiCl4 (10) 2 2 71
6 AlCl3 (10) 5 4 70
7 Tf2NAlCl2 (10) 1 1 76
8 Cy2BCl (10) 0 0 71
9 TfOH (50) 49 45 0


10 Tf2NH (50) 48 46 0
11 ACHTUNGTRENNUNG(C4F9SO2)2NH (50) 44 42 0


[a] Reactions were carried out in dichloromethane at room temperature
for 2 h with 0.5 equivalent of DBDMH under ambient light unless other-
wise noted. [b] Yields determined by GC analysis. [d] 1.0 equivalent of
NBS was used instead of DBDMH. Cy=cyclohexyl, Tf= trifluorometha-
nesulfonyl.


Table 2. Effect of light for benzylic bromination of ethylbenzene.


Conditions T [8C] Yield [%]


Ambient light RT 98
Dark RT <5
Ambient light �78 <5
Green laser �78 63


Scheme 1. Lewis acid catalyzed radical bromination of tetramethylsilane.
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bromination system could thus be one of the most powerful
methods for Wohl–Ziegler type radical bromination under
mild reaction conditions, and it could be a more atom-eco-
nomical process than that with NBS.


Experimental Section


General


All reactions were carried out in flame-dried glassware under argon at-
mosphere and stirred by magnetic stirrer bars. Flash column chromatog-
raphy for the isolation of products was performed according to the
method of Still with silica gel 60 (230–400 mesh) supplied by E. Merck.
All reactions were carried out with anhydrous dichloromethane, which
was dried with an M BRAUN solvent-purification system (A2 Alumina).
1H and 13C NMR spectra were recorded on a Bruker Avance 500 spec-
trometer (500 MHz for 1H, 125 MHz for 13C). Chemical shifts (d) are re-
ported in ppm (tetramethylsilane: d=0.00 ppm for 1H; residual chloro-
form: d=77.0 ppm for 13C).


Materials


All starting compounds were purchased from Aldrich or Boron Molecu-
lar, Inc. and used without further purification. All acid catalysts were pur-


chased from Aldrich or Strem and
also used without further purification.
Zirconium(IV) chloride, aluminum-
ACHTUNGTRENNUNG(III) chloride, and bistrifluorometha-
nesulfonimide were handled in a
glove box. All products were charac-
terized by the comparison of their
1H NMR spectra with those of com-
mercially available authentic samples.
The green laser pointer (wavelength
532 nm, max output power <5 mW)
used in Table 2 was purchased from
Leadlight Technology, Inc.


Syntheses


Typical procedure for Tables 1 and 3:
A solution of toluene (1; 0.5 mmol)
and DBDMH (0.25 mmol) in di-
chloromethane (2 mL) was added to
a suspension of zirconium(IV) chlo-
ride (0.05 mmol) in dichloromethane
(2 mL) at room temperature. The
mixture was stirred for 2 h at room
temperature under ambient light. The
reaction was quenched with saturated
aqueous NaHCO3, and the mixture
was extracted with diethyl ether. The
organic layer was subjected to GC
analysis with 1,2-dichlorobenzene as
an internal standard. The yield of
benzylbromide (4) was determined to
be 86%.


17: 1H NMR (500 MHz, CDCl3): d=


7.82 (d, J=7.0 Hz, 1H), 7.42–7.37 (m,
2H), 7.30–7.26 (m, 1H), 4.92 (s, 2H),
1.37 ppm (s, 12H); 13C NMR
(125 MHz, CDCl3): d=144.2, 136.4,
131.3, 130.4, 127.6, 83.8, 33.9,
24.8 ppm.


Reaction procedure for Table 2: Re-
actions were carried out with ethyl-
benzene (5 ; 0.5 mmol) as substrate by
a procedure similar to that used for
Table 1. Yields of (1-bromoethyl)ben-


zene (6) were determined by 1H NMR spectroscopic analysis of the
crude mixture. The reaction vessel was covered with aluminum foil when
the reaction was carried out in the dark. A laser pointer was placed on
the top of the reaction vessel, and the entire piece of equipment was cov-
ered with aluminum foil when the reaction was carried out under irradia-
tion with green laser.


Reaction procedure for Scheme 1: Tetramethylsilane (18 ; 4 mmol) and
DBDMH (1 mmol) were added to a suspension of zirconium(IV) chlo-
ride (0.1 mmol) in dichloromethane (4 mL) at room temperature. The
mixture was stirred for 36 h at room temperature under ambient light.
The yield of bromomethyltrimethylsilane (19) was determined by
1H NMR spectroscopic analysis of the reaction mixture to be 70%
(1.4 mmol, based on 1=2 DBDMH). 1H NMR (500 MHz, CDCl3): d=2.46
(s, 2H), 0.14 ppm (s, 9H); 13C NMR (125 MHz, CDCl3): d=18.2,
�2.5 ppm.
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Table 3. Acid-catalyzed halogenation of aromatic compounds.[a]


Entry Substrate Acid ([mol%]) t [h] Product Yield [%]


1 ZrCl4 (10) 2 98[b]


2[c] ZrCl4 (10) 24 76[b]


3 Tf2NH (50) 4
93[b]


(o/p=1:1.3)


4 ZrCl4 (10) 6 89[d]


5 Tf2NH (50) 10 45[d]


6 ZrCl4 (10) 1 99[b]


7 Tf2NH (50) 1.5 95[b]


8 ZrCl4 (10) 1 95[d]


9 Tf2NH (50) 1 90[d]


10 ZrCl4 (10) 6 84[d]


[a] Reactions were carried out in dichloromethane at room temperature with 0.5 equivalent of DBDMH
unless otherwise noted. [b] Yield determined by 1H NMR spectroscopy. [c] 0.5 equivalent of DCDMH was
used instead of DBDMH. [d] Yield of isolated product.
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Introduction


Alternating silylene-conjugated chromophore copolymers
1[1] (Scheme 1) are known to exhibit a range of fascinating
photophysical properties, such as intrachain chromophore-


chromophore aggregation,[2] fluorescence resonance energy
transfer (FRET)[3] and photoinduced electron transfer[4] be-
tween neighboring chromophores, as well as electrolumines-
cent applications.[5] The folding nature of 1 may occasionally
play an important role in dictating some of these interesting


photophysical properties. We recently found that the size of
the substituent on the silylene spacer would furnish the
Thorpe–Ingold effect[6,7] on the conformation of the silylene-
spaced divinylarene copolymers 2 (Scheme 1).[2c,4b] Thus, in-
trachain aggregration becomes more prominent when the
methyl substituent in 2a is replaced by the isopropyl group
(e.g., 2b).[2c] Similarly, the rate of the intrachain photoin-
duced electron transfer is enhanced when R in 2b is the
bulky isopropyl substituent in comparison with 2a having a
methyl group.[4b] The origin of this folding character may
arise from the conformational equilibrium of the divinylsi-
lane moiety in 2 [Eq. (1)].[2c,4b]


When dimethylsilylene-spaced divinylarene copolymers
are incorporated with chiral substituents, copolymers 3
(Scheme 2), for example, show characteristic circular di-
chroitic properties at relatively high concentration. No CD
curves are, however, observed at low concentration.[8] Pre-
sumably, aggregation of polymer 3 plays a pivotal role to en-
hance the circular dichroitic properties.[9,10] It is envisaged
that, when the methyl substituent on silicon in 3 is changed


Abstract: The concept of the Thorpe–
Ingold effect has been used to rational-
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Scheme 1. Silylene-conjugated and silylene-spaced divinylarene copoly-
mers.
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to the bulky isopropyl group, conformation C shown in
Equation (1) would be favored for each of the monomeric
units in these silicon-containing copolymers. As such, the
polymer might favor a helical conformation. We now wish
to report the first example of the Thorpe–Ingold effect on
the helicity of the silylene-spaced divinylarene copolymers 4
and 5 (Scheme 2).


Results and Discussion


Enantiomerically pure 2-methylbutoxy group has commonly
been used as the chiral auxiliary in optically active poly-
mers.[10] We chose to use the same chiral substituent for the
syntheses of 4 and 5 which were based on the known hydro-
silylation strategy as outlined in Scheme 3. The correspond-
ing monomeric model compounds 9 (Scheme 3) were also
prepared for comparison.


The CD curves and absorption spectra of 4 and 5 in do-
decane at ambient temperature are shown in Figure 1. It is
noteworthy that CD signals were observed for 4b and 5b at
a relatively low concentration (10 mg L)�1. Since the degree


of polymerization of 4b and 5b were similar, mirror-image
curves for 4b and 5b were therefore expected. On the other
hand, the circular dichroitic intensities were too weak to be
observed for 4a and 5a at the same concentration. Howev-
er, 4a and 5a showed CD signals at high concentration
(1 g L)�1, indicating that aggregation might take place as in
the case of 3.[8] No CD profiles were observed for monomers
9c or 9d.


The fluorescence spectra of 4a and 4b (lex = 300 nm) in
dodecane at ambient temperature are shown in Figure 2. At
low concentration, the emission profile of 4a was similar to


that of 9c. At high concentration, lem of 4a shifted to longer
wavelength, presumably as a result of interchain aggrega-
tion. Interestingly, emission maxima of 4b appeared at 436
and 460 nm even at low concentration and the profile re-
mained unchanged within the concentration range of
10 mgL�1 to 200 mgL�1. As a result of the bulky isopropyl
substituents, each of the monomeric unit in 4b would adopt
conformation C [Eq. (1)] arising from the Thorpe–Ingold
effect. Accordingly, 4b would be more folded. It seems


Scheme 2. Various silylene-spaced divinylarene copolymers.


Scheme 3. Syntheses of 4 and 5. a) TMSC�CH, Pd ACHTUNGTRENNUNG(PPh3)2Cl2, CuI, Et3N,
92–95 %: b) KOH, 87–90 %; c) 8a, Rh ACHTUNGTRENNUNG(PPh3)3Cl, 82–85 % (4a : Mn =


17400, PDI=2.09 5a : Mn =16 300, PDI=2.22); d) 8b, RhACHTUNGTRENNUNG(PPh3)3Cl, 78–
80% (4b : Mn = 19500, PDI=2.25 5b : Mn =21 200, PDI =2.19); e) Pd-
ACHTUNGTRENNUNG(OAc)2, Bu4NOAc, 86–91 %.


Figure 1. The CD (upper) and absorption (lower) spectra of polymers 4a
(10 mg L�1, a ; 1 gL�1, g, 4b (10 mg L�1, c), 5a (10 mg L�1, short
g ; 1 g L�1, dash-dot-dot) and 5b (10 mg L�1, d) in dodecane at ambi-
ent temperature.


Figure 2. The emission spectra of polymers 4a (10 mg L�1, a ; 1 gL�1,
g), 4b (10 mg L�1, c) and model compound 9c (d) in dodecane
at ambient temperature.
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likely that the divinylarene chromophores in 4b might be in
close proximity so that intrachain interaction between these
chromophores might take place, resulting in a red shift in
the emission profile. In addition, intrachain chromophore–
chromphore interactions in 4b may lead to a more rigid con-
formation so that structured emission could be observed.


Temperature-dependent CD profiles have been extensive-
ly used to elucidate helix–random coil interconversion.[11]


We have carried out a similar examination on copolymer
4b. As shown in Figure 3 a, the CD intensities of 4b de-


creased as the temperature increased and the circular di-
chroitic properties were completely lost at 100 8C. The over-
all process was reversible and the original CD curve was re-
generated upon cooling. Relatively speaking, the circular di-
chroitic properties of 4a (at 1 g L�1) in dodecane were less
sensitive to temperature changes and were only slightly per-
turbed as with a temperature increase from �10 to 110 8C
(Figure 3 b).


Temperature-dependent absorption and emission spectra
of 4b in dodecane are shown in Figure 4. It is interesting to
note that the emission profiles appear to be significantly
changed as the temperature increased. The conformational
change may provoke variations in the chromophore–chro-
mophore interactions in 4b. These results appear to be con-


sistent with the temperature-dependent CD profiles of 4b
(Figure 3 a). Relatively speaking, the emission properties of
4a at high concentration were only slightly perturbed with
temperature (Figure 4). Again, these results were in agree-
ment with the variable temperature CD experiments on 4a
(Figure 3 b).


Figure 5 shows the change of the circular dichroitic inten-
sities of 4b in dodecane in multiple thermal stages. The CD
signals were monitored at 300 nm and 368 nm at 0 8C, 30 8C,
60 8C, and 100 8C. The signals disappeared at 100 8C as a
result of conformational changes and gradually appeared
again at 60 8C and 30 8C, and completely recovered at 0 8C.
These CD profiles were reproducible after several thermal
cycles.


Figure 3. Temperature-dependent CD spectra of a) 4b in dodecane at
10 mg L�1. b) 4a in dodecane at 1 g L�1. (0 8C: c ; 20 8C: a ; 40 8C:
g ; 60 8C: d ; 80 8C: dash-dot-dot; 100 8C: short g).


Figure 4. Temperature-dependent a) absorption spectra of 4b in dodec-
ane at 10 mg L�1; b) fluorescence spectra of 4b in dodecane at 10 mg L�1;
c) fluorescence spectra of 4a in dodecane at 1 g L�1. (0 8C: c ; 20 8C:
a ; 40 8C: g ; 60 8C: d ; 80 8C: dash-dot-dot; 100 8C: short g).
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In summary, we have demonstrated the first example
using the concept of the Thorpe–Ingold effect to describe
the helicity of the silylene-spaced divinylarene copolymers
having chiral substituents. The presence of the bulky isopro-
pyl substituents on silicon would render each of the mono-
meric units in these copolymers to favor conformation C,
shown in Equation (1). The copolymer would thus be more
folded to form a helical morphology as revealed by the no-
table enhancement of the circular dichroitic intensity. The
reversible temperature-dependent CD profiles further sup-
ported the stable helical conformation for the copolymers
4b and 5b.


Experimental Section


General.


Gel permeation chromatography (GPC) was performed on a Waters
GPC machine using an isocratic HPLC pump (1515) and a refractive
index detector (2414). THF was used as the eluent (flow rate=


1.0 mL min�1). Waters styragel HR2, HR3, HR4 (7.8 J 300 mm) were em-
ployed using polystyrene as standard (Mn values range from 375 to 3.5J
106). Absorption spectra and emission spectra were measured with a Hi-
tachi U-3310 and a Hitachi F-4500 fluorescence spectrophotometers, re-
spectively. CD spectra were recorded on a JASCO J-815 spectropolarim-
eter. Mass spectra (HRMS) were recorded on a JEOL SX-102 mass spec-
trometer.


Synthesis


6c[12] and 6d : 1,4-Diiodo-2,5-bis(S-2-methylbutoxy)benzene and 1,4-
diiodo-2,5-bis(R-2- methylbutoxy)benzene. To a solution of 2,5-diiodo-
benzene-1,4-diol[13] (9.20 g, 25.4 mmol) and R-2-methyl-butyl tosylate[14]


(12.1 g, 53.5 mmol) in DMSO (175 mL) KOH was added (4.5 g,
80.2 mmol). The mixture was stirred at room temperature for 36 h,
poured into water, and extracted twice with ether. The combined organic
extracts were washed with 10 % NaOH, water, and brine successively,
dried with (MgSO4), and then filtered. The solvent was removed in vacuo
and the residue was recrystallized from CHCl3/MeOH to afford 6d as a
white solid (6.76 g, 53%): m.p. 75–76 8C [a]22


D =�7.0 (c=0.1 in CHCl3);
1H NMR (400 MHz): d =0.97 (t, J=7.4 Hz, 6 H), 1.08 (d, J=6.8 Hz, 6H),
1.28–1.37 (m, 2H), 1.56–1.65 (m, 2H), 1.86–1.93 (m, 2H), 3.72 (dd, J=


8.7, 6.2 Hz, 2 H), 3.80 (dd, J=8.7, 5.6 Hz, 2 H), 7.16 ppm (s, 2H);
13C NMR (100 MHz): d =11.5, 16.8, 26.2, 34.9, 74.8, 86.0, 122.3,


152.6 ppm; IR (KBr): ñ= 2960, 2920, 2874, 1485, 1460, 1389, 1349, 1263,
1211, 1055, 1007, 991, 850, 792 cm�1; HRMS (EI) (C16H24I2O2): calcd:
501.9866 found: 501.9856.


6c : m.p. 75–76 8C (lit.[12] m.p. 74–76.5 8C) [a]22
D =++7.2 (c=0.1 in CHCl3).


10c[15] and 10d: 2,5-Bis(S-2-methylbutoxy)-1,4-bis(trimethylsilylethynyl)-
benzene and 2,5- bis(R-2-methylbutoxy)-1,4-bis(trimethylsilylethynyl)-
benzene. To a stirred mixture of 6d (3.97 g, 7.9 mmol), CuI (0.12 g,
0.64 mmol) and Pd ACHTUNGTRENNUNG(PPh3)2Cl2 (0.28 g, 0.40 mmol) in THF (15 mL), Et3N
(3.5 mL, 24.4 mmol) and trimethylsilylacetylene (2.61 mL, 17.4 mmol) in
THF (5 mL) were sequentially added. The mixture was stirred at room
temperature for 4 h. The solid was filtered through silica gel and the fil-
trate was evaporated in vacuo to give 10d (3.22 g, 92%): m.p. 106–107 8C
(CHCl3/MeOH) [a]22


D =�12.4 (c=0.1 in CHCl3); 1H NMR (400 MHz):
d=0.24 (s, 18H), 0.96 (t, J=7.4 Hz, 6 H), 1.05 (d, J=6.8 Hz, 6H), 1.27–
1.34 (m, 2 H), 1.58–1.65 (m, 2 H), 1.86–1.91 (m, 2 H), 3.75 (dd, J=8.7,
6.4 Hz, 2H), 3.80 (dd, J= 8.7, 6.2 Hz, 2 H), 6.88 ppm (s, 2 H); 13C NMR
(100 MHz): d=0.1, 11.6, 16.6, 26.2, 35.0, 74.1, 99.9, 101.0, 113.8, 116.7,
153.9 ppm; IR (KBr): ñ= 2960, 2920, 2876, 2152, 1499, 1463, 1406, 1390,
1274, 1249, 1226, 1208, 1039, 894, 843, 759 cm�1; HRMS (EI) (C26H42O2


Si2): calcd: 442.2723 found: 442.2717.


10c : m.p. 106–107 8C (lit.[15] 109 8C) [a]22
D =++12.3 (c=0.1 in CHCl3).


7c and 7d : 2,5-Bis(S-2-methylbutoxy)-1,4-diethynylbenzene (7 c)[15] and
2,5-bis(R-2-methyl- butoxy)-1,4-diethynylbenzene. To a stirred solution of
10d (2.61 g, 5.9 mmol) in THF (100 mL), MeOH (50 mL) and 20 % aque-
ous KOH solution (3.5 mL) were added. The mixture was stirred at room
temperature for 2 h, poured into water, then extracted twice with
CH2Cl2. The combined organic extracts were washed with water, and
brine, dried with (MgSO4), and then filtered. The solvent was removed in
vacuo to give the residue which was chromatographed on silica gel
(0.5 % ethyl acetate/hexane) to afford 7d (1.58 g, 87%): m.p. 62–63 8C
[a]22


D =�15.2 (c=0.1 in CHCl3); 1H NMR (400 MHz): d=0.96 (t, J=


7.4 Hz, 6H), 1.04 (d, J=6.4 Hz, 6H), 1.24–1.33 (m, 2H), 1.56–1.61 (m,
2H), 1.88–1.93 (m, 2 H), 3.33 (s, 2H), 3.74 (dd, J=8.6, 6.6 Hz, 2 H), 3.84
(dd, J=8.6, 6.2 Hz, 2 H), 6.94 ppm (s, 2H); 13C NMR (100 MHz): d=


11.5, 16.6, 26.2, 34.8, 74.4, 79.7, 82.3, 113.1, 117.4, 153.9 ppm; IR (KBr):
ñ= 3269, 3253, 2957, 2930, 2874, 1494, 1464, 1407, 1382, 1271, 1219, 1199,
1035, 865, 837 cm�1; HRMS (EI) (C20H26O2): calcd: 298.1933 found:
298.1930.


7c : m.p. 62–63 8C [a]22
D =++15.0 (c=0.1 in CHCl3).


9c and 9d : 2,5-Bis-(S-2-methylbutoxy)-1,4-bis-(2-trimethylsilanylvinyl)-
benzene and 2,5-bis-(R-2-methylbutoxy)-1,4-bis-(2-trimethylsilanylvinyl)-
benzene. Under N2, a mixture of 6c[12] (2.51 g, 5 mmol), trimethylvinylsi-
lane (1.20 g, 12 mmol), PdACHTUNGTRENNUNG(OAc)2 (0.11 g, 0.5 mmol), Bu4NOAc (6.03 g,
20 mmol) and molecular sieves (4 M) in dry DMF (150 mL) was stirred
at 80 8C for 24 h. After filtration over celite, the solvent was evaporated
in vacuo to give the residue which was chromatographed on Et3N-treated
silica gel (CH2Cl2/hexane= 1:4) to afford 9c as a white solid (2.03 g,
91%): m.p. 102–103 8C [a]22


D =++15.6 (c=0.1 in CHCl3); 1H NMR
(400 MHz, CDCl3): d=0.18 (s, 18H), 0.99 (t, J=7.4 Hz, 6 H), 1.07 (d, J=


6.8 Hz, 6H), 1.25–1.34 (m, 2H), 1.60–1.65 (m, 2H), 1.85–1.92 (m, 2H),
3.79 (dd, J=8.8, 6.0 Hz, 2 H), 3.85 (dd, J=8.8, 6.0 Hz, 2H), 6.42 (d, J=


19.4 Hz, 2H), 7.04 (s, 2 H), 7.32 ppm (d, J=19.4 Hz, 2 H); 13C NMR
(100 MHz, CDCl3): d=�1.0, 11.6, 16.9, 26.4, 35.2, 74.1, 110.0, 128.0,
129.2, 137.6, 150.6 ppm; IR (KBr): ñ =2957, 2916, 2876, 1591, 1483, 1463,
1420, 1331, 1277, 1248, 1223, 1197, 1044, 994, 865, 837, 736 cm�1; HRMS
(EI) (C26H46O2Si2): calcd: 446.3036 found: 446.3046. 9d (1.92 g, 86%)
was obtained in a manner similar to that described above, from 6d as
starting material [a]22


D =�15.2 (c=0.1 in CHCl3) HRMS (EI) (C26H46O2


Si2): calcd: 446.3036 found: 446.3042.


Polymers 4a and 5a. To a solution of 7c[15] (298 mg, 1 mmol) and 8a[2a]


(246 mg, 1 mmol) in THF (5 mL) Rh ACHTUNGTRENNUNG(PPh3)3Cl (4.6 mg, 0.1 m) was added
under N2. The mixture was refluxed for 10 h, cooled to room temperature
and then poured into MeOH to precipitate. The precipitate was collected
and re-dissolved in THF, then precipitated again with MeOH. The prod-
uct 4a was collected by filtration and washed with MeOH (0.46 g, 85%):
Mn =17400, PDI= 2.09; 1H NMR (400 MHz, CDCl3): d=0.27 (s, 12H),
0.94–0.96 (t, 6 H), 1.02–1.04 (d, 6 H), 1.27–1.35 (m, 2H), 1.55–1.65 (m,
2H), 1.85–1.90 (m, 2 H), 3.75–3.80 (m, 2H), 3.80–3.85 (m, 2 H), 6.43–6.56


Figure 5. Change of CD intensities of 4b in dodecane in multiple thermal
stages and monitored at 300 nm (*) and 368 nm (*). (stages 1, 7, and
13: 0 8C, stages 2, 6, 8, 12, and 14: 30 8C, stages 3, 5, 9, 11, and 15: 60 8C,
stages 4, 10, and 16: 100 8C).
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(m, 4 H), 6.92–6.96 (d, 4H), 7.05 (s, 2H), 7.42–7.52 ppm (m, 4 H); IR
(KBr): ñ =2959, 2930, 2875, 1597, 1507, 1490, 1459, 1419, 1386, 1318,
1247, 1217, 1196, 1041, 987, 840 cm�1. Polymer 5a (0.44 g, 82%) was ob-
tained in a manner similar to that described above, from 7d and 8a :
Mn =16300, PDI =2.22.


Polymers 4b and 5b. In a manner similar to that described above, a mix-
ture of 7c[15] (298 mg, 1 mmol), 8b[2c] (359 mg, 1 mmol) and Rh ACHTUNGTRENNUNG(PPh3)3Cl
(4.6 mg, 0.1m) was converted to 4b (0.51 g, 78%): Mn =19500, PDI=


2.25; 1H NMR (CDCl3, 400 MHz): d=0.91–0.94 (t, 6H), 1.00–1.04 (d,
6H), 1.12–1.20 (d, 24H), 1.22–1.25 (m, 4H), 1.55–1.65 (m, 2H), 1.85–1.90
(m, 2 H), 3.80–3.85 (m, 2H), 3.85–3.90 (m, 2H), 6.39–6.53 (m, 4 H), 7.01–
7.10 (d, 4 H), 7.07 (s, 2H), 7.45–7.50 ppm (m, 4H); IR (KBr): ñ =2956,
2930, 2862, 1597, 1489, 1462, 1419, 1384, 1321, 1219, 1188, 1049, 991,
881 cm�1. Polymer 5b (0.52 g, 80 %) was obtained in a manner similar to
that described above, from 7d and 8b : Mn =21 200, PDI= 2.19.
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Introduction


In the past decade, bulky triorganophosphanes have attract-
ed increasing attention as excellent ligands for transition-
metal catalysts in preparing biologically intriguing com-
pounds as well as functional organic materials.[1] There are
two important methods for the preparation of such bulky li-
gands: the reactions of chlorophosphanes with bulky organ-
ometallic reagents[2] and the transition-metal-catalyzed phos-
phination or phosphinylation of bulky aryl halides.[3] Howev-
er, the bulky organometallic reagents and bulky aryl halides
are not always readily available. Conceptually new ap-
proaches to bulky phosphanes should be developed.


We have been interested in the use of 1-alkynylphos-
phanes as starting materials in creating new phosphanes.[4,5]


During the course of our study, we have developed rhodi-
um-catalyzed formal [2+2+2] cycloaddition reactions[6] of
1,6-diynes and 1-alkynylphosphane sulfides,[7–9] which offer a


novel approach to bulky phosphanes. Herein we report the
full details of this approach. The use of the bulky phosphane
ligands in palladium-catalyzed reactions is also disclosed.


Results and Discussion


Rhodium-Catalyzed Formal [2+2+2] Cycloaddition of
Tethered Diynes with 1-Alkynylphosphane Sulfides


The reaction of 1,6-diyne 1a with 1-octynyldiphenylphos-
phane sulfide (2a) was chosen as a model reaction. Treat-
ment of 1a with 2a in dichloromethane in the presence of a
cationic rhodium catalyst and binap at 25 8C afforded the
corresponding phosphane sulfide 3a in high yield (Table 1,
entry 1). The only by-product was 4a, derived from homo-
cycloaddition of 1a. Binap proved to be the choice of
ligand. When dppe, dppb, dppf, or PPh3 (2 equiv) was used,
the conversion of 2a was modest and significant amounts of
4a were obtained (Table 1, entries 2–5). The use of
1.5 mol % of [RhCl ACHTUNGTRENNUNG(cod)]2 and 3.0 mol % of PPh3 resulted in
the predominant formation of homo-cycloadduct 4a, leaving
most of 2a unreacted (Table 1, entry 6). The rhodium cata-
lysts coordinated by two phosphorus atoms were effective
for the successful cross-cycloaddition. Chlorinated solvents
were suitable for the reaction (Table 1, entries 7 and 8). The
generation of the cationic rhodium by the action of silver
tetrafluoroborate was essential. No 3a was detected in the


Abstract: Treatment of 1-alkynylphos-
phane sulfides with 1,6- or 1,7-diynes in
the presence of a cationic rhodium cat-
alyst results in a formal [2+2+2] cyclo-
addition reaction to afford the corre-
sponding aromatic phosphane sulfides.
The aromatic rings formed in the cyclo-
addition naturally bear one or two sub-
stituents at the ortho positions to the


phosphorus atom, which creates a steri-
cally hindered environment around the
phosphorus atom. The following desul-
fidation of the products is facile under


radical conditions or with the aid of
tris(dimethylamino)phosphane, provid-
ing the corresponding bulky phos-
phanes. Dicyclohexyl(2,6-diphenylaryl)-
phosphane, which is available through
this sequence, proves to serve as an ef-
ficient ligand in palladium-catalyzed
cross-coupling amination reactions.


Keywords: amination · cross-
coupling · cycloaddition · phos-
phanes · rhodium
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absence of the silver salt, and 4a was cleanly formed
(Table 1, entry 9). The cationic rhodium center induces
strong coordination of 2a, and chlorinated solvents enhance
the interaction.


The use of [IrCl ACHTUNGTRENNUNG(cod)]2 or [Cp*RuCl ACHTUNGTRENNUNG(cod)], with or with-
out the silver salt, failed to afford 3a, yielding 4a instead.
The reaction of 1-octynyldiphenylphosphane with 1a led to
no conversion. The trivalent phosphane coordinates to the
rhodium center so strongly that the catalyst becomes deacti-
vated. The reaction of 1-octynyldiphenylphosphane oxide
with 1a provided the corresponding product in 40 % yield
along with 4a.[9] The sulfide moiety of 2a properly assists
the reaction of a rhodacyclopentadiene intermediate with
2a in the catalytic cycle.[10]


Table 2 summarizes the reactions of tethered terminal
diynes 1 and 1-alkynylphosphane sulfides 2. Diyne 1c, de-
rived from dimethyl malonate, reacted efficiently with 2a to


furnish the corresponding triarylphosphane sulfide 3c in the
highest yield of isolated product of 97 % (Table 2, entry 3).
Tetramethylene-tethered 1,7-octadiyne (1e) underwent the
cross-cycloaddition more smoothly than trimethylene-teth-
ered 1,6-heptadiyne (1d, Table 2, entries 4 and 5).


The scope of 1-alkynylphosphane sulfides was satisfactory
(Table 2, entries 6–10). A variety of substituents, that is,
phenyl, isopropyl, tert-butyl, o-methoxyphenyl, and trime-
thylsilyl groups, on the acetylenic terminus of 2 were com-
patible. Double and triple cycloaddition took place upon
treatment of dialkynylphenylphosphane sulfide 5a and trial-
kynylphosphane sulfide 5b with 1c with the rhodium cata-
lyst (Scheme 1).


Although diynes having internal acetylenic moieties failed
to react at 25 8C, the reactions proceeded in 1,2-dichloro-
ethane at reflux to yield the corresponding products
(Table 3). The newly formed aromatic rings of the products
inherently have two substituents at the ortho positions to
the phosphorus atom. Synthesis of (2,6-disubstituted aryl)-
phosphanes is not easy.[2,3] We indeed performed the reac-
tion of 2,6-diphenylphenyllithium with chlorodiphenylphos-


Abstract in Japanese:


Table 1. Optimization of formal [2+2+2] cycloaddition reactions of teth-
ered diyne 1a with 1-octynyldiphenylphosphane sulfide (2a).[a]


Entry Ligand Solvent 3a [%][b] 4a [mmol][b]


1 binap CH2Cl2 86 0.03
2 dppe CH2Cl2 56 0.11
3 dppb CH2Cl2 48 0.13
4 dppf CH2Cl2 66 0.08
5 PPh3


[c] CH2Cl2 52 0.12
6 PPh3 CH2Cl2 9 0.22
7 binap ClCH2CH2Cl 81 0.04
8 binap toluene 61 0.10
9[d] binap CH2Cl2 <1 0.24


[a] Ts=p-MeC6H4SO2. [b] Based on NMR analysis. [c] 6 mol %. [d] In
the absence of AgBF4.


Table 2. Rhodium-catalyzed formal [2+2+2] cycloaddition reactions for
synthesizing (mono-ortho-substituted aryl)diphenylphosphane sulfides
3a–j.


Entry 1 X 2 R 3 Yield [%]


1 1a p-MeC6H4SO2N 2a n-C6H13 3a 71
2 1b O 2a n-C6H13 3b 77
3 1c CACHTUNGTRENNUNG(CO2Me)2 2a n-C6H13 3c 97
4 1d CH2 2a n-C6H13 3d 60
5 1e CH2CH2 2a n-C6H13 3e 93
6 1c CACHTUNGTRENNUNG(CO2Me)2 2b Ph 3 f 85
7 1c CACHTUNGTRENNUNG(CO2Me)2 2c iPr 3g 83
8 1c CACHTUNGTRENNUNG(CO2Me)2 2d tBu 3h 74
9 1c CACHTUNGTRENNUNG(CO2Me)2 2e o-MeOC6H4 3 i 85
10 1c CACHTUNGTRENNUNG(CO2Me)2 2 f Me3Si 3j 80


Scheme 1. Rhodium-catalyzed multiple formal cycloaddition [X =C-
ACHTUNGTRENNUNG(COOMe)2].
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phane in THF at 25 8C. However, the corresponding bulky
phosphane, diphenyl(2,6-diphenylphenyl)phosphane, was
obtained in only 22 % yield, along with a significant amount
of m-terphenyl.


Interestingly, the reaction of 1h with diphenyl[(2-me-
thoxy-1-naphthyl)ethynyl]phosphane sulfide (2g) afforded
phosphane sulfide 3o having a chiral axis (Table 3, entry 5).
It is worth noting the use of (R)-binap and (R)-tol-binap led
to chiral induction, affording 3o with 40 % ee and 55 % ee
(Table 3, entries 6 and 7).[9]


Bulky triarylarsine 8 was synthesized under different con-
ditions (Scheme 2). It is noteworthy that trivalent diphenyl-


(phenylethynyl)arsine (7), instead of the corresponding pen-
tavalent derivatives such as arsine sulfide, could be used as
the substrate. The reaction proceeded in the absence of
AgBF4. Binap was not essential, and triphenylphosphane
served well. Importantly, 1 i should be added slowly over 1 h
to attain a high yield. After extensive screening, the reaction
was most efficient in 1,4-dioxane.


1-Alkynyldicyclohexylphosphane sulfides 9a and 9b were
less reactive than the corresponding diphenyl analogues 2a
and 2b. Because of the low reactivity of 9, homo-cycloaddi-
tion of tethered terminal diynes 1 predominated. For in-
stance, the reaction of terminal diyne 1c with 9a provided
the desired product 10a in 44 % yield with concomitant for-
mation of 4b (30 % yield based on 1c ; Scheme 3). Attempts


to improve the yield of 10a failed. The reaction of dipro-
pargyl ether (1b) with 9b requires a higher temperature as
well as slow addition of 1b.


The reaction of internal diyne 1g with dicyclohexyl(phe-
nylethynyl)phosphane sulfide (9b) was successful without
using a slow addition technique to yield highly crowded 10c
in high yield (Scheme 4). Internal diyne 1g was not prone to


undergo homo-cycloaddition, owing to the steric hindrance
around the acetylenic moieties. On the other hand, when
oxygen-tethered internal diyne 1 i was used as the substrate,
slow addition of 1 i was essential to attain a satisfactory
result. Thus, oxygen-tethered 1 i proved to be less reactive
than malonate-tethered 1g in the cross-cycloaddition.


Desulfidation of the Phosphane Sulfides


The phosphane sulfides thus obtained should be readily re-
duced to the parent phosphane. To this end, the desulfida-
tion reaction developed by Chatgilialoglu proved to be
facile, clean, and high-yielding (Table 4).[11] For instance,
treatment of 3c with tris(trimethylsilyl)silane (TTMSS) in
the presence of a radical initiator in benzene at reflux af-
forded the reduced product 11a in 97 % yield. Reduction of
more bulky triarylphosphane sulfides, 3m, 3n, 3o, 3p, and
6b, proceeded smoothly. Dicyclohexyl-substituted bulky
phosphane sulfides 10b and 10c readily underwent the de-


Table 3. Rhodium-catalyzed formal [2+2+2] cycloaddition reactions for
synthesizing (di-ortho-substituted aryl)diphenylphosphane sulfides 3k–p.


Entry 1 R1 2 R2 3 Yield [%]


1 1 f Me 2a n-C6H13 3k 87[a]


2 1g Ph 2a n-C6H13 3 l 90[a]


3 1g Ph 2b Ph 3m 65
4 1h iPr 2c iPr 3n 70[b]


5 1h iPr 2g 2-MeO-1-naphthyl 3o 77[b]


6 1h iPr 2g 2-MeO-1-naphthyl 3o 77[c] (40 % ee)
7 1h iPr 2g 2-MeO-1-naphthyl 3o 72[d] (55 % ee)
8 1 i[e] Ph 2b Ph 3p 67[b]


[a] Performed for 4 h. [b] [RhCl ACHTUNGTRENNUNG(cod)]2 (5 mol %), AgBF4 (10 mol %),
binap (10 mol %). [c] [RhCl ACHTUNGTRENNUNG(cod)]2 (5 mol %), AgBF4 (10 mol %), (R)-
binap (10 mol %). [d] [RhCl ACHTUNGTRENNUNG(cod)]2 (5 mol %), AgBF4 (10 mol %), (R)-
tol-binap (10 mol %). [e] X is O instead of C ACHTUNGTRENNUNG(COOMe)2.


Scheme 2. Rhodium-catalyzed cycloaddition yielding a bulky triarylar-
sine.


Scheme 3. Reactions of tethered terminal diynes with 1-alkynyldicyclo-
hexylphosphane sulfides 9.


Scheme 4. Reactions of tethered internal diynes with dicyclohexyl(phenyl-
ethynyl)phosphane sulfide (9b).
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sulfidation. Except for triisopropyl-substituted 11d, the
phosphanes obtained were stable in air. The purification of
the trivalent phosphanes on silica gel could be performed
without any special care.


Desulfidation with tris(dimethylamino)phosphane was
found to be an alternative method (Scheme 5).[12] Treatment
of phosphane sulfide 10d with a large excess of tris(dime-
thylamino)phosphane in boiling toluene for 24 h provided
the corresponding trivalent phosphane 11 j in 77 % yield.


Palladium-Catalyzed Reactions with Bulky Phosphane
Ligands Prepared by the Cycloaddition/Desulfidation


Sequence


To evaluate the performance of the bulky phosphane ligands
prepared by the method presented herein, we examined the
palladium-catalyzed amination of aryl halides[13] with the
bulky ligands. As a model reaction, we chose the reaction of
4-bromoanisole (12a) with morpholine (13a) with the aid of
palladium acetate, ligand, and sodium tert-butoxide
(Scheme 6). Although tricyclohexylphosphane was com-
pletely ineffective, dicyclohexylphenylphosphane promoted
the amination to yield the corresponding aniline 14a in
42 % yield. Interestingly, introducing one or two phenyl
groups at the ortho positions to the phosphorus atom im-
proved the yield of 14a. (2-Phenylaryl)phosphane 11h was
more effective than dicyclohexylphenylphosphane, and (2,6-
diphenylaryl)phosphane 11 j was more effective than 11h.
Bulky triarylphosphane 11 f was inferior to aryldicyclohexyl-
phosphane 11 j. The electron-rich and bulky nature of 11 j
enhances the activity of the palladium catalyst.


The scope of aryl halides was examined by using 11 j as
the ligand (Table 5). The amination of 4-bromotoluene pro-
ceeded smoothly (Table 5, entry 1). The reaction of 4-
bromo-N,N-dimethylaniline was less efficient (Table 5,
entry 2). Unfortunately, the reactions of bromobenzene
(Table 5, entry 3), electron-deficient aryl bromide (entry 4),


and ortho-substituted 2-bromotoluene (entry 5) suffered
from low yields, albeit with full conversion. Aryl chloride
also underwent the amination with moderate efficiency
(Table 5, entry 6).


The scope of amine is summarized in Scheme 7. Besides
morpholine, the reaction of N-methylaniline proceeded
smoothly, yielding 15b in 76 % yield. Piperidine was less re-
active, and 2.5 mol % of the palladium catalyst was necessa-
ry to achieve a satisfactory yield. Dibutylamine was less re-
active, and the product 15c was obtained in only 34 % yield
in the reaction at a high temperature.


Palladium-catalyzed amination with primary amines was
successful when tris(dibenzylideneacetone)dipalladium [Pd2


ACHTUNGTRENNUNG(dba)3], 11 j, and 1,2-dimethoxyethane were used
(Scheme 8). Except for tert-butylamine, the reactions afford-


Table 4. Radical desulfidation of phosphane sulfides.


Entry Phosphane sulfide Phosphane Yield [%]


1 3c 11a 97
2 3 f 11b 91
3 3m 11c 84
4 3n 11d 49[a] (100[b])
5 3o 11e 78
6 3p 11 f 77
7 6b 11g 91
8 10b 11h 82
9 10c 11 i 80


[a] The low yield was due to the instability in air. [b] Determined by
31P NMR analysis of the crude product.


Scheme 5. Desulfidation with (Me2N)3P.


Scheme 6. Ligand screening in palladium-catalyzed amination.


Table 5. Scope of aryl halides in palladium-catalyzed amination with
morpholine by using 11j as ligand.


Entry R X t [h] 14 Yield [%]


1 4-Me Br 5 14b 83
2 4-Me2N Br 24 14c 67
3 H Br 5 14d 28
4 4-CF3 Br 5 14e 32
5 2-Me Br 5 14 f 35
6 4-MeO Cl 17 14a 55
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ed the corresponding anilines in high yields. In the reaction
of butylamine, diarylated product N,N-bis(4-methoxyphe-
nyl)butylamine was formed in 9 % yield, in addition to 16a ;
compact butylamine is capable of undergoing the second ar-
ylation.


Ligand 11 j was effective not only in the amination reac-
tion but also in the palladium-catalyzed arylation of ke-
tones[14] (Scheme 9). Treatment of ethyl phenyl ketone (17)
with 12a in the presence of sodium tert-butoxide and cata-
lytic amounts of [Pd2ACHTUNGTRENNUNG(dba)3] and 11 j in refluxing dioxane
provided 18 in good yield. The palladium-catalyzed aryla-
tion reaction of 1,3-diketone 19 with 12a in the presence of
potassium hydroxide in refluxing toluene afforded 20 in
high yield. Ketone 19 readily tautomerizes into the corre-
sponding highly stable enol form, which is unreactive under
the conventional palladium-catalyzed arylation conditions.
Sterically demanding ligand 11 j allowed 19 to react, proba-
bly because 11 j enhances the reductive elimination step of


the catalytic cycle. It is worth noting that the reaction of 1,3-
diketone 19 with 12a did not proceed at all even with the
aid of XPhos,[15] which showed the highest performance in
the palladium-catalyzed arylation of 1,3-dicarbonyl com-
pounds.


Conclusions


The combination of the rhodium-catalyzed formal cycload-
dition of diynes with 1-alkynylphosphane sulfides and subse-
quent desulfidation of the cycloadducts thus represents a
conceptually novel access to bulky phosphanes. The phos-
phanes obtained could serve as useful ligands in palladium-
catalyzed reactions, and will find many applications in or-
ganic synthesis.


Experimental Section
1H NMR (500 MHz) and 13C NMR (125.7 MHz) spectra were taken on a
Varian UNITY INOVA 500 spectrometer and were obtained in CDCl3 or
C6D6 with tetramethylsilane as an internal standard. 31P NMR
(121.5 MHz) spectra were taken on a Varian GEMINI 300 spectrometer
and were obtained in CDCl3 or C6D6 with 85% H3PO4 solution as an ex-
ternal standard. NMR yields were determined by fine 31P NMR spectra
with (MeO)3P=O as an internal standard. The first delay of 31P NMR
measurements was set for 15 s to make integrals for signals accurate. IR
spectra were taken on a SHIMADZU FTIR-8200PC spectrometer. Mass
spectra were determined on a JEOL Mstation 700 spectrometer. Deter-
mination of enantiomeric excess was performed with a Shimadzu LCMS-
2010A. A syringe pump (Harvard Apparatus) was used for slow addition.
TLC analyses were performed on commercial glass plates bearing a 0.25-
mm layer of Merck Silica gel 60F254. Silica gel (Wakogel 200 mesh) was
used for column chromatography. Elemental analyses were carried out at
the Elemental Analysis Center of Kyoto University.


Unless otherwise noted, materials obtained from commercial suppliers
were used without further purification. [RhClACHTUNGTRENNUNG(cod)]2 was obtained from
Wako Pure Chemical. AgBF4 and binap were purchased from Aldrich.
Tris(trimethylsilyl)silane was obtained from TCI and was stored under
argon. Pd ACHTUNGTRENNUNG(OAc)2 and [Pd2 ACHTUNGTRENNUNG(dba)3] were obtained from TCI and Aldrich,
respectively. Dichloromethane was dried over molecular sieves 4 M. Ben-
zene and toluene were dried over slices of sodium. 1-Alkynylphosphane
sulfides 2 were synthesized by adding sulfur (3 equiv) to solutions of 1-al-
kynylphosphanes[4a] in THF at ambient temperature. Tethered diynes 1b,
1d, and 1e are commercially available from Aldrich. Other diynes 1a,[16]


1c,[17] 1 f,[17] 1g,[17] and 1h[17] were prepared in the conventional ways.
Compound 1 i was prepared by the conventional Williamson synthesis.
Hexane and ethyl acetate were used for silica gel column chromatogra-
phy.


Typical procedure for rhodium-catalyzed cycloaddition of tethered diynes
with 1-alkynyldiphenylphosphane sulfide (Tables 1–3 and Schemes 1 and
2): Synthesis of 3c is representative. [RhCl ACHTUNGTRENNUNG(cod)]2 (3.7 mg, 0.0075 mmol),
AgBF4 (2.9 mg, 0.015 mmol), and binap (9.3 mg, 0.015 mmol) were
placed in a 20-mL reaction flask under argon. Dichloromethane
(4.0 mL), 1-octynyldiphenylphosphane sulfide (2a, 0.16 g, 0.50 mmol),
and 4,4-di(methoxycarbonyl)-1,6-heptadiyne (1c, 0.13 g, 0.60 mmol) were
sequentially added. The resulting solution was stirred for 4 h at 25 8C.
Water (10 mL) was added, and the product was extracted with ethyl ace-
tate (10 mL N 3). The combined organic layer was dried over sodium sul-
fate and concentrated under reduced pressure. Chromatographic purifica-
tion on silica gel yielded 3c (0.26 g, 0.49 mmol, 97 %) as a white solid.


Typical procedure for rhodium-catalyzed cycloaddition of tethered inter-
nal diynes with 1-alkynyldicyclohexylphosphane sulfide (Schemes 3 and
4): Synthesis of 10d is representative. [RhCl ACHTUNGTRENNUNG(cod)]2 (21 mg, 0.043 mmol),


Scheme 7. Scope of secondary amines in palladium-catalyzed amination
by using 11 j as ligand.


Scheme 8. Scope of primary amines in palladium-catalyzed amination by
using 11j as ligand.


Scheme 9. Palladium-catalyzed a-arylation of ketones by using 11j as
ligand.
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AgBF4 (17 mg, 0.085 mmol), and binap (53 mg, 0.085 mmol) were placed
in a 20-mL reaction flask under argon. 1,2-Dichloroethane (3.0 mL) and
dicyclohexyl(phenylethynyl)phosphane sulfide (9b, 0.28 g, 0.85 mmol)
were sequentially added. The resulting solution was heated at reflux, and
a solution of diyne 1 i (0.42 g, 1.7 mmol) in 1,2-dichloroethane (2.0 mL)
was added slowly over 10 h. After the addition was completed, the whole
mixture was stirred for an additional 2 h at reflux. Water (10 mL) was
added, and the product was extracted with ethyl acetate (10 mL N 3). The
combined organic layer was dried over sodium sulfate and concentrated
in vacuo. Silica gel column purification yielded 10d (0.28 g, 0.49 mmol,
58%), which was contaminated with a small amount of the homo-cyclo-
adduct of 1 i. Phosphane sulfide 10d was subjected to the desulfidation
shown in Scheme 5.


Typical procedure for (Me3Si)3SiH-mediated radical desulfidation reac-
tion (Table 4): The reduction of 3m to 11c is representative. AIBN
(1.6 mg, 0.010 mmol) and 3m (0.068 g, 0.10 mmol) were placed in a 20-
mL reaction flask under argon. Benzene (2.0 mL) and tris(trimethylsilyl)-
silane (0.037 g, 0.15 mmol) were sequentially added. The resulting solu-
tion was stirred for 12 h at reflux. After being cooled to room tempera-
ture, the mixture was concentrated in vacuo. The crude product was puri-
fied on silica gel to provide 11c (0.054 g, 0.084 mmol, 84%) as a white
solid.


Typical procedure for (Me2N)3P-mediated desulfidation reaction
(Scheme 5): Under an atmosphere of argon, 10d (0.28 g, 0.49 mmol) was
dissolved in toluene (5 mL). A solution of tris(dimethylamino)phosphane
(1.0 mol L�1 toluene solution, 3.3 mL, 3.3 mmol) was added. The resulting
mixture was heated at reflux for 24 h. Water (10 mL) was added, and the
product was extracted with ethyl acetate (10 mL N 3). The combined or-
ganic layer was dried over sodium sulfate and concentrated in vacuo.
Silica gel column purification afforded 11j (0.21 g, 0.38 mmol, 77%).


Typical procedure for palladium-catalyzed cross-coupling reaction
(Table 5, Schemes 6–9): The reaction of 4-bromoanisole with morpholine
(Scheme 6) is representative. Palladium acetate (0.4 mg, 0.002 mmol), 11j
(2.2 mg, 0.004 mmol), and sodium tert-butoxide (23 mg, 0.24 mmol) were
placed in a 20-mL reaction flask filled with argon. Toluene (2.0 mL), 4-
bromoanisole (12a, 37 mg, 0.20 mmol), and morpholine (13a, 21 mg,
0.24 mmol) were sequentially added. The resulting mixture was heated at
reflux for 5 h. After the mixture was cooled to room temperature, water
(10 mL) was added. Extractive workup with ethyl acetate followed by
silica gel column purification provided 14a (33 mg, 0.17 mmol, 85 %) as a
yellowish white solid.


Compounds 1h, 2, 3a–o, 5, 6, 9, 10a, 10c, 11a–e, 11g, and 11 i were char-
acterized in a previous report.[7] Compounds 1a,[16] 1c,[18] 1 f,[17] 1g,[19]


1 i,[20] 4,[21] 14a,[22] 14b,[22] 14c,[23] 14d,[22] 14 f,[22] 15b,[22] 16a,[24] 16b,[22]


16d,[24] and 18[25] showed the identical spectra as reported in the litera-
ture. Phosphane sulfides 3p, 10b, and 10d were characterized as the cor-
responding phosphanes after desulfidation.


7: Diphenyl(phenylethynyl)arsine: IR (nujol): ñ= 2924, 2854, 2160, 1433,
760, 741, 691 cm�1; 1H NMR (CDCl3): d=7.31–7.37 (m, 9H), 7.53–7.55
(m, 2H), 7.66–7.69 ppm (m, 4 H); 13C NMR (CDCl3): d=87.48, 106.76,
123.24, 128.52, 128.89, 128.96, 129.01, 132.14, 132.77, 136.32 ppm. Ele-
mental analysis (%) calcd for C20H15As: C 72.73, H 4.58; found: C 72.95,
H 4.42; m.p. 37.6–39.0 8C.


8 : Diphenyl(1,3-dihydro-4,6,7-triphenyl-5-isobenzofuranyl)arsine: IR
(nujol): ñ= 2924, 2854, 1685, 1653, 1559, 1457, 1437, 1375, 665 cm�1;
1H NMR (CDCl3): d=4.79–4.80 (m, 2H), 4.98–4.99 (m, 2 H), 6.80–
7.14 ppm (m, 25 H); 13C NMR (CDCl3): d= 74.70, 74.74, 126.55, 126.73,
126.92, 127.09, 127.27, 127.86, 127.92, 127.97, 128.85, 129.44, 131.35,
133.21 (merged signal), 135.35, 137.93, 139.17, 139.42, 139.97, 140.45,
140.98, 141.87, 147.62 ppm. Elemental analysis (%) calcd for C38H29AsO:
C 79.16, H 5.07; found: C 78.93, H 5.01; m.p. 148.7–150.0 8C.


11 f : Diphenyl(1,3-dihydro-4,6,7-triphenyl-5-isobenzofuranyl)phosphane:
IR (nujol): ñ =2925, 2854, 1448, 1378, 1359, 1066, 1046, 1036, 898, 877,
850, 770, 710, 697 cm�1; 1H NMR (CDCl3): d=4.73 (s, 2 H), 5.00 (s, 2 H),
6.76–7.14 ppm (m, 25 H); 13C NMR (CDCl3): d=74.76, 74.82, 126.47,
126.72 (d, J=7.3 Hz), 126.97, 127.11, 127.84 (d, J=11.0 Hz), 127.85,
127.86, 128.51, 129.38, 130.94 (d, J= 2.9 Hz), 132.38 (d, J=19.6 Hz),
132.93 (d, J=21.0 Hz), 135.82, 135.86, 137.43 (d, J=14.4 Hz), 139.37,


139.78 (d, J=2.4 Hz), 139.85 (d, J=2.8 Hz), 140.27, 140.45 (d, J=8.1 Hz),
142.29 (d, J=9.1 Hz), 148.87 ppm (d, J=27.1 Hz); 31P NMR (CDCl3): d=


�8.56 ppm. HRMS (EI): m/z calcd for C38H29OP: 532.1956; obsd:
532.1951 (D=�0.5 ppm); m.p. 95.0–97.9 8C.


11h : Dicyclohexyl(1,3-dihydro-6-phenyl-5-isobenzofuranyl)phosphane:
IR (nujol): ñ =2924, 2854, 1458, 1437, 1375, 696 cm�1; 1H NMR (CDCl3):
d=1.02–1.25 (m, 10 H), 1.55–1.82 (m, 12H), 5.14 (s, 2H), 5.20 (s, 2 H),
7.15 (d, J=3.5 Hz, 1 H), 7.24–7.26 (m, 2 H), 7.32–7.38 (m, 3 H), 7.46 ppm
(s, 1 H); 13C NMR (CDCl3): d= 26.60, 27.38 (d, J= 4.8 Hz), 27.46 (d, J=


9.0 Hz), 29.43 (d, J=9.0 Hz), 30.56 (d, J=17.1 Hz), 34.92 (d, J=14.3 Hz),
73.65, 73.67, 122.93 (d, J=5.8 Hz), 125.15 (d, J=3.3 Hz), 127.00, 127.57,
130.90 (d, J=3.9 Hz), 133.56 (d, J=22.0 Hz), 137.80, 139.91, 143.06 (d,
J=6.3 Hz), 150.15 ppm (d, J=29.1 Hz); 31P NMR (CDCl3): d=


�14.48 ppm. Elemental analysis (%) calcd for C26H33OP: C 79.55, H 8.47;
found: C 79.29, H 8.46; m.p. 145.0–147.9 8C.


11j : Dicyclohexyl(1,3-dihydro-4,6,7-triphenyl-5-isobenzofuranyl)phos-
phane: IR (nujol): ñ =2924, 2853, 1654, 1601, 1448, 1377, 1053, 904, 776,
760, 710, 702 cm�1; 1H NMR (CDCl3): d =0.88–1.69 (m, 22H), 4.75–4.76
(m, 2 H), 4.92–4.93 (m, 2H), 6.95–6.97 (m, 4H), 7.07–7.13 (m, 6 H), 7.13–
7.26 (m, 2H), 7.39–7.45 (m, 3H); 13C NMR (CDCl3): d=26.41, 27.05 (d,
J=13.4 Hz), 27.18 (d, J=8.1 Hz), 31.84 (d, J=9.1 Hz), 32.98 (d, J=


25.3 Hz), 35.83 (d, J=15.3 Hz), 74.81, 74.85, 126.34, 126.52, 126.81,
127.41, 127.74, 128.12, 129.20, 129.38, 131.76, 133.28 (d, J=29.6 Hz),
135.68 (d, J=3.4 Hz), 138.51 (d, J= 3.3 Hz), 138.92 (merged signal),
139.80 (merged signal), 141.24 ppm (merged signal); 31P NMR (CDCl3):
d=0.37 ppm. HRMS (EI): m/z calcd for C38H41OP: 544.2895; obsd:
544.2896 (D=++0.1 ppm); m.p. 179.4–184.0 8C.


14e : N-(4-Trifluoromethylphenyl)morpholine: IR (nujol): ñ =2924, 2855,
1615, 1527, 1453, 1378, 1328, 1308, 1268, 1239, 1206, 1162, 1105, 1073,
1053, 926, 828 cm�1; 1H NMR (CDCl3): d=3.24 (t, J=5.0 Hz, 4 H), 3.87
(t, J=5.5 Hz, 4H), 6.92 (d, J=9.0 Hz, 2H), 7.50 ppm (d, J=9.0 Hz, 2H);
13C NMR (CDCl3): d=48.37, 66.86, 114.53, 121.22 (q, J= 32.5 Hz), 124.87
(q, J=269.7 Hz), 126.66 (q, J=3.8 Hz), 153.55 ppm. HRMS (EI): m/z
calcd for C11H12F3NO: 231.0871; obsd: 231.0874 (D =++0.3 ppm); m.p.
66.7–67.0 8C.


15a : N-(4-Methoxyphenyl)piperidine: IR (nujol): ñ =2935, 2854, 2832,
2794, 1511, 1465, 1452, 1442, 1384, 1293, 1275, 1233, 1217, 1181, 1042,
910, 824, 733 cm�1; 1H NMR (CDCl3): d=1.52–1.56 (m, 2H), 1.70–1.74
(m, 4H), 3.02 (t, J= 5.5 Hz, 4 H), 3.76 (s, 3H), 6.81–6.84 (m, 2H), 6.90–
6.93 ppm (m, 2H); 13C NMR (CDCl3): d=24.39, 26.34, 52.51, 55.76,
114.50, 118.96, 147.14, 153.73 ppm. HRMS (EI): m/z calcd for C12H17NO:
191.1310; obsd: 191.1311 (D=++0.1 ppm).


16c : N-tert-Butyl-4-methoxyaniline: IR (nujol): ñ=2923, 2854, 1609,
1559, 1507, 1457, 1377, 1366, 1042, 665, 406 cm�1; 1H NMR (CDCl3): d=


1.23 (s, 9 H), 1.25 (s, 1 H), 3.77 (s, 3H), 6.76–6.82 ppm (m, 4H); 13C NMR
(CDCl3): d=29.92, 30.31, 55.74, 109.97, 114.27 (merged signal),
123.11 ppm. HRMS (EI): m/z calcd for C11H17NO: 179.1310; obsd:
179.1307 (D=�0.3 ppm); m.p. 67.7–70.2 8C.


20 : 2-(4-Methoxyphenyl)-5,5-dimethyl-1,3-cyclohexanedione: IR (nujol):
ñ= 2925, 2855, 2622, 1560, 1513, 1458, 1377, 1313, 1285, 1251, 1175,
1026 cm�1; 1H NMR (CDCl3): d=1.16 (s, 6H), 2.37 (s, 2H), 2.47 (s, 2H),
3.82 (s, 3H), 5.97–6.01 (br s, 1H), 6.97–6.99 (m, 2 H), 7.11–7.13 ppm (m,
2H); 13C NMR (CDCl3): d =28.58, 31.96, 41.84, 51.00, 55.50, 115.10,
116.63, 122.67, 132.02, 197.09 ppm. HRMS (EI): m/z calcd for C15H18O3:
246.1256; obsd: 246.1251 (D=�0.5 ppm); m.p. 136.5–140.2 8C.
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Introduction


The development of a general stereoselective glycosidation
reaction has been an enduring problem in carbohydrate
chemistry for nearly 30 years.[1] Since the 1,2-cis-a-glycoside
is one of the most important structural units and is ubiqui-
tously found in natural oligosaccharides and glycoconju-
gates, considerable effort has been devoted to the stereocon-
trolled construction of this linkage.[2] While 1,2-trans-b-gly-
cosides can be prepared with the use of anchimeric assis-
tance of a neighboring participating group, the formation of
1,2-cis-a-glycosides usually requires donors with a non-as-
sisting functionality at C-2,[3,4] leading to a mixture of anom-
ers despite the favorable stereoelectronic preference. One
approach involves the use of the in situ anomerization con-
cept introduced by Lemieux,[5] wherein stable a-glycosyl hal-
ides are equilibrated via ion-pair intermediates to reactive
b counterparts, which, upon SN2-like displacement by ac-
ceptor alcohols, predominantly afford a-glycosides. In most


cases, observed selectivities are good to excellent, but the
reaction requires very reactive glycosyl halides and relative-
ly long reaction times. Another approach has focused on the
use of beneficial a-directing effects of ethereal solvents.[6,7]


Ether, THF, and dioxane have been utilized for this purpose.
In particular, promoters possessing the perchlorate counter-
ion have been successfully employed in combination with
these solvents.[8,9] In addition to these approaches, an intra-
molecular glycosidation strategy,[10,11] the use of a donor
with a bulky protecting group at O-6[12] or the use of an ac-
ceptor alcohol in a 1C4 conformation,[13] and the remote
group participation strategy[9f,h,14] have been reported.
Over the last two decades, we have been concerned with


the development of novel stereocontrolled glycosidation re-
actions capitalizing on phosphorus-containing leaving
groups.[15–21] For stereoselective construction of 1,2-cis-a-gly-
cosidic linkages, we developed S-(2-O-benzyl-b-glycosyl)-
N,N,N’,N’-tetramethyl-N’’-phenylphosphorodiamidimido-
thioates as donors, which provided glycosides in good yields
with excellent a selectivities (a/b=91:9–>99:1) upon acti-
vation with 2,6-lutidinium p-toluenesulfonate (LPTS) in the
presence of Bu4NI.


[17] We also demonstrated that glycosida-
tions with glycosyl diethyl phosphites, when treated with
2,6-di-tert-butylpyridinium iodide (DTBPI) in the presence
of Bu4NI, predominantly gave a-glycosides.[19e] Independent
of our studies, Waldmann and Schmid reported that expo-
sure of a-glucosyl phosphates to a 1m solution of LiClO4 in
CH2Cl2 in the presence of LiI resulted in formation of the
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corresponding glycosyl iodides, which reacted with glycoside
alcohols to afford di- and trisaccharides in modest yields
with good to excellent a selectivities.[22] It is noteworthy that
all of these methods are based on LemieuxHs in situ anome-
rization concept and glycosyl iodides[23] are formed as
common reactive intermediates. Compared to glycosyl bro-
mides originally employed by Lemieux and co-workers,[5]


the corresponding b-glycosyl iodide intermediates exhibit
high reactivities toward SN2-like displacement; however,
long times (3–72 h) are required for completion of the reac-
tion. In contrast to the in situ anomerization-based methods,
documentation of the a-directing effect of ethereal solvents,
especially in glycosidations with glycosyl phosphates,[24] is
limited. Herein, we report a rapid, high-yielding and stereo-
selective synthesis of 1,2-cis-a-glycosides by HClO4-cata-
lyzed glycosidation with glycosyl diphenyl phosphates in di-
oxane/Et2O (1:1) or dioxane.


Results and Discussion


Reaction Optimization


At the outset of this work, we speculated that an enhanced
a selectivity would be obtained by the use of less-reactive
acceptor alcohols such as 4-O-unprotected glycosides owing
to the kinetic anomeric effect (KAE).[25] Therefore, highly
reactive 6-O-unprotected glucoside 3 was chosen as an ac-
ceptor alcohol, and glucosyl diphenyl phosphate 1 (a/b=


98:2) and glucosyl diethyl phosphite 2 (a/b=80:20) were
evaluated as glycosyl donors. Addition of 1.5 equiv of a pro-
moter to a mixture of donor 1 or 2, 1.1 equiv of acceptor 3,
and 5 J molecular sieves (M.S.) in Et2O afforded disacchar-
ide 4, the a/b ratio of which was assayed by HPLC (Zorbax
Sil column). Several promoters were screened in the reac-
tion, and the results are compiled in Table 1. All of the reac-
tions proceeded to full conversion within 30 min at 0 8C. Ini-
tial experiments revealed that trimethylsilyl triflate
(TMSOTf) promoted glycosidation of phosphate 1 with al-
cohol 3 in Et2O to afford disaccharide 4 in 93% yield with
good a selectivity (a/b=79:21), whereas a 56:44 mixture
was obtained from phosphite 2 (Table 1, entries 1 vs 2). Of
various metal triflates screened, CuACHTUNGTRENNUNG(OTf)2 and SnACHTUNGTRENNUNG(OTf)2
were found to activate both phosphate 1 and phosphite 2,
providing disaccharide 4 in modest yields, albeit in lower


a selectivities (Table 1, entries 3–6). As expected from the
precedents, the use of a 0.5m solution of TMSClO4 in tolu-
ene, prepared from TMSCl and AgClO4,


[26] for the activa-
tion of phosphate 1 resulted in the formation of disaccharide
4 with improved a selectivity (a/b=83:17, Table 1, entry 7).
Interestingly, lower a selectivity (a/b=76:24) was obtained
using phosphite 2 as a donor under identical conditions
(Table 1, entry 8). These results suggest that, for inexplicable
reasons, the leaving group plays an important role in reac-
tion selectivity. In addition to Lewis acids, some Brønsted
acids have been shown to activate glycosyl phosphites.[27]


The beneficial effect of perchlorate counterion is evident
from the result using perchloric acid (HClO4), prepared
from tBuCl and AgClO4 in toluene,[9l] as a promoter for the
glycosidation of phosphite 2, whereby an a selectivity (a/b=


76:24) comparable to that with TMSClO4 was obtained
(Table 1, entries 10 vs 8). To our surprise, HClO4 also acti-
vated phosphate 1 in Et2O at 0 8C, providing an 84:16 mix-
ture in favor of a-disaccharide 4a in 91% combined yield
(Table 1, entry 9). Owing to the advantage of phosphate 1
over phosphite 2 as a donor, phosphate 1 was employed for
optimization of the glycosidation parameters. Although a
0.1m solution of anhydrous HClO4 in dioxane can be pur-
chased from Kishida Chemical Co., Ltd., its low concentra-
tion has precluded its use in our investigation. Accordingly,
both TMSClO4 and HClO4 should be prepared prior to use.
Therefore, our initial efforts focused on the use of the more
conveniently handled 0.5m solution of TMSClO4 in toluene.
To evaluate the beneficial effect of ethereal solvents, we


next undertook a solvent survey in the TMSClO4-promoted
glycosidation of phosphate 1 with alcohol 3 at 0 8C
(Table 2). As expected, employment of solvents such as
CH2Cl2 and toluene led to a significant decline in stereose-


Abstract in Japanese:


Table 1. Effects of promoters in the glycosidation of per-O-benzyl-pro-
tected glucosyl donors 1 and 2 with alcohol 3.


Entry Donor[a] Promoter t [min] Yield [%] a/b[b]


1 1 TMSOTf 5 93 79:21
2 2 TMSOTf 5 91 56:44
3 1 CuACHTUNGTRENNUNG(OTf)2 10 70 71:29
4 2 CuACHTUNGTRENNUNG(OTf)2 5 76 60:40
5 1 SnACHTUNGTRENNUNG(OTf)2 30 59 48:52
6 2 SnACHTUNGTRENNUNG(OTf)2 5 58 58:42
7 1 TMSClO4


[c] 5 95 83:17
8 2 TMSClO4


[c] 5 94 76:24
9 1 HClO4


[d] 5 91 84:16
10 2 HClO4


[d] 5 93 78:22


[a] Anomeric ratio of the donors: 1, 98:2; 2, 80:20. [b] The ratio was de-
termined by HPLC (column, Zorbax Sil, 4.6O250 mm; eluent, hexane/
THF 6:1; flow rate, 1.5 mLmin�1). [c] Prepared from TMSCl and
AgClO4. [d] Prepared from tBuCl and AgClO4. Bn=benzyl, TMS= tri-
methylsilyl, Tf= trifluoromethanesulfonyl.
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lectivity (Table 2, entries 2 and 3). In contrast, with the lone
exception of THF (Table 2, entry 4), good to high a selectiv-
ities were obtained in ethereal solvents, with dioxane being
the optimal solvent, although the high melting point of diox-
ane precluded a direct comparison (Table 2, entries 1, 5, and
6).[28] Since the use of Et2O as a cosolvent had no effect on
reaction selectivity (Table 2, entry 7), the mixed solvent
system, which allowed the glycosidation to be run at lower
temperatures, was chosen for further development.
An examination of the temperature profile of the reaction


in dioxane/Et2O (1:1) demonstrated that a decrease in the
reaction temperature to �20 8C was accompanied by a de-
crease in a selectivity (Table 3, entries 1 vs 2 and 3). Since
the a selectivity and yield obtained at 0 8C were comparable
to those at 25 8C (Table 3, entries 2 vs 3), further optimiza-
tion was performed at 0 8C. To date, glycosylations of alco-


hols with glycosyl phosphates have not been rendered cata-
lytic.[29] Despite the lack of precedent, the foregoing finding
that phosphate 1 can be activated by HClO4 prompted us to
investigate the glycosidation under catalytic conditions in
anticipation that HClO4, released upon glycosidation (see
below), could function as a promoter. Gratifyingly, in the
presence of 0.2 equiv of TMSClO4, alcohol 3 underwent re-
action with glycosyl phosphate 1 at 0 8C to provide the disac-
charide 4 with high a selectivity (a/b=90:10, Table 3,
entry 4). Finally, complete conversion to disaccharide 4
within 5 min was realized by employing only 0.05 equiv of
TMSClO4; no change in stereoselectivity (a/b=91:9) or
chemical yield (94%) was observed at this loading (Table 3,
entry 5). As previously discussed, HClO4 was comparable to
TMSClO4 when used in the reaction of phosphate 1 with al-
cohol 3 in Et2O at 0 8C (Table 1, entry 7 vs 9). The catalytic
potency of HClO4, in conjunction with the use of dioxane as
an optimal solvent, led us to explore the glycosidation under
catalytic conditions using a commercially available HClO4


solution. Fortunately, the HClO4-catalyzed glycosidation of
phosphate 1 with alcohol 3 reached completion in less than
5 min, giving virtually the same result as that obtained with
TMSClO4 (Table 3, entry 6).[30] The use of commercially
available HClO4 solution in place of TMSClO4 obviated the
need to prepare the promoter from explosive AgClO4 for
every reaction. It is well documented that thermodynamical-
ly less-stable b-phosphates anomerize to the corresponding
a-phosphates in the presence of acids.[31] On the basis of
precedent, it is speculated that the stereoselectivities are in-
dependent of the anomeric composition of the phosphate
donor when glycosidations are performed under acidic con-
ditions.[32] Surprisingly, the use of phosphate 1 (a/b=5:95)[33]


gave disaccharide 4 with minor erosion in a selectivity (a/
b=88:12, Table 3, entry 7). While the reason for the de-
creased a selectivity is not clear at present, we postulated
that alcohol 3 is so reactive that the b-phosphate 1b could
not completely anomerize to the a-phosphate 1a prior to
glycosidation.[34] Indeed, a permuted order of addition im-
proved the stereoselectivity of the glycosidation using phos-
phate 1 of a/b ratio 5:95 (Table 3, entry 8). Since a syntheti-
cally useful level of stereoselection was possible using the b-
phosphate, stereoselective preparation of a-phosphates is
not a requirement for the construction of 1,2-cis-a-glycosidic
linkages. However, caution should be exercised when per-
forming glycosylations of reactive alcohols such as 3 using
reactive donors containing a substantial amount of b ano-
mer.


Reaction Scope


Having optimized the reaction conditions, the scope of the
HClO4-catalyzed glycosidation was explored. Results of ex-
periments for probing the scope of the alcohol component
(Figure 1) with glucosyl phosphate 1 (a/b=98:2) are sum-
marized in Table 4. HClO4-catalyzed glycosidations of 1 in
dioxane/Et2O (1:1) in the presence of 5-J M.S. at 0 8C pro-
vided rapid and high-yielding access to a broad range of 1,2-


Table 2. Effects of solvents on stereoselectivity.


Entry Solvent T [8C] Yield [%] a/b[a]


1 Et2O 0 95 83:17
2 CH2Cl2 0 89 62:38
3 toluene 0 87 66:34
4 THF 0 91 62:38
5 tBuOMe 0 82 82:18
6 dioxane 25 87 88:12
7 dioxane/Et2O 1:1 0 97 88:12


[a] The ratio was determined by HPLC (column, Zorbax Sil, 4.6O
250 mm; eluent, hexane/THF 6:1; flow rate, 1.5 mLmin�1).


Table 3. Effects of temperature, amount of promoter and anomeric com-
position of the donor on stereoselectivity.


Entry[a] Donor 1 a/b Promoter (equiv) T [8C] Yield [%] a/b[b]


1 98:2 TMSClO4 (1.5) �20 92 80:20
2 98:2 TMSClO4 (1.5) 0 97 88:12
3 98:2 TMSClO4 (1.5) 25 92 89:11
4 98:2 TMSClO4 (0.2) 0 93 90:10
5 98:2 TMSClO4 (0.05) 0 94 91:9
6 98:2 HClO4 (0.05) 0 90 91:9
7 5:95 HClO4 (0.05) 0 92 88:12
8[c] 5:95 HClO4 (0.05) 0 79 90:10


[a] A promoter was added to a mixture of donor 1, alcohol 3, and 5-J
M.S. in dioxane/Et2O (1:1). [b] The ratio was determined by HPLC
(column, Zorbax Sil, 4.6O250 mm; eluent, hexane/THF 6:1; flow rate,
1.5 mLmin�1). [c] After stirring a mixture of donor 1 and HClO4 in diox-
ane/Et2O (1:1) at 0 8C for 30 min, a solution of alcohol 3 in dioxane/Et2O
(1:1) was added at 0 8C.
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cis-a-glycosides; reaction times were typically 5–30 min and
a selectivities ranged from 85:15 to 91:9. We previously re-
ported that a limitation of DTBPI-promoted glycosidation
was encountered with the less-reactive 4-O-unprotected glu-
coside 5, which, upon reaction with diethyl phosphite 2 in
the presence of Bu4NI for 48 h, afforded disaccharide 11 in
59% yield, albeit with excellent a selectivity (a/b=95:5).[19e]


Under the optimized conditions, the alcohol 5 underwent
glycosylation with donor 1 within 20 min to provide the dis-
accharide 11 in 80% yield with a slightly lower stereoselec-


tivity (a/b=91:9, Table 4, entry 1). It is noteworthy that al-
cohols 6 and 7 bearing acid-sensitive acetal or epoxy groups
were safely glycosylated under these conditions with good
a selectivities (Table 4, entries 2 and 3). A steroidal alcohol
(cholesterol, 8) and a tert-alcohol (1-adamantanol, 9) were
also successfully utilized in this reaction, and a-glycosides
14a and 15a were preferentially formed (Table 4, entries 4
and 5). It has been demonstrated that Lewis acid promoted
glycosidations with phenols are accompanied by O!C gly-
coside rearrangements, resulting in the formation of C-aryl
glycosides.[35] The advantage of employing a Brønsted acid
(HClO4) as a promoter becomes evident for the stereoselec-
tive synthesis of aryl glycosides, as the present method deliv-
ered p-methoxyphenyl (PMP) glucoside 16 free from con-
tamination by rearranged products (Table 4, entry 6).
In an effort to expand the scope of the glycosidation


method, we next examined the reaction of diphenyl phos-
phates 17 (a/b=98:2) and 18 (a/b=33:67) in the d-galacto
series (Table 5, Figure 2). Consistent with the general
trend,[36] per-O-benzyl-protected galactosyl donor 17 afford-
ed better reactivity relative to the glucosyl donor 1, thereby
allowing the glycosidation to reach completion within 5 min


even with the less-reactive alcohol 5 (Table 5, entry 2).
While galactosides were obtained in good to high yields in
all cases, the selectivities were not as favorable as those ob-
tained with 1 (Table 5, entries 1–4). Selectivities appeared to
depend on the reactivity of the acceptor alcohols: High a se-
lectivities were observed in the reaction with less-reactive 4-
O-unprotected glycosides 5 and 19, but the primary alcohol
3 leads to poor a selectivity (a/b=75:25).
The scope of the HClO4-catalyzed glycosidation is not


limited to the use of per-O-benzyl-protected donors. When
3,4,6-tri-O-acetyl-2-azido-2-deoxygalactosyl diphenyl phos-
phate (18, a/b=33:67) was used as a donor, 0.2 equiv of
HClO4, an elevated temperature (25 8C), and longer reaction


Figure 1. Acceptor alcohols and products in Table 4.


Table 4. HClO4-catalyzed glycosidation of per-O-benzyl-protected gluco-
syl diphenyl phosphate 1 with acceptor alcohols.


Entry ROH t [min] Glycoside Yield [%] a/b[a]


1 5 20 11 80 91:9
2 6 5 12 95 89:11
3 7 10 13 85 86:14
4 8 20 14 94 89:11
5 9 30 15 86 87:13
6 10 20 16 85 85:15


[a] The ratio for the glycoside was determined by HPLC (column,
Zorbax Sil, 4.6O250 mm; eluent, hexane/THF 6:1 or hexane/AcOEt
10:1–20:1; flow rate, 1.0–1.5 mLmin�1).


Table 5. HClO4-catalyzed glycosidation of galactosyl diphenyl phos-
phates 17 and 18.


Entry Donor[a] ROH Equiv
HClO4


T
[8C]


t
[min]


Glycoside Yield
[%]


a/b[b]


1 17 3 0.05 0 5 23 88 75:25
2 17 5 0.05 0 5 24 77 90:10
3 17 19 0.05 0 5 25 82 87:13
4 17 20 0.05 0 5 26 91 87:13
5 18 21 0.2 25 120 27 82 91:9
6 18 22 0.2 25 360 28 78 92:8


[a] Anomeric ratio of the donors: 17, 98:2; 18, 33:67. [b] The ratio for the
glycoside was determined by HPLC (column, Zorbax Sil, 4.6O250 mm;
eluent, hexane/THF 4:1–6:1 or hexane/AcOEt 5:1; flow rate, 0.5–
1.5 mLmin�1). Ac=acetyl.
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times were required to effect
complete conversion owing to
the attenuated reactivity of the
donor.[37] Excellent stereocon-
trol was realized for serine and
threonine derivatives 21 and 22,
leading to predominant forma-
tion of a-glycosides 27a and
28a, which correspond to con-
stituents of O-linked glycopro-
teins (Table 5, entries 5 and 6).


Synthesis of a-Galactosylceramide KRN7000 (29)


In 1993, a research group of Kirin Brewery Co., Ltd. report-
ed the isolation and characterization of agelasphins, the first
glycosylceramides found as a-linked galactosides.[38] Owing
to their significant antitumor activities in mice, these mole-
cules hold promise as new lead structures for the develop-
ment of antitumor therapeutics. Therefore, the Kirin group
synthesized various analogues and concluded on the basis of
their structure–activity relationships that (2S,3S,4R)-1-O-(a-
ACHTUNGTRENNUNGd-galactopyranosyl)-2-(N-hexacosanoylamino)-1,3,4-octade-
canetriol (29), named KRN7000, was the compound of
choice for clinical trials.[39] With regard to the mechanism of
action, KRN7000 was shown to act as a ligand for the CD1d
receptor on antigen-presenting cells to form a complex
which binds to natural killer (NK) T cells, leading to the
stimulation of a cascade of cytokines.[40,41] Not surprisingly,
the potent biological properties have aroused considerable
interest in KRN7000 within the medicinal and synthetic
chemistry communities, and routes to KRN7000 have been
reported by 12 groups to date.[42] We then considered that a
synthesis of KRN7000 would provide a stringent test for the


glycosidation method presented herein, since glycosidations
employing ceramides as acceptor alcohols frequently suffer
from poor reactivity presumably owing to hydrogen-bond
donation from the amide N�H group.[43]


Ceramide 30 was readily prepared from d-galactose ac-
cording to literature procedures (Scheme 1).[44] At this stage,
we noticed that the insolubility of 30 in Et2O precluded the
use of a solvent mixture of dioxane/Et2O. Since ceramide 30
is sparingly soluble in dioxane, we opted to run the reaction
in dioxane at a low concentration (0.02m) at room tempera-
ture. Our initial attempt to couple galactosyl diphenyl phos-
phate 17 (a/b=98:2) and alcohol 30 under the optimized
conditions resulted in the formation of a trace amount of
glycoside 31 with complete recovery of unreacted starting
materials. We surmised that the result is attributed to both
the low concentration and the presence of the amide moiety
that would buffer the acidity of the promoter. After consid-
erable experimentation, we found that the use of 0.5 equiv
of HClO4 was sufficient for the reaction to proceed to com-
pletion, providing glycoside 31 in 80% yield with an a/b


ratio of 90:10. Examination of the amount of donor used in
the glycosidation revealed that a slight excess of diphenyl
phosphate 17 (1.1 equiv) was beneficial to both chemical
yield (92%) and diastereoselectivity (a/b=92:8). As com-
pared to the precedents wherein an excess amount of
donors (at least 1.5 equiv) was utilized for the glycosylation
of ceramide derivatives to give a-galactosides in good yields
(53–74%),[42a–c,f,j,k] the method presented herein offers the
advantage of high product yield when using approximately
equimolar proportions of glycosyl donor 17 and acceptor 30.
After chromatographic separation of the anomers, the a a-
nomer 31a was subjected to hydrogenolysis in the presence
of 20% Pd(OH)2/C to give KRN7000, whose data were
identical in all respects with those previously reported.


Mechanistic Considerations


A control experiment established that the anomeric ratio of
glycoside 4 (a/b=2:98) did not change upon exposure to a
stoichiometric amount of HClO4 in the presence of 5-J
M.S. in dioxane/Et2O (1:1) even under reflux for 5 h, imply-


Figure 2. Acceptor alcohols and products in Table 5. Fmoc=9-fluorenyl-
methoxycarbonyl.


Scheme 1. Synthesis of KRN7000.
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ing that the observed a selectivity is the result of kinetic
control. On the basis of this result, we propose the reaction
pathway for HClO4-catalyzed glycosidation using glycosyl
diphenyl phosphates as glycosyl donors (Scheme 2). Diphen-


yl phosphate 32 is activated by protonation at the phospho-
ryl oxygen atom,[45] resulting in cleavage of the phosphate
group to provide an equilibrium mixture of contact ion pair
(CIP) 34 and glycosyl perchlorates[8] 35a and 35b, along
with diphenyl phosphate. Since it is speculated, in analogy
to most organic perchlorates, that glycosyl perchlorates 35a


and 35b are unstable, the equilibration between 34, 35a, and
35b would lie toward CIP 34, especially at high tempera-
tures. In addition, ethereal solvents are capable of stabiliza-
tion of CIP 34 and facilitate the formation of solvent-sepa-
rated ion pair (SSIP) 36. Axial attack of acceptor alcohols
from the a face of CIP 34 or SSIP 36 is favored owing to
KAE, leading to the preferential formation of a-glycosides
and the regeneration of HClO4. The trend for a selectivity
to increase with increasing temperature (Table 3, entry 1 vs
2) provides strong support for the proposed mechanism be-
cause of a large equilibrium preference for CIP 34 at a
higher temperature. The reason for the enhanced a selectivi-
ty in dioxane is unclear;[46] however, low donicity of dioxane
would avoid formation of oxonium ions by solvent participa-
tion,[47] thus promoting the glycosidation through CIP 34
and SSIP 36. The rationale for the difference in stereoselec-
tivity between phosphate 1 and phosphite 2 is not fully un-
derstood at this time, and further studies to address this
issue will be forthcoming.


Conclusions


This study documents the stereoselective glycosylation of al-
cohols with glycosyl diphenyl phosphates in the presence of
an acid catalyst. Commercially available 0.1m solution of


HClO4 has been found to be an excellent catalyst for the
transformation, providing glycosides in high yields with high
a selectivities. A wide range of glycosyl acceptors, including
steroidal alcohols, tert-alcohols, and phenols as well as glyco-
side alcohols bearing acid-sensitive acetal or epoxy groups,
can be employed in this coupling. The glycosyl donor is not
confined to highly reactive benzyl-protected glucosyl and
galactosyl diphenyl phosphates, and the scope of this reac-
tion is extended to include less-reactive 3,4,6-tri-O-acetyl-2-
azido-2-deoxygalactosyl diphenyl phosphate as a donor. Of
particular note is the development of a simple reaction pro-
tocol that employs a commercially available promoter, low
catalyst loading (as little as 5 mol% catalyst), and moderate
temperature (0–25 8C), conditions that render this glycosida-
tion particularly attractive from a preparative standpoint.
We have also demonstrated that this method was successful-
ly utilized in the synthesis of KRN7000.
With regard to the activation of glycosyl phosphates, stoi-


chiometric amounts of Lewis acids such as TMSOTf,[15]


BF3·OEt2,
[48] and LiClO4


[22] have been employed as promot-
ers, and protic acids have been reported to be ineffective for
this purpose.[29] Therefore, the method present herein is the
first example of the use of a protic acid as a promoter in the
glycosidation with glycosyl phosphates. Seeberger and co-
workers proposed that a driving force of silyl triflate pro-
moted glycosidation using glycosyl phosphates is the forma-
tion of a stoichiometric amount of silyl phosphate as a by-
product.[29] On the basis of this speculation, they developed
a catalytic method employing a TMS ether as an acceptor
and TfOH as a catalyst.[29] However, direct catalytic glycosy-
lation of alcohol acceptors does not appear to have been
precedented prior to the present study. This is also the first
example of direct catalytic glycosidation of glycosyl phos-
phates with alcohols.
To date, there is no generally applicable direct method for


the construction of 1,2-cis-a-glycosides from glycosyl phos-
phates because, even without a participating group at C-2,
1,2-trans-b-glycosidic linkages are readily formed with these
donors. Thus, we have now developed a stereoselective
entry to either 1,2-cis-a-glycosides or 1,2-trans-b-glycosides
using glycosyl phosphates as common glycosyl donors by ap-
propriate choice of the reaction conditions. This method
complements glycosidations based on the in situ anomeriza-
tion concept and should find wide application in organic
synthesis.


Experimental Section


General


Melting points were measured on a BQchi 535 digital melting point appa-
ratus and are uncorrected. Optical rotations were measured on a JASCO
P-1030 digital polarimeter with a sodium lamp (589 nm). Infrared (IR)
spectra were recorded on a JASCO FT/IR-5300 spectrometer and ab-
sorbance bands are reported in wavenumbers (cm�1). Proton nuclear
magnetic resonance (1H NMR) spectra were recorded on a JEOL JNM-
AL400 (400 MHz), JNM-ECX400P (400 MHz), JNM-ECA500
(500 MHz), or Bruker ARX500 (500 MHz) spectrometer with tetrame-


Scheme 2. Plausible mechanism of the HClO4-catalyzed glycosidation
with glycosyl diphenyl phosphates.
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thylsilane (dH=0.00 ppm), CHCl3 (dH=7.26 ppm), or pyridine (dH=


8.73 ppm) as an internal standard. Coupling constants (J) are reported in
hertz (Hz). Abbreviations of multiplicity are as follows: s, singlet; d, dou-
blet; t, triplet; q, quartet; m, multiplet; br, broad. Data are presented as
follows: chemical shift, multiplicity, coupling constants, integration, and
assignment. Carbon nuclear magnetic resonance (13C NMR) spectra were
recorded on a JEOL JNM-AL400 (100 MHz) or Bruker ARX500
(126 MHz) spectrometer with CDCl3 (dC=77.0 ppm) or [D5]pyridine
(dC=149.9 ppm) as an internal standard. Phosphorus nuclear magnetic
resonance (31P NMR) spectra were recorded on a JEOL EX270
(109 MHz) spectrometer with H3PO4 (dP=0.00 ppm) as an external stan-
dard. Fast atom bombardment (FAB) mass spectra were obtained on a
JEOL JMS-HX110 spectrometer by the Center for Instrumental Analy-
sis, Hokkaido University.


Column chromatography was carried out on Kanto silica gel 60N (40–
50 mm or 63–210 mm) or Wakogel C-200 (75–150 mm). Analytical and
preparative thin layer chromatography (TLC) was carried out on
0.25 mm Merck Kieselgel 60F254 plates. Visualization was accomplished
with ultraviolet light and anisaldehyde or phosphomolybdic acid stain,
followed by heating. Analytical high-performance liquid chromatography
(HPLC) was performed on a JASCO PU-980 and UV-970 (detector, l=


254 nm). Retention times (tR) and peak ratios were determined with a
Shimadzu Chromatopac C-R6A. Hexane was HPLC grade, and was fil-
tered and degassed prior to use.


Reagents and solvents were purified by standard means or used as re-
ceived unless otherwise noted. Dehydrated CH2Cl2, THF (stabilizer free),
and toluene were purchased from Kanto Chemical Co., Inc. Dioxane was
distilled from sodium metal/benzophenone ketyl prior to use. 5-J molec-
ular sieves were finely ground in a mortar and heated in vacuo at 200 8C
for 12 h.


All reactions were conducted under an argon atmosphere. 3,4,6-Tri-O-
acetyl-2-azido-2-deoxy-d-galactopyranosyl diphenyl phosphate (18)[15c]


and 2,3,4,6-tetra-O-benzyl-a-d-glucopyranosyl trichloroacetimidate[49]


were prepared according to literature procedures.


Preparation of Glycosyl Donors


Typical procedure for preparation of glycosyl diphenyl phosphates:
2,3,4,6-Tetra-O-benzyl-d-glucopyranosyl diphenyl phosphate (1; a/b=


98:2) was prepared using a slight modification of the literature proce-
dure.[50] Diphenyl chlorophosphate (0.70 mL, 3.34 mmol) was added to a
stirred solution of 2,3,4,6-tetra-O-benzyl-d-glucopyranose (1.5 g,
2.78 mmol) and DMAP (1.02 g, 8.34 mmol) in CH2Cl2 (18 mL) at 0 8C.
After stirring for 30 min, the reaction was quenched with crushed ice, fol-
lowed by stirring for 10 min. The mixture was poured into a two-layer
mixture of AcOEt (10 mL) and saturated aqueous NaHCO3 (10 mL),
and the whole mixture was extracted with AcOEt (50 mL). The organic
extract was successively washed with saturated aqueous NaHCO3


(30 mL) and brine (30 mL), and dried over anhydrous Na2SO4. Filtration
and evaporation in vacuo furnished the crude product (2.37 g), which was
purified by column chromatography (silica gel 40 g, hexane/AcOEt 3:1
with 3% Et3N) to give diphenyl phosphate 1[50] (1.54 g, 75%, a/b=98:2)
as a white solid. The anomeric a/b ratio of the product was determined
by 31P NMR. Data for a anomer 1a : Rf=0.49 (hexane/AcOEt 2:1);
½a�21D =++62.1 (c=1.00 in CHCl3) [lit. : ½a�25D =++61.9�0.7 (c=2.80 in
CHCl3)];


[50] IR (film): ñ=3421, 3062, 3032, 2925, 2878, 1948, 1877, 1811,
1747, 1589, 1490, 1454, 1368, 1291, 1187, 1071, 1008, 954 cm�1; 1H NMR
(500 MHz, CDCl3): d =3.35 (dd, J=1.6, 11.0 Hz, 1H; H-6a), 3.61–3.64
(m, 2H; H-2, H-6b), 3.72 (t, J=9.9 Hz, 1H; H-4), 3.77 (dd, J=1.6,
9.9 Hz, 1H; H-5), 3.88 (t, J=9.9 Hz, 1H; H-3), 4.41 (d, J=12.2 Hz, 1H;
OCHPh), 4.48 (d, J=10.9 Hz, 1H; OCHPh), 4.53 (d, J=12.2 Hz, 1H;
OCHPh), 4.63 (d, J=11.5 Hz, 1H; OCHPh), 4.74 (d, J=11.5 Hz, 1H;
OCHPh), 4.76 (d, J=10.9 Hz, 1H; OCHPh), 4.80 (d, J=10.9 Hz, 1H;
OCHPh), 4.89 (d, J=10.9 Hz, 1H; OCHPh), 6.06 (dd, J=3.2, 6.5 (JH-P)
Hz, 1H; H-1), 7.23–7.31 ppm (m, 30H; aromatic); 31P NMR (109 MHz,
CDCl3): d=�12.67 (a), �12.86 ppm (b).


17: The reaction was performed according to the typical procedure (7 mL
CH2Cl2, 0 8C, 30 min) employing 2,3,4,6-tetra-O-benzyl-d-galactopyranose
(500 mg, 0.93 mmol), diphenyl chlorophosphate (0.25 mL, 1.20 mmol),


and DMAP (361 mg, 2.96 mmol). The crude product (869 mg) was puri-
fied by column chromatography (silica gel 18 g, hexane/AcOEt 5:2 with
3% Et3N) to give 2,3,4,6-tetra-O-benzyl-d-galactopyranosyl diphenyl
phosphate[50] (17; 459 mg, 60%, a/b=98:2) as a colorless oil. The anome-
ric a/b ratio of the product was determined by 31P NMR. Data for a ano-
mer 17a : Rf=0.51 (hexane/AcOEt 2:1); ½a�23D =++56.7 (c=1.01 in
CHCl3); IR (film): ñ=3063, 3031, 2919, 2871, 1952, 1590, 1490, 1454,
1358, 1291, 1190, 1110, 957 cm�1; 1H NMR (500 MHz, CDCl3): d =3.28
(dd, J=5.2, 8.4 Hz, 1H; H-6a), 3.52 (t, J=8.4, 1H; H-6b), 3.83 (dd, J=


3.2, 10.0 Hz, 1H; H-3), 3.97–4.00 (m, 2H; H-4, H-5), 4.12 (dt, J=10.0,
3.2, 1H; H-2), 4.35 (d, J=12.0 Hz, 1H; OCHPh), 4.38 (d, J=12.0 Hz,
1H; OCHPh), 4.55 (d, J=11.5 Hz, 1H; OCHPh), 4.68 (d, J=12.0 Hz,
1H; OCHPh), 4.71 (d, J=11.5 Hz, 1H; OCHPh), 4.76 (d, J=12.0 Hz,
1H; OCHPh), 4.77 (d, J=11.5 Hz, 1H; OCHPh), 4.93 (d, J=11.5 Hz,
1H; OCHPh), 6.07 (dd, J=3.2, 6.3 (JH-P) Hz, 1H; H-1), 7.05–7.37 ppm
(m, 30H; aromatic); 31P NMR (109 MHz, CDCl3): d=�12.95 (a),
�17.42 ppm (b).


2 : Diethyl chlorophosphite (0.16 mL, 1.11 mmol) was added to a stirred
solution of 2,3,4,6-tetra-O-benzyl-d-glucopyranose (500 mg, 0.93 mmol,
a/b=80:20) and Et3N (0.32 mL, 2.31 mmol) in CH2Cl2 (5 mL) at �78 8C.
After 30 min, the reaction was quenched with crushed ice, followed by
stirring at 0 8C for 15 min. The whole mixture was partitioned between
AcOEt (30 mL) and saturated aqueous NaHCO3 (10 mL). The organic
layer was washed with brine (2O15 mL), and dried over anhydrous
Na2SO4. Filtration and evaporation in vacuo furnished the crude product
(765 mg), which was purified by column chromatography (silica gel 30 g,
hexane/AcOEt 7:1 with 2% Et3N) to give 2,3,4,6-tetra-O-benzyl-d-gluco-
pyranosyl diethyl phosphite (2 ; 544 mg, 89%, a/b=80:20) as a colorless
oil. The anomeric a/b ratio of the product was determined by 31P NMR.
Rf=0.67 (hexane/AcOEt 2:1); ½a�23D =++47.4 (c=1.02 in CHCl3); IR
(film): ñ=3063, 3030, 2978, 2924, 1952, 1873, 1811, 1605, 1497, 1454,
1362, 1028, 916 cm�1; 1H NMR (500 MHz, CDCl3) (data for a anomer):
d=1.210 (t, J=6.9 Hz, 3H; OCH2CH3), 1.213 (t, J=7.2 Hz, 3H;
OCH2CH3), 3.60 (dd, J=3.4, 9.7 Hz, 1H; H-2), 3.62 (dd, J=1.7, 10.3 Hz,
1H; H-6a), 3.69 (t, J=9.7 Hz, 1H; H-4), 3.75 (dd, J=3.4, 10.3 Hz, 1H;
H-6b), 3.84–3.95 (m, 4H; 2OOCH2CH3), 3.98 (m, 1H; H-5), 3.99 (t, J=


9.7 Hz, 1H; H-3), 4.46 (d, J=12.1 Hz, 1H; OCHPh), 4.49 (d, J=10.8 Hz,
1H; OCHPh), 4.59 (d, J=12.1 Hz, 1H; OCHPh), 4.68 (d, J=11.5 Hz,
1H; OCHPh), 4.71 (d, J=11.5 Hz, 1H; OCHPh), 4.81 (d, J=10.8 Hz,
1H; OCHPh), 4.84 (d, J=10.8 Hz, 1H; OCHPh), 4.94 (d, J=10.8 Hz,
1H; OCHPh), 5.57 (dd, J=3.4, 8.5 (JH-P) Hz, 1H; H-1), 7.16–7.35 ppm
(m, 20H; aromatic); 13C NMR (67.5 MHz, CDCl3): d=91.4 (d, J=


17.6 Hz; C-1a), 96.9 ppm (d, J=15.7 Hz; C-1b); 31P NMR (109 MHz,
CDCl3): d=140.05 (a), 140.71 ppm (b); FAB-HRMS: m/z calcd for
C38H46O8P [M+H]+ : 661.2930, found: 661.2927.


Preparation of Promoters


0.5m TMSClO4 in toluene: TMSCl (0.095 mL, 0.75 mmol) was added to a
stirred solution of AgClO4 (155.9 mg, 0.75 mmol) in toluene (1.5 mL),
and the mixture was stirred for 30 min. After standing for 10 min without
stirring, the supernatant was used for glycosidation as a promoter.[26]


0.5m HClO4 in toluene: tBuCl (0.090 mL, 0.83 mmol) was added to a
stirred solution of AgClO4 (155.9 mg, 0.75 mmol) in toluene (1.5 mL),
and the mixture was stirred for 30 min. After standing for 10 min without
stirring, the supernatant was used for glycosidation as a promoter.[9l]


Glycosidation


Typical procedure for HClO4-catalyzed glycosidation: HClO4 in dioxane
(0.1m, 0.05 mL, 0.005 mmol) was added to a stirred mixture of diphenyl
phosphate 1 (77.3 mg, 0.10 mmol), alcohol 3 (51.1 mg, 0.11 mmol), and
pulverized 5-J M.S. (50 mg) in dioxane/Et2O (1:1, 1 mL) at 0 8C. After
stirring for 5 min, the reaction was quenched with Et3N (0.1 mL), and the
mixture was filtrated through a celite pad. The filtrate was poured into a
two-layer mixture of AcOEt (3 mL) and saturated aqueous NaHCO3


(6 mL), and the whole mixture was extracted with AcOEt (30 mL). The
organic extract was successively washed with saturated aqueous NaHCO3


(10 mL) and brine (10 mL), and dried over anhydrous Na2SO4. Filtration
and evaporation in vacuo furnished the crude product (105.8 mg), from
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which an anomeric mixture of methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-
tetra-O-benzyl-d-glucopyranosyl)-a-d-glucopyranoside[9l] (4 ; 88.8 mg,
90%, a/b =91:9) was obtained as a white solid after column chromatog-
raphy (silica gel 10 g, hexane/AcOEt 5:1). The anomeric a/b ratio of dis-
accharide 4 was determined by HPLC analysis [column, Zorbax Sil, 4.6O
250 mm; eluent, hexane/THF 6:1; flow rate, 1.5 mLmin�1; detection,
254 nm; tR (b anomer)=15.8 min, tR (a anomer)=16.4 min]. The a- and
b-glycosides were separated by preparative thin layer chromatography
(hexane/CH2Cl2/acetone 20:20:1). Data for a anomer 4a : Rf=0.62
(hexane/AcOEt 2:1), 0.29 (hexane/CHCl3/acetone 20:20:1); ½a�21D =++54.4
(c=1.01 in CHCl3) [lit. : ½a�24D =++53 (c=0.57 in CHCl3)];


[9l] IR (film): ñ=


3031, 2927, 1496, 1455, 1361, 1071, 1028, 909 cm�1; 1H NMR (400 MHz,
CDCl3): d=3.35 (s, 3H; OCH3), 3.44 (dd, J=3.6, 9.6 Hz, 1H; H-2), 3.52–
3.55 (m, 2H; H-6a, H-2’), 3.59–3.66 (m, 3H; H-4, H-4’, H-6’a), 3.70 (br d,
J=10.3 Hz, 1H; H-6b), 3.75–3.83 (m, 3H; H-5, H-5’, H-6’b), 3.95 (dd, J=


9.2, 9.6 Hz, 1H; H-3’), 3.97 (dd, J=9.2, 9.6 Hz, 1H; H-3), 4.41 (d, J=


12.1 Hz, 1H; OCHPh), 4.44 (d, J=10.9 Hz, 1H; OCHPh), 4.54 (d, J=


3.6 Hz, 1H; H-1), 4.56 (d, J=12.1 Hz, 1H; OCHPh), 4.57 (d, J=12.0 Hz,
1H; OCHPh), 4.62–4.69 (m, 3H; 3OOCHPh), 4.70 (d, J=12.0 Hz, 1H;
OCHPh), 4.76 (d, J=11.0 Hz, 1H; OCHPh), 4.80 (d, J=10.9 Hz, 1H;
OCHPh), 4.81 (d, J=10.9 Hz, 1H; OCHPh), 4.91 (d, J=11.0 Hz, 1H;
OCHPh), 4.93 (d, J=11.0 Hz, 1H; OCHPh), 4.95 (d, J=10.9 Hz, 1H;
OCHPh), 4.96 (d, J=3.4 Hz, 1H; H-1’), 7.10–7.33 ppm (m, 35H; aromat-
ic). Data for b anomer 4b : Rf=0.62 (hexane/AcOEt 2:1), 0.21 (hexane/
CHCl3/acetone 20:20:1); ½a�20D =19.2 (c=0.83 in CHCl3) [lit. : ½a�24D =++19
(c=1.0 in CHCl3)];


[9l] IR (film): ñ =3031, 2913, 1496, 1455, 1360, 1069,
1028, 795 cm�1; 1H NMR (400 MHz, CDCl3): d=3.32 (s, 3H; OCH3), 3.43
(m, 1H; H-5’), 3.46–3.53 (m, 3H; H-2, H-4, H-2’), 3.56 (dd, J=8.8,
9.4 Hz, 1H; H-4’), 3.62 (dd, J=8.8, 9.0 Hz, 1H; H-3’), 3.64–3.73 (m, 3H;
H-6a, H-6’ab), 3.82 (m, 1H; H-5), 3.98 (t, J=9.2 Hz, 1H; H-3), 4.17 (dd,
J=1.9, 10.7 Hz, 1H; H-6b), 4.34 (d, J=7.7 Hz, 1H; H-1’), 4.50 (d, J=


11.0 Hz, 1H; OCHPh), 4.51–4.53 (m, 2H; 2OOCHPh), 4.55 (d, J=


12.0 Hz, 1H; OCHPh), 4.60 (d, J=3.3 Hz, 1H; H-1), 4.65 (d, J=12.0 Hz,
1H; OCHPh), 4.71 (d, J=11.1 Hz, 1H; OCHPh), 4.74 (d, J=11.1 Hz,
1H; CH2Ph), 4.76–4.81 (m, 4H; 4OOCHPh), 4.90 (d, J=10.9 Hz, 1H;
OCHPh), 4.96 (d, J=10.9 Hz, 1H; OCHPh), 4.97 (d, J=11.1 Hz, 1H;
OCHPh), 7.10–7.33 ppm (m, 35H; aromatic).


11: The glycosidation was performed according to the typical procedure
(1 mL dioxane/Et2O 1:1, 0 8C, 20 min) employing diphenyl phosphate 1
(77.3 mg, 0.10 mmol), alcohol 5 (51.1 mg, 0.11 mmol), HClO4 (0.1m in di-
oxane, 0.05 mL, 0.005 mmol), and pulverized 5-J M.S. (50 mg). An
anomeric mixture of methyl 2,3,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-O-
benzyl-d-glucopyranosyl)-a-d-glucopyranoside[51] (11; 79.1 mg, 80%, a/
b=91:9) was obtained as a colorless oil from the crude product
(105.8 mg) after column chromatography (silica gel 10 g, hexane/AcOEt
5:1). The anomeric a/b ratio of disaccharide 11 was determined by
HPLC analysis [eluent, hexane/THF 6:1; flow rate, 1.5 mLmin�1; detec-
tion, 254 nm; tR (b anomer)=15.2 min, tR (a anomer)=16.9 min]. The a-
and b-glycosides were separated by preparative thin layer chromatogra-
phy (hexane/CH2Cl2/acetone 20:20:1). Data for a anomer 11a : Rf=0.56
(hexane/AcOEt 2:1), 0.45 (hexane/CHCl3/acetone 20:20:1); ½a�23D =++39.2
(c=0.95 in CHCl3) [lit. : ½a�20D =++40 (c=1.1 in CHCl3)];


[51] IR (film): ñ=


3062, 3030, 2925, 2865, 1730, 1605, 1496, 1454, 1361, 1208, 1157, 1096,
1050 cm�1; 1H NMR (500 MHz, CDCl3): d=3.37 (s, 3H; OCH3), 3.38 (m,
1H; H-6’a), 3.47–3.50 (m, 2H; H-2’, H-6’b), 3.59 (dd, J=3.4, 9.2 Hz, 1H;
H-2), 3.62–3.66 (m, 2H; H-6a, H-4’), 3.70 (m, 1H; H-5’), 3.81–3.86 (m,
2H; H-5, H-6b), 3.90 (dd, J=8.6 Hz, 1H; H-3’), 4.04 (dd, J=9.2 Hz, 1H;
H-4), 4.09 (t, J=9.2 Hz, 1H; H-3), 4.27 (d, J=12.0 Hz, 1H; OCHPh),
4.41 (d, J=10.9 Hz, 1H; OCHPh), 4.49–4.58 (m, 6H; 6OOCHPh), 4.60
(d, J=4.0 Hz, 1H; H-1), 4.70 (d, J=12.6 Hz, 1H; OCHPh), 4.77 (d, J=


10.9 Hz, 1H; OCHPh), 4.78 (d, J=10.3 Hz, 1H; OCHPh), 4.80 (d, J=


11.5 Hz, 1H; OCHPh), 4.88 (d, J=10.3 Hz, 1H; OCHPh), 5.03 (d, J=


11.5 Hz, 1H; OCHPh), 5.69 (d, J=3.4 Hz, 1H; H-1’), 7.08–7.28 ppm (m,
35H; aromatic). Data for b anomer 11b : Rf=0.56 (hexane/AcOEt 2:1),
0.36 (hexane/CHCl3/acetone 20:20:1); ½a�22D =++19.6 (c=1.01 in CHCl3)
[lit. : ½a�20D =++20 (c=1.0 in CHCl3)];


[51] IR (film): ñ=3062, 3030, 2904,
1952, 1874, 1809, 1730, 1605, 1586, 1496, 1453, 1360, 1044, 911 cm�1;
1H NMR (500 MHz, CDCl3): d=3.29 (m, 1H; H-5’), 3.35 (m, 1H; H-2’),
3.36 (s, 3H; OCH3), 3.44–3.49 (m, 3H; H-2, H-6a, H-3’), 3.54 (dd, J=4.6,


11.5 Hz, 1H; H-6’a), 3.58 (m, 1H; H-5), 3.60 (t, J=9.7 Hz, 1H; H-4’),
3.71 (dd, J=1.7, 11.5 Hz, 1H; H-6’b), 3.61 (dd, J=3.4, 10.9 Hz, 1H; H-
6b), 3.84 (t, J=9.7 Hz, 1H; H-3), 3.96 (t, J=9.7 Hz, 1H; H-4), 4.36–4.39
(m, 3H; H-1’, 2OOCHPh), 4.43 (d, J=12.6 Hz, 1H; OCHPh), 4.55 (d,
J=10.3 Hz, 1H; OCHPh), 4.56 (d, J=3.4 Hz, 1H; H-1), 4.57 (d, J=


10.9 Hz, 1H; OCHPh), 4.60 (d, J=12.0 Hz, 1H; OCHPh), 4.73–4.81 (m,
6H; 6OOCHPh), 4.86 (d, J=10.9 Hz, 1H; OCHPh), 5.09 (d, J=11.5 Hz,
1H; OCHPh), 7.17–7.42 ppm (m, 35H; aromatic).


12 : The glycosidation was performed according to the typical procedure
(1 mL dioxane/Et2O 1:1, 0 8C, 5 min) employing diphenyl phosphate 1
(77.3 mg, 0.10 mmol), alcohol 6 (28.6 mg, 0.11 mmol), HClO4 (0.1m in di-
oxane, 0.05 mL, 0.005 mmol), and pulverized 5-J M.S. (50 mg). An
anomeric mixture of 1,2:3,4-di-isopropylidene-6-O-(2,3,4,6-tetra-O-
benzyl-d-glucopyranosyl)-a-d-galactopyranoside[52] (12 ; 77.0 mg, 95%, a/
b=89:11) was obtained as a colorless oil from the crude product
(89.3 mg) after column chromatography (silica gel 10 g, hexane/AcOEt
5:1). The anomeric a/b ratio of disaccharide 12 was determined by
HPLC analysis [eluent, hexane/THF 6:1; flow rate, 1.5 mLmin�1; detec-
tion, 254 nm; tR (a anomer)=11.3 min, tR (b anomer)=12.5 min]. The a-
and b-glycosides were separated by preparative thin layer chromatogra-
phy (hexane/CH2Cl2/acetone 20:20:1). Data for a anomer 12a : Rf=0.59
(hexane/AcOEt 2:1), 0.27 (hexane/CHCl3/acetone 20:20:1); ½a�23D =++12.9
(c=1.41 in CHCl3) [lit. : ½a�20D =++11 (c=0.87 in CHCl3)];


[52a] IR (film):
ñ=3063, 3030, 2987, 2931, 1496, 1454, 1382, 1371, 1255, 1211, 1165, 1071,
1001, 919 cm�1; 1H NMR (500 MHz, CDCl3): d=1.32 (s, 6H; 2OCCH3),
1.46 (s, 3H; CCH3), 1.54 (s, 3H; CCH3), 3.59 (dd, J=4.0, 9.7 Hz, 1H; H-
2’), 3.65 (dd, J=1.7, 10.3 Hz, 1H; H-6’a), 3.69 (t, J=9.7 Hz, 1H; H-4’),
3.73–3.80 (m, 3H; H-6ab, H-6’b), 3.83 (m, 1H; H-5’), 3.99 (t, J=9.7 Hz,
1H; H-3’), 4.05 (m, 1H; H-5), 4.32 (dd, J=2.3, 5.2 Hz, 1H; H-2), 4.36
(dd, J=2.3, 8.0 Hz, 1H; H-4), 4.47 (d, J=12.0 Hz, 1H; OCHPh), 4.48 (d,
J=10.9 Hz, 1H; OCHPh), 4.60 (dd, J=2.3, 8.0 Hz, 1H; H-3), 4.63 (d, J=


12.0 Hz, 1H; OCHPh), 4.70 (d, J=12.0 Hz, 1H; OCHPh), 4.75 (d, J=


12.0 Hz, 1H; OCHPh), 4.80 (d, J=10.9 Hz, 1H; OCHPh), 4.83 (d, J=


10.9 Hz, 1H; OCHPh), 4.98 (d, J=10.9 Hz, 1H; OCHPh), 5.00 (d, J=


4.0 Hz, 1H; H-1’), 5.52 (d, J=5.2 Hz, 1H; H-1), 7.13–7.38 ppm (m, 20H;
aromatic). Data for b anomer 12b : Rf=0.59 (hexane/AcOEt 2:1), 0.15
(hexane/CHCl3/acetone 20:20:1); ½a�23D =�34.2 (c=0.22 in CHCl3) [lit. :
½a�24D =�32.5 (c=0.85 in CHCl3)];


[52b] IR (film): ñ =3090, 3031, 3010,
2911, 2867, 1717, 1603, 1496, 1454, 1384, 1257, 1069, 1008 cm�1; 1H NMR
(500 MHz, CDCl3): d=1.31 (s, 6H; 2OCCH3), 1.45 (s, 3H; CCH3), 1.50
(s, 3H; CCH3), 3.44–3.48 (m, 2H; H-2’, H-5’), 3.59–3.65 (m, 2H; H-3’, H-
4’), 3.67–3.75 (m, 3H; H-6a, H-6’ab), 4.09 (m, 1H; H-5), 4.16 (dd, J=3.4,
10.3 Hz, 1H; H-6b), 4.24 (dd, J=2.3, 8.0 Hz, 1H; H-4), 4.32 (dd, J=2.3,
5.2 Hz, 1H; H-2), 4.45 (d, J=8.0 Hz, 1H; H-1’), 4.50 (d, J=10.3 Hz, 1H;
OCHPh), 4.53 (d, J=12.0 Hz, 1H; OCHPh), 4.59 (dd, J=2.3, 8.0 Hz,
1H; H-3), 4.61 (d, J=12.0 Hz, 1H; OCHPh), 4.72 (d, J=11.5 Hz, 1H;
OCHPh), 4.77 (d, J=10.9 Hz, 1H; OCHPh), 4.81 (d, J=10.3 Hz, 1H;
OCHPh), 4.96 (d, J=10.9 Hz, 1H; OCHPh), 5.05 (d, J=11.5 Hz, 1H;
OCHPh), 5.57 (d, J=5.2 Hz, 1H; H-1), 7.12–7.43 ppm (m, 20H; aromat-
ic).


13 : The glycosidation was performed according to the typical procedure
(1 mL dioxane/Et2O 1:1, 0 8C, 10 min) employing diphenyl phosphate 1
(77.3 mg, 0.10 mmol), alcohol 7 (24.4 mg, 0.11 mmol), HClO4 (0.1m in di-
oxane, 0.05 mL, 0.005 mmol), and pulverized 5-J M.S. (50 mg). An
anomeric mixture of benzyl 2,3-anhydro-4-O-(2,3,4,6-tetra-O-benzyl-d-
glucopyranosyl)-b-d-ribopyranoside[53] (13 ; 62.8 mg, 85%, a/b=86:14)
was obtained as a colorless oil from the crude product (79.3 mg) after
column chromatography (silica gel 10 g, hexane/AcOEt 5:1). The anome-
ric a/b ratio of glucoside 13 was determined by HPLC analysis [eluent,
hexane/AcOEt 20:1; flow rate, 1.5 mLmin�1; detection, 254 nm; tR (b a-
nomer)=6.5 min, tR (a anomer)=14.9 min]. The a- and b-glycosides
were separated by preparative thin layer chromatography (hexane/
CH2Cl2/acetone 10:10:1). Data for a anomer 13a : Rf=0.56 (hexane/
AcOEt 2:1), 0.20 (hexane/CHCl3/acetone 20:20:1); ½a�23D =++44.3 (c=0.36
in CHCl3) [lit. : ½a�25D =++48 (c=1.2 in CHCl3)];


[53] IR (CHCl3): ñ =3130,
2926, 2868, 1496, 1454, 1362, 1140, 1088, 1069, 1027 cm�1; 1H NMR
(500 MHz, CDCl3): d=3.28 (d, J=4.0 Hz, 1H; H-2), 3.48–3.51 (m, 2H;
H-3, H-5a), 3.58–3.65 (m, 3H; H-2’, H-4’, H-6’a), 3.70 (dd, J=3.4,
10.9 Hz, 1H; H-6’b), 3.78 (m, 1H; H-5’), 3.83 (dd, J=4.6, 12.0 Hz, 1H;
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H-5b), 4.00–4.06 (m, 2H; H-4, H-3’), 4.45 (d, J=10.9 Hz, 1H; OCHPh),
4.46 (d, J=12.0 Hz, 1H; OCHPh), 4.58 (d, J=11.2 Hz, 1H; OCHPh),
4.59 (d, J=12.0 Hz, 1H; OCHPh), 4.72 (d, J=12.0 Hz, 1H; OCHPh),
4.77–4.85 (m, 4H; 4OOCHPh), 5.011 (d, J=10.9 Hz, 1H; OCHPh), 5.014
(s, 1H; H-1), 5.11 (d, J=3.4 Hz, 1H; H-1’), 7.12–7.41 ppm (m, 25H; aro-
matic). Data for b anomer 13b : Rf=0.56 (hexane/AcOEt 2:1), 0.19
(hexane/CHCl3/acetone 20:20:1); ½a�22D =++6.0 (c=0.91 in CHCl3) [lit. :
½a�25D =++6 (c=1.0 in CHCl3)];


[53] IR (CHCl3): ñ=3089, 3066, 3032, 3012,
2914, 2870, 1952, 1731, 1496, 1454, 1360, 1069, 1027 cm�1; 1H NMR
(500 MHz, CDCl3): d=3.25 (d, J=4.0 Hz, 1H; H-2), 3.50 (m, 1H; H-5’),
3.53–3.58 (m, 3H; H-5a, H-2’, H-3’), 3.60 (t, J=4.0 Hz, 1H; H-3), 3.63–
3.67 (m, 2H; H-4’, H-6’a), 3.72 (dd, J=1.7, 10.9 Hz, 1H; H-6’b), 3.84 (dd,
J=4.6, 12.0 Hz, 1H; H-5b), 4.07 (m, 1H; H-4), 4.52 (d, J=8.0 Hz, 1H;
H-1’), 4.54 (d, J=12.7 Hz, 1H; OCHPh), 4.55 (d, J=10.7 Hz, 1H;
OCHPh), 4.58 (d, J=12.7 Hz, 1H; OCHPh), 4.59 (d, J=11.5 Hz, 1H;
OCHPh), 4.73 (d, J=10.9 Hz, 1H; OCHPh), 4.79 (d, J=10.9 Hz, 1H;
OCHPh), 4.81–4.83 (m, 2H; 2OOCHPh), 4.93 (d, J=10.9 Hz, 1H;
OCHPh), 4.96 (d, J=10.9 Hz, 1H; OCHPh), 5.02 (s, 1H; H-1), 7.17–
7.38 ppm (m, 25H; aromatic).


14 : The glycosidation was performed according to the typical procedure
(1 mL dioxane/Et2O 1:1, 0 8C, 20 min) employing diphenyl phosphate 1
(77.3 mg, 0.10 mmol), cholesterol (8 ; 42.5 mg, 0.11 mmol), HClO4 (0.1m


in dioxane, 0.05 mL, 0.005 mmol), and pulverized 5-J M.S. (50 mg). An
anomeric mixture of cholesteryl 2,3,4,6-tetra-O-benzyl-d-glucopyrano-
side[54] (14 ; 85.6 mg, 94%, a/b=89:11) was obtained as a white solid
from the crude product (101.6 mg) after column chromatography (silica
gel 10 g, CH2Cl2/hexane 5:1). The anomeric a/b ratio of glucoside 14 was
determined by HPLC analysis [eluent, hexane/AcOEt 20:1; flow rate,
1.0 mLmin�1; detection, 254 nm; tR (b anomer)=26.7 min, tR (a ano-
mer)=41.1 min]. The a- and b-glycosides were separated by flash
column chromatography with CH2Cl2/hexane (4:1). Data for a anomer
14a : Rf=0.40 (CH2Cl2/hexane 5:1); ½a�20D =++45.4 (c=1.00 in CHCl3) [lit. :
½a�20D =++46.0 (c=1.5 in CHCl3)];


[54b] IR (KBr): ñ=3027, 2932, 2866, 1496,
1454, 1375, 1165, 1052, 753, 732, 698 cm�1; 1H NMR (500 MHz, CDCl3):
d=0.68 (s, 3H; H-18), 0.86–1.60 (m, 33H), 1.79–1.88 (m, 3H), 1.95 (m,
1H), 2.02 (m, 1H), 2.27 (m, 1H; H-4a), 2.43 (m, 1H; H-4b), 3.48 (m,
1H; H-3), 3.55 (dd, J=4.0, 9.2 Hz, 1H; H-2’), 3.62–3.66 (m, 2H; H-4’, H-
6’a), 3.74 (dd, J=3.4, 10.9 Hz, 1H; H-6’b), 3.86–3.89 (m, 1H; H-5’), 4.00
(t, J=9.2 Hz, 1H, H-3’), 4.45 (d, J=12.0 Hz, 1H; OCHPh), 4.46 (d, J=


10.9 Hz, 1H; OCHPh), 4.61 (d, J=12.0 Hz, 1H; OCHPh), 4.65 (d, J=


12.0 Hz, 1H; OCHPh), 4.77 (d, J=12.0 Hz, 1H; OCHPh), 4.82 (d, J=


10.9 Hz, 1H; OCHPh), 4.83 (d, J=10.9 Hz, 1H; OCHPh), 4.93 (d, J=


4.0 Hz, 1H; H-1’), 5.01 (d, J=10.9 Hz, 1H; OCHPh), 5.29 (m, 1H; H-6),
7.12–7.37 ppm (m, 20H; aromatic). Data for b anomer 14b : Rf=0.22
(CH2Cl2/hexane 5:1); ½a�21D =++1.6 (c=0.33 in CHCl3) [lit. : ½a�20D =++0.2
(c=1.6 in CHCl3)];


[54b] IR (CHCl3): ñ=3032, 2942, 2868, 1490, 1455,
1362, 1292, 1068, 1011, 966 cm�1; 1H NMR (500 MHz, CDCl3): d =0.68 (s,
3H; H-18), 0.86–1.71 (m, 33H), 1.79–1.87 (m, 2H), 1.96–2.03 (m, 3H),
2.34 (m, 1H; H-4a), 2.41 (m, 1H; H-4b), 3.43–3.47 (m, 2H; H-2’, H-6’a),
3.54 (t, J=9.2 Hz, 1H; H-3’), 3.57–3.66 (m, 3H; H-3, H-4’, H-5’), 3.73
(dd, J=1.7, 10.9 Hz, 1H; H-6’b), 4.50 (d, J=8.1 Hz, 1H; H-1’), 4.53 (d,
J=10.9 Hz, 1H; OCHPh), 4.55 (d, J=12.0 Hz, 1H; OCHPh), 4.60 (d, J=


12.0 Hz, 1H; OCHPh), 4.72 (d, J=10.8 Hz, 1H; OCHPh), 4.78 (d, J=


10.9 Hz, 1H; OCHPh), 4.81 (d, J=10.9 Hz, 1H; OCHPh), 4.92 (d, J=


10.9 Hz, 1H; OCHPh), 4.97 (d, J=10.8 Hz, 1H; OCHPh), 5.35 (m, 1H;
H-6), 7.16–7.36 ppm (m, 20H; aromatic).


15 : The glycosidation was performed according to the typical procedure
(1 mL dioxane/Et2O 1:1, 0 8C, 30 min) employing diphenyl phosphate 1
(77.3 mg, 0.10 mmol), 1-adamantanol (9 ; 16.7 mg, 0.11 mmol), HClO4


(0.1m in dioxane, 0.05 mL, 0.005 mmol), and pulverized 5-J M.S.
(50 mg). An anomeric mixture of 1-adamantyl 2,3,4,6-tetra-O-benzyl-d-
glucopyranoside[55] (15 ; 58.3 mg, 86%, a/b=87:13) was obtained as a col-
orless oil from the crude product (103.7 mg) after column chromatogra-
phy (silica gel 10 g, hexane/AcOEt 5:1). The anomeric a/b ratio of gluco-
side 15 was determined by HPLC analysis [eluent, hexane/THF 6:1; flow
rate, 1.0 mLmin�1; detection, 254 nm; tR (b anomer)=6.41 min, tR (a ano-
mer)=6.97 min]. The a- and b-glycosides were separated by flash
column chromatography with CH2Cl2/hexane (20:1). Data for a anomer
15a : Rf=0.60 (hexane/AcOEt 2:1), 0.37 (CH2Cl2); ½a�23D =++45.3 (c=0.98


in CHCl3); IR (film): ñ =3063, 3006, 2852, 1869, 1728, 1586, 1453, 1315,
1268, 1186, 1073, 983, 908, 814, 734 cm�1; 1H NMR (500 MHz, CDCl3):
d=1.57–1.64 (m, 6H; 3OCH2), 1.79–1.85 (m, 6H; 3OCH2), 2.10–2.16 (m,
3H; 3OCH), 3.53 (dd, J=3.4, 9.7 Hz, 1H; H-2), 3.61 (dd, J=1.7, 10.3 Hz,
1H; H-5), 3.65 (dd, J=1.7, 9.2 Hz, 1H; H-6a), 3.76 (dd, J=3.4, 10.3 Hz,
1H; H-4), 3.99–4.03 (m, 2H; H-3, H-6b), 4.45 (d, J=12.0 Hz, 1H;
OCHPh), 4.46 (d, J=10.9 Hz, 1H; OCHPh), 4.62–4.71 (m, 3H; 3O
OCHPh), 4.80 (d, J=10.9 Hz, 1H; OCHPh), 4.83 (d, J=10.3 Hz, 1H;
OCHPh), 4.99 (d, J=10.9 Hz, 1H; OCHPh), 5.27 (d, J=3.4 Hz, 1H; H-
1), 7.12–7.36 ppm (20H, m, aromatic). Data for b anomer 15b : Rf=0.53
(hexane/AcOEt 2:1), 0.18 (CH2Cl2); ½a�23D =++14.2 (c=0.96 in CHCl3)
[lit. : ½a�20D =++14.1 (c=6.1 in CHCl3)];


[55a] IR (film): ñ=3088, 3026, 2830,
2807, 1947, 1817, 1604, 1454, 1363, 1318, 1278, 1239, 1209, 1165, 1032,
940, 907, 841, 753 cm�1; 1H NMR (500 MHz, CDCl3): d=1.60–1.66 (m,
6H; 3OCH2), 1.82–1.95 (m, 6H; 3OCH2), 2.12–2.18 (m, 3H; 3OCH),
3.43 (dd, J=5.7, 8.6 Hz, 1H; H-2), 3.47 (m, 1H; H-5), 3.50 (dd, J=5.2,
9.7 Hz, 1H; H-4), 3.60 (m, 1H; H-6a), 3.64 (dd, J=5.2, 8.6 Hz, 1H; H-3),
3.73 (br d, J=10.9 Hz, 1H; H-6b), 4.53–4.60 (m, 3H; 3OOCHPh), 4.69
(d, J=5.7 Hz, 1H; H-1), 4.71 (d, J=9.2 Hz, 1H; OCHPh), 4.77 (d, J=


10.8 Hz, 1H; OCHPh), 4.82 (d, J=10.8 Hz, 1H; OCHPh), 4.91 (d, J=


10.8 Hz, 1H; OCHPh), 5.01 (d, J=10.8 Hz, 1H; OCHPh), 7.18–7.36 ppm
(20H, m, aromatic).


16 : The glycosidation was performed according to the typical procedure
(1 mL dioxane/Et2O 1:1, 0 8C, 20 min) employing diphenyl phosphate 1
(77.3 mg, 0.10 mmol), 4-methoxyphenol (10 ; 13.7 mg, 0.11 mmol), HClO4


(0.1m in dioxane, 0.05 mL, 0.005 mmol), and pulverized 5-J M.S.
(50 mg). An anomeric mixture of 4-methoxyphenyl 2,3,4,6-tetra-O-
benzyl-d-glucopyranoside[56] (16 ; 55.1 mg, 85%, a/b=85:15) was ob-
tained as a colorless oil from the crude product (69.0 mg) after column
chromatography (silica gel 10 g, hexane/AcOEt 6:1). The anomeric a/b
ratio of glucoside 16 was determined by HPLC analysis [eluent, hexane/
AcOEt 10:1; flow rate, 1.5 mLmin�1; detection, 254 nm; tR (b anomer)=


17.7 min, tR (a anomer)=19.9 min]. The a- and b-glycosides were sepa-
rated by preparative thin layer chromatography (hexane/CH2Cl2/acetone
20:20:1). Data for a anomer 16a : Rf=0.69 (hexane/AcOEt 2:1), 0.63
(hexane/CHCl3/acetone 20:20:1); ½a�23D =++91.3 (c=1.35 in CHCl3) [lit. :
½a�23D =++92 (c=1.0 in CHCl3)];


[56b] IR (film): ñ=3062, 3030, 2928, 2865,
1588, 1507, 1453, 1361, 1214, 1073, 1031, 827 cm�1; 1H NMR (500 MHz,
CDCl3): d=3.59 (dd, J=1.7, 10.9 Hz, 1H; H-6a), 3.67–3.77 (m, 3H; H-2,
H-4, H-6b), 3.77 (s, 3H; OCH3), 3.92 (m, 1H; H-5), 4.18 (t, J=9.2 Hz,
1H; H-3), 4.41 (d, J=11.5 Hz, 1H; OCHPh), 4.49 (d, J=10.9 Hz, 1H;
OCHPh), 4.59 (d, J=11.5 Hz, 1H; OCHPh), 4.69 (d, J=12.0 Hz, 1H;
OCHPh), 4.80 (d, J=12.0 Hz, 1H; OCHPh), 4.86 (d, J=10.9 Hz, 1H;
OCHPh), 4.88 (d, J=10.9 Hz, 1H; OCHPh), 5.05 (d, J=10.9 Hz, 1H;
OCHPh), 5.36 (d, J=3.4 Hz, 1H; H-1), 6.78–6.82 (m, 2H; aromatic),
7.00–7.03 (m, 2H; aromatic), 7.13–7.39 ppm (m, 20H; aromatic). Data
for b anomer 16b : Rf=0.69 (hexane/AcOEt 2:1), 0.56 (hexane/CHCl3/
acetone 20:20:1); ½a�23D =�5.1 (c=0.41 in CHCl3) [lit. : ½a�23D =�4 (c=1.0
in CHCl3)];


[56a] IR (film): ñ =3033, 3011, 2911, 2868, 1507, 1454, 1360,
1211, 1068, 1029, 828 cm�1; 1H NMR (500 MHz, CDCl3): d=3.58 (m, 1H;
H-5), 3.64–3.73 (m, 4H; H-2, H-3, H-4, H-6a), 3.78 (s, 3H; OCH3), 3.79
(m, 1H; H-6b), 4.54 (d, J=12.0 Hz, 1H; OCHPh), 4.57 (d, J=10.9 Hz,
1H; OCHPh), 4.60 (d, J=12.0 Hz, 1H; OCHPh), 4.81–4.86 (m, 3H; 3O
OCHPh), 4.88 (dd, J=2.3, 5.7 Hz, 1H; H-1), 4.95 (d, J=10.9 Hz, 1H;
OCHPh), 5.05 (d, J=10.9 Hz, 1H; OCHPh), 6.79–6.83 (m, 2H; aromat-
ic), 7.02–7.05 (m, 2H; aromatic), 7.18–7.47 ppm (m, 20H; aromatic).


23 : The glycosidation was performed according to the typical procedure
(0.5 mL dioxane/Et2O 1:1, 0 8C, 5 min) employing galactosyl diphenyl
phosphate 17 (38.6 mg, 0.05 mmol), alcohol 3 (25.6 mg, 0.055 mmol),
HClO4 (0.1m in dioxane, 0.025 mL, 0.0025 mmol), and pulverized 5-J
M.S. (25 mg). An anomeric mixture of methyl 2,3,4-tri-O-benzyl-6-O-
(2,3,4,6-tetra-O-benzyl-d-galactopyranosyl)-a-d-glucopyranoside[9l] (23 ;
43.6 mg, 88%, a/b=75:25) was obtained as a colorless oil from the crude
product (60.1 mg) after column chromatography (silica gel 8 g, hexane/
AcOEt 5:1). The anomeric a/b ratio of disaccharide 23 was determined
by HPLC analysis [eluent, hexane/THF 4:1; flow rate, 1.5 mLmin�1; de-
tection, 254 nm; tR (a anomer)=14.5 min, tR (b anomer)=16.7 min]. The
a- and b-glycosides were separated by preparative thin layer chromatog-
raphy (hexane/CH2Cl2/acetone 20:20:1). Data for a anomer 23a : Rf=
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0.53 (hexane/AcOEt 2:1), 0.38 (hexane/CHCl3/acetone 20:20:1); ½a�23D =


+51.9 (c=1.04 in CHCl3) [lit.: ½a�23D =++51 (c=1.3 in CHCl3)];
[9l] IR (film):


ñ=3011, 2927, 1724, 1496, 1454, 1360, 1160, 1095, 1028 cm�1; 1H NMR
(400 MHz, CDCl3): d=3.25 (s, 3H; OCH3), 3.41 (dd, J=3.2, 9.5 Hz, 1H;
H-2), 3.46–3.53 (m, 2H; H-6’ab), 3.58 (t, J=9.5 Hz, 1H; H-4), 3.71–3.81
(m, 3H; H-5, H-6ab), 3.89–3.99 (m, 4H; H-3, H-3’, H-4’, H-5’), 4.03 (dd,
J=3.2, 9.5 Hz, 1H; H-2’), 4.36 (d, J=11.8 Hz, 1H; OCHPh), 4.43 (d, J=


11.8 Hz, 1H; OCHPh), 4.52 (d, J=3.2 Hz, 1H; H-1), 4.54–4.59 (m, 3H;
3OOCHPh), 4.67–4.75 (m, 4H; 4OOCHPh), 4.79 (d, J=12.2 Hz, 1H;
OCHPh), 4.80 (d, J=10.9 Hz, 1H; OCHPh), 4.85 (d, J=10.9 Hz, 1H;
OCHPh), 4.94 (d, J=11.3 Hz, 1H; OCHPh), 4.96 (d, J=10.9 Hz, 1H;
OCHPh), 4.99 (d, J=3.2 Hz, 1H; H-1’), 7.13–7.28 ppm (m, 35H; aromat-
ic). Data for b anomer 23b : Rf=0.53 (hexane/AcOEt 2:1), 0.30 (hexane/
CHCl3/acetone 20:20:1); ½a�23D =++12.6 (c=0.46 in CHCl3) [lit. : ½a�21D =


+12 (c=1.0 in CHCl3)];
[9l] IR (film): ñ =3011, 2930, 1720, 1496, 1454,


1360, 1281, 1071 cm�1; 1H NMR (400 MHz, CDCl3): d=3.29 (s, 3H;
OCH3), 3.46 (t, J=9.5 Hz, 1H; H-4), 3.47–3.62 (m, 6H; H-2, H-6a, H-3’,
H-5’, H-6’ab), 3.81 (m, 1H; H-5), 3.84 (t, J=7.7 Hz, 1H; H-2’), 3.97 (t,
J=9.5 Hz, 1H; H-3), 4.14 (dd, J=1.8, 10.4 Hz, 1H; H-6b), 4.30 (d, J=


7.7 Hz, 1H; H-1’), 4.39 (d, J=11.8 Hz, 1H; OCHPh), 4.43 (d, J=11.8 Hz,
1H; OCHPh), 4.50 (d, J=11.3 Hz, 1H; OCHPh), 4.56 (d, J=11.8 Hz,
1H; OCHPh), 4.57 (d, J=3.2 Hz, 1H; H-1), 4.64 (d, J=12.2 Hz, 1H;
OCHPh), 4.69–4.72 (m, 3H; 3OOCHPh), 4.76–4.79 (m, 3H; 3OOCHPh),
4.91–4.97 (m, 3H; 3OOCHPh), 7.15–7.35 ppm (m, 35H; aromatic).


24 : The glycosidation was performed according to the typical procedure
(1 mL dioxane/Et2O 1:1, 0 8C, 5 min) employing diphenyl phosphate 17
(77.3 mg, 0.10 mmol), alcohol 5 (51.1 mg, 0.11 mmol), HClO4 (0.1m in di-
oxane, 0.05 mL, 0.005 mmol), and pulverized 5-J M.S. (50 mg). An
anomeric mixture of methyl 2,3,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-O-
benzyl-d-galactopyranosyl)-a-d-glucopyranoside[9l, 57] (24 ; 75.6 mg, 77%,
a/b=90:10) was obtained as a colorless oil from the crude product
(136.1 mg) after column chromatography (silica gel 10 g, hexane/AcOEt
5:1). The anomeric a/b ratio of disaccharide 24 was determined by
HPLC analysis [eluent, hexane/THF 6:1; flow rate, 0.5 mLmin�1; detec-
tion, 254 nm; tR (b anomer)=50.9 min, tR (a anomer)=52.4 min]. The a-
and b-glycosides were separated by preparative thin layer chromatogra-
phy (hexane/CH2Cl2/acetone 20:20:1). Data for a anomer 24a : Rf=0.53
(hexane/AcOEt 2:1), 0.42 (hexane/CHCl3/acetone 20:20:1); ½a�23D =++37.0
(c=0.52 in CHCl3) [lit. : ½a�23D =++33 (c=1.3 in CHCl3)];


[9l] IR (film): ñ=


3132, 3010, 2928, 1722, 1496, 1454, 1360, 1279, 1095, 1046 cm�1; 1H NMR
(500 MHz, CDCl3): d=3.37 (s, 1H; OCH3), 3.39–3.49 (m, 2H; H-6ab),
3.55 (dd, J=3.2, 9.5 Hz, 1H; H-2), 3.64 (dd, J=2.3, 10.9 Hz, 1H; H-6’a),
3.70 (dd, J=4.1, 10.9 Hz, 1H; H-6’b), 3.81 (dd, J=2.3, 10.0 Hz, 1H; H-
3’), 3.84–3.88 (m, 2H; H-5, H-5’), 3.93 (m, 1H; H-4’), 3.96–4.00 (m, 2H;
H-4, H-2’), 4.07 (t, J=9.5 Hz, 1H; H-3), 4.22 (d, J=11.3 Hz, 1H;
OCHPh), 4.29 (d, J=11.3 Hz, 1H; OCHPh), 4.41 (d, J=12.2 Hz, 1H;
OCHPh), 4.51–4.57 (m, 4H; H-1, 3OOCHPh), 4.60 (d, J=12.2 Hz, 1H;
OCHPh), 4.65–4.71 (m, 4H; 4OOCHPh), 4.81 (d, J=11.8 Hz, 1H;
OCHPh), 4.86 (d, J=11.3 Hz, 1H; OCHPh), 4.97 (d, J=11.8 Hz, 1H;
OCHPh), 5.76 (d, J=3.6 Hz, 1H; H-1’), 7.17–7.31 ppm (m, 35H; aromat-
ic). Data for b anomer 24b : Rf=0.53 (hexane/AcOEt 2:1), 0.36 (hexane/
CHCl3/acetone 20:20:1); ½a�22D =++10.5 (c=0.75 in CHCl3) [lit. : ½a�20�2D =


+10 (c=1 in CHCl3)];
[57] IR (film): ñ=3062, 3030, 2918, 2867, 1953,


1875, 1811, 1605, 1496, 1454, 1363, 1097, 912 cm�1; 1H NMR (500 MHz,
CDCl3): d=3.29–3.36 (m, 3H; H-3’, H-5’, H-6’a), 3.36 (s, 1H; OCH3),
3.46 (dd, J=3.4, 9.7 Hz, 1H; H-2), 3.49 (m, 1H; H-6a), 3.53 (t, J=8.6 Hz,
1H; H-6’), 3.59 (m, 1H; H-5), 3.73 (dd, J=7.4, 9.7 Hz, 1H; H-2’), 3.79–
3.83 (m, 2H; H-3, H-6), 3.88–3.91 (m, 2H; H-4, H-4’), 4.23 (d, J=


12.0 Hz, 1H; OCHPh), 4.29 (d, J=7.4 Hz, 1H; H-1’), 4.32 (d, J=12.0 Hz,
1H; OCHPh), 4.35 (d, J=12.0 Hz, 1H; OCHPh), 4.52 (d, J=12.0 Hz,
1H; OCHPh), 4.54 (d, J=11.5 Hz, 1H; OCHPh), 4.55 (d, J=3.4 Hz, 1H;
H-1), 4.63 (d, J=12.0 Hz, 1H; OCHPh), 4.66–4.73 (m, 3H; 3OOCHPh),
4.75 (d, J=11.5 Hz, 1H; OCHPh), 4.80 (d, J=11.5 Hz, 1H; OCHPh),
4.81 (d, J=11.3 Hz, 1H; OCHPh), 4.96 (d, J=11.5 Hz, 1H; OCHPh),
5.03 (d, J=10.3 Hz, 1H; OCHPh), 7.17–7.37 ppm (m, 35H; aromatic).


25 : The glycosidation was performed according to the typical procedure
(1 mL dioxane/Et2O 1:1, 0 8C, 5 min) employing galactosyl diphenyl phos-
phate 17 (77.3 mg, 0.10 mmol), alcohol 19 (51.1 mg, 0.11 mmol), HClO4


(0.1m in dioxane, 0.05 mL, 0.005 mmol), and pulverized 5-J M.S.


(50 mg). An anomeric mixture of methyl 2,3,6-tri-O-benzyl-4-O-(2,3,4,6-
tetra-O-benzyl-d-galactopyranosyl)-a-d-galactopyranoside (25 ; 80.8 mg,
82%, a/b=87:13) was obtained as a colorless oil from the crude product
(101.6 mg) after column chromatography (silica gel 10 g, hexane/AcOEt
5:1). The anomeric a/b ratio of disaccharide 25 was determined by
HPLC analysis [eluent, hexane/AcOEt 5:1; flow rate, 1.5 mLmin�1; de-
tection, 254 nm; tR (a anomer)=17.6 min, tR (b anomer)=19.6 min]. The
a- and b-glycosides were separated by preparative thin layer chromatog-
raphy (hexane/CH2Cl2/acetone 20:20:1). Data for a anomer 25a : Rf=


0.53 (hexane/AcOEt 2:1), 0.38 (hexane/CHCl3/acetone 20:20:1); ½a�22D =


+38.8 (c=1.00 in CHCl3); IR (film): ñ =3062, 3030, 2925, 1724, 1604,
1496, 1454, 1360, 1207, 1100, 1050 cm�1; 1H NMR (500 MHz, CDCl3): d=


3.21 (dd, J=5.2, 8.6 Hz, 1H; H-6a), 3.36 (s, 3H; OCH3), 3.49 (dd, J=6.3,
9.7 Hz, 1H; H-4’), 3.54 (t, J=8.6 Hz, 1H; H-5), 3.81–3.86 (m, 2H; H-3,
H-5’), 3.89–3.93 (m, 3H; H-2, H-3’, H-6’), 4.05 (dd, J=2.3 Hz, 1H; H-4),
4.07–4.13 (m, 2H; H-2’, H-6’), 4.20 (d, J=12.0 Hz, 1H; OCHPh), 4.23 (d,
J=12.0 Hz, 1H; OCHPh), 4.40 (dd, J=5.2, 8.6 Hz, 1H; H-6), 4.54 (d, J=


10.9 Hz, 1H; OCHPh), 4.60 (d, J=12.0 Hz, 1H; OCHPh), 4.69–4.76 (m,
5H; H-1, 4OOCHPh), 4.80 (d, J=12.0 Hz, 1H; OCHPh), 4.84–4.87 (m,
2H; 2OOCHPh), 4.89 (d, J=10.9 Hz, 1H; OCHPh), 4.98 (d, J=4.0 Hz,
1H; H-1’), 7.16–7.42 ppm (m, 35H; aromatic); 13C NMR (100 MHz,
CDCl3): d=67.8, 68.1, 69.2, 69.5, 72.2, 72.6, 72.9, 73.1, 73.3, 74.1, 74.6,
74.9, 75.0, 76.2, 76.5, 77.2, 78.0, 79.5, 98.8, 100.3, 127.2, 127.31, 127.34,
127.39, 127.44, 127.47, 127.52, 127.55, 127.62, 127.8, 128.0, 128.08, 128.11,
128.2, 128.27, 128.32, 138.1, 138.2, 138.6, 138.8, 139.0 ppm; FAB-LRMS:
m/z : 988 [M+H]+ ; FAB-HRMS: m/z calcd for C62H67O11 [M+H]+ :
987.4683, found: 987.4692. Data for b anomer 25b : Rf=0.53 (hexane/
AcOEt 2:1), 0.30 (hexane/CHCl3/acetone 20:20:1); ½a�23D =++19.4 (c=0.40
in CHCl3); IR (film): ñ =3062, 3030, 2919, 2868, 1725, 1604, 1496, 1454,
1360, 1099, 1050 cm�1; 1H NMR (500 MHz, CDCl3): d=3.37 (s, 3H;
OCH3), 3.40–3.43 (m, 2H; H-6’ab), 3.46 (dd, J=2.9, 9.7 Hz, 1H; H-3’),
3.52 (t, J=9.2 Hz, 1H; H-5’), 3.64 (dd, J=6.3, 10.3 Hz, 1H; H-6a), 3.69
(dd, J=4.6, 10.3 Hz, 1H; H-6b), 3.76 (dd, J=7.4, 9.7 Hz, 1H; H-2’), 3.85
(d, J=2.9 Hz, 1H; H-4’), 3.87–3.93 (m, 3H; H-2, H-3, H-5), 4.27 (m, 1H;
H-4), 4.32–4.35 (m, 3H; 3OOCHPh), 4.48 (d, J=12.0 Hz, 1H; OCHPh),
4.55–4.59 (m, 3H; 3OOCHPh), 4.65 (d, J=3.4 Hz, 1H; H-1), 4.68–4.70
(m, 2H; 2OOCHPh), 4.73 (d, J=11.5 Hz, 1H; OCHPh), 4.74 (d, J=


12.0 Hz, 1H; OCHPh), 4.79 (d, J=12.0 Hz, 1H; OCHPh), 4.90 (d, J=


7.4 Hz, 1H; H-1’), 4.97 (d, J=11.5 Hz, 1H; OCHPh), 5.05 (d, J=11.5 Hz,
1H; OCHPh), 7.12–7.38 ppm (m, 35H; aromatic); 13C NMR (100 MHz,
CDCl3): d=68.6, 69.6, 70.2, 72.1, 73.0, 73.3, 73.4, 73.7, 74.0, 74.49, 74.53,
77.2, 78.7, 79.8, 81.8, 98.7, 102.8, 127.1, 127.28, 127.31, 127.34, 127.36,
127.40, 127.44, 127.5, 127.7, 127.8, 128.07, 128.14, 128.2, 128.3, 128.4,
137.9, 138.56, 138.58, 138.7, 138.9, 139.0, 139.3 ppm; FAB-LRMS: m/z :
988 [M+H]+ ; FAB-HRMS: m/z calcd for C62H67O11 [M+H]+ : 987.4683,
found: 987.4675.


26 : The glycosidation was performed according to the typical procedure
(1 mL dioxane/Et2O 1:1, 0 8C, 5 min) employing galactosyl diphenyl phos-
phate 17 (77.3 mg, 0.10 mmol), alcohol 20 (24.0 mg, 0.11 mmol), HClO4


(0.1m in dioxane, 0.05 mL, 0.005 mmol), and pulverized 5-J M.S.
(50 mg). An anomeric mixture of methyl 2,3-O-isopropylidene-4-O-
(2,3,4,6-tetra-O-benzyl-d-galactopyranosyl)-a-l-rhamnopyranoside[58] (26 ;
67.1 mg, 91%, a/b=87:13) was obtained as a colorless oil from the crude
product (169.2 mg) after column chromatography (silica gel 12 g, hexane/
AcOEt 5:1). The anomeric a/b ratio of disaccharide 26 was determined
by HPLC analysis [eluent, hexane/THF 6:1; flow rate, 0.5 mLmin�1; de-
tection, 254 nm; tR (a anomer)=19.5 min, tR (b anomer)=20.7 min]. The
a- and b-glycosides were separated by flash column chromatography with
CH2Cl2/AcOEt (50:1). Data for a anomer 26a : Rf=0.46 (hexane/AcOEt
2:1), 0.30 (CH2Cl2/AcOEt 30:1); ½a�21D =++33.3 (c=1.06 in CHCl3); IR
(film): ñ=3064, 3030, 2986, 2934, 1497, 1454, 1382, 1370, 1243, 1220,
1140, 1094, 1049, 1025, 861, 752 cm�1; 1H NMR (500 MHz, CDCl3): d=


1.24 (s, 3H; CCH3), 1.29 (d, J=6.9 Hz, 3H; H-6), 1.36 (s, 3H; CCH3),
3.31 (dd, J=7.4, 10.3 Hz, 1H; H-4), 3.32 (s, 3H; OCH3), 3.49 (dd, J=4.6,
8.0 Hz, 1H; H-5’), 3.65 (dd, J=8.0, 9.2 Hz, 1H; H-6’a), 3.73 (dd, J=6.9,
10.3 Hz, 1H; H-5), 3.96 (dd, J=2.9, 10.3 Hz, 1H; H-3’), 4.05–4.08 (m,
2H; H-2, H-2’), 4.13 (m, 2H; H-3, H-4’), 4.24 (dd, J=4.6, 9.2 Hz, 1H; H-
6’b), 4.39 (d, J=12.0 Hz, 1H; OCHPh), 4.48 (d, J=11.5 Hz, 1H;
OCHPh), 4.58 (d, J=10.9 Hz, 1H; OCHPh), 4.72 (m, 3H; 3OOCHPh),
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4.82 (s, 1H; H-1), 4.84 (d, J=12.0 Hz, 1H; OCHPh), 4.94–4.96 (m, 2H;
H-1’, OCHPh), 7.24–7.38 ppm (m, 20H; aromatic). Data for b anomer
26b : Rf=0.50 (hexane/AcOEt 2:1), 0.44 (CH2Cl2/AcOEt 30:1); ½a�22D =


�13.1 (c=1.08 in CHCl3); IR (film): ñ=3065, 3030, 2983, 2933, 2871,
1496, 1454, 1382, 1369, 1242, 1220, 1138, 1092, 1065, 1022, 861, 734 cm�1;
1H NMR (500 MHz, CDCl3): d =1.24–1.37 (m, 6H; CCH3, H-6), 1.44 (s,
3H; CCH3), 3.37 (s, 3H; OCH3), 3.51–3.55 (m, 3H; H-3, H-3’, H-6’a),
3.59–3.63 (m, 3H; H-4, H-5, H-4’), 3.73 (dd, J=7.4, 9.7 Hz, 1H; H-2),
3.88 (m, 1H; H-5’), 4.07 (d, J=5.2 Hz, 1H; H-1’), 4.21 (m, 1H; H-2’),
4.38–4.50 (m, 2H; H-6’b, OCHPh), 4.61 (d, J=12.0 Hz, 1H; OCHPh),
4.68–4.76 (m, 3H; 3OOCHPh), 4.81–4.84 (m, 2H; H-1, OCHPh), 4.91 (d,
J=11.5 Hz, 1H; OCHPh), 4.94 (d, J=11.5 Hz, 1H; OCHPh), 7.26–
7.40 ppm (m, 20H; aromatic).


27: The glycosidation was performed according to the typical procedure
(0.5 mL dioxane/Et2O 1:1, 25 8C, 2 h) employing 3,4,6-tri-O-acetyl-2-
azido-2-deoxy-d-galactopyranosyl diphenyl phosphate (18 ; 56.3 mg,
0.10 mmol), alcohol 21 (45.9 mg, 0.11 mmol), HClO4 (0.1m in dioxane,
0.2 mL, 0.02 mmol), and pulverized 5-J M.S. (50 mg). An anomeric mix-
ture of N-(9-fluorenylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-azido-2-
deoxy-d-galactopyranosyl)-l-serine benzyl ester[59] (27; 60.1 mg, 82%, a/
b=91:9) was obtained as a colorless oil from the crude product (86.3 mg)
after column chromatography (silica gel 10 g, CH2Cl2/acetone 20:1). The
anomeric a/b ratio of glycoside 27 was determined by HPLC analysis
[eluent, hexane/THF 6:1; flow rate, 1.5 mLmin�1; detection, 254 nm; tR
(a anomer)=39.8 min, tR (b anomer)=76.8 min]. The a- and b-glycosides
were separated by preparative thin layer chromatography (toluene/
AcOEt 3:1). Data for a anomer 27a : Rf=0.44 (CH2Cl2/acetone 20:1),
0.46 (toluene/AcOEt 3:1); ½a�22D =++82.8 (c=1.50 in CHCl3) [lit. : ½a�21D =


+84 (c=1.0 in CHCl3)];
[59c] IR (film): ñ=3360, 3032, 2951, 2112, 1751,


1521, 1450, 1371, 1230 cm�1; 1H NMR (500 MHz, CDCl3): d=1.94 (s, 3H;
CH3CO), 2.05 (s, 3H; CH3CO), 2.13 (s, 3H; CH3CO), 3.58 (dd, J=3.2,
11.1 Hz, 1H; H-2), 3.96–4.08 (m, 4H; H-5, H-6ab, OCH), 4.14 (dd, J=


2.8, 11.2 Hz, 1H; OCH), 4.22 (br t, J=7.0 Hz, 1H; Fmoc-CH), 4.40 (d,
J=7.0 Hz, 2H; Fmoc-CH2), 4.61 (m, 1H; NCH), 4.86 (d, J=3.2 Hz, 1H;
H-1), 5.21 (d, J=12.1 Hz, 1H; CO2CHPh), 5.24 (d, J=12.1 Hz, 1H;
CO2CHPh), 5.27 (dd, J=2.6, 11.1 Hz, 1H; H-3), 5.38 (br s, 1H; H-4),
5.95 (d, J=8.0 Hz, 1H; NH), 7.28–7.40 (m, 9H; aromatic), 7.61 (m, 2H;
aromatic), 7.74 ppm (d, J=7.5 Hz, 2H; aromatic). Data for b anomer
27b : Rf=0.42 (CH2Cl2/acetone 20:1), 0.42 (toluene/AcOEt 3:1); ½a�21D =


�9.3 (c=0.40 in CHCl3) [lit. : ½a�22D =�7.1 (c=1 in CHCl3)];
[59a] IR (film):


ñ=3360, 2951, 2110, 1751, 1521, 1450, 1371, 1228 cm�1; 1H NMR
(500 MHz, CDCl3): d=2.02 (s, 3H; CH3CO), 2.06 (s, 3H; CH3CO), 2.16
(s, 3H; CH3CO), 3.66 (dd, J=8.2, 10.8 Hz, 1H; H-2), 3.76 (dd, J=6.5,
7.0 Hz, 1H; H-5), 3.93 (dd, J=2.9, 10.1 Hz, 1H; OCH), 4.09 (dd, J=6.5,
11.1 Hz, 1H; H-6a), 4.12 (dd, J=7.0, 11.1 Hz, 1H; H-6b), 4.23 (dd, J=


6.7, 7.4 Hz, 1H; Fmoc-CH), 4.32 (d, J=8.2 Hz, 1H; H-1), 4.37 (dd, J=


7.4, 10.5 Hz, 1H; Fmoc-CH), 4.41–4.44 (m, 2H; OCH, Fmoc-CH), 4.63
(m, 1H; NCH), 4.76 (dd, J=3.2, 10.8 Hz, 1H; H-3), 5.23 (d, J=12.3 Hz,
1H; CO2CHPh), 5.27 (d, J=12.3 Hz, 1H; CO2CHPh), 5.32 (d, J=3.2 Hz,
1H; H-4), 5.84 (d, J=8.2 Hz, 1H; NH), 7.29–7.41 (m, 9H; aromatic),
7.61 (m, 2H; aromatic), 7.77 ppm (d, J=7.6 Hz, 2H; aromatic).


28 : The glycosidation was performed according to the typical procedure
(0.5 mL dioxane/Et2O 1:1, 25 8C, 6 h) employing diphenyl phosphate 18
(56.3 mg, 0.10 mmol), alcohol 22 (47.5 mg, 0.11 mmol), HClO4 (0.1m in
dioxane, 0.2 mL, 0.02 mmol), and pulverized 5-J M.S. (50 mg). An
anomeric mixture of N-(9-fluorenylmethoxycarbonyl)-O-(3,4,6-tri-O-
acetyl-2-azido-2-deoxy-d-galactopyranosyl)-l-threonine benzyl ester[59a,b]


(28 ; 58.2 mg, 78%, a/b=92:8) was obtained as a colorless oil from the
crude product (105.6 mg) after column chromatography (silica gel 10 g,
CH2Cl2/acetone 20:1). The anomeric a/b ratio of glycoside 28 was deter-
mined by HPLC analysis [eluent, hexane/THF 6:1; flow rate,
1.5 mLmin�1; detection, 254 nm; tR (a anomer)=39.7 min, tR (b ano-
mer)=51.2 min]. The a- and b-glycosides were separated by preparative
thin layer chromatography (toluene/AcOEt 3:1). Data for a anomer 28a :
Rf=0.44 (CH2Cl2/acetone 20:1), 0.46 (toluene/AcOEt 3:1); ½a�20D =++65.1
(c=1.00 in CHCl3) [lit. : ½a�22D =++63 (c=1 in CHCl3)];


[59a] IR (film): ñ=


3356, 3032, 2951, 2112, 1751, 1518, 1450, 1371, 1230 cm�1; 1H NMR
(500 MHz, CDCl3): d=1.33 (d, J=6.4 Hz, 3H; OCHCH3), 2.00 (s, 3H;
CH3CO), 2.05 (s, 3H; CH3CO), 2.12 (s, 3H; CH3CO), 3.58 (dd, J=3.7,


11.2 Hz, 1H; H-2), 4.06 (d, J=6.5 Hz, 2H; H-6ab), 4.22 (br t, J=6.5 Hz,
1H; H-5), 4.23 (t, J=7.5 Hz, 1H; Fmoc-CH), 4.34 (dd, J=7.5, 10.5 Hz,
1H; Fmoc-CH), 4.42 (dd, J=7.5, 10.5 Hz, 1H; Fmoc-CH), 4.45 (dq, J=


1.5, 6.4 Hz, 1H; OCHCH3), 4.49 (dd, J=1.5, 9.5 Hz, 1H; NCH), 4.89 (d,
J=3.7 Hz, 1H; H-1), 5.18 (d, J=12.2 Hz, 1H; CO2CHPh), 5.25 (d, J=


12.2 Hz, 1H; CO2CHPh), 5.28 (dd, J=3.1, 11.2 Hz, 1H; H-3), 5.44 (d, J=


3.1 Hz, 1H; H-4), 5.74 (d, J=9.5 Hz, 1H; NH), 7.27–7.39 (m, 9H; aro-
matic), 7.61 (d, J=7.4 Hz, 2H; aromatic), 7.74 ppm (d, J=7.6 Hz, 2H; ar-
omatic). Data for b anomer 28b : Rf=0.43 (CH2Cl2/acetone 20:1), 0.43
(toluene/AcOEt 3:1); ½a�20D =�17.0 (c=0.68 in CHCl3) [lit. : ½a�22D =�14
(c=1 in CHCl3)];


[59a] IR (film): ñ=3358, 3032, 2951, 2110, 1751, 1518,
1450, 1373, 1230, 1035 cm�1; 1H NMR (500 MHz, CDCl3): d =1.35 (d, J=


6.3 Hz, 3H; OCHCH3), 2.02 (s, 3H; CH3CO), 2.05 (s, 3H; CH3CO), 2.13
(s, 3H; CH3CO), 3.59 (dd, J=6.2, 7.5 Hz, 1H; H-5), 3.63 (dd, J=8.0,
10.9 Hz, 1H; H-2), 4.01 (dd, J=6.2, 11.0 Hz, 1H; H-6a), 4.09 (dd, J=7.5,
11.0 Hz, 1H; H-6b), 4.25 (d, J=7.3 Hz, 1H; Fmoc-CH), 4.29 (d, J=


8.0 Hz, 1H; H-1), 4.38 (dd, J=7.3, 10.5 Hz, 1H; Fmoc-CH), 4.41 (dd, J=


7.3, 10.5 Hz, 1H; Fmoc-CH), 4.51 (dd, J=1.2, 9.5 Hz, 1H; NCH), 4.59
(dq, J=1.2, 6.3 Hz, 1H; OCHCH3), 4.67 (dd, J=3.2, 10.9 Hz, 1H; H-3),
5.19 (d, J=12.3 Hz, 1H; OCHPh), 5.23 (d, J=12.3 Hz, 1H; OCHPh),
5.26 (d, J=3.2 Hz, 1H; H-4), 5.66 (d, J=9.5 Hz, 1H; NH), 7.28–7.41 (m,
9H; aromatic), 7.61 (m, 2H; aromatic), 7.76 ppm (d, J=7.7 Hz, 2H; aro-
matic).


Synthesis of KRN7000 (29)


31: The glycosidation was performed according to the typical procedure
(1 mL dioxane, 25 8C, 5 min) employing diphenyl phosphate 17 (16.2 mg,
0.022 mmol), ceramide 30 (17.5 mg, 0.02 mmol), HClO4 (0.1m in dioxane,
0.1 mL, 0.01 mmol), and pulverized 5-J M.S. (20 mg). An anomeric mix-
ture of (2S,3S,4R)-3,4-di-O-benzyl-1-O-(2,3,4,6-tetra-O-benzyl-d-galacto-
pyranosyl)-2-N-hexanoylamino-1,3,4-octadecenetriol[42b] (31; 25.0 mg,
92%, a/b=92:8) was obtained as a white solid from the crude product
(33.1 mg) after column chromatography (silica gel 6 g, hexane/AcOEt
6:1). The anomeric a/b ratio of galactoside 31 was determined by HPLC
analysis [eluent, hexane/AcOEt 5:1; flow rate, 1.5 mLmin�1; detection,
254 nm; tR (a anomer)=8.3 min, tR (b anomer)=19.8 min]. The a- and b-
glycosides were separated flash column chromatography with hexane/
AcOEt (7:1). Data for a anomer 31a : Rf=0.50 (hexane/AcOEt 4:1);
m.p. 75.5–76.0 8C [lit. : m.p. 74–75 8C];[42b] ½a�21D =++19.1 (c=1.00 in CHCl3)
[lit. : ½a�24D =++18.8 (c=0.9 in CHCl3)];


[42b] IR (KBr): ñ =3330, 2920, 2850,
1647, 1532, 1496, 1469, 1454, 1348, 1117, 1060, 736, 695 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.88 (t, J=6.9 Hz, 6H; 2OCH3), 1.22–1.70 (m,
72H; 36OCH2), 1.87–2.00 (m, 2H; H-2’ab), 3.39 (dd, J=6.2, 9.0 Hz, 1H;
H-6’’a), 3.47–3.50 (m, 2H; H-4, H-6’’b), 3.72 (dd, J=3.8, 10.9 Hz, 1H; H-
1a), 3.85–3.93 (m, 4H; H-3, H-3’’, H-4’’, H-5’’), 3.99–4.05 (m, 2H; H-1b,
H-2’’), 4.12–4.18 (m, 1H; H-2), 4.35 (d, J=11.8 Hz, 1H; OCHPh), 4.41
(d, J=11.7 Hz, 1H; OCHPh), 4.47 (d, J=11.8 Hz, 1H; OCHPh), 4.51 (d,
J=11.5 Hz, 1H; OCHPh), 4.56 (d, J=11.5 Hz, 1H; OCHPh), 4.58 (d, J=


11.7 Hz, 1H; OCHPh), 4.63 (d, J=11.7 Hz, 1H; OCHPh), 4.71–4.80 (m,
4H; 4OOCHPh), 4.84 (d, J=3.6 Hz, 1H; H-1’’), 4.91 (d, J=11.5 Hz, 1H;
OCHPh), 6.18 (d, J=8.3 Hz, 1H; NHCO), 7.21–7.37 ppm (m, 30H; aro-
matic). Data for b anomer 31b : Rf=0.37 (hexane/AcOEt 4:1); m.p. 53.5–
54.5 8C [lit. : m.p. 54–56 8C];[42b] ½a�21D =�1.7 (c=0.74 in CHCl3) [lit. : ½a�22D =


�0.4 (c=1.0 in CHCl3)];
[42b] IR (KBr): ñ =3433, 3325, 3031, 2919, 1646,


1536, 1468, 1454, 1111, 1072, 733, 696 cm�1; 1H NMR (400 MHz, CDCl3):
d=0.88 (t, J=6.9 Hz, 6H; 2OCH3), 1.22–1.70 (m, 72H; 36OCH2), 1.87–
2.00 (m, 2H; H-2’ab), 3.41–3.43 (m, 1H; H-4), 3.51–3.53 (m, 3H; H-3’’,
H-5’’, H-6’’a), 3.58–3.61 (m, 1H; H-6’’b), 3.65 (dd, J=3.2, 10.1 Hz, 1H;
H-1a), 3.78–3.84 (m, 2H; H-3, H-2’’), 3.94 (d, J=2.4 Hz, 1H; H-4’’),
4.14–4.26 (m, 2H; H-1b, H-2), 4.30 (d, J=9.7 Hz, 1H; H-1’’), 4.36–4.43
(m, 3H; 3OOCHPh), 4.53–4.62 (m, 3H; 3OOCHPh), 4.69–4.85 (m, 5H;
5OOCHPh), 4.58 (d, J=11.5 Hz, 1H; OCHPh), 5.89 (d, J=8.3 Hz, 1H;
NHCO), 7.21–7.33 ppm (m, 30H; aromatic).


29 (KRN7000): Pd(OH)2 on carbon (20%, 10 mg) was added to a stirred
solution of galactosylceramide 31a (28.0 mg, 0.02 mmol) in CH2Cl2/EtOH
(1:3, 3 mL), and the mixture was vigorously stirred under 1 atm of hydro-
gen for 12 h. The catalyst was filtered through a celite pad, and the fil-
trate was evaporation in vacuo. Purification by recrystallization (EtOH/
H2O 10:1) afforded (2S,3S,4R)-1-O-(a-d-galactopyranosyl)-2-N-hexanoyl-
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amino-3,4-octadecenediol[39,42] (KRN7000, 29 ; 13.4 mg, 73%) as a white
solid: Rf=0.27 (CH2Cl2/MeOH 9:1); m.p. 192–193 8C [lit. : m.p. 189.5–
190.5 8C];[39b] ½a�17D =++43.6 (c=1.04 in pyridine) [lit. : ½a�23D =++43.6 (c=1.0
in pyridine),[39a,b] ½a�23D =++42.2 (c=0.54 in pyridine)];[42c] IR (KBr): ñ=


3337, 2919, 2850, 1663, 1539, 1464, 1077 cm�1; 1H NMR (400 MHz,
[D5]pyridine): d =0.87 (t, J=6.7 Hz, 6H; 2OCH3), 1.25–1.49 (m, 66H;
33OCH2), 1.66–1.74 (m, 1H; H-6a), 1.77–1.86 (m, 2H; H-3’), 1.87–1.98
(m, 2H; H-5a, H-6b), 2.26–2.24 (m, 1H; H-5b), 2.45 (t, J=7.5 Hz, 2H;
H-2’), 4.33–4.35 (m, 2H; H-3, H-4), 4.38–4.47 (m, 4H; H-1a, H-3’’, H-5’’,
H-6’’a), 4.52–4.55 (m, 1H; H-6’’b), 4.56–4.57 (m, 1H; H-4’’), 4.65–4.71
(m, 2H; H-1b, H-2’’), 5.29 (m, 1H; H-2), 5.60 (d, J=3.9 Hz, 1H; H-1’’),
8.53 ppm (d, J=8.4 Hz, 1H; NHCO); 13C NMR (100 MHz, [D5]pyridine):
d=14.8, 23.5, 26.9, 27.0, 30.10, 30.13, 30.25, 30.32, 30.37, 30.41, 30.47,
30.50, 30.54, 30.7, 30.9, 32.6, 34.8, 37.3, 51.8, 63.0, 69.0, 70.6, 71.3, 71.9,
72.8, 73.4, 77.0, 101.8 (C1’), 173.2 ppm (NHC=O).
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Introduction


It has been postulated that coordinatively unsaturated tran-
sition-metal complexes with amide, alkoxide, and hydroxide
ligands utilize the polar metal–heteroatom bonds to activate
small molecules.[1] A topical class of such complexes may be
the diamide complexes of ruthenium, [(arene)Ru(k2-N,N’-
TsNCHPhCHPhNH)] (Ts=p-toluenesulfonyl), which cata-
lyze the transfer hydrogenation of ketones and imines very


efficiently.[2] As demonstrated in catalytic reactions and rele-
vant studies of ruthenium– and iridium–amide complexes,[3]


the amide nitrogen atom can serve as a basic site. This is
also the case for metal–alkoxide and –hydroxide complexes,
and Ir–OR (R=Me, H) and Ru–OH complexes appear to
mediate the C�H bond cleavage of benzene, in which s-
bond metathesis is thought to occur between a benzene C�
H bond and the metal–alkoxide (hydroxide) bond.[4]


As found in the reactions of amide and alkoxide com-
plexes, metal–sulfur bonds of thiolate complexes are also ca-
pable of serving as polar reaction sites. Incidentally, there
are metalloenzymes that are postulated to use their metal–
sulfur bonds in the activation of substrates. For instance,
heterolysis of H2 was proposed to occur at the Ni–S ACHTUNGTRENNUNG(Cys)
bond of the active site of [NiFe] hydrogenase,[5] and the
function of acetyl CoA synthase probably involves the for-
mation and cleavage of the Ni–S ACHTUNGTRENNUNG(CoA) bond.[6] Thus, an im-
portant clue to the understanding of the functions of such
metalloenzymes may be derived from studying metal–thio-


Abstract: Coordinatively unsaturated
ruthenium complexes with a tethered
SDmp (Dmp=2,6-dimesitylphenyl)
ligand, [(DmpS)Ru ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr


F
4] (3a :


R=Et; 3b : R=Ph; ArF=3,5-
(CF3)2C6H3), were synthesized by the
reactions of [{(p-cymene)RuCl}2ACHTUNGTRENNUNG(m-
Cl)2], LiSDmp, phosphines, and
NaBArF4. The Ru�S bonds in 3a and
3b were found to serve as the polarized
reactive site in reactions with alkyl hal-
ides, diazoalkanes, (p-tosyliminoiodo)-
benzene, phenylacetylene, and H2. Al-
kylation of 3a and 3b with methyl
iodide or ethyl bromide occurred in-
stantaneously to give the thioether
complexes [(DmpSR’)RuX ACHTUNGTRENNUNG(PR3)]


ACHTUNGTRENNUNG[BArF4] (4a : R=Et, R’=Me, X= I;
4b : R=R’=Et, X=Br; 4c : R=Ph,
R’=Me, X= I; 4d : R=Ph, R’=Et,
X=Br). Treatment of 3a with diazoal-
kanes N2CHR (R=CO2Et, SiMe3) led
to the cycloaddition of carbenes to the
Ru�S bond to form [DmpS ACHTUNGTRENNUNG(CHR)Ru-
ACHTUNGTRENNUNG(PEt3)] ACHTUNGTRENNUNG[BAr


F
4] (5a : R=CO2Et; 5b :


R=SiMe3), whereas the reaction with
(p-tosyliminoiodo)benzene gave rise to
[DmpS{NS(O)(C6H4-4-CH3)O}Ru-
ACHTUNGTRENNUNG(PEt3)] ACHTUNGTRENNUNG[BAr


F
4] (6), which contains a


five-membered ruthenacycle of
RuSNSO. Addition of phenylacetylene
to the Ru�S bond occurred reversibly
to produce the vinyl sulfide complexes
[DmpS ACHTUNGTRENNUNG(PhCCH)Ru ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr


F
4] (7a :


R=Et; 7b : R=Ph). On the other
hand, the phenylacetylene at rutheni-
um slowly isomerized to vinylidene and
bridged Ru and S in the products,
[DmpS{C ACHTUNGTRENNUNG(CHPh)}Ru ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr


F
4]


(8a : R=Et; 8b : R=Ph). Complex 3a
catalyzed the hydrogenation of aceto-
phenone, in which the heterolytic H–H
splitting at the Ru–S site is suggested
to be involved in the mechanism.
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late complexes, in which both metal center and sulfur atoms
take part in the reactions. Upon carrying out such a study,
the following two factors need to be considered. One is the
generation of a coordinatively unsaturated metal center, and
the other is to have a terminal thiolate ligand, which is ex-
pected to be more nucleophilic than bridging thiolates.
Whereas thiolates tend to bridge coordinatively unsaturated
metal sites, bulky thiolate ligands may retard the sulfur
bridge. For example, SDmp (Dmp=2,6-(mesityl)2C6H3) has
been proven to stabilize low-coordination transition-metal
complexes,[7] and we have in fact synthesized coordinatively
unsaturated complexes of SDmp.[8] The ruthenium complex
[Cp*Ru ACHTUNGTRENNUNG(SDmp)] (Cp*=1,2,3,4,5-pentamethylcyclohexadien-
yl) was found to mediate the trimerization of phenylacety-
lene to afford the cationic arene complex [Cp*Ru(h6-
C6H3Ph3)] ACHTUNGTRENNUNG(SDmp), in which SDmp is liberated as the coun-
teranion.[8a] We extended our study of coordinatively unsatu-
rated ruthenium complexes to those with a tethered SDmp
ligand, [(DmpS)Ru ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr


F
4] (3a : R=Et; 3b : R=Ph;


ArF=3,5-(CF3)2C6H3). With an
additional interaction between
ruthenium and the mesityl
group, the thiolate sulfur atom
is expected to stay within the
coordination sphere during re-
actions with substrates. The
tethered coordination mode of
the SDmp ligand has a prece-


dent in a homoleptic molybdenum complex.[9] Herein we
report the synthesis of 3a and 3b, their reactions with alkyl
halides, diazoalkanes, and alkynes, and the hydrogenation of
acetophenone catalyzed by 3a.


Results and Discussion


Synthesis of [(DmpS)Ru ACHTUNGTRENNUNG(PR3)]ACHTUNGTRENNUNG[BArF4] (3a: R=Et; 3b:
R=Ph)


The coordinatively unsaturated ruthenium complexes 3a
and 3b were prepared from sequential reactions of a ruthe-
nium chloride complex with a bulky thiolate, PR3 (R=Et or
Ph), and borate (Scheme 1). Treatment of [{(p-
cymene)RuCl}2 ACHTUNGTRENNUNG(m-Cl)2] with LiSDmp in THF resulted in the
formation of a deep-blue solution, from which the thiolate
complex [(p-cymene)RuCl ACHTUNGTRENNUNG(SDmp)] (1) was isolated in 80%
yield as an air-sensitive deep-blue powder. Its deep-blue
color and air sensitivity are indicative of coordinative unsa-
turation at the ruthenium center, as in the case of the previ-
ously reported thiolate complexes [(h6-arene)Ru ACHTUNGTRENNUNG(SAr)2]
(Ar=2,6-Me2C6H3, 2,4,6-iPr3C6H2).


[10] X-ray diffraction con-
firmed the mononuclear half-sandwich structure of 1 with
chloride and SDmp ligands (Figure 1). Complex 1 is formal-
ly a 16-electron system, and the Ru–S bond length of
2.2703(9) N is shorter than those of electronically saturated
thiolate complexes (2.38–2.47 N),[11] because the p electrons
are donated from an occupied sulfur pp orbital to ease the
electron deficiency of the metal center.


Addition of 1 equivalent of PR3 (R=Et or Ph) to a solu-
tion of 1 in toluene caused an immediate color change from
deep blue to red. Coordination of phosphine to the vacant
ruthenium site was followed by replacement of the p-
cymene ligand with one of the mesityl groups in the SDmp
ligand to give rise to [(DmpS)RuCl ACHTUNGTRENNUNG(PR3)] (2a : R=Et; 2b :
R=Ph). Complexes 2a and 2b were isolated as air-stable
red crystals and were characterized by means of spectro-
scopic and crystallographic analysis. The ruthenium atom
serves as the chiral center; therefore, the SDmp ligand gave
six methyl signals in the 1H NMR spectrum. On the other
hand, single crystals of 2a and 2b revealed centrosymmetric
space groups (P21/n for 2a, P21/a for 2b) as a result of the
formation of a racemic couple. Owing to the electron-rich
ruthenium center with a bulky thiolate ligand, the Ru–S
bond lengths (2.3876(14) and 2.3840(9) N) are longer than
that in 1 (2.2703(9) N).
The chloride ligands in 2a and 2b were selectively dis-


placed upon treatment with NaBArF4.
[12] This reaction af-


Scheme 1. Synthesis of coordinatively unsaturated ruthenium complexes
3a and 3b.


Figure 1. Molecular structure of 1 with thermal ellipsoids at the 50%
probability level. Selected bond lengths (N) and angles (8): Ru–Cl
2.3372(8), Ru–S 2.2703(9), S–C1 1.789(2); Cl–Ru–S 94.37(3), Ru–S–C1
112.18(10).
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forded cationic, coordinatively unsaturated complexes 3a
and 3b, which were isolated as air-sensitive green solids. The
1H NMR spectrum of 3a indicates its Cs symmetry in solu-
tion; four methyl signals for the SDmp ligand were exhibit-
ed at d=2.08 (3H), 1.92 (6H), 1.46 (3H), and 1.19 ppm
(6H). The molecular structures of 3a and 3b were deter-
mined by X-ray crystallography. The solid-state structure of
the cationic part of 3a is shown in Figure 2, along with se-


lected bond lengths and angles. One of the mesityl groups of
the SDmp ligand covers the ruthenium center as an h6-arene
ligand, and the other hinders the sulfur atom from linking to
other ruthenium centers. The tethered coordination mode of
the SDmp ligand also produces a fixed and bare Ru�S
bond, thus enabling it to interact with external substrates.
The bond lengths and angles around ruthenium in 3a are
almost identical with those in 3b except for the Ru–S bond
lengths, which are 2.2117(9) and 2.2469(9) N in 3a and 3b,
respectively. The plane that consists of ruthenium, sulfur,
and phosphorus is almost perpendicular to the h6-mesityl
ring (92.55(9)8 for 3a, 108.6(1)8 for 3b), as seen in coordina-
tively unsaturated half-sandwich complexes with two termi-
nal ligands.[13]


Reactions of 3a and 3b with Alkyl Halides


Considering the coordinative unsaturation of 3a and 3b, we
investigated their reactivity towards organic substrates. The
reactions of 3a and 3b with alkyl halides were first exam-
ined to verify the nucleophilicity of the SDmp ligand. When
3a was treated with methyl iodide or ethyl bromide, alkyla-
tion of the thiolate ligand[14] occurred smoothly to give the
thioether complexes 4a or 4b, respectively (Scheme 2).
Their triphenylphosphine analogues 4c and 4d were also ob-
tained in a similar manner. As a result of alkylation, the
ruthenium centers in 4a–d became the chiral centers; thus,
six 1H NMR signals were observed for the methyl groups of
the SDmp ligand. The ESI mass spectra of 4a–d exhibited
cationic signals, whose isotope patterns fit with those calcu-
lated. The molecular structures of 4a–c were determined by
X-ray diffraction studies. A perspective view of the cationic
part of 4a is shown in Figure 3, and selected bond lengths


and angles of 4a–c are listed in Table 1. The structures clear-
ly reveal the cis addition of alkyl halides across the Ru�S
bond. The Ru–S bond lengths in 4a–c are in the range


2.3793(9)–2.3866(9) N, which are longer than those found in
the coordinatively unsaturated complexes 1, 3a, and 3b
(2.2117(9)–2.2703(9) N). On the other hand, these Ru–S(thi-
oether) bond lengths are comparable to the Ru–S ACHTUNGTRENNUNG(thiolate)
bond lengths in 2a and 2b (2.3876(14) and 2.3840(9) N),
which indicates that the tethered coordination mode of
SDmp brings the sulfur atom close to the ruthenium center
in 4a–c.


Figure 2. Structure of the complex cation of 3a with thermal ellipsoids at
the 50% probability level. Selected bond lengths (N) and angles (8): Ru–
S 2.2117(9), Ru–P 2.3833(10), S–C1 1.791(3); Ru–S–C1 101.38(12), S–
Ru–P 89.29(3).


Scheme 2. Preparation of thioether complexes 4.


Figure 3. Structure of the complex cation of 4a with thermal ellipsoids at
the 50% probability level.


Table 1. Selected bond lengths (N) and angles (8) for complexes 4a–c.


4a 4b 4c


Ru–X[a] 2.6935(5) 2.5203(4) 2.6930(5)
Ru–S 2.3801(15) 2.3793(9) 2.3866(9)
Ru–P 2.3805(16) 2.3728(10) 2.3812(16)
S–C(Ar) 1.808(6) 1.801(4) 1.797(6)
S–C ACHTUNGTRENNUNG(alkyl) 1.818(6) 1.836(4) 1.810(5)


Ru–S–C(Ar) 102.7(2) 102.51(14) 102.78(12)
Ru–S–CACHTUNGTRENNUNG(alkyl) 112.8(2) 114.27(15) 114.74(19)


[a] X= I (4a and 4c) or Br (4b).
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Cycloaddition of Carbenes and N-Tosylimide to the Ru–S
Bond


The structures of 3a and 3b indicate that the electron defi-
ciency at ruthenium is alleviated by p donation from sulfur,
and that some multiple-bond character is present in the Ru�
S bond. Indeed, cycloaddition of carbenes[15] to the Ru�S
bond of 3a was found to occur. Treatment of a solution of
3a in CH2Cl2 with diazoalkane N2CHR (R=CO2Et, SiMe3)
led to the formation of a yellow solution, from which the
carbene adduct 5a or 5b was isolated as crystals
(Scheme 3). The crystals were subjected to X-ray analysis to


confirm the molecular structures, and Figure 4 shows an
ORTEP drawing of 5b. The stereochemistry at the rutheni-
um center is a distorted three-legged piano stool with a
three-membered metallacycle. The strain in the metallacycle
leads to closer contact between ruthenium and sulfur; thus,
the Ru–S bond lengths in 5a and 5b (2.3110(12) and
2.3057(11) N) are shorter than those in complexes 2a, 2b,


and 4a–c (2.3793(9)–2.3876(14) N). The CO2Et and SiMe3
groups are located at the anti position with respect to the
Dmp group on sulfur, probably due to steric hindrance. The
metallacycle group of 5b exhibited 1H NMR signals at d=


�0.27 (SiMe3) and 2.26 ppm (methine proton), whereas a
pair of diastereotopic CO2CH2CH3 signals for 5a appeared
at d=3.77 and 3.59 ppm.
The N-tosylimide (NTs) moiety, generated from (p-tosyl-


ACHTUNGTRENNUNGiminoiodo)benzene (PhI=NTs), also appeared to be cap-
tured by 3a. The reaction of 3a with PhI=NTs resulted in
the formation of 6, in which the inorganic five-membered
metallacycle consists of ruthenium, nitrogen, oxygen, and
two sulfur atoms (Scheme 3). Although there is another pos-
sible isomer for a ruthenacycle with an Ru–N=S–O–S link-
age, NMR spectroscopy indicates the selective formation of
one isomer. Owing to the chirality present in the molecule,
the 1H NMR spectrum exhibited seven methyl signals for
the tosyl and mesityl groups at d=2.21, 2.02, 2.01, 2.00, 1.78,
1.56, and 1.04 ppm. The structure of 6 was identified by
means of X-ray crystallography (Figure 5). As found in 5a


and 5b, the p-tolyl group on S2 is oriented toward the anti
position with respect to the Dmp group on S1 to avoid
steric repulsion. Whereas the S1–N–S2–O1 array in the ruth-
enacycle may be alternatively interpreted as S1–O1–S2–N
linkage, the observed electron density indicates that S1–N–
S2–O1 is more appropriate. Consistent with this, the S2–N
bond length (1.578(3) N) is comparable to the S=N double
bonds of S,S-disubstituted sulfimides (1.57–1.59 N),[16] and
the S2–O1 bond length (1.507(2) N) is significantly longer
than the S=O double bond (S2–O2: 1.445(2) N).


Reversible Insertion of Phenylacetylene and Cycloaddition
of Vinylidene to the Ru–S Bond


The insertion of an alkyne into a metal–thiolate bond is
known as the key step for alkyne hydrothiolation and carbo-
thiolation,[17] which are efficient methods for the formation


Scheme 3. Cycloaddition of carbenes and N-tosylimide to 3a to give 5
and 6, respectively. Tol=p-tolyl.


Figure 4. Structure of the complex cation of 5b with thermal ellipsoids at
the 50% probability level. Selected bond lengths (N) and angles (8): Ru–
S 2.3057(11), Ru–P 2.3444(12), Ru–C1 2.169(4), S–C1 1.791(4), S–C2
1.810(3); Ru–S–C1 62.46(15), Ru–C1–S 70.47(15), S–Ru–C1 47.06(11), S–
Ru–P 94.42(4).


Figure 5. Structure of the complex cation of 6 with thermal ellipsoids at
the 50% probability level. Selected bond lengths (N) and angles (8): Ru–
S1 2.3494(9), Ru–P 2.3785(8), Ru–O1 2.124(2), S1–N 1.675(2), S2–O1
1.507(2), S2–O2 1.445(2), S2–N 1.578(3); S1–Ru–P 91.10(3), S1–Ru–O1
81.50(7), P–Ru–O1 82.94(6).
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of vinyl sulfides. The electron-deficient ruthenium center
and the nucleophilic sulfur atom in 3b smoothly promoted
the reaction with phenylacetylene at room temperature to
afford the vinyl sulfide complex 7b (Scheme 4). The forma-


tion of the vinyl sulfide group was indicated by the 1H NMR
signal of the vinylic RuCH=C(Ph)SDmp proton, which ap-
peared at d=8.40 ppm. X-ray structure determination con-
firmed this composition and gave structural details as shown
in Figure 6. Consistent with the typical regioselectivity in hy-
drothiolation reactions, the insertion occurred in a Markov-
nikov manner. The Ru–S bond length in the four-membered


ring (2.3803(8) N) is comparable to those in coordinatively
saturated complexes. The C1–C2 bond length (1.306(5) N) is
intermediate between C–C double and triple bonds, and the
S–C2 bond (1.851(3) N) is slightly longer than a typical S–C-
ACHTUNGTRENNUNG(sp2) bond (1.77–1.80 N), which indicate that phenylacety-
lene interacts weakly with the Ru–S site. Indeed, addition of
phenylacetylene to the Ru�S bond appeared to be reversi-
ble. Monitoring of a solution of 7b and excess PhC�CD in
CD2Cl2 by


1H NMR spectroscopy indicated gradual disap-
pearance of the signal for the vinylic RuCH=C(Ph)SDmp
proton (Figure 7), whereas other signals were retained. This


exchange probably occurs via the h2-alkyne intermediate,
which is the initial product in the reaction of 3b with phe-
nylacetylene.
Cycloaddition of vinylidene to the Ru–S bond was also


found to proceed at elevated temperatures. When a solution
of 7b in toluene was heated at 80 8C, it gradually turned
from yellow to orange to provide the vinylidene adduct 8b.
The analogous complex 8a, which has a PEt3 ligand, was ob-
tained from the reaction of 3a with phenylacetylene at
room temperature. In this reaction, the initial formation of
vinyl sulfide complex 7a was indicated by 1H NMR spectros-
copy, in which the signal for the vinylic RuCH=C(Ph)SDmp
proton was observed at d=8.15 ppm. Thus, addition of
alkyne across the Ru�S bond is kinetically favored over the
formation of 8. The molecular structure of 8b was deter-
mined by X-ray crystallography (Figure 8). Complexes 8a
and 8b were presumably formed via the Ru=C=CHPh vinyl-
idene intermediate, in which the electrophilic a-carbon
atom interacts with sulfur to produce the Ru–C–S three-
membered ring. Tautomerization between h2-alkyne and vi-
nylidene is known to occur by 1,2-hydrogen shift for RuII-co-
ordinated alkynes,[18] and the formation of a vinylidene inter-
mediate is supported by the short Ru–C1 bond length


Scheme 4. Reaction of phenylacetylene with 3 to give 7 and 8.


Figure 6. Structure of the complex cation of 7b with thermal ellipsoids at
the 50% probability level. Selected bond lengths (N) and angles (8): Ru–
S 2.3803(8), Ru–P 2.3379(9), Ru–C1 2.059(3), S–C2 1.851(3), S–C3
1.817(3), C1–C2 1.306(5); S–Ru–P 92.07(3), S–Ru–C1 67.80(10), P–Ru–
C1 84.71(10), Ru–C1–C2 108.5(2), S–C2–C1 102.8(2).


Figure 7. Disappearance of the 1H NMR signal for the vinylic
RuCHC(Ph)SDmp proton in the reaction of 7b with PhC�CD.


Chem. Asian J. 2008, 3, 1625 – 1635 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1629


Reactions of Ru–S Complexes







(2.014(5) N) and the wide Ru–C1–C2 angle (158.4(4)8) of
8b, which are indicative of some vinylidene character. The
formation of a three-membered ring results in the short Ru–
S and S–C1 bond lengths (2.3426(13) and 1.784(4) N) rela-
tive to those in 7b.


Hydrogenation of Acetophenone Catalyzed by 3a


Heterolytic cleavage of H2 by a metal–sulfur bond, which re-
sults in the formation of metal–H and S�H bonds, is postu-
lated as a key function of [NiFe] hydrogenases.[19, 20] Al-
though H2 heterolysis has been demonstrated by some
metal–thiolate complexes,[21] these are not catalytically ap-
plicable. Considering the relevance between 3a and (are-
ne)Ru–diamide hydrogenation catalysts,[2] we anticipated
catalytic hydrogenation reactions by 3a in which the hetero-
lytic cleavage of H2 is induced by the Ru–S site. In the pres-
ence of a catalytic amount of 3a (2 mol%), hydrogenation
of acetophenone occurred at room temperature under
10 atm of H2 to give 1-phenylethanol in 81% yield
(Scheme 5). The catalytic hydrogenation presumably pro-


ceeds by way of the initial coordination of H2 at the vacant
ruthenium site followed by heterolysis to produce the Ru–
H/S–H intermediate, which may transfer both hydride and
proton to acetophenone in a concerted manner, as proposed
for hydrogenation mediated by Noyori ruthenium catalysts[2]


(Scheme 6). The color of the solution did not change from
that of 3a (dark green) during catalysis, which indicates the
facile recovery of 3a by dissociation of H2 from its adduct.


Neither the H2 adduct of 3a nor the Ru–H/S–H species was
observed when the reaction of 3a with 1 atm of H2 was
monitored by 1H NMR spectroscopy.
Whereas 3a serves as a hydrogenation catalyst for aceto-


phenone, addition of a large excess (>200 equiv) of sub-
strate resulted in the degradation of 3a into a catalytically
inactive mixture, from which crystals of 9 and 10 were ob-
tained (Figure 9). The bis(phosphine) complex 9 was alter-
natively prepared from the reaction of 3a with PEt3. The
formation of catalytically inert complexes 9 and 10 as degra-
dation products indicates that both coordinative unsatura-
tion and the reactive Ru–S site are crucial for the activation
of H2, and that heterolytic H–H splitting at the Ru–S site is
key for hydrogenation.


Conclusions


The coordinatively unsaturated ruthenium centers in 3a and
3b were found to be stabilized by the tethered SDmp
ligand. The tethered coordination mode of SDmp also
allows the reactive Ru�S bond to be retained during reac-
tions with substrates. The polar Ru�S bond, which compris-
es electrophilic ruthenium and nucleophilic sulfur atoms, fa-


Figure 8. Structure of the complex cation of 8b with thermal ellipsoids at
the 50% probability level. Selected bond lengths (N) and angles (8): Ru–
S 2.3426(13), Ru–P 2.3480(13), Ru–C1 2.014(5), S–C1 1.784(4), C1–C2
1.328(8); Ru–S–C1 56.50(19), Ru–C1–S 75.9(2), Ru–C1–C2 158.4(4), S–
C1–C2 124.5(4).


Scheme 5. Hydrogenation of acetophenone to 1-phenylethanol catalyzed
by 3a.


Scheme 6. Possible reaction pathway for the hydrogenation of acetophe-
none.


Figure 9. Degradation products of 3a.
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cilitated the reaction of 3a and 3b with alkyl halides to give
the corresponding thioether complexes, and the insertion of
phenylacetylene into the Ru�S bond occurred in a Markov-
nikov manner. Multiple-bond character of the Ru�S bond
was indicated by the addition of carbenes and the N-tosyl-
ACHTUNGTRENNUNGimide group. The polarized Ru�S bond also mediates the
heterolysis of H2 during the catalytic hydrogenation of ace-
tophenone, which is relevant to the function of hydrogenas-
es. The fact that the metal–sulfur site activates various in-
coming substrates suggests the possibility of using metal–
sulfur complexes to promote unique catalytic reactions that
have not been achieved by metal–amide or metal–alkoxide
complexes.


Experimental Section


General Procedures


All reactions were carried out with standard Schlenk techniques and a
glove box under nitrogen or argon atmosphere. Toluene, diethyl ether,
THF, hexane, pentane, hexamethyldisiloxane (HMDSO), dimethoxy-
ethane (DME), acetonitrile, and CH2Cl2 were purified by the method of
Grubbs, in which the solvents were passed over columns of activated alu-
mina and supported copper catalyst supplied by Hansen & Co., Ltd. De-
gassed and distilled solvents from sodium benzophenone ketyl or CaH2
were also used. The deuterated solvents C6D6, CD3CN, CDCl3, CD2Cl2,
and [D8]THF were vacuum-transferred from sodium or CaH2 prior to
use. 1H, 13C{1H}, and 31P{1H} NMR spectra were acquired on a JEOL
ECA-600 or a Varian INOVA500 spectrometer. 1H NMR signals were
referenced to the residual proton peak of the deuterated solvent.
13C NMR chemical shifts were referenced to the carbon signals for the
deuterated solvents. A sample of 85% H3PO4 was used as the external
reference for the 31P NMR signals. IR spectra were recorded on a
JASCO A3 spectrometer. ESI-TOF mass spectra were recorded on a Mi-
cromass LCT TOF-MS spectrometer. Elemental analysis was performed
on a LECO-CHNS-932 elemental analyzer, in which the crystalline sam-
ples were sealed in silver capsules under nitrogen. X-ray diffraction data
were collected on a Rigaku AFC7R, a Rigaku AFC8, or a Rigaku RA-
Micro7 diffractometer equipped with a CCD area detector by using
graphite-monochromated MoKa radiation. HSDmp[7] and NaBArF4


[12]


were prepared according to literature procedures.


We were unable to obtain satisfactory elemental analyses of 3b and 5a.
Single crystals of diffraction quality always gave low values for carbon
and sulfur. We believe that the compounds were analytically pure and
that either their thermal lability or incomplete combustion was responsi-
ble for the unsatisfactory analysis.


Syntheses


1: A solution of LiSDmp was prepared by the reaction of a solution of
HSDmp (970 mg, 2.80 mmol) in THF (25 mL) with a solution of nBuLi
(1.58m, 2.80 mmol) in hexane (1.77 mL). The resultant solution was
added dropwise to a solution of [{(p-cymene)RuCl}2 ACHTUNGTRENNUNG(m-Cl)2] (860 mg,
1.40 mmol) in THF (25 mL) at 0 8C. Upon warming to room temperature,
the reaction mixture was stirred for 3 days and then evaporated to dry-
ness under reduced pressure. The residue was extracted with toluene
(25 mL) and centrifuged to remove LiCl. The solution was evaporated,
and the resultant solid was washed with hexane (2P5 mL) to give 1
(1.32 g, 2.14 mmol, 77%) as a deep-blue powder. Single crystals for X-
ray analysis were obtained from a cooled solution in toluene. 1H NMR
(C6D6): d=7.14 (t, J=7.5 Hz, 1H, SDmp), 7.03 (d, J=7.5 Hz, 2H,
SDmp), 6.83 (s, 4H, SDmp), 4.67 (d, J=5.5 Hz, 2H, cymene), 4.56 (d,
J=5.5 Hz, 2H, cymene), 2.41 (s, 12H, SDmp), 2.20 (s, 6H, SDmp), 2.19
(sept, J=6.5 Hz, 1H, iPr of cymene), 1.56 (s, 3H, cymene), 0.89 ppm (d,
J=6.5 Hz, 6H, iPr of cymene); 13C{1H} NMR (C6D6): d=147.4, 143.7,
140.5, 137.1, 135.2, 129.2, 126.6 (SDmp and cymene), 78.7 (cymene), 76.5


(cymene), 31.0 (iPr of cymene), 22.4 (cymene), 21.8 (cymene), 21.4
(SDmp), 18.7 ppm (SDmp); elemental analysis: calcd for C34H39SClRu:
C 66.26, H 6.38, S 5.20; found: C 66.56, H 6.56, S 5.14.


2a : A solution of PEt3 (0.17 gmL
�1, 2.24 mmol) in toluene (1.56 mL) was


added to a solution of 1 (925 mg, 1.50 mmol) in toluene (30 mL) at room
temperature. After the mixture was stirred at 65 8C for 24 h, the solvent
and unreacted PEt3 were removed under reduced pressure. The residue
was washed with a mixture of toluene (5 mL) and hexane (5 mL) to give
2a (717 mg, 1.19 mmol, 80%) as a red powder. Single crystals for X-ray
analysis were obtained from a solution in CH2Cl2 layered by hexane.
1H NMR (C6D6): d =6.97 (br s, 1H, SDmp), 6.96–6.03 (m, 3H, SDmp),
6.81 (m, 1H, SDmp), 5.16 (s, 1H, SDmp), 4.30 (d, JH,P=4.5 Hz, 1H,
SDmp), 2.10 (d, JH,P=3.0 Hz, 3H, SDmp), 2.40, 2.27, 2.20, 1.77, 1.48 (s,
3H each, SDmp), 1.70–1.60 (m, 3H, PEt3), 1.52–1.40 (m, 3H, PEt3),
0.75 ppm (dt, J=14.5, 7.5 Hz, 9H, PEt3);


31P{1H} NMR (C6D6): d=


22.3 ppm; elemental analysis: calcd for C30H40PSClRu: C 60.35, H 6.72, S
5.01; found: C 60.02, H 6.72, S 5.34.


2b : PPh3 (370 mg, 1.41 mmol) was added to a solution of 1 (580 mg,
0.94 mmol) in toluene (20 mL) at room temperature. After the mixture
was stirred at 65 8C for 2 days, the solvent was removed under reduced
pressure. The residue was washed twice with a mixture of toluene (5 mL)
and hexane (5 mL) to give 2b (640 mg, 0.86 mmol, 92%) as a red
powder. Single crystals for X-ray analysis were obtained from a solution
in toluene layered by hexane. 1H NMR (C6D6): d =7.83–7.79 (m, 6H,
Ar), 7.20–6.94 (m, 3H, Ar), 6.91–6.88 (m, 9H, Ar), 6.84 (dd, J=7.0,
6.0 Hz, 1H, SDmp), 6.77 (br s, 2H, SDmp), 5.12 (s, 1H, SDmp), 3.62 (d,
J=5.0 Hz, 1H, SDmp), 2.15 (d, J=3.5 Hz, 3H, SDmp), 2.42, 2.23, 2.22,
1.50, 1.20 ppm (s, 3H each, SDmp); 31P{1H} NMR (C6D6): d=29.4 ppm;
elemental analysis: calcd for C42H40PSClRu: C 67.77, H 5.42, S 4.31;
found: C 67.75, H 5.83, S 3.93.


3a : NaBArF4 (380 mg, 0.43 mmol) was added to a solution of 2a (258 mg,
0.42 mmol) in CH2Cl2 (20 mL) at room temperature. After the reaction
mixture was stirred for 3 h, it was centrifuged to remove NaCl, and the
solution was evaporated under reduced pressure. The residue was
washed with HMDSO (3P10 mL) to give 3a (543 mg, 0.38 mmol, 89%)
as a green powder. Single crystals for X-ray analysis were obtained from
a solution in diethyl ether layered by hexane. 1H NMR (C6D6): d=8.34
(s, 8H, BArF4), 7.66 (s, 4H, BAr


F
4), 7.20 (t, J=7.5 Hz, 1H, SDmp), 7.07


(d, J=7.5 Hz, 1H, SDmp), 6.94 (d, J=7.5 Hz, 1H, SDmp), 6.80 (s, 2H,
SDmp), 3.75 (s, 2H, SDmp), 2.08 (s, 3H, SDmp), 1.92 (s, 6H, SDmp),
1.46 (s, 3H, SDmp), 1.19 (s, 6H, SDmp), 0.98 (dq, J=8.0, 7.8 Hz, 6H,
PEt3), 0.27 ppm (dt, J=17.0, 7.8 Hz, 9H, PEt3);


31P{1H} NMR (C6D6): d=


23.2 ppm; MS (ESI-TOF; diethyl ether): m/z=565.4 [M]+ ; elemental
analysis: calcd for C62H52BF24PSRu: C 52.15, H 3.67, S 2.25; found: C
51.66, H 4.05, S 2.17.


3b : NaBArF4 (166 mg, 0.19 mmol) was added to a solution of 2b (139 mg,
0.19 mmol) in CH2Cl2 (30 mL) at room temperature. After the reaction
mixture was stirred for 1 h, it was centrifuged to remove NaCl, and the
solution was evaporated under reduced pressure. The residue was
washed with hexane (3P10 mL) to give 3b (262 mg, 0.17 mmol, 88%) as
a green powder. Single crystals for X-ray analysis were obtained from a
solution in CH2Cl2 layered by HMDSO.


1H NMR (C6D6): d =8.35 (s, 8H,
BArF4), 7.62 (s, 4H, BAr


F
4), 7.23 (t, J=7.3 Hz, 1H, SDmp), 7.12 (br s,


1H, SDmp), 7.11 (br s, 1H, SDmp), 7.01–6.86 (m, 15H, Ar), 6.67 (s, 2H,
SDmp), 3.80 (s, 2H, SDmp), 2.11 (s, 3H, SDmp), 1.78 (s, 6H, SDmp),
1.30 (s, 6H, SDmp), 0.87 ppm (s, 3H, SDmp); 31P{1H} NMR (C6D6): d=


32.0 ppm; MS (ESI-TOF; diethyl ether): m/z=709.2 [M]+ .


4a : MeI (10 mL, 0.07 mmol) was added to a stirred solution of 3a
(120 mg, 0.07 mmol) in toluene (5 mL) at room temperature. After the
mixture was stirred for 14 h, a red precipitate was noticed. The solvent
was removed with a syringe, and the red solid was washed with hexane
(3P7 mL) and dried to give 4a (75 mg, 0.048 mmol, 68%) as a red
powder. Single crystals for X-ray analysis were obtained from a cooled
solution in diethyl ether. 1H NMR (CD3CN): d=7.79 (t, 1H, J=7.5 Hz,
SDmp), 7.73 (dd, 1H, J=1.5, 7.5 Hz, SDmp), 7.70 (s, 8H, BArF4), 7.68 (s,
4H, BArF4), 7.39 (dd, J=1.5, 7.5 Hz, 1H, SDmp), 7.05 (br s, 2H, SDmp),
6.40 (s, 1H, SDmp), 6.09 (d, JH,P=4.5 Hz, 1H, SDmp), 2.51 (s, 3H,
SCH3), 2.33 (s, 3H, SDmp), 2.25 (s, 3H, SDmp), 2.14 (d, JH,P=2.5 Hz,
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3H, SDmp), 2.13 (s, 3H, SDmp), 2.12 (m, 6H, PEt3), 1.97 (s, 3H, SDmp),
1.82 (s, 3H, SDmp), 1.05 ppm (dt, JH,P=15.0, JH,H=7.5 Hz, 9H, PEt3);
31P{1H} NMR (CD3CN): d=20.9 ppm; MS (ESI-TOF; CH3CN): m/z=


707.1 [M]+ ; elemental analysis: calcd for C63H55BF24IPRuS: C 48.20, H
3.53, S 2.04; found: C 47.96, H 3.84, S 1.97.


4b : EtBr (330 mL, 4.42 mmol) was added to a stirred solution of 3a
(109 mg, 0.076 mmol) in toluene (1 mL) at room temperature. After the
mixture was stirred for 2 days, the solvent was removed under reduced
pressure. The residue was extracted with CH2Cl2 (2 mL) and centrifuged.
The orange solution was layered by HMDSO to give 4b (43 mg,
0.028 mmol, 37%) as orange crystals. 1H NMR (CD3CN): d=7.77 (t, 1H,
J=7.5 Hz, SDmp), 7.73 (d, 1H, SDmp; obscured by the signal for
BArF4), 7.71 (s, 8H, BAr


F
4), 7.68 (s, 4H, BAr


F
4), 7.43 (dd, J=7.5, 1.5 Hz,


1H, SDmp), 7.08 (s, 1H, SDmp), 7.06 (s, 1H, SDmp), 6.16 (s, 1H,
SDmp), 6.12 (d, JH,P=4.0 Hz, 1H, SDmp), 3.65 (dq, J=13.0, 7.2 Hz, 1H,
SCH2CH3), 2.63 (dq, J=13.0, 7.2 Hz, 1H, SCH2CH3), 2.33 (s, 3H,
SDmp), 2.22 (s, 1H, SDmp), 2.11 (d, JH,P=3.0 Hz, 3H, SDmp), 2.07 (m,
6H, PCH2CH3), 2.06 (s, 3H, SDmp), 1.98 (s, 3H, SDmp), 1.81 (s, 3H,
SDmp), 1.06 (dt, JH,P=15.0 Hz, JH,H=7.5 Hz, 9H, PCH2CH3), 0.49 ppm
(t, J=7.2 Hz, 3H, SCH2CH3);


31P{1H} NMR (CD3CN): d=23.1 ppm; MS
(ESI-TOF; CH3CN): m/z=675.2 [M]+ ; elemental analysis: calcd for
C64H57BBrF24PRuS: C 50.02, H 3.74, S 2.09; found: C 49.56, H 3.73, S
1.99.


4c : A similar procedure to that used for 4a was followed. The reaction
of 3b (147 mg, 0.094 mmol) with a solution of MeI (1 mL, 0.16 mmol) in
toluene gave an orange solid, which was washed with HMDSO to afford
4c (140 mg, 0.081 mmol, 87%) as an orange powder. Single crystals for
X-ray analysis were obtained from a solution in diethyl ether layered by
pentane. 1H NMR (CD3CN): d =7.77 (t, J=7.6 Hz, 1H, SDmp), 7.75 (s,
8H, BArF4), 7.58 (s, 4H, BAr


F
4), 7.44 (br d, J=7.6 Hz, 2H, SDmp), 7.52–


7.46 (m, 15H, PPh3), 7.00 (br s, 1H, SDmp), 6.97 (s, 1H, SDmp), 6.39
(br s, 1H, SDmp), 4.72 (br s, 1H, SDmp), 2.36 (s, 6H, SDmp), 2.10 (br s,
3H, SDmp or SMe), 2.03 (br s, 6H, SDmp), 2.00 (br s, 3H, SDmp or
SMe), 1.32 ppm (br s, 3H, SDmp or SMe); 31P{1H} NMR (CD2Cl2): d=


25.0 ppm; elemental analysis: calcd for C75H55BF24IPRuS: C 54.29, H
3.43, S 1.79; found: C 54.52, H 3.40, S 1.91.


4d : EtBr (530 mL, 5.64 mmol) was added to a stirred solution of 3b
(116 mg, 0.074 mmol) in toluene (2 mL) at room temperature. After the
mixture was stirred for 2 days at 40 8C, the solvent was removed under re-
duced pressure. The residue was extracted with CH2Cl2 (1.5 mL) and cen-
trifuged. The orange solution was layered by HMDSO to give 4d (94 mg,
0.056 mmol, 76%) as orange crystals. 1H NMR (CDCl3): d=7.77 (t, J=


7.6 Hz, 1H, SDmp), 7.73 (d, J=7.6 Hz, 1H, SDmp), 7.68 (s, 8H, BArF4),
7.48 (s, 4H, BArF4), 7.40–7.48 (m, 10H, PPh3 and SDmp), 7.32–7.40 (m,
10H, PPh3 and SDmp), 6.98 (br s, 1H, SDmp), 6.93 (br s, 1H, SDmp),
6.03 (br s, 1H, SDmp), 4.69 (br s, 1H, SDmp), 3.08 (br s, 1H, SCH2CH3),
2.32 (s, 3H, SDmp), 2.31 (dq, 1H, SCH2CH3; obscured by the mesityl
signal), 2.14 (d, JH,P=3.7 Hz, 3H, SDmp), 2.02 (s, 6H, SDmp), 1.97 (s,
3H, SDmp), 1.12 (br s, 3H, SDmp), 0.23 ppm (br s, 3H, SCH2CH3);
31P{1H} NMR (CDCl3): d=24.8 ppm; MS (ESI-TOF; CH3CN): m/z=


819.4 [M]+; elemental analysis: calcd for C76H57BBrF24PRuS: C 54.30, H
3.42, S 1.91; found: C 53.84, H 3.56, S 1.87.


5a : Ethyl diazoacetate (N2CHCO2Et; 16 mL, 0.15 mmol) was added to a
solution of 3a (164 mg, 0.11 mmol) in CH2Cl2 (10 ml), and the mixture
was stirred at room temperature for 10 min. After the solvent was evapo-
rated under reduced pressure, the yellowish-orange residue was washed
with HMDSO (3P10 mL) to give 5a as yellowish-orange oil. Single crys-
tals for X-ray analysis (92.6 mg, 0.061 mmol, 53%) were obtained from a
solution in CH2Cl2 layered by hexane.


1H NMR (C6D6): d=8.37 (s, 8H,
BArF4), 7.67 (s, 4H, BAr


F
4), 6.99 (t, J=7.6 Hz, 1H, SDmp), 6.81 (dd, J=


7.6, 1.0 Hz, 1H, SDmp), 6.77 (s, 1H, SDmp), 6.74 (s, 1H, SDmp), 6.66
(dd, J=7.6, 1.4 Hz, 1H, SDmp), 4.95 (s, 1H, SDmp), 4.58 (s, 1H, SDmp),
3.77 (dq, J=10.7, 7.1 Hz, 1H, CO2CH2CH3), 3.62 (s, 1H, CHCO2Et), 3.59
(dq, J=10.7, 7.1 Hz, 1H, CO2CH2CH3), 1.97 (s, 3H, SDmp), 1.80 (s, 3H,
SDmp), 1.79 (s, 3H, SDmp), 1.52 (s, 3H, SDmp), 1.51 (s, 3H, SDmp),
1.17 (s, 3H, SDmp), 1.02 (m, 3H, PCH2CH3), 0.91 (m, 3H, PCH2CH3),
0.89 (t, J=7.1 Hz, 3H, CO2CH2CH3), 0.44 ppm (dq, JH,P=16.5 Hz, JH,H=


7.6 Hz, 9H, PCH2CH3);
31P{1H} NMR (C6D6): d=27.9 ppm.


5b : A solution of trimethylsilyldiazomethane (N2CHSiMe3) in diethyl
ether (2m, 102 mL, 0.20 mmol) was added to a solution of 3a (224 mg,
0.16 mmol) in CH2Cl2 (10 ml), and the mixture was stirred at room tem-
perature for 1 h. After the solvent was evaporated under reduced pres-
sure, the yellow residue was washed with hexane (3P3 mL) to give 5b
(145 mg, 0.10 mmol, 61%) as a yellow powder. Single crystals for X-ray
analysis were obtained from a solution in CH2Cl2 layered by hexane.
1H NMR (C6D6): d =8.38 (s, 8H, BArF4), 7.68 (s, 4H, BAr


F
4), 6.97 (t, J=


7.6 Hz, 1H, SDmp), 6.82 (s, 1H, SDmp), 6.78 (s, 1H, SDmp), 6.76 (dd,
J=7.6, 1.4 Hz, 1H, SDmp), 6.67 (dd, J=7.6, 1.4 Hz, 1H, SDmp), 5.02 (s,
1H, SDmp), 4.55 (d, JH,P=2.7 Hz, 1H, SDmp), 2.26 (d, JH,P=2.7 Hz, 1H,
CHSiMe3), 2.10 (s, 3H, SDmp), 1.87 (s, 3H, SDmp), 1.75 (s, 3H, SDmp),
1.54 (s, 3H, SDmp), 1.54 (s, 3H, SDmp), 1.06 (d, JH,P=1.4 Hz, 3H,
SDmp), 0.89 (m, 3H, PCH2CH3), 0.83 (m, 3H, PCH2CH3), 0.48 (dq,
JH,P=15.8 Hz, JH,H=7.6 Hz, 9H, PCH2CH3), �0.27 ppm (s, 9H, SiMe3);
31P{1H} NMR (C6D6): d=24.2 ppm; elemental analysis: calcd for
C66H62BF24PRuSSi: C 52.35, H 4.13, S 2.12; found: C 52.50, H 4.26, S
2.07.


6 : (p-Tosyliminoiodo)benzene (PhI=NTs; 26 mg, 0.070 mmol) was added
to a solution of 3a (98 mg, 0.069 mmol) in CH2Cl2 (5 ml), and the mixture
was stirred at room temperature for 3 h. After the solvent was evaporat-
ed under reduced pressure, the yellow residue was washed with hexane
(3P3 mL) to give 6 as a yellow oil. Single crystals for X-ray analysis
(48.2 mg, 0.030 mmol, 44%) were obtained from a solution in DME lay-
ered by HMDSO. 1H NMR (C6D6): d =8.37 (s, 8H, BArF4), 7.65 (s, 4H,
BArF4), 7.47 (d, J=8.2 Hz, 2H, Ts), 7.13 (t, J=7.6 Hz, 1H, SDmp), 6.91
(d, J=7.9 Hz, 1H, SDmp), 6.63 (d, J=8.2 Hz, 2H, Ts), 6.87 (s, 1H,
SDmp), 6.86 (d, J=7.2 Hz, 1H, SDmp), 6.83 (s, 1H, SDmp), 5.02 (s, 1H,
SDmp), 4.05 (d, JH,P=4.5 Hz, 1H, SDmp), 2.21 (s, 3H, CH3 of SDmp or
Ts), 2.02 (s, 3H, CH3 of SDmp or Ts), 2.01 (s, 3H, CH3 of SDmp or Ts),
2.00 (d, J=1.4 Hz, 3H, SDmp), 1.78 (s, 3H, SDmp), 1.56 (s, 3H, SDmp),
1.04 (s, 3H, SDmp), 1.03 (m, 3H, PCH2CH3), 0.90 (m, 3H, PCH2CH3),
0.37 ppm (dq, JH,P=16.5 Hz, JH,H=7.6 Hz, 9H, PCH2CH3);


31P{1H} NMR
(C6D6): d=27.7 ppm; elemental analysis: calcd for C69H59BF24NO2PRuS2:
C 51.89, H 3.72, N 0.88, S 4.02; found: C 51.56, H 3.90, N 1.02, S 4.06.


7b : Phenylacetylene (PhC�CH; 7 mL, 0.064 mmol) was added to a solu-
tion of 3b (100 mg, 0.064 mmol) in CH2Cl2 (5 ml), and the mixture was
stirred at room temperature for 2 h. After the solvent was evaporated
under reduced pressure, the yellow residue was washed with hexane (3P
3 mL) to give 7b as a yellow oil. Single crystals for X-ray analysis (85 mg,
0.051 mmol, 79%) were obtained from a solution in CH2Cl2 layered by
HMDSO. 1H NMR (CDCl3): d=8.40 (d, JH,P=5.5 Hz, 1H, HCCPh), 7.71
(s, 8H, BArF4), 7.51 (s, 4H, BAr


F
4), 7.55 (t, J=7.5 Hz, 1H, SDmp), 7.43–


7.46 (m, 3H, SDmp, HCCPh, and PPh3), 7.30–7.38 (m, 15H, SDmp,
HCCPh, and PPh3), 7.14 (d, J=7.5 Hz, 1H, SDmp), 7.10 (t, J=7.5 Hz,
1H, HCCPh), 6.86 (d, J=7.5 Hz, 2H, HCCPh), 6.85 (s, 1H, SDmp), 6.58
(s, 1H, SDmp), 6.03 (d, J=8.5 Hz, 2H, HCCPh), 5.78 (s, 1H, SDmp),
4.78 (s, 1H, SDmp), 2.36 (s, 3H, SDmp), 2.09 (d, JH,P=1.0 Hz, 3H,
SDmp), 1.94 (s, 3H, SDmp), 1.90 (s, 3H, SDmp), 1.54 (s, 3H, SDmp),
0.97 ppm (s, 3H, SDmp); 31P{1H} NMR (C6D6): d=43.4 ppm; elemental
analysis: calcd for C82H58BF24PRuS: C 58.83, H 3.49, S 1.92; found: C
58.96, H 3.41, S 1.87.


Observation of 7a in the reaction of 3a with phenylacetylene: Phenylace-
tylene (1 mL, 15 mmol) was added to a solution of 3a (7.3 mg, 5.0 mmol)
in C6D6 (0.6 ml). The mixture was kept standing for 10 min before NMR
spectroscopy was performed. Although isolation of 7a was not successful,
the NMR spectra indicated the clean conversion of 3a into 7a. 1H NMR
(C6D6): d=8.39 (s, 8H, BArF4), 8.15 (d, JH,P=5.5 Hz, 1H, HCCPh), 7.68
(s, 4H, BArF4), 6.84 (t, J=7.6 Hz, 1H, SDmp), 6.79 (s, 1H, SDmp), 6.65
(d, J=7.6 Hz, 1H, SDmp), 6.50 (s, 1H, SDmp), 6.42 (d, J=7.3 Hz, 1H,
SDmp), 4.71 (s, 1H, SDmp), 4.64 (s, 1H, SDmp), 2.12 (s, 3H, SDmp),
1.93 (s, 3H, SDmp), 1.48 (s, 3H, SDmp), 1.37 (s, 3H, SDmp), 1.33 (s, 3H,
SDmp), 1.01 (s, 3H, SDmp), 0.99 (m, 3H, PCH2CH3), 0.87 (m, 3H,
PCH2CH3), 0.40 ppm (dq, JH,P=16.2 Hz, JH,H=7.6 Hz, 9H, PCH2CH3);
31P{1H} NMR (C6D6): d =32.2 ppm.


8a : Phenylacetylene (23 mL, 0.21 mmol) was added to a solution of 3a
(152 mg, 0.11 mmol) in toluene (20 ml), and the mixture was stirred at
room temperature for 12 h. After the solvent was evaporated under re-
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Table 2. Crystal data for complexes 1–4c, 5, 6, 7b, 8b, 9, and 10.


1·C7H8 2a·1=2 C6H14 2b·1=2 C7H8 3a 3b· ACHTUNGTRENNUNG(C2H5)2O


Formula C34H39SClRu·C7H8 C30H40PSClRu·
1=2 C6H14 C42H40PSClRu·


1=2 C7H8 C62H52BF24PSRu C74H52BF24PSRu· ACHTUNGTRENNUNG(C2H5)2O
Mr [gmol


�1] 708.41 643.29 790.40 1427.97 1646.22
Crystal system monoclinic monoclinic monoclinic triclinic triclinic
Space group P21/c (#14) P21/n (#14) P21/a (#14) P1̄ (#2) P1̄ (#2)
a [N] 16.3297(5) 10.867(5) 16.1260(9) 12.341(2) 10.2526(11)
b [N] 15.538(2) 23.055(9) 11.3663(14) 15.670(2) 19.241(3)
c [N] 16.0363(14) 13.974(6) 21.5588(5) 16.291(3) 20.392(2)
a [8] 92.180(4) 101.935(4)
b [8] 118.7305(5) 112.411(4) 105.0067(7) 93.308(3) 104.481(4)
g [8] 92.908(3) 91.581(6)
V [N3] 3568.0(6) 3237(2) 3816.8(5) 3138.3(9) 3797.3(8)
Z 4 4 4 2 2
1calcd [g cm


�3] 1.319 1.320 1.375 1.511 1.440
m ACHTUNGTRENNUNG(MoKa) [cm


�1] 6.00 7.01 6.09 4.19 3.58
2qmax [8] 55.1 54.9 55.1 55.0 55.0
No. of measured reflections 8169 25508 8748 25695 31166
No. of observed reflections 8169 7221 8748 13788 16698
No. of variables 398 336 452 833 940
R1[a] 0.048 0.079 0.064 0.067 0.075
wR2[b] 0.157 0.219 0.177 0.202 0.234
GOF[c] 1.29 1.60 1.38 1.43 1.75


4a 4b 4c·1=2 C5H12 5a 5b


Formula C63H55BF24PSRuI C64H57BF24PSBrRu C75H55BF24PSRuI·
1=2 C5H12 C66H58O2BF24PSRu C66H62BF24SiPSRu


Mr [gmol
�1] 1569.91 1536.93 1751.12 1514.06 1514.18


Crystal system monoclinic monoclinic triclinic monoclinic monoclinic
Space group P21/c (#14) P21/c (#14) P1̄ (#2) P21/n (#14) P21/n (#14)
a [N] 12.2263(13) 12.285(3) 14.8859(17) 12.869(4) 12.879(3)
b [N] 29.392(4) 29.226(5) 15.2778(17) 24.401(7) 24.720(5)
c [N] 18.1350(3) 18.009(4) 18.7982(19) 22.427(7) 22.065(4)
a [8] 111.396(6)
b [8] 97.1323(4) 96.381(3) 100.438(6) 104.052(4) 100.785(4)
g [8] 106.289(7)
V [N3] 6466.5(11) 6426(2) 3623.4(7) 6832(3) 6900(2)
Z 4 4 2 4 4
1calcd [g cm


�3] 1.612 1.589 1.605 1.472 1.456
m ACHTUNGTRENNUNG(MoKa) [cm


�1] 8.86 10.35 8.00 3.91 4.02
2qmax [8] 55.1 55.0 55.0 55.0 55.0
No. of measured reflections 14728 51079 29518 53556 56169
No. of observed reflections 14728 14714 15939 15301 15411
No. of variables 821 836 913 848 852
R1[a] 0.072 0.064 0.074 0.091 0.083
wR2[b] 0.202 0.200 0.240 0.250 0.229
GOF[c] 1.25 1.33 1.87 1.58 1.41


6 7b 8b·C7H8 9 10·2C6H5COCH3·2CH2Cl2


Formula C69H59BF24NO2PS2Ru C82H58BF24PSRu C82H58BF24PSRu·C7H8 C68H67BF24P2SRu C73H55O2BF24SCl2Ru·C6H5COCH3·CH2Cl2
Mr [gmol


�1] 1597.17 1674.24 1766.38 1546.13 1635.05
Crystal system triclinic monoclinic monoclinic monoclinic triclinic
Space group P1̄ (#2) P21/n (#14) P21/c (#14) P21/a (#14) P1̄ (#2)
a [N] 10.2294(18) 18.366(4) 14.278(2) 18.302(4) 16.297(6)
b [N] 17.185(3) 22.177(4) 24.836(4) 21.174(4) 17.089(7)
c [N] 21.577(4) 18.454(4) 23.994(4) 18.251(4) 17.347(7)
a [8] 106.701(3) 111.178(4)
b [8] 102.9540(17) 91.835(3) 105.055(2) 103.679(4) 103.767(4)
g [8] 94.6270(19) 109.1500(5)
V [N3] 3497.7(11) 7513(3) 8216.7(22) 6872(3) 3891.4(25)
Z 2 4 4 4 2
1calcd [g cm


�3] 1.516 1.588 1.428 1.494 1.395
m ACHTUNGTRENNUNG(MoKa) [cm


�1] 4.52 3.74 3.35 4.11 3.96
2qmax [8] 55.0 55.1 55.0 55.0 55.0
No. of measured reflec-
tions


28410 59733 67014 55387 30738


No. of observed reflec-
tions


15343 16853 18628 15725 17004


No. of variables 918 992 1044 863 929
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duced pressure, the yellow residue was washed with hexane (3P3 mL) to
give 8a as a yellow oil. Crystals of 8a (37 mg, 0.024 mmol, 23%) were
obtained from a solution in toluene layered by HMDSO. 1H NMR
(C6D6): d=8.38 (s, 8H, BArF4), 7.67 (s, 4H, BAr


F
4), 7.08 (d, J=7.5 Hz,


1H, SDmp), 6.97 (t, J=7.6 Hz, 1H, SDmp), 6.92 (s, 1H, SDmp), 6.86 (s,
1H, SDmp), 6.70 (d, J=7.3 Hz, 1H, SDmp), 4.92 (s, 1H, SDmp), 4.86 (s,
1H, SDmp), 2.10 (s, 3H, SDmp), 1.93 (s, 3H, SDmp), 1.87 (s, 3H,
SDmp), 1.62 (s, 3H, SDmp), 1.55 (s, 3H, SDmp), 1.31 (s, 3H, SDmp),
0.72 (m, 6H, PCH2CH3), 0.34 ppm (dq, JH,P=16.5 Hz, JH,H=7.6 Hz, 9H,
PCH2CH3); the characteristic Ru–C=CHPh signal was not identified in
the 1H NMR spectrum probably because of overlap with aromatic sig-
nals; 31P{1H} NMR (C6D6): d =26.3 ppm; elemental analysis: calcd for
C70H58BF24PRuS: C 54.95, H 3.82, S 2.10; found: C 55.19, H 3.99, S 2.14.


8b : A solution of 7b (38 mg, 0.0024 mmol) in toluene (5 ml) was heated
at 80 8C for 24 h and then concentrated to half its volume. The orange so-
lution was cooled at �30 8C to afford 8b (11.5 mg, 0.007 mmol, 30%) as
orange crystals. 1H NMR ([D8]toluene): d=8.32 (s, 8H, BArF4), 7.65 (s,
4H, BArF4), 7.39 (d, J=7.6 Hz, 1H, SDmp, HCCPh, or PPh3), 6.89–7.19
(m, SDmp, HCCPh, and PPh3), 6.83 (d, J=7.6 Hz, 2H, SDmp, HCCPh,
and PPh3), 6.78 (d, J=11 Hz, 2H, SDmp, HCCPh, and PPh3), 6.73 (d, J=


7.6 Hz, 1H, SDmp, HCCPh, and PPh3), 6.68 (s, 1H, SDmp), 6.37 (d, J=


7.6 Hz, 1H, SDmp), 5.17 (s, 1H, SDmp), 4.57 (s, 1H, SDmp), 2.20 (s, 3H,
SDmp), 1.82 (s, 3H, SDmp), 1.80 (s, 3H, SDmp), 1.75 (s, 3H, SDmp),
1.41 (s, 3H, SDmp), 1.23 ppm (s, 3H, SDmp); the characteristic Ru–C=


CHPh signal was not identified in the 1H NMR spectrum probably be-
cause of overlap with aromatic signals; 31P{1H} NMR (C6D6): d=


39.6 ppm; elemental analysis: calcd for C82H58BF24PRuS: C 58.83, H 3.49,
S 1.92; found: C 58.75, H 3.98, S 2.02.


Hydrogenation of acetophenone catalyzed by 3a : In a glove box, a glass
autoclave equipped with a stirrer bar was charged with a solution of 3a
(50 mg, 34.7 mmol), mesitylene (81 mL, 0.58 mmol, as internal standard),
and acetophenone (0.20 mL, 1.74 mmol) in C6D6 (2.5 mL). The atmos-
phere of the reaction vessel was replaced with 10 atm of H2, and the reac-
tion mixture was vigorously stirred at room temperature for 24 h. After
careful venting of hydrogen, the yield of 1-phenylethanol was determined
to be 81% by 1H NMR spectroscopic analysis.


9 : A solution of triethylphosphine (92 mg, 0.16 mmol, 20 wt%) in toluene
was added to a solution of 3a (149 mg, 0.10 mmol) in toluene (20 ml),
and the mixture was stirred at room temperature for 12 h. After the sol-
vent was evaporated under reduced pressure, the yellow residue was
washed with hexane (3P3 mL) to give 9 (151 mg, 0.098 mmol, 94%) as
an orange powder. Single crystals for X-ray analysis were obtained from
a solution in toluene layered by HMDSO. 1H NMR (C6D6): d=8.37 (s,
8H, BArF4), 7.69 (s, 4H, BAr


F
4), 6.91 (t, J=7.6 Hz, 1H, SDmp), 6.89 (s,


2H, SDmp), 6.80 (dd, J=7.6, 1.0 Hz, 1H, SDmp), 6.70 (dd, J=7.2,
1.4 Hz, 1H, SDmp), 4.76 (s, 2H, SDmp), 2.07 (s, 6H, SDmp), 2.06 (s, 3H,
SDmp), 1.51 (s, 3H, SDmp), 1.48 (s, 6H, SDmp), 1.18 (m, 6H,
PCH2CH3), 1.01 (m, 6H, PCH2CH3), 0.50 ppm (m, 18H, PCH2CH3);
31P{1H} NMR (C6D6): d=20.9 ppm; elemental analysis: calcd for
C68H67BF24P2RuS: C 52.82, H 4.37, S 2.07; found: C 53.24, H 4.51, S 2.11.


Reaction of 3a with excess acetophenone: Complex 3a (102 mg,
0.071 mmol) was dissolved in acetophenone (2 mL, 17.1 mmol), and the
mixture was stirred overnight. After concentration under reduced pres-
sure, the dark-orange oil was dissolved in CH2Cl2 (2 mL), and the mix-
ture was centrifuged. Layering of hexane onto the solution yielded trace
amounts of 9 and 10 as orange crystals. These complexes were manually
separated and characterized by means of X-ray crystallography.


X-ray Crystal-Structure Determination


Crystal data and refinement parameters for complexes 1–4c, 5, 6, 7b, 8b,
9, and 10 are summarized in Table 2. Single crystals were coated with oil
(immersion oil, type B: Code 1248, Cargille Laboratories, Inc.) and
mounted on loops. Diffraction data were collected at �100 8C under a
cold nitrogen stream on a Rigaku AFC7R diffractometer equipped with
an ADSC Quantum1 CCD detector, on a Rigaku AFC8 diffractometer
equipped with a Saturn70 CCD detector, or on a Rigaku AFC7R diffrac-
tometer equipped with a Mercury CCD detector, with graphite-mono-
chromated MoKa radiation (l=0.710690 N). Six preliminary data frames
were acquired at 0.58 increments of w to assess the crystal quality and
preliminary unit-cell parameters. Intensity images were also recorded at
0.58 intervals of w. Frame data were integrated with the CrystalClear pro-
gram package, and data sets were corrected for absorption with the
REQAB program. Calculations were performed with the TEXSAN or
CrystalStructure program packages. All structures were solved by direct
methods and refined by full-matrix least squares. Anisotropic refinement
was applied to all non-hydrogen atoms except for solvents of crystalliza-
tion and disordered CF3 groups of the BAr


F
4 anion (refined isotropically),


and all hydrogen atoms were placed at calculated positions. The solvent
of crystallization (hexane) in 2a·1=2 C6H14 was disordered over three posi-
tions, with occupancy factors of 30:30:40. The solvents of crystallization,
toluene in 2b·1=2 C7H8, pentane in 4c·1=2 C5H12, and dichloromethane in
10·2C6H5COCH3·2CH2Cl2, were disordered over two positions, with oc-
cupancy factors of 50:50. Three of the CF3 groups in 3a, 4a, 5b, 6, and
10·2C6H5COCH3·2CH2Cl2, one in 4b, four in 4c·1=2 C5H12 and 9, six in 5b,
and two in 8b·C7H8 were disordered over two positions. One of the CF3
groups in 5b and 6 were disordered over three positions. CCDC-679589–
679603 (1–4c, 5, 6, 7b, 8b, 9, and 10, respectively) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre at
www.ccdc.cam.ac.uk/data_request/cif.
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Table 2. (Continued)


6 7b 8b·C7H8 9 10·2C6H5COCH3·2CH2Cl2


R1[a] 0.067 0.066 0.097 0.074 0.118
wR2[b] 0.218 0.194 0.249 0.241 0.292
GOF[c] 1.78 1.20 1.30 1.94 0.92


[a] I>2s(I), R1=S j jFo j� jFc j j /S jFo j . [b] wR= [{Sw(F2o�F2c)2}/Sw(F2o)2]
1=2 . [c] GOF= [{Sw(F2o�F2c)2}/(No�Np)]


1=2 , in which No and Np denote the number
of data and parameters.
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Introduction


The discovery of PEPPSI1 to promote C�C bond formation
is an important milestone in modern cross-coupling catalytic
chemistry.[1] The major feature in the catalyst design is the
combined use of a s-donating N-heterocyclic carbene
(NHC)[2] and a “throw-away” pyridyl ligand.[1] The former is
expected to stabilize Pd0 whilst the latter readily departs to
create a vacant site. It is of interest to exploit these ideas on
our current N,S-heterocyclic carbene (NSHC) work,[3]


amidst a myriad of emerging NSHC systems.[4] We herein
report a convenient one-step synthesis through a bridge-
cleavage reaction of a known halide-bridged dinuclear
NSHC complex.[3a,c] This methodology enables facile access
to the NSHC analogue of PEPPSI and selected examples of
other dinuclear complexes with mixed ligands of NSHC and
bipyridyl or pyrazine-based heterocycles. The use of sp2 ni-
trogen donors to support and activate the metal for catalysis


is another emerging idea in coordination catalysis.[5] The use
of nitrogen spacers with different labilities in a dinuclear
framework also provides a model to test the catalytic bene-
fits of dissociative ligand and non-interacting bimetallic cat-
alytic sites.


Results and Discussion


Synthesis


The dinuclear carbene complexes 1–2[3a,c] (Scheme 1) easily
undergo bridge-cleavage reactions in a coordinating solvent
such as CH3CN and DMF to give the solvated monocarbene
complexes.[3a] In the presence of an N ligand [viz. pyrazine
(pyz), 1,2-bis(4-pyridyl)ethane (bpa), 4,4’-bipyridine (bpy)
and trans-1,2-bis(4-pyridyl)ethylene (bpe)] at RT in CH2Cl2
or pyridine (Scheme 1), they give the corresponding di- and
mononuclear complexes as yellow solids in moderate (53–
80%) (5–12) to near-quantitative (~98%) yields (3–4)
(Scheme 1). 1H NMR analysis of the products is consistent
with the mixed-ligand formulation. All the complexes are
stable except 5 and 6, the 1H NMR spectra (CDCl3 or
CD3OD) of which show resonances attributed to free pyra-
zine. Dissociation is even more significant in CD3CN solu-
tion, which gives the solvento complex. The 13C carbenoid
resonance of 3 (d=195.7 ppm), 4 (d=193.3 ppm), 5 (d=


191.8 ppm), 11 (d=195.8 ppm), and 12 (d=193.2 ppm) are


Abstract: Mixed-ligand N,S-heterocy-
clic carbene (NSHC) complexes, trans-
[PdBr2ACHTUNGTRENNUNG(NSHC)(Py)] (NSHC=3-
benzyl- or 3-propyl-benzothiazolin-2-yl-
idene), have been obtained from
bridge-cleavage reactions of the dinu-
clear complex, [Pd ACHTUNGTRENNUNG(m-Br)Br ACHTUNGTRENNUNG(NSHC)]2,
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shifted down-field compared to the mononuclear solvated
CH3CN (d=191.5 ppm) and DMF (d=191.9 ppm) complex-
es,[3a] attributed probably to the inductive effect of pyridyl-
or the N-heterocyclic rings. The carbene resonance was not
detected in 6, 7, and 9 whereas the solubility of 8 and 10
was too poor to allow accurate measurement. ESI-MS anal-
ysis of these complexes generally show the parent and/or
their fragment ions except for complexes 7, 9, and 10 that
are too insoluble to exhibit any such signals.


Crystallographic Structures


X-ray single-crystal diffraction studies were carried out on
3, 4, 5, and 11 (Figure 1 and Table 1). As expected, the PdII


center is essentially square planar. In agreement with the
spectroscopic data, the incoming N donor is invariably trans
to the NSHC ligand. The complexes 3 and 4 are mononu-
clear and isostructural. The Pd�Ccarbene bonds (1.958(8) and
1.949(3) L in 3 and 4, respectively) are slightly longer and
presumably weaker compared to those of the solvated DMF
(1.921(2) L) and CH3CN (1.936(3) L) complexes,[3a] suggest-
ing a higher trans-influence of pyridine. They are closer to
that of PEPPSI�IPr (1.969(3) L),[1a] thus indicating similar
strength. Those of 5 (1.941(3) L) and 11 (1.947(4) and


1.959(4) L) are marginally
shorter than those of the 1,3-
diisopropylbenzimidazolin-2-yl-
idene analogues (1.955(8)–
1.959(7) L),[6] probably as a
result of the higher steric
effect of the latter. The Pd�N
lengths of these four com-
plexes (2.110(7)–2.086(3) L)
are within the range of related
complexes, PEPPSI�IPr and
PEPPSI with N/O-functional-
ized NHCs (2.137(2)–
2.089(3) L).[1a,7] The complexes
5 and 11 are dinuclear with the
spacer trans to the carbene
donor. The two benzyl substi-
tutents across the bridge are
anti to each other in 5, but syn
in 11. The non-interactive
Pd···Pd separation increases
from 6.98 L in 5 to 13.40 L in
11 without any apparent ad-
verse effect on the key bond
lengths in the coordination
spheres. Both NSHC and the
N-ring planes are twisted away
from the PdII coordination
planes to avoid inter-ligand
conflicts, with the NSHC closer
to perpendicular (65.1–79.88)
than the N ligand (43.7–67.08)
planes. The two pyridyl planes


of the bpa spacer in 11 are also twisted away (55.18) from
each other.


Suzuki–Miyaura Coupling


Encouraged by the high activities shown by the PEPPSI pre-
catalysts in Suzuki–Miyaura cross-coupling,[1a] we have ex-
amined the use of the present complexes in similar cou-
plings of representative aryl bromides with phenylboronic
acid in DMF in the presence of Cs2CO3 (Table 2). An ad-
vantage of these reactions is that they can be conveniently
handled in air without the need for a glove-box or vigorous
Schlenk techniques. The activities are sufficiently high in
catalytic loadings from 0.5 to 2.0 mol%. The complexes 3–
12 gave quantitative yields toward activated substrates such
as 4-bromobenzaldehyde within 1 h at 100 8C (Table 2, En-
tries 1 and 4–14). Complexes 5–8 and 11 were able to main-
tain the quantitative yields even at RT, albeit with longer re-
action periods (Table 2, Entries 19–23 and 27). This gave the
first indication that, under ambient conditions, the dinuclear
spacer-stabilised complexes, with the dpe complexes (9 and
10) being the notable exceptions, are more active than the
mononuclear pyridine complexes (3 and 4) (Table 2, En-
tries 15–28 and Figure 2). The lower activities of 9 and 10


Scheme 1. Bridge-cleavage reaction of 1–2 to give mixed-ligand complexes 3–12.
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can be explained by their lower solubility in the catalytic
mixtures.


Toward unactivated substrates such as 4-bromoanisole,
these complexes were still active but began to show some
differentiations (Table 2, Entries 29–38). Relatively poor


yields were witnessed in the
case of the mononuclear com-
plexes, 3 and 4, while the dinu-
clear complexes generally per-
formed better, the only excep-
tion being 10. The best perfor-
mance (>90%) was found
with 7 and 8, which have the
optimal separation between
the two non-interactive Pd
centers, minimum steric hin-
drance, and free rotation at the
central bipy spacer. The more
stable benzyl derivatives (viz.
3, 5, 7, 9, and 11) consistently
performed better with higher
yields than their n-propyl (4, 6,
8, 10, and 12) counterparts.
Similar observation has been
reported in the literature.[3c]


Under similar conditions, com-
plex 7 was comparable with a
mixture of [PdBr2ACHTUNGTRENNUNG(NSHC)-
ACHTUNGTRENNUNG(PPh3)] with 3-benzylbenzo-
thiazolin-2-ylidene or [PdBr2


ACHTUNGTRENNUNG(PPh3)2].
[3c] Toward 4-chloro-


benzaldehyde, it gave a 38%
yield of biphenyl-4-carbalde-
hyde.


As 7 could be easily pre-
pared, was air stable, and was
among the best catalysts in this
series, it was chosen as a
model for examination of re-
sponses toward different aryl
boronic acids and under differ-
ent catalyst loadings (Table 3).
It is significant that phenyl
boronic acid and p-tolylicbor-
onic acid can still couple with
near-quantitative yield at a low
catalyst loading of 0.01 mol%
(Table 3, Entries 1–2, 5–6, 9–
10, and 13–14). It is also effec-
tive toward 3-(trifluorome-
thyl)phenylboronic acid, giving
84–99%, with 0.01–1.0 mol%
catalyst loading (Table 3, En-
tries 3, 7, 11, and 15). It is also
active toward 3-pyridylboronic
acid (6–40%) with 0.01–
1 mol% catalyst loadings, thus


pointing a way toward heteroaryl-couplings.
This catalytic enhancement by a dinuclear core cannot


simply be attributed to the presence of two active metal
sites within a molecular complex. For example, increasing
the load of 3 and 4 by two-fold (from 1 to 2 mol%) merely


Figure 1. ORTEP view of complexes 3, 4, 5 and 11 with 50% thermal ellipsoids; hydrogen atoms are omitted
for clarity.


Figure 2. Suzuki coupling of 4-bromobenzaldehyde promoted by 3, 4, 7, and 9 at RT with 0.5–2.0 mol% cata-
lyst loading.
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raises the yields by ~20% (Table 2, Entries 15–18), which
still falls short of the quantitative yields obtained with the
dinuclear complexes (Table 2, Entries 19–23 and 27). To fur-
ther examine the relationship between complex nuclearity
and yield, we have selected 3, 4, 7, and 9 as models for a
time-conversion study (Figure 2). The bromobenzaldehyde
reactions were performed at RT and the GC yields moni-
tored over a period of 18 h with the catalyst loading of 0.5–
2.0 mol%. In these conditions, only 7 was able to give quan-
titative yields within 6 h. Even when the loading was re-
duced by 2-fold to 0.5 mol%, under which 3 and 4 would be
sluggish, it was able to achieve quantitative conversion
within 8 h. The other dinuclear complex (9) was less impres-


sive although it gave satisfacto-
ry yields (~80%) within 18 h.
An advantage of 9 is that a re-
duction of loading to
0.5 mol% would not signifi-
cantly affect its productivity.
On the other hand, complex 4
was still inept when its load
was doubled from 1 to
2 mol%. Complex 3 was better
but the yield improvement was
within 20%, and still could not
reach a quantitative yield after
18 h, when the load was raised
by 2-fold. These results suggest
that, in this system, the mono-
nuclear complexes cannot
match the performance of the
dinuclear species on the “per
Pd” loading basis. This may be
attributed to the higher stabili-
ty of the latter rendered by the
N-bidentate donors.


A distinct advantage of the
current system is the use of a
simple one-step method to
enter into a range of dinuclear
spacer-stabilized complexes
that can in principle accommo-
date a range of bridging enti-
ties of different electronic and
steric demands. Such versatility
would significantly enhance
our capability to search for the
“universal” catalyst for C�C
cross-couplings.


Conclusions


We have demonstrated that
the PEPPSI-type chemistry can
be extended to NSHC-carbene
and other N ligands related to


pyridyl. The use of NSHC as a support ligand, despite its
single exocyclic substituent and lower steric protective abili-
ty compared to the more common NHC ligands, does not
appear to have any adverse effects on the chemical stability
of the complexes or their catalytic performance. These, to-
gether with our earlier work on the thiazole-2-ylidene cata-
lysts,[3] as well as the similar findings of Grubbs on the Ru-
based NHSC olefin metathesis catalysts,[8] suggest that
NSHC-type ligands show good potential as phosphine and
NHC-alternatives. The combinative use of dinuclear com-
plexes, NSHC carbenes, and N-based spacers as the three
main features of this system has presented a range of oppor-
tunities in our current exploration.


Table 1. Selected bond lengths and angles for complexes 3, 4, 5 and 11.


3 4 5 11


Bond Lengths [L]
Pd1-C1 1.958(8) 1.949(3) 1.941(3) 1.947(4)
Pd1-N2 2.110(7) 2.099(2) 2.102(2) 2.086(3)
Pd1-Br1 2.429(1) 2.425(3) 2.418(4) 2.434(6)
Pd1-Br2 2.421(1) 2.426(3) 2.436(4) 2.444(6)
Pd2-C15 – – – 1.959(4)
Pd2-N3 – – – 2.099(3)
Pd2-Br3 – – – 2.439(6)
Pd2-Br4 – – – 2.429(6)
S1-C1 1.697(9) 1.713(3) 1.713(3) 1.714(4)
N1-C1 1.332(10) 1.330(3) 1.324(4) 1.333(5)
N1-C8 1.481(10) 1.473(3) 1.466(4) 1.474(5)
N2-C15 – – 1.344(4) –
N2-C16 – – 1.335(4) –
S2-C15 – – – 1.712(4)
N4-C15 – – – 1.332(5)
N4-C22 – – – 1.482(6)
C34-C35 – – – 1.493(6)
Pd···Pd[a] – – 6.98 13.40
Angles [deg]
C1-Pd1-N2 176.90(3) 175.23(10) 175.97(11) 177.11(17)
C15-Pd2-N3 – – – 178.01(17)
C1-Pd1-Br1 87.50(2) 89.26(8) 87.36(8) 90.45(13)
C15-Pd2-Br3 – – – 90.99(13)
C1-Pd1-Br2 89.90(2) 87.47(8) 89.52(8) 88.78(13)
C15-Pd2-Br4 – – – 89.09(13)
N2-Pd1-Br1 91.31(19) 91.27(6) 90.95(6) 89.67(10)
N3-Pd2-Br3 – – – 89.77(10)
N2-Pd1-Br2 91.25(19) 92.26(6) 92.37(6) 91.16(10)
N3-Pd2-Br4 – – – 89.77(10)
Br1-Pd1-Br2 177.44(4) 175.35(13) 175.47(15) 178.50(2)
Br3-Pd1-Br4 – – – 175.81(2)
C1-N1-C8 124.50(7) 122.80(2) 123.30(3) 122.80(3)
N1-C1-S1 111.10(6) 110.70(18) 111.30(2) 110.30(3)
N4-C15-S2 – – – 110.30(3)
N1-C1-Pd1 129.20(6) 130.19(19) 129.90(2) 126.50(3)
N4-C15-Pd2 – – – 129.60(3)
S1-C1-Pd1 119.70(5) 119.05(14) 118.73(17) 123.10(2)
S2-C15-Pd2 – – – 120.10(2)
C16A-N2-C15 – – 117.00(2) –
C16A-N2-Pd1 – – 123.34(19) –
C15-N2-Pd1 – – 119.61(19) –
Dihedral angle PdCNBr2/pyridine ring 43.7 53.8 45.2 59.3


67.0
Dihedral angle PdCNBr2/NSHC carbene plane 73.5 79.8 75.8 65.1


76.3


[a] intramolecular Pd···Pd distances.
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Experimental Section


General


Unless otherwise stated, all manipulations, including the catalytic runs,
were performed without taking precautions to exclude air and moisture.
N,N-Dimethylformamide used for the Suzuki reaction was purchased
from J. T. Baker (“Baker analyzed” ACS reagent). All solvents were
used as received. Benzothiazole was purchased from Sigma–Aldrich and
distilled prior to use. Pd ACHTUNGTRENNUNG(OAc)2, pyrazine, trans-1,2-bis(4-pyridyl)ethylene,
1,2-bis(4-pyridyl)ethane, 4,4’-bipyridine were purchased from Sigma–Al-
drich and used as received. Dibromo(m-dibromo)bis(3-benzylbenzothia-
zolin-2-ylidene)dipalladium(II) and dibromo(m-dibromo)bis(3-propylben-
zothiazolin-2-ylidene)dipalladium(II) were prepared according to the lit-


erature methods.[3a,c] 1H and 13C spec-
tra were recorded on a Bruker AMX
500 spectrometer using Me4Si as the
internal standard. ESI mass spectra
were obtained using a Finnigan LCQ
spectrometer. The yields of C�C cou-
pling products were determined by
using a Hewlett–Packard Series 6890
GC (Santa Clara, CA, USA) coupled
to a Hewlett Packard 5973 MS detec-
tor. Elemental analyses were per-
formed on a Perkin–Elmer PE 2400
elemental analyzer at the Department
of Chemistry of the National Univer-
sity of Singapore.


3 : trans-Dibromo(3-benzylbenzothia-
zolin-2-ylidene)-
ACHTUNGTRENNUNG(pyridine)palladium(II): Pyridine
(5 mL) was added to complex 1
(60 mg, 0.06 mmol) and the mixture
was stirred at RT overnight. The re-
sulting clear yellow solution was
evaporated under vacuum. The
yellow solid obtained was dissolved in
CH2Cl2, and Et2O was added to
induce precipitation. The product was
washed with Et2O and dried. Diffu-
sion of Et2O into a sample solution in
CH2Cl2 yielded yellow crystals suita-
ble for X-ray diffraction studies.
Yield: 68 mg (0.12 mmol, 98%).
1H NMR (500 MHz, CDCl3): d=9.01
(m, 2H, Ar-H), 7.81 (d, 3JHH =8.9 Hz,
1H, Ar-H), 7.76 (tt, 3JHH =1.6 Hz,
2JHH =7.9 Hz, 1H, Ar-H), 7.57 (d,
3JHH =6.9 Hz, 2H, Ar-H), 7.44 (d,
3JHH =8.2 Hz, 1H, Ar-H), 7.40–7.31
(m, 7H, Ar-H), 6.54 ppm (s, 2H,
CH2); 13C{1H} NMR (125 MHz,
CDCl3): d=195.7 (NCS), 162.7, 147.9,
142.8, 130.9, 129.6, 129.3, 129.1, 128.5,
128.2, 127.9, 127.6, 126.7, 125.1, 124.7,
124.5, 121.8, 115.1 (Ar-C), 60.1 ppm
(CH2); MS (ESI, positive mode) m/z
(%): 571 (100) [M+H]+ ; elemental
analysis: calcd (%) for
C19H16Br2PdN2S.CH2Cl2.py (M=


734.67): C 40.87, H 3.16, N 5.72,
S 4.36; found: C 40.99, H 3.19, N 5.72,
S 4.96.


4 : trans-Dibromo(3-propylbenzothia-
zolin-2-ylidene)-
ACHTUNGTRENNUNG(pyridine)palladium(II): Complex 4
was prepared in analogy to 3 from 2
(79 mg, 0.089 mmol). Diffusion of
Et2O into a solution of 4 in CH2Cl2


yielded yellow crystals suitable for X-ray diffraction studies. Yield: 91 mg
(0.178 mmol, 98%). 1H NMR (500 MHz, CDCl3): d =9.04 (d, 3JHH =


6.4 Hz, 2H, Ar-H), 7.82 (d, 3JHH =8.0 Hz, 1H, Ar-H), 7.79 (t, 3JHH =


7.6 Hz, 1H, Ar-H), 7.68 (d, 3JHH =8.2 Hz, 1H, Ar-H), 7.51 (t, 3JHH =


7.9 Hz, 1H, Ar-H), 7.42 (t, 3JHH =7.6 Hz, 1H, Ar-H), 7.37 (t, 3JHH =


6.9 Hz, 2H, Ar-H), 5.15 (t, 3JHH =8.2 Hz, 2H, CH2CH2CH3), 2.35 (m,
3JHH =7.9 Hz, 2H, CH2CH2CH3), 1.22 ppm (t, 3JHH =7.6 Hz, 3H,
CH2CH2CH3); 13C{1H} NMR (125 MHz, CDCl3): d=193.3 (NSC), 154.4,
152.7, 149.8, 142.8, 138.1, 136.7, 126.7, 125.1, 124.7, 121.9, 113.8 (Ar-C),
56.9 (CH2CH2CH3), 22.7 (CH2CH2CH3), 11.7 ppm (CH2CH2CH3); MS
(ESI, positive mode) m/z (%): 443 (40) [M�Br]+ ; elemental analysis:
calcd (%) for C15H16Br2N2PdS (M=522.59): C 34.47, H 3.09, N 5.36,
S 6.14; found: C 35.65, H 2.98, N 5.54, S 6.09.


Table 2. Suzuki Coupling Reactions[a] catalyzed by complexes 3–12.


Entry [Pd] Aryl halide T Cat. loading [mol%] t [h] Yield[b] [%]


1 3 4-bromobenzaldehyde 100 1 1 100
2 4 4-bromobenzaldehyde 30 1 1 21
3 4 4-bromobenzaldehyde 70 1 1 98
4 4 4-bromobenzaldehyde 100 1 1 100
5 3 4-bromobenzaldehyde 100 2 1 100
6 4 4-bromobenzaldehyde 100 2 1 100
7 5 4-bromobenzaldehyde 100 1 1 100
8 6 4-bromobenzaldehyde 100 1 1 100
9 7 4-bromobenzaldehyde 100 1 1 100
10 8 4-bromobenzaldehyde 100 1 1 100
11 9 4-bromobenzaldehyde 100 1 1 100
12 10 4-bromobenzaldehyde 100 1 1 100
13 11 4-bromobenzaldehyde 100 1 1 100
14 12 4-bromobenzaldehyde 100 1 1 100
15 3 4-bromobenzaldehyde RT 1 18 77
16 3 4-bromobenzaldehyde RT 2 18 92
17 4 4-bromobenzaldehyde RT 1 18 52
18 4 4-bromobenzaldehyde RT 2 18 58
19 5 4-bromobenzaldehyde RT 1 18 100
20 6 4-bromobenzaldehyde RT 1 18 100
21 7 4-bromobenzaldehyde RT 1 18 100
22 7 4-bromobenzaldehyde RT 0.5 18 100
23 8 4-bromobenzaldehyde RT 1 18 100
24 9 4-bromobenzaldehyde RT 0.5 18 75
25 9 4-bromobenzaldehyde RT 1 18 86
26 10 4-bromobenzaldehyde RT 1 18 64
27 11 4-bromobenzaldehyde RT 1 18 100
28 12 4-bromobenzaldehyde RT 1 18 87
29 3 4-bromoanisole 100 1 65 27
30 4 4-bromoanisole 100 1 65 13
31 5 4-bromoanisole 100 1 65 62
32 6 4-bromoanisole 100 1 65 54
33 7 4-bromoanisole 100 1 65 94
34 8 4-bromoanisole 100 1 65 90
35 9 4-bromoanisole 100 1 65 33
36 10 4-bromoanisole 100 1 65 27
37 11 4-bromoanisole 100 1 65 58
38 12 4-bromoanisole 100 1 65 45
39 7 4-chlorobenzaldehyde 100 1 65 38


[a] 1mmol of Ar-X, 2 mmol of Cs2CO3, 1.5 mmol of Ph-B(OH)2. [b] GC/MS determination by using n-dodec-
ane as the internal standard for an average of two runs.
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5 : Dibromo(m-pyrazine)bis(3-benzylbenzothiazolin-2-ylidene)dipalla-
ACHTUNGTRENNUNGdium(II): A mixture of 1 (122 mg, 0.12 mmol) and pyrazine (9.9 mg,
0.12 mmol) was suspended in CH2Cl2 (5 mL) and stirred at RT overnight.
Et2O (15 mL) was added to give a yellow precipitate, which was collected
by filtration. Diffusion of Et2O into a CH2Cl2 solution of the complex
yielded yellow crystals suitable for X-ray diffraction studies. Yield: 66 mg
(0.062 mmol, 50%). 1H NMR (500 MHz, CDCl3): d =9.22 (s, 4H, Ar-H),
7.83 (d, 3JHH =7.6 Hz, 2H, Ar-H), 7.52 (d, 3JHH =6.9 Hz, 4H, Ar-H), 7.46
(d, 3JHH =8.2 Hz, 2H, Ar-H), 7.41–7.33 (m, 10H, Ar-H), 6.46 ppm (s, 4H,
CH2); 13C{1H} NMR (125 MHz, CDCl3): d=191.8 (NSC), 148.4, 147.6,
146.9, 146.4, 142.7, 136.7, 133.2, 129.2, 128.7, 127.6, 126.9, 125.4, 121.8,
115.2 (Ar-C), 60.2 ppm (CH2); MS (ESI) m/z (%): 1080 (30) [M+Na]+ ;
elemental analysis: calcd (%) for C32H26Br4N4Pd2S2 (M=1063.16):
C 36.15, H 2.46, N 5.27, S 6.03; found: C 36.83, H 2.76, N 4.76, S 6.25.


6 : Dibromo(m-pyrazine)bis(3-propylbenzothiazolin-2-ylidene)dipalla-
ACHTUNGTRENNUNGdium(II): Complex 6 was prepared in analogy to 5, from 2 (127 mg,
0.14 mmol) and pyrazine (11.5 mg, 0.14 mmol). Yield: 73.4 mg
(0.076 mmol, 53%). 1H NMR (500 MHz, CDCl3): d =9.30 (s, 4H, Ar-H),
7.85 (d, 3JHH =8.2 Hz, 2H, Ar-H), 7.71 (d, 3JHH =8.8 Hz, 2H, Ar-H), 7.55
(t, 3JHH =7.9 Hz, 2H, Ar-H), 7.46 (t, 3JHH =7.6 Hz, 2H, Ar-H), 5.10 (t,
3JHH =8.2 Hz, 4H, CH2CH2CH3), 2.32 (m, 3JHH =7.8, 4H, CH2CH2CH3),
1.22 ppm (t, 3JHH =7.6, 6H, CH2CH2CH3); 13C{1H} NMR (125 MHz,
CDCl3): d=148.3, 146.9, 142.7, 136.6, 126.9, 125.3, 122.0, 113.9 (Ar-C),
57.2 (CH2CH2CH3), 21.9 (CH2CH2CH3), 11.6 ppm (CH2CH2CH3); MS
(ESI) m/z (%): 985 (10) [M�Br+3CH3OH]+ ; elemental analysis: calcd
(%) for C24H26Br4N4Pd2S2 (M=967.08): C 29.81, H 2.71, N 5.79, S 6.63;
found: C 29.92, H 2.74, N 5.53, S 6.15.


7: Dibromo(m-4,4’-bipyridine)bis(3-benzylbenzothiazolin-2-ylidene)dipal-
ladium(II): Complex 7 was prepared in analogy to 5, from 1 (122 mg,
0.12 mmol) and 4,4’-bipyridine (19 mg, 0.12 mmol). Yield: 89 mg
(0.072 mmol, 60%). 1H NMR (500 MHz, [D6]DMSO): d =9.03 (s, 3H,
Ar-H), 8.76 (s, 5H, Ar-H), 8.18–8.02 (m, 4H, Ar-H), 7.89 (s, 2H, Ar-H),
7.75–7.51 (m, 8H, Ar-H), 7.37 (s, 4H, Ar-H), 6.63 ppm (s, 4H, CH2);
13C{1H} NMR (125 MHz, [D6]DMSO): d=141.9, 134.9, 134.1, 128.6,
128.0, 127.1, 126.9, 125.5, 122.7, 115.8 (Ar-C), 58.2 ppm (CH2); elemental


analysis: calcd (%) for C38H30Br4N4Pd2S2.CH2Cl2 (M=1224.19): C 38.26,
H 2.63, N 4.58, S 5.24; found: C 39.69, H 2.46, N 4.69, S 5.39.


8 : Dibromo(m-4,4’-bipyridine)bis(3-propylbenzothiazolin-2-ylidene)dipal-
ladium(II): Complex 8 was prepared in analogy to 5 from 2 (100 mg,
0.11 mmol) and 4,4’-bipyridine (17.2 mg, 0.11 mmol). Yield: 61 mg
(0.058 mmol, 52%). 1H NMR (500 MHz, [D6]DMSO): d=9.05 (m, 3H,
Ar-H), 8.78 (s, 1H, Ar-H), 8.18 (m, 4H, Ar-H), 8.07 (m, 3H, Ar-H), 7.89
(s, 1H, Ar-H), 7.66 (t, 3JHH =6.9 Hz, 2H, Ar-H), 7.56 (t, 3JHH =6.9 Hz,
2H, Ar-H), 5.21 (br s, 4H, CH2CH2CH3), 2.25 (broad s, 4H,
CH2CH2CH3), 1.14 ppm (br s, 6H, CH2CH2CH3); MS (ESI) m/z (%): 964
(20) [M�Br]+ ; elemental analysis: calcd (%) for C30H30Br4N4Pd2S2 (M=


1043.17): C 34.54, H 2.90, N 5.37, S 6.15; found: C 34.90, H 2.88, N 5.31,
S 6.08.


9 : Dibromo[m-trans-1,2-bis(4-pyridyl)ethylene]bis(3-benzylbenzothiazo-
lin-2-ylidene)dipalladium(II): Complex 2 was prepared in analogy to 5,
from 1 (215 mg, 0.22 mmol) and trans-1,2-bis(4-pyridyl)ethylene (40 mg,
0.22 mmol). Yield: 204 mg (0.175 mmol, 80%). 1H NMR (500 MHz,
[D6]DMSO): d=8.90 (s, 4H, Ar-H), 8.17 (d, 3JHH =8.2 Hz, 2H, Ar-H),
7.78 (s, 2H, CH=CH), 7.74–7.64 (m, 8H, Ar-H), 7.51–7.50 (m, 5H, Ar-
H), 7.39–7.37 (m, 5H, Ar-H), 7.23 (s, 2H, Ar-H) 6.62 ppm (s, 4H, CH2);
13C{1H} NMR (125 MHz, [D6]DMSO): d=153.0, 142.5, 136.1, 134.8, 132.3
(Ar-C), 129.2, 128.7 (CH2=CH2), 128.5, 128.3, 127.6, 127.5, 127.4, 126.0,
125.9, 123.2, 123.0, 116.3, 115.9 (Ar-C), 59.0 ppm (CH2); elemental analy-
sis: calcd (%) for C40H32Br4N4Pd2S2 (M=1165.29): C 41.23, H 2.77,
N 4.81, S 5.50; found: C 40.06, H 2.71, N 4.99, S 5.15.


10 : Dibromo[m-trans-1,2-bis(4-pyridyl)ethylene]bis(3-propylbenzothiazo-
lin-2-ylidene)dipalladium(II): Complex 10 was prepared in analogy to 5,
from 2 (218 mg, 0.24 mmol) and trans-1,2-bis(4-pyridyl)ethylene (44 mg,
0.24 mmol). Yield: 184 mg (0.17 mmol, 70%). 1H NMR (500 MHz,
[D6]DMSO): d=8.91 (s, 4H, Ar-H), 8.17 (d, 3JHH =7.6 Hz, 4H, Ar-H),
7.81 (s, 4H, Ar-H), 7.72 (s, 2H, CH=CH), 7.66 (t, 3JHH =7.9 Hz, 2H, Ar-
H), 7.56 (t, 3JHH =7.9 Hz, 2H, Ar-H), 5.20 (t, 3JHH =7.3 Hz, 4H,
CH2CH2CH3), 2.24 (m, 3JHH =7.4 Hz, 4H, CH2CH2CH3), 1.14 ppm (t,
3JHH =6.9 Hz, 6H, CH2CH2CH3); elemental analysis: calcd (%) for
C32H32Br4N4Pd2S2 (M=1069.21): C 35.95, H 3.02, N 5.24, S 6.00; found:
C 36.22, H 2.84, N 5.00, S 6.06.


11: Dibromo[m-1,2-bis(4-pyridyl)ethane]bis(3-benzylbenzothiazolin-2-yli-
dene)dipalladium(II): Complex 11 was prepared in analogy to 5, from 1
(100 mg, 0.101 mmol) and 1,2-bis(4-pyridyl)ethane (18.7 mg, 0.101 mmol).
Diffusion of CH2Cl2 into a DMSO solution of the complex yielded
orange crystals suitable for X-ray diffraction studies. Yield: 71 mg
(0.06 mmol, 60%). 1H NMR (500 MHz, CDCl3): d =8.92 (d, 3JHH =


6.3 Hz, 4H, Ar-H), 7.81 (d, 3JHH =8.2 Hz, 2H, Ar-H), 7.71–7.69 (m, 2H,
Ar-H), 7.57 (d, 3JHH =7.6 Hz, 2H, Ar-H), 7.54–7.52 (m, 2H, Ar-H), 7.44
(d, 3JHH =8.2 Hz, 2H, Ar-H), 7.39–7.32 (m, 10H, Ar-H), 7.17 (d, 3JHH =


6.3 Hz, 2H, Ar-H), 6.53 (s, 4H, CH2), 2.93 ppm (s, 4H, CH2CH2); 13C{1H}
NMR (125 MHz, CDCl3): d=195.8 (NSC), 167.8, 152.7, 151.8, 142.8,
136.8, 133.6, 132.5, 130.8, 129.1, 128.8, 128.5, 127.7, 126.7, 125.1, 124.5,
121.8, 115.1 (Ar-C), 60.1 (CH2), 38.8 ppm (CH2CH2); MS (ESI) m/z (%):
1088 (50) [M�Br]+ ; elemental analysis: calcd (%) for C40H34Br4N4Pd2S2


(M=1167.31): C 41.16, H 2.94, N 4.80, S 5.49; found: C 41.06, H 2.76,
N 4.66, S 5.53.


12 : Dibromo[m-1,2-bis(4-pyridyl)ethane]bis(3-propylbenzothiazolin-2-yli-
dene)dipalladium(II): Complex 12 was prepared in analogy to 5 from 2
(100 mg, 0.11 mmol) and 1,2-bis(4-pyridyl)ethane (21 mg, 0.11 mmol).
Yield: 79 mg (0.07 mmol, 65%). 1H NMR (500 MHz, CDCl3): d =8.91 (t,
3JHH =6.3 Hz, 2H, Ar-H), 8.50 (d, 3JHH =5.7 Hz, 4H, Ar-H), 7.82 (d,
3JHH =7.6 Hz, 1H, Ar-H), 7.68 (d, 3JHH =8.2 Hz, 1H, Ar-H), 7.52 (t,
3JHH =7.6 Hz, 1H, Ar-H), 7.43 (t, 3JHH =7.6 Hz, 1H, Ar-H), 7.16 (d,
3JHH =6.3 Hz, 2H, Ar-H), 7.10–7.07 (m, 4H, Ar-H), 5.14 (t, 3JHH =7.9,
4H, CH2CH2CH3), 2.94 (s, 4H, CH2CH2), 2.33 (m, 3JHH =7.9 Hz, 4H,
CH2CH2CH3), 1.22 ppm (t, 3JHH =7.5 Hz, 6H, CH2CH2CH3); 13C{1H}
NMR (125 MHz, CDCl3): d=193.2 (NSC), 152.7, 150.0, 149.8, 142.9,
126.7, 125.1, 124.7, 123.8, 123.7, 121.9, 113.8 (Ar-C), 56.9 (CH2CH2CH3),
35.7 (CH2CH2) 21.9 (CH2CH2CH3), 11.7 ppm (CH2CH2CH3); MS (ESI):
990 (30) [M�Br]+ ; elemental analysis: calcd (%) for C32H34Br4N4Pd2S2


(M=1071.23): C 35.88, H 3.20, N 5.23, S 5.99; found: C 35.33, H 3.34,
N 5.37, S 5.84.


Table 3. Suzuki–Miyaura Coupling Reactions[a] catalyzed by complex 7
in different boronic acids.


Entry Boronic acids Cat. 7 [mol%] t [h] Yield[b] [%]


1 phenyl 1 0.5 100
2 4-tolyl 1 0.5 100
3 3-(trifluoro-methyl)phenyl 1 0.5 99
4 3-pyridyl 1 0.5 40
5 phenyl 0.5 0.5 100
6 4-tolyl 0.5 0.5 100
7 3-(trifluoro-methyl)phenyl 0.5 0.5 98
8 3-pyridyl 0.5 0.5 25
9 phenyl 0.25 5.0 100
10 4-tolyl 0.25 5.0 99
11 3-(trifluoro-methyl)phenyl 0.25 5.0 97
12 3-pyridyl 0.25 5.0 8
13 phenyl 0.01 5.0 98
14 4-tolyl 0.01 5.0 98
15 3-(trifluoro-methyl)phenyl 0.01 5.0 84
16 3-pyridyl 0.01 5.0 6


[a] 1mmol of 4-bromobenzldehyde, 2 mmol of Cs2CO3, 1.5 mmol of bor-
onic acids. [b] GC/MS determination by using n-dodecane as the internal
standard for an average of two runs.
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General Procedure for the Suzuki Reaction


Cs2CO3 (2 mmol), aryl halide (1 mmol) and phenyl boronic acid
(1.5 mmol) were placed in a reaction flask equipped with a stirring bar.
DMF (5 mL) was introduced and the resulting suspension heated to
100 8C for 10 min before the catalyst was added. After the desired reac-
tion duration, the reaction mixture was cooled to ambient temperature.
Water was added and the organic phase was extracted with CH2Cl2 (3S
4 mL). The combined organic phases were dried over MgSO4, filtered
and the solution was analyzed by GC/MS by using dodecane as the inter-
nal standard.


X-ray Diffraction Studies


Single crystals of complexes 3, 4, 5, and 11 were obtained from solvent
diffusion experiments as described previously. Suitable crystals were
mounted on quartz fibers and the X-ray data collected on a Bruker AXS
APEX diffractometer, equipped with a CCD detector, using graphite-
monochromated MoKa radiation (l =0.71073 L). The collecting frames of
data, indexing reflection and determination of lattice parameters and po-
larization effects were done with the SMART suite programs.[9] The inte-
gration of intensity of reflections and scaling was done by SAINT. The
empirical absorption correction was done by SADABS.[10] The space
group determination, structure solution and least-squares refinements on
jF j 2 were carried out with the SHELXTL.[11] The structures were solved
by direct methods to locate the heavy atoms, followed by difference
maps for the light non-hydrogen atoms. Anisotropic thermal parameters
were refined for the rest of the non-hydrogen atoms. The hydrogen
atoms were placed in their ideal positions. A selected summary of crystal
data for complexes 3–5 and 11 is found in Table 4.
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ganometallics 2006, 25, 5105; b) S. K. Yen, L. L. Koh, H. V. Huynh,


Table 4. Selected crystallographic data for complexes 3, 4, 5, and 11.


3 4 5 11


Formula C19H16Br2PdN2S C16H17Br2Cl3N2PdS C32H26Br4N4Pd2S2 C40H34Br4N4Pd2S2


Formula weight 570.62 641.95 1063.13 1167.27
Color, habit Yellow, thin plate Yellow, block Yellow, thin plate Orange, plate
Crystal size [mm] 0.14S0.06S0.04 0.40S0.30S0.18 0.60S0.40S0.02 0.20S0.10S0.04
Temperature [K] 223(2) 223(2) 223(2) 223(2)
Crystal system Monoclinic Triclinic Monoclinic Triclinic
Space group P2(1)/n P1̄ P2(1)/n P1̄
a [L] 8.9881(9) 8.3997(3) 17.4609(11) 9.1736(9)
b [L] 11.7083(13) 9.4585(4) 7.4862(5) 13.8016(14)
c [L] 17.762(2) 15.2011(6) 13.8481(9) 17.0404(17)
a [8] 90 98.7860(10) 90 69.345(2)
b [8] 90.917(3) 94.3620(10) 95.5070(10) 88.504(2)
g [8] 90 114.3510(1) 90 89.441(2)
V [L3] 1869.0 1074.31(7) 1801.8(2) 2018.1(3)
Z 4 2 2 2
Dc [g cm�3] 2.028 1.984 1.960 1.921
Radiation used MoKa MoKa MoKa MoKa


M [mm�1] 5.385 5.056 5.577 4.989
V range [8] 2.08-24.99 1.37-27.49 2.34-27.50 1.58-27.49
unique data 10787 14104 22594 26455
R ACHTUNGTRENNUNG(int) 0.0684 0.0237 0.0556 0.0490
Max., min. transmission 0.8134, 0.5194 0.4630, 0.2369 0.8966, 0.1347 0.8254, 0.4353
Final R indices
ACHTUNGTRENNUNG[I>2s(I)]


R1=0.0625,
wR2=0.1125


R1=0.0267,
wR2=0.0676


R1=0.0303,
wR2=0.0716


R1=0.0454,
wR2=0.0936


R indices (all data) R1=0.0903,
wR2=0.1211


R1=0.0314,
wR2=0.0743


R1=0.0409,
wR2=0.0757


R1=0.0695,
wR2=0.1021


Goodness-of-fit on F2 1.132 1.074 0.997 1.006
Peak/hole [eL�3] 0.811/�0.573 0.846/�1.074 0.789/�0.551 1.042/�0.432
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Organic Solvent- and Halide-Free Conditions
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Introduction


Chemoselective oxidation has been widely used in organic
synthetic chemistry, especially in the laboratory[1] and in
chemical manufacturing,[2] as well as in regio- and stereo-se-
lective oxidation.[3] One of the central issues in chemoselec-
tive oxidation is the discrimination between olefinic double
bonds and hydroxy groups. In particular, oxidation of allylic
alcohols to a,b-unsaturated carbonyl compounds has long
been of interest. At the time of the realisation concerning
the necessity for the effective organic synthesis of a,b-unsa-
turated carbonyl compounds from allylic alcohols, the dis-
covery by Ball, Goodwin, and Morton of almost quantitative
conversion of Vitamin A into retinene by an active manga-
nese compound in 1948 was already well-known.[4,5a] Then,
various oxidants with high chemoselectivity, such as MnO2
and CrO3, were developed and are frequently used in organ-
ic synthesis until now.[5] However, the atom efficiency of
these oxidants is low, and they generate chemical waste con-
taining polluting heavy metals and deoxidized compounds
to get the same amount of useful oxidized compounds. As a
part of the green concept, toxic and/or flammable organic


solvents are being replaced by alternative non-toxic media,
or the reactions are carried out without the use of any sol-
vent.[6,7]


Hydrogen peroxide (H2O2) is a cheap and environmental-
ly benign oxidant because the atom efficiency is excellent
and water is theoretically the sole co-product.[8] However,
its oxidizing ability is quite weak and requires catalytic acti-
vation. The first example of catalytic activity for oxidation
of alcohols with tungsten and molybdenum peroxo com-
plexes was reported by Jacobson et al. in 1979.[9] Since then,
many kinds of metal catalysts, such as Mo, Ru, Pd, Pt, W,
and their polyoxo compounds, which accelerate the oxida-
tion of alcohols with H2O2, have been reported.


[10] All of
them, however, suffer from the necessity for a high concen-
tration or a large excess of H2O2, or the use of an organic
solvent, or the requirement of long reaction times. An effi-
cient procedure for alcohol oxidation reactions with aqueous
3–30% H2O2 with tungsten catalyst under organic solvent-
free conditions have also appeared;[11,12] however, these pro-
cesses have disadvantages regarding the reuse and recycling
of catalysts. Air and/or dioxygen are environmentally ideal
oxidants owing to their low cost and high abundance. A
huge amount of O2 oxidation of alcohols with heterogene-
ous catalysts has been reported and energetically investigat-
ed.[11] Although the oxidation of cinnamyl alcohol to cinna-
maldehyde with O2 (or air) has been reported, organic sol-
vents and/or bases are necessary to achieve high yield and
selectivity.[13,14a–j] The oxidation of cinnamyl alcohols under
organic solvent- and base-free conditions was reported, but
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the yield of cinnamaldehyde was lower than that obtained
with organic solvent and/or base conditions.[14i, j] To our
knowledge, there have been few reports of the completely
chemoselective alcohol oxidation of allylic alcohols with
H2O2 under organic solvent-free conditions and using recy-
clable catalysts.[15] In general, epoxidation of allylic alcohols
proceeds easily with H2O2, and few a,b-unsaturated carbon-
yl compounds have been observed.[16]


We have recently reported a practical method for the syn-
thesis of a,b-unsaturated carbonyl compounds from the se-
lective oxidation of allylic alcohols using aqueous H2O2 cata-
lyzed with easily recyclable platinum black under halide and
organic solvent-free conditions with high yield and selectivi-
ty [Eq. (1)].[17] This method demonstrated a convenient
H2O2 oxidation process using platinum black as a catalyst.


Herein, we report the detailed H2O2 oxidation experiment
of allylic and benzyl alcohols with platinum black, and the
application of this procedure to the oxidation of secondary
alcohols. Although H2O2 is generally decomposed in the
presence of trace transition metals,[1b] Pt black works sur-


prisingly well as a catalyst in
the present method. The appli-
cation of various supported
metals and platinum com-
plexes instead of Pt black is
also discussed.


Results and Discussion


The oxidation of cinnamyl al-
cohol in a hectogram-scale
synthesis successfully provided
a corresponding cinnamalde-
hyde, as shown in Scheme 1.
The operation is very simple;
cinnamyl alcohol (100 g) and a
0.01 molar amount of Pt black
were stirred in the open air at
90 8C for 10 min, and then a
1.1 molar amount of aqueous
H2O2 (5%) was slowly added
dropwise. The mixture was


stirred at 90 8C for 3 h to give cinnamaldehyde in a 94%
yield (92.6 g). Interestingly, an epoxidized compound of cin-
namyl alcohol was not observed. Without the use of H2O2
(under an air atmosphere), cinnamaldehyde was obtained in
only <10% yield.[18]


This chemoselective-oxidation system is applicable to var-
ious allylic alcohols to yield a,b-unsaturated carbonyl com-
pounds. These results are shown in Table 1.[19,20] Primary al-
lylic alcohols were chemoselectively oxidized to form the
corresponding a,b-unsaturated aldehydes (Table 1, en-
tries 1–8). Secondary allylic alcohol also underwent oxida-
tion by H2O2 to give the corresponding a,b-unsaturated
ketone (Table 1, entry 9). The oxidation of allylic alcohols
having a terminal double bond, like 1-hexen-3-ol, did not
proceed at all. While the oxidation of trans-2-hexen-1-ol
with H2O2 catalyzed by Pt black resulted in the formation of
trans-2-hexenal in an 81% yield (Table 1, entry 1), the addi-
tion of 1-hexen-3-ol or 1-hexene retarded the oxidation of
trans-2-hexen-1-ol (trans-2-hexenal in 43% yield with 1-
hexen-3-ol and 26% yield with 1-hexene). This result indi-
cates that the strong coordination of terminal olefin to Pt0


Abstract in Japanese:


Table 1. Oxidation of allylic alcohols with aqueous solution of H2O2.
[a]


Entry Alcohol Carbonyl compound Yield[b] [%]


1 81


2 93


3 90


4[c]


5
94[d]


92


6[e] 84


7 91


8[f] 97


9[f,g] 97


[a] Unless otherwise stated, the reaction was run using alcohol (10 mmol), 5% H2O2, and Pt black in a
100:110:1 molar ratio at 90 8C for 3 h. [b] Determined by GC analysis. Based on alcohol charged. [c] Reaction
was run using alcohol (100 g, 0.745 mol). [d] Yield of isolated product after distillation. [e] Alcohol/H2O2/Pt=
33:100:1. [f] Alcohol/H2O2/Pt=33:67:1. [g] 30% H2O2 was used.


Scheme 1. Hectogram-scale oxidation of cinnamyl alcohol
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largely retards the alcohol oxidation of allylic alcohols.[21]


The oxidation of cinnamyl alcohol was completely stopped
by the removal of Pt black from the reaction solution. This
result indicates that any Pt species that may have leached
into the reaction solution were not active homogeneous cat-
alysts.
Pt black catalyst was easily reused in the oxidation of cin-


namyl alcohol. After the first alcohol oxidation, the catalyst
was filtrated and washed with water, then reused for the
second reaction. Seven cycles of oxidation could be cata-
lyzed by the reused Pt black without any decrease in its cat-
alytic activity. Yields of each reaction were mostly over
90%, as shown in Table 2.


Benzyl alcohols were also oxidized at 90 8C with H2O2
(30%) in the presence of Pt black to give the corresponding
benzaldehydes in good yields (Table 3). Although the selec-
tive oxidation of benzyl alcohols to benzaldehydes is not
easy,[10f, 12b] Pt black successfully catalyzed the selective oxi-
dation of benzyl alcohols to generate the corresponding ben-
zaldehyde in high yields, with little corresponding carboxylic
acid produced. Benzyl alcohol, p-methoxy benzyl alcohol,
and p-methyl benzyl alcohol were successfully oxidized to
give the corresponding aldehydes in 86–95% yields (Table 3,


entries 1–3). Oxidation of p-chloro, p-bromo-, and p-nitro-
benzyl alcohol are more difficult, in this order (Table 3, en-
tries 4–6). The reactivity of p-substituted benzyl alcohols is
dependent on the electric properties of the substituents.
Competitive experiments using a 1:1 mixture of benzyl alco-
hol and p-substituted benzyl alcohol in the presence of Pt
black and H2O2 (5%) at 25 8C, showed that the Hammett
linear free-energy relationship, s+ , gave a good correlation
with 1=�0.44 (Table 4 and Figure 1). The correlation with


s+ implies a direct interaction through resonance between
the substituent and the reaction site. This relatively small
negative 1 value suggests the formation of a partial positive
charge on the benzyl a-carbon in the transition state of the
oxidation path. A similar substituent effect, 1=�0.31, has
been observed with benzyl alcohol oxidation of H2O2 with
tungsten catalysts.[12c]


The proposed mechanism of this catalytic chemoselective
oxidation is shown in Scheme 2. The oxidative addition of a
hydroxy group can function by the coordination of allylic al-
cohol to Pt0, to form PtII hydridoalkoxide.[22] The PtII com-
plex may be attacked by H2O2 or the Pt


II hydridoperoxide


Table 2. Oxidation of cinnamyl alcohol with H2O2 catalyzed by Pt
black.[a]


Reused number 1 2 3 4 5 6 7


%yield of cinnamaldehyde[b] 96 92 90 90 91 97 97


[a] Reaction was run using cinnamyl alcohol (10 mmol), 5% H2O2, and
Pt black in a 30:33:1 molar ratio at 90 8C for 5 h. [b] Determined by GC
analysis. Based on alcohol charged.


Table 3. Oxidation of benzyl alcohols with aqueous solution of H2O2.
[a]


Entry Alcohol Carbonyl compound Yield[b]


[%]


1 90


2 86


3 95


4[c] 75


5[c] 63


6[c] 18


[a] Unless otherwise stated, the reaction was run using alcohol
(10 mmol), 30% H2O2, and Pt black in a 100:110:1 molar ratio at 90 8C
for 2 h. [b] Determined by GC analysis. Based on alcohol charged. [c] Al-
cohol (2 mmol) was used.


Table 4. Competitive oxidation of p-substituted benzyl alcohols[a]


Entry p-Substituents (X) Yield of p-X [%][b] Yield of p-H [%][b]


1 Me 6.2 4.4
2 Cl 6.2 8.6
3 OMe 10 4.5
4 NO2 1.2 2.6


[a] Reaction was run using a 1:1 mixture of benzyl alcohol and p-substi-
tuted benzyl alcohols (2.4 mmol), 5% H2O2, and Pt black in a 100:110:1
molar ratio at 25 8C for 0.5 h. [b] Determined by GC analysis. Based on
alcohol charged.


Figure 1. Hammett plot for oxidation of p-substituted benzyl alcohols,
p-XC6H4CH2OH.
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complex generated from the reaction of Pt0 with H2O2, to
form PtII bisalkoxide; the a,b-unsaturated carbonyl com-
pound can then be liberated by b-elimination. Pt0 can be re-
generated through reductive elimination.
Various supported metals (a 0.03 molar amount of metal


with a metal/support ratio of 0.05) also worked as catalysts
in the oxidation of cinnamyl alcohol (catalyst, yield of cinna-
maldehyde: Pt/C, 80%; Pd/C, 43%; Rh/C, 40%; Ru/C,
70%; Re/C, 16%). However, [Pt ACHTUNGTRENNUNG(PPh3)4], [Pt ACHTUNGTRENNUNG(dppe)2]
(dppe=1,2-bis(diphenylphosphanyl)ethane), [PtCl2ACHTUNGTRENNUNG(PPh3)2],
PtO2, and Na2[Pt(OH)6] did not work as catalysts (yields of
cinnamaldehyde were 0–4%).[23]


Furthermore, the oxidation of not only allylic alcohols but
also secondary alcohols, resulted in the formation of ketones
in this catalytic system (Table 5). Hectogram-scale oxidation
of 2-octanol was performed with a 1.1 molar amount of
aqueous H2O2 (30%) in the presence a 0.01 molar amount
of Pt black at 90 8C for 4–5 h to give a 91% yield of 2-octa-
none (89.6 g) (Table 5, entry 3). The chemoselective oxida-


tion of alcohols containing a double bond at the not-allylic
position proceeded smoothly, resulting in the formation of
the corresponding ketone (Table 5, entry 5). 1-Octen-4-ol,
containing a terminal double bond, did not oxidize in this
catalytic system. Pt black catalyst was also easily reused in
the oxidation of 2-octanol for seven cycles, with the yield of
each reaction being primarily over 97%.


Conclusions


We have shown a facile chemoselective catalytic oxidation
of allylic alcohols to form a,b-unsaturated carbonyl com-
pounds in high yields. In particular, the use of H2O2 as oxi-
dant under organic solvent and halide-free conditions allows
the development of green sustainable chemical processes.
This catalytic system is applicable to various allylic alcohols,
benzyl alcohols, and secondary alcohols to provide the cor-
responding carbonyl compounds with good selectivity. Only
alcohols having a terminal olefin cannot be oxidized in this
catalytic system, which shows that the strong coordination
of a terminal olefin to Pt0 largely retards the alcohol oxida-
tion of allylic alcohols. The Pt black catalyst is easily reusa-
ble with simple manipulation. This green process is straight-
forward, effective, and environmentally conscious, meeting
the requirements of modern organic synthesis.


Experimental Section


General


1H NMR (500 MHz) and 13C NMR (125 MHz) spectra were recorded on
a JEOL winLambda-500 NMR spectrometers. Chemical shifts (d) are in
parts per million relative to tetramethylsilane at 0.00 ppm for 1H, and rel-
ative to residual CHCl3 at 77.0 ppm for


13C unless otherwise noted. Gas
chromatographic (GC) analyses were performed on a Shimadzu GC-17A
using a TC-FFAP column (0.25 mmL30 m, GL Sciences Inc.).


All the materials obtained from commercial suppliers were used as re-
ceived without further purification. Cinnamyl alcohol, trans-2-hexen-1-ol,
trans-2-octen-1-ol, trans-2-decen-1-ol, cis-2-hexen-1-ol, 3-methyl-2-buten-
1-ol, geraniol, trans-3-octen-2-ol, benzyl alcohol, 1-hexen-3-ol, 1-octen-4-
ol, 2-hexanol, and 2-octanol were obtained from Tokyo Chemical Indus-
try Co., Ltd. 2-Butanol and cyclohexanol were obtained from Wako Pure
Chemicals Ind., Ltd. Hydrogen peroxide (30%) was obtained from
Kanto Chemical Co., Inc. 6-Methyl-5-hepten-2-ol was obtained from Al-
drich Chemical Co. Platinum black, [Pt ACHTUNGTRENNUNG(dba)2], and various supported
metals were obtained from N.E. CHEMCAT Co. [Pt ACHTUNGTRENNUNG(PPh3)4], [PtCl2
ACHTUNGTRENNUNG(PPh3)2], and PtO2 were obtained from STREM. Na2[Pt(OH)6] was ob-
tained from Alfa.


Syntheses


Hectogram-scale oxidation of cinnamyl alcohol: A 1-liter round-bot-
tomed flask equipped with a magnetic stirring bar and a reflux condenser
was slowly charged with cinnamyl alcohol (100 g, 0.745 mol) and Pt black
(1.45 g, 7.45 mmol). After the mixture was vigorously stirred at 90 8C for
10 min, an aqueous solution of H2O2 (5%, 558 g, 0.820 mol) was added
dropwise. The mixture was heated at 90 8C for 3 h, and then cooled to
room temperature. The organic phase was separated and washed with sa-
turated aqueous solution of Na2S2O3 (50 mL). After distillation, cinna-
maldehyde (92.6 g, 0.701 mol, 94%) was obtained as a colorless liquid.


Hectogram-scale oxidation of 2-octanol: A 0.5-liter round-bottomed flask
equipped with a magnetic stirring bar and a reflux condenser was slowly


Scheme 2. Proposed mechanism of the chemoselective oxidation.


Table 5. Oxidation of secondary alcohols with aqueous solution of
H2O2.


[a]


Entry Alcohol Carbonyl compound Yield[b] [%]


1 >99


2 94


3[c]


4
91[d]


>99


5[e] 80


6 94


[a] Unless otherwise stated, the reaction was run using alcohol
(10 mmol), 30% H2O2, and Pt black in a 100:110:1 molar ratio at 90 8C
for 2 h. [b] Determined by GC analysis. Based on alcohol charged.
[c] Reaction was run using 100 g of alcohol (0.768 mol). [d] Yield of iso-
lated product after distillation. [e] Alcohol/H2O2/Pt=100:300:1. Reaction
for 5 h.
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charged with 2-octanol (100 g, 0.768 mol) and Pt black (1.50 g,
7.69 mmol). After the mixture was vigorously stirred at 90 8C for 10 min,
an aqueous solution of H2O2 (30%, 95.8 g, 0.845 mol) was added drop-
wise over the course of 1 h. The mixture was heated at 90 8C for 4 h, and
then cooled to room temperature. The organic phase was separated and
washed with a saturated aqueous solution of Na2S2O3 (50 mL). After dis-
tillation, 2-octanone (89.6 g, 0.699 mol, 91%) was obtained as a colorless
liquid.


General procedure for oxidation of allylic alcohol: A round-bottomed
flask (30 mL) equipped with a magnetic stirring bar and a reflux condens-
er was charged with allylic alcohol (10.0 mmol) and Pt black (19.5 mg,
0.100 mmol). After the mixture was vigorously stirred at 90 8C for 10 min,
an aqueous solution of H2O2 (5%, 7.48 g, 11.0 mmol) was added drop-
wise over the course of 1 h. The mixture was heated at 90 8C for 2 h, and
then cooled to room temperature. The organic phase was separated and
washed with a saturated aqueous solution of Na2S2O3 (2.5 mL). The con-
version and yield were determined by GC with an internal standard
(4 mmol), typically biphenyl.


General procedure for oxidation of benzyl alcohol: A round-bottomed
flask (30 mL) equipped with a magnetic stirring bar and a reflux condens-
er was charged with benzyl alcohol (10.0 mmol) and Pt black (19.5 mg,
0.100 mmol). After the mixture was vigorously stirred at 90 8C for 10 min,
an aqueous solution of H2O2 (30%, 1.25 g, 11.0 mmol) was added drop-
wise over the course of 30 min. The mixture was heated at 90 8C for 2 h,
and then cooled to room temperature. The organic phase was separated
and washed with a saturated aqueous solution of Na2S2O3 (2.5 mL). The
conversion and yield were determined by GC with an internal standard
(4 mmol), typically biphenyl.


Hammett plot for oxidation of p-substituted benzyl alcohols: A round-
bottomed flask (30 mL) equipped with a magnetic stirring bar and a
reflux condenser was charged with p-substituted benzyl alcohol
(2.4 mmol), benzyl alcohol (2.4 mmol), and Pt black (4.7 mg, 0.02 mmol).
After the mixture was vigorously stirred at 25 8C for 5 min, an aqueous
solution of H2O2 (5%, 1.80 g, 2.6 mmol) was added dropwise over the
course of 30 min, and Pt black was then separated by filtration. The con-
version of substrates was kept below 10%. The disappearance of the sub-
strates was monitored by GC analysis with an internal standard
(4 mmol), typically biphenyl. Initial relative rates (log ACHTUNGTRENNUNG(kX/kH)) were 0.35
(p-OMe), 0.15 (p-Me), 0.00 (p-H), �0.14 (p-Cl), and �0.34 (p-NO2).
Oxidation of cinnamyl alcohol with various supported metals: A round-
bottomed flask (30 mL) equipped with a magnetic stirring bar and a
reflux condenser was charged with cinnamyl alcohol (1.342 g, 10.0 mmol)
and supported metal (0.30 mmol). After the mixture was vigorously
stirred at 90 8C for 10 min, an aqueous solution of H2O2 (5%, 7.48 g,
11.0 mmol) was added dropwise. The mixture was heated at 90 8C for 5 h,
and then cooled to room temperature. The organic phase was separated
and washed with a saturated aqueous solution of Na2S2O3 (2.5 mL). The
conversion and yield were determined by GC with an internal standard
(4 mmol), typically biphenyl.


Oxidation of cinnamyl alcohol with platinum complexes: A round-bot-
tomed flask (30 mL) equipped with a magnetic stirring bar and a reflux
condenser was charged with a cinnamyl alcohol (1.342 g, 10.0 mmol) and
platinum complex (0.30 mmol). After the mixture was vigorously stirred
at 90 8C for 10 min, an aqueous solution of H2O2 (5%, 7.48 g, 11.0 mmol)
was added dropwise. The mixture was heated at 90 8C for 5 h, and then
cooled to room temperature. The organic phase was separated and
washed with a saturated aqueous solution of Na2S2O3 (2.5 mL). The con-
version and yield were determined by GC with an internal standard
(4 mmol), typically biphenyl.


General procedure for oxidation of secondary alcohol: A round-bot-
tomed flask (30 mL) equipped with a magnetic stirring bar and a reflux
condenser was charged with secondary alcohol (10.0 mmol) and Pt black
(19.5 mg, 0.100 mmol). After the mixture was vigorously stirred at 90 8C
for 10 min, an aqueous solution of H2O2 (30%, 1.25 g, 11.0 mmol) was
added dropwise over the course of 1 h. The mixture was heated at 90 8C
for 1 h, and then cooled to room temperature. The organic phase was
separated and washed with a saturated aqueous solution of Na2S2O3


(2.5 mL). The conversion and yield were determined by GC analysis with
an internal standard (4 mmol), typically biphenyl.


Cinnamaldehyde :[24] b.p.: 104 8C/7 mmHg; 1H NMR (500 MHz, CDCl3,
23 8C, TMS): d= 6.52 (dd, 3J ACHTUNGTRENNUNG(H,H)=15.9, 7.6 Hz, 1H), 7.21–7.26 (m,
4H), 7.34–7.37 (m, 2H), 9.51 ppm (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz); 13C NMR
(CDCl3): d=128.4, 129.2, 131.1, 133.9, 152.8, 193.5 ppm.


trans-2-Hexenal :[25] 1H NMR (500 MHz, CDCl3, 23 8C, TMS): d=0.96 (t,
3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 3H), 1.49–1.57 (m, 2H), 2.27–2.34 (m, 2H), 6.11 (ddt,
3J ACHTUNGTRENNUNG(H,H)=1.4, 7.9, 15.6 Hz, 1H), 6.84 (dt, 3J ACHTUNGTRENNUNG(H,H)=6.7, 15.6 Hz, 1H),
9.50 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 1H); 13C NMR (125 MHz, CDCl3, 23 8C,
TMS): d=13.6, 21.1, 34.6, 133.0, 158.5, 193.9 ppm.


trans-2-Octenal :[26] 1H NMR (500 MHz, CDCl3, 23 8C, TMS): d=0.91 (t,
3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 3H), 1.29–1.37 (m, 4H), 1.47–1.55 (m, 2H), 2.30–2.37
(m, 2H), 6.12 (ddt, 3J ACHTUNGTRENNUNG(H,H)=1.4, 6.9, 15.4 Hz, 1H), 6.86 (dt, 3J ACHTUNGTRENNUNG(H,H)=
6.7, 15.4 Hz, 1H), 9.51 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H); 13C NMR
(125 MHz, CDCl3, 23 8C, TMS): d =13.9, 22.3, 27.5, 31.3, 32.6, 132.9,
158.8, 193.9 ppm.


trans-2-Decenal :[27] 1H NMR (500 MHz, CDCl3, 23 8C, TMS): d=0.89 (t,
3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 3H), 1.25–1.35 (m, 8H), 1.45–1.53 (m, 2H) , 2.30–2.37
(m, 2H), 6.12 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.9, 15.6 Hz, 1H), 6.86 (dt, 3J ACHTUNGTRENNUNG(H,H)=6.9,
15.6 Hz, 1H), 9.51 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7.9 Hz, 1H); 13C NMR (125 MHz,
CDCl3, 23 8C, TMS): d=14.0, 22.6, 27.9, 29.0, 29.1, 31.7, 32.7, 132.9,
158.7, 193.8 ppm.


cis-2-Hexenal :[28] 1H NMR (500 MHz, CDCl3, 23 8C, TMS): d =0.94 (t, 3J-
ACHTUNGTRENNUNG(H,H)=6.2 Hz, 3H), 1.46–1.58 (m, 2H), 2.18–2.23 (m, 2H), 5.90–6.05 (m,
1H), 6.60 (dt, 3J ACHTUNGTRENNUNG(H,H)=6.7, 15.4 Hz, 1H), 10.05 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=
7.9 Hz, 1H); 13C NMR (125 MHz, CDCl3, 23 8C, TMS): d=13.6, 21.0,
34.6, 130.0, 153.0, 191.1 ppm.


3-Methyl-2-butenal :[29] 1H NMR (500 MHz, CDCl3, 23 8C, TMS): d =1.99
(s, 3H), 2.18 (s, 3H), 5.89 (dq, 3J ACHTUNGTRENNUNG(H,H)=6.7, 2.4 Hz, 1H), 9.96 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=6.7 Hz, 1H); 13C NMR (125 MHz, CDCl3, 23 8C, TMS): d =18.9,
28.1, 128.1, 160.3, 190.8 ppm.


trans-3,7-Dimethylocta-2,6-dienal (Geranial):[30] 1H NMR (500 MHz,
CDCl3, 23 8C, TMS): d=1.61 (s, 3H), 1.69 (s, 3H), 2.17 (s, 3H), 2.17–2.26
(m, 4H), 5.00–5.10 (m, 1H), 5.88 (d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H), 10.00 ppm
(d, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H); 13C NMR (125 MHz, CDCl3, 23 8C, TMS): d=


17.7, 17.8, 25.7, 25.8, 40.6, 122.5, 127.4, 132.9, 163.9, 191.3 ppm.


trans-3-Octen-2-one :[31] 1H NMR (500 MHz, CDCl3, 23 8C, TMS): d =0.91
(t, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H), 1.35 (tq, 3J ACHTUNGTRENNUNG(H,H)=7.0, 7.2 Hz, 2H), 1.43–1.47
(m, 2H), 2.10–2.25 (m, 5H), 6.07 (dt, 3J ACHTUNGTRENNUNG(H,H)=1.5, 15.8 Hz, 1H), 6.80
(dt, 3J ACHTUNGTRENNUNG(H,H)=6.7, 15.8 Hz, 1H); 13C NMR (125 MHz, CDCl3, 23 8C,
TMS): d=13.8, 22.2, 26.7, 30.2, 32.1, 131.3, 148.5, 198.6 ppm.


Benzaldehyde :[12c] 1H NMR (500 MHz, CDCl3, 23 8C, TMS): d =7.53 (dd,
3J ACHTUNGTRENNUNG(H,H)=7.5, 7.8 Hz, 2H), 7.63 (dt, 3J ACHTUNGTRENNUNG(H,H)=1.5, 7.5 Hz, 1H), 7.88 (dd,
3J ACHTUNGTRENNUNG(H,H)=1.5, 7.8 Hz, 2H), 10.03 ppm (s, 1H); 13C NMR (125 MHz,
CDCl3, 23 8C, TMS): d=128.9, 129.7, 134.4, 136.4, 192.3 ppm.


2-Butanone :[32] 1H NMR (500 MHz, CDCl3, 23 8C, TMS): d=1.05 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.6 Hz, 3H), 2.14 (s, 3H), 2.46 ppm (q, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H);
13C NMR (125 MHz, CDCl3, 23 8C, TMS): d=7.8, 29.4, 36.8, 209.2 ppm.


2-Hexanone :[33] 1H NMR (500 MHz, CDCl3, 23 8C, TMS): d =0.90 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 3H), 1.32 (tq, 3J ACHTUNGTRENNUNG(H,H)=7.3, 7.5 Hz, 2H), 1.55 (sep, 3J-
ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H), 2.13 (s, 3H), 2.43 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H);
13C NMR (125 MHz, CDCl3, 23 8C, TMS): d =13.8, 22.3, 26.0, 29.7, 43.5,
208.8 ppm.


2-Octanone :[31] b.p.: 173 8C; 1H NMR (500 MHz, CDCl3, 23 8C, TMS):
d=0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H), 1.27–1.29 (m, 6H), 1.52–1.59 (m, 2H),
2.13 (s, 3H), 2.42 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 2H), 13C NMR (125 MHz,
CDCl3, 23 8C, TMS): d=13.9, 22.4, 23.7, 28.7, 29.7, 31.5, 43.7, 209.2 ppm.


6-Methyl-5-hepten-2-one :[34] 1H NMR (500 MHz, CDCl3, 23 8C, TMS):
d=1.62 (s, 3H), 1.68 (s, 3H), 2.14 (s, 3H), 2.25 (q, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H),
2.45 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 2H), 5.00–5.08 ppm (m, 1H); 13C NMR
(125 MHz, CDCl3, 23 8C, TMS): d =17.6, 22.6, 25.6, 29.7, 43.7, 122.7,
132.6, 208.3 ppm.


Cyclohexanone :[31] 1H NMR (500 MHz, CDCl3, 23 8C, TMS): d=1.70–
1.75 (m, 2H), 1.85–1.93 (m, 4H), 2.34 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 4H);
13C NMR (125 MHz, CDCl3, 23 8C, TMS): d =24.8, 26.8, 41.7, 211.9 ppm.
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Introduction


Organometallic zinc compounds are widely used in organic
synthesis.[1] They combine good reactivity with high func-
tional-group tolerance.[2] Furthermore, the preparation of or-
ganozinc compounds is possible under mild conditions by
using cheap and nontoxic zinc dust. Functionalized benzylic
zinc compounds that bear sensitive functional groups, such
as ester or nitrile, occupy a unique place in the field of orga-
nometallics as the corresponding lithium or magnesium ben-
zylic reagents are not compatible with most functional
groups.[3] Recently, we found that LiCl considerably facili-
tates direct zinc insertion into alkyl, aryl, and heteroaryl io-
dides and bromides.[4] We successfully applied this reaction
to the preparation of benzylic zinc chlorides by performing
an insertion of zinc dust in the presence of LiCl into poly-
functional benzylic chlorides.[5] Herein, we report the scope
of this preparation as well as applications of benzylic zinc
compounds in organic synthesis, particularly in Cu-catalyzed
and Cu-mediated reactions as well as in Ni-catalyzed cross-
coupling reactions.


Results and Discussion


Benzylic chlorides 1 can be easily converted into the corre-
sponding benzylic zinc chlorides 2 at 25 8C by using LiCl
and commercially available zinc dust (Scheme 1).[6] The use


of stoichiometric amounts of LiCl is essential for fast zinc
insertion. This zinc insertion proceeds at ambient tempera-
ture without the formation of homocoupling products
(<5 %). Thus, addition of 2-chlorobenzyl chloride (1a ;
1.0 equiv) to zinc dust (1.5 equiv) and LiCl (1.5 equiv) at
0 8C followed by stirring at 25 8C for 2 h led to the corre-
sponding 2-chlorobenzylzinc chloride (2a) in 99 % yield
(Table 1, entry 1).


Furthermore, 2-iodobenzyl chloride (1b), 3-bromobenzyl
chloride (1c), and 4-fluorobenzyl chloride (1d) could be
converted into the benzylic zinc chlorides 2b–d in 87–99 %
yield (Table 1, entries 2–4). Even electron-rich benzylic


Abstract: A new method for the prepa-
ration of highly functionalized benzylic
zinc chlorides by the direct insertion of
zinc dust into the corresponding ben-
zylic chlorides in the presence of LiCl
is described without the formation of
homocoupling products (<5 %). Vari-
ous reactions of these benzylic zinc re-


agents with a broad range of electro-
philes, which lead to polyfunctionalized
products, are reported. In particular,
the cross-coupling reactions of the ben-


zylic zinc chlorides with aromatic chlor-
ides, bromides, and tosylates in the
presence of [NiACHTUNGTRENNUNG(acac)2] (acac=acetyl-
ACHTUNGTRENNUNGacetonate) and PPh3 proceeded in good
to excellent yields to give the corre-
sponding diaryl and heterodiaryl meth-
anes.
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Scheme 1. Preparation of benzylic zinc chlorides 2 by the direct insertion
of zinc dust in the presence of LiCl into the corresponding benzylic chlor-
ides 1.
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chlorides, such as 1e–h, reacted with zinc dust and LiCl
under the standard protocol to afford the expected benzylic
zinc chlorides 2e–h in 73–93 % yield (Table 1, entries 5–8).
Benzylic chlorides 1 i–k, which bear a keto group in the
meta position, were readily transformed in a similar way
into the desired zinc compounds 2 i–k in 68–72 % yield
(Table 1, entries 9–11 and Scheme 2).


Similarly, cyano or ester groups are tolerated with this
method. Thus, 3-ethoxycarbonylbenzyl chloride (1 l) and 3-
cyanobenzyl chloride (1m) were smoothly converted into
the corresponding benzylic zinc chlorides 2 l and 2m in 3–
3.5 h in 85–93 % yield (Table 1, entries 12 and 13). More-
over, secondary benzylic zinc chlorides can be prepared as
well. Addition of 1-chloroethylbenzene (1n) to zinc dust
(1.5 equiv) and LiCl (1.5 equiv) at 25 8C gave the desired
zinc compound 2n in 85 % yield (Table 1, entry 14). Benzyl
chloride (1o) itself was converted into benzylzinc chloride
(2o) in 88 % yield without significant homocoupling at 40 8C
(Table 1, entry 15).


These benzylic zinc chlorides can be treated with various
electrophiles to lead to a range of highly functionalized
products 4 (Scheme 3 and Table 2). Thus, the copper(I)-cata-


lyzed reaction of 2a (1.0 equiv) with 3-bromocyclohex-1-ene
(3a ; 1.3 equiv) at 0 8C, with CuCN·2 LiCl,[8] led to the prod-
uct 4a in 94 % yield (Table 2, entry 1).


2-Chlorobenzylzinc chloride (2a) reacted with S-(4-bro-
mophenyl)benzenesulfonothioate (3b ; 0.8 equiv) at 25 8C in
1 h to give the expected thioether 4b in 89 % yield (Table 2,
entry 2). Also, copper(I)-mediated 1,4-addition of cyclohex-
enone (3c ; 0.8 equiv) with CuCN·2 LiCl (1.0 equiv) and
TMSCl[9] (2.0 equiv) furnished the substituted cyclohexa-
none 4c in 93 % yield (Table 2, entry 3). The copper(I)-cata-
lyzed cross-coupling reaction with 4-nitrobenzyl bromide
(3d ; 0.8 equiv) led to the nitro compound 4d in 89 % yield
(Table 2, entry 4). Also, the Negishi Pd-catalyzed cross-cou-
pling reaction[10] of ethyl 4-iodobenzoate (3e ; 0.8 equiv)


Abstract in German: Hochfunktionalisierte benzylische
Zinkverbindungen kçnnen ausgehend von benzylischen
Chloriden unter Verwendung von LiCl und Zinkstaub her-
gestellt werden, ohne dass Homokopplungsprodukte auftret-
en (<5 %). Diese Zinkreagenzien kçnnen mit verschiede-
nen Elektrophilen umgesetzt werden. Weiterhin ist eine
neuartige Ni-katalysierte Kreuzkupplung dieser Zinkreagen-
zien unter Verwendung von [NiACHTUNGTRENNUNG(acac)2] und PPh3 als Kataly-
satorsystem mit aromatischen Chloriden, Bromiden, und To-
sylaten mçglich und fDhrt zu hochfunktionalisierten Diaryl-
und Heterodiarylmethanen.


Table 1. Preparation of functionalized benzylic zinc reagents 2.


Entry 2 t [h][a] Yield [%][b]


1 2a 2 99


2 2b 2 99


3 2c 4 95


4 2d 24[c] 87


5 2e 1 93


6 2 f 3.5[c] 78


7 2g 6.5 73


8 2h 2 77[d]


9 2 i 3.5 68


10 2j 3 72


11 2k 3.5 72


12 2 l 3.5[c] 85


13 2m 3 93


14 2n 11 85


15 2o 6.5[e] 88


[a] Reaction time at 25 8C. [b] Yield determined by iodometric titration.[7]


[c] Zn (2.0 equiv), LiCl (2.0 equiv). [d] 7% of the homocoupling was ob-
served. [e] Reaction time at 40 8C.


Scheme 2. Preparation of benzylic zinc chlorides bearing a keto group in
the meta position.


Scheme 3. Reaction of various benzylic zinc chlorides 2 with a variety of
electrophiles to lead to polyfunctional products 4. E=electrophile.
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Table 2. Reaction of benzylic zinc reagents with various electrophiles.


Entry Zinc re-
agent (2)


Electrophile (3) Product (4) Yield
[%][a]


Entry Zinc re-
agent (2)


Electrophile
(3)


Product (4) Yield
[%][a]


1 2a 94[b] 15 2h 71[c]


3a 4a[e] 3j 4o


2 2a 89 16 2 i 74[c]


3b 4b 3g 4p


3 2a 93[c] 17 2 i 97[b]


3c 4c 3 i 4q


4 2a 89[b] 18 2j 92[b]


3d 4d 3 i 4 r


5 2a 97[d] 19 2j 69[c]


3e 4e 3g 4s


6 2b 87 20 2k 85[c]


3 f 4 f 3k 4 t


7 2b 72[c] 21 2k 95


3c 4g 3h 4u


8 2c 96[c] 22 2 l 97[c]


3g 4h 3c 4v


9 2c 98 23 2 l 91


3h 4 i 3 l 4w


10 2d 93[b] 24 2m 88[d]


3 i 4 j 3m 4x


11 2d 95[c] 25 2m 97[c]


3g 4k 3c 4y


12 2e 93[c] 26 2m 78[c]


3g 4 l 3n 4z


13 2 f 98[b] 27 2n 96[c]


3 i 4m 3g 4aa


14 2g 97[b] 28 2o 93[b]


3 i 4n 3 i 4ab


[a] Yield of isolated analytically pure product. [b] Catalytic CuCN·2 LiCl. [c] Stoichiometric CuCN·2 LiCl and, in the case of 1,4-additions, TMSCl.
[d] [Pd ACHTUNGTRENNUNG(PPh3)4] (cat.). [e] The limiting reagent is the benzylic zinc chloride 2a.
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with [Pd ACHTUNGTRENNUNG(PPh3)4] (2 mol %) as catalyst at 60 8C gave the ex-
pected diaryl methane 4e in 97 % yield in 5 h (Table 2,
entry 5). Addition of 2-iodobenzylzinc chloride (2b) to 3-
chlorobenzaldehyde (3 f ; 0.7 equiv, 0!25 8C, 5 h) in the ab-
sence of catalyst led to the secondary benzylic alcohol 4 f in
87 % yield (Table 2, entry 6 and Scheme 4).


Copper(I)-mediated 1,4-addition of cyclohexenone (3c ;
0.8 equiv) with CuCN·2 LiCl (1.0 equiv) and TMSCl
(2.0 equiv) gave the desired cyclohexanone 4g in 72 % yield
(Table 2, entry 7). Furthermore, benzylic zinc chlorides such
as 2c and 2d, which bear halogen substituents in the meta
or para position, react similarly with various electrophiles to
furnish the polyfunctional products 4h–k in 93–98 % yield
(Table 2, entries 8–11). The electron-rich benzylic zinc chlo-
ride 2e reacted smoothly with 3,3-dimethylbutyryl chloride
(3g ; 0.7 equiv) in the presence of CuCN·2 LiCl (1.0 equiv,
�40!25 8C, overnight) to give the expected ketone 4 l in
93 % yield (Table 2, entry 12). The trimethoxy-substituted
benzylic zinc chloride 2 f underwent smooth allylation with
ethyl (2-bromomethyl)acrylate[11] (3 i ; 0.8 equiv) in 1 h to
give the allylated derivative 4m in 98 % yield (Table 2,
entry 13). In an analogous manner, 4-methoxybenzylzinc
chloride (2g) was allylated to afford the acrylate 4n in 97 %
yield (Table 2, entry 14). 4-Methylthiobenzylzinc chloride
(2h) was also converted into the corresponding ketone 4o
(71 %; Table 2, entry 15) in 4 h by using propionyl chloride
(3 j ; 0.8 equiv) in the presence of CuCN·2 LiCl (0.5 equiv).
Notably, the keto group is compatible with various reactions
such as allylation, acylation, and nucleophilic attack on an
aldehyde. Thus, the products 4p–u were obtained in 69–
97 % yield (Table 2, entries 16–21 and Scheme 5).


Copper(I)-mediated 1,4-addition of 3-ethoxycarbonylben-
zylzinc chloride (2 l) to cyclohexenone (3c ; 0.8 equiv) with
CuCN·2 LiCl (1.0 equiv) and TMSCl (2.0 equiv) led to the
Michael adduct 4v in 97 % yield (Table 2, entry 22). Also,
the reaction with 4-bromobenzaldehyde (3 l ; 0.8 equiv) fur-


nished the benzylic alcohol 4w (91 %; Table 2, entry 23).
Use of the benzylic zinc reagent 2m, which bears a cyano
group on the aromatic ring, towards a Negishi Pd-catalyzed
cross-coupling reaction with 3-iodoanisole (3m ; 0.8 equiv)
provided the desired diaryl methane 4x in 88 % yield
(Table 2, entry 24). These benzylic zinc reagents were used
to prepare various ketones in 78–97 % yield (4y and 4z ;
Table 2, entries 25 and 26). Acylation is also possible with a
secondary benzylic zinc reagent. Thus, 2n reacted with 3,3-
dimethylbutyryl chloride (3g ; 0.7 equiv) in the presence of
CuCN·2 LiCl (1.0 equiv) to give the ketone 4aa in 96 %
yield (Table 2, entry 27). Benzylzinc chloride (2o) was ally-
lated with (2-bromomethyl)acrylate (3 i ; 0.8 equiv) to give
the expected unsaturated ester 4ab (93 %; Table 2,
entry 28). Benzylic zinc reagents can also be used to prepare
phenyl acetic acid derivatives, which are common targets in
pharmaceutical research.[12] Two possible ways have been ex-
plored (Scheme 6). The first is Negishi Pd-catalyzed acyla-
tion[13] with ethyl chloroformate as an electrophile. Alterna-


tively, we developed a copper(I)-mediated acylation with
ethyl cyanoformate[14] as the electrophilic species. Thus, the
benzylic zinc chloride 2a reacted smoothly with ethyl chloro-
formate in the presence of [Pd ACHTUNGTRENNUNG(PPh3)4] (5 mol %) in 6.5 h at
25 8C to give the phenylacetic acid ethyl ester 5 (81 %). To
perform the copper(I)-mediated reaction, it was mandatory
to prepare the mixed diorganozinc compound of the type
ArCH2ZnCH2SiMe3


[15] by adding TMSCH2Li at �30 8C to
2a. After transmetalation to copper with CuCN·2 LiCl and
the addition of ethyl cyanoformate, the expected ethyl phe-
nylacetic ester 5 was obtained in 77 % yield.


The high reactivity of these polyfunctionalized benzylic
zinc ragents can be extended to produce polyfunctional
diaryl methanes[16, 17] 7 by a new Ni-catalyzed cross-coupling
reaction. Recently, we found that this cross-coupling reac-
tion can be achieved by using a cheap and convenient cata-
lyst system such as [NiACHTUNGTRENNUNG(acac)2] and PPh3 (Scheme 7).[18–21]


Therefore, the benzylic zinc reagents 2 f–n were treated with


Scheme 4. Reaction of 2-iodobenzylzinc chloride (2b) with 3-chloroben-
zaldehyde (3 f) to provide the secondary benzylic alcohol 4 f.


Scheme 5. Reaction of 3-acetylbenzylzinc chloride (2 i) with ethyl (2-bro-
momethyl)acrylate (3 i) to afford the keto ester 4q.


Scheme 6. Reaction of 2-chlorobenzylzinc chloride (2a) with either ethyl
chloroformate or ethyl cyanoformate.


Scheme 7. Nickel-catalyzed cross-coupling reactions of benzylic zinc re-
agents with aromatic and heteroaromatic chlorides, bromides, and tosy-
lates. acac =acetylacetonate, NMP =N-methyl-2-pyrrolidone, Ts=p-tol-
uenesulfonyl.
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various aromatic and heteroaromatic chlorides, bromides,
and tosylates at 60 8C in a 4:1 mixture of THF and NMP.
Only 0.5 mol % of [Ni ACHTUNGTRENNUNG(acac)2] and 2 mol % of PPh3 were
necessary to achieve full conversion within a few hoursN re-
action time at 60 8C (Table 3).


Thus, 3,4,5-trimethoxybenzylzinc chloride (2 f) reacted
smoothly with ethyl 2-chloronicotinate (6a) in 30 min at
60 8C to give the expected product 7a in 97 % yield (Table 3,


entry 1). Furthermore, cross-coupling reactions between 2 f
and the tosylated heterocycles 6b and 6c led to the hetero-
diaryl methane derivatives 7b and 7c in 83–90 % yield
(Table 3, entries 2 and 3). This electon-rich benzylic zinc
chloride 2 f was coupled under these reaction conditions
with protected bromo- and chlorouracils 6d and 6e in 2 h at
60 8C to provide the products 7d and 7e (86–98 %; Table 3,
entries 4 and 5).


Table 3. [Ni ACHTUNGTRENNUNG(acac)2]/PPh3-catalyzed reactions leading to polyfunctional diaryl methanes 7a–s.


Entry Zinc re-
agent (2)


Electrophile
(6)


Product (7) Yield
[%][a]


Entry Zinc re-
agent (2)


Electrophile (6) Product (7) Yield
[%][a]


1 2 f 97 11 2 l 65


6a 7a 6h 7k


2 2 f 90 12 2 l 61


6b 7b 6 i 7 l


3 2 f 83 13 2 l 69


6c 7c 6 j 7m


4 2 f 86 14 2 l 85


6d 7d 6c 7n


5 2 f 98 15 2 l 84


6e 7e 6d 7o


6 2 i 68[b] 16 2m 89


6a 7 f 6k 7p


7 2k 92 17 2m 75


6 f 7g 6 l 7q


8 2k 84 18 2m 69


6b 7h 6m 7r


9 2k 90 19 2n 95


6a 7 i 6n 7s


10 2 l 91


6g 7j


[a] Yield of isolated analytically pure product. [b] The benzylic zinc reagent was added by syringe pump over a period of 30 min.
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Remarkably, the acetyl-substituted benzylic zinc chloride
2 i reacted with ethyl 2-chloronicotinate (6a) in 2 h at 60 8C
without significant enolization to give the expected nicotinic
acid derivative 7 f in 68 % yield (Table 3, entry 6 and
Scheme 8). Similarly, the pentanoyl-substituted zinc reagent


2k underwent cross-coupling under these reaction condi-
tions to lead to the functionalized products 7g–i (Table 3,
entries 7–9). Furthermore, 3-ethoxycarbonylbenzylzinc chlo-
ride (2 l) reacted smoothly with 4-chlorobenzonitrile (6g)
and various aryl tosylates (6h–j) to provide the products 7 j–
m in 61–91 % yield (Table 3, entries 10–13). Also, Ni-cata-
lyzed cross-coupling reactions of 2 l with the tosylated quin-
oline 6c or the brominated dimethoxypyrimidine 6d were
possible and gave the heterocyclic products 7n and 7o (84–
85 %; Table 3, entries 14 and 15). Interestingly, a cyano
group attached to the ring of the benzylic zinc chloride can
be tolerated in this cross-coupling procedure too. Thus, the
reaction of 4-chloroethylbenzoate (6k) with 3-cyanobenzyl-
zinc chloride (2m) gave the expected diaryl methane 7p in
89 % yield (Table 3, entry 16). Furthermore, the tolerance of
relatively acidic protons in the electrophile is remarkable.
So, 4-bromoacetophenone (6 l) was coupled in 0.5 h to
afford the corresponding carbonitrile 7q (75 %; Table 3,
entry 17). Even cross-coupling with 3-chloropyrimidine
(6m) is possible and gave the heterocyclic diaryl methane
derivative 7r in 69 % yield (Table 3, entry 18). The Ni-cata-
lyzed reaction with PPh3 as ligand could also be extended
successfully to secondary benzylic zinc chlorides such as 2n.
The product 7s was provided as a result of the cross-cou-
pling reaction of ethyl 4-bromobenzoate (6n) with 1-phenyl-
ethylzinc chloride (2n) in 12 h at 60 8C (95 %; Table 3,
entry 19 and Scheme 9).


Conclusions


In summary, we have developed a new and general method
for the preparation of highly functionalized benzylic zinc


chlorides by the direct insertion of zinc dust into the corre-
sponding benzylic chlorides in the presence of LiCl. These
zinc reagents can react with various electrophiles such as al-
lylic halides, acyl chlorides, and enones, thus leading to a
broad range of polyfunctional products. We have also re-
ported a new cross-coupling reaction of benzylic zinc chlor-
ides with various aromatic chlorides, bromides, and tosylates
under nickel catalysis by using [NiACHTUNGTRENNUNG(acac)2] and PPh3 as the
catalytic system, thus leading to polyfunctionalized diaryl
methanes.


Experimental Section


General


All reactions were carried out under argon atmosphere in dried glass-
ware. All starting materials purchased from commercial sources were
used without further purification. Solvents were dried according to the
standard method by distillation over drying agents under nitrogen atmos-
phere as follows: dichloromethane (DCM; CaH2), toluene (Na), diethyl
ether (Na/benzophenone). THF was heated continuously under reflux
and freshly distilled from sodium benzophenone ketyl under nitrogen
before use. Yields refer to those of isolated compounds estimated to be
>95 % pure as determined by 1H NMR spectroscopy and capillary GC.


Syntheses


Typical procedure for the preparation of the benzylic zinc reagents 2a–o
(TP1): A Schlenk flask equipped with a magnetic stirrer bar and a
septum was charged with LiCl (1.5–2.0 equiv). The flask was heated with
a heat gun (400 8C) for 10 min under high vacuum. After being cooled to
25 8C, the flask was flushed with argon (O 3). Zinc dust[2] (1.5–2.0 equiv)
was added followed by THF. 1,2-Dibromoethane was added (5 mol %),
and the reaction mixture was heated until ebullition occurred. After the
mixture was cooled to 25 8C, trimethylsilyl chloride (1 mol %) was added,
and the mixture was heated again until ebullition occurred. The benzylic
chloride (1.0 equiv) was added at the required temperature (usually
25 8C) as a solution in THF (usually 4m). When capillary GC analysis of
a hydrolyzed aliquot containing an internal standard showed a conversion
of >98%, the Schlenk flask was centrifuged for 75 min at 2000 rpm, or
the reaction mixture was allowed to settle for some hours. The yield of
the resulting benzylic zinc chloride was determined by iodometric titra-
tion.[22]


Typical procedure for the reaction of benzylic zinc chlorides with alde-
hydes (TP2): The aldehyde (1.0 equiv) was dissolved in THF at 0 8C, and
a solution of the benzylic zinc chloride (1.3 equiv) was added dropwise.
The resulting solution was allowed to warm slowly to 25 8C and stirred
for the required time. Next, saturated aqueous NH4Cl (20 mL) was
added. The phases were separated, and the aqueous layer was extracted
with Et2O (3 O 20 mL). The combined organic extracts were dried over
MgSO4. Evaporation of the solvents in vacuo and purification by flash
chromatography afforded the expected alcohols.


Typical procedure for the reaction of benzylic zinc chlorides with acid
chlorides (TP3): A solution of the desired benzylic zinc chloride
(1.4 equiv) was added dropwise to CuCN·2 LiCl (1.4 equiv, 1 m in THF) at
�25 8C. The resulting reaction mixture was stirred for 15 min at this tem-
perature. The solution was then cooled to the required temperature, and
the acid chloride (1.0 equiv) was added dropwise. The reaction mixture
was stirred overnight and allowed to warm to 25 8C. Next, saturated
aqueous NH4Cl/NH3 (25 % in H2O)=2:1 was added, the layers were sep-
arated, and the aqueous layer was extracted with Et2O (3 O 100 mL). The
combined organic extracts were dried over MgSO4. Evaporation of the
solvents in vacuo and purification by flash chromatography afforded the
expected ketones.


Typical procedure for the reaction of benzylic zinc chlorides with unsatu-
rated ketones (TP4): A solution of the desired benzylic zinc chloride


Scheme 8. Nickel-catalyzed cross-coupling reactions of 3-acetylbenzylzinc
chloride (2 i) with ethyl 2-chloronicotinate (6a).


Scheme 9. [Ni ACHTUNGTRENNUNG(acac)2]/PPh3-catalyzed cross-coupling reaction of the sec-
ondary benzylic zinc chloride 2n with ethyl 4-bromobenzoate (6n).
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(1.25 equiv) was added dropwise to CuCN·2 LiCl (1.25 equiv, 1m in THF)
at �25 8C. The resulting reaction mixture was stirred for 15 min at this
temperature. The solution was then cooled to the required temperature,
and a mixture of the unsaturated ketone (1.0 equiv), trimethylsilyl chlo-
ride (2.5 equiv), and THF was added dropwise. The reaction mixture was
stirred overnight and allowed to reach 25 8C. Next, saturated aqueous
NH4Cl/NH3 (25 % in H2O)=2:1 was added. The layers were separated,
and the aqueous layer was extracted with Et2O (3 O 100 mL). The com-
bined extracts were dried over MgSO4. Evaporation of the solvents in va-
cuo and purification by flash chromatography afforded the expected ke-
tones.


Typical procedure for the CuI-catalyzed allylic substitution of benzylic
zinc chlorides with ethyl (2-bromomethyl)acrylate (TP5): A solution of
the desired benzylic zinc chloride (1.2–1.3 equiv) was added to a solution
of the acrylate in THF at the required temperature followed by CuCN·2
LiCl (0.01 mL, 1m in THF). The reaction mixture was stirred for the re-
quired time. Next, saturated aqueous NH4Cl (25 mL) was added. The
phases were separated, and the aqueous layer was extracted with Et2O
(3 O 25 mL). The combined organic extracts were dried over MgSO4.
Evaporation of the solvents in vacuo and purification by flash chromatog-
raphy afforded the expected acrylates.


Typical procedure for the Ni-catalyzed cross-coupling reactions (TP6): In
a dry argon-flushed Schlenk flask equipped with a septum and a magnet-
ic stirrer bar, the aromatic chloride, bromide, or tosylate (2.00 mmol) was
dissolved in NMP (0.4 mL), and PPh3 (0.1 mL, 0.4 m in THF, 0.40 mmol,
2 mol %) was added. Next, [Ni ACHTUNGTRENNUNG(acac)2] (0.1 mL, 0.1 m in THF, 0.1 mmol,
0.5 mol %) was added. After the addition of the corresponding benzylic
zinc reagent (2.40 mmol, 1.2 equiv), the reaction mixture was warmed to
60 8C and stirred for the given time until GC analysis showed full conver-
sion of the electrophile. The reaction was quenched with saturated aque-
ous NH4Cl, and the mixture was extracted with EtOAc (O 3). The com-
bined organic layers were washed with brine and dried over Na2SO4, and
the solvent was removed in vacuo. The product was purified by flash
column chromatography.


2a : Prepared according to TP1: 2-Chlorobenzyl chloride (1a ; 3.22 g,
20.0 mmol, in 5 mL THF) was added dropwise at 0 8C to a suspension of
LiCl (1.27 g, 30.0 mmol) and zinc dust (1.96 g, 30.0 mmol) in THF (5 mL;
activation: BrCH2CH2Br (0.09 mL, 5 mol %), TMSCl (0.03 mL,
1 mol %)). The reaction mixture was stirred for 15 min at 0 8C followed
by 1.75 h at 25 8C. After decantation, iodometric titration of 2a indicated
a yield of 99 %.


2b : Prepared according to TP1: 2-Iodobenzyl chloride (1b ; 5.05 g,
20.0 mmol, in 5 mL THF) was added dropwise at 0 8C to a suspension of
LiCl (1.27 g, 30.0 mmol) and zinc dust (1.96 g, 30.0 mmol) in THF (5 mL;
activation: BrCH2CH2Br (0.09 mL, 5 mol %), TMSCl (0.03 mL,
1 mol %)). The reaction mixture was stirred for 20 min at 0 8C followed
by 100 min at 25 8C. After decantation, iodometric titration of 2b indicat-
ed a yield of 99%.


2c : Prepared according to TP1: 3-Bromobenzyl chloride (1c ; 4.11 g,
20.0 mmol, in 5 mL THF) was added dropwise at 25 8C to a suspension of
LiCl (1.27 g, 30.0 mmol) and zinc dust (1.96 g, 30.0 mmol) in THF
(3.5 mL; activation: BrCH2CH2Br (0.09 mL, 5 mol %), TMSCl (0.03 mL,
1 mol %)). The reaction mixture was stirred for 4 h at 25 8C. After de-
cantation, iodometric titration of 2c indicated a yield of 95%.


2d : Prepared according to TP1: 4-Fluorobenzyl chloride (1d ; 2.17 g,
15.0 mmol, in 4 mL THF) was added dropwise at 25 8C to a suspension of
LiCl (1.27 g, 30.0 mmol) and zinc dust (1.96 g, 30.0 mmol) in THF
(3.5 mL; activation: BrCH2CH2Br (0.07 mL, 5 mol %), TMSCl (0.02 mL,
1 mol %)). The reaction mixture was stirred for 24 h at 25 8C. After de-
cantation, iodometric titration of 2d indicated a yield of 87%.


2e : Prepared according to TP1: 6-Chloro-1,3-benzodioxol-5-ylmethyl
chloride (1e ; 4.10 g, 20.0 mmol, in 5 mL THF) was added dropwise at
0 8C to a suspension of LiCl (1.27 g, 30.0 mmol) and zinc dust (1.96 g,
30.0 mmol) in THF (5 mL; activation: BrCH2CH2Br (0.09 mL, 5 mol %),
TMSCl (0.03 mL, 1 mol %)). The ice bath was removed, and the reaction
mixture was stirred for 1 h at 25 8C. After decantation, iodometric titra-
tion of 2e indicated a yield of 93%.


2 f : Prepared according to TP1: 3,4,5-Trimethoxybenzyl chloride (1 f ;
2.71 g, 12.5 mmol, in 3 mL THF) was added dropwise at 0 8C to a suspen-
sion of LiCl (1.06 g, 25.0 mmol) and zinc dust (1.64 g, 25.0 mmol) in THF
(3.5 mL; activation: BrCH2CH2Br (0.05 mL, 5 mol %), TMSCl (0.02 mL,
1 mol %)). The ice bath was removed, and the reaction mixture was
stirred for 3 h at 25 8C. After decantation, iodometric titration of 2 f indi-
cated a yield of 78%.


2g : Prepared according to TP1: 4-Methoxybenzyl chloride (1g ; 1.57 g,
10.0 mmol, in 5 mL THF) was added dropwise at 0 8C to a suspension of
LiCl (636 mg, 15.0 mmol) and zinc dust (981 mg, 15.0 mmol) in THF
(5 mL; activation: BrCH2CH2Br (0.04 mL, 5 mol %), TMSCl (0.01 mL,
1 mol %)). The reaction mixture was stirred for 6.5 h at 25 8C. After de-
cantation, iodometric titration of 2g indicated a yield of 73%.


2h : Prepared according to TP1: 4-Methylthiobenzyl chloride (1h ; 2.59 g,
15.0 mmol, in 3 mL THF) was added dropwise at 0 8C to a suspension of
LiCl (954 mg, 22.5 mmol) and zinc dust (1.47 g, 22.5 mmol) in THF
(4.5 mL; activation: BrCH2CH2Br (0.07 mL, 5 mol %), TMSCl (0.02 mL,
1 mol %)). The reaction mixture was stirred for 2 h at 25 8C. After de-
cantation, iodometric titration of 2h indicated a yield of 77%.


2 i : Prepared according to TP1: 3-Acetylbenzyl chloride (1 i ; 1.85 g,
11.0 mmol, in 2.5 mL THF) was added dropwise at 25 8C to a suspension
of LiCl (0.70 g, 16.5 mmol) and zinc dust (1.08 g, 16.5 mmol) in THF
(3 mL; activation: BrCH2CH2Br (0.05 mL, 5 mol %), TMSCl (0.01 mL,
1 mol %)). The reaction mixture was stirred for 3.5 h at 25 8C. After de-
cantation, iodometric titration of 2 i indicated a yield of 68%.


2j : Prepared according to TP1: 3-Propionylbenzyl chloride (1 j ; 2.01 g,
11.0 mmol, in 3.5 mL THF) was added dropwise at 25 8C to a suspension
of LiCl (0.70 g, 16.5 mmol) and zinc dust (1.08 g, 16.5 mmol) in THF
(3 mL; activation: BrCH2CH2Br (0.05 mL, 5 mol %), TMSCl (0.01 mL,
1 mol %)). The reaction mixture was stirred for 3 h at 25 8C. After de-
cantation, iodometric titration of 2j indicated a yield of 72%.


2k : Prepared according to TP1: 3-Pentanoylbenzyl chloride (1k ; 4.21 g,
20.0 mmol, in 5 mL THF) was added dropwise at 25 8C to a suspension of
LiCl (1.27 g, 30.0 mmol) and zinc dust (1.96 g, 30 mmol) in THF (5 mL;
activation: BrCH2CH2Br (0.09 mL, 5 mol %), TMSCl (0.03 mL,
1 mol %)). The reaction mixture was stirred for 3.5 h at 25 8C. After de-
cantation, iodometric titration of 2k indicated a yield of 72%.


2 l : Prepared according to TP1: 3-Ethoxycarbonylbenzyl chloride (1 l ;
3.97 g, 20.0 mmol, in 5 mL THF) was added dropwise at 25 8C to a sus-
pension of LiCl (1.70 g, 40.0 mmol) and zinc dust (2.62 g, 40.0 mmol) in
THF (5 mL; activation: BrCH2CH2Br (0.09 mL, 5 mol %), TMSCl
(0.03 mL, 1 mol %)). The reaction mixture was stirred for 3.5 h at 25 8C.
After decantation, iodometric titration of 2 l indicated a yield of 85%.


2m : Prepared according to TP1: 3-Cyanobenzyl chloride (1m ; 3.03 g,
20.0 mmol, in 5 mL THF) was added dropwise at 0 8C to a suspension of
LiCl (1.27 g, 30.0 mmol) and zinc dust (1.96 g, 30.0 mmol) in THF (5 mL;
activation: BrCH2CH2Br (0.09 mL, 5 mol %), TMSCl (0.03 mL,
1 mol %)). The ice bath was removed, and the reaction mixture was
stirred for 3 h at 25 8C. After decantation, iodometric titration of 2m in-
dicated a yield of 93 %.


2n : Prepared according to TP1: 1-Phenylethyl chloride (1n ; 2.81 g,
20.0 mmol, in 5 mL THF) was added dropwise at 0 8C to a suspension of
LiCl (1.27 g, 30.0 mmol) and zinc dust (1.96 g, 30.0 mmol) in THF (5 mL;
activation: BrCH2CH2Br (0.09 mL, 5 mol %), TMSCl (0.03 mL,
1 mol %)). The ice bath was removed, and the reaction mixture was
stirred for 11 h at 25 8C. After decantation, iodometric titration of 2n in-
dicated a yield of 85 %.


2o : Prepared according to TP1: Benzyl chloride (1o ; 1.27 g, 10.0 mmol,
in 2.5 mL THF) was added dropwise at 25 8C to a suspension of LiCl
(636 mg, 15.0 mmol) and zinc dust (981 mg, 15.0 mmol) in THF (2.5 mL;
activation: BrCH2CH2Br (0.04 mL, 5 mol %), TMSCl (0.01 mL,
1 mol %)). The reaction mixture was stirred for 6.5 h at 40 8C. After de-
cantation, iodometric titration of 2o indicated a yield of 88%.


4a : 3-Bromocyclohexene (3a ; 419 mg, 2.6 mmol) was added to 2-chloro-
benzylzinc chloride (2a ; 1.23 mL, 2.0 mmol, 1.62 m in THF) at 0 8C, fol-
lowed by CuCN·2LiCl (0.01 mL, 1 m in THF). The solution was stirred
for 1.5 h at 25 8C, and the reaction was quenched with saturated aqueous
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NH4Cl. The phases were separated, and the aqueous layer was extracted
with Et2O (3 O 5 mL). The combined extracts were dried over MgSO4.
Evaporation of the solvents in vacuo and purification by flash chromatog-
raphy (silica gel, pentane) afforded 1-chloro-2-(cyclohex-2-en-1-ylme-
thyl)benzene (4a ; 389 mg, 94 %) as a colorless liquid. IR (diamond/ATR,
neat): ñ=3017 (m), 2922 (s), 2857 (m), 2834 (m), 1473 (s), 1446 (m), 1439
(m), 1052 (m), 1032 (m), 746 (vs), 718 (m), 683 (m), 665 cm�1 (m);
1H NMR (600 MHz, CDCl3): d =7.33 (dd, J=7.7, 1.3 Hz, 1H), 7.20–7.11
(m, 3 H), 5.72–5.68 (m, 1H), 5.58–5.54 (m, 1H), 2.77–2.72 (m, 1 H), 2.69–
2.65 (m, 1H), 2.51–2.43 (m, 1H), 2.02–1.96 (m, 1 H), 1.77–1.66 (m, 2H),
1.55–1.47 (m, 1H), 1.33–1.27 ppm (m, 1H); 13C NMR (150 MHz, CDCl3):
d=138.5, 134.3, 131.4, 131.0, 129.5, 127.5, 127.3, 126.4, 40.0, 35.4, 28.8,
25.4, 21.2 ppm; MS (EI, 70 eV): m/z (%)=208 [M]+ (9), 206 (31), 125
(22), 82 (12), 81 (24), 80 (100), 79 (24); HRMS: m/z calcd for C13H15Cl:
206.0862 [M]+ ; found: 206.0840.


4b : 2-Chlorobenzylzinc chloride (2a ; 1.55 mL, 2.4 mmol, 1.55 m in THF)
was added to a solution of S-(4-bromophenyl)benzenesulfonothioate (3b ;
658 mg, 2.00 mmol) in THF (4 mL) at 25 8C. The reaction mixture was
stirred for 1 h, and the reaction was quenched with saturated aqueous
NH4Cl. The phases were separated, and the aqueous layer was extracted
with DCM (3 O 20 mL). The combined extracts were dried over MgSO4.
Evaporation of the solvents in vacuo and purification by flash chromatog-
raphy (silica gel, pentane) afforded 1-{[(4-bromophenyl)thio]methyl}-2-
chlorobenzene (4b ; 559 mg, 89 %) as a colorless liquid. IR (diamond/
ATR, neat): ñ =1567 (w), 1471 (vs), 1442 (s), 1386 (m), 1235 (w), 1090
(s), 1068 (m), 1051 (s), 1037 (s), 1006 (vs), 804 (s), 757 (s), 741 (vs), 728
(s), 698 (m), 681 (s), 666 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=


7.40–7.33 (m, 3H), 7.23–7.10 (m, 5 H), 4.18 ppm (s, 2H); 13C NMR
(75 MHz, CDCl3): d=134.8, 134.8, 134.1, 132.4, 131.9, 130.6, 129.7, 128.7,
126.8, 120.9, 37.0 ppm; MS (EI, 70 eV): m/z (%) =316 (35), 314 (50), 312
[M]+ (100), 127 (15), 125 (26), 107 (43), 98 (15), 90 (13), 89 (40), 63 (20);
HRMS: m/z calcd for C13H10BrClS: 311.9375 [M]+ ; found: 311.9366.


4c : Prepared according to TP4. A mixture of cyclohex-2-en-1-one (3c ;
480 mg, 5.0 mmol) and TMSCl (1.6 mL, 12.5 mmol) in THF (2 mL) was
added dropwise to a mixture of CuCN·2 LiCl (6.3 mL, 6.3 mmol, 1m in
THF) and 2-chlorobenzylzinc chloride (2a ; 3.83 mL, 6.25 mmol, 1.63 m in
THF) at �40 8C. The reaction mixture was allowed to reach 25 8C over-
night, and the reaction was quenched with saturated aqueous NH4Cl/NH3


(25 % in H2O)=2:1 (20 mL). Purification by flash chromatography (silica
gel, pentane/Et2O =4:1) afforded 3-(2-chlorobenzyl)cyclohexanone (4c ;
1.03 g, 93%) as a colorless liquid. IR (diamond/ATR, neat): ñ =2936 (w),
2864 (w), 1708 (vs), 1476 (m), 1444 (m), 1348 (w), 1312 (w), 1224 (m),
1128 (w), 1052 (m), 1036 (m), 748 (vs), 680 (s), 596 cm�1 (w); 1H NMR
(300 MHz, CDCl3): d =7.33–7.27 (m, 1H), 7.18–7.05 (m, 3H), 2.81–2.62
(m, 2 H), 2.38–1.94 (m, 6H), 1.89–1.78 (m, 1H), 1.66–1.48 (m, 1 H), 1.47–
1.32 ppm (m, 1 H); 13C NMR (75 MHz, CDCl3): d=211.4, 137.5, 134.4,
131.5, 129.9, 128.0, 126.9, 47.9, 41.6, 40.6, 39.6, 31.2, 25.3 ppm; MS (EI,
70 eV): m/z (%)=222 [M]+ (3), 187 (39), 186 (23), 164 (18), 142 (19),
130 (10), 129 (24), 127 (11), 125 (28), 115 (16), 97 (87), 91 (29), 89 (14),
69 (100), 55 (46), 44 (15), 41 (58); HRMS: m/z calcd for C13H15ClO:
222.0811 [M]+ ; found: 222.0800.


4d : 2-Chlorobenzylzinc chloride (2a ; 2.17 mL, 3.3 mmol, 1.62 m in THF)
and CuCN·2 LiCl (0.01 mL, 1 m in THF) were added successively to a so-
lution of 4-nitrobenzyl bromide (3d ; 594 mg, 2.75 mmol) in THF
(2.7 mL) at 0 8C. The mixture was stirred for 3 h at 0 8C, and the reaction
was quenched with saturated aqueous NH4Cl. The phases were separat-
ed, and the aqueous layer was extracted with Et2O (5 O 5 mL). The com-
bined extracts were dried over MgSO4. Evaporation of the solvents in va-
cuo and purification by flash chromatography (silica gel, pentane/Et2O=


98:2) afforded 1-chloro-2-[2-(4-nitrophenyl)ethyl]benzene (4d ; 643 mg,
89%) as a white solid. M.p.: 66.9–67.9 8C; IR (diamond/ATR, neat): ñ=


2932 (w), 2854 (w), 1596 (m), 1509 (s), 1470 (m), 1457 (m), 1444 (m),
1334 (m), 1313 (m), 1256 (m), 1107 (m), 1049 (m), 1036 (m), 829 (s), 750
(vs), 698 cm�1 (s); 1H NMR (600 MHz, CDCl3): d=8.14–8.11 (m, 2H),
7.38–7.34 (m, 1H), 7.32–7.29 (m, 2H), 7.18–7.13 (m, 2 H), 7.09–7.06 (m,
1H), 3.07–3.00 ppm (m, 2H); 13C NMR (150 MHz, CDCl3): d=149.3,
138.2, 134.1, 130.7, 129.9, 129.6, 128.1, 127.1, 123.9, 36.0, 35.4 ppm; MS
(EI, 70 eV): m/z (%)=263 (11), 261 [M]+ (29), 127 (33), 125 (100), 89


(13); HRMS: m/z calcd for C14H12ClNO2: 261.0557 [M]+ ; found:
261.0560.


4e : 2-Chlorobenzylzinc chloride (2a ; 1.96 mL, 3.0 mmol, 1.53 m in THF)
and [Pd ACHTUNGTRENNUNG(PPh3)4] (69 mg, 2 mol %) were added successively to a solution
of ethyl 4-iodobenzoate (3e ; 690 mg, 2.5 mmol) in THF (2.5 mL) at
25 8C. The resulting reaction mixture was heated to 60 8C for 5 h. After it
was cooled to 25 8C, the reaction mixture was diluted with Et2O (5 mL),
and the reaction was quenched with saturated aqueous NH4Cl. The
phases were separated, and the aqueous layer was extracted with Et2O
(5 O 5 mL). The combined extracts were dried over MgSO4. Evaporation
of the solvents in vacuo and purification by flash chromatography (silica
gel, pentane/Et2O =9:1) afforded ethyl 4-(2-chlorobenzyl)benzoate (4e ;
667 mg, 97%) as a pale-yellow liquid. IR (diamond/ATR, neat): ñ =2980
(w), 1712 (vs), 1610 (m), 1473 (w), 1443 (m), 1415 (m), 1366 (w), 1271
(vs), 1177 (m), 1103 (s), 1050 (m), 1039 (m), 1020 (m), 747 cm�1 (s);
1H NMR (300 MHz, CDCl3): d= 8.06–8.01 (m, 3H), 7.46–7.42 (m, 1H),
7.34–7.28 (m, 2H), 7.27–7.18 (m, 2 H), 4.42 (q, J=7.2 Hz, 2H), 4.21 (s,
2H), 1.44 ppm (t, J= 7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=166.8,
145.0, 138.0, 134.5, 131.3, 130.0, 129.9, 129.1, 128.9, 128.2, 127.2, 61.1,
39.5, 14.6 ppm; MS (EI, 70 eV): m/z (%)=276 (23), 275 (15), 274 [M]+ ,
(77), 248 (109), 246 (30), 239 (13), 232 (38), 231 (17), 230 (100), 211 (21),
203 (12), 201 (32), 167 (20), 166 (399), 165 (67); HRMS: m/z calcd for
C16H15ClO2: 274.0671 [M]+ ; found: 274.0748.


4 f : Prepared according to TP2. 2-Iodobenzylzinc chloride (2b ; 1.28 mL,
2.0 mmol, 1.53 m in THF) was treated with 3-chlorobenzaldehyde (3 f ;
211 mg, 1.5 mmol, in 1.5 mL THF). After 5 h, the reaction was quenched
with saturated aqueous NH4Cl. Purification by flash chromatography
(silica gel, pentane/Et2O =9:1!7:3) afforded 1-(3-chlorophenyl)-2-(2-io-
dophenyl)ethanol (4 f ; 470 mg, 87%) as a pale-yellow solid. M.p.: 67.6–
69.5 8C; IR (diamond/ATR, neat): ñ =3322 (w), 3252 (w), 1596 (w), 1575
(w), 1468 (m), 1435 (m), 1198 (m), 1055 (s), 1015 (s), 884 (m), 783 (s),
746 (s), 725 (s), 695 cm�1 (vs); 1H NMR (600 MHz, CDCl3): d=7.86 (dd,
J=7.8, 1.2 Hz, 1 H), 7.45 (m, 1 H), 7.30–7.24 (m, 3 H), 7.18 (dd, J=7.5,
1.8 Hz, 1H), 5.01–4.97 (m, 1H), 3.17–3.13 (m, 1H), 3.08–3.03 (m, 1H),
1.92 ppm (d, J= 3.3 Hz, 1 H); 13C NMR (150 MHz, CDCl3): d=145.7,
140.4, 139.7, 134.4, 131.3, 129.7, 128.7, 128.3, 127.8, 125.9, 123.9, 100.9,
72.8, 50.4 ppm; MS (EI, 70 eV): m/z (%)=358 [M]+ (1), 218 (100), 142
(8), 141 (27), 77 (13); HRMS: m/z calcd for C14H12ClIO: 357.9621 [M]+ ;
found: 357.9629.


4g : Prepared according to TP4. A mixture of cyclohex-2-en-1-one (3c ;
480 mg, 5.0 mmol) and TMSCl (1.6 mL, 12.5 mmol) in THF (2 mL) was
added dropwise to a mixture of CuCN·2 LiCl (6.3 mL, 6.3 mmol, 1m in
THF) and 2-iodobenzylzinc chloride (2b ; 4.81 mL, 6.25 mmol, 1.30 m in
THF) at �40 8C. The reaction mixture was allowed to reach 25 8C over-
night, and the reaction was quenched with saturated aqueous NH4Cl/NH3


(25 % in H2O)=2:1 (20 mL). Purification by flash chromatography (silica
gel, pentane/Et2O= 4:1) afforded 3-(2-iodobenzyl)cyclohexanone (4g ;
1.13 g, 72%) as a colorless liquid. IR (diamond/ATR, neat): ñ=2933 (m),
2863 (m), 1706 (vs), 1466 (m), 1446 (m), 1224 (m), 1008 (s), 744 (s),
646 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=7.80 (dd, J=7.8 Hz, J=


1.2 Hz, 1H), 7.28–7.22 (m, 1H), 7.13–7.09 (m, 1H), 6.91–6.85 (m, 1H),
2.82–2.64 (m, 2H), 2.43–1.98 (m, 6H), 1.95–1.83 (m, 1 H), 1.70–1.53 (m,
1H), 1.53–1.37 ppm (m, 1 H); 13C NMR (75 MHz, CDCl3): d=211.3,
142.2, 139.7, 130.4, 128.1 (overlapped), 101.0, 47.6, 47.2, 41.4, 39.5, 30.9,
25.1 ppm; MS (EI, 70 eV): m/z (%)=314 [M]+ (9), 217 (18), 188 (13),
187 (100), 126 (15), 115 (16), 97 (66), 91 (22), 89 (12), 69 (72), 55 (34), 41
(33); HRMS: m/z calcd for C13H15IO: 314.0168 [M]+ ; found: 314.0166.


4h : Prepared according to TP3. 3,3-Dimethylbutyryl chloride (3g ;
581 mg, 4.32 mmol) was added dropwise to a mixture of CuCN·2 LiCl
(6.02 mL, 6.02 mmol, 1 m in THF) and 3-bromobenzylzinc chloride (2c ;
1.72 mL, 6.02 mmol, 1.53 m in THF) at �60 8C. The reaction mixture was
allowed to reach �20 8C overnight, and the reaction was quenched with
saturated aqueous NH4Cl/NH3 (25 % in H2O)=2:1 (25 mL). Purification
by flash chromatography (silica gel, pentane/Et2O= 98:2) afforded 1-(3-
bromophenyl)-4,4-dimethylpentan-2-one (4h ; 1.11 g, 96%) as a pale-
yellow liquid. IR (diamond/ATR, neat): ñ= 2868 (m), 1596 (m), 1188
(m), 1222 (m), 996 (m), 1428 (m), 1350 (m), 1568 (m), 2954 (m), 668 (s),
1364 (s), 696 (s), 1474 (s), 772 (s), 1072 (vs), 1714 cm�1 (vs); 1H NMR
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(600 MHz, CDCl3): d =7.40–7.37 (m, 1 H), 7.33–7.32 (m, 1 H), 7.18 (t, J=


7.8 Hz, 1H), 7.11–7.08 (m, 1 H), 3.62 (s, 2H), 2.35 (s, 2H), 1.00 ppm (s,
9H); 13C NMR (150 MHz, CDCl3): d=206.9, 136.4, 132.5, 130.1, 130.0,
128.2, 122.6, 54.3, 51.3, 31.1, 29.7 ppm; MS (EI, 70 eV): m/z (%)=268
[M]+ (6), 180 (16), 169 (16), 99 (100), 90 (15), 71 (14), 57 (79); HRMS:
m/z calcd for C13H17BrO: 268.0463 [M]+ ; found: 268.0457.


4 i : Prepared according to TP2. 3-Bromobenzylzinc chloride (2c ;
1.72 mL, 2.7 mmol, 1.56 m in THF) was treated with 3,4-dichlorobenzalde-
hyde (3h ; 361 mg, 2.1 mmol, in 1.5 mL THF). After 17 h, the reaction
was quenched with saturated aqueous NH4Cl. Purification by flash chro-
matography (silica gel, pentane/Et2O=98:2) afforded 2-(3-bromophen-
yl)-1-(3,4-dichlorophenyl)ethanol (4 i ; 699 mg, 98 %) as a white solid.
M.p.: 64.2–65.4 8C; IR (diamond/ATR, neat): ñ =3288 (m), 1564 (m),
1470 (s), 1424 (m), 1202 (m), 1128 (m), 1070 (s), 1046 (s), 1026 (s), 998
(s), 884 (s), 782 (vs), 668 cm�1 (vs); 1H NMR (600 MHz, CDCl3): d =7.43
(d, J=2.0 Hz, 1H), 7.41–7.34 (m, 3H), 7.16 (t, J=7.7 Hz, 1H), 7.12 (dd,
J=8.4, 2.0 Hz, 1H), 7.06 (d, J=7.5 Hz, 1H), 4.81 (dd, J=8.4, 4.6 Hz,
1H), 2.96–2.85 (m, 2 H), 2.09 ppm (s, 1 H); 13C NMR (150 MHz, CDCl3):
d=143.6, 139.6, 132.6, 132.4, 131.5, 130.4, 130.1, 130.0, 128.1, 127.8, 125.1,
122.6, 73.8, 45.4 ppm; MS (ESI): m/z (%) =328 (3), 175 (100), 111 (40),
91 (20), 75 (10); HRMS: m/z calcd for C15H12BrCl2O3: 388.9352 [M+ for-
miate]+ ; found: 388.9360.


4j : Prepared according to TP5. A solution of ethyl 2-bromomethylacry-
late (3 i ; 965 mg, 5.00 mmol) in THF (3 mL) at �60 8C was treated with
4-fluorobenzylzinc chloride (2d ; 4.12 mL, 6.00 mmol, 1.45 m in THF) and
CuCN·2LiCl (0.01 mL, 1m in THF). The reaction mixture was stirred at
�60 8C for 1.5 h, followed by stirring at 0 8C for a further 30 min. Workup
as usual and purification by flash chromatography (silica gel, pentane/
Et2O=98:2) afforded ethyl 2-[2-(4-fluorophenyl)ethyl]acrylate (4 j ;
1.03 g, 93%) as a colorless liquid. IR (diamond/ATR, neat): ñ =2932 (w),
2984 (w), 1632 (w), 1304 (m), 524 (m), 944 (m), 1028 (m), 1092 (m), 1156
(m), 820 (s), 1132 (s), 1220 (s), 1184 (s), 1712 (s), 1508 cm�1 (s); 1H NMR
(600 MHz, CDCl3): d =7.14–7.10 (m, 2H), 6.97–6.92 (m, 2H), 6.15–6.13
(m, 1H), 5.47–5.45 (m, 1 H), 4.21 (q, J=7.2 Hz, 2 H), 2.79–2.72 (m, 2H),
2.61–2.54 (m, 2 H), 1.30 ppm (t, J=7.2 Hz, 3H); 13C NMR (150 MHz,
CDCl3): d= 167.0, 161.3 (d, 1JC,F =243 Hz), 139.9, 137.0 (d, 4JC,F =3 Hz),
129.8 (d, 3JC,F =8 Hz), 125.2, 115.0 (d, 2JC,F =21 Hz), 60.6, 34.1, 34.0,
14.2 ppm; MS (EI, 70 eV): m/z (%)=222 [M]+ (5), 209 (9), 176 (13), 148
(7), 109 (100), 101 (8), 83 (6); HRMS: m/z calcd for C13H15FO2: 222.1056
[M]+ ; found: 222.1032.


4k : Prepared according to TP3. 3,3-Dimethylbutyryl chloride (3g ;
377 mg, 2.8 mmol) was added dropwise to a mixture of CuCN·2 LiCl
(3.92 mL, 3.9 mmol, 1 m in THF) and 4-fluorobenzylzinc chloride (2d ;
2.69 mL, 3.9 mmol, 1.46 m in THF) at �40 8C. The reaction mixture was
allowed to reach 25 8C overnight, and the reaction was quenched with sa-
turated aqueous NH4Cl/NH3 (25 % in H2O)=4:1 (25 mL). Purification
by flash chromatography (silica gel, pentane/Et2O= 98:2) afforded 1-(4-
fluorophenyl)-4,4-dimethylpentan-2-one (4k ; 555 mg, 95%) as a pale-
yellow liquid. IR (diamond/ATR, neat): ñ=2956 (m), 1712 (s), 1508 (vs),
1364 (m), 1352 (m), 1220 (vs), 1160 (m), 1084 (m), 1064 (m), 824 (m),
780 (m), 524 cm�1 (m); 1H NMR (600 MHz, CDCl3): d=7.15–7.10 (m,
2H), 7.02–6.97 (m, 2H), 3.36 (s, 1 H), 2.35 (s, 1 H), 1.00 ppm (s, 9H);
13C NMR (150 MHz, CDCl3): d=207.8, 161.9 (d, 1JC,F =245 Hz), 131.0 (d,
3JC,F =8 Hz), 129.9 (d, 4JC,F =3 Hz), 115.4 (d, 2JC,F =21 Hz), 54.4, 51.2,
31.3, 29.9 ppm; MS (EI, 70 eV): m/z (%)=208 (3), 109 (53), 99 (60), 71
(17), 57 (100), 43 (13), 42 (16); HRMS: m/z calcd for C13H17FO: 208.1263
[M]+ ; found: 208.1261.


4 l : Prepared according to TP3. 3,3-Dimethylbutyryl chloride (3g ;
377 mg, 2.80 mmol) was added dropwise to a mixture of CuCN·2 LiCl
(3.92 mL, 3.92 mmol, 1 m in THF) and 6-chloro-1,3-benzodioxol-5-ylme-
thylzinc chloride (2e ; 2.80 mL, 3.92 mmol, 1.40 m in THF) at �60 8C. The
reaction mixture was allowed to reach 25 8C overnight, and the reaction
was quenched with saturated aqueous NH4Cl/NH3 (25 % in H2O)=5:1
(25 mL). Purification by flash chromatography (silica gel, pentane/Et2O=


95:5) afforded 1-(6-chloro-1,3-benzodioxol-5-yl)-4,4-dimethylpentan-2-
one (4 l ; 703 mg, 93%) as a pale-yellow liquid. IR (diamond/ATR, neat):
ñ= 2952 (m), 2904 (w), 1716 (m), 1504 (s), 1480 (vs), 1364 (m), 1248 (s),
1232 (s), 1120 (s), 1036 (vs), 984 (m), 932 (s), 840 (s), 724 (w), 684 cm�1


(w); 1H NMR (600 MHz, CDCl3): d =6.84 (s, 1H), 6.63 (s, 1H), 5.95 (s,
2H), 3.70 (s, 2H), 2.38 (s, 2 H), 1.02 ppm (s, 9H); 13C NMR (150 MHz,
CDCl3): d=206.5, 147.4, 146.7, 126.0, 125.7, 110.9, 109.8, 101.7, 54.3, 49.2,
31.0, 29.6 ppm; MS (EI, 70 eV): m/z (%)=268 (77), 171 (76), 169 (50),
110 (23), 99 (100), 71 (65), 57 (43), 41 (33); HRMS: m/z calcd for
C14H17ClO3: 268.0866 [M]+ ; found: 268.0855.


4m : Prepared according to TP5. A solution of ethyl 2-bromomethylacry-
late (3 i ; 579 mg, 3.00 mmol) in THF (1.5 mL) was treated with 3,4,5-tri-
methoxybenzylzinc chloride (2 f ; 7.40 mL, 3.75 mmol, 0.51 m in THF) and
CuCN·2LiCl (0.01 mL, 1m in THF). The reaction mixture was stirred at
�60 8C for 30 min, followed by stirring at 0 8C for a further 30 min.
Workup as usual and purification by flash chromatography (silica gel,
pentane/Et2O= 7:1) afforded ethyl 2-[2-(3,4,5-trimethoxyphenyl)ethyl]-
acrylate (4m ; 867 mg, 98%) as a colorless liquid. IR (diamond/ATR,
neat): ñ=2936 (w), 2840 (w), 1712 (m), 1588 (m), 1508 (m), 1456 (m),
1420 (m), 1332 (m), 1236 (s), 1184 (s), 1120 (vs), 1008 (m), 944 (m),
820 cm�1 (m); 1H NMR (300 MHz, CDCl3): d =6.36 (s, 2 H), 6.11 (s, 1H),
5.48 (s, 1H), 4.17 (q, J=7.1 Hz, 2 H), 3.79 (s, 6H), 3.77, (s, 3 H), 2.73–2.63
(m, 2 H), 2.62–2.51 (m, 2H), 1.26 ppm (t, J=7.2 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=167.3, 153.3, 140.3, 137.5, 136.4, 125.3, 105.6, 61.0,
60.8, 56.2, 35.6, 34.2, 14.4 ppm; MS (EI, 70 eV): m/z (%)=294 (31), 182
(20), 181 (100), 148 (7), 121 (9); HRMS: m/z calcd for C16H22O5:
294.1467 [M]+ ; found: 294.1457.


4n : Prepared according to TP5. A solution of ethyl 2-bromomethylacry-
late (3 i ; 772 mg, 4.00 mmol) in THF (2 mL) at �40 8C was treated with
4-methoxybenzylzinc chloride (2g ; 7.19 mL, 5.00 mmol, 0.70 m in THF)
and CuCN·2 LiCl (0.01 mL, 1m in THF). The reaction mixture was stirred
at �40 8C for 30 min, followed by stirring at 0 8C for a further 30 min.
Workup as usual and purification by flash chromatography (silica gel,
pentane/Et2O= 98:2) afforded ethyl 2-[2-(4-methoxyphenyl)ethyl]acrylate
(4n ; 0.91 g, 97%) as a colorless liquid. IR (diamond/ATR, neat): ñ =2936
(w), 1712 (s), 1612 (m), 1512 (vs), 1300 (m), 1244 (vs), 1176 (vs), 1132 (s),
1104 (m), 1032 (s), 944 (m), 816 (s), 520 cm�1 (m); 1H NMR (300 MHz,
CDCl3): d=7.14–7.06 (m, 2 H), 6.86–6.79 (m, 2H), 6.15–6.13 (m, 1H),
5.49–5.46 (m, 1H), 4.22 (q, J=7.1 Hz, 2H), 3.78 (s, 3H), 2.78–2.69 (m,
2H), 2.62–2.53 (m, 2 H), 1.31 ppm (t, J=7.1 Hz, 3 H); 13C NMR (75 MHz,
CDCl3): d =167.1, 157.8, 140.2, 133.5, 129.3, 125.0, 113.7, 60.6, 55.2, 34.1,
34.0, 14.2 ppm; MS (EI, 70 eV): m/z (%)=234 [M]+ (50), 189 (31), 161
(12), 121 (100), 115 (10), 91 (25), 77 (30); HRMS: m/z calcd for
C14H18O3: 234.1256 [M]+ ; found: 234.1233.


4o : 4-Methylthiobenzylzinc chloride (2h ; 0.85 mL, 1.20 mmol, 1.42 m in
THF) and CuCN·2LiCl (0.5 mL, 0.5 mmol, 1m in THF) were added
dropwise to a solution of propanoyl chloride (3 j ; 95.3 mg, 1.03 mmol) at
�20 8C in THF (0.5 mL). The reaction mixture was stirred at 0 8C and
slowly warmed to 25 8C within 4 h. Next, saturated aqueous NH4Cl/NH3


(25 % in H2O)=9:1 (25 mL) was added, and the layers were separated.
The aqueous layer was extracted with Et2O (5 O 20 mL). The combined
extracts were dried over MgSO4. Evaporation of the solvents in vacuo
and purification by flash chromatography (silica gel, pentane/Et2O=9:1)
afforded 1-[4-(methylthio)phenyl]butan-2-one (4o ; 143 mg, 71%) as a
white solid. M.p.: 42.1–43.4 8C; IR (diamond/ATR, neat): ñ=2978 (w),
2937 (w), 2922 (w), 2903 (w), 1711 (vs), 1601 (w), 1496 (s), 1456 (m),
1438 (m), 1413 (s), 1378 (m), 1351 (m), 1317 (m), 1111 (s), 1098 (m),
1087 (m), 1038 (s), 1020 (m), 993 (m), 969 (m), 959 (m), 866 (m), 823
(m), 803 (vs), 725 (m), 667 cm�1 (m); 1H NMR (600 MHz, CDCl3): d=


7.23–7.19 (m, 2H), 7.13–7.10 (m, 2 H), 3.63 (s, 2 H) 2.46 (q, J=7.3 Hz,
2H), 2.46 (s, 3 H), 1.02 ppm (t, J=7.3 Hz, 3 H); 13C NMR (150 MHz,
CDCl3): d=208.8, 137.0, 131.3, 129.8, 127.0, 49.2, 35.2, 16.0, 7.8 ppm; MS
(EI, 70 eV): m/z (%)=194 [M]+ (26), 137 (100), 122 (11), 57 (10);
HRMS: m/z calcd for C11H14OS: 194.0765 [M]+ ; found: 194.0747.


4p : Prepared according to TP3. 3,3-Dimethylbutyryl chloride (3g ;
192 mg, 1.44 mmol) was added dropwise to a mixture of CuCN·2 LiCl
(1.88 mL, 1.88 mmol, 1m in THF) and 3-acetylbenzylzinc chloride (2 i ;
1.68 mL, 1.88 mmol, 1.12 m in THF) at �60 8C. The reaction mixture was
stirred at �20 8C overnight, and the reaction was quenched with saturat-
ed aqueous NH4Cl/NH3 (25 % in H2O)=5:1 (25 mL). Purification by
flash chromatography (silica gel, pentane/Et2O =7:3) afforded 1-(3-ace-
tylphenyl)-4,4-dimethylpentan-2-one (4p ; 248 mg, 74 %) as a pale-yellow


1686 www.chemasianj.org H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1678 – 1691


FULL PAPERS
P. Knochel et al.







liquid. IR (diamond/ATR, neat): ñ =2868 (w), 920 (w), 1602 (w), 1584
(w), 2953 (m), 1439 (m), 790 (m), 1063 (m), 1083 (m), 1189 (m), 1713
(m), 1356 (s), 693 (s), 1269 (s), 1681 cm�1 (vs); 1H NMR (600 MHz,
CDCl3): d=7.85–7.82 (m, 1 H), 7.75–7.74 (m, 1H), 7.43–7.40 (m, 1H),
7.38–7.36 (m, 1 H), 3.73 (s, 2H), 2.58 (s, 3 H), 2.37 (s, 2H), 1.00 ppm (s,
9H); 13C NMR (150 MHz, CDCl3): d=207.1, 197.9, 137.4, 134.7, 134.2,
129.2, 128.8, 127.0, 54.4, 51.5, 31.1, 29.6, 26.6 ppm; MS (EI, 70 eV): m/z
(%)=232 [M]+ (3), 134 (18), 133 (50), 99 (100), 90 (15), 71 (17), 57 (72),
43 (27); HRMS: m/z calcd for C15H20O2: 232.1463 [M]+ ; found: 232.1447.


4q : Prepared according to TP5. A solution of ethyl 2-bromomethylacry-
late (3 i ; 193 mg, 1.00 mmol) in THF (3 mL) at �60 8C was treacted with
3-acetylbenzylzinc chloride (2 i ; 1.16 mL, 1.30 mmol, 1.12 m in THF) and
CuCN·2LiCl (0.01 mL, 1m in THF). The reaction mixture was stirred at
�60 8C for 30 min, followed by stirring at 0 8C for a further 30 min.
Workup as usual and purification by flash chromatography (silica gel,
pentane/Et2O= 9:1!6:1) afforded ethyl 2-[2-(3-acetylphenyl)ethyl]acry-
late (4q ; 239 mg, 97%) as a colorless liquid. IR (diamond/ATR, neat):
ñ= 2980 (w), 2931 (w), 1711 (s), 1682 (vs), 1438 (m), 1357 (m), 1300 (m),
1270 (s), 1241 (m), 1184 (vs), 1133 (s), 1114 (m), 1026 (m), 946 (m), 795
(m), 693 cm�1 (s); 1H NMR (600 MHz, CDCl3): d=7.80–7.75 (m, 2H),
7.41–7.34 (m, 2 H), 6.16–6.14 (m, 1H), 5.50–5.47 (m, 2 H), 4.21 (q, J=


7.1 Hz, 2 H), 2.87–2.81 (m, 2H), 2.65–2.60 (m, 2H), 2.59 (s, 3H),
1.30 ppm (q, J= 7.1 Hz, 3 H); 13C NMR (150 MHz, CDCl3): d=198.3,
167.0, 142.0, 139.8, 137.3, 133.3, 128.6, 128.2, 126.2, 125.4, 60.7, 34.8, 33.8,
26.7, 14.2 ppm; MS (EI, 70 eV): m/z (%)=234 [M]+ (23), 201 (18), 200
(29), 185 (29), 157 (19), 133 (100), 129 (20), 118 (11), 90 (18), 42 (48);
HRMS: m/z calcd for C15H18O3: 246.1156 [M]+ ; found: 246.1143.


4r : Prepared according to TP5. A solution of ethyl 2-bromomethylacry-
late (3 i ; 560 mg, 2.90 mmol) in THF (1.5 mL) at �60 8C was treated with
3-propionylbenzylzinc chloride (2j ; 2.80 mL, 3.48 mmol, 1.25 m in THF)
and CuCN·2 LiCl (0.01 mL, 1m in THF). The reaction mixture was stirred
at �60 8C for 30 min, followed by stirring at 0 8C for a further 30 min.
Workup as usual and purification by flash chromatography (silica gel,
pentane/Et2O= 95:5) afforded ethyl 2-[2-(3-propionylphenyl)ethyl]acry-
late (4r ; 694 mg, 92%) as a pale-yellow liquid. IR (diamond/ATR, neat):
ñ= 2978 (w), 2938 (w), 1712 (vs), 1684 (vs), 1300 (m), 1240 (s), 1184 (vs),
1164 (s), 1132 (s), 1028 (m), 944 (m), 782 (s), 694 cm�1 (s); 1H NMR
(300 MHz, CDCl3): d =7.80–7.74 (m, 2H), 7.39–7.34 (m, 2H), 6.16–6.14
(m, 1 H), 5.48 (q, J=1.3 Hz, 1H), 4.21 (q, J=7.1 Hz, 2H), 2.98 (q, J=


7.1 Hz, 2 H), 2.89–2.80 (m, 2H), 2.66–2.59 (m, 2H), 1.30 (t, J=7.2 Hz,
3H), 1.21 ppm (t, J= 7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=200.9,
167.0, 141.9, 139.8, 137.1, 133.1, 128.5, 128.0, 125.8, 125.4, 60.7, 34.8, 33.8,
31.8, 14.2, 8.3 ppm; MS (EI, 70 eV): m/z (%)=260 [M]+ (23), 232 (16),
231 (100), 214 (11), 213 (11), 185 (16), 147 (28), 129 (14), 128 (12), 118
(10), 91 (12), 90 (19), 57 (15); HRMS: m/z calcd for C16H20O3: 260.1412
[M]+ ; found: 260.1419.


4s : Prepared according to TP3. 3,3-Dimethylbutyryl chloride (3g ;
192 mg, 1.44 mmol) was added dropwise to a mixture of CuCN·2 LiCl
(1.88 mL, 1.88 mmol, 1m in THF) and 3-propionylbenzylzinc chloride
(2j ; 1.76 mL, 1.88 mmol, 1.07 m in THF) at �60 8C. The reaction mixture
was allowed to reach �20 8C overnight, and the reaction was quenched
with saturated aqueous NH4Cl/NH3 (25 % in H2O)=5:1 (25 mL). Purifi-
cation by flash chromatography (silica gel, pentane/Et2O=9:1) afforded
4,4-dimethyl-1-(3-propionylphenyl)pentan-2-one (4s ; 246 mg, 69 %) as a
white solid. M.p.: 39.4–41.5 8C; IR (diamond/ATR, neat): ñ =2947 (m),
2938 (m), 2899 (w), 2867 (w), 1711 (s), 1677 (vs), 1604 (w), 1459 (m),
1440 (m), 1411 (m), 1404 (m), 1369 (m), 1364 (m), 1340 (s), 1311 (m),
1247 (m), 1235 (m), 1193 (m), 1167 (s), 1149 (m), 1085 (s), 1037 (m),
1024 (m), 983 (m), 898 (m), 778 (vs), 747 (m), 697 (vs), 647 (w), 571 cm�1


(m); 1H NMR (600 MHz, CDCl3): d=7.86–7.83 (m, 1 H), 7.77–7.75 (m,
1H), 7.41 (t, J=7.6 Hz, 1H), 7.37–7.35 (m, 1H), 3.73 (s, 2 H), 2.99 (q, J=


7.3 Hz, 2 H), 2.38 (s, 2H), 1.21 (t, J=7.2 Hz, 3H), 1.00 ppm (s, 9H);
13C NMR (150 MHz, CDCl3): d =207.2, 200.6, 137.2, 134.7, 134.0, 129.0,
128.8, 126.7, 54.4, 51.6, 31.8, 31.1, 29.7, 8.2 ppm; MS (EI, 70 eV): m/z
(%)=246 [M]+ (2), 217 (9), 148 (23), 147 (33), 118 (11), 99 (75), 71 (18),
57 (100), 43 (11), 41 (14); HRMS: m/z calcd for C16H22O2: 246.1620
[M]+ ; found: 246.1626.


4t : Prepared according to TP3. Benzoyl chloride (3k ; 278 mg,
1.98 mmol) was added dropwise to a mixture of CuCN·2LiCl (2.6 mL,
2.6 mmol, 1 m in THF) and 3-pentanoylbenzylzinc chloride (2k ; 2.3 mL,
2.6 mmol, 1.15 m in THF) at �20 8C. The reaction mixture was stirred
overnight at this temperature, and the reaction was quenched with satu-
rated aqueous NH4Cl/NH3 (25 % in H2O)=5:1 (25 mL). Purification by
flash chromatography (silica gel, pentane/Et2O= 9:1) afforded 1-[3-(2-
oxo-2-phenylethyl)phenyl]pentan-1-one (4 t ; 470 mg, 85%) as a white
solid. M.p.: 33.3–36.0 8C; IR (diamond/ATR, neat): ñ =2956 (w), 2932
(w), 1678 (vs), 1594 (m), 1580 (m), 1446 (m), 1328 (m), 1266 (m), 1206
(s), 1164 (m), 994 (m), 974 (m), 748 (s), 692 cm�1 (vs); 1H NMR
(600 MHz, CDCl3): d =8.03–8.00 (m, 2H), 7.86–7.83 (m, 2H), 7.59–7.55
(m, 1H), 7.49–7.40 (m, 4H), 4.35 (s, 2 H), 2.94 (t, J=7.4 Hz, 2H), 1.73–
1.67 (m, 2 H), 1.43–1.35 (m, 2H), 0.94 ppm (t, J=7.4 Hz, 3H); 13C NMR
(150 MHz, CDCl3): d=200.4, 197.0, 137.4, 136.4, 135.0, 134.1, 133.4,
129.2, 128.8, 128.7, 128.5, 126.7, 45.1, 38.4, 26.4, 22.4, 13.9 ppm; MS (EI,
70 eV): m/z (%)= 280 [M]+ (6), 223 (6), 105 (100), 77 (17); HRMS: m/z
calcd for C19H20O2: 280.1463 [M]+ ; found: 280.1439.


4u : Prepared according to TP2. 3-Pentanoylbenzylzinc chloride (2k ;
2.4 mL, 2.6 mmol, 1.08 m in THF) was treated with 3,4-dichlorobenzalde-
hyde (3h ; 350 mg, 2.0 mmol, in 1.5 mL THF). After 5.5 h, the reaction
was quenched with saturated aqueous NH4Cl. Purification by flash chro-
matography (silica gel, pentane/Et2O=2:1) afforded 1-{3-[2-(3,4-dichlor-
ophenyl)-2-hydroxyethyl]phenyl}pentan-1-one (4u ; 665 mg, 95 %) as a
white solid. M.p.: 46.8–47.8 8C; IR (diamond/ATR, neat): ñ=3434 (w),
2871 (w), 2930 (m), 1583 (m), 2956 (m), 1379 (m), 885 (m), 1179 (m), 656
(m), 730 (m), 1163 (m), 1261 (m), 787 (m), 1042 (s), 1057 (s), 1466 (s),
675 (s), 820 (s), 1673 (s), 692 (s), 1028 cm�1 (vs); 1H NMR (300 MHz,
CDCl3): d=7.84–7.80 (m, 1 H), 7.75–7.72 (m, 1H), 7.45–7.30 (m, 4H),
7.16–7.11 (m, 1H), 4.92–4.85 (m, 1H), 3.04–3.00 (m, 2 H), 2.01 (t, J=


7.4 Hz, 2H), 2.11–1.93 (s, 1 H), 1.76–1.62 (m, 2H), 1.47–1.32 (m, 2H),
0.94 ppm (t, J=7.3 Hz, 3 H); 13C NMR (75 MHz, CDCl3): d=200.5,
143.8, 137.8, 137.4, 134.1, 132.6, 131.5, 130.4, 129.0, 128.8, 127.9, 126.7,
125.2, 73.9, 45.7, 38.4, 26.5, 22.5, 13.9 ppm; MS (EI, 70 eV): m/z (%)=


350 [M]+ (<1), 293 (7), 177 (15), 176 (100), 175 (14), 119 (8); HRMS:
m/z calcd for C19H20Cl2O2: 350.0840 [M]+ ; found: 350.0839.


4v : Prepared according to TP4. A mixture of cyclohex-2-en-1-one (3c ;
480 mg, 5.0 mmol) and TMSCl (1.6 mL, 12.5 mmol) in THF (2 mL) was
added dropwise to a mixture of CuCN·2 LiCl (6.3 mL, 6.3 mmol, 1m in
THF) and 3-ethoxycarbonylbenzylzinc chloride (2 l ; 4.46 mL, 6.25 mmol,
1.40 m in THF) at �40 8C. The reaction mixture was allowed to reach
25 8C overnight, and the reaction was quenched with saturated aqueous
NH4Cl/NH3 (25 % in H2O)= 2:1 (20 mL). Purification by flash chroma-
tography (silica gel, pentane/Et2O=5:1!1:1) afforded ethyl 3-[(3-oxocy-
clohexyl)methyl]benzoate (4v ; 1.26 g, 97 %) as a colorless liquid. IR (dia-
mond/ATR, neat): ñ=2936 (w), 1708 (vs), 1444 (m), 1368 (w), 1276 (vs),
1196 (s), 1108 (s), 1024 (m), 864 (w), 748 (s), 700 (m), 672 cm�1 (w);
1H NMR (300 MHz, CDCl3): d= 7.82–7.78 (m, 1H), 7.74–7.72 (m, 1H),
7.28–7.24 (m, 1 H), 7.24–7.21 (m, 1H), 4.28 (q, J=7.2 Hz, 2H), 2.63–2.53
(m, 2 H), 2.28–2.21 (m, 2H), 2.20–2.13 (m, 1H), 2.01–1.89 (m, 3 H), 1.79–
1.73 (m, 1 H), 1.57–1.47 (m, 1H), 1.33–1.25 (m, 1 H), 1.30 ppm (t, J=


7.2 Hz, 3 H); 13C NMR (75 MHz, CDCl3): d=211.2, 166.7, 140.0, 133.7,
130.8, 130.2, 128.6, 127.7, 61.1, 47.8, 42.9, 41.5, 40.9, 31.0, 25.2, 14.5 ppm;
MS (EI, 70 eV): m/z (%)=260 [M]+ (30), 215 (36), 214 (79), 164 (26),
129 (39), 121 (83), 115 (20), 97 (80), 91 (33), 69 (100), 55 (46), 41 (50);
HRMS: m/z calcd for C16H20O3: 260.1412 [M]+ ; found: 260.1386.


4w: Prepared according to TP2. 3-Ethoxycarbonylbenzylzinc chloride
(2 l ; 4.1 mL, 5.4 mmol, 1.3 m in THF) was treated with 4-bromobenzalde-
hyde (3 l ; 775 mg, 4.2 mmol, in 3 mL THF). After 4.5 h, the reaction was
quenched with saturated aqueous NH4Cl. Purification by flash chroma-
tography (silica gel, pentane/Et2O= 7:3) afforded ethyl 3-[2-(4-bromo-
phenyl)-2-hydroxyethyl]benzoate (4w; 1.33 g, 91 %) as a white solid.
M.p.: 64.5–65.8 8C; IR (diamond/ATR, neat): ñ= 3466 (w), 1704 (s), 1682
(s), 1484 (m), 1446 (m), 1400 (m), 1366 (m), 1278 (s), 1200 (s), 1108 (s),
1066 (s), 1024 (s), 1004 (s), 746 (vs), 698 cm�1 (s); 1H NMR (600 MHz,
CDCl3): d=7.92–7.90 (m, 1 H), 7.86–7.85 (m, 1H), 7.47–7.44 (m, 2H),
7.37–7.30 (m, 2 H), 7.22–7.19 (m, 2H), 4.91–4.87 (m, 1 H), 4.36 (q, J=


7.1 Hz, 2H), 3.04–3.01 (m, 2 H), 1.97 (d, J= 3.1 Hz, 1 H), 1.39 ppm (t, J=
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7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3): d=166.5, 142.5, 137.9, 134.1,
131.5, 130.7, 130.4, 128.5, 127.9, 127.6, 121.5, 74.6, 61.0, 45.6, 14.3 ppm;
MS (EI, 70 eV): m/z (%)=348 [M]+ (<1), 164 (100), 136 (29), 135 (13),
118 (10), 92 (10), 91 (16), 90 (11), 78 (10), 77 (20); HRMS: m/z calcd for
C17H17BrO3: 348.0361 [M]+ ; found: 348.0372.


4x : 3-Cyanobenzylzinc chloride (2m ; 2.03 mL, 3.0 mmol, 1.48 m in THF)
and [Pd ACHTUNGTRENNUNG(PPh3)4] (139 mg, 5 mol %) were added successively to a solution
of 3-iodoanisole (3m ; 585 mg, 2.5 mmol) in THF (2.0 mL) at 25 8C. The
resulting reaction mixture was heated to 60 8C for 5 h. After it was
cooled to 25 8C, the reaction mixture was diluted with Et2O (5 mL), and
the reaction was quenched with saturated aqueous NH4Cl. The phases
were separated, and the aqueous layer was extracted with Et2O (5 O
5 mL). The combined extracts were dried over MgSO4. Evaporation of
the solvents in vacuo and purification by flash chromatography (silica gel,
pentane/Et2O= 9:1) afforded 3-(3-methoxybenzyl)benzonitrile (4x ;
492 mg, 88%) as a colorless liquid. IR (diamond/ATR, neat): ñ =2937
(w), 2228 (s), 1596 (s), 1582 (s), 1488 (s), 1453 (m), 1435 (m), 1257 (vs),
1151 (m), 1048 (s), 779 (m), 741 (m), 686 cm�1 (s); 1H NMR (300 MHz,
CDCl3): d=7.51–7.34 (m, 4 H), 7.26–7.20 (m, 1H), 6.81–6.67 (m, 3H),
3.97 (s, 2H), 3.78 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=160.2,
142.7, 141.2, 133.6, 132.6, 130.2, 130.0, 129.5, 121.5, 119.2, 115.2, 112.8,
112.0, 55.4, 41.6 ppm; MS (EI, 70 eV): m/z (%)=224 (15), 223 [M]+


(100), 222 (12), 208 (13), 190 (10); HRMS: m/z calcd for C15H13NO:
223.0997 [M]+ ; found: 223.0988.


4y : Prepared according to TP4. A mixture of cyclohex-2-en-1-one (3c ;
480 mg, 5.0 mmol) and TMSCl (1.6 mL, 12.5 mmol) in THF (2 mL) was
added dropwise to a mixture of CuCN·2 LiCl (6.3 mL, 6.3 mmol, 1m in
THF) and 3-cyanobenzylzinc chloride (2m ; 4.05 mL, 6.25 mmol, 1.55 m in
THF) at �40 8C. The reaction mixture was allowed to reach 25 8C over-
night, and the reaction was quenched with saturated aqueous NH4Cl/NH3


(25 % in H2O)=2:1 (20 mL). Purification by flash chromatography (silica
gel, pentane/Et2O =3:1) afforded 3-[(3-oxocyclohexyl)methyl]benzoni-
trile (4y ; 1.034 g, 97%) as a pale-yellow liquid. IR (diamond/ATR, neat):
ñ= 2933 (w), 2863 (w), 2227 (m), 1706 (vs), 1582 (w), 1483 (w), 1448 (m),
1429 (w), 1346 (w), 1312 (w), 1277 (w), 1258 (w), 1225 (m), 1100 (w),
1059 (w), 912 (w), 901 (w), 866 (w), 796 (m), 753 (w), 723 (m), 691 (s),
572 (w), 558 cm�1 (w); 1H NMR (300 MHz, CDCl3): d =7.53–7.46 (m,
1H), 7.43–7.32 (m, 3 H), 2.73–2.57 (m, 2H), 2.42–2.18 (m, 3 H), 2.14–1.95
(m, 3H), 1.90–1.79 (m, 1 H), 1.71–1.53 (m, 1 H), 1.45–1.29 ppm (m, 1H);
13C NMR (75 MHz, CDCl3): d= 210.6, 140.8, 133.5, 132.5, 130.1, 129.2,
118.8, 112.5, 47.5, 42.4, 41.2, 40.5, 30.7, 24.9 ppm; MS (EI, 70 eV): m/z
(%)=213 [M]+ (52), 155 (78), 142 (12), 116 (28), 97 (100), 89 (15), 69
(93), 55 (45); HRMS: m/z calcd for C14H15NO: 213.1154 [M]+ ; found:
213.1153.


4z : Prepared according to TP3. 2,2-Dimethylpropionyl chloride (3n ;
225 mg, 1.87 mmol) was added dropwise to a mixture of CuCN·2 LiCl
(2.6 mL, 2.6 mmol, 1 m in THF) and 3-cyanobenzylzinc chloride (2m ;
1.9 mL, 2.6 mmol, 1.37 m in THF) at �60 8C. The reaction mixture was al-
lowed to reach �20 8C overnight, and the reaction was quenched with sa-
turated aqueous NH4Cl/NH3 (25 % in H2O)=5:1 (25 mL). Purification
by flash chromatography (silica gel, pentane/Et2O=6:1) afforded 3-(3,3-
dimethyl-2-oxobutyl)benzonitrile (4z ; 292 mg, 78 %) as a white solid.
M.p.: 38.5–39.7 8C; IR (diamond/ATR, neat): ñ =2956 (m), 2226 (m),
1700 (s), 1482 (m), 1364 (m), 1330 (s), 1058 (vs), 1020 (s), 808 (m), 770
(vs), 684 cm�1 (vs); 1H NMR (600 MHz, C6D6): d =7.03–7.01 (m, 1H),
6.98–6.95 (m, 2 H), 6.74 (t, J=7.8 Hz, 1 H), 3.13 (s, 2H), 0.89 ppm (s,
9H); 13C NMR (150 MHz, C6D6): d=209.7, 136.7, 134.0, 133.2, 130.2,
128.8, 118.9, 112.9, 44.3, 42.2, 26.1 ppm; MS (EI, 70 eV): m/z (%)=201
[M]+ (<1), 117 (28), 116 (22), 85 (22), 57 (100), 41 (30); HRMS: m/z
calcd for C13H15NO: 201.1154 [M]+ ; found: 201.1131.


4aa : Prepared according to TP3. 3,3-Dimethylbutyryl chloride (3g ;
382 mg, 2.84 mmol) was added dropwise to a mixture of CuCN·2 LiCl
(3.90 mL, 3.90 mmol, 1m in THF) and 1-phenylethylzinc chloride (2n ;
2.73 mL, 3.90 mmol, 1.43 m in THF) at �60 8C. The reaction mixture was
allowed to reach 25 8C overnight, and the reaction was quenched with sa-
turated aqueous NH4Cl/NH3 (25 % in H2O)=9:1 (25 mL). Purification
by flash chromatography (silica gel, pentane/Et2O =95:5) afforded 5,5-di-
methyl-2-phenylhexan-3-one (4aa ; 556 mg, 96%) as a colorless liquid. IR


(diamond/ATR, neat): ñ=2952 (m), 2868 (w), 1712 (s), 1492 (w), 1452
(m), 1364 (m), 1068 (w), 1044 (w), 1028 (w), 1016 (w), 912 (w), 756 (m),
700 (vs), 548 (m), 520 cm�1 (w); 1H NMR (600 MHz, CDCl3): d=7.39–
7.35 (m, 2H), 7.32–7.28 (m, 1H), 7.26–7.23 (m, 2 H), 3.76 (q, J=6.9 Hz,
1H), 2.37 (d, J=15.3 Hz, 1 H), 2.23 (d, J=15.5 Hz, 1H), 1.40 (d, J=


6.9 Hz, 3 H), 1.00 ppm (s, 9 H); 13C NMR (150 MHz, CDCl3): d=210.3,
140.5, 128.8, 128.0, 127.0, 54.4, 53.2, 30.9, 29.6, 17.4 ppm; MS (EI, 70 eV):
m/z (%)=204 [M]+ (3), 105 (63), 99 (74), 83 (14), 79 (11), 71 (29), 69
(13), 57 (100), 55 (13), 43 (23); HRMS: m/z calcd for C14H20O: 204.1514
[M+]+ ; found: 204.1525.


4ab : Prepared according to TP5. A solution of ethyl 2-bromomethylacry-
late (3 i ; 965 mg, 5.00 mmol) in THF (2.5 mL) at �60 8C was treated with
benzylzinc chloride (2o ; 3.85 mL, 6.00 mmol, 1.56 m in THF) and CuCN·2
LiCl (0.01 mL, 1 m in THF). The reaction mixture was stirred at �60 8C
for 30 min, followed by stirring at 0 8C for a further 30 min. Workup as
usual and purification by flash chromatography (silica gel, pentane/
Et2O=98:2) afforded ethyl 2-(2-phenylethyl)acrylate (4ab ; 948 mg,
93%) as a colorless liquid. IR (diamond/ATR, neat): ñ =2980 (w), 2932
(w), 1712 (vs), 1632 (w), 1456 (w), 1308 (m), 1240 (m), 1184 (s), 1156
(m), 1132 (s), 1028 (m), 944 (m), 748 (m), 700 cm�1 (vs); 1H NMR
(300 MHz, CDCl3): d =7.33–7.24 (m, 2H), 7.23–7.15 (m, 2H), 6.18–6.14
(m, 1H), 5.52–5.47 (m, 1 H), 4.23 (q, J=7.1 Hz, 2 H), 2.85–2.76 (m, 2H),
2.67–2.58 (m, 2H), 1.32 ppm (q, J=7.2 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d =167.1, 141.4, 140.1, 128.4, 128.3, 125.9, 125.0, 60.6, 34.9, 33.9,
14.2 ppm; MS (EI, 70 eV): m/z (%)=234 [M]+ (7), 158 (17), 130 (26), 91
(100), 65 (11), 57 (13); HRMS: m/z calcd for C13H16O2: 204.1150 [M]+ ;
found: 204.1144.


5 : Reaction 1 with ethyl chloroformate: THF (0.5 mL) was added to 2-
chlorobenzylzinc chloride (2a ; 2.62 mL, 4.00 mmol, 1.5m in THF) at
�30 8C followed by [Pd ACHTUNGTRENNUNG(PPh3)4] (116 mg, 5 mol %). The reaction mixture
was stirred for 5 min. Next, ethyl chloroformate (227 mg, 2.09 mmol) was
added dropwise. Stirring was continued for 10 min at �30 8C followed by
6.25 h at 25 8C. The reaction was quenched with saturated aqueous
NH4Cl/NH3 (25 % in H2O)=4:1 (15 mL). The layers were separated, and
the aqueous layer was extracted with DCM (3 O 50 mL). The combined
extracts were dried over MgSO4. Evaporation of the solvents in vacuo
and purification by flash chromatography (silica gel, pentane/Et2O=


98:2) afforded (2-chlorophenyl)acetate (5 ; 336 mg, 81%) as a colorless
liquid. Reaction 2 with ethyl cyanoformate: TMSCH2Li (1.00 mL,
1.00 mmol, 1 m in pentane) was added dropwise to 2a (0.67 mL,
1.00 mmol, 1.5m in THF) at �30 8C. The reaction mixture was stirred for
30 min. CuCN·2LiCl (1.00 mL, 1.00 mmol, 1m in THF) was added drop-
wise, and the mixture was stirred for a further 30 min. Ethyl cyanofor-
mate (150 mg, 1.5 mmol) was added dropwise. Stirring was continued for
10 min at �30 8C followed by 6 h at 0 8C. The reaction was quenched with
saturated aqueous NH4Cl/NH3 (25 % in H2O) =2:1 (15 mL). The layers
were separated, and the aqueous layer was extracted with DCM (3 O
50 mL). The combined extracts were dried over MgSO4. Evaporation of
the solvents in vacuo and purification by flash chromatography (silica gel,
pentane/Et2O= 98:2) afforded 5 (152 mg, 77 %) as a colorless liquid. IR
(diamond/ATR, neat): ñ=2981 (w), 1367 (m), 1335 (m), 1122 (m), 1475
(m), 1445 (m), 1246 (m), 1053 (s), 681 (s), 1216 (s), 1028 (s), 741 (vs),
1156 (vs), 1731 cm�1 (vs); 1H NMR (300 MHz, CDCl3): d =7.42–7.34 (m,
1H), 7.32–7.17 (m, 3H), 4.17 (q, J=7.1 Hz, 2 H), 3.76 (s, 2H), 1.25 ppm
(t, J=7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3): d=170.5, 134.5, 132.5,
131.4, 129.4, 128.6, 126.8, 61.0, 39.2, 14.1 ppm; MS (EI, 70 eV): m/z
(%)=198 [M]+ (4), 163 (100), 135 (23) 127 (78), 125 (35, 89 (21);
HRMS: m/z calcd for C10H11ClO2: 198.0448 [M]+ ; found: 198.0462.


7a : Prepared according to TP6 from 2 f (2.00 mL, 1.21 m in THF,
2.40 mmol) and 6a (371 mg, 2.00 mmol). Reaction time: 0.5 h. Purifica-
tion by flash chromatography (n-pentane/Et2O =1:1) yielded 2-(3,4,5-tri-
methoxybenzyl)nicotinic acid ethyl ester (7a ; 639 mg, 97%) as a pale-
yellow oil. IR (diamond/ATR, neat): ñ= 2979 (w), 2937 (w), 2836 (w),
1718 (s), 1587 (m), 1505 (m), 1456 (m), 1420 (s), 1330 (m), 1235 (s), 1119
(vs), 1079 (s), 1057 (s), 1006 (s), 968 (m), 809 (m), 789 (m), 739 (m), 680
(m), 656 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=8.68 (dd, J=4.9,
1.9 Hz, 1H), 8.16 (dd, J=7.9, 1.8 Hz, 1 H), 7.23 (dd, J=7.9, 4.7 Hz, 1H),
6.52 (s, 2H), 4.51 (s, 2H), 4.34 (q, J=7.1 Hz, 2H), 3.78 (s, 6H), 3.77 (s,
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3H), 1.34 ppm (t, J= 7.1 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=166.5,
161.0, 152.9, 151.8, 138.6, 136.4, 135.2, 126.1, 121.3, 106.2, 61.4, 60.7, 56.0,
42.3, 14.2 ppm; MS (EI, 70 eV): m/z (%)=331 [M]+ (100), 316 (64), 286
(10), 270 (15), 227 (22), 44 (21); HRMS: m/z calcd for C18H21NO5:
331.1420; found: 331.1395.


7b : Prepared according to TP6 from 2 f (1.90 mL, 1.27 m in THF,
2.40 mmol) and 6b (527 mg, 2.00 mmol). Reaction time: 1 h. Purification
by flash chromatography (Et2O) yielded 2-methyl-5-(3,4,5-trimethoxy-
benzyl)pyridine (7b ; 493 mg, 90%) as a yellow oil. IR (diamond/ATR,
neat): ñ=2998 (w), 2936 (w), 2837 (w), 1588 (s), 1568 (w), 1505 (m), 1489
(m), 1455 (m), 1419 (s), 1391 (m), 1331 (m), 1297 (w), 1234 (s), 1182 (w),
1148 (m), 1121 (vs), 1029 (m), 1005 (s), 969 (m), 816 (m), 781 (m), 759
(m), 727 (m), 672 (m), 645 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=


8.37 (d, J=1.9 Hz, 1H), 7.35 (dd, J=7.9, 2.3 Hz, 1H), 7.06 (d, J=7.8 Hz,
1H), 6.35 (s, 2 H), 3.85 (s, 2H), 3.80 (s, 3 H), 3.79 (s, 6H), 2.51 ppm (s,
3H); 13C NMR (75 MHz, CDCl3): d =156.2, 153.3, 149.1, 136.6, 136.6,
135.7, 133.1, 123.0, 105.8, 60.8, 56.1, 38.9, 23.9 ppm; MS (EI, 70 eV): m/z
(%)=273 [M]+ (100), 258 (37), 230 (14), 215 (11), 172 (6), 106 (7);
HRMS: m/z calcd for C16H19NO3: 273.1365; found: 273.1364.


7c : Prepared according to TP6 from 2 f (2.20 mL, 1.09 m in THF,
2.40 mmol) and 6c (599 mg, 2.00 mmol). Reaction time: 2 h. Purification
by flash chromatography (n-pentane/Et2O=1:1) yielded 8-(3,4,5-trime-
thoxybenzyl)quinoline (7c ; 510 mg, 83 %) as a colorless liquid. IR (dia-
mond/ATR, neat): ñ =3062 (vw), 2994 (w), 2944 (w), 2832 (w), 1586 (s),
1496 (m), 1450 (m), 1420 (m), 1327 (m), 1232 (s), 1181 (m), 1121 (vs),
997 (s), 967 (m), 833 (m), 796 (vs), 768 (s), 672 (m), 613 cm�1 (m);
1H NMR (300 MHz, CDCl3): d= 8.98 (dd, J=4.1, 1.7 Hz, 1H), 8.17 (dd,
J=8.3, 1.7 Hz, 1H), 7.72–7.67 (m, 1H), 7.49–7.40 (m, 3 H), 6.58 (s, 2H),
4.62 (s, 2H), 3.81 (s, 3 H), 3.78 ppm (s, 6 H); 13C NMR (75 MHz, CDCl3):
d=153.1, 149.3, 146.4, 139.9, 136.8, 136.6, 136.2, 129.4, 128.4, 126.5, 126.4,
121.0, 106.4, 60.8, 56.0, 37.1 ppm; MS (EI, 70 eV): m/z (%)=309 [M]+


(72), 294 (100), 278 (10), 263 (8), 208 (9), 181 (8), 180 (9); HRMS: m/z
calcd for C19H19NO3: 309.1365; found: 309.1363.


7d : Prepared according to TP6 from 2 f (2.00 mL, 1.21 m in THF,
2.40 mmol) and 6d (438 mg, 2.00 mmol). Reaction time: 2 h. Purification
by flash chromatography (n-pentane/Et2O= 1:2) yielded 2,4-dimethoxy-5-
(3,4,5-trimethoxybenzyl)pyrimidine (7d ; 551 mg, 86 %) as a white solid.
M.p.: 74.1–76.3 8C; IR (diamond/ATR, neat): ñ=2947 (w), 2909 (w), 2842
(w), 2828 (w), 1593 (s), 1573 (s), 1510 (m), 1456 (s), 1403 (s), 1373 (s),
1331 (s), 1286 (s), 1249 (s), 1232 (s), 1193 (s), 1121 (vs), 1076 (vs), 1005
(vs), 976 (s), 935 (m), 859 (s), 833 (s), 784 (vs), 749 (s), 699 (m), 636 (m),
602 cm�1 (s); 1H NMR (300 MHz, CDCl3): d=7.94 (s, 1 H), 6.39 (s, 2H),
3.98 (s, 3H), 3.96 (s, 3 H), 3.80 (s, 9H), 3.72 ppm (s, 2H); 13C NMR
(75 MHz, CDCl3): d=169.2, 164.2, 157.1, 153.2, 136.6, 134.6, 114.5, 105.7,
60.8, 56.1, 54.7, 53.9, 32.7 ppm; MS (EI, 70 eV): m/z (%)=320 [M]+


(100), 305 (45), 289 (9), 230 (14), 181 (62); HRMS: m/z calcd for
C16H20N2O5: 320.1372; found: 320.1348.


7e : Prepared according to TP6 from 2 f (2.00 mL, 1.21 m in THF,
2.40 mmol) and 6e (349 mg, 2.00 mmol). Reaction time: 2 h. Purification
by flash chromatography (n-pentane/Et2O= 1:2) yielded 2,4-dimethoxy-6-
(3,4,5-trimethoxybenzyl)pyrimidine (7e ; 628 mg, 98%) as a colorless
solid. M.p.: 60.8–62.9 8C; IR (diamond/ATR, neat): ñ =3083 (w), 2945
(w), 2932 (w), 2831 (w), 1588 (s), 1564 (vs), 1505 (s), 1451 (s), 1433 (m),
1419 (s), 1375 (m), 1350 (vs), 1331 (s), 1299 (s), 1244 (s), 1233 (s), 1204
(s), 1193 (m), 1186 (m), 1149 (s), 1121 (vs), 1092 (vs), 1036 (s), 1003 (s),
980 (s), 922 (m), 862 (m), 835 (s), 826 (s), 816 (m), 792 (m), 742 (m), 729
(s), 717 (m), 686 (m), 612 (m), 602 cm�1 (s); 1H NMR (300 MHz, CDCl3):
d=6.49 (s, 2H), 6.12 (s, 1 H), 3.98 (s, 3H), 3.91 (s, 3H), 3.84 (s, 2 H), 3.82
(s, 6 H), 3.81 ppm (s, 3 H); 13C NMR (75 MHz, CDCl3): d =172.0, 171.4,
165.2, 153.2, 136.8, 133.2, 106.3, 99.9, 60.8, 56.1, 54.6, 53.7, 44.0 ppm; MS
(EI, 70 eV): m/z (%)=320 [M]+ (74), 305 (60), 181 (13), 69 (13), 57 (11),
44 (100); HRMS: m/z calcd for C16H20N2O5: 320.1372; found: 320.1360.


7 f : Prepared according to a procedure slightly modified from TP6 from
2 i (2.24 mL, 1.07 m in THF, 2.40 mmol), which was added by a syringe
pump over 30 min, and 6a (371 mg, 2.00 mmol). Reaction time: 2 h. Pu-
rification by flash chromatography (n-pentane/Et2O =1:1!1:3) yielded 2-
(3-acetylbenzyl)nicotinic acid ethyl ester (7 f ; 385 mg, 68%) as a yellow
oil. IR (diamond/ATR, neat): ñ =3049 (vw), 2982 (w), 2936 (w), 1718 (s),


1681 (vs), 1601 (w), 1582 (m), 1568 (m), 1484 (w), 1436 (m), 1357 (m),
1296 (m), 1258 (vs), 1173 (m), 1130 (m), 1079 (s), 1057 (m), 1018 (w), 976
(w), 956 (w), 863 (w), 777 (m), 741 (m), 693 (m), 589 (w), 577 cm�1 (w);
1H NMR (300 MHz, CDCl3): d= 8.67 (dd, J=4.7, 1.8 Hz, 1H), 8.19 (dd,
J=7.9, 1.8 Hz, 1H), 7.88–7.85 (m, 1 H), 7.75 (d, J=7.5 Hz, 1H), 7.46 (d,
J=7.5 Hz, 1H), 7.32 (t, J=7.7 Hz, 1 H), 7.24 (dd, J=7.9 and 4.7 Hz, 1H),
4.63 (s, 2H), 4.32 (q, J=7.2 Hz, 2H), 2.54 (s, 3 H), 1.32 ppm (t, J=7.2 Hz,
3H); 13C NMR (75 MHz, CDCl3): d =198.2, 166.3, 160.5, 151.9, 140.1,
138.8, 137.1, 133.8, 129.0, 128.4, 126.2, 126.0, 121.5, 61.5, 42.1, 26.6,
14.1 ppm; MS (EI, 70 eV): m/z (%): 283 [M]+ (100), 267 (37), 210 (39),
195 (13), 167 (29), 135 (12), 43 (58); HRMS: m/z calcd for C17H17NO3:
283.1208; found: 283.1187.


7g : Prepared according to TP6 from 2k (2.30 mL, 1.06 m in THF,
2.40 mmol) and 6 f (627 mg, 2.00 mmol). Reaction time: 16 h. Purification
by flash chromatography (n-pentane/Et2O= 1:1!0:1) yielded 1-[3-(2-
methylquinolin-4-ylmethyl)phenyl]pentan-1-one (7g ; 585 mg, 92%) as a
colorless, highly viscous oil. IR (diamond/ATR, neat): ñ=3063 (w), 2954
(s), 2930 (m), 2871 (m), 1674 (vs), 1601 (s), 1585 (m), 1562 (w), 1511 (m),
1466 (w), 1437 (m), 1415 (m), 1376 (m), 1336 (m), 1274 (m), 1227 (m),
1158 (m), 1024 (w), 964 (w), 910 (w), 869 (w), 763 (s), 756 (s), 733 (m),
700 (m), 637 (w), 570 cm�1 (w); 1H NMR (300 MHz, CDCl3): d =8.04 (d,
J=8.5 Hz, 1 H), 7.92 (d, J=9.2 Hz, 1 H), 7.81 (m, 2 H), 7.64 (t, J=7.7 Hz,
1H), 7.44 (t, J=7.7 Hz, 1H), 7.35 (m, 2 H), 7.00 (s, 1H), 4.43 (s, 2H),
2.89 (t, J=7.4 Hz, 2 H), 2.68 (s, 3 H), 1.67 (quint, J=7.5 Hz, 2H), 1.39
(sext, J= 7.5 Hz, 2H), 0.91 ppm (t, J=7.3 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d =200.4, 158.8, 148.0, 145.8, 139.3, 137.5, 133.2, 129.3, 129.2,
128.9, 128.3, 126.5, 125.8, 125.6, 123.4, 122.7, 38.4, 38.0, 26.4, 25.3, 22.4,
13.9 ppm; MS (EI, 70 eV): m/z (%)=317 [M]+ (25), 275 (100), 261 (44),
260 (38), 247 (15), 231 (63), 216 (15), 189 (18), 115 (12); HRMS: m/z
calcd for C22H23NO: 317.1780; found: 317.1756.


7h : Prepared according to TP6 from 2k (2.30 mL, 1.06 m in THF,
2.40 mmol) and 6b (527 mg, 2.00 mmol). Reaction time: 16 h. Purifica-
tion by flash chromatography (n-pentane/Et2O= 1:1!0:1) yielded 1-[3-
(6-methylpyridin-3-ylmethyl)phenyl]pentan-1-one (7h ; 448 mg, 84%) as
a pale-yellow liquid. IR (diamond/ATR, neat): ñ=2957 (s), 2930 (m),
2871 (m), 1681 (vs), 1601 (m), 1585 (w), 1568 (w), 1488 (m), 1465 (m),
1438 (m), 1409 (w), 1392 (m), 1378 (w), 1346 (w), 1320 (w), 1297 (m),
1266 (m), 1256 (m), 1228 (m), 1176 (m), 1159 (m), 1109 (w), 1096 (w),
1029 (m), 913 (w), 812 (w), 792 (w), 754 (m), 728 (m), 693 (m), 646 cm�1


(w); 1H NMR (300 MHz, CDCl3): d =8.36 (s, 1H), 7.78 (m, 2H), 7.35 (m,
3H), 7.05 (d, J=8.0 Hz, 1H), 3.97 (s, 2H), 2.90 (t, J=7.4 Hz, 2H), 2.5 (s,
3H), 1.67 (quint, J= 7.4 Hz, 2H), 1.37 (sext, J=7.4 Hz, 2 H), 0.92 ppm (t,
J=7.3 Hz, 3 H); 13C NMR (75 MHz, CDCl3): d=200.4, 156.4, 149.2,
140.7, 137.4, 136.7, 133.2, 132.7, 128.8, 128.2, 126.2, 123.1, 38.5, 38.3, 26.4,
23.9, 22.4, 13.9 ppm; MS (EI, 70 eV): m/z (%)=268 [M+H]+ (100), 225
(26), 224 (10), 211 (12), 210 (72), 183 (10), 182 (13), 181 (15); HRMS:
m/z calcd for C18H22NO: 268.1701 [M+H]+ ; found: 268.1697.


7 i : Prepared according to TP6 from 2k (2.30 mL, 1.06 m in THF,
2.40 mmol) and 6a (371 mg, 2.00 mmol). Reaction time: 1 h. Purification
by flash chromatography n-pentane/Et2O=6:1!1:1) yielded 2-(3-penta-
noylbenzyl)nicotinic acid ethyl ester (7 i ; 583 mg, 90%) as a pale-yellow
liquid. IR (diamond/ATR, neat): ñ=2958 (m), 2933 (m), 2872 (w), 1719
(vs), 1681 (s), 1582 (m), 1568 (m), 1436 (m), 1366 (m), 1274 (s), 1256
(vs), 1173 (m), 1158 (m), 1130 (s), 1111 (m), 1079 (s), 1057 (m), 1018 (m),
862 (w), 776 (m), 752 (m), 741 (m), 694 (m), 629 (w), 576 cm�1 (w);
1H NMR (300 MHz, CDCl3): d= 8.67 (dd, J=4.9, 1.9 Hz, 1H), 8.12 (dd,
J=7.9, 1.8 Hz, 1 H), 7.86 (m, 1H), 7.75 (m, 1H), 7.44 (m, 1 H), 7.32 (t,
J=7.7 Hz, 1H), 7.24 (dd, J=8.0, 4.9 Hz, 1H), 4.63 (s, 2H), 4.32 (q, J=


7.1 Hz, 2H), 2.90 (t, J= 7.3 Hz, 2H), 1.67 (quint, J=7.4 Hz, 2H), 1.37
(sext, J=7.5 Hz, 2H), 1.32 (t, J=7.2 Hz, 3H), 0.92 ppm (t, J=7.3 Hz,
3H); 13C NMR (75 MHz, CDCl3): d =200.6, 166.3, 160.6, 151.9, 140.1,
138.8, 137.1, 133.6, 128.7, 128.4, 126.1, 125.9, 121.4, 61.5, 42.1, 38.3, 26.5,
22.4, 14.1, 13.9 ppm; MS (EI, 70 eV): m/z (%)=325 [M]+ (79), 283 (12),
282 (12), 269 (16), 268 (100), 212 (10), 211 (13), 167 (27), 166 (24);
HRMS: m/z calcd for C20H23NO3: 325.1678; found: 325.1666.


7j : Prepared according to TP6 from 2 l (1.74 mL, 1.38 m in THF,
2.40 mmol) and 6g (276 mg, 2.00 mmol). Reaction time: 0.5 h. Purifica-
tion by flash chromatography (n-pentane/Et2O= 9:1) yielded 3-(4-cyano-
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benzyl)benzoic acid ethyl ester (7 j ; 482 mg, 91 %) as a white solid. M.p.:
51.0–53.0 8C; IR (diamond/ATR, neat): ñ=3054 (vw), 2991 (w), 2983 (w),
2937 (w), 2912 (w), 2874 (vw), 2228 (m), 1707 (vs), 1669 (w), 1604 (m),
1586 (w), 1477 (w), 1446 (m), 1362 (m), 1279 (s), 1188 (s), 1105 (m), 1024
(m), 939 (m), 854 (m), 796 (w), 762 (m), 734 (m), 696 (m), 602 cm�1 (m);
1H NMR (300 MHz, CDCl3): d= 7.93–7.89 (m, 1H), 7.87–7.85 (m, 1H),
7.56 (d, J=8.3 Hz, 2 H), 7.40–7.30 (m, 2 H), 7.27 (d, J=8.5 Hz, 2H), 4.36
(q, J=7.1 Hz, 2 H), 4.07 (s, 2 H), 1.37 ppm (t, J=7.2 Hz, 3 H); 13C NMR
(75 MHz, CDCl3): d=166.3, 146.0, 139.6, 133.3, 132.4, 131.0, 130.0, 129.6,
128.8, 127.9, 118.8, 110.3, 61.0, 41.7, 14.3 ppm; MS (EI, 70 eV): m/z
(%)=265 [M]+ (56), 237 (49), 221 (20), 220 (100), 207 (29), 193 (16), 192
(30), 191 (21), 190 (26), 165 (17); HRMS: m/z calcd for C17H15NO2:
265.1103; found: 265.1089.


7k : Prepared according to TP6 from 2 l (1.74 mL, 1.38 m in THF,
2.40 mmol) and 6h (641 mg, 2.00 mmol). Reaction time: 2 h. Purification
by flash chromatography (n-pentane/Et2O=9:1) yielded ethyl 3-[4-
(ethoxycarbonyl)benzyl]benzoate (7k ; 385 mg, 65 %) as a yellow oil. IR
(diamond/ATR, neat): ñ= 2982 (w), 2937 (vw), 2906 (vw), 1711 (vs), 1609
(w), 1588 (w), 1444 (w), 1415 (w), 1366 (w), 1270 (vs), 1187 (m), 1177
(m), 1100 (s), 1082 (m), 1020 (m), 940 (w), 855 (w), 746 (m), 710 (m), 689
(w), 637 (vw), 590 cm�1 (w); 1H NMR (300 MHz, CDCl3): d =7.99 (d, J=


8.4 Hz, 2H), 7.94–7.91 (m, 2 H), 7.41–7.34 (m, 2 H), 7.27 (d, J=8.6 Hz,
2H), 4.38 (q, J=7.2 Hz, 2H), 4.38 (q, J=7.1 Hz, 2H), 4.09 (s, 2 H), 1.40
(t, J= 7.1 Hz, 3H), 1.40 ppm (t, J=7.2 Hz, 3 H); 13C NMR (75 MHz,
CDCl3): d =166.5, 166.5, 145.7, 140.4, 140.4, 133.3, 130.8, 130.0, 129.9,
128.8, 128.7, 128.6, 127.6, 61.0, 60.8, 41.6, 14.3 ppm; MS (EI, 70 eV): m/z
(%)=312 [M]+ (40), 268 (17), 267 (100), 240 (14), 239 (37), 167 (15), 166
(16), 165 (36), 111 (11); HRMS: m/z calcd for C19H20O4: 312.1362;
found: 312.1354.


7 l : Prepared according to TP6 from 2 l (1.74 mL, 1.38 m in THF,
2.40 mmol) and 6 i (729 mg, 2.00 mmol). Reaction time: 5 h. Purification
by flash chromatography (n-pentane/Et2O=4:1) yielded 5-(3-ethoxycar-
bonylbenzyl)isophthalic acid dimethyl ester (7 l ; 432 mg, 61%) as a color-
less oil. IR (diamond/ATR, neat): ñ=2982 (vw), 2952 (w), 1713 (vs),
1602 (w), 1588 (w), 1432 (m), 1334 (m), 1276 (s), 1236 (vs), 1192 (s), 1104
(s), 1081 (m), 1001 (s), 920 (w), 868 (w), 818 (w), 789 (w), 749 (s), 706
(s), 632 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=8.53–8.52 (m, 1H),
8.04 (d, J=2.2 Hz, 2 H), 7.91–7.87 (m, 2 H), 7.39–7.31 (m, 2 H), 4.35 (q,
J=7.2 Hz, 2 H), 4.10 (s, 2 H), 3.91 (s, 6H), 1.37 ppm (t, J=7.1 Hz, 3H);
13C NMR (75 MHz, CDCl3): d= 166.4, 166.2, 141.5, 140.1, 134.2, 133.3,
131.0, 130.9, 129.9, 128.8, 128.8, 127.8, 61.0, 52.3, 41.3, 14.3 ppm; MS
(70 eV, EI): m/z (%)=356 [M]+ (60), 325 (35), 312 (18), 311 (100), 284
(15), 252 (13), 165 (32), 140 (20); HRMS: m/z calcd for C20H20O6:
356.1260; found: 356.1257.


7m : Prepared according to TP6 from 2 l (1.74 mL, 1.38 m in THF,
2.40 mmol) and 6 j (557 mg, 2.00 mmol). Reaction time: 24 h. Purification
by flash chromatography (n-pentane/Et2O =19:1) yielded 3-(2-methoxy-
benzyl)benzoic acid ethyl ester (7m ; 370 mg, 69%) as a colorless liquid.
IR (diamond/ATR, neat): ñ =2978 (w), 2936 (w), 2835 (vw), 1713 (s),
1586 (m), 1492 (m), 1463 (m), 1438 (m), 1366 (m), 1275 (s), 1241 (vs),
1193 (m), 1182 (s), 1102 (s), 1079 (m), 1049 (m), 1026 (s), 1002 (m), 929
(w), 741 (vs), 714 (m), 691 (m), 670 (m), 619 cm�1 (m); 1H NMR
(300 MHz, CDCl3): d =7.95–7.92 (m, 1H), 7.86 (d, J=7.5 Hz, 1H), 7.40–
7.35 (m, 1H), 7.31 (t, J=7.4 Hz, 1 H), 7.20 (td, J=7.8, 1.9 Hz, 1H), 7.07
(dd, J= 7.9, 1.8 Hz, 1 H), 6.91–6.84 (m, 2 H), 4.35 (q, J=7.1 Hz, 2 H), 4.01
(s, 2H), 3.81 (s, 3H), 1.38 ppm (t, J=7.1 Hz, 3 H); 13C NMR (75 MHz,
CDCl3): d =166.8, 157.3, 141.4, 133.4, 130.4, 130.2, 130.1, 129.1, 128.2,
127.6, 127.1, 120.5, 110.5, 60.8, 55.3, 35.8, 14.3 ppm; MS (EI, 70 eV): m/z
(%)=270 [M]+ (87), 225 (66), 224 (96), 196 (100), 165 (49), 135 (89), 91
(53); HRMS: m/z calcd for C17H18O3: 270.1256; found: 270.1259.


7n : Prepared according to TP6 from 2 l (1.74 mL, 1.38 m in THF,
2.40 mmol) and 6c (599 mg, 2.00 mmol). Reaction time: 2 h. Purification
by flash chromatography (n-pentane/Et2O =6:1) yielded 3-quinolin-8-yl-
methylbenzoic acid ethyl ester (7n ; 491 mg, 85%) as a colorless oil. IR
(diamond/ATR, neat): ñ=3033 (vw), 2979 (w), 2928 (w), 2902 (w), 1710
(vs), 1594 (w), 1497 (m), 1442 (m), 1366 (m), 1272 (vs), 1188 (s), 1103 (s),
1081 (s), 1024 (m), 928 (w), 870 (w), 818 (m), 809 (m), 789 (s), 751 (s),
713 (s), 689 (m), 672 (m), 612 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=


8.96 (dd, J= 4.3, 1.8 Hz, 1H), 8.15 (dd, J=8.3, 1.7 Hz, 1 H), 8.05–8.02 (m,
1H), 7.89–7.84 (m, 1 H), 7.72–7.66 (m, 1H), 7.52–7.47 (m, 1 H), 7.46–7.38
(m, 3H), 7.32 (t, J=7.8 Hz, 1H), 4.73 (s, 2 H), 4.34 (q, J=7.2 Hz, 2 H),
1.36 ppm (t, J=7.2 Hz, 3 H); 13C NMR (75 MHz, CDCl3): d=166.8,
149.4, 146.4, 141.6, 139.5, 136.4, 133.9, 130.5, 130.4, 129.6, 128.4, 128.3,
127.2, 126.5, 126.4, 121.1, 60.8, 36.6, 14.3 ppm; MS (EI, 70 eV): m/z
(%)=291 [M]+ (100), 262 (63), 246 (12), 218 (28), 217 (55), 108 (34);
HRMS: m/z calcd for C19H17NO2: 291.1259; found: 129.1261.


7o : Prepared according to TP6 from 2 l (1.74 mL, 1.38 m in THF,
2.40 mmol) and 6d (438 mg, 2.00 mmol). Reaction time: 1.5 h. Purifica-
tion by flash chromatography (n-pentane/Et2O=1:1) yielded 3-(2,4-dime-
thoxypyrimidin-5-ylmethyl)benzoic acid ethyl ester (7o ; 505 mg, 84%) as
a colorless oil. IR (diamond/ATR, neat): ñ=2985 (w), 2957 (w), 2902
(w), 1715 (s), 1600 (s), 1567 (s), 1466 (s), 1398 (s), 1379 (vs), 1350 (m),
1273 (vs), 1239 (m), 1190 (s), 1153 (w), 1104 (m), 1070 (s), 1052 (m), 1015
(s), 788 (w), 763 (w), 744 (m), 694 cm�1 (w); 1H NMR (300 MHz, CDCl3):
d=7.96 (s, 1 H), 7.89–7.86 (m, 2H), 7.34–7.32 (m, 2H), 4.35 (q, J=


7.2 Hz, 2H), 3.95 (s, 3H), 3.95 (s, 3 H), 3.82 (s, 2 H), 1.36 ppm (t, J=


7.2 Hz, 3 H); 13C NMR (75 MHz, CDCl3): d=169.2, 166.5, 164.3, 157.1,
139.4, 133.0, 130.7, 129.7, 128.4, 127.6, 114.1, 60.9, 54.7, 53.9, 32.3,
14.3 ppm; MS (EI, 70 eV): m/z (%)=302 [M]+ (100), 301 (53), 287 (27),
273 (33), 257 (33), 241 (21), 200 (25); HRMS: m/z calcd for C16H18N2O4:
302.1267; found: 302.1269.


7p : Prepared according to TP6 from 2m (1.75 mL, 1.37 m in THF,
2.40 mmol) and 6k (370 mg, 2.00 mmol). Reaction time: 0.5 h. Purifica-
tion by flash chromatography (n-pentane/Et2O= 6:1) yielded 4-(3-cyano-
benzyl)benzoic acid ethyl ester (7p ; 473 mg, 89 %) as a white solid. M.p.:
60.5–62.4 8C; IR (diamond/ATR, neat): ñ=3076 d(w), 3052 (w), 3000 (w),
2976 (w), 2956 (w), 2900 (w), 2228 (m), 1708 (vs), 1608 (m), 1576 (w),
1476 (w), 1448 (w), 1436 (w), 1416 (w), 1392 (w), 1364 (m), 1324 (w),
1308 (w), 1276 (vs), 1192 d(w), 1176 (m), 1128 (m), 1108 (s), 1020 (m),
980 (w), 940 (w), 908 (w), 876 (w), 856 (w), 788 (m), 764 (m), 728 (m),
700 (w), 688 (m), 652 (w), 560 cm�1 (w); 1H NMR (300 MHz, CDCl3):
d=7.98 (d, J=8.4 Hz, 2H), 7.53–7.38 (m, 4 H), 7.22 (d, J=8.4 Hz, 2H),
4.36 (q, J= 7.1 Hz, 2 H), 4.05 (s, 2 H), 1.37 ppm (t, dJ=7.1 Hz, 3H);
13C NMR (75 MHz, CDCl3): d= 166.5, 144.7, 141.9, 133.6, 132.6, 130.4,
130.3, 129.6, 129.3, 129.1, 118.9, 112.9, 61.2, 41.5, 14.6 ppm; MS (EI,
70 eV): m/z (%)=265 [M]+ (37), 237 (20), 220 (100), 192 (30), 190 (28),
165 (24); HRMS: m/z calcd for C17H15NO2: 265.1103; found: 265.1077.


7q : Prepared according to TP6 from 2m (1.75 mL, 1.37 m in THF,
2.40 mmol) and 6 l (398 mg, 2.00 mmol). Reaction time: 0.5 h. Purification
by flash chromatography (n-pentane/Et2O=2:1) yielded 3-(4-acetylben-
zyl)benzonitrile (7q ; 352 mg, 75 %) as a white solid. M.p.: 71.6–73.9 8C;
IR (diamond/ATR, neat): ñ=3516 (m), 2228 (m), 1672 (vs), 1600 (m),
1584 (m), 1568 (w), 1484 (w), 1456 (w), 1412 (m), 1356 (m), 1268 (m),
1200 (w), 1184 (w), 1140 (w), 1112 (w), 1076 (w), 1012 (w), 960 (w), 904
(w), 888 (w), 848 (w), 824 (m), 808 (w), 792 (m), 748 (m), 716 (w), 692
(m), 624 (m), 592 (w), 576 (w), 560 cm�1 (w); 1H NMR (300 MHz,
CDCl3): d =7.90 (d, J=8.2 Hz, 2 H), 7.53–7.50 (m, 1 H), 7.45 (s, 1H),
7.42–7.40 (m, 2 H), 7.25 (d, J=8.6 Hz, 2H), 4.06 (s, 2H), 2.58 ppm (s,
3H); 13C NMR (75 MHz, CDCl3): d =197.6, 144.8, 141.5, 135.7, 133.4,
132.3, 130.2, 129.4, 129.1, 128.9, 126.8, 112.7, 41.3, 26.6 ppm; MS (EI,
70 eV): m/z (%)=235 [M]+ (33), 220 (100), 201 (83), 199 (90), 116 (24),
89 (43); HRMS: m/z calcd for C16H13NO: 235.0997; found: 235.1009.


7r : Prepared according to TP6 from 2m (1.75 mL, 1.37 m in THF,
2.40 mmol) and 6m (230 mg, 2.00 mmol). Reaction time: 0.5 h. Purifica-
tion by flash chromatography (Et2O) yielded 3-pyrimidin-2-ylmethylben-
zonitrile (7r ; 269 mg, 69 %) as a yellow oil. IR (diamond/ATR, neat): ñ=


3040 (w), 2972 (vw), 2924 (vw), 2228 (m), 1604 (vw), 1560 (vs), 1484 (w),
1416 (vs), 1320 (vw), 1296 (vw), 1280 (vw), 1232 (w), 1180 (w), 1152
(vw), 1096 (w), 996 (w), 944 (vw), 912 (w), 856 (vw), 792 (m), 716 (w),
688 (m), 636 (w), 584 (w), 564 cm�1 (w); 1H NMR (300 MHz, CDCl3):
d=8.67 (d, J=5.1 Hz, 2H), 7.64 (s, 1 H), 7.60–7.57 (m, 1H), 7.52–7.48
(m, 1H), 7.41–7.36 (m, 1H), 7.16 (t, J=4.9 Hz, 1 H), 4.30 ppm (s, 2H);
13C NMR (75 MHz, CDCl3): d= 168.7, 157.4, 139.5, 133.7, 132.7, 130.3,
129.2, 119.0, 118.8, 112.5, 45.3 ppm; MS (EI, 70 eV): m/z (%)=196 (6),
195 [M]+ (53), 194 (100), 193 (5), 167 (2). 142 (3), 116 (4), 115 (5), 114
(3); HRMS: m/z calcd for C12H9N3: 195.0796; found: 195.0803.
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7s : Prepared according to TP6 from 2n (1.78 mL, 1.35 m in THF,
2.40 mmol) and 6n (458 mg, 2.00 mmol). Reaction time: 12 h. Purifica-
tion by flash chromatography (n-pentane/Et2O=98:2) yielded 4-(1-phe-
nylethyl)benzoic acid ethyl ester (7s ; 485 mg, 95%) as a colorless oil. IR
(diamond/ATR, neat): ñ =3028 (vw), 2973 (w), 2934 (vw), 1712 (s), 1610
(m), 1494 (w), 1451 (w), 1415 (w), 1367 (m), 1310 (w), 1271 (vs), 1178
(m), 1102 (s), 1019 (s), 857 (m), 758 (m),738 (m), 698 (vs), 646 (w),
595 cm�1 (w); 1H NMR (300 MHz, CDCl3): d=7.97 (d, J=8.3 Hz, 2H),
7.33–7.25 (m, 4 H), 7.23–7.16 (m, 3 H), 4.36 (q, J=7.1 Hz, 2 H), 4.20 (q,
J=7.1 Hz, 1.66 (d, J=7.3 Hz, 3 H), 1.37 ppm (t, J=7.1 Hz, 3H);
13C NMR (75 MHz, CDCl3): d= 166.5, 151.5, 145.4, 129.7, 128.5, 128.4,
127.6, 127.5, 126.3, 60.7, 44.8, 21.6, 14.3 ppm; MS (EI, 70 eV): m/z (%)=


254 [M]+ (100), 239 (45), 209 (40), 181 (41), 165 (57); HRMS: m/z calcd
for C17H18O2: 254.1307; found: 254.1305.
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Introduction


The use of sulfur ylides as reagents for the asymmetric epox-
idation of carbonyl compounds is now well established and
there are a number of chiral sulfides that give greater than
90 % ee in epoxidations (Figure 1) and other related reac-
tions.[1–4] Both catalytic and stoichiometric processes have
been developed, the latter showing broader substrate
scope.[5] For example, we have developed sulfide 1, which
can be synthesized on a large scale in four steps and 56 %
yield from camphorsulfonyl chloride;[6] it is an effective and
selective catalyst for epoxidation of a wide variety of car-
bonyl compounds.[5a] However, with this and all other sul-
fides shown in Figure 1, column chromatography is required
to separate the product epoxide from the sulfide, which is
unattractive for large-scale applications. We have therefore
sought sulfides that are easier to separate, which additional-
ly improves their recyclability. With this in mind, we have
focused on thiomorpholines and in this paper we describe


the synthesis of a series of such molecules and their use in
asymmetric epoxidations.


Potential sulfides were designed bearing in mind that the
enantioselectivity in sulfide-mediated epoxidations is gov-
erned by four main factors:[2]


a) Alkylation of the sulfide should lead to a single diaste-
reomer of ylide, and so in non-C2-symmetric sulfides
only one lone pair should be reactive.


Keywords: asymmetric epoxida-
tion · enantioselectivity · sulfur ·
thiomorpholines · ylides
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Figure 1. Sulfides which give greater than 90 % ee in epoxidations.[4–6]


Chem. Asian J. 2008, 3, 1657 – 1663 D 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1657



www.interscience.wiley.com





b) The conformation of the ylide must be well controlled.
c) The ylide should show a high level of face selectivity in


reaction with the carbonyl compound.
d) The anti-betaine should be formed nonreversibly; the


steric bulk of the sulfide can affect this.


It was envisaged that the pseudo-chair conformation of
the six-membered ring of thiomorpholines would make a
good core for the design of aminosulfide targets. The amino
group would allow the sulfide to be easily recovered from
the reaction mixture by a simple acid/base extraction. Al-
though amines are generally more nucleophilic than sulfides,
by adding significant steric hindrance around the nitrogen
atom we expected the normal pattern of reactivity to be re-
versed. Appropriate placement of substituents should allow
control of the lone-pair alkylation, the ylide conformation,
and the face selectivity of the ylide (Figures 2 and 3). For ex-


ample, the thiomorpholines 2 should show good selectivity
in alkylation of the less hindered, equatorial lone pair. The
ylide conformation would be controlled by syn-pentane in-
teractions between the axial C�H bonds of the thiomorpho-
line and the C-H versus C-Ph groups of the ylide. Ylide face
selectivity would be expected to be well controlled as there
is a C substituent directly in front of the ylidic carbon atom.
cis-2,3-Disubstituted thiomorpholines 4 and 5 were also se-
lected since it was expected that a bulky N substituent might
force the adjacent substituent into an axial position, thus en-
hancing the selectivity in alkylation of the sulfide. Similarly
6 would be expected to show very high selectivity in sulfide
alkylation and very high selectivity in ylide conformation.


The main uncertainty was ylide face selectivity, which no
longer has a substituent directly flanking the ylidic carbon
atom in the case of 6, but does have a carbon substituent in
the case of 4/5. For completeness we decided to test the con-
formationally flexible trans-2,3-disubstituted thiomorpho-
lines 3 since both conformationally flexible and locked cis
substrates (4, 5, and 6) had been targeted together with the
conformationally locked trans-2,3-substituted thiomorpho-
lines 2. The synthesis of thiomorpholines 2–6, a family of
highly selective and recoverable catalysts for asymmetric ep-
oxidation of aldehydes, is described below.


Results and Discussion


The synthesis of 2–5 from commercially available alkenes is
outlined in Scheme 1. Reaction of sulfuryl chloride with di-
sulfide 7[7] generated the corresponding sulfenyl chloride,[8]


which was treated in situ with the appropriate alkene to give
b-chlorosulfides 11a–13a (Caution!). The racemic b-chloro-
sulfides 11a–13a were used rapidly as they are potentially
hazardous and somewhat unstable on storage. Reaction with
cheap and commercially available (S)-a-phenylethylamine
gave the desired aminosulfides 11b,c, 12b,c, 13b,c as a mix-
ture of two diastereomers in each case (1:1 by 1H NMR of
the crude product) which were separable by column chro-
matography.[9] Treatment of the diastereomerically pure b-
aminosulfides 11c, 12-d1 (diastereomer 1 of 12), 13b, and
13c with hydrochloric acid followed by triacetoxyborohy-
dride gave the desired thiomorpholines 2–5.[10, 11]


Sulfide 6 was synthesized starting from inexpensive (R)-li-
monene (Scheme 2), taking advantage of a new route to thi-
omorpholines from aminothiols developed in our group.[12]


Selective hydrogenation of the external double bond gave
(R)-menthene.[13] Reaction of menthene with iodine and thi-
ocyanogen yielded a 2:1 mixture of diastereomers 16 and 17
in which the iodo and isothiocyanato groups have a trans re-
lationship as expected from the analogous reaction of 4-tert-
butyl-1-methylcyclohexene.[14] The regioselectivity observed
is as expected for the ring opening of iodonium ions having
cis and trans relationships to the isopropyl group to yield di-
axial iodo and thiocyanato groups in chair conformations.
Addition of MeMgI to the mixture of diastereomers con-
verted 16 into thiazoline 18 in low yield (unoptimized).[15]


Products from the minor diastereomer 17 were not isolated.
Hydrolysis with hydrochloric acid gave only low conversion
after 7 days at reflux.[16] However, it was found that after
13 h of microwave irradiation the desired aminothiol 19 was
obtained cleanly in excellent yield. Application of our re-
cently developed methodology for the synthesis of thiomor-
pholines[12] gave 20 (90 %), which furnished sulfide 6 (79 %)
after reductive amination.


Sulfide Alkylation


The conformers of 2c, 4, 5, and 3-d1 (diastereomer 1 of 3)
shown in Scheme 3 were predicted to be the lowest-energy


Figure 2. Design elements in target sulfides.


Figure 3. Target thiomorpholines 2–6.
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conformations using molecular mechanics modelling.[17] The
preference for the N substituent to sit pseudoaxial for 2c, 4,
and 5 and pseudoequatorial for 3-d1 was quite pronounced
(conformers with the N substituent in the alternate position
were more than 11 kJ mol�1 higher in energy compared to
the lowest-energy conformer). The following rationalization
for the preferred conformations is proposed: The need for
the N substituent to avoid a steric clash with the alkyl sub-
stituent on the adjacent carbon atom outweighs the 1,3-dia-
xial interactions with axial hydrogen substituents in sulfides
2c, 4, and 5. The propyl groups in 3-d1 have a strong prefer-
ence to sit in trans-diaxial positions so as to avoid gauche in-
teractions with each other.[18] Thus in this case the N sub-
stituent sits in a pseudoequatorial position as the 1,3-diaxial
interaction with the propyl chain is a more severe interac-
tion than the interaction with the axial propyl group on the
adjacent carbon atom.


As expected 4, 5, and 6, gave single diastereomers upon
alkylation with BnBr because in each case the axial lone
pair is severely hindered by an axial substituent in the 3-po-
sition (Scheme 3).[19] An X-ray structure of 23 (Figure 4)
proved the relative stereochemistry, from which we were


able to deduce the stereochemistry of 4 and 5. The high se-
lectivity in alkylation of 4/5 is a consequence of the need for
the bulky N substituent to be as far away from the adjacent
C substituent, forcing it and the C3 substituent into pseu-
doaxial positions. The axial C substituent then blocks the
axial sulfide lone pair, leading to high selectivity. Evidently,
without the axial substituent the diastereoselectivity in alky-
lation is moderate as shown in example 2c (d.r.= 14:1). In
the case of 3-d1 we believe that the poor selectivity in alky-
lation is due to slow alkylation of the major (diaxial) confor-
mer and rapid alkylation of the minor (diequatorial) confor-
mer.


Epoxidation Reactions


Sulfonium salts 21, 22, 23, and 26 were tested in the asym-
metric epoxidation of benzaldehyde (Table 1). Using EtP2


base ([Me2N]3P =NP ACHTUNGTRENNUNG(=NEt) ACHTUNGTRENNUNG[NMe2]2) at �78 8C in CH2Cl2


(method A) high diastereo- and enantioselectivities and
good yields were obtained (Table 1, entries 1–3, 5). Howev-
er, attempted recovery of the sulfides by acid/base extrac-
tion did not give clean material. In contrast, use of KOH at


Scheme 1. Synthesis of thiomorpholines 2–5. The absolute stereochemsitry of 3-d1 has not been established.


Scheme 2. Synthesis of 6 from (R)-limonene 14. MW =microwave.
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0 8C in MeCN/H2O (9:1; method B) did allow clean recov-
ery of the sulfides in good to excellent yield through acid/
base wash (Table 1, entries 4 and 6). The enantioselectivity


remained high and was not affected significantly by the
change in conditions although a decrease in diastereoselec-
tivity was observed when using salt 23 (Table 1, entries 5
and 6). Sulfonium salt 23 performed best in epoxidations of
benzaldehyde and was tested in epoxidations of p-chloro-
and p-methylbenzaldehyde, which also gave excellent results
(Table 1, entries 7 and 9). In addition salts 24 and 25 derived
from sulfide 5 were also tested in the epoxidation of benzal-
dehyde and gave good results (Table 1, entries 8 and 10). In
all cases the sulfide 5 was reisolated by a simple acid/base
wash in high yield.


The small changes in diastereoselectivity observed with
different solvents, and with different substituents on the
benzylide and aldehyde groups, can be explained in terms of
their effect on the reversibility of the reaction between the
ylide and the aldehyde. Reducing the reversibility of the be-
taine formation leads to more cis-epoxide being prod-
ACHTUNGTRENNUNGuced.[2,5a] Changing the solvent from CH2Cl2 to MeCN/H2O
makes the initial reaction between the ylide and aldehyde to
form syn- and anti-betaines less reversible. This leads to
more cis-epoxide being produced in MeCN/H2O than in
CH2Cl2 (see Table 1, entry 5 vs. 6). The reaction between the
ylide derived from 23 and p-chlorobenzaldehyde is expected
to be less reversible than the reaction between the ylide de-


Scheme 3. Synthesis of sulfonium salts 21–27. The relative stereochemis-
try of dipropyl groups is trans but the absolute stereochemistry is not
known.


Figure 4. Solid-state structure of 23. Thermal ellipsoids are drawn at the
50% probability level. Hydrogen atoms and cocrystallized dichlorome-
thane solvent have been omitted for clarity.


Table 1. Results obtained in the asymmetric epoxidation of aldehydes with sul-
fonium salts 21–26.


Entry Sulfonium
salt


Method[a] R1,
R2


Yield
[%][b]


trans/
cis[c]


e.r.[d] Recovered
sulfide [%]


1 21 (14:1
a/b)


A H,
H


79 �98:2 85.5:14.5
(R,R)


–


2 22 A H,
H


74 �98:2 93:7
(R,R)


–


3 26 A H,
H


86 �98:2 79:21
(S,S)


–


4 26 B H,
H


60 97:3 80:20
(S,S)


83


5 23 A H,
H


79 �98:2 97:3
(S,S)


–


6 23 B H,
H


95 86:14 96:4
(S,S)


97


7 23 B Cl,
H


89 94:6 96:4
(S,S)


90


8 24 B H,
Cl


92 98:2 97:3
(S,S)


93


9 23 B Me,
H


94 89:11 96:4
(S,S)


96


10 25 B H,
Me


73 78:22 95:5
(S,S)


94


[a] Method A: EtP2 base (1.1 equiv), aldehyde (1.1 equiv), �78 8C, 1.5–2 h,
CH2Cl2, sulfide not recovered. Method B: KOH (2 equiv), aldehyde (2 equiv),
0 8C, 3 h, MeCN/H2O (9:1). [b] Combined yield of isolated cis- and trans-stil-
bene oxide. [c] Determined by 1H NMR of crude product. [d] Determined by
chiral HPLC; see the Supporting Information for details. [e] 8 h.
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rived from 24 and benzaldehyde and therefore produces
more cis-epoxide (Table 1, entry 7 vs. 8). Similarly, the
methyl substituent on 25 is expected to lower the stability of
the corresponding ylide and make the reaction with benzal-
dehyde less reversible than the reaction between the ylide
derived from 23 and p-methylbenzaldehyde (Table 1, entry 9
vs. 10), again leading to lower diastereoselectivity. Thus, for
the diastereoselective synthesis of substituted stilbene
oxides it is preferable to have the more electron-withdraw-
ing substituents on the ylide component and the more elec-
tron-donating substituents on the aldehyde.


The formation of trans-epoxides with good to excellent
enantioselectivity can be understood by considering the
ylide conformation and facial selectivity of the anti-betaine
formation.[3] Deprotonation of 23 gives ylide 28 (Scheme 4).


Conformer 28A is favored over 28B owing to unfavorable
interactions between the axial protons on the thiomorpho-
line ring and the phenyl group in 28B. The ethyl substituent
blocks the approach of the aldehyde to the Re face of the
ylide and thus the aldehyde approaches to the Si face. The
anti-betaine thus formed would give the (S,S)-epoxide, as is
observed. The difference in enantioselectivity obtained with
22 versus 23, although small, shows that there is communica-
tion between the stereocenter on the methylbenzylamine all
the way to the ylide, leading to a small match/mismatch
effect.


Application of the model described above allows the
major enantiomer obtained from epoxidations involving
ylides 29 and 33 to be explained (Scheme 5). Using the
same model, it was deduced that 21 must give rise to 30
rather than 32. This then allows the assignment of the abso-
lute stereochemistry of the stereocenters at the 2,3-positions
of 21 and its precursors. It is suggested that the lower enan-
tioselectivity obtained with 26 is due to the poorer ability of
an axial substituent on the carbon atom a to sulfur to con-
trol facial selectivity compared to an equatorial substituent.


Epoxidation protocols involving the generation of sulfoni-
um salts in situ by alkylation of sulfide 23 were also attempt-


ed (Scheme 6). Initially one equivalent of sulfide 23 was
used with nBu4NHSO4 (0.2 equiv) as an additive.[20] In ace-
tonitrile/H2O the formation of 8 % tribenzylamine was ob-


served. This can be explained by a decomposition pathway
in which the aminosulfide is N-benzylated to give an ammo-
nium salt which is degraded by Hofmann elimination
(Scheme 7). Repetition of these steps leads to the formation
of NBn3. Fortunately in alcoholic solvents this pathway was
suppressed and excellent results were obtained. Following
experimentation with solvents a 9:1 mixture of tert-amyl al-
cohol and water was found to be the best solvent combina-
tion (Scheme 6). Reducing the sulfide loading to 10 mol %
gave slower reactions and some sulfide decomposition was
noted.


Scheme 4. Model for the enantioselectivity observed in the reaction of
ylide 28 derived from 23.


Scheme 5. Predicted major conformer of ylides 29–33 and prediction of
the major enantiomer of epoxide that should be obtained in the epoxida-
tion of benzaldehyde with each ylide.


Scheme 6. Asymmetric epoxidation of benzaldehyde using an in situ sul-
fide alkylation protocol.
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Conclusions


In summary, we have synthesized a family of enantiomeri-
cally pure thiomorpholines in four to six steps and tested
their potential in sulfur ylide mediated epoxidations. From
this study, the cis-2,3-diethyl-substituted thiomorpholine 5
emerged as the optimum. It gave complete selectivity in sul-
fide alkylation and gave high enantioselectivity (96:4) in
subsequent epoxidations. The sulfide could also be em-
ployed in substoichiometric amounts (10 %) in a catalytic
epoxidation process with similar selectivity. Furthermore,
the sulfide could be separated from the product epoxide, rei-
solated, and reused by a simple acid/base wash.


Experimental Section


Sample epoxidation procedure: Method B: Powdered KOH (25 mg,
0.44 mmol) was added to a solution of the sulfonium salt 23 (0.22 mmol)
and the corresponding aldehyde (0.22 mmol) in MeCN/H2O 9:1 (1.0 mL)
at 0 8C without preclusion of air. The reaction mixture was stirred for 3 h
at 0 8C. The organic solvent was removed under reduced pressure, and
the residue was redissolved in Et2O (10 mL) and extracted with aqueous
HCl solution (1 m, 2M 5 mL). The organic phase was dried over MgSO4


and the solvent was removed under reduced pressure. The diastereomeric
ratio of the crude epoxide was determined by 1H NMR spectroscopy. Pu-
rification of the crude product by flash chromatography (silica; EtOAc/
PE 1:50) afforded the epoxides as colorless solids.


Recovery of sulfide: The combined aqueous phases were basified by ad-
dition of aqueous NaOH solution (3 m) to pH 11 and extracted with Et2O
(3 M 5 mL). The combined organic extracts were washed with brine, dried
over MgSO4, and the solvent was removed under reduced pressure. The
sulfide 5 thus recovered was shown to be pure by 1H and 13C NMR spec-
troscopy.


Full experimental data for the synthesis of all compounds described, in-
cluding NMR spectra, are supplied in the Supporting Information.
CCDC 684971 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.


Acknowledgements


We are grateful to Miss J. C. Felton-Page and Dr. J. P. H Charmant for
determination of the solid-state structure of compound 23 by a single-
crystal X-ray diffraction study. M.H. thanks the DAAD for funding. O.I.
thanks the Departament d’Educacio i Universitats de la Generalitat de
Catalunya for funding. V.K.A. thanks the Royal Society for a Wolfson


Research Merit Award and the EPSRC for a Senior Research Fellow-
ship.


[1] a) V. K. Aggarwal, D. M. Badine, V. A. Moorthie in Aziridines and
Epoxides in Asymmetric Synthesis (Ed.: A. K. Yudin), Wiley-VCH,
Weinheim, 2006 ; chap. 1; b) Y. Tang, S. Ye, X.-L. Sun, Synlett 2005,
2720 – 2730; c) V. Aggarwal, J. Richardson, Science of Synthesis,
Vol. 27, Thieme, Stuttgart, 2004, pp. 21 –104; d) A.-H. Li, L.-X. Dai,
V. K. Aggarwal, Chem. Rev. 1997, 97, 2341 – 2372; e) V. K. Aggarwal
in Comprehensive Asymmetric Catalysis II (Eds.: E. N. Jacobsen, A.
Pfaltz, H. Yamamoto), Springer, New York, 1999, pp. 679 – 693; f) V.
Blot, J.-F. BriOre, M. Davoust, S. MiniOre, V. Reboul, P. Metzner,
Phosphorus Sulfur Silicon Relat. Elem. 2005, 180, 1171 – 1182.


[2] V. K. Aggarwal, J. Richardson, Chem. Commun. 2003, 2644 –2651.
[3] a) V. K. Aggarwal, C. L. Winn, Acc. Chem. Res. 2004, 37, 611 – 620;


b) E. M. McGarrigle, V. K. Aggarwal in Enantioselective Organoca-
talysis: Reactions and Experimental Procedures (Ed.: P. I. Dalko),
Wiley-VCH, Weinheim, 2007, chap. 10; c) E. M. McGarrigle, E. L.
Myers, O. Illa, M. A. Shaw, S. L. Riches, V. K. Aggarwal, Chem. Rev.
2007, 107, 5841 –5883.


[4] a) L. Breau, T. Durst, Tetrahedron: Asymmetry 1991, 2, 367 – 370;
b) A. SolladiP-Cavallo, M. Roje, T. Isarno, V. Sunjic, V. Vinkovic,
Eur. J. Org. Chem. 2000, 1077 –1080; c) V. K. Aggarwal, J. G. Ford,
A. Thompson, R. V. H. Jones, M. C. H. Standen, J. Am. Chem. Soc.
1996, 118, 7004 –7005; d) R. Hayakawa, M. Shimizu, Synlett 1999,
1328 – 1330; e) T. Saito, D. Akiba, M. Sakairi, S. Kanazawa, Tetrahe-
dron Lett. 2001, 42, 57– 59; f) V. T. MyllymQki, M. K. Lindvall,
A. M. P. Koskinen, Tetrahedron 2001, 57, 4629 –4635; g) C. L. Winn,
B. R. Bellenie, J. M. Goodman, Tetrahedron Lett. 2002, 43, 5427 –
5430; h) J. Zanardi, C. Leriverend, D. Aubert, K. Julienne, P. Metz-
ner, J. Org. Chem. 2001, 66, 5620 – 5623; i) M. Davoust, J. F. BriOre,
P. A. JaffrOs, P. Metzner, J. Org. Chem. 2005, 70, 4166 –4169.


[5] a) V. K. Aggarwal, E. Alonso, I. Bae, G. Hynd, K. M. Lydon, M. J.
Palmer, M. Patel, M. Porcelloni, J. Richardson, R. A. Stenson, J. R.
Studley, J.-L. Vasse, C. L. Winn, J. Am. Chem. Soc. 2003, 125,
10926 – 10940; b) V. K. Aggarwal, I. Bae, H.-Y. Lee, J. Richardson,
D. T. Williams, Angew. Chem. 2003, 115, 3396 –3400; Angew. Chem.
Int. Ed. 2003, 42, 3274 – 3278.


[6] V. K. Aggarwal, G. Y. Fang, C. G. Kokotos, J. Richardson, M. G. Un-
thank, Tetrahedron 2006, 62, 11297 –11303.


[7] J. E. McCormick, R. S. McElhinney, J. Chem. Soc. Perkin Trans. 1
1972, 2795 – 2803.


[8] For a previous reaction of SO2Cl2 with a disulfide and subsequent
trapping with an alkene, see: A. L. Schwan, D. Brillon, R. Dufault,
Can. J. Chem. 1994, 72, 325 – 333. For a review of sulfenyl chloride
chemistry, see: I. A. Abu-yousef, D. N. Harpp, Sulfur Rep. 2003,
24(3), 255 – 282.


[9] a) M. C. Caeserio, J. K. Kim, J. Am. Chem. Soc. 1982, 104, 3231 –
3233; b) A. Converso, K. Burow, A. Marzinzik, K. B. Sharpless,
M. G. Finn, J. Org. Chem. 2001, 66, 4386 –4392.


[10] A. F. Abdel-Magid, K. G. Carson, B. D. Harris, C. A. Maryanoff,
R. D. Shah, J. Org. Chem. 1996, 61, 3849 – 3862.


[11] Due to a lack of selectivity in the alkylations of 2c (d.r.=14:1) and
3-d1 (d.r.=2:1) the syntheses of thiomorpholines from 11b and 12-
d2 were not carried out.


[12] M. Yar, E. M. McGarrigle, V. K. Aggarwal, Angew. Chem. 2008,
120, 3844 –3846; Angew. Chem. Int. Ed. 2008, 47, 3784 – 3786.


[13] a) W. F. Newhall, J. Org. Chem. 1958, 23, 1274 –1276; b) J. Wright,
G. J. Drtina, R. A. Roberts, L. A. Paquette, J. Am. Chem. Soc. 1988,
110, 5806 –5817.


[14] R. C. Cambie, P. S. Rutledge, G. A. Strange, P. D. Woodgate, J.
Chem. Soc. Perkin Trans. 1 1981, 553 –565.


[15] R. C. Cambie, D. Chambers, P. S. Rutledge, P. D. Woodgate, J.
Chem. Soc. Perkin Trans. 1 1981, 40 –51.


[16] M. W. Nçtzel, T. Labahn, M. Es-Sayed, A. de Meijere, Eur. J. Org.
Chem. 2001, 3025 –3030.


Scheme 7. Proposed degradation pathway for in situ alkylation reaction
conditions in MeCN/H2O.


1662 www.chemasianj.org D 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1657 – 1663


FULL PAPERS
V. K. Aggarwal et al.



http://dx.doi.org/10.1055/s-2005-918929

http://dx.doi.org/10.1055/s-2005-918929

http://dx.doi.org/10.1055/s-2005-918929

http://dx.doi.org/10.1055/s-2005-918929

http://dx.doi.org/10.1021/cr960411r

http://dx.doi.org/10.1021/cr960411r

http://dx.doi.org/10.1021/cr960411r

http://dx.doi.org/10.1080/10426500590910747

http://dx.doi.org/10.1080/10426500590910747

http://dx.doi.org/10.1080/10426500590910747

http://dx.doi.org/10.1039/b304625g

http://dx.doi.org/10.1039/b304625g

http://dx.doi.org/10.1039/b304625g

http://dx.doi.org/10.1021/ar030045f

http://dx.doi.org/10.1021/ar030045f

http://dx.doi.org/10.1021/ar030045f

http://dx.doi.org/10.1021/cr068402y

http://dx.doi.org/10.1021/cr068402y

http://dx.doi.org/10.1021/cr068402y

http://dx.doi.org/10.1021/cr068402y

http://dx.doi.org/10.1016/S0957-4166(00)82121-7

http://dx.doi.org/10.1016/S0957-4166(00)82121-7

http://dx.doi.org/10.1016/S0957-4166(00)82121-7

http://dx.doi.org/10.1021/ja961144+

http://dx.doi.org/10.1021/ja961144+

http://dx.doi.org/10.1021/ja961144+

http://dx.doi.org/10.1021/ja961144+

http://dx.doi.org/10.1055/s-1999-2830

http://dx.doi.org/10.1055/s-1999-2830

http://dx.doi.org/10.1055/s-1999-2830

http://dx.doi.org/10.1055/s-1999-2830

http://dx.doi.org/10.1016/S0040-4039(00)01878-5

http://dx.doi.org/10.1016/S0040-4039(00)01878-5

http://dx.doi.org/10.1016/S0040-4039(00)01878-5

http://dx.doi.org/10.1016/S0040-4039(00)01878-5

http://dx.doi.org/10.1016/S0040-4020(01)00396-9

http://dx.doi.org/10.1016/S0040-4020(01)00396-9

http://dx.doi.org/10.1016/S0040-4020(01)00396-9

http://dx.doi.org/10.1016/S0040-4039(02)01072-9

http://dx.doi.org/10.1016/S0040-4039(02)01072-9

http://dx.doi.org/10.1016/S0040-4039(02)01072-9

http://dx.doi.org/10.1021/jo015588m

http://dx.doi.org/10.1021/jo015588m

http://dx.doi.org/10.1021/jo015588m

http://dx.doi.org/10.1021/jo0479260

http://dx.doi.org/10.1021/jo0479260

http://dx.doi.org/10.1021/jo0479260

http://dx.doi.org/10.1021/ja034606+

http://dx.doi.org/10.1021/ja034606+

http://dx.doi.org/10.1021/ja034606+

http://dx.doi.org/10.1021/ja034606+

http://dx.doi.org/10.1002/ange.200350968

http://dx.doi.org/10.1002/ange.200350968

http://dx.doi.org/10.1002/ange.200350968

http://dx.doi.org/10.1002/anie.200350968

http://dx.doi.org/10.1002/anie.200350968

http://dx.doi.org/10.1002/anie.200350968

http://dx.doi.org/10.1002/anie.200350968

http://dx.doi.org/10.1016/j.tet.2006.06.044

http://dx.doi.org/10.1016/j.tet.2006.06.044

http://dx.doi.org/10.1016/j.tet.2006.06.044

http://dx.doi.org/10.1039/p19720002795

http://dx.doi.org/10.1039/p19720002795

http://dx.doi.org/10.1039/p19720002795

http://dx.doi.org/10.1039/p19720002795

http://dx.doi.org/10.1139/v94-050

http://dx.doi.org/10.1139/v94-050

http://dx.doi.org/10.1139/v94-050

http://dx.doi.org/10.1021/jo015632y

http://dx.doi.org/10.1021/jo015632y

http://dx.doi.org/10.1021/jo015632y

http://dx.doi.org/10.1021/jo960057x

http://dx.doi.org/10.1021/jo960057x

http://dx.doi.org/10.1021/jo960057x

http://dx.doi.org/10.1002/ange.200800373

http://dx.doi.org/10.1002/ange.200800373

http://dx.doi.org/10.1002/ange.200800373

http://dx.doi.org/10.1002/ange.200800373

http://dx.doi.org/10.1002/anie.200800373

http://dx.doi.org/10.1002/anie.200800373

http://dx.doi.org/10.1002/anie.200800373

http://dx.doi.org/10.1021/jo01103a009

http://dx.doi.org/10.1021/jo01103a009

http://dx.doi.org/10.1021/jo01103a009

http://dx.doi.org/10.1021/ja00225a036

http://dx.doi.org/10.1021/ja00225a036

http://dx.doi.org/10.1021/ja00225a036

http://dx.doi.org/10.1021/ja00225a036

http://dx.doi.org/10.1039/p19810000040

http://dx.doi.org/10.1039/p19810000040

http://dx.doi.org/10.1039/p19810000040

http://dx.doi.org/10.1039/p19810000040

http://dx.doi.org/10.1002/1099-0690(200108)2001:16%3C3025::AID-EJOC3025%3E3.0.CO;2-K

http://dx.doi.org/10.1002/1099-0690(200108)2001:16%3C3025::AID-EJOC3025%3E3.0.CO;2-K

http://dx.doi.org/10.1002/1099-0690(200108)2001:16%3C3025::AID-EJOC3025%3E3.0.CO;2-K

http://dx.doi.org/10.1002/1099-0690(200108)2001:16%3C3025::AID-EJOC3025%3E3.0.CO;2-K





[17] MMFF molecular mechanics using Spartan 06, copyright 1991 – 2007
by Wavefunction Inc., 18401 Von Karman Avenue, Suite 370, Irvine,
CA 92612.


[18] It was also found that the preferred conformation of trans-2,3-di-
propyl-1,4-dithiane was the diaxial isomer; see: Y. A. Strelenko,
V. V. Samoshin, E. I. Troyansky, D. V. Demchuk, D. E. Dmitriev,
G. I. Nikishin, N. S. Zefirov, Tetrahedron 1994, 50, 10107 –10116. See
the Supporting Information for NMR evidence for the trans-diaxial
conformation and molecular mechanics calculations of six-mem-
bered rings with trans-2,3-dipropyl substituents.


[19] For related alkylation reactions of 1,4-oxathianes and the effects of
substituents at the 3-position, see: D. M. Badine, C. Hebach, V. K.
Aggarwal, Chem. Asian J. 2006, 1, 438 – 444.


[20] See ref. [4i] and A. SolladiP-Cavallo, P. Lupattelli, C. Marsol, T.
Isarno, C. Bonini, L. Caruso, A. Maiorella, Eur. J. Org. Chem. 2002,
1439 – 1444.


Received: April 15, 2008
Published online: July 4, 2008


Chem. Asian J. 2008, 3, 1657 – 1663 D 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 1663


Synthesis and Application of Easily Recyclable Thiomorpholines



http://dx.doi.org/10.1016/S0040-4020(01)89626-5

http://dx.doi.org/10.1016/S0040-4020(01)89626-5

http://dx.doi.org/10.1016/S0040-4020(01)89626-5

http://dx.doi.org/10.1002/asia.200600079

http://dx.doi.org/10.1002/asia.200600079

http://dx.doi.org/10.1002/asia.200600079






DOI: 10.1002/asia.200800155


Tin-Free Radical Carbonylation of Alkylsulfonyl Derivatives into
Alkylcarbonyl Derivatives


Sangmo Kim, Kyoung-Chan Lim, and Sunggak Kim*[a]


Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday


Introduction


The use of radicals in organic synthesis has been increased
dramatically in the last 30 years arising from the increased
understanding of the factors governing reactivity, regio- and
stereoselectivity.[1] Radical reactions proceed under very
mild conditions with a very high synthetic efficiency, but
most radical reactions suffer from a major drawback mainly
associated with problems of high toxicity of organotin com-
pounds. Therefore, much attention has been given to the de-
velopment of tin-free radical reactions in recent years.[2] In
connection with our continued effort for the development of
tin-free radical-mediated carbon–carbon bond formation,[3]


we reported tin-free radical carbonylation reactions using
alkyl allyl sulfone radical precursors.[4] Recently, we have re-
ported a highly selective, atom economical, and environ-
mentally benign radical reaction for the conversion of alkyl-
sulfonyl derivatives into alkylcarbonyl derivatives.[5]


According to our previous studies,[4b] reaction of alkyl
allyl sulfone precursor 1 with arylsulfonyl derivatives 2 in
heptane under pressurized carbon monoxide using V-40
[1,1’-azobis(cyclohexane-1-carbonitrile)] initiator affords al-
kylcarbonyl derivatives 3 in high yields under tin-free condi-
tions [Eq. (1)]. Although this approach is highly efficient


and useful for the preparation of several carbonyl com-
pounds under mild conditions, the reaction yields allyl aryl
sulfone side-product 4. To increase the synthetic efficiency
by both maximizing atom utilization and minimizing by-
products or waste, we have come up with a new type of radi-
cal reaction in which a substrate could be utilized, not only
as a radical precursor, but also as a radical acceptor. Similar
types of radical reactions using Barton1s thiohydroxamate
esters[6] and xanthate derivatives[7] have been reported previ-
ously.


Results and Discussion


To obviate the problem of the formation of allyl aryl sulfone
4, we have studied the feasibility of using alkylsulfonyl de-
rivatives as radical precursors as well as acceptors. This idea
is based on the previously known thermal desulfonylation of
alkylsulfonyl radicals to liberate alkyl radicals along with
sulfur dioxide.[8] Scheme 1 shows a plausible rationale for
the direct conversion of alkylsulfonyl derivative 5 into alkyl-
carbonyl derivative 3. The reaction is initiated by the reac-
tion of 5 with radical initiator to generate alkylsulfonyl radi-
cal 6. The success of the present approach depends critically
on the preferential formation of acyl radical 7 through radi-
cal carbonylation rather than direct reaction with 5 to afford
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coupling · carbonylation · radical
reactions · synthetic methods
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byproduct 8, which should depend very much on the nature
of alkyl radicals.[9,10] Primary alkyl radicals are expected to
be more favorable than secondary and tertiary alkyl radicals
for radical carbonylation because of their high reactivity
toward carbon monoxide. According to our previous stud-
ies,[4] alkylthiosulfonates, alkylsufonyl cyanides and alkylsul-
fonyl oxime ethers were very promising in their ability to
quench the corresponding acyl radicals for the direct conver-
sion into the corresponding carbonyl derivatives under tin-
free conditions.


Radical Carbonylation of S-Benzyl Alkylthiosulfonates


S-Benzyl alkylthiosulfonates 11 can be prepared from alkyl-
lithiums and alkylsulfonyl chlorides by previously reported
methods.[11–13] First, alkyllithium was treated with sulfur di-
oxide to give alkyl sulfinate salt 9. Further treatment of 9
with sulfur followed by addition of benzyl bromide in meth-
anol provided S-benzyl alkylthiosulfonates 11 via 10
(Scheme 2).[11] Second, treatment of an alkylsulfonyl chlo-
ride with benzyl mercaptan in the presence of pyridine in di-
chloromethane gave 11 in low yields (Scheme 3).[12] The
present procedure was not efficient, usually yielding some
unreacted starting alkylsulfonyl chlorides. The alkylsulfonyl
chloride was first converted into thiosulfonic acid sodium
salt 12 with anhydrous sodium hydrosulfide in anhydrous
methanol and 12 was further treated with benzyl bromide in
methanol to afford S-benzyl alkylthiosulfonate 11.[13] The


present procedure was reliable and worked with structurally
different alkylsulfonyl chlorides as shown in Scheme 4.


To find out an optimum condition for the conversion of
alkyl thiosulfonates into the corresponding thiol esters
[Eq. (2)], we briefly examined the effect of CO pressure and
concentration of the substrate. When S-benzyl n-butanethio-
sulfonate 11a was subjected to the pressurized CO (95 atm)
in heptane (0.01m) using V-40 at 100 8C for 12 h, S-benzyl
thiobutanoate (13a) was isolated in 82% yield along with
starting material (15%) (Table 1, entry 3). Several notewor-
thy features are indicated from Table 1. First, there was no
indication of the formation of benzyl n-butyl sulfide (14a).
Second, the starting material was not completely consumed
at 100 8C under a high pressure of CO (95 atm) (Table 1, en-


Scheme 1. Plausible mechanism for the direct conversion of RSO2X into
RCOX.


Scheme 2. Preparation of RSO2SBn from RLi.


Scheme 3. Preparation of RSO2SBn from RSO2Cl.


Scheme 4. Preparation of RSO2SBn from RSO2Cl.


Table 1. The effect of CO pressure and concentration of 11a.


Entry Conc. (11a)
[M]


CO
ACHTUNGTRENNUNG[atm]


Temp.
[oC]


Yield[a]


13a [%] 11a [%]


1 0.10 95 100 35 64
2 0.05 95 100 57 42
3 0.01 95 100 82 15
4 0.01 95 120 91 –
5 0.01 50 120 97 –
6 0.01 30 120 84 15
7 0.01 10 120 77 18


[a] 14a was not obtained.
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tries 1–3). By increasing the reaction temperature to 120 8C,
the reaction was complete. Finally, the CO pressure could
be lowered to 50 atm at 120 8C (Table 1, entry 5). Further
lowering the CO pressure to 30 atm and 10 atm gave the re-
covery of the starting material to some extent (Table 1, en-
tries 6 and 7). In the case of S-benzyl secondary alkylthiosul-
fonates, they are less reactive than primary alkylthiosulfo-
nates. As shown in Table 2, S-benzyl sec-butanethiosulfonate


11b required a higher pressure of CO (95 atm) to obviate
the formation of the corresponding sulfide by-product 14b
(Table 2, entries 1 and 2). In addition, a longer reaction time
(24 h) was needed to consume the starting material. Thus,
remaining reactions were carried out at 120 8C under pres-
surized CO (50 atm for primary substrates and 95 atm for
secondary and tertiary).


The experimental results are summarized in Table 3. Pri-
mary S-benzyl alkylthiosulfonates underwent clean conver-


sion into the corresponding thiol esters in high yields
(Table 3, entries 1–4). Secondary S-benzyl alkylthiosulfo-
nates worked well under a higher pressure (95 atm), yielding
the corresponding thiol esters (Table 3, entries 5 and 6). In
several cases, a small amount of the starting S-benzyl al-
kylthiosulfonates was recovered (Table 3, entries 2–4, 6). As
we expected, the present method reaches a limit with terti-
ary alkylthiosulfonates (Table 3, entry 7). Radical reaction
of S-benzyl tert-butylthiosulfonate (11c) under the same
condition afforded a small amount of 2,2-dimethyl-thiopro-
pionic acid S-benzyl ester (13c ; 19%) along with 67% re-
covery of the starting material and some sulfide byproduct
(14c ; 9%). This result arises from the low reactivity of the
tert-butyl radical toward S-benzyl tert-butylthiosulfonate and
an unfavorable equilibrium toward the carbonylation pro-
cess relative to primary and secondary alkyl radicals.


Sequential radical reactions involving cyclization and thio-
alkoxycarbonylation were briefly studied, although the pres-
ent approach is not the direct substitution of SO2 into CO
(Scheme 5). The first example consists of a five-step se-
quence involving desulfonylation, 5-exo cyclization, and car-
bonylation as major reactions. When a solution of alkylthio-
sulfonate 15 and V-40 initiator at pressurized CO (50 atm)
was treated in heptane at 120 8C for 24 h, the desired thiol
ester 16 was isolated in 71% yield along with some starting


material (19%). In the case of
alkylthiosulfonate 17 under the
similar condition, since the ini-
tial 4-exo cyclization is disfa-
vored, carbonylation occurred.
As shown in Scheme 5, radical
cyclization of acyl radical was
followed by the second car-
bonylation to afford the de-
sired thiol ester 18 in 47%
yield along with some starting
material (18%). It is notewor-
thy that the cyclization of the
sufonyl radical generated from
17 was not observed, probably
arising from the facile b-elimi-
nation of the resulting cyclized
radical intermediate.


Radical Carbonylation of
RSO2CN into RCOCN


Acyl cyanides are valuable
synthetic intermediates for var-
ious functional group conver-
sions and the synthesis of N-
heterocyclic compounds.[14,15]


Table 2. The effect of CO pressure for 11b.


Entry CO
ACHTUNGTRENNUNG[atm]


Time
[h]


Yield
13b [%] 14b [%] 11b [%]


1 95 24 86 – 9
2 95 12 69 – 27
3 50 12 57 trace 31
4 30 12 42 11 35


Table 3. Direct conversion of RSO2SBn into RCOSBn.


Entry Substrate CO
ACHTUNGTRENNUNG[atm]


Product Yield
[%][a]


1 50 91


2 50 84 (5)


3 50 80 (6)


4 50 78 (7)


5 95 87


6 95 80 (18)


7 95 19 (67)[b]


[a] The numbers in the parentheses indicate the recovered starting material. [b] tert-Butylsulfanylmethyl-ben-
zene (9%) was also isolated.


1694 www.chemasianj.org ? 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1692 – 1701


FULL PAPERS
S. Kim et al.







Among various methods available for the synthesis of acyl
cyanides, treatment of carboxylic acid chlorides with heavy
metal cyanides is most convenient.[16] Another approach in-
volving Pd-catalyzed cyanocarbonylation of aryl iodides is
also attractive,[17] but this approach is not applicable to the
synthesis of aliphatic acyl cyanides. Recently, we have re-
ported a new radical approach for the synthesis of aliphatic
acyl cyanides based on tin-free radical cyanocarbonylation
using alkyl allyl sulfone, p-toluenesulfonyl cyanide and CO
[Eq. (3)].[4c]


Several alkylsulfonyl cyanides tested in this study were
prepared from alkylsulfinic acid sodium salts and cyanogen
chloride by the literature method.[18] Alkylsulfonyl chlorides
were treated with sodium sulfite and sodium bicarbonate to
yield alkylsulfinic acid sodium salts, which were further re-
acted with cyanogen chloride to afford alkylsulfonyl cya-
nides 19 (Table 4).


The present approach follows the same guiding principle
of the direct conversion of S-benzyl alkylthiosulfonates into
the thiol esters and is based on thermal desulfonylation and
preferential reaction of alkyl radicals with carbon monoxide
rather than with alkylsulfonyl cyanides [Eq. (4)]. To search
for the optimum condition, we briefly studied the effect of
CO and concentration. As shown in Table 5, the best result
was obtained when the reaction was carried out with 19a
under 95 atm of CO using V-40 initiator (0.2 equiv) in re-
fluxing heptane (0.01m) at 120 8C for 24 h (Table 5, entry 2).
Cyanide byproduct 22a was formed at the lower pressure of
CO (50 atm and 30 atm; Table 5, entries 3 and 4) and/or at a
higher concentration (0.05m) of 19a (Table 5, entry 1). Since
aliphatic acyl cyanides 20 are sensitive to hydrolysis, they


were quenched with methanol or aniline to yield the corre-
sponding methyl esters or amides for isolation.[19]


As shown in Table 6, when several primary alkylsulfonyl
cyanides were subjected to the standard condition (95 atm
of CO, 120 8C, 24 h), the corresponding amides were isolated


Scheme 5. Sequential radical reactions.


Table 4. Preparation of RSO2CN from RSO2Cl.


RSO2Cl RSO2SBn Yield [%]


89


85


86


85


65


57


70


72


Table 5. Effect of concentration of 19a and pressure of CO.


Entry Conc. (19a)
[M]


CO
ACHTUNGTRENNUNG[atm]


Yield


21a [%] 22a [%]


1 0.05 95 81 12
2 0.01 95 84 -
3 0.01 50 77 7
4 0.01 30 73 14
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in good yields after quenching the reaction mixture with ani-
line (Table 6, entries 1–6). The cyanide byproduct was not
produced. However, the present approach reaches a limit to
secondary alkyl sulfonyl cyanides. When 19h was subjected
to the similar condition, nitrile 22b was isolated in 51%
yield along with the desired product 21h in 33% yield
(Table 6, entry 7). To reduce the formation of nitrile byprod-
uct, when the reaction was carried out at 130 atm of CO, the
yield of 21h was improved to some extent but was not good
enough (Table 6, entry 8).


Radical Carbonylation of Alkylsulfonyl Oxime Ethers into
Acylated Oxime Ethers


An allyltin mediated tandem radical approach using carbon
monoxide and phenylsulfonyl oxime ether as multiple radi-
cal one-carbon synthons was reported previously
(Scheme 6).[20] This strategy is promising and permits the
synthesis of several types of vicinal singly and doubly acylat-
ed oxime ethers, which would be precursors of vicinal di-
and tricarbonyl compounds. Recently, we have developed
the tin-free version of the present approach using alkyl allyl
sulfone precursors [Eq. (5)].[4d]


Ethanesulfonyl oxime ether 26a was prepared from
oxime ester 23 by a three-step sequence. After chlorination
of 23 with N-chlorosuccinimide, 24 was treated with sodium
thioethoxide to give 25a, which was further oxidized to 26a
(Scheme 7).


The same guiding principle as we observed in this study
could be further applied to the direct conversion of alkylsul-
fonyl oxime ethers into the acylated oxime ethers. When
ethanesulfonyl oxime ether 26a was subjected to pressurized
CO (30 atm) in heptane (0.01m) using V-40 at 120 8C for
12 h, acylated oxime ether 27a was isolated in 83% yield
along with some starting material (15%; Table 7, entry 2).
When the reaction was repeated at higher concentration of
26a (0.05m), byproduct 28a was isolated in 6% yield along
with the desired product (64%) and the starting material
(27%) (Table 7, entry 5). By performing the reaction under
50 atm of CO, the starting material was completely con-
sumed without the formation of the oxime ether byproduct
(entry 1) (Table 7). The remaining reactions were carried
out in heptane at pressurized CO (50 atm for primary alkyl
sulfonyl oxime ether and 95 atm for secondary alkyl sulfonyl
oxime ethers) at 120 8C for 12 h. Additional experimental
results are included in Table 8. Alkylsulfonyl oxime ethers
bearing an ester group were converted into the correspond-
ing acylated oxime ethers in high yields (Table 8, entries 1–
4). Unactivated ethanesulfonyl oxime ether underwent a


Table 6. Direct conversion of RSO2CN into RCOCN.


Entry Substrate CO
ACHTUNGTRENNUNG[atm]


Product Yield
[%]


1 95 21 b (70


2 95 86 (6)[a]


3 95 81


4 95 53


5 95 73


6 95 68


7 95 33:51[b]


8 130 43:41[b]


[a] The numbers in the parentheses indicate the recovered starting mate-
rial. [b]The ratio indicates 21h/22b.


Scheme 6. Radical carbonylation of phenylsulfonyl oxime ethers.


Scheme 7. Preparation of ethanesulfonyl oxime ether 26a.
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clean carbonylation (Table 8, entry 5) but cyclohexylsulfonyl
oxime ether yielded a small amount of cyclohexyl oxime
ether byproduct under the same condition. However, the by-
product was not formed when the reaction was performed
under 95 atm of CO (Table 8, entry 6).


Our attention turned to vicinal double carbonylation
using bis-alkylsulfonyl oxime ether 29. The similar allyltin
mediated approach was reported previously using carbon
monoxide and phenylsulfonyl oxime ether. When bis-metha-
nesulfonyl oxime ether (29a) was subjected under 95 atm
CO in 0.01m heptane at 120 8C for 12 h, mono acylated
oxime ether 31a was obtained in 59% yield along with the
desired bis-acylated oxime ether 30a in 38% yield. The
longer reaction time (24 h) gave a slightly better result. Fur-
thermore, when the solution was concentrated to 0.02m, the


reaction slowed down and the yield of the bis-carbonylated
product was dramatically reduced as shown in Scheme 8.
When the reaction was repeated with bis-ethanesulfonyl
oxime ether 29b under similar conditions, similar results
were obtained, yielding mono-acylated oxime ether 31b as a
major product.


Conclusions


We have discovered the first simple and highly efficient way
to convert alkylsulfonyl derivatives into the corresponding
carbonyl compounds in high yields using tin-free radical car-


Table 7. Effect of concentration of 26a and pressure of CO.


Entry Conc. (26a)
[m]


CO
ACHTUNGTRENNUNG[atm]


Yield


27a [%] 28a [%] 26a [%]


1 0.01 50 96 – –
2 0.01 30 83 – 15
3[a] 0.01 30 87 – 9
4 0.03 30 84 – 14
5 0.05 30 64 6 27


[a] Reaction time: 24 h.


Scheme 8. Radical carbonylation of bis-alkylsulfonyl oxime ether 29.


Table 8. Direct conversion of sulfonyl oxime ethers into acylated oxime ethers.


Entry Substrate CO
ACHTUNGTRENNUNG[atm]


Product Yield
[%][a]


1 50 94


2 50 93


3 50 94


4 95 92


5 50 85


6 95
69
(15)


[a] The numbers in the parentheses indicate the recovered starting material.
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bonylation. The present approach is based on thermal desul-
fonylation and the preferential formation of an acyl radical
through radical carbonylation rather than the direct reaction
with alkylsufonyl derivatives. Alkylthiosulfonates, alkylsul-
fonyl cyanides and alkylsulfonyl oxime ethers were very ef-
fective in their ability to quench the corresponding acyl radi-
cals for the direct conversion into the corresponding carbon-
yl derivatives under tin-free conditions. Furthermore, the
present approach would be applicable to similar types of
radical reactions using alkyl allyl sulfones and alkyl vinyl
sulfones.


Experimental Section


Typical Procedure for the Preparation of S-benzyl Alkylthiosulfonates
from Alkyllithiums


11a : S-Benzyl butane-1-sulfonothioate: Sulfur dioxide (4.4 mL,
100 mmol) was condensed in a dry flask at �78 8C, and cold ether
(16 mL) was added. A 2.5m hexane solution of n-butyllithium (4.0 mL,
10 mmol) was added dropwise over 10 min. The reaction mixture was
stirred for another 30 min at �78 8C, and then was allowed to warm up to
room temperature for 24 h. All volatile materials were removed under
reduced pressure to give lithium butane-1-sulfinate (9a, 1.27 g, 99%). A
mixture of lithium butane-1-sulfinate (1.27 g, 9.9 mmol) and sulfur
(3.17 g, 9.9 mmol) in MeOH (60 mL) was heated under reflux for 2 h.
Removal of solvent gave crude lithium butane-1-sulfonothioate (10a,
1.59 g, 100%). MW: C4H9LiO2S2 =160.18; 1H NMR (D2O, 400 MHz) d=


0.76 (t, J=7.4 Hz, 3H), 1.23–1.41 (m, 4H), 2.22 ppm (t, J=7.5 Hz, 2H);
13C NMR (D2O, 100 MHz) d =13.5, 22.0, 24.2, 61.0 ppm.


A mixture of lithium butane-1-sulfonothioate (10a, 1.59 g, 9.9 mmol) and
benzyl bromide (1.69 g, 9.9 mmol) in MeOH (50 mL) was refluxed for
3 h. After removal of solvent under reduced pressure, the mixture was di-
luted with CH2Cl2 (100 mL), washed with brine (100 mL), dried over
MgSO4, and concentrated to dryness. The residue was purified by column
chromatography on silica gel using ethyl acetate and n-hexane (1:10) as
eluant to give S-benzyl butane-1-sulfonothioate (11a) (1.28 g, 53%).
MW: C11H16O2S2 =244.37; 1H NMR (CDCl3, 400 MHz) d=0.80 (t, J=7.3,
3H), 1.20–1.27 (m, 2H), 1.67–1.71 (m, 2H), 2.82–2.86 (m, 2H), 4.31 (s,
2H), 7.28–7.37 ppm (m, 5H); 13C NMR (CDCl3, 100 MHz) d =13.3, 21.0,
25.2, 40.5, 62.7, 128.1, 129.0, 129.1, 135.3 ppm; IR (polymer) ñ =2962,
1496, 1454, 1325, 1127, 701 cm�1; HRMS [M+] calcd for C11H16O2S2:
244.0592, found 244.0596.


11b : Butanethiosulfonic acid S-benzyl ester: MW: C11H16O2S2 =244.37;
1H NMR (CDCl3, 300 MHz) d=0.90 (t, J=7.5, 3H), 1.39 (d, J=6.84 Hz,
3H), 1.48–1.56 (m, 1H), 1.98–2.06 (m, 1H), 2.64–2.68 (m, 1H), 4.31 (s,
2H), 7.28–7.37 ppm (m, 5H); 13C NMR (CDCl3, 75 MHz) d=11.1, 13.1,
23.1, 40.5, 69.5, 128.1, 128.9, 129.1, 135.4 ppm.


11c : 2-Methyl-propanethiosulfonic acid S-benzyl ester: MW:
C11H16O2S2 =244.37; 1H NMR (CDCl3, 300 MHz) d=1.43 (s, 9H), 4.36 (s,
2H), 7.28–7.37 ppm (m, 5H); 13C NMR (CDCl3, 75 MHz) d=23.8, 41.0,
69.1, 128.1, 128.9, 129.3, 135.2 ppm.


11d : 3-Chloro-propanethiosulfonic acid S-benzyl ester: MW:
C1H13ClO2S2 =264.79; 1H NMR (CDCl3, 300 MHz) d=2.08–2.12 (m,
2H), 2.96 (t, J=7.3 Hz, 2H), 3.41 (t, J=6.2 Hz, 2H), 4.27 (s, 2H), 7.28–
7.37 ppm (m, 5H); 13C NMR (CDCl3, 75 MHz) d=26.5, 40.6, 42.1, 59.9,
128.1, 128.9, 129.3, 135.2 ppm.


11e : 7,7-Dimethyl-2-oxo-bicyclo ACHTUNGTRENNUNG[2.2.1]hept-1-yl)-methanethiosulfonic
acid S-benzyl ester: MW: C17H22O3S2 =338.49; 1H NMR (CDCl3,
300 MHz) d=0.69 (s, 3H), 0.98 (s, 3H), 1.37–1.41 (m, 1H), 1.65–1.69 (m,
1H), 1.88 (d, J=13.9, 1H), 1.98–2.05 (m, 2H), 2.28–2.43 (m, 2H), 2.83
(d, J=10.9 Hz, 1H), 3.57 (d, J=10.9 Hz, 1H), 4.41 (dd, J=15.1, 10.1 Hz,
2H), 7.24–7.41 ppm (m, 5H); 13C NMR (CDCl3, 75 MHz) d=19.5, 19.7,
24.8, 26.9, 40.9, 42.4, 42.5, 47.9, 59.3, 60.9, 128.1, 128.9, 129.2, 135.0,
213.7 ppm.


Typical Procedure for the Preparation of S-Benzyl Alkylthiosulfonates
from Alkylsulfonyl Chlorides


11 f : S-benzyl 2-(trimethylsilyl)ethanesulfonothioate: A mixture of 2-(tri-
methylsilyl)ethanesulfonyl chloride (1.0 g, 5 mmol) and sodium hydrosul-
fide (1.4 g, 25 mmol) in MeOH (10 mL) was stirred at room temperature
for 8 h. The solvent was evaporated under reduced pressure, and the
excess sodium hydrosulfide was removed by passing through a silica gel
column using acetone and methanol as eluant to give crude sodium 2-(tri-
methylsilyl)ethanesulfinate (12 f, 1.10 g, 100%). MW: C5H13NaO2S2Si=
220.36; 1H NMR (D2O, 400 MHz) d=�0.07 (s, 9H), 0.94–0.98 (m, 2H),
3.07–3.21 ppm (m, 2H); 13C NMR (D2O, 100 MHz) d=�3.0, 11.5,
62.1 ppm.


A solution of sodium 2-(trimethylsilyl)ethanesulfinate (12 f, 1.1 g,
5 mmol) and benzyl bromide (1.28 g, 7.5 mmol) in MeOH (10 mL) was
refluxed overnight. After removal of solvent under reduced pressure, the
mixture was diluted with CH2Cl2 (50 mL), washed with brine (50 mL),
dried over MgSO4, and concentrated. The residue was purified by
column chromatography on silica gel using ethyl acetate and n-hexane
(1:20) as eluant to give S-benzyl 2-(trimethylsilyl)ethanesulfonothioate
(11 f) (1.15 g, 80%). MW: C12H20O2S2Si=288.50; 1H NMR (CDCl3,
400 MHz) d=�0.11 (t, J=3.4, 9H), 0.91–0.96 (m, 2H), 2.71–2.75 (m,
2H), 4.30 (s, 2H), 7.28–7.37 ppm (m, 5H); 13C NMR (CDCl3, 100 MHz)
d=�2.1, 10.4, 40.5, 60.2, 128.2, 129.0, 129.1, 135.8 ppm; IR (polymer) ñ=


2951, 1454, 1417, 1314, 1249, 1124, 699 cm�1; HRMS [M+] calcd for
C12H20O2S2Si: 288.0674, found 288.0644.


11g : 2-[1,3]Dioxan-2-yl-ethanethiosulfonic acid S-benzyl ester: MW:
C15H16O2S2 =292.42; 1H NMR (CDCl3, 300 MHz) d=1.21–1.28 (m, 2H),
1.99–2.05 (m, 2H), 3.11–3.14 (m, 2H), 3.67–3.71 (m, 2H), 3.99–4.03 (m,
2H), 4.32 (s, 2H), 4.55 (t, J=4.6 Hz, 1H), 7.24–7.37 ppm (m, 5H).


11 h : 4-Benzylsulfanylthiosulfonyl-piperidine-1-carboxylic acid benzyl
ester: MW: C20H23NO4S2 =405.53; 1H NMR (CDCl3, 300 MHz) d=1.63–
1.69 (m, 2H), 1.97–2.02 (m, 3H), 2.47–2.54 (m, 3H), 4.22–4.26 (m, 1H),
4.30 (s, 2H), 5.08 (s, 2H), 7.28–7.37 ppm (m, 10H).


11 i : Isopropanethiosulfonic acid S-benzyl ester: MW: C10H14O2S2 =


230.35; 1H NMR (CDCl3, 300 MHz) d =1.33 (d, J=5.2 Hz, 6H), 2.96–
3.02 (m, 1H), 4.32 (s, 2H), 7.24–7.37 ppm (m, 5H); 13C NMR (CDCl3,
75 MHz) d =16.1, 40.4, 63.2, 128.2, 129.0, 129.1, 135.8 ppm.


Typical procedure for direct conversion of RSO2SBn into RCOSBn


Dried heptane (20 mL), S-benzyl n-butylthiosulfonate (11a) (49 mg,
0.2 mmol), and V-40 (15 mg, 0.06 mmol) were placed in a 50 mL stainless
steel autoclave. The autoclave was sealed, purged three times with 10
atm of CO, pressurized with 50 atm of CO, and then heated at 120 8C
with stirring for 12 h. After excess CO was discharged at room tempera-
ture, the solvent was removed under reduced pressure. The residue was
purified by passing through a silica gel column using ethyl acetate and n-
hexane (1:50) as eluant to give S-benzyl thiobutanoate (13a) (40 mg,
97%).


13d : 4-Chloro-thiobutyric acid S-benzyl ester: MW: C11H13ClOS=228.04;
1H NMR (CDCl3, 400 MHz) d=2.13 (m, 2H), 2.75 (t, 2H, J=7.2 Hz),
3.56 (t, 2H, J=6.3 Hz), 4.13 (s, 2H), 7.23–7.29 ppm (m, 5H); 13C NMR
(CDCl3, 100 MHz) d=28.0, 33.2, 40.5, 43.7, 127.3, 128.6, 128.7, 137.3,
197.5 ppm; IR (polymer) ñ=2962, 1695, 1495, 1454, 1411, 1090, 1003,
701 cm�1; HRMS [M+] calcd for C11H13ClOS : 228.0376, found 228.0374.


13e : 7, 7-Dimethyl-2-oxo-bicycloACHTUNGTRENNUNG[2.2.1]hept-1-yl)-thioacetic acid S-benzyl
ester: MW: C18H22O2S=302.43; 1H NMR (CDCl3, 400 MHz) d=0.87 (s,
3H), 0.94 (s, 3H), 1.32–1.39 (m, 1H), 1.62–1.71 (m, 1H), 1.85 (d, J=


18.3 Hz, 1H), 1.91–1.99 (m, 1H), 2.02–2.12 (m, 2H), 2.30–2.37 (m, 1H),
2.45 (d, J=15.2 Hz, 1H), 2.80 (d, J=15.2 Hz, 1H), 4.10 (dd, J=17.1,
18.3 Hz, 2H), 7.19–7.27 ppm (m, 5H); 13C NMR (CDCl3, 100 MHz) d=


19.7, 19.9, 26.8, 26.9, 33.5, 39.5, 42.7, 43.1, 47.5, 60.1, 127.1, 128.5, 128.8,
137.5, 196.6, 216.2 ppm; IR (polymer) ñ=2961, 1745, 1696, 1496, 1455,
1056, 750 cm�1; HRMS [M+] calcd for C18H22O2S: 302.1340, found
302.1345.


13 f : 3-Trimethylsilanyl-thiopropionic acid S-benzyl ester: MW:
C13H20OSSi=252.45; 1H NMR (CDCl3, 400 MHz) d =�0.03–0.00 (m,
9H), 0.86–0.90 (m, 2H), 2.49–2.53 (m, 2H), 4.10 (s, 2H), 7.22–7.28 ppm
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(m, 5H); 13C NMR (CDCl3, 100 MHz) d=�1.8, 12.4, 33.2, 38.5, 127.2,
128.6, 128.8, 137.8, 200.3 ppm; IR (polymer) 2954, 1695, 1496, 1455, 1250,
1178, 862 cm�1; HRMS [M+] calcd for C13H20OSSi: 252.1004, found
252.1006.


13g : 3-[1, 3]Dioxan-2-yl-thiopropionic acid S-benzyl ester: MW: 3-[1,
3]Dioxan-2-yl-thiopropionic acid S-benzyl ester: C14H18O3S=266.36;
1H NMR (CDCl3, 400 MHz) d=1.28–1.31 (m, 1H), 1.91–2.04 (m, 3H),
2.68 (t, J=7.4 Hz, 2H), 3.68 �3.74 (td, J=12.4, 2.3 Hz, 2H), 4.02–4.07
(dd, J=10.9, 5.0 Hz, 2H), 4.10 (s, 2H), 4.55 (t, J=4.9 Hz, 1H), 7.20–
7.28 ppm (m, 5H); 13C NMR (CDCl3, 100 MHz) d=25.6, 30.4, 33.1, 37.9,
66.8, 100.5, 127.2, 128.5,128.8, 137.7, 198.2 ppm; IR (polymer) ñ=2968,
2854, 1690, 1496, 1455, 1242, 1147, 1012, 705 cm�1; HRMS [M+] calcd for
C14H18O3S: 266.0977, found 266.0997.


13h : 4-Benzylsulfanylcarbonyl-piperidine-1-carboxylic acid benzyl ester:
MW: C21H23NO3S=369.48; 1H NMR (CDCl3, 400 MHz) d=1.63–1.73 (m,
2H), 1.87 (br, 2H), 2.60–2.67 (m, 1H), 2.83–2.89 (br, 2H), 4.22 (s, 2H),
4.12–4.15 (br, 2H), 5.11 (s, 2H), 7.22–7.35 ppm (m, 10H); 13C NMR
(CDCl3, 100 MHz) d=28.4, 32.9, 43.2, 49.8, 67.1, 127.3, 127.8, 128.0,
128.4, 128.6, 128.7, 136.6, 137.3, 155.0, 200.5 ppm; IR (polymer) ñ =2947,
2859, 1695, 1497, 1431, 1225, 968, 699 cm�1; HRMS [M+] calcd for
C21H23NO3S: 369.1399, found 369.1393.


16 : Cyclopentyl-thioacetic acid S-benzyl ester: MW: C14H18O=202.29;
1H NMR (CDCl3, 400 MHz) d=1.11–1.20 (m, 2H), 1.48–1.63 (m, 4H),
1.76–1.84 (m, 2H), 2.23–2.31 (m, 1H), 2.56 (d, J=7.4 Hz, 2H), 4.10 (s,
2H), 7.19–7.29 ppm (m, 5H); 13C NMR (CDCl3, 100 MHz) d=4.8, 32.3,
33.1, 37.1, 49.7, 127.1, 128.6, 128.7, 137.8, 198.4 ppm; IR (polymer) ñ=


2958, 1694, 1495, 1453, 972, 699 cm�1; HRMS [M+] calcd for C14H18O:
202.1358, found 234.1073.


18 : 2-Oxo-cyclopentyl-thioacetic acid S-benzyl ester: MW: C14H16O2S=


248.34; 1H NMR (CDCl3, 400 MHz) d=1.53–1.58 (m, 1H), 1.70–1.81 (m,
1H), 1.92–2.07 (m, 1H), 2.09–2.19 (m, 1H), 2.27–2.32 (m, 2H), 2.41–2.50
(m, 1H), 2.56–2.62 (m, 1H), 3.03 (dd, J=9.1, 3.7 Hz, 1H), 4.11 (s. 2H),
7.21–7.29 ppm (m, 5H); 13C NMR (CDCl3, 100 MHz) d=20.5, 29.2, 33.2,
37.2, 43.2, 45.9, 127.2, 128.6, 128.7, 137.3, 197.0, 218.6 ppm.


Typical Procedure for Preparation of Alkylsulfonyl Cyanides


19a : (+ )-camphor-10-sulfonyl cyanide: A mixture of (+ )-camphor-10-
sulfonyl chloride (1.25 g, 5 mmol), Na2SO3 (630 mg, 5 mmol), and
NaHCO3 (840 mg, 10 mmol) in H2O (10 mL) was stirred at room temper-
ature for 4 h. After the organic impurities in the reaction mixture was re-
moved by washing with ether (10 mL x 2), cyanogen chloride (615 mg,
10 mmol) was added to the reaction mixture in one portion and then the
reaction mixture was stirred at 0 8C for 4 h. The mixture was extracted
with CH2Cl2 (20 mL), and the organic extracts were washed with brine
(10 mL x 2), dried over Na2SO4, filtered, and concentrated to give an an-
alytically pure (+)-camphor-10-sulfonyl cyanide (19a, 1.07 g, 89%). MW:
C11H15NO3S=241.31; 1H NMR (C6D6, 400 MHz) d =0.24 (s, 3H), 0.39 (s,
3H), 0.72–0.77 (m, 1H), 1.29–1.35 (m, 3H), 1.49–1.59 (m, 1H), 1.71–1.84
(m, 2H), 2.67 (d, J=15.4 Hz, 1H), 3.40 ppm(d, J=15.4 Hz, 1H);
13C NMR (C6D6, 100 MHz) d=18.8, 19.0, 25.4, 26.7, 41.8, 42.6, 47.9, 57.6,
59.1, 114.6, 211.4 ppm; IR (polymer) ñ=2977, 2186, 1736, 1648, 1372,
1182 cm�1; HRMS [M+] calcd for C11H15NO3S: 241.0773, found 215.0740.


19b : Ethyl 6-(cyanosulfonyl)hexanoate: MW: C9H15NO4S=233.28;
1H NMR (CDCl3, 400 MHz) d=1.23 (t, J=7.1 Hz, 3H), 1.51–1.57 (m,
2H), 1.64–1.69 (m, 2H), 1.93–2.01 (m, 2H), 2.31 (t, J=7.1 Hz, 2H), 3.36–
3.40 (m, 2H), 4.07–4.13 ppm (m, 2H); 13C NMR (CDCl3, 100 MHz) d=


14.1, 22.0, 23.9, 27.0, 33.4, 57.9, 60.4, 112.4, 172.9 ppm.


19c : 4-Phenoxybutane-1-sulfonyl cyanide: MW: C11H13NO3S=239.29;
1H NMR (CDCl3, 400 MHz) d=1.97–2.04 (m, 2H), 2.17–2.25 (m, 2H),
3.49–3.53 (m, 2H), 4.01–4.04 (m, 2H), 6.86–6.98 (m, 3H), 7.26–7.30 ppm
(m, 2H); 13C NMR (CDCl3, 100 MHz) d=19.9, 27.1, 58.1, 66.4, 112.4,
114.3, 121.2, 129.5, 158.2 ppm.


19d : 3-Phenylpropane-1-sulfonyl cyanide: MW: C10H11NO2S=209.26;
1H NMR (CDCl3, 400 MHz) d=2.27–2.34 (m, 2H), 2.82–2.85 (m, 2H),
3.30–3.34 (m, 2H), 7.16–7.35 ppm (m, 5H); 13C NMR (CDCl3, 100 MHz)
d=23.7, 33.2, 57.3, 112.4, 127.0, 128.3, 128.9, 138.3 ppm.


19e : 2-(Trimethylsilyl)ethanesulfonyl cyanide: MW: C6H13NO2SSi=
191.32; 1H NMR (CDCl3, 400 MHz) d=0.10 (s, 9H), 1.13–1.17 (m, 2H),
3.25–3.30 ppm (m, 2H); 13C NMR (CDCl3, 100 MHz) d =�2.0, 9.1, 55.7,
112.3 ppm.


19 f : Octane-1-sulfonyl cyanide: MW: C9H17NO2S=203.30; 1H NMR
(CDCl3, 400 MHz) d =0.86 (t, J=7.0 Hz, 3H), 1.26–1.36 (m, 8H), 1.47–
1.50 (m, 2H), 1.91–1.99 (m, 2H), 3.35 ppm (t, J=8.0 Hz, 2H); 13C NMR
(CDCl3, 100 MHz) d=13.9, 22.2, 22.4, 27.6, 28.7, 28.7, 31.5, 58.3,
112.6 ppm.


19g : 2-(Naphthalen-1-yl)ethanesulfonyl cyanide: MW: C13H11NO2S=


245.30; 1H NMR (CDCl3, 400 MHz) d=3.68–3.74 (m, 4H), 7.38–7.45 (m,
2H), 7.51–7.62 (m, 2H), 7.82–7.91 ppm (m, 3H); 13C NMR (CDCl3,
100 MHz) d=25.7, 58.5, 112.4, 122.0, 125.5, 126.2, 127.1, 127.1, 128.8,
129.3, 130.6, 130.8, 134.0 ppm.


19h : 4-(2-Chlorophenyl)butane-2-sulfonyl cyanide: MW: C12H15ClNO2S=


257.74; 1H NMR (CDCl3, 400 MHz) d=1.56–1.63 (m, 3H), 1.96–2.00 (m,
1H), 2.43–2.46 (m, 1H), 2.88–2.99 (m, 2H), 3.25–3.29 (m, 1H), 7.17–7.24
(m, 3H), 7.36–7.37 ppm (m, 1H); 13C NMR (CDCl3, 100 MHz) d=213.0,
28.8, 30.0, 62.7, 111.5, 127.3, 128.5, 129.9, 130.4, 136.6 ppm.


Typical Procedure for the Direct Conversion of RSO2CN into RCOCN


Dried heptane (20 mL), (+ )-camphor-10-sulfonyl cyanide (19a) (48 mg,
0.2 mmol), and V-40 (15 mg, 0.06 mmol) were placed in a 50 mL stainless
steel autoclave. The autoclave was sealed, purged three times with
10 atm of CO, pressurized with 95 atm of CO, and then heated at 120 8C
with stirring for 24 h. After excess CO was discharged at room tempera-
ture, the reaction mixture was poured into a 100 mL round-bottom flask,
quenched with excess MeOH at room temperature for 4 h with stirring.
After the solvent and MeOH were removed under reduced pressure, the
residue was purified by a silica gel column chromatography using ethyl
acetate and n-hexane (1:50) as eluant to give 21a (40 mg, 84%).


MW: C12H18O3 =210.27; 1H NMR (CDCl3, 400 MHz) d=0.85 (s, 3H),
0.93 (s, 3H), 1.32–1.37 (m, 1H), 1.69–1.75 (m, 1H), 1.83 (d, J=18.3 Hz,
1H), 1.92–2.05 (m, 3H), 2.18 (d, J=15.0 Hz, 1H), 2.28–2.36 (m, 1H),
2.46 (d, J=15.0 Hz, 1H), 3.63 ppm (s, 3H); 13C NMR (CDCl3, 100 MHz)
d=19.4, 19.8, 26.8, 26.9, 30.5, 42.7, 43.1, 47.2, 51.4, 58.9, 172.4, 216.4 ppm;
IR (polymer) ñ=2954, 1743, 1417, 1315, 1279, 1196, 1171 cm�1; HRMS
[M+] calcd for C12H18O3: 210.1256, found 210.1240.


21b : 6-Phenylcarbamoyl-hexanoic acid ethyl ester: MW: C15H21NO3 =


263.33; 1H NMR (CDCl3, 400 MHz) d =1.22 (t, J=7.2 Hz, 3H), 1.34–1.58
(m, 2H), 1.60–1.74 (m, 4H), 2.26–2.34 (m, 4H), 4.09 (q, J=7.1 Hz, 2H),
7.05 (t, J=7.4 Hz, 1H), 7.25–7.29 (m, 2H), 7.5 (d, J=7.9 Hz, 2H),
7.64 ppm (br, 1H); 13C NMR (CDCl3, 100 MHz) d=14.2, 24.4, 25.1, 28.5,
34.0, 37.2, 60.2, 119.8, 124.0, 128.8, 138.0, 171.3, 173.7 ppm; IR (polymer)
ñ=3319, 2941, 1734, 1669, 1601, 1541, 1444, 758 cm�1; HRMS [M+] calcd
for C15H21NO3: 263.1521, found 263.1521.


21c : 5-Phenoxy-pentanoic acid phenylamide: MW: C17H19NO2 =269.34;
1H NMR (CDCl3, 400 MHz) d=1.86–1.94 (m, 4H), 2.43 (t, 2H, J=


6.9 Hz), 4.00 (t, 2H, J=5.9 Hz), 6.87–6.95 (m, 3H), 7.06–7.10 (m, 1H),
7.24–7.32 (m, 5H), 7.48–7.50 ppm (m, 2H); 13C NMR (CDCl3, 100 MHz)
d=2.5, 28.6, 37.2, 67.5, 114.4, 119.8, 120.7, 124.2, 129.0, 129.5, 137.9,
158.9, 170.9 ppm; IR (polymer) ñ =3314, 2920, 1667, 1601, 1541, 1499,
1246, 755 cm�1; HRMS [M+] calcd for C17H19NO2:269.1416:, found
269.1412.


21d : 4,N-Diphenyl-butyramide: MW: C16H17NO=239.31; 1H NMR
(CDCl3, 400 MHz) d=2.04 (m, 2H), 2.32 (t, 2H, J=7.6 Hz), 2.68 (t, 2H,
J=7.4 Hz), 7.07–7.10 (m, 1H), 7.16–7.21 (m, 3H), 7.24–7.31 (m, 4H),
7.40 (br, 1H), 7.48–7.50 ppm (m, 2H); 13C NMR (CDCl3, 100 MHz) d=


26.8, 35.0, 36.7, 119.8, 124.2, 126.0, 128.4, 128.5, 128.9, 137.9, 141.3,
171.1 ppm; IR (polymer) ñ =3325, 1698, 1600, 1553, 1499, 1443, 756,
698 cm�1; HRMS [M+] calcd for C16H17NO : 239.1310, found 239.1295.


21h : 4-(2-Chloro-phenyl)-2-methyl-N-phenyl-butyramide: MW:
C17H18ClNO=287.78; 1H NMR (CDCl3, 400 MHz) d =1.28 (d, J=6.9 Hz,
3H), 1.76–1.83 (m, 1H), 2.02–2.12 (m, 1H), 2.34–2.39 (m, 1H), 2.79 (dis,
t, 2H), 7.09–7.21 (m, 5H), 7.28–7.32 (m, 3H), 7.52 ppm (d, J=7.9 Hz,
2H); 13C NMR (CDCl3, 100 MHz) d =18.1, 31.3, 34.1, 42.1, 119.9, 124.5,
126.9, 127.5, 129.0, 129.5, 130.4, 133.9, 137.9, 139.2, 174.3 ppm; IR (poly-
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mer) ñ=3303, 2934, 1662, 1601, 1540, 1442, 753 cm�1; HRMS [M+] calcd
for C17H18ClNO: 287.1077, found 287.1073.


Typical Procedure for the Preparation of Alkylsulfonyl Oxime Ethers


A mixture of methyl 2-(benzyloxyimino)acetate (23, 1.36 g, 7 mmol), and
N-chlorosuccinimide (2.82 g, 21 mmol) in DMF (15 mL) was stirred at
50 8C for 2 days. The mixture was diluted with Et2O (60 mL), washed
with brine (30 mL x 2), dried over MgSO4, and concentrated. The residue
was purified by column chromatography on silica gel using ethyl acetate
and n-hexane (1:10) as eluant to give methyl 2-(benzyloxyimino)-2-
chloroacetate (24, 1.55 g, 97%). MW: C10H10ClNO3 =227.64; 1H NMR
(CDCl3, 300 MHz) d=3.89 (s, 3H), 5.36 (s, 2H), 7.35–7.39 ppm (m, 5H);
13C NMR (CDCl3, 75 MHz) d=53.9, 78.8, 128.5, 128.6, 128.6, 130.9,
135.4, 159.0 ppm.


Ethanethiol (342 mg, 5.5 mmol) was added to a slurry of NaH (200 mg,
5 mmol) in DMF (10 mL) at 0 8C. After being stirred at 0 8C for 30 min,
24 (1.25 g, 5.5 mmol) was added to the reaction mixture at 0 8C. The re-
sulting reaction mixture was stirred at room temperature for 5 h, treated
with NH4Cl (aq), diluted with Et2O (50 mL), washed with brine (30 mL x
2), dried over MgSO4, and concentrated. The residue was purified by a
column chromatography on silica gel using ethyl acetate and n-hexane
(1:10) as eluant to give 25 (1.24 g, 98%). MW: C12H15NO3S=253.32;
1H NMR (CDCl3, 300 MHz) d =1.24 (t, J=7.4 Hz, 3H), 2.99 (q, J=


7.4 Hz, 2H), 3.85 (s, 3H), 5.27 (s, 2H), 7.26–7.35 ppm (m, 5H); 13C NMR
(CDCl3, 75 MHz) d=15.2, 25.8, 53.1, 77.8, 128.0, 128.1, 128.4, 136.5,
147.0, 161.3 ppm.


A solution of 25 (1.24 g, 4.9 mmol) in CH2Cl2 (25 mL) was treated with
NaHCO3 (1.23 g, 14.7 mmol), and m-CPBA (3.29 g, 14.7 mmol) at 0 8C
successively. After being stirred at room temperature for 6 h, the reaction
mixture was diluted with CH2Cl2 (25 mL), washed with 10% Na2S2O3


(aq, 50 mL), NaHCO3 (aq, 50 mL), and brine (30 mL x 2), dried over
MgSO4, and concentrated. The residue was purified by column chroma-
tography on silica gel using ethyl acetate and n-hexane (1:3) as eluant to
give methyl 2-(benzyloxyimino)-2-(ethylsulfonyl)acetate (26a, 1.38 g,
99%). MW: C12H15NO5S=285.32; 1H NMR (CDCl3, 400 MHz) d =1.25
(t, J=7.5 Hz, 3H), 3.27 (q, J=7.5 Hz, 2H), 3.87 (s, 3H), 5.35 (s. 2H),
7.35–7.37 ppm (m, 5H); 13C NMR (CDCl3, 100 MHz) d =6.3, 51.0, 53.7,
80.2, 128.4, 128.7, 128.9, 134.6, 145.8, 159.0 ppm; IR (polymer) ñ =2957,
1751, 1600, 1455, 1336, 1151, 997 cm�1; HRMS [M+] calcd for
C12H15NO5S: 285.0671, found 285.0664.


Typical Procedure for the Direct Conversion of Alkylsulfonyl Oxime
Ethers into Acylated Oxime Ethers


Dried heptane (20 mL), 23a (57 mg, 0.2 mmol), and V-40 (15 mg,
0.06 mmol) were placed in a 50 mL stainless steel autoclave. The auto-
clave was sealed, purged triple with 10 atm of CO, pressurized with
50 atm of CO, and then heated at 120 8C with stirring for 18 h. After
excess CO was discharged at room temperature, the solvent was removed
under reduced pressure. The residue was purified by a silica gel column
chromatography using ethyl acetate and n-hexane (1:50) as eluant to give
2-Benzyloxyimino-3-oxo-pentanoic acid methyl ester (27a) (48 mg,
96%).


MW: C13H15NO4 =249.26; major : minor=4.13:1; 1H NMR (CDCl3,
400 MHz) major: d=1.08 (t, J=7.3 Hz, 3H), 2.76 (q, J=7.3 Hz, 2H),
3.84 (s, 3H), 5.28 (s, 2H), 7.31–7.35 ppm (m, 5H); minor: d =1.09 (t, J=


7.3 Hz, 3H), 2.61 (q, J=7.3 Hz, 2H), 3.84 (s, 3H), 5.27 (s, 2H), 7.31–
7.35 ppm (m, 5H); 13C NMR (CDCl3, 100 MHz) major: d=7.5, 31.0, 52.6,
78.5, 128.2, 128.4, 128.5, 135.9, 149.6, 161.6, 195.7 ppm; minor: d =6.6,
36.0, 53.0, 78.8, 128.3, 128.5, 128.6, 135.6, 150.2, 160.7, 199.7 ppm; IR (po-
lymer) ñ=2943, 1751, 1696, 1457, 1296, 1218, 1007, 700 cm�1; HRMS
[M+] calcd for C13H15NO4: 249.1001, found 249.0999.


26b : 4-(Benzyloxyimino-methoxycarbonyl-methanesulfonyl)-butyric acid
methyl ester: MW: C15H19NO7S=357.38; 1H NMR (CDCl3, 400 MHz)
d=1.99–2.05 (m, 2H), 2.37 (t, 2H, J=7.0 Hz), 3.33–3.37 (m, 2H), 3.64 (s,
3H), 3.89 (s, 3H), 5.37 (s, 2H), 7.36 ppm (m, 5H); 13C NMR (CDCl3,
100 MHz) d=17.5, 31.7, 51.8, 53.8, 55.5, 80.5, 128.6, 128.8, 129.1, 134.6,
145.9, 159.1, 172.2 ppm; IR (polymer) ñ=2923, 1756, 1456, 1371, 1323,


1092, 985, 757 cm�1; HRMS [M+] calcd for C15H19NO7S : 357.0882, found
357.0881.


26c : Benzyloxyimino-(4-phenoxy-butane-1-sulfonyl)-acetic acid methyl
ester: MW: C20H23NO6S=405.47; 1H NMR (CDCl3, 400 MHz) d =1.77–
1.82 (m, 2H), 1.88–1.94 (m, 2H), 3.35 (t, 2H, J=7.7 Hz), 3.87 (t, 2H, J=


5.87), 3.89 (s, 3H), 5.34 ppm (s, 2H); 13C NMR (CDCl3, 100 MHz) d=


19.1, 27.7, 53.8, 56.3, 66.6, 80.5, 144.4, 120.9, 128.6, 128.8, 129.1, 129.5,
134.7, 146.2, 158.6, 159.1 ppm; IR (polymer) ñ =1773, 1336, 1291, 1279,
1143, 1010, 758, 696 cm�1; HRMS [M+] calcd for C20H23NO6S : 405.1246,
found 405.1270.


26d : Benzyloxyimino-[4-(1,3-dioxo-1,3-dihydro-isoindol-2-yl)-butane-1-
sulfonyl]-acetic acid methyl ester: MW: C22H22N2O7S=458.49; 1H NMR
(CDCl3, 400 MHz) d=1.66–1.77 (m, 4H), 3.30 (t, 2H, J=8.0 Hz), 3.57 (t,
2H, J=6.9 Hz), 3.87 (s, 3H), 5.37 (s, 2H), 7.32–7.36 (m, 5H), 7.68–7.71
(m, 2H), 7.80–7.82 ppm ACHTUNGTRENNUNG(m 2H); 13C NMR (CDCl3, 100 MHz) d=19.3,
27.0, 36.8, 53.8, 55.7, 80.4, 123.2, 128.6, 128.8, 129.0, 131.9, 134.2, 134.6,
146.0, 159.0, 168.1; IR (polymer) ñ=2956, 1772, 1747, 1437, 1332, 1279,
1034, 745 cm�1; HRMS [M+] calcd for C22H22N2O7S : 458.1148, found
458.1181.


26e : Benzyloxyimino-cyclohexanesulfonyl-acetic acid methyl ester: MW:
C16H21NO5S=339.41; 1H NMR (CDCl3, 400 MHz) d =1.04–1.17 (m, 3H),
1.50–1.53 (m, 2H), 1.61–1.64 (m, 1H), 1.80–1.84 (m, 2H), 1.94–1.97 (m,
2H), 3.27–3.33 (m, 1H), 3.88 (s, 3H), 5.36 (s, 2H), 7.34–7.37 ppm (m,
5H); 13C NMR (CDCl3, 100 MHz) d=24.1, 24.8, 25.0, 53.8, 64.2, 80.3,
128.6, 128.8, 129.0, 134.9, 146.0, 159.4 ppm; IR (polymer) ñ =2938, 2859,
1794, 1351, 1283, 1092, 1011, 741 cm�1; HRMS [M+] calcd for
C16H21NO5S : 339.1140, found 339.1163.


26g : Cyclohexyldulfonylmethanal O-benzyl oxime: MW: C14H19NO3S=


281.37; 1H NMR (CDCl3, 400 MHz) d=1.11–1.15 (m, 3H), 1.46–1.50 (m,
2H), 1.61–1.64 (m, 1H), 1.80–1.84 (m, 2H), 1.91–1.95 (m, 2H), 3.26 (m,
1H), 5.29 (s, 2H), 7.17 (s, 1H), 7.33–7.38 ppm (m, 5H); 13C NMR
(CDCl3, 100 MHz) d=24.1, 24.8, 25.1, 63.2, 79.1, 128.5, 128.7, 128.8,
135.6, 142.6 ppm; IR (polymer) ñ =2938, 2858, 1452, 1369, 1115, 1015,
757, 699 cm�1; HRMS [M+] calcd for C14H19NO3S : 281.1086, found
281.1082.


27b : 2-Benzyloxyimino-3-oxo-heptanedioic acid dimethyl ester: MW:
C16H19NO6 =321.33; major : minor=2.54:1; 1H NMR (CDCl3, 400 MHz)
major: d=1.88–1.95 (m, 2H), 2.34 (t, J=7.3 Hz, 2H), 2.81 (t, J=7.2 Hz,
2H), 3.64 (s, 3H), 3.84 (s, 3H), 5.28 (s, 2H), 7.31–7.37 ppm (m, 5H);
minor: d=1.89–1.97 (m, 2H), 2.31 (t, J=7.3 Hz, 2H), 2.67 (t, J=7.0 Hz,
2H), 3.62 (s, 3H), 3.84 (s, 3H), 5.26 (s, 2H), 7.29–7.36 ppm (m, 5H);
13C NMR (CDCl3, 100 MHz) major: d=18.7, 32.9, 36.6, 51.2, 52.6, 78.7,
128.2, 128.5, 128.6, 135.8, 149.7, 161.5, 173.4, 194.3 ppm; minor: d=17.8,
32.6, 41.5, 51.5, 53.1, 78.9, 128.4, 128.6, 128.6, 135.5, 150.0, 160.6, 173.3,
198.3 ppm; IR (polymer) ñ=2955, 1748, 1695, 1456, 1302, 1213, 1000,
700 cm�1; HRMS [M+] calcd for C16H19NO6: 321.1212, found 321.1218.


27c : 2-Benzyloxyimino-3-oxo-7-phenoxy-heptanoic acid methyl ester:
MW: C21H23NO5 =369.41; major : minor=2.96:1; 1H NMR (CDCl3,
400 MHz) major: d=1.78–1.81 (m, 4H), 2.82–2.85 (m, 2H), 3.85 (s, 3H),
3.92–3.95 (m, 2H), 5.29 (s, 2H), 6.85–6.94 (m, 3H), 7.24–7.28 (m, 2H),
7.32–7.36 ppm (m,5H); minor: d=1.73–1.81 (m, 4H), 2.67 (dis, t, 2H),
3.84 (s, 3H), 3.87 (dis, t, 2H), 5.27 (s, 2H), 6.83–6.93 (m, 3H), 7.23–7.25
(m, 2H), 7.27–7.32 ppm (m,5H); 13C NMR (CDCl3, 100 MHz) major: d=


20.4, 28.5, 37.1, 52.6, 67.2, 78.5, 114.4, 120.6, 128.2, 128.5, 128.5, 129.4,
135.8, 149.8, 158.9, 161.6, 194.9 ppm; minor: d=19.2, 28.4, 42.1, 53.1,
67.1, 78.9, 114.4, 120.6, 128.4, 129.6, 129.4, 135.5, 150.2, 158.9, 160.7,
198.8 ppm; IR (polymer) ñ=2953, 1748, 1694, 1601, 1498, 1245, 1000,
755, 694 cm�1; HRMS [M+] calcd for C21H23NO5: 369.1576, found
369.1575.


27 f : 2-Oxo-butyraldehyde O-benzyl-oxime: MW: C11H13NO2 =191.23;
1H NMR (CDCl3, 400 MHz) d =1.09 (t, 3H, J=7.4 Hz), 2.77 (q, 2H, J=


7.4 Hz), 5.23 (s, 2H), 7.33–7.37 (m, 5H), 7.49 ppm (s, 1H); 13C NMR
(CDCl3, 100 MHz) d=7.6, 31.2, 77.7, 128.4, 128.5, 128.5, 136.2, 147.7,
198.9 ppm; IR (polymer) ñ =2940, 1695, 1587, 1368, 1187, 1020, 924,
699 cm�1; HRMS [M+] calcd for C11H13NO2:191.0946, found 191.0949.


30a : Pentane-2,3,4-trione 3-(O-benzyl-oxime): MW: C12H13NO3 =219.24;
1H NMR (CDCl3, 400 MHz) d=2.27 (s, 3H), 2.35 (s, 3H), 5.25 (s, 2H),
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7.31–7.36 ppm (m, 5H); 13C NMR (CDCl3, 100 MHz) d =25.6 (30.5),
78.6, 128.4, 128.6, 128.6, 156.1, 194.3 ppm (198.3); IR (polymer) ñ =2928,
1795, 1651, 1366, 1300, 998, 731, 700 cm�1; HRMS [M+] calcd for
C12H13NO3:219.0895, found 219.0896.


31a : 1-Methanesulfonyl-propane-1,2-dione 1-(O-benzyl-oxime): MW:
C11H13NO4S=255.29; 1H NMR (CDCl3, 400 MHz) d=2.46 (s, 3H), 3.14
(s, 3H), 5.31 (s, 2H), 7.33–7.38 ppm (m, 5H); 13C NMR (CDCl3,
100 MHz) d=31.4, 42.9, 79.9, 128.6, 128.8, 129.0, 134.7, 155.5, 193.0 ppm;
IR (polymer) ñ=1729, 1335, 1214, 1009, 938, 764, 700, 526 cm�1; HRMS
[M+] calcd for C11H13NO4S : 255.0565, found 255.0551.


29b : Bis-ethanesulfonyl-methanone O-benzyl-oxime: MW:
C12H17NO5S2 =319.40, 1H NMR (CDCl3, 400 MHz) : d=1.27–1.36 (m,
6H), 3.29 (q, 2H, J=9.9 Hz), 3.44 (q, 2H, J=9.9 Hz), 5.48 (s, 2H),
7.36 ppm (m, 5H), 13C NMR (CDCl3, 100 MHz) : d=6.1 (6.8), 49.9
(51.4), 81.7, 128.8, 128.9, 129.3, 134.0, 150.2 ppm; IR (polymer) : ñ =2985,
1538, 1456, 1346, 1162, 1046, 994, 701 cm�1; HRMS [M+] calcd for
C12H17NO5S2:319.0548, found 319.0543.


30b : Heptane-3,4,5-trione 4-(O-benzyl-oxime): MW: C14H17NO3 =247.29,
1H NMR (CDCl3, 400 MHz) : d=1.04–1.09 (m, 6H), 2.52 (q, 2H, J=


7.2 Hz), 2.77 (q, 2H, J=7.2 Hz), 5.22 (s, 2H), 7.29–7.37 ppm (m, 5H);
13C NMR (CDCl3, 100 MHz) : d =6.5 (7.5), 31.4 (36.5), 78.4, 128.2, 128.5,
128.6, 136.0, 155.8, 197.4 ppm, (201.8); IR (polymer) : ñ =2981, 1688,
1458, 1407, 1364, 1087, 749, 700 cm�1; HRMS [M+] calcd for
C14H17NO3:247.1208, found 247.1202.


31b : 1-Ethanesulfonyl-butane-1,2-dione 1-(O-benzyl-oxime): MW:
C13H17NO4S=283.34, 1H NMR (CDCl3, 400 MHz) : d =1.09 (t, 3H, J=


7.2 Hz), 1.29 (t, 3H, J=7.4 Hz), 2.74 (q, 2H, J=7.2 Hz), 3.23 (q, 2H, J=


7.4 Hz), 5.28 (s, 2H), 7.29–7.38 ppm (m, 5H), 13C NMR (CDCl3,
100 MHz) : d =6.6, 6.6, 37.3, 49.5, 79.5, 128.6, 128.7, 128.9, 135.0, 155.0,
197.1 ppm; IR (polymer): ñ =2983, 1772, 1591, 1367, 1090, 980, 922,
742 cm�1; HRMS [M+] calcd for C13H17NO4S : 283.0878, found 283.0878.
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Introduction


The a-alkyl-a-amino acids are by far the most important,
numerous, and diverse family of the naturally occurring
amino acids. Although only 20 amino acids constitute poly-
peptide chains under genetic control, the total number of a-
amino acids identified as occurring free or incorporated in
the natural products of animals, plants, and microorganisms
is estimated to be in the hundreds, and the list of such a-
amino acids continues to grow. The majority of these natu-
rally found a-alkyl-a-amino acids have the l configuration
at the a-carbon atom. Many natural a-alkyl-a-amino acids
of the d series are also found in non-protein compounds of
plants, fungi, and microorganisms, but generally not in ani-
mals, and never in proteins.


In contrast to a-alkyl-a-amino acids, non-proteinogenic
a,a-dialkyl-a-amino acids play a special role in the design of


peptides with enhanced properties.[1] This is not only be-
cause they possess stereochemically stable quaternary
carbon centers, but their incorporation into peptides imparts
a significant influence on conformational preferences.[2] Fur-
thermore, a,a-dialkyl-a-amino acids themselves are often ef-
fective enzyme inhibitors[3] and constitute a series of inter-
esting building blocks for the synthesis of various biological-
ly active compounds.[4] Accordingly, the development of
truly efficient methods for their preparation, including a-
alkyl-a-amino acid synthesis, especially in an enantiomeri-
cally pure form, has become of great importance.[5] Howev-
er, despite numerous studies, only a few catalytic systems
have been reported in asymmetric phase-transfer chemistry,
with limited general applicability.[6–10] In this context, al-
though we recently designed new, chiral spiro-type (R,R)- or
(S,S)-3,4,5-trifluorophenyl-NAS bromide (S,S)-1 (Ar=3,4,5-
F3-C6H2) for effecting asymmetric alkylation of a-amino
acid derivatives,[10f] the multi-step preparation (5 steps for
right-hand (S)-3,5-dihydro-4H-dinaphth[2,1-c :1’2’-e]azepine
from (S)-binaphthol; 11 more steps from (S)-binaphthol) of


Abstract: A very efficient, chiral phase-
transfer catalyst, (S)-2Db, was pre-
pared by taking advantage of the com-
binatorial approach from the readily
available (S)-1,1’-binaphthyl-2,2’-dicar-
boxylic acid. This catalyst exhibited
high catalytic performance (0.01–
0.1 mol%) in the asymmetric alkyla-
tion of N-(diphenylmethylene)glycine
tert-butyl ester and N-(p-chlorophenyl-


methylene)alanine tert-butyl ester rela-
tive to other chiral phase-transfer cata-
lysts in current use. This has created a
general and highly practical procedure
for the enantioselective synthesis of


structurally diverse natural and unnatu-
ral a-alkyl-a-amino acids as well as
a,a-dialkyl-a-amino acids. A similar
simplified catalyst, (S)-2Fb, is also ap-
plicable to the direct asymmetric aldol
reaction between glycine Schiff base
and aldehydes with moderate syn selec-
tivity and high enantioselectivity.
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catalyst 1 constitutes a severe drawback. Simplification of
catalyst 1 is therefore crucial for overcoming this intrinsic
problem in chiral phase-transfer process chemistry.


Results and Discussion


Combinatorial Design of Simplified Phase-Transfer
Catalysts for Asymmetric a-Alkyl-a-Amino Acid Synthesis


To simplify the structure of the original catalyst (S,S)-1, we
chose the fundamental structure 2 as a simplified chiral
phase-transfer catalyst. Because the catalyst (S)-2 can be
readily prepared from three components, a chiral binaphthyl
part (S)-3, an arylboronic acid (ArB(OH)2), and a secondary
amine (R2NH) as described previously,[11] the appropriate
modification of the ArB(OH)2 and R2NH portions should
give a series of newly designed catalysts. Hence, we studied
the substituent effects of Ar and R moieties in detail by
using combinatorial chemistry, as variation of the substitu-
ents Ar and R would allow facile generation of large libra-
ries of structures.


The requisite catalyst (S)-2 can be easily prepared from
the known and readily available (S)-1,1’-binaphthyl-2,2’-di-
carboxylic acid (S)-4[12] in the six-step sequence illustrated in
Scheme 1.[13] Thus, dicarboxylic acid (S)-4 was transformed


with iPrBr, catalytic Bu4N·HSO4 and KF·2H2O into the cor-
responding diisopropyl ester (S)-5 in 95% yield. Treatment
of (S)-5 with freshly prepared Mg ACHTUNGTRENNUNG(TMP)2 in THF and subse-
quent addition of Br2 gave rise to (S)-3,3’-dibromo-1,1’-bi-
naphthyl-2,2’-dicarboxylic ester (S)-3 in 91% yield. Suzuki–
Miyaura cross-coupling of (S)-3 with arylboronic acid,
ArB(OH)2 (Ar=Ph, 3,5-(CF3)2-C6H3, 3,4,5-F3-C6H2) in the
presence of catalytic Pd ACHTUNGTRENNUNG(OAc)2, PPh3, and K2CO3 in DMF
afforded (S)-3,3’-diaryl-1,1’-binaphthyl-2,2’-dicarboxylic
ester (S)-6 in 57–68% yield. Reduction of (S)-6 with LiAlH4


in THF and subsequent treatment of the resulting crude al-
cohol (S)-7 with PBr3 in THF furnished (S)-dibromide (S)-8
in moderate to high yields. Reaction of (S)-8 with dialkyl-
amine and K2CO3 in acetonitrile led to the formation of cat-
alysts (S)-2Aa–Di in high yields.


To examine the substituent effect of catalyst (S)-2 on the
variation of the substituents Ar and R, we first prepared a
library of quaternary ammonium salts (S)-2Aa–Di by com-
bining four aryl substituents with nine different dialkyl-
amines. The chiral amplitude of these simplified phase-trans-
fer catalysts (S)-2Aa–Di was screened efficiently by using an
in situ generated method from 3,3’-diaryl (S)-binaphthyl di-
bromide (S)-8 (Ar=H, Ph, 3,5-(CF3)2-C6H3, 3,4,5-F3-C6H2)
in the asymmetric alkylation of N-(diphenylmethylene)gly-
cine tert-butyl ester 9 (Scheme 2). Thus, reaction of 9 with
benzyl bromide (1.2 equiv) and 50% aqueous KOH in tolu-


Abstract in Japanese:


Scheme 1. Synthesis of various chiral phase-transfer catalysts (S)-2Aa–Di.
Reaction conditions: a) iPrBr (10 equiv), Bu4N·HSO4 (20 mol%),
KF·2H2O (10 equiv), THF, reflux (95%); b) 1) Mg ACHTUNGTRENNUNG(TMP)2 (4 equiv),
THF, room temperature, 2) Br2 (8 equiv), �78 8C!room temperature
(91%); c) ArB(OH)2 (2.4 equiv), Pd ACHTUNGTRENNUNG(OAc)2 (5 mol%), PPh3 (15 mol%),
K2CO3 (3 equiv), DMF, 90 8C (57–68%); d) LiAlH4 (3 equiv), THF,
0 8C!room temperature (59–82%); e) PBr3 (1 equiv), THF, 0 8C (65–
87%); f) R2NH (2 equiv), K2CO3 (1.5 equiv), CH3CN, reflux (34–88%).
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ene was carried out in the presence of 3 mol% in situ gener-
ated catalysts (S)-2Aa–Di under argon atmosphere at 0 8C
to furnish benzylation product 10. The results are shown in
Table 1, which also includes selected results from the use of
isolated, optically pure catalyst (S)-2 for comparison.


Several characteristic features of the asymmetric alkyla-
tion on the screening of these in situ generated catalysts (S)-
2Aa–Di are as follows: 1) The observed enantioselectivities
vary from �27 to 97% ee with the majority of quaternary
ammonium salts giving the preferential formation of the
R isomer 10. 2) Both the chiral binaphthol and dialkylamine
units appear to play important roles in determining the
overall enantioselectivity; in general, the choice of dialkyl-
amines is more sensitive to the degree of enantioselectivity.
3) Combination of 3,5-bis(trifluoromethyl)phenyl and 3,4,5-
trifluorophenyl groups with dialkylamines having straight
alkyl chains exhibited excellent enantioselectivities (93–
97% ee with (S)-2Cb, (S)-2Cc, (S)-2Db, and (S)-2Dc).


Effect of Alkyl Chains in (S)-2D on Enantioselectivity


With bis(3,4,5-trifluorophenyl)-substituted catalyst (S)-2D,
we examined the substituent effect of R by changing the
number of straight alkyl chains, as shown in Figure 1. In the


asymmetric benzylation of N-(diphenylmethylene)glycine
tert-butyl ester 9, dimethylammonium salt (S)-2Da exhibited
very low enantioselectivity, and the use of (CH3


ACHTUNGTRENNUNG(CH2)n�1)2NH (n�4) gave uniformly high asymmetric induc-
tion.


Effect of Aryl Substituents in (S)-2b on Enantioselectivity


With this information in hand, we further screened the sub-
stituent effect of various Ar groups by preparing (S)-2b cat-
alysts derived from dibutylamine and various 3,3’-diarylated
(S)-binaphthyl dibromide (S)-8 as shown in Figure 2.
Among monosubstituted phenyl derivatives, p-substituted


Scheme 2. Evaluation of in situ generated catalysts (S)-2Aa–Di by the
asymmetric alkylation of N-(diphenylmethylene)glycine tert-butyl ester 9.


Table 1. Screening of in situ generated catalysts (S)-2Aa–Di in the enan-
tioselective phase-transfer benzylation of glycine derivative 9.[a]


Amine
ACHTUNGTRENNUNG(R2NH)


Ar=H
A


Ar=Ph
B


Ar=3,5-(CF3)2-C6H3


C
Ar=3,4,5-F3-C6H2


D


a 12 26 1 7
b �27


ACHTUNGTRENNUNG(�13)
43
ACHTUNGTRENNUNG(60)


93
ACHTUNGTRENNUNG(91)


97
ACHTUNGTRENNUNG(99)


c �17 58 96
ACHTUNGTRENNUNG(93)


97
ACHTUNGTRENNUNG(99)


d �9 22 44 7
e �7 5 31 43
f �23 33 41 20
g �19 26


ACHTUNGTRENNUNG(28)
78 81


h 22 3 2 6
i 15 41 75 83


ACHTUNGTRENNUNG(87)


[a] All values reported as % ee ; enantioselectivity values in parentheses
were obtained with isolated, optically pure (S)-2.


Figure 1. Effect of the number of straight alkyl chains in (S)-2D on enan-
tioselectivity in the asymmetric benzylation of 9.


Figure 2. Effect of aryl substituents of (S)-2b (R=Bu) on enantioselec-
tivity in the asymmetric benzylation of 9.
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phenyl derivatives generally gave higher enantioselectivity
than the corresponding m-substituted phenyl analogues in
the asymmetric benzylation of 9. In particular, p-(trifluoro-
methyl)phenyl and p-nitrophenyl derivatives exhibited high
enantioselectivity (94% ee). These catalysts are more selec-
tive than various disubstituted phenyl derivatives. Among a
variety of aryl substituents, catalyst (S)-2Db possessing
3,4,5-trifluorophenyl substituents was found to give the best
result in terms of enantioselectivity (99% ee). Notably, bis-
pentafluorophenyl catalyst (S)-2Eb exhibited dramatically
low enantioselectivity (only 2% ee).


X-ray Crystal Structures of Catalyst (S)-2b


Although indirect evidence for the role of the aryl substitu-
ents (Ar) in (S)-2b was strong at this point, additional in-
sight was provided by the X-ray crystal structures of cata-
lysts (S)-2Bb, (S)-2Db, and (S)-2Eb (Figure 3). Interesting-


ly, the dihedral angles between aryl and naphthyl groups are
different among these three catalysts (46.68/58.88, 52.38/
59.88, and 60.18/72.08 for (S)-2Bb, (S)-2Db, and (S)-2Eb, re-
spectively). The conformation of two fluxional butyl moiet-
ies are also different. These data may provide useful infor-
mation to deduce possible structures of chiral phase-transfer
catalysts in solution.


Catalyst Loading Study


The chemical behavior of the simplified phase-transfer cata-
lysts (S)-2Cb, (S)-2Cc, (S)-2Db, and (S)-2Dc was examined


by carrying out asymmetric alkylation of N-(diphenylmethy-
lene)glycine tert-butyl ester 9, and quite surprisingly these
types of catalysts were found to be by far the most active
catalysts among existing chiral phase-transfer catalysts.
Indeed, asymmetric reaction of 9 with benzyl bromide
(1.2 equiv) and 50% aqueous KOH in toluene was effected
in the presence of just 0.01–0.1 mol% chiral catalyst (S)-
2Db under argon atmosphere at 0 8C for 2–9 h to furnish
benzylation product 10 almost quantitatively with excellent
enantioselectivity (98–99% ee, Table 2, Entries 1–3).[14]


However, the use of 0.005 mol% (S)-2Db lowered both the
chemical yield and enantioselectivity (Entry 4). A similar
trend was also observed in the case of catalyst (S)-2Dc (En-
tries 5 and 6).


Other selected examples are listed in Table 2. Several
characteristic features of the present alkylations are as fol-
lows: 1) In contrast to existing chiral phase-transfer cata-
lysts, the chiral phase-transfer catalysts (S)-2Cb, (S)-2Cc,


(S)-2Db, and (S)-2Dc exhibit-
ed high catalytic performance
(0.05–0.1 mol%), demonstrat-
ing the remarkable efficiency
and practicability of the pres-
ent approach for the enantio-
selective synthesis of a-alkyl-
a-amino acids. 2) By using
CsOH·H2O in place of 50%
KOH, asymmetric alkylation
of 9 with simple alkyl halides
such as ethyl iodide proceeded
smoothly at �20 8C to furnish
the corresponding a-alkyl-a-
amino acids in good yield with
high enantioselectivity
(Entry 24 versus 23). It should
be noted that monoalkylated
products do not racemize
under the phase-transfer con-
ditions.


Asymmetric Synthesis of a,a-
Dialkyl-a-Amino Acids


The simplified catalyst (S)-
2Db can, of course, be applied


to the asymmetric alkylation of aldimine Schiff base 11 de-
rived from d,l-alanine tert-butyl ester (Scheme 3). Thus, re-
action of 11 with benzyl bromide (1.2 equiv) and
CsOH·H2O (5 equiv) in toluene in the presence of 1 mol%
catalyst (S)-2Db under argon atmosphere at 0 8C for 3 h
gave rise to benzylation product 12 in 82% yield with
97% ee. Here, an aldimine Schiff base 11 and the stronger
base CsOH·H2O are required in place of the corresponding
benzophenone imine Schiff base and KOH to effect a
smooth alkylation reaction. The virtually complete enantio-
selectivity (99% ee) was attained by lowering the reaction


Figure 3. ORTEP diagram of catalysts (S)-2Bb, (S)-2Db, and (S)-2Eb (probability chosen for the ellipsoids is
50, 50, and 30%, respectively). All hydrogen atoms, solvents, and counter-anions are omitted for clarity.
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temperature to �20 8C. The catalyst loading can be de-
creased to 0.05 mol% (98% ee (63%) at �20 8C).


Other selected examples of several a-alkyl-a-amino acid
derivatives in combination with alkyl halides under the in-
fluence of (S)-2Db (1 mol%) are listed below, for which ex-


ceedingly high enantioselectiv-
ity was observed in the cata-
lytic enantioselective synthesis
of a,a-dialkyl-a-amino acids.


Asymmetric Synthesis of b-
Hydroxy-a-Amino Acids


The simplified catalyst (S)-2 is
also applicable toward the
direct asymmetric aldol reac-
tion between glycine Schiff
base and aldehydes with mod-
erate syn selectivity and high
enantioselectivity. This ap-
proach is complementary to
the anti-selective asymmetric
aldol reaction between glycine
Schiff base and aldehydes
with chiral spiro-type (S,S)-
3,5-bis ACHTUNGTRENNUNG[3,5-bis(trifluorome-
thyl)phenyl]phenyl-NAS bro-
mide (S,S)-1 (Ar=3,5-bis-
ACHTUNGTRENNUNG[3,5- ACHTUNGTRENNUNG(CF3)2-C6H3]2C6H3), as re-
ported previously.[15] At first,
we initiated an examination of
the direct asymmetric aldol re-
action of N-(diphenylmethyle-
ne)glycine tert-butyl ester 9
with 3-phenylpropanal as a
representative acceptor under
phase-transfer conditions.
Thus, treatment of 9 with 3-
phenylpropanal (2 equiv) in a
solution of toluene (0.1m) and
NaOH (1% aq) (2.5:1 v/v ;
1 equiv base for 9) in the pres-
ence of chiral quaternary am-
monium salt (S)-2Cb
(1 mol%) at 0 8C for 1.5 h and
subsequent hydrolysis with 1n


HCl in THF resulted in the
formation of the correspond-
ing b-hydroxy-a-amino ester
13 (R=CH2CH2Ph) in 84%
yield with a syn/anti ratio of
66:34 (Entry 1 in Table 3).
The enantiomeric excess of
the major syn isomer syn-13
(R=CH2CH2Ph) and minor
anti-13 (R=CH2CH2Ph) was
determined to be 56 and


71% ee, respectively, by HPLC analysis after transformation
into the corresponding oxazolidine-2-thione derivatives 14
using thiocarbonyl diimidazole (Scheme 4). Significantly, the
use of (S)-2Fb possessing a 3,5-bis ACHTUNGTRENNUNG[3,5-bis(trifluoromethyl)-
phenyl]phenyl substituent as catalyst enhanced both diaster-


Table 2. Catalytic enantioselective phase-transfer alkylation of glycine derivative 9 catalyzed by (S)-2Cb, (S)-
2Cc, (S)-2Db, and (S)-2Dc.[a]


Entry Catalyst
(c ACHTUNGTRENNUNG[mol%])


RX T [8C] t [h] Yield [%][b] ee [%][c]


1 (S)-2Db
ACHTUNGTRENNUNG(0.1)


PhCH2Br 0 2 99 99


2 (S)-2Db
ACHTUNGTRENNUNG(0.05)


0 2 98 99


3 (S)-2Db
ACHTUNGTRENNUNG(0.01)


0 9 92 98


4 (S)-2Db
ACHTUNGTRENNUNG(0.005)


0 48 51 57


5 (S)-2Dc
ACHTUNGTRENNUNG(0.05)


0 4 94 99


6 (S)-2Dc
ACHTUNGTRENNUNG(0.01)


0 24 79 98


7 (S)-2Cb
ACHTUNGTRENNUNG(0.1)


0 4 89 91


8 (S)-2Cb
ACHTUNGTRENNUNG(0.05)


0 5 87 91


9 (S)-2Cb
ACHTUNGTRENNUNG(0.01)


0 48 9 90


10 (S)-2Cc
ACHTUNGTRENNUNG(0.05)


0 48 85 93


11 (S)-2Cc
ACHTUNGTRENNUNG(0.01)


0 48 51 77


12
(S)-2Db
ACHTUNGTRENNUNG(0.05)


0 4 99 98


13
(S)-2Db
ACHTUNGTRENNUNG(0.05)


0 5 99 98


14 (S)-2Db
ACHTUNGTRENNUNG(0.05)


CH2=CHCH2Br 0 3 87 98


15 (S)-2Db
ACHTUNGTRENNUNG(0.01)


0 48 62 82


16 (S)-2Dc
ACHTUNGTRENNUNG(0.05)


0 5 99 97


17 (S)-2Cb
ACHTUNGTRENNUNG(0.01)


0 48 60 83


18 (S)-2Cc
ACHTUNGTRENNUNG(0.05)


0 48 59 91


19 (S)-2Db
ACHTUNGTRENNUNG(0.05)


HC�CCH2Br 0 4 88 98


20 (S)-2Db
ACHTUNGTRENNUNG(0.01)


0 48 28 88


21 (S)-2Cb
ACHTUNGTRENNUNG(0.05)


0 46 80 88


22
(S)-2Db
ACHTUNGTRENNUNG(0.05)


0 64 84 97


23 (S)-2Db
ACHTUNGTRENNUNG(0.1)


CH3CH2I
[d] 0 72 12 91


24 (S)-2Db
ACHTUNGTRENNUNG(0.1)


CH3CH2I
[d,e] �20 1 67 99


[a] Unless otherwise specified, the reaction was carried out with 1.2 equiv RX in the presence of (S)-2 (cat.) in
50% aqueous KOH/toluene (1:1 v/v) under the given reaction conditions. [b] Isolated yield. [c] Enantiomeric
purity of 10 was determined by HPLC analysis of the alkylated imine using a chiral column (Daicel Chiralcel
OD) with hexane/isopropanol as solvent; absolute configuration in each case is R, and was determined by
comparison of the HPLC retention time with the authentic sample independently synthesized by the reported
procedure.[9d,10f] [d] Use of 5 equiv alkyl halide. [e] Use of CsOH·H2O as base.
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eo- and enantioselectivities in this reaction system (syn/
anti=78:22; 92 and 96% ee for syn and anti isomers, respec-
tively; Entry 2). Other selected examples are listed in
Table 3.


Conclusions


We have developed a highly efficient, general, and useful
procedure for the practical enantioselective synthesis of a-
alkyl- and a,a-dialkyl-a-amino acids by asymmetric phase-
transfer catalysis. By introducing the combinatorial design
of catalysts (S)-2, a very active, chiral phase-transfer catalyst
(S)-2Db has been devised. In particular, the catalyst loading
of (S)-2Db has reached 0.01 mol% for the asymmetric alky-
lation of N-(diphenylmethylene)glycine tert-butyl ester 9 ;
this offers a powerful method for the synthesis of stereo-


chemically homogeneous a-
alkyl-a-amino acids in a totally
predictable manner. Of course,
this reaction is applicable
toward the asymmetric alkyla-
tion of aldimine Schiff base 11
derived from several d,l-a-
alkyl-a-amino acid tert-butyl
esters. A similar simplified cat-
alyst (S)-2Fb is also applicable
toward the direct asymmetric
aldol reaction between glycine
Schiff base and aldehydes with
moderate syn selectivity and
high enantioselectivity, and
complements the anti-selective
asymmetric aldol reaction be-
tween glycine Schiff base and
aldehydes with chiral spiro-


type (S,S)-3,5-bis ACHTUNGTRENNUNG[3,5-bis(trifluoromethyl)phenyl]phenyl-
NAS bromide (S,S)-1 (Ar=3,5-bis ACHTUNGTRENNUNG[3,5- ACHTUNGTRENNUNG(CF3)2-C6H3]2C6H3).
Therefore, the system presented herein has a distinct ad-
vantage in terms of operational simplicity, environmentally
friendly conditions, and suitability for large-scale reactions
for practical industrial applications.


Experimental Section


1. General


Infrared (IR) spectra were recorded on a Shimadzu IR Prestige-21 instru-
ment. 1H NMR and 13C NMR spectra were measured on a Jeol JNM-
FX400 (400 MHz) spectrometer, and a JMTC-400/54/SS (400 MHz) spec-
trometer. High-performance liquid chromatography (HPLC) was per-
formed on Shimadzu 10A instruments using 4.6M250 mm Daicel Chiral-
cel OD, OD-H, and Chiralpak AD-H. Optical rotations were measured
on a Jasco DIP-1000 digital polarimeter. High-resolution mass spectrom-
etry (HRMS) data were collected on an Applied Biosystems Mariner
API-TOF workstation and a Bruker micrOTOF focus-KR instrument.
For thin-layer chromatography (TLC) analysis throughout this work,
Merck precoated TLC plates (silica gel 60 GF254, 0.25 mm) were used.


Dry THF was purchased from Kanto Chemical Co., Inc. as “dehydrated”.
CH3CN, CH2Cl2, and dioxane were stored over molecular sieves (4 P).
Toluene was dried over Na. N,N-Dimethylformamide (DMF) was de-
gassed before use. (S)-1,1’-binaphtyl-2,2’-dicarboxylic acid [(S)-4] was
kindly supplied by Tanabe Seiyaku Co., Ltd. (S)-Dibromides 8A and 8B
and their analytical data have been reported previously.[10f] (S)-Dibro-
mide 8D was synthesized from (S)-3 according to the published meth-
ods.[13] tert-Butyl glycinate benzophenone Schiff base was prepared from


Scheme 3. Asymmetric synthesis of a,a-dialkyl-a-amino acids.


Table 3. Direct asymmetric aldol reactions of 9 with aldehydes (RCHO) by chiral phase-transfer catalysis in
the presence of (S)-2b.[a]


Entry R Catalyst T [8C] t [h] Yield [%][b] syn/anti[c] ee [%]
ACHTUNGTRENNUNG(syn/anti)[d]


1 PhCH2CH2 (S)-2Cb 0 1.5 84 66:34 56/71
2 (S)-2Fb 0 1.5 79 78:22 92/96
3 CH3 ACHTUNGTRENNUNG(CH2)3CH2 (S)-2Cb 0 1.5 84 70:30 40/64
4 (S)-2Fb[e] 0 2 68 66:34 92/91
5 CH2=CHACHTUNGTRENNUNG(CH2)2 (S)-2Fb[e] 0 2 68 85:15 93/92
6 CH3


[f] (S)-2Fb[e] 0 2 60 53:47 94/99
7 ACHTUNGTRENNUNG(CH3)2CH (S)-2Fb[e] 0 2 57 63:37 61/75


[a] Unless otherwise noted, the direct aldol reaction of 9 (0.2 mmol) was carried out with 2 equiv aldehyde in
the presence of (S)-2b (1 mol%) in toluene (2 mL)/1% NaOH aqueous solution (0.8 mL) at 0 8C. [b] Isolated
yield. [c] Determined by 1H NMR analysis. [d] Enantiomeric excess of anti-13, which was determined, after
conversion into the corresponding oxazolidine-2-thione 14, by HPLC analysis using a chiral column (DAICEL
Chiralpak AD-H) with hexane/2-propanol as solvent. [e] Use of 2 mol% catalyst. [f] With 5 equiv aldehyde.


Scheme 4. Direct asymmetric aldol reaction of glycine Schiff base 9 with
aldehydes in the presence of (S)-2b under phase-transfer conditions. Re-
action conditions: a) (S)-2Cb or (S)-2Fb (1–2 mol%), toluene/NaOH
(1% aq), 0 8C, 1.5–2 h; b) HCl (1n)/THF, 0 8C; c) thiocarbonyl diimida-
zole, CH2Cl2, room temperature.
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tert-butyl bromoacetate and benzophenone imine[16] according to report-
ed methods.[17] Other simple reagents were purchased and used without
further purification, unless otherwise specified.


2. Screening of In Situ Generated Catalysts


2.1. Preparation of Diester (S)-5 by the Esterification[18] of (S)-1,1’-
Binaphtyl-2,2’-dicarboxylic Acid (S)-4


(S)-2,2’-Bis(isopropoxycarbonyl)-1,1’-binaphtyl (S)-5 : A mixture of tetra-
butylammonium hydrogen sulfate (Bu4N·HSO4, 14 mg, 0.040 mmol) and
potassium fluoride dihydrate (KF·2H2O, 188 mg, 2.0 mmol) in THF
(2.0 mL) was stirred at room temperature for 1 h. After the addition of
binaphthyldicarboxylic acid (S)-4 (69 mg, 0.20 mmol) and iPrBr (188 mL,
2.0 mmol), the mixture was held at reflux for 24 h. The resulting mixture
was poured into H2O and extracted with CH2Cl2. The organic extracts
were dried over Na2SO4 and concentrated. The residue was purified by
column chromatography on silica gel (Et2O/hexane=1:3 as eluent) to
furnish (S)-2,2’-bis(isopropoxycarbonyl)-1,1’-binaphtyl (S)-5 (81 mg,
0.19 mmol, 95% yield): The 1H NMR spectrum was consistent with re-
ported data.[13]


2.2. Syntheses of Diol (S)-7C by Sequential o-Magnesiation/Bromination,
Suzuki–Miyaura Cross-Coupling Reaction and Reduction with LiAlH4


(S)-3,3’-Bis ACHTUNGTRENNUNG{3,5-bis(trifluoromethyl)phenyl}-2,2’-bis(hydroxymethyl)-1,1’-
binaphthyl (S)-7C : (S)-3,3’-Dibromo-2,2’-bis(isopropoxycarbonyl)-1,1’-bi-
naphtyl (S)-3 was prepared from diester (S)-5 by the o-magnesiation/bro-
mination sequence according to published procedures.[13] A mixture of di-
bromide (S)-3 (400 mg, 0.68 mmol), 3,5-bis(trifluoromethyl)phenylboron-
ic acid (424 mg, 1.6 mmol), Pd ACHTUNGTRENNUNG(OAc)2 (7.6 mg, 0.034 mmol), triphenyl-
phosphine (27 mg, 0.10 mmol), and K2CO3 (282 mg, 2.0 mmol) in DMF
(5.0 mL) was heated at 90 8C and stirred for 14 h under argon atmos-
phere. The mixture was poured into saturated NH4Cl, and filtered with a
Celite pad to remove the catalyst. The filtrate was extracted with EtOAc.
The extracts were washed with brine and dried over Na2SO4. Evaporation
of solvents and purification by column chromatography on silica gel
(EtOAc/hexane=1:20 as eluent) afforded (S)-3,3’-bis ACHTUNGTRENNUNG{3,5-bis(trifluorome-
thyl)phenyl}-2,2’-bis(isopropoxycarbonyl)-1,1’-binaphthyl (S)-6C (380 mg,
0.44 mmol, 65%): 1H NMR (400 MHz, CDCl3): d=8.02–7.98 (8H, m, Ar-
H), 7.91 (2H, s, Ar-H), 7.60 (2H, t, J=7.4 Hz, Ar-H), 7.44 (2H, t, J=


7.5 Hz, Ar-H), 7.37 (2H, d, J=8.5 Hz, Ar-H), 4.55–4.49 (2H, m,
-CHMe2), 0.56 (6H, d, J=6.3 Hz, -CH3), 0.51 ppm (6H, d, J=6.3 Hz,
-CH3);


13C NMR (100 MHz, CDCl3): d=166.78, 143.21, 135.35, 134.50,
133.09, 132.56, 131.96, 131.75 (q, JC�F =33.3 Hz), 129.90, 128.86, 128.82,
128.12, 127.87, 127.53, 123.30 (q, JC�F =273 Hz), 121.29–121.14 (m), 68.75,
20.60, 20.42 ppm; IR (neat): ñ =2982, 2941, 2878, 1719, 1470, 1377, 1315,
1277, 1229, 1179, 1130, 1098, 1015, 893, 876, 847, 835, 707, 667 cm�1.
HRMS (APCI-TOF) calcd for C44H31F12O4, 851.2025 [M+H]+ ; found,
851.2016 [M+H]+ . ½a�29D =�53.68 (c=1.00, CHCl3).


(S)-6C (43 mg, 0.051 mmol) in THF (0.5 mL) was added to a suspension
of LiAlH4 (6.0 mg, 0.15 mmol) in THF (0.5 mL) at 0 8C, and the reaction
mixture was stirred at room temperature for 5 h. The mixture was
quenched with H2O carefully and acidified with 1n HCl. The mixture
was extracted with CH2Cl2. The extracts were washed with brine and
dried over Na2SO4. Concentration followed by column chromatography
on silica gel (EtOAc/hexane=1:20 as eluent) gave (S)-3,3’-bisACHTUNGTRENNUNG{3,5-bis(tri-
fluoromethyl)phenyl}-2,2’-bis(hydroxymethyl)-1,1’-binaphthyl (S)-7C
(29 mg, 0.039 mmol, 77%): 1H NMR (400 MHz, CDCl3): d=8.23 (4H, s,
Ar-H), 7.98 (2H, d, J=9.4 Hz, Ar-H), 7.97 (2H, s, Ar-H), 7.88 (2H, s,
Ar-H), 7.57–7.53 (2H, m, Ar-H), 7.34–7.30 (2H, m, Ar-H), 7.02 (2H, d,
J=8.2 Hz, Ar-H), 4.17 (2H, d, J=11.5 Hz, -CHH-), 4.12 (2H, d, J=


11.5 Hz, -CHH-), 3.56 (2H, s, OH); 13C NMR (100 MHz, CDCl3): d=


142.96, 138.62, 136.92, 134.68, 132.81, 132.78, 131.31 (q, JC�F=33.3 Hz),
130.47, 130.27–130.15 (m), 128.30, 127.60, 127.32, 123.38 (q, JC�F=


273 Hz), 121.37–121.21 (m), 59.69; IR (neat): ñ =3291, 3059, 2949, 2895,
1618, 1470, 1377, 1319, 1274, 1175, 1126, 1105, 1016, 902, 844, 735, 710,
696, 683 cm�1. HRMS (ESI-TOF) calcd for C38H22F12NaO2, 761.1320
[M+Na]+ ; found, 761.1319 [M+Na]+ . ½a�26D =�21.48 (c=0.80, CHCl3).


2.3. Preparation of Dibromide (S)-8C by Bromination of Diol (S)-7C


(S)-3,3’-Bis ACHTUNGTRENNUNG{3,5-bis(trifluoromethyl)phenyl}-2,2’-bis(bromomethyl)-1,1’-bi-
naphthyl (S)-8C : PBr3 (7 mL, 0.074 mmol) was added dropwise to a solu-
tion of (S)-7C (1.0 mL, 55 mg, 0.074 mmol) in THF at 0 8C. The reaction
mixture was stirred at same temperature for 0.5 h and poured into H2O.
Extractive workup was performed with Et2O, and combined extracts
were dried over Na2SO4. Evaporation of volatiles and purification of the
residue by column chromatography on silica gel (EtOAc/hexane=1:40 as
eluent) furnished (S)-3,3’-bis ACHTUNGTRENNUNG{3,5-bis(trifluoromethyl)phenyl}-2,2’-bis(bro-
momethyl)-1,1’-binaphthyl (S)-8C (45 mg, 0.052 mmol, 70%): 1H NMR
(400 MHz, CDCl3): d=8.15 (4H, br, Ar-H), 8.00–7.95 (6H, m, Ar-H),
7.59 (2H, t, J=7.5 Hz, Ar-H), 7.38 (2H, t, J=7.5 Hz, Ar-H), 7.20 (2H, d,
J=8.5 Hz, Ar-H), 4.15 ppm (4H, s, -CH2-);


13C NMR (100 MHz, CDCl3):
d=142.26, 137.82, 136.46, 133.00, 132.21, 131.63 (q, JC�F=33.6 Hz),
131.57, 130.99, 129.85 (br s), 128.17, 128.01, 127.64, 127.19, 123.30 (q, JC�


F =273 Hz), 121.85–121.69 (m), 30.88 ppm; IR (neat): ñ=1618, 1470,
1375, 1319, 1275, 1171, 1128, 1024, 899, 847, 795, 735, 710, 696, 683 cm�1.
HRMS (APCI-TOF) calcd for C38H20Br2F12, 861.9735 [M]+ ; found,
861.9733 [M]+ . ½a�29D =�48.58 (c=1.00, CHCl3).


2.4. Representative Procedure for Screening of In Situ Generated Catalyst
(S)-2


A mixture of (S)-8D (10.5 mg, 0.015 mmol), Bu2NH (5 mL, 0.03 mmol),
K2CO3 (3.1 mg, 0.023 mmol), and dioxane (3.0 mL) in a reaction vessel
was held at reflux for 3 h. After cooling to room temperature, toluene
(3.0 mL) and glycine derivative 9 (148 mg, 0.50 mmol) were added. The
vessel was replaced with argon gas. Continuous addition of 50% aqueous
KOH (1.0 mL) and benzyl bromide (73 mL, 0.60 mmol) was performed at
0 8C. The reaction mixture was stirred vigorously at the same temperature
for 24 h. The mixture was then poured into H2O and extracted with
ether. The organic extracts were washed with brine and dried over
Na2SO4. Evaporation of solvents and purification of the residual oil by
column chromatography on silica gel (ether/hexane=1:10 as eluent) gave
tert-butyl (R)-N-(diphenylmethylene)phenylalaninate (R)-10 (146 mg,
0.38 mmol, 76% yield). The enantiomeric excess (97% ee) was deter-
mined by HPLC analysis (Daicel Chiralcel OD, hexane/2-propanol=
100:1, flow rate 0.5 mLmin�1, tR: 14.8 min (R) and 28.2 min (S)).


2.5. Preparation of Isolated Pure Catalysts


Several catalysts were prepared from corresponding dibromide (S)-8A,
(S)-8B, (S)-8C, and (S)-8D, and purified by column chromatography.[11]


Chiral ammonium salt (S)-2Ab : A mixture of dibromide (S)-8A (220 mg,
0.50 mmol), dibutylamine (169 mL, 1.0 mmol), and K2CO3 (138 mg,
1.0 mmol) in acetonitrile (5.0 mL) was heated at reflux and stirred for
10 h. The resulting mixture was poured into H2O and extracted with
CH2Cl2. The organic extracts were washed with brine and dried over
Na2SO4, and concentrated. The residue was purified by column chroma-
tography on silica gel (MeOH/CH2Cl2=1:20 as eluent) to furnish (S)-
2Ab (84 mg, 0.17 mmol, 34% yield): 1H NMR (400 MHz, CDCl3): d=


8.11 (2H, d, J=8.2 Hz, Ar-H), 8.08 (2H, d, J=8.2 Hz, Ar-H), 8.00 (2H,
d, J=8.2 Hz, Ar-H), 7.58 (2H, t, J=7.5 Hz, Ar-H), 7.41 (2H, d, J=


8.5 Hz, Ar-H), 7.34 (2H, t, J=7.7 Hz, Ar-H), 5.23 (2H, d, J=12.9 Hz,
Ar-CHH-N), 3.85 (2H, td, J=13.0, 4.3 Hz, N-CHH-CH2), 3.63 (2H, d,
J=12.9 Hz, Ar-CHH-N), 3.28 (2H, td, J=13.0, 4.3 Hz, N-CHH-CH2),
2.08–1.99 (2H, m, -CH2-), 1.91–1.83 (2H, m, -CH2-), 1.50–1.34 (4H, m,
-CH2-), 0.97 ppm (6H, t, J=7.4 Hz, -CH3);


13C NMR (100 MHz, CDCl3):
d=136.45, 134.26, 131.08, 130.03, 128.53, 128.25, 127.41, 126.99, 126.68,
62.96, 58.84, 24.42, 19.92, 13.55 ppm; IR (neat): ñ =2963, 2933, 2874,
1595, 1508, 1466, 1368, 1030, 923, 874, 828, 727, 640 cm�1. HRMS (ESI-
TOF) calcd for C30H34N, 408.2686 [M�Br]+ ; found, 408.2684 [M�Br]+ .
½a�29D =++221.68 (c=0.61, CHCl3).


Chiral ammonium salt (S)-2Bb : (66% yield): 1H NMR (400 MHz,
CDCl3): d =8.08 (2H, s, Ar-H), 8.02 (2H, d, J=8.5 Hz, Ar-H), 7.64–7.34
(16H, m, Ar-H), 5.05 (2H, d, J=13.8 Hz, Ar-CHH-N), 3.64 (2H, d, J=


13.8 Hz, Ar-CHH-N), 3.04 (2H, t, J=12.9 Hz, N-CHH-CH2), 2.54 (2H, t,
J=12.6 Hz, N-CHH-CH2), 0.99–0.86 (6H, m, -CH2-), 0.61 (6H, t, J=


6.5 Hz, -CH3), 0.09 ppm (2H, br s, NCH2-CHH-); 13C NMR (100 MHz,
CDCl3): d =139.53, 138.18, 137.88, 133.43, 130.60, 130.19, 129.70 (br),
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129.10 (br s), 128.04, 127.80, 127.76, 127.07, 126.94, 123.24, 56.87, 56.66,
23.53, 19.00, 12.81 ppm; IR (neat): ñ =2963, 2934, 2874, 1589, 1493, 1469,
1451, 1377, 1029, 923, 878, 852, 723, 704, 637 cm�1. HRMS (ESI-TOF)
calcd for C42H42N, 560.3312 [M�Br]+ ; found, 560.3306 [M�Br]+ . ½a�28D =


+38.98 (c=1.04, CHCl3).


Chiral ammonium salt (S)-2Bg : (63% yield): 1H NMR (400 MHz,
CDCl3): d =8.13 (1H, s, Ar-H), 8.09 (1H, s, Ar-H), 8.07 (1H, d, J=


8.2 Hz, Ar-H), 8.06 (1H, d, J=8.2 Hz, Ar-H), 7.68–7.64 (2H, m, Ar-H),
7.58–7.33 (12H, m, Ar-H), 7.27 (1H, br s, Ar-H), 7.21 (1H, t, J=7.5 Hz,
Ar-H), 7.04 (1H, t, J=7.4 Hz, Ar-H), 6.93 (1H, t, J=7.6 Hz, Ar-H), 6.78
(1H, d, J=7.7 Hz, Ar-H), 6.55 (1H, d, J=7.7 Hz, Ar-H), 5.21 (1H, d, J=


13.8 Hz, N-CHH-), 5.14 (1H, d, J=13.1 Hz, N-CHH-), 4.81 (1H, d, J=


15.5 Hz, N-CHH-), 3.94–3.78 (4H, m, -CH2-), 3.06–2.99 (1H, m, -CHH-),
2.91–2.83 (1H, m, -CHH-), 2.21–2.14 ppm (1H, m, -CHH-); 13C NMR
(100 MHz, CDCl3): d=139.84, 139.69, 138.26, 137.97, 137.83, 137.64,
133.65, 133.63, 130.88, 130.77, 130.36, 129.99, 129.50, 129.10, 128.73 (br),
128.28, 128.22, 127.94, 127.90, 127.79, 127.54, 127.16, 127.10, 127.06,
126.72, 124.59, 123.34, 123.20, 59.24, 59.09, 55.70, 55.00, 22.72 ppm; IR
(neat): ñ=3055, 1589, 1495, 1451, 1031, 924, 907, 723, 704, 636 cm�1.
HRMS (ESI-TOF) calcd for C43H34N, 564.2686 [M�Br]+ ; found 564.2683
[M�Br]+. ½a�31D =++177.98 (c=1.01, CHCl3).


Chiral ammonium salt (S)-2Cb : (88% yield): 1H NMR (400 MHz,
CDCl3): d=8.24 (2H, br s, Ar-H), 8.09 (2H, s, Ar-H), 8.09 (2H, d, J=


7.7 Hz, Ar-H), 8.03 (4H, br s, Ar-H), 7.70 (2H, t, J=7.4 Hz, Ar-H), 7.45
(2H, t, J=7.5 Hz, Ar-H), 7.38 (2H, d, J=8.5 Hz, Ar-H), 4.79 (2H, d, J=


13.8 Hz, Ar-CHH-N), 4.02 (2H, d, J=13.8 Hz, Ar-CHH-N), 3.29 (2H, t,
J=12.6 Hz, N-CHH-CH2), 2.65 (2H, td, J=13.3, 4.6 Hz, N-CHH-CH2),
1.07 (4H, br s, -CH2-), 0.86 (2H, br s, -CH2-), 0.61 (6H, t, J=7.0 Hz,
-CH3), 0.28 ppm (2H, br s, NCH2-CHH-); 13C NMR (100 MHz, CDCl3):
d=141.23, 138.68, 136.71, 133.78, 132.95 (br), 132.54, 131.24, 130.14 (d,
JC�F=53.3 Hz), 128.94, 128.73, 128.42, 127.62, 122.84 (q, JC�F =274 Hz),
122.74, 122.31, 57.71, 57.57, 24.51, 19.06, 13.35 ppm; IR (neat): ñ =2967,
2937, 2878, 1618, 1470, 1369, 1279, 1175, 1134, 925, 897, 847, 729,
683 cm�1. HRMS (ESI-TOF) calcd for C46H38F12N, 832.2807 [M�Br]+ ;
found, 832.2797 [M�Br]+ . ½a�31D =++22.28 (c=1.04, CHCl3).


Chiral ammonium salt (S)-2Cc : (50% yield): 1H NMR (400 MHz,
CDCl3): d=8.24 (2H, br, Ar-H), 8.10–8.03 (8H, m, Ar-H), 7.72–7.68
(2H, m, Ar-H), 7.48–7.44 (2H, m, Ar-H), 7.39 (2H, d, J=8.5 Hz, Ar-H),
4.83 (2H, d, J=13.8 Hz, Ar-CHH-N), 4.04 (2H, d, J=13.8 Hz, Ar-CHH-
N), 3.23 (2H, t, J=12.6 Hz, N-CHH-CH2), 2.68 (2H, td, J=13.0, 5.3 Hz,
N-CHH-CH2), 1.27–0.80 (30H, m, -CH2-), 0.86 (6H, t, J=7.0 Hz, -CH3),
0.30 ppm (2H, br, NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d=


141.29, 138.64, 136.73, 133.72, 132.44, 131.24, 130.48–129.94 (m), 128.84,
128.66, 128.32, 127.61, 122.85, 122.80 (q, JC�F =274 Hz), 122.22–122.15
(m), 57.70, 57.60, 31.63, 29.17, 29.03, 28.95, 25.70, 22.47, 13.90 ppm; IR
(neat): ñ=2955, 2926, 2857, 1618, 1470, 1371, 1276, 1179, 1136, 1024, 897,
847, 683 cm�1. HRMS (ESI-TOF) calcd for C58H62F12N, 1000.4685
[M�Br]+; found, 1000.4655 [M�Br]+ . ½a�31D =++15.48 (c=1.04, CHCl3).


Chiral ammonium salt (S)-2Di : (69% yield): 1H NMR (400 MHz,
CDCl3): d=8.04 (2H, d, J=8.2 Hz, Ar-H), 8.04 (2H, s, Ar-H), 7.65 (2H,
t, J=7.5 Hz, Ar-H), 7.43–7.31 (8H, m, Ar-H), 4.92 (2H, d, J=13.7 Hz,
Ar-CHH-N), 4.03 (2H, br, N-CHH-CH2), 3.98 (2H, d, J=13.7 Hz, Ar-
CHH-N), 3.69 (2H, br, N-CHH-CH2), 3.56–3.35 (14H, m, -CH2-), 3.09–
3.04 ppm (2H, m, -CH2-);


13C NMR (100 MHz, CDCl3): d=151.08 (d, JC�


F =255 Hz), 139.74 (d, JC�F=253 Hz), 138.20, 136.92, 134.97–134.82 (m),
133.52, 131.46, 130.86, 128.59, 128.47, 127.84, 127.29, 123.21, 114.67 (d, JC�


F =21.3 Hz), 69.98, 69.25, 69.10, 64.40, 59.97, 59.73 ppm; IR (neat): ñ=


2943, 2901, 2868, 1614, 1526, 1447, 1360, 1242, 1126, 1045, 923, 894,
729 cm�1. HRMS (ESI-TOF) calcd for C44H38F6NO4, 758.2700 [M�Br]+ ;
found, 758.2696 ACHTUNGTRENNUNG[M�Br]+ . ½a�30D =++17.78 (c 1.04, CHCl3).


3. Preparation of Chiral Ammonium Salts (S)-2 for the Study of
Substituent Effects of R (Alkyl Groups)


Catalysts having the different number of straight alkyl chains were pre-
pared from dibromide (S)-8D and commercially available dialkylamines
in a manner similar to that described above.


Chiral ammonium salt (S)-2Da (R=Me): (88% yield): 1H NMR
(400 MHz, CDCl3): d=8.04 (2H, d, J=8.0 Hz, Ar-H), 8.03 (2H, s, Ar-H),


7.66 (2H, t, J=7.3 Hz, Ar-H), 7.42 (2H, t, J=7.5 Hz, Ar-H), 7.38 (2H, d,
J=8.8 Hz, Ar-H), 7.11 (4H, br s, Ar-H), 4.94 (2H, d, J=13.9 Hz, Ar-
CHH-N), 3.74 (2H, d, J=13.5 Hz, Ar-CHH-N), 2.99 ppm (6H, s, -CH3);
13C NMR (100 MHz, CDCl3): d=151.39 (ddd, JC�F =254, 10.0, 3.9 Hz),
140.07 (dt, JC�F =254, 15.0 Hz), 137.96, 137.10, 134.36–134.17 (m), 133.71,
131.33, 131.01, 128.71, 128.68, 128.08, 127.37, 123.92, 114.84–114.59 (m),
61.11, 51.06 ppm; IR (neat): ñ =2961, 2928, 1614, 1528, 1447, 1423, 1362,
1242, 1045, 907, 856, 727, 640 cm�1. HRMS (ESI-TOF) calcd for
C36H24F6N, 584.1807 [M�Br]+ ; found, 584.1806 [M�Br]+ . ½a�30D =++31.18
(c=0.50, CHCl3).


Chiral ammonium salt (S)-2Dj (R=Et): (87% yield): 1H NMR
(400 MHz, CDCl3/CD3OD=4:1): d =8.10 (2H, s, Ar-H), 8.09 (2H, d, J=


8.2 Hz, Ar-H), 7.70 (2H, t, J=7.3 Hz, Ar-H), 7.47–7.38 (6H, m, Ar-H),
7.20 (2H, br s, Ar-H), 4.76 (2H, d, J=13.8 Hz, Ar-CHH-N), 3.65 (2H, d,
J=13.8 Hz, Ar-CHH-N), 3.17–3.12 (2H, m, N-CHH-CH2), 2.79–2.74
(2H, m, N-CHH-CH2), 0.64 ppm (6H, t, J=6.9 Hz, -CH3);


13C NMR
(100 MHz, CDCl3/CD3OD=4:1): d =151.25 (d, JC�F=264 Hz), 139.59 (dt,
JC�F=255, 15.0 Hz), 138.08, 136.68, 134.73–134.52 (m), 133.46, 131.28,
130.64, 128.44, 128.41, 127.84, 127.10, 122.82, 114.54 (br), 55.78, 51.76,
7.43 ppm; IR (neat): ñ=2980, 2913, 1614, 1528, 1472, 1449, 1418, 1362,
1242, 1047, 895, 858, 810, 679 cm�1. HRMS (ESI-TOF) calcd for
C38H28F6N, 612.2120 [M�Br]+ ; found, 612.2125 [M�Br]+ . ½a�33D =++16.58
(c=0.40, CHCl3).


Chiral ammonium salt (S)-2Db (R=Bu): Prepared as described in the
Supporting Information in reference [11a].


Chiral ammonium salt (S)-2Dk (R=hexyl): (79% yield): 1H NMR
(400 MHz, CDCl3): d=7.98 (2H, s, Ar-H), 7.98 (2H, d, J=8.2 Hz, Ar-H),
7.58–7.54 (2H, m, Ar-H), 7.34–7.25 (8H, m, Ar-H), 5.01 (2H, d, J=


14.0 Hz, Ar-CHH-N), 3.75 (2H, d, J=14.0 Hz, Ar-CHH-N), 3.29 (2H, t,
J=12.7 Hz, N-CHH-CH2), 2.60 (2H, td, J=13.0, 4.4 Hz, N-CHH-CH2),
1.21–0.98 (10H, m, -CH2-), 0.95–0.88 (4H, m, -CH2-), 0.83 (6H, t, J=


7.3 Hz, -CH3), 0.35 ppm (2H, br, NCH2-CHH-); 13C NMR (100 MHz,
CDCl3): d=151.22 (d, JC�F=252 Hz), 139.86 (dt, JC�F =256, 14.5 Hz),
138.49, 137.01, 134.84–134.64 (m), 133.61, 131.39, 130.97, 128.53, 128.50,
127.91, 127.53, 123.37, 114.78 (d, JC�F =157 Hz), 57.52, 57.46, 31.22, 25.76,
22.85, 22.39, 13.67 ppm; IR (neat): ñ =2957, 2928, 2860, 1614, 1585, 1526,
1470, 1449, 1425, 1362, 1242, 1047, 893, 860, 845, 708 cm�1. HRMS (ESI-
TOF) calcd for C46H44F6N, 724.3372 [M�Br]+ ; found, 724.3376 [M�Br]+ .
½a�27D =++7.58 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Dl (R=octyl): (83% yield): 1H NMR
(400 MHz, CDCl3): d=7.98 (2H, s, Ar-H), 7.97 (2H, d, J=7.3 Hz, Ar-H),
7.57–7.52 (2H, m, Ar-H), 7.32–7.26 (8H, m, Ar-H), 4.99 (2H, d, J=


14.3 Hz, Ar-CHH-N), 3.76 (2H, d, J=14.3 Hz, Ar-CHH-N), 3.20 (2H, t,
J=12.5 Hz, N-CHH-CH2), 2.60 (2H, t, J=12.5 Hz, N-CHH-CH2), 1.28–
0.90 (22H, m, -CH2-), 0.86 (6H, t, J=7.0 Hz, -CH3), 0.32 ppm (2H, br s,
NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d=151.12 (d, JC�F=


254 Hz), 139.75 (dt, JC�F =255, 15.2 Hz), 138.47, 137.02, 134.86–134.66
(m), 133.53, 131.26, 130.96, 128.42, 127.81, 127.49, 123.41, 114.78 (d, JC�


F =157 Hz), 57.33, 57.27, 31.44, 29.08, 28.94, 26.06, 22.76, 22.37,
13.87 ppm; IR (neat): <Gn 2955, 2926, 2857, 1614, 1585, 1526, 1470,
1447, 1425, 1360, 1258, 1242, 1213, 1047, 895, 858, 727, 710 cm�1. HRMS
(ESI-TOF) calcd for C50H52F6N, 780.3998 [M-Br]+ ; found, 780.4000 [M-
Br]+ . ½a�26D =++2.88 (c=1.00, CHCl3).


4. Synthesis of C2-Symmetric Chiral Ammonium Salts (S)-2 with Various
Aryl Groups: Representative Procedure for the Synthesis of Chiral
Ammonium Salts (S)-2Gb–(S)-2ABb


(S)-2,2’-Bis(isopropoxycarbonyl)-3,3’-bis(4-methoxyphenyl)-1,1’-binaphth-
yl [(S)-6G (Ar=4-methoxyphenyl)]: A mixture of dibromide (S)-3
(1.42 g, 2.44 mmol), 4-methoxyphenylboronic acid (0.890 g, 5.86 mmol),
Pd ACHTUNGTRENNUNG(OAc)2 (27 mg, 0.12 mmol) triphenylphosphine (96 mg, 0.37 mmol),
and K2CO3 (1.01 g, 7.32 mmol) in DMF (10 mL) was degassed and back-
filled with argon gas, and heated at 90 8C for 16 h. The mixture was
poured into saturated NH4Cl and filtered to remove the catalyst. The fil-
trate was extracted with EtOAc. The extracts were washed with brine
and dried over Na2SO4. Evaporation of solvents and purification by
column chromatography on silica gel (EtOAc/hexane=1:5 as eluent) af-
forded (S)-2,2’-bis(isopropoxycarbonyl)-3,3’-bis(4-methoxyphenyl)-1,1’-bi-
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naphthyl (S)-6G (895 mg, 1.40 mmol, 57% yield) as a pale yellow solid:
1H NMR (400 MHz, CDCl3): d =7.92 (2H, s, Ar-H), 7.89 (2H, d, J=


8.2 Hz, Ar-H), 7.52–7.48 (2H, m, Ar-H), 7.46 (4H, d, J=8.7 Hz, Ar-H),
7.34–7.29 (4H, m, Ar-H), 6.94 (4H, d, J=8.7 Hz, Ar-H), 4.56–4.46 (2H,
m, -CHMe2), 3.84 (6H, s, -OCH3), 0.55 (6H, d, J=7.7 Hz, -CH3),
0.54 ppm (6H, d, J=7.7 Hz, -CH3);


13C NMR (100 MHz, CDCl3): d=


167.36, 158.92, 136.79, 134.25, 133.38, 133.04, 132.89, 131.69, 129.66,
128.76, 127.53, 127.45, 127.03, 126.29, 113.53, 67.62, 55.05, 20.69,
20.53 ppm; IR (neat): ñ=3061, 2978, 2934, 2835, 1717, 1609, 1514, 1464,
1271, 1246, 1177, 1140, 1100, 1034, 907, 829, 731 cm�1. HRMS (APCI-
TOF) calcd for C42H39O6, 639.2741 [M+H]+ ; found, 639.2736 [M+H]+ .
½a�30D =�53.18 (c=1.15, CHCl3).


(S)-2,2’-Bis(hydroxymethyl)-3,3’-bis(4-methoxyphenyl)-1,1’-binaphthyl
[(S)-7G (Ar=4-methoxyphenyl)]: (S)-6G (319 mg, 0.50 mmol) in THF
(5.0 mL) was added to a suspension of LiAlH4 (114 mg, 3.0 mmol) in
THF (5 mL) at 0 8C and the reaction mixture was stirred at room temper-
ature for 1 h. The mixture was quenched with H2O carefully and acidified
with 1n HCl. The resulting mixture was extracted with CH2Cl2. The ex-
tracts were washed with brine and dried over Na2SO4. Concentration fol-
lowed by column chromatography on silica gel (EtOAc/CH2Cl2/hexane=


1:2:4 as eluent) gave (S)-2,2’-bis(hydroxymethyl)-3,3’-bis(4-methoxyphen-
yl)-1,1’-binaphthyl (S)-7G (216 mg, 0.41 mmol, 82% yield) as a white
solid: 1H NMR (400 MHz, CDCl3): d =7.94 (2H, s, Ar-H), 7.92 (2H, d,
J=8.2 Hz, Ar-H), 7.65 (4H, d, J=8.0 Hz, Ar-H), 7.47 (2H, t, J=7.5 Hz,
Ar-H), 7.24–7.22 (2H, m, Ar-H), 7.03–7.00 (6H, m, Ar-H), 4.42 (2H, d,
J=11.4 Hz, Ar-CHH-), 4.17 (2H, d, J=11.4 Hz, Ar-CHH-), 3.88 (3H, s,
-OCH3), 3.88 (3H, s, -OCH3), 3.20 ppm (2H, br s, -OH); 13C NMR
(100 MHz, CDCl3): d=158.79, 141.13, 136.65, 135.92, 133.32, 132.95,
132.19, 130.87, 129.62, 127.98, 126.45, 126.31, 126.14, 113.34, 59.72,
55.16 ppm; IR (neat): ñ=3287, 3057, 2955, 2899, 2835, 1609, 1512, 1285,
1244, 1177, 1028, 981, 907, 831, 727, 648, 617 cm�1. HRMS (ESI-TOF)
calcd for C36H30NaO4, 549.2036 [M+Na]+ ; found, 549.2044 [M+Na]+ .
½a�30D =�21.18 (c=0.96, CHCl3).


(S)-2,2’-Bis(bromomethyl)-3,3’-bis(4-methoxyphenyl)-1,1’-binaphthyl (S)-
8G : PBr3 (28 mL, 0.30 mmol) was added dropwise to a solution of (S)-7G
(1.0 mL, 158 mg, 0.30 mmol) in THF at 0 8C. The reaction mixture was
stirred at the same temperature for 1 h and poured into H2O. Extractive
workup was performed with CH2Cl2, and combined extracts were dried
over Na2SO4. Evaporation of solvents and purification of the residue by
column chromatography on silica gel (EtOAc/CH2Cl2/hexane=1:1:10 as
eluent) afforded (S)-2,2’-bis(bromomethyl)-3,3’-bis(4-methoxyphenyl)-
1,1’-binaphthyl (S)-8G (127 mg, 0.19 mmol, 65%) as a white solid:
1H NMR (400 MHz, CDCl3): d =7.88 (2H, s, Ar-H), 7.87 (2H, d, J=


8.9 Hz, Ar-H), 7.54 (4H, d, J=8.7 Hz, Ar-H), 7.47 (2H, t, J=7.4 Hz, Ar-
H), 7.24 (2H, t, J=7.6 Hz, Ar-H), 7.15 (2H, d, J=8.5 Hz, Ar-H), 7.01
(4H, d, J=8.7 Hz, Ar-H), 4.29 (4H, s, Ar-CH2-), 3.85 ppm (6H, s,
-OCH3);


13C NMR (100 MHz, CDCl3): d =159.03, 140.63, 136.36, 133.17,
132.78, 132.54, 131.71, 130.60, 130.44, 127.78, 127.26, 127.13, 126.35,
113.57, 55.24, 32.29 ppm; IR (neat): ñ =3055, 2999, 2955, 2932, 2911,
1609, 1512, 1464, 1437, 1287, 1177, 1107, 1034, 907, 866, 839, 727, 650,
617 cm�1. HRMS (APCI-TOF) calcd for C36H28Br2O2, 650.0451 [M]+ ;
found, 650.0443 [M]+ . ½a�30D =�5.98 (c=1.10, CHCl3).


Chiral ammonium salt (S)-2Gb (Ar=4-methoxyphenyl, R=Bu): A mix-
ture of (S)-8G (66 mg, 0.10 mmol), dibutylamine (34 mL, 0.20 mmol), and
K2CO3 (21 mg, 0.15 mmol) in acetonitrile (3.0 mL) was heated at reflux
and stirred for 3 h. The resulting mixture was poured into H2O and ex-
tracted with CH2Cl2. The organic extracts were washed with brine and
dried over Na2SO4, and concentrated. The residue was purified by
column chromatography on silica gel (MeOH/CH2Cl2=1:20 as eluent) to
furnish (S)-2Gb (60 mg, 0.086 mmol, 86% yield): 1H NMR (400 MHz,
CDCl3): d =8.05 (2H, s, Ar-H), 8.01 (2H, d, J=8.2 Hz, Ar-H), 7.64–7.60
(2H, m, Ar-H), 7.50 (4H, d, J=7.7 Hz, Ar-H), 7.36–7.33 (4H, m, Ar-H),
7.12 (4H, d, J=7.7 Hz, Ar-H), 5.13 (2H, d, J=13.5 Hz, Ar-CHH-N), 3.88
(6H, s, -OCH3), 3.60 (2H, d, J=13.5 Hz, Ar-CHH-N), 3.15 (2H, t, J=


13.1 Hz, N-CHH-CH2), 2.55 (2H, td, J=12.6, 4.5 Hz, N-CHH-CH2),
1.01–0.88 (6H, m, -CH2-), 0.65 (6H, t, J=7.0 Hz, -CH3), 0.23 ppm (2H,
br s, NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d=159.54, 139.70,
138.27, 133.88, 131.28, 130.77, 130.74, 130.43, 128.31, 128.05, 127.51,


127.07, 124.06, 114.99, 57.52, 57.14, 55.58, 24.37, 19.76, 13.47 ppm; IR
(neat): ñ=2960, 2934, 1606, 1510, 1468, 1440, 1288, 1248, 1177, 1030, 912,
908, 831, 638 cm�1. HRMS calcd for C44H46NO2, 620.3523 [M�Br]+ ;
found, 620.3524 [M�Br]+ . ½a�23D =�9.98 (c=0.50, CHCl3).


Chiral ammonium salt (S)-2Hb (Ar=4-biphenylyl, R=Bu): (72% yield):
1H NMR (400 MHz, CDCl3): d =8.14 (2H, s, Ar-H), 8.05 (2H, d, J=


8.2 Hz, Ar-H), 7.85–7.83 (4H, m, Ar-H), 7.69–7.63 (10H, m, Ar-H), 7.46
(4H, t, J=7.5 Hz, Ar-H), 7.40–7.36 (6H, m, Ar-H), 5.20 (2H, d, J=


13.8 Hz, Ar-CHH-N), 3.70 (2H, d, J=13.8 Hz, Ar-CHH-N), 3.19 (2H, t,
J=13.1 Hz, N-CHH-CH2), 2.61 (2H, td, J=12.6, 4.5 Hz, N-CHH-CH2),
0.99–0.87 (6H, m, -CH2-), 0.55 (6H, t, J=6.9 Hz, -CH3), 0.28 ppm (2H,
br, NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d =141.12, 139.76,
139.71, 138.46, 137.47, 133.95, 131.10, 130.76, 130.70, 128.91, 128.51,
128.27, 128.14, 127.78, 127.61, 127.43, 127.07, 123.88, 57.43, 57.16, 24.34,
19.59, 13.36 ppm; IR (neat): ñ =2961, 2918, 1599, 1487, 1470, 1244, 1028,
852, 696, 658 cm�1. HRMS (ESI-TOF) calcd for C54H50N, 712.3938
[M�Br]+; found, 712.3934 [M�Br]+. ½a�32D =++10.78 (c=0.30, CHCl3).


Chiral ammonium salt (S)-2 Ib (Ar=4-(pentafluorophenyl)phenyl, R=


Bu): (70% yield): 1H NMR (400 MHz, CDCl3): d=8.15 (2H, s, Ar-H),
8.07 (2H, d, J=8.2 Hz, Ar-H), 7.77 (4H, br s, Ar-H), 7.70–7.65 (6H, m,
Ar-H), 7.44–7.37 (4H, m, Ar-H), 5.20 (2H, d, J=13.7 Hz, Ar-CHH-N),
3.76 (2H, d, J=13.7 Hz, Ar-CHH-N), 3.27 (2H, t, J=12.8 Hz, N-CHH-
CH2), 2.64 (2H, td, J=13.1, 4.5 Hz, N-CHH-CH2), 1.04–0.96 (6H, m,
-CH2-), 0.63 (6H, t, J=7.0 Hz, -CH3), 0.39 ppm (2H, br s, NCH2-CHH-);
13C NMR (100 MHz, CDCl3): d=143.92 (d, JC�F=244 Hz), 140.58 (d, JC�


F =255 Hz), 139.53, 138.98, 138.47, 137.82 (d, JC�F=255 Hz), 133.83,
131.80–129.90 (m), 131.44, 131.29, 130.78, 128.52, 128.39, 127.66, 127.51,
126.55, 123.50, 114.83, 57.51, 57.43, 24.29, 19.51, 13.25 ppm; IR (neat):
ñ=2964, 2926, 1653, 1508, 1493, 1471, 1261, 1223, 1153, 1063, 1030, 988,
849, 637, 573 cm�1. HRMS calcd for C54H40F10N, 892.2996 [M�Br]+ ;
found, 892.3001 [M�Br]+ . ½a�23D =++8.18 (c=0.6, CHCl3).


Chiral ammonium salt (S)-2Jb (Ar=4-(3,4,5-trifluorophenyl)phenyl, R=


Bu): (98% yield): 1H NMR (400 MHz, CDCl3): d=8.13 (2H, s, Ar-H),
8.07 (2H, d, J=8.2 Hz, Ar-H), 7.77–7.65 (10H, m, Ar-H), 7.44–7.37 (4H,
m, Ar-H), 7.31 (2H, d, J=8.2 Hz, Ar-H), 7.29 (2H, d, J=8.2 Hz, Ar-H),
5.19 (2H, d, J=13.5 Hz, Ar-CHH-N), 3.70 (2H, d, J=13.5 Hz, Ar-CHH-
N), 3.26 (2H, t, J=13.1 Hz, N-CHH-CH2), 2.59 (2H, td, J=12.6, 4.2 Hz,
N-CHH-CH2), 1.02–0.94 (4H, m, -CH2-), 0.88–0.81 (2H, m, -CH2-), 0.55
(6H, t, J=7.0 Hz, -CH3), 0.27–0.24 ppm (2H, brm, NCH2-CHH-);
13C NMR (100 MHz, CDCl3): d=151.44 (ddd, JC�F =250, 9.5, 4.5 Hz),
139.48 (d, JC�F =256 Hz), 139.12, 138.55, 138.46, 137.95, 135.94–135.78
(m), 133.85, 131.09, 130.92 (br s), 130.72, 128.49, 128.37, 127.90, 127.59,
127.52, 123.65, 111.04 (dd, JC�F =16.0, 6.2 Hz), 57.53, 57.31, 24.59, 19.70,
13.53 ppm; IR (neat): ñ=2960, 2924, 1616, 1535, 1508, 1437, 1364,
1246, 1041, 1013, 897, 852 cm�1. HRMS calcd for C54H44F6N, 820.3372
[M�Br]+; found, 820.3376 [M�Br]+. ½a�23D =++13.38 (c=0.7, CHCl3).


Chiral ammonium salt (S)-2Kb (Ar=4-fluorophenyl, R=Bu): (84%
yield): 1H NMR (400 MHz, CDCl3): d=8.06 (2H, s, Ar-H), 8.03 (2H, d,
J=8.2 Hz, Ar-H), 7.66–7.62 (2H, m, Ar-H), 7.59 (4H, br s, Ar-H), 7.41–
7.28 (8H, m, Ar-H), 5.10 (2H, d, J=13.7 Hz, Ar-CHH-N), 3.67 (2H, d,
J=13.7 Hz, Ar-CHH-N), 3.22 (2H, t, J=13.2 Hz, N-CHH-CH2), 2.56
(2H, td, J=12.4, 4.4 Hz, N-CHH-CH2), 1.05–0.98 (4H, m, -CH2-), 0.92–
0.85 (2H, m, -CH2-), 0.68 (6H, t, J=7.0 Hz, -CH3), 0.24–0.21 ppm (2H,
brm, NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d=162.28 (d, JC�F =


249 Hz), 138.54, 138.11, 134.41 (d, JC�F=3.3 Hz), 133.55, 131.71 (br s),
130.87, 130.42, 128.17, 128.03, 127.23, 127.19, 123.46, 116.32 (d, JC�F =


21.3 Hz), 57.20, 57.08, 24.11, 19.41, 13.18 ppm; IR (neat): ñ =2962, 2873,
1603, 1508, 1470, 1159, 922, 907, 877, 856, 833, 823, 638, 609, 569 cm�1.
HRMS calcd for C42H40F2N, 596.3123 [M�Br]+; found, 596.3122
[M�Br]+. ½a�30D =++33.18 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Lb (Ar=4-chlorophenyl, R=Bu): (91%
yield): 1H NMR (400 MHz, CDCl3): d=8.05 (2H, s, Ar-H), 8.03 (2H, d,
J=8.2 Hz, Ar-H), 7.65–7.61 (2H, m, Ar-H), 7.56 (8H, br s, Ar-H), 7.39–
7.32 (4H, m, Ar-H), 5.02 (2H, d, J=13.9 Hz, Ar-CHH-N), 3.67 (2H, d,
J=13.9 Hz, Ar-CHH-N), 3.12 (2H, t, J=12.9 Hz, N-CHH-CH2), 2.55
(2H, td, J=13.0, 4.4 Hz, N-CHH-CH2), 1.04–0.96 (4H, m, -CH2-), 0.90–
0.83 (2H, m, -CH2-), 0.68 (6H, t, J=7.0 Hz, -CH3), 0.21–0.18 ppm (2H,
brm, NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d=138.52, 138.23,
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136.84, 134.55, 133.66, 131.35, 130.98, 130.57, 129.58, 128.33, 128.22,
127.43, 127.36, 123.39, 57.35, 57.14, 24.35, 19.62, 13.29 ppm; IR (neat):
ñ=2963, 2874, 1620, 1595, 1491, 1470, 1364, 1269, 1092, 1028, 1015, 922,
903, 878, 853, 826 cm�1. HRMS calcd for C42H40Cl2N, 628.2532 [M�Br]+ ;
found, 628.2532 [M�Br]+ . ½a�23D =++27.68 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Mb (Ar=4-cyanophenyl, R=Bu): (82%
yield): 1H NMR (400 MHz, CDCl3): d=8.10 (2H, s, Ar-H), 8.07 (2H, d,
J=8.2 Hz, Ar-H), 7.91 (4H, d, J=8.2 Hz, Ar-H), 7.78 (4H, d, J=8.2 Hz,
Ar-H), 7.69 (2H, t, J=7.5 Hz, Ar-H), 7.44 (2H, t, J=7.7 Hz, Ar-H), 7.35
(2H, d, J=8.5 Hz, Ar-H), 5.04 (2H, d, J=14.0 Hz, Ar-CHH-N), 3.74
(2H, d, J=14.0 Hz, Ar-CHH-N), 3.23 (2H, t, J=12.8 Hz, N-CHH-CH2),
2.54 (2H, td, J=13.1, 4.4 Hz, N-CHH-CH2), 1.05–0.95 (4H, m, -CH2-),
0.89–0.81 (2H, m, -CH2-), 0.67 (6H, t, J=7.0 Hz, -CH3), 0.19 ppm (2H,
br, NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d =143.13, 138.65,
138.12, 133.84, 133.28, 131.61, 131.07, 128.83, 128.75, 128.25, 127.57,
123.08, 117.99, 112.46, 57.49, 57.45, 24.41, 19.50, 13.36 ppm; IR (neat):
ñ=2961, 2924, 2228, 1605, 1470, 1366, 1248, 1026, 901, 854, 660, 606,
577 cm�1. HRMS (ESI-TOF) calcd for C44H40N3, 610.3217 ([M�Br]+);
found, 610.3222 [M�Br]+ . ½a�29D =++22.88 (c=0.60, CHCl3).


Chiral ammonium salt (S)-2Nb (Ar=4-(trifluoromethoxy)phenyl, R=


Bu): (80% yield): 1H NMR (400 MHz, CDCl3): d=8.07 (2H, s, Ar-H),
8.03 (2H, d, J=8.2 Hz, Ar-H), 7.66–7.62 (6H, m, Ar-H), 7.46–7.33 (8H,
m, Ar-H), 5.04 (2H, d, J=13.8 Hz, Ar-CHH-), 3.72 (2H, d, J=13.8 Hz,
Ar-CHH-), 3.16 (2H, t, J=12.7 Hz, N-CHH-CH2), 2.59 (2H, td, J=12.7,
4.7 Hz, N-CHH-CH2), 1.01–0.83 (6H, m, -CH2-), 0.65 (6H, t, J=7.0 Hz,
-CH3), 0.25–0.22 ppm (2H, brm, NCH2-CHH-); 13C NMR (100 MHz,
CDCl3): d=149.18–149.12 (m), 138.36, 138.35, 137.12, 133.72, 131.57,
131.33, 130.70, 128.42, 128.36, 127.59, 127.45, 123.38, 121.68, 120.29 (q,
JC�F=257 Hz), 57.39, 57.34, 24.34, 19.52, 13.21 ppm; IR (neat): ñ =2964,
2876, 1612, 1508, 1470, 1256, 1165, 1030, 922, 854, 584 cm�1. HRMS calcd
for C44H40F6NO2, 728.2958 [M�Br]+ ; found, 728.2960 [M�Br]+ . ½a�23D =


+29.98 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Ob (Ar=4-(trifluoromethyl)phenyl, R=Bu):
(80% yield): 1H NMR (400 MHz, CDCl3): d =8.08 (2H, s, Ar-H), 8.03
(2H, d, J=8.2 Hz, Ar-H), 7.84 (4H, d, J=8.5 Hz, Ar-H), 7.79 (4H, d, J=


8.5 Hz, Ar-H), 7.65–7.61 (2H, m, Ar-H), 7.40–7.33 (4H, m, Ar-H), 5.04
(2H, d, J=13.8 Hz, Ar-CHH-N), 3.74 (2H, d, J=13.8 Hz, Ar-CHH-N),
3.15 (2H, t, J=12.8 Hz, N-CHH-CH2), 2.55 (2H, td, J=12.8, 4.5 Hz, N-
CHH-CH2), 0.98–0.86 (4H, m, -CH2-), 0.82–0.79 (2H, m, -CH2-), 0.58
(6H, t, J=7.1 Hz, -CH3), 0.10 (2H, br, NCH2-CHH-); 13C NMR
(100 MHz, CDCl3): d=142.37, 138.60, 138.52, 133.88, 131.60, 131.02,
130.83, 130.42 (q, JC�F =32.8 Hz), 128.68, 128.60, 127.93, 127.64, 126.49 (q,
JC�F=3.6 Hz), 123.96 (q, JC�F =273 Hz), 123.42, 57.36, 24.41, 19.41, 13.08;
IR (neat): ñ =2965, 2910, 1616, 1470, 1321, 1167, 1125, 1109, 1067, 1016,
901, 854 cm�1. HRMS (ESI-TOF) calcd for C44H40F6N, 696.3059
[M�Br]+; found, 696.3052 [M�Br]+. ½a�29D =++33.48 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Pb (Ar=4-nitrophenyl, R=Bu): (64%
yield): 1H NMR (400 MHz, CDCl3): d=8.40 (4H, d, J=8.3 Hz, Ar-H),
8.11 (2H, s, Ar-H), 8.06 (2H, d, J=8.2 Hz, Ar-H), 7.85 (4H, d, J=


8.3 Hz, Ar-H), 7.68–7.64 (2H, m, Ar-H), 7.43–7.39 (2H, m, Ar-H), 7.35
(2H, d, J=8.2 Hz, Ar-H), 5.01 (2H, d, J=14.0 Hz, Ar-CHH-N), 3.78
(2H, d, J=14.0 Hz, Ar-CHH-N), 3.20 (2H, t, J=12.6 Hz, N-CHH-CH2),
2.56 (2H, td, J=12.9, 4.2 Hz, N-CHH-CH2), 0.99–0.90 (4H, m, -CH2-),
0.88–0.78 (2H, m, -CH2-), 0.56 (6H, t, J=7.1 Hz, -CH3), 0.17 ppm (2H,
br s, NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d=147.55, 145.07,
138.64, 137.71, 133.74, 131.59, 131.49 (br), 131.12, 128.77, 128.73, 128.24,
127.57, 124.59, 123.11, 57.46, 57.37, 24.37, 19.39, 13.22 ppm; IR (neat):
ñ=2961, 2928, 2874, 1597, 1516, 1472, 1344, 1265, 1105, 1015, 901, 847,
704, 660 cm�1. HRMS (ESI-TOF) calcd for C42H40N3O4, 650.3013
[M�Br]+; found 650.3012 [M�Br]+. ½a�30D =�8.68 (c=0.80, CHCl3).


Chiral ammonium salt (S)-2Qb (Ar=3-chlorophenyl, R=Bu): (76%
yield): 1H NMR (400 MHz, CDCl3): d=8.08 (2H, s, Ar-H), 8.04 (2H, d,
J=8.2 Hz, Ar-H), 7.65 (2H, t, J=7.4 Hz, Ar-H), 7.60 (6H, br s, Ar-H),
7.48 (2H, d, J=7.5 Hz, Ar-H), 7.40 (2H, t, J=7.6 Hz, Ar-H), 7.35 (2H,
d, J=8.5 Hz, Ar-H), 5.35–4.69 (2H, brm, N-CH2-), 3.64 (2H, br s, N-
CH2-), 3.40–3.22 (2H, brm, N-CH2-), 2.55 (2H, br s, N-CH2-), 1.13–0.94
(6H, m, -CH2-), 0.69 (6H, t, J=6.5 Hz, -CH3), 0.19 ppm (2H, br s, NCH2-
CHH-); 13C NMR (100 MHz, CDCl3): d=140.24 (br s), 138.50 (br s),


138.29, 135.13 (br s), 133.69, 131.11, 130.70, 129.45 (br s), 128.46, 128.38,
128.33, 127.66, 127.41, 123.58 (br s), 57.51, 57.20, 24.51, 19.53, 13.51 ppm;
IR (neat): ñ=2962, 2874, 1587, 1562, 1470, 922, 907, 638 cm�1. HRMS
calcd for C42H40Cl2N, 628.2532 [M�Br]+ ; found, 628.2533 [M�Br]+ .
½a�23D =++13.98 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Rb (Ar=3-methoxyphenyl, R=Bu): (67%
yield): 1H NMR (400 MHz, CDCl3): d =8.09 (2H, br s, Ar-H), 8.04 (2H,
d, J=8.2 Hz, Ar-H), 7.66–7.62 (2H, m, Ar-H), 7.52 (2H, br s, Ar-H),
7.41–7.38 (4H, m, Ar-H), 7.18 (2H, br, Ar-H), 7.04–7.02 (4H, m, Ar-H),
5.13 (2H, br, Ar-CHH-N), 3.92 (6H, s, -OCH3), 3.65 (2H, br s, Ar-CHH-
N), 3.15 (2H, t, J=12.6 Hz, N-CHH-CH2), 2.61 (2H, td, J=12.3, 3.6 Hz,
N-CHH-CH2), 1.07–0.93 (6H, m, -CH2-), 0.66 (6H, t, J=6.9 Hz, -CH3),
0.20 (2H, br, NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d=140.13
(br s), 140.05, 138.32, 133.89, 131.02, 130.71, 128.53, 128.24, 127.64, 127.41,
123.85, 122.97 (br s), 115.67 (br s), 112.97 (br s), 57.52, 57.20, 55.41, 24.29,
19.54, 13.32; IR (neat): ñ=2961, 2930, 2874, 1593, 1487, 1468, 1331, 1287,
1256, 1229, 1169, 1042, 883, 710 cm�1. HRMS (ESI-TOF) calcd for
C44H46NO2, 620.3523 [M�Br]+ ; found, 620.3529 [M�Br]+ . ½a�32D =++2.38
(c=0.20, CHCl3).


Chiral ammonium salt (S)-2Sb (Ar=3-fluorophenyl, R=Bu): (85%
yield): 1H NMR (400 MHz, CDCl3): d= 8.07 (2H, s, Ar-H), 8.03 (2H, d,
J=8.2 Hz, Ar-H), 7.63 (2H, t, J=7.3 Hz, Ar-H), 7.60 (2H, br s, Ar-H),
7.40–7.30 (8H, m, Ar-H), 7.17 (2H, d, J=8.5 Hz, Ar-H), 5.06 (2H, br s,
N-CH2-), 3.66 (2H, d, J=13.5 Hz, N-CHH-CH2), 3.19–2.26 (2H, brm, N-
CH2-), 2.57 (2H, t, J=11.4 Hz, N-CH2-), 1.03–0.83 (6H, m, -CH2-), 0.66
(6H, t, J=6.9 Hz, -CH3), 0.18 ppm (2H, br s, NCH2-CHH-); 13C NMR
(100 MHz, CDCl3) 162.62 (d, JC�F=249 Hz), 140.42 (d, JC�F =7.4 Hz),
138.36, 138.08, 133.48, 131.28 (d, JC�F=8.2 Hz), 130.86, 130.49, 128.25,
128.14, 127.40, 127.21, 126.49 (br), 123.21, 116.38 (br), 114.93 (d, JC�F=


20.5 Hz), 57.26, 57.04, 24.15, 19.27, 13.15 ppm; IR (neat): ñ =2963, 2876,
1610, 1581, 1450, 1252, 1211, 1157, 1130, 1030, 887, 849, 658 cm�1. HRMS
calcd for C42H40F2N, 596.3123 [M�Br]+ ; found, 596.3128 [M�Br]+ .
½a�21D =++22.18 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Tb (Ar=3-(trifluoromethyl)phenyl, R=Bu):
(88% yield): 1H NMR (400 MHz, CDCl3): d = 8.11 (2H, s, Ar-H), 8.07
(2H, d, J=8.2 Hz, Ar-H), 7.90–7.75 (8H, m, Ar-H), 7.67 (2H, t, J=


7.5 Hz, Ar-H), 7.41 (2H, t, J=7.6 Hz, Ar-H), 7.35 (2H, d, J=8.5 Hz, Ar-
H), 5.46–4.57 (2H, m, N-CH2-), 3.70 (2H, br s, N-CH2-), 3.28 (1H, br s,
N-CH2-), 2.53 (2H, br s, N-CH2-), 2.09 (1H, br s, N-CH2-), 0.94–0.80 (6H,
m, -CH2-), 0.59 (6H, t, J=6.4 Hz, -CH3), 0.17 ppm (2H, br s, NCH2-
CHH-); 13C NMR (100 MH, CDCl3): d= 139.24 (br), 138.51, 134.65 (br),
133.75, 131.78 (br), 131.53, 130.81, 130.60 (br s), 128.51, 127.84, 127.43,
125.88 (br s), 125.00–124.88 (m), 123.41 (br), 122.29, 119.57, 57.26, 24.23,
19.12, 13.22 ppm; IR (neat): ñ =2965, 2876, 1584, 1472, 1339, 1321, 1312,
1273, 1167, 1125, 1074, 924, 806, 729, 710 cm�1. HRMS (ESI-TOF) calcd
for C44H40F6N, 696.3059 [M�Br]+ ; found, 696.3052 [M�Br]+ . ½a�28D =


+42.18 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Ub (Ar=3-cyanophenyl, R=Bu): (89%
yield): 1H NMR (400 MHz, CDCl3): d= 8.07 (2H, s, Ar-H), 8.06 (2H, d,
J=8.9 Hz, Ar-H), 7.96–7.77 (8H, m, Ar-H), 7.69–7.65 (2H, m, Ar-H),
7.43–7.39 (2H, m, Ar-H), 7.34 (2H, d, J=8.5 Hz, Ar-H), 5.35–4.65 (2H,
m, N-CH2-), 3.69 (2H, br s, N-CH2-), 3.25–2.13 (2H, brm, N-CH2-), 2.52
(2H, br s, N-CH2-), 0.99 (4H, br s, -CH2-), 0.87 (2H, br s, -CH2-), 0.66
(6H, t, J=6.7 Hz, -CH3), 0.10 ppm (2H, br s, NCH2-CHH-); 13C NMR
(100 MH, CDCl3): d= 139.93 (br s), 138.52, 137.57 (br s), 135.64 (br s),
133.71, 132.59 (br s), 131.63, 131.50, 130.93, 128.66, 128.57, 128.03, 127.46,
123.34 (br s), 117.89, 113.34 (br s), 57.16 (br s), 24.28, 19.34, 13.28 ppm; IR
(neat): ñ =2962, 2873, 2229, 1616, 1472, 922, 804, 702 cm�1. HRMS calcd
for C44H40N3, 610.3217 [M�Br]+ ; found, 610.3216 [M�Br]+ . ½a�23D =


+21.08 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Vb (Ar=3-nitrophenyl, R=Bu): (85%
yield): 1H NMR (400 MHz, CDCl3): d = 8.44 (1H, br s, Ar-H), 8.37 (2H,
d, J=8.5 Hz, Ar-H), 8.14 (6H, br s, Ar-H), 8.09 (2H, d, J=8.2 Hz, Ar-H),
7.92 (1H, br s, Ar-H), 7.71 (2H, t, J=7.1 Hz, Ar-H), 7.46 (2H, t, J=


7.3 Hz, Ar-H), 7.39 (2H, d, J=8.5 Hz, Ar-H), 5.51–4.59 (2H, brm, N-
CH2-), 3.72 (2H, br s, N-CH2-), 3.23 (2H, br s, N-CH2-), 2.57 (2H, br s, N-
CH2-), 0.99–0.78 (6H, m, -CH2-), 0.57 (6H, br s, -CH3), 0.15 ppm (2H,
br s, NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d= 148.50, 140.12,
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138.61, 137.58, 133.79, 131.66, 131.43, 131.03, 128.80, 128.67, 128.21,
127.48, 124.08, 123.03, 57.37, 24.47, 19.26, 13.20 ppm; IR (neat): ñ =2961,
2876, 1614, 1527, 1470, 1344, 1426, 1028, 897, 810, 694, 657 cm�1. HRMS
calcd for C42H40N3O4, 650.3013 [M�Br]+ ; found, 650.3012 [M�Br]+ .
½a�23D =++36.48 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Wb (Ar=3,4-dichlorophenyl, R=Bu): (88%
yield): 1H NMR (400 MHz, CDCl3): d= 8.05 (2H, s, Ar-H), 8.03 (2H, d,
J=11.1 Hz, Ar-H), 7.71 (2H, d, J=8.0 Hz, Ar-H), 7.64 (2H, t, J=7.4 Hz,
Ar-H), 7.55 (2H, br s, Ar-H), 7.55–7.46 (2H, m, Ar-H), 7.38 (2H, t, J=


7.7 Hz, Ar-H), 7.31 (2H, d, J=10.9 Hz, Ar-H), 5.08 (2H, br, N-CH2-),
3.65 (2H, br s, N-CH2-), 3.26 (1H, br, N-CH2-), 2.54 (2H, br s, N-CH2-),
1.95 (1H, br s, N-CH2-), 1.02–0.88 (6H, m, -CH2-), 0.68 (6H, t, J=6.5 Hz,
-CH3), 0.24 ppm (2H, br s, NCH2-CHH-); 13C NMR (100 MHz, CDCl3):
d= 138.61, 138.55, 137.57, 133.81, 133.55, 133.01, 131.83, 131.41, 131.33,
130.95, 130.58, 128.64, 128.62, 127.96, 127.59, 123.53, 57.47, 57.31, 24.64,
19.55, 13.42 ppm; IR (neat): ñ =2963, 2913, 1620, 1585, 1549, 1472, 1443,
1327, 1246, 1130, 887, 827, 715, 658 cm�1. HRMS (ESI-TOF) calcd for
C42H38Cl4N, 696.1753 [M�Br]+ ; found, 696.1759 [M�Br]+ . ½a�32D =++1.68
(c=1.00, CHCl3).


Chiral ammonium salt (S)-2Xb (Ar=3,4-difluorophenyl, R=Bu): (35%
yield): 1H NMR (400 MHz, CDCl3): d= 8.05 (2H, s, Ar-H), 8.03 (2H, d,
J=8.7 Hz, Ar-H), 7.65 (2H, t, J=7.5 Hz, Ar-H), 7.43 (6H, br s, Ar-H),
7.39 (2H, t, J=7.6 Hz, Ar-H), 7.32 (2H, d, J=8.5 Hz, Ar-H), 5.07 (2H,
br s, N-CH2-), 3.68 (2H, br s, N-CH2-), 3.20 (2H, br s, N-CH2-), 2.58 (2H,
br s, N-CH2-), 1.06 (4H, br s, -CH2-), 0.95 (2H, br s, -CH2-), 0.72 (6H, t,
J=6.6 Hz, -CH3), 0.28 ppm (2H, br s, NCH2-CHH-); 13C NMR
(100 MHz, CDCl3): d = 150.25 (dd, JC�F=252, 12.3 Hz), 138.37, 137.72,
135.41, 133.67, 131.21, 130.74, 128.45, 127.75, 127.42, 123.41, 118.98,
118.82, 57.50, 57.32, 24.55, 19.57, 13.37 ppm; IR (neat): ñ=2962, 2876,
1603, 1516, 1470, 1416, 1273, 1117, 1030, 920, 878, 638 cm�1. HRMS calcd
for C42H38F4N, 632.2935 [M�Br]+ ; found, 632.2929 [M�Br]+ . ½a�23D =


+28.68 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Yb (Ar=3,5-di-tert-butylphenyl, R=Bu):
(81% yield): 1H NMR (400 MHz, CDCl3): d = 8.10 (2H, s, Ar-H), 8.06
(2H, d, J=8.2 Hz, Ar-H), 7.65 (2H, t, J=6.2 Hz, Ar-H), 7.57 (2H, s, Ar-
H), 7.48 (2H, s, Ar-H), 7.42–7.37 (4H, m, Ar-H), 7.21 (2H, br s, Ar-H),
5.08 (2H, d, J=13.3 Hz, Ar-CHH-N), 3.80 (2H, d, J=13.3 Hz, Ar-CHH-
N), 3.15 (2H, t, J=13.3 Hz, N-CHH-CH2), 2.53 (2H, td, J=13.3, 6.0 Hz,
N-CHH-CH2), 1.43 (18H, s, -CACHTUNGTRENNUNG(CH3)3), 1.37 (18H, s, -C ACHTUNGTRENNUNG(CH3)3), 1.04
(4H, br s, -CH2-), 0.85 (2H, br s, -CH2-), 0.63 (6H, t, J=6.9 Hz, -CH3),
0.55 ppm (2H, br s, NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d=


152.48, 151.66, 140.84, 138.41, 137.95, 133.98, 131.49, 130.56, 128.45,
128.13, 127.69, 127.19, 124.36, 124.21, 123.57, 122.53, 57.66, 57.50, 35.23,
31.62, 24.36, 19.67, 14.01 ppm; IR (neat): ñ=2960, 2872, 1620, 1593, 1471,
1363, 1248, 1181, 921, 885, 860 cm�1. HRMS calcd for C58H74N, 784.5816
[M�Br]+; found, 784.5816 [M�Br]+. ½a�23D =++43.98 (c=1.00, CHCl3).


Chiral ammonium salt (S)-2Zb (Ar=3,5-diphenylphenyl, R=Bu): (60%
yield): 1H NMR (400 MHz, CDCl3): d=8.21 (2H, s, Ar-H), 8.08 (2H, d,
J=8.2 Hz, Ar-H), 7.99 (2H, s, Ar-H), 7.95 (2H, s, Ar-H), 7.82–7.78 (8H,
m, Ar-H), 7.68–7.63 (4H, m, Ar-H), 7.53–7.43 (14H, m, Ar-H), 7.35 (2H,
t, J=7.0 Hz, Ar-H), 5.15 (2H, d, J=13.5 Hz, Ar-CHH-N), 3.87 (2H, d,
J=13.5 Hz, Ar-CHH-N), 3.21 (2H, t, J=13.1 Hz, N-CHH-CH2), 2.78
(2H, td, J=12.7, 4.2 Hz, N-CHH-CH2), 1.01–0.91 (4H, m, -CH2-), 0.82–
0.79 (2H, m, -CH2-), 0.45 (6H, t, J=7.01 Hz, -CH3), 0.45 ppm (2H, br s,
NCH2-CHH-); 13C NMR (100 MHz, CDCl3): d =143.03, 142.66, 139.92,
139.73, 139.62, 139.37, 138.38, 133.86, 131.69, 130.70, 128.94, 128.48,
128.30, 128.05, 127.91, 127.61, 127.58, 127.49, 127.12, 126.88, 125.55,
123.51, 57.67, 57.39, 24.72, 19.54, 13.72 ppm; IR (neat): ñ=3055, 2960,
2872, 1591, 1468, 1408, 1361, 1028, 921, 908, 885, 698 cm�1. HRMS calcd
for C66H58N, 864.4564 [M�Br]+ ; found, 864.4560 [M�Br]+. ½a�23D =++6.68
(c=1.00, CHCl3).


Chiral ammonium salt (S)-2AAb (Ar=3,5-difluorophenyl, R=Bu):
(90% yield): 1H NMR (400 MHz, CDCl3): d =8.07 (2H, s, Ar-H), 8.05
(2H, d, J=8.5 Hz, Ar-H), 7.66 (2H, t, J=7.5 Hz, Ar-H), 7.41 (2H, t, J=


7.7 Hz, Ar-H), 7.34 (2H, d, J=8.5 Hz, Ar-H), 7.20–7.11 (4H, m, Ar-H),
6.96 (2H, tt, J=8.7, 2.3 Hz, Ar-H), 5.01 (2H, d, J=14.0 Hz, Ar-CHH-N),
3.75 (2H, d, J=14.0 Hz, Ar-CHH-N), 3.27 (2H, t, J=12.9 Hz, N-CHH-
CH2), 2.67 (2H, td, J=12.6, 4.4 Hz, N-CHH-CH2), 1.15–1.00 (6H, m,


-CH2-), 0.73 (6H, t, J=7.0 Hz, -CH3), 0.37–0.33 ppm (2H, m, NCH2-
CHH-); 13C NMR (100 MHz, CDCl3): d=163.16 (d, JC�F=252 Hz),
141.93 (t, JC�F=9.4 Hz), 138.43, 137.71 (t, JC�F=2.5 Hz), 133.71, 131.35,
130.96, 128.64, 128.00, 127.52, 123.20, 113.47 (d, JC�F =101 Hz), 103.97 (t,
JC�F=25.0 Hz), 57.58, 57.35, 24.57, 19.35, 13.28 ppm; IR (neat): ñ =2963,
2876, 1620, 1593, 1470, 1449, 1429, 1344, 1256, 1119, 989, 887, 862, 847,
702 cm�1. HRMS (ESI-TOF) calcd for C42H38F4N, 632.2935 [M�Br]+ ;
found, 632.2933 [M�Br]+ . ½a�31D =++3.98 (c=0.50, CHCl3).


Chiral ammonium salt (S)-2ABb (Ar=3,4,5-trichlorophenyl, R=Bu):
(72% yield): 1H NMR (400 MHz, CDCl3): d =8.05 (2H, s, Ar-H), 8.05
(2H, d, J=8.0 Hz, Ar-H), 7.73 (2H, br s, Ar-H), 7.70–7.66 (2H, m, Ar-
H), 7.63 (2H, br s, Ar-H), 7.45–7.40 (2H, m, Ar-H), 7.33 (2H, d, J=


8.5 Hz, Ar-H), 4.99 (2H, d, J=13.9 Hz, Ar-CHH-N), 3.78 (2H, d, J=


13.9 Hz, Ar-CHH-N), 3.33 (2H, t, J=13.1 Hz, N-CHH-CH2), 2.67 (2H,
td, J=13.0, 4.4 Hz, N-CHH-CH2), 1.16–0.85 (6H, m, -CH2-), 0.73 (6H, t,
J=7.1 Hz, -CH3), 0.39–0.35 ppm (2H, brm, NCH2-CHH-); 13C NMR
(100 MHz, CDCl3): d =138.71, 138.39, 136.45, 135.26 (br s), 133.63,
132.28, 132.06, 131.59, 130.98, 130.20 (br s), 129.92, 129.69 (br s), 128.71,
128.59, 128.15, 128.13, 127.49, 123.06, 57.61, 57.48, 25.01, 19.63,
13.66 ppm; IR (neat): ñ=2962, 2874, 1580, 1537, 1470, 1423, 1373, 1325,
1277, 1250, 1163, 923, 887, 866, 844, 810, 611 cm�1. HRMS calcd for
C42H36Cl6N, 764.0973 [M�Br]+ ; found, 764.0968 [M�Br]+ . ½a�30D =�4.68
(c=1.00, CHCl3).


5. General Procedure for Catalytic Enantioselective Alkylation of tert-
Butyl Glycine Benzophenone Schiff Base 9 (Benzylation)


A CH2Cl2 solution of chiral catalyst (S)-2Db (50 mL, 3M10�3
m, 0.05


mol%) was added to a reaction vessel, and the solvent was completely
evaporated off in vacuo. After addition of glycine derivative 9 (89 mg,
0.30 mmol), the reaction vessel was flushed with argon gas, and toluene
was added (1.0 mL). A continuous addition of KOH (50% aq, 1.0 mL)
and benzyl bromide (43 mL, 0.36 mmol) was carried out at 0 8C. The reac-
tion mixture was stirred vigorously at the same temperature for 2 h. The
mixture was then poured into H2O and extracted with ether. The organic
extracts were washed with brine and dried over Na2SO4. Evaporation of
solvents and purification of the residual oil by column chromatography
on silica gel (ether/hexane=1:10 as eluent) gave tert-butyl (R)-N-(diphe-
nylmethylene)phenylalaninate (R)-10 (113 mg, 0.29 mmol, 98% yield).


6. Representative Procedure for Catalytic Enantioselective Alkylation of
a-Alkyl-a-Amino Acid tert-Butyl Ester Aldimine Schiff Base 11
(Benzylation)


Chiral catalyst (S)-2Db (2.2 mg, 1 mol%) and alanine derivative 11
(80.3 mg, 0.30 mmol) were added to a reaction vessel, and the reaction
vessel was flushed with argon gas before toluene was added (2.0 mL). A
continuous addition of benzyl bromide (43 mL, 0.36 mmol) and
CsOH·H2O (252 mg, 1.5 mmol) was carried out at �20 8C. The reaction
mixture was stirred vigorously at the same temperature for 3 h. The mix-
ture was then poured into H2O and extracted with CH2Cl2. Solvents were
evaporated, and the residue was dissolved in THF (5.0 mL). Citric acid
(0.5m, 5.0 mL) was added, and the mixture was stirred at room tempera-
ture for 1 h. After evaporation to remove THF, the aqueous phase was
washed with hexane. It was then made basic by the addition of solid
NaHCO3 and extracted with CH2Cl2. The organic extracts were dried
over Na2SO4. Evaporation of solvents and purification of the residual oil
by column chromatography on silica gel (EtOAc/hexane=1:2 as eluent)
gave the benzylation product 12 (60 mg, 0.25 mmol, 85% yield). The en-
antiomeric excess was determined by HPLC analysis (Daicel Chiralcel
AD-H, hexane/2-propanol=30:1, flow rate 0.5 mLmin�1, tR: 12.6 min (R)
and 19.4 min (S)).


7. Representative Procedure for Direct Catalytic Asymmetric Aldol
Reaction of Glycinate Schiff Base 9 with Aldehydes under Phase-Transfer
Conditions


An aqueous solution of NaOH (1%, 0.8 mL) was added to a solution of
tert-butylglycinate benzophenone Schiff base 9 (59 mg, 0.20 mmol) and
(S)-2Fb (3.0 mg, 1 mol%) in toluene (2.0 mL) at 0 8C under argon atmos-
phere; 3-phenylpropanal (53 mL, 0.40 mmol) was then introduced drop-
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wise. The whole mixture was stirred at 0 8C for 2 h. Saturated NH4Cl and
ether were added sequentially. The organic phase was separated, washed
with brine, and dried over Na2SO4. After evaporation of solvents, THF
(6.0 mL) and 1n HCl (1.0 mL) were added at 0 8C. After the solution
was stirred for 1 h, THF was removed in vacuo. The resulting aqueous so-
lution was washed with ether three times and neutralized with K2CO3.
The mixture was then extracted with CH2Cl2 three times. The combined
extracts were dried over Na2SO4 and concentrated. Purification of the
residue by column chromatography on silica gel (MeOH/CH2Cl2=1:30 as
eluent) afforded tert-butyl 2-amino-3-hydroxy-5-phenylpentanoate (13) as
a mixture of diastereomers (42 mg, 0.16 mmol, 79% yield, syn/anti=
78:22). The diastereomeric ratio was determined by 1H NMR analysis.
The enantiomeric excess was determined, after conversion into the corre-
sponding oxazoline-2-thione 14 [thiocarbonyl diimidazole (1.0 equiv),
CH2Cl2], by HPLC analysis. [cis-14 : Daicel Chiralcel AD-H, hexane/2-
propanol=10:1, flow rate=0.5 mLmin�1, tR=18.9 min (minor) and
28.7 min (major); trans-14 : Daicel Chiralcel AD-H, hexane/2-propanol=
10:1, flow rate=0.5 mLmin�1, tR =19.9 min (major) and 32.9 min
(minor)].[14b]
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Introduction


Amides are an important class of chemicals that have
widely been used as chemical intermediates in organic syn-
thesis, raw materials for engineering plastics, detergents, and
lubricants.[1] The rearrangement of oximes is a good candi-
date for the amide synthesis because its atom efficiency is
theoretically 100%. Although N-substituted amides can gen-
erally be obtained in high yields by the acid-catalyzed rear-
rangement of ketoximes (Beckmann rearrangement),[2,3] the
reaction of aldoximes gives the corresponding nitriles rather
than primary amides in the presence of acid catalysts. The
synthesis of primary amides from aldoximes is very difficult
and reactive reagents have been used in stoichiometric
amounts for the transformation.[4,5] Aldoximes are generally
synthesized by the dehydrative condensation of the corre-
sponding aldehydes with hydroxylamine (an excess amount


with respect to aldehydes) in organic solvents in the pres-
ence of a base such as pyridine.[6] Thus, if the synthesis of
primary amides directly from aldehydes and hydroxylamine
could be performed, it would be more economical and envi-
ronmentally-friendly. However, stoichiometric reagents such
as CH3SO3H, CH3SO2Cl, and ZnO have been used for the
direct synthesis with an excess amount of hydroxylamine.[7,8]


Therefore, the development of efficient catalytic procedures
for the synthesis of primary amides from aldoximes or alde-
hydes is a great challenge. The heterogeneous catalytic
transformations in either water or completely without a sol-
vent are environmentally and technologically the most desir-
able procedures.[9,10]


Our strategy to design the efficient heterogeneous cata-
lysts for various functional group transformations is a crea-
tion of the monomerically (or highly) dispersed metal hy-
droxide species on the appropriate supports.[11] The metal
hydroxide species possess both Lewis acid and Brønsted
base sites on the same metals, and the various functional
group transformations are likely promoted by the “concert-
ed activation” of the Lewis acid and Brønsted base sites.[11]


For example, it has been reported that the mechanism for
the nitrile hydration by monomeric CoIII–OH complexes in-
volves coordination of a nitrile to the CoIII center, and that
the intramolecular nucleophilic attack of the hydroxide spe-
cies on the proximal activated nitrile carbon proceeds
easily.[12] This concerted activation of the Lewis acid (CoIII


center) and Brønsted base (hydroxide species) sites provid-
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ed over a 1010-fold rate acceleration for the hydration of
acetonitrile.[12]


The transformations of aldoximes or aldehydes to the cor-
responding primary amides are likely promoted by the con-
certed activation using the dehydration–rehydration se-
quence (Scheme 1). Thus, various kinds of supported metal
hydroxide catalysts have been prepared and used for the
transformation of benzaldoxime (1a) to benzamide. It was
found that the supported platinum group metal hydroxides,
especially the supported rhodium hydroxide Rh(OH)x/
Al2O3, showed high catalytic activity and selectivity for the
transformation (Figure 1).[11f] In this paper, we report the
preparation and characterization of the supported rhodium


hydroxide catalyst Rh(OH)x/Al2O3, the scope of the
Rh(OH)x/Al2O3-catalyzed transformations of aldoximes and
aldehydes [Eq. (1) and (2)], and full details of the reaction
mechanism.


Results and Discussion


Preparation and
Characterization of the


Supported Rhodium Hydroxide
Catalyst Rh(OH)x/Al2O3


The Rh(OH)x/Al2O3 catalyst
was prepared by the reaction of
Al2O3 with RhCl3 in an aqueous
medium followed by treatment
with NaOH. The powder Al2O3
(2.0 g) calcined at 823 K for 3 h
was vigorously stirred with an
aqueous solution of RhCl3
(60 mL, 6.5 mm) at room tem-
perature. After 15 min, the pH
of the solution was quickly ad-


justed to 13.2 with an aqueous solution of NaOH (1.0m),
and the slurry was stirred for 24 h at room temperature. The
resulting yellow powder was then filtered off, washed with a
large amount of deionized water, and dried in vacuo to
afford the Rh(OH)x/Al2O3 (2.0 g, 2.1 wt% rhodium content)
catalyst. The BET surface area of Rh(OH)x/Al2O3 was
172 m2g�1 and was close to that of the parent Al2O3
(174 m2g�1). The IR spectrum of Rh(OH)x/Al2O3 showed a
broad n(OH) band in the range of 3000–3770 cm�1. The
XRD pattern of Rh(OH)x/Al2O3 was the same as that of the
parent Al2O3 support and no signals arising from rhodium
metal (clusters) and rhodium oxides were observed.[13] The
Rh(OH)x/Al2O3 catalyst was completely ESR silent. The X-
ray photoelectron spectroscopy (XPS) spectrum of
Rh(OH)x/Al2O3 showed the binding energies of Rh 3d5/2 and
Rh 3d3/2 at 310.0 (full width at the half maximum, FWHM
1.4 eV) and 314.8 eV (FWHM 1.4 eV), respectively, suggest-
ing that the oxidation state of rhodium species is +3 (x=


3).[14] Furthermore, no chlorine was detected in the
Rh(OH)x/Al2O3 catalyst.
Figure 2 shows the radial distribution functions from the


Fourier transform of the k3-weighed extended X-ray absorp-
tion fine structure (EXAFS) for Rh(OH)x/Al2O3 and anhy-
drous Rh2O3 with corundum structure. The first Rh�O shell
parameters for Rh(OH)x/Al2O3 are similar to those for an-
hydrous Rh2O3.


[15] In contrast to anhydrous Rh2O3, the sig-
nals arising from the Rh�O�Rh shells at R=2.6 and 3.4 O
are hardly observed for the radial distribution function of
Rh(OH)x/Al2O3. The absence of the Rh�O�Rh shell signals
suggests that no networks of linked RhO6 octahedrals exist
in Rh(OH)x/Al2O3. All these results suggest that Rh


III hy-
droxide is monomerically (at least mainly if not wholly) dis-
persed on Al2O3.


Scope of the Rh(OH)x/Al2O3-Catalyzed Synthesis of
Primary Amides from Aldoximes or Aldehydes


By using the Rh(OH)x/Al2O3 catalyst,
[16] various kinds of


structurally diverse aldoximes including aromatic, aliphatic,
unsaturated, and heterocyclic, can be converted into the cor-


Scheme 1. A possible reaction mechanism for the transformation of aldoximes or aldehydes to the corre-
sponding amides.


Figure 1. The transformation of benzaldoxime (1a) by various platinum
group metal hydroxide catalysts. Reaction conditions: 1a (0.5 mmol), cat-
alyst (metal: 4 mol%), water (2 mL), 160 8C, 4 h.
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responding primary amides in high to excellent yields in
water under conditions entirely free of explosive, hazardous,
and carcinogenic organic solvents. The results are summar-
ized in Table 1. In contrast to the transformations in water,
nitriles were formed as major products in common organic
solvents [Eq. (3)]. Under the conditions described in
Table 1, no amides were produced in the absence of the cat-
alyst, or in the presence of Al2O3 or anhydrous Rh2O3. In
the case of the catalyst precursor of homogeneous


RhCl3·3H2O, the selectivities to the corresponding amides
were low, especially for aliphatic aldoximes. For example, n-
dodecanaldoxime was completely consumed under the con-
ditions described in Table 1 and the corresponding amide
was obtained in 68% yield along with the formation of car-
boxylic acid (12%), nitrile (3%), and unidentified by-prod-
ucts.


The Rh(OH)x/Al2O3-catalyzed transformations of benzal-
doximes (1a–7a), which contain electron-donating as well as
electron-withdrawing substituents, proceed readily to give
the corresponding benzamides (Table 1, entries 1–8). In the
transformations of methoxybenzaldoximes, the lower reac-
tion rate of o-methoxybenzaldoxime (2a) relative to p-me-
thoxybenzaldoxime (3a) indicates a steric effect (Table 1,
entry 3 vs. 4). This observation suggests that the substrates
coordinate to the metal center on the surface of Rh(OH)x/
Al2O3, and the transformation proceeds through intramolec-
ular attack of the rhodium hydroxide species on the coordi-
nated substrates. A similar steric effect was observed for the
Ru(OH)x/Al2O3-catalyzed hydration of nitriles.


[11d]


Also, nonactivated aliphatic aldoximes, including linear
(8a and 11a), branched (9a and
10a), and cyclic (12a) forms,
are converted to the corre-
sponding aliphatic amides in
high yields (Table 1, entries 9–
14). The reaction of unsaturat-
ed aldoximes (13a and 14a) ef-
ficiently proceeds to afford the
corresponding unsaturated
amides without the geometrical
isomerization and hydration of
the double bonds (Table 1, en-
tries 15 and 16). The reaction of
heterocyclic aldoximes, includ-
ing oxygen (15a) and sulfur
(16a) in the substrates, did not
alter the conversion and selec-
tivity, and the corresponding
heterocyclic amides were ob-
tained in high yields (Table 1,
entries 17 and 18). Moreover,
the Rh(OH)x/Al2O3 catalyst can
be reused without a significant
loss of the catalytic activity
(Table 1, entries 2 and 13).
Interestingly, the Rh(OH)x/


Al2O3 catalyst can be applied to
the tandem one-pot synthesis of
primary amides from the corre-


Figure 2. The radial distribution functions from the Fourier transform
(FT) of the k3-weighed EXAFS for a) Rh(OH)x/Al2O3 and b) anhydrous
Rh2O3. The phase shift was not corrected.


Table 1. The Rh(OH)x/Al2O3-catalyzed synthesis of amides from aldoximes.
[a]


Entry Substrate[b] Temp. Time Conv. of Selectivity [%]
[oC] [h] oxime [%] Amide[c] Nitrile Aldehyde Acid


1 1a (E>95%) 160 7 >99 85(76) 8 7 <1
2[d] 1a (E>95%) 160 7 94 81 8 11 <1
3 2a (E>95%) 160 7 67 75 15 10 <1
4 3a (E>95%) 160 7 >99 85(88) 5 10 <1
5 4a (E>95%) 160 7 >99 97(77) 1 2 <1
6 5a (E>95%) 160 7 >99 95(87) 1 4 <1
7 6a (E>95%) 160 7 >99 92(90) <1 8 <1
8 7a (E>95%) 160 7 >99 76(63) 7 17 <1
9 8a (E/Z=59/41) 140 7 >99 98(83) 1 <1 <1
10 9a (E/Z=67/33) 140 7 >99 96(86) 4 <1 <1
11 10a (E/Z=55/45) 140 7 >99 99(86) <1 1 <1
12 11a (E/Z=54/46) 140 7 >99 93(84) 5 <1 2
13[d] 11a (E/Z=54/46) 140 7 >99 91 7 1 1
14 12a (E/Z=72/28) 140 7 87 88(63) 8 4 <1
15 13a (E/Z=60/40) 160 7 >99 92(70) 6 2 <1
16 14a (E/Z=64/36) 140 7 96 97(92) 3 <1 <1
17 15a (E/Z=36/64) 160 7 93 98(71) 1 1 <1
18 16a (E>95%) 160 7 >99 96(84) 4 <1 <1


[a] Reaction conditions: Aldoxime (0.5 mmol), Rh(OH)x/Al2O3 (Rh: 4 mol%), water (2 mL). Conversion and
selectivity were determined by GC analyses. [b] Values in the parentheses are the isomer ratios of aldoximes.
[c] Values in the parentheses are the yields of isolated products. [d] Reuse experiment.
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sponding aldehydes and hydroxylamine.[6] Although the
tandem one-pot synthesis of amides is very useful, it re-
quires stoichiometric reagents such as CH3SO3H (>30 equiv
with respect to aldehydes), CH3SO2Cl (>1 equivalent), and
ZnO (>2 equiv) for the transformation with an excess
amount of hydroxylamine (>3 equiv). In contrast to these
stoichiometric systems, various kinds of structurally diverse
aldehydes can be catalytically converted, using the
Rh(OH)x/Al2O3 catalyst, into the corresponding primary
amides in high yields using only one equivalent of hydroxyl-
amine with respect to aldehydes as summarized in
Table 2.[17] The catalytic transformation of benzaldehydes


(1b–4b) proceeds readily to afford the corresponding benza-
mides (Table 2, entries 1–4). The aliphatic aldehydes (5b–
7b) are also converted into the corresponding aliphatic
amides in high yields (Table 2, entries 5–8). The reaction of
unsaturated aldehydes (8b and 9b) efficiently proceeds to
afford the corresponding unsaturated amides without the
geometrical isomerization and hydration of the double
bonds (Table 2, entries 9 and 10). The present system was ef-
fective for heteroatom-containing aldehydes 10b–12b
(Table 2, entries 11–13). Furthermore, the Rh(OH)x/Al2O3
catalyst can be reused without a significant loss of the cata-
lytic activity (Table 2, entry 7).


Heterogeneous Catalysis


The use of heterogeneous catalysts can make the workup
procedures very simple. The catalyst can easily be recovered
after the reaction and reused without the significant loss of
the catalytic activity and selectivity. However, leaching and/
or deactivation problems of the heterogeneous catalysts are
responsible for severe drawbacks and are frequently ob-


served in many cases. The following control experiments
were carried out in order to verify whether the observed
catalysis is caused by the solid Rh(OH)x/Al2O3 or leached
rhodium species. After the catalytic transformation of 1a to
benzamide was completed under the conditions described in
Table 1, the Rh(OH)x/Al2O3 catalyst and benzamide were
removed by filtration. The substrate was then added to the
filtrate and the mixture was again heated to the reaction
temperature. The corresponding benzamide was not formed.
It was confirmed by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) analysis that the amount
of rhodium species in the filtrate was below the detection


limit (Rh: <0.25%). These ob-
servations can rule out any con-
tribution to the observed catal-
ysis from rhodium species that
leached into the reaction solu-
tion, and the observed catalysis
is truly heterogeneous in
nature.[18]


Mechanistic Studies


The reaction profiles for the
transformation of 1a to benza-
mide showed that benzonitrile
was initially formed followed
by the formation of benzamide.
Furthermore, the dehydration
of benzamide to benzonitrile
hardly proceeded under the
same conditions, showing that
benzonitrile is produced only
from starting with 1a. It was
confirmed in a separate experi-
ment that the hydration of ni-


triles to amides efficiently proceeded in the presence of the
Rh(OH)x/Al2O3 catalyst. The hydration of p-chlorobenzoni-
trile readily proceeded to give p-chlorobenzamide in an iso-
lated yield of 72% [Eq. (4)]. Therefore, the transformation
of aldoximes to primary amides proceeds by sequential reac-
tions, namely, the dehydration of aldoximes to nitriles fol-
lowed by rehydration to afford the corresponding primary
amides.


The reaction of ketoximes such as cyclohexanone oxime
and acetophenone oxime did not proceed, suggesting that
the Rh(OH)x/Al2O3-catalyzed transformation proceeds by a
different way as compared to the acid-catalyzed Beckmann
rearrangement.[2] Furthermore, the O-alkylated aldoxime of
O-methylbenzaldoxime did not react under the present con-
ditions. These results suggest that both OH and H function-


Table 2. The Rh(OH)x/Al2O3-catalyzed one-pot synthesis of amides from aldehydes and hydroxylamine.
[a]


Entry Substrate Temp. Time Conv. of Selectivity [%]
[oC] [h] aldehyde [%] Amide[b] Nitrile Oxime Acid


1 1b 160 7 98 86(90) 5 <1 9
2 2b 160 7 92 89(82) 2 <1 9
3 3b 160 7 98 94(85) 2 <1 4
4 4b 160 7 >99 95(84) <1 <1 5
5 5b 120 7 >99 91(81) 2 2 5
6 6b 120 9 >99 89(89) 5 <1 6
7[c] 6b 120 9 >99 79 8 <1 13
8 7b 120 7 99 82(77) 1 <1 17
9 8b 160 7 99 88(73) 9 <1 3
10 9b 140 7 98 71(70) 3 <1 26
11 10b 160 7 >99 96(82) 1 <1 3
12 11b 160 7 99 99(85) 1 <1 <1
13 12b 160 7 85 86(81) <1 <1 14


[a] Reaction conditions: Aldehyde (0.5 mmol), (NH2OH)2·H2SO4 (0.25 mmol, one equivalent with respect to
an aldehyde), Rh(OH)x/Al2O3 (Rh: 4 mol%), water (2 mL). Conversion and selectivity were determined by
GC analyses. [b] Values in the parentheses are the yields of isolated products. [c] Reuse experiment.
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alities of aldoximes play important roles in the present
transformation. It is probable that the OH groups of aldox-
imes ligate to the rhodium center followed by the elimina-
tion of H+ to produce nitriles as intermediates. A similar
mechanism has been proposed for the rhenium-catalyzed
dehydration of aldoximes to nitriles.[17]


Next, the competitive hydration of benzonitrile and p-sub-
stituted benzonitriles was carried out under the conditions
described in Table 1. The reactivity for benzonitriles
changed in the order of p-OMe (kX/kH=1.35)> p-Me
(1.16)> p-H (1.00)> p-Cl (0.96). The linear line of the
Hammett plots (log ACHTUNGTRENNUNG(kX/kH) versus Brown-Okamoto s+ plots,
r2=0.99, Figure 3) gave a Hammett 1 value of �0.17. In


contrast to the negative 1 value for the Rh(OH)x/Al2O3-cat-
alyzed hydration, the 1 value for the NaOH-mediated hy-
dration (external attack of a free OH� species (or water) to
a nonactivated nitrile carbon) is positive, indicating the for-
mation of a negatively charged transition state.[20] Therefore,
a free OH� species is not an active species for the hydration.
The negative 1 value might arise from the formation of a
positively charged transition state at the carbon atom adja-
cent to the phenyl ring,[20] for instance, the activation of ni-
triles by coordination to the Lewis acid center is kinetically
important.[12,18] The steric effect[11d] mentioned above also
supports this idea.
The reaction rate for the dehydrative condensation of


benzaldehyde and hydroxylamine in the presence of
Rh(OH)x/Al2O3 was 1.5 mmmin�1 at 80 8C and was much
faster in the absence of the catalyst (0.035 mmmin�1), show-
ing that Rh(OH)x/Al2O3 catalyzes not only the amide forma-
tion (sequential dehydration-rehydration) but also the dehy-
drative condensation of aldehydes and hydroxylamine.
On the basis of these results, we propose a possible reac-


tion mechanism for the Rh(OH)x/Al2O3-catalyzed synthesis
of primary amides. The dehydrative condensation of alde-
hydes with hydroxylamine is promoted by the Rh(OH)x/
Al2O3 catalyst (Brønsted base catalysis, Scheme 1a). The
OH groups of aldoximes bind to the rhodium center by a


ligand exchange to form the Rh�O�N=CHR species, which
then eliminate the H+ to afford nitriles as intermediates and
the starting Rh�OH species (Scheme 1b). The nitrile hydra-
tion likely proceeds as shown in Scheme 1c.[11d] The coordi-
nation of nitriles to the rhodium center is followed by the
intramolecular nucleophilic attack of the hydroxide species
on the nitrile carbons to give the rhodium iminolate or h2-
amidate species.[12] The ligand exchange between the inter-
mediates and water then takes place to afford the corre-
sponding primary amides and the starting Rh�OH species.


Conclusions


A supported rhodium hydroxide, Rh(OH)x/Al2O3 acts as an
efficient heterogeneous catalyst for the synthesis of primary
amides from aldoximes or aldehydes in water. The reaction
of both activated and nonactivated substrates proceeds with
high efficiency to afford the corresponding primary amides.
The present system has the following significant advantages:
1) applicability to various kinds of substrates; 2) the use of
only one equivalent of hydroxylamine in the case of the
tandem synthesis of primary amides from aldehydes; 3) the
use of water as a solvent; 4) simple workup procedures,
namely, catalyst/product separation; 5) reusability of
Rh(OH)x/Al2O3; and 6) the use of easily prepared Rh(OH)x/
Al2O3 catalyst and handling.


Experimental Section


General


GC analyses were performed on a Shimadzu GC-2014 device with a
flame ionization detector (FID) equipped with a TC-1 or TC-5 capillary
column. Mass spectra were recorded on a Shimadzu GC–MS-QP2010
spectrometer at an ionization voltage of 70 eV. The liquid-state NMR
spectra were recorded on a JEOL JNM-EX-270 spectrometer. 1H and
13C NMR spectra were measured at 270 and 67.8 MHz, respectively, with
TMS as an internal standard. IR spectra were recorded on a JASCO
FTIR-460 Plus spectrometer. ESR measurements (X-band) were per-
formed with a JEOL JES-RE-1X. XRD patterns were measured with a
Rigaku MultiFlex diffractometer using CuKa radiation (40 kV, 50 mA).
XPS measurements were carried out on a JEOL JPS-90 spectrometer
using monochromated AlKa radiation (hn =1486.6 eV). The X-ray anode
was run at 200 W and the voltage was kept at 10 kV. The pass energy was
fixed at 10.0 eV to ensure sufficient resolution to determine peak posi-
tions accurately. The binding energies were calibrated by using the C 1s
signal at 285.0 eV. The X-ray absorption spectra were recorded at the
NW10A beamline of PF at KEK, Japan (proposal No. 2007G096). Data
analysis was performed using REX2000 software (version 2.5, Rigaku).
The ICP-AES analysis was performed with a Shimadzu ICPS-8100 spec-
trophotometer.


Alumina (KHS-24, BET surface area: 174 m2g�1) was supplied from Su-
mitomo Chemical Co., Ltd. Solvents, aldehydes, and 1a were obtained
from Tokyo Kasei or Aldrich (reagent grade) and purified prior to use.[21]


RhCl3·3H2O was obtained from Wako (reagent grade) and used as re-
ceived. NH2OH·HCl and (NH2OH)2·H2SO4 were obtained from Tokyo
Kasei (reagent grade) and used as received.


Synthesis of Aldoximes


Aldoximes (2a–16a) were synthesized by the dehydrative condensation
of the corresponding aldehydes with NH2OH·HCl.


[6] Into a glass flask


Figure 3. Hammett plots for the competitive reaction of benzaldoximes
under the conditions described in Table 1. Slope (the Hammett 1


value)=�0.17 (r2=0.99).
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were successively placed an aldehyde (10 mmol), NH2OH·HCl (2–
3 equivalents with respect to the aldehyde), ethanol (10 mL), and pyri-
dine (1 mL). The reaction mixture was stirred at room temperature.
After completion of the reaction, ethanol was removed under reduced
pressure on a rotary evaporator. Then, deionized water (ca. 10 mL) was
added to the residue and the mixture was cooled in an ice-bath until the
aldoxime crystallized out (except for 9a, 10a, 12a, and 14a). The aldox-
ime was filtered, washed with deionized water (ca. 100 mL), dried, and
recrystallized from ethanol. For 9a, 10a, 12a, and 14a, aldoximes were
extracted into dichloromethane and purified by Kugelrohr distillation.
All aldoximes were confirmed by mass and NMR spectroscopy.[6] The
E/Z ratios of aldoximes are listed in Table 1.


Dehydrative Condensation of Aldehydes with Hydroxylamine


Into a glass vial were successively placed Rh(OH)x/Al2O3 (Rh: 2 mol%),
NH2OH·HCl (2 mmol), benzaldehyde (1 mmol), and o-xylene (3 mL).
The reaction mixture was stirred at 80 8C under Ar at 1 atm. The conver-
sion and yield were periodically determined by GC analysis. Reaction
rates were determined from the slopes of reaction profiles ([benzaldehy-
de]0�[benzaldehyde]t vs. time plots) at low conversions (<10%) of ben-
zaldehyde (initial rate method).


Synthesis of Amides from Aldoximes or Aldehyde


An aldoxime or aldehyde (0.5 mmol, in the case of an aldehyde, one
equivalent of (NH2OH)2·H2SO4 (0.25 mmol) was added), Rh(OH)x/Al2O3
(Rh: 4 mol%), and water (2 mL) were placed in a teflon vessel with a
magnetic stir bar. The teflon vessel was attached inside an autoclave, and
then the autoclave was heated at 120–160 8C (bath temperature). After
the reaction was completed, the spent catalyst was separated by filtration,
washed with ethanol, and dried in vacuo prior to being recycled. The
products (amides) were isolated by silica gel column chromatography
using ethanol as an eluent. The products were confirmed by the compari-
son of their GC retention time, mass, and 1H and 13C NMR spectroscopy
with those of authentic samples.
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Introduction


In industrial production, 1-alkanols are often produced from
1-alkenes via two separate reaction processes: the hydrofor-
mylation of 1-alkenes and separation of 1-alkanals from
their regioisomers and other byproducts with high boiling
points, and the subsequent hydrogenation of the 1-alkanals
to 1-alkanols (Scheme 1, upper route). It would be desirable
if 1-alkanols were produced directly from 1-alkenes under
mild operating conditions with practical selectivities
(Scheme 1, bottom route). Cobalt trialkylphosphine catalysts
give 1-alkanols as major products, but the competitive
alkene hydrogenation is problematic.[1]


A rhodium catalyst is an alternative candidate. The use of
ligands such as amines[2] or trialkylphosphines[3] has been re-
ported to give alkanols as well as alkanals. The rhodium/tri-
alkylphoshine system was intensively studied by Cole-Ham-
ilton and co-workers in their successful selective synthesis of
alkanols from 1-alkenes using Et3P as a ligand.[4] A mixture
of 1-heptanol (normal isomer) and internal C7 alcohols (iso
isomers) was obtained at a normal/iso (n/i) ratio of ~3.0 by


reaction of 1-hexene with H2/CO in ethanol at 120 8C. Re-
cently, two new systems were reported to give 1-alkanols se-
lectively starting from 1-alkenes: a silica-gel-supported Rh/
xantphos system reported by Reek, van Leeuwen, and col-
leagues,[5] and a Pd/CF3SO3H/trialkylphosphine system re-
ported by Drent et al.[6] Among the reported catalyst sys-
tems, the Rh/trialkylphosphine system was most attractive
for us because the hydrogenation of 1-alkene is completely
suppressed, and the catalyst system is free from the addition
of corrosive acids.


Hydroformylation of 1-alkenes carried out with Rh/triar-
ylphosphines or Rh/diarylmonoalkylphosphines in aprotic
solvents at lower temperature gives alkanals but not alka-
nols as the main products. The n/i ratio of the alkanals in
the hydroformylation reaction depends heavily on the
framework of ligands. Several bidentate phosphorus ligands
with large bite angles that occupy the equatorial–equatorial
positions of trigonal bipyramidal rhodium have been devel-
oped for highly normal-selective hydroformylation of 1-al-


Abstract: A series of 2,2’-bis[(dialkyl-
phosphino)methyl]biphenyls (alkyl-
BISBIs) were synthesized and applied
to the tandem hydroformylation–hy-
drogenation of 1-decene. The alkyl-
BISBI ligands with “small” primary
alkyl groups such as methyl or n-hexyl
groups on the phosphorus atoms pro-


vided 1-alkanols selectively, whereas
those with larger alkyl groups such as
isopropyl or neopentyl groups showed


much lower conversion from alkanals
to alkanols. Observation of rhodium
complexes of the BISBI-type ligands
under H2/CO atmosphere revealed that
the presence of a stable [RhH(CO)2
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Scheme 1. Reaction pathways to normal alcohol.
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kenes.[7] A bisphosphine ligand, BISBI, consists of two diary-
lmonoalkylphosphine units and is one such example.[8] The
idea to combine the high n/i ratio achieved by BISBI and
the hydrogenation activity of trialkylphosphines for the se-
lective formation of alcohols prompted us to synthesize a
series of alkyl-substituted BISBI analogues 1a–1d.


Results and Discussion


First, the reaction of 1-decene with H2/CO catalyzed by (n-
C4H9)3P/Rh (Bu3P/Rh) in ethanol was monitored in order to
determine whether the alcohol production is a one-step or
two-step reaction from 1-alkene. In the presence of [Rh-
ACHTUNGTRENNUNG(acac)(CO)2] (1 mol%) and Bu3P (5 mol %), 1-decene was
treated at 120 8C with H2/CO (1:1, total pressure of
4.0 MPa). The products were a mixture of n-C11 aldehyde
(undecanal), iso-C11 aldehydes, n-C11 alcohol (1-undeca-
nol), and iso-C11 alcohols. The isoaldehydes and isoalcohols
were mainly 2-methyldecanal and 2-methyldecan-1-ol, re-
spectively, but the other isomers were also present in trace
amounts.


The results are summarized in Figure 1. The yield of alde-
hydes initially increased and then decreased as the yield of
alcohols increased. This may mean that at least some of the
alcohols are generated by reduction of the aldehydes.[9] The
n/i ratios of both aldehyde and alcohol decreased with time
(Figure 2). However, the total n/i, defined as the (sum of n-


alcohol and n-aldehyde)/(sum of iso-alcohols and iso-alde-
hydes) is essentially constant during the whole process. This
suggests that the n/i ratio of the products is essentially deter-
mined at the stage of hydroformylation. The n/i ratios of al-
dehydes and alcohols varied depending on the conversion of
aldehydes into alcohols simply because the n-aldehydes are
more susceptible to hydrogenation than iso-aldehydes. Thus,
the n-aldehyde decreased more rapidly than the iso-alde-
hydes, and the n-alcohol was produced more rapidly than
the iso-alcohols.


Based on the above observation, we synthesized a series
of bidentate bis(alkylphosphine)s with the BISBI-type
framework (Figure 3), expecting that the unique backbone


would perform the highly n/i-selective hydroformylation
while the trialkylphosphines would be active for the hydro-
genation of the resulting aldehydes to alcohols. Thus, the
methyl-substituted BISBI ligand (Me-BISBI, 1a) was syn-
thesized as shown in Scheme 2. Reaction of potassium dime-
thylphosphide[10] with 2,2’-bis(chloromethyl)biphenyl[11] gave
1a. Attempts to synthesize ligands 1b–1d with the same
process resulted in partial oxidation of the phosphorus
atom. Accordingly, we used the procedure with borane pro-
tection. Borane-protected lithium phosphides were prepared


Abstract in Japanese:


Figure 1. The total yields of C11 aldehydes (^) and C11 alcohols (&) as a
function of time.


Figure 2. The n/i ratios of aldehyde (^) and alcohol (&), and the sum of
aldehyde and alcohol (~) as a function of time.


Figure 3. A series of BISBI-type ligands synthesized in the study reported
herein.


Scheme 2. Synthesis of Me-BISBI (1a).
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according to published methods.[12] Their reaction with 2,2’-
bis(chloromethyl)biphenyl and deprotection by heating with
amine provided ligands 1b–1d in good yields (Scheme 3).


In the presence of [Rh ACHTUNGTRENNUNG(acac)(CO)2] and ligand 1, the reac-
tion of 1-decene with hydrogen and carbon monoxide was
carried out under various conditions. The results are sum-
marized in Table 1. Because the reaction is a two-step pro-
cess that consists of hydroformylation of decene and hydro-
genation of the resulting aldehydes, the total n/i values are
also described in Table 1.


First, the reaction was examined by varying the ligand/Rh
ratio using 1a (Table 1, Entries 1–5). The highest alcohol
yield was observed with a 1a/Rh ratio of 5 (Entry 4). The
H2/CO ratio hardly affected the result (Entries 4 and 6). A
slight improvement in the n/i ratio was observed by chang-
ing the solvent from EtOH to iPrOH (Entries 4 and 7). The
use of protic solvent seems essential to convert aldehydes to
alcohols (Entry 8).[4e] Notably, despite the bite angle realized
by the biphenyl-2,2’-ylene dimethane diyl framework, the n/i
ratio is much lower than the parent BISBI for hydroformy-
lation itself (n/i= 25.1).[8] At the lower temperature of
120 8C, the alcohol yield was only 36 %, with alkene con-
sumption of 71 % in 6 h (Entry 9). The alcohol yield reached
97 % by elevation of the reaction temperature to 170 8C


(Entry 10). The use of alkyl-BISBI derivatives 1b–d with
larger alkyl substituents on the phosphorus atoms resulted
in lowering the yield of alcohols (Entries 11–13). Steric ef-
fects seem more significant than electronic effects because
the electron-donating nature of the ligand increases in the
order of Me3P<nHex3P�neoPen3P< iPr3P,[13] whereas the
steric bulk increases in the order of Me3P<nHex3P<
iPr3P<neoPen3P.[14] Notably, 1-decene was completely con-
sumed in all cases except for those listed in Entries 6 and 7
(Table 1). The low yields of alcohols reported in Entries 7
and 11–13 originate from the high-boiling-point byproducts,
which were derived from aldol condensation of the alde-
hydes or subsequent dehydration from the aldols. In these
cases, the hydrogenation of aldehydes was slow, and as a
result, the aldehydes underwent side reaction under the
harsh reaction conditions. Because the n-aldehydes are
more reactive for aldol condensation than iso-aldehydes, the
n/i ratio of the remaining aldehydes is low.


In their studies on monodentate Rh/trialkylphosphine cat-
alysts, Cole-Hamilton and colleagues suggested that the al-
dehyde hydrogenation activity being lower with iPr3P than
with Et3P might result from the dissociation of iPr3P from
[Rh ACHTUNGTRENNUNG(iPr3P)2] species during the reaction process due to steric
repulsion.[4e, f] Because such ligand dissociation was anticipat-
ed for 1d, the following NMR studies were carried out for
ligands 1a and 1d.


A mixture of [RhACHTUNGTRENNUNG(acac)(CO)2] and 1d (Rh/1d=1:1) was
treated with H2/CO (1:1, 2.0 MPa total) in C6D6 at 70 8C for
16 h. After releasing the pressure, 1H NMR analysis of the
product under Ar at ambient pressure exhibited a hydride
peak at d=�11.0 ppm, which is assignable to Rh-H species
(Figure 4 a ). 31P NMR data showed one doublet at d=


61.5 ppm (JRh�P = 144 Hz), which corresponds to a structure
with two equivalent phosphorus atoms coordinated to Rh


Scheme 3. Synthesis of R-BISBI (1b–1d).


Table 1. Tandem hydroformylation–hydrogenation of 1-decene with Rh/R-BISBI.


Entry Ligand Ligand/Rh T [8C] t [h] Aldehyde
yield [%]


Aldehyde n/i Alcohol
yield [%]


Alcohol n/i Total n/i


1 1a 1 150 6 85 1.4 <1 – 1.4
2 1a 2 150 6 20 0.94 62 3.8 2.1
3 1a 3 150 6 5 0.07 65 5.1 3.4
4 1a 5 150 6 <1 – 77 4.1 4.1
5 1a 10 150 6 7 0.72 64 6.0 4.5
6[a] 1a 5 150 6 2.5 1.6 74 4.1 4.0
7[b] 1a 5 150 6 <1 – 83 5.3 5.3
8[c] 1a 5 120 6 96 1.2 <1 – 1.2
9[d] 1a 5 120 6 8 1.6 36 9.2 4.4
10 1a 5 170 6 <1 – 97 4.1 4.1
11 1b 5 150 20 22 1.4 53 5.4 3.3
12 1c 5 150 20 28 0.48 17 0.84 0.6
13 1d 5 150 30 13 0.24 25 1.0 0.4


[a] The reaction was carried out with H2/CO: 2.7 MPa/1.3 MPa; the conversion of 1-decene was 98%. [b] iPrOH was used as a solvent in place of EtOH.
[c] THF was used as a solvent in place of EtOH. [d] Total conversion was 71%.
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(Figure 4 b). Judging from the reported data for [RhH(CO)2


ACHTUNGTRENNUNG(BISBI)],[8] the formation of the [RhH(CO)2ACHTUNGTRENNUNG(1d)] species is
suggested. Thus, in contrast to what we anticipated, the two
phosphorus atoms stayed on the Rh center at least at the
stage of resting state for hydroformylation, that is, the rhodi-
um hydride species. The same species is generated with
treatment of a mixture of [Rh ACHTUNGTRENNUNG(acac)(CO)2] and 1d (Rh/1d=


1:5) under the same conditions (Figure 5). The peak around
d= 46 ppm in the 31P NMR spectrum (Figure 5 b ), which is
shifted lower relative to a free ligand, is unidentified at this
moment. One of the possible species is tricoordinated Rh,
realized by one bidentate coordination by 1d plus coordina-
tion by half of the bidentate 1d, leaving the other coordina-
tion site free. Another possible species is a ligand-bridged
dimer.


In contrast, such clear presence of a Rh-H species was not
observed for 1a. No peak assignable for a hydride was de-
tected by 1H NMR conducted for the same reaction proce-
dure as that for 1d.[15] Because the loss of hydrogen is a pos-
sible decomposition pathway for Rh-H species in the ab-
sence of additional H2, high-pressure NMR studies were fur-
ther carried out as follows: A mixture of [Rh ACHTUNGTRENNUNG(acac)(CO)2]
and 1a (Rh/1a= 1:5) was treated with H2/CO (1:1, 2.0 MPa
total) in a high-pressure NMR tube, and again no peak was
assignable to metal hydride. By 31P NMR, only the peak of
free ligand was assignable. Because there were a few broad
peaks, the mixture was heated at 100 8C. However, all of the
peaks remained as they were, and still no peak was observed
for a Rh�H bond (1H NMR) or for a Rh�P bond
(31P NMR), even after 16 h at 100 8C (Figure 6). The peaks
of the 31P NMR spectrum were not sharpened at 25 8C.


Figure 4. a) 1H and b) 31P{1H} NMR spectra of a mixture of 1d and [Rh ACHTUNGTRENNUNG(acac)(CO)2] (Rh/1d=1:1) under Ar (1 atm) in C6D6 after treatment with H2/CO
(1.0 MPa/1.0 MPa) at 70 8C for 16 h.


Figure 5. a) 1H and b) 31P{1H} NMR spectra of a mixture of 1d and [Rh ACHTUNGTRENNUNG(acac)(CO)2] (Rh/1d=1:5) under Ar (1 atm) in C6D6 after treatment with H2/CO
(1.0 MPa/1.0 MPa) at 70 8C for 16 h.
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In their studies on the silica-gel-supported Rh/xantphos
system, Reek, van Leeuwen, and co-workers[5] proposed that
the neutral Rh-H species is inactive for hydroformylation,
and that cationic rhodium species or neutral Rh-Cl species
are active for aldehyde hydrogenation. The lack of clear evi-
dence for the stable Rh-H species with 1a might be related
to its much higher hydrogenation activity than that with 1d,
but details for this are still unknown.


Conclusions


Using bidentate trialkylphosphine 1a, tandem hydroformy-
lation–hydrogenation of 1-decene was achieved with an n/i
ratio of up to 4.5. The more bulky bidentate ligand 1d re-
sulted in lower conversion of the aldehydes to alcohols. Al-
though the dissociation of one of the two phosphorus atoms
was anticipated for 1d, rather stable [RhH(CO)2ACHTUNGTRENNUNG(ligand)]
species was detected for 1d rather than for 1a.


Experimental Section


General : All operations involving air- or moisture-sensitive compounds
were carried out with standard Schlenk techniques under an argon at-
mosphere purified by passing through a hot column packed with BASF
R3-11 catalyst or in an argon-filled glove box, except where CO was used
as indicated. NMR spectra were recorded on a JEOL JNM-ECP500 spec-
trometer (500 MHz for 1H, 202 MHz for 31P, and 125 MHz for 13C). GC
data were collected on a Shimadzu-GC-14B instrument with an Agilent
J&W GC Column HP-1. MS data were measured on a JEOL JMS-700
mass spectrometer. Compound 2,2’-bis(chloromethyl)biphenyl,[11]


Me2PPMe2,
[10c] and iPr2PH-BH3,


[16] were synthesized according to pub-
lished procedures. neoPent2PH-BH3 and nHex2PH-BH3 were prepared by
reduction of neoPent2PCl[17] or nHex2PCl[18] with LiAlH4 and following
protection with BH3–THF complex.


Syntheses of ligands : Me-BISBI (1a): A potassium block (2.0 g,
51 mmol) was added to a solution of Me2PPMe2 (300 mg, 2.4 mmol) in
THF (20 mL) and stirred for 15 h at room temperature. The resulting
orange solution of KPMe2 was added dropwise to a solution of 2,2’-bis(-


chloromethyl)biphenyl (500 mg, 2.0 mmol) in THF (20 mL) at �35 8C.
After warming to room temperature and stirring for 6 h, volatiles were
removed. The residue was dissolved in THF and passed through a short
path of silica gel. The resulting solution was concentrated under reduced
pressure. The crude product was purified by preparative TLC (hexane/
THF= 100:1) to afford Me-BISBI as a colorless oil (190 mg, 0.63 mmol,
31%). 1H NMR (CDCl3): d=0.79 (broad, 6H, CH3), 0.88 (broad, 6H,
CH3), 2.44 (broad d, JH,H =12.2 Hz, 2 H, CH2), 2.53 (broad d, JH,H =


12.2 Hz, 2H, CH2), 7.07–7.26 ppm (m, 8 H, ArH); 13C NMR (CDCl3): d=


14.3 (d, JP,C = 14.3 Hz), 14.5 (d, JP,C =14.3 Hz), 36.6 (d, JP,C =14.3 Hz),
125.5 (s), 127.4 (s), 129.6 (d, JP,C =8.6 Hz), 131.0 (s), 136.7 (s), 140.8 ppm
(d, JP,C =2.9 Hz); 31P{1H} NMR (CDCl3): d=�41.8 ppm (s); HRMS
(FAB): m/z calcd for C18H25O2P2: 335.1330 [M+2O +H]+ , found:
335.1331.


nHex-BISBI (1b): nBuLi (0.60 mL, 1.6m solution in hexane, 0.94 mmol)
was added to a solution of nHex2PH-BH3 (200 mg, 0.92 mmol) in THF
(5.0 mL) at 0 8C. The resulting pale yellow solution was allowed to warm
to room temperature and stirred for 2 h. The solution was then cooled to
0 8C, and 2,2’-bis(chloromethyl)biphenyl (100 mg, 0.40 mmol) was added
as a solid. After warming to room temperature and stirring for overnight,
the reaction mixture was quenched with water. The product was extract-
ed with CH2Cl2, and the combined layers were dried over anhydrous
MgSO4. The solvent was evaporated under reduced pressure, and the re-
sulting residue was purified by preparative TLC (hexane/EtOAc =20:1)
to afford nHex-BISBI-BH3 (200 mg, 82%). 1H NMR (CDCl3): d =0.35
(broad d, JB,H =113 Hz, 6H, BH3), 0.86 (t, JH,H =7.2 Hz, 6H, CH3), 0.87
(t, JH,H =7.1 Hz, 6H, CH3), 1.03–1.42 (m, 40H, (CH2)5Me), 2.78 (dd,
JP,H =13.9 Hz, JH,H =13.9 Hz, 2 H, CH2Ar), 2.94 (dd, JP,H =10.2 Hz, JHH =


13.9 Hz, 2 H, CH2), 7.18–7.20 (m, 2 H, ArH), 7.30–7.34 (m, 2 H, ArH),
7.35–7.38 (m, 2 H, ArH), 7.45–7.48 ppm (m, 2 H, ArH); 31P{1H} NMR
(CDCl3): d=20.8 ppm (m). A part of the obtained nHex-BISBI-BH3


(100 mg, 0.16 mmol) was dissolved in HNEt2 (1.0 mL) and THF (1.0 mL)
and stirred for 4 days at 50 8C. The volatiles were removed under reduced
pressure, and the residue was dissolved in Et2O and passed through a
short path of silica gel. The resulting solution was concentrated under re-
duced pressure. The obtained crude product was purified by preparative
TLC (hexane/THF= 50:1) to afford nHex-BISBI as a colorless oil
(74 mg, 0.13 mmol, 78%). 1H NMR (CDCl3): d= 0.86 (t, JH,H =7.0 Hz,
6H, CH3), 0.88 (t, JH,H =6.9 Hz, 6 H, CH3), 1.13–1.40 (m, 40H,
(CH2)5Me), 2.47 (dd, JP,H =2.4 Hz, JH,H =13.5 Hz, 2H, CH2Ar), 2.57 (d,
JH,H =13.5 Hz, 2H, CH2Ar), 7.15–7.35 ppm (m, 8 H, ArH);13C NMR
(CDCl3): d= 14.3 (s), 22.7 (s), 25.7 (d, JP,C =12.5 Hz), 26.0 (d, JP,C =


13.4 Hz), 27.6 (d, JP,C =14.4 Hz), 27.9 (d, JP,C =14.4 Hz), 31.2 (d, JP,C =


10.5 Hz), 31.3 (d, JP,C =11.5 Hz), 31.7 (d, JP,C =5.7 Hz), 32.7 (d, JP,C =


16.3 Hz), 125.4 (s), 127.3 (s), 129.6 (d, JP,C =9.6 Hz), 130.9 (s), 137.4 (d,


Figure 6. a) 1H and b) 31P{1H} NMR spectra of a mixture of 1a and [Rh ACHTUNGTRENNUNG(acac)(CO)2] (Rh/1a=1:5) under H2/CO (1.0 MPa/1.0 MPa) in C6D6 after treat-
ment with H2/CO (1.0 MPa/1.0 MPa) at 100 8C for 16 h.


1726 www.chemasianj.org E 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 1722 – 1728


FULL PAPERS
K. Nozaki et al.







JP,C =5.7 Hz), 140.9 ppm (d, JP,C =2.9 Hz); 31P{1H} NMR (CDCl3): d=


�20.8 ppm (s); HRMS (FAB): m/z calcd for C38H65O2P2: 615.4460 [M+


2O +H]+ , found: 615.4460.


neoPent-BISBI (1c): nBuLi (0.86 mL, 1.6m solution in hexane, 1.4 mmol)
was added to a solution of neoPent2PH-BH3 (250 mg, 1.4 mmol) in THF
(3 mL) at 0 8C. The resulting pale yellow solution was allowed to warm
to room temperature and stirred for 2 h. The solution was then cooled to
0 8C, and 2,2’-bis(chloromethyl)biphenyl (170 mg, 0.67 mmol) was added
as a solid. After warming to room temperature and stirring for 24 h, the
reaction mixture was quenched with water. The product was extracted
with CH2Cl2, and the combined organic layers were dried over anhydrous
MgSO4. After the solvent was evaporated under reduced pressure, neoPr-
BISBI-BH3 was recrystallized from hexane/CHCl3 (231 mg, 62%).
1H NMR ACHTUNGTRENNUNG(CDCl3): d= 0.40 (broad, 6 H, BH3), 0.94 (s, 18H, CH3), 0.99 (s,
18H, CH3), 1.09–1.26 (m, 6H, CH2tBu), 1.50–1.56 (m, 2 H, CH2tBu), 2.77
(dd, JP,H =13.5 Hz, JH,H =13.5 Hz, CH2Ar), 3.06 (dd, JP,H =8.8 Hz, JH,H =


13.5 Hz, 2 H, CH2Ar), 7.20–7.22 (m, 2H, ArH), 7.33–7.40 (m, 4 H, ArH),
7.53–7.55 ppm (m, 2 H, ArH); 31P{1H} NMR (CDCl3): d =15.8 ppm (m).
A part of the obtained neoPr-BISBI-BH3 (185 mg, 0.33 mmol) was dis-
solved in HNEt2 (5.0 mL) and THF (5.0 mL) and stirred for 3 days at
50 8C. The volatiles were removed under reduced pressure. The residue
was dissolved in Et2O and passed through a short path of silica gel. The
resulting solution was concentrated under reduced pressure. The resulting
crude product was purified by preparative TLC (hexane/THF =100:1) to
afford neoPent-BISBI as a white powder (140 mg, 0.27 mmol, 80%).
1H NMR (CDCl3): d =0.75 (s, 18H, CH3), 0.86 (s, 18H, CH3), 1.13 (dd,
JP,H =4.2 Hz, JH,H = 14.1 Hz, 2H, CH2tBu), 1.21–1.26 (m, 4H, CH2tBu),
1.36 (dd, JP,H =4.2 Hz, JH,H =14.1 Hz, 2H, CH2tBu), 2.43 (d, JH,H =


13.5 Hz, 2 H, CH2Ar), 2.58 (d, JH,H =13.5 Hz, 2H, CH2Ar), 7.13–7.20 (m,
4H, ArH), 7.22–7.25 (m, 2H, ArH), 7.37–7.39 ppm (m, 2H, ArH);
13C{1H} NMR (CDCl3): d=30.8 (d, JP,C =8.6 Hz), 30.9 (d, JP,C =9.6 Hz),
31.3 (d, JP,C =14.4 Hz), 31.5 (d, JP,C =14.4 Hz), 36.2 (d, JP,C =16.3 Hz), 45.1
(d, JP,C = 17.3 Hz), 45.8 (d, JP,C =18.2 Hz), 125.4 (d, d, JP,C =1.9 Hz), 127.1
(s), 130.0 (d, JP,C =10.6 Hz), 131.1 (s), 137.6 (d, JP,C =6.7 Hz), 141.4 ppm
(d, JP,C =2.9 Hz); 31P{1H} NMR (CDCl3): d=�37.9 ppm (s); HRMS
(FAB): m/z calcd for C34H57O2P2: 559.3834 [M +2O+ H]+ , found:
559.3840.


iPr-BISBI (1d): nBuLi (5.0 mL, 1.6m solution in hexane, 8.0 mmol) was
added to a solution of iPr2PH-BH3 (1.06 g, 8.0 mmol) in THF (10 mL) at
0 8C. The resulting pale yellow solution was allowed to warm to room
temperature and stirred for 2 h. The solution was then cooled to 0 8C,
and 2,2’-bis(chloromethyl)biphenyl (1.0 g, 4.0 mmol) was added as a
solid. After warming to room temperature and stirring overnight, the re-
action mixture was quenched with water. The product was extracted with
CH2Cl2, and the combined organic layers were dried over anhydrous
MgSO4. After the solvent was evaporated under reduced pressure, iPr-
BISBI-BH3 was recrystallized from toluene/hexane (1.1 g, 62%).
1H NMR (CDCl3): d=0.40 (broad d, JB,H = 111 Hz, 6H, BH3), 0.71–0.78
(m, 12 H, CH3), 0.92 (dd, JP,H =13.5 Hz, JH,H =7.1 Hz, 6 H, CH3), 1.07 (dd,
JP,H =14.2 Hz, JH,H =7.1 Hz, 6H, CH3), 1.59–1.70 (m, 2H, CH), 1.76–1.87
(m, 2 H, CH), 2.79 (dd, JP,H =14.2 Hz, JH,H =14.2 Hz, 2 H, CH2), 2.92 (dd,
JP,H =10.3 Hz, JH,H =14.2 Hz, 2 H, CH2), 7.19–7.21 (m, 2 H, ArH), 7.30–
7.37 (m, 4 H, ArH), 7.66–7.68 ppm (m, 2 H, ArH); 31P{1H} NMR (CDCl3):
d=38.0 ppm (m). A part of the obtained iPr-BISBI-BH3 (300 mg,
0.68 mmol) was dissolved in HNEt2 (5.0 mL) and THF (2.0 mL) and
stirred for 4 days at 50 8C. The volatiles were removed under reduced
pressure. The resulting residue was purified by silica gel column chroma-
tography (hexane/THF =30:1) to afford iPr-BISBI as a colorless oil
(180 mg, 64%). 1H NMR (CDCl3): d =0.72–0.80 (m, 6H, CH3), 0.95–1.02
(m, 6 H, CH3), 1.41–1.54 (m, 2 H, CH), 1.59–1.60 (m, 2H, CH), 2.51 (dd,
JP,H =4.0 Hz, JH,H =14.0 Hz, 2H, CH2), 2.61 (d, JH,H =14.0 Hz, 2H, CH2),
7.15–7.35 (m, 6H, ArH), 7.47 ppm (d, JP,H =7.3 Hz,2 H, ArH); 13C NMR
(CDCl3): d=19.3 (d, JP,C =12.5 Hz), 19.5 (d, JP,C =12.5 Hz), 19.57 (d,
JP,C =10.5 Hz), 19.64 (d, JP,C =13.4 Hz), 23.3 (d, JP,C =14.4 Hz), 27.0 (d,
JP,C =20.1 Hz), 125.4 (s), 127.3 (s), 123.0 (d, JP,C = 11.5 Hz), 130.9 (s), 138.2
(d, JP,C =8.6 Hz), 141.2 ppm (d, JP,C =2.9 Hz); 31P{1H} NMR (CDCl3): d=


11.4 ppm (s); HRMS (FAB): m/z calcd for C26H41O2P2: 447.2572 [M+


2O +H]+ , found: 447.2578.


Tandem hydroformylation–hydrogenation with Rh-Bu3P (Figures 1 and
2). A mixture of Bu3P (10.1 mg, 0.050 mmol), [Rh ACHTUNGTRENNUNG(acac)(CO)2] (2.8 mg,
0.010 mmol), and 1-decene (0.20 mL, 1.0 mmol) in ethanol (1.0 mL) was
degassed by three freeze–thaw cycles in a Schlenk tube. The solution was
transferred into a 50-mL autoclave under Ar, and then H2/CO (1:1,
4.0 MPa) was introduced. The mixture was stirred at 120 8C for the ap-
propriate time and then cooled to room temperature. After the H2/CO
pressure was released, dodecane was added, and the mixture was stirred
for a few minutes. The conversion and the yields of products were deter-
mined by GC (Agilent J&W GC Column HP-1; 50 8C 2 min, then heated
to 270 8C at a rate of 10 8C min�1) using dodecane as an internal standard.


Tandem hydroformylation–hydrogenation with Rh-alkyl-BISBIs
(Table 1). A mixture of alkyl-BISBI, [Rh ACHTUNGTRENNUNG(acac)(CO)2] (2.8 mg,
0.010 mmol), and 1-decene (0.20 mL, 1.0 mmol) in ethanol (1.0 mL) was
degassed by three freeze–thaw cycles in a Schlenk tube. The solution was
transferred into a 50-mL autoclave under Ar, and then H2/CO (1:1,
4.0 MPa) was introduced. The mixture was stirred at 150 8C for the ap-
propriate time and then cooled to room temperature. The conversion and
yields of the products were analyzed as mentioned above.


Analysis of the reaction mixture by 31P NMR spectroscopy. The reaction
was carried out by using Me-BISBI (1a) according to the procedure de-
scribed above (Rh/1a=1:5, H2/CO =1:1 (4.0 MPa), 135 8C, 4 h). An ali-
quot of the reaction mixture was drawn up by syringe under argon and
dissolved in CDCl3. The 31P NMR spectrum of the sample showed that
the parent compound 1a (~60 %) and Rh-bound 1a (~20 %) were pres-
ent while oxidized 1a (~20%) also formed.


NMR studies of the Rh complexes. A mixture of alkyl-BISBI
(0.050 mmol) and [Rh ACHTUNGTRENNUNG(acac)(CO)2] (2.8 mg, 0.010 mmol) in C6D6


(1.0 mL) was put into a high-pressure NMR sample tube. The tube was
filled with H2/CO (1:1, 2.0MPa) and heated in an oil bath (Me-BISBI,
100 8C; iPr-BISBI, 70 8C) for 16 h. 1H and 31P{1H} NMR spectra were
then taken at 100 8C.
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