
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




DOI: 10.1002/asia.200600256


Titanium and Zirconium Complexes with Non-Salicylaldimine-Type Imine–
Phenoxy Chelate Ligands: Syntheses, Structures, and Ethylene-


Polymerization Behavior


Yasuhiko Suzuki,[a] Hidetsugu Tanaka,[a] Toshiyuki Oshiki,[b] Kazuhiko Takai,[b] and
Terunori Fujita*[a]


Introduction


Since the advent of highly active Group 4 metallocene cata-
lysts for olefin polymerization,[1] well-defined transition-


metal complexes with various ligand sets have been studied
extensively as potentially viable catalysts. This is because
homogeneous catalysts based on well-defined transition-
metal complexes can control the molecular weights and mi-
crostructures of the resultant polymers, unlike ill-defined
heterogeneous catalysts.


As Group 4 metallocene and related catalysts have re-
cently enjoyed success in the commercial production of a
wide array of high-performance polymers,[2] there is a grow-
ing academic and industrial interest in the development of
non-Cp-based catalysts (Cp=cyclopentadienyl). Intense re-
search efforts centered on the design and synthesis of transi-
tion-metal complexes for olefin polymerization have intro-
duced numerous new high-activity catalysts based on transi-
tion-metal complexes that incorporate non-Cp ligands.[3] No-
table examples include Ni and Pd complexes with diimine li-
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X-ray crystallographic analysis of the
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zwitterionic complex in which H and
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one of the imine nitrogen atoms and
the central metal, respectively. The X-
ray molecular structure also indicates
that one imine phenoxy group with the
syn C=N configuration functions as a
bidentate ligand, whereas the other, of


the anti C=N form, acts as a monoden-
tate phenoxy ligand. Although Zr com-
plexes 3 and 4 with methylaluminoxane
(MAO) or [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3


displayed moderate activity, the Ti con-
geners 1 and 2, in association with an
appropriate activator, catalyzed ethyl-
ene polymerization with high efficien-
cy. Upon activation with MAO at
25 8C, 2 displayed a very high activity
of 19900 (kg PE) ACHTUNGTRENNUNG(mol Ti)�1 h�1, which is
comparable to that for [Cp2TiCl2] and
[Cp2ZrCl2], although increasing the
polymerization temperature did result
in a marked decrease in activity. Com-


plex 2 contains a C6F5 group on the
imine nitrogen atom and mediated
nonliving-type polymerization, unlike
the corresponding salicylaldimine-type
complex. Conversely, with [Ph3C]+[B-
ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 activation, 1 exhibited
enhanced activity as the temperature
was increased (25–75 8C) and main-
tained very high activity for 60 min at
75 8C (18740 (kg PE) ACHTUNGTRENNUNG(mol Ti)�1 h�1).
1H NMR spectroscopic studies of the
reaction suggest that this thermally
robust catalyst system generates an
amine–phenoxy complex as the catalyt-
ically active species. The combinations
1/ ACHTUNGTRENNUNG[Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 and 2/
MAO also worked as high-activity cat-
alysts for the copolymerization of eth-
ylene and propylene.
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gands,[4] Ni complexes with phenoxy–imine ligands,[5] Fe and
Co complexes with diimine–pyridine ligands,[6] Ti complexes
with diamide,[7] phosphinimide,[8] or phenoxy–thioether li-
gands,[9,10] Zr complexes with phenoxy–quinoline ligands,[11]


Zr and Hf complexes with phenoxy–oxazoline ligands,[12] Ti,
Zr, and Hf complexes with diamide–ether,[13] diamide–
amine,[14] bisphenoxy–amine,[15] tris(pyrazolyl)borate,[16] or
phenoxy–phosphine ligands,[17] V complexes with imide–
phenoxy ligands,[18] and Ta complexes with amide–pyridine
ligands.[19,20] These complexes (with methylaluminoxane
(MAO) or borate activation) show high catalytic activity,
and some of them exhibit unique catalysis in polymerization
to furnish distinctive polymers (e.g., hyperbranched polyeth-
ylenes (PEs), monodispersed poly(higher a olefin)s, ethyl-
ene/polar monomer copolymers, a olefin based block co-
polymers).


For our part, we investigated
well-defined transition-metal
complexes that bear nonsym-
metric ligands with electronical-
ly flexible properties (ligand-
oriented catalyst design) in an
effort to obtain new and highly
active catalysts.[21] As a conse-
quence, we developed new fam-
ilies of transition-metal com-
plexes,[22–37] which include complexes that feature phenoxy–
imine (with early transition metals; FI catalysts),[22–30] pyrro-
lide–imine (with Ti, Zr, and Hf; PI catalysts),[32] indolide–
imine (with Ti; II catalysts),[33] and phenoxy–ether ligands
(with Ti; FE catalysts)[35] for olefin polymerization. These
complexes, with appropriate activators (e.g., MAO, [Ph3C]+


[BACHTUNGTRENNUNG(C6F5)4]
�/AliBu3, MgCl2/RnAl ACHTUNGTRENNUNG(OR’)m, heteropolycom-


pounds/R3Al),[24] have many unique and practical features,
such as the highly controlled living polymerization of ethyl-
ene, propylene, ethylene/a olefins, and ethylene/norbornene
to form a variety of block copolymers with interesting mo-
lecular architectures.[23,25, 26,32c,e, 33b] Furthermore, these com-
plexes have the potential to produce ultrahigh-molecular-
weight PEs and ethylene/a olefin copolymers, ultrafine non-
coherent particle PEs with ultrahigh molecular weights,
well-defined and controlled multimodal PEs, highly isotactic
and syndiotactic polypropylenes with exceptionally high Tm


values, and stereo- and regioirregular high-molecular-weight
poly ACHTUNGTRENNUNG(1-hexene)s.[27–30] Recent reviews cover much of this
work.[21]


As part of a program to develop new catalysts for olefin
polymerization, we synthesized Group 4 transition-metal
complexes that bear non-salicylaldimine-type imine–phen-
oxy chelate ligands with the general formula [{2,4-di-tBu-6-
(RCH=N)C6H4O}2MCl2] (M=Ti or Zr, R=Ph or C6F5)
and examined their potential as catalysts in olefin polymeri-
zation. This ligand design was chosen to investigate the ef-
fects of using ligands that are structurally different but con-
tain the same coordination sites on the catalytic properties
of the resulting complexes.


Herein, we report on the syntheses and ethylene-polymer-
ization behavior of new Ti and Zr complexes with imine–
phenoxy chelate ligands and compare them with the struc-
turally related salicylaldimine-type bis(phenoxy–imine) com-
plexes (FI catalysts). We also describe the molecular struc-
ture of an HCl adduct with one of the complexes, which
constitutes a zwitterionic complex. Part of this work has
been communicated previously.[35]


Results and Discussion


Syntheses and Characterization


The synthetic route used to prepare the complexes em-
ployed herein, bis(imine–phenoxy)–Ti or –Zr complexes 1–
4, is outlined in Scheme 1. The reaction of an aminophenol


with a benzaldehyde yielded an imine–phenoxy ligand (R=


Ph: 80 %; R=C6F5: 68 %). Complex formation was per-
formed by treating the lithium or sodium salts of the imine–
phenoxy ligand with TiCl4 or [ZrCl4ACHTUNGTRENNUNG(thf)2] (1: 82 %; 2 : 59 %;
3 : 59 %; 4 : 47 %; 1, 2 : reddish-brown powder; 3, 4 : orange
powder).


Complexes 1–4 were characterized by field desorption
mass spectrometry (FD MS; 1–4), elemental analysis (1–4),
and X-ray analysis (1·HCl; see following section). As 1–4
contain a pair of nonsymmetric bidentate ligands with imine
(RCH=NR’) moieties, they consist of multiple isomers re-
sulting from the different modes of ligand coordination, the
attached/detached state of the imine nitrogen atoms, and
syn/anti configurations with respect to the C=N double
bonds.


Complex 1 in C6D6 at 25 8C exhibited involved 1H NMR
signals derived from the tert-butyl groups (Figure 1 a), which
suggest that this complex exists as a mixture of structural
isomers. Interestingly, however, these complicated signals
were irreversibly simplified into three pairs of peaks at 75 8C
(Figure 1 b). This spectral simplification was not caused by
the decomposition of the complex, because the solution dis-
played FD MS peaks that were identical to those of the
original solution. Therefore, the structural isomers seem to
be reorganized into three energetically favorable and sym-
metrical isomers in solution at 75 8C, although their struc-
tures are presently unclear owing to a large number of pos-
sible isomers.[38]


In contrast, complex 2 with a C6F5 group on the imine
carbon atom at 25 8C exhibited a relatively simple 1H NMR
spectrum, which included a set of major peaks that can be


Scheme 1. Synthesis of complexes 1–4.
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assigned to a symmetrical structure (Figure 2). Notably, a
salicylaldimine-type Ti complex with a C6F5 group on the
imine nitrogen atom displays a simpler 1H NMR spectrum
than the corresponding nonfluorinated com-
ACHTUNGTRENNUNGpound.[23a,b, 25b,c,28d,e] Zr complexes 3 and 4 exhibited similar
NMR behavior to the corresponding Ti congeners. The re-
sults described herein, along with our previous, indicate that
a ACHTUNGTRENNUNGbis(phenoxy–imine)-type Group 4 transition-metal com-
plex can exist as a mixture of isomers in solution,[21] presum-
ably an intrinsic feature of complexes of this type.


X-ray Analysis


Although all attempts to prepare single crystals of the com-
plexes suitable for X-ray analysis failed and resulted in the


formation of fine powders, a solution of complex 1 in
CH2Cl2 afforded a small number of crystals, and these
turned out to consist of 1·HCl adduct.[39] X-ray analysis
showed that the adduct exists as a zwitterionic complex, in
which H and Cl are located in close proximity to one of the
imine nitrogen atoms and Ti, respectively (Figure 3 and
Table 1). This is a rare example of a zwitterionic complex
with an iminium structure.[40a] The X-ray molecular structure
of the zwitterionic complex provides some important struc-
tural information about complexes of this type.


X-ray studies revealed that one of the imine–phenoxy
groups functions as a bidentate ligand with syn-imine config-
uration (i.e., the phenyl group was directed outwards), [40b]


whereas the other functions as a monodentate phenoxy
ligand with the intrinsically stable anti-imine configuration
(i.e., the phenyl group was directed inwards). The coordina-
tion around the central metal was pseudooctahedral with
two elongated Ti�Cl bonds (Ti�Cl2 and Ti�Cl3). Notably,
the two phenoxy oxygen atoms, which normally favor a


Figure 1. 1H NMR spectra of complex 1 observed at a) 25 8C and b) 75 8C
in C6D6. *=Residual solvent peak.


Figure 2. 1H NMR spectra of complex 2 observed at 25 8C in C6D6.
*=Residual solvent peak.


Figure 3. ORTEP view of the molecular structure of the zwitterionic
complex 1·HCl. Selected bond lengths (P) and angles (8): Ti�Cl1
2.325(1), Ti�Cl2 2.414(1), Ti�Cl3 2.406(1), Ti�O1 1.831(3), Ti�O2
1.827(3), Ti�N1 2.260(3), N2�H47 0.67; Cl1�Ti�O1 90.1(1), Cl1�Ti�O2
97.2(1), Cl1�Ti�N1 84.9(1), Cl1�Ti�Cl2 86.95(5), Cl3�Ti�O1 92.81(10),
Cl3�Ti�O2 88.8(1), Cl3�Ti�N1 89.1(1), Cl3�Ti�Cl2 87.89(5), O1�Ti�N1
76.7(1), N1�Ti�Cl2 81.95(10), Cl2�Ti�O2 98.36(9), O2�Ti�O1 103.0(1),
Ti�O1�C1 124.3(3), Ti�O2�C22 165.7(3).


Table 1. Crystallographic data for 1·HCl.


Empirical formula C42H53Cl3N2O2Ti b [8] 95.186(5)
FW 772.15 V [P3] 4215.0(6)
Crystal size [mm] 0.20 Q 0.10 Q 0.10 Z 4
Crystal color red dcalcd [gcm�3] 1.22
T [K] 150 m [cm�1] 4.3
Crystal system monoclinic R1


[a] 0.092
Space group P21/c (No. 14) wR2


[b] 0.217
a [P] 12.4805(6) Goodness of fit 1.84
b [P] 17.998(2)
c [P] 18.841(2)


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= [�w ACHTUNGTRENNUNG(Fo
2�Fc


2)2/�w ACHTUNGTRENNUNG(Fo
2)2]


1=2 for
I>2s(I).
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trans-located arrangement because of their highly anionic
and short-bond-length nature, are cis-located. In this case, a
phenoxy oxygen and an anionic chlorine atom are in a trans
configuration.[37]


1H NMR spectroscopic analysis at 25 8C showed that the
adduct displays a 1H NMR spectrum similar to that of com-
plex 1; the resonance of H47 was missing. At 75 8C, it yield-
ed practically an identical 1H NMR spectrum to that ob-
served for 1 at the same temperature. Upon activation with
[Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3, the adduct provided ethylene-
polymerization results similar to those for 1/ ACHTUNGTRENNUNG[Ph3C]+[B-
ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3, which are described below.


Ethylene Polymerization with MAOActivation


Complexes 1–4 were screened as catalysts for ethylene poly-
merization in the presence of MAO under ethylene at at-
mospheric pressure. The results are presented in Table 2.


Complexes 1 and 3 with MAO at 25 8C polymerized ethyl-
ene to produce high-molecular-weight PEs with a moderate
activity of 130 (kg PE) (mol metal)�1h�1, which is substantial-
ly lower than those attained for the relevant salicylaldimine-
type complexes (i.e. , FI catalysts) under analogous condi-
tions.[22a–d] The activity of 4/MAO was too low to allow
meaningful product analysis. Changes in the polymerization
temperature for 1, 3, and 4 had no significant influence on
catalytic activity.


Remarkably, 2/MAO at 25 8C exhibited a very high activi-
ty of 19 900 (kg PE) ACHTUNGTRENNUNG(mol Ti)�1 h�1, which is comparable to
that found for early Group 4 metallocene catalysts under
the same polymerization conditions (e.g., [Cp2TiCl2]
1670 (kg PE) ACHTUNGTRENNUNG(mol Ti)�1 h�1, [Cp2ZrCl2] 2000 (kg PE)
ACHTUNGTRENNUNG(mol Zr)�1 h�1). Indeed, this activity represents one of the
highest values reported to date for Ti-based non-metallo-
cene catalysts under conditions of atmospheric pressure.
The high activity may be attributed to the effect of the elec-


tron-withdrawing C6F5 group on the imine carbon atom,
which makes the central metal more electron-deficient and,
thus, more reactive toward ethylene. A similar, but less re-
markable, effect of an electron-withdrawing substituent on
catalytic activity was observed for the salicylaldimine-type
bis(phenoxy–imine) Group 4 metal complexes.[41]


By analogy with the polymerization behavior of a sali-
ACHTUNGTRENNUNGcylaldimine-type bis(phenoxy–imine)–Ti complex that con-
tains a C6F5 group on the imine nitrogen atom, one would
expect that complex 2 would initiate living ethylene poly-
merization induced by an attractive interaction between the
F atom and a b-H atom on a growing polymer chain.[21b,f, 23, 42]


The PE formed from this catalyst system has a broad molec-
ular-weight distribution (Mw/Mn) of 5.21 (Mw=15 000), sug-
gesting that multiple active species are in operation in the
polymerization. In fact, this is unsurprising, as we have often
observed multimodal behavior with a structurally related
ACHTUNGTRENNUNGbis(phenoxy–imine) complex/MAO system,[27b,c] which is
probably due to the presence of structural isomers of the
active species. Density functional theory (DFT) calculations
on the most-probable isomer with the syn-imine configura-
tion suggest that there is practically no interaction between
the F and b-H atoms (3.66 P), and that a strong b agostic in-
teraction exists between the Ti and b-H atoms (0.69 P)
(Figure 4), which is consistent with the observation that 2/
MAO catalyzed nonliving-type polymerization and furnish-
ed low-molecular-weight PEs.


For the 2/MAO system, an increase in the polymerization
temperature led to a marked decrease in catalytic activity
(Table 2). This behavior is probably due to catalyst decay.
Although the mode of catalyst decay is unknown, the fact
that the reaction of 2 with MAO for 30 min at 75 8C fol-
lowed by protonolysis resulted in the recovery of the origi-
nal imine–phenoxy ligand in 87 % yield suggests that cata-
lyst decay is not caused by the nucleophilic addition of a
methide group to the imine moiety.[43]


Table 2. Ethylene polymerization with MAO activation.[a]


Entry Catalyst
ACHTUNGTRENNUNG([mmol])


T
[8C]


Yield
[mg]


Activity[b] Mv


ACHTUNGTRENNUNG[10�4]


1 1 (5) 25 54 130 268
2 1 (5) 50 53 130 236
3 1 (5) 75 45 110 224
4 2 (0.2) 25 331 19900 2.6
5 2 (5) 50 174 420 3.7
6 2 (5) 75 38 90 48
7 3 (5) 25 54 130 142
8 3 (5) 50 53 130 99
9 3 (5) 75 22 50 –[c]


10 4 (5) 25 16 40 –[c]


11 4 (5) 50 13 30 –[c]


12 4 (5) 75 7 30 –[c]


[a] Conditions: reaction time 5 min, toluene 250 mL, ethylene gas flow
100 Lh�1, pressure 0.1mPa, MAO 1.25 mmol. [b] (kg PE) (mol me-
tal)�1 h�1. [c] Unavailable owing to low polymer yield.


Figure 4. DFT-optimized structure of a plausible catalytically active spe-
cies. The central metal is positively charged and bound to an n-propyl
group (polymer-chain model). Only b-hydrogen atoms are shown for
clarity.
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Ethylene Polymerization with [Ph3C]
+[B ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3
Activation


The ethylene-polymerization behavior of complexes 1–4 was
also investigated with [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 activation
under atmospheric pressure. A summary of the polymeri-
zation results is shown in Table 3. Complexes 3 and 4 dis-


played moderate activities and formed PEs with high to
very high molecular weights over a temperature range of
25–75 8C.


The polymerization characteristics of complexes 1 and 2
are considerably different from those observed for MAO ac-
tivation. Complex 2 with [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 at 25 8C
afforded a high-molecular-weight PE with moderate activity
(Mv=1710 000, 160 (kg PE) ACHTUNGTRENNUNG(mol Ti)�1 h�1), whereas, as de-
scribed, 2 with MAO provided a low-molecular-weight PE
with a very high activity (Mw=15 000, 19 900 (kg PE)
ACHTUNGTRENNUNG(mol Ti)�1 h�1). Furthermore, unlike with MAO activation, 1
with [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 is a highly active catalyst
and forms high-molecular-weight PEs.


One striking feature that was observed is that complex 1
with [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 exhibited enhanced activity
with an increase in polymerization temperature. The activity
of 21 420 (kg PE) ACHTUNGTRENNUNG(mol Ti)�1 h�1 that was obtained at 75 8C is
one of the highest for ethylene polymerization ever record-
ed among Ti-based homogeneous catalysts under atmos-
pheric pressure. Analysis of the PE formed with 1/ ACHTUNGTRENNUNG[Ph3C]+


[BACHTUNGTRENNUNG(C6F5)4]
�/AliBu3 at 75 8C by gel permeation chromatogra-


phy (GPC) revealed a narrow molecular-weight distribution
(Mw/Mn) of 2.26 (Mw=374 000), which is consistent with the
operation of a single-site catalyst, despite the catalyst pre-
cursor being a mixture of isomers. Notably, at 75 8C, this cat-
alyst system was long-lived and virtually maintained its very
high activity for 1 h (18 740 (kg PE) ACHTUNGTRENNUNG(mol Ti)�1 h�1). These re-
sults indicate a very high potential for 1 with [Ph3C]+[B-


ACHTUNGTRENNUNG(C6F5)4]
�/AliBu3 to act as a catalyst for olefin polymeri-


zation. No enhancing effect on catalytic activity due to the
C6F5 group was observed for 2, unlike with MAO activation.
As for the catalytic performance of TiCl4 combined with
[Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 (75 8C, activity 320 (kg PE)
ACHTUNGTRENNUNG(mol Ti)�1 h�1, Mv=1760 000), which is similar to that for 2
with [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/AliBu3, it is possible that the de-
composition of the active species derived from 2/ ACHTUNGTRENNUNG[Ph3C]+[B-
ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 is responsible. The zwitterionic complex
(1·HCl) combined with [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 exhibited
essentially the same ethylene-polymerization behavior
(75 8C, 20 910 (kg PE) ACHTUNGTRENNUNG(mol Ti)�1 h�1) as 1 with [Ph3C]+[B-
ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 activation. During the course of our study
into ethylene polymerization, we noted the presence of an
induction period for polymerization with the 1/ ACHTUNGTRENNUNG[Ph3C]+[B-
ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 catalyst system.[35]


The great difference in catalytic performance observed
between MAO and [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 activation for
complexes 1 and 2, together with the presence of the induc-
tion period for the [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 activation
system, suggest that activation of these complexes with
MAO and [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 results in a structural-
ly different active species with different ethylene-polymeri-
zation behavior.


We elucidated from reaction 1H NMR spectroscopic stud-
ies that the imine groups of the complexes are susceptible to
reduction by AliBu3 (and its contaminant AliBu2H) to form
an amine group, with the concurrent formation of isobutene
(Figure 5). The treatment of complex 1 with AliBu3 in an
NMR tube resulted in the appearance of resonances charac-
teristic of an AB system centered at 4.40 and 4.51 ppm (2J=
14.7 Hz), which were attributed to diastereotopic benzyl
protons, as well as a sharp multiplet resonance centered at
4.78 ppm, assigned to isobutene protons. These results show
that the imine–phenoxy ligand was converted into an


Table 3. Ethylene polymerization with [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]
�/AliBu3


ACHTUNGTRENNUNGactivation.[a]


Entry Catalyst
ACHTUNGTRENNUNG([mmol])


T
[8C]


Yield
[mg]


Activity[b] Mv


ACHTUNGTRENNUNG[10�4]


1 1 (5) 25 34 70 –[c]


2 1 (5) 50 1576 1380 117
3 1 (0.2) 75 357 21420 64
4[d] 1 (0.2) 75 3748 18740 59
5 2 (5) 25 67 160 171
6 2 (5) 50 81 200 161
7 2 (5) 75 128 310 166
8 3 (5) 25 73 180 –[c]


9 3 (5) 50 213 510 72
10 3 (5) 75 149 360 133
11 4 (5) 25 34 80 –[c]


12 4 (5) 50 63 150 151
13 4 (5) 75 45 110 142


[a] Conditions: reaction time 5 min, toluene 250 mL, ethylene gas flow
100 Lh�1, pressure 0.1mPa, MAO 1.25 mmol. [b] (kg PE) (mol me-
tal)�1 h�1. [c] Unavailable owing to low solubility of the polymer pro-
duced in decalin under the conditions for intrinsic viscosity measure-
ments. [d] Reaction time 60 min.


Figure 5. 1H NMR spectra of 1/AliBu3 (0.02m/0.25m) in C6D6 after 10 min
at a) 50 8C and b) 75 8C. The vertical scales were adjusted by using the
ACHTUNGTRENNUNGresidual solvent peaks as a reference.
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amine–phenoxy ligand by reduction with AliBu3 (and its
contaminant AliBu2H),[44] which also produced isobutene
during the reaction. The reduction was complete after
10 min at 75 8C, whereas the same process took about
30 min at 50 8C and was incomplete even after 24 h at
25 8C.[45] The addition of [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


� followed by
ethylene to the resulting mixture in the NMR tube afforded
the PE.


The reduction of the imine moiety was further confirmed
by the fact that protonolysis of a mixture of complex 1 and
AliBu3 (which was pretreated at 75 8C for 30 min) yielded
an amine–phenoxy ligand in 91 % yield. The above results
allow us to postulate the formation of a bis(amine–phen-
oxy)–Ti complex with AliBu2 attached to the amine donor
as a catalytically active species for the 1/ ACHTUNGTRENNUNG[Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/
AliBu3 system. Although we observed a similar reduction of
bis(phenoxy–imine)–Ti, –Zr, or –Hf complexes with Al-
ACHTUNGTRENNUNGiBu3,


[22c,27a, 28a,46] it is noteworthy that the reduced species is
more catalytically active in this case.


As described above, a high temperature is required for ef-
ficient conversion of the imine into the amine, resulting in
the formation of a highly active species for ethylene poly-
merization. The reduced species derived from complex 1
displayed a very high activity at 75 8C, whereas low activity
was encountered at 25 8C (Table 4, entries 1 and 2). Thus, a
higher temperature is necessary for both the formation of
an active species with amine–phenoxy ligands and for effi-
cient catalysis. As expected, 1/AliBu3 in the absence of
[Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


� hardly promoted ethylene polymeri-
zation (Table 4, entry 3), which is consistent with the general
proposal that the active species is a cationic metal complex.


Ethylene/Propylene Copolymerization


Ethylene/propylene copolymerization with complex 1 or 2
was performed under conditions that provided the highest
ethylene-polymerization activity for each of the complexes
(Table 5). Both 1 with [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 at 75 8C
and 2 with MAO at 25 8C were found to produce copoly-
mers with high efficiency. The 1/ ACHTUNGTRENNUNG[Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3


system displayed a greater ability to incorporate propylene
and formed a copolymer with higher propylene content and
molecular weight than 2/MAO. The advantage of 1/ ACHTUNGTRENNUNG[Ph3C]+


[BACHTUNGTRENNUNG(C6F5)4]
�/AliBu3 in terms of propylene incorporation may


be attributed to the more-electrophilic and sterically open
nature of the active species, which stems from the lower co-
ordination ability of an amine relative to an imine donor.


Conclusions


In summary, we have demonstrated that Ti and Zr com-
plexes 1–4 supported by non-salicylaldimine-type imine–
phenoxy ligands are readily synthesized and provide active
catalysts for the polymerization of ethylene after activation
with MAO or [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/AliBu3. In particular, Ti
complexes 1 and 2 polymerized ethylene with very high effi-
ciency when combined with an appropriate activator. The
combinations 1/ ACHTUNGTRENNUNG[Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 and 2/MAO dis-
played very high activities that are comparable to those ob-
served for [Cp2TiCl2] and [Cp2ZrCl2]. These catalyst systems
also efficiently promoted the copolymerization of ethylene
and propylene. We have revealed that 1/ ACHTUNGTRENNUNG[Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


�/
AliBu3 generates an amine–phenoxy complex as a catalyti-
cally active species; this is a long-lived catalyst that main-
tains a very high activity for 1 h at 75 8C. The results report-
ed herein further indicate the high potential of transition-
metal complexes that incorporate phenoxy-based ligands for
olefin polymerization.[3d]


Experimental Section


General


All manipulations were carried out under an inert atmosphere of argon
or nitrogen by using standard Schlenk or glovebox techniques. Anhy-
drous ethanol, n-hexane, n-pentane, and toluene were purchased from
Kanto Chemical Co., Inc. and used without further purification. THF,
CH2Cl2, and Et2O were dried with columns of molecular sieves and acti-
vated Al2O3 under N2. The toluene that was used as a polymerization sol-
vent was obtained from Wako Pure Chemical Industries, Ltd. and dried
over Al2O3 under N2. MAO was purchased from Albemarle as a solution
in toluene (1.2m), and the remaining trimethylaluminum was evaporated
under vacuum, providing a solid white powder. AliBu3 (Tosoh-Akzo Co.,
Ltd.) and [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


� (Asahi Glass Co.) were used as received.
Synthesis details with regard to 2-amino-4,6-di-tert-butylphenol are de-
scribed in the Supporting Information. Polymerization-grade ethylene
and propylene were obtained from Sumitomo Seika Co., Ltd. and Mitsui
Chemicals, Inc., respectively. All other chemicals were obtained commer-
cially and used as received.
1H NMR spectra were recorded on a JEOL 270 spectrometer (270 MHz).
CDCl3 and C6D6 were dried over activated alumina. Chemical shifts are


Table 4. Ethylene polymerization with 1.[a]


Entry Catalyst Activator T
[8C]


Yield
[mg]


Activity[b]


1 1/AliBu3
[c]


ACHTUNGTRENNUNG[Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]
� 75 3125 7800


2 1/AliBu3
[c]


ACHTUNGTRENNUNG[Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]
� 25 43 100


3 1 AliBu3 75 2 10
4 1 ACHTUNGTRENNUNG[Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


�/AliBu3 75 2410 5780


[a] Conditions: reaction time 5 min, toluene 250 mL, ethylene gas flow
100 Lh�1, pressure 0.1mPa, catalyst 5 mmol, [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


� 6 mmol,
AliBu3 0.25 mmol. [b] (kg PE) ACHTUNGTRENNUNG(mol Ti)�1 h�1. [c] Pretreated at 75 8C for
5 min before the addition of [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


� .


Table 5. Ethylene/propylene polymerization with titanium complexes 1
and 2.[a]


Catalyst Activator T
[8C]


Yield
[mg]


Activity[b] Mv


ACHTUNGTRENNUNG[10�4]
Propylene
ACHTUNGTRENNUNG[mol%]


1 ACHTUNGTRENNUNG[Ph3C]+[B-
(C6F5)4]


�/AliBu3


75 683 820 5.8 14.6


2 MAO 25 925 1110 1.2 4.2


[a] Conditions: reaction time 10 min, toluene 250 mL, ethylene gas flow
50 Lh�1, propylene gas flow 150 Lh�1, pressure 0.1mPa, catalyst 5 mmol,
[Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]


� 6 mmol, AliBu3 0.25 mmol, MAO 1.25 mmol.
[b] (kg polymer) / ACHTUNGTRENNUNG(mol Ti)�1 h�1.
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referenced to the residual solvent peaks and reported relative to tetrame-
thylsilane. FD MS was performed on an SX-102 A spectrometer from
Japan Electron Optics Laboratory Co., Ltd. Elemental analysis for C, H,
and N was performed by a CHNO-type instrument from Helaus Co. Gas
liquid chromatography (GLC) was carried out on a Shimadzu GC-14 A
(FID) chromatograph with a DB-1701 column (J&W Scientific).


Syntheses


2-Benzilideneamino-4,6-di-tert-butylphenol: Acetic acid (1 mL) was
added to a stirred solution of 2-amino-4,6-di-tert-butylphenol (2.83 g,
12.8 mmol) and benzaldehyde (1.63 g, 15.3 mmol) in dried ethanol
(50 mL) at room temperature. The mixture was stirred at room tempera-
ture for 12 h. The resulting mixture was concentrated under vacuum to
yield the crude product, which was purified by column chromatography
on silica gel with EtOAc/hexanes as eluent to yield yellow crystals
(3.16 g, 80.0 %). 1H NMR (CDCl3, 27 8C): d=8.70 (s, 1H, OH), 7.96–7.92
(m, 2 H, ArH), 7.73 (s, 1H, NCH), 7.48–7.43 (m, 3H, ArH), 7.25 (d, 4J=
2.2 Hz, 1H, ArH), 7.17 (d, 4J=2.2 Hz, 1H, ArH), 1.46 (s, 9 H, CCH3),
1.35 ppm (s, 9 H, CCH3).


2,4-Di-tert-butyl-6-pentafluorobenzilideneaminophenol: Acetic acid
(0.3 mL) was added to a stirred solution of 2-amino-4,6-di-tert-butylphe-
nol (2.82 g, 12.8 mmol) and pentafluorobenzaldehyde (2.50 g, 12.8 mmol)
in dried ethanol (30 mL) at room temperature. The mixture was stirred
at room temperature for 12 h to yield yellow crystals, which were collect-
ed by filtration, washed with cool methanol (1 mL), and dried (1.09 g,
27.3 %). The filtrate was concentrated under vacuum to afford the crude
product, which was purified by column chromatography on silica gel with
EtOAc/hexanes as eluent to yield yellow crystals (2.06 g, 40.3 %; alto-
gether 3.15 g, 67.6 %). 1H NMR (CDCl3,, 25 8C): d=8.79 (s, 1 H, OH),
7.75 (s, 1H, NCH), 7.36 (d, 4J=2.1 Hz, 1 H, ArH), 7.20 (d, 4J=2.1 Hz,
1H, ArH), 1.43 (s, 9H, CCH3), 1.31 ppm (s, 9 H, CCH3).


1: A solution of nBuLi (1.60m, 19.1 mL) in hexane was added dropwise
to a stirred solution of 2-benzilideneamino-4,6-di-tert-butylphenol (10.5 g,
34.03 mmol) in dried n-pentane (80 mL) at �78 8C. The mixture was
warmed to room temperature. The yellow precipitate was collected by fil-
tration, washed with dried n-pentane (20 mL), and dried under vacuum
to afford lithium 2-benzilideneamino-4,6-di-tert-butylphenoxide (9.80 g,
31.05 mmol). The lithium salt (2.48 g, 7.86 mmol) was suspended in dried
Et2O (20 mL) and added dropwise to a stirred solution of TiCl4 in dried
toluene (0.2m, 19.7 mL) at �30 8C. The mixture was warmed to room
temperature and stirred for 3 h. The reaction mixture was concentrated
under vacuum, after which CH2Cl2 (25 mL) was added and stirred. The
resulting mixture was filtered. The filtrate was concentrated under
vacuum to about 5 mL, and dried n-pentane (30 mL) was added. The re-
sulting precipitate was collected by filtration, washed with dried n-pen-
tane (2 mL), and dried under vacuum to yield 1 as a reddish-brown
powder (2.37 g, 81.9 %). 1H NMR (C6D6, 75 8C, mixture of three isomers):
d=8.12 (br s, NCH), 6.21–7.01 (m, ArH), 6.72 (br s, ArH), 6.60 (br s,
ArH), 5.20 (br s, ArH), 2.02 (s, CCH3 of isomer 3), 1.78 (s, CCH3 of
isomer 2), 1.60 (s, CCH3 of isomer 3), 1.42 (s, CCH3 of isomer 2), 1.34 (s,
CCH3 of isomer 1), 1.33 ppm (s, CCH3 of isomer 1) (the integral ratio for
isomers 1, 2, and 3 is 1:0.26:0.22); MS (FD): m/z=734; elemental analy-
sis: calcd (%) for C42H52Cl2N2O2Ti: C 68.57, H 7.12, N 3.81; found: C
68.72, H 6.91, N 3.83.


2 : NaH (oil-free, 165 mg, 6.89 mmol) was suspended in dried THF
(5 mL) and added dropwise to a stirred solution of 2,4-di-tert-butyl-6-pen-
tafluorobenzilideneaminophenol (2.75 g, 6.89 mmol) in dried THF
(20 mL) at �30 8C. The mixture was warmed to room temperature and
stirred for 3 h. The resulting slurry was added dropwise to a stirred solu-
tion of TiCl4 in dried toluene (0.2m, 17.2 mL) at �30 8C. The mixture was
warmed to room temperature and stirred for 12 h. The reaction mixture
was concentrated under vacuum, and dried CH2Cl2 (25 mL) was added
and stirred. The resulting mixture was filtered. The filtrate was concen-
trated under vacuum to about 5 mL, and dried n-pentane (30 mL) was
added. The resulting precipitate was collected by filtration, washed with
dried n-pentane (2 mL), and dried under vacuum to give 2 as a reddish-
brown powder (1.86 g, 59.2 %). 1H NMR (C6D6,, 25 8C, major isomer):
d=8.42(s, 2 H, NCH), 8.24 (br s, 2 H, ArH), 7.62 (d, 4J=2.0 Hz, 2H,


ArH), 1.73 (s, 18H, CCH3), 1.38 ppm (s, 18H, CCH3); MS (FD): m/z=
914; elemental analysis: calcd (%) for C42H42Cl2F10N2O2Ti: C 55.10, H
4.62, N 3.06; found: C 55.21, H 4.89, N 3.31.


3 : Lithium 2-benzilideneamino-4,6-di-tert-butylphenoxide (883 mg,
2.80 mmol) was suspended in dried THF (20 mL) and added dropwise to
a stirred solution of [ZrCl4 ACHTUNGTRENNUNG(thf)2] (528 mg, 1.40 mmol) in dried THF
(40 mL) at 0 8C. The mixture was warmed to room temperature and stir-
red for 3 h. The reaction mixture was concentrated under vacuum, and
dried toluene (40 mL) was added. The resulting mixture was filtered. The
filtrate was concentrated under vacuum to about 2 mL, and dried n-pen-
tane (40 mL) was added. The resulting precipitate was collected by filtra-
tion, washed with n-pentane (5 mL), and dried under vacuum to yield 3
as an orange powder (612 mg, 56.1 %). 1H NMR (CDCl3, 25 8C, mixture
of isomers): d= [9.31, 8.70, 8.59, 8.49, 8.45] (s, 2H, NCH), 7.95–6.78 (m,
14H, ArH), [2.32, 1.66, 1.58, 1.41, 1.40, 0.96, 0.92, 0.85] ppm (s, 36H,
CCH3); MS (FD): m/z=778; elemental analysis: calcd (%) for
C42H52Cl2N2O2Zr: C 63.36, H 6.73, N 3.10; found: C 63.81, H 7.16, N
3.51.


4 : NaH (oil-free, 166 mg, 6.91 mmol) was suspended in dried THF
(5 mL) and added dropwise to a stirred solution of 2,4-di-tert-butyl-6-pen-
tafluorobenzilideneaminophenol (2.76 g, 6.91 mmol) in dried THF
(20 mL) at �30 8C. The mixture was warmed to room temperature and
stirred for 3 h. The resulting slurry was added dropwise to a stirred solu-
tion of [ZrCl4ACHTUNGTRENNUNG(thf)2] (1.30 g, 3.46 mmol) in dried THF (20 mL) at �5 8C.
The mixture was warmed to room temperature and stirred for 12 h. The
reaction mixture was concentrated under vacuum, and dried CH2Cl2


(25 mL) was added. The resulting mixture was filtered. The filtrate was
concentrated under vacuum to about 5 mL, and dried n-pentane (30 mL)
was added. The resulting precipitate was collected by filtration, washed
with dried n-pentane (2 mL), and dried under vacuum to yield 4 as an
orange powder (1.85 g, 55.8 %). 1H NMR (CDCl3, 25 8C, major isomer):
d=8.01(s, 2H, NCH), 7.40 (br s, 2 H, ArH), 7.22 (br s, 2H, ArH), 1.42 (s,
18H, CCH3), 1.30 ppm (s, 18 H, CCH3); MS (FD): m/z=958; elemental
analysis: calcd (%) for C42H42Cl2F10N2O2Zr: C 52.61, H 4.41, N 2.92;
found: C 52.90, H 4.49, N 2.71.


Reaction of Complexes with Alkylaluminum


Reaction NMR experiment: A J-Young NMR tube was charged with 1
(10.3 mg, 0.014 mmol), and a solution of AliBu3 in C6D6 (0.25m, 0.7 mL)
was added at room temperature. An instrument probe was held at the
designated temperature beforehand, after which the tube was introduced
for analysis.


Reaction of 2 with MAO: A solution of MAO in toluene (1.25m, 2 mL)
was added by syringe to a stirred solution of 2 (147 mg, 0.16 mmol) in
dried toluene (10 mL) at 75 8C. After being stirred for 30 min, the reac-
tion mixture was cooled with an iced-water bath, and the reaction was
quenched with methanol (5 mL). The mixture was stirred for 2 h and con-
centrated under vacuum. Water was added to the residue, and the result-
ing mixture was extracted with toluene (3 Q 3 mL). The combined organic
extracts were dried (Na2SO4). The solution was concentrated under
vacuum to yield a solid, which was dried under vacuum. 1H NMR spec-
troscopic analysis of the resulting solid indicated the presence of 2,4-di-
tert-butyl-6-pentafluorobenzilideneaminophenol as the major material.
GLC analysis with biphenyl as an internal standard indicated 87% recov-
ery of 2,4-di-tert-butyl-6-pentafluorobenzilideneaminophenol.


Reaction of 1 with AliBu3: A solution of AliBu3 in toluene (1.0m, 3 mL)
was added by syringe to a stirred solution of 1 (258 mg, 0.35 mmol) in
dried toluene (10 mL) at 75 8C. After being stirred for 30 min, the reac-
tion mixture was cooled in an iced-water bath, and the reaction was
quenched with methanol (1 mL) and water (10 mL). The mixture was
stirred for 5 h, and the toluene phase was separated. The remaining aque-
ous phase was extracted with toluene (3 Q 10 mL). The combined organic
extracts were dried (Na2SO4) and evaporated under vacuum to yield a
solid, which was identified as 2-benzylamino-4,6-di-tert-butylphenol
(199 mg, 91%) by 1H NMR spectroscopy and FD MS. 1H NMR (CDCl3,
25 8C): d=7.33–7.27 (m, 5 H), 6.85 (d, J=2.1 Hz, 1 H, ArH), 6.73 (d, J=
2.1 Hz, 1 H, ArH), 5.95 (br s, 1 H, OH), 4.12 (s, 2 H, CH2Ph), 3.20 (br s,
1H, NH), 1.39 (s, 9 H, CCH3), 1.20 (s, 9H, CCH3); MS (FD): m/z=311.
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X-ray Analysis


Crystals of 1·HCl suitable for X-ray structure determination were grown
from a solution of 1 in dried CH2Cl2, whose surface was covered with a
layer of dried n-pentane. Elemental analysis: calcd (%) for
C42H53Cl3N2O2Ti: C 65.33, H 6.92, N 3.63; found: C 65.54, H 7.20, N 3.85.


Data collection: A suitable crystal was mounted in a glass capillary under
argon atmosphere. Data were collected by a Rigaku RAIS-IV Imaging
Plate diffractometer with graphite-monochromated MoKa radiation (l=
0.71069 P). The incident-beam collimator was 0.5 mm in diameter, and
the crystal-to-detector distance was 100.00 mm with the detector at the
zero swing position. Indexing was performed from 2 oscillations exposed
for 4.0 min. The readout was obtained in the 0.100-mm pixel mode. A
total of 32 plates of 3.008 oscillation images were collected, each having
been exposed for 6.8 min. The cell parameters are listed in Table 1.


Data reduction: Of the 16894 reflections collected, 8765 were unique
(Rint=0.062); equivalent reflections were merged; absorption correction
was not applied. The data were corrected for Lorentzian and polarization
effects.


Structure determination and refinement: All calculations were performed
with the teXsan crystallographic software package,[47] and illustrations
were drawn with Ortep-3 for Windows.[48] Crystallographic calculations
were performed on an SGI O2 workstation at the Venture Business Labo-
ratory, Graduate School of Okayama University. The structure was
solved by heavy-atom Patterson methods and expanded with Fourier
techniques. Some non-hydrogen atoms were refined anisotropically; the
rest were refined isotropically. Some hydrogen atoms were refined iso-
tropically; the rest were included in fixed positions. The final cycle of
full-matrix least-squares refinement was based on 8756 observed reflec-
tions (I>�10.00s(I)) and 424 variable parameters. The minimized func-
tion was �w (Fo


2�Fc
2)2, where Fo and Fc are the amplitudes of the ob-


served and calculated structure factors, respectively.


CCDC-622716 (1·HCl) contains the supplementary crystallographic data
for this paper. This data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_
request/cif.


Ethylene or Ethylene/Propylene Polymerization


MAO activation: Toluene (250 mL) was placed in a 500-mL glass reactor
equipped with a mechanical stirrer, a temperature probe, and a condens-
er under N2 atmosphere and stirred vigorously (600 rpm). The toluene
was maintained at the designated temperature, and the N2 atmosphere
was replaced with ethylene (100 Lh�1) or ethylene/propylene (ethylene
50 Lh�1, propylene 150 Lh�1) by a gas feed to toluene. After 15 min,
polymerization was initiated by adding a solution of MAO in toluene fol-
lowed by a solution of 1 or 2 in toluene into the reactor. After the desig-
nated time, isobutyl alcohol (10 mL) was added to quench the polymeri-
zation, and the gas feed was stopped. The resulting mixture was added to
acidic methanol (1.0 L, including 2 mL of conc. HCl). The polymer was
collected by filtration, washed with methanol (2 Q 200 mL), and dried in a
vacuum oven for 10 h (80 8C for polyethylene, 130 8C for ethylene/propyl-
ene copolymer).


ACHTUNGTRENNUNG[Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]
�/AliBu3 activation: The procedure is similar to that


described above. Polymerization was initiated by adding solutions in tolu-
ene of AliBu3, 1 or 2, and [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]


� , in that order, into the re-
actor.


Polymer Analysis


The molecular weights (Mw and Mn) and molecular-weight distributions
(Mw/Mn) of the PEs were determined by using a Waters 50-C gel permea-
tion chromatograph equipped with three TSK gel columns (two sets of
TSKgelGMHHR-H(S)HT and TSKgelGMH6-HTL) at 145 8C with poly-
ethylene calibration. 1,2-Dichlorobenzene was used as the solvent at a
flow rate of 1.0 mL min�1.


DFT Calculations


All calculations were performed at the gradient-corrected density func-
tional BLYP level by means of the Amsterdam density functional pro-


gram (ADF2003.01).[49] We used the triple-z plus polarization STO basis
set for Ti, the double-z plus polarization STO basis set for Cl/O/N, and
the double-z STO basis set for the other atoms to calculate the optimized
geometries. For the energy calculations, the triple-z plus polarization
STO basis set for Ti and the double-z plus polarization STO basis set for
the other atoms were used, and quasirelativistic correction was also
added.
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Abstract: With an increasing number of folding and heli-
cal structures available, chemists have begun to pay great-
er attention to the functions of this family of structurally
unique oligomers. Hydrogen-bonding-mediated aromatic
oligoamide foldamers have the features of good structural
predictability, synthetic facility, and structural modifica-
tion, which make them very promising as scaffolds or plat-
forms for supramolecular chemistry. Recent advances in


the applications of this class of shape-persistent oligomers
in the promoted synthesis of macrocycles, design of new
nonring receptors, supramolecular self-assembly, molecu-
lar encapsulation, and reaction acceleration, are highlight-
ed in this Focus Review.


Keywords: amides · foldamers · hydrogen bonds · molec-
ular recognition · self-assembly


1. Introduction


Nature is a master in the use of noncovalent forces to con-
trol the folding and self-assembly of biological macromole-
cules. In peptides and proteins, the combination of noncova-
lent forces, such as hydrogen bonding and hydrophobic,
electrostatic, and van der Waals interactions, is encoded in
the primary structure, the sequence of amino acids. As a
result, thermodynamically and kinetically stable secondary
and/or tertiary structures can be produced, and sophisticated
chemical operations or functions, such as catalysis, selective
binding or recognition, controlled flow of electrons, directed
crystallization of inorganic phases, and so on, can be realiz-
ed.


In the last decade, chemists have been actively engaged in
developing foldamers, the artificial systems that are induced
by noncovalent forces to adopt specific compact conforma-
tions.[1–6] Among other noncovalent interactions such as
metal–ligand coordination and donor–acceptor and solvo-
phobic interactions, the hydrogen-bonding motif has proven
to be a highly efficient tool in inducing the formation of
folding or helical patterns owing to its directionality and
strength.[6a] Examples of folded aliphatic b-peptides, g-pep-
tides, d-peptides, and many other nonnatural backbones
were reported.[2] With an increasing number of folding pat-
terns available, the functions or applications of synthetic fol-
damers were investigated in recent years. For example,
Cheng, Gellman, and DeGrado extensively investigated the


antibacterial and antimicrobial activity of b-peptides,[7]


whereas Hamilton and co-workers used aromatic oligoamide
foldamers to mimic the binding surface of protein helices.[8]


Since 1996, a large number of aromatic amide-based foldam-
ers have been reported.[9–11] This Focus Review focuses on
the design and functions of hydrogen-bonding-mediated aro-
matic oligoamide secondary structures in the direction of
molecular recognition and supramolecular self-assembly.
Other systems induced by non-covalent forces are also brief-
ly discussed in the related sections.


2. Intramolecular Hydrogen-Bonding Patterns


For any stable secondary structure to be formed from aro-
matic oligoamides, rotation about the Ar�CONHAr and
Ar�NHCOAr bonds have to be restricted. Intramolecular
hydrogen bonding provides the most-simple, efficient, and
reliable approach for this purpose.[5,6a] Figure 1 shows the
typical intramolecular hydrogen-bonding patterns that have
been used to restrict the rotation of the Ar�CONHAr bond


[a] Prof. Dr. Z.-T. Li, Dr. J.-L. Hou, C. Li, H.-P. Yi
State Key Laboratory of Bio-Organic and Natural Products
Chemistry, Shanghai Institute of Organic Chemistry
Chinese Academy of Sciences
354 Fenglin Road, Shanghai 200032 (China)
Fax: (+86)21-6416-6128
E-mail : ztli@mail.sioc.ac.cn


Figure 1. Typical intramolecular hydrogen-bonding patterns for restricting
the rotation of the Ar�CONHAr bond.


Chem. Asian J. 2006, 1, 766 – 778 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 767



www.chemasianj.org





in folding oligomers. The six- and five-membered rings
formed by O···H�N and N···H�N hydrogen bonding (Fig-
ure 1a–e) are well-established.[9a,11a] Replacement of the OR
(Figure 1a) with an OH group lowers the stability of the
conformation shown because the OH proton can also form
a six-membered hydrogen bond with the neighboring car-
bonyl oxygen atom.[5] On the other hand, a phenoxide salt
(Figure 1d, M=K) was reported to form the expected intra-
molecular hydrogen bonding that is used to induce the for-
mation of ionic foldamers.[12] It is well-established that fluo-
ride ion is a very strong proton acceptor. However, cova-
lently bound fluorine is considered a very weak hydrogen-
bond acceptor.[13] Our recent studies demonstrated that this
is not the case; intramolecular F···H�N hydrogen bonding,
as shown in Figure 1 f, can be readily formed.[14,15]


Figure 2 presents representative examples of intramolecu-
lar hydrogen-bonding patterns that restrict the rotation of
the Ar�NHCOAr bond in foldamers.[9a,11a,16] These hydro-


gen-bonding patterns combine with those shown in Figure 1
to lead to the construction of a variety of well-defined sec-
ondary structures. Notably, although intramolecular hydro-
gen bonding has always been proposed and evidenced to
stabilize the conformations shown in Figures 1 and 2, the re-
pulsive interactions between the proton acceptor and the
amide oxygen atom should also make a contribution. A
four-membered hydrogen-bonding mode was also observed
in 2-aminopyridine-derived amides and related folding or
helical structures (Figure 2g).[5]


3. Extended Secondary Structures


A foldamer is defined as “any oligomer that folds into a
conformationally ordered state in solution, the structures of
which are stabilized by a collection of noncovalent interac-
tions between nonadjacent monomer units”.[2] Although
most of the synthetic secondary structures reported have a


Abstract in Chinese:


Figure 2. Typical intramolecular hydrogen-bonding patterns for restricting
the rotation of the Ar�NHCOAr bond.
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folding or helical conformation, there are a number of “fol-
damers” that adopt other types of extended conformations.
Such extended secondary structures not only provide struc-
tural diversity for this rapidly expanding family, more impor-
tantly, as we will demonstrate in the following sections, they
also represent new unique assembled scaffolds for the con-
struction of a new generation of functional molecular archi-
tectures. Therefore, representative examples of such extend-
ed secondary structures are summarized below.


The first class of extended secondary structures are those
with a relatively straight planar conformation (Figure 3).
The linear motif 1, which consists of 3,3’-diamino-2,2’-bipyri-


dine and 2,5-bis(2-aminophenylene)pyrazine units, was re-
ported by Meijer and co-workers.[17] The backbone of this
motif is not made from amides, which are instead utilized to
stabilize the planar conformation through intramolecular hy-
drogen bonding and to provide solubility in organic solvents.
Another series of straight secondary structures 2, oligo-
ACHTUNGTRENNUNGamides of 6-iso-proxy-5-aminopicolinic acid, were developed
by Hamilton and co-workers.[8] The amide protons in these
molecules form intramolecular hydrogen bonding with both
the oxygen and nitrogen atoms of the neighboring ether and
endocyclic pyridine units. This series of oligomers have been
used as a-helix mimetic scaffolds to recognize protein surfa-
ces because the distance between the neighboring iso-proxy
residues in the oligomers is close to that between the side-
chains along one face of the polyalanine a-helix. More re-
cently, we found that anthranilamide oligomers 3a and 3b


can be readily prepared from dialkoxylated p-phenylenedi-
ACHTUNGTRENNUNGamine and p-phthalic acid derivatives.[18] Due to strong in-
tramolecular three-centered hydrogen bonding, these
oligomers self-assemble into highly stable straight and
planar molecular ribbons, which have been characterized by
X-ray crystallography and 1H NMR, IR, and UV/Vis spec-
troscopy.


The second class of extended secondary structures are
those that have a rigid planar conformation but a zigzag
skeleton (Figure 4). The first example of this type of struc-


ture, oligoamide 4 of anthranilic acid, was reported by Ham-
ilton and co-workers.[9a] X-ray diffraction analysis of a di-
meric analogue of 4 revealed the formation of the expected
six-membered rings through hydrogen bonding in these
oligomers. The rotation of the Ph�NHCOPh bond is re-
stricted by the inherent co-planarity of the aromatic amide
and the repulsion between the neighboring benzene units.
Recently, this hydrogen-bonding-free conformational prefer-
ence of aromatic amides were successfully used to construct
two series of oligoamide foldamers.[19,20] With continual
three-centered intramolecular hydrogen bonding as the driv-
ing force, we recently constructed another series of planar
zigzag structures 5 (Figure 4),[21] which have found applica-
tions in the self-assembly of new macrocyclophanes and syn-
thetic receptors for fullerene guests (see below).


Branched oligomers can also be induced by intramolecu-
lar hydrogen bonding to adopt extended flat conformations.
For example, Parquette and co-workers utilized this driving
force to rigidify pyridine-2,6-dicarboxy-linked anthranil-
ACHTUNGTRENNUNGamide dendron 6 (Figure 5).[22] Well-defined folded dendrim-
ers were assembled based on this structurally unique build-
ing block. Meijer and co-workers reported that branched
oligomers 7 can form a rigid flat conformation that is also
stabilized by intramolecular hydrogen bonding (Figure 5).[23]


Such rigidified extended structures can stack to generate hi-
erarchical columnal aggregates, and chiral peripheral chains
can transfer their chirality to the entire columnal aggregate
by efficient stacking of the rigid branched structures.[24]


Figure 4. Examples of zigzag conformations induced by intramolecular
hydrogen bonding.


Figure 3. Rigidified, straight, and planar conformations induced by
ACHTUNGTRENNUNGintramolecular hydrogen bonding.
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4. Self-Assembly of Macrocyclophanes Promoted
by Preorganization


In the last few decades, macrocycles have received intense
interest because of their widespread occurrence in nature
and their versatile properties and applications. The synthesis
of macrocyclic molecules is usually of low efficiency owing
to the disfavored entropic effect and frequently needs high-
dilution or template techniques. Advances in foldamer re-
search have brought a new approach to the synthesis of
macrocylic architectures by preorganizing the conformation
of monomeric or oligomeric precursors. For example, Gong
and co-workers reported that the one-step reactions of
diacid chlorides 8a and 8b with diamine 9 in dichloro-
ACHTUNGTRENNUNGmethane at �20 8C, at the relatively high concentration of
0.98 mm, afforded the corresponding macrocyclic products
11a and 11b in 69% and 82% yields, respectively
(Figure 6).[25] In contrast, even under conditions of high dilu-
tion and in the presence of calcium chloride as template, the
reaction of isophthaloyl chloride and m-phenylenediamine
produced the corresponding cyclic hexamer product, similar
to 11, in only 4–11% yield.[26] The folding induced by intra-
molecular hydrogen bonding and preorganization of the
noncyclic intermediates 10 are clearly responsible for the
abundant formation of macrocyles 11.


The synthesis of metallomacrocyclophanes can also be fa-
cilitated by preorganization of the precursor ligands directed
by intramolecular hydrogen bonding. For example, metallo-
cyclophanes 15 and 16 were assembled from the reactions of
12 with hydrogen-bonding-mediated diacetylenes 13 and 14
(Figure 7).[27] The yields were moderate. However, in the ab-
sence of three-centered hydrogen bonding, no similar mac-
rocycles were produced from the reaction of 12 with a di-
ACHTUNGTRENNUNGacetylene derivative similar to 13. Therefore, the intramolec-
ular hydrogen bonds in 13 and 14 are required to force the
two terminal acetylene units to orientate to one side of the
backbone and promote the formation of the metallocyclo-
phanes. On the basis of similar approaches, metallocyclo-
phanes 17–19 were also prepared in moderate yields from
the corresponding hydrogen-bonding-mediated preorganized
precursors (Figure 8).[21,28] With rigidified backbones and
controllable size, these new shape-persistent cyclophanes
may serve as building blocks for the construction of nano-
scale supramolecular architectures or new synthetic recep-
tors. Fluorescence studies revealed that cyclophanes 15 and
16, with amide oxygen atoms located on the inside of the
macrocyclic ring, are able to complex alkylated sugars in
chloroform.[27]


Huc and co-workers found that, even in highly polar
media, intramolecular hydrogen bonding can still direct the
formation of macrocyclic compounds by inducing the folding
conformation of intermediates.[29] Thus, heating a solution of
20 in the highly polar solvent of NMP/pyridine resulted in
the formation of cyclic trimer 21 in 20% yield (Figure 9).


Figure 6. One-step synthesis of macrocycles 11 promoted by intramolecu-
lar hydrogen bonding.


Figure 5. Examples of rigidified branched structures stabilized by
ACHTUNGTRENNUNGintramolecular hydrogen bonding.


770 www.chemasianj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2006, 1, 766 – 778


FOCUS REVIEWS
Z.-T. Li et al.







Given the tough reaction conditions and the very high sol-
vent polarity, this yield is quite impressive. X-ray diffraction
analysis showed that the curvature of 21 is close to that of a
noncyclic trimer analogue. Thus, it is proposed that the in-
termediates of the cyclization reaction also adopt a folding
conformation driven by intramolecular hydrogen bonding.


Recently, Gong and co-workers also found that treatment
of 22 with triphosgene in hot toluene affords macrocycles 24
in very high yields (Figure 10).[30] In this system, the rigidi-
fied folding conformation of intermediate 23 was achieved
by the combination of the six-membered rings from hydro-
gen bonding and the preference of the urea units to adopt a
cis conformation. This conformational feature of aromatic
ureas was also used to assemble a series of urea foldamers
with larger cavities.[31] Figure 8. Structures of metallomacrocyclophanes 17, 18, and 19, which


were assembled from preorganized rodlike precursors.


Figure 7. Synthesis of metallomacrocycles 15 and 16 promoted by
ACHTUNGTRENNUNGintramolecular hydrogen bonding.
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5. Foldamers as Synthetic Receptors for Molecular
Recognition


For a long time, cyclophane-based molecular recognition
has been one of the central topics in supramolecular chemis-
try. Foldamers that are long enough may produce a well-es-
tablished cavity with defined shape and size. Such rigidified
nonring cyclic architectures are new ideal receptors for spe-
cific guests. Moore and co-workers and Inouye et al. investi-
gated the binding properties of m-phenylene and m-pyri-


ACHTUNGTRENNUNGdylene ethynylene foldamers.[32,33] Other series of helical
structures for binding ionic guests were also reported.[34,35]


Owing to their high structural diversity and adaptability, hy-
drogen-bonding-mediated rigidified systems are particularly
useful as synthetic receptors or as scaffolds for constructing
more-advanced assembled architectures for molecular rec-
ognition.


Oligomers 25a–c represent the first class of hydrazide-
based foldamers, the folding or helical conformations of
which are stabilized by consecutive intramolecular hydrogen
bonding (Figure 11).[36] Molecular-mechanics calculations re-


vealed that this series of foldamers have rigid cavities of
about 1 nm in diameter, and half of the hydrazide carbonyl
groups are orientated inwards. 1H NMR, fluorescence, and
CD spectroscopic studies revealed that in chloroform these
foldamers are good receptors for alkylated saccharides 26–
29. The stoichiometry of the complexes was established to
be 1:1, and an association constant (Ka) of 6.9P106


m
�1, the


largest obtained, was determined for complex 25c·29 in
chloroform. Intermolecular NOE interactions were also ob-
served, based on which a binding mode for complex 25b·28
was proposed (Figure 12). The strong binding affinity clearly
originated from the well-ordered arrangement of the
inward-facing carbonyl groups, which combine to bind sac-
charides strongly through intermolecular hydrogen bonding.


Another series of foldamers 30 is closely related to mac-
rocycles 11 in that both structures contain identical repeat-
ing units.[37] The cavities of this family of foldamers are very
much smaller than those of 25 (Figure 13). 1H NMR and
fluorescence spectroscopic studies showed that 30 also com-
plex the above saccharides and 31, but the stability of the
resulting complexes is remarkably decreased. A largest Ka


Figure 11. Structures of aromatic-hydrazide-based foldamers 25a–c and
saccharide guests 26–29.


Figure 9. Synthesis of macrocycle 21 in highly polar solvent directed by
intramolecular hydrogen bonding. NMP=N-methyl-2-pyrrolidone.


Figure 10. Formation of urea macrocycles 24 assisted by intramolecular
hydrogen bonding.
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value of 7.2P103
m


�1 was estimated for the complex of 30
and 29 in chloroform. The decrease in binding stability sug-
gests that the saccharide guest cannot enter the smaller
cavity of 30 completely without denaturation of the folding
conformation of the latter and, consequently, can only ap-
proach 30 from one side of the folding oligomer. However,
intermolecular NOE interactions were still observed for
these complexes (Figure 13).


Foldamers 32 were assembled from one repeated aromatic
amino acid unit (Figure 14).[38] Unlike foldamers 25 and 30,
oligomers 32 have a one-way sequence, which is typical for
the backbone of peptides. Fluorescence experiments re-
vealed that this series of foldamers display no binding affini-
ty to saccharide derivatives but can bind alkylated ammoni-
um compounds 33 and 34 in a 1:1 stoichiometry. Complex
32b·34 exhibited the highest binding stability with a Ka


value of 3.6P102
m


�1 in chloroform. Because all the ether
oxygen atoms are involved in intramolecular hydrogen
bonding, it was proposed that the complexation is driven by
a combination of intermolecular hydrogen bonding and
cation–p interactions.


The centrally orientated methyl groups in foldamers 32
not only decrease the effective size of the cavity of the skel-


etons, but also impose great spatial repulsion, which is detri-
mental to the formation of complexes with any other molec-
ular or ionic guest. It was expected that, if the intramolecu-
lar hydrogen bonds remain and the spatial repulsion of the
methyl groups is eliminated, more-compact and efficient
binding might be achieved. This was actually proved with
the fluorine-containing foldamers.[14b] Pentamer 35 and hep-
tamer 36 represent the first family of foldamers, whose com-
pact conformations are stabilized by F···H�N hydrogen
bonding (Figure 15). The pattern of five- and six-membered
rings due to F···H�N hydrogen bonding was established with


Figure 14. Structures of foldamers 32 and guest ammonium compounds
33 and 34.


Figure 15. Structures of F···H�N hydrogen-bonding-induced foldamers 35
and 36 and ammonium guests 37 and 38, and the intermolecular NOE
ACHTUNGTRENNUNGinteractions observed in complexes 35·37 and 36·37.


Figure 13. Intermolecular NOE interactions observed in the complex of
heptamer 30 with triol 31 in [D]chloroform.


Figure 12. Observed intermolecular NOE interactions within complex
25b·28 in [D]chloroform.
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XRD analysis and 1H NMR spectroscopic studies. In this
family of foldamers, all the fluorine atoms are converged to-
wards the center of the backbones to create a polar internal
cavity of about 0.7 nm in diameter. ESI MS and 1H NMR
and fluorescence spectroscopic investigations revealed that
in chloroform both foldamers strongly bind dialkylated am-
monium compounds 37 and 38. Induced circular dichroism
was also displayed for the complexes of chiral guest 38. On
the basis of the fluorescence titration experiments
(Figure 16), the Ka values of complexes 35·37, 35·38, 36·37,


and 36·38 in chloroform were estimated to be 4.9P106, 2.4P
105, 8.1P106, and 7.3P105


m
�1, respectively. These values are


significantly larger than those of the complexes between di-
benzo[24]crown-8 and dialkylammonium ions (�2.7P
104


m
�1) in the same solvent.[39] These results suggest that


highly efficient intermolecular electrostatic interactions or
F···H�N hydrogen bonding are formed as a result of the hy-
drogen-bonding-mediated rigidified conformation of the
oligomers.


6. Preorganized Scaffolds for Supramolecular
Self-Assembly


In Section 4, we demonstrated the great utility of shape-per-
sistent aromatic amide oligomers as building blocks for the
construction of new macrocylic structures. Based on rational
molecular design, well-defined functionalized supramolec-
ular architectures can also be assembled from different
types of rigidified backbones.


Covalently bonded molecular tweezers are efficient recep-
tors for the complexation of discrete guests.[40] However,
their syntheses are usually time-consuming and/or of low ef-
ficiency. Folding aromatic amide oligomers provide new
building blocks for the construction of new assembled supra-


molecular tweezers. Thus, incorporation of two zinc porphy-
rin units into the terminal benzene rings of shape-persistent
amide trimers gives rise to assembled zinc porphyrin dimer
39 and trimer 40 (Figure 17).[41] Owing to the presence of in-


tramolecular hydrogen bonding, the porphyrin units in 39
are arranged roughly parallel to each other and therefore
produce noncovalently bonded molecular tweezers. Trimer
40 may be regarded as a combination of two molecules of
39, and its three porphyrins produce two tweezer units.
1H NMR, 13C NMR, UV/Vis, and fluorescence spectroscopy
revealed that these assembled tweezers are good receptors
for C60, C70, and C60 derivatives. The Ka value of complexes
39·C60 in toluene was determined to be 1.0P105


m
�1 by UV/


Vis titration. This value is much larger than those of com-
plexes of C60 with palladium-linked bisporphyrin “jaws”.[42]


This increased binding affinity is ascribed to the preorgan-
ized conformation of the foldamer tweezers. As expected,
trimer 40 can encapsulate two C60 molecules with an appar-
ent Ka value of 1.5P104


m
�1 in toluene.[43] Quantitative stud-


ies also revealed that C70 forms even more stable complexes
with the foldamer tweezers owing to its increased stacking


Figure 17. Binding patterns between hydrogen-bonded zinc porphyrin
tweezers 39 and 40 and C60 and structure of chiral C60 derivative 41.


Figure 16. Fluorescence spectra of 36 (1.5P10�5
m, lex=330 nm) in chloro-


form at 25 8C, the concentration of which was decreased gradually with
the incremental addition of 37·HCl (0!4.0P10�5


m).[14b] Inset: Plot of
emission intensity of 36 at 438 nm versus [37·HCl].
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region.[42a] Supramolecular chiral induction was also ob-
served through the complexation of 39 with chiral C60 deriv-
ative 41 (Figure 18),[44] although the binding stability of the
resulting complexes is markedly decreased.


Another series of zinc porphyrin appended tweezers 42
were developed by incorporating zinc porphyrin units into
the skeletons of foldamers 32 (Figure 19).[45] The 1H NMR
spectra of 42 in [D]chloroform show that all the signals of


the amide protons appear in the downfield region, which
supports the existence of intramolecular hydrogen bonding
and the folding conformation of the oligoamide skeleton.
1H NMR and UV/Vis spectroscopic studies also revealed
that 42a–c form 1:2, 1:3, and 1:6 complexes with C60-incor-
porated nitrogen ligands 43, 44, and 45, respectively. These
observations imply that each zinc porphyrin unit of the
ACHTUNGTRENNUNGfoldamers coordinates one nitrogen ligand. However, the
apparent Ka value of complexes of the same C60-incorporat-
ed ligand with the foldamers is increased markedly with the
elongation of the foldamers. Furthermore, CD experiments
showed that solutions of the longer foldamers and chiral
ligand 45, at identical concentrations of the zinc porphyrin
unit and 45, exhibit increased induced CD signals of identi-
cal shape (Figure 20). On the basis of the spectral investiga-


tions, a clockwise or anticlockwise one-direction binding
mode is proposed (Figure 21).


7. Unimolecular Encapsulation


Oligoamide foldamers 46 (Figure 22) contain a small polar
hollow.[46] XRD analysis revealed that this small hollow can
include polar water molecules. This observation led to the
development of the concept of “molecular apple peel” 47
(Figure 22),[47] which represents the first example of capsules
generated from a single linear molecule. Owing to intramo-
lecular hydrogen bonding, this foldamer has a large diame-
ter at the center and reduced diameter at the ends. XRD
analysis (Figure 23) and 1H NMR spectroscopic studies in
[D]chloroform indicate that this hollowed foldamer can en-
capsulate a water molecule. Variable temperature 1H NMR
spectroscopic experiments revealed that at low tempera-
tures, the trapped and free water molecules outside are in
slow exchange on the NMR spectroscopic timescale. Al-


Figure 20. CD spectra of 42c (3.3P10�6
m) in the presence of a) (R)-45


and f) (S)-45, 42b (6.7P10�6
m) in the presence of b) (R)-45 and e) (S)-45,


and 42a (1.0P10�5
m) in the presence of c) (R)-42 and d) (S)-45 in chloro-


form at 25 8C ([(R)-45]= [(S)-45]=5.0P10�3
m).[45]


Figure 18. Induced CD spectra of a solution of foldamer tweezer 39 (3.3P
10�4


m) in the presence of a) (S)-41 (3.3P10�3
m), b) (R)-41 (3.3P10�3


m),
and c) (R)-41 (6.6P10�3


m) in chloroform.[41]


Figure 19. Structures of zinc porphyrin appended foldamers 42 and
C60-incorporated nitrogen ligands 43–45.
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though what is trapped in the cavity of this foldamer is
simply a water molecule, the principle provided by entrap-
ment may present a general approach in the field of molecu-
lar encapsulation.[48]


8. Oxidation Promotion


Folding or helical backbones of enzymes provide specific
active sites for selective catalysis of various reactions. Syn-


thetic foldamers may produce
special spaces with comparable
catalytic function.[32] Huc and
co-workers reported that the
oxidation of the terminal pyri-
dine units of 48 by m-chloroper-
benzoic acid (m-CPBA) can be
promoted by its folding confor-
mation (Figure 24).[49] Although
no kinetic studies have been
carried out, comparing the oxi-
dation of fragment analogues
50 and 51 to 52 and 53, respec-
tively, with the oxidation of 48
to 49 shows that the oxidation
of 48 is remarkably faster
(Figure 25). The fact that the
terminal pyridines instead of
the central one of 48 are selec-
tively oxidized can be ascribed
to the large steric hindrance at
the central position, but the
exact mechanism of accelera-
tion of the oxidation reaction is
yet unclear. It is assumed that


dipolar interaction within the helical conformation plays a
role, and the preassociation of the oxidative reagent in the
polar cavity is also envisaged. The development of biomim-
etic catalysts is one of the important topics in supramolec-
ular chemistry.[50] Owing to their structural similarity to bio-
macromolecules, especially enzymes, hydrogen-bonded fold-
ing structures appear to be particularly promising for this
purpose.


Figure 23. Views of the structure of encapsulated complex 47�H2O in the
crystal. The Corey–Pauling–Koltun (CPK) views show that the water
molecule is completely isolated from the surrounding medium.[47]


Figure 21. Proposed propeller-style binding mode for the 1:6 complex between foldamer 42c and chiral
(R)-45.[45]


Figure 22. Structures of helical oligomers 46 and 47. Bn=benzyl.
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9. Future Prospects


In the last decade, the amazing structural and functional di-
versity of biological macromolecules has inspired chemists
to design a large number of synthetic foldamers with well-
defined structures. In a review in 2004, it was pointed out
that “[a]nother essential development is the endowment of
these structures with functions”.[5] Two years later, we have
seen that important progress has been made in different di-
rections.[51] The directionality and strength of hydrogen
bonding, the intrinsic planarity and rigidity of aromatic
amides, their synthetic facility and structural adaptability all
make shape-persistent aromatic amide oligomers one of the


most-promising assembled scaffolds for the design of new
functionalized architectures and materials.


It is expected that future developments in the research of
aromatic amide foldamers and related structures will be in
multiple directions. New design principles, new families of
backbones, and structures of larger size and complexity will
certainly be reported. Their applications in supramolecular
catalysis and enzyme mimetics, self-assembly of organic
nanotubes and related structures, design of synthetic recep-
tors for molecular recognition and encapsulation, single mo-
lecular devices with advanced and tunable functions, tem-
plate synthesis, molecular and ion transport, and modifica-
tions of polymer structures and properties should receive in-
creasing attention.
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Introduction


One of the major challenges in organic synthesis is the de-
velopment of environmentally benign chemical processes as
better alternatives to the use of conventional volatile organ-
ic solvents. To this end, the construction of supramolecular
structures by the self-assembly of surfactant molecules have
been utilized in several chemical processes,[1,2] owing primar-
ily to their potential biocompatibility as well as their ability
to compartmentalize biomolecules.[3] Importantly, besides
being the green alternative to traditional methods of execut-
ing organic reactions, aqueous aggregates also offer the pos-
sibility of enantioselection through the use of suitable chiral
surfactants.[1,4] The demand toward the preparation of enan-
tiomerically pure compounds, which are of increasing impor-
tance in pharmaceuticals and agrochemicals, is indeed ever
growing.[5]


Recently, we reported the asymmetric reduction of pro-
chiral ketones in aqueous solutions of amino acid based cat-
ionic surfactants, which exploited the supramolecular chirali-
ty of the aggregates.[2c] By utilizing the intrinsic solubilizing
characteristics of self-assemblies, we preliminarily developed
a simple method to reduce esters with just sodium borohy-


dride under ambient conditions in aqueous self-aggregates
of cationic surfactants without any external modifications.[2a]


NaBH4 usually fails to reduce esters under ambient condi-
tions; it can do so only under conditions of high tempera-
ture, high equivalence of NaBH4, presence of co-reagent or
different reductant counterion, or other polar functional
groups in the structure of esters.[6] In cationic aqueous ag-
gregates, the close proximity of the reacting molecules at
the interface enhances their interfacial concentration rela-
tive to the stoichiometric concentration,[1] thereby increasing
the probability of collisions between reactants and lowering
the energy of activation, thus leading to facile ester reduc-
tion at the interface.


Chirality in the microdomain of organized assemblies is
induced by the surfactant.[7] Thus, different types of l-amino
acid and peptide-based (1–7) and chiral gemini (8–10) sur-
factants (Scheme 1) were synthesized. Here the supramolec-
ular chirality in the anisotropic microdomain of organized
structure was tuned rationally by changing the head-group
geometry or by the incorporation of a chiral counterion at
the polar head group of the surfactant. The supramolecular
chirality induced from the head-group region of chiral am-
phiphiles 1–10 in aqueous self-aggregates is evident from cir-
cular dichroism (CD), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM) studies. As
part of our continuing endeavor to explore novel uses of
these chiral self-assemblies as reaction media, we report
herein an investigation with a series of different chiral self-
organized aggregates of the above surfactants as hosts for
efficient asymmetric resolution in the reduction of esters I–
V (Scheme 2) by NaBH4 alone. This is done with a view to
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obtain newer insight into the physicochemical aspects and
derive any possible correlation between the molecular struc-
ture of surfactants and different microheterogeneous param-
eters of anisotropic chiral microdomains.


To the best of our knowledge, asymmetric resolution in
ester reduction by NaBH4 resulted for the first time in an
optical yield of 53% (R)-2-phenylpropan-1-ol when the n-
hexyl ester of 2-phenylpropionic acid (III) was used as sub-
strate in an aqueous aggregate of 10.


Results and Discussion


Herein we tried to gain insight into the physicochemical
properties of the self-organized aggregates based on synthe-
sized amino acid, peptide, and chiral gemini surfactants 1–10
(Scheme 3) and correlate these properties with asymmetric
resolution in the reduction of esters by NaBH4 alone. The
large-scale chirality at the micellar interface due to the
varied architecture of the surfactant head was determined


by experiment. The influence of
this manifested chirality on
physicochemical properties of
the corresponding aggregates
and in asymmetric resolution in
ester reduction is delineated
below.


Self-Aggregation in Aqueous
Solution: Surface-Tension


Method


The critical micellar concentra-
tions (CMCs) at the air–water
interface for 5–10 were ob-
tained from the break in the
plots of surface tension (g)
versus concentration of surfac-
tants (see Supporting Informa-
tion; the CMCs of 1–4 are re-
ported in our previous work[2c])
and found to decrease with an
increase in head-group size and
minimum surface area per mol-
ecule (Amin), in concurrence
with the literature (Table 1).[8]


The Amin value of the surfac-
tants at the air–water interface
was determined by using the
Gibbs adsorption isotherm
(Equations (1) and (2)):


Gmax ¼
1


4:606RT
lim


C!CCMC


dp
d logC


ð1Þ


Amin ¼
1018


NGmax


ð2Þ


where p is the surface pressure calculated from the equation
p=gwater�gsolution, Gmax is the maximum surface excess con-
centration, T is the absolute temperature, R=


8.314 Jmol�1K�1, and N is the Avogadro number. Gmax is cal-
culated from the slope in the p versus log[surfactant] curve
by using pre-CMC tensiometric data.


The CMC values for surfactants 5–7 are lower than those
for 1–4 as the Amin values of the former are greater than for
the latter.[8] The CMCs for surfactants 8–10 are much higher
than those of 5–7, presumably due to their highly hydrophil-
ic counterions as well as increased charge density,[9] and
slightly lower than those of 1–4, thus indicating a larger
head-group area. The Amin values provide information about
the space that every molecule needs to be accommodated at
the air–water interface. It can be inferred from the Amin data
that as the head group becomes bigger for the peptide as
well as gemini surfactants, it occupies more space, the maxi-
mum amount being for 10.


Scheme 1. Schematic representation of the structure of l-amino acid based (1–4), peptide-based (5–7), and
chiral-counterion-based (l-lactate, l-tartrate, and d-quinate; 8–10) gemini surfactants.


Scheme 2. Schematic representation of the structure of esters I–V.
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Fluorescence Study


The CMCs of surfactants 5–10 as well as the micropolarity
of the micellar microenvironment was determined by a
steady-state fluorescence study with pyrene[10] as a probe
(1H10�7


m). Pyrene exhibits a characteristic steady-state
fluorescence emission spectrum consisting of three promi-
nent vibronic bands. The nature and intensity of these fine-
structured bands in the pyrene fluorescence are dependent
on the polarity of the environment.[10a,11] The intensity ratio
of the first to the third band (I1/I3) was taken as a measure
of the polarity of the microenvironment. On micellization,
pyrene molecules in water are preferentially located in the
hydrophobic region, causing an abrupt change in I1/I3.


[12]


The CMC values obtained (Table 1) from the variation in I1/
I3 with surfactant concentration (see Supporting Informa-
tion) are in agreement with those obtained from the sur-
face-tension measurements. Micropolarity (I1/I3) was found
to vary from 0.74 in a hydrophobic solvent such as n-hexane
to 1.37 in water, the most-hydrophilic solvent. These results
in general indicate that the micelles prepared with 1–10 are
mostly hydrated, as the value of I1/I3 ranges from 1.02–1.28
(Table 1); in particular, 5–10 are more hydrated than 1–4.


Circular Dichroism


The bulk asymmetry in a chiral assembly is largely affected
by noncovalent molecular packing of individual compo-


Scheme 3. Schematic representation of the synthetic procedures for surfactants 1–10. a) Synthetic scheme for 1–4. b) Synthetic scheme for 5–7.
c) Synthetic scheme for 8–10. Boc= tert-butoxycarbonyl, DCC=N,N-dicyclohexylcarbodiimide, DCM=dichloromethane, DMAP=4-N,N-dimethylami-
nopyridine, HOBT=1-hydroxybenzotriazole, TFA= trifluoroacetic acid.
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nents.[13,14] The chiral molecular interactions presumably
form a network of repetitive molecular units resulting in a
supramolecular chiral surface.[7c] To ascertain the presence
of supramolecular chirality in self-assemblies, CD spectra of
5–10 (those of 1–4 were reported earlier[2c]) were recorded
both in aqueous solution above the CMC and in water/
methanol (1:1 v/v). In the presence of an organic protic sol-
vent such as methanol, which provides a simple means to
disintegrated self-assembly, the peak magnitude is expected
to decrease due to the unordered arrangement of the amide
planes in the absence of supramolecular chirality. Among
the peptide-based surfactants 5–7, apart from 5 the differen-
ces in the CD spectra between the aggregated and nonag-
gregated forms (Figure 1) were not as distinct as was ob-
served in the case of single amino acid based surfactants 1–
4.[2c] Unexpectedly, almost no difference was observed in the
CD spectra between the aggregated and nonaggregated
forms of surfactants 8–10 (see Supporting Information). The
nature of the CD spectra of the aggregated forms of differ-
ent surfactants was found not to alter with variation in the
concentration of surfactants apart from an increase in the
intensities of the peak with a rise in concentration. Howev-
er, some notable enantioselectivity was found in aqueous ag-
gregates of 8–10 for esters I and III, which may be due to
the existence of manifested supramolecular chirality (see
below).


Scanning Electron and Transmission Electron Microscopy


The unexpected results of the CD spectra for aggregated
and nonaggregated forms of 8–10, along with literature data
in which the chirality of gemini surfactants were mainly de-
scribed through SEM/TEM studies,[15] invoked us to carry
out the electron microscopy studies. SEM images of the ag-
gregated forms of 8–10 (Figure 2a–c) show thin fibrous mor-
phology several micrometers in length in the three samples.
Furthermore, the TEM images of the aggregated forms of
8–10 (Figure 3a–c) also reveal coiled structures comprising


twisted ribbons, which entangle to form long helical fibers.
This is generated from short and rigid covalent connections
that enforce proximity between charged head groups that
would otherwise repel, thus resulting in a spontaneous cur-
vature of the water–surfactant interface and thereby induc-
ing helicity. It is known that the twisted ribbons are stable
for gemini surfactants with hydrocarbon chains ranging from
14 to 16 carbon atoms and primarily dictates the chirality.[15]


Table 1. Critical micellar concentration (CMC), surface area per head
group (Amin), and micropolarity (I1/I3) values for surfactants 1–10.


Surfactant CMC [m][a,b]


(tensiometry)
CMC [m][a,b]


(fluorescence)
Amin [nm2] I1/I3


[c]


1 4.3H10�4 4.8H10�4 0.69�0.02 1.02
2 2.1H10�4 2.5H10�4 1.13�0.01 1.08
3 1.8H10�4 1.9H10�4 1.16�0.03 1.15
4 1.3H10�4 1.5H10�4 1.26�0.03 1.13
5 2.1H10�5 2.2H10�5 2.17�0.03 1.19
6 2.2H10�5 1.5H10�5 2.60�0.03 1.18
7 1.2H10�5 1.3H10�5 3.37�0.02 1.18
8 1.5H10�4 1.5H10�4 8.63�0.03 1.28
9 1.2H10�4 1.2H10�4 6.59�0.03 1.19


10 1.1H10�4 1.8H10�4 8.73�0.03 1.22


[a] CMC of surfactants 1–4 were obtained from the literature.[2c] [b] The
accuracy in measurements of the CMC of surfactants in duplicate experi-
ments was within �2%. [c] Intensity ratio due to first and third vibronic
peak of pyrene steady-state fluorescence indicates the micropolarity at
the micellar interface.


Figure 1. CD spectra for a) 5, b) 6, and c) 7 recorded in water (c) as
well as in aqueous methanol (1:1 v/v) (d). Concentration of 5–7=
1H10�4


m.
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Asymmetric Resolution in Ester Reduction by NaBH4


As mentioned above, to carry out asymmetric resolution in
ester reduction, a series of ester molecules (Scheme 2) were
reduced by NaBH4 alone in aqueous solutions of the chiral
cationic surfactants (Scheme 1) to exploit the proximity of
the reactants. Initially we employed NaBH4 reduction at
room temperature for ester I (0.5 mm) in cationic aggregates
of 1 (5 mm). The observed enantiomeric excess (ee) was
very low (3.0%; Table 2, entry 1). Asymmetric resolution in
the reduction of esters II–V was then carried out in the


aqueous aggregates of 1, but no considerable change in ee
was noticed. This is consistent with the CD spectra of 1 (see
reference [2c]), in which no significant difference was ob-
served between the aggregated and nonaggregated forms.
This may again be correlated with the lower spatial asymme-


try of the polar head group of 1, as obtained through the ef-
fective pair potential approach.[2c,16] Next, asymmetric reso-
lution in the reduction of esters I–V was carried out in aque-
ous aggregates of 2–4, in which the conformational flexibili-
ty was likely to be reduced by the incorporation of rigid
head groups. Increased spatial asymmetry of the polar head
is expected to improve the extent of manifested chirality at
the interface. In accordance with our expectation, ee in-
creased to 29% with surfactant 4 (Table 2, entry 3). This in-
fluence of supramolecular chirality was found to be maxi-
mum for substrates III and IV (Table 2, entries 3 and 4), for
which hydrophobicity may play a dominant role by allowing
the substrate molecules to remain tightly bound to the mi-
cellar interface. As a consequence, these two substrates can
exploit the chirality to the utmost.


With the aim of further increasing the manifested chirality
at the interface, multichiral groups were introduced at the
polar head of surfactants 5–7. This was done with the view
that a possibly larger steric constraint will be placed at the
interfacial region as the aromatic part of one amino acid is
further extended by peptide coupling with another amino
acid. To investigate the role of varying spatial asymmetry in
dictating the stereoselectivity, asymmetric resolution in the
reduction of esters was performed in these aqueous aggre-
gates under similar experimental conditions. To our surprise,
the ee was not improved over the monochiral surfactants 2–
4, except for amphiphile 5, which gave 23, 29, and 27% ee
with esters I, III, and IV, respectively (Table 2). The ee ob-
served in dipeptide surfactants were either comparable or


Figure 2. Field emission SEM (FESEM) images of dried samples of aqueous solutions (10 mm) of a) 8, b) 9, and c) 10.


Figure 3. TEM images of dried samples of aqueous solutions (10 mm) of a) 8, b) 9, and c) 10.


Table 2. NaBH4 reduction of esters in the aqueous chiral aggregates at
room ACHTUNGTRENNUNGtemperature.


Entry Ester Enantiomeric excess [%][a]


1 2 3 4 5 6 7 8 9 10


1 I 3 7 3 11 23 9 7 39 39 13
2 II 3 5 9 9 5 3 7 18 7 1
3 III 2 23 23 29 29 17 17 12 17 47 (53)[b]


4 IV 10 24 26 27 27 16 11 16 11 38
5 V 0.5 1.5 0.5 4 1 1 2 4 2 4.5


[a] Alcohols with R enantiomer in excess were from the reduction of
esters I–III except in the case of 10, alcohols with S enantiomer in excess
were from esters I, IV, and V. [b] Reduction was carried out at 4 8C.
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less than those observed in monochiral ones. This result can
be attributed to the concept proposed by Nandi and Voll-
hardt[17] that “the energy of interaction is expected to be fa-
vorable over a broader orientational space due to the availa-
bility of more degrees of freedom” in the case of multichiral
amphiphiles. Thus, a higher degree of freedom in multichiral
surfactants probably results in loss of large-scale chirality.
This was an attempt to explain why, in contrast to our ex-
pectations, the enantioselection in the case of the multichiral
amphiphiles is not enhanced relative to the monochiral.
However, this hypothesis is entirely derived from the con-
cept addressed in reference [17]. Importantly, at this point it
seems that the asymmetric resolution is primarily substrate-
and surfactant-structure-dependent.


The chiral centers of the surfactants 1–7, which we used
in asymmetric resolution, are within the polar-head-group
architecture. Herein, we endeavored to manifest supra-
molecular chirality in the anisotropic microdomain of organ-
ized structure by the incorporation of chiral counterions at
the polar head of the surfactants. Therefore, three cationic
gemini surfactants 8–10 with chiral counterions l-lactate, l-
tartrate, and d-quinate (Scheme 1) were synthesized; atten-
tion was paid to their unique property of forming more-or-
derly bound[18] aggregates, which may in turn lead to en-
hanced chirality at the interface. Aqueous aggregates of
these three cationic gemini surfactants (10 mm) were utilized
in the asymmetric resolution of the reduction of esters I–V
(1 mm). Interestingly, the optical yield improved remarkably
in the case of ester I (39, 39, and 23%, respectively, for 8–
10), which was otherwise insignificant for all the other am-
phiphiles except 5. This increase in ee reached a maximum,
47.0%, in case of 10 with ester III (Table 2, entry 3). Consid-
erable enantioselectivity was found only with ester I for sur-
factants 8 and 9 and with esters III and IV for surfactant 10 ;
the generalized dependence of enantioselection with helicity
as evident from SEM and TEM studies (Figures 2 and 3)
was not observed with all esters. Again, the substrate and
surfactant structures seem to influence the enantioselection.
Moreover, cetyltrimethACHTUNGTRENNUNGylammonium surfactants with the
same chiral counterions l-lactate, l-tartrate, and d-quinate
did not show any ee in the reduction of esters by NaBH4, al-
though the comparison between gemini and conventional
single-chain surfactants is not straightforward, as they repre-
sent two completely different classes of surfactants.


To increase the optical yield further, we decided to carry
out the ester reduction at a low temperature (4 8C), as the
rotational disorder of the molecules is known to decrease
rapidly with a decline in temperature, leading to a decrease
in free rotation about their long axis. As a result, the inter-
molecular interaction becomes more sensitive to the pres-
ence of any asymmetry about their short axis and, hence, ef-
fectively asymmetric to the neighboring molecules. Orienta-
tion-dependant interactions due to the chiral structure of
the molecule therefore become important.[19] Thus, asym-
metric resolution during the reduction of esters was carried
out under the experimental conditions under which the
highest ee was obtained at room temperature, that is, with


ester III in an aqueous aggregate of 10 at 4 8C. The ee was
found to improve slightly to 53% (R)-2-phenylpropan-1-ol,
the highest ever found in ester reduction by NaBH4 within
aqueous aggregates of chiral surfactants.


Conclusion


In summary, we report a simple and stereoselective way of
asymmetric resolution during the reduction of esters in a
series of self-organized aggregates comprising amino acid,
peptide-based, and gemini chiral surfactants by NaBH4


alone. The large-scale chirality at the micellar interface and
its correlation with the asymmetric resolution in ester reduc-
tion was attempted. The results indicate that there is no
straightforward way of telling to what extent the induced
helicity influences the enantioselection, which was found to
be dependent primarily on substrate and surfactant struc-
ture. However, the general purpose of this method lies in
the synthesis of optically pure chemicals in an easy and envi-
ronmentally benign fashion, thereby paving the way for
promising future applications.


Experimental Section


Materials


HPLC-grade solvents were purchased from Qualigens and Merck, India.
Silica gel of 60–120 mesh from SRL, India was used for column chroma-
tography, and TLC was performed on Merck precoated silica gel 60-F254


plates. Amberlyst A-26 chloride ion-exchange resin was obtained from
BDH, UK. All other reagents and solvents were purchased from SRL,
India. 1H NMR spectra were recorded on a 300 MHz (Bruker) spectrom-
eter. Mass spectrometric data of surfactants were acquired by ESI at 25–
70 eV in a Q-tof-Micro Quadruple mass spectrophotometer (Micromass).
FESEM and TEM images were taken with JEOL-6700F and JEM-2010m
microscopes, respectively. Emission spectra were recorded on a Perkin-
Elmer LS 55 luminescence spectrometer. CD experiments were per-
formed on a JASCO J-600C spectropolarimeter. Optical rotations of all
the amphiphiles were measured with a Perkin-Elmer LC 341 polarimeter.
HPLC was performed with a SHIMADZU LC-10 AT series liquid chro-
matograph.


Surface-Tension Measurements and Critical Micellar Concentration


The CMC of the surfactants were measured with a Jencon (India) tensi-
ometer by applying the Du NoOy ring method at (25�0.1) 8C in water.
The CMC values (Table 1) were determined by plotting surface tension
(g) versus concentration of the surfactant (see Supporting Information).
The accuracy of the measurements in duplicate experiments were within
�2%.


Fluorometry


Pyrene is extensively used as a fluorescence probe to investigate the for-
mation of hydrophobic microdomains by surfactants in aqueous solution.
The steady-state fluorescence spectrum of pyrene shows a strong depend-
ence of polarity on the micellar microenvironment. The excitation wave-
length was fixed at 335 nm, and emission spectra were recorded from 360
to 600 nm. Measurements for all surfactants were carried out at 25 8C. At
the same temperature, the emissions due to pyrene in water and n-
hexane were also measured. The pyrene concentration was maintained at
1H10�7


m. Estimated CMC (see Supporting Information) and micropolar-
ity values obtained in the fluorescence study are given in Table 1.
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Circular Dichroism


CD spectra were recorded for both the aggregated and nonaggregated
states at 25 8C with a spectropolarimeter. The concentration range used
for recording the CD spectra, which was adjusted by optical-density
measurements at 220–230 nm, were around 1H10�4


m for surfactants 5–7
(Figure 1) and in the range of 5H10�3


m for 8--10 (see Supporting Infor-
mation). CD spectra for 1–4 were reported earlier.[2c] Each CD spectral
scan was repeated thrice to ensure reproducibility.


Scanning Electron and Transmission Electron Microscopy


SEM samples were prepared by depositing a drop of the aqueous solu-
tion (10 mm) of the sample on a cover slip, which was air-dried for two
days then vacuum-dried for a few hours. TEM samples were prepared by
depositing the aqueous solution (10 mm) onto a carbon-coated copper
grid. It was then air-dried for two days and vacuum-dried for a few hours.


Syntheses


The schematic procedures for all the surfactants are provided in
Scheme 3. The detailed synthetic procedure for 1–4 is available in our
previous report.[2c]


5–7: Boc-protected l-amino acids (10 mmol) were coupled with methyl
esters of the corresponding l-amino acids to prepare peptides (11 mmol)
with DCC (11 mmol) as the coupling reagent in the presence of DMAP
(11 mmol) and HOBT (11 mmol) at 0 8C. The mixture was stirred for
12 h at room temperature. The Boc-protected peptides obtained
(9 mmol) were dissolved in the required amount of methanol and sub-
jected to hydrolysis by adding aqueous NaOH (1n, 20 mL) at room tem-
perature. After 2 h of stirring, the solvents were removed with a rotary
evaporator, and the aqueous portion was extracted with diethyl ether to
remove the unreacted methyl ester. The aqueous portion was then acidi-
fied with HCl (1n) and extracted with ethyl acetate. The ethyl acetate ex-
tract was then washed repeatedly with water to remove any traces of acid
and concentrated. The Boc-protected peptides (8 mmol) were then cou-
pled with N-hexadecylamine (8.8 mmol) with DCC (8.8 mmol) as the
coupling reagent in the presence of DMAP (8.8 mmol) and HOBT
(8.8 mmol) at 0 8C. The mixture was stirred for 12 h at room temperature.
The Boc-protected amides obtained (8 mmol) were then subjected to de-
protection by TFA (32 mmol) in dry DCM at room temperature. After
2 h of stirring, the solvents were removed with a rotary evaporator, and
the mixture was extracted with ethyl acetate. The ethyl acetate portion
was washed thoroughly with aqueous sodium carbonate (10%) followed
by brine until neutral. The organic extracts were dried over anhydrous
sodium sulfate and concentrated to give the corresponding amines. The
amines produced (7 mmol) were quarternized with excess iodomethane,
anhydrous potassium carbonate (7.7 mmol for 5 and 6, 15.4 mmol for 7)
and a catalytic amount of 18-crown-6-ether in dry N,N-dimethylform-
ACHTUNGTRENNUNGamide (DMF) for 1.5 h at room temperature. The reaction mixture was
extracted with ethyl acetate and washed with aqueous sodium thiosulfate
and brine. The concentrated ethyl acetate extracts were subjected to crys-
tallization in methanol/diethyl ether to give the solid quarternized io-
dides, which were subjected to ion exchange on an amberlyst A-26 chlo-
ride ion-exchange resin column to yield the desired pure surfactant.
Yields were in the range of 65–70%.


8–10 : These surfactants were prepared by an ion-exchange method. N,N-
tetramethylethylenediamine (12 mmol) and 1-bromohexadecane
(26.4 mmol) were dissolved in dry ethanol (30 mL) and heated at reflux
ACHTUNGTRENNUNG(�80 8C) for 48 h. The product was crystallized with chloroform/ethyl
acetate. Next, the bromide counterions of the surfactant were replaced
by hydroxide ions by dissolving the surfactant in methanol with a basic
ion-exchange resin (dowex 1H8, 400 mesh, Lancaster) and stirring the
mixture for 2–3 h at room temperature. This process was repeated four
or five times to ensure complete ion exchange. The corresponding (l-
lactic, l-tartaric, d-quinic) acid (24.2, 12.1, and 24.2 mmol, respectively)
was then added to the hydroxide-containing surfactant in methanol, and
the mixture was stirred for 12 h at room temperature. The methanol por-
tion was then concentrated and twice subjected to crystallization with
methanol/diethyl ether. As surfactants 8–10 are highly hygroscopic, it was


not possible to remove all the water. Yields were in the range of 85–
90%.


Pure alcohols: The racemic pure alcohols of the corresponding esters
(Scheme 2, I–V) were synthesized by using the cetyltrimethylammonium
bromide (CTAB)–micellar-assisted NaBH4 reduction of the correspond-
ing n-hexyl esters.[2a] The characterization data of the alcohols are avail-
able in the Supporting Information.


Specific Rotation


The specific rotations of the synthesized amphiphiles at room tempera-
ture are as follows: [a]D=�20.9 (c=1.03, MeOH) for 1; [a]D=++15.1
(c=1.1, CHCl3) for 2 ; [a]D=�23.8 (c=0.76, MeOH) for 3 ; [a]D=�29.3
(c=1.7, CHCl3) for 4 ; [a]D=++1 (c=1.0, MeOH) for 5 ; [a]D=�15 (c=
1.0, MeOH) for 6 ; [a]D=�5 (c=1.3, MeOH) for 7; [a]D=�6 (c=2.0,
MeOH) for 8 ; [a]D=�10 (c=1.0, MeOH) for 9 ; [a]D=�19 (c=1.6,
MeOH) for 10.


1H NMR Spectroscopic, Mass Spectrometric, and Elemental Analysis Data


5 : 1H NMR (300 MHz, CDCl3): d=7.19–7.44 (m, 5H), 5.09–5.26 (m,
1H), 4.87–4.96 (m, 1H), 3.39–3.54 (m, 2H), 3.19–3.29 (m, 2H), 3.06 (s,
3H), 2.46 (s, 3H), 2.19–2.35 (m, 4H), 1.44–1.65 (m, 4H), 1.18–1.32 (br,
26H), 0.87 ppm (t, 3H); MS (ESI): m/z calcd: 514.80; found: 514.27 [M]+


; elemental analysis: calcd (%) for C32H56N3O2Cl: C 69.85, H 10.26, N
7.64; found: C 69.55, H 10.11, N 7.56.


6 : 1H NMR (300 MHz, CDCl3): d=7.03–7.72 (m, 5H), 5.10–5.26 (br,
1H), 4.92–5.01 (m, 1H), 3.14–3.49 (m, 4H), 2.76 (s, 3H), 2.32–2.35 (m,
2H), 2.18 (s, 3H), 1.93–2.13 (m, 4H), 1.32–1.53 (m, 2H), 1.18–1.25 (br,
26H), 0.87 ppm (t, 3H); MS (ESI): m/z calcd: 553.44 [M�Cl]; found:
553.42 [M]+ ; elemental analysis: calcd (%) for C34H57N4O2Cl: C 69.3, H
9.75, N 9.51; found: C 69.5, H 9.55, N 9.33.


7: 1H NMR (300 MHz, CDCl3): d=7.48–7.67 (m, 4H), 7.04–7.41 (m, 6H),
5.08 (m, 1H), 4.87 (m, 1H), 3.51–3.87 (m, 4H), 3.48 (s, 3H), 3.35 (s, 6H),
2.86–2.91 (m, 2H), 1.89–1.96 (m, 2H), 1.16–1.33 (br, 26H), 0.88 ppm (t,
3H); MS (ESI): m/z calcd: 617.47 [M�Cl]; found: 617.48 [M]+ ; elemen-
tal analysis: calcd (%) for C39H61N4O2Cl: C 71.69, H 9.41, N 8.57; found:
C 71.59, H 9.29, N 8.39.


8 : 1H NMR (300 MHz, D2O): d=4.03–4.10 (m, 2H), 3.64–3.69 (m, 2H),
3.55–3.64 (m, 2H), 3.24–3.31 (m, 4H), 3.06 (s, 6H), 2.83 (s, 6H), 1.68 (br,
4H), 1.23–1.35 (m, 6H), 1.11–1.17 (br, 52H), 0.76 ppm (t, 6H); MS
(ESI): m/z calcd: 566.76 [M�C16H34]


+ ; found: 341.12; elemental analysis:
calcd (%) for C44H92N2O6: C 70.92, H 12.44, N 3.76; found: C 70.82, H
12.38, N 3.64.


9 : 1H NMR (300 MHz, D2O): d=4.58 (s, 2H), 3.64–3.71 (m, 4H), 3.3 (m,
2H), 3.06 (s, 6H), 2.89 (s, 6H), 2.75 (m, 2H), 1.68 (br, 4H), 1.18 (br,
52H), 0.77 ppm (t, 6H); MS (ESI): m/z calcd: 566.76 [M�C16H34]


+ ;
found: 341.12; elemental analysis: calcd (%) for C42H86N2O6: C 70.54, H
12.12, N 3.92; found: C 70.63, H 12.22, N 3.84.


10 : 1H NMR (300 MHz, D2O): d=4.04–4.05 (m, 2H), 3.88–3.97 (m, 2H),
3.67–3.70 (m, 2H), 3.54–3.59 (m, 2H), 3.43–3.47 (m, 2H), 3.27–3.32 (m,
2H), 3.16–3.18 (m, 2H), 3.08 (s, 6H), 2.85 (s, 6H), 1.75–2.02 (m, 8H),
1.69 (br, 4H), 1.19–1.26 (br, 52H), 0.78 ppm (t, 6H); MS (ESI): m/z
calcd: 566.76 [M�C16H34]


+ ; found: 341.12; elemental analysis: calcd (%)
for C52H104N2O12: C 65.79, H 11.04, N 2.95; found: C 65.62, H 10.96, N
3.05.


Micelle-Mediated Reduction of Esters With NaBH4


In a typical experiment, the required amount of ester I or II dissolved in
HPLC-grade acetonitrile was added to an aqueous micellar solution
(1 mL, 5 mm for 1–7, 10 mm for 8–10) of the respective surfactant to
reach a substrate concentration of 0.5 (for 1–7) or 1 mm (for 8–10). The
esters were added at 10% with respect to the concentration of the surfac-
tant so that the structure of the aggregates would not be affected. After
10 min of stirring, 5 or 10 mL of an aqueous solution of NaBH4 (15.2 mg
in 1 mL) was added to the reaction mixture to attain the NaBH4 concen-
tration of 2 or 4 mm, respectively, and the mixture was stirred at room
temperature for 6 h. An aqueous solution of sodium perchlorate
(1.1 equiv with respect to surfactant concentration) was added to the re-
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action mixture to precipitate the surfactant through counterion exchange.
The reaction mixture was then extracted with ethyl acetate (2 mL), and
1 mL of the organic portion was placed in a microcentrifuge tube and
evaporated to dryness by controlled flow of nitrogen. n-Hexane/isopropa-
nol (95:5 v/v, 200 mL) was added to the microcentrifuge tube, and the
mixture was centrifuged for 3 min. The supernatant liquid was then in-
jected into an HPLC column (CHIRALCEL OD-H, 4.6 mmH250 mm,
Daicel Chemical Industries, Ltd.).


A 20-mL sample loop was used for the injection of the product mixtures.
Detailed information of the HPLC data are given in the Supporting In-
formation.


For esters III–V, whose alcohols did not separate through this HPLC
column, large-scale reactions (50 mL) were performed with the same
mole ratio as mentioned above. In a typical experiment, the required
amount of ester dissolved in HPLC-grade acetonitrile was added to an
aqueous micellar solution (50 mL, 5 mm for 1–7, 10 mm for 8–10) of the
respective surfactant to reach a substrate concentration of 0.5 (for 1–7)
or 1 mm (for 8–10). After 10 min of stirring, 250 or 500 mL of an aqueous
solution of NaBH4 (15.2 mg in 1 mL) was added to the reaction mixture
to attain the NaBH4 concentration of 2 or 4 mm, respectively, and the
mixture was stirred at room temperature for 6 h. Sodium perchlorate
(1.1 equiv with respect surfactant concentration) was added to the reac-
tion mixture to precipitate the surfactant through counterion exchange.
Full workup with ethyl acetate followed, and the material was concen-
trated and purified by column chromatography. The specific rotation of
the corresponding alcohol was then measured, and the enantioselectivity
was obtained with respect to the specific rotation of the pure enantiomer
in the literature.[20] The chemical yield of the alcohols (conversion of
esters) was generally in the range of 50–70%. The characterization data
of the alcohols are available in the Supporting Information.
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Naoki Kanoh,*[a, b] Aya Asami,[a] Makoto Kawatani,[a] Kaori Honda,[a] Saori Kumashiro,[a]


Hiroshi Takayama,[a] Siro Simizu,[a] Tomoyuki Amemiya,[c] Yasumitsu Kondoh,[c]


Satoru Hatakeyama,[c] Keiko Tsuganezawa,[d] Rei Utata,[d] Akiko Tanaka,[d]


Shigeyuki Yokoyama,[d] Hideo Tashiro,[c] and Hiroyuki Osada*[a]


Introduction


The identification of small-molecule modulators for a pro-
tein of interest can facilitate not only the functional analysis
of the protein but also the development of clinical drugs
when the protein is associated with human diseases. A large
number of both naturally occurring and synthetic small mol-
ecules that modulate specific cellular proteins and thereby
specific biological processes have been discovered.[1,2] In
particular, natural products have been an important re-
source for such compounds. For example, the polyketide
compound reveromycin A[3,4] inhibits protein synthesis in
mammalian cells and induces apoptosis specifically in osteo-
clasts by blocking the aminoacylation activity of isoleucyl-
tRNA synthetase,[5] and the immunosuppressant drugs rapa-
mycin[6] and FK506,[7] which strongly bind to FKBP pro-
teins,[8,9] were originally identified as secondary metabolites
of the genus Streptmyces. Similarly, amphidinolide H,[10] a
macrolide that binds to actin in a 1:1 stoichiometry and
thereby disrupts the actin organization in mammalian


Abstract: We have developed a unique
photo-cross-linking approach for im-
mobilizing a variety of small molecules
in a functional-group-independent
manner. Our approach depends on the
reactivity of the carbene species gener-
ated from trifluoromethylaryldiazirine
upon UV irradiation. It was demon-
strated in model experiments that the
photogenerated carbenes were able to
react with every small molecule tested,
and they produced multiple conjugates
in most cases. It was also found in on-


array immobilization experiments that
various small molecules were immobi-
lized, and the immobilized small mole-
cules retained their ability to interact
with their binding proteins. With this
approach, photo-cross-linked microar-
rays of about 2000 natural products


and drugs were constructed. This
photo-cross-linked microarray format
was found to be useful not merely for
ligand screening but also to study the
structure–activity relationship, that is,
the relationship between the structural
motif (or pharmacophore) found in
small molecules and its binding affinity
toward a protein, by taking advantage
of the nonselective nature of the
photo-cross-linking process.
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cells,[11] was discovered by
screening dinoflagellate prod-
ucts for compounds with anti-
proliferative properties against
cancer cells.
A considerable number of


these bioactive natural prod-
ucts are known to modulate
their macromolecule targets
through specific molecular rec-
ognition[12] and direct bind-
ing.[13] Recently, a growing
number of research laborato-
ries are doing biological re-
search with such small-mole-
cule probes, so-called bio-
ACHTUNGTRENNUNGprobes,[1] which are capable of
yielding insight into the role of
individual macromolecules in
complex biological systems.
High-throughput assay formats
were recently created to
screen such small-molecule li-
gands and modulators for pro-
teins of interest.[14]


Small-molecule microarrays
represent one of the most
promising approaches devel-
oped to date.[15,16] In general,
solid surfaces are derivatized
with certain functional groups
(functional group B in Fig-
ure 1a). Compounds with a re-
active functional group (A)
readily attach to the surface
upon printing through a selective-coupling reaction. The re-
sulting arrays of small molecules are used to screen ligand
molecules for individual proteins. Recently, Schreiber and
co-workers reported several successful results in which the


ligands identified were used to dissect the biological func-
tions of the protein.[17, 18]


Although the selective-coupling approach is very suitable
for immobilizing synthetic compounds, natural products are
structurally diverse and thought to be difficult to introduce
onto a slide surface in a uniform manner. Naturally occur-
ring small molecules, which include terpenes, polyketides,
peptides, alkaloids, and their conjugates, do not have a
common “handle” for immobilization that can be easily de-
signed and introduced onto each synthetic ligand.[19] There-
fore, a conceptually different approach should be developed
to introduce natural products onto a solid surface. Indeed,
several groups have recently reported their own ap-
proaches.[20,21]


There remains another hidden drawback to using the se-
lective-immobilization approach (Figure 1b). Even though
small molecules, whether naturally occurring or synthetic,
can be successfully introduced onto solid surfaces by using a
selective coupling reaction, part of the small molecule faces
the solid surfaces, and therefore some of the immobilized
small molecules will not come into contact with the relevant
binding proteins. In other words, as MacBeath et al. noted


Abstract in Japanese:


Figure 1. Overview of small-molecule microarrays. a) Upon printing, a library of small molecules with func-
tional group A readily attach to the solid surface that is derivatized with functional group B, which is reactive
to A. Coupling between an inadequate pair of functional groups (i.e., B and C) does not occur. b) When the
small molecules are properly immobilized through a selective coupling (D), interactions between these mole-
cules and their binding proteins can be detected sensitively. However, when the immobilization is inadequate
(e.g., E), the immobilized small molecule is useless for the protein binding assay. Nonselective immobilization
(F) enables not only the introduction of a variety of small molecules, but also the production of a variety of
conjugates, some of which are expected to retain affinity toward the binding protein. c) The ideal functional
group (G) should be activated under mild conditions, and the resulting species should immobilize a variety of
small molecules in a functional-group-independent manner. Moreover, the functional group should not remain
on the surface after the immobilization process.
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in their first report on small-molecule microarrays,[15] the
presence of a linker connecting the small molecule to the
solid surface decreases the number of binding modes avail-
able to each compound. Although the resulting arrays
enable the selection of small molecules with known sites of
attachment, which can be useful tools for affinity purifica-
tion and for binding kinetics, the decrease in the number of
binding modes poses a major drawback to ligand screening
and chemical genomics,[22] especially when the goal is to dis-
cover a new type of ligand for a protein with unknown func-
tion and structure.
To overcome these drawbacks for the selective-immobili-


zation approach, we started to develop a conceptually new
“nonselective” immobilization that enables the introduction
of a variety of small molecules to solid surfaces, and found
that photogenerated carbene species can cross-link a variety
of small molecules on a solid surface in a functional-group-
independent manner.[23] Herein, we give a full account of
this investigation, which led to the construction of photo-
cross-linked natural-product microarrays. We also describe
herein the possibility of the platform as a tool for on-array
analyses of the structure–activity relationship (SAR) of
ligand-binding specificity toward a binding protein.


Results and Discussion


Trifluoromethylaryldiazirine as a Useful Functional Group
for Photo-Cross-Linking of Small Molecules


We considered that an ideal functional group on a solid sup-
port to immobilize structurally diverse small molecules in a
functional-group-independent manner should satisfy the fol-
lowing criteria (Figure 1c). 1) It should be possible to acti-
vate the functional group under mild conditions. In other
words, none of the small molecules to be immobilized
should degrade under the conditions that are used to acti-
vate the reactive group, if possible. 2) Preferably, the reac-
tive species generated should react with all possible func-
tional groups on the small molecule to afford a large
number of conjugates, even though the small molecule is
composed of hydrogen and carbon. 3) The reactive species
should not remain on the solid surface after the immobiliza-
tion process. If it remains, the species can react with proteins
during a binding experiment, resulting in nonspecific protein
binding and thereby a high background level in the binding
assay.
To address these requirements, we focused on photoacti-


vatable functional groups as reagents to be introduced onto
solid surfaces. Photoreactive groups such as aryl diazirines,
aryl azides, and benzophenone derivatives are known to
become highly reactive species such as carbenes, nitrenes,
and biradicals, respectively, upon UV irradiation.[24,25] These
species are so reactive that they can react with (or insert
into) a heteroatom–hydrogen or even a carbon–hydrogen
bond. These types of photoreactive groups are usually intro-
duced onto ligand molecules through an appropriate linker
and are used in photoaffinity labeling experiments for ana-


lyzing binding sites within receptor molecules. Although
compounds such as polyenes are damaged by irradiation
with UV light, UV-C irradiation can be thought of as one of
the mildest conditions available.
Among the photoreactive groups, we selected trifluorome-


thylaryldiazirines (TADs)[26] as the reagents of choice. The
photogenerated carbenes from TADs are highly reactive
toward a variety of chemical bonds, including C ACHTUNGTRENNUNG(sp3)�H,
ACHTUNGTRENNUNGC ACHTUNGTRENNUNG(sp2)�H, O�H, C�Cl, N�H, Si�H, and C=C double
bonds.[27–29] Furthermore, they have a low tendency for ring
expansion, whereas the related aryl nitrenes tend to do so
over an energy barrier of several kcalmol�1 to form a spe-
cies called ketenimine, which is only reactive toward nucleo-
philes.[30] Also, a linear diazo isomer, a side product of the
photolysis of TADs, was shown to be reasonably stable
owing to the presence of a trifluoromethyl group,[26] whereas
diazo compounds are highly sensitive to protonation and
subsequent nucleophilic attack in general.[31,32] The stability
of the diazo isomer should decrease the side reactions that
do not involve carbene intermediates and the nonspecific
protein binding.
To test whether TADs can be used to immobilize (or


cross-link) a variety of small molecules on a solid surface,
photo-cross-linking experiments between small molecules
and TADs were examined. A linker molecule 1, which we
named the photoaffinity linker, was designed and prepared
from N-tert-butoxycarbonyl-2,2’-ethylenedioxybis(ethyl-
ACHTUNGTRENNUNGamine) and 4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzoic
acid (Figure 2).[23] We expected that the terminal amine of 1
can be attached to the slide surfaces in various ways, and
the ethylene glycol moiety was expected to decrease non-
specific absorption of proteins onto 1 as well as solid surfa-
ces functionalized with 1.
Ten types of structurally diverse and commercially avail-


able small molecules (rhodamine B, nocodazole, colchicine,
benomyl, digoxin, digitoxin, hydrocortisone, beta-estradiol,
progesterone, and cyclosporin A) were independently mixed
with 1 (0.1 equiv for the respective small molecules) in
MeOH.[33] The solutions were concentrated and dried in va-
cuo, a step that was expected not merely to maximize the ef-
ficiency of photo-cross-linking between small molecules and
1, but also to avoid the cross-linking of the organic solvent
with 1. After the resulting semisolid residues were irradiated
with a UV-C lamp, the mixtures were redissolved in MeOH
and analyzed by an LC ESI MS spectrometer.
The results of photo-cross-linking between small molecule


digoxin (2) and 1 are shown in Figure 2. Upon irradiation,
multiple peaks of the molecular weight of the cross-linked
products were observed besides the peaks derived from the
linear diazo isomer 3 and some side products (Figure 2b).
Notably, as shown in Figure 2b, we observed conjugates in
every experiment and multiple peaks derived from the
cross-linked conjugates in most cases. Although it was diffi-
cult to determine which peak had what structure, and this
model experiment may not reflect events on the solid sur-
face, the results gave us an intuitive expectation that the
TAD group of 1 can be used to cross-link a variety of small
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molecules in a comparatively random orientation, which
cannot be accomplished with the selective approach. Fur-
thermore, we recently performed the photo-cross-linking ex-
periments of 1 in several lower alcohols at the freezing tem-
perature, and found that the photogenerated carbenes from
1 can insert into every possible C�H and O�H bond in a
relatively uniform distribution in the solid state.[34]


Preparation of Photo-Cross-Linked Small-Molecule
Macroarrays: Proof-of-Concept Studies[23]


Highly nonselective reactions are usually recognized to be
totally useless and unsophisticated in the community of or-
ganic chemists. There is no doubt that selectivity in all re-
spects (chemo-, regio-, stereo-, and enantioselectivity) has
been, and will be, a key issue in modern organic chemis-
try.[35,36] However, as we described above, the nonselective
reaction has an advantage in terms of universality and prod-
uct diversity. Thus, it is possible that the question is not the
nonselectivity of the reaction itself, but whether the “signal”
(e.g., a binding signal between a conjugate and a protein in
a binding assay) can be extracted and detected from the big
mixture that results from the nonselective reaction.
To answer the question, we designed photoaffinity-linker-


coated (PALC) glass slides, which can be prepared by intro-
ducing 1 onto amine-coated glass slides through a urea link-


age. We expected that small
molecules can be immobilized
on the PALC glass slides by
photo-cross-linking, and that
the immobilized small mole-
cules (more correctly, some
conjugates from the photo-
cross-linked small molecules)
retain binding affinity toward
possible binding proteins, thus
giving detectable fluorescence
signals when the proteins are
fluorescently labeled.
Seven natural products


(biotin, rapamycin, digoxin,
digitoxin, cyclosporin A, digox-
igenin, and FK506), which are
known to bind known and spe-
cific proteins,[15] and fluores-
cent rhodamine B were dis-
solved in dimethyl sulfoxide
(DMSO) at various concentra-
tions (0.01–100 mm), and the
solutions were spotted in quad-
ruplicate (0.2 mL each) on the
PALC macroarray glass slides
(spot diameter 1 mm). These
spots of small molecules were
dried in vacuo and photo-
cross-linked on the PALC glass
slides. It is expected that the


high concentration of, and thereby the excess number of,
small molecules on the surface should encircle each TAD
group on the slide and decrease the cross-linking within 1,
the intermolecular cross-linking between two molecules of
1, and the multiple cross-linking of 1 with a small molecule.
The resulting photo-cross-linked small-molecule macroar-
rays were washed thoroughly with organic solvents and used
for protein binding assays.
As a consequence of direct observation of macroarrays


with a fluorescence scanner, it was shown that the immobili-
zation of rhodamine B depends on the following factors:
1) the presence of the photoaffinity linker 1, 2) the concen-
tration of the small-molecule solution, 3) the amount of irra-
diation, and 4) the transparency of the small-molecule layer
that covers spotted areas of the slide. The results strongly
suggest that the expected immobilization (i.e., photo-cross-
linking) did occur on the solid surface. Furthermore, the
photo-cross-linked compounds were successfully recognized
in a specific manner by their binding proteins (Figure 3).[37]


This is the first example of the immobilization of complex
natural products on a solid surface as arrays in a uniform
process. Moreover, the binding signals were successfully ex-
tracted from the mixture with excellent signal-to-noise (S/N)
ratios.
Notably, a similar photo-cross-linking immobilization of


biomacromolecules on solid supports by using aryl nitrenes


Figure 2. Detection of photo-cross-linked conjugates between photoaffinity linker and digoxin by liquid chro-
matography (LC) ESI MS analysis. a) LC data for a mixture of photoaffinity linker and digoxin; b) after
photo-cross-linking (365 nm); c–e) ESI MS data for photoaffinity linker (c), digoxin (d), and digoxin–photoaf-
finity linker conjugate (e). LC data were recorded at 254 nm. A254=absorbance at 254 nm, dts=digitose.
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and aryl carbenes was previously reported,[38–40] but our re-
sults are thought to be significant because they demonstrate
that the methodology can be applied to the small-molecule
level.


Construction of Photo-Cross-Linked Compound
Microarrays


The results of the proof-of-concept studies with the macro-
array platform prompted us to construct photo-cross-linked
small-molecule microarrays from a large library of natural
products. For this purpose, we used a Spectrum Collection
(Microsource Discovery Systems Inc., USA) that consists of
2011 natural products and drugs. A map for the microarrays
was designed as shown in the Supporting Information. In
brief, the 2011 compounds were spotted in duplicate on a
single slide, so that the binding signals and noise (tiny
scratches or patches) could be easily distinguished by com-
paring the two arrays. Conversely, when the binding signals
were observed in the same positions for the two different
arrays, we could define them as “hit” signals, whether posi-
tive or false-positive.
With this microarray platform and the proteins used in


the proof-of-concept studies, we reoptimized the length and
hydrophilicity of the linker connecting TAD groups and the
slide surface, as well as the coupling method used to intro-
duce the amine linker onto the slide surface (Figure 4).
Among the photoaffinity linkers (1, 5–8) and coupling meth-
ods evaluated, the combination of linker 6 and a urea link-
age gave optimal results (data not shown). Figure 5 shows


the fluorescence image of the photo-cross-linked small-mol-
ecule microarray, which was blocked with 1% skimmed
milk and probed successively with (His)6-FKBP12
(2 mgmL�1), polyclonal rabbit anti-(His)6 antibody (MBL
Co. Ltd., Nagoya, Japan) (10 mgmL�1), and Alexa633-labeled
anti-rabbit IgG antibody (Invitrogen Co., CA, USA)
(100 mgmL�1). Binding signals were clearly observed on the
FK506- and rapamycin-spotted areas, and a good S/N ratio
was obtained.[41]


Interestingly, although the introduction of photoaffinity
linkers 7 and 8 through an amide linkage improved the den-
sity of photoaffinity linkers to 3–5 pmolmm�2,[15,42] which is
at least 30-fold higher than the density of 6 that was intro-
duced onto the slide through a urea linkage, neither the in-
tensity nor the S/N ratios of the observed binding signals
were improved.
Besides the methods for probing slides described above,


several protocols can be applied to observe small-molecule–
protein interactions. In particular, the tyramide signal am-
plification (TSA) system (PerkinElmar, MA, USA), an
enzyme-mediated detection method that utilizes the catalyt-
ic activity of horseradish peroxidase (HRP) to generate
high-density labeling of a target protein,[43] can be applied to
the small-molecule microarray platform, usually resulting in
superior S/N ratios.
In an attempt that involved a library of various peptides


and the resulting photo-cross-linked peptide microarrays, we
noticed that the immobilized phosphotyrosyl peptide–biotin
conjugates (biotin–ABBBVHpYARLI; B=b-Ala) recog-


Figure 3. Detection of interactions between photo-cross-linked small mol-
ecules and labeled proteins. a) Array design: 1= rapamycin, 2=digitoxin,
3=digoxigenin, 4=biotin, 5=digoxin, 6=cyclosporin A, 7=FK506.
b–e) Fluorescence images of the slides: b) probed with anti-cyclosporin A
antibody–Alexa532 conjugate (10 mgmL�1) and scanned for Alexa532 ;
c) probed with anti-digoxin antibody–FITC conjugate (150 mgmL�1) and
scanned for FITC (FITC= fluorescein-isothiocyanate); d) probed with
(His)6-FKBP12–Alexa488 conjugate (10 mgmL�1) and scanned for
Alexa488; e) probed with streptavidin–Alexa633 conjugate (5 mgmL


�1) and
scanned for Alexa633.


Figure 4. Comparison of photoaffinity linkers with a different length,
ACHTUNGTRENNUNGhydrophilicity, and connection mode between linkers and slide surface.
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nized not only streptavidin but also the SH2 domain of pro-
tein tyrosine phosphatase SHP-1, with dissociation constants
(KD) in the femtomolar and low micromolar range, respec-
tively (see Supporting Information).[44] This result suggests
that the immobilization took place both on biotin and on
the peptide moiety, thus demonstrating again the functional-
group independency of the photo-cross-linking process.


SAR on the Photo-Cross-Linked Small-Molecule
Microarrays


When the photo-cross-linking protocol is used, it is expect-
ed, as described above, that the immobilized small mole-
cules will display virtually all of their surfaces, thus giving
them the inherent ability to interact with their binding pro-
teins. This also means that it is possible to study the SAR,
that is, the relationship between the structural motif (or
pharmacophores) found in small molecules and the binding
affinity of the motif toward a protein of interest.
When the photo-cross-linked small-molecule microarrays


were treated with a monoclonal mouse anti-digoxin anti-
body (2 mgmL�1; Sigma), and binding was detected with an


Alexa633-conjugated anti-mouse IgG antibody (100 mgmL�1),
many binding signals, including signals on digoxin, were ob-
served (Figure 6a). Most of the “hit” compounds on whose
spots strong signals were observed were steroids and steroi-
dal glycosides, each of which had a butenolide on the D ring
(for the structure of digoxin, see Figure 2; see also Support-
ing Information for all structures of “hit” compounds). In
fact, we also observed fluorescence signals on other mole-
cules (Figure 6b), but in contrast to the signals on the ste-
roids, these signals were observed when the slide was treat-
ed directly with Alexa633-conjugated anti-mouse IgG anti-
body (see Supporting Information). These signals did not in-
crease when the concentration of the anti-digoxin antibody
was increased. This result showed that these false-positive
signals originated from the fluorescence of the compounds
themselves and/or from binding with Alexa-labeled anti-
body.
The C-, D-, and butenolide-ring regions of the “hit” com-


pounds are closely related to each other, thus indicating the
possibility that the antibody recognizes the structure. Inter-
estingly, other structurally related steroidal compounds were
found in the 2011 library, although only very weak binding
signals were observed for them (see Supporting Information
for all compounds containing butenolide). Five out of 21 bu-
tenolide-containing steroidal compounds did not give signifi-
cant binding signals (Figure 6c). Analysis of these structures
revealed that the presence of the C16 a-acetoxy group
(group C in Figure 6c) or a C14–C15 double bond
(group D) had a totally negative effect on binding. The C16
a-hydroxy group (group B) also tended to have a negative
effect. Finally, the compound strophanthidin (see Supporting
Information), which does not contain these structural fea-
tures, did not give a strong signal.
We then carried out the competitive binding assay on the


microarrays (see Supporting Information). This experiment
gave us information about whether the compounds on the
arrays bind to the digoxin-binding region of the antibody.
The anti-digoxin antibody was incubated first in the pres-
ence of various concentrations of digoxin, then the mixture
was applied to the microarrays. After washing, the observed
signals on the steroidal compounds were extracted and ana-
lyzed.
The results showed that fluorescence signals on the


group A compounds, including strophanthidin, decreased as
the concentration of the competitor increased (Table 1; see
also Supporting Information). In contrast, four other com-
pounds (groups C and D and one in group B) did not com-
pete with digoxin. We concluded from the array experiments
that the antibody recognizes mostly a domain that consists
of C, D, and butenolide rings, and that the C14–C16 portion
of the molecules is critical to the binding. This working hy-
pothesis was confirmed by a solution-phase competitive
binding assay with [3H]digoxin (Table 1; see also Supporting
Information). The experimental results in solution were in
good agreement with the array results.
Very recently, Schreiber, Koehler, and co-workers report-


ed the expanded functional-group compatibility of their


Figure 5. On-array detection of interactions between FKBP12 and FKBP
binders. a) Fluorescence image of the slide probed successively with
(His)6-FKBP12 (2 mgmL


�1), rabbit anti-(His)6 antibody (10 mgmL
�1), and


mouse anti-rabbit IgG antibody–Alexa633 conjugate (100 mgmL�1). Two
spots of FK506 were added and printed as positive controls. Green sig-
nals=position markers (rhodamine B). b) Plot of fluorescence intensity
for each spot.
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small-molecule microarrays to include immobilization of a
variety of reactive functional groups on the surface of a
single slide.[45] However, our microarray platform still has


the merit that no such reactive functional group is needed
for small molecules to be immobilized. For example, we suc-
cessfully observed a binding event between progesterone
and its antibody on the photo-cross-linked small-molecule
microarrays (see Supporting Information for the detailed
analysis and the SAR study).


Conclusions


We have demonstrated that the photo-cross-linking ap-
proach is useful for immobilizing a variety of small mole-
cules on a solid surface, and the resulting photo-cross-linked
small-molecule microarrays can be useful tools for screening
small-molecule ligands for a protein of interest. Moreover,
by using the advantage of the functional-group independ-
ence of the photo-cross-linking process, it is possible to
obtain information about structural motif, which is vital for
binding to a protein of interest. This information is excep-
tionally important in the design and synthesis of multifunc-
tional ligands that bind to several different proteins,[46] or li-
gands that modulate protein–protein interactions.[47,48] Al-


Figure 6. SAR on the photo-cross-linked small-molecule microarrays. a) A fluorescence image of the slide probed with mouse anti-digoxin antibody
(2 mgmL�1) followed by anti-mouse IgG antibody–Alexa633 conjugate (100 mgmL


�1). The white arrow indicates the spot on which digoxin was immobi-
lized. b) Plot of fluorescence intensity of the immobilized small molecules, listed in order of magnitude. Red rectangles indicate the fluorescence signals
that varied depending on the concentrations of both anti-digoxin antibody and competitor (digoxin). White rectangles indicate those signals that did not
vary with these concentrations. c) Structural trend of steroidal compounds for anti-digoxin binding. The A and B rings of each steroidal structure are
omitted for clarity. The “hit” compounds are the compounds for which significant fluorescence intensity (> (mean of background signals+9Mstandard
deviation of background signals)) is observed.


Table 1. Relationship between on-array and solution-phase binding
assays. The 11 selected compounds are listed in order of fluorescence
signal intensity. The symbols “+” and “�” indicate the degree of com-
petition in the competitive binding assay on arrays. Details of the results
are summarized in the Supporting Information.


Compound Category Binding[a] Competition[a] IC50 [nm]
[b]


lanatoside C A 42825 + 5
digitoxin A 38176 + 19[c]


digoxin A 26647 + 3[c]


digoxigenin A 10454 + 6[c]


sarmentogenin A 5644 + 205
ouabain A 3206 + 1628[c]


gitoxin B 2099 + 204
oleandrin C 779 � 4300
gitoxigenin B 736 � >20000
gitoxigenin diacetate C 725 � >20000
anhydro-b-sarmento-
genin


D 715 � 5750


[a] On-array binding assays. [b] Solution-phase binding assays. [c] The
compounds were purchased from other vendors and used for the radio-
immunoassay. See Experimental Section for details.
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though X-ray crystallographic and NMR spectroscopic anal-
yses of ligand–protein complexes also give the same type of
information, the SAR on our microarray platform is unique
in that it offers structural insight into the molecular-recogni-
tion event that occurs in solution with the minimum amount
of both protein and ligand samples.
Further applications of this strategy toward ligand screen-


ing and the identification of binding motifs for proteins of
biological importance, as well as accompanying technologi-
cal developments,[49, 50] are now in progress in our laboratory.


Experimental Section


Photo-Cross-Linking Experiments between Small Molecules and 1


Typically, each small molecule (10 mmol) was mixed with 1 (1 mmol) and
dissolved in a 10-mL sample vial containing MeOH (1 mL). The mixture
was concentrated in vacuo. The vials containing the mixtures were irradi-
ated at 365 nm for 1 h with a Super-light model LS-D3 lamp (Irie Seisa-
kusyo Co., Ltd., Tokyo, Japan). The mixtures were redissolved in MeOH
and analyzed with a Perkin–Elmer SCIEX API 2000 pneumatically assist-
ed electrospray triple-quadrupole mass spectrometer equipped with a
Hewlett–Packard Series 1100 HPLC system (column: 200 mmM2 mm PE-
GASIL ODS column (Senshu Scientific Co., Ltd. Tokyo, Japan); mobile
phase: 20–100% aq. CH3CN containing 0.05% HCO2H; flow rate:
0.2 mLmin�1).


Preparation of Photo-Cross-Linked Small-Molecule Macroarrays and
Protein Binding Assays


Detailed descriptions of the synthesis of 1 and the preparation of photo-
cross-linked small-molecule macroarrays are given in our previous
report.[32]


Slide Preparation for Photo-Cross-Linked Small-Molecule Microarray


The slides were prepared according to our previous report,[23] with the
following three modifications: 1) DNA microarray TYPE 1 slides (high-
density amine-coated slides; cat. No. SD00011, Matsunami Glass Indus-
tries Ltd.) were used instead of fluororesin-imprinted DNA microarray
TYPE 1 slides (cat. No. S117806); 2) photoaffinity linker 6 was used in-
stead of 1; 3) a solution of N,N’-disuccinimidyl carbonate (100 mm) and
N,N’-diisopropylethylamine (100 mm) in N,N-dimethylformamide (DMF)
was used to activate the slide surfaces. The photoactivatable slides pre-
pared were degassed and stored at �20 8C until use.


Small-Molecule Printing


Solutions of the 2011 library compounds (10 mm in DMSO) were arrayed
onto the PALC glass slides with a high-precision microarrayer loaded
with 16 microspotting pins. A map of the photo-cross-linked small-mole-
cule microarrays is shown in the Supporting Information.The microarray-
er was developed and customized at RIKEN. After arraying, the slides
were allowed to stand on the platform typically overnight. The slides
were exposed to UV irradiation of 4 Jcm�2 at 365 nm by using a CL-
1000L ultraviolet cross-linker (UVP Inc., CA, USA). They were then
rinsed with DMSO, washed successively with DMSO, DMF, THF,
DMSO, and Milli-Q water (1 h each) by using a MildMixer XR-36 instru-
ment (TAITEC Co. Ltd., Saitama, Japan), and centrifuged (400g, 1 min).
The slides were degassed and stored at �20 8C until use.


Binding Assay with Anti-Digoxin Antibody


Slide probing and washing procedures were performed at 25 8C with a
Lucidea SlidePro hybridizer (Amersham Biosciences Corp., NJ, USA).
In each experiment, the slides were incubated with a solution (0–
20 mgmL�1, 200 mL each) of a monoclonal mouse anti-digoxin antibody
DI-22 clone (Sigma–Aldrich Inc., MO, USA) in binding buffer (1%
skimmed milk, 10 mm Tris/HCl, 150 mm NaCl, 0.05% tween-20, pH 8.0)


for 1 h and washed with 15 cycles of a continuous flow (20 mLs�1, 1 min)
and mixing (1 min) of TBS-T buffer (10 mm Tris/HCl, 150 mm NaCl,
0.05% tween-20, pH 8.0). The slides were then probed with a solution of
a goat anti-mouse IgG–Alexa633 conjugate (Invitrogen Co., CA, USA)
(100 mgmL�1) in binding buffer for 1 h and washed again with 15 cycles
of a continuous flow (20 mLs�1, 1 min) and mixing (1 min) of TBS-T
buffer. The slides were rinsed with Milli-Q water (60 mLs�1, 1 min), dried
under a stream of air for 1 min, and centrifuged (400g, 1 min).


Competitive Binding Assay on Microarrays


Different amounts (final concentration: 0–1 mm) of digoxin in DMSO
(final concentration of DMSO: 0.5%) were added to a solution of DI-22
monoclonal mouse anti-digoxin antibody (2 mgmL�1) in binding buffer
(325 mL). The mixtures were incubated at room temperature for 1 h and
then used for slide probing. The procedures that followed were the same
as described above.


Scanning Slides for Fluorescence


The probed slides were scanned at a resolution of 10 mm per pixel with a
GenePix 4100 scanner (Amersham Biosciences) by using the Cy3 and
Cy5 channels. The fluorescence signals were quantified with GenePix 5.0
software with local background correction. For quantitative analyses, two
slides (i.e., four microarrays) were used for each experiment. The differ-
ences between the fluorescence signal intensity on the two slides were
normalized by using rhodamine fluorescence at the Cy5 channel. Four
normalized fluorescence signals were averaged and plotted.


Competitive Binding Assay with Dextran–Charcoal and [3H]digoxin:
Radioimmunoassay


Digitoxin, digoxigenin, and ouabain were purchased from Sigma–Aldrich
Inc. Digoxin was purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Other compounds were obtained from the Spectrum Col-
lection library. DMSO (2 mL) or a solution (0.2 nm–20 mm) of a steroidal
compound in DMSO was added to binding buffer (500 mL) with or with-
out an anti-digoxin antibody (2.4 nm). The mixture was stirred under
vortex for 10 s and incubated at 30 8C for 30 min. A solution (2 mL) of
[3H]digoxin (2 nCi, 0.17 nm) in EtOH was added to either mixture. The
mixture was stirred under vortex for 10 s and incubated again at 30 8C for
1 h. During this period, dextran-coated charcoal (100 mg) was mixed with
TBS-T buffer (10 mL) and rotated at 4 8C for 1 h. A portion (200 mL) of
the resulting suspension of dextran-coated charcoal (1% w/v) was added
to the mixture. The mixture was stirred under vortex, incubated at 4 8C
for 10 min, and centrifuged (4 8C, 3000 rpm, 10 min). The separated su-
pernatant (250 mL) containing antibody-bound [3H]digoxin was added to
scintillation fluid (3 mL; Aquazol-2, New England Nuclear, MA, USA),
stirred under vortex for 10 s, and counted with a liquid scintillation coun-
ter. All assays were performed in triplicate.
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A Method of Orthogonal Oligosaccharide Synthesis Leading to a
Combinatorial Library Based on Stationary Solid-Phase Reaction


Takuro Ako, Shusaku Daikoku, Isao Ohtsuka, Rumiko Kato, and Osamu Kanie*[a]


Introduction


Oligosaccharides are a class of diverse molecules synthe-
sized through a series of glycosyl-transfer reactions in the
Golgi apparatus. Thus, the majority of proteins are post-
translationally modified with oligosaccharides. Together
with glycolipids, another important family, the surfaces of all
mammalian cells are decorated with a variety of glycoconju-
gates. Furthermore, there is rapidly expanding information
regarding important functions of oligosaccharides,[1] some of
which relates to cancer metastasis,[2] immune responses,[3]


and infectious diseases.[4,5] The importance of synthetic oli-
gosaccharides in functional investigations and in the genera-
tion of anti-oligosaccharide antibodies in connection with
vaccine development can be readily understood.[6] There-
fore, synthetic methods to access oligosaccharide structures
are extremely important.[7] Furthermore, a combinatorial
oligosaccharide library is potentially important in terms of
diagnoses and providing potential seeds for new pharma-
ceuticals.[8]


Solid-phase synthesis of oligosaccharides is a focus area
because it relates to rapid access to such molecules, and im-
portant achievements have been reported.[9,10] One of the
goals of this area of research is the establishment of a solid-
phase-based synthetic method, which is considered to be of
fundamental importance in providing the chemical and tech-
nological basis for an automated oligosaccharide synthesi-
zer.[9c] Such technology is important for further biological in-
vestigations as it allows a rapid supply of required mole-
cules.


On the other hand, important issues that need to be ad-
dressed in the development of solid-phase oligosaccharide
synthesis are high-yielding stereoselective glycosylation re-
actions and the overall efficiency of the chemical process-
es.[11–13] Regarding the overall efficiency throughout the syn-
thesis, chemoselective activation of anomeric leaving groups
has been intensively investigated.[14] The majority of these
methods allows iterative glycosylation reactions without the
tedious protecting-group manipulations usually required in
carbohydrate chemistry, thus minimizing the number of re-
action steps. Among them, an extremely efficient method,
orthogonal glycosylation, was reported.[15] This methodology
relies on a set of distinct chemical reactivities of anomeric
leaving groups, which has also proven useful in polymer
(MPEG: monomethyl polyethyleneglycol)-bound oligosac-
charide synthesis[15d,e] and in solid-phase synthesis to some
extent.[16] The usefulness of the system has been demonstrat-
ed not only in oligosaccharide synthesis, but also in the


Abstract: A new, efficient synthesis of
oligosaccharides, which involves solid-
phase reactions without mixing in com-
bination with an orthogonal-glycosyla-
tion strategy, is described. Despite a
great deal of biological interest, the
combinatorial chemistry of oligosac-
charides is an extremely difficult sub-
ject. The problems include 1) lengthy
synthetic protocols required for the
synthesis and 2) the variety of glycosy-


lation conditions necessary for individ-
ual reactions. These issues were ad-
dressed and solved by using the orthog-
onal-coupling protocol and the applica-
tion of a temperature gradient to pro-


vide appropriate conditions for
individual reactions. Furthermore, we
succeeded in carrying out solid-phase
reactions with neither mechanical
mixing nor flow. In this report, the syn-
thesis of a series of trisaccharides,
namely, a/b-l-Fuc-(1!6)-a/b-d-Gal-
(1!2/3/4/6)-a/b-d-Glc-octyl, is report-
ed to demonstrate the eligibility of the
synthetic method in combinatorial
chemistry.


Keywords: anomers · combinatorial
chemistry · oligosaccharides ·
orthogonal glycosylation · solid-
phase synthesis


[a] T. Ako, S. Daikoku, Dr. I. Ohtsuka, R. Kato, Dr. O. Kanie
Mitsubishi Kagaku Institute of Life Sciences (MITILS)
11 Minamiooya, Machida-shi, Tokyo 194-8511 (Japan)
Fax: (+81)42-724-6238
E-mail : kokanee@mitils.jp


Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.


798 @ 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2006, 1, 798 – 813


FULL PAPERS



www.interscience.wiley.com





synthesis of polymers, dendrimers, and oligomeric cate-
chins.[17]


Despite advances in synthetic chemistry, the synthesis of
combinatorial oligosaccharide libraries is a difficult subject.
The carbohydrate-related combinatorial libraries reported
thus far can be divided into six categories, namely, 1) a
simple oligosaccharide library,[8,18] 2) a natural-product-like
library,[19] 3) an oligosaccharide library with modifications of
functional groups,[20] 4) a combinatorial glycopeptide li-
brary,[21] 5) a glycolipid library,[22] and 6) a chiral scaffold of
a library.[23] We have been interested in the stand-alone oli-
gosaccharide library (category 1) and attempted to synthe-
size oligosaccharides in the solid phase, leading to an auto-
mated synthesizer and combinatorial library.


It is readily anticipated that an active oligosaccharide that
has been identified to play an important biological role is
susceptible to existing hydrolases that degrade the molecule,
leading to rapid loss of activity. For this reason, one might
conclude that synthetic oligosaccharides may serve as impor-
tant tools for biological investigations but not as therapeutic
agents. Although this is true on the one hand, a potential
piece of research was reported in which the investigation of
synthetic inhibitors of N-acetylglucosaminyl transferase V
was exploited. All monosaccharide units of a synthetic sub-
strate of the enzyme b-d-GlcNAc-(1!2)-a-d-Man-(1!6)-b-
d-Man-octyl were successfully replaced to give an inhibitor
with other monosaccharide residues, namely, b-d-Glc, a-d-
Rha, and b-d-Glc, respectively.[24] Although activities against
degrading enzymes have not been investigated, the transfer-
ase inhibitor should be resistant to the b-N-acetylglucosami-
nidase. A combinatorial library may be considered as a
source of such compounds for both a better understanding
of the basis of carbohydrate–protein interactions and as po-
tential therapeutic agents.


Another potential role of a combinatorial oligosaccharide
library is the source of physical information contained in the
structures of individual molecules. With such a library in
hand, data related to chemical bond energies may be ex-
tracted by using energy-resolved mass spectrometry.[25] This
type of information will be extremely important in elucidat-
ing the structure of an unknown oligosaccharide isolated
from natural sources. A method of estimating such a struc-


ture may also be established after finding structural charac-
teristics.


We report herein an extremely efficient method for oligo-
saccharide synthesis applicable to combinatorial synthesis.
Our method is based on the combined use of a stationary
solid-phase reaction (SSPR), in which no mechanical mixing
is applied, an orthogonal glycosylation strategy, and solid-
phase extraction (SPE). The synthesis of a series of trisac-
charides, namely, a/b-l-Fuc-(1!6)-a/b-d-Gal-(1!2/3/4/6)-a/
b-d-Glc-octyl, is reported to show the potential usefulness
of the method in the synthesis of a combinatorial oligosac-
charide library.


Results and Discussion


Successful oligosaccharide synthesis requires careful selec-
tion of a strategy, suitable coupling methods, and protecting
groups.[9] At first, a decision regarding the direction of syn-
thesis, that is, whether to start from the reducing or nonre-
ducing terminus, has to be made. For the current investiga-
tion, we selected the latter, which is suited to an orthogonal-
glycosylation strategy.[15a] We also decided to synthesize the
possible stereoisomers regarding anomeric configura-
tions.[8,26]


The current trend in the chemical synthesis of oligosac-
charides, including solid-phase synthesis, aims primarily to
synthesize a “desired” product, which is isolated, structurally
defined, and/or found to play an important biological role,
and thus becomes a target for the synthesis.[9] Stereoselec-
tive synthesis is required for the synthesis of a target mole-
cule. Alternatively, it may be possible to identify useful
structures in nonnatural oligosaccharides from a combinato-
rial library.


Rationale for Not Performing Stereoselective
Glycosylations


Our intension was to synthesize all anomers as a member of
a library (Scheme 1; focus on protecting group).[8,26] It is pos-
sible to accomplish such a goal by using nonneighboring and
neighboring participating groups at the position next to the
anomeric center to obtain a and b glycosides, respectively.[7]


However, tremendous effort has to be made to achieve ste-
reospecific synthesis, not only for stereocontrolled synthetic
methods but also for the preparation of a series of synthetic
units, especially with glycosyl donors equipped with a partic-
ipating or nonparticipating protecting group. In combinato-
rial synthesis, the addition of a second set of reactions indi-
cates that all the reactions have to be carried out twice.
Here, one of the important considerations in carbohydrate
chemistry is that the glycosylation proceeds basically by an
SN1 reaction mechanism, especially when nonneighboring
groups are used as protecting groups at O2. In this case, a
mixture of anomers is formed, and thus isolation of both
anomers is necessary. This was the method for obtaining a


glycosides. Therefore, we decided to perform the synthesis
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of oligosaccharide in a nonstereospecific manner and to iso-
late the obtained mixture by chromatographic techniques.
Regardless of this consideration, however, one can perform
stereoselective glycosylation reactions by using neighboring
participating groups as they are also used in solution
chemistry.


Considerations for Efficient Oligosaccharide Synthesis


How would one access oligosaccharides in a minimum
number of chemical steps? One may choose either of the
following techniques: 1) chemoselective activation of
anomeric leaving groups[14] and 2) solid-phase chemistry. De-
spite successful expansion of one-pot syntheses based on
chemoselective glycosylations in solution,[11] however, com-
bined use of this technique with solid-phase reaction usually
does not give satisfactory results because the less-reactive
species has to be exposed to the activating agent before ad-
dition to the solid carrying the other more-reactive species.
As chemoselective reactions rely on subtle differences in re-
activities of chemical species, less-reactive species would
react slowly in the absence of more-reactive species. Thus,
chemoselective reaction would give rise to a mixture of
products consisting of deletion sequences. Therefore, com-
plicated purification is inevitable when such reactions are
used. To address the problem, we decided to use the orthog-
onal-glycosylation strategy.[15a] In this system, the chemical
species involved is chemically independent. This is thus con-
sidered best-suited for solid-phase reaction, especially for
oligosaccharide synthesis. Of course, one of the advantages
of solid-phase organic reactions is rapid operation due to ex-


clusion of column chromatography. We also planned to in-
corporate a hydrophobic tag at the end of the synthesis. This
facilitates rapid isolation of the desired products by SPE
after cleavage of the accumulated products from resin beads
and deprotection (Scheme 1; focus on solid-phase orthogo-
nal glycosylation and SPE).[27]


Objectives


To determine the eligibility of our synthetic method based
on orthogonal glycosylation and the proposed SSPR, a
series of linear trisaccharides consisting of l-fucose, d-galac-
tose, and d-glucose was chosen as targets. l-Fucose-contain-
ing oligosaccharides were found to be part of glycoproteins
and glycolipids and are known to play important biological
roles, including involvement of Leb antigen as a ligand of
Helicobacter pylori.[28] Furthermore, the selected trisacchar-
ides contain the a-l-Fuc-(1!6)-b-d-Gal structure, which
was identified to be a weak substrate of a-fucosidase.[8] One
of our goals is to find a potential therapeutic agent that con-
sists basically of carbohydrates only. Such a molecule has to
be recognized by a targeted binding protein and has to be
slowly decomposed by endogenous hydrolases. Therefore,
the series of trisaccharides was selected for future screening
purposes as well. A conceptual summary of our library syn-
thesis is depicted in Figure 1. A nonreducing end unit,
fucose unit in this case (see also Scheme 1), was selected as
a first monosaccharide. The second unit, for example, galac-
tose unit with a 6-hydroxy group, was then coupled to afford
anomer mixtures. The individual mixtures were coupled
with the third unit, and so on. At each coupling cycle, new


Scheme 1. Overall synthetic plan. Four individual synthetic equivalents prepared before the synthesis were sequentially coupled by means of the orthogo-
nal-glycosylation strategy. The last component introduced acts as a hydrophobic tag that facilitates rapid isolation of the products carrying it after cleav-
age of the substances accumulated on the support and the deprotection reactions. The trisaccharides obtained were finally isolated by using reverse-
phase HPLC. Bn=benzyl.
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anomers were formed; thus, a series of compounds with a
sequence consisting of 23 anomeric combinations were
formed in each sequence.


Synthesis of Fucose Derivatives


To perform solid-phase orthogonal-glycosylation reactions, a
nonreducing-end monosaccharide unit has to be attached to
a resin prior to the synthesis. To begin with, the phenylthio-
glycoside of l-fucose derivative 4,[29] of which the 2- and 3-
OH groups were protected as benzyl ethers, was synthesized
from compound 1 by benzylidenation (benzaldehyde di-
ACHTUNGTRENNUNGmethylacetal, pTsOH), benzylation (BnBr, NaH), acid hy-
drolysis (80% AcOH), and selective benzylation (Bu2SnO,
BnBr) (Scheme 2). Compound 4 was converted into the suc-
cinyl esters 8 and 9 as follows. Compound 5 obtained by


protection of the 4-OH group with a chloroacetyl group
(90%) was converted into glycosyl fluoride 6 in 91% yield
by using DAST. The formation of a- and b-glycosyl fluorides
was evident from the typical anomeric 1H NMR signals at
5.57 ppm (J1-H,2-H=2.7, J1-H,F=53.2 Hz) for the a anomer and
5.18 ppm (J1-H,2-H=6.8, J1-H,F=52.4 Hz) for the b anomer.
The reaction did not require any of the additives usually
used, such as N-bromosuccinimide (NBS). It is believed that
an electrophilic sulfiminium cation species is the active
agent in the reaction.[8b] Although a higher reaction temper-
ature (40 8C in this case) was required, the reaction was very
much cleaner than the one with NBS, which usually produ-
ces glycosyl bromide as a by-product. Compound 6 was then
treated with DABCO to remove the chloroacetyl group and
give 7 (92%). Position 4 of compounds 4 and 7 was function-
alized as succinyl esters 8 (97%) and 9 (60%), respectively.


Figure 1. Concept of trisaccharide combinatorial library. *=a anomer, *=b anomer. Isolated or interconnected objects indicate either individual
ACHTUNGTRENNUNGmonosaccharides or trisaccharides. Glycan structures are represented as suggested by the Nomenclature Committee, the Consortium for Functional
ACHTUNGTRENNUNGGlycomics (http://www.functionalglycomics.org). ~=l-Fucose, *=d-galactose, *=d-glucose.
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Synthesis of Resin-Bound Fucosyl Donor under Stationary
Conditions (SSPR)


In solid-phase synthesis, chemical reactions take place inside
the pores of resins. We often mix such beads mechanically
in a reaction slurry with the intention of aiding diffusion of
heat and the chemical entities involved so as to accelerate
the reaction. The governing factors of chemical reactions
that occur inside resins, however, are 1) temperature, 2) con-
centration, and 3) the diffusion constants of the reactants;
mixing is therefore not needed for factors 2 and 3. Thus, me-
chanical mixing may be avoided, especially in a relatively
small-scale synthesis such as in the case of combinatorial
chemistry. If possible, the mixing mechanism, which often
makes the machine bulky, costly, brittle, and wasteful of sol-
vents, can be eliminated from the organic synthesizer.


For the SSPR to be effective, the following conditions
have to be fulfilled whenever possible: 1) the reactants re-
quired should be dissolved in the minimum volume of se-
lected solvent necessary to swell the resin used; 2) resin
beads should be predried to allow not only successful anhy-
drous reaction conditions but also efficient introduction of a
solution into the resin pores based on solvation effect;[30b]


and 3) soluble reagents should be used to avoid clogging of
the pores. The amount of solvent required to swell a certain
quantity of resin beads can be obtained by slowly adding the
solvent(s) to the beads. Polystyrene-based resins swell
within 10 min for nonpolar organic solvents, thus addition is
performed during this period. The “liquefaction” phenom-


enon of the beads is used to judge the amount (�5 mL di-
chloroethane (DCE) or DMF per g TentaGel).[30] Thus, the
resin beads (Amino TentaGel; 1.00 g, 0.29 mmol) were swol-
len with a solution containing 8 (2 equiv), DIC (3 equiv),
and HOBt (2.5 equiv) in DMF (5.0 mL). The vessel contain-
ing the resulting calluslike resin beads was left to stand at
room temperature for 24 h. The resins were thoroughly
washed and subjected to acetylation conditions to cap the
existing amine. According to the Kaiser test and weight gain
of the resin, the yield of 10 from this amide-bond formation
was 67% (Scheme 2). In a similar manner, resin-bound fu-
cosyl fluoride donor 11 was synthesized in 60% yield by
using 9. The rate of introduction of these first monosacchar-
ide units was controlled at 60–70% based on the prelimina-
ry examination, which indicated that this loading level re-
sulted in the best overall yield. One of the reasons for this
result is fewer donor-to-donor cross-reactions. When higher
loading (quasiquantitative yield) was achieved, formation of
fucosyl dimer was observed. Also, regarding the reaction ef-
ficiency relative to that with vortex mixing, similar yields
were obtained with identical quantities of individual materi-
als (data not shown, but details of SSPR are given below for
glycosylation reactions).


With a successful example of amide-bond formation
under SSPR conditions, we turned our attention to the gly-
cosylation reaction. We first carried out experiments to com-
pare conditions with and without mixing. Experiments were
terminated after 15 min, before completion of the reaction,
to compare quasi-initial rates. In both cases, compound 10
was used as a glycosyl donor. For the SSPR, a minimum
amount of solvent containing n-octanol and dimethyl-
ACHTUNGTRENNUNGmethylthiosulfonium trifluoromethanesulfonate (DMTST)[31]


was used and the resins were left at �30 8C. Excess solvent
has to be used to stir the reaction mixture in a traditional re-
action. For this, twofold dilution of the reagents was used to
allow the standard reaction. It was shown that the reaction
rate in the SSPR was 1.4 times greater than that of a stan-
dard reaction. This result is believed to reflect the effect of
the higher concentration in the former conditions, which is
similar to a phenomenon observed for acceleration of chem-
ical reaction in frozen solution.[32] A homogenous, high con-
centration of the reaction solution to be sucked into the
resin in our experiment was achieved because the glycosyl
acceptor and the promoter can be mixed in the orthogonal
system. Furthermore, this is advantageous over other glyco-
sylation strategies because time is not required for the diffu-
sive mixing of solutions of acceptor and promoter. Regard-
less of the mechanism that accelerates the solid-phase reac-
tion, it is clear that mechanical mixing is not needed for this
reaction. Also, the result indicates that the method can elim-
inate the need for unnecessary amounts of reagents and sol-
vents. The SSPR is thus considered best-suited to the auto-
mated synthesizer because of minimum solvent consumption
and space occupancy, except for large-scale synthesis.


Scheme 2. Synthesis of resin-bound fucosyl donors. a) Benzaldehyde di-
methylacetal, pTsOH, DMF, 87%; b) BnBr, NaH, DMF, 58%; c) i) 80%
AcOH; ii) Bu2SnO, toluene; iii) BnBr, CsF, DMF, 89% over 3 steps;
d) chloroacetyl chloride, DCM, Pyr, 90%; e) DAST, DCM, 40 8C, 91%;
f) DABCO, EtOH, Pyr, 70 8C, 92%; g) succinic anhydride, DMAP, DCM,
Pyr; h) Amino TentaGel, DIC, HOBt, DMF; i) Ac2O, Pyr, DCM. ClAc=
chloroacetyl, DABCO=1,4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane, DAST=N,N-di-
ACHTUNGTRENNUNGethylaminosulfur trifluoride, DCM=dichloromethane, DIC=diisopropyl-
carbodiimide, DMF=N,N-dimethylformamide, HOBt=1-hydroxybenzo-
ACHTUNGTRENNUNGtriazole, pTs= tosyl, Pyr=pyridine.
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Examination of Solid-Phase Glycosylation Conditions


Before initiating solid-phase oligosaccharide synthesis, we
first examined the reaction conditions with thioglycoside
and glycosyl fluoride as glycosyl donors in the orthogonal
coupling.[15a,b,d] To determine each reaction condition, resin-
bound fucosyl donors carrying phenylthio (10) and fluoro
groups (11) at anomeric centers were prepared and used in
the glycosylation reactions to obtain 12 ; other conditions
were varied (Tables 1 and 2). DMTST and hafnocene bistri-
fluoromethanesulfonate [Cp2Hf ACHTUNGTRENNUNG(OTf)2]


[33] were used as the
activating agents for the respective functional groups. One
of the objectives of these experiments was to identify the
condition that yields a mixture of glycosides in which the de-
sired a/b ratio is 1, which is important as we want all possi-
ble anomers.


Activation of Phenylthioglycoside


Table 1 shows the results of using phenylthiofucoside 10 as
the glycosyl donor; the quantities of acceptor and DMTST
were fixed at 2 and 3 equivalents, respectively, based on our


preliminary experiments. The
results clearly show that the
yields of octyl glycosides 12
were very high (�97%), as
confirmed by 1H NMR analy-
ses. It seems that application of
a temperature gradient from
lower to higher temperature, to
facilitate reactions for which
the optimal temperature is not
known, was effective (Table 1,
entries 1–8), especially in terms
of reaction time. This is clear


when the results of entries 1 and 9 in Table 1 are compared.
The reaction was successfully completed in the former but
not the latter case. We do not have an explanation for the
results obtained for the reactions carried out at higher tem-
peratures that did not go to completion (Table 1, entries 10–
12). Also, the formation of the b glycoside tended to in-
crease at lower temperatures. Regarding the a/b ratio, the
higher the temperature, the higher the rate of formation of
the a glycoside (Table 1, entries 7, 8, 10–12). Despite the use
of nonneighboring participating protecting groups (benzyl in
this case) at O2, the result indicates that b glycoside forma-
tion is preferred under kinetic control. On the other hand,
the proportion of the thermodynamically stable a glycoside
increased at higher temperatures as expected. In the pres-
ence of CH3CN, the a/b ratio did not change dramatically,
whereas the preferred a/b ratio (closest to one) was ob-
tained in the absence of CH3CN. Notably, glycosyl fluoride
13 was found to gradually decompose at reaction tempera-
tures over 0 8C (data not shown). Also, a longer reaction
time was necessary to complete the reaction (Table 1, en-
tries 13 and 14). As the difference in the a/b ratio was not
affected significantly (Table 1, entry 7 vs. 8 and entry 13 vs.


14), we decided to use the reac-
tion conditions (activation of
phenylthioglycosides) shown in
Table 1, entry 15 for further ex-
periments.


Activation of Glycosyl Fluoride


Next, we examined the glycosy-
lation reaction with resin-bound
fucosyl fluoride as a glycosyl
donor (Table 2). We found that
DCM was the superior solvent
because of its potent solvating
ability. Our initial choice of
DCE was based on the consid-
eration that solvents with rela-
tively high boiling points and/or
viscosity were preferred in
terms of liquid handling when
using a synthesizer. The ratio of


Table 1. Glycosylation reactions of resin-bound phenylthiofucoside 10.[a]


Entry Acceptor[b] Solvent[c] T [8C]
initial/final


t [h] 12 formed 4 [%][d]


Yield [%][d] a/b[d]


1 n-octanol S1 �30/0 1 �97 1:2.5 N.D.[e]


2 n-octanol S1 �30/0 2 �97 1:2.6 N.D.[e]


3 n-octanol S1 �30/0 3 �97 1:2.5 N.D.[e]


4 n-octanol S2 �30/0 1 �97 1:2.5 N.D.[e]


5 n-octanol S3 �30/0 1 �97 1:2.3 N.D.[e]


6 n-octanol S4 �30/0 1 �97 1:1.8 N.D.[e]


7 n-octanol S1 �20/0 1 �97 1:2.1 N.D.[e]


8 n-octanol S1 �10/0 1 �97 1:1.7 N.D.[e]


9 n-octanol S1 �30 1 �66 1:2.9 �31
10 n-octanol S1 0 1 �70 1:1.4 �27
11 n-octanol S1 10 1 �70 1:1.6 �27
12 n-octanol S1 20 1 �70 1:1.3 �27
13 13 S1 �30/0 1 �85 1:3.9 �12
14 13 S1 �15/0 1 �93 1:3.2 �4
15 13 S1 �30/0 12 �97 1:2.3 N.D.[e]


[a] Reaction conditions: 1) DMTST (3 equiv), DCE/CH3CN; 2) NaOMe, MeOH/DCE (1:4). [b] 2 equiv
ACHTUNGTRENNUNGacceptor was used. [c] Solvents: DCE/CH3CN=1:1 (S1), 2:1 (S2), 3:1 (S3); S4: DCE. [d] Yields and ratio were
ACHTUNGTRENNUNGdetermined by 1H NMR spectroscopy. [e] Not detected.


Table 2. Glycosylation reactions of resin-bound fucosyl fluoride 11.[a]


Entry ACHTUNGTRENNUNG[Cp2HfCl2]
ACHTUNGTRENNUNG[equiv]


AgOTf
ACHTUNGTRENNUNG[equiv]


Solvent[b] T [8C]
initial/
final


t
[h]


12 formed Remaining
11 [%][c]Yield [%][c] a/b[c]


1 3 3 S1 �30/0 2 �30 1:2.4 67
2 3 6 S1 �30/0 2 67 1:2.4 �30
3 3 6 S2 �30/0 12 �97 1:3.3 <1.0
4 3 6 S2 �30/0 1 �97 1:2.3 <1.0
5 3 3 S2 �30 0.25 <1.0 N.D.[d] 98
6 3 6 S2 �30 0.25 �36 1:2.4 61


[a] Reaction conditions: 1) Acceptor=n-octanol (2 equiv), [Cp2HfCl2], DCE/CH3CN; 2) NaOMe, MeOH/
DCE (1:4). [b] Solvents: DCE/CH3CN=1:1 (S1), DCM (S2). [c] Yields and ratios were determined by
1H NMR spectroscopy. [d] Not determined.


Chem. Asian J. 2006, 1, 798 – 813 @ 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 803


Orthogonal Oligosaccharide Synthesis







[Cp2HfCl2] to AgOTf was determined to be 1:2 (Table 2,
entry 1 vs. 2).[33a] Again, the efficiency of the application of a
temperature gradient was confirmed (Table 2, entries 1–4 vs.
5 and 6). A steeper increment rate resulted in an excellent
yield (Table 2, entry 4). The result indicated no clear effect
on the ratio of the glycosides formed under these conditions.


Orthogonal Glycosylation in the Solid Phase


With the results of the activation conditions of phenylthio-
glycoside and glycosyl fluoride, we examined the synthesis
of trisaccharides by using an orthogonal-glycosylation reac-
tion based on the newly introduced SSPR (Schemes 3–5).
The orthogonal-glycosylation reaction relies on the chemical
distinctiveness of two independent functional groups at
anomeric positions. In this system, 1) phenylthioglycoside is
selectively activated by DMTST in the presence of glycosyl
fluoride carrying a hydroxy group and 2) glycosyl fluoride is
selectively activated by [Cp2Hf ACHTUNGTRENNUNG(OTf)2] in the presence of
thioglycoside. In this method, the reaction starts from the
nonreducing terminus, where formation of the deletion se-
quence can be suppressed without capping reactions as de-
scribed for glycal chemistry, because the by-products cannot
serve as glycosylating agents in the next cycle.[9a]


The resin-bound fucose derivative 10 was used as a glyco-
syl donor (Scheme 3). To achieve a “mixing-free” SSPR, a


selected galactosyl fluoride 13, in which the 2-, 3-, and 4-hy-
droxy groups were protected with benzyl groups, was pre-
pared as an acceptor[8b] and mixed with a solution of
DMTST. The mixture was added to a resin at �15 8C. The
swelled resin was left while the reaction temperature was
raised to 0 8C over 12 h (temperature increment rate:
1.25 8Ch�1) to give resin-bound disaccharide 14. Hereafter
we use “TF” to describe the temperature factor of the reac-
tion conditions, for example, (TF �15, 0, 1.25) in this case.
The resin was thoroughly washed, and aliquots were taken
to obtain the coupling yield after ZemplNn deacetylation.


Analysis by quadrupole ion-trap mass spectrometry
(QITMS) revealed that disaccharide 12 (where R in Table 1
is A2) (m/z=801.3) was formed with excellent efficiency
(Figure 2a). Furthermore, glycosylation of 10 with com-


pound 15 (2-OH form)[34] was also carried out to yield resin-
bound 16. An extremely high yield was shown again by
QITMS analysis (Figure 2b).


The compounds that accumulated on the solid support
consisted of anomers; however, we proceeded with the syn-
thesis because our intention was to synthesize all possible
anomers. Thus, resin-bound disaccharide fluorides 14 were
activated by [Cp2Hf ACHTUNGTRENNUNG(OTf)2] and coupled with phenylthioglu-
coside carrying a 6-OH functionality (18)[35] (Scheme 4). The
reaction was carried out under SSPR conditions (TF �30, 0,
2.5). The conditions of Table 2, entry 3 were used based on
the consideration that glycosylation of a monosaccharide
unit may require a longer reaction time according to the gly-
cosylation of phenylthioglycoside as shown above. QITMS
analysis after cleavage of 19 from the resin again indicated
a successful reaction. The resin-bound trisaccharide thiogly-
coside 20 was then coupled with n-octanol in the presence
of DMTST (TF �30, 0, 2.5) without mixing to give com-
pound 21. The trisaccharides were cleaved from the resin
under ZemplNn conditions, and the mixture consisting of 23


anomers (22, Figure 3a) was hydrogenated over Pd(OH)2 on
charcoal to yield 23 (Figure 3b) as an anomeric mixture. In
this mixture, only the desired products have a hydrophobic
tag (octyl in this case), as potential by-products such as hy-
drolysis and elimination products were not involved in fur-
ther glycosylation reactions. The final compounds were thus
easily separated from the by-products by means of a re-
verse-phase short column (SPE) (33%, 5 steps).


Scheme 3. Synthesis of disaccharides. a) DMTST, DCE/CH3CN (1:1);
b) NaOMe, MeOH/DCE (1:4). *For a detailed examination of the
ACHTUNGTRENNUNGreaction conditions, see Table 1.


Figure 2. Mass spectra of compounds 12 (R=A2) and 17.
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Trisaccharides obtained in this manner consist of a series
of anomers. Each anomer was isolated by using liquid chro-
matography (LC) MS with a reverse-phase monolithic
column. As a demonstration, the separation of a/b-Fuc-(1!
6)-a/b-Gal-(1!6)-a/b-Glc-octyl 23 was carried out, the
chromatograph of which is shown in Figure 4a. Anomeric
configurations were then characterized by 1H NMR spec-
troscopy and, when necessary, 1H–1H COSY and heteronu-
clear single-quantum correlation (HSQC) experiments. The
assigned chemical shifts and coupling constants of these
anomers are listed in Table 3.


Having shown a solid-phase orthogonal system in which a
glycosylation reaction of disaccharide glycosyl fluoride with
a primary hydroxy group was achieved, we then examined a
glycosylation reaction with a secondary hydroxy group by
using the 3-hydroxy free-glucose derivative 24[36]


(Scheme 5). Thus, the coupling of 24 and resin-bound 14
was carried out to give trisaccharide 25, which was then cou-
pled with n-octanol to give 26. Compound 27 (Figure 3c)
obtained after cleavage from the resin was finally subjected
to hydrogenolysis to yield 28 (Figure 3d) (5.2 mg, 17.8%,
5 steps). Individual compounds were isolated by using


Scheme 4. Synthesis of trisaccharides. a) [Cp2Hf ACHTUNGTRENNUNG(OTf)2], DCE/CH3CN (1:1); b) NaOMe, MeOH/DCE (1:4); c) n-octanol, DMTST, DCE/CH3CN (2:1);
d) H2, Pd(OH)2/C, MeOH/EtOAc (1:1).


Figure 3. Mass spectra of compounds 22, 23, 27, and 28.
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HPLC (Figure 4b), and the anomeric configurations were
characterized by NMR spectroscopy. The assigned chemical
shifts and coupling constants of the anomers are shown in
Table 4.


In the same manner, a/b-Fuc-(1!6)-a/b-Gal-(1!2/4)-a/
b-Glc-octyl 30 and 32 were synthesized from disaccharide 14
and corresponding glucose derivatives (Scheme 5).[37] Forma-
tion of trisaccharides were confirmed by mass spectral anal-
ysis as shown in Figure 5a (30) and b (32).


Conclusions


We have demonstrated successful oligosaccharide synthesis
by using an orthogonal glycosylation strategy based on
SSPR. An overall improvement of the synthetic protocol
was achieved, which will be effectively used in the upcoming
combinatorial synthesis of oligosaccharides. The usefulness
of our method was shown through the synthesis of a small
combinatorial library of linear trisaccharides with the gener-


al sequence l-Fuc-(1!6)-d-
Gal-(1!2/3/4/6)-d-Glc as an
octyl glycoside. Furthermore,
we have shown that all anomers
with the sequence can be isolat-
ed by simple reverse-phase
HPLC. The anomeric configu-
rations of compounds thus iso-
lated were successfully assigned
by using 1H–1H COSY and
HSQC. The SSPR may also
affect the future design of syn-
thesizers. Investigations direct-
ed toward 1) finding potential


Figure 4. HPLC profile of a) 23 and b) 28. Positive m/z in both cases=
623. For anomeric configurations, retention times, and the ratio of
ACHTUNGTRENNUNGindividual compounds, see Tables 3 and 4.


Table 3. Assignments of 1H NMR spectra of the trisaccharides 23, their retention times, and anomer ratio.


Compounds Anomeric
configurations[a]


d [ppm] (J [Hz]) tR
ACHTUNGTRENNUNG[min]


Ratio
[%][c]Fuc Gal Glc


23–1 aaa 4.91[b]


(3.8)
4.88[b]


(2.7)
4.98[b]


(4.0)
41.0 1.4


23–2 aab 4.94 (3.6) 5.02 (2.7) 4.48 (8.0) 32.9 6.5
23–3 aba 4.94 (3.9) 4.43 (7.8) 4.90 (3.6) 26.6 6.4
23–4 abb 4.97 (3.8) 4.50 (7.9) 4.48 (8.2) 23.4 17.7
23–5 baa 4.43 (7.8) 4.99 (3.2) 4.94 (3.8) 68.3 2.8
23–6 bab 4.45 (7.9) 5.01 (3.4) 4.50 (8.0) 46.3 14.9
23–7 bba 4.43 (7.9) 4.45 (8.1) 4.92 (3.6) 44.2 14.2
23–8 bbb 4.43 (7.8) 4.49 (7.8) 4.48 (8.0) 35.1 36.1


[a] Anomeric configurations are shown as starting from the nonreducing and proceeding to the reducing
ACHTUNGTRENNUNGterminus. [b] Assignments are tentative. [c] Ratio of anomers was estimated from the LCMS spectrum based
on the assumption that these structural isomers were ionized similarly.


Scheme 5. Synthesis of trisaccharides 28, 30, and 32. a) DMTST, DCE/CH3CN; b) [Cp2Hf ACHTUNGTRENNUNG(OTf)2], DCE/CH3CN; c) n-octanol, DMTST, DCE/CH3CN;
d) NaOMe, MeOH/DCE; e) H2, Pd(OH)2/C, MeOH/EtOAc.
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agents for some therapeutic treatments[8] and 2) establishing
a new method for structural elucidation by extracting physi-
cal data based on energy-resolved mass spectrometry[25] are
underway using an oligosaccharide library.[38]


Experimental Section


General Methods


NovaSyn TG amino resin was purchased from Merck. Bohdan Mini-
blockQ was equipped with a heat-transfer layer. Dried solvents were
used for all reactions. Solutions were evaporated under reduced pressure
at a bath temperature not exceeding 50 8C. Analytical TLC was per-
formed on a Merck Art 5715 chromatograph with Kieselgel 60 F254 0.25-
mm thick plates. Visualization was performed with UV light and phos-
phomolybdic acid and/or sulfuric acid followed by heating. Column chro-


matography was performed with a
Merck Art 7734 chromatograph with
silica gel 60 (70–230 mesh). Optical ro-
tations were measured in a 1.0-dm
tube with a Horiba SEPA-200 polarim-
eter. 1H NMR (500 MHz) and
13C NMR (125 MHz) spectra were re-
corded with an AVANCE 500 spec-
trometer (Bruker Biospin Inc.) in deu-
terated solvents with tetramethylsilane
as an internal standard. ESI QIT mass
spectra were recorded on an Es-
ACHTUNGTRENNUNGquire 3000 plus mass spectrometer
(Bruker Daltonics Inc.). High-resolu-
tion mass spectra were obtained on a
Q-star pulsar-i with ESI interface (Tri-
ple Q TOF mass spectrometer with re-
flectron; mass accuracy: 5 ppm for


150–900; Applied Biosystems Inc.) and internal standards Fuca ACHTUNGTRENNUNG(1!
2)Galb ACHTUNGTRENNUNG(1!4)Glc (theoretical monoisotopic mass as [C18H32O15Na]+ :
511.1633) and lacto-N-neotetraose (theoretical monoisotopic mass as
[C26H45NO21Na]+ : 730.2376), which were purchased from Dextra Labora-
tories (Reading, UK).


Compounds 1,[29] 13,[8b] and 15[34] were prepared according the procedure
reported. Compounds 18[35] and 24[36] were prepared according to proce-
dures described previously[37] .


In the assignment of 1H NMR spectra for the mixture of a and b anom-
ers, individual protons were counted separately regardless of the ratio.


Syntheses


2 : Benzaldehyde dimethylacetal (1.33 mL, 8.9 mmol) and pTsOH
(112 mg, 0.59 mmol) were added to a solution of 1[29] (2.0 g, 5.9 mmol)
dissolved in DMF (7.0 mL), and the resulting mixture was stirred at 45 8C
for 1 h. After completion of the reaction, Et3N was added to the mixture,
which was then concentrated. The residue was purified by a column of
silica gel (hexane/EtOAc=3:1) to yield 2 (1.84 g, 87%). 2a : Rf=0.52
(toluene/EtOAc=4:1); 1H NMR (CDCl3): d=7.54–7.26 (m, 10H, aro-
matic H), 6.19 (s, 1H, PhCH), 5.17 (dd, J=6.8, 10.4 Hz, 1H, 2-H), 4.67
(d, J=10.0 Hz, 1H, 1-H), 4.48 (t, J=5.7 Hz, 1H, 4-H), 4.11 (dd, J=2.9,
5.3 Hz, 1H, 3-H), 3.87 (q, 1H, 5-H), 1.38 ppm (d, J=6.5 Hz, 3H, 6-H).
2b : Rf=0.49 (toluene/EtOAc=4:1); 1H NMR (CDCl3): d=7.89–7.27 (m,
10H, aromatic H), 5.89 (s, 1H, PhCH), 5.06 (dd, J=6.7, 10.0 Hz, 1H, 2-
H), 4.69 (d, J=10.1 Hz, 1H, 1-H), 4.36 (t, J=6.3 Hz, 1H, 4-H), 4.15 (dd,
J=2.1, 5.8 Hz, 1H, 3-H), 3.98 (q, 1H, 5-H), 1.38 ppm (d, J=6.3 Hz, 3H,
6-H).


3 : NaH (8.8 mg, 0.61 mmol) was added to a solution of 2 (1.1 g,
3.0 mmol) in DMF (20 mL) containing BnBr (760 mL, 6.1 mmol) at about
0 8C. The reaction mixture was stirred at room temperature for 1.5 h and
diluted with EtOAc. The mixture was washed with water, dried over
MgSO4, and concentrated. The resulting residue was purified on a silica-
gel column chromatograph (hexane/EtOAc=4:1) to give 3 (783 mg,
58%). 3a : 1H NMR (CDCl3): d=7.59–7.22 (m, 15H, aromatic H), 5.99
(s, 1H, PhCH), 4.88, 4.78 (d, J=11.4 Hz, 2H, PhCH2), 4.67 (d, J=9.5 Hz,
1H, 1-H), 4.55 (t, J=6.0 Hz, 1H, 4-H), 4.07 (dd, J=9.5, 1.8 Hz, 1H, 3-
H), 3.77 (q, 1H, 5-H), 3.64 (dd, J=5.6, 9.8 Hz, 1H, 2-H), 1.41 ppm (d,
J=6.7 Hz, 3H, 6-H). 3b : 1H NMR (CDCl3): d=7.58–7.22 (m, 15H, aro-
matic H), 5.89 (s, 1H, PhCH), 4.73, 4.56 (d, J=11.4 Hz, 2H, PhCH2),
4.65 (d, J=10.1 Hz, 1H, 1-H), 4.37 (t, J=5.8 Hz, 1H, 4-H), 4.11 (dd, J=
6.5, 2.5 Hz, 1H, 3-H), 3.91 (q, 1H, 5-H), 3.52 (dd, J=5.6, 9.8 Hz, 1H, 2-
H), 1.46 ppm (d, J=6.5 Hz, 3H, 6-H).


4 :[29] Compound 3 (2.7 g, 6.1 mmol) was treated with AcOH (80 mL) and
water (20 mL) at 45 8C. After 5 h, the solution was concentrated to leave
a residue, which was purified by silica-gel column chromatography
(CH2Cl2/MeOH=100:1) to give a 3,4-diol (1.9 g, 5.6 mmol, 91%; Rf=


0.22 (toluene/EtOAc=4:1)). The diol was dissolved in toluene (30 mL),
and Bu2SnO (1.66 g, 6.6 mmol) was added to the solution. The mixture
was stirred for 3 h under reflux conditions and concentrated to dryness.
The residue was dissolved in DMF (30 mL), CsF (1.1 g, 6.6 mmol) and


Table 4. Assignments of 1H NMR spectra of the trisaccharides 28, their retention times, and anomer ratio.


Compounds Anomeric
configurations[a]


d [ppm] (J [Hz]) tR
ACHTUNGTRENNUNG[min]


Ratio
[%][c]Fuc Gal Glc


28–1 aaa 4.92[b] 5.32[b] (3.5) 4.92[b] 45.2 4.8
28–2 aab 4.90 (3.69) 5.34 (3.8) 4.47 (8.1) 40.4 6.5
28–3 aba 4.93 (3.8) 4.54 (7.3) 4.93 (3.8) 43.2 2.0
28–4 abb 4.92 (3.8) 4.59[b] (7.5) 4.48[b] (8.2) 51.5 4.4
28–5 baa 4.38 (7.9) 5.33 (3.9) 4.91 (3.7) 53.1 14.1
28–6 bab 4.41 (8.0) 5.37 (3.6) 4.48 (8.1) 46.6 35.9
28–7 bba 4.39 (7.9) 4.58 (7.8) 4.92 (3.7) 49.3 8.2
28–8 bbb 4.40 (8.5) 4.62[b] (7.9) 4.49[b] (7.8) 55.3 24.0


[a] Anomeric configurations are shown as starting from the nonreducing and proceeding to the reducing
ACHTUNGTRENNUNGterminus. [b] Assignments are tentative due to signal overlap. [c] Ratio of anomers was estimated from the
LCMS spectrum based on the assumption that these structural isomers were ionized similarly.


Figure 5. Mass spectra of a) 29 and b) 30.
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BnBr (820 mL, 6.6 mmol) were added, and the resulting mixture was stir-
red for 3 h, diluted with EtOAc, washed with NaHCO3, dried over
MgSO4, and concentrated. The residue was purified by column chroma-
tography (toluene/EtOAc=10:1) to yield 4 (1.9 g, 89%). Rf=0.51 (tolu-
ene/EtOAc=4:1); 1H NMR (CDCl3): d=7.58–7.23 (m, 15H, aromatic
protons), 4.84–4.68 (m, 4H, 2SPhCH2), 4.60 (d, J=9.8 Hz, 1H, 1-H),
3.82 (dd, J=3.2, 2.8 Hz, 1H, 4-H), 3.69 (t, J=9.5 Hz, 1H, 2-H), 3.59–3.55
(m, J=3.2 Hz, 2H, 3-H, 5-H), 1.37 ppm (d, J=6.5 Hz, 3H, 6-H);
13C NMR (CDCl3): d=131.9–127.3 (aromatic C), 87.5 (C1), 82.8 (C3),
76.8 (C2), 75.7 (PhCH2), 74.2 (C5), 72.1 (PhCH2), 69.4 (C4), 16.7 ppm
(C6); HRMS: m/z calcd for [C26H28O4SNa]+ : 459.1600; found: 459.1604.


5 : Chloroacetyl chloride (300 mL, 3.73 mmol) was added dropwise to a
solution of 4 (811 mg, 1.86 mmol) in DCM/pyridine (18:1, 19 mL) in an
ice-cooled bath with mixing. The resulting solution was stirred at room
temperature for 1 h and diluted with EtOAc. The mixture was washed
with saturated NaHCO3 and saturated NaCl. The organic layer was dried
over MgSO4, filtered, and concentrated. The resulting residue was puri-
fied on a column of silica gel (hexane/EtOAc=5:1) to give 5 (858 mg,
90.0%) as a syrup. Rf=0.16 (hexane/EtOAc=6:1); [a]26D =�14.28 (c=
0.38, CHCl3);


1H NMR (CDCl3): d=7.60–7.26 (m, 15H, aromatic H),
5.43 (d, J=3.0 Hz, 1H, 4-H), 4.76 (d, J=10.2 Hz, 1H, PhCH2), 4.73 (d,
J=9.9 Hz, 1H, PhCH2), 4.71 (d, J=9.8 Hz, 1H, PhCH2), 4.64 (d, J1-H,2-H=


9.5 Hz, 1H, 1-H), 4.51 (d, J=11.1 Hz, 1H, PhCH2), 4.20 (d, J=15.0 Hz,
1H, ClCH2CO), 4.10 (d, J=15.1 Hz, 1H, ClCH2CO), 3.73 (q, J5-H,6-H=


6.4 Hz, 1H, 5-H), 3.68 (dd, J3-H,4-H=3.2 Hz, 1H, 3-H), 3.62 (t, J2-H,3-H=


9.2 Hz, 1H, 2-H), 1.28 ppm (d, J=6.4 Hz, 3H, 6-H); 13C NMR (CDCl3):
d =167.4 (ClCH2CO), 138.1–127.6 (aromatic C), 87.4 (C1), 81.0 (C3),
76.3 (C2), 75.7 (PhCH2), 72.7 (C5), 72.2 (PhCH2), 71.9 (C4), 40.8
(ClCH2CO), 16.8 ppm (C6); HRMS: m/z calcd for [C28H29ClO5SNa]+ :
535.1316; found: 535.1316.


6 : DAST (360 mL, 2.91 mmol) was added dropwise to a solution of 5
(737 mg, 1.44 mmol) in DCM (14 mL) at 0 8C under N2 atmosphere. The
reaction mixture was stirred at 40 8C for 13 h and then diluted with
EtOAc. The solution was washed with saturated NaHCO3 and saturated
NaCl. The organic layer was dried over MgSO4, filtered, and concentrat-
ed. The resulting residue was purified on a column of silica gel (hexane/
EtOAc=5:1–4:1) to give 6 (555 mg, 91.4%, a/b =17:1) as a pale-yellow
syrup. Rf=0.22 (a), 0.14 (b) (hexane/EtOAc=5:1); [a]26D =�42.18 (a/b
=17:1, c=0.20, CHCl3);


1H NMR (CDCl3): d=7.51–7.05 (m, 20H, aro-
matic H), 5.57 (dd, J1-H,2-H=2.7 Hz, 2J1-H,F=53.2 Hz, 1H, 1-Ha), 5.48
(brd, J=2.6 Hz, 1H, 4-Ha), 5.38 (br s, 1H, 4-Hb), 5.18 (dd, J1-H,2-H=


6.8 Hz, 2J1-H,F=52.4 Hz, 1H, 1-Hb), 4.85 (d, J=11.8 Hz, 1H, PhCH2-a),
4.83 (d, J=9.2 Hz, 1H, PhCH2-b), 4.77–4.68 (m, 4H, PhCH2-a,b), 4.59 (d,
J=11.2 Hz, 1H, PhCH2-a), 4.55 (d, J=11.4 Hz, 1H, PhCH2-b), 4.25 (q,
J=6.5, 13.1 Hz, 1H, 5-Ha), 4.20 (dd, J=15.3 Hz, 2H, ClCH2CO-b), 4.15
(t, J=15.2 Hz, 2H, ClCH2CO-a), 4.00 (dd, J3-H,4-H=3.3 Hz, 1H, 3-Ha),
3.81 (q, 1H, 5-Hb), 3.74 (ddd, J2-H,3-H=10.0 Hz, 3J2-H,F=12.7 Hz, 1H, 2-
Ha), 3.67 (ddd, J2-H,3-H=9.7 Hz, 3J2-H,F=12.9 Hz, 1H, 2-Hb), 3.62 (dd,
J3-H,4-H=3.2 Hz, 1H, 3-Hb), 1.30 (d, J=6.4 Hz, 3H, 6-Hb), 1.20 ppm (d,
J=6.5 Hz, 3H, 6-Ha); 13C NMR (CDCl3): d=167.1 (ClCH2CO-a),
137.8–127.9 (aromatic C), 106.1 (d, JC1,F=226.3 Hz, C1a), 75.4 (C3a),
74.4 (d, 2JC2,F=23.8 Hz, C2a), 73.8 (PhCH2-a), 72.2 (C4a, PhCH2-a), 67.0
(d, 3JC5,F=3.6 Hz, C5a), 40.7 (ClCH2CO-a), 16.0 ppm (C6a); HRMS:
m/z calcd for [C22H24ClFO5Na]+ : 445.1188; found: 445.1181.


7: DABCO (447 mg, 3.90 mmol) was added to a solution of 6 (550 mg,
1.30 mmol) in EtOH/pyridine (5:1, 13 mL). The resulting mixture was
stirred at 70 8C for 15 h and concentrated. The resulting residue was dis-
solved in EtOAc, and the mixture was washed with saturated NaHCO3


and saturated NaCl. The organic layer was dried over MgSO4, filtered,
and concentrated. The resulting residue was purified on a column of
silica gel (hexane/EtOAc=3:1) to give 7 (415 mg, 92.1%, a/b =25:1) as
a pale-yellow syrup. Rf=0.22 (a/b mixture) (hexane/EtOAc=3:1);
[a]26D =�26.48 (a/b =25:1, c=0.45, CHCl3);


1H NMR (CDCl3): d=7.53–
7.28 (m, 20H, aromatic H), 5.55 (dd, J1-H,2-H=2.7 Hz, 2J1-H,F=53.7 Hz, 1H,
1-Ha), 5.15 (dd, J1-H,2-H=7.3 Hz, 2J1-H,F=52.8 Hz, 1H, 1-Hb), 4.87–4.65
(m, 8H, PhCH2-a,b), 4.09 (q, J5-H,6-H=6.6 Hz, 1H, 5-Ha), 3.89 (dd,
J3-H,4-H=3.1 Hz, 1H, 3-Ha), 3.88 (d, J=2.3 Hz, 1H, 4-Ha), 3.82 (ddd,
J2-H,3-H=9.4 Hz, 3J2-H,F=25.3 Hz, 1H, 2-Ha), 3.77–3.71 (m, 2H, 2-Hb, 4-


Hb), 3.64 (q, J5-H,6-H=6.5 Hz, 1H, 5-Hb), 3.53 (dd, J2-H,3-H=9.2 Hz,
J3-H,4-H=3.2 Hz, 1H, 3-Hb), 2.63 (br s, 1H, 4-OHb), 2.43 (br s, 1H, 4-
OHa), 1.40 (d, J=6.5 Hz, 3H, 6-Hb), 1.31 ppm (d, J=6.6 Hz, 3H, 6-
Ha); 13C NMR (CDCl3): d=137.8–127.8 (aromatic C), 106.0 (d, JC1,F=
225.0 Hz, C1a), 77.3 (C3a), 74.8 (d, 2JC2,F=24.5 Hz, C2a), 73.6 (PhCH2-
a), 72.7 (PhCH2-a), 69.6 (C4a), 68.0 (d, 3JC5,F=3.6 Hz, C5a), 16.0 ppm
(C6a); HRMS: m/z calcd for [C20H23FO4Na]+ : 369.1473; found:
369.1485.


8 : DMAP (2.98 g, 24.1 mmol) and succinic anhydride (2.44 g, 24.1 mmol)
were added to a solution of 4 (3.10 g, 7.10 mmol) in DCM/pyridine (1:1,
69 mL). The mixture was stirred at 50 8C for 12 h and diluted with
EtOAc. The mixture was washed with saturated NaHCO3 and saturated
NaCl. The organic layer was dried over MgSO4, filtered, and concentrat-
ed. The resulting residue was purified on a column of silica gel (hexane/
EtOAc=1:1) to give 8 (3.71 g, 97.4%) as a syrup. Rf=0.33 (hexane/
EtOAc=2:3); [a]26D =�21.38 (c=1.03, CHCl3);


1H NMR (CDCl3): d=


7.59–7.24 (m, 15H, aromatic H), 5.39 (d, J=2.1 Hz, 1H, 4-H), 4.77–4.68
(m, 3H, PhCH2), 4.63 (d, J1-H,2-H=9.0 Hz, 1H, 1-H), 4.49 (d, 1H, PhCH2),
3.71–3.60 (m, 3H, 5-H, 3-H, 2-H), 2.79–2.62 (m, 4H,
OCOCH2CH2COOH), 1.24 ppm (d, J=6.4 Hz, 3H, 6-H); 13C NMR
(CDCl3): d=177.5, 171.9 (2SC=O), 138.2–127.5 (aromatic C), 87.4 (C1),
81.1 (C3), 76.5 (C2), 75.7 (PhCH2), 73.0 (C5), 71.8 (PhCH2), 70.2 (C4),
28.9, 28.8 (OCOCH2CH2COOH), 16.7 ppm (C6); HRMS: m/z calcd for
[C30H32O7SNa]+ : 559.1761; found: 559.1751.


9 : Compound 9 was synthesized according to the procedure described for
the synthesis of 8 by using 7 (384 mg, 1.11 mmol), DCM/pyridine (1:1,
11 mL), DMAP (412 mg, 3.34 mmol), and succinic anhydride (341 mg,
3.34 mmol). The reaction was carried out at 50 8C for 18 h. Column chro-
matography (hexane/EtOAc=2:3) yielded 9 (297 mg, 60.0%, a/b =50:1
based on 1H NMR) as a pale-yellow syrup. Rf=0.25 (hexane/EtOAc=
2:3); [a]26D =�21.38 (a/b =50:1, c=1.03, CHCl3);


1H NMR (CDCl3): d=
7.49–7.26 (m, 10H, aromatic H), 5.56 (dd, J1-H,2-H=2.7 Hz, 2J1-H,F=


53.3 Hz, 1H, 1-Ha), 5.46 (d, J=2.5 Hz, 1H, 4-Ha), 5.17 (dd, J1-H,2-H=


7.1 Hz, 2J1-H,F=52.7 Hz, 1H, 1-Hb), 4.85 (d, J=11.8 Hz, 1H, PhCH2-a),
4.72 (d, J=11.3 Hz, 1H, PhCH2-a), 4.70 (d, J=11.7 Hz, 1H, PhCH2-a),
4.56 (d, J=11.3 Hz, 1H, PhCH2-a), 4.21 (q, J5-H,6-H=6.5 Hz, 1H, 5-Ha),
3.97 (dd, J3-H,4-H=3.3 Hz, 1H, 3-Ha), 3.76 (ddd, J2-H,3-H=10.0 Hz, 3J2-H,F=


25.4 Hz, 1H, 2-Ha), 3.69 (ddd, J2-H,3-H=9.4 Hz, 3J2-H,F=23.4 Hz, 1H, 2-
Hb), 3.59 (dd, J3-H,4-H=3.2 Hz, 1H, 3-Hb), 2.77–2.58 (m, 4H,
OCOCH2CH2COOH), 1.16 ppm (d, J=6.5 Hz, 3H, 6-Ha); 13C NMR
(CDCl3): d=176.9, 171.7 (2SC=Oa), 137.9–127.8 (aromatic C), 106.2 (d,
JC1,F=226.0 Hz, C1a), 75.4 (C3a), 74.6 (d, 2JC2,F=23.8 Hz, C2a), 73.8,
71.8 (2SPhCH2-a), 70.5 (C4a), 67.3 (d, 3JC5,F=3.5 Hz, C5a), 28.9, 28.9
(OCOCH2CH2COOH-a), 16.0 ppm (C6a); HRMS: m/z calcd for
[C24H27FO7Na]+ : 469.1633; found: 469.1637.


10 : A solution of 8 (314 mg, 0.585 mmol), HOBt (100 mg, 0.725 mmol),
and DIC (140 mL, 0.867 mmol) in DMF (5.0 mL) was soaked into Nova-
Syn TG amino resin (1.00 g, 0.29 mmol, 0.29 mmolg�1 loading) under N2


atmosphere, and the swelled resin was allowed to stand at room tempera-
ture for 24 h without mixing. The reaction progress was monitored by the
Kaiser and TNBS tests. After completion of the reaction, the resin was
washed with DMF, DCM, MeOH, and DCM, and dried under vacuum to
afford 10. The reaction yield was estimated by weight gain (1.10 g,
67.4%). Finally, any remaining amine functionality was capped by using
Ac2O/pyridine/DCM (1:1.5:1 v/v/v, 5.0 mL) in the same manner to afford
resin-bound 10 (0.177 mmolg�1 loading).


11: Compound 11 was prepared according to the procedure described for
the synthesis of 10 by using 9 (288 mg, 645 mmol), HOBt (260 mg,
1.89 mmol), DIC (295 mL, 1.83 mmol), and NovaSyn TG amino resin
(2.09 g, 627 mmol, 0.3 mmolg�1 loading). Yield: 2.25 g (60.2%,
0.166 mmolg�1 loading).


Comparison of Solid-Phase Reaction With and Without Mixing (SSPR)
using 10


12 : To confirm the effect of mixing, 10 was selected as a glycosyl donor
and coupled with n-octanol in the presence of DMTST as a promoter. In
the following experiments, identical reaction conditions, except for the
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concentrations, were used to determine any differences in the solid-phase
reactions with or without mixing.


Preparation of reagent stock solution containing an acceptor and
DMTST: MeOTf (11.6 mL, 101 mmol) was added to MeSSMe (9.2 mL,
101 mmol) and stirred at room temperature for 5 min, and then the mix-
ture was diluted with DCE (300 mL) and CH3CN (300 mL) to give a stock
solution of DMTST (0.168m). n-Octanol (10.4 mL, 65.4 mmol) was added
to this solution to afford a stock solution of n-octanol (0.109m)/DMTST
(0.168m).


Procedure for SSPR: A stock solution of acceptor (0.109m)/DMTST
(0.168m) (200 mL, acceptor: 21.8 mmol, DMTST: 33.6 mmol) was soaked
into resin-bound 10 (40.5 mg, 11.2 mmol) at �30 8C under N2 atmosphere.
The reaction was stopped after 15 min, and the resin was washed succes-
sively with DCM, DMF, and DCM. The resulting resin was swollen with
NaOMe/MeOH (4 drops) in DCE (0.5 mL) and allowed to stand for 1 h.
The resin was washed with DCM, the eluent was concentrated, and the
residue containing 12 was analyzed directly by 1H NMR spectroscopy.


Solid-phase reaction procedure with mixing: A stock solution of acceptor
(0.109m)/DMTST (0.168m) was diluted with DCE/CH3CN (1:1) to form
a solution of acceptor (0.055m)/DMTST (0.084m). The solution (400 mL,
acceptor: 22 mmol, DMTST: 34 mmol) was added to 10 (40.4 mg,
11.2 mmol) at �30 8C under N2 atmosphere. The reaction slurry was stir-
red at that temperature for 15 min. The resin was treated as described in
the diffusive-reaction procedure.


Analysis of the results: Reaction yields were estimated by 1H NMR anal-
ysis. Some of the signals are summarized as follows. Doublets observed
at 4.31 and 1.34 ppm were assigned to be anomeric proton and 6-H of 12
(b). Doublets observed at 4.28 and 1.18 ppm belong to a hydrolysis prod-
uct, which was formed during a quenching reaction after a given reaction
time. The starting material, phenylthiofucoside, disappeared after
quenching. Under these conditions, formation of an a glycoside could be
negligible. Based on these analyses, we concluded that the reaction rates
could be estimated as the ratio of the integrals of the two major products,
octyl b-fucopyranoside and the hydrolysis product, which revealed that
the SSPR is 1.43 times faster.


Some of the chemical shifts of the assigned protons for the glycosides
and the hydrolysis product are given below.


12a (R=A1): 1H NMR (CDCl3): d=4.75 (d, J1-H,2-H=3.6 Hz, 1H, 1-H),
3.93 (m, 1H, 5-H), 3.88 (dd, J3-H,4-H=3.3 Hz, 1H, 3-H), 3.83 (brd, J=
3.3 Hz, 1H, 4-H), 3.80 (dd, J2-H,3-H=9.8 Hz, 1H, 2-H), 3.64 (m, 1H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.43 (dt, J=6.7, 9.8 Hz, 1H, OCH2CH2


ACHTUNGTRENNUNG(CH2)6CH3), 1.27 ppm (6-H); 13C NMR (CDCl3): d=97.1 (C1), 78.1 (C3),
75.7 (C2), 70.2 (C4), 68.2 (OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 65.1 (C5), 16.2 ppm
(C6).


12b (R=A1): 1H NMR (CDCl3): d=4.31 (d, J1-H,2-H=7.7 Hz, 1H, 1-H),
3.94 (dt, J=6.4, 9.4 Hz, 1H, OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3), 3.74 (brd, J=4.2 Hz,
1H, 4-H), 3.59 (dd, J2-H,3-H=9.2 Hz, 1H, 2-H), 3.53–3.46 (m, 3H, 3-H, 5-
H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 1.34 ppm (d, J=6.5 Hz, 3H, 6-H); 13C NMR
(CDCl3): d=103.6 (C1), 81.0 (C3), 79.0 (C2), 70.0 (OCH2CH2


ACHTUNGTRENNUNG(CH2)6CH3), 69.9 (C5), 69.5 (C4), 16.6 ppm (C6).


2,3-Di-O-benzyl-a-l-fucopyranose: 1H NMR (CDCl3): d=5.51 (d, J=
2.2 Hz, 1H, 1-H), 4.28 (br s, 1H, 4-H), 3.84–3.78 (m, 3H, 2-H, 3-H, 5-H),
1.18 ppm (d, J=6.2 Hz, 3H, 6-H); 13C NMR (CDCl3): d=99.3 (C1), 87.3,
84.2 (C4), 72.9, 70.6, 20.2 ppm (C6).


Glycosylation using Fucosyl Fluoride and [Cp2Hf ACHTUNGTRENNUNG(OTf)2] Based on SSPR


Preparation of reagent stock solution containing acceptor and [Cp2Hf-
ACHTUNGTRENNUNG(OTf)2]: DCE (0.9 mL) was added to [Cp2HfCl2] (57.7 mg, 149 mmol) and
AgOTf (77.4 mg, 304 mmol) under N2 atmosphere in the dark, and the
mixture was stirred for 2 h then centrifuged at about 2000 rpm for
10 min. The supernatant solution was used as a stock solution of [Cp2Hf-
ACHTUNGTRENNUNG(OTf)2] (0.166m). A stock solution of [Cp2Hf ACHTUNGTRENNUNG(OTf)2] (181 mL, 30.0 mmol)
was added to a solution of n-octanol (3.2 mL, 20.1 mmol) dissolved in
CH3CN (181 mL) under N2 atmosphere to afford a solution of acceptor
(0.055m)/ ACHTUNGTRENNUNG[Cp2Hf ACHTUNGTRENNUNG(OTf)2] (0.083m).


Procedure for SSPR: Resin-bound 11 (20.0 mg, 3.32 mmol) was swollen
with this stock solution (120 mL, acceptor: 6.64 mmol, [Cp2Hf ACHTUNGTRENNUNG(OTf)2]:


9.96 mmol) at �30 8C under N2 atmosphere. After completion of the reac-
tion, the resin was washed successively with DCM, DMF, and DCM. The
resulting resin was swollen with NaOMe/MeOH (4 drops) in DCE
(0.5 mL) and allowed to stand for 1 h. The resin was washed with DCM,
and the eluent was concentrated. The residue containing 12 was analyzed
directly by 1H NMR spectroscopy.


Resin-bound 14 : A stock solution of DMTST (0.168m) prepared as de-
scribed above (530 mL, 89.0 mmol) was mixed with 13[32] (26.6 mg,
58.8 mmol, a/b=21:1) at �15 8C to give a solution of acceptor (0.111m)/
DMTST (0.168m). Compound 10 (100.4 mg, 27.9 mmol) was swollen by
addition of the DMTST/acceptor solution (500 mL, acceptor: 55.5 mmol,
DMTST: 84.0 mmol) at �15 8C, and the reaction was set (TF �15, 0, 1.25)
under SSPR conditions. Formation of 12 (R=A2; see Table 1) was moni-
tored to follow the progress of the reaction by QITMS after aliquots of
resin were treated with NaOMe/MeOH (4 drops) in DCE (0.5 mL) at
room temperature for 1 h. After completion of the reaction, the resin
was washed successively with DCM, DMF, and DCM to afford 14. 12
(R=A2; see Table 1): MS (ESI-QIT): m/z calcd for [C47H51FO9Na]+ :
801.3; found: 801.3.


Resin-bound 16 : A stock solution of DMTST (0.168m, 278 mL,
46.7 mmol) was mixed with 15[34] (14.0 mg, 30.9 mmol, a/b=17:1) at
�15 8C to give a solution of acceptor (0.111m)/DMTST (0.168m). Com-
pound 10 (55.6 mg, 15.5 mmol) was swollen by addition of the acceptor/
DMTST solution (278 mL, acceptor: 30.9 mmol, DMTST: 46.7 mmol) at
�30 8C, and the reaction was set (TF �30, 0, 2.5) under SSPR conditions.
Formation of 17 was monitored to follow the progress of the reaction by
QITMS after aliquots of resin were treated with NaOMe/MeOH
(4 drops) in DCE (0.5 mL) at room temperature for 1 h. After comple-
tion of the reaction, the resin was washed successively with DCM, DMF,
and DCM to afford 16. 17: MS (ESI-QIT): m/z calcd for [C47H51FO9Na]+


: 801.3; found: 801.3.


Resin-bound 19 : A stock solution of [Cp2Hf ACHTUNGTRENNUNG(OTf)2] was prepared prior
to the reaction. DCE (0.9 mL) was added to [Cp2HfCl2] (79.1 mg,
206 mmol) and AgOTf (107.1 mg, 412.7 mmol) under N2 atmosphere in
the dark, and the mixture was stirred for 2 h then centrifuged at about
2000 rpm for 10 min. The supernatant solution was used as a stock solu-
tion of [Cp2Hf ACHTUNGTRENNUNG(OTf)2] (0.229m).


A stock solution of [Cp2Hf ACHTUNGTRENNUNG(OTf)2] (362 mL, 82.9 mmol) was added to a so-
lution of 18 (32.7 mg, 60.3 mmol) dissolved in CH3CN (181 mL) under N2


atmosphere to afford a solution of acceptor (0.111m)/ ACHTUNGTRENNUNG[Cp2Hf ACHTUNGTRENNUNG(OTf)2]
(0.153m). Resin-bound 14 (90.4 mg, 25.1 mmol) was swollen with this
stock solution (450 mL, acceptor: 50.0 mmol, [Cp2Hf ACHTUNGTRENNUNG(OTf)2]: 68.9 mmol) at
�30 8C under N2 atmosphere, and the reaction mixture was maintained
under SSPR conditions (TF�30, 0, 2.5). Formation of 20 was monitored
to follow the progress of the reaction by QITMS after aliquots of resin
were treated with NaOMe/MeOH (4 drops) in DCE (0.5 mL) at room
temperature for 1 h. After completion of the reaction, the resin was
washed successively with DCM, DMF, and DCM to afford 19. 20 : MS
(ESI-QIT): m/z calcd for [C80H84O14SNa]+ : 1323.5; found: 1323.5.


Resin-bound 21: A was prepared prior to the reaction. MeSSMe
(22.8 mL, 251 mmol) was added to MeOTf (28.7 mL, 251 mmol) under N2


atmosphere, and the mixture was stirred for 5 min. The mixture was di-
luted with DCE (1.0 mL) and CH3CN (0.5 mL) to afford a stock solution
of DMTST (0.167m).


n-Octanol (26.5 mL, 167 mmol) was added to DMTST to give a solution
of acceptor (0.111m)/DMTST (0.167m). Resin-bound 19 (25.1 mmol) was
swollen by addition of the acceptor/DMTST solution (450 mL, acceptor:
50.0 mmol, DMTST: 75.2 mmol) at �30 8C, and the reaction was set (TF
�30, 0, 2.5) under SSPR conditions. Formation of 22 was monitored to
follow the progress of the reaction by QITMS after aliquots of resin were
treated with NaOMe/MeOH (4 drops) in DCE (0.5 mL) at room temper-
ature for 1 h. After completion of the reaction, the resin was washed suc-
cessively with DCM, DMF, and DCM to afford 21. 22 : MS (ESI-QIT):
m/z calcd for [C82H96O15Na]+ : 1343.7; found: 1343.7.


23 : Resin-bound 21 (25.1 mmol) was treated with NaOMe/MeOH
(100 mL) in DCE (1.0 mL) at room temperature for 1 h. After completion
of the reaction, the resin was filtered and washed with DCM. The eluent
was neutralized with Dowex 50W H+ form, filtered, and concentrated.
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The residue was hydrogenolized with 20% Pd(OH)2 on charcoal in
MeOH/EtOAc (1:1 v/v, 6.0 mL) under H2 atmosphere at room tempera-
ture for 2.5 days. The mixture was filtered thorough celite and the eluent
was concentrated. The obtained residue was then dissolved in water and
purified by using a reverse-phase short column (Sep-Pak C18). The
MeOH fraction was concentrated to afford 23 as an anomeric mixture
(5.0 mg, 33.1% over 5 steps). MS (ESI-QIT): m/z calcd for
[C26H48O15Na]+ : 623.3; found: 623.2.


Separation of all anomers of 23 with LCMS: Separation of eight sets of
anomers was achieved by sequential HPLC steps (Table 3). First HPLC
was carried out by using a reverse-phase monolithic column (condi-
tion 1), which resulted in the isolation of compounds 23–4, 23–3, 23–2,
23–8, 23–1, and 23–5 (Figure 5a). Unresolved peaks that appeared at 44.2
and 46.3 min (23–7 and 23–6) were further separated on another reverse-
phase column (condition 2). The purity and anomeric assignment of each
peak was achieved based on NMR analysis. The HPLC conditions were
as follows: Condition 1: column: Chromolith Performance RP-18
(100 mmS4.6 mm); flow rate: 1.0 mLmin�1; mobile phase: CH3CN/H2O
(15:85); column temperature: 30 8C. Condition 2: column: Xterra C18
(250 mmS4.6 mm); flow rate: 1.0 mLmin�1; mobile phase: CH3CN/H2O
(20:80); column temperature: 30 8C. Details of the monitoring conditions
for mass spectrometry are as follows: Capillary: 3.0 kV; cone: 45 V;
source temperature: 110 8C; desolvation temperature: 310 8C; monitor-
ing: single-ion; gas flow (desolvation): 400 Lh�1; gas flow (cone):
50 Lh�1.


Determination of anomeric configurations of 23 : Determination of the
anomeric configuration of each glycosidic linkage was based on 1H NMR,
COSY, and HSQC (in D2O) experiments. Chemical shifts for 13C were
obtained by HSQC experiments. Chemical shifts of the anomeric protons
are listed in Table 3.


23–1: HPLC (condition 1): tR: 41.0 min; yield estimated from the overall
yield and HPLC profile: see Table 3; 1H NMR (D2O): d=4.98 (d,
J1-H,2-H=4.0 Hz, 1H, 1-H), 4.91 (d, J1’’-H,2’’-H=3.8 Hz, 1H, 1’’-H), 4.88 ppm
(d, J1’-H,2’-H=2.7 Hz, 1H, 1’-H); HRMS: m/z calcd for [C26H48O15Na]+ :
623.2885; found: 623.2886.


23–2 : HPLC (condition 1): tR: 32.9 min; 1H NMR (D2O): d=5.02 (d,
J1’-H,2’-H=2.7 Hz, 1H, 1’-H), 4.94 (d, J1’’-H,2’’-H=3.6 Hz, 1H, 1’’-H), 4.48 (d,
J1-H,2-H=8.0 Hz, 1H, 1-H), 4.21 (dd, J4’-H,5’-H=4.4 Hz, J5’-H,6’-H=8.3 Hz, 1H,
5’-H), 4.11 (q, J=7.0 Hz, 1H, 5’’-H), 4.01 (brd, 1H, 4’-H), 3.95 (dd,
J5-H,6a-H=5.6 Hz, J6a-H,6b-H=10.2 Hz, 1H, 6a-H), 3.91–3.84 (m, 5H, 2’-H, 3’-
H, 3’’-H, 6a’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.82–3.77 (m, 3H, 2’’-H, 4’’-H, 6b-
H), 3.73–3.66 (m, 3H, 5-H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.50 (t, J3-H,4-H=


9.1 Hz, 1H, 3-H), 3.45 (t, J4-H,5-H=9.5 Hz, 1H, 4-H), 3.25 (t, J2-H,3-H=


8.7 Hz, 1H, 2-H), 1.64 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.35–1.26 (m,
10H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.24 (d, J=6.5 Hz, 3H, 6’’-H), 0.88 ppm (t,
3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3); HRMS: m/z calcd for [C26H48O15Na]+ :
623.2885; found: 623.2886.


23–3 : HPLC (condition 1): tR: 26.6 min; 1H NMR (D2O): d=4.94 (d,
J1’’-H,2’’-H=3.9 Hz, 1H, 1’’-H), 4.90 (d, J1-H,2-H=3.6 Hz, 1H, 1-H), 4.43 (d,
J1’-H,2’-H=7.8 Hz, 1H, 1’-H), 4.14 (brd, J=11.1 Hz, 1H, 6a-H), 4.09 (q, J=
6.8, 13.7 Hz, 1H, 5’’-H), 3.94 (brd, J=3.2 Hz, 1H, 4’-H), 3.92–3.76 (m,
8H, 2’’-H, 3’’-H, 4’’-H, 5-H, 5’-H, 6a’-H, 6b-H, 6b’-H), 3.74–3.62 (m, 3H,
3-H, 3’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.58–3.43 (m, J4-H,5-H=8.4 Hz, 4H, 2-H,
2’-H, 4-H, OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3), 1.62 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3),
1.32–1.27 (m, 10H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.23 (d, J=6.6 Hz, 3H, 6’’-H),
0.86 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);


13C NMR (D2O): d=103.1 (C1’),
99.2 (C1’’), 97.8 (C1), 73.4 (C5’’), 72.6 (C3’), 71.8 (C3), 71.6 (C4’’), 71.0
(C2), 70.7 (C2’), 70.5 (C5), 69.4 (C3’’), 69.2 (C4), 68.6 (C4’), 68.2
(OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 68.1 (C6), 67.9 (C2’’), 67.2 (C6’), 66.7 (C5’’),
15.5 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885; found:
623.2885.


23–4 : HPLC (condition 1); tR: 23.4 min; 1H NMR (D2O): d=4.97 (d,
J1’’-H,2’’-H=3.8 Hz, 1H, 1’’-H), 4.50 (d, J1’-H,2’-H=7.9 Hz, 1H, 1’-H), 4.48 (d,
J1-H,2-H=8.2 Hz, 1H, 1-H), 4.22 (brd, J=1.5 Hz, 1H, 6a-H), 4.12 (q, J=
6.7, 13.4 Hz, 1H, 5’’-H), 3.96 (brd, J=3.2 Hz, 1H, 4’-H), 3.95–3.86 (m,
5H, 3’’-H, 5’-H, 6a-H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.83–3.79 (m,
J2’’-H,3’’-H=10.3 Hz, 3H, 2’’-H, 4’’-H), 3.75–3.63 (m, 3H, 3’-H, 5-H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.59 (dd, J2’-H,3’-H=10.0 Hz, 1H, 2’-H), 3.49 (m,


J3-H,4-H=9.0 Hz, J4-H,5-H=9.1 Hz, 2H, 3-H, 4-H), 3.28 (t, J2-H,3-H=8.5 Hz,
1H, 2-H), 1.64 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.39–1.30 (m, 10H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.28 (d, J=6.6 Hz, 3H, 6’’-H), 0.89 ppm (t, 3H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);


13C NMR (D2O): d=103.4 (C1’), 102.2 (C1), 99.2
(C1’’), 75.6 (C3), 74.9 (C5), 73.5 (C5’), 73.0 (C2), 72.4 (C3’), 71.6 (C4’’),
70.7 (OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 70.5 (C2’), 69.4 (C3’’), 69.3 (C4), 68.6 (C4’’),
68.3 (C6), 68.0 (C2’’), 67.3 (C6’), 66.7 (C5’’), 15.1 ppm (C6’’); HRMS: m/z
calcd for [C26H48O15Na]+ : 623.2885; found: 623.2885.


23–5 : HPLC (condition 1): tR: 68.3 min; 1H NMR (D2O): d=4.99 (d,
J1’-H,2’-H=3.2 Hz, 1H, 1’-H), 4.94 (d, J1-H,2-H=3.8 Hz, 1H, 1-H), 4.43 (d,
J1’’-H,2’’-H=7.8 Hz, 1H, 1’’-H), 4.18 (dd, 1H, 5’-H), 4.06–4.02 (m, 3H, 4’-H,
6a-H, 6a’-H), 3.90–3.64 (m, 10H, 2’-H, 3-H, 3’-H, 3’’-H, 4’’-H, 5-H, 5’’-H,
6b-H,6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.59–3.49 (m, 4H, 2-H, 2’’-H, 4-H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 1.65 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.35–1.27 (m,
13H, 6’’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 0.89 ppm (t, 3H, OCH2CH2


ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O): d=102.6 (C1’’), 98.3 (C1), 98.2 (C1’), 73.4


(C3), 72.8 (C3’’), 71.4 (C4’’), 71.2 (C2), 70.8 (C5’’), 70.4 (C2’’), 70.2 (C2’),
69.5 (C4), 69.4 (C3’), 69.3 (C5), 69.1 (C4’), 68.9 (C5’), 68.6 (OCH2CH2


ACHTUNGTRENNUNG(CH2)6CH3), 68.3 (C6 or C6’), 65.7 (C6 or C6’), 15.4 ppm (C6’’); HRMS:
m/z calcd for [C26H48O15Na]+ : 623.2885; found: 623.2885.


23–6 : HPLC (condition 2); tR: 38.6 min; 1H NMR (D2O): d=5.01 (d,
J1’-H,2’-H=3.4 Hz, 1H, 1’-H), 4.50 (d, J1-H,2-H=8.0 Hz, 1H, 1-H), 4.45 (d,
J1’’-H,2’’-H=7.9 Hz, 1H, 1’’-H), 4.20 (dd, J4’-H,5’-H=4.9 Hz, J5’-H,6’-H=7.2 Hz,
1H, 5’-H), 4.07–4.00 (m, 3H, 4’-H, 6a-H, 6a’-H), 3.95–3.65 (m, 10H, 2’-H,
3’-H, 3’’-H, 4’’-H, 5-H, 5’’-H, 6b-H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.56–
3.49 (m, 3H, 2’-H, 3-H, 4-H), 3.28 (t, J2-H,3-H=8.2 Hz, 1H, 2-H), 1.62 (m,
2H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.35–1.28 (m, 13H, 6’’-H, OCH2CH2


ACHTUNGTRENNUNG(CH2)5CH3), 0.89 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O):


d=102.3 (C1), 102.2 (C1’’), 98.0 (C1’), 76.1 (C3), 74.2 (C5), 73.2 (C2),
72.8 (C3’’), 71.3 (C4’’), 70.9 (C5’’), 70.9 (OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3), 70.5
(C2’), 69.5 (C3’, C4), 69.3 (C4’), 68.6 (C5’), 68.4 (C2’), 68.1 (C6’), 65.6
(C6), 15.4 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885;
found: 623.2885.


23–7: HPLC (condition 2); tR: 36.6 min; 1H NMR (D2O): d=4.92 (d,
J1-H,2-H=3.6 Hz, 1H, 1-H), 4.45 (d, J1’-H,2’-H=8.1 Hz, 1H, 1’-H), 4.43 (d,
J1’’-H,2’’-H=7.9 Hz, 1H, 1’’-H), 4.17 (brd, J=10.3 Hz, 1H, 6a-H), 4.06 (dd,
J5’-H,6a’-H=8.7 Hz, J6a’-H,6b’-H=12.0 Hz, 1H, 6a’-H), 4.00 (brd, J=3.2 Hz,
1H, 4’-H), 3.95–3.65 (m, 10H, 3-H, 3’-H, 3’’-H, 4’’-H, 5-H, 5’-H, 5’’-H, 6b-
H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.58–3.49 (m, 5H, 2-H, 2’-H, 2’’-H, 4-H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 1.64 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.35–1.26 (m,
13H, 6’’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 0.88 ppm (t, 3H, OCH2CH2


ACHTUNGTRENNUNG(CH2)5CH3); HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885; found:
623.2887.


23–8 : HPLC (condition 1); tR: 35.1 min; 1H NMR (D2O): d=4.49 (d,
J1’-H,2’-H 7.8 Hz, 1H, 1’-H), 4.48 (d, J1-H,2-H=8.0 Hz, 1H, 1-H), 4.43 (d,
>J1’’-H,2’’-H=7.8 Hz, 1H, 1’’-H), 4.22 (brd, J=11.3 Hz, 1H, 6a-H), 4.06 (q,
J5’-H,6’-H=8.8 Hz, J6a’-H,6b’-H=12.1 Hz, 1H, 6a’-H), 3.99 (brd, J=3.1 Hz, 1H,
4’-H), 3.95–3.86 (m, 4H, 5’-H, 6b-H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.81
(q, J=6.2, 12.8 Hz, 1H, 5’’-H), 3.76 (brd, J=3.3 Hz, 1H, 4’’-H), 3.73–3.63
(m, 4H, 3’-H, 3’’-H, 5-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.58 (dd, J2’-H,3’-H=


9.6 Hz, 1H, 2’-H), 3.53–3.46 (m, 3H, 2’’-H, 3-H, 4-H), 3.28 (t, J2-H,3-H=


8.4 Hz, 1H, 2-H), 1.64 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.37–1.27 (m,
13H, 6’’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 0.88 ppm (t, 3H, OCH2CH2


ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O): d=103.2 (C1’), 102.8 (C1’’), 102.1 (C1),


75.8 (C3), 74.8 (C5), 73.0 (C2, C5’), 72.7 (C3’, C3’’), 71.2 (C4’’), 71.0
(C5’’), 70.8 (OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 70.7 (C2’), 70.4 (C2’’), 69.5 (C4), 68.5
(C4, C6, C6’), 15.4 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ :
623.2885; found: 623.2889.


28 : Compound 28 was synthesized according to the procedure described
for the synthesis of 23. A solution containing 24 (82.6 mmol) and [Cp2Hf-
ACHTUNGTRENNUNG(OTf)2] (145 mmol) in DCM (1.1 mL) was added to resin-bound 14
(250 mg, 48.5 mmol) under N2 atmosphere at �30 8C, and the resulting
mixture was kept (TF �30, 0, 10) under SSPR conditions. After comple-
tion of the reaction, the resin was washed with DCM, DMF, and DCM
and dried under vacuum to give 25. The resin-bound 25 (48.5 mmol) was
added to a solution containing n-octanol (96.0 mmol) and DMTST
(144 mmol) in DCE/MeCN (1:1, 1.1 mL) under N2 atmosphere at �30 8C,
and the resulting mixture was kept (TF �30, 0, 5) under SSPR conditions.
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After completion of the reaction, the resin was washed with DCM, DMF,
and DCM and dried under vacuum to give 26. The eluent was neutralized
with Dowex 50W H+ form, filtered, and concentrated to give 27. Hydro-
genolysis (20% Pd(OH)2/C) afforded a mixture, which was purified with
Sep-Pak C-18 (MeOH) to afford 28. Yield: 5.2 mg, 17.8% over 5 steps
(including synthesis of 14).


Determination of the anomeric configuration of each glycosidic linkage
was based on 1H NMR, COSY, and HSQC (in D2O) experiments. Chemi-
cal shifts for 13C were obtained by HSQC experiments. Chemical shifts of
the anomeric protons are listed in Table 4.


Separation of all anomers of 28 with LCMS: Separation of eight sets of
anomers was achieved by sequential HPLC steps. First HPLC was carried
out by using a reverse-phase monolithic column, which resulted in the
isolation of compounds 28–2, 28–3, 28–1, 28–6, 28–7, 28–5, 28–4, and 28–
8. The purity and anomeric assignment of each peak was achieved based
on NMR analysis. The HPLC conditions were as follows: column: Imtakt
Cadenza CD-C18 (240 mmS4.6 mm) and two columns of Chromolith
Performance RP-18 (100 mmS4.6 mm) were connected and used; flow
rate: 1.0 mLmin�1; mobile phase: CH3CN/H2O (23:77); column tempera-
ture: 40 8C. Details of the monitoring conditions for mass spectrometry
are as follows: capillary: 3.0 kV; cone: 45 V; source temperature: 110 8C;
desolvation temperature: 310 8C; monitoring: Single-ion; gas flow (desol-
vation): 400 Lh�1; gas flow (cone): 50 Lh�1.


28–1: HPLC: tR: 45.2 min; 1H NMR (D2O): d=5.32 (d, J=3.5 Hz, 1H),
4.92 (m, 2H), 4.41 (m, 1H), 4.03 (br s, 1H), 3.92–3.81 (m, 7H), 3.81–3.73
(m, 4H), 3.72–3.67 (m, 2H), 3.66–3.60 (m, 3H), 3.55 (m, 1H), 1.63 (m,
2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.39–1.23 (m, 10H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3),
1.22 (d, J=6.6 Hz, 3H, 6’’-H), 0.86 ppm (t, 3H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3);
HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885; found: 623.2877.


28–2 : HPLC: tR: 40.4 min; 1H NMR (D2O): d=5.34 (d, J1’-H,2’-H=3.8 Hz,
1H, 1’-H), 4.90 (d, J1’-H,2’-H=3.9 Hz, 1H, 1’’-H), 4.47 (m, 1H, 5’-H), 4.47
(d, J1-H,2-H=8.1 Hz, 1H, 1-H), 4.09 (q, J=6.8 Hz, 1H, 5’-H), 4.01 (brd, J=
1.7 Hz, 1H, 4’-H), 3.94–3.81 (m, 6H, 2’-H, 3’-H, 3’’-H, 6a-H, 6a’-H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.80–3.74 (m, J2’’-H,3’’-H=10.4 Hz, 2H, 2-H, 4’’-H),
3.73–3.56 (m, 5H, 3-H, 4-H, 6b-H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.44 (m,
1H, 5-H), 3.33 (t, J2-H,3-H=8.4 Hz, 1H, 2-H), 1.61 (m, 2H, OCH2CH2


ACHTUNGTRENNUNG(CH2)5CH3), 1.37–1.22 (m, 10H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.21 (d, J=
6.6 Hz, 3H, 6’’-H), 0.85 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);


13C NMR
(D2O): d=102.5 (C1), 99.4 (C1’), 98.3 (C1’’), 82.2 (C3), 75.6 (C5), 71.9
(C2), 71.8 (C4’’), 70.8 (OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 69.9 (C4), 69.5 (C3’’), 69.3
(C3’), 69.1 (C4’), 69.0 (C5’), 68.3 (C2’), 68.1 (C2’’), 66.7 (C5’’), 66.1 (C6’),
60.6 (C6), 15.3 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ :
623.2885; found: 623.2890.


28–3 : HPLC: tR: 43.2 min; 1H NMR (D2O): d=4.93 (d, J=3.8 Hz, 2H, 1-
H, 1’’-H), 4.54 ppm (d, J1’-H,2’-H=7.3 Hz, 1H, 1’-H); HRMS: m/z calcd for
[C26H48O15Na]+ : 623.2885; found: 623.2880.


28–4 : HPLC: tR: 51.5 min; 1H NMR (D2O): d=4.92 (d, J1’’-H,2’’-H=3.8 Hz,
1H, 1’’-H), 4.59 (d, J=7.5 Hz, 1H), 4.48 (d, J=8.2 Hz, 1H), 3.96–3.84
(m, 6H), 3.81–3.65 (m, 8H), 3.62 (dd, J=7.9, 9.5 Hz, 1H), 3.52 (t, J=
9.1 Hz, 1H), 3.48–3.43 (m, 2H), 1.62 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3),
1.39–1.17 (m, 10H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.22 (d, J=6.3 Hz, 3H, 6’’-H),
0.86 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3); HRMS: m/z calcd for
[C26H48O15Na]+ : 623.2885; found: 623.2891.


28–5 : HPLC: tR: 53.1 min; 1H NMR (D2O): d=5.33 (d, J1’-H,2’-H=3.9 Hz,
1H, 1’-H), 4.91 (d, J1-H,2-H=3.7 Hz, 1H, 1-H), 4.39 (m, 1H, 5’-H), 4.38 (d,
J1’’-H,2’’-H=7.9 Hz, 1H, 1’’-H), 4.04 (brd, 1H, 4’-H), 4.00 (dd, J5’-H,6a’-H=


6.9 Hz, J6a’-H,6b’-H=10.3 Hz, 1H, 6a’-H), 3.90 (dd, J2’-H,3’-H=10.4 Hz,
J3’-H,4’-H=3.2 Hz, 1H, 3’-H), 3.85–3.66 (m, 9H, 2’-H, 3-H, 4’’-H, 5-H, 5’’-H,
6a-H, 6b-H, 6b’-H, OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3), 3.65–3.60 (m, 3H, 2-H, 3’’-H,
4-H), 3.53 (m, 1H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.48 (dd, J2’’-H,3’’-H=9.7 Hz, 1H,
2’’-H), 1.63 (m, 2H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.40–1.23 (m, 10H, OCH2CH2


ACHTUNGTRENNUNG(CH2)5CH3), 1.25 (d, J=6.5 Hz, 3H, 6’’-H), 0.85 ppm (t, 3H, OCH2CH2


ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O): d=103.0 (C1’’), 99.4 (C1’), 98.3 (C1), 80.5


(C3), 72.9 (C3’’), 71.2 (C4’’, C5), 71.0 (C5’’), 70.4 (C2’’), 70.0 (C2, C4),
69.2 (C3’, C5’), 69.1 (C4’), 68.6 (C2’, C6’), 68.4 (OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3),
60.2 (C6), 15.5 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ :
623.2885; found: 623.2889.


28–6 : HPLC: tR: 46.6 min; 1H NMR (D2O): d=5.37 (d, J1’-H,2’-H=3.6 Hz,
1H, 1’-H), 4.48 (d, J1-H,2-H=8.1 Hz, 1H, 1-H), 4.42 (m, 1H, 5’-H), 4.41 (d,
J1’’-H,2’’-H=8.0 Hz, 1H, 1’’-H), 4.05 (br s, 1H, 4’-H), 4.00–3.87 (m, 4H, 3’-H,
6a-H, 6a’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.85–3.75 (m, 3H, 2’-H, 5’’-H, 6b’-H),
3.75–3.58 (m, 6H, 3-H, 3’’-H, 4-H, 4’’-H, 6b-H, OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3),
3.51–3.43 (m, 2H, 2’’-H, 5-H), 3.34 (t, J2-H,3-H=9.0 Hz, 1H, 2-H), 1.62 (m,
2H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.39–1.23 (m, 13H, 6’’-H, OCH2CH2


ACHTUNGTRENNUNG(CH2)5CH3), 0.86 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O):


d=102.8 (C1’’), 102.2 (C1), 99.1 (C1’), 82.1 (C3), 75.6 (C5), 72.9 (C3’’),
72.0 (C2), 71.4 (C4’’), 71.0 (C5’’, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 70.6 (C2’’), 70.1
(C4), 69.1 (C3’), 69.0 (C4’), 68.6 (C2’, C5’), 68.1 (C6’), 60.6 (C6),
15.6 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885; found:
623.2881.


28–7: HPLC: tR: 49.3 min; 1H NMR (D2O): d=4.92 (d, J1-H,2-H=3.7 Hz,
1H, 1-H), 4.58 (d, J1’-H,2’-H=7.8 Hz, 1H, 1’-H), 4.39 (d, J1’’-H,2’’-H=7.9 Hz,
1H, 1’’-H), 4.05 (dd, J5’-H,6a’-H=7.9 Hz, J6a’-H,6b’-H=10.7 Hz, 1H, 6a’-H),
3.96 (brd, J=3.0 Hz, 1H, 4’-H), 3.92 (m, 1H, 5’-H), 3.86–3.81 (m, 3H, 3-
H, 6a-H, 6b’-H), 3.80–3.75 (m, 2H, 5’’-H, 6b-H), 3.75–3.67 (m, 5H, 2-H,
3’-H, 4’’-H, 5-H, OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3), 3.63 (dd, J3’’-H,4’’-H=3.5 Hz, 1H,
3’’-H), 3.60 (dd, J2’-H,3’-H=9.9 Hz, 1H, 2’-H), 3.53 (m, 2H, 4-H, OCH2CH2


ACHTUNGTRENNUNG(CH2)6CH3), 3.48 (dd, J2’’-H,3’’-H=9.8 Hz, 1H, 2’’-H), 1.62 (m, 2H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.38–1.23 (m, 10H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.25
(d, J=6.5 Hz, 3H, 6’’-H), 0.85 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O): d=104.0 (C1’), 102.6 (C1’’), 98.0 (C1), 84.0 (C3), 73.2
(C5’), 72.7 (C3’’), 72.3 (C3’), 71.3 (C4’’, C5), 71.1 (C2’), 71.0 (C5’’), 70.4
(C2, C2’’), 68.5 (C4’), 68.4 (C6’, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 68.1 (C4), 60.5
(C6), 15.5 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885;
found: 623.2880.


28–8 : HPLC: tR: 55.3 min; 1H NMR (D2O): d=4.62 (d, J=7.9 Hz, 1H),
4.49 (d, J=7.8 Hz, 1H), 4.40 (d, J=8.5 Hz, 1H), 4.06 (t, J=9.9 Hz, 1H),
3.96 (br s, 1H), 3.94–3.89 (m, 3H), 3.84 (dd, J=3.1 Hz, 1H), 3.81–3.58
(m, 8H), 3.54–3.42 (m, 4H), 1.62 (m, 2H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.38–
1.23 (m, 10H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.25 (d, J=6.8 Hz, 3H, 6’’-H),
0.85 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3); HRMS: m/z calcd for
[C26H48O15Na]+ : 623.2885; found: 623.2889.


30 : A solution of [Cp2HfACHTUNGTRENNUNG(OTf)2] (145 mmol), 29[37] (84.7 mmol), and resin-
bound 14 (253 mg, 49.1 mmol) were mixed in DCM (1.10 mL) and swol-
len to allow the reaction under N2 atmosphere, and the reaction mixture
was maintained (TF �30, 0, 10) under SSPR conditions. After completion
of the reaction, the resin was washed successively with DCM, DMF, and
DCM to afford resin-bound phenyl 2,3-di-O-benzyl-a,b-l-fucopyranosyl-
(1!6)-2,3,4-tri-O-benzyl-a,b-d-galactopyranosyl-(1!2)-3,4,6-tri-O-
benzyl-1-thio-b-d-glucopyranoside. MS (ESI-QIT) (after cleavage from
the resin): m/z calcd for [C80H84O14SNa]+ : 1323.5; found: 1323.5. n-Octa-
nol (145 mmol), DMTST solution (145 mmol), and resin-bound phenyl-
thioglycoside (49.1 mmol) were then mixed and swollen in DCE/CH3CN
(1:1, 1.10 mL) at �30 8C, and the reaction was set (TF �30, 0, 5) under
SSPR conditions. After completion of the reaction, the resin was washed
successively with DCM, DMF, and DCM to afford resin-bound octyl 2,3-
di-O-benzyl-a,b-l-fucopyranosyl-(1!6)-2,3,4-tri-O-benzyl-a,b-d-galacto-
pyranosyl-(1!2)-3,4,6-tri-O-benzyl-a,b-d-glucopyranoside. MS (ESI-
QIT) (after cleavage from the resin): m/z calcd for [C82H96O15Na]+ :
1343.7; found: 1343.8. Resin-bound octyl trisaccharide (49.1 mmol) was
then treated with NaOMe/MeOH (200 mL) in CH3CN (0.8 mL) at room
temperature for 1 h. After completion of the reaction, the resin was fil-
tered and washed with DCM. The eluent was neutralized with Dowex
50W H+ form, filtered, and concentrated. The residue was hydrogenol-
ized with 20% Pd(OH)2 on charcoal in MeOH/EtOAc (1:1 v/v, 7.0 mL)
under H2 atmosphere at room temperature for 20 h. The mixture was fil-
tered thorough celite, and the eluent was concentrated. The obtained res-
idue was then dissolved in water and purified by using a reverse-phase
short column (Sep-Pak C18). The MeOH fraction was concentrated to
afford 30 as an anomeric mixture (3.2 mg, 10.8% over 5 steps). MS (ESI-
QIT): m/z calcd for [C26H48O15Na]+ : 623.3; found: 623.3.


32 : A solution of [Cp2HfACHTUNGTRENNUNG(OTf)2] (91.8 mmol), 31[37] (33.1 mg, 61.0 mmol),
and resin-bound 14 (110 mg, 30.5 mmol) were mixed in DCE and CH3CN
and swollen to allow the reaction under N2 atmosphere, and the reaction
mixture was maintained without mixing (SSPR) (TF �30, 0, 2.5). After
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completion of the reaction, the resin was washed successively with DCM,
DMF, and DCM to afford resin-bound phenyl 2,3-di-O-benzyl-a,b-l-fu-
copyranosyl-(1!6)-2,3,4-tri-O-benzyl-a,b-d-galactopyranosyl-(1!4)-
2,3,6-tri-O-benzyl-1-thio-b-d-glucopyranoside. MS (ESI-QIT) (after
cleavage from the resin): m/z calcd for [C80H84O14SNa]+ : 1323.5; found:
1323.6. n-Octanol (61.1 mmol), DMTST solution (91.9 mmol), and resin-
bound phenylthioglycoside (30.5 mmol) were then mixed and swollen in
DCE/CH3CN (1:2, 0.5 mL) at �30 8C, and the reaction was set (TF �30,
0, 2.5) under SSPR conditions. After completion of the reaction, the
resin was washed successively with DCM, DMF, and DCM to afford
resin-bound octyl 2,3-di-O-benzyl-a,b-l-fucopyranosyl-(1!6)-2,3,4-tri-O-
benzyl-a,b-d-galactopyranosyl-(1!2)-3,4,6-tri-O-benzyl-a,b-d-glucopyra-
noside. MS (ESI-QIT) (after cleavage from the resin): m/z calcd for
[C82H96O15Na]+ : 1343.7; found: 1343.7. Resin-bound octyl trisaccharide
(30.5 mmol) was then treated with NaOMe/MeOH (100 mL) in DCE
(1.0 mL) at room temperature for 1 h. After completion of the reaction,
the resin was filtered and washed with DCM. The eluent was neutralized
with Dowex 50W H+ form, filtered, and concentrated. The residue was
hydrogenolized with 20% Pd(OH)2 on charcoal in MeOH/EtOAc (1:1
v/v, 7.0 mL) under H2 atmosphere at room temperature for 2.5 days. The
mixture was filtered thorough celite, and the eluent was concentrated.
The obtained residue was then dissolved in water and purified by using a
reverse-phase short column (Sep-Pak C18). The MeOH fraction was con-
centrated to afford 32 as an anomeric mixture (3.2 mg, 17.5% over
5 steps). MS (ESI-QIT): m/z calcd for [C26H48O15Na]+ : 623.3; found:
623.2.
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Effect of Lithia and Substrate on the Electrochemical Performance of a
Lithia/Cobalt Oxide Composite Thin-Film Anode


Yan Yu, Yi Shi, and Chun-Hua Chen*[a]


Introduction


Thanks to the efforts of Tarascon and co-workers, nanosized
transition-metal oxides have been widely studied in recent
years in search of new anode materials for Li ion batter-
ies.[1,2] This group investigated a variety of transition-metal
oxides MxOy, such as NiO,[1] Fe2O3,


[3,4] CoO,[5] CuO,[6–8]


Cu2O,[9] and Co3O4,
[10,11] as anode materials and proposed a


new mechanism of lithium interaction that is different from
the classical Li insertion/deinsertion or Li-alloying process.
This mechanism involves the reversible formation and de-
composition of Li2O, accompanied by the reduction and oxi-
dation of metal oxides. Among them, cobalt oxides (CoOx)
demonstrate the best electrochemical properties as lithium
storage materials in Li ion cells. Nevertheless, because their
initial coulombic efficiency (usually below 70%) is too low


for them to be utilized as practical anode materials for Li
ion batteries, they have not yet been commercialized. It is
commonly recognized that the formation of the solid–elec-
trolyte interface (SEI) and the incomplete decomposition of
Li2O during the first charge process may be the main reason
for the low initial coulombic efficiency.[12,13]


In our study of thin-film electrodes prepared by electro-
static spray deposition (ESD),[14–17] we recently found that
the coulombic efficiency can be increased to 87% by intro-
ducing Li2O to CoO to form a carbon-free composite-oxide
anode.[18] Li2O plays a threefold role: as a prohibitor of CoO
particle growth during synthesis, as an oxidizer for the con-
version of Co2+ into Co3+ , and as a structural buffer. Fur-
thermore, the film texture is very important: a highly porous
reticular film is better than a dense film. The substrate used
in that study was highly porous nickel foam. On the other
hand, such a reticular texture can also be obtained on a
dense substrate by ESD.[15–17] Dense copper foil is in fact the
most widely used current collector of negative electrodes in
commercialized lithium ion batteries. Herein, therefore, we
investigate the effect of the substrate as well as its electro-
chemical behavior on electrochemical performance at an
elevated temperature. We found that thin films on dense
copper substrate also showed rather good electrochemical
performance, especially at 70 8C.


Abstract: Highly porous reticular Li2O/
CoO composite thin films fabricated by
electrostatic spray deposition were in-
vestigated by using X-ray diffraction,
scanning electron microscopy, galvano-
static cell-cycling measurements, and
AC impedance spectroscopy measure-
ments. The results of the electrochemi-
cal tests indicate that the initial cou-
lombic efficiency and capacity reten-
tion are dependent on Li2O content
and the specific surface area of the de-
posited layer. Irrespective of the type
of substrate, the electrode gave the


best electrochemical performance
when the molar ratio of Li to Co was
controlled at 1:1. At the optimal com-
position, at 0.2 C the initial coulombic
efficiency was as high as 81.9% and
83.6% for the film on Cu foil and on
porous Ni, respectively. The Li2O/CoO
(Li/Co=1:1) films on Ni foam and Cu
foil had sustained capacities of up to


790 and 715 mAhg�1, respectively, at a
rate of 1 C over 100 cycles at 25 8C.
Similar cycling experiments carried out
at 70 8C showed that the capacity is
temperature-sensitive, and it exhibited
reversible capacities as high as 1018
(Cu foil) and 1269 mAhg�1 (Ni foam)
for up to 100 cycles. The thin-film elec-
trodes on Ni foam always performed
better than those on Cu foil. Cycling at
elevated temperature (70 8C) also re-
sulted in a significant increase in ca-
pacity.
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Results and discussion


Structural Analyses of CoO/Li2O Thin Films


The XRD patterns of the deposited films on Cu foil or
nickel foam are the same as those reported in refer-
ence [18], which can be indexed by the diffraction of CoO
and Li2O. Thus, under the specific ESD conditions, that is,
under ambient atmosphere and at 235 8C, the cobalt compo-
nent formed in the film was present in the form of CoO. No-
tably, only Co3O4 powder instead of CoO was obtained
when cobalt acetate was decomposed in air at 235 8C. The
difference in the decomposition product is probably due to
the presence of butyl carbitol solvent in the case of ESD. In
fact, when cobalt acetate was dissolved in butyl carbitol, the
precursor solution turned dark green (instead of pink for
Co2+ ions). This color change may imply a certain complex-
ation reaction between Co2+ and butyl carbitol, and, accord-
ingly, the low valence state (+2) was easily preserved in the
deposited films. Of course, further investigation is needed to
confirm this postulation.


Figure 1a and b shows the scanning electron micrographs
of two deposited films on Ni foam and Cu foil, respectively.
Both of them are reticular structures with 3D cross-linked
pores with a mean pore size of 10–15 mm. Clearly, the film
on the Ni foam is more porous and has a higher specific sur-
face area than that on copper foil. The SEM image at a
higher magnification (Figure 1c) shows that the reticular
structure is composed of nearly monodispersed spheres with
an average size of about 400 nm. This reticular morphology
is characteristic of ESD films.[15–20] Smyrl and co-workers
demonstrated that materials with a porous structure are ex-
cellent candidates for the design of high-performance batter-
ies.[21, 22] Hence, these reticular films are very advantageous
as electrode materials owing to their very high specific sur-
face area and good mechanical strength. Herein, all the
films of different Li/Co ratios on different substrates were
made with this reticular morphology.


Electrochemical Properties of CoO/Li2O Electrodes


As shown in our previous paper,[18] the CoO/Li2O (1:1) elec-
trode on nickel foam substrate exhibits outstanding charge–
discharge behavior. Figure 2a shows the voltage profiles of
the CoO/Li2O (1:1) electrode on Cu foil at a constant
charge–discharge rate of 0.2 C over a voltage range of 0.01–
3.0 V. The charge–discharge curves are typical for a metal-
oxide electrode with a distinct long plateau below 1 V fol-
lowed by an inclined portion down to the cutoff voltage of
0.01 V in the first discharge process. According to Tarascon
and co-workers,[23] the voltage plateau at 0.7 V is related the
CoO!Co conversion process, whereas the sloping portion


Abstract in Chinese:


Figure 1. Scanning electron microscopy (SEM) images of the surface of a
Li2O/CoO (Li/Co=1:1) composite thin film on a) nickel substrate and b)
and c) Cu foil. All films were deposited at 235 8C in air.
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down to 0.01 V is associated with the formation of predomi-
nantly a gel-like film and, in a very small fraction, an SEI
layer on the particle surface. Furthermore, Co nanoparticles
were formed during the discharge step; the other product of
this conversion is Li2O, that is, CoO+2Li!Co+Li2O.


The discharge curves for subsequent cycles were lifted
from the 0.7-V plateau of the first cycle to an inclined “pla-


teau” at around 1.0 V, and the CoO!Co conversion
became more and more inconspicuous with cycling. Mean-
while, the sloping portion down to 0.01 V, which is attribut-
ed to the formation of a gel-like film, became longer with
cycle number.


On the charge curves of these composite films (Figure 2a
herein and Figure 3a in reference [18]), there are two pla-
teaus, one from 1.0 to 2.0 V and the other from 2.0 V to
2.5 V. As Tarascon and co-workers indicated that the gel-
like film disappears when the voltage is higher than 2.0 V,[23]


the capacity associated with the charge process from 0.01 to
2.0 V can be ascribed to the gradual dissolution of the gel-
like film and the partial conversion process Co!CoO. For
the part above 2.0 V, the capacity should mainly correspond
to the Co!CoO process. Besides, there is a clear increase
in the slope of the charge curves above 2.5 V. The capacity
associated with this voltage range can be at least partially at-
tributed to the transition from Co2+ to Co3+ , because Co3O4


was detected after long-time cycling.[18] This transition can
only occur in the presence of pre-added Li2O, that is,
3CoO+Li2O!Co3O4+2Li. We believe that further oxida-
tion to Co2O3 should also be possible by a similar mecha-
nism.


It was observed that both CoO/Li2O (1:1) thin-film elec-
trodes have rather high initial coulombic efficiencies. The
film on Cu foil (Figure 2a) had an initial coulombic efficien-
cy of 81.9%, which is a little lower than the 83.6% for the
film on Ni foam.[18] Because an electrode with higher specif-
ic surface area is more accessible to the electrolyte mole-
cules,[24] the use of the film on Ni foam as the electrode en-
hances the contact between electrolyte molecules and the
electrode. Dou and co-workers[10,12] demonstrated that Ni
addition can facilitate Li2O decomposition, which is the re-
verse of the CoO!Co conversion, because of the catalytic
activity of Ni. Similarly, this mechanism is probably respon-
sible for the higher initial coulombic efficiency of thin films
on Ni foam compared with that on dense Cu foil. This rela-
tionship also holds for films of other compositions or Li/Co
ratios (Figure 2b), although maximum efficiency is attained
at Li/Co=1:1 for both series of films. Therefore, the sub-
strate made from Ni plays an important role in reducing the
initial irreversible capacity of the thin-film electrodes.


We previously reported that dense Li2O-free thin films on
Ni foam and Cu foil substrates show first-capacity losses of
31.4% and 38.2%, respectively,[18] which are much greater
than the 16.4% and 18.1% for the CoO/Li2O (1:1) thin
films here (Figure 2b). This result suggests that irrespective
of the type of substrate and thin-film morphology, the exis-
tence of pre-added Li2O in deposited films may restrain the
conversion-produced Li2O from entering the irreversible
SEI film during the first discharge process and thus increase
the initial coulombic efficiency. The cycling performances of
the CoO/Li2O (1:1) electrodes on the two different sub-
strates are compared in Figure 2c. It is obvious that the
sample prepared on Ni foam performs better than that on
Cu foil in that the former has a higher reversible capacity
(877 mAhg�1) and lower first-cycle irreversible capacity


Figure 2. Electrochemical properties of the composite CoO/Li2O (Li/
Co=1:1) films. a) Voltage profiles for CoO/Li2O thin-film electrodes on
Cu foil. The cycle numbers are indicated in the graph. b) Initial coulom-
bic efficiency of the thin-film electrodes as a function of the Li/Co molar
ratio. c) Capacity–cycle number relationship of the Li2O/CoO thin-film
electrodes/Li cells. The cells were cycled between 0.01 and 3.0 V at 0.2 C.
*=Ni foam, *=Cu foil.
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(148 mAhg�1) upon extended cycling (100 cycles). The
better performance of thin films on Ni foam is attributed to
the following. First, Ni foam has a porous structure that is
beneficial for the electrolyte to soak into active particles.
This character ensures both electronic and ionic conductivity
during the charge–discharge processes. Second, as men-
tioned above, the Ni substrate may catalyze the Li2O de-
composition during the first charge process.[10, 12] Another
beneficial factor could be the coarseness of the surface,
which strengthens the adhesion between the layer and cur-
rent collector and maintains the structural integrity of the
electrode during cycling.


To gain further understanding of the influence of the sub-
strate, the impedance spectra of the CoO/Li2O (1:1)/Li cells
on Cu foil and Ni substrate at different cycle numbers were
recorded (Figure 3). They were all obtained in a fully dis-


charged state at an open-circuit voltage of 0.01 V. The impe-
dance spectra of the cells are typical for the ESD-derived
film electrode, showing only one clear semicircle[25] in the in-
termediate-frequency range together with a small overlap-
ping arc in the high-frequency end. It is clear that the impe-
dance of the cell with the CoO/Li2O (1:1) electrode on
nickel foam is significantly less than that on Cu foil, which
can be attributed to a larger contact area in the former case.
This relationship can explain the higher capacity measured
for the electrode on Ni foam (Figure 2c). Also, the cell re-
sistance gradually decreased with an increase in cycle
number, which is presumably due to a decrease in particle
size with cycling.


Effect of the Molar Ratio of Li to Co


Figure 4 shows the evolution of the reversible capacity of
thin-film electrodes on Cu foil and Ni foam with five differ-
ent Li/Co ratios. The tested cells were all cycled at 0.2 C.
The two series on different substrates displayed a similar re-
lationship with the Li/Co ratio, although the electrodes on


Ni foam exhibited a slightly higher capacity. Irrespective of
the substrate, the capacity increased with an increase in the
Li/Co ratio; when the ratio reached 1:1, the capacity was at
a maximum of 850 mAhg�1 for the film on Ni foam and
750 mAhg�1 for the film on Cu foil. When the Li/Co ratio
was increased further, a fast capacity fading was clearly ob-
served. As discussed before, the discharge of metal-oxide
electrodes towards lithium involves two distinct processes:
the conversion between CoO and Co and the formation of a
gel-like film on the surface.[9] The first process induces a
volume variation. The second forms a gel-like film that can
restrain the nano-Co particles from aggregating and relieve
volumetric variation. In the Li2O/CoO composite electrodes,
Li2O may act as a volume buffer because it is dispersed uni-
formly in the deposited films. During the conversion process,
the volume change can be effectively absorbed by the Li2O
matrix, preventing the crumbling of the electrode and re-
taining good cyclability. Morimoto et al. obtained similar re-
sults with mechanically milled SnO/B2O3/P2O5 composites
with and without Li2O.[26] Additionally, the Li2O-loaded
electrode increases the interface between the particles and
thus more gel-like films are formed during the discharge
process.[27] As a result, the discharge capacity increases with
increasing Li2O content. However, when the Li2O loading
reaches a certain limit in the deposited electrodes, the poor
electronic conductivity of Li2O may obstruct the contact be-
tween neighboring active particles and induce a loss of elec-
trical contact between them, resulting in rapid capacity
fading.


With the optimized composition, that is, Li/Co=1:1, the
rate capability of the cells on Ni foam and on Cu foil sub-
strates was evaluated. Figure 5 shows the specific capacity of
CoO/Li2O (1:1)/Li cells as a function of charging rate. The
capacity decreased with an increase in charging rate for all
the samples, suggesting that the polarization due to the elec-
trical resistance of the electrode increases with an increase
in charging rate. Furthermore, at the same charging rate, the
electrode on Ni foam has the higher capacity. Therefore, the
increase in surface area of active materials promotes an
electrochemical lithium reaction with the composite active


Figure 3. AC impedance spectra of the CoO/Li2O (Li/Co=1:1)/Li cell at
different cycles. The cells were discharged to 0.01 V at a discharge rate of
0.2 C. The cycle numbers are indicated in the graph. The substrates were
Ni foam (*) and Cu foil (*).


Figure 4. Reversible capacity of CoO/Li2O thin-film electrodes as a func-
tion of Li/Co molar ratio. The cells were cycled between 0.01 and 3.0 V
at 0.2 C. The substrates were Ni foam (*) and Cu foil (*).
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layer, probably due to a suppression of the polarization per
unit surface area.


Effect of the Temperature


To investigate the influence of temperature on cycling per-
formance, Li2O/CoO composite films with the optimal com-
position Li/Co=1:1 on Ni foam and Cu foil were chosen.
All cells were cycled at a rate of 1 C between 0.01 and 3.0 V
at 25 and 70 8C. The cycling performances of the composite
thin-film electrodes are shown in Figure 6 and were all ex-
cellent. The capacity of the thin-film electrodes on Ni foam
was substantially higher than those on Cu foil, especially at
high temperature (70 8C). All electrodes exhibited increased
capacity upon cycling, which is a direct result of the decom-
position of the electrolyte driven by the transition-metal
nanoparticles.[27] The capacities at 70 8C were all larger than
the theoretical value (715 mAhg�1). More specifically, as
shown in the voltage profiles of cells cycled at 70 8C
(Figure 7), the sample on Ni foam (Figure 7a) increased its
capacity from 814 (2nd) to 1266 mAhg�1 (100th) at 70 8C,
which is a corresponding capacity increase of 0.56% per
cycle. The sample on Cu foil (Figure 7b) gave a slightly
lower capacity, offering 806 (2nd) to 1018 mAhg�1 (100th).


The discharge curves of both electrodes at 70 8C
(Figure 7) have a shorter plateau but longer sloping part, in
contrast to the room-temperature curves (Figure 2a). This
implies that the formation of the gel-like film is dominant
over the CoO!Co conversion at higher temperature. This
is in agreement with the opinion of Tarascon and co-workers
that the formation of the gel-like film is governed by kinet-
ics and is naturally more significant at higher tempera-
tures.[27] During the first discharge, the Co nanoparticles
form first, then the gel-like film (shell) envelopes the Co
metal (core). The gel-like film contains, among others, or-
ganic oligomer chains of poly(ethylene oxide)
((CH2CH2O)n ; n�9) with H, CH3, or C2H5 as terminal
groups. Inorganic components such as Li2CO3, ROCO2Li,
and RCO2Li are also present.[28] The organic components
contribute to reversible capacity, whereas the inorganic com-
ponents are irreversible. In a comparison of the electrodes
on the two types of substrates, the samples on Ni foam
showed better performance. We believe that the Ni sub-
strate cooperates with Co to catalyze the decomposition of
the electrolyte, resulting in the formation of more gel-like
films, thus leading to more “extra capacity”.


Finally, the capacity of the CoO/Li2O films did not rise
forever but reached a maximum after hundreds of cycles.


Figure 5. Rate capability of CoO/Li2O (Li/Co=1:1)/Li cells. The cells
were cycled between 0.01 and 3 V. The substrates were Ni foam (*) and
Cu foil (*).


Figure 6. Capacity–cycle number relationship of Li2O/CoO (Li/Co=1:1)/
Li cells at 25 and 70 8C. *=Ni foam, *=Cu foil.


Figure 7. Voltage profiles for CoO/Li2O (Li/Co=1:1)/Li cells cycled at
1 C and 70 8C. The substrates were a) Ni foam and b) Cu foil. The cycle
numbers are indicated in the graphs.
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Typically, the maximum capacity appeared after about 300
cycles at 25 8C and 150 cycles at 70 8C. Besides, as already in-
dicated in our previous paper,[18] the nickel foam substrate
may contribute to about 10% of the total capacity owing to
partial surface oxidation. This contribution to capacity was
subtracted in the data presented above. A similar compara-
tive study suggests that the Cu foil substrate does not partic-
ipate in the electrochemical reactions and hence does not
contribute to the capacity.


Conclusions


We have succeeded in fabricating highly porous reticular
Li2O/CoO composite thin films not only on dense substrate
(Cu foil) but also on porous substrate (Ni foam). The thin-
film electrodes present excellent reversible capacity despite
the absence of carbon. The molar ratio of Li to Co plays a
crucial role on the electrochemical performance of the thin-
film electrodes. The Li2O component disperses uniformly in
the CoO bulk and acts as a buffer to decrease volume
change during cycling. The addition of Li2O also helps to
improve the initial coulombic efficiency. It was found that
the optimal Li/Co molar ratio for the best electrochemical
performance is 1:1. Transition-metal-oxide electrodes form a
gel-like film on their surface during cycling. The higher dis-
charge capacity of thin-film electrodes on Ni foam suggests
that the amount of gel-like film is affected by the nature
and specific surface area of the current collector. The Ni
substrate plays a double role: it catalyzes the Li2O decom-
position during the first charge process and improves the ini-
tial coulombic efficiency, and it cooperates with the nano-
Co to catalyze the formation of the gel-like film during cy-
cling. Ni foam, with its porous structure and coarse surface
texture, has proved to be a good candidate for current col-
lectors.


Experimental Section


The films of CoO/Li2O were prepared by ESD. Details about the experi-
mental procedure are described in previous papers.[14,15] A distance of 2–
3 cm was kept between the needle and the substrate. The applied voltage
was 11–13 kV. Lithium acetate dihydrate (0.0255 g, 0.25 mmol; 99%) and
cobalt acetate tetrahydrate (0.6226 g, 0.25 mmol; 99%) were dissolved in
pure butyl carbitol (CH3 ACHTUNGTRENNUNG(CH2)3OCH2OCH2CH2OH; 50 mL) for film dep-
osition. To investigate the effect of the molar ratio of Li to Co in solu-
tion, we prepared five precursor solutions with Li/Co molar ratios of 1:4,
1:2, 1:1, 2:1, and 4:1, with the Co concentration kept constant at 0.005m.
The precursor solution was pumped through the metal capillary nozzle at
a rate of about 4 mLh�1. The nickel foam (0.2 mm in thickness, 14 mm in
diameter) or Cu foil substrate (0.1 mm in thickness, 14 mm in diameter)
were heated at 235 8C. The deposition lasted 90 min, and the mass of the
deposited layer was controlled at about 2 mgcm�2. Film deposition took
place under ambient atmosphere.


The thin films were characterized by SEM (HITACHI X-650) and XRD
(Philips X’Pert PRO SUPER with CuKa1 radiation, l=1.541 L ), and the
thin-film electrodes were assembled into coin-type cells (2032) with a Li
electrode and LB 302 electrolyte (1m LiPF6 in ethylene carbonate and di-
ethyl carbonate (EC/DEC=1:1 v/v)) in an argon-filled glove box
(MBraun Labmaster 130). Electrochemical measurements were carried


out with a battery test system (NEWARE BTS-610). They were cycled at
a c rate of 0.1–5 C in the voltage range between 3.0 and 0.01 V. The im-
pedance spectra of the cells were recorded with a CHI 604B Electro-
chemical Workstation in the frequency range of 0.01–100 kHz.
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Thermotropic Liquid Crystals Based on Extended 2,5-Disubstituted-1,3,4-
Oxadiazoles: Structure–Property Relationships, Variable-Temperature
Powder X-ray Diffraction, and Small-Angle X-ray Scattering Studies
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Introduction


The search for new liquid-crystal materials continues to be
an area of advanced technological importance owing not
only to their application in liquid-crystal-display devices[1]


and as light modulators[2] and switches,[3] but also to their
electrically controlled birefringence (ECB).[4] The incorpora-
tion of tunable luminescent properties into mesomorphic
materials has led to the construction of a new generation of
mesogens for use in the construction of efficient light emit-
ters and charge carriers for electroluminescent (EL) devi-


ces.[5] In this regard, rational molecular design and synthesis
studies are crucial for the continued development of new
molecular materials that have unique or interesting supra-
molecular architectures and liquid-crystal-display properties.
The formation of simple neutral organic molecules or salts
by self-assembly, leading to the construction of various me-
ACHTUNGTRENNUNGsomorphic structures, has been extensively studied over the
past decade.[6] In particular, the orientational flexibility and
molecular anisotropy of mesogens have been utilized to
alter the optoelectronic performance of a number of liquid-
crystal-based devices, owing to their facile self-organized
supramolecular aggregation with various noncovalent inter-
molecular interactions.[7]


Liquid-crystal materials based on derivatives of 2,5-di-
phenyl-1,3,4-oxadiazole have been studied, and various poly-
mers and dendrimers containing this structural motif have
been prepared.[8] Compounds with the 1,3,4-oxadiazole
motif are generally chemically stable and have diverse lumi-
nescent properties, and are often emissive mesogens with
good electron-transport properties.[9] Although the crystal


Abstract: A class of extended 2,5-di-
ACHTUNGTRENNUNGsubstituted-1,3,4-oxadiazoles R1-C6H4-
{OC2N2}-C6H4-R


2 (R1=R2=C10H21O
1a, p-C10H21O-C6H4-C�C 3a, p-CH3O-
C6H4-C�C 3b ; R1=C10H21O, R2=


CH3O 1b, (CH3)2N 1c ; F 1d ; R1=


C10H21O-C6H4-C�C, R2=C10H21O 2a,
CH3O 2b, (CH3)2N 2c, F 2d) were pre-
pared, and their liquid-crystalline prop-
erties were examined. In CH2Cl2 solu-
tion, these compounds displayed a
room-temperature emission with lmax
at 340–471 nm and quantum yields of
0.73–0.97. Compounds 1d, 2a–2d, and
3a exhibited various thermotropic me-
ACHTUNGTRENNUNGsophases (monotropic, enantiotropic
nematic/smectic), which were examined
by polarized-light optical microscopy


and differential scanning calorimetry.
Structure determination by a direct-
space approach using simulated anneal-
ing or parallel tempering of the powder
X-ray diffraction data revealed distinc-
tive crystal-packing arrangements for
mesogenic molecules 2b and 3a, lead-
ing to different nematic mesophase be-
havior, with 2b being monotropic and
3a enantiotropic in the narrow temper-
ature range of 200–210 8C. The struc-
tural transitions associated with these
crystalline solids and their mesophases


were studied by variable-temperature
X-ray diffractometry. Nondestructive
phase transitions (crystal-to-crystal,
crystal-to-mesophase, mesophase-to-
liquid) were observed in the diffracto-
grams of 1b, 1d, 2b, 2d, and 3a mea-
sured at 25–200 8C. Powder X-ray dif-
fraction and small-angle X-ray scatter-
ing data revealed that the structure of
the annealed solid residue 2b reverted
to its original crystal/molecular packing
when the isotropic liquid was cooled to
room temperature. Structure–property
relationships within these mesomorphic
solids are discussed in the context of
their molecular structures and intermo-
lecular interactions.
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structures of nonmesogenic 2,5-disubstituted-1,3,4-oxadi-
ACHTUNGTRENNUNGazoles with different functionalities have been reported,[10]


structural information on mesogenic materials containing
2,5-diaryl-1,3,4-oxadiazole is lacking, owing to difficulties in
obtaining single crystals suitable for X-ray diffraction stud-
ACHTUNGTRENNUNGies.[11a–d] To the best of our knowledge, related studies on ex-
tended 2,5-diaryl-1,3,4-oxadiazoles are less-explored.[11e]


Herein, a new family of extended calamitic (rodlike) meso-
genic molecules were synthesized (Scheme 1) by changing


the mesogen core lengths and terminal substituents. Their
liquid-crystal properties were analyzed by polarized optical
microscopy (POM) and the phase transitions associated with
these mesogenic compounds were studied by differential
scanning calorimetry (DSC) and variable-temperature X-ray
diffractometry (VTXRD). Notably, structure determination
by a direct-space approach using simulated annealing
(DASH) or parallel tempering (FOX) of the powder X-ray
diffraction (XRD) data of mesogenic molecules 2b and 3a


revealed distinctive crystal
packing. Small-angle X-ray
scattering (SAXS) investiga-
tions were used to reveal
changes in long-range molecu-
lar order for these extended
mesomorphic compounds that
were annealed below their de-
composition temperatures.


Results and Discussion


Synthesis and Characterization


Scheme 1 shows the structures
of compounds 1–3 studied
herein. Details of the synthesis
and characterization of the ma-
terials are given in the Support-
ing Information. Compounds


1a–1d were prepared in good yields according to literature
methods with minor modifications,[15] whereas compounds
2a–2d, 3a, and 3b were prepared from 2-(phenyl ACHTUNGTRENNUNGethynyl)-5-
(phenyl)- or 2,5-(diphenylethynyl)-1,3,4-oxadiACHTUNGTRENNUNGazoles and 1-
iodo-4-decyloxybenzene by a Pd/CuI-catalyzed coupling re-
action.[16] 2,5-Disubstituted-1,3,4-oxadiazoles were prepared
by the cyclization of aldehyde hydrazones[17a] or the reaction
of tetrazoles with acid chlorides (Huisgen route).[17b] A small
number of studies on extended 2,5-diaryl-1,3,4-oxadiazoles
containing a C�C linkage were recently reported.[11e,18] The
incorporated C�C linkages not only enable the linear exten-
sion of mesogen length but also serve as acceptors in nonco-
valent C�H···p ACHTUNGTRENNUNG(C�C) interactions. Extensive studies report-
ing the applications of C�H···p ACHTUNGTRENNUNG(C�C) interactions in crystal
engineering and metal–organic coordination chemistry have
been reviewed elsewhere.[19]


Crystal Structure of IIIc and Vc


During the synthesis of 2c, crystals of the intermediates IIIc
(2-(4-iodophenyl)-5-(4-N,N’-dimethylphenyl)-1,3,4-oxadi-
ACHTUNGTRENNUNGazole) and Vc (2-(4-ethynylphenyl)-5-(4-N,N’-dimethylphen-
yl)-1,3,4-oxadiazole) suitable for X-ray crystal-structure de-
termination[20] were obtained by slow evaporation of solu-
tions in hexane and CH2Cl2, respectively. As shown in
Figure 1, both compounds adopt a nearly planar molecular
structure.


Scheme 1. Molecular structures of 1–3.


Abstract in Chinese:
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Crystal Packing of 2b and 3a


It is generally difficult to obtain single crystals of mesogenic
compounds suitable for XRD studies. Herein, we were able
to estimate the molecular length and conformation of the
2,5-diphenyl-1,3,4-oxadiazole moiety from the crystal struc-
tures of IIIc and Vc. The extended molecules 2b and 3a
were constructed by adding the n-decyl chain(s) or methoxy
substituents to the bent 2,5-diphenyl-1,3,4-oxadiazole
moiety. By assuming 1) a molecular length of 6.4 N for each
phenylethynyl motif and 2) that the methylene groups of the
n-decyl chain in 2b and 3a adopt an all-trans configuration
with an average size of 1.15–1.20 N per CH2 unit,


[21] the esti-
mated molecular length for molecules 2b and 3a are 30 N
and 47 N, respectively (Figure 2). In the diffractograms of
2b and 3a, the diffraction peak maxima displayed periodic
trends [q, 2q, 3q, 4q, 5q where q / sin2q ; q/N�1 (2q/8)
values: 0.046 (2.647), 0.069 (4.007), 0.094 (5.401), 0.117
(6.756), 0.141 (8.118) for 2b (the first peak is out of the de-
tection limit (2qmin=3.08) of the diffractometer); 0.030
(1.708), 0.061 (3.520), 0.093 (5.337), 0.124 (7.146), 0.155
(8.944) for 3a] indicative of layered structures with definite
lamellar thickness. Indexing the room-temperature diffracto-


grams of 2b and 3a revealed the coexistence of long and
short unit-cell edges. Rietveld profile fitting of the powder
XRD data followed by restrained structural refinement gave


Figure 1. ORTEP diagrams of IIIc (top) and Vc (bottom) showing their estimated molecular sizes, bending angles (C(8)�X�C(7)=1348 for IIIc,
C(10)�X�C(9)=1408 ; X=centroid of oxadiazole ring) and dihedral angles (C(14)�C(9)�C(8)�O(1)=�7.038, C(5)�C(4)�C(7)�O(1)=�7.068 for IIIc ;
C(12)�C(11)�C(10)�O(1)=4.318, C(5)�C(6)�C(9)�O(1)=�7.008 for Vc).


Figure 2. Molecular models of 2b (top) and 3a (bottom) with estimated
lengths.
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the structural parameters summarized in Table 1. The graph-
ical plots calculated after Rietveld profile refinement of the
data obtained for 2b and 3a are given in the Supporting In-
formation.


Figure 3 shows the crystal packing for 2b viewed along
the [010] direction. The long edge (66 N) of the unit cell is
2.2 times longer than the molecular length (30 N), thus lead-


ing to the formation of bilayer lamellar structures. The long
axis of each molecule is parallel to the long edge of the unit
cell. The imposed symmetry constraints of the space group
P21/c indicate a parallel molecular arrangement with head-
to-head and tail-to-tail orientations. The lateral molecular
order is also formed in the ac plane of the crystal structure,
as revealed by the prominent diffraction maxima at 24.58
(2q) (or d=3.67 N). This interplanar distance d is consistent
with the expected molecular width of 2b. Extensive hydro-


phobic interactions (average C···C distances>4.0 N) among
the n-decyl chains and intermolecular C�H···O interactions
(C(29)�H(29)···O(27)=2.271 N, C(38)�H(38)···O(1)=
2.404 N) were also observed.
The more-extended mesogenic molecule 3a crystallized in


the same space group as 2b, but formed a different lamellar
structure. Figure 4 shows the crystal packing of molecules of


3a along the [010] direction. The long edge (49.6 N) of the
unit cell is close to the length (47 N) of the molecule.
Unlike the case of 2b, the c-glide translational symmetry (x,
y, z!x, y�1=2, z+


1=2) indicates that there are alternating mo-
lecular stacks of 3a along the c axis, forming a distinctive
ABABAB molecular-stacking sequence.
The crystal structures and molecular-packing arrange-


ments of 2b and 3a can be used to model the solid-state
structures for 1d and 2d. In the diffractograms obtained for
1d and 2d, the periodicity of diffraction peak maxima (2q)
[q, 2q, 3q, 4q, 5q ; q/N�1


ACHTUNGTRENNUNG(2q/8): 0.041 (2.347), 0.083 (4.756),
0.125 (7.170), 0.166 (9.579), 0.208 (12.022) for 1d ; 0.033
(1.877), 0.067 (3.823), 0.097 (5.560), 0.135 (7.803), 0.168
(9.685) for 2d] indicates layered structures with lamellar
thicknesses of 37.6 N and 47.0 N, respectively, as was found
for 2b. These lamellar thicknesses are longer than the re-
spective estimated molecular lengths (23.5 N for 1d and
30 N for 2d), showing that 1d and 2d most likely adopt sim-
ilar staggered bilayer structures but with slightly altered mo-
lecular orientations. The proposed crystal packing for 1d
(and 2d) is shown in Scheme 2, based on the estimated mo-
lecular length of 23.5 N for 1d and 30 N for 2d. All these
mesogenic molecules are aligned with tilting angles of about
378 (or 538 away from the normal of the molecular stacks).
We attribute this result to supramolecular self-assembly
through intermolecular C�H···F�C hydrogen bonding be-
tween neighboring p-fluorophenyl groups.[22] Furthermore,
the prominent diffraction maxima at 24.58 and 288 (2q) in
the diffractogram of 2d indicate that the lateral molecular
order is similar to that found for 2b and 3a. However, there
is a lack of defined periodicity in the diffraction peak
maxima for 1b, precluding the existence of a lamellar struc-
ture.


Electronic Absorption and Emission Spectroscopy


The UV/Vis absorption and emission data for solutions of
1a–3b in CH2Cl2 at 298 K are listed in Table 2. For 1a–1d, a


Table 1. Structural refinement data for 2b and 3a.


2b 3a


Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
a [N] 66.12(2) 49.69(2)
b [N] 5.182(1) 4.761(2)
c [N] 8.014(2) 17.008(5)
b [8] 103.18(3) 94.12(6)
V [N3] 2673.7 4013.2
Mr 508.6 735.02
1 [gcm�3] 1.264 1.217
2q [8] 1.5-50 1.5-40
Reflections 937 707
Variables 274 390
Restraints 214 335
Rp


[a] 0.095 0.079
Rwp


[a] 0.132 0.107
Rwp (expected)


[a] 0.108 0.074
RF


[b] 0.105 0.108
Goodness of fit 2.77 2.93
Max. (shift/esd)2 (mean) 0.22 (0.02) 0.26 (0.03)


[a] Rp=Si jyi,o�yi,c j /Si jyi,o j ; Rwp= [Siwi(yi,o�yi,c)2/Siwi ACHTUNGTRENNUNG(yi,o)
2]


1=2 ; expected
Rwp=Rwp/c


2 ; c2=Siwi(yi,o�yi,c)2/(Nobs�Nvar); yi,o and yi,c are the observed
and calculated intensities at point i of the profile, respectively, Nobs is the
number of theoretical Bragg peaks in the 2q range, Nvar is number of the
refined parameters. Statistical weights wi are normally taken as 1/yi,o.
[b] RF=S j Ijobs


1=2�Ijcalcd
1=2 j /SIjobs


1=2 ; Ij denotes the intensity assigned to the
jth Bragg reflection.


Figure 3. Crystal packing of 2b viewed along the [010] direction showing
head-to-head and tail-to-tail molecular orientations stacked in an
“AAAAAA” fashion.


Figure 4. Crystal packing of 3a viewed along the b axis showing
ACHTUNGTRENNUNGalternating molecular stacks with an ABABABAB sequence.
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strong absorption band at lmax=297–338 nm (e=27500–
37000 dm3mol�1 cm�1) and a weak absorption band at lmax=
246–274 nm (e=7170–15000 dm3mol�1 cm�1) were observed.
The lowest-energy absorption bands in 1a–1d underwent a
progressive red shift (F (1d)<C10H21O, CH3O (1a, 1b)<N-
ACHTUNGTRENNUNG(CH3)2 (1c)) as the electron-donating ability of their para-
substituents was increased. The absorption spectra of 2a–2d
exhibited an intense absorption band at 334–359 nm (e=
4.6–5.7Q104 dm3mol�1 cm�1) and relatively weak shoulders


at 248–329 nm (e=1.3–3.7Q104 dm3mol�1 cm�1). Similarly, a
strong absorption band centered at about 350 nm (e=
88000–123000 dm3mol�1 cm�1) and a shoulder at lmax=


259 nm (e=25300–35900 dm3mol�1 cm�1) were observed for
3a and 3b. The energy of the lowest absorption band in 2a–
2d was lowered by 1810–3730 cm�1 when a phenylethynyl
(C6H4C�C) unit was inserted between the oxadiazole and
phenyl-ring moieties of the parent congeners 1a–1d. In con-
trast, 3a and 3b displayed a slight red shift of about
1100 cm�1 for their lowest absorption bands at 350 nm, de-
spite the fact that they have two additional ACHTUNGTRENNUNGphenylethynyl
units. However, the e value at lmax=352 nm for 3a is the
largest of the compounds studied in this work. All com-
pounds were emissive at lmax=357–471 nm with emission
quantum yields and lifetimes of 73–97% and 0.91–2.60 ns,
respectively, in CH2Cl2 solution at 298 K. Notably, the
Stokes shifts in the range of 4430–6120 cm�1, which were
measured for all these compounds except 2c, are compara-
ble to those found for 2,5-diphenyl-1,3,4-oxadiazole deriva-
tives.[23] The largest Stokes shift was observed for 2c
(�6550 cm�1), which may be explained by a “push–pull
effect” created by the strong electron-donating NACHTUNGTRENNUNG(CH3)2
group and the electron-accepting oxadiazole ring.


Liquid-Crystal Properties


The thermotropic liquid-crystalline behavior of the 2,5-di-
ACHTUNGTRENNUNGsubstituted 1,3,4-oxadiazoles was studied by POM and DSC.
The POM images of 1d, 2a, 2b, and 2d are shown in Fig-
ures 5–8, respectively. The phase-transition temperatures


Scheme 2. Proposed lamellar structures of 1d (d�37.6 N, s�23.5 N,f�378) and 2d (d�47 N, s�30 N,f�378) based on the d values observed in their
diffractograms.


Table 2. UV/Vis absorption and emission data for 1–3.


Complex lmax [nm]
(e [dm3mol�1 cm�1])[a]


lem [nm] (t [ns])
at 298 K[b]


F


1a 257 (15000), 304 (37000) 340 (sh, 1.14),
357 (max, 1.14), 371
(1.16)


0.78


1b 256 (12500), 303 (30400) 340 (sh, 1.15),
357 (max, 1.17), 371
(1.15)


0.83


1c 274 (sh, 13200), 338 (32600) 405 (1.40) 0.80
1d 246 (sh, 7170), 297 (27500) 363 (1.28) 0.73
2a 249 (sh, 20600), 264 (sh, 14000),


338 (47900)
401 (1.01) 0.89


2b 248 (sh, 18200), 265 (sh, 12900),
338 (49500)


401 (0.91) 0.97


2c 260 (17400), 282 (sh, 21500),
329 (sh, 37400), 359 (57200)


471 (2.60) 0.82


2d 334 (46400) 409 (1.00) 0.82
3a 259 (28150), 352 (78340) 417 (0.93) 0.84
3b 259 (25300), 350 (88000) 417 (0.93) 0.83


[a] In dichloromethane. [b] lex at lmax absorption, in dichloromethane at
concentration�5Q10�6m.
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and enthalpy changes for the compounds were derived from
the DSC measurements and are summarized in Table 3.
The formation of the mesophase was found to be affected


by both electronic and steric factors within terminal sub-
stituents. For example, 1a–1c, which contain electron-donat-
ing groups (C10H21O, CH3O, and (CH3)2N), displayed no
thermotropic liquid-crystalline properties. However, the
solid 1d, which contains p-fluoro substituents, produced an
enantiotropic smectic A mesophase, which was confirmed


Figure 5. POM image of the Smectic A texture observed for 1d obtained
after heating the solid to 85 8C (magnification Q200).


Figure 6. POM image showing the Schlieren texture of 2a with four-
brush singularities after the solid was heated to 115 8C (magnification
Q200).


Figure 7. POM image of the Schlieren texture for 2b with two- and four-
brush singularities after the isotropic liquid was cooled to 116 8C
(magnification Q200).


Figure 8. POM image of the Smectic A texture observed for 2d obtained
after the solid was heated to 183 8C (magnification Q200).


Table 3. Phase transitions for 1–3 calculated from DSC measurements.


Compound Phase
transition[a]


T [8C]
ACHTUNGTRENNUNG(DH ACHTUNGTRENNUNG[kJmol�1])


1a Cr1!I 123.8 (60.14)
1b Cr1!Cr2 77.7 (17.82)


Cr2!I 89.1 (3.41)
1c Cr1!I 115.8 (38.26)
1d Cr1!SA 79.5 (16.28)


SA!I 86.1 (4.41)
2a[b] Cr1!Cr2 116.1 (7.92)


Cr2!N 131.6 (23.1)
N!I 156.3 (0.67)


2b Cr1!Cr2 112.34 (9.23)
Cr2!I 137.6 (37.25)
I!N ACHTUNGTRENNUNG[126][c]


N!Cr1 ACHTUNGTRENNUNG[103][c]


2c Cr1!Cr2 51.5 (3.43)
Cr2!Cr3 142.4 (9.28)
Cr3!I 162.5 (25.15)
I!N ACHTUNGTRENNUNG[148][c]


N!Cr4 ACHTUNGTRENNUNG[136][c]


2d Cr1!Cr2 75.3 (3.66)
Cr2!SA 180.4 (30.17)
SA!I 202.5 (2.64)


3a[b] Cr3!N 212.5 (51.8)
N!I 234.8 (0.79)


3b Cr1!I 255.1, decomposed


[a] Cr=crystal phase, N=nematic mesophase, SA= smectic A mesophase,
I= isotropic liquid. [b] See reference [11e]. [c] All I!N or N!Cr transi-
tion temperatures were not measured but based on POM observations.
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by the observation of a focal conic texture in the POM
image (Figure 5).[24] As the 2,5-diphenyl-1,3,4-oxadiazole
and p-alkoxyphenyl moieties are electron-deficient and elec-
tron-rich, respectively, the incorporation of an electron-with-
drawing F substituent into the molecule perturbs the charge
distribution and produces a larger molecular dipole. Conse-
quently, the net dipolar interactions among molecules stabi-
lize the mesophase. In contrast, the electron-donating
(CH3)2N and CH3O) substitutents destablize the mesophase,
probably owing to the absence of dipolar interactions in
these mesogens.
POM revealed that 2a had a typical Schlieren texture,[25]


which indicates an enantiotropic nematic mesophase
(Figure 6), whereas a monotropic mesophase with a thread-
like texture was observed[25] upon cooling the isotropic liq-
uids 2b and 2c (Figure 7). In 2d, an enantiotropic smectic A
mesophase was confirmed by the typical fan-shaped texture
as shown in Figure 8. Notably, the more-extended mesogens
2a–2d could readily form thermotropic mesophases, in con-
trast to the analogues 1a–1d. This observation may be ex-
plained by an increase in the p conjugation between the
phenyl and ethynyl moieties. The mesogenic character of
2a–2d is greater than that of 1a–1d, as a result of extended
p conjugation, due to the presence of additional phenyl-
ACHTUNGTRENNUNGethynyl entities. Thus, 3a exhibits an enantiotropic nematic
mesophase, and 3b has no mesomorphic behavior. Molecule
3b is rigid with no mesogenic flexibility, owing to the ab-
sence of long terminal n-alkyl chains. In summary, a higher
length-to-breadth ratio for these mesogenic molecules en-
hances the stability of the parallel molecular aggregations in
the liquid-crystal state. The liquid-crystal properties of ex-
tended 2,5-disubstituted-1,3,4-oxadiazole derivatives may be
readily modified by including different terminal groups and
changing the lengths of the conjugated mesogenic cores.


Thermogravimetric Analysis


The relative thermal stability of the mesogenic materials 1b,
1d, 2b, 2d, and 3a was investigated by thermogravimetric
analysis (TGA). The TGA curves of these solids recorded at
25–700 8C under N2 atmosphere are included in the Support-
ing Information. Only in the case of 1b was there a weight
loss of 2% at 25–80 8C, which was attributed to the loss of
0.5 molar equivalents of occluded H2O molecules per formu-
la-mass unit. All the solids decomposed by a two-step pro-
cess and showed different onset decomposition temperatures
(200 8C for 1b, 235 8C for 1d, 280 8C for 2b, 285 8C for 2d,
335 8C for 3a). These temperatures increased with the mo-
lecular weight of the mesogen. For 1b and 1d, the replace-
ment of the terminal methoxy group with a fluoro substitu-
ent led to an increase in the onset temperature, which was
attributed to lattice stabilization through the formation of
intermolecular C�H···F�C interactions. However, this did
not occur for the extended analogues 2b and 2d. All the
solids were thermally stable with insignificant weight losses
below 200 8C. However, the results of the in situ VTXRD
studies described below reveal that various crystal-to-crystal


and crystal-to-mesophase transitions occurred when the
solid samples were heated from 25 to 200 8C.


In situ Variable-Temperature X-ray Diffraction


The structural changes associated with the crystalline solids
and mesophases were monitored by in situ VTXRD. The
relevant diffractograms of solids 1b, 1d, 2b, 2d, and 3a are
shown in Figures 9–13, respectively. For 1b, a crystal-to-crys-


Figure 9. Variable-temperature diffractograms of 1b at 25–100 8C.


Figure 10. Variable-temperature diffractograms of 1d at 25–105 8C.


Figure 11. Variable-temperature diffractograms of 2b at 25–140 8C.
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tal transition (Cr1!Cr2) occurred between 70 and 80 8C, as
evidenced by the appearance of two additional diffraction
peaks at 2.508 and 4.978 (2q) in the diffractogram recorded
at 80 8C (Figure 9). In line with the POM and DSC results,
the two crystal polymorphs of 1b (Cr1 and Cr2) coexisted
without forming any mesophase. These two crystal poly-
morphs completely melted to form an isotropic liquid at
100 8C. Upon cooling the sample to 25 8C, the 1H NMR spec-
trum of the annealed solid residue showed that the chemical
structure remained unchanged. There was no such crystal-
to-crystal transition for 1d at 25–45 8C, as the relative inten-
sity and peak positions of the first five diffraction peak
maxima remained unchanged. At 65 8C, a new phase ap-
peared, and a small amount of crystalline phase was present.
Well-defined periodic peak maxima [q, 2q, 3q, 4q, 5q, 6q,
7q, 8q ; q/N�1


ACHTUNGTRENNUNG(2q/8): 0.041 (2.345), 0.083 (4.751), 0.125
(7.168), 0.166 (9.591), 0.208 (12.007)] were noted at 65 8C
(Figure 10), thus indicating that this new phase is a smectic
A mesophase whose formation was complete at 85 8C. The
lamellar thickness (37.7 N) of this mesophase is almost iden-
tical to that which appeared in the crystalline solid 1d at
room temperature. The diffractograms of 2b at 25–130 8C
closely resembled each other except in the 2q region at 19–
238, at 100–110 8C (Figure 11). DSC measurements indicate


a phase transition at 108–117 8C, but the POM study sug-
gests that a monotropic nematic mesophase was only
formed when the isotropic liquid was cooled to 126 8C. We
attributed this change in the diffractograms between 100
and 120 8C to a crystal-to-crystal transition. Thus, the peak
maxima [q, 2q, 2.5q, 3q, 3.5q, 4q ; q/N�1


ACHTUNGTRENNUNG(2q/8): 0.046 (2.655),
0.093 (5.316), 0.116 (6.664), 0.140 (8.042), 0.163 (9.379)] that
appeared at 130 8C came from another crystal polymorph
(Cr2). The relative intensity and peak shape of the two
high-angle peaks at 24.58 and 28.88 (2q ; corresponding to
the molecular width (3.7 N) and typical molecular p···p
stacks (3.2 N), respectively) in the two crystal polymorphs
are almost unaltered, indicating a structural resemblance.
Somewhat surprisingly, the diffractograms for the crystalline
solid 2b and the corresponding annealed residue were prac-
tically identical to each other, as shown in the Supporting
Information. The lateral molecular order increased remarka-
bly in the annealed sample, as the intensity of the diffraction
peak at 24.58 (2q) was approximately doubled. On the con-
trary, more-complicated phase transitions were observed for
the solids 2d and 3a. These phase transitions can be collec-
tively described by the multistep process Cr1!Cr2!SA (or
Cr3!N for 3a)!I. For 2d, a crystal-to-crystal transition
(Cr1!Cr2) occurred between 50 and 90 8C (Figure 12). The
POM and DSC results indicate that a new phase, with a la-
mellar thickness of 35.8 N, appeared at 180 8C, which is at-
tributed to the smectic mesophase of 2d. Two notable phase
transitions were found for 3a between 100 and 120 8C as
well as between 140 and 160 8C (Figure 13). These transi-
tions were assigned to Cr1!Cr2 and Cr2!Cr3 crystal-to-
crystal transitions, respectively, and POM confirmed that no
mesophase was formed within this temperature range. As
the solid 3a was further heated to 210 8C, the low-angle
peak at 2.568 (2q) completely disappeared before the solid
quickly melted. We believe that a transient enantiotropic
nematic mesophase was formed at about 205 8C, which is
consistent with the observations of overlapping DSC peaks
and the POM results.


Small-Angle X-ray Scattering


The long-range molecular order for these extended meso-
genic molecules, both before and after annealing, was fur-
ther investigated by powder SAXS. Figure 14 shows the
SAXS patterns of the scattered signals in an angular range
of <38 (2q). The long-range order was only preserved in
solid 2b after annealing at 140 8C. The SAXS patterns indi-
cate that upon cooling the isotropic liquids to room temper-
ature, 1b, 2d, and 3a recrystallized into different types of
crystal polymorphs (a mixture of Cr1 and Cr2 for 1b, Cr2
for 2d, Cr3 for 3a). However, the long-range order in the
crystalline solid 1d completely vanished after annealing.


Structure–Property Relationships


Herein, all the mesogenic molecules possess 1) the same
ether oxygen linkage between the rigid 2,5-disubstituted-


Figure 12. Variable-temperature diffractograms of 2d at 25–190 8C.


Figure 13. Variable-temperature diffractograms of 3a at 25–220 8C.
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1,3,4-oxadiazole moieties and the flexible n-decyl chains and
2) no lateral side group. The formation of a mesophase is
solely attributed to the different mesogenic core lengths as
well as the electronic properties of the terminal substituents.
The rodlike mesogenic molecules 1d, 2a–2d, and 3a exhibit-
ed typical nematic and smectic mesophases, whereas discotic
(disklike) mesogens usually produce various columnar me-
ACHTUNGTRENNUNGsophases. For example, Lai et al. reported the liquid-crystal
properties of heterocyclic 2,5-bis(3,4,5-trialkoxyphenyl)-
1,3,4-oxadiazoles[11a] (L) and the metallomesogens
[L2PdCl2].


[11d] The formation of their columnar mesophases
was strongly dependent on the size as well as the number of
appended alkoxy substituents. These crystalline solids under-
went crystal-to-mesophase transitions at lower temperatures
(30–54.4 8C) than those (64–170 8C) for 1d, 2a, and 3a. The
incorporation of lateral NO2 groups into 2a and 3a reduced
the onset temperatures for the crystal-to-mesophase transi-
tion and induced new types of smectic mesophases.[11e] The
effects of incorporating lateral alkoxy groups of 1,4-bis(5-al-
koxyphenyl-1,3,4-oxadiazolyl)benzene on the liquid-crystal
properties and transient smectic-to-nematic mesophase tran-
sitions have already been reported.[11b]


For 1a–1c, the mesogenic core lengths of the 2,5-diphen-
yl-1,3,4-oxadiazole moieties are 12–14 N; it is thus difficult
for them to form any mesophase. From our structural analy-
ses, the solid 1d probably has a tilted bilayer structure, pre-
sumably due to intermolecular C�H···F�C interactions be-
tween adjacent stacks of molecules. As diffraction peaks
near 248 and 288 (2q) were not found, C�H···p and p···p in-
teractions in the crystalline solid 1d are not apparent.
Therefore, C�H···F�C interactions are important for the sta-
bilization of the lamellar structure in the crystalline solid as
well as in the smectic mesophase. The effect of polar sub-
stituents of 2-(n-decyloxy)-5-(naphthalen-2-yl)-1,3,4-oxadi-
ACHTUNGTRENNUNGazoles (10-NPO-X; X=p-CH3C6H4, p-CH3OC6H4, p-FC6H4,
p-ClC6H4, p-N�CC6H4, p-NO2C6H4) on liquid-crystal behav-


ior has previously been reported.[11c] In this case, nematic
mesophases were only observed when the terminal substitu-
ents are p-tolyl and p-methoxyphenyl, whereas the meso-
gens containing para-F, Cl, CN, and NO2 substituents
formed well-ordered smectic mesophases. These earlier find-
ings were attributed to the larger molecular dipole moments
of these electron-withdrawing substituents, as well as the
possible formation of intermolecular C�H···X hydrogen
bonds (X=F, Cl, N�C, and O�NO).
The insertion of phenylethynyl unit(s) into molecules 1a–


1d afforded the extended analogues 2–3, which have larger
molecular length-to-breath ratios. This structural modifica-
tion not only alters the emission/absorption spectra of the
compounds, but also enhances the molecular rigidity as well
as the formation of intermolecular C�H···p and/or p···p in-
teractions. Powder XRD studies revealed that the solids 2b,
2d, and 3a had two prominent diffraction peaks at 2q near
24–258 (d=3.8–3.7 N) and 28–298 (d=3.2–3.3 N), revealing
the presence of lateral molecular order stabilized by inter-
molecular C�H···p and/or p···p interactions. Subsequently,
we found that their melting points increased and their solu-
bility decreased relative to the parent molecules 1a–1d. For
2a–2d, the mesophases were stabilized by increased meso-
genic character due to the additional phenylethynyl moiet-
ies. Depending on their terminal substituents, either nematic
or smectic mesophases were formed. In 2a–2c, the terminal
substituents are relatively electron-donating and preferen-
tially lead to enantiotropic or monotropic nematic-mesomor-
phic behavior. This is in contrast to the smectic mesophase
of 2d, which contains an electron-withdrawing F substituent.
The addition of one phenylethynyl moiety further increases
the mesogenic character of 3a, leading to a higher onset
temperature for the crystal-to-mesophase transition (from
131 to 212.5 8C). Similarly, it was previously shown that the
incorporation of a bis(1,3,4-oxadiazole) unit together with
an m-phenylene[11e] spacer in the mesogenic core also led to


Figure 14. SAXS patterns for the crystalline solids 1b, 1d, 2b, 2d, 3a (upper), and their annealed solid residues (lower). The angular positions 2q (8) of
the scattered signals were: 1b : 2.166 (upper) and 2.162, 2.561, 2.932 (lower); 1d : 2.376 (upper) and 0 (lower); 2b : 1.386, 2.673 (upper) and 1.359, 2.653
(lower); 2d : 1.977, 2.933 (upper) and 2.050 (lower); 3a : 1.974 (upper) and 2.470, 2.790 (lower).
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increases in the onset temperature for the crystal-to-meso-
phase transition (212.5 8C for 3a, 258 8C for 1,3-
[C10H21OC6H4ACHTUNGTRENNUNG(C�C)C6H4ACHTUNGTRENNUNG{C2N2O}]2C6H4). However, when
the two n-decyl chains were replaced with methoxy groups,
as in 3b, decomposition occurred without the formation of a
mesophase.
Besides the molecular structures, we also considered the


effect of crystal packing on the formation of mesomorphic
structures. Based on the solid-state structures of 2b and 3a,
which were solved by powder XRD, sliding these rodlike


molecules along their long crystallographic axes leads to
three possible structural-transformation pathways
(Scheme 3). Depending on the relative strengths of the
mesogen–mesogen and chain–chain interactions in the solid
state, either the smectic or the nematic mesophase may be
obtained. For 1d and 2d, the molecules form a lamellar-like
structure with both positional and orientational order,
whereas only orientational order exists in the case of 2b and
3a. This suggests that if the mesogen–mesogen interactions
(e.g., C�H···F�C in 1d and 2d) are stronger and dominate


Scheme 3. Schematic representation of possible solid-to-mesophase transition pathways for 1d, 2b, 2d, and 3a based on the crystal packing of 2b and
3a.
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in the crystal structure, the smectic mesophase is preferred.
Otherwise, either a monotropic or enantiotropic nematic
mesophase is formed due to 1) entropic reasons and/or
2) similar bond strengths for the mesogen–mesogen and
chain–chain interactions (Scheme 3).


Conclusions


A new class of extended 2,5-disubstituted-1,3,4-oxadiazoles
were prepared, and their liquid-crystal properties were in-
vestigated by using various techniques. Upon heating/cool-
ing, the crystalline solids exhibited nematic or smectic meso-
phases, depending on their mesogenic core length and the
terminal substituents. We found that an increase in the
mesogenic character of the calamitic (rodlike) molecules fa-
vored the stabilization of the mesophase. The electronic
properties of the terminal substituents could significantly
alter the nature of the mesophase, which could also be influ-
enced by crystal/molecular packing and intermolecular inter-
actions.


Experimental Section


All starting materials were commercially available and used as received.
The solvents used were of analytical grade. Benzene, tetrahydrofuran,
and dichloromethane were predried and distilled over sodium in benzo-
phenone or calcium hydride.[12] Elemental analyses were performed by
the Institute of Chemistry, the Chinese Academy of Sciences. UV/Vis
spectra were recorded on a Perkin–Elmer Lambda 19 UV/Vis spectro-
photometer. Steady-state emission spectra were recorded on a SPEX
ACHTUNGTRENNUNGFluorolog-II Model F111 spectrophotometer. Solution samples for meas-
urements were degassed with at least four freeze–pump–thaw cycles. The
emission spectra were corrected for monochromator and photomultiplier
efficiency and for xenon lamp stability. Emission lifetime measurements
were performed with a Quanta Ray DCR-3 pulsed Nd/YAG laser
system. Errors for l (�1 nm), t (�10%), and F (�10%) were estimat-
ed. Emission quantum yields were determined by using the method of
Demas and Crosby[13] with quinine sulfate in sulfuric acid (0.1n) as a
standard reference solution (Fr=0.546).


1H and 13C-{1H} NMR spectra
were collected on Bruker AVANCE 300/400 MHz DRX FT-NMR spec-
trometers. Electron impact (EI) and high-resolution mass spectra
(HRMS) were recorded by a Finnigan MAT 95 mass spectrometer. The
liquid-crystalline behavior of all compounds was studied on a polarized-
light optical microscope equipped with a heating stage. The thermal
properties of the bulk materials were studied by using a Perkin–Elmer
DSC-7a differential scanning calorimeter with a heating rate of
10 8Cmin�1, precalibrated with an indium standard (156.6 8C,
3.3 kJmol�1). TGA of solids 1b, 1d, 2b, 2d, and 3a were performed with
a Perkin–Elmer TGA-7 instrument under a stream of flowing N2.


Step-scanned powder XRD data of 1b, 1d, 2b, 2d, and 3a were collected
at room temperature on a Bruker D8 ADVANCE diffractometer (q/q ge-
ometry) with parallel X-ray radiation (CuKa, l=1.5418 N, rated at
1.6 kW) by using a multilayer Gçbel mirror. The in situ variable-tempera-
ture X-ray diffractograms were recorded with a modular temperature
chamber attachment (Materials Research Instruments) in the tempera-
ture range 25–300 8C at reduced pressure. Scan range=1.5–408 (2q), step
size=0.028, scan time=1 s per step. The zero-point peak shift error of
0.058 (2q) of the X-ray diffractometer was calculated by the strongest
peak of the standard silicon {111} single crystal at 28.4678 (2q). For the
structure determination of 2b and 3a, phase-pure powder samples pre-
pared by repeated mechanical grinding were side-loaded onto a flat stan-
dard sample holder (10Q10 mm2). Overnight data acquisition was con-


ducted at a scan speed of 10 s per step on a Philips PW3710 diffractome-
ter (q/2q geometry). The instrumental broadening parameters and geo-
metrical constants (S/L and H/L values) of the diffractometer were eval-
uated by structural refinement of the peak-shape standard LaB6
(NIST 660a). Details of the structure determination of 2b and 3a are de-
scribed in the Supporting Information.


SAXS data were acquired on a Bruker NANOSTARU system with a ce-
ramic sealed X-ray tube (CuKa, l=1.5418 N, rated at 1.2 kW). The diver-
gent X-ray was prealigned by two multilayer Gçbel mirrors oriented in
the horizontal and vertical directions. The incident X-ray beam (0.6Q
0.6 mm2) was collimated by three pinholes, and the solid sample was
mounted on an adhesive tape (Scotch 3m). Positioning of the sample
holder was driven by a computer-controlled gonoimeter. Data collection
was carried out in a sealed sample chamber under a dynamic vacuum of
2Q10�3 mbar. The scattering signal was measured by a 2D position-sensi-
tive gas detector (HI-STAR). The sample-to-detector distance (1050 mm)
was precalibrated by using the d value of the first-order diffraction ring
(2q=1.5148, d=58.354 N) of a silver behenate (C21H43CO2Ag) standard.
The raw scattering data was corrected for intensity variations due to spa-
tial aberrations and nonuniformity of the 2D detector. The peak maxima
of the scattered signal were automatically determined by radial integra-
tion along the chi direction (2q range=1.0–3.08, chi-angle range=0–
3558) of the scattering pattern. The results were plotted as normalized in-
tensity versus scattering angle (I vs. 2q) with the SAXS NT (Bruker
AXS) program.[14]
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Halide-Anion Binding by Singly and Doubly N-Confused Porphyrins


Hiromitsu Maeda,[b] Tatsuki Morimoto,[a] Atsuhiro Osuka,[c] and Hiroyuki Furuta*[a, d]


Introduction


Anion binding by artificial molecules has attracted consider-
able attention in recent years with the expectation for anion
sensors, transporters, catalysts, and so on.[1] In designing arti-
ficial anion receptors, a multipoint binding strategy is usual-


ly applied to increase the affinity for target anions.[2–5] For
example, oligopyrrole macrocycles were shown to bind
anions highly efficiently through multiple hydrogen bonding
with preorganized pyrrole NH groups. Sessler and co-work-
ers reported calix[4]pyrrole, a neutral oligopyrrole macrocy-
cle that captures F� and Cl� in the cavity at four points by
binding through hydrogen bonding with the tetrapyrrole NH
moieties,[4] and diprotonated sapphyrin, a cationic pentapyr-
role expanded porphyrin that binds F� strongly by five-point
hydrogen bonding in combination with electrostatic interac-
tions.[5] In both cases, pyrrole NH groups serve as hydrogen-
bonding donors to anions. In the case of porphyrins, on the
other hand, the NH groups are usually less active towards
anions because the size of the inner core is too small to trap
the anions inside, and the molecules resist distortion to
maintain the planarity owing to the large aromatic stabiliza-
tion. Once porphyrins form metal complexes, however, the
anions are likely to coordinate to the central metal as axial
ligands, and anion-exchange reactions could be used to coor-
dinate certain anions.[6]


For a decade, we and others have been studying N-con-
fused porphyrins (NCP) and related compounds and re-
vealed a variety of properties attributed to the confused pyr-
role ring(s) in the macrocycles.[7,8] In the tetrapyrrole frame-
work, the N or NH atoms of the confused pyrrole ring(s)
are located at the periphery, and thus those atoms can inter-
act with hydrogen-bonding donors, acceptors, or metals
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easily.[8] Recently, we reported a peculiar anion-binding
property of C6F5-substituted N-confused porphyrin metal
complexes 1–M (Figure 1).[9,10] In this system, significantly


high affinity to Cl�, Br�, and I� was observed, and these
anions were suggested to be located at the peripheral NH
group through hydrogen bonding (Scheme 1).[9] To under-
stand this type of binding further, we have studied the
anion-binding properties of three kinds of N-confused por-


phyrinoids 1 and trans- and cis-types of doubly N-confused
porphyrins (trans-N2CP (2) and cis-N2CP (3)) in the free-
base and the metal-complex forms (Figure 1).[10–12] The
N2CPs bear hydrogen-bonding donor (NH) and acceptor
(N) atoms at the periphery. Just like imidazole,[13] they inter-
act with each other to form 1D hydrogen-bonding networks
in the solid state.[11,12d] From the arrangement of NH groups
at the periphery of N2CPs, anion-binding properties similar
to those of NCPs could be anticipated. Interestingly, the af-
finity for halide anions differed largely among three por-
phyrinoids, and the CuIII complex of trans-N2CP, 2–Cu, ex-
hibited the highest affinity. Herein we report details of the
anion-binding properties of NCPs and N2CPs, and discuss
the factors that control the present anion-binding system
with the help of density functional theory (DFT) calcula-
tions as well as the complementary affinity measurements of
a series of trisubstituted N-confused porphyrins. The ob-
tained data indicate that the anion binding of 1–3 occurs at
the peripheral NH groups through hydrogen-bonding inter-
actions, and the presumed anion–p interactions between the
anion and the neighboring electron-deficient aromatic ring
is negligible.[14] In addition to the existence of hydrogen-
bonding donor sites at the periphery, inductive effects of
meso-C6F5 groups, ion–dipole interactions, which depend on
the magnitude and orientation of the dipole moments of N-
confused porphyrinoids, and ion–induced dipole interac-
tions, which are related to the polarizability of large p-ring
systems, are suggested to be significant in determining the
anion-binding affinity of NCPs and N2CPs.


[15]


Results and Discussion


Anion Binding of Free Base NCP and N2CP


In contrast to normal porphyrins that undergo hydrogen-
atom exchange in the macrocyclic core, free base NCPs and
N2CPs utilize both the inner and the peripheral N atoms in
NH tautomerism.[16] The tautomeric equilibria depend on
the solvent, and the predominant tautomeric forms of 1–3 in
CH2Cl2 are shown in Figure 1.[17,18] Structurally, the external
N atom(s) of the confused pyrrole ring(s) in 1 and 2 are de-
protonated (N); on the other hand, in 3, one of the peripher-
al N atoms is protonated (NH). These differences affect the
aromaticity of each tautomer, because 18p annulene conju-
gation pathways can be drawn in 1 and 2, but the circuits
are disrupted at the confused pyrrole moiety in 3.


When tetrabutylammonium chloride was added to solu-
tions of the respective confused porphyrins in CH2Cl2, the
absorption spectra clearly changed (Figure 2). In the case of
1 and 2, the intensity of the Soret bands decreased, whereas
that of the Q bands increased. On the other hand, batho-
chromic shifts of the Soret bands and fading of the Q bands
were observed for 3. From the change in the Soret bands
upon titration, the association constants Ka of 1–3 for Cl�


were determined to be 5.83102, 2.83103, and 7.83103m�1,
respectively, and smaller Ka values were obtained for Br�


and I� (Table 1).[19]


Abstract in Japanese:


Figure 1. Free bases and metal complexes of NCP 1, trans-N2CP 2, and
cis-N2CP 3.


Scheme 1. A plausible anion-binding mode of 1–M.
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Evidence of the anion-induced NH tautomerism of 1 and
2 was found by 1H NMR analysis. In the absence of anions,
only the tautomers 1a and 2a were observed in CDCl3,
whereas the less-aromatic tautomers 1b and 2b were detect-
ed in the presence of anions (Scheme 2). In the 1H NMR
spectra of 2, for instance, only the signals of 2a, which can
be seen easily from the resonance of the inner CH proton at
d=�4.5 ppm, were detected in the absence of anions (Fig-
ure 3a). Upon the addition of 1 equivalent of Cl�, the sig-
nals assigned to the outer NH of 2b appeared at d=


13.93 ppm along with a decrease in the intensity of the sig-
nals of 2a.[20] Similar tautomeric equilibrium shifts were also
observed for 1. In the case of 3, however, only the tautomer
3b was detected under both conditions, although the inner
core protons were shifted upfield (Dd=�0.97, �0.98, and
�0.99 ppm for CH and two NH protons, respectively) in the


presence of Cl�. Thus the highest binding affinity of 3 may
be attributable to the preorganized outer NH group in 3.


The above anion-binding features were also manifested
by fluorescence spectroscopy. Compared with the absorption
spectral change, the fluorescence of NCP 1 was remarkably
augmented in the presence of anions (Figure 4).[21,22] Similar-
ly, the fluorescence of both trans-N2CP (2) and cis-N2CP (3)
was enhanced; however, the corresponding changes were
modest compared to 1. It is likely that the fluorescence in-
tensity does not differ largely in both tautomers of 2, and in
the case of 3, the predominant tautomer 3b has an outer
NH group, so it can bind anions without causing shifts in the
tautomeric equilibrium. The large enhancement in the fluo-
rescence intensity in the presence of Cl� would make the
free base NCP 1 attractive as a fluorescence sensor for Cl�


anions.[1c,d]


Figure 2. Changes in the absorption spectra of the free-base porphyrins
(NCP (1), trans-N2CP (2), cis-N2CP (3)) in CH2Cl2 upon the addition of
tetrabutylammonium chloride: a) 1 (5.9310�6


m), b) 2 (6.0310�6
m), and


c) 3 (6.4310�6
m).


Scheme 2. Tautomeric equilibrium shifts of 1–3 upon the addition of
anions.


Table 1. Association constants (Ka, m
�1) of 1–3 for halide anions in


CH2Cl2.


Anions[a] 1 2 3


Cl� 5.83102 2.83103 7.83103


Br� 1.23102 6.33102 1.93103


I� 40 1.93102 5.83102


[a] Added as tetrabutylammonium salts.
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Anion Binding of NCP and N2CP Metal Complexes


Although the anion binding of the free base NCP and
N2CPs is peculiar and attractive for anion sensing as de-


scribed above, the associated
NH tautomerism makes the
binding mechanism somewhat
complicated. To obtain clearer
insight into the interactions be-
tween anions and NCPs, bind-
ing studies were performed on
the metal complex systems in
which the outer N–H atoms are
fixed. Previously, the anion af-
finity of NiII–, PdII–, and CuII–
NCP complexes (1–M) was re-
ported briefly.[9] In this study,
for comparison, CuII was
chosen for the NCPs (1–Cu) as
a divalent metal and CuIII and
AgIII were utilized for N2CPs
(2–Cu, 3–Cu, 3–Ag) as trivalent
metals (Scheme 3).[10–12] Again,
the association constants for
halide anions were determined


from the changes in the absorption spectra upon titration. In
contrast to the free bases, the intensity of the Soret bands
increased, whereas that of the Q-like bands decreased. For
example, in the case of 2–Cu, the band at 451.5 nm in-
creased and the band at 784.0 nm decreased with isosbestic
points at 421, 729, and 763 nm upon the addition of Cl�


(Figure 5a). These spectral changes were totally different


Figure 3. 1H NMR spectra of 2 (2.2310�3
m) in the presence of tetrabutylammonium chloride: a) 0 equiv,


b) 1 equiv, and c) 2 equiv.


Figure 4. Changes in the fluorescence spectra of 1–3 upon the addition of
tetrabutylammonium chloride in CH2Cl2. The excitation wavelength was
fixed at one of the isosbestic points during titration: a) 1 (6.1310�6


m,
442 nm), b) 2 (5.1310�6


m, 479 nm), and c) 3 (6.8310�6
m, 427 nm).


Scheme 3. Schematic representations of anion binding of a) 1–Cu,
b) 2–Cu, and c) 3–M.
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from those of the deprotonated species, which show shifted
Soret and weakened Q bands, probably as the result of a
large perturbation of the p-ring system of the porphyrin
core.[12b] The analysis of the binding curve afforded an asso-
ciation constant Ka=9.03104m�1, which was about twofold
larger than that of 1–Cu (Figure 5b). A similar tendency
was also observed with Br� and I� binding (Table 2). In con-


trast, a much smaller affinity was found with the cis isomer
(3–M). For example, the Ka value of 3–Cu for Cl� was 9.23
103m�1, which was about 1/5 and 1/10 of 1–Cu and 2–Cu, re-
spectively, and the affinity order for the anions Cl�>Br�>
I� was the same as that of free bases. In addition, the similar
Ka values of 3–Cu and 3–Ag may suggest that the anion
binding in the above NCP systems is not largely affected by
the central metal species as long as an identical metal oxida-
tion state is involved.


Similar to the free-base systems, anion binding at the pe-
ripheral NH moiety of 2–Cu and 3–M was suggested by the
changes in the 1H NMR spectra upon the addition of Cl�


(Figure 6 and Supporting Information). For example, the
signal for the peripheral NH proton of 2–Cu (1.1310�3


m)
shifted downfield from d=10.24 to 14.96 ppm upon the ad-
dition of 1 equivalent of Cl�. The corresponding chemical
shifts of 3–Cu and 3–Ag (�2310�3


m each) in the presence
of 1 equivalent of Cl� (and those of the anion-free species)


were Dd=14.85 (10.30) and 14.64 (10.08) ppm, respectively.
Consistent with the suggested 1:1 binding mode, the chemi-
cal-shift changes were saturated when almost 1 equivalent of
Cl� had been added.[9b]


Previously, we reported changes in the 19F NMR signals of
the diamagnetic NiII complex (1–Ni, 2310�3


m) upon the ad-
dition of Cl� as a tetrabutylammonium salt in CDCl3:


[9b] In
the presence of 1 equivalent of Cl�, the 19F NMR signals of
the C6F5 group neighboring the peripheral NH proton shift-
ed upfield (Dd=�1.4 to �2.6 ppm), whereas the remaining
signals for C6F5 were almost unchanged. Similar shifts were
also observed with 2–Cu and 3–M ; for ortho-, para-, and
meta-F atoms: 2–Cu : d=�137.10 ppm (Dd=�1.42 ppm),
d=�152.35 ppm (Dd=�2.64 ppm), d=�161.08 ppm (Dd=
�1.70 ppm); 3–Cu : d=�136.81 ppm (Dd=�0.79 ppm), d=
�154.26 ppm (Dd=�3.26 ppm), d=�162.51 ppm (Dd=
�1.93 ppm) (Figure 7); 3–Ag : d=�136.83 ppm (Dd=
�0.71 ppm), d=�154.18 ppm (Dd=�3.07 ppm), d=


�162.42 ppm (Dd=�1.78 ppm), respectively. The changes in
the chemical shifts of the 19F NMR signals are comparable
in all the anion-bound metal complexes, indicating the same
shielding effect by the negative charge of anions associated
at the peripheral NH. Furthermore, when the outer N-
methyl NCP–CuII complex was subjected to a similar titra-


Figure 5. a) Changes in the absorption spectra of 2–Cu (6.1310�6
m) upon


the addition of tetrabutylammonium chloride and b) titration plots fitting
to 1:1 saturation curve.


Figure 6. 1H NMR chemical shifts of 2–Cu (1.1310�3
m): a) without Cl�


and b) with 1 equivalent of Cl� as a tetrabutylammonium salt in CDCl3.


Table 2. Association constants (m�1) of 1–Cu, 2–Cu, 3–Cu, and 3–Ag for
halide anions as tetrabutylammonium salts in CH2Cl2.


Anions 1–Cu[a] 2–Cu 3–Cu 3–Ag


Cl� 4.93104 9.03104 9.23103 7.43103


Br� 6.93103 2.73104 1.63103 1.73103


I� 1.23103 1.93103 210 90


[a] From reference [9].


Figure 7. 19F NMR chemical shifts of 3–Cu (2310�3
m): a) without Cl� and


b) with 1 equivalent of Cl�. The signals for the C6F5 groups nearest the
peripheral NH are marked with an asterisk (*).
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tion, no changes were observed in either the UV/Vis or the
ESR spectra, which excludes the possibility of axial coordi-
nation of Cl� at the central metal atom.[9] These results
strongly support halide binding at the peripheral NH moiety
in solution.


Driving Force of Anion Binding of N-Confused Porphyrins


Normally, anion binding of a simple pyrrole through one-
point hydrogen bonding is considered relatively weak. In
fact, a small association constant, Ka=9.2m�1, was reported
with 2,5-dimethylpyrrole for F� binding in CD2Cl2,


[4a] and
we also obtained a small Ka value, 10m


�1, with unsubstituted
pyrrole for Cl� binding in CD2Cl2. Thus, the estimated asso-
ciation constants for halide anions of NCPs seem abnormal-
ly large. Why can NCP and N2CP bind anions so efficiently?
What are the main factors that control their anion binding?
To obtain clues regarding questions on the effective anion
binding and the differences in anion affinity among NCPs,
we examined the following factors: 1) zwitterionic reso-
nance, 2) ion–dipole interactions, 3) polarizability, and
4) anion–p interactions.


Zwitterionic Resonance


As mentioned previously, the free base NCP and N2CP ex-
hibit several tautomeric forms that differ in aromaticity, and
the metal complexes in this study maintain the framework
of less-aromatic tautomers. In spite of the disconnection of
full conjugation pathways at the confused pyrrole rings in
the constitutional formula, both the free bases and the


metal complexes exhibit the aromatic properties. This could
be explained simply by assuming the zwitterionic resonance
forms that contain the aromatic circuits (Scheme 4).[23]


In the resonance structures, the outer NH groups in all
three NCPs carry partial positive charges. Thus, if such
charge localization takes place, the NH groups would be
highly polarized, and as a consequence the local charge–
charge interactions between the outer NH and Cl� is expect-
ed to be significant. To clarify the polarization, the charge
density of the outer NH groups of the Cu complexes was
evaluated by DFT calculations by means of the B3LYP
method.[24] The natural population analysis (NPA)[25] charges
on the outer NH atoms in each ligand (1–Cu, 2–Cu, 3–Cu)
at the 6-31+G ACHTUNGTRENNUNG(d,p)//6-31G ACHTUNGTRENNUNG(d,p) basis-set level are around
+0.45 (H) and �0.53 (N), which are much larger than those
of the peripheral b-CH atoms of the normal pyrrole groups
in the core (�+0.25 (H) and �0.22 to �0.30 (C)), and
almost similar to those of unsubstituted pyrrole, +0.445 (H)
and �0.571 (N) (Table 3). These calculations indicate that
the outer NH groups of the confused pyrroles are polarized
as in the case of unsubstituted pyrrole, but the large distri-
bution of partial positive charge on the outer NH groups in-
ferred from the zwitterionic resonance forms is not so obvi-
ous.


When the NPA charges on the pyrrole rings of each com-
plex were added and the values were compared with those
of corresponding pyrroles in skeletons (1*–Cu, 2*–Cu, 3*–
Cu), shifts of partial negative charge from the porphyrin
cores to the electron-withdrawing meso-C6F5 groups were
clearly observed, as expected (Table 3). For example, charge
of approximately �0.15 e was transferred from the confused


Scheme 4. Neutral (left) and zwitterionic resonance forms (a, b, c) of divalent metal complexes of NCP complex (1–Cu) and trivalent trans- and cis-N2CP
(2–Cu, 3–M). 18p aromatic circuits are indicated in bold.
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pyrroles (pyrrole-1) through the inductive effects of C6F5


groups in all three complexes. Such a large decrease in the
negative charge from the porphyrin rings, especially from
the confused pyrrole rings, may be important to strengthen
the interactions with anions. Interestingly, when C6F5 groups
were replaced by C6H5 groups, the amount of charge trans-
fer became much smaller and was around �0.11 e, which
suggests a weaker anion binding of phenyl-substituted
NCPs.[26] In fact, this may rationalize the previous observa-
tion that the NiII complex of N-confused tetraphenylpor-
phyrin (NCTPP–Ni) showed a small Ka value (<10m�1) for
Cl�, whereas C6F5-substituted 1–Ni leads to a large Ka value,
5.73104m�1, similar to that of 1–Cu.[9b,27]


To check the reliability of the calculations on the present
anion-binding systems, we evaluated the relative stability of
each anion complex (and that of the skeletons 1*–Cu, 2*–
Cu, 3*–Cu) at the B3LYP/6-31+G ACHTUNGTRENNUNG(d,p)//6-31G ACHTUNGTRENNUNG(d,p) level.
The stability energy (DE) of each anion complex was calcu-
lated by subtracting the sum of the total energy of free
ligand (Efree) and Cl� (ECl) from the total energy of the
anion complex (Ecomplex) [Eq. (1)].


[28]


DE ¼ Ecomplex�ðEfree þ EClÞ ð1Þ


The results are summarized in Table 4. Consistent with
the binding experiments, the DE values of the three com-


plexes decrease in the same order as that of the Ka values,
i.e., 2–Cu–Cl>1–Cu–Cl>3–Cu–Cl (and 2*–Cu–Cl>1*–Cu–
Cl>3*–Cu–Cl). In the optimized structures of anion com-
plexes, the distances between the anion and hydrogen-bond-
ing N atom (N�H···Cl�) are 2.94, 2.93, and 2.92 O, and the
corresponding bond angles (aN-H···Cl�) are 166.1, 165.6,
and 165.88, for 1–Cu–Cl, 2–Cu–Cl, and 3–Cu–Cl, respective-
ly (Figure 8). Both the hydrogen-bond length and angle in
each complex are much smaller than those of the Cl� com-
plexes of the unsubstituted pyrrole (3.13 O, 1808) and the
skeletons (2.96 O, 1768). The shorter bond lengths may re-
flect the tight anion binding of NCPs, and the bent angles
could be attributed to the steric or electronic repulsion of a
C6F5 group nearby (see below).


Ion–Dipole Interactions


The tenfold difference between the Ka values of 2–Cu and
3–Cu is of particular interest. What is the main factor in dif-
ferentiating the anion-binding affinity between trans- and
cis-N2CP? In this study, we paid attention to the ion–dipole
interactions between the NCPs and the anions, because the
dipole moment (m) could change substantially on the basis
of the molecular structure. Theoretically, the potential
energy of ion–dipole interactions is given by Equation (2)
(e0=permittivity of the vacuum, Ze=charge on the ion, r=


Table 3. The NPA charge of the outer NH atoms and of the pyrrole rings of 1–Cu, 2–Cu, 3–Cu, NCTPP–Cu, their skeletons 1*–Cu, 2*–Cu, 3*–Cu, and
pyrrole at the B3LYP/6-31+G ACHTUNGTRENNUNG(d,p)//6-31G ACHTUNGTRENNUNG(d,p) level.


Compound NPA charge Sum of NPA charge on pyrrole ring[a,b]


Outer N Outer H Pyrrole-1 Pyrrole-2 Pyrrole-3 Pyrrole-4


1–Cu �0.538 0.452 �0.193
ACHTUNGTRENNUNG(+0.150)


�0.143
ACHTUNGTRENNUNG(+0.220)


�0.193
ACHTUNGTRENNUNG(+0.071)


�0.208
ACHTUNGTRENNUNG(+0.137)


2–Cu �0.532 0.453 �0.167
ACHTUNGTRENNUNG(+0.146)


�0.198
ACHTUNGTRENNUNG(+0.123)


�0.188[c]


ACHTUNGTRENNUNG(+0.176)
�0.157
ACHTUNGTRENNUNG(+0.133)


3–Cu –0.520 0.456 �0.069
ACHTUNGTRENNUNG(+0.142)


�0.201[c]


ACHTUNGTRENNUNG(+0.021)
�0.130
ACHTUNGTRENNUNG(+0.221)


�0.218
ACHTUNGTRENNUNG(+0.132)


NCTPP–Cu �0.544 0.456 �0.234
ACHTUNGTRENNUNG(+0.109)


–0.210
ACHTUNGTRENNUNG(+0.153)[c]


–0.250
ACHTUNGTRENNUNG(+0.014)


–0.276
ACHTUNGTRENNUNG(+0.069)


1*–Cu �0.541 0.447 �0.343 �0.363 �0.264 �0.345
2*–Cu �0.537 0.450 �0.313 �0.321 �0.364[c] �0.290
3*–Cu �0.525 0.451 �0.211 �0.222[c] �0.351 �0.350
pyrrole �0.571 0.445 – – – –


[a] Pyrrole rings 1–4 are labeled clockwise from the NH-containing confused pyrrole (top) in the structures of Scheme 4. [b] Differences in the NPA
charge between C6F5 and C6H5 derivatives and skeletons are shown in parentheses. [c] Calculated on C4N atoms in ethoxy-substituted pyrroles.


Table 4. The calculated total energy of anion complex (Ecomplex), free ligand (Efree), interaction energy (DE), energy of ion–dipole interaction (Eion–dipole)
and ion–induced dipole interaction (Eion–induced dipole), and hydrogen-bond length and angle between anion and peripheral nitrogen atom (R and F) of
ACHTUNGTRENNUNGvarious anion complexes.


Anion com-
plex


Ecomplex


ACHTUNGTRENNUNG[Hartree]
Efree


ACHTUNGTRENNUNG[Hartree]
DE[a]


[kcalmol�1]
Eion-dipole


[kcalmol�1]
Eion-induced


dipole


[kcalmol�1]


RNH···Cl
�


[O]
FNH···Cl


�


ACHTUNGTRENNUNG[deg]


1–Cu–Cl �5998.024946 �5537.681124 �43.36 �6.17 �8.76 2.94 166.1
2–Cu–Cl �6151.224168 �5690.876718 �45.64 �7.21 �8.31 2.93 165.6
3–Cu–Cl �6151.241386 �5690.898495 �42.77 �4.64 �8.82 2.92 165.8
1*–Cu–Cl �3089.104816 �2628.779349 �31.84 �5.97 �5.22 2.97 175.9
2*–Cu–Cl �3242.300648 �2781.972386 �33.59 �7.02 �4.18 2.96 175.9
3*–Cu–Cl �3242.319207 �2781.994954 �31.08 �4.54 �5.20 2.96 175.6
pyrrole-Cl �670.493340 �210.188153 �19.11 �7.45 �4.53 3.13 180.0


[a] DE=Ecomplex�(Efree+ECl), ECl=�460.274726 Hartree. Calculations were performed at the B3LYP/6-31+G ACHTUNGTRENNUNG(d,p)//6-31G ACHTUNGTRENNUNG(d,p) level.
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distance from the ion to the
center of the dipole, q=dipole
angle relative to the line r join-
ing the ion and the center of
the dipole; Figure 9).[15]


Eion�dipole ¼ � Ze
4pe0


m cos q
r2


ð2Þ


The dipole moments of NCPs
are calculated for the optimized
structures obtained from both
anion-free systems and anion
complexes. As expected, the


magnitude and orientation of
dipole moments change sub-
stantially and reflect the molec-
ular structures (Figure 10). Very
interestingly, the magnitudes
follow the same order as the Ka


values, that is, 2–Cu>1–Cu>3–
Cu, and the molecular dipoles
of 1–Cu and 2–Cu point toward
the outer NH groups, but that
of 3–Cu is slightly away from
the outer NH group
(Figure 10).


The estimated energies of the
ion–dipole interactions in the
anion complexes 1–Cu–Cl, 2–


Cu–Cl, and 3–Cu–Cl as well as their skeletons are summar-
ized in Table 4. For the calculations, dipole moments derived
from the anion complexes were utilized. The difference in
the interaction energies between 2–Cu–Cl and 3–Cu–Cl is
significantly large, 2.57 kcalmol�1, and the energies decrease
in the same order as the Ka values, that is, 2–Cu>1–Cu>3–
Cu. These results may suggest that the ion–dipole interac-
tion is an important factor in the differentiation of the anion
affinity of NCPs. At this point it is worth mentioning that
the above ion–dipole interaction is characteristic of NCPs
because 1) NCPs exhibit intrinsic large dipole moments re-
flecting the unsymmetrical structures owing to the confu-
sion, and 2) the binding at the periphery enables an attrac-
tion of the anions closer to the molecular plane which is ad-
vantageous in gaining a large interaction energy (Equa-
tion (2)). In the case of ordinary porphyrins, on the other
hand, the dipole moments are usually small owing to the
symmetrical structure, and additional substituents are re-
quired to introduce anion-binding sites around the mole-
cules.


Polarizability


Next, the interaction between an anion and induced dipole
was estimated. The polarization of neutral NCP species
depend on their inherent polarizability a and on the polariz-
ing field E of the neighboring ion.[15] The interaction ener-
gies estimated from Equation (3) are shown in Table 4. The
energies are around 9 kcalmol�1, which are much larger
than the ion–dipole interaction, but the difference among
the NCPs was small (<1 kcalmol�1). Interestingly, the corre-
sponding energies for skeletons are about 4 kcalmol�1 small-
er than those for C6F5-substituted species. These results indi-
cate that the ion–induced dipole interaction contributes
largely to enhance the anion affinity.


Eion�induceddipole ¼ � 1
2


aEð Þ � E ð3Þ


Figure 8. Optimized structures of anion complexes a) 1–Cu–Cl,
b) 2–Cu–Cl, and c) 3–Cu–Cl.


Figure 9. Schematic drawing of
ion–dipole interactions. The di-
rection of the dipole moment
corresponds to the direction
from the negative to the posi-
tive charge.


Figure 10. Schematic drawings of dipole moments of N-confused porphyrins (anion-free) and geometry of
anion–dipole interactions.
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Anion–p Interaction


Noncovalent electrostatic bonding between anions and elec-
tron-deficient aromatic rings (anion–p interaction) is a cur-
rent hot topic.[14] In the system under study, the halide
anions bound to the outer NH moiety are located near the
C6F5 group at the meso-position of NCPs. Such a close ar-
rangement of an anion and an electron-deficient aromatic


ring make this binding system
attractive from a point of view
of anion–p interactions
(Figure 11). If the anion–p in-
teractions are significant, even
in the solution, then incorpora-
tion of an electron-deficient
group near the anion-binding
site would become a general
method in designing anion re-
ceptors.


To clarify whether anion–p
interactions are actually at play
in the NCP systems, we synthe-
sized a series of tri-C6F5-substi-


tuted NCP–NiII complexes (4–Ni, 5–Ni, 6–Ni) to examine
the Cl�-binding affinity (Figures 12 and 13).[29] 7–Ni was not
yet synthesized. The initial idea was that if the magnitude of
the anion–p interactions is relatively large, a somewhat
smaller Ka value would be obtained with 4–Ni because it
lacks a C6F5 group nearby. UV/Vis titration experiments
with Cl� in CH2Cl2 gave Ka values of 4.4310


4, 4.23104, and
2.63104m�1 for 4–Ni, 5–Ni, and 6–Ni, respectively. These
values are smaller than that of tetra-C6F5-substituted 1–Ni
(5.73104m�1), and this weaker affinity of trisubstituted
NCPs could be attributed to the polarization change owing
to the decreased number of electron-withdrawing C6F5


groups at the meso positions. Furthermore, in contrast to the
planar tetrasubstituted NCP complex 1–Ni,[10] the optimized
structures of trisubstituted complexes are largely distorted,
and thus the molecules are likely to be fluttering in solution
to destabilize the anion–p complex, resulting in the lower
anion affinity of 6–Ni. In spite of the absence of a C6F5


group at the meso position close to the outer NH, the anion-
binding affinity of 4–Ni is
nearly same as that of 5–Ni and
larger than that of 6–Ni (4–Ni�
5–Ni>6–Ni), suggesting the
anion–p interactions are not
large, if they are at all present;
rather, they are repulsive. In
this case again, the ion–dipole
and ion–induced dipole interac-
tions are significant, and both
interaction energies vary sub-
stantially according to the posi-
tion of the meso C6F5 groups
(Table 5). In contrast to the tet-
rasubstituted NCP, a detail


analysis of the present trisubstituted NCP system is compli-
cated because the partial negative-charge shifts from the
confused pyrrole rings differ largely according to the posi-
tion of the C6F5 groups (Supporting Information, Table S3)
Furthermore, the solvation issue needs to be taken into ac-
count seriously. For complexes lacking a meso-aryl group
near the anion-binding site (4–Ni or 6–Ni), anion complexa-
tion might be largely disturbed by attack of the solvent mol-
ecules, whereas in the case of 5–Ni or 7–Ni such interactions
might be suppressed to some degree by the meso-aryl
groups, which serve as a protective wall around the anion-
binding site. Hence, important points to be considered in
the development of efficient anion receptors based on NCP
skeletons are the rigidity of the molecule, which suppresses
the fluttering motion, and electron-withdrawing meso aryl
groups, which enhance the polarization and serve as a barri-
er against solvent attack.


Ion-Pair Complex


Attempts to obtain single crystals of anion-bound NCP com-
plexes have not been successful so far. However, a different
type of crystal in which an NCP anion and a tetrabutylam-


Figure 11. Schematic drawing
of hypothetical anion–p inter-
action.


Figure 12. NiII complexes of trisubstituted N-confused porphyrins.


Figure 13. Schematic drawings of dipole moments of NiII complexes of trisubstituted NCPs (anion-free) and
ACHTUNGTRENNUNGgeometry of anion–dipole interactions.
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monium cation (nBu4N
+) form an ion-pair complex was ob-


tained from a solution mixture of 1–Cu and nBu4NCl
(Figure 14, Table 6).[30] In the crystal, the nBu4N


+ is located


4.13 O above or below the NCP anion plane and two mole-
cules stack each other, forming one-dimensional columns
(Supporting Information Figure S9). Interestingly, Cl�


anions are not included in the crystal. Presumably, the Cl�


anion in the neutral-pair complex served as a base to disso-
ciate the outer NH hydrogen of NCPs, affording a volatile
HCl and an ion-pair complex of NCP� and nBu4N


+ during


the preparation of single crystals.[31] This result may also re-
flect the highly polarized nature of the confused pyrrole ring
of the C6F5-substituted NCPs.


Summary


NCP (1) and trans- (2) and cis-N2CPs (3) bind halide anions
Cl�, Br�, I� efficiently in CH2Cl2 at the peripheral NH moi-
eties. For the free bases, anion-induced NH tautomerism
was observed and cis-N2CP 3 showed the highest affinity for
Cl� and Br�, whereas, among the metal complexes, trans-
N2CP 2–Cu exhibited the highest affinity to all halide
anions. The larger affinity of NCPs and N2CPs for halide
anions was attributed to 1) hydrogen-bonding donor sites at
the periphery, 2) inductive effects of the electron-withdraw-
ing C6F5 groups, and 3) ion–induced dipole and ion–dipole
interactions between the NCP molecules and the anions,
where the former is characteristic of the large p systems of
porphyrins with aryl groups at the meso positions and the
latter change largely according to the number and position
of the confused pyrrole rings. Anion–p interactions are not
likely to be involved in the present anion-binding systems.


The anion binding described herein may not only disclose
the intrinsic nature of NCPs, but may also offer a general
strategy for designing novel anion receptors: Large p sy-
stems that exhibit high polarizability, a large dipole moment
with an appropriate orientation, and an anion trap through
hydrogen bonding, or a combination of these factors, may
serve as the basis for synthetic anion receptors.


Experimental Section


General Procedures


Commercially available solvents and reagents were used without further
purification unless otherwise mentioned. Silica-gel column chromatogra-
phy was performed on Wakogel C-200 and C-300. Thin-layer chromatog-
raphy (TLC) was carried out on aluminum sheets coated with silica gel
60 (Merck 5554). UV/Vis spectra were recorded on a Shimadzu UV-
3150PC spectrometer. Fluorescence emission spectra were recorded on a
Horiba Fluorolog-3 spectrometer. 1H NMR spectra were recorded on a
JEOL JNM-AL300 spectrometer (operating at 300.00 MHz for 1H NMR,
residual solvent was used as internal reference). 19F NMR spectra were
recorded on a JEOL ECA600 spectrometer (operating at 564.73 MHz,
C6F6 used as the external reference). Fast atom bombardment mass spec-
tra (FAB MS) were recorded on a JEOL-HX110 in the positive-ion
mode with a 3-nitrobenzyl alcohol matrix. Preparation of 1–3 and the
metal complexes was reported previously.[10–12]


Table 5. The calculated total energy of anion complex (Ecomplex), free ligand (Efree), interaction energies (DE), energy of ion–dipole interaction (Eion–dipole)
and ion–induced dipole interaction (Eion–induced dipole), and hydrogen-bond length and angle between anion and nitrogen atom (R and F) of trisubstituted
NCP anion complexes.


Anion complex Ecomplex


ACHTUNGTRENNUNG[Hartree]
Efree


ACHTUNGTRENNUNG[Hartree]
DE
[kcalmol�1]


Eion-dipole


[kcalmol�1]
Eion-induced dipole


[kcalmol�1]
RNH···Cl


�


[O]
FNH···Cl


�


[8]


4–Ni–Cl �5138.676100 �4678.336205 �40.89 �7.85 �4.32 2.94 172.6
5–Ni–Cl �5138.677500 �4678.337372 �41.04 �5.29 �11.38 2.94 165.9
6–Ni–Cl �5138.677126 �4678.335927 �41.71 �7.68 �5.36 2.94 165.7
7–Ni–Cl �5138.677365 �4678.337349 �40.97 �3.45 �14.39 2.94 165.7


Figure 14. Crystal structure of an ion-pair complex of a 1–Cu anion and a
tetrabutylammonium cation. Hydrogen atoms are omitted for clarity.


Table 6. Summary of crystallographic data for 1–Cu�·N ACHTUNGTRENNUNG(C4H9)4
+


1–Cu�·N ACHTUNGTRENNUNG(C4H9)4
+


formula C56H43N5CuF20


FW 1229.49
crystal size [mm3] 0.2030.1130.08
crystal system tetragonal
space group I4m (no. 87)
a [O] 18.0761(18)
b [O] 18.0761(18)
c [O] 8.2550(11)
a [8] 90
b [8] 90
g [8] 90
V [O3] 2697.3(5)
1calcd [gcm


�3] 1.513
Z 2
T [K] 273
no. of reflections 1331
no. of unique reflections 1072
variables 131
lMoKa [O] 0.71073
R1 [I>2 s(I)] 0.0547
wR2 [I>2 s(I)] 0.1611
goodness of fit 1.068
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N-confused 1-formyl-9-pentafluorobenzoyldipyrromethane: Formylation
of N-confused 9-pentafluorobenzoyldipyrromethane was carried out with
CH3OCHCl2 and AlCl3 according to a previously reported method.[32]


Yield: 52%. 1H NMR (300 MHz, CDCl3): d=9.53 (s, 1H; CHO), 9.50
(br, 1H; NH), 9.42 (br, 1H; NH), 7.08 (s, 1H; pyrrole-H), 6.93 (s, 1H;
pyrrole-H), 6.66 (s, 1H; pyrrole-H), 6.13 (m, 1H; pyrrole-H), 5.83 ppm
(s, 1H; meso-H); MS (FAB): m/z (%) calcd for C23H8F10N2O2: 534.04
[M]+ ; found: 534.3 (60) [M]+ , 535.3 (100) [M+1]+ .


4 : NaBH4 (358 mg, 10.0 mmol) was added to a solution of N-confused 1-
formyl-9-pentafluorobenzoyldipyrromethane (100 mg, 0.188 mmol) in
THF/MeOH (4:1 v/v ; 12 mL), and the solution was stirred at room tem-
perature for 1 day. After checking the disappearance of starting material
by TLC, the reaction mixture was poured into CH2Cl2. The organic layer
was separated, washed with water and brine, and dried over anhydrous
Na2SO4. After evaporation, the dicarbinol was obtained as a yellow oil,
and the crude product was used for the next reaction without further pu-
rification. The dicarbinol (�0.188 mmol) was dissolved in a solution of 5-
pentafluorophenyldipyrromethane (58.7 mg, 0.188 mmol) in CH2Cl2
(190 mL), and methanesulfonic acid (4 mL) was added. After stirring at
room temperature for 1 h, the reaction mixture was passed through a
silica-gel column (Wakogel C-200) and eluted with CH2Cl2. DDQ (63 mg,
0.28 mmol) was added to the solution, which was stirred for 15 min at
room temperature. Separation by silica-gel column chromatography (Wa-
kogel C-300, CH2Cl2) afforded the purple product 4 (1.6% yield). UV/
Vis (CH2Cl2): lmax=429, 524, 564, 699 nm; 1H NMR (300 MHz, CDCl3):
d=10.35 (s, 1H; meso-CH), 9.39 (d, J=4.8 Hz, 1H; bCH), 9.06 (s, 1H;
aCH), 8.91 (d, J=4.8 Hz, 1H; bCH), 8.73 (d, J=4.8 Hz, 1H; bCH), 8.67
(d, J=4.8 Hz, 1H; bCH), 8.65 (d, J=4.8 Hz, 1H; bCH), 8.59 (d, J=
4.8 Hz, 1H; bCH), �2.54 (br, 1H; inner NH), �2.93 (br, 1H; inner NH),
�5.42 ppm (s, 1H; inner CH); MS (FAB): m/z (%) calcd for
C38H11F15N4: 808.07 [M]+ ; found: 808.3 (25) [M]+ , 809.3 (100) [M+1]+ .


4–Ni : Ni ACHTUNGTRENNUNG(acac)2·xH2O (8 mg) was added to a solution of 4 (2.4 mg,
0.003 mmol) in CHCl3 (10 mL), and stirred at reflux temperature for
15 h. Quantitative complexation was confirmed by TLC. After evapora-
tion, the residue was passed through a silica-gel column (Wakogel C-300,
CH2Cl2) to afford a reddish product. Recrystallization from CH2Cl2/
hexane gave 4–Ni as a purple solid (45% yield). UV/Vis (CH2Cl2): lmax


(e)=340 (35000), 363 (36000), 416 (80000), 461 (23000), 557 (12000),
723 (2000), 797 nm (2000m�1 cm�1); 1H NMR (300 MHz, CDCl3): d=


10.17 (br, 1H; outer-NH), 8.40 (s, 1H; meso-CH), 8.36 (br, 1H; aCH),
8.34 (d, J=5.1 Hz, 1H; bCH), 7.99 (d, J=5.7 Hz, 1H; bCH), 7.93 (d, J=
5.7 Hz, 1H; bCH), 7.86 (d, J=5.1 Hz, 1H; bCH), 7.79 (d, J=4.8 Hz, 1H;
bCH), 7.74 ppm (d, J=4.8 Hz, 1H; bCH); MS (FAB): m/z (%) calcd for
C38H9F15N4Ni: 863.99 [M]+ ; found: 864.3 (95) [M]+ , 865.3 (100) [M+1]+ .


5 : NaBH4 (1.39 g, 37.5 mmol) was added to a solution of bis(pentafluoro-
benzoyl) N-confused 5-pentafluorophenyldipyrromethane (530 mg,
0.75 mmol) in THF/MeOH (4:1 v/v ; 50 mL), and the mixture was stirred
at room temperature for 3 h. After the disappearance of starting material
(TLC), the reaction mixture was poured into CH2Cl2, and the organic
layer was separated, washed with water and brine, and dried over anhy-
drous Na2SO4. After evaporation, the dicarbinol was obtained as a
yellow oil, and the crude product was used for the next reaction without
further purification. The dicarbinol (�0.75 mmol) was dissolved in a so-
lution of meso-free dipyrromethane (110 mg, 0.75 mmol) in CH2Cl2
(750 mL), and methanesulfonic acid (16 mL) was added. After stirring at
room temperature for 1 h, the reaction mixture was passed through a
silica-gel column (Wakogel C-200) and eluted with CH2Cl2. DDQ
(255 mg, 1.13 mmol) was added, and the solution was stirred for 20 min
at room temperature. Separation by silica-gel column chromatography
(Wakogel C-300, CH2Cl2), followed by recrystallization from CH2Cl2/
hexane gave 5 as a purple solid in 7.2% yield. UV/Vis (CH2Cl2): lmax=


430, 525, 563, 640, 706 nm; 1H NMR (300 MHz, CDCl3): d=9.95 (s, 1H;
meso-CH), 9.21 (d, J=4.8 Hz, 1H; bCH), 9.13 (d, J=4.5 Hz, 1H; bCH),
8.99 (d, J=4.8 Hz, 1H; bCH), 8.91 (s, 1H; aCH), 8.87 (d, J=4.8 Hz, 1H;
bCH), 8.68 (d, J=5.1 Hz, 1H; bCH), 8.63 (d, J=4.8 Hz, 1H; bCH),
�2.61 (br, 1H; inner NH), �3.03 (br, 1H; inner NH), �5.54 ppm (s, 1H;
inner CH); MS (FAB): m/z (%) calcd for C38H11F15N4: 808.07 [M]+ ;
found: 808.1 (45) [M]+ , 809.1 (100) [M+1]+ .


5–Ni : Ni ACHTUNGTRENNUNG(acac)2·xH2O (36.2 mg) was added to a solution of 5 (11.4 mg,
0.014 mmol) in CHCl3 (40 mL), and the mixture was stirred at reflux
temperature for 19 h. Quantitative complexation was confirmed by TLC.
After evaporation, the residue was passed through a silica-gel column
(Wakogel C-300, CH2Cl2) to afford a reddish product. Recrystallization
from CH2Cl2/hexane gave 5–Ni as a purple solid (33% yield). UV/Vis
(CH2Cl2): lmax (e)=342 (31000), 417 (62000), 467 (17000), 561 (9000),
589 (8000), 734 (1700), 811 nm (1900m�1 cm�1); 1H NMR (300 MHz,
CDCl3): d=10.01 (br, 1H; outer-NH), 8.64 (s, 1H; meso-CH), 8.42 (d,
J=3.6 Hz, 1H; aCH), 8.35 (d, J=5.1 Hz, 1H; bCH), 8.23 (d, J=4.8 Hz,
1H; bCH), 7.98 (d, J=5.1 Hz, 1H; bCH), 7.93 (d, J=5.1 Hz, 1H; bCH),
7.87 (d, J=5.1 Hz, 1H; bCH), 7.70 ppm (d, J=5.4 Hz, 1H; bCH); MS
(FAB): m/z (%) calcd for C38H9F15N4Ni: 863.99 [M]+ ; found: 864.0 (100)
[M]+ .


6 : NaBH4 (630 mg, 16.6 mmol) was added to a solution of bis(pentafluo-
ACHTUNGTRENNUNGrobenzoyl) N-confused dipyrromethane (175 mg, 0.33 mmol) in THF/
MeOH (4:1 v/v ; 25 mL), and the solution was stirred at room tempera-
ture for 14 h. After the disappearance of starting material (TLC), the re-
action mixture was poured into CH2Cl2, and the organic layer was sepa-
rated, washed with water and brine, and dried over anhydrous Na2SO4.
After evaporation, a dicarbinol was obtained as a yellow oil, and the
crude product was used for the next reaction without further purification.
The dicarbinol (�0.33 mmol) was dissolved in a solution of 5-pentafluo-
ACHTUNGTRENNUNGrophenyl dipyrromethane (99.5 mg, 0.32 mmol) in CH2Cl2 (328 mL), and
methanesulfonic acid (7.5 mL) was added. After stirring at room tempera-
ture for 1.5 h, the reaction mixture was passed through a silica-gel
column (Wakogel C-200) and eluted with CH2Cl2. DDQ (201 mg,
0.885 mmol) was added to the combined solution, and stirred for 20 min
at room temperature. The product was separated by silica-gel column
chromatography (Wakogel C-300, CH2Cl2), and recrystallization from
CH2Cl2/hexane gave 6 as a purple solid (2.3% yield). UV/Vis (CH2Cl2):
lmax=427, 522, 558, 635, 702 nm; 1H NMR (300 MHz, CDCl3): d=10.10
(s, 1H; meso-CH), 9.57 (s, 1H; aCH), 9.37 (d, J=4.8 Hz, 1H; bCH), 8.99
(d, J=4.8 Hz, 1H; bCH), 8.73 (d, J=5.1 Hz, 1H; bCH), 8.68 (d, J=
5.1 Hz, 1H; bCH), 8.64 (d, J=5.4 Hz, 1H; bCH), 8.62 (d, J=5.4 Hz, 1H;
bCH), �2.67 (br, 1H; inner NH), �2.94 (br, 1H; inner NH), �5.46 ppm
(s, 1H; inner CH); MS (MALDI-TOF): m/z (%) calcd for C38H11F15N4:
808.07 [M]+ ; found: 808.5 (100) [M]+ .


6–Ni : Ni ACHTUNGTRENNUNG(acac)2·xH2O (16.4 mg) was added to a solution of 6 (5.0 mg,
0.0062 mmol) in CHCl3 (15 mL) and stirred at reflux temperature for
15 h. Quantitative complexation was confirmed by TLC. After evapora-
tion, the residue was passed through a silica-gel column (Wakogel C-300,
CH2Cl2) to afford the reddish product. Recrystallization from CH2Cl2/
hexane gave 6–Ni as a purple solid (67% yield). UV/Vis (CH2Cl2): lmax


(e)=343 (33000), 362 (32000), 415 (73000), 559 (12000), 714 (2300),
785 nm (2000m�1 cm�1); 1H NMR (300 MHz, CDCl3): d=10.04 (br, 1H;
outer-NH), 8.98 (d, J=3.6 Hz, 1H; aCH), 8.93 (s, 1H; meso-CH), 8.39
(d, J=4.8 Hz, 1H; bCH), 7.98 (d, J=4.8 Hz, 1H; bCH), 7.91 (d, J=
4.8 Hz, 1H; bCH), 7.89 (d, J=4.8 Hz, 1H; bCH), 7.78 (d, J=4.8 Hz, 1H;
bCH), 7.74 ppm (d, J=4.8 Hz, 1H; bCH); MS (MALDI-TOF): m/z (%)
calcd for C38H9F15N4Ni: 863.99 [M]+ ; found: 864.4 (100) [M]+ .


DFT Calculations


DFT calculations of the basic frameworks of NCP (1), trans- (2), and cis-
N2CP (3) and their anion-binding complexes were carried out using the
Gaussian 03 program[24] on IBM eServer p5 model 595 and PowerMac
G5 computers. The structures were optimized at the B3LYP level by
using a 6–31G ACHTUNGTRENNUNG(d,p) basis set, and the total electronic energies, dipole
moment, and polarizability were calculated by using a 6–31+GACHTUNGTRENNUNG(d,p)
basis set.


Single-Crystal Diffraction Analysis


Data was collected on a Bruker SMART CCDC for 1–Cu·N ACHTUNGTRENNUNG(C4H9)4
+ , re-


fined by full-matrix least-squares procedures with anisotropic thermal pa-
rameters for the non-hydrogen atoms. Solutions of the structures were
performed by using the Crystal Structure crystallographic software pack-
age (Molecular Structure Corporation). Crystals of 1–Cu·N ACHTUNGTRENNUNG(C4H9)4


+ were
obtained by vapor diffusion of hexane into a solution of 1–Cu and
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Bu4NCl (1 equiv) in CHCl3. Crystallographic details are summarized in
Table 6. CCDC-284426 (1–Cu·N ACHTUNGTRENNUNG(C4H9)4


+) 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


The authors acknowledge Prof. Takuji Ogawa at the Institute for Molecu-
lar Science (Okazaki) for valuable discussions and Mr. Soji Shimizu at
Kyoto University for help with 19F NMR measurements. H.M. and T.M.
thank JSPS for a Research Fellowship for Young Scientists. This work
was partially supported by the Sumitomo Foundation and the Shorai
Foundation.


[1] a) B. Dietrich, M. W. Hosseini, in Supramolecular Chemistry of
Anions (Eds: A. Bianchi, K. Bowman-James, E. GarcSa-EspaÇa),
Wiley-VCH, New York, 1997, pp. 45–62; b) M. W. Hosseini, A. J.
Blacker, J.-M. Lehn, J. Am. Chem. Soc. 1990, 112, 3896–3904;
c) P. D. Beer, Acc. Chem. Res. 1998, 31, 71–80; d) R. MartSnez-
MUÇez, F. SancenVn, Chem. Rev. 2003, 103, 4419–4476.


[2] P. D. Beer, P. A. Gale, Angew. Chem. 2001, 113, 502–532; Angew.
Chem. Int. Ed. 2001, 40, 486–516.


[3] a) C. H. Park, H. E. Simmons, J. Am. Chem. Soc. 1968, 90, 2431–
2432; b) J.-M. Lehn, E. Sonveaux, A. K. Willard, J. Am. Chem. Soc.
1978, 100, 4914–4916; c) G. MWller, J. Riede, F. P. Schmidtchen,
Angew. Chem. 1988, 100, 1574–1575; Angew. Chem. Int. Ed. Engl.
1988, 27, 1516–1518.


[4] a) P. A. Gale, J. L. Sessler, V. KrUl, V. Lynch, J. Am. Chem. Soc.
1996, 118, 5140–5141; b) P. A. Gale, J. L. Sessler, V. KrUl, Chem.
Commun. 1998, 1–8.


[5] a) J. L. Sessler, M. J. Cyr, V. Lynch, E. McGhee, J. A. Ibers, J. Am.
Chem. Soc. 1990, 112, 2810–2813; b) M. Shionoya, H. Furuta, V.
Lynch, A. Harriman, J. L. Sessler, J. Am. Chem. Soc. 1992, 114,
5714–5722; c) J. L. Sessler, J. Davis, Acc. Chem. Res. 2001, 34, 989–
997.


[6] M. Huser, W. F. Morf, K. Fluri, K. Seiler, P. Schulthess, W. Simon,
Helv. Chim. Acta 1990, 73, 1481–1496.


[7] a) H. Furuta, T. Asano, T. Ogawa, J. Am. Chem. Soc. 1994, 116,
767–768; b) P. J. Chmielewski, L. Latos-Grażyński, K. Rachlewicz,
T. Głowiak, Angew. Chem. 1994, 106, 805–808; Angew. Chem. Int.
Ed. Engl. 1994, 33, 779–781.
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Origin of the p-Facial Stereoselectivity in the Addition of Nucleophilic
Reagents to Chiral Aliphatic Ketones as Evidenced by High-Level Ab Initio


Molecular-Orbital Calculations


Osamu Takahashi,*[a] Katsuyoshi Yamasaki,[a] Yuji Kohno,[b] Kazuyoshi Ueda,[b]


Hiroko Suezawa,[c] and Motohiro Nishio*[d]


Introduction


We recently studied, by ab initio calculations at the MP2/6-
311G ACHTUNGTRENNUNG(d,p)//MP2/6-31G(d) level, the conformation of alkyl
1-phenylethyl ketones C6H5CHCH3�CO�R 1 (R=Me, Et,
iPr, and tBu).[1,2] In each case, the geometry whereby the
benzylic CH3 group is nearly eclipsed with C=O and the
alkyl group R is close to C6H5 was found to be the most
stable (Scheme 1a, rotamer a ; rotamer c does not exist). To
accommodate the above finding, we suggested that the C�
H···O[3,4,5] (forming a five-membered ring) and C�H···p hy-
drogen bonds (forming five- as well as six-membered
rings)[6,7, 8,9,10] control the conformation of these compounds
(Scheme 1b, 1a and 1a’).[2] In rotamer a, one of the hydro-
gen atoms in the benzylic methyl group is capable of inter-
acting with the carbonyl oxygen, and one of the a- or b-H
atoms in R can interact favorably with the phenyl group.
The ratio of the diastereomeric secondary alcohols pro-


duced in the nucleophilic addition of 1 was estimated on the
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Abstract: Ab initio molecular-orbital
(MO) calculations were carried out, at
the MP2/6-311++GACHTUNGTRENNUNG(d,p)//MP2/6-
31G(d) level, to investigate the confor-
mational Gibbs energy of alkyl 1-cyclo-
hexylethyl ketones, cyclo-
C6H11CHCH3�CO�R (R=Me, Et, iPr,
and tBu). In each case, one of the
equatorial conformations was shown to
be the most stable. Conformers with
the axial CHCH3COR group were also
shown to be present in an appreciable
concentration. Short C�H···C=O and
C�H···O=C distances were found in
each stable conformation. The result
was interpreted on the grounds of C�
H···p ACHTUNGTRENNUNG(C=O) and C�H···O hydrogen


bonds, which stabilize the geometry of
the molecule. The ratio of the diaste-
reomeric secondary alcohols produced
in the nucleophilic addition to cyclo-
C6H11CHCH3�CO�R was estimated on
the basis of the conformer distribution.
The calculated result was consistent
with the experimental data previously
reported: the gradual increase in the
product ratio (major/minor) along the
series was followed by a drop at R=


tBu. The energy of the diastereomeric
transition states in the addition of LiH
to cyclo-C6H11CHCH3�CO�R was also
calculated for R=Me and tBu. The
product ratio did not differ significantly
in going from R=Me to tBu in the
case of the aliphatic ketones. This is
compatible with the above result calcu-
lated on the basis of the conformer dis-
tribution. Thus, the mechanism of the
p-facial selection can be explained in
terms of the simple premise that the
geometry of the transition state resem-
bles the ground-state conformation of
the substrates and that the nucleophilic
reagent approaches from the less-hin-
dered side of the carbonyl p face.


Keywords: hydrogen bonds ·
conformation analysis · nucleophilic
addition · transition states · pi-facial
stereoselectivity
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basis of the rotamer distribution.[2] The experimental data
reported by Felkin and co-workers[11a] was satisfactorily re-
produced: a gradual increase of the product ratio r2/3 in the
lower alkyl homologues was followed by an abrupt jump at
R= tBu (Table 1, L=Ph). The contribution from the CH3···O
and C�H···pACHTUNGTRENNUNG(C6H5) hydrogen bonds was suggested to be cru-


cial in stabilizing the ground- and transition-state geometries
(Scheme 2).
When L is an aliphatic group such as in alkyl 1-cyclohex-


ACHTUNGTRENNUNGylethyl ketones, however, Felkin and co-workers reported
that the ratio of the product alcohols (r5/6) did not obey this
pattern (Table 1, L=c-C6H11): the gradual increase in the
product ratio was followed by a drop at R= tBu. To explore
the reason for the remarkable contrast in these two cases,
herein we calculated the conformational Gibbs energy of
the cyclo-C6H11CHCH3�CO�R compounds 4 (R=Me, Et,
iPr, and tBu), all of which bear a nonaromatic group at the
terminus (Scheme 3).


Results and Discussion


Figure 1 shows the rotational-energy profile, at the MP2/6-
31G(d) level of approximation, plotted against the C1�C4�
C8�C16 torsion angle f for 4 (R=Me, equatorial). The dis-
tance and angle parameters other than f were relaxed. Two
energy minima were observed at f=�110 and 1008.
Figure 2 shows the energy profile of 4 plotted against the


H5�C1�C4�C8 torsion angle a (R=Me, equatorial). Here,
the value of f reported in Figure 1 was used as the initial
input, and the parameters other than a (including f) were
relaxed. The most-stable conformations of 4 for R=Me are
illustrated in Figure 3.


Abstract in Japanese:


Scheme 1. a) Stable conformers of C6H5CHCH3�CO�R 1. b) Rotamers
1a (with five-membered ring from C�H···p hydrogen bond: f�758) and
1a’ (six-membered C�H···p hydrogen bond: f�908).


Table 1. Diastereomeric ratios of secondary alcohols (major/minor)
ACHTUNGTRENNUNGproduced by reduction of ketones LCHCH3�CO�R 1 and 4 with LiAlH4
in diethyl ether.


R 1 (L=C6H5): r2/3 4 (L=c-C6H11): r5/6
35 8C Calcd[2] 35 8C �11.5 8C �43 8C


Me 2.8 3.7 1.6 2.1 2.7
Et 3.2 3.9 2.0 2.8 3.8
iPr 5.0 4.4 4.1 6.6 9.7
tBu 49 49 1.6 1.55 1.5


Scheme 2. Suggested stereochemical mechanism for the p-facial
ACHTUNGTRENNUNGselectivity in the nucleophilic addition of 1.


Scheme 3. Atom assignments of the equatorial and axial conformers of 4.
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Table 2 summarizes the relative energies, proportions, and
geometric parameters of the stable conformers of 4 (see


Table S1 for the coordinates). Only conformations with DG
less than 4 kcalmol�1 are listed for each compound.
The equatorial conformers are generally more stable than


the axial ones; this was expected. However, the difference
in energy between the most-stable equatorial and axial con-
formers, DGax1�eq1, is not necessarily very large: 1.43, 1.49,
1.53, and 1.35 kcalmol�1 for R=Me, Et, iPr, and tBu, re-
spectively. Of interest is the relative stability of the axial
conformers of 4 in contrast to the values reported for alkyl
cyclohexane derivatives (A value: 1.74, 1.79, 2.21, 4.7 kcal
mol�1 for methyl, ethyl, isopropyl, and tert-butyl cyclohex-
ane, respectively).[13] This suggests that the presence of a car-
bonyl group is important in stabilizing the axial conforma-
tion. Consequently, the axial conformers exist in a not-negli-
gible proportion: 6.6, 6.1, 4.5, and 7.6% for R=Me, Et, iPr,
and tBu, respectively.
Interestingly, the geometrical parameters of several con-


formers fall into a narrow range. For instance, f �117 to
�1438, a �55 to �618, dACHTUNGTRENNUNG(H12�C8) 2.52–2.84 L, d ACHTUNGTRENNUNG(H12�O)
2.46–2.91 L, dACHTUNGTRENNUNG(H5�O) 2.54–2.67 L, for the type A confor-
mer. Table 2 shows that the other conformers are grouped
into four types, in which the geometries also fall into a
narrow range: B (f �81 to �888, a 47–508), C (f 71–738, a
�59 to �748), D (f �106 to �1418, a 172–1758), and E (f
�118 to �1478, a �51 to �588).
The distance dACHTUNGTRENNUNG(H12�C8) is short (2.50–2.96 L) in each


conformer. This shows that C�H···p interactions, which
occur between a cyclohexyl H atom (H12) and the carbonyl
p group, play a key role in stabilizing the conformation of 4.
We suggest that C�H···p ACHTUNGTRENNUNG(C=O) hydrogen bonds[14] are im-
portant in controlling the conformation of carbonyl com-
pounds. There is ample evidence that C�H···p hydrogen
bonds determine the conformation of various compounds,
organic[15,16,17] as well as organometallic.[18]


Also of note is the observation that dACHTUNGTRENNUNG(H12�O) is short
(2.40–3.14 L) in each conformer, suggesting the importance
of C�H···O hydrogen bonds. The distance d ACHTUNGTRENNUNG(H5�O) is short
in every A (2.54–2.67 L) and E (2.44–2.67 L) conformer, for
which such an interaction is stereochemically possible. This
seems to be a cause of the stability of these conformers.
Hence, we suggest that C�H···O hydrogen bonds[3,4] also
play a considerable part in determining the conformation of
4. Such hydrogen bonds are known to be important in deter-
mining the crystal,[19] solution,[20] and gas-phase[21] conforma-
tion of various organic compounds.
The diastereomeric ratio of the secondary alcohols pro-


duced in the nucleophilic addition of 4 was estimated on the
basis of the rotamer distribution. Scheme 4 shows that Re-
face attack gives 5, whereas Si-face attack gives 6.
Inspection of molecular models suggests that, in type A,


B, D, and E conformers, approach of the nucleophile to the
substrate takes place more easily from the Re face than
from the Si face of the C=O group. On the contrary, in
type C conformers, the nucleophilic attack may take place
more easily from the si face. The product ratios r5/6 were cal-
culated as reported in Table 3,[22] based on the somewhat ar-
bitrary assumption that the ratio of the nucleophile attack


Figure 1. Rotational-energy profile, at the MP2/6-31G(d) level of
ACHTUNGTRENNUNGapproximation, plotted against f for 4 (R=Me, equatorial). The angle
and distance parameters other than f were relaxed.


Figure 2. Rotational-energy profile of 4 (R=Me, equatorial) plotted
against a. The other angle and distance parameters were relaxed.


Figure 3. Stable conformers of 4 (R=Me): a) eq1, b) eq2, c) eq3, d) eq4,
e) eq5, and f) ax1.
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Table 2. Stable conformations of alkyl 1-cyclohexylethyl ketones cyclo-C6H11CHCH3�CO�R 4 (R=Me, Et, iPr, and tBu), relative Gibbs energy,
ACHTUNGTRENNUNGabundance, and geometrical parameters calculated at the MP2/6-311++G ACHTUNGTRENNUNG(d,p)//MP2/6-31G(d) level of approximation.


R Conformer DG[a]


[kcalmol�1]
Ratio[b]


[%]
f
[8]


a


[8]
dACHTUNGTRENNUNG(H12�C8)
[L]


d ACHTUNGTRENNUNG(H12�O)
[L]


d ACHTUNGTRENNUNG(H5�O)
[L]


Type[c]


Me eq1 0.00 56.6 -133 �57 2.58 2.78 2.57 A
eq2 0.69 17.7 71 �68 2.53 2.83 3.87 C
eq3 0.92 12.0 �86 48 2.74 2.61 3.46 B
eq4 1.41 5.2 �109 174 2.84 2.47 4.10 D
eq5 2.23 1.3 118 53 2.65 3.10 2.52
eq6 2.66 0.6 102 �172 2.82 2.48 4.11
ax1 1.43 5.1 -132 �56 2.59 2.84 2.54 E
ax2 2.14 1.5 73 �72 2.51 2.80 3.88 C


Et eq1 0.00 52.7 �129 �58 2.56 2.82 2.59 A
eq2 1.07 8.6 71 �70 2.52 2.82 3.88 C
eq3 1.11 8.1 �88 47 2.75 2.58 3.42 B
eq4 1.22 6.7 �143 -55 2.84 2.46 2.54 A
eq5 1.32 5.7 �109 174 2.66 3.14 4.10 D
eq6 1.36 5.3 �120 -60 2.71 2.67 2.65 A
eq7 1.58 3.7 �83 48 2.73 2.66 3.49 B
eq8 2.22 1.2 �107 175 2.81 2.49 4.11 D
eq9 2.60 0.7 116 54 2.64 3.10 2.54
eq10 2.72 0.5 177 43 2.86 2.60 2.43
eq11 2.84 0.4 102 �172 2.82 2.47 4.11
eq12 2.99 0.3 �141 172 2.71 2.67 4.01 D
ax1 1.49 4.3 �128 �57 2.57 2.87 2.56 A
ax2 2.51 0.8 73 �74 2.50 2.80 3.89 C
ax3 2.76 0.5 �146 �52 2.66 2.74 2.47 E
ax4 2.79 0.5 �120 �58 2.56 2.96 2.60 E


iPr eq1 0.00 30.0 �82 48 2.72 2.66 3.50 B
eq2 0.09 25.7 �117 �61 2.52 2.91 2.67 A
eq3 0.11 24.8 �143 �55 2.63 2.69 2.54 A
eq4 0.84 7.2 �106 175 2.81 2.49 4.11 D
eq5 1.26 3.6 69 �59 2.57 2.79 3.77 C
eq6 1.72 1.6 �133 �59 2.59 2.75 2.57 A
eq7 1.90 1.2 �142 172 2.96 2.40 4.01
eq8 2.18 0.8 �167 40 2.92 2.52 2.53
eq9 2.59 0.4 �103 45 2.81 2.47 3.28
eq10 3.41 0.1 �128 172 2.54 2.98 2.61 D
ax1 1.53 2.3 �118 �58 2.66 2.75 2.46 E
ax2 1.62 1.9 �147 �51 2.66 2.75 2.46 E
ax3 2.57 0.4 72 �62 2.56 2.75 3.76 C
ax4 3.41 0.1 �136 �51 2.66 2.90 2.44 E


tBu eq1 0.00 73.8 �133 �59 2.59 2.75 2.56 A
eq2 1.03 13.0 �81 50 2.71 2.62 2.40 B
eq3 1.53 5.5 �128 172 2.70 2.89 4.01 D
ax1 1.35 7.6 �139 �56 2.61 2.73 2.49 E


[a] Relative conformational energy. [b] Proportion of conformers. [c] Type of conformer.


Scheme 4. Plausible mechanism of the p-facial selectivity in the
ACHTUNGTRENNUNGnucleophilic addition to alkyl 1-cyclohexylethyl ketones 4.


Table 3. Calculated ratios of secondary alcohols produced in the
ACHTUNGTRENNUNGnucleophilic addition of cyclo-C6H11CHCH3�CO�R 4 (R=Me, Et, iPr,
and tBu).


R A+E[a]


[%]
B
[%]


C
[%]


D
[%]


5[b]


[%]
6[c]


[%]
r5/6


Me 61.7 12.0 19.2 5.2 54.4 43.7 1.25
Et 70.0 11.8 9.4 6.9 59.8 38.3 1.56
iPr 56.4 30.0 4.0 7.3 67.8 29.9 2.27
tBu 81.4 13.0 0.0 5.5 65.5 34.4 1.90


[a] Proportion of conformers. Contributions from other conformers of
higher energies (1.9, 1.9, 2.3, and 0.1% for R=Me, Et, iPr, and tBu, re-
spectively) were neglected. [b] From (A+E)M0.6+ (B+D)M0.9+CM0.1.
[c] From (A+E)M0.4+ (B+D)M0.1+CM0.9.


Chem. Asian J. 2006, 1, 852 – 859 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 855


p-Facial Stereoselectivity in Nucleophilic Addition







R/S is 60:40 (CH3 vs. cyclohexyl) for type A and E conform-
ers, 90:10 (H vs. cyclohexyl) for B and D, and 10:90 (cyclo-
hexyl vs. H) for C.
The above result is consistent with the experimental data


reported by Felkin and co-workers (Table 1). The gradual
increase of the product ratio from R=Me to iPr and the de-
cline in the tert-butyl case has been reproduced. Here, we
do not discuss in more detail the steric course of the reac-
tions of every possible conformer, as changes in the experi-
mental conditions easily modify the stereochemical outcome
(Table 1). The present result is in sharp contrast to the data
previously reported for the nucleophilic addition of the aro-
matic analogues 1.[2] There, the gradual increase in the prod-
uct ratios r2/3 (Table 1, column 3) was followed by an abrupt
jump at R= tBu; the experimental data (Table 1, column 2)
were satisfactorily reproduced by calculations.
Ab initio calculations were also carried out for the transi-


tion-state structures of a model reaction. Thus, activation
free energies of the diastereomeric transition states (4+
LiH) were calculated at the same level of approximation,
starting from every stable equatorial conformation of 4
(eq1–6 for R=Me and eq1–3 for R= tBu). The difference
in the activation Gibbs energies leading to 5 and 6,
DG�TS1�TS2=DG�TS1�DG�TS2, was calculated to be 1.562
(from eq1 of R=Me) and 1.559 kcalmol�1 (from eq1 of R=


tBu). These values correspond to a product ratio r5/6 of
around 10. Although this does not agree very well with the
experimental data (Table 1; 1.6–2.7 for R=Me, 1.5–1.6 for
tBu), we think the result is reasonable as there are many
other conformers to be considered. The effect of solvent
and temperature is not included in the calculations. The dif-
ference in DG�TS1�TS2 for the reaction of aromatic ana-
logues (L=Ph) 1 to give 2 and 3 was calculated to be 1.37
and 4.13 kcalmol�1for R=methyl and t-butyl, respectively.[2]


The geometry of TS1 (R=Me) is shown in Figure 4. The
geometrical parameters of the ground state (eq1, R=Me,
tBu) and the transition state leading to the major product 5


(TS1) are compared in Table 4. The torsion angles f and a


in TS1 were considerably twisted relative to the ground-
state geometry. Notably, however, the distances between H12


and C8 and O remain short. This shows that the C�H···pACHTUNGTRENNUNG(C=
O) and C�H···O hydrogen bonds are both important in sta-
bilizing the TS geometry, leading to the preferred product.
Furthermore, one of the methyl hydrogen atoms is close to
the carbonyl oxygen, suggesting the importance of the five-
membered ring formed by the C�H···O hydrogen bond.
The importance of CH3···O hydrogen bonds has been sug-


gested in the structures of the transition states for the nucle-
ophilic reactions of propanal (Scheme 5c and g),[23,25a] 2-
fluoropropanal (Scheme 5d–f),[24] 2-chloropropanal, 2-meth-
ACHTUNGTRENNUNGoxypropanal (Scheme 5h and i),[25] 2-N,N-dimethylpropanal,
2-silylpropanal, and 2-trimethylsilylpropanal (Scheme 5 j).[26]


With regard to the methyl and carbonyl groups in the sub-
stituted propanal, the eclipsed or gauche conformation was
reported in the transition states leading to the predominant
product (which includes the results of Anh and Eisen-
stein;[11c] Scheme 5a and b) with an exception (Scheme 5e),
for which the importance of the Li+ ···F interaction was sug-
gested; however, the CH3/C=O eclipsed geometry was re-
ported to be close in energy to the most-stable. The above
observations suggest the importance of the five-membered
rings formed by C�H···O hydrogen bonds in stabilizing the
geometry of the transition states.
As mentioned earlier, the present result is in sharp con-


trast to the data previously reported for the nucleophilic ad-
dition of aromatic analogues 1. There, the gradual increase
in the product ratios r2/3 (Table 1, column 2) was followed by
an abrupt jump at R= tBu; the experimental data were sat-
isfactorily reproduced by calculations (Table 1, column 3).[2]


In the oxidation of structurally related alkyl 1-phenylethyl
sulfides C6H5CHCH3�S�R 7, which give rise to diastereo-
meric sulfoxides 8 and 9 (Scheme 6), the gradual increase of
the product ratio r8/9 (3.1, 3.2, and 3.6 for R=Me, Et, and
iPr, respectively) was also followed by an abrupt jump at
R= tBu (49:1).[27] This, again, was reproduced by calcula-
tions.[28] In the most-stable rotamers of 1[2] and 7,[27] the alkyl
group was shown to be close to C6H5 in every case. In these
geometries, R is capable of interacting favorably with the
phenyl group by C�H···p ACHTUNGTRENNUNG(C6H5) hydrogen bonds. The dis-
crepancy observed between 1 (and 7) and 4 is attributable,


Figure 4. Transition-states geometries in the addition of LiH to alkyl
1-cyclohexylethyl ketones 4 (R=Me). Top: TS1; bottom: TS2.


Table 4. Geometrical parameters, calculated at the MP2/6-311++G-
ACHTUNGTRENNUNG(d,p)//MP2/6-31G(d) level of approximation, of ground-state (GS) and
transition-state (TS1) structures of 4, leading to the preferred product 5.


R=Me R= tBu
GS (eq1) TS1 GS (eq1) TS1


f [8] �133 �63 �133 �68
a [8] �57 56 �59 56
d ACHTUNGTRENNUNG(H12�C8) [L] 2.58 2.67 2.59 2.71
d ACHTUNGTRENNUNG(H12�O) [L] 2.78 2.68 2.75 2.68
d ACHTUNGTRENNUNG(H5�O) [L] 2.57 3.64 2.56 3.66
d ACHTUNGTRENNUNG(CH3�O)[a] [L] 2.85 2.61 2.80 2.57


[a] Distance between one of the methyl hydrogen atoms and O=C.
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therefore, to the presence (in 1 and 7) or absence (in 4) of
C�H···C6H5 interactions.
We conclude that the mechanism of the p-facial selection


can be rationalized on the basis of the simple premise that
the geometry of the ground-state conformation of the sub-
strates is the most important. Frenking, Kçhler, and
Reetz[29] have already reached the same conclusion by calcu-
lating, at the MP2/6-31G(d)//HF/6-31G(d) level, the transi-
tion-state structures of nucleophilic-addition reactions of
various substituted acetaldehydes. We concur with Frenking
et al. , but this argument extends to the mechanisms of other
diastereoselecive reactions, irrespective of the type of reac-
tion (nucleophilic or electrophilic), the reaction medium
(polar or nonpolar), or the nature of the substituent (ali-
phatic or aromatic).


Conclusions


Ab initio MO calculations were carried out at the MP2/6-
311++GACHTUNGTRENNUNG(d,p)//MP2/6-31G(d) level to investigate the con-
formational Gibbs energy of alkyl 1-cyclohexylethyl ketones
4. The C�H···p ACHTUNGTRENNUNG(C=O) and C�H···O hydrogen bonds have
been shown to be important in controlling the conformation
of these compounds. Activation free energies of the diaste-
reomeric transition states (4+LiH) were also calculated at
the same level of approximation for R=Me and tBu. The
activation Gibbs energies leading to 5 and 6, DG�TS1�TS2,
have been estimated to be not much different; the result is
consistent with the experimental data. We conclude that the
mechanism of the p-facial selection can be rationalized on
the basis of the simple premise that the geometry of the
ground-state conformation of the substrates is the most im-
portant.


Computational Methods


The Gaussian 03 program[12] was used. Electron correlation energies were
calculated by applying the second-order Møller–Plesset (MP2) perturba-
tion theory. The geometry of 4 was optimized at the MP2/6-31G(d) level
of approximation. By using these geometries, single-point calculations
were performed at the MP2/6-311++G ACHTUNGTRENNUNG(d,p) level to estimate the Gibbs
energies of the conformers and the transition states of the model reaction
4+LiH. Vibrational frequencies were calculated by using the analytical
second derivatives at the same level of the geometry optimization for
each conformer. We verified that there is only one imaginary frequency


Scheme 5. Most-stable transition geometries reported for nucleophilic additions to various propanal derivatives.


Scheme 6. Plausible mechanism of the diastereofacial selectivity in the
oxidation of alkyl 1-phenylethyl sulfides C6H5CHCH3�S�R 7.
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for each transition state. With these results, the thermal-energy correc-
tions were added to the total Gibbs energy at 298.15 K and 1 atm.
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Enantio- and Diastereoselective Total Synthesis of (+)-Panepophenanthrin, a
Ubiquitin-Activating Enzyme Inhibitor, and Biological Properties of Its New


Derivatives


Masayoshi Matsuzawa,[a] Hideaki Kakeya,[b] Junichiro Yamaguchi,[a] Mitsuru Shoji,[a]


Rie Onose,[b] Hiroyuki Osada,[b] and Yujiro Hayashi*[a]


Introduction


Panepophenanthrin (1) is a natural product that inhibits
ubiquitin-activating enzyme (E1) and was isolated by Seki-
zawa and co-workers in 2002 from the mushroom strain
Panus rudis Fr. IFO8994.[1] As ubiquitin-activating enzyme
(E1) plays an important role in the ubiquitin-proteasome
pathway (UPP), which regulates a variety of important cel-
lular processes by degradation or processing of target pro-
teins, an inhibitor of ubiquitin-activating enzyme (E1) would
be a promising drug candidate for cancers, inflammation,
and neurodegenerative disease.[2] Structurally, panepophen-
ACHTUNGTRENNUNGanthrin has a complex architecture with a highly substituted
tetracyclic skeleton, which contains 11 contiguous stereocen-
ters. Panepophenanthrin belongs to the so-called epoxy-
ACHTUNGTRENNUNGquinoid natural-product family, whose members are synthe-


sized by Diels–Alder dimerization of much simpler epoxy-
quinol monomers.[3] Its synthetically challenging structure
along with its important biological activity make panepo-
phenanthrin an attractive synthetic target. In fact, since its
isolation in 2002, three groups have already accomplished
its total synthesis. Porco and co-workers reported the first
asymmetric total synthesis through biomimetic Diels–Alder
dimerization of a monomer, synthesized by di ACHTUNGTRENNUNGisopropyl tar-
trate mediated asymmetric epoxidation, in which excess
amounts (1.6 equiv) of a chiral controller were employed.[4]


They clearly explained the reaction mechanism of the
Diels–Alder dimerization. Baldwin and co-workers[5] accom-
plished its total synthesis in racemic form from the known
(� )-bromoxone in three steps; enantiomerically pure (�)-
bromoxone is known to be prepared by enzymatic resolu-
tion,[6] giving the formal total synthesis of the chiral panepo-
phenanthrin. Mehta and co-workers synthesized (+)-pane-
pophenanthrin by using lipase-mediated enzymatic desym-
metrization as a key step,[7a] and the (�) isomer was synthe-
sized through lipase-mediated enzymatic resolution by the
same group.[7b] Although these are excellent syntheses, no
asymmetric catalytic method has been reported. The prepa-
ration of chiral (+)-panepophenanthrin and its derivatives
in a practical and atom-economical manner is desirable for
biological investigations.


Our group has been involved in the chemistry and biology
of epoxyquinol dimers such as epoxyquinol A, B, C, and ep-
oxytwinol A, novel angiogenesis inhibitors,[8] epoxyquinol


Keywords: asymmetric synthesis ·
chemical biology · natural products ·
panepophenanthrin · total synthesis


Abstract: The asymmetric total synthesis of (+)-panepophenanthrin, an inhibitor
of ubiquitin-activating enzyme (E1), has been accomplished using catalytic asym-
metric a aminoxylation of 1,4-cyclohexanedione monoethylene ketal as a key step,
followed by several diastereoselective reactions. The biomimetic Diels–Alder reac-
tion of a monomer precursor was found to proceed efficiently in water. The inves-
tigation of the biological properties of new derivatives of (+)-panepophenanthrin
enabled us to develop new cell-permeable E1 inhibitors, RKTS-80, -81, and -82.
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monomers such as ECH, an inhibitor of FasL-induced apop-
tosis,[9] and EI-1941-1, -2, and -3, inhibitors of interleukin-
1b-converting enzymes.[10] Being interested in its complex
structure and important biological activity, we have exam-
ined the asymmetric total synthesis of (+)-panepophenan-
thrin. Although there is a similarity between the monomers
of panepophenanthrin and of the epoxyquinols, we have de-
veloped a completely different synthetic route from that of
our previous synthesis of the epoxyquinols, in which a
HfCl4-mediated diastereoselective Diels–Alder reaction of
furan[11] and a Diels–Alder reaction of furan with acryloyl
chloride as a reactive dienophile, followed by lipase-mediat-
ed kinetic resolution, were developed as key steps. The pres-
ent synthetic route is based on a practical, asymmetric cata-
lytic reaction, which is also completely different from those
of the previous three groups.


We have been developing proline-mediated asymmetric
catalytic a aminoxylation of carbonyl compounds,[12] which
is a powerful method for the synthesis of a-hydroxy carbon-
yl derivatives. Employing this reaction as a key step and
with several diastereoselective transformations, we have ac-


complished the asymmetric total synthesis of panepophen-
ACHTUNGTRENNUNGanthrin, which we disclose herein. On the basis of this estab-
lished synthetic route, several new derivatives were pre-
pared, and their biological properties were evaluated, which
we also discuss.


Results and Discussion


Asymmetric Synthesis of (+)-Panepophenanthrin


The first reaction in our sequence, a aminoxylation of 1,4-
cyclohexanedione monoethylene ketal (3) (1.2 equiv) in the
presence of d-proline (10 mol%) with slow addition of ni-
trosobenzene (1.0 equiv) over 24 h proceeded efficiently at
0 8C to afford nearly optically pure (S)-a-aminoxylated cy-
clohexanone 4 (>99% ee) in 93% yield (Scheme 1). This re-
action can be carried out on a large scale to generate 25 g of
4 without compromising yield or enantioselectivity.[12a,b] The
(R)-a-aminoxylated cyclohexanone, the enantiomer of 4, has
been converted successfully into the fumagillin and ovalicin
families by several diastereoselective reactions.[13] The re-
duction of cyclohexanone 4 with K-selectride proceeded ste-
reoselectively to afford the alcohol cis-5. In this reduction,
the trans isomer was not detected. Reductive cleavage of
the N�O bond in the presence of Pd/C under a H2 atmos-
phere gave the diol cis-6 in 72% yield over two steps. Treat-
ment of 6 with amberlyst in THF/acetone/water at reflux re-
moved the acetal protecting group and resulted in a dehy-
dration reaction to provide 4-hydroxycyclohex-2-enone (7)
in 85% yield. Enone 7 is an intermediate in the synthesis of
(+)-epiepoformin, (+)-epiepoxydon, and (+)-bromoxone by
Kitahara and Tachihara.[14] The hydroxy group was protect-
ed by using tert-butyldimethylchlorosilane and imidazole.
Epoxidation with H2O2 and triton B by following the proto-
col of Kitahara and Tachihara[14] gave epoxide 8 stereoselec-
tively. Cyclohexanone 8 was converted into the correspond-
ing cyclohexenone 9 in a two-step procedure in 78% yield:
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1) formation of silyl enol ether by reaction of 8 with lithium
hexamethyldisilazide and trimethylsilylchloride; 2) treat-
ment of the resultant enol ether with diallylcarbonate in the
presence of [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 under TsujiLs modified condi-
tions[15] of the Saegusa reaction.[16] Introduction of iodine at
C2 of cyclohexenone 9 by reaction with I2 in a mixture of
Et2O and pyridine[17] gave 10 in 80% yield. Coupling of 10
and vinyl stannane 11 proceeded in the presence of a cata-
lytic amount of [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 and AsPh3


[18] at 110 8C in
toluene to provide the coupled product 12 in 77% yield. Re-
moval of the silyl protecting group by treatment with NH4F
in MeOH afforded monomer 2 in good yield.


It is already known that monomer 2 dimerizes by allowing
it to stand at 25 8C in the absence of solvent (24 h, 80%
yield) (Scheme 2).[4,5,7] Although panepophenanthrin was
synthesized in good yield by this procedure in our hands,
these reaction conditions, particularly the absence of sol-
vent, would not be similar to those under which the reaction
occurs in living cells. We therefore investigated the dimeri-
zation in water, which would be similar to biological condi-
tions. The results are summarized in Figure 1 along with the
results obtained with other solvents. Dimerization proceed-
ed efficiently in the absence of solvent as described above,
which gave the best result. Whereas the reaction proceeds
slowly in MeOH and THF and affords the Diels–Alder
product in low yield, the reaction in water is much faster


than the reaction in organic sol-
vents. That is, when monomer 2
(1 mg) was dissolved in D2O
(200 mL), the reaction proceed-
ed efficiently to afford panepo-
phenanthrin (1) in moderate
yield after 33 h. Although Bre-
slow and co-workers showed
that some Diels–Alder reac-
tions are faster in water than in
organic solvents,[19] the present
result, that panepophenanthrin
is synthesized in a reasonable
yield in water at room tempera-
ture, is a piece of evidence to
support the supposition that the
biosynthesis of panepophenan-
thrin occurs through a non-en-
zymatic Diels–Alder reaction in
living cells.


Synthesis of New (+)-
Panepophenanthrin Derivatives


With a practical synthetic route
to (+)-panepophenanthrin in
place, we next investigated the
structure–activity relationships
of some new derivatives. The
effects of the side chain and


Scheme 1. Synthesis of the monomer of panepophenanthrin (1). DMF=N,N-dimethylformamide, TBS=
tert-butyldimethylsilyl, LHMDS= lithium hexamethyldisilazide, dba= trans,trans-dibenzylideneacetone.


Scheme 2. Dimerization of monomer 2 through a Diels–Alder reaction to
give panepophenanthrin (1).


Figure 1. Effect of solvent and time on the yield of the Diels–Alder
ACHTUNGTRENNUNGreaction of 2.
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ring systems of panepophenanthrin were examined. Mono-
mers with propenyl, hexenyl, and decenyl substituents were
synthesized from intermediate 10. Suzuki coupling of 10
with alkenyl borates 13, 14, and 15 proceeded efficiently in
the presence of [Pd ACHTUNGTRENNUNG(PhCN)2Cl2] with AsPh3 to provide
dienes 16, 17, and 18, respectively, in good yields
(Scheme 3). The tert-butyldimethylsilyl group was removed


by treatment with NH4F in MeOH to afford the respective
alcohols, which dimerized smoothly under neat reaction con-
ditions to give Diels–Alder products RKTS-80 (19), RKTS-
81 (20), and RKTS-82 (21), respectively, in good yield as
single isomers. Porco and co-workers reported that the tert-
hydroxy group in the side chain of 2 is not necessary for di-
merization, and the same phenomenon was observed in the
present derivatives. Once the derivatives were in hand, their
biological activity was investigated.


Biological Properties of New (+)-Panepophenanthrin
Derivatives


We evaluated the effects of new derivatives RKTS-80 (19),
-81 (20), and -82 (21) on E1 activity in vitro. E1 catalyzes
the formation of a ubiquitin adenylate intermediate from
ubiquitin and ATP, and subsequently the binding of ubiqui-
tin to a cysteine residue in the E1 active site in a thiol ester
linkage. E1 activity, therefore, was analyzed by detecting the
formation of the E1–ubiquitin intermediate from recombi-
nant E1 and biotinylated ubiquitin in the presence of ATP
(Figure 2). The ubiquitylated E1 was observed as the spot at
approximately 120 kDa in this assay system. RKTS-80, -81,
and -82 inhibited the formation of the E1–ubiquitin inter-
mediate in a dose-dependent manner. The IC50 values of
RKTS-80, -81, and -82 were 9.4, 3.5, and 90 mm, respectively,
quantified by densitometric analysis. Our synthetic (+)-pan-


epophenanthrin (1) also blocked the E1–ubiquitin inter-
mediate with an IC50 value of 72 mm. These results indicate
that the 2,2-dimethyltetrahydrofuran moiety in 1 is not
always necessary to inhibit the formation of the E1–ubiqui-
tin intermediate. We then tested the effects of these com-
pounds on the growth of human breast cancer MCF-7
cells[9,20] (Figure 3). RKTS-80, -81, and -82 blocked cell


growth in a dose-dependent manner; IC50 values of RKTS-
80, -81, and -82 were 5.4, 1.0, and 3.6 mm, respectively. The
potency trend in the inhibition of cell growth is different
from that in E1 inhibitory activity in vitro. These results
might be caused by the difference in membrane permeabili-
ty as well as the other mechanisms besides E1 inhibition by
these compounds. On the other hand, synthetic (+)-panepo-
phenanthrin (1) was unable to inhibit cell growth, even at
100 mm, suggesting that 1 might exhibit poor membrane per-
meability.


Scheme 3. Synthesis of new panepophenanthrin derivatives RKTS-80,
-81, and -82.


Figure 2. Inhibition of the E1–ubiquitin intermediate formation by (+)-
panepophenanthrin (1) and new derivatives (RKTS-80, -81, and -82). Re-
combinant yeast E1, biotinylated ubiquitin, and ATP were incubated in
the absence or presence of 1, RKTS-80, -81, or -82 at various concentra-
tions. The reaction mixture was then subjected to SDS-PAGE, and the
biotin moiety was detected by the chemiluminescence method. The
bands of E1–ubiquitin and ubiquitin represent the ubiquitylated E1 and
the free biotinylated ubiquitin.


Figure 3. Effects of (+)-panepophenanthrin (1) and new derivatives
(RKTS-80, -81, and -82) on the cell growth of MCF-7 cells. MCF-7 cells
were cultured in RPMI-1640 cells containing 10% fetal bovine serum for
48 h in the presence of 1 (&), RKTS-80 (*), RKTS-81 (~), or RKTS-82
(^) at various concentrations at 37 8C in a 5% humidified atmosphere.
The cell number was evaluated by WST-8.
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Conclusions


We have completed an enantio- and diastereoselective total
synthesis of (+)-panepophenanthrin by the proline-mediated
a aminoxylation of 1,4-cyclohexanedione monoethylene
ketal followed by stereoselective reactions. Diels–Alder di-
merization was found to proceed faster in water than in or-
ganic solvent. The investigation of the biological properties
of its derivatives in vitro and in vivo showed that the new
derivatives RKTS-80, -81, and -82 are effective cell-permea-
ble E1 inhibitors.


Experimental Section


General Methods


All reactions were carried out under an argon atmosphere and monitored
by thin-layer chromatography with Merck 60 F254 precoated silica gel
plates (0.25-mm thickness). Specific optical rotations were measured with
a JASCO P-1020 polarimeter. FTIR spectra were recorded on a Horiba
FT-720 spectrometer. 1H and 13C NMR spectra were recorded on a
Bruker DPX-400 instrument. High-resolution mass spectral analysis
(HRMS) was carried out on a JEOL JMSSX 102A. Preparative thin-
layer chromatography was performed with Merck Silica Gel 60 F254 and
Wakogel B-5F purchased from Wako Pure Chemical Industries, Japan.
Flash chromatography was carried out with Silica Gel Merck Art 7734
and silica gel 60N of Kanto Chemical Co. Int., Tokyo, Japan.


4 : A solution of nitrosobenzene (13.7 g, 127.9 mmol) in DMF (150 mL)
was added through a syringe pump to a solution of 1,4-dioxaspiro-
ACHTUNGTRENNUNG[4.5]decan-8-one (3) (20.0 g, 128.1 mmol) and d-proline (1.5 g,
12.7 mmol) in DMF (250 mL) over 24 h at 0 8C, and the mixture was stir-
red for 30 min at that temperature. The reaction was quenched with
pH 7.0 phosphate buffer solution, the organic materials were extracted
with ethyl acetate (3N100 mL), the combined organic extracts were
washed with brine, dried over anhydrous Na2SO4, and concentrated in
vacuo after filtration. Purification by silica-gel column chromatography
(hexane/EtOAc=10:1–4:1) gave (S)-7-Anilinoxy-1,4-dioxaspiro-
ACHTUNGTRENNUNG[4.5]decan-8-one (4) (31.4 g, 119.1 mmol, 93%) as a pearl-yellow solid.
[a]18D =�78.7 (c=1.2, CHCl3), >99% ee (the enantiomeric excess was de-
termined by HPLC with a Chiralcel OD-H column (hexane/2-propanol
10:1), 0.5 mLmin�1; major enantiomer tr=29.1 min, minor enantiomer
tr=26.5 min); IR (KBr): ñ=2960, 2888, 1728, 1602, 1494, 1305, 1122,
1052 cm�1; 1H NMR (CDCl3) d=1.88–2.04 (2H, m), 2.16 (1H, t, J=
12.8 Hz), 2.36–2.46 (2H, m), 2.62 (1H, dt, J=14.0, 6.8 Hz), 4.38–4.21
(4H, m), 4.60 (1H, dd, J=12.9, 6.5 Hz), 6.87 (2H, d, J=7.7 Hz), 6.90
(1H, t, J=7.2 Hz), 7.20 ppm (2H, t, J=7.2 Hz); 13C NMR (CDCl3): d=
34.9, 36.0, 39.7, 64.8, 64.9, 82.7, 107.6, 114.5, 122.2, 128.9, 148.0,
208.6 ppm; HRMS (FAB): calcd for C14H17NO4: 263.1158, found:
263.1172.


6 : A solution of K-selectride in THF (1m, 23.1 mL, 23.1 mmol) was
added to a solution of a-aminoxy ketone 4 (3.0 g, 12.0 mmol) in THF
(77 mL) at �78 8C, and the reaction temperature was increased to �50 8C
over 1.5 h. NaBO3 (10.8 g, 0.0701 mmol) and H2O (23 mL) were added to
the reaction mixture, and stirring was continued for 2 h at room tempera-
ture. The two phases were separated, and the aqueous phase was extract-
ed with diethyl ether. The combined organic phase was washed with
brine and dried over MgSO4. The organic phase was concentrated in va-
cuo to give the alcohol 5 (4.6 g), which was used directly in the next reac-
tion without purification. Pd/C (10 wt%; 304 mg, 0.29 mmol) was added
to a solution of the crude alcohol 5 MeOH (38 mL). The reaction mix-
ture was stirred under H2 for 3 h at room temperature. Inorganic materi-
als were removed by filtration through a celite pad, and the filtrate was
concentrated in vacuo. The residue was purified by silica-gel column
chromatography (hexane/EtOAc=3:1–1:3) to afford (7S,8S)-1,4-
dioxaspiroACHTUNGTRENNUNG[4.5]decane-7,8-diol (6) (1.7 g, 9.8 mmol, 85%) as a dark-red


oil. [a]21D =++2.6 (c=1.5, CHCl3); IR (KBr): ñ=3417, 2958, 2935, 2888,
1442, 1144, 1101, 1059 cm�1; 1H NMR (CDCl3): d=1.40–1.50 (1H, m),
1.60–1.80 (4H, m), 1.80–1.90 (1H, m), 3.20 (1H, s), 3.54 (1H, s), 3.67
(1H, s), 3.79 (1H, s), 3.82–3.88 ppm (4H, m); 13C NMR (CDCl3): d=


26.5, 30.1, 37.5, 64.0, 64.2, 69.1, 70.0, 108.6 ppm; HRMS (FAB): calcd for
C8H14O4Na: 197.0785, found: 197.0784.


7: Amberlyst 15 (24.2 mg, 20 wt%) was added to a solution of diol 6
(118 mg, 0.677 mmol) in THF (9.7 mL), H2O (0.97 mL), and acetone
(0.97 mL), and the reaction mixture was stirred at 80 8C for 15 h. The re-
action solution was dried over MgSO4 and concentrated in vacuo. The
residue was purified by silica-gel column chromatography (hexane/
EtOAc=1:3) to afford (R)-4-hydroxy-2-cyclohexen-1-one (7) (64.6 mg,
0.576 mmol, 85%) as a dark red oil. [a]30D =++92.3 (c=0.7, CHCl3); IR
(KBr): ñ=3419, 2954, 2871, 1660, 1205, 1066, 970, 943, 864 cm�1;
1H NMR (CDCl3): d=1.94–2.02 (1H, m), 2.30–2.40 (2H, m), 2.45 (1H,
s), 2.56 (1H, dt, J=17.4, 4.7 Hz), 4.56 (1H, ddd, J=6.8, 4.7, 2.2 Hz), 5.94
(1H, d, J=10.0 Hz), 6.92 ppm (1H, dt, J=10.0, 1.8 Hz); 13C NMR
(CDCl3): d=32.4, 35.3, 66.3, 129.2, 152.9, 198.9 ppm.


(R)-tert-Butyldimethylsiloxy-2-cyclohexen-1-one: Imidazole (168 mg,
2.47 mmol) was added to a solution of enone 7 (100 mg, 0.892 mmol) and
TBSCl (341 mg, 2.27 mmol) in DMF (1.8 mL) at 0 8C, and the reaction
mixture was stirred for 1 h. The reaction was quenched with pH 7.0 phos-
phate buffer, and organic materials were extracted with EtOAc. The
combined organic phases were washed with brine and dried over Na2SO4.
The organic phase was concentrated in vacuo and purified by silica-gel
column chromatography (hexane/EtOAc=30:1) to afford (R)-tert-butyl-
dimethylsiloxy-2-cyclohexen-1-one (151 mg, 0.663 mmol, 75%) as a
pearl-yellow oil. [a]30D =++97.9 (c=1.2, CHCl3); IR (KBr): ñ=2954, 2858,
1691, 1471, 1383, 1252, 1103, 860, 837 cm�1; 1H NMR (CDCl3): d=0.01
(3H, s), 0.02 (3H, s), 0.81 (9H, s), 1.90–2.00 (1H, m), 2.10–2.20 (1H, m),
2.31 (1H, ddd, J=16.7, 12.7, 4.5 Hz), 2.53 (1H, dt, J=16.7, 4.5 Hz), 4.49
(1H, tt, J=6.8, 2.0 Hz), 5.88 (1H, d, J=10.2 Hz), 6.79 ppm (1H, dt, J=
10.2, 2.0 Hz); 13C NMR (CDCl3): d=�4.8, �4.7, 18.0, 25.7, 32.9, 35.4,
66.9, 128.6, 153.9, 198.8 ppm.


8 : H2O2 (0.88 mL, 7.63 mmol) and triton B (69 mL, 0.15 mmol) were
added to a solution of (R)-tert-butyldimethylsiloxy-2-cyclohexen-1-one
(345 mg, 1.52 mmol) in THF (9.5 mL) at 0 8C. The reaction mixture was
stirred for 0.5 h at 0 8C and quenched with saturated aqueous NH4Cl. The
aqueous phase was extracted with EtOAc. The combined organic phases
were washed with saturated aqueous NaHCO3 and brine and dried over
NaSO4. The organic phase was concentrated in vacuo and purified by
silica-gel column chromatography (hexane/EtOAc=50:1) to afford
(2S,3R,4R)-4-tert-butyldimethylsiloxy-2,3-epoxycyclohexan-1-one (8)
(280 mg, 1.16 mmol, 76%) as a colorless oil. [a]30D =�48.5 (c=1.0,
CHCl3); IR (KBr): ñ=2954, 2858, 1716, 1473, 1362, 1254, 1092, 981, 839,
777 cm�1; 1H NMR (CDCl3): d=0.03 (3H, s), 0.04 (3H, s), 0.81 (9H, s),
1.59–1.66 (1H, m), 1.97–2.05 (1H, m), 2.20–2.35 (2H, m), 3.18 (1H, d,
J=3.9 Hz), 3.38 (1H, t, J=3.1 Hz), 4.38 ppm (1H, dd, J=6.8, 3.1 Hz);
13C NMR (CDCl3): d=�5.0, �4.9, 17.9, 25.4, 25.5, 31.5, 54.8, 57.9, 65.1,
204.7 ppm.


9 : n-Butyllithium (0.8 mL, 1.55m in hexane) was added to a stirred solu-
tion of HMDS (0.31 mL, 1.5 mmol) in THF (4.1 mL) at 0 8C. After
30 min the reaction mixture was cooled to �78 8C, and a solution of ep-
oxide 8 (100 mg, 0.413 mmol) in THF (1.0 mL) was added. TMSCl
(0.26 mL, 2.1 mmol) was then added at �78 8C, and the reaction tempera-
ture was increased to �25 8C over 1.5 h. Inorganic materials were re-
moved by filtration through a celite pad, and the filtrate was concentrat-
ed in vacuo to give the TMS ether (233.0 mg), which was used directly in
the next reaction without purification. [Pd2 ACHTUNGTRENNUNG(dba3)]·CHCl3 (60.3 mg,
0.0583 mmol) and diallylcarbonate (56 mL, 0.39 mmol) was added to a so-
lution of the TMS ether in MeCN (6.9 mL), and the mixture was stirred
for 4 h at room temperature. The reaction mixture was quenched with sa-
turated aqueous NaHCO3, and the organic materials were extracted with
CHCl3 (3N5 mL). The combined organic phases were washed with brine
and dried over Na2SO4. The organic phase was concentrated in vacuo
and was purified by silica-gel column chromatography (hexane/EtOAc=
50:1) to afford (2S,3R,4R)-4-tert-butyldimethylsiloxy-2,3-epoxy-5-cyclo-
hexen-1-one (9) (77.4 mg, 0.322 mmol, 78%) as a colorless oil. [a]20D =
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�265 (c=1.1, CHCl3); IR (KBr): ñ=2956, 2931, 2858, 1693, 1261, 1092,
839, 806, 779 cm�1; 1H NMR (CDCl3): d=0.12 (3H, s), 0.15 (3H, s), 0.89
(9H, s), 3.42–3.42 (1H, m), 3.60–3.62 (1H, m), 4.62–4.63 (1H, m), 5.96
(1H, dt, J=10.5, 1.3 Hz), 6.53 ppm (1H, ddd, J=10.5, 4.5, 2.7 Hz);
13C NMR (CDCl3): d=�4.7, �4.5, 18.1, 25.6, 53.3, 58.4, 63.6, 126.2, 144.3,
193.2 ppm.


10 : A solution of iodine (305 mg, 1.20 mmol) in Et2O (1.5 mL) and pyri-
dine (1.5 mL) was stirred at 0 8C for 20 min in the dark. Enone 9
(144 mg, 0.600 mmol) was added to the reaction mixture at 0 8C, and the
reaction temperature was raised to room temperature over 2 h. The reac-
tion mixture was quenched with saturated aqueous Na2S2O3, and the or-
ganic materials were extracted with EtOAc. The combined organic
phases were washed with brine and dried over Na2SO4. The organic
phase was concentrated in vacuo and purified by silica-gel column chro-
matography (hexane/EtOAc=50:1) to afford (2S,3R,4R)-4-tert-butyldi-
methylsiloxy-2,3-epoxy-6-iodo-5-cyclohexen-1-one (10) (178 mg,
0.485 mmol, 80%) as a colorless oil. [a]22D =�105.6 (c=1.2, CHCl3); IR
(KBr): ñ=2954, 2858, 1697, 1257, 1092, 872, 835, 781 cm�1; 1H NMR
(CDCl3): d=0.16 (3H, s), 0.18 (3H, s), 0.92 (9H, s), 3.62–3.63 (1H, m),
3.68–3.69 (1H, m), 4.59–4.60 (1H, m), 7.28 ppm (1H, dd, J=5.0, 2.4 Hz);
13C NMR (CDCl3): d=�4.7, �4.5, 18.1, 25.6, 51.7, 58.2, 66.1, 101.9, 152.6,
187.5 ppm; HRMS (FAB): calcd for C12H20IO3Si: 367.0227, found:
367.0249.


12 : [Pd2 ACHTUNGTRENNUNG(dba3)]·CHCl3 (8.2 mg, 8.2 mmol), AsPh3 (7.8 mg, 0.026 mmol),
and toluene (0.2 mL) were stirred for 20 min at room temperature. A so-
lution of iodoenone 10 (30 mg, 0.08 mmol) and vinyl stannane 11
(37.6 mg, 0.1 mmol) in toluene (0.5 mL) were added to the reaction mix-
ture, which was stirred at 110 8C for 5 min in toluene. After cooling, inor-
ganic materials were removed by filtration through a celite pad, the fil-
trate was concentrated in vacuo, and the residue was purified by silica-gel
column chromatography (hexane/EtOAc=5:1) to afford (2S,3R,4R)-4-
tert-butyldimethylsiloxy-2,3-epoxy-6-(3-hydroxy-3-methylbutenyl)-5-cy-
clohexen-1-one (12) (19.8 mg, 0.0610 mmol) in 77% yield as a colorless
oil. Enone 12 is unstable, therefore it was used immediately in the next
reaction. 1H NMR (CDCl3): d=0.13 (3H, s), 0.16 (3H, s), 0.90 (9H, s),
1.33 (3H, s), 1.35 (3H, s), 3.46 (1H, d, J=3.3 Hz), 3.60–3.65 (1H, m),
4.72 (1H, d, J=4.9 Hz), 6.28 (1H, d, J=16.1 Hz), 6.38 (1H, s), 6.41 ppm
(1H, d, J=16.1 Hz).


1: Excess NH4F (23.7 mg, 0.641 mmol) was added to a solution of 12
(19.8 mg, 0.0610 mmol) in MeOH (3 mL) at room temperature. The reac-
tion mixture was stirred at room temperature for 12 h and then concen-
trated in vacuo. The residue was purified by thin-layer chromatography
(MeOH/CHCl3 1:10) to afford monomer 2 (9.3 mg, 0.044 mmol) in 75%
yield. The monomer 2 was allowed to stand at room temperature for 33 h
and purified thin-layer chromatography (MeOH/CHCl3 1:10) to afford
panepophenanthrin (1) (9.2 mg, 0.02 mmol, 95%) as a white solid. Mono-
mer (2) 1H NMR (CDCl3): d=1.04 (3H, s), 1.05 (3H, s), 3.31 (1H, d, J=
3.5 Hz), 3.53–3.55 (1H, m), 4.50 (1H, d, J=5.1 Hz), 6.05 (1H, d, J=
16.1 Hz), 6.18 (1H, d, J=16.1 Hz), 6.32 ppm (1H, dd, J=5.1, 2.4 Hz).
Panepophenanthrin (1): [a]24D =++147.2 (c=0.91, MeOH); lit. [a]26D =


+149.8 (c=1.0, MeOH);[1] IR (KBr): ñ=2978, 1676, 1597, 1338, 1142,
997 cm�1; 1H NMR (CDCl3): d=1.17 (3H, s), 1.20 (3H, s), 1.35 (3H, s),
1.45 (3H, s), 2.03 (1H, br d, J=9.7 Hz), 2.32 (1H, br d, J=10.0 Hz), 3.31
(1H, d, J=4.0 Hz), 3.35 (1H, dd, J=5.0, 1.6 Hz), 3.42 (1H, d, J=4.0 Hz),
3.50 (1H, t, J=3.2 Hz), 3.84 (1H, t, J=3.4 Hz), 4.35 (1H, br s), 4.55 (1H,
br s), 5.68 (1H, d, J=16.2 Hz), 5.99 (1H, d, J=16.2 Hz), 6.81 ppm (1H,
dd, J=5.0, 3.0 Hz); 13C NMR (CDCl3): d=26.2, 29.5, 30.3, 32.3, 50.0,
51.2, 55.1, 55.6, 57.1, 57.2, 57.4, 60.7, 66.2, 69.0, 71.8, 79.2, 102.7, 129.3,
138.8, 139.9, 143.0, 196.3 ppm.


16 : [Pd ACHTUNGTRENNUNG(PhCN)2Cl2] (7.4 mg, 0.02 mmol) was added to a solution of io-
doenone 10 (23.5 mg, 0.0642 mmol), 1-propen-1-ylboronic acid (13)
(11.0 mg, 0.128 mmol), Ag2O (23.8 mg, 0.103 mmol), and AsPh3 (11.8 mg,
0.04 mmol) in THF/H2O (8:1, 1.4 mL), and the reaction mixture was stir-
red at room temperature for 30 min in the dark. Saturated aqueous
NH4Cl (5 mL) was added to the reaction mixture, which was stirred for
1 h at that temperature. The organic materials were extracted with
EtOAc (5 mL). The combined organic phases were washed with brine
and dried over Na2SO4. The organic phase was concentrated in vacuo


and purified by thin-layer chromatography (hexane/EtOAc=30:1) to
afford (2S,3R,4R)-6-butenyl-4-tert-butyldimethylsiloxy-2,3-epoxy-5-cyclo-
hexen-1-one (16) (16.5 mg, 0.0590 mmol, 92%) as a colorless oil. As 16
was unstable, it was used immediately in the next reaction. 1H NMR
(CDCl3): d=0.12 (3H, s), 0.15 (3H, s), 0.90 (9H, s), 1.79 (3H, d, J=
6.4 Hz), 3.42 (1H, d, J=4.0 Hz), 3.62 (1H, s), 4.71 (1H, d, J=4.0 Hz),
6.10 (1H, d, J=16.2 Hz), 6.19–6.26 (1H, m), 6.30–6.40 ppm (1H, m).


19 : Excess NH4F (20.5 mg, 0.554 mmol) was added to a solution of the
siloxy monomer 16 (15.5 mg, 0.0553 mmol) in MeOH (3 mL) at room
temperature. The reaction mixture was stirred at room temperature for
12 h and then concentrated in vacuo. The residue was purified by thin-
layer chromatography (MeOH/CHCl3=1:1) to afford the monomer. The
monomer was allowed to stand at room temperature for 5 h to afford
RKTS-80 (19) (15.0 mg, 0.05 mmol) in 80% yield as a white solid. [a]22D =


+83.1 (c=0.1, CHCl3); IR (KBr): ñ=3419, 2923, 2854, 1698, 1633, 1455,
1259, 1085 cm�1; 1H NMR (CDCl3): d=0.87 (3H, d, J=7.2 Hz), 1.67
(3H, dd, J=6.5, 1.5 Hz), 2.35–2.38 (1H, m), 2.60–2.70 (1H, m), 2.90–3.00
(1H, m), 3.23 (1H, d, J=3.4 Hz), 3.29 (1H, d, J=3.4 Hz), 3.50 (1H, d,
J=3.4 Hz), 3.52 (1H, d, J=3.4 Hz), 3.91 (1H, d, J=9.0 Hz), 4.58 (1H, d,
J=4.2 Hz), 5.20–5.40 (1H, m), 5.56 (1H, dd, J=16.2, 1.5 Hz), 6.60 ppm
(1H, dd, J=4.7, 2.3 Hz); 13C NMR (CDCl3): d=15.2, 18.4, 29.6, 34.5,
44.8, 53.3, 53.6, 58.1, 61.9, 66.5, 70.6, 76.4, 129.1, 131.0, 131.8, 142.6, 195.4,
203.0 ppm; HRMS (FAB): calcd for C18H21O6: 333.1338, found: 333.1357.


ACHTUNGTRENNUNG(2S,3R,4R)-4-tert-Butyldimethylsiloxy-2,3-epoxy-6-hexenyl-5-cyclohexen-
1-one (17), (2S,3R,4R)-4-tert-butyldimethylsiloxy-6-decenyl-2,3-epoxy-5-
cyclohexen-1-one (18), RKTS-81 (20), and RKTS-82 (21) were prepared
by the same procedure as that for RKTS-80 (19). The physical data for
these compounds are detailed below.


17: 1H NMR (CDCl3): d=0.13 (3H, s), 0.15 (3H, s), 0.90 (9H, s), 1.21–
1.40 (9H, m), 3.51 (1H, d, J=4.4 Hz), 3.62 (1H, s), 4.71 (1H, d, J=
4.4 Hz), 6.08 (1H, d, J=16.1 Hz), 6.18–6.32 (1H, m), 6.30–6.37 ppm (1H,
m).


20 : [a]21D =++25.8 (c=0.2, CHCl3); IR (KBr): ñ=3444, 2927, 2857, 1698,
1635, 1465, 1268 cm�1; 1H NMR (CDCl3): d=0.80–0.90 (6H, m), 1.20–
1.28 (12H, m), 2.47 (1H, dd, J=6.0, 3.8 Hz), 2.72–2.79 (1H, m), 2.80–
2.87 (1H, m), 3.29 (1H, d, J=3.3 Hz), 3.33 (1H, d, J=3.3 Hz), 3.53 (1H,
d, J=3.3 Hz), 3.56 (1H, d, J=3.3 Hz), 4.03 (1H, d, J=9.2 Hz), 4.75 (1H,
d, J=3.8 Hz), 5.30 (1H, td, J=16.4, 6.8 Hz), 5.59 (1H, d, J=16.4 Hz),
6.78 ppm (1H, dd, J=2.8, 2.1 Hz); 13C NMR (CDCl3): d=13.8, 22.2, 22.6,
29.5, 29.7, 30.4, 31.0, 32.6, 39.9, 44.6, 47.0, 53.3, 53.4, 53.9, 57.5, 61.7, 67.4,
71.6, 130.1, 131.6, 134.8, 142.3, 194.5, 202.4 ppm; HRMS (FAB): calcd for
C24H33O6: 417.2277, found: 417.2265.


18 : 1H NMR (CDCl3): d=0.12 (3H, s), 0.15 (3H, s), 1.00 (9H, s), 1.15–
1.30 (17H, m), 3.49 (1H, d, J=4.1 Hz), 3.62 (1H, s), 4.71 (1H, d, J=
4.1 Hz), 6.08 (1H, d, J=15.8 Hz), 6.17–6.28 (1H, m), 6.30–6.37 ppm (1H,
m).


21: [a]23D =++33.8 (c=0.1, CHCl3); IR (KBr): ñ=3434, 2925, 2854, 1702,
1465, 1270, 1054 cm�1; 1H NMR (CDCl3): d=0.84–0.87 (6H, m), 1.00–
1.06 (28H, m), 2.46 (1H, dd, J=6.3, 4.0 Hz), 2.72–2.80 (1H, m), 2.80–
2.86 (1H, m), 3.28 (1H, d, J=3.3 Hz), 3.32 (1H, d, J=3.3 Hz), 3.53 (1H,
d, J=3.3 Hz), 3.55 (1H, d, J=3.3 Hz), 4.03 (1H, d, J=9.2 Hz), 4.75 (1H,
d, J=4.0 Hz), 5.30 (1H, td, J=6.9, 16.3 Hz), 5.58 (1H, d, J=16.3 Hz),
6.78 ppm (1H, dd, J=5.0, 2.1 Hz); 13C NMR (CDCl3): d=14.1, 22.6, 27.4,
28.9, 29.15, 29.22, 29.3, 29.4, 29.6, 29.7, 30.8, 31.8, 33.0, 40.0, 44.7, 47.1,
53.3, 53.5, 53.9, 57.5, 61.8, 67.5, 71.7, 130.2, 131.6, 134.9, 142.2, 194.5,
202.5 ppm; HRMS (FAB): calcd for C32H49O6: 529.3529, found: 529.3504.


Effect of Solvent and Time on Yield of Diels–Alder Reaction of 2


Three vessels were prepared, in each of which was dissolved monomer 2
(2 mg, 0.01 mmol) in solvent (0.2 mL). The reactions were performed for
5, 22, and 33 h, respectively, at room temperature. Each reaction solution
was then concentrated in vacuo, and the NMR spectra were measured in
CDCl3/CD3OD (10:1). The yield of the dimer was determined by the in-
tegral ratio of d=6.81 (1H, dd, J=5.0, 3.0 Hz) and 6.32 ppm (1H, dd,
J=5.1, 2.4 Hz).
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Measurement of E1 Activity


The E1 activity was measured on the basis of the formation of the E1–
ubiquitin intermediate from E1 and ubiquitin in the presence of ATP.
Various concentrations of test compounds were added to 10 mL of the re-
action mixture (100 mm tris–HCl pH 9.0, 5 mm MgCl2, 1 mm DTT, 2.5 mm


ATP) containing 10 mgmL�1 of E1 enzyme (BostonBiochem, Boston,
MA). After incubation for 15 min at room temperature, 100 ng of biotin-
ylated ubiquitin (BostonBiochem) was added to the reaction mixture,
and the resulting mixture was incubated further at 37 8C for 15 min. The
reaction was terminated by boiling with Laemmli loading buffer. The
mixture (10 mL) was loaded on an SDS 7.5% polyacrylamide gel, and
electrophoresis was carried out under nonreducing conditions. The pro-
teins were electrically transferred to a PVDF membrane (Millipore,
Boston, MA). The membrane was blocked and incubated with streptavi-
din-conjugated horseradish peroxidase to detect the biotinylated ubiqui-
tin by the enhanced chemiluminescence method (SuperSignal WestPico,
Pierce Biotechnology, Rockford, IL). The bands of ubiquitiylated E1
were quantified by Scanning Imager (Molecular Dynamics).


Cell Proliferation Assay in MCF-7 Cells


Human breast cancer MCF-7 cells were grown at 37 8C in a humidified
atmosphere containing 5% CO2 in an RPMI-1640 medium (Sigma, St.
Louis, MO) supplemented with 10% fetal calf serum. The cells were
seeded at 3N103 cells/well in a 96-well plate. After incubating for 18 h at
37 8C, various concentrations of test compounds were added, and further
incubated for 48 h at 37 8C. The cell number was evaluated by the subse-
quent color reaction. WST-8 solution 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt (Na-
kalai tesque, Kyoto) was added to the medium, and the cells were further
incubated for 3 h at 37 8C. The absorbance (A450) of each well was mea-
sured by using a plate reader (Wallac 1420 multilabel counter) (GE
Healthcare Biosciences KK, Tokyo). Cell number (%) was calculated as
(experimental absorbance�background absorbance)/(control absor-
ACHTUNGTRENNUNGbance�background absorbance)N100.
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Rhodium-Catalyzed Cascade Reaction of 1,6-Enynes Involving Addition,
Cyclization, and b-Oxygen Elimination


Tomoya Miura, Masahiko Shimada, and Masahiro Murakami*[a]


Introduction


The transition-metal-catalyzed addition of organometallic
reagents to unsaturated functionalities is currently an active
research area in synthetic organic chemistry. An organorho-
dium(I) intermediate[1] generated by transmetalation of a
rhodium catalyst with a main-group organometallic reagent
adds intermolecularly to alkynes,[2] alkenes,[3] aldehydes,[4]


ketones,[5] imines,[6] and even nitriles.[7] Arylboronic acids
and esters are relatively stable toward air and water, hence
they are often the main-group organometal of choice in rho-
dium(I)-catalyzed addition reactions. In these reactions, hy-
droxorhodium(I) and alkoxorhodium(I) exhibit superior ac-
tivity as the rhodium(I) catalyst.[2f] This is presumably be-
cause the hydroxo and alkoxo ligands on rhodium are nucle-
ophilic enough to coordinate to the boronic compound, fa-
cilitating transmetalation between rhodium and boron.[8]


The resulting arylrhodium(I) species then adds to an unsatu-
rated organic compound. The concomitant formation of a
thermodynamically stable boronic acid derivative contrib-
utes to the driving force of the entire reaction.
Efficient turnover of such a catalytic cycle requires the re-


generation of a catalytically active RhI–OR species at the


termination step. There are two elementary steps available
for straightforward generation of the requisite RhI–OR spe-
cies from an intermediate organorhodium(I) complex. One
is protodemetalation by a proton source such as water, the
other is b-oxygen elimination from b-oxy-substituted orga-
norhodium(I).[9,10] In the latter case, a proton source is not
required for catalytic-cycle turnover (Scheme 1).


Cascade reactions that consist of a sequence of multiple
carbon–carbon bond-forming steps present a powerful
method to construct structurally complex molecules in an
atom-economical manner.[11] Although numerous excellent
cascade reactions have been developed in organopalladium
chemistry,[12] the potential of rhodium(I)-catalyzed cascade
reactions is yet to be explored. Several reports recently ap-
peared on rhodium-catalyzed cascade reactions triggered by
addition of organoborons, during which the RhI–OR species
is regenerated by protodemetalation under aqueous condi-
tions.[13] For the termination step of cascade processes, how-
ever, b-oxygen elimination has an advantage over protode-
metalation, which could intercept the propagation of multi-
ple carbon–carbon bond formation at any intermediate
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Scheme 1. Generation of a catalytically active RhI–OR species.
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stage. Thus, we designed a cascade reaction that regenerates
methoxorhodium(I) by b elimination of rhodium with the
methoxy group at the allylic position (Scheme 2).[14] We
report herein a full account of our study on the rhodium-


catalyzed cascade reaction of 1,6-enynes with arylboronic
acids.[15] The use of alkyl Grignard reagents instead of aryl-
boronic acids as a nucleophilic main-group organometal was
also examined.


Results and Discussion


We designed 1,6-enyne 1 a with an allylic ether moiety as
the model substrate for the reaction in Scheme 2 and exam-
ined the reaction of 1 a with phenylboronic acid (2 a). A
mixture of 1 a and 2 a (5 equiv) in 1,4-dioxane was heated at
100 8C in the presence of [{Rh(OH)((R)-binap)}2] (5 mol%
Rh) (Scheme 3). The 1,6-enyne 1 a was consumed in 2 h, and
after chromatographic isolation, three phenylated products
3 aa, 4, and 5 were obtained in 53%, 4%, and 33% yield, re-
spectively (see below for asymmetric induction).
In this model reaction, the catalytic cycle is initiated by


transmetalation of hydoxorhodium(I) with phenylboronic
acid (2 a) to generate phenylrhodium(I) and boronic acid.
The phenylrhodium(I) species undergoes 1,2-addition across
the carbon–carbon triple bond of 1 a in a syn fashion to give
the regioisomeric alkenylrhodium(I) intermediates A and B,
depending on the direction of 1,2-addition. With the major
regioisomer A, intramolecular carborhodation to the neigh-
boring allylic double bond occurs in a 5-exo-trig mode, fur-


nishing the (cyclopentylmethyl)rhodium(I) intermediate C.
Subsequent b elimination of the methoxy group generates
the cyclization product 3 aa with release of methoxorhodi-
ACHTUNGTRENNUNGum(I), which promotes the next catalytic cycle, just as hy-
droxorhodium(I) has done in the initial cycle. Notably, with
the organorhodium(I) intermediate C, b-oxygen elimination
predominates over b-hydrogen elimination. This preference
for the former sharply contrasts with the palladium-cata-
lyzed Heck-type carbopalladation/cyclization reaction of a
similar 1,6-enyne substrate, in which an organopalladium(II)


Abstract in Japanese:


Scheme 2. Cascade reaction involving addition, cyclization, and b-oxygen
elimination.


Scheme 3. Reaction of 1,6-enyne 1a with phenylboronic acid (2a) catalyzed by [{Rh(OH)((R)-binap)}2]. binap=2,2’-bis(diphenylphosphanyl)-1,1’-
binaphthyl.
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intermediate undergoes b-hydride rather than b-oxygen
elimination.[14c] On the other hand, the minor regioisomer B
is subject to either protonolysis to give the product 4 or 1,4-
shift of rhodium onto the phenyl ring.[16] In the latter case,
the resultant arylrhodium(I) compound D is subsequently
acylated by the neighboring ester group to afford a-tetra-
lone 5[17] or hydrolyzed to afford 4.
The reaction of 1 a with 2 a was examined under various


conditions (Table 1). For the initial 1,2-addition of the phe-


nylrhodium(I) species across the carbon–carbon triple bond,
a better regioselectivity was observed at room temperature
than at 100 8C (Table 1, entries 1 and 2). The ligand of rhodi-
um also influenced the regioselectivity. The use of cyclooc-
ta-1,5-diene (cod) as the ligand led to the selective forma-
tion of 3 aa (3 aa/ ACHTUNGTRENNUNG(4+5)�95:5; Table 1, entries 3–6). In par-
ticular, the reaction at room temperature with the cod
ligand proceeded efficiently to afford 3 aa in 72% yield,
even with the use of two equivalents of 2 a and a lower cata-
lyst loading (Table 1, entry 6). It is conceivable that the
stronger p-acidic and less sterically demanding character of
the cod ligand led to the highly regioselective addition of
the phenylrhodium(I) species.
For comparison, an analogous reaction was carried out


with substrate 6, which lacks an olefin moiety.[13c] Almost no
reaction occurred at room temperature when (R)-binap was
used as the ligand. The addition reaction with the cod ligand
proceeded only sluggishly at room temperature, and after
2 h, the 1,2-adduct 7 was formed in 10% yield (Scheme 4).
These contrasting results indicate that the olefin moiety of


1 a coordinates intramolecularly to rhodium to facilitate the
initial 1,2-addition.
Next, we examined the effect of the leaving group at the


allylic position (Table 2). The addition/cyclization reaction
successfully occurred with substrates 1 b and 1 c, which have


a free hydroxy group and a silyl ether at the allylic position,
respectively (Table 2, entries 1 and 2). The reaction of the
allylic acetate 1 d, however, was considerably slower, and
the starting material remained after 2 h (Table 2, entry 3).
The lower reactivity of the acetate 1 d can be ascribed to the
lower nucleophilicity of the acetoxy ligand that resulted
from b elimination. The transmetalation step between rhodi-
um and boron would be slower with the less-nucleophilic
acetoxy ligand. Furthermore, the lower reactivity of 1 d sug-
gests that an oxidative-addition mechanism involving a p-al-
lylrhodium intermediate is unlikely.
The regiochemistry of the initial 1,2-addition of phenyl-


rhodium(I) to the carbon–carbon triple bond is influenced
by the alkyne substituent (Table 3). A good regioselectivity
was observed with the ethyl-substituted 1 e, which gave a
slightly better yield of 3 than methyl-substituted 1 a
(Table 3, entries 1 and 2). The reaction of phenyl- and tri-
ACHTUNGTRENNUNGmethylsilyl-substituted alkynes 1 f and 1 g gave the corre-


Table 1. Reaction of 1,6-enyne 1a with phenylboronic acid (2 a) in the
presence of a RhI complex.


Entry 2 a
[equiv]


RhI complex
ACHTUNGTRENNUNG([mol% Rh])


T
[8C]


3 aa/ ACHTUNGTRENNUNG(4+5)[a] 3aa
[%][b]


1 5 [{Rh(OH)((R)-
binap)}2] (5)


100 59:41 53


2 5 [{Rh(OH)((R)-
binap)}2] (5)


RT 73:27 66


3 5 [{Rh(OH) ACHTUNGTRENNUNG(cod)}2] (5) 100 >95:5 60
4 5 [{Rh(OH) ACHTUNGTRENNUNG(cod)}2] (3) 100 >95:5 69
5 2 [{Rh(OH) ACHTUNGTRENNUNG(cod)}2] (3) 100 >95:5 60
6 2 [{Rh(OH) ACHTUNGTRENNUNG(cod)}2] (3) RT >95:5 72


[a] Ratio determined by 1H NMR spectroscopy. [b] Yield of isolated
product.


Scheme 4. Arylation of substrate 6 with phenylboronic acid (2a).


Table 2. Rhodium-catalyzed arylative cyclization: effect of the leaving
group at the allylic position.[a]


Entry Substrate Product Yield [%][b]


1 1 b R=H 3aa 63
2 1 c R=TBS 78
3 1 d R=Ac 37[c]


[a] 1 (0.2 mmol) was treated with 2a (0.4 mmol) in dioxane (2.0 mL) in
the presence of [{Rh(OH) ACHTUNGTRENNUNG(cod)}2] (3 mol% Rh) at RT for 2 h. [b] Yield
of isolated product. [c] The starting material remained. TBS= tert-butyl-
dimethylsilyl.


Table 3. Rhodium-catalyzed arylative cyclization: effect of the alkyne
substituent.[a]


Entry Substrate Product t [h] Yield [%][b]


1 1 a R=Me 3aa 2 72
2 1 e R=Et 3ea 2 80
3 1 f R=Ph 3 fa 9 15[c,d]


4 1 g R=TMS 3ga 5 20[c,d]


[a] 1 (0.2 mmol) was treated with 2a (0.4 mmol) in dioxane (2.0 mL) in
the presence of [{Rh(OH)ACHTUNGTRENNUNG(cod)}2] (3 mol% Rh) at RT. [b] Yield of isolat-
ed product. [c] Compounds corresponding to 4 and 5 were formed.
[d] The starting material remained. TMS= trimethylsilyl.
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sponding products 3 fa and 3 ga in low yield, owing to the
lower regioselectivity of the initial 1,2-addition of the phe-
nylrhodium(I) species (Table 3, entries 3 and 4).
Other examples of rhodium-catalyzed cascade reactions


of 1,6-enynes are listed in Table 4. 1,6-Enyne 1 h with an E
olefin was also converted into the product 3 aa in good yield
(Table 4, entry 1). Even substrates 1 i and 1 j equipped with
trisubstituted olefins reacted well (Table 4, entries 2 and 3).
The reaction of substrate 1 k afforded the product 3 ka as a


mixture of cis and trans isomers (Table 4, entry 4). Substrate
1 l with a dimethyl acetal moiety at the allylic position gave
the aldehyde 3 la in 70% yield after acidic hydrolysis of the
resulting enol ether (Table 4, entry 5). A variety of function-
alized linkers, including ether and sulfone, were tolerated
(Table 4, entries 6–12). The reaction of aza-1,6-enyne 1 t,
which bears a sulfonamide group in the linker, gave the
product 3 ta in only 27% yield owing to the lower regiose-
lectivity of the initial 1,2-addition (Table 4, entry 13). The
reaction of 1,7-enyne 1 u, which has a tether one carbon
atom longer, proceeded far less efficiently to give the six-
membered-ring product 3 ua in only 32% yield (Table 4,
entry 14).
A variety of arylboronic acids 2 were subjected to the cas-


cade reaction of 1 a with a rhodium/diene catalyst (Table 5).
Both electron-donating and -withdrawing arylboronic acids


2 b–2 f were suitably reactive (Table 5, entries 1–5). In the
case of sterically bulkier o-tolylboronic acid (2 g) and 1-
naphthylboronic acid (2 h), the corresponding products 3 ag
and 3 ah were obtained in good yield as a mixture of atro-
pisomers (Table 5, entries 6 and 7). However, no reaction
occurred when methylboronic acid was used instead of the
arylboronic acids under the same conditions.
Thus, the cascade reaction is prompted by the carborho-


dation of a carbon–carbon triple bond, and the intermediate
alkenylrhodium(I) species successively participates in the
second carbon–carbon bond formation. We then examined a
cascade addition/cyclization process by using enediyne 8.
When 8 was treated with phenylboronic acid (2 a) in the
presence of [{Rh(OH) ACHTUNGTRENNUNG(cod)}2] (6 mol% Rh) for 18 h, bicy-
clic triene derivative 9 was obtained in 53% yield through
three successive carborhodation processes followed by b-
oxygen elimination (Scheme 5).
Next, the asymmetric version was examined by using


chiral ligands (Table 6). The (R)-binap ligand brought forth
an excellent level of asymmetric induction on the product
3 aa (94% ee ; Table 6, entry 1). However, the product selec-
tivity was moderate owing to low regioselectivity associated
with the use of phosphine ligands (see above). The use of
[{Rh(OH)((R)-binap)}2] at room temperature slightly in-
creased both chemical yield and enantioselectivity (66%


Table 4. Rhodium-catalyzed arylative cyclization: scope of the
ACHTUNGTRENNUNGsubstrate.[a]


Entry Substrate Product t
[h]


Yield
[%][b]


1 1h R=H 3 aa 2 75
2 1 i R=Me[c] 3 ia 23 61


3 1j R=Me, R’=H 3 ja 17 71[d]


4 1k R=H, R’=Me 3 ka 6 79[e]


5 2 70


6 1m X=C ACHTUNGTRENNUNG(CO2tBu)2, Y=Me 3 ma 2 69
7 1n X=C ACHTUNGTRENNUNG(CH2OMe)2, Y=Me 3 na 2 81
8 1o X=C ACHTUNGTRENNUNG(CH2OAc)2, Y=Me 3 oa 5 69
9 1p X=C ACHTUNGTRENNUNG(CH2OBn)2, Y=Me 3 pa 5 72
10 1q X=C ACHTUNGTRENNUNG(CH2OBn)2, Y=Et 3 qa 16 79


11


1r X=


3 ra 4 72


12 1s X=C ACHTUNGTRENNUNG(SO2Ph)2, Y=Me 3 sa 16 70[d]


13 1t X=NTs, Y=Me 3 ta 12 27[d, f]


14 4 32


[a] 1 (0.2 mmol) was treated with 2a (0.4 mmol) in dioxane (2.0 mL) in
the presence of [{Rh(OH) ACHTUNGTRENNUNG(cod)}2] (3 mol% Rh) at RT, unless otherwise
noted. [b] Yield of isolated product. [c] E/Z=9:1. [d] 2 a (4 equiv) and
[{Rh(OH)ACHTUNGTRENNUNG(cod)}2] (6 mol% Rh) were used. [e] A 59:41 mixture of geo-
metrical isomers was obtained. [f] Compounds corresponding to 4 and 5
were formed. [g] E/Z=1:4.


Table 5. Rhodium-catalyzed arylative cyclization: scope of the
ACHTUNGTRENNUNGarylboronic acid.[a]


Entry ArB(OH)2 Product t [h] Yield [%][b]


1 2 b Ar=4-F-C6H4 3ab 2 77
2 2 c Ar=4-NO2-C6H4 3ac 6 82
3 2 d Ar=4-Me-C6H4 3ad 10 68
4 2 e Ar=3-MeO-C6H4 3ae 2 77
5 2 f Ar=3-Cl-C6H4 3af 2 77
6 2 g Ar=2-Me-C6H4 3ag 8 80[c]


7 2 h Ar=1-naphthyl 3ah 13 81[c]


[a] 1a (0.2 mmol) was treated with 2 (0.4 mmol) in dioxane (2.0 mL) in
the presence of [{Rh(OH)ACHTUNGTRENNUNG(cod)}2] (3 mol% Rh) at RT. [b] Yield of isolat-
ed product. [c] Mixture of atropisomers (52:48 for 3ag, 62:38 for 3ah).
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yield, 97% ee ; Table 6, entry 4). On the other hand, a better
product ratio was observed with a moderate enantioselectiv-
ity of 61% ee when the chiral diene ligand developed by
Carreira and co-workers was used (Table 6, entry 5).[18]


As mentioned above, methylboronic acid failed to under-
go the cascade reaction with 1,6-enynes (Table 7, entry 1).
As there have been limited examples in which a C ACHTUNGTRENNUNG(sp3)–rho-
dium linkage adds intermolecularly to unsaturated function-
alities,[19,20] we next examined the use of other organometal-
lic reagents for the installation of a methyl group. The
model substrate 1 q, which lacks ester groups, was treated
with a methyl–metal reagent in the presence of [{RhCl-
ACHTUNGTRENNUNG(cod)}2] (5 mol% Rh) at 50 8C for 22 h. Methyllithium and
dimethylzinc failed to participate in the catalytic cyclization
(Table 7, entries 2 and 3), although the reason was unclear.
On the other hand, methylzinc chloride and trimethylalumi-
num afforded the cyclized product 10 qa in 25% and 29%


yield, respectively (Table 7, entries 4 and 5). Notably, the
use of MeMgCl efficiently promoted the reaction to give the
methylated cyclization product 10 qa in 72% yield (Table 7,
entry 6).
Mechanistically, the reaction may proceed via a methyl-


rhodium(I) species, which is generated by transmetalation of
[{RhCl ACHTUNGTRENNUNG(cod)}2] with MeMgCl.[21] Then, the rhodium-cata-
lyzed cascade of addition/cyclization/b-oxygen elimination
follows as with the case of arylboronic acids. However, no
1,2-addition across the carbon–carbon triple bond took
place when 4-octyne was reacted with MeMgCl in the pres-
ence of the rhodium catalyst. At this stage, an oxidative-cyc-
lization mechanism involving a rhodaACHTUNGTRENNUNG(III)cycle with a five-
membered ring can hardly be ruled out.[22]


We examined the reaction of other enyne substrates with
MeMgCl (Table 8). The cascade reaction successfully occur-
red with substrate 1 v, which has an E olefin (Table 8,


entry 1). The reaction tolerated various substituents on the
alkyne terminus, including phenyl (1 w) and trimethylsilyl
(1 x) (Table 8, entries 3 and 4).
The reaction of C6H5CH2MgCl with 1 q gave the cyclized


product 10 qb in 59% yield (Scheme 6). Aliphatic Grignard


Scheme 5. Rhodium-catalyzed arylative cyclization of enediyne 8.


Table 6. Asymmetric arylative cyclization catalyzed by rhodium.[a]


Entry 1 RhI complex
(Rh/ligand=1:1)


T
[8C]


t
[h]


3/ ACHTUNGTRENNUNG(4+5)[b] 3 a
[%][c]


ee
[%][d]


1 1 a ACHTUNGTRENNUNG[{RhCl ACHTUNGTRENNUNG(C2H4)2}2]/(R)-
binap


100 2 64:36 49 94


2 1 a ACHTUNGTRENNUNG[{RhCl((R)-binap)}2] 100 2 64:36 56 89
3 1 a [{Rh(OH)((R)-binap)}2] 100 2 59:41 53 92
4 1 a [{Rh(OH)((R)-binap)}2] RT 2 73:27 66 97


5 1 a


ACHTUNGTRENNUNG[{RhCl ACHTUNGTRENNUNG(C2H4)2}2]/


90 5 85:15 54 61


6 1 q [{Rh(OH)((R)-binap)}2] RT 35 – 61 87


[a] 1 (0.2 mmol) was treated with 2a (1.0 mmol) in dioxane (2.0 mL) in
the presence of the rhodium(I) complex (5 mol% Rh). [b] Ratio deter-
mined by 1H NMR spectroscopy. [c] Yield of isolated product. [d] Deter-
mined by chiral HPLC.


Table 7. Rhodium-catalyzed methylative cyclization with methyl–metal
reagents.


Entry Me�M Yield [%][a] Entry Me�M Yield [%][a]


1 MeB(OH)2 0 4 MeZnCl 25
2 MeLi 0 5 Me3Al 29
3 Me2Zn 0 6 MeMgCl 72


[a] Yield of isolated product.


Table 8. Rhodium-catalyzed methylative cyclization of 1,6-enynes 1 with
methyl Grignard reagents.[a]


Entry Substrate Product t [h] Yield [%][b]


1 12 71


2 1 p R=Me 10pa 20 70
3 1 w R=Ph[c] 10wa 9 72
4 1 x R=TMS 10xa 48 50[d]


5 20 61


[a] 1 (0.12 mmol) was treated with MeMgCl (0.36 mmol) in the presence
of [{RhCl ACHTUNGTRENNUNG(cod)}2] (5 mol% Rh) at 50 8C in THF (1.2 mL), unless other-
wise noted. [b] Yield of isolated product. [c] A 62:38 mixture of geomet-
rical isomers was obtained. [d] [{RhCl ACHTUNGTRENNUNG(cod)}2] (10 mol% Rh) was used.


Scheme 6. Rhodium-catalyzed cyclization of 1,6-enyne 1q with
C6H5CH2MgCl.


872 www.chemasianj.org B 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2006, 1, 868 – 877


FULL PAPERS
M. Murakami et al.







reagents that contain a b-hydrogen atom, such as nBuMgCl
and iPrMgCl, failed to participate in the cascade reaction
and afforded a mixture of unidentified products.


Conclusions


We have developed new cyclization reactions of 1,6-enynes
with arylboronic acids catalyzed by rhodium, in which the
methoxorhodium(I) species is regenerated by b elimination
of the methoxy group at the allylic position. The cod ligand
showed good regioselectivity in the addition of the organo-
rhodium(I) species to the carbon–carbon triple bond. These
findings could lead to the rational design of rhodium-cata-
lyzed cascade processes that involve multiple carbon–carbon
bond formation. Furthermore, the potential of MeMgCl as
the source of a methyl group in the rhodium-catalyzed cas-
cade reaction is revealed.


Experimental Section


General


All reactions were carried out under nitrogen atmosphere. Infrared spec-
tra were recorded on a Shimadzu FTIR-8100 spectrometer. 1H and
13C NMR spectra were recorded on a Varian Gemini 2000 (1H at
300 MHz and 13C at 75 MHz) spectrometer with CHCl3 (1H: d=


7.26 ppm) or CDCl3 (
13C: d=77.0 ppm) as an internal standard. High-res-


olution mass spectra were recorded on a JEOL JMS-SX102 A spectrome-
ter. Column chromatography was performed with silica gel 60 N (Kanto).
Preparative thin-layer chromatography was performed with silica gel
60 PF254 (Merck). 1,4-Dioxane was distilled from sodium. THF was dried
and deoxygenized by using an alumina/catalyst column system (Glass
Contour Co.).


Syntheses


1a : IR (neat): ñ=2956, 1738, 1437, 1293, 1211, 1115 cm�1; 1H NMR: d=
1.75 (t, J=2.7 Hz, 3H), 2.72 (q, J=2.5 Hz, 2H), 2.82 (d, J=8.1 Hz, 2H),
3.32 (s, 3H), 3.72 (s, 6H), 4.01 (d, J=6.6 Hz, 2H), 5.30–5.41 (m, 1H),
5.64–5.75 ppm (m, 1H); 13C NMR: d=3.5, 23.0, 30.3, 52.7, 57.0, 58.0,
68.0, 73.3, 79.0, 125.7, 131.0, 170.4 ppm; elemental analysis: calcd (%) for
C14H20O5: C 62.67, H 7.51; found: C 62.82, H 7.56.


1b : IR (neat): ñ=3409, 2955, 1737, 1439, 1294, 1210 cm�1; 1H NMR: d=
1.77 (t, J=2.6 Hz, 3H), 2.74 (q, J=2.5 Hz, 2H), 2.85 (dd, J=7.8, 1.2 Hz,
2H), 3.74 (s, 6H), 4.20 (dd, J=7.2, 1.2 Hz, 2H), 5.29–5.41 (m, 1H), 5.76–
5.87 ppm (m, 1H); 13C NMR: d=3.5, 23.1, 30.1, 52.8, 57.0, 58.1, 73.3,
79.3, 125.4, 133.1, 170.4 ppm; HRMS (CI): calcd for C13H19O5: 255.1233
[M+H]+ ; found: 255.1229.


1c : IR (neat): ñ=2955, 1740, 1437, 1293, 1254, 1210 cm�1; 1H NMR: d=
0.07 (s, 6H), 0.89 (s, 9H), 1.75 (t, J=2.6 Hz, 3H), 2.72 (q, J=2.6 Hz,
2H), 2.79 (d, J=7.8 Hz, 2H), 3.72 (s, 6H), 4.72 (dd, J=6.3, 1.5 Hz, 2H),
5.14–5.26 (m, 1H), 5.63–5.73 ppm (m, 1H); 13C NMR: d=�5.2, 3.5, 18.4,
22.9, 25.9, 30.3, 52.7, 57.0, 59.4, 73.3, 78.9, 122.8, 134.7, 170.4 ppm; HRMS
(CI): calcd for C19H33O5Si: 369.2097 [M+H]+ ; found: 369.2096.


1d : IR (neat): ñ=2957, 1738, 1437, 1375, 1293, 1216 cm�1; 1H NMR: d=
1.74 (t, J=2.4 Hz, 3H), 2.04 (s, 3H), 2.71 (q, J=2.6 Hz, 2H), 2.84 (dd,
J=8.0, 0.8 Hz, 2H), 3.72 (s, 6H), 4.65 (dd, J=6.6, 1.2 Hz, 2H), 5.36–5.49
(m, 1H), 5.64–5.76 ppm (m, 1H); 13C NMR: d=3.4, 20.9, 23.0, 30.2, 52.8,
56.9, 60.2, 73.0, 79.3, 127.5, 128.1, 170.2, 170.8 ppm; HRMS (CI): calcd
for C15H21O6: 297.1338 [M+H]+ ; found: 297.1332.


1e : IR (neat): ñ=2995, 1735, 1437, 1293, 1211, 1115 cm�1; 1H NMR: d=
1.09 (t, J=7.7 Hz, 3H), 2.13 (qt, J=7.7, 2.4 Hz, 2H), 2.74 (t, J=2.4 Hz,
2H), 2.80–2.86 (m, 2H), 3.33 (s, 3H), 3.73 (s, 6H), 4.00–4.06 (m, 2H),


5.31–5.42 (m, 1H), 5.65–5.76 ppm (m, 1H); 13C NMR: d=12.4, 14.1, 22.9,
30.3, 52.7, 57.1, 58.0, 68.0, 73.6, 85.1, 125.7, 131.0, 170.3 ppm; HRMS
(CI): calcd for C15H23O5: 283.1545 [M+H]+ ; found: 283.1543.


1 f : IR (neat): ñ=2953, 1738, 1437, 1294, 1211, 1113 cm�1; 1H NMR: d=
2.88 (d, J=8.1 Hz, 2H), 2.98 (s, 2H), 3.25 (s, 3H), 3.74 (s, 6H), 4.01 (dd,
J=6.6, 1.5 Hz, 2H), 5.32–5.43 (m, 1H), 5.66–5.76 (m, 1H), 7.22–7.28 (m,
3H), 7.30–7.36 ppm (m, 2H); 13C NMR: d=23.6, 30.5, 52.9, 57.1, 58.0,
68.0, 83.6, 84.2, 123.0, 125.5, 128.0, 128.2, 131.3, 131.6, 170.2 ppm; HRMS
(CI): calcd for C19H23O5: 331.1545 [M+H]+ ; found: 331.1544.


1g : IR (neat): ñ=2957, 1740, 1437, 1211, 1115, 1028 cm�1; 1H NMR: d=
0.14 (s, 9H), 2.80 (s, 2H), 2.84 (d, J=7.8 Hz, 2H), 3.33 (s, 3H), 3.73 (s,
6H), 4.03 (dd, J=6.5, 1.4 Hz, 2H), 5.28–5.41 (m, 1H), 5.66–5.77 ppm (m,
1H); 13C NMR: d=0.0, 24.0, 30.3, 52.8, 57.0, 58.1, 68.0, 88.3, 101.2, 125.5,
131.3, 170.0 ppm; HRMS (CI): calcd for C16H27O5Si: 327.1628 [M+H];
found: 327.1624.


1h : IR (neat): ñ=2950, 1738, 1439, 1283, 1210, 1114 cm�1; 1H NMR: d=
1.76 (t, J=2.7 Hz, 3H), 2.73 (q, J=2.5 Hz, 2H), 2.79 (d, J=7.2 Hz, 2H),
3.29 (s, 3H), 3.73 (s, 6H), 3.86 (d, J=5.7 Hz, 2H), 5.45–5.58 (m, 1H),
5.62–5.74 ppm (m, 1H); 13C NMR: d=3.7, 23.3, 35.3, 52.9, 57.5, 57.9,
72.9, 73.4, 79.3, 127.2, 131.7, 170.6 ppm; HRMS (CI): calcd for C14H21O5:
268.1389 [M+H]; found: 268.1389.


1 i : A mixture of geometrical isomers (E/Z=9:1) was obtained. IR (neat,
mixture): ñ=2955, 1738, 1437, 1289, 1203, 1088 cm�1; 1H NMR (E
isomer): d=1.59 (br s, 3H), 1.76 (t, J=2.6 Hz, 3H), 2.74 (q, J=2.5 Hz,
2H), 2.83 (br s, 2H), 3.31 (s, 3H), 3.73 (s, 6H), 3.92 (dd, J=6.3, 0.6 Hz,
2H), 5.43–5.53 ppm (m, 1H); 13C NMR (E isomer): d=3.5, 17.3, 23.0,
41.4, 52.6, 57.0, 57.8, 68.8, 73.5, 79.3, 127.2, 133.9, 170.8 ppm; HRMS
(CI): calcd for C14H19O4: 251.1283 [M�OMe]; found: 251.1289.


1j : IR (neat): ñ=2980, 1736, 1449, 1289, 1198, 1096 cm�1; 1H NMR: d=
1.08 (t, J=7.5 Hz, 3H), 1.25 (t, J=7.1 Hz, 6H), 1.69 (br s, 3H), 2.12 (qt,
J=7.4, 2.4 Hz, 2H), 2.73 (t, J=2.3 Hz, 2H), 2.83 (d, J=7.8 Hz, 2H), 3.24
(s, 3H), 3.78 (s, 2H), 4.10–4.28 (m, 4H), 5.18–5.26 ppm (m, 1H);
13C NMR: d=12.4, 13.9, 14.07, 14.12, 22.9, 30.2, 57.1, 57.3, 61.4, 73.9,
78.3, 84.8, 120.9, 136.6, 170.1 ppm; HRMS (CI): calcd for C18H29O5:
325.2015 [M+H]; found: 325.2014.


1k : IR (neat): ñ=2980, 1738, 1289, 1198, 1098, 1071 cm�1; 1H NMR: d=
1.09 (t, J=7.5 Hz, 3H), 1.20 (d, J=6.3 Hz, 3H), 1.25 (t, J=7.1 Hz, 6H),
2.13 (qt, J=7.4, 2.4 Hz, 2H), 2.74 (t, J=2.4 Hz, 2H), 2.75–2.81 (m, 2H),
3.23 (s, 3H), 3.58–3.73 (m, 1H), 4.10–4.28 (m, 4H), 5.38–5.52 ppm (m,
2H); 13C NMR: d=12.4, 14.1, 14.2, 21.5, 22.9, 34.9, 55.8, 57.2, 61.4, 73.6,
77.7, 85.0, 125.8, 136.9, 169.9 ppm; HRMS (CI): calcd for C18H29O5:
325.2015 [M+H]; found: 325.2017.


1 l : IR (neat): ñ=2955, 1738, 1437, 1202, 1130, 1053 cm�1; 1H NMR: d=
1.75 (t, J=2.4 Hz, 3H), 2.74 (q, J=2.6 Hz, 2H), 2.82 (d, J=7.2 Hz, 2H),
3.28 (s, 6H), 3.73 (s, 6H), 4.71 (d, J=4.2 Hz, 1H), 5.52–5.73 ppm (m,
2H); 13C NMR: d=3.5, 23.1, 35.0, 52.6, 52.7, 57.1, 73.0, 79.1, 102.4, 128.4,
131.6, 170.3 ppm; HRMS (CI): calcd for C15H23O6: 299.1495 [M+H];
found: 299.1493.


1m : IR (neat): ñ=2975, 1728, 1368, 1300, 1143, 1115 cm�1; 1H NMR: d=
1.45 (s, 18H), 1.75 (t, J=2.7 Hz, 3H), 2.61 (q, J=2.5 Hz, 2H), 2.73 (d,
J=7.5 Hz, 2H), 3.34 (s, 3H), 4.06 (dd, J=6.3, 1.5 Hz, 2H), 5.31–5.43 (m,
1H), 5.64–5.75 ppm (m, 1H); 13C NMR: d=3.4, 22.7, 27.8, 30.0, 57.5,
57.9, 68.2, 74.0, 78.4, 81.5, 126.3, 130.5, 169.2 ppm; HRMS (CI): calcd for
C20H33O5: 353.2328 [M+H]; found: 353.2332.


1n : IR (neat): ñ=2921, 2361, 1459, 1198, 1109 cm�1; 1H NMR: d=1.79 (t,
J=2.4 Hz, 3H), 2.11 (q, J=2.7 Hz, 2H), 2.15 (d, J=7.2 Hz, 2H), 3.19 (d,
J=9.0 Hz, 2H), 3.23 (d, J=9.3 Hz, 2H), 3.32 (s, 6H), 3.33 (s, 3H), 4.02
(d, J=5.7 Hz, 2H), 5.53–5.70 ppm (m, 2H); 13C NMR: d=3.6, 22.2, 29.7,
42.3, 57.9, 59.2, 68.2, 74.2, 75.5, 77.3, 128.0, 129.1 ppm; HRMS (CI): calcd
for C13H21O2: 209.1542 [M�OMe]; found: 209.1542.


1o : IR (neat): ñ=2922, 1747, 1368, 1231, 1105, 1042 cm�1; 1H NMR: d=
1.78 (t, J=2.6 Hz, 3H), 2.06 (s, 6H), 2.19 (q, J=2.5 Hz, 2H), 2.24 (d, J=
8.1 Hz, 2H), 3.33 (s, 3H), 3.94–4.04 (m, 6H), 5.47–5.63 (m, 1H), 5.65–
5.80 ppm (m, 1H); 13C NMR: d=3.5, 20.9, 22.3, 29.5, 40.5, 58.0, 65.4,
68.0, 73.8, 78.7, 126.4, 130.2, 170.7 ppm; HRMS (CI): calcd for C16H25O5:
297.1702 [M+H]; found: 297.1702.
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Rhodium-Catalyzed Cascade Reaction of 1,6-Enynes







1p : IR (neat): ñ=2859, 1497, 1455, 1366, 1102, 1028 cm�1; 1H NMR: d=
1.76 (t, J=2.6 Hz, 3H), 2.16–2.25 (m, 4H), 3.27 (s, 3H), 3.35 (d, J=
9.0 Hz, 2H), 3.39 (d, J=8.7 Hz, 2H), 3.99 (d, J=5.1 Hz, 2H), 4.50 (s,
4H), 5.52–5.69 (m, 2H), 7.21–7.36 ppm (m, 10H); 13C NMR: d=3.6, 22.4,
29.8, 42.6, 57.9, 68.3, 71.7, 73.2, 75.6, 77.4, 127.3, 128.1, 128.2, 129.1,
138.7 ppm; HRMS (CI): calcd for C26H33O3: 393.2430 [M+H]; found:
393.2436.


1q : IR (neat): ñ=2861, 1497, 1455, 1366, 1102, 1028 cm�1; 1H NMR: d=
1.10 (t, J=7.4 Hz, 3H), 2.14 (qt, J=7.6, 2.3 Hz, 2H), 2.18–2.26 (m, 4H),
3.28 (s, 3H), 3.35 (d, J=9.0 Hz, 2H), 3.40 (d, J=8.7 Hz, 2H), 4.00 (d, J=
4.8 Hz, 2H), 4.50 (s, 4H), 5.53–5.70 (m, 2H), 7,21–7.39 ppm (m, 10H);
13C NMR: d=12.5, 14.4, 22.3, 29.7, 42.6, 57.9, 68.2, 71.7, 73.2, 75.8, 83.6,
127.3, 128.1, 128.2, 129.1, 138.7 ppm; HRMS (CI): calcd for C27H35O3:
407.2586 [M+H]; found: 407.2590.


1r : IR (neat): ñ=2992, 1452, 1372, 1258, 1198, cm�1; 1H NMR: d=1.40
(s, 3H), 1.41 (s, 3H), 1.79 (t, J=2.3 Hz, 3H), 2.18–2.28 (m, 4H), 3.34 (s,
3H), 3.61 (d, J=11.7 Hz, 2H), 3.67 (d, J=11.7 Hz, 2H), 4.03 (d, J=
6.3 Hz, 2H), 5.48–5.78 ppm (m, 2H); 13C NMR: d=3.5, 22.6, 23.0, 24.6,
30.4, 36.0, 58.0, 66.7, 68.0, 74.9, 78.2, 98.0, 126.9, 129.9 ppm; HRMS (CI):
calcd for C15H25O3: 253.1804 [M+H]; found: 253.1806.


1 s : IR (nujol): ñ=1333, 1308, 1146, 1076 cm�1; 1H NMR: d=1.64 (t, J=
2.7 Hz, 3H), 3.10 (d, J=6.0 Hz, 2H), 3.16 (q, J=2.5 Hz, 2H), 3.33 (s,
3H), 3.97 (d, J=6.0 Hz, 2H), 5.75–5.94 (m, 2H), 7.54–7.61 (m, 4H),
7.67–7.74 (m, 2H), 8.06–8.13 ppm (m, 4H); 13C NMR: d=3.7, 20.9, 27.7,
58.3, 68.3, 70.6, 81.9, 88.9, 123.5, 128.5, 130.7, 131.5, 134.6, 136.7 ppm;
HRMS (CI): calcd for C22H25O5S2: 433.1143 [M+H]; found: 433.1143.


1t : IR (nujol): ñ=1597, 1340, 1161, 1094 cm�1; 1H NMR: d=1.55 (t, J=
2.4 Hz, 3H), 2.43 (s, 3H), 3.31 (s, 3H), 3.85 (d, J=7.2 Hz, 2H), 3.97–4.04
(m, 4H), 5.46–5.58 (m, 1H), 5.72–5.83 (m, 1H), 7.30 (d, J=8.4 Hz, 2H),
7.73 ppm (d, J=8.1 Hz, 2H); 13C NMR: d=3.3, 21.5, 36.4, 43.1, 58.1,
67.7, 71.8, 81.6, 126.6, 127.9, 129.3, 131.8, 136.0, 143.3 ppm; HRMS (CI):
calcd for C16H22NO3S: 308.1320 [M+H]; found: 308.1321.


1u : A mixture of geometrical isomers (E/Z=1:4) was obtained. IR (neat,
mixture): ñ=2984, 1732, 1368, 1206, 1097, 1036 cm�1; 1H NMR (mixture):
d=1.19–1.33 (m, 12H), 1.69–1.77 (m, 3H), 2.86 (d, J=6.9 Hz, 0.4H),
2.98 (d, J=6.9 Hz, 1.6H), 3.00–3.09 (m, 2H), 3.27 (s, 0.6H), 3.33 (s,
2.4H), 3.82 (d, J=5.7 Hz, 0.4H), 4.00 (d, J=6.3 Hz, 1.6H), 4.06–4.32 (m,
8H), 5.53–5.93 ppm (m, 2H); 13C NMR (mixture): d=3.6, 13.8, 13.8, 22.6,
22.8, 29.6, 34.6, 57.6, 58.0, 61.6, 61.6, 61.7, 61.7, 62.0, 62.1, 62.1, 62.4, 68.2,
72.7, 74.6, 74.6, 77.9, 78.1, 127.7, 129.0, 129.7, 130.9, 168.8, 168.8, 168.9,
169.0 ppm; HRMS (CI, mixture): calcd for C23H35O9: 455.2281 [M+H];
found: 455.2269 (major isomer), 455.2271 (minor isomer).


1v : IR (neat): ñ=2857, 1455, 1364, 1102, 1028 cm�1; 1H NMR: d=1.09 (t,
J=7.4 Hz, 3H), 2.13 (qt, J=7.4, 2.4 Hz, 2H), 2.18–2.24 (m, 4H), 3.28 (s,
3H), 3.35 (d, J=9.0 Hz, 2H), 3.39 (d, J=8.7 Hz, 2H), 3.84 (d, J=5.4 Hz,
2H), 4.50 (s, 4H), 5.53–5.73 (m, 2H), 7.22–7.36 ppm (m, 10H);
13C NMR: d=12.5, 14.4, 22.4, 34.7, 42.3, 57.6, 71.9, 73.1, 73.2, 75.8, 83.7,
127.3, 127.3, 128.2, 129.5, 129.7, 138.8 ppm; HRMS (CI): calcd for
C27H35O3: 407.2586 [M+H]; found: 407.2591.


1w: A mixture of geometrical isomers (62:38) was obtained. IR (neat,
mixture): ñ=2861, 1491, 1455, 1364, 1102, 1028 cm�1; 1H NMR (major
isomer): d=2.32 (d, J=6.6 Hz, 2H), 2.50 (s, 2H), 3.26 (s, 3H), 3.43 (d,
J=9.0 Hz, 2H), 3.47 (d, J=9.0 Hz, 2H), 4.02 (d, J=5.1 Hz, 2H), 4.53 (s,
4H), 5.57–5.74 (m, 2H), 7.21–7.40 ppm (m, 15H); 1H NMR (minor
isomer): d=2.30 (d, J=6.6 Hz, 2H), 2.49 (s, 2H), 3.28 (s, 3H), 3.43 (d,
J=9.0 Hz, 2H), 3.47 (d, J=9.0 Hz, 2H), 3.85 (d, J=5.1 Hz, 2H), 4.52 (s,
4H), 5.57–5.77 (m, 2H), 7.21–7.40 ppm (m, 15H); 13C NMR (major
isomer): d=23.1, 30.0, 43.0, 58.0, 68.3, 71.8, 73.3, 82.5, 87.0, 123.9, 127.3,
127.6, 127.9, 128.1, 128.2, 129.4, 131.5, 138.6 ppm; 13C NMR (minor
isomer): d=23.2, 35.0, 42.7, 57.6, 72.0, 73.1, 73.3, 82.6, 87.0, 124.0, 127.3,
127.4, 127.5, 128.1, 128.2, 129.4, 129.9, 131.5, 138.7 ppm; HRMS (CI, mix-
ture): calcd for C31H35O3: 455.2586 [M+H]; found: 455.2588.


1x : IR (neat): ñ=2859, 2174, 1455, 1364, 1250, 1102 cm�1; 1H NMR: d=
0.13 (s, 9H), 2.24 (d, J=6.6 Hz, 2H), 2.30 (s, 2H), 3.28 (s, 3H), 3.36 (d,
J=9.0 Hz, 2H), 3.40 (d, J=8.7 Hz, 2H), 4.00 (d, J=5.4 Hz, 2H), 4.49 (s,
4H), 5.52–5.70 (m, 2H), 7.22–7.36 ppm (m, 10H); 13C NMR: d=0.2, 23.5,
29.8, 42.6, 58.0, 68.2, 71.7, 73.3, 86.7, 104.2, 127.3, 127.4, 127.9, 128.2,


129.3, 138.7 ppm; HRMS (CI): calcd for C28H39O3Si: 451.2668 [M+H];
found: 451.2662.


1y : IR (neat): ñ=2887, 1459, 1320, 1198, 1109 cm�1; 1H NMR: d=1.13 (t,
J=7.2 Hz, 3H), 2.10–2.23 (m, 6H), 3.20 (d, J=8.7 Hz, 2H), 3.24 (d, J=
9.0 Hz, 2H), 3.32 (s, 6H), 3.34 (s, 3H), 4.03 (d, J=5.4 Hz, 2H), 5.53–
5.72 ppm (m, 2H); 13C NMR: d=12.5, 14.4, 22.2, 29.7, 42.3, 57.9, 59.2,
68.2, 74.2, 75.7, 83.6, 128.1, 129.1 ppm; HRMS (CI): calcd for C15H27O3:
255.1960 [M+H]; found: 255.1961.


6 : IR (neat): ñ=2955, 1736, 1437, 1252, 1206, 1115 cm�1; 1H NMR: d=
1.52 (s, 3H), 1.75 (t, J=3.0 Hz, 3H), 2.73 (q, J=2.7 Hz, 2H), 3.73 ppm (s,
6H); 13C NMR: d=3.5, 19.9, 26.2, 52.7, 53.5, 73.6, 78.8, 171.6 ppm;
HRMS (CI): calcd for C10H15O4: 199.0970 [M+H]; found: 199.0974.


8 : IR (neat): ñ=2957, 1739, 1437, 1329, 1294, 1239 cm�1; 1H NMR: d=
1.74 (t, J=2.6 Hz, 3H), 2.75 (t, J=2.4 Hz, 2H), 2.78 (d, J=7.8 Hz, 2H),
2.87 (q, J=2.5 Hz, 2H), 2.93 (t, J=2.3 Hz, 2H), 3.34 (s, 3H), 3.73 (s,
6H), 3.74 (s, 6H), 4.01 (dd, J=6.6, 1.5 Hz, 2H), 5.28–5.40 (m, 1H), 5.64–
5.75 ppm (m, 1H); 13C NMR: d=3.5, 22.9, 22.9, 30.2, 52.8, 52.9, 56.7,
56.9, 58.0, 67.9, 72.9, 77.7, 77.8, 79.1, 125.5, 128.3, 131.1, 169.3, 170.1 ppm;
HRMS (CI): calcd for C23H31O9: 451.1968 [M+H]; found: 451.1979.


Typical procedure for rhodium-catalyzed cyclization of 1,6-enynes with
arylboronic acids: [{Rh(OH)ACHTUNGTRENNUNG(cod)}2] (1.37 mg, 0.3 mmol, 0.03 equiv Rh)
and arylboronic acid (0.4 mmol, 2.0 equiv) were added to an oven-dried,
N2-purged flask, followed by 1,4-dioxane (1 mL). A solution of substrate
(0.2 mmol, 1.0 equiv) in 1,4-dioxane (1.0 mL) was added to the reaction
mixture at room temperature. After complete consumption of substrate,
the reaction was quenched with water. The aqueous layer was extracted
with ethyl acetate three times, and the combined extracts were washed
with brine and dried over MgSO4. The solvent was removed under re-
duced pressure, and the residue was purified by preparative thin-layer
chromatography (hexane/ethyl acetate) to give the purified product.


3aa : The Z configuration of the exo double bond was assigned on the
basis of the observed NOE. [a] 23


D =++58.6 (c=0.95, CHCl3) (97% ee); IR
(neat): ñ=2953, 1732, 1435, 1254, 1204, 1069 cm�1; 1H NMR: d=1.98–
2.02 (m, 3H), 2.14 (dd, J=13.2, 6.3 Hz, 1H), 2.52 (ddd, J=13.1, 7.9,
1.0 Hz, 1H), 3.04 (d, J=16.8 Hz, 1H), 3.15 (dt, J=16.5, 1.8 Hz, 1H),
3.33–3.45 (m, 1H), 3.73 (s, 3H), 3.77 (s, 3H), 4.56 (dt, J=17.1, 1.5 Hz,
1H), 4.63 (dt, J=10.2, 1.5 Hz, 1H), 5.37 (ddd, J=17.1, 10.2, 6.9 Hz, 1H),
7.09–7.28 ppm (m, 5H); 13C NMR: d=22.2, 38.9, 40.5, 45.4, 52.7, 52.9,
58.8, 113.9, 126.2, 127.8, 131.4, 136.1, 139.6, 143.5, 172.2, 172.4 ppm; ele-
mental analysis: calcd (%) for C19H22O4: C 72.59, H 7.05; found: C 72.78,
H 7.07; HPLC (Daicel Chiralcel OD-H, hexane/iPrOH=93:7, flow
rate=0.6 mLmin�1): t=8.04 min (major), t=9.47 min (minor).


5 : IR (neat): ñ=2923, 1738, 1688, 1437, 1210, 1113 cm�1; 1H NMR: d=
1.90 (d, J=6.9 Hz, 3H), 2.69–2.80 (m, 3H), 3.26–3.33 (m, 1H), 3.31 (s,
3H), 3.65 (s, 3H), 3.98 (d, J=5.9 Hz, 2H), 5.54–5.74 (m, 2H), 6.36 (q, J=
7.0 Hz, 1H), 7.33 (td, J=7.4, 1.4 Hz, 1H), 7.50 (td, J=7.4, 1.4 Hz, 1H),
7.56 (d, J=7.5 Hz, 1H), 8.32 ppm (dd, J=7.7, 1.1 Hz, 1H); 13C NMR:
d=14.2, 31.9, 33.3, 52.5, 58.0, 58.7, 68.1, 123.7, 124.8, 127.0, 127.5, 127.9,
129.6, 129.9, 130.4, 133.8, 141.7, 171.7, 194.8 ppm; HRMS (CI): calcd for
C19H23O4: 315.1596 [M+H]+ ; found: 315.1584.


3ea : IR (neat): ñ=2957, 1738, 1435, 1262, 1204, 1171 cm�1; 1H NMR: d=
0.91 (t, J=7.5 Hz, 3H), 2.08 (dd, J=12.9, 6.0 Hz, 1H), 2.20–2.48 (m,
2H), 2.53 (dd, J=13.2, 8.1 Hz, 1H), 3.09 (s, 2H), 3.25–3.36 (m, 1H), 3.73
(s, 3H), 3.77 (s, 3H), 4.48 (dt, J=16.8, 1.5 Hz, 1H), 4.59 (dt, J=9.9,
1.8 Hz, 1H), 5.35 (ddd, J=17.1, 10.5, 6.9 Hz, 1H), 7.03–7.08 (m, 2H),
7.16–7.27 ppm (m, 3H); 13C NMR: d=12.5, 29.2, 38.1, 40.0, 45.0, 52.7,
52.8, 58.9, 113.6, 126.2, 127.7, 128.5, 135.3, 138.4, 139.5, 142.0, 172.1,
172.3 ppm; HRMS (EI): calcd for C20H24O4: 328.1675 [M]+ ; found:
328.1674.


3 fa : IR (neat): ñ=2953, 1734, 1267, 1206, 1167, 1075 cm�1; 1H NMR: d=
2.08 (dd, J=13.2, 7.2 Hz, 1H), 2.66 (ddd, J=12.9, 8.1, 1.8 Hz, 1H), 2.94
(dd, J=16.5, 1.8 Hz, 1H), 3.24 (dd, J=16.5, 2.4 Hz, 1H), 3.68–3.75 (m,
1H), 3.70 (s, 3H), 3.72 (s, 3H), 4.57 (dt, J=17.1, 1.2 Hz, 1H), 4.66 (dt,
J=10.2, 1.2 Hz, 1H), 5.48 (ddd, J=17.1, 10.2, 6.9 Hz, 1H), 7.08–7.32 ppm
(m, 10H); 13C NMR: d=39.7, 40.3, 45.4, 52.8, 59.2, 114.0, 126.6, 126.6,
128.0, 129.0, 129.3, 138.1, 138.9, 139.3, 141.8, 142.6, 171.9, 172.0 ppm;
HRMS (EI): calcd for C24H24O4: 376.1675 [M]+ ; found: 376.1674.
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3ga : IR (neat): ñ=2955, 1737, 1435, 1252, 1206, 1073 cm�1; 1H NMR: d=
0.06 (s, 9H), 1.98 (dd, J=13.5, 6.0 Hz, 1H), 2.55 (dd, J=13.4, 8.6 Hz,
1H), 3.12 (s, 2H), 3.21–3.32 (m, 1H), 3.74 (s, 3H), 3.77 (s, 3H), 4.45 (d,
J=17.1 Hz, 1H), 4.60 (d, J=10.3 Hz, 1H), 5.41 (ddd, J=17.1, 10.2,
7.1 Hz, 1H), 6.81 (d, J=7.2 Hz, 2H), 7.05–7.14 (m, 1H), 7.15–7.25 ppm
(m, 2H); 13C NMR: d=�0.1, 38.8, 40.5, 46.2, 52.8, 59.2, 113.5, 125.1,
127.6, 139.4, 139.5, 143.6, 151.7, 171.96, 172.01 ppm; HRMS (EI): calcd
for C21H28O4Si: 372.1757 [M]+ ; found: 372.1757.


3 ia : IR (neat): ñ=2953, 1740, 1435, 1256, 1204, 1171 cm�1; 1H NMR: d=
0.79 (s, 3H), 1.92–1.98 (m, 3H), 2.25 (d, J=13.5 Hz, 1H), 2.47 (dd, J=
13.4, 1.1 Hz, 1H), 3.16 (dd, J=17.4, 1.2 Hz, 1H), 3.31 (dt, J=17.6,
1.3 Hz, 1H), 3.71 (s, 3H), 3.75 (s, 3H), 4.69 (dd, J=10.5, 1.2 Hz, 1H),
4.76 (dd, J=17.4, 1.2 Hz, 1H), 5.58 (dd, J=17.4, 10.8 Hz, 1H), 7.02–7.09
(m, 2H), 7.12–7.25 ppm (m, 3H); 13C NMR: d=24.4, 25.3, 40.3, 49.1,
49.3, 52.7, 52.9, 57.1, 111.1, 126.1, 127.4, 128.5, 131.1, 138.7, 143.6, 145.5,
172.3, 172.9 ppm; HRMS (EI): calcd for C20H24O4: 328.1675 [M]+ ; found:
328.1667.


3ja : IR (neat): ñ=2965, 1732, 1445, 1254, 1181, 1071 cm�1; 1H NMR: d=
0.92 (t, J=7.5 Hz, 3H), 1.26 (t, J=7.2 Hz, 3H), 1.29 (t, J=7.2 Hz, 3H),
1.45 (s, 3H), 2.10 (dd, J=13.1, 7.1 Hz, 1H), 2.23–2.49 (m, 2H), 2.47 (ddd,
J=13.3, 8.3, 1.4 Hz, 1H), 3.04 (d, J=16.2 Hz, 1H), 3.17 (dd, J=16.1,
1.4 Hz, 1H), 3.24–3.33 (m, 1H), 4.11–4.29 (m, 4H), 4.31–4.36 (m, 1H),
4.37–4.42 (m, 1H), 7.01–7.09 (m, 2H), 7.10–7.26 ppm (m, 3H); 13C NMR:
d=12.6, 14.0, 14.2, 19.4, 29.1, 38.7, 38.9, 48.7, 59.2, 61.4, 61.5, 111.6, 126.0,
127.6, 128.2, 135.5, 138.1, 142.2 , 145.7, 171.6, 171.8 ppm; HRMS (EI):
calcd for C23H30O4: 370.2144 [M]+ ; found: 370.2143.


3ka : A mixture of geometrical isomers (59:41) was obtained. IR (neat,
mixture:): ñ=2979, 1732, 1445, 1256, 1179, 1094 cm�1. Major isomer:
1H NMR: d=0.90 (t, J=7.5 Hz, 3H), 1.21–1.32 (m, 9H) 1.97 (dd, J=
13.1, 7.1 Hz, 1H), 2.17–2.32 (m, 1H), 2.32–2.44 (m, 1H), 2.49 (dd, J=
13.1, 8.3 Hz, 1H), 3.05 (s, 2H), 3.13–3.25 (m, 1H), 4.19 (q, J=7.1 Hz,
2H), 4.22 (q, J=7.2 Hz, 2H), 4.72 (dq, J=15.0, 6.4 Hz, 1H), 4.84–4.94
(m, 1H), 6.99–7.05 (m, 2H), 7.11–7.17 ppm (m, 3H); 13C NMR: d=12.5,
14.1, 14.1, 17.7, 29.2, 38.1, 40.5, 44.4, 59.0, 61.4, 61.5, 124.5, 126.0, 127.6,
128.6, 132.4, 136.3, 137.8, 142.0, 171.8, 171.9 ppm; HRMS (EI): calcd for
C23H30O4: 370.2144 [M]; found: 370.2153. Minor isomer: 1H NMR: d=
0.89 (t, J=7.4 Hz, 3H), 1.04 (d, J=5.1 Hz, 3H), 1.26 (t, J=7.3 Hz, 3H),
1.30 (t, J=7.2 Hz, 3H), 1.80 (dd, J=13.1, 8.0 Hz, 1H), 2.15–2.30 (m,
1H), 2.31–2.46 (m, 1H), 2.58 (ddd, J=13.1, 8.3, 1.2 Hz, 1H), 3.05 (d, J=
16.2 Hz, 1H), 3.12 (d, J=16.2 Hz, 1H), 3.54–3.65 (m, 1H), 4.20 (q, J=
7.1 Hz, 2H), 4.25 (q, J=7.1 Hz, 2H), 4.85–4.98 (m, 2H), 6.99–7.05 (m,
2H), 7.10–7.16 (m, 1H), 7.18–7.26 (m, 2H) ppm; 13C NMR: d=12.1,
12.5, 14.1, 14.2, 29.3, 38.3, 38.9, 40.7, 59.1, 61.4, 61.5, 122.1, 125.9, 127.7,
128.6, 132.8, 136.8, 137.7, 142.1, 171.78, 171.81 ppm; HRMS (EI): calcd
for C23H30O4: 370.2144 [M]+ ; found: 370.2153.


3 la : IR (neat): ñ=2955, 2726, 1722, 1435, 1261, 1203 cm�1; 1H NMR: d=
1.91 (dd, J=13.5, 7.7 Hz, 1H), 1.97 (br s, 3H), 2.04 (ddd, J=17.7, 9.3,
2.1 Hz, 1H), 2.11 (ddd, J=17.4, 4.2, 1.2 Hz, 1H), 2.68 (ddd, J=13.4, 8.3,
1.6 Hz, 1H), 3.01 (dt, J=16.7, 1.9 Hz, 1H), 3.13 (d, J=16.5 Hz, 1H),
3.29–3.43 (m, 1H), 3.75 (s, 3H), 3.78 (s, 3H), 7.09–7.14 (m, 2H), 7.17–
7.25 (m, 1H), 7.26–7.34 (m, 2H), 9.32–9.34 ppm (m, 1H); 13C NMR: d=
22.6, 35.0, 39.3, 40.0, 47.8, 52.85, 52.91, 58.8, 126.8, 127.5, 128.5, 131.0,
136.5, 143.2, 172.0, 172.1, 201.3 ppm; HRMS (CI): calcd for C19H23O5:
331.1545 [M+H]+ ; found: 331.1547.


3ma : IR (neat): ñ=2979, 1728, 1370, 1258, 1165, 1144 cm�1; 1H NMR:
d=1.46 (s, 9H), 1.48 (s, 9H), 1.97 (dd, J=12.9, 6.0 Hz, 1H), 2.00 (d, J=
1.5 Hz, 3H), 2.46 (dd, J=12.9, 8.4 Hz, 1H), 2.90–3.06 (m, 2H), 3.30–3.42
(m, 1H), 4.52 (dt, J=17.1, 1.6 Hz, 1H), 4.59 (ddd, J=10.0, 1.7, 1.1 Hz,
1H), 5.40 (ddd, J=17.2, 10.0, 7.3 Hz, 1H), 7.08–7.19 (m, 3H), 7.20–
7.30 ppm (m, 2H); 13C NMR: d=22.2, 27.9, 38.6, 40.2, 45.4, 60.2, 81.1,
81.2, 113.5, 126.1, 127.8, 127.9, 130.9, 136.9, 140.1, 143.7, 170.9,
171.1 ppm; HRMS (FAB): calcd for C25H35O4: 399.2535 [M+H]+ ; found:
399.2536.


3na : IR (neat): ñ=2975, 1458, 1447, 1198, 1109 cm�1; 1H NMR: d=1.45
(dd, J=13.2, 6.3 Hz, 1H), 1.80 (ddd, J=13.2, 8.7, 0.9 Hz, 1H), 1.98 (br s,
3H), 2.26 (dt, J=16.2, 1.8 Hz, 1H), 2.43 (d, J=16.5 Hz, 1H), 3,24 (d, J=
9.3 Hz, 1H), 3.28 (d, J=9.0 Hz, 1H), 3.32–3.36 (m, 3H), 3.36 (s, 3H),
3.38 (s, 3H), 4.47–4.59 (m, 2H), 5.43 (ddd, J=17.4, 10.2, 7.2 Hz, 1H),


7.11–7.29 ppm (m, 5H); 13C NMR: d=22.3, 37.7, 38.4, 44.9, 46.4, 59.3,
59.4, 75.5, 77.0, 112.4, 125.9, 127.7, 128.0, 130.6, 139.0, 141.6, 144.1 ppm;
HRMS (CI): calcd for C19H26O2: 286.1933 [M]+ ; found: 286.1928.


3oa : IR (neat): ñ=2953, 1744, 1379, 1364, 1229, 1038 cm�1; 1H NMR: d=
1.49 (dd, J=13.4, 6.8 Hz, 1H), 1.84 (ddd, J=13.6, 8.6, 1.0 Hz, 1H), 1.98
(br s, 3H), 2.08 (s, 3H), 2.09 (s, 3H), 2.31 (d, J=16.1 Hz, 1H), 2.47 (d,
J=16.2 Hz, 1H), 3.30–3.43 (m, 1H), 3.98 (d, J=10.8 Hz, 1H), 4.03 (d,
J=11.1 Hz, 1H), 4.08 (s, 2H), 4.52 (dt, J=16.9, 1.6 Hz, 1H), 4.60 (dt, J=
10.1, 1.4 Hz, 1H), 5.41 (ddd, J=17.1, 10.1, 7.1 Hz, 1H), 7.09–7.21 (m,
3H), 7.22–7.30 ppm (m, 2H); 13C NMR: d=20.9, 22.4, 37.4, 38.3, 44.4,
44.6, 66.2, 67.8, 113.1, 126.2, 127.8, 131.8, 137.2, 140.8, 143.6, 171.0,
171.1 ppm; HRMS (CI): calcd for C21H26O4: 342.1831 [M]+ ; found:
342.1824.


3pa : IR (neat): ñ=2855, 1495, 1455, 1364, 1100, 1028 cm�1; 1H NMR: d=
1.48 (dd, J=13.2, 6.9 Hz, 1H), 1.85 (dd, J=13.2, 8.7 Hz, 1H), 1.95 (br s,
3H), 2.27 (dt, J=16.2, 1.8 Hz, 1H), 2.49 (d, J=16.2 Hz, 1H), 3.19–3.32
(m, 1H), 3.36 (d, J=9.0 Hz, 1H), 3.41 (d, J=9.0 Hz, 1H), 3.49 (s, 2H),
4.44 (dd, J=17.1, 1.2 Hz, 1H), 4.51 (dd, J=10.2, 0.9 Hz, 1H), 4.53 (s,
2H), 4.55 (s, 2H), 5.38 (ddd, J=17.2, 10.1, 7.1 Hz, 1H), 7.02–7.08 (m,
2H), 7.11–7.18 (m, 1H), 7.19–7.38 ppm (m, 12H); 13C NMR: d=22.4,
37.8, 38.6, 44.9, 46.6, 72.6, 73.1, 73.2, 74.5, 112.4, 125.9, 127.3, 127.4, 127.5,
127.7, 128.0, 128.2, 130.5, 138.9, 139.1, 141.6, 144.2 ppm; HRMS (CI):
calcd for C31H35O2: 439.2637 [M+H]+ ; found: 439.2642.


3qa : [a] 27
D =++50.7 (c=1.33, CHCl3) (87% ee); IR (neat): ñ=2857, 1455,


1364, 1100, 1028 cm�1; 1H NMR: d=0.87 (t, J=7.5 Hz, 3H), 1.45 (dd, J=
13.4, 6.8 Hz, 1H), 1.83 (dd, J=13.2, 8.7 Hz, 1H), 2.16–2.44 (m, 3H), 2.51
(d, J=15.9 Hz, 1H), 3.10–3.23 (m, 1H), 3.36 (d, J=9.0 Hz, 1H), 3.41 (d,
J=9.0 Hz, 1H), 3.49 (s, 2H), 4.39 (dt, J=17.1, 1.5 Hz, 1H), 4.49 (d, J=
10.2 Hz, 1H), 4.53 (s, 2H), 4.54 (s, 2H), 5.37 (ddd, J=17.2, 10.1, 7.3 Hz,
1H), 6.97–7.03 (m, 2H), 7.11–7.39 ppm (m, 13H); 13C NMR: d=12.8,
29.2, 36.8, 38.2, 44.7, 46.7, 72.6, 73.2, 74.6, 112.1, 125.9, 127.3, 127.37,
127.42, 127.5, 127.6, 128.2, 128.7, 137.4, 138.4, 138.8, 138.9, 141.5,
142.7 ppm; HRMS (CI): calcd for C32H37O2: 453.2794 [M+H]+ ; found:
453.2793; HPLC (Daicel Chiralcel OD-H, hexane/iPrOH=99.8:0.2, flow
rate=0.6 mLmin�1): t=15.98 min (major), t=17.99 min (minor).


3ra : IR (neat): ñ=2992, 2857, 1383, 1370, 1200, 1069 cm�1; 1H NMR: d=
1.41 (dd, J=13.2, 6.0 Hz, 1H), 1.443 (s, 3H), 1.447 (s, 3H), 1.77 (ddd, J=
13.2, 8.4, 0.6 Hz, 1H), 2.00 (br s, 3H), 2.32 (d, J=16.8 Hz, 1H), 2.65 (d,
J=16.8 Hz, 1H), 3.25–3.38 (m, 1H), 3.59 (dd, J=11.4, 1.2 Hz, 1H), 3.67
(d, J=11.7 Hz, 1H), 3.69 (dd, J=11.1, 1.2 Hz, 1H), 3.76 (d, J=11.4 Hz,
1H), 4.56 (dt, J=17.1, 1.7 Hz, 1H), 4.62 (dt, J=10.2, 1.3 Hz, 1H), 5.44
(ddd, J=17.0, 10.1, 6.8 Hz, 1H), 7.10–7.20 (m, 3H), 7.21–7.30 ppm (m,
2H); 13C NMR: d=22.3, 22.4, 25.3, 38.7, 39.5, 40.6, 44.7, 68.6, 69.7, 97.8,
113.0, 126.0, 127.8, 127.8, 131.3, 137.9, 141.3, 143.9 ppm; HRMS (CI):
calcd for C20H26O2: 298.1933 [M]+ ; found: 298.1933.


3 sa : IR (nujol): ñ=1330, 1314, 1148, 1080 cm�1; 1H NMR: d=1.89 (s,
3H), 2.53 (dd, J=15.3, 7.2 Hz, 1H), 2.77 (ddd, J=15.2, 8.5, 1.6 Hz, 1H),
3.09 (d, J=18.3 Hz, 1H), 3.57 (dt, J=18.0, 2.2 Hz, 1H), 3.58–3.70 (m,
1H), 4.33 (d, J=16.8 Hz, 1H), 4.53 (d, J=10.2 Hz, 1H), 5.33 (ddd, J=
17.0, 10.1, 8.3 Hz, 1H), 7.01–7.05 (m, 2H), 7.15–7.29 (m, 3H), 7.58–7.66
(m, 4H), 7.70–7.79 (m, 2H), 8.06–8.13 ppm (m, 4H); 13C NMR: d=22.7,
36.3, 37.6, 45.9, 92.5, 114.2, 126.6, 127.8, 128.0, 128.7, 128.8, 131.0, 131.1,
132.5, 134.3, 134.5, 134.7, 136.1, 137.2, 138.7, 142.6 ppm; HRMS (CI):
calcd for C27H27O4S2: 479.1351 [M+H]+ ; found: 479.1354.


3ta : IR (neat): ñ=2984, 1599, 1495, 1338, 1163, 1096 cm�1; 1H NMR: d=
1.91 (br s, 3H), 2.46 (s, 3H), 3.17 (dd, J=9.3, 6.6 Hz, 1H), 3.23–3.33 (m,
1H), 3.26 (dd, J=9.2, 2.3 Hz, 1H), 3.85 (d, J=14.1 Hz, 1H), 4.01 (dt, J=
14.0, 1.4 Hz, 1H), 4.63 (dt, J=17.1, 1.4 Hz, 1H), 4.76 (dt, J=10.1, 1.1 Hz,
1H), 5.53 (ddd, J=17.0, 10.0, 7.0 Hz, 1H), 7.04–7.11 (m, 2H), 7.16–7.29
(m, 3H), 7.36 (d, J=8.1 Hz, 2H), 7.71–7.78 ppm (m, 2H); 13C NMR: d=
21.6, 21.8, 45.2, 50.5, 53.8, 115.0, 126.8, 127.4, 127.9, 128.0, 129.6, 131.7,
132.8, 132.9, 137.5, 142.3, 143.6 ppm; HRMS (CI): calcd for C21H24O2NS:
354.1528 [M+H]+ ; found: 354.1525.


3ua : IR (neat): ñ=2982, 1733, 1445, 1267, 1200, 1040 cm�1; 1H NMR: d=
1.24 (t, J=7.5 Hz, 3H), 1.260 (t, J=7.2 Hz, 3H), 1.264 (t, J=7.2 Hz,
3H), 1.30 (t, J=7.1 Hz, 3H), 1.98 (br s, 3H), 2.40 (dd, J=13.8, 2.1 Hz,
1H), 2.82–2.90 (m, 2H), 3.14–3.23 (m, 1H), 3.24 (d, J=15.6 Hz, 1H),
3.96–4.28 (m, 8H), 4.84 (dt, J=17.4, 1.8 Hz, 1H), 4.91 (dt, J=10.7,
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2.0 Hz, 1H), 5.61 (ddd, J=17.4, 10.4, 4.4 Hz, 1H), 7.10–7.16 (m, 2H),
7.17–7.31 (m, 3H) ppm; 13C NMR: d=13.7, 13.8, 14.1, 20.7, 29.8, 34.8,
40.2, 58.5, 59.0, 61.2, 61.35, 61.45, 61.8, 114.0, 126.2, 127.2, 127.6, 128.0,
134.6, 140.4, 144.4, 168.6, 169.3, 170.5, 170.7 ppm; HRMS (CI): calcd for
C28H37O8: 501.2488 [M+H]+ ; found: 501.2485.


3ab : IR (neat): ñ=2955, 1733, 1603, 1509, 1435, 1260 cm�1; 1H NMR: d=
1.97 (br s, 3H), 2.11 (dd, J=13.2, 6.3 Hz, 1H), 2.52 (dd, J=13.1, 8.0 Hz,
1H), 3.03 (d, J=16.8 Hz, 1H), 3.13 (dt, J=17.0, 1.7 Hz, 1H), 3.27–3.41
(m, 1H), 3.72 (s, 3H), 3.76 (s, 3H), 4.55 (dt, J=17.1, 1.4 Hz, 1H), 4.62 (d,
J=10.2 Hz, 1H), 5.34 (ddd, J=17.1, 10.1, 7.1 Hz, 1H), 6.85–6.98 (m,
2H), 7.00–7.14 ppm (m, 2H); 13C NMR: d=22.3, 39.0, 40.6, 45.5, 52.7,
52.9, 58.7, 114.1, 114.6 (d, J=20.7 Hz), 129.4 (d, J=8.1 Hz), 130.5, 136.6,
139.3, 139.5, 161.3 (d, J=243.2 Hz), 172.1, 172.3 ppm; HRMS (EI): calcd
for C19H21FO4: 332.1424 [M]+; found: 332.1423


3ac : IR (neat): ñ=2953, 1734, 1541, 1509, 1456, 1340 cm�1; 1H NMR: d=
2.02 (br s, 3H), 2.13 (dd, J=13.2, 6.6 Hz, 1H), 2.54 (ddd, J=13.2, 6.6,
1.1 Hz, 1H), 3.07 (d, J=17.1 Hz, 1H), 3.16 (dt, J=17.1, 1.8 Hz, 1H),
3.30–3.42 (m, 1H), 3.74 (s, 3H), 3.78 (s, 3H), 4.54 (dt, J=17.1, 1.4 Hz,
1H), 4.62 (dt, J=10.3, 1.2 Hz, 1H), 5.31 (ddd, J=17.2, 10.0, 7.3 Hz, 1H),
7.25–7.31 (m, 2H), 8.08–8.14 ppm (m, 2H); 13C NMR: d=21.8, 39.3, 40.8,
45.8, 52.8, 52.9, 58.5, 114.9, 123.2, 128.8, 129.7, 139.0, 146.2, 150.4, 171.8,
172.1 ppm; HRMS (EI): calcd for C19H21NO6: 359.1369 [M]+ ; found:
359.1374.


3ad : IR (neat): ñ=2954, 1734, 1435, 1256, 1204, 1171 cm�1; 1H NMR: d=
1.98 (br s, 3H), 2.16 (dd, J=13.2, 5.7 Hz, 1H), 2.31 (s, 3H), 2.51 (ddd, J=
13.1, 8.0, 0.9 Hz, 1H), 3.03 (d, J=17.1 Hz, 1H), 3.15 (dt, J=16.8, 1.8 Hz,
1H), 3.35–3.44 (m, 1H), 3.72 (s, 3H), 3.76 (s, 3H), 4.57–4.72 (m, 2H),
5.41 (ddd, J=17.0, 10.4, 6.5 Hz, 1H), 6.99–7.10 ppm (m, 4H); 13C NMR:
d=21.1, 22.2, 38.9, 40.4, 45.3, 52.7, 52.9, 58.8, 114.0, 127.6, 128.5, 131.2,
135.7, 135.8, 139.7, 140.6, 172.2, 172.4 ppm; HRMS (EI): calcd for
C20H24O4: 328.1675 [M]+ ; found: 328.1670.


3ae : IR (neat): ñ=2953, 1734, 1489, 1435, 1260, 1205 cm�1; 1H NMR: d=
1.99 (br s, 3H), 2.16 (dd, J=13.2, 5.7 Hz, 1H), 2.51 (ddd, J=13.1, 8.0,
0.9 Hz, 1H), 3.03 (d, J=16.8 Hz, 1H), 3.15 (dt, J=16.9, 1.8 Hz, 1H),
3.33–3.46 (m, 1H), 3.72 (s, 3H), 3.76 (s, 3H), 3.77 (s, 3H), 4.58–4.71 (m,
2H), 5.42 (ddd, J=17.1, 10.5, 6.6 Hz, 1H), 6.65–6.78 (m, 3H), 7.16 ppm
(t, J=8.0 Hz, 1H); 13C NMR: d=22.1, 38.9, 40.4, 45.5, 52,7, 52.9, 55.2,
58.7, 111.6, 113.6, 114.0, 120.3, 128.8, 131.2, 136.2, 139.7, 144.9, 159.1,
172.2, 172.4 ppm; HRMS (EI): calcd for C20H24O5: 344.1624 [M]+ ; found:
344.1624.


3af : IR (neat): ñ=2953, 1733, 1435, 1259, 1205, 1173 cm�1; 1H NMR: d=
1.97 (br s, 3H), 2.12 (dd, J=13.2, 6.5 Hz, 1H), 2.52 (dd, J=13.2, 7.8 Hz,
1H), 3.04 (d, J=17.1 Hz, 1H), 3.13 (dt, J=17.1, 1.5 Hz, 1H), 3.30–3.43
(m, 1H), 3.73 (s, 3H), 3.77 (s, 3H), 4.57 (dt, J=17.0, 1.4 Hz, 1H), 4.64
(dt, J=9.9, 1.4 Hz, 1H), 5.34 (ddd, J=17.2, 10.1, 7.1 Hz, 1H), 6.96–7.02
(m, 1H), 7.08–7.21 ppm (m, 3H); 13C NMR: d=22.0, 39.0, 40.7, 45.6,
52.8, 52.9, 58.6, 114.4, 126.1, 126.3, 128.1, 129.1, 130.2, 133.5, 137.3, 139.3,
145.2, 172.0, 172.2 ppm; HRMS (EI): calcd for C19H21ClO4: 348.1128
[M]+ ; found: 348.1127.


3ag : A mixture of atropisomers (52:48) was obtained. IR (neat, mixture):
ñ=2953, 1736, 1435, 1256, 1204, 1171 cm�1; 1H NMR (mixture): d=1.89
(br s, 1.5H), 1.91 (br s, 1.5H), 2.02 (dd, J=13.5, 8.1 Hz, 0.5H), 2.10 (dd,
J=13.2, 6.6 Hz, 0.5H), 2.13 (s, 1.5H), 2.14 (s, 1.5H), 2.48–2.60 (m, 1H),
2.83–2.94 (m, 0.5H), 2.98–3.17 (m, 2H), 3.17–3.29 (m, 0.5H), 3.74 (s,
1.5H), 3.746 (s, 1.5H), 3.754 (s, 1.5H), 3.79 (s, 1.5H), 4.20 (d, J=17.1 Hz,
0.5H), 4.37–4.48 (m, 1H), 4.54 (dt, J=10.1, 1.3 Hz, 0.5H), 5.23 (ddd, J=
18.3, 10.2, 8.4 Hz, 0.5H), 5.36 (ddd, J=17.1, 10.2, 7.2 Hz, 0.5H), 6.87–
6.96 (m, 1H), 7.01–7.15 ppm (m, 3H); 13C NMR (mixture): d=18.8, 19.6,
21.5, 22.1, 38.4, 38.6, 40.1, 40.4, 45.5, 45.8, 52.7, 52.8, 58.9, 113.2, 113.5,
125.1, 125.5, 126.4, 126.5, 128.0, 129.0, 129.6, 129.8, 131.0, 132.2, 134.0,
135.4, 135.9, 136.2, 138.2, 139.5, 142.5, 143.0, 172.1, 172.2, 172.3 ppm;
HRMS (EI, mixture): calcd for C20H24O4: 328.1675 [M]+ ; found:
328.1671.


3ah : A mixture of atropisomers (62:38) was obtained. IR (neat, mixture):
ñ=2953, 1733, 1435, 1266, 1200, 1169 cm�1; 1H NMR (mixture): d=2.00–
2.16 (m, 4H), 2.45 (ddd, J=13.2, 8.0, 1.4 Hz, 0.625H), 2.56 (dd, J=13.2,
7.8 Hz, 0.375H), 2.75–2.88 (m, 0.625H), 3.06–3.41 (m, 2.375H), 3.75 (s,
1.875H), 3.76 (s, 1.125H), 3.82 (s, 1.125H), 3.84 (s, 1.875H), 3.97–4.11


(m, 1.375H), 4.37 (ddd, J=10.2, 1.5, 0.9 Hz, 0.625H), 5.00 (ddd, J=17.1,
10.1, 8.0 Hz, 0.375H), 5.27 (ddd, J=17.2, 10.0, 7.4 Hz, 0.625H), 7.12 (dd,
J=7.2, 1.2 Hz, 0.375H), 7.18 (dd, J=7.2, 1.2 Hz, 0.625H), 7.32–7.49 (m,
3H), 7.67–7.87 ppm (m, 3H); 13C NMR (mixture): d=22.5, 22.9, 38.8,
38.9, 40.3, 40.5, 45.8, 45.9, 52.8, 52.9, 52.9, 58.9, 58.9, 113.1, 113.4, 124.9,
125.1, 125.2, 125.3, 125.3, 125.4, 125.8, 125.9, 126.0, 126.6, 126.8, 128.0,
128.4, 129.5, 130.2, 130.9, 131.8, 133.5, 133.6, 137.6, 138.1, 138.5, 139.4,
140.9, 141.5, 172.11, 172.14, 172.2, 172.4 ppm; HRMS (EI, mixture): calcd
for C23H24O4: 364.1675 [M]+ ; found: 364.1678.


7: IR (neat): ñ=2953, 1736, 1435, 1244, 1204, 1111 cm�1; 1H NMR: d=
1.47 (s, 3H), 2.05 (br s, 3H), 2.80 (d, J=7.5 Hz, 2H), 3.74 (s, 6H), 5.61
(tq, J=7.8, 1.5 Hz, 1H), 7.19–7.37 ppm (m, 5H); 13C NMR: d=16.2, 20.0,
34.8, 52.6, 53.9, 121.7, 125.8, 126.9, 128.1, 138.7, 143.6, 172.5 ppm; HRMS
(EI): calcd for C16H20O4: 276.1362 [M]+ ; found: 276.1362.


9 : The Z configuration of both double bonds was assigned on the basis of
the observed NOE. IR (neat): ñ=2955, 1732, 1435, 1270, 1204,
1063 cm�1; 1H NMR: d=1.39–1.52 (m, 1H), 1.82 (dd, J=12.9, 9.3 Hz,
1H), 1.97 (br s, 3H), 2.14 (ddd, J=12.7, 8.3, 1.7 Hz, 1H), 2.72–2.82 (m,
1H), 2.82–2.98 (m, 3H), 3.01–3.11 (m, 2H), 3.64 (s, 3H), 3.65 (s, 3H),
3.74 (s, 3H), 3.76 (s, 3H), 4.61 (dt, J=17.3, 1.7 Hz, 1H), 4.79 (dt, J=10.5,
1.5 Hz, 1H), 5.35 (ddd, J=17.2, 10.6, 6.5 Hz, 1H), 7.08–7.16 (m, 3H),
7.18–7.25 ppm (m, 2H); 13C NMR: d=21.3, 39.1, 39.4, 40.9, 41.2, 44.0,
52.6, 52.6, 52.8, 52.9, 56.6, 58.4, 113.4, 126.2, 127.9, 128.0, 130.6, 131.7,
132.5, 135.6, 139.3, 143.8, 171.1, 171.8, 172.1, 172.3 ppm; HRMS (CI):
calcd for C28H32O8: 496.2097 [M]+ ; found: 496.2095.


Typical procedure for rhodium-catalyzed cyclization of 1,6-enynes with
Grignard reagents: [{RhCl ACHTUNGTRENNUNG(cod)}2] (1.5 mg, 3.0 mmol, 0.05 equiv Rh) and
a solution of substrate (0.12 mmol, 1.0 equiv) in THF (1.2 mL) were
added to an oven-dried, N2-purged flask, and the reaction mixture was
stirred for 5 min at room temperature. The Grignard reagent (in THF,
0.36 mmol, 3.0 equiv) was added to the resulting solution, which was then
heated to 50 8C. After complete consumption of substrate, the reaction
was quenched with HCl (1m). The aqueous layer was extracted three
times with ethyl acetate, and the combined extracts were washed with sa-
turated NaHCO3 and dried over MgSO4. The solvent was removed under
reduced pressure, and the residue was purified by preparative thin-layer
chromatography (hexane/ethyl acetate) to give the purified product.


10pa : IR (neat): ñ=2855, 1455, 1364, 1100, 1028 cm�1; 1H NMR: d=1.49
(dd, J=13.1, 6.8 Hz, 1H), 1.58 (s, 3H), 1.63 (s, 3H), 1.94 (ddd, J=13.4,
8.8, 1.3 Hz, 1H), 2.11 (d, J=15.9 Hz, 1H), 2.35 (d, J=15.6 Hz, 1H),
3.14–3.28 (m, 1H), 3.29 (d, J=9.0 Hz, 1H), 3.33 (d, J=8.7 Hz, 1H), 3.44
(s, 2H), 4.50 (s, 2H), 4.51 (s, 2H), 4.82–4.95 (m, 2H), 5.68 (ddd, J=17.2,
10.0, 7.3 Hz, 1H), 7.22–7.36 ppm (m, 10H); 13C NMR: d=20.7, 21.8, 37.5,
39.0, 44.9, 47.0, 72.7, 73.1, 73.2, 74.4, 112.3, 125.2, 127.2, 127.3, 127.4,
128.2, 135.4, 138.9, 139.0, 142.5 ppm; HRMS (CI): calcd for C26H33O2:
377.2481 [M+H]; found: 377.2481.


10qa : The E configuration of the exo double bond was assigned on the
basis of the observed NOE. IR (neat): ñ=2857, 1455, 1364, 1098,
1028 cm�1; 1H NMR: d=0.94 (t, J=7.5 Hz, 3H), 1.49 (dd, J=13.4,
6.8 Hz, 1H), 1.57 (br s, 3H), 1.88–2.06 (m, 3H), 2.10 (d, J=16.2 Hz, 1H),
2.39 (d, J=15.9 Hz, 1H), 3.13–3.26 (m, 1H), 3.31 (s, 2H), 3.45 (s, 2H),
4.50 (s, 2H), 4.51 (s, 2H), 4.81–4.98 (m, 2H), 5.68 (ddd, J=17.2, 10.0,
7.3 Hz, 1H), 7.20–7.41 ppm (m, 10H); 13C NMR: d=12.6, 17.9, 28.9, 36.7,
38.8, 44.7, 47.0, 72.7, 73.1, 73.2, 74.4, 112.2, 127.2, 127.3, 127.4, 128.2,
131.3, 134.8, 138.9, 142.4 ppm; HRMS (CI): calcd for C27H35O2: 391.2637
[M+H]; found: 391.2638.


10wa : IR (neat): ñ=2857, 1495, 1455, 1364, 1100, 1028 cm�1; 1H NMR:
d=1.55 (dd, J=13.4, 7.1 Hz, 1H), 1.95 (br s, 3H), 2.05 (dd, J=13.5,
9.0 Hz, 1H), 2.26 (s, 2H), 3.25 (s, 2H), 3.32–3.44 (m, 1H), 3.40 (d, J=
8.7 Hz, 1H), 3.43 (d, J=9.0 Hz, 1H), 4.40 (d, J=12.0 Hz, 1H), 4.45 (d,
J=12.3 Hz, 1H), 4.48 (s, 2H), 4.98 (d, J=10.2 Hz, 1H), 5.04 (d, J=
17.1 Hz, 1H), 5.81 (ddd, J=17.2, 9.8, 7.4 Hz, 1H), 7.18–7.39 ppm (m,
15H); 13C NMR: d=20.3, 38.5, 38.6, 45.2, 47.3, 72.3, 73.2, 73.2, 74.5,
112.7, 126.0, 127.2, 127.3, 127.4, 127.9, 128.2, 128.2, 130.8, 138.8, 139.3,
141.5, 144.8 ppm; HRMS (CI): calcd for C31H35O2: 439.2637 [M+H];
found: 439.2641.


10xa : IR (neat): ñ=2857, 1455, 1364, 1248, 1098, 1028 cm�1; 1H NMR:
d=0.10 (s, 9H), 1.49 (dd, J=13.4, 9.2 Hz, 1H), 1.62 (br s, 3H), 1.91 (dd,
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J=13.4, 9.2 Hz, 1H), 2.17 (d, J=15.3 Hz, 1H), 2.44 (d, J=15.6 Hz, 1H),
3.21–3.52 (m, 1H), 3.25 (d, J=9.0 Hz, 1H), 3.30 (d, J=9.0 Hz, 1H), 3.40
(d, J=8.7 Hz, 1H), 3.49 (d, J=9.0 Hz, 1H), 4.43 (d, J=12.3 Hz, 1H),
4.508 (s, 2H), 4.510 (d, J=12.0 Hz, 1H), 4.85–4.95 (m, 2H), 5.61–5.75 (m,
1H), 7.21–7.36 ppm (m, 10H); 13C NMR: d=�0.3, 18.3, 38.0, 39.8, 45.5,
47.2, 72.3, 73.2, 74.5, 112.4, 127.2, 127.3, 128.2, 128.5, 138.9, 138.9, 141.4,
152.6 ppm; HRMS (CI): calcd for C28H38O2Si: 434.2641 [M]+ ; found:
434.2639.


10ya : IR (neat): ñ=2874, 1636, 1458, 1198, 1115 cm�1; 1H NMR: d=0.93
(t, J=7.5 Hz, 3H), 1.42 (dd, J=13.4, 6.8 Hz, 1H), 1.57 (br s, 3H), 1.88
(ddd, J=13.4, 8.9, 1.2 Hz, 1H), 1.92–2.06 (m, 2H), 2.05 (d, J=15.6 Hz,
1H), 2.30 (d, J=15.9 Hz, 1H), 3.14 (s, 2H), 3.16–3.28 (m, 1H), 3.29 (s,
2H), 3.32 (s, 3H), 3.33 (s, 3H), 4.86–4.96 (m, 2H), 5.70 ppm (ddd, J=
17.0, 10.0, 7.1 Hz, 1H); 13C NMR: d=12.5, 17.9, 28.8, 36.5, 38.5, 44.6,
46.8, 59.3, 75.2, 77.0, 112.2, 131.4, 134.8, 142.3; HRMS (EI): calcd for
C15H26O2: 238.1933 [M]+ ; found: 238.1924.


10qb : IR (neat): ñ=2857, 1495, 1453, 1364, 1100, 1028 cm�1; 1H NMR:
d=0.86 (t, J=7.5 Hz, 3H), 1.52 (dd, J=13.5, 6.6 Hz, 1H), 1.77–2.05 (m,
3H), 2.20 (d, J=15.6 Hz, 1H), 2.47 (d, J=16.2 Hz, 1H), 3.21–3.40 (m,
4H), 3.44–3.57 (m, 3H), 4.52 (s, 2H), 4.53 (s, 2H), 4.83–4.98 (m, 2H),
5.76 (ddd, J=17.2, 9.8, 7.4 Hz, 1H), 7.08 (d, J=6.9 Hz, 2H), 7.11–
7.37 ppm (m, 13H); 13C NMR: d=12.8, 25.9, 36.8, 37.1, 38.9, 44.9, 46.9,
72.7, 73.2, 74.4, 112.6, 125.5, 127.3, 127.4, 128.1, 128.22, 128.25, 128.7,
134.3, 137.5, 138.8, 138.9, 140.7, 142.7 ppm; HRMS (CI): calcd for
C33H39O2: 467.2950 [M+H]+ ; found: 467.2952.
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Introduction


Metal nanoparticles have been widely exploited for use in
many different areas, such as photography,[1] catalysis,[2] bio-
logical labeling,[3] photonics,[4] optoelectronics,[5] information
storage,[6] surface-enhanced Raman scattering,[7,8] and for-
mulation of magnetic ferrofluids.[9] The intrinsic properties
of a metal nanoparticle are mainly determined by its size,
shape, composition, crystallinity, and structure.[10,11] In prin-
ciple, one could control any one of these parameters to fine-
tune the properties of these nanoparticles.[12,13]


The nanocatalysis field has undergone an explosive
growth during the past decade. Most of the studies in the
fields of nanocatalysis involve the use of spherical nanopar-
ticles or nanoparticles of undetermined shapes. There are
very few studies in which catalysis is conducted with nano-
particles of a specific shape in a colloidal solution. Narayan-
an and co-workers compared the stability and catalytic ac-
tivity of tetrahedral, cubic, and spherical platinum nanopar-
ticles in catalytic processes.[14,15] They found that the catalyt-
ic activity greatly depended on their shape, because differ-


ent platinum nanoparticles have different fractions of atoms
located at different corners and edges and different defects
(resulting from the loss of atoms at these locations). Fur-
thermore, nanoparticles of various shapes have specific
faces. Choudary et al. reported that MgO hexagonal crystals
exposing the most {100} planes were more active than nano-
crystalline samples.[16] Campbell and co-workers reported
that Cu particles with {110} planes were more active than
those with {100} and {111} planes for the synthesis of metha-
nol.[17] We recently reported that an easy solution-based hy-
drothermal method could be used to synthesize CeO2 nano-
rods that expose mostly {001} and {110} planes and that the
CeO2 nanorods show higher catalytic activity than CeO2


nanoparticles for CO oxidation.[18]


Silver catalysts have become increasingly important in the
oxidation of olefins for the synthesis of industrially interest-
ing products such as epoxides and aldehydes.[19–21] The face-
centered cubic (fcc) structure of silver metal confers its ten-
dency to nucleate and grow into nanoparticles with their sur-
faces bound by the lowest-energy {111} faces.[22] Most of the
previous methods, in particular the wet chemical synthesis,
were mainly confined to the preparation of nanowires, rods,
spheres, disks, and plates.[23–26] Recently, silver nanocubes
with less-stable {100} faces were synthesized by a polyol pro-
cesses and attracted considerable interest owing to their
structure.[10,27]


In the present study, we synthesized truncated triangular
silver nanoparticles with well-defined planes by a simple sol-


Abstract: Metal nanoparticles with dif-
ferent shapes have different crystallo-
graphic faces. It is therefore of interest
to study the effect of the shape of
metal nanoparticles on their catalytic
activity in various organic and inorgan-
ic reactions. Truncated triangular silver
nanoplates with well-defined planes
were synthesized by a simple solvother-
mal approach. The activity of these
truncated triangular silver nanoparti-


cles was compared with that of cubic
and near-spherical silver nanoparticles
in the oxidation of styrene in colloidal
solution. It was found that the crystal
faces of silver nanoparticles play an es-
sential role in determining the catalytic


oxidation properties. The silver nano-
cubes had the {100} crystal faces as the
basal plane, whereas truncated triangu-
lar nanoplates and near-spherical nano-
particles predominantly exposed the
most-stable {111} crystal faces. As a
result, the rate of the reaction over the
nanocubes was more than 14 times
higher than that on nanoplates and
four times higher than that on near-
spherical nanoparticles.


Keywords: heterogeneous catalysis ·
nanostructures · oxidation ·
silver · X-ray diffraction
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vothermal approach. Subsequently, we compared the activity
of truncated triangular, cubic, and near spherical silver
nanoparticles for the oxidation of styrene in a colloidal solu-
tion and we investigated the effect of crystal planes on the
catalytic activity.


Results and Discussion


Preparation and Characterization of Truncated Triangular
Silver Nanoplates


In our experiments, N,N-dimethylformamide (DMF) was
used as solvent and reducing agent. Liz-Marzan and co-
workers proposed the mechanism outlined in Equa-
tion (1):[28]


The morphology and dimensions of the silver nanoplates
were found to depend strongly on reaction conditions.
Figure 1 shows the transmission electron microscopy (TEM)
images of nanoplates synthesized under different conditions.
When the concentration of AgNO3 was 25 mm, truncated tri-
angular silver nanoplates with an average edge length of
(200�20) nm were obtained (Figure 1a). The initial concen-
tration of AgNO3 had to be lower than 50 mm, otherwise
silver nanoplates of various sizes were obtained (Figure 1b
and c). The reactions were also carried out at higher temper-
atures. However, nanoplates with different sizes and nano-
particles were observed (Figure 1d). PVP/AgNO3 (PVP=
poly(vinylpyrrolidone)) molar ratios between 1:1 and 3:1 fa-
vored the growth of triangular silver nanoplates. When the
ratio was decreased, the silver nanoplates prepared had
more round corners, and some particles had polyhedral
structures. When the ratio was increased, small spherical or
polyhedral silver crystals were the main products.


Structural Characterizations of Silver Nanoparticles


To investigate the effect of morphology on the properties of
silver nanoparticles, near-spherical and cubic silver nanopar-
ticles were synthesized by a polyol processes. The X-ray dif-
fraction (XRD) patterns of the obtained silver nanoparticles
are shown in Figure 2. The three peaks detected for the


near-spherical silver nanoparticles were assigned to diffrac-
tion from the (111), (200) and (220) planes of face-centered
cubic (fcc) silver, respectively. The lattice constant calculat-
ed from this pattern is 4.088 M, a value in agreement with
the literature report (a=4.086 M, JCPDS No. 04-0783). For
the silver nanoplates, the overwhelmingly intensive peak lo-
cated at 2q=38.028 corresponds to the diffraction of the
(111) lattice plane of the fcc structure, whereas peaks arising
from the other lattice planes were quite weak. This indicates
that the (111) planes of silver nanoplates were highly orient-


Abstract in Chinese:


Figure 1. TEM images of truncated triangular silver nanoplates prepared
under different synthesis conditions. a) 25 mm AgNO3, 140 8C; b) 50 mm


AgNO3, 140 8C; c) 100 mm AgNO3, 140 8C; d) 50 mm AgNO3, 160 8C.


Figure 2. XRD patterns of the near-spherical, truncated triangular, and
cubic silver nanoparticles.
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ed, parallel to the supporting substrate. This structure fea-
ture is quite common for metal nanoplates, such as silver,
gold, copper, and nickel plates.[22, 29–31] Interestingly, the (200)
diffraction peak showed the strongest intensity in the XRD
pattern of silver nanocubes, and its intensity was nearly
three times that of the commonly observed strongest (111)
diffraction peak, whereas other peaks were not observed. It
suggests that the product has a structure with a preferential
[100] orientation. The unusual intensity of the (200) diffrac-
tion peak is a result of the strong tendency of the silver
nanocubes to assemble into 2D arrays on the solid surface
with the c axis perpendicular to the substrate upon the evap-
oration of the solvent.[27]


The morphology of the silver nanoparticles was further
examined with TEM and scanning electron microscopy
(SEM). Figure 3a is the TEM image of the obtained trun-
cated triangular silver nanoplates. The SEM image demon-
strates that the thickness of the nanoplates is about (15�
5) nm (upper-left inset). The upper-right inset shows an
SAED (selected-area electron diffraction) pattern from the
single nanoplate. The set of spots with the strongest intensi-
ty could be indexed to (220) reflections, which indicates that
the nanoplates are single crystals with a {111} lattice plane
as the basal plane. The inner set of spots should originate
from the 1/3 (422) plane normally forbidden by an fcc lat-
tice, which suggest that the faces parallel to the TEM grid
are smooth and flat.[26] As shown in Figure 3b, the silver
nanoparticles are really near spherical in shape with a mean
diameter of (50�10) nm. The SEM image indicated that the
nanoparticles are not really spherical but have numerous
faces (upper-left inset). The corresponding SAED pattern
from the individual near-spherical nanoparticles with a [001]
zone axis is shown in the upper right inset. These diffraction
spots suggest that each nanoparticle is polycrystalline. The
silver nanocubes are slightly truncated and have a mean


edge length of (50�5) nm with a smooth face (Figure 3c).
They also have a strong tendency to assemble into 2D
arrays with a regular checked pattern on the TEM grid
(lower-left inset). The inset on the lower right shows an
SAED pattern from one of square faces of the cube. The
square symmetry of this pattern indicates that each silver
nanocube is a single crystal bound mainly by six {100}
planes.[10] Structural models of truncated triangular, near-
spherical, and cubic silver nanoparticles are drawn in Fig-
ure 3d.


Catalytic Oxidation of Styrene over Truncated Triangular,
Near-Spherical, and Cubic Silver Nanoparticles


The obtained silver nanoparticles were used as catalysts for
the oxidation of styrene, and the reaction results are demon-
strated in Table 1. Of all three catalysts, the silver nanocubes
show the highest activity for the catalytic oxidation of sty-
rene. The conversion of styrene over silver nanocubes is


nearly three times higher than
that on near-spherical nano-
particles under the same con-
ditions. The conversion of sty-
rene increased as the reaction
time increased (Figure 4). In
all cases benzaldehyde and sty-
rene oxide were the main
products. At the beginning of
the reaction, the selectivity for
styrene oxide was about 40%,
while the selectivity for benzal-
dehyde continually increased
with increasing reaction time.
The formation of benzalde-
hyde from styrene can occur
through two different routes.
One possible pathway is the
oxidation of the side chain,
which causes breaking of the
C=C bond to form benzalde-


Figure 3. TEM image of a) truncated triangular nanoplates, b) near-spherical silver nanoparticles, and c) nano-
cubes, and d) their structural models. The insets show the scanning electron microscopy image (left) and the
selected area electron diffraction pattern (right).


Table 1. Summary of the catalytic performance and BET surface area for
the truncated triangular, near spherical and cubic silver nanoparticles[a]


Nanoparticle
shape


BET surface
area [m2g�]


t [h] Conv. [%] B Sel. [%] SO Sel. [%]


triangular 6.6 1 2 62 38
3 13 68 32
12 38 84 16


near spherical 3.2 1 4 60 40
3 19 65 35
12 45 79 21


cubic 3.7 1 10 56 44
3 53 65 35
12 82 81 19


[a] Conv.=conversion rate of styrene, B Sel.= selectivity for
ACHTUNGTRENNUNGbenzaldehyde, SO Sel.= selectivity for styrene oxide
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hyde. Another way to form benzaldehyde from styrene is by
epoxidation to form styrene oxide, which is then converted
into benzaldehyde in the presence of peroxide. We believe
the two different pathways may be occurring in parallel
during the initial reaction stages. The selectivity for styrene
oxide decreased with the further reaction owing to the en-
hanced reaction between styrene oxide and peroxide. As
shown in Table 1, the selectivity over the three types of Ag
nanoparticle was similar, which indicated that the shape pos-
sibly had little effect on the selectivity.


We consider that the effect of the shape of nanoparticles
on the catalytic performance is likely determined by their
surface area, the atoms on corners and edges, and the ex-
posed crystal faces. Which factor is mainly responsible for
catalytic performance? To answer the question, N2-adsorp-
tion experiments were carried out with the different parti-
cles. The BET surface areas of the three types of nanoparti-
cle are listed in Table 1. The BET surface area is highest for
the truncated triangular nanoplates and lowest for near-
spherical nanoparticles. The BET surface area of the nano-
cubes is close to that of the near-spherical nanoparticles. In
general, if the surface area of the nanoparticles is the intrin-
sic property that determines the high catalytic activity, one
would expect the truncated triangular silver nanoplates to
be the most active and the near-spherical nanoparticles to
be the least active, while the activity of the cubic nanoparti-
cles would be inbetween. However, this is not consistent
with our results.


Second, the near-spherical nanoparticles are formed with
(111) and (100) faces with numerous edges and corners at
the interface. We assume it to follow a truncated polyhedron
structural model.[14, 33] The slightly truncated cubic model is
used for the silver nanocubes.[10] Based on the structural
model, it could be roughly estimated that the fraction of
atoms on edges and corners for near-spherical nanoparticles
would be the highest and the fraction for truncated triangu-
lar nanoplates would be the lowest. If the atoms on the cor-
ners and edges (or defects resulting from them) are the


dominantly active sites in catalysis, one would expect that
the catalytic activity of the silver nanoparticles should de-
crease in the order near spherical> truncated cubic> trun-
cated triangular. This is also not comparable with our re-
sults.


The different catalytic activities of the three types of
silver nanoparticle cannot be explained by the different of
surface area and the fraction of atoms on edges and corners,
so the probably reason would be ascribed to their different
crystal faces. As mentioned above, the near-spherical nano-
particles are composed of numerous {111} and {100} planes.
The silver nanoplates predominantly exposed the well-de-
fined and the most stable {111} planes, whereas in the silver
nanocubes the less-stable {100} planes were predominantly
exposed. As illustrated by Wang,[11] surface energies associ-
ated with different crystallographic planes are usually differ-
ent, and a general sequence may hold, g ACHTUNGTRENNUNG(110)>g ACHTUNGTRENNUNG(100)>g-
ACHTUNGTRENNUNG(111). The planes with higher surface energy are more reac-
tive.[10] Moreover, most catalytic reactions are sensitive to
the surface structure of the catalysts, and it is well-known
that the reactivity in structure-sensitive reactions depends
on the crystal plane of the catalyst.[34] Previous computer
simulations predicted that it is easier for adsorption and ac-
tivation of ethylene and oxygen on crystal planes with
higher surface energy.[35] On the basis of this result, the cata-
lytic activity on the surface of the silver nanoparticles would
decrease in the order g ACHTUNGTRENNUNG(110)>g ACHTUNGTRENNUNG(100)>g ACHTUNGTRENNUNG(111). That is the
likely reason for the different catalytic activity on silver
near-spherical nanoparticles, nanoplates, and nanocubes. To
elucidate the remarkable effects of the catalyst shapes, the
specific reaction rates (molecules of styrene converted over
the surface area of silver nanoparticles) were calculated
(Figure 5). It is noteworthy that the rate of conversion over
nanocubes is over 14 times higher than that on nanoplates
and four times higher than that on near-spherical nanoparti-
cles. This result indicates that the catalytic activity on the
{100} planes is higher than that on {111} planes, which is
agreement with our conclusion.


Figure 4. Catalytic performance of the silver nanoparticles in the
ACHTUNGTRENNUNGoxidation of styrene with THBP (tert-butyl hydroperoxide).


Figure 5. Specific reaction rate of styrene conversion over truncated
ACHTUNGTRENNUNGtriangular, near-spherical, and cubic silver nanoparticles. Reaction time:
3 h.
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The three types of silver nanoparticles were prepared by
different methods with PVP or cetyltrimethylammonium
bromide (CTAB) as capping agents. It is possible that the
different capping agents affect the surface chemistry of the
nanoparticles. To understand the effect of the capping agent
on the catalytic properties, a parallel reaction was carried
out. We introduced trace amounts of CTAB into the colloid
of Ag nanospheres. Some CTAB would adsorb on the sur-
face of the Ag nanospheres. These particles were only slight-
ly less catalytically active than the nanospheres without
CTAB. This result indicates that at least the bromide does
enhance the catalytic activity. On the other hand, both nano-
plates and nanospheres were prepared with PVP as the cap-
ping agent; however, as the specific reaction rates over the
nanospheres is three times higher than that over the nano-
plates, it can be seen that the effect of the capping agent is
limited in present work. The crystal faces of the silver nano-
particles play an essential role in determining the catalytic
oxidation properties.


Conclusions


A simple and effective route has been developed for the
preparation of silver nanoplate 2D structures. The obtained
truncated triangular silver nanoplates were highly oriented
single crystals with {111} planes as the basal planes. The
morphology and dimensions of the silver nanoplates strong-
ly depend on the concentration of AgNO3, synthesis temper-
ature, and the surfactant/AgNO3 molar ratio. The cubic and
near-spherical silver nanoparticles with well-defined planes
were synthesized by polyol processes, and the activity of the
truncated triangular, cubic, and near-spherical silver nano-
particles for the oxidation of styrene in colloidal solution
were compared. The catalytic activity of the silver nanopar-
ticles greatly depends on the crystal planes that the nanopar-
ticles expose. The silver nanocubes show much higher sty-
rene oxidation activity than near-spherical nanoparticles and
nanoplates because of their more-reactive {100} planes. The
present results suggest that a morphology-controlled synthe-
sis method could result in an increase in more-reactive crys-
tal planes and a decrease in less-reactive planes so as to op-
timize the catalytically active sites.


Experimental Section


In a typical synthesis of truncated triangular silver nanoplates, a solution
of AgNO3 in DMF (50 mm ; 20 mL) was added dropwise to a solution of
poly(vinylpyrrolidone) in DMF (50 mm; 20 mL). The mixture was then
transferred to a 50-mL autoclave and heated at 140 8C under autogenetic
pressure for 8 h. The final sample was obtained by centrifugation and
washed with acetone and water. The near-spherical silver nanoparticles
were synthesized by reducing AgNO3 with N2H4 in the presence of PVP.
An aqueous solution of AgNO3 (50 mm ; 20 mL) and N2H4 (75 mm ;
20 mL) were added simultaneously to an aqueous solution of PVP
(75 mm, MW=30000; 20 mL) at 25 8C under vigorous stirring. The silver
nanocubes were synthesized by a CTAB-modified silver-mirror reaction
according to a literature procedure.[26] The products were rinsed with eth-


anol several times to remove surfactants that remained on the surface of
the final products.


Small drops of the each of the colloidal solutions were placed onto glass
substrates and copper grids for XRD and TEM measurements, respec-
tively. The XRD test was performed with a Bruker D8 Advance X-ray
diffractometer with monochromated CuKa radiation (l=1.5418 M). TEM
and the corresponding SAED investigations were performed with a
JEM-1200EX microscope operated at 120 kV. The SEM images of sam-
ples were obtained by using a JSM-6301F field-emission microscope. The
BET surface areas of the catalysts were determined by N2 adsorption at
�196 8C on a Tristar 2010 Chemical Adsorption Instrument (Micrometrit-
ics).


The epoxidation of styrene over the silver nanoparticles was carried out
at atmospheric pressure by treating the catalyst (50–100 mg) with styrene
(10 mmol) and anhydrous TBHP (15 mmol) in a magnetically stirred
glass reactor and heating at reflux for several hours. After the reaction
mixture was cooled, the catalyst was separated from the reaction mixture
by centrifugation. The reaction products were analyzed by GC/FID with
an SE-30 column and N2 as carrier gas. Some blank experiments were
carried out. The conversion of styrene was below 1% in the absence of
catalysts with TBHP as oxidant. No clear activity was detected when the
TBHP was substituted with hydrogen peroxide or air.
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Self-Assembled Aggregates and Molecular Bilayer Films of a Double-Chain
Fullerene Lipid: Structure and Electrochemistry


Hiroto Murakami,[b] Takashi Nakanishi,[c] Makoto Morita,[b] Naoya Taniguchi,[b] and
Naotoshi Nakashima*[a]


Introduction


Much attention has been focused on the chemistry and phys-
ics of fullerenes and their derivatives,[1–5] while the construc-
tion of hybrid materials of fullerenes and functional com-
pounds is also of interest.[6–11] We and others have been in-
terested in combining fullerene chemistry and the chemistry
of lipid bilayer membranes.[12–24] Study of this subject is ex-
pected to open up an exciting area of science. We already
reported that water-insoluble C60-bearing lipids (fullerene


lipids 2–4) with triple C16, C14, or C12 alkyl chains form or-
ganized multibilayer films; these films undergo phase transi-


tions attributable to a lipid bilayer phase transition that is
more typically observed in liposomal and synthetic lipid bi-
layer membranes and/or to a change in orientation of the
C60 moieties.[21] We also demonstrated the unique electro-
chemical properties of cast films of fullerene lipids[21,22] and
of C60/artificial ammonium-lipid composites[12–19] on elec-
trode surfaces.


Self-assembled superstructures of lipids have also attract-
ed a great deal of attention in the field of nanoscience. In
particular, superstructures of fullerenes are of interest be-


Abstract: The self-aggregation behav-
ior of C60 fullerenes that bear two octa-
decyl chains (lipid 1) as well as the
structures and electrochemical proper-
ties of cast films of 1 are described. We
also examined the self-aggregation be-
havior in organic solvents of three pre-
viously reported compounds: C60 with
three each of hexadecyl (lipid 2), tetra-
decyl (lipid 3), or dodecyl (lipid 4)


chains. The fullerene lipids in alcohols
spontaneously formed spherical aggre-
gates, whose diameters are related to
the alkyl-chain lengths, concentrations
of the fullerene lipids, and the solvent


polarity. The morphologies of the ag-
gregates showed temperature depend-
ence. Cast films of 1 formed multimo-
lecular bilayer structures that undergo
a phase transition typical of lipid bilay-
er membranes. The electrochemistry of
cast films of 1 on an electrode in aque-
ous medium exhibits temperature de-
pendence.
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cause of their unique chemical and physical proper-
ties.[10,12,25] A variety of strategies for the formation of fuller-
ene superstructures have been proposed and developed by
many researchers.[20,26–43] For instance, we described the for-
mation of fibrous and disklike superstructures from a C60-
bearing ammonium amphiphile with a long alkyl-chain
spacer.[20]


Morphological variation of self-assembled fullerene super-
structures through external stimuli such as solvent polari-
ty,[42,44–47] pH,[33,39] temperature,[32] and light has also been the
subject of intense research in recent years because of the
possibility for exploitation of the advantageous intrinsic
properties of fullerenes, for example, photochemical and
photophysical properties and electrochemistry. Tam and co-
workers reported that the aggregates of C60-containing
poly(2-(methylamino)ethyl methacrylate) change their mor-
phologies according to pH and temperature.[32] Patnaik and
co-workers reported a fullerene derivative with long alkyl
chains that forms self-aggregates in binary mixtures of sol-
vents whose dielectric constants exceed a critical value of
around 30.[48] More recently, Nakanishi et al. reported that a
fullerene derivative with long alkyl chains forms hierarchi-
cally ordered superstructure assemblies with well-defined
1D, 2D, and 3D architectures such as vesicles, fibers, disks,
and cones.[49]


Herein, we designed and synthesized an l-glutamate-
based chiral fullerene lipid 1 with double octadecyl chains to
investigate the effect of the multiplicity of alkyl chains on
the lipid and of the existence of a chiral carbon atom on the
self-aggregation properties and film structures of the fuller-
ene lipid, as well as the electrochemistry of the lipid films.
The cross-sectional area of the double chain in 1 (0.42 nm2)
is smaller than that of the C60 moiety (0.78 nm2),[23,50] where-
as the area of the triple-chain moieties in 2–4 (0.72 nm2) is
close to that of the C60 moiety (see Supporting Information).
The number of alkyl chains should influence the fundamen-
tal properties of the fullerene lipids. Herein, we describe in
detail 1) the self-aggregation properties of 1–4 in alcohols,
2) the structure and phase-transition behavior of cast films
of 1, and 3) the temperature-dependent electrochemistry of
cast films of 1.


Results and Discussion


Self-Aggregation Behavior of Fullerene Lipids in Alcohols


A film made from a reddish-brown solution of 1 in chloro-
form was heated in 2-propanol (or ethanol) at 50 8C for 2 h
to obtain a transparent yellowish-brown dispersion. Disper-
sions of the same color were also obtained from all other
fullerene-lipids (2–4) films.


The UV/Vis absorption spectra of 1 in chloroform and in
2-propanol are shown in Figure 1a. The spectrum of 1 in
chloroform shows two strong peaks at 256 and 323 nm to-
gether with a very weak peak at 422 nm. The peaks at
around 260 and 320 nm arise from the C60 moiety in each
fullerene lipid and are assigned to the electronic transitions


11Ag!61T1u and 11Ag!31T1u, respectively.
[51] The absorption


peak at around 420 nm is characteristic of monosubstituted
fullerene derivatives.[52–55] The positions and relative intensi-
ties of the peaks in the spectrum of 1 in chloroform are in
good agreement with those in n-hexane, which suggests that
1 dissolves in chloroform in a nonaggregated form. In con-
trast, the spectrum of 1 in 2-propanol is very broad, al-
though the peak positions are almost identical to those of 1
in chloroform. Furthermore, the absorbance of the 2-propa-
nol dispersion in the visible region is much larger than that
in chloroform, which results in the color change. The same
spectral behavior was observed for the other fullerene lipids
in both solvents (for 2, see Supporting Information). The
spectral behavior observed is due to the difference in the
microscopic environment of the fullerene lipids in these sol-
vents and suggests spontaneous aggregate formation in 2-
propanol. In fact, the absorption spectra for aggregates of
fullerenes and fullerene derivatives were reported to be
broad compared to those of the respective nonaggregated
forms.[42,44,47,56]


The CD spectra of 1 in chloroform and in 2-propanol are
shown in Figure 1b. Despite the presence of a chiral carbon
atom in 1, a CD band was not detected in a solution of 1 in
chloroform, in which 1 does not form an aggregate. In con-
trast, CD bands for 1 in 2-propanol appear over a wide
range of wavelengths, from 300 to 800 nm. These bands
could be due to exciton coupling of the highly conjugated p-
electron system of the fullerene moiety of 1-aggregates that
possess chirality. The contribution of linear dichroism of 1
aggregates in 2-propanol is almost negligible. Fullerene lipid
2 gave no CD signal even when dispersed in 2-propanol, in
which 2 forms spontaneous aggregates, because of the ab-


Figure 1. a) UV/Vis absorption and b) CD spectra of 1 in chloroform
(a) and 2-propanol (c). [1]=1.6G10�5


m for UV/Vis spectra, [1]=
1.6G10�5


m in 2-propanol and [1]=2.5G10�5
m in chloroform for CD


ACHTUNGTRENNUNGspectra.
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sence of a chiral carbon atom in 2 (see Supporting Informa-
tion).


The shape of the fullerene lipid aggregates was character-
ized with transmission electron microscopy (TEM), scanning
electron microscopy (SEM), and atomic force microscopy
(AFM). Figure 2 shows typical TEM and SEM images of 1


in 2-propanol. In both images, uniform spherical aggregates
can be seen. None of the expected helical aggregates, which
would reflect the existence of the chiral carbon atom in 1,
were observed. The thickness of the walls of the spherical
aggregates is approximately 10 nm (Figure 2a, inset). A mo-
lecular length of 3.8 nm for 1 was estimated from Corey–
Pauling–Koltun (CPK) space-filling models, so it is clear


that the aggregates have multibilayer morphology. TEM and
AFM images of 2 in 2-propanol also showed spherical ag-
gregates (see Supporting Information). Moreover, spherical
aggregates were also observed in the TEM images of 3 and
4 in 2-propanol as well as those of 1–4 in ethanol. Unlike
the double-[57] and triple-chain[58] synthetic amphiphiles and
the water-soluble fullerene[20] reported previously, however,
fibrous and disklike aggregates were not formed. These re-
sults suggest that there is no relationship between the mo-
lecular shape of the fullerene lipids and the shapes of their
aggregates.


A dynamic light scattering (DLS) study was conducted to
obtain information about the size of the aggregates of the
fullerene lipids in the dispersions (for the data, see Support-
ing Information). The results are summarized in Table 1. For
the aggregates of 2 in 2-propanol and in ethanol, the size of
the aggregates increases as the concentration of the fuller-
ene lipid in the dispersion increases. For instance, the size of
2 aggregates in a 30-mm dispersion in 2-propanol is 540 nm,
which is larger than that in an 18-mm dispersion (200 nm),
whereas those of 24-mm and 14-mm dispersions in ethanol are
415 and 320 nm, respectively. At the same time and in con-
trast to the aggregates of 1–4 in 2-propanol, the size of the
aggregates increases with an increase in alkyl-chain length
of the lipid rather than concentration, that is, the sizes of 1
(16 mm), 2 (18 mm), 3 (22 mm), and 4 (21 mm) are 390, 200,
105, and 95 nm, respectively. Therefore, it was found that
the variation of the sizes of the aggregates depends both on
the alkyl-chain length and the concentration of the fullerene
lipids in the dispersions. These two factors also affect the
monodispersity, which increases upon decreasing the alkyl-
chain length and increasing the concentration. This effect
may come from the conformation of the alkyl-chain moiet-
ies of the fullerene lipids; that is, a shorter chain length
easily enables the gauche conformation, leading to weaker
packing through van der Waals interactions. The increase in
solvent polarity also results in an increase in aggregate size.
Similar phenomena were described for fullerenes with dif-
ferent chemical structures.[42,44–47]


To investigate the thermal stability of the aggregates, we
also performed DLS and TEM measurements for the disper-
sions 3 and 4. The DLS data are shown in the Supporting
Information and are summarized in Table 2. The sizes of the


Figure 2. a) TEM and b) SEM images of 1 in 2-propanol.


Table 1. Average particle sizes, size distributions, and monodispersities of fullerene lipid aggregates in alcohols determined by DLS measurements.[a]


Fullerene
lipid


Film quantity
ACHTUNGTRENNUNG[nmol][b]


Concentration
[mM]


[c]
Solvent Average particle size


[nm]
Size distribution
[nm]


Monodispersity
dw/dn[d]


1 200 16 2-propanol 390 250–500 1.07
2 200 18 2-propanol 200 110–340 1.08


400 30 2-propanol 540 350–800 1.20
200 14 ethanol 320 200–500 1.10
400 24 ethanol 415 250–700 1.20


3 400 22 2-propanol 105 50–300 1.18
400 10 ethanol 160 50–500 1.21


4 400 21 2-propanol 95 50–250 1.22
400 10 ethanol 140 50–400 1.37


[a] DLS measurements were carried out at (25�0.5) 8C. [b] Concentration of each stock solution of the fullerene lipid was 1 mm. [c] Concentrations of
the dispersions were determined according to the method in the Experimental Section. [d] n=Number average particle diameter, w=weight average
particle diameter.
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aggregates of 3 and 4 in 2-propanol and ethanol remained
constant after storage at 25 8C for more than 5 days (average
diameter=95–160 nm). In contrast, in solutions cooled at
5 8C for 1 day, the size of the aggregates increased (average
diameter=220–330 nm), and the average size reached 3300–
5100 nm after cooling at 5 8C for 6 days. The enlarged aggre-
gates persisted even after warming to 25 8C. However, a fur-
ther increase in temperature decreased the aggregate size;
that is, at temperatures over 35 8C, the size gradually de-
creased, and on heating at 50 8C for 5 h, it was further low-
ered to 150–230 nm, which is close to the original size of the
aggregates (see Supporting Information). Figure 3 shows
typical temperature-dependent TEM images of the aggre-
gates of 3 in 2-propanol. In the TEM image in Figure 3b,
fused spherical aggregates are clearly visible. It is evident
that the increase in aggregate size for the samples prepared
by the cooling process is due to fusion of the aggregates.
Warming of the fused aggregates at 50 8C for 5 h caused the
reappearance of the original spherical aggregates. It is now
evident that spherical aggregates of the fullerene lipids fuse
by cooling at 5 8C and are returned to the pristine spherical
state by heating at 50 8C. Similar temperature-dependent ag-
gregation behavior was observed for 3 in ethanol and for 4
in 2-propanol and in ethanol. The observed aggregation be-
havior could be due to the temperature dependence of inter-
actions between fullerene moieties.


Fullerenes are known to polymerize under UV irradia-
tion, during which covalent cyclobutane linkages are formed
between the fullerene molecules.[59–61] We examined the
effect of photoirradiation on the fullerene-lipid aggregates.
A dispersion of 2 in 2-propanol containing the spherical ag-
gregates was irradiated with a high-pressure mercury lamp
in the absence of a cut filter for 10 h. The dispersion clearly
lost color after the irradiation, and no precipitate was pro-
duced. The UV/Vis absorbance of the dispersion of 2 after
irradiation decreased, and a blue shift of the absorption
edge together with the disappearance of the characteristic
peaks assigned to the fullerene moiety in 2 were observed,
as was expected from the color change of the dispersion
(see Supporting Information). In the Raman spectrum of
the dispersion of 2 after irradiation, the vibration peak as-
signed to the carbon–carbon double bonds of the fullerene
moiety of 2 was shifted to lower frequency by 18 cm�1. As
shown in Figure 4, we observed fused and defective clusters


Table 2. Average particle sizes of fullerene lipid aggregates in alcohols
before and after thermal treatment determined by DLS measurements.[a]


Fullerene Solvent Average particle size [nm]
lipid A B[b] C[c] D[d] E[e]


3
2-propanol 105 115 220 3300 150
ethanol 160 155 330 5080 230


4
2-propanol 95 92 230 3470 175
ethanol 140 140 330 4750 225


[a] The DLS measurements were carried out at (25�0.5) 8C. [b] After
keeping A at 25 8C for 5 days. [c] After cooling B at 5 8C for 1 day.
[d] After cooling C at 5 8C for another 5 days. [e] After heating D at
50 8C for 5 h.


Figure 3. TEM images of 3 in 2-propanol a) before thermal treatment,
b) after cooling at 5 8C for 5 days, and c) after subsequent heating at
50 8C for 5 h.


Figure 4. TEM image of 2 in 2-propanol after UV irradiation for 10 h at
ambient temperature.
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in the TEM images of the 2 aggregate following irradiation;
the spherical aggregates were difficult to observe. Thus, UV
irradiation causes a partial destruction of the p-electron
system of the fullerene moieties, resulting in the formation
of fused and defective clusters in the dispersion.


Properties of Fullerene Lipid Films


We have already described the properties of cast films of 2–
4 examined by differential scanning calorimetry (DSC), UV/
Vis and FTIR spectroscopy, and XRD.[21,24] The pertinent
features are summarized as follows. 1) Cast films of 2 exhibit
two endothermic peaks in the temperature ranges of 35–
40 8C (main transition) and 47–49 8C (subtransition) in air,
water, and aqueous tetraethylammonium chloride (TEAC;
0.5m), whereas cast films of both 2 and 3 each showed one
endothermic peak at 50–57 8C. 2) Taken together with the
results of the temperature-dependent FTIR and UV/Vis
spectra of the cast films of 2–4, the main peak in the DSC
thermogram of a film of 2 is attributed to the typical phase
transition seen in lipid bilayer membranes,[62] and the suben-
dothermic peak of 2 and the peaks of 3 and 4 come from
the change in the orientation of the C60 moieties. 3) The
XRD pattern for each cast film of 2–4 shows a diffraction
peak corresponding to the (001) plane, suggesting the for-
mation of molecular bilayer membrane structures.


To characterize the cast films of 1, DSC, FTIR and UV/
Vis spectroscopy, and XRD measurements were carried out.
The DSC thermogram of a cast film of 1 in air shows a
broad endothermic peak at 40.8 8C (DH=25.2 kJmol�1)
(Figure 5a). This DSC behavior, which differs from that for
the cast films of 2, could be due to an increase in the phase-
transition temperature for the alkyl-chain moieties caused
by increasing the alkyl-chain length, while the subtransition
temperature for the change in the orientation of the C60


moieties is not affected. The phase transition for the film ap-
pears at 39.6 8C (29.8 kJmol�1) in water and at 40.0 8C
(22.4 kJmol�1) in aqueous TEAC, thus indicating that the
fullerene lipid retains similar molecular orientations in these
different media.


In the temperature dependence of the FTIR spectra of
cast films of 1 in air, the frequency of the asymmetric and
symmetric methylene stretching peaks changes drastically
near 40 8C (Figure 5b). The shift of ñasACHTUNGTRENNUNG(CH2) and ñs ACHTUNGTRENNUNG(CH2)
from 2918.8 and 2850.1 to 2922.7 and 2851.8 cm�1, respec-
tively, can be ascribed to the trans!gauche conformational
change of the long alkyl chains,[63,64] which leads to a phase
transition in the thin film. The UV/Vis spectrum of the film
in air at 25 8C shows three bands with absorption maxima at
219.5 (band A), 265.5 (band B), and 330.5 nm (band C); the
peak maxima for bands A, B, and C are shifted to longer
wavelengths by 10.5, 10.0, and 8.0 nm, respectively, com-
pared to those in n-hexane. These shifts imply the existence
of an electronic interaction between the C60 moieties in the
film. Upon increasing the temperature to 40 8C, the peak
maxima for the three bands shifted drastically to shorter
wavelengths (Figure 5c). Thus, it is evident that the endo-


thermic peak at 40.8 8C (=Tc) in the DSC thermogram of
the film of 1 can be attributed to a bilayer phase transition
typically observed for liposomal and synthetic lipid bilayer
membranes as well as to a change in orientation of the C60


moieties. The XRD study revealed that cast films of 1 give a
diffraction peak at 2q=1.78 (see Supporting Information),
which is attributed to the diffraction from the (001) plane
with a d-spacing value of 5.2 nm. As the molecular length of
1 is about 3.8 nm, the cast films of 1 probably form a bio-
membrane-mimetic multibilayer structure with the molecu-
lar layer tilted by 438 from the normal plane. From these
data, we can propose a schematic model for the structure
and phase-transition behavior of cast films of 1 (Supporting
Information). Below Tc, the lipid forms a rigid crystalline
state, in which all alkyl chains have a trans conformation.
Above Tc, the lipid film reaches a fluid state with a less-or-
dered structure in which the alkyl chains have a gauche con-
formation and the orientation of the C60 moieties is disor-
dered. This mechanism is different from that of the triple-
chain fullerene lipid 2 (see Supporting Information).


Figure 5. a) DSC thermogram of a cast film of 1 in air. b) Plots of fre-
quency of asymmetric and symmetric CH2 stretching bands in the FTIR
spectra of a cast film of 1 as a function of temperature. c) Plots of wave-
lengths for band A (*), band B (~), and band C (*) in the UV/Vis
spectra of a cast film of 1 as a function of temperature.
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Electrochemistry


Figure 6a and b show a typical cyclic voltammogram (CV)
and differential pulse voltammogram (DPV), respectively,


for a solution of 1 (0.5 mm) in dichloromethane containing
tetrabutylammonium perchlorate (0.1m) as a supporting
electrolyte. Three redox couples are evident and correspond
to C60/C60


�, C60
�/C60


2�, and C60
2�/C60


3�. The formal potentials
obtained were �1.02, �1.43, and �1.90 V versus ferrocene/
ferrocenium (Fc/Fc+) for E1


0’, E2
0’, and E3


0’, respectively.
These potentials are shifted in a negative direction by about
20, 30, and 60 mV for the first, second, and third redox po-
tentials, respectively, compared to those of C60 in dichloro-
methane (�1.00, �1.40, and �1.84 V for E1


0’, E2
0’, and E3


0’,
respectively). This shift arises from the closed 6/6 ring bridg-
ed structure of the monosubstituted C60, which results in a


variation in the number of electrons in the p system of the
fullerene moiety from 60p to 58p. The CV and DPV of a so-
lution of 2 in dichloromethane also show three redox cou-
ples corresponding to C60/C60


�, C60
�/C60


2�, and C60
2�/C60


3� at
�1.02, �1.43, and �1.94 V, respectively, whose formal po-
tentials are close to those of 1 (see Supporting Information)
essentially because of the presence of the same p system.


We previously reported that the electrochemistry of C60


embedded in an artificial lipid film[18] or a film of 2[21] can be
tuned with the temperature-controlled phase transition. CV
measurements of a cast film of 1 on a basal plane pyrolytic
graphite (BPG) electrode were performed at 15 8C (below
Tc) and 45 8C (above Tc) and revealed that the electrochem-
istry of films of 1 on an electrode shows strong temperature
dependence. Below Tc, the modified electrode gave no elec-
trochemical response attributable to the C60 moiety in 1,
whereas above Tc, a cathodic peak at �0.9 V and an anodic
peak at �0.42 V versus a saturated calomel electrode (SCE)
were observed (Figure 6c). These peaks are, however, unsta-
ble on potential cycling, which suggests the formation of an
electrochemically inactive film of 1 at the electrode surface.
Because of this instability in the CV measurements, we used
Osteryoung square-wave voltammogram (OSWV) measure-
ments to evaluate the effect of the phase transition of the
fullerene films on the electrodes. Typical OSWVs for a 1-
modified electrode in water containing TEAC as an electro-
lyte is shown in the Supporting Information. The Faradaic
current at temperatures below 20 8C is very small, although
the current increases upon increasing the temperature. Plots
of the reduction current as a function of temperature
(Figure 7) give a break near 38 8C, which is close to the
phase-transition temperature of a film of 1, which suggests
that the phase transition of this film affects the electrochem-
istry of the modified electrodes, that is, the fluid lipid phase
provides a suitable microenvironment for the electrochemis-
try of the fullerene moieties of films of 1. The evident direct
electrochemical communication of the fullerene moiety with
the electrode would be due to the enhanced diffusion rates
of the electrolytes and 1 molecules in the fluid phase. On
the contrary, the electrochemistry was hindered in the rigid
lipid bilayer phase.


Figure 6. a) CV and b) DPV for 1 (0.5 mm) in dichloromethane contain-
ing tetrabutylammonium perchlorate (0.1m) at 25 8C. Scan rate=
50 mVs�1 for CV, scan rate=5 mVs�1, pulse amplitude=50 mV for
DPV. c) CVs at a scan rate of 100 mVs�1 for a cast film of 1 on a BPG
electrode in aqueous TEAC (0.5m) at 45 8C (A) and 15 8C (B).


Figure 7. Plot of peak current in the OSWV of a cast film of 1 on a BPG
electrode in aqueous TEAC (0.5m) as a function of temperature.
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Conclusions


We have described herein 1) the formation of the fullerene-
lipid aggregates 1–4 in alcohols together with their proper-
ties, including thermal behavior and the effect of photoirra-
diation on the aggregates in solution, and 2) the structure
and electrochemistry of films of the fullerene lipid 1. Spec-
troscopic studies indicated that the fullerene lipids 1–4 self-
assemble spontaneously in 2-propanol and in ethanol. Elec-
tron and atomic force microscopic investigations revealed
that, regardless of the number of alkyl chains, the fullerene
lipids used in this study form spherical aggregates in alco-
hols. CD activity was observed for the dispersions. From the
DLS studies, the size of the aggregates depends on the
alkyl-chain length and concentration of the fullerene lipid as
well as the solvent polarity. Thermal treatment or photoirra-
diation of the lipid dispersions causes morphological
changes. DSC, FTIR and UV/Vis spectroscopy, and XRD
measurements revealed that 1 forms a multibilayer structure
with a phase transition coupled to the change in orientation
of the C60 moieties. The electrochemistry of a film of 1 can
be tuned the temperature-controlled phase transition of the
film.


The present study could provide useful information to-
wards the understanding of fullerenes in their aggregated/or-
ganized states and their potential application in the field of
nanoscience and technology.


Experimental Section


Materials


The synthesis of 1 is described in the Supporting Information. Fullerene
lipids 2–4 were prepared according to our previously reported meth-
ods.[20] All solvents used in this study were of spectroscopic grade. Other
chemicals used were of reagent grade.


Preparation of Fullerene-Lipid Dispersions in Alcohols


A solution of 1 (1 mm, 200 mL or 400 mL) in chloroform was placed in a
30-mL vial. After the solution was air-dried at ambient temperature
under reduced pressure for several hours, 2-propanol or ethanol (8 mL)
was added. The mixture was then heated at 50 8C for 2 h and aged at
25 8C overnight. The supernatant in the vial became transparent yellow-
ish brown and was used in the following measurements. Transparent dis-
persions of 2, 3, and 4 were obtained by similar procedures.


Determination of Fullerene-Lipid Concentration in Alcoholic Dispersions


A typical procedure is as follows. Alcoholic dispersions of 2, 3, or 4 (each
2 mL) were evaporated, and the residue was dissolved in chloroform
(3 mL). We estimated the concentrations of lipids 2–4 by employing their
molar extinction coefficients at 323 nm in chloroform. UV/Vis spectra
were recorded on a Hitachi U-3000 spectrophotometer.


Electron and Atomic Force Microscopic Studies


The alcoholic dispersion (10 mL) was placed by dropper on a carbon-
coated copper grid (Ouken Shoji, 200 A mesh), followed by poststaining
with uranyl acetate (1 wt% aqueous solution) for TEM (JEOL
JEM100S, accelerating voltage=100 kV). For SEM, (Hitachi S-2250N,
accelerating voltage=20 kV), a mica substrate was immersed in the dis-
persions in 2-propanol for a few seconds, followed by air-drying. Gold-
vapor deposition was conducted before SEM measurements. AFM
images were obtained from a mica substrate dipped into the dispersion


of 2 in 2-propanol by using an SPI3800N instrument (Seiko Instruments
Inc.) in tapping mode.


Dynamic Light Scattering


DLS measurements of the dispersions were conducted at (25�0.5) 8C
with an Otsuka Electronics Co. LTD ELS-800 instrument. Vertically po-
larized light from a He–Ne laser (632.8 nm, 10 mW) was directed into the
sample cell, and the scattered light was detected at an angle of 908 to the
incident beam.


UV/Vis, FTIR, CD, and Raman Spectral Measurements


UV/Vis spectral measurements of the dispersions and lipid cast films
were carried out with a JASCO V-570 spectrophotometer or a Hitachi U-
3000 spectrophotometer. FTIR spectra of lipid cast films were recorded
on a Nicolet ProtMgM-460 spectrometer (64 scans accumulated for each
spectrum). CD spectra for dispersions were recorded on a JASCO J-720
CD spectropolarimeter. A Ramanscope System 1000 instrument (Renish-
aw) was used for the Raman spectroscopic measurements of the disper-
sion of 2 before and after photoirradiation with a high-pressure mercury
lamp (Irie Science, SHL-100UVQ-2, 75W, irradiation time=10 h).


X-ray Diffraction


XRD diagrams of cast films of 1 were measured on a Rigaku RINT-2000
diffractometer at room temperature.


Differential Scanning Calorimetry


DSC measurements of a cast film of 1 were carried out at a heating rate
of 2.0 8C min�1 on a Shimadzu DSC-60 instrument in air or water (20 mL)
and in aqueous TEAC (0.5m, 20 mL).


Electrochemical Measurements


Electrochemical measurements were carried out on a solution of 1
(0.5 mm) in dichloromethane containing tetrabutylammonium perchlorate
(0.1m) and a cast film of 1 on a BPG electrode in aqueous TEAC (0.5m).
A conventional three-electrode configuration was used in both systems.
For the solution of 1, an Au disk and a Pt plate served as the working
and counter electrodes, respectively. Ag wire was also used as a pseudo-
ACHTUNGTRENNUNGreference electrode, and the potential was calibrated with the Fc/Fc+


redox couple. A typical procedure for the preparation of the cast film
modified electrode is as follows. A solution of 1 (1 mm, 20 ml) in chloro-
form was placed on a BPG electrode, and the modified electrode was left
to dry in a vacuum desiccator for a day. It was then annealed in the aque-
ous electrolyte solution at 50 8C for 30 min. A Pt plate and an SCE
(Yanaco) were used as the counter and reference electrodes, respectively.
CV, DPV, and OSWV measurements were performed with a BAS-
100BW electrochemical analyzer. All measurements were carried out
with a temperature-controlled electrochemical cell after degassing by
bubbling with nitrogen.
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Synthesis of Murisolin, (15R, 16R, 19R, 20S)-Murisolin A, and (15R, 16R,
19S, 20S)-16,19-cis-Murisolin and Their Inhibitory Action with Bovine Heart


Mitochondrial Complex I


Yasunao Hattori ,[b, c] Yuka Kimura,[a] Aki Moroda,[d] Hiroyuki Konno,[e] Masato Abe,[f]


Hideto Miyoshi,[f] Tetsuhisa Goto,[b, d] and Hidefumi Makabe*[a]


Introduction


Annonaceous acetogenins, which are present in a number of
tropical or subtropical plants of the Annonaceae family,


have attracted much attention as they exhibit a wide variety
of biological activities, for example, cytotoxic, antitumoral,
antimalarial, antibiotic, antiparasitic, and antifeedant. So
far, more than 400 compounds have been isolated. Most of
them contain one or more tetrahydrofuran (THF) rings, to-
gether with an a,b-unsaturated g-lactone on a chain 35 or 37
carbon atoms long. The mode of action is assumed to be
based on inhibitory activity against NADH–ubiquinone oxi-
doreductase of mitochondrial complex I.[1]


Murisolin (1) is a mono-THF annonaceous acetogenin[2]


isolated from the seed of Annona muricata by Cortes and
co-workers in 1990.[3] Five years later, it and its diastereo-
mers, murisolin A (2a or 2b) and 16,19-cis-murisolin (3a),
were isolated from the seed of Asimina triloba by McLaugh-
lin and co-workers.[4] The structures assigned by these two
groups are shown in Scheme 1. In 2004 and 2005, the total
synthesis of 1, 3a, and 3b was reported by Tanaka and co-
workers.[5] At the same time, Curran and co-workers report-
ed the synthesis of a stereoisomer library of murisolin and
15 of its isomers, including 1, 2a, 2b, 3a, and 3b.[6] Quite re-
cently, Curran et al. also reported the synthesis of a 28-
member stereoisomer library of murisolins.[7]


Results and Discussion


We previously reported a method for constructing the THF
moiety for acetogenins that have threo-trans-threo or eryth-
ro-trans-threo relationships from chiral epoxy alcohol 4. We
applied the synthesis to mono-THF acetogenins (10R)- and


Keywords: annonaceous acetoge-
nins · antitumor agents · mitochon-
drial complex I · natural products ·
total synthesis


Abstract: The asymmetric total synthesis of murisolin, (15R, 16R, 19R, 20S)-muri-
solin A, and (15R, 16R, 19S, 20S)-16,19-cis-murisolin was performed by using an
epoxy alcohol as a versatile chiral building block for synthesizing the stereoisomers
of mono-THF annonaceous acetogenins. The inhibitory activity of these murisolin
compounds was examined with bovine heart mitochondrial complex I, and they
showed almost the same activity.
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(10S)-corossoline (5, 6),[8] and (17R, 18R, 21R, 22S)-reticula-
tain-1 (7) (Scheme 2).[9] Herein, we describe a systematic
and stereoselective construction of the mono-THF moieties
of annonaceous acetogenins from chiral epoxy alcohol 4. We
focused on the synthesis of murisolin 1, 2a, and 3a, and the
evaluation of their biological activity.
The synthetic strategy of 1, 2a, and 3a is shown in


Scheme 3. The mono-THF moieties were synthesized from
epoxy alcohol 4 by using Sharpless AD mix b (AD=asym-


metric dihydroxylation) for threo-trans-threo THF moiety 8,
a combination of AD mix b with the Mitsunobu reaction for
erythro-trans-threo THF moiety 9, and AD mix a for threo-
cis-threo THF moiety 10 (Scheme 3).
As shown in Scheme 4, the THF part of 1 was constructed


by a multistep process starting from acrolein and laurylmag-
nesium bromide. Grignard reaction of acrolein with lauryl-
magnesium bromide gave allylic alcohol 12. Johnson–Clais-
en rearrangement with 1,1,1-triethoxyethane and a catalytic
amount of propionic acid gave ester 13. The conversion of
compound 13 into 8 via chiral building block 4 was per-
formed by using the Sharpless epoxidation with l-(+)-dieth-
yl tartrate and dihydroxylation with AD mix b as the key
steps, according to our previously published method
(Scheme 4).[8]


Scheme 5 shows the synthesis of the THF part of 2a.
Compound 14 was subjected to the Mitsunobu reaction.[10]


In this reaction, the product yields are highly dependent on
the pKa values of the acid, perhaps due to the steric hin-
drance of the acetonide group.[11] p-Nitrobenzoic acid gave a
good result. On the other hand, acetic or benzoic acid af-
forded the product in low yield as previously reported.[9] Hy-
drolysis of p-nitrobenzoate 15 with methanolic NaOH gave
16. The inverted secondary hydroxy group of 16 was protect-
ed as the MOM ether to afford 17. Selective deprotection of
the acetonide group of 17 with 60% AcOH gave diol 18. Si-
lylation of the primary hydroxy group of 18 with TBDMSCl,
Et3N, and DMAP afforded 19. Successive treatment with
MsCl and TBAF furnished terminal epoxide 20. Alkynyla-
tion with lithium acetylide–ethylene diamine complex af-
forded alkyne 21. Protection of the secondary hydroxy
group as the MOM ether gave the THF moiety 9
(Scheme 5).
Scheme 6 shows the synthesis of the THF part of 3a.


Asymmetric dihydroxylation of 4 with AD mix a and subse-
quent acid-catalyzed cyclization with p-TsOH resulted in 22.
Threo-cis-threo THF moiety 10 was obtained by a multistep
process from 22, which is the same procedure as that shown
in Scheme 5.
The a,b-unsaturated g-lactone segment was synthesized as


shown in Scheme 7. Initially, we selected vinyl iodide 30 as
the coupling partner of 29. We examined the direct alkyla-


Scheme 1. Proposed structures of murisolin (1), murisolin A (2a, 2b),
and 16,19-cis-murisolin (3a).


Scheme 2. Synthesis of (10R)- and (10S)-corossoline (5, 6) and (17R, 18R,
21R, 22S)-reticulatain-1 (7) from chiral epoxy alcohol 4.


Abstract in Japanese:
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tion of g-lactone 29 (prepared by the method of White
et al.[12]) with iodide 30 by using LDA, KHMDS, or
NaHMDS (HMDS=1,1,1,3,3,3-hexamethyldisilazane,
LDA= lithium diisopropylamide). All cases, however, re-
sulted in poor yields of the product. We then chose the
method of Keinan and co-workers with some modification
to prepare 11 (Scheme 7).[13] Sharpless asymmetric dihydrox-
ylation of 1,8-nonadiene with (DHQD)2AQN as a ligand


[14]


gave diol 31 with 93% ee based on 1H NMR spectroscopic
analysis of the corresponding Mosher ester derivative. The


primary hydroxy group was se-
lectively converted into the cor-
responding tosylate, and secon-
dary hydroxy group was pro-
tected in the form of silyl ether
32 by using TBDMSCl. The
tosyl group was converted to
iodide 33 by using NaI in the
presence of sodium bicarbonate
under reflux in acetone. Lac-
tone 29 was alkylated with
iodide 33 with LDA in THF/
HMPA to afford 34, which was
oxidized with mCPBA following
thermal elimination of sulfoxide
to afford 35. Selective dihydrox-
ylation of the monosubstituted
double bond followed by oxida-
tive cleavage with NaIO4 pro-
duced aldehyde 36. Finally, ole-
fination with iodoform and
chromium dichloride afforded
the desired vinyl iodide 11 in
the form of a mixture of E/Z
(3:1) isomers.[15]


The THF moiety 8 and g-lac-
tone 11 were coupled by the So-
nogashira cross-coupling reac-
tion[16] to furnish 37 in 76%
yield (Scheme 8). Diimide re-
duction[17] with p-TsNHNH2 and
NaOAc in ethylene glycol/dieth-
yl ether under reflux afforded
saturated product 38. Finally,
deprotection of the MOM-pro-


tected ethers and TBDMS ether with BF3·Et2O afforded 1
(Scheme 8).[13]


The spectroscopic and physical data (1H NMR, 13C NMR,
IR, and MS spectra and melting point) of synthetic 1 are in
good agreement with those reported.[3,5] The specific rota-
tion of synthetic 1 is consistent with the highest values re-
ported by Tanaka and co-workers.[5]


The synthesis of 2a was carried out as described for 1
(Scheme 9). The spectroscopic and physical data (1H NMR,
13C NMR, IR, and MS spectra and melting point) of synthet-
ic 2 are in good agreement with those reported. The specific
rotation of synthetic 2 is consistent with that reported by
Curran and co-workers, although it is little lower than that
reported for natural 2.[4,6]


McLaughlin and co-workers reported the 1H NMR spec-
tra of tris-(R)- and -(S)-MTPA esters (MTPA=a-methoxy-
a-(trifluoromethyl)phenylacetyl) of natural 2.[4] As shown in
Table 1, the 1H NMR chemical shifts of the carbinol centers
of the corresponding tris-(R)-MTPA ester of synthetic 2a
are identical to those reported for natural 2. Recently,
Curran et al. published a very important report about the
stereochemistry of murisolin isomers.[18] They reported that


Scheme 3. Synthetic strategy of 1, 2a, and 3a.


Scheme 4. Synthesis of the THF moiety of 1. a) C12H25MgBr, Et2O, 92%;
b) CH3C ACHTUNGTRENNUNG(OEt)3, propionic acid, reflux, 86%. See reference [8] for the
conversion of 13 into 8.
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the tris-MTPA ester of 2a and 2b could not be distinguished
by 1H NMR spectroscopy. Thus, it is impossible to deter-


mine the absolute configuration of the THF moiety by the
advanced Mosher method.[18,19] They suggested that the ab-
solute configuration of natural murisolin A is that of 2b,
that is, (15S 16R, 19R, 20R), by comparing the melting
points of synthetic 2a (74–75 8C) and 2b (83–84 8C) with
that reported for the natural compound (83–84 8C).[4,18] Our
synthetic sample 2a (m.p.: 75–76 8C) seems to be a diaste-
reomer of natural 2, as Curran et al. suggested.[18]


Scheme 5. Synthesis of the THF moiety of 2a. a) p-Nitrobenzoic acid,
DEAD, PPh3, THF, 85%; b) NaOH, MeOH, 91%; c) MOMCl, iPr2NEt,
CH2Cl2, 92%; d) 60% AcOH, 60 8C, 96%; e) TBDMSCl, Et3N, DMAP,
CH2Cl2, 95%; f) i) MsCl, Et3N, CH2Cl2; ii) TBAF, THF, 85%; g) lithium
acetylide–ethylenediamine complex, DMSO, 83%); h) MOMCl, iPr2NEt,
CH2Cl2, 93%. See reference [8] for the conversion of 4 into 14. DEAD=


diethyl azodicarboxylate, DMAP=4-dimethylaminopyridine, DMSO=


dimethyl sulfoxide, MOM=methoxymethyl, Ms=methanesulfonyl,
p-NBA=OC-C6H4-p-NO2, TBAF= tetrabutylammonium fluoride,
TBDMS= tert-butyldimethylsilyl.


Scheme 6. Synthesis of the THF moiety of 3a. a) i) AD mix a,
CH3SO2NH2, tBuOH/H2O; ii) p-TsOH, CH2Cl2, 79%); b) DMP, p-TsOH,
quant.; c) MOMCl, iPr2NEt, CH2Cl2, quant.; d) 60% AcOH, 60 8C, 96%;
e) TBDMSCl, Et3N, DMAP, CH2Cl2, 99%; f) i) MsCl, Et3N, CH2Cl2;
ii) TBAF, THF, 87%; g) lithium acetylide–ethylenediamine complex,
DMSO, 83%; h) MOMCl, iPr2NEt, CH2Cl2, 96%. DMP=2,2-dimethoxy-
propane, p-Ts= tosyl.


Scheme 8. Synthesis of 1. a) [Cl2Pd ACHTUNGTRENNUNG(PPh3)2] (5 mol%), CuI (10 mol%),
Et3N, 76%; b) p-TsNHNH2, NaOAc, diethoxyethane, 79%; c) BF3·Et2O,
Me2S, 84%.


Scheme 7. Synthesis of g-lactone moiety 11. a) K3[Fe(CN)6],
(DHQD)2AQN, K2CO3, K2OsO2(OH)4, CH3SO2NH2, tBuOH/H2O, 66%;
b) i) p-TsCl, pyridine; ii) TBDMSCl, imidazole, DMF, 99%; c) NaI,
NaHCO3, acetone, reflux, 97%; d) LDA, THF/HMPA, 43%;
e) i) mCPBA, CH2Cl2; ii) toluene, reflux, 81%; f) i) K3[Fe(CN)6], K2CO3,
K2OsO2(OH)4, CH3SO2NH2, tBuOH/H2O; ii) NaIO4, THF/H2O, 85%;
g) CHI3, CrCl2, THF, 50%. AQN=anthraquinone, DHQH=dihydro-
ACHTUNGTRENNUNGquinidine, DMF=N,N-dimethylformamide, HMPA=hexamethylphos-
phoramide, mCPBA=m-chloroperbenzoic acid.
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The synthesis of 3a was carried out as described above
(Scheme 10). The spectroscopic and physical data (1H NMR,
13C NMR, IR, and MS spectra, optical rotation, and melting
point) of synthetic 3a were in good agreement with those
reported.[4,5] On the other hand, the melting point of 3a
(75.5–76.5 8C) is much higher than that reported for the nat-
ural compound (67–68 8C).[5] Tanaka and co-workers also re-
ported the same result.[5b] The absolute configuration of 3a
was reported to be (15R, 16R, 19S, 20S) by McLaughlin and
co-workers.[4] They made the tris-(R)- and -(S)-Mosher


esters from the natural product and deduced the structure.
However, Curran and co-workers suggested that this is not a
meaningful analysis because they proved that tris-(R)- and
-(S)-Mosher esters of 3a and 3b could not be differentiated
by 1H NMR spectroscopy.[18] They suggested that the abso-
lute configuration of natural 3 is 3b by comparing the melt-
ing points of synthetic 3a (63–64 8C) and 3b (72–73 8C) with
that reported for the natural compound (67–68 8C).[4,18,20]


Curran et al. prepared all the murisolin isomers and sepa-
rated each compound by chiral HPLC.[7,18] Thus, when a nat-
ural sample and all candidate isomers are available, the ab-
solute configuration of murisolin A and 16,19-cis-murisolin
can be assigned by HPLC co-injections.


Scheme 9. Synthesis of 2a. a) [Cl2PdACHTUNGTRENNUNG(PPh3)2] (5 mol%), CuI (10 mol%),
Et3N, 91%; b) p-TsNHNH2, NaOAc, diethoxyethane, 76%; c) BF3·Et2O,
Me2S, 75%.


Table 1. 1H NMR chemical shifts of the tris-(R)-MTPA esters of
ACHTUNGTRENNUNGsynthetic 2a and those reported for natural 2.[4]


MTPA ester 4-H 15-H 16-H 19-H 20-H


(R)-MTPA–2a 5.38 4.98 3.76 3.98 5.26
(R)-MTPA–natural 2 5.38 4.97 3.75 3.99 5.27


Scheme 10. Synthesis of 3a. a) [Cl2Pd ACHTUNGTRENNUNG(PPh3)2] (5 mol%), CuI (10 mol%),
Et3N, 88%; b) p-TsNHNH2, NaOAc, diethoxyethane, 78%; c) BF3·Et2O,
Me2S, 82%.


Table 2. Inhibitory activity of various acetogenins on mitochondrial
ACHTUNGTRENNUNGcomplex I.


Sample IC50 [nM] Sample IC50 [nM]


bullatacin 0.8 cis-solamin 2.6
1 1.8 diastereomer of cis-solamin 2.5
2a 1.3 ACHTUNGTRENNUNG(10R)-corossoline 1.5
3a 1.4 ACHTUNGTRENNUNG(10S)-corossoline 2.0


Scheme 11. Structures of the biological compounds tested.
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Compounds 1, 2a, and 3a were tested as inhibitors of
bovine heart mitochondrial complex I. Bullatacin, one of the
most potent natural acetogenins, was used as a control; the
IC50 value used, a measure of inhibitory potency, was (0.8�
0.06) nm. Under the same conditions, 1, 2a, and 3a exhibited
almost the same activity (1: IC50= (1.8�0.1) nm, 2a : IC50=
(1.3�0.1) nm, 3a : IC50= (1.4�0.2) nm). The potencies were
almost identical to those of corossoline and cis-solamin,
which were synthesized by us (Table 2 and Scheme 11).[21]


This observation is in agreement with the results reported
by Miyoshi and co-workers, who found that the stereochem-
istry around the THF ring(s) and the presence of hydroxy
groups in the spacer region are of minor importance for the
activity.[22–24]


Conclusions


We have performed the total synthesis of murisolin (1),
(15R, 16R, 19R, 20S)-murisolin A (2a), and (15R, 16R, 19S,
20S)-16,19-cis-murisolin (3a) from chiral epoxy alcohol 4.
These compounds elicited almost the same activity with
bovine heart mitochondrial complex I.


Experimental Section


General


All melting points are uncorrected. 1H (500 MHz) and 13C NMR
(125 MHz) spectra were recorded on a Bruker DRX 500 FT-NMR spec-
trometer in CDCl3 with residual CHCl3 as the standard. The coupling
constants are given in Hz. Mass spectra were obtained on JEOL JMS-
HX211 A and JMS-HX110 A mass spectrometers. IR spectra were re-
corded on a JASCO FT/IR-480 Plus infrared spectrometer. Optical rota-
tions were determined with a JASCO DIP-1000 polarimeter.


Syntheses


12 : A solution of 1-bromododecane (28.8 mL, 120 mmol) in Et2O
(120 mL) was added dropwise to a suspension of magnesium (3.5 g,
14.1 mmol), a small amount of iodine, and one drop of 1,2-dibromo-
ethane in Et2O (100 mL) at 23 8C. After the mixture was stirred for 2 h, a
solution of distilled acrolein (7.4 mL, 100 mmol) in Et2O (20 mL) was
added at 0 8C, and the mixture was stirred for 2 h at 23 8C. The reaction
was quenched with saturated NH4Cl solution, and the mixture was ex-
tracted with Et2O (3N100 mL). The organic layer was washed with brine,
dried over MgSO4, and concentrated. The residue was purified with
silica-gel column chromatography (hexane/EtOAc=7:1) to give 12
(20.8 g, 92%) as a colorless oil. IR (film): ñ=3342, 3079, 2924, 2854,
1466, 990, 920; 1H NMR (500 MHz, CDCl3): d=0.88 (t, J=6.7 Hz, 3H),
1.26–1.30 (m, 22H), 1.43 (d, J=4.2 Hz, 1H), 4.09 (m, 1H), 5.10 (dd, J=
10.4, 1.1 Hz, 1H), 5.22 (dd, J=17.2, 1.2 Hz, 1H), 5.87 ppm (m, 1H);
13C NMR (125 MHz, CDCl3): d=14.1, 22.7, 25.4, 29.4, 29.6, 29.6, 29.7,
29.7, 32.0, 37.1, 73.3, 114.5, 141.4 ppm; elemental analysis: calcd (%) for
C15H30O: C 79.58, H 13.36; found: C 79.29, H 13.31.


13 : Compound 12 (22.6 g, 119 mmol) was dissolved in 1,1,1-triethoxy-
ethane (36.6 mL, 200 mmol), and a catalytic amount of propionic acid
was added to the mixture. The mixture was heated under reflux for 16 h.
The reaction was quenched with saturated NaHCO3 solution (30 mL),
and the mixture was extracted with Et2O (4N30 mL). The organic phase
was washed with brine, dried over MgSO4, and concentrated. The residue
was purified with silica-gel column chromatography (hexane/EtOAc=
20:1) to give 13 (30.3 g, 86%) as a colorless oil. IR (film): ñ=2920, 2854,
1743, 1465, 1437, 1247, 1168, 968 cm�1; 1H NMR (500 MHz, CDCl3): d=


0.88 (t, J=6.7 Hz, 3H), 1.20–1.30 (m, 23H), 1.96 (m, 2H), 2.30–2.36 (m,
4H), 4.13 (q, J=7.1 Hz, 2H), 5.42 ppm (m, 2H); 13C NMR (125 MHz,
CDCl3): d=14.1, 14.3, 22.7, 28.0, 29.2, 29.4, 29.5, 29.5, 29.7, 29.7, 29.7,
32.0, 32.5, 34.5, 60.2, 127.9, 131.9, 173.3 ppm; elemental analysis: calcd
(%) for C19H36O2: C 76.97, H 12.24; found: C 76.71, H 12.18.


15 : DEAD (40% in toluene, 4.0 mL, 9.16 mmol) was added dropwise to
a solution of 14 (846 mg, 2.3 mmol), p-nitrobenzoic acid (1.54 g,
9.16 mmol), and PPh3 (2.40 g, 9.16 mmol) in THF (20 mL) at 0 8C. After
being stirred for 19 h at room temperature, the reaction mixture was con-
centrated. The residue was subjected to chromatography over silica gel
(hexane/EtOAc=50:1) to afford 15 (1.00 g, 85%) as a colorless oil.
[a]24D =�1.73 (c=1.00 in CHCl3); IR (film): ñ=3111, 3079, 2924, 3055,
2854, 1726, 1608, 1530, 1465, 1370, 1347, 1319, 1272, 1213, 1154, 1102,
1067, 1014, 945, 873, 846, 783, 720 cm�1; 1H NMR (CDCl3, 500 MHz): d=
0.88 (t, J=6.8 Hz, 3H), 1.22–1.26 (m, 20H), 1.33 (s, 3H), 1.37 (s, 3H),
1.68–1.73 (m, 2H), 1.82–1.93 (m, 2H), 2.05–2.13 (m, 2H), 3.77 (m, 1H),
3.86 (m, 1H), 3.98 (m, 1H), 4.06 (m, 1H), 4.16 (m, 1H), 5.23 (m, 1H),
8.19–8.30 ppm (m, 4H); 13C NMR (CDCl3, 125 MHz): d=14.1, 22.7, 25.2,
25.4, 26.6, 27.3, 28.3, 29.4, 29.4, 29.5, 29.5, 29.6, 29.6, 29.7, 31.0, 31.9, 67.4,
76.8, 77.7, 80.4, 80.6, 109.4, 123.6, 130.7, 135.9, 150.6, 164.3 ppm; MS
(FAB): m/z=519 [M+H]+ ; HRMS (FAB): m/z calcd for C29H45O7N:
519.3196 [M+H]+ ; found: 519.3193.


16 : Ester 15 (441 mg, 0.85 mmol) was dissolved in MeOH (5 mL) and
treated with NaOH (250 mg, 6.3 mmol) at room temperature. After
being stirred for 20 h, the reaction mixture was concentrated and extract-
ed with diethyl ether. The organic phase was washed with brine, dried
over MgSO4, filtered, and concentrated. The residue was subjected to
chromatography over silica gel (hexane/EtOAc=5:1) to afford 16
(286 mg, 91%) as a waxy solid. M.p.: 29–30 8C; [a]21D =++2.1 (c=0.46 in
CHCl3); IR (film):ñ=3413, 2981, 2914, 2847, 1465, 1370, 1254, 1214,
1155, 1066, 947, 851 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.88 (t, J=
7.0 Hz, 3H), 1.24–1.28 (m, 20H), 1.36 (s, 3H), 1.38–1.40 (m, 2H), 1.42 (s,
3H), 1.78–1.94 (m, 4H), 2.09 �2.14 (m, 1H), 3.75 (m, 1H), 3.82 (m, 1H),
3.90 (m, 1H), 3.96 (m, 1H), 4.02 (m, 1H), 4.09 ppm (m, 1H); 13C NMR
(CDCl3, 125 MHz): d=14.1, 22.7, 24.8, 25.3, 26.0, 26.7, 29.0, 29.4, 29.6,
29.6, 29.7, 29.7, 31.9, 32.6, 67.3, 71.8, 78.1, 80.3, 82.8, 109.4 ppm; MS
(FAB): m/z=371 [M+H]+ ; HRMS (FAB): m/z calcd for C22H43O4:
371.3161 [M+H]+ ; found: 371.3168.


17: MOMCl (caution! 0.12 mL, 1.5 mmol) was added to a solution of 16
(285 mg, 0.77 mmol) and iPr2NEt (0.34 mL, 1.9 mmol) in CH2Cl2 (6 mL)
at 0 8C. After the mixture was stirred for 20 h, the reaction was quenched
with saturated NH4Cl (3 mL) and extracted with diethyl ether. The or-
ganic phase was washed with brine, dried over MgSO4, filtered, and con-
centrated. The residue was subjected to chromatography over silica gel
(hexane/EtOAc=4:1) to afford 17 (296 mg, 92%) as a colorless oil.
[a]20D =�12.7 (c=0.46 in CHCl3); IR (film): ñ=2984, 2925, 2854, 1465,
1370, 1254, 1213, 1151, 1067, 1041, 919, 850 cm�1; 1H NMR (CDCl3,
500 MHz): d=0.88 (t, J=6.8 Hz, 3H), 1.26–1.31 (m, 20H), 1.35 (s, 3H),
1.40 (s, 3H), 1.75–1.81 (m, 1H), 1.85–1.96 (m, 2H), 2.10 (m, 1H), 3.39 (s,
3H), 3.64 (m, 1H), 3.81 (m, 1H), 3.87 (m, 1H), 3.98 (m, 1H), 4.07 (m,
1H), 4.64 (d, J=6.6 Hz, 1H), 4.75 ppm (d, J=6.6 Hz, 1H); 13C NMR
(CDCl3, 125 MHz): d=14.1, 22.7, 25.3, 25.7, 26.2, 26.7, 29.0, 29.4, 29.6,
29.6, 29.7, 29.7, 29.7, 29.8, 31.8, 31.9, 55.7, 67.6, 78.1, 78.6, 80.3, 81.9, 96.8,
109.3 ppm; MS (FAB): m/z=437 [M+Na]+ ; HRMS (FAB): m/z calcd for
C24H46O5Na: 437.3243 [M+Na]+ ; found: 437.3248.


18 : Compound 17 (291 mg, 0.70 mmol) was treated with acetic acid
(60%, 5 mL) at 60 8C. After being stirred for 2 h at the same tempera-
ture, the reaction mixture was concentrated, and the residue was subject-
ed to chromatography over silica gel (hexane/EtOAc=1:1) to afford 18
(251 mg, 96%) as a colorless oil. [a]19D =++4.96 (c=2.07, in CHCl3); IR
(film): ñ=3410, 2925, 2854, 1466, 1378, 1304, 1214, 1150, 1038, 919,
721 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.88 (t, J=6.8 Hz, 3H), 1.26–
1.30 (m, 20H), 1.40–1.51 (m, 2H), 1.77–2.00 (m, 4H), 2.40 (br s, 2H,
OH), 3.39 (s, 3H), 3.64 (m, 2H), 3.73 (m, 2H), 3.93 (m, 1H), 4.00 (m,
1H), 4.65 (d, J=6.6 Hz, 1H), 4.75 ppm (d, J=6.6 Hz, 1H); 13C NMR
(CDCl3, 125 MHz): d=14.1, 22.7, 25.7, 26.4, 27.7, 29.4, 29.6, 29.6, 29.7,
29.7, 29.7, 29.8, 31.6, 31.9, 55.7, 64.1, 73.2, 78.8, 80.5, 81.8, 96.7 ppm; MS
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(FAB): m/z=374 [M+H]+ ; HRMS (FAB): m/z calcd for C21H43O5:
375.3110 [M+H]+ ; found: 374.3116.


19 : TBDMSCl (150 mg, 0.67 mmo), Et3N (0.093 mL, 0.67 mmol), and
DMAP (8.2 mg, 0.067 mmol) were added to a solution of 18 (250 mg,
0.67 mmol) in CH2Cl2 (10 mL). After the mixture was stirred for 22 h,
the reaction was quenched with saturated NH4Cl (10 mL), and the mix-
ture was extracted with diethyl ether. The organic phase was washed with
brine, dried over MgSO4, filtered, and concentrated. The residue was sub-
jected to chromatography over silica gel (hexane/EtOAc=5:1) to afford
19 (310 mg, 95%) as a colorless oil. [a]18D =�11.3 (c=2.66 in CHCl3); IR
(film): ñ=3479, 2926, 2855, 1465, 1361, 1254, 1149, 1107, 1040, 920, 837,
778 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.07 (s, 6H), 0.87 (t, J=
6.8 Hz, 3H), 0.88 (s, 9H), 1.26–1.30 (m, 18H), 1.43–1.50 (m, 4H), 1.87
(m, 4H), 2.03 (m, 1H), 2.42 (d, J=4.4 Hz, 1H, OH), 3.39 (s, 3H), 3.56
(m, 1H), 3.63 (m, 1H), 3.73 (m, 2H), 3.86 (m, 1H), 3.97 (m, 1H), 4.65
(d, J=6.6 Hz, 1H), 4.75 ppm (d, J=6.6 Hz, 1H); 13C NMR (CDCl3,
125 MHz): d=�5.4, 0.0, 14.1, 18.3, 22.7, 25.6, 25.9, 26.5, 28.1, 29.4, 29.6,
29.7, 29.7, 29.8, 31.8, 31.9, 55.7, 64.4, 73.4, 78.8, 79.3, 81.8, 96.7 ppm; MS
(FAB): m/z=511 [M+Na]+ ; HRMS (FAB): m/z calcd for C27H56O5SiNa:
511.3795 [M+Na]+ ; found: 511.3802.


20 : MsCl (0.12 mL, 1.50 mmol) was added to a solution of 19 (640 mg,
1.3 mmol) and Et3N (0.36 mL, 2.60 mmol) in CH2Cl2 (10 mL) at �5 8C.
After the mixture was stirred for 10 min at the same temperature, the re-
action was quenched with saturated NH4Cl (3 mL), and the mixture was
extracted with diethyl ether. The organic phase was washed with brine,
dried over MgSO4, filtered, and concentrated. The residue was dissolved
in THF (5 mL), and TBAF (1.0m in THF, 5.2 mL, 5.2 mmol) was added
to this solution at 0 8C. After being stirred for 12 h at room temperature,
the mixture was extracted with diethyl ether. The organic layer was
washed with brine, dried over MgSO4, filtered, and concentrated. The
residue was subjected to chromatography over silica gel (hexane/
EtOAc=5:1) to afford 20 (398 mg, 85%) as a colorless oil. [a]20D =�10.8
(c=1.66 in CHCl3); IR (film): ñ=2925, 2854, 1466, 1377, 1302, 1255,
1214, 1149, 1104, 1039, 919, 891 cm�1; 1H NMR (CDCl3, 500 MHz): d=
0.88 (t, J=6.8 Hz, 3H), 1.26–1.30 (m, 20H), 1.40–1.51 (m, 2H), 1.82–1.98
(m, 3H), 2.08 (m, 1H), 2.68 (m, 1H), 2.75 (m, 1H), 3.38 (s, 3H), 3.67 (m,
1H), 3.88 (m, 1H), 4.00 (m, 1H), 4.65 (d, J=6.6 Hz, 1H), 4.75 ppm (d,
J=6.6 Hz, 1H); 13C NMR (CDCl3, 125 MHz): d=14.1, 22.7, 25.6, 26.1,
29.0, 29.4, 29.6, 29.6, 29.6, 29.7, 29.7, 29.8, 31.9, 44.2, 54.2, 55.7, 78.6, 82.2,
96.8 ppm; MS (FAB): m/z=379 [M+Na]+ ; HRMS (FAB): m/z calcd for
C21H40O4Na: 379.2825 [M+Na]+ ; found: 379.2820.


21: A solution of 20 192 mg, 0.53 mmol) in DMSO (2 mL) was added to
a suspension of lithium acetylide ethylenediamine complex (220 mg,
2.1 mmol) in DMSO (2 mL). After the mixture was stirred for 24 h at
room temperature, the reaction was quenched with saturated NH4Cl
(5 mL) at 0 8C, and the mixture was extracted with diethyl ether. The or-
ganic phase was washed with water then brine, dried over MgSO4, fil-
tered, and concentrated. The residue was subjected to chromatography
over silica gel (hexane/EtOAc=4:1) to afford 21 (167 mg, 83%) as a col-
orless oil. [a]29D =++1.69 (c=0.32 in CHCl3); IR (film): ñ=3458, 3312,
2925, 2854, 2120, 1466, 1377, 1302, 1215, 1149, 1104, 1038, 919 cm�1;
1H NMR (CDCl3, 500 MHz): d=0.88 (t, J=6.8 Hz, 3H), 1.24–1.30 (m,
20H), 1.42 (m, 2H), 1.47 (m, 1H), 1.75 (m, 1H), 1.95 (m, 2H), 2.01 (t,
J=2.7 Hz, 1H), 2.42 (m, 2H), 2.48 (d, J=5.3 Hz, 1H, OH), 3.39 (s, 3H),
3.60 (m, 1H), 3.70 (m, 1H), 3.99 (m, 2H), 4.66 (d, J=6.6 Hz, 1H),
4.77 ppm (d, J=6.6 Hz, 1H); 13C NMR (CDCl3, 125 MHz): d=14.1, 22.7,
24.0, 25.7, 26.7, 28.4, 29.4, 29.6, 29.6, 29.7, 29.7, 29.7, 29.8, 31.8, 31.9, 55.7,
70.2, 71.9, 77.3, 78.4, 80.6, 81.0, 81.9, 96.8 ppm; MS (FAB): m/z=383
[M+H]+ ; HRMS (FAB): m/z calcd for C23H43O4: 383.3161 [M+H]+ ;
found: 383.3156.


9 : MOMCl (caution! 0.11 mL, 1.5 mmol) was added to a solution of 21
(287 mg, 0.75 mmol) and iPr2NEt (0.33 mL, 1.9 mmol) in CH2Cl2 (6 mL)
at 0 8C. After the mixture was stirred for 23 h at room temperature, the
reaction was quenched with saturated NH4Cl (5 mL), and the mixture
was extracted with diethyl ether. The organic phase was washed with
brine, dried over MgSO4, filtered, and concentrated. The residue was sub-
jected to chromatography over silica gel (hexane/EtOAc=5:1) to afford
9 (300 mg, 93%) as a colorless oil. [a]15D =�22.7 (c=0.57 in CHCl3); IR


(film): ñ=3312, 2925, 2854, 2121, 1466, 1215, 1150, 1104, 1039, 918 cm�1;
1H NMR (CDCl3, 500 MHz): d=0.88 (t, J=6.8 Hz, 3H), 1.24–1.30 (m,
21H), 1.37–1.50 (m, 3H), 1.73 (m, 1H), 1.92 (m, 2H), 1.99 (t, J=2.6 Hz,
1H), 2.42 (dt, J=6.2, 2.6 Hz, 2H), 2.48 (d, J=5.3 Hz, 1H), 3.39 (s, 3H),
3.59 (m, 1H), 3.65 (m, 1H), 3.70 (m, 1H), 3.99 (m, 2H), 4.14 (m, 1H),
4.66 (d, J=6.6 Hz, 1H), 4.79 ppm (d, J=6.6 Hz, 1H); 13C NMR (CDCl3,
125 MHz): d=14.1, 21.8, 22.7, 25.6, 26.5, 28.3, 29.4, 29.6, 29.6 (3C), 29.7,
29.7, 29.7, 29.8, 31.9, 31.9, 55.7, 55.8, 69.8, 77.3, 78.6, 80.3, 81.0, 81.7, 96.6,
96.9 ppm; MS (FAB): m/z=427 [M+H]+ ; HRMS (FAB): m/z calcd for
C25H47O5: 427.3423 [M+H]+ ; found: 427.3420.


22 : A solution of 4 (516 mg, 1.74 mmol) in tBuOH/H2O (1:1, 5 mL) and
methanesulfonamide (166 mg, 1.74 mmol) were added to a suspension of
AD mix a (1.40 g, 1 mmol) in tBuOH/H2O (1:1, 10 mL) at 0 8C. After the
mixture was stirred for 11 h at this temperature, the reaction was
quenched with saturated aqueous Na2SO3 (10 mL), and the mixture was
extracted with EtOAc. The organic phase was washed with brine, dried
over MgSO4, filtered, and concentrated. The residue was dissolved in
CH2Cl2 (10 mL), and a catalytic amount of p-TsOH was added to this so-
lution at 0 8C. After vigorous stirring for 30 min, the reaction mixture was
diluted with diethyl ether, filtered, and concentrated. The crude solid was
recrystallized (EtOAc) to afford 22 (456 mg, 79%) as a colorless solid.
M.p.: 68–69 8C; [a]21D =++1.07 (c=1.04 in CHCl3); IR (KBr): ñ=3417,
2921, 2849, 1463, 1379, 1227, 1137, 1058, 877 cm�1; 1H NMR (CDCl3,
500 MHz): d=0.88 (t, J=6.6 Hz, 3H), 1.24–1.40 (m, 20H), 1.46 (m, 3H),
1.78 (m, 1H), 1.82–1.94 (m, 3H), 2.20–2.70 (br s, 3H, OH), 3.43 (m, 1H),
3.62 (m, 1H), 3.72 (m, 1H), 3.81 (m, 2H), 3.96 ppm (m, 1H); 13C NMR
(CDCl3, 125 MHz): d=14.1, 22.7, 25.7, 26.5, 28.1, 29.4, 29.6, 29.7, 29.6,
29.6, 29.7, 31.9, 34.2, 63.9, 73.3, 74.3, 80.4, 82.4 ppm; MS (FAB): m/z=
331 [M+H]+ ; HRMS (FAB): m/z calcd for C19H39O4: 331.2848 [M+H]+ ;
found: 331.2856.


23 : Compound 22 (456 mg, 1.38 mmol) was treated with 2,2-dimethoxy-
propane (4.6 mL) and a catalytic amount of p-TsOH at room tempera-
ture. After being stirred for 6 h, the reaction mixture was diluted with di-
ethyl ether. The organic phase was washed with saturated aqueous
NaHCO3 (10 mL) then brine, dried over MgSO4, filtered, and concentrat-
ed. The residue was subjected to chromatography over silica gel (hexane/
EtOAc=5:1) to afford 23 (511 mg, quant.) as a colorless oil. [a]22D =


�3.50 (c=0.16 in CHCl3); IR (film): ñ=3491, 2983, 2925, 2854, 1466,
1370, 1254, 1213, 1155, 1067, 946, 849 cm�1; 1H NMR (CDCl3, 500 MHz):
d=0.88 (t, J=6.7 Hz, 3H), 1.26–1.55 (m, 21H), 1.35 (s, 3H), 1.42 (s, 3H),
1.75 (m, 1H), 1.85–1.95 (m, 2H), 1.96–2.02 (m, 1H), 2.41 (d, J=4.2 Hz,
1H), 3.37 (m, 1H), 3.80 (m, 2H), 3.92 (m, 1H), 4.07 ppm (m, 2H);
13C NMR (CDCl3, 125 MHz): d=14.1, 22.7, 25.2, 25.7, 26.4, 27.6, 27.7,
29.3, 29.6, 29.7, 29.7, 29.7, 31.9, 34.1, 67.1, 74.4, 77.7, 80.2, 83.0,
109.5 ppm; MS (FAB): m/z=371 [M+H]+ ; HRMS (FAB): m/z calcd for
C22H43O4: 371.3161 [M+H]+ ; found: 371.3155.


24 : MOMCl (caution! 0.30 mL, 4.1 mmol) was added to a solution of 23
(511 mg, 1.38 mmol) and iPr2NEt (0.60 mL, 3.5 mmol) in CH2Cl2 (5 mL)
at 0 8C. After the mixture was stirred for 13 h, the reaction was quenched
with saturated NH4Cl (3 mL), and the mixture was extracted with diethyl
ether. The organic phase was washed with brine, dried over MgSO4, fil-
tered, and concentrated. The residue was subjected to chromatography
over silica gel (hexane/EtOAc=5:1) to afford 24 (572 mg, quant.) as a
colorless oil. [a]20D =�25.4 (c=1.01 in CHCl3); IR (film): ñ=2984, 2925,
2854, 1466, 1369, 1254, 1213, 1150, 1041, 919, 850 cm�1; 1H NMR (CDCl3,
500 MHz): d=0.88 (t, J=6.4 Hz, 3H), 1.26–1.50 (m, 20H), 1.34 (s, 3H),
1.41 (s, 3H), 1.59–1.67 (m, 1H), 1.80–1.89 (m, 2H), 1.99–2.04 (m, 1H),
3.39 (s, 3H), 3.45 (m, 1H), 3.84–3.92 (m, 4H), 4.07 (m, 1H), 4.67 (d, J=
6.6 Hz, 1H), 4.78 ppm (d, J=6.6 Hz, 1H); 13C NMR (CDCl3, 125 MHz):
d=14.1, 22.7, 25.3, 25.4, 26.7, 27.4, 28.5, 29.3, 29.6, 29.6, 29.6, 29.7, 29.7,
29.8, 31.4, 31.9, 55.7, 67.6, 78.0, 79.9, 80.2, 82.5, 96.6, 109.2 ppm; MS
(FAB): m/z=437 [M+Na]+ ; HRMS (FAB): m/z calcd for C24H46O5Na:
437.3243 [M+Na]+ ; found: 437.3251.


25 : Compound 24 (572 mg, 1.38 mmol) was treated with acetic acid
(60%, 11 mL) at 60 8C. After being stirred for 2 h at the same tempera-
ture, the reaction mixture was concentrated, and the residue was subject-
ed to chromatography over silica gel (hexane/EtOAc=1:1) to afford 25
(494 mg, 96%) as a colorless oil. M.p.: 51.5–52.5 8C; [a]18D =++25.7 (c=
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1.04 in CHCl3); IR (film): ñ=3422, 2917, 2848, 1463, 1376, 1346, 1310,
1264, 1218, 1150, 1103, 1037, 917, 728 cm�1; 1H NMR (CDCl3, 500 MHz):
d=0.87 (t, J=7.0 Hz, 3H), 1.26–1.60 (m, 22H), 1.71–1.98 (m, 5H), 2.59
(br s, 1H, OH), 3.39 (s, 3H), 3.42 (m, 1H), 3.56–3.69 (m, 3H), 3.83–3.87
(m, 1H), 3.96–4.02 (m, 2H), 4.69 (d, J=6.9 Hz, 1H), 4.71 ppm (d, J=
6.9 Hz, 1H); 13C NMR (CDCl3, 125 MHz) d=14.1, 22.7, 25.4, 25.7, 28.2,
29.3, 29.6, 29.6, 29.6, 29.8, 31.9, 31.9, 55.9, 63.7, 73.0, 80.2, 80.6, 80.9,
96.3 ppm; MS (FAB): m/z=375 [M+H]+ ; HRMS (FAB): m/z calcd for
C21H43O5: 375.3110 [M+H]+ ; found: 375.3118.


26 : TBDMSCl (298 mg, 1.98 mmo), Et3N (0.18 mL, 1.32 mmol), and
DMAP (15.9 mg, 0.13 mmol) were added to a solution of 25 (494 mg,
1.32 mmol) in CH2Cl2 (13 mL). After the mixture was stirred for 24 h,
the reaction was quenched with saturated NH4Cl (10 mL), and the mix-
ture was extracted with diethyl ether. The organic phase was washed with
brine, dried over MgSO4, filtered, and concentrated. The residue was sub-
jected to chromatography over silica gel (hexane/EtOAc=3:1) to afford
26 (640 mg, 99%) as a colorless oil. [a]16D =++1.18 (c=1.10 in CHCl3); IR
(film): ñ=3460, 2925, 2855, 1464, 1362, 1254, 1218, 1106, 1039, 919, 837,
778 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.06 (s, 6H), 0.88 (t, J=
7.0 Hz, 3H), 0.90 (s, 9H), 1.26–1.70 (m, 23H), 1.91–1.98 (m, 3H), 2.98 (d,
J=2.9 Hz, 1H, OH), 3.39 (s, 3H), 3.45 (m, 1H), 3.67 (m, 3H), 3.95 (m,
2H), 4.68 (d, J=6.7 Hz, 1H), 4.75 ppm (d, J=6.7 Hz, 1H); 13C NMR
(CDCl3, 125 MHz): d=�5.44, �5.4, 14.1, 18.3, 22.7, 25.4, 25.9, 26.1, 27.9,
29.3, 29.6, 29.6, 29.6, 29.7, 29.8, 31.7, 31.9, 55.8, 64.4, 73.2, 79.8, 80.1, 81.4,
96.4 ppm; MS (FAB): m/z=511 [M+Na]+; HRMS (FAB): m/z calcd for
C27H56O5SiNa: 511.3795 [M+Na]+ ; found: 511.3791.


27: MsCl (0.12 mL, 1.50 mmol) was added to a solution of 26 (640 mg,
1.3 mmol) and Et3N (0.36 mL, 2.60 mmol) in CH2Cl2 (10 mL) at �5 8C.
After the mixture was stirred for 10 min at the same temperature, the re-
action was quenched with saturated NH4Cl (3 mL), and the mixture was
extracted with diethyl ether. The organic phase was washed with brine,
dried over MgSO4, filtered, and concentrated. The residue was dissolved
in THF (5 mL), and TBAF (1.0m in THF, 5.2 mL, 5.2 mmol) was added
to this solution at 0 8C. After the mixture was stirred for 3 h at room tem-
perature, the organic layer was washed with brine, dried over MgSO4, fil-
tered, and concentrated. The residue was subjected to chromatography
over silica gel (hexane/EtOAc=5:1) to afford 27 (406 mg, 87%) as a col-
orless oil. [a]16D =�27.3 (c=1.06 in CHCl3); IR (film): ñ=2925, 2854,
1467, 1361, 1254, 1216, 1149, 1102, 1042, 918, 893 cm�1; 1H NMR (CDCl3,
500 MHz): d=0.88 (t, J=6.8 Hz, 3H), 1.22–1.31 (m, 16H), 1.36–1.46 (m,
4H), 1.49–1.53 (m, 2H), 1.67–1.70 (m, 1H), 1.84–1.90 (m, 2H), 1.99–2.03
(m, 1H), 2.67 (m, 2H), 2.97 (m, 1H), 3.40 (s, 3H), 3.50 (m, 1H), 3.85 (m,
1H), 3.93 (m, 1H), 4.69 (d, J=6.7 Hz, 1H), 4.83 ppm (d, J=6.7 Hz, 1H);
13C NMR (CDCl3, 125 MHz): d=14.1, 22.7, 25.3, 27.7, 28.6, 29.4, 29.6,
29.6, 29.7, 29.7, 29.8, 31.3, 31.9, 43.8, 54.1, 55.7, 78.4, 79.8, 82.7, 96.7 ppm;
MS (FAB): m/z=379 [M+Na]+ ; HRMS (FAB): m/z calcd for
C21H40O4Na: 379.2824 [M+Na]+ ; found: 379.2828.


28 : A solution of 27 (406 mg, 1.14 mmol) in DMSO (0.9 mL) was added
to a suspension of lithium acetylide ethylenediamine complex (583 mg,
5.7 mmol) in DMSO (2 mL). After the mixture was stirred for 22 h at
room temperature, the reaction was quenched with saturated NH4Cl
(5 mL) at 0 8C, and the mixture was extracted with diethyl ether. The or-
ganic phase was washed with water then brine, dried over MgSO4, fil-
tered, and concentrated. The residue was subjected to chromatography
over silica gel (hexane/EtOAc=4:1) to afford 28 (365 mg, 83%) as a col-
orless oil. [a]29D =++5.79 (c=1.02 in CHCl3); IR (film): ñ=3444, 3313,
2925, 2853, 2119, 1466, 1376, 1300, 1216, 1150, 1103, 1036, 919 cm�1;
1H NMR (CDCl3, 500 MHz): d=0.88 (t, J=6.9 Hz, 3H), 1.25–1.40 (m,
20H), 1.52–1.63 (m, 2H), 1.86 (m, 1H), 1.92–2.01 (m, 3H), 2.00 (t, J=
2.6 Hz, 1H), 2.46 (dd, J=6.7, 2.6 Hz, 2H), 3.40 (s, 3H), 3.46 (m, 1H),
3.50 (m, 1H), 3.59 (m, 1H), 4.04 (m, 1H), 4.12 (m, 1H), 4.69 (d, J=
7.2 Hz, 1H), 4.70 ppm (d, J=7.2 Hz, 1H); 13C NMR (CDCl3, 125 MHz):
d=14.1, 22.7, 24.9, 25.4, 28.1, 28.2, 29.3, 29.6, 29.6, 29.7, 29.8, 31.9, 31.9,
55.9, 69.8, 72.4, 80.2, 80.3, 81.0, 81.4, 96.3 ppm; MS (FAB): m/z=383
[M+H]+ ; HRMS (FAB): m/z calcd for C23H43O4: 383.3161 [M+H]+ ;
found: 383.3161.


10 : MOMCl (caution! 0.14 mL, 1.90 mmol) was added to a solution of 28
(365 mg, 0.95 mmol) and iPr2NEt (0.41 mL, 2.4 mmol) in CH2Cl2 (3 mL)


at 0 8C. After the mixture was stirred for 23 h at room temperature, the
reaction was quenched with saturated NH4Cl (5 mL), and the mixture
was extracted with diethyl ether. The organic phase was washed with
brine, dried over MgSO4, filtered, and concentrated. The residue was sub-
jected to chromatography over silica gel (hexane/EtOAc=5:1) to afford
10 (389 mg, 96%) as a colorless oil. [a]23D =�29.0 (c=0.57 in CHCl3); IR
(film): ñ=3312, 2925, 2853, 2822, 2121, 1467, 1215, 1150, 1103, 1041,
918 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.87 (t, J=6.8 Hz, 3H), 1.25–
1.50 (m, 21H), 1.57–1.72 (m, 2H), 1.86–1.92 (m, 2H), 1.96 (t, J=2.7 Hz,
1H), 2.40 (ddd, J=16.8, 6.1, 2.7 Hz, 1H), 2.55 (ddd, J=16.8, 5.5, 2.7 Hz,
1H), 3.38 (s, 3H), 3.40 (s, 3H), 3.50 (m, 1H), 3.69 (m, 1H), 3.92 (m, 1H),
4.08 (m, 1H), 4.66 (d, J=6.6 Hz, 1H), 4.77 (s, 2H), 4.81 ppm (d, J=
6.7 Hz, 1H); 13C NMR (CDCl3, 125 MHz): d=14.1, 21.5, 22.7, 25.4, 27.4,
27.7, 29.3, 29.6, 29.6, 29.6, 29.6, 29.6, 29.8, 31.2, 31.9, 55.7, 55.7, 69.7, 77.5,
79.8, 80.4, 81.1, 82.0, 96.6, 96.7 ppm; MS (FAB): m/z=449 [M+Na]+ ;
HRMS (FAB): m/z calcd for C25H46O5Na: 449.3243 [M+Na]+ ; found:
449.3235.


31: 1,8-Nonadiene (2.9 g, 23 mmol) in tBuOH/H2O (1:1, 67 mL) was
added to a suspension of AQN ACHTUNGTRENNUNG(DHQD)2 (200 mg, 0.23 mmol),
K2OsO4·2H2O (34 mg, 0.093 mmol), K3[Fe(CN)6] (23 g, 70 mmol), K2CO3
(9.64 g, 70 mmol), and CH3SO2NH2 (2.21 g, 23 mmol) in tBuOH/H2O
(1:1, 70 mL) at 0 8C. After the mixture was stirred for 20 min at this tem-
perature, the reaction was quenched with saturated aqueous Na2SO3
(50 mL), and the mixture was extracted with EtOAc. The organic phase
was washed with brine, dried over MgSO4, filtered, and concentrated.
The residue was subjected to chromatography over silica gel (hexane/
EtOAc=1:1) to afford 31 (2.43 g, 66%) as a colorless oil. [a]18D =++0.25
(c=1.08 in CHCl3); IR (film): ñ=3366, 3037, 2977, 2857, 1641, 1463,
1227, 1066, 993 cm�1; 1H NMR (CDCl3, 500 MHz): d=1.34–1.45 (m, 8H),
1.80 (br s, 1H, OH), 1.96 (br s, 1H, OH), 2.05 (m, 2H), 3.45 (m, 1H), 3.67
(m, 2H), 4.95 (m, 2H), 5.80 ppm (m, 1H); 13C NMR (CDCl3, 125 MHz):
d=25.4, 28.8, 29.1, 33.7, 66.9, 72.3, 114.3, 139.0 ppm; MS (CI): m/z=159
[M+H]+ ; HRMS (CI): m/z calcd for C9H19O2: 159.1385 [M+H]+ ; found:
159.1387.


32 : p-TsCl (2.48 g, 13 mmol) was added to a solution of 31 (1.47 g,
9.3 mmol) in pyridine (19 mL) at 0 8C. After the mixture was stirred for
1 h at room temperature, the reaction was quenched with H2O, and the
mixture was extracted with diethyl ether. The organic phase was washed
with saturated NH4Cl then brine, dried over MgSO4, filtered, and concen-
trated. The residue was dissolved in DMF (7 mL), and imidazole (1.88 g,
28 mmol) and TBDMSCl (2.0 g, 13.8 mmol) were added to the mixture.
After the mixture was stirred for 5 h, the reaction was quenched with sa-
turated aqueous NH4Cl, and the mixture was extracted with diethyl
ether. The organic phase was washed with brine, dried over MgSO4, fil-
tered, and concentrated. The residue was subjected to chromatography
over silica gel (hexane/EtOAc=20:1) to afford 32 (2.91 g, 99%) as a col-
orless oil. [a]18D =++4.13 (c=1.10 in CHCl3); IR (film): ñ=3075, 2929,
2857, 1640, 1599, 1496, 1463, 1365, 1307, 1291, 1255, 1211, 1189, 1178,
1098, 1049, 1020, 979, 910, 813, 777, 666 cm�1; 1H NMR (CDCl3,
500 MHz) d=0.02 (s, 6H), 0.84 (s, 9H), 1.25–1.41 (m, 8H), 2.02 (m, 2H),
2.45 (s, 3H), 3.84 (m, 3H), 4.92–5.00 (m, 2H), 5.80 (m, 1H), 7.34 (d, J=
8.1 Hz, 2H), 7.79 ppm (d, J=7.8 Hz, 2H); 13C NMR (CDCl3, 125 MHz):
d=�4.8, �4.6, 18.0, 21.6, 24.6, 25.7 (3C), 28.7, 29.1, 33.6, 70.0, 73.1,
114.3, 128.0 (2C), 133.1, 138.9, 144.7 ppm.


33 : NaHCO3 (3.44 g, 40 mmol) and NaI (5.1 g, 34 mmol) were added to a
solution of 32 (2.15 g, 6.9 mmol) in acetone (23 mL). After the mixture
was heated under reflux for 22 h, the reaction was quenched with H2O,
and the mixture was extracted with diethyl ether. The organic phase was
washed with saturated aqueous Na2S2O3 then brine, dried over MgSO4,
filtered, and concentrated. The residue was subjected to chromatography
over silica gel (hexane/EtOAc=10:1) to afford 33 (2.42 g, 93%) as a col-
orless oil. [a]20D =++8.54 (c=1.10 in CHCl3); IR (film): ñ=3077, 2928,
2856, 1641, 1599, 1471, 1463, 1433, 1389, 1307, 1183, 1084, 1039, 1006,
938, 910 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.07 (s, 3H), 0.09 (s, 3H),
0.90 (s, 9H), 1.26–1.63 (m, 8H), 2.06 (m, 2H), 3.18 (d, J=5.2 Hz, 2H),
3.53 (m, 1H), 4.92–5.02 (m, 2H), 5.76–5.85 ppm (m, 1H); 13C NMR
(CDCl3, 125 MHz): d=�4.6, �4.4, 14.1, 18.1, 24.8, 25.8, 28.8, 29.0, 33.7,
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36.8, 71.4, 114.3, 139.0 ppm; MS (CI): m/z=383 [M+H]+ ; HRMS (CI):
m/z calcd for C15H32OSiI: 383.1269 [M+H]+ ; found: 383.1264.


34 : Lactone 29 (1.32 g, 6.3 mmol) was added dropwise to a solution of
LDA (prepared from nBuLi (6.96 mmol, 2.6m in hexane) and diisopro-
pylamine (1.06 mL, 7.6 mmol) in THF (10 mL)) at �20 8C. After the mix-
ture was stirred for 30 min at this temperature, a solution of 33 (2.42 g,
6.3 mmol) in HMPA (3.1 mL, 17.7 mmol) and THF (6.1 mL) were added
dropwise, and the reaction mixture was allowed to warm to room temper-
ature. The reaction was quenched with saturated NH4Cl, and the mixture
was extracted with diethyl ether. The organic phase was washed with
brine, dried over MgSO4, filtered, and concentrated. The residue was sub-
jected to chromatography over silica gel (hexane/EtOAc=10:1) to afford
34 (1.26 g, 43%) as a colorless oil. IR (film): ñ=3076, 2929, 2856, 1766,
1640, 1583, 1472, 1463, 1440, 1383, 1342, 1184, 1118, 1052, 1026, 1005,
938, 908, 836, 809, 775, 750, 692 cm�1; 1H NMR (CDCl3, 500 MHz): d=
0.02 (s, 0.6H), 0.03 (s, 0.6H), 0.12 (s, 2.4H), 0.16 (s, 2.4H), 0.86 (s, 1.8H),
0.90 (s, 7.2H), 1.23 (d, J=6.3 Hz, 2.4H), 1.38 (d, J=6.2 Hz, 0.6H), 1.44–
1.49 (m, 2H), 1.83–1.91 (m, 2H), 1.98–2.09 (m, 3H), 2.33 (dd, J=14.3,
5.3 Hz, 0.2H), 2.43 (dd, J=14.3, 10.3 Hz, 0.2H), 2.95 (m, 0.2H), 3.04 (dd,
J=14.3, 7.6 Hz, 0.8H), 3.85 (m, 0.2H), 4.23–4.28 (m, 0.8H), 4.51 (m,
0.8H), 4.63 (m, 0.2H), 4.92–5.01 (m, 2H), 5.76–5.84 (m, 1H), 7.32–7.38
(m, 3H), 7.54–7.58 ppm (m, 2H); 13C NMR (CDCl3, 125 MHz): d=�4.2,
�3.9, 18.0, 20.4, 21.3, 24.2, 24.2, 25.9, 25.9, 26.0, 28.8, 29.1, 29.2, 33.6, 37.9,
38.4, 39.4, 41.1, 41.6, 42.4, 55.0, 55.4, 69.4, 70.2, 73.3, 73.6, 114.2, 114.3,
128.9, 129.0, 129.0, 129.5, 129.6, 130.3, 136.7, 137.0, 137.0, 138.9, 139.0,
175.1, 177.6 ppm; MS (FAB): m/z=463 [M+H]+ ; HRMS (FAB): m/z
calcd for C26H43O3SiS: 463.2702 [M+H]+ ; found: 463.2695.


35 : mCPBA (65%, 722 mg, 2.72 mmol) was added to a solution of 34
(1.26 g, 2.72 mmol) in CH2Cl2 (50 mL) at 0 8C. After the mixture was stir-
red for 10 min, saturated aqueous Na2S2O3 and NaHCO3 (1:1, 20 mL)
were added. The mixture was stirred for 1 h and extracted with diethyl
ether. The organic phase was washed with brine, dried over MgSO4, fil-
tered, and concentrated. The residue was dissolved in toluene (25 mL)
and heated under reflux for 1.5 h. After being cooled to room tempera-
ture, the mixture was concentrated, and the residue was subjected to
chromatography over silica gel (hexane/EtOAc=10:1) to afford 35
(777 mg, 81%) as a colorless oil. [a]24D =++20.8 (c=0.51 in CHCl3); IR
(film): ñ=3077, 2930, 2857, 1758, 1641, 1472, 1463, 1319, 1255, 1077,
1029, 837, 775 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.03 (s, 3H), 0.06 (s,
3H), 0.88 (s, 9H), 1.26–1.47 (m, 8H), 1.45 (d, J=6.7 Hz, 3H), 2.04 (m,
2H), 2.43(d, J=5.8 Hz, 1H), 3.96 (m, 1H), 4.92–5.01 (m, 3H), 5.79 (m,
1H), 7.17 ppm (d, J=1.2 Hz, 1H); 13C NMR (CDCl3, 125 MHz): d=


�4.5, 18.0, 19.0, 25.0, 25.9, 28.8, 29.2, 32.7, 33.7, 36.9, 70.1, 77.5, 114.2,
130.8, 139.1, 151.6, 174.1 ppm; MS (FAB): m/z=353 [M+H]+ ; HRMS
(FAB): m/z calcd for C20H37O3Si: 353.2512 [M+H]+; found: 353.2509.


36 : A solution of 35 (374 mg, 1.06 mmol) in tBuOH/H2O (1:1, 2.2 mL)
was added to a suspension of K2OsO4·2H2O (1.6 mg, 0.0042 mmol),
K3[Fe(CN)6] (1.05 g, 3.18 mmmol), K2CO3 (439 mg, 3.18 mmol), and
CH3SO2NH2 (101 mg, 1.06 mmol) in tBuOH/H2O (1:1, 4.0 mL) at 0 8C.
After the mixture was stirred for 25 h at this temperature, the reaction
was quenched with saturated Na2SO3, and the mixture was extracted with
EtOAc. The organic phase was washed with brine, dried over MgSO4, fil-
tered, and concentrated. The residue was dissolved in THF/H2O (4:1,
20 mL), and NaIO4 (1.13 g, 5.3 mmol) was added to the solution at 0 8C.
After being stirred for 30 min at this temperature, the mixture was dilut-
ed with H2O (25 mL) and extracted with diethyl ether (2N20 mL). The
organic phase was washed with brine, dried over MgSO4, filtered, and
concentrated. The residue was subjected to chromatography with silica
gel (hexane/EtOAc=4:1) to afford 36 (308 mg, 82%) as a colorless oil.
This compound was used for the next step without further purification.
[a]22D =++20.6 (c=0.50 in CHCl3); IR (film): ñ=3080, 2931, 2857, 2715,
1755, 1655, 1471, 1463, 1319, 1255, 1072, 1028, 836, 775 cm�1; 1H NMR
(CDCl3, 500 MHz): d=0.03 (s, 3H), 0.05 (s, 3H), 0.88 (s, 9H), 1.25–1.49
(m, 6H), 1.41 (d, J=6.8 Hz, 3H), 1.63 (m, 2H), 2.40–2.44 (m, 4H), 3.96
(m, 1H), 5.00 (qd, J=6.8, 1.3 Hz, 1H), 7.11 (1H, d, J=1.3 Hz), 9.76 ppm
(t, J=1.5 Hz, 1H); 13C NMR (CDCl3, 125 MHz): d=�4.5, �4.4, 18.1,
19.0, 22.0, 24.9, 25.9, 29.2, 32.8, 36.7, 43.8, 70.1, 77.5, 130.8, 151.6, 174.0,
202.6 ppm.


11: A solution of 36 (308 mg, 0.87 mmol) and iodoform (1.03 g,
2.61 mmol) in THF (10 mL) was added dropwise to a suspension of
CrCl2 (900 mg, 7.0 mmol) in THF (12 mL) at 0 8C. After the mixture was
stirred for 8 h, the reaction was quenched with H2O, and the mixture was
extracted with diethyl ether. The organic phase was washed with brine,
dried over MgSO4, filtered, and concentrated. The residue was subjected
to chromatography with silica gel (hexane/EtOAc=5:1) to afford 11
(209 mg, 50%) as a colorless oil. IR (film): ñ=3051, 2929, 2856, 1756,
1654, 1605, 1471, 1462, 1361, 1254, 1095, 1067, 1028, 941, 836, 775 cm�1;
1H NMR (CDCl3, 500 MHz) d=0.03 (s, 3H), 0.05 (s, 3H), 0.88 (s, 9H),
1.25–1.49 (m, 8H), 1.38 (d, J=6.8 Hz, 3H), 2.02–2.07 (m, 1.5H), 2.11–
2.15 (m, 0.5H), 2.43 (dd, J=5.5, 1.1 Hz, 2H), 3.95 (m, 1H), 5.02 (q, J=
6.8, Hz, 1H), 5.97 (dt, J=14.3, 1.4 Hz, 0.75H), 6.17 (m, 0.5H), 6.50 (dt,
J=14.3, 7.2 Hz, 0.75H), 7.11 ppm (s, 1H); 13C NMR (CDCl3, 125 MHz):
d=�4.4, 18.1, 19.0, 24.9, 25.0, 25.9, 25.9, 27.9, 28.3, 29.0, 29.2, 32.8, 34.6,
35.9, 36.8, 36.8, 70.1, 74.4, 77.4, 82.2, 130.8, 141.3, 146.6, 151.5, 174.0 ppm;
MS (FAB): m/z=479 [M+H]+ ; HRMS (FAB): m/z calcd for
C20H36O3SiI: 479.1480 [M+H]+ ; found: 479.1481.


37: [Cl2Pd ACHTUNGTRENNUNG(PPh3)2] (3.75 mg, 0.0053 mmol) was added to a solution of 11
(51 mg, 0.11 mmol) in Et3N (0.2 mL). After the solution was stirred for
30 min, a solution of 8 (45 mg, 0.11 mmol) in Et3N (0.2 mL) and CuI
(2.0 mg, 0.011 mmol) were added. After the mixture was stirred for 12 h,
the reaction was quenched with saturated NH4Cl (5 mL), and the mixture
was extracted with diethyl ether. The organic phase was washed with
brine, dried over MgSO4, filtered, and concentrated. The residue was sub-
jected to chromatography with silica gel (hexane/EtOAc=5:1) to afford
37 (62 mg, 76%) as a colorless oil. IR (film): ñ=2926, 2854, 1759, 1654,
1465, 1374, 1318, 1254, 1206, 1150, 1101, 1038, 945, 837, 775 cm�1;
1H NMR (CDCl3, 500 MHz): d=0.01 (s, 3H), 0.05 (s, 3H), 0.88 (s, 9H),
0.88 (t, J=6.8 Hz, 3H), 1.14–1.47 (m, 32H), 1.42 (d, J=6.5 Hz, 3H),
1.62–1.74 (m, 3H), 1.90–1.99 (m, 2H), 2.02–2.06 (m, 1.5H), 2.24 (m,
0.5H), 2.40–2.62 (m, 4H), 3.37 (s, 3H), 3.39 (s, 3H), 3.44 (m, 1H), 3.63
(m, 1H), 3.93 (m, 1H), 3.99 (m, 1H), 4.12 (m, 1H), 4.65 (d, J=6.7 Hz,
1H), 4.75 (s, 2H), 4.81 (d, J=6.7 Hz, 1H), 4.99 (q, J=6.5 Hz, 1H), 5.40
(d, J=15.9 Hz, 0.75H), 5.77 (m, 0.5H), 6.01 (dt, J=15.8, 7.1 Hz, 0.75H),
7.09 ppm (s, 1H); 13C NMR (CDCl3, 125 MHz): d=�4.5, 14.0, 18.0, 18.9,
22.6, 24.9, 25.5, 25.8, 28.1, 28.4, 28.7, 29.1, 29.6, 29.6, 29.6, 29.6, 29.8, 31.2,
31.9, 32.7, 32.8, 36.8, 55.6, 55.7, 69.9, 70.1, 77.4, 77.5, 77.8, 77.8, 78.7, 79.6,
80.1, 80.3, 80.3, 80.5, 81.7, 81.8, 84.9, 90.6, 93.1, 96.4, 96.5, 96.5, 96.7,
109.2, 109.8, 130.8, 142.8, 143.6, 151.4, 151.6, 173.9 ppm; MS (FAB):
m/z=800 [M+Na]+ ; HRMS (FAB): m/z calcd for C45H80O8SiNa:
799.5520 [M+Na]+ ; found: 799.5502.


38 : A solution of sodium acetate (556 mg, 6.78 mmol) in H2O (16 mL)
was added to a refluxing solution of 37 (31 mg, 0.04 mmol) and p-tolu-
ACHTUNGTRENNUNGenesulfonylhydrazide (1.1 g, 5.6 mmol) in diethoxyethane (12 mL) over
4 h. After being cooled to room temperature, the mixture was extracted
with diethyl ether. The organic phase was washed with brine, dried over
MgSO4, filtered, and concentrated. The residue was subjected to chroma-
tography with silica gel (hexane/EtOAc=4:1) to afford 38 (24.7 mg,
79%) as a colorless oil. [a]23D =++29.5 (c=0.24 in CHCl3); IR (film): ñ=
2926, 2854, 1760, 1654, 1464, 1374, 1318, 1254, 1149, 1100, 1033, 919, 836,
775 cm�1;. 1H NMR (CDCl3, 500 MHz): d=0.02 (s, 3H), 0.06 (s, 3H),
0.88 (s, 9H), 0.88 (t, J=6.8 Hz, 3H), 1.25–1.48 (m, 41H), 1.41 (d, J=
6.8 Hz, 3H), 1.63–1.69 (m, 3H), 1.92 (m, 2H), 2.42 (d, J=5.6 Hz, 2H),
3.39 (s, 6H), 3.46 (m, 2H), 3.94–3.99 (m, 3H), 4.66 (d, J=6.7 Hz, 2H),
4.83 (d, J=6.7 Hz, 2H), 5.00 (q, J=6.8 Hz, 1H), 7.11 ppm (s, 1H);
13C NMR (CDCl3, 125 MHz): d=�4.5, 14.1, 18.0, 19.0, 22.7, 25.1, 25.5,
25.9, 28.4, 29.3, 29.6, 29.6, 29.7, 29.7, 29.7, 29.8, 31.3, 31.9, 32.8, 37.0, 55.7,
70.2, 77.4, 79.7, 81.5, 96.7, 130.9, 151.4, 174.0 ppm; MS (FAB): m/z=806
[M+Na]+ ; HRMS (FAB): m/z calcd for C45H86O8SiNa: 805.5989
[M+Na]+ ; found: 805.5973.


1: BF3·Et2O (0.19 mL) was added to a solution of 38 (20 mg, 0.26 mmol)
in dimethyl sulfide (1.5 mL) at 0 8C. After the mixture was stirred for 1 h
at this temperature, the reaction was quenched with saturated NaHCO3
(5 mL), and the mixture was extracted with diethyl ether. The organic
phase was washed with brine, dried over MgSO4, filtered, and concentrat-
ed. The residue was subjected to chromatography with silica gel (hexane/
EtOAc=1:2) to afford 1 (12.5 mg, 84%) as a colorless waxy solid. M.p.:
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72–73 8C; [a]23D =++20.6 (c=0.42 in CHCl3), +20.4 (c=0.40 in MeOH);
IR (KBr): ñ=3444, 2919, 2851, 1747, 1652, 1465, 1319, 1202, 1074, 1028,
737 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.88 (t, J=6.9 Hz, 3H), 1.25–
1.57 (m, 42H), 1.43 (d, J=6.8 Hz, 3H), 1.63–1.71 (m, 2H), 1.94–2.01 (m,
2H), 2.41 (dd, J=15.3, 8.2 Hz, 1H), 2.51 (dd, J=15.3, 1.6 Hz, 1H), 2.20–
2.40 (br s, 3H, OH), 3.40 (m, 1H), 3.77–3.85 (m, 3H), 5.05 (qd, J=6.8,
1.2 Hz, 1H), 7.18 ppm (d, J=1.2 Hz, 1H); 13C NMR (CDCl3, 125 MHz):
d=14.1, 19.1, 22.7, 25.6, 25.6, 28.7, 29.3, 29.5, 29.6, 29.6, 29.6, 29.7, 29.7,
31.9, 33.4, 33.5, 37.4, 70.0, 74.0, 74.1, 77.9, 82.6, 82.6, 131.2, 151.7,
174.6 ppm; MS (FAB): m/z=581 [M+H]+ ; HRMS (FAB): m/z calcd for
C35H65O6: 581.4781 [M+H]+ ; found: 581.4774.


39 : The procedure was the same as that used for the preparation of 37.
Compound 39 (32 mg, 91%) was prepared from 9 (22 mg, 0.044 mmol)
and 11 (21 mg, 0.044 mmol) as a yellow oil. IR (film): ñ=2926, 2854,
1759, 1654, 1464, 1374, 1318, 1255, 1206, 1149, 1100, 1039, 954, 837,
775 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.02 (s, 3H), 0.04 (s, 3H), 0.87
(s, 9H), 0.87 (t, J=6.8 Hz, 3H), 1.14–1.47 (m, 30H), 1.40 (d, J=6.9 Hz,
3H), 1.71–1.75 (m, 1H), 1.87–2.01 (m, 3H), 2.02–2.07 ACHTUNGTRENNUNG(m, 1.6H), 2.24 (m,
0.4H), 2.41 (d, J=5.7 Hz, 2H), 2.50–2.64 (m, 2H), 3.38 (s, 3H), 3.40 (s,
3H), 3.61–3.68 (m, 2H), 3.93–4.00 (m, 2H), 4.09–4.13 (m, 1H), 4.65 (d,
J=6.7 Hz, 1H), 4.73–4.78 (m, 3H), 4.99 (qd, J=6.8, 1.1 Hz, 1H), 5.41 (d,
J=15.9 Hz, 0.8H), 5.77 (m, 0.4H), 6.01 (dt, J=15.9, 7.1 Hz, 0.8H),
7.10 ppm (s, 1H); 13C NMR (CDCl3, 125 MHz): d=�4.5, 14.1, 18.0, 18.9,
22.6, 24.9, 25.6, 25.9, 26.5, 28.3, 28.7, 29.2, 29.3, 29.6, 29.6, 29.6, 29.6, 29.6,
29.8, 31.9, 31.9, 32.8, 32.8, 36.8, 55.6, 55.7, 55.8, 70.2, 77.4, 77.6, 77.7, 78.6,
78.7, 78.8, 80.3, 80.4, 80.6, 81.6, 81.7, 84.8, 96.4, 96.5, 96.5, 96.8, 109.2,
109.8, 130.8, 142.8, 143.6, 151.4, 151.6, 173.9 ppm; MS (FAB): m/z=800
[M+Na]+ ; HRMS (FAB): m/z calcd for C45H80O8SiNa: 799.5520
[M+Na]+ ; found: 799.5514.


40 : The procedure was the same as the diimide reduction used for the
preparation of 38. Compound 40 (12 mg, 76%) was prepared from 39
(16 mg, 0.020 mmol) as a colorless oil. [a]23D =++10.3 (c 0.18 in CHCl3); IR
(film): ñ=2928, 2854, 1759, 1655, 1464, 1374, 1318, 1255, 1206, 1149,
1100, 1036, 919, 836, 775 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.02 (s,
3H), 0.04 (s, 3H), 0.88 (s, 9H), 0.88 (t, J=6.8 Hz, 3H), 1.25–1.48 (m,
41H), 1.41 (d, J=6.8 Hz, 3H), 1.50–1.64 (m, 2H), 1.80–1.92 (m, 3H),
2.42 (d, J=5.6 Hz, 2H), 3.39 (s, 3H), 3.40 (s, 3H), 3.46 (m, 1H), 3.68 (m,
1H), 3.95 (m, 3H), 4.66 (d, J=6.7 Hz, 2H), 4.78 (d, J=6.7 Hz, 2H), 4.83
(d, J=6.7 Hz, 1H), 5.00 (dq, J=6.8 1.3 Hz, 1H), 7.11 ppm (d, J=1.3 Hz,
1H); 13C NMR (CDCl3, 125 MHz): d=�4.5, 14.1, 18.0, 19.0, 22.7, 25.2,
25.5, 25.9, 26.6, 28.6, 29.4, 29.6, 29.6, 29.7, 29.7, 29.8, 29.8, 31.3, 31.9, 32.7,
37.0, 55.7, 70.2, 77.5, 78.7, 79.6, 81.4, 81.7, 96.6, 96.7, 130.8, 151.5,
174.1 ppm; MS (FAB): m/z=806 [M+Na]+ ; HRMS (FAB): m/z calcd for
C45H86O8SiNa: 805.5989 [M+Na]+ ; found: 805.5999.


2a : The procedure was the same as that used for the preparation of 1.
Compound 2 (9.5 mg, 75%) was prepared from 40 (17 mg, 0.022 mmol)
as a colorless waxy solid. M.p.: 74–75 8C; [a]23D =++13.9 (c 0.19 in CHCl3);
IR (KBr): ñ=3437, 2919, 2850, 1747, 1653, 1468, 1320, 1203, 1074,
1028 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.88 (t, J=6.9 Hz, 3H), 1.23–
1.53 (m, 42H), 1.43 (d, J=6.8 Hz, 3H), 1.56–1.66 (m, 1H), 1.85–1.91 (m,
2H), 1.98 (br s, 1H, OH), 2.00 (m, 1H), 2.19 (br s, 1H, OH), 2.30 (br s,
1H, OH), 2.40 (dd, J=15.3, 8.3 Hz, 1H), 2.52 (dd, J=15.3, 1.7 Hz, 1H),
3.39 (m, 1H), 3.80–3.90 (m, 4H), 5.05 (qd, J=6.8, 1.3 Hz, 1H), 7.17 ppm
(d, J=1.3 Hz, 1H); 13C NMR (CDCl3, 125 MHz): d=14.1, 19.1, 22.7,
25.2, 25.6, 26.0, 28.6, 29.4, 29.5, 29.5, 29.6, 29.6, 29.6, 29.7, 31.9, 32.5, 33.2,
33.3, 37.4, 70.0, 71.5, 74.4, 78.0, 82.1, 83.2, 131.2, 151.8, 174.7 ppm; MS
(FAB): m/z=581 [M+H]+ ; HRMS (FAB): m/z calcd for C35H65O6:
581.4781 [M+H]+ ; found: 581.4779.


Tris-(R)-MTPA esters of 2a : A mixture of DMAP (1.2 mg, 0.01 mmol)
and one drop of Et3N in CH2Cl2 (0.1 mL) was treated with 2a (5.8 mg,
0.01 mmol). Immediately, one drop of neat MTPA chloride was added.
After the reaction was completed, the mixture was purified with prepara-
tive TLC (hexane/EtOAc=3:1) to give the tris-(R)-MTPA esters of 2a.
1H NMR (CDCl3, 500 MHz): d=0.88 (t, J=7.0 Hz, 3H), 1.22–1.50 (m,
42H), 1.43 (d, J=6.8 Hz, 3H), 1.71–1.78 (m, 2H), 1.90–1.97 (m, 2H),
2.61 (dd, J=15.3, 8.3 Hz, 1H), 2.66 (dd, J=15.3, 1.6 Hz, 1H), 3.50 (s,
3H), 3.53 (s, 3H), 3.60 (s, 3H), 3.76 ACHTUNGTRENNUNG(m, 1H), 3.98 (m, 1H), 4.90 (qd, J=


6.8, 1.3 Hz, 1H), 4.98 (m, 1H), 5.26 (m, 1H), 5.38 (m, 1H), 6.97 (d, J=
1.3 Hz, 1H), 7.33–7.61 (m, 5H).


41: The procedure was the same as that used for the preparation of 37.
Compound 41 (34 mg, 88%) was prepared from 10 (22 mg, 0.05 mmol)
and 11 (24 mg, 0.05 mmol) as a yellow oil. IR (film): ñ=2926, 2854, 1759,
1654, 1465, 1373, 1318, 1254, 1206, 1150, 1101, 1042, 954, 837, 775 cm�1;
1H NMR (CDCl3, 500 MHz): d=0.01 (s, 3H), 0.04 (s, 3H), 0.86 (s, 9H),
0.87 (t, J=6.8 Hz, 3H), 1.14–1.47 (m, 28H), 1.41 (d, J=6.8 Hz, 3H),
1.63–1.71 (m, 3H), 1.84–1.91 (m, 3H), 2.02–2.07 ACHTUNGTRENNUNG(m, 1.6H), 2.24 (m,
0.4H), 2.41 (d, J=5.7 Hz, 2H), 2.40–2.62 (m, 2H), 3.37 (s, 3H), 3.39 (s,
3H), 3.48 (m, 1H), 3.65 (m, 1H), 3.88–3.96 (m, 2H), 4.02–4.07 (m, 1H),
4.65 (d, J=6.7 Hz, 1H), 4.73 (d, J=6.7 Hz, 1H), 4.75 (d, J=6.7 Hz, 1H),
4.81 (d, J=6.7 Hz, 1H), 4.99 (q, J=6.8 Hz, 1H), 5.40 (d, J=15.9 Hz,
0.8H), 5.77 (m, 0.4H), 6.01 (dt, J=15.8, 7.1 Hz, 0.8H), 7.10 ppm ( s, 1H);
13C NMR (CDCl3, 500 MHz): d=�4.6, �4.5, 14.0, 18.0, 18.9, 22.6, 24.9,
25.4, 25.8, 27.5, 27.7, 28.7, 29.1, 29.6, 29.6, 29.8, 31.2, 31.9, 32.7, 36.8, 55.6,
55.6, 55.7, 66.7, 70.1, 74.1, 77.4, 77.5, 77.9, 79.7, 79.8, 80.4, 80.5, 80.6, 82.0,
84.9, 96.4, 96.5, 96.7, 96.7, 109.8, 130.8, 142.8, 143.5, 151.4, 151.6,
173.9 ppm; MS (FAB): m/z=800 [M+Na]+ ; HRMS (FAB): m/z calcd for
C45H80O8SiNa: 799.5520 [M+Na]+ ; found: 799.5538.


42 : The procedure was the same as the diimide reduction used for the
preparation of 38. Compound 42 (19 mg, 78%) was prepared from 41
(25 mg, 0.032 mmol) as a colorless oil. [a]23D =�1.01 (c=0.12 in CHCl3);
IR (film): ñ=2926, 2854, 1760, 1654, 1464, 1374, 1318, 1254, 1149, 1100,
1033, 919, 836, 775 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.02 (s, 3H),
0.05 (s, 3H), 0.87 (s, 9H), 0.88 (t, J=6.8 Hz, 3H), 1.25–1.50 (m, 41H),
1.41 (d, J=6.8 Hz, 3H), 1.60 (m, 3H), 1.85 (m, 2H), 2.42 (d, J=5.6 Hz,
2H), 3.39 (s, 6H), 3.51 (m, 2H), 3.88 (m, 2H), 3.95 (m, 1H), 4.66 (d, J=
6.7 Hz, 2H), 4.82 (d, J=6.7 Hz, 2H), 5.00 (q, J=6.8 Hz, 1H), 7.11 ppm
(s, 1H); 13C NMR (CDCl3, 125 MHz): d=�4.5, 14.1, 18.0, 19.0, 22.7, 25.2,
25.5, 25.9, 27.6, 29.3, 29.6, 29.7, 29.7, 29.8, 31.3, 31.3, 31.9, 32.8, 37.0, 55.7,
70.2, 77.4, 79.9, 81.9, 96.7, 130.9, 151.4, 174.0 ppm; MS (FAB): m/z=806
[M+Na]+ ; HRMS (FAB): m/z calcd for C45H86O8SiNa: 805.5989 [M+


Na]+ ; found: 805.5970.


3a : The procedure was the same as that used for the preparation of 1.
Compound 3 (8.8 mg, 82%) was prepared from 42 (14 mg, 0.018 mmol)
as a colorless waxy solid. M.p.: 75.5–76.5 8C; [a]23D =++11.2 (c=0.21 in
CH2Cl2); IR (KBr): ñ=3400, 2921, 2851, 1748, 1652, 1468, 1318, 1203,
1075, 1028 cm�1; 1H NMR (CDCl3, 500 MHz): d=0.88 (t, J=7.0 Hz, 3H),
1.22–1.50 (m, 42H), 1.43 (d, J=6.8 Hz, 3H), 1.71–1.78 (m, 2H), 1.90–1.97
(m, 2H), 2.22 (br s, 1H, OH), 2.35 (br s, 2H, OH), 2.41 (dd, J=15.3,
8.3 Hz, 1H), 2.52 (dd, J=15.3, 1.6 Hz, 1H), 3.42 (m, 2H), 3.80–3.86 (m,
3H), 5.05 (qd, J=6.8, 1.4 Hz, 1H), 7.18 ppm (d, J=1.4 Hz, 1H);
13C NMR (CDCl3, 125 MHz): d=14.1, 19.1, 22.7, 25.5, 25.7, 25.7, 28.1,
29.3, 29.4, 29.5, 29.5, 29.5, 29.6, 29.6, 29.6, 29.7, 29.7, 29.7, 31.9, 33.4, 34.1,
37.4, 70.0, 74.4, 77.9, 82.7, 131.2, 151.7, 174.6 ppm; MS (FAB): m/z=581
[M+H]+ ; HRMS (FAB): m/z calcd for C35H65O6: 581.4781 [M+H]+ ;
found: 581.4791.


Acknowledgements


We thank the Faculty of Agriculture, Shinshu University for support for
this work.


[1] For recent reviews on annonaceous acetogenins, see: a) A. Bermejo,
B. FigadPre, M. C. Zafra-Polo, I. Barrachina, E. Estornell, D. Cortes,
Nat. Prod. Rep. 2005, 22, 269–303; b) F. Q. Alali, X. X. Liu, J. L.
McLaughlin, J. Nat. Prod. 1999, 62, 504–540; c) M. C. Zafra-Polo, B.
FigadPre, T. Gallardo, J. R. Tormo, D. Cortes, Phytochemistry 1998,
48, 1087–1117.


[2] For recent total syntheses of mono-THF acetogenins, see: a) H.
Gçksel, C. B. W. Stark, Org. Lett. 2006, 8, 3433–3436; b) S. Hanessi-
an, S. Giroux, M. Buffat, Org. Lett. 2005, 7, 3989–3992; c) N. Mae-
zaki, N. Kojima, A. Sakamoto, H. Tominaga, C. Iwata, T. Tanaka,
M. Monden, B. Damdinsuren, S. Nakamori, Chem. Eur. J. 2003, 9,


Chem. Asian J. 2006, 1, 894 – 904 E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 903


Synthesis of Murisolin and Diastereomers







389–399; d) A. R. L. Cecil, R. C. D. Brown, Org. Lett. 2002, 4,
3715–3718; e) H. Makabe, Y. Hattori, A. Tanaka, T. Oritani, Org.
Lett. 2002, 4, 1083–1085; f) D. J. Dixon, S. V. Ley, D. J. Reynolds,
Chem. Eur. J. 2002, 8, 1621–1636.


[3] S. H. Myint, A. Laurens, R. Hocquemiller, A. CavS, D. Davoust, D.
Cortes, Heterocycles 1990, 31, 861–867.


[4] M. H. , Woo, L. Zeng, Q. Ye, Z. M. Gu, G. X. Zhao, J. L. McLaugh-
lin, Bioorg. Med. Chem. Lett. 1995, 5, 1135–1140.


[5] a) N. Maezaki, H. Tominaga, N. Kojima, M. Yanai, D. Urabe, T.
Tanaka, Chem. Commun. 2004, 406–407; b) N. Maezaki, H. Tomina-
ga, N. Kojima, M. Yanai, D. Urabe, R. Ueki, T. Tanaka, T. Yamori,
Chem. Eur. J. 2005, 11, 6237–6245.


[6] a) Q. Zheng, H. Lu, C. Richard, D. P. Curran, J. Am. Chem. Soc.
2004, 126, 36–37; b) C. S. Wilcox, V. Gudipati, H. Lu, S. Turkyimaz,
D. P. Curran, Angew. Chem. 2005, 117, 7098–7100; Angew. Chem.
Int. Ed. 2005, 44, 6938–6940.


[7] D. P. Curran, Q. Zheng, C. Richard, H. Lu, V. Gudipati, C. S.
Wilcox, J. Am. Chem. Soc. 2006, 128, 9561–9573.


[8] H. Makabe, H. Tanimoto, A. Tanaka, T. Oritani, Heterocycles 1996,
43, 2229–2248.


[9] H. Makabe, A. Miyawaki, R. Takahashi, Y. Hattori, H. Konno, M.
Abe, H. Miyoshi, Tetrahedron Lett. 2004, 45, 973–977.


[10] O. Mitsunobu, Synthesis 1981, 1–28.
[11] J. A. Dodge, J. I. Trujillo, M. Presnell, J. Org. Chem. 1994, 59, 234–


236.
[12] J. D. White, T. C. Somers, G. N. Reddy, J. Org. Chem. 1992, 57,


4991–4998.
[13] H. Han, M. K. Shinha, L. J. DTSouza, E. Keinan, S. C. Sinha, Chem.


Eur. J. 2004, 10, 2149–2158.


[14] H. Becker, K. B. Sharpless, Angew. Chem. 1996, 108, 447–449;
Angew. Chem. Int. Ed. Engl. 1996, 35, 448–451.


[15] K. Takai, K. Nitta, K. Utimoto, J. Am. Chem. Soc. 1986, 108, 7408–
7409.


[16] K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett. 1975, 16,
4467–4470.


[17] J. A. Marshall, A. Piettre, M. A. Paige, F. Valeriote, J. Org. Chem.
2003, 68, 1780–1785.


[18] D. P. Curran, Q. Zheng, H. Lu, V. Gudipati, J. Am. Chem. Soc. 2006,
128, 9943–9956.


[19] The absolute configurations at C4 and C34 were well-known and de-
termined to be R and S, respectively; see: T. R. Hoye, P. R. Hanson,
L. E. Hasenwinkel, E. A. Ramirez, Z. P. Zhuang, Tetrahedron Lett.
1994, 35, 8529–8532.


[20] Tanaka and co-workers also prepared 3b. Its melting point was re-
ported to be 65–66 8C.[5b]


[21] H. Makabe, Y. Hattori, Y. Kimura, H. Konno, M. Abe, H. Miyoshi,
A. Tanaka, T. Oritani, Tetrahedron 2004, 60, 10651–10657.


[22] H. Miyoshi, M. Ohshima, H. Shimada, T. Akagi, H. Iwamura, J. L.
McLaughlin, Biochim. Biophys. Acta 1998, 1365, 443–452.


[23] K. Kuwabara, M. Takada, J. Iwata, K. Tatsumoto, K. Sakamoto, H.
Iwamura, H. Miyoshi, Eur. J. Biochem. 2000, 267, 2538–2546.


[24] M. Takada, K. Kuwabara, H. Nakato, A. Tanaka, H. Iwamura, H.
Miyoshi, Biochim. Biophys. Acta 2000, 1460, 302–310.


Received: August 9, 2006
Published online: November 8, 2006


904 www.chemasianj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2006, 1, 894 – 904


FULL PAPERS
H. Makabe et al.





