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Abstract: The notion of weak attractive ligand–polymer
interactions is introduced, and its potential application,
importance, and conceptual links with “cooperative”
ligand–substrate interactions are discussed. Synthetic
models of weak attractive ligand–polymer interactions are
described, in which intramolecular weak C�H···F�C inter-
actions (the existence of which remains contentious) have
been detected by NMR spectroscopy and neutron and X-
ray diffraction experiments. These C�H···F�C interactions
carry important implications for the design of catalysts for


olefin polymerization, because they provide support for
the practical feasibility of ortho-F···Hb ligand–polymer
contacts proposed for living Group 4 fluorinated
phenoxy ACHTUNGTRENNUNGimine catalysts. The notion of weak attractive
noncovalent interactions between an “active” ligand and
the growing polymer chain is a novel concept in polyole-
fin catalysis.


Keywords: catalysis · hydrogen bonds · ligand–polymer
interactions · neighboring-group effects · polymerization


1. Introduction


What are weak attractive ligand–polymer interactions? In
the realm of metal-catalyzed olefin-polymerization reac-
tions, the concept of noncovalent interactions between a
“non-innocent” ancillary ligand and the growing polymer
chain is new. The b-H-elimination step for a conventional
cationic metal–(alkyl chain) catalytic species is facile, diffi-
cult to control, and often leads to undesirable chain transfer
or termination reactions (Scheme 1a). On the other hand, if
one integrates a substituent that can interact with the poly-
mer chain (such as a hydrogen-bond acceptor A;
Scheme 1b) into the ligand, then such interactions could po-
tentially stabilize against or suppress b-elimination and
chain-termination pathways. It is proposed that these inter-
actions must be weak and dynamic in nature, otherwise the
intrinsic chain-insertion/propagation process would be dis-
rupted. Fragile attractive forces such as hydrogen bonding
are ideally suited to this role because, in contrast to “hard”
steric repulsions, they offer diversity and inherent tunability
in a rational manner.


The concept of weak attractive ligand–polymer interac-
tions in olefin polymerization is appealing and potentially
influential because 1) it may pave the way towards an un-
precedented ability to control and manipulate the reactivity
at the polymer chain and 2) the stabilization of reactive in-


termediates and the generation of novel or unknown poly-
meric microstructures and materials may become possible.


2. Background and Context


As stated above, the viability of weak attractive ligand–poly-
mer interactions depends on reversible intramolecular non-
covalent contacts that constitute the fundamental (intermo-
lecular) building blocks in supramolecular chemistry, where-
as their proposed adaptability evokes the elementary ideas
behind molecular recognition. Indeed, the development of
weak ligand–polymer interactions necessitates the union of
catalyst design and facets of supramolecular chemistry, and
to fully exploit this novel approach, it is a prerequisite that
the principles of supramolecular chemistry[1] and supra-
molecular synthons[2] are diligently applied. At this juncture,
it is appropriate to present a brief overview of a conceptual-
ly related body of research concerned with the impact of
secondary or “cooperative” ligand–substrate contacts
through hydrogen bonds and associated noncovalent “supra-
molecular” interactions upon organic/organometallic cataly-
sis and reactivity.[3,4] However, the contrast between these
contacts and weak attractive ligand–polymer interactions
should be noted; the former are predominantly employed
for activation and/or directing purposes, whereas stabilizing
effects are intended for the latter.


2.1. Cooperative Ligand–Substrate Interactions in
Biomimetic and Multifunctional Catalysts


Nature is, in the form of enzymes, the supreme designer of
catalytic reactions that involve multiple substrate interac-
tions to enhance efficiency and selectivity. Considerable
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effort has been devoted to emulating this exceptional reac-
tivity by the development of synthetic “cooperative”
organo- and metallocatalysts featuring hydrogen-bonding
moieties in proximity to the active site that can affect the
catalytic cycle and alter product profiles.[5] Several classes of
structurally diverse multifunctional metal-based catalysts
have been described, wherein weak “secondary” noncova-
lent interactions with substrates were indicated or demon-
strated.[6–8]


For example, a prolific and versatile family of bifunctional
organocatalysts that employ urea/thiourea H-bond donors
with an additional H-bond acceptor for substrate activation
(Scheme 2) was recently developed for a wide variety of or-
ganic transformations,[9] and detailed mechanistic studies re-
vealed the unequivocal impact of the hydrogen-bonding in-
teractions and especially the Brønsted basic H-bond accept-
or group (e.g., amine or imine).[10] Moreover, reports that bi-
functional organoruthenium catalysts that bear pendant imi-
dazolyl- and pyridylphosphine ligands can mediate the anti-
Markovnikov hydration of terminal alkynes[11] further exem-
plify the ability of peripheral hydrogen-bonding substituents
to activate substrates towards unusual and unprecedented
reactivity.


2.2. Impact of Noncovalent
Interactions upon Organic and
Organometallic Reactivity


It is interesting to highlight se-
lected instances of neighboring-
group effects that are noncata-
lytic but nevertheless of rele-
vance to this discussion. The
atypical insertion chemistry of
hydroxy-substituted aryl–palla-
dium complexes with unsaturat-
ed nitrile substrates has been
attributed to the involvement
of the ortho-OH moiety, which
“assists” the reaction by hydro-


gen bonding/transfer to the nitrile N atom.[12] The preferen-
tial ortho iodination of b- and g-aryl alkylamine compounds
that bear a trifluoroacetamide group was recently reported,
and the unexpected selectivity was ascribed to a mechanism
featuring “intramolecular electrophile delivery” by the CF3


substituent through C�F···I�X interactions.[13] Significantly,


Abstract in Chinese:


Scheme 1. Metal-catalyzed olefin-polymerization reactions. a) Conventional catalyst. b) Potential advantages
of weak ligand–polymer interactions.


Scheme 2. Examples of bifunctional organocatalysts (left: proposed hy-
drogen-bonded transition state in ring-opening polymerization of lac-
ACHTUNGTRENNUNGtide[10d]) and transition-metal catalysts (right: Brønsted base activated
anti-Markovnikov hydration of terminal alkynes[11]).
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the protruding aromatic C�F moieties at the “lip” of the
Lewis acidic substrate-binding site in AlACHTUNGTRENNUNG(OAr)3 were pro-
posed to coordinate and activate RLi (R=alkyl, allyl) re-
agents through C�F···Lid+�Rd� contacts, so that the nucleo-
philic attack is directed at preferred positions of the unsatu-
rated aldehyde substrates (Scheme 3).[14] The unique reactiv-
ity and selectivity observed in these transformations are ac-
complished through the weakly attractive metal–fluorine
contacts and the increased depth of the receptor site due to
the peripheral F atoms.


2.3. Fluorinated Group 4 Phenoxyimine Catalysts: Living
Olefin Polymerization and Weak Attractive


Ligand–Polymer Interactions


The notion of weak ligand–polymer interactions was evoked
by Fujita and co-workers for a novel class of Group 4 olefin-
polymerization catalysts that bear fluorine-rich bis(phen-
ACHTUNGTRENNUNGoxyimine) auxiliaries.[15] These catalysts have generated tre-
mendous interest because, besides their outstanding activi-
ties and versatility, the observation of the exceedingly rare
2,1-insertion of olefins, as well as diverse applications in the
synthesis of multiblock copolymers and chain-end function-
alized polyolefins, TiIV derivatives with (perfluorinated
ACHTUNGTRENNUNGaryl)imine substituents have been shown to mediate the
living polymerization of ethylene and propylene (with high
syndiotacticity) at remarkably elevated temperatures of up
to 70 8C.[16] Notably, the living propagating species[17] gener-
ated from the corresponding methyl cation and a slight
excess of ethylene was explicitly observed in solution at
room temperature by 1H NMR spectroscopy (Scheme 4).[18]


Furthermore, the Coates[19] and Pellecchia[20] groups have
employed these phenoxyimine catalysts for the production
of stereoregular polymers, and theoretical studies of the cat-
alytic species and reaction mechanism have been undertak-
en.[21]


To elucidate the vital function of the fluorine groups in
living-polymerization processes, Fujita and co-workers per-
formed DFT calculations on the probable active species,
which indicated that a b-hydrogen atom of the polymer
chain and a C ACHTUNGTRENNUNG(sp2)�F moiety ortho to the imine N atom are


engaged in a weak noncovalent C�H···F�C interaction
(Scheme 4).[15] The ortho-F···Hb interaction was proposed to
mitigate the formation of a b-H agostic interaction (see Sec-
tion 2.5.1) and, hence, hinder the reactivity of the b-hydro-
gen atom towards the metal and/or a coordinated olefin,
thus resulting in the prevention of termination (b-H-elimina-
tion/transfer) processes. However, this interaction was not
observed or verified. The use of the C�F unit as a hydro-
gen-bond acceptor in weak attractive ligand–polymer inter-
actions is reasonable because it displays good robustness
and can be tolerated by a catalytic center. Nevertheless, the
postulated interaction with the low-polarity C�H bonds of
the polymeryl chain (rather than O�H or N�H) may
prompt reservations, and a hypothesized explanation based
on C�H···F�C interactions is undoubtedly controversial.


2.4. C�H···F�C Hydrogen Bonds


At first glance, the manifestation of C�H···F�C contacts as
weak ligand–polymer interactions is surprising because they
are one of the weakest[22] hydrogen bonds to be proposed,
and their existence, importance, and applicability remain
controversial.[23] Notwithstanding this, the plethora of evi-
dence espousing C�H···F�C contacts, based on structural
determinations,[24] rotational spectroscopy,[25] and theoretical
studies,[26] continues to accumulate conspicuously. The solid-
state characteristics and (self-)assembly of richly fluorinated
organic conjugated materials, with potential relevance in op-
toelectronics and nanotechnology, have been accredited to
the influence of C�H···F�C interactions,[27] and sensing ap-
plications derived from these weak reversible contacts have
been developed.[28] In biomolecular recognition, the incorpo-
ration of fluorinated motifs and the generation of fluorine-
rich environments at nucleotide bases[29] and the active sites
of peptides and enzymes[30] have been advocated, and bene-
ficial effects from the resultant C�H···F�C contacts, such as
enhanced affinity and selectivity, have been realized. Inci-
dentally, the spectroscopic and structural observation of the
more polar N�H···F�C interaction in weakly coordinating
amine-based borane and diborate cocatalysts was recently
described,[31] whereas “cooperative” noncovalent Si···F�C
contacts were invoked to rationalize the optical activity of
fluorinated poly(alkylsilane) materials.[32]


Scheme 3. Directing and activating effects of C�F groups in Lewis acidic
Al ACHTUNGTRENNUNG(OAr)3 receptors.[14]


Scheme 4. Fluorinated bis(phenoxyimine)–Ti catalyst for living olefin
polymerization a) DFT-calculated[15] active species. b) Living propagating
species observed by 1H NMR spectroscopy.[18a]
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2.5. Weak Interactions in Olefin Polymerization and
Related Processes


2.5.1. Agostic Interactions


It is universally acknowledged that weak attractive noncova-
lent interactions play multiple critical roles during the cata-
lytic cycle of olefin polymerization. The existence and mech-
anistic impact of agostic interactions between the a- and b-
hydrogen atoms of the polymer chain and the metal center
have been established.[33,34] The involvement of analogous a-
Si�H···M interactions in Ti-catalyzed silane-dehydrocoupling
reactions was recently suggested.[35]


2.5.2. Noncovalent M···F�C Contacts and Hemilabile
Ligands


The propensity for organofluorine moieties, in the form of
supposed “noninteracting” perfluorinated cocatalysts[36] and
fluorinated ligand fragments,[37] to coordinate metal centers
through weak C�F···M contacts (compare Section 2.2[14]) has
attracted particular attention because it can block or satu-
rate the catalytic site and cause deactivation. Conversely,
several studies have exploited such interactions for the stabi-
lization of extremely electrophilic, unsaturated catalytic cen-
ters by elegantly assembling ancillary ligands appended with
perfluorinated substituents (Scheme 5).[38] Schrock et al. in-


dicated the possible participation of C�X···M (X=F, Cl) in-
teractions to rationalize the 1-hexene-polymerization behav-
ior and organometallic reactivity of multidentate amido/
donor-ligated complexes that bear ortho-halide substitu-
ents.[39] Intriguingly, Grubbs and co-workers attributed the
enhanced efficiency of olefin metathesis of a ruthenium cat-
alyst supported by a fluorinated N-heterocyclic carbene
ligand to the effects of a C�F···Ru interaction.[40]


The conceptually related strategy of developing polyden-
tate hemilabile ligands[41] that bear a flexible pendant donor
group, whereby the substitutionally labile donor can be dis-
placed from and yet remain available for recoordination to
the catalytic site in a reversible fashion, has also been under-
taken in the search for new catalysts for olefin polymeri-
zation.[42] In this context, it is appropriate to highlight the
difference between weak attractive ligand–polymer interac-
tions and the approaches described in this section, because
in the latter, the fluorine or pendant donor group interacts
directly with the metal center. Indeed, it is interesting to
note the design relationship between biomimetic/multifunc-
tional catalysts, in which the secondary or cooperative inter-
action involves coordination to the metal-based active site
(see Section 2.1), and those supported by hemilabile ligands.


2.5.3. Repulsive Ligand–Polymer Interactions


Tremendous advances have been achieved in the develop-
ment of Group 4 metallocene-catalyzed stereoselective a-
olefin polymerizations.[34,43] The mechanism of stereocontrol
has largely been elucidated and originate from steric effects
or repulsive nonbonding interactions between the approach-
ing prochiral olefin and Cp ligands that bear a variety of
bulky substituents. Significantly, unlike attractive interac-
tions, such “hard” contacts cannot be rationally modulated.


3. Modeling Weak Attractive Ligand–Polymer
Interactions


3.1. Spectroscopic Observation of Intramolecular
C�H···F�C Contacts in Post-Metallocene Complexes


We communicated the first spectroscopic and X-ray crystal-
lographic evidence for the existence of weak C�H···F�C in-
teractions, which are reminiscent of the ortho-F···Hb contacts
proposed for the living Ti–bis(phenoxyimine) catalysts by
Fujita and co-workers,[15] in Group 4 complexes that bear
fluorinated pyridine-2-aryloxide-6-(s-aryl) [O,N,C] auxilia-
ries.[44] The complexes impose a fluorinated substituent in
the direct vicinity of the catalytic site (R1 in Scheme 6), but
the R1 group is crucially “tethered back” due to the rigidity
of the ligand to avert unwanted C�F···M contacts. In this
regard, literature reports of fluorine-rich ancillary ligands
are scarce and portray nonliving olefin-polymerization pro-
ACHTUNGTRENNUNGcesses.[39a,45]


Our interest in developing [O,N,C] ligands to support
olefin-polymerization catalysts stems from the following:
1) aryloxide-type chelates have been successfully applied to
post-metallocene catalyst design for many years;[46] 2) al-
though the s-aryl moiety is seldom used,[47] it is principally a
s donor with minimal p donation and is thus anticipated to
enhance the electrophilicity of the metal center; 3) the resul-
tant metal–C ACHTUNGTRENNUNG(s-aryl) linkage should be more inert relative
to the metal–C ACHTUNGTRENNUNG(alkyl) counterparts. We recently designed
and synthesized a series of Group 4 complexes supported by
[O,N,C] ligands (important examples are shown in
Scheme 6).[48,49]


Scheme 5. Examples of ancillary ligands that bear perfluorinated sub-
stituents by the a) Siedle, b) Erker, c) Piers, and d) Bochmann and
ACHTUNGTRENNUNGgroups.[38a–d] Cp=cyclopentadienyl, Cp*=1,2,3,4,5-pentamethylcyclopen-
tadienyl.
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Multinuclear NMR spectroscopic characterization of com-
plex 1 produced unexpected but revealing results: 1) the up-
field resonance of the diastereotopic benzyl CH2 hydrogen
atoms, which typically appear as a doublet of doublets in the
1H NMR spectrum, was observed as a complicated multiplet
(overlapping doublet of quartets) that collapsed to the ex-
pected doublet upon 19F decoupling and was also affected
by solvent polarity (Figure 1; formal 1hJH,F =3.3 and 3.1 Hz
in C6D6 and CD2Cl2 respectively); 2) correspondingly, the
more downfield of the two resonances in the 19F NMR spec-
trum was relatively broad but underwent discernible sharp-
ening upon 1H decoupling; 3) the 13C{1H} NMR signal for
the methylene carbon atom appeared as an unusual but dis-
tinctive quartet (formal 2hJC,F =5.9 Hz in C6D6); 4) the
19F–1H 2D correlation experiment for the CH2 region re-


vealed a cross-peak between the upfield 1H multiplet and
the broadened downfield 19F resonance only. Virtually iden-
tical spectroscopic features were observed for 2, 7, and 8,
and can be persuasively ascribed to intramolecular C�
H···F�C coupling between one methylene hydrogen atom
on each benzyl ligand and the three equivalent 19F nuclei of
the rapidly rotating CF3 group.[44]


1H/19F NOE difference experiments,[50] in which the
1H NMR spectrum is observed as 19F nuclei are selectively
irradiated, were performed to elucidate the proton environ-
ments around the CF3 groups in 1. Importantly, irradiation
of the proximal (adjacent) CF3 moiety yielded enhancement
of the upfield multiplet but not the downfield doublet of the
CH2 hydrogen atoms. This demonstrates the immediacy of
only one methylene hydrogen atom on each benzyl group to
this CF3 unit, consistent with the proposed model (Figure 1),
and implies that the M–C ACHTUNGTRENNUNG(benzyl) bonds cannot rotate
freely (see Section 3.2). For 2 and 8, additional intraligand
H···F coupling was detected between a pyridyl H atom and
the peripheral F atom at R3, whereas C�H···F�C coupling
with the sole F atom at R1 in 4 and 10 is absent because of
the excessive F···H(methylene) separation. Last but not
least, NMR spectroscopic characterization of the alkyl
cation generated from the interaction of 1 with B ACHTUNGTRENNUNG(C6F5)3


also implied weak interactions between the CF3 and benzyl
substituents. Therefore, the intramolecular C�H···F�C con-
tacts detected spectroscopically in solution serve as unique
models of weak attractive ligand–polymer interactions at a
catalytic center for olefin polymerization.


3.2. Structural Characterization: The First Neutron
Diffraction Study of C�H···F�C Interactions


Neutron diffraction is ideal for the investigation of hydrogen
bonds in crystal lattices, because unlike X-ray crystallogra-
phy, the position of H atoms can be accurately located and
refined. We reported[48] the neutron diffraction structure of
the fluorinated Zr complex 1 (Figure 2), which represents
the first characterization of the controversial and elusive C�
H···F�C interaction by a neutron diffraction study. Saliently,
one of the methylene hydrogen atoms on each benzyl ligand


Scheme 6. Synthesis of Group 4 catalysts that bear pyridine-2-phenolate-
6-(s-aryl) [O,N,C] ligands.


Figure 1. 1H NMR spectra (400 MHz, 300 K) of the diastereotopic meth-
ylene hydrogen atoms in 1, demonstrating the effects of 19F decoupling
and solvent polarity.


Figure 2. Perspective view of 1 from the neutron diffraction study, show-
ing selected hydrogen atoms. Ellipsoids are drawn at the 50% probability
level.
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points toward the CF3 moiety, and the observed H···F distan-
ces (2.572(6) and 2.607(5) S) and C�H···F angles (103.3(4)
and 108.2(3)8) are entirely consistent with the C�H···F�C in-
teractions previously determined from X-ray diffraction
studies.[24,27, 28]


The X-ray crystal structures of several bis ACHTUNGTRENNUNG(benzyl) com-
plexes, including 7, 8, and 10, were determined. As expect-
ed, the corresponding H···F (or C···F) distances and C�H···F
angles in 7 and 8 similarly reflect the presence of intramo-
lecular C�H···F�C interactions, albeit based on calculated
hydrogen positions. Notably, all M···F separations (>2.95 S
for Zr, >3.15 S for Ti) far exceed the expected or previous-
ly reported values for M···F�C interactions.[36, 38] All struc-
tures exhibit close M···CipsoACHTUNGTRENNUNG(benzyl) distances and acute M�
C�CipsoACHTUNGTRENNUNG(benzyl) angles, which signifies h2 coordination to the
metal.


The unusual but recurring anti,anti orientation of the
benzyl groups, which protrude towards the pyridyl moiety in
1, 7, 8, and 10, contrasts starkly with the conventional syn,
anti arrangement observed for analogues in which R1 =H[44]


and for related post-metallocene complexes.[46] The anti,anti
conformation is ascribed to the severe steric congestion at
the metal cleft, which cannot support h2-benzyl coordination
in the equatorial plane between the tert-butyl and fluorinat-
ed substituents; as a consequence, rotation of the M–C-
ACHTUNGTRENNUNG(benzyl) bonds is greatly hindered. Therein lies the unique-
ness of the molecular structure of 1: the overall [O,N,C] and
benzyl ligands are rigid and are expected to remain relative-
ly static in solution, so that the benzyl CH2 and CF3 units
become “locked” in position and primed for intramolecular
C�H···F�C interactions. In other words, it may not have
been possible to observe the spectroscopic H···F coupling if
complex 1 had exhibited a more flexible and dynamic mo-
lecular structure.


3.3. Discussion and Evaluation


It is instructive to compare the NMR spectroscopic data
showing intramolecular C�H···F�C coupling, as well as asso-
ciated structural parameters, with those of related organo-
metallic complexes in the literature. Van Eldik, Goldberg,
and co-workers[51] studied the spectroscopic and structural
properties of Tp ACHTUNGTRENNUNG(CF3)2PtMe3 (Tp ACHTUNGTRENNUNG(CF3)2 =HB ACHTUNGTRENNUNG[3,5-bis(trifluoro-
methyl)pyrazolyl]3) and tentatively indicated the presence of
weak C�H···F�C coupling (formal 1hJH,F and 2hJC,F values of
1.8 and 3.9 Hz, respectively, in [D6]acetone) between the
methyl ligands and CF3 substituents, as supported by the ob-
servation of close H···F (or C···F) contacts in the X-ray crys-
tal structure. Clark and Manzer[52] attributed the detected
H–F coupling (JH,F =2–3 Hz in CDCl3) between the methyl
protons (and H3 of Tp) and F atoms in a series of
TpPtMe(Fn-olefin) complexes to a “through-space” mecha-
nism. In contrast, Gade and co-workers[53] proposed that the
noticeably larger JH,F and JC,F coupling constants for the tri-
podal amido-ligated methylzirconium derivative (FN3)ZrMe
(FN3 =HC ACHTUNGTRENNUNG{SiMe2N ACHTUNGTRENNUNG(2-FC6H4)}3) arise from weak Zr···F coor-
dination, as signified by a close Zr···F contact (2.535(5) S)


in the crystal structure of a chloro-bridged congener, and
were accordingly assigned as 3J(H�C�Zr···F) and 2JACHTUNGTRENNUNG(C�
Zr···F) (8.4 and 17.6 Hz, respectively, in C6D6). Crabtree and
co-workers reported that the intramolecular (six-membered)
N�H···F�Ir hydrogen bonding in [(2-NH2py)IrF(H)2 ACHTUNGTRENNUNG(PPh3)2]
(py=pyridyl) and the cyclometalated 2-amino-7,8-benzo-
ACHTUNGTRENNUNGquinoline congener afford noticeably larger JH,F values of 63
and 52 Hz at 253 and 183 K, respectively.[54] Besides, there is
a comprehensive history of long-range or through-space C�
H···F�C coupling in fluorinated organic molecules.[55]


Overall, the spectroscopic and structural data in the pres-
ent work[44,48] evidently bear closer (relative to the amido
system) resemblance to the Pt–tris(pyrazolyl)borate systems
described above. Undisputably, the M···F separations ob-
served for the [O,N,C] derivatives are too long to be consid-
ered even as weak interactions. This supports the conclusion
that the spectroscopically detected 1H–19F coupling occurs
through C�H···F�C interactions and not by an M···F coordi-
nation mechanism. This hypothesis carries great importance
because 1) in complexes whereby fluorinated substituents
can undergo M···F�C contacts that are stronger than C�
H···F�C interactions, the latter will apparently be preempt-
ed, and 2) it is known that such M···F contacts can cause
crowding of the active site, impede approach of olefin sub-
strates, and lead to suppressed catalytic activity (see Sec-
tion 2.5.2). Moreover, DFT calculations[48] on the alkyl cat-
ionic complex derived from 1 (alkyl=n-propyl as model for
polymer chain) revealed the presence of a weak interaction
(2.606 S) between one of the F atoms and a b-hydrogen
atom of the propyl chain, which resembles the correspond-
ing calculated structures of the fluorinated bis(phenoxy-
ACHTUNGTRENNUNGimine) Group 4 alkyl cations.[15]


4. Outlook


Future studies to elucidate the strength of the C�H···F�C
interaction in this class of compounds and in general is re-
quired. It is anticipated that further applications of weak
ligand–polymer interactions based on “supramolecular”
principles can be developed. Indeed, this research direction
promises a bright and unprecedented future for tailor-made
catalysts and precise control of polymer synthesis derived
from noncovalent interactions. Interestingly, Mecking and
co-workers recently noted the effects of remote substituents
on the activity and olefin-polymerization behavior of Ni–
Schiff base derivatives, although the mechanism is currently
unclear.[56]


The prospects for ancillary ligands that bear a s-aryl
moiety appear highly promising[57] on the basis of the excel-
lent propylene-polymerization characteristics displayed by
Hf–[N,N,C] (cyclometalated pyridylamido) catalysts[58] and
their successful application, in tandem with Zr–bis(phenoxy-
ACHTUNGTRENNUNGimine) catalysts, in the commercial-scale production of at-
tractive multiblock polyolefin materials by a remarkable
“chain-shuttling” polymerization process.[59]
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5. Summary


The foremost intention of this article is to stimulate interest
and discussion in weak attractive ligand–polymer interac-
tions. A relationship between the well-established strategy
of cooperative or secondary ligand–substrate interactions
and the new concept of weak attractive ligand–polymer in-
teractions has emerged, and this link is underpinned by the
reliance of both approaches on hydrogen bonding and anal-
ogous noncovalent or supramolecular interactions that must
be weak, dynamic, and allow selectivity and molecular rec-
ognition.


A family of Group 4 post-metallocene catalysts, supported
by F-functionalized tridentate ligands bearing the fluorine
group adjacent to the metal/active site, has been designed
and synthesized as models of weak attractive ligand–poly-
mer interactions. Studies to elucidate the nature of the intra-
molecular C�H···F�C interactions in these complexes in so-
lution (by multinuclear NMR spectroscopy) and the solid
state (with neutron diffraction and X-ray crystallography)
have been undertaken, and the evidence gathered signifies
that the hydrogen-fluorine coupling occurs through C�
H···F�C contacts rather than by an M···F coordination
mechanism. Significantly, this work contains an authenticat-
ed example of a neutron diffraction structure that exhibits
weak intramolecular C�H···F�C interactions, the geometric
parameters of which are manifested as NMR-discernible H–
F coupling in solution. Furthermore, these results substanti-
ate the ortho-F···Hb ligand–polymer contacts proposed by
Fujita and co-workers and demonstrate that such interac-
tions are experimentally feasible.


In 1996, Crabtree et al.[3] were prescient in their view that
“It may be possible to use intra- and intermolecular H-
bonds to influence structure, equilibria, and reactivity in
transition-metal complexation and catalysis, in molecular
recognition, and in designing catalysts for such reactions as
asymmetric hydrogenation. After all, nature uses hydrogen
bonds very successfully in enzymes, so we might benefit by
introducing them into our synthetic catalysts.” We believe
that this statement is now applicable to metal-catalyzed
olefin-polymerization reactions. As opposed to conventional
agostic and M···X contacts, attractive noncovalent interac-
tions between the growing polymer chain and a judiciously
designed “active” ligand is an innovative concept in olefin
polymerization, and new guidelines for the design of poly-
merization catalysts can be envisaged.
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Abstract: Recent advances towards a systematic develop-
ment of catena-phosphorus cations are reviewed. The cat-
ions represented in this new and developing chapter in


fundamental phosphorus chemistry complement the series
of neutral and anionic polyphosphorus compounds.


Keywords: catenation · cations · phosphines · phosphorus


1. Introduction


Catenation (homoatomic bonding) is a prominent feature of
carbon chemistry that is also evident for phosphorus, consis-
tent with the diagonal relationship (similar electronegativi-
ties) between carbon and phosphorus in the Periodic Table.
Although the allotropic forms of phosphorus as well as the
established series of catena-phosphines[1–4] and catena-phos-
phorus anions[1–3,5] represent an extensive catena-phosphorus
chemistry, relatively few derivatives of catena-phosphorus
cations have been reported.[6–28] Nevertheless, the isolobal
nature of PH4


+ and CH4 highlights a potential for parallels
to catena-carbon chemistry that are important in the context
of fundamental understanding of catenation for phosphorus.


As catena-phosphines and catena-phosphorus
anions,[1–5,29,30] such as 1[31] and 2,[32,33] are formally derived
by directly linking phosphine (I) and phosphide (II) units,


catena-phosphorus cations
(phosphinophosphonium ions)
are envisaged as a combination
of phosphine (I) and phospho-
nium (III) units. Herein we
present the recent systematic


development of catena-phosphorus cations, which represent
a new direction in fundamental phosphorus chemistry.


2. Phosphinophosphonium Ions


Phosphinophosphonium ions
(A), which contain a single P�P
bond between a phosphine and
a phosphonium center, were
first proposed as products of
the reaction of a diphosphine
with alkyl or aryl halides,[6] and in reactions of chlorophos-
phines with AlCl3.


[7–9,11–13,28] The solid-state structures of a
number of derivatives recently confirmed the connectivity.[28]


Chlorophosphonium derivatives (A-1) are prepared from a
chlorophosphine and 0.5 equivalents of an appropriate
halide-abstracting agent (GaCl3 or TMSOTf (TMS= trime-
thylsilyl, OTf= trifluoromethanesulfonyl)) (Scheme 1a).


Phosphinophosphonium derivatives of type A-2 can be pre-
pared directly from combinations of a chlorophosphine, a
phosphine, and a halide abstractor (Scheme 1b).[13,28] Deriv-
atives of A exhibit two well-separated doublets in the
31P NMR spectra with dphosphine in the range �23 to 3 ppm,


[a] Dr. C. A. Dyker, Prof. Dr. N. Burford
Dalhousie University
Department of Chemistry
Halifax, Nova Scotia B3H 4J3 (Canada)
Fax: (+1)902494-1310
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Scheme 1. Synthetic approaches to phosphinophosphonium ions.
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dphosphonium in the range 15 to 80 ppm, and 1JPP in the range
320 to 360 Hz (see also Table 1).[13]


The solid-state structure of the phosphinophosphonium
cation in [Me3PPPh2]ACHTUNGTRENNUNG[OTf] is shown in Figure 1, illustrating
the slightly distorted tetrahedral geometry of the tetracoor-
dinate phosphorus center and the typical pyramidal geome-
try of the three-coordinate phosphorus center.[13] These geo-


metrical parameters, coupled with the typical single P�P
bond lengths in these species (Table 1), indicate the pres-
ence of a stereochemically active lone pair of electrons on
the tricoordinate (phosphine) center and imply that no sig-
nificant p-bonding is involved. In contrast to the typical co-
valent bonds in neutral and anionic polyphosphorus com-
pounds, the P�P bond in phosphinophosphoniun ions is un-
usual in that it can be described as a homoatomic coordinate
bond between a phosphine ligand and a phosphenium ion
acceptor (A’). This model accounts for the extensive ligand-
exchange chemistry that has been developed for derivatives
of A.


Ligand exchange at the phosphenium center can be ef-
fected by any neutral molecule that is a stronger donor than
the stabilizing phosphine in the phosphinophosphonium
cation (A),[13,28, 34] as illustrated in Scheme 1c by the replace-
ment of R2PCl in A-1 for R’3P. This is a versatile and con-
venient method for the formation of various element–phos-
phorus bonds.[34–36] Ligand exchange with diphosphines that
bear a hydrocarbon tether (T) leads to polyphosphorus cat-
ions 3 and dications 4.[37, 38] The solid-state structure of the


ethane-tethered octaphenylbis(phosphinophosphonium) di-
cation (a derivative of 4) of the bis(tetrachlorogallate) salt is
shown in Figure 2.


3. Diphosphinophosphonium Ions


Ligand-exchange reactions of phosphinophosphonium cat-
ions with P�P diphosphines give catena-diphosphinophos-
phonium ions (B), of which derivatives B-1b and B-1c can
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Figure 1. Solid-state structure of the cation in (Me3PPPh2) ACHTUNGTRENNUNG(OTf).
ACHTUNGTRENNUNGEllipsoids drawn at the 50% probability level.


Figure 2. Solid-state structure of the dication in
[Ph2PPh2PCH2CH2PPh2PPh2] ACHTUNGTRENNUNG[GaCl4]2. Ellipsoids drawn at the 50% prob-
ability level.


30 www.chemasianj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 28 – 36


FOCUS REVIEWS
N. Burford and A. Dyker







also be prepared from the direct combination of diphos-
phine, chlorophosphine, and TMSOTf.[39] The solid-state
structure of the prototypical cation in [Me6P3]ACHTUNGTRENNUNG[OTf] shown
in Figure 3 reveals a crystallographic nonsymmetry (P1¼6
P3) that is averaged by bond rotation in solution to give an
AB2 spin system in the 31P NMR spectra. The dphosphine,
dphosphonium, and


1JPP values are consistent with those observed
for phosphinophosphonium cations (Table 1). Cation B-1a
can be synthesized from an analogous direct reaction involv-
ing I2P-PI2, PI3, and AgAl[OC ACHTUNGTRENNUNG(CF3)3]4,


[14] whereas the


unique diphosphinophosphonium ions B-2[13] and B-3[15] can
be prepared by alternative procedures. The triflate salt of B-
2 is formed in the complicated, but high-yielding reaction of
1,2-bis(di-tert-butylphosphino)benzene with the pentaphenyl


Table 1. Selected NMR parameters and structural data for one representative of each class of catena-phosphorus cation. Parameters in bold involve the
phosphonium center(s).


Label Formula 31P{1H} Spin System 31P{1H} d [ppm] 1JPP [Hz] P�P [I] Ref.


A-2 [Ph3P-PPh2] ACHTUNGTRENNUNG[GaCl4] AX 13
�12


�340 2.220(6) [13]


B-1b [Me2P-PMe2-PMe2]ACHTUNGTRENNUNG[OTf] A2B 12
�62


�298 2.2160(6)
2.1883(6)


[39]


C-1a ACHTUNGTRENNUNG[(tBuP)2PtBuMe] ACHTUNGTRENNUNG[OTf] AMX �20
�51
�110


�334
�317
�123


2.1465(6)
2.1652(6)
2.2306(6)


ACHTUNGTRENNUNG[43,44]


D-1a ACHTUNGTRENNUNG[(tBuP)3PtBuMe] ACHTUNGTRENNUNG[OTf] AB2X 18
�29
�43


�275
�152


2.204(2)
2.203(2)
2.244(2)
2.246(2)


ACHTUNGTRENNUNG[43,44]


E-1b ACHTUNGTRENNUNG[(MeP)4PMe2] ACHTUNGTRENNUNG[OTf] AA’BB’X 101
20
24


�346
�277
�263


2.206(1)
2.207(1)
2.185(1)
2.197(1)
2.189(1)


[45]


F-1a ACHTUNGTRENNUNG[P5Br2][Al(OR)4]
R=C ACHTUNGTRENNUNG(CF3)3


A2B2X 20
162
�237


(�)320.9
(�)148.7


2.156(7)
2.239(8)
2.211(8)


ACHTUNGTRENNUNG[16,17]


G-1 ACHTUNGTRENNUNG[Mes*P=P ACHTUNGTRENNUNG(Mes*)(Me)] ACHTUNGTRENNUNG[OTf] AX 237
332


(�)633 2.2024(2) [49]


H-1 [Ph3P-P=P-Mes*] ACHTUNGTRENNUNG[OTf] AMX 641
334
25


(�)384
(�)580


2.206(1)
2.025(1)


[50]


I-1 [Ph3P-P=PPh3] ACHTUNGTRENNUNG[AlCl4] AX2 30
�174


(�)502 2.137(6)[b]


2.2128(6)[b]
[52]


J-4b [Me3P-PMe3] ACHTUNGTRENNUNG[OTf]2 A2 28.44 �19.9 2.198(2) [65]
K-1 [Ph3P-PH-PPh3] ACHTUNGTRENNUNG[AlCl4]2 AB2 23


�120
(�)286 2.205(1)


2.224(1)
[24]


L1a [Ph3P-PPh-PPh-PPh3] ACHTUNGTRENNUNG[OTf]2
[c] AA’BB’ 24


�33
�343
�124


2.258(1)
2.221(1)


[69]


M-1 ACHTUNGTRENNUNG[{2,6- ACHTUNGTRENNUNG(OMe)2C6H4}6P4] ACHTUNGTRENNUNG[Me3SnF2]2 A2B2 41.2
2.2


(�)287 2.231
2.232


[27]


N-1b’ ACHTUNGTRENNUNG[Me2P ACHTUNGTRENNUNG(PPh)4PMe2] ACHTUNGTRENNUNG[GaCl4]2 AA’A’’A’’’BB’ 11.2
�53.5


�295.2
�4.0


2.2014(9)
2.2081(9)
2.2308(9)


[71]


[a] Crystal data is of (RO)3Al-F-Al(OR)3 salt (R=C ACHTUNGTRENNUNG(CF3)3). [b] Values for one of two cations in the asymmetric unit. [c] NMR data presented for major
diastereomer only


Figure 3. Solid-state structure of the cation in [Me6P3] ACHTUNGTRENNUNG[OTf]. Ellipsoids
drawn at the 50% probability level.
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derivative of the phosphinophosphonium cation A. The tet-
rachloroaluminate salt of B-3 is formed by the reaction of
the unusual (tBuC)2P3Cl cage with AlCl3.


4. Cyclopolyphosphinophosphonium Ions


Triphosphinophosphonium (D) and tetraphosphinophospho-
nium (E) cations were first proposed on the basis of elemen-
tal analysis data for compounds isolated from the alkylation


of cyclotetra- and cyclopentaphosphines with CCl4 or
MeI,[40–42] but examples have only recently been definitively
characterized.[39,43–46] Triflate salts of cations with frame-
works C-1,[44] D-1,[44] and E-1[45] can be prepared in high
yields by methylation or protonation (D-1 only) of cyclo-
ACHTUNGTRENNUNGpolyphosphines (Scheme 2a). Frameworks D-2 and E-2 are


also formed by insertion of a phosphenium ion into cyclotri-
and tetraphosphines to give ring-expanded cations
(Scheme 2b). In contrast, cyclopentaphosphines react with
phosphenium cations with retention of the cyclopentaphos-
phorus ring (Scheme 2c), which indicates a redistribution
process.[39,43] Solid-state structures of a number of derivatives
(C-1a, D-1a, D-1b, D-1c, D-2a E-1b, E-2b, E-2c, E-2d)
confirm the distinctly ionic formulations.[44,45]


Whereas the 31P{1H} NMR spectra for derivatives of C
and D are essentially first order, the five-membered frame
of E necessarily imparts magnetic inequivalence and gives
rise to complex second-order spectra. Interpretation of the
experimental spectra for all derivatives of E has required
iterative simulation as AA’BB’X (symmetrically substituted
derivatives E-1b and E-2a, E-2b, E-2c, E-2d) or ABCDX
(E-1a) spin systems. The averaged C2 symmetry in solution,
indicated by the AA’BB’X spin systems, contrasts the C1


solid-state structures and imply a low-energy conformational
pseudorotation process,[45] as understood for cyclopentane.[47]


Unique conformations are observed in the solid state for
each derivative, such as the envelope conformation (at P4)
of E-1b shown in Figure 4.


The cluster pentaphosphorus cations F have been pre-
pared by the reaction of Ag[Al{OCACHTUNGTRENNUNG(CF3)4}4], PX3 (X=Br,
I), and white phosphorus, representing the insertion of the
phosphenium ion PX2


+ into a P�P bond of P4 (Scheme 3).[17]


Scheme 2. General synthetic methods for the preparation of catena-cyclo-
polyphosphinophosphonium ions. OTf= trifluoromethanesulfonate, Cy=


cyclohexyl.


Figure 4. Solid-state structure of the cation in [cyclo-Me6P5] ACHTUNGTRENNUNG[OTf].
ACHTUNGTRENNUNGEllipsoids drawn at the 50% probability level.


Scheme 3. Formation of cationic pentaphosporus clusters.
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5. Unsaturated Phosphinophosphonium Ions


Diphosphenes with the generic formula RPPR contain a
formal P=P double bond and represent catenated dicoordi-
nate phosphorus frameworks that provide access to unsatu-
rated phosphinophosphonium ions with topologies such as
G and H. Methylation of the classical diphosphene[48]


Mes*P=PMes* (Mes*=2,4,6-tri-tert-butylphenyl)
(Scheme 4) gives G-1,[49] for which the coordination model
implied for phosphinophosphonium cations A’ does not
apply. The cation features a planar C3P2 core and a charac-
teristic P=P bond length of 2.024(2) I.


Cation H-1, composed of a phosphonium moiety and a di-
phosphene moiety, was prepared by the selective proton-
ACHTUNGTRENNUNGation at the nitrogen center of P-aminodiphosphenes in the
presence of triphenylphosphine (Scheme 5).[50]


As shown in Scheme 6, reduction of PCl3 with SnCl2 in
the presence of a phosphine gives derivatives of framework
I,[51–53] which can also be considered with bonding models I’,
I’’, or I’’’. These frameworks have also been referred to as
triphosphenium ions. Recent reports of cyclic derivatives


represent chelate complexes of P+ , I’’’,[26,51,53–60] and a syn-
thetic source of P(I), as demonstrated by ligand-exchange
reactions with stronger donors.[52, 61] Cyclic derivatives of tri-
phosphenium ions, with four- to seven-membered CnP3 rings
(n=1–4) have also been prepared or observed in solution
by means of 31P NMR spectroscopy.[26,51,57–60]


6. Diphosphonium Ions


The P�P-bonded diphosphonium unit J was first assigned
on the basis of elemental analysis data and IR spectrosco-
py[62] for products isolated from reactions of red phosphorus


with alkyl iodides.[63,64] Examples of the diphosphonium unit
were definitively characterized in unique polycyclic frame-
works (J-1,[18] J-2,[22] and J-3[26]) and in the presence of steri-
cally bulky amine substituents (J-4a[19]). Alkylation reac-
tions of diphosphines or phosphinophosphonium cations
provide a general synthetic approach to hexaalkyl-1,2-di-
phosphonium dications such as the prototypical J-4b, a
direct analogue of hexamethylethane, and a series of deriva-
tives have been crystallographically characterized
(Figure 5).[65] The 31P NMR dphosphonium values for derivatives
of J are consistent with those in phosphinophosphonium cat-
ions, but the 1JPP values (19–94 Hz) are smaller than for P�P
bonds featuring at least one phosphine center.[65]


7. Mono- and Diphosphinodiphosphonium Ions


Dichlorophosphines react with 2 equivalents of a tertiary
phosphine in the presence of AlCl3 to give 2-phosphino-1,3-
diphosphonium ions K (Scheme 7),[24] which can also be pre-
pared by protonation or alkylation of derivatives of I.[24,66–68]


Scheme 4. Methylation of a diphosphene. Mes=mesityl=2,4,6-trimethyl-
phenyl.


Scheme 5. Formation of the unsaturated monocation H-1.


Scheme 6. Reduction of PCl3 to give derivatives of I.


Figure 5. Solid-state structure of the diphosphonium dication in [Me6P2]-
[OTf]2. Ellipsoids drawn at the 50% probability level.
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The analogous tetraphosphorus dicationic framework of
type L, involving two phosphine centers between two termi-
nal phosphonium centers, has been synthesized by reductive
coupling of chlorophosphinophosphonium cations A-3
(Scheme 8).[69] Unique derivatives of the tetraphosphorus


framework L have been reported, including L-2, which is
prepared from a triphosphenium ion I,[25] and the bicyclic
compound L-3.[26] Derivatives of L-4 are prepared by a simi-


lar method to that for L-1a in that the reaction involves a
reductive coupling between a chlorophophinophosphonium
ion and dichlorophosphine before ring closure.[70]


Importantly, derivative L-1a represents a bisphosphenium
dication stabilized by two phosphine ligands (L’), and ac-
cordingly undergoes ligand exchange to provide L-1b, dem-
onstrating a versatile approach to derivatization.[69] The
solid-state structure of the dication L-1b is shown in
Figure 6.


8. Cyclopolyphosphinodiphosphonium Ions


A cyclodiphosphinodiphosphonium ion M, the first cyclodi-
phosphonium cation, was isolated in low yield as the


[Me3SnF2]
� salt from the reaction of 2,6-dimethoxyphenyl-


(trimethyl)stannane with PClF2.
[27] However, high-yielding


general synthetic routes to cyclotetraphosphinodiphosphoni-
um ions N involve the stoichiometric combination of (PhP)5,
Ph2PCl, and GaCl3 in a melt mixture at 165 8C.[71] The previ-
ously mentioned hexaphenylpentaphosphorus monocation
E-2c is observed by means of NMR spectroscopy as an in-
termediate at lower temperatures (Scheme 9). Whereas oc-
taphenylcyclotetraphosphinodiphosphonium dication N-1a


adopts a twist-boat conforma-
tion in the solid state, a conven-
tional chair conformation is ob-
served for the tetramethyl de-
rivative N-1b’. Both configura-
tional isomers N-1b and N-1b’
are observed by using 31P NMR
spectroscopy upon dissolution
of samples of crystalline N-1b’,


and the spectra have been simulated as AA’A’’A’’’BB’ spin
systems.


Scheme 8. Preparation of diphosphinodiphosphonium ions L-1. TMS=


trimethylsilyl.


Figure 6. Solid-state structure of the dication in [Me3PPPhPPhPMe3]-
[OTf]2. Ellipsoids drawn at the 50% probability level.


Scheme 9. Formation of cyclotetraphosphinodiphosphonium ions N via
cyclotetraphosphinophosphonium ions in a molten mixture.


Scheme 7. Preparation of phosphinodiphosphonium ions K.
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Conclusions


The diagonal relationship between carbon and phosphorus,
and the isolobal relationship between methane and phos-
phine and/or phosphide has often been invoked in drawing
comparisons between the chemistry of carbon and phospho-
rus.[1–4,72–74] In this context, the development of catena-phos-
phorus cations represents a new direction in fundamental
phosphorus chemistry that complements the established
series of neutral and anionic catena-phosphorus compounds.
Figure 7 catalogues the potential topologies for acyclic phos-


phinophosphonium monocations and dications (up to four
phosphorus atoms) and cyclic phosphinophosphonium
monocations and dications (up to six phosphorus atoms).
Less than half of the potential topologies have been report-
ed, defining a number of synthetic objectives and promising
a diverse array of structural arrangements and reactivity.
Currently, the degree of charge and catenation for catena-
phosphorus cations are much lower than for the correspond-
ing neutral and anionic species, and cations that contain
more than three positive charges and/or six phosphorus
atoms represent important targets in this new field. The first


cyclotriphosphinodiphosphonium cations have been report-
ed.[75]
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Introduction


Protein–protein interactions are well known to play key
roles in the structural and functional organization of living
cells. Interactions between the same proteins result in dimer
formation. However, despite cell-biological evidence of the
importance of protein-dimer formation, protein dimers
cannot be detected in living cells owing to the lack of con-
ventional methods for such detection.
Extracellular signal-regulated kinases (ERKs) are some of


the most characterized mitogen-activated protein kinases
(MAPKs). The two isoforms of ERKs, ERK1 and ERK2,
with molecular weights of 44 and 42 kD, are significant sig-
nals in breast cancer.[1,2] Both tyrosine and threonine resi-
dues of ERK2 are phosphorylated by its upstream kinase
MEK.[3–6] The phosphorylation of ERK2 and its release
from MEK results in its self-activation to phosphorylate a
large number of its substrates that are localized in different
regions of the cell.[3,5–12] Besides the phosphorylation of
membrane and cytosolic proteins, ERK2 is capable of
moving into the nucleus to regulate gene expression by


phosphorylating transcription factors either directly or indi-
rectly. The active transport of phosphorylated ERK2 into
the nucleus is driven by the formation of its dimer. It has
been demonstrated with exogenous recombinant ERK2 that
the dimer formation of ERK2 requires its prior phosphoryl-
ACHTUNGTRENNUNGation.[13] The crystal structure of phosphorylated ERK2
shows that its phosphorylation causes conformational
changes in two flexible regions of ERK2: the activation
loop and the C-terminal extension. With this conformational
change, two ERK2 molecules bind through a hydrophobic
zipper complemented by two ion pairs, one on either side of
the zipper.[3,13–16]


In this study, for the temporal analysis of the formation of
the ERK2 dimer in living cells, we developed a novel biolu-
minescent indicator to detect the ERK2 dimer in living cells
by using split Renilla luciferase and its complementation.
The split Renilla luciferase complementation method was
developed earlier for locating insulin-induced protein–pro-
tein interactions in living cells.[17] Complementation here
means that the N- and C-terminal halves of split Renilla lu-
ciferase are brought into close proximity and folded without
forming the original peptide bond between the two. With
this method, the presence of a protein–protein interaction
leads to the complementation of the two halves of split Re-
nilla luciferase in living cells, which results in the spontane-
ous and simultaneous emission of bioluminescence with a
cell-membrane-permeable substrate of Renilla luciferase,
coelenterazine. We previously confirmed that the intracellu-
lar Ca2+-dependent interaction between calmodulin and
M13 also induces the intramolecular complementation of
split Renilla luciferase, which results in the spontaneous and
simultaneous emission of bioluminescence (unpublished
data).
The principle of the method for detecting the formation


of ERK2 dimer is shown in Figure 1a. The two ERK2 mole-
cules connected in tandem were inserted between the N- (1-


Abstract: In this study, a genetically
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91 AA) and C-terminal (92-311 AA) halves of split Renilla
luciferase. The dimer formation of such connected ERK2
molecules causes the complementation of the N- and C-ter-
minal halves of split Renilla luciferase. This Renilla lucifer-
ase complementation induces a spontaneous emission of
bioluminescence, which is a measure of the extent of the
presence of ERK2 dimers in living cells. Using this biolumi-
nescent indicator, we analyzed the dimer formation and the
phosphorylation of ERK2 upon stimulation with epidermal
growth factor (EGF) or 17b-estradiol (E2) in living MCF-7
cells.


Results


Construction and Characterization of Bioluminescent
Indicator for ERK2 Dimer


The principle of the bioluminescent indicators for ERK2
dimer is shown in Figure 1a. The formation of ERK2 dimer


induces complementation of split Renilla luciferase to emit
bioluminescence spontaneously with its substrate, coelenter-
azine. The dissociation of the ERK2 dimer causes the N-
and C-terminal halves of the split Renilla luciferase to come
apart. Plasmid constructs for the indicators are shown in
Figure 1b. The indicator for the ERK2 dimer was named
blink (bioluminescent indicator for ERK2 dimer). So as not
to obstruct dimer formation of ERK2 and thus allow it to
occurs in the bioluminescent indicator blink, three opti-
mized flexible amino acid/peptide linkers were used. A flex-
ible linker of 21 amino acid/peptide-containing Asp–Gly re-
peating units was inserted between the N terminal of split
Renilla luciferase and ERK2. A flexible linker of 25 amino
acid/peptide-containing Asp–Gly repeating units was insert-
ed between two ERK2 molecules connected in tandem. A
flexible linker of 37 amino acid/peptide-containing Asp–Gly
repeating units was inserted between ERK2 and the C ter-
minal of split Renilla luciferase. The Renilla luciferase
mutant hRL124C/A, in which the 124-cysteine residue in


Figure 1. a) Diagram showing the principle of the bioluminescent indicator blink. After stimulus-dependent phosphorylation of ERK2, dimer formation
of phosphorylated ERK2 induces spontaneous emission of luminescence upon complementation of split Renilla luciferase with a cell-membrane-permea-
ble substrate, coelenterazine, in situ in living mammalian cells. b) Schematic representation of the plasmid constructs. All these plasmids have a CMV-
promoter sequence in the upstream of the start codon. All the “hRLn”s contain the 1-91 amino acid of hRL124C/A. All the “hRLc”s contain the 92-311
amino acid of hRL124C/A. All the flexible amino acid linkers contain N-G amino acid repeating units. c) Immunoblot analysis for the expression of bio-
luminescent indicators. The bioluminescent indicators, blink, blink AEF-TEY, blink AEF-AEF, and blink 176H/E 4A were expressed in MCF-7 cells.
The expression of these bioluminescent indicators and endogenous ERK2 were detected with anti-phospho-ERK2 antibody.
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hRL was replaced with alanine, was used to increase lumi-
nescence activity.[17]


We confirmed the expression of blink in living MCF-7
cells by western blot analysis (Figure 1c).
The response of blink was evaluated with a luminometer.


MCF-7 cells were expressed with blink and were starved of
fetal bovine serum for 3 h to dephosphorylate the phos-
phorylated ERK2. Furthermore, to dephosphorylate ERK2
absolutely, the blink-expressing cells were incubated with
U0126, an inhibitor for the kinase activities of both Raf and
MEK. The cells were then stimulated with 100 ngmL�1


EGF, one of major activators for ERK2. The luminescence
intensities of the cells were measured before and 10 min
after EGF stimulation. The results are shown in Figure 2a.
The luminescence intensity of the blink-expressing serum-
starved cells was higher than that with U0126 without EGF
stimulation. EGF stimulation increased the luminescent in-
tensity of the blink-expressing MCF-7 cells by 1.3 times.
These results indicate that ERK2 in the serum-starved
MCF-7 cells forms the dimer with or without EGF. EGF
stimulation increased the amount of ERK2 dimer in the
living MCF-7 cells.
We then confirmed that the EGF-dependent increase in


luminescence through the complementation of split Renilla
luciferase is induced as a result of dimer formation of
ERK2. We constructed blink 176H/E 4A with a mutant of
ERK2, 176H/E 4A (Figure 1b). 176H/E 4A, in which the
176-histidine residue is replaced with glutamic acid, and the
333-, 336-, 341-, and 344-leusine residues are replaced with
alanines, is known not to form the dimer.[15] Several previous
studies have shown that the formation of ERK2 dimer does
not affect its kinase activity, because the dimer-formation-
defective ERK2 mutant (176H/E 4A) has an activity compa-
rable to wild-type ERK2.[3] Furthermore, the crystal struc-
ture of phosphorylated ERK2 shows that its dimer forma-
tion does not interfere with the active sites of the kinase.[13]


The cells that express blink 176H/E 4A did not exhibit any
significant increase in luminescent intensity upon EGF stim-
ulation (Figure 2a).


Time Course of EGF-Dependent Formation of ERK2
Dimer


Next, the time course of the EGF-dependent formation of
ERK2 dimer was observed with blink. The luminescence in-
tensity of the serum-starved MCF-7 cells expressing blink
was measured upon stimulation with 100 ngmL�1 EGF. The
result is shown in Figure 2b. The luminescence intensity of
the cells gradually increased for 15 min and reached a pla-
teau.
To examine if the EGF-dependent formation of ERK2


dimer occurs spontaneously with the phosphorylation of
ERK2, a western blot analysis was performed. The phos-
phorylation of endogenous ERK2 with and without stimula-
tion with 100 ngmL�1 EGF in living serum-starved MCF-7
cells was analyzed. The results are shown in Figure 2c. The
ERK2 was phosphorylated immediately after the stimula-


tion of the cells with 100 ngmL�1 EGF. The ERK2 was
phosphorylated for 5 min and then gradually dephosphoryl-
ACHTUNGTRENNUNGated by serine/threonine phosphatases and/or dual-specifici-
ty phosphatase. Comparing the time course of the phosphor-


Figure 2. a) Luminescent intensities upon dimer formation of ERK2. The
luminescence intensities of the cells expressing blink and blink 176H/
E 4A were assessed with and without 100 ngmL�1 EGF. b) Time course
of EGF-dependent dimer formation of ERK2. The luminescence intensi-
ties of the serum-starved MCF-7 cells expressing blink were monitored
with and without 100 ngmL�1 EGF. The difference in the two (D=


EGF(+)�EGF(�)) is shown. c) Immunoblot analysis of ERK2 phosphor-
ylation. The phosphorylation of threonine and tyrosine in endogenous
ERK1/2 were detected with anti-phospho-ERK1/2 antibody. The expres-
sions of endogenous ERK1/2 were detected with anti-ERK1/2 antibody.
d) Distribution of ERK2 dimer. The fluorescence images of the serum-
starved MCF-7 cells expressing FP-ERK2-ERK2 and FP-176H/E4A-
176H/E4A were acquired upon stimulation with 100 ngmL�1 EGF.
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ylation and that of dimer formation, we concluded that
EGF stimulation induces the formation of ERK2 dimer ap-
proximately 10 min after the phosphorylation of ERK2.
To confirm if the formation of ERK2 dimer leads to self-


translocation into the nucleus, yellow fluorescent protein-
fused tandem-connected ERK2 molecules (FP-ERK2-
ERK2) and mutants 176H/E 4A (FP-176H/E4A-176H/E4A)
were constructed and respectively expressed in MCF-7 cells.
The MCF-7 cells were starved of fetal bovine serum for 3 h.
The distribution of these proteins upon stimulation with
100 ngmL�1 EGF was observed with fluorescence microsco-
py (Figure 2d). Without EGF stimulation, FP-ERK2-ERK2
was distributed throughout the cell except in the nucleus.
15 min after EGF stimulation, FP-ERK2-ERK2 was translo-
cated into the nucleus. This time course agrees well with
that of dimer formation upon EGF stimulation. As expect-
ed, FP-176H/E4A-176H/E4A did not translocate into the
nucleus regardless of EGF stimulation. The results indicate
that the formation of ERK2 dimer leads to self-transloca-
tion into the nucleus.
Next, dimer formation between phosphorylated and un-


phosphorylated ERK2, and between two unphosphorylated
ERK2 molecules, was assessed. It was reported that phos-
phorylated ERK2 forms dimers with both phosphorylated
and unphosphorylated ERK2.[13] The dissociation constant
(Kd) for the dimer between phosphorylated ERK2 mole-
cules is 7.5 nm, about 3000 times lower than that for the
dimer between unphosphorylated ERK2 molecules in vi-
tro.[13]


To detect EGF-dependent dimer formation between phos-
phorylated ERK2 and unphosphorylated ERK2, and be-
tween unphosphorylated ERK2 molecules in living cells,
bioluminescent indicators blink AEF-TEY and blink AEF-
AEF, respectively, were constructed (Figure 1c). The mutant
with 183 T/A and 185 Y/F for ERK2, AEF, cannot be phos-
phorylated by MEK2. In the indicator blink AEF-TEY,
tandem-fused ERK2 mutant AEF and wild-type ERK2 were
connected between the N- and C-terminal halves of split Re-
nilla luciferase. In blink AEF-AEF, two tandem-connected
AEF molecules were fused between the N- and C-terminal
halves of split Renilla luciferase. Blink AEF-TEY and blink
AEF-AEF were expressed in MCF-7 cells. The cells were
stimulated with 100 ngmL�1 EGF after serum starvation. As
shown in Figure 3a, the luminescence intensities of the cells
that express blink AEF-TEY increased upon EGF stimula-
tion. This increase was roughly half that of the blink-ex-
pressing cells (Figure 3b). The luminescence intensities of
the cells that express blink AEF-AEF did not increase after
EGF stimulation as expected. This result indicates that EGF
stimulation induces heterodimerization between phosphory-
lated ERK2 and unphosphorylated ERK2, as well as homo-
dimerization between phosphorylated ERK2 molecules in
living cells.
The distribution of the heterophosphorylated ERK2


dimer was analyzed with yellow fluorescent protein-fused
tandem-connected ERK2 mutant AEF and wild-type ERK2
(FP-AEF-TEY) (Figure 3c). Without EGF stimulation, FP-


AEF-TEY was distributed throughout the cell except in the
nucleus. 15 min after EGF stimulation, it was translocated
into the nucleus. This time course agrees well with that of
dimer formation upon EGF stimulation. This distribution of
ERK2 heterophosphorylated dimer is similar to the distribu-
tion of ERK2 homophosphorylated dimer.


Formation of ERK2 Dimer upon Stimulation with
17b-Estradiol


17b-Estradiol (E2), one of the major sex steroid hormones,
has attracted interest as an activation factor for ERK2
through the “nongenomic pathway” in MCF-7 cells, and is
known to induce the phosphorylation of ERK2 rapidly.
To understand the effects of E2 on ERK2, the present


bioluminescent indicator was used to detect E2-dependent
formation of the phosphorylated ERK2 dimer in living
MCF-7 cells. The luminescence intensities of the MCF-7
cells that express blink cultured in serum-starved and 10%
serum-supplemented medium, respectively, were measured
for 1 h after 100 nm E2 stimulation (Figure 4a). In the
serum-starved MCF-7 cells, the luminescence intensity grad-
ually increased for 30 min just after E2 stimulation and then


Figure 3. a) Dimer formation of phosphorylated ERK2 with unphos-
phorylated ERK2. The luminescence intensities of the cells expressing
blink AEF-TEY and blink AEF-AEF were assessed with and without
stimulation with 100 ngmL�1 EGF in the serum-starved MCF-7 cells.
b) Time course of dimer formation of phosphorylated ERK2 with un-
phosphorylated ERK2. The luminescence intensities of the serum-starved
MCF-7 cells expressing blink AEF-TEY and blink AEF-AEF were moni-
tored upon stimulation with and without 100 ngmL�1 EGF. The differ-
ence in the two (D=EGF(+)�EGF(�)) is shown. c) Distribution of
ERK2 heterodimer. The fluorescence images of the serum-starved MCF-
7 cells expressing FP-AEF-TEY were acquired upon stimulation with
100 ngmL�1 EGF.
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decreased. This result indicates that E2 stimulation induced
the formation of ERK2 dimer for 30 min, and the dissocia-
tion of the dimer occurred afterward in the serum-starved
MCF-7 cells. On the other hand, in MCF-7 cells cultured
with the 10% serum-supplemented medium, the increase in
luminescence intensity started 15 min after stimulation, and
a remarkable increase in luminescence was observed after-
ward. The luminescence intensity continued to increase for
1 h. The time course of ERK2 dimer formation in MCF-7
cells cultured with the 10% serum-supplemented medium
therefore differs from that in cells cultured with the serum-
starved medium.
Next, we examined whether the above-described differ-


ence between the time courses of E2-dependent ERK2
dimer formation with and without the serum is induced by


the difference in the time courses of ERK2 phosphorylation.
A western blot analysis was performed for the phosphoryla-
tion of endogenous ERK2 with and without stimulation
with 100 nm E2 in MCF-7 cells. The cells were cultured with
the serum-starved medium or the 10% serum-supplemented
medium. The results are shown in Figure 4b. For the cells
cultured with the serum-starved medium, E2 stimulation in-
duced the phosphorylation of ERK2 within 5 min of stimu-
lation, and the phosphorylation of ERK2 continued for
nearly 30 min. For the cells cultured with the serum, the
phosphorylation of ERK2 increased within 5 min after E2
stimulation in a similar manner to that in the serum-starved
cells.


Discussion


In the footsteps of earlier standard techniques such as co-
immunoprecipitation, cross-linking, and cofractionation by
chromatography, several methods that use split enzymes
have been developed for detecting protein–protein interac-
tions, including the split ubiquitin system,[19] the b-galactosi-
dase system,[20] and the split GFP/luciferase system based on
the protein-splicing system.[21,22] We previously developed
the split Renilla luciferase complementation method for lo-
cating protein–protein interactions in living cells.[7]


In the present study, we investigated a genetically en-
coded bioluminescent indicator for ERK2 dimer with the
split Renilla luciferase complementation method and named
the indicator blink (Figure 1a). It was confirmed that lumi-
nescence is emitted with blink as a result of dimer formation
of ERK2 in living cells, and we thus concluded that blink is
capable of reporting ERK2 dimer as bioluminescence in
living cells.
According to the previous structural analysis for ERK2


dimer, dimer formation is induced by the phosphorylation-
dependent conformational change of ERK2.[3] The forma-
tion of ERK2 dimer induces the active transport of ERK2
into the nucleus, as opposed to the passive diffusion of
ACHTUNGTRENNUNGmonomer ERK2 into the nucleus.[3,13–15] In previous studies,
although various stimuli-dependent phosphorylations oc-
curred within a few minutes of stimulation and gradually de-
phosphorylated afterward, translocations of ERK2 into the
nucleus were observed at 10–30 min after stimulation.[13,15,18]


The present bioluminescent indicators demonstrate that the
phosphorylation of ERK2 does not spontaneously lead to
the formation of its dimer, and that ERK2 does not form
the dimer while it is phosphorylated (Figure 2b and c). The
phosphorylated ERK2 continues to form dimers with both
phosphorylated and unphosphorylated ERK2 within 15 min,
and these dimers continue to exist for 30 min after EGF
stimulation (Figures 2b and 3b). Both the ERK2 homodi-
mer and the heterodimer translocate themselves into the nu-
cleus in living MCF-7 cells (Figures 2d and 3c). These re-
sults indicate that the phosphorylated ERK2 does not form
its dimer immediately after phosphorylation. Therefore, the
phosphorylated ERK2 does not transport rapidly into the


Figure 4. a) 17b-Estradiol-dependent dimer formation of ERK2. The lu-
minescence intensities of MCF-7 cells expressing blink were monitored
upon stimulation with 100 nm 17b-estradiol. The difference in the two
(D=E2(+)�E2(�)) is shown. b) Immunoblot analysis of ERK2 phos-
phorylation. The phosphorylation of threonine and tyrosine in endoge-
nous ERK1/2 were detected with anti-phospho-ERK1/2 antibody. The
expressions of endogenous ERK1/2 were detected with anti-ERK1/2 anti-
body.
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nucleus but exists outside the nucleus. The phosphorylation
of ERK2 cytosolic substrates are attributed to this mono-
meric phosphorylated ERK2.
Furthermore, the present indicator showed that ERK2


forms its dimer in a different manner from its phosphoryl-
ACHTUNGTRENNUNGation upon E2 stimulation in MCF-7 cells cultured with
serum (Figure 4a). The phosphorylation of ERK2 was in-
duced just after E2 stimulation and continued for nearly
30 min. The phosphorylated ERK2 was gradually dephos-
phorylated afterward. Meanwhile, phosphorylated ERK2
started to form its dimer 15 min after the E2-dependent
phosphorylation and continued for over 1 h (Figure 4a and
b).
The development of a novel bioluminescent indicator for


ERK2 dimer therefore enabled us to analyze the correlation
between phosphorylation and dimer formation of ERK2 in
living cells.


Conclusions


We have devised a genetically encoded bioluminescent indi-
cator for ERK2 dimer, which allows the temporal analysis
of ERK2 dimer formation in living cells. Using this novel in-
dicator, we showed that ERK2 forms its dimer upon stimu-
lation with either EGF or E2 in living MCF-7 cells. This
study first shows the difference between the time course of
ERK2 phosphorylation and that of dimer formation. The
ERK2 dimers formed, both homo- and heterophosphorylat-
ed, were found to translocate into the nucleus.


Experimental Section


Materials


Restriction enzymes, modification enzymes, and ligases were
purchased from Takara Biomedicals (Tokyo, Japan). A syn-
thetic Renilla luciferase gene vector (hRL-CMV) that codes
Renilla luciferase with the most frequently used codons in
mammals and a Renilla luciferase assay system were pur-
chased from Promega Co. (Madison, WI). Mammalian ex-
pression vectors pcDNA3.1(+) were obtained from Invitro-
gen (Groningen, Netherlands) and Clonetech (Palo Alto,
CA), respectively. Minimum essential EagleLs medium
(MEME), fetal bovine serum (FBS), and Lipofect-
ACHTUNGTRENNUNGAMINE 2000 were obtained from Gibco BRL (Rockville,
MD). Anti-Phospho-p44/42 MAP kinase antibody, anti-
ERK1/2 antibody, and anti-ERK2 antibody were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Al-
kaline-phosphatase-labeled antirabbit and antimouse anti-
bodies were purchased from Jacson ImmunoResearch Lab.,
Inc. (Pennsylvania, PA). U0126 was purchased from Prome-
ga, Co. (Madison, WI).


Plasmid Construction


The Escherichia coli strain DH5a was used as a bacterial
host for all plasmid construction subcloning. All plasmids


were verified by sequencing with a genetic analyzer ABI
prism310 (PE Biosystems, Tokyo, Japan). Plasmid constructs
are shown in Figure 1b. Two tandem-connected ERK2 mol-
ecules were fused between the N- (1-91 AA) and C-terminal
(92-311 AA) halves of split Renilla luciferase. Mouse ERK2
was cloned in the p-Blue Script vector as a template. The
dimer-deficient mutant of ERK2, 176H/E 4A, was made
with a Quick-Change Mutagenesis kit (Strategene, La Jolla,
CA). All plasmids were subcloned into the expression
vector pcDNA 3.1(+) (Invitrogen).


Cell Culture and Transfection


MCF-7 cells were cultured in MEME medium supplement-
ed with 10% heat-inactivated FBS, sodium pyruvate
(1 mm), MEM nonessential amino acid solution (100 mm),
penicillin (100 unitsmL�1), and streptomycin (100 mgmL�1).
Cells were maintained in 5% CO2 at 37 8C. Transfection was
performed in the presence of LipofectAMINE 2000 reagent.


Luminescence Assay


Kinetic analysis of luminescence intensity was performed
with a Mithras 940 (Berthold GmbH & Co. KG, Wildbad,
Germany). The MCF-7 cells were seeded in 96-well micro-
plates.


Immunoblot Analysis


Cells were stimulated with EGF (100 ngmL�1) or 17b-estra-
diol (100 nm) at 37 8C, and then lyzed with a 2NSDS-PAGE
sample buffer. The samples were separated by SDS-poly-
acrylamide gel electrophoresis and analyzed with the follow-
ing antibodies: anti-ERK1/2 antibody (1:500) for endoge-
nous ERK1/2 expression, and anti-phospho ERK antibody
(1:500) for phosphorylation of endogenous ERK1/2. Anti-
body staining was visualized with an LAS-1000 plus image
analyzer (Fujifilm Co., Tokyo, Japan).


Fluorescence Images


MCF-7 cells that express yellow fluorescent protein-fused
tandem-connected ERK2 were placed onto glass-bottomed
dishes and washed twice with Hank balanced salt solution.
The cells were imaged at room temperature on a Carl Zeiss
Axiovert 135 microscope with a cooled charged-coupled
device Micro-MAX camera (Roper Scientific Inc., Tucson,
AZ), controlled by a MetaFluor imaging system (Universal
Imaging, West Chester, PA). The cells were excited at
(425�30) nm for 100 ms, and fluorescence images were ob-
tained through (535�12.5)-nm filters in a microscope with a
N40 oil-immersion objective lens (Carl Zeiss, Jena, Germa-
ny).
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Induction of Optical Activity in an Oligothiophene Synchronized with
pH-Sensitive Folding of Amylose


Takanobu Sanji,* Nobu Kato, and Masato Tanaka*[a]


Introduction


The helical structure is one of the most significant motifs in
macromolecules. It can exist in either a right- or a left-
handed twist sense and displays optical activity. In nature,
helical structures are often found in biomacromolecules, and
appear to play a critical role in biological phenomena such
as molecular recognition and information storage, as exem-
plified by the double helix of DNA and the a-helices of pro-
teins.[1] Recent progress in the design and synthesis of opti-
cally active macro- and supramolecules has enabled the dis-
cussion of their roles in biological phenomena and the pro-
posal of potential applications in materials science, including
their use as chiral selectors in separation technology, as cata-
lysts and adsorbents, and especially as chiroptical materi-
als.[2]


Among optically active polymeric materials,[3] p-conjugat-
ed polymers and oligomers are of particular interest, in view
of their pronounced semiconducting and optoelectronic


properties, as exemplified by the widely studied poly- and
oligothiophenes.[4] For instance, a-sexithiophene (6T) and its
derivatives have been employed as the active layer in organ-
ic electronic devices.[5] Some optically active polythiophenes
and oligothiophenes with chiral substituents were reported
to display optical activity in the p–p*-transition region de-
rived from main-chain chirality in circular-dichroism (CD)
measurements.[6,7]


In the design of new advanced materials, the control of
chirality in response to an external stimulus, such as temper-
ature, pH, or solvent, is particularly interesting.[8–10] Such
systems would mimic biological phenomena and provide
ACHTUNGTRENNUNGchiroptical materials for switching and memory devices.


Herein, we show the control of the helical sense in oligo-
thiophenes through pH-responsive wrapping with left-
handed-helical amylose. In a broader sense, this is based on
the molecular communication between a helical host poly-
mer and a guest molecule through supramolecular complex-
ation. A change in pH of the medium causes a significant
conformational change in amylose as the host polymer, thus
resulting in either supramolecular complexation with the
guest molecule to induce optical activity or decomplexation
leading to the loss of optical activity. Furthermore, we dis-
cuss the observation that reversal of chirality in oligothio-
phenes does not require hosts of opposite helical chirality,
but can be made possible simply by taking advantage of the
pH sensitivity of the amylose folding, which is dependent on
the history of the pH of the medium.


Abstract: Control of the helical sense
in a-sexithiophene (6T) through pH-re-
sponsive wrapping with left-handed-
helical amylose is demonstrated. A
change in pH of the medium caused a
significant conformational change in
amylose as the host polymer, which re-
sulted in either supramolecular com-
plexation with 6T as the guest molecule
to induce optical activity or decomplex-
ation leading to loss of optical activity.


Furthermore, we observed that chirali-
ty reversal in 6T does not require hosts
of opposite helical chirality, but can be
made possible simply by taking advant-
age of the pH sensitivity of the amy-


lose folding, which is dependent on the
pH history of the aqueous medium. In
helical amylose, 6T assumes a clock-
wise-twisted conformation when the
pH is changed from acidic to neutral,
but assumes an anticlockwise-twisted
conformation when the aqueous solu-
tion is acidified from very basic condi-
tions.
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ular recognition · supramolecular
chemistry


[a] Dr. T. Sanji, N. Kato, Prof. Dr. M. Tanaka
Chemical Resources Laboratory
Tokyo Institute of Technology
4259-R1-13 Nagatsuta, Midori-ku, Yokohama 226-8503 (Japan)
Fax: (+81)45-924-5279
E-mail : sanji@res.titech.ac.jp


m.tanaka@res.titech.ac.jp


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


46 B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 46 – 50


FULL PAPERS



www.interscience.wiley.com





Results and Discussion


Among a number of polymers that can adopt ordered heli-
cal conformations, we chose amylose as the host polymer.
Amylose is composed of a-1,4-linkages between d-glucopyr-
anose residues[11] (Scheme 1). Amylose assumes a random-


coil conformation in acidic media, but has a loose left-
handed-helical conformation in neutral or basic media.[12]


With an appropriate guest molecule, amylose can form in-
clusion complexes as a result of hydrophobic interactions,
with the guest molecule confined within the helical cavi-
ties.[13,14] Amylose, however, serves as a polyelectrolyte
above pH 11 and unfolds again to a random-coil conforma-
tion.[12] In our experiments, we used plain amylose (Mn=


5.8F104, Mw/Mn=1.7) or, occasionally, partially carboxyme-
thylated amylose (CMA; degree of substitution=36%) to
increase the solubility of the resulting inclusion complex in
aqueous solution. Recently, we found the induction of a
preferential helical conformation to the main chain of oligo-
silanes and oligothiophenes within the helical channel of
amylose and schizophyllan (SPG), in which the helical sense
of the guest molecules is controlled by wrapping with either
the left- or the right-handed helical-sense conformation of
the host polymer.[15] Shinkai and co-workers also reported
the supramolecular chiral complex between SPG and water-
soluble polythiophenes.[16]


pH-Dependent Complexation of Amylose and
Oligothiophene 6T


To begin with, the pH-dependent complexation of amylose
and oligothiophene 6T was examined. In a typical experi-
ment, 6T (0.15 mg, 3.0F10�4 mmol) and CMA (1.54 mg,


8.40F10�3 mmol glucose unit) were dispersed in dimethyl
sulfoxide (DMSO; 0.3 mL) ultrasonically for 2 min. The re-
sulting mixture was added to water (2.7 mL) adjusted to an
appropriate pH value and was further sonicated for 5 min.
The cloudy orange mixture gradually became a clear pale-
yellow solution (Figure 1). The resulting solution was stirred
at room temperature for 2 h and was subjected to spectro-
scopic measurement.[17]


Figure 2 shows the UV/Vis and CD spectra of the result-
ing aqueous DMSO solutions at different pH values, as well
as a plot of the intensity of the induced circular dichroism
(ICD) signal at 360 nm as a function of pH. At a low pH,
the UV/Vis absorption and Cotton signal of the aqueous so-
lution are very weak, which indicates that most of the 6T re-
mained in the uncomplexed state in the acidic aqueous
medium. Under these conditions, the uncomplexed 6T did
not show any optical effect. However, at neutral and alka-
line pH values up to pH 10, the aqueous DMSO solution ex-
hibited a broad absorption at around 380 nm and a bisignate
Cotton signal with a positive sign for the first Cotton effect,
along with the q=0 crossing wavelength that basically coin-
cides with the absorption maximum, which is characteristic
of the p–p* transition of the 6T main chain. The Cotton
effect increased gradually with increasing pH (De1(360 nm)=


0.89m
�1 cm�1 at pH 10.5). Oligothiphene 6T itself does not


show any CD signals. Accordingly, these spectral features
demonstrate the formation of a supramolecular complex, in
which a preferential twisted conformation is induced in the
oligothiophene chain residing in the helical channel of the
CMA as a result of complexation with the chiral helical host
under the experimental conditions used (Scheme 2). The dis-
symmetry ratio of the complex, g1 (=De1/e1), at 360 nm,
which is usually used to characterize the properties of heli-
cal structures, such as the right- and left-handed helix popu-
lations, is 1.2F10�4. The complexes of induced chirality were
stable even at 80 8C.[15b] However, when the pH of the aque-


Abstract in Japanese:


Scheme 1. Chemical structures of the host (amylose and carboxymeth-
ACHTUNGTRENNUNGylated amylose) and guest (a-sexithiophene). DS=degree of substitution.


Figure 1. Photograph of 6T (left) and a mixture of 6T and CMA (right)
in 10% aqueous DMSO at pH 10.5.
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ous solution was adjusted to pH 11.2, the CD signal faded,
in agreement with unfolding of the CMA in the more basic
medium (see above). Thus, the abrupt change in optical ac-
tivity of the oligothiophene at a critical pH value is associat-
ed with supramolecular complexation with the CMA, whose
conformation is pH-dependent.


Chirality Inversion of 6T with Amylose During pH Change


We examined the CD spectral features of 6T during a
change in pH (Figure 3). We found that the complexation of
6T with amylose is sensitive to the folding of the latter


during pH change in the induction of the selective twist-
sense bias of conformation to produce optical activity. In a
similar manner to the foregoing observations made with
CMA, a mixture of plain amylose and 6T did not display
any CD signal in very acidic (pH 2.0) or basic (pH 13.4)
aqueous DMSO, owing to the lack of complexation as the
amylose took on the random-coil conformation. Amylose
was found to form a supramolecular complex with 6T


(Figure 3) only within an inter-
mediate pH range, over which
the ability for complexation
with 6T is almost the same for
CMA and amylose, on the basis
of a comparison of the CD
spectra of 6T/amylose and 6T/
CMA (see Supporting Informa-
tion). The absorption and CD
intensities were much lower
than those observed in Figure 2,
because part of the 6T (or amy-
lose) precipitated readily, and


the precipitated 6T was not complexed with amylose under
the experimental conditions.


Interestingly, the ICD spectral feature has proved to be
dependent on the pH history of the aqueous medium in
which 6T and amylose are present. Thus, when a solution in
aqueous DMSO was basified from pH 2 to pH 8.8, the re-
sulting mixture displayed a bisignate CD spectrum with a
positive sign for the first Cotton effect at around 370 nm
(Figure 3). On the other hand, when the aqueous solution


Figure 2. a) pH-dependent UV/Vis and CD spectra of a mixture of 6T
and CMA in 10% aqueous DMSO. b) Plot of ICD intensity at 360 nm as
a function of pH.


Scheme 2. Schematic illustration of the pH-sensitive supramolecular complexation of a-sexithiophene (6T)
and amylose.


Figure 3. UV/Vis and CD spectra of 6T/amylose in 10% aqueous DMSO
upon pH change from pH 2.0 to 8.8 (red) and from pH 13.4 to 10.1
(blue). [6T]=1.0F10�4m, [amylose]=2.8F10�3m.
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was acidified from pH 13.4 to pH 10.1, the ICD signal also
appeared at around 370 nm, but with a negative sign for the
first Cotton effect. Furthermore, the spectral features re-
mained almost same after the solution was stood for 24 h
(see Supporting Information). This clearly indicates that 6T
adopts an opposite twisted conformation. The positive and
negative first Cotton effects are related to a clockwise and
anticlockwise twisted conformation, respectively.[6]


The key development in the present work is that the in-
duced chirality in 6T can be controlled and switched by the
pH sensitivity of the amylose folding, in which the pH of
the medium is adjusted from acidic or very basic medium.
The reversal of chirality in 6T can be achieved by changing
the single-molecule screw sense. It can be related to the
structural change in amylose; that is, when the pH changes,
the complexation causes kinetic trapping of 6T as the guest
molecule in the helical channel of amylose to induce the op-
posite chirality. Alternatively, the chirality inversion may be
attributed to the formation of two types of p-stacked chiral
superstructures: a cholesteric liquid-crystalline-type assem-
bly of coplanar chains and a stack of twisted backbone
chains based on a cholesteric hard-core model.[18] Detailed
understanding of the origin of the chirality inversion re-
quires further study.


Conclusions


We have demonstrated the induction of chirality in 6T
synchronized with complexation with left-handed-helical
amylose, in which the twisted conformation of 6T is control-
led and reversed through pH change of the aqueous media.
In our previous study, reversal of induced chirality occurred
when the guest is wrapped with the host polymer of either
the left- or the right-handed helical conformation. The pres-
ent paper offers an alternative strategy for chirality control
in insulated molecular wires[19] and provides a simple ap-
proach to the design of new chiral materials.


Experimental Section


General


1H and 13C NMR spectra were recorded on a Bruker DPX 300 FT-NMR
spectrometer at 300 and 75.4 MHz, respectively. 1H and 13C NMR chemi-
cal shifts are referenced to residual solvent (CDCl3;


1H: d=7.24 ppm;
13C: d=77.0 ppm). Gas–liquid chromatography data were recorded on a
Shimadzu GC-8A chromatograph. Cross-polarization magic-angle-spin-
ning (CP-MAS) 13C NMR spectra were recorded at 67 MHz on a JEOL
Excalibur 270 spectrometer. Gel-permeation chromatography was per-
formed with a Shimadzu LC 10 HPLC equipped with PL-gel mixed-C
columns calibrated with a polystyrene standard and a solution of N,N-di-
methylacetamide (DMAc)/5% LiCl as the eluent. X-ray diffraction pat-
terns were recorded on a Rigaku RAXIS-IIc X-ray diffractometer. UV/
Vis spectra were recorded on an HPAgilent 8453 spectrometer. CD spec-
tra were obtained on a JASCO J-820 spectrometer by using 1-cm quartz
cells, with the following scanning conditions: scan rate=50 nmmin�1,
bandwidth=2.0 nm, response time=1 s, number of accumulations=2.


Materials


All solvents and reagents used were of reagent grade, purchased from
commercial sources, and used without further purification unless other-
wise specified. Amylose was obtained from Nacalai Tesque, Inc. The
number-average molecular weight (Mn) and the polydispersity index (Mw/
Mn) were 5.8F104 and 1.7, respectively. CMA was prepared as described
in the literature.[20] a-Sexithiophene (6T) was obtained from Aldrich
Chemicals. Water was purified with a Millipore Milli-Q system.


Sample Preparation


CMA/6T inclusion complex: A typical example is as follows. A mixture
of 6T (0.15 mg, 3.0F10�4 mmol) and CMA (1.54 mg, 8.40F10�3 mmol
glucose unit) in DMSO (0.3 mL) was dispersed ultrasonically for 2 min,
added to water (2.7 mL), adjusted to an appropriate pH value, and subse-
quently sonicated for 5 min. The resulting solution was stirred at room
temperature for 2 h and subjected to spectroscopic measurement.


pH-adjustment experiments: Change in pH from pH 2.0 to 8.8: A mix-
ture of 6T (0.155 mg, 3.13F10�4 mmol) and amylose (1.37 mg, 8.43F
10�3 mmol glucose unit) in DMSO (0.3 mL) was dispersed ultrasonically
for 2 min. Aqueous HCl (0.01n, 0.2 mL) was added, and the mixture was
again dispersed ultrasonically for 2 min. After the mixture was stirred for
1 h, aqueous NaOH (1.0F10�3n, 2.5 mL) was added and dispersed ultra-
sonically for 5 min. The mixture was then subjected to spectroscopic mea-
surement.


Change in pH from pH 13.4 to 10.1: A mixture of 6T (0.145 mg, 2.93F
10�4 mmol) and amylose (1.36 mg, 8.39F10�2 mmol glucose unit) in
DMSO (0.3 mL) was dispersed ultrasonically for 2 min. Aqueous NaOH
(0.25n, 0.1 mL) was then added, and the mixture was again dispersed ul-
trasonically for 2 min. After the mixture was stirred for 1 h, aqueous HCl
(0.01n, 2.5 mL) was added, and the mixture was then subjected to spec-
troscopic measurement.
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Hemicarbasucrose: Turning off the Exoanomeric Effect Induces Less
Flexibility


Blanca L%pez-M*ndez,[a] Cai Jia ,[b, c] Yongmin Zhang,[b] Li-He Zhang,[c] Pierre Sina4,[b]


Jesffls Jim*nez-Barbero,*[a] and Matthieu Sollogoub*[b]


Introduction


Sucrose (1) is the sugar par excellence, and the development
of analogues has attracted a lot of attention because of clear
potential applications in non-nutritive sweeteners, for exam-
ple. The search for new glycomimetics has led to many fami-
lies of compounds classified according to the modification of
the natural sugar.[1] An important category includes sugar
congeners in which an oxygen atom of the acetal function
has been replaced by a methylene group, which confers sta-


bility towards enzymatic hydrolysis on the analogue. Two
subclasses of such mimetics exist: C-glycosides, in which the
exocyclic oxygen atom is replaced by a methylene, and car-
baglycosides, in which the endocyclic oxygen is replaced by
a methylene group. The determination of the three-dimen-
sional structure of these analogues and its comparison with
that of O-glycosides is of primary importance to evaluate
the potential of the glycomimetics as glycosidase inhibitors
or molecular probes.[2] Different studies have addressed this
topic and have revealed that the conformational similarity
between O-, C-, and carbaglycosides is not a general phe-
nomenon.[3] Subtle differences in conformational behavior
have been described for different glycosyl/carbaglycosyl
pairs; in general, a higher degree of flexibility is observed
for the carba analogues, presumably owing to the absence of
electronic effects such as the exoanomeric effect. These
findings have encouraged us to extend the comparison to
other linkages. Whereas the C-glycoside analogue 2 of su-
crose has been prepared and analyzed,[4] carbasucrose has
never been investigated. However, sucrose is a nonreducing
disaccharide; therefore, replacement of one of the two endo-
cyclic oxygen atoms leads to a hemicarbadisaccharide 3 or 4
in which the glycosidic bond remains part of an acetal,
whereas carbasucrose (5) would bear two carbocycles
(Scheme 1). We now report the first synthesis and conforma-
tional analysis of the carbadisaccharide a-carbaGlc-(1!2)-
a-Fru (hemicarbasucrose 3) in water by using NMR spec-
troscopy in tandem with molecular mechanics calculations
and the comparison with the parent O-disaccharide 1.[5] Su-


Abstract: Hemicarbasucrose, a close
congener of sucrose in which the endo-
cyclic oxygen atom of the glucose
moiety is replaced by a methylene
group was synthesized for the first
time. The conformational behaviour of
hemicarbasucrose was studied by a
combination of molecular mechanics
and NMR spectroscopy (J and NOE


data). It was shown that the carbadisac-
charide populates two distinct confor-
mational families in solution, the


normal syn-y conformation, which is
the predominating conformation of the
parent natural O-glycoside, and the
anti-y conformation, which has not
been detected for the O-disaccharide.
Interestingly, the hemicarbasucrose is
less flexible than its natural congener.
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crose has been studied extensively, with rather different con-
clusions, both in free[6] and protein-bound states.[7]


Results and Discussion


A wide range of synthetic procedures for carbasugars is
available;[8] among them we have developed a particularly
efficient method that relies on a rearrangement strategy.[9]


We have shown that unsaturated hex-5-enopyranoses rear-
range to carbocycles under the action of a Lewis acid and
with retention of the aglycon, provided that it is sufficiently
electron-donating in nature.[10] We applied this strategy to
the synthesis of carbamonosaccharides and, more interest-
ingly, to carbadisaccharides starting from the corresponding
disaccharide, hence avoiding the coupling of two separately
prepared units. Diol 6 is readily available from sucrose (1)
according to a literature procedure (Scheme 2).[11] This diol


was readily converted into
alkene 8 by a selective iodina-
tion and elimination/alkylation
sequence. Alkene 8 was treated
with triisobutylaluminum fol-
lowed by an oxidation to give
the cyclohexanone 9 as the
major product.[12] We now had
to convert this derivative 9 into
hemicarbasucrose 3.


This task involves the conver-
sion of the ketone function into


a hydroxymethyl group. We previously carried out this
transformation by olefination and subsequent hydroboration
of carbocyclic mono- or disaccharides as illustrated in
Scheme 3 for cyclohexane 10.[9a] The outcome of the hydro-


boration is consistent: the hydrogen atom is always intro-
duced in the equatorial position, regardless of the boron hy-
dride used. We therefore developed an epimerization reac-
tion on this model compound. Swern oxidation of alcohol 11
afforded the corresponding aldehyde, which was epimerized
under very mild basic conditions in MeOH/pyr (2:1) at
50 8C for 32 h. The resultant mixture was reduced with
NaBH4, and the major equatorial alcohol 12 was isolated in
63% yield over three steps.


We then applied this strategy to synthesize hemicarbasu-
crose 3. Ketone 9 was converted into alkene 13 by means of
a Tebbe reaction[13] in 68% yield. Hydroboration of 13 af-
forded the undesired, but expected, axial hydroxymethyl de-
rivative 14. We then performed the previously described epi-
merization on 14 which afforded the desired alcohol 15.
Final complete debenzylation of 15 furnished hemicarbasu-
crose 3 (Scheme 4).


Conformational Behavior


The protocol to deduce the conformational behavior of 1
and 3 was described previously[14] and involves 1) calculation
of the conformational energy maps by molecular mechanics
calculations, 2) determination of the expected NMR param-
eters (J values and NOE interactions) from the population
distribution, and 3) comparison with experimental data to
validate the theoretical results. Three staggered conforma-
tions around the glycosidic bonds are possible and were pre-


Abstract in Chinese:


Scheme 1. Sucrose and its carba analogues.


Scheme 2. Synthesis of hex-5-enopyranosidic derivative 8 of sucrose and
its rearrangement. Bn=benzyl, DMSO=dimethyl sulfoxide.


Scheme 3. Hydroboration of alkene 10 and epimerization. Reagents and
conditions: i) BH3·THF, THF, room temperature; then NaOH, H2O2,
0 8C!RT, 60%; ii) (COCl)2, DMSO, �78 8C; then NEt3; iii) pyridine
(pyr), MeOH, 50 8C, 32 h; iv) NaBH4, THF/H2O, 0 8C, 63% over three
steps.
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viously termed exo-syn (608), exo-anti (1808), and non-exo
(�608) in accordance with the exo-anomeric geometry and
their disposition in a syn- or anti-type arrangement. Addi-
tional possibilities do exist for the three hydroxymethyl
groups of the molecule (6, 1’, 6’).[5]


Molecular Mechanics Calculations


The energy maps of 1 and 3 as a function of the glycosidic
(f) and aglyconic (y) torsions were drawn by using
TRIPOS and further minimised with the MM3*[15] force
fields. The dihedral angles were defined as f (C7Glc–
C1Glc–O–C2Fru) and y (C1Glc–O–C2Fru–O5Fru) for 3
and f (O5Glc–C1Glc–O–C2Fru) and y (C1Glc–O–C2Fru–
O5Fru) for 1. Eight relaxed energy maps were calculated to
take into account different orientations for the hydroxy-
methyl group.


For the O-glycoside 1, a detailed conformational analy-
sis[5] showed the existence of five different local minima
(Table 1). This molecule has a peculiar feature in that no
aglyconic linkage exists, and two glycosidic linkages are
present in the molecular framework that provide competing
exo-anomeric effects[16] around the two glycosidic linkag-


es.[17] In sucrose, the exo-anomeric syn region is only popu-
lated by about 16% for the Glc-glycosidic linkage and
about 28% for the Fru analogue. For the Glc moiety, a dis-
torted conformer inbetween the pure exo-syn and non-exo
syn conformers appears to be the global minimum, with
60% population (geometry A). The non-exo-anomeric syn
region is 24% for the Glc glycosidic torsion, and only popu-
lated by 12% for the Fru torsion, whereas the anti confor-
mer is the major one for the Fru torsion, with about 60%
for the corresponding global minimum A. Clearly, the chem-
ical nature of the five-membered ring along with the exis-
tence of competing exo-anomeric effects, appears, indeed, to
be important for these atypical conformational features,
with major contributions of nonpure exo-anomeric conform-
ers.[18] The dihedral angles exhibit a certain flexibility, as ob-
served in the lowest-energy regions, although the existence
of one major conformation was postulated through the de-
tection of a diagnostic hydrogen bond in a partially deuter-
ated sample.[6]


Although the shapes of the potential energy maps for the
carbaglycoside 3 are similar to those of 1, there are noticea-
ble changes in the local minima. In this case, however, the
absence of anomeric effects for the Glc moiety strongly
modifies the particular features of the minima and reveals
the presence of only three low-energy conformations around
the glycosidic linkages (Figure 1). The pure exo-anomeric
conformer around the Glc moiety disappears, and the corre-
sponding F torsion is shifted towards essentially eclipsed
angles (83%, conformers B and C, Table 1) The contribu-
tion of the non-exo-anomeric region slightly decreases to
around 17%. In contrast, for the Fru moiety, the population
of the anti region strongly diminishes (to only 17%) and the
exo-anomeric region is clearly enhanced, passing now from
28 to 78%. Only 5% of the population remains in the non-
exo-anomeric region, according to the molecular mechanics
calculations. The enhancement of the exo-anomeric region
for the Fru linkage of 3 is probably due, at least partially, to
the fact that this is now the only glycosidic linkage in the
molecule and there is no competition with other exo-ano-
ACHTUNGTRENNUNGmeric effects (for the Glc fragment). The calculations there-
fore suggest that hemicarbasucrose 3 presents distinct con-
formational preferences around the glycosidic bonds over its
parent O-disaccharide,[5] with distinct conformational diver-
sity around the two bonds.


Scheme 4. Final steps toward the synthesis of hemicarbasucrose 3. Re-
agents and conditions: i) Tebbe reagent, THF, pyr, �45 8C!RT, 68%;
ii) BH3·THF, THF, room temperature; then NaOH, H2O2, 0 8C!RT,
82%; iii) (COCl)2, DMSO, �78 8C; then NEt3, 87%; iv) pyr, MeOH,
50 8C, 32 h, 70%; v) NaBH4, THF/H2O, 0 8C, 88%; vi) H2, Pd/C, MeOH,
79%.


Table 1. Torsion angle values and relative MM3* energies of the predicted minima and populations (%) of the low-energy regions. The conformational
families of the minima are indicated.


Compound Minima Torsions (FGlc/YFru) Pop. [%] Type (FGlc) Type (YFru)


1 A 120/40 60 distorted exo-syn anti
B 150/5 24 non-exo-syn distorted exo
C 60/�60 1 exo-syn exo-syn
D 70/�160 12 exo-syn non-exo-syn
E 85/�25 3 exo-syn exo-syn


3 A 139/39 17 non-exo-syn anti
B 111/�54 78 distorted exo-syn exo-syn
C 111/�171 5 distorted exo-syn non-exo-syn
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NMR Spectroscopy


The validity of the theoretical results was verified for 3
through NMR spectroscopy. The 1H NMR spectrum in D2O
was assigned by using a combination of COSY and HSQC
experiments (Table 2).[19]


The intra-ring vicinal proton–proton coupling constants
proved that the six-membered ring of the carbaGlc moiety
adopts the 4C1 chair conformation (Table 2). The five-mem-
bered ring geometries of the Fru moiety determined by mo-
lecular mechanics calculations were used to estimate the 3-
H/4-H and 4-H/5-H dihedral angles and converted into
proton–proton coupling constants through the well-estab-
lished Karplus–Altona equation.[20]


The experimental couplings can be compared with the cal-
culated values for minima A–C and for the ensemble aver-


age (Table 3). The two observed
large values reveal that there is
a significant population of a
well-defined conformational
family. This conclusion is also
consistent with the MM3* cal-
culations. A satisfactory match-
ing between the experimental
and the theoretical couplings
for the distribution is obtained
(Table 3). Moreover, the ob-
served values are indeed similar
to those for natural sucrose in
aqueous solution[5] and, thus,
the conformational properties
of the two fructofuranose rings
in sucrose 1 and hemicarbasu-
crose 3 are essentially inde-
pendent of the nature of the
Glc moiety.


Further structural informa-
tion can be extracted from
NOESY and ROESY experi-
ments[21] to complement cou-
pling-constant data. The rele-
vant interresidue proton–proton
distances in terms of the glyco-
sidic and aglyconic angles are
gathered in Table 4 for con-
formers A, B, and C. It can be
observed that 1-Hg is a short
distance away from 1-Hf in
both C and B conformers and
from 4-Hf in conformer A (ex-
clusive close contact). In turn,
4-Hf is exclusively at a medium
distance from 5-Hg and 7-Hg,eq


in global minimum B and two
contacts should exclusively
characterize minimum confor-
mer C, namely 3-Hf–7-Hg,eq and
1-Hf–7-Hg,eq. All these contacts


are, indeed, seen in the NOESY and ROESY spectra, al-
though with different intensities to those predicted by the
calculations (Figure 2). The 1-Hg–1-Hf cross-peak is very
strong, fivefold stronger than that for 5-Hg–4-Hf, which has a
medium intensity, whereas those for minimum conformer C
are weak or very weak: 3-Hf–7-Hg,eq and 1-Hf–7-Hg,eq. The 1-
Hg–4-Hf cross-peak is also weak. The ensemble average pop-
ulation predicts similar NOE intensities for both 5-Hg–4-Hf


(minimum B) and 1-Hg–4-Hf (minimum A), whereas experi-
mentally the close contact corresponding to minimum B is
2.2-fold more intense than that for 1-Hg–4-Hf (minimum A).
Moreover, this latter cross-peak displays a similar experi-
mental NOE intensity as that of the 7-Hg–4-Hf cross-peak
(3.4 T proton–proton distance in minimum B) and therefore
provides an estimate for the actual average distance in solu-


Figure 1. a) Views of the major low-energy conformations obtained by MM3* calculations for hemicarbasu-
crose 3. b) Stereoscopic views of the major low-energy conformations obtained by MM3* calculations for
ACHTUNGTRENNUNGhemicarbasucrose 3.
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tion. Therefore, according to the NOE data, the equilibrium
is very much shifted towards minimum B. As the intensity
of each NOE interaction is sensitive to the population of
the corresponding conformational family, the observations
agree, at least semiquantitatively, when using a full-relaxa-
tion matrix approach,[22] with a very major (>90%) contri-
bution of the B conformation family. Both A and C regions
are overestimated by the calculations, as deduced from the
NOE data.


Conclusions


The first synthesis of hemicarbasucrose 3 has been success-
fully completed. The combination of molecular mechanics
and NMR spectroscopic studies has shown that the confor-
mational properties of sucrose (1) and its carba analogue 3
are somehow different. When the stereoelectronic stabiliza-
tion for the Glc glycosidic linkage is absent, as is the case in
3, the population of the exo-syn region in the contiguous
Fru linkage is higher than that of its parent O-glycoside.
Usually, carba and C-glycosyl compounds display higher
flexibility than their parents O-glycosidic compounds.[23]


However, this is not the case for hemicarbasucrose 3, which
presents a very high predominance of a unique conforma-
tion, B, characterized by an almost eclipsed torsion around
FGlc and an exo-anomeric orientation for YFru. This fact is
in contrast to the reported data for sucrose,[5] for which con-
troversial data have been reported, although the more rigor-
ous approaches have demonstrated that a major conforma-
tional equilibrium does, indeed, exist. It is also notable that
the major conformation adopted by hemicarbasucrose 3 is
similar to that described in the sucrose crystal structure as
well as in some sucrose–lectin complexes.[24]


Nevertheless, the existence of minor orientations around
the glycosidic torsions of 3 is also well predicted by the
NMR spectroscopic data and molecular mechanics calcula-
tions. The conformational differences between carba- and
O-glycosides described herein for sucrose, together with
those reported for other C-/O-pairs stress that care should
be taken when using synthetic analogues as carbohydrate
models.[25] The different flexibility of the different families
implies differences in entropy upon binding to a given re-
ceptor, which may be a limitation for the use of analogues
as glycosidase inhibitors. Nevertheless, these compounds are
excellent probes to study the active site of proteins.


Table 2. 1H and 13C NMR chemical shifts (d, ppm), and coupling
ACHTUNGTRENNUNGconstants (Hz) of 3 in D2O at 298 K.


Atom d(1H) (dACHTUNGTRENNUNG(13C)) 3JH,H


1-Hg 4.31 (70.3) 3.4 (J1g,2g)
2-Hg 3.44 (73.1) 10.0 (J2g,3g)
3-Hg 3.67 (74.5) 9.1 (J3g,4g)
4-Hg 3.30 (73.1) 9.8 (J4g,5g)
5-Hg 1.97 (38.4) 3.4 (J5g,7g(eq))
6-Hg,a 3.75 (60.9)
6-Hg,b 3.75 (60.9)
7-Hg(ax) 1.37 (30.0)
7-Hg(eq) 2.10 (30.0) 3.4 (J6g(eq),1g)


3.4 (J6g(eq),5g)
1-Hf,a+b 3.72 (62.3)
3-Hf 4.17 (77.8) 8.5 (J3f,4f)
4-Hf 4.04 (74.5) 8.5 (J4f,5f)
5-Hf 3.84 (80.6)
6-Hf,a, 6-Hf,b 3.84 (62.3)


Table 3. Experimental vicinal coupling constants (3JH,H, Hz) for the five-
membered rings of 1 and 3 in D2O and calculated values for the minima
and for the ensemble average.
3JHH Conf. A Conf. B Conf. C Ensemble


average
(3)


Exp.
D2O
(3)


Exp.
sucrose
(1)


3-Hf–4-Hf 6.7 8.7 8.6 8.3 8.5 8.8
4-Hf–5-Hf 9.1 9.1 8.0 9.0 8.5 8.3


Table 4. Relevant proton–proton distances for major minima A, B, C of
3 and for the ensemble average population distribution (< r�6>�1/6),
along with the experimental values derived from NOE intensities. The
putative hydrogen bonds for each conformer are also given in the last
row.


Proton Predicted distances [T] Exp. NOE intensity,
pair Conf. A Conf. B Conf. C Dist. estimated distance[a] [T]


1-Hg–1-Hf 4.3 2.2 2.1 2.3 strong, 2.1–2.3
5-Hg–4-Hf 5.5 2.9 4.8 3.0 medium, 2.8–3.0
7-Hg–3-Hf 4.6 5.2 2.4 3.8 very weak, >3.7
1-Hg–4-Hf 2.3 4.5 3.9 3.0 weak, 3.3–3.7
7-Hg–4-Hf 3.7 3.4 5.4 3.5 weak, 3.3–3.7
7-Hg–1-Hf 4.7 3.4 2.4 3.2 weak, overlap


H bond O2gO1f
[b] O2gO3f


[a] From a full-matrix relaxation approach. [b] Possible, depending on the
C1–C2 rotamer.


Figure 2. Key sections of the 2D-NOESY spectrum of 3 (500 MHz,
298 K, D2O, mixing time 600 ms).
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Experimental Section


General


Optical rotations were measured in a 10-cm, 1-mL cell at 20�2 8C with a
Perkin–Elmer Model 241 digital polarimeter. Mass spectra (CI (ammo-
nia) and FAB) were obtained with a JMS-700 spectrometer. 1H NMR
spectra were recorded at 250 MHz with a Bruker AC-250 or at 400 MHz
with a Bruker DRX 400 for solutions in CDCl3, CD3OD, or C6D6 at
room temperature. Assignments were confirmed by COSY experiments.
13C NMR spectra were recorded at 63 MHz with a Bruker AC-250 or at
100.6 MHz with a Bruker DRX 400 spectrometer. Assignments were con-
firmed by using the J-mod technique and HMQC. 19F NMR spectra were
recorded at 235 MHz with a Bruker AC-250. Reactions were monitored
by thin-layer chromatography (TLC) on a precoated plate of Silica Gel
60 F254 (layer thickness 0.2 mm; Merck, Darmstadt, Germany) and de-
tected by charring with H2SO4 or with 0.2% w/v cerium sulfate and 5%
ammonium molybdate in 2m H2SO4. Flash column chromatography was
performed on silica gel 60 (230–400 mesh, Merck). TIBAL was purchased
from Aldrich as a 1m solution in toluene.


12 : DMSO (0.17 mL, 2.4 mmol) was diluted in dichloromethane (15 mL)
at room temperature under argon and cooled to �78 8C. (COCl)2


(0.104 mL, 1.2 mmol) was added dropwise at �78 8C under argon. After
10 min a solution of compound 11[9a] (278 mg, 0.60 mmol) in dichloro-
ACHTUNGTRENNUNGmethane (15 mL) was added slowly at �78 8C. The reaction mixture was
stirred at �78 8C for 1 h, and Et3N (0.5 mL) was added at this tempera-
ture. After 1.5 h the reaction solution was washed with H2O, and the or-
ganic layer was dried with MgSO4 and concentrated in vacuo. The residue
was submitted to flash column chromatography (cyclohexane/ethyl ace-
tate 4:1). The resulting aldehyde was obtained as a colorless oil (260 mg,
0.57 mmol). This aldehyde was then heated in MeOH/pyr (20 mL/10 mL)
at 50 8C for 32 h. The reaction solution was then concentrated and dried.
The crude residue was dissolved in THF/H2O (10 mL/2 mL) and cooled
to 0 8C. A solution of NaBH4 (21 mg, 0.56 mmol) in H2O (3 mL) was
added at this temperature. When analytical TLC showed the absence of
starting material the product was extracted with dichloromethane from
the reaction mixture. The organic layers were combined, dried with
MgSO4, and concentrated. The residue was purified by means of silica-
gel flash-column chromatography (toluene/CH3CN 8:1) to afford carba-
5a-methyl-2,3,4-tri-O-benzyl-a-d-glucopyranoside (12) as the major prod-
uct (175 mg, 0.38 mmol, 63%) and some starting material 11 (60 mg,
0.13 mmol, 21%). ½a�20


D =++28.8 (c=1.1, CHCl3);
1H NMR(400mHz,


CDCl3): d=7.46–7.35 (m, 15Harom), 5.10 (d, J=10.7 Hz, 1H; CHPh), 5.05
(d, J=11.2 Hz, 1H; CHPh), 4.89 (d, J=10.7 Hz, 1H; CHPh), 4.80 (s,
2H; CH2Ph), 4.73 (d, J=11.2 Hz, 1H; CHPh), 4.05 (t, J3,2 =J3,4 =9.3 Hz,
1H; 3-H), 3.72–3.67 (m, 2H; 1-H, 6(a)-H), 3.60 (dd, J6(b),5 =4.9 Hz,
J6(b),6(a) =10.8 Hz, 1H; 6(b)-H), 3.46 (s, 3H; OCH3), 3.45–3.42 (m, 1H; 2-
H), 3.43 (t, J4,3 =9.0 Hz, J4,5 =9.0 Hz, 1H; 4-H), 2.12–1.99 (m, 1H; 5-H),
1.97 (dt, J5a(a),5 =3.7 Hz, J5a(a),1 =3.7 Hz, J5a(a),5a(b) =14.4 Hz, 1H; 5a(a)-H),
1.14 ppm (ddd, J5a(b),1 =1.8 Hz, J5a(b),5 =12.9 Hz, J5a(b),5a(ab) =14.4 Hz, 1H;
5a(b)-H); 13C NMR(100mHz, CDCl3): d=138.9, 138.4, 138.3 (3Carom,quat),
128.4–127.4 (15Carom), 83.7 (C3), 83.0 (C2), 82.0 (C4), 77.3 (CH2Ph), 75.4
(C1), 74.8 (CH2Ph), 72.4 (CH2Ph), 64.3 (C6), 56.9 (OCH3), 37.8 (C5),
26.7 ppm (C5a); HRMS (CI, NH3): calcd for C29H34O5: 463.2484 [M+


H]+ ; found: 463.2478.


13 : A solution of Tebbe reagent (0.5m in toluene, 0.66 mL, 0.33 mmol)
was added to a solution of ketone 9 (110 mg, 0.11 mmol) in THF/pyr
(1.6 mL/0.8 mL) protected from light at �50 8C under argon. The reac-
tion mixture was continuously protected from light and was stirred and
left to heat to room temperature. When analytical TLC showed only
traces of starting material, the solution was cooled to �10 8C, and aque-
ous NaOH (10%) was added slowly to quench the reaction. The reaction
mixture was filtered through a celite column topped with a MgSO4 pad.
The filtrate was concentrated, and the residue was submitted to flash-
column chromatography (cyclohexane/ethyl acetate gradient) to afford
1’,3’,4’,6’-tetra-O-benzyl-2’-O-[(1S,2S,3S,4R)-2,3,4-tri-O-benzyl-5-methyli-
dene-1,2,3,4-tetrahydroxycyclohexyl]-b-d-fructofuranoside (13) as a color-
less oil (75 mg, 0.078 mmol) in 68% yield. ½a�20


D =++5 (c=0.8 CHCl3);
1H NMR(400mHz, CDCl3): d=7.41–7.29 (m, 35Harom), 5.19 (s, 1H; 6(a)-


H), 4.81 (d, J=12.3 Hz, 1H; CHPh), 4.80 (s, 1H; 6(b)-H), 4.78 (d, J=


11.9 Hz, 1H; CHPh), 4.78 (d, J=11.7 Hz, 1H; CHPh),4.74 (d, J=


11.9 Hz, 1H; CHPh), 4.70 (d, J=10.9 Hz, 1H; CHPh), 4.67 (d, J=


11.9 Hz, 1H; CHPh), 4.66 (d, J=10.6 Hz, 1H; CHPh), 4.64 (d, J=


11.7 Hz, 1H; CHPh), 4.62 (d, J=11.5 Hz, 1H; CHPh), 4.56 (d, J=


12.1 Hz, 1H; CHPh), 4.54 (s, 2H; CH2Ph), 4.49(d, J=11.8 Hz, 1H;
CHPh), 4.48 (q, 1H; 1-H), 4.44 (d, J=8.4 Hz, 1H; 3’-H), 4.40 (d, J=


12.1 Hz, 1H; CHPh), 4.17 (t, J=8.0 Hz, 1H; 4’-H), 4.06 (ddd, J5’,6’(a) =


3.2 Hz, J5’,6’(b) =5.3 Hz, J5’,4’=8.4 Hz, 1H; 5’-H), 3.88–3.80 (m, 2H; 3-H, 4-
H), 3.70 (dd, J6’(a),5’=3.2 Hz, J6’(a),6’(b) =10.6 Hz, 1H; 6’(a)-H), 3.69 (d, J=


11.7 Hz, 1H; 1U1’-H), 3.65 (d, J=11.7 Hz, 1H; 1U1’-H), 3.63 (dd,
J6’(b),5’=5.3 Hz, J6’(b),6’(a) =10.6 Hz, 1H; 6’(b)-H), 3.50 (br d, J2,3 =6.0 Hz,
1H, 2-H), 2.80 ppm (dd, J5a(a),1 =5.3 Hz, J5a(a),5a(b) =13.8 Hz, 1H; 5a(a)-H),
2.01 ppm (d, J5a(b),5a(a) =13.8 Hz, 1H; 5a(b)-H); 13C NMR(100MHz,
CDCl3): d=141.4 (C5), 139.0 138.9, 138.8, 138.7, 138.2, 138.1, 138.0
(7Carom,quat), 128.3–127.2 (35Carom), 111.7 (C6), 104.4 (C2’), 83.7 (C3’),
82.5, 82.2 (C3, C4), 81.7 (C2), 81.5 (C4’), 78.1 (C5’), 74.8 (CH2Ph), 73.2
(CH2Ph), 73.1 (CH2Ph), 73.0 (CH2Ph), 72.7 (CH2Ph), 72.6 (C6’), 72.4
(CH2Ph), 71.7 (CH2Ph), 70.2 (C1’), 68.2 (C1), 35.6 ppm (C5a); HRMS
(CI, NH3): calcd for C62H68NO9: 970.4894 [M+NH4]


+ ; found: 970.4905.


14 : Olefin 13 (65 mg, 0.068 mmol) was dissolved in THF (4 mL), and
BH3·THF (1.0m, 0.27 mL) was added. The reaction mixture was stirred at
room temperature under argon. When TLC showed the absence of start-
ing material, the solution was cooled to 0 8C, and EtOH (0.45 mL), aque-
ous NaOH (10%, 0.15 mL), and H2O2 (0.17 mL) were added successively
at room temperature. After 30 min, the reaction solution was diluted
with ice-cold H2O, and the product was extracted with dichloromethane.
The organic layers were combined, dried, and concentrated. The crude
residue was submitted to flash-column chromatography to afford
1’,3’,4’,6’-tetra-O-benzyl-2’-O-[(1S,2S,3S,4R,5S)-2,3,4-tri-O-benzyl-5-hy-
droxymethyl-1,2,3,4-tetrahydroxy-cyclohexyl] -b-d-fructofuranoside (14)
as a colorless oil (54 mg, 0.056 mmol) in 82% yield. ½a�20


D =++16 (C=0.9
CHCl3);


1H NMR(400mHz, CDCl3): d =7.36–7.26 (m, 35Harom), 4.83 (d,
J=11.9 Hz, 1H; CHPh), 4.81 (d, J=11.8 Hz, 1H; CHPh), 4.70 (d, J=


11.7 Hz, 1H; CHPh),4.69 (d, J=11.7 Hz, 1H; CHPh), 4.65 (d, J=


11.8 Hz, 1H; CHPh), 4.58 (d, J=11.7 Hz, 1H; CHPh), 4.57 (d, J=


11.9 Hz, 1H; CHPh), 4.54–4.37 (m, 7H; 7UCHPh), 4.44–4.41 (m, 1H; 1-
H), 4.41 (d, J3’,4’=7.4 Hz, 1H; 3’-H), 4.15 (t, J4’,3’=7.8 Hz, J4’,5’=7.8 Hz,
1H; 4’-H), 4.02 (ddd, J5’,6’(a) =3.0 Hz, J5’,6’(b) =5.2 Hz, J5’,4’=8.3 Hz,1H; 5’-
H), 3.90 (t, J3,2 =6.7 Hz, J3,4 =6.7 Hz, 1H; 3-H), 3.76 (br s, 2H; 2U6-H),
3.68 (dd, J6’(b),5’=3.0 Hz, J6’(a),6’(b) =10.7 Hz, 1H; 6’(a)-H), 3.66 (d, J=


10.6 Hz,1H; 1’-H), 3.60–3.57 (m, 3H; 2-H, 4-H, 6’(b)-H), 3.57 (d, J=


10.6 Hz, 1H; 1U1’-H), 2.18 (m, 2H; 5-H, 1U5a-H), 1.40–1.30 ppm (m,
1H; 1U5a-H); 13C NMR(100 MHz, CDCl3): d=128.3–127.2 (35Carom),
83.9 (C3’), 78.2 (C5’), 73.4 (CH2Ph), 73.3 (CH2Ph), 73.2 (CH2Ph), 72.6
(CH2Ph), 72.4 (CH2Ph), 72.3 (C1’), 72.0 (CH2Ph), 70.0 (C6’), 63.5 (C6),
38.6 ppm (C5); HRMS (CI, NH3): calcd for C62H70NO10: 988.5000 [M+


NH4]
+ ; found: 988.5010.


15 : DMSO (15 mL, 0.22 mmol) was diluted in dichloromethane (2.5 mL)
at room temperature under argon and cooled to �78 8C. (COCl)2 (9 mL,
0.11 mmol) was added at �78 8C under argon. After 10 min a solution of
alcohol 14 (52 mg, 0.054 mmol) in dichloromethane (2.5 mL) was added
at �78 8C. The reaction mixture was stirred at this temperature for 1 h,
and Et3N (47 mL) was then added. After 1.5 h, the reaction solution was
washed with H2O and the organic layer was dried with MgSO4 and con-
centrated. The residue was submitted to flash-column chromatography
(cyclohexane/ethyl acetate gradient). The transient aldehyde was ob-
tained as a colourless oil (45 mg, 0.046 mmol) in 87% yield. The resulting
axial aldehyde (39 mg, 0.040 mmol) was heated in MeOH/pyr (6 mL/
3 mL) at 50 8C for 15 h, and the reaction solution was then concentrated
and dried. The residue was submitted to flash-column chromatography.
Part of the starting aldehyde was recovered (9 mg), and the desired equa-
torial aldehyde was obtained as a colourless oil (27 mg, 0.028 mmol) in
70% yield. The equatorial aldehyde (26 mg, 0.027 mmol) was dissolved
in THF/H2O (4 mL/1 mL) and cooled to 0 8C. A solution of NaBH4


(20 mg/20 mL, 1.0 mL, 0.026 mmol) in H2O (1 mL) was added dropwise
at 0 8C. When analytical TLC showed the absence of starting material the
product was extracted with dichloromethane from the diluted reaction
solution in H2O. The organic layers were combined, dried with MgSO4,
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and concentrated. The residue was purified through a silica-gel column
with cyclohexane/ethyl acetate eluant to give 1’,3’,4’,6’-tetra-O-benzyl-2’-
O-[(1S,2S,3S,4R,5R)-2,3,4-tri-O-benzyl-5-hydroxymethyl-1,2,3,4-tetrahy-
droxycyclohexyl]-b-d-fructofuranoside (15) as a colorless oil (23 mg,
0.024 mmol) in 88% yield. ½a�20


D =++ 37 (c=0.4, CHCl3);
1H NMR


(400mHz, CDCl3): d =7.38–7.27 (m, 35Harom), 4.97 (d, J=11.0 Hz, 1H;
CHPh), 4.86 (d, J=10.9 Hz, 1H; CHPh), 4.84 (d, J=11.8 Hz, 1H;
CHPh),4.76 (d, J=11.4 Hz, 1H; CHPh), 4.67 (d, J=10.8 Hz, 1H; CHPh),
4.65 (d, J=11.0 Hz, 1H; CHPh), 4.62–4.48 (m, 7H; 7UCHPh), 4.61–4.57
(m, 1H; 1-H), 4.43 (d, J3’,4’=7.2 Hz, 1H; 3’-H), 4.43 (d, J=11.4 Hz, 1H;
CHPh), 4.17 (t, J4’,3’=7.2 Hz, J4’,5’=7.6 Hz, 1H; 4’-H), 4.06 (ddd, J5’,6’(a) =


3.0 Hz, J5’,6’(b) =5.4 Hz, J5’,4’=7.8 Hz,1H; 5’-H), 3.98 (t, J3,2 =9.3 Hz, J3,4 =


9.3 Hz, 1H; 3-H), 3.75–3.67 (m, 3H; 2U1’-H, 6’(a)-H), 3.61 (dd, J6’(b),5’=


5.4 Hz, J6’(b),6’(a) =10.6 Hz, 1H; 6’(b)-H), 3.44 (ddt, 2H; 2U6-H), 3.35 (dd,
J4,3 =9.2 Hz, J4,5 =10.5 Hz, 1H; 4-H), 2.01 (dd, J2,3 =9.6 Hz, J2,1 =2.8 Hz,
1H; 2-H), 2.26–2.14 (m, 1H; 5-H), 2.11 (dt, J5a(e), 1 =3.7 Hz, J5a(e),5 =


3.7 Hz, J5a(e),5a(a) =13.9 Hz, 1H; 5a(e)-H), 1.03 ppm (t, J=13.0 Hz, 1H;
5a(a)-H); 13C NMR(100 MHz, CDCl3): d =139.0 138.9, 138.7, 138.5,
138.2, 138.0, 137.9 (7Carom,quat), 128.4–127.3 (35Carom), 104.5 (C2’), 83.7
(C3), 83.6 (C3’), 83.0 (C2), 82.6 (C4), 81.7 (C4’), 78.5 ACHTUNGTRENNUNG(C5’), 75.4 (CH2Ph),
74.9 (CH2Ph), 73.3 (CH2Ph), 73.2 (CH2Ph), 72.4 (CH2Ph), 72.2 (C1’), 72.0
(CH2Ph), 71.9 (CH2Ph), 70.0 (C6), 66.8 (C1), 64.6 (C6), 38.4 (C5),
30.0 ppm (C5a); HRMS (CI, NH3): calcd for C62H66NaO10: 993.4554 [M+


Na]+ ; found: 993.4536.


3 : Pd/C (10%) was added to a solution of 15 (9 mg, 9.3 mmol) in MeOH
(2 mL). The reaction mixture was stirred under hydrogen at room tem-
perature. When analytical TLC showed the absence of starting material,
the reaction solution was filtered through a celite plug. The filtrate was
concentrated, and the residue was purified through a sephadex column to
afford pure hemicarbasucrose (3) as a white foam (2.5 mg, 7.4 mmol,
79%). ½a�20


D =++ 21.5 (c=0.2, MeOH); 1H NMR (400 MHz, CD3OD): d=


4.32–4.28 (m, 1H), 4.16 (d, J=8.5 Hz, 1H; 3’-H), 4.03 (t, J=8.3 Hz, 1H),
3.86–3.80 (m, 2H), 3.77–3.63 (m, 6H), 3.43 (dd, J=3.2 Hz, J=10.0 Hz,
1H), 3.29 (dd, J=9.1 Hz, J=10.7 Hz, 1H), 2.09 (dt, J=3.8 Hz, J=


14.4 Hz, 1H; 5a(a)-H), 2.01–1.90 (m, 1H; 5a(e)-H), 1.36 ppm (ddd, 1H;
5-H) ; 13C NMR (100 MHz, CDCl3): d=103.7 (C2’), 80.9, 78.1, 75.03,
74.99, 73.7, 73.4, 70.8, 62.8, 62.6, 61.3, 38.7 (C5), 30.5 ppm (C5a);
MALDI-TOF: m/z : 363.11 [M+Na]+ .


Molecular Mechanics Calculations


The relaxed (f,y) energy maps for compound 3 were generated by sys-
tematic rotations around the glycoside and aglyconic bond by using a
grid step of 188, optimization of the geometry at every f,y point by using
conjugate gradients iterations until the rms derivative was smaller than
0.05 kJmol�1T�1, and the energies were calculated by using the TRIPOS
force field (e =80). The gg and gt orientations of both Glc and Fru units
were taken into account.[18,25] Thus, eight starting structures were consid-
ered, and in total 3200 conformers were calculated. From these relaxed
energy maps, adiabatic surfaces were built by choosing the lowest-energy
structure for a given f,y point. The probability distribution was calculat-
ed for each point according to a Boltzmann function at 298 K. The local
minima were then further refined by using the MM3* force field integrat-
ed in the MAESTRO program and further employed for analysis.


J and NOE Calculations


The two vicinal coupling constants of the fructofuranose ring were calcu-
lated for each conformational family by using the Karplus–Altona equa-
tion.[20] Ensemble average values were calculated from the distribution
according to: J=SPfyJify. Interproton average distances were calculated
by using the following expression: < r�6> kl = SPfyr


�6
kl(fy). The NOE in-


tensities were determined according to the complete relaxation matrix, as
described previously, by using the NOEPROM program. Isotropic
motion and external relaxation of 0.1 s�1 were assumed. A correlation
time of 70 ps was used to obtain the best matching between experimental
and calculated NOE interactions for the intraresidue proton pairs 1-HGlc–
2-HGlc and 2-HGlc–4-HGlc.


NMR Spectroscopy


NMR experiments[19] were recorded on a Bruker Avance 500 instrument
at 25 8C. A concentration of �2 mm of 3 was used. Chemical shifts were
referenced to external 2,2-dimethyl-1,2-silapentane-5-sulfonate sodium
salt (DSS) in D2O. 1D spectra were acquired with 32K data points, which
were zero-filled to 64K data points prior to Fourier transformation. Ab-
solute value COSY, phase-sensitive HSQC spectra, NOESY (mixing
times of 100, 200, 400, 600, 800, and 1000 ms), and ROESY (mixing times
of 300 and 500 ms) were acquired by standard techniques. Acquisition
data matrices were defined by 2K U 256 points, multiplied by appropri-
ate window functions and zero-filled to 2K U 512 matrices prior to Four-
ier transformation. Baseline correction was applied in both dimensions.
Spectra were processed by using the Bruker XWIN-NMR program on a
PC Linux computer.
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A Dicationic Organoplatinum(II) Complex Containing a Bridging
2,5-Bis-(4-ethynylphenyl)-[1,3,4]oxadiazole Ligand Behaves as a


Phosphorescent Gelator for Organic Solvents


Wei Lu, Yuen-Chi Law, Jie Han, Stephen Sin-Yin Chui, Dik-Lung Ma, Nianyong Zhu, and
Chi-Ming Che*[a]


Introduction


There has been growing interest in low-molecular-mass or-
ganogelators (LMMGs) owing to their potential applications
in materials science, drug delivery, and for the construction
of supramolecular nanostructures.[1] Organogels and hydro-
gels are produced by the spontaneous segregation of micro-
to nanophases of gelator and solvent molecules.[2] A subtle
balance between gelator–gelator and gelator–solvent inter-
actions regulates gelator solubility and prevents crystalliza-
tion.[1] Noncovalent intermolecular interactions, including p–
p stacking forces, hydrogen bonding, and electrostatic and


van der Waals interactions, provide the driving force for the
construction of a three-dimensional supramolecular network
within which the fluidity of solvent is retarded. Amphiphilic
molecules that contain aromatic-linking-steroidal (ALS)
moieties, multiple hydrogen-bonding motifs (such as sugar,
peptide, and urea), or polycyclic aromatic hydrocarbons
(PAHs) together with long alkyl chains are usually consid-
ered to be candidates for gelating organic solvents and/or
water.[3] However, there is no systematic correlation be-
tween molecular structure and gelation ability, and it is still
obscure how the molecular packing of gelator molecules in-
fluences the collective properties of the gel, such as light
emission, mechanical properties, and thermodynamic behav-
ior. Thus the continued development and analysis of new ge-
lator species should enrich and deepen our general under-
standing of LMMGs.[1]


A number of transition-metal complexes have been inves-
tigated as low-molecular-mass gelators owing to their varied
coordination geometries and rich optical properties, both of
which are not accessible from organic gelators. Recently,
several derivatives of bis(b-diketonate)copper(II),[4] penta-
carbonyl[d-glucohex(N-n-octylamino)-1-ylidene]chromi-
um,[5] bis(8-quinolinol)platinum(II),[6] bis(bipyridyl)cop-
per(I),[7] triazolecobalt(II),[8] trinuclear gold(I) pyrazolate,[9]


Abstract: A dicationic platinum(II) ter-
pyridyl complex, [(tBu3tpy)Pt ACHTUNGTRENNUNG(OXD)Pt-
ACHTUNGTRENNUNG(tBu3tpy)] ACHTUNGTRENNUNG(PF6)2 (tBu3tpy=4,4’,4“-tri-
tert-butyl-2,2’:6’,2”-terpyridyl, OXD=


2,5-bis(4-ethynylphenyl) ACHTUNGTRENNUNG[1,3,4]oxadi-
ACHTUNGTRENNUNGazole) formed phosphorescent organo-
gels in acetonitrile or in a mixture of
acetonitrile and alcohol. The structure
and properties of these emissive gels
were analyzed by polarizing optical
and confocal laser scanning microsco-
py, and by variable-temperature


1H NMR, UV/Vis, and emission spec-
troscopy. Dry gels were studied by
scanning electron microscopy, powder
X-ray diffraction (PXRD), and small-
angle X-ray scattering (SAXS). SEM
images of the dry gel revealed a net-
work of interwoven nanofibers (diame-
ter 12–60 nm, length>5 mm). Intermo-


lecular p–p interactions between the
[(tBu3tpy)PtC�C] moieties could be
deduced from the variable 1H NMR
spectra. The PXRD and SAXS data
showed that the assembly of the gela-
tor could be represented by a rectangu-
lar 2D lattice of 68 E F 14 E. The abil-
ity of the complex to gelate a number
of organic solvents is most likely due
to intermolecular p–p interactions be-
tween the [(tBu3tpy)PtC�C] moieties.
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zinc(II)–porphyrin,[10] titanocene–cholesterol,[11] terpyridyl
platinum(II) acetylides,[12] and palladium(II) pincer bis(imi-
dazolylidene)[13] have been found to gelate a number of or-
ganic solvents. Potential gelating motifs, such as amides, glu-
cose, and cholesterol, are covalently linked to auxiliary li-
gands within these metal-containing gelators. Peripheral
long-chain alkyl groups have also been used to isolate the
“nanodomains” of the gelator molecules from each other.[14]


Notably, Naota and co-workers reported that two binuclear
palladium(II) complexes that bear Schiff base and dipeptide
ligands, upon ultrasonic stimulation, could gelate acetone,
carbon tetrachloride, and ethyl acetate.[15] Intra- and inter-
molecular p–p interactions for the Schiff base complex and
hydrogen-bonding interactions for the dipeptide complex
were suggested to be the driving forces for gelation.


Herein we describe the synthesis and properties of a low-
molecular-mass phosphorescent organogelator based on a
binuclear terpyridyl platinum(II) salt 1 (Scheme 1) with a


2,5-bis(4-ethynylphenyl)-[1,3,4]oxadiazole (OXD) bridging
ligand. This metal-containing gelator does not contain any
long alkyl chains or recognized gelating motifs, but, to our
initial surprise, acts as a gelator for acetonitrile and acetoni-


trile/alcohol mixtures. The binuclear complexes 2–4 and
mononuclear complexes 5–8 were also synthesized for com-
parative studies. Platinum(II) terpyridine complexes have
been widely investigated for decades owing to their intrigu-
ing biological activities and spectroscopic properties.[16] Ter-
pyridyl/cyclometalated platinum(II) acetylides are well-
known as light-emitting materials and are useful building
blocks for supramolecular structures.[17] The objective of our
initial investigation was to develop phosphorescent organo-
platinum(II) complexes as functional molecular materials.
We chose the OXD moiety to link the two terpyridyl plati-
num(II) chromophores because organic OXD derivatives
are strongly fluorescent[18] and generally have good electron-
transporting properties.[19] We reasoned that the incorpora-
tion of an angular OXD moiety into an organoplatinum(II)
complex would modify its overall molecular shape as well as
its emission and electronic properties. Immediately after the
completion of this study, two reports[12] were published in
2007 revealing that terpyridyl platinum(II) acetylide com-
plexes with auxiliary ligands containing multiple long alkyl
chains are efficient gelators for hexane, benzene, and
DMSO. The interplay between metal–metal, p–p, and hy-
drophobic interactions was found to be of pivotal impor-
tance for the gelation process.


Results


Synthesis and Characterization


Complexes 1–8 were prepared by the reaction of the appro-
priate platinum(II) precursors ([(tBu3tpy)PtCl]Y for 1 and
3–7, [(tpy)PtCl]Y for 2, and (C^N^N)PtCl ((HC^N^N)=6-
phenyl-2,2’-bipyridine,) for 8) with the corresponding aryl-
ACHTUNGTRENNUNGacetylide ligands in a CH2CH2/iPr2NH (20:1 v/v) mixture
and in the presence of a catalytic amount of CuI. The crude
products were purified by column chromatography on an
alumina column. Complexes 1–8 were obtained as air-stable
crystalline solids in 50–86% yields and were characterized
by 1H and 13C NMR, and IR spectroscopy, FAB mass spec-
trometry, and elemental analysis. The structures of 5 and 8
were also determined by single-crystal X-ray crystallogra-
phy.


Crystal Structures of 5·2MeCN and 8


The crystal-structure and -packing diagrams of the complex
cations of 5·2MeCN and 8 are shown in Figures 1 and 2, re-
spectively. Selected bond lengths and angles are listed in the
Supporting Information. All the bond lengths and angles for
5·2MeCN and 8 are comparable to those observed in related
terpyridyl/cyclometalated PtII complexes.[17,20] For 8, the Pt–
C(acetylide) distance of 1.941(8) E is slightly shorter than
that found in [(C^N^N)PtC�CR] (R=Ar), 1.959(9)–
1.98(1) E],[17c] and the acetylenic distance of C17–C18,
1.239(9) E, is slightly longer than those found in the cyclo-
metalated PtII congeners (ranging from 1.184(6) to
1.22(1) E).[17c] No close intermolecular Pt–Pt contacts with


Scheme 1. Chemical structures of 1–8.
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dACHTUNGTRENNUNG(Pt–Pt)<4 E were found in the crystal structures of
5·2MeCN and 8. For 5·2MeCN, the 2,5-bis-phenyl ACHTUNGTRENNUNG[1,3,4]oxa-
ACHTUNGTRENNUNGdiazole moiety is nearly coplanar with the [(tpy)Pt] plane
(the dihedral angle between the Pt1–N1–N2–N3 and the
C29–C30–C31–C35 planes was measured to be around 58),
and the C10H21 group adopts an extended all-trans configura-
tion. The two neighboring [(tpy)Pt] planes in the crystal


structure of 5·2MeCN are stacked in head-to-tail pairs (Fig-
ure 1b) with interplanar distances of approximately 3.5 E
(Figure 1c), a value generally recognized for p–p interac-
tions.[21] For 8, the 2,5-bis-phenyl ACHTUNGTRENNUNG[1,3,4]oxa ACHTUNGTRENNUNGdiazole moiety is
almost perpendicular to the [(C^N^N)Pt] plane (the dihe-
dral angle between the Pt1–N1–N2–N16 and the C18–C19–
C20–C24 planes was measured to be around 938). Weak in-
termolecular C–H···p contacts (2.80–2.90 E, dotted blue
lines in Figure 2b) between the protons of the (C^N^N)
moiety and the C6H4C�C moiety and a channel along the
c axis with a diameter around 6.0 E (Figure 2b) are evident
in the crystal-packing diagram of 8.


Gelation Properties of 1


Upon warming to �50–60 8C followed by cooling to room
temperature, 1 in acetonitrile or acetonitrile mixed with
methanol, ethanol, propan-1-ol, propan-2-ol, or butan-2-ol
formed a thermoreversible, transparent, orange gel. The for-
mation of the gel could be verified easily by inverting the
sample vial to see the immobilization of the solvent fluid.
Figure 3 shows the orange gel formed by gelator 1


(3.5 wt%) in acetonitrile. The gel-to-solution phase-transi-
tion temperature (Tgel) values of the gels containing gelator
1 in several different solvent systems were determined at
their critical gelation concentrations (CGC), with the results
listed in Table 1. The highest Tgel (40 8C) was found for a
mixture of acetonitrile and propan-2-ol (1:1 v/v), and the
lowest Tgel (32 8C) was found for pure acetonitrile. Upon in-
creasing the temperature, the gel formed in acetonitrile
turned into a viscous fluid more readily than that in the ace-
tonitrile–alcohol mixture. When the free 2,5-diaryl-
ACHTUNGTRENNUNG[1,3,4]oxadiazole ligand (1.8 wt% in acetonitrile or 4.8 wt%
in dichloromethane), the binuclear complexes 2–4, or the
mononuclear complexes 5–8 were added to various organic
solvents under identical conditions, there was no gel forma-
tion. Interestingly, the slow diffusion of diethyl ether into a
solution of 2 in DMF (N,N-dimethylformamide) resulted in
the formation of a deep brown viscous fluid.


Figure 1. a) Perspective drawing of the complex cation of 5. Hydrogen
atoms are omitted for clarity. Thermal ellipsoids are shown at the 50%
probability level. Crystal packing diagram of 5·2MeCN viewed b) along
a axis and c) perpendicular to the ab plane.


Figure 2. a) Perspective drawing of complex 8. Hydrogen atoms are omit-
ted for clarity. Thermal ellipsoids are shown at the 50% probability level.
b) The unit cell of 8 viewed along the c axis shows the central channel.


Figure 3. Image of the gel formed with 1 in CH3CN (3.5 wt%).
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Polarized Optical Microscopy of the Gel


A gel sample of 1 (7 wt% in acetonitrile) sandwiched be-
tween two glass plates was analyzed by polarizing optical
microscopy (POM). The orange gel was transparent in the
bright field (Figure 4a). In contrast, a textured dark field


image was observed under crossed polarizers (Figure 4b).
The dark area of the image was attributed to an isotropic
phase that probably resulted from the acetonitrile solvent,
whereas the bright area of the image is due to an anisotropic
phase formed within the gel. Point defects composed of two
brushes are evident in the POM images of the gel formed
by 1, revealing a topological singularity with s=�1/2. This
birefringence image observed under crossed polarizers re-
sembles those of Schlieren textures typically observed in
nematic thermotropic and lyotropic liquid crystals.[22]


Scanning Electron Microscopy of the Dry Gel


Gel samples of 1 in acetonitrile (3.5 wt%) and in mixtures
of acetonitrile/propan-2-ol (1.1 wt%) or acetonitrile/propan-
1-ol (1.3 wt%) were slowly evaporated to dryness, and the
resultant xerogels were examined by scanning electron mi-
croscopy (SEM). The respective SEM images are shown in


Figure 5a–d. A dense network of topographical fibrillar
structures was observed for all samples. The morphology of
the xerogel formed by gelator 1 in acetonitrile is different to


the xerogels of 1 in acetonitrile/alcohol solvent mixtures. In
acetonitrile, gelator 1 was distributed into a homogeneous
aggregation of fibers longer than 5 mm and with diameters
of 12–20 nm (Figure 5a). When the gel was formed in aceto-
nitrile/alcohol (propan-2-ol or propan-1-ol) mixtures, the
fibers were still longer than 5 mm, but were bundled and had
diameters of 30–60 nm (Figure 5b and c). Moreover, bun-
dled nanofibers with lengths of less than 1.5 mm and diame-
ters of around 50 nm were observed in the SEM image (Fig-
ure 5d) of the viscous fluid formed by 2 in a DMF/diethyl
ether mixture.


Powder X-ray Diffraction of 1 as Xerogel


A xerogel sample of 1, prepared by evaporating a 3.5 wt%
gel of 1 in acetonitrile, was subjected to powder X-ray dif-
fraction (PXRD) (Figure 6) and small-angle X-ray scattering


Table 1. Gelation properties of 1.


Solvent[a] State[b] Tgel
[c] [8C] CGC[d] [gdm�3]


acetonitrile G 32 24
methanol P
dichloromethane P
acetonitrile/methanol (1:1) G 35 17
acetonitrile/ethanol (1:1) G 36 15
acetonitrile/propan-2-ol (1:1) G 40 9
acetonitrile/propan-1-ol (1:1) G 33 9
acetonitrile/butan-2-ol (1:1) G 35 8
acetonitrile/dichloromethane (1:1) S
acetonitrile/water (2.5:1) P
acetonitrile/methanol/ethanol
(1.25:1:1)


G 11


[a] The mixture solvent is given by volume ratio. [b] G=gel; P=precipi-
tate; S= solution at concentration of 25 gdm�3. [c] Tested at CGC.
[d] CGC=critical gelation concentration (the minimum concentration
necessary for gelation of solvent), determined at 298 K.


Figure 4. a) Bright-field image (100F) of the gel formed with 1 in aceto-
nitrile (7.0 wt%). b) The same gel observed under a pair of crossed-po-
larizers shows Schlieren textures with two-brushed point defects (200F).


Figure 5. SEM image of a) xerogel formed with 1 in acetonitrile
(3.5 wt%); b) xerogel formed with 1 in acetonitrile/propan-2-ol (1:1 v/v)
(1.1 wt%); c) xerogel formed with 1 in acetonitrile/propan-1-ol (1:1 v/v)
(1.3 wt%); d) viscous fluid formed by 2 in DMF/diethyl ether.


Figure 6. Powder X-ray diffraction (PXRD) and small-angle X-ray scat-
tering (SAXS) plots (integrated intensity versus scattering angle, inset)
for the xerogel of 1. The indexed peak positions in the low-angle region
of the PXRD and SAXS patterns are also listed.
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(SAXS) (Figure 6, inset) measurements. The low-angle dif-
fraction peaks (2q<108) in the PXRD pattern were roughly
indexed based on an orthogonal 2D lattice with a=68 E
and b=14 E. The long axis of this lattice was confirmed by
the weak SAXS peak at 1.38 (2q) (corresponding to a
d spacing of 68 E). There are three broad peaks at 138
(d�7.0 E), 198 (d�4.7 E), and 258 (d�3.6 E) in the
higher-angle region of the PXRD pattern. Similar diffraction
patterns were previously reported for columnar mesophases
formed by disc-shaped molecules.[23–27] With reference to the
report by Wegner and co-workers,[23] the d�3.6 E halo may
be assigned to p–p interactions and the d�7.0 E halo, twice
the p–p correlation distance, could be accredited to a dou-
bling of the period along the c axis, pointing to a staggered
arrangement of adjacent cations of 1. Stacked p systems that
contain peripheral aliphatic chains generally give rise to
halos at 4.7 E halos, which have been assigned to liquidlike
packing of the aliphatic chains.[23–27]


Variable-Temperature 1H NMR Spectroscopic
Measurements


As gelation is highly temperature-dependent, and lower
temperatures usually facilitate this process, the 1H NMR
spectra of a 0.21 wt% of 1 in CD3CN (a concentration far
lower than the CGC) at various temperatures were recorded
and are depicted in Figure 7a. When the temperature of the


CD3CN solution was decreased from 50 to �20 8C, the reso-
nance signal for the aromatic protons 6’-H, 3-H, 3’-H, and 5-
H on the terpyridyl ligand shifted upfield from d=9.14,
8.36, 8.33, and 7.79 ppm to d=8.94, 8.15, 8.17, and 7.62 ppm,
respectively. However, the signal for Ha on the OXD
moiety shifted downfield from d=8.12 ppm to d=8.19 ppm
and the signal corresponding to Hb remained constant. The
1H NMR spectra of a more-concentrated solution of 1
(1.5 wt%) in CD3CN were also recorded at various temper-
atures. The integration ratio of the aromatic protons relative
to that of the protons of the non-deuterated solvent residue
decreased at lower temperatures. A dramatic broadening of
all the signals was observed at temperatures �0 8C, which is
consistent with virtually complete gel formation under these
conditions.


The mononuclear complex 5, which contains the
[(tBu3tpy)Pt] moiety and a OXD ligand substituted with a
long alkyl chain, did not gelate acetonitrile under any of the
conditions tested. Its 1H NMR spectra at various tempera-
tures were also acquired (Figure 7b). The protons on the
OXD moiety were found to behave quite differently to
those in gelator 1. When the temperature of a solution of 5
in CD3CN was decreased from 40 to �20 8C, the resonance
signal for the aromatic protons Ha/Hb and Hc/Hd on the
OXD moiety shifted upfield from d=8.08/7.68 ppm and d=


8.05/7.08 ppm to d=7.88/7.34 ppm and d=7.56/6.53 ppm, re-
spectively; and the aromatic protons 6’-H, 3-H, 3’-H, and 5-
H on the terpyridyl ligand shifted upfield from d=9.12,
8.36, 8.31, and 7.77 ppm to d=8.71, 8.10, 8.08, and 7.58 ppm,
respectively.


Absorption and Steady-State Emission Spectroscopy


Absorption and steady-state emission spectra were recorded
for solutions of 1–8 in dichloromethane; detailed spectro-
scopic data of 1–8 are listed in Table S1 (Supporting Infor-
mation). At l<400 nm, 1–8 display vibronically structured
absorption bands with extinction coefficients >5.0F
104dm3mol�1 cm�1, which are within the range of e values
previously determined for the 1


ACHTUNGTRENNUNG(p–p*) transitions of OXD
and terpyridine or (C^N^N) ligands.[17] The binuclear com-
plexes 1 and 2 and the mononuclear complexes 5–7 have
similar absorption energies but different extinction coeffi-
cients at 400–600 nm. The broad, low-energy bands with lmax


in the 412—475-nm region and e<1.6F104 dm3mol�1 cm�1


are comparable with the low-energy 1MLCT transitions of
the related complexes [(tBu3tpy)PtCH2C(O)CH3]ClO4,


[20]


[(tpy)PtC�CC6H4R]PF6,
[17a] and [(C^N^N)PtC�


CC6H4R].[17c] Consequently, these are assigned as transitions
with an admixture of 1LLCT[p ACHTUNGTRENNUNG(OXD)!p*(terpy or
C^N^N)] and 1MLCT[dp(Pt)!p*(terpy or C^N^N)] char-
acter. When the substituent R2 on the OXD ligand of the
mononuclear PtII complexes was changed from methyl in 6
to OC10H21 in 5 and to N ACHTUNGTRENNUNG(CH3)2 in 7, a slight red shift of the
peak maximum from 438 nm for 6 to 441 nm for 5 and to
464 nm for 7 was observed. The low-energy band in the UV/
Vis absorption spectrum of 5 in CH2Cl2 is comparable to


Figure 7. Variable-temperature 1H NMR spectra of a) 1 and b) 5 in
CD3CN (500 MHz, 1.0F10�3 moldm�3). See Scheme 1 for labeling of the
hydrogen atoms.
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that of 1, except that the e value of the latter (lmax=463 nm,
e=1.5F104 dm3mol�1 cm�1) is about twice that of the former
(lmax=460 nm, e=7.0F103 dm3mol�1 cm�1).


Complexes 1–8 show emissions with peak maxima at 574–
609 nm, with lifetimes in the microsecond regime in de-
gassed solutions in CH2Cl2 at 298 K. Complexes 1, 5, and 6
display relatively higher emission quantum yields of 0.23–
0.31, whereas 8 has a low quantum yield of 0.09. Complexes
4 and 7 are weakly emissive (quantum yields <0.01) in
CH2Cl2 at 298 K. The emission lmax of 1 is solvent-sensitive
and undergoes a blue shift from 591 nm in chloroform to
565 nm in acetonitrile at 298 K. No detectable emission
from methanol or DMSO solutions of 1 was recorded.
When the bridging acetylide ligand between the two
[(tBu3tpy)Pt] moieties was changed from [1,3,4]oxadiazole
(for 1) to 4,4’-diphenylene (for 4), the emission underwent a
red shift (emission lmax=574 nm (1) and 609 nm (4)). Al-
though the cyclometalated mononuclear complex 8 and the
terpyridyl congener 6 contain the same ancillary acetylide
ligand, 8 shows a slightly blue-shifted emission maximum
(lmax=568 nm) relative to that of 6 (lmax 574 nm).


Complexes 1–8 are emissive in the solid state at both 77
and 298 K. In general, the low-temperature solid-state emis-
sion profiles of 1–8 are structured with lmax=596–814 nm.
The difference in the substituents on the terpyridyl ligand
affects the solid-state emission energy of 1 and 2. Complex
2, with unsubstituted terpyridyl ligands, has the more-red-
shifted emission lmax=798 nm at 298 K and 814 nm at 77 K
relative to that of 1 (lmax=601 nm at 298 K and 575 nm at
77 K), which contains bulky tert-butyl-substituted terpyridyl
ligands. The low-temperature emission spectra of 1–8 in n-
butyronitrile (nPrCN) solutions at 77 K were examined.
Under these conditions, the emission lmax of 7 (532 nm) un-
dergoes a slight red shift relative to those of the mononu-
clear counterparts 5 (526 nm) and 6 (525 nm). Complex 4
shows an emission at lmax=545 nm which shows a red shift
relative to that obtained for glassy solutions of 1 (lmax=


526 nm) in nPrCN at 77 K. Slightly red-shifted emissions
were also observed for nPrCN glassy solutions of 6 and 8 at
77 K with lmax=525 nm for 6 and lmax=534 nm for 8.


We studied the absorption and emission spectra of the gel
state of 1 (3.5 wt% in acetonitrile) and solutions of 1 in vari-
ous organic solvents (methanol, acetonitrile, acetone, and
chloroform), with spectra shown in Figure 8a and b, respec-
tively. The salient features of the solution absorption spectra
are that the allowed transitions in the 400—500-nm range
are solvent-sensitive. The absorption edge of the lowest-
energy transition band progressively underwent a red shift
when the solvent was varied from methanol to acetonitrile,
acetone, chloroform, and dichloromethane. The gel state
(3.5 wt% in acetonitrile) of 1 exhibits a broad absorption
with lmax=461 nm, which shows a red shift relative to the
analogous absorption band (lmax=421 nm) in the solution
state (0.02 wt% in acetonitrile), but is comparable to that
recorded for a solution of 1 in dichloromethane (lmax=


463 nm). The emission spectrum of a gel sample of 1
(3.5 wt%) in acetonitrile was recorded and is shown in Fig-


ure 8b. The emission from the gel state of 1 showed a peak
maximum at 563 nm together with a broad shoulder at
�600 nm. The emission energies of the peak maximum and
the shoulder are comparable to those recorded for the ace-
tonitrile solution (peak maximum 565 nm, lifetime 1.2 ms,
quantum yield 0.06) and the powder solid sample of 1 (peak
maximum 601 nm, lifetime 1.0 ms), respectively. The emis-
sive nature of 1 in the gel state (3.5 wt% in acetonitrile)
was also confirmed by the observed red-light-emitting nano-
fibers (Figure 8b, inset) under confocal laser scanning mi-
croscopy (CLSM).


Discussion


Nature of the Gel Formed with 1


The gels formed by 1 in acetonitrile are semisolids or vis-
cous fluids with anisotropic domains (see the POM Schlie-
ren textures revealed for the gel at 7 wt% concentration),
composed of microscopic networks constructed by interwo-
ven nanofibers. A proposed structural model for the gel is
depicted in Figure 9b and c, based on the estimated molecu-
lar dimensions of 1 (33 E F 14 E, Figure 9a) combined with


Figure 8. a) UV/Vis absorption spectra (normalized at the lowest allowed
transitions) of 1 in various solutions (concentrations �1F10�5 moldm�3)
and in the gel state. b)Normalized emission spectra of 1 in various states.
All measurements were carried out under ambient conditions. Solution:
0.02 wt% in acetonitrile; lex=430 nm. Gel: 3.4 wt% in acetonitrile, sand-
wiched between two glass plates; lex=400 nm. Powder solid: lex=


430 nm. Inset: CLSM of the gel formed with 1 (3.5 wt% in acetonitrile;
irradiated at 488 nm; image shows an area of 0.17F0.17 mm2).
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the data from the PXRD and SAXS studies (Figure 6). The
molecular arrangement of 1 in the dry gel could be de-
scribed by a disordered structural model containing dynami-
cally variable interlayer separations, which is evidenced by
the broad peaks at d=4.7 E and d�3.6 E in the PXRD.
Notably, these interlayer distances are consistent with those
found for the one-dimensionally aligned bis(8-quinolinol)
platinum(II) (�4.5 E),[6a] tetrathiafulvalene (TTF)
(4.4 E),[25] helicene,[26] hexabenzocoronene,[27] and poly(3-al-
kylthiophene)[28] moieties in organogels and organic nanofib-
ers characterized previously. Because no long aliphatic
chains are present in 1, we suggest that the peak at 4.7 E,
previously assigned to aliphatic chains packed in a liquidlike
arrangement in discotic liquid crystals,[24] is derived from the
packing of the tert-butyl groups of tBu3tpy moieties and/or
the ClO4


� counterions that are presumed to occupy the
voids generated by the cations of 1. The fact that all the
high-angle diffractions shown in Figure 6 are broad indicates
that the cations in the dry gel of 1 may fluctuate from exact
parallelism. The proposed anti- (or head-to-tail) orientation
of adjacent cations of 1 in the gel state is consistent with the
crystal structure of 5 and the finding that all other [(tpy)PtII]
complexes reported in the literature adopt a similar packing


arrangement in their crystal structures. Notably, this packing
model is also consistent with the halo observed at d=7.0 E
in the PXRD, which is a doubling of the d=3.6 E diffrac-
tion peak, and with the finding from the variable-tempera-
ture 1H NMR measurements, which show that the terpyridyl
planes of the molecules of 1 are involved in intermolecular
interactions in solution at low temperatures, but the OXD
moieties are not.


Driving Force for Gelation


We identified intermolecular p–p interactions between the
[(tBu3tpy)PtC�C] moieties as one of the driving forces for
gelation with 1, by correlating the structural data with the
findings from variable-temperature 1H NMR, absorption,
and emission experiments.


The network of fibers in the gel structure could be
formed by the interplay between noncovalent interactions
such as hydrogen-bonding, electrostatic, p–p, metal–metal,
and van der Waals interactions. Hydrogen-bonding interac-
tions dominate in low-molecular-mass organogelators that
contain amide and/or urea groups.[1] Gelator 1 does not con-
tain any conventional hydrogen-bonding moieties, hence hy-
drogen-bonding interactions were not considered to be a sig-
nificant factor behind gel formation with 1. Van der Waals
or London dispersion forces are ubiquitous, and these were
proposed to be the stimuli for gelation with alkane gelators
that contain neither hydrogen-bonding nor p–p interacting
motifs.[29] Any complex cations should experience electro-
static interactions when they are placed in a gel. As gelator
1 is a dicationic platinum(II) complex, electrostatic interac-
tions between the platinum(II) cations and the PF6


� anions
must exist extensively in the gel state of 1. Therefore, there
are two noncovalent interactions, PtII···PtII and p–p interac-
tions, that could be specifically considered to provide the
driving force for the self-assembly of 1 in the gel phase.


A number of spectroscopic and crystallographic results
support the occurrence of PtII···PtII and p–p interactions in
platinum(II) complexes.[16,17,20] Notably, the 3MMLCT emis-
sion from the red form of the [(tpy)PtCl] ACHTUNGTRENNUNG(ClO4) salt, which
contains relatively short PtII···PtII contacts of 3.27 E in the
solid state, occurs at 725 nm. In contrast, the excimeric intra-
ligand emission from the orange form of [(tpy)PtCl] ACHTUNGTRENNUNG(PF6)
occurs at 640 nm.[16e] Spectroscopic “signatures” for PtII···PtII


interactions in cyclometalated and terpyridyl PtII complexes
include a distinct absorption band at >500 nm and/or a low-
energy emission at >650 nm. If PtII···PtII interactions exist
between the [(tBu3tpy)PtC�C] moieties in the gel state of
1, there should be significant red shifts in both the absorp-
tion and emission energies from those of 1 in solutions. Thus
the PtII···PtII interactions are not evident, judging from the
emission profile (lmax=563 nm) of 1 in the gel state. This is
consistent with the bulk of the tris(tert-butyl) groups, which
prevents the close contact of neighboring [(tBu3tpy)PtC�
C]+ cations. Indeed, we found no evidence for 3MMLCT
emission from gelator 1 in solution or in the crystalline solid
state.


Figure 9. a) Estimated molecular size of 1. b) Proposed layered molecular
networks of 1 in the dry gel viewed along the [001] direction. c) Perspec-
tive view of the proposed layered molecular networks of 1 in the dry gel.
The alternating layers are drawn in different colors and the counter ions
are not shown.
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With reference to previous works,[16,17, 20] the “tailing-off”
of the red-shifted absorption in the 400—500-nm range for
gelator 1 (3.5 wt% in acetonitrile) could be explained by mi-
croenvironmental effects (such as solvent polarity and
medium rigidity) and/or intermolecular aggregations. There
are two major intermolecular interactions, namely ligand–
ligand (p–p) and metal–metal (PtII···PtII) interactions, that
may be responsible for the aggregation of [(tpy)PtII] chro-
mophores in the solid state. However, the red shift in low-
energy absorption maximum from 421 nm for a dilute solu-
tion in acetonitrile to 461 nm for a gel of 1 (together with
the emission data, as discussed above) is not significant
enough to support an unambiguous assignment of a [5d-
ACHTUNGTRENNUNG(Pt···Pt)!p* ACHTUNGTRENNUNG(ligand)] metal–metal-to-ligand charge-transfer
(MMLCT) transition.


From the variable-temperature 1H NMR spectra of 1 and
5, it is evident that the [(tBu3tpy)PtC�C] moieties within
molecules of 1 or 5 progressively associate with each other
through intermolecular p–p interactions with decreasing
temperature. Stacked p–p structures are commonly found in
the crystal structures of [(tpy)PtII] complexes.[16,17,20] Inter-
molecular p–p interactions can be identified in the X-ray
crystal structure of 5, in which two planar cations of 5 stack
into a dimeric structure with the [(tBu3tpy)PtC�C] moieties
oriented in a head-to-tail fashion with an interplanar dis-
tance of �3.5 E, which is a typical value for p–p interac-
tions in square-planar platinum(II) complexes.[21b]


Structural considerations for organoplatinum(II) gelators


A number of platinum(II) complexes, 2—8, were studied in
order to probe structural requirements for gelators. The
bridging OXD ligand, the cationic nature, and the tris(tert-
butyl) group, may synergistically and subtly balance the mo-
lecular packing, solubility, and gelator–solvent interactions
in gels formed by 1. The angular OXD linker confers a bent
shape on molecules of 1 and allows them to be packed into
a compact superstructure in which the neighboring
[(tBu3tpy)PtC�C] moieties are associated and the OXD
moieties are oriented opposite to one another (Figure 9).
The bulky tris(tert-butyl) groups play a crucial role in bal-
ancing the solubility and gel-formation properties of 1 in or-
ganic solvents. Complex 2 has no substituents on the terpyr-
idyl ligands and is poorly soluble in DMF and DMSO. How-
ever, fibrillar nanostructures were found in the SEM image
of the DMF/Et2O dispersion of this complex. Long aliphatic
chains do not appear to be necessary for [(tBu3tpy)PtC�C]
complexes that contain an angular OXD ligand to act as ge-
lators for organic solvents.


Conclusion


A dicationic platinum(II) complex that contains no conven-
tional gel-forming motifs was found to behave as a phos-
phorescent organogelator. A number of structurally related
PtII complexes were prepared to probe the structural and


electronic factors that affect the gel-formation properties of
1. We envisage that transition-metal complexes with related
structures may provide exciting new opportunities for the
future molecular design of low-molecular-mass gelators. Our
findings not only add to our general understanding of organ-
ometallic supramolecular chemistry, but also suggest addi-
tional uses and applications for organoplatinum(II) com-
plexes, such as in sol-gel polymerization or in the fabrication
of soft materials for sensory applications.


Experimental Section


General Procedures


All starting materials were purchased from commercial sources and used
as received unless stated otherwise. The solvents used for synthesis were
of analytical grade. [(tBu3tpy)PtCl]ClO4, [(tBu3tpy)PtCl]PF6,


[20] [(tpy)Pt-
Cl]OTf,[17a] [(C^N^N)PtCl],[17c] and 2,5-diaryl-[1,3,4]oxadiazole deriva-
tives[18,19] were synthesized by literature methods. (Caution! Perchlorate
salts are potentially explosive and should be handled with care and in
small amounts.) For the preparation of the gel samples, the solvents were
of both analytical and HPLC grade. Complex 1 was placed in a screw-
cap vial, and the solvent (or solvent mixture) was added by autopipette
exposed to air. Solutions of 1 were obtained by heating these mixtures in
a water bath (50–60 8C). Afterwards, the samples were cooled to room
temperature for the determination of the Tgel values. Samples for SEM
were prepared by immersing a copper grid into the gel and allowing it to
dry in air overnight. All the samples for SEM were sputtered with gold
thin film (20 second, <2 nm thickness). For the determination of Tgel, the
gel of 1 was prepared in a screw-cap vial. The vial was wrapped with
water-proof film, and then placed inverted into a water bath. As soon as
the gel started to float down the surface of container, the corresponding
temperature was denoted as Tgel. A small portion of gel 1 (7 wt% in ace-
tonitrile) was taken out and sanwiched between two glass plates for ex-
amination under the polarizing optical microscope.


Physical Measurements and Instrumentation


1H NMR (500 MHz) and 13C NMR (126 MHz) spectra were recorded on
a DPX 500 Brucker FT-NMR spectrometer; the chemical shifts (in ppm)
are reported relative to nondeuterated solvent residual as reference. Posi-
tive-ion-mode FAB mass spectra and EI mass spectra were recorded on a
Finnigan Mat 95 mass spectrometer. Positive-ion-mode ESI mass spectra
were recorded on a Finnigan LCQ mass spectrometer. Elemental analy-
ses of the new complexes were performed at the Institute of Chemistry
at the Chinese Academy of Sciences, Beijing. UV/Vis absorption spectra
were recorded on a Hewlett–Packard 8452A diode array spectrophotom-
eter or on a Perkin-Lambda 19 UV/Vis spectrophotometer. The SEM
images were taken on a LEO 1530 scanning electron microscope operat-
ing at 5.0 kV. The polarizing optical images were taken on a Olympus
BX51 microscope.


Emission and Lifetime Measurements


Steady-state excitation and emission spectra were obtained on a SPEX
Fluorolog-3 spectrophotometer. All solutions for photophysical studies
were degassed by using a high-vacuum line in a two-compartment cell
consisting of a 10-mL pyrex bulb and a 1-cm-pathlength quartz cuvette
sealed from the atmosphere by a Bibby Rotaflo HP6 Telfon stopper. The
solutions used for emission measurements were subjected to no less than
four freeze-pump-thaw cycles. For low-temperature (77 K) emission spec-
tra, the nPrCN glassy solutions and solid-state samples were loaded in 5-
mm-diameter quartz tubes that were immersed into a liquid-nitrogen
Dewar flask equipped with quartz windows. 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 (pulse output
355 nm, 8 ns). Errors for l values (+1 nm), t (+10%), and f (+10%)
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are estimated. Luminescence quantum yields were measured relative to a
degassed acetonitrile solution of [RuACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG(PF6)2 as a standard reference
(Fr=0.062).


Powder X-ray Diffraction and Small-Angle X-ray Scattering
Measurements


Overnight powder X-ray diffraction data acquisition was conducted at a
scan speed of 10 seconds per step (step size=0.028) on a Bruker D8 X-
ray powder diffractometer with CuKa radiation (l=1.5418 E). Small-
angle X-ray scattering data was acquired on a Bruker NANOSTAR U
system with a ceramic sealed X-ray tube (CuKa l=1.5418 E rated at
1.2 kW). The divergent X-ray was prealigned with two multilayer Gçbel
mirrors oriented in the horizontal and vertical directions. The incident X-
ray beam (0.6F0.6 mm2) was collimated by using three pin-holes, and the
solid sample was mounted on adhesive tape (Scotch 3M). Positioning of
the sample holder was driven by a computer-controlled XY-gonoimeter.
Data collection was carried out in a sealed sample chamber under a dy-
namic vacuum of 2F10�3 mbar. The scattering signal was measured by a
two-dimensional detector (HI-STAR). The sample-to-detector distance
(1050 mm) was precalibrated with the d value of the first-order diffrac-
tion ring (2q=1.5148, d=58.354 E) of a standard silver behenate
(C21H43CO2Ag). The raw scattering data was corrected for the intensity
variations due to spatial aberrations and uniformity of the 2D detector.
The peak maxima of the scattered signal were automatically determined
by radial integration along the c direction (2q=1.0–3.08, c angle range=


0–3558) of the scattering pattern. The results were plotted as normalized
intensity versus scattering angle (I vs. 2q) by using the SAXS NT
(Bruker AXS) program.


Syntheses and Characterization


1: The bridging OXD ligand (0.10 mmol) was added to a solution of
[(tBu3tpy)PtCl]PF6


[14] (0.146 g, 0.20 mmol), CuI (0.01 g, 0.05 mmol), and
diisopropylamine (1 mL) in dichloromethane (20 mL). The resultant solu-
tion mixture was stirred at room temperature under a nitrogen atmos-
phere for 12 h. The mixture was evaporated to dryness, dissolved in di-
chloromethane, and loaded onto an alumina (neutral) column. The prod-
uct (yellow band, Rf=0.38) was eluted with CH2Cl2/MeCN (4:1 v/v) and
upon evaporation to give [(tBu3tpy)Pt ACHTUNGTRENNUNG(oxd)Pt ACHTUNGTRENNUNG(tBu3tpy)] ACHTUNGTRENNUNG(PF6)2 (1) as an
orange solid (100 mg, 60%). 1H NMR (500 MHz, CD3CN, 25 8C, TMS):
d=1.47 (s, 18H; tBu), 1.54 (s, 36H; tBu), 7.69 (d, 4H, 3JHH=8.4 Hz; a/b-
H), 7.76 (dd, 4H, 3JHH=6.0 Hz, 4JHH=2.0 Hz; 5-H), 8.13 (d, 4H, 3JHH=


8.4 Hz; a/b-H), 8.32 (d, 4H, 4JHH=1.7 Hz; 3-H), 8.35 (s, 4H; 3’-H),
9.11 ppm (d, 4H, 3JHH=6.0 Hz; 6-H); 13C{1H} NMR (126 MHz, CD3CN,
25 8C, TMS): d=30.3, 30.6, 37.1, 38.1, 104.3 (PtC�C), 104.5 (PtC�C),
122.3, 122.6, 124.3, 126.9, 127.6, 131.6, 133.5 (aryl C), 154.9, 155.1, 159.7,
165.3, 168.0, 168.7 ppm; IR (nujol): ~n =2113 cm�1 (m, C�C); MS (FAB,
+ve, NBA matrix): m/z : 1561 [1�ClO4]


+ , 730 [1�2ClO4]
2+ ; elemental


analysis: calcd (%) for C72H78N8OClP2F12Pt2: C 49.37, H 4.49, N 6.40;
found: C 49.81, H 4.21, N 6.70.


2 : The preparation was similar to that for 1 except that [(tpy)PtCl]OTf
was used instead of [(tBu3tpy)PtCl]ClO4. The mixture was stirred for
12 h, evaporated to dryness, washed with acetonitrile, and dried under
vacuum to give a brown shiny solid [(tpy)Pt ACHTUNGTRENNUNG(oxd)Pt ACHTUNGTRENNUNG(tpy)] ACHTUNGTRENNUNG(OTf)2 (2)
(80 mg, 80%). 1H NMR (500 MHz, [D6]DMSO, 25 8C, TMS): d=7.76 (d,
4H, 3JHH=8.4 Hz; a/b-H), 7.96 (t, 4H, 3JHH=6.7 Hz; 5-H), 8.13 (d, 4H,
3JHH=8.3 Hz; a/b-H), 8.53 (t, 4H, 3JHH=7.8 Hz; 4-H), 8.59–8.62 (m, 2H,
3JHH=8.4 Hz; 4’-H), 8.67 (t, 8H, 3JHH=8.4 Hz; 3-H), 9.22 ppm (d, 4H,
3JHH=4.6 Hz; H6);


13C{1H} NMR (126 MHz, [D6]DMSO, 25 8C, TMS):
d=103.4 (PtC�C), 104.1 (PtC�C), 120.9, 124.2, 125.9, 126.6, 129.8,
130.3, 132.6, 142.3, 153.9, 154.4, 158.6, 163.9, 173.3 ppm; IR (nujol): ~n=


2118 cm�1 (m, C�C); MS (FAB, +ve NBA matrix): m/z : 1125
[2�2OTf�H]+ ; elemental analysis: calcd (%) for C50H30N8O7Pt2F6S2: C
42.20, H 2.12, N 7.87; found: C 42.03, H 2.52, N 7.70.


3 : The preparation was similar to that for 1 except that 1,3-diethynylben-
zene was used instead of the OXD ligand. The mixture was stirred for
12 h, evaporated to dryness, dissolved in dichloromethane, and loaded
onto an alumina (neutral) column. The orange band was eluted with
CH2Cl2, and evaporation of the solvent gave [(tBu3tpy)PtC�C(1,3-phen-


ACHTUNGTRENNUNGylene)C�CPt ACHTUNGTRENNUNG(tBu3tpy)] ACHTUNGTRENNUNG(ClO4)2 (3) as an orange solid (103 mg, 68%).
1H NMR (500 MHz, CD3CN, 25 8C, TMS): d=1.40 (s, 36H; tBu), 1.49 (s,
18H; tBu), 7.26–7.30 (m, 3H; C6H4), 7.61 (dd, 4H, 3JHH=2.0; 6.0 Hz; 5-
H), 7.84, (s, 1H; C6H4), 8.20 (d, 4H, 3JHH=2.0 Hz; 3-H), 8.25 (s, 4H; 3’-
H), 9.04 ppm (d, 4H, 3JHH=6.0 Hz; 6-H); 13C{1H} NMR (126 MHz,
CD3CN, 25 8C, TMS): d=30.3, 30.7, 37.1, 38.1, 100.4 (PtC�C), 104.7
(PtC�C), 122.2, 124.1, 126.8, 128.2, 129.4, 130.8, 136.5, 155.0, 155.1,
159.6, 167.7, 168.5 ppm; IR (nujol): ~n =2113 cm�1 (w, C�C); MS (ESI):
m/z ; 1417 [3�ClO4]


+ , 659 [1/2 ACHTUNGTRENNUNG(3�2ClO4)]
+ ; elemental analysis: calcd


(%) for C69H88N6O8Cl2Pt2·H2O: C 51.52, H 5.64, N 5.22; found: C 51.21,
H 5.91, N 5.10.


4 : The preparation was similar to that for 1 except that 4,4’-diethynylbi-
phenyl was used instead of the OXD ligand. The mixture was stirred for
12 h, evaporated to dryness, dissolved in dichloromethane, and loaded
onto an alumina (neutral) column. The orange band was eluted with
CH2Cl2, and evaporation of the solvent gave [(tBu3tpy)PtC�C(4,4’-bi-
phenylene)C�CPtACHTUNGTRENNUNG(tBu3tpy)] ACHTUNGTRENNUNG(ClO4)2 (4) as an orange solid (95 mg, 60%).
1H NMR (500 MHz, [D6]DMSO, 25 8C, TMS): d=1.45 (s, 36H; tBu), 1.53
(s, 18H; tBu), 7.58 (d, 4H, 3JHH=8.4 Hz; C6H4), 7.70 (d, 4H, 3JHH=


8.3 Hz; C6H4), 7.92 (dd, 4H, 3JHH=6.1 Hz, 4JHH=1.9 Hz; 5-H), 8.71 (d,
4H, 4JHH=1.7 Hz; 3-H), 8.72 (s, 4H; 3’-H), 9.06 ppm (d, 2H, 3JHH=


6.0 Hz; 6-H); 13C{1H} NMR (126 MHz, [D6]DMSO, 25 8C, TMS): d =29.8,
30.3, 36.2, 37.2, 101.0 (PtC�C), 103.3 (PtC�C), 121.5, 123.6, 125.9,
126.0, 126.2, 132.2, 137.3, 153.7, 158.5, 166.4, 167.0 ppm; IR (nujol): ~n=


2116 cm�1 (w, C�C); MS (FAB, +ve NBA matrix): m/z : 1494
[4�ClO4]


+ , 1393 [4�2ClO4�H]+ ; elemental analysis: calcd (%) for
C75H92N6O8Cl2Pt2·H2O: C 53.47, H 5.62, N 4.99; found: C 53.08, H 5.57,
N 4.98.


5 : 2-(4-Decyloxyphenyl)-5-(4-ethynylphenyl)-[1,3,4]oxadiazole
(0.1 mmol) was added to a yellow solution of [(tBu3tpy)PtCl]PF6 (76 mg,
0.10 mmol), CuI (0.01 g, 0.05 mmol), and diisopropylamine (1 mL) in di-
chloromethane (10 mL). The resultant solution mixture was stirred at
room temperature under inert atmosphere for 12 h. The mixture was
evaporated to dryness, dissolved in dichloromethane, and loaded onto an
alumina (neutral) column. The orange band was eluted with CH2Cl2, and
a yellow band (Rf=0.14) was isolated. Yellow needles of [(tBu3tpy)PtC�
CC6H4-C2N2O-C6H4-OC10H21] ACHTUNGTRENNUNG(PF6) (5) were obtained by vapor diffusion
of diethyl ether into a solution in acetonitrile (40 mg, 55%). 1H NMR
(500 MHz, CD3CN, 25 8C, TMS): d =0.88 (t, 3H, 3JHH=7.0 Hz;
OCH2CH2C7H14CH3), 1.26–1.37 (m, 14H; OCH2CH2C7H14CH3), 1.46 (s,
18H; tBu), 1.54 (s, 9H; tBu), 1.77–1.89 (m, 2H; OCH2CH2C7H14CH3),
4.05 (t, 2H; 3JHH=6.6 Hz, OCH2CH2C7H14CH3), 7.04 (d, 2H, 3JHH=


8.9 Hz; c/d-H), 7.65 (d, 2H, 3JHH=8.5 Hz; a/b-H), 7.75 (dd, 2H, 3JHH=


6.0 Hz, 4JHH=2.1 Hz; 5-H), 8.02 (d, 2H, 3JHH=8.9 Hz; c/d-H), 8.08 (d,
2H, 3JHH=8.5 Hz; a/b-H), 8.30 (d, 2H, 4JHH=2.0 Hz; 3-H), 8.34 (s, 2H;
3’-H), 9.07 ppm (d with broad 195Pt satellites, 2H, 3JHH=6.1 Hz; 6-H);
13C {1H} NMR (126 MHz, CD3CN, 25 8C, TMS): d=14.4, 26.6, 29.8, 30.0,
30.3,30.6, 32.6, 37.1, 38.1, 69.3, 104.0 (PtC�C), 104.2 (PtC�C), 116.1,
117.2,122.4, 122.8, 124.3, 126.9, 127.5, 129.5, 131.4, 133.4, 155.0, 155.1,
159.8, 163.0, 164.9, 165.4, 168.0, 168.6 ppm; IR (nujol): ~n=2118 cm�1 (w,
C�C); MS (FAB, +ve NBA matrix): m/z : 999 [5�PF6]


+; elemental
analysis: calcd (%) for C53H64N5O2PF6Pt: C 55.69, H 5.64, N 6.13; found:
C 55.72, H 6.09, N 5.35.


6 : 2-(4-Methylphenyl)-5-(4-ethynylphenyl)-[1,3,4]oxadiazole (0.1 mmol)
was added to a yellow solution of [(tBu3tpy)PtCl]ClO4 (73 mg,
0.10 mmol), CuI (0.01 g, 0.05 mmol), and diisopropylamine (1 mL) in di-
chloromethane (10 mL). The resultant solution mixture was stirred at
room temperature under an inert atmosphere for 12 h. The mixture was
evaporated to dryness, dissolved in dichloromethane, and loaded onto an
alumina (neutral) column. The orange band was eluted with CH2Cl2/
MeCN (15:1 v/v), and a yellow band (Rf=0.20) was isolated.
[(tBu3tpy)PtC�CC6H4-C2N2O-C6H4-CH3] ACHTUNGTRENNUNG(ClO4) (6) was obtained as an
orange solid (37 mg, 50%). 1H NMR (500 MHz, CD3CN, 25 8C): d=1.47
(s, 18H; tBu), 1.54 (s, 9H; tBu), 2.41 (s, 3H; CH3), 7.33 (d, 2H, 3JHH=


7.9 Hz; OXD), 7.63 (d, 2H, 3JHH=8.5 Hz; OXD), 7.75 (dd, 2H, 3JHH=


6.0 Hz, 4JHH=2.1 Hz; 5-H), 7.96 (d, 2H, 3JHH=8.2 Hz; OXD), 8.08 (d,
2H, 3JHH=8.5 Hz; OXD), 8.30 (d, 2H, 4JHH=1.9 Hz; H3), 8.33 (s, 2H; 3’-
H), 9.05 ppm (d with broad 195Pt satellites, 2H, 3JHH=6.0 Hz; 6-H);
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13C{1H} NMR (126 MHz, CD3CN, 25 8C): d=21.7, 30.3, 30.6 , 37.1; 38.1,
104.1 (PtC�C), 104.2 (PtC�C), 122.3, 122.4, 122.7, 124.2, 126.9, 127.5,
127.6, 130.8, 131.5, 133.4, 143.5, 154.9, 155.1, 159.7, 165.2, 165.5, 168.0,
168.6 ppm; IR (nujol): ~n=2118 cm�1 (w, C�C); MS (FAB, +ve NBA
matrix): m/z : 855 [6�ClO4]


+; elemental analysis: calcd (%) for
C44H46N5O5ClPt·H2O: C 54.29, H,4.97, N 7.19; found: C 53.68, H 4.94, N
7.25.


7: The preparation was similar to that for 5 except that 2-(4-dimethylami-
nophenyl)-5-(4-ethynylphenyl)-[1,3,4]oxadiazole was used instead of 2-(4-
methylphenyl)-5-(4-ethynylphenyl)-[1,3,4]oxadiazole. The mixture was
stirred for 12 h, evaporated to dryness, dissolved in dichloromethane, and
loaded onto an alumina (neutral) column. The orange band was eluted
with CH2Cl2 (Rf=0.20), and upon evaporation gave [(tBu3tpy)PtC�
CC6H4-C2N2O-C6H4-N ACHTUNGTRENNUNG(CH3)2] ACHTUNGTRENNUNG(PF6) as an orange solid (88 mg, 86%).
1H NMR (500 MHz, CD3CN/[D6]DMSO (1:1 v/v), 25 8C, TMS): d=1.46
(s, 18H; tBu), 1.55 (s, 9H; tBu), 3.04 (s, 6H; N ACHTUNGTRENNUNG(CH3)2), 6.84 (d, 2H,
3JHH=9.0 Hz; OXD), 7.67 (d, 2H, 3JHH=8.4 Hz; OXD), 7.85 (dd, 2H,
3JHH=6.0 Hz, 4JHH=2.1 Hz; 5-H), 7.92 (d, 2H, 3JHH=9.0 Hz; OXD), 8.06
(d, 2H, 3JHH=8.3 Hz; OXD), 8.64 (d, 2H, 4JHH=2.0 Hz; 3-H), 8.66 (s,
2H; 3’-H), 9.06 ppm (d, 2H, 3JHH=6.0 Hz; 6-H); 13C{1H} NMR
(126 MHz, CD3CN/[D6]DMSO (1/1 v/v), 25 8C, TMS): d=29.9, 30.4, 36.5,
37.5, 103.5 (PtC�C), 104.2 (PtC�C), 110.4, 112.1, 119.0, 121.9, 123.9,
126.2, 126.6, 128.3, 130.4, 132.7, 152.8, 154.1, 154.2, 159.0, 163.2, 165.1,
167.0, 167.7 ppm; IR (nujol): ~n=2116 cm�1 (w, C�C); MS (FAB, +ve
NBA matrix): m/z : 883 [7�PF6]


+ ; elemental analysis: calcd (%) for
C45H49N6OPtPF6·2H2O: C 50.70, H 5.01, N 7.88; found: C 50.53, H 4.65,
N 7.64.


8 : 2-(4-Methylphenyl)-5-(4-ethynylphenyl)-[1,3,4]oxadiazole (0.12 mmol)
was added to a yellow solution of [(C^N^N)PtCl] (57 mg, 0.12 mmol),
CuI (0.01 g, 0.05 mmol), and diisopropylamine (1 mL) in dichlorometh-
ACHTUNGTRENNUNGane (15 mL). The resultant solution mixture was stirred at room tempera-
ture under inert atmosphere for 12 h. The mixture was evaporated to dry-
ness, dissolved in dichloromethane, and loaded onto an alumina (neutral)
column. The orange band was eluted with CH2Cl2/n-hexane (5:1
v/v) (Rf=0.36). Orange needles of [(C^N^N)PtC�CC6H4-C2N2O-C6H4-
CH3]ACHTUNGTRENNUNG(PF6) (49 mg, 60%) were obtained by slow diffusion of diethyl ether
into a solution in dichloromethane. 1H NMR (500 MHz, [D6]DMSO,
25 8C, TMS): d=2.42 (s, 3H; CH3), 7.08 (t, 1H, 3JHH=7.4 Hz; C^N^N),
7.14 (t, 1H, 3JHH=7.3 Hz; C^N^N), 7.44 (d, 2H, 3JHH=8.0 Hz; OXD),
7.59 (d, 2H, 3JHH=8.5 Hz; OXD), 7.65–7.67 (m, 1H; C^N^N), 7.75–7.77
(m, 1H; C^N^N), 7.87–7.90 (m, 1H; C^N^N), 8.03 (d, 5H, 3JHH=


8.4 Hz; OXD and C^N^N), 8.15 (t, 1H, 3JHH=8.0 Hz; C^N^N), 8.24–
8.26 (m, 1H; C^N^N), 8.36 (t, 1H, 3JHH=7.8 Hz; C^N^N), 8.52–8.54 (m,
1H; C^N^N), 9.06 ppm (d, 1H, 3JHH=4.4 Hz, C^N^N); 13C NMR
(126 MHz, [D6]DMSO, 25 8C, TMS): d=21.2, 105.2 (PtC�C), 110.4
(PtC�C), 114.9, 118.1, 119.3, 119.4, 120.7, 123.8, 124.2, 125.1, 126.5,
126.6, 128.8, 130.0, 130.8, 131.9; 132.5, 140.3, 140.4, 142.1, 147.2, 154.4,
157.5, 163.8, 163.9, 164.1 ppm; IR (nujol): ~n=2089 cm�1 (m, C�C); MS
(FAB, +ve NBA matrix): m/z : 687 [8 + H]+ ; elemental analysis: calcd
(%) for C33H22N4OPt·H2O: C 56.33, H 3.44, N 7.96; found: C 56.26, H
3.38, N 7.65.


X-ray Crystallography


Crystals of 5·2MeCN and 8 were obtained by slow diffusion of diethyl
ether into a solution of 5 in acetonitrile and a solution of 8 in dichloro-
methane, respectively. A yellow crystal of 5·2MeCN of dimensions
0.6 mm F 0.25 mm F 0.15 mm with mother liquor and an orange crystal
of 8 of dimensions of 0.5 mm F 0.25 mm F 0.15 mm were mounted on
glass capillaries for data collection at �20 8C on a MAR diffractometer
with a 300-mm image plate detector by using graphite monochromated
MoKa radiation (l=0.71073 E). The images were interpreted and intensi-
ties integrated by using the program DENZO.[30] The structures were
solved by direct methods employing the SIR-97 program[31] on PC. Pt,
and many non-hydrogen atoms were located according to direct methods
and successive least-square Fourier cycles. The positions of other non-hy-
drogen atoms were found after successful refinement by full-matrix least-
squares by using the program SHELXL-97[32] on PC. The positions of hy-
drogen atoms were calculated based on the riding mode with thermal pa-


rameters equal to 1.2 times that of the associated C atoms, and included
in the calculation of final R indices. For 5·2MeCN, one crystallographic
asymmetric unit consists of one formula unit, including two anions and
two acetonitrile molecules, whereas for 8, there was one crystallographic
asymmetric unit consisting of one formula unit. In the final stage of least-
squares refinement, non-hydrogen atoms of acetonitrile and F atoms
were refined isotropically and other non-hydrogen atoms were refined
anisotropically for 5·2MeCN, whereas in the case of 8, all non-hydrogen
atoms were refined anisotropically. Hydrogen atoms of 5·2MeCN (except
those on the acetonitrile molecules) and all non-hydrogen atoms of 8
were generated by the program SHELXL-97.[32] See Supporting Informa-
tion for crystal data, details of collection, and refinement. CCDC 609768
and 609769 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Configurationally Labile Lithiated O-Benzyl Carbamates: Application in
Asymmetric Synthesis and Quantum Chemical Investigations on the


Equilibrium of Diastereomers
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Introduction


Chiral benzylic, a-heterosubstituted carbanions are of great
interest because of both their usefulness in enantioselective
synthesis and their challenging behavior with regard to their
configurational stability.[1]


Chiral secondary benzyl alkali-metal derivatives 1 race-
mize in solution with great ease, most probably via a planar
transition state 2 (Scheme 1); therefore, the chiral informa-
tion introduced during their generation is lost, and the final
substitution product is formed with poor or even no enantio-
selectivity.[2–4] Lithiated secondary O-benzyl N,N-diisopro-


pylcarbamate (S)-6 (Scheme 2), which belongs to the small
group of benzyllithium compounds that exhibit configura-
tional stability in solution at low temperatures, turned out to
be a versatile intermediate in the enantioselective synthesis
of highly enantioenriched chiral tertiary benzylalcohol deriv-
atives.[5,6] Nevertheless, different groups also gained success
in the use of configurationally labile benzyllithium com-
pounds (7–10 ; Scheme 3) as intermediates in enantioselec-
tive synthesis by employing different classes of chiral ligands
and by using different enantiodetermining steps.[9–12] Bis(ox-
azoline) ligands such as 12, in particular, were successfully
employed by Nakai[10] and Toru[12] and their co-workers in
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Scheme 1. Possible racemization mechanism of metallated benzylic
ACHTUNGTRENNUNGcarbanions 1.


Abstract: The title compounds were
generated by deprotonation of differ-
ent benzyl-type carbamates with sec-
butyllithium in the presence of chiral
diamines (�)-sparteine or diisopropyl
and di-tert-butyl bis(oxazoline)s. These
lithiated species exhibit configurational
lability at �78 8C. In the case of the
chiral di-tert-butyl bis(oxazoline), the
equilibrium of the epimeric complexes
can be used synthetically to obtain
highly enantioenriched secondary
benzyl carbamates. The enantiodeter-


mining step was proven to be a dynam-
ic thermodynamic resolution. The ab-
solute configurations of the products
were determined, and the stereochemi-
cal pathways of selected substitution
reactions were thus elucidated. High-
level quantum chemical investigations


were performed to gain insight into the
experimentally investigated system. To
obtain an accuracy for the energy dif-
ference (DDH) between two epimeric
complexes of about 0.5 kcalmol�1 as
well as the correct sign, a theoretical
procedure was established. It included
geometry optimization at the disper-
sion-corrected DFT level, computation
of zero-point vibrational energies, and
single-point SCS-MP2 energy calcula-
tions with large atomic-orbital basis
sets.


Keywords: asymmetric synthesis ·
bis(oxazoline) ligands · lithium ·
quantum chemical calculations ·
stereochemistry
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asymmetric substitutions of benzyl ethers and aryl benzyl
sulfides, respectively. Lithiated benzyl carbamates such as 14
(see scheme in Table 1),[13] although configurationally stable
in the Hoffmann test,[14] have not been employed in the syn-
thesis of highly enantioenriched secondary benzyl alco-
ACHTUNGTRENNUNGhols.[1a]


Herein we report our initial results with epimeric com-
plexes of lithiated secondary benzyl carbamates 14 as inter-
mediates in the synthesis of highly enantioenriched a-substi-
tuted benzyl alcohols. We present the elucidation of the
enantiodetermining step and the stereochemical pathway of
important substitution reactions. High-level quantum chemi-
cal methods allow insight into the energetic situation of the
intermediate epimeric complexes.


Results and Discussion


Benzyl carbamate 13 was deprotonated and subsequently
stannylated with tributyltin chloride as electrophile under
different conditions (Table 1). The configurational lability of
the lithiated species was thereby revealed (Table 1, entries 1
and 2): Whereas stannane (+)-(R)-15[15] was formed with
32% ee after the lithiated species was stirred for 3 h at
�78 8C, (+)-(R)-15, which was significantly more enantioen-
riched, was obtained when we stirred the lithiated species
for 3 h at �94 8C. We then applied chiral bis(oxazoline)
12a[16] as the chiral ligand and obtained stannane (�)-(S)-15
with high enantiomeric excess (90% ee). Changing the
ligand once more to sterically more demanding bis(oxazo-
line) 12b finally yielded (�)-(S)-15 with an excellent 98%
ee (Table 1, entry 4). Control experiments revealed and
proved the enantiodetermining step: We first trapped the
epimeric (�)-sparteine complex 14·11 with trimethylsilyl
chloride at �78 8C and isolated the silane (�)-(R)-16 with a
moderate 27% ee (Table 1, entry 5).[17] An in situ trapping
experiment with (�)-sparteine as diamine yielded (�)-(R)-
16 with a significantly higher enantiomeric excess (54% ee ;
Table 1, entry 6) than those obtained in the preceding ex-
periments. This indicates that the diastereomer ratio result-
ing from enantiotopic differentiation by (�)-sparteine must
be better than that of 14·11 after stirring, which means that
the complexes equilibrated as expected.
We then performed essentially the same experiments with


bis(oxazoline) 12b as the chiral ligand (Table 1, entries 7
and 8). As the in situ experiment indicates, enantiotopic dif-
ferentiation by the chiral bis(oxazoline) 12b in the deproto-
nation step is poor; it yielded silane (�)-(S)-16 with only
9% ee. With prolonged reaction times (Table 1, entry 7), the
epimeric complex-ion pairs equilibrated, thereby forming
one diastereomer essentially exclusively, which was trapped
with electrophiles to yield highly enantioenriched substitu-
tion products. Therefore, enantioselectivity most probably
originates from a dynamic thermodynamic resolution[9] after
the deprotonation step.[18]


Final proof was obtained by deprotonating deuterated
benzyl carbamate rac-[D]13 ([D]>95%) in the presence of


Abstract in German: Prochirale Benzylcarbamate werden
mittels sec-Butyllithium in der Gegenwart eines chiralen Di-
amins ((�)-Spartein oder Bisoxazoline) deprotoniert. Die
resultierenden lithiierten Spezies sind bei �78 8C konfigura-
tiv labil. Im Falle des chiralen di-tert-Butyl-Bisoxazolin-Li-
ganden setzen sich die epimeren Komplexe in ein Gleichge-
wicht, in dem ein Lithiumkomplex im großen Mberschuss
vorliegt (dynamisch-thermodynamische Resolution). Umset-
zungen mit verschiedenen Elektrophilen liefern hoch enan-
tiomerenangereicherte sekund:re Benzylcarbamate. Der
stereochemische Verlauf der Substitutionen wird anhand der
Absolutkonfiguration der Produkte aufgekl:rt. Zudem
werden die experimentell untersuchten Epimerengleichge-
wichte mit quantenchemischen Methoden erfasst. Um bei
der Bestimmung der Energiedifferenz DDH zwischen zwei
epimeren Komplexen eine Genauigkeit von ungef:hr
0.5 kcalmol�1 und ein korrektes Vorzeichen zu erhalten,
wurde eine theo ACHTUNGTRENNUNGretische Vorgehensweise entwickelt. Diese
beinhaltet Geometrieoptimierungen auf Dispersions-korri-
giertem DFT-Level, Berechnung der Nullpunktschwingungs-
ACHTUNGTRENNUNGenergien und SCS-MP2-Energie Einzelpunktberechnungen
unter Verwendung großer AO-Basiss:tze.


Scheme 2. Configurationally stable benzyl lithium complexes (R)-3,[7]


(R)-4,[8] 5,[8] and (S)-6.[5]


Scheme 3. Successfully employed configurationally labile benzyl lithium
complexes 7–9[11] and 10.[12] Chiral diamine ligands used: (�)-sparteine
(11), diisopropyl bis(oxazoline) 12a, and di-tert-butyl bis(oxazoline) 12b.


Chem. Asian J. 2008, 3, 78 – 87 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 79







chiral bis(oxazoline) 12b under the previously used condi-
tions (Scheme 4 and Table 1, entry 9). a-Deuterated a-stan-
nylated carbamate (�)-(S)-[D]15 was obtained in high yield
with 92% ee and was deuterated to >95%. These results in-
dicate that the proton in rac-[D]13 is removed with high
preference to lead to a 1:1 mixture of lithium complexes
[D]14·12b and epi-[D]14·12b. The reasons for this are a
large kinetic H/D isotope effect[19,20] and low enantiotopic
discrimination in the kinetically controlled deprotonation
step. An efficient equilibration of the epimeric carbanionic
species [D]14·12b and epi-[D]14·12b has to take place to
yield highly enantioenriched stannane (�)-(S)-[D]15.
A possible kinetic resolution of the epimeric complexes


by the electrophiles used can be excluded. The reaction of
the bis(oxazoline) lithium complexes 14·12b with methyl
iodide and carbon dioxide—two electrophiles with com-
pletely different characteristics—yielded methyl-substituted
benzyl carbamate 17 and ester 18, respectively, in high
yields and enantiomeric excesses (Table 1, entries 10 and
11). These results are comparable to those obtained with tri-
methylsilyl chloride and tributyltin chloride.


Determination of the Absolute
Configuration and Elucidation
of the Stereochemical Pathway


The absolute stereochemistry of
the stereogenic carbon atom in
the favored complex was de-
duced from silylation experi-
ments. Silylation is expected to
proceed with inversion of con-
figuration here; this can be con-
cluded from silylation experi-
ments that employ similar sub-
strates.[5] Therefore, on the
basis of silane (�)-(S)-16,
whose absolute configuration
was deduced by comparison of
the optical rotation of the cor-
responding alcohol with litera-
ture values,[17] the stereogenic
carbon atom of the favored epi-
meric complex was assigned to
be RC-configured. The assign-
ment of the absolute configura-
tion of the stereogenic benzylic
carbon atom of the favored
complexes 14·12b was also un-
derlined by the findings with
regard to the stereochemical
courses of the methylation and
carboxylation: The determina-
tion of the absolute configura-
tion of the substitution products
(�)-(S)-17 and (�)-(R)-18 was


Table 1. General deprotonation–substitution sequence and results obtained for different conditions with car-
bamate 13.[a]


Entry Substrate Diamine T
[8C]


Config.
of 14


ElX
(product)


Yield
[%]


e.r.[b] Config. of
product[c]


1 13 11 �78 SC Bu3SnCl
(15)


91 66:34 R


2 13 11 �94 SC Bu3SnCl
(15)


87 72:28 R


3 13 12a �78 RC Bu3SnCl
(15)


88 5:95 S


4 13 12b �78 RC Bu3SnCl
(15)


88 1:99 S


5 13 11 �78 SC Me3SiCl
(16)


87 64:36[d] R


6 13 11 �78 SC Me3SiCl
(16)
in situ


51 77:23[d] R


7 13 12b �78 RC Me3SiCl
(16)
in situ


50 45.5:54.5[d] S


8 13 12b �78 RC Me3SiCl
(16)


98 >1:99[d] S


9[e] 12b �78 RC
Bu3SnCl
([D]15)


87
([D]>95%)


4:96 S


10 13 12b �78 RC MeI (17) 98 98:2 S
11[f] 13 12b �78 RC CO2 (18) 99 2.5:97.5 R


[a] Reaction conditions: a) Diamine, sBuLi, �78 8C, 2.5 h, toluene; b) electrophile (ElX), �78 8C, 2 h. [b] En-
antiomer ratio (e.r.) determined by HPLC on chiral phase; see Experimental Section for details. [c] All the
electrophiles used so far reacted under inversion of configuration. [d] Determined by GC on chiral phase; see
Experimental Section for details. [e] Grade of deuteration determined by 1H NMR spectroscopy. [f] The corre-
sponding acid was converted into the methyl ester with diazomethane before the enantiomeric excess was de-
termined.


Scheme 4. Stannylation of carbamate rac-[D]13. a) 12b, sBuLi, �78 8C,
toluene; b) 2.5 h, �78 8C; c) Bu3SnCl, �78 8C, 2 h, 87%.
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achieved by comparing their optical rotation with those re-
ported in literature ((�)-(S)-17: ½a�20D =�5.7 (c=1.4, CHCl3),
ref. : ½a�20D =�5.5 (c=1.2, CH2Cl2), �97% ee ;[5b] (�)-(R)-18 :
½a�20D =�107.6 (c=0.99, MeOH), ref.: ½a�20D =�119.5 (c=0.74,
MeOH), �95% ee[21]). There are examples reported in the
literature that methylation at a benzylic carbanionic position
with methyl iodide proceeds with inversion of configura-
tion,[5] which again indicates an RC-configured lithium-bear-
ing carbon atom in the reaction complex 14·12b. Conse-
quently, carboxylation must proceed with inversion of con-
figuration as well.[22]


We then changed the substrate to 1-naphthylmethyl car-
bamate 19 to estimate the generality of the method. Depro-
tonation of 19 under the same conditions as for benzyl car-
bamate 13, followed by silylation with trimethylsilyl chlo-
ride, yielded silane (�)-(S)-21 in 96% yield and with 98%
ee (Scheme 5). We were able to obtain single crystals of (�)-


(S)-21 suitable for X-ray analysis with anomalous dispersion
(Figure 1). This allowed us to determine that the stereogenic
carbon atom in silane 20 is S-configured. Essentially the
same stereochemical course as for the silylation and stan-
ACHTUNGTRENNUNGnylation of 13 must be concluded for this sytem. Silylation is
expected to proceed with inversion of configuration here as


well;[5] therefore, an RC-configured stereogenic carbon atom
of the favored epimeric complex is indeed most probable.
An analogously performed stannylation reaction with carba-
mate 19 and tributyltin chloride afforded 91% of the corre-
sponding stannane (�)-(S)-22 with 99% ee, thus proving
some generality of the method.


Quantum Chemical Investigations of the Equilibrium of the
Intermediate Epimeric Complexes


These results led to the question of why the bis(oxazoline)
ligand 12b is more efficient than (�)-sparteine with regard
to its influence on the equilibration of the epimeric com-
plexes. To gain deeper insight into the system, we performed
high-level quantum chemical calculations on the epimeric
complexes 14·11, 20·11, 14·12b, and 20·12b (Figure 2).[24, 25]


A theoretical investigation of the equilibrium of the diaste-
reomers is possible here as there is a dynamic thermody-
namic resolution taking place. No precipitate formed during
the deprotonation, and though the lithiated species was
stirred, the equilibrium was not disturbed by any means.
Therefore, DDG can be derived by the equation DDG=


RTlnACHTUNGTRENNUNG(e.r.). From the experimentally determined enantiomer
ratios of �98:2 in the trapping products 15–18, a DDG value
of �1.5 kcalmol�1 between the epimeric intermediates
14·12b and epi-14·12b at �78 8C was determined (Table 2).
A slightly higher value was found for the naphthyl system.
Significantly lower values were obtained for the (�)-spar-
teine-containing complexes 14·11 and 20·11, in which only
moderate enantiomer ratios reflect DDG values of 0.26 and
0.05 kcalmol�1, respectively.
The results for DDG in the range 0–2 kcalmol�1 make


computational treatment very demanding, especially when
the size and complexity of the systems are taken into ac-
count. For meaningful results, the error of the calculation
should not exceed 0.5 kcalmol�1 for the energy difference
between the epimeric complexes. Therefore, the structures
were fully optimized at the DFT-D level (B97-D/
TZVP).[25a–c] Single-point energy computations with SCS-
MP2/TZVPP followed.[25c,d] Geometries optimized with a
density functional without dispersion correction (BP86[25e,f])
led to results for DDE that did not agree even qualitatively
with the experiments (results not shown). This important
finding emphasizes the role of intramolecular van der Waals
effects in large molecules.[26] Also, it is not sufficient to opti-
mize the structures with B97-D and to calculate the energies
with more-approximate methods than SCS-MP2, such as the
density functionals PBE[25g,h] or B3-LYP.[25i–k] DDE in this
case is also not in qualitative agreement with the experimen-
tal data (results shown in the Supporting Information). If an
accuracy of better than 0.5 kcalmol�1 is needed, relatively
small contributions such as solvent effects and the zero-
point vibrational energy (ZPVE)[28] have to be taken into
account. The experiments were carried out in toluene. Thus,
simulations of solvent effects were carried out by using both
the COSMO[29] and the PCM model[30] to estimate the influ-
ence of the solvent. However, owing to the relatively nonpo-


Scheme 5. Substitution of carbamate 19. a) 12b, sBuLi, �78 8C, toluene,
2.5 h; b) ElCl, �78 8C, 2 h.


Figure 1. X-ray crystal structure of silane (�)-(S)-21.[23]
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lar nature of the solvent, the contribution of the solvent ef-
fects was negligibly small (0.1–0.2 kcalmol�1). Taking into
account the ZPVE contributions led to DDH ACHTUNGTRENNUNG(0 K) instead of
DDE. As seen in Table 2, the ZPVE contributions are also
in the range 0.1–0.2 kcalmol�1. In the following discussion,
these results for DDHACHTUNGTRENNUNG(0 K), with solvent effects neglected,


are compared to the experimentally determined DDG, as-
suming that temperature and entropy effects are negligibly
small (DDHACHTUNGTRENNUNG(0 K)�DDG=DDH�TDDS). This is a reasona-
ble assumption because the structures of each of the two
epimers of the same complex are very similar.
For all the calculated complexes, the most stable epimer


was found correctly by our theoretical treatment. In the fol-
lowing paragraphs, the quantitative results are discussed in
more detail.
At first glance, the quantitative description is not suffi-


cient. The parent system 14·12b/epi-14·12b can be described
correctly in this way, but DDHACHTUNGTRENNUNG(0 K) for the naphthyl system
20·12b/epi-20·12b is strongly overestimated. This discrepan-
cy can be understood with a closer look at the single experi-
ments and the connection between experiment and theory:
DDG was determined out of an average enantiomer ratio
calculated from different experiments with different electro-
philes. This was done to minimize the influence of the indi-
vidual electrophile, as some electrophiles exhibit a stronger
kinetically driven distortion of the enantiomer ratio than
others. Besides that, there are technical limits with regard to
the determination of enantiomeric excess. It was impossible
to determine enantiomeric excesses higher than 99% with
HPLC or GC on chiral phase. If some kinetic differentiation
by the electrophile during its reaction with the epimeric
complexes is taken into consideration, the ratio of these
complexes can be assumed to be greater than 99:1. Further-
more, given that the relationship between DDG and the en-
antiomer ratio is logarithmic in nature, the doubts with
regard to the quantum chemical results derived for the
naphthylmethyl system diminish. In the four diastereomeric
complexes of 14·11, the pair of diastereomers with an R-con-
figured lithium cation is energetically strongly favored, thus
ruling out the pair of SLi-configured complexes. For the re-
maining complex pair, the SC-configured complex is clearly
the more stable. Although an estimated error of about
0.5 kcalmol�1 usually has to be taken into consideration for
the computed results, even the results for the most compli-
cated (�)-sparteine-containing naphthylmethyl carbamate
complexes 20·11 are mirrored correctly. Again, one pair of
diastereomers (RLi-configured) is clearly favored. Here, the
RLi,RC-configured complex is favored.
We can thus conclude that the quantum chemical method


chosen for the treatment of these epimeric complexes is reli-


Figure 2. Calculated structures of the epimeric complexes. C=orange,
N=blue, O= red, Li=grey, H=white.


Table 2. Experimental and calculated results for complexes 14·11/12b and
20·11/12b.


Complex Experimental SCS-MP2/TZVPP//B97-D/TZVP
Config. e.r.[a] DDG[a]


[kcalmol�1]
Config. e.r.[b] DDH ACHTUNGTRENNUNG(0 K)[c]


[kcalmol�1]


14·11 SC 34:66 �0.26 SC 7:93 �1.01 (�0.96)
20·11[d] RC 53:47 0.05 RC 81:19 0.56 (0.53)
14·12b RC 98:2 1.51 RC 98:2 1.56 (1.21)
20·12b RC 99:1 1.78 RC @99:1 3.65 (3.53)


[a] Experimentally derived. [b] Predicted quantum chemically. [c] DH-
ACHTUNGTRENNUNG(0 K)(SC)�DH ACHTUNGTRENNUNG(0 K)(RC); DDE values are given in parentheses. [d] Experi-
ment: Silane (�)-(S)-21 was obtained in 95% yield and with 4–6% ee.[27]
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able and delivers authentic energy differences. We can state
that substrate–ligand systems (configurationally labile a-
lithiated benzyl type O-carbamates as substrates) that show
a quantum chemically derived DDHACHTUNGTRENNUNG(0 K) (SCS-MP2/
TZVPP//B97-D/TZVP) of �1.4 kcalmol�1 are worth testing
experimentally in lithiation–substitution reactions as they
will deliver highly enantioenriched products when appropri-
ate electrophiles are employed.
Our calculated structures are in good agreement with pre-


vious findings with regard to the structural aspects of ben-
zyllithium complexes: Boche and co-workers reported X-ray
crystal-structure analyses of different benzyllithium species
as well as quantum chemical calculations on these struc-
tures.[31] A common feature is the pyramidal benzylic carbon
atom. In all our calculations, the stereogenic benzylic carbon
atom is pyramidal and bears an h1-bound lithium atom re-
gardless of the aromatic system or the ligand (Figure 2),
which is in agreement with previous findings.[31a,b]


Conclusions


We gained access to highly enantioenriched secondary
benzyl carbamates via the configurationally labile benzyl-
lithium complexes 14·12b and 20·12b. We determined the
absolute configuration of the substitution products obtained
and deduced the absolute configuration of the sterogenic
carbon atom in the favored diamine complex. From the en-
antiomer ratios of the substitution products, we determined
the energy differences DDG of the epimeric complexes.
SCS-MP2 calculations allowed a first insight into the equi-
librium of these complexes and their structural properties.
We found a promising way of simulating equilibrated epi-
meric mixtures of lithiated benzyl-type carbamates, so as to
describe correctly such complex systems both qualitatively
and quantitatively. Further results with regard to substitu-
tion reactions and quantum chemical investigations will be
published in due course.[32]


Experimental Section


General


All solvents were dried and purified prior to use. Toluene was distilled
over sodium/benzophenone. TMSCl was distilled from powdered CaH2


and stored under argon. sec-Butyllithium was filtered through cellite
before use, and its concentration was determined by titration against di-
phenylacetic acid.[33] Ethereal solutions of diazomethane were obtained
as described in the literature,[34] stored under argon in the refrigerator,
and used without determination of concentration. (�)-Sparteine (11) was
purchased from Aldrich and used without further purification. The bis-
(oxazoline) ligands were prepared according to reference [15]. E=Et2O,
P=pentane, TBME= tert-butyl methyl ether. All reactions were per-
formed under argon atmosphere in flame-dried glassware with septum
and syringe techniques. Flash column chromatography (FCC) was per-
formed on Merck 60 silica gel, 0.040–0.063 mm, with an argon pressure of
1.2–1.4 bar, and monitored by thin-layer chromatography (TLC) on
Merck 60 F254 silica gel. Gas chromatography was performed on an Agi-
lent 6890 plus chromatograph (Agilent, Bçblingen). HP-5 was used as
the achiral column (30 m long, 0.32 mm diameter, 0.25-mm thick station-


ary phase, N2 as the mobile phase, 106 kPa pressure, 290 8C injection tem-
perature, 300 8C detection temperature, program: 50 8C start temperature,
10 8Cmin�1 heating rate, 300 8C final temperature for 15 min), and Supel-
co b-DEX 120 was used as the chiral stationary phase (30 m long,
0.32 mm diameter, 0.25-mm thick stationary phase, N2 as the mobile
phase, 14.5 kPa pressure, 240 8C injection temperature, 260 8C detection
temperature). Melting points (uncorrected) were measured on an SMP3
melting-point apparatus purchased from Stuart Scientific, UK. Optical
rotations were measured in a 10-cm cuvette on a Perkin–Elmer 341 polar-
imeter. Unless otherwise stated, 1H and 13C NMR data were recorded on
Bruker ARX 300, AVANCE II 300, AM 360, AMX 400, and AVANCE
II 400 spectrometers; spectra were obtained from solutions in CDCl3
(dC=77.0 ppm) and were calibrated relative to the residual content of
CHCl3 (dH=7.24 ppm) or SiMe4 (dH=0.0 ppm). Peak multiplicities in
1H NMR spectra are abbreviated as s (singlet), d (doublet), t (triplet), q
(quartet), sept (septet), m (multiplet), and br (broad). Diastereotopic
methylene protons with different chemical shifts are abbreviated as HA


and HB. IR spectra were obtained on Nicolet 5DCX, Bruker IFS 28, or
Varian 3100 Excalibur Series spectrometers with Specac golden gate
single reflection ATR (attenuated total reflection). Elemental analysis
was performed at the Microanalytical Section of the Organisch-Che-
ACHTUNGTRENNUNGmisches Institut, WWU M=nster, on a Vario El III instrument purchased
from Elementar Analysen Systeme, Hanau (Germany). Mass spectromet-
ric data were obtained on Finnigan MAT 8230 (EI), Micromass Quattro
LCZ (ESI), or Micromass MAT 8200 (GC-TOF/HRMS) spectrometers.
HPLC: Waters 600E multisolvent delivery system and 996 PDA detector.
Crystallographic data: Data sets were collected with a Nonius Kappa
CCD diffractometer. Programs used: data collection COLLECT (Nonius
B.V., 1998), data reduction Denzo-SMN,[35] absorption correction
SORTAV,[36] Denzo,[37] structure solution SHELXS-97,[38] structure refine-
ment SHELXL-97,[39] graphics SCHAKAL.[40] CCDC-657926 contains
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre at http://www.ccdc.cam.ac.uk/data_request/cif.


Syntheses


19 : NaH (60% in mineral oil, 920 mg, 23 mmol, 1.15 equiv) was suspend-
ed in absolute THF (30 mL). The mixture was cooled to 0 8C, and benzyl
alcohol (2.48 g, 20 mmol, 1.0 equiv) dissolved in dry THF (5 mL) was
slowly added. After generation of hydrogen stopped, a solution of N,N-
diisopropylcarbamoyl chloride (3.76 g, 23 mmol, 1.15 equiv) in dry THF
(10 mL) was added such that the reaction temperature did not rise. The
reaction mixture was allowed to warm to room temperature and was
stirred at this temperature for 2 days. The reaction flask was then im-
mersed in an ice bath, and water (25 mL) and HCl (2n, 3 mL) were
added to give a clear yellowish solution. TBME (50 mL) was added, and
after separation of phases, the aqueous phase was extracted with TBME
(3U20 mL). The combined organic layers were washed with saturated
NaHCO3 and brine successively. After drying over anhydrous MgSO4, fil-
tering through glass wool, and removal of the solvent, the crude product
was subjected to column chromatography (E/P=1:4) to give pure N,N-
diisopropylcarbamic acid (naphthalen-1-yl)methyl ester (19 ; 3.96 g,
14 mmol, 93%), after purification by column chromatography (E/P=


1:8!1:4), as a slightly yellow crystalline solid. Rf=0.76 (E/P=1:1); tR=


17.3 min (HP-5); m.p.: 66 8C (E/P=1:4); IR (KBr): ñ =3062 (m, C�
Harom), 2971, 2930, 2898 (s, C�Haliph), 1670 (s, NC=O), 1600 (m), 1511
(m), 1289 (s), 1189 (m), 1160 (m), 1135 (m), 1082 (s), 1060 (s), 796 (m),
780 cm�1 (s); 1H NMR (300 MHz, CDCl3): d=1.16 (d, 3JN,H=6.8 Hz,
12H, ((H3C)2HC)2N), 3.91 (br s, 2H, ((H3C)2HC)2N), 5.58 (s, 2H,
CHbenzylic), 7.42 (d, 3J2-H,3-H=7.0 Hz, 2H, 2-H), 7.46 (dd, 3J3-H,4-H=8.2 Hz,
3J2-H,3-H=7.0 Hz, 1H, 3-H), 7.49–7.53 (m, 1H, 7-H), 7.54 (ddd, 3J5-H,6-H=


8.4 Hz, 3J6-H,7-H=6.7 Hz, 4J6-H,8-H=1.6 Hz, 1H, 6-H), 7.82 (d, 3J3-H,4-H=


8.2 Hz, 1H, 4-H), 7.86 (dd, 4J5-H,7-H=2.2 Hz, 3J5-H,6-H=8.4 Hz, 1H, 5-H),
8.06 ppm (dd, 3J7-H,8-H=8.2 Hz, 4J6-H,8-H=1.6 Hz, 1H, 8-H); 13C NMR
(75 MHz, CDCl3): d =20.8 (((H3C)2HC)2N), 46.0 (((H3C)2HC)2N), 64.8
(Cbenzylic), 123.9 (C8), 125.3 (C2), 125.8 (C3), 126.2 (C6), 127.0 (C7), 128.6
(C4), 128.8 (C5), 131.8 (C8a), 132.6 (C4a), 133.7 (C1), 155.4 ppm (NC=


O); GC–MS (EI, 70 eV): m/z (%)=285 [M]+ (12), 267 (3), 226 (21), 157
(8), 141 [C10H7�CH2]


+ (100), 128 [Cb]+ (27), 115 [C9H7]
+ (81), 102
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[C8H6]
+ (9), 89 (24), 86 (42), 70 (54), 63 (29), 58 (26), 51 [C4H3]


+ (25), 43
[C3H7]


+ (57); elemental analysis: calcd (%) for C18H23NO2 (285.38): C
75.76, H 8.12, N 4.91; found: C 75.68, H 7.95, N 4.68.


General procedure for the asymmetric lithiation and substitution of 13,
[D]13, and 19 (GPA): Benzyl carbamate 13/[D]13/19 (71/71/86 mg,
0.30 mmol, 1.0 equiv) was dissolved in toluene (3 mL), the appropriate
ligand (0.36 mmol, 1.2 equiv) was added, and the reaction flask was
cooled to �78 8C. sBuLi (1.2–1.3m in hexane/cyclohexane=92:8,
0.36 mmol, 1.2 equiv) was injected in a dropwise manner into this mix-
ture. The reaction mixture was stirred at �78 8C for 2.5 h. The appropri-
ate electrophile (0.45–1.5 mmol, 1.5–5.0 equiv) was injected, and the reac-
tion mixture was stirred for 2 h. The reaction was then quenched with
methanol (0.5 mL) followed by water (1 mL) and HCl (2n, 0.5 mL). The
layers were separated, and the aqueous layer was extracted with TBME
(3U10 mL). The collective organic phase was washed with saturated
NaHCO3, dried over anhydrous MgSO4, filtered through glass wool, and
concentrated under reduced pressure to obtain the crude product, which
was subjected to column chromatography (E/P) to give the pure prod-
ucts.


15 : (�)-(S)-N,N-Diisopropylcarbamic acid (1-phenyl-1-tributylstannyl)-
methyl ester: Colorless liquid, see Table 1 for yield. Rf=0.86 (E/P=1:4);
tR=20.5 min (HP-5); ½a�20D =�19.5 (c=1.07, CHCl3); IR (film): ñ =3083,
3061, 3023 (m, C�Harom), 2997, 2957, 2927, 2871, 2853 (ms, C�Haliph), 1678
(s, NC=O), 1493 (m), 1475 (m), 1435 (s), 1376 (m), 1348 (m), 1327 (m),
1309 (m), 1292 (s), 1248 (m), 1156 (m), 1136 (m), 1071 (s), 1048 (s), 950
(m), 864 (s), 770 (m), 756 (m), 668 cm�1 (m); 1H NMR (300 MHz,
CDCl3): d =0.68–0.93 (m, 9H, (H3C ACHTUNGTRENNUNG(CH2)3)3Sn), 1.13–1.46 (m, 24H,
((H3C)HC ACHTUNGTRENNUNG(CH3))2N, (H3C ACHTUNGTRENNUNG(CH2)3)3Sn), 3.94 (sept, 3JN,H=6.7 Hz, 2H,
((H3C)2HC)2N), 5.76 (s, 1H, CHbenzylic), 6.96–7.27 ppm (m, 5H, Ph);
13C NMR (75 MHz, CDCl3): d=10.1 ((H3CCH2CH2CH2)3Sn), 13.4 ((H3C-
ACHTUNGTRENNUNG(CH2)3)3Sn), 20.9 (((H3C)2HC)2N), 27.4 ((H3CCH2CH2CH2)3Sn), 29.0
((H3CCH2CH2CH2)3Sn), 45.6 (((H3C)2HC)2N), 73.4 (Cbenzylic), 123.6,
124.8, 128.3, 144.0 (Ph.), 155.6 ppm (NC=O); MS (ESI): m/z=548.2525
[M+Na]+ ; elemental analysis: calcd (%) for C26H47NO2Sn (524.37): C
59.55, H 9.03, N 2.67; found: C 59.51, H 9.20, N 2.50; HPLC: EC250/4
Nucleosil 100–5 Chiral-2 (4U250 mm), l=210 nm, n-hexane/iPrOH/TFA
(trifluoroacetic acid)=1000:1:0.5, 0.3 mLmin�1, tR(+)=24.1 min, tR(�)=


27.9 min, 98% ee (with bis(oxazoline) 12b ; Table 1, entry 4).


21: (�)-(R)-N,N-Diisopropylcarbamic acid (1-phenyl-1-trimethylsilanyl)-
methyl ester: GPA, colorless liquid, see Table 1 for yield. Rf=0.38
ACHTUNGTRENNUNG(E/P=1:8); tR=14.1 min (HP-5); ½a�20D =�22.8 (c=0.93, CHCl3); IR
(ATR): ñ =3085, 3063, 3027 (m, C�Harom), 2998, 2968, 2934, 2901 (s, C�
Haliph), 1693 (s, NC=O), 1368 (m), 1314 (m), 1292 (s), 1248 (m), 1157 (m),
1134 (m), 1074 (s), 1046 (s), 953 (m), 872 (s), 841 (s), 767 (s), 751 (m),
617 (m), 594 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=0.00 (s, 9H,
(H3C)3Si), 1.21 (br s, 12H, ((H3C)HC ACHTUNGTRENNUNG(CH3))2N), 3.94 (br s, 2H,
((H3C)2HC)2N), 5.57 (s, 1H, CHbenzylic), 7.05–7.30 ppm (m, 5H, Ph);
13C NMR (75 MHz, CDCl3): d =�3.7 ((H3C)3Si), 21.0 (((H3C)2HC)2N),
46.0 (((H3C)2HC)2N), 72.0 (Cbenzylic), 125.3, 125.8, 128.0, 141.1 (Ph.),
155.5 ppm (NC=O); MS (ESI): m/z=330.1867 [M+Na]+ , 637.3841
[2M+Na]+ ; elemental analysis: calcd (%) for C17H29NO2Si (307.50): C
66.40, H 9.51, N 4.55; found: C 66.04, H 9.68, N 4.97; GC: b-DEX-120,
temperature program: 94/1/1/95/999, tR(�)= (937�1) min, tR(+)= (958�
1) min, >98% ee (with bis(oxazoline) 12b ; Table 1, entry 7).


In situ experiment with 12b : Carbamate 13 (71 mg, 0.30 mmol,
1.0 equiv), bis(oxazoline) 12b (116 mg, 0.36 mmol, 1.2 equiv), and tri-
ACHTUNGTRENNUNGmethylsilyl chloride (65 mg, 0.6 mmol, 2 equiv) were dissolved in dry tol-
uene (3 mL). The reaction flask was cooled to �78 8C, sBuLi (1.2–1.3m in
hexane/cyclohexane=92:8, 0.60 mmol, 1.2 equiv) was injected in a drop-
wise manner, and the reaction mixture was stirred for 30 min. The reac-
tion was then quenched with methanol (0.5 mL) followed by water
(1 mL) and HCl (2n, 0.5 mL). Workup was performed according to GPA.
Yield: 50%. GC: b-DEX-120, temperature program: 94/1/1/95/999,
tR(�)= (937�1) min, tR(+)= (958�1) min, 9% ee.


In situ experiment with 11: Carbamate 13 (71 mg, 0.30 mmol, 1.0 equiv),
(�)-sparteine (11; 84 mg, 0.36 mmol, 1.2 equiv), and trimethylsilyl chlo-
ride (65 mg, 0.6 mmol, 2 equiv) were treated together as described above.


Yield: 51%. GC: b-DEX-120, temperature program: 94/1/1/95/999,
tR(�)= (937�1) min, tR(+)= (958�1) min, 54% ee.


rac-[D]13 : According to GPA, 13 (71 mg, 0.30 mmol, 1.0 equiv) was de-
protonated by using sBuLi (0.30 mL, 1.22m in cyclohexane/hexane,
0.36 mmol, 1.2 equiv) and N,N,N’,N’-tetramethylethylenediamine
(TMEDA; 70 mg, 0.60 mmol, 1.2 equiv). The lithiated intermediate was
trapped with an excess of H3COD (0.5 mL) at �78 8C. After workup ac-
cording to GPA, the crude product was subjected to column chromatog-
raphy (E/P=1:4) to yield rac-N,N-diisopropylcarbamic acid (1-deuterio-
1-phenyl)methyl ester (rac-[D]13) as a colorless liquid. Yield: 97%. Rf=


0.54 (E/P=1:1); tR=12.5 min (HP-5); IR (ATR): ñ =3065, 3032 (m, C�
Harom), 2998, 2970, 2934, 2875 (s, C�Haliph), 1686 (s, C=O), 1498 (m), 1474
(m), 1433 (s), 1368 (m), 1327 (m), 1305 (m), 1282 (s), 1217 (s), 1157 (m),
1133 (m), 1079 (m), 1057 (s), 921 (m), 769 (s), 744 (m), 718 (m), 697 (s),
604 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=1.20 (d, 3JN,H=6.8 Hz,
12H, ((H3C)2HC)2N), 3.93 (br s, 2H, ((H3C)2HC)2N), 5.12 (s, 1H,
CHbenzylic), 7.27–7.41 ppm (m, 5H, Ph); [D]�95% according to integra-
tion of the signal of the benzylic protons; 13C NMR (75 MHz, CDCl3):
d=21.1 (((H3C)2HC)2N), 45.8 (((H3C)2HC)2N), 66.2 (t, Cbenzylic), 127.8,
127.9, 128.4 137.1 (Ph), 155.5 ppm (NC=O); MS (ESI): m/z=237.1716
[M+H]+ , 259.1530 [M+Na]+ ; elemental analysis: calcd (%) for
C14H20DNO2 (236.33): C 71.15, H 9.38, N 5.93; found: C 70.91, H 8.89, N
5.89.


[D]15 : According to GPA, rac-[D]13 (71 mg, 0.30 mmol, 1.0 equiv) was
deprotonated in the presence of 12b (116 mg, 0.36 mmol, 1.2 equiv) for
2.5 h and subsequently stannylated to yield the crude product, which was
purified by column chromatography to give (�)-(S)-[D]N,N-diisopropyl-
carbamic acid (1-deuterio-1-phenyl-1-tributylstannyl)methyl ester ([D]15)
as a colorless liquid. Yield: 87%. Rf=0.86 (E/P=1:4); tR=20.4 min (HP-
5); ½a�20D =�19.0 (c=1.07, CHCl3); IR (ATR): ñ =3030 (m, C�Harom),
2956, 2925, 2872, 2854 (ms, C�Haliph), 1674 (s, NC=O), 1602 (m), 1493
(m), 1463 (m), 1433 (s), 1377 (m), 1331 (m), 1310 (m), 1216 (m), 1158
(m), 1136 (m), 1052 (s), 1027 (m), 1001 (m), 957 (m), 878 (s), 770 (m),
737 (m), 697 (m), 664 (m), 630 (s), 544 cm�1 (s); 1H NMR (300 MHz,
CDCl3): d=0.80 (t, 3JSn,H=7.0 Hz, 9H, (H3CACHTUNGTRENNUNG(CH2)3)3Sn), 1.13–1.48 (m,
24H, ((H3C)HC ACHTUNGTRENNUNG(CH3))2N, (H3C ACHTUNGTRENNUNG(CH2)3)3Sn), 3.97 (sept, 3JN,H=7.0 Hz,
2H, ((H3C)2HC)2N), 5.76 (s, 0.03H, CHbenzylic), 6.98–7.32 ppm (m, 5H,
Ph); [D]>95% according to integration of the signal of the benzylic pro-
tons; 13C NMR (75 MHz, CDCl3): d=10.2 ((H3CCH2CH2CH2)3Sn), 13.4
((H3C ACHTUNGTRENNUNG(CH2)3)3Sn), 20.9 (((H3C)2HC)2N), 27.3 ((H3CCH2CH2CH2)3Sn),
28.7 ((H3CCH2CH2CH2)3Sn), 45.8 (((H3C)2HC)2N), 73.5 (Cbenzylic), 123.7,
124.7, 128.3, 144.0 (Ph), 155.6 ppm (NC=O); MS (ESI): m/z=529.2585
[M+Na]+ ; elemental analysis: calcd (%) for C26H46DNO2Sn (525.37): C
59.44, H 9.21, N 2.67; found: C 59.48, H 9.00, N 2.62; HPLC: EC250/4
Nucleosil 100–5 Chiral-2 (4U250 mm), l =210 nm, n-hexane/iPrOH/
TFA=1000:1:0.5, 0.3 mLmin�1, tR(+)=24.1 min, tR(�)=27.8 min, 92%
ee.


17: (�)-(S)-N,N-Diisopropylcarbamic acid 1-phenylethyl ester: Colorless
liquid, yield: 98%. Rf=0.44 (E/P=1:4); tR=12.5 min (HP-5); ½a�20D =�5.7
(c=1.4, CHCl3);


1H NMR (300 MHz, CDCl3): d =1.20 (d, 3JN,H=6.9 Hz,
12H, ((H3C)2HC)2N), 1.56 (d, 3JC,Hbenzylic=6.7 Hz, 3H, H3C), 3.92 (br s,
2H, ((H3C)2HC)2N), 5.84 (q, 3JHbenzylic,C=6.7 Hz, 1H, CHbenzylic), 7.20–
7.38 ppm (m, 5H, Ph); 13C NMR (75 MHz, CDCl3): d=21.1
(((H3C)2HC)2N), 22.8 (H3C), 45.8 (((H3C)2HC)2N), 72.7 (Cbenzylic), 126.0,
127.3, 128.3, 142.8 (Ph), 155.0 ppm (NC=O); spectroscopic data corre-
spond to those in the literature;[5b] HPLC: CHIRA-GROM 1 (2U
250 mm), l =210 nm, n-hexane/iPrOH=1000:1, 0.3 mLmin�1, tR(�)=


11.3 min, tR(+)=15.1 min, 96% ee.


18 : As described in GPA, the lithiated species was synthesized by depro-
tonating 13 (71 mg, 0.30 mmol, 1.0 equiv) in the presence of 12b (116 mg,
0.36 mmol, 1.2 equiv) and was equilibrated. As the electrophile, dried
and precooled gaseous carbon dioxide was bubbled through the reaction
mixture over a period of 10–15 min. After a further hour of stirring at
�78 8C, the reaction was carefully quenched with methanol (0.5 mL) and
water (1 mL). Workup was performed as described in GPA. The crude
acid was directly dissolved in Et2O, and a solution of diazomethane in
Et2O was added at room temperature until the yellowish color of the re-
action mixture remained. The solution was stirred for 1 h. To remove the
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remaining diazomethane, silica gel was added, and the suspension was
stirred for a further hour. The solvent was removed under reduced pres-
sure, and the crude product was thus adsorbed onto the silica gel. This
mixture was directly subjected to column chromatography (E/P=1:3) to
yield (�)-(R)-[N,N-(1-diisopropylcarbamoyloxy)]-1-phenyl acetic acid
methyl ester (18) as a colorless liquid. Yield: 99%. Rf=0.13 (E/P=1:8);
tR=16.3 min (HP-5); ½a�20D =�107.6 (c=0.99, MeOH); IR (ATR): ñ=


3034 (m, C�Harom), 2998, 2970, 2933, 2876, 2850 (s, C�Haliph), 1757 (s, C=


O), 1694 (s, NC=O), 1497 (m), 1476 (m), 1456 (m), 1436 (m), 1369 (m),
1294 (m), 1265 (m), 1213 (s), 1133 (m), 1086 (m), 1069 (s), 1046 (m),
1017 (m), 906 (m), 770 (m), 732 (m), 699 (s), 639 (m), 619 (m), 607 cm�1


(m); 1H NMR (300 MHz, CDCl3): d=1.23 (br s, 12H, ((H3C)2HC)2N),
3.64 (br s, 2H, ((H3C)2HC)2N), 3.67 (s, 3H, OCH3), 5.22 (s, 1H,
CHbenzylic), 7.11–7.41 ppm (m, 5H, Ph); 13C NMR (75 MHz, CDCl3): d=


20.3 (((H3C)2HC)2N), 48.5 (((H3C)2HC)2N), 52.0 (OCH3), 52.9 (Cbenzylic),
128.2, 128.6, 128.8, 135.1 (Ph), 163.1 (NC=O), 171.6 ppm (C=O); MS
(ESI): m/z=316.1515 [M+Na]+ ; elemental analysis: calcd (%) for
C16H23NO4 (293.56): C 65.51, H 7.90, N 4.77; found: C 65.73, H 7.90, N
5.40; HPLC: CHIRA-GROM 1 (2U250 mm), l =210 nm, n-hexane/
iPrOH=1000:1, 0.2 mLmin�1, tR(+)=25.1 min, tR(�)=35.3 min, 95% ee.


21: (�)-(S)-N,N-Diisopropylcarbamic acid 1-naphthalen-1-yl-1-trimethyl-
silanylmethyl ester: White solid, yield: 96%. Rf=0.81 (E/P=1:8); tR=


18.2 min (HP-5); m.p.: 111 8C (Et2O); ½a�20D =�6.0 (c=0.98, CHCl3); IR
(KBr): ñ=3048 (m, C�Harom), 2999, 2965, 2933 (s, C�Haliph), 1696 (s, NC=


O), 1595 (m), 1577 (m), 1475 (m), 1408 (s), 1292 (m), 1258 (s), 1156 (m),
1140 (m), 1122 (m), 1082 (m), 1046 (s), 1009 (m), 950 (m), 842 (s), 795
(m), 778 (s), 701 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=0.00 (s, 9H,
(H3C)3Si), 1.24 (br s, 12H, ((H3C)2HC)2N), 3.92–4.03 (br m, 2H,
((H3C)2HC)2N), 6.49 (s, 1H, CHbenzylic), 7.36 (d, 3J2-H,3-H=7.3 Hz, 2H, 2-
H), 7.38–7.44 (m, 2H, 3-H, 7-H), 7.45 (ddd, 3J5-H,6-H=7.5 Hz, 3J6-H,7-H=


6.8 Hz, 4J6-H,8-H=1.9 Hz, 1H, 6-H), 7.65 (d, 3J3-H,4-H=7.8 Hz, 1H, 4-H),
7.79 (dd, 4J5-H,7-H=2.3 Hz, 3J5-H,6-H=7.5 Hz, 1H, 5-H), 8.06 ppm (dd, 3J7-H,8-H=


7.8 Hz, 3J6-H,8-H=1.9 Hz, 1H, 8-H); 13C NMR (75 MHz, CDCl3): d=�2.9
((H3C)3Si), 21.0 (((H3C)2HC)2N), 46.0 (((H3C)2HC)2N), 68.3 (Cbenzylic),
122.9 (C8), 123.9 (C2), 125.2 (C3), 125.38 (C6), 125.4 (C7), 126.3 (C4),
128.6 (C5), 130.1 (C8a), 133.7 (C4a), 137.5 (C1), 155.4 ppm (NC=O); MS
(ESI): m/z=380.2013 [M+Na]+ , 737.4125 [2M+Na]+; elemental analy-
sis: calcd (%) for C21H31NO2Si (357.57): C 70.54, H 8.74, N 3.92; found:
C 70.55, H 8.61, N 3.81; HPLC: CHIRA-GROM 1 (2U250 mm), l=


210 nm, n-hexane/iPrOH=1000:1, 0.2 mLmin�1, tR(+)=11.5 min, tR(�)=


14.8 min, 98% ee.


22 : (�)-(S)-N,N-Diisopropylcarbamic acid 1-naphthalen-1-yl-1-tributyl-
stannylmethyl ester: Colorless liquid, yield: 91%. Rf=0.86 (E/P=1:8);
tR=23.1 min (HP-5); ½a�20D =�140.7 (c=1.02, CHCl3); IR (film): ñ =3058
(m, C�Harom), 2957, 2928, 2871, 2853 (s, C�Haliph), 1681 (s, NC=O), 1593
(m), 1578 (m), 1509 (m), 1462 (m), 1433 (s), 1376 (m), 1336 (m), 1298
(m), 1198 (s), 1157 (m), 1135 (m), 1072 (m), 1048 (s), 793 (m), 774 (s),
689 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=0.76 (t, 3JSn,H=7.1 Hz,
9H, ((H3CCH2CH2CH2)3Sn), 1.00–1.35 (m, 24H, ((H3C)2HC)2N,
((H3CCH2CH2CH2)3Sn, ((H3CCH2CH2CH2)3Sn), 4.01 (br s, 2H,
((H3C)2HC)2N), 6.50 (s, 1H, CHbenzylic), 7.36–7.48 (m, 4H, 2-H, 3-H, 6-H,
7-H), 7.55–7.63 (m, 1H, 4-H), 7.81 (dd, 3J5-H,6-H=6.6 Hz, 4J5-H,7-H=3.2 Hz,
1H, 5-H), 7.87 ppm (dd, 3J7-H,8-H=6.4 Hz, 4J6-H,8-H=3.2 Hz, 1H, 8-H);
13C NMR (75 MHz, CDCl3): d=10.6 ((H3CCH2CH2CH2)3Sn), 13.5 ((H3C-
ACHTUNGTRENNUNG(CH2)3)3Sn), 21.1 (((H3C)2HC)2N), 27.3 ((H3CCH2CH2CH2)3Sn), 28.7
((H3CCH2CH2CH2)3Sn), 46.0 (((H3C)2HC)2N), 72.2 (C9), 120.3 (C8),
123.1 (C2), 125.2 (C3), 125.3 (C6), 125.5 (C7), 125.6 (C4), 128.6 (C5),
128.8 (C8a), 133.7 (C4a), 139.5 (C1), 155.3 ppm (NC=O); MS (ESI):
m/z=598.2685 [M+Na]+ , 1171.5475 [2M+Na]+ ; elemental analysis:
calcd (%) for C30H49NO2Sn (574.43): C 62.73, H 8.60, N 2.44; found: C
62.46, H 8.69, N 2.29; HPLC: EC250/4 Nucleosil 100–5 Chiral-2 (4U
250 mm), l=210 nm, n-hexane/iPrOH:TFA=1000:1:0.5, 0.3 mLmin�1,
tR(+)=36.6 min, tR(�)=39.5 min, 99% ee.


Computational Details


DFT calculations of the epimeric lithium complexes of phenylmethyl car-
bamate 13 and 1-naphthylmethyl carbamate 19 : Unless otherwise stated,
the Turbomole 5.9 suite of programs[25l] was used for all calculations. The


structures of the complexes were optimized at the DFT level by employ-
ing the B97-D functional,[25a,b] which included an empirical dispersion cor-
rection (DFT-D), with a Gaussian atomic-orbital (AO) basis set of triple-
zeta quality with polarization functions on all atoms (TZVP)[25c] and nu-
merical quadrature multiple grid (“grid m4” option in turbomole).[25m]


The resolution of the identity (RI) approximation[25n–p] was applied for all
DFT calculations. Single-point energies were computed with SCS-
MP2[25d] by using the TZVPP basis set[25c] and employing the RI approxi-
mation.[25q–s] For comparison, single-point calculations at the DFT level
with the functionals B3-LYP[25i–k] and PBE[25g,h] were performed. Solvent
effects (SCS-MP2-level) were simulated with COSMO (e ACHTUNGTRENNUNG(toluene)=


2.355).[29] Additional computations with the PCM model[30a] for solvent
effects were carried out by using PBE/6–311G* and Gaussian 03.[30b]


ZPVE contributions were determined at the B97-D[25d] level by using a
split valence basis set (SV(P))[30b] in the harmonic approximation (un-
scaled) as numerical derivatives of analytically calculated nuclear gradi-
ents with the SNF program.[30]
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ACHTUNGTRENNUNG(Me3tacn)Cl3]-Catalyzed Alkene cis-Dihydroxylation


with Aqueous Hydrogen Peroxide


Wing-Ping Yip,[a] Chi-Ming Ho,[a] Nianyong Zhu,[a] Tai-Chu Lau,[b] and Chi-Ming Che*[a]


Introduction


The use of O2 or H2O2 as a terminal oxidant for the selec-
tive oxidation of organic compounds is an area of immense
interest in homogeneous catalysis because these oxidants
are inexpensive and environmentally friendly.[1] Recently,
several homogeneous transition-metal-catalyzed oxidation
reactions have been reported to display high selectivity in
the epoxidation of alkenes[2] and the oxidation of C=C
bonds to carboxylic acids,[1e, 3] but catalytic procedures that
employ H2O2 as a terminal oxidant for alkene cis-dihydroxy-
lation remain sparse in the literature. With H2O2 as a termi-
nal oxidant, tungsten peroxo[4] and methyltrioxorhenium-
ACHTUNGTRENNUNG(VII)[5] complexes were reported to catalyze the dihydroxy-


lation of alkenes by epoxidation–hydroylsis to give trans-
diols. Que and co-workers reported biomimetic non-heme
iron catalysts for the oxidation of unfunctionalized alkenes
to the corresponding cis-diols with H2O2 as the oxidant.[6]


Heterogenized manganese complexes with cyclic triamine li-
gands could catalyze the oxidation of alkenes by H2O2 to
give a mixture of epoxides and diols.[7] Osmium-catalyzed
alkene cis-hydroxylation by using N-methylmorpholine
oxide (NMO)[8] and K3[Fe(CN)6]


[9] as oxidants is the most
reliable protocol in organic synthesis.[10] The use of H2O2 in-
stead of NMO and K3[Fe(CN)6] should be more desirable,
but in most cases, direct addition of H2O2 to a reaction mix-
ture of alkenes and OsO4 usually leads to cis-diols in low
yields due to nonselective reactions and overoxidation.[11] In
this regard, B9ckvall and co-workers reported an improve-
ment of the reoxidation of OsVI to OsVIII by H2O2 that gave
cis-diols in high yields and high selectivities for the oxida-
tion of various alkenes under mild conditions.[12a,b] Despite
their remarkable success, this catalytic reaction requires N-
methylmorpholine and flavin as cocatalysts to facilitate Os-
catalyzed alkene cis-dihydroxylation by H2O2. Thus, the
search for new metal catalysts that are able to dihydroxylate
alkenes selectively by H2O2 without organic cocatalysts re-
mains a formidable challenge.


Ruthenium-catalyzed reactions have long been investigat-
ed as an alternative synthetic route to cis-diols. Using NaIO4


Abstract: A simple and green method
that uses [Ru ACHTUNGTRENNUNG(Me3tacn)Cl3] (1;
Me3tacn=N,N’,N’’-trimethyl-1,4,7-tria-
zacyclononane) as catalyst, aqueous
H2O2 as the terminal oxidant, and
Al2O3 and NaCl as additives is effec-
tive in the cis-dihydroxylation of al-
kenes in aqueous tert-butanol. Unfunc-
tionalized alkenes, including cycloal-
kenes, aliphatic alkenes, and styrenes
(14 examples) were selectively oxidized
to their corresponding cis-diols in good
to excellent yield (70–96 %) based on


substrate conversions of up to 100 %.
The preparation of cis-1,2-cyclohepta-
nediol (119 g, 91 % yield) and cis-1,2-
cyclooctanediol (128 g, 92 % yield)
from cycloheptene and cyclooctene, re-
spectively, on the 1-mol scale can be
achieved by scaling up the reaction
without modification. Results from


Hammett correlation studies on the
competitive oxidation of para-substitut-
ed styrenes (1=�0.97, R= 0.988) and
the detection of the cycloadduct
[(Me3tacn)ClRuHO2 ACHTUNGTRENNUNG(C8H14)]+ by ESI-
MS for the 1-catalyzed oxidation of cy-
clooctene to cis-1,2-cyclooctanediol are
similar to those of the stoichiometric
oxidation of alkenes by cis-[(Me3tacn)-
ACHTUNGTRENNUNG(CF3CO2)RuVIO2]


+ through [3+ 2] cy-
cloaddition (W.-P. Yip, W.-Y. Yu, N.
Zhu, C.-M. Che, J. Am. Chem. Soc.
2005, 127, 14239).
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as an oxidant, Shing et al. first reported that RuCl3·xH2O
(7 mol%) was an effective catalyst for the dihydroxylation
of various alkenes in EtOAc/MeCN/H2O solvent systems.[13]


However, the reaction conditions (0 8C, <30 s) have to be
carefully controlled to prevent overoxidation. Recently,
Plietker and Niggemann improved the RuCl3·xH2O/NaIO4


system by the addition of Brønsted or Lewis acids, and the
catalyst loading was decreased to 0.25–0.5 mol %.[14] We also
reported a solid-supported ruthenium-nanoparticle catalyst
for the cis-hydroxylation of alkenes.[15] Ruthenium oxo com-
plexes are well-known to be active oxidants for alkene epox-
idation and alkane hydroxylation.[16–19] Previously, we report-
ed the stoichiometric oxidation of alkenes by cis-[(Me3tacn)-
ACHTUNGTRENNUNG(CF3CO2)RuVIO2]ClO4 (Me3tacn =N,N’,N’’-trimethyl-1,4,7-
triazacyclononane) in aqueous tert-butanol to give the cis-
1,2-diol in moderate to good yields.[20] We also mentioned
that [RuACHTUNGTRENNUNG(Me3tacn) ACHTUNGTRENNUNG(CF3CO2)2ACHTUNGTRENNUNG(OH2)]CF3CO2 catalyzed the
oxidation of cyclooctene to cis-1,2-cyclooctanediol and cy-
clooctene oxide in 50 and 42 % yield, respectively, by using
H2O2 as a terminal oxidant, but only one example was re-
ported.[20] Herein we report an environmentally friendly pro-
tocol for the cis-dihydroxylation of various unfunctionalized
alkenes (14 examples) by using [Ru ACHTUNGTRENNUNG(Me3tacn)Cl3] (1) as cat-
alyst and H2O2 as the terminal oxidant in the presence of
Al2O3 and NaCl additives. In a one-pot reaction, 128 g of
cis-1,2-cyclooctanediol (92 % yield) and 119 g of cis-1,2-cy-
cloheptanediol (90 % yield) were easily obtained from cyclo-
octene and cycloheptene, respectively, by using the “1+


H2O2 + Al2O3 +NaCl” protocol.


Results and Discussion


Synthesis and Characterization


The structures of the [Ru ACHTUNGTRENNUNG(Me3tacn)(L)X]+ complexes 3a–d
(L= acetylacetonato (acac), hexafluoroacetylacetonato
(hfacac), or 1,5-diphenylacetylacetonato (Ph2acac); X= Cl
or CF3CO2) are depicted in Scheme 1. [Ru ACHTUNGTRENNUNG(Me3tacn)Cl3]


[21]


(1) and [Ru ACHTUNGTRENNUNG(Me3tacn) ACHTUNGTRENNUNG(CF3CO2)2ACHTUNGTRENNUNG(OH2)]CF3CO2
[20] (2) were


synthesized according to literature methods. Complexes 3a–c


were prepared by the reaction of 1 (0.79 mmol) with an
excess of the acetylacetone ligands (2 mmol) in water for
72 h, followed by the addition of NaClO4 to afford the per-
chlorate salts in 60–80 % yield. Likewise, treatment of 2
with excess acetylacetone followed by the addition of
NaClO4 gave 3d in 75 % yield. All the new complexes 3a–d
were characterized by UV/Vis and IR spectroscopy as well
as FAB mass spectrometry.


The UV/Vis absorption spectra of 3a–d in aqueous solu-
tion show two intense absorption peaks with lmax at 261–299
and 322–386 nm. These spectral data are similar to that of
[RuIII


ACHTUNGTRENNUNG(Me3tacn) ACHTUNGTRENNUNG(acac)(OH)]PF6, which displays absorption
peaks at 275 and 355 nm in acetonitrile.[22] The IR spectra of
3a–d show intense absorption bands at approximately
1550 cm�1, which are assigned to nC=O of the coordinated
acetylacetonate ligand. The FAB mass spectra of 3a–d show
prominent peaks at m/z=515, 407, 531, and 485, which cor-
respond to the [RuIII


ACHTUNGTRENNUNG(Me3tacn) ACHTUNGTRENNUNG(hfacac)Cl]+ (3a), [RuIII-
ACHTUNGTRENNUNG(Me3tacn) ACHTUNGTRENNUNG(acac)Cl]+ (3b), [RuIII


ACHTUNGTRENNUNG(Me3tacn) ACHTUNGTRENNUNG(Ph2acac)Cl]+


(3c), and [RuIII
ACHTUNGTRENNUNG(Me3tacn) ACHTUNGTRENNUNG(acac)CF3CO2]


+ (3d) ions, respec-
tively.


The structures of 3a·ClO4 and 3d·ClO4 were determined
by X-ray crystallography. Perspective drawings of the com-
plex cations are depicted in Figure 1. The crystal data and
structure refinements are summarized in Table 1, and select-
ed bond lengths and angles are listed in Table 2.


As shown in Figure 1, the Me3tacn ligand in 3a and 3d is
facially coordinated to the ruthenium atom, with the other
auxiliary ligands being bidentate acetylacetonate and h1-
bound trifluoroacetate or Cl�. The Ru�O(1) and Ru�O(2)
bond lengths of 3a and 3d are virtually the same (3a :
2.030(3) and 2.029(3) Q; 3d : 2.013(4) and 2.014(4) Q, re-
spectively). These distances are comparable to the corre-
sponding values for [RuIII


ACHTUNGTRENNUNG(Me3tacn) ACHTUNGTRENNUNG(acac)(OH)]PF6


(2.029(5) Q)[22] and other RuIII acac complexes ([RuIII-
ACHTUNGTRENNUNG(acac)2Cl2]


�: 2.011(3) and 2.013(3) Q;[23a] [Ru ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(ProH2)]:
1.999(2) and 2.003(2) Q (Pro=proline);[23b] [Ru ACHTUNGTRENNUNG(acac)2


ACHTUNGTRENNUNG(NMeIle)]: 2.010(2) and 2.003(2) Q (NMeIle=N-methyl-l-
isoleucine)[23b]). The Ru�Cl(1) bond length of 2.349(1) Q is
close to the corresponding bond lengths found in cis-[RuIII-
ACHTUNGTRENNUNG(Tet-Me6)Cl2]ClO4 (2.343(4) and 2.346(4) Q; Tet-Me6 =


N,N,N’,N’-tetramethyl-3,6-diazaoctane-1,8-diamine)[24] and
cis-[RuIII


ACHTUNGTRENNUNG(14aneN4)Cl2]Cl (2.369(1) and 2.373(1) Q;
14aneN4 =1,4,8,11-tetraazacyclotetradecane).[25]


Ruthenium-Catalyzed Alkene cis-Dihydroxylation


In the initial experiments, the catalytic activities of various
ruthenium complexes in the oxidation of cycloheptene with
aqueous H2O2 as the terminal oxidant were examined
(Table 3). Generally, aqueous H2O2 (11 mmol, 17.5 %) was
slowly added over a period of 6 h to an aqueous solution of
tert-butanol containing the alkene (5 mmol) and catalyst
(1 mol%) at 60 8C, and the reaction was allowed to proceed
for a further 8 h. The yields of the corresponding cis/trans-
diol product were determined based on 1H and 13C NMR
spectroscopic data (cis-1,2-cycloheptanediol: dH = 3.85 ppmScheme 1. Ruthenium catalysts 1–3.
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(d, J=9 Hz, 2 H), dC = 73.8 ppm; trans-1,2-cycloheptanediol:
dH = 3.42 ppm (d, J= 7.5 Hz, 2 H), dC =77.9 ppm). Without
optimization of the reaction conditions, an excellent yield
for cis-1,2-cycloheptanediol (91 %) was obtained, together
with a small amount of trans-cycloheptane-1,2-diol (5 %),
when 1 mol% of 1 was used as catalyst (Table 3, entry 1).
Our earlier work showed that 2 can catalyze alcohol oxida-
tion[26] and C=C bond-cleavage reactions.[3a] However, a mix-
ture of cis- and trans-diols was obtained under the reaction
conditions employed in this work (Table 3, entry 3). Interest-
ingly, 3a–d, which contain a chelating acetylacetonato
ligand, also catalyzed the dihydroxylation of cycloheptene to
give the cis-diol product in 60–80 % yield (Table 3, en-
tries 4–7). Previous studies of the stoichiometric oxidation
of alkenes by cis-[(Me3tacn) ACHTUNGTRENNUNG(CF3CO2)RuVIO2]


+ showed that
the cis-dioxoruthenium moiety reacts with the C=C bond
through a concerted [3+ 2] cycloaddition pathway.[20] Que


and co-workers also suggested that at least two cis-labile
sites are needed for the iron-catalyzed alkene cis-dihydroxy-
lation by H2O2.


[6] Thus, it is possible that partial dissociation
of the bidentate acac ligand in 3a–d could occur during the
catalytic reactions. Monodentate-oxygen-bound diketonate
metal complexes are known in the literature.[27]


We also examined other rutheniumACHTUNGTRENNUNG(III) complexes that
bear cis-coordinated chloride ligands, including K2 ACHTUNGTRENNUNG[RuCl5


ACHTUNGTRENNUNG(H2O)], cis-[Ru ACHTUNGTRENNUNG(Tet-Me6)Cl2]ClO4, cis-[Ru ACHTUNGTRENNUNG(pyxn)Cl2]ClO4


(pyxn=N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)cyclohex-
ane-1,2-diamine), [Ru ACHTUNGTRENNUNG(terpy)Cl3] (terpy= 2,2’:6’,2“-terpyri-
dine), and RuCl3·xH2O, for their catalytic activities toward


Figure 1. ORTEP drawing of the structures of a) [3a]+ and b) [3d]+ .
Thermal ellipsoids drawn at the 30% probability level.


Table 1. Crystallographic data of 3a·ClO4 and 3d·ClO4.


3a·ClO4 3d·ClO4


Formula C14H22Cl2F6N3O6Ru C16H28ClF3N3O8Ru
Mr 615.32 584.94
Crystal symmetry monoclinic triclinic
Space group P21/c P1̄ (No. 2)
a [Q] 13.187(3) 8.509(5)
b [Q] 10.504(2) 17.749(5)
c [Q] 16.929(3) 17.787(5)
a [8] 90 62.680(5)
b [8] 103.36(3) 76.530(5)
g [8] 90 87.340(5)
V [Q�3] 2281.5(8) 2315.3(16)
Z 4 4
Diffractometer MAR MAR
Dc [g cm�3] 1.791 1.678
No. of collected refractions 16323 10314
No. of refractions used 4082 7024
No. of parameters 291 572
m ACHTUNGTRENNUNG(MoKa) [mm�1] 1.005 0.863
F ACHTUNGTRENNUNG(000) 1232 1192
R1


[a] 0.045 0.080
wR2


[a] 0.133 0.15
Goodness-of-fit 1.058 0.99


[a] R1 =S j jFo j� jFc j jS jFo j , wR2 = [SW(jFoj�jFcj)2/SwFo
2]


1=2 , in which w=


4Fo
2/s2


ACHTUNGTRENNUNG(Fo
2).


Table 2. Selected bond lengths (Q) and angles (8) for 3a·ClO4 and
3d·ClO4.


3a·ClO4 3d·ClO4


Ru�O(1) 2.030(3) 2.013(4)
Ru�O(2) 2.029(3) 2.014(4)
Ru�Cl(1) 2.349(1) 2.068(5)[a]


Ru�N(1) 2.102(4) 2.104(5)
Ru�N(2) 2.100(4) 2.089(6)
Ru�N(3) 2.086(4) 2.112(5)
O(1)�C(11) 1.280(5) 1.288(8)
O(2)�C(13) 1.264(5) 1.282(8)
C(11)�C(12) 1.379(6) 1.406(8)
C(12)�C(13) 1.391(6) 1.382(8)
C(13)�C(14) 1.516(6) 1.506(9)


O(1)�Ru�O(2) 90.3(1) 91.5(2)
Cl(1)�Ru�N(1) 176.8(1) 170.5(2)[b]


O(2)�Ru�N(3) 176.5(2) 174.8(2)
O(1)�Ru�N(2) 176.7(1) 176.2(2)
O(1)�C(11)�C(12) 128.5(4) 125.4(6)
O(2)�C(13)�C(12) 128.4(4) 126.2(6)
C(13)�C(12)�C(11) 123.0(4) 126.1(6)


[a] Ru�O(3). [b] O(3)�Ru�N(1).
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alkene cis-dihydroxylation using with H2O2 under the same
reaction conditions (Table 3, entries 8–12). However, all
these ruthenium catalysts were inactive, and no diol prod-
ucts were detected. In the case of [Ru ACHTUNGTRENNUNG(terpy)Cl3], only a
trace amount of cycloheptene oxide was detected.


Effects of Al2O3 and Chloride


As shown in Table 3, dihydroxylation of cyclohexene cata-
lyzed by 1 is nonselective, as an almost 1:1 mixture of cis/
trans-diols was obtained (Table 3, entry 2). We attempted to
optimize the reaction conditions by examining several con-
ditions with cyclohexene as a model substrate, H2O2 as the
terminal oxidant, and 1 as a catalyst in aqueous tert-butanol.
The results are depicted in Table 4. The addition of 5 mmol
of basic Al2O3 enhanced the cis-diol yield to 65 % and im-
proved the cis/trans ratio to 2:1 (Table 4, entry 2). No effect
was observed when 1 mmol of basic alumina was used
(Table 4, entry 1). A further increase in the amount of basic
alumina to 10 mmol had a deleterious effect as the substrate
conversion dropped dramatically to 15 % (Table 4, entry 3).
The use of acidic and neutral Al2O3 did not improve the se-
lectivity toward the cis-diol (Table 4, entries 4 and 5). At
this moment, the reason for the improvement is not clear;
however, the basic Al2O3 became pale yellow during the re-
action, which indicates that some ruthenium complexes
were grafted onto the Al2O3 surface.


We found that the addition of 1 mmol of NaCl and
5 mmol of Al2O3 to the 1-catalyzed alkene dihydroxylation
further improved the yield of the cis-diol to 75 % and in-
creased the product cis/trans ratio to 3.9:1 (Table 4, entry 6).
A similar cis/trans ratio (4:1) was obtained when 2 mol of
NaCl was used, but the substrate conversion decreased to
20 % (Table 4, entry 7). The use of KCl gave similar selectiv-
ity and substrate conversion (Table 4, entry 8). Replacement


of aqueous H2O2 by urea/H2O2 or tert-butyl hydroperoxide
(TBHP) led to decreased substrate conversion and cis-diol
selectivity (Table 4, entries 9 and 10). When oxone was used
as the oxidant, only the trans-diol was obtained (Table 4,
entry 11).


Catalytic cis-Dihydroxylation of Various Alkenes


Using the optimized conditions (Table 4, entry 6), we inves-
tigated the substrate scope and limitations of the “1+


H2O2 + Al2O3 +NaCl” protocol (Table 5). Cyclic alkenes
were efficiently converted into their corresponding cis-diols
in good to excellent yield (Table 5, entries 1–7). Oxidation
of cyclooctene, cycloheptene, and cyclopentene afforded the
corresponding cis-diols as single products in 93–96 % yield
with complete substrate conversion and no trans-diols being
detected by NMR spectroscopic analysis of the reaction
mixture (Table 5, entries 1–3). With styrenes, the 1-catalyzed
dihydroxylation gave the corresponding cis-diol in 77–91 %
yield without C=C bond-cleavage products being detected
(Table 5, entries 8–11). Likewise, terminal and internal al-
kenes were oxidized to the corresponding cis-diols in up to
96 % yield with substrate conversions of greater than 60 %
(Table 5, entries 12–14). Notably, in the literature, the
RuCl3·xH2O/NaIO4 protocol gave only moderate to good
yields of cis-diols (58–70%) when unfunctionalized alkenes
such as 1-decene, cyclohexene, cyclooctene, and a-methyl
styrene were used as substrates.[13c]


Good yields of cis-diols (based on conversion) were also
obtained when allylic alcohols and acetyl-protected allylic
alcohols were used as substrates (Table 5, entries 15–18).
The protocol was ineffective for ethyl cinnamate, which con-
tains an electron-deficient C=C bond, and the substrate was
recovered completely after the reaction, in contrast to the
case when the RuCl3·xH2O/NaIO4 protocol was employed.[13]


On the other hand, stoichiometric oxidation of ethyl cinna-


Table 3. Catalytic alkene cis-dihydroxylation.[a]


Entry Catalyst Conv. Yield [%][b]


[%] cis-Diol trans-Diol


1 1 100 91 5
2[c] 1 100 44 50
3 2 100 62 30
4 3a 100 83 10
5 3b 100 73 25
6 3c 100 72 26
7 3d 100 62 30
8 K2 ACHTUNGTRENNUNG[RuCl5 ACHTUNGTRENNUNG(H2O)] <1 n.d. n.d.
9 cis-[Ru ACHTUNGTRENNUNG(Tet-Me6)Cl2]ClO4 <1 n.d. n.d.


10 cis-[Ru ACHTUNGTRENNUNG(pyxn)Cl2]ClO4 <1 n.d. n.d.
11 [Ru ACHTUNGTRENNUNG(terpy)Cl3] <1[d] n.d. n.d.
12 RuCl3·xH2O <1 n.d. n.d.


[a] Reaction conditions: cycloheptene (5 mmol), Ru catalyst (50 mmol),
aqueous H2O2 (11 mmol), tert-butanol/H2O=6 mL:3 mL, 60 8C, 14 h,
unless otherwise stated. [b] Yield of isolated product based on conver-
sion. [c] Cyclohexene (5 mmol) was used. [d] Trace amount of cyclohep-
tene oxide was detected. n.d.=not detected.


Table 4. Effect of additives on 1-catalyzed alkene cis-dihydroxylation.[a]


Entry Additive(s) Conv. Yield [%][b]


ACHTUNGTRENNUNG([mmol]) [%] cis-Diol trans-Diol


1 basic alumina (1) 100 43 50
2 basic alumina (5) 100 65 30
3 basic alumina (10) 15 68 26
4 acidic alumina (5) 100 33 62
5 neutral alumina (5) 100 43 52
6 basic alumina (5) +NaCl (1) 100 78 20
7 basic alumina (5) +NaCl (2) 20 80 20
8 basic alumina (5) +KCl (1) 100 75 21
9[c] basic alumina (5) +NaCl (1) 15 20 75


10[d] basic alumina (5) +NaCl (1) 30 28 68
11[e] basic alumina (5) +NaCl (1) 13 n.d. 88


[a] Reaction conditions: cyclohexene (5 mmol), 1 (50 mmol), aqueous
H2O2 (11 mmol), tert-butanol/H2O= 6 mL:3 mL, 60 8C, 14 h, unless other-
wise stated. [b] Yield of isolated product based on conversion. [c] Urea/
H2O2 (11 mmol). [d] TBHP (11 mmol). [e] Oxone (11 mmol).
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mate by cis-[(Me3tacn) ACHTUNGTRENNUNG(CF3CO2)RuVIO2]
+ was reported to


give (� )-threo-ethyl 2,3-dihydroxy-3-phenylpropanoate in
72 % yield.[20]


Scaled-Up Reactions


Previously, we reported that the 2-catalyzed oxidation of cy-
clohexene to adipic acid by H2O2 could be scaled up to the
1-mol scale in a one-pot process.[3a] We also examined the
feasibility of scaling up the “1+H2O2 +Al2O3 + NaCl” pro-
tocol by using 1 mol of alkene substrate. Dropwise addition
over a period of 6 h of 17.5 % aqueous H2O2 (1.1 mol) to
aqueous tert-butanol (1800 mL, tert-butanol/H2O=2:1) con-
taining cycloheptene (96.2 g, 1 mol), 1 (3.8 g, 0.01 mol),
Al2O3 (101.9 g, 1 mol), and NaCl (11.7 g, 0.2 mol) at 60 8C
gave a homogeneous yellow solution. After the reaction
mixture was stirred for a further 8 h at 60 8C, 119 g of cis-
1,2-cycloheptanediol was isolated as a single product, corre-
sponding to 91 % yield. Under the same conditions, cyclooc-
tene (110.2 g, 1 mol) was oxidized to cis-1,2-cyclooctanediol
(128 g) in 92 % yield. We also found that, for this scaled-up
oxidation, cis-1,2-cycloheptanediol was obtained in 89 %
yield (115.7 g) from the 1-catalyzed oxidation of cyclohep-
tene by H2O2 (1.1 mol) even in the absence of NaCl and


Al2O3 as additives, and the cis-/trans-1,2-cycloheptanediol
ratio was 90:5 as determined by 1H NMR spectroscopy.


Mechanistic Aspects


To obtain information on the reaction mechanism, competi-
tive oxidation of para-substituted styrenes (p-Y-C6H4CH=


CH2; Y=Me, H, Cl, Br, or CF3) with the “1+H2O2 +


NaCl+Al2O3” protocol was studied by gas chromatography
(see Experimental Section). Figure 2 shows the plot of


logkrel (krel =k(p-Y-C6H4CH=CH2)/k(C6H5CH=CH2)) versus
the substituent constant s, in which a linear correlation is
observed with gradient 1+ =�0.97. Such a small negative
value indicates that a small positive charge is present on the
a-carbon atom in the transition state. This 1+ value is com-
parable to that of the stoichiometric oxidation of styrenes
by cis-[(Me3tacn) ACHTUNGTRENNUNG(CF3CO2)RuVIO2]


+ (1+ =�1.05, R=


0.95),[20] but is very different from those of reactions that in-
volve the formation of carbocations, for example, bromina-
tion (1+ =�4.1)[28] and hydration (1+ =�3.5)[29] of alkenes.


Slow addition of H2O2 (11 mmol) to a reaction mixture
containing cyclohexene oxide (5 mmol), 1 (1 mol %), Al2O3


(5 mmol), and NaCl (1 mmol) in aqueous tert-butanol at
60 8C gave the corresponding trans-diol in over 96 % yield.
This finding suggests that formation of the cis-diol through
epoxidation followed by ring opening in the 1-catalyzed cis-
dihydroxylation of alkenes by aqueous H2O2 is unlikely.


Recently, we reported that cis-[(Me3tacn)-
ACHTUNGTRENNUNG(CF3CO2)RuVIO2]


+ reacts with alkenes by a [3+ 2] cycload-
dition to give the corresponding RuIII cycloadducts, which
eventually decompose to give the cis-diols and
[(Me3tacn)2RuIII


2ACHTUNGTRENNUNG(m-O) ACHTUNGTRENNUNG(m-O2CCF3)2]
2+ .[20] In this work, we


monitored the reaction of 1 with H2O2 in the absence/pres-
ence of organic substrates by using ESI-MS. When H2O2


(11 mmol) was added to aqueous tert-butanol (tert-butanol/
H2O=2:1 v/v) containing 1 (5 mm) at 60 8C/room tempera-
ture, no oxygen was evolved over a period of 6 h, which sug-


Table 5. Catalytic alkene cis-dihydroxylation with the “1+H2O2 +


Al2O3 +NaCl” protocol.[a]


Entry Alkenes Conv.
[%]


Yield of cis-diol[b,c]


[%]


1 100 93 (n.d.)[d]


2 100 96 (n.d.)[d]


3 100 95 (n.d.)[d]


4 100 78 (20)


5 100 59 (38)


6 100 72 (23)


7 100 68 (28)


8 100 91


9 100 77 (17)


10 100 89 (9)


11 100 89


12 80 92


13 83 90


14 60 96 (n.d.)


15 43 63 (28)[d]


16 40 58 (32)[d]


17 43 82 (15)


18 44 85 (n.d.)


[a] Reaction conditions: alkene (5 mmol), 1 (50 mmol), basic Al2O3


(5 mmol), NaCl (1 mmol), aqueous H2O2 (17.5 %, 11 mmol), tert-butanol/
H2O=6 mL:3 mL, 60 8C, 14 h. [b] Yield of isolated product based on con-
version. [c] Yield of trans-diol is shown in parentheses. [d] The corre-
sponding aldehydes were obtained instead of the trans-diol.


Figure 2. Hammett plot (logkrel vs. s) for the 1-catalyzed oxidation of
para-substituted styrenes by H2O2.


74 www.chemasianj.org H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 70 – 77


FULL PAPERS
C.-M. Che et al.







gests that no decomposition of H2O2 occurred. Aliquots of
the reaction mixture before and after addition of H2O2 were
taken for MS analysis, but no significant difference in the
ESI mass spectra was noted. Both spectra showed a promi-
nent ion cluster peak at m/z=361.0 that could be attributed
to [Ru ACHTUNGTRENNUNG(Me3tacn)Cl2ACHTUNGTRENNUNG(H2O)]+ . Cluster peaks located at m/z=


343.1, 325.3, and 307.1 were assigned to [Ru ACHTUNGTRENNUNG(Me3tacn)Cl2]
+ ,


[Ru ACHTUNGTRENNUNG(Me3tacn)(OH)Cl]+ , and [Ru ACHTUNGTRENNUNG(Me3tacn)(OH)2]
+ , respec-


tively, thus revealing that aquoruthenium species of Me3tacn
were present in the reaction mixture. No peaks arising from
[(Me3tacn)ClRuVIO2]


+ (m/z=340) were detected. Notably,
addition of cyclooctene (5 mmol) to this reaction mixture
gave a peak at m/z=451.2 after 0.5 h that matches the
[(Me3tacn)ClRuIIIHO2 ACHTUNGTRENNUNG(C8H14)]+ formulation. After 6 h, the
reaction mixture turned purple, and dimeric ruthenium spe-
cies with relatively low abundance at m/z= 704.3 (40%, for-
mulated as [Ru2ACHTUNGTRENNUNG(Me3tacn)2Cl4ACHTUNGTRENNUNG(H2O)]+) and 684.3 (15%, for-
mulated as [Ru2ACHTUNGTRENNUNG(Me3tacn)2Cl4]


+) were detected. Similar ob-
servations were made for cycloheptene (m/z=437.2 corre-
sponding to [(Me3tacn)ClRuIIIHO2ACHTUNGTRENNUNG(C7H12)]+). However, at-
tempts to detect oxoruthenium species in the reaction
mixture were not successful, probably due to their high reac-
tivity and instability, although H2O2 is known to be an oxi-
dant in the preparation of dioxoruthenium complexes such
as trans-[(14-tmc)RuVIO2]


2+ [18h] (14-TMC=1,4,8,11-tetra-
methyl-1,4,8,11-tetraazacyclotetradecane) and cis-[(Tet-
Me6)RuVIO2]


2+ .[24] Based on the Hammett correlation and
the detection of cycloadducts [(Me3tacn)ClRuIIIHO2


ACHTUNGTRENNUNG(C8H14)]+ and [(Me3tacn)ClRuIIIHO2ACHTUNGTRENNUNG(C7H12)]+ by ESI-MS
analysis, we propose that the reaction between 1 and H2O2


may generate a cis-dioxo-, cis-oxo ACHTUNGTRENNUNG(aquo)-, or cis-oxo-
ACHTUNGTRENNUNG(hydroxy)ruthenium species, which reacts with alkenes by
cycloaddition.


Conclusions


In summary, an environmentally friendly protocol that
adopts aqueous H2O2 as a terminal oxidant and [Ru-
ACHTUNGTRENNUNG(Me3tacn)Cl3] (1) as catalyst for the cis-dihydroxylation of
alkenes has been presented. Unfunctionalized alkenes, in-
cluding cycloalkenes, aliphatic alkenes, and styrenes, were
selectively oxidized to their corresponding cis-diols as the
major products. As [RuACHTUNGTRENNUNG(Me3tacn)Cl3] is a stable complex
that can be easily prepared by the reaction of [Ru-
ACHTUNGTRENNUNG(DMSO)4Cl2] (DMSO =dimethyl sulfoxide) with Me3tacn in
60 % yield,[21] we anticipate that the “[Ru ACHTUNGTRENNUNG(Me3tacn)Cl3]+


H2O2 + additives” protocol could be developed into a useful
method for the practical synthesis of cis-diols from unfunc-
tionalized alkenes.


Experimental Section


General


All solvents and hydrocarbon substrates were purified by standard proce-
dures.[30] Me3tacn,[21] [Ru ACHTUNGTRENNUNG(Me3tacn)Cl3] (1),[21] [Ru ACHTUNGTRENNUNG(Me3tacn) ACHTUNGTRENNUNG(CF3CO2)2


ACHTUNGTRENNUNG(OH2)]CF3CO2 (2),[26] cis-[Ru ACHTUNGTRENNUNG(Tet-Me6)Cl2]ClO4,
[19d] cis-[Ru-


ACHTUNGTRENNUNG(pyxn)Cl2]ClO4,
[31] and [Ru ACHTUNGTRENNUNG(terpy)Cl3]


[32] were prepared according to pre-
viously published procedures. RuCl3·xH2O (Aldrich), K2 ACHTUNGTRENNUNG[RuCl5ACHTUNGTRENNUNG(H2O)]
(Aldrich), hexafluoroacetylacetone (Aldrich), 1,3-diphenyl-1,3-propane-
dione (Aldrich), silver trifluoromethanesulfonate (99+ %, Acros), and
trifluoromethanesulfonic acid (Acros) were used as received. Dropwise
addition of aqueous H2O2 was carried out with a syringe pump.
1H and 13C NMR spectra were recorded on a Bruker spectrometer (1H:
400 MHz; 13C: 100 MHz). Chemical shifts (d) are given in parts per mil-
lion relative to tetramethylsilane (d=0 ppm). Gas chromatography was
performed on a Hewlett–Packard model HP 5890 Series II chromato-
graph equipped with an HP 17 column (cross-linked 50 % phenyl methyl
silicone, 0.2 mm film thickness) and equipped with a flame ionization de-
tector. Mass spectra were recorded on a Finnigan MAT 95 mass spec-
trometer. Electrospray ionization mass spectra were obtained with a Fin-
nigan MAT LCQ spectrometer. The sheath (compressed air) and auxili-
ary (nitrogen) gases were operated at 100 and 40 psi, respectively. Typical
operating voltages were 3.0 V for capillary voltage and 3.5 kV for spray
voltage. All spectra were collected at a capillary temperature of 180 8C.
Elemental analysis was performed by the Institute of Chemistry of the
Chinese Academy of Sciences.


All X-ray diffraction data were collected on an MAR diffractometer with
a 300-mm image plate detector with graphite-monochromated MoKa radi-
ation (l =0.71073 Q) at 253 K. The images were interpreted and the in-
tensities integrated by using the program DENZO.[33] The structures
were solved by direct methods with the SIR-97 program on a PC.[34]


Structure refinements were performed by full-matrix least squares with
the program SHELXL-97[35] on a PC. CCDC-656309 (3d) and -656310
(3a) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre at www.ccdc.cam.ac.uk/data_request.cif.


Syntheses


Warning! Perchlorate salts of complexes with organic ligands are poten-
tially explosive and should be handled in small quantities with great care.


General procedure for the synthesis of 3a–c : Compound 1 (0.79 mmol,
0.3 g) HL (L=acac, hfacac, or Phacac; 2 mmol), and distilled water
(10 mL) was added to a 100-mL round-bottomed flask. Continuous stir-
ring of the mixture for 72 h at ambient temperature gave a clear red solu-
tion. Any insoluble solid was removed by filtration, and the filtrate was
washed with diethyl ether (3 V 10 mL) to remove any unreacted organic
ligands. After addition of saturated aqueous NaClO4 (5 mL), the solution
was kept in a refrigerator (4 8C) for 36 h to obtain a red solid. The solid
was collected on a frit and recrystallized in acetone/diethyl ether.


3a·ClO4: Yield: 60%. UV/Vis (H2O): lmax (emax) =299 (5930), 386 (3200),
495 nm (1250 m


�1 cm�1); IR (KBr): ñ=1581, 1467 cm�1; MS (FAB): m/z=


515 [M]+ ; elemental analysis: calcd (%) for C14H22Cl2F6N3O6Ru: C 27.37,
H 3.61, N 6.84; found: C 27.72, H 3.69, N 6.64.


3b·ClO4: Yield: 73 %. UV/Vis (H2O): lmax (emax)=284 (6100), 324 (4200),
565 nm (1150 m


�1 cm�1); IR (KBr): ñ =1519, 1459 cm�1; MS (FAB): m/z=


407 [M]+ ; elemental analysis: calcd (%) for C14H22Cl2F6N3O6Ru: C 27.37,
H 3.61, N 6.84; found: C 26.83, H 3.47, N 7.04.


3c·ClO4: Yield: 80 %. UV/Vis (H2O): lmax (emax): 261 (12 600), 338 nm
(19 900 m


�1 cm�1); IR (KBr): ñ =1553, 1482 cm�1; MS (FAB): m/z=531
[M]+ ; elemental analysis: calcd (%) for C24H32Cl2N3O6Ru: C 45.72, H
5.12, N 6.66; found: C 46.08, H 5.02, N 6.93.


3d·ClO4: Compound 2 (160 mmol, 0.1 g) was added to an aqueous solu-
tion (10 mL) of 2,4-pentanedione (2 mmol, 0.2 g), and the mixture was
stirred overnight at room temperature to give a purple solution. Any in-
soluble solid was removed by filtration, and saturated aqueous NaClO4


(4 mL) was added to the filtrate. The resultant mixture was kept in a re-
frigerator (4 8C) for 36 h, and the purple crystalline solid obtained was
collected on a sintered glass funnel and washed with diethyl ether
(50 mL). Yield: 75%. UV/Vis (H2O): lmax (emax): 283 (3800), 322 (3050),
595 nm (700 m


�1 cm�1); IR (KBr): ñ=1703, 1529, 1186 cm�1; MS (FAB):
m/z= 485 [M]+ ; elemental analysis: calcd (%) for C16H28ClF3N3O8Ru: C
32.91, H 4.83, N 7.20; found: C 33.21, H 4.73, N 6.89.
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General procedure for catalytic organic oxidations by aqueous H2O2: A
reaction mixture containing tert-butanol (6 mL), distilled water (3 mL),
substrate (5 mmol), Al2O3 (5 mmol), NaCl (1 mmol), and the ruthenium
catalyst (50 mmol) was heated at 60 8C. Aqueous H2O2 (11 mmol, 17.5 %)
was added over a period of 6 h. After the reaction mixture was stirred
for a further 8 h, it was cooled in an iced salt bath, and the unreacted
H2O2 was removed by adding saturated aqueous sodium bisulfite (3 mL).
After addition of the internal standard, the products were extracted with
diethyl ether (5 V 20 mL), and the combined extracts were dried over an-
hydrous MgSO4 and filtered. Aliquots were taken for product identifica-
tion and quantification with GC or NMR spectroscopic analysis.


For the 1-mol-scale reaction, a mixture containing substrate (1 mol), 1
(0.01 mol), Al2O3 (1 mol, 101.9 g), and NaCl (0.2 mol, 11.7 g) in tert-buta-
nol (1200 mL) and distilled water (600 mL) was heated to 60 8C. Aqueous
H2O2 (17.5 %, 213 mL) was then added over a period of 6 h, and the re-
action mixture was stirred for a further 8 h. Unreacted H2O2 was re-
moved by adding saturated aqueous sodium bisulfite (100 mL). tert-Buta-
nol was recycled by simple distillation at 83 8C, and water was further dis-
tilled out to give a viscous layer containing residual solvent and crude
product. The product was extracted with diethyl ether (5 V 200 mL), and
the combined extracts were dried over anhydrous MgSO4 and filtered.
The ethereal layer was evaporated to dryness by a rotary evaporator to
give the corresponding diol product.


Determination of Relative Reactivities (krel) in the Catalytic Oxidation of
para-Substituted Styrenes


An aqueous solution of tert-butanol (tert-butanol/H2O =6 mL:3 mL) con-
taining styrene (2.5 mmol), the para-substituted styrene (2.5 mmol), 1,4-
dichlorobenzene (0.5 mmol as the internal standard), Al2O3 (5 mmol),
NaCl (1 mmol), and 1 (50 mmol) was heated to (60�1) 8C with vigorous
stirring. Aqueous H2O2 (1.1 mmol) was added over a period of 1 h, and
the reaction mixture was stirred for a further 8 h. The amounts of styr-
enes before and after the reaction were determined by GC. The relative
reactivities were determined by [Eq. (1)]:


krel ¼ kY=kH ¼ logðY f=Y iÞ=logðHf=H iÞ ð1Þ


in which Yf and Yi are the final and initial quantities of the substituted
styrenes, respectively, and Hf and Hi are the final and initial quantities of
styrene, respectively.
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Introduction


Within the field of enantioselective synthesis, the use of
chiral a-heterosubstituted organolithium compounds still
present a challenging crucial issue: Once these compounds
have been generated in an asymmetric fashion by using
chiral base systems, their configurational stability decides
whether they can be advantageously utilized in enantioselec-
tive synthesis.[1] Reaction of the lithiated species with differ-
ent electrophiles normally proceeds stereospecifically.
Therefore, the enantioenrichment of the whole reaction is
determined either within the deprotonation step itself (ki-
netic resolution or enantiotopic differentiation) and/or by
the character of the lithiated species and its behavior within
the post-deprotonation step (dynamic kinetic resolution or


dynamic thermodynamic resolution).[2] Within the last three
decades, many substrates have been investigated for their
use in enantioselective synthesis and, thereby, for their con-
figurational stability.[3,4]


It was found in 1980 that a-alkoxyalkyl lithium com-
pounds (1) are configurationally stable.[3a] The same holds
true for a-substituted chiral 1-carbamoyloxyallyl lithium
(2),[3b] a-substituted chiral 1-carbamoyloxybenzyl lithium
(3),[3c–f] and, generally, chiral 1-carbamoyloxyalkyl lithium
compounds (4) (Scheme 1).[3g] Furthermore, some N-Boc-a-
aminoalkyl lithium compounds, such as pyrrolidines 5 and
allylamines 6, were found to exhibit the desired configura-
tional stability.[4]


A completely different situation is often found for a-thio-
or a-seleno-substituted organolithium derivatives.[5–7] Once
the lithium-bearing chiral center has been formed, in many
cases it starts to epimerize even at temperatures of �78 8C
and below.[5,6] Only very few a-thio-substituted compounds
are known that exhibit lithiated carbanions that are consid-
erably stable configurationally, namely, a-silylated a-thioal-
ACHTUNGTRENNUNGkyl lithium 7,[8] a-methylated a-thiobenzyl lithium 8,[9] and
cyclic a-thioallyl lithium derivative 9.[10] For these three
cases, configurational stability most likely originates from
the branching substituents at the chiral center, thus enhanc-
ing the barrier of epimerization as proposed by Hoffmann
and co-workers.[6,11] The apparent absence of epimerization
of the lithiated S-prolinyl thiocarbamate 10 is due to the
fact that the S,S epimer is highly favored both kinetically
and thermodynamically.[12]


Abstract: Substitution reactions that
employ primary-carbamoyl-protected
arylmethanethiols are described. The
enantiodetermining step was found to
occur in the post-deprotonation step as
a dynamic thermodynamic resolution
with a chiral bis(oxazoline) ligand. The
configurationally labile lithium com-
plexes were trapped with various elec-


trophiles to yield different substitution
products in good to excellent yields
and enantiomeric excesses. The abso-


lute configurations of the substitution
products were determined, and the ste-
reochemical pathway of the substitu-
tion reaction was elucidated for differ-
ent classes of electrophiles. The tem-
perature-dependent epimerization pro-
cess was monitored by 1H and
6Li NMR spectroscopy.


Keywords: asymmetric synthesis ·
bis(oxazoline) ligands · carbanions ·
dynamic thermodynamic resolution ·
lithium


[a] H. Lange, Dr. K. Bergander, Dr. R. Frçhlich, Dr. S. Kehr,
Prof. Dr. D. Hoppe
Organisch-Chemisches Institut der Universit@t
Westpf@lische Wilhelms-Universit@t MAnster
Corrensstr. 40, 48149 MAnster (Germany)
Fax: (+49)251 83 33265
E-mail : dhoppe@uni-muenster.de


[b] Prof. Dr. S. Nakamura, Prof. Dr. N. Shibata, Prof. Dr. T. Toru
Department of Applied Chemistry
Nagoya Institute of Technology
Gokiso, Showa-ku, Nagoya 466-8555 (Japan)
Fax: (+81)52 735 5217
E-mail : toru@nitech.ac.jp


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


88 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 88 – 101


FULL PAPERS



www.interscience.wiley.com





In the case of configurationally labile lithiated species,
one has to rely on the mechanisms of enantioenrichment
that occur in the post-deprotonation step to gain synthetical-
ly useful application of these compounds. Different mecha-
nisms have been found by investigations of several aryl
benzyl sulfides 11 by Toru and co-workers (Scheme 2).[13] By
using chiral bis(oxazoline) ligands such as 12 in the deproto-
nation sequence of sulfides 11, very highly enantioenriched
a-substituted benzyl thiols were obtained. In our group, bis-
(oxazoline) 12c was used in the substitution of S-cinnamyl


thiocarbamate 13,[14b] whereas (�)-sparteine (19) was suc-
cessfully applied in the case of configurationally labile S-2-
alkynyl thiocarbamate 14.[14a]


Herein we present a reliable method of synthesizing
highly enantioenriched secondary S-benzyl thiocarbamates
from primary prochiral S-benzyl thiocarbamates. We investi-
gated the configurational stability of the lithium complexes,
the mechanism of enantioenrichment, and the stereochemi-
cal pathway of the substitution reactions.


Results and Discussion


S-Benzyl thiocarbamate 15 was synthesized from phenyl-
ACHTUNGTRENNUNGmethanethiol by carbamoylation with sodium hydride as the
base[15] in 92% yield (Scheme 3).[16,17]


Thiocarbamate 15 was deprotonated by using 1.2 equiva-
lents of sec-butyllithium in toluene in the presence of
1.2 equivalents of different tertiary chiral diamines
(Scheme 4). With achiral TMEDA and methyl iodide as the


Abstract in German: Die asymmetrische Deprotonierung
prochiraler S-Benzylthiocarbamate wird beschrieben und
untersucht. Die Enantiomerenanreicherung entsteht im
Post-Deprotonierungsschritt mittels dynamisch-thermodyna-
mischer Resolution unter Verwendung eines chiralen Bis-
ACHTUNGTRENNUNG(oxazolin)-Liganden. Die bei �30 8C konfigurationslabilen
Diaminkomplexe equilibrieren und kçnnen mit verschiede-
nen Elektrophilen abgefangen werden. So werden in sehr
guten Ausbeuten hoch enantiomerenangereicherte a-substi-
tuierte S-Benzylthiocarbamate erhalten. Die Absolutkonfi-
guration und der stereochemische Verlauf der Substitutions-
reaktionen werden aufgekl@rt. Zudem wird die Temperatur-
abh@ngige Epimerisierung mittels 1H- und 6Li-NMR-Spek-
troskopie verfolgt und visualisiert.


Scheme 1. Different configurationally stable chiral lithium compounds.
TMEDA=N,N,N’,N’-tetramethylethylenediamine.


Scheme 2. The different configurationally labile chiral lithium compounds
and ligands employed.


Scheme 3. Synthesis of S-benzyl thiocarbamate 15. Reaction conditions:
NaH, CbCl, THF, room temperature, 2 days, 92%.
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electrophile in the first reaction, the desired racemic methyl-
ation product rac-17 was obtained in 94% yield after 2 h of
deprotonation at �78 8C (Table 1, entry 1).[17] We then used


chiral bis(oxazoline) (�)-(S,S)-18[18] as a chiral diamine at
�78 8C under the same reaction conditions. We obtained
only moderate yields, and the product could not be com-
pletely purified (Table 1, entries 2 and 3). When the electro-
phile was changed to methyl triflate, we obtained the pure
product (�)-(S)-17, but yields and enantioselectivity were
not improved (Table 1, entry 4). By utilizing the same condi-
tions as before, but with (�)-sparteine (19) as the chiral di-
ACHTUNGTRENNUNGamine, (�)-(S)-17 was obtained in 59% yield, albeit with a
slightly better but still poor enantioselectivity of 16% ee
(Table 1, entry 5).
Out of this series of experiments, several questions arose:


1) Do the complexes 16·18 and 16·19 epimerize?
2) Is the enantiotopic discrimination by bis(oxazoline) 18
simply bad and frozen in the configurationally stable
complex 16·18?


3) Is there a good enantiotopic discrimination with (�)-
sparteine (19) that is later destroyed by epimerization?


4) Can epimerization conditions be achieved that favor one
of the diastereomeric complexes, which can then be trap-
ped with different electrophiles?


Some control experiments were performed. The results
obtained are outlined in Table 2. A longer deprotonation


time at �78 8C yielded the methylated S-thiocarbamate (�)-
(S)-17 in a significantly increased yield of 67% (Table 2,
entry 1). The enantiomeric excess remained unchanged and
was found to be 19% ee. Deprotonation at �30 8C for 12 h
and trapping of the lithiated species at �78 8C with methyl
triflate yielded (�)-(S)-17 in 98% yield and with 96% ee
(Table 2, entry 2). These two key experiments showed the
main reaction features at once: The enantioselectivity origi-
nates from the post-deprotonation step through dynamic
thermodynamic resolution.[2] There was an equilibrium of
epimeric complexes at higher temperatures (�30 8C), and
one of the epimeric complexes was strongly favored when
chiral bis(oxazoline) 18 was used. Upon cooling the reaction
mixture, the equilibration slowed, and the ratio of epimeric
complexes seems to be frozen on the timescale set by the re-
action of the complex with the electrophile used, that is,
k1/2epi !k3/4ret/inv (Scheme 5). No precipitation formed by a
crystallizing lithium species was observed during the experi-
ments. The complexes remained in solution and equilibrated
without an asymmetric transformation of the second
order.[19]


Scheme 4. Deprotonation of S-benzyl thiocarbamate 15. Reaction condi-
tions: a) Diamine, sBuLi, toluene, Tdeprot=�78 8C, tdeprot=2 h; b) MeX
(X= I, OTf), toluene, �78 8C. Tf= trifluoromethanesulfonyl.


Table 1. Results of the first deprotonation–methylation experiments of
15.[a]


Entry Diamine ElX 17
[%]


ee
[%]


½a�20D of 17 in
CHCl3 (c)


1 TMEDA MeI 94 rac –
2 18 MeI 63[b] n.d. n.d.
3[c] 18 MeI 77[b] n.d. n.d.
4 18 MeOTf 31 19 n.d.
5 19 MeOTf 59 16 �6.6 (0.98)


[a] Tdeprot=�78 8C, tdeprot=2 h. [b] Product contaminated with substrate;
ratio determined by GC analysis (HP 1701). [c] Reaction time prolonged
to 4 h. n.d.=not determined.


Table 2. Deprotonation experiments of 15 performed in order to identify
the enantiodeterming step.


Entry Diamine Tdeprot
[8C]


tdeprot
[h]


ElX Yield [%]
ACHTUNGTRENNUNG(product)


ee
[%]


½a�20D in
CHCl3 (c)


1 18 �78 5 MeOTf 67 (17) 19 �12.9
ACHTUNGTRENNUNG(1.05)


2 18 �30 13 MeOTf 98 (17) 96 �147.4
ACHTUNGTRENNUNG(1.36)


3 19 �78 2 MeOTf 59 (17) 16 n.d.
4 19 �30 14 MeOTf 92 (ent-17) 17 n.d.
5 18 �30 12 TMSCl 90 (21) 96 �166.5


ACHTUNGTRENNUNG(1.01)
6 18 �30 4 TMSCl 82 (21) 94 �162.4


ACHTUNGTRENNUNG(0.97)
7 18 �78 0.5 TMSCl


in situ
52 (ent-21) 28 +50.8


ACHTUNGTRENNUNG(0.72)
8 19 �78 0.5 TMSCl


in situ
66 (21) 16 n.d.


Scheme 5. Kinetic description of the reaction of the epimeric complexes
16·18/19. ElX=electrophile.
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An experiment with (�)-sparteine (19) as a chiral ligand
under the same reaction conditions as before clearly indi-
cates that the corresponding lithium complexes also equili-
brate at �30 8C (Table 2, entry 4). Compared to the substitu-
tion at �78 8C (17: 59%, 16% ee ; Table 2, entry 3), ent-17
was obtained in 92% yield and with 17% ee. In contrast to
the result with the bis(oxazoline) 18, none of the epimeric
complexes was strictly favored, which rules out (�)-spar-
teine (19) as the chiral diamine of choice.
By using 18 and trimethylsilyl chloride as the electrophile


and employing the same reaction conditions as before (4 h
at �30 8C), the silylated S-benzyl thiocarbamate (�)-(R)-21
was obtained in 90% yield and with 96% ee (Scheme 6 and


Table 2, entry 5). This shows that the enantioenrichment is
independent of the electrophile, thus excluding a dynamic
kinetic resolution in the substitution step and thereby prov-
ing the proposed mechanism of enantioenrichment. Essen-
tially the same results were obtained when the deprotona-
tion time was shortened to 4 h at �30 8C (Table 2, entry 6).
To estimate the kinetic enantiotopic differentiation of (�)-
sparteine (19) and bis(oxazoline) 18, in situ experiments
were performed: (�)-Sparteine (19) showed poor enantio-
topic differentiation as silane (�)-(R)-21 was formed with a
poor enantiomeric excess of 16% ee (Table 2, entry 8). Nev-
ertheless, this result underlines the fact that the complexes
must be configurationally stable at �78 8C as the enantioen-
richment did not change when the complexes were stirred
for a while before being trapped with an electrophile
(Table 2, entry 3). Silane (+)-(S)-21 was formed by employ-
ing bis(oxazoline) 18 in the in situ procedure (Table 2,
entry 7). The low enantiomeric excess of 28% ee indicates
poor kinetic enantiotopic differentiation by 18 as well. Be-
sides, the formation of the enantiomer (+)-(S)-21 in the
in situ trapping experiment with bis(oxazoline) 18 serves as
the final proof for dynamic thermodynamic resolution as the
enantiodetermining step. This is in contrast to the findings
of Toru and co-workers with regard to the enantiodetermin-


ing step in the substitution sequences that employ lithiated
benzyl phenyl sulfides 11a/b :[13a] dynamic kinetic resolution
takes place there. The difference is attributed to the dipole-
stabilizing effect of the carbamate group.


Assignment of Absolute Configurations and Elucidation of
the Stereochemical Pathways


Single crystals of the methylated benzyl thiocarbamate (�)-
(S)-17 were obtained and analyzed by X-ray crystal-struc-
ture analysis with anomalous dispersion. We thus assigned
the S configuration of the stereogenic carbon atom
(Figure 1). From single crystals of silane (�)-(R)-21, which
were suitable for X-ray analysis with anomalous dispersion,
we determined the stereogenic centre of the silane to be R-
configured (Figure 2). As it is known that both silylation


and methylation on mesomerically stabilized a-thioorgano-
lithium compounds usually take place with inversion of con-
figuration,[9,10a,b,14] the benzylic carbon atom of the favored
epimeric complex is considered to have the R configuration
(Scheme 6).[22]


Extension of the Methodology


We extended this methodology by successfully employing
various electrophiles. It was possible to determine both the
enantiomer ratio and the absolute stereochemistry of the


Scheme 6. Silylation and methylation of S-benzyl thiocarbamate 15. Re-
action conditions: a) 18, sBuLi, toluene, �30 8C, 12 h; b) Me3SiCl, tolu-
ene, �78 8C, 2 h, 90%; c) MeOTf, toluene, �78 8C, 2 h, 98%.


Figure 1. X-ray crystal structure of (�)-(S)-17.[20]


Figure 2. X-ray crystal structure of (�)-(R)-21.[21]
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various substitution products as outlined in Table 3. Like the
silylation described above, stannylation worked well with a
good yield and an excellent enantiomeric excess of 98% ee
(Table 3, entry 1). Trapping of the lithiated species with gas-
eous carbon dioxide yielded the corresponding ester (�)-


(R)-23 in 90% yield after the resulting acid was methylated
with diazomethane (Table 3, entry 2). When methyl chloro-
formate was used as the electrophile, the same product, (�)-
(R)-23, was obtained in 99% yield and essentially the same
enantiomeric excess of 95% ee (Table 3, entry 3). We ob-
tained suitable crystals of (�)-(R)-23 for X-ray analysis with
anomalous dispersion from the reaction with methyl chloro-
formate. The configuration of the stereogenic benzylic
carbon atom in (�)-(R)-23 was determined to be R
(Figure 3), which shows that both the acid chloride and the
carbon dioxide reacted with inversion of configuration.


Aliphatic and aromatic aldehydes were successfully em-
ployed as well (Table 3, entries 4 and 5). Separation of the
diastereomers of 24 and 25 was achieved in both cases by
simple column chromatography on silica gel.
Furthermore, one diastereomer from the reaction of (RC)-


16 with pivaldehyde formed single crystals suitable for X-
ray analysis (Figure 4). The benzylic carbon atom in (�)-


(R,R)-24 is R-configured. This indicates a reaction under in-
version of configuration for the aliphatic aldehyde. The
same stereochemical course is proven for the addition of the
aromatic aldehyde by the crystal structure obtained from
the benzaldehyde adduct (�)-(R,S)-25 (Figure 5).


It was also possible to obtain the crystal structure of the
benzophenone adduct (+)-(R)-26 (Figure 6), which was
formed in 99% yield and with 98% ee (Table 3, entry 6).
We concluded from the R-configured stereogenic carbon


Table 3. Further substitution reactions with S-benzyl thiocarbamate 15
and bis(oxazoline) 18.


Entry ElX Conf.
of 16


Yield [%]
ACHTUNGTRENNUNG(product)


ee
[%]


½a�20D in
CHCl3 (c)


Conf. of
product[a]


1 Bu3SnCl RC 78 (22) 98 �42.6
ACHTUNGTRENNUNG(0.96)


S


2[b] CO2 RC 53 (23) 98 �157.4
ACHTUNGTRENNUNG(1.10)


R


3 ClC(O)OMe RC 99 (23) 95 n.d. R
4[c] ACHTUNGTRENNUNG(H3C)3CCHO RC 13 (24) 94 �74.0


ACHTUNGTRENNUNG(0.1)
R,S


45 (24) 94 �147.1
ACHTUNGTRENNUNG(1.04)


R,R


5[d] H5C6CHO RC 48 (25) 97 �20.3
ACHTUNGTRENNUNG(0.45)


R,S


33 (25) 96 �121.1
ACHTUNGTRENNUNG(0.57)


R,R


6 ACHTUNGTRENNUNG(H5C6)2CO RC 99 (26) 98 +57.5
ACHTUNGTRENNUNG(0.96)


R


[a] All the electrophiles used so far reacted with inversion of configura-
tion. [b] The acid was converted into the ester with diazomethane prior
to the determination of the enantiomeric excess. [c] Diastereomer ratio=


1:3. [d] Diastereomer ratio=1:1.5.


Figure 3. X-ray crystal structure of (�)-(R)-23.[23]


Figure 4. X-ray crystal structure of (�)-(R,R)-24.[24]


Figure 5. X-ray crystal structure of (�)-(R,S)-25.[26]
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atom that an inversion of configuration must have occurred
in the reaction. There are no hints that a single-electron-
transfer (SET) mechanism took place with benzophenone as
the electrophile.[25]


Allyl bromide, acetone, and the pinacol-derived boronate
27 turned out to be more problematic electrophiles. With
allyl bromide, the enantioenriched allylated S-thiocarbamate
(�)-(R)-28 was obtained in only 20% yield (Table 4,


entry 2). Nevertheless, the enantiomeric excess of 82% ee
was good. When the racemic complex was trapped under
the same conditions, the allylation product rac-28 was isolat-
ed in 97% yield (Table 4, entry 1).
Acetone did not add to the chiral organolithium complex


(RC)-16·18 at all ; trapping of the racemic lithium complex
resulted in the desired alcohol rac-29 in a moderate yield of
30% (Table 4, entries 3 and 4).
A very similar situation to that with allyl bromide


emerged when borate 27 was used (Table 4, entries 5 and 6).
Borane (+)-(S)-30 was obtained in low yield (19%) and
with a moderate enantiomeric excess of 58% ee. It was not
possible to determine the absolute stereochemistry by X-ray
analysis as only the racemic form of the enantioenriched


sample of (+)-(S)-30 crystallized (Figure 7). We assumed a
reaction with inversion of configuration, as this stereospeci-
ficity was observed in our group for this boronate when it
was used as an electrophile in the substitution reaction of an
a-lithiated unsaturated O-carbamate.[28]


To demonstrate some generality, we trapped the sterically
more demanding S-benzyl thiocarbamate 32, which bears an
ethyl moiety in the ortho position. ortho-Ethyl-substituted
S-benzyl thiocarbamate 32 was obtained in three steps, start-


ing with ortho-ethyl benzyl al-
cohol 33, which was thioesteri-
fied under Mitsunobu reaction
conditions[30] to yield thioester
34 in 78% yield (Scheme 7).
Reductive cleavage of 34 direct-
ly followed by carbamoyl-
ACHTUNGTRENNUNGation[14] afforded the o-substi-
tuted S-benzyl thiocarbamate
32 in 89% yield over two steps.
We trapped lithiated S-thio-


carbamate 32 by using the same
reaction conditions as before
(Scheme 8). At first, we applied


trimethylchlorosilane as the electrophile, but to our surprise,
we could not get the desired silane 36a even when the reac-


Figure 6. X-ray crystal structure of (+)-(R)-26.[27]


Table 4. Further substitution reactions with S-thiocarbamate 15.


Entry Diamine Tdeprot
[8C]


tdeprot
[h]


ElX Conf.
of 16


Yield [%]
ACHTUNGTRENNUNG(product)


ee
[%]


½a�20D in
CHCl3 (c)


Conf. of
product[a]


1 TMEDA �78 2 H2CCHCH2Br rac 97 (28) rac – –
2 18 �30 4 RC 20 (28) 82 �170.4


ACHTUNGTRENNUNG(1.03)
S


3 TMEDA �78 2 ACHTUNGTRENNUNG(H3C)2CO rac 30 (29) rac – –
4 18 �30 4 RC 0 – – –
5 TMEDA �78 2 rac 62 (30) rac – –
6 18 �30 4 RC 19 (30) 58 +50.9


ACHTUNGTRENNUNG(0.95)
S


(27)


[a] All the electrophiles used so far reacted with inversion of configuration.


Figure 7. X-ray crystal structure of rac-30.[29]


Scheme 7. Synthesis of S-benzyl thiocarbamate 32. Reaction conditions:
a) Ph3P, DIAD, H3CC(O)SH, THF, 0 8C, 78%; b) LiAlH4, Et2O, �30 8C;
c) NaH, CbCl, THF, room temperature, 2 days, 89%. DIAD=diisopropyl
azodicarboxylate.
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tion conditions were changed (Table 5, entries 1–3). Warm-
ing to room temperature upon reaction with trimethylchlor-
osilane did not deliver the product either.
Nevertheless, trapping with methyl chloroformate and


benzophenone worked well and yielded the desired substitu-
tion products (�)-(R)-36b and (+)-(S)-36c, respectively, in
satisfying to good yields (Table 5, entries 4 and 5). The enan-
tioselectivity in the case of the
acid chloride was surprisingly
low. As a reason, we assumed
that racemization of 36b caused
by basic species in the reaction
mixture occurred, which depro-
tonated the ester already
formed as it is even more acidic
than the starting compound 32.
With benzophenone, an excel-
lent enantiomeric excess of
99% ee for 36c resulted. The
stereochemistry was assigned in
analogy to the results obtained
for the substitution of S-benzyl
ACHTUNGTRENNUNGthiocarbamate 15.


NMR Spectroscopic
Investigations


If the epimeric complexes are
configurationally stable at low
temperatures (�78 8C) but equi-


librate at higher temperatures (�30 8C), it should be possi-
ble to follow this epimerization process by means of NMR
spectroscopy.[31,32] We expected to see signals for two species
at lower temperatures, an increase in intensity for one group
of signals with a corresponding decrease in intensity for the
other group upon warming the sample, and finally, at higher
temperatures, a single set of signals belonging to one single
epimeric complex within the sample.
The following NMR spectroscopic experiment was per-


formed: S-benzyl thiocarbamate 15 was deprotonated in
[D8]toluene at �78 8C in the presence of 1.1 equivalents
each of bis(oxazoline) 18 and nBu6Li (see Experimental
Section for details). The sample was directly subjected to
NMR spectroscopy, during which it was kept first at �60 8C.
The first 1H NMR spectrum taken of this sample showed
the well-known signals of the substrate and the diamine, as
well as a new set of double signals. A second 1H NMR spec-
trum taken after five minutes at �60 8C showed only the
new double dataset (Figure 8). Within this dataset, the
phenyl protons of the two epimeric complexes appear sepa-
rately and can be distinctly identified; the result is 10 distin-
guishable signals. From the TOCSY experiments, the signals
can be unambiguously assigned to the respective diastereo-
meric complexes. One set of signals has only half the inten-
sity of the other, which indicates a diastereomer ratio of the
epimeric complexes of about 2:1. The same ratio can be de-
duced from the 6Li NMR spectrum of this sample at this
temperature, in which two peaks were detected (Figure 10).
Cooling of the sample to �80 8C did not affect the diastereo-
mer ratio, which was deduced from both 1H and 6Li NMR
spectra within the limits of accuracy (Figures 9 and 10).
Warming of the sample to �50 8C started the epimeriza-


tion process, which was accelerated by further heating.
After about 2 h at �50 to �40 8C, the sample was complete-


Scheme 8. Trapping of S-benzyl thiocarbamate 32. Reaction conditions:
a) 18, sBuLi, toluene, �30 8C, 4 h; b) ElX, toluene, �78 8C, 2 h. 36a : El=
Me3Si; 36b : El=C(O)OMe; 36c : El=Ph2C(OH).


Table 5. Further substitution reactions with S-thiocarbamate 32.


Entry Diamine ElX Conf.
of 35


Yield
[%]
ACHTUNGTRENNUNG(product)


ee
[%]


½a�20D in
CHCl3
(c)


Conf. of
product[a]


1 TMEDA Me3SiCl rac 0 (36a) – – –
2 18 RC 0 (36a) – – –
3 iPr-18[b] RC 0 (36a) – – –
4 18 ClC(O)OMe RC 58 (36b) 36 �64.1


ACHTUNGTRENNUNG(0.91)
R


5 18 ACHTUNGTRENNUNG(H5C6)2CO RC 84 (36c) 99 +10.7
ACHTUNGTRENNUNG(1.03)


R


[a] All the electrophiles used so far reacted with inversion of configuration.
[b] The tert-butyl residue was exchanged for an isopropyl residue to decrease
steric demand.


Figure 8. 1H NMR spectrum of the 2:1 mixture of the epimeric complex 16·18 at �60 8C.
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ly equilibrated in the NMR tube. Only one set of signals re-
mained, which indicates a diastereomer ratio of �95:5.
When the sample was cooled again, this diastereomer ratio
did not change.
On the basis of the 13C NMR spectrum, an h1-bound spe-


cies must be assumed. The signal of the lithium-bearing ben-
zylic carbon atom appeared as a triplet (1JLi,C=3.5 Hz). As
this is the only triplet in the spectrum, the lithium atom
cannot be h2- or h3-bound. Besides, a monomeric complex
species is most likely. The structure of the whole complex


must be considerably rigid at
�60 8C to �80 8C. This can be
concluded from the distinct sig-
nals of the phenylic protons,
which indicate, on the NMR
timescale, a fixed position of
the phenyl ring. Further proof
for this statement can be given
by an NOE enhancement of the
signal of the remaining benzylic
proton: for this purpose, a 1D
NOESY experiment was con-
ducted.[33] Selective irradiation
at the frequency of the benzylic
proton produced a single signal
for one of the ortho protons of
the phenyl ring (compare
Scheme 9). This hindered rota-
tion of the phenyl ring most


probably originates from the
ligand in the complex, which
exhibits a great steric influence
on the rotation of that ring.
The NMR spectroscopic in-


vestigations clearly underline
the statements deduced from
the substitution experiments de-
scribed above. Although the
sample used for NMR spectros-
copy equilibrated within less
than 2 h at �50 to �40 8C, we
recommend that the lithiated
species is stirred in the reaction
flask at higher temperatures of
�30 8C for at least 3 h to ensure
that epimerization is com-
pleted.


Conclusions


We have presented a novel methodology for the synthesis of
highly enantioenriched, differently substituted S-benzyl thio-
carbamates 20. We demonstrated that substitution reactions
with different types of electrophiles proceed under strict in-
version of configuration. As the thiocarbamates can be de-
protected,[8] this lithiation protocol can be used for the syn-


Figure 9. 1H NMR spectra of the 2:1 mixture of the epimeric complex 16·18 (6.3–7.6 ppm) at different temper-
atures.


Figure 10. 6Li NMR spectra of the 2:1 mixture of the epimeric complex 16·18 at different temperatures.


Scheme 9. NOE experiment with (RC)-
16·18 (ligand not shown for simplici-
ty).
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thesis of differently substituted highly enantioenriched sec-
ondary arylmethanethiols. NMR spectroscopic investigations
of the epimeric complexes visualized and confirmed the
temperature-dependent epimerization process, which indi-
cates an h1-bound lithium species.


Experimental Section


General Remarks


All reactions were performed under argon atmosphere. Details regarding
purification of solvents, reagents, and a list of the applied analysis sys-
tems can be found in the preceding paper in this issue.[3i] TMEDA was
distilled from powdered CaH2 and stored under argon. Pivaldehyde,
ACHTUNGTRENNUNGbenzaldehyde, and acetone were distilled prior to use. Borate 27 was
used without purification. E=Et2O, P=pentane, TBME= tert-butyl
methyl ether. HPLC: Waters 600E multisolvent delivery system and 996
PDA detector or Knauer Smartline UV detector 2600, Pump 1000 and
Manager 5000 or Agilent Technologies 1200 Series (Bin Pump, ALS,
TCC, DAD). NMR spectroscopic investigations were performed on a
Varian Inova 500-MHz spectrometer. Crystallographic data: Datasets
were collected on a Nonius KappaCCD diffractometer. Programs used:
data collection COLLECT (Nonius B.V., 1998), data reduction Denzo-
SMN,[34] absorption correction SORTAV,[35] Denzo,[36] structure solution
SHELXS-97,[37] structure refinement SHELXL-97,[38] graphics SCHA-
KAL.[39]


Syntheses


15 : NaH (60% in mineral oil, 920 mg, 23 mmol, 1.15 equiv) was suspend-
ed in dry THF (30 mL). The mixture was cooled to 0 8C, and phenyl-
ACHTUNGTRENNUNGmethanethiol (2.48 g, 20 mmol, 1.0 equiv) dissolved in dry THF (5 mL)
was slowly added. After evolution of hydrogen stopped, a solution of
N,N-diACHTUNGTRENNUNGisopropylcarbamoyl chloride (3.76 g, 23 mmol, 1.15 equiv) in dry
THF (10 mL) was added such that the reaction temperature did not rise.
The reaction mixture was allowed to warm to room temperature and was
stirred at this temperature for 2 days. Afterwards, the reaction flask was
immersed in an ice bath, and water (25 mL) and HCl (2n, 3 mL) were
added to give a clear yellowish solution. tert-Butyl methyl ether (TBME;
50 mL) was added, and after separation of phases, the aqueous phase was
extracted with TBME (3R20 mL). The combined organic layers were
washed successively with saturated NaHCO3 and brine. After drying over
anhydrous MgSO4, filtering through glass wool, and removal of the sol-
vent, the crude product was subjected to column chromatography (E/P=


1:15) to afford pure N,N-diisopropylthiocarbamic acid S-benzyl ester (15 ;
4.63 g, 18.4 mmol, 92%) as a white crystalline solid. Rf=0.47 (E/P=1:1);
tR=13.4 min (HP-5); m.p.: 65 8C (Et2O); IR (ATR): ñ=3030 (m, C�
Harom), 2997, 2973, 2936, 2876 (s, C�Haliph), 1647 (s, C=O), 1494 (m), 1458
(s), 1369 (m), 1288 (s), 1209 (s), 1152 (m), 1115 (m), 1033 (s), 912 (m),
818 (s), 776 (s), 706 (s), 667 (s), 624 cm�1 (s); 1H NMR (300 MHz,
CDCl3): d=1.56 (br s, 12H, ((H3C)2HC)2N), 3.74 (br s, 1H,
((H3C)2HC)2N), 4.34 (br s, 1H, ((H3C)2HC)2N), 4.38 (s, 2H, CHbenzylic),
7.43–7.63 ppm (m, 5H, Ph); 13C NMR (75 MHz, CDCl3): d=20.5
(((H3C)2HC)2N), 34.4 (Cbenzylic), 48.4 (((H3C)2HC)2N), 126.9, 128.5, 129.0,
138.1 (Ph.), 165.0 ppm (NC=O); MS (EI, 70 eV): m/z (%)=251 (36)
[M]+ , 151 (6), 128 (66) [Cb]+ , 95 (18), 86 (100), 57 (42); elemental analy-
sis: calcd (%) for C14H21NOS (251.39): C 66.89, H 8.42, N 5.57; found: C
66.86, H 8.52, N 5.50.


34 : DIAD (3.34 g, 16.5 mmol, 1.1 equiv) was added in a dropwise manner
to a solution of PPh3 (4.33 g, 16.5 mmol, 1.1 equiv) in THF (30 mL) at
0 8C over a period of 30 min, and the reaction mixture was stirred for
60 min under argon atmosphere. A white precipitate was formed. A mix-
ture of (2-ethylphenyl)methanol (2.04 g, 15 mmol, 1.0 equiv) and thioace-
tic acid (1.25 g, 16.5 mmol, 1.1 equiv) in THF (8 mL) of was added drop-
wise over a period of 5 min, and the mixture was stirred at 0 8C for 1 h
followed by 3 h (until the formation of a clear solution) at room tempera-
ture. The solvent was evaporated under vacuum, and pentane (100 mL)
was added to the reaction mixture. The precipitated triphenylphosphine


oxide was filtered off, and the crude product was subjected to column
chromatography (E/P=1:50!1:30) to afford pure 34 (2.28 g, 11.7 mmol,
78%) as a slightly yellowish oil. Rf=0.54 (E/P=1:8); tR=9.1 min (HP-5);
IR (ATR): ñ =3063, 3020 (m, C�Harom), 2967, 2934, 2874 (ms, C�Haliph),
1690 (s, C=O), 1491 (m), 1453 (s), 1427 (m), 1353 (m), 1133 (s), 1102 (m),
1056 (m), 956 (s), 891 (m), 812 (m), 756 (m), 731 (m), 690 (s), 632 cm�1


(s); 1H NMR (300 MHz, CDCl3): d=1.23 (t, 3JC,H=7.5 Hz, 3H, H3CCH2),
2.33 (s, 3H, C(O)CH3), 2.66 (q,


3JC,H=7.5 Hz, 2H, H3CCH2), 4.16 (s, 2H,
CHbenzylic), 7.08–7.30 ppm (m, 4H, Ph); 13C NMR (75 MHz, CDCl3): d=


15.1 (H3CCH2), 25.5 (H3CCH2), 30.1 (CH3(O)C), 30.9 (Cbenzylic), 126.2,
127.8, 128.6, 130.2, 134.4, 142.4 (Ph.), 195.2 ppm (C=O); MS (EI, 70 eV):
m/z (%)=194 (18) [M]+ , 176 (3), 165 (2), 151 (4), 135 (5), 118 (100), 104
(8), 91 (17), 71 (16), 57 (27), 43 (47); elemental analysis: calcd (%) for
C11H14OS (194.29): C 68.00, H 7.48; found: C 67.98, H 7.48.


32 : A solution of 34 (2.20 g, 11.3 mmol, 1.0 equiv), obtained as above, in
Et2O (20 mL) was added in a dropwise manner at �30 8C to a well-stirred
suspension of LiAlH4 (0.47 g, 12.4 mmol, 1.1 equiv) in Et2O (30 mL). The
resulting solution was stirred at �30 8C for 60 min (TLC control). After-
wards, the reaction flask was cooled to 0 8C, and the reaction was
quenched by careful addition of water (10 mL). After filtration of the
aluminum salts followed by evaporation of the solvent from the filtrate,
the crude thiol was obtained as a colorless liquid. The thiol was used in
the subsequent step without further purification. A solution of the crude
thiol in anhydrous THF (10 mL) was added to a stirred suspension of
NaH (60% in mineral oil, 0.59 g, 14.7 mmol, 1.3 equiv) in anhydrous
THF (30 mL). The resulting solution was stirred at room temperature for
15 min, and a solution of N,N-diisopropylcarbamoyl chloride (2.4 g,
14.7 mmol, 1.3 equiv) in anhydrous THF (10 mL) was added. This mix-
ture was stirred at room temperature for 2 days. The reaction flask was
then cooled to 0 8C, and water (10 mL) and HCl (2n, 3 mL) were slowly
injected into the flask. The layers were separated, and the aqueous layer
was extracted with TBME (3R20 mL). The collective organic phase was
dried over anhydrous MgSO4, filtered through glass wool, and concen-
trated under reduced pressure to give the crude thiocarbamate, which
was subjected to column chromatography (E/P=1:30) to furnish N,N-di-
ACHTUNGTRENNUNGisopropylthiocarbamic acid S-(2-ethyl-benzyl) ester 32 (2.80 g, 10.1 mmol,
89%) as a colorless oil. Rf=0.41 (E/P=1:15); tR=13.7 min (HP-5); IR
(ATR): ñ=3063 (m, C�Harom), 2970, 2934, 2874 (s, C�Haliph), 1653 (s,
NC=O), 1491 (m), 1454 (s), 1421 (s), 1373 (m), 1281 (s), 1232 (m), 1211
(s), 1151 (m), 1113 (m), 1037 (s), 912 (m), 820 (s), 757 (s), 730 (s), 667
(s), 631 cm�1 (s); 1H NMR (300 MHz, CDCl3): d=1.24 (t, 3JC,H=8.2 Hz,
3H, H3CCH2), 1.28 (br s, 12H, ((H3C)2HC)2N), 2.72 (q,


3JC,H=8.2 Hz,
2H, H3CCH2), 3.53 (br s, 1H, ((H3C)2HC)2N), 4.12 (br s, 1H,
((H3C)2HC)2N), 4.16 (s, 2H, CHbenzylic), 7.08–7.36 ppm (m, 4H, Ph);
13C NMR (75 MHz, CDCl3): d =14.7 (H3CCH2), 20.3 (((H3C)2HC)2N),
25.5 (H3CCH2), 32.2 (Cbenzylic), 47.9 (((H3C)2HC)2N), 126.0, 127.5, 128.5,
130.4, 134.9, 142.8 (Ph.), 165.4 ppm (NC=O); MS (EI, 70 eV): m/z (%)=
279 (31) [M]+ , 204 (1), 160 (2), 136 (3), 128 (73) [Cb]+, 104 (4), 86 (100),
58 (8); elemental analysis: calcd (%) for C16H25NOS (279.44): C 68.77, H
9.02, N 5.01; found: C 68.60, H 9.13, N 4.91.


General procedure for the asymmetric deprotonation of 15 and 32
(GPA): S-Benzyl thiocarbamate 15 or 32 (75 mg/84 mg, 0.30 mmol,
1.0 equiv) was dissolved in toluene (3 mL), the appropriate ligand 18 or
19 (0.36 mmol, 1.2 equiv) was added, and the reaction flask was cooled to
�78 8C. sBuLi (1.2–1.3m in hexane/cyclohexane=92:8, 0.36 mmol,
1.2 equiv) was injected into this mixture in a dropwise manner. The reac-
tion mixture was stirred at �78 8C for 5 min before it was warmed to
�30 8C and stirred at this temperature for 4 h. Upon cooling to �78 8C
again, the appropriate electrophile (0.45–1.5 mmol, 1.5–5.0 equiv) was in-
jected, and the reaction mixture was stirred for 4–12 h until no more
starting material was detected by TLC. The reaction was then quenched
with methanol (0.5 mL) followed by water (1 mL) and HCl (2n, 0.5 mL).
The layers were separated, and the aqueous layer was extracted with
TBME (3R10 mL). The collective organic phase was washed with satu-
rated NaHCO3, dried over anhydrous MgSO4, filtered through glass
wool, and concentrated under reduced pressure to give the crude prod-
uct. The crude product was subjected to column chromatography (E/P)
to afford the pure products.
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General procedure for the nonstereoselective deprotonation of 15 and 32
(GPB): S-Benzyl thiocarbamate 15 or 32 (125 mg/140 mg, 0.50 mmol,
1.0 equiv) was dissolved in Et2O (5 mL). TMEDA (70 mg, 0.60 mmol,
1.2 equiv) was added, and the reaction flask was cooled to �78 8C. After-
wards, sBuLi (1.2–1.3m in hexane/cyclohexane=92:8, 0.60 mmol,
1.2 equiv) was injected in a dropwise manner, and the reaction mixture
was stirred at �78 8C for 2 h. The appropriate electrophile (0.6–1.5 mmol,
1.2–3.0 equiv) was then injected, and the reaction mixture was stirred for
2–4 h until no more starting material was detected by TLC. Workup and
purification were performed as described in GPA.


17: (�)-(S)-N,N-Diisopropylthiocarbamic acid S-(1-phenylethyl) ester:
White solid, yield: 98%. Rf=0.44 (E/P=1:8); tR=13.4 (HP-5), 19.9 min
(HP1701); m.p.: 74 8C (Et2O); ½a�20D =�147.4 (c=1.36, CHCl3); IR
(ATR): ñ=3029 (m, C�Harom), 2974, 2929, 2869 (s, C�Haliph), 1648 (s,
NC=O), 1494 (m), 1470 (s), 1452 (m), 1420 (m), 1371 (m), 1280 (s), 1212
(s), 1152 (m), 1113 (m), 1081 (m), 1039 (s), 962 (m), 911 (s), 817 (s), 760
(s), 692 (s), 666 (s), 624 (s), 576 cm�1 (m); 1H NMR (300 MHz, CDCl3):
d=1.21 (br d, 3JN,H=7.2 Hz, 12H, ((H3C)2HC)2N), 1.64 (d,


3JC,H=7.6 Hz,
3H, CH3), 3.71 (br s, 2H, ((H3C)2HC)2N), 4.64 (q,


3JC,H=7.6 Hz, 1H,
CHbenzylic), 7.05–7.39 ppm (m, 5H, Ph); 13C NMR (75 MHz, CDCl3): d=


20.5 (((H3C)2HC)2N), 23.1 (CH3), 43.7 (Cbenzylic), 47.9 (((H3C)2HC)2N),
126.9, 127.3, 128.3, 143.3 (Ph), 164.8 ppm (NC=O); MS (ESI): m/z=


288.1393 [M+H]+ ; elemental analysis: calcd (%) for C15H23NOS
(265.42): C 67.88, H 8.73, N 5.28; found: C 67.89, H 8.83, N 5.33; HPLC:
CHIRA GROM 1 (2R250 mm), l=210 nm, n-hexane/iPrOH=10000:1,
0.3 mLmin�1, tR(+)=11.3 min, tR(�)=13.2 min, 96% ee (with 18 ;
Table 2, entry 2).


21: (�)-(R)-N,N-Diisopropylthiocarbamic acid S-(1-phenyl-1-trimethylsi-
lanylmethyl) ester: According to GPA, white solid, yield: 90%. Rf=0.48
(E/P=1:8); tR=14.3 min (HP-5); m.p.: 86 8C (Et2O); ½a�20D =�166.5 (c=


1.01, CHCl3); IR (ATR): ñ=3078, 3024 (m, C�Harom), 2969, 2894 (s, C�
Haliph), 1653 (s, NC=O), 1486 (m), 1450 (m), 1423 (s), 1370 (m), 1279 (s),
1246 (m), 1214 (m), 1152 (m), 1115 (m), 1037 (s), 914 (m), 860 (s), 838
(s), 819 (s), 735 (s), 697 (s), 664 (m), 624 cm�1 (s); 1H NMR (300 MHz,
CDCl3): d=0.06 (s, 9H, (H3C)3Si), 1.24 (br d, 3JN,H=7.2 Hz, 6H,
((H3C)HC ACHTUNGTRENNUNG(CH3))2N), 1.32 (br d,


3JN,H=7.2 Hz, 6H, ((H3C)HC ACHTUNGTRENNUNG(CH3))2N),
3.88 (br s, 2H, ((H3C)2HC)2N), 4.07 (s, 1H, CHbenzylic), 7.05–7.42 ppm (m,
5H, Ph); 13C NMR (75 MHz, CDCl3): d=�2.6 ((H3C)3Si), 20.2
(((H3C)2HC)2N), 35.9 (Cbenzylic), 48.0 (((H3C)2HC)2N), 125.0, 127.8, 127.9,
142.6 (Ph), 165.1 ppm (NC=O); MS (ESI): m/z=324.1806 [M+H]+ ,
346.1631 [M+Na]+ ; elemental analysis: calcd (%) for C17H29NOSSi
(323.57): C 63.10, H 9.03, N 4.33; found: C 63.05, H 9.01, N 4.18; HPLC:
CHIRA GROM 1 (2R250 mm), l=210 nm, n-hexane/iPrOH=10000:1,
0.2 mLmin�1, tR(+)=19.4 min, tR(�)=21.2 min, 96% ee (with 18 ;
Table 2, entry 5).


In situ experiment with 18 : S-Benzyl thiocarbamate 15 (125 mg,
0.3 mmol, 1.0 equiv), bis(oxazoline) 18 (116 mg, 0.36 mmol, 1.2 equiv),
and trimethylsilyl chloride (65 mg, 0.6 mmol, 2 equiv) were dissolved in
dry toluene (3 mL). The reaction flask was cooled to �78 8C, sBuLi (1.2–
1.3m in hexane/cyclohexane=92:8, 0.60 mmol, 1.2 equiv) was injected in
a dropwise manner, and the reaction mixture was stirred for 30 min. The
reaction was then quenched with methanol (0.5 mL) followed by water
(1 mL) and HCl (2n, 0.5 mL). Workup was performed according to GPA.
Yield: 52%. ½a�20D =++50.8 (c=0.72, CHCl3); HPLC: CHIRA GROM 1
(2R250 mm), l=210 nm, n-hexane/iPrOH=10000:1, 0.2 mLmin�1,
tR(+)=19.4 min, tR(�)=21.2 min, 28% ee.


In situ experiment with 19 : S-Benzyl thiocarbamate 15 (125 mg,
0.3 mmol, 1.0 equiv), (�)-sparteine (19 ; 84 mg, 0.36 mmol, 1.2 equiv), and
trimethylsilyl chloride (65 mg, 0.6 mmol, 2 equiv) were subjected to reac-
tion as described above. Yield: 66%. HPLC: CHIRA GROM 1 (2R
250 mm), l=210 nm, n-hexane/iPrOH=10000:1, 0.2 mLmin�1, tR(+)=
19.4 min, tR(�)=21.2 min, 16% ee.


22 : (�)-(S)-N,N-Diisopropylthiocarbamic acid S-(1-phenyl-1-tributyl-
stannnylmethyl) ester: Colorless liquid, yield: 78%. Rf=0.41 (E/P=


1:20); tR=14.3 min (HP-5); ½a�20D =�42.6 (c=0.96, CHCl3); IR (ATR):
ñ=3054, 3023 (m, C�Harom), 2955, 2971, 2853 (s, C�Haliph), 1626 (s, NC=


O), 1490 (m), 1451 (m), 1422 (s), 1376 (m), 1286 (s), 1212 (m), 1151 (m),
1115 (m), 1075 (s), 1036 (s), 960 (m), 912 (m), 874 (s), 823 (s), 776 (m),


733 (m), 695 (s), 669 (m), 633 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=


0.81–0.91 (m, 9H, (H3C ACHTUNGTRENNUNG(CH2)3)3Sn), 1.11–1.69 (m, 30H, ((H3C)HC-
ACHTUNGTRENNUNG(CH3))2N, (H3C ACHTUNGTRENNUNG(CH2)3)3Sn), 3.52 (br s, 1H, ((H3C)2HC)2N), 4.22 (br s,
1H, ((H3C)2HC)2N), 4.06 (s, 1H, CHbenzylic), 6.94–7.36 ppm (m, 5H, Ph);
13C NMR (75 MHz, CDCl3): d=10.9 ((H3CCH2CH2CH2)3Sn), 13.5 ((H3C-
ACHTUNGTRENNUNG(CH2)3)3Sn), 20.4 (((H3C)2HC)2N), 27.1 ((H3CCH2CH2CH2)3Sn), 28.5
((H3CCH2CH2CH2)3Sn), 30.4 (Cbenzylic), 48.2 (((H3C)2HC)2N), 124.6,
126.5, 128.5, 145.4 (Ph), 166.9 ppm (NC=O); MS (ESI): m/z=542.2456
[M+H]+ , 564.2284 [M+Na]+ ; elemental analysis: calcd (%) for
C26H47NOSSn (540.43): C 57.78, H 8.77, N 2.59; found: C 57.85, H 8.90,
N 2.47; HPLC: Chiralcel OD-H (4.6R250 mm), l=210 nm, n-hexane/
iPrOH=400:1, 1.0 mLmin�1, tR(+)=30.1 min, tR(�)=36.0 min, 98% ee
(with 18 ; Table 3, entry 1).


23 : With gaseous carbon dioxide as electrophile: As described in GPA,
the lithiated species were generated and equilibrated by employing 18.
As the electrophile, dried and precooled gaseous carbon dioxide was
bubbled through the reaction mixture over a period of 10–15 min. After
a further 1 h of stirring at �78 8C, the reaction was carefully quenched
with methanol (0.5 mL) and water (1 mL). Workup was performed as de-
scribed in GPA. The crude acid was directly dissolved in Et2O, and a so-
lution of diazomethane in Et2O was added at room temperature until the
yellowish color of the reaction mixture remained. The solution was
stirred for 1 h. To destroy the remaining diazomethane, silica gel was
added, and the suspension was stirred for a further 1 h. The solvent was
removed under reduced pressure, and the crude product was thus ad-
sorbed onto silica gel. This mixture was directly subjected to column
chromatography (E/P=1:3) to yield (�)-(R)-N,N-diisopropylcarbamoyl-
sulfanylphenylacetic acid methyl ester (23) as a white crystalline solid.
Yield: 53%. Rf=0.13 (E/P=1:8); tR=14.7 min (HP-5); m.p.: 51 8C
(Et2O); ½a�20D =�157.4 (c=1.10, CHCl3); IR (ATR): ñ=3086, 3063, 3031
(m, C�Harom), 2973, 2952, 2880, 2841 (s, C�Haliph), 1742 (s, C=O), 1656 (s,
NC=O), 1496 (m), 1453 (m), 1422 (m), 1371 (m), 1284 (s), 1211 (s), 1152
(m), 1036 (s), 1011 (m), 912 (m), 819 (s), 733 (m), 698 (s), 668 (m),
625 cm�1 (s); 1H NMR (300 MHz, CDCl3): d=1.23 (br s, 12H,
((H3C)2HC)2N), 3.31–3.97 (br s, 2H, ((H3C)2HC)2N), 3.67 (s, 3H, CH3O),
5.22 (s, 1H, CHbenzylic), 7.11–7.41 ppm (m, 5H, Ph); 13C NMR (75 MHz,
CDCl3): d=20.3 (((H3C)2HC)2N), 48.5 (((H3C)2HC)2N), 52.0 (CH3O),
52.9 (Cbenzylic), 128.2, 128.6, 128.8, 135.1 (Ph), 163.1 (NC=O), 171.6 ppm
(C=O); MS (ESI): m/z=332.1287 [M+Na]+ ; elemental analysis: calcd
(%) for C16H23NO3S (309.42): C 62.11, H 7.49, N 4.53; found: C 61.85, H
7.69, N 4.44; HPLC: Chiralcel OD-H (4.6R250 mm), l =210 nm, n-
hexane/iPrOH=120:1, 1.0 mLmin�1, tR(+)=6.7 min, tR(�)=9.4 min,
99% ee (with 18 ; Table 3, entry 2).


23 : With methyl chloroformate as electrophile: According to GPA with
methyl chloroformate as electrophile and 18 as chiral ligand, (�)-(R)-23
was obtained as a white crystalline solid. Yield: 99%. HPLC: Chiralcel
OD-H (4.6R250 mm), l=210 nm, n-hexane/iPrOH=120:1, 1.0 mLmin�1,
tR(+)=6.7 min, tR(�)=9.4 min, 96% ee.


24 : N,N-Diisopropylthiocarbamic acid S-(2-hydroxy-3,3-dimethyl-1-phe-
nylbutyl) ester: According to GPA, diastereomeric species (�)-(R,S)-24
and (�)-(R,R)-24 were generated and separated by column chromatogra-
phy on silica gel with E/P=1:4 as eluent.


(�)-(R,S)-24 : White crystalline solid, yield: 13%. Rf=0.32 (E/P=1:4);
tR=16.5 min (HP-5); m.p.: 113 8C (Et2O); ½a�20D =�74.0 (c=0.10, CHCl3);
IR (ATR): ñ =3459 (OH), 3061, 3029 (m, C�Harom), 2971, 2950, 2868 (s,
C�Haliph), 1619 (s, NC=O), 1465 (m), 1452 (m), 1424 (s), 1371 (m), 1285
(s), 1240 (m), 1207 (m), 1151 (m), 1079 (m), 1069 (m), 1036 (s), 1013 (m),
913 (m), 821 (s), 741 (s), 697 (s), 637 (m), 625 cm�1 (s); 1H NMR
(300 MHz, CDCl3): d=0.74 (s, 9H, (H3C)3C), 1.19 (br s, 12H,
((H3C)2HC)2N), 2.17 (br s, 1H, HO), 3.47 (br s, 1H, ((H3C)2HC)2N), 3.71
(br s, 1H, CH(OH)), 3.97 (br s, 1H, ((H3C)2HC)2N), 4.87 (d,


3JC,H=


2.4 Hz, 1H, CHbenzylic), 7.11–7.25 (m, 3H, Ph), 7.39–7.46 ppm (m, 2H,
Ph); 13C NMR (75 MHz, CDCl3): d=20.6 (((H3C)2HC)2N), 26.7
((H3C)3C), 35.9 ((H3C)3C), 48.5 (((H3C)2HC)2N), 51.9 (Cbenzylic), 82.6
(CH(OH)), 127.3, 128.2, 129.9, 139.6 (Ph), 164.1 ppm (NC=O); MS
(ESI): m/z=338.2156 [M+H]+ , 360.1973 [M+Na]+, 697.4050 [2M+


Na]+ ; elemental analysis: calcd (%) for C19H31NO2S (337.52): C 67.61, H
9.26, N 4.15; found: C 67.45, H 9.20, N 3.82; HPLC: Chiralcel OD-H
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(4.6R250 mm), l=210 nm, n-hexane/iPrOH=120:1, 1.0 mLmin�1,
tR(+)=7.3 min, tR(�)=9.7 min, 94% ee (with 18 ; Table 3, entry 4).


(�)-(R,R)-24 : White crystalline solid, yield: 45%. Rf=0.23 (E/P=1:4);
tR=16.6 min (HP-5); m.p.: 134 8C (Et2O); ½a�20D =�147.1 (c=1.04,
CHCl3); IR (ATR): ñ =3462 (OH), 3059, 3028 (m, C�Harom), 2969, 2902,
2869 (s, C�Haliph), 1617 (s, NC=O), 1453 (m), 1425 (s), 1370 (m), 1285 (s),
1240 (m), 1207 (m), 1151 (m), 1114 (m), 1079 (s), 1035 (s), 914 (m), 884
(s), 822 (s), 776 (m), 741 (s), 698 (s), 670 (m), 626 cm�1 (s); 1H NMR
(300 MHz, CDCl3): d=0.79 (s, 9H, (H3C)3C), 1.19 (br s, 12H,
((H3C)2HC)2N), 3.28 (br s, 1H, HO), 3.44 (br s, 1H, ((H3C)2HC)2N), 3.61
(br s, 1H, CH(OH)), 4.04 (br s, 1H, ((H3C)2HC)2N), 4.81 (d,


3JC,H=


7.2 Hz, 1H, CHbenzylic), 7.09–7.34 ppm (m, 5H, Ph); 13C NMR (75 MHz,
CDCl3): d=20.5 (((H3C)2HC)2N), 26.8 ((H3C)3C), 36.7 ((H3C)3C), 48.2
(((H3C)2HC)2N), 52.8 (Cbenzylic), 82.1 (CH(OH)), 127.2, 128.1, 128.6, 142.4
(Ph), 166.6 ppm (NC=O); MS (ESI): m/z=338.2150 [M+H]+ , 360.1967
[M+Na]+ , 697.4034 [2M+Na]+ ; elemental analysis: calcd (%) for
C19H31NO2S (337.52): C 67.61, H 9.26, N 4.15; found: C 67.60, H 9.42, N
4.12; HPLC: Chiralcel OD-H (4.6R250 mm), l =210 nm, n-hexane/
iPrOH=120:1, 1.0 mLmin�1, tR(+)=7.2 min, tR(�)=9.7 min, 94% ee
(with 18 ; Table 3, entry 4).


25 : N,N-Diisopropylthiocarbamic acid S-(2-hydroxy-1,2-diphenylethyl)
ester: According to GPA, diastereomeric species (�)-(R,S)-25 and (�)-
(R,R)-25 were generated and separated by column chromatography on
silica gel with E/P=1:4 as eluent.


(�)-(R,S)-25 : Colorless, highly viscous oil, yield: 48%. Rf=0.57 (E/P=


1:1); tR=22.4 min (HP-5); ½a�20D =�20.3 (c=0.45, CHCl3); IR (ATR): ñ=


3341 (OH). 3066, 3030 (m, C�Harom), 2974, 2941, 2891 (s, C�Haliph), 1611
(s, NC=O), 1473 (m), 1452 (s), 1430 (s), 1375 (m), 1295 (s), 1209 (s), 1154
(m), 1136 (m), 1079 (m), 1062 (m), 1037 (s), 1002 (m), 913 (m), 821 (s),
757 (m), 733 (s), 697 (s), 676 (m), 634 (m), 571 cm�1 (m); 1H NMR
(300 MHz, CDCl3): d=1.31 (br s, 12H, ((H3C)2HC)2N), 3.13 (br s, 1H,
HO), 3.56 (br s, 1H, ((H3C)2HC)2N), 4.20 (br s, 1H, ((H3C)2HC)2N), 5.04
(d, 3JC,H=5.5 Hz, 1H, CHbenzylic), 5.22 (d,


3JC,H=5.5 Hz, 1H, CH(OH)),
7.07–7.36 ppm (m, 10H, Ph); 13C NMR (75 MHz, CDCl3): d=20.5
(((H3C)2HC)2N), 48.4 (((H3C)2HC)2N), 55.6 (Cbenzylic), 77.5 (CH(OH)),
127.2, 127.4, 127.5, 127.5, 128.0, 129.5, 137.6, 140.5 (Ph), 164.6 ppm (NC=


O); MS (ESI): m/z=358.1868 [M+H]+ , 380.1660 [M+Na]+ ; elemental
analysis: calcd (%) for C21H27NO2S (357.51): C 70.55, H 7.61, N 3.92;
found: C 70.42, H 7.91, N 3.76; HPLC: Chiralcel OD-H (4.6R250 mm),
l=210 nm, n-hexane/iPrOH=150:1, 1.0 mLmin�1, tR(�)=29.8 min,
tR(+)=40.0 min, 97% ee (with 18 ; Table 3, entry 5).


(�)-(R,R)-25 : White solid, yield: 33%. Rf=0.51 (E/P=1:1); tR=19.6 min
(HP-5); m.p.: 80 8C (Et2O); ½a�20D =�121.1 (c=0.57, CHCl3); IR (ATR):
ñ=3426 (O�H), 3064, 3028 (m, C�Harom), 2970, 2932, 2868 (s, C�Haliph),
1630 (s, NC=O), 1493 (m), 1452 (m), 1425.0 (m), 1373 (m), 1331 (m),
1286 (s), 1211 (m), 1156 (m), 1115 (m), 1089 (m), 1035 (s), 913 (m), 875
(m), 817 (s), 746 (m), 741 (s), 705 (s), 665 (m), 627(s), 589 cm�1 (m);
1H NMR (300 MHz, CDCl3): d =1.32 (br s, 12H, ((H3C)2HC)2N), 3.07
(br s, 1H, ((H3C)2HC)2N), 4.67 (br s, 1H, ((H3C)2HC)2N), 4.72 (br s, 1H,
HO), 4.86 (d, 3JC,H=9.4 Hz, 1H, CHbenzylic), 4.95 (br d, 1H, CH(OH)),
7.08–7.36 ppm (m, 10H, Ph); 13C NMR (75 MHz, CDCl3): d=20.4
(((H3C)2HC)2N), 48.2 (((H3C)2HC)2N), 57.1 (Cbenzylic), 79.2 (CH(OH)),
126.9, 127.3, 127.4, 127.8, 128.4, 128.7, 138.5, 142.3 (Ph), 167.1 ppm (NC=


O); MS (ESI): m/z=358.1839 [M+H]+ , 380.1657 [M+Na]+ , 737.3412
[2M+Na]+ ; elemental analysis: calcd (%) for C21H27NO2S (357.51): C
70.55, H 7.61, N 3.92; found: C 70.52, H 7.67, N 3.94; HPLC: Chiralcel
OD-H (4.6R250 mm), l=210 nm, n-hexane/iPrOH=150:1, 1.0 mLmin�1,
tR(+)=38.8 min, tR(�)=47.5 min, 96% ee (with 18 ; Table 3, entry 5).


26 : (+ )-(R)-N,N-Diisopropylthiocarbamic acid S-(2-hydroxy-1,2,2-triphe-
nylethyl) ester: White solid, yield: 99%. Rf=0.38 (E/P=1:4); tR=


25.2 min (HP-5); m.p.: 154 8C (Et2O); ½a�20D =++57.5 (c=0.96, CHCl3); IR
(ATR): ñ =3453 (O�H), 3061, 3032 (m, C�Harom), 2991, 2970, 2932, 2871
(s, C�Haliph), 1622 (s, NC=O), 1495 (m), 1448 (s), 1421 (s), 1282 (s), 1207
(s), 1150 (m), 1091 (m), 1056 (m), 1033 (s). 910 (m), 820 (s), 792 (m), 748
(m), 724 (s), 697 (s), 664 (m), 625 (m), 592 cm�1 (m); 1H NMR
(300 MHz, CDCl3): d =0.79–1.56 (br m, 12H, ((H3C)2HC)2N), 3.00 (s,
1H, HO), 3.41 (br s, 1H, ((H3C)2HC)2N), 4.01 (br s, 1H, ((H3C)2HC)2N),
5.86 (s, 1H, CHbenzylic), 6.93–7.43 (m, 13H, Ph), 7.65–7.74 ppm (m, 2H,


Ph); 13C NMR (75 MHz, CDCl3): d=20.4 (((H3C)2HC)2N), 48.2 (br,
((H3C)2HC)2N), 57.6 (Cbenzylic), 82.6 (C(Ph)2(OH)), 125.9, 126.1, 126.4,
126.7, 126.8, 127.7, 127.9, 130.1, 140.0, 144.6, 146.1 (Ph), 163.8 ppm (NC=


O); MS (ESI): m/z=434.2148 [M+H]+ , 465.1968 [M+Na]+ , 889.4025
[2M+Na]+ ; elemental analysis: calcd (%) for C27H31NO2S (433.61): C
74.79, H 7.21, N 3.23; found: C 74.43, H 7.18, N 3.05; HPLC: Chiralcel
OD-H (4.6R250 mm), l=210 nm, n-hexane/iPrOH=100:1, 1.0 mLmin�1,
tR(�)=7.8 min, tR(+)=8.8 min, 98% ee (with 18 ; Table 3, entry 6).


28 : N,N-Diisopropylthiocarbamic acid S-(1-phenylbut-3-enyl) ester: rac-
28 : Colorless oil, yield: 97%. Rf=0.56 (E/P=1:4); tR=13.7 min (HP-5);
IR (ATR): ñ =3064, 3029 (m, C�Harom), 2997, 2973, 2934 (s, C�Haliph),
1651 (s, NC=O), 1493 (m), 1453 (m), 1421 (s), 1371 (m), 1334 (m), 1277
(s), 1211 (m), 1150 (m), 1113 (m), 1035 (s), 992 (m), 912 (m), 819 (s), 766
(m), 731 (s), 697 (s), 667 (m), 623 cm�1 (s); 1H NMR (300 MHz, CDCl3):
d=1.24 (br s, 12H, ((H3C)2HC)2N), 2.62–2.96 (m, 2H, H2CCHCHAHB),
3.78 (br s, 2H, ((H3C)2HC)2N), 4.62 (dd,


3JC,H=8.6, 8.6 Hz, 1H, CHbenzylic),
4.95 (dd, 3JC,H=10.4, 1.3 Hz, 1H, HtransHcisCCHCHAHB), 5.01 (dd,


3JC,H=


17.1 Hz, 2JC,H=1.3 Hz, 1H, HtransHcisCCHCHAHB), 5.60–5.78 (m, 1H,
H2CCHCH2), 7.15–7.40 ppm (m, 5H, Ph); 13C NMR (75 MHz, CDCl3):
d=20.2 (((H3C)2HC)2N), 41.6 (H2CCHCH2), 46.7 (((H3C)2HC)2N), 47.9
(Cbenzylic), 117.0 (H2CCHCH2), 127.0, 128.1, 128.4 (Ph), 135.3
(H2CCHCH2), 141.8 (Ph), 164.7 ppm (NC=O); MS (ESI): m/z=292.1718
[M+H]+ , 314.1547 [M+Na]+ ; elemental analysis: calcd (%) for
C17H25NOS (291.45): C 70.06, H 8.65, N 4.81; found: C 69.86, H 8.74, N
4.74.


(�)-(S)-28 : Colorless liquid, yield: 20%. ½a�20D =�170.4 (c=1.03, CHCl3);
HPLC: CHIRA GROM 2 (2R250 mm), l=210 nm, n-hexane/iPrOH=


4000:1, 0.3 mLmin�1, tR(+)=9.0 min, tR(�)=16.6 min, 82% ee (with 18 ;
Table 4, entry 2).


29 : rac-N,N-Diisopropylthiocarbamic acid S-(2-hydroxy-2-methyl-1-phe-
nylpropyl) ester: Colorless oil, yield: 30%. Rf=0.24 (E/P=1:1); tR=


15.4 min (HP-5); IR (ATR): ñ =3425 (O�H), 3060 (m, C�Harom), 2972,
2933, 2877 (s, C�Haliph), 1632 (s, NC=O), 1493 (m), 1452 (m), 1423.0 (s),
1370 (s), 1332 (m), 1278 (s), 1210 (m), 1150 (m), 1113 (m), 1035 (s), 956
(m), 911 (m), 817 (s), 739 (s), 701 (s), 666 (m), 631(s), 542 cm�1 (m);
1H NMR (400 MHz, CDCl3): d=1.15 (s, 3H, (H3C)2C(OH)), 1.22 (br s,
12H, ((H3C)2HC)2N), 1.22 (s, 3H, (H3C)2C(OH)), 2.85 (br s, 1H, HO),
3.41 (br s, 1H, ((H3C)2HC)2N), 4.18 (br s, 1H, ((H3C)2HC)2N), 4.63 (s,
1H, CHbenzylic), 7.14–7.32 ppm (m, 5H, Ph);


13C NMR (100 MHz, CDCl3):
d=20.5 (((H3C)2HC)2N), 26.0 (H3CA)2C(OH)), 29.1 (H3CB)2C(OH)), 48.7
(((H3C)2HC)2N), 60.0 (Cbenzylic), 73.2 ((H3C)2C(OH)), 127.1, 128.0, 129.4,
140.1 (Ph), 165.6 ppm (NC=O); MS (ESI): m/z=310.1841 [M+H]+ ,
332.1661 [M+Na]+ , 641.3417 [2M+Na]+ ; elemental analysis: calcd (%)
for C17H27NO2S (309.47): C 65.98, H 8.79, N 4.53; found: C 65.99, H 8.79,
N 4.31.


30 : N,N-Diisopropylthiocarbamic acid S-[1-phenyl-1-(4,4,5,5-tetramethyl-
ACHTUNGTRENNUNG[1.3.2]dioxaborolan-2-yl)methyl] ester: rac-30 : White crystalline solid,
yield: 62%. Rf=0.14 (E/P=1:1); tR=16.3 min (HP-5); m.p.: 114 8C; IR
(ATR): ñ =3058, 3025 (m, C�Harom), 2972, 2926, 2854 (s, C�Haliph), 1585
(s, NC=O), 1495 (m), 1452 (m), 1423 (s), 1375 (s), 1347 (s), 1325 (s), 1243
(m), 1202 (s), 1129 (s), 1089 (s), 1034 (s), 968 (m), 952 (m), 923 (m), 881
(m), 842 (m), 811 (m), 764 (s), 695 (s), 647 (m), 596 cm�1 (s); 1H NMR
(300 MHz, CDCl3): d=0.89 (s, 6H, (H3C)2C), 1.05 (s, 6H, (H3C)2C),
1.21–1.29 (m, 6H, ((H3C)HC ACHTUNGTRENNUNG(CH3))2N), 1.41–1.51 (m, 6H, ((H3C)HC-
ACHTUNGTRENNUNG(CH3))2N), 3.64 (sept, 1H, ((H3C)2HC)2N), 3.80 (s, 1H, CHbenzylic), 4.01
(sept, 1H, ((H3C)2HC)2N), 7.05–7.32 ppm (m, 5H, Ph); 13C NMR
(75 MHz, CDCl3): d=19.8, 19.9, 20.5, 20.7 ((H3CA/B)2CCACHTUNGTRENNUNG(H3CA/B)2), 24.8
(((H3C)HC ACHTUNGTRENNUNG(CH3))2N), 24.9 (((H3C)HC ACHTUNGTRENNUNG(CH3))2N), 49.1 (Cbenzylic), 53.0
(((H3C)2HC)2N), 80.0 ((H3C)2CCACHTUNGTRENNUNG(H3C)2), 125.3, 127.7, 128.7, 140.8 (Ph),
178.3 ppm (NC=O); MS (ESI): m/z=378.2283 [M+H]+ , 400.2102 [M+


Na]+ ; elemental analysis: calcd (%) for C20H32BNO3S (377.35): C 63.66,
H 8.55, N 3.71; found: C 63.57, H 8.54, N 3.67.


(+)-(S)-30 : White crystalline solid, yield: 19%. ½a�20D =++50.9 (c=0.95,
CHCl3); 58% ee (1H NMR (300 MHz, C6D6, 50 mol% (+)-Pr ACHTUNGTRENNUNG(hfc)3): d=


4.89 ppm (CHbenzylic ; Dd =0.03 ppm), (+)/(�)=3.9:1.0) (with 18 ; Table 4,
entry 6).


36b : (�)-(R)-N,N-Diisopropylcarbamoylsulfanyl-(2-ethylphenyl)acetic
acid methyl ester: White crystalline solid, yield: 58%. Rf=0.69 (E/P=
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1:1); tR=13.3 min (HP-5); ½a�20D =�64.1 (c=0.91, CHCl3); IR (ATR): ñ=


3032 (m, C�Harom), 2974, 2948, 2877 (s, C�Haliph), 1745 (s, C=O), 1646 (s,
NC=O), 1488 (m), 1454 (m), 1419 (m), 1369 (m), 1211 (s), 1199 (m), 1050
(s), 1018 (m), 1053 (m), 1007 (m), 877 (m), 826 (s), 727 (m), 670 (s), 668
(m), 542 cm�1 (m); 1H NMR (300 MHz, CDCl3): d =1.25 (t, 3JC,H=7.2 Hz,
3H, H3CCH2), 1.27 (br s, 12H, ((H3C)2HC)2N), 2.78 (q,


3JC,H=7.2 Hz,
2H, CH3CH2), 3.48 (br s, 2H, ((H3C)2HC)2N), 3.71 (s, 3H, CH3O), 3.99
(br s, 2H, ((H3C)2HC)2N), 5.51 (s, 1H, CHbenzylic), 7.08–7.53 ppm (m, 5H,
Ph); 13C NMR (75 MHz, CDCl3): d=15.4 (H3CCH2), 20.2
(((H3C)2HC)2N), 26.1 (H3CCH2), 47.9 (CH3O), 49.8 (((H3C)2HC)2N),
52.9 (Cbenzylic), 126.3, 128.4, 128.7, 129.2, 132.6, 142.7 (Ph), 164.1 (NC=O),
171.8 ppm (C=O); MS (ESI): m/z=338.1786 [M+H]+ , 360.1601 [M+


Na]+ , 697.3308 [2M+Na]+ ; elemental analysis: calcd (%) for
C18H27NO3S (337.48): C 64.08, H 8.06, N 4.15; found: C 64.00, H 7.96, N
4.07; HPLC: Chiralcel OD-H (4.6R250 mm), l=210 nm, n-hexane/
iPrOH=95:5, 1.0 mLmin�1, tR(+)=7.8 min, tR(�)=9.0 min, 36% ee
(with 18 ; Table 5, entry 6).


36c : (+)-(R)-N,N-Diisopropylthiocarbamic acid S-[1-(2-ethylphenyl)-2-
hydroxy-2,2-diphenylethyl] ester: White foam, yield: 84%. Rf=0.42 (E/
P=1:2); tR=21.1 min (HP-5); ½a�20D =++10.7 (c=1.03, CHCl3); IR (ATR):
ñ=3524 (O�H), 3057 (m, C�Harom), 2973, 2933, 2882 (s, C�Haliph), 1627
(s, NC=O), 1488 (m), 1445 (s), 1425 (s), 1283 (s), 1210 (m), 1155 (s), 1116
(m), 1034 (s), 902 (m), 822 (s), 750 (s), 727 (m), 698 (s), 667 (m), 656 (m),
624 (m), 599 cm�1 (m); 1H NMR (300 MHz, CDCl3): d=1.06 (t, 3JC,H=


7.6 Hz, 3H, H3CCH2), 1.03–1.42 (br m, 12H, ((H3C)2HC)2N), 2.18–2.36
(m, 1H, CH3CHAHB), 2.68–2.82 (m, 1H, CH3CHAHB), 3.28 (br s, 1H,
HO), 3.37 (br s, 1H, ((H3C)2HC)2N), 4.04 (br s, 1H, ((H3C)2HC)2N), 6.05
(s, 1H, CHbenzylic), 6.93–7.76 ppm (m, 14H, Ph); 13C NMR (75 MHz,
CDCl3): d=14.3 (H3CCH2), 20.1 (((H3C)2HC)2N), 24.9 (H3CCH2), 48.1
(br, ((H3C)2HC)2N), 52.2 (Cbenzylic), 82.2 (C(Ph)2(OH)), 122.7, 125.1,
126.6, 126.8, 126.9, 126.9, 127.0, 127.2, 127.4, 127.8, 130.9, 138.0, 142.1,
144.0, 146.0 (Ph), 163.8 ppm (NC=O); MS (ESI): m/z=484.2278 [M+


Na]+ , 945.4665 [2M+Na]+ ; elemental analysis: calcd (%) for
C29H35NO2S (461.66): C 75.45, H 7.64, N 3.03; found: C 75.45, H 7.59, N
2.92; HPLC: Chiralcel OD-H (4.6R250 mm), l =210 nm, n-hexane/
iPrOH=100:1, 0.5 mLmin�1, tR(�)=7.8 min, tR(+)=8.2 min, 97% ee
(with 18 ; Table 5, entry 5).


Preparation of the NMR sample of 16·18 : A flame-dried rubber-sealed
NMR tube (0.5R18 cm2, round-bottomed) was filled with argon. A solu-
tion of nBu6Li (1.08 mL, 1.03m) was injected. The solvent was removed
under reduced pressure to yield pure nBu6Li in the NMR tube. In a
flame-dried and argon-filled flask, a mixture of 15 (25 mg, 0.10 mmol,
1.0 equiv) and 18 (35 mg, 0.11 mmol, 1.1 equiv) were dissolved in dry
[D8]toluene (1 mL). This solution was cooled to �78 8C for 10 min before


it was transferred into the previously
prepared and now equally cooled
NMR tube containing nBu6Li.


(RC)-16·18 :
1H NMR (500 MHz,


[D8]toluene, �50 8C): d=0.75 (s, 9H,
tBuHA), 0.76 (s, 9H, tBuHB), 0.80–0.91
(m, 9H, 9-HA, 9-HB, 13-H), 0.96 (t,
3J12’-H,13’-H=7.3 Hz, 3H, 13’-H), 1.36 (d,
3J8’-H,9’-H=6.7 Hz, 3H, 9’-HA), 1.39 (d,
3J8’-H,9’-H=6.6 Hz, 3H, 9’-HB), 1.52–1.62
(m, 1H, 12’-HA), 1.65–1.73 (m, 1H, 12-
HA), 1.73–1.82 (m, 1H, 12’-HB), 1.86–
1.95 (m, 1H, 12-HB), 2.82 (dd,


3J14-HA,15-H
=6.6 Hz, 3J14-HB,15-H=11.7 Hz, 1H, 15-H), 2.91 (sept, 3JC,H=6.7 Hz, 1H, 8’-
H), 3.02 (s, 1H, 1-H), 3.41 (pseudo t, 3J14’-H,15’-H= 3J14’-HA,14’-HB=9.9 Hz, 1H,
14’-HA), 3.54–3.60 (m, 1H, 14’-HB), 3.60–3.66 (m, 1H, 14-HA), 3.81 (pseu-
do t, 3JC,H=9.9 Hz, 1H, 14-HB), 3.85 (dd,


3J14’-HA,15’-H=6.4 Hz, 3J14’-HB,15’-H=


10.4 Hz, 1H, 15’-H), 4.84 (sept, 3J8-H,9-HA= 3J8-H,9-HB=6.5 Hz, 1H, 8-H),
6.39 (pseudo t, 3J4-H,5-H= 3J5-H,6-H=7.3 Hz, 1H, 5-H), 6.84 (d, 3J3-H,4-H=


7.8 Hz, 1H, 3-H), 6.97 (pseudo t, 3JC,H=7.3 Hz, 1H, 4-H), 7.17 (pseudo t,
3J6-H,7-H=7.5 Hz, 1H, 6-H), 7.41 ppm (d, 3JC,H=7.5 Hz, 1H, 7-H); the
signal at 3.02 ppm showed an NOE enhancement with the signal at
6.84 ppm; 13C NMR (125 MHz, [D8]toluene, �50 8C): d=9.4 (C13’), 10.5
(C13), 19.7 (CB9), 19.9 (CA9), 20.8 (CA9’), 21.2 (CB9’), 25.2 ((H3C)3C),


25.6 ((H3C)3C), 29.1 (C12’), 32.7 (t,
1JLi,C=3.5 Hz, C1), 33.3 ((H3C)3C),


33.4 (C12), 34.0 ((H3C)3C), 46.2 (C8), 48.3 (C8’), 49.2 (C10), 67.7 (C14’),
69.5 (C14), 72.3 (C15), 75.3 (C15’), 110.6 (C5), 116.9 (C7), 119.3 (C3),
128.0 (C3), 128.9 (C6), 157.1 (C2), 167.0 (C11), 168.3 (C11’), 184.0 ppm
(NC=O); 6Li NMR (125 MHz, [D8]toluene, �50 8C): d=2.74 ppm (s).


(SC)-16·18 :
1H NMR (500 MHz, [D8]toluene, �50 8C): selected signals


from the epimeric mixture of complexes: d=2.93 (s, 1H, 1-H), 6.56
(pseudo t, 3J4-H,5-H= 3J5-H,6-H=7.5 Hz, 1H, 5-H), 6.80 (br s, 1H, 3-H), 7.01
(br s, 1H, 4-H), 7.10 (br s, 1H, 6-H), 7.27 ppm (br s, 1H, 7-H); 13C NMR
(125 MHz, [D8]toluene, �50 8C): selected signals from the epimeric mix-
ture of complexes: d=31.9 (t, C1), 111.4 (C5), 116.7 (C7), 155.6 (C2),
166.8 (C11), 168.8 (C11’), 184.1 ppm (NC=O); 6Li NMR (125 MHz,
[D8]toluene, �50 8C): from the epimeric mixture of complexes: d=


2.77 ppm (s).
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Rhodium-Catalyzed Allylation of Aldehydes with Homoallylic Alcohols by
Retroallylation and Isomerization to Saturated Ketones with Conventional or


Microwave Heating
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Introduction


Metal-mediated carbon–carbon bond-cleavage reactions
have attracted increasing attention in organic synthesis and
organometallic chemistry.[1] The metal-mediated retroallyla-
tion of homoallylic alcohols, for example, is a useful method
for generating allyl metal reagents.[2] Recently, we reported
that retroallylation takes place under rhodium catalysis
(Scheme 1).[3,4] The allyl rhodium species thus formed was
found to allylate carbonyl compounds, as a rare example of
nucleophilic allylation with allyl rhodium species.[5] The al-
ACHTUNGTRENNUNGlylated intermediates are finally converted into the corre-
sponding saturated ketones when the rhodium catalyst con-
tains a bulky phosphine ligand. Herein, we report details of
the reaction and describe improved reaction conditions,
under which microwave heating is used to accelerate the for-
mation of the saturated ketones.


Results and Discussion


The treatment of benzaldehyde (1a ; 0.5 mmol) with the ho-
moallylic alcohol 2a (1.0 mmol) in the presence of [{RhCl-
ACHTUNGTRENNUNG(cod)}2] (2.5 mol%), PMe3 (10 mol%), and cesium carbon-
ate (15 mol%) in dioxane (5.0 mL) at reflux for 8 h provid-
ed 2-methyl-1-phenyl-3-buten-1-ol (3a) in 58% yield (eryth-
ro/threo[6]=49:51; Table 1, entry 1). We propose that initial
ligand exchange promoted by cesium carbonate between the
rhodium catalyst and 2a provides the intermediate 4
(Scheme 2). The retroallylation of 4 generates a s-crotyl
rhodium species,[7] which may be in equilibrium with the p-
crotyl rhodium species under the reaction conditions. The
allyl rhodium intermediate reacts at the more substituted
carbon atom[5b] with benzaldehyde to yield the rhodium ho-


Keywords: allylation · C�C activa-
tion · isomerization · retro reac-
tions · rhodium


Abstract: The treatment of an aldehyde with a tertiary homoallylic alcohol at 100–
250 8C in the presence of cesium carbonate and a rhodium catalyst leads to allyl
transfer from the homoallylic alcohol to the aldehyde. The process includes Rh-
mediated retroallylation to form an allyl rhodium species as the key intermediate.
The homoallylic alcohol formed initially through allyl transfer is converted under
the reaction conditions into the corresponding saturated ketone when bulky li-
gands are used. Microwave heating at 250 8C accelerates the reaction significantly.
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Scheme 1. Rhodium-catalyzed allylation of aldehydes with homoallylic
ACHTUNGTRENNUNGalcohols by retroallylation.
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moallyloxide 5, which undergoes protonolysis with 2a to
yield 3a and regenerate 4 (path A).
Moderate to good yields were generally observed for the


formation of compounds 3 (Table 1), although the crotyla-
tion reaction of electron-rich 1d gave the product in poorer
yield (Table 1, entry 4). The presence of a chlorine substitu-
ent on the aromatic ring did not prevent the reaction
(Table 1, entry 5), and ketone and ester functionalities were
compatible with the reaction conditions (Table 1, entries 6
and 7). Unfortunately, no stereoselectivity was observed in
any of the reactions.


The use of xylene as the solvent and P ACHTUNGTRENNUNG(tBu)3 as the ligand
led to a drastic change in the course of the reaction. The
treatment of benzaldehyde (1a ; 0.5 mmol) with the homoal-
lylic alcohol 2a (1.0 mmol) in the presence of catalytic
amounts of [{RhCl ACHTUNGTRENNUNG(cod)}2], PACHTUNGTRENNUNG(tBu)3, and cesium carbonate
in xylene at reflux for 24 h provided 2-methyl-1-phenyl-1-
butanone (6a) in 70% yield (Table 2). Both electron-rich
(Table 2, entry 4) and electron-deficient aromatic aldehydes
(Table 2, entries 3, 6, and 7) were transformed into the cor-
responding ketones in satisfactory yields.


We rationalize the formation of 6a as follows (Scheme 2):
Owing to the steric effect of PACHTUNGTRENNUNG(tBu)3, the protonolysis of 5
with 2a (path A) is so slow that b-hydride elimination takes
place (path B) to yield 7 with concomitant formation of rho-
dium hydride. Hydrorhodation of the alkene in 7 then af-
fords 8, which undergoes iterative b-elimination/hydrorho-
dation[8] to yield the oxa-p-allylrhodium intermediate 9. Pro-
tonolysis of 9 with 2a provides 6a and 4 to complete the cat-
alytic cycle.
The reaction of the homoallylic alcohol 2b was sluggish


and provided 6a in only 26% yield (Scheme 3). A small
amount of 10 was also formed. The formation of 10 was not
observed in the reactions in Table 2. These results indicate
that the allyl rhodium species is formed through a retroal-
ACHTUNGTRENNUNGlylation mechanism. The retroallylation of 11 would yield
(1-methyl-2-propenyl)rhodium, some of which would react
with 1a to yield 12 before isomerizing to p- and s-crotylrho-
dium. The alkoxide 12 would be converted into 10. The p-
and/or s-crotylrhodium intermediates would react with 1a
to afford 5 and then 6a. The equilibrium between (1-
methyl-2-propenyl)rhodium, p-crotylrhodium, and s-crotyl-
ACHTUNGTRENNUNGrhodium is probably shifted towards the two crotylrhodium
species.
We studied the sequential methallylation–isomerization of


an array of aldehydes (Table 3). The generation of methal-
lylrhodium was facile, and the products 13 were generally
formed in good yield. Both aliphatic and aromatic aldehydes


Abstract in Japanese:


Table 1. Rhodium-catalyzed crotylation of aromatic aldehydes with 2a.


Entry R Yield of 3 [%] erythro/threo


1 Ph (a) 58 49:51
2 4-MeC6H4 (b) 49 54:46
3 4-CF3C6H4 (c) 44 56:44
4 4-MeOC6H4 (d) 34 52:48
5 4-ClC6H4 (e) 59 58:42
6 4-PhCOC6H4 (f) 58 56:44
7[a] 4-MeOCOC6H4 (g) 59 56:44


[a] Cs2CO3 (30 mol%) was used. cod=1,5-cyclooctadiene.


Scheme 2. Proposed reaction mechanism.


Table 2. Rhodium-catalyzed crotylation of aromatic aldehydes with 2a
followed by isomerization to saturated ketones.


Entry R Yield of 6 [%]


1[a] Ph (a) 70[b]


2 4-MeC6H4 (b) 49
3[c] 4-CF3C6H4 (c) 50[b]


4 4-MeOC6H4 (d) 52[b]


5 4-ClC6H4 (e) 51[b]


6 4-PhCOC6H4 (f) 48[d]


7 4-MeOCOC6H4 (g) 59[e]


[a] Cs2CO3 (5 mol%) was used. [b] Yield determined by NMR spectros-
copy. [c] The reaction was carried out in toluene at reflux for 24 h. [d] 1-
(4-Benzoylphenyl)-1-pentanone was obtained in 3% yield. [e] 1-(4-Meth-
ACHTUNGTRENNUNGoxycarbonylphenyl)-1-pentanone was obtained in 3% yield.


120 www.chemasianj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 119 – 125


FULL PAPERS







participated in the reaction. Dodecanal (1h) was converted
into the corresponding saturated ketone 13h in 70% yield
(Table 3, entry 8).
The transfer of the parent allyl group and the prenyl


group was also examined. The sequential allylation–isomeri-
zation of benzaldehyde (1a) with the homoallylic alcohol 2d
led to 14a in low yield [Eq. (1)]. The reaction of 1a with 2e
provided the unexpected ketone 15 in 62% yield
(Scheme 4). We propose the following mechanism for the
formation of 15 : The s-prenylrhodium intermediate 16 gen-
erated by retroprenylation does not react readily with 1a as
a result of steric repulsion at the highly substituted carbon
atom. Accordingly, 16 isomerizes to 17, from which b-H
elimination occurs to give a rhodium hydride and isoprene.
Subsequent hydrorhodation of isoprene leads to 18 and 19,
and the latter intermediate reacts with 1a to furnish 15.


It is well-known that microwave heating accelerates or-
ganic reactions.[9] Such an effect was observed for the allyl-
transfer reaction (Table 4). Under microwave irradiation,
the reactions were complete within 30 min to afford the cor-
responding ketones in comparable yields to those observed


Scheme 3. Plausible mechanism for the rhodium-catalyzed reaction with
2b.


Table 3. Rhodium-catalyzed methallylation of aldehydes with 2c
ACHTUNGTRENNUNGfollowed by isomerization to saturated ketones.


Entry R Yield of 13 [%]


1 Ph (a) 83
2 4-MeC6H4 (b) 66
3 4-CF3C6H4 (c) 65
4 4-MeOC6H4 (d) 77
5 4-ClC6H4 (e) 54
6 4-PhCOC6H4 (f) 66
7 4-MeOCOC6H4 (g) 68
8 n-C11H23 (h) 70[a]


[a] Yield determined by NMR spectroscopy.


Scheme 4. Attempted prenylation.


Table 4. Microwave-assisted allyl transfer at 250 8C.


Entry R 2 Product Yield [%]


1 Ph (a) 2a 6a 90[a]


2 4-MeC6H4 (b) 2a 6b 72[a]


3 4-CF3C6H4 (c) 2a 6c 67[a]


4 4-MeOC6H4 (d) 2a 6d 87[a]


5 4-ClC6H4 (e) 2a 6e 55[a]


6 4-(4-MeC6H4CO)C6H4 (i) 2a 6 i 58[a]


7 4-MeOCOC6H4 (g) 2a 6g 41[a]


8 n-C11H23 (h) 2a 6h 64[a]


9 Ph (a) 2c 13a 91
10 4-MeC6H4 (b) 2c 13b 86
11 4-CF3C6H4 (c) 2c 13c 64
12 4-MeOC6H4 (d) 2c 13d 74
13 4-ClC6H4 (e) 2c 13e 84
14 4-(4-MeC6H4CO)C6H4 (i) 2c 13 i 48
15 4-MeOCOC6H4 (g) 2c 13g 40
16 n-C11H23 (h) 2c 13h 67
17 c-C6H11 (j) 2c 13 j 68
18 tBu (k) 2c 13k �5[b]
19 Ph (a) 2d 14a 87
20 4-MeC6H4 (b) 2d 14b 90
21 4-CF3C6H4 (c) 2d 14c 77
22 4-MeOC6H4 (d) 2d 14d 75
23 4-ClC6H4 (e) 2d 14e 68
24 4-(4-MeC6H4CO)C6H4 (i) 2d 14 i 66
25 4-MeOCOC6H4 (g) 2d 14g 55
26 n-C11H23 (h) 2d 14h 58


[a] The corresponding linear product, RCOnBu, was obtained in 3–9%
yield. [b] The product is volatile. DMF=N,N-dimethylformamide.
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with conventional heating. Tricyclopentylphosphane proved
to be the best ligand in the microwave-assisted reactions.
The higher reaction temperature led to poorer regioselec-


tivity (Table 4, entries 1–8). In each case, a small amount of
the corresponding linear product, equivalent to 10, was de-
tected. The linear products were not detected in the reac-
tions in Table 2. The reactions with 2c were facile (Table 4,
entries 9–18). Cyclohexanecarbaldehyde (1 j) reacted
smoothly (Table 4, entry 17); however, the reaction of piva-
laldehyde (1k) was sluggish (Table 4, entry 18). Allylation
reactions with 2d gave the desired products in good yield
under the microwave-assisted conditions (Table 4, en-
tries 19–26), although the equivalent reaction with conven-
tional heating was not efficient [Eq. (1)]. Microwave heating
at 250 8C may promote the retroallylation process, which is
probably the rate-determining step. We were unsuccessful in
our attempts to carry out a benzyl-transfer reaction with de-
rivatives of 2-phenylethanol.
The attempted prenylation of benzaldehyde with 2e


under microwave irradiation again provided 15, but in only
17% yield. Under these conditions, the isopropyl-substituted
homoallylic alcohol 2 f proved to be a better reagent, with
15 formed in 33% yield [Eq. (2)]. We expect that the lower
yields observed for 15 under the conditions of microwave ir-
radiation result from an increase in side reactions during the
transformation of 16 into 19.


The effect of the ligand on the sequential methallylation–
isomerization reaction is summarized in Table 5. The use of


a trialkyl phosphine ligand rather than a triaryl phosphine
generally led to a higher yield of the product. It was report-
ed that (p-allyl)bis(triphenylphosphanyl)rhodium does not
react with benzaldehyde at room temperature.[10] However,
owing to the strong s-donor character of trialkyl phosphines,
p-allyl bis(trialkylphosphanyl)rhodium complexes appear to
be nucleophilic enough to react with benzaldehyde. Tri-tert-
butylphosphane is probably too bulky to promote the reac-
tion (Table 5, entry 4). Bidentate ligands, such as binap,
were not effective (Table 5, entries 6–8).
Microwave heating is different from conventional external


heating in principle and can have so-called nonthermal mi-
crowave effects.[11] We investigated whether such effects
were in operation [Eq. (3)]. The reaction of 1a with 2c was
complete within 30 min in the solvent mixture 1,2-diphenyl-
ethane (b.p.: 284 8C)/N,N’-dimethylpropylene urea (DMPU;
b.p.: 146 8C at 44 mmHg) at 250 8C when the reaction mix-
ture was heated by microwave irradiation or in a sand bath.
No significant differences were observed.


Under the microwave-assisted conditions at 250 8C, the re-
actions with 2a were not regioselective (Table 4, entries 1–
8). To investigate whether the lower regioselectivity was due
to a nonthermal microwave effect or to the high tempera-
ture, we treated benzaldehyde with 2a in the presence of
the same catalyst system at 250 8C with conventional heating
and under microwave irradiation [Eq. (4)]. The regioselec-
tivity of the two reactions was similar. Thus, the lower regio-
selectivity appears to be due to the high temperature.


Conclusions


We have developed an allyl-transfer reaction of homoallylic
alcohols with aldehydes through a retroallylation reaction as
a carbon–carbon bond-cleaving process with the aid of a
rhodium catalyst. Microwave heating at 250 8C accelerates
the reaction, which can be viewed as an alternative to the


Table 5. Effect of ligand on the methallylation–isomerization reaction.


Entry Ligand x y Yield [%]


1 P ACHTUNGTRENNUNG(c-C5H9)3 1.3 7.5 91
2 PMe3 2.5 15 83
3 P ACHTUNGTRENNUNG(c-C6H11)3 2.5 15 72
4 P ACHTUNGTRENNUNG(tBu)3 2.5 15 29
5 PPh3 1.3 7.5 26
6 binap[a] 1.3 4 <1
7 dppe[b] 1.3 4 21
8 dppf[c] 1.3 4 9


[a] binap=2,2’-bis(diphenylphosphanyl)-1,1’-binaphthyl. [b] dppe=1,2-
bis(diphenylphosphanyl)ethane. [c] dppf=1,1’-bis(diphenylphosphanyl)-
ferrocene.
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commonly used alkylation–oxidation sequence for the con-
version of aldehydes into ketones.


Experimental Section


General


All microwave-assisted reactions were carried out with a focused micro-
wave unit (Biotage Initiator) with a maximum irradiation power of
400 W. Each reaction was run in a 5-mL glass pressure vial, which is a
commercially available special vial for the Biotage Initiator. After the in-
dicated temperature was reached (it took 6 min to reach 250 8C), control-
led microwave irradiation was started and was continued for 30 min,
during which the temperature of the reaction mixture was kept constant.
For classical heating at 250 8C (for the reaction in Equation (3)), glass-
ware containing the reaction mixture was heated in a sand bath.
1H (500 MHz) and 13C NMR (125.7 MHz) spectra were recorded on a
Varian Unity Inova 500 spectrometer in CDCl3. Chemical shifts (d) are
given in parts per million relative to the tetramethylsilane signal at
0.00 ppm (1H) and relative to the CDCl3 signal at 77.0 ppm (13C).
19F NMR spectra were recorded in CDCl3 with fluorotrichloromethane as
an external standard. IR spectra were recorded on a Shimadzu FTIR-
8200PC spectrometer. Mass spectra were recorded on a JEOL Msta-
tion 700 spectrometer. TLC analysis was performed on commercial glass
plates with a 0.25-mm layer of Merck silica gel 60F254. Silica gel (Wakogel
200 mesh) was used for column chromatography. Elemental analysis was
carried out at the Elemental Analysis Center of Kyoto University.


Unless otherwise noted, materials obtained from commercial suppliers
were used without further purification. Xylene and dioxane were dried
over slices of sodium. Chloro(1,5-cyclooctadiene)rhodium dimer and
PMe3 (as a 1.0m solution in toluene) were purchased from Aldrich. P-
ACHTUNGTRENNUNG(tBu)3 and P ACHTUNGTRENNUNG(c-C5H9)3 were obtained from Wako Pure Chemicals and
TCI, respectively, and were diluted to 1.0m in hexane. The solutions of
the ligands were stored strictly under argon. Cesium carbonate was pur-
chased from Wako Pure Chemicals. The homoallylic alcohols 2 were pre-
pared by conventional methods, except for 2b.[ 2p]


Syntheses


Typical procedure for the crotylation of aromatic aldehydes: [{RhCl-
ACHTUNGTRENNUNG(cod)}2] (6 mg, 0.0125 mmol) and Cs2CO3 (24 mg, 0.075 mmol) were
placed in a reaction flask. Dioxane (3.0 mL) and PMe3 (1.0m in toluene,
0.05 mL, 0.05 mmol) were added dropwise, and the resulting suspension
was stirred for 10 min at room temperature. A solution of 2a (170 mg,
1.0 mmol) in dioxane (2.0 mL) and 1a (53 mg, 0.5 mmol) were then
added, and the mixture was heated at reflux for 8 h. The reaction was
then quenched with water (10 mL). Extraction and purification provided
2-methyl-1-phenyl-3-buten-1-ol (6a ; 48 mg, 0.29 mmol, 58%; erythro/
threo=49:51).


Typical procedure for the sequential methallylation–isomerization of al-
dehydes: [{RhCl ACHTUNGTRENNUNG(cod)}2] (6 mg, 0.0125 mmol) and Cs2CO3 (24 mg,
0.075 mmol) were placed in a reaction flask. Xylene (3.0 mL) and P ACHTUNGTRENNUNG(tBu)3
(1.0m in hexane, 0.05 mL, 0.05 mmol) were added dropwise, and the re-
sulting suspension was stirred for 10 min at room temperature. A solution
of 2c (170 mg, 1.0 mmol) in xylene (2.0 mL) and 1d (69 mg, 0.5 mmol)
were then added, and the mixture was heated at reflux for 24 h then
poured into water (10 mL). Extraction with hexane/ethyl acetate (5:1)
followed by purification by silica-gel column chromatography afforded 3-
methyl-1-(4-methoxyphenyl)-1-butanone (13d ; 75 mg, 0.39 mmol, 77%
yield).


Typical procedure for the microwave-assisted reaction: Cesium carbonate
(24 mg, 0.075 mmol) and [{RhCl ACHTUNGTRENNUNG(cod)}2] (3 mg, 0.006 mmol) were placed
in a 5-mL glass pressure vial. The vial was flushed with argon and sealed
with a polytetrafluoroethylene–silicone septum. Toluene (0.5 mL) and tri-
cyclopentylphosphane (1.0m in hexane, 0.038 mL, 0.038 mmol) were
added, and the suspension was stirred for 10 min at room temperature. A
solution of 2c (170 mg, 1.0 mmol) in toluene (1.5 mL), benzaldehyde (1a,
53 mg, 0.50 mmol), and DMF (0.80 mL) were added, and the resulting


mixture was heated at 250 8C with stirring for 30 min in the microwave
reactor. The mixture was then cooled to room temperature, and the reac-
tion was quenched with water (3 mL). Extraction with hexane/ethyl ace-
tate (10:1) followed by purification by silica-gel column chromatography
afforded 3-methyl-1-phenyl-1-butanone (13a ; 74 mg, 0.45 mmol, 91%).


The spectra of compounds 1 f,[12] 1 i,[13] 2a–e,[14] 3a,[15] 3b,[16] 3c,[17] 3d,[18]


3e,[18] 3g,[18] 6a,[19] 6b,[20] 6d,[14] 6e,[14] 13a,[19] 13b,[20] 13d,[21] 13e,[22] 13 i,[23]


13j,[24] and 14c[25] were identical to those reported in the literature.


2 f : 3-Isopropyl-2,4,4-trimethyl-5-hexen-3-ol: IR (neat): ñ=3569, 3082,
1632, 1477, 1383, 1281, 1121, 989 cm�1; 1H NMR (CDCl3): d=1.08 (d, J=


7.0 Hz, 6H), 1.12 (d, J=7.0 Hz, 6H), 1.17 (s, 6H), 2.16 (sept, J=7.0 Hz,
2H), 4.99 (dd, J=11.0, 1.5 Hz, 1H), 5.01 (dd, J=17.5, 1.5 Hz, 1H),
6.22 ppm (dd, J=17.5, 11.0 Hz, 1H); the signal for the OH hydrogen
atom was not observed; 13C NMR (CDCl3): d =20.7, 21.1, 24.7, 35.6, 47.3,
79.5, 111.7, 148.0 ppm; elemental analysis: calcd (%) for C12H24O: C
78.20, H 13.12; found: C 78.33, H 13.38.


3 f : 4-(1-Hydroxy-2-methyl-3-butenyl)phenyl phenyl ketone (mixture of
erythro and threo isomers): IR (neat): ñ =3446, 2973, 2874, 1645, 1599,
1579, 1448, 1413, 1280, 1178, 1150, 1100, 1001, 924, 844, 749, 702 cm�1;
1H NMR (erythro isomer, CDCl3): d =1.02 (d, J=7.0 Hz, 3H), 2.06 (d,
J=3.5 Hz, 1H), 2.65 (sept, J=7.0 Hz, 1H), 4.76 (t, J=3.5 Hz, 1H), 5.10–
5.15 (m, 2H), 5.77–5.85 (m, 1H), 7.44–7.47 (m, 2H), 7.48–7.52 (m, 2H),
7.61 (tt, J=7.0, 1.0 Hz, 1H), 7.80–7.82 ppm (m, 4H); 1H NMR (threo
isomer, CDCl3): d=0.95 (d, J=7.0 Hz, 3H), 2.28 (d, J=2.5 Hz, 1H), 2.53
(sept, J=7.0 Hz, 1H), 4.48 (dd, J=7.0, 2.5 Hz, 1H), 5.23–5.26 (m, 2H),
5.77–5.85 (m, 1H), 7.44–7.57 (m, 2H), 7.48–7.52 (m, 2H), 7.61 (tt, J=7.0,
1.0 Hz, 1H), 7.80–7.82 ppm (m, 4H); 13C NMR (mixture of isomers,
CDCl3): d=13.5, 14.1, 16.4, 22.7, 31.0, 31.6, 44.6, 46.4, 76.6, 77.3, 116.2,
117.6, 126.3, 126.7, 128.3, 130.0, 130.0, 130.0, 130.1, 130.3, 132.4, 132.4,
136.5, 136.9, 137.6, 137.7, 139.8, 139.9, 147.1, 147.2, 196.5 ppm; elemental
analysis: calcd (%) for C18H18O2: C 81.17, H 6.81; found: C 81.45, H 6.88.


6c : 1-(4-Trifluoromethylphenyl)-2-methyl-1-butanone: IR (neat): ñ=


2971, 2937, 2880, 1692, 1463, 1410, 1326, 1268, 1217, 1170, 1132, 1114,
1068, 1017, 974, 857, 592 cm�1; 1H NMR (CDCl3): d=0.94 (t, J=7.5 Hz,
3H), 1.22 (d, J=7.0 Hz, 3H), 1.48–1.56 (m, 1H), 1.81–1.89 (m, 1H),
3.37–3.44 (m, 1H), 7.75 (d, J=8.0 Hz, 2H), 8.06 ppm (d, J=8.0 Hz, 2H);
13C NMR (CDCl3): d=11.7, 16.5, 26.5, 42.5, 123.6 (q, J=272.5 Hz), 125.7
(q, J=3.8 Hz), 128.5, 134.1 (q, J=32.7 Hz), 139.5, 203.4 ppm; 19F NMR
(CDCl3): d=�63.7 ppm; elemental analysis: calcd (%) for C12H13F3O: C
62.60, H 5.69; found: C 62.36, H 5.39.


6g : Methyl 4-(2-methyl-1-oxobutyl)benzoate: IR (neat): ñ=2936, 2877,
1729, 1683, 1572, 1504, 1436, 1407, 1373, 1280, 1215, 1182, 1109, 1006,
956, 870, 826, 788, 722 cm�1; 1H NMR (CDCl3): d=0.93 (t, J=7.5 Hz,
3H), 1.21 (d, J=7.0 Hz, 3H), 1.47–1.55 (m, 1H), 1.80–1.88 (m, 1H), 3.41
(sept, J=7.0 Hz, 1H), 3.96 (s, 3H), 8.00 (dt, J=8.5, 2.0 Hz, 2H),
8.13 ppm (dt, J=8.5, 2.0 Hz, 2H); 13C NMR (CDCl3): d=11.7, 16.5, 26.5,
42.5, 52.4, 128.1, 129.8, 133.6, 140.1, 166.3, 204.0 ppm; elemental analysis:
calcd (%) for C13H16O3: C 70.89, H 7.32; found: C 70.77, H 7.25.


6 i : 1-[4-(4-Methylbenzoyl)phenyl]-2-methyl-1-butanone: IR (neat): ñ=


2966, 2937, 2876, 1683, 1659, 1404, 1279, 930 cm�1; 1H NMR (CDCl3): d=


0.94 (t, J=7.0 Hz, 3H), 1.22 (d, J=6.5 Hz, 3H), 1.82–1.91 (m, 1H), 2.45
(s, 3H), 3.40–3.47 (m, 2H), 7.30 (dd, J=8.5, 1.0 Hz, 2H), 7.72–7.74 (dm,
J=8.0 Hz, 2H), 7.84–7.86 (dm, J=8.5 Hz, 2H) 8.03–8.05 ppm (dm, J=


8.0 Hz, 2H); 13C NMR (CDCl3): d=12.0, 16.8, 21.9, 26.8, 42.8, 128.3,
129.4, 130.2, 130.6, 134.5, 139.5, 141.7, 144.1, 195.9. 204.2 ppm; elemental
analysis: calcd (%) for C19H20O2: C 81.40, H 7.19; found: C 81.15, H 7.19.


13c : 1-(4-Trifluoromethylphenyl)-3-methyl-1-butanone: IR (neat): ñ=


2958, 1684, 1662, 1598, 1448, 1404, 1367, 1277, 1211, 938, 926, 743, 718,
699, 655 cm�1; 1H NMR (CDCl3): d=1.02 (d, J=7.0 Hz, 6H), 2.27–2.35
(m, 1H), 2.87 (d, J=7.0 Hz, 2H), 7.74 (d, J=8.0 Hz, 2H), 8.06 ppm (d,
J=8.0 Hz, 2H); 13C NMR (CDCl3): d =22.7, 25.0, 47.7, 125.6 (q, J=


3.65 Hz, 1C), 128.4, 130.2, 134.0, 139.9, 199.2 ppm; 19F NMR (CDCl3):
d=�63.7; elemental analysis: calcd (%) for C12H13F3O: C 62.60, H 5.69;
found: C 62.85, H 5.61.


13 f : 1-(4-Benzoylphenyl)-3-methyl-1-butanone: IR (neat): ñ =2958, 1684,
1662, 1598, 1448, 1404, 1367, 1277, 1211, 938, 926, 743, 718, 699, 655 cm�1;
1H NMR (CDCl3): d=1.03 (d, J=6.5 Hz, 6H), 2.29–2.38 (m, 1H), 2.90
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(d, J=6.5 Hz, 2H), 7.52 (tt, J=7.5, 1.5 Hz, 2H), 7.64 (tt, J=7.5, 1.5 Hz,
1H), 7.82 (dt, J=8.0, 1.5 Hz, 2H), 7.87 (dt, J=8.0, 1.5 Hz, 2H), 8.06 (dt,
J=8.0, 1.5 Hz, 2H); 13C NMR (CDCl3): d=22.7, 25.1, 47.8, 127.9, 128.5,
130.0, 130.1, 133.0, 136.9, 139.9, 141.1, 196.0, 199.7 ppm; elemental analy-
sis: calcd (%) for C18H18O2: C 81.17, H 6.81; found: C 81.05, H 6.84.


13g : Methyl 4-(3-methyl-1-oxobutyl)benzoate: IR (neat): ñ=3674, 2956,
1722, 1683, 1504, 1436, 1407, 1365, 1279, 1198, 1109, 763, 695 cm�1;
1H NMR (CDCl3): d=1.01 (d, J=6.5 Hz, 6H), 2.27–2.35 (m, 1H), 2.88
(d, J=7.0 Hz, 2H), 3.96 (s, 3H), 8.01 (d, J=8.5 Hz, 2H), 8.13 ppm (d, J=


8.5 Hz, 2H); 13C NMR (CDCl3): d=22.7, 25.0, 47.8, 52.5, 128.0, 129.8,
133.6, 140.5, 166.3, 199.7 ppm; elemental analysis: calcd (%) for
C13H16O3: C 70.89, H 7.32; found: C 71.00, H 7.53.


13h : 2-Methyl-4-pentadecanone: IR (neat): ñ =2927, 2855, 1717, 1468,
1410, 1367, 1287, 1144, 1040, 721 cm�1; 1H NMR (CDCl3): d =0.89 (t, J=


7.0 Hz, 3H), 0.92 (d, J=6.5 Hz, 6H), 1.26–1.31 (m, 16H), 1.55–1.59 (m,
2H), 2.15 (sept, J=6.5 Hz, 1H), 2.28 (d, J=7.5 Hz, 2H), 2.37 ppm (t, J=


7.5 Hz, 2H); 13C NMR (CDCl3): d=14.1, 18.2, 22.6, 22.7, 23.8, 24.6, 29.3,
29.3, 29.4, 29.5, 29.6, 31.9, 43.4, 51.8, 211.4 ppm; elemental analysis: calcd
(%) for C16H32O: C 79.93, H 13.41; found: C 79.96, H 13.52.


13 i : 1-[4-(4-Methylbenzoyl)phenyl]-3-methyl-1-butanone: M.p.: 63 8C; IR
(nujol): ñ=2966, 2933, 2876, 1684, 1659, 1607, 1278, 930 cm�1; 1H NMR
(CDCl3): d =1.02 (d, J=6.5 Hz, 6H), 2.32 (tsept, J=7.0, 6.5 Hz, 1H),
2.45 (s, 3H), 2.88 (d, J=7.0 Hz, 2H), 7.30 (d, J=8.0 Hz, 2H), 7.72 (d, J=


8.0 Hz, 2H), 7.83 (d, J=8.5 Hz, 2H), 8.03 (d, J=8.5 Hz, 2H); 13C NMR
(CDCl3): d=21.7, 22.7, 25.1, 47.8, 127.9, 129.2, 129.9, 130.3, 134.3, 139.7,
141.5, 143.9, 195.7, 199.7 ppm; elemental analysis: calcd (%) for
C19H20O3: C 81.40, H 7.19; found: C 81.24, H 7.31.


14g : Methyl 4-(1-oxobutyl)benzoate: M.p.: 84 8C; IR (nujol): ñ =2924,
2854, 1722, 1675, 1456, 1285, 1112, 745 cm�1; 1H NMR (CDCl3): d =1.01
(t, J=7.5 Hz, 3H), 1.78 (tq, J=7.5, 7.0 Hz, 2H), 2.97 (t, J=7.0 Hz, 2H),
3.98 (s, 3H), 8.00 (dt, J=8.5, 2.0 Hz, 2H), 8.11 ppm (dt, J=8.5, 2.0 Hz,
2H); 13C NMR (CDCl3): d=14.1, 17.8, 41.1, 52.7, 128.2, 130.1, 133.9,
140.6, 166.5, 200.1 ppm; elemental analysis: calcd (%) for C12H14O3: C
69.89, H 6.84; found: C 69.64, H 6.80.


14 i : 1-[4-(4-Methylbenzoyl)phenyl]-1-butanone: M.p.: 66 8C; IR (nujol):
ñ=2966, 2933, 2876, 1684, 1659, 1607, 1313, 1278, 1216, 930 cm�1;
1H NMR (CDCl3): d =1.03 (t, J=7.5 Hz, 3H), 1.80 (tq, J=7.5, 7.5 Hz,
2H), 2.43 (s, 3H), 3.00 (t, J=7.5 Hz, 2H), 7.29 (d, J=8.0 Hz, 2H), 7.71
(d, J=8.0 Hz, 2H), 7.84 (d, J=8.0 Hz, 2H), 8.05 ppm (d, J=8.0 Hz, 2H);
13C NMR (CDCl3): d =13.8, 17.6, 21.7, 40.9, 127.8, 129.2, 129.9, 130.3,
134.3, 139.4, 141.5, 143.9, 195.7, 199.9 ppm; elemental analysis: calcd (%)
for C18H18O2: C 81.18, H 6.91; found: C 81.17, H 6.81.


15 : 2,3-Dimethyl-1-phenyl-1-butanone: IR (neat): ñ=2963, 2934, 2875,
1683, 1448, 1217, 969 cm�1; 1H NMR (CDCl3): d=0.89 (d, J=7.0 Hz,
3H), 0.94 (d, J=7.0 Hz, 3H), 1.13 (d, J=7.0 Hz, 3H), 2.09 (dsept, J=7.0,
7.0 Hz, 1H), 3.28 (dq, J=7.0, 7.0 Hz, 1H), 7.44–7.47 (m, 2H), 7.53–7.56
(m, 1H), 7.93–7.95 ppm (m, 2H); 13C NMR (CDCl3): d=13.6, 18.9, 21.8,
30.9, 47.1, 128.4, 128.8, 133.0, 137.6, 205.1 ppm; elemental analysis: calcd
(%) for C12H16O: C 81.77, H 9.15; found: C 81.89, H 9.17.


Acknowledgements


This research was supported by Grants-in-Aid for Scientific Research
and COE Research from the Ministry of Education, Culture, Sports, Sci-
ence, and Technology, Japan. S.H. and K.H. acknowledge the JSPS for fi-
nancial support.


[1] a) M. Murakami, Y. Ito in Activation of Unreactive Bonds and Or-
ganic Synthesis (Ed.: S. Murai), Springer, Berlin, 1999, pp. 97–129;
b) K. C. Bishop III, Chem. Rev. 1976, 76, 461–486; c) R. H. Crab-
tree, Chem. Rev. 1985, 85, 245–269; d) B. Rybtchinski, D. Milstein,
Angew. Chem. 1999, 111, 918–932; Angew. Chem. Int. Ed. 1999, 38,
870–883; e) T. Kondo, T. Mitsudo, Chem. Lett. 2005, 1462–1467;
f) C. H. Jun, Chem. Soc. Rev. 2004, 33, 610–618; g) T. Nishimura, S.


Uemura, Synlett 2004, 201–216; h) M. Catellani, Synlett 2003, 298–
313; i) P. W. Jennings, L. L. Johnson, Chem. Rev. 1994, 94, 2241–
2290.


[2] For Mg, Li, and Zn, see: a) R. A. Benkeser, W. E. Broxterman, J.
Am. Chem. Soc. 1969, 91, 5162–5163; b) R. A. Benkeser, M. P. Si-
klosi, J. Org. Chem. 1976, 41, 3212–3213; c) R. A. Benkeser, M. P.
Siklosi, E. C. Mozdzen, J. Am. Chem. Soc. 1978, 100, 2134–2139;
d) P. Miginiac, Bull. Soc. Chim. Fr. 1970, 1077–1083; e) F. GOrard, P.
Miginiac, Bull. Soc. Chim. Fr. 1974, 2527–2533; f) F. Barbot, P. Migi-
niac, J. Organomet. Chem. 1977, 132, 445–454; g) P. Jones, P. Kno-
chel, J. Org. Chem. 1999, 64, 186–195; for Sn, see: h) V. Peruzzo, G.
Tagliavini, J. Organomet. Chem. 1978, 162, 37–44; i) A. Yanagisawa,
T. Aoki, T. Arai, Synlett 2006, 2071–2074; for Ru, see: j) T. Kondo,
K. Kodoi, E. Nishinaga, T. Okada, Y. Morisaki, Y. Watanabe, T. Mit-
sudo, J. Am. Chem. Soc. 1998, 120, 5587–5588; k) T. Kondo, T. Mit-
sudo, Chem. Lett. 2005, 1462–1467; for Zr, see: l) K. Fujita, H. Yori-
mitsu, K. Oshima, Chem. Rec. 2004, 4, 110–119; m) K. Fujita, H.
Yorimitsu, H. Shinokubo, K. Oshima, J. Org. Chem. 2004, 69, 3302–
3307; for Ga, see: n) S. Hayashi, K. Hirano, H. Yorimitsu, K.
Oshima, Org. Lett. 2005, 7, 3577–3579; o) S. Hayashi, K. Hirano, H.
Yorimitsu, K. Oshima, J. Organomet. Chem. 2007, 692, 505–513; for
Pd, see: p) S. Hayashi, K. Hirano, H. Yorimitsu, K. Oshima, J. Am.
Chem. Soc. 2006, 128, 2210–2211; q) M. Iwasaki, S. Hayashi, K.
Hirano, H. Yorimitsu, K. Oshima, J. Am. Chem. Soc. 2007, 129,
4463–4469; r) M. Iwasaki, S. Hayashi, K. Hirano, H. Yorimitsu, K.
Oshima, Tetrahedron 2007, 63, 5200–5203.


[3] a) Y. Takada, S. Hayashi, K. Hirano, H. Yorimitsu, K. Oshima, Org.
Lett. 2006, 8, 2515–2517; b) M. Jang, S. Hayashi, K. Hirano, H. Yori-
mitsu, K. Oshima, Tetrahedron Lett. 2007, 48, 4003–4005.


[4] For rhodium-mediated b-carbon elimination from alkoxy rhodium
compounds, see: a) A. Funayama, T. Satoh, M. Miura, J. Am. Chem.
Soc. 2005, 127, 15354–15355; b) T. Matsuda, M. Makino, M. Mura-
kami, Org. Lett. 2004, 6, 1257–1259; c) P. Zhao, C. D. Incarvito, J. F.
Hartwig, J. Am. Chem. Soc. 2006, 128, 3124–3125; d) T. Nishimura,
T. Katoh, T. Hayashi, Angew. Chem. 2007, 119, 5025–5027; Angew.
Chem. Int. Ed. 2007, 46, 4937–4939; for the transformation of a ho-
moallyloxy rhodium compound into a p-allyl rhodium compound
through carbon–carbon bond cleavage, see: e) P. Zhao, C. D. Incar-
vito, J. F. Hartwig, J. Am. Chem. Soc. 2006, 128, 9642–9643.


[5] a) M. Shi, G.-X. Lei, Y. Masaki, Tetrahedron: Asymmetry 1999, 10,
2071–2074; b) Y. Masuyama, Y. Kaneko, Y. Kurusu, Tetrahedron
Lett. 2004, 45, 896–8971.


[6] We have adopted the unambiguous erythro/threo nomenclature: R.
Noyori, I. Nishida, J. Sakata, J. Am. Chem. Soc. 1981, 103, 2106–
2108.


[7] For convenience, we define crotylation, methallylation, and prenyla-
tion as the addition of a 1-methyl-2-propenyl, 2-methyl-2-propenyl,
or 1,1-dimethyl-2-propenyl group, respectively, to a carbonyl group.
On the other hand, we refer herein to the crotyl, methallyl, and
prenyl groups as the 2-butenyl, 2-methyl-2-propenyl, and 3-methyl-
2-butenyl groups, respectively.


[8] For the rhodium-catalyzed isomerization of unsaturated alcohols,
see: a) R. Uma, C. CrOvisy, R. GrOe, Chem. Rev. 2003, 103, 27–52;
b) M. K. E. SaPah, R. Pellicciari, Tetrahedron Lett. 1995, 36, 4497–
4500; c) R. Shintani, K. Okamoto, T. Hayashi, J. Am. Chem. Soc.
2005, 127, 2872–2873; d) H. Yamabe, A. Mizuno, H. Kusama, N.
Iwasawa, J. Am. Chem. Soc. 2005, 127, 3248–3249.


[9] For reviews on microwave-assisted organic reactions, see: a)Micro-
wave Assisted Organic Synthesis (Eds.: J. P. Tierney, P. Lidstrçm),
Blackwell, Oxford, 2005 ; b) M. Larhed, K. Olofsson, Microwave
Methods in Organic Synthesis, Springer, Berlin, 2006 ; c) B. A. Rob-
erts, C. R. Strauss, Acc. Chem. Res. 2005, 38, 653–661; d) H. Tokuya-
ma, M. Nakamura, J. Synth. Org. Chem. Jpn. 2005, 63, 523–538;
e) A. de La Hoz, A. Diaz-Ortiz, A. Moreno, Chem. Soc. Rev. 2005,
34, 164–178; f) C. O. Kappe, Angew. Chem. 2004, 116, 6408–6443;
Angew. Chem. Int. Ed. 2004, 43, 6250–6284; g) P. Lidstrçm, J. Tier-
ney, B. Wathey, J. Westman, Tetrahedron 2001, 57, 9225–9283; h) S.
Caddick, Tetrahedron 1995, 51, 10403–10432; i) D. M. P. Mingos,
D. R. Baghurst, Chem. Soc. Rev. 1991, 20, 1–47.


124 www.chemasianj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 119 – 125


FULL PAPERS
H. Yorimitsu, K. Oshima et al.







[10] G. A. Slough, J. R. Ashbaugh, L. A. Zannoni, Organometallics 1994,
13, 3587–3593.


[11] a) S. Garbacia, B. Desai, O. Lavastre, C. O. Kappe, J. Org. Chem.
2003, 68, 9136–9139; b) L. Perreux, A. Loupy, Tetrahedron 2001, 57,
9199–9223; c) N. Kuhnert, Angew. Chem. 2002, 114, 1943–1946;
Angew. Chem. Int. Ed. 2002, 41, 1863–1866; d) C. R. Strauss,
Angew. Chem. 2002, 114, 3741–3743; Angew. Chem. Int. Ed. 2002,
41, 3589–3590.


[12] J.-S. Shiue, M.-H. Lin, J.-M. Fang, J. Org. Chem. 1997, 62, 4643–
4649.


[13] T. Ishiyama, H. Kizaki, T. Hayashi, A. Suzuki, N. Miyaura, J. Org.
Chem. 1998, 63, 4726–4731.


[14] M. A. Al-Aseer, S. G. Smith, J. Org. Chem. 1984, 49, 2608–2613.
[15] S. Kobayashi, K. Nishio, J. Org. Chem. 1994, 59, 6620–6628.
[16] I. Shibata, N. Yoshimura, M. Yabu, A. Baba, Eur. J. Org. Chem.


2001, 3207–3211.
[17] For the syn isomer, see: S. E. Denmark, J. Fu, J. Am. Chem. Soc.


1992, 114, 2577–2586; for the anti isomer, see: A. V. Malkov, L.
DufkovR, L. Farrugia, P. Kocovsky, Angew. Chem. 2003, 115, 3802–
3805; Angew. Chem. Int. Ed. 2003, 42, 3674–3677.


[18] J. Takahara, Y. Masuyama, Y. Kurusu, J. Am. Chem. Soc. 1992, 114,
2577–2586.


[19] M. Ito, S. Kitahara, T. Ikariya, J. Am. Chem. Soc. 2005, 127, 6172–
6173.


[20] S. W. Lee, K. Lee, D. Seomoon, S. Kim, H. Kim, H. Kim, E. Shim,
M. Lee, S. Lee, M. Kim, P. H. Lee, J. Org. Chem. 2004, 69, 4852–
4855.


[21] S. R. Stauffer, C. J. Coletta, R. Tedesco, G. Nishiguchi, K. Carlson, J.
Sun, B. S. Katzenellenbogen, J. A. Katzenellenbogen, J. Med. Chem.
2000, 43, 4943–4947.


[22] F. A. Luzzio, R. W. Fitch, J. Prakt. Chem. 2000, 342, 498–501.
[23] I. Fleming, A. J. Lawrence, R. D. Richardson, D. S. Surry, M. C.


West, Helv. Chim. Acta 2002, 85, 3349–3365.
[24] P. Kraft, K. Popaj, Tetrahedron 2006, 62, 12211–12219.
[25] A. Takemiya, J. F. Hartwig, J. Am. Chem. Soc. 2006, 128, 14800–


14801.


Received: August 18, 2007
Revised: September 27, 2007


Published online: November 22, 2007


Chem. Asian J. 2008, 3, 119 – 125 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 125


Rhodium-Catalyzed Allylation of Aldehydes








DOI: 10.1002/asia.200700285
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Introduction


Carbonyl (C=O) and thiocarbonyl compounds (C=S), in-
cluding carbonic (C(=O)OR) and thiocarbonic systems (C(=
S)OR), are ubiquitous building blocks in nature. The impor-
tance of the latter group of compounds has long inspired
and prompted numerous chemists to synthesize stable heavi-
er-element congeners with double bonds between heavier
Group 14 and Group 16 elements (“heavier ketones”). After
years of discouraging attempts to synthesize isolable heavi-
er-element congeners of ketones, Corriu and co-workers re-
ported in 1989 the first silanethione (Si=S) and silaneselone
(Si=Se) derivatives A and B supported by an intramolecular
N!Si donor–acceptor bond (Scheme 1).[1]


Although silanone derivatives (R2Si=O) that are isolable
at room temperature are still unknown, we recently succeed-
ed in the preparation and structural characterization of the
remarkable robust silaformamide–borane complex C with a
donor–acceptor-supported silicon–oxygen double bond.[2]


The first series of isolable diarylsilanechalcogenones R2Si=X
(X=S, Se, Te) D[3] and E,[4] which bear, respectively, steri-


Abstract: The first silicon analogues of
carbonic (carboxylic) esters, the silano-
ic thio-, seleno-, and tellurosilylesters 3
(Si=S), 4 (Si=Se), and 5 (Si=Te), were
prepared and isolated in crystalline
form in high yield. These thermally
robust compounds are easily accessible
by direct reaction of the stable siloxysi-
lylene L ACHTUNGTRENNUNG(Si:)OSi(H)L’ 2 (L=HC-
ACHTUNGTRENNUNG(CMe)2[N ACHTUNGTRENNUNG(aryl)2], L’=CH ACHTUNGTRENNUNG[(C=CH2)-
CMe][N ACHTUNGTRENNUNG(aryl)]2; aryl=2,6-iPr2C6H3)
with the respective elemental chalco-
gen. The novel compounds were fully


characterized by methods including
multinuclear NMR spectroscopy and
single-crystal X-ray diffraction analysis.
Owing to intramolecular N!Si donor–
acceptor support of the Si=X moieties
(X=S, Se, Te), these compounds have
a classical valence-bond N+–Si–X� res-
onance betaine structure. At the same
time, they also display a relatively


strong nonclassical Si=X p-bonding in-
teraction between the chalcogen lone-
pair electrons (np donor orbitals) and
two antibonding Si�N orbitals (s*p ac-
ceptor orbitals mainly located at sili-
con), which was shown by IR and UV/
Vis spectroscopy. Accordingly, the Si=
X bonds in the chalcogenoesters are
7.4 (3), 6.7 (4), and 6.9% (5) shorter
than the corresponding Si�X single
bonds and, thus, only a little longer
than those in electronically less distur-
bed Si=X systems (“heavier” ketones).


Keywords: N ligands · selenium ·
silylenes · sulfur · tellurium
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cally encumbered substituents at silicon and unsupported
Si=X bonds, were reported by Tokitoh, Okazaki, and co-
workers and more recently by Iwamoto, Kira, and co-work-
ers. Besides the aforementioned silanechalcogenone systems
hitherto known, a number of related heavier-ketone ana-
logues with unsupported E=X double bonds (E=Ge, Sn,
Pb; X=S, Se, Te) have also been reported.[5] In contrast,
heavier Group 14 congeners of carbonic (carboxylic) acids
isolable at room temperature are still elusive. Lately, the
first germanoic thioacid with an N!Ge donor-supported
Ge(=S)OH group, isolable at room temperature, was de-
scribed by Roesky and co-workers.[6] We recently reported
the synthesis and characterization of the first silicon ana-
logue of a carbonic ester, silanoic silylester 1, which bears
an N!Si supported Si=O moiety.[7] The latter represents a
unique donor-supported Si=O complex that results from
gentle monoxygenation of the stable siloxysilylene 2
[Eq. (1)]. The remarkably simple access to silanoic silylester
1, which is thermally stable up to 200 8C, encouraged us to
apply silylene 2 to the synthesis and characterization of the
first series of isolable silanoic ester analogues. Herein we


report the synthesis and spectroscopic and structural charac-
terization of the chalcogenoester analogues 3 (Si=S), 4 (Si=
Se), and 5 (Si=Te).


Results and Discussion


Synthesis and Spectroscopic Characterization of 3, 4, and 5


The desired silanoic chalcogenoesters 3, 4, and 5 are accessi-
ble in high yields by direct reaction of siloxysilylene 2 with
the respective elemental chalcogen in toluene at room tem-
perature [Eq (2)]. Thus, conversion of 2 with S8 afforded the
silanoic thioester 3, which was isolated in the form of yellow
crystals, in 69% yield. The seleno- and telluroesters 4 and 5
were prepared in high yield (78 and 81%) as orange and
orange-brown crystals by the direct reaction of 2 with ele-
mental selenium and tellurium, respectively [Eq. (2)]. The
new compounds 3–5 are very soluble in aprotic organic sol-
vents and remain unchanged in boiling benzene even after
2 days.


The 1H, 13C, and 29Si NMR spectra of 3–5 each reveal,
analogous to the situation of 1 and 2,[2,7] the presence of
mixtures of two rotational isomers in different ratios. The
two isomers result from the presence of a tetracoordinate
stereogenic silicon atom and hindered rotation around the
Si�O bond. As expected, the 29Si NMR signals for the Si=X
moieties in 3–5 (Table 1) appeared at much lower frequen-
cies than those of the unsupported Si=X compounds D and
E.[3,4] Interestingly, the 29Si nucleus of the Si=X group in 4
and 5 resonates at even higher field than that of A (dACHTUNGTRENNUNG(29Si)=


22.3 ppm) and B (d ACHTUNGTRENNUNG(29Si)=29.4 ppm), respectively,[1] owing
to the strong additional p interaction (perturbation) of the
silicon atom of the Si=X group with the C3N2 p system. The
largest change in dACHTUNGTRENNUNG(29Si) of the Si=X moieties in the series 1,
3, 4, and 5 was observed on going from 1 (X=O) to 3 (X=S)
(Dd=44.4 ppm). In line with previous results, the latter sug-
gests a weaker p-bonding interaction (p-bond strength) be-
tween the chalcogen lone-pair electrons (np donor orbitals)
and the two antibonding Si�N orbitals (s*p acceptor orbitals
mainly located at silicon) in 3 with respect to 1


Abstract in German: Die ersten siliciumanalogen Carbon-
sDureester (Carboxylester) wurden hergestellt und in hoher
Ausbeute in kristalliner Form isoliert: Der ThiosilonsDuresi-
lylester 3 (Si=S) und seine Se- bzw. Te-Analoga 4 (Si=Se)
bzw. 5 (Si=Te). Die Verbindungen 3–5 sind durch direkte
Reaktion des stabilen Siloxysilylens L ACHTUNGTRENNUNG(Si:)OSi(H)L’ 2 (L=


HC ACHTUNGTRENNUNG(CMe)2[NACHTUNGTRENNUNG(aryl)2], L’=CHACHTUNGTRENNUNG[(C=CH2)CMe][N ACHTUNGTRENNUNG(aryl)]2;
aryl=2,6-iPr2C6H3) mit dem entsprechenden Chalkogen
leicht zugDnglich. Die neuen Verbindungen wurden vollstDn-
dig charakterisiert, einschließlich Multikern-NMR Spektros-
kopie und Einkristallstrukturanalyse. Aufgrund intramole-
kularer N!Si Donor–AcceptorunterstQtzung der Si=X
Gruppen (X=S, Se, Te) besitzen diese eine klassische Va-
lence-Bond N+–Si–X� Betain-Resonanzstruktur. Gleichzei-
tig zeigen diese auch das Vorliegen einer relativ starken
nichtklassischen Si=X p-Bindungswechselwirkung zwischen
den freien Elektronenpaaren am Chalkogen (np Donororbi-
tale) und den beiden antibindenden Si�N Bindungen (s*
Acceptororbitale mit Qberwiegender Lokalisierung an Silici-
um), was durch IR und UV/Vis Spektroskopie gesichert ist.
In Einklang damit sind die Si=X AbstDnde in den Chalkoge-
noestern mit 7.4 (3), 6.7 (4), and 6.9% (5) kQrzer als die en-
tsprechenden AbstDnde von Si�X Einfachbindungen und
damit auch nur wenig lDnger als die AbstDnde in elektro-
nisch weniger gestçrten Si=X Systemen (“schwere”
Ketone).


Table 1. Selected 29Si NMR spectroscopic data of 1, 3, 4, and 5.


Compound d ACHTUNGTRENNUNG(29Si=X) [ppm] d ACHTUNGTRENNUNG(29Si�H) [ppm] 1JSi,H [Hz]


1[a]


3
4
5


�85.1, �85.8
�40.7, �41.3
�38.4, �39.1
�51.8, �52.2


�55.0, �55.5
�53.5
�53.5
�53.5


281
286
288
291


[a] See reference [7].


114 www.chemasianj.org M 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 113 – 118


FULL PAPERS







(Scheme 2).[2] As expected, the different strength of the
donor–acceptor-supported Si=X bond in 1 (X=O) relative
to 3 (X=S), 4 (X=Se), and 5 (X=Te) does not effectively


affect the chemical shift of the SiH siloxy 29Si atom and the
corresponding 1JSi,H coupling constants (Table 1).


The 77Se NMR spectrum of the mixture of isomers of 4
shows two singlet signals at d=�384.8 and �401.3 ppm. In
contrast, the 77Se NMR signals of the unsupported Si=Se
bonds in D appeared about 1000 ppm downfield.[8] The
same is true for the 127Te NMR signals of the two isomers of
5, which appeared upfield at d=�1076.7 and
�1105.5 ppm.[8] The relatively large shielding of the 29Si and
77Se (127Te) nuclei of the Si=X moiety in 4 and 5, respective-
ly, indicates a strong participation of an N+–Si–X� reso-
nance betaine structure. However, the ñ ACHTUNGTRENNUNG(Si=X) stretching
frequencies in the IR spectra of 3–5 (Figure 1) suggest con-


siderable p-bond character. The ñ ACHTUNGTRENNUNG(Si=X) values of 3–5 were
unambiguously assigned by the expected bathochromic
shifts of the stretching vibration modes on going from
oxygen to tellurium (Figure 1 and Table 2).


Remarkably, the ñ ACHTUNGTRENNUNG(Si=S) value of 3 at 739 cm�1 is even
larger than that observed for the unsupported Si=S moiety
in D (724 cm�1).[3] Accordingly, the ñ ACHTUNGTRENNUNG(Si=Se) and ñ ACHTUNGTRENNUNG(Si=Te)
values of 695 and 678 cm�1, respectively, are also in the
range of stretching frequencies of unsupported Si=X bonds
(X=Se, Te). The relatively large stretching frequencies indi-
cate that the covalent component of the Si=X bond is insep-
arable from the contribution of the electrostatic component
of the betaine-like resonance form N+–Si–X� in the IR
spectrum. Therefore, one should be cautious in using the
stretching vibration mode as a reliable criterion for the as-
sessment of bond order. Furthermore, considerable Si=X
double-bond character is supported by the n!p* absorption
in the UV/Vis spectra of 3 (355 nm), 4 (390 nm), and 5
(430 nm). The assignments are based on those reported for
the respective unsupported Si=X systems.[4] The series ex-
hibited a systematic red shift for lmax on going from X=S to
X=Te. As expected, the latter n!p* transitions underwent
a significant blue shift from the corresponding values of the
respective unsupported Si=X systems D and E.[3,4]


Molecular Structures of 3, 4, and 5


The molecular structures of 3–5 were elucidated by single-
crystal X-ray diffraction analysis. The structures of the com-
pounds are shown in Figures 2–4 together with their selected
interatomic distances and angles. Whereas compound 3 crys-
tallizes in the monoclinic space group P21/c, the heavier
esters 4 and 5 are isotypic and crystallize in the triclinic
space group P1̄. The structures consist of two C3N2Si rings
in a gauche conformation relative to each other linked by


Scheme 2. Formal description of Si=X p-bonding interaction (X=S, Se,
Te) in 3, 4, and 5, respectively, from lone-pair electrons of X (donor) to
antibonding Si�N orbitals (acceptor).


Figure 1. IR spectra of 3, 4, and 5 in the characteristic region of 760–
640 cm�1. c=3, b=4, d=5.


Table 2. Vibrational stretching frequencies of the Si=X moieties in 1, 3,
4, and 5.


1 (X=O)[a] 3 (X=S) 4 (X=Se) 5 (X=Te)


ñ ACHTUNGTRENNUNG(Si=X) [cm�1] �1150 739 695 678


[a] See reference [7].


Figure 2. Molecular structure of 3. Thermal ellipsoids are drawn at the
50% probability level. Hydrogen atoms (except for H1 and those at C30)
are omitted for clarity. Selected bond lengths (pm) and angles (8): Si1–S1
198.0(2), Si1–O1 165.2(3), O1–Si2 165.2(3), Si1–N1 183.3(4), Si1–N2
181.9(3), Si2–N3 173.7(4), Si2–N4 172.5(4), N1–C2 133.8(5), N2–C4
135.9(5), N3–C31 142.6(5), N4–C33 140.7(5), C1–C2 151.6(6), C2–C3
136.7(6), C3–C4 138.1(6), C4–C5 149.5(6), C30–C31 135.5(6), C31–C32
143.0(6), C32–C33 134.8(6), C33–C34 149.7(7); O1–Si1–S1 115.0(1), N1–
Si1–S1 111.8(1), N2–Si1–S1 119.3(1), Si1–O1–Si2 138.1(2), N1–Si1–N2
97.4(2), N3–Si2–N4 103.9(2).
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the O1 atom. As expected, the Si1�O1 and Si2�O1 bond
lengths in 3–5 are practically identical and similar to those
observed in common disiloxanes,[9] but a little longer than
those observed in 1.[7] The Si�O�Si angles in 3–5 are also


similar to those in 1 and related disiloxanes. Although the
Si1 and Si2 atoms in 3–5 are pyramidally coordinated, the
Si1�S1, Si1�Se1, and Si1�Te1 bond lengths in 3, 4, and 5, re-
spectively, resemble the Si=X double-bond lengths (X=S,
Se, Te), which are significantly shorter than the respective
common Si�X single-bond lengths.[10] Remarkably, the Si1�
S1 bond length in 3 of 198.0(2) pm is, as expected, somewhat
longer than those observed in the unsupported silanethiones
D (194.8(4)–195.2(4) pm)[3] and E (195.7(1) pm),[4] but sig-
nificantly shorter than that in A (201.3(3) pm).[1] The same
is true for the Si1�Se1 (211.7(1) pm) and Si1�Te1 bond
lengths (234.6(1) pm) in 4 and 5 (Table 3), respectively,
which are a little longer than those in the corresponding un-
supported Si=X compounds of types D and E.


The percentage bond shortening, %Dd (Table 3), among
3–5 decreased on going from X=S (7.4%) to X=Se
(6.7%), but increased slightly from X=Se to X=Te
(6.9%). This is in accordance with the fact that selenium is
more electronegative than tellurium and, hence, the
np(Te)!Si�N ACHTUNGTRENNUNG(s*p) p bonding is somewhat more effective.
The Si2�N3 and Si2�N4 bond lengths in 3–5 are about 7 pm
longer than the corresponding values in 1 (Si=O), which in-
dicates the presence of a relatively strong and competitive
Si=X p-bonding interaction in accordance with the relatively
large stretching frequencies observed in the IR spectra.


Conclusions


The first series of isolable silanoic esters with Si=X double
bonds were successfully synthesized and characterized struc-
turally. Although the compounds 3–5 contain donor–accept-
or N!Si supported Si=X bonds that favor the classical N+–
Si–X� resonance betaine structure, they contain considera-
ble Si=X double-bond character due to p backdonation
from the X atom lone-pair electrons into the antibonding
Si�N s* orbitals mainly located at silicon. The latter non-
classical Si=X bonds show characteristically large values for
their stretching vibration modes and relatively short Si�X
bond lengths. The highly nucleophilic chalcogen centers in
the Si=X systems 3–5 represent a fascinating and novel type
of sterically encumbered chalcogen donor ligand for the syn-
thesis of unprecedented (low-coordinate) transition-metal
complexes of the type [Si]=X!M; respective investigations
are currently underway.


Figure 3. Molecular structure of 4. Thermal ellipsoids are drawn at the
50% probability level. Hydrogen atoms (except for H1 and those at C30)
are omitted for clarity. Selected bond lengths (pm) and angles (8): Si1–
Se1 211.7(1), Si1–O1 165.9(2), O1–Si2 164.4(2), Si1–N1 181.0(2), Si1–N2
184.3(2), Si2–N3 174.4(2), Si2–N4 174.6(2), N1–C2 135.8(3), N2–C4
134.2(3), N3–C31 141.8(3), N4–C33 141.4(4), C1–C2 150.3(4), C2–C3
137.8(4), C3–C4 139.3(4), C4–C5 151.6(4), C30–C31 140.6(4), C31–C32
142.0(4), C32–C33 138.0(4), C33–C34 146.0(4); O1–Si1–Se1 115.84(7),
N1–Si1–Se1 111.92(8), N2–Si1–Se1 119.96(8), Si2–O1–Si1 141.1(1), N1–
Si1–N2 97.6(1), N3–Si2–N4 105.2(1).


Figure 4. Molecular structure of 5. Thermal ellipsoids are drawn at the
50% probability level. Hydrogen atoms (except for H1 and those at C30)
are omitted for clarity. Selected bond lengths (pm) and angles (8): Si1–
Te1 234.6(1), Si1–O1 164.9(2), O1–Si2 164.4(2), Si1–N1 181.2(2), Si1–N2
184.0(2), Si2–N3 174.2(2), Si2–N4 173.4(2), N1–C2 135.3(3), N2–C4
134.6(3), N3–C31 143.6(3), N4–C33 142.1(3), C1–C2 150.2(4), C2–C3
137.7(4), C3–C4 138.6(4), C4–C5 151.6(4), C30–C31 141.2(4), C31–C32
139.7(4), C32–C33 139.0(4), C33–C34 142.6(4); O1–Si1–Te1 114.44(7),
N1–Si1–Te1 111.69(8), N2–Si1–Te1 122.06(8), Si2–O1–Si1 140.3(1), N1–
Si1–N2 97.5(1), N4–Si2–N3 105.6(1).


Table 3. Selected geometric parameters of 3, 4, and 5.


Compound d ACHTUNGTRENNUNG(Si=X)
[pm]


%Dd[a]


[%]
dACHTUNGTRENNUNG(Si1�O1)
[pm]


d ACHTUNGTRENNUNG(Si2�O1)
[pm]


Si�O�Si
[8]


3 (X=S)
4 (X=Se)
5 (X=Te)


198.0(2)
211.7(1)
234.6(1)


7.4
6.7
6.9


165.2(3)
165.9(2)
164.9(2)


165.2(3)
164.4(2)
164.4(2)


138.1(2)
141.1(1)
140.3(1)


[a] %Dd= [1�dACHTUNGTRENNUNG(Si=X)/d ACHTUNGTRENNUNG(Si�X)]T100%. Standard values for Si�S
(214 pm), Si�Se (227 pm), and Si�Te single-bond lengths (252 pm) are
taken from reference [10].
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Experimental Section


General Considerations


All experiments and manipulations were carried out under dry oxygen-
free nitrogen with standard Schlenk techniques or in an MBraun inert-at-
mosphere drybox containing an atmosphere of purified nitrogen. Solvents
were dried by standard methods and freshly distilled prior to use. The
starting material L ACHTUNGTRENNUNG(Si:)OSiH(L’) 2 was prepared according to the litera-
ture procedure.[2] 1H, 13C, 77Se, 125Te, and 29Si NMR spectra were recorded
on a Bruker AV 400 spectrometer. Chemical-shift references: 1H NMR:
[D6]benzene, d ACHTUNGTRENNUNG(C6D5H)=7.15 ppm; 13C NMR: [D6]benzene, d=


128.02 ppm; 29Si NMR: SiMe4 (external), d=0 ppm; 77Se NMR: SeMe2


(external), d=0 ppm; 125Te NMR: diphenyl ditelluride, (PhTe)2, in CDCl3
(1 molL�1) (external), d=422 ppm.


Syntheses


3 : Elemental sulfur (0.0270 g, 0.844 mmol) was added to a suspension of
2 (0.766 g, 0.844 mmol) in toluene (15 mL) and triethylamine (0.02 mL)
at room temperature with stirring. The solution turned from brown to
yellow immediately. Volatiles were removed in vacuo, and the residue
was extracted with toluene (15 mL). Concentration of the clear solution
to about 8 mL and subsequent cooling to �20 8C for 24 h afforded yellow
crystals of 3 (0.547 g, 0.582 mmol, 69%). M.p.: 246 8C (decomp.); UV/Vis
(hexane): l (e)=315 nm (22000), 355 nm (5100m


�1 cm�1); IR (KBr): ~n=


415 (w), 419 (w), 429 (w), 435 (w), 456 (w), 479 (w), 494 (w), 509 (w), 515
(w), 522 (w), 530 (w), 545 (w), 560 (w), 575 (w), 597 (w), 603 (w), 612
(w), 619 (w), 639 (w), 653 (w), 663 (w), 670 (w), 725 (m), 739 (m, Si=S
stretch), 763 (m), 778 (m), 800 (s), 826 (w), 834 (w), 842 (w), 849 (w), 857
(w), 894 (m), 910 (s), 933 (s), 977 (m), 1027 (m), 1057 (m), 1099 (m),
1109 (m), 1177 (m), 1193 (m), 1230 (w), 1243 (m), 1254 (m), 1315 (m),
1352 (m), 1361 (m), 1382 (s), 1438 (m), 1465 (m), 1555 (s), 1590 (w), 1657
(m), 2258 (w), 2867 (m), 2930 (m), 2967 (s), 3061 (w), 3421 cm�1 (w);
1H NMR (400.13 MHz, C6D6, 298 K): Two rotational isomers in different
ratios were observed owing to the presence of a chiral Si center
(L’(H)Si*) and hindered rotation of the Si�O bonds; d=0.58–1.98 (m,
114H, CHMe2, NCMe), 3.19, 3.37, 3.88, 4.01 (s, 4H, NCCH2), 2.78–3.94
(m, 16H, CHMe2), 5.28, 5.32 (s, 2H, SiH, 29Si satellites: 1JH,Si=286 Hz),
4.87, 4.92, 5.23, 5.37 (s, 4H, g-CH), 6.90–7.34 ppm (br m, 24H, arom. H);
13C{1H} NMR (100.61 MHz, C6D6, 298 K): d=14.3–31.9 (NCMe, iPr),
88.4, 90.2 (NCCH2), 102.4, 103.0, 103.5, 108.4 (g-C), 124.0–171.1 ppm
(2,6-iPr2C6H3, NC); 29Si NMR (79.49 MHz, C6D6, 298 K): d=�53.5 (d,
1JH,Si=286 Hz, SiH), �40.7 (s, SiS), �41.3 ppm (s, SiS); MS (EI): m/z
(%)=939.5 [M]+ (86), 924.5 [M�Me]+ (81), 896.5 [M�iPr]+ (37), 202.3
[iPr2C6H3NCMe]+ (100); elemental analysis: calcd (%) for
C58H82N4Si2OS: C 74.2, H 8.8, N 6.0; found: C 74.4, H 8.8, N 5.6.


4 : Elemental selenium (0.0485 g, 0.614 mmol) was added to a suspension
of 2 (0.557 g, 0.614 mmol) in toluene (15 mL) and triethylamine
(0.05 mL) at room temperature with stirring. The solution turned from
brown to orange within 20 min. Volatiles were removed in vacuo, and the
residue was extracted with toluene (15 mL). Concentration of the clear
solution to about 6 mL and subsequent cooling to 4 8C for 24 h afforded
orange crystals of 4 (0.472 g, 0.479 mmol, 78%). M.p.: 254 8C (decomp.);
UV/Vis (hexane): l (e)=327 nm (39000), 390 nm (3300m


�1 cm�1); IR
(KBr): ~n=405 (w), 410 (w), 420 (w), 457 (w), 496 (w), 511 (w), 544 (w),
559 (w), 574 (w), 594 (m), 613 (w), 636 (w), 651 (w), 695 (m, Si=Se
stretch), 717 (w), 729 (w), 763 (m), 800 (s), 892 (s), 908 (s), 930 (s), 940
(s), 976 (m), 1028 (m), 1058 (m), 1099 (m), 1107 (m), 1177 (m), 1193 (m),
1227 (w), 1243 (m), 1254 (m), 1311 (s), 1317 (s), 1352 (s), 1382 (s), 1437
(s), 1464 (s), 1496 (w), 1535 (m), 1556 (s), 1589 (w), 1624 (w), 1645 (m),
1657 (m), 2260 (w), 2867 (m), 2929 (m), 2967 (s), 3061 (w), 3113 (w),
3430 cm�1 (w); 1H NMR (400.13 MHz, C6D6, 298 K): Two rotational iso-
mers in different ratios were observed due to the presence of a chiral Si
center (L(H)Si*) and hindered rotation of the Si�O bonds; d=0.59–1.97
(m, 114H, CHMe2, NCMe), 3.22, 3.36, 3.90, 4.01 (s, 4H, NCCH2), 2.78–
3.91 (m, 16H, CHMe2), 4.91, 4.96, 5.23, 5.37 (s, 4H, g-CH), 5.40, 5.44 (s,
2H, SiH, 29Si satellites: 1JH,Si=288 Hz), 6.93–7.34 ppm (br m, 24H, arom.
H); 13C{1H} NMR (100.61 MHz, C6D6, 298 K): d=21.4–31.0 (NCMe, iPr),
88.4, 90.4 (NCCH2), 103.2, 103.6, 103.9, 108.5 (g-C), 124.0–171.0 ppm


(2,6-iPr2C6H3, NC); 29Si NMR (79.49 MHz, C6D6, 298 K): d=�53.5 (d,
1JH,Si=288 Hz, SiH), �38.4 (s, SiSe), �39.1 ppm (s, SiSe); 77Se NMR
(76.31 MHz, C6D6, 298 K): d=�384.8 (s), �401.3 ppm (s); MS (EI): m/z
(%)=986.4 [M]+ (31), 971.4 [M�Me]+ (100), 943.4 [M�iPr]+ (69); ele-
mental analysis: calcd (%) for C58H82N4Si2OSe: C 70.6, H 8.4, N 5.7;
found: C 70.6, H 8.3, N 5.9.


5 : Elemental tellurium (0.0738 g, 0.578 mmol) was added to a suspension
of 2 (0.524 g, 0.578 mmol) in toluene (15 mL) and triethylamine
(0.05 mL) at room temperature with stirring. The solution turned from
brown to orange within 48 h. Volatiles were removed in vacuo, and the
residue was extracted with toluene (15 mL). Concentration to about
8 mL and subsequent cooling to �20 8C for 48 h afforded orange-brown
crystals of 5 (0.484 g, 0.468 mmol, 81%). M.p.: 279 8C (decomp.); UV/Vis
(toluene): l (e)=338 nm (24000), 430 nm (570m


�1 cm�1); IR (KBr): ~n=


405 (w), 419 (w), 455 (m), 497 (w), 517 (m), 543 (w), 551 (w), 566 (m),
574 (m), 594 (w), 612 (w), 635 (w), 650 (w), 678 (m, Si=Te stretch), 716
(w), 726 (w), 733 (w), 762 (s), 773 (s), 798 (s), 802 (s), 896 (s), 909 (s),
928 (s), 940 (s), 976 (m), 1026 (m), 1044 (m), 1058 (s), 1098 (m), 1108
(m), 1179 (m), 1225 (m), 1242 (m), 1254 (m), 1307 (s), 1318 (s), 1352 (s),
1365 (s), 1384 (s), 1436 (s), 1465 (s), 1518 (s), 1562 (s), 1591 (m), 1617
(w), 1646 (m), 1657 (m), 2270 (w), 2868 (s), 2928 (s), 2969 (s), 3059 (w),
3423 cm�1 (w); 1H NMR (400.13 MHz, C6D6, 298 K): Two rotational iso-
mers in different ratios were observed due to the presence of a chiral Si
center (L’(H)Si*) and hindered rotation of the Si�O bonds; d=0.58–1.96
(m, 114H, CHMe2, NCMe), 3.24, 3.30, 3.90, 4.00 (s, 4H, NCCH2), 2.76–
3.96 (m, 16H, CHMe2), 4.99, 5.05, 5.23, 5.36 (s, 4H, g-CH), 5.61, 5.65 (s,
2H, SiH, 29Si satellites: 1JH,Si=291 Hz), 6.93–7.35 ppm (br m, 24H, arom.
H); 13C{1H} NMR (100.61 MHz, C6D6, 298 K): d=21.4–31.0 (NCMe, iPr),
88.6, 90.7 (NCCH2), 103.8, 104.7, 105.4, 108.6 (g-C), 123.6–171.2 ppm
(2,6-iPr2C6H3, NC); 29Si NMR (79.49 MHz, C6D6, 298 K): d=�53.5 (d,
1JH,Si=291 Hz, SiH), �51.8 (s, SiTe), �52.2 ppm (s, SiTe); 125Te NMR
(126.24 MHz, C6D6, 298 K): d=�1076.7 (s), �1105.5 ppm (s); MS (EI):
m/z (%)=1035.1 [M]+ (98), 1020.1 [M�Me]+ (23), 992.0 [M�iPr]+ (52),
202.3 [iPr2C6H3NCMe]+ (100); elemental analysis: calcd (%) for
C58H82N4Si2OTe: C 67.3, H 8.0, N 5.4; found: C 67.0, H 7.9, N 5.5.


Single-Crystal X-ray Structure Determination


Crystals were mounted on a glass capillary in perfluorinated oil and mea-
sured in a cold flow of N2. Data for 3–5 were collected on an Oxford Dif-
fraction Xcalibur S Sapphire diffractometer at 150 K (MoKa radiation,
l=0.71073 W). Structures were solved by direct methods and were re-
fined on F2 with the SHELX-97[11] software package. The positions of the
H atoms were calculated and considered isotropically according to a
riding model (exceptions are the hydrogen atoms on silicon that have
been found in the electron-density map). Crystals of 3 contain disordered
diethyl ether molecules, which are squeezed. Crystals of 5 contain disor-
dered toluene molecules. CCDC-656190, -656191, and -656192 contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre at www.ccdc.cam.ac.uk/data_request/cif.


3 : Monoclinic, space group P21/c, a=13.840(3) , b=17.714(2), c=


24.733(3) W, b =97.785(15)8, V=6007.6(18) W3, Z=4, 1calcd=


1.039 mgm�3, m ACHTUNGTRENNUNG(MoKa)=0.132 mm�1, 29603 collected reflections, 10545
crystallographically independent reflections (Rint=0.0965), 4932 reflec-
tions with I>2s(I), qmax=25.008, R(Fo)=0.0762 (I>2s(I)), wRACHTUNGTRENNUNG(Fo


2)=


0.1692 (all data), 628 refined parameters.


4·2Toluene : Triclinic, space group P1̄, a=12.5973(7), b=13.9200(19), c=


20.037(4) W, a=103.119(14), b=103.234(9), g=97.484(8)8, V=


3268.9(8) W3, Z=2, 1calcd=1.189 mgm�3, m ACHTUNGTRENNUNG(MoKa)=0.656 mm�1, 27827
collected reflections, 11379 crystallographically independent reflections
(Rint=0.0465), 7660 reflections with I>2s(I), qmax=258, R(Fo)=0.0486
(I>2s(I)), wR ACHTUNGTRENNUNG(Fo


2)=0.1089 (all data), 745 refined parameters.


5·2Toluene : Triclinic, space group P1̄, a=12.603(2), b=13.8143(7), c=


20.312(3) W, a=101.241(7), b=105.655(14), g=97.397(8)8, V=


3277.7(7) W3, Z=2, 1calcd=1.235 mgm�3, m ACHTUNGTRENNUNG(MoKa)=0.536 mm�1, 27790
collected reflections, 11355 crystallographically independent reflections
(Rint=0.0348), 8302 reflections with I>2s(I), qmax=258, R(Fo)=0.0360
(I>2s(I)), wR ACHTUNGTRENNUNG(Fo


2)=0.0798 (all data), 810 refined parameters.
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Determination of Solvent-Trapped Products Obtained by Photolysis of Aryl
Azides in 2,2,2-Trifluoroethanol


Magne O. Sydnes,[a] Issei Doi,[a] Ayako Ohishi,[a] Masaki Kuse,[b] and Minoru Isobe*[a, c]


Introduction


Since the first reported use of aryl azide for photoaffinity la-
beling by Fleet et al.[1] this structural motif has become one
of a handful of moieties of choice for incorporation into nat-
ural products for use in photoaffinity labeling studies of pro-
teins.[2–4] A common understanding among users of aryl
azide photoprobes (exemplified by compound 1, Scheme 1)
for protein-labeling studies is that irradiation of the azide
generates a short-lived nitrene 2, which quickly rearranges
to ketenimine 3. Intermediate 3 can then undergo an inser-
tion reaction upon attack by a nucleophile present in the
active site of the protein, thus forming the (azepine-)labeled
protein 4 (Scheme 1, NH-insertion product shown).[2,5–7]


Fundamental work by Platz and co-workers,[8] Schuster
and co-workers,[9] and others[10–15] into the outcome of photo-
irradiation of nonfluorinated or fluorinated aryl azides in
various solvents with or without additives also shows aze-
pines as one of the major products of these reactions, often
together with large amounts of polymeric material.[12] How-
ever, in our recent work in which azidofluorocoelenterazine
analogue 5 was irradiated in 2,2,2-trifluoroethanol (TFE)
with a high-pressure mercury lamp we could not find, con-
trary to our expectation, any evidence that the correspond-
ing azepine species 6 was formed.[16] The products that could
be detected and elucidated after extensive MS and MS/MS
analysis, as well as proton/deuterium-exchange experiments
followed by further MS and MS/MS analysis, were amine 7
and hydroxylamine derivative 8 (Scheme 2).[16] Initially we
thought that amine 7 could be formed either from hemiami-
nal 9 by hydrolysis or from azide 5 by direct photoreduction.


Keywords: azides · fluorine · mass
spectrometry · photolysis · proton/
deuterium exchange


Abstract: A series of nonfluorinated and fluorinated aryl azides with varied func-
tionality patterns were irradiated in 2,2,2-trifluoroethanol with either a high-pres-
sure or a low-pressure mercury lamp. Interestingly, one of the major products in
these reactions was the result of the recombination of anilino and alkyl radicals to
form the corresponding hemiaminal compounds. The structure of the recombina-
tion products was assigned unambiguously after proton/deuterium exchange ex-
periments followed by MS and MS/MS analysis.
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Scheme 1. Common understanding of the outcome of photoirradiation of
aryl azides in protein-labeling studies.
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However, the investigation presented herein strongly sug-
gests that the hemiaminal species is not as unstable as ini-
tially thought. Thus, amine 7 in our previous study is most
likely derived from direct photoreduction of compound 5.
The fact that azepine 6 was not formed or not detected
under these conditions was puzzling and warranted further
investigation. The results of these studies are reported
herein.


Results and Discussion


The aryl azides 25–29 and 34–38 chosen for this study are
depicted in Schemes 3 and 4. Within this group of com-
pounds we find the azide functionality surrounded by quite
varied electronic environments. The group includes non-
fluorinated (25, 29, 34, 35), ortho-fluorinated (26, 28, 36–38),
ortho- and para-difluorinated (27) aryl azides as well as one
compound containing an ortho-methoxy group (compound
29). With such a broad spectrum of compounds, we expected
to see a varied outcome of the photoirradiation reaction.
On the basis of reports by Platz and co-workers[8c] and
Karney and Borden,[13] we expected the fluorinated aryl
azides to generate more-stable nitrene intermediates than
the nonfluorinated aryl azides and thus form, for example,


hemiaminal products resulting from the recombination of
anilino and alkyl radicals. However, the expected nonfluori-
nated compounds would generate less-stable intermediates
and therefore would most likely undergo intramolecular re-
arrangement followed by trapping to form the correspond-
ing azepines.


Synthesis


Azides 25–29 required for this study were synthesized in
three steps from the corresponding ethyl esters 10–14, which
contained the required fluorine functionality if necessary, by
using chemistry well established within the group.[16] As out-
lined in Scheme 3, the synthesis started with nitration of the
aromatic esters 10–14 by treatment with concentrated nitric
acid in concentrated sulfuric acid at 0 8C. This resulted in
the smooth formation of the corresponding nitro compounds
15–18. Unfortunately, in our hands this method failed to
convert ethyl 4-methoxyphenylacetate (14) into ethyl 4-
methoxy-3-nitrophenylacetate (19) in a synthetically useful
yield. However, by using a slightly modified literature
method[17] (treatment of 14 with concentrated HNO3 in a
mixture of acetic acid and acetic anhydride), we were able
to obtain the desired compound 19 in 48% yield after a
simple purification by flash chromatography. The nitro
group within compounds 15–19 was then reduced to the cor-
responding amines 20–24 upon treatment with hydrogen
over Pd/C (10%) in ethanol. Diazotization of the amines
with sodium nitrite, followed by displacement with sodium
azide (Sandmeyer reaction) using methodology reported by
Pinney and Katzenellenbogen[18] gave the desired aryl azides
25–29.


Aryl azides 34 and 35 were synthesized from the corre-
sponding amines 30 and 31 through a slightly different route
by using a procedure reported by Knaus and co-workers.[19]


The two amines were first converted into the corresponding
azides 32 and 33 upon treatment with sodium nitrite and
concentrated hydrochloric acid followed by addition of
sodium azide (Scheme 3). Compounds 32 and 33 were then
heated at reflux in ethanol containing catalytic amounts of
concentrated H2SO4 to form the corresponding ethyl esters
34 and 35. The final three compounds (36–38) used in this
study are depicted in Scheme 4. These compounds were pre-
pared as photolabeling units for tautomycin, and the synthe-
sis of these azides was recently reported.[20]


Photolysis and MS analysis


With the desired aryl azides in hand, the focus was shifted
towards the photolysis experiments. By conducting a few
preliminary experiments we found that the optimum condi-
tions for the photolysis were obtained when a solution of
aryl azide in TFE (2 mm) was irradiated for 20 min at room
temperature. 2,2,2-Trifluoroethanol was chosen as solvent
for these experiments based on previous experience within
the group, during which we found that TFE was an efficient
solvent for trapping intermediates derived from photochem-


Abstract in Japanese:


Scheme 2. Structure of compounds 5–9, R=para-hydroxyphenyl
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ical reactions,[21] possibly as a result of the unique physical
properties of TFE.[22]


With the optimal photolysis conditions established we
could now submit our aryl azides to these conditions. Aryl
azides 25–27 and 36–38 were irradiated with a high-pressure
mercury lamp, whereas compounds 28, 29, 34, and 35 were
irradiated with a low-pressure mercury lamp.[23] After irradi-
ation of solutions of these compounds in TFE for 20 min the
resulting product mixtures were analyzed by nano-LC-ESI-
QTOF-MS and -MS/MS. MS spectra obtained for the major
product in the respective experiments revealed molecular
ions with the masses given in Table 1. These masses all cor-
respond to the expected mass for the solvent-trapped prod-
ucts. However, as depicted in Scheme 5, there are three po-
tential products that can be formed under our irradiation


conditions that match these masses. Fortunately, the prod-
ucts have different numbers of exchangeable protons
(Scheme 5). This difference in exchangeable protons can be
exploited by conducting proton/deuterium (H/D) exchange


Scheme 3. Synthesis of aryl azides 25–29, 34, and 35. [a] These conditions were only used for the synthesis of 19.


Scheme 4. Structure of the final three aryl azides used in this study
(compounds 36–38).


Table 1. Observed masses for the solvent-trapped products in H and D


solvent.


Starting
material


Solvent-trap-
ped product


Observed m/z
in H solvent
ACHTUNGTRENNUNG[M+H]+


Observed m/z
in D solvent
ACHTUNGTRENNUNG[M+Dn+D]+ [a]


No. of D
in ESI+


25 39 264 267 3
26 40 282 285 3
27 41 300 303 3
28 42 296 299 3
29 43 308 311 3
34 44 278 281 3
35 45 278 281 3
36 46 469 475 6
37 47 483 489 6
38 48 561 567 6


[a] n=number of exchangeable protons.


Scheme 5. Possible structures of products from photoirradiation of azides
25–29 and 34–38 in TFE that match the detected masses (exchangeable
protons associated with the ring-system are indicated in bold. For substi-
tution patterns (X, Y, Z, n, and R) see Schemes 3 and 4.
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experiments followed by MS and MS/MS analysis to deter-
mine the structure of the products formed. We previously
reported that such experiments can be a powerful method
for structure elucidation.[24]


Small samples of the solutions containing the photolysis
products were therefore subjected to our H/D exchange
conditions (see Experimental Section for details),[24] and the
resulting product mixtures were examined by nano-LC-ESI-
Q-TOF-MS and -MS/MS. By such means we found that all
the solvent-trapped products had a mass increase matching
the expected mass increase for the corresponding hemiami-
nals (Table 1 and Scheme 5). Contrary to our expectations,
irradiation of the nonfluorinated aromatic azides 25, 29, 34,
and 35 also resulted in the formation of hemiaminals 39, 43,
44, and 45, respectively. As briefly mentioned above, the
nonfluorinated azides were expected to generate a less-
stable nitrene intermediate, which should be more suscepti-
ble than the fluorine-containing azides to rearrangement
prior to trapping by the solvent. We therefore expected, for
example, azide 25 to form the corresponding azepine (see
Scheme 5, Y=Z=H). However, careful examination of the
data obtained from the analysis of the products derived
from photolysis of the nonfluorinated aryl azides failed to
reveal any evidence that the corresponding azepine was
formed.


The main fragmentation patterns for compounds 39–45 in-
volved the loss of C2H4 (28 Da) through a McLafferty rear-
rangement followed by loss of H2O (18 Da) or loss of HDO
(19 Da) in products derived from H/D exchange (Scheme 6
and Figures S1A and S1B (Supporting Information), in this
case exemplified with data for compound 39). The product
resulting from McLafferty rearrangement has one more po-
tential exchangeable proton (indicated in gray in Scheme 6).
However, we do not observe any H/D exchange at this posi-
tion owing to the origin of the proton and to the fact that
this rearrangement occurs in gas phase.


The remaining three recombination products showed loss
of C4H9 through McLafferty rearrangement followed by loss
of carbon dioxide as shown for compound 46 in Scheme 7.


In the MS/MS analysis of the parent ion derived from
aryls 42–45 after treatment with deuterated solvent, a rather
unusual fragmentation pattern was observed. For example,
for compound 45 we observed a “doublet” at m/z 235 and
234; further fragmentation gave rise to signals at m/z 207
and 206 (Figure 1 and Figure S2 (Supporting Information)).
Similar “doublets” were present in the spectra obtained for
the remaining hemiaminals 42–44 in this series. The validity
of these fragmentation patterns was confirmed by using ESI


ion trap (ESI-IT) MS and MS/
MS, which showed the exact
same phenomenon. This frag-
mentation pattern arises from
the loss of C2H4 by McLafferty
rearrangement to give rise to
the peak at m/z 253
(Scheme 8). Further loss of
water (18 or 19 Da) results in
the formation of the two peaks
at m/z 235 and 234. Finally, loss
of carbon monoxide (28 Da)
gives rise to the signals at
m/z 207 and 206, as outlined in
Scheme 8. To verify if this phe-
nomenon is common for aryl
acetic acid ethyl esters after ex-
posure to deuterated solvents,


Scheme 6. Structures of the fragmentation products derived from compounds 39–41 (exchangeable protons are
indicated in bold, and the protons indicated in gray cannot be exchanged).


Scheme 7. Products of the fragmentation of compound 46 (exchangeable
protons are indicated in bold).
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we performed a control experiment: Phenyl acetic acid ethyl
ester (R=H in Scheme 8) was subjected to the H/D ex-
change conditions used throughout this work and analyzed
by ESI-IT-MS and -MS/MS. The MS spectrum obtained for
this ethyl ester revealed similar “doublets” (m/z 120 and 119
as well as m/z 92 and 91) (see Figure S3 (supplementary ma-
terial)) as those found in the spectra from azides 42–45. As
seen in the spectra depicted in Figures S2 and S3 (supple-
mentary material), the ratio between the peaks making up
the “doublet” is not the same for the two compounds after
the same fragmentation has taken place. This is most likely
due to the equilibrium existing prior to the McLafferty rear-
rangement. For the hemiaminal compound 45 the protona-
tion will predominantly take place at the amine functionali-
ty, and thus the equilibrium shown in Scheme 8 will be shift-
ed towards the left. However, protonation of the phenyl
acetic acid ethyl ester can only take place at the carbonyl
functionality, thus resulting in the shift of the equilibrium to-
wards the right. On the basis of these findings, we concluded
that this phenomenon is common during MS/MS analysis of
these compounds after exposure to deuterated solvent.


It was somewhat surprising that the hemiaminal com-
pounds survived the LC-MS experiment, which is carried
out under acidic conditions (0.025% trifluoroacetic acid).
This might be because the trifluoromethyl functionality
lowers the activity towards acid owing to its strong electron-
withdrawing effect. The corresponding ethanol adduct
would be unstable under these conditions and therefore not
detectable. To prove unambiguously that the compounds
formed under our irradiation conditions were, indeed, the
hemiaminal compounds reported, we decided to scale up
one of the reactions to isolate sufficient amounts of the pho-
tolysis product for 1H and 19F NMR spectroscopic analysis


as well as for low- and high-resolution FAB-MS analysis.
Aryl azide 37 was chosen as a suitable candidate for this
purpose, and a larger amount of the compound was irradiat-
ed in TFE under our standard conditions. The resulting
product mixture was purified by HPLC with a mobile phase
containing acid,[25] and by such means hemiaminal 47 was
isolated. Owing to the rather unstable nature of compound
47 in isolated form, we were not able to obtain a pristine
1H NMR spectrum. However, the spectrum enabled the un-
ambiguous assignment of all the CH protons as shown in


Figure 1. Part of the MS spectra of compound 45 showing a “doublet”
after treatment with D-solvent (for the full MS spectrum, see Figure S2
in the Supporting Information).


Scheme 8. Fragmentation patterns for hemiaminal 45 and phenyl acetic
acid ethyl ester giving rise to “doublet” peaks in the MS and MS/MS
spectra (exchangeable protons are indicated in bold, and the protons in-
dicated in gray cannot be exchanged).
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Scheme 9. The two sets of quartets (owing to coupling with
fluorine) at d=4.56 and 4.50 ppm (hemiaminal 47 exists as a
�1:1 mixture of rotamers) serves as proof that the molecule


contains the hemiaminal functionality. The remaining chemi-
cal shifts were in full accord with the assigned structure. The
FAB mass spectrum of hemiaminal 47 showed a molecular
ion at m/z 483 (M+ +H) and an accurate mass measurement
on this species confirmed the molecular formula
C19H27N4O6F4 (M+ +H). The fact that we could isolate
ACHTUNGTRENNUNGhemiaminal 47 by HPLC serves as proof that the hemiami-
nals generated in this study can survive under the conditions
used for LC-MS and -MS/MS analysis. However, upon con-
centration, the hemiaminal is unstable and slowly decom-
poses.


Although the hemiaminal was the major product in these
reactions, the product mixture also contained several other
compounds. For example, photolysis of aryl azide 37 also re-
sulted in the formation of a hydrazine, an azo compound,
and small amounts of an aniline derivative (see Figure 2), as
evident from extensive MS and MS/MS analysis. However,
as previously mentioned, no azepine was found during these
analyses. There are several plausible explanations for this
fact: 1) azepine is not formed during the photolysis in TFE;
2) azepine decomposes before MS analysis; 3) azepine is so


weakly ionized during ESI-MS analysis that it cannot be de-
tected when it is present in small quantities.


A series of experiments were therefore conducted to un-
derstand more clearly the pathways involved in the conver-
sion of the starting material into the final products. For
these studies we used succinimide 49[20] (Scheme 10), which
is readily available in our laboratory. Compound 49 (Rt=


11.1 min) was irradiated in TFE with a high-pressure mercu-
ry lamp, and samples were taken regularly and analyzed by
HPLC.[27] This experiment allowed us to find that a primary
product was initially formed, but upon further irradiation it
diminish rapidly before finally disappearing totally. Howev-
er, by conducting the photolysis with a low-pressure mercury
lamp we found that the primary product had a longer life-
time and that the consumption rate of the starting material
was much faster than when the high-pressure mercury lamp
was used. The consumption of starting material relative to
formation of the different products was analyzed by HPLC
and plotted in Figure 3 as relative abundance based on peak
integration.


From Figure 3 we can see that the starting material 49 is
consumed rapidly in the first minute of irradiation. Howev-
er, the consumption rate decreases drastically upon further
irradiation, and there is still starting material left after
5 min. The primary product reaches its highest concentra-
tion at approximately 30 s and then slowly decreases to zero
after 5 min. Azo compound 61 and recombination product
51 reaches its maximum at about 2 min, and the concentra-
tion remains fairly constant from that time onwards. Nota-
bly, the photodecomposition rate of compound 49 in TFE is
much quicker than that of the remaining azides described in
this paper. This is most likely as a result of the two extra
chromophores associated with the succinimide group in this
compound.


The product mixture containing the primary product was
analyzed by nano-LC-ESI-Q-TOF-MS. We found that the
primary product had a mass m/z 251 (M+ +H). This mass
corresponds to any of the four intermediates 54–56 or 58


(Scheme 10). The UV spectrum
of what at first glance seemed
to be the primary product (Fig-
ure 4B) shows a red shift rela-
tive to the starting material
(Figure 4A), which indicates
that the intermediate is a non-
aromatic compound. These data
match well with the UV data
reported by Doering and Odum
for the diethylamine-trapped
ketenimine, that is, azepine 52
(Figure 4B).[10] These results in-
dicate that the primary product
derivative (tr=8.1 min)
(Scheme 10) was trapped by
water, which is present in the
mobile phase used for HPLC
analysis. The structure of the


Scheme 9. Assignment of 1H NMR chemical shifts for hemiaminal 47.
Spectrum measured in CDCl3.


Figure 2. HPLC chromatogram (UV 210 nm detection) of a representative product mixture eluted with the
Pre-Packed Gradient (PPG) system[24b,26] (the chromatogram shown is derived from analysis of the product
mixture of photolysis of aryl azide 37 irradiated with a high-pressure mercury lamp for 20 min).
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trapped primary product was tentatively assigned as com-
pound 50 (Figure 4B) by analogy to azepine 52. Unfortu-
nately, the extremely low ionization of the trapped primary
product in ESI-MS did not allow the confirmation of this
structure by MS analysis. Attempts to trap the primary
product with diethylamine did not improve matters. The
mass m/z 251 (M+ +H) probably only accounts for a frac-
tion of the formed primary product 56 ; the rest is trapped


by water to form compound 50. We also found the primary
product to be relatively stable at low temperature when
stored in TFE and it could be kept at �30 8C overnight with-
out decomposition. Similar observations have been reported
by Platz and co-workers.[29] On the basis of these findings
we concluded that the primary product is most likely keteni-
mine 56.


After irradiation of 49 for 5 min, the starting material was
almost totally consumed. As was the case previously, the
major product from the reaction was the corresponding
hemiaminal 51 (tr=8.8 min), as evident from MS and MS/
MS analysis, including H/D exchange experiments. The UV
spectrum of compound 51 is depicted in Figure 4C and con-
firms that the product is aromatic. Photolysis of succinimide
49 also resulted in the formation of dimer 60 (tr=5.2 min),
azo compound 61 (tr=12.3 min), and small amounts of ani-
line 57 (tr=6.6 min).


The products found in our study are normally the prod-
ucts derived from triplet nitrene 58 (Scheme 10). However,
triplet nitrene is commonly not formed at room tempera-
ture, unless the reaction is conducted in methanol.[30,31] Most
likely TFE facilitates intersystem crossing (ICS) at room
temperature through a mechanism similar to that for metha-
nol which results in the formation of products derived from
triplet nitrene. Indeed, when succinimide 49 in TFE was ir-
radiated with a high-pressure mercury lamp in the presence
of benzophenone, a triplet sensitizer, a similar product dis-
tribution as previously described was observed.


Scheme 10. Outline of plausible reaction pathways leading to aniline 57, azo-compound 61, hydrazine 60 and hemiaminal 51.


Figure 3. Time course for the photolysis of succinimide 49 in TFE irradi-
ated with a low-pressure mercury lamp (the data reported in this graph is
from analysis of azide 49, azo compound 61, and hemiaminal 51 with UV
detection at 254 nm and primary product derivative with UV detection at
295 nm and 254 nm).[28]
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On the basis of the findings
described above we can sum-
marize the reaction sequence
leading to the different prod-
ucts as depicted in Scheme 10.
Hemiaminal 51 is formed by re-
combination of anilino radi-
cal[8c] 59 and an alkyl radical,
dimer 60 is formed by recombi-
nation of two anilino radicals
59, azo compound 61 is formed by dimerization of triplet ni-
trene 58, and aniline 57 is formed by photoreduction of ex-
cited azide 53 and/or triplet nitrene 58.


In these studies we were not able to find any hydroxyla-
mine products resulting from the recombination of anilino
and alkoxy radicals or from nitrenium ions, as was the case
in our previous study[16] and which has been well studied by
McClelland et al.[32] This is probably due to the difference
between the solvation structure of the azides in this study
and that of coelenterazine analogue 5 in our previous work.


Conclusions


MS and MS/MS analysis combined with proton/deuterium
exchange experiments has again proved itself as a powerful
combination for structure elucidation. Photolysis of azides
25–29 and 34–38 gave the corresponding hemiaminal prod-
ucts resulting from recombination of anilino and alkyl radi-


cals as one of the major com-
pounds when irradiated in TFE
under our conditions. The re-
sults from this study indicate
that TFE has the capacity to
promote intersystem crossing
from singlet nitrene to triplet
nitrene at room temperature.
These aryl azides attached to
tautomycin through an oxime
linker (photoaffinity probe)
(see compound 62, Scheme 11,
for a general example)[20] are
now being used for protein la-
beling to determine the active
site of protein phosphatase 1.


Experimental Section


General


Unless otherwise noted, the reaction
flask was wrapped with aluminium foil
to protect the reaction mixture from
light, and non-aqueous reactions were
carried out under an argon atmos-
phere. Reactions were monitored by
thin-layer chromatography (TLC) car-


ried out on silica-gel-coated (0.25 mm) glass plates 60F254 by using UV
light as visualizing agent and molybdo(VI)phosphoric acid n-hydrate, p-
anisaldehyde, or basic KMnO4 solution followed by heating as developing
agents. Silica gel 60 (particle size 0.063–0.2 mm ASTM) was used for
flash chromatography. Elemental analyses were performed at the Analyt-
ical Laboratory, Bioagricultural Sciences, Nagoya University.


Instrumentation


NMR chemical shifts are reported as d values in parts per million (ppm)
relative to tetramethylsilane (d=0.00 ppm) as internal standard for
1H NMR and to residual chloroform (d=77.0 ppm) and DMSO (d=


39.5 ppm) 13C NMR. 19F NMR spectra were referenced externally to
1,1,1-trifluorotoluene at d=0.00 ppm. Photolysis was performed by using
either a high-pressure or a low-pressure mercury lamp. MS and MS/MS
spectra of material derived from photoirradiation of aryl azides 29–38
were measured on a Q-TOF mass spectrometer (Micromass, Manchester,
UK) equipped with a Z-spray-type ESI source. Data were acquired and
processed by using MassLynx version 3.4. All samples were desalted and
separated by a non-split-type prepacked gradient (PPG) system and an
appropriately adjusted nano-HPLC system (JASCO, Tokyo, Japan) with
a Develosil ODS-HG-5 column (Nomura, 150 mmP0.3 mm i.d.) before
online ESI-MS and MS/MS analysis. For H-MS and H-MS/MS of materi-
al derived from photoirradiation of azides 25–27 and 36–38 the column


Figure 4. A) UV spectrum of starting material 49 ; B) UV spectrum of trapped primary product azepine 50 ;
C) UV spectrum of hemiaminal 51. The UV spectra were recorded after 1 min irradiation of azide 49 in TFE
with a low-pressure mercury lamp. The HPLC flow was stopped at the peak maximum and UV spectra were
recorded.


Scheme 11. General example of a photoaffinity probe of tautomycin.
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was equilibrated with water (260 mL) containing 0.025% trifluoroacetic
acid at a flow rate of 10 mLmin�1 and then developed with a linear gradi-
ent from 0–100% of acetonitrile containing 0.025% trifluoroacetic acid
for 40 min at a flow rate of 5 mLmin�1. For the proton exchange experi-
ments (D-MS and D-MS/MS) the column was equilibrated with D2O
(260 mL) containing 0.025% CF3COOD at a flow rate of 10 mLmin�1


and then developed with a linear gradient from 0–100% acetonitrile con-
taining 0.025% CF


3
COOD at a flow rate of 5 mLmin�1. The column ef-


fluent was monitored at 210 nm and then introduced into the electro-
spray nebulizer without splitting. For H-MS and H-MS/MS of material
derived from photoirradiation of azides 32–35 the column was equilibrat-
ed with isocratic 40% acetonitrile/water containing 0.025% trifluoroace-
tic acid at a flow rate of 5 mLmin�1. For the proton exchange experiments
(D-MS and D-MS/MS) of material derived from photoirradiation of
azides 32–35 the column was equilibrated with isocratic 40% acetonitrile/
D2O containing 0.025% CF


3
COOD at a flow rate of 5 mLmin�1. MS and


MS/MS spectra of material derived from photoirradiation of aryl azides
32–35 were measured on a syringe injection ion trap HCT Plus mass
spectrometer (Bruker Daltonics, Bremen, Germany) equipped with an
orthogonal ESI source. Data were acquired and processed by using Com-
pass version 1.0 (esquireControl and DataAnalysis version 3.2) (Bruker
Daltonics), respectively. All MS experiments were preformed in the posi-
tive-ion mode.


Syntheses


Procedure for nitration of aryl compounds: HNO3 (0.9 mL of a 60% so-
lution) was added dropwise over a 5-min period to a stirred solution of
the relevant ethyl ester (14.1 mmol) in H2SO4 (8.0 mL) at 0 8C. The re-
sulting reaction mixture was then stirred at 0 8C for 45 min before being
diluted with EtOAc (15 mL) and poured into ice water (30 mL). The
aqueous phase was extracted with EtOAc (3P30 mL) and the combined
organic fractions were washed with water (2P30 mL) and brine (1P
30 mL) before being dried (Na2SO4). Filtration and concentration in va-
cuo gave a yellow oil, which was subjected to flash chromatography
(silica, eluant hexane/Et2O 3:2). Concentration of the relevant fractions
gave the desired nitroaryls in the yields specified below.


15 :[33] Ethyl 3-nitrobenzoate, 50% yield, white solid, m.p.: 35 8C (lit. [33]:
40–43 8C).


16 :[20] Ethyl 4-fluoro-3-nitrobenzoate, 90% yield, light-yellow solid, m.p.:
43.5–44 8C (lit. [20]: 43.5–44 8C).


17: Ethyl 4,6-difluoro-3-nitrobenzoate, 85% yield, white powder. M.p.:
36.5–37 8C; IR (KBr): ñmax =3074, 1732, 1532, 1353, 1293 cm�1; 1H NMR
(CDCl3, 270 MHz): d=8.78 (dd, J=7.0 and 8.1 Hz, 1H), 7.12 (t, J=


9.7 Hz, 1H), 4.44 (q, J=7.3 Hz, 2H), 1.42 ppm (t, J=7.3 Hz, 3H);
13C NMR (CDCl3, 151 MHz): d=164.8 (dd, JC�F=12 and 273 Hz), 161.3
(d, JC�F =5 Hz), 158.5 (dd, JC�F=13 and 273 Hz), 133.7 (dd, JC�F=3 and
7 Hz), 130.9 (d, JC�F =2 Hz), 116.4 (dd, JC�F=4 and 12 Hz), 108.1 (dd,
JC�F =24 and 27 Hz), 62.4, 14.1 ppm; 19F NMR (CDCl3, 376 MHz): d=


�30.5, �42.4; MS (EI+ ): m/z (%): 231 [M+] (5), 203 (23), 187 (47), 186
(58), 140 (78), 112 (100); HRMS (EI+ ): m/z calcd for C9H7NO4F2:
231.0343 [M]+ ; found: 231.0337; elemental analysis: calcd (%) for
C9H7NO4F2: C 46.76, H 3.05, N 6.06; found: C 46.72, H 2.91, N 6.04.


18 :[16] Ethyl (4-fluoro-3-nitrophenyl)acetate, 79% yield, light-yellow oil.


19 :[34] A solution of HNO3 (60%; 480.0 mg, 7.60 mmol) in acetic acid
(5.0 mL) was added dropwise to a stirred solution of 4-methoxyphenyl-
acetic acid ethyl ester (14) (1.25 g, 6.44 mmol) in acetic anhydride
(10.0 mL) at 0 8C. The resulting reaction mixture was stirred at 0 8C for
1.5 h before being diluted with EtOAc (10 mL) and poured into ice
water. The water phase was extracted with EtOAc (3P30 mL), and the
combined organic fractions were washed with water (2P20 mL) and
brine (1P20 mL) before being dried (Na2SO4), filtered, and concentrated
under reduced pressure. The resulting yellow oil was subjected to flash
chromatography (silica, eluant hexane/Et2O 3:2), and concentration of
the relevant fractions (Rf =0.3) gave ethyl (4-methoxy-3-nitrophenyl)ace-
tate (19) (738.5 mg, 48%) as a light-yellow solid. M.p.: 40 8C; IR (KBr):
ñmax =2921, 2853, 1729, 1619, 1571, 1530, 1456, 1358, 1090, 932 cm�1;
1H NMR (CDCl3, 600 MHz). d=7.79 (d, J=2.2 Hz, 1H), 7.48 (dd, J=2.2
and 8.6 Hz, 1H), 7.07 (d, J=8.6 Hz, 1H), 4.17 (q, J=7.1 Hz, 2H), 3.95 (s,


3H), 3.61 (s, 2H), 1.27 ppm (t, J=7.1 Hz); 13C NMR (CDCl3, 151 MHz):
d=170.7, 152.0, 139.2, 135.1, 126.4, 126.3, 113.6, 61.1, 56.5, 39.7,
14.0 ppm; MS (EI+ ): m/z (%): 239 [M]+ (82%), 166 (100), 150 (37), 90
(92), 77 (13); HRMS (EI+ ): m/z calcd for C11H13NO5: 239.0794 [M]+ ;
found: 239.0773.


Procedure for hydrogenation of nitroaryl compounds: Pd/C (10%;
100 mg) was added to a solution of the relevant nitroaryl reagent
(11.0 mmol) in EtOH (200 mL) at room temperature. The reaction mix-
ture was then stirred vigorously under an atmosphere of H2 for 23 h
before being filtered through a plug of celite and washed with EtOH (2P
10 mL). Concentration of the filtrate under reduced pressure gave a
dark-orange oil, which was subjected to flash chromatography (silica,
eluant hexane/Et2O 2:1). Concentration of the relevant fractions gave the
desired aryl amines in the yields specified below.


20 :[35] Ethyl 3-aminobenzoate, 95% yield, pale-yellow oil.


21:[20] Ethyl 3-amino-4-fluorobenzoate, 93%yield, yellow oil.


22 : Ethyl 3-amino-4,6-difluorobenzoate, 90% yield, white solid. M.p.:
62.0–62.5 8C; IR (KBr): ñmax =3444, 3350, 1715, 1603, 1509 cm�1; 1H NMR
(CDCl3, 270 MHz): d=7.35 (dd, J=7.0 and 10.0 Hz, 1H), 6.82 (t, J=


10.3 Hz, 1H), 4.36 (q, J=7.0 Hz, 2H), 3.68 (br s, 2H), 1.38 ppm (t, J=


7.0 Hz, 3H); 13C NMR ([D6]DMSO, 100 MHz): d=163.5 (d, JC�F =4 Hz),
152.5 (dd, JC�F=11 and 247 Hz), 152.4 (dd, JC�F =12 and 249 Hz), 133.5
(dd, JC�F =2 and 13 Hz), 117.2 (d, JC�F =7 Hz), 114.4 (dd, JC�F=3 and
10 Hz), 105.2 (dd, JC�F=23 and 27 Hz), 61.0, 14.3 ppm; 19F NMR (CDCl3,
376 MHz): d =�56.0, �60.7 ppm; MS (EI+ ): m/z (%): 201 [M]+ (100),
173 (33), 156 (57), 128 (19); HRMS (EI+ ): m/z calcd for C9H9NO2F2:
201.0601 [M]+ ; found: 201.0625; elemental analysis: calcd (%) for
C9H9NO2F2: C 53.73, H 4.51, N 6.96; found: C 53.66, H 4.34, N 6.89.


23 :[16] Ethyl (3-amino-4-fluorophenyl)acetate, 94% yield, orange oil.


24 :[34] The hydrogenation of 19 was conducted as described in the general
procedure save for the use of EtOH/water 9:1 as solvent to give ethyl (3-
amino-4-methoxyphenyl)acetate (24) in 86% yield as a light-yellow oil.
IR (neat); ñmax =3458, 3370, 2922, 2853, 1726, 1611, 1517, 1448, 1223,
1143, 1030 cm�1; 1H NMR (CDCl3, 600 MHz): d=6.72 (d, J=8.1 Hz,
1H), 6.65 (d, J=2.0 Hz, 1H), 6.62 (dd, J=2.0 and 8.1 Hz, 1H), 4.79 (br s,
2H), 4.13 (q, J=7.1H, 2H), 3.83 (s, 3H), 3.47 (s, 2H), 1.25 ppm (t, J=


7.1 Hz, 3H); 13C NMR (CDCl3, 151 MHz): d=172.0, 146.4, 136.1, 126.7,
119.0, 115.8, 110.3, 60.7, 55.5, 40.8, 14.2 ppm; MS (EI+ ): m/z (%): 209
[M]+ (100), 194 (39), 136 (88), 121 (37); HRMS (EI+ ): m/z calcd for
C11H15NO3: 209.1052 [M]+ ; found: 209.1032.


Procedure for azide formation from aryl amines: NaNO2 (1.20 g,
17.4 mmol) and NaN3 (1.70 g, 26.2 mmol) were added successively to a
stirred solution of the relevant aryl amine (8.7 mmol) in trifluoroacetic
acid (35 mL) at 0 8C. The reaction mixture was stirred at 0 8C for 10 min
before being diluted with Et2O (30 mL), and the resulting solution was
poured into ice water (30 mL). The water phase was extracted with Et2O
(2P30 mL) and the combined organic fractions were washed with water
(2P20 mL) and brine (1P20 mL) before being dried (Na2SO4). Concen-
tration under reduced pressure gave a dark-orange oil, which was sub-
jected to flash chromatography (silica, hexane!hexane/Et2O 9:1!8:2
gradient elution). Concentration of the relevant fractions gave the de-
sired aryl azides in the yields specified below.


25 :[36] Ethyl 3-azidobenzoate, 88% yield, yellow oil. UV/Vis (CH2Cl2):
lmax (loge)=295 (3.40), 251 (4.13), 217 nm (4.55); IR (neat): ñmax =2983,
2394, 2109, 1721, 1586, 1297 cm�1; 1H NMR (CDCl3, 270 MHz): d=7.82
(app dt, J=1.1 and 7.8 Hz, 1H), 7.70 (app t, J=2.4 Hz, 1H), 7.42 (t, J=


7.8 Hz, 1H), 7.12 (ddd, J=1.1, 2.4, 7.8 Hz, 1H), 4.40 (q, J=7.0 Hz, 2H),
1.41 ppm (t, J=7.0 Hz, 3H); 13C NMR (CDCl3, 68 MHz): d=165.8,
140.4, 132.0, 129.7, 125.9, 123.3, 119.8, 61.5, 14.4 ppm; MS (EI+ ): m/z
(%); 191 [M]+ (72), 163 (100), 146 (67), 135 (43), 134 (45), 106 (44), 91
(80), 90 (81), 63 (68); HRMS (EI+ ): m/z calcd for C9H9N3O2: 191.0695
[M]+ ; found: 191.0660; elemental analysis: calcd (%) for C9H9N3O2: C
56.54, H 4.74, N 21.98; found: C 56.54, H 4.76, N 21.94.


26 :[20] Ethyl 3-azido-4-fluorobenzoate, 94% yield, orange oil.


27: Ethyl 3-azido-4,6-difluorobenzoate, 89% yield, yellow oily solid.
M.p.: <30 8C; UV/Vis (CH2Cl2): lmax (loge)=295 (3.43), 249 (4.12),
233 nm (4.13); IR (KBr): ñmax =2986, 2113, 1717, 1604, 1244, 1122 cm�1;
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1H NMR (CDCl3, 400 MHz): d=7.69 (dd, J=6.8 and 9.2 Hz, 1H), 6.95
(t, J=10.0 Hz, 1H), 4.40 (q, J=7.2 Hz, 2H), 1.40 ppm (t, J=7.2 Hz, 3H);
13C NMR (CDCl3, 100 MHz): d =162.6 (d, JC�F =5 Hz), 158.9 (dd, JC�F=


11 and 262 Hz), 156.9 (dd, JC�F =12 and 259 Hz), 124.5 (dd, JC�F=4 and
12 Hz), 123.8 (t, JC�F =3 Hz), 115.9 (dd, JC�F =4 and 12 Hz), 106.4 (dd,
JC�F =22 and 27 Hz), 61.7, 14.0 ppm; 19F NMR (CDCl3, 376 MHz): d=


�45.9, �52.1 ppm; MS (EI+ ): m/z (%): 227 [M]+ (16), 199 (82), 182
(25), 171 (38), 170 (33), 142 (38), 126 (100), 115 (68), 75 (44); HRMS
(EI+ ): m/z calcd for C9H7N3O2F2: 227.0506 [M]+ ; found: 227.0474; ele-
mental analysis: calcd (%) for C9H7N3O2F2: C 47.58, H 3.11, N 18.50;
found: C 47.51, H 3.04, N 18.51.


28 :[16] Ethyl (3-azido-4-fluorophenyl)acetate, 95% yield, yellow oil.


29 : Ethyl (3-azido-4-methoxyphenyl)acetate, 65% yield, light-yellow oil.
UV/Vis (CH2Cl2): lmax (loge)=345 (2.61), 294 (3.51), 253 nm (3.77); IR
(neat): ñmax =2924, 2848, 2116, 1733, 1510, 1451, 1439, 1305, 1246, 1153,
1100, 1029 cm�1; 1H NMR (CDCl3, 600 MHz): d=7.01 (dd, J=2.2 and
8.2 Hz, 1H), 6.94 (d, J=2.2 Hz, 1H), 6.84 (d, J=8.2 Hz, 1H), 4.15 (q, J=


7.1 Hz, 2H), 3.86 (s, 3H), 3.53 (s, 2H), 1.26 ppm (t, J=7.1 Hz, 3H);
13C NMR (CDCl3, 151 MHz): d =171.4, 150.9, 128.3, 127.2, 126.4, 121.1,
112.1, 60.9, 56.0, 40.4, 14.2 ppm; MS (EI+ ): m/z (%): 235 [M]+ (28), 207
(16), 206 (23), 154 (41), 134 (100), 92 (31); HRMS (EI+ ): m/z calcd for
C11H13N3O3: 235.0957 [M]+ ; found: 235.0972; elemental analysis: calcd
(%) for C11H13N3O3: C 56.16, H 5.57, N 17.86; found: C 56.18, H 5.69, N
17.69.


Preparation of 32 and 33 : A solution of NaNO2 (1.78 mmol in 10 mL of
water) was added dropwise to a stirred solution of the relevant acetic
acid (1.66 mmol) in concentrated HCl (3.0 mL) at 0 8C. The resulting re-
action mixture was stirred at 0 8C for 15 min before a solution of NaN3


(17.8 mmol in 10 mL of water) was added dropwise over a period of
15 min. The reaction mixture was then heated to room temperature and
stirred for 20 min before being extracted with EtOAc (3P5 mL). The
combined organic phases were dried (Na2SO4), filtered, and concentrated
in vacuo to give the desired compounds in the yields specified below.


32 :[37] 3-Azidophenylacetic acid, 99% yield, pink needles. M.p.: 64 8C; IR
(KBr): ñmax =2543 (br), 2118, 1711, 1587, 1410, 1298 cm�1; 1H NMR
(CDCl3, 600 MHz): d=7.32 (t, J=7.8 Hz, 1H), 7.07 (d, J=7.8 Hz, 1H),
6.97–6.94 (m, 2H), 3.64 ppm (s, 2H); 13C NMR (CDCl3, 151 MHz): d=


140.4, 135.1, 130.0, 126.0, 120.1, 118.1, 40.7 ppm; MS (EI+ ): m/z (%):
177 [M]+ (20), 149 (60), 121 (100), 104 (50), 77 (80); HRMS (EI): m/z
calcd for C8H7N3O2: 177.0538 [M]+ ; found: 177.0546.


33 :[19] 4-Azidophenylacetic acid, 93% yield, yellow needles. M.p.: 87–
88 8C (lit. [19]: m.p.: 86–88 8C); IR (KBr): ñmax =2561 (br), 2128, 1689,
1606, 1504, 1412, 1304, 1249 cm�1; 1H NMR (CDCl3, 600 MHz): d=7.26
(d, J=8.4 Hz, 2H), 6.98 (d, J=8.4 Hz, 2H), 3.62 ppm (s, 2H); 13C NMR
(CDCl3, 151 MHz): d=177.7, 139.3, 130.8, 130.0, 119.2, 40.3 ppm; MS
(EI+ ): m/z (%): 177 [M]+ (20), 149 (100), 104 (90), 77 (99); HRMS
(EI): m/z calcd for C8H7N3O2: 177.0538 [M]+ ; found: 177.0507.


Preparation of 34 and 35 : Concentrated H2SO4 (0.1 mL) was added to a
stirred solution of the relevant acetic acid (0.57 mmol) in ethanol
(1.0 mL). The resulting reaction mixture was heated at reflux for 2 h
before being diluted with EtOAc (1.0 mL) and neutralized with NaHCO3


(5 mL of a saturated aqueous solution). The resulting solution was ex-
tracted with EtOAc (2P5 mL) and the combined organic layers were
dried (Na2SO4). Filtration and concentration gave a yellow oil, which was
subjected to flash chromatography (silica, eluant hexane/Et2O 1:1). Con-
centration of the relevant fractions gave the target compounds in the
yields specified below.


34 :[37] Ethyl 3-azidophenylacetate, 87% yield, yellow oil. UV/Vis (Et2O):
lmax (loge)=280 (1.34), 230 (1.76), 206 nm (2.37); IR (neat): ñmax =2986,
2091, 1736, 1596, 1445, 1307 cm�1; 1H NMR (CDCl3, 600 MHz): d=7.30
(t, J=7.8 Hz, 1H), 7.06 (d, J=7.2 Hz, 1H), 6.96–6.93 (m, 2H), 4.16 (q,
J=7.2 Hz, 2H), 3.60 (s, 2H), 1.26 ppm (t, J=7.2 Hz, 3H); 13C NMR
(CDCl3, 151 MHz): d=171.0, 140.2, 136.0, 129.8, 125.9, 119.9, 117.7, 61.0,
41.1, 14.1 ppm; MS (EI+ ): m/z (%): 205 [M]+ (10), 153 (50), 136 (40),
77 (100); HRMS (EI): m/z calcd for C10H11N3O2: 205.0851 [M]+ ; found:
205.0835.


35 :[19] Ethyl 4-azidophenylacetate, 88% yield, yellow oil. UV/Vis (Et2O):
lmax (log e)=243 (2.00), 208 (2.29); IR (neat): ñmax =2982, 2143, 2115,
1740, 1589, 1492, 1295 cm�1; 1H NMR (CDCl3, 600 MHz): d =7.26 (d, J=


8.4 Hz, 2H), 6.94 (d, J=8.4 Hz, 2H), 4.14 (q, J=7.2 Hz, 2H), 3.58 (s,
2H), 1.25 ppm (t, J=7.2 Hz, 3H); 13C NMR (CDCl3, 150 MHz): d=


171.3, 138.9, 130.8, 130.6, 119.1, 60.9, 40.7, 14.1 ppm; MS (EI+ ): m/z
(%): 205 [M]+ (80), 177 (100), 149 (40), 132 (50); HRMS (EI): m/z calcd
for C10H11N3O2: 205.0851 [M]+ ; found: 205.0853.


General procedure for the photolysis experiments: A degassed solution
of the azide (�2.0 mm) in 2,2,2-trifluoroethanol was irradiated for 20 min
in an NMR tube (irradiation with a high-pressure mercury lamp) or in a
quartz cell (irradiation with a low-pressure mercury lamp). The resulting
solution was concentrated under reduced pressure and redissolved in
CH3CN/H2O (1:1; 0.5 mL). The resulting solution was then subjected to
MS and MS/MS analysis.


General procedure for the preparation of samples for MS and MS/MS
analysis: All samples for H-MS and -MS/MS were further diluted with
acetonitrile/H2O (1:1) containing 0.025% trifluoroacetic acid to
10 pmolmL�1 and all samples for D-MS and -MS/MS were further diluted
with acetonitrile/D2O (1:1) containing 0.025% CF3COOD to a concen-
tration of 10 pmolmL�1.


47: 19F NMR (CDCl3, 376 MHz): d=�13.0, �50.9 ppm; UV (MeOH):
lmax (loge)=292 nm (3.12); MS (FAB+ ): m/z (%): 483 (3); HRMS
(FAB+ ): calcd for C19H27N4O6F4: 483.1867 [M+H]+ ; found: 483.1877.
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Structural Selection in G-Quartet-Based Hydrogels and Controlled Release
of Bioactive Molecules


Nampally Sreenivasachary and Jean-Marie Lehn*[a]


Introduction


Drug-formulation and -delivery systems have a strong
impact on medical technology[1] . Increasing attention has
been focused on methods for the continuous delivery of
over prolonged time periods in a controlled fashion. In
recent years, there have been numerous developments in
drug carriers and controlled-release systems. In addition to
cross-linked polymers,[2] hydrogels also have been of interest
for drug release because of their hydrophilic character and
potential biocompatibility.[3,4] In the course of our investiga-
tions into supramolecular hydrogels,[5] we became interested
in the controlled release of small molecules, such as flavors,
fragrances,[6] and drug molecules that would be either cova-
lently linked through a reversible bond or connected
through noncovalent interactions such as hydrogen bonds.
Guanosine-5’-hydrazide 1 was found to yield stable hydro-
gels and to react with aldehydes to form reversible acylhy-
drazone derivatives in an aqueous medium. The resulting


constitutional dynamic system[7] displayed marked compo-
nent selection driven by evolution towards the formation of
the most organized hydrogel-like phase.[5]


Guanosine derivatives can form tetrameric arrangements
through Hoogsten-type hydrogen-bonding, supramolecular
G-quartet (G4) macrocycles, which stack into columnar G4


assemblies in the presence of cations such as Na+ , K+ , and
NH4


+ with the subsequent formation of hydrogels
(Figure 1)[8] . Modified guanosine derivatives have been used
to generate a wide variety of new materials.[8–12]


The guanosine-5’-hydrazide 1 may, in principle, incorpo-
rate substrate molecules either through hydrogen-bonding
supramolecular interactions or through the formation of a
reversible covalent acylhydrazone bond with carbonyl com-
pounds. Indeed, 1 was found to yield supramolecular hydro-
gels in the presence of cations and to react with biologically
interesting aldehyde derivatives to form acylhydrazones re-
versibly, with component selection.[5] 1H NMR spectroscopic
studies allowed the determination of the fractions of bound
and free component.


Abstract: A guanosine-5’-hydrazide
can entrap biologically interesting mol-
ecules such as acyclovir, vitamin C, and
vancomycin into its hydrogel network.
Controlled release of these molecules
was monitored by 1H NMR spectrosco-
py. The hydrazide may potentially form
mixed G–G quartets with analogous
compounds containing a guanine


group. 1H NMR spectroscopy was used
to study the inclusion of various gua-
nine derivatives into the hydrogel. The
structural selectivity was found to


depend strongly on both the shape and
the charge of the additive and may
arise from the strong cohesion of the
supramolecular architecture of the gel
and the resulting resistance to pertur-
bation by foreign bodies. Hydrogels
thus offer a promising medium for
highly selective, controlled release of
bioactive substances.
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These previous results led to the conclusion that additives
in the gels formed by 1 may be present in three different in-
corporation states involving:


1) reversible covalent connection, through acylhydrazone
formation with carbonyl-containing compounds;


2) noncovalent inclusion into the gel structure, with possible
insertion into the G-quartets in the case of guanine de-
rivatives;


3) occlusion as free molecules in the scavenged solvent of
the gel.


For states 1) and 2), the additives may be expected to be
“NMR-silent”, their 1H NMR signals being strongly broad-
ened (beyond detection) by motional freezing, whereas they
are “NMR-active” in state 3), allowing the determination of
the fraction of free molecules.


State 1) was studied previously.[5] It appeared that it
would be of great interest to investigate states 2) and 3), as
such data would provide, on the one hand, information
about the selectivity of incorporation or occlusion into the
gel, and on the other, a basis for the study of controlled re-
lease from the gel.


Three release processes may be considered: 1) release
from a stable gel unperturbed by the additive(s); 2) release
with concomitant leaching of the gel-forming material, de-
pending on the destabilization of the gel by the additives;
3) a combination of 1) and 2). The degree of destabilization
of the gel by the additive(s) may be estimated from the de-
crease in the melting temperatures of the gels.


Results and Discussion


Controlled Release of Bioactive Molecules from the Gel of
1


Guanosine-5’-hydrazide 1 can potentially form mixed G-
quartets with compounds that contain a guanine moiety,
which thus would be incorporated into its hydrogel; quartet
formation controls their release into the surroundings.


Acyclovir (2) is an antiviral agent that contains a guanine
group and that has been used for the treatment of herpes
simplex infections.[13] However, oral treatment is often diffi-
cult owing to insufficient drug concentration in saliva when
acyclovir is administered in conventional tablet form. As a
consequence, several methods have been developed for its
controlled release, including encapsulation into biodegrad-
able polymer nanospheres,[14] acyclovir–dextran conjugates
obtained by imine bond formation as macromolecular carri-
ers for long-term drug therapy,[15] and liposomes as delivery


Figure 1. Self-assembly of guanine derivatives into G4-quartets in the
presence of metal ions.
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systems.[16] We became interested in using the hydrogel
formed by 1[5] as a potential method for the controlled re-
lease of this active ingredient and related substances in a
supramolecular fashion.


The release experiments were conducted in D2O. The gua-
nosine-5’-hydrazide 1 was dissolved in D2O together with
acyclovir (2) and KCl in several glass test tubes. The test
tubes were heated gently at 60 8C and cooled to room tem-
perature. Once the hydrogel was formed (approximately
2 h), deuterated buffer solution was added very carefully to
the top of the hydrogel. 1H NMR spectra of samples of this
top layer were recorded at various time intervals (tert-buta-
nol served as an internal reference). The percent of acyclo-
vir released into the supernatant buffer solution was deter-
mined by integrating the signals for the acyclovir guanine
proton 8-H relative to the signal for tert-butanol. The re-
lease of 2 reached a plateau at 55% after 9 h, after which
about 7–8% of hydrazide 1 was also released (Figure 2).


The controlled release of other biologically interesting
molecules, vitamin C (3) and vancomycin (4) was also stud-
ied. In the case of vitamin C, about 55% was released into
the buffer solution within 24 h, whereas for vancomycin
only about 39% was released (Figure 2). The release of acy-
clovir was found to be appreciably faster than expected
when compared to vitamin C and vancomycin. The different
levels of release of the additives at saturation may result
from the different distributions between the gel and aqueous
phases at equilibrium.


We therefore investigated the state of the three com-
pounds in the gel. 1H NMR spectroscopic measurements in-
dicated that about 70% of the acyclovir was occluded in the
solvent of the gel and 30% was included in the gel. Similar-
ly, it was shown that vitamin C 3 and vancomycin 4 were oc-
cluded less (about 15% and 40%, respectively).


Next, we considered the nature of the release process (see
above). We tested the effect of the addition of a G-analogue
on the melting temperature of the hydrogel (Figure 3). The
hydrogel of guanosine-5’-hydrazide 1 was prepared in the
presence of G-ester 8 in a solution of KCl in D2O. The melt-


ing temperature (Tgel) was measured by the test-tube tilting
method. The mixed hydrogel melted at 49 8C, whereas the
hydrogel of 1 on its own melted at 61 8C under the same
conditions. This suggests that the assembly of the hydrogel
of 1 is destabilized by incorporation of the foreign G-ana-
logue additive, possibly through formation of mixed G-quar-
tets (see below). In contrast, the melting temperatures
tested in the presence of G-analogues 2, 5, 6, and 7 de-
creased only to about 55 8C, in agreement with the fact that
they do not form mixed G-quartets and hence do not partic-
ipate markedly in the gel structure. The results are summar-
ized in Figure 3.


It thus appeared that 1 is strongly selective towards quar-
tet formation. This result prompted us to carry out a
1H NMR spectroscopic investigation into the structural se-
lection relationships of different types of guanosine deriva-
tives and their inclusion in hydrogel networks through even-
tual incorporation into the G-quartet superstructure.


Selective Incorporation of Guanosine Derivatives into the
Hydrogel Formed by 1


Several derivatives 6–12 of guanosine 5 were investigated
for the selectivity of their incorporation into the hydrogel
formed by 1. Compounds 7–12 were synthesized as de-
scribed in the literature.[17] To our knowledge, there are no
reports of the self-assembly of mixed G-quartets[18] and their
subsequent hydrogel formation.


Compounds 2 and 5–12 bear a G group that can, in princi-
ple, be incorporated into the G-quartets formed by 1 and
thus into the supramolecular network of its hydrogel. They
should, therefore, allow a study of the structural effects on
the selectivity of such incorporation. We determined the in-
clusion of compounds 2 and 5–12 into the hydrogel by


Figure 2. Controlled release profiles from the hydrogel formed by 1 as
determined by 1H NMR spectroscopy for (&) Acyclovir 2, (55%) (*)
Vitamin C 3, (55%), (~) Vancomycin 4, (39%) (x) Guanosine-5’-hydra-
zide 1 (7%). The experiments were conducted in 0.5m sodium acetate
buffer at pD 6 or D2O and 20 8C. Each result indicated is the average of
three experiments. Error bars represent the standard deviation obtained
from three experiments in each case


Figure 3. Temperature of gelation Tgel determined visually for mixtures of
guanosine-5’-hydrazide 1 (15 mm) with G-analogues (5 mm) in D2O and
K+ (100 mm); Tgel values in 8C for 1 alone 61 8C; 1+2 (54 8C); 1+5
(55 8C); 1+7 (54 8C), 1+6 (55 8C): 1+8 (49 8C).
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means of 1H NMR spectroscopic studies. The hydrogel was
prepared from 1 and a G-derivative (2, 5–12) at concentra-
tions of 15 mm and 5 mm, respectively, in a solution of KCl
in D2O. The 1H NMR spectra were recorded once the
sample was fully gelated (see Experimental Section). The
percentage of free G-derivative was determined by integrat-
ing the observable signal for 8-H of the guanine group with
respect to an internal tert-butanol reference. The calculated
fractions of incorporation of each additive into the gel are
summarized in Figure 4.


From these results we can
deduce that:


1) There is a high selectivity of
incorporation into the gel de-
spite the presence of a G
group in all the additives.
Thus, inclusion is very sensi-
tive to small structural modi-
fications. One may surmise
that the included molecules
are directly incorporated into
the G-quartet supramolecular
core entity.


2) The highest inclusion is found
for compounds 8, 9, and 11,
neutral analogues of the hy-
drogelator 1, in which the hy-
drazide group -CONHNH2 of
1 is replaced by the very
closely related -COOCH3 and
-CONH2 as well as the more
different -CH2ONH2 groups.


3) The comparatively lower in-
corporation of 6, 7, and 10
may be due to the fact that
all three compounds are neg-


atively charged (7 is expected to be ionized at pD 6) and
are thus appreciably more soluble in aqueous media. The
same may hold for the positively charged, protonated 12.


4) Acyclovir (2) is least incorporated as it is also the least
closely related to 1, lacking the ribose group.


5) The hydrogel formed by 1 thus presents high discrimina-
tion power against the incorporation of foreign additives
into the cohesive network of the supramolecular assem-
bly. It displays both shape (see 2) and charge (see 6, 7,
10, and 12) selectivity.


Release Experiments with 6 and 8


With the information about the selectivity of incorporation
of G-analogues into the hydrogel of 1 in hand, guanosine
monophosphate (GMP, 6) and G-ester 8 were selected for
release experiments aimed at analyzing whether there is a
relationship between the selection of such G-containing ad-
ditives and their release, potentially due to the formation of
mixed G-quartets.[18] The release experiments were conduct-
ed similarly as described above for 2 and 3.


The guanosine-5’-hydrazide 1 and G-ester 8 were dis-
solved in a solution of KCl in D2O, and the sample was
gently heated until dissolution took place. Gelation occurred
upon cooling down, D2O was added carefully on top of the
gel, and 1H NMR spectra of samples of the top layer was re-
corded at various time intervals in the presence of an inter-
nal reference (tert-butanol). The amount of G-ester 8 re-
leased into the supernatant was determined by integrating


Figure 4. Percentage of incorporation of compounds 2 and 5–12 (5 mm


each) into the gel formed by 1 (15 mm), calculated from the percentage
of free compound determined by 1H NMR spectroscopy: 2 (12�4%), 5
(53�8%), 6 (34�12%), 7 G-CO2Na (31�1.2%), 8 G-CO2Me (81�
5%), 9 G-CONH2 (78�3%), 10 G-COOH (44% �3%), 11 G-
CH2ONH2 (78�9%), 12 G-CH2NH2 (27�3%). Each result indicated is
the average of three experiments. Error bars represent the standard devi-
ation, obtained from three experiments in each case. KCl solution in
D2O (100 mm).
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the signals for 8-H of G-ester 8 relative to the signal for tert-
butanol. The same experiment was conducted with 6. It was
found that 6 and 8 were released to about 41% and 8%, re-
spectively (Figure 5a). In all the experiments in which 8
(5 mm) was added to 1 (15 mm), a transparent gel was ob-


tained, whereas the gel remained opaque upon addition of
6. This may be due to the fact that substantial incorporation
of 8 into the gel may increase the fraction of mixed G–G
quartets, resulting in less of the fibrous gel structure formed
by 1.[5a,b] Release experiments of G-ester 8 for more than
36 h was not possible as the transparent gel dissolved in
water after 38 h (Figure 5a).


As expected, the more highly incorporated G-ester 8
(80%) was released much more slowly than GMP 6 (35%
incorporation, Figure 4). This result speaks in favor of a
tighter participation of 8 in the G-quartet formation and


hence its slower release than that of the GMP 6 derivative.
In a control experiment conducted with 1 alone, without the
addition of the G-analogue, the release of 1 reached a pla-
teau at 10% after 58 h (Figure 5b). For all release experi-
ments conducted in the presence of G-analogues 2, 3, 6, and
8, G-hydrazide 1 was also leached/released to about 8–10%.
Figure 6 illustrates the process of controlled release of a G-
containing compound from a mixed G-quartet.


Conclusions


The present results show that the hydrogel formed by the
guanosine hydrazide 1 presents high structural selectivity to-
wards the incorporation of G-containing compounds into
the network of the gel. Assuming that such incorporation
would occur by entry into the G quartet core formed by 1,
one may surmise that the G4 supramolecular entity and its
stacked assemblies strongly discriminate against foreign sub-
stances, owing to the cohesion of the supramolecular net-
work of the gel that resists perturbation. The hydrogel
formed by 1 and by extension hydrogels in general[3,4,19] are
thus promising media for the controlled release of bioactive
molecules, with rates of release depending on the nature of
inclusion into the gel, by occlusion or incorporation. Such
release would also be expected to depend on the supra-
molecular architecture of the gel and its dependence on
physical triggers and chemical effectors.


Experimental Section


General


Acyclovir, guanosine monophosphate, guanosine, vancomycin, and vita-
min C were obtained commercially (Sigma–Aldrich) and used without
further purification. NMR spectra were recorded on a Bruker 400 MHz
spectrometer. Deuterated buffer solutions for NMR measurements were
prepared in D2O using a desired concentration of CD3COOD (for pD 4–
6) and then the pH (pD) was adjusted by using a solution of NaOD in
D2O. The pD of the solution was monitored with a pH meter and the pD
of buffer solution is equal to the pH meter reading + 0.4.


Determination of Controlled Release Profile by 1H NMR Spectroscopy


The fraction of drug molecules diffused from the hydrogel network into
the supernatant was determined by 1H NMR spectroscopy by following a
standard procedure, as described for acyclovir (2). Hydrazide 1 and acy-
clovir (2) were dissolved in several test tubes in sodium acetate buffer


Figure 6. A schematic illustration of the formation of mixed quartets and their subsequent selective controlled release of G-analogues into the superna-
tant.


Figure 5. a) Controlled release profile of (^) 6 (41%) and (~) 8 (8%)
from the hydrogel formed by 1 (15 mm) in KCl/D2O (100 mm) as deter-
mined by 1H NMR spectroscopy (20 8C); b) Controlled release of (^) 1
(10%) as a function of time determined by NMR spectroscopy.
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(0.5m, pD 6; 500 mL) to make up concentrations of 15 mm, and 5 mm re-
spectively. The containers were heated until 1 dissolved completely and
then cooled to room temperature. When gelation was occurred, sodium
acetate buffer (500 mL) was added very carefully on top of the hydrogel.
At different time intervals, the supernatant from different test tubes was
transferred carefully to an NMR tube by using a syringe. The 1H NMR
spectra were recorded with an internal reference tert-butanol (3 mm).
The percentage of molecule released from the hydrogel was determined
by integrating the signals for 8-H of 2 relative to the signal for tert-buta-
nol. In a separate NMR tube, 2 and tert-butanol were dissolved in D2O
(500 mL) to concentrations of 5 mm and 3 mm, respectively, and the
1H NMR spectrum was recorded. The integration of the signal for 8-H of
the completely dissolved acyclovir with respect to the signal for internal
tert-butanol (3 mm) gave the amount of acyclovir. The difference between
the integral for total free acyclovir (2) (100% solution) and the integral
of the released acyclovir at various time intervals gave the fraction of
compound released into the supernatant from the hydrogel. The release
profile for vitamin C (3) and vancomycin (4) were obtained in a similar
way.


General Procedure for 1H NMR Determination of the Inclusion of
Guanosine Derivatives into the Hydrogel Formed by 1


The fraction of the G-derivative (2 in this example) in the hydrogel was
determined by 1H NMR spectroscopy. Into an NMR tube were intro-
duced 1 (2.3 mg), a solution of 2 in D2O (50 mm ; 50 mL), D2O (400 mL), a
solution of KCl in D2O (1m ; 50 mL), and a solution of tert-butanol in
D2O (300 mm ; 5 mL) to yield a solution of 1, the G derivative, KCl, and
tert-butanol with concentrations of 15 mm, 5 mm, 100 mm, and 3 mm, re-
spectively. The NMR tube was heated gently until 1 dissolved and was
then cooled to room temperature. The 1H NMR spectra were recorded
once the sample was fully gelated. The percentage of free G-derivative
was determined by integrating the signal for 8-H with respect to that for
the internal reference. The signal for 8-H is sharp for free 2 in solution,
whereas that for 2 engaged in the gel it is broadened beyond detection.
Integration of the observable signal for 8-H with respect to the internal
reference gives the amount of 2 still free in the gelated solution. In a sep-
arate NMR tube, 2 and tert-butanol were dissolved in D2O (500 mL) to
concentrations of 5 mm and 3 mm, respectively, and the 1H NMR spec-
trum was recorded. The integration of 8-H of completely dissolved 2 with
respect to internal tert-butanol (3 mm) gave the amount of acyclovir. The
difference between the integral of total free acyclovir (100% solution)
and the integral of acyclovir in the hydrogel gave the fraction of free 2 in
the hydrogel. Similarly, the percentage of the inclusion of the guanosine
derivatives 5, 6, 7, 8, 9, 10, 11, and 12 were calculated by using 1H NMR
spectroscopy.
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Miuraenamides: Antimicrobial Cyclic Depsipeptides Isolated from a Rare
and Slightly Halophilic Myxobacterium


Makoto Ojika,*[a] Yasutaka Inukai,[a] Yuko Kito,[a] Masayuki Hirata,[a]


Takashi Iizuka,[b] and Ryosuke Fudou[b]


Introduction


Myxobacteria have been recognized as a rich source of
novel antibiotics that are not found in actinomycetes or
fungi.[1] A prominent example of myxobacterial secondary
metabolites is the epothilone family: derivatives of these
non-taxane microtubule-stabilizing anticancer agents[2] are
currently in clinical trials.[3] The unique Gram-negative bac-
teria had been regarded as terrestrial microorganisms until
some myxobacterial strains were isolated a decade ago from
marine environments and characterized phylogenetically.[4]


Since then, only a few strains of halophilic or halotolerant
myxobacteria have been discovered by Asian researchers.[5]


Haliangium ochraceum, which was discovered in Japan and


produces the potent antimicrobial polyenes named haliangi-
cins, is perhaps the most interesting of these species.[6] More
recently, a slightly halophilic species, Paraliomyxa miuraen-
sis strain SMH-27-4, was discovered in near-shore soil in
Japan and shown to produce the novel halogen-containing
depsipeptides miuraenamides A (1) and B (2). The biologi-
cal properties of these natural products were found to in-
clude antimicrobial activity and inhibitory activity against
NADH oxidase.[7] Herein, we report full details of the struc-
tural analysis of 1 and 2, the determination of the absolute
configuration of 1, and the isolation and characterization of
four additional members of this family of antibiotics, miu-
ACHTUNGTRENNUNGraenamides C–F (3–6). We also report structure–antimicro-
bial-activity relationships of the miuraenamides and related
derivatives.


Results and Discussion


Production and Isolation


The myxobacterium P. miuraensis strain SMH-27-4 was iso-
lated from a soil sample collected near the seashore on the
Miura Peninsula in Kanagawa, Japan.[7] The strain required
an optimum NaCl concentration of approximately 0.5–1.0%
for growth; that is, the strain was slightly halophilic. Unlike
many bacteria, the growth rate of this species was so slow


Abstract: Marine myxobacteria are
rare culture-resistant microorganisms,
several strains of which have been
identified by research groups in Asia.
Paraliomyxa miuraensis, a slightly halo-
philic myxobacterium discovered in
Japan, produces the cyclic hybrid poly-
ketide–peptide antibiotics known as
miuraenamides A and B, whose taxo-
nomical and biological characteristics
have been reported previously. Herein,
we describe the chemical characteriza-


tion of these two miuraenamides and
introduce four new members of the
miuraenamide family. We carried out
the complete structural analysis of
miuraenamides A and B on the basis
of NMR spectroscopic analysis and elu-
cidated the absolute configuration of


miuraenamide A by chemical derivati-
zation and subsequent use of the modi-
fied Mosher method or the Marfey
method. Miuraenamides C–F were iso-
lated from the same strain of the bacte-
rium as miuraenamides A and B. The
structure–antimicrobial-activity rela-
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and four chemically derived com-
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the b-methoxyacrylate moiety.
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that the production of secondary metabolites required a
long cultivation time (18 days). A total of 20 L of culture
broth was used for the extraction and isolation. The bacteri-
al cells, including the resin, were extracted with acetone,
and the extract was partitioned between EtOAc and water.
The fraction in EtOAc was subjected to column chromatog-
raphy on silica gel and then purified by reversed-phase
HPLC to afford the major compound miuraenamide A (1;
19.6 mg) and the minor congeners miuraenamides B (2 ;
0.4 mg) and E (5 ; 1.9 mg). Other relevant HPLC fractions
were combined with the corresponding fractions obtained
from additional cultures (total 33 L) and purified by TLC
on silica gel to give miuraenamides C (3 ; 0.1 mg) and D (4 ;
0.4 mg). A fraction obtained by silica-gel column chroma-
tography that was slightly more polar than those containing
1–5 was also separated by HPLC to afford another minor
congener, miuraenamide F (6 ; 0.5 mg).


Structural Elucidation


The physicochemical properties of miuraenamides A (1) and
B (2) were summarized previously.[7] Miuraenamide A (1)
has the molecular formula C34H42N3O7Br, as determined by
high-resolution MS analysis. Its IR spectrum indicated the
presence of amide bonds and thus suggested the peptide
nature of the molecule. We investigated the structure further
by two-dimensional NMR spectroscopy. 1H–1H COSY corre-
lations revealed the partial structures �CH2CH2CH2CH=,
CH2CH2CH(O)CH3, �CHCHCH� (part of a phenyl group),
�CHCH2�, a 1,2,4-trisubstituted phenyl ring, and
�CH(NH)CH3.


1H NMR spectroscopy showed the presence
of three isolated methyl groups, CCH3, NCH3, and OCH3


(Table 1). The direct proton–carbon connectivities were de-
termined by heteronuclear multiple quantum coherence
(HMQC) experiments. Although most of the partial struc-
tures could be connected in the usual way on the basis of
heteronuclear multiple bond correlation (HMBC) data
(Scheme 1 and Table 2), the connectivity of the phenyl
group and an alkene moiety (C13–C14) remained unclear.
This problem was then solved by an HMBC experiment in
[D6]dimethyl sulfoxide. The additional correlations 13-NH/
C12, 13-NH/C14, H16/C14, and H17/C15 observed in this
solvent led to the elucidation of the planar structure of 1.
Ester formation between C9 and C12 was interpreted from
the chemical shift of 9-H and the HMBC correlation 9-H/
C12. The geometry of the two double bonds, C5=C6 and
C13=C14, was determined from the NOESY correlations 5-
H/7-H and 16-H, 20-H/13-NH. The absolute configuration
of 1 is discussed below.


Miuraenamide B (2) was deduced to be a congener of 1
on the basis of its similar 1H NMR spectrum (Table 1) and
its molecular formula C34H42N3O7I, which contains iodine in
place of the bromine atom in 1. The 1H–1H COSY data of 2
indicated the presence of carbon frameworks identical to
those in 1. The only notable difference between the NMR
spectroscopic data of the two compounds lies in the chemi-
cal shifts of the halogenated phenol moiety. The chemical
shifts of the halogen-bearing carbon atom (C26) and 25-H
are shifted significantly from dC=110.0 ppm and dH=


7.28 ppm in 1 to dC=85.8 ppm and dH=7.47 ppm in 2. The
chemical shifts of the neighboring hydrogen and carbon
atoms are also shifted to some extent. On the other hand,
the chemical shifts of the other parts of 2 were superimposa-
ble with those of 1 (DdH��0.01, DdC��0.2). These data
indicated that the bromine atom of the tyrosine residue in 1
is replaced with an iodine atom in 2 and that the two struc-
tures are otherwise completely identical.


The 1H NMR spectroscopic data of miuraenamide C (3 ;
Table 1) are also similar to those of 1. The amount of the
sample was insufficient to obtain 13C NMR spectroscopic
data. The isotope peaks at m/z 640.3 and 642.3 (�3:1) in
the mass spectrum indicated the presence of a chlorine atom
in the molecule. The molecular formula of C34H42N3O7Cl de-
termined by high-resolution MS suggested that 3 is the con-
gener with a chlorine atom instead of the bromine atom in
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1. The 1H NMR spectroscopic data were superimposable
with those of 1, except for the chemical shift of 25-H, which
was shifted from dH=7.28 ppm in 1 to dH=7.14 ppm in 3.
These data indicated that the bromine atom of the tyrosine
residue in 1 is replaced with a chlorine atom in 3 and that
the two structures are otherwise completely identical.


The NMR spectroscopic data of miuraenamide D (4),
which has the same molecular formula as 1, are similar to
those of 1 (Tables 1 and 2). Thus, 4 appeared to be an
isomer of 1. The chemical shifts observed for the polyketide
moiety (5-H–11-H) appeared at higher field (Dd=�0.08 to
�0.66 ppm) in the 1H NMR spectrum of 4 than in the spec-
trum of 1, and the chemical shifts for the peptide moiety


(13-NH, 22-H–31-H) appeared at lower field (Dd=0.05 to
0.42 ppm). This finding suggested that these protons are af-
fected differently by the anisotropic effect of the phenyl
group at C14 as a result of E/Z isomerism of the C13�C14
double bond. The Z geometry of this double bond was then
established by NOE correlations between 16-H/20-H and
10-H and between 17-H/19-H and 10-H. Therefore, we con-
cluded that miuraenamide D (4) is the 13Z isomer of 1.


Miuraenamide E (5) has the molecular formula
C33H40N3O7Br, which is smaller than that of 1 by CH2. The
NMR spectroscopic data (Tables 1 and 2) indicated the lack
of the methyl enol ether moiety (C13=C14�OMe) and the
presence of a ketone (dC=191.0 ppm) and a methine group
(dH=6.11 ppm, dC=57.6 ppm). The other NMR signals cor-
responded to those of 1 according to 1H–1H COSY analysis.
The modified substructure around the ketone group was an-
alyzed by an HMBC experiment. The HMBC correlations
summarized in Scheme 2 revealed the structure 5, in which
the enol ether moiety had been hydrolyzed to the corre-
sponding ketone. The existence of a benzoyl group (C14–
C20) was also supported by the downfield shifts of the sig-
nals for the aromatic hydrogen atoms (H16–H20) relative to
those of the equivalent atoms in 1 (Dd=0.31–0.88 ppm). As
the differences in the proton chemical shifts observed for 5
and 1 were analogous to those found for 4 and 1 (upfield


Table 1. 1H NMR spectroscopic data for miuraenamides A–F in CDCl3 (600 MHz).[a]


Position 1 2 3 4 5 6


2-H 2.32 (dt, 13.2, 8.4)
2.11–2.17 (m)


2.33 (dt, 13.8, 8.4)
2.12–2.18 (m)


2.32 (dt, 13.8, 8.4)
2.12–2.18 (m)


2.28–2.24 (m)
2.08–2.14 (m)


2.15–2.21 (m) 2.60 (dd, 15.3, 2.4)
2.28 (dd, 15.3, 8.4)


3-H 1.79–1.85 (m)
1.67–1.74 (m)


1.79–1.85 (m)
1.67–1.74 (m)


1.79–1.85 (m)
1.67–1.74 (m)


1.83–1.89 (m)
1.56–1.63 (m)


1.63–1.69 (m) 3.92–3.98 (m)


4-H 2.05–2.10 (m) 2.05–2.10 (m) 2.05–2.10 (m) 1.99–2.03 (m) 1.99–2.05 (m)
1.92–1.98 (m)


2.35–2.41 (m)
2.16–2.22 (m)


5-H 5.04–5.10 (m) 5.05–5.11 (m) 5.05–5.11 (m) 4.95 (t, 7.0) 4.80 (t, 7.2) 5.13 (t, 7.8)
7-H 2.15–2.20 (m)


1.94–2.00 (m)
2.15–2.20 (m)
1.94–2.00 (m)


2.15–2.20 (m)
1.94–2.00 (m)


1.82–1.88 (m)
1.65–1.71 (m)


1.65–1.71 (m)
1.46–1.52 (m)


2.14–2.20 (m)
1.95–2.00 (m)


8-H 1.84–1.90 (m)
1.61–1.67 (m)


1.83–1.89 (m)
1.60–1.66 (m)


1.83–1.89 (m)
1.60–1.66 (m)


1.34–1.40 (m)
1.03–1.08 (m)


1.42–1.48 (m)
1.35–1.40 (m)


1.83–1.89 (m)
1.60–1.66 (m)


9-H 5.09–5.13 (m) 5.09–5.13 (m) 5.08–5.12 (m) 4.60–4.66 (m) 4.85 (sext, 6.2) 5.02–5.08 (m)
10-H 1.33 (d, 6.6) 1.33 (d, 6.6) 1.33 (d, 6.0) 0.67 (d, 6.6) 1.20 (d, 6.2) 1.33 (d, 6.6)
11-H 1.60 (s) 1.60 (s) 1.60 (s) 1.52 (s) 1.46 (s) 1.64 (s)
13-H – – – – 6.11 (d, 8.4) –
16-H, 20-H 7.17–7.21 (m) 7.17–7.21 (m) 7.17–7.21 (m) 7.32 (d, 7.0) 8.07 (d, 8.0) 7.16–7.20 (m)
17-H, 19-H 7.17–7.21 (m) 7.17–7.21 (m) 7.17–7.21 (m) 7.40 (t, 7.0) 7.50 (t, 7.5) 7.16–7.20 (m)
18-H 7.29–7.33 (m) 7.29–7.33 (m) 7.29–7.33 (m) 7.43 (t, 7.0) 7.64 (t, 7.5) 7.32 (t, 6.9)
22-H 5.05–5.09 (m) 5.05–5.09 (m) 5.05–5.09 (m) 5.49 (dd, 8.4, 7.2) 5.46 (dd, 8.4, 7.2) 5.05 (dd, 10.7, 4.8)
23-H 3.24 (dd, 13.2, 10.8)


2.61 (dd, 13.2, 5.0)
3.23 (dd, 13.5, 10.8)
2.60 (dd, 13.5, 5.0)


3.25 (dd, 13.5, 10.5)
2.61 (dd, 13.5, 5.4)


3.36 (dd, 14.4, 8.4)
2.85 (dd, 14.4, 7.2)


3.28 (dd, 14.4, 8.4)
2.83 (dd, 14.4, 7.2)


3.27 (dd, 13.8, 10.7)
2.62 (dd, 13.8, 4.8)


25-H 7.28 (d, 1.5) 7.47 (d, 1.5) 7.14 (d, 1.5) 7.38 (d, 1.5) 7.33 (d, 1.5) 7.30 (d, 2.0)
28-H 6.88 (d, 8.4) 6.85 (d, 8.2) 6.88 (d, 8.4) 6.94 (d, 8.4) 6.91 (d, 8.2) 6.91 (d, 8.4)
29-H 6.96 (dd, 8.4, 1.5) 6.99 (dd, 8.2, 1.5) 6.93 (dd, 8.4, 1.5) 7.12 (dd, 8.4, 1.5) 7.07 (dd, 8.2, 1.5) 7.00 (dd, 8.4, 2.0)
31-H 4.79 (dq, 8.0, 6.0) 4.79 (dq, 7.8, 6.0) 4.80 (dq, 8.0, 6.6) 4.84 (dq, 7.5, 6.6) 4.97 (dq, 8.4, 6.7) 4.84 (dq, 7.8, 7.2)
32-H 1.29 (d, 6.0) 1.30 (d, 6.0) 1.30 (6.6) 1.33 (d, 6.6) 1.32 (d, 6.7) 1.32 (d, 7.2)
OMe 3.49 (s) 3.49 (s) 3.49 (s) 3.42 (s) – 3.48 (s)
NMe 2.86 (s) 2.86 (s) 2.86 (s) 2.92 (s) 2.97 (s) 2.90 (s)
13-NH 7.06 (s) 7.05 (s) 7.06 (s) 7.34 (s) 7.47 (d, 8.4) 7.02 (s)
31-NH 7.17–7.21 (m) 7.17 (d, 7.8) 7.18 (d, 8.0) 7.29 (d, 7.5) 6.53 (d, 8.4) 7.14 (d. 7.8)
OH 5.72 (s) 5.33 (br s) 5.49 (br s) 5.48 (s) 5.49 (br s) 3.65 (br s)


5.51 (br s)


[a] Chemical shifts are in ppm; multiplicities and coupling constants (Hz) are given in parentheses. The signals were assigned by 2D NMR spectroscopy
as described in the text.


Scheme 1. HMBC correlations of 1 measured in CDCl3 (dashed arrows:
in [D6]dimethyl sulfoxide).


128 www.chemasianj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 126 – 133


FULL PAPERS
M. Ojika et al.







shifts for the polyketide moiety and downfield shifts for the
peptide moiety), we concluded that the orientation of the
phenyl group is similar in 5 to that observed in 4. The abso-
lute configuration at C13 is unclear; however, the NMR
spectroscopic data showed that 5 is a single isomer. Miura-
ACHTUNGTRENNUNGenamides D (4) and E (5) could be artifacts that result from
the isomerization and hydrolysis of the enol ether moiety of
1 during the isolation procedure.


Miuraenamide F (6) has the molecular formula
C34H42N3O8Br, which is larger than that of 1 by an oxygen
atom. Therefore, this compound appeared to be a hydrox-
ACHTUNGTRENNUNGylated derivative of 1. The NMR spectroscopic data
(Tables 1 and 2) indicated that the methylene group at C3 in


1 is replaced with an oxymethine functionality in 6 (dH=


3.95 ppm, dC=69.0 ppm). The signals for 2-H and 4-H were
shifted downfield with respect to those observed for 1 (Dd2-


H=0.28/0.14 and Dd4-H=0.11/0.30 ppm, DdC2=4.8 and
DdC4=9.3 ppm). The NMR signals for the other parts of the
molecule corresponded to those of 1 on the basis of 2D
NMR spectroscopic analysis. Therefore, 6 was determined
to be 3-hydroxymiuraenamide A. The absolute configuration
at C3 was determined to be R by comparing the 1H NMR
spectroscopic data of the (S)- and (R)-MTPA esters 7s and
7r derived from 6 by the modified Mosher method
(Scheme 3).


Absolute Stereostructure


To determine the absolute stereostructure of the natural
products, we attempted to prepare crystalline derivatives of
1 (Scheme 4). Acetate 8 was first prepared from 1 under
standard conditions. The acid hydrolysis of 1 in 1n HCl af-
forded ketone 5, which was identical to the natural deriva-
tive 5 in all respects. On the other hand, the treatment of 1
with 2n HCl also promoted a retroaldol reaction to furnish
9 as well as 5. None of the derivatives, including the natural
metabolites, afforded suitable single crystals for X-ray analy-
sis.


Next, we applied the modified Mosher method and the
Marfey method to determine the absolute configuration of
the stereogenic carbon atoms of the ester group (C9) and
the peptide moiety (C22 and C31), respectively. The basic
hydrolysis of 1 in 2n NaOH gave seco acid 10, which was
converted into methyl ester 11 with TMSCHN2. Methyl
ester 11 was then converted into bis ACHTUNGTRENNUNG(MTPA) diesters 12s
and 12r. The chemical-shift differences (d12s�d12r ;
Scheme 4), which were determined on the basis of 1H–1H
COSY experiments, revealed the 9S configuration.[8] To de-
termine the absolute configuration of the two amino acids,
miuraenamide A (1) was heated in 12n HCl, and a portion
of the hydrolysate was treated with 1-fluoro-2,4-dinitrophen-
yl-5-l-leucinamide or the corresponding 5-d-leucinamide (l-
or d-FDLA) to afford a mixture of FDLA derivatives of the
amino acids.[9] Derivatization with l-FDLA afforded the N-
methyl-d-tyrosine and l-alanine derivatives, as determined
by comparison with authentic samples (Figure 1A), whereas
derivatization with d-FDLA afforded the diastereomeric
compounds (Figure 1B). The results demonstrated that the
alanine and N-methyltyrosine units in 1 have the l and d


configuration, respectively. The complete stereostructure of


Table 2. 13C NMR spectroscopic data (ppm) for miuraenamides A–F in
CDCl3 (150 MHz).


Carbon atom 1 2 4 5 6


1 173.4 173.4 173.3 172.9 172.7
2 34.9 34.9 34.5 35.4 39.7
3 25.9 25.9 25.7 25.8 69.0
4 26.5 26.5 26.1 26.5 35.8
5 125.4 125.4 125.2 125.8 121.3
6 134.7 134.7 134.7 133.7 136.6
7 35.0 35.0 35.0 34.5 35.1
8 33.3 33.3 32.6 32.4 33.0
9 70.3 70.2 70.1 72.1 70.2


10 19.7 19.7 18.6 20.0 19.4
11 16.3 16.3 16.2 15.5 16.4
12 165.8 165.8[a] 165.3[c] 166.2 166.2
13 111.1 n.d.[b] 107.8 57.6 n.d.[b]


14 165.0 165.0[a] 165.4[c] 191.0 164.0[a]


15 131.7 131.7 132.8 134.0 131.7
16, 20 128.6 128.5 128.1 129.7 128.6
17, 19 128.2 128.3 129.2 128.8 128.3
18 130.1 130.1 129.5 134.7 130.2
21 168.8 168.8 167.9 169.5 168.8
22 56.7 56.7 56.6 56.3 56.7
23 31.8 31.6 31.6 31.5 31.8
24 130.4 131.0 130.7 130.3 n.d.[b]


25 132.5 138.6 132.3 132.3 132.5
26 110.0 85.8[a] 110.0[a] 110.1 110.0[a]


27 151.1 153.6 151.1 151.1 151.1
28 116.1 115.0 116.1 116.1 116.1
29 130.0 131.1 129.8 129.8 130.2
30 172.8 172.8 173.7 174.1 172.4
31 46.1 46.1 46.1 45.3 45.8
32 17.2 17.2 17.4 17.9 17.1


OMe 58.6 58.6 57.4 – 58.6
NMe 30.2 30.2 30.1 30.4 30.3


[a] The chemical shift of the signal was determined from HMBC spectro-
scopic data. [b] Not determined. [c] Interchangeable signal assignments.


Scheme 2. HMBC correlations around the keto group (C14) of miuraen-
ACHTUNGTRENNUNGamide E (5).


Scheme 3. A portion of the methoxy(trifluoromethyl)phenylacetic acid
(MTPA) esters 7s and 7r derived from miuraenamide F (6) with Dd


values (d7s�d7r) in ppm.
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1 was therefore determined as shown. The similarity of their
spectra to those of 1 and chemical correlations suggest that
the other congeners 2–5 have the same stereostructure.


Antifungal Activity


Miuraenamide A (1) inhibited selectively the funguslike
phytopathogen Phytophthora capsici at a minimum dose of
0.025 mg per disk and had no effect on bacteria.[7] We evalu-
ated the anti-Phytophthora activity of the other miuraen-
ACHTUNGTRENNUNGamides and related compounds synthesized in this study rel-
ative to that of 1 (Table 3).


The type of halogen present
in the tyrosine residue in miu-
ACHTUNGTRENNUNGraenamides A–C (1–3) is not
important for their activity.
The decrease in activity ob-
served for miuraenamide E (5)
and 9 could be attributable to
the lack of an appropriately
oriented b-methoxyacrylate
moiety (C12–C14), the well-
known pharmacophore of the
fungicides that target the mito-
chondrial cytochrome bc1 com-
plex, such as the strobilurins,[10]


myxothiazole A,[11] and the cys-
tothiazoles.[12] The low activity
of miuraenamide D (4) shows
that even a change in the ge-
ometry of the b-methoxyacry-
late group affects the activity
of these compounds. Indeed,
the conformation of the b-
methoxyacrylate group is
known to be important for the
antimicrobial activity of these
fungicides.[13] The lipophilicity


of the polyketide moiety and the free phenol group on the
peptide portion of the structure appear to be important for
the activity of these compounds on the basis of the low ac-
tivity observed for miuraenamide F (6) and acetate 8, re-
spectively. The anti-Phytophthora activity is lost completely
in the case of the ring-opened derivatives 10 and 11, al-
though they contain the b-methoxyacrylate moiety. Thus,
the macrocyclic structure of the miuraenamides appears to
be essential. Several polyketide–peptide hybrid-type metab-
olites that resemble the miuraenamides have been isolated
from marine sponges and a mollusk (e.g., the geodiamo-
lides,[14] the seragamides,[15] and doliculide[16]). The true pro-
ducers of these metabolites could be unknown halophilic
myxobacteria and/or related microorganisms.


Conclusions


Four antimicrobial depsipeptides, miuraenamides C–F (3–6),
were isolated from the unique slightly halophilic myxobacte-
rium P. miuraensis strain SMH-27-4 together with the previ-
ously isolated miuraenamides A (1) and B (2). We carried
out the complete structural analysis of 1–6, including the as-
signment of the absolute stereostructure of 1, by a combina-
tion of spectral analysis and chemical derivatization. The
major metabolite, miuraenamide A (1), was found to be a


potent inhibitor of the growth
of the phytopathogenic micro-
organism P. capsici at a mini-
mum dose of 25 ng per disk.
Structure–activity-relationship


Scheme 4. Derivatization of miuraenamide A (1). For the MTPA esters 12s and 12r, Dd values (d12s�d12r) are
given in ppm. TMS= trimethylsilyl.


Figure 1. HPLC traces of l-FDLA (A) and d-FDLA (B) derivatives of
the acid hydrolysate of miuraenamide A (1). MeTyr=N-methyltyrosine.


Table 3. Minimum doses of miuraenamides and derivatives for anti-Phytophthora activity.


Compound 1 2 3 4 5 6 8 9 10 11


Dose [mg per disk] 0.025 0.025 0.025 1 10 0.13 5 2 >50 50
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studies, for which the natural products and chemically de-
rived derivatives were examined, revealed the importance of
the macrocyclic structure and the a-amino-b-methoxyacry-
late moiety.


Experimental Section


General


Flash chromatography was carried out with a low-pressure gradient
system equipped with an 880-PU HPLC pump and an 880-02 gradient
unit (Jasco, Tokyo). Silica gel 60 F254 (0.25-mm thickness; Merck,
Rahway, NJ) was used for both analytical and preparative TLC. Prepara-
tive HPLC was performed with a high-pressure gradient system equipped
with PU-1586 and PU-2086 pumps and a UV-1570 detector (Jasco). Spe-
cific rotation was measured by using a DIP-370 digital polarimeter
(Jasco). FTIR spectra were recorded on an FTIR-7000S spectrometer
(Jasco). UV/Vis spectra were recorded on a Ubest-50 UV/Vis spectro-
photometer (Jasco). Mass spectra (MS) were recorded on a Mariner Bio-
spectrometry Workstation (Applied Biosystems, Foster City, CA) in the
positive-ESI mode. A peptide mixture (angiotensin I, bradykinin, and
neurotensin) was used as an internal standard for high-resolution MS
analysis. NMR spectra were recorded at 27 8C on an AMX2 600
(600 MHz) or an ARX 400 (400 MHz) spectrometer (Bruker, Rheinstet-
ten, Germany). The NMR chemical shifts (ppm) were referenced to the
solvent peaks at dH=7.26 ppm and dC=77.0 ppm (residual CHCl3) for
samples in CDCl3.


Isolation


The culture conditions used were the same as those reported previously.[7]


The bacterial cells and the absorber resin were obtained from 20 L of the
culture broths by centrifugation and extracted three times with acetone
(2 L) at room temperature. (Each time, the cells were exposed to acetone
for 1 day.) The extracts were combined and concentrated to give an aque-
ous mixture (400 mL), which was extracted three times with EtOAc
(400 mL). The extracts in EtOAc were concentrated, and the residue
(878 mg) was subjected to flash column chromatography on silica gel
(Hi-Flash SI-40W-M (12 g, 20 i.d.M60 mm; Yamazen, Osaka, Japan), 30–
100% (35 min) EtOAc in hexane, then 0–40% (20 min) MeOH in
EtOAc, 6 mLmin�1). The fractions eluted with 66–94% EtOAc in
hexane were combined and concentrated. The residue (61 mg) was sub-
jected to reversed-phase HPLC (YMC-Pack D-ODS-5 (20 i.d.M250 mm;
YMC, Kyoto, Japan), 65–80% MeOH (90 min, linear gradient),
8 mLmin�1, detection at 225 nm) to give 1 (19.6 mg, tR=46.3 min), 2
(0.4 mg, tR=50.5 min), and 5 (1.9 mg, tR=63.0 min).


To purify other minor congeners, the fractions of interest were combined
with the corresponding fractions obtained from additional culture broths
(total 33 L). The fraction with a peak at 43.0 min (0.4 mg) in the last
HPLC separation was combined with the new fraction (0.3 mg) contain-
ing the same substance. The mixture was separated by silica-gel TLC
(20M10 cm) with benzene/EtOAc (1:2). The UV-positive band (Rf=0.4)
was collected, and the product was purified further by TLC (20M10 cm)
with the eluent mixture CHCl3/acetone/MeOH (86:10:4) to give 3
(0.1 mg; Rf=0.8). The fraction with the peak at 57.9 min (0.2 mg) in the
last HPLC separation was combined with the corresponding fraction
(0.9 mg) from the additional culture broths. The mixture was separated
by silica-gel TLC (20M10 cm) with CHCl3/acetone/MeOH (90:10:5) to
give 4 (0.4 mg; Rf=0.85).


The fractions eluted with 94–100% EtOAc in hexane and 0–12% MeOH
in EtOAc by flash chromatography were combined and concentrated.
The residue (17.0 mg) was subjected to ODS chromatography (Cosmosil
75C18-OPN (6 g; Nacalai Tesque, Kyoto, Japan), 50–100% MeOH in
water (50 min, linear gradient), 2 mLmin�1). The fractions eluted with
62–74% MeOH in water were combined and concentrated, and the resi-
due (4.6 mg) was subjected to reversed-phase HPLC (Develosil ODS-
UG-5 (10 i.d.M250 mm; Nomura Chemical, Aichi, Japan), 60–70%
MeOH in water (30 min, linear gradient), 4 mLmin�1, detection at


250 nm, tR=18.5 min, or 40% MeCN, 4 mLmin�1, detection at 250 nm,
tR=18.5 min) to give 6 (0.5 mg).


The physicochemical properties of 1 and 2, except for NMR spectroscop-
ic data, were reported in reference [7].


3 : Colorless powder. [a]27D =++24 (c=0.005m, MeOH); UV/Vis (MeOH):
lmax (e)=202 (61000), 258 nm (11000m


�1 cm�1); IR (film): ñ =1698, 1653,
1636, 1508, 1260, 1116, 1057 cm�1; MS (ESI): m/z (%)=640.3 and 642.3
(23 and 8) [M+H]+ , 662.3 and 664.3 (54 and 28) [M+Na]+ ; HRMS: m/z
calcd for C34H43N3O7


35Cl: 640.2785; found: 640.2760.


4 : Colorless powder. [a]27D =�37 (c=0.03m, MeOH); UV/Vis (MeOH):
lmax (e)=203 (58000), 258 nm (13000m


�1 cm�1); IR (film): ñ =3340, 1683,
1662, 1635, 1297, 1218, 1124, 757 cm�1; MS (ESI): m/z (%)=684.2 and
686.2 (17 and 24) [M+H]+ , 706.2 and 708.2 (92 and 100) [M+Na]+ ;
HRMS: m/z calcd for C34H43N3O7


79Br: 684.2279; found: 684.2256.


5 : Colorless powder. [a]26D =++14 (c=0.13m, CHCl3); UV/Vis (MeOH):
lmax (e)=208 (26000), 250 (13000), 280 nm (4100m


�1 cm�1); IR (KBr):
ñ=3421, 1749, 1673, 1635, 1508, 1228, 1134, 1045, 816, 689 cm�1; MS
(ESI): m/z (%)=670.2 and 672.2 (22 and 27) [M+H]+ , 692.2 and 694.2
(59 and 73) [M+Na]+ ; HRMS: m/z calcd for C33H41N3O7H


79Br:
670.2122; found: 670.2125.


6 : Colorless powder. [a]26D =++17 (c=0.067m, MeOH); UV/Vis (MeOH):
lmax (e)=210 nm (27000), 278 (sh, 12000m


�1 cm�1); IR (KBr): ñ=3326,
1679, 1652, 1508, 1217, 1119, 757 cm�1; HRMS: m/z calcd for
C34H42N3O8


79BrNa: 722.2052; found: 722.2048.


7s : Miuraenamide F (6 ; 0.2 mg, 0.3 mmol) was treated with (R)-MTPA
chloride (4 mL, 21 mmol) in dry pyridine (0.1 mL) for 20 h at room tem-
perature. The product was isolated under standard conditions and puri-
fied by HPLC (Develosil ODS-UG-5 (10M250 mm), MeOH/H2O (9:1),
4 mLmin�1, detected at 210 nm, tR=9 min) to give 7s (0.3 mg, 93%).
1H NMR (600 MHz, CDCl3): d=7.74–7.70 (m, 2H), 7.57–7.51 (m, 2H),
7.50–7.44 (m, 3H), 7.45 (d, J=1.8 Hz, 1H), 7.40–7.35 (m, 3H), 7.32–7.23
(m, 5H), 7.13 (dd, J=1.8, 8.1 Hz, 1H), 7.07 (s, 1H), 6.97 (d, J=8.1 Hz,
1H), 6.27 (d, J=7.8 Hz, 1H), 5.59–5.55 (m, 1H), 5.15 (dd, J=6.6,
10.2 Hz, 1H), 5.17–5.11 (m, 1H), 5.03–4.87 (m, 1H), 4.77 (dq, J=6.6,
7.8 Hz, 1H), 3.80 (s, 3H), 3.54 (s, 3H), 3.49 (s, 3H), 3.34 (dd, J=10.2,
14.4 Hz, 1H), 2.83 (s, 3H), 2.67 (dd, J=6.6, 14.4 Hz, 1H), 2.60–2.50 (m,
3H), 2.46–2.40 (m, 1H), 2.25–2.19 (m, 1H), 2.01–1.95 (m, 1H), 1.83–1.77
(m, 1H), 1.71–1.65 (m, 1H), 1.64 (s, 3H), 1.31 (d, J=6.6 Hz, 3H),
1.07 ppm (d, J=6.6 Hz, 3H); MS (ESI): m/z=1132.3 and 1134.3 [M+


H]+ , 1154.3 and 1156.3 [M+Na]+ , 1170.3 and 1172.3 [M+K]+ .


7r : Compound 6 (0.2 mg) was converted under the same conditions with
(S)-MTPA chloride (4 mL, 21 mmol) into 7r (0.2 mg, 62%). 1H NMR
(600 MHz, CDCl3): d =7.74–7.70 (m, 2H), 7.58–7.52 (m, 2H), 7.50–7.44
(m, 4H), 7.41–7.36 (m, 3H), 7.31–7.20 (m, 5H), 7.14 (dd, J=1.8, 8.1 Hz,
1H), 7.06 (s, 1H), 6.98 (d, J=8.1 Hz, 1H), 6.34 (d, J=7.8 Hz, 1H), 5.57–
5.51 (m, 1H), 5.12 (dd, J=6.0, 9.6 Hz, 1H), 5.10–5.04 (m, 1H), 5.04–4.98
(m, 1H), 4.89 (dq, J=6.6, 7.8 Hz, 1H), 3.75 (s, 3H), 3.55 (s, 3H), 3.48 (s,
3H), 3.34 (dd, J=9.6, 13.5 Hz, 1H), 2.88 (s, 3H), 2.69 (dd, J=6.0,
13.5 Hz, 1H), 2.62–2.56 (m, 2H), 2.50–2.44 (m, 1H), 2.29–2.23 (m, 1H),
2.22–2.16 (m, 1H), 1.99–1.93 (m, 1H), 1.82–1.76 (m, 1H), 1.72–1.66 (m,
1H), 1.62 (s, 3H), 1.31 (d, J=6.6 Hz, 3H), 1.17 ppm (d, J=6.6 Hz, 3H);
MS (ESI): m/z=1132.3 and 1134.2 [M+H]+ , 1154.3 and 1156.3 [M+


Na]+ , 1170.3 and 1172.3 [M+K]+ .


8 : Miuraenamide A (1; 2.3 mg) was treated with a mixture of pyridine
(0.5 mL) and acetic anhydride (0.5 mL) at room temperature for 3.5 h.
The mixture was then concentrated in vacuo to give 8 (2.7 mg, 100%) as
a colorless powder. [a]26D =++130 (c=0.13m, CHCl3); UV/Vis (MeOH):
lmax (e)=208 (25000), 261 nm (1000m


�1 cm�1); IR (KBr): ñ=3351, 1772,
1695, 1645, 1529, 1209, 1189, 1117, 1047, 778, 705 cm�1; 1H NMR
(400 MHz, CDCl3): d=7.43 (d, J=2.0 Hz, 1H),7.36–7.30 (m, 1H), 7.25–
7.20 (m, 4H), 7.12 (d, J=7.6 Hz, 1H), 7.09 (s, 1H), 7.06 (dd, J=8.4,
2.0 Hz, 1H), 6.98 (d, J=8.4 Hz, 1H), 5.16–5.06 (m, 3H), 4.80 (quint, J=


7.2 Hz, 1H), 3.50 (s, 3H), 3.32 (dd, J=13.6, 10.4 Hz, 1H), 2.86 (s, 3H),
2.65 (dd, J=13.6, 5.2 Hz, 1H), 2.37 (s, 3H), 2.36–2.30 (m, 1H), 2.20–2.14
(m, 2H), 2.11–2.05 (m, 2H), 1.95–2.01 (m, 1H), 1.92–1.77 (m, 2H), 1.75–
1.58 (m, 2H), 1.61 (s, 3H), 1.33 (d, J=6.0 Hz, 3H), 1.29 ppm (d, J=


6.4 Hz, 3H); MS (ESI): m/z (%)=382.6 and 383.6 (72 and 100) [M+H+
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K]2+ , 726.2 and 728.2 (48 and 66) [M+H]+ , 748.2 and 750.2 (38 and 35)
[M+Na]+ ; HRMS: m/z calcd for C36H45N3O8


79Br: 726.2497; found:
726.2392.


Hydrolysis of 1 to 5 and 9 : Miuraenamide A (1; 2.6 mg, 3.8 mmol) was
stirred in a mixture of THF (0.9 mL), water (0.1 mL), and HCl (12n,


0.2 mL; final concentration: 2n) at room temperature for 9 h. The mix-
ture was then diluted with saturated NaHCO3 (5 mL) and water (5 mL)
and extracted three times with diethyl ether. The combined ethereal ex-
tracts were washed with brine, dried over Na2SO4, and concentrated. The
residue was purified by HPLC (Develosil ODS UG-5 (10 i.d.M250 mm),
70–80% MeOH in water (30 min), 3 mLmin�1, detection at 215 nm) to
give 5 (0.3 mg, 12%, tR=25.2 min) and 9 (0.3 mg, 14%, tR=13.3 min),
each as a colorless powder. The treatment of 1 with HCl at lower concen-
tration (a final concentration of 1n) for 4 h afforded only 5 (43%).


9 : 1H NMR (400 MHz, CDCl3): d=7.32 (d, J=2.0 Hz, 1H), 7.07 (dd, J=


8.4, 2.0 Hz, 1H), 6.92 (d, J=8.4 Hz, 1H), 6.83 (d, J=8.0 Hz, 1H), 6.74
(br d, J=9.6 Hz, 1H), 5.41 (br s, 1H), 5.34 (dd, J=8.4, 7.2 Hz, 1H), 5.05
(br t, J=7.0 Hz, 1H), 4.97–4.93 (m, 1H), 4.83 (dq, J=7.6, 6.4 Hz, 1H),
4.42 (dd, J=18.0, 9.6 Hz, 1H), 3.40 (dd, J=18.0, 3.6 Hz, 1H), 3.29 (dd,
J=14.4, 8.4 Hz, 1H), 2.92 (s, 3H), 2.81 (dd, J=14.4, 7.2 Hz, 1H), 2.27–
2.10 (m, 2H), 2.09–2.03 (m, 2H), 1.95–1.89 (m, 1H), 1.85–1.40 (m, 5H),
1.58 (s, 3H), 1.30 (d, J=6.4 Hz, 3H), 1.24 ppm (d, J=6.4 Hz, 1H); MS
(ESI): m/z (%)=566.0 and 568.0 (84 and 100) [M+H]+ , 587.9 and 589.9
(50 and 63) [M+Na]+ ; HRMS: m/z calcd for C26H37N3O6


79Br: 566.1806;
found: 566.1850.


10 : Miuraenamide A (1; 1.9 mg, 2.8 mmol) was stirred in a mixture of
EtOH (0.8 mL) and NaOH (5n, 0.4 mL) at room temperature for 24 h
under nitrogen atmosphere. The mixture was then diluted with saturated
NH4Cl (3 mL), HCl (1n, 1 mL) was added, and the resulting mixture was
extracted with EtOAc. The combined organic extracts were washed with
brine, dried over Na2SO4, and concentrated. The residue was purified by
chromatography on silica gel (Wako gel C-300, 2.8 g; eluent: CHCl3/
MeOH=9:1–8:1) to give 10 (1.0 mg, 51%). 1H NMR (400 MHz, CDCl3):
d=7.44–7.40 (m, 1H), 7.35 (t, J=7.2 Hz, 2H), 7.32–7.27 (m, 3H), 7.17
(d, J=1.4 Hz, 1H), 6.91 (br d, J=8.4 Hz, 1H), 6.84 (d, J=8.4 Hz, 1H),
6.49 (br d, J=6.8 Hz, 1H), 5.22 (t, J=8.0 Hz, 1H), 5.19–5.15 (m, 1H),
4.65 (quint, J=6.8 Hz, 1H), 3.79 (sext, J=6.4 Hz, 1H), 3.63 (s, 3H), 3.12
(dd, J=14.8, 7.0 Hz, 1H), 2.68 (dd, J=14.8, 9.0 Hz, 1H), 2.63 (s, 3H),
2.19 (t, J=7.2 Hz, 2H), 2.13–2.00 (m, 4H), 1.70–1.64 (m, 2H), 1.61 (s,
3H), 1.58–1.52 (m, 2H), 1.19 (d, J=6.4 Hz, 3H), 1.03 ppm (d, J=6.4 Hz,
3H).


11: A solution of TMSCHN2 (2m) in diethyl ether (4 mL, 8 mmol) was
added to 10 (1.0 mg, 1.4 mmol) in a mixture of benzene (1.4 mL) and
MeOH (0.2 mL), and the resulting mixture was stirred at room tempera-
ture for 2 h. The mixture was then concentrated, and the residue was sub-
jected to HPLC (Develosil ODS UG-5 (10 i.d.M250 mm), 60–80%
MeOH in water (60 min), 3.0 mLmin�1, detection at 218 nm) to give 11
(0.8 mg, 78%, tR=29.3 min) as a colorless powder. [a]26D =++22 (c=0.06m,
CHCl3); IR (KBr): ñ=3281, 1703, 1635, 1507, 1264, 1224, 1115, 981, 818,
757, 704, 666 cm�1; 1H NMR (CDCl3, 600 MHz): d=7.37 (t, J=7.2 Hz,
1H), 7.32 (t, J=7.2 Hz, 2H), 7.27 (d, J=7.2 Hz, 2H), 7.21 (d, J=2.0 Hz,
1H), 7.14 (s, 1H), 6.97 (dd, J=8.4, 2.0 Hz, 1H), 6.88 (d, J=8.4 Hz, 1H),
6.30 (d, J=6.6 Hz, 1H), 5.22 (dd, J=9.0, 6.6 Hz, 1H), 5.15 (t, J=6.6 Hz,
1H), 4.59 (quint, J=6.9 Hz, 1H), 3.81–3.75 (m, 1H), 3.78 (s, 3H), 3.52 (s,
3H), 3.19 (dd, J=14.4, 7.2 Hz, 1H), 2.75 (dd, J=14.4, 9.6 Hz, 1H), 2.66
(s, 3H), 2.14 (t, J=7.2 Hz, 2H), 2.10–2.04 (m, 2H), 2.02 (q, J=7.2 Hz,
2H), 1.68–1.62 (m, 2H), 1.60 (s, 3H), 1.58–1.51 (m, 2H), 1.19 (d, J=


6.0 Hz, 3H), 0.96 ppm (d, J=7.2 Hz, 3H); MS (ESI): m/z (%)=738.2
and 740.2 (93 and 100) [M+Na]+ ; HRMS: m/z calcd for
C35H46N3O8


79BrNa: 738.2361; found: 738.2361.


12s : Methyl ester 11 (0.4 mg, 0.6 mmol) was treated with (R)-MTPA chlo-
ride (4 mL, 21 mmol) in dry pyridine (80 mL) under the standard condi-
tions. The crude product was purified by HPLC (Develosil ODS UG-5
(10 i.d.M250 mm), 90% MeOH in water, 4.0 mLmin�1, detection at
220 nm) to give 12s (0.5 mg, 78%, tR=10.4 min) as a colorless powder.
1H NMR (major conformer; 600 MHz, CDCl3): d =7.71–7.67 (m, 3H),
7.55–7.51 (m, 2H), 7.48–7.43 (m, 4H), 7.42–7.38 (m, 5H), 7.35–7.31 (m,
2H), 7.16 (s, 1H), 7.11 (dd, J=1.8, 8.4 Hz, 1H), 6.94 (d, J=8.4 Hz, 1H),


6.29 (d, J=6.6 Hz, 1H), 5.31 (d, J=9.0, 7.2 Hz, 2H), 5.13–5.04 (m, 2H),
4.56–4.50 (m, 1H), 3.78, 3.72, 3.64, 3.50, 3.55, and 3.53 (s, total 12H), 3.30
(dd, J=14.4, 7.2 Hz, 1H), 2.81 (dd, J=14.4, 9.6 Hz, 1H), 2.65 (s, 3H),
2.13–2.06 (m, 2H), 2.05–1.95 (m, 4H), 1.70–1.50 (m, 3H), 1.70–1.64 (m,
1H), 1.56 (s, 3H), 1.26 (d, J=6.0 Hz, 3H), 0.96 ppm (d, J=6.6 Hz, 3H);
MS (ESI): m/z (%)=1148.4 and 1150.4 (13 and 18) [M+H]+ , 1170.3 and
1172.3 (90 and 100) [M+Na]+ .


12r : Methyl ester 11 (0.5 mg, 0.7 mmol) was converted under the same
conditions with (S)-MTPA chloride (4 mL, 21 mmol) into 12r (0.8 mg,
100%, tR=9.95 min), which was obtained as a colorless powder. 1H NMR
(major conformer; 600 MHz, CDCl3): d=7.70–7.66 (m, 3H), 7.55–7.51
(m, 2H), 7.48–7.44 (m, 4H), 7.41–7.37 (m, 5H), 7.36–7.30 (m, 2H), 7.17
(s, 1H), 7.11 (dd, J=8.4, 1.8 Hz, 1H), 6.95 (d, J=8.4 Hz, 1H), 6.27 (d,
J=6.6 Hz, 1H), 5.32 (dd, J=9.0, 7.2 Hz, 1H), 5.13–5.08 (m, 1H), 5.03–
4.98 (m, 1H), 4.53 (quint, J=6.6 Hz, 1H), 3.78, 3.72, 3.64, 3.55, and 3.52
(s, total 12H), 3.30 (dd, J=14.4, 7.2 Hz, 1H), 2.81 (dd, J=9.6, 14.4 Hz,
1H), 2.65 (s, 3H), 2.14–2.06 (m, 2H), 1.94–2.02 (m, 2H), 1.93–1.85 (m,
2H), 1.74–1.68 (m, 1H) 1.65–1.55 (m, 3H), 1.51 (s, 3H), 1.34 (d, J=


6.0 Hz, 3H), 0.97 ppm (d, J=6.6 Hz, 3H); MS (ESI): m/z (%)=1148.4
and 1150.4 (11 and 15) [M+H]+ , 1170.3 and 1172.3 (84 and 100) [M+


Na]+ .


Hydrolysis of 1 and derivatization by the Marfey method: A solution of 1
(1.0 mg, 1.5 mmol) in HCl (12n, 1 mL) was heated at 115–120 8C (oil-bath
temperature) in a sealed glass vial under nitrogen atmosphere for 15 h.
The hydrochloric acid was then removed by flushing with nitrogen, and
the residue was dissolved in water and washed twice with diethyl ether.
The aqueous layer was dried by flushing the vial with nitrogen. The resi-
due was lyophilized and redissolved in water (150 mL). Aqueous
NaHCO3 (1m, 20 mL) and 1% l- or d-FDLA (Tokyo Chemical Industry
Co., Ltd., Tokyo) in acetone (30 mL, 1 mmol) were added to a portion
(30 mL) of the resulting solution, and the mixture was incubated at 37 8C
for 1 h. The reaction was then quenched by adding HCl (1m, 20 mL), and
the mixture was diluted with acetonitrile (100 mL) to give a solution
(200 mL) containing l- or d-FDLA derivatives of amino acids. A portion
(3 mL) of each solution was analyzed by HPLC (Develosil ODS UG-5
(4.6M250 mm), 45–50% A in water (A=MeCN/MeOH (3:1)–0.1% tri-
fluoroacetic acid (TFA); 40 min, linear gradient), 1 mLmin�1, detection
at 305 nm). The authentic FDLA derivatives of N-methyltyrosine
(Bachem, Switzerland) and alanine were prepared and analyzed by the
same method.


Anti-Phytophthora Assay


Detailed conditions for the assay were reported previously.[12] The phyto-
pathogen P. capsici was cultured on a synthetic agar medium in a 9-cm
dish at 25 8C for 2 days in the dark until the colony had grown to a size
of about 3–4 cm in diameter. Each paper disk (8 mm in diameter) im-
pregnated with a sample was placed 1 cm away from the front of the
colony. After incubation for 1 day, the distance between the edge of the
colony and the paper disk was measured (control: 0 mm).
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