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Introduction


The use of free-radical reactions in multistep synthesis has
steadily increased over the last years, mainly because of


their compatibility with a large number of functional groups
and their high potential for performing sequential transfor-
mations.[1] A lot of effort has been concentrated on the de-
velopment of chain reactions for the formation of carbon±
carbon bonds under reducing (Giese reaction)[2] or atom
transfer (Kharasch±Curran)[3,4] conditions. Formation of car-
bon±nitrogen bonds by means of a radical pathway is highly
attractive for the synthesis of alkaloids and related heterocy-
clic compounds. Most of the effort reported in this field
deals with the addition of nitrogen-centered radicals to ole-
fins.[5,6] The reverse process, that is, addition of a carbon-
centered radical to a nitrogen-containing trap is much less
developed, despite the fact that nitrosation of cyclohexane is
a classical textbook example of an industrial radical reac-
tion. The use of nitric oxide (often generated from nitrite
ester), azo derivatives, and imines has been reported with
very variable success.[7,8] Organic azides of type X�N3 have
also been investigated as radical traps. They can undergo
homolytic addition at either the inner (Na, path A) or the
terminal (Nc, path B) nitrogen atom to give a 3,3-triazenyl
or a 1,3-triazenyl radical, respectively (Scheme 1).[9,10] The


3,3-triazenyl radical (path A) evolves presumably by rapid
loss of nitrogen to furnish an aminyl radical. Fragmentation
of XC to deliver the azide Y�N3 cannot be excluded. On the
other hand, the 1,3-triazenyl radical (path B) may fragment
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Abstract: A novel reaction for the introduction of an
azide moiety by means of a mild radical process is cur-
rently under development. Sulfonyl azides are suitable
azidating agents for nucleophilic radicals, such as secon-
dary and tertiary alkyl radicals. More electrophilic radi-
cals, such as enolate radicals, do not react with sulfonyl
azides. This feature allowed the development of effi-
cient intra- and intermolecular carboazidations of ole-
fins. Due to the versatility of the azido group, this reac-
tion has an important synthetic potential, as already
demonstrated by the preparation of the core of several
alkaloids, particularly those containing an amino-substi-
tuted quaternary carbon center, such as FR901483.
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Scheme 1. Possible reactions of organic azides with radicals.
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to liberate the radical XC and Y�N3. This last reaction corre-
sponds to an azidation of the radical YC.


Azides as Radical Trap


Kim reported efficient radical cyclizations involving azides
as radical traps [Scheme 2, Eq. (1)].[11] This intramolecular
amination process is efficient and proceeds via a 3,3-triazen-


yl radical that readily eliminates nitrogen to afford an
aminyl radical. This reaction found several applications in
the total synthesis of natural products, such as Murphy×s
synthesis of aspidospermidine [Scheme 2, Eq. (2)].[12,13] In
both examples, reactions occur exclusively according to
path A, since they correspond to favorable 5-exo cyclization
processes. The intermolecular addition of tin radicals onto
alkyl azides has also been reported[14] and represents an in-
teresting approach for the generation of aminyl radicals
[Scheme 2, Eq. (3)].[15, 16] The absence of product resulting
from path B can be explained by the reversibility of the ad-
dition of the tin radical at Nc and by the lack of fragmenta-
tion leading to an alkyl radical (X=primary alkyl group).
In an early experiment, Abramovitch and Breslow ob-


served the formation of traces of alkyl azides during a Cur-
tius type rearrangement of sulfonyl azides.[17±19] This forma-
tion was rationalized by a direct reaction between alkyl radi-


cals and sulfonyl azides. A typical example is presented in
Equation (4) (Scheme 3). Roberts examined the reaction of
aryl and alkyl sulfonyl azides with allylstannanes in order to
develop an homolytic allylation reaction at nitrogen
[Scheme 3, Eq. (5)].[20] In this reaction, the formation of al-


lylsulfones and stannyl azides represents the major side
products. These products arise from the addition of the tin
radical at the terminal nitrogen atom followed by fragmen-
tation of a sulfonyl radical.
Finally, Zhdankin reported the preparation of stable azi-


doiodinanes.[21] These compounds proved to be good azidat-
ing agents toward various organic substrates and they can
be used for direct azidation of hydrocarbons at high temper-
ature and in the presence of radical initiators. For example,
2,2,4-trimethylpentane reacts with 1-azido-1,2-benziodoxole-
3-(1H)-one in refluxing 1,2-dichloroethane (b.p. 83 8C) in
the presence of benzoylperoxide to afford the corresponding
azide in 76% yield [Scheme 4, Eq. (6)]. The proposed mech-
anism involves hydrogen atom abstraction by the 2-iodoben-
zoyl radical followed by azidation of the alkyl radical by the
azidoiodinane. This elegant chain process proceeds with
moderate to good yields at the secondary and tertiary posi-
tions of several different alkanes (see Scheme 4).


Radical Azidation with Ethanesulfonyl Azide


Recently, Zard, Fuchs, and Kim reported the formation of
carbon±carbon bonds involving the fragmentation of
ethane-, methane- and trifluoromethanesulfonyl radicals as
the key step.[22±25] These procedures are either based on
iodine and xanthate transfers from ethyl and methyl radicals
or hydrogen-atom transfers from trifluoromethyl radicals.
Based on a similar concept, we envisaged developing an in-
termolecular radical azidation process of iodides and dithio-
carbonates using ethanesulfonyl azide as reagent [Scheme 5,
Eq. (7)].[26,27] Ethanesulfonyl azide, easily prepared from
ethanesulfonyl chloride and sodium azide, is a stable liquid
that can be heated at 100 8C without decomposition. Howev-
er, since sulfonyl azides are capable of exploding, it is
strongly recommended to apply standard safety rules and to
use a safety shield. The crucial step of this process is the ad-


Scheme 2. Reaction via aminyl radicals generated through path A in
Scheme 1.


Scheme 3. Early examples of azidation according to path B in Scheme 1.
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dition of the alkyl radical at the N-terminal position of the
azido moiety to give a 1,3-triazenyl radical [Scheme 5,
Eq. (d)] that fragments to liberate the corresponding alkyl
azide and the ethanesulfonyl radical [Scheme 5, Eq. (e)].


This mechanism corresponds to the pathway B depicted in
Scheme 1. Addition of the radical at the inner position
(path A, Scheme 1) followed by fragmentation of the sulfo-
nyl radical cannot be totally excluded at the moment, but
this path should lead to sulfonamide derivatives (not ob-
served) through nitrogen elimination. After sulfur dioxide
extrusion [Scheme 5, Eq. (f)], the ethyl radical can propa-
gate the chain by an atom or group transfer process
[Scheme 5, Eq. (g)]. The initiation step is a crucial point for
the success of the reaction. Early studies with cyclohexyl
iodide and azobisisobutyronitrile (AIBN) failed to give the
desired azidation product, presumably due to the stability
(no iodine atom transfer with cyclohexyl iodide) and the
lack of nucleophilicity (no reaction with ethanesulfonyl
azide) of the 2-cyanoprop-2-yl radical generated from
AIBN. Therefore, an initiator that gives nucleophilic radi-
cals, such as dilauroyl peroxide (DLP), which has been used
with much success by Zard in reactions involving iodides
and dithiocarbonates[28] and more recently by us for iodine
atom transfers,[29] is a perfect candidate to perform such
transformations. The undecyl radical delivered by DLP
[Scheme 5, Eq. (a)] is expected to react with the radical pre-
cursor to initiate the chain reaction [Scheme 5, Eq. (b)]. Re-
action of the undecyl radical with ethanesulfonyl azide is
also possible [Scheme 5, Eq. (c)]. Small amounts of undecyl
azide were isolated at several occasions, confirming this hy-
pothesis.
The radical azidation with ethanesulfonyl azide and DLP


works well with a variety of sec-
ondary and tertiary alkyl io-
dides (see Scheme 6 for typical
examples). The azidation was
carried out with three equiva-
lents of ethanesulfonyl azide
and a substoichiometric amount
of DLP in a refluxing mixture
of chlorobenzene and heptane
(method A) or, in more difficult
cases, with five equivalents of
ethanesulfonyl azide in chloro-
benzene at 100 8C (method B).
Primary alkyl iodides are not
efficiently converted into azides
(see compound 5). This ineffi-
ciency is caused by the nearly
thermoneutral iodine-atom
transfer between the ethyl radi-
cal and the primary alkyl iodide
[Scheme 5, Eq. (g)] as well as
by the lower nucleophilicity of
primary alkyl radicals relative
to secondary and tertiary ones.
It is of interest to mention that
the classical ionic substitution
reaction of the iodolactone pre-


cursor of 3 with sodium azide failed to give an azide.
Xanthates are also suitable precursors for radical group


transfer reactions. The anomeric xanthate 6, easily obtained
by the nucleophilic substitution of a-bromo-2-desoxyglucose


Scheme 4. Zhdankin reaction.


Scheme 5. Radical azidation with ethanesulfonyl azide.
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derivative with the commercially available potassium O-
ethyl xanthate, gives the anomeric azide 7 as a single a-
anomer in 74% yield (Scheme 7). Interestingly, the prepara-


tion of such a-anomeric azides is much more difficult than
the b-isomers when classical nucleophilic substitution ap-
proaches are employed.[30] Moreover, these anomeric azides
are useful intermediates for the preparation of biologically
important N-linked glycoconjugates.
Recently, Porter reported the first decarboxylative azida-


tion of thiohydroxamates (Barton esters).[31] Moderate to
good yields of the desired azides were obtained together
with the S-pyridyl derivatives resulting from the direct trap-
ping of the radical by the Barton ester. Interestingly, these
reactions proved to be diastereoselective, as demonstrated
by the example depicted in Scheme 8. This point will be fur-
ther discussed later.


The azidation of carbon-centered radicals with ethanesul-
fonyl azide is an attractive tin-free procedure. However, we
notice that the purification of the final azides may be prob-
lematic when they are apolar. Indeed, they are contaminat-
ed with other apolar side products derived from DLP, such
as undecyl azide. Furthermore, long reaction times (=12 h)
are often necessary for completion of the azidation, due to
the relative inefficiency of the chain process. Finally, differ-
ent attempts to achieve cascade reactions involving radical
cyclization and azidation processes in a one-pot procedure
failed. Therefore, we decided to look for an alternative azi-
dation procedure that could solve some of these drawbacks.


Ditin-Mediated Radical Azidation with
Benzenesulfonyl Azide


The reaction of ditin derivatives with sulfonyl radicals af-
fords stannyl radicals that can ideally sustain a chain reac-
tion. Moreover, ditin derivatives are inert towards alkyl rad-
icals and no competing reaction, such as the direct reduction
of the intermediate alkyl radical, is expected. Therefore, we
decided to replace ethanesulfonyl azide by benzenesulfonyl
azide and to use hexabutylditin as the chain transfer re-
agent.[27] Because of the instability of the phenyl radical, the
intermediate benzenesulfonyl radical does not loose SO2.
The proposed chain reaction is described in Scheme 9


[Eq. (10)]. The initiation of this process is critical: when
alkyl iodides are used as radical precursors, the reaction can
be initiated by irradiation with a 300 W sun lamp (meth-
od C). However, thermal initiation (80 8C) with di-tert-butyl-
hyponitrite (DTBHN) (method D) proved to be more effec-
tive. The efficacy of this approach is due to the well-docu-
mented reaction of tert-butoxyl radicals with hexabutylditin.
The scope and limitation of this approach has been stud-


ied for different radical precursors according to Equa-
tion (10) and typical results are summarized in
Scheme 10.[27] The azide 1 was prepared from the corre-
sponding iodide in 89% yield by treatment with three equiv-
alents of benzenesulfonyl azide and 1.5 equivalents of hexa-


Scheme 6. Radical azidation of alkyl iodides according to Equation (7).


Scheme 7. Radical azidation of xanthates according to Equation (7).


Scheme 8. The decarboxylative azidation reaction.


Scheme 9. Radical azidation with benzenesulfonyl azide.


Scheme 10. Radical azidation according to Equation (10).
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butylditin in benzene. Interestingly, under these reaction
conditions, the reaction is clean and fast (=4 h) and the pu-
rification of the product is easier than in the tin-free proce-
dure described above. The same azide 1 was prepared in
32% yield (60% after correction for recovered starting ma-
terial) from the corresponding bromide. The primary azide
10 was isolated in a modest 34% yield from its correspond-
ing iodide. This result indicates that the addition of primary
alkyl radicals to sulfonyl azide is less efficient than the reac-
tion of the more nucleophilic secondary and tertiary alkyl
radicals.
This last point is further supported by the cyclization reac-


tion depicted in Equations (11) and (12) (Scheme 11). The


iodoacetal 11 provides the corresponding tertiary azide 12 in
91% yield as a mixture of diastereoisomers (endo/exo 61:39)
[Eq. (11)]. Under similar conditions, the iodoacetal 13 gave
the primary azide 14 (endo/exo 85:15) in 42% yield
[Eq. (12)]. The primary (iodomethyl)dimethylsilyl ether 15
is also a suitable precursor for such cyclization±azidation
process [Scheme 11, Eq. (13)]. The unstable cyclic silyl ether
16 is immediately converted by treatment with MeLi into
the cylcohexanol derivative 17 in 67% overall yield (trans/
cis 86:14). Finally, we have also demonstrated that treatment
of the a-iodoacetate 18 (dr 1:1) with benzenesulfonyl azide
(3 equiv), hexabutylditin (1.5 equiv) and DTBHN as a radi-
cal initiator affords the bicyclic azide 19 in 77% yield in a
one-pot procedure [Eq. (14)]. Remarkably, each diastereom-
er of 18 gives a completely diastereoselective reaction.


The Carboazidation Reaction


The chemistry depicted in Scheme 11 involves the intramo-
lecular formation of a C�C bond (a radical cyclization) fol-
lowed by intermolecular C�N bond formation. In all these
reactions, no product of direct azidation of the initial radical
before cyclization was observed. This encouraged us to ex-
amine a process involving two intermolecular reactions. The
intermolecular addition of carbon-centered radicals to unac-
tivated alkenes followed by azidation represents a formal
carboazidation of alkenes. The feasibility of the reaction was
tested with terminal alkenes and different radical precursors
that are known to be efficient in radical atom or group


transfer reactions [Scheme 12,
Eq. (15)]. A one-pot procedure
similar to the one used for in-
tramolecular reactions gave
promising results: the radical
precursors were treated with
terminal olefins (2 equiv), ben-
zenesulfonyl azide (3 equiv),
hexabutyldistannane (1.5 equiv)
and DTBHN (6±18 mol%) as
initiator in refluxing ben-
zene.[32,33] Slow addition of ben-
zenesulfonyl azide was not nec-
essary because this electrophilic
reagent does not react with the
initial electrophilic or ambiphil-
ic radicals, such as enolate radi-
cals and the trichloromethyl
radical. Typical examples are
reported in Scheme 12. Excel-
lent results were obtained with
a-iodo and a-xanthate esters. a-
Bromoacetate gives also satis-
factory results; however, bro-
momalonate, phenylseleono-Scheme 11. Radical cyclization-azidation processes.


Scheme 12. The carboazidation of terminal alkenes.
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malonate and bromotrichloromethane give lower yields of
carboazidation. This is due to the formation of atom or
group transfer products that are not efficiently converted
into the desired azides under these reaction conditions.
Two reaction pathways (Scheme 13, paths A and B) can


operate in the carboazidation of olefins. Path A is a stepwise
mechanism involving formation of an intermediate through


the transfer of the X group. This pathway is operative when
the atom or group transfer is fast. For instance, iodides and
xanthates react along this pathway and both steps, that is,
carbon±carbon bond formation through atom/group transfer
and azidation of the intermediate iodide/xanthate are effi-
cient. The second pathway, path B, is a direct radical addi-
tion±azidation process that takes place when the atom trans-
fer step is slower than the azidation step. Bromides activat-
ed by a single ester group are expected to follow this reac-
tion pathway. For instance, with ethyl 2-bromoacetate, no
product of bromine-atom transfer was detected during the
reaction and the overall yield was good. With more activat-
ed bromides and selenides, such as diethyl bromomalonate,
diethyl phenylselenomalonate, and bromotrichloromethane,
the atom/group-transfer process is accelerated and path A
becomes again operative. The desired carboazidation prod-
ucts, isolated in moderate yields only, presumably result
from a competing direct azidation reaction according to
path B, since the intermediate bromides/selenides formed
are not efficiently azidated under these reaction conditions.
The control of the stereochemistry of the azidation step in


acyclic systems was shown to be possible by using chiral al-
lylsilanes as substrates for the carboazidation process.[34] A
typical example is shown in Scheme 14. The allylsilane 24
was converted to 25 with an excellent level of stereochemis-
try for such a nonstabilized radical intermediate. It was
postulated that, as bonding between the radical center and
the sulfonyl azide develops, a partial positive charge would
appear at the carbon atom due to the high electrophilicity
of the radical trap, and this partial positive charge is best
stabilized by a coplanar electron rich C�Si bond (silicon b-
effect). Based on two assumptions (pyramidalized staggered
transition state and silicon b-effect), we propose the models
depicted in Scheme 14 to explain the stereochemical out-
come of the carboazidation of chiral allylsilanes. These two


models are characterized by: 1) a quasi staggered transition
state, 2) the orthogonal relationship between the bulky silyl
group and the CH2CH2CO2Et substituent at the radical
center, and 3) the formation of a C�N bond nearly anti to
the silyl group.


Synthetic Applications


Based on the carboazidation process, efficient three-compo-
nent syntheses of simple lactams, such as pyrrolidinones,
pyrrolizidinones, and indolizidinones can be performed.[32,33]


The radical carboazidation of alkenes with 2-iodoesters can
be coupled with the reduction of azides to afford 3-amino
esters that cyclize to pyrrolidinones. Even more interesting,
the carboazidation of 5-bromopent-1-ene and 6-bromocyclo-
hex-1-ene with ethyl 2-iodoacetate and ethyl 2-iodopropio-
nate affords the azido esters 26a±d, which give, after reduc-
tion with indium and treatment with triethylamine, the pyr-
rolizidinones and indolizidinones 27a±d by means of a
double cyclization reaction [Scheme 15, Eq. (17)]. This reac-
tion sequence proves that the carboazidation process of bro-
minated alkenes with 2-iodoesters proceeds in good yields.
This demonstrates further the mildness and the high chemo-
selectivity of these radical reactions.


Scheme 13. Proposed mechanism.


Scheme 14. Stereoselective carboazidation of allylsilanes.


Scheme 15. Preparation of pyrrolizidinone and indolizidinone derivatives.
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1-Azaspiro[4,4]nonan-2-ones and 1-azaspiro[4,5]decan-2-
ones are important spirolactam building blocks for the syn-
thesis of a wide range of alkaloids. Their synthesis is not
trivial, since they contain an amino-substituted quaternary
carbon center. Since the radical carboazidation reaction is
particularly suitable for the preparation of such moieties, we
developed a rapid two-step synthesis of spirolactams starting
from methylenecycloalkanes.[33] The carboazidation of meth-
ylenecyclopentane and methylenecyclohexane affords azides
28 and 29 in 75% and 81% yield, respectively (Scheme 16).


These two reactions have been performed with one equiva-
lent of the alkene and one equivalent of ethyl 2-iodoacetate.
Hydrogenation of azides 28 and 29 (30 bar, 10% Pd/C)
gives the amino esters that cyclize under heating in ethanol
in the presence of triethylamine to afford the desired spiro-
lactams 30 and 31.
In order to show the utility of our approach for the syn-


thesis of spirolactams, we decided to prepare compound 35,
an advanced intermediate in Wardrop×s total synthesis of
(� )-desmethylamino FR901483 (Scheme 17).[35] The synthe-


sis started from commercially available monoprotected 1,4-
cyclohexanedione 32, which was first converted to the corre-
sponding methylenecyclohexane 33. Carboazidation of 33 af-
forded the azido ester 34 in 80% yield, which was readily
converted by hydrogenation±lactamization to the desired
spirolactam 35.[33] This procedure for the preparation of 35
(3 steps, 57% overall yield) compares favorably with War-
drop×s synthesis (5 steps, 53% overall yield).


Conclusion


We are developing a novel radical process that allows us to
introduce an azide moiety under very mild conditions. Sulfo-
nyl azides have been used as azidating agents and nucleo-
philic radicals, such as secondary and tertiary alkyl radicals,
are efficiently converted into azides. Interestingly, this pro-
cess can be coupled with intramolecular and intermolecular
C�C bond formation leading formally to a carboazidation
process. Due to the versatility of the azido group, this reac-
tion has an important synthetic potential as already demon-
strated by the preparation of the core of several alkaloids,
particularly those containing an aminated quaternary carbon
center. Further extension of this chemistry towards the syn-
thesis of other alkaloid skeletons is currently under investi-
gation. Moreover, the design of new azidating agents allow-
ing an easy purification of the products as well as to work
under tin-free conditions is also underway.[36]
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Synthesis, Characterization, and Electronic Structure of Ba5In4Bi5:
An Acentric and One-Electron Deficient Phase


Simÿon Ponou,[a] Thomas F. F‰ssler,*[a] Gerard TobÌas,[b] Enric Canadell,*[b]


Ara Cho,[c] and Slavi C. Sevov*[c]


Introduction


Reduction of the heavier main-group p elements by alkali
and alkaline-earth metals produces polar intermetallics that
contain various polyanions of those elements. Such com-
pounds are rationalized by the Zintl±Klemm concept as
ionic compounds, in which the more electropositive metals
lose their valence electrons to the more electronegative p el-
ements.[1] The transferred electrons, however, are often not
enough for the p elements to achieve octets as isolated
anions and, instead, they are ™forced∫ to form bonds to each
other. The resulting polyatomic species may be homo- or
heteroatomic and may have various sizes and dimensions.


Many such formations are known for heteroatomic anions
involving atoms of Groups 13 (triels, Tr=Al, Ga, In, Tl) and
15 (pnictogens, Pn=P, As, Sb, Bi), [TrmPnn]


q�. One of the
most common motifs is TrPn4, a tetrahedrally coordinated
triel atom. Isolated tetrahedra, [TrPn4]


9�, dimers of edge-
bridged tetrahedra, [Tr2Pn6]


12�, chains of corner-shared tet-
rahedra, 1


1[TrPn3]
6�, chains of edge-shared tetrahedra,


1
1[TrPn2]


3�, layers and 3D-frameworks of corner- and edge-
shared tetrahedra and many other combinations of variously
shared tetrahedra are known.[2] Often the tetrahedra are
connected through Pn�Pn bonds[2] and very rarely even by
Tr�Tr bonds.[3] Trigonal-planar coordination (TrPn3) is also
known and the units have been found as isolated [TrPn3]


6�,
edge-sharing in dimers of [Tr2Pn4]


6�, and corner-sharing in a
ring-like trimer of [Tr3Pn6]


9�.[2a]


Recent studies, however, have revealed that often the
anionic substructures of such compounds are far more di-
verse and beyond the grasp of the original Zintl±Klemm
concepts. Transition-metal Zintl phases[4] and some with
mixed valency,[5] as well as compounds containing isolated
clusters with delocalized bonding[6] elude description by
simple valence rules. Rather, the last group obey the Wade×s
rules developed for electron counting in deltahedral bor-
anes, BnHn


2�. Examples of these are the metallic and also su-
perconducting AeSn3 (Ae=Sr, Ba), which may be explained
as composed of triangular Sn3


2� with delocalized three-
center two-electron bonds,[7] the metallic Ae3Tt5 (Tt=Sn,
Pb; Ae=Sr, Ba), which may be viewed as containing arach-
no-clusters of [Tt5]


6�,[8] and the electron-balanced Rb4Li2Sn8
with arachno-[Sn8]


6� as well as A4Tt9 and A12Tt17 (A=alkali
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Abstract: The new ternary phase
Ba5In4Bi5 was synthesized by direct re-
action of the corresponding elements
at high temperature. It crystallizes in a
noncentrosymmetric space group and
represents a new structure type (tetrag-
onal, P4nc with a=10.620(2) and c=
9.009(2) ä, Z=2). The structure is
built of interconnected heteroatomic
clusters of In4Bi5, square pyramids with


In4-bases and four exo-bonded bismuth
atoms (bond to the In atoms). Accord-
ing to Wade×s rule the compound is
electron-deficient with one electron
per cluster, that is, [In4Bi5]


10� instead of


the expected [In4Bi5]
11� for a closed-


shell species. The clusters are discussed
also in light of the known heteroatomic
deltahedral clusters with the same com-
position but different charge, [In4Bi5]


3�.
Band structure calculations on the new
compound suggest substantial partici-
pation of barium in the overall bonding
of the structure that ™accounts∫ for the
electron shortage


Keywords: barium ¥ cluster com-
pounds ¥ pnictides ¥ solid-state
structures
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metal) with nido-[Tt9]
4�.[6] More


recent studies explored hetero-
atomic systems for clusters such
as [Tr4Pn5]


3�, which are isoelec-
tronic with [Tt9]


4�. The advant-
age of such clusters is that it
might be possible to vary their
charge by changing the ratio
between the two elements with-
out changing the total number
of atoms of the cluster, for ex-
ample [Tr4Pn5]


3� and [Tr5Pn4]
5�.


Although no such clusters have
been found in neat solids yet,
they have been crystallized
from ethylenediamine solutions
of various ternary compounds
AmTrnPnp. Thus, [In4Bi5]


3� has
been characterized in [Na±crypt]3[In4Bi5] (crypt=
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo-[8.8.8]-hexacosane.[9]


The geometry of the cluster is similar to that of [Tt9]
4� and


can be described as a distorted monocapped square anti-
prism in which the four indium atoms occupy the five
bonded positions (Scheme 1). The synthesis of the same or


similar heteroatomic clusters with delocalized bonding in
the solid state has been elusive so far despite the intensive
efforts. Instead, reactions designed to produce such clusters
have provided various Zintl phases with extended structures
of corner- and/or edge-shared TrPn4 tetrahedra and with lo-
calized bonding.
Here we report the synthesis, structure, and electronic


structure of a phase, Ba5In4Bi5, in which both localized and
delocalized bonding can be found. It can be described as
containing isolated forms of the same composition as the
clusters crystallized from solution, [In4Bi5], but with differ-
ent charge, [In4Bi5]


10�. Furthermore, according to calcula-
tions, this charge is one electron short from the correspond-
ing closed-shell species, that is, [In4Bi5]


11�.


Results and Discussion


The new compound Ba5In4Bi5 crystallizes in the noncentro-
symmetric space group P4nc and presents a new structure
type according to a single-crystal structure determination.
Details of the data collection and refinement are given in
Table 1, while the atomic positions and important interatom-


ic distances are listed in Tables 2 and 3, respectively. The
structure contains square pyramids with four exo-bonds at
the square base (idealized C4v symmetry). The base is made
of the four indium atoms, while the four exo-bonded atoms
(Bi1) and the apex of the pyramid (Bi2) are the five bismuth
atoms (Figure 1).


Scheme 1.


Table 2. Atomic coordinates and isotropic equivalent displacement
parameters.


Atom Site x y z Ueq [ä
2]


Bi1 8c 0.39058(7) 0.19079(7) 0.69032(8) 0.0175(3)
Bi2 2a 0.5 0.5 0.3180(2) 0.0123(4)
Ba1 8c 0.6057(2) 0.1884(2) 0.3740(2) 0.0170(4)
Ba2 2a 0.5 0.5 0.7001(3) 0.0210(6)
In1 8c 0.1834(2) 0.0720(2) 0.5316(2) 0.0200(4)


Table 3. Selected interatomic distances [ä].


Bi1�In1 2.912(2) In1�In1 2.958(2) î2
Bi1�In1 3.376(2)[a] In1�Ba1 3.707(2)
Bi1�Ba1 3.653(2) In1�Ba1 3.830(2)
Bi1�Ba1 3.655(2) In1�Ba1 3.864(2)
Bi1�Ba1 3.679(2) In1�Ba1 4.084(2)
Bi1�Ba1 3.682(2) Ba2�Bi1 3.484(1) î4
Bi1�Ba1 4.171(2) Ba2�In1 3.647(2) î4
Bi2�In1 3.322(2) î4
Bi2�Ba2 3.442(3)
Bi2�Ba1 3.531(2) î4


[a] Intercluster bonds.


Table 1. Crystallographic data and structure refinement of Ba5In4Bi5.


formula Ba5In4Bi5 reflection measured 8204
Mr 2190.88 independent reflections 1137
space group P4nc (no. 104) observed reflections [I>2s(I)] 1046
T [K] 293(2) Rint/Rs 0.0584/0.0339
l [ä] 0.71073 absorption correction numerical
a [ä] 10.620(1) min/max transmission 0.0135/0.0967
c [ä] 9.009(2) Parameters 35
V [ä3] 1016.0(3) goodness-of-fit on F2 1.219/1.219
Z 2 R1/wR2


[a] [I>2s(I)] 0.0237/0.0700
1calcd [gcm


�3] 7.161 R1/wR2, all data 0.0273/0.0843
m [cm�1] 570.39 Flack parameter �0.07(1)
F(000) 1782 extinction parameter 0.0067(3)
2q range [8] 3.8±55.7 largest diff peak and hole [eä�3] 3.32/�2.64
index ranges �13�h�13


�13�k�13
�11� l�11


[a] R1(Fo)=�[ jFo j� jFc j ]/� jFo j ; wR2= {�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]}; w=1/[s2(F2


o)+ (0.0382P)2+28.60P] in which
P= (Max(F2


o, 0)+2F2
c)/3.


Figure 1. [In4Bi5] cluster in Ba5In4Bi5 (thermal ellipsoids at the 70%
probability level).
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The In�Bi exo-bond length of 2.912(2) ä is quite normal
for a single bond between these elements. It compares well,
for example, with the observed range of distances in
Cs7In4Bi6, 2.896(3)±3.105(3) ä.[3b] The In�In distance in the
square, 2.958(2) ä, is also close to a single-bond length,
when compared with 2.976(4) and 3.004(5) ä observed be-
tween indium atoms coordinated by bismuth in Cs7In4Bi6.


[3b]


Nevertheless, it is somewhat longer than the Pauling×s dis-
tance for a single bond, 2.84 ä.[10] The remaining four In�Bi
distances in the pyramid, that is, those to the apical Bi atom,
are quite long for a single bond, 3.322(2) ä, and suggest
rather delocalized bonding. They compare better with the
intercluster distances of 3.376(2) ä that occur between the
exo-bonded bismuth atoms and indium atoms of four neigh-
boring pyramids (Figure 2). This suggests that the interac-
tions between the pyramids can not be disregarded. Thus,
the clusters should not be considered as isolated units but
rather as parts of an extended network as shown in Figure 2.


The five barium cations in the formula occupy two differ-
ent positions. Ba2 caps the square base of the In4Bi pyramid
(opposite to the Bi apex) with Ba�In distances of
3.647(2) ä (Figure 3). Its coordination environment is very
similar to that of the capping bismuth atom, Bi2, and resem-
bles a pseudo-octahedron in which one of the vertices is re-
placed by the In4 square (Figure 3). Thus the nearest neigh-
bors of Bi2 and Ba2 are (4Ba1+Ba2+h4-In4) and (4Bi1+
Bi2+h4-In4), respectively. It is perhaps these structural reci-
procities that give rise to the observed substantial contribu-
tion of barium in the calculated electronic structure of the
compound (below). Also, if we consider Ba2 as part of the
cluster, we obtain an octahedral unit surrounded by Bi and
Ba atoms that bridge edges and cap faces and resemble the
coordination topology of the well-known M6X18 clusters
(Figure 3). Ba1, on the other hand, has twelve neighbors


(Bi2+5Bi1+4In1+Ba2+Ba1), an indication for less direc-
tional interactions.
The exo-bonded square pyramids are stacked in columns


along the c axis (Figure 2) and the columns are connected
through the intercluster In�Bi distances of 3.376(2) ä
(above). Neighboring columns are shifted by c/2 with re-
spect to each other and are also rotated by approximately
16.48 with respect to each other around the c axis. The rota-
tion reduces the overall symmetry of the cell from body-cen-
tered to the current tetragonal primitive unit cell. The occur-
rence of such a rotation originates most likely from a strong
need for the clusters to interlink to each other.
Full electron transfer from barium to the more electro-


negative indium and bismuth as prescribed by the Zintl±
Klemm concept would result in a charge of �10 for the exo-
bonded pyramid, that is, [In4Bi5]


10�. On the other hand, the
species can be viewed as composed of a deltahedral nido-
cluster with 2n+4=14 skeletal bonding electrons: four two-
center two-electron exo-bonds, one lone pair of electrons at
the apical bismuth, and four exo-bonded bismuth atoms that
need another six electrons each in order to satisfy the octet
rule. This totals 14+8+2+24=48 electrons, of which only
37 are provided by the four In (3 electrons each) and five Bi
(5 electrons each) atoms. Thus, a closed-shell species should
have a charge of �11 instead, that is, [In4Bi5]


11�; therefore
[In4Bi5]


10� is one electron short. It should be pointed out
here that the previously known deltahedral cluster with the
same stoichiometry [In4Bi5]


3� has substantially different
charge and very different geometry.[9] It is a closed-shell
nido-cluster of nine atoms with the shape of a monocapped
square antiprism as shown in the left of Scheme 1. With re-
spect to this, the new species [In4Bi5]


10� can be viewed as its
inverted, opened version, almost as the blossomed flower
from its bud of [In4Bi5]


3�. This ™process∫ during which some
In�Bi and Bi�Bi interactions are formally removed is clear-
ly caused by the substantial reduction with seven additional


Figure 2. The structure of Ba5In4Bi5 with the unit cell outlined (Ba1:
crossed circle, Ba2: gray crossed, Bi: black, In: open shaded). The square
pyramidal clusters with four exo-bonds are stacked along the c axis. They
are connected by longer Bi�In distances shown as black dotted lines.


Figure 3. A closer view of the coordination around [In4Bi5] showing an
octahedron-like formation capped by Ba2 and Bi1 that resembles M6X18


clusters (Bi: black, Ba1: crossed, Ba2: gray crossed, In1: gray). All Ba�In
and Ba�Bi interactions are shown with open bonds. The similarity of the
coordinations of Ba2 and Bi2 is clearly visible.
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electrons (eight electrons for a closed-shell unit of
[In4Bi5]


11�) that would fill four empty antibonding levels of
the cluster. This, as can be expected, leads to a major reor-
ganization of the delocalized bonding within the cluster that
is expressed in the removal of the four Bi�Bi interactions at
the open square face of [In4Bi5]


3� as well as four of the asso-
ciated Bi�In bonds, while reinforcing the four remaining
Bi�In bonds. The four bismuth atoms are then shifted up-
wards and also tangentially away from one of the two
indium atoms to which they are bonded. Apparently, this
tangential displacement of the bismuth atoms is not com-
plete, and they are not perfectly radial with respect to the
cluster, but are rather 7.48 off of the vertical plane through
In-Bi2-In. Thus, although the In4Bi pyramid has exact C4v


symmetry, the symmetry of the whole unit [In4Bi5]
10� is re-


duced to C4.
In order to gain some insight into the factors behind the


stability of this apparently one-electron-deficient compound,
first principle DFT calculations were carried out. The calcu-
lated band structure along the main symmetry lines of the
tetragonal Brillouin zone (Figure 4) shows a group of four
bands near the Fermi level that are flat along G-M-X-G (the
ab plane), but are dispersed along G-Z-A-M (perpendicular


to the ab plane). This indicates that these bands are in-
volved in interactions only along the c axis. There is also an
additional, very dispersed band that goes along G!X, G!
M, and G!Z, and overlaps with the set of four flat bands
(Figure 4). This band has In�Bi antibonding character, but
is stabilized by mixing with barium states, specifically
through Ba�Bi bonding interactions. The Fermi level passes
through the four flat bands (and the bottom of the dispersed
band) and makes them partially filled. They would have
been completely filled with two additional electrons in a hy-
pothetical, electronically balanced compound ™Ba11In8Bi10∫
(note that the unit cell contains two formula units). The con-
tinuum of states at and around the Fermi level is consistent
with the observed metallic properties. However, due to the
dispersed Bi�In antibonding band, there is no band gap
even for the hypothetical compound ™Ba11In8Bi10∫ with two
additional electrons.


The orbital nature of the bands indicates that barium has
substantial contribution in many of the filled bands and
should not be considered simply as an electron donor for
the Bi�In bonding, but rather as an important participant in
the overall bonding of the structure. This is reflected in the
calculated Mulliken charges of +0.28 and +0.38 for
barium; that is, quite different from the expected +2 for
complete electron transfer. The overlap populations are also
very informative. For In�In this is 0.279, while the values
for In�Bi are 0.292 for the exo-bond, 0.102 within the pyra-
mid, and 0.134 for the inter-unit interaction. Of course, the
more interesting values are those for the Ba�Bi contacts,
and they are +0.152 (î4) and +0.097 for the five neighbors
around Bi2 and +0.139, +0.117, +0.123, +0.108, and
+0.122 for the five neighbors of Bi1. These positive and
larger than 0.1 values indicate substantial Ba�Bi bonding in-
teractions and are consistent with the observed large Ba
contribution in the filled DOS (see Figure 5; DOS=density
of states). Therefore, the structure of Ba5In4Bi5 should be
viewed as a three-dimensional network of Ba-Bi-In, in
which the Ba�Bi bonding interactions contribute significant-
ly to the cohesion energy of the system (there seem to be no
bonding Ba�In interactions). Thus, based on all these obser-


vations, it can be concluded
quite firmly that barium plays
an essential role in the covalent
bonding of the structure. A sim-
ilar situation has been recently
suggested for phases like K5Bi4
and K3Bi2.


[11]


Further analysis of the elec-
tronic structure of Ba5In4Bi5
was done based on the calculat-
ed total DOS of the compound
and the separate contributions
from the constituting elements
(Figure 5). The four peaks with
the lowest energies in the DOS
are the bismuth and indium
s orbitals. The continuous
region following them (�3.5 to
0.2 eV) contains predominantly


contributions from the p orbitals of Bi and In, but also non-
negligible participation from Ba. As a matter of fact, the
latter is more than 30% and is almost as large as that of
indium. For two-thirds of this block (�3.5 to �1.0 eV) the
In and Bi contributions have very similar shapes (the curves
follow each other) and indicate good Bi�In orbital mixing
and bonding interactions. The remaining one-third of the
block is dominated by the bismuth p orbitals, particularly
from pz orbitals. The sharp spike right at the Fermi level is
almost purely bismuth pz orbitals, mostly from Bi1, that
would have been filled if two additional electrons were
available. This peak is made of the four flat bands discussed
above and has essentially nonbonding character; therefore,
the predominant character of the ™missing∫ two electrons
would have been nonbonding.
Because there is one missing electron per formula unit,


the Fermi level cuts bands which are flat along certain direc-


Figure 4. Calculated band structure for Ba5In4Bi5 (G=0, 0, 0; X=1/2, 0, 0; M=1/2, 1/2, 0; Z=0, 0, 1/2; R=1/
2, 0, 1/2; A=1/2, 1/2, 1/2, in units of the tetragonal reciprocal lattice vectors).
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tions but not along others. In principle a situation in which a
single electron per formula unit remains localized is also an
alternative possibility. In that case the phase could be a
magnetic insulator. In order to test this possibility we also
carried out spin-polarized calculations for Ba5In4Bi5. These
calculations led to exactly the same result as those without
spin polarization. Thus we conclude that the present phase
should be a metal with a high density of states at the Fermi
level. The calculated Fermi surface (see Supporting Infor-
mation), as can be expected from the nature of the bands at
the Fermi level, is extremely complex with many electron
and hole pockets of different sizes. This is the signature of a
good three-dimensional metal. The absence of nesting fea-
tures in the Fermi surface makes the phase immune to den-
sity-wave-type instabilities,[12] and the compound is predicted
to remain metallic even at very low temperatures. Also, the
fact that the Fermi level passes near a maximum in the den-
sity of states suggests that the compound could be supercon-
ducting. However, all tests at temperatures as low as 2 K
and various fields on both field cooled and zero-field cooled
samples gave negative results and did not show supercon-
ducting transitions.
As already discussed, Ba5In4Bi5 presents a very well


packed structure with matching positioning for the five
barium and five bismuth atoms with respect to each other,
as well as with respect to the indium square. Thus, barium is
in positions that allow optimum interactions with the non-
bonding lone pairs of both the capping Bi2 and the four
exo-bonded Bi1 atoms. Therefore, although the anionic part
of the structure, that is, Bi�In, does not have enough elec-
trons to fill the relatively high-lying levels (mostly Bi) near
the Fermi level, the overall structure, that is, Ba-In-Bi, com-
pensates this by switching on relatively strong Ba�Bi bond-
ing interactions and thus stabilizing a considerable portion
of the filled DOS. What makes it difficult to understand
structures like this one is our biased way of looking at the
structures of polar intermetallic compounds as built of an
anionic, covalently-bonded substructure of the p elements
and isolated cations of the s elements that only provide elec-
trons. What the present study suggests is, that if it is impossi-


ble to find room for all cations necessary for electron bal-
ancing in a particular structure, the system finds such a dis-
tribution of the available cations that would maximize their
participation in the covalent bonding of the structure and
thus compensate for the electron ™deficit∫. A related ex-
planation holds for phases with extra electrons.[11,14]


Electron-deficient compounds are very rare and only a
few precedents are known. K6Sn25 is electron deficient due
to lone pair interactions.[15] The two most recent examples,
Sr3In5 and K2SrIn7,


[16] are both with extended indium net-
works and are also one-electron short for closed-shell com-
pounds. Similar to Ba5In4Bi5 they should be viewed as struc-
tures stabilized by cation±anion interactions that compen-
sate for the missing bonding electrons. Apparently such
electron ™shortages∫ with respect to the classical closed-
shell bonding schemes can develop when other factors such
as Madelung energy and packing efficiency become perhaps
more important than covalent bonding. Ba5In4Bi5 presents
the first such an example that involves a heteroatomic
framework. In this case, the ™decisive∫ factor appears to be
the substantial participation of Ba in the overall bonding of
the structure.


Experimental Section


Synthesis : All manipulations were performed inside argon-filled glove
boxes with moisture levels below 1 ppm. The new compound was synthe-
sized from the elements (at Notre Dame: all from Alfa-Aesar, 99.95+%
purity; at Darmstadt/Munich: all from Chempur, Bi 99.99%, In 99.99%,
and Ba 99.3%). Typically, a mixture of them was loaded in a niobium
container that was then sealed by arc-welding under argon at low pres-
sure. The container was in turn enclosed in an ampoule made of fused-
silica, and after evacuation the latter was flame-sealed. The assembly was
heated in tubular furnace with temperature control. Initially Ba5In4Bi5
was characterized as one of the products of two different reactions: at
Notre Dame the used molar ratio of Ba/In/Bi was 3:2:4 and the mixture
was heated at 700 8C for 10 days and slowly cooled to room temperature
at a rate of 6 8Ch�1, while at Darmstadt/Munich the corresponding molar
ratio of the elements was 2:3:3 (designed to produce an eventual inter-
growth structure of BaBi3 and BaIn3 to be isoelectronic with the known
BaSn3


[7]) and the mixture was then heated at 800 8C for 5 h, cooled down
to 400 8C with a rate of 60 8Ch�1, and held at that temperature for five
days before cooling to room temperature. The latter reaction yielded
Ba5In4Bi5 and traces of amorphous phase (according to powder X-ray dif-
fraction). Pure phase was later made from the corresponding stoichio-
metric composition. The compound was air-sensitive and crystallized as
irregular silver crystals with a metallic luster. Energy-dispersive X-ray
(EDX) spectroscopic analysis confirmed the presence of all three ele-
ments and absence of possible niobium impurities or any other elements.


Structure determination : Crystals of Ba5In4Bi5 were selected, mounted in
thin-wall glass capillaries, and checked for singularity. The best one, a
needle-shaped single crystal (0.40î0.167î0.05 mm), was used for data
collection at 23 8C with a Stoe IPDS (image plate detector system) dif-
fractometer with monochromated MoKa radiation (180 frames with expo-
sure time of 7 min per frame, angular range of 3.88<2q<55.78, w-scans,
Dw=18. Numerical absorption correction was applied by using the pro-
gram X-shape from STOE[29]). The structure was solved (direct methods)
and refined (on F2) in the acentric P4nc space group with the aid of the
SHELXTL-V5.1 software package.[17] Further details of the crystal struc-
ture investigation can be obtained from Fachinformationszentrum Karls-
ruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)
7247±808±666; e-mail : crysdata@fiz-karlsruhe.de) on quoting the deposi-
tory number CSD-413581.


Figure 5. Total and projected density of states of Ba5In4Bi5
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Magnetic measurements : The magnetization of 48.3 mg of Ba5In4Bi5 was
measured on a Quantum Design MPMS SQUID magnetometer at a field
of 3 T over the temperature range 10±250 K. The sample was made by
manual selection of large crystals only in order to ensure absence of any
small impurities. These were then coarsely ground and sealed in fused-
silica tubing (I.D.=3 mm) between two tightly fitting rods of the same
material. The raw data were corrected for the holder and for the ion-core
diamagnetism of 5Ba2+ , 4 In3+ , and 5Bi5+ . The resulting molar magnetic
susceptibility was positive and temperature independent, + (4.8 to 6.6)î
10�4 emumol�1 (+3.5î10�4 emumol�1 for a second sample). This is con-
sistent with Pauli-type paramagnetism that is associated with metallic
properties. Samples were also tested for superconductivity down to 2 K
at fields of 500 and 100 Oe, both at zero-field cooled and field cooled
conditions, but none of them showed such a transition.


Conductivity measurements : A four-probe device (in-line head from
JANDEL with 1 mm spacing), set up inside a nitrogen-filled glove box
with a cold trap, was used to measure the temperature dependence of the
resistivity of Ba5In4Bi5. A thin pellet of the compound with thickness of
0.26 mm was used as a sample (35 mg). The assembly was placed inside
the cold trap and the latter was cooled externally with liquid nitrogen.
Due to the apparent high conductivity of the compound the maximum
possible current of 10000 mA available from the JANDEL RM2 unit was
used. Despite this, however, the voltage that was measured was still
nearly zero, between 0.06 and 0.07 mV, and its variation with the temper-
ature was out of the range of the measuring unit. Thus, using these meas-
ured values the resistivity is calculated to be 825î10�8 Wm (236î
10�8 Wm for a second sample), that is, a highly conducting compound.
For comparison, the resistivities of elemental Mn and Yb14MnSb11 are
144î10�8 and ca. 1100î10�8 Wm, respectively.[18]


Band structure calculations : The calculations were carried out by using a
numerical atomic orbitals DFT approach.[19,20] This method, developed
relatively recently, is designed for efficient calculations in large systems
and implemented in the SIESTA code.[21] The use of atomic orbitals in-
stead of plane waves greatly facilitates a chemical analysis of the results.
We used the local density approximation to DFT and, in particular, the
functional of Perdew and Zunger.[22] Following recent first-principles
work on bismuth-containing intermetallics,[23] only the valence electrons
were considered in the calculation, with the core being replaced by
norm-conserving scalar relativistic pseudopotentials factorized in the
Kleinman±Bylander form.[24,25] Nonlinear partial-core corrections to de-
scribe the exchange and correlations in the core region were included.[26]


We used a split-valence double-z basis set including polarization orbitals
for all atoms, as obtained with an energy shift of 250 meV.[27] The inte-
grals of the self-consistent terms of the Kohn±Sham Hamiltonian were
obtained with the help of a regular real space grid in which the electron
density was projected. The grid spacing was determined by the maximum
kinetic energy of the plane waves that can be represented in that grid. In
the present work, we used a cut off of 150 Ry. The Brillouin zone (BZ)
was sampled by using a grid of (5î5î5) k points.[28] We checked that the
results were well converged with respect to the real space grid, the BZ
sampling, and the range of the atomic orbitals.
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Metal Coordination to the Formal P=N Bond of an Iminophosphorane and
Charge-Density Evidence against Hypervalent Phosphorus(v)�


Nikolaus Kocher, Dirk Leusser, Alexander Murso, and Dietmar Stalke*[a]


Introduction


Since the landmark work of Wittig and Geissler[1] and Stau-
dinger and Meyer[2] on phosphonium ylides and iminophos-
phoranes, respectively, these isoelectronic analogues of
phosphane oxides have been well established species in or-
ganometallic and organic syntheses.[3] Particularly, the Wittig
reaction and its extensions play an outstanding role in the
(stereo)selective transformation of ketones and aldehydes
into olefins. The P=N bond in polyphosphazenes is known
to be thermally very robust and gives access to inert poly-
meric materials, but the Si�N bond in silylated iminophos-
phoranes of the general type R3P=NSiMe3 can easily be
cleaved in reactions with main group[4] or transition metal
halides[5] leading to phosphoraneiminato complexes contain-
ing the [R3PN]� building block. Recently, Stephan et al.
proved the high catalytic activity of these complexes to-
wards ethylene polymerization.[6] Consequently, P=E bond-
ing (E = C, N, O) is an issue of experimental and theoreti-
cal debate because of the chemical importance of ylides,
iminophosphoranes and phosphane oxides.[7] The P=E bonds


in iminophosphoranes are mostly described as a resonance
hybrid between a double-bonded ylene R3P=NR and a dipo-
lar ylidic form R3P


+�N�R.[3,8] Calculations on main group
™hypervalent∫ compounds suggest that although the pres-
ence of d-orbitals is necessary to successfully model any of
the heavier main group elements, they do not play a signifi-
cant role in bonding. It has been proposed instead that neg-
ative hyperconjunction may be responsible for any p-charac-
ter in the P�O, P�C or P�N bonds.[7,9] These results have
been substantiated by recent calculations dealing with the
Wittig-type reactivity of phosphorus ylides[10] and imino-
phosphoranes[11] and by the experimental determination of
the charge density in a phosphane ylide.[12]


Phosphorus-based ligand systems with one or more donat-
ing atoms in the periphery are gaining increasing impor-
tance in catalysis and in the design of self-assembling li-
gands.[13] The incorporation of heteroaromatic substituents
at the phosphorus centre instead of commonly employed
phenyl groups alters and augments the reactivity and coordi-
nation capability of the ligand system and leads to the
design of multidentate Janus head ligands.[14,15] The concept
of side-arm donation, which has already proved to be useful
in various catalytic reactions involving chelating phosphanes
with selectivity for hard/soft coordination sites,[16] can also
be achieved by means of ring heteroatoms (Scheme 1).


Similar to ketones, sulfones and hydrazones,[17] P-alkyl-
substituted iminophosphoranes are moderately acidic and
can be deprotonated at the Ca-position by lithium organyls.
Several alkali metal complexes of a-deprotonated imino-
phosphoranes have been obtained and structurally charac-
terised. The cations are C,N-chelated by the deprotonated
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Abstract: The iminophosphorane
Ph2P(CH2Py)(NSiMe3) (1) was treated
with deprotonating alkali metal re-
agents to give [(Et2O)Li{Ph2P(CH-
Py)(NSiMe3)}] (2), [{Ph2P(CH2Py)(NSi-
Me3)}Li{Ph2P(CHPy)(NSiMe3)}] (3)
and [{Ph2P(CH2Py)(NSiMe3)}-
Na{Ph2P(CHPy)(NSiMe3)}] (4). We
report their coordination behaviour in
solid-state structures and NMR spec-


troscopic features in solution. Further-
more, we furnish experimental evi-
dence against hypervalency of the
phosphorus atom in iminophosphor-
anes from experimental charge-density


studies and subsequent topological
analysis. The topological properties,
correlated to the results from NMR
spectroscopic investigations, illustrate
that the formal P=N double bond is
better written as a polar P+�N� single
bond. Additionally, the effects of metal
coordination on the bonding parame-
ters of the iminophosphorane and the
related anion are discussed.


Keywords: alkali metals ¥ bond
topology ¥ hypervalent compounds ¥
N ligands ¥ P ligands
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carbon and imino nitrogen atoms. The steric demand of the
substituents and the nature of the donor solvents determine
the degree of aggregation, which ranges from monomers to
tetramers.[8,18] Hence, the introduction of alkyl bridges be-
tween the phosphorus atom and the donating heterocycle in
the ligand periphery of iminophosphoranes provides not
only the opportunity of greater geometrical adaptability due
to a wider bite but also to generate anionic species. Delocal-
isation of the carbanionic charge to the donating atoms
would enable the ligand to respond to the various require-
ments of metals differing in radius and polarisability.


Recently it was shown that
N-(trimethylsilyl)diisopropyl-2-
picolyliminophosphorane
iPr2P(CH2Py)(NSiMe3) (Py=2-
pyridyl) is a valuable building
block in the generation of 1,3-
dimetallacyclobutanes
[M{C(iPr2PNSiMe3)(Py)}]2 (M
= GeII, SnII, PbII) by single de-
protonation with lithium organ-
yls and subsequent reaction
with the corresponding
Group 14 chloride.[19] Here we
report alkali metal complexes
derived from N-(trimethylsilyl)-
diphenyl-2-picolyliminophos-
phorane (1), their coordination


behaviour in solid-state struc-
tures and their NMR spectro-
scopic features in solution. Fur-
thermore, we furnish experi-
mental evidence against hyper-
valency of the phosphorus atom
in iminophosphoranes from
high-resolution X-ray data and
subsequent topological analysis


of the multipole refinement. The topological properties are
correlated to the results from NMR spectroscopic investiga-
tions.


Results and Discussion


Syntheses of 1±4 : N-(Trimethylsilyl)diphenyl-2-picolylimino-
phosphorane (1) is readily available by the Staudinger reac-
tion of diphenyl-2-picolylphosphane[20] with trimethylsilyl-
azide (Scheme 2). Deprotonation at the methylene bridge of


1 with one equivalent of MeLi in diethyl ether at �78 8C
gives the lithium complex [(Et2O)Li{Ph2P(CHPy)(NSiMe3)}]
(2) in high yield. The reaction of only 0.5 equiv of MeLi
gives the complex [{Ph2P(CH2Py)(NSiMe3)}Li{Ph2P(CH-
Py)(NSiMe3)}] (3), in which the neutral starting material 1
and the related anion both chelate the same lithium atom.
Formally, the diethyl ether donor molecule in 2 is replaced
by the iminophosphorane 1. To obtain insight into the reac-
tivity and coordination flexibility of the ligand, 1 was depro-
tonated with sodium amide in THF at room temperature.
As the neutral donor ligand already proved to be a good bi-
dentate donor in the lithiated complex 3, the reaction was
performed with only 0.5 equiv of NaNH2, so that 1 acted as
reagent and donor at the same time, akin to 3.


Structures : The solid-state structures of the iminophosphor-
ane 1 and the metalated derivatives 2±4 are shown in Fig-
ures 1±4, respectively. Selected bond lengths and angles are
listed in Table 1; crystallographic details are given in
Table 5.


Abstract in German: Das Iminophosphoran
Ph2P(CH2Py)(NSiMe3) (1), wurde mit Alkalimetallbasen
umgesetzt. Die Komplexe [(Et2O)Li{Ph2P(CHPy)(NSiMe3)}]
(2), [{Ph2P(CH2Py)(NSiMe3)}Li{Ph2P(CHPy)(NSiMe3)}]
(3), und [{Ph2P(CH2Py)(NSiMe3)}Na{Ph2P(CHPy)(N-
SiMe3)}] (4) wurden auf ihr Koordinationsverhalten im Fes-
tkˆrper untersucht. Die NMR-spektroskopischen Eigenschaf-
ten in Lˆsung wurden in Beziehung zum Koordinationsver-
halten gesetzt. Dar¸ber hinaus zeigt die experimentelle Elek-
tronendichtebestimmung und die anschlie˚ende topologische
Analyse, dass zur Beschreibung der Bindungssituation in
Iminophosphoranen keine Hypervalenz des Phosphoratoms
nˆtig ist. Die topologischen Eigenschaften des anionischen
Liganden in ‹bereinstimmung mit den NMR-spektroskopi-
schen Ergebnissen zeigen, dass die formale P=N Doppelbin-
dung besser als polare P+�N�-Einfachbindung zu beschrei-
ben ist. Weiterhin werden Effekte der Metallkoordination auf
die Bindungsparameter des Iminophosphorans und seines
Anions abgeleitet.


Scheme 1. Reactions implying P=N bond cleavage.


Scheme 2. Synthesis of 1, deprotonation of 1 with MeLi to give 2 and preparation of 3 and 4.
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As expected, the central phosphorus atom in
Ph2P(CH2Py)(NSiMe3) (1) is tetrahedrally coordinated by
three carbon atoms and one nitrogen atom. The P2�CPh dis-
tances (av 181.67 pm) are on average 1 pm shorter than the
P2�C22 bond (182.57(14) pm) because of the smaller radius
of an sp2- compared with an sp3-hybridised carbon atom.
The P2�N3 bond length of 154.13(12) pm is in the range
normally quoted for a formal P=N double bond in imino-
phosphoranes (147±162 pm).[3,8,21] As in all N-silyl-substitut-
ed iminophosphoranes, the N3�Si2 bond (168.08(12) pm) is
considerably shorter than a formal Si�N single bond
(174 pm).[22] In the solid-state, 1 adopts a transoid conforma-
tion in which the two nitrogen atoms N3 of the imino group
and N4 of the pyridyl ring point in opposite directions due
to repulsion of the N lone pairs. N¥¥¥H�C hydrogen bonding
is not observed (Figure 1).


Alkali metal complexes tend to form oligomeric aggre-
gates depending on the steric demand of the substituents,
the radius and polarisability of the metal atom and the
nature and amount of donor solvent.[23] Nevertheless, the
above-mentioned reactions of the iminophosphorane 1 with
alkali metal deprotonation reagents yielded exclusively
monomeric complexes.


In [(Et2O)Li{Ph2P(CHPy)(NSiMe3)}] (2), the trigonal-
planar coordination sphere of the lithium cation is made up
of the imino nitrogen atom N1, the pyridyl ring nitrogen
atom N2 and the oxygen atom of the diethyl ether donor
molecule (Figure 2). The metal cation is displaced by only
22.6 pm from the best plane determined by the three coordi-


nated atoms. As expected from
the coordination behaviour,[24] a
six-membered metallacycle is
formed. The conformation of
this ring is a distorted boat ar-
rangement with the deprotonat-
ed carbon atom and the metal
atom in the bow and stern posi-
tions. They lie 29 and 14 pm, re-
spectively, out of the best plane
defined by N1-P1-C2-N2.


The sum of the bond angles
at the imino nitrogen atom N1
is very close to 3608 indicating
a planar environment. The


same is valid for the pyridyl ring nitrogen atom N2. In con-
trast to the chemically related monomeric bis(iminophos-
phorane)methanides [(Et2O)Li{HC(Cy2PNSiMe3)2}],


[25]


[(THF)Li{HC(Ph2PNSiMe3)2}]
[26] and the dimeric


[Li{HC(Ph2PNSiMe3)2}]2,
[27] the lithium cation in 2 shows no


contact to the deprotonated carbon atom C1 (Li¥¥¥C1
322.5 pm). The bond angles at C1 are close to 1208 and thus
indicate sp2-hybridisation. In contrast to the parent imino-
phosphorane 1, N,N-chelation to the metal atom results in a
N1/N2 cisoid conformation. Remarkably, the Li�N1 distance
in 2 (194.37(7) pm) is only slightly shorter than the Li�N2
distance of 196.30(7) pm. Both contacts are at the short end
of the range reported for Li�N distances in lithium
amides,[28] lithium iminophosphoranates[14a,29] and lithium
aminidinates.[30] Metal coordination to N1 elongates the ele-
ment±nitrogen bonds. Although the P1�N1 bond length in 2
is lengthened by about 5 pm with respect to 1, it is still in
the range generally quoted for formal P=N double bonds in
iminophosphoranes.[3,21] Likewise, the N1�Si1 bond
(170.67(2) pm) is elongated by 2.7 pm in comparison to the
N�Si bond in the iminophosphorane 1. Similar elongations
relative to the related starting materials[31,32] are observed in
[(Et2O)Li{(o-C6H4)Ph2PNSiMe3}]2


[14a] and lithiated bis(imi-
nophosphorane)methanides.[26,27]


Figure 3 shows the solid-state structure of
[{Ph2P(CH2Py)(NSiMe3)}Li{Ph2P(CHPy)(NSiMe3)}] (3).
One deprotonated equivalent of the starting material 1 con-
tributes the monoanionic [N-P-C(H)-Py]� chelating ligand
also present in 2, while the second equivalent acts as neutral
bidentate N,N’-donor base towards the lithium cation.


Table 1. Selected bond lengths [pm] and angles [8] of 1±4.


Anionic ligand Neutral iminophosphorane
2, M=Li 3, M=Li 4, M=Na 1 3, M=Li 4, M=Na


P1�N1 159.04(2) 158.96(15) 157.79(14) P2�N3 154.13(12) 156.55(15) 156.28(13)
N1�Si1 170.67(2) 170.69(16) 168.69(14) N3�Si2 168.08(12) 172.17(15) 172.04(14)
P1�C1 172.57(2) 172.95(19) 173.43(17) P2�C22 182.57(14) 181.46(19) 183.48(17)
C1�C2 140.13(3) 140.5(3) 141.1(2) C22�C23 150.39(19) 149.8(3) 150.6(2)
C2�N2 137.07(3) 137.5(2) 137.6(2) C23�N4 133.17(18) 134.3(2) 134.1(2)
M�N1 194.37(7) 206.9(3) 233.51(15) M�N3 ± 216.5(3) 237.09(14)
M�N2 196.30(7) 209.1(4) 239.16(15) M�N4 ± 210.2(3) 240.00(15)
P1-C1-C2 127.114(19) 123.33(15) 125.42(13) P2-C22-C23 111.98(9) 119.06(14) 117.95(11)
P1-N1-Si1 130.469(14) 130.67(9) 140.06(9) P2-N3-Si2 143.91(8) 132.91(9) 130.47(8)
P1�CPh av 182.24 av 183.15 av 182.85 P2�CPh av 181.67 av 181.91 av 181.63


Figure 1. Solid-state structure of 1; for clarity only the methylene hydro-
gen atoms are depicted.


Figure 2. Solid-state structure
of 2 ; for clarity only the hydro-
gen atom at the bridging
carbon atom is depicted.
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In 3, the lithium cation is coordinated in a distorted tetra-
hedral fashion by the four nitrogen atoms (the N-Li-N
angles vary from 98.23(14) to 128.49(17)8). In the metalla-
spirocycle both six-membered LiN2C2P rings adopt a distort-
ed boat conformation. The lithium cation is displaced by
46 pm from the best plane of the anionic ligand, but only
12 pm from the plane of the neutral ligand. As expected, the
deprotonated sp2 carbon atom C1 is closer to the plane than
the methylene carbon atom C22 (displacements of 45 and
61 pm, respectively). The Li¥¥¥C1 distance in 3 is 324.3 pm,
that is, 2 pm longer than in 2. However, due to the more
pronounced boat conformation the lithium cation is 16 pm
closer to the deprotonated carbon atom C1 than to C22 of
the neutral ligand (Li¥¥¥C22 340.4 pm). The P1-C1-C2 angle
of 123.33(15)8 indicates sp2-hybridisation. In the neutral
donor ligand, the corresponding angle at C22 of 119.06(14)8
is only marginally smaller. The sum of the bond angles at
both imino nitrogen atoms N1 and N3 of close to 3608 indi-
cates a planar environment. For the pyridyl ring nitrogen
atoms N2 and N4, the sum of the angles shows slight dis-
placement of the metal atom from the plane of the heteroar-
omatic ring (352.2 and 357.78, respectively). The P1�N1 dis-
tances in the anionic ligand of 2 (159.04(2) pm) and 3
(158.96(15) pm) are identical within the ESDs and about
5 pm longer than in the iminophosphorane 1
(154.13(12) pm). The P2�N3 bond length of 156.55(13) pm
in the neutral donor ligand in 3 is half-way between them.
Interestingly, the N1�Si1 distance of 170.69(16) pm in the
anionic ligand of 3 is identical to that in 2. However, the
N2�Si2 distance (172.17(15) pm) is about 1.5 pm longer than
in 2 and even 4.1 pm longer than that in the iminophosphor-
ane 1. Thus, both P�N and N�Si bonds in the anionic and
neutral ligand are appreciably elongated on metal coordina-
tion at the imino nitrogen atom. As expected from the
higher coordination number of the lithium cation and the
greater steric bulk of the two ligands, both Li�N bonds in 3
are longer than in 2. The Li�Nimino bond distances in 3 vary
remarkably. Whereas the Li�N1 distance to the anion is
only 206.9(3) pm, the Li�N3 distance to the donor ligand is
9.6 pm longer. The imino N atom of the anion seems much
more attractive to the lithium cation. The Li�NPy distances
in 3 differ only by about 1 pm and are in the normal
range.[33±35]


The sodium complex [{Ph2P(CH2Py)(NSiMe3)}-
Na{Ph2P(CHPy)(NSiMe3)}] (4) crystallises as yellow blocks
from saturated THF solution. The solid-state structure of 4
is depicted in Figure 4. Compounds 3 and 4 are isomorphous
but not isostructural.


As in 3 the metal atom is displaced further from the best
plane of the anion than from that of the neutral ligand (20
vs 17 pm), and the deprotonated carbon atom is closer to
that plane than the methylene carbon atom (34 vs 75 pm).
The imino nitrogen atoms N1 and N3 in 4 show trigonal-
planar coordination. The same is valid for the pyridyl ring
nitrogen atom N4 of the neutral ligand. However, the sum
of the angles at the pyridyl ring nitrogen atom N2 in the
anionic ligand of 343.48 indicates a displacement of the
sodium atom towards the p-electron density of the ring.
This more pronounced haptotropic shift of the softer metal
atom was observed earlier[36] and is emphasised by the grad-
ual increase in the ordering numbers of the alkali metals.[37]


The differences in the P�N bond lengths in the anionic and
neutral ligands in 4 are only half as much as in the lithium
complex 3, and the elongation of the formal P=N double
bond compared to the starting material 1 is less pronounced.
The same is valid for the N�Si distances. The Na�N distan-
ces in 4 span the range of 233.51(15) to 240.00(15) pm and
are comparable to those of the structurally related mono-
meric [(THF)2Na{HC(Ph2PNSiMe3)2}]


[25] (241.6 pm) and di-
meric ([Na{HC(Ph2PNSiMe3)2}]2 (233.4±253.8 pm).[27] The
values correspond to those found in sodium amides rather
than those in complexes with coordinated amine donor
bases such as [(pmdeta)NaPh]2 (260.9±271.2 pm; pmdeta:
MeN(CH2CH2NMe2)2).


[38] However, the Na�NPy distances
are similar to those in, for example, [(C5H5N)3NaCp*][39]


(245.0±248.8 pm; Cp*=h5-C5Me5), [(C5H5N)Na{OtBu(Si-
Me2)NSiMe3}]


[40] (239.1 pm) and [(THF)3Na(PyCPh2)]
[36]


(241.4 pm). Figure 5 depicts a superposition plot of the core
structures of the 3 and 4.


In all compounds 1±4 the P�CPh distances are very similar
and do not differ significantly from that of the iminophos-
phorane 1. In the iminophosphorane 1 and the neutral li-
gands in 3 and 4, the P2�C22 (av 182.5 pm) and C22�C23


Figure 3. Solid-state structure of 3 ; for clarity only the hydrogen atoms at
the bridging carbon atoms are depicted. Figure 4. Solid-state structure of 4 ; for clarity reasons only the hydrogen


atoms at the bridging carbon atoms are depicted.


Figure 5. Superposition plot of the core structures of the lithium complex
3 (narrow lines) and the isomorphous sodium complex 4 (wide lines).
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(av 150.3 pm) bond lengths are almost equal and are invari-
ant to metal coordination. They are standard P�C (185 pm)
and C�C single bonds.[22] However, in the anionic ligands of
2±4, the average P1�C1 bonds of 173.0 pm are about 10 pm
shorter than the corresponding bond in the neutral mole-
cules. In phosphaalkenes, the formal P=C double-bond
lengths vary from 161 to 171 pm, and the average value is
167 pm.[41] Ylidic P�C bond lengths lie between 163 and
173 pm,[42] and Gilheany quotes an average value of
169 pm.[7] Thus, the P1�C1 bond lengths in the anionic li-
gands in this paper suggest partial double-bond character, as
depicted in resonance structure b of Scheme 3. At the same


time, the C1�C2 bonds (av 140.6 pm) are shortened by ap-
proximately 10 pm in the anionic versus the neutral ligands,
and this reflects a partial double-bond character, as depicted
in c of Scheme 3.


Furthermore, the fact that the Cipso�NPy bonds of the
anionic ligands (av 137.4 pm) are on average 3.5 pm longer
than the corresponding bonds in the neutral ligands indi-
cates a perturbation of the aromatic ring system. This might
be interpreted as the result of transfer of the negative
charge from the deprotonated carbon atom to the pyridyl
ring nitrogen atom.


The P�N bond lengths in all isolated compounds are short
and range from 154.13(12) pm in 1 to 159.04(2) pm in 2.
Even in the neutral donor ligands of 3 and 4 they are about
2.3 pm longer than in iminophosphorane 1. In accordance
with the harder Lewis-acidic character of the lithium cation
in comparison to sodium, the P1�N1 bonds in the lithium
complexes 2 (159.04(2) pm) and 3 (158.96(15) pm) are
longer than in the sodium derivative 4 (157.79(14) pm).
Metal coordination at the imino nitrogen atom of the neu-
tral ligand shifts electron density from the P=N bonding
region to the metal, lengthening the P=N bond. Metal coor-
dination at N1 together with deprotonation at the methylene
bridge next to the phosphorus atom P1 leads to a further
elongation of the P=N bond, as the additional negative
carbon atom competes for the charge density of the electro-
positive phosphorus atom. Charge accumulation at N1 in
the anionic ligands furnishes a strong M�N1 interaction,


while polarisation of the P2�N3 bond gives a weaker M�N3
bond.


This trend is also reflected in the N�Si bond lengths. In 1,
the shortest N�Si bond (168.08(12) pm) is present. In the
anionic ligands of the lithiated complexes 2 and 3, these
bonds are on average 2.6 pm longer than in the iminophos-
phorane 1. In 4, it is very similar to the distance in 1, that is,
the softer sodium atom is less polarising towards the anionic
ligand. In comparison with standard N�Si single bonds
(174 pm)[22] they all are inherently short. Interestingly, the
N3�Si2 distances in the neutral ligands of 3 and 4 are about
4 pm longer than in the iminophosphorane 1 and are there-
fore almost in the range of standard N�Si single bonds. In
the iminophosphorane 1, the negatively polarised imino ni-
trogen atom N3 is bonded to the electropositive phosphorus
and silicon atoms. These interactions result in a short N3�
Si2 bond in 1. On metal coordination at N3, the negatively
polarised imino nitrogen atom has a further interaction with
the cationic centre. Thus, the N3�Si2 distances in 3 and 4
become longer. In the anionic ligands of 2±4 the N1�Si1
bond lengths are half-way between that in 1 and those of
the neutral ligands in 3 and 4. The negatively polarised
imino nitrogen atom N1 interacts with the cation, the elec-
tropositive silicon atom and a less electropositive phospho-
rus centre, due to the neighbouring negatively polarised de-
protonated carbon atom C1. Thus, the N�Si distances are
longer than in iminophosphorane 1, but shorter than in the
neutral ligands of 3 and 4.


In conclusion, all the geometrical features of the anionic
ligands in the metalated complexes 2±4 suggest canonical
formulas as depicted in Scheme 3. However, all of them re-
quire valence expansion at the phosphorus atom, at variance
with the eight-electron rule, but chemical reactivity supports
neither P=N nor P=C double bonds, because both are easily
cleaved in various reactions.[14]


NMR spectroscopic investigations : To elucidate the charge
distribution in 1±4, we performed several NMR experiments
in solution. The chemical shifts determined for the 31P and
15N nuclei are summarised in Table 2.


Deprotonation at the Ca-atom in the iminophosphorane
Ph2P(CH2Py)(NSiMe3) (1) results in 31P NMR downfield
shifts relative to 1 and the neutral ligands in 3 and 4. This
shift seems to be counterintuitive to the idea of P=C bond
generation in the anions.


An interesting result was obtained in the 1H,15N HMBC
NMR experiments. In the starting material 1 and in the neu-
tral ligands of 3 and 4, the pyridyl nitrogen atoms resonate
at similar frequencies (d=�61 to �68). The observed small


Scheme 3. Resonance forms of [M{Ph2P(CHPy)(NSiMe3)}]: a indicates a
carbanionic ylidic contribution, b shows the amidic ylenic resonance
structure, c emphasises the amidic olefinic resonance form and d visualis-
es the delocalisation of the negative charge.


Table 2. 31P and 15N NMR shifts [ppm] of 1±4.


Anionic ligands Neutral ligands
P Nimino NPy P Nimino NPy


1 ± ± ± �0.32 �343 �61
2 18.03 �331 �145 ± ± ±
3 15.36 �334 �139 8.46 �339 �68
4 11.30 �345 �137 �0.60 �332 �63
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differences arise from metal coordination at the ring nitro-
gen atom. Remarkably, they reflect the polarising abilities
of the metal, and hence the upfield shift due to sodium coor-
dination is less pronounced than the changes induced by the
lithium cation. However, the 15N NMR signals for the pyrid-
yl ring nitrogen atoms in the anionic ligands are considera-
bly shifted to higher fields (d=�137 to �145) with respect
to 1 (d=�61) and to the neutral ligands in 3 and 4. These
NMR spectroscopic shifts can be explained by a considera-
ble charge transfer from the
carbanionic atom C1 to the
heteroaromatic ring and accu-
mulation at the pyridyl nitro-
gen atom. Additionally, the
almost invariant 15N NMR
shift of the imino nitrogen
atom in all compounds indi-
cates that the charge density
at this nitrogen atom is less af-
fected by deprotonation.


Charge transfer to the pyr-
idyl substituent in the anionic
ligands of 2±4 is also evident from the 1H and 13C NMR
spectroscopic experiments. In Table 3, these chemical shifts
are compared with those of the starting material 1 and the
neutral ligands in 3 and 4. Deprotonation at Ca in imino-
phosphorane 1 results in a upfield shift for the pyridyl hy-
drogen atoms relative to the corresponding atoms in the
neutral ligands of 3 and 4 and the parent iminophosphorane
1. The charge density is accumulated in the pyridyl substitu-
ent. In the 13C NMR spectrum, the deprotonated C1 atoms
in the anionic ligands resonate at lower fields compared to
the neutral ligands. Additionally, the carbon atom atoms ad-
jacent to the ring nitrogen atoms are shifted downfield.


However, in quintessence neither the geometrical parame-
ters from the structure determination nor the NMR spectro-
scopic data provide a conclusive criterion to decide which
resonance form in Scheme 3, if any, contributes most to the
bonding in alkali metal complexes 1±4.


Charge-density distribution in [(Et2O)Li{Ph2P(CHPy)(N-
SiMe3)}] (2): To describe the charge-density distribution in
[(Et2O)Li{Ph2P(CHPy)(NSiMe3)}] (2), we performed a mul-
tipole refinement based on the formalism of Hansen and
Coppens[43] with 100 K high-resolution data up to (sinq/
l)max=1.145 ä�1. The results of the topological analysis are


presented in terms of the charge density 1(r), the Laplacian
521(r) and the charges obtained from the integration over
the atomic basins according to Bader×s theory of atoms in
molecules (AIM).[44] All bond critical points (BCPs) at the
P�E bonds are displaced towards the electropositive phos-
phorus atom. A comparison of the densities 1(rBCP), the al-
gebraic sum of the eigenvalues li of the Hessian matrix
521(rBCP) of these bonds and the integrated charges are pre-
sented in Table 4.


The properties at the BCPs of the aromatic C�C bonds in
the phenyl rings and those in the SiMe3 group are in the ex-
pected range. The two topologically analysed P�CPh bonds
in 2 are comparable to those in the triphenylphosphane
ligand of a transition metal complex.[45] In contrast to the
P�CPh bonds in triphenylphosphonium benzylide Ph3P=
C(H)Ph, no variance in the topology between the two P�CPh


bonds in 2 could be observed.[12] Compared to the latter, the
P�C1 bond displays higher charge density and a more nega-
tive Laplacian at the BCP. An inspection of the Laplacian
along the P�C bond paths (Figure 6) in 2 reveals an almost
equal charge distribution in the phosphorus basin, while the
main difference concerning the Laplacian in the basin of the
carbon atoms is related to the shorter distance between C1
and BCPP�C1. This rather short P�C bond results from dis-
tinct electrostatic interactions between the negatively polar-
ised deprotonated C1 and the electropositive phosphorus
atom, as reflected in the charges of �0.52e for C1 and
+2.20e for P from integration over the atomic basins.[46]


The properties of the exocyclic C1�C2 bond, which are
almost the same as those of an aromatic C�C bond, as well
as the aromatic character of the C2�N2 bond of the pyridine
ring fuels the idea of delocalisation of the negative charge in
the C1-C2-N2 residue. This exocyclic delocalisation slightly


Table 3. Selected 1H and 13C NMR shifts [ppm] of 1±4.
1H 13C


1 3 4 5 6 1 2 3 4 5 6


1 3.56 7.18 7.07 6.55 8.28 43.2 152.3 125.6 129.5 121.6 149.6
2 3.58 6.42 6.71 5.77 7.12 55.8 167.8 118.9 134.8 106.9 147.5
3a[a] 4.11 6.60 7.00 5.95 7.33 59.0 166.3 118.4 134.2 103.6 148.0
3b[a] 3.78 6.85 7.00 6.42 8.46 39.7 150.7 126.6 128.3 121.5 152.2
4a[a] 3.39 6.18 6.64 5.51 7.15 58.2 168.0 117.9 133.5 103.9 147.8
4b[a] 3.85 7.15 7.44 6.98 8.31 42.5 155.3 125.8 131.1 122.1 149.8


[a] a : anionic ligand, b : neutral ligand.


Table 4. Topology of the P�N and P�C bonds in 2.[a]


A�B d(A�B) d(A�BCP) d(BCP�B) 1(rBCP) 521(rBCP) Charge at B


P�N1 1.5903 0.6566 0.9337 1.508(10) 5.874(28) �1.98
P�C1 1.7252 0.7753 0.9499 1.336(8) �8.325(22) �0.54
P�C7 1.8294 0.8047 1.0248 1.134(6) �6.402(15) �0.31
P�C13 1.8147 0.7784 1.0364 1.151(8) �6.145(16) �0.34


[a] d(A�B): distance [ä] between atoms A and B along the bond path; d(A�BCP), d(BCP�B): distance be-
tween the BCP and atoms A and B, respectively; 1(rBCP): charge density [eä�3] at the BCP; 521(rBCP): Lapla-
cian of 1(r) at the BCP [eä�5]; Charges of B from integration over atomic basins in electrons, charge of the
phosphorus atom A: +2.20.
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perturbs the aromaticity of the heteroaromatic ring. The
bond lengths and electron densities in the pyridyl substitu-
ent differ from those in undisturbed rings.[47]


The Laplacian distribution 521(r) along the P�N1 bond is
completely different to that of the P�Cipso bonds. The Lapla-
cian at the BCP is positive and charge density is exclusively
concentrated in the nitrogen basin (Figure 6a). This indi-
cates a severe contribution of electrostatic interaction to the
bonding energy, further substantiated by the integration of
the atomic basins.[46] The two basins related to the nitrogen
atoms give distinct negative values. The imino nitrogen
atom N1 is bonded to three electropositive neighbours, and
therefore the charge of �1.91e is higher than that of �1.11e
for the ring nitrogen atom N2. The charge of the deproto-
nated carbon atom C1 is about 0.2e higher than those of the
two phosphorus bonded ipso carbon atoms (C7: �0.30e,
C13: �0.34e). All these findings support an ylidic P+�C� si-
multaneous with a P+�N� bond, not yet present in the reso-
nance forms of Scheme 3. The determination of the (3;�3)
critical points in the spatial distribution of �521(r) and
quantification of the valence shell charge concentrations
(VSCCs) around the electronegative atoms (N1, N2, O1,
C1) confirms this view. Isosurface presentations around N1
and a contour plot in the plane containing the (3;�3) critical
points are presented in Figure 7a. They indicate sp3-hybridi-
sation at N1 with two lone pairs, both oriented towards the
Li cation. The same is valid for O1 (Figure 7b). The angle
between the lone pairs LP1-N1-LP2 of approximately 718 is
much more acute than the expected 1098, but can be ration-
alised by the closer approach of the critical points by simul-
taneous interaction of both VSCCs with the lithium cation.
Clearly, the lone pairs at N1 and O1 act as a bifurcated
donor to the electropositive metal acceptor. We found the
same arrangement at S-bonded sp3-hybridised nitrogen
atoms in an intramolecular hydrogen bond.[48]


Conclusion


The experimental charge-density distribution in [(Et2O)-
Li{Ph2P(CHPy)(NSiMe3)}] (2) clearly proves that the formal
P=N imino double bond and the potential ylenic P=C


double bond must be written as polar P+�N� and P+�C�


single bonds augmented by electrostatic contributions. As
predicted from calculations, a hypervalent central phospho-
rus atom is not required to describe the bonding. It is much
more appropriate to assign charges in the resonance formu-
la, even for the starting material Ph2P(CH2Py)(NSiMe3) (1).
The almost invariant imino nitrogen signals in the 15N NMR
spectra of 1±4 further supplies credibility to these canonical
forms. The iminophosphorane 1 is better been written as a
zwitterionic phosphonium amide Ph2(PyCH2)P


+��NSiMe3.
This polar single bond corresponds best with the reactivi-


ty: metal organyls in polar solvents can more easily cleave


Figure 6. a) Laplacian along the bond paths of the P�C and P�N bonds; b) Laplacian in the P1-C2-Li plane (blue lines indicate charge concentrations,
red lines indicate charge depletions); c) Laplacian along the bond paths of the Li�N and Li�O bonds. The zero value of the x axis indicates the position
of the BCP.


Figure 7. Isosurface maps at constant 521(r) values indicating bonding
and nonbonding charge concentrations around the displayed atoms, and
contour plots in a plane with the two lone pairs oriented towards Li1 for
N1 (a) and O1 (b) in 2 ; a) N1, 521(r)=�48 eä�5 (bonding VSCCs) and
�41 eä�5 (nonbonding VSCCs); b) O1, 521(r)=�125 eä�5 (bonding
VSCCs) and �105 eä�5 (nonbonding VSCCs). Blue contours indicate
charge concentration, and red contours charge depletion.
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this bond rather than the wrongly assigned P=N double
bond. Therefore, deimination or the retro-Staudinger reac-
tion of iminophosphoranes seems an unorthodox but suita-
ble synthetic route to phosphanes.


The isolation of the complexes [{Ph2P(CH2Py)(NSi-
Me3)}M{Ph2P(CHPy)(NSiMe3)}] (M=Li: 3, Na: 4), in which
both anionic and neutral iminophosphorane are bound to
the cation, allowed a detailed discussion of the geometrical
parameters in the ligands and we were able to deduce the
effects of metal coordination on the structural parameters of
the neutral iminophosphorane and its anionic derivative.
The electrostatic contributions to the P�N bonding and the
negatively charged imino nitrogen atom result in short P�N
and N�Si distances in iminophosphorane 1. The negative
charge at the imino nitrogen atom in 1 is stabilised by the
positive phosphorus centre and the electropositive silicon
atom, and this results in short P�N and N�Si contacts. The
observed elongations of these bonds in the neutral metal-co-
ordinating ligands are a result of polarisation of the negative
charge by the cations. The elongation of the P�N distances
found in the anionic ligands are explained by the interaction
of the positively charged phosphorus centre with the nega-
tively polarised Ca atom, which weakens the electrostatic
contribution to the P�N bonds.


Experimental Section


All reactions were performed under an inert atmosphere of dry N2 with
Schlenk techniques or in an argon glove box. All solvents were dried
over Na/K alloy and distilled prior to use. NMR spectra were recorded at
room temperature on a Bruker DRX 300 spectrometer at 300.1 (1H),
75.5 (13C), 121.5 (31P), 59.6 (29Si), 155.5 (7Li), 79.4 (23Na) and 30.4 MHz
(1H,15N HMBC). Chemical shifts d are relative to the solvent for 1H, 13C
and 1H,15N HMBC NMR, to H3PO4 (85%) for 31P, to external saturated
LiCl solution for 7Li, to 0.1m NaCl in D2O for 23Na and to SiMe4 for 29Si
NMR. Elemental analyses were performed by the Microanalytisches
Labor der Universit‰t W¸rzburg.


The NMR shifts were assigned according to the following scheme:


The heteronuclei are assigned an asterisk in the neutral ligands of com-
pounds 3 and 4.


Ph2P(CH2Py)(NSiMe3), (1): N3SiMe3 (0.46 g, 3.97 mmol) was added to
Ph2PCH2Py (1.00 g, 3.61 mmol). The reaction mixture was heated under
reflux for 3 h. Evaporation of the excess of N3SiMe3 and distillation of
the crude product under vacuum gave pure Ph2P(CH2Py)(NSiMe3) (1;
1.29 g, 3.53 mmol, 98%) as a colourless oil. Addition of hexane to the oil


and storage at �16 8C gave 1 as colourless plates. M.p. (DTA): 44 8C;
31P NMR ([D8]toluene): d=�0.32 (s); 29Si NMR ([D8]toluene): d=


�10.61 (s); 1H,15N HMBC ([D8]toluene): d=�343 (s, NSiMe3), �61 (s,
pyN); 1H NMR ([D8]toluene): d=0.23 (s, 9H, SiMe3), 3.56 (d, 2JPH=
14.1 Hz, 2H, H1), 6.55 (dddd, 1H, H5), 7.07 (m, 1H, H4), 7.18 (d, 1H,
H3), 8.28 (d, 1H, H6), 7.00±7.05 (m, 6H, m-, p-PhH), 7.65±7.81 (m, 4H,
o-PhH); 13C NMR ([D8]toluene): d=4.8 (d, 3JSiC=3.0 Hz, SiMe3), 43.2 (d,
C1), 121.6 (d, C5), 125.6 (d, C3), 129.5 (d, C4), 149.6 (d, C6), 152.3 (d,
C2), 129.2 (m-PhC), 131.0 (p-PhC), 131.8 (o-PhC), 134.9 (ipso-PhC); ele-
mental analysis (%) calcd for C21H25N2PSi: C 69.44, H 7.68, N 7.36;
found: C 69.24, H 7.72, N 7.43.


[(Et2O)Li{Ph2P(CHPy)(NSiMe3)}] (2): Compound 1 (0.50 g, 1.37 mmol)
was dissolved in Et2O (10 mL) and cooled to �78 8C. To this solution
MeLi (0.94 mL, 1.6m in Et2O, 1.51 mmol) was added dropwise. After
warming to RT and stirring the yellow solution for 2 h the volume of the
solvent was reduced. After 48 h crystalline 2 (0.48 g, 1.08 mmol, 79%)
was isolated. M.p. (DTA): 104 8C; 31P NMR ([D8]toluene): d=18.03 (s);
7Li NMR ([D8]toluene): d=1.50 (s); 29Si NMR ([D8]toluene): d=�8.63
(s); 1H,15N HMBC NMR ([D8]toluene): d=�331 (NSiMe3), �145 (pyN);
1H NMR ([D8]toluene): d=0.11 (s, 9H, SiMe3), 3.58 (d, 2JPH=18.2 Hz,
1H, H1), 5.77 (dd, 1H, H5), 6.42 (d, 1H, H3), 6.71 (dd, 1H, H4), 7.12 (d,
1H, H6), 7.01±7.06 (m, 6H, m-,p-PhH), 7.79±7.82 (m, 4H, o-PhH), 3.08
(q, 4H, OCH2CH3), 0.93 (t, 6H, OCH2CH3);


13C NMR ([D8]toluene): d=
4.9 (d, 3JSiC=3.8 Hz, SiMe3), 55.8 (d, C1), 106.9 (s, C5), 118.9 (d, C3),
134.8 (d, C4), 147.5 (s, C6), 167.8 (d, C2), 128.8 (m-PhC), 130.3 (p-PhC),
132.5 (o-PhC), 137.4 (ipso-PhC); elemental analysis (%) calcd for
C25H34LiN2OPSi: C 67.54, H 7.71, N 6.30 found: C 67.42, H 7.72, N 6.38.


[{Ph2P(CH2Py)NSiMe3}Li{Ph2P(CHPy)NSiMe3}] (3): Compound 1
(0.50 g, 1.37 mmol) was dissolved in Et2O (30 mL) and cooled to �78 8C.
To this solution MeLi (0.43 mL, 1.6m in Et2O, 0.69 mmol) was added
dropwise. After warming to RT and stirring for 8 h the clear yellow solu-
tion was allowed to stand at RT for 3 d to yield 3 (0.80 g, 1.08 mmol,
79%) as yellow blocks. M.p. (DTA): 77 8C (decomp); 31P NMR ([D6]ben-
zene): d=8.46 (br s, P*), 15.36 (s, P); 7Li NMR ([D6]benzene): d=1.70
(s); 1H, 29Si HMBC NMR ([D6]benzene): d=�9.5 (s, Si), �1.82 (s, Si*);
1H,15N HMBC NMR ([D6]benzene): d=�339 (Me3SiN*), �334
(Me3SiN), �139 (PyN), �68 (PyN*); 1H NMR ([D6]benzene): d=0.39 (s,
9H, SiMe3*), 0.50 (s, 9H, SiMe3), 3.78 (d, 2JPH=13.9 Hz, 2H, H1*), 4.11
(d, 2JPH=23.6 Hz, 1H, H1), 5.95 (dd, 1H, H5), 6.42 (dd, 1H, H5*), 6.60
(d, 1H, H3), 6.85 (d, 2H, H3*), 7.00 (m, 2H, H4, H4*), 7.33 (d, 1H, H6),
8.46 (d, 1H, H6*), 7.25±7.30 (m, 6H, m-, p-PhH), 7.21±7.24 (m, 6H, m-,
p-PhH*), 7.52±7.70 (m, 4H, o-PhH*), 8.08±8.25 (m, 4H, o-PhH);
13C NMR ([D6]benzene): d=2.9 (d, 3JSiC=4.5 Hz, SiMe3*), 3.8 (d, 3JSiC=
4.5 Hz, SiMe3), 39.7 (d, C1*), 59.0 (d, C1), 103.6 (s, C5), 118.4 (d, C3),
121.5 (d, C5*), 126.6 (s, C3*), 128.3 (d, C4*), 134.2 (d, C4), 148.0 (s, C6),
150.7 (s, ipso-PyC*), 152.2 (s, C6*), 166.3 (s, ipso-PyC), 128.3 (m-PhC),
128.5 (m-PhC*), 129.8 (p-PhC), 130.7 (p-PhC*), 131.4 (o-PhC*), 132.8 (o-
PhC), 137.7 (ipso-PhC), 138.5 (ipso-PhC*); elemental analysis (%) calcd
for C42H49LiN4P2Si2: C 68.64, H 6.72, N 7.62 found: C 69.01, H 6.52, N
7.73.


[{Ph2P(CH2Py)NSiMe3}Na{Ph2P(CHPy)NSiMe3}] (4): A suspension of
NaNH2 (0.11 g, 2.75 mmol) in THF (5 mL) was added to a solution of 1
(2.00 g, 5.49 mmol) in THF (40 mL) at RT. After 3 d, the yellow reaction
mixture was filtered and the volume of the solution was reduced by evap-
oration. Storage of the clear yellow solution at RT for several days gave
4 (3.05 g, 4.06 mmol, 74%) as yellow blocks. M.p. (DTA): 33 8C
(decomp); 31P NMR ([D8]THF): d=�0.6 (br s, P*), 11.3 (br s, P); 23Na
NMR ([D8]THF): d=5.02 (br s); 29Si NMR ([D8]THF): d=�13.9 (d,
2JSiP=8.3 Hz, Si), �12.8 (d, 2JSiP=23.3 Hz, Si*); 1H,15N HMBC NMR
([D8]THF): d=�345 (Me3SiN*), �332 (Me3SiN), �137 (PyN), �63
(PyN*); 1H NMR ([D8]THF): d=�0.14 (s, 9H, SiMe3*), �0.20 (s, 9H,
SiMe3), 3.39 (d, 2JPH=22.3 Hz, 1H, H1), 3.85 (d, 2JPH=14.1 Hz, 2H,
H1*), 5.51 (dd, 1H, H5), 6.18 (d, 1H, H3), 6.64 (dd, 1H, H4), 6.98 (dd,
1H, H5*), 7.14±7.17 (m, 2H, H6, H3*), 7.18±7.25 (m, 8H, m-, p-PhH, p-
PhH*), 7.44 (dd, 1H, H4*), 7.69±7.77 (m, 8H, o-PhH, o-PhH*), 7.31±7.38
(m, 4H, m-PhH*), 8.31 (d, 1H, H6*); 13C NMR ([D8]THF): d=3.87 (d,
3JSiC=4.5 Hz, SiMe3), 3.69 (d, 3JSiC=3.0 Hz, SiMe3*), 42.5 (d, C1*), 58.2
(d, C1), 103.9 (s, C5), 117.9 (d, C3), 122.1 (d, C5*), 125.8 (d, C3*), 131.1
(d, C4*), 133.5 (d, C4), 147.8 (s, C6), 149.8 (d, C6*), 155.3 (d, ipso-
PyC*),168.0 (d, ipso-PyC), 128.2 (m-, p-PhC), 128.8 (m-PhC*), 129.5 (p-
PhC*), 132.0 and 132.8 (o-PhC, o-PhC*), 137.3 (ipso-PhC*), 141.3 (ipso-


Chem. Eur. J. 2004, 10, 3622 ± 3631 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3629


Bonding in Iminophosphoranes 3622 ± 3631



www.chemeurj.org





PhC); elemental analysis (%) calcd for C42H49N4P2Si2: C 67.17, H 6.58, N
7.46 found: C 66.36, H 6.70, N 7.21.


Structure determination of 1±4 : Crystallographic data for 1±4 are listed
in Table 5. All data were measured at low temperature[49] with graphite-
monochromated MoKa radiation (l=71.073 pm) on a Bruker D8 goniom-
eter platform, equipped with a Smart Apex CCD detector. Cell parame-
ters were determined and refined using the SMART software.[50] Series
of w scans were performed at several f settings. Raw frame data were in-
tegrated using the SAINT program.[51] The structures were solved using
direct methods and refined by full-matrix least-squares techniques on F 2


using SHELXTL.[52] Data of 1 and 2 were subjected to empirical correc-
tion for absorption with SADABS2.[53] The hydrogen atoms H1 at C1 in
2, H1 at C1 and H22A, H22B at C22 in 3 and 4 were taken from the dif-
ference Fourier map and refined freely. All other hydrogen atoms were
refined using a riding model. The Uiso values for the hydrogen atoms of a
CH3 group were set to 150%, and those of all other hydrogen atoms to
120%, of the Ueq values of the corresponding C atoms. All non-hydrogen
atoms were refined anisotropically. The anisotropic displacement param-
eters (ADPs) in the Supporting Information were plotted at the 50%
probability level.


CCDC-231738±231741 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).
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Thermodynamic Stability of Hydrogen-Bonded Nanostructures: A
Calorimetric Study


Mattijs G. J. ten Cate, Jurriaan Huskens, Mercedes Crego-Calama,* and
David N. Reinhoudt*[a]


Introduction


Because of the weak nature of the hydrogen bond (2±
10 kcalmol�1),[1] self-assembly in polar solvents has received
little attention. Most self-assembly studies in polar solvents
are carried out by using metal coordination[2±14] or a combi-
nation of hydrogen bonding with other weak noncovalent
interactions, such as cation±p and p±p stacking, which has
led to molecular capsules stable in polar organic sol-
vents.[15±17] Furthermore, multiple ionic interactions have
been used to obtain stable supramolecular complexes in
polar solvents.[18±23] Polar solvents such as methanol and
water can act as hydrogen-bond donors and acceptors, there-
by competing for hydrogen bonding during assembly forma-
tion. This results in a decrease in stability of the hydrogen-
bonded assemblies.
Whitesides and co-workers predicted qualitatively the sta-


bilities of multiparticle hydrogen-bonded aggregates based
on the numbers of hydrogen bonds and of particles.[24] Three
indices, ITm, IG and IG/(n�1), were introduced to estimate


relative stabilities of hydrogen-bonded aggregates based on
a rosette motif. ITm is directly related to the number of hy-
drogen bonds and the number (n) of particles, and has been
shown to be the most valuable. IG corresponds to a free
energy of assembly, and assumes an average net enthalpy of
formation of each hydrogen bond in the solvent of inter-
est[25] and an average translational and rotational energy. IG/
(n�1) corresponds to a free energy of association per parti-
cle. These indices are useful for estimating qualitatively the
relative stability of different aggregates with similar hydro-
gen-bonding patterns, but they identify neither differences
in hydrogen-bond strength within comparable assemblies,
nor differences in stability due to steric strain or electronic
influences induced by substituents present in the assembly.
Here we describe quantitatively the thermodynamics of


the self-assembly of hydrogen-bonded single and double ro-
settes in solvent mixtures of different polarities. We have an-
alyzed the energetic parameters for the formation of single
rosette assemblies as reported by Whitesides and co-workers
in apolar solvents,[26] and we have compared the data with
those for the larger double rosette.
The single rosette 13¥(BuCYA)3 (Scheme 1a), assembled


from three N,N-di(4-tert-butylphenyl)melamine (1) mole-
cules and three n-butylcyanuric acid (BuCYA) molecules,
has six DAD±ADA (D=donor, A=acceptor) interactions
with a total of 18 hydrogen bonds formed.
The double rosette motif involves calix[4]arenes diametri-


cally substituted at the upper rim with two functionalized


[a] M. G. J. ten Cate, J. Huskens, M. Crego-Calama, D. N. Reinhoudt
Laboratory of Supramolecular Chemistry and Technology
MESA+ Institute for Nanotechnology
University of Twente, PO Box 217
7500 AE Enschede (The Netherlands)
Fax: (+31)53-4894645
E-mail : m.cregocalama@utwente.nl


Abstract: The self-assembly of hydro-
gen-bonded aggregates (rosettes) in
solvent mixtures of different polarity
has been studied by calorimetry. The
C50 parameter, the concentration when
50% of the components are incorpo-
rated in the assembly, is used to com-
pare assemblies with different stoichi-
ometry. C50 for the single rosette
13¥(BuCYA)3 (1=N,N-di(4-tert-butyl-
phenyl)melamine; BuCYA=n-butyl-
cyanuric acid) in 1,2-dichloroethane is


25mm, whereas for double rosettes
2a3¥(BuCYA)6 and 2b3¥(BuCYA) (2=
calix[4]arene±dimelamine) it is 0.7 and
7.1mm, respectively. DG8, DH8, and
TDS8 values indicate that the thermo-
dynamics of double rosettes reflect the
independent assembly of two individu-


al single rosette structures or two ro-
settes reinforced by additional stabiliz-
ing interactions. In more polar solvents
the stability of double rosettes decreas-
es. From the correlation of DG8 with
solvent polarity it is predicted that it
should be possible to assemble double
rosettes in methanol or water. The as-
sembly of 2b3¥(BuCYA)6 in 100%
MeOH was proven by 1H NMR and
CD spectroscopy.


Keywords: calorimetry ¥ hydrogen
bonds ¥ polar solvents ¥ self-assem-
bly ¥ thermodynamics
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melamine units. Here, the calix[4]arene±dimelamines bear
butyl or Boc-l-lysine methyl ester moieties, which form
well-defined assemblies 23¥(DEB/BuCYA)6 with two equiva-
lents of 5,5’-diethylbarbituric acid (DEB) or n-butylcyanuric
acid (BuCYA). Thus, the double rosette assemblies consist
of three calix[4]arene±dimelamines and six DEBs (or
BuCYAs) with 12 DAD±ADA interactions. Each dimela-
mine forms 12 hydrogen bonds (4îDAD) and each DEB
(or BuCYA) six hydrogen bonds (2îADA), giving a total
of 36 hydrogen bonds within the assembly.[27±29] Double ro-
settes, as studied by 1H NMR spectroscopy and MALDI-
TOF-MS,[30±32] are stable in aprotic organic solvents such as
dichloromethane, chloroform, benzene, and toluene even at
10�4m. The high stability of this strong multiple DAD±ADA
system makes it very useful for studying the influence of
more polar solvents on hydrogen bonding. Previously our
group reported association constants of 102 and 104m�1 for
melamine±barbiturate and melamine±cyanurate, respective-
ly.[33] In addition, experiments in which chiral barbiturates in
double rosettes were exchanged with achiral cyanurates[30]


demonstrated that double rosettes with cyanurates are more
stable than those with barbiturates. Quantification of the
thermodynamics for self-assembly of double rosettes is
therefore expected to reveal a higher stability for
23¥(BuCYA)6 than for 23¥(DEB)6.
Isothermal titration microcalorimetry (ITC) was used to


determine thermodynamic parameters of these self-assembly


processes. ITC is the only tech-
nique able to measure directly
the change in bonding enthalpy
(DH8) for reversible interac-
tions (very high or very low
bonding constants are not di-
rectly accessible by ITC be-
cause of the steepness of the
ITC titration curve or the re-
quirement for high concentra-
tions of the components, re-
spectively). A more indirect
method to determine thermody-
namic parameters is van×t Hoff
analysis.[34] This method re-
quires variable-temperature
UV or NMR spectroscopy, with
the approximation of assuming
a zero heat capacity for the re-
action. Besides measurement of
DH8, well-designed ITC experi-
ments allow the calculation of
formation constants Kf ; there-
fore, appropriate treatment of
ITC data can give a very de-
tailed thermodynamic analysis.
ITC has found widespread ap-
plicability within supramolec-
ular chemistry, especially in
host±guest recognition,[35±38] but
to the best of our knowledge
there have been no ITC studies


of the assembly of multiple molecules into complex nonco-
valent systems.


Results and Discussion


Synthesis : Melamines 1 and 2a were synthesized following
literature procedures.[28,33] Compound 2b was synthesized
starting from calix[4]arenebis(chlorotriazine) 2c (Sche-
me 1b).[28] Reaction of 2c with an excess of Ne-Boc-l-lysine
methyl ester hydrochloride and N,N-diisopropylethylamine
(DIPEA) in THF at 90 8C for five days gave 2b in 85%
yield.
Characterization of the corresponding double rosette by


1H NMR spectroscopy,[30,31] confirmed the formation of the
hydrogen-bonded assemblies 13¥(DEB)3 and 23¥(BuCYA/
DEB)6.


Isothermal titration microcalorimetry : As a typical example,
Figure 1 shows the results of an ITC measurement (298 K)
of the formation of 2a3¥(BuCYA)6 by using 0.050, 0.075, and
0.10mm solutions of BuCYA in 1,2-dichloroethane (1,2-
DCE) in the ITC cell and with 0.25, 0.375, and 0.50mm 2a
in 1,2-DCE as titrant, respectively.[39]


The strong heat effects measured when dimelamine 2a
was added to BuCYA clearly indicate that the self-assembly
process is strongly enthalpy-driven. At all concentrations


Scheme 1. Structures of melamine 1, 2a±c, DEB, and BuCYA and self-assembly of a) single rosette
13¥(BuCYA)3; b) double rosettes 2a,b3¥(DEB/BuCYA)6. The magnification shows the DAD±ADA bonding
motif present in the assemblies.
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the ITC measurements indicate a 1:2 ratio for 2a±BuCYA
complex formation. This is consistent with the formation of
a double rosette, in which three molecules of 2 and six mole-
cules of BuCYA self-assemble. Furthermore, the concentra-
tion dependence of the ITC titration curves in these experi-
ments is typical for high-order self-assembly processes.
To determine values of DG8, DH8, and TDS8 from the ob-


served heat effects, the ITC
data have to be fitted to an ap-
propriate bonding model. The
process of rosette formation
can be divided into two parts:
first, the formation of linear ag-
gregates between melamines
and barbiturates (or cyanu-
rates), and secondly the cycliza-
tion to rosette assemblies. In
general, cyclization of linear ag-
gregates is concentration-de-
pendent and driven by entropy. For self-assembly processes
the complex or aggregate with the lowest stoichiometry, in
which the hydrogen bonds are used the most efficiently, is
preferred. Furthermore, preorganization of the building
blocks can stimulate the rosette assemblies to cyclize, be-
cause during the formation of the linear aggregates only
minor conformational changes have to be made for cycliza-
tion to rosette assemblies and therefore the entropy change
within the cyclization step is usually minimal. However, as
favorable enthalpy changes due to hydrogen bonding will
occur, cyclization is strongly induced. For the self-assembly
of single and double rosettes, we have observed (with
1H NMR spectroscopy and MALDI-TOF mass spectrome-


try) no species other than free melamine, free barbiturate
(or cyanurate), and rosette assemblies in solution.[30,31]


For the equilibrium shown in Scheme 1a, this means that
single rosette assemblies are formed directly from three
melamines and three barbiturates, and that the formation
constant Kf [m


�5] can be written as in Equation (1).


Kf ¼
½13 � BuCYA3�
½1�3½BuCYA�3 ð1Þ


Analogously, double rosette assemblies are directly
formed from three calix[4]arene dimelamines and six barbi-
turates (or cyanurates), and the formation constant Kf [m


�8]
can be written as in Equation (2).


Kf ¼
½23 � BuCYA6�
½2�3½BuCYA�6 ð2Þ


To analyze the ITC data obtained, a nonlinear least-
squares minimization protocol was used in a 3:3 and 3:6
complexation model for single and double rosette assem-
blies, respectively. The heat effects, measured at all three
concentrations, observed in the example shown in Figure 1
could be fitted to a 3:6 complexation model using Kf=2.7î
1043 and DH8=�123 kcalmol�1 (DG8=�59 kcalmol�1 and
TDS8=�64 kcalmol�1). Consistency in the results of these
calorimetric titrations at all three concentrations clearly in-
dicates that the applied model is valid.


Self-assembly in apolar solvents


Single versus double rosettes : The results obtained after fit-
ting the ITC data to the models described earlier are shown
in Table 1. Because it is not possible to compare the Kf [m


�5]
of single rosettes directly with the Kf [m


�8] of double ro-


settes,[40] we calculated the concentration (C50) of assembly
present when 50% of the components are incorporated in
the complex (see Table 1).[41] Single rosette 13¥(BuCYA)3
with C50=25mm is less stable than double rosette
2b3¥(BuCYA)6 (C50=7.1mm), indicating that double rosette
assemblies are stable at lower concentrations. Furthermore,
DH8 for 2b3¥(BuCYA)6 (�96 kcalmol�1) is about twice that
for 13¥(BuCYA)3 (DH8=�50 kcalmol�1). This implies that,
in this case, the enthalpy change of double rosette assem-
blies is the sum of the enthalpy change of two single rosettes
(formation of 36 (2î18) hydrogen bonds). In addition, for
the double rosette 2a3¥(BuCYA)6 the enthalpy change
(DH8=�123 kcalmol�1) is about 2.5 times higher than for


Figure 1. a) ITC measurement of the formation of 2a3¥(BuCYA)6; cell :
0.075mm BuCYA, burette: 0.375mm 2a. b) ITC titration curves obtained
for formation of 2a3¥(BuCYA)6: (&, cell : 0.050mm BuCYA, burette:
0.250mm 2a ; ~, cell : 0.075mm BuCYA, burette: 0.375mm 2a ; *, cell:
0.010mm BuCYA, burette: 0.500mm 2a.


Table 1. Thermodynamic parameters determined by ITC (298 K) for the self-assembly of single and double ro-
sette assemblies in 1,2-DCE.


Kf DH8 C50 DG8 TDS8
[kcal�1mol�1] [mm][a] [kcal�1mol�1] [kcal�1mol�1]


13¥(BuCYA)3 (1.4�0.3)î1020m�5 �50�5 25�1 �27.5�0.2 �23�5
2a3¥(DEB)6 (1.5�0.6)î1031m�8 �110�2 23�4 �42.3�0.8 �68�3
2a3¥(BuCYA)6 (2.7�2.0)î1043m�8 �123�11 0.7�0.1 �59.1�0.5 �64�11
2b3¥(DEB)6 (3.8�1.0)î1029m�8 �68�5 35�1 �40.3�0.2 �28�6
2b3¥(BuCYA)6 (1.4�0.8)î1034m�8 �96�1 7.1�0.6 �47.9�0.4 �49�1


[a] See references [40, 41].
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the single rosette 13¥(BuCYA)3. In this case, the enthalpy
change for the double rosette assembly is greater than the
sum of those for two single rosettes, which may indicate ad-
ditional complex stabilizing interactions.
For assembly 13¥(BuCYA)3 a TDS8 of �22.5 kcalmol�1


was obtained, whereas for 2a3¥(BuCYA)6 and 2b3¥(BuCYA)6
TDS8 values of �64.0 and �48.5 kcalmol�1, respectively,
were calculated. Single and double rosettes are built by as-
sembling six and nine building blocks, respectively, leading
to six and twelve enthalpic contributions for the six and
twelve hydrogen-bonding arrays (DAD±ADA) being
formed, whereas entropically the translational and rotational
energies of only five or eight building blocks are restricted
relative to the starting building block. The lower number of
entropic contributions is clearly a direct consequence of the
cyclization occurring in the assembly formation. When it is
assumed that TDS8 is determined merely by gathering of
building blocks, the entropy factor for the association of one
particle with another has to be the same for single and
double rosettes, because each association consists of the
same hydrogen-bonding arrays. For assemblies 13¥(BuCYA)3,
2a3¥(BuCYA)6, and 2b3¥(BuCYA)6, values of TDS8=�4.6,
�8.0, and �6.1 kcalmol�1 per additional building block are
calculated, respectively. These data reinforce the hypothesis
that assembly 2b3¥(BuCYA)6 is basically a summation of
two single rosette assemblies, where the stability is merely
determined by hydrogen-bond formation and the gathering
of building blocks. The somewhat higher unfavorable en-
tropic contribution for 2b3¥(BuCYA)6 can most probably be
attributed to greater restriction of rotational mobility of the
calixarene building blocks linking the two rosette planes
than for the single rosette. Different entropic contributions
per building block are obtained for 13¥(BuCYA)3 and
2a3¥(BuCYA)6, which have identical hydrogen-bonding
arrays. The somewhat higher enthalpy observed for
2a3¥(BuCYA)6 (as mentioned above) is partially counterbal-
anced by higher unfavorable entropic contributions; this is a
commonly observed enthalpy±entropy compensation effect
(see below).
A possible explanation of the greater stability of assembly


2a3¥(BuCYA)6 than 2b3¥(BuCYA)6 (C50=0.7mm and 7.1mm,
respectively), and of its higher enthalpy change (Table 1),
was illustrated by molecular modeling. Gas-phase molecular
modeling (Quanta 97, CHARMm 24.0) shows that the two
rosette motifs in 2a3¥(BuCYA)6 are stacked on top of each
other with an interatomic separation of 3.2 ä at the edges
and 2.8 ä in the center of the rosette, whereas for
2b3¥(BuCYA)6 the interatomic separation is 3.4 ä at the
edges and 3.2 ä in the center (Figure 2). Consequently, the
surface arrangement in 2a3¥(BuCYA)6 can lead to better
stacking and/or to hydrogen-bonding interactions between
the two rosette layers. In addition, TDS8 will be larger for
2a3¥(BuCYA)6 than for 2b3¥(BuCYA)6, because of restric-
tions in mobility due to formation of the additional interac-
tions. The exact role of the different functionalities remains
unclear, although steric or electronic influences from the
bulkier lysine functionality are conceivable.


Barbiturates versus cyanurates : Our group[33] has previously
reported that the self-assembly of a melamine with a cyanu-
rate (CYA) gives stronger complexes than between mela-
mine and barbiturate (BAR), because of the higher acidity
of the CYA. Association constants of 102 and 104m�1 were
reported for melamine±BAR and melamine±CYA, respec-
tively. Double rosette assemblies contain 12 of these bond-
ing motifs. Therefore, assemblies of 23¥(BuCYA)6 are expect-
ed to be more stable than the corresponding assemblies of
23¥(DEB)6.
Effectively, assemblies 2a3¥(DEB)6 and 2b3¥(DEB)6 exhib-


it lower Kf values than their BuCYA analogues (Table 1).
The difference in DH8 between 2b3¥(DEB)6 and
2b3¥(BuCYA)6 (DH8=�68.2 and �96.4 kcalmol�1, respec-
tively) is mainly due to stronger hydrogen bonding provided
by BuCYA. Differences between enthalpy as well as entropy
changes are less pronounced between assemblies
2a3¥(DEB)6 and 2a3¥(BuCYA)6 (DH8=�110.2 and
�123.1 kcalmol�1; TDS8=�67.9 and �64.0 kcalmol�1, re-
spectively), supporting the hypothesis that the stability of
double rosettes with 2a are not determined only by the for-
mation of 12 DAD±ADA bonding motifs but that additional
stabilizing interactions may contribute.


Effect of solvent polarity on double rosette formation : ITC
measurements with single rosette 13¥(BuCYA)3 and double
rosettes 2a3¥(DEB)6 and 2b3¥(DEB)6 in MeOH/1,2-DCE
mixtures were not possible. The low stability of these nonco-
valent complexes requires concentrations exceeding the sol-
ubility of the components. However, the high stability of
double rosette assemblies 2a3¥(BuCYA)6 and 2b3¥(BuCYA)6,
containing the cyanurate derivative, make them perfect can-


Figure 2. Gas-phase minimized structures: a) 2a3¥(BuCYA)6; b)
2b3¥(BuCYA)6.
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didates for stability studies by ITC. The thermodynamic pa-
rameters associated with formation of double rosette assem-
blies 2a3¥(BuCYA)6 and 2b3¥(BuCYA)6 in different MeOH/
1,2-DCE solvent mixtures are shown in Table 2.


Compared with neat 1,2-DCE, the C50 values in a 1:9 mix-
ture of MeOH/1,2-DCE increased from 0.7 and 7.1mm to 31
and 71mm for 2a3¥(BuCYA)6 and 2b3¥(BuCYA)6, respective-
ly (Table 2). A further increase in the percentage of MeOH
in 1,2-DCE led to a less dramatic increase in C50. From the
ITC measurements for both assemblies, when the percent-
age of MeOH is increased, a decrease in both enthalpy and
entropy is observed. For the formation of 2a3¥(BuCYA)6
and 2b3¥(BuCYA)6 in neat 1,2-DCE, DH8 values of �123
and �96.4 kcalmol�1, respectively, were obtained. When
10% of MeOH was present these values were �70.5 and
�59.8 kcalmol�1, respectively. This loss in enthalpy was
partly compensated by a less negative value for TDS8 (from
�64.0 to �29.6 kcalmol�1 and from �48.6 to �22.9 kcal -
mol�1).
An enthalpy±entropy compensation (EEC) plot reflects


how increasing favourable enthalpy is offset by a change in
entropy or vice versa. When the entropy and enthalpy of
formation for assemblies 2a3¥(BuCYA)6 and 2b3¥(BuCYA)6
at different ratios of MeOH in 1,2-DCE are plotted togeth-
er, a straight line is obtained (Figure 3, solid line). Conse-
quently the slope of the EEC plot coincides for both assem-
blies, meaning that the extent of compensation for the de-
crease in enthalpy of formation by lower entropy is identical
for both assemblies. The slope of the EEC plot is 1.46; this
means that the free energy of formation is more sensitive to
changes in enthalpy.[42] A slope greater than unity suggests
that when the percentage of MeOH in the solvent mixture
is increased, eventually the decrease in enthalpy change
cannot be compensated by entropy changes.[43] Nevertheless,
for assemblies 2a3¥(BuCYA)6 and 2b3¥(BuCYA)6 this will
only happen for strongly endothermic DH8 values.


Correlation between solvent polarity and DG8 : With metha-
nol as solvent, it was not possible to measure any apprecia-
ble heat effect for the formation of double rosettes
2a3¥(BuCYA)6 and 2b3¥(BuCYA)6 by ITC, because of the
solubility limitations of dimelamines 2a and 2b and of
BuCYA in this solvent. Therefore, to estimate the thermo-
dynamic data for the formation of double rosettes in pure


methanol (and other polar solvents), we used a theoretical
model in which the solvent polarity is correlated with DG8.
For this purpose we determined the solvent polarity parame-
ter EN


T for solvent mixtures ranging from 0 to 100% MeOH
in 1,2-DCE using UV/Vis mea-
surements.[44, 45]


A plot of DG8 values
from Table 2 for assemblies
2a3¥(BuCYA)6 and 2b3¥(BuCYA)6
against these EN


t values resulted
in a straight line for both assem-
blies (Figure 4), indicating a
linear correlation between DG8
and the polarity of the solvent
(mixture). A steeper curve sug-
gests a more pronounced (nega-
tive) effect on assembly stability


upon an increase of solvent polarity. At EN
T=0.76 both assem-


blies exhibit the same change in free energy (DG8=�26.8 kcal
mol�1). Coincidentally, the EN


T value of MeOH is also 0.76,
implying that assemblies 2a3¥(BuCYA)6 and 2b3¥(BuCYA)6
exhibit equal stability in pure MeOH (C50=0.6mm).
Correlation of the solvent polarity with DG8 provides


DG8 values for assemblies 2a3¥(BuCYA)6 and 2b3¥(BuCYA)6
in various solvents. From these values together with the
equation describing the EEC plot, DH8 and TDS8 can be
calculated for the formation of both assemblies. For both
double rosettes in MeOH, DH8=�24.8 kcalmol�1 and
TDS8=2.0 kcalmol�1. These data suggest that, based on sol-
vent polarity, the self-assembly of 2a3¥(BuCYA)6 and
2b3¥(BuCYA)6 in methanol is possible. Surprisingly, in meth-
anol this process is still mainly enthalpy-driven, although re-
inforced by entropic effects. Thus in MeOH the positive en-


Table 2. Thermodynamic parameters determined by ITC (298 K) for the self-assembly of double rosette as-
semblies in different mixtures of 1,2-DCE and MeOH.


Assembly MeOH in Kf DH8 C50 DG8 TDS8
1,2-DCE [%] [m�8] [kcal�1mol�1] [mm][a] [kcal�1mol�1] [kcal�1mol�1]


2a3¥(BuCYA)6 0 (2.7�2.1)î1043 �123�11 0.7�0.1 �59.1�0.5 �64�11
10 (9.7�1.1)î1029 �71�2 31�0 �40.9�0.1 �30�2
20 (3.4�2.1)î1026 �50�1 84�1 �36.2�0.1 �14�1
50 (5.6�5.0)î1023 �38�1 186�2 �32.4�0.1 �6�1


2b3¥(BuCYA)6 0 (1.4�0.8)î1034 �96�1 7.1�0.6 �47.9�0.4 �49�1
10 (1.4�1.0)î1027 �60�5 71�6 �36.9�0.4 �23�5
20 (4.2�3.0)î1024 �46�2 150�20 �33.4�0.6 �12�1
50 (7.3�0.6)î1021 �39�2 320�3 �29.8�0.1 �9�2


[a] See references [40, 41].


Figure 3. Solid line: enthalpy±entropy compensation (EEC) plot reflect-
ing how increasing favorable enthalpy is offset by a change in entropy
and vice versa. ~: 2a3¥(BuCYA)6; &: 2b3¥(BuCYA)6. The percentages of
MeOH in 1,2-DCE are indicated in parentheses. Broken line: behavior
when the enthalpy changes are completely compensated by entropy
changes.
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thalpy of desolvation of solute molecules is not able to over-
ride the negative enthalpy for double rosette formation.
For double rosette formation in water (EN


T=1.00), DG8
values of �8.5 and �14.7 kcalmol�1 for 2a3¥(BuCYA)6 and
2b3¥(BuCYA)6, respectively, were calculated, indicating that
these two assemblies might also be formed in water. Calcu-
lated C50 values of 28.7 and 7.8mm for 2a3¥(BuCYA)6 and
2b3¥(BuCYA)6 indicate that double rosette 2b3¥(BuCYA)6,
bearing the lysine moiety, exhibits greater stability in water.
Interestingly, calculated DH8 and TDS8 values for


2a3¥(BuCYA)6 (33.2 and 41.7 kcalmol�1, respectively) and
for 2b3¥(BuCYA)6 (13.5 and 28.2 kcalmol�1, respectively),
indicate that the formation of both double rosettes would be
entropically driven in water, in which a positive enthalpy
change is expected to arise from a positive enthalpy of de-
solvation, which overrides the expected negative enthalpy
for double rosette formation. These results indicate that the
solvation abilities of methanol and water are very different,
but that assembly formation is possible, in principle, in both
solvents.[46]


Double rosette formation in MeOH : As mentioned above,
ITC measurements for the formation of double rosettes in
MeOH are not possible. However, the theoretical thermody-
namic profile obtained as described in the preceding section
implies that double rosettes could be formed in this solvent.
To prove experimentally the formation of double rosette


2b3¥(BuCYA)6 in MeOH we used 1H NMR and CD spec-
troscopy. These techniques allow the use of more dilute solu-
tions of the building blocks. Moreover, 2b and BuCYA can
be mixed directly in these techniques (ITC requires initially
separate solutions of each component), leading to higher
solubility of the double rosette than of the isolated compo-
nents. Based on the DG8 versus EN


T plot, 97% formation of
2b3¥(BuCYA)6 in [D4]methanol was predicted from the free
energy.
Mixing of dimelamine 2b (3 mmol) and BuCYA (30 mmol)


in [D4]methanol (1 mL) resulted in clear solutions above


40 8C. Although precipitation
occurred at lower temperatures,
formation of double rosettes
2b3¥(BuCYA)6 was observed by
1H NMR spectroscopy
(Figure 5). Because of rapid ex-
change, the 1H NMR spectrum
does not show the characteristic
hydrogen-bonded protons[27] of
the assembly in [D4]methanol.
However, the signal at d=5.9
belongs to the aromatic proton
(Hd) of the calix[4]arene moiety
that is only present at this
chemical shift when the assem-
bly is formed. The percentage
of assembly formed was deter-
mined by comparing the inte-
grals of Hd with the Ar�CH2�


Ar of the calix[4]arene moiety. This resulted in about 63%
formation of 2b3¥(BuCYA)6 in [D4]methanol. The lower
double rosette formation observed by 1H NMR spectroscopy
is probably due to some precipitation of the assembly (com-
ponents) at 298 K.
Additionally, formation of double rosette 2b3¥(BuCYA)6


in MeOH was demonstrated by circular dichroism (CD)
spectroscopy. The dimelamine moieties in 2b have chiral
centers owing to the presence of the lysine residues. Subse-
quently, owing to complete induction of supramolecular
chirality, the hydrogen-bonded assembly 2b3¥(BuCYA)6
exists exclusively as a single diastereomer.[27±30] As a result,
double rosette assemblies exhibit a very strong CD, while
the individual components are hardly CD-active (Figure 6).


Figure 4. Effect of solvent polarity on DG8 for assemblies 2a3¥BuCYA6 (^) and 2b3¥BuCYA6 (&). ^: DG8=
76.409EN


T�84.897 (R2=0.996), &: DG8=50.503EN
T�65.86 (R2=0.980). The percentages of MeOH in 1,2-DCE


are indicated in parentheses. The crossing point of the broken lines corresponds with formation of double ro-
settes in pure methanol.


Figure 5. Part of the 1H NMR spectrum of 2b3¥(BuCYA)6 in [D4]metha-
nol at 300 MHz and 298 K.
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Both the 1H NMR and CD spectra clearly prove that double
rosette 2b3¥(BuCYA)6 is formed in pure methanol.


Conclusion


The thermodynamic properties required for the formation
of single and double rosettes were determined by ITC,
which provides a facile and effective approach to measuring
changes in bonding enthalpy and calculating other thermo-
dynamic parameters for self-assembled systems. Depending
on functionalities in the calix[4]arene±dimelamine moieties,
it was found that the thermodynamics for the formation of
double rosette assemblies can be either the sum for the self-
assembly of two single rosette structures or the sum for two
single rosettes reinforced by additional complex stabilizing
interactions. As expected, double rosettes bearing cyanuric
acid derivatives are more stable than the corresponding ro-
settes bearing barbiturate derivatives.
An increase in the solvent polarity decreases DG8 and


thereby results in less strong assembly formation. In all 1,2-
DCE/MeOH solvent mixtures the negative effect of desol-
vation on DH8 did not override the high favorable enthalpy
of double rosette formation. Formation of double rosettes
remained, therefore, enthalpy-driven.
Correlation of DG8 energies with the solvent polarity indi-


cated that it is possible to obtain double rosette assemblies
in methanol and in water. As expected, the simulation
shows that formation of double rosettes in water is entropy-
driven rather then enthalpy-driven. However, to our sur-
prise, double rosette formation in MeOH is still enthalpy-
driven.


1H NMR spectroscopy and CD spectroscopy proved that
hydrogen-bonded double rosettes can be formed in neat
methanol.


Experimental Section


General methods : THF was distilled from Na/benzophenone. All chemi-
cals were reagent grade and used without further purification. NMR
spectra were recorded on a Varian Unity 300 (1H NMR 300 MHz) spec-


trometer in [D1]chloroform or [D4]methanol. Residual solvent protons
were used as an internal standard, and chemical shifts are given relative
to trimethylsilane (TMS).


FAB spectra were measured on a Finnigan MAT 90 spectrometer with
m-nitrobenzyl alcohol (NBA) matrix. MALDI-TOF mass spectra were
recorded on a PerSpective Biosystems Voyager-De-RP spectrometer. A
337 nm UV nitrogen laser producing 3 ns pulses was used in the linear
and reflector modes. Elemental analyses were performed on a Carlo
Erba EA1106 instrument. Calorimetric measurements were carried out
in a Microcal VP-ITC microcalorimeter (cell volume 1.4115 mL). For
each experiment the heat effect of 60 injections of 5 mL titrant was mea-
sured. Instrument settings were: injection duration 30 s, spacing 570 s,
low feedback at 16.3 mcal s�1 reference power, temperature 25 8C. UV/Vis
measurements were performed on a HP8452A diode array spectropho-
tometer using solvents of spectroscopic grade.


ITC measurements : Hydrogen bonds are less strong in 1,2-DCE than in
CHCl3,


[47, 48] because the dipole moment and dielectric constants of
CHCl3 (m=1.1 D, er=4.89) are lower than those for 1,2-DCE (m=1.8 D,
er=10.36).[44] Nevertheless, to prevent errors incurred by evaporation, the
ITC measurements were performed in 1,2-DCE at 298 K.


ITC measurements for the formation of 13¥(BuCYA)3 in 1,2-DCE were
made in triplicate, with 1mm solutions of melamine 1 in the cell and
10mm BuCYA solutions in the burette. In this case, measurement at dif-
ferent concentrations was not possible, because of solubility problems at
high concentrations of 1 and of BuCYA. Furthermore, at lower concen-
trations no assembly formation was observed. ITC measurements with
23¥(DEB/BuCYA)6 in 1,2-DCE were performed at three different concen-
trations with solutions of DEB or BuCYA in the cell and solutions of di-
melamine 2a or 2b as titrants. The formation of 2a3¥(BuCYA)6 and
2b3¥(BuCYA)6 in solvent mixtures containing different percentages of
MeOH in 1,2-DCE was also studied by ITC measurements in triplicate
at MeOH/1,2-DCE ratios of 0, 0.1, 0.2 and 0.5. ITC curves were deter-
mined at two different concentrations depending on the amount of
MeOH present.


UV/Vis measurements : EN
T values were determined by measuring the ab-


sorbance changes of 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridino)phenolate
(Reichardt×s dye) upon increasing the percentage of MeOH in the
MeOH/1,2-DCE mixture from 0% to 100%. Stock solutions of Reich-
ardt×s dye (0.12 mgmL�1) in MeOH and 1,2-DCE were prepared and
mixed to the desired MeOH/1,2-DCE ratios. For each solvent mixture
three UV/Vis measurements were made and a blank was recorded.


Syntheses : The synthesis of 1, 2a and 2c has been reported previous-
ly.[28,33]


5,17-N,N-Bis{4-amino-6-[2-(6-Ne-Boc-aminohexanoic acid methyl ester)-
amino]-1,3,5-triazin-2-yl}diamino-25,26,27,28-tetrapropoxycalix[4]arene
(2b): Ne-Boc-l-lysine methyl ester hydrochloride (3.0 g, 10.2 mmol) and
DIPEA (2.0 mL, 11.4 mmol) were added to a solution of bis(chlorotria-
zine) 2c (1.0 g, 1.14 mmol) in freshly distilled THF (20 mL). This mixture
was stirred at 90 8C for five days. The solution was cooled to room tem-
perature. The product was precipitated in water (40 mL), and recrystal-
lized from methanol. Pure dimelamine 2b was obtained in 85% yield
(1.28 g, 0.96 mmol). 1H NMR ([D6]DMSO): d=6.3±6.05 (brm, 10H),
4.58±4.40 (brm, 2H), 4.3 and 3.1 (q, AB, 2JHH=12.6 Hz, 8H), 3.9 (t,
3JHH=8.0 Hz, 4H), 3.7±3.5 (brm, 10H), 2.96±2.78 (m, 4H), 2.0±1.8 (brm,
8H), 1.75±1.65 (m, 4H), 1.45±1.2 (brm, 26H), 1.07 and 0.87 ppm (t,
3JHH=7.4 Hz, 12H). MS (FAB): m/z=1327.9 [M+H+] (calcd 1327.7);
elemental analysis calcd (%) for C70H98N14O12¥0.65MeOH: C 62.93, H
7.52, N 14.54; found: C 62.90, H 7.55, N 14.35.
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Introduction


Over the past two decades, ruthenium±polypyridyl com-
plexes have attracted considerable attention due to their
outstanding photophysical properties.[1] The prototypical
[Ru(bpy)3]


2+ (bpy=2,2’-bipyridine) and [Ru(tpy)2]
2+ (tpy=


2,2’:6’,2’’-terpyridine) complexes are stable to a wide range
of oxidative and reductive conditions, and are also photosta-
ble under suitable experimental conditions. The
[Ru(bpy)3]


2+ motif has been studied more extensively due
to its facile synthesis and superior photophysical properties
as compared to [Ru(tpy)2]


2+ . These enhanced properties in-
clude a longer room-temperature (RT) excited-state life-
time, which is critical for applications in practical devices,[2]


and a higher quantum yield. However, as the [Ru(bpy)3]
2+


motif is stereogenic, polymetallic complexes based thereon
will give rise to a complicated mixture of isomers.[3] On the
other hand, the achiral [Ru(tpy)2]


2+ motif has the advantage
of forming unique polymetallic complexes when substituted
in the 4’-position,[4] and thus simplifies synthesis. The short
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Abstract: A family of tridendate li-
gands 1a±e, based on the 2-aryl-4,6-
di(2-pyridyl)-s-triazine motif, was pre-
pared along with their hetero- and ho-
moleptic RuII complexes 2a±e
([Ru(tpy)(1a±e)]2+ ; tpy=2,2’:6’,2’’-ter-
pyridine) and 3a±e ([(Ru(1a±e)2]


2+),
respectively. The ligands and their
complexes were characterized by 1H
NMR spectroscopy, ES-MS, and ele-
mental analysis. Single-crystal X-ray
analysis of 2a and 2e demonstrated
that the triazine core is nearly coplanar
with the non-coordinating ring, with di-
hedral angles of 1.2 and 18.68, respec-
tively. The redox behavior and elec-


tronic absorption and luminescence
properties (both at room temperature
in liquid acetonitrile and at 77 K in bu-
tyronitrile rigid matrix) were investi-
gated. Each species undergoes one oxi-
dation process centered on the metal
ion, and several (three for 2a±e and
four for 3a±e) reduction processes cen-
tered on the ligand orbitals. All com-
pounds exhibit intense absorption
bands in the UV region, assigned to


spin-allowed ligand-centered (LC)
transitions, and moderately intense
spin-allowed metal-to-ligand charge-
transfer (MLCT) absorption bands in
the visible region. The compounds ex-
hibit relatively intense emissions, origi-
nating from triplet MLCT levels, both
at 77 K and at room temperature. The
incorporation of triazine rings and the
near planarity of the noncoordinating
ring increase the luminescence life-
times of the complexes by lowering the
energy of the 3MLCT state and creat-
ing a large energy gap to the dd state.


Keywords: ligand design ¥
luminescence ¥ N ligands ¥
ruthenium ¥ triazines
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RT excited-state lifetime of [Ru(tpy)2]
2+ has also spurred ef-


forts to develop RT luminescent analogues.[5] These efforts
have met with limited success, usually requiring multistep
syntheses or expensive starting materials.[6]


We recently reported a new strategy to improve RT lumi-
nescence in [Ru(tpy)2] complexes by using a coplanar ar-
rangement of aromatic substituents on the terpyridine
ligand.[7] The idea was based on the observation that appro-
priately substituted heterocyclic rings lead to a coplanar ar-
rangement of rings, as opposed to the slight twist found be-
tween aromatic hydrocarbon rings (Figure 1).[8] Coplanarity


of heterocyclic rings has also been found to introduce inter-
esting properties into ruthenium complexes of bidentate li-
gands,[9] including ion-sensing properties in diruthenium
complexes.[10]


The improvement can be seen by comparing the RT excit-
ed-state lifetimes of RuII complexes of 4’-phenyl-tpy (0.5 ns,
Figure 1a) and 4’-p-tolyl-tpy (0.95 ns) to the tpy analogue 4’-
(2-pyrimidyl)-tpy (8 ns, (Figure 1b). The 4’-phenyl-tpy and
4’-p-tolyl-tpy ligands have unfavorable steric interactions be-
tween the H atoms adjacent to the interannular bond that
cause twisting in the rings and less favorable p-orbital over-
lap between them as compared to 4’-(2-pyrimidyl)-tpy. In
the last-named, coplanarity of the rings is achieved by sub-
stituting a series of functionalized 2-pyrimidyl groups in the
4’-position of tpy (Figure 1b). This arrangement allows the
central and noncoordinating rings to undergo favorable C�
H¥¥¥N hydrogen bonding and thus lie coplanar with one an-
other, which increases p-orbital overlap between the rings.
Although the RT excited-state lifetimes of the Ru complexes
of the substituted 4’-(2-pyrimidyl)-tpy are increased dramati-
cally (up to 200 ns),[7] six steps are required to obtain these
ligands from commercially available materials. A new ap-
proach to this strategy is to build up ligands with the addi-
tional N atoms on the central ring and not on the noncoor-
dinating ring (Figure 1c). Although the synthesis and com-
plexation of tris-substituted triazines have been described
(e.g., tris-(2-pyrimidyl)-s-triazine[11] and tris-(2-pyridyl)-s-tri-
azine[12]), almost no attention has been paid to the synthesis
of unsymmetrically substituted tridentate ligands containing
a central triazine ring. This stems in part from a relatively
limited set of reaction conditions for building up the bis-(2-
pyridyl)-s-triazine core of the ligands.[13] We recently pre-
sented a straightforward synthesis of unsymmetrically substi-
tuted tridentate triazine-based ligands and showed that their
Ru complexes have interesting photophysical properties that
include RT luminescence in liquid solution.[14]


Here we report the full synthetic details and properties of
triazine-based tridentate ligands that exhibit improved RT
excited-state lifetimes in their RuII complexes compared to
the prototypes [Ru(tpy)2]


2+ and [Ru(4’-phenyl-tpy)2]
2+ .


Their inexpensive starting materials and superior photophys-
ical properties make these new species ideal candidates for
incorporation into larger supramolecular assemblies and de-
vices.[15]


Results and Discussion


Synthesis and characterization : The three ligands with aro-
matic hydrocarbon rings, 1a±c, were synthesised by treating
two equivalents of 2-cyanopyridine with the lithium amidi-
nide salt of the appropriate aromatic hydrocarbon in diethyl
ether (Scheme 1). The amidinide salt was obtained in situ


from the appropriate aryl cyanide and lithium dimethyl-
amide. Ligands 1a±c were isolated from the reaction mixture
by filtration and purified by recrystallization from EtOH/
H2O. The yield varied from 93% for unsubstituted 1a to
23% for sterically encumbered ortho-methyl-substituted 1b.
The synthesis of 1a is also possible in THF, albeit with a
lower overall yield (70%).


Under the same reaction conditions, heterocyclic cyanides
failed to afford the desired ligands 1d,e. Heterocyclic li-
gands 1d,e could be obtained (Scheme 2) by modifying a lit-
erature procedure (1d) or by a statistical reaction based on
the same procedure (1e). In both cases, two equivalents of
2-cyanopyridine were combined with one equivalent of 2-
cyano- (1d) or 4-cyanopyridine (1e) and heated to 180 8C in
the presence of a catalytic amount of NaH. In the case of
1d, the solid mass was extracted with toluene, and the re-
sulting solid recrystallized from EtOH to afford 1d in 67%
yield. In the synthesis of 1e, the resulting solid was treated
with aqueous NiCl2 after toluene extraction.[16] NiCl2 forms
a complex with 1e and any 1d that formed due to the statis-
tical nature of the reaction. The aqueous phase was then ex-
tracted with dichloromethane to remove any bis- or tris(4-
pyridyl)triazine formed during the reaction, and after de-


Figure 1. Coplanar and nonplanar arrangements of substituted terpyri-
dines.


Scheme 1. Preparation of ligands 1a±c.
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complexation of the Ni complexes with CN� , ligands 1d and
1e were collected and separated by recrystallization to
afford 1e in 24% yield.


Heteroleptic Ru complexes 2a±e were synthesised by
treating [Ru(tpy)Cl3] with ligands 1 in the presence of
AgNO3 in EtOH/H2O (Scheme 3a). The use of silver and an
extended reaction time were critical for disfavoring the for-
mation of two as-yet unidentified purple by-products. The
complexes still required column chromatography to remove
small amounts of these impurities. In the case of homoleptic
complexes 3a±e, the formation of purple impurities was un-
avoidable in the traditional one-step synthesis, even with an
excess of silver (Scheme 3b). In a stepwise approach, prepa-
ration of trichlororuthenium(iii) complex 4 (Scheme 3c) fol-
lowed by synthesis of 3a (Scheme 3d) gave an improved
yield of 50% over two steps (vs 35%), as less purple by-
products were formed.


Low-resolution electrospray mass spectrometry confirmed
the molecular mass of complexes 2 and 3, which ionize to
their 1+ and 2+ species. In each case, the charge is associ-
ated with the successive loss of the PF6


� counterions. Fur-
ther confirmation of the purity of the metal complexes was


afforded by elemental analysis. Hydrates of each complex
were obtained, which is typical for ruthenium polypyridyl
complexes.[17]


The 1H NMR resonances for ligands 1 and complexes 2
and 3 are listed in Table 1, and the numbering scheme is
given in Scheme 3. There is a pronounced shift in the
1H NMR resonances of the ligand protons due to several
factors that affect their chemical shifts on metal complexa-
tion. Firstly, the conformation of the pyridine N atoms
changes from transoid to cisoid to permit metal chelation.
As the nitrogen lone pairs deshield the ligand protons adja-
cent to the interannular bond in the transoid form of the li-
gands, metal complexation typically causes an upfield shift
in their resonances in tpy complexes (cf. tpy and
[Ru(tpy)2]


2+ in Table 1). In the case of complexes 2 and 3,
the H3,3’’ protons are forced into the plane of the central tria-
zine ring, and this causes significant deshielding compared
to HT3,3’’ on the tpy ligands in complexes 2 (Table 1). Second-
ly, the coordinated metal ion shifts the ligand proton reso-
nances adjacent to the N atom upfield due to the magnetic
anisotropy of the bound metal ion.[18] The H6,6’’ protons of
complexes 2 and 3 clearly follow this trend, although the


Scheme 2. Preparation of ligands 1d,e.
Scheme 3. Preparation of ruthenium complexes 2 and 3.


Table 1. 1H NMR chemical shifts for ligands 1 and Ru complexes 2 and 3.[a]


3,3’’ 4,4’’ 5,5’’ 6,6’’ 2’’’ 3’’’ 4’’’ 5’’’ 6’’’ Me T3,3’’ T4,4’’ T5,5’’ T6,6’’ T3’ T4’


1a 8.75 7.89 7.47 8.90 8.75 7.51 7.56 7.51 8.75
1b 8.75 7.93 7.50 8.92 7.43 7.43 7.43 8.26 2.79
1c 8.80 7.94 7.51 8.93 8.69 7.36 7.36 8.69 2.46
1d 8.77 7.88 7.46 8.90 8.77 7.88 7.46 8.90
1e 8.79 7.95 7.53 8.91 8.85 8.56 8.56 8.85
tpy 8.62 7.86 7.33 8.70 8.46 7.96
[Ru(tpy)2]


2+ 8.50 7.42 7.17 7.34 8.76 8.42
2a 9.06 8.11 7.40 7.57 9.06 7.83 7.83 7.83 9.06 8.50 7.91 7.11 7.44 8.78 8.46
2b 8.98 8.08 7.39 7.55 7.69 7.69 7.69 8.75 3.12 8.50 7.92 7.13 7.46 8.77 8.45
2c 9.04 8.09 7.38 7.54 8.94 7.62 7.62 8.94 2.57 8.48 7.91 7.10 7.44 8.77 8.45
2d 9.02 8.11 7.42 7.59 9.05 8.23 7.77 9.12 8.50 7.91 7.10 7.41 8.79 8.48
2e 9.10 8.13 7.41 7.59 9.05 8.85 8.85 9.05 8.50 7.91 7.10 7.43 8.79 8.49
3a 9.10 8.13 7.38 7.71 9.10 7.85 7.85 7.85 9.10
3b 9.00 8.10 7.38 7.72 7.64 7.64 7.64 8.78 3.14
3c 9.07 8.11 7.36 7.67 8.96 7.63 7.63 8.96 2.59
3d 9.06 8.13 7.39 7.73 9.06 8.25 7.79 9.15
3e 9.14 8.15 7.41 7.71 9.08 8.87 8.87 9.08


[a] Ligands 1 and tpy in CDCl3, and complexes 2±3 and [Ru(tpy)2]
2+ in CD3CN; see Scheme 3 for numbering scheme. tpy is assigned in an analogous


way to ligands 1 and has the additional prefix T.
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H5,5’’ protons show only a very slight shielding effect due to
metal complexation.


The perpendicular arrangement of the ligands also affects
the proton resonances in complexes 2 and 3. The location of
the protons ortho to the N atom in the peripheral pyridine
rings (H6,6’ and HT6,6’’) above the central heterocycle of the
orthogonal ligand causes a significant upfield shift due to a
ring-current effect. The proton para to the N atom in the
central tpy pyridine ring (HT4’) is held in the deshielding
plane of the two terminal pyridine rings of ligands 1. Both
of these factors have previously been used as a measure of
interligand shielding effects.[19] The external terpyridine res-
onances (HT3±T6 and HT3±T5’) are all within 0.05 ppm of each
other; this indicates almost no difference in their local envi-
ronments.


Variations in the solution concentrations of the ligands
and complexes had very little effect on the chemical shifts
of the protons, except in one particular case. Parent ligand
1a, exhibited large shifts in its proton resonances on dilution
from 10�3 to 10�5


m (Figure 2). Chemical shift changes of up


to 0.9 ppm were observed, and every proton resonance was
affected. The other ligands in this family displayed shifts of
less than 0.1 ppm on similar dilution. A possible explanation
is that the ligand can effectively dimerize by noncovalent in-
teractions at higher concentrations, whereby the relatively
electron-rich phenyl group associates with the electron-poor
triazine ring. Although several attempts were made to dem-
onstrate potential dimerization by ES-MS, a molecular ion
for twice the molecular mass of ligand 1a was not observed.


Crystal structure determination of [2a](PF6)2 and
[2e](PF6)2


[20]: The X-ray crystal structure of heteroleptic
ruthenium complex 2a (Figure 3, top) contains mutually or-
thogonal tpy and 1a ligands. The pseudo-octahedral geome-
try around the metal ion is similar to that of [Ru(tpy)2]


2+ .[21]


The Ru�N bond length (central triazine N) of 1.9648(16) ä
is similar to that of 1.9824(16) ä for the central pyridine N
atom in the tpy moiety. The phenyl ring in ligand 1a is twist-
ed by 1.28 relative to the central triazine ring. The dihedral
angle N4-C7-C14-C15 is smaller than that found in any
ruthenium 4’-phenyl-2,2’:6’,2’’-tpy complex.[22] In the case of
2a, there are no unfavorable H�H interactions ortho to the
interannular bond, and the triazine N lone pairs are availa-


ble for hydrogen bonding to the C�H bonds on the phenyl
substituent of 1a. This also has consequences for the elec-
tro- and photochemistry of complexes 2 and 3 (vide infra).


The X-ray crystal structure of heteroleptic ruthenium
complex 2e (Figure 3, bottom) contains mutually orthogonal
tpy and 1e ligands in a pseudo-octahedral geometry around
the metal ion. The Ru�N bond length to the triazine ligand
of 1.965(2) ä is identical to that of 2a and slightly shorter
than the Ru�N bond length to the tpy ligand (1.989(2) ä).
The pyridine ring is twisted by 17.68 relative to the central
triazine ring. The twist in the dihedral angle (N30-C29-C37-
C38) appears to occur in spite of the favorable C�H to N at-
traction between the triazine ring and the 4-pyridyl group.
In addition, crystal-packing forces do not appear to be the
cause, as no close contacts are noted in the extended solid-
state structure of 2e.


Electrochemistry : The electrochemistry of complexes 2 and
3 was studied in acetonitrile versus TBAPF6 with ferrocene
as internal standard. The data are gathered in Table 2, along
with reported values for [Ru(tpy)2]


2+ as a model.
All the compounds exhibit one one-electron reversible ox-


idation process, except 3e, which undergoes an irreversible
oxidation, and three (2a±e) or four (3a±e) one-electron re-
versible reduction processes. The oxidation processes are as-
cribed to oxidation of the metal centers, as found for other
RuII±polypyridyl complexes,[1,23] whereas the reduction pro-
cesses are all centered on the ligand orbitals.


Figure 2. 1H NMR spectra of ligand 1a at low (top, 5î10�5
m) and high


(bottom, 5î10�3
m) concentration in CDCl3.


Figure 3. ORTEP representations of the X-ray crystal structures of com-
plexes 2a (top) and 2e (bottom). The PF6 counteranions have been omit-
ted for clarity.
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The oxidation potentials of all complexes are more posi-
tive than that of [Ru(tpy)2]


2+ due to the stabilization of the
metal-based orbitals by the triazine ring of ligands 1. In a
similar fashion, the Ru centers of homoleptic complexes 3a±e
are all more difficult to oxidize than those of heteroleptic
complexes 2a±e due to stabilization of the metal ion by the
second triazine ring.


Comparison of the reduction potentials of heteroleptic
complexes 2a±e with those of [Ru(tpy)2]


2+ (Table 2) is
useful for attributing the processes to the various ligand or-
bitals. The first reduction waves of 2a±e (around �0.75 V)
occur at potentials much less negative than the first one of
[Ru(tpy)2]


2+ . The first process can therefore be assigned to
the reduction of the more electron deficient triazine-based
ligand. Complexes 2a±e undergo second reduction process-
es, one-electron and reversible, at slightly less negative po-
tentials than the second reduction of [Ru(tpy)2]


2+ , and these
are attributed to the reduction of the terpyridine ligand. The
third reduction wave around �1.60 V is due to the second
reduction process centered on the triazine-based ligand
(e.g., Figure 4a).


The reduction pattern of the homoleptic complexes 3a±
e[24] shows four reduction processes, all reversible and one-
electron (e.g., Figure 4b). The first two reduction waves can
be attributed to successive reduction processes centered on
the two triazine-based ligands. The first waves occur at
slightly less negative potentials than those of complexes 2,
due to the presence of a second electron-deficient ligand 1
on the metal center. The second ligand becomes more diffi-
cult to reduce after addition of the first electron to the com-
plex, that is, electronic communication between the ligands
is efficient. The next two reduction waves, which present the
same pattern as the first two (cf. the third reduction poten-
tials of complexes 2a±e), correspond to the second reduc-
tion processes of each of the two ligands. Interestingly, in
the homoleptic complexes 3 (Table 2), the difference be-
tween the third and fourth reduction potentials (which is re-
lated to the interaction between the monoreduced ligands)
is larger than the difference between first and second reduc-


tion potentials (which is relat-
ed to the interaction between
the not yet reduced ligands).
For example, the third and
fourth reduction processes of
3a are separated by 240 mV,
whereas the first and second
reduction processes are sepa-
rated by 170 mV (Table 2).
This indicates that the interac-
tion between the ligands is in-
creased by reduction processes.


Electronic absorption spectra :
The electronic absorption spec-
tra of ligands 1 and their metal
complexes 2 and 3 were meas-
ured in acetonitrile (Table 3).
The electronic spectra of li-
gands 1 are dominated by


moderately intense absorption bands near 240 and 275 nm
attributed to p±p* transitions. Complexes 2 and 3 exhibit
absorption spectra typical of RuII±polypyridine com-
pounds,[1,2,26] characterized by ligand-centered p±p* transi-
tions in the UV region and metal-to-ligand charge-transfer
(MLCT) transitions in the visible part of the spectrum
(Figure 5). Moreover, additional bands in the UV region
near 300 and 330 nm are ascribed to the lower energy of tri-
azine p±p* transitions as compared to terpyridine-based


Table 2. Electrochemical redox potentials [V] (DEp) for ligands 1 and complexes 2 and 3 in argon-purged ace-
tonitrile.[a]


Oxidation Reductions


1a ± �1.50 (60) ± ± ±
1b ± �1.51 (75) ± ± ±
1c ± �1.51 (84) ± ± ±
1d ± �1.44 (90) ± ± ±
1e ± �1.36 (83) ± ± ±
2a 1.41 (82) �0.77 (77) �1.38 (66) �1.64 (80) ±
2b 1.39 (78) �0.78 (72) �1.38 (69) �1.64 (78) ±
2c 1.39 (82) �0.78 (75) �1.39 (89) �1.64 (80) ±
2d 1.45 (93) �0.74 (70) �1.37 (76) �1.62 (97) ±
2e 1.46 (94) �0.69 (72) �1.34 (70) �1.59 (74) ±
3a 1.51 (81) �0.71 (65) �0.88 (69) �1.51 (74) �1.75 (78)
3b 1.50 (85) �0.73 (70) �0.90 (75) �1.52 (76) �1.77 (76)
3c 1.50 (101) �0.74 (64) �0.90 (70) �1.53 (84) �1.78 (87)
3d 1.60 (99) �0.67 (66) �0.86 (71) �1.49 (97) �1.75 (90)
3e 1.61 (irr) �0.64 (56) �0.82 (74) �1.43 (81) �1.69 (91)
[Ru(tpy)2]


2+ [b] 1.30 �1.24 �1.49


[a] Versus SCE with ferrocene as internal standard. [b] From reference [25].


Figure 4. Cyclic voltammograms in acetonitrile with 0.1m TBAPF6 for
complexes 2a (top) and 3a (bottom) at 100 mVs�1.
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complexes.[27] The MLCT absorption maxima of heteroleptic
complexes 2 are very similar to that of [Ru(tpy)2]


2+


(Table 3) and are ascribed to a spin-allowed Ru-to-tpy
MLCT transition. Each of complexes 2 has a lower energy
absorption band (ca. 510±520 nm) which is ascribed to a
spin-allowed Ru-to-1 MLCT transition (Figure 5). The lower
energy of these MLCT transi-
tions is due to the low-lying p*
level of ligands 1, as they con-
tain an electron-deficient tria-
zine ring.[28] The aryl substitu-
ent in the triazine 2-position
also plays a role in lowering
the energy of this band by ex-
tending the acceptor orbitals
over an additional aromatic
ring. The corresponding homo-
leptic complexes 3 all exhibit
MLCT absorption bands at
slightly higher energies with
respect to the Ru-to-1 MLCT


transition in compounds 2,
which is consistent with their
having two triazine moieties
per complex, as they stabilize
the metal-based orbitals more
than tpy does (cf. electrochem-
ical data above). It is notewor-
thy that the highest energy Ru-
to-1 MLCT transitions occur in
2b and 3b. The aryl group is
no longer coplanar with the tri-
azine ring due to the ortho-
methyl group, and this dimin-
ishes the size of the acceptor
orbital.


Photophysics : Most of the
complexes exhibit lumines-
cence both at room tempera-
ture in liquid acetonitrile and
at 77 K in butyronitrile rigid
matrix. The photophysical data


are gathered in Table 4, and the emission spectra of some of
the compounds are shown in Figure 6. It is well known that
the excited state responsible for the luminescence of RuII±
polypyridine complexes is the lowest lying triplet MLCT ex-
cited state.[1,2,23] In heteroleptic compounds 2 and homolep-
tic complexes 3, the emitting 3MLCT level involves the tria-
zine-based ligand. At room temperature, the luminescence
quantum yields are between one and two orders of magni-
tude higher than that of [Ru(tpy)2]


2+ , and the excited state
lifetimes are significantly longer (5±15 ns). For homoleptic
complexes 3b and 3c having less electron withdrawing sub-
stituents on the triazine rings, no luminescence could be de-
tected at room temperature, and the RT emission of com-
pound 3d was too weak to allow the measurement of its life-
time and quantum yield. In all the other cases in which lu-
minescence was recorded, a significant red shift of the emis-
sion maximum was observed relative to that of [Ru(tpy)2]


2+ ,
that is, additional nitrogen atoms on the central ring of the
tridentate ligand stabilize the acceptor orbital of the MLCT
excited state. Moreover, the presence of electron-withdraw-
ing substituents on the triazine moiety further decreases the
emission energy of the complexes. The emission energies of


Table 3. Electronic absorption maxima for ligands 1 and complexes 2 and 3.[a]


Wavelength lmax [nm] (e [103 cm�1mol�1dm3]
1MLCT Ligand-centered p±p* transitions


1a 276 (40.8) 243 (25.0)
1b 280 (42.2) 244 (21.6)
1c 278 (40.4) 244 (25.0)
1d 278 (31.7) 244 (26.6)
1e 278 (28.5) 244 (37.1)
[Ru(tpy)2]


[b] 474 (10.4)
2a 515 (22.2) 332 (21.1) 299 (47.9) 279 (50.6) 272 (48.2) 242 (23.9)


473 (17.7)
2b 514 (12.1) 331 (25.3) 300 (53.1) 281 (53.8) 273 (53.3) 243 (27.7)


470 (19.3)
2c 519 (15.4) 331 (24.3) 302 (43.3) 281 (39.0) 272 (39.1) 243 (21.8)


473 (16.9)
2d 474 (19.6)[c] 331 (24.5) 299 (50.1) 280 (51.0) 273 (51.9) 242 (27.1)
2e 475 (17.6)[c] 331 (21.6) 298 (42.1) 282 (50.7) 273 (54.2) 243 (42.1)
3a 481 (24.6) 284 (73.2) 242 (24.4)
3b 474 (13.9) 329 (15.5) 291 (40.3) 277 (41.3) 243 (21.8)
3c 482 (17.8) 322 (34.4) 295 (40.8) 277 (43.1) 243 (19.2)
3d 500 (21.5)[c] 338 (15.5) 307 (43.5) 277 (65.4) 240 (28.6)
3e 508 (24.2)[c] 341 (15.3) 317 (36.0) 284 (82.9) 253 (33.7)


[a] In acetonitrile. [b] From reference [25]. [c] Broad.


Figure 5. Absorption spectra for complexes 2e (solid line) and 3e (dotted
line) in acetonitrile. Absorption maxima are given in Table 3.


Table 4. Photophysical data for complexes 2 and 3.


Luminescence, 298 K[a] 77 K[b]


compound lmax [nm] t [ns] f kr [s
�1] knr [s


�1] lmax [nm] t [ms]


2a 740 9 5î10�5 5î103 11î107 695 1.1
2b 732 8 4î10�5 5î103 12î107 685 1.1
2c 734 5 2î10�5 3î103 20î107 679 1.4
2d 745 11 6î10�5 5î103 9.1î107 700 1.0
2e 752 15 7î10�5 4î103 6.7î107 707 1.3
3a 710 8 9î10�5 11î103 1.2î107 672 1.4
3b 677 1.7
3c 667 1.6
3d 730 688 1.5
3e 722 4 10î10�6 3î103 250.0î106 686 2.2
[Ru(tpy)2]


2+ [c] 629 0.25 �5î10�6 598 10.6


[a] In deaerated CH3CN. [b] In butyronitrile. [c] From reference [5].
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homoleptic complexes 3 are higher than those of heterolep-
tic complexes 2 ; this is explained by the presence of a
second triazine ring on the ruthenium center, which stabiliz-
es the metal-centered orbital. Complex 2e exhibits the lon-
gest excited-state lifetime (15 ns) as a result of the most
electron accepting substituent on the triazine moiety, and
this is the longest lifetime for a long-wavelength emission
(>750 nm) in a [Ru(tpy)2]


2+-type complex. As was previ-
ously observed for a series of analogous pyrimidyl±terpyri-
dine-based RuII complexes (Figure 1b),[7] the compounds
studied here do not obey the energy-gap law. Indeed, in the
present complexes, as is common for RuII compounds con-
taining tridentate polypyridine ligands, the main pathway
for MLCT decay at RT is activated surface crossing to a
higher lying metal-centered (MC) state.[1d,2a,7,10] Red shift of
emission energy (i.e. , of the MLCT state) translates into a
decreased efficiency of this thermally activated process (de-
creased knr), and therefore an increase in luminescence life-
time is obtained. Comparison with results obtained for pyri-
midyl±terpyridine analogues of the type shown in Figure 1b
indicates that enhancement of excited-state lifetimes is less
efficient in the present case, most likely because the effect
of enhanced delocalization in the acceptor ligand of the
MLCT state, which is present in the pyrimidyl±terpyridine
complexes, is less effective here, since the acceptor orbitals
are mostly centered on the triazine ring. In a rigid matrix at
77 K, all the complexes are luminescent, with emission
maxima again red-shifted relative to that of [Ru(tpy)2]


2+ ,
and exhibit longer excited-state lifetimes, on the microsec-
ond timescale. In the case of complexes 2, the emission
energy decreases with increasing electron-withdrawing ca-
pacity of the substituent on the triazine ring, whereas in the
case of homoleptic complexes this effect is less linear, due


to the stabilization of the metal orbitals by the presence of a
second triazine-based ligand.


Conclusion


The synthetic procedures described here give ready access
to a variety of aryl-substituted bis(2-pyridyl)-1,3,5-triazines.
These tridentate ligands are excellent analogues of 2,2’:6’,2’’-
terpyridine, as they readily form transition metal complexes
with a wide variety of metal ions. Both their homo- and het-
eroleptic ruthenium complexes display lower energy light
absorption as compared to [Ru(tpy)2]


2+ . The concomitant
decrease in the nonradiative decay pathways increases the
room-temperature excited-state lifetimes of the complexes.
All of the heteroleptic RuII complexes 2a±e are luminescent
at room temperature. Indeed, complexes 2a±e have some of
the longest lifetimes for monochromophoric excited states
that emit beyond 730 nm. In the homoleptic series of RuII


complexes, only complexes 3a and 3e have significant
room-temperature excited-state lifetimes. The incorporation
of triazine-based ligands 1a±e into supramolecular assem-
blies by way of their RuCl3 adducts (cf. 4) may increase the
room-temperature lifetime of the assemblies as compared to
tpy or 4’-tolyl-2,2’:6’,2’’-terpyridine analogues. We are cur-
rently exploring the synthetic versatility of ligands 1a±e in
assembling supramolecular arrays and will examine their
photophysical properties.


Experimental Section


General : Electronic absorption spectra were recorded on a Varian Cary
500 spectrophotometer. For steady-state luminescence measurements, a
Jobin Yvon-Spex Fluoromax 2 spectrofluorimeter was used, equipped
with a Hamamatsu R3896 photomultiplier, and the spectra were correct-
ed for photomultiplier response by using a program purchased with the
fluorimeter. For the luminescence lifetimes, an Edinburgh OB 900 single-
photon-counting spectrometer was used, employing a Hamamatsu PLP2
laser diode as pulse (wavelength output, 408 nm; pulse width, 59 ps).
Emission quantum yields were measured at room temperature using the
optically dilute method.[29] [Ru(bpy)3]


2+ in air-equilibrated aqueous solu-
tion and [Ru{Ru(bpy)2(m-2,3-dpp)}3]


8+ (2,3-dpp=2,3-bis(2’-pyridyl)pyra-
zine) in deaerated acetonitrile were used as quantum-yield standards
with values of 0.028[30] and 0.005,[31] respectively.


Electrochemical measurements were carried out in argon-purged acetoni-
trile at room temperature with a BAS CV50W multipurpose instrument
interfaced to a PC. The working electrode was a Pt electrode, the coun-
terelectrode was a Pt wire, and the pseudoreference electrode was a
silver wire. The reference was set using an internal 1mm ferrocene/ferro-
cinium sample at 395 mV versus SCE in acetonitrile and 432 mV in
DMF. The concentration of the compounds was about 1mm. Tetrabutyl-
ammonium hexafluorophosphate (TBAPF6) was used as supporting elec-
trolyte at a concentration of 0.10m. Cyclic voltammograms were obtained
at scan rates of 50, 100, 200, and 500 mVs�1. For reversible processes,
half-wave potentials (vs SCE) were measured with Osteryoung square-
wave voltammetry (OSWV) experiments performed with a step rate of
4 mV, a pulse height of 25 mV, and a frequency of 15 Hz. For irreversible
oxidation processes, the cathodic peak was used as E, and the anodic
peak was used for irreversible reduction processes. The criteria for rever-
sibility were a separation of 60 mV between cathodic and anodic peaks, a
ratio of the intensities of the cathodic and anodic currents close to unity,
and constancy of the peak potential on changing scan rate. The number


Figure 6. Normalized (uncorrected) emission spectra in liquid acetonitrile
at room temperature (bottom) of 2b (dashed line), 2e (dotted line), and
3e (solid line); and in butyronitrile rigid matrix at 77 K (top) of 2c
(dashed line), 2e (dotted line), and 3c (solid line). Corrected values of
emission maxima are given in Table 4.
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of exchanged electrons was measured by OSWV and by taking advantage
of the presence of ferrocene used as the internal reference.


Experimental uncertainties: absorption maxima, �2 nm; molar absorp-
tion coefficient, 10; emission maxima, �5 nm; excited state lifetimes,
10%; luminescence quantum yields, 20%; redox potentials, �10 mV.


Compounds 1d,[32] 2d,[12b] 3d,[24] and [Ru(tpy)Cl3]
[33] were synthesised as


previously described. Solvents were removed under reduced pressure on
a rotary evaporator unless otherwise stated.


Triazine ligands 1a±c : The corresponding aryl cyanide (3.84 mmol) was
added to LiNMe2 (200 mg) in diethyl ether (50 mL). After stirring for
30 min under nitrogen, 2-cyanopyridine was added (800 mg, 7.69 mmol).
A precipitate formed rapidly and the resulting suspension was stirred
overnight. The mixture was then poured into a 1:1 mixture of ethanol
and water (200 mL). The solution was boiled on a hot plate to remove
ethanol and diethyl ether. On cooling, a precipitate formed, which was
collected by filtration.


Compound 1a : Yield 1.12 g (93%); 1H NMR (CDCl3, 300 MHz, TMS):
d=8.90 (d, J=4.5 Hz, 2H; H6,6’’), 8.75 (m, 4H; H3,3’’,2’’’,6’’’), 7.89 (t, J=
7.5 Hz, 2H; H4,4’’), 7.56 (t, J=7.0 Hz, 1H; H4’’’), 7.51 (t, J=7.5 Hz, 2H;
H3’’’,5’’’), 7.47 ppm (dd, J=7.0, 5.0 Hz, 2H; H5,5’’); MS (HREI): m/z :
311.1181 [M]+ ; elemental analysis calcd (%) for C19H13N5: C 73.29, H
4.21, N 22.49; found: C 73.00, H 4.17, N 22.51.


Compound 1b : Yield 255 mg (23%); 1H NMR (CDCl3, 300 MHz, TMS):
d=8.92 (d, J=5.0 Hz, 2H; H6,6’’), 8.75 (d, J=8.0 Hz, 2H; H3,3’’), 8.26 (d,
J=8.0 Hz, 1H; H6’’’), 7.93 (td, Jt=7.5 Hz, Jd=1.5 Hz, 2H; H4,4’’), 7.50
(ddd, J=7.5, 6.0, 1.0 Hz, 2H; H5,5’’), 7.43 (dd, J=7.5, 1.5 Hz, 1H; H3’’’),
7.43 (m, 2H; H4’’’,5’’’), 2.79 ppm (s, 3H; HMe). MS (HREI): m/z : 325.1316
[M]+ ; elemental analysis calcd (%) for C20H15N5¥0.5H2O: C 71.84, H
4.82, N 20.94; found: C 71.73, H 4.42, N 21.03.


Compound 1c : Yield 468 mg (42%); 1H NMR (CDCl3, 300 MHz, TMS):
d=8.93 (d, J=4.0 Hz, 2H; H6,6’’), 8.80 (d, J=8.0 Hz, 2H; H3,3’’), 8.69 (d,
J=8.0 Hz, 2H; H2’’’,6’’’), 7.94 (td, Jt=7.5 Hz, Jd=1.5 Hz, 2H; H4,4’’), 7.51
(dd, J=7.5, 5.0 Hz, 2H; H5,5’’), 7.36 (d, J=8.0 Hz, 2H; H3’’’,5’’’), 2.46 ppm
(s, 3H; HMe). MS (HREI): m/z : 325.1328 [M]+ ; elemental analysis calcd
(%) for C20H15N5¥H2O: C 69.96, H 4.99, N 20.40; found: C 70.24, H 4.91,
N 20.58.


Compound 1e : A mixture of 4-cyanopyridine (5 g), 2-cyanopyridine
(5 g), and NaH (200 mg) was heated to 180 8C for 30 min. After cooling,
the solid was dissolved in hot toluene (500 mL), and the solution filtered.
While still hot, the toluene was extracted with an aqueous Ni solution
(3 g of NiCl2¥6H2O in 200 mL of water). After cooling, KCN (5 g) was
added and a fine precipitate formed. The crude product was collected by
filtration and recrystallized from ethanol. Yield 2.4 g (24%). 1H NMR
(CDCl3, 300 MHz, TMS): d=8.91 (d, J=3.5 Hz, 2H; H6,6’’), 8.85 (d, J=
5.5 Hz, 4H; H2’’’,6’’’), 8.79 (d, J=7.5 Hz, 2H; H3,3’’), 8.56 (t, J=5.0 Hz, 1H;
H3’’’,5’’’), 7.95 (t, J=7.5 Hz, 2H; H4,4’’), 7.53 ppm (t, J=5.0 Hz, 2H; H5,5’’);
MS (HREI): m/z : 312.1123 [M]+ ; elemental analysis calcd (%) for
C18H12N6¥0.5H2O: C 67.28, H 4.08, N 26.15; found: C 67.44, H 3.74, N
25.97.


Heteroleptic complexes 2a±e : The appropriate ligand (0.23 mmol) and
AgNO3 (115 mg, 0.68 mmol) were added to a suspension of [Ru(tpy)Cl3]
(100 mg, 0.23 mmol) in ethanol (50 mL). The mixture was then stirred
and refluxed overnight. After cooling, the solution was filtered to remove
AgCl and evaporated to dryness. The resulting solid was dissolved in ace-
tonitrile and purified by column chromotography (SiO2, acetonitrile/aq.
KNO3 7:1). The nitrate salt was metathesized to the PF6 salt, and the sol-
vent removed under reduced pressure. The solid was dissolved in acetoni-
trile, and the product precipitated by addition to water.


Compound 2a : Yield 190 mg (90%); 1H NMR (CD3CN, 300 MHz,
CD2HCN); d=9.06 (m, 4H; H3,3’’,2’’’,6’’’), 8.78 (d, J=8.0 Hz, 2H; T3’,5’), 8.50
(d, J=7.5 Hz, 2H; T3,3’’), 8.46 (t, J=8.0 Hz, 1H; T4’), 8.11 (td, Jt=8.0 Hz,
Jd=1.0 Hz, 2H; H4,4’’), 7.91 (td, Jt=7.0 Hz, Jd=1.0 Hz, 2H; T4,4’’), 7.83
(m, 3H; H3’’’,4’’’,5’’’), 7.57 (d, J=5.5 Hz, 2H; H6,6’’), 7.44 (d, J=5.5 Hz, 2H;
Hp6,6’’), 7.40 (td, Jt=5.5 Hz, Jd=1.0 Hz, 2H; H5,5’’), 7.11 ppm (t, J=
6.0 Hz, 2H; T5,5’’); MS (ESI): m/z : 791.4 [M�PF6]


+ , 323.5 [M�2PF6]
2+ ;


elemental analysis calcd (%) for C34H32N8RuP2F12¥H2O: C 42.55, H 3.21,
N 11.90; found: C 42.53, H 2.91, N 12.39.


Compound 2b : Yield 152 mg (69%); 1H NMR (CD3CN, 300 MHz,
CD2HCN); 8.98 (d, J=7.5 Hz, 2H; H3,3’’), 8.77 (d, J=8.0 Hz, 2H; T3’,5’),


8.75 (d, J=8.0 Hz, 1H; H5’’’), 8.50 (d, J=8.5 Hz, 2H; T3,3’’), 8.45 (t, J=
8.5 Hz, 1H; T4’), 8.08 (t, J=8.0 Hz, 2H; H4,4’’), 7.92 (t, J=8.0 Hz, 2H;
T4,4’’), 7.69 (m, 3H; H2’’’,3’’’,4’’’), 7.55 (d, J=5.0 Hz, 2H; H6,6’’), 7.46 (d, J=
5.5 Hz, 2H; T6,6’’), 7.39 (t, J=6.0 Hz, 2H; H5,5’’), 7.13 (t, J=6.5 Hz, 2H;
T5,5’’), 3.12 (s, 3H; CH3); MS (ESI): m/z : 804.1 [M�PF6]


+ , 329.6
[M�2PF6]


2+ ; elemental analysis calcd (%) for C35H26N8RuP2F12¥H2O: C
43.17, H 3.52, N 11.51; found: C 42.78, H 3.01, N 11.51.


Compound 2c : Yield 128 mg (86%); 1H NMR (CD3CN, 300 MHz,
CD2HCN); d=9.04 (d, J=7.5 Hz, 2H; H3,3’’), 8.94 (d, J=8.0 Hz, 2H;
H2’’’,6’’’), 8.77 (d, J=8.0 Hz, 2H; T3’,5’), 8.48 (d, J=8.5 Hz, 2H; T3,3’’), 8.45
(t, J=8.5 Hz, 1H; T4’), 8.09 (t, J=8.0 Hz, 2H; H4,4’’), 7.91 (t, J=8.0 Hz,
2H; T4,4’’), 7.62 (d, J=8.5 Hz, 2H; H3’’’,5’’’), 7.54 (d, J=5.0 Hz, 2H; H6,6’’),
7.44 (d, J=5.5 Hz, 2H; T6,6’’), 7.38 (t, J=6.0 Hz, 2H; H5,5’’), 7.10 (t, J=
6.5 Hz, 2H; T5,5’’), 2.57 ppm (s, 3H; CH3); MS (ESI): m/z : 804.2
[M�PF6]


+ , 329.7 [M�2PF6]
2+ ; elemental analysis calcd (%) for


C35H26N8RuP2F12: C 43.99, H 3.38, N 11.72; found: C 43.85, H 3.01, N
11.47.


Compound 2e : Yield 165 mg (78%); 1H NMR (CD3CN, 300 MHz,
CD2HCN): d=9.10 (m, J=8.0 Hz, 2H; H3,3’’), 9.05 (m, 2H; H2’’’,6’’’), 8.85
(d, J=7.5 Hz, 2H; H3’’’,5’’’), 8.79 (d, J=8.0 Hz, 2H; T3’,5’), 8.50 (d, J=
8.0 Hz, 2H; T3,3’’), 8.49 (t, J=8.0 Hz, 1H; T4’), 8.13 (td, Jt=8.0 Hz, Jd=


1.5 Hz, 2H; H4,4’’), 7.91 (td, Jt=8.0 Hz, Jd=1.0 Hz, 2H; T4,4’’), 7.59 (d, J=
5.0 Hz, 2H; H6,6’’), 7.43 (d, J=5.5 Hz, 2H; T6,6’’), 7.41 (td, Jt=5.5 Hz, Jd=


1.5 Hz, 2H; H5,5’’), 7.10 ppm (td, Jt=6.0 Hz, Jd=1.0 Hz, 2H; T5,5’’); MS
(ESI): m/z : 792.5 [M�PF6]


+ , 323.9 [M�2PF6]
2+ ; elemental analysis calcd


(%) for C33H23N9RuP2F12¥H2O: C 41.52, H 2.64, N 13.21; found: C 41.92,
H 2.94, N 13.16.


Homoleptic complexes 3a±e : The appropriate ligand (0.64 mmol) and
AgNO3 (160 mg, 0.96 mmol) were added to a solution of RuCl3¥xH2O
(76 mg, 0.32 mmol) in ethanol (50 mL). The mixture was then stirred and
refluxed overnight. After cooling, the solution was filtered to remove
AgCl and evaporated to dryness. The resulting solid was dissolved in ace-
tonitrile and purified by column chromotography (SiO2, acetonitrile/aq.
KNO3 7:1). The nitrate salt was metathesized to the PF6 salt, and the sol-
vent removed under reduced pressure. The solid was dissolved in acetoni-
trile, and the product precipitated by addition to water.


Compound 3a : Yield 105 mg (35%); 1H NMR (CD3CN, 300 MHz,
CD2HCN); d=9.10 (m, 8H; H3,3’’,2’’’,6’’’), 8.13 (td, Jt=8.0 Hz, Jd=1.0 Hz,
4H; H4,4’’), 7.85 (m, 6H; H3’’’,4’’’,5’’’), 7.71 (d, J=5.5 Hz, 4H; H6,6’’), 7.38 ppm
(td, Jt=7.5 Hz, Jd=1.5 Hz, 4H; H5,5’’); MS (ESI): m/z : 868.3 [M�PF6]


+ ,
361.9 [M�2PF6]


2+ ; elemental analysis calcd (%) for C38H34N10RuP2F12¥-
H2O: C 43.98, H 2.30, N 13.49; found: C 43.87, H 2.69, N 13.51.


Compound 3b : Yield 115 mg (34%); 1H NMR (CD3CN, 300 MHz,
CD2HCN); d=9.00 (d, J=7.5 Hz, 4H; H3,3’’), 8.78 (d, J=7.0 Hz, 2H;
H5’’’), 8.10 (t, J=7.5 Hz, 4H; H4,4’’), 7.72 (d, J=5.5 Hz, 4H; H6,6’’), 7.64
(m, 6H; H2’’’,3’’’,4’’’), 7.38 (t, J=6.5 Hz, 4H; H5,5’’), 3.14 ppm (s, 6H; HMe);
MS (ESI): m/z : 895.8 [M�PF6]


+ , 375.8 [M�2PF6]
2+ .


Compound 3c : Yield 99 mg (86%); 1H NMR (CD3CN, 300 MHz,
CD2HCN); d=9.07 (d, J=8.0 Hz, 4H; H3,3’’), 8.96 (d, J=8.0 Hz, 4H;
H2’’’,6’’’), 8.11 (t, J=7.5 Hz, 4H; H4,4’’), 7.67 (d, J=5.5 Hz, 4H; H6,6’’), 7.63
(d, J=8.5 Hz, 4H; H3’’’,5’’’), 7.36 (t, J=6.5 Hz, 4H; H5,5’’), 2.59 ppm (s, 6H;
CH3); MS (ESI): m/z : 376.5 [M�2PF6]


2+ .


Compound 3e : Yield 150 mg (46%); 1H NMR (CD3CN, 300 MHz,
CD2HCN); d=9.14 (d, J=7.5 Hz, 4H; H3,3’’), 9.08 (d, J=4.5 Hz, 4H;
H2’’’,6’’’), 8.87 (d, J=4.5 Hz, 4H; H3’’’,5’’’), 8.15 (t, J=8.0 Hz, 4H; H4,4’’), 7.71
(d, J=5.0 Hz, 4H; H6,6’’), 7.41 ppm (t, J=7.5 Hz, 4H; H5,5’’); MS (ESI):
m/z : 1017.3 [M+H]+ , 871.5 [M�PF6]


+ , 363.4 [M�2PF6]
2+ ; elemental


analysis calcd (%) for C36H24N12RuP2F12¥H2O: C 41.83, H 2.54, N 16.26;
found: C 41.84, H 2.76, N 16.16.


Compound 4 : Lithium chloride (4 g) was dissolved in ethanol (50 mL)
with sonication. To this solution were added 1a (1 g) and RuCl3¥xH2O
(770 mg). The solution was refluxed overnight and was continuously stir-
red by magnetic stirrer. On cooling the fine brown precipitate was col-
lected by filtration. This crude product was suspended in ethanol, sonicat-
ed for 30 min, collected by filtration, and the process repeated. Yield
1.3 g (78%); elemental analysis calcd (%) for C19H13Cl3N5Ru¥3H2O: C
39.84, H 3.34, N 12.23; found: C 38.50, H 2.59, N 11.88.


Compound 3a : Compound 1a (0.32 mmol) and AgNO3 (160 mg,
0.96 mmol) were added to a suspension of 4 (100 mg, 0.32 mmol) in etha-
nol (50 mL). The mixture was then stirred and refluxed overnight. After
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cooling, the solution was filtered to remove AgCl and then evaporated to
dryness. The resulting solid was dissolved in acetonitrile and purified by
column chromatography (SiO2, acetonitrile/aq. KNO3 7:1). The nitrate
salt was metathesized to the PF6 salt, and the solvent removed under re-
duced pressure. The solid was dissolved in acetonitrile, and the product
was precipitated by addition to water. Yield 125 mg (64%); physical data
agreed with those given above.
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Alkenyl Selenols and Selenocyanates: Synthesis, Spectroscopic
Characterization by Photoelectron Spectroscopy, and Quantum Chemical
Study


Gµbor Bajor,[b] Tamµs Veszprÿmi,*[b] El Hassan Riague,[a] and Jean-Claude Guillemin*[a]


Introduction


It is generally accepted, that the lone electron pair of the
heavier Group 15 elements interacts only weakly with neigh-
boring p systems, since the lone pair of the heteroatom is
mainly of ™s∫ type and is situated in the nodal surface of the
p bond.[1] On the other hand, these heteroatoms usually in-
teract strongly with p systems in the allylic position through
the sC±E or sC±E* orbital. This so-called b effect has signifi-
cant impact on spectroscopic characteristics[2] and reaction
rates.[3] The importance of this effect has been demonstrated
in case of allylic phosphines and arsines.[4,5] In our earlier
work we investigated several allylic phosphines and arsines
by photoelectron spectroscopy and high-level quantum
chemical calculations and we demonstrated that the most
stable structure of these compounds is when the C�E (E=P,
As) bond is out of the plane of the allyl system.[5] This con-
formation is inevitably stabilized by the hyperconjugation
between the p system and the C�E s* orbital. From the dif-


ference between the planar and nonplanar conformation the
stabilization energy could be estimated to 2±3 kcalmol�1.
The splitting of the appropriate photoelectron bands indicat-
ed that the interaction increased towards the heavier heter-
oatoms.


Considering the Group 16 elements, spectroscopic evi-
dence suggests the importance of hyperconjugation between
the unsaturated group and the sulfur atom in some allyl sul-
fide derivatives.[6] The photoelectron spectra of ethenethiol
and 1-propene-1-thiol indicates, however, a direct interac-
tion between the pC�C and the lone electron pair of the
sulfur atom.[7] Such an interaction can be excluded in case of
the respective oxygen derivatives, because of the huge elec-
tronegativity of oxygen. The electronegativity of selenium is,
however, close to that of sulfur. Therefore similar structural
and spectroscopic characteristics are expected in the seleni-
um and sulfur derivatives.


The interaction of the �SeCN group with an unsaturated
fragment opens some new questions. Microwave spectro-
scopic studies have shown that alkyl cyanates, thiocyanates,
and selenocyanates have a bent frame.[8] These compounds
are very rigid; the barrier to linearity is high[9] and the ob-
served C-X-C (X=O, S, Se) angles are 1138, 998 and 968, re-
spectively.[8a,c,e] Alkyl isocyanates, isothiocyanates, and isose-
lenocyanates, on the other hand, are much more flexible
than their isomeric counterparts. The C-N-C bond angle at
the equilibrium geometry is 140.08 for CH3NCO, 150.98 for
CH3NCS, and 161.78 for CH3NCSe, and the potential barri-
ers to linearity are 928, 193, and 25 cm�1, respectively.[10]


The barrier is so small for the isoselenocyanate that all vi-
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Abstract: Vinyl, allyl, and homoallyl
selenols were easily prepared by a che-
moselective reduction of the corre-
sponding selenocyanates with alumi-
num hydrides. Two stable vinyl and
five stable allyl conformers of both
series were predicted on the potential-
energy surface. The interaction of SeH
or SeCN groups with the vinyl group
has been investigated with UV photo-


electron spectroscopy and quantum
chemical calculations, using the MP2/
cc-pVTZ and B3LYP/cc-pVTZ levels.
In the vinyl derivatives, a surprisingly
strong direct conjugation of the seleni-


um lone electron pair and the C=C
double bond was observed. On the
other hand, in allyl position the seleni-
um lone pair is independent on the C=
C double bond, and the hyperconjuga-
tion between the Se�C bond and the
double bond is the ruling effect. Thus
is clarified the type and extent of the
interaction between the SeH or SeCN
group and the unsaturated moiety.
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brational levels lie above this, hence the molecule is effec-
tively linear. In this and several other related compounds
low-energy large-frequency vibrations often complicate the
structural investigations. Therefore the most careful experi-
mental and theoretical analysis is required to avoid the mis-
interpretation.[11] The close relationship between the geo-
metric and electronic structure of these molecules is ex-
plained in the diagram below.


While the structure of molecules CH3NCX changes gradu-
ally from a to b, the structure of CH3XCN changes from c
to d in the series X=O, S and Se.


The aim of this work was to study the structural and elec-
tronic properties of the simplest vinyl, allyl, and homoallyl
selenols 1±3 and selenocyanates 4±6 and to clarify the type
and extent of the interaction between the SeH or SeCN
group and the unsaturated moiety. For the selenocyanates


another question is the possible conjugation of the two unsa-
turated fragments. The recent synthesis of compounds 1±
3[12,13] allows us to investigate these questions in experimen-
tal and theoretical approaches. To the best of our knowl-
edge, we here report the first study by photoelectron spec-
troscopy devoted to aliphatic selenols. Since even the spec-
trum of the simplest alkyl derivative, the methaneselenol,
has never been described, this spectrum is added to this
work to use it as a reference.


Results and Discussion


Synthesis of compounds 1±6 : Selenocyanates 5 and 6 were
prepared by reaction of the corresponding bromide deriva-
tive with potassium selenocyanate.[12] However, this ap-
proach cannot be extended to vinyl halides. The vinyl ester
of selenocyanic acid was prepared by reaction of the vinyl
selenolate with cyanogen bromide in a 71% yield
(Scheme 1). Compounds 2 and 3 were prepared by reaction
of lithium aluminum hydride with compounds 5 and 6, re-
spectively, followed by acidification of the formed selenolate
with succinic acid.[12] As already reported, such an approach
applied to a,b-unsaturated selenocyanates only leads to the
formation of the corresponding saturated selenols.[12] Al-


though the etheneselenol (1) can be prepared by the reac-
tion of divinyldiselenide with tributyltin hydride,[13] we were
looking to extend our approach starting from selenocyanates
to the preparation of a,b-unsaturated selenols. We found
that the use of dichloroalane as the reducing agent allows
the formation of etheneselenol (1) in a 66% yield after acid-
ification with succinic acid (Scheme 2). No traces of ethane-


selenol were observed in these experimental conditions. The
chemoselectivity of this reduction is consistent with other
reductions performed for the preparation of a,b-unsaturated
phosphines,[14] and this result opens the way to the prepara-
tion of many other a,b-unsaturated selenols.


Structures : The calculated structural parameters and energy
data of the investigated compounds are compiled in Tables 1
and 2. Two stable conformations of vinyl derivatives were
found on the potential-energy surface: the planar syn and
anti forms (Figures 1 and 2). The energy difference between
them is only a few tenths of kcalmol�1 for selenol and some-
what larger for selenocyanate (0.34±1.05 kcalmol�1, depend-
ing on the computational method, see Table 2). Recent
G3(MP2) data[15] for the energy difference between the two
etheneselenol rotamers (DE=0.35 kcalmol�1) supports the
reliability of our results. No significant difference in the geo-
metrical parameters or in the calculated ionization energies
could be found. The activation barrier between the two sele-
nol conformers is 1.7 kcalmol�1 and between the selenocya-
nates 4a and 4b is 2.3 kcalmol�1; this indicates that the rota-
tion of the SeH or SeCN group is free only at high tempera-
ture.


The C=C and the Se�C bond lengths of 1 are 1.334 and
1.887 ä, respectively, the former is slightly longer, the latter
is considerably shorter than those in ethene (1.332 ä) and
methaneselenol (1.951 ä). The same bond lengths in the


Scheme 1.


Scheme 2.
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transition state of 1 during rotation are 1.332 and 1.911 ä,
respectively. The calculated geometrical parameters of 4 are
in good agreement with the microwave spectroscopical re-
sults of CH3SeCN (C�Se: 1.954 ä, Se�C: 1.836 ä, C�N:
1.162 ä, C-Se-C: 968) and ethene (C=C: 1.332).[8e] The pseu-
dohalogeno group is linear and strongly bent at the selenium
(the C-Se-C bond for both conformers is around 968 or 988
depending on the method). The only important difference
from the two parent compounds can be observed again in
the Se�(C=C) bond which has been reduced to 1.900 ä. The
data indicates a strong interaction between the p system and
the selenium lone pair. Also, it seems that the CN group is
remarkably insensitive to the interactions with the rest of
the molecule.


Five minima were found on
the potential surface of both
allyl derivatives 2 and 5 as
shown in Figure 1, 2 and
Table 2. The three lowest
energy structures (refered to
as A conformations) are when
the selenium atom is out of
the plane of the allylic unit
(2a±c and 5a±c). These struc-
tures differ only by the direc-
tion of the Se�H or Se�CN
bond and their energy differ-
ences are very small. In the
minima (2d,e and 5d,e, named
B conformations), the seleni-
um atom is situated in the
plane of the allyl group. Hy-
perconjugation can be realized
only in the A type conformers,


which are indeed the most stable compounds. Although the
stabilization energy relative to B is less than 3 kcalmol�1,
this is enough energy to keep the majority of the molecules
in one of the A conformations. It is worth noting that this
energy difference is close to the values obtained for b-sub-
stituted ethyl radicals,[16] and in allylphosphines and -ar-
sines.[5]


In accordance with the small energy separation, the bond
length of the A and B type structures varies only slightly,
but systematically. The double bond and the C�Se bond is
somewhat longer, the C�C single bond is shorter in A than
in B. The geometry variation of the SeCN group is negligi-
ble. Comparing to the isolated subunits propene, methanese-
lenol (C=C 1.334 ä, C�C 1.505 ä, C�Se 1.951 ä) and meth-


Table 1. Calculated bond lengths of selenols and selenocyanates [in ä].[a]


Molecule Confor- Geometrical Parameter
mation a b c d e f g


1a 1.334 (1.325) 1.887 (1.911) 1.453 (1.473)
1b 1.334 (1.325) 1.892 (1.917) 1.450 (1.469)


2a 1.335 (1.328) 1.961 (2.004) 1.489 (1.487) 1.453 (1.473)
2b 1.335 (1.328) 1.960 (2.001) 1.487 (1.487) 1.453 (1.472)
2c 1.336 (1.328) 1.957 (1.997) 1.486 (1.486) 1.452 (1.472)
2d 1.333 (1.325) 1.951 (1.986) 1.494 (1.495) 1.452 (1.471)
2e 1.333 (1.325) 1.944 (1.978) 1.497 (1.499) 1.453 (1.472)
3a 1.335 (1.327) 1.947 (1.982) 1.497 (1.502) 1.525 (1.530) 1.453 (1.473)
3b 1.335 (1.327) 1.947 (1.983) 1.494 (1.499) 1.528 (1.531) 1.453 (1.472)


4a 1.332 (1.323) 1.900 (1.927) 1.828 (1.847) 1.176 (1.155)
4b 1.331 (1.321) 1.898 (1.925) 1.822 (1.843) 1.177 (1.155)


5a 1.335 (1.328) 1.967 (2.016) 1.488 (1.486) 1.827 (1.845) 1.177 (1.156)
5b 1.335 (1.328) 1.967 (2.014) 1.486 (1.484) 1.824 (1.843) 1.177 (1.156)
5c 1.336 (1.328) 1.971 (2.015) 1.482 (1.482) 1.822 (1.843) 1.177 (1.156)
5d 1.333 (1.325) 1.955 (1.994) 1.493 (1.493) 1.825 (1.844) 1.177 (1.156)
5e 1.332 (1.324) 1.947 (1.985) 1.496 (1.497) 1.826 (1.845) 1.177 (1.156)


6a 1.348 (1.327) 1.970 (1.991) 1.507 (1.503) 1.531 (1.527) 1.844 (1.845) 1.191 (1.156)


[a] MP2/cc-pVTZ calculations. Data of B3LYP/cc-pVTZ level are in brackets.


Table 2. Calculated total energies [a.u.] and relative energies [kcalmol�1].


Molecule Confor- Etot Erel


mation MP2/cc-pVTZ B3LYP MP2 B3LYP


H2C=CHSeH 1a �2478.50017 �2480.25239 0.00 0.00
1b �2478.49962 �2480.25214 0.34 0.05


H2C=CHCH2SeH 2a �2517.72382 �2519.58231 1.00 0.82
2b �2517.72363 �2519.58218 1.12 0.88
2c �2517.72542 �2519.58363 0.00 0.00
2d �2517.72161 �2519.57886 2.39 2.82
2e �2517.72297 �2519.58010 1.53 2.15


H2C=CHCH2CH2SeH 3a �2556.94680 �2558.91002 0. 66 �0.27
3b �2556.94784 �2558.90959 0. 00 0.00


H2C=CHSeCN 4a �2570.57503 �2572.51426 0.00 0.00
4b �2570.57337 �2572.51370 1.05 0.27


H2C=CHCH2SeCN 5a �2609.80027 �2611.84696 1.27 0.26
5b �2609.80058 �2611.84667 1.08 0.42
5c �2609.80230 �2611.84738 0.00 0.00
5d �2609.79755 �2611.84285 2.98 2.58
5e �2609.79883 �2611.84319 2.18 2.45


H2C=CHCH2CH2SeCN 6a �2648.61702 �2651.17474
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aneselenocyanate (C�Se: 1.942 ä, Se�C: 1.826 ä, C=N:
1.177 ä), the direction of the slight changes is the same: es-
pecially the enhanced C�Se bond is conspicuous. Such be-
havior can be expected if hyperconjugation occurs with the
C�Se s orbital. Again, the geometrical parameters of the
SeCN group (bond lengths and the C-Se-C angle) are un-
changed.


Recent G2(MP2) calculations and microwave spectro-
scopical measurements suggested that only three rotamers
out of the 14 different 3-buteneselenol conformers play im-
portant role in the behavior of this compound.[17] The lowest
energy rotamer has an internal hydrogen bond between the
hydrogen atom of the selenol group and the p electrons of
the double bond (Figure 1, 3b). As we want to investigate
and compare the pure interaction between the selenium and
the C=C bond, in addition to the lowest energy structure we
studied a slightly higher energy (0.1 kcalmol�1) conformer
(Figure 1, 3a) in which, according to the calculation, the
main bond lengths are almost the same. Although similar
microwave study of the respective selenocyanates is still
missing, we assumed the same tendencies and selected a re-
lated conformer for investigation (Figure 2, 6a). In 3 and 6
it can be assumed that the interaction with the distant sele-
nium is negligible and only the inductive (and some steric)
effect of CH2 groups is responsible for the geometrical and
spectroscopic properties. Indeed, the C=C, C�C, and C�Se
bond lengths are close to the ™usual∫ values observable in


the separated propene, methaneselenol, and methaneseleno-
cyanate.


Photoelectron spectroscopy : The observed UV photoelec-
tron spectra of the investigated compounds are reported in
Figure 3. The position of the most important photoelectron
bands and the calculated vertical ionization energies using
the ROVGF method (for the most stable conformers) and
the Koopmans× theorem (for all conformers) are collected in
Table 3. The ROVGF results are in general in excellent
agreement with the experimental data. The agreement with
the MO energies is worse, but a good linear correlation with
the PE bands suggests the validity and applicability of the
Koopmans× theorem.


The ethene-, 2-propene-, and 3-buteneselenols 1±3 can be
characterized by their three lowest ionization energy bands,
which can be attributed to the lone electron pair of seleni-
um, the p system, and the Se�C bond. Therefore the system-
atic study of these bands may also reflect the extent and
character of the intramolecular interactions. The spectra of
pseudohalogenides are somewhat more complicated. The
electronic structure of the SeCN group can be explained in
two ways. We can assume a single Se�C bond and a triple
C�N bond. In this case the appearance of two new bands


Figure 1. Stable alkenyl selenol conformers.


Figure 2. Stable alkenyl selenocyanate conformers.
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(the C�N p bonds) is expected in the low-energy region of
the spectrum. Another interpretation is when the SeCN unit
is considered as two perpendicular four-electron three-
centre p systems, which suggests four new bands in the spec-
trum (the high-energy p1 and p1? and the low-energy p2


and p2 ? ). If the molecular skeleton is linear (e.g., in CH3�
NCSe), the perpendicular MO pairs are degenerate. In case
of the strongly bent X�SeCN, theoretically the appearance
of all the four p bands are expected. However, the selenium
lone pair in the SeCN group is part of a p system and the
s(C�Se) orbital is also part of the perpendicular p system.
As a summary, only two additional bands are expected in
the small energy spectrum region.


Since several conformers with comparable energies are
possible in some cases, first we should investigate whether
the spectra can originate from a mixture of all conformers
or only some of them dominate. No noticeable difference
can be found between the orbital energies of the two stable
conformers of 1 and 4, therefore our discussion is reduced
to the analysis of the slightly more stable conformer I. In
the case of allyl derivatives 2 and 5, the orbital energies of
all A structures are close to each other. Also, the ionization
energies of the B conformers are nearly the same. The two
sets, however, exhibit some differences. There is no differ-
ence in the first ionization energy of selenol: it is almost the
same in all the five conformers. Since the first band belongs
to the lone electron pair of selenium, this finding suggests
that the nSe orbital does not interact with other molecular
orbitals. While the B conformation strongly stabilizes the
second p band and destabilizes the third C�Se band, the
effect in the case of the A structures is just the opposite.


Table 3. Experimental and calculated[a] ionization energies [eV].


Molecule IEexptl IEcalcd assignment
a b c d e


H2C=CH�SeH 8.80 8.72 8.74 8.70 nSe�p


11.23 11.93 11.46 11.92 nSe+p


11.73 12.23 11.92 12.06 s(C�Se)
13.24 13.83 13.24 14.10 s


H2C=CH�CH2�SeH 8.95 9.15 9.13 9.14 8.89 9.14 9.20 nSe


9.96 10.05 10.00 10.04 9.86 10.27 10.20 p


11.81 12.13 12.33 12.24 11.88 11.71 11.74 s(C�Se)
12.69 13.59 13.76 13.93 13.20 13.44 13.61


H2C=CH�CH2�CH2�SeH 9.11 8.85 8.86 9.04 nSe


9.91 10.14 9.95 10.11 p


11.13 11.65 11.25 11.56 s(C�Se)
12.06 13.27 12.59 13.04


H2C=CH�SeCN 9.40 9.82 9.30 9.51 p�p2


11.58 11.94 11.55 12.33 p+p2


11.95 12.47 11.88 12.62 p2 ?
12.81 14.01 13.05 14.07 p1?
13.08 14.26 13.23 14.35 p1


14.71 15.03 14.63 14.94 s


H2C=CH�CH2�SeCN 9.54 9.91 9.87 9.87 9.48 9.94 9.98 p2 ?
10.31 10.61 10.51 10.47 10.14 10.87 10.62 p


11.93 12.59 12.61 12.50 11.76 12.14 12.13 p2


12.57 13.87 13.92 13.82 12.60 13.93 13.89 p1


12.9 14.06 14.17 14.04 12.96 14.01 13.91 p1?
H2C=CH�CH2�CH2�SeCN 9.54 9.86 9.13 p2 ?


10.16 10.47 9.96 p


11.46 12.10 11.19 p2


12.56±12.97 13.65±13.84 12.20±12.43 p1? , p1


[a] Regular numbers indicate the results calculated with the Koopmans× theorem, numbers in italics indicate the OVGF results.


Figure 3. Photoelectron spectra of the investigated compounds.
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The latter is in good agree-
ment with the experimental
spectrum. The inspection of
the calculated MO×s reveals
the difference. In the B-type
structures, the second and
third orbitals are separately lo-
calized on the C=C and the C�
Se bonds, respectively, but in
the A structures the two orbi-
tals are mixed.


The comparison of the A
and B structures of selenocya-
nates leads to the same conclu-
sion. The first band, which
originates now from one of the
components of the p2 orbital,
is not sensitive to the rotation
of the SeCN group. The B con-
formation stabilizes the second
band, which belongs to the C=
C bond, and destabilizes the
third band, which belongs to
the perpendicular p2 orbital,
while the A conformation only
slightly stabilizes the second
band and more strongly the
third one.


Starting from the experi-
mental PE spectra of methane-
selenol and propene, a clear
correlation of the respective
bands can be seen (Figure 4).
While in the spectrum of bute-
neselenol 3 the ionization en-
ergies are close to those of the
parent compounds, the shape
of the first three orbitals are
almost unchanged (relative to
the parent compounds). The
band shifts can be explained
with the difference of the in-
ductive effect; in the case of
the allyl derivative 2, the first
two bands shift only slightly,
but the third band strongly sta-
bilizes in good agreement with
the assumed A structure and
the consequence of the hyperconjugation.


Different effects can be observed studying the PE bands
of etheneselenol, for which a huge splitting of the first two
bands can be seen. The interaction of the C=C double bond
and the lone electron pair of same symmetry in the vinyl de-
rivative can also be demonstrated with a correlation dia-
gram between the respective photoelectron bands of ethene
and hydrogene chalcogenides (Figure 5). The ionization
energy of ethene is 10.51 eV, the energies of the lone pair in
H2O, H2S, and H2Se are 12.62, 10.47, and 9.88 eV, respec-
tively.[18,19] As a consequence, while the first band of vinyl al-


cohol mainly belongs to the double bond, the same in ethe-
neselenol is of lone pair character with a considerable
mixing with the double bond. Since the ionization energy of
the double bond and the sulfur lone pair is almost the same,
the largest interaction is expected in ethenethiol.


Figure 6 was constructed to study the correlation of ioni-
zation energies of selenocyanates. The similarity of this dia-
gram to Figure 4 is evident. The only difference is the ap-
pearance of the additional p1 and p1? bands between 12
and 13 eV. The spectrum of compound 6 can be derived well
as the sum of the bands of the parent molecules. In case of


Figure 4. Correlation between the observed photoelectron bands in alkenyl selenols.


Figure 5. Interaction between the lone pair and the double bond in vinyl�XH derivatives (X=O, S, Se). The
data are given from the observed photoelectron spectra.
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the selenocyanate 5 the strong stabilization of the third
band demonstrates again the appearance of the more proba-
ble A structure and the interaction between the C=C and
the s(Se�C) (or the p2 ? ) bonds. The band shifts in the
spectrum of the vinyl derivative 4 reflects the direct interac-
tion between the C=C p bond and the nSe (or the p2) bonds.
This interaction is so strong that it shifts even the high
energy p1 band causing the exchange in the sequence of the
p1? and p1 bands.


Conclusion


Six alkenyl selenols and selenocyanates with gradually in-
creasing distance between the selenium atom and the unsa-
turated group have been synthesized. Two stable vinyl and
five stable allyl conformers of both series have been located
on the potential-energy surface. The interaction of SeH and
SeCN groups with the vinyl group has been investigated by
using UV photoelectron spectroscopy and quantum chemi-
cal calculations. In the vinyl derivatives we clearly demon-
strated a surprisingly strong direct conjugation of the seleni-
um lone electron pair and the C=C double bond. On the
other hand, in allyl position the selenium lone pair is inde-
pendent of the C=C double bond, and the hyperconjugation
between the Se�C bond and the double bond is the ruling
effect. These findings were supported by the comparison of
the geometry and stability of the different conformations as
well as the photoelectron spectra.


The extension to the synthesis, spectroscopic characteriza-
tion, and quantum chemical calculations of other unsaturat-


ed selenols and selenocyanates is
currently under progress in our
laboratories.


Experimental Section


Caution : Selenols and selenocyanates are
malodorous and potentially toxic com-
pounds. All reactions and handling should
be carried out in a well-ventilated hood.


Materials : Lithium aluminum hydride,
aluminum chloride, and tetraethylene
glycol dimethyl ether (tetraglyme) were
purchased from Acros and used as re-
ceived.


General : 1H (400 MHz) and 13C
(100 MHz) NMR spectra were recorded
on a Bruker ARX400 spectrometer and
77Se (52.7 MHz) on a Bruker AC300C
spectrometer. HRMS (high-resolution
mass spectrometry) experiments were
performed on a Varian MAT 311 instru-
ment.


He I photoelectron spectra were recorded
on an instrument described earlier.[20] The
resolution at the Ar 2P1/2 line was 40 meV
during the measurements. For internal
calibration the N2 and the He+ peaks
were used.


Quantum chemical calculations were per-
formed for all the investigated molecules


by the Gaussian 98 program package.[21] All of the structures were opti-
mized at the MP2/cc-pVTZ and the B3LYP/cc-pVTZ levels of theory.
The stationary points were characterized by second-derivative calcula-
tions using the same model chemistry. The relative energies were correct-
ed using the zero-point vibrational energies. To interpret the PE spectra
we proceeded in two ways. We compared the shape and position of the
bands to those of related molecules whose PE bands have been assigned,
and we compared the recorded vertical ionization energies with quantum
chemical results obtained at the ROVGF/cc-pVTZ level of theory on the
optimized geometry. For the comparison we also carried out single-point
HF/cc-pVTZ calculations, on the geometries obtained above. The validity
of Koopmans× theory was proved by the excellent correlation between
the calculated and observed ionization energies (R2=0.98 for selenols,
0.96 for selenocyanates).


Preparation of compounds 1±6 : The synthesis of the methyl ester of sele-
nocyanic acid,[22] and compounds 2, 3, 5, and 6 were performed as previ-
ously reported.[12] Compounds 2, 3, and methaneselenol[23] were selective-
ly trapped in a cooled cell (�90 8C, �70 8C, and �120 8C, respectively)
equipped with stopcocks. At the end of the reaction, this cell was discon-
nected from the vacuum line and attached to the PE spectrometer. Meth-
aneselenol was obtained in a 74% yield.


Vinyl ester of selenocyanic acid (4): The vinyl Grignard reagent diluted
in THF (0.1 mol, 1m) was introduced into a 250 mL three-necked round-
bottomed flask equipped with a stirring bar and a nitrogen inlet. The
flask was immersed in a cold bath (�10 8C) and selenium powder (7.9 g,
0.1 mol) was added by portions. At the end of the addition, the reaction
mixture was allowed to warm to room temperature and stirred for
30 min. Cyanogen bromide (10.6 g, 0.1 mol) diluted in THF (50 mL) was
introduced into another 250 mL three-necked round-bottomed flask
equipped with a stirring bar, a dropping funnel and a nitrogen inlet, and
the flask was then immersed in a cold bath (�40 8C). The reaction mix-
ture containing the selenolate was added dropwise. At the end of the ad-
dition the flask was allowed to warm to room temperature and stirred for
30 min. The reaction mixture was taken up in diethyl ether/water (3î
50 mL). The organic phases were combined and dried over MgSO4. After
filtration, the solvents were removed under vacuum and compound 4 was
purified by distillation in vacuum (bp0.1 35 8C). Yield : 71%. Compound 4


Figure 6. Correlation between the observed photoelectron bands in alkenyl selenocyanates.
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can be kept in a freezer (�20 8C) for several months without decomposi-
tion. 77Se NMR (57.2 MHz, CDCl3): d=305.0 ppm; 1H NMR (400 MHz,
CDCl3): d=5.93 (dd,3J(H,H)=16.3 Hz, 2J(H,H)=1.8 Hz, 1H; HCH),
6.18 (dd, 3J(H,H)=8.9 Hz, 2J(H,H)=1.8 Hz , 1H; HCH), 6.56 ppm (ddd,
3J(H,H)=16.3 Hz, 3J(H,H)=8.9 Hz, 2J(Se,H)=18.3 Hz, 1H; CH).
13C NMR (100 MHz, CDCl3): d=99.9 (s, CN), 117.1 (d, 1J(Se,C)=
94.8 Hz, C�Se), 124.6 (t, CH2); IR: ñ=3061.5 (C=C�H), 2153.0 (CN),
1588.6 cm�1 (C=C); HRMS: calcd for C3H3N


80Se: 132.9431; found:
132.944; elemental analysis calcd (%) for C3H3NSe (132.02): C 27.29, H
2.29, N 10.61; found: C 27.09, H 2.38, N 10.33.


Etheneselenol (1):[13] LiAlH4 (0.1 g, 2.4 mmol) and dry tetraglyme
(20 mL) were introduced into a 50 mL two-necked flask equipped with a
stirring bar and a nitrogen inlet. The flask was immersed in a cold bath
(�30 8C) and aluminum chloride (1.0 g, 7.5 mmol) was added in portions.
The reaction mixture was allowed to warm to �10 8C and stirred for
5 min. Compound 4 (390 mg, 3.0 mmol) diluted in dry tetraglyme
(10 mL) was then added dropwise in about 5 min and the mixture was
stirred for 5 min at �10 8C.


Succinic acid (2.36 g, 20 mmol) and tetraglyme (20 mL) were introduced
into a 100 mL two-necked round bottomed flask equipped with a stirring
bar and a septum. The flask was attached to a vacuum line equipped with
two cells. The flask was degassed and then immersed in a cold bath
(�10 8C). The mixture containing the aluminum selenolate was slowly
added with a syringe through the septum into the flask containing the
succinic acid. During and after the addition, selenol 1 was distilled off in
vacuo (10�1 mbar) from the reaction mixture. The first trap cooled at
�60 8C removed selectively the less volatile products, and compound 1
was condensed in the second trap equipped with two stopcocks and
cooled at �100 8C. At the end of the reaction, this second cell was discon-
nected from the vacuum line by stopcocks and adapted to the PE spec-
trometer. Yield 66%.
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Hollow Boron Nitride (BN) Nanocages and BN-Nanocage-Encapsulated
Nanocrystals


Ying-Chun Zhu,* Yoshio Bando, Long-Wei Yin, and Dmitri Golberg[a]


Introduction


Much attention has been focused on boron nitride (BN)
nanotubes and other fullerene-like nanostructures following
the discovery of carbon nanotubes. Besides BN nanotubes,
various fullerene-like structures have recently been fabricat-
ed and studied, such as nanocones, nanobamboos, nanoca-
bles, and nanocages.[1±8] Graphite-like boron nitride has simi-
lar structure to graphite, but has distinguishing properties in-
cluding significant electrical-insulating performance, high
thermal stability and conductivity, and high chemical inert-
ness.[9] All these characteristics make it an important materi-
al in some specific application fields of nanoscience and
nanotechnology. An important application of BN is as an in-
sulating and protecting shell to enhance the stability of vari-
ous nanostructres.[10±13]


Nanocages are an important category of fullerene-like
structures, to which particular attention should be ad-
dressed. Substances may show novel physical and chemical
properties within these hollow cages. For instance, diamond
single crystals can be produced in situ inside C-nested fuller-
enes under electron beam irradiation at high tempera-
tures.[14] BN fullerene-like nanocages have a high nitrogen
content.[15] Nanocages may effectively serve as nanocontain-
ers for gas storage.[16±18] Insulating BN nanocages may pre-
vent encapsulated particles from oxidization and contamina-


tion.[19] Many methods have been developed to prepare BN
nanotubes, but there is no effective method for the bulk pro-
duction of BN nanocages. BN nanocages have often been
obtained on small scales as byproducts during the produc-
tion of BN nanotubes.[1,15] In our previous work, we are suc-
cessful in coating semiconducting nanowires with BN
sheathes by using B�N�O precursors, and found some nano-
cages as byproducts.[20] This motivated us to prepare BN
nanocages as the main products. We developed the experi-
mental process and adjusted the experimental parameters to
prepare BN nanocages. We report herein the successful fab-
rication of BN nanocages on a large scale by using a home-
made B�N�O precursor. Moreover, this method is applica-
ble to encapsulate nanocrystals into BN nanocages, and BN-
nanocage-encapsulated GaN nanocrystals have been fabri-
cated.


Experiment Section


A B�N�O precursor was first synthesized for the prepara-
tion of BN nanocages. Melamine diborate (C3N6H6¥2H3BO3)
was synthesized through dissolving boric acid (H3BO3;
0.4 mol) in of water (1000 mL) at 100 8C. Melamine
(C3N6H6; 0.2 mol) was then slowly added into the solution.
When the solution was cooled down and left for 48 h, white
melamine diborate (C3N6H6¥2H3BO3) precipitated. The re-
action may be represented as that given in Equation (1):


C3N6H6 þ 2H3BO3 ! C3N6H6 � 2H3BO3 ð1Þ


The white precipitate was filtered and dried in a desicca-
tor at 95 8C for 24 h. The precipitate was calcined at 500 8C


[a] Dr. Y.-C. Zhu, Prof. Y. Bando, Dr. L.-W. Yin, Dr. D. Golberg
Advanced Materials Laboratory
National Institute for Materials Science (NIMS)
Namiki 1-1, Tsukuba, Ibaraki 305-0044 (Japan)
Fax: (+81)298-51-6280
E-mail : yingchunzhu@yahoo.com


Abstract: Hollow boron nitride (BN)
nanocages (nanospheres, image on the
left) and BN-nanocage-encapsulated
GaN nanocrystals (right) have been
synthesized by using a homemade B�
N�O precursors. The as-prepared BN
hollow nanocages have typically spheri-
cal morphologies with diameters rang-


ing from 30 to 200 nm. The nanocages
have crystalline structures. Peanutlike
nanocages with double walls have also
been observed; their internal space is


divided into seperated compartments
by the internal walls. The method is ex-
tended to sheathe nanocrystals with
BN nanocages; BN-shell/GaN-core
nanostructures have been successfully
fabriacted. The method may be gener-
ally applicable to the fabrication BN-
sheathed nanocrystals.


Keywords: boron nitride ¥ boron ¥
nanostructures ¥ nitrogen
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in air for two hours for dehydration and decarbonization,
and then calcined at 800 8C in nitrogen atmosphere for an-
other 1 hour for further dehydration; the resultant yellow
product was a B�N�O intermediate which might have the
formula B4N3O2H and contains a BN skeleton and approxi-
mately 27% of oxygen.[21] The reaction is formulated in
Equation (2).


2 ðC3N6H6 � 2H3BO3Þ ! B4N3O2Hþ 2CO2 þNH3 þ 6H2O


ð2Þ


The products (B4N3O2H) were heated at 600 8C in air for
two hours to remove the remainder of water and carbon,
yielding a white B�N�O product. The product may have the
formula B4N2O3 containing about 40% of oxygen.


The as-prepared precursor was put into a graphite cruci-
ble, which is enclosed within a graphite susceptor and
heated in an induction furnace. The position of the crucible
was adjusted to ensure that the B�N�O precursor was
heated at 1750 8C. An argon flow (1.5 Lmin�1) was passed
through the B�N�O precursor from the bottom of the sus-
ceptor to carry in situ evaporated B�N�O vapors. NH3 flow
(0.1 Lmin�1.) was introduced into the susceptor from the
top; this reacted with the B�N�O vapors to form hollow
BN nanocages inside the susceptor. The schematic diagram
of the apparatus for the synthesis of BN nanocages is illus-
trated in Figure 1.


For the preparation of BN-nanocage-sheathed GaN nano-
crystals, a crucible containing Ga2O3 powder was placed
above a crucible containing the B�N�O precursor. The cru-
cible containing the Ga2O3 powder was heated to 1200 8C
for 1 hour in argon and ammonia atmospheres to synthesize
GaN nanocrystals. GaN nanocrystals were deposited in the


temperature region of 600±800 8C. In order to coat GaN
nanocrystals with BN nanocages, the crucible containing the
B�N�O precursor was heated to 1700 8C, while the tempera-
ture of the GaN nanocrystals was increased to 700±900 8C.
After the coating process was carried out for another hour,
GaN nanosryctals were sheathed with BN nanocages.


The as-prepared sample was characterized by scanning
electron microscopy (SEM) and high-resolution transmis-
sion field emission electron microscopy (HRTEM), by using
a JEM-3000F (JEOL) microscope operated at 300 kV, in
tandem with electron energy-loss spectroscopy (EELS) and
energy-dispersive X-ray spectroscopy (EDX).


Results


Figure 2a shows the morphology of the products, revealing a
typically spherical appearance. High magnification SEM ob-
servation reveals that BN nanocages have uniform spherical
morphologies with diameters ranging from 30 to 200 nm, as
shown in Figure 2b. A depressed and a cracked BN nano-


Figure 1. Schematic illustration of the reaction system.


Figure 2. SEM images of BN nanocages. a) Low magnification SEM mor-
phology of BN nanocages. b) High magnification SEM morphology of
BN nanocages. c) A depressed BN nanocage. d) A cracked BN nanocage.
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cage are displayed in Figure 2c,d, in which the hollow struc-
ture of the nanocage is clearly revealed.


The structures of the BN nanocages were further analy-
sized by TEM, as shown in Figure 3a,b. The results show


that all of the nanoscale spheres have a hollow structure.
The HRTEM image in Figure 3c shows that the nanocages
have a crystalline onion structure with curved lattice planes.
The lattices of the BN nanocages have an interlayer spacing
of 0.334 nm, which corresponds well to an interplanar dis-
tance of the (002) planes of hexagonal BN. Dislocations are
observed in the lattice planes, as indicated by letter ™D∫ in
the inset of Figure 3c. EEL spectroscopy composition analy-
sis of the nanocages presents B and N characteristic K-edges
at 188 and 401 eV, as shown in Figure 4. The N/B ratio cal-


culated from this spectrum is approximately 1:1, consistent
with the stoichiometric composition of BN.


Figure 5 represents special nanocages composed of B and
N, as confirmed by EELS analysis. First, it is noted that the
nanocages are connected together, showing a peanutlike ap-


Figure 3. TEM images of the BN nanocages. a) Low magnification TEM
image of BN nanocages. b) High magnification TEM image of BN nano-
cages. c) HRTEM image of BN nanocages. Inset is the high magnification
image of (c).


Figure 4. EELS spectrum of BN nanocages.


Figure 5. TEM images of double-walled peanut-like BN nanocages.
a) Low magnification TEM image. The dashed square encloses a three-
compartment peanutlike BN nanocage. b) High magnification TEM
image. c) HRTEM image of BN nanofibers.
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pearance. The peanutlike nanocages have double walls, that
is, an external and an internal wall between which there is a
space. The nanocages are linked together with the external
walls and separated by the internal walls. The dashed square
in Figure 5a encloses a peanutlike cage, whose internal
space is divided into three compartments by the internal
walls. It is should also be noted that the nanocages are com-
posed of nanofibers. The HRTEM image of the cross-section
of the nanocages is unavailable due to the insulating proper-
ty of BN, which causes electron flashes. However, the
HRTEM image of the BN nanofibers in the nanocage re-
veals a crystalline structure, as shown in Figure 5c.


BN-nanocage-encapsulated GaN nanocrystals are present-
ed in Figure 6. It can be seen that all of the nanocrystals are
encapsulated within BN nanocages, as shown in Figure 6a.
The core-shell structure of the BN-nanocage-encapsulated
nanocrystals can be clearly seen in Figure 6b. It is noted that
three nanocrystals are enclosed into one nanocage, labeled
™M∫ in Figure 6b. An HRTEM image of BN-nanocage-en-
capsulated GaN nanocrystals is displayed in Figure 6c, in
which the cores are labeled as GaN and the shells as BN.
The lattice fringes in the cores reveal crystalline structures.
The nanocrystal in bottom of Figure 6c was analyzed by a
1 nm electron beam. The selected-area electron diffraction
(SAED) pattern from this nanocrystal (Figure 6c inset) re-
veals the hexagonal phase of GaN, with lattice constants of
a=0.319 nm and c=0.518 nm (powder diffraction files
(PDFs): 50±0792). The eyebrowlike pattern in the SAED
corresponds to the diffraction of the (002) planes (with a
spacing of 0.334 nm) of the curved BN sheathe, labeled as
002* in inset in Figure 6c. EDX analysis confirms that the
nanocrystals are composed of the Ga and N, as shown in
Figure 7a. The N/Ga ratio calculated from this spectrum is
approximately 1.1, which is a little higher than the stoichio-
metric composition of GaN owing to the contribution of the
outer BN shell. The formation of the GaN nanocrystals is
confirmed by the XRD patterns, as shown in Figure 7b. The
absence of the reflection of BN in Figure 7b may be due to
their small quantity and the relatively low crystallization.


Discussion


The formation of BN nanocages may be described using the
following chemical reaction [Eq. (3)]:


B2O3 þ 3CðcrucibleÞ þ 2NH3 ! 2BNþ 3COþ 3H2O ð3Þ


The B2O3 and B�N�O vapors were first generated when
the B�N�O precursor was heated to 1750 8C, and were then
carried away by the argon flow. These vapors then met and
reacted with NH3 inside the graphite susceptor forming
hollow BN nanocages. Control experiments show that the
compositions of the precursors strongly influence the struc-
ture of the products. The B�N�O precursor with a formula
of B4N3O2H results in BN nanotubes;[22] the B�N�O precur-
sor with a formula of B4N2O3 results in BN nanocages (this
work); while the B2O3 precursor produces amorphous BN
bulks, as confirmed by control experiments. The main differ-


ence of the three precursors is the contents of oxygen. The
oxygen contents of B4N3O2H, B4N2O3, and B2O3 precursors
are 27%, 40%, and 67% respectively.


The evaporation rate of the boron source may influence
the structure of BN. B2O3 is more easily evaporated than B�
N�O precursors to provide source of boron for the forma-
tion of BN. The increase of oxygen content in the precursors
implies the increase of B2O3 content. A greater source of
boron is supplied with the increase of oxygen content in the
precursors. It can be concluded that a high evaporation rate
of B sources produces amorphous BN bulks, a mediate rate
produces BN nanocages, and a low rate produces highly-


Figure 6. TEM images of BN nanocages filled with GaN nanocrystals.
a) Low magnification TEM image of BN-nanocage-encapsulated GaN
nanocrystals. b) High magnification TEM image of BN-nanocage-encap-
sulated GaN nanocrystals. c) HRTEM image of the nanocages. GaN
nanocrystals and BN shells are labeled. Inset: SAED pattern of the GaN
nanocrystal in the bottom of (c), taken by a 1 nm electron nano beam.
The reflections of (100) and (002) correspond to the GaN nanocrystal;
(002)* corresponds to the BN shell.
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crystalline BN nanotubes. The factors that influence the
structures of BN are more complicated, of which the selec-
tion of precursors plays an important role. The category of
the B�N�O precursors used in the present and previously
related works[22] have proved to be an applicable B source
for the preparation of various BN nanostructures, such as
nanotubes and nanocages. The structures of the products
can be modulated by adjusting the composition of the B�
N�O precursors.


In our previous work, we used the B�N�O precursor to
sheathe semiconducting nanowires with BN. In order to pre-
pare BN nanocages, we changed the experimental proce-
dures and the reaction atmosphere. An Ar flow was used as
carrier gas to pass through the B�N�O precursor instead of
an N2 flow. The NH3 flow was conducted into the reactor
chamber from the top of the furnace instead of from the
bottom by passing through the B�N�O precursor. The N2/
NH3 flow reacts with the B�N�O precursor forming BN in
the procedure of the previous work. This decreases the
evaporation of B source, and thus influences the structure
and output of the BN products. The two changes have im-
proved the evaporation rate of B source by avoiding the re-
action of the N2/NH3 flow and the B�N�O precursor. The
factors influencing the structures of BN nanocages are com-
plicated, such as the flow rates of the carrier gases and the
temperature distribution of the furnace; a well-designed fur-
nace is essential for the controllable study of the influencing
factors.


The formation of nanocage encapsulated GaN nanocrys-
tals is proposed in two basic steps: 1) GaN nanosrystals
were initially fabricated and 2) BN nanocages were formed
as outer shells on GaN nanocrystals. The Ga2O3 precursor
was evaporated at 1200 8C and the vapors were carried by


the argon flow. The Ga2O3 vapors met and reacted with am-
monia gas forming GaN nanocrystals through the reaction
given in Equation (4):


Ga2O3 þ 2NH3 ! 2GaNþ 3H2O ð4Þ


The B2O3 and B�N�O vapors were generated at a higher
temperature, and were carried by the argon flow and depos-
ited on the surface of GaN nanocrystal in a lower tempera-
ture region. The B sources reacted with ammonia forming
BN nanoshells on the surface of GaN nanocrystals. The ab-
sorption of B2O3 and B�N�O on the surface of nanocrystals
may favor the formation of BN shells on the nanocrystals.


Conclusion


In summary, hollow BN nanocages and BN-nanocage-encap-
sulated GaN nanocrystals have been successfully synthesized
by using a homemade B�N�O precursor through a thermo-
chemical method. The category of the B�N�O precursors
used in the present works proved to be a successful source
of boron for the preparation of various BN nanostructures,
such as nanotubes and nanocages. The structures of BN
nanotubes and nanocages can be modulated by adjusting
the composition of the B�N�O precursors. This approach
may be generally applicable to fabrication of BN-nanocage-
encapsulated nanocrystals; various nanocrystals may be en-
capsulated with BN nanocages by this route. Therefore, this
method should be particularly important in the field of
nanofabrication.
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Preparation of Tripeptide-Bridged Dicatechol Ligands and Their Macrocyclic
Molybdenum(vi) Complexes: Fixation of the RGD Sequence and the WKY
Sequence of Urotensin II in a Cyclic Conformation


Markus Albrecht,*[a] Patrick Stortz,[a] Jan Runsink,[a] and Patrick Weis[b]


Introduction


The a helix, b sheet, and various turns are common structur-
al motifs that are found in proteins. Hereby, the secondary
structures of different protein domains are enforced, either
by intra- or interstrand noncovalent interactions, like hydro-
gen bonding, electrostatic attraction or repulsion, and hy-
drophobic/hydrophilic interactions, or by the formation of
covalent disulfide bridges. The spatial arrangement of the
side-chain functionalities of the amino acids is crucial for bi-
ological activity. Very often this activity depends on the
action of only a short peptide sequence, which is conforma-
tionally fixed by attachment to the protein. Short linear pep-
tides (up to 15 residues) do not usually adopt a well-defined
structure.[1] However, in small cyclopeptides a turn structure
is fixed, which often is responsible for the observed activi-
ty.[2]


Metal coordination is a strong noncovalent interaction
that can also induce a secondary peptide structure. This is
found in nature[3] as well as in artificial systems.[4] For exam-


ple, the zinc finger protein adopts a random-coil structure
when no metal is present.[5] However, in the presence of
zinc(ii), the metal coordinates to two cysteine and two histi-
dine residues and induces a b-sheet domain as well as an a-
helix domain. The latter is able to bind to DNA and, for ex-
ample, plays a crucial role in transcription factors.[6]


Following nature×s example, we had the idea to attach
metal-binding sites to both termini of short linear tri- or tet-
rapeptides.[7] Upon coordination of the ligand units to ap-
propriate metals a metallamacrocycle should be formed in
which the peptide conformation is fixed in a turn- or loop-
type structure (Scheme 1).[8] For the metal-binding site we
chose catechol units, which are known to show extraordinar-
ily strong binding to metal ions,[9] and for the metal-complex


[a] Prof. Dr. M. Albrecht, P. Stortz, Dr. J. Runsink
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Abstract: Dicatechol ligands were pre-
pared with caprylic acid (6-H4) or the
naturally occurring RGD (23-H4) or
WKY sequences (32-H4) as spacers. 6-
H4 was prepared by solution-phase
amide coupling chemistry, while 16, the
precursor of 23-H4, was obtained by
solution-phase and solid-phase prepa-
ration. In the latter case, a polystyrene
resin with a hydrazine benzoate linker
was used as the solid support. The last


coupling step was performed simulta-
neously with cleavage of the peptide
from the resin. The protecting groups
of 16 were all removed in one step to
yield the free ligand 23-H4. The WKY-
bridged derivative 32-H4 was obtained


by a similar solid-phase synthesis fol-
lowed by deprotection. The reaction of
all three ligands with dioxomolybde-
num(vi) bis(acetylacetonate) afforded
19-membered metallamacrocycles in
which the short peptides are conforma-
tionally fixed in a turn-type structure.
Hereby, the side-chain functionalities
of the peptides do not interfere in the
metal complexation.


Keywords: macrocycles ¥
molybdenum ¥ peptides ¥
solid-phase synthesis


Figure 1. The arginine±glycine±aspartic acid (RGD) sequence and the
structure of urotensin II containing the tryptophan±lysine±tyrosine
(WKY) sequence.
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fragment the cis-MoVIO2


moiety, which is able to bind
two catechols, was chosen.[10]


Following this concept, we
have already described metal-
lacyclopeptides[11] that possess
the WAGV or WAG sequence
of the naturally occurring sege-
talins A and B.[12] Other metal-
lacyclopeptides were presented
by Imperiali,[13] Fairlie and
Kelso,[14] and Constable,[15]


with their respective co-work-
ers.
The segetalins do not pos-


sess high functionalization in
their amino acid side chains.
For this reason, they were our first targets. In the present
study we have investigated whether it is possible to obtain
metallacyclopeptides with a high degree of functionality
without the functional groups interfering in the metal coor-
dination.
As nature×s model for our studies we chose the universal


cell recognition sequence arginine±glycine±aspartic acid
(RGD), which was shown to possess a high affinity for cell
surfaces by binding to the integrins (Figure 1). A cyclic con-
formation even favors a strong interaction.[16]


Just recently urotensin II was thoroughly studied due to
its vasoconstrictor activity.[17] The tryptophan±lysine±tyro-
sine (WKY) sequence of the cyclopeptide part was shown to
be the active part of this molecule (Figure 1).[18]


The high degree of functionality of the arginine and as-
partic acid residues made the RGD sequence an appropriate
target for our studies, while basic lysine and phenolic tyro-
sine are present in the WKY sequence. However, prior to
coordination studies, appropriate RGD- or WKY-bridged
dicatechols had to be prepared.


Results and Discussion


Investigation of the simple model system 6-H4 and
[(6)MoO2]


2� : Initially we synthesized the simple ligand 6-H4


(Scheme 2). The spacer, 8-aminocaprylic acid (2), possesses
the same number of backbone atoms as is found in a tripep-
tide. However, 2 shows a higher degree of flexibility. For the


preparation of 6-H4, we started with 2,3-dimethoxybenzoic
acid (1), which was activated by reaction with HBTU in the
presence of ethyldiisopropylamine (H¸nig×s base). Addition
of 8-aminocaprylic acid (2) resulted in the formation of
compound 3. Again the carboxylic acid had to be activated
before 2,3-dimethoxybenzylamine (4) was attached to the C-
terminus and derivative 5 was obtained.[19,20] The methyl
ethers were cleaved by addition of BBr3, to yield the unpro-
tected ligand 6-H4.


[21]


Reaction of ligand 6-H4 with [MoO2(acac)2] and potassi-
um carbonate in methanol resulted in the formation of the
macrocyclic molybdenum(vi)dioxo complex K2[(6)MoO2].


[22]


IR spectroscopy of the complex showed the typical frequen-
cies of a cis-dioxomolybdenum unit at ñ=896 and
863 cm�1.[23] For the free ligand 6-H4, separated signals were
observed by 1H NMR spectroscopy in [D4]-methanol for the
aromatic protons at d=7.24, 7.00, 6.81, 6.75, 6.72, and
6.65 ppm. Upon complex formation the signals converged
and appeared at d=7.20, 6.70, and 6.46 ppm (4H). The reso-
nance of the benzylic methylene group acted as an NMR
spectroscopy probe. In the free ligand 6-H4 it appeared as a
singlet at d=4.52 ppm and upon complex formation it split
into two signals at d=4.44 and 4.31 ppm, due to the pres-
ence of the chiral biscatecholate molybdenum(vi)dioxo
moiety.
Negative ESI-MS showed that the mononuclear 19-mem-


bered metallamacrocycle K2[(6)MoO2] was formed. Corre-
sponding peaks were observed at m/z 543 {H[(6)MoO2]}


�


and 581 {K[(6)MoO2]}
� .


Our investigations with the simple ligand 6 showed that
the chain length of 8-aminocaprylic acid, which corresponds
to that of a tripeptide, is appropriate to form a macrocycle
by coordination of the two terminal catechol units to a mo-
lybdenum(vi)dioxo moiety.[8]


The RGD-bridged dicatechol ligand 23-H4 and its molybde-
num(vi)dioxo complex K2[(23)MoO2]: The precursor for the
RGD-bridged dicatechol ligand, 16, was prepared by two
different approaches. The possibilities were to follow a 9-flu-
orenylmethoxycarbonyl (Fmoc) protection/deprotection
strategy in solution or to prepare the compound by solid-
phase synthesis.[20]


Scheme 1. Schematic representation of the formation of conformationally
fixed metallacyclopeptides from random-coil peptides.


Scheme 2. Solution-phase synthesis of 6-H4 and K2[(6)MoO2]. HBTU=O-(benzotriazol-1-yl)-N,N,N’,N’-tetra-
methyluronium hexafluorophosphate, acac=acetylacetone.
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Solution-phase synthesis of 16 :
In the solution-phase synthesis
of 16 we started with the N-ter-
minus- and side-chain-protect-
ed aspartic acid derivative 7
and applied a repeating se-
quence of amide coupling and
Fmoc cleavage (Scheme 3).[20]


Fmoc-Asp(OtBu)-OH (7)
was activated with HBTU and
H¸nig×s base in DMF and the
benzyl amine 4 was added to
obtain amide 8 in 90% yield
after work up. The Fmoc
group of 8 was quantitatively
removed by treatment with pi-
peridine to yield the corre-
sponding amine 9. Fmoc-Gly-
OH (10) was first activated
(H¸nig×s base, HBTU) and
then amine 9 was added to
produce 11 in 79%. This was
also deprotected with piperi-
dine to yield the free amine 12
(quantitative yield). The same
sequence was used to prepare
amide 14 (79%) from amine
12 and activated Fmoc-
Arg(Mtr)-OH (13). Fmoc re-
moval with piperidine afforded
amine 15 (quantitative yield).
Finally, 2,3-dimethoxybenzoic
acid (1) was activated with
HBTU and H¸nig×s base and
amine 15 was added. The pro-
tected RGD-bridged ligand
precursor 16 was obtained in
86% yield. Thus, by starting
from 7, the ligand precursor 16
was prepared in seven steps in
48% overall yield.


Synthesis of 16 on solid sup-
port : In a second approach, 16
was prepared by solid-phase
synthesis on a polystyrene
resin bearing the 4-Fmoc-hy-
drazinobenzoyl linker, 17 (Scheme 4).[24,25]


First, the Fmoc protecting group of 17 was removed by
treatment with piperidine to yield the free hydrazine 18.
Next, the amino acids were successively attached by treat-
ment with Fmoc-protected acids 7, 10, and 13 that had been
activated with HBTU and H¸nig×s base. Prior to amide cou-
pling the Fmoc groups were cleaved. Thus, successively, the
derivatives 19, 20, and 21 were obtained. The N-terminal
ligand unit was introduced by addition of activated 2,3-di-
methoxybenzoic acid (1). Attachment of the C-terminal
ligand moiety was performed with concomitant cleavage of
the peptide from the solid support. Thus, the hydrazyl amide


of 22 was oxidized by copper(ii) acetate and air and the labi-
lized C terminus was attacked by 2,3-dimethoxybenzylamine
(4) as a nucleophile. The protected ligand 16 was purified by
column chromatography and was finally obtained in 64%
overall yield.
With the higher overall yield and the more simple reac-


tion procedures, the solid-phase synthesis of 16 was clearly
superior to the synthesis in solution.


Deprotection of 16 to obtain the RGD-bridged ligand 23-
H4 : The ligand precursor 16 possessed an Mtr group at the
arginine residue, a tert-butyl group at the aspartic acid resi-


Scheme 3. Solution-phase synthesis of precursor 16. Mtr=4-methoxy-2,3,6-trimethylbenzoylsulfonyl.


Scheme 4. Solid-phase synthesis of precursor 16.
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due, and four methyl groups
protecting the catechol moiet-
ies. Our intention was to
remove all of those groups in
only one step (Scheme 5). Usu-
ally, the Mtr group is removed
by treatment with protic acid,
which attacks at the sulfonate
unit.[26] The methyl ethers on
the catechol groups, on the
other hand, are removed by
cleavage with Lewis acids.[21]


Our idea was to perform the
deprotection with only Lewis
acids. Hereby, the catechol
methyl ethers as well as the
tert-butyl group should be re-
moved. The Mtr group would
not be attacked at the sulfo-
nate unit but the Lewis acid
would cleave the methyl ether
and, thus, should labilize and
remove the protecting group.
The protected compound 16


was treated with BBr3 in di-
chloromethane and the Mtr
moiety, as well as the tert-butyl
group, was removed smoothly.
However, the methyl ethers
were not completely cleaved
under the mild conditions. Re-
action with 1m BBr3 led to the
isolation of a compound in
which the Mtr unit, tert-butyl
group, and only three of the
methyl ethers were cleaved.
The last methyl group remained on the molecule. Upon ap-
plying harsher conditions, 16 was cleaved at the peptide
chain. Therefore, other cleavage conditions were tested. Re-
action of 16 with AlBr3 or AlCl3 also did not lead to the de-
sired ligand 23-H4. The deprotected RGD-bridged dicate-
chol 23-H4 was finally obtained in a yield of 45% by remov-
al of all protecting groups by treatment with AlCl3 and etha-
nethiol[27] in dichloromethane, followed by purification by
HPLC.
Compound 23-H4 was characterized by 1H NMR spectro-


scopy (see Table 1) and by high-resolution FAB-MS, which
shows the peak for [23-H5]


+ at m/z 604.2367 (calcd: m/z
604.2392).


Formation and characterization of K2[(23)MoO2]: The
metallacyclopeptide K2[(23)MoO2] was prepared by treat-
ment of ligand 23-H4 with MoO2(acac)2 and potassium car-
bonate in a ratio of 1:1.1:4 (Scheme 6). The reaction was
performed in methanol at room temperature and needed
about five days to obtain the thermodynamically favored
product. Shorter reaction times led to mixtures of oligomer-
ic metal complexes. The final product was purified by filtra-
tion over Sephadex LH20.


Negative ESI-MS peaks of the mononuclear metallacyclo-
peptide were observed at m/z 807 [{K2[(23)MoO2]}�H]� ,
769 {K[(23)MoO2]}


� , 730 {H[(23)MoO2]}
� , and 383.5


[(23)MoO2]
2�. All peaks showed the expected isotopic pat-


tern.
The 1H NMR spectroscopic data for K2[(23)MoO2] in


[D4]-methanol are shown in Table 1 and the spectrum (in-
cluding assignment of the signals) is presented in Figure 2.
Assignments were done by COSY, TOCSY, and NOE spec-


Scheme 5. One-step deprotection of precursor 16 to form ligand 23-H4.


Table 1. 1H NMR spectroscopy data in [D4]-methanol for the ligand 23-H4 and the complex K2[(23)MoO2].


H-aryl H-benzyl Arg Gly Asp
a-H CH2 a-H CH2


23-H4 7.35, 6.95, 6.75, 6.69, 6.66, 6.61 4.35 4.80 2.01, 1.84, 1.70 3.90 4.60 2.88, 2.77
K2[(23)MoO2] 7.21, 6.72, 6.46, 6.39 (2H), 6.30 4.79, 4.34 4.90 2.96, 2.88, 1.87,


1.24, 1.15, 0.92
3.90, 3.78 4.61 3.18, 2.48


Scheme 6. Complexation of ligand 23-H4 to form K2[(23)MoO2].
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troscopy. K2[(23)MoO2] led to a nicely re-
solved 1H NMR spectrum, which showed
some significant differences compared to the
spectrum of the free ligand 23-H4. In the free
ligand 23-H4, the resonances of the benzylic
and the glycine methylene units appeared as
singlets at d=4.35 and 3.90 ppm (2H each).
It had been expected that the protons of
each of the methylene units would result in a
separated signal because of diastereotopic
behavior. However, due to the high confor-
mational flexibility, the two proton resonan-
ces of each of the methylene units appeared
at the same (™isochronic∫) shift. Upon forma-
tion of the coordination compound
K2[(23)MoO2], the conformational flexibility
was restricted and each proton resulted in a
separate signal, at d=4.79 and 4.34 ppm for
the benzyl group and at d=3.90 and
3.78 ppm for the glycine hydrogen atoms.
Furthermore, the methylene units of the argi-
nine residue appeared as three multiplets in
the free ligand (d=2.01, 1.84, 1.70 ppm; 2H
each), whereas six separated resonances were
observed at d=2.96, 2.88, 1.87, 1.24, 1.15,
and 0.92 ppm in K2[(23)MoO2].


WKY-bridged dicatechol ligand 32-H4 and its
molybdenum(vi)dioxo complex K2[(32)MoO-
(acac)]: The synthesis of the RGD-bridged


ligand 23-H4 in the solution phase or on solid support
showed us that the latter is more effective. Therefore, we in-
troduced the WKY sequence, which is a part of the natural
product urotensin II, by solid-phase synthesis (Scheme 7).
Again the polystyrene resin with an 4-Fmoc-hydrazino-


benzoyl linker, 17, was used in the synthesis of the protected
WKY-bridged ligand precursor 31.[24,25] Derivative 31 was
prepared as described for the solid-phase synthesis of the
protected RGD-bridged ligand precursor 16. First, the Fmoc
group of 17 was removed and then the protected Tyr(tBu),
Lys(Boc), and Trp(Boc) amino acids were introduced suc-
cessively in a repetitive activation±coupling±deprotection
cycle.[20] Finally 2,3-dimethoxybenzoic acid (1) was attached
to the N terminus and the peptide was cleaved from the
solid support by oxidation (copper(ii) acetate, air) and trap-
ping with 2,3-dimethoxybenzylamine (4). The ligand precur-
sor 31 was obtained in an overall yield of 67%. The depro-
tection of 31 by treament with BBr3 smoothly removed the
protecting groups and led to ligand 32-H4 with a WKY tri-
peptide moiety bridging the two catechol units.[21] The
1H NMR spectrum of 32-H4 in [D4]-methanol is depicted in
Figure 3.


Scheme 7. Solid-phase synthesis and complexation of 32-H4 to form K2[(32)MoO2].


Figure 2. 1H NMR spectrum for K2[(23)MoO2] in [D4]-
methanol including assignment of the signals.
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Reaction of ligand 32-H4 with [MoO2(acac)2] and potassi-
um carbonate in methanol for six days led to the macrocy-
clic complex K2[(32)MoO2]. Negative ESI-MS showed char-
acteristic signals of the coordination compound at m/z 916
{K[(32)MoO2]}


� and 879 {H[(32)MoO2]}
� . In addition, a


dominating peak is observed at m/z 1000, which was tenta-
tively assigned as {K(HBr)[(32)MoO2]}


� . The characteristic
bands of the MoO2 unit were observed by IR spectroscopy
at ñ=896 and 865 cm�1.[23]


1H NMR spectroscopy in [D4]-methanol (Figure 3) again
led to more resolved spectra in case of the conformationally
constrained metallamacrocycle K2[(32)MoO2] than for the
free ligand 32-H4. For example, the benzylic protons of the
2,3-dihydroxybenzylamide appeared for 32-H4 as one signal
at d=4.27 ppm. For the complex K2[(32)MoO2] the two dia-
stereotopic protons of this unit were observed as nicely sep-
arated doublets at d=4.81 and 4.42 ppm with a coupling
constant of J=13.8 Hz. Signals at d=5.50 and 1.97 ppm cor-
responded to acetylacetone, which was observed by elemen-
tal analysis as well and may be bound by hydrogen-bonding
interactions. The nicely resolved 1H NMR spectra of
K2[(32)MoO2] indicated that the conformation of the pep-
tide was constrained in the macrocycle and that only a low
degree of flexibility was left.
Attempts to crystallize the metallocyclopeptides to obtain


X-ray crystal structure analyses were unfortunately not suc-
cessful.


CD spectra of 23-H4, K2[(23)MoO2], 32-H4, and
K2[(32)MoO2] were taken in methanol. For the free ligands
23-H4 and 32-H4 no significant CD signals can be observed,
a result indicating a nonspecific ™random-coil∫ structure.
The metal complexes K2[(23)MoO2] and K2[(32)MoO2]
show very similar CD spectra with a very strong negative
band at about 230 nm and a strong negative band at 350 nm;
these bands are both due to transitions at the metal complex
moieties. This indicates that both complexes possess dicate-
chol molybdenumdioxo units with the same configuration.


Conclusion


In this paper we have presented the synthesis of three dica-
techol ligands which form metallamacrocycles with molyb-
denum(vi)dioxo moieties. One of the ligands is a simple
model system without any side chains or functionalities,
while the other two contain tripeptide sequences which
were adopted from natural products (RGD sequence of, for
example, echistatin or WKY sequence of urotensin II) with
an interesting biological activity. Our preferred synthetic
entry to prepare such tripeptide-bridged ligands is to use a
polystyrene resin with an Fmoc-hydrazidobenzoate linker,
because the cleavage of the residue from the solid support
proceeds simultaneously with the last coupling step.[24,25]


Multiple deprotection of the ligand precursors can be per-
formed in one step.
Coordination studies with the ligands and dioxomolybde-


num(vi) bis(acetylacetonate) shows that, in all cases, the 19-
membered macrocycle is formed. The functionalized side
chains of the amino acid residues (Tyr, Asp, Arg, Lys, Trp)
are tolerated and do not interfere with metal binding. The
1H NMR spectra of the obtained compounds show nicely re-
solved resonances, a result indicating a high conformational
fixation of the peptide.
Herein, we have presented a method to use metal coordi-


nation as a tool for the conformational fixation of short
cyclic peptide structures. However, before such derivatives
can be applied to binding studies with biological systems,
more knowledge of their properties and structures has to be
gained and some adjustments of the ligands and/or the
metal ions will surely have to be done.


Experimental Section


NMR spectra were recorded on Bruker DRX 500 or WM 400, Varian
Inova 400, or Unity 500 spectrometers. FT-IR spectra were recorded by
diffuse reflection (KBr) on a Bruker IFS spectrometer. Mass spectra (EI,
70 eV; FAB with 3-nitrobenzoic acid (3-NBA) as the matrix) were taken
on Finnigan MAT 90, 95, or 212 mass spectrometers. UV/Vis spectra
were obtained with a Perkin±Elmer Lambda2 spectrometer. Elemental
analyses were obtained with a Heraeus CHN-O-Rapid analyzer. Melting
points were measured on B¸chi B-540 apparatus and are uncorrected.


Compound 3 : H¸nig×s base (118 mL, 0.69 mmol) and HBTU (286 mg,
0.75 mmol) were added to a solution of 2,3-dimethoxybenzoic acid (1;
114 mg, 0.63 mmol) in acetonitrile (10 mL). Before addition of 8-amino-
caprylic acid (2 ; 100 mg, 0.628 mmol), the mixture was stirred for 30 mi-
nutes. After stirring overnight, the solvent was distilled off under vacuum
and the crude product was dissolved in ethyl acetate and washed with


Figure 3. 1H NMR spectra for 32-H4 and K2[(32)MoO2] in [D4]-methanol.
The spectrum for the conformationally constrained metallamacrocycle
K2[(32)MoO2] is more resolved than that for the free ligand 32-H4.
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sat. aqueous NH4Cl, water, and brine. Compound 3 was obtained as a
yellow wax (200.5 mg, 0.62 mmol, 99%). 1H NMR (CDCl3, 300 MHz):
d=11.3 (br s, 1H, COOH), 8.04 (br s, 1H, NH), 7.54 (dd, J=7.9, 1.7 Hz,
1H), 7.02 (t, J=7.9 Hz, 1H), 6.94 (dd, J=7.9, 1.7 Hz, 1H), 3.79 (s, 6H,
OMe), 3.35 (q, J=6.9 Hz, 2H), 2.25 (t, J=7.4 Hz, 2H), 1.52 (m, 4H),
1.26 (m, 6H) ppm; 13C NMR (CDCl3, 75.4 MHz): d=178.5 (C), 165.7
(C), 152.6 (C), 147.4 (C), 140.0 (C), 124.5 (CH), 122.6 (CH), 115.5 (CH),
61.3 (CH3), 56.1 (CH3), 39.8 (CH2), 34.1 (CH2), 29.3 (CH2), 29.0 (CH2),
28.9 (CH2), 26.8 (CH2), 24.7 (CH2) ppm; MS (DIP): m/z : 323.09 [M]+ ,
324.12 [M+H]+ ; IR (KBr): ñ=2935, 1721, 1626, 1577, 1542, 1477, 1386,
1311, 1266, 1234, 1086, 997, 845, 753 cm�1.


Protected ligand 5 : Derivative 3 (1.02 g, 3.14 mmol), H¸nig×s base
(590 mL, 3.45 mmol) and HBTU (1.43 g, 3.77 mmol) were dissolved in
acetonitrile (70 mL) and stirred for 30 min. Then, 2,3-dimethoxybenzyl
amine (4 ; 465 mL, 3.14 mmol) was added to the activated acid and the re-
action mixture was stirred overnight. The solvent was removed under
vacuum and the residue was dissolved in ethyl acetate. The organic layer
was washed with sat. aqueous NH4Cl, sat. aqueous NaHCO3, water, and
brine. The by-products were removed by silica gel chromatography with
CH2Cl2 as the eluent and the product was obtained by eluting with
CH2Cl2/methanol 4:1. Compound 5 was obtained as a yellow wax (1.43 g,
3.01 mmol, 96%). 1H NMR (CDCl3, 400 MHz): d=7.91 (t, J=5.4 Hz,
1H, NH), 7.50 (dd, J=7.9, 1.7 Hz, 1H), 6.99 (t, J=8.2 Hz, 1H), 6.91 (dd,
J=8.2, 1.6 Hz, 1H), 6.86 (t, J=7.9 Hz, 1H), 6.75 (m, 2H), 6.70 (dd, J=
8.2, 1.6 Hz, 1H), 4.33 (d, J=5.8 Hz, 2H), 3.77 (s, 3H, OMe), 3.76 (s, 3H,
OMe), 3.72 (s, 3H, OMe), 3.71 (s, 3H, OMe), 3.30 (m, 2H), 2.09 (t, J=
7.56 Hz, 2H), 1.50 (m, 4H), 1.22 (m, 6H) ppm; 13C NMR (CDCl3,
100.6 MHz): d=173.0 (C), 165.0 (C), 164.8 (C), 152.5 (C), 152.4 (C),
147.2 (C), 132.2 (C), 26.8 (C), 124.2 (CH), 124.0 (CH), 122.4 (CH), 121.0
(CH), 115.3 (CH), 11.9 (CH), 61.2 (CH3), 60.6 (CH3), 56.0 (CH3), 55.8
(CH3), 39.6 (CH2), 39.1 (CH2), 36.5 (CH2), 29.5 (CH2), 29.2 (CH2), 29.0
(CH2), 26.9 (CH2), 25.7 (CH2) ppm; LC-MS (ESI): m/z : 472.3 [M]+ ,
495.5 [M+Na]+ ; IR (KBr, drift): ñ=3000, 2934, 1647, 1578, 1537, 1477,
1431, 1308, 1269, 1223, 1083, 1002, 846, 754 cm�1; elemental analysis
calcd (%) for C26H36N2O6¥1.5H2O: C 62.51, H 7.87, N 5.61; found: C
62.58, H 7.65, N 5.64.


Ligand 6-H4 : BBr3 (0.65 mL, 6.81 mmol) was added to a solution of 5
(128.7 mg, 0.27 mmol) in dichloromethane (17 mL). The mixture was stir-
red for two days at room temperature and then was hydrolyzed with
methanol (10 mL). If the ether cleavage reaction was not complete, the
residue was once again suspended in CH2Cl2, mixed with BBr3 (0.65 mL,
6.81 mmol), and stirred overnight. After quenching with methanol, the
solvents were removed under vacuum. The residue was dissolved in
methanol and then the solvent was distilled off to remove all BBr3.
Ligand 6-H4 was obtained as a yellow wax (113 mg, quantitative);
1H NMR (CD3OD, 400 MHz): d=7.24 (dd, J=8.0, 1.4 Hz, 1H), 7.00 (dd,
J=8.0, 1.4 Hz, 1H), 6.81 (dd, J=7.7, 1.7 Hz, 1H), 6.75 (t, J=8.0 Hz,
1H), 6.72 (dd, J=7.7, 1.7 Hz, 1H), 6.65 (t, J=7.8 Hz, 1H), 4.52 (s, 2H),
3.42 (t, J=7.1 Hz, 2H), 2.57 (m, 2H), 1.64 (m, 3H), 1.36 (m, 7H) ppm;
MS (DIP): m/z : 416.4 [M]+ , 417.5 [M+H]+ ; IR (KBr): ñ=3461, 2934,
2859, 1636, 1593, 1547, 1331, 1259, 742 cm�1.


Complex K2[(6)MoO2]: Ligand 6-H4 (56.6 mg, 0.14 mmol) was dissolved
in methanol (10 mL) and K2CO3 (75 mg, 0.54 mmol) and [MoO2(acac)2]
(53 mg, 0.163 mmol) were added. The reaction mixture was stirred over-
night, then the solvent was distilled off and the residue was filtrated over
Sephadex LH20 with methanol. The coordination compound
K2[(6)MoO2] was obtained as a yellow wax (63 mg, 0.12 mmol, 86%).
1H NMR (CD3OD, 400 MHz): d=7.20 (br s, 1H), 6.70 (m, 1H), 6.46 (m,
4H), 4.44 (m, 1H), 4.31 (m, 1H), 3.15 (m, 2H), 2.20 (m, 1H), 1.95 (m,
1H), 1.63 (m, 1H), 1.50 (m, 1H), 1.20 (m, 8H) ppm; negative ESI-MS:
m/z : 543 {H[(6)MoO2]}


� , 581 {K[(6)MoO2]}
� ; IR (KBr): ñ=3461, 2934,


2859, 1636, 1593, 1547, 1331, 1259, 896, 863, 742 cm�1; elemental analysis
calcd (%) for C22H24N2O8MoK¥4H2O: C 38.26, H 4.67, N 4.06; found: C
38.50, H 4.44, N 3.60.


Preparation of RGD-bridged compounds


Solution-phase synthesis


Compound 8 : H¸nig×s base (0.92 mL, 5.35 mmol) and a solution of
HBTU (2.21 g, 5.83 mmol) in DMF (20 mL) was added to a solution of
Fmoc-Asp(OtBu)-OH (7; 2.00 g, 4.86 mmol) in dichloromethane
(100 mL). After two hours 2,3-dimethoxybenzylamine (4 ; 0.72 mL,


4.86 mmol) was added and the mixture was stirred overnight. The mix-
ture was diluted with dichloromethane and then washed with sat. aque-
ous NH4Cl solution, sat. aqueous NaHCO3 solution, water, and brine.
The organic layer was dried over MgSO4 and the solvent was removed
under reduced pressure. The product was recrystallized from dichlorome-
thane and hexane. Compound 8 was obtained as a white solid (2.46 g,
4.39 mmol, 90%). M.p. 125 8C (decomp); 1H NMR (CDCl3, 500 MHz):
d=7.75 (m, 2H, Fmoc), 7.67±7.54 (m, 2H, Fmoc), 7.38 (m, 2H, Fmoc),
7.31±7.26 (m, 2H, Fmoc), 6.96 (t, J=7.9 Hz, 1H, aryl), 6.88 (br s, 1H,
NH), 6.83 (m, 2H, aryl), 5.98 (d, J=8.1 Hz, 1H, NH), 4.53 (br s, 1H, a-
H), 4.46 (m, 2H, CH2 Fmoc), 4.44±4.35 (m, 2H, CH2 benzyl), 4.19 (t, J=
7.0 Hz, 1H, CH Fmoc), 3.83 (s, 3H, OMe), 3.82 (s, 3H, OMe), 2.69 (dd,
J=16.9, 6.4 Hz, 1H, CH2 Asp), 2.91±2.81 (m, 1H, CH2 Asp), 1.41 (s, 9H,
tBu) ppm; 13C NMR (CDCl3, 125.7 MHz): d=171.1 (C), 170.1 (C), 152.6
(C), 147.1 (C), 143.8 (2 C), 143.7 (C), 141.3 (2 C), 131.4 (C), 127.7 (2
CH), 127.1 (2 CH), 125.0 (2 CH), 124.1 (CH), 121.0 (CH), 120.0 (2 CH),
111.9 (CH), 81.8 (C), 67.2 (CH2), 60.7 (CH3), 55.7 (CH3), 51.2 (CH), 47.1
(CH), 38.9 (CH2), 37.5 (CH2), 28.0 (3CH3) ppm; FAB-MS (3-NBA/
DMSO): m/z : 561.3 [M+H]+ , 583.3 [M+Na]+ ; elemental analysis calcd
(%) for C32H36N2O7¥H2O: C 66.42, H 6.62, N 4.84; found: C 66.53, H
6.49, N 4.77; IR (KBr, drift): ñ=3295, 2977, 2936, 1728, 1482, 1274,
1155 cm�1; UV (CHCl3): lmax=227, 267, 289, 301 nm.


Amine 9 : Piperidine (0.36 mL, 3.67 mmol) was added to a solution of 8
(1.71 g, 3.06 mmol) in dichloromethane (45 mL) and the mixture was stir-
red overnight. The solvents were distilled off and the residue was washed
with hexane overnight. Compound 9 was obtained as a bright yellow
solid (237 mg, 0.67 mmol, quantitative). 1H NMR (CDCl3, 500 MHz): d=
7.77 (s, 1H, NH), 6.99 (t, J=7.9 Hz, 1H, aryl), 6.88±6.83 (m, 2H, aryl),
4.46 (m, 2H, CH2 benzyl), 3.86 (s, 3H, OMe), 3.85 (s, 3H, OMe), 3.14
(m, 1H, a-H), 2.89 (dd, J=16.8, 4.4 Hz, 1H, CH2 Asp), 2.61 (dd, J=16.8,
7.8 Hz, 1H, CH2 Asp), 1.42 (s, 9H, tBu) ppm; 13C NMR (CDCl3,
125.7 MHz): d=172.1 (C), 171.1 (C), 152.6 (C), 147.2 (C), 131.8 (C),
124.1 (CH), 121.2 (CH), 111.9 (CH), 81.4 (C), 60.7 (CH3), 55.7 (CH3),
51.8 (CH), 39.8 (CH2), 38.6 (CH2), 28.0 (3CH3); FAB-MS (DMSO/3-
NBA): m/z : 339.3 [M+H]+ , 361.3 [M+Na]+ ; IR (KBr, drift): ñ=2948,
1725, 1668, 1482, 1274, 1154 cm�1; UV (CHCl3): lmax=228, 249, 258,
247 nm.


Compound 11: Fmoc-Gly-OH (10 ; 295 mg, 0.99 mmol) was dissolved in a
mixture of CH2Cl2 (10 mL) and DMF (2.4 mL). Then, H¸nig×s base
(0.19 mL, 1.09 mmol) und a solution of HBTU (452 mg, 1.19 mmol) in
DMF (2.6 mL) were added and the mixture was stirred together for two
hours. Meanwhile 9 (352 mg, 1.04 mmol) was suspended in DMF (7 mL)
and CH2Cl2 (2 mL) was added, followed by the activated amino acid mix-
ture. The reaction mixture was stirred for three days, filtered, and then
diluted with CH2Cl2. The organic layer was washed with sat. aqueous
NH4Cl solution, sat. aqueous NaHCO3 solution, water, and brine. It was
dried over MgSO4 and the solvent was distilled off under vacuum. The
crude product was purified by chromatography over silica gel with ethyl
acetate/hexane 2:1. Compound 11 was obtained as a white solid (481 mg,
0.78 mmol, 79%). Rf=0.29 (ethyl acetate/hexane 2:1); m.p. 115 8C
(decomp); 1H NMR (CDCl3, 500 MHz): d=7.76 (d, J=7.5 Hz, 2H,
Fmoc), 7.56 (d, J=7.3 Hz, 2H, Fmoc), 7.40 (t, J=7.4 Hz, 2H, Fmoc),
7.35±7.30 (br s, 1H, NH), 7.30 (m, 2H, Fmoc), 7.08 (br s, 1H, NH), 6.90
(t, J=8.0 Hz, 1H, aryl), 6.80 (m, 1H, aryl), 6.75 (d, J=8.0 Hz, 1H, aryl),
5.50 (br s, 1H, NH), 4.79 (d, J=2.7 Hz, 1H, a-H), 4.44 (t, J=6.1 Hz, 2H,
CH2 benzyl), 4.33 (d, J=7.1 Hz, 2H, CH2 Fmoc), 4.18 (t, J=6.9 Hz, 1H,
CH Fmoc), 3.87 (d, J=5.0 Hz, 2H, CH2 Gly), 3.82 (s, 6H, OMe), 2.95
(dd, J=16.9, 3.4 Hz, 1H, CH2 Asp), 2.56 (dd, J=16.9, 6.5 Hz, 1H, CH2


Asp), 1.39 (s, 9H, tBu) ppm; 13C NMR (CDCl3, 125.7 MHz): d=171.3
(C), 169.8 (C), 168.7 (C), 156.8 (C), 152.5 (C), 147.0 (C), 143.7 (C), 141.3
(C), 131.5 (C), 127.7 (2CH), 127.1 (2CH), 125.1 (2CH), 124.1 (CH),
120.8 (CH), 120.0 (2CH), 111.8 (CH), 81.9 (C), 67.4 (CH2), 60.6 (CH3),
55.7 (CH3), 49.3 (CH), 47,0 (CH), 44.7 (CH2), 38.8 (CH2), 36.8 (CH2),
27.9 (3CH3) ppm, two C signals are not visible; FAB-MS (3-NBA/
DMSO): m/z : 617.1 [M]+ , 618.1 [M+H]+ , 640.2 [M+Na]+ ; elemental
analysis calcd (%) for C34H39N3O8: C 66.11, H 6.36, N 6.80; found: C
65.78, H 6.39, N 6.69; IR (KBr): ñ=3304, 2978, 2937, 1727, 1660, 1533,
1273 cm�1; UV (CHCl3): lmax=227, 267, 289, 301 nm.


Amine 12 : Piperidine (0.37 mL, 3.76 mmol) was added to a solution of 11
(1.94 g, 3.14 mmol) in CH2Cl2 (30 mL). The mixture was stirred over-
night, then the solvent was removed under reduced pressure and the resi-
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due was dried under vacuum. The obtained solid was washed overnight
with hexane and then dried under vacuum. Compound 12 was obtained
as a bright yellow solid (1.09 g, 2.76 mmol, 88%). 1H NMR (DMSO,
500 MHz): d=8.26 (br s, 1H, NH), 8.00 (br s, 1H, NH), 6.89 (t, J=7.9 Hz,
1H, aryl), 6.77±6.73 (m, 2H, aryl), 4.67 (d, J=4.4 Hz, 1H, a-H), 4.22 (d,
J=5.9 Hz, 2H, CH2 benzyl), 3.75 (s, 3H, OMe), 3.71 (s, 3H, OMe), 2.61
(d, J=6.2 Hz, 2H, CH2 Asp), 1.33 (s, 9H, tBu) ppm, the CH2 Gly signal
is covered by the H2O signal at 3.4 ppm; 13C NMR (CDCl3, 125.7 MHz):
d=171.8 (C), 170.6 (C), 169.9 (C), 152.4 (C), 146.5 (C), 132.4 (C), 123.9
(CH), 120.3 (CH), 111.5 (CH), 80.8 (C), 60.4 (CH3), 55.8 (CH3), 49.4
(CH), 44.4 (CH2), 37.7 (CH2), 28.04 (3 CH3), 22.6 (CH2) ppm; FAB-MS
(3-NBA/DMSO): m/z : 396.3 [M+H]+ , 418.3 [M+Na]+ , 396.3
[M�tBu+2H]+ ; IR(KBr): ñ=3305, 2940, 2937, 1727, 1660, 1481, 1273,
1156, 727 cm�1; UV (CH2Cl2): lmax=217, 272 nm.


Compound 14 : Fmoc-Arg(Mtr)-OH (13 ; 1.68 g, 2.76 mmol) was dissolved
in CH2Cl2 (30 mL) and then H¸nig×s base (0.52 mL, 3.04 mmol) and a
solution of HBTU (1.26 g, 3.31 mmol) in DMF (8.5 mL) were added.
After 8 min, a suspension of 12 (1.09 g, 2.76 mmol) in a mixture of DMF
(4 mL) and CH2Cl2 (16 mL) was added. The mixture was stirred over-
night and then washed with sat. aqueous NH4Cl, sat. aqueous NaHCO3,
water, and brine. After drying over MgSO4, the solvent was distilled off
and the residue was purified by chromatography over silica gel with ethyl
acetate/hexane 2:1. Product 14 was obtained as a white solid (2.16 g,
2.19 mmol, 79%) by eluting with ethyl acetate/methanol 2:1. Rf=0.65
(ethyl acetate/methanol 2:1); m.p. 120 8C (decomp); 1H NMR (CDCl3,
500 MHz): d=7.93 (br s, 1H, NH), 7.72 (d, J=7.5 Hz, 2H, Fmoc), 7.56
(m, 2H, Fmoc), 7.42 (br s, 1H, NH), 7.35 (t, J=7.3 Hz, 2H, Fmoc), 7.23
(m, 2H, Fmoc), 6.84 (t, J=8.0 Hz, 1H, aryl), 6.73 (m, 1H aryl), 6.69 (d,
J=8.0 Hz, 1H, aryl), 6.45 (s, 1H, aryl Mtr), 6.37 (br s, 1H, NH), 6.05
(br s, 1H, NH), 4.77 (m, 1H, a-H Asp), 4.40±4.24 (m, 5H, CH2 benzyl,
CH2 Fmoc, a-H Arg), 4.13 (t, J=6.7 Hz, 1H, CH Fmoc), 3.88 (m, 2H,
CH2 Gly), 3.75 (s, 3H, OMe), 3.75 (s, 3H, OMe), 3.72 (s, 3H, OMe Mtr),
3.32±3.24 (m, 1H, CH2 Asp), 3.14±3.04 (m, 1H, CH2 Asp), 2.63 (s, 3H,
CH3 Mtr), 2.58 (s, 3H, CH3 Mtr), 2.06 (s, 3H, CH3 Mtr), 1.84±1.75 (m,
1H, CH2 Arg), 1.62±1.44 (m, 5H, CH2 Arg), 1.32 (s, 9H, tBu) ppm;
13C NMR (CDCl3, 125.7 MHz): d=173.5 (C), 170.8 (C), 170.5 (C), 169.6
(C), 156.6 (C), 152.4 (C), 146.6 (C), 143.8 (C), 143.7 (C), 141.2 (2C),
131.6 (C), 127.7 (2CH), 127.1 (2CH), 125.1 (2CH), 124.0 (CH), 120.6
(CH), 120.0 (2CH), 111.8 (CH), 111.6 (CH), 81.7 (C), 67.0 (CH2), 60.5
(CH3), 55.6 (CH3), 55.4 (CH3), 54.1 (CH), 49.7 (CH), 47.1 (CH), 43.3
(CH2), 38.4 (CH2), 37.0 (CH2), 29.5 (CH2), 27.9 (3CH3), 24.2 (CH3), 18.4
(CH3), 11.9 (CH3) ppm, the missing C and CH2 signals could not be ob-
served; FAB-MS (3-NBA/DMSO): m/z : 930.5 [M�tBu+H]+ , 952.4
[M�tBu+H+Na]+ , 985.5 [M]+ , 986.5 [M+H]+ , 1008.5 [M+Na]+; ele-
mental analysis calcd (%) for C50H63N7O12S¥3H2O: C 57.73, H 6.69, N
9.43; found: C 57.88, H 6.31, N 9.54; IR (KBr): ñ=3338, 2939, 1666,
1548, 1260, 1121 cm�1; UV (CHCl3): lmax=227, 255, 289, 301 nm.


Amine 15 : Compound 14 (1.90 g, 1.97 mmol) was dissolved in CH2Cl2
(20 mL) and piperidine (0.23 mL, 2.36 mmol) was added. The reaction
mixture was stirred overnight. The solvent was removed under reduced
pressure and the residue was dried under vacuum. The solid was washed
with hexane overnight and dried once again under vacuum. Compound
15 was obtained as a bright yellow solid (1.78 g, 2.33 mmol, quantitative).
1H NMR (CDCl3, 500 MHz): d=8.28 (br s, 1H, NH), 7.54 (br s, 1H, NH),
6.91 (t, J=7.6 Hz, 1H, aryl), 6.76 (br s, 2H, aryl), 6.66 (br s, 1H, NH),
6.48 (br s, 1H, Mtr), 4.76 (br s, 1H, a-H), 4.36 (br s, 2H, CH2 benzyl), 3.96
(br s, 2H, CH2 Gly), 3.79 (s, 6H, OMe), 3.79 (s, 3H, OMe), 3.46 (br s,
1H, CH2 Asp), 3.15 (br s, 1H, CH2 Asp), 2.63 (s, 3H, CH3 Mtr), 2.57 (s,
3H, CH3 Mtr), 2.08 (s, 3H, CH3 Mtr), 1.59±1.40 (m, 6H, CH2 Arg), 1.36
(s, 9H, tBu) ppm, the second a-H cannot be assigned; 13C NMR (CDCl3,
125.7 MHz): d=176.4 (C), 171.0 (C), 170.5 (C), 169.7 (C), 158.4 (C),
156.7 (C), 152.4 (C), 146.6 (C), 138.4 (C), 136.4 (C), 133.4 (C), 131.7 (C),
128.7 (CH), 124.8 (C), 124.1 (CH), 120.5 (CH), 111.7 (CH), 81.7 (C), 60.6
(CH3), 55.7 (CH3), 55.4 (CH3), 54.1 (CH), 49.6 (CH), 44.7 (CH2), 43.3
(CH2), 38.4 (CH2), 36.9 (CH2), 27.9 (3CH3), 24.2 (CH3), 22.6 (CH2), 22.4
(CH2), 18.4 (CH3), 11.9 (CH3) ppm; FAB-MS (3-NBA/DMSO): m/z :
764.3 [M+H]+ , 786.3 [M+Na]+ ; IR (KBr): ñ=3324, 2938, 1669, 1551,
1270, 1112 cm�1; UV (CH2Cl2): lmax=219, 247, 256, 305 nm.


Protected ligand 16: 2,3-Dimethoxybenzoic acid (1; 358 mg, 1.97 mmol)
was dissolved in CH2Cl2 (30 mL) and mixed with H¸nig×s base (0.37 mL,
2.16 mmol) and a solution of HBTU (895 mg, 2.36 mmol) in DMF


(7.9 mL). After two hours a suspension of 15 (1.78 g, 1.97 mmol) in
CH2Cl2 (12 mL) and DMF (2.5 mL) was added. The reaction mixture was
stirred overnight and then washed with sat. aqueous NH4Cl, sat. aqueous
NaHCO3, water, and brine. After drying over MgSO4, the solvent was
distilled off. The by-products were removed by chromatography over
silica gel with ethyl acetate/hexane (2:1 v/v) and the pure product was
obtained by eluting with ethyl acetate/methanol (2:1 v/v). Compound 16
was obtained as a white solid (1.56 g, 1.68 mmol, 86%). Rf=0.72 (ethyl
acetate/methanol 2:1). Analytical data: see below.


Solid-phase syntheses


General synthesis of protected tripeptide-bridged ligand precursors on
the solid support : The synthesis of protected tripeptide-bridged ligand
precursors was performed on the 4-Fmoc-hydrazinobenzoyl resin 17 (4-
Fmoc-hydrazinobenzoyl AM resin, Novabiochem) by using Fmoc-pro-
tected amino acids. Initially the resin was swollen in dichloromethane.
After washing with DMF, the Fmoc group was cleaved with a 20% solu-
tion of piperidine in DMF to yield 18.[24,25]


For the preparation of the peptide sequences the following protocol was
used: The C-terminal-unprotected N-Fmoc amino acid (2 equiv) was acti-
vated with H¸nig×s base (4 equiv) and HBTU (2 equiv) in DMF. After
ten minutes, this solution was added to the N-terminal-unprotected resin
and the mixture was shaken for one hour. Before attaching the next
amino acid, the Fmoc group had to be cleaved by treating the resin with
a 20% solution of piperidine in DMF for 15 min.[20] In a final step, 2,3-di-
methoxybenzoic acid (1) was attached and the resin was washed with
DMF, CH2Cl2, and methanol. After drying under vacuum the peptide
was cleaved from the resin with simultaneous formation of the amide
with 2,3-dimethoxybenzyl amine (4). This was achieved by treatment
with copper acetate (1 equiv) in DMF and bubbling air through the mix-
ture for 4 h in the presence of 4.[24] The resin is filtered off and washed
with dichloromethane, then the combined organic layers are washed with
aqueous 1m KHSO4, water, and brine. After drying with NaSO4, the or-
ganic solvents are distilled off under vacuum.


Compound 16 : This was prepared following the general method from
resin 17 (305 mg, 0.30 mmol), HBTU (228 mg, 0.60 mmol), H¸nig×s base
(205 mL, 1.20 mmol), Fmoc-Asp(OtBu)-OH (7; 247 mg, 0.60 mmol),
Fmoc-Gly-OH (10 ; 187 mg, 0.60 mmol), Fmoc-Arg(Mtr)-OH (13 ;
365 mg, 0.60 mmol), 2,3-dimethoxybenzoic acid (1; 109 mg, 0.60 mmol),
and 2,3-dimethoxybenzylamine (4 ; 1.00 mL, 6.76 mmol). The by-products
were removed by chromatography over silica gel with ethyl acetate and
the pure product was obtained by eluting with ethyl acetate/methanol
4:1. Compound 16 was obtained as a white solid (179 mg, 0.19 mmol,
64%). M.p. 125 8C (decomp); 1H NMR (CDCl3, 500 MHz): d=8.70 (br s,
1H, NH), 8.09 (br s, 1H, NH), 7.67 (br s, 1H, NH), 7.55 (d, J=7.5 Hz,
1H, aryl), 7.47 (br s, 1H, NH), 7.09 (t, J=8.0 Hz, 1H, aryl), 7.03 (m, 1H,
aryl), 6.40 (br s, 1H, NH), 6.87 (t, J=8.0 Hz, 1H, aryl), 6.75±7.71 (m, 2H,
aryl), 6.47 (s, 1H, Mtr), 4.82±4.72 (m, 2H, a-H Asp, a-H Arg), 4.35 (m,
2H, CH2 benzyl), 3.97±3.91 (m, 2H, CH2 Gly), 3.89 (s, 3H, OMe), 3.87
(s, 3H, OMe), 3.78 (6H, OMe), 3.73 (s, 3H, OMe), 3.38 (m, 1H, CH2


Asp), 3.15 (m, 1H, CH2 Asp), 2.63 (s, 3H, CH3 Mtr), 2.58 (s, 3H, CH3


Mtr), 2.06 (s, 3H, CH3 Mtr), 1.74 (m, 2H, CH2 Arg), 1.58 (m, 4H, CH2


Arg), 1.31 (s, 9H, tBu) ppm; 13C NMR (CDCl3, 125.7 MHz): d=172.9
(C), 170.8 (C), 170.7 (C), 169.7 (C), 165.6 (C), 162.6 (C), 152.7 (C), 152.4
(C), 148.0 (C), 146.6 (C), 131.6 (C), 124.3 (CH), 124.0 (CH), 122.4 (CH),
120.3 (CH), 115.9 (CH), 111.8 (CH), 81.5 (C), 61.5 (CH3), 60.4 (CH3),
56.1 (CH3), 55.7 (CH3), 55.4 (CH3), 53.4 (CH2), 49.8 (CH), 43.2 (CH2),
38.4 (CH2), 36.9 (CH2), 29.7 (CH2), 27.9 (3 CH3), 24.2 (CH3), 18.4 (CH3),
11.9 (CH3) ppm, the missing signals could not be observed; FAB-MS
(DMSO/3-NBA): m/z : 872.4 [M�tBu+H]+ , 928.5 [M+H]+ , 951.4
[M+Na]+ ; elemental analysis calcd (%) for C44H61N7O13S¥4H2O: C 52.84,
H 6.95, N 9.80; found: C 52.98, H 6.56, N 9.87; IR (KBr): ñ=3342, 2936,
1657, 1650, 1548, 1265, 1121 cm�1; UV (CHCl3): lmax=227, 245 nm.


Preparation of the RGD-bridged ligand 23-H4 : AlCl3 (65 mg, 0.49 mmol)
was dissolved in ethanethiol (0.5 mL) under ice cooling. Then, a solution
of 16 (15 mg, 0.02 mmol) in CH2Cl2 (1 mL) was added to the AlCl3 solu-
tion.[27] The mixture was allowed to warm to room temperature, stirred
overnight, and then poured into cold water (7 mL). The solution was
acidified with 1m aqueous HCl. The water layer was separated and was
distilled to dryness. The crude product was purified by HPLC (Nucleosil,
250î20 mm, 100C18, 7 mm, 5 mLmin�1) with acetonitrile (containing
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0.1% trifluoroacetic acid (TFA)) and water (containing 0.1% TFA).
Compound 23-H4 was obtained as a white solid (4.4 mg, 45%). 1H NMR
(CD3OD, 400 MHz): d=7.35 (dd, J=7.9, 1.6 Hz, 1H, aryl), 6.95 (dd, J=
7.9, 1.6 Hz, 1H, aryl), 6.75 (t, J=7.9 Hz, 1H, aryl), 6.69 (dd, J=7.6,
2.0 Hz, 1H, aryl), 6.66 (dd, J=7.6, 2.0 Hz, 1H, aryl), 6.61 (t, J=7.6 Hz,
1H, aryl), 4.80 (dd, J=7.6, 5.6 Hz, 1H, a-H), 4.60 (m, 1H, a-H), 4.35 (s,
2H, CH2 benzyl), 3.90 (s, 2H, CH2 Gly), 3.21 (m, 2H, CH2 Arg), 2.88
(dd, J=16.3, 5.6 Hz, 1H, CH2 Asp), 2.77 (dd, J=16.3, 7.6 Hz, 1H, CH2


Asp), 2.01 (m, 1H, CH2 Arg), 1.84 (m, 1H, CH2 Arg), 1.70 (m, 2H, CH2


Arg) ppm; 13C NMR (CD3OD, 125 MHz): d=173.7 (C), 171.9 (C), 171.5
(C), 170.6 (C), 169.8 (C), 157.6 (C), 148.2 (C), 146.2 (C), 143.5 (C), 125.1
(C), 118.9 (CH), 116.4 (C), 114.5 (CH), 53.5 (CH), 50.3 (CH), 42.6
(CH2), 41.0 (CH2), 39.1 (CH2), 35.9 (CH2), 29.0 (CH2), 25.2 (CH2) ppm;
high-resolution FAB-MS (3-NBA/DMSO): calcd for C26H34N7O10


[M+H]+ : m/z : 604.2392; found: 604.2367.


Formation of K2[(23)MoO2]: Ligand 23-H4 (13.9 mg, 0.02 mmol) was dis-
solved in methanol (8 mL) and mixed with K2CO3 (12.4 mg, 0.09 mmol)
and MoO2(acac)2 (8.3 mg, 0.03 mmol). This solution was stirred for five
days. The solvent was distilled off under vacuum and the crude product
was filtered over Sephadex LH20 with methanol. K2[(23)MoO2] was ob-
tained as a red solid (14 mg, 0.02 mmol, quantitative). 1H NMR (CD3OD,
400 MHz): d=7.21 (dd, J=8.2, 1.5 Hz, 1H, benzoic acid), 6.72 (dd, J=
7.3, 1.5 Hz, 1H, benzoic acid), 6.46 (m, 1H, benzoic acid), 6.39 (m, 2H,
benzyl amine), 6.30 (m, 1H, benzyl amine), 4.90 (covered a-H Arg), 4.79
(d, J=14.0 Hz, 1H, CH2 benzyl), 4.61 (m, 1H, a-H Asp), 4.34 (d, J=
14.0 Hz, 1H, CH2 benzyl), 3.90 (d, J=17.0 Hz, 1H, CH2 Gly), 3.78 (d, J=
17.0 Hz, 1H, CH2 Gly), 3.18 (dd, J=16.7, 2.4 Hz, 1H, CH2 Asp), 2.96 (m,
1H, d-CH2 Arg), 2.88 (m, 1H, d-CH2 Arg), 2.48 (dd, J=16.7, 5.2 Hz,
CH2 Asp), 1.87 (m, 1H, b-CH2 Arg), 1.24 (m, 1H, b-CH2 Arg), 1.15 (m,
1H, g-CH2 Arg), 0.92 (m, 1H, g-CH2 Arg) ppm; ESI-MS: m/z : 807
[{K2[(23)MoO2]}�H]� , 769 {K[(23)MoO2]}


� , 730 {H[(23)MoO2]}
� , 383.5


[(23)MoO2]
2�.


Preparation of WKY-bridged compounds : The same solid-phase protocol
as was described for the preparation of 16 was used.


Ligand precursor 31: This was prepared following the general method
from resin 17 (536 mg, 0.53 mmol), HBTU (398 mg, 1.12 mmol), H¸nig×s
base (360 mL, 2.24 mmol), Fmoc-Tyr(tBu)-OH (24 ; 487 mg, 1.12 mmol),
Fmoc-Lys(Boc)-OH (26 ; 497 mg, 1.12 mmol), Fmoc-Trp(Boc)-OH (28 ;
558 mg, 1.12 mmol), 2,3-dimethoxybenzoic acid (1; 193 mg, 1.12 mmol),
and 2,3-dimethoxybenzylamine (4 ; 50 mL, 5.30 mmol). The by-products
were removed by chromatography over silica gel with ethyl acetate/
hexane 2:1 and the pure product 31 was obtained as a white solid by elut-
ing with ethyl acetate (379.1 mg, 0.36 mmol, 67%). M.p. 130 8C
(decomp); 1H NMR (CDCl3, 400 MHz): d=8.62 (d, J=5.2 Hz, 1H, NH),
8.09 (d, J=8.6 Hz, 1H, NH), 7.60 (dd, J=7.8, 1.8 Hz, 1H, aryl), 7.54 (m,
2H), 7.31 (m, 1H, aryl), 7.21 (t, J=7.2 Hz, 1H, aryl), 7.13 (m, 1H aryl),
7.07 (dd, J=8.2, 1.6 Hz, 1H, aryl), 7.04±7.00 (m, 3H, aryl), 6.98 (m, 1H,
aryl), 6.90 (d, J=7.4 Hz, 1H, aryl), 6.80 (dd, J=8.2, 1.4 Hz, 1H, aryl),
6.74 (d, J=8.52 Hz, 2H, aryl), 6.51 (br s, 1H, NH), 4.86 (br s, 1H, NH
Boc-Lys), 4.74 (br s, 2H, a-H Trp, a-H Tyr), 4.50 (m, 2H, CH2 benzyl),
4.10 (m, 1H, a-H Lys), 3.88 (s, 3H, OMe), 3.85 (s, 3H, OMe), 3.82 (s,
3H, OMe), 3.59 (s, 3H, OMe), 3.37 (dd, J=14.1, 5.4 Hz, 1H, CH2), 3.26
(pseudo-t, J=6.3, 4.4 Hz, 2H, CH2), 2.92 (dd, J=13.9, 9.9 Hz, 1H, CH2),
2.81 (br s, 2H, e-CH2 Lys), 1.67 (s, 9H, tBu), 1.41 (s, 11H, tBu, g-CH2


Lys), 1.25 (s, 11H, tBu, b-CH2 Lys), 1.18 (quin, J=7.42 Hz, 2H, d-CH2


Lys) ppm; elemental analysis calcd (%) for C58H76N6O13¥1.5H2O: C
64.85, H 7.22, N 7.82; found: C 64.75, H 7.26, N 7.82; positive FAB-MS
(3-NBA/DMSO): m/z : 967.0 [M�Boc+H]+ ; negative FAB-MS (3-NBA/
DMSO): m/z : 1065.4 [M+H]� ; LC-MS (ESI): m/z: 1065.43 [M+H]+ ,
1087.48 [M+Na]+ ; IR (KBr): ñ=3430, 1639, 1509, 1479, 1456, 1384, 1364,
1265, 1164 cm�1.


WKY-bridged ligand 32-H4 : At �18 8C, BBr3 (0.23 mL, 2.35 mmol) was
added to a solution of 31 (100 mg, 0.09 mmol) in CH2Cl2 (27 mL). The re-
action mixture was stirred for five days and then hydrolyzed by addition
of methanol (27 mL, ice-cooled). The solvent was evaporated under
vacuum and the residue was dissolved in methanol and evaporated to
dryness. This procedure was repeated several times to remove all boron
esters. The crude product was recrystallized from isopropanol and
hexane. Ligand 32-H4 was obtained as a grey solid (70.6 mg, 0.09 mmol,
quantitative). M.p. 130 8C (decomp); 1H NMR (CD3OD, 400 MHz): d=
7.60 (d, J=8.0 Hz, 1H, aryl), 7.34 (d, J=8.0 Hz, 1H), 7.26 (dd, J=8.1,


1.5 Hz, 1H, aryl), 7.19 (s, 1H, indole H), 7.09 (m, 1H), 6.99 (m, 1H),
6.94 (dd, J=7.8, 1.5 Hz, 1H, aryl), 6.89 (m, 2H, aryl), 6.72 (m, 2H, aryl),
6.59 (m, 3H, aryl), 6.54 (d, J=14.6 Hz, 1H, aryl), 4.82 (t, J=6.5 Hz, 1H),
4.50 (t, J=7.6 Hz, 1H, a-H), 4.27 (m, 3H, a-H Lys, CH2 benzyl), 3.31 (m,
2H, CH2), 2.99 (m, 1H, CH2), 2.76 (m, 3H, CH2, e-CH2 Lys), 1.58 (m,
1H, b-CH2 Lys), 1.49 (m, 3H, b- and g-CH2 Lys), 1.13 (m, 2H, d-CH2


Lys) ppm; elemental analysis calcd (%) for C40H44N6O9¥2H2O¥2HBr: C
49.60, H 5.41, N 8.68; found: C 49.91, H 5.24, N 8.28; positive FAB-MS
(3-NBA/DMSO): m/z : 754.4 [M+H]+ ; negative FAB-MS (3-NBA/
DMSO): m/z : 752.3 [M�H]� ; LC-MS (ESI): m/z : 753.19 [M]+ ; IR (KBr):
ñ=3364, 2943, 1641, 1534, 1252, 746 cm�1.


Formation of K2[(32)MoO2]: Ligand 32-H4 (22 mg, 0.03 mmol), K2CO3


(16 mg, 0.12 mmol), and [MoO2(acac)2] (9.6 mg, 0.03 mmol) were dis-
solved in methanol (11 mL). The mixture was stirred for six days. The
solvent was distilled off under vacuum and the crude product was filtered
over Sephadex LH20 with methanol. Coordination complex
K2[(32)MoO2] was obtained as a red solid (15 mg, 0.02 mmol, 67%).
1H NMR (CD3OD, 400 MHz): d=7.72 (d, J=7.4 Hz, 1H, aryl), 7.33 (d,
J=7.4 Hz, 1H, aryl), 7.12 (m, 3H, aryl), 6.92 (s, 1H, indole), 6.70 (dd,
J=7.6, 1.6 Hz, 3H, aryl), 6.59 (m, 4H, aryl), 6.42 (m, 2H, aryl), 5.16 (t,
J=6.7 Hz, 1H, a-H), 4.81 (d, J=13.8 Hz, 1H, CH2), 4.51 (dd, J=11.4,
3.7 Hz, 1H, a-H), 4.42 (d, J=13.8 Hz, 1H, CH2), 3.89 (t, J=6.3 Hz, 1H,
a-H), 3.21 (m, 1H), 3.08 (m, 2H), 2.73 (dd, J=15.1, 6.8 Hz, 1H, CH2),
2.48 (m, 1H, CH2), 1.51 (m, 1H, CH2), 1.32 (m, 4H, CH2), 0.71 (m,
2H) ppm and signals of CH3COCH2COCH3 at d=5.50 and 1.97 ppm; el-
emental analysis calcd (%) for C40H40K2N6O9MoO2¥(C5H8O2)¥5H2O: C
47.20, H 5.11, N 7.34; found: C 47.12, H 5.06, N 7.23; ESI-MS: m/z : 916
{K[(32)MoO2]}


� , 879 {H[(32)MoO2]}
� , 1000 {K(HBr)[(32)MoO2]}


� ; IR
(KBr): ñ=3386, 2929, 1633, 1541, 1449, 1234, 896, 865, 746 cm�1.
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The Direct Catalytic Asymmetric a-Aminooxylation Reaction:
Development of Stereoselective Routes to 1,2-Diols and
1,2-Amino Alcohols and Density Functional Calculations


Armando CÛrdova,*[a] Henrik Sundÿn,[a] Anders B˘gevig,[a]


Mikael Johansson,[a] and Fahmi Himo[b]


Introduction


One of the ultimate goals and challenges in chemistry is to
develop stereoselective transformations for the creation of
functionalized optically active molecules displaying structur-
al diversity from simple and easily available starting materi-
als. During the last two decades, the synthesis of enantio-
merically pure or enriched compounds has thus emerged as
one of the most important fields in organic synthesis. Sever-
al procedures to generate optically active molecules are
known and among these, asymmetric catalysis is a highly
active research field.[1]


Optically active a-hydroxy carbonyl moieties are com-
monly found in numerous important natural products and
are highly versatile functional synthons. This has led to ex-
tensive research into finding new diastereoselective and
enantioselective routes for their syntheses.[2] One way of
preparing these compounds is asymmetric a-hydroxylation
of enolates.[3] In addition, nucleophilic additions to chiral
glyoxal derivatives and chiral hydrazones have also been
successfully employed.[2b,c,4] However, these methods are in-
direct and most of them require multiple manipulations for
the desired a-hydroxy product to be obtained. Despite the
extensive research in this area, it was not until recently that
Yamamoto and co-workers reported a more efficient cata-
lytic system based on AgX/binap complexes (binap=2,2’-
bis(diphenylphosphanyl)-1,1’-binaphthyl), which mediate in-
direct a-oxidation of activated tin enolates.[5] The method
was further developed into a one-pot synthesis of a-hydroxy
ketones with high enantioselectivity.


Asymmetric reactions catalyzed by metal-free organic cat-
alysts have experienced a renaissance in recent years.[6] In-
terestingly, since the discovery of amino acid catalyzed ster-
eoselective Robinson annulations in the early 1970s,[7] there
was no intensive research on this concept for other C�C
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Abstract: Proline-catalyzed direct
asymmetric a-aminooxylation of ke-
tones and aldehydes is described. The
proline-catalyzed reactions between
unmodified ketones or aldehydes and
nitrosobenzene proceeded with excel-
lent diastereo- and enantioselectivities.
In all cases tested, the corresponding
products were isolated with >95% ees.
Methyl alkyl ketones were regiospecifi-
cally oxidized at the methylene carbon
atom to afford enantiomerically pure
a-aminooxylated ketones. In addition,
cyclic ketones could be a,a’-dioxidized
with remarkably high selectivity, fur-


nishing the corresponding diaminooxy-
lated ketones with >99% ees. The re-
action mechanism of the proline-cata-
lyzed direct asymmetric a-aminooxyla-
tion was investigated, and we per-
formed density functional theory
(DFT) calculations in order to investi-
gate the nature of the plausible transi-
tion states further. We also screened
other organocatalysts for the asymmet-


ric a-oxidation reaction and found that
several proline derivatives were also
able to catalyze the transformation
with excellent enantioselectivities.
Moreover, stereoselective routes for
the synthesis of monoprotected vicinal
diols and hydroxyketones were found.
In addition, short routes for the direct
preparation of enantiomerically pure
epoxides and 1,2-amino alcohols are
presented. The direct catalytic a-oxida-
tion is also a novel route for the stereo-
selective preparation of b-adrenorecep-
tor antagonists.


Keywords: aminooxylations ¥ asym-
metric catalysis ¥ density functional
calculations ¥ proline
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bond-forming reactions for several decades, even though the
reaction is frequently used in the preparation of building
blocks for the total synthesis of natural products.[8] It was
not until recently that researchers demonstrated that amino
acid derivatives function as catalysts for direct asymmetric
intermolecular reactions.[9±19]


From the elegant work of Yamamoto and co-workers and
our own previous research on direct amine-catalyzed asym-
metric synthesis we saw potential for an amino acid to cata-
lyze a-aminooxylation of unmodified ketones and aldehydes
[Eq. (1)].[9d,f,g,11d±11k,12a,20]


We thus embarked on the
quest to develop a novel enam-
ine-catalyzed asymmetric route
for the synthesis of a-hydroxy-
containing molecules. We have
recently disclosed the first
direct catalytic a-oxidation of
ketones, yielding protected a-
hydroxy ketones with excellent
regioselectivity and >99% ee.[21]


In this paper, we describe our
findings, including the scope,
mechanism, and applications of
the highly stereoselective a-aminooxylation of unmodified
ketones and aldehydes.


Results and Discussion


There are only a few reports of indirect reactions with silyl
enol ethers as nucleophiles and nitrosoaromatic compounds
as electrophiles.[22] Most of these reactions furnish the corre-
sponding a-hydroxy amino adducts with excellent N-addi-
tion chemoselectivity. However, Momiyama and Yamamoto
recently demonstrated that the chemoselectivity of the reac-
tion with nitrosobenzene could be switched from N- to O-
addition by performing the transformation in the presence
of a catalytic amount of a Lewis acid.[23] They also expanded
this concept to a catalytic asymmetric system mediated by
AgX/binap complexes; this affords a-aminooxylated ketones
with high chemo- and enantioselectivities.[5]


During our preliminary investigations of direct proline-
catalyzed asymmetric Mannich and aldol reactions with un-
modified ketones and aldehydes we realized the potential of
utilizing this catalytic system for other stereoselective reac-
tions.[9d,f,i, 11d±11k] The basis of the catalytic cycle would be the
ability of a cyclic five-membered secondary amine to form a
chiral enamine and to perform a subsequent nucleophilic
attack on an electrophile in a highly enantioselective fash-
ion. Previous studies by Yamamoto and co-workers had
made us interested in whether enamine catalysis could be
applied in reactions with nitrosoaryl compounds.[5,23] In addi-


tion, we believed that the ability of the amino acid to act as
a Br˘nstedt base should favor O- over N-addition.[5,23]


In an initial experiment, we treated cyclohexanone 1a
(10 mmol) with nitrosobenzene 2 (1 mmol) in the presence
of a catalytic amount of (S)-proline (20 mol%) in DMSO
(4 mL) at room temperature [Eq. (2)].


The initial light blue solution went from light green to
dark green, and finally became orange within 30 minutes.
The reaction was found to be complete, providing not only
ketone 3a in 70% yield and >99% ee, but also the corre-
sponding C2-symmetric a,a’-diaminooxylated ketone 4a in
22% yield and >99% ee.


In parallel with this experiment, we also treated hexanal
1b (2 mmol) with 2 (1 mmol) in the presence of a catalytic
amount of (S)-proline (20 mol%), obtaining the correspond-


ing a-substituted aldehyde 3b in 61% yield with >99% ee.
The aldehyde adduct 3b was oligomeric in solution and less
stabile than 3a during workup and storage. We therefore de-
cided to reduce 3b in situ with excess NaBH4 to give the
corresponding more stable monoprotected terminal diol
prior to workup and purification.


Donor component : Delighted over these results, we decided
to test the reaction for different ketones and aldehydes
(Tables 1 and 2). A set of different carbonyl donors was
therefore treated just by stirring and mixing of the donor
and nitrosobenzene in the presence of a catalytic amount of
(S)- or (R)-proline in DMSO. Table 1 presents direct catalyt-
ic asymmetric a-oxidations of ketones 1a and 1c±i. The re-
actions proceeded smoothly, affording the corresponding a-
aminooxylated ketones 3a and 3c±i in good yields and with
>99% ees. In addition, excellent regioselectivities were ob-
served for a-aminooxylation of acyclic ketones, and no
doubly a,a’-diaminooxylated ketones were observed. The
oxidation occurred exclusively on the methylene carbons of
the ketones; protected hydroxy ketone 3 f, for example, was
isolated as a single regioisomer in 70% yield and with
>99% ee. With regards to the O- or N-selectivity of the re-
action, we found that the reaction was chemoselective, fur-
nishing no N-addition products for transformations with cy-
clohexanones as donors.


a-Oxidation of acyclic ketones, however, afforded small
amounts (<25%) of the corresponding 2-amino ketones 5
with the same regioselectivity as the O-addition adducts and
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with a minor chiral induction. Furthermore, the sterically
hindered racemic 2-methylcyclohexanone (1d) was also effi-
ciently a-aminooxylated, providing the corresponding keto
adduct 3d as a 3:1 (trans/cis) diastereomeric mixture in
>99% ee (Table 1, entry 3). In this case, excellent O-selec-
tivity was observed, since no N-addition product was
formed. The proline-catalyzed a-oxidation reaction between
(3R)-methylcyclohexanone (1e) and 2 furnished the two re-
giomers 3e and 3e’ as a 1:1 mixture of regioisomers in 68%
combined yield and each with >99% ee. NMR analyses of
3e revealed a cis relationship between the substituents.
Hence, 3e had a (2R,3R) absolute configuration of the
2-oxyaminophenyl group and methyl group, respectively. We


also performed the reaction
with racemic 3-methylcyclohex-
anone as the donor (vide infra),
to obtain regiomers 3e and 3e’
with >99% ee. Interestingly,
(3R,2R)-3-methyl-2-(N-phenyl-
aminoxy) (3e) was formed ex-
clusively as determined by
HPLC and NMR analyses. (S)-
Proline thus reacted more rap-
idly with (3R)- and (2R)-meth-
ylcyclohexanone than with
(3S)- and (2S)-methylcyclohex-
anone, respectively. In addition
to a- ketones 3, the reactions
between cyclohexanones with
two a-methylene carbons and 2
provided the corresponding C2-
symmetric a,a’-diketones 4,
each as a single diastereomer
with >99% ee (Scheme 1).


For example, the protected
dihydroxy ketone 4c was isolat-
ed in 19% yield and with
>99% ee. These types of enan-
tiomerically pure ketones are
generally prepared in six steps
in overall yields of 15±20% and
are useful synthetic building
blocks in natural product
chemistry.[24] The second O-ad-
dition exhibited remarkable
high selectivity, since no meso-
diadduct was detected either by
NMR or by HPLC analyses
during the progress of the reac-
tion. This is the first time that
this type of double stereoselec-
tive nucleophilic attack onto an
electrophile has been reported
in a proline-catalyzed reaction;
this indicates that nitrosoben-
zene is more reactive and/or
provides less steric hindrance
than other electrophiles such as
diazocarboxylates or a-imino-


glyoxylates.[12c,11d] We also investigated the possibility of in-
creasing the yield of 3 by slow addition of electrophile 2 to
the reaction mixture by syringe pump. We believed that this


Scheme 1. Direct catalytic asymmetric synthesis of mono- and diprotect-
ed hydroxy ketones.


Table 1. Proline-catalyzed direct asymmetric a-aminooxylation of unmodified ketones.[a]


Entry Donor Product Yield [%][b] 3 :5 ee [%] of 3[c] ee [%] of 5[c]


1 70 (99)[d] >100:1 (100:1)[d] >99 (>99)[d]


2 71 (94)[d] >100:1 (100:1)[d] >99 (>99)[d]


3 66 (82)[d] >100:1 (100:1)[d] >99 (>99)[d]


4


68 (88)[d]


>100:1 (100:1)[d] >99 (>99)[d]


>100:1 (100:1)[d] >99 (>99)[d]


5 93 81:19 >99 11


6 66 98:2 99 7


7 87 78:22 >99 <5


8 64 90:10 >99 <5


[a] Method A: A mixture of 1 (10 mmol, 10 equiv), 2 (1 mmol) and (S)-proline was stirred at room tempera-
ture for 2±3 h. The crude product obtained after aqueous workup was purified by column chromatography.
[b] Isolated combined yield of 3 and 5 after silica gel column chromatography. [c] Determined by chiral-phase
HPLC analyses. [d] Method B: A mixture of 2 (1 mmol) was added by syringe pump to a vial containing 1
(2 mmol, 2 equiv) and (S)-proline and the reaction mixture was stirred at room temperature for 2±8 h. The
crude product obtained after aqueous workup was purified by column chromatography.
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procedure should reduce the formation of the dioxidized ad-
ducts 4 and dimerization of 2. Indeed, this method signifi-
cantly increased the yield of the a-aminooxylated ketones 3
and allowed for the employment of only two equivalents of
the donor. For example, ketone 3a was isolated in 99%
yield with >99% ee. In addition, we were able to increase
the yield of 4 by subsequent addition of the electrophile 2
by syringe pump to the 3 obtained from the first addition.
The yields of 4a and 4c, for example, were improved to 30
and 25%, respectively, by this process.


Table 2 shows the results of a-oxidations of different un-
modified aldehydes in DMSO. The reactions proceeded
smoothly, affording the corresponding adducts 3b and 3 j±s


with >99% ees. The a-aminooxylated aldehyde adducts are
important synthons, and the mild reaction conditions al-
lowed for a variety of aldehydes with functional groups to
be used. For example, aldehyde adduct 3r is a key inter-
mediate in the syntheses of leukotrienes and isoprostanes.[25]


The aldehydes were reduced in situ, yielding the corre-
sponding more stable monoprotected terminal diols 6b and
6 j±s without loss of stereoselectivity (Scheme 2).


The unsaturated diols 6o, 6r, and 6s, for instance, were
isolated in 79, 78, and 77% yields, respectively, each with


>99% ee. The a-oxidation of unsaturated aldehydes can
thus be regarded as a chemo- and regioselective route for
the asymmetric dihydroxylation of olefins.[26] Moreover,
direct catalytic asymmetric a-aminooxylation was also an ef-
ficient route for the synthesis of orthogonally protected
triols (Table 2, entry 5). The reactions with unmodified alde-
hydes were highly chemoselective, and only O-addition was
observed. Moreover, the increased reactivity of the aldehyde
donors in relation to the acyclic ketones allowed us to
employ only 1.5 equivalents of the aldehyde donor without
the need for slow addition of the electrophile to the reaction
mixture.


The direct catalytic asymmetric a-oxidation reactions with
ketones and aldehydes were readily performed on multi-
gram scales in the presence of air. The catalyst loading
could be decreased to as little as 1 mol% without affecting
the yield or enantioselectivity of the a-aminooxylation of
unmodified aldehydes and cyclohexanones (Scheme 3).


In addition, the progress of the reaction could be simply
monitored by the human eye, since the reaction mixture
switches color from light blue to green and finally to orange,
which indicates that the reaction has been completed.


Solvent : We also performed a solvent screen of the direct
catalytic asymmetric a-aminooxylation of ketone 1a and al-
dehyde 1b. Proline-catalyzed direct asymmetric a-aminoox-
ylations between 1a and 2 were successful in all solvents
tested, affording 3a with excellent enantioselectivity
(Table 3).


The highest reactivity was observed in DMSO, followed
by CHCl3, CH3CN, DMF, and N-methylpyrrolidone (NMP).
Interestingly, the formation of 4a was solvent-dependent.
For example, the reaction in CHCl3 only afforded 3a, which
was isolated in 91% yield with >99% ee. However, 4a was
formed in DMSO, DMF, NMP, and CH3CN. In addition, the
direct catalytic a-aminooxylation of acyclic ketones only
provided insignificant amounts of adducts 3 in CHCl3. Nota-
bly, slow addition of the electrophile 2 to the reaction mix-
ture by syringe pump significantly increased the yield of 3,
which was isolated in 99% yield and >99% ee in DMF,
CH3CN, and DMSO. Furthermore, the reaction could toler-
ate up to 10% water without its yield and ee being affected
(Table 3, entry 11).


Table 2. Proline-catalyzed direct asymmetric a-aminooxylation of un-
modified aldehydes.[a]


Entry R Product Yield[%][b] ee [%] of 3[c]


1 nBu 3b 78 >99
2 Et 3 j 75 >99
3 Me 3k 79 >99
4 n-pentane 3 l 74 >99
5 CH2OBn 3m 76 >99
6 iPr 3n 74 >99
7 CH2CH=CH2 3o 79 >99
8 CH2Ph 3p 77 >99
9 n-hexane 3q 76 >99
10 cis-CH2CH=CH(CH2)5CH3 3r 78 >99
11 cis-(CH2)4CH=CHCH2)CH3 3s 77 >99


[a] Experimental procedure: a mixture of 1 (2 mmol, 2 equiv), 2
(1 mmol) and (S)-proline was stirred at room temperature for 2±3 h and
the aldehyde products 3 were reduced in situ to the corresponding alco-
hols. The crude products obtained after aqueous workup were purified
by column chromatography. [b] Isolated yield of the corresponding alco-
hol after silica gel column chromatography. [c] The enantiomeric excesses
were determined by chiral-phase HPLC analyses of the corresponding al-
cohol adducts.


Scheme 2. One-pot catalytic asymmetric synthesis of monoprotected ter-
minal diols.


Scheme 3. Direct catalytic asymmetric a-aminooxylation reactions with
1 mol% (S)-proline.
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The solvent screen of the reaction with hexanal revealed
that the best solvents for obtaining 3b with high enantiose-
lectivity were DMSO, DMF, CH3CN, and CHCl3 (Table 4).
In particular, the reactions in DMSO and DMF proceeded


with almost absolute stereocontrol. The enantioselectivity of
the a-aminooxylation of 1b was slightly lower in other sol-
vents, in which 3b was furnished with 93±99% ees. The
enantioselectivity of the direct a-aminooxylation of alde-
hydes was thus affected slightly by the solvent used as com-
pared to the a-aminooxylation of unmodified ketones. Inter-
estingly, the best solvent for a-aminooxylation of 2-substitut-
ed acetaldehydes was CH3CN. The proline-catalyzed asym-
metric a-aminooxylation of 2-phenylacetaldehyde (1 t) with
2 at �20 8C, for example, furnished the corresponding alco-
hol 6 t after in situ reduction with NaBH4 in 79% yield with
an ee of 99% [Eq. (3)].


Catalyst : We also screened dif-
ferent organic amines as poten-
tial catalysts for the direct
asymmetric a-aminooxylation
reaction (Table 5). Of the limit-
ed number of catalysts
screened, proline and hydroxy-
proline derivatives provided
enantiomerically pure 3a. In
addition, all the successful cata-
lysts afforded product 3a with
the same absolute configura-
tion, as determined by optical
rotation and chiral HPLC anal-
yses. Ether- and amine-func-
tionalized pyrrolidine deriva-
tives provided 3a in trace
amounts, establishing the im-


portance of the carboxyl group and its acidic proton. Inter-
estingly, pipecolinic acid was not a catalyst for the reaction,
confirming the significance of the cyclic five-membered sec-
ondary amine structural motif for achievement of high enan-
tioselectivity. Similar observations have also been made in
amine-catalyzed direct asymmetric aldol and Mannich reac-
tions.[9a,b,11f]


Stereoselective synthesis of chiral synthons : The a-amino-
oxylated aldehydes and ketones are valuable synthetic inter-
mediates. For instance, we developed an efficient synthesis
of vicinal diols (Scheme 4).


Hence, monoprotected diols 6 were derived through one-
pot sequential catalytic asymmetric a-aminooxylation±re-
duction reactions of the unmodified aldehydes and ketones.
Subsequent removal of the aniline by hydrogenolysis (PtO2


Adams× catalyst, H2) or with a catalytic amount of
CuSO4¥5H2O furnished the corresponding enantiomerically
pure diols 7. For example, enantiomerically pure diol (�)-
7n was isolated from the (R)-proline-catalyzed reaction be-
tween isovaleraldehyde and 2 in 73% yield, over two steps
(Scheme 4a). Determination of the optical rotation and
comparison to the literature revealed that the direct catalyt-
ic asymmetric a-aminooxylations of aldehydes catalyzed by
(S)-proline and by (R)-proline afforded (2R)-1,2-diols and
(2S)-1,2-diols, respectively.[27] The catalytic asymmetric a-
aminooxylation±reduction sequence was also investigated
with unmodified 1a as the donor. Hence, (S)-proline-derived
a-amino hydroxy ketone 3a was readily reduced in situ with
NaBH4 to the corresponding monoprotected diol 6a, which
was isolated in 88% yield, over the two steps, with a dr of
2:1 (trans/cis) and >99% ee (Scheme 4b). Removal of the
aniline with Adams× catalyst and H2 or catalytic CuSO4 fur-


Table 3. Solvent screen of the proline-catalyzed a-aminooxylation of unmodified ketones.[a]


Entry Solvent t [h] T [8C] Yield [%][b] 3 :4 ee [%] of 3[c] ee [%] of 4[c]


1 DMSO 3 RT 92 3:1 >99 >99
2 DMSO 5 RT 99[d] >20:1[d] >99[d] n.d.[d]


3 DMF 8 RT 68 10:1 >99 >99
4 DMF 16 4 99[d] >20:1[d] >99[d] n.d.[d]


5 CH3CN 6 RT 66 19:1 >99 n.d.
6 CHCl3 5 RT 91 >20:1 >99 n.d.
7 NMP 8 RT 65 10:1 >99 >99
8 THF 16 RT 45 >20:1 99 n.d.
9 dioxane 16 RT 41 >20:1 99 n.d.
10 Et2O 17 RT 25 >20:1 99 n.d.
11 DMSO/H2O 9:1 3 RT 91 3:1 >99 >99


[a] Reaction conditions: see Method A in the Experimental. [b] Isolated combined yield of 3a and 4a after
silica gel column chromatography. [c] Determined by chiral-phase HPLC analyses. [d] Reactions performed ac-
cording to Method B in the Experimental Section.


Table 4. Solvent screen of the proline-catalyzed a-aminooxylation of un-
modified aldehydes.[a]


Entry Solvent t [h] T [8C] Yield [%][b] ee [%] of 3b[c]


1 DMSO 17 RT 92 >99
2 DMSO 0.7 RT 64 >99
3 DMF 16 RT 70 >99
4 CH3CN 17 RT 24 99
5 CH3CN 2h 4 42 97
6 CH3CN 16 4 50 93
7 CH3CN 24 �20 86 95
8 CHCl3 0.7 4 64 93
9 CHCl3 17 RT 40 97
10 CHCl3 16 4 48 96
11 dioxane 17 RT traces n.d.


[a] Reaction conditions: See Experimental Section. [b] Isolated combined
yield of the corresponding alcohol 6b after silica gel column chromatog-
raphy. [c] Determined by chiral-phase HPLC analyses of the correspond-
ing alcohol 6b.
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nished the known (1S,2S)-trans-1,2-cyclohexanediol (7a)
and cis-1,2-cyclohexanediol in 96% combined yield, with
>99% ee for the optically active diol.[28] As selective reduc-
tion of a-hydroxy ketones to both syn- and anti-1,2-diols are
known, this procedure is one practical route for the prepara-


tion of all the possible stereoisomers of chiral 1,2-diols. In
addition, the direct catalytic asymmetric a-aminooxylation
of aldehydes and ketones can be regarded as an alternative
to Sharpless asymmetric dihydroxylation.[26]


The catalytic a-aminooxylation of unmodified ketones 1
could also be readily combined in one-pot fashion with
CuSO4-mediated aniline removal of the ketone adducts 3
generated in situ, which afforded a-hydroxy and a,a’-dihy-
droxy ketones without loss of stereoselectivity. For example,
3a was converted into the corresponding optically pure a-
hydroxy ketone adduct (2R)-8a in 92% yield [Eq. (4)].[5,29]


Determination of the optical rotations of 7a and 8a and
comparison with the literature revealed that a-aminooxyla-
tion of unmodified ketones catalyzed by (S)-proline afford-
ed (2R)-a-ketones and (R)-a-hydroxy ketones, respective-
ly.[28,29] In accordance, (S)-proline also catalyzed the forma-
tion of C2-symmetric (2R,6R)-a,a’-diketones and (2R,6R)-
a,a’-dihydroxy ketones.


We also investigated the possibility of utilizing the direct
catalytic asymmetric a-aminooxylation as a direct route for
the catalytic asymmetric syntheses of epoxides and 1,2-


amino alcohols (Scheme 5).
Chiral 1,2-amino alcohols are
important structural elements
in chiral ligands for asymmetric
catalysis as well as biologically
active compounds (e.g., b-adre-
nergic receptor blockers and
immune stimulants).[30,31]


For example, the enantiomer-
ically pure alcohols ent-6p and
ent-6 t obtained from (R)-pro-
line catalysis were efficiently
converted into the correspond-
ing epoxides 9p and 9 t in 83%
and 81% yields, respectively,
each with an ee of >99%. The
direct catalytic asymmetric a-
oxidation can thus be regarded
as an efficient route for the
stereoselective synthesis of ep-
oxides. The regioselective ring-
opening of 9 t with NaN3 ac-
cording to literature proce-
dures, followed by hydrogena-


tion of the corresponding azide with Adams× catalyst, af-
forded 10 t or 11 t in 91% and 92% yields, respectively.[32]


The 1-isopropylamino-2-alcohol structural motif of com-
pound 11 t is the core moiety of b-adrenoreceptor antago-
nists,[33] and so the direct catalytic asymmetric a-aminooxy-


Table 5. Catalyst screen.[a]


Entry Catalyst Yield [%][b] ee [%][c]


1 70 >99


2 64 >99


3 66 >99


3 67 >99


4 trace n.d.


6 trace n.d.


7 trace n.d.


[a] Reaction conditions: see Method A in the Experimental. [b] Isolated
yield of 3a after silica gel column chromatography. [c] Determined by
chiral-phase HPLC analyses.


Scheme 4. Direct catalytic asymmetric synthesis of vicinal diols. a) i) (S)-proline, DMSO, RT; ii) NaBH4,
MeOH/DMSO, RT; b) (R)-proline, DMSO, RT; ii) NaBH4, MeOH/DMSO, RT, c) Adams× catalyst (PtO2), H2,
MeOH, RT; d) CuSO4¥5H2O, MeOH, 0 8C.
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lation can also be viewed as a novel synthetic route for the
preparation of antihypertensive drugs (b-blockers). Impor-
tantly, employment of (R)-proline catalysis afforded the
active S enantiomers of the drugs.


Mechanism : The mechanism of the proline-catalyzed direct
asymmetric a-aminooxylation reactions is depicted in
Scheme 6. Accordingly, the aldehyde donor reacts with pro-
line, resulting in an enamine. Next, the nitrosobenzene 2
reacts with the enamine to give (after hydrolysis) the enan-
tiomerically pure a-adduct and the catalytic cycle can be re-
peated.


We did not observe any non-
linear effect in the proline-cata-
lyzed reaction (Figure 1),[34] so
it is likely that a single proline
molecule is involved in the
transition state and mechanism,
acting as a molecular robot/
enzyme (Figure 2).


From the absolute configura-
tion, which is opposite to that
of the adducts 3 derived from
Yamamoto×s reaction,[5] we pro-
pose transition state models I
and III to account for the


regio- and enantioselectivities of the a-aminooxylation reac-
tions of unmodified aldehydes and ketones, respectively
(Figure 2). Hence, (S)-proline forms an enamine with the al-
dehyde or ketone, and this is attacked from its si face, pro-
viding (2R)-a-aminooxylated aldehydes and ketones, re-
spectively. The six-membered metal-free Zimmermann±
Traxler transition state is stabilized by hydrogen bonding be-
tween the nitrogen of the nitrosobenzene and the carboxylic
acid group of proline. We have performed density functional
theory (DFT) calculations to investigate the nature of these
transition states further. In the calculations, the phenol ring
of the nitrosobenzene was modeled with a suitable methyl
group. The optimized transition state geometries corre-
sponding to structures I±IV in Figure 2 are displayed in
Figure 3.


The main result from the calculations is that TS-I and TS-
III were found to have energies 6.6 and 7.2 kcalmol�1 lower
than TS-II and TS-IV, respectively. This explains the excep-
tionally high stereoselectivity observed for the reaction. The
O�C bond to be formed is shorter (ca. 0.2 ä) in TS-I and
TS-III than in the corresponding TS-II and TS-IV. The N�H
bond length is also quite short in all transition state struc-
tures: 1.08±1.16 ä. We have also performed calculations to
test the reaction mechanism proposed by MacMillan and co-


Scheme 5. Asymmetric synthesis of epoxides and 1,2-amino alcohols.


Scheme 6. The mechanism of the proline-catalyzed direct catalytic a-ami-
nooxylation of unmodified aldehydes and ketones.


Figure 1. Linear effect in the (S)-proline-catalyzed a-aminooxylation of
cyclohexanone with nitrosobenzene in DMSO (y=0.99x+0.70, R2=


0.998).


Figure 2. Plausible transition states for the (S)-proline-catalyzed reactions.
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workers.[20b] Every attempt to
optimize the key transition state
of that mechanism (TS-V in
Figure 4) resulted in a structure
very similar to that of TS-I.


Conclusion


Novel direct catalytic enantioselective a-aminooxylations of
ketones and aldehydes have been described. The stereose-
lective reactions between unmodified ketones or aldehydes
with nitrosobenzene are new starting points for the chemo-,
regio-, and enantioselective syntheses of either enantiomer
of enantiomerically pure 1,2-diols, 1,2-amino alcohols, epox-
ides, and a-hydroxy ketones. In most cases, the reaction pro-
ceeds with absolute stereocontrol. The novel direct a-amino-
oxylation furnishes b-adrenoreceptor antagonists with
>99% ees. In addition, reactions with a-unsubstituted cyclic
ketones as donors in DMSO were remarkably selective, af-
fording the corresponding C2-symmetric a,a’-diketones with
>99% ees. The direct catalytic asymmetric reactions are
readily scaled up, operationally simple, and do not require
an inert atmosphere. In addition, the reactions could be con-
ducted in up to 10% water without loss of enantioselectivity.
The reaction was also catalyzed by other proline derivatives
with excellent stereoselectivity. The reaction does not dis-
play nonlinear effects and so only one proline molecule was
involved in the transition state. From the stereochemistry of
the a-aminooxylated adducts and functional density theory


calculations, the mechanism and transition state models of
the catalytic asymmetric a-oxidations are discussed. Taken
as a whole, the reported transformation should be an inex-
pensive and useful route for the synthesis of optically active
alcohol and amino alcohol molecules.


Experimental Section


General methods : Chemicals and solvents were either purchased puriss
p. A. from commercial suppliers or were purified by standard techniques.
For thin layer chromatography (TLC), Merck 60 F254 silica gel plates
were used and compounds were viewed by irradiation with UV light and/
or by treatment with a solution of phosphomolybdic acid (25 g),
Ce(SO4)2¥H2O (10 g), conc. H2SO4 (60 mL), and H2O (940 mL) followed
by heating or by treatment with a solution of p-anisaldehyde (23 mL),
conc. H2SO4 (35 mL), acetic acid (10 mL), and ethanol (900 mL) and sub-
sequent heating. Flash chromatography was performed on Merck 60
silica gel (particle size 0.040±0.063 mm). 1H NMR and 13C NMR spectra
were recorded on a Varian AS 400 instrument. Chemical shifts are given
in d relative to tetramethylsilane (TMS); the coupling constants (J) are
given in Hz. The spectra were recorded in CDCl3 or CD3OD as solvents
at room temperature, TMS served as internal standard (d=0 ppm) for 1H
NMR, and CDCl3 was used as internal standard (d=77.0 ppm) for 13C
NMR. HPLC was carried out on a Hitachi organizer consisting of a D-
2500 Chromato-Integrator, an L-4000 UV-Detector, and a L-6200A Intel-
ligent Pump, and a Waters 2690 Millennium with photodiode array detec-
tor. Optical rotations were recorded on a Perkin±Elmer 241 Polarimeter
(l=589 nm, 1 dm cell). High-resolution mass spectra were recorded on
an IonSpec FTMS mass spectrometer with a DHB-matrix.


Typical experimental procedure for the direct a-aminooxylation of ke-
tones (Method A): The ketone (10 equiv) was added to a vial containing
nitrosobenzene (1 mmol) and a catalytic amount of (S)-proline
(20 mol%) in DMSO (4 mL). The reaction was quenched after 2±3 h of
vigorous stirring by addition of aqueous NH4Cl. The aqueous phase was
extracted three times with EtOAc. The combined organic layers were
dried with MgSO4, which was subsequently removed by filtration. The
solvent was removed under reduced pressure after purification of the
crude product mixture by silica gel column chromatography (EtOAc/pen-
tane 1:8) to afford the corresponding a-ketone 3. The ees of the ketones
were determined by chiral-phase HPLC analysis (Daicel AD column, l=
244 nm, v=0.5 mLmin�1, Hex/IPA).


Typical experimental procedure for the direct a-oxidation of ketones
(Method B): A solution of nitrosobenzene in DMSO (1m, 1 mL) was
added by syringe pump (0.2 mLh�1) to a vial containing the ketone
(2 equiv) and a catalytic amount of (S)-proline (20 mol%) in DMSO
(4 mL). The reaction was quenched after 5±7 h of vigorous stirring by ad-
dition of aqueous NH4Cl. The aqueous phase was extracted three times
with EtOAc. The combined organic layers were dried with MgSO4, which
was subsequently removed by filtration. The solvent was removed under
reduced pressure after purification of the crude product mixture by silica
gel column chromatography (EtOAc/pentane 1:8) to afford the corre-
sponding a-aminooxylated ketone 3. The ees of the ketones were deter-
mined by chiral-phase HPLC analysis (Daicel AD column, l=244 nm,
v=0.5 mLmin�1).


(2R)-2-(N-Phenylaminooxy)cyclohexanone (3a): [a]D=++111.3 (c=0.15
in CHCl3);


1H NMR (CDCl3): d=1.71±1.79 (m, 4H; CH2CH2CH2), 2.00±
2.02 (m, 2H; CH2CH2CH), 2.34±2.48 (m, 2H; CH2CH2CO), 4.35 (q, J=
6.0 Hz, 1H; CHONHAr), 6.94 (t, J=8.1 Hz, 3H; ArH), 7.25 (t, J=
8.4 Hz, 2H; ArH), 7.82 ppm (br s, 1H; ONHAr); 13C NMR: d=d=23.7,
27.2, 32.5, 40.8, 86.2, 114.3, 122.0, 128.8, 148.0, 209.9 ppm; MALDI-TOF
MS: m/z calcd for C12H15NO2: 228.100; found: 228.101 [M+Na]+ ; ele-
mental analysis calcd (%) for C12H15NO2: C 70.22, H 7.37, N 6.86; found:
C 70.22, H 7.41, N 6.90; HPLC (hexanes/iPrOH 90:10): major isomer:
tR=30.31 min; minor isomer: tR=25.79 min.


(7R)-7-(N-Phenylaminooxy)-1,4-dioxaspiro[4,5]decan-8-one (3c): [a]D=
+65.6 (c=2.45 in CHCl3);


1H NMR (CDCl3): d=1.97±2.05 (m, 2H;
CH2), 2.20 (t, J=0.04 Hz, 1H; CH2), 2.38±2.52 (m, 2H; CH2), 2.61±2.74
(m, 1H; CH2), 4.14±4.00 (m, 4H; OCH2CH2O), 4.65 (dd, J=0.04 Hz,


Figure 3. DFT-optimized transition state geometries, corresponding to
structures I±IV in Figure 2.


Figure 4. Plausible transition
state V.
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0.02 Hz, 1H; CHONHAr), 6.93 (t, J=8.1 Hz, 3H; ArH), 7.25 (t, J=
8.4 Hz, 2H; ArH), 7.83 ppm (br s, 1H; ONHAr); 13C NMR: d=34.4,
36.0, 39.7, 64.8, 64.9, 82.7, 107.6, 114.5, 122.1, 128.9, 148.0, 208.7 ppm;
MALDI-TOF MS: m/z calcd for C14H17NO4: 228.1055; found: 286.106
[M+Na]+ ; HPLC (hexanes/iPrOH 90:10): major isomer: tR=78.72 min;
minor isomer: tR=68.57 min.


(2R)-2-Methyl-(6R)-(N-phenylaminooxy)cyclohexanone (3d): [a]D=
+99.6 (c=0.5 in CHCl3);


1H NMR (CDCl3): d=1.10 (d, J=6.3 Hz, 3H;
CH3), 1.51 (m, 2H; CH2CH2CH2), 1.71 (m, 2H; CH2CH), 2.01 (m, 2H;
CH2CH), 2.87 (m, 1H; CHCH3), 4.35 (m, 1H; CHONHAr), 6.94 (m,
3H; ArH), 7.25 (m, 2H; ArH), 7.28 ppm (br s, 1H; ONHAr); 13C NMR:
d=15.3, 20.0, 32,7, 35.7, 43.0, 85.0, 114.9, 122.7, 129.2, 148.3, 213.1 ppm;
MALDI-TOF MS: m/z calcd for 242.116: C13H17NO2; found: 242.116
[M+Na]+ ; HPLC (hexanes/iPrOH 98:2): major isomer: tR=46.11 min;
minor isomer: tR=38.72 min.


(3R,2R)-3-Methyl-2-(N-phenylaminooxy)cyclohexanone (3e): [a]D=
+62.6 (c=0.8 in CHCl3);


1H NMR (CDCl3): d=1.01 (d, J=6.8 Hz, 3H;
CH3), 1.91 (m, 4H; RCH2CH2R), 2.35 (m, 1H; CH2CH2CO), 2.51 (m,
1H; CH2CH2CO), 2.63 (m, 1H; CHCH3), 4.42 (dd, J=4.9, 0.8 Hz, 1H;
CHONHAr), 6.94 (m, 3H), 7.25 (m, 2H), 7.51 ppm (br s, 1H; ONHAr);
13C NMR: d=14.0, 23.3, 30.2, 31.1, 37.2, 40.1, 89.5, 114. 7, 122.4, 129.1,
148.3, 210.7 ppm; MALDI-TOF MS: m/z calcd for C13H17NO2: 219.1259;
found: 219.1260 [M]+ ; HPLC (hexanes/iPrOH 98:2 for 5 min, then gradi-
ent up to 90:10): major isomer: tR=39.12 min; minor isomer: tR=
21.2 min.


(3R,6R)-3-Methyl-(6R)-(N-phenylaminooxy)cyclohexanone (3e’): [a]D=
+67.2 (c=0.9 in CHCl3);


1H NMR (CDCl3): d=1.05 (d, J=8.4 Hz, 3H;
CH3), 1.47 (m, 1H; CH2), 1.77 (m, 1H; CH2), 1.81 (m, 1H; CH2), 2.14
(dd, J=15.8, 0.8 Hz; CH2), 2.46 (m, 3H; CHCH2CO, CHCH3), 4.61 (dd,
J=8.2, 0.04 Hz, 1H; CHONHAr), 6.95 (m, 3H), 7.25 (m, 2H), 8.01 ppm
(br s, 1H; ONHAr); 13C NMR: d=22.2, 31.3, 32.6, 35.3, 49.1, 86.1, 114.6,
122.3, 129.1, 148.2, 209.4 ppm; MALDI-TOF MS: m/z calcd for
C13H17NO2: 219.1259; found:219.1260 [M]+ ; HPLC (hexanes/iPrOH 98:2
for 5 min, then gradient up to 90:10): major isomer: tR=37.05 min; minor
isomer: tR=20.2 min.


(3R)-3-(N-Phenylaminooxy)butane-2-one (3 f): [a]D=++62 (c=2.3 in
CHCl3);


1H NMR (CDCl3): d=1.14 (d, J=6.4 Hz, 3H; CH3), 2.21 (s, 3H;
CH3), 4.44 (q, 1H; CHONHAr), 6.94 (m, 3H; ArH), 7.25 (m, 2H; ArH),
7.34 ppm (br s, 1H; ONHAr); 13C NMR: d=15.8, 25.9, 84.75, 114.8,
122.7, 129.2, 148.1, 209.4 ppm; MALDI-TOF MS: m/z calcd for
C10H13NO2: 202.084; found: 202.087 [M+Na]+ ; HPLC (hexanes/iPrOH
99:1): major isomer: tR=97.11 min; minor isomer: tR=72.62 min.


(2R)-2-(N-Phenylaminooxy)pentane-3-one (3g): [a]D=++57.7 (c=2.1 in
CHCl3);


1H NMR (CDCl3): d=1.11±1.72 (t, J=7.1 Hz, 3H; CH3CH2),
1.43 (d, J=6.0 Hz, 3H; CHCH3), 2.55 (m, 2H; CH2CH3), 4.48 (q, J=
7.1 Hz, 1H; CHONHAr), 6.94 (m, 3H; ArH), 7.25 (m, 2H; ArH),
7.32 ppm (br s, 1H; ONHAr); 13C NMR: d=7.3, 15.9, 31.5, 84.1, 114.5,
122.8, 131.1, 147.9, 211.7 ppm; MALDI TOF-MS: m/z calcd for
C11H15NO2: 216.100; found: 216.098 [M+Na]+ ; HPLC (hexanes/iPrOH
98:2): major isomer: tR=34.01 min; minor isomer: tR=40.1 min.


(3R)-3-(N-Phenylaminooxy)hex-5-en-2-one (3h): [a]D=++88.6 (c=3.0 in
CHCl3);


1H NMR (CDCl3): d=2.11 (s, 3H; CH3), 2.39 (m, 2H;
CHCH2CH), 4.41 (q, J=7.1 Hz, 1H; CHONHAr), 5.22 (m, 2H; CH=


CH2), 5.91 (m, 1H; CH=CH2), 6.94 (m, 3H; ArH), 7.25 (m, 2H; ArH),
7.32 ppm (br s, 1H; ONHAr); 13C NMR: d=26.8, 35.1, 88.2, 114.9, 118.8,
122.8, 128.5, 129.2, 135.9, 148.0, 208.4 ppm; MALDI-TOF MS: m/z calcd
for C12H15NO2: 228.100; found: 228.105 [M+H]+ ; HPLC (hexanes/iPrOH
98:2): major isomer: tR=44.57 min; minor isomer: tR=38.0 min.


(3R)-4-Methyl-(3-N-phenyl-aminooxy)pentan-2-one (3 i): [a]D=++94.1
(c=3.5 in CHCl3);


1H NMR (CDCl3): d=1.03 (d, J=7.1 Hz, 3H; CH3),
1.15 (d, J=6.9 Hz, 3H; CH3), 2.14 (m, 1H; CH(CH3)2), 2.18 (s, 3H;
CH3CO), 4.17 (d, J=7.1 Hz, 1H; CHONHAr), 6.94 (m, 3H; ArH), 7.25
(m, 2H; ArH), 7.28 ppm (br s, 1H; ONHAr); 13C NMR: d=17.8, 19.7,
27.0, 30.1, 93.5, 114.9, 122.7, 129.2, 148.3, 209.4 ppm; MALDI-TOF MS:
m/z calcd for C12H17NO2: 230.116; found: 230.118 [M+Na]+ ; HPLC (hex-
anes/iPrOH 98:2): major isomer: tR=45.72 min; minor isomer: tR=
26.37 min.


(2S,6S)-2,6-Bis(N-phenylaminooxy)cyclohexanone (4a): [a]D=++115.4
(c=0.1 in CHCl3);


1H NMR (CDCl3): d=1.94±2.06 (m, 2H;
CH2CH2CH2), 2.08±2.14 (m, 4H; CH2CH2CH), 4.68 (q, J=6.0 Hz, 2H;


CHONHAr), 6.94 (m, 6H; ArH), 7.24 ppm (m, 4H; ArH); 13C NMR:
d=18.9, 32.6, 85.5, 115.2, 122.9, 129.2, 147.9, 208.9 ppm; MALDI-TOF
MS: m/z calcd for C18H20N2O3: 335.137; found: 335.133 [M+Na]+ ; HPLC
(hexanes/iPrOH 90:10): major isomer: tR=52.87 min; minor isomer: tR=
49.33 min.


(7S,9S)-7,9-Bis(N-phenylaminooxy)-1,4-dioxa-spiro[4,5]decan-8-one (4c):
[a]D=++42.1 (c=1.85 in CHCl3);


1H NMR (CDCl3): d=2.40 (s, 4H;
CHCH2CH), 4.10 (s, 4H; O(CH2)2O), 4.78 (t, J=0.02 Hz, 2H; CHON-
HAr), 6.95 (m, 6H; ArH), 7.25 ppm (m, 4H; ArH); 13C NMR: d=36.1,
61.2, 78.0, 103.4, 111.2, 118.9, 125.2, 144.0, 203.0 ppm; MALDI-TOF MS:
m/z calcd for C20H22N2O5: 393.1426; found: 393.1424 [M+Na]+ ; HPLC
(hexanes/iPrOH 90:10): major isomer: tR=161.98 min; minor isomer:
tR=138.33 min.


Typical experimental procedure for the direct a-aminooxylation of alde-
hydes and synthesis of 2-aminooxylated alcohols : The aldehyde (2 equiv)
was added at room temperature to a vial containing nitrosobenzene
(1 mmol) and a catalytic amount of (S)-proline (10 mol%) in DMSO
(5 mL). After 2±3 h reaction time, the temperature was lowered to 0 8C,
followed by dilution with anhydrous MeOH (2.0 mL) and careful addi-
tion of excess NaBH4 (0.25 g). The reaction was quenched after 10 min-
utes by pouring of the reaction mixture into a vigorously stirred biphasic
solution of Et2O and aqueous HCl (1m). The organic layer was sepa-
rated, and the aqueous phase was extracted thoroughly with ethyl ace-
tate. The combined organic phases were dried (MgSO4), concentrated,
and purified by flash column chromatography (silica gel, mixtures of hex-
anes/ethyl acetate) to afford the desired a-alcohols. The ees of the alco-
hols 6 were determined by chiral-phase HPLC analyses (Daicel AD
column, l=244 nm, v=0.5 mLmin�1).


(2R)-2-(N-Phenylaminooxy)hexan-1-ol (6b): [a]D=++22.1 (c=0.8 in
CHCl3);


1H NMR (CDCl3): d=0.92 (t, J=7.2 Hz, 3H; CH3), 1.22±1.75
(m, 6H; CH2CH2CH2), 3.78 (m, 2H; CH2OH), 3.94 (dq, J=6.1, 2.4 Hz,
1H; CHONHAr), 6.94 (m, 3H; ArH), 7.25 (m, 2H; ArH), 7.32 ppm
(br s, 1H; ONHAr); 13C NMR: 14.1, 22.9, 27.9, 29.7, 65.5, 83.9, 114.8,
122.4, 128.9, 148.2 ppm; MALDI-TOF MS: m/z calcd for C12H20NO2


210.1494; found: 210.1491 [M]+ ; HPLC (hexanes/iPrOH 98:2): major
isomer: tR=32.4 min; minor isomer: tR=27.4 min.


(2S)-2-(N-Phenylaminooxy)hexan-1-ol (ent-6b): This product was ob-
tained from (R)-proline catalysis. [a]D=�22.0 (c=0.7 in CHCl3); HPLC
(hexanes/iPrOH 98:2): major isomer: tR=27.4 min; minor isomer: tR=
32.4 min.


(2R)-(N-Phenylaminooxy)butan-1-ol (6 j): [a]D=++20.5 (c=0.7 in
CHCl3);


1H NMR (CDCl3): d=0.96 (t, J=6.9 Hz, 3H; CH3), 1.35±1.75
(m, 2H; CH3CH2CH), 3.78 (m, 2H; CHCH2OH), 3.94 (dq, 1H, J=6.6,
2.6 Hz, CHONHAr), 6.95 (m, 3H; ArH), 7.25 (m, 2H; ArH), 7.32 ppm
(br s, 1H); 13C NMR: d=14.3, 30.7, 65.5, 83.9, 114.8, 122.4, 128.9,
148.2 ppm; MALDI-TOF MS: m/z calcd for C10H15NO2 181.1103; found:
181.1106 [M]+ ; HPLC (hexanes/iPrOH 98:2): major isomer: tR=
35.4 min; minor isomer: tR=26.4 min.


(2R)-2-(N-Phenylaminooxy)propan-1-ol (6k): [a]D=++1.21 (c=0.8 in
CHCl3);


1H NMR (CDCl3): d=1.25 (t, J=6.0 Hz, 3H; CH3), 3.77 (m,
2H; CH2OH), 4.12 (m, 1H; CHONHAr), 6.95 (m, 3H; ArH), 7.25 ppm
(m, 2H; ArH); 13C NMR: d=15.5, 66.5, 80.0, 114.6, 122.3, 128.9,
148.3 ppm; MALDI-TOF MS: m/z calcd for C11H18NO2: 168.1024;
found: 168.1023 [M]+ ; HPLC (hexanes/iPrOH 95:5): major isomer: tR=
17.1 min; minor isomer: tR=14.4 min.


(2R)-2-(N-Phenylaminooxy)heptan-1-ol (6 l): [a]D=++19.7 (c=4.3 in
CHCl3);


1H NMR (CDCl3): d=0.91 (t, J=7.2 Hz, 3H; CH3), 1.22±1.54
(m, 7H; CH2CH2CH2), 1.68 (m, 1H; CH2CH2CH2), 3.76 (dd, J=12.0,
6.4 Hz, 1H; CH2OH), 3.86 (dd, J=12.1, 2.6 Hz, 1H; CH2OH), 3.94 (m,
1H; CHONHAr), 6.94 (m, 3H; ArH), 7.25 ppm (m, 2H; ArH); 13C
NMR: d=14.2, 22.8, 25.6, 30.1, 32.2, 65.5, 84.2, 115.1, 122.6, 129.2,
148.7 ppm; MALDI-TOF MS: m/z calcd for C13H21NO2: 223.1572;
found: 223.1576 [M]+ ; HPLC (hexanes/iPrOH 98:2): major isomer: tR=
31.4 min; minor isomer: tR=26.4 min.


(2R)-3-Benzyloxy-2-(N-phenylaminooxy)propan-1-ol (6m): [a]D=++3.4
(c=0.2 in CHCl3);


1H NMR (CDCl3): d=3.77 (m, 2H; CH2OH), 3.90
(m, 2H; BnOCH2), 4.12 (m, 1H; CHONHAr), 4.56 (s, 2H; OCH2Ph),
6.96 (m, 3H; ArH), 7.25 (m, 2H; ArH), 7.33 ppm (m, 5H); 13C NMR:
d=62.8, 69.4, 73.6, 82.5, 114.6, 122.3, 127.5, 127.6, 128.4, 128.9, 137.9,
148.3 ppm; MALDI-TOF MS: m/z calcd for C12H19NO2: 296.1263;
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found: 296.1260 [M+Na]+ ; HPLC (hexanes/iPrOH 95:5): major isomer:
tR=41.1 min; minor isomer: tR=36.3 min.


(2R)-3-Methyl-2-(N-phenylaminooxy)butan-1-ol (6n): [a]D=++39.1 (c=
0.9 in CHCl3);


1H NMR (CDCl3): d=0.99 (d, J=6.6 Hz, 3H; CH3), 1.04
(d, J=6.6 Hz, 3H; CH3), 2.03 (m, 1H; CH(CH3)2), 2.88 (br s, 1H; OH),
3.72 (m, 1H; CHONHAr), 3.85 (m, 2H; CH2OH), 6.95 (m, 3H; ArH),
7.06 (s, 1H; ONHAr), 7.25 ppm (m, 2H; ArH); 13C NMR: d=18.7, 18.8,
28.8, 63.8, 88.7, 114.9, 122.4, 128.9, 148.1 ppm; MALDI-TOF MS: m/z
calcd for C11H18NO2 196.1337; found: 196.1339 [M]+ ; HPLC (hexanes/
iPrOH 95:5): major isomer: tR=15.1 min; minor isomer: tR=11.3 min.


(2S)-3-Methyl-2-(N-phenylaminooxy)butan-1-ol (ent-6n): This product
was obtained from (R)-proline catalysis. [a]D=�39.0 (c=0.7 in CHCl3);
HPLC (hexanes/iPrOH 95:5): major isomer: tR=11.3 min; minor isomer:
tR=15.1 min.


(2R)-2-(N-Phenylaminooxy)pent-4-en-1-ol (6o): [a]D=++8.1 (c=0.8 in
CHCl3);


1H NMR (CDCl3): d=1.80 (m, 1H; OH), 2.51±2.67 (m, 2H;
CH2CH=CH2), 3.76 (dd, J=11.7, 6.0 Hz, 1H; CH2OH), 3.85 (dd, J=11.7,
2.7 Hz, 1H; CH2OH), 3.96 (dq, J=6.6, 2.7 Hz, 1H; CHONHAr); 4.98 (d,
J=10.2 Hz, 1H), 5.05 (d, J=17.4 Hz, 1H), 5.82 (m, 1H), 6.97 (m, 3H),
7.06 (s, 1H), 7.25 ppm (m, 2H); 13C NMR: d=29.2, 29.9, 65.1, 83.3,
114.8, 115.0, 122.4, 128.9, 137.8, 148.2 ppm; MALDI-TOF MS: m/z calcd
for C12H18NO2: 208.1337; found: 208.1339 [M]+ ; HPLC (hexanes/iPrOH
95:5): major isomer: tR=26.3 min; minor isomer: tR=19.8 min.


(2R)-3-Phenyl-2-(N-Phenylaminooxy)propan-1-ol (6p): [a]D=++42.1 (c=
0.9 in CHCl3);


1H NMR (CDCl3): d=2.84 (dd, J=13.8, 6.6 Hz, 1H), 3.04
(dd, J=13.8, 6.6 Hz, 1H), 3.71 (dd, J=12.3, 6.3 Hz, 1H), 3.85 (dd, J=
12.3, 3.0 Hz, 1H), 4.09 (m, 1H), 6.82 (d, J=8.4 Hz, 2H), 6.92 (t, J=
7.5 Hz, 1H), 7.14±7.31 ppm (m, 7H); 13C NMR: d=36.6, 64.3, 85.1, 114.5,
122.2, 126.3, 128.3, 128.8, 129.3, 137.6, 148.1 ppm; MALDI-TOF MS: m/z
calcd for C15H18NO2: 244.1337; found: 208.1340 [M]+ ; HPLC (hexanes/
iPrOH 95:5): major isomer: tR=31.7 min; minor isomer: tR=21.4 min.


(2S)-3-Phenyl-2-(N-phenylaminooxy)propan-1-ol (ent-6p): This product
was obtained from (R)-proline catalysis. [a]D=�42.2 (c=0.9 in CHCl3);
HPLC (hexanes/iPrOH 95:5): major isomer: tR=21.4 min; minor isomer:
tR=31.7 min.


cis-(2R)-2-(N-Phenylaminooxy)dec-7-en-1-ol (6 s): [a]D=++11.9 (c=1.03
in CHCl3);


1H NMR (CDCl3): d=0.96 (t, J=0.019 Hz, 3H), 1.23±1.57
(m, 5H), 1.63±1.73 (m, 1H), 2.01±2.08 (m, 4H), 3.75±3.81 (m, 1H), 3.84±
3.89 (m, 1H), 3.97±4.03 (m, 1H), 5.27±5.41, (m, 2H), 7.02 (m, 3H),
7.29 ppm (m, 2H); 13C NMR: d=14.6, 20.7, 25.6, 27.1, 30.1, 30.0, 65.7,
84.2, 115.1, 122.9, 128.9, 129.3, 132.1 ppm; MALDI-TOF MS: m/z calcd
for C16H25NO2: 263.1885; found: 263.1887 [M]+ ; HPLC (hexanes/iPrOH
95:5): major isomer: tR=21.7 min; minor isomer: tR=14.4 min.


(2R)-2-Phenyl-2-(N-phenylaminooxy)ethanol (6 t): [a]D=�142.1 (c=0.9
in CHCl3);


1H NMR (CDCl3): d=2.66 (dd, J=4.4, 7.7 Hz; OH), 3.86±
3.85 (m, 1H; CH2OH), 3.91±4.03 (m, 1H; CH2OH), 5.01 (dd, J=4.4,
7.7 Hz, 1H; CHONHAr), 6.95 (m, 4H; ArH, ONHAr), 7.25 ppm (m,
2H; ArH); 13C NMR: d=66.7, 86.8, 115.3, 122.8, 127.3, 128.9, 129.3,
138.0, 148.3 ppm; MALDI-TOF MS: m/z calcd for C14H15NO2: 229.2744;
found: 229.2747 [M]+ ; HPLC (hexanes/iPrOH 95:5): major isomer: tR=
33.7 min; minor isomer: tR=22.4 min.


(2S)-2-Phenyl-2-(N-phenylaminooxy)ethanol (ent-6 t): This product was
obtained from (R)-proline catalysis. [a]D=++141.9 (c=0.8 in CHCl3);
HPLC (hexanes/iPrOH 95:5): major isomer: tR=22.4 min; minor isomer:
tR=33.7 min.


(2R)-2-(N-Phenylaminooxy)-(1R)cyclohexanol (6a): dr=2:1 (anti :syn);
[a]D=++93.7 (c=0.4 in CHCl3);


1H NMR (CDCl3): d=1.21±1.44 (m,
4H), 1.59 (m, 2H), 1.66 (m, 4H), 1.88 (m, 2H), 1.93 (m, 1H), 2.14 (m,
1H), 3.65 (m, 1H; syn isomer), 3.92 (m, 1H; anti isomer), 4.11 (m, 1H;
anti isomer); 6.94 (m, 4.5H), 7.25 (m, 3H), 7.28 ppm (br s, 1.5H); 13C
NMR: d=21.3, 22.8, 24.1, 24.4, 26.4, 29.5, 30.8, 69.2, 74.5, 82.9, 86.5,
114.8, 115.3, 122.4, 122.8, 129.2, 148.6, 148.7 ppm; MALDI-TOF MS: m/z
calcd for C12H17NO2: 230.116; found: 230.117 [M+H]+ ; HPLC (hexanes/
iPrOH 90:10): major isomer: tR=88.09 min; minor isomer: tR=69.32 min.


Typical experimental procedure for N�O bond cleavage by catalytic hy-
drogenation with Adams× catalyst : Methanol (3 mL) and Adams× catalyst
(10 mol%) were added to a 20 mL hydrogenation vial equipped with a
magnetic stirrer bar and charged with the a adduct (0.5 mmol). Next, the
reaction mixture was flushed with H2 (90 MPa) for 1 h and the resulting


clear solution was filtered through Celite. The filtrate was concentrated
under reduced pressure, and the crude product was purified by silica gel
column chromatography (EtOAc/pentane 1:2) to afford the correspond-
ing deprotected adduct.


Typical experimental procedure for CuSO4-mediated N�O bond cleav-
age : A catalytic amount of CuSO4¥H2O (30 mol%) was added at 0 8C to
a vial containing the a-adduct (1 mmol) in MeOH (3 mL). The reaction
mixture was stirred at this temperature until completion as determined
by TLC analyses and then quenched by addition of aqueous NH4Cl. The
aqueous phase was extracted three times with EtOAc. The combined or-
ganic layers were dried with MgSO4, which was subsequently removed by
filtration. The solvent was removed under reduced pressure after purifi-
cation of the crude product mixture by silica gel column chromatography
(EtOAc/pentane 1:2) to afford the corresponding a-deprotected adduct.


(2R)-Hexane-1,2-diol (7b): This product was obtained from (S)-proline
catalysis. [a]D=++22.2 (c=1.1 in EtOH); 1H NMR (CDCl3): d=1.29 (t,
J=7.2 Hz, 3H; CH3), 1.51±1.84 (m, 6H; CH2CH2CH2), 3.17 (br s, 2H;
OH), 3.80 (m, 1H; CH2OH), 4.06 ppm (m, 2H; CH2OH, CHOH); 13C
NMR: d=14.6, 23.3, 33.4, 67.4, 72.9 ppm.


(2S)-Hexane-1,2-diol (ent-7b): This product was obtained from (R)-pro-
line catalysis. [a]D=�22.0 (c=0.9 in EtOH).[35]


(2R)-3-Methylbutane-1,2-diol (7n): This product was obtained from (S)-
proline catalysis. [a]D=�11.1 (c=0.6 in CHCl3);


1H NMR (CDCl3): d=
0.91 (d, J=6.5 Hz, 3H), 0.98 (d, J=6.5 Hz, 3H), 1.71 (m, 1H), 3.42 (m,
1H), 3.51 (dd, J=10.5, 8.0 Hz, 1H), 3.71 ppm (dd, J=10.5, 3.0 Hz, 1H);
13C NMR: d=18.2, 18.7, 30.9, 64.9 ppm.[27]


(2S)-3-Methylbutane-1,2-diol (ent-7n): This product was obtained from
(R)-proline catalysis. [a]D=++11.0 (c=0.6 in CHCl3).


(2S)-3-Phenylpropane-1,2-diol (ent-7p): This product was obtained from
(R)-proline catalysis. [a]D=�18.6 (c=1.3 in CHCl3);


1H NMR (CDCl3):
d=1.85 (br s, 2H; OH), 2.78 (m, 2H; PhCH2CH), 3.54 (m, 1H; CH2OH),
3.70 (m, 1H; CH2OH), 3.95 (m, 1H; CHOH), 7.24 (m, 3H; ArH),
7.33 ppm (m, 2H; ArH); 13C NMR: d=40.0, 66.3, 73.3, 126.9, 128.9,
129.6, 137.9 ppm.


(1S)-1-Phenylethane-1,2-diol (ent-7q): This product was obtained from
(R)-proline catalysis. [a]D=�38.1 (c=1.2 in CHCl3);


1H NMR (CDCl3):
d=2.56 (s, 2H; OH), 3.67 (dd, J=8.4, 11.6 Hz, 1H; CH2OH), 3.77 (dd,
J=10.8 Hz, 1H; CH2OH), 4.83 (dd, J=3.6, 8.0 Hz, 1H; ArCHOH),
7.29±7.34 ppm (m, 5H; ArH); 13C NMR: d=68.1, 74.4, 126.0, 128.0,
128.6, 140.5 ppm; HPLC (hexanes/iPrOH 95:5, l=254 nm): major
isomer: tR=33.0 min; minor isomer: tR=30.2 min.


trans-(1S,2S)-Cyclohexane-1,2-diol (7a): This product was obtained from
(S)-proline catalysis. [a]D=�39.1 (c=0.2 in CHCl3);


1H NMR (CDCl3):
d=1.26 (m, 4H; CH2), 1.75 (m, 2H; CH2), 1.98 (m, 2H; CH2), 3.34 ppm
(m, 2H; CHOH); 13C NMR: d=24.5, 33.1, 76.1 ppm.[28]


cis-Cyclohexane-1,2-diol (7a): 1H NMR (CDCl3): d=1.26 (m, 2H; CH2),
1.76 (m, 4H; CH2), 1.91 (m, 2H; CH2), 3.34 ppm (m, 1H; CHOH); 13C
NMR: d=21.6, 30.1, 70.8 ppm.


(2R)-2-Hydroxyketone 8a : This product was obtained from (S)-proline
catalysis. [a]D=++24.1 (c=0.72 in CHCl3).


[29]


Direct asymmetric synthesis of epoxides : Freshly distilled pyridine
(4 mL) and toluenesulfonyl chloride (7.36 g, 40 mmol) were added to a
solution of 7 (20 mmol) in dry CH2Cl2 (50 mL) at 0 8C under nitrogen at-
mosphere. The mixture was stirred for 12 h at 0 8C and was then acidified
with HCl (2n). The organic layer was washed with brine, dried over
MgSO4, and concentrated in vacuo to furnish the monotosylate. The
crude monotosylate was dissolved in methanol (50 mL) and was treated
with potassium carbonate (2.1 g, 15 mmol) at 4 8C. The reaction was
quenched after 1 h by addition of water and extracted with EtOAc. The
combined organic extracts were dried with MgSO4, and the solvent was
subsequently removed by evaporation under reduced pressure. The resi-
due was purified by silica gel column chromatography (pentane/EtOAc
mixtures) to afford the corresponding epoxides 9.


(S)-(2,3-Epoxypropyl)benzene (9q): [a]D=17.6 (c=1.9 in CHCl3);
1H


NMR (CDCl3): d=2.55 (dd, J=4.8, 2.8 Hz, 1H), 2.79 (m, 1H), 2.81 (dd,
1H), 2.92 (dd, 1H), 3.19 (m, 1H), 7.27 (m, 3H), 7.31 ppm (m, 2H); 13C
NMR: 39.0, 47.1, 52.7, 126.9, 128.7, 129.2, 138.2 ppm.


(S)-Phenylethylene oxide (9 t): [a]D=23.9 (c=0.8 in CHCl3);
1H NMR


(CDCl3): d=3.18 (dd, J=4.8, 2.8 Hz, 1H), 3.55 (dd, J=5.4, 4.4 Hz, 1H),
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4.25 ppm (dd, J=4.0, 2.4 Hz 1H); 13C NMR: d=51.8, 53.0, 126.1, 128.8,
129.1, 138.2 ppm.


Asymmetric synthesis of (S)-2-amino-1-phenylethanol (10 t): The enantio-
merically pure epoxide 9t originating from (R)-proline-catalyzed a-oxi-
dation of aldehyde 1t (1 mmol) was regioselectively ring-opened accord-
ing to reference [32]. The crude azido alcohol product was dissolved in
MeOH (10 mL), and PtO2 (24 mg, 0.10 mmol) was added. The flask was
then flushed with hydrogen at 1 bar, and the reaction mixture was stirred
for 2 h at room temperature. The mixture was filtered through Celite,
and the solvent was removed under reduced pressure. The crude product
was purified by silica gel column chromatography (pentane/EtOAc 1:2)
to afford compound 10 t as a white solid (127 mg, 91%). All spectroscop-
ic data were identical to those of the commercially available compound.
1H NMR (CDCl3): d=2.14 (br s, 2H; NH2), 2.82 (dd, J=12.6, 8.0 Hz,
2H; CH2NH2), 3.01 (dd, J=12.8, 4.0 Hz, 1H; CH2NH2), 4.64 (dd, J=5.6,
4.0 Hz, 1H; CHOH), 7.33 ppm (m, 5H; ArH); 13C NMR: d=49.74.5,
126.2, 127.9, 128.7, 139.2 ppm.


Asymmetric synthesis of (S)-2-(2-propylamino)-1-phenylethanol (11 t):
The enantiomerically pure epoxide 9t originating from (R)-proline-cata-
lyzed a-oxidation of aldehyde 1 t (1 mmol) was regioselectively ring-
opened according to reference [32]. The crude azido alcohol product was
dissolved in MeOH (10 mL), and PtO2 (12 mg, 0.05 mmol), molecular
sieves (3 ä, 0.45 g), and acetone (110 mL, 1.1 mmol) were added. The
flask was then flushed with hydrogen at 1 bar, and the reaction mixture
was stirred for 5 h at room temperature. The mixture was filtered through
Celite, and the solvent was removed under reduced pressure. The crude
product was purified by silica gel column chromatography (pentane/
EtOAc 1:2) to afford compound 11 t as a white solid (237 mg, 92%). All
spectroscopic data were identical to those of the previously described
compound. 1H NMR (CDCl3): d=0.96 (d, J=8.9 Hz, 6H; CH3), 2.49±
2.65 (m, 2H), 3.40±3.53 (m, 1H), 4.58±4.65 (m, 1H; CHOH), 7.33 ppm
(m, 5H; ArH).[36]


Computational details : All geometries and energies presented in this
study were computed by use of the B3LYP[37] density functional theory
method as implemented in the Gaussian 98 program package.[38] Geome-
try optimizations were performed with the double zeta plus polarization
basis set 6±31G(d,p). From these geometries, single-point calculations
with the larger 6±311+G(2d,2p) basis set were performed in order to
obtain more accurate energies. Hessians for evaluation of zero-point vi-
brational effects were calculated at the B3LYP/6±31G(d,p) level of
theory.
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The Direct Catalytic Asymmetric a-Aminooxylation Reaction:
Development of Stereoselective Routes to 1,2-Diols and
1,2-Amino Alcohols and Density Functional Calculations


Armando CÛrdova,*[a] Henrik Sundÿn,[a] Anders B˘gevig,[a]


Mikael Johansson,[a] and Fahmi Himo[b]


Introduction


One of the ultimate goals and challenges in chemistry is to
develop stereoselective transformations for the creation of
functionalized optically active molecules displaying structur-
al diversity from simple and easily available starting materi-
als. During the last two decades, the synthesis of enantio-
merically pure or enriched compounds has thus emerged as
one of the most important fields in organic synthesis. Sever-
al procedures to generate optically active molecules are
known and among these, asymmetric catalysis is a highly
active research field.[1]


Optically active a-hydroxy carbonyl moieties are com-
monly found in numerous important natural products and
are highly versatile functional synthons. This has led to ex-
tensive research into finding new diastereoselective and
enantioselective routes for their syntheses.[2] One way of
preparing these compounds is asymmetric a-hydroxylation
of enolates.[3] In addition, nucleophilic additions to chiral
glyoxal derivatives and chiral hydrazones have also been
successfully employed.[2b,c,4] However, these methods are in-
direct and most of them require multiple manipulations for
the desired a-hydroxy product to be obtained. Despite the
extensive research in this area, it was not until recently that
Yamamoto and co-workers reported a more efficient cata-
lytic system based on AgX/binap complexes (binap=2,2’-
bis(diphenylphosphanyl)-1,1’-binaphthyl), which mediate in-
direct a-oxidation of activated tin enolates.[5] The method
was further developed into a one-pot synthesis of a-hydroxy
ketones with high enantioselectivity.


Asymmetric reactions catalyzed by metal-free organic cat-
alysts have experienced a renaissance in recent years.[6] In-
terestingly, since the discovery of amino acid catalyzed ster-
eoselective Robinson annulations in the early 1970s,[7] there
was no intensive research on this concept for other C�C
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Abstract: Proline-catalyzed direct
asymmetric a-aminooxylation of ke-
tones and aldehydes is described. The
proline-catalyzed reactions between
unmodified ketones or aldehydes and
nitrosobenzene proceeded with excel-
lent diastereo- and enantioselectivities.
In all cases tested, the corresponding
products were isolated with >95% ees.
Methyl alkyl ketones were regiospecifi-
cally oxidized at the methylene carbon
atom to afford enantiomerically pure
a-aminooxylated ketones. In addition,
cyclic ketones could be a,a’-dioxidized
with remarkably high selectivity, fur-


nishing the corresponding diaminooxy-
lated ketones with >99% ees. The re-
action mechanism of the proline-cata-
lyzed direct asymmetric a-aminooxyla-
tion was investigated, and we per-
formed density functional theory
(DFT) calculations in order to investi-
gate the nature of the plausible transi-
tion states further. We also screened
other organocatalysts for the asymmet-


ric a-oxidation reaction and found that
several proline derivatives were also
able to catalyze the transformation
with excellent enantioselectivities.
Moreover, stereoselective routes for
the synthesis of monoprotected vicinal
diols and hydroxyketones were found.
In addition, short routes for the direct
preparation of enantiomerically pure
epoxides and 1,2-amino alcohols are
presented. The direct catalytic a-oxida-
tion is also a novel route for the stereo-
selective preparation of b-adrenorecep-
tor antagonists.


Keywords: aminooxylations ¥ asym-
metric catalysis ¥ density functional
calculations ¥ proline
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bond-forming reactions for several decades, even though the
reaction is frequently used in the preparation of building
blocks for the total synthesis of natural products.[8] It was
not until recently that researchers demonstrated that amino
acid derivatives function as catalysts for direct asymmetric
intermolecular reactions.[9±19]


From the elegant work of Yamamoto and co-workers and
our own previous research on direct amine-catalyzed asym-
metric synthesis we saw potential for an amino acid to cata-
lyze a-aminooxylation of unmodified ketones and aldehydes
[Eq. (1)].[9d,f,g,11d±11k,12a,20]


We thus embarked on the
quest to develop a novel enam-
ine-catalyzed asymmetric route
for the synthesis of a-hydroxy-
containing molecules. We have
recently disclosed the first
direct catalytic a-oxidation of
ketones, yielding protected a-
hydroxy ketones with excellent
regioselectivity and >99% ee.[21]


In this paper, we describe our
findings, including the scope,
mechanism, and applications of
the highly stereoselective a-aminooxylation of unmodified
ketones and aldehydes.


Results and Discussion


There are only a few reports of indirect reactions with silyl
enol ethers as nucleophiles and nitrosoaromatic compounds
as electrophiles.[22] Most of these reactions furnish the corre-
sponding a-hydroxy amino adducts with excellent N-addi-
tion chemoselectivity. However, Momiyama and Yamamoto
recently demonstrated that the chemoselectivity of the reac-
tion with nitrosobenzene could be switched from N- to O-
addition by performing the transformation in the presence
of a catalytic amount of a Lewis acid.[23] They also expanded
this concept to a catalytic asymmetric system mediated by
AgX/binap complexes; this affords a-aminooxylated ketones
with high chemo- and enantioselectivities.[5]


During our preliminary investigations of direct proline-
catalyzed asymmetric Mannich and aldol reactions with un-
modified ketones and aldehydes we realized the potential of
utilizing this catalytic system for other stereoselective reac-
tions.[9d,f,i, 11d±11k] The basis of the catalytic cycle would be the
ability of a cyclic five-membered secondary amine to form a
chiral enamine and to perform a subsequent nucleophilic
attack on an electrophile in a highly enantioselective fash-
ion. Previous studies by Yamamoto and co-workers had
made us interested in whether enamine catalysis could be
applied in reactions with nitrosoaryl compounds.[5,23] In addi-


tion, we believed that the ability of the amino acid to act as
a Br˘nstedt base should favor O- over N-addition.[5,23]


In an initial experiment, we treated cyclohexanone 1a
(10 mmol) with nitrosobenzene 2 (1 mmol) in the presence
of a catalytic amount of (S)-proline (20 mol%) in DMSO
(4 mL) at room temperature [Eq. (2)].


The initial light blue solution went from light green to
dark green, and finally became orange within 30 minutes.
The reaction was found to be complete, providing not only
ketone 3a in 70% yield and >99% ee, but also the corre-
sponding C2-symmetric a,a’-diaminooxylated ketone 4a in
22% yield and >99% ee.


In parallel with this experiment, we also treated hexanal
1b (2 mmol) with 2 (1 mmol) in the presence of a catalytic
amount of (S)-proline (20 mol%), obtaining the correspond-


ing a-substituted aldehyde 3b in 61% yield with >99% ee.
The aldehyde adduct 3b was oligomeric in solution and less
stabile than 3a during workup and storage. We therefore de-
cided to reduce 3b in situ with excess NaBH4 to give the
corresponding more stable monoprotected terminal diol
prior to workup and purification.


Donor component : Delighted over these results, we decided
to test the reaction for different ketones and aldehydes
(Tables 1 and 2). A set of different carbonyl donors was
therefore treated just by stirring and mixing of the donor
and nitrosobenzene in the presence of a catalytic amount of
(S)- or (R)-proline in DMSO. Table 1 presents direct catalyt-
ic asymmetric a-oxidations of ketones 1a and 1c±i. The re-
actions proceeded smoothly, affording the corresponding a-
aminooxylated ketones 3a and 3c±i in good yields and with
>99% ees. In addition, excellent regioselectivities were ob-
served for a-aminooxylation of acyclic ketones, and no
doubly a,a’-diaminooxylated ketones were observed. The
oxidation occurred exclusively on the methylene carbons of
the ketones; protected hydroxy ketone 3 f, for example, was
isolated as a single regioisomer in 70% yield and with
>99% ee. With regards to the O- or N-selectivity of the re-
action, we found that the reaction was chemoselective, fur-
nishing no N-addition products for transformations with cy-
clohexanones as donors.


a-Oxidation of acyclic ketones, however, afforded small
amounts (<25%) of the corresponding 2-amino ketones 5
with the same regioselectivity as the O-addition adducts and
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with a minor chiral induction. Furthermore, the sterically
hindered racemic 2-methylcyclohexanone (1d) was also effi-
ciently a-aminooxylated, providing the corresponding keto
adduct 3d as a 3:1 (trans/cis) diastereomeric mixture in
>99% ee (Table 1, entry 3). In this case, excellent O-selec-
tivity was observed, since no N-addition product was
formed. The proline-catalyzed a-oxidation reaction between
(3R)-methylcyclohexanone (1e) and 2 furnished the two re-
giomers 3e and 3e’ as a 1:1 mixture of regioisomers in 68%
combined yield and each with >99% ee. NMR analyses of
3e revealed a cis relationship between the substituents.
Hence, 3e had a (2R,3R) absolute configuration of the
2-oxyaminophenyl group and methyl group, respectively. We


also performed the reaction
with racemic 3-methylcyclohex-
anone as the donor (vide infra),
to obtain regiomers 3e and 3e’
with >99% ee. Interestingly,
(3R,2R)-3-methyl-2-(N-phenyl-
aminoxy) (3e) was formed ex-
clusively as determined by
HPLC and NMR analyses. (S)-
Proline thus reacted more rap-
idly with (3R)- and (2R)-meth-
ylcyclohexanone than with
(3S)- and (2S)-methylcyclohex-
anone, respectively. In addition
to a- ketones 3, the reactions
between cyclohexanones with
two a-methylene carbons and 2
provided the corresponding C2-
symmetric a,a’-diketones 4,
each as a single diastereomer
with >99% ee (Scheme 1).


For example, the protected
dihydroxy ketone 4c was isolat-
ed in 19% yield and with
>99% ee. These types of enan-
tiomerically pure ketones are
generally prepared in six steps
in overall yields of 15±20% and
are useful synthetic building
blocks in natural product
chemistry.[24] The second O-ad-
dition exhibited remarkable
high selectivity, since no meso-
diadduct was detected either by
NMR or by HPLC analyses
during the progress of the reac-
tion. This is the first time that
this type of double stereoselec-
tive nucleophilic attack onto an
electrophile has been reported
in a proline-catalyzed reaction;
this indicates that nitrosoben-
zene is more reactive and/or
provides less steric hindrance
than other electrophiles such as
diazocarboxylates or a-imino-


glyoxylates.[12c,11d] We also investigated the possibility of in-
creasing the yield of 3 by slow addition of electrophile 2 to
the reaction mixture by syringe pump. We believed that this


Scheme 1. Direct catalytic asymmetric synthesis of mono- and diprotect-
ed hydroxy ketones.


Table 1. Proline-catalyzed direct asymmetric a-aminooxylation of unmodified ketones.[a]


Entry Donor Product Yield [%][b] 3 :5 ee [%] of 3[c] ee [%] of 5[c]


1 70 (99)[d] >100:1 (100:1)[d] >99 (>99)[d]


2 71 (94)[d] >100:1 (100:1)[d] >99 (>99)[d]


3 66 (82)[d] >100:1 (100:1)[d] >99 (>99)[d]


4


68 (88)[d]


>100:1 (100:1)[d] >99 (>99)[d]


>100:1 (100:1)[d] >99 (>99)[d]


5 93 81:19 >99 11


6 66 98:2 99 7


7 87 78:22 >99 <5


8 64 90:10 >99 <5


[a] Method A: A mixture of 1 (10 mmol, 10 equiv), 2 (1 mmol) and (S)-proline was stirred at room tempera-
ture for 2±3 h. The crude product obtained after aqueous workup was purified by column chromatography.
[b] Isolated combined yield of 3 and 5 after silica gel column chromatography. [c] Determined by chiral-phase
HPLC analyses. [d] Method B: A mixture of 2 (1 mmol) was added by syringe pump to a vial containing 1
(2 mmol, 2 equiv) and (S)-proline and the reaction mixture was stirred at room temperature for 2±8 h. The
crude product obtained after aqueous workup was purified by column chromatography.
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procedure should reduce the formation of the dioxidized ad-
ducts 4 and dimerization of 2. Indeed, this method signifi-
cantly increased the yield of the a-aminooxylated ketones 3
and allowed for the employment of only two equivalents of
the donor. For example, ketone 3a was isolated in 99%
yield with >99% ee. In addition, we were able to increase
the yield of 4 by subsequent addition of the electrophile 2
by syringe pump to the 3 obtained from the first addition.
The yields of 4a and 4c, for example, were improved to 30
and 25%, respectively, by this process.


Table 2 shows the results of a-oxidations of different un-
modified aldehydes in DMSO. The reactions proceeded
smoothly, affording the corresponding adducts 3b and 3 j±s


with >99% ees. The a-aminooxylated aldehyde adducts are
important synthons, and the mild reaction conditions al-
lowed for a variety of aldehydes with functional groups to
be used. For example, aldehyde adduct 3r is a key inter-
mediate in the syntheses of leukotrienes and isoprostanes.[25]


The aldehydes were reduced in situ, yielding the corre-
sponding more stable monoprotected terminal diols 6b and
6 j±s without loss of stereoselectivity (Scheme 2).


The unsaturated diols 6o, 6r, and 6s, for instance, were
isolated in 79, 78, and 77% yields, respectively, each with


>99% ee. The a-oxidation of unsaturated aldehydes can
thus be regarded as a chemo- and regioselective route for
the asymmetric dihydroxylation of olefins.[26] Moreover,
direct catalytic asymmetric a-aminooxylation was also an ef-
ficient route for the synthesis of orthogonally protected
triols (Table 2, entry 5). The reactions with unmodified alde-
hydes were highly chemoselective, and only O-addition was
observed. Moreover, the increased reactivity of the aldehyde
donors in relation to the acyclic ketones allowed us to
employ only 1.5 equivalents of the aldehyde donor without
the need for slow addition of the electrophile to the reaction
mixture.


The direct catalytic asymmetric a-oxidation reactions with
ketones and aldehydes were readily performed on multi-
gram scales in the presence of air. The catalyst loading
could be decreased to as little as 1 mol% without affecting
the yield or enantioselectivity of the a-aminooxylation of
unmodified aldehydes and cyclohexanones (Scheme 3).


In addition, the progress of the reaction could be simply
monitored by the human eye, since the reaction mixture
switches color from light blue to green and finally to orange,
which indicates that the reaction has been completed.


Solvent : We also performed a solvent screen of the direct
catalytic asymmetric a-aminooxylation of ketone 1a and al-
dehyde 1b. Proline-catalyzed direct asymmetric a-aminoox-
ylations between 1a and 2 were successful in all solvents
tested, affording 3a with excellent enantioselectivity
(Table 3).


The highest reactivity was observed in DMSO, followed
by CHCl3, CH3CN, DMF, and N-methylpyrrolidone (NMP).
Interestingly, the formation of 4a was solvent-dependent.
For example, the reaction in CHCl3 only afforded 3a, which
was isolated in 91% yield with >99% ee. However, 4a was
formed in DMSO, DMF, NMP, and CH3CN. In addition, the
direct catalytic a-aminooxylation of acyclic ketones only
provided insignificant amounts of adducts 3 in CHCl3. Nota-
bly, slow addition of the electrophile 2 to the reaction mix-
ture by syringe pump significantly increased the yield of 3,
which was isolated in 99% yield and >99% ee in DMF,
CH3CN, and DMSO. Furthermore, the reaction could toler-
ate up to 10% water without its yield and ee being affected
(Table 3, entry 11).


Table 2. Proline-catalyzed direct asymmetric a-aminooxylation of un-
modified aldehydes.[a]


Entry R Product Yield[%][b] ee [%] of 3[c]


1 nBu 3b 78 >99
2 Et 3 j 75 >99
3 Me 3k 79 >99
4 n-pentane 3 l 74 >99
5 CH2OBn 3m 76 >99
6 iPr 3n 74 >99
7 CH2CH=CH2 3o 79 >99
8 CH2Ph 3p 77 >99
9 n-hexane 3q 76 >99
10 cis-CH2CH=CH(CH2)5CH3 3r 78 >99
11 cis-(CH2)4CH=CHCH2)CH3 3s 77 >99


[a] Experimental procedure: a mixture of 1 (2 mmol, 2 equiv), 2
(1 mmol) and (S)-proline was stirred at room temperature for 2±3 h and
the aldehyde products 3 were reduced in situ to the corresponding alco-
hols. The crude products obtained after aqueous workup were purified
by column chromatography. [b] Isolated yield of the corresponding alco-
hol after silica gel column chromatography. [c] The enantiomeric excesses
were determined by chiral-phase HPLC analyses of the corresponding al-
cohol adducts.


Scheme 2. One-pot catalytic asymmetric synthesis of monoprotected ter-
minal diols.


Scheme 3. Direct catalytic asymmetric a-aminooxylation reactions with
1 mol% (S)-proline.
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The solvent screen of the reaction with hexanal revealed
that the best solvents for obtaining 3b with high enantiose-
lectivity were DMSO, DMF, CH3CN, and CHCl3 (Table 4).
In particular, the reactions in DMSO and DMF proceeded


with almost absolute stereocontrol. The enantioselectivity of
the a-aminooxylation of 1b was slightly lower in other sol-
vents, in which 3b was furnished with 93±99% ees. The
enantioselectivity of the direct a-aminooxylation of alde-
hydes was thus affected slightly by the solvent used as com-
pared to the a-aminooxylation of unmodified ketones. Inter-
estingly, the best solvent for a-aminooxylation of 2-substitut-
ed acetaldehydes was CH3CN. The proline-catalyzed asym-
metric a-aminooxylation of 2-phenylacetaldehyde (1 t) with
2 at �20 8C, for example, furnished the corresponding alco-
hol 6 t after in situ reduction with NaBH4 in 79% yield with
an ee of 99% [Eq. (3)].


Catalyst : We also screened dif-
ferent organic amines as poten-
tial catalysts for the direct
asymmetric a-aminooxylation
reaction (Table 5). Of the limit-
ed number of catalysts
screened, proline and hydroxy-
proline derivatives provided
enantiomerically pure 3a. In
addition, all the successful cata-
lysts afforded product 3a with
the same absolute configura-
tion, as determined by optical
rotation and chiral HPLC anal-
yses. Ether- and amine-func-
tionalized pyrrolidine deriva-
tives provided 3a in trace
amounts, establishing the im-


portance of the carboxyl group and its acidic proton. Inter-
estingly, pipecolinic acid was not a catalyst for the reaction,
confirming the significance of the cyclic five-membered sec-
ondary amine structural motif for achievement of high enan-
tioselectivity. Similar observations have also been made in
amine-catalyzed direct asymmetric aldol and Mannich reac-
tions.[9a,b,11f]


Stereoselective synthesis of chiral synthons : The a-amino-
oxylated aldehydes and ketones are valuable synthetic inter-
mediates. For instance, we developed an efficient synthesis
of vicinal diols (Scheme 4).


Hence, monoprotected diols 6 were derived through one-
pot sequential catalytic asymmetric a-aminooxylation±re-
duction reactions of the unmodified aldehydes and ketones.
Subsequent removal of the aniline by hydrogenolysis (PtO2


Adams× catalyst, H2) or with a catalytic amount of
CuSO4¥5H2O furnished the corresponding enantiomerically
pure diols 7. For example, enantiomerically pure diol (�)-
7n was isolated from the (R)-proline-catalyzed reaction be-
tween isovaleraldehyde and 2 in 73% yield, over two steps
(Scheme 4a). Determination of the optical rotation and
comparison to the literature revealed that the direct catalyt-
ic asymmetric a-aminooxylations of aldehydes catalyzed by
(S)-proline and by (R)-proline afforded (2R)-1,2-diols and
(2S)-1,2-diols, respectively.[27] The catalytic asymmetric a-
aminooxylation±reduction sequence was also investigated
with unmodified 1a as the donor. Hence, (S)-proline-derived
a-amino hydroxy ketone 3a was readily reduced in situ with
NaBH4 to the corresponding monoprotected diol 6a, which
was isolated in 88% yield, over the two steps, with a dr of
2:1 (trans/cis) and >99% ee (Scheme 4b). Removal of the
aniline with Adams× catalyst and H2 or catalytic CuSO4 fur-


Table 3. Solvent screen of the proline-catalyzed a-aminooxylation of unmodified ketones.[a]


Entry Solvent t [h] T [8C] Yield [%][b] 3 :4 ee [%] of 3[c] ee [%] of 4[c]


1 DMSO 3 RT 92 3:1 >99 >99
2 DMSO 5 RT 99[d] >20:1[d] >99[d] n.d.[d]


3 DMF 8 RT 68 10:1 >99 >99
4 DMF 16 4 99[d] >20:1[d] >99[d] n.d.[d]


5 CH3CN 6 RT 66 19:1 >99 n.d.
6 CHCl3 5 RT 91 >20:1 >99 n.d.
7 NMP 8 RT 65 10:1 >99 >99
8 THF 16 RT 45 >20:1 99 n.d.
9 dioxane 16 RT 41 >20:1 99 n.d.
10 Et2O 17 RT 25 >20:1 99 n.d.
11 DMSO/H2O 9:1 3 RT 91 3:1 >99 >99


[a] Reaction conditions: see Method A in the Experimental. [b] Isolated combined yield of 3a and 4a after
silica gel column chromatography. [c] Determined by chiral-phase HPLC analyses. [d] Reactions performed ac-
cording to Method B in the Experimental Section.


Table 4. Solvent screen of the proline-catalyzed a-aminooxylation of un-
modified aldehydes.[a]


Entry Solvent t [h] T [8C] Yield [%][b] ee [%] of 3b[c]


1 DMSO 17 RT 92 >99
2 DMSO 0.7 RT 64 >99
3 DMF 16 RT 70 >99
4 CH3CN 17 RT 24 99
5 CH3CN 2h 4 42 97
6 CH3CN 16 4 50 93
7 CH3CN 24 �20 86 95
8 CHCl3 0.7 4 64 93
9 CHCl3 17 RT 40 97
10 CHCl3 16 4 48 96
11 dioxane 17 RT traces n.d.


[a] Reaction conditions: See Experimental Section. [b] Isolated combined
yield of the corresponding alcohol 6b after silica gel column chromatog-
raphy. [c] Determined by chiral-phase HPLC analyses of the correspond-
ing alcohol 6b.
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nished the known (1S,2S)-trans-1,2-cyclohexanediol (7a)
and cis-1,2-cyclohexanediol in 96% combined yield, with
>99% ee for the optically active diol.[28] As selective reduc-
tion of a-hydroxy ketones to both syn- and anti-1,2-diols are
known, this procedure is one practical route for the prepara-


tion of all the possible stereoisomers of chiral 1,2-diols. In
addition, the direct catalytic asymmetric a-aminooxylation
of aldehydes and ketones can be regarded as an alternative
to Sharpless asymmetric dihydroxylation.[26]


The catalytic a-aminooxylation of unmodified ketones 1
could also be readily combined in one-pot fashion with
CuSO4-mediated aniline removal of the ketone adducts 3
generated in situ, which afforded a-hydroxy and a,a’-dihy-
droxy ketones without loss of stereoselectivity. For example,
3a was converted into the corresponding optically pure a-
hydroxy ketone adduct (2R)-8a in 92% yield [Eq. (4)].[5,29]


Determination of the optical rotations of 7a and 8a and
comparison with the literature revealed that a-aminooxyla-
tion of unmodified ketones catalyzed by (S)-proline afford-
ed (2R)-a-ketones and (R)-a-hydroxy ketones, respective-
ly.[28,29] In accordance, (S)-proline also catalyzed the forma-
tion of C2-symmetric (2R,6R)-a,a’-diketones and (2R,6R)-
a,a’-dihydroxy ketones.


We also investigated the possibility of utilizing the direct
catalytic asymmetric a-aminooxylation as a direct route for
the catalytic asymmetric syntheses of epoxides and 1,2-


amino alcohols (Scheme 5).
Chiral 1,2-amino alcohols are
important structural elements
in chiral ligands for asymmetric
catalysis as well as biologically
active compounds (e.g., b-adre-
nergic receptor blockers and
immune stimulants).[30,31]


For example, the enantiomer-
ically pure alcohols ent-6p and
ent-6 t obtained from (R)-pro-
line catalysis were efficiently
converted into the correspond-
ing epoxides 9p and 9 t in 83%
and 81% yields, respectively,
each with an ee of >99%. The
direct catalytic asymmetric a-
oxidation can thus be regarded
as an efficient route for the
stereoselective synthesis of ep-
oxides. The regioselective ring-
opening of 9 t with NaN3 ac-
cording to literature proce-
dures, followed by hydrogena-


tion of the corresponding azide with Adams× catalyst, af-
forded 10 t or 11 t in 91% and 92% yields, respectively.[32]


The 1-isopropylamino-2-alcohol structural motif of com-
pound 11 t is the core moiety of b-adrenoreceptor antago-
nists,[33] and so the direct catalytic asymmetric a-aminooxy-


Table 5. Catalyst screen.[a]


Entry Catalyst Yield [%][b] ee [%][c]


1 70 >99


2 64 >99


3 66 >99


3 67 >99


4 trace n.d.


6 trace n.d.


7 trace n.d.


[a] Reaction conditions: see Method A in the Experimental. [b] Isolated
yield of 3a after silica gel column chromatography. [c] Determined by
chiral-phase HPLC analyses.


Scheme 4. Direct catalytic asymmetric synthesis of vicinal diols. a) i) (S)-proline, DMSO, RT; ii) NaBH4,
MeOH/DMSO, RT; b) (R)-proline, DMSO, RT; ii) NaBH4, MeOH/DMSO, RT, c) Adams× catalyst (PtO2), H2,
MeOH, RT; d) CuSO4¥5H2O, MeOH, 0 8C.
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lation can also be viewed as a novel synthetic route for the
preparation of antihypertensive drugs (b-blockers). Impor-
tantly, employment of (R)-proline catalysis afforded the
active S enantiomers of the drugs.


Mechanism : The mechanism of the proline-catalyzed direct
asymmetric a-aminooxylation reactions is depicted in
Scheme 6. Accordingly, the aldehyde donor reacts with pro-
line, resulting in an enamine. Next, the nitrosobenzene 2
reacts with the enamine to give (after hydrolysis) the enan-
tiomerically pure a-adduct and the catalytic cycle can be re-
peated.


We did not observe any non-
linear effect in the proline-cata-
lyzed reaction (Figure 1),[34] so
it is likely that a single proline
molecule is involved in the
transition state and mechanism,
acting as a molecular robot/
enzyme (Figure 2).


From the absolute configura-
tion, which is opposite to that
of the adducts 3 derived from
Yamamoto×s reaction,[5] we pro-
pose transition state models I
and III to account for the


regio- and enantioselectivities of the a-aminooxylation reac-
tions of unmodified aldehydes and ketones, respectively
(Figure 2). Hence, (S)-proline forms an enamine with the al-
dehyde or ketone, and this is attacked from its si face, pro-
viding (2R)-a-aminooxylated aldehydes and ketones, re-
spectively. The six-membered metal-free Zimmermann±
Traxler transition state is stabilized by hydrogen bonding be-
tween the nitrogen of the nitrosobenzene and the carboxylic
acid group of proline. We have performed density functional
theory (DFT) calculations to investigate the nature of these
transition states further. In the calculations, the phenol ring
of the nitrosobenzene was modeled with a suitable methyl
group. The optimized transition state geometries corre-
sponding to structures I±IV in Figure 2 are displayed in
Figure 3.


The main result from the calculations is that TS-I and TS-
III were found to have energies 6.6 and 7.2 kcalmol�1 lower
than TS-II and TS-IV, respectively. This explains the excep-
tionally high stereoselectivity observed for the reaction. The
O�C bond to be formed is shorter (ca. 0.2 ä) in TS-I and
TS-III than in the corresponding TS-II and TS-IV. The N�H
bond length is also quite short in all transition state struc-
tures: 1.08±1.16 ä. We have also performed calculations to
test the reaction mechanism proposed by MacMillan and co-


Scheme 5. Asymmetric synthesis of epoxides and 1,2-amino alcohols.


Scheme 6. The mechanism of the proline-catalyzed direct catalytic a-ami-
nooxylation of unmodified aldehydes and ketones.


Figure 1. Linear effect in the (S)-proline-catalyzed a-aminooxylation of
cyclohexanone with nitrosobenzene in DMSO (y=0.99x+0.70, R2=


0.998).


Figure 2. Plausible transition states for the (S)-proline-catalyzed reactions.
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workers.[20b] Every attempt to
optimize the key transition state
of that mechanism (TS-V in
Figure 4) resulted in a structure
very similar to that of TS-I.


Conclusion


Novel direct catalytic enantioselective a-aminooxylations of
ketones and aldehydes have been described. The stereose-
lective reactions between unmodified ketones or aldehydes
with nitrosobenzene are new starting points for the chemo-,
regio-, and enantioselective syntheses of either enantiomer
of enantiomerically pure 1,2-diols, 1,2-amino alcohols, epox-
ides, and a-hydroxy ketones. In most cases, the reaction pro-
ceeds with absolute stereocontrol. The novel direct a-amino-
oxylation furnishes b-adrenoreceptor antagonists with
>99% ees. In addition, reactions with a-unsubstituted cyclic
ketones as donors in DMSO were remarkably selective, af-
fording the corresponding C2-symmetric a,a’-diketones with
>99% ees. The direct catalytic asymmetric reactions are
readily scaled up, operationally simple, and do not require
an inert atmosphere. In addition, the reactions could be con-
ducted in up to 10% water without loss of enantioselectivity.
The reaction was also catalyzed by other proline derivatives
with excellent stereoselectivity. The reaction does not dis-
play nonlinear effects and so only one proline molecule was
involved in the transition state. From the stereochemistry of
the a-aminooxylated adducts and functional density theory


calculations, the mechanism and transition state models of
the catalytic asymmetric a-oxidations are discussed. Taken
as a whole, the reported transformation should be an inex-
pensive and useful route for the synthesis of optically active
alcohol and amino alcohol molecules.


Experimental Section


General methods : Chemicals and solvents were either purchased puriss
p. A. from commercial suppliers or were purified by standard techniques.
For thin layer chromatography (TLC), Merck 60 F254 silica gel plates
were used and compounds were viewed by irradiation with UV light and/
or by treatment with a solution of phosphomolybdic acid (25 g),
Ce(SO4)2¥H2O (10 g), conc. H2SO4 (60 mL), and H2O (940 mL) followed
by heating or by treatment with a solution of p-anisaldehyde (23 mL),
conc. H2SO4 (35 mL), acetic acid (10 mL), and ethanol (900 mL) and sub-
sequent heating. Flash chromatography was performed on Merck 60
silica gel (particle size 0.040±0.063 mm). 1H NMR and 13C NMR spectra
were recorded on a Varian AS 400 instrument. Chemical shifts are given
in d relative to tetramethylsilane (TMS); the coupling constants (J) are
given in Hz. The spectra were recorded in CDCl3 or CD3OD as solvents
at room temperature, TMS served as internal standard (d=0 ppm) for 1H
NMR, and CDCl3 was used as internal standard (d=77.0 ppm) for 13C
NMR. HPLC was carried out on a Hitachi organizer consisting of a D-
2500 Chromato-Integrator, an L-4000 UV-Detector, and a L-6200A Intel-
ligent Pump, and a Waters 2690 Millennium with photodiode array detec-
tor. Optical rotations were recorded on a Perkin±Elmer 241 Polarimeter
(l=589 nm, 1 dm cell). High-resolution mass spectra were recorded on
an IonSpec FTMS mass spectrometer with a DHB-matrix.


Typical experimental procedure for the direct a-aminooxylation of ke-
tones (Method A): The ketone (10 equiv) was added to a vial containing
nitrosobenzene (1 mmol) and a catalytic amount of (S)-proline
(20 mol%) in DMSO (4 mL). The reaction was quenched after 2±3 h of
vigorous stirring by addition of aqueous NH4Cl. The aqueous phase was
extracted three times with EtOAc. The combined organic layers were
dried with MgSO4, which was subsequently removed by filtration. The
solvent was removed under reduced pressure after purification of the
crude product mixture by silica gel column chromatography (EtOAc/pen-
tane 1:8) to afford the corresponding a-ketone 3. The ees of the ketones
were determined by chiral-phase HPLC analysis (Daicel AD column, l=
244 nm, v=0.5 mLmin�1, Hex/IPA).


Typical experimental procedure for the direct a-oxidation of ketones
(Method B): A solution of nitrosobenzene in DMSO (1m, 1 mL) was
added by syringe pump (0.2 mLh�1) to a vial containing the ketone
(2 equiv) and a catalytic amount of (S)-proline (20 mol%) in DMSO
(4 mL). The reaction was quenched after 5±7 h of vigorous stirring by ad-
dition of aqueous NH4Cl. The aqueous phase was extracted three times
with EtOAc. The combined organic layers were dried with MgSO4, which
was subsequently removed by filtration. The solvent was removed under
reduced pressure after purification of the crude product mixture by silica
gel column chromatography (EtOAc/pentane 1:8) to afford the corre-
sponding a-aminooxylated ketone 3. The ees of the ketones were deter-
mined by chiral-phase HPLC analysis (Daicel AD column, l=244 nm,
v=0.5 mLmin�1).


(2R)-2-(N-Phenylaminooxy)cyclohexanone (3a): [a]D=++111.3 (c=0.15
in CHCl3);


1H NMR (CDCl3): d=1.71±1.79 (m, 4H; CH2CH2CH2), 2.00±
2.02 (m, 2H; CH2CH2CH), 2.34±2.48 (m, 2H; CH2CH2CO), 4.35 (q, J=
6.0 Hz, 1H; CHONHAr), 6.94 (t, J=8.1 Hz, 3H; ArH), 7.25 (t, J=
8.4 Hz, 2H; ArH), 7.82 ppm (br s, 1H; ONHAr); 13C NMR: d=d=23.7,
27.2, 32.5, 40.8, 86.2, 114.3, 122.0, 128.8, 148.0, 209.9 ppm; MALDI-TOF
MS: m/z calcd for C12H15NO2: 228.100; found: 228.101 [M+Na]+ ; ele-
mental analysis calcd (%) for C12H15NO2: C 70.22, H 7.37, N 6.86; found:
C 70.22, H 7.41, N 6.90; HPLC (hexanes/iPrOH 90:10): major isomer:
tR=30.31 min; minor isomer: tR=25.79 min.


(7R)-7-(N-Phenylaminooxy)-1,4-dioxaspiro[4,5]decan-8-one (3c): [a]D=
+65.6 (c=2.45 in CHCl3);


1H NMR (CDCl3): d=1.97±2.05 (m, 2H;
CH2), 2.20 (t, J=0.04 Hz, 1H; CH2), 2.38±2.52 (m, 2H; CH2), 2.61±2.74
(m, 1H; CH2), 4.14±4.00 (m, 4H; OCH2CH2O), 4.65 (dd, J=0.04 Hz,


Figure 3. DFT-optimized transition state geometries, corresponding to
structures I±IV in Figure 2.


Figure 4. Plausible transition
state V.
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0.02 Hz, 1H; CHONHAr), 6.93 (t, J=8.1 Hz, 3H; ArH), 7.25 (t, J=
8.4 Hz, 2H; ArH), 7.83 ppm (br s, 1H; ONHAr); 13C NMR: d=34.4,
36.0, 39.7, 64.8, 64.9, 82.7, 107.6, 114.5, 122.1, 128.9, 148.0, 208.7 ppm;
MALDI-TOF MS: m/z calcd for C14H17NO4: 228.1055; found: 286.106
[M+Na]+ ; HPLC (hexanes/iPrOH 90:10): major isomer: tR=78.72 min;
minor isomer: tR=68.57 min.


(2R)-2-Methyl-(6R)-(N-phenylaminooxy)cyclohexanone (3d): [a]D=
+99.6 (c=0.5 in CHCl3);


1H NMR (CDCl3): d=1.10 (d, J=6.3 Hz, 3H;
CH3), 1.51 (m, 2H; CH2CH2CH2), 1.71 (m, 2H; CH2CH), 2.01 (m, 2H;
CH2CH), 2.87 (m, 1H; CHCH3), 4.35 (m, 1H; CHONHAr), 6.94 (m,
3H; ArH), 7.25 (m, 2H; ArH), 7.28 ppm (br s, 1H; ONHAr); 13C NMR:
d=15.3, 20.0, 32,7, 35.7, 43.0, 85.0, 114.9, 122.7, 129.2, 148.3, 213.1 ppm;
MALDI-TOF MS: m/z calcd for 242.116: C13H17NO2; found: 242.116
[M+Na]+ ; HPLC (hexanes/iPrOH 98:2): major isomer: tR=46.11 min;
minor isomer: tR=38.72 min.


(3R,2R)-3-Methyl-2-(N-phenylaminooxy)cyclohexanone (3e): [a]D=
+62.6 (c=0.8 in CHCl3);


1H NMR (CDCl3): d=1.01 (d, J=6.8 Hz, 3H;
CH3), 1.91 (m, 4H; RCH2CH2R), 2.35 (m, 1H; CH2CH2CO), 2.51 (m,
1H; CH2CH2CO), 2.63 (m, 1H; CHCH3), 4.42 (dd, J=4.9, 0.8 Hz, 1H;
CHONHAr), 6.94 (m, 3H), 7.25 (m, 2H), 7.51 ppm (br s, 1H; ONHAr);
13C NMR: d=14.0, 23.3, 30.2, 31.1, 37.2, 40.1, 89.5, 114. 7, 122.4, 129.1,
148.3, 210.7 ppm; MALDI-TOF MS: m/z calcd for C13H17NO2: 219.1259;
found: 219.1260 [M]+ ; HPLC (hexanes/iPrOH 98:2 for 5 min, then gradi-
ent up to 90:10): major isomer: tR=39.12 min; minor isomer: tR=
21.2 min.


(3R,6R)-3-Methyl-(6R)-(N-phenylaminooxy)cyclohexanone (3e’): [a]D=
+67.2 (c=0.9 in CHCl3);


1H NMR (CDCl3): d=1.05 (d, J=8.4 Hz, 3H;
CH3), 1.47 (m, 1H; CH2), 1.77 (m, 1H; CH2), 1.81 (m, 1H; CH2), 2.14
(dd, J=15.8, 0.8 Hz; CH2), 2.46 (m, 3H; CHCH2CO, CHCH3), 4.61 (dd,
J=8.2, 0.04 Hz, 1H; CHONHAr), 6.95 (m, 3H), 7.25 (m, 2H), 8.01 ppm
(br s, 1H; ONHAr); 13C NMR: d=22.2, 31.3, 32.6, 35.3, 49.1, 86.1, 114.6,
122.3, 129.1, 148.2, 209.4 ppm; MALDI-TOF MS: m/z calcd for
C13H17NO2: 219.1259; found:219.1260 [M]+ ; HPLC (hexanes/iPrOH 98:2
for 5 min, then gradient up to 90:10): major isomer: tR=37.05 min; minor
isomer: tR=20.2 min.


(3R)-3-(N-Phenylaminooxy)butane-2-one (3 f): [a]D=++62 (c=2.3 in
CHCl3);


1H NMR (CDCl3): d=1.14 (d, J=6.4 Hz, 3H; CH3), 2.21 (s, 3H;
CH3), 4.44 (q, 1H; CHONHAr), 6.94 (m, 3H; ArH), 7.25 (m, 2H; ArH),
7.34 ppm (br s, 1H; ONHAr); 13C NMR: d=15.8, 25.9, 84.75, 114.8,
122.7, 129.2, 148.1, 209.4 ppm; MALDI-TOF MS: m/z calcd for
C10H13NO2: 202.084; found: 202.087 [M+Na]+ ; HPLC (hexanes/iPrOH
99:1): major isomer: tR=97.11 min; minor isomer: tR=72.62 min.


(2R)-2-(N-Phenylaminooxy)pentane-3-one (3g): [a]D=++57.7 (c=2.1 in
CHCl3);


1H NMR (CDCl3): d=1.11±1.72 (t, J=7.1 Hz, 3H; CH3CH2),
1.43 (d, J=6.0 Hz, 3H; CHCH3), 2.55 (m, 2H; CH2CH3), 4.48 (q, J=
7.1 Hz, 1H; CHONHAr), 6.94 (m, 3H; ArH), 7.25 (m, 2H; ArH),
7.32 ppm (br s, 1H; ONHAr); 13C NMR: d=7.3, 15.9, 31.5, 84.1, 114.5,
122.8, 131.1, 147.9, 211.7 ppm; MALDI TOF-MS: m/z calcd for
C11H15NO2: 216.100; found: 216.098 [M+Na]+ ; HPLC (hexanes/iPrOH
98:2): major isomer: tR=34.01 min; minor isomer: tR=40.1 min.


(3R)-3-(N-Phenylaminooxy)hex-5-en-2-one (3h): [a]D=++88.6 (c=3.0 in
CHCl3);


1H NMR (CDCl3): d=2.11 (s, 3H; CH3), 2.39 (m, 2H;
CHCH2CH), 4.41 (q, J=7.1 Hz, 1H; CHONHAr), 5.22 (m, 2H; CH=


CH2), 5.91 (m, 1H; CH=CH2), 6.94 (m, 3H; ArH), 7.25 (m, 2H; ArH),
7.32 ppm (br s, 1H; ONHAr); 13C NMR: d=26.8, 35.1, 88.2, 114.9, 118.8,
122.8, 128.5, 129.2, 135.9, 148.0, 208.4 ppm; MALDI-TOF MS: m/z calcd
for C12H15NO2: 228.100; found: 228.105 [M+H]+ ; HPLC (hexanes/iPrOH
98:2): major isomer: tR=44.57 min; minor isomer: tR=38.0 min.


(3R)-4-Methyl-(3-N-phenyl-aminooxy)pentan-2-one (3 i): [a]D=++94.1
(c=3.5 in CHCl3);


1H NMR (CDCl3): d=1.03 (d, J=7.1 Hz, 3H; CH3),
1.15 (d, J=6.9 Hz, 3H; CH3), 2.14 (m, 1H; CH(CH3)2), 2.18 (s, 3H;
CH3CO), 4.17 (d, J=7.1 Hz, 1H; CHONHAr), 6.94 (m, 3H; ArH), 7.25
(m, 2H; ArH), 7.28 ppm (br s, 1H; ONHAr); 13C NMR: d=17.8, 19.7,
27.0, 30.1, 93.5, 114.9, 122.7, 129.2, 148.3, 209.4 ppm; MALDI-TOF MS:
m/z calcd for C12H17NO2: 230.116; found: 230.118 [M+Na]+ ; HPLC (hex-
anes/iPrOH 98:2): major isomer: tR=45.72 min; minor isomer: tR=
26.37 min.


(2S,6S)-2,6-Bis(N-phenylaminooxy)cyclohexanone (4a): [a]D=++115.4
(c=0.1 in CHCl3);


1H NMR (CDCl3): d=1.94±2.06 (m, 2H;
CH2CH2CH2), 2.08±2.14 (m, 4H; CH2CH2CH), 4.68 (q, J=6.0 Hz, 2H;


CHONHAr), 6.94 (m, 6H; ArH), 7.24 ppm (m, 4H; ArH); 13C NMR:
d=18.9, 32.6, 85.5, 115.2, 122.9, 129.2, 147.9, 208.9 ppm; MALDI-TOF
MS: m/z calcd for C18H20N2O3: 335.137; found: 335.133 [M+Na]+ ; HPLC
(hexanes/iPrOH 90:10): major isomer: tR=52.87 min; minor isomer: tR=
49.33 min.


(7S,9S)-7,9-Bis(N-phenylaminooxy)-1,4-dioxa-spiro[4,5]decan-8-one (4c):
[a]D=++42.1 (c=1.85 in CHCl3);


1H NMR (CDCl3): d=2.40 (s, 4H;
CHCH2CH), 4.10 (s, 4H; O(CH2)2O), 4.78 (t, J=0.02 Hz, 2H; CHON-
HAr), 6.95 (m, 6H; ArH), 7.25 ppm (m, 4H; ArH); 13C NMR: d=36.1,
61.2, 78.0, 103.4, 111.2, 118.9, 125.2, 144.0, 203.0 ppm; MALDI-TOF MS:
m/z calcd for C20H22N2O5: 393.1426; found: 393.1424 [M+Na]+ ; HPLC
(hexanes/iPrOH 90:10): major isomer: tR=161.98 min; minor isomer:
tR=138.33 min.


Typical experimental procedure for the direct a-aminooxylation of alde-
hydes and synthesis of 2-aminooxylated alcohols : The aldehyde (2 equiv)
was added at room temperature to a vial containing nitrosobenzene
(1 mmol) and a catalytic amount of (S)-proline (10 mol%) in DMSO
(5 mL). After 2±3 h reaction time, the temperature was lowered to 0 8C,
followed by dilution with anhydrous MeOH (2.0 mL) and careful addi-
tion of excess NaBH4 (0.25 g). The reaction was quenched after 10 min-
utes by pouring of the reaction mixture into a vigorously stirred biphasic
solution of Et2O and aqueous HCl (1m). The organic layer was sepa-
rated, and the aqueous phase was extracted thoroughly with ethyl ace-
tate. The combined organic phases were dried (MgSO4), concentrated,
and purified by flash column chromatography (silica gel, mixtures of hex-
anes/ethyl acetate) to afford the desired a-alcohols. The ees of the alco-
hols 6 were determined by chiral-phase HPLC analyses (Daicel AD
column, l=244 nm, v=0.5 mLmin�1).


(2R)-2-(N-Phenylaminooxy)hexan-1-ol (6b): [a]D=++22.1 (c=0.8 in
CHCl3);


1H NMR (CDCl3): d=0.92 (t, J=7.2 Hz, 3H; CH3), 1.22±1.75
(m, 6H; CH2CH2CH2), 3.78 (m, 2H; CH2OH), 3.94 (dq, J=6.1, 2.4 Hz,
1H; CHONHAr), 6.94 (m, 3H; ArH), 7.25 (m, 2H; ArH), 7.32 ppm
(br s, 1H; ONHAr); 13C NMR: 14.1, 22.9, 27.9, 29.7, 65.5, 83.9, 114.8,
122.4, 128.9, 148.2 ppm; MALDI-TOF MS: m/z calcd for C12H20NO2


210.1494; found: 210.1491 [M]+ ; HPLC (hexanes/iPrOH 98:2): major
isomer: tR=32.4 min; minor isomer: tR=27.4 min.


(2S)-2-(N-Phenylaminooxy)hexan-1-ol (ent-6b): This product was ob-
tained from (R)-proline catalysis. [a]D=�22.0 (c=0.7 in CHCl3); HPLC
(hexanes/iPrOH 98:2): major isomer: tR=27.4 min; minor isomer: tR=
32.4 min.


(2R)-(N-Phenylaminooxy)butan-1-ol (6 j): [a]D=++20.5 (c=0.7 in
CHCl3);


1H NMR (CDCl3): d=0.96 (t, J=6.9 Hz, 3H; CH3), 1.35±1.75
(m, 2H; CH3CH2CH), 3.78 (m, 2H; CHCH2OH), 3.94 (dq, 1H, J=6.6,
2.6 Hz, CHONHAr), 6.95 (m, 3H; ArH), 7.25 (m, 2H; ArH), 7.32 ppm
(br s, 1H); 13C NMR: d=14.3, 30.7, 65.5, 83.9, 114.8, 122.4, 128.9,
148.2 ppm; MALDI-TOF MS: m/z calcd for C10H15NO2 181.1103; found:
181.1106 [M]+ ; HPLC (hexanes/iPrOH 98:2): major isomer: tR=
35.4 min; minor isomer: tR=26.4 min.


(2R)-2-(N-Phenylaminooxy)propan-1-ol (6k): [a]D=++1.21 (c=0.8 in
CHCl3);


1H NMR (CDCl3): d=1.25 (t, J=6.0 Hz, 3H; CH3), 3.77 (m,
2H; CH2OH), 4.12 (m, 1H; CHONHAr), 6.95 (m, 3H; ArH), 7.25 ppm
(m, 2H; ArH); 13C NMR: d=15.5, 66.5, 80.0, 114.6, 122.3, 128.9,
148.3 ppm; MALDI-TOF MS: m/z calcd for C11H18NO2: 168.1024;
found: 168.1023 [M]+ ; HPLC (hexanes/iPrOH 95:5): major isomer: tR=
17.1 min; minor isomer: tR=14.4 min.


(2R)-2-(N-Phenylaminooxy)heptan-1-ol (6 l): [a]D=++19.7 (c=4.3 in
CHCl3);


1H NMR (CDCl3): d=0.91 (t, J=7.2 Hz, 3H; CH3), 1.22±1.54
(m, 7H; CH2CH2CH2), 1.68 (m, 1H; CH2CH2CH2), 3.76 (dd, J=12.0,
6.4 Hz, 1H; CH2OH), 3.86 (dd, J=12.1, 2.6 Hz, 1H; CH2OH), 3.94 (m,
1H; CHONHAr), 6.94 (m, 3H; ArH), 7.25 ppm (m, 2H; ArH); 13C
NMR: d=14.2, 22.8, 25.6, 30.1, 32.2, 65.5, 84.2, 115.1, 122.6, 129.2,
148.7 ppm; MALDI-TOF MS: m/z calcd for C13H21NO2: 223.1572;
found: 223.1576 [M]+ ; HPLC (hexanes/iPrOH 98:2): major isomer: tR=
31.4 min; minor isomer: tR=26.4 min.


(2R)-3-Benzyloxy-2-(N-phenylaminooxy)propan-1-ol (6m): [a]D=++3.4
(c=0.2 in CHCl3);


1H NMR (CDCl3): d=3.77 (m, 2H; CH2OH), 3.90
(m, 2H; BnOCH2), 4.12 (m, 1H; CHONHAr), 4.56 (s, 2H; OCH2Ph),
6.96 (m, 3H; ArH), 7.25 (m, 2H; ArH), 7.33 ppm (m, 5H); 13C NMR:
d=62.8, 69.4, 73.6, 82.5, 114.6, 122.3, 127.5, 127.6, 128.4, 128.9, 137.9,
148.3 ppm; MALDI-TOF MS: m/z calcd for C12H19NO2: 296.1263;
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found: 296.1260 [M+Na]+ ; HPLC (hexanes/iPrOH 95:5): major isomer:
tR=41.1 min; minor isomer: tR=36.3 min.


(2R)-3-Methyl-2-(N-phenylaminooxy)butan-1-ol (6n): [a]D=++39.1 (c=
0.9 in CHCl3);


1H NMR (CDCl3): d=0.99 (d, J=6.6 Hz, 3H; CH3), 1.04
(d, J=6.6 Hz, 3H; CH3), 2.03 (m, 1H; CH(CH3)2), 2.88 (br s, 1H; OH),
3.72 (m, 1H; CHONHAr), 3.85 (m, 2H; CH2OH), 6.95 (m, 3H; ArH),
7.06 (s, 1H; ONHAr), 7.25 ppm (m, 2H; ArH); 13C NMR: d=18.7, 18.8,
28.8, 63.8, 88.7, 114.9, 122.4, 128.9, 148.1 ppm; MALDI-TOF MS: m/z
calcd for C11H18NO2 196.1337; found: 196.1339 [M]+ ; HPLC (hexanes/
iPrOH 95:5): major isomer: tR=15.1 min; minor isomer: tR=11.3 min.


(2S)-3-Methyl-2-(N-phenylaminooxy)butan-1-ol (ent-6n): This product
was obtained from (R)-proline catalysis. [a]D=�39.0 (c=0.7 in CHCl3);
HPLC (hexanes/iPrOH 95:5): major isomer: tR=11.3 min; minor isomer:
tR=15.1 min.


(2R)-2-(N-Phenylaminooxy)pent-4-en-1-ol (6o): [a]D=++8.1 (c=0.8 in
CHCl3);


1H NMR (CDCl3): d=1.80 (m, 1H; OH), 2.51±2.67 (m, 2H;
CH2CH=CH2), 3.76 (dd, J=11.7, 6.0 Hz, 1H; CH2OH), 3.85 (dd, J=11.7,
2.7 Hz, 1H; CH2OH), 3.96 (dq, J=6.6, 2.7 Hz, 1H; CHONHAr); 4.98 (d,
J=10.2 Hz, 1H), 5.05 (d, J=17.4 Hz, 1H), 5.82 (m, 1H), 6.97 (m, 3H),
7.06 (s, 1H), 7.25 ppm (m, 2H); 13C NMR: d=29.2, 29.9, 65.1, 83.3,
114.8, 115.0, 122.4, 128.9, 137.8, 148.2 ppm; MALDI-TOF MS: m/z calcd
for C12H18NO2: 208.1337; found: 208.1339 [M]+ ; HPLC (hexanes/iPrOH
95:5): major isomer: tR=26.3 min; minor isomer: tR=19.8 min.


(2R)-3-Phenyl-2-(N-Phenylaminooxy)propan-1-ol (6p): [a]D=++42.1 (c=
0.9 in CHCl3);


1H NMR (CDCl3): d=2.84 (dd, J=13.8, 6.6 Hz, 1H), 3.04
(dd, J=13.8, 6.6 Hz, 1H), 3.71 (dd, J=12.3, 6.3 Hz, 1H), 3.85 (dd, J=
12.3, 3.0 Hz, 1H), 4.09 (m, 1H), 6.82 (d, J=8.4 Hz, 2H), 6.92 (t, J=
7.5 Hz, 1H), 7.14±7.31 ppm (m, 7H); 13C NMR: d=36.6, 64.3, 85.1, 114.5,
122.2, 126.3, 128.3, 128.8, 129.3, 137.6, 148.1 ppm; MALDI-TOF MS: m/z
calcd for C15H18NO2: 244.1337; found: 208.1340 [M]+ ; HPLC (hexanes/
iPrOH 95:5): major isomer: tR=31.7 min; minor isomer: tR=21.4 min.


(2S)-3-Phenyl-2-(N-phenylaminooxy)propan-1-ol (ent-6p): This product
was obtained from (R)-proline catalysis. [a]D=�42.2 (c=0.9 in CHCl3);
HPLC (hexanes/iPrOH 95:5): major isomer: tR=21.4 min; minor isomer:
tR=31.7 min.


cis-(2R)-2-(N-Phenylaminooxy)dec-7-en-1-ol (6 s): [a]D=++11.9 (c=1.03
in CHCl3);


1H NMR (CDCl3): d=0.96 (t, J=0.019 Hz, 3H), 1.23±1.57
(m, 5H), 1.63±1.73 (m, 1H), 2.01±2.08 (m, 4H), 3.75±3.81 (m, 1H), 3.84±
3.89 (m, 1H), 3.97±4.03 (m, 1H), 5.27±5.41, (m, 2H), 7.02 (m, 3H),
7.29 ppm (m, 2H); 13C NMR: d=14.6, 20.7, 25.6, 27.1, 30.1, 30.0, 65.7,
84.2, 115.1, 122.9, 128.9, 129.3, 132.1 ppm; MALDI-TOF MS: m/z calcd
for C16H25NO2: 263.1885; found: 263.1887 [M]+ ; HPLC (hexanes/iPrOH
95:5): major isomer: tR=21.7 min; minor isomer: tR=14.4 min.


(2R)-2-Phenyl-2-(N-phenylaminooxy)ethanol (6 t): [a]D=�142.1 (c=0.9
in CHCl3);


1H NMR (CDCl3): d=2.66 (dd, J=4.4, 7.7 Hz; OH), 3.86±
3.85 (m, 1H; CH2OH), 3.91±4.03 (m, 1H; CH2OH), 5.01 (dd, J=4.4,
7.7 Hz, 1H; CHONHAr), 6.95 (m, 4H; ArH, ONHAr), 7.25 ppm (m,
2H; ArH); 13C NMR: d=66.7, 86.8, 115.3, 122.8, 127.3, 128.9, 129.3,
138.0, 148.3 ppm; MALDI-TOF MS: m/z calcd for C14H15NO2: 229.2744;
found: 229.2747 [M]+ ; HPLC (hexanes/iPrOH 95:5): major isomer: tR=
33.7 min; minor isomer: tR=22.4 min.


(2S)-2-Phenyl-2-(N-phenylaminooxy)ethanol (ent-6 t): This product was
obtained from (R)-proline catalysis. [a]D=++141.9 (c=0.8 in CHCl3);
HPLC (hexanes/iPrOH 95:5): major isomer: tR=22.4 min; minor isomer:
tR=33.7 min.


(2R)-2-(N-Phenylaminooxy)-(1R)cyclohexanol (6a): dr=2:1 (anti :syn);
[a]D=++93.7 (c=0.4 in CHCl3);


1H NMR (CDCl3): d=1.21±1.44 (m,
4H), 1.59 (m, 2H), 1.66 (m, 4H), 1.88 (m, 2H), 1.93 (m, 1H), 2.14 (m,
1H), 3.65 (m, 1H; syn isomer), 3.92 (m, 1H; anti isomer), 4.11 (m, 1H;
anti isomer); 6.94 (m, 4.5H), 7.25 (m, 3H), 7.28 ppm (br s, 1.5H); 13C
NMR: d=21.3, 22.8, 24.1, 24.4, 26.4, 29.5, 30.8, 69.2, 74.5, 82.9, 86.5,
114.8, 115.3, 122.4, 122.8, 129.2, 148.6, 148.7 ppm; MALDI-TOF MS: m/z
calcd for C12H17NO2: 230.116; found: 230.117 [M+H]+ ; HPLC (hexanes/
iPrOH 90:10): major isomer: tR=88.09 min; minor isomer: tR=69.32 min.


Typical experimental procedure for N�O bond cleavage by catalytic hy-
drogenation with Adams× catalyst : Methanol (3 mL) and Adams× catalyst
(10 mol%) were added to a 20 mL hydrogenation vial equipped with a
magnetic stirrer bar and charged with the a adduct (0.5 mmol). Next, the
reaction mixture was flushed with H2 (90 MPa) for 1 h and the resulting


clear solution was filtered through Celite. The filtrate was concentrated
under reduced pressure, and the crude product was purified by silica gel
column chromatography (EtOAc/pentane 1:2) to afford the correspond-
ing deprotected adduct.


Typical experimental procedure for CuSO4-mediated N�O bond cleav-
age : A catalytic amount of CuSO4¥H2O (30 mol%) was added at 0 8C to
a vial containing the a-adduct (1 mmol) in MeOH (3 mL). The reaction
mixture was stirred at this temperature until completion as determined
by TLC analyses and then quenched by addition of aqueous NH4Cl. The
aqueous phase was extracted three times with EtOAc. The combined or-
ganic layers were dried with MgSO4, which was subsequently removed by
filtration. The solvent was removed under reduced pressure after purifi-
cation of the crude product mixture by silica gel column chromatography
(EtOAc/pentane 1:2) to afford the corresponding a-deprotected adduct.


(2R)-Hexane-1,2-diol (7b): This product was obtained from (S)-proline
catalysis. [a]D=++22.2 (c=1.1 in EtOH); 1H NMR (CDCl3): d=1.29 (t,
J=7.2 Hz, 3H; CH3), 1.51±1.84 (m, 6H; CH2CH2CH2), 3.17 (br s, 2H;
OH), 3.80 (m, 1H; CH2OH), 4.06 ppm (m, 2H; CH2OH, CHOH); 13C
NMR: d=14.6, 23.3, 33.4, 67.4, 72.9 ppm.


(2S)-Hexane-1,2-diol (ent-7b): This product was obtained from (R)-pro-
line catalysis. [a]D=�22.0 (c=0.9 in EtOH).[35]


(2R)-3-Methylbutane-1,2-diol (7n): This product was obtained from (S)-
proline catalysis. [a]D=�11.1 (c=0.6 in CHCl3);


1H NMR (CDCl3): d=
0.91 (d, J=6.5 Hz, 3H), 0.98 (d, J=6.5 Hz, 3H), 1.71 (m, 1H), 3.42 (m,
1H), 3.51 (dd, J=10.5, 8.0 Hz, 1H), 3.71 ppm (dd, J=10.5, 3.0 Hz, 1H);
13C NMR: d=18.2, 18.7, 30.9, 64.9 ppm.[27]


(2S)-3-Methylbutane-1,2-diol (ent-7n): This product was obtained from
(R)-proline catalysis. [a]D=++11.0 (c=0.6 in CHCl3).


(2S)-3-Phenylpropane-1,2-diol (ent-7p): This product was obtained from
(R)-proline catalysis. [a]D=�18.6 (c=1.3 in CHCl3);


1H NMR (CDCl3):
d=1.85 (br s, 2H; OH), 2.78 (m, 2H; PhCH2CH), 3.54 (m, 1H; CH2OH),
3.70 (m, 1H; CH2OH), 3.95 (m, 1H; CHOH), 7.24 (m, 3H; ArH),
7.33 ppm (m, 2H; ArH); 13C NMR: d=40.0, 66.3, 73.3, 126.9, 128.9,
129.6, 137.9 ppm.


(1S)-1-Phenylethane-1,2-diol (ent-7q): This product was obtained from
(R)-proline catalysis. [a]D=�38.1 (c=1.2 in CHCl3);


1H NMR (CDCl3):
d=2.56 (s, 2H; OH), 3.67 (dd, J=8.4, 11.6 Hz, 1H; CH2OH), 3.77 (dd,
J=10.8 Hz, 1H; CH2OH), 4.83 (dd, J=3.6, 8.0 Hz, 1H; ArCHOH),
7.29±7.34 ppm (m, 5H; ArH); 13C NMR: d=68.1, 74.4, 126.0, 128.0,
128.6, 140.5 ppm; HPLC (hexanes/iPrOH 95:5, l=254 nm): major
isomer: tR=33.0 min; minor isomer: tR=30.2 min.


trans-(1S,2S)-Cyclohexane-1,2-diol (7a): This product was obtained from
(S)-proline catalysis. [a]D=�39.1 (c=0.2 in CHCl3);


1H NMR (CDCl3):
d=1.26 (m, 4H; CH2), 1.75 (m, 2H; CH2), 1.98 (m, 2H; CH2), 3.34 ppm
(m, 2H; CHOH); 13C NMR: d=24.5, 33.1, 76.1 ppm.[28]


cis-Cyclohexane-1,2-diol (7a): 1H NMR (CDCl3): d=1.26 (m, 2H; CH2),
1.76 (m, 4H; CH2), 1.91 (m, 2H; CH2), 3.34 ppm (m, 1H; CHOH); 13C
NMR: d=21.6, 30.1, 70.8 ppm.


(2R)-2-Hydroxyketone 8a : This product was obtained from (S)-proline
catalysis. [a]D=++24.1 (c=0.72 in CHCl3).


[29]


Direct asymmetric synthesis of epoxides : Freshly distilled pyridine
(4 mL) and toluenesulfonyl chloride (7.36 g, 40 mmol) were added to a
solution of 7 (20 mmol) in dry CH2Cl2 (50 mL) at 0 8C under nitrogen at-
mosphere. The mixture was stirred for 12 h at 0 8C and was then acidified
with HCl (2n). The organic layer was washed with brine, dried over
MgSO4, and concentrated in vacuo to furnish the monotosylate. The
crude monotosylate was dissolved in methanol (50 mL) and was treated
with potassium carbonate (2.1 g, 15 mmol) at 4 8C. The reaction was
quenched after 1 h by addition of water and extracted with EtOAc. The
combined organic extracts were dried with MgSO4, and the solvent was
subsequently removed by evaporation under reduced pressure. The resi-
due was purified by silica gel column chromatography (pentane/EtOAc
mixtures) to afford the corresponding epoxides 9.


(S)-(2,3-Epoxypropyl)benzene (9q): [a]D=17.6 (c=1.9 in CHCl3);
1H


NMR (CDCl3): d=2.55 (dd, J=4.8, 2.8 Hz, 1H), 2.79 (m, 1H), 2.81 (dd,
1H), 2.92 (dd, 1H), 3.19 (m, 1H), 7.27 (m, 3H), 7.31 ppm (m, 2H); 13C
NMR: 39.0, 47.1, 52.7, 126.9, 128.7, 129.2, 138.2 ppm.


(S)-Phenylethylene oxide (9 t): [a]D=23.9 (c=0.8 in CHCl3);
1H NMR


(CDCl3): d=3.18 (dd, J=4.8, 2.8 Hz, 1H), 3.55 (dd, J=5.4, 4.4 Hz, 1H),


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3673 ± 36843682


FULL PAPER A. CÛrdova et al.



www.chemeurj.org





4.25 ppm (dd, J=4.0, 2.4 Hz 1H); 13C NMR: d=51.8, 53.0, 126.1, 128.8,
129.1, 138.2 ppm.


Asymmetric synthesis of (S)-2-amino-1-phenylethanol (10 t): The enantio-
merically pure epoxide 9t originating from (R)-proline-catalyzed a-oxi-
dation of aldehyde 1t (1 mmol) was regioselectively ring-opened accord-
ing to reference [32]. The crude azido alcohol product was dissolved in
MeOH (10 mL), and PtO2 (24 mg, 0.10 mmol) was added. The flask was
then flushed with hydrogen at 1 bar, and the reaction mixture was stirred
for 2 h at room temperature. The mixture was filtered through Celite,
and the solvent was removed under reduced pressure. The crude product
was purified by silica gel column chromatography (pentane/EtOAc 1:2)
to afford compound 10 t as a white solid (127 mg, 91%). All spectroscop-
ic data were identical to those of the commercially available compound.
1H NMR (CDCl3): d=2.14 (br s, 2H; NH2), 2.82 (dd, J=12.6, 8.0 Hz,
2H; CH2NH2), 3.01 (dd, J=12.8, 4.0 Hz, 1H; CH2NH2), 4.64 (dd, J=5.6,
4.0 Hz, 1H; CHOH), 7.33 ppm (m, 5H; ArH); 13C NMR: d=49.74.5,
126.2, 127.9, 128.7, 139.2 ppm.


Asymmetric synthesis of (S)-2-(2-propylamino)-1-phenylethanol (11 t):
The enantiomerically pure epoxide 9t originating from (R)-proline-cata-
lyzed a-oxidation of aldehyde 1 t (1 mmol) was regioselectively ring-
opened according to reference [32]. The crude azido alcohol product was
dissolved in MeOH (10 mL), and PtO2 (12 mg, 0.05 mmol), molecular
sieves (3 ä, 0.45 g), and acetone (110 mL, 1.1 mmol) were added. The
flask was then flushed with hydrogen at 1 bar, and the reaction mixture
was stirred for 5 h at room temperature. The mixture was filtered through
Celite, and the solvent was removed under reduced pressure. The crude
product was purified by silica gel column chromatography (pentane/
EtOAc 1:2) to afford compound 11 t as a white solid (237 mg, 92%). All
spectroscopic data were identical to those of the previously described
compound. 1H NMR (CDCl3): d=0.96 (d, J=8.9 Hz, 6H; CH3), 2.49±
2.65 (m, 2H), 3.40±3.53 (m, 1H), 4.58±4.65 (m, 1H; CHOH), 7.33 ppm
(m, 5H; ArH).[36]


Computational details : All geometries and energies presented in this
study were computed by use of the B3LYP[37] density functional theory
method as implemented in the Gaussian 98 program package.[38] Geome-
try optimizations were performed with the double zeta plus polarization
basis set 6±31G(d,p). From these geometries, single-point calculations
with the larger 6±311+G(2d,2p) basis set were performed in order to
obtain more accurate energies. Hessians for evaluation of zero-point vi-
brational effects were calculated at the B3LYP/6±31G(d,p) level of
theory.
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Biquinolino-Modified b-Cyclodextrin Dimers and Their Metal Complexes as
Efficient Fluorescent Sensors for the Molecular Recognition of Steroids


Yu Liu,* Yun Song, Yong Chen, Xue-Qing Li, Fei Ding, and Rui-Qin Zhong[a]


Introduction


Cyclodextrins (CyDs) are a class of cyclic oligosaccharides
with six, seven, or eight d-glucose units linked by a-1,4-glu-
cose bonds. These three types of CyD are named a-, b-, and
g-CyD, respectively.[1] The truncated cone-shaped hydropho-
bic cavities of these compounds have a remarkable ability to
include various guest molecules, either in aqueous solution
or in the solid state.[1±4] This property has led to the wide ap-
plication of cyclodextrins in various fields, such as analytical
chemistry, enzymology,[5] pharmaceuticals,[6] the food indus-
try,[7] and so on. Within the last decade, molecular sensors


based on the guest-induced response of fluorescent-labeled
CyDs have attracted increasing attention.[8] For example,
Ueno et al. have investigated tens of monosubstituted CyDs
modified with chromogenic groups that are sensitive to
changes in the binding state of the CyDs.[9±14] A chromogen-
ic aromatic group originally accommodated in the CyD
cavity suffers substantial conformational changes upon guest
inclusion, with accompanying appreciable spectral changes.
The binding ability of a fluorescent-labeled CyD can be
quantitatively assessed by analysis of the spectral changes
induced by guest inclusion. Bridged bis-CyDs are known to
exhibit greatly enhanced binding abilities compared with
those of other native and synthetic CyDs as a result of the
cooperative binding of one guest molecule with two hydro-
phobic CyD cavities located in close proximity. Much effort
has been devoted to the design and synthesis of bis-CyDs
with considerable structural diversity and the investigation
of their inclusion complexation behavior with model sub-
strates.[15±19] Metal ions have also been introduced as addi-
tional recognition sites to further enhance the binding abili-
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R.-Q. Zhong
Department of Chemistry
State Key Laboratory of Elemento-Organic Chemistry
Nankai University, Tianjin 300071 (P.R. China)
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Abstract: A series of bridged b-cyclo-
dextrin (b-CyD) dimers possessing
functional tethers of various lengths
was synthesized in moderate yield by
the treatment of 2,2’-biquinoline-
4,4’-dicarboxylic dichloride with b-CyD
or mono[6-oligo(ethylenediamino)-6-
deoxy]-b-CyDs. The products were
2,2’-biquinoline-4,4’-dicarboxy-bridged
bis(6-O-b-CyD) (8), N,N’-bis(2-amino-
ethyl)-2,2’-biquinoline-4,4’-dicarbox-
amide-bridged bis(6-amino-6-deoxy-b-
CyD) (9), and N,N’-bis(5-amino-3-aza-
pentyl)-2,2’-biquinoline-4,4’-dicarbox-
amide-bridged bis(6-amino-6-deoxy-b-
CyD) (10). The reaction of 8±10 with
copper perchlorate give their copper(ii)
complexes 11±13 in satisfactory yields
of over 77%. All the bis(b-CyD)s 8±13
act as efficient fluorescent sensors and
display remarkable fluorescence en-


hancement upon addition of optically
inert steroids. The inclusion complexa-
tion behaviors of 8±13 when treated
with the representative steroids cholate
(14), deoxycholate (15), and glycocho-
late (16) in aqueous solution at 25 8C
were investigated by means of UV/Vis
spectroscopy, conductivity and fluores-
cence measurements, circular dichroism
spectroscopy, and 2D NMR spectrosco-
py. The tether length of bis(b-CyD) 9
allows it to adopt a cooperative host±
tether±guest binding mode in which
the spacer and guest are co-included in
the two CyD cavities. As a result of


this cooperation, 9 has a stability con-
stant (Ks) about 2î102 times higher
than that of monomodified b-CyD 4
for inclusion complexation with cho-
late. Metallooligo(b-CyD)s with four b-
CyD units have enhanced binding abili-
ties compared with monomodified b-
CyDs. These metallo compounds have
binding affinities for guest steroids that
are up to 50±4.1î103 times higher than
those of CyDs 2±4. The guest-induced
fluorescence enhancement of bis-
(CyD)s opens a new channel for the
design of sensor materials. The com-
plex stability constants of these com-
pounds are discussed from the view-
point of induced-fit interaction and co-
operative multiple binding between
host and guest.


Keywords: cyclodextrins ¥
fluorescent sensors ¥ molecular
recognition ¥ steroids ¥
supramolecular chemistry
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ty and selectivity of CyD derivatives.[20±22] However, to the
best of our knowledge, the use of dimeric CyDs linked by a
chromogenic bridge and/or the metal-coordinated com-
plexes of such CyDs as fluorescence probes that recognize
optically inert guest molecules has rarely been reported so
far. In the study reported herein, we synthesized a series of
bis(b-CyD)s containing a fluorescent biquinolino tether (8±
10), along with the CuII complexes of these compounds (11±
13). We investigated the inclusion complexation behavior of
these CyDs with some optically inert guest molecules. We
chose these steroids as model substrates simply because
they are known to possess a great variety of biological func-


tions in many eukaryotic organisms[23] and studies on the
molecular recognition of steroids by small synthetic hosts
such as CyDs ideally complement biological investigations
with large protein receptors and supramolecular transport-
ing assemblies. These studies together will improve our in-
sight into steroid recognition processes and may ultimately
lead to new potential therapeutic approaches.[24] The stabili-
ty constants (Ks) determined for the complexation of ste-
roids with CyDs are described below in terms of cooperative
host±tether±guest interactions and a molecular multiple rec-
ognition mechanism for the interaction between the guest
steroids and CyD hosts 8±13. We are also particularly inter-
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ested in examining the molecular recognition of biological
steroid guests by bis(CyD)s through a fluorescence-sensing
mechanism. This approach could serve to further our under-
standing of this developing but little-investigated area in the
field of CyD chemistry.


Results and Discussion


Synthesis : Scheme 1 illustrates the synthesis of CyD deriva-
tives 7±10. Mono[6-(2,2’-biquinoline-4’-carboxymethylester-
4-carboxy)-6-deoxy]-b-CD (7) was synthesized by treatment
of 2,2’-biquinoline-4,4’-dicarboxylic dichloride with b-CyD,
followed by esterification with methanol. A large excess of
2,2’-biquinoline-4,4’-dicarboxylic dichloride over b-CyD was
used to ensure the monosubstituted product was obtained.
A dimethylformamide solution of b-CyD was added drop-
wise to a highly diluted solution of 2,2’-biquinoline-4,4’-di-
carboxylic dichloride over 2 h to enhance the reaction yield.
Biquinoline-dicarboxylate-bridged bis(b-CyD) 8 was synthe-
sized in moderate yield by treating 2,2’-biquinoline-4,4’-di-
carboxylic dichloride with an excess amount of b-CyD, while
bis(b-CyD)s 9 and 10 were synthesized from the correspond-


ing mono[6-oligo(ethylenediamino)-6-deoxy]-b-CyDs.[25]


Care was taken to keep the mixture anhydrous and at low
temperature during these reactions, particularly at the initial
stage, to achieve a smooth and clean reaction without unde-
sirable product(s). Metallooligo(b-CyD)s 11±13 were pre-
pared in satisfactory yields from the relevant bridged bis(b-
CyD)s 8±10 through a coordination reaction with Cu-
(ClO4)2¥6H2O in aqueous solution. The quantities of reac-
tants used were in accordance with the reaction stoichiome-
try, as determined by conductivity titration. The composi-
tions of the products were verified by elemental analysis.


Metal-binding behavior and stoichiometry of CyD com-
plexes : Spectrophotometric titrations were performed at
25 8C in aqueous solution to investigate the coordination be-
havior of bis(b-CyD)s 8±10 in the presence of copper(ii)
ions. A typical example of a titration curve obtained by ti-
tration of bis(b-CyD) 9 with copper(ii) ions is shown in
Figure 1. The absorption intensity of bis(b-CyD) 9 at 339 nm
gradually decreased, while the maximum at 264 nm gradual-
ly increased with increasing copper(ii) ion concentration.
These changes were accompanied by an appreciable batho-
chromic shift in the absorption peaks (5±9 nm for the peak


Scheme 1. Synthesis of CyD derivatives 7±10.
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at 339 nm, 4±6 nm for that at 264 nm). In a control experi-
ment, the UV/Vis spectrum of copper(ii) ions was found to
undergo no change at 200±400 nm over the concentration
range used for the titrations and under comparable experi-
mental conditions. The three isobestic points observed in
each of the UV/Vis titration plots for bis(b-CyD)s 8±10 ti-
trated with copper(ii) ions confirm that a simple one-step
transformation from the free bis(b-CyD)s to the copper(ii)-
ligated species occurs. These phenomena jointly indicate
that copper(ii) ions coordinate bis(b-CyD)s to form metal-li-
gated species. In addition to elemental analysis data, con-
ductivity measurements were used to explore the coordina-
tion stoichiometry of the metallooligo(b-CyD)s in aqueous
solution since the conductivity of the system decreases upon
complex formation. The plots show a minimum at a concen-
tration ratio of 2.0 for 8±CuII (Figure 2a) and 0.67 for the
9±CuII and 10±CuII systems (Figure 2b). These values corre-
spond to 2:1 and 2:3 coordination stoichiometries, respec-
tively.


Conformation of the CyD dimers and their metal com-
plexes : It is well known that elucidation of the crystal struc-
ture is one of the most convincing methods of unequivocally
illustrating the geometrical structure of CyD derivatives.
Unfortunately, our repeated attempts to prepare single crys-
tals of the CyD dimers and their metal complexes that were
suitable for X-ray crystallography were unsuccessful. To elu-
cidate the possible structures of the CyD dimers, we per-
formed a molecular modeling study with the CAChe 3.2 pro-
gram (Oxford Molecular Co., 1999) and obtained the
energy-optimized structures of hosts 8±10. The initial geom-
etry of b-CyD used in these calculations was taken from the
crystal structure described in the literature,[26] and the
energy of this structure was minimized by using the MM2
force field. Although the computed structures of the hosts
may not be taken as direct evidence of the actual structures
of these CyD dimers, these computed models can still pro-
vide some useful information about the possible geometries
of the hosts.[27]


As shown in Figure 3, the biquinoline chromophore in
CyD dimer 9 is approximately planar and exists in a trans


conformation. A similar trans conformation is also observed
in 8 and 10. However, further investigations with a Corey±
Pauling±Koltun molecular model demonstrated that the bi-
quinoline chromophores in hosts 8±10 adopt the cis confor-
mation after coordination with metal ion(s), as previously il-
lustrated.[28]


Proximity of an achiral chromophoric guest/moiety to the
CyD cavity can give rise to induced circular dichroism
(ICD).[29] In a control experiment, an aqueous solution of
1a gave neither a circular dichroism (CD) signal nor a rota-
tory signal, which indicates that the biquinoline group is an
achiral chromophore in aqueous solution. To obtain infor-


Figure 1. UV/Vis spectral changes of 9 upon addition of copper(ii) ions in
aqueous solution ([9]=3.4î10�5 moldm�3 ; [Cu2+]=0 and, from a to i,
0.103, 0.205, 0.308, 0.41, 0.615, 0.82, 1.03, 1.23, and 1.64î10�4 moldm�3 ;
counteranion: ClO�


4 ).


Figure 2. The dependence of the conductivity of a) Cu(ClO4)2¥6H2O
(2.2î10�5 moldm�3) on the relative concentration of bis(b-CyD) 8 (0,
0.567, 1.13, 2.83, 3.39, 3.97, 4.53, 6.64, 8.42, 11.3, 18.1î10�5 moldm�3),
and b) Cu(ClO4)2¥6H2O (3.4î10�5 moldm�3) on the relative concentra-
tion of bis(b-CyD) 9 (0, 0.571, 1.14, 1.71, 2.28, 10.3, 17.1î10�5 moldm�3)
at 25 8C in aqueous solution.


Figure 3. MM2-optimized structure of bis(b-CyD) 9.
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mation about the conformations of the b-CyD dimers con-
taining a chromophoric biquinoline-dicarboxy tether in
dilute aqueous solution, CD spectra were recorded for 8±10
at a concentration of 5î10�5 moldm�3. As shown in Fig-
ure 4a, hosts 8±10 display clearly different CD spectra in
the absence of a guest, which indicates that significant (but
different degrees of) interaction between the aromatic
tether and the two chiral cavities of the CyD dimers occurs.
Host 8 displays a strong negative Cotton effect indicated


by a peak at 248 nm (De=�5.53m�1 cm�1) for the 1Lb transi-
tion, and a strong positive Cotton effect marked by a peak
at 225 nm (De=6.82m�1 cm�1) corresponding to the 1La tran-
sition of the phenyl group in the biquinoline chromophore.
Host 9, which is a higher-order homologue of 8, gives an ab-
solutely different CD signal; the spectrum has two negative
Cotton effect peaks with moderate intensities at 225 nm
(De=�3.83m�1 cm�1) and 283 nm (De=�2.22m�1 cm�1) that
may be assigned to the 1La and


1Lb bands, respectively. Host
10 displays only a weak positive Cotton effect peak for the
1Lb band at 260 nm (De=1.05m�1 cm�1). The generally ac-
cepted empirical rule[30±32] states that the sign of the ICD
signal depends on the orientation of the transition dipole
moment of the chromophore with respect to the dipole
moment of the CyD. An electronic transition parallel to the
CyD axis gives a positive ICD signal, whereas a perpendicu-
lar transition gives a negative signal. This situation is re-
versed for a guest located just outside the CyD cavity. We
thus deduced that the biquinoline chromophore in 8 pene-
trates deeply, whilst that in 9 penetrates shallowly into the
CyD cavities. The weak positive Cotton effect observed for
10 in the range 300±400 nm may indicate that the biquino-
line chromophore is distanced from CyD cavity and this


result is best interpreted as an ordinary CD signal induced
by the two distant chiral CyD moieties.
Since the self-inclusion of tethers often decreases the


binding ability of bis-CyDs toward guests, appropriate ad-
justment of the tether conformation is necessary in the
design of functional bis-CyDs. We tried to introduce metal
center(s) into the bridge chains of our bis(b-CyD)s to fix the
conformation of the tether group and thus exclude disadvan-
tageous self-inclusion. As can be seen from Figure 4b, all
the metallooligo(b-CyD)s 11±13 show signals that can be as-
signed to the 1Lb transition of the phenyl group in the biqui-
noline chromophore and are indicative of a positive Cotton
effect. This result indicates that the biquinoline moiety in
the tether group is located some distance from the CyD cav-
ities after coordination of the metal ion.
Two-dimensional NMR spectroscopy has recently become


an essential method for the study of the structures of CyDs
and their complexes since one can conclude that two pro-
tons are closely located in space if an NOE cross peak is de-
tected between the relevant proton signals in the NOESY or
ROESY spectrum. It is possible to estimate the orientation
of the biquinoline moiety in the CyD cavity by using the as-
signed NOE correlations; if the biquinoline moiety is self-in-
cluded in the CyD cavity, NOE correlations between the
protons of the biquinoline moiety and H3/H5 of the CyD
should be observed.
The 2D NOESY spectrum of 9 in D2O (Figure 5a) shows


six cross peaks between the aromatic protons of the spacer
and the CyD protons. Only cross-peak interactions with H3,
H5, and H6 of a CyD must be considered when such results
are analyzed because H2 and H4 do not face the inner
cavity of the CyD and H1 is affected by D2O. The cross
peaks A, B, and C, respectively, were assigned to the NOEs
between the 8,8’, 7,7’, and 6,6’ protons of the biquinoline
moiety and the H5 proton of the CyD. These results unam-
biguously show that the spacer moiety is embedded in the
cavity of the CyD. Since the H5 protons are located at the
primary side of the cavity, we concluded that the biquinoline
spacer penetrates into the CyD cavity from the narrower
opening. However, no cross peaks were found between the
3,3’ or 5,5’ protons of the biquinoline tether and the interior
protons of the CyD. It is therefore likely that the unsubsti-
tuted rings of the biquinoline moiety penetrate shallowly
into the CyD cavity from the primary side. The paramagnet-
ic disturbance caused by a ligated copper(ii) ion makes the
2D NMR spectrum of the bis(b-CyD)±copper(ii) complex
impossible to measure. Instead, we examined the 2D NMR
spectrum of the 9±nickel(ii) complex, which has a similar co-
ordination stoichiometry and conformation to the 9±CuII


complex and could be used to investigate the change in loca-
tion of the tether group upon metal ion coordination despite
the fact that the copper(ii) ion tends to prefer a square
planar coordination whilst the nickel(ii) ion favors an octa-
hedral geometry. Figure 5b shows that the biquinoline pro-
tons display no correlation with the H3/H5 protons of CyD
after coordination with a nickel(ii) ion. These phenomena,
together with the ICD results, verify the exclusion of the
tether group from the CyD cavity upon metal coordination.
This conformation change favors the sequential penetration


Figure 4. Circular dichroism spectra of hosts 8±13 (5î10�5 moldm�3) in
aqueous solution at 25 8C.
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of guest molecules into CyD cavities by inclusion complexa-
tion.


Fluorescence sensor : The emission intensity of a fluoro-
phore attached to the CyD rim is usually stronger than that
of the parent fluorophore because of the increased microen-
vironmental hydrophobicity introduced by self-inclusion. As
can be seen from Figure 6, the fluorescence intensities of
hosts 8 and 9 are much larger than that of reference com-


pound 1a, while the fluorescence intensity of 10 is relatively
close to the reference value under the same conditions.
Among the bis-CyDs examined, host 8 exhibits the largest
fluorescence intensity. Since the fluorescence intensity of
the biquinoline moiety is sensitive to changes in its microen-
vironment and is greater in a hydrophobic microenviron-
ment than in a hydrophilic one, the above results suggest
that the biquinoline moiety of 8 is located in the most hy-
drophobic environment, that is, deep inside the CyD cavity.


Figure 5. Sectional 1H NOESY spectra (300 MHz) of a) CyD dimer 9, and b) a 9±NiII complex (1.0î10�3m) in D2O at 298 K; mixing time, 800 ms.
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The rank order of the maximum intensities, 8>9>10, may
be regarded as roughly the order of the hydrophobicities of
the environments surrounding the biquinoline moieties of
the fluorescent bis-CyDs. Our results suggests that, for a bis-
CyD with a short linker, self-inclusion of the tether efficient-
ly shields the fluorescent biquinoline moiety from a deacti-
vating attack by water, whilst elongation of the spacer leads
to exclusion of the biquinoline moiety from the CyD cavi-
ties. This outcome is consistent with the ICD and 2D NMR
results described above.


Fluorescence titrations of the bis(b-CyD)s and their cop-
per(ii) complexes with optically inert steroids were per-
formed at 25 8C in aqueous solution to quantitatively assess
the inclusion complexation behavior of these compounds.
As shown in Figure 7, the fluorescence intensities of both
the bis(b-CyD)s and the metallooligo(b-CyD)s gradually in-
crease with increasing steroid concentration. Further study
indicated that the pH value of the solution did not change
significantly during the experimental procedure. These re-
sults led us to deduce that the binding behavior is depen-
dent on the individual structural features of host and guest.
The stoichiometry for the inclusion complexation of hosts


8±13 with representative guests was determined by Job×s
method. Figure 8 shows a Job×s plot for the 12/cholate
system. Within the examined concentration range, the plot
shows a maximum in fluorescence intensity at a molar frac-
tion of bis(b-CyD) of 0.5, which indicates either 1:1 or 2:2
inclusion complexation. We have previously reported that
biquinolino-bridged bis(b-CyD) 9 can form a 1:1 sandwich
inclusion complex with a steroid guest through cooperative
binding of the two cavities of the bis(b-CyD) unit with a
guest molecule.[33] Since host 12 possesses two biquinolino-
bridged bis(b-CyD) units, each of which can form a sand-
wich inclusion complex with one guest molecule, we con-
clude that the stoichiometry of the inclusion complex
formed by the 12/cholate system is likely to be 2:2, with in-
tramolecular complexation. Stoichiometries of 1:1 (for
bis(b-CyD)) or 2:2 (for metallooligo(b-CyD)) were obtained
in other similar cases of host±guest inclusion complexation.
The effective stability constants of hosts 8±13 can be ob-


tained by treating each bis(b-CyD) unit as a host unit and


analyzing the sequential changes in fluorescence intensity
(DF) that occur with changes in guest concentration. This
analysis was carried out by using a nonlinear least-squares
curve-fitting method.[20c] Treatment of each bis(b-CyD) unit


Figure 6. Fluorescence spectra of 1a and bis(b-CyD)s 8±10 (2.5î10�6m)
in aqueous solution at 25 8C; excitation wavelength (lex), 330 nm.


Figure 7. Changes in the fluorescence spectra of a) bis(b-CyD) 10 (8.6î
10�6m) upon addition of cholate (0 and (a±i) 0.77, 1.1, 1.5, 2.3, 3.1, 3.4,
3.9, 5.4î10�4m), and b) metallooligo(b-CyD) 12 (4.16î10�6m) upon addi-
tion of cholate (0 and (a±k) 0.33, 0.65, 0.98, 1.3, 1.6, 1.9, 2.3, 2.6, 2.9, 3.3,
3.6î10�5m) in aqueous solution at 25 8C; lex=330 nm; insets: * calcd,
* exptl.


Figure 8. Job×s plot for the complexation of 12 with cholate at 25 8C in
aqueous solution ([bis(b-CyD) unit] + [cholate]=1.5î10�5m) produced
with data taken from fluorescence spectra (lex=330 nm).
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as a host unit results in a relatively gross approximation of
the effective stability constants of the tetrameric CuII com-
plexes. The calculated Ks values are listed in Table 1, along
with the free energy changes of complex formation.


Fluorescence enhancement and the host±tether±guest bind-
ing mode : Many researches have demonstrated that the
emission of fluorophore-appended mono-CyDs is quenched
upon inclusion complexation with a guest (such as a ste-
roid)[9±14] as a consequence of decomplexation of the initially
self-included fluorophore moiety (Figure 9a). We found that
the fluorescence intensities of hosts 8±13 increase upon ad-
dition of guest steroids. This unique fluorescence behavior
suggests that the biquinoline moieties in these hosts may un-
dergo changes in location and orientation upon complexa-
tion, which consequently leads to increased microenviro-
mental hydrophobicity and/or steric shielding around the
fluorophore. Our 2D NMR investigation results support this
hypothesis that the conformation of a host CyD changes
upon complexation. As illustrated in Figure 10, the NOESY
spectrum of an equimolar mixture of bis(b-CyD) 9 and 15
(0.5 mm each) displays clear NOE cross peaks between CyD
H5 and the aromatic protons of the biquinoline moiety.
Peaks A indicates that the included biquinoline moiety is
not driven out of the CyD cavity by guest inclusion. Further-
more, the protons of 15 give not only the cross peaks B with
the biquinoline protons, but also the cross peaks C with
CyD H5, which confirms the cooperative co-inclusion of the
fluorophore tether and guest steroid in the two CyD cavi-
ties. These results, together with the 1:1 host±guest inclusion


complexation stoichiometry indicated by Job×s experiment,
indicate that a cooperative ™host±tether±guest∫ binding
mode is operative in the association of bis(b-CyD) with a
guest molecule; upon complexation with bis(b-CyD), the


guest steroid is embedded into
one hydrophobic CyD cavity
from the primary side, while
the tether group is partly self-
included in the other cavity
(Figure 9b). In the metallooli-
go(b-CyD)s, the tether group is
entirely excluded from the CyD
cavities as a result of metal co-
ordination. This arrangement
allows two side groups of the
guest molecule to be embedded
into the hydrophobic CyD cavi-
ties from the primary side of
the CyD to form a sandwich
host±guest inclusion complex
(Figure 9c). The biquinoline
fluorophore in this structure is
efficiently protected from deac-
tivating water attack through
steric shielding by the two
closely located hydrophobic ste-
roid molecules. In addition, the
introduction of two guests will
certainly increase the microen-
viromental hydrophobicity
around the biquinoline fluoro-
phore, which also contributes to
the enhanced fluorescence of
metallooligo(b-CyD).


Binding ability and selectivity : We have previously exam-
ined the inclusion complexation behavior of a variety of
chemically modified CyDs with diverse guest molecules and
found that several weak noncovalent forces, including van
der Waals and hydrophobic interactions, hydrogen bonding,
and dipole±dipole interactions, cooperatively contribute to
the inclusion complexation of CyDs. The degree to which
the size and shape of the host match those of the guest has a
dominant effect on the stability of the complexes formed be-
tween bis- and/or oligo(b-CyD)s and model substrates. A
good match leads to stronger van der Waals and hydropho-
bic interactions since the strength of these two types of in-
teraction is closely related to the distance and contact sur-
face area between host and guest. In accordance with this
multiple recognition mechanism, native and modified mono-
meric CyDs display a relatively limited ability to associate
with guest molecules, probably because of weak hydropho-
bic interactions. Dimeric CyDs, however, can have a greatly
enhanced binding ability compared to the parent CyD as a
result of cooperative binding of the two adjacent cavities
and the potential of such a compound for multiple recogni-
tion. The introduction of metal ions to form metallooligo(b-
CyD) complexes alters not only the original conformation
of the tether group but also the distance between, and orien-


Table 1. Stability constants (Ks) and Gibbs free energy changes (�DG 0) for the inclusion complexation of ste-
roids by hosts 8±13 in aqueous solution at 25 8C.


Host Guest Ks [m
�1] logKs �DG 0 [kJmol�1] ref.


2 14 1650 3.2 18.4 [a]


15 2660 3.4 19.5 [a]


3 14 588 2.8 15.8 [a]


15 1520 3.2 18.2 [a]


4 14 60.4 1.8 10.2 [a]


15 1030 3.0 17.2 [a]


5 14±16 [d] [d] [d] [b]


6 14±16 [d] [d] [d] [b]


7 14±16 [d] [d] [d] [b]


8 14 5380�50 3.7 21.3 [b]


15 2790�40 3. 5 19.7 [b]


16 [d] [d] [d] [b]


9 14 11300�150 4.1 23.1 [c]


15 21730�250 4.3 24.8 [c]


16 11040�100 4.0 23.1 [c]


10 14 3380�50 3.5 20.1 [b]


15 3710�50 3.6 20.4 [b]


16 [d] [d] [d] [b]


11 14 30500�800 4.5 25.6 [b]


15 529000�1000 5.7 32.7 [b]


16 1745000�1500 6.2 35.6 [b]


12 14 196000�800 5.3 30.2 [b]


15 283700�1000 5.5 31.1 [b]


16 13000�500 4.1 23.5 [b]


13 14 246000�1000 5.4 30.8 [b]


15 54000�700 4.7 27.0 [b]


16 891000�800 5.9 34.0 [b]


[a] Ref. [12]. [b] This work. [c] Ref. [33]. [d] The guest-induced variations in the excimer emission are too
small for these values to be determined.
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tation of, the two hydrophobic cavities in the CyD dimer.
These changes affect the depth of penetration of the guest
into the CyD cavity and allow additional binding interac-
tions with the accommodated guest. Therefore, metallooli-
go(b-CyD)s can afford much more stable inclusion com-
plexes than monomeric and dimeric CyDs owing to the co-
operative association of four tethered hydrophobic cavities
with model substrates, conformation fixation by metal liga-
tion, and additional binding interactions between the metal-
ligated tether group and the accommodated guest molecule.
Table 1 shows that the stability constants of the complexes
of bis(b-CyD)s 8±10 with guest molecules are larger than
those of the complexes formed by monomodified b-CyDs 2±
4 by a factor of about 1.1 to around 2î102. For example, co-
operative binding leads to a stability constant for bis(b-


CyD) 9 with guest 14 that is
higher than that of monomodi-
fied b-CyD 4 by a factor of ap-
proximately 2î102. The Ks


value of 9 with 15 is higher
than that of 4 by a factor of
around 20. In control experi-
ments, the changes in the fluo-
rescence spectra of 5±7 upon
addition of guest steroids were
too small to allow calculation of
the stability constants, which
may be attributed to strong
self-inclusion of the substituted
group preventing penetration of
the guest into the CyD cavity.
Comparison of the binding abil-
ities of mono and bis(b-CyD)s
highlights the inherent advant-
age of the cooperative host±
tether±guest binding mode of
bis(b-CyD)s 8±10 ; in addition
to inclusion complexation of
the guest molecule within one
hydrophobic CyD cavity, the
tether group located near the
accommodated guest provides
some additional interactions
with the guest. These factors
jointly contribute to the stron-
ger host±guest association ach-
ieved by dual CyDs in compari-
son to monomeric hosts. The
data for the homologous ste-
roids 14/15, which possess
slightly different skeletons but
the same anionic tails, show
that the mono- and bis-CyDs
(except 8) display higher bind-
ing affinities for 15 than for 14.
This stronger affinity for 15 is
likely to arise from the more
hydrophobic steroid skeleton of
this compound compared with


that of 14. Compound 15 lacks the 7-hydroxy group and, as
a result, hydrophobic interactions upon complexation are
enhanced. The abilities of both the short-tethered com-
pound 8 and the long-tethered host 10 to bind 14 and 15 are
unexpectedly limited compared to the binding abilities of
monomodified CyDs 2±4. In the short-tethered bis(b-CyD)
8, the low binding ability is the result of self-inclusion of the
tether group, which means that the two CyD cavities are too
close together to form a stable co-inclusion complex with
the guest molecule. Compound 10, which has a long tether,
undergoes co-inclusion of the guest but steric hinderance
from the relatively large 5-amino-3-azapentyl-2-quinoline-4-
carboxyamide fragment on the exterior of the CyD cavity
makes penetration of the guest molecule into the cavity
from the primary side unfavorable and inevitably results in


Figure 9. Schematic representation of the binding modes of fluorophore-appended a) mono-CyDs, b) bis(b-
CyD)s, and c) metallobridged bis(b-CyD)s with guest molecules.
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a low binding ability. The metal-ligated oligomeric b-CyDs
11±13 have significantly enhanced (around 50±4.1î103


higher) binding affinities for the tested guest molecules
compared with those of the monomodified b-CyDs. These
results can be explained by considering a mechanism involv-
ing an uncommon multiple recognition behavior of metal-
looligo(b-CyD)s that is quite different from the mechanism
of the parent biquinolino-bridged bis(b-CyD)s for binding
model substrates. Only one CyD cavity and the tether group
of a biquinoline-bridged bis(b-CyD) participate in associa-
tion with the guest. In contrast, a metallooligo(b-CyD) af-
fords four hydrophobic binding sites (four CyD cavities) and
one (or three) metal coordination center(s), which jointly
contribute to the cooperative binding of the oligomeric host
with the guest molecule upon inclusion complexation. Each
bis(b-CyD) unit cooperatively associates with one guest
molecule to form the sandwich inclusion complex, and the
metal-ligated tether group supplies further binding interac-
tions to accommodate the guest. In addition, ligation of a
CuII ion shortens the effective length of the tether to some
extent and thus improves the size fit of the host with the
guest. The cumulative result of these factors is that the
metal-ligated b-CyD oligomers have binding abilities around
6±2î102 times higher than those of their parent bis(b-
CyD)s, and 15/14 selectivity is enhanced from around 2 for
9 to approximately 17 for 11. Of the host CyDs examined,


metallooligo(b-CyD) 13 has the highest binding affinity for
14, with a Ks value 4.1î103 times higher than that of mono-
modified CyD 4. This difference in binding is a consequence
of cooperative multiple binding by the metallooligo(b-CyD).
More interestingly, metallooligo(b-CyD)s 11 and 13 display
very high strong binding to 16 (1.7î106m�1 for 11 and 8.9î
105m�1 for 13). The corresponding values for the parent
bis(b-CyD)s 8 and 10 are too small to determine. This result
further supports the hypothesis that the introduction of cop-
per(ii) ions can greatly enhance the original binding ability
of bis(b-CyD)s by allowing multiple recognition of the
guest.


Conclusion


A series of biquinolino-bridged b-CyD dimers and their
metal complexes were synthesized and used as efficient fluo-
rescent sensors responsive to optically inert guests. The bi-
quinoline±dicarboxy bridge introduced in the dual host can
act as a positive binding site for host±guest complexation
and as a versatile coordinating site for metal ions. Upon
complexation with guests, biquinoline±dicarboxy-bridged
bis(b-CyD)s adopt a host±tether±guest co-inclusion binding
mode. The introduction of coordinated metal center(s) can
alter the self-inclusion conformation of the host CyD. In a


Figure 10. a) 1H NOESY spectrum and b) sectional spectrum (300 MHz) of 9 with 15 (5.0î10�4m each) in D2O at 25 8C; mixing time, 600 ms.
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rare example of multiple recognition, metal-ligated b-CyD
oligomers give very high Ks values for guest molecules as a
result of cooperative binding by four tethered hydrophobic
CyD cavities and a metal-coordinated tether group. This
system provides a convenient and powerful tool for enhanc-
ing guest-binding ability and selectivity. The cooperative
host±tether±guest interactions described herein may also
help us achieve a deeper understanding of the ™multi-com-
ponent, induced-fit∫ receptor±substrate interactions often
observed in biological molecular recognition.


Experimental Section


General : Mono[6-(1-naphthyloxamino)ethyleneamino-6-deoxy]-b-CyD
(5) and mono [6-(1-naphthyloxamino)diethylenediamino-6-deoxy]-b-CyD
(6) were prepared as described previously.[34] Elemental analysis was per-
formed on a Perkin±Elmer 2400C instrument. UV/Vis and circular di-
chroism spectra were recorded in a conventional quartz cell (10î10î
45 mm) at 25 8C on a Shimadzu UV2401 and a JASCO-750 spectrometer,
respectively. NMR spectra were performed on a Varian Mercury VX300
spectrometer. Fluorescence spectra were measured at 25 8C in a conven-
tional quartz cell (10î10î45 mm) on a JASCO FP-750 spectrofluorome-
ter at an excitation wavelength 330 nm.


2,2’-Biquinoline-4,4’-dicarboxylic acid (1b): A mixture of isatin (40 g,
0.27 mol), 2,3-butanedione (12.5 g, 0.14 mol), and potassium hydroxide
(200 mL, 33%) solution was heated for 24 h at 100 8C. After cooling, a
gray precipitate was separated by filtration. The precipitate was redis-
solved in hot water, acidified with acetic acid, and dried in vacuo to give
2,2’-biquinoline-4,4’-dicarboxylic acid (3.2 g, 0.0089 mol). M.p. 367 8C;[35]


UV/Vis (water): lmax (e)=260.0 (46820), 332.2 nm (15140m�1 cm�1).


2,2’-Biquinoline-4,4’-dicarboxylic dichloride (1c): A mixture of 2,2’-biqui-
noline-4,4’-dicarboxylic acid (2.0 g, 5.6 mmol) and thionyl chloride
(40 mL) was heated under reflux under nitrogen for 6 h. Removal of the
residual thionyl chloride led to the diacyl chloride, which was obtained as
a yellow solid in quantitative yield. The product was used in subsequent
preparations without purification.


Mono[6-(2,2’-biquinoline-4’-carboxymethylester-4-carboxy)-6-deoxy]-b-
CyD (7): Dry pyridine (25 mL) was added to a solution of DMF
(140 mL) containing 2,2’-biquinoline-4,4’-dicarboxylic dichloride (0.4 g,
1.05 mmol) and N,N’-dicyclohexylcarbodiimide (0.7 g, 3.4 mmol). A DMF
(50 mL) solution containing b-CyD (0.7 g, 0.62 mmol) was added drop-
wise to the above-mentioned solution over 2 h. The resultant mixture
was stirred for 18 h in an ice bath and another 48 h at room temperature.
Anhydrous methanol (10 mL) was then added to the solution and the re-
sultant mixture was stirred at 80 8C for 10 h. After cooling to room tem-
perature, the precipitate was removed by filtration and the filtrate was
evaporated to dryness under reduced pressure. The residue was dissolved
in a minimum amount of hot water and then poured into acetone
(300 mL). The precipitate formed was collected by filtration and purified
twice on a column of Sephadex G-25 to give 7 as a light yellow solid
(200 mg, 19%). 1H NMR ([D6]DMSO), TMS): d=3.2±3.8 (m, 45H,
C2±6H of CyD, H of CH3), 4.4±4.6 (m, 6H, O-6 H of CyD), 4.8±5.0 (m,
7H, C-1 H of CyD), 5.8±6.0 (m, 14H, O-2,3 H of CyD), 7.2±9.0 ppm (m,
10H, Ar); 13C NMR ([D6]DMSO): d=40.4, 60.6, 65.5, 69.3, 72.7, 73.7,
82.2, 102.3, 125.2, 126.1, 129.9, 130.8, 131.3, 136.8, 148.8, 154.8,
166.2 ppm; IR (KBr): ñ=3333, 2929, 1726, 1663, 1592, 1549, 1437, 1238,
1201, 1154, 1078, 1029, 944, 859, 757, 706, 662, 579, 529, 444 cm�1; ele-
mental analysis calcd (%) for C63H82O38N2¥13H2O: C 44.26, H 6.36, N
1.63; found: C 44.10, H 6.26, N 1.35; UV/Vis (water): lmax (e)=266.4
(43600), 341.8 nm (21500m�1 cm�1).


2,2’-Biquinoline-4,4’-dicarboxy-bridged bis(6-O-b-CyD) (8): 2,2’-Biquino-
line-4,4’-dicarboxylic dichloride (0.30 g, 0.8 mmol) was dissolved in DMF
(30 mL). Dry b-CyD (3.50 g, 3.08 mmol) in pyridine (25 mL) was added
to this solution and the resultant mixture was stirred for 20 h in an ice
bath. The solution was allowed to warm up and stirred for an additional
two days at room temperature. The precipitate was removed by filtration
and the filtrate was evaporated to dryness under reduced pressure. The


residue was dissolved in water then poured into acetone (300 mL) to give
a light yellow precipitate. The crude product was purified by column
chromatography over Sephadex G-25 with distilled, deionized water as
the eluent. A pure sample of the desired product (0.4 g,20%) was ob-
tained as a yellow solid. 1H NMR (300 MHz, [D6]DMSO, TMS): d=3.0±
4.0 (m, 84H, C2±6H of CyD), 4.3±4.6 (m, 12H, O-6 H of CyD), 4.7±5.2
(m, 14H, C-1 H of CyD), 5.6±6.0 (m, 28H, O-2,3 H of CyD), 7.6±9.4 ppm
(m, 10H, Ar); 13C NMR (300 MHz, D2O): d=62.5, 74.1, 74.4, 75.5, 83.4,
104.2, 122.4, 126.7, 132.1, 150.3, 168.4 ppm; IR (KBr): ñ=3342, 2930,
1725, 1693, 1641, 1593, 1550, 1426, 1330, 1302, 1237, 1196, 1153, 1078,
1030, 944, 857, 797, 777, 757, 706, 580 cm�1; elemental analysis calcd (%)
for C104H152 O72N2¥12H2O: C 44.63, H 6.34, N 1.00; found: C 44.63, H
6.56, N 1.04; UV/Vis (water): lmax (e)=268.8 (48660), 342.8 nm
(24520m�1 cm�1).


N,N’-Bis(2-aminoethyl)-2,2’-biquinoline-4,4’-dicarboxamide-bridged bis-b-
CD (9):[33] Bis(b-CyD) 9 was obtained as a red solid in 35% yield from
2,2’-biquinoline-4,4’-dicarboxylic dichloride and 6-(2-aminoethylamino)-
6-deoxy-b-CD by using procedures similar to those employed in the syn-
thesis of 8. 1H NMR (300 MHz, [D6]DMSO, TMS): d=1.0±2.0 (m, 8H),
3.0±4.0 (m, 84H, C2±6H of CyD), 4.4±4.7 (m, 12H, O-6 H of CyD), 4.8±
5.2 (m, 14H, C-1 H of CyD), 5.4±6.2 (m, 28H, O-2,3 H of CyD), 7.6±
9.4 ppm (m, 10H, Ar); 13C NMR (300 MHz, D2O): d=38.2, 45.5, 47.2,
50.9, 62.7, 69.7, 71.9, 74.2, 75.4, 78.4, 83.5, 85.4, 101.8, 104.2, 122.5, 126.7,
131.9, 152.0, 159.1, 170.4 ppm; IR (KBr): ñ=3343, 2929, 2056, 1708, 1661,
1642, 1592, 1549, 1427, 1331, 1238, 1202, 1153, 1078, 1031, 944, 850, 757,
706, 577 cm�1; elemental analysis calcd (%) for C108H164O70N6¥8H2O: C
46.22, H 6.32, N 2.99; found: C 46.35, H 6.31, N 3.10; UV/Vis (water):
lmax (e)=264.6 (37280), 339.0 nm (15480m�1 cm�1).


N,N’-Bis(5-amino-3-azapentyl)-2,2’-biquinoline-4,4’-dicarboxamide-bridg-
ed bis(6-amino-6-deoxy-b-CyD) (10): Bis(b-CyD) 10 was obtained as a
bright red solid in 25% yield from 2,2’-biquinoline-4,4’-dicarboxylic di-
chloride and mono[6-(5-amino-3-azapentylamino)-6-deoxy]-b-CyD by
using procedures similar to those employed in the synthesis of 8.
1H NMR (300 MHz, [D6]DMSO, TMS): d=2.6±4.0 (m, 100H), 4.3±4.6
(m, 12H, O-6 H of CyD), 4.8±5.1 (m, 14H, C-1 H of CyD), 5.5±6.0 (m,
28H, O-2,3 H of CyD), 7.6±9.2 ppm (m, 10H, Ar); 13C NMR (300 MHz,
D2O): d=27.1, 32.0, 34.8, 40.8, 42.4, 44.7, 46.6, 47.6, 49.5, 50.7, 53.6, 59.8,
67.9, 74.3, 75.5, 83.5, 85.5, 104.2, 122.8, 126.6, 131.3, 141.2, 150.1, 153.4,
169.2 ppm; IR (KBr): ñ=3329, 2929, 2054, 1659, 1642, 1549, 1426, 1331,
1300, 1203, 1154, 1079, 1032, 944, 847, 756, 706, 578 cm�1; elemental anal-
ysis calcd (%) for C112H170O70N8¥16H2O: C 44.29, H 6.70, N 3.69; found:
C 44.10, H 6.99, N 3.71; UV/Vis (water): lmax (e)=261.0 (38900),
331.6 nm (12420m�1 cm�1).


Bis(b-CyD)±CuII complex 11: Complex 11 was synthesized by refluxing a
mixture of bis(b-CyD) 8 and Cu(ClO4)2¥6H2O (0.55 equiv) in aqueous
solution for 6 h. The complex obtained was purified by column chroma-
tography over Sephadex G-25 with distilled, deionized water as the
eluent. A pure sample of the desired product was obtained in 85% yield.
IR (KBr): ñ=3348, 2931, 1727, 1640, 1513, 1426, 1333, 1263, 1239, 1204,
1155, 1079, 1029, 946, 861, 798, 756, 707, 579, 529 cm�1; elemental analysis
calcd (%) for for C104H152 O72N2¥0.5Cu(ClO4)2¥12H2O: C 42.64, H 6.05, N
0.96; found: C 42.48, H 6.24, N 1.00; UV/Vis (water): lmax (e)=272.2
(50240), 351.8 nm (24540m�1 cm�1).


Bis(b-CyD)±CuII complex 12 : Bis(b-CyD) complex 12 was synthesized in
85% yield from bis(b-CyD) 9 and Cu(ClO4)2¥6H2O (1.6 equiv) by using
procedures similar to those employed in the synthesis of 11. IR (KBr):
ñ=3325, 3061, 2935, 2910, 1652, 1543, 1510, 1454, 1365, 1332, 1262, 1153,
1081, 1030, 945, 845, 757, 706, 627, 579, 525 cm�1; elemental analysis
calcd (%) for C108H164O70N6¥1.5Cu(ClO4)2¥12H2O: C 39.16, H 5.84, N
2.54; found: C 39.75, H 5.57, N 2.83; UV/Vis (water): lmax (e)=266.8
(39840), 348.6 nm (15360m�1 cm�1).


Bis(b-CyD)±CuII complex 13 : Bis(b-CyD) complex 13 was synthesized in
77% yield by using procedures similar to those employed in the synthesis
of 11. IR (KBr): ñ=3333, 3061, 2935, 2906, 1652, 1454, 1364, 1335, 1301,
1206, 1154, 1079, 1029, 945, 846, 757, 706, 625, 577, 531, 414 cm�1; ele-
mental analysis calcd (%) for C112H170O70N8¥1.5Cu(ClO4)2¥24H2O: C
37.82, H 5.67, N 3.15; found: C 37.51, H 5.39, N 3.40; UV/Vis (water):
lmax (e)=264.4 (39800), 342.0 nm (12300m�1 cm�1).
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Behaviour of [PdH(dppe)2]X (X=CF3SO3
�, SbF6


�, BF4
�) as Proton or


Hydride Donor: Relevance to Catalysis


Michele Aresta,*[a] Angela Dibenedetto,[a] Imre Pµpai,[b] Gµbor Schubert,[b]


Alceo Macchioni,[c] and Daniele Zuccaccia[c]


Introduction


Transition-metal hydrides are active in a variety of catalytic
reactions, and the behaviour of the M�H bond has been the
subject of detailed investigations[1] with the aim of under-
standing the mode of cleavage of the metal±hydrogen bond,
which, in principle, can release a hydride ion,[2] a hydrogen
atom[3] or a proton.[4] The relationships between the three
paths were clearly discussed by Wayner et al.[5] in terms of
electron-transfer reactions. A concept used to classify M�H
bonds has been their ™acidity∫ or ™hydricity∫.[6] Cationic hy-
drides have received particular attention because of their
similarity to natural hydrogen-transfer systems such as the


NADP/NADPH+ couple. Among cationic hydrides, com-
plexes of formula [MH(dppe)2]


+ (dppe=1,2-bis(diphenyl-
phosphanyl)ethane) have long been investigated, and the
metals of the Pt family play a leading role as intermediates
in a large number of hydrogenation reactions. While the Ni
hydride[7] was prepared in the 1970s and the Pt analogue
was more recently extensively investigated,[6b] the Pd hy-
dride could not be obtained by using the same synthetic
methodology as for Ni or Pt. Following our previous studies
on the reaction of Pd0 complexes with Br˘nsted acids,[8]


which allowed us to identify in solution the species
[PdH(dppe)2]


+ , we investigated in detail the reaction of
[Pd(dppe)2] with Br˘nsted acids with the double goal of de-
veloping a synthetic methodology of general validity for the
isolation of species of formula [PdH(dppe)2]


+ and to study
their properties. We report here the synthesis of
[PdH(dppe)2]


+X� (X�=CF3SO3
� , BF4


� , SbF6
�) and discuss


their structure in solution and the ability to transfer either a
proton or a hydride ion to a number of substrates. We also
describe the use of the above complexes in hydrogenation
reactions in the presence and absence of dihydrogen. Addi-
tionally, we use density functional theory along with a die-
lectric continuum solvent model to provide qualitative infor-
mation about these reactions, and we examine the structure
of a possible intermediate involved in the proton/hydride-
transfer processes.


[a] Prof. M. Aresta, Dr. A. Dibenedetto
Department of Chemistry
University of Bari, and CIRCC
via Celso Ulpiani 27, 70126 Bari (Italy)
Fax: (+39)080-544-2429
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[c] Prof. A. Macchioni, Dr. D. Zuccaccia
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Universit‡ degli Studi di Perugia
Via Elce di Sotto 8, 06123 Perugia (Italy)


Abstract: The synthesis, characteriza-
tion and properties of [PdH(dppe)2]


+


CF3SO3
�¥0.125THF (1; dppe=1,2-bis-


(diphenylphosphanyl)ethane) and its
SbF6


� (1’) and BF4
� (1’’) analogues, the


missing members of the [MH(dppe)2]
+


X� (M=Ni, Pd, Pt) family, are descri-
bed. The Pd hydrides are not stable in
solution and can react as proton or hy-
dride donors with formation of dihy-
drogen, [Pd(dppe)2]


2+ and [Pd(dppe)2].
Complexes 1±1’’ react with carboca-
tions and carbanions by transferring a
hydride and a proton, respectively.


Such H� or H+ transfer occurs also to-
wards unsaturated compounds, for ex-
ample, hydrogenation of a C=C double
bond. Accordingly, 1 can hydrogenate
methyl acrylate to methyl propionate.
Complex 1’’ is an effective (hourly
turnover frequency=16) and very se-
lective (100%) catalyst for the hydro-


genation of cyclohexen-2-one to cyclo-
hexanone with dihydrogen under mild
conditions. Density functional calcula-
tions coupled with a dielectric continu-
um model were carried out to compute
the energetics of the hydride/proton
transfer reactions, which were used to
rationalize some of the experimental
findings. Theory provides strong sup-
port for the thermodynamic and kinetic
viability of a tetracoordinate Pd com-
plex as an intermediate in the reac-
tions.


Keywords: density functional
calculations ¥ homogeneous
catalysis ¥ hydride ligands ¥
hydrogenation ¥ palladium
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Results and Discussion


We recently communicated[9] the synthesis [Eq. (1)] and
some solution properties of [PdH(dppe)2]CF3SO3¥0.125THF
(1), the missing member of the [MH(dppe)2]X family (M=


Ni, Pd, Pt; dppe=1,2-bis(diphenylphosphanyl)ethane).


½PdðdppeÞ2� þ CF3SO3H ! ½PdHðdppeÞ2�CF3SO3 ð1Þ


We showed[9] that 1 can be isolated by operating under
the correct reaction conditions and have now extended the
preparative methodology to synthesize analogues of 1 such
as [PdH(dppe)2]


+X� , where X�=SbF6
� (1’) or BF4


� (1’’).
The synthetic methodology described here appears to have
potentially wide application. It is based on the addition of a
stoichiometric amount of the absolutely anhydrous acid to
[Pd(dppe)2] in THF at 273 K. The cationic hydride separates
as a yellow solid and can be isolated by filtration in micro-
crystalline, pure form. The addition of the acid must be car-
ried out such that accumulation of any excess in solution is
avoided. A detailed study on complex 1 clearly showed that,
in the presence of free acid, it promptly reacts according to
Equation (2) to afford the dicationic complex [Pd(dppe)2]


2+


(CF3SO3
�)2.


½PdHðdppeÞ2�þCF3SO
�
3 þ HO3SCF3 !


H2 þ ½PdðdppeÞ2�2þðCF3SO
�
3 Þ2


ð2Þ


This behaviour is also exhibited by analogous complexes
1’ and 1’’. Our previous DFT QM/MM calculations[9]


showed that the most likely structure of the [PdH(dppe)2]
+


ion is a capped tetrahedron. We also performed calculations
to compare the energy for the H2 formation [Eq. (3); M=


Ni, Pd, Pt; B=NH3, NEt3, CF3SO3
�] and found the follow-


ing trend for the hydride-donor capabilities: Pd>Pt>Ni.[9]


The estimated energies of proton transfer from
[MH(dppe)2]


+ [Eq. (4)] indicate that in the Pt family, the
most acidic species is that with M=Pd.[9]


½MHðdppeÞ2�þ þ BHþ ! ½MðdppeÞ2�2þ þ Bþ H2 ð3Þ


½MHðdppeÞ2�þ þ B ! MðdppeÞ2 þ BHþ ð4Þ


These data allow the thermodynamic features of the Pt
family cationic hydrides to be completed. Also, the reaction
of the 18e� species [Pd(dppe)2] is a paradigm of a more gen-
eral class of reactions involving covalent tetrahedral species
EX4 and a nucleophile [Eq. (5), where E is a carbon atom
involved in an SN2 process] or an electrophile [Eq. (6),
where E is a metal center involved in an alkylation or a pro-
tonation process].


EX4 þ Y� ! EX4Y
� ! EX3Yþ X� ð5Þ


EX4 þ Aþ ! EX4A
þ ð6Þ


A pentacoordinate adduct (anionic or cationic) is a
common feature of the two processes, and its nature and ge-
ometry are still the subject of investigation by theoreticians


with regard to the barriers of interconverting limit structures
and the energy of reaction.[9]


All complexes 1±1’’ were characterized in solution by 1H
and 31P NMR spectroscopy. In the 1H NMR spectrum they
show a quintuplet at �7.58, �7.8 and �7.22 ppm, respective-
ly, attributed to the hydridic hydrogen atom, and in the
31P NMR spectrum (in which the P was allowed to undergo
only scalar coupling with the hydridic hydrogen atom), a
doublet at 34.48, 34.47 and 34.44 ppm, respectively, attribut-
ed to the four equivalent phosphorus atoms. The stability in
solution decreases in the order 1’’>1’>1, and the lifetime
depends on the temperature and solvent: typically, at 300 K
in CH2Cl2 it is a few hours for 1’’ and roughly one hour for
1. Therefore, [PdH(dppe)2]


+BF4
� was further characterized


by 13C and 19F NMR spectroscopy at low temperature, as in
the time needed for the recording the spectrum no decom-
position took place. Conversely, 1 and 1’ under the same
conditions start to decompose, so that it is not possible to
obtain a clean spectrum, and signal assignment is difficult.
The low-temperature NMR study permitted the anion to be
located with respect to the cation and any interaction of the
former with the Pd�H bond to be excluded. It is noteworthy
that even at 225 K the four phosphorus atoms of the coordi-
nated diphos ligands appear to be equivalent, and there is
no sign of signal broadening and separation into more struc-
tured multiplets, as expected for a rigid structure. Com-
pounds 1±1’’ most likely have a capped tetrahedral structure.
In such a case, three phosphorus resonances (1:1:2) would
be expected in the 31P NMR spectrum. The observed singlet
implies a low-energy fluxional process that exchanges the P
positions even at 225 K. The magnetic equivalence of the
four P arms makes the assignment of resonances rather
simple (see Experimental Section). The spatial proximities
of Pd�H and ortho-H (Figure 1) and of ortho-H and CH2


dppe protons (Figure 2) were established by the 1H NOESY
spectrum.


The relative anion±cation orientation was investigated by
19F,1H HOESY spectroscopy[10] with the principal aim of
finding any possible interaction between the fluorine atoms
of the BF4


� ion and the PdH moiety that might arise from


Figure 1. Section of the 1H NOESY spectrum (400.13 MHz, 225 K,
CD2Cl2) of 1’’ showing the dipolar interaction between Pd�H and ortho-
H of dppe. Asterisks denote Pd�H resonances of another compound
bearing dppe, that is, the complex bearing a monodentate dppe that
slowly forms in solution.
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possible accumulation of positive charge on the hydrogen
atom directly bonded to palladium.


Previous studies have indicated that the anion avoids stay-
ing close to ™normal∫ negatively polarized hydridic hydro-
gen atoms.[11] The 19F,1H HOESY NMR spectrum of 1’’
shows only weak interionic interactions between BF4


� and
the aromatic protons of dppe (Figure 3). In particular, stron-


ger interactions are found with the meta and para protons.
The 19F,1H HOESY NMR spectrum does not show any in-


teraction of BF4
� with Pd�H or with the dppe CH2 protons


(Figure 3). The absence of an interionic interaction between
the anion and Pd�H is not a conclusive proof of the non-
protic character of the Pd-bonded H atom, as such an ab-
sence could be also due to the intrinsically low intensity of
the NOE interaction, which could be masked by the
noise.[12] Conversely, the lack of BF4


�/CH2 interaction and
the observation of interionic interactions that are stronger
for meta and para than for ortho protons suggest that the
anion has little tendency to form intimate ion pairs and indi-
cates two possible anion±cation orientations (Scheme 1).


In the first, the anion approaches the cation from the
PdH side but remains rather distant from it, due to either


the steric protection exerted by the four phenyl groups
pointing above the plane defined by the three phosphorus
atoms or the possible interposition of solvent molecules be-
tween the anion and the cation (Scheme 1, S= solvent). The
second possible anion±cation orientation could involve the
approach of the anion from the side of the P arm that stays
in pseudo-trans position with respect to the Pd�H moiety.


As mentioned above, 1±1’’ are labile in solution. In partic-
ular, in CH3CN 1 reacts according to Equation (7).


2 ½PdHðdppeÞ2�CF3SO3 ð1Þ ! ½PdðdppeÞ2� ð2Þ
þ½PdðdppeÞ2�ðCF3SO3Þ2 ð3Þ þ H2


ð7Þ


The formation of H2 and Pd0 and PdII species implies that
[PdH(dppe)2]CF3SO3 must behave as a proton donor afford-
ing [Pd(dppe)2] (2) [Eq. (8)] and as hydride donor affording
[Pd(dppe)2](CF3SO3)2 (3) [Eq. (9)]. This requires unique
properties of the metal hydride that allow it to play a dual
role.


½PdHðdppeÞ2�þ ! ½PdðdppeÞ2� þ Hþ ð8Þ


½PdHðdppeÞ2�þ ! ½PdðdppeÞ2�2þ þ H� ð9Þ


Formation of H2 from hydride species was recently dem-
onstrated to occur in a reaction implying hydrides with dif-
ferent hydride/proton characters [Eq. (10); dppb=1,2-bis(di-
phenylphosphino)benzene, dmpp=1,2(dimethylphosphino)-
propane].[13]


½RhHðdppbÞ2�þ½PtHðdmppÞ2�þ Ð
½RhðdppbÞ2�þ þ ½PtðdmppÞ2� þ H2


ð10Þ


Our Pd complex is thus the first example of a metal hy-
dride that shows amphoteric properties and is able to pro-
vide both H+ and H� to form H2. The mechanism of H2 for-
mation according to Equation (7) is not yet clear. The for-
mation of H2 might imply homolytic cleavage of the Pd�H
bond to afford an H atom and the radical cation
[(dppe)2Pd]C+ [Eq. (11)], which might catalyze the decompo-
sition of the cationic hydride, as in the case of [CoH(CO)4].


½ðdppeÞ2PdH�þ ! ½ðdppeÞ2Pd�Cþ þ HC ð11Þ


The use of a radical scavenger demonstrated that this
path is not likely to occur, as the rate of H2 formation re-
mains unchanged in presence or absence of the scavenger.


Figure 2. Section of the 1H NOESY spectrum (400.13 MHz, 225 K,
CD2Cl2) of 1’’ showing the dipolar interaction between the ortho-H and
CH2 dppe protons. Asterisks denote resonances of another compound
bearing dppe, that is, the complex bearing a monodentate dppe that
slowly forms in solution.


Figure 3. Three sections of the 19F,1H HOESY NMR spectrum
(376.65 MHz, 225 K, CD2Cl2) of 1’’ showing the interionic interactions be-
tween BF4


� and the dppe aromatic protons. The F1 trace (indirect dimen-
sion) relative to the 11BF4


� resonance is reported on the right.


Scheme 1. Possible anion±cation orientations: the anion approaches the
cation from the H side (left) or the P side pseudo-trans to H (right).
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Alternatively, an intramolecular H transfer to a P atom
could generate a three-coordinate Pd complex bearing a
phosphonium off-arm (Scheme 2), which could intermolecu-


larly react with a second molecule of Pd hydride to afford
H2. However, such a pathway is not supported by any NMR
evidence for formation of a three-coordinate Pd complex
bearing a phosphonium group. Instead, we observed that in
CH3CN a new hydride is formed from 1 with an H signal at
�4.70 ppm and a 2JPH typical of a trans arrangement
(220.4 Hz) (Figure 1). However, such a species is likely to be
a four-coordinate [PdH(dppe)2]


+ intermediate formed by
decoordination of one arm of a dppe ligand. To provide sup-
port for this assumption, we estimated the energy of open-
ing of the five-membered metallaring by carrying out DFT/
COSMO calculations on the model compound [PdH(dpe)2]


+


(dpe=1,2-diphosphanylethane). From the global minimum
structure of [PdH(dpe)2]


+ , which is a capped tetrahedron,
similarly to [PdH(dppe)2]


+ , we constructed an unsaturated
species by inverting the PCCP dihedral angle in the dpe
ligand perpendicular to the Pd�H bond (Scheme 3).


The geometry optimization for the chelate/opened species
yields a square-planar structure (Figure 4) that is only
7.2 kcalmol�1 less stable than the parent compound.[14] The
inclusion of solvent effects by means of COSMO calcula-
tions reduces this energy difference to 3.4 kcalmol�1 (e=7.5
with THF) and 2.9 kcalmol�1 (e=36.6 with CH3CN), and
this points to the stabilizing role of the solvent medium in
the formation of the unsaturated species.


The saddle point connecting the five- and four-coordinate
structures on the [PdH(dpe)2]


+ potential-energy surface is
located 9.5 kcalmol�1 above the saturated complex in the
gas phase, whereas this barrier is calculated to be only
5.4 kcalmol�1 with the solvated model. These results indi-
cate that opening of the chelate arm is both thermodynami-
cally and kinetically feasible, and that the short-lived inter-
mediate hydride involved in Equation (7) might correspond
to the four-coordinate species.


Chelate opening in the hydride complex implies decreas-
ing the electron density on the metal center, since the net s
donation from dppe is reduced by the cleavage of a Pd�P
bond. Hirsfeld population analysis of the two structures
showed that the net atomic charge on Pd varies from �0.09
to +0.24 on dechelation, whereas the slight negative charge


on H (�0.08) remains almost unchanged (becomes �0.09).
Overall, the metal±hydride bond becomes more polarized in
the four-coordinate intermediate, and this may alter the
acidic and hydridic behaviour of the hydride complex. The
charge redistribution on the Pd�H bond associated with de-
chelation is expected to be overestimated by the
[PdH(dpe)2]


+ model relative to the real [PdH(dppe)2]
+


complex, because the p-acceptor ability of the dppe ligand
may partially compensate this effect. Indeed, our calcula-
tions on the two forms of the full [PdH(dppe)2]


+ complexes
(single-point BP86/TZP calculations for structures derived
by H!C6H5 substitution in our [PdH(dpe)2]


+ models) gave
the following Hirsfeld charges: Q(Pd)=�0.10 and Q(H)=
�0.04 for the five-coordinate form, and Q(Pd)=�0.03 and
Q(H)=�0.03 for the four-coordinate form. Thus, the more
realistic model also predicts a decrease in charge density on
Pd�H upon dechelation. These figures suggest that the
™one-arm-off∫ process decreases the negative charge on the
Pd�H system, which agrees with the fact that the four-coor-
dinate hydride shows a proton resonance at �4.7 ppm.[9]


Such a species is less stable than the parent compound, and
studies are in progress to ascertain the mechanism of forma-
tion of H2.


To evidence the two different reactivities of
[PdH(dppe)2]CF3SO3, we separately treated 1 with hydride
and proton acceptors, that is, carbocations and carbanions,
respectively, and thus confirmed its unique capabilities.
When (CH3)3C


+CF3SO3
� (4 ; prepared in situ by treating


Scheme 2. Intramolecular H transfer with generation of a phosphonium
center.


Scheme 3. Formation of a four-coordinate Pd+ species from
[PdH(dppe)2]


+ .


Figure 4. Geometry-optimized structures of the five- and four-coordinate
forms of [PdH{dpe)2]


+ (selected bond lengths in ä).
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(CH3)3CCl with anhydrous CF3SO3Ag) or Ph3C
+CF3SO3


�


(4’; prepared in a similar way from Ph3CCl) is treated with 1
in THF, soon after the mixing the reagents, (CH3)3CH (5) or
Ph3CH (5’) is quantitatively formed [Eqs. (12) and (13)], as
shown by NMR spectroscopy.


½PdHðdppeÞ2�CF3SO3 ð1Þ þ ðCH3Þ3CþCF3SO
�
3 ð4Þ !


½PdðdppeÞ2�ðCF3SO3Þ2 ð3Þ þ ðCH3Þ3CH ð5Þ
ð12Þ


½PdHðdppeÞ2�CF3SO3 ð1Þ þ Ph3C
þCF3SO


�
3 ð40Þ !


½PdðdppeÞ2�ðCF3SO3Þ2 ð3Þ þ Ph3CH ð50Þ
ð13Þ


The 1H and 31P{1H} NMR spectra show the disappearance
of the hydride signal of 1 at d=�7.58 ppm and the conver-
sion of 1 (31P signal at d=34.54 ppm) to 3 (31P signal at d=
58.35 ppm).[8,9,15] Conversely, on mixing a solution of 1 in
THF with an equimolar amount of PhMgBr (6), benzene (7)
is quantitatively formed [Eq. (14)].


½PdHðdppeÞ2�CF3SO3 ð1Þ þ PhMgBr ð6Þ !
½PdðdppeÞ2� ð2Þ þ PhH ð7Þ þ MgBrðCF3SO3Þ


ð14Þ


The reaction is very fast, as demonstrated by the immedi-
ate disappearance of 1 and formation of the Pd0 complex,
monitored by carrying out the reaction in a NMR tube and
recording the 1H and 31P{1H} NMR spectra. Concurrently,
the hydride signal at d=�7.58 ppm and the 31P signal at d=
34.54 ppm disappear, while a new 31P signal appears at d=
32.23 ppm, assigned to 2, as demonstrated by comparison
with an authentic sample of [Pd(dppe)2].


Macroscopically, the proton transfer appears to be as fast
as the hydride transfer. In both cases, the reaction is very se-
lective, without any formation of by-products.


In an attempt to provide some rationale for our observa-
tions, we estimated the energy balance for the model reac-
tions given in Equations (12)±(14) by carrying out DFT/
COSMO calculations, taking into account only the Pd hy-
dride cation (represented by [PdH(dpe)2]


+) and the carban-
ion or carbocation reaction partner [Eqs. (15), (16), and
(17)]).


½PdHðdpeÞ2�þ þ ðCH3Þ3Cþ!½PdðdpeÞ2�2þ þ ðCH3Þ3CH ð15Þ


½PdHðdpeÞ2�þ þ Ph3C
þ ! ½PdðdpeÞ2�2þ þ Ph3CH ð16Þ


½PdHðdpeÞ2�þ þ Ph� ! ½PdðdpeÞ2� þ PhH ð17Þ


The predicted reaction energies of model reactions 12’/
12a’ and 13’ of �46/�33 and �76 kcalmol�1, respectively, in-
dicate that: 1) proton transfer from [PdH(dpe)2]


+ to Ph� is
thermodynamically more favourable than hydride transfer
to (CH3)3C


+ or Ph3C
+ and 2) the nature of the carbocation


may strongly influence the energetics of the hydride-transfer
reaction. The predicted energetics support the experimental
findings and the fact that 1 can act as a proton- or hydride-
transfer agent. More detailed mechanistic investigations at
the molecular level are required for providing a full inter-
pretation of our experimental observations. Theoretical
work is in progress along these lines.


An interesting issue emerged at this point, that is, to as-
certain whether H�/H+ transfer could be performed with a
single substrate as acceptor. Therefore, we treated 1 with
methyl acrylate CH2=CHCOOMe (9). The choice of the
olefin was not casual. In fact, it is well known that PdII com-
plexes added with inorganic acids in presence of phosphane
ligands are catalysts for the dimerization of 9[15,18] to afford
either C6 (T±T coupling) or C5 (H±T coupling) skeletons,
depending on the reaction conditions. Therefore, 1 could act
either as H+/H� transfer agent or as an oligomerization cat-
alyst. The reaction of 1 with 9 was carried out in parallel in
bulk and in an NMR tube, where it was followed by 1H and
31P{1H} NMR spectroscopy. The 1H NMR spectrum of the
reaction mixture clearly showed the disappearance of the
hydride signal at d=�7.58 ppm and the growth of new sig-
nals at d=1.03 (CH3), 2.25 (CH2) and 3.60 ppm (OMe), as-
signed to the resonances of methyl, methylene and methoxyl
groups of CH3CH2C(O)OMe (10), respectively. Additional-
ly, the 31P{1H} NMR spectrum shows the formation of Pd0


(d=32.23 ppm) and Pd2+ (d=58.35 ppm) species. These
data clearly show that 1 act as a donor of hydride and
proton to the C=C double bond with formation of the satu-
rated species (10) [Eq. (18)]).


2 ½PdHðdppeÞ2�CF3SO3 ð1Þ þ CH2¼CHCðOÞOMe ð9Þ !
CH3CH2CðOÞOMe ð10Þ þ ½PdðdppeÞ2� ð2Þ
þ½PdðdppeÞ2�ðCF3SO3Þ2 ð3Þ


ð18Þ


Methyl propionate was also monitored by GC-MS and
compared with an authentic sample. Additionally, neither
organometallic species derived from the potential interac-
tion of the olefin with the metal center nor dimers of methyl
acrylate were detected by NMR spectroscopy. It is notewor-
thy that formation of H2 was not observed in this case, in
contrast to Equation (3). The formation of 10 can in princi-
ple occur in two ways: 1) by sequential or concomitant addi-
tion of H+ and H� to the double bond and 2) preliminary
formation of H2 according to Equation (3) and subsequent
hydrogenation of 9 promoted by PdII or Pd0 species. To ex-
clude that H2 is involved in the hydrogenation of 9, we
added the olefin and H2 to the Pd0/Pd2+ mixture obtained
from the stoichiometric hydrogenation of 9 according to
Equation (18). Under the same conditions (time, solvent,
temperature) used for the reaction of 1 with 9 (293 K), the
Pd0/Pd2+ couple was not able to hydrogenate methyl acry-
late. This supports the picture of proton and hydride transfer
in the reaction of 1 with methyl acrylate, rather than pre-
liminary formation of H2 that subsequently adds to 9. The
reaction given in Equation (18) is very clean and 10 is
formed as the sole organic product. The hydrogenation of
methyl acrylate by 1 by H+ and H� transfer is reminiscent
of the mechanism of hydrogenation of the C=O group by
[RuCl2(PR3)2(NH2CH2CH2NH2)] complexes, assisted by an
alcohol and a base, as described by Noyori.[19] In both cases,
H+ and H� are transferred by a mechanism in which the
double bond may not be coordinated to the metal, and this
suggests that its coordination to the metal atom may not be
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a necessary prerequisite for hydrogenation to occur. Com-
paring our system with that of Noyori, it is remarkable that
in our case H+ and H� are provided by the same metal
center. Either a simultaneous interaction of two Pd±hydride
moieties with the double bond or a nearly stepwise mecha-
nism can operate. The former seems to be less favorable for
steric reasons if the cationic moiety remains unchanged
during the reaction. Assuming a quasi-stepwise mechanism,
to determine whether there is any thermodynamic prefer-
ence for the hydride- or the proton-transfer process in the
hydrogenation of 9, we carried out DFT/COSMOe=7.5 calcu-
lations on the species involved in the reaction given in
Equation (18) and found that the overall reaction is exother-
mic by 24 kcalmol�1. Assuming that hydride transfer and
the proton transfer in the hydrogenation process occur in
separate but close steps, one can formally decompose the re-
action energy according to whether hydride or proton trans-
fer takes place first. A population analysis on the gas-phase
equilibrium structure of 9 indicated an excess of positive
partial charge on the terminal CH2 group, whereas the
carbon atom a to the carboxyl group carries a negative
charge. One can therefore envision that the first step of the
hydrogenation could be Equations (19) or (20).


½PdHðdppeÞ2�þþCH2¼CHCðOÞOMe !
½PdðdppeÞ2�2þ þ CH3C


�HCðOÞOMe
ð19Þ


½PdHðdppeÞ2�þþCH2¼CHCðOÞOMe !
½PdðdppeÞ2� þ CþH2CH2CðOÞOMe


ð20Þ


Our calculations reveal that both reactions are thermody-
namically uphill, but the hydride transfer [Eq. (19)] is nota-
bly less endothermic (DE=++26 kcalmol�1) than the proton
transfer (DE=++59 kcalmol�1), that is, the formation of C+


H2CH2C(O)OMe is thermodynamically less feasible than
the formation of the anionic species.


Moreover, the carbanion resulting from H� addition,
CH3C


�HC(O)OMe, may be stabilized by resonance delocal-
ization of the negative charge [Eq. (21)] which then reacts
with 1 that behaves as proton donor to afford the saturated
methyl ester [Eq. (22); DE=�50 kcalmol�1] .


½PdHðdppeÞ2�þþCH3C
�HCðOÞOMe !


½PdðdppeÞ2� þ CH3CH2CðOÞOMe
ð22Þ


The sum of reactions in Equations (19) and (22) repre-
sents the hydrogenation of methyl acrylate [Eq. (18)] in an
exothermic process (DE=�24 kcalmol�1).


The experimental data reported above are a clear demon-
stration that the Pd hydride 1 can behave as ambivalent


transfer agent of proton or hydride and is also able to trans-
fer both H+ and H� to the same substrate, as in the hydro-
genation of methyl acrylate.


As the implication of such reactions in catalysis is quite
intriguing, we also investigated the behaviour of 1, 1’ and 1’’
towards cyclohexene-2-one (11) under H2 atmosphere or in
the presence of 2-propanol as H2 source under dinitrogen.
We found that the alcohol readily transfers a proton to the
Pd�H bond of 1 and its congeners with H2 elimination and
formation of a dark Pd species (most likely Pd black). Any
eventual hydrogenation activity under these conditions
cannot be attributed to the Pd hydride, but more likely to
Pd0 species (Pd metal). Conversely, the addition of H2 under
controlled thermal conditions (below 333 K) does not de-
compose the hydride complexes 1±1’’, which thus can act as
hydrogenation catalysts without formation of Pd black, as
determined at the end of the hydrogenation run. Compound
11 has two different sites of reaction: the C=C double bond
and the C=O group. From a kinetic point of view, most
probably the hydrogenation of the two moieties starts with a
different step: hydride transfer to C in the former case, and
a proton transfer to O in the latter. Moreover, if the hydro-
genation process were thermodynamically controlled (our
DFT/COSMO calculations (e=7.5) predict cyclohexanone
to be 13 kcalmol�1 more stable than cyclohexen-2-ol), hy-
drogenation of the double bond (DG=�25.9 kcalmol�1)
should preferentially occur over hydrogenation of the keto
group (�12.9 kcalmol�1). The latter would imply as a first
step proton transfer to the keto oxygen atom. Although all
complexes 1±1’’ exhibit the same behaviour, we discuss
below the results obtained with 1’’. Most entries in Table
refer to 1’’, which is more stable and allowed the reactive
system to be analyzed for a longer time. The reaction of 1
with 11 under 0.1 MPa of H2 at 297 K (entry 0, Table 1)
does not afford any hydrogenated product. If the H2 pres-
sure is raised to 4 MPa (entry 1), 11 is hydrogenated. At
323 K (entries 3±5) the hourly turnover frequency (TOFh)
increases, and cyclohexanone (12) is obtained very selective-
ly. Neither cycloexene-2-ol nor cyclohexanol was found in
the reaction mixture. Increasing the temperature from 323
to 340 K increases the TOFh, which reaches the best value
of 95. Nevertheless, while at 323 K the cationic H�Pd com-
plex is recovered at the end of the run, at 340 K 1 slowly de-
composes to dark Pd species that also are very good cata-
lysts for the hydrogenation of 11 (entries 6±8). Complexes 1
and 1’ show lower TOFh than 1’’ at 323 K, and this agrees
with the fact that they have a shorter lifetime (see above).
The TOFh of the Pd black formed by decomposition of 1, 1’
or 1’’ at 350 K is very similar. Its behaviour is comparable
with that of Pd±C (5% Pd), which shows a TOFh between
100 and 1000.


The behaviour of 1 and its congeners as catalysts of hy-
drogenation of 11 and their TOF values raises the question
of the reaction mechanism. The fact that no reaction occurs
at 0.1 MPa of H2 indicates that the concentration of H2 in
solution may be the key for the reaction to occur. Under the
correct operating conditions, with a fair concentration of hy-
drogen in solution, the hydride complexes show a catalytic
activity that is different from that of the couple Pd2+/Pd0.
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Tentatively, we propose the for-
mation of the six-membered
adduct 13 as the active hydroge-
nation intermediate.


Intermediacy of 13 may ex-
plain how 11 is hydrogenated to
12, leaving 1 unchanged. Most


likely, for steric reasons, the four-coordinate Pd hydride is
involved in such a reaction, rather than the parent five-coor-
dinate complex. It is worth emphasizing that we carefully
monitored the reaction system, and, for determinating the
TOFh of 1 and its congeners, considered only the time
during which the reaction solution remained pale yellow
without any formation of Pd-black species.


Conclusion


[PdH(dppe)2]X (X=CF3SO3
� , SbF6


� , BF4
�) react as hydride


or proton donors to carbocations or carboanions, respective-
ly. In solution, they can also generate hydrogen plus Pd2+


and Pd0 complexes. The H+/H� transfer also occurs towards
unsaturated organic compounds, for example, methylacry-
late to afford, very selectively, methyl propionate. This is the
first documented example of a hydride complex acting as a
donor of either H+ or H� . In the presence of dihydrogen,
the [PdH(dppe)2]


+ ion behaves as a hydrogenation catalyst
for cyclohexene-2-one with TOFh=16 below 323 K. Above
this temperature, the hydride decomposes to Pd-black spe-
cies that also are very active and selective hydrogenation
catalysts. Theoretical calculations showed that a four-coordi-
nate Pd�H complex may be the active intermediate in a
number of reactions. Studies are in progress to extend
knowledge of the properties of the cationic hydride and its
applications.


Experimental Section


Air-sensitive compounds were handled under nitrogen with a vacuum/
inert gas manifold. FTIR spectra were recorded by using a Bruker 113V
Fourier transform interferometer. GC and MS analyses were performed
with a Shimadzu QP 5050 GC-MS. NMR spectra were measured with
Varian 200 XL, Bruker Avance DRX 400 or Bruker AM 500 instruments.
The NMR measurements with the Bruker Avance DRX 400 were per-
formed at 400.13 MHz (1H), 376.65 MHz (19F), 161.98 MHz (31P) and


100.61 MHz (13C). With the Bruker
AM 500 the NMR measurements
were performed at 500.38 MHz (1H)
and 125.76 MHz (13C). All solvents
were dried and distilled under dini-
trogen as described in the litera-
ture.[20]


Computational details : The reaction
energies were estimated from DFT/
COSMO calculations carried out for
the relevant reactant and product
compounds with the ADF program
package.[17a] The dppe
(Ph2PCH2CH2PPh2) ligand in the pal-
ladium complexes was replaced with
H2P(CH2)2PH2 (dpe). The structures
of all molecules and model com-


plexes were fully optimized in the gas phase at the BP86/TZP level of
theory, and first-order quasirelativistic corrections were included in the
calculation of binding energies.


Since the reactions considered here involve charged species, inclusion of
solvent effects is unavoidable to predict reasonable energetics. The solva-
tion energies were calculated in terms of the conductorlike screening
model (COSMO)[17b] as implemented in ADF. The van der Waals atomic
radii, which define the molecule-shaped cavity in the dielectric medium,
were chosen as follows: Pd: 1.63, P: 1.8, C: 1.7, O: 1.52, H: 1.2 (all values
in ä). We used e=7.5 and e=36.6 for the dielectric constant of the
medium to model the solvents THF and CH3CN generally used in the ex-
periments. The effect of ion pairing, that is, the presence of counterions
(e.g., CF3SO3


�) in the solution, was not considered in our calculations.
The energy values reported in the paper refer to T=0 K and do not in-
clude zero-point energy corrections.


The applicability of density functional theory coupled with dielectric con-
tinuum methods in thermochemistry of reactions involving differently
charged species has not been systematically studied, but there are a few
examples in the recent literature which indicate the relevance of the pres-
ent methodology in providing reasonable energetics for proton- or elec-
tron-transfer reactions.[21,22] Our preliminary results for a series of proto-
nation reactions relevant to the present study[23] show that the computa-
tional model applied here gives protonation energies to within about
10 kcalmol�1 as compared to experiment.


The approximation made in our model to stay within reasonable compu-
tational cost, that is, the replacement of the dppe ligand by dpe, calls for
caution regarding the absolute values of the reported reaction energies.
However, all our conclusions based on the calculated energies refer
either to analogous reactions, for which the errors introduced by the
above simplification are cancelled, or to a set of reactions for which the
calculated energies differ by at least 20 kcalmol�1, which is quite likely
beyond the error of predictions.


Characterization of [PdH(dppe)2]BF4–
1H NOESY and 19F,1H HOESY


experiments : Gradient pulses, only along the z direction, were generated
by using the Great 1/10 gradient unit. Sample temperature was controlled
with the BVT 3000 variable-temperature unit equipped with digital con-
trol; the value was checked by using a 4% CH3OH in CD3OD standard
tube. Proton, carbon, phosphorus and fluorine spectra were acquired
with the 5 mm QNP probe. Chemical shift are relative to external TMS
for 1H and 13C, external H3PO4 for 31P and external CCl3F for 19F. All
FIDs for proton, fluorine and phosphorus were acquired using 32k or 64k
points; the FIDs for carbon spectra were acquired with 64k or 128k data
points. Carbon and phosphorus spectra were acquired with decoupling of
the 1H nucleus. In the 2D NMR experiments, the number of digital
points dedicated to direct and indirect dimensions was fixed according to
the desired resolution and to the total experimental time. Each transient
(direct dimension) was acquired with 1k, 2k or 4k points; the number of
transients (indirect dimension) varied from 512 to 2k; the number of
scans was set at 16, 24 or 32, depending on solute concentration. All two-
dimensional spectra were transformed by using the zero filling procedure
in both dimensions. The 1H NOESY[24] NMR experiments were acquired
by the standard three-pulse sequence or by the PFG version.[25] Two-di-
mensional 19F,1H HOESY NMR experiments were acquired using the


Table 1. Hydrogenation of cyclohexene-2-one to cyclohexanone.


Cyclohexen2-one Catalyst T t PH2
[MPa] or TOFh


[mol] [mol] [K] [h] 2-propanol [mL]


0 2.00î10�5 2.07î10�5 (1) 297 20 0.1 MPa 0
1 2.07î10�5 2.07î10�5 (1) 297 21 4 MPa 0.01
2 1.40î10�4 1.43î10�5 (1) 323 1 13 mL ±
3 1.38î10�3 1.40î10�5 (1) 323 1 4 MPa 2.0
4 1.54î10�3 1.54î10�5 (1’) 323 1 4 MPa 1.5
5 1.41î10�3 1.41î10�5 (1’’) 323 1 4 MPa 15.9
6 4.80î10�5 4.68î10�5 (1) 340 1 4 MPa 95.0
7 2.78î10�4 2.80î10�6 (1) 340 1 4 MPa 95.0
8 2.70î10�3 2.70î10�6 (1) 340 1 4 MPa 92.0
9 4.70î10�3 4.70î10�6 (Pd/C 5%) 340 1 4 MPa ca. 1000
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standard four-pulse sequence or the modified version.[26] Semiquantitative
spectra were acquired using a 1 s relaxation delay and 800 ms mixing
times.


Synthesis of [PdH(dppe)2]CF3SO3 (1): Strictly anhydrous CF3SO3H
(21 mL, 0.242 mmol) was added to a yellow solution of [Pd(dppe)2]
(0.219 g, 0.242 mmol) in anhydrous THF (25 mL), prepared under dini-
trogen at 293 K, and the resulting mixture was stirred at 273 K for 3 h,
during which a yellow solid formed. The solution was concentrated and
the yellow solid collected by filtration under dinitrogen, washed with an-
hydrous THF (3î2 mL), dried in vacuo and characterized as
[PdH(dppe)2]


+CF3SO3
�¥0.125THF. Yield: 0.180 g, 0.170 mmol, 70.0%; el-


emental analysis calcd (%) for C53H49F3O3P4SPd¥0.125THF (1063.36): C
59.86, H 4.64, P 11.65, Pd 10.00, S 3.01; found: C 60.27, H 4.97, P 11.49,
Pd 10.07, S 2.84; IR (Nujol, KBr disks): ñ=1916 (nPd�H), 1268 (nasSO3),
1223 (nsCF3), 1143 (nasCF3), 1030 (nsSO3), 871, 818, 742, 694 (CH2 rocking
vibrations of diphosphane ligands), 637, 571, 518 cm�1 (SO3 deforma-
tions); 1H NMR (500 MHz, CD2Cl2, 293 K): d=�7.58 (qm, 2JH-P=


54.4 Hz, 1H), 2.28 (br s, 8H, Ph2PCH2CH2PPh2), 7.24 (m, 32H, o- and m-
dppe), 7.40 ppm (t, 8H, p-dppe); 31P{1H} NMR (202.48 MHz, CD2Cl2,
293 K): d=34.48 ppm (d, 2JP-H=54.4 Hz).


Synthesis of [PdH(dppe)2]SbF6 (1’): A solution of [Pd(dppe)2] (0.153 g,
0.169 mmol) in THF (25 mL) was prepared under dinitrogen at 293 K,
and anhydrous HFSbF5 (14 mL, 0.169 mmol) was added. The reaction
mixture was stirred at 273 K for 3 h and then concentrated under
vacuum. The yellow solid was collected by filtration under dinitrogen,
washed with anhydrous THF (3î2 mL), dried in vacuo and characterized
as [PdH(dppe)2]SbF6. Yield: 0.157 g, 0.137 mmol, 81.2%; elemental anal-
ysis calcd (%) for C52H49F6P4SbPd (1140.02): C 54.78, H 4.33, P 10.86, Pd
9.33; found: C 54.25, H 4.68, P 11.02, Pd 9.17. IR (Nujol, KBr disks): ñ=
1913 (nPd�H), 871, 819, 743, 694, 658 cm�1 (CH2 rocking vibrations of di-
phosphane ligands); 1H NMR (500 MHz, CD2Cl2, 293 K): d=�7.8 (qm,
2JH-P=39.5 Hz, 1H), 2.28 (br s, 8H, Ph2PCH2CH2PPh2), 7.24 (m, 32H, o-
and m-dppe), 7.40 ppm (t, 8H, p-dppe); 31P{1H} NMR (202.48 MHz,
CD2Cl2, 293 K): d=34.47 ppm (d, 2JP-H=39.5 Hz).


Synthesis of [PdH(dppe)2]BF4 (1’’): HBF4¥Et2O (36 mL, 0.263 mmol) was
added to a yellow solution of [Pd(dppe)2] (0.238 g, 0.263 mmol) in anhy-
drous THF (25 mL) under dinitrogen at 293 K. The resulting mixture was
stirred at 273 K for 3 h. The solution was concentrated and the yellow
solid was collected by filtration under dinitrogen, washed with anhydrous
THF (3î2 mL), dried in vacuo and characterized as [PdH(dppe)2]BF4.
Yield: 0.210 g, 0.211 mmol, 80.2%; elemental analysis calcd (%) for
C52H49BF4P4Pd (991.08): C 63.01, H 4.98, P 12.50, Pd 10.73; found: C
62.45, H 4.95, P 12.29, Pd 10.17. IR (Nujol, KBr disks): ñ=1909 (nPd�
H), 870, 818, 743, 694 cm�1 (CH2 rocking vibrations of diphosphane li-
gands); 1H NMR (400.13 MHz, CD2Cl2, 225 K): d=�7.22 (q, 2JH-P=


53.7 Hz, H), 2.27 (br, CH2), 7.16 (br, o), 7.22 (dd, 3Jm,p=
3Jm,o=7.3 Hz, m-


dppe), 7.39 ppm (t, 3Jp-m=7.3 Hz, p-dppe); 13C{1H} NMR (CD2Cl2,
225 K): d=68.3 (s, CH2), 129.3 (s, p-dppe), 131.0 (s, m-dppe), 132.5 (s, o-
dppe), 133.1 ppm (d, 1JC-P=43.6 Hz, Cipso);


19F NMR (CD2Cl2, 225 K): d=
�152.9 (br, 10BF4), �153.0 ppm (br, 11BF4);


31P NMR (CD2Cl2, 225 K):
d=34.09 ppm (d, 2JH-P=53.7 Hz, P).


Reaction of 1 with PhMgBr (6): PhMgBr (0.025 mmol), prepared from
PhBr and Mg in anhydrous THF, was added to a yellow solution of 1
(26 mg, 0.024 mmol) in anhydrous THF (2 mL) under dinitrogen at 293 K
with stirring. The solution immediately turned orange and then slowly
yellow, while MgBr(CF3SO3) precipitated as a white solid. Quantitative
formation of benzene was determined by GC-MS. [Pd(dppe)2] was char-
acterized by IR, 1H and 31P{1H} NMR spectroscopy, by comparison with
an authentic sample, and elemental analysis.


Reaction of 1 with (CH3)3C
+CF3SO3


� (4): (CH3)3CCl (2 mL, 0.018 mmol)
was added to a solution of CF3SO3Ag (4.6 mg, 0.018 mmol) in anhydrous
THF (1 mL) under dinitrogen at 293 K. The solid AgCl that formed was
filtered off. (CH3)3C


+CF3SO3
� in THF was then added to a yellow solu-


tion of 1 (18 mg, 0.017 mmol) in anhydrous THF (1.5 mL) under dinitro-
gen at 293 K with stirring. The solution immediately turned white and
[Pd(dppe)2](CF3SO3)2 precipitated as a white solid. The 1H NMR analysis
of the solution and gas phase showed quantitative formation of isobu-
tane. [Pd(dppe)2](CF3SO3)2 was characterized by IR, 1H and 31P{1H}
NMR spectroscopy, by comparison with an authentic sample, and ele-
mental analysis.


Reaction of 1 with Ph3C
+CF3SO3


� (4’): A solution of Ph3C
+CF3SO3


� was
prepared by addition of Ph3CCl (3.9 mg, 0.014 mmol) to a solution of
CF3SO3Ag (3.6 mg, 0.014 mmol) in THF and added to a solution of 1
(17.7 mg, 0.014 mmol) in THF (1 mL). [Pd(dppe)2](CF3SO3)2 (3) precipi-
tated as a white solid, and Ph3CH (5) was detected in the solution by
1H NMR spectroscopy.


Reaction of PhMgBr (6) with (CH3)3C
+CF3SO3


� (4): (CH3)3CCl (3.3 mL,
0.030 mmol) was added to a solution of CF3SO3Ag (8 mg, 0.031 mmol) in
anhydrous THF (1 mL) under dinitrogen at 293 K. Solid AgCl formed
and was filtered off. To the clear solution, PhMgBr (0.031 mmol) in THF
was added under dinitrogen at 293 K with stirring. The GC-MS analysis
of the reaction solution and equilibrium gas phase showed the quantita-
tive formation of benzene and isobutene in equimolar amounts.


Reaction of PhMgBr (6) and (CH3)3C
+CF3SO3


� (4) in the presence of 1:
(CH3)3CCl (1 mL, 0.009 mmol) was added to a solution of CF3SO3Ag
(2.6 mg, 0.010 mmol) in anhydrous THF (1 mL) under dinitrogen at
293 K. The AgCl that formed was filtered off. The resulting solution and
PhMgBr in THF (0.009 mmol) were simultaneously added to a yellow
solution of 1 (9.8 mg, 0.009 mmol) in anhydrous THF (1 mL) under dini-
trogen at 293 K with vigorous stirring. The resulting solution and the gas
phase were analyzed by 1H NMR spectroscopy and GC-MS and shown to
contain benzene and isobutene.


Reaction of PhMgBr (6) and Ph3C
+CF3SO3


� (4’) in the presence of 1’:
Ph3CCl (6.4 mg, 0.023 mmol) was added to CF3SO3Ag (6 mg,
0.023 mmol) in THF (1 mL). The filtered resulting solution and PhMgBr
in THF (0.023 mmol) were simultaneously added to a solution of 1’
(26 mg, 0.023 mmol) in anhydrous THF (1 mL) under dinitrogen at 293 K
with vigorous stirring. The resulting solution was analyzed by 1H NMR
spectroscopy and GC-MS and shown to contain benzene and triphenyl-
methane.


Reaction of 1 with CH2=CHC(O)OMe (9): CH2=CHC(O)OMe (1 mL,
0.011 mmol) was added to a solution of 1 (23.6 mg, 0.022 mmol) in anhy-
drous THF (2 mL) under dinitrogen at 293 K with stirring.
[Pd(dppe)2](CF3SO3)2 precipitated as white solid that was filtered off. A
yellow solution of [Pd(dppe)2] in THF was also obtained. The methyl
propionate that formed was monitored by 1H NMR spectroscopy and
GC-MS, and by comparison with an authentic sample.


General procedure for monitoring reactions by 1H NMR (500 MHz,
CD2Cl2, 293 K) and


31P{1H} NMR (202.48 MHz, CD2Cl2, 293 K) spectros-
copy : A water-free solution of 1 (0.023 mmol) in CD2Cl2 (0.75 mL) was
prepared under dinitrogen in an NMR tube. PhMgBr, (CH3)3C


+CF3SO3
�


or methyl acrylate was added in an equimolar amount, the tube was
sealed and the solution continuously monitored by 1H and 31P{1H} NMR
spectroscopy at 293 K until no further change in the spectrum was ob-
served.


Hydrogenation reactions : A fixed amount of the PdH catalyst (1, 1’ or
1’’) or Pd/C 5% (see Table 1) was added to a solution of cyclohexen-2-
one in THF (3 mL) under dinitrogen in a glass reactor. When H2 was
used, the glass reactor was placed in an autoclave and 4MPa of hydrogen
was charged. The reaction mixture was heated at a fixed temperature
with stirring and monitored by GC-MS by drawing samples while the re-
action was running. When 2-propanol was used, the relevant amount was
added to the reaction mixture (see Table 1), and the solution was heated
at a fixed temperature with stirring and monitored by GC-MS.
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A Series of Redox Active, Tetrathiafulvalene-Based Amidopyridines and
Bipyridines Ligands: Syntheses, Crystal Structures, a Radical Cation Salt and
Group 10 Transition-Metal Complexes


Thomas Devic, Narcis Avarvari,* and Patrick Batail*[a]


Introduction


The synthesis and coordination chemistry of electro-active
molecules functionalized by various mono- or polydentate li-
gands have developed steadily during the past decade. For
example, pyridine,[1] bipyridine,[2] and terpyridine[3] deriva-
tives of ferrocene have been synthesized and engaged in
transition-metal complexes, whose spectroscopic properties
in solution are influenced by the oxidation of ferrocene into
ferricinium. Another prominent redox-active class of com-
pounds is represented by tetrathiafulvalene (TTF) deriva-
tives, which have been extensively studied in the search for
molecular conductors and superconductors.[4] The associa-
tion of a TTF core with heteroatom-based ligands, capable
of coordinating to a metallic center, offers a whole novel
perspective on the modulation of architecture and collective
electronic properties of molecular solids. Hence, the metal
may serve as a template in order to assemble two or more
TTF units, by means of metal±-ligand interactions, in a rigid


predefined manner ruled by the coordination geometry and
the number of free coordination sites. In addition, the func-
tional redox ligands may be further activated and assembled
into electroactive supramolecular edifices by electrocrystalli-
zation experiments. Such radical cation salts would provide
unique models to probe the structural and electronic conse-
quences of mixing the metal d and ligand p electrons and
spins in their frontier orbitals. Hence, depending on the
strength of the intramolecular transfer integral between two
or more such redox functionalities bound to the metal
center with respect to the HOMO±LUMO splitting of the
complex, internal redox processes coupled to structural in-
stability may occur in the solid state–an eventuality of
much current interest.[5] In addition, when the coordinated
metal is paramagnetic, the coexistence of magnetic and con-
ducting properties hold much promise for the development
of bifunctional molecular materials, a field of much current
activity.[6,7] Various TTF derivatives containing coordinating
groups, such as crown ethers,[8] thioethers,[9] phosphines,[10]


and stibines,[11] along with the corresponding metal com-
plexes, have been described in the literature so far. Never-
theless, among the TTF ligand systems the most extensively
studied by several groups are those containing pyridine or
bipyridine ligands. Thus, TTF, methyl-TTF, BEDT-TTF
(BEDT=bisethylenedithio) and tetrakis(thioalkyl)-TTF de-
rivatives functionalized with pyridine and bipyridine have
been synthesized either by phosphate-mediated coupling re-
actions of the appropriate 1,3-dithiole-2-ones or 1,3-dithiole-
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Abstract: Amidopyridine and �2,2’-bi-
pyridine derivatives of EDT-TTF and
BTM-TTF (EDT=ethylenedithio,
BTM=bis(thiomethyl), TTF= tetra-
thiafulvalene) have been synthesized
and crystallographically characterized.
In the solid state, the different supra-
molecular organization of all these
donors results from the competition
between the intermolecular interac-
tions, that is, van der Waals, hydrogen-
bonding, p±p stacking, and donor±ac-


ceptor interactions. The electron-donat-
ing properties of the new donors have
been investigated by cyclic voltamme-
try measurements. A radical cation
salt, formulated [EDT-TTF-CONH-m-
Py]C+[PF6]


� , has been prepared by elec-
trocrystallization and its crystal struc-


ture determined by X-ray analysis.
Square planar dicationic complexes
with the same donor and MIIL2 frag-
ments (M=Pd, Pt, L2=bis(diphenyl-
phosphino)propane (dppp) or bis(di-
phenylphosphino)ethane (dppe)) have
been synthesized and one of them, con-
taining the Pd(dppp) unit, has been
structurally characterized. The confor-
mation of the complex in the crystal-
line state is anti, with the coexistence
of the dl racemic pair of enantiomers.


Keywords: amides ¥ electrocrystalli-
zation ¥ hydrogen bonds ¥
palladium ¥ tetrathiafulvalenes


Chem. Eur. J. 2004, 10, 3697 ± 3707 DOI: 10.1002/chem.200305776 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3697


FULL PAPER







2-thiones,[12] or by reacting TTFs that contain reactive
groups and functionalized pyridines or bipyridines. This last
group of reactions includes Stille cross-coupling reactions,[13]


Wittig reactions,[14] and utilization of the tetrathiolate [TTF-
S4]


4�[15] or dithiolate [TTF-S2]
2� ions,[16] generated from pro-


tected precursors under basic conditions, by nucleophilic
substitutions with halogenalkylpyridines or -bipyridines. Par-
adoxically, transition-metal complexes involving a TTF-pyri-
dine ligand[17] and the first example of a radical cation salt
have been reported only very recently.[18]


Here we report on the utilization of the amide function as
a spacer between redox active TTF cores and nitrogen-con-
taining heterocycles (Scheme 1).


Elaborating from the known capacity of amides to form
recurrent hydrogen-bond patterns in crystals,[19] situations
can be created in which intra- and intermolecular hydrogen-
bonded amide±-amide linkages compete in the solid state
with intermolecular pp±pp overlap interactions and van der
Waals interactions. In a series of monocomponent solids and
radical cation salts based on the mono-[20] and diamides[21] of
EDT-TTF (EDT-TTF=ethylenedithiotetrathiafulvalene),
this feature has demonstrated the many benefits of engaging
such functional precursors for directing the solid-state
chemistry and collective electronic properties of molecular
solids.[21,22] Of particular note, is the observation in the
former series that the hydrogen-bond donor±acceptor char-
acter of the amide group appended to a TTF core changes
upon oxidation of neutral TTF in the radical cation.[23] Thus,
we reasoned that the TTF-amide-pyridine triad should have
an interesting potential as synthon for the construction of
crystalline molecular materials. Note also that, a very recent
study has shown that the host±guest recognition in solution,
through hydrogen bond formation, between a TTF-amido-
pyridine and different complementary guests can be electro-
chemically controlled.[24] In the solid state we expect that
the hydrogen-bond interactions will compete with S¥¥¥S van
der Waals and p±p overlap interactions, as well as with the
coordination properties of these ligands, directed towards
the synthesis of new molecular bricks.


Herein we report the synthesis and structural characteri-
zation of a series of EDT- and o-BTM-TTF-amidopyridines
(o-BTM=ortho-bis(thiomethyl)) and amidobipyridines, one
radical cation salt, and Pd2+ and Pt2+ complexes of one of
these donors, the first examples of transition-metal com-
plexes of a TTF-pyridine ligand based on these metallic cen-
ters.


Results and Discussion


Synthesis and X-ray structures of EDT-TTF-CONH-pyri-
dines and -2,2’-bipyridine : Our first choice concerning the
TTF derivative type to be explored was the EDT-TTF (eth-
ylenedithiotetrathiafulvalene), with respect to the interest-
ing results obtained in the EDT-TTF-amides series.[21, 22]


Indeed, from a material point of view it is worthwhile to
preserve the ethylenedithio bridge on one side of the TTF
core, as its ability to establish more lateral S¥¥¥S and pp±pp


intermolecular interactions directs the stabilization of solid-
state constructs with either one- or two-dimensional elec-
tronic structures and a rich low-dimensional physics.[25] Thus,
EDT-TTF-COCl (1) reacts[20] with meta-aminopyridine,
para-aminopyridine and 5-amino-2,2’-bipyridine,[26] respec-
tively, to yield meta- and para-amidopyridine, as well as 5-
amido-2,2’-bipyridine derivatives of EDT-TTF, as depicted
in Scheme 2.


All three compounds were obtained as single crystals and
the analysis of their structures determined by X-ray diffrac-
tion allowed us to decipher a set of intermolecular interac-
tions detailed in the following. Each donor bears hydrogen-
bond acceptors, namely carbonyl and pyridyl groups, as well
as one strong (NH) and one weaker (vinyl CH) hydrogen-
bond donor. In the neutral, non-coordinated state, one ex-
pects[20,21] intermolecular hydrogen bonds to be an important
factor in governing the solid-state arrangement, in competi-
tion with S¥¥¥S van der Waals interactions, and, eventually,
p±p stacking between aromatic rings. Also, interactions of
the donor±acceptor (i.e., TTF±pyridine) type can be expect-
ed within the crystalline structures of these compounds. As
a means of tracking the balance of the competing interac-
tions in this series of compounds, it is convenient to consider
the dihedral angle f between the pyridine and TTF mean
planes, as well as the three dihedral angles q1, q2, and q3


about the C�C, C�N, and N�C bonds, respectively, as de-
fined in Scheme 3.


Compound 2a crystallized in the orthorhombic system,
space group Pbca, with one donor molecule in general posi-
tion and one acetonitrile molecule disordered on an inver-
sion center. Selected bond lengths and angles, which are all
within the normal range, are given in Table 1.


An ORTEP diagram of the TTF derivative is shown in
Figure 1a. The p-donor molecule is planar (f=5.71(12)8,


Scheme 1. TTF-amido-pyridines: schematic drawing illustrating the role
of each functionality.


Scheme 2. Synthesis of EDT-TTF-CONH-m-Py (2a), EDT-TTF-CONH-
p-Py (2b) and EDT-TTF-CONH-5±2,2’-bipy (3).
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q1=1.8(4)8, q2=4.6(5)8, q3=11.4(4)8) and forms ribbons,
running along the b direction, through intermolecular hydro-
gen bonds (Figure 1b). Molecules form centrosymmetric
dimers between two ribbons.


A neat, outer hydrogen-bond backbone provides the
ribbon cohesion out of the nitrogen atom (N2) of a pyridine
moiety and the N1�H1 and C2�H2 groups of a neighboring
molecule, wrapped up into a R2


1(7)[27] cyclic pattern
(Table 2). This pincer, already observed in the structure of
other TTF-amides,[20] albeit in those cases the acceptor was
the carbonyl oxygen atom, is reinforced by an additional
weaker hydrogen bond with the C11�H11 group. Note the
dual activation of atom H11, a consequence of its location
in para to atom N2 and ortho to the amido group. Note also
that the carbonyl oxygen atom O1 is involved only in an in-
tramolecular interaction with C14�H14.


Compound 2b crystallized in the monoclinic system,
space group P21/c, with one planar molecule (f=5.13(7)8,
q1=1.1(5)8, q2=0.8(7)8, q3=6.3(7)8) in a general position.
This donor organizes in one-dimensional infinite chains by
means of hydrogen bonds; however, in striking contrast to
the meta isomer 2a, the carbonyl oxygen atom now plays
the role of the acceptor, whereas the pyridine nitrogen atom
is engaged in no noticeable hydrogen bond and the vinylic
CH acts as donor instead of the amidic hydrogen (Fig-
ure 2a). This behavior may be a consequence of the lower
basicity of the pyridine nitrogen atom, due to its location in
para to the electron withdrawing amido group. Nevertheless,
in the crystalline structure of a related compound, namely
p-Ph-CONH-Py, strong hydrogen bonds of NH¥¥¥N(Py) type
have been observed.[28] Therefore the lack of such interac-
tions in 2b is likely to result from the present net packing
efficiency of these planar motifs, since the occurrence of a
NH¥¥¥N bond would require orthogonal cyclic motifs, that is,
a significant decrease of the structure compactness.


Interestingly, along the b direction molecules stack in a
™head-to-tail∫ manner (Figure 2b), with the pyridine ring
sandwiched between two TTF moieties, thus forming a infin-
ite stable -D-A-D-A- assembly (D=donor, A=acceptor),
with an average distance between the mean pyridine and
TTF planes amounting to about 3.7 ä. Evidently, in this
case, the packing of the molecules is driven mainly by these
donor±acceptor electrostatic interactions, rather than by the
hydrogen bonds emphasized above. Hence, within this class
of compounds there is a competition in the solid state be-
tween the two types of interactions, and the system will try
to accommodate both. Compound 3 crystallized in the mon-
oclinic system, space group P2


1
/n, with one molecule in a


general position. The bipyridine unit has a pronounced twist
with respect to the TTF unit (f=38.91(9)8), and within it a
dihedral angle of 27.73(18)8 between the pyridine rings,
lying in a cis conformation, is observed. The bifurcated hy-
drogen-bond formed between the amido N1�H1 group of
one molecule and the bipyridine N2 and N3 nitrogen atoms
of a neighboring molecule is responsible for this, whereas
the twist between the pyridine rings is attributed to a second


Scheme 3. Intramolecular dihedral angles in the TTF-amido-pyridine
system.


Table 1. Selected bond lengths [ä] and angles [8] for 2a, [2a]PF6 and
[Pd(dppp)(2a)2](OTf)2.


2a¥0.5MeCN (2a)PF6¥THF [Pd(dppp)(2a)2]-
(OTf)2¥CHCl3¥Et2O


C1�C2 1.327(4) 1.343(7) 1.343(11)
C1�C9 1.483(4) 1.483(7) 1.481(11)
C9�O1 1.222(3) 1.213(6) 1.218(9)
N1�C10 1.411(3) 1.411(6) 1.388(10)
S1�C1 1.756(3) 1.744(5) 1.775(8)
S2�C2 1.727(3) 1.714(5) 1.723(9)
C3�C4 1.343(4) 1.407(7) 1.331(10)


C2-C1-C9 130.6(2) 131.8(5) 129.8(8)
O1-C9-N1 123.4(3) 125.6(5) 123.3(8)
O1-C9-C1 118.7(2) 118.0(5) 121.3(8)
N1-C9-C1 117.9(3) 116.4(5) 115.4(8)
C9-N1-C10 126.1(2) 126.3(4) 123.0(8)


Figure 1. a) ORTEP view of 2a¥0.5meCN, with 50% probability displacement ellipsoids; b) one-dimensional hydrogen-bond network in the crystalline
structure of 2a¥0.5MeCN.
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hydrogen-bond between N3 and C2�H2 group (Figure 3a).
Distances and angles for all these interactions are given in
Table 2.


The hydrogen-bond pattern discussed above develops
along b leading to infinite chains, as illustrated in Figure 3b.
Note also that the O1¥¥¥H11 hydrogen bond directs the associ-
ation of two molecules into dyads along the a+c direction,
through a pair of two such hydrogen bonds. Thus, the possi-
bility of this compound to form alternating donor±acceptor
stacks in solid state is essentially hampered by the stabiliza-
tion energy due to the complex set of hydrogen bonds.
Indeed, within the stacks along the b direction, molecules
are staggered one to another, they do not correspond by an
inversion center, and, moreover, because of the twist angle
f, the donor±acceptor interaction is negligible.


Synthesis and X-ray structures
of BTM-TTF-CONH-pyridine
and 2,2’-bipyridines : The syn-
thesis of EDT-TTF-CONH-5-
2,2’-bipy (3) was motivated by
the access to a chelating redox
active system; yet, it turned
out that it was sparingly solu-
ble, which seriously limited fur-
ther studies in electrocrystalli-
zation and coordination. In
order to gain higher solubility
the ethylene bridge was dis-
carded in favor of two methyl
groups to yield the bis(thiome-
thyl)tetrathiafulvene (BTM-
TTF) series. Therefore we syn-
thesized first compound 4, the
bis(thiomethyl) analogue of 1,
by the same method used for
the latter (Scheme 4), from the
corresponding carboxylic acid
4’, the X-ray crystal structure
of which has been also deter-
mined (see Supporting Infor-
mation for experimental details
and crystallographic data).


Then, reaction of 4 with
meta-aminopyridine and 5-
amino-2,2’-bipyridine, by anal-
ogy with the reactions descri-
bed in Scheme 2, affords the
corresponding of BTM-TTF-
CONH-m-Py (5) and BTM-
TTF-CONH-5-2,2’-bipy (6)
donors. Both compounds are
more soluble than their EDT
counterparts. Compound 5
crystallized in the monoclinic
system, space group P21/n,
with one donor molecule and
one molecule of methylene
chloride in general positions.
Although 2a and 5 are not iso-


structural, their supramolecular organizations through hy-
drogen bonds are similar and are based on the same type of
ribbons, albeit arranged in a slightly different manner.
Hence, the crystal structure of 5 will not be detailed any fur-
ther. In contrast, the hydrogen-bond network and solid-state
architecture of 6 differs from that of 3. Compound 6 crystal-
lized as a solvate, with one molecule of methanol, in the tri-
clinic system, space group P1≈ . Unlike that of 3, the geome-
try of 6 is essentially planar (f=19.33(8)8) with no twist be-
tween the pyridine rings, arranged in a trans manner this
time. The methanol of crystallization proves to play a key
role in the establishment of the hydrogen-bond network, as
its oxygen atom accepts three protons provided by the same
donor molecule, whereas the OH proton is involved in a hy-
drogen bond with one pyridine nitrogen atom from a second


Table 2. Hydrogen-bond parameters.


D�H¥¥¥A D¥¥¥A [ä] H¥¥¥A [ä] D�H¥¥¥A [8]


2a¥0.5MeCN N�Hamide¥¥¥Npy 3.083(3) 2.285 154.4
C�Hvinyl¥¥¥Npy 3.328(4) 2.458 155.8
C�Hpy¥¥¥Npy 3.489(4) 2.727 139.8
C�Hethylenic¥¥¥Oamide 3.227(4) 2.786 108.4
C�Hpy¥¥¥Oamide


[a] 2.792(3) 2.174 123.0
2b C-Hvinyl¥¥¥Oamide 3.543(5) 2.667 157.2


C�Hpy¥¥¥Oamide
[a] 2.881(5) 2.295 120.6


C�Hethylenic¥¥¥Npy 3.480(4) 2.586 153.3
3 N�Hamide¥¥¥Nbipy(1) 2.904(4) 2.119 151.3


N�Hamide¥¥¥Nbipy(2) 3.526(5) 2.811 141.8
C�Hvinyl¥¥¥Nbipy(2) 3.629(5) 2.743 159.1
C�Hbipy(1)¥¥¥Oamide 3.265(4) 2.492 140.4
C�Hbipy(1)¥¥¥Oamide


[a] 2.884(5) 2.311 119.6
5¥CH2Cl2 N�Hamide¥¥¥Npy 3.048(4) 2.209 164.8


C�Hvinyl¥¥¥Npy 3.284(5) 2.460 147.5
C�Hpy¥¥¥Npy 3.499(6) 2.757 137.5
C�Hpy¥¥¥Oamide 3.271(5) 2.659 123.8
C�Hpy¥¥¥Oamide


[a] 2.850(6) 2.236 123.0
6¥MeOH N�Hamide¥¥¥Osolv 2.960(2) 2.018 166.8


C�Hvinyl¥¥¥Osolv 3.164(3) 2.245 167.5
C�Hbipy(1)¥¥¥Osolv 3.353(3) 2.587 139.4
O�Hsolv¥¥¥Nbipy(2) 2.753(2) 1.965 165.3
C�Hbipy(2)¥¥¥Oamide 3.296(3) 2.614 130.7
C�Hbipy(1)¥¥¥Oamide


[a] 2.928(2) 2.392 116.6
C�Hbipy(2)¥¥¥Nbipy(1)


[a] 2.784(3) 2.463 100.3
C�Hbipy(1)¥¥¥Nbipy(2)


[a] 2.893(3) 2.597 99.0
7¥2Py N�Hamide¥¥¥Nsolv 3.054(5) 2.212 166.1


C�Hvinyl¥¥¥Nsolv 3.364(6) 2.459 164.7
C�Hbipy¥¥¥Nsolv 3.387(6) 2.602 142.5
C�Hsolv¥¥¥Oamide 3.413(6) 2.505 165.7
C�Hbipy¥¥¥Oamide


[a] 2.857(6) 2.291 118.9
C�Hbipy¥¥¥Nbipy


[a] 2.811(6) 2.506 99.3
[2a]PF6¥0.5MeCN N�Hamide¥¥¥Osolv 2.825(6) 2.034 152.6


C�Hvinyl¥¥¥Osolv 3.128(7) 2.334 143.1
C�Hpy¥¥¥Osolv 3.499(8) 2.870 125.9
C�Hpy¥¥¥Oamide


[a] 2.834(6) 2.189 125.7
[Pd(dppp)(2a)2](OTf)2¥CHCl3¥Et2O N�Hamide¥¥¥Oanion 2.942(10) 2.188 146.4


2.960(8) 2.114 167.7
C�Hvinyl¥¥¥Oanion 3.039(10) 2.353 130.4


3.199(9) 2.296 163.6
C�Hpy¥¥¥Oamide


[a] 2.908(11) 2.550 103.2
2.852(10) 2.410 109.0


C�Hphenyl¥¥¥Oanion 3.077(9) 2.295 141.3
3.136(10) 2.352 141.9


C�Hpy¥¥¥Oanion 3.196(10) 2.303 160.7
3.287(9) 2.441 151.4


C�Hchloroform¥¥¥Oanion 3.168(10) 2.214 164.5


[a] Intramolecular interaction.
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molecule. This pattern leads to the formation of a one-di-
mensional network running along a, as illustrated in Fig-
ure 4a. The second pyridine nitrogen atom and the carbonyl
oxygen atom are only involved in intramolecular hydrogen
bonds (Table 2). The ribbons thus formed organize in an
anti-parallel manner along c to allow the head-to-tail stack-
ing of the molecules in a staggered arrangement with
donor±acceptor (TTF±amidobipyridine) interactions (Fig-
ure 4b). The intermolecular mean plane distances within the
stacks amount to about 3.7±3.8 ä.


Since the solubility of compound 6 proved to be quite rea-
sonable, the synthesis of a 2,2’-bipyridine bearing two TTF
moieties was attempted in order to have a symmetric chelat-
ing ligand, a prerequisite to avoid complex stereoisomerism
issues in the case of metallic complexes. At the same time,
this offers an opportunity to evaluate electronic communica-
tion between the two p-donor cores through the bipyridine
bridge. Our target compound 7 was synthesized by reacting


two equivalents of 4 with one equivalent of 5,5’-diamino-
2,2’-bipyridine, as described in Scheme 5. The latter com-
pound was prepared starting from 5,5’-dimethyl-2,2’-bipyri-
dine according to a protocol published by the group of


Janiak.[29]


Single crystals of 7 were ob-
tained by recrystallization in
pyridine and the X-ray struc-
ture was determined. The com-
pound crystallized in the mon-
oclinic system, space group


Figure 2. a) Infinite chains mediated by hydrogen bonds in the crystalline
structure of 2b ; b) ™head-to-tail∫ stack of molecules 2b, with a donor±ac-
ceptor alternation.


Figure 3. a) NH¥¥¥NPy hydrogen bonds in the crystalline structure of 3 ;
b) hydrogen-bond network running along b in 3 (only the TTF half bear-
ing the amido-bipyridine group and the protons involved in H-bonding
have been represented).


Scheme 4. Synthesis of precursor 4.


Figure 4. a) Hydrogen-bond ribbon in the crystalline structure of 6 ;
b) ™head-to-tail∫ stack of donors 6.
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P21/c, with one half molecule of 7, which is centrosymmetric,
and one pyridine molecule in general positions. The solid-
state geometry of the ligand is remarkably planar, with
values for dihedral angles as follows: f=9.61(2)8, q1=


3.4(6)8, q2=0.7(8)8, q3=10.8(7)8, except for the terminal
methyl groups trans to the molecule mean plane. A three-di-
mensional hydrogen-bond supramolecular network occurs
this time, with the solvent pyridine nitrogen atom acting as
acceptor towards vinyl CH, amide NH, and 2,2’-bipy ortho
CH; in addition, the carbonyl oxygen interacts with the pyri-
dine solvent para-CH, as illustrated in Figure 5a.


Moreover the molecules stack uniformly along a in a
slightly staggered conformation, with a distance of about
3.6 ä between the mean planes (Figure 5b). Through these
different examples discussed so far we have shown that our
redox active ligands adapt their crystalline structure to all
the rich panel of possible intermolecular interactions, among
which the hydrogen bond plays a primordial role.


Redox properties of the donors : In order to evaluate the
redox properties of all the donors synthesized so far we
have run cyclic voltammetry experiments to determine the
oxidation potentials and the reversibility of the processes.
The corresponding half-wave potentials for all the com-
pounds along with those of EDT-TTF and EDT-TTF-
CONHMe for comparison are listed in Table 3.


As expected, both mono-electronic oxidations are fully re-
versible in the case of mono-TTF donors, with potential
values very similar to that of EDT-TTF-CONHMe. More-
over, even in the case of the bis-TTF compound 7, one can
observe also two oxidation reversible waves, each corre-
sponding either to a bi-electronic process or to two succes-
sive overlapped mono-electronic processes. Very likely,
there is neither an electronic communication between the
TTF units through the bipyridine bridge, nor a through
space intramolecular interaction, which would have led to a
splitting of at least the first oxidation wave.[16b]


Synthesis and crystal structure of [2a]C+PF6
� : It has been re-


cently established[23] that, upon oxidation into its radical
cation form, the hydrogen-bond donor±acceptor ability of a
TTF platform bearing an amide group changes, because its
carbonyl group becomes highly deactivated. In the present
series of donors there is an additional hydrogen-bond ac-
ceptor, namely the pyridine nitrogen atom, and the former
analysis of the crystalline structures of the neutral com-
pounds described above has underlined the competition be-
tween the two functionalities for directing intermolecular as-
sociations. We therefore address the dependence of the hy-
drogen-bond acceptor character of the pyridine nitrogen
atom on the redox state of the molecule, by analysis of the
hydrogen-bond network in the crystal structure. Electrocrys-
tallization of 2a in the presence of the octahedral PF6


� ion,
allowed us to obtain black crystalline plates of a salt formu-
lated as [2a]PF6¥THF. The compound crystallized in the tri-
clinic system, space group P1≈ , with one 2aC+ radical cation,
one PF6


� ion, and a THF molecule in general positions. Se-
lected bond lengths and angles are given in Table 1. As in
their neutral form, the organic donors adopt a planar con-
formation (f=4.0(2)8, q1=1.1(7)8, q2=4.0(9)8, q3=4.8(9)8)
and organize further into slabs separated by anions and sol-
vent molecules (Figure 6a). The R2


1(7) hydrogen bond
pincer motif, also observed in neutral 2a, involves amidic


Scheme 5. Synthesis of 7.


Figure 5. a) Three-dimensional hydrogen-bond network in the crystalline
structure of 7; b) stacking of molecules 7 along a.


Table 3. Oxidation potentials (V vs SCE, nBu4NPF6 0.05m in THF at
0.1 Vs�1, at 20 8C).


E1
1=2 E2


1=2


EDT-TTF[20] 0.59 0.83
EDT-TTF-CONHMe[20] 0.66 0.92
2a 0.66 0.90
2b 0.67 0.92
3 0.66 0.89
5 0.74 0.94
6 0.73 0.93
7[a] 0.75 0.95


[a] Measured in DMF, with a Ag reference electrode.
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N�H and vinylic C�H as donors, this time with the THF
oxygen atom as acceptor (Figure 6b).


Unlike 2a and 2b structures, in this case neither the pyri-
dine nitrogen atom nor the carbonyl oxygen atom engage in
hydrogen bonds. This tends to confirm the deactivation of
the hydrogen-bond acceptor part in the TTF-based donors
upon oxidation in radical cations. As noticed before (vide
supra), this phenomenon was already observed and rational-
ized through electrostatic potential surface theoretical calcu-
lations in the case of EDT-TTF-amides salts.[23] Thus, the
lack of any active hydrogen-bond acceptor in 2aC+ prevents
the formation of an extended network, but of isolated (2aC+)-
(THF) units (Table 2). Note also the inertness of the anion
towards the same type of interaction. As often observed in
the case of fully oxidized TTF-based donors, the radical cati-
ons strongly dimerize within the slabs, in a ™head-to-tail∫
conformation, to form dicationic [(2a)2]


2+ species, as con-
firmed by the value of the bHOMO±HOMO interaction energy
overlap calculated by the extended H¸ckel method (b=
1.2 eV).


Synthesis and characterization of Pd and Pt complexes with
2a : For the coordination chemistry of these new donors, we
first focused our attention on the square-planar metallic cen-
ters Pd2+ and Pt2+ , with two cis positions occupied by a che-
lating diphosphine. This kind of precursor, with different
linkers between the two phosphino ligands, as for example
alkyl chains,[30] ferrocene moiety,[31] crown ethers,[32] or chiral
groups[33] have been widely used in the construction of mo-
lecular or supramolecular assemblies, by coordinating the
remaining free cis positions with bipyridine-based ligands.[34]


The palladium± or platinum±diphosphine precursors gener-
ally used are the bis(triflate) salts, obtained by chlorine ab-
straction with silver(i) triflate, from the corresponding di-
chloro derivatives. Thus, [M(dppp)(OTf)2] (dppp=bis(di-
phenylphosphino)propane, M=Pd, Pt, OTf= triflate) have
been synthesized by the previous procedure[30,35] and further
reacted with the donor 2a. The coordination of the TTF-
pyridine at the metallic centers could be easily monitored
by 31P NMR spectroscopy. Indeed, in the case of the palladi-
um complex an upfield shift of Dd=�16.6 ppm was ob-


served upon coordination,
whereas an even larger down-
field shift (Dd=21.0 ppm) ac-
companied the reaction with
the platinum complex. Inter-
estingly, in the case of the
latter, a diasteoisomeric pair
(meso and anti-dl racemic) was
formed at room temperature in
a ratio 1:1.6, indicating that the
rotation barrier is much higher
than for the palladium counter-
part. This phenomenon was al-
ready observed and studied by
temperature-dependent 31P and
1H NMR spectroscopy for a
large series of mixed bis(phos-
phine)bis(pyridine)palladium(ii)


and -platinum(ii) complexes.[36] It is likely that the existence
of a frozen mixture of diastereoisomers at room tempera-
ture in the case of the platinum complex hampered the iso-
lation of single crystals of this compound. In contrast, the
palladium complex has a fluxional structure at room temper-
ature on the NMR timescale, and suitable single crystals for
X-ray analysis could be grown. The compound crystallized
from a mixed chloroform/diethyl ether solvate in the triclin-
ic system, space group P1≈ , with a molecule of dicationic
complex in general position. An ORTEP representation of
the molecule is shown in Figure 7a.


Figure 6. a) Segregated slabs of 2aC+ radical cations in the structure of [2a]PF6¥THF; b) hydrogen bonds
THF¥¥¥2aC+ in [2a]PF6¥THF.


Figure 7. a) ORTEP view of the [Pd(dppp)(2a)2]
2+ unit in


[Pd(dppp)(2a)2](OTf)2¥CHCl3¥Et2O, with 50% probability displacement
ellipsoids; b) dl pair of enantiomers of [Pd(dppp)(2a)2]


2+ .
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As expected, besides the chelating diphosphine, the
square planar palladium center is cis coordinated by two
TTF-amido-pyridines 2a, whose conformations are highly
distorted mainly about the NH�Py bond, as shown by the
following set of dihedral angles: for ligand A f=69.3(2)8,
q1=15.9(9)8, q2=10.7(10)8, q3=44.4(12)8 and for ligand B
f=35.1(2)8, q1=8.8(8)8, q2=1.5(10)8, q3=32.5(10)8. Select-
ed bond lengths and angles concerning the TTF moiety are
listed in Table 1, whereas those related to the coordination
sphere of palladium are given in Table 4. These parameters
have usual values and compare with those already described
in the literature.[30±32,34]


The conformation of the complex is of anti type, the cen-
trosymmetric dimers observed within the structure corre-
spond to the dl racemic pairs of enantiomers. The two TTF
cores are arranged, somewhat surprisingly, in an antiparallel
manner, yielding a dihedral angle of practically 1808 in be-
tween. The triflate anions are engaged in hydrogen bonds of
N�H¥¥¥ O (OTf), C�H¥¥¥O (OTf) and CPy�H¥¥¥O (OTf) type
(Table 2) with both TTF-amido-pyridines, thus preventing
the formation of an extended hydrogen-bond network. Re-
cently, Stang and co-workers tried to rationalize[28] the crys-
talline structures of a large series of metal complexes con-
taining p-benzoylamidopyridine as ligand through the com-
petition between the different directional interactions in-
volved, such as coordination, hydrogen bonding and p±p
stacking. In our case, additional intermolecular van der
Waals S¥¥¥S interactions, specific to sulfur-rich compounds,
are present. Within a centrosymmetric dl pair of complexes,
represented in Figure 7b, several short intermolecular S¥¥¥S
contacts are observed, with values ranging between
3.596(3) ä and 3.776(3) ä. Since the intermolecular S¥¥¥S
distances between these centrosymmetric dyads are quite
longer, they are considered as isolated in the solid. A very
similar structure was observed for the complex with dppe
(bis(diphenylphosphino)ethane) instead of dppp, synthe-
sized by mixing the precursor [Pd(dppe)(OTf)2], obtained
by chlorine abstraction from [PdCl2(dppe)], with 2a. Never-
theless, this structure will not be discussed hereafter, since
its quality, due to the small size of the single crystals, was
too poor. However, this type of arrangement of dicationic
complexes in centrosymmetric dyads seems to be recurrent
and favored by two factors: the conformational chirality on
one hand and S¥¥¥S intermolecular contacts on the other.
The question arises whether the same pattern would be ob-
served in radical cation salts of the complexes, eventually
with enhanced interactions between the dyads. Cyclic vol-


tammetry measurements indicated the same oxidation po-
tentials as for uncoordinated ligands and showed no split of
the redox waves. These square-planar complexes are cur-
rently being explored in electrocrystallization experiments
and the results of these investigations will be reported in
due course.


Conclusion


A series of six TTF-amidopyridine and -2,2’-bipyridine de-
rivatives has been synthesized, and their crystal structures
have been analyzed with respect to the ability of the hydro-
gen-bond donor/acceptor character of the amide and pyri-
dine groups to compete with p±p intermolecular interactions
and S¥¥¥S van der Waals interactions, and to direct the pat-
tern of intermolecular association in the solid state. Electro-
chemical studies on these donors showed that they are all
good precursors for the synthesis of radical cation salts.
Single crystals of one such salt, namely [2a]C+PF6


� , were
prepared by electrocrystallization. The analysis of the struc-
ture, combined with that of bHOMO±HOMO interaction obtained
by extended H¸ckel calculations, showed that the radical
cations form strong dimers, and because of the presence of a
THF solvent molecule playing the role of a hydrogen bond
acceptor, no extended hydrogen-bond network was formed
at the supramolecular level. Finally we synthesized square-
planar complexes of Pd2+ and Pt2+ , coordinated by a chelat-
ing diphosphine, such dppp or dppe, and two redox active
donors 2a. The Pd complexes have fluxional conformations
at room temperature, due to the rotation of pyridine ligands
about the Pd�N bond, whereas the Pt counterparts exist as
a mixture of meso and racemic dl conformations, as demon-
strated by 31P NMR spectroscopy. In the solid state, the
complex [Pd(dppp)(2a)2] is stabilized as dl racemic con-
formers, whose TTF cores are arranged in an antiparallel
manner. Cyclic voltammetry experiments demonstrate that
oxidation of complexes occurs at the same potentials as that
of free ligands.


Experimental Section


General comments : Dry CH2Cl2, CHCl3 and MeCN were obtained by
distillation over P2O5, and THF was distilled over sodium and benzophe-
none. Nuclear magnetic resonance spectra were recorded for compounds
2a, 2b, 3, on a Bruker Avance ARX 400 spectrometer operating at
400.13 MHz for 1H and 100.62 MHz for 13C and for compounds 5, 6, 7,
Pd and Pt complexes on a Bruker Avance DRX 500 spectrometer operat-
ing at 500.04 MHz for 1H, 125.75 MHz for 13C and 202.39 MHz for 31P.
Chemical shifts are expressed in parts per million (ppm) downfield from
external TMS. The following abbreviations are used: s, singlet; d, dou-
blet; t, triplet; m, multiplet; br, broad. Mass spectrometry was performed
for compounds 2a and 2b on a HP 5989A spectrometer in the EI mode,
with an ionization energy of 70 eV, and for all the other compounds on a
Jeol JMS 700 B/ES spectrometer in electrospray mode. Elemental analy-
ses were performed by the ™Service d×Analyse du CNRS∫ at Gif/Yvette,
France.


4,5-Ethylenedithio-4’-meta-pyridylcarbamoyltetrathiafulvalene (2a):
Compound 1 (0.53 g, 1.48 mmol) in THF (30 mL) was added dropwise to
a solution of 3-aminopyridine (0.68 g, 7.23 mmol) in THF (15 mL), under
magnetic stirring. The solution became clear and a red precipitate was


Table 4. Selected bond lengths [ä] and angles [8] for
[Pd(dppp)(2a)2](OTf)2¥CHCl3¥Et2O.


Pd1�N20 2.106(6) Pd1�P1 2.280(2)
Pd1�N2 2.124(5) Pd1�P2 2.262(2)


N20-Pd1-N2 86.7(2) N20-Pd1-P1 91.02(15)
N20-Pd1-P2 179.11(16) N2-Pd1-P1 177.66(17)
N2-Pd1-P2 94.15(17) P2-Pd1-P1 88.15(7)
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formed. After 4 h of stirring at room temperature, the solvent was evapo-
rated, and the red solid was suspended in water (150 mL), filtered,
washed with diethyl ether (40 mL), and dissolved in hot THF (100 mL).
Compound 2a was recovered as red crystals, suitable for a single-crystal
X-ray analysis, after filtration and recrystallization in THF or MeCN.
Yield: 0.4 g (65%); 1H NMR ([D6]DMSO): d=10.50 (s, 1H; NH), 8.78
(d, J=2.4 Hz, 1H; Ha), 8.33 (dd, J1=4.7 Hz, J2=1.2 Hz, 1H; Hb), 8.03
(m, 1H; Hc), 7.89 (s, 1H; CH), 7.39 (dd, J1=8.3 Hz, J2=4.7 Hz, 1H; Hd),
3.42 ppm (s, 4H; CH2CH2);


13C NMR ([D6]DMSO): d=157.9 (C=O),
152.9 (HC�Npy), 149.3 (HC�Npy), 146.4 (Cpy�NH), 140.0 (HCpy), 128.9
(HCpy), 132.4 (C-CO), 125.8 (=CH), 113.2 (C=C), 112.7 (C=C), 106.2 (C=
C), 31.4 ppm (CH2CH2); MS (EI): m/z (%): 414 (100) [M+], 386 (57)
[M+�CH2CH2], 310 (22) [M+�CSCH2CH2S]; m.p. 210 8C (decomp); ele-
mental analysis calcd (%) for (C14H10N2OS6)2¥THF (901.4): C 42.64, H
3.13, N 6.21; found: C 42.13, H 3.06, N 6.54.


4,5-Ethylenedithio-4’-para-pyridylcarbamoyltetrathiafulvalene (2b): This
compound was synthesized by a similar procedure to that used for 2a
starting from 4-aminopyridine (0.66 g, 7.02 mmol) and 1 (0.53 g,
1.48 mmol). After recrystallization in acetonitrile, 2b was recovered as
crystalline red platelets, suitable for a X-ray diffraction analysis. Yield:
0.47 g (77%); 1H NMR ([D6]DMSO): d=10.61 (s, 1H; NH), 8.46 (d, J=
2.5 Hz, 2H; Ha), 7.94 (s, 1H; CH), 7.61 (d, J=2.5 Hz, 2H; Hb), 3.40 ppm
(s, 4H; CH2CH2);


13C NMR ([D6]DMSO): d=158.4 (C=O), 150.9 (HC�
Npy), 145.4 (Cpy�NH), 133.3 (C�CO), 128.8 (=CH), 115.6 (C=C), 114.3
(HCpy), 113.7 (C=C), 113.4 (C=C), 105.3 (C=C), 30.1 ppm (CH2CH2); MS
(EI): m/z (%): 414 (100) [M+], 294 (6) [M+�CONHPy]; m.p. 225 8C
(decomp); elemental analysis calcd (%) for C14H10N2OS6 (414.6): C
40.55, H 2.43, N 6.76; found: C 40.55, H 2.56, N 6.82.


4,5-Ethylenedithio-4’-meta-2,2’-bipyridylcarbamoyltetrathiafulvalene (3):
5-Amino-2,2’-bipyridine (0.27 g, 1.58 mmol) was dissolved in THF
(30 mL) containing NEt3 (1 mL); then a solution of 1 (0.50 g, 1.4 mmol)
in THF (30 mL) was added dropwise. The solution turned red upon this
addition. The solvent was evaporated after 3 h of stirring at room temper-
ature, and the resulting solid was suspended in water, filtered, washed
with a saturated solution of NaHCO3 (40 mL), then with diethyl ether
(40 mL), and dried under vacuum. The orange powder thus obtained was
purified by a Soxhlet extraction with THF (60 mL) for a period of 48 h.
Evaporation of solvent yielded 3 as a bright red solid. Yield 0.36 g
(52%). Suitable crystals for an X-ray analysis were grown by slow diffu-
sion of methanol into a solution of 3 in dimethylsulfoxide. 1H NMR
([D6]DMSO): d=10.68 (br s, 1H; NH), 8.93 (s, 1H; Ha), 8.69 (br s, 1H;
Hb), 8.39 (m, 2H; Hc), 8.23 (d, J=7.8 Hz, 1H; Hd), 7.95 (br s, 2H; CH
and He), 7.45 (br s, 1H; Hf), 3.44 ppm (s, 4H; CH2CH2);


13C NMR
([D6]DMSO): d=158.5 (C=O), 155.7, 151.5, 150.0, 141.8, 138.1, 136.2,
128.7, 121.4, 121.4, 120.9 (CPy), 133.9 (C�CO), 124.6 (=CH), 114.0, 113.7,
105.4 (C=C), 30.4 ppm (CH2CH2); MS (electrospray): m/z (%): 491 (50)
[M+], 463 (100) [M+�CH2CH2]; m.p. 166 8C (decomp); elemental analy-
sis calcd (%) for C19H13N3OS6 (491.7): C 46.44, H 2.65, N 8.55; found: C
45.78, H 2.59, N 8.29.


4,5-Bis(thiomethyl)-4’-meta-pyridylcarbamoyltetrathiafulvalene (5): Com-
pound 4 (0.50 g, 1.39 mmol), which was prepared by a similar procedure
with that for 1, dissolved in THF (15 mL) was added dropwise to a solu-
tion of 3-aminopyridine (0.65 g, 6.9 mmol) in THF (15 mL), under mag-
netic stirring. The solution became clear and was allowed to stir at room
temperature for 3 h. After filtration, the solvent was removed under
vacuum and the red solid thus obtained was dissolved in CH2Cl2 (ca.
100 mL); the resulting solution was washed with water, dried over
MgSO4, and filtered. Finally, evaporation of solvent and recrystallization
in CH2Cl2 yielded 5 as orange crystalline platelets, suitable for an X-ray
analysis. Yield: 0.51 g (88%); 1H NMR ([D6]DMSO): d=10.49 (s, 1H;
NH), 8.75 (d, J=2.4 Hz, 1H; Ha), 8.30 (dd, J1=4.7 Hz, J2=1.3 Hz, 1H;
Hb), 8.01 (ddd, J1=8.3 Hz, J2=J3=2.2 Hz, 1H; Hc), 7.86 (s, 1H; CH),
7.37 (dd, J1=8.3 Hz, J2=4.7 Hz, 1H; Hd), 2.43 ppm (s, 6H; CH3);
13C NMR ([D6]DMSO): d=157.9 (C=O), 141.2, 135.2, (HCPy), 144.8
(CPy�NH), 126.9, 126.4 (HCPy), 133.0 (C�CO), 124.2 (=CH), 113.0, 106.9
(C=C), 18.7 ppm (SCH3); MS (electrospray): m/z (%): 416 (100) [M+],
401 (10) [M+�CH3]; m.p. 183 8C (decomp); elemental analysis calcd (%)
for C14H12N2OS6¥CH2Cl2 (501.6): C 36.51, H 2.78, N 5.80; found: C 35.92,
H 2.81, N 5.88.


4,5-Bis(thiomethyl)-4’-meta-2,2’-bipyridylcarbamoyltetrathiafulvalene (6):
5-Amino-2,2’-bipyridine (0.12 g, 0.71 mmol) was dissolved in THF


(10 mL) containing NEt3 (1 mL); then a solution of 4 (0.26 g, 0.71 mmol)
in THF (15 mL) was added dropwise. A red precipitate appeared upon
addition. The mixture was stirred at 50 8C for 5 h, then, after evaporation
of solvent, a violet solid was obtained. This solid was suspended in solu-
tion 1m KOH (80 mL), concomitantly the color changed to orange, and
then the compound was extracted with CH2Cl2. After evaporation of sol-
vent and recrystallization in a THF/CH2Cl2 1:1 mixture, 6 was recovered
as orange crystalline needles. Yield: 0.25 g (72%). Single crystals for X-
ray analysis were grown by slow diffusion of methanol into a solution of
6 in dimethylsulfoxide. 1H NMR ([D6]DMSO): d=10.66 (br s, 1H; NH),
8.84 (d, J=1.9 Hz, 1H; Ha), 8.64 (d, J=4,3 Hz, 1H; Hb), 8.32 (m, 2H;
Hc), 8.18 (dd, J1=8.6 Hz, J2=2.4 Hz, 1H; Hd), 7.90 (dd, J1=J2=7.8 Hz,
1H; He), 7.82 (s, 1H; CH), 7.39 (dd, J1=7.4 Hz, J2=5 Hz, 1H; Hf),
2.44 ppm (s, 6H; CH3);


13C NMR ([D6]DMSO): d=157.8 (C=O), 154.8,
150.7, 149.3, 141.1, 137.5, 135.5, 128.0, 126.4, 120.4, 120.2 (CPy), 133.9 (C�
CO), 124.6 (=CH), 114.0, 113.7, 105.4 (C=C), 30.4 ppm (CH2CH2); MS
(electrospray): m/z (%): 493 (100) [M+], 478 (40) [M+�CH3], 464 (12)
[M+�2CH3]; m.p. 224 8C (decomp); elemental analysis calcd (%) for
C19H15N3OS6 (493.7): C 46.22, H 3.06, N 8.51; found: C 46.11, H 3.04, N
7.94.


5,5’-Bis(4,5-bis(thiomethyl)-4’-carbamoyltetrathiafulvalene)-2,2’-bipyri-
dine (7): 5,5’-Diamino-2,2’-bipyridine (0.11 g, 0.58 mmol) dissolved in
THF (10 mL) was added to a solution of 4 (0.42 g, 1.17 mmol) in THF
(40 mL) and NEt3 (2 mL). Within a few minutes the solution became
clear and a red precipitate appeared. The reaction mixture was allowed
to stir at room temperature overnight, and then it was heated at 60 8C for
48 h. After complete evaporation of the solvent, the resulting red residue
was washed once with an aqueous NaOH solution (10�2


m, 40 mL) and
once with diethyl ether (40 mL), and was then recrystallized in pyridine.
Bright orange needles of 7 were obtained after filtration and drying.
Yield: 0.42 g (74%). Suitable crystals for X-ray analysis were grown by
slow diffusion of diethyl ether into a solution of 7 in pyridine or in dime-
thylformamide. For the latter, two polymorphs containing DMF crystal-
lized, none of them isostructural with the one described in this paper.
1H NMR ([D5]Py, 40 8C): d=11.10 (s, 2H; NH), 9.15 (s, 2H; Ha), 8.61 (d,
J=8.7 Hz, 2H; Hb), 8.39 (d, J=8.7 Hz 2H; Hc), 7.84 (s, 2H; CH), 2.38 (s,
6H; CH3), 2.35 ppm (s, 6H; CH3);


13C NMR ([D7]DMF, 80 8C): d=158.3
(C=O), 151.5, 150.0, 141.5, 135.7, 128.1, 127.4, 120.4 (CPy), 134.1 (C�CO),
123.9 (=CH), 114.0, 113.7, 105.4 (C=C), 30.4 ppm (CH2CH2); MS (elec-
trospray): m/z (%): 830 (100) [M+]; m.p. 280 8C (decomp); elemental
analysis calcd (%) for C28H22N4O2S12¥2Py (989.5): C 46.13, H 3.26, N
8.49; found: C 45.92, H 3.18, N 8.60.


[Pd(dppp)(2a)2](OTf)2 : [Pd(dppp)(OTf)2] (0.084 g, 0.1 mmol) dissolved
in THF (13 mL) was added under argon to a solution of 2a (0.091 g,
0.2 mmol) in THF (50 mL) in a Schlenk tube. The resulting mixture was
stirred at room temperature for 48 h. The complex was recovered as red
platelets by layering diethyl ether onto a solution of the complex in
THF/CHCl3 1:1. Yield: 0.13 g, (77%); 1H NMR (CD3CN): d=8.94 (br s,
2H; Ha), 8.66 (br s, 2H; NH), 8.28 (br s, 2H; Hb), 7.67 (br s, 2H; Hc), 7.49
(m, 12H; Ph), 7.34 (br s, 8H; Ph), 7.19 (br s, 2H; Hd), 3.41 (s, 8H;
CH2CH2), 2.98 (br s, 4H; PCH2), 2.21 ppm (m, 2H; CH2);


31P NMR
(CD3CN): d=2.7 ppm (s); MS (electrospray): m/z (%): 1496.7 (100) [M+


�OTf].


[Pt(dppp)(2a)2](OTf)2 : This complex was obtained, as a red brown
powder, by a similar procedure to that used for the Pd complex, starting
from 2a (0.13 g, 0.29 mmol) and [Pt(dppp)(OTf)2] (0.09 g, 0.1 mmol).
Yield: 0.088 g (51%); 31P NMR (CH2Cl2): d=�10.4 (s, A), �11.3 ppm (s,
B); ratio A/B=1:1.6; MS (electrospray): m/z (%): 1584.9 (100) [M+


�OTf].


[Pd(dppe)(2a)2](OTf)2 : [Pd(dppe)(OTf)2] (0.049 g, 0.06 mmol) dissolved
in CHCl3 (10 mL) was added under argon to a solution of 2a (0.051 g,
0.12 mmol) in CHCl3 (50 mL) in a Schlenk tube. After 3 h of stirring at
room temperature the solution was concentrated to 5 mL, and the com-
plex was isolated by filtration. Yield: 0.07 g (70%). Single crystals for X-
ray analysis were grown by slow evaporation of a solution of complex in
CHCl3.


31P NMR (CHCl3): d=65.2 ppm (s).


X-ray crystallography : Details about data collection and solution refine-
ment are given in Table 5. Data were collected on a Stoe-IPDS imaging
plate system for all the compounds. Structures were solved by direct
methods (SHELXS) and refined (SHELXL-97)[37] by full-matrix least-
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squares methods. Hydrogen atoms were introduced at calculated posi-
tions (riding model), included in structure factor calculations, and not re-
fined. All the heavy atoms were refined anisotropically. CCDC-225225
(2a), CCDC-225226 (2b), CCDC-225227 (3), CCDC-225233 (4’), CCDC-
225228 (5), CCDC-225229 (6), CCDC-225230 (7), CCDC-225231
((2a)PF6¥THF), CCDC-225232 ([Pd(dppp)(2a)2](OTf)2¥CHCl3¥Et2O) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44) 1223±336±033; or deposit@ccdc.
cam.uk).


Theoretical calculations : The overlap interaction energies (bHOMO±HOMO)
were of the extended H¸ckel type.[38] A modified Wollsberg±Helmholtz
formula was used to calculate the non-diagonal Hmn values.[39] Double-z
orbitals for C, S, N and O were used.
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De Novo Design, Synthesis, and Function of Semiartificial Myoglobin
Conjugated with Coiled-Coil Two-a-Helix Peptides


Seiji Sakamoto,*[a] Atsushi Ito,[a] Kazuaki Kudo,[a] and Susumu Yoshikawa*[b]


Introduction


Myoglobin (Mb) is a relatively small monomeric hemopro-
tein containing a noncovalently bound iron±protoporphyri-
n IX (heme).[1] Although, in nature, the essential role of Mb
is oxygen storage, semiartificial myoglobins possessing non-
natural functions and/or artificial molecular binding sites
have been prepared by a reconstitutional method that in-
volves incorporation of an artificial heme with multiple
functional groups into apomyoglobin (apo-Mb).[2±4] For ex-
ample, Hamachi and co-workers have synthesized artificial
heme molecules modified with various functional chromo-
phores, such as catenane,[2a±c] a ruthenium±tris(bipyridine)


complex,[2d±g] iminodiacetic acid,[2h] riboflavin,[2i] C60,
[2j] lip-


ids,[2k] b-cyclodextrin,[2l±n] and boronic acids.[2o±q] By using
these synthetic heme molecules, they achieved the function-
al conversion and regulation of Mb. As another example,
Hayashi and co-workers applied the reconstitution strategy
to create a new molecular recognition site near to the heme
center.[3] They introduced multiple charged groups or hydro-
phobic units at the two heme propionates and demonstrated
the recognition of small substrates and cytochrome c on the
protein surface. Willner and co-workers conducted a vectori-
al photoinduced electron transfer (ET) with ZnII±protopor-
phyrin IX modified with bipyridinium groups and intro-
duced by using the reconstitution method.[4]


Although the incorporation of a chemically modified co-
factor into the apoprotein is valuable for active-site-directed
incorporation of various functional groups, the previously
reported functionalities were relatively small organic and/or
inorganic molecules. In addition, there are few examples in
which the distance and orientation between the heme and
the introduced functionalities were considered. In order to
create an artificial protein that satisfies tailor-made func-
tions and/or substrate specificity, it will be necessary to con-
trol the mutual arrangement of the heme active site and the
functional groups. As well as considering these aspects, we
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Abstract: The introduction of a flavin
chromophore on the myoglobin (Mb)
surface and an effective electron-trans-
fer (ET) reaction through the flavin
were successfully achieved by utilizing
the self-assembly of heterostranded
coiled-coil peptides. We have prepared
a semiartificial Mb, named Mb-1aK, in
which an amphiphilic and cationic a-
helix peptide is conjugated at the heme
propionate (Heme-1aK). Heme-1aK
has a covalently bound iron±protopor-
phyrin IX (heme) at the N terminus of
a 1aK peptide sequence. This sequence
was designed to form a heterostranded
coiled-coil in the presence of a counter-
part amphiphilic and anionic 1aE pep-


tide sequence in a parallel orientation.
Two peptides, Fla1-1aE and Fla31-1aE,
both incorporating a 10-methylisoallox-
azine moiety as an artificial flavin mol-
ecule, were also prepared (Fla=2-[7-
(10-methyl)isoalloxazinyl]-2-oxoethyl).
Heme-1aK was successfully inserted
into apomyoglobin to give Mb-1aK.
Mb-1aK recognized the flavin-modi-
fied peptides and a two-a-helix struc-
ture was formed. In addition, an effi-
cient ET from reduced nicotinamide


adenine dinucleotide to the heme
center through the flavin unit was ob-
served. The ET rate was faster in the
presence of Fla1-1aE than in the pres-
ence of Fla31-1aE or the equivalent
molecule that has no peptide chain.
These results demonstrate that the in-
troduction of a functional chromophore
on the Mb surface can be achieved by
using specific peptide±peptide interac-
tions. Moreover, the dependence of the
ET rate on the position of the flavin in-
dicated that the distance between the
heme active site and the flavin chromo-
phore was regulated by the three-di-
mensional structure of the designed
polypeptide.


Keywords: chromophores ¥
electron transfer ¥ helical structures ¥
heme proteins ¥ myoglobin
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decided to attempt the introduction of a polypeptide seg-
ment into the heme propionate group by the replacement of
natural heme with a heme-conjugated peptide (Figure 1). By
utilizing the rigid three-dimensional structure of the poly-
peptide, it should be possible to control the relative disposi-
tion of the heme active site, the introduced functionalities,
and the amino acid side chains in a defined 3D space. In ad-
dition, because the peptide may provide various interactions,
including charge±charge interactions, hydrophobic interac-
tions, van der Waals contacts, and hydrogen bonding, it was
expected that specific molecular recognition, comparable to
that in natural systems, could be achieved.


In this study, we have used a designed two-a-helix struc-
ture for the introduction of a flavin derivative onto the sur-
face of Mb. A heterostranded coiled-coil was chosen to
demonstrate the specific peptide interaction on the Mb sur-
face, because the coiled-coil structure is one of the motifs
that have been well studied and established in the field of
de novo design of polypeptides.[5±11] One of the hetero-
stranded coiled-coil chains (1aK) was conjugated at the
heme propionate of Mb. The flavin chromophore was at-
tached at different positions in the other strand (1aE) in
order to control the mutual distance between the heme
active site and the flavin chromophore. By utilizing the non-
covalent interaction between two peptides, we tried to intro-
duce the flavin on the Mb surface and to estimate the inter-
action by using UV/Vis, circular dichroism, and fluorescence
spectroscopy measurements. Additionally, we observed the
ET reaction from NADH to the heme center with the flavin
as an electron mediator. We report here the utility of the de-
signed 3D polypeptide structure for the regulation of the
distance between the heme center and the introduced func-
tional group on the semiartificial protein surface.


Results and Discussion


Design and synthesis of peptides : Two peptide sequences,
1aK and 1aE, were designed to give a heterodimeric two-a-
helix structure by mutual interactions (Figure 2). The design
for the helices was based on the sequences reported by
Hodges and co-workers and Kim and co-workers.[5b, 6c±e]


Both 28-residue segments were designed to take an amphi-
philic a-helix structure, with the Leu and Val residues de-
ployed on the a-helix segment in the same manner as hydro-
phobic amino acids in coiled-coil proteins. Coiled-coil se-
quences in proteins consist of heptad repeats containing two
characteristic hydrophobic positions, that is, (abcdefg)n in
which the a and d residues are hydrophobic ones, such as
Leu and Val. Each of the two designed peptide sequences
consists of a heptad in which a is Val, d is Leu, b and c are
Ala, and f is Lys. Instead of Val, a single Asn residue was
placed at a buried a position. This modification was based
on the sequence of the native GCN4 Leu-zipper where the
Asn plays an important role in specifying the parallel dimer
formation of the coiled-coil structure.[6a,b,d,8b,12] The 1aK
peptide contains positively charged Lys residues and the
1aE contains negatively charged Glu residues at both the e
and g positions. Both 1aK and 1aE would exhibit interheli-
cal ionic repulsions in a homostranded coiled-coil and the
two-a-helix structure would thereby be destabilized. By con-
trast, the formation of a heterostranded coiled-coil consist-
ing of 1aK and 1aE, which would be stabilized by interheli-
cal E±K ionic attractions, is expected. The Fe±protoporphyr-
in IX was introduced at the N terminus of the 1aK peptide
by an amide bond between the heme propionyl group and
the a-amino group of the first Gly residue (Heme-1aK).
The 10-methylisoalloxazine moiety was attached to the side
chain of a Cys residue linked at the first or thirty-first posi-


Figure 1. Schematic illustration of a semiartificial Mb conjugated with designed coiled-coil peptides. Fla=2-[7-(10-methyl)isoalloxazinyl]-2-oxoethyl,
NADH= reduced nicotinamide adenine dinucleotide, NAD+ =oxidized nicotinamide adenine dinucleotide.
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tion of the 1aE peptide (Fla1-1aE and Fla31-1aE, respective-
ly) through a flexible Gly±Gly spacer. In addition to these
heme- and flavin-conjugated peptides, we prepared W1-1aK,
Dns1-1aE, and Dns30-1aE, in order to easily characterize the
interaction between the 1aK and 1aE sequences (Figure 2).
The peptide W1-1aK has a Trp residue at the N terminus of
the 1aK peptide. In Dns1-1aE and Dns30-1aE, a dansyl
group was introduced at the a-amino group of the Gly resi-
due at position 1 and at the e-amino group on the side chain
of the Lys residue at position 30, respectively. By utilizing
Trp and Dns groups as fluorescent probes, we intended to
estimate the relative orientation and oligomerization state
of the originally designed coiled-coil polypeptides.


The peptides were synthesized by means of a solid-phase
method with the Fmoc strategy (Fmoc=9-fluorenylmethox-
ycarbonyl).[13] The N-hydroxysuccinimide monoester of pro-
toporphyrin IX was allowed to react with the Gly1 a-amino
group of the 1aK peptide on a resin.[14] After cleavage from
the resin with trifluoroacetic acid, iron(iii) was inserted into
the protoporphyrin IX in the peptide by adding Fe(OAc)2 in
50 % AcOH/trifluoroethanol (TFE) to the mixture at 50 8C
under nitrogen. For the preparation of flavin-conjugated
peptides, 7a-bromoacetyl-10-methylisoalloxazine was al-
lowed to react with the Cys side chains of purified 1aE pep-
tides in 50 % TFE/0.1m tris(hydroxymethyl)aminometha-
ne¥HCl (Tris¥HCl) buffer (pH 8.5).[15, 16] The e-amino group
of Lys30 in Dns30-1aE was specifically protected with a 4-
methyltrityl (Mtt) group to introduce the Dns group at the
later stage. The Mtt group was removed by treating the pep-
tide resin with dichloromethane/TFA/triisopropylsilane
(94:1:5, 5 î2 min) without cleavage of the other protecting
groups and dansyl chloride was allowed to react with the e-
amino group of Lys30 on the resin. All the peptides were
purified with reversed-phase HPLC (RP-HPLC), and identi-
fied by amino acid analysis and matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-
TOF MS). The amino acid analysis was also utilized for de-
termination of the peptide concentration of the stock solu-
tions.


CD and fluorescence spectroscopy studies of W1-1aK, Dns1-
1aE, and Dns30-1aE : The conformation of the designed 1aK
and 1aE peptides in solution was determined by CD mea-
surements on W1-1aK, Dns1-1aE, and Dns30-1aE. The three


peptides exhibited CD spectra characteristic of a random
coil in 20 mm Tris¥HCl buffer (pH 7.4), whereas they showed
an a-helical pattern in TFE, which is known to be a helix-
stabilizing solvent.[5b] Table 1 summarizes the molecular el-


lipticities at 222 nm ([q]222) and the a-helix contents estimat-
ed from the [q]222 values for the peptides.[17] We did not con-
sider the potential contribution of the added aromatic chro-
mophores (Dns and Trp) to the far-UV CD spectra of the
polypeptides since the peptides showed weak CD intensity
in the absorption region of the Dns and Trp groups. Neither
the 1aK nor the 1aE sequence took a homostranded coiled-
coil form in the buffer, possibly due to interhelical ionic re-
pulsion.[5b] On the other hand, an equimolar mixture of pep-
tides W1-1aK and Dns1-1aE showed a typical a-helical CD
pattern with two negative maxima at 208 and 222 nm in
buffer (Figure 3). From the [q]222 value, the a helicity was
estimated as 96 %. As the ratio of the two peptides was
changed, the peptide mixture showed a maximum a helicity
at a [W1-1aK]/[Dns1-1aE] ratio of 1:1, a result suggesting
that the 1aK and 1aE peptides formed a heterostranded
coiled-coil with 1:1 stoichiometry (Figure 3 b). Similar CD
results were observed in the case of the W1-1aK and Dns30-
1aE peptide mixture (Figure 3 c,d). This result suggested
that the position of the Dns group did not largely affect the
coiled-coil structure composed of 1aK and 1aE sequences.


Fluorescence titration of W1-1aK with Dns1-1aE or
Dns30-1aE was carried out in buffer (pH 7.4) in order to es-
timate the relative helix orientation of the heterostranded
1aK±1aE coiled-coil (Figure 4). Upon increasing the con-
centration of Dns1-1aE, a remarkable decrease in fluores-


Figure 2. Chemical structures of the designed peptides, Heme-1aK, Fla1-1aE, Fla31-1aE, W1-1aK, Dns1-1aE, Dns30-1aE, and H-Fla. Dns=dansyl.


Table 1. Molecular ellipticities and a-helix contents of the designed pep-
tides.


Peptide In buffer (pH 7.4) In TFE
[q]222


[a] a helicity[b] [q]222
[a] a helicity[b]


W1-1aK �3460 10 �24160 71
Dns1-1aE �4680 13 �21750 66
Dns30-1aE �5010 15 �23830 70
W1-1aK+Dns1-1aE �32700 96 ± ±
W1-1aK+Dns30-1aE �30600 90 ± ±


[a] [q] values are expressed as mean residue ellipticities [deg cm2 dmol�1].
[b] a Helicities are estimated from [q]222 values by using the equation de-
scribed by of Scholtz et al.[17]
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cence intensity of Trp1 at 350 nm was observed (Figure 4 a).
In contrast, addition of Dns30-1aE had little effect on the
fluorescence spectrum of W1-1aK. This result suggests that
the Trp1 residue and the Dns moiety at the N terminus of
Dns1-1aE exist in close proximity in the heterostranded
coiled-coil and effective fluorescence resonance energy
transfer (FRET) therefore occurs between the two chromo-
phores. Meanwhile, the distance between Trp1 and the Dns
group on the side chain of Lys30 is too long to induce
FRET between the two chromophores. Accordingly, we pro-
pose that the designed 1aK and 1aE sequences form a


coiled-coil structure in a parallel orientation. The plot of the
change in Trp fluorescence as a function of Dns1-1aE con-
centration showed the beginning of a plateau at a [W1-1aK]/
[Dns1-1aE] ratio of 1:1, a fact supporting the formation of a
1:1 heterostranded coiled-coil of 1aK and 1aE peptides. The
binding constant (Ka) determined based on the change of
fluorescence intensity at 350 nm by using a 1:1 binding equa-
tion[18] was 3.7 î 107


m
�1. This value is sufficient to obtain the


dimeric coiled-coil structure in the concentration range used
in this study.


Reconstitution of Heme-1aK with apo-Mb : The reconstitu-
tion of Heme-1aK with apo-Mb was carried out according
to the methods reported by Hamachi and co-workers with
minor modifications.[2] Heme-1aK in 50 % TFE/20 mm


Tris¥HCl buffer (pH 7.4) was mixed with apo-Mb in the
same buffer in an ice-bath. The reaction mixture was incu-


Figure 3. a) CD spectra of peptide mixture W1-1aK and Dns1-1aE at W1-
1aK/Dns1-1aE ratios of 100:0, 90:10, 80:20, 70:30, 60:40, 50:50, 40:60,
30:70, 20:80, 10:90, and 0:100 in buffer (pH 7.4) at 25 8C. b) Plot of the
mean residue ellipticity at 222 nm versus the W1-1aK/Dns1-1aE ratio.
c) CD spectra of peptide mixture W1-1aK and Dns30-1aE at W1-1aK/
Dns30-1aE ratios of 100:0, 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70,
20:80, 10:90, and 0:100 in buffer (pH 7.4) at 25 8C. d) Plot of the mean
residue ellipticity at 222 nm versus W1-1aK:Dns30-1aE ratio. [total pep-
tide]=20 mm.


Figure 4. a) Fluorescence spectra of W1-1aK with increasing concentra-
tions of Dns1-1aE in buffer (pH 7.4) at 25 8C. b) Plot of the fluorescence
intensity at 350 nm as a function of Dns1-1aE concentration in buffer
(pH 7.4) at 25 8C. c) Fluorescence spectra of W1-1aK in the presence
(c) and absence (a) of Dns30-1aE (1.0 equiv) in buffer (pH 7.4) at
25 8C. d) Plot of the fluorescence intensity at 350 nm as a function of
Dns30-1aE concentration in buffer (pH 7.4) at 25 8C. [W1-1aK]=1.0 mm,
lex=292 nm.
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bated at 4 8C overnight. After centrifugation at 4 8C, the re-
action solution was purified by using a Sephadex G-50 size-
exclusion column and 20 mm Tris¥HCl (pH 7.4).


The reconstitution was characterized by the UV/Vis titra-
tion of Heme-1aK with apo-Mb in buffer (pH 7.4). Heme-
1aK itself showed a Soret band at 392 nm and a prominent
broad band near 350 nm. Similar spectra have been reported
for some heme±peptide adducts[19, 20] and can be attributed
to intermolecular heme±heme association. Simple porphy-
rins are known to aggregate at micromolar concentrations in
aqueous solution[21] and similar behavior would be expected
for Heme-1aK since the heme was introduced at the N ter-
minus of the peptide and it will be exposed to the solvent.
Upon increasing the concentration of apo-Mb, an increase
of the Soret band at 409 nm and a decrease of the broad
band at around 350 nm were observed with an isosbestic
point at 390 nm (Figure 5 a). The plot of the absorbance


change at the Soret band as a function of apo-Mb concen-
tration showed the beginning of a plateau at the [apo-Mb]/
[Heme-1aK] ratio of 1:1, a result suggesting that apo-Mb
bound the Heme-1aK with 1:1 stoichiometry to give a semi-
artificial Mb. The Ka value of apo-Mb toward Heme-1aK
was too large to be estimated correctly under the conditions
utilized. Aggregation of Heme-1aK apparently did not
affect the titration curve in the micromolar concentration
range because of the large Ka value.


Figure 5 b shows the UV/Vis spectra of the reconstituted
Mb (Mb-1aK). The absorption maxima at 409 nm (sharp
Soret band), 501 nm (b-band (Qv)), and 540 nm (a-band
(Qo)) are almost coincident with the values of the native Mb
under the experimental conditions (Table 2). The most sig-


nificant difference between the spectra of Mb-1aK and
native Mb is the p±iron charge-transfer band. While the
native Mb showed the p±iron charge-transfer band at
630 nm, only a shoulder was observed near 625 nm in the
spectrum of Mb-1aK because of the enhanced absorbance
near 600 nm. By the addition of an azide or fluoride anion,
the sixth ligand of the heme iron center in met-Mb is readily
exchanged from water to the anion and the spectroscopic
properties with the ligand binding are useful for probing the
heme environment of Mb. When the sixth ligand was
changed, Mb-1aK showed spectra similar to those of native
Mb (lmax (fluoride form)=406, 488, and 603 nm; lmax (azide
form)=419, 541, and 574 nm; Table 2). Additionally, a
deoxy-Mb-1aK (ferrous heme state) was also obtained by
adding a minimal amount of sodium dithionite to a solution
of met-Mb-1aK in buffer (Soret band at 434 nm and Q-
band at 556 nm; Figure 5 b). It is suggested that the heme
environment of the Mb-1aK is almost identical to that of
native Mb.


Fluorescence study of Fla1-1aE and Fla31-1aE in the pres-
ence and absence of Mb-1aK : The fluorescence spectra of
the flavin-conjugated peptides Fla1-1aE and Fla31-1aE were
measured in order to evaluate the interaction between the
1aK and 1aE segments on the Mb surface (Figure 6). Pep-
tides Fla1-1aE and Fla31-1aE showed a fluorescence emis-
sion peak at 505 nm in buffer. The fluorescence intensity of
the flavin-conjugated peptides was much weaker than that
of the 7-acetyl-10-methylisoalloxazine (H-Fla) molecule that
has no peptide chain. This is attributed to the flavin linked
to the sulfur atom of the Cys side chain as reported pre-
viously.[16c] On addition of Mb-1aK (1.0 equiv), the fluores-
cence intensities of the flavin-conjugated peptides were de-
creased to approximately 70 % of those observed in the ab-
sence of Mb-1aK. On the other hand, the addition of native
Mb or apo-Mb had little effect on the fluorescence intensity
of the flavin in the peptides. Furthermore, there was no
change in the fluorescence spectrum of the H-Fla molecule
on addition of Mb-1aK or Mb. These results indicate that


Figure 5. a) UV/Vis spectra of Heme-1aK with increasing apo-Mb con-
centrations in buffer (pH 7.4) at 25 8C. [Heme-1aK]=4 mm. Inset: Plot of
absorbance change at 409 nm as a function of apo-Mb concentration.
b) UV/Vis spectra of Mb-1aK in the met-Mb form (c) and deoxy-Mb
form (a) in buffer (pH 7.4) at 25 8C. [Mb-1aK]=4 mm.


Table 2. Wavelengths of the peak maxima in the UV/Vis spectra of Mb-
1aK and native Mb in buffer.


Conditions Protein Soret band [nm�1] Q-bands [nm�1]


met form Mb-1aK 409 501, 540, 625[a]


native Mb 409 504, 540, 634
F� form[b] Mb-1aK 406 488, 603


native Mb 408 495, 606
N3


� form[b] Mb-1aK 419 541, 574
native Mb 421 541, 574


deoxy form Mb-1aK 433 556
native Mb 434 556


[a] Shoulder. [b] The UV/Vis spectra of the F� form and the N3
� form


were measured by addition of 30 mm KF and 20 mm NaN3, respectively.
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the 1aE sequence was successfully recognized by the 1aK
segment conjugated with the heme propionate.


CD spectra of Mb-1aK in the presence and absence of Fla-
1aE peptides : Mb-1aK showed a CD spectrum with two
negative maxima at 208 and 222 nm in buffer (Figure 7).
This CD pattern is typical for a-helix-dominant proteins and
is similar to those of native Mb and apo-Mb.[22] However,
the CD intensity of Mb-1aK was lower than that of the
native Mb, which might indicate that the 1aK segment intro-
duced at the heme propionate group partially perturbs the
3D structure of Mb. On the other hand, the a-helix content
of Mb-1aK was dramatically increased by the addition of
Fla1-1aE or Fla31-1aE in a buffer. Taking into consideration
that the addition of Fla-1aE peptides to native Mb and apo-
Mb did not affect their CD spectra (data not shown), it can
be reasonably concluded that the a-helix improvement can
be ascribed mainly to the two-a-helix coiled-coil formation
of Fla-1aE and the 1aK segment on the Mb surface. On the
presumption that the observed changes of the CD spectra
were due only to the conformational change of the 1aK and
1aE segments, the ellipticity changes at 222 nm were esti-
mated as �22 900 (67 %) and �25 900 degcm2 dmol�1 (76 %)
for Fla1-1aE and Fla31-1aE, respectively, based on the differ-
ential CD spectra (Figure 7 b, c, insets).


Denaturation experiments by using guanidine hydrochlo-
ride : Denaturation experiments with guanidine hydrochlo-
ride (GuHCl) were conducted for the peptide-conjugated
Mb in the presence and absence of Fla1-1aE peptide in
buffer (pH 7.4; Figure 8). Increasing amounts of the dena-
turant destroyed the 3D structure of Mb, so as to release
the heme cofactor or Heme-1aK from the heme crevice.
The denaturation process was spectrophotometrically moni-
tored by the broadening of the Soret band of the heme.[23]


The stabilities of Mb-1aK with and without Fla-1aE were
expressed as the GuHCl concentration at which half of the
Mb-1aK was unfolded ([GuHCl]1/2). Both in the absence
and presence of Fla-1aE peptides, Mb-1aK exhibited a co-
operative denaturation curve in buffer, a result suggesting
that the Mb portion was retaining its native-like properties.


However, Mb-1aK was less re-
sistant to GuHCl denaturation
([GuHCl]1/2=2.0m) than the
native Mb was ([GuHCl]1/2=


2.5m) under the experimental
conditions. By the linear ex-
trapolation method, the free
energy changes (�DGH2O) of
Mb-1aK and native Mb were
evaluated as �5.3 and
�8.6 kcal mol�1, respectively.
The 1aK segment conjugated
at the heme propionate group
seemed to destabilize the 3D
structure of Mb. The addition
of Fla1-1aE peptide caused fur-
ther destabilization of the Mb
domain ([GuHCl]1/2=1.8m,


�DGH2O=�4.5 kcal mol�1). Possibly, the formation of a
large coiled-coil structure near to the heme crevice is steri-
cally unfavorable for the 3D structure of Mb. However, the
change in the stability of Mb-1aK on addition of Fla-1aE


Figure 6. Fluorescence spectra of a) Fla1-1aE, b) Fla31-1aE, and c) H-Fla in the absence (c) and presence of
Mb-1aK (a) and the presence of native Mb (b) (1.0 equiv) in buffer (pH 7.4) at 25 8C. [Fla-1aE]=2 mm,
lex=430 nm.


Figure 7. a) CD spectra of Mb-1aK (c), Mb (b), and apo-Mb (a).
b) CD spectra of Mb-1aK in the presence (c) and absence (a) of
Fla1-1aE (1.0 equiv). c) CD spectra of Mb-1aK in the presence (c)
and absence (a) of Fla31-1aE (1.0 equiv). Inset: Difference CD spec-
trum obtained by subtraction of the spectrum of Mb-1aK alone from the
spectrum of the mixture of Mb-1aK and Fla-1aE. Spectra were measured
in buffer (pH 7.4) at 25 8C by using a cell with a 1-mm path length. [pro-
tein]=5 mm.
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peptide is evidence for specific interaction between the 1aK
and 1aE peptides on the Mb, since no change in the GuHCl
resistance of the native Mb was observed on addition of
Fla-1aE peptide.


The ET reaction from NADH to heme through the flavin
unit : The ET reaction to the heme center through the flavin
moiety was examined by using NADH as an electron donor
under aerobic conditions. On addition of NADH, the reduc-
tion of the heme iron center and the production of oxy-Mb-
1aK occurred simultaneously, as monitored with the UV/Vis
spectrum (Figure 9). The pseudo-first-order rate constants,
kobs, calculated from the initial rates were proportional to
the concentration of NADH (Figure 10). The apparent
second-order rate constant, k2nd, for oxy-Mb-1aK production
in the presence of Fla1-1aE (1.0 equiv) was 161m�1 s�1. On
the other hand, both in the presence and absence of H-Fla
lacking the 1aE peptide, the Mb-1aK was slowly reduced by
NADH (k2nd=16.3 and 10.6m�1 s�1, respectively; Figure 11).
These results indicate that Fla1-1aE and Mb-1aK are bound
to each other through the 1aK-1aE interaction, an interac-
tion leading to an oxy-Mb-1aK production rate that is faster
by a factor of about 10 than that observed in the case with
peptide-free H-Fla. The Fla31-1aK also accelerated the elec-
tron transfer from NADH to the heme, although the rate
constant was about one-fifth of that observed with Fla1-1aE
(k2nd=32.3m�1 s�1). The flavin unit introduced on the Cys1
side chain of 1aE seems to be positioned near to the heme
center and acts more effectively as an electron mediator


than that on the Cys31 side chain. These results suggest that
the 1aK segment conjugated with the Fla-1aE peptide
bound to the heme propionate, thereby forming a parallel
two-a-helix structure on the surface of Mb.


In contrast to the above results, the addition of Fla1-1aE
and Fla31-1aE into the native Mb system decreased the rate
of oxy-Mb formation by a factor of 2.0 relative to that in the
presence of H-Fla. As there was no significant difference in
the reaction rate between native Mb and Mb-1aK in the
presence of H-Fla (k2nd=17.5 and 16.3m�1 s�1, respectively),
it seems that the 1aE sequence conjugated to the flavin mol-
ecule interrupts the ET process from NADH to the heme
through the flavin molecule. One of the reasons for this


Figure 8. a) GuHCl denaturation profiles of Mb and Mb-1aK. b) Profiles
of �DGGuHCl at different GuHCl concentrations. Measurements were car-
ried out in a buffer (pH 7.4) at 25 8C. Native Mb (~), Mb-1aK in the ab-
sence of Fla1-1aE (&), and Mb-1aK in the presence of Fla1-1aE
(1.0 equiv; *). [Protein]=5 mm.


Figure 9. a) Possible reaction scheme of oxy-Mb-1aK formation. b) Dif-
ference spectra of Mb-1aK in the presence of Fla1-1aE under aerobic
conditions in buffer at 25 8C. [Mb-1aK]=10 mm, [Fla1-1aE]=10 mm,
[NADH]=25 mm. c) Time-course plots of oxy-Mb-1aK formation by
NADH under aerobic conditions in buffer (pH 7.4) at 25 8C. [Mb-1aK]=
10 mm, [Flavin]=10 mm, [NADH]=50 mm. c) Time-course plots of oxy-Mb
formation by NADH under aerobic conditions in buffer (pH 7.4) at
25 8C. [Mb]=10 mm, [Flavin]=10 mm, [NADH]=50 mm. The reactions
were initiated by addition of NADH into the Mb-containing aqueous so-
lution and followed by monitoring the absorbance change at 580 nm.
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might be electrostatic repulsion between NADH and the
Fla-1aE peptide because the net charge of the 1aE se-
quence is �4 (Glu î 8 and Lysî 4). This observation also
confirms that the interaction between the peptide segments
is responsible for the effective ET function in the present
system.


Conclusion


Heme- and flavin-conjugated peptides, Heme-1aK and Fla-
1aE, which formed a heterodimeric coiled-coil structure,
were successfully designed and synthesized. By the incorpo-
ration of Heme-1aK into apo-Mb, we have produced a de
novo semiartificial Mb which possesses an artificial peptide
segment at the heme propionate group. Although the cova-
lently introduced peptide segment on the heme propionate
partially perturbed the 3D structure and caused the destabi-
lization of Mb, the Mb-1aK showed cooperative denatura-
tion curves, as seen in natural small proteins. This result im-
plies that the Mb-1aK maintains most of its native-like
properties. Spectroscopic measurements including CD, UV/
Vis, and fluorescence spectroscopy studies showed that the
attached 1aK segment recognized counterpart Fla-1aE pep-
tides and together they take the form of a two-a-helix
coiled-coil structure on the Mb surface. The flavin unit in-
troduced close to the heme center through the specific 1aK±
1aE interaction functioned as an efficient electron mediator
and enhanced the ET rate by a factor of �10, relative to
the H-Fla molecule lacking the 1aE peptide. The ET rate
was different depending on the position of the flavin unit on
the 1aE sequence, which can be regulated by the peptide
design. The different ET rates could be due to the distance
between the heme and the flavin mediator that arises from
the parallel coiled-coil structure. This demonstrates that the
designed peptide is useful for controlling of the three-di-
mentional arrangement of the heme active site and other
functional units and for modulating the ET reaction on the
protein. The novel strategy for the preparation of semiartifi-
cial Mb described in the present paper may permit the sys-
tematic study of the ET reaction on the protein surface.
Since the flavin chromophore attached on the 1aE sequence
can be replaced with other functional groups, one can easily
construct new redox systems on the Mb surface. In addition,
this strategy will be applicable to the exploration of a new
type of fusion protein, in which the arrangement of active
sites are regulated by the designed polypeptides, if we can
introduce a natural cofactor, such as flavin adenine dinu-
cleotide or flavin mononucleotide, instead of the artificial
flavin unit. Although detailed examination of the 3D struc-
ture of Mb±peptide conjugates will be needed, further sys-
tematic substitution of functional units and/or amino acids
in the peptide and Mb will lead to the design of artificial
heme proteins by using the de novo reconstitution method.


Experimental Section


Materials and methods : All chemicals and solvents were of reagent or
HPLC grade. Protoporphyrin IX was purchased from Aldrich. 7a-Bro-
moacetyl-10-methylisoalloxazine was synthesized according to the
method of Levine and Kaiser.[15a] Amino acid derivatives and reagents
for peptide synthesis were purchased from Novabiochem (Darmstadt,
Germany). All peptides were synthesized manually according to a stan-
dard solid-phase method by using Fmoc strategy.[13] The peptides were
purified and analyzed with RP-HPLC on a Cosmosil 5C18-AR-II column
(Nacalai Tesque, Kyoto, Japan; 10î 250 mm) or a Cosmosil 5C18-AR-II
analytical column (4.6 î 150 mm) by employing a Shimadzu LC-10ACvp


Figure 10. Profiles of the pseudo-first-order rate constants (kobs) of
a) oxy-Mb-1aK and b) oxy-Mb formation in the absence (î ) and pres-
ence of Fla1-1aE (*), Fla31-1aE (&), or H-Fla (~) as a function of
NADH concentration under aerobic conditions in buffer (pH 7.4) at
25 8C. [Mb-1aK] and [Mb]=10 mm, [Flavin]=10 mm.


Figure 11. Apparent second-order rate constants (k2nd) for oxy-Mb-1aK
and oxy-Mb formation by NADH in the presence or absence of various
peptides.
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pump equipped with a Shimadzu SPD10A UV/Vis detector and a Shi-
madzu CTO-10Avp column oven. MALDI-TOF MS was measured on a
Shimadzu MALDI III mass spectrometer by using 3,5-dimethoxy-4-hy-
droxycinnamic acid as a matrix. Amino acid analysis was carried out
after hydrolysis in 6.0m HCl at 110 8C for 24 h in a sealed tube and subse-
quent labeling with phenyl isothiocyanate. Each peptide concentration
was determined by quantitative amino acid analysis by using Phe as an
internal standard.


Synthesis of W1-1aK, Dns1-1aE, and Dns30-1aE : The peptides were syn-
thesized by the stepwise elongation of Fmoc-protected amino acids on
Novasyn TGR resin (Novabiochem) according to a reported procedure
with Fmoc-AA-OH (Fmoc-Ala-OH¥H2O, Fmoc-Asn(Trt)-OH, Fmoc-
Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH,
Fmoc-Lys(Mtt)-OH, Fmoc-Trp-OH, Fmoc-Val-OH) by using 2-(1H-ben-
zotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU), 1-hydroxy-benzotriazole hydrate (HOBt¥H2O) and diisopropyl-
ethylamine (DIEA) as coupling reagents.[16] The Lys30 residue of Dns30-
1aE was protected with the Mtt group and the other Lys residues were
protected with Boc groups. Each coupling efficiency was checked by the
Kaiser test.[24] For the acetylation of the N-terminus amino group of the
W1-1aK or Dns30-1aE peptides, Fmoc-deprotected peptide resin was
treated with acetic anhydride (10 equiv) and DIEA (5 equiv) in 1-
methyl-2-pyrrolidone (NMP). To introduce the Dns unit at the N-termi-
nus amino group of Dns1-1aE, Fmoc-deprotected peptide resin was treat-
ed with dansyl chloride (5 equiv) and DIEA (2 equiv) in NMP for 5 h at
25 8C. In the case of Dns30-1aE, the Mtt group protecting the side chain
of Lys30 was selectively cleaved in CH2Cl2/TFA/triisopropylsilane
(94:1:5, 5 î 2 min). Then, dansyl chloride (5 equiv) was allowed to react
with the liberated e-amino group on the Lys30 side chain in the presence
of DIEA (2 equiv) in NMP for 5 h at 25 8C. The protecting groups and
the resin were removed by stirring the dried resin for 2 h at 25 8C with
TFA/m-cresol/ethanedithiol/thioanisole (85:6:6:2). The solvent was
evaporated and the residues were solidified with diethyl ether in an ice-
bath to give the crude peptides. The crude peptides were purified with
RP-HPLC on a Cosmosil 5C18-AR-II column (10 î 250 mm) by using a
linear gradient of MeCN/0.1% TFA (1.0 %min�1) to give the product
with a single peak on analytical HPLC (Cosmosil 5C18-AR-II column,
4.6î 150 mm, linear gradient of MeCN/0.1 % TFA at 1.0 %min�1). The
peptides were identified by MALDI-TOF MS and amino acid analysis;
total yields: W1-1aK 14 %; Dns1-1aE 26%; Dns30-1aE 10 %; MALDI-
TOF MS: W1-1aK m/z : 3334.2 [M+H]+ (calcd for: 3332.9); Dns1-1aE
m/z : 3346.0 [M+H]+ (calcd for: 3345.2); Dns30-1aE m/z : 3457.8 [M+H]+


(calcd for: 3457.3); amino acid analyses: W1-1aK found (calcd): Ala 7.92
(8), Asn 0.85 (1), Gly 2.16 (2), Leu 4.04 (4), Lys 11.9 (12), Val 3.00 (3);
Dns1-1aE found (calcd): Ala 7.71 (8), Asn 0.88 (1), Glu 8.08 (8), Gly 1.57
(2), Leu 4.06 (4), Lys 3.93 (4), Val 3.00 (3); Dns30-1aE found (calcd): Ala
7.70 (8), Asn 0.86 (1), Glu 7.84 (8), Gly 1.04 (1), Leu 4.08 (4), Lys 4.09
(4), Val 3.00 (3).


Synthesis of PPIX-1aK, Cys1-1aE, and Cys31-1aE : Peptide PPIX-1aK
was a precursor of Heme-1aK with a free base protoporphyrin IX at the
N-terminus amino group of the 1aK sequence. Peptides Cys1-1aE and
Cys31-1aE were designed as intermediates to prepare Fla1-1aE and Fla31-
1aE, respectively. The peptides were synthesized by the solid-phase
method on Novasyn TGR resin with Fmoc-AA-OH by using HBTU,
HOBt¥H2O, and DIEA as coupling reagents. The Fmoc-deprotected 1aK
peptide resin was treated with the mono-N-hydroxysuccinimide ester of
protoporphyrin IX (4 equiv) in the presence of DIEA (3 equiv) in NMP
for 5 h at 25 8C to give a PPIX-1aK peptide resin.[14] The protecting
groups and the resin were removed by stirring the dried resin for 2 h at
25 8C with TFA/m-cresol/ethanedithiol/thioanisole (85:6:6:2). The solvent
was evaporated and the residues were solidified with diethyl ether in an
ice-bath to give the crude peptides. The crude peptides were purified
with RP-HPLC on a Cosmosil 5C18-AR-II column (10 î 250 mm) by
using a linear gradient of MeCN/0.1% TFA (1.0 % min�1) to give the
product with a single peak on analytical HPLC. The peptides were identi-
fied by MALDI-TOF MS; total yields: PPIX-1aK 31 %; Cys1-1aE 33%;
Cys31-1aE 24 %; MALDI-TOF MS: PPIX-1aK m/z : 3648.5 [M+H]+


(calcd for: 3649.4); Cys1-1aE m/z : 3256.5 [M+H]+ (calcd for: 3257.0);
Cys31-1aE m/z : 3256.1 [M+H]+ (calcd for: 3257.0).


Heme-1aK, Fla1-1aE, and Fla31-1aE : The iron(iii) ion was inserted into
the protoporphyrin IX group of peptide PPIX-1aK by mixing the peptide


with FeII acetate (10 equiv) in AcOH/TFE (5:5) under nitrogen for 6 h at
50 8C. The flavin was covalently attached on the Cys side chain of Cys1-
1aE and Cys31-1aE by allowing 7a-bromoacetyl-10-methylisoalloxazine
(5 equiv) to react with the Cys-1aE peptide in TFE/0.1m Tris¥HCl
(pH 8.5; 1:1) for 2 h.[15, 16] Crude peptides were purified with RP-HPLC
on a Cosmosil 5C18-AR-II column (10 î 250 mm) by using a linear gradi-
ent of MeCN±0.1 % TFA (1.0 % min�1) to give the peptide with a single
peak on analytical HPLC. The peptides were identified by MALDI-TOF
MS and amino acid analysis. A molar extinction coefficient of each pep-
tide was estimated from the data obtained by quantitative amino acid
analysis; yield of Heme-1aK from PPIX-1aK 28%; yield of Fla1-1aE
from Cys1-1aE 52%; yield of Fla31-1aE from Cys31-1aE 41%; MALDI-
TOF MS: Heme-1aK m/z : 3704.3 [M+H]+ (calcd for: 3705.2); Fla1-1aE
m/z : 3525.6 [M+H]+ (calcd for: 3525.3); Fla31-1aE m/z : 3526.0 [M+H]+


(calcd for: 3525.3); amino acid analyses: Heme-1aK found (calcd): Ala
7.68 (8), Asn 0.96 (1), Gly 2.06 (2), Leu 4.04 (4), Lys 11.2 (12), Val 3.00
(3); Fla1-1aE found (calcd): Ala 7.71 (8), Asn 0.95 (1), Glu 7.94 (8), Gly
2.03 (2), Leu 4.05 (4), Lys 3.91 (4), Val 3.00 (3); Fla31-1aE found (calcd):
Ala 7.70 (8), Asn 0.93 (1), Glu 8.06 (8), Gly 2.03 (2), Leu 4.05 (4), Lys
3.90 (4), Val 3.00 (3); molar extinction coefficients in mol�1 cm�1 L (lmax


in nm�1): Heme-1aK (5 mm in 50 % pyridine/0.1m NaOH with sodium di-
thionite): 29900 (556); Fla1-1aE (10 mm in 20 mm Tris¥HCl, pH 7.4):
10600 (430), 30100 (289); Fla31-1aE (10 mm in 20 mm Tris¥HCl, pH 7.4):
11500 (430), 32700 (289).


Reconstitution of semiartificial myoglobin modified with peptide : Apo-
myoglobin was prepared from horse heart myoglobin (Sigma) by the
standard method.[25] The peptide±heme conjugate Heme-1aK was incor-
porated into the heme binding site of apomyoglobin by a slightly modi-
fied version of the procedure reported by Hamachi and co-workers.[2]


The peptide Heme-1aK (1.0 equiv) dissolved in 50% TFE/20 mm


Tris¥HCl buffer (pH 7.4; 100 mL) was mixed with a solution of apomyo-
globin in the same buffer (pH 7.4; 400 mL) in an ice-bath. The resulting
mixture was incubated at 4 8C overnight. The solution was centrifuged at
4 8C and 10000 rpm for 30 min. The supernatant was passed through a
Sephadex G-50 size-exclusion column (1.0 î 10 cm) and the fraction con-
taining Mb-1aK was collected and used for analyses without further puri-
fication.


CD measurements : CD spectra were recorded on a JASCO J-720 spec-
tropolarimeter by using a quartz cell with 1.0-mm pathlength at 25 8C.
Peptides were dissolved in 20 mm Tris¥HCl buffer (pH 7.4) at a peptide
concentration of 20 mm. For the measurements of Mb, apo-Mb, and Mb-
1aK, proteins were dissolved in 20 mm Tris¥HCl buffer (pH 7.4) at a pro-
tein concentration of 5 mm.


Fluorescence measurements : Fluorescence spectra were recorded on a
Hitachi 850 fluorescence spectrophotometer with a 1.0î 1.0 cm quartz
cell. Peptides were dissolved in 20 mm Tris¥HCl buffer (pH 7.4) at a pep-
tide concentration of 1.0 mm for the W1-1aK peptide and 2.0 mm for the
Fla-1aE peptides. For the fluorescence titration, W1-1aK in buffer was ti-
trated with Dns1-1aE or Dns30-1aE in increments of about 0.2 equiva-
lents. After each addition of Dns-1aE peptide, samples were equilibrated
for 15 min at 25 8C, then fluorescence spectra (300±450 nm), excited at
292 nm, were measured at 25 8C. The change in fluorescence intensity at
the maximum emission wavelength of the W1-1aK peptide with increas-
ing Dns-1aE concentration was corrected for dilution and fitted by a
single-site binding equation [Eq. (1)],[18] by using Kaleida Graph software
(Synergy Software), where W0 and D0 represent the initial concentrations
of the W1-1aK and Dns-1aE peptides, respectively. DI denotes the differ-
ence in the fluorescence intensity of W1-1aK in the absence (I0) and pres-
ence of Dns-1aE at each concentration (I). When all the W1-1aK forms
the coiled-coil structure with Dns-1aE, DI is equal to DImax.


DI=I0 ¼ fðDImax=I0Þ=2D0g½ðW0þD0þ1=KaÞ�fðW0þD0þ1=KaÞ2 � 4W0 D0g
1=2 



ð1Þ


UV/Vis measurements : UV/Vis spectra were recorded on a Shimadzu
UV-2200 spectrophotometer by using a quartz cell with 1.0 cm path-
length. Heme-1aK in buffer was titrated with apo-Mb in increments of
about 0.25 equivalents. The increase in absorbance at the maximum of
the Soret band with increasing apo-Mb concentration was corrected for
dilution and plotted as a function of apo-Mb concentration. For the UV/
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Vis spectrum of deoxy-Mb-1aK, iron(iii) in the heme was reduced by the
addition of an excess amount of solid sodium dithionite.


Assay for reaction rate of oxy-Mb-1aK formation : The ET rate from
NADH to the heme center in the presence or absence of the H-Fla or
Fla-1aE peptides was assayed by measuring the amount of the produced
oxy-Mb.[2i] The reaction was initiated by the addition of NADH (final
concentration of 25±250 mm) to mixtures of Mb derivative (10 mm) and
flavin (10 mm) in 20 mm Tris¥HCl buffer (pH 7.4) at 25 8C. The reaction
was followed by monitoring the increase in absorbance of the Q-bands at
540 and 580 nm, as they are characteristic of the absorption of a typical
dioxygen complex of Mb (oxy-Mb).
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Rationally Functionalized Deltahedral Zintl Ions: Synthesis and
Characterization of [Ge9�ER3]


3�, [R3E�Ge9�ER3]
2�, and


[R3E�Ge9�Ge9�ER3]
4� (E=Ge, Sn; R=Me, Ph)


Angel Ugrinov and Slavi C. Sevov*[a]


Introduction


Despite their more than 100-year history, Zintl ions have re-
mained a remarkably little understood area of inorganic
chemistry.[1] These are negatively charged polyatomic clus-
ters of main-group metallic and/or semimetallic elements
that can be crystallized from solutions with alkali metal
countercations (often sequestered in various crypts or crown
ethers). Although they have received more attention recent-
ly, the efforts, until a few years ago, involved mostly repro-
duction and better characterization of the already known or
slightly modified species.[2] One of the more recent develop-
ments on this front was the discovery that, contrary to the
expectations, such Zintl ions exist also in Zintl phases. The
latter are polar intermetallic compounds of the heavier
main-group p-block elements with alkali or alkaline-earth
metals that are electronically balanced (or can be consid-
ered as such based on their structures). The Zintl phases can
be viewed as salts where the more electropositive element
transfers its valence-shell electrons to the more electronega-
tive element and both achieve closed-shell formations. De-
spite their name, Zintl phases were considered unrelated to
Zintl ions until the discovery of the Zintl phases A4E9 (A=


alkali metal, E=Group 14 element) which contain the
known deltahedral Zintl ions E9


4�.[3] The latter were previ-
ously characterized in solids crystallized from ethylenedia-
mine or ammonia solutions of the precursors AxEy.


[2] These


nine-atom clusters are cagelike species with the shape of a
distorted tricapped trigonal prism (the distortions are elon-
gations along one or more of the prismatic edges parallel to
the threefold axis). Bonding in such clusters is achieved by
delocalized electrons as in the well known cagelike boranes.


More recent studies revealed that, despite earlier beliefs,
such deltahedral E9


n� clusters can bond to each other in dif-
ferent modes and form dimers [Ge9�Ge9]


6�,[4] trimers [Ge9=


Ge9=Ge9]
6�,[5] tetramers [Ge9=Ge9=Ge9=Ge9]


8�,[6] and infin-
ite chains 1¥{[-Ge9-]


2�}.[7] This indicated that perhaps clusters
can bond not only to other clusters but also to other groups.
Accordingly, we studied reactions of ethylenediamine solu-
tions of K4Ge9 with soft oxidizing agents such as Ph3Sb and
Ph3Bi and, indeed, these reactions produced the first func-
tionalized Zintl ions [Ph2Sb�Ge9�SbPh2]


2�,[8] [Ph2Bi�Ge9�
BiPh2]


2�,[8] [Ph�Ge9�BiPh2]
2�,[9] and [Ph2Sb�Ge9�Ge9�


SbPh2]
4�.[9] However, at this stage it was unclear how the re-


actions proceeded and what the reacting species might be.
More detailed studies were carried out and they suggested
that these reactions are in fact nucleophilic additions of the
anions Ph2Sb� and Ph2Bi� to the naked Zintl ions Ge9


n�.[9]


The charges of the latter are, most likely, lower than 4�,
that is, Ge9


2� and/or the radicals ¥Ge9
3�. These naked clus-


ters are well known: ¥Ge9
3� has been characterized in a few


compounds,[2] while Ge9
2� has been also crystallized from


solutions but the structure shows great disorder and was er-
roneously reported as Ge10


2�.[10] (We and others have many
times collected single-crystal X-ray diffraction data on com-
pounds containing this cluster, Ge9


2�, but all structure deter-
minations have shown the same disorder, and no additional
results have been published.) In ethylenediamine, these
Zintl ions of lower charges are most likely in equilibria be-


[a] A. Ugrinov, Prof. Dr. S. C. Sevov
Department of Chemistry and Biochemistry
University of Notre Dame
Notre Dame, Indiana, 46556 (USA)


Abstract: Six new derivatized deltahe-
dral Zintl ions have been synthesized
by reactions between the known Zintl
ions Ge9


n� with the halides R3EX and/
or the corresponding anions R3E


� for
E=Ge or Sn. This rational approach is
based on our previous discovery that
these derivatization reactions are based


on nucleophilic addition to the clusters.
All species were structurally character-
ized as their salts with potassium coun-
tercations sequestered in 2,2,2-crypt or


[18]crown-6 ether. The tin-containing
anions were characterized also in solu-
tions by 119Sn NMR spectroscopy. The
reaction types for such substitutions
and the structures of the new anions
are discussed.Keywords: cluster compounds ¥
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tween themselves and with Ge9
4� and free solvated elec-


trons, that is, Ge9
4� Ð¥Ge9


3� + e� Ð Ge9
2� + 2e� analo-


gous to alkali metals dissolved in ethylenediamine. Both
¥Ge9


3� and Ge9
2� have a low-lying molecular orbital availa-


ble for electron donation that is half-filled for the former
and empty for the latter. Thus, nucleophiles such as Ph2Sb�


and Ph2Bi� (labeled R2Pn� ; Pn=pnictogen) donate elec-
trons to this orbital and form bonds to the clusters. We pro-
posed that such reactions should produce the monosubstitut-
ed species [Ge9�PnR2]


3�, but these were not observed at
that time. They, in turn, would be in equilibria with [¥Ge9�
PnR2]


2�, [Ge9�PnR2]
� , and free electrons. Such less-reduced


species have similarly a half-filled or empty orbital and can
add one more anion PnR2


� to produce [R2Pn�Ge9�PnR2]
2�.


They can also react between themselves either as two radi-
cals or as a donor [Ge9�PnR2]


3� and an acceptor of either
[¥Ge9�PnR2]


2� or [Ge9�PnR2]
� , and produce the observed


dimers of [R2Pn�Ge9�Ge9�PnR2]
4�. These general ideas


were explored further for possible use in more rational syn-
thesis of similar derivatives of deltahedral Zintl ions by ad-
dition of other groups. Reported here are the rational syn-
theses of both mono- and disubstituted germanium clusters
by reactions of the clusters with either the organometallic
compounds ER4, their halides ER3X, or the corresponding
anion ER3


� prepared separately (E=Sn, Ge and R=Me,
Ph). The new species are characterized structurally as their
[K-(2,2,2-crypt)]+ or [K-([18]crown-6)]+ salts in the solid
state, and the tin-containing species are also characterized
by 119Sn NMR spectroscopy in solution (2,2,2-crypt=
4,7,13,16,21,24-haxaoxa-1,10-diazabicyclo-[8.8.8]-haxaco-
sane).


Results and Discussion


Synthesis : The reaction path for addition of functional
groups to the Ge9 clusters that was proposed before (above)
can be described in more details by the following reac-
tions:[9]


Equilibria 1:


Ge4�9 Ð �Ge3�9 þ e� Ð Ge2�9 þ 2 e� ð1Þ


Reaction steps 1:


Ge2�9 þ SbPh�
2 ! ½Ge9�SbPh2	3� ðintermediateÞ and=or


�Ge3�9 þ SbPh�
2 ! ½�Ge9�SbPh2	4�


! ½Ge9�SbPh2	3� ðintermediateÞ þ e�


ð1aÞ


Side reactions of Ge9
n� :


�Ge3�9 þ �Ge3�9 ! ½Ge9�Ge9	6� and=or


Ge2�9 þ Ge4�9 ! ½Ge9�Ge9	6� and=or


�Ge3�9 þ Ge4�9 ! ½Ge9�Ge9	6� þ e�
ð1bÞ


Equilibria 2:


½Ge9�SbPh2	3� Ð ½�Ge9�SbPh2	2�


þ e� Ð ½Ge9�SbPh2	� þ 2e�
ð2Þ


Reaction steps 2:


½Ge9�SbPh2	� þ SbPh�
2 ! ½Ph2Sb�Ge9�SbPh2	2� and=or


½�Ge9�SbPh2	2� þ SbPh�
2 ! ½�Ph2Sb�Ge9�SbPh2	3�


! ½Ph2Sb�Ge9�SbPh2	2� þ e�


ð2aÞ


Side reactions of [Ge9-SbPh2]
n� :


½�Ge9�SbPh2	2� þ ½�Ge9�SbPh2	2�


! ½Ph2Sb�Ge9�Ge9�SbPh2	4� and=or


½Ge9�SbPh2	� þ ½Ge9�SbPh2	3�


! ½Ph2Sb�Ge9�Ge9�SbPh2	4� and=or


½�Ge9�SbPh2	2� þ ½Ge9�SbPh2	3�


! ½Ph2Sb�Ge9�Ge9�SbPh2	4� þ e�


ð2bÞ


Based on this, we expected relatively stable monosubstituted
intermediates [Ge9�SbPh2]


3� that, perhaps, might be suscep-
tible for crystallization under appropriate conditions. How-
ever, all attempts to crystallize such species from solution
were unsuccessful. Also, it was impossible to prove their ex-
istence in solution because neither Ge or Sb are good nuclei
for NMR spectroscopy, and therefore their existence, and ul-
timately the reaction path, could not be unequivocally estab-
lished. This led to shifting our attention to tin-based sub-
stituents for which the corresponding reactions can be moni-
tored in solutions by 119Sn NMR spectroscopy. Furthermore,
it is relatively easy to prepare simple R3E


� ions (rather than
various aggregates) of the carbon group by reduction of the
corresponding halide with alkali metal. Although this reac-
tion can proceed along different pathways with different in-
termediates, its final product with a small excess of alkali
metal is always the anion R3E


� .[11]


Initially, solutions of K4Ge9 were allowed to react with
GePh4 and SnPh4 to find out whether these react in a similar
way to SbPh3 and BiPh3. The tin reaction was successful and
disubstituted [Ph3Sn�Ge9�SnPh3]


2� (1) was obtained and
characterized as its [K-(2,2,2-crypt)]+ salt. The reaction with
GePh4, on the other hand, produced only ¥Ge9


3� and dimers
of [Ge9�Ge9]


6� as crystalline products (depending on the
amount of 2,2,2-crypt used).[4,12] We have shown before,
however, that these same products can be obtained directly
from solutions of K4Ge9, that is, without reacting them with
GePh4.


[9] This indicates, therefore, that the Ge9 clusters do
not react with GePh4, most likely because of the stronger
Ph�Ge bond that prevents generation of Ph3Ge� ions in the
solution. Next, we tested reactions with the much more
ionic Ph3GeCl (as well as Ph3SnCl and Me3SnCl) which can
be reduced very easily to Ph3Ge� and Cl� . As expected, the
reaction was very vigorous and produced plenty of gray-
black precipitation of elemental germanium. This particular
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experiment was performed with excess of Ph3GeCl, and
clearly the following reaction must have occurred:
2Ph3GeCl + K4Ge9!2KCl + 2K+ + 2Ph3Ge� + 9Ge0.
Therefore, Ph3Ge� ions were generated for the expense of
all the available Ge9


4� clusters which became fully oxidized
to Ge0 and precipitated. If excess of clusters were used the
additional amount would have been able to react with the
generated Ph3Ge� ions. This was tested and, indeed, reac-
tions with excess of K4Ge9 with respect to R3EX produced
various R3E-substituted clusters including a disubstituted
dimer of germanium clusters [Ph3Sn�Ge9�Ge9�SnPh3]


4� (6).
This confirmed again that the corresponding anions of the
substituents are needed for successful addition. The direct
reactions between the clusters and the halides are somewhat
difficult to control and also involve the ™sacrifice∫ of a frac-
tion of the clusters for the reduction of the halide. For these
reasons it was decided to generate the R3E


� ions separately
by reduction of the halides with alkali metals. Thus, reac-
tions of R3EX with potassium in ethylenediamine were used
for this purpose. The resulting solutions were then allowed
to react with solutions of K4Ge9 and, depending on the
molar ratios, the following substituted species were crystal-
lized with [K-(2,2,2-crypt)]+ as countercations (see
Figure 1): [Ph3Sn�Ge9�SnPh3]


2� (1), [Me3Sn�Ge9�SnMe3]
2�


(2), [Ph3Ge�Ge9�GePh3]
2� (3), [Ge9�SnPh3]


3� (4), and
[Ge9�SnMe3]


3� (5) (1 and 5 were also characterized with [K-
([18]crown-6 ether)]+ as countercations). The rational syn-
thesis of these species by this approach proves that the reac-
tion is based on the nucleophilic addition of R3E


� to the ger-
manium clusters. One more advantage of using pre-formed
anions is that the reaction is independent of the strengths of
the E�R and E�X bonds. The successful synthesis of Ph3Ge-
substituted clusters using this approach confirms this. Fur-
thermore, the use of the anions allows better control of the
reaction, and this made possible the synthesis of the mono-
substituted species 4 and 5 when smaller amounts of R3Sn�


were used (R3E
� :K4Ge9=1:2 or less). Their synthesis and


characterization prove the proposed reaction path described
above.


In addition to the structural characterization, the tin-con-
taining anions 1, 2, 4, and 5 were characterized also in solu-
tion by 119Sn NMR spectroscopy. Crystals of [K-(2,2,2-
crypt)]21, [K-([18]crown-6)]21¥0.25([18]crown-6)¥2en, [K-
(2,2,2-crypt)]22¥3.5 tol, [K-(2,2,2-crypt)]34¥en, [K-(2,2,2-
crypt)]35, and [(K-([18]crown-6)]35¥THF¥2en were dissolved
in pyridine and their spectra showed peaks with chemical
shifts (with respect to Me4Sn in CDCl3 as external standard)
at d=15.1, 14.9, 21.9, 260.0, 130.3, 116.2 ppm, respectively.
For comparison, solutions of Ph3Sn� and Me3Sn� prepared
by reduction of the corresponding chlorides with excess po-
tassium in ethylenediamine showed chemical shifts of d=


�113.0 and �176.9 ppm, respectively. It should be pointed
out that traces of Ph3Sn� were observed in the spectra of 1
and 4 (in pyridine) at d=�108.1 and �109.8 ppm, respec-
tively, but no Me3Sn� was observed in the solutions of 2 and
5. It may be that Ph3Sn� is more stable in pyridine, most
likely because of better solvation by the aromatic solvent.


Structure : The six new species 1±6 are shown in Figure 1.
Those of type 1 in the (K-([18]crown-6) salt and 2 have two
crystallographically different geometries each, A and B, that
are otherwise very similar. The cores of all these species are
the well-known deltahedral Zintl ions Ge9


n� that can exist
on their own, that is, without substituents. As already dis-
cussed, they have been characterized both as Zintl ions in
numerous compounds crystallized from solutions as well as
in Zintl phases.[2,3] These clusters are quite flexible in shape
and charge. Overall, they resemble tricapped trigonal prisms
with variously elongated one, two, or three trigonal prismat-
ic edges parallel to the threefold axis and can carry charges
of 2�, 3�, and 4�. Referring to the numbering of the Ge
atoms shown in Figure 1a, the trigonal prism is made of the
triangular bases 4±5±9 and 2±3±7 (the threefold axis is verti-
cal), while the capping atoms are 1, 5, and 6. It should be
mentioned that tricapped trigonal prisms with one elongated
edge can be viewed also as monocapped (atom 1) square an-
tiprisms (squares 2±3±4±5 and 6±7±8±9). The same type dis-
tortions are observed in the core clusters of the substituted
species 1±6. Thus, the edges 7±9 are elongated in all of
them, while also elongated in 4 is the edge 3±4 (Figure 1
and Table 1). As observed before, the elongations in such
substituted species are related to the positioning of the sub-
stituents. It can be seen in Figure 1 that the exo-bonds are
always to atoms of these elongated edges, that is, atoms 7
and 9 for 1±3, atom 7 in 5, and atoms 3 and 7 in 4. Further-
more, with the exception of 4, the exo-bonds are almost par-
allel to the elongated edges and look like their outward ex-
tensions. The subsittuent in 4 bonds to two atoms, and it is
geometrically impossible for the two exo-bonds to be paral-
lel to these edges. The closest to such a position is for the
subsittuent to be within the plane defined by these two
edges, and this is exactly where Ph3Sn is located in this
structure.


The shapes of the Ge9 clusters and the positioning of the
substituents are directly related to the cluster×s electronic
structure. This relationship has been already discussed in
some detail based on molecular orbital calculations for
Ph3Sb-substituted clusters.[9] The main points are that the
HOMO for Ge9


4� is made of pz orbitals (z along the three-
fold axis of the prism) and is within a relatively large energy
gap, that is, there are comparable gaps below and above it.
This same orbital is half-filled for Ge9


3� and is empty and
the LUMO for Ge9


2�. Its energy depends very strongly on
the elongation of the prismatic edges: greater elongation
and more elongated edges lower the orbital×s energy due to
relief of antibonding interactions between the two triangular
bases of the prism. Thus, Ge9


4� clusters (nido-species accord-
ing to Wade×s rules; 22 cluster-bonding electrons) typically
have one or more elongated edges and, correspondingly, this
orbital is at relatively low energy and is occupied. For exam-
ple, the lengths of such edges are approximately in the
ranges 3.61±3.70, 3.15±3.54, and 3.03±3.19 ä for clusters with
one, two, and three elongated edges, respectively. It should
be pointed out that, as these number show, the elongation is
less pronounced when more edges are elongated. Although
the structure of Ge9


2� (closo-species, 20 cluster-bonding elec-
trons) has not been determined well, it is clear that none of
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the edges is elongated.[10] This makes the molecular orbital
in question more antibonding and empty. The situation with
Ge9


3� is somewhat in the middle, that is, the elongation of
the edges is not as pronounced as in Ge9


4�. The lengths of
the elongated edges fall in the ranges 3.21±3.55 and 3.02±
3.33 ä for the known examples of such clusters with one
and two elongated edges, respectively.


The structures of the new
species 1±6 show that the anti-
bonding character of the same
molecular orbital can be allevi-
ated not only by edge elonga-
tions but also by the addition of
substituents along the general
direction of the pz orbitals at
the atoms of the trigonal prism.
Thus, although the Ge9 cluster
cores in the new species carry
the same number of cluster-
bonding electrons, 22, as the
naked Ge9


4� cluster, their single
elongated edges are notably
shorter: 2.997±3.107 ä in the
disubstituted 1, 2, 3, and 6, and
3.212 ä in the monosubstituted
5 (3.218 ä with [K-([18]crown-
6)]). The latter is somewhat
longer than the former but is
shorter than in non-substituted
species. The trend is observed
also for the clusters in the
dimer [Ge9�Ge9]


6� with one
exo-bond per cluster and the
chain 1¥{[-Ge9-]


2�} with two
such bonds per cluster where
the lengths of the single-elon-
gated edges are 3.433 and
3.194 ä, respectively.[4,7] The
same is true for clusters with
two elongated edges, that is, the
elongation is more pronounced
in naked clusters and less so in
exo-bonded ones. Thus, these
two edges in the monosubstitut-
ed 4 with bridging Ph3Sn, 2.949
and 2.985 ä, are much shorter
than in the corresponding
naked clusters (above).


The exo-bond lengths in 1
and 2 (2.594±2.617 ä) and in 3
(2.434 and 2.435 ä) correspond
to single-bond Ge�Sn and Ge�
Ge lengths, respectively. The
same is true for the intercluster
distance of 2.481 ä in 6. They
compare well with 2.599 ä for
Ge�Sn in Me3GeSnPh3 and
with 2.438 and 2.441 ä for
Ge�Ge in [Ph3Ge�Ge(Ph)2�


GePh3].
[13,14] The effect of the bridging in 4 and the asso-


ciated three-center±two-electron interaction are clearly
manifested in the longer Sn�Ge distances of 2.940 and
2.985 ä. Although the trimethyltin substituent in 5 is not ex-
actly bridging, it is noticeably bent towards the threefold
axis of the prism and brings the tin atom close to the other
two germanium atoms of the triangular base Ge2 and Ge3


Figure 1. Structures of 1±6 (ORTEP drawings; 50% thermal ellipsoids): a) 1 in [K-(2,2,2-crypt)]2[Ph3Sn�Ge9�
SnPh3] (and in [K-([18]crown-6)]2[Ph3Sn�Ge9�SnPh3]¥0.25([18]crown-6)¥2en); b) 2 in [K-(2,2,2-crypt)]2[Ph3Sn�
Ge9�SnPh3]¥3.5 tol; c) 3 in [K-(2,2,2-crypt)]2[Ph3Sn�Ge9�SnPh3]¥tol¥0.5en; d) 4 in [K-(2,2,2-crypt)]3[Ge9�
SnPh3]¥en; e) 5 in [K-(2,2,2-crypt)]3[Ge9�SnMe3] (and in [K-([18]crown-6)]3[Ge9�SnMe3]¥THF¥2en); and f) 6
in [K-(2,2,2-crypt)]4[Ph3Sn�Ge9�Ge9�SnPh3]¥2en. Anion 1 in [K-([18]crown-6)]2[Ph3Sn�Ge9�SnPh3]¥
0.25([18]crown-6)¥2en) and anion 2 are represented by two crystallographically slightly different geometries in
the corresponding structures, A and B. The Ge�Sn distances are shown (the distances in parentheses in a) and
e) are for [K-([18]crown-6)]21¥0.25 ([18]crown-6)¥2en and [K-([18]crown-6)]35¥THF¥2en, respectively) while the
Ge�Ge distances are listed in Table 1. Open bonds indicate elongated edges. The numbering of the germanium
atoms of the clusters is shown in a) and is the same for all clusters.
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(3.3±3.9 ä). The weak interactions with these two germani-
um atoms results in a somewhat longer Ge�Sn bond length
of 2.695 ä (2.697 ä for the [K-([18]crown-6)] salt) that is
somewhat longer than in 1 and 2 but shorter than in 4.


Conclusions


Deltahedral Zintl ions functionalized with various organic
derivatives of elements of Groups 14 and 15, R3E- and R2E-,
respectively, can be synthesized by design. The rationality of
the approach is based on the understanding that the sub-
stituents are added as anions to the clusters. The reaction is
based on nucleophilic addition to an empty or half-filled
cluster orbital. This knowledge opens doors for further ex-
ploration of many other nucleophiles as potential substitu-
ents in such clusters.


Experimental Section


Materials and techniques : All manipulations were performed in a nitro-
gen-filled glove box with a moisture level below 1 ppm. A precursor of
nominal composition K4Ge9 was synthesized by heating (900 8C, 2 days) a
stoichiometric mixture of the elements (K: 99+ %, Strem; Ge: 99.999%,
Alfa-Aesar) in sealed niobium containers (arc-welded in argon at low
pressure) that were in turn sealed in quartz ampoules under vacuum. The
reactions were performed in ethylenediamine (99.5+ %, Aldrich) or pyr-
idine (extra dry, Acros). The reagents 2,2,2-crypt (98%, Acros), Ph4Sn
(95%, Acros), Ph3SnCl (95%, Strem), Me3SnCl (99%, Acros), Ph4Ge
(97%, Aldrich), and Ph3GeCl (99%, Strem) were used after careful
drying under vacuum.
119Sn NMR spectra were taken in ethylenediamine or pyridine on a
Bruker 400 MHz spectrometer. Sealed capillaries with C6D12 were used
as deprotonated solvent while Me4Sn in CDCl3 was used as an external
reference.


Synthesis of [K-(2,2,2-crypt)]21: K4Ge9 (133 mg, 0.16 mmol) and 2,2,2-
crypt (247 mg, 0.65 mmol) were dissolved in ethylenediamine (1 mL) and
the solution was treated with SnPh4 (118 mg, 0.28 mmol) while stirring at
50 8C for 24 h. The resulting red-brown solution was filtered, carefully
layered with toluene, and left undisturbed for a few days. After decanting
the mother liquor, yellow-orange plates of [K-(2,2,2-crypt)]21 were recov-
ered (~45% yield based on the precursor). The same reaction performed
in pyridine instead of ethylenediamine gave exactly the same result. (It
should be pointed out that the yields in all the reactions have very large
uncertainties due to the uncertainty of the purity and the degree of de-
composition of the precursors.)


The compound was also prepared by treating the precursor with a solu-
tion containing Ph3Sn� . The latter was made by reduction of Ph3SnCl
(100 mg, 0.23 mmol) dissolved in ethylenediamine (1 mL) with elemental
K (18 mg, 0.46 mmol). This solution was stirred until all potassium was
dissolved and then the resulting pale orange suspension was centrifuged
and the solid KCl was filtered out. 119Sn NMR: d=�113.0 ppm (s,
SnPh3


�). The solution was treated with K4Ge9 (95 mg, 0.117 mmol) and
stirred for 24 h at 50 8C. After filtration, 2,2,2-crypt (264 mg, 0.7 mmol)
was added and the solution was carefully layered with toluene. After a
few days the mother liquor was decanted and crystals of [K-(2,2,2-
crypt)]21 (~20% yield) were collected. 119Sn NMR of crystals dissolved in
pyridine: d=15.1 (s, [Ph3Sn�Ge9�SnPh3]


2�), �108.1 ppm (s, SnPh3
�).


Synthesis of [K-([18]crown-6)]21¥0.25 ([18]crown-6)¥2en : K4Ge9 (43.5 mg,
0.05 mmol) was dissolved in ethylenediamine (0.5 mL) to form an in-
tensely colored red-brown solution. Mixed in a separate test tube were
Ph3SnCl (20 mg, 0.05 mmol) and ethylenediamine (1 mL), and this solu-
tion was added slowly to the precursor solution. [18]crown-6 ether
(105 mg, 0.39 mmol, molar ratio of 2:1 with respect to potassium) was
added to the resulting very dark red-brown solution and this was stirred
for 15 min. After filtration the solution was layered with toluene and was
left undisturbed until crystals of good size formed. Yellow-orange to
orange-red crystals of [K-([18]crown-6)]21¥0.25 ([18]crown-6)¥2en were
obtained (~40±50% yield). 119Sn NMR of crystals dissolved in pyridine:
d=14.9 ppm (s, [Ph3Sn�Ge9�SnPh3]


2�).


Synthesis of [K-(2,2,2-crypt)]22¥3.5 tol : Me3SnCl (88 mg, 0.44 mmol) and
K (35 mg, 0.88 mmol) were added to ethylenediamine (1 mL) and the sol-
ution was stirred until all K dissolved. The solution was centrifuged and
filtered. 119Sn NMR: d=�176.9 ppm (s, Me3Sn�). K4Ge9 (44 mg,
0.05 mmol) and 2,2,2-crypt (250 mg, 0.65 mmol) were added and the solu-
tion was stirred for 24 h at 50 8C. The resulting very dark red-brown solu-
tion was filtered (119Sn NMR: d=�9.2 ppm (s, [Me3Sn�Ge9�SnMe3]


2�))


Table 1. Ge�Ge distances [ä] in the Ge9 clusters of the new species 1±6 (1’ and 1’’ are the anions in [K-(2,2,2-crypt)]21 and [K-([18]crown-
6)]21¥0.25([18]crown-6)¥2en, respectively; 5’ and 5’’ are the anions in [K-(2,2,2-crypt)]35 and [K-([18]crown-6)]35¥THF¥2en, respectively).[a]


Atoms[b] 1’ 1’’(A) 1’’(B) 2(A) 2(B) 3 4 5’[c] 5’’ 6


1±2 2.588(1) 2.560(2) 2.565(2) 2.579(1) 2.611(1) 2.579(1) 2.552(2) 2.435 2.562(1) 2.560(2)
1±3 2.573(1) 2.573(1) 2.573(1) 2.597(1) 2.597(1) 2.595(1) 2.527(2) 2.533 2.538(1) 2.556(2)
1±4 2.587(1) 2.573(2) 2.562(2) 2.583(1) 2.590(1) 2.575(1) 2.618(2) 2.608 2.619(1) 2.583(2)
1±5 2.576(1) 2.571(2) 2.585(1) 2.590(1) 2.599(1) 2.577(1) 2.591(2) 2.504 2.603(1) 2.586(2)
2±3 2.823(1) 2.805(1) 2.821(1) 2.819(1) 2.866(1) 2.862(1) 2.756(2) 2.811 2.813(1) 2.868(2)
2±5 2.735(1) 2.713(1) 2.734(1) 2.744(1) 2.800(1) 2.719(1) 2.850(2) 2.899 2.855(1) 2.729(2)
2±6 2.636(1) 2.637(1) 2.605(1) 2.647(1) 2.676(1) 2.621(1) 2.574(2) 2.651 2.609(1) 2.588(2)
2±7 2.617(1) 2.612(1) 2.636(2) 2.646(1) 2.667(1) 2.612(1) 2.734(2) 2.723 2.660(1) 2.652(2)
3±4 2.717(1) 2.739(1) 2.729(1) 2.752(1) 2.752(1) 2.687(1) 2.949(2) 2.791 2.864(1) 2.737(2)
3±7 2.628(1) 2.593(1) 2.636(1) 2.660(1) 2.669(1) 2.587(1) 2.687(2) 2.694 2.657(1) 2.670(2)
3±8 2.613(1) 2.636(1) 2.603(1) 2.671(1) 2.639(1) 2.655(1) 2.537(2) 2.622 2.594(1) 2.574(2)
4±5 2.827(1) 2.852(1) 2.815(1) 2.865(1) 2.855(1) 2.887(1) 2.659(2) 2.817 2.794(1) 2.796(2)
4±8 2.625(1) 2.598(2) 2.634(1) 2.637(1) 2.661(1) 2.633(1) 2.627(2) 2.619 2.618(1) 2.623(2)
4±9 2.622(1) 2.642(2) 2.606(1) 2.634(1) 2.612(1) 2.609(1) 2.613(2) 2.615 2.657(1) 2.623(2)
5±6 2.615(1) 2.596(1) 2.628(1) 2.645(1) 2.682(1) 2.647(1) 2.582(2) 2.584 2.616(1) 2.675(2)
5±9 2.620(1) 2.644(1) 2.591(1) 2.643(1) 2.635(1) 2.600(1) 2.659(2) 2.596 2.637(1) 2.606(2)
6±7 2.559(1) 2.566(1) 2.560(1) 2.571(1) 2.638(1) 2.564(1) 2.560(2) 2.525 2.511(1) 2.553(2)
6±9 2.544(1) 2.559(1) 2.555(1) 2.587(1) 2.621(1) 2.566(1) 2.595(2) 2.609 2.666(1) 2.540(2)
7±8 2.578(1) 2.550(1) 2.575(1) 2.595(1) 2.568(1) 2.553(1) 2.551(2) 2.505 2.503(1) 2.579(2)
7±9 3.035(1) 3.018(1) 2.997(1) 3.096(1) 3.107(1) 3.089(1) 2.985(2) 3.212 3.218(1) 3.077(2)
8±9 2.586(1) 2.561(1) 2.560(1) 2.602(1) 2.565(1) 2.548(1) 2.626(2) 2.609 2.661(1) 2.570(2)


[a] The distances in italics are the elongated prismatic edges of the Ge9 clusters shown as open bonds in Figure 1. [b] The numbering of the atoms is
shown in Figure 1a. [c] This cluster is disordered among two positions and the reported distances are averages.
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and layered with toluene. It was left undisturbed, and when crystals of
good size were visible, the mother liquor was decanted and the yellow-
orange plates of [K-(2,2,2-crypt)]22¥3.5 tol (ca. 10% yield) were collected.
119Sn NMR of crystals dissolved in pyridine: d=21.9 ppm (s, [Me3Sn�
Ge9�SnMe3]


2�).


Synthesis of [K-(2,2,2-crypt)]23¥tol¥0.5en : Ph3GeCl (71 mg, 0.21 mmol) in
ethylenediamine (1 mL) was treated with K (16 mg, 0.42 mmol), and the
mixture was stirred until everything was dissolved. The yellow-orange
solution was centrifuged and filtered. K4Ge9 (55 mg, 0.07 mmol) and
2,2,2-crypt (160 mg, 0.42 mmol) were added to the solution and stirred
for 24 h at 50 8C. The resulting very dark brown-red solution was filtered
and carefully layered with toluene. After a few days the mother liquor
was decanted and orange-red crystals of [K-(2,2,2-crypt)]22¥3.5 tol were
recovered (ca. 50% yield).


Synthesis of [K-(2,2,2-crypt)]34¥en : Ph3SnCl ( 20 mg, 0.05 mmol) in ethyl-
enediamine (1 mL) was treated with K (3.8 mg, 0.1 mmol), and the mix-
ture was stirred until everything dissolved. The resulting pale orange so-
lution was separated from the KCl precipitation and was treated with
K4Ge9 (105 mg, 0.13 mmol) and 2,2,2-crypt (233 mg, 0.62 mmol) while
stirring for 1 h at 50 8C. After filtration the orange-red solution was lay-
ered with toluene, and after a few days orange-red plates of [K-(2,2,2-
crypt)]34¥en were recovered (ca. 20% yield). 119Sn NMR of crystals dis-
solved in pyridine: d=260.0 (s, (Ph3Sn-Ge9]


3�), �109.8 ppm (s, SnPh3
�).


Synthesis of [K-(2,2,2-crypt)]35 : Me3SnCl (10 mg, 0.05 mmol) in ethylene-
diamine (1 mL) was treated with K (3.8 mg, 0.1 mmol), and the mixture
was stirred until everything dissolved. Added to this solution were K4Ge9


(90 mg, 0.11 mmol) and 2,2,2-crypt (203 mg, 0.54 mmol) and the mixture
was stirred for 1 h at 50 8C. After filtration the red-brown solution was
layered with toluene and left undisturbed for a few days. Large red-
orange crystals of [K-(2,2,2-crypt)]35 were recovered (ca. 55% yield).
119Sn NMR of crystals dissolved in pyridine: d=130.3 ppm (s, (Me3Sn�
Ge9]


3�). The solution in pyridine was then layered with toluene and 5
was recrystallized in [K-(2,2,2-crypt)]35¥2 tol¥py with a different unit cell
due to the extra solvent molecules.


Synthesis of [(K-([18]crown-6)]35¥thf¥2en : Following the same procedure
as for [K-(2,2,2-crypt)]35 used was [18]crown-6 ether (143 mg, 0.54 mmol)
instead of 2,2,2-crypt. The resulting solution was divided in two reaction
tubes and one was layered with toluene and the other with THF. Red
crystals of (K-18-crown-6)35¥THF¥2en were recovered from the latter (ca.
30±40%). 119Sn NMR of crystals dissolved in pyridine: d=116.2 ppm (s,
(Me3Sn�Ge9]


3�).


Synthesis of (K-(2,2,2-crypt)36¥2en : K4Ge9 (43.5 mg, 0.05 mmol) was dis-
solved in ethylenediamine (0.5 mL) and formed intensely colored red-
brown solution. Separately, Ph3SnCl (40 mg, 0.1 mmol) was dissolved in
ethylenediamine (1 mL), and 0.2 mL of this solution (0.02 mmol
Ph3SnCl) were added to the solution of the precursor. The red color
became darker and after stirring the solution for 15 min it was layered
with 2 mL of a solution of 2,2,2-crypt (83 mg, 0.22 mmol) in toluene.
After a few days crystals of two phases were recovered: orange plates of
(K-crypt)21 and orange plates of (K-crypt)46¥2en.


Structure determination : Single-crystal X-ray diffraction data sets were
collected at 100 K on a Bruker APEX diffractometer with a CCD area
detector (graphite-monochromated MoKa radiation, crystals protected
with Parathone-N oil). The structures were solved by direct methods and
refined on F2 using the SHELXTL V5.1 package (after absorption correc-
tions with SADABS). Details of the data collections and refinements are
given in Table 2. CCDC±230728±230735 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).


Some disorder was observed in 5 in both its [K-(2,2,2-crypt)] and the [K-
([18]crown-6)] salts. Each germanium atom in the former has an image,
that is, the Ge9 core has two positions. The disorder in the latter is at the
tin atom with two close positions. This makes somewhat less certain the
distances in these species. However, such a disorder is quite understand-
able in light of the very weak interactions between cluster and sequester-
ing agents, and has been observed quite often before.
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crypt)21 0.25(18c6)¥2en 3.5 tol tol¥0.5en en crypt)35 2en¥THF 2en


fw 2184.47 2142.47 2042.40 2214.46 2310.17 2063.87 1909.57 3789.16
space group, Z P1≈ , 2 P1≈ , 4 Cc, 8 P21/c, 4 P21/c, 4 P21/c, 4 P21/c, 4 P1≈ , 1
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2�(Fc)
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o> 2s(F2
o), w=


[s2(Fo)
2 + (AP)2 + BP]�1 where P= [(Fo)


2 + 2(Fc)
2]/3; A (B)=0.0347 (0.000) for (K-crypt)21, A (B)=0.0599 (58.2235) for (K-18c6)31¥0.25(18c6)¥2en, A


(B)=0.0325 (12.5834) for (K-crypt)22¥3.5 tol, A (B)=0.0394 (19.6685) for (K-crypt)23¥tol¥0.5en, A (B)=0.0495 (115.9095) for (K-crypt)34¥en, A (B)=
0.0688 (135.2153) for (K-crypt)35, A(B)=0.0501 (33.4451) for (K-18c6)35¥2en¥THF, and A(B)=0.1208 (0.0) for (K-crypt)46¥2en.
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The Partial Hydrogenation of Benzene to Cyclohexene by Nanoscale
Ruthenium Catalysts in Imidazolium Ionic Liquids


Edson T. Silveira,[a] Alexandre P. Umpierre,[a] Liane M. Rossi,[a] Giovanna Machado,[a]


Jonder Morais,[b] Gabriel V. Soares,[b] Israel J. R. Baumvol,[b] Sergio R. Teixeira,[b]


Paulo F. P. Fichtner,[c] and Jairton Dupont*[a]


Introduction


Multiphase transition-metal catalysis can combine advantag-
es of both classical homogeneous and heterogeneous proc-
esses, such as catalyst recycling, product separation, mild re-
action conditions and modulation of catalyst properties.[1]


Indeed, these properties are nowadays largely explored in
both academia and industry mainly by the use of aqueous[2]


and ionic liquid[3] phase organometallic and colloidal cataly-


sis.[4] Moreover, in these multiphase processes, primary prod-
ucts can be extracted during the reaction to modulate the
product selectivity (playing with different substrates and re-
action products solubility with the catalyst-containing
phase). Indeed, this approach can constitute a suitable
method to avoid consecutive reactions of primary products
and it has been exploited to some extent in aqueous-phase
catalytic processes. For example, the selectivity in primary
amines was successfully controlled in aqueous-phase palladi-
um-catalysed telomerisation of butadiene with ammonia in
which the formation of secondary amines was reduced to
less than 2%.[5] More importantly, the selective hydrogena-
tion of benzene to cyclohexene can be successfully achieved
by the use of nonsupported ultrafine ruthenium catalysts
suspended in an aqueous phase, usually in the presence of
additives.[6,7] Surprisingly, this method has been rarely ex-
ploited in multiphase ionic liquid catalysis. In only two cases
was the reaction selectivity (hydrogenation of dienes to
monoenes) attributable to differences of substrate and prod-
uct solubility in the ionic liquid, catalytic phase.[8] Moreover,
it is well-known that the solubility of organic compounds in
1,3-dialkylimidazolium ionic liquids can be modulated by
simple changes in N-alkyl imidazolium substituents and/or
in the anion. In particular, benzene is highly soluble in the
1-n-butyl-3-methylimidazolium hexafluorophosphate ionic
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Abstract: The controlled decomposi-
tion of an Ru0 organometallic pre-
cursor dispersed in 1-n-butyl-3-meth-
ylimidazolium hexafluorophosphate
(BMI¥PF6), tetrafluoroborate (BMI¥BF4)
or trifluoromethane sulfonate
(BMI¥CF3SO3) ionic liquids with H2


represents a simple and efficient
method for the generation of Ru0


nanoparticles. TEM analysis of these
nanoparticles shows the formation
of superstructures with diameters of
�57 nm that contain dispersed Ru0


nanoparticles with diameters of


2.6�0.4 nm. These nanoparticles dis-
persed in the ionic liquids are efficient
multiphase catalysts for the hydrogena-
tion of alkenes and benzene under
mild reaction conditions (4 atm, 75 8C).
The ternary diagram (benzene/cyclo-
hexene/BMI¥PF6) indicated a maximum
of 1% cyclohexene concentration in
BMI¥PF6, which is attained with 4%


benzene in the ionic phase. This solu-
bility difference in the ionic liquid can
be used for the extraction of cyclo-
hexene during benzene hydrogenation
by Ru catalysts suspended in BMI¥PF6.
Selectivities of up to 39% in cyclo-
hexene can be attained at very low
benzene conversion. Although the
maximum yield of 2% in cyclohexene
is too low for technical applications, it
represents a rare example of partial hy-
drogenation of benzene by soluble
transition-metal nanoparticles.


Keywords: biphasic catalysis ¥
hydrogenation ¥ ionic liquids ¥
nanoparticles ¥ ruthenium
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liquid at room temperature, whereas alkenes and alkanes
are sparingly soluble.[9] Therefore, imidazolium ionic liquids
could constitute an alternative media for the selective hy-
drogenation of benzene to cyclohexene. It is also reasonable
to assume that the ionic liquid can act as a modifier of the
metal catalyst, thus repelling the cyclohexene formed and
decreasing the re-adsorption and further hydrogenation to
cyclohexane. Herein we report our results concerning the
partial hydrogenation of benzene by supported and nonsup-
ported ruthenium catalysts in the ionic liquid 1-n-butyl-3-
methylimidazolium hexafluorophosphate (BMI¥PF6). Fur-
thermore, we have also determined the ternary diagram of
benzene/cyclohexene/BMI¥PF6 ionic liquid and investigated
the formation and stabilisation of nanoscale Ru0 particles in
the ionic liquid.


Results and Discussion


Benzene/cyclohexene/BMI¥PF6 ternary mixture : The room-
temperature solubilities of benzene and cyclohexene in
BMI¥PF6 are 37 and 6 wt%, respectively.[9,10] However, in
order to determine the benzene and cyclohexene contents in
the ionic liquid phase under the catalytic reaction condi-
tions, we investigated the different compositions of benzene,
cyclohexene and cyclohexane in the organic and ionic
phases at 75 8C by gravimetric methods. The results are pre-
sented in Figures 1±3.


The solubility of benzene in BMI¥PF6 at 75 8C is lower
than that determined at room temperature.[9] It is clear from
the data in Figures 1 and 2 that the maximum concentration


of cyclohexene (~1%) in the ionic liquid phase is attained
when the benzene concentration is �4%. Moreover, with
benzene concentrations greater than 34%, the content of cy-
clohexene is negligible in the ionic liquid phase.


Preparation and characterisation of nanoscale Ru0 particles :
Among the various methods available for the generation of
Ru0 nanoparticles,[11] the controlled decomposition of orga-


Abstract in Portuguese: A decomposiÁào controlada de com-
plexos organometµlicos de Ru0 dispersos nos lÌquidos iÙnicos
hexafluorofosfato de 1-n-butil-3-metilimidazÛlio (BMI¥PF6),
tetrafluoroborato de 1-n-butil-3-metilimidazÛlio (BMI¥BF4)
ou triflato de 1-n-butil-3-metilimidazÛlio (BMI¥CF3SO3) na
presenÁa de H2 representam um mÿtodo simples e eficiente
para a geraÁào de nanopartÌculas de Ru0. Anµlises de micros-
copia eletrÙnica de transmissào indicam a formaÁào de supe-
restruturas com tamanho aproximado de 57 nm formadas
por nanopartÌculas dispersas de Ru0 com di‚metro entre
2.6�0.4 nm. Estas nanopartÌculas dispersas em lÌquidos iÙni-
cos sào catalisadores multifase eficientes para a hidrogenaÁào
de alquenos e benzeno em condiÁes reacionais suaves
(4 atm, 75 8C). O diagrama ternµrio de (benzeno/ciclo-
-hexeno/BMI¥PF6) indica uma concentraÁào mµxima de 1%
de ciclo-hexeno em BMI¥PF6, atingida com 4% de benzeno
na fase iÙnica. Estas diferenÁas de solubilidade no lÌquido
iÙnico podem ser exploradas para a extraÁào de ciclo-hexeno
durante a hidrogenaÁào de benzeno por catalisadores de Ru
dispersos em BMI¥PF6. Seletividades superiores a 39% em
ciclo-hexeno podem ser obtidas a baixas converses benzeno.
Embora o rendimento mµximo de 2% em ciclo-hexeno ÿ
bastante baixo para uma aplicaÁào prµtica, este caso repre-
senta um exemplo raro de hidrogenaÁào parcial de benzeno
por nanopartÌculas solÇveis de metais de transiÁào.


Figure 1. Benzene and cyclohexane contents in the ionic phase at 75 8C in
a benzene/cyclohexane/BMI¥PF6 mixture.


Figure 2. Benzene and cyclohexene contents in the ionic phase at 75 8C in
a benzene/cyclohexene/BMI¥PF6.


Figure 3. Cyclohexane and cyclohexene contents in the ionic phase at
75 8C in a cyclohexene/cyclohexane/BMI¥PF6.
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nometallic compounds developed by Chaudret is one of the
most simple and effective.[12] Thus, Ru nanoparticles of a
controlled size were easily prepared by the controlled de-
composition of [Ru(cod)(cot)] (cod=1,5-cyclooctadiene,
cot=1,3,5-cyclooctatriene), dissolved in pure alcohols or al-
cohol/THF mixture, with molecular hydrogen.[12] In this con-
text, imidazolium ionic liquids[8,13] (shown here) provide a
unique medium for the preparation and stabilisation of Ir0,
Rh0, Pd0 and Pt0 particles with small diameters (2±3 nm) and
a narrow size distribution.[14] Therefore, it was of interest to


check whether these liquids could
provide a suitable environment for
the syntheses and stabilisation of
Ru0 nanoparticles by means of Chau-
dret×s approach.


Thus, the treatment of a yellow
suspension of [Ru(cod)(cot)] in 1-n-
butyl-3-methylimidazolium hexa-
fluorophosphate (BMI¥PF6), tetra-
fluoroborate (BMI¥BF4) or trifluoro-


methane sulfonate (BMI¥CF3SO3) ionic liquids with molecu-
lar hydrogen (4 atm) at 75 8C for 18 h affords a black solu-
tion. The black solid material isolated from this solution by
centrifugation was washed with acetone and dried under re-
duced pressure.


XRD powder analysis indicated that the solid consists of
metal particles of hexagonal close packed (hcp) ruthenium.
The Bragg reflections corresponding to crystalline rutheni-
um particles were observed at 2q=37.76, 42.05, 43.43, 57.78,
68.17, 77.80, 83.48 and 84.388, which correspond to the in-
dexed planes of the (hcp) crystals of Ru0: (100), (002),
(101), (102), (110), (103), (112) and (201), respectively.
The most representative reflections of Ru0 were indexed as
hexagonal with unit cell parameters a=2.7487 and c=
4.2937 ä. The mean diameter of the Ru particles, calculated
with Scherrer×s equation, is �2.5 nm, which is in good
agreement with the TEM results (see later). Moreover,
energy dispersion spectrometry (EDS) indicates the pres-
ence of Ru0 and selected area diffraction (SAD) produces
ring patterns that can be fitted to a simulation based on Ru0


parameters (see the Supporting Information). Note that all
the samples display the same spectrum, independent of the
ionic liquid used (BMI¥PF6, BMI¥BF4 of BMI¥CF3SO3) for
their preparation.


However, X-ray photoelectron spectroscopy (XPS) of a
sample shows oxidised ruthenium and oxygen peaks that in-
dicate the presence of a passivated surface layer. However,
the Ru±O components disappear almost completely after
sputtering with Ar+ ; this shows that only the external sur-
face ruthenium atoms were oxidised (Figure 4). The same
behaviour was observed by Chaudret for Ru0 nanoparticles
prepared in the presence of pure alcohols or alcohol/THF
mixtures.[12] Moreover, the ease with which the surface
atoms are oxidised is a general trend for ruthenium parti-
cles.[15] It is interesting to note that only the peaks corre-
sponding to carbon (support), ruthenium and oxygen were
observed. Note that the Ru 3d3=2


peak appears to be more in-
tense owing to the superposition with the carbon 1s signal
(Figure 4).


The ruthenium nanoparticles were also examined by
transmission electron microscopy (TEM). TEM observations
show the formation of spherical superstructures of Ru parti-
cles with a regular size of 57�8 nm (Figure 5a and b).


A mean diameter of 2.6�0.4 nm for the Ru0 nanoparti-
cles present inside the superstructures was estimated from
ensembles of 150 particles found in arbitrary chosen areas of
the enlarged micrographs of five superstructures. Figure 5c
and d show the obtained particle size distributions, which
can be fitted reasonably well to a Gaussian curve. The same
type of superstructure was found for Ru particles prepared
in a MeOH/THF mixture; however, the size of the Ru nano-
particles could be not determined on account of their close
proximity.[12]


Figure 4. XPS surface survey of the Ru nanoparticles (Ru�Ru and Ru�O
BE region) before and after sputtering with Ar+ .


Figure 5. Images of the Ru nanoparticles prepared in BMI¥PF6 showing
a) the superstructures (bar=50 nm), b) inside the spherical superstruc-
tures (bar=25 nm), and c,d) the corresponding histograms.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3734 ± 37403736


FULL PAPER J. Dupont et al.



www.chemeurj.org





Hydrogenation of olefins and arenes : We first investigated
the catalytic properties of these nanoparticles re-dispersed
in the ionic liquids as a stable black ™solution∫ or in solvent-
less conditions with respect to the hydrogenation of alkenes
and benzene (Table 1).[16,17]


The data in Table 1 indicate that the Ru nanoparticles act
as a relatively highly active catalyst for both multiphase and
solventless hydrogenation of 1-hexene, cyclohexene and 2,3-
dimethyl-2-butene (see entries 1±8) under mild reaction con-
ditions. The Ru0 nanoparticles dispersed in the ionic liquid
seem to be quite stable under the reaction conditions, and
the recovered ionic liquid catalytic solution (Table 1,
entry 2) could be re-used at least 8 times without any signifi-
cant changes in the catalytic activity for the 1-hexene hydro-
genation. Moreover, TEM analysis of the particles embed-
ded in the ionic liquid after benzene hydrogenation shows
the same average size (2.6�0.4 nm) and size distribution
(Figure 6).


It is also clear from the data in Table 1 that the reactions
performed under solventless conditions are faster than those
performed with the particles dispersed in the ionic liquids,
particularly for the cyclohexene and benzene hydrogena-


tions (compare entry 4 with 5 and 6, and entry 8 with 9±11,
Table 1). This difference is attributed to the typical multi-
phase conditions of the reactions performed in the ionic liq-
uids; this can be a mass-transfer-controlled process.[18]


The catalytic activity attained under either solventless or
multiphase conditions for this reaction is far superior to that
of Ru nanoparticles prepared in alcohols/THF mixture. A
TON (TON= turnover number) of 48 was obtained in the
benzene hydrogenation after 6 days at 80 8C and 5 atm of
H2.


[12b] The hydrogenation of alkyl benzenes catalysed by
the Ru nanoparticles in solventless conditions (arene/Ru=
250, 75 8C, 4 atm) is sensitive to the to steric bulk of the
alkyl group (Table 1, entries 12±14 and Figure 7). The initial
TOF for 20% arene conversion was 122, 55, 43 and 35 h�1


for the benzene, toluene, isopropylbenzene and tert-butyl-
benzene hydrogenation, respectively.


It is also worth noting that
the Ru nanoparticles are only
marginally active for the hy-
drogenation of anisole
(Table 1, entry 16) under the
standard reaction conditions
(4 atm, 75 8C).


Partial hydrogenation of ben-
zene to cyclohexene : The cata-
lytic tests for the partial hydro-
genation of benzene to cyclo-
hexene were performed with
Ru nanoparticles and with a
supported Ru catalyst (Ru/
Al2O3, 5%, Strem) under sol-
ventless and multiphase condi-
tions (entries 8±11, Table 2).


Table 1. Hydrogenation of alkenes and arenes by Ru0 nanoparticles under multiphase and solventless condi-
tions (75 8C and 4 atm, constant pressure, substrate/Ru=500).


Entry Medium Substrate t [h] Conversion[%] TON[a] TOF[h�1][b]


1 solventless 1-hexene 0.7 >99 500 714
2 BMI¥BF4 1-hexene 0.6 >99 500 833
3 BMI¥PF6 1-hexene 0.5 >99 500 1000
4 solventless cyclohexene 0.5 >99 500 1000
5 BMI¥BF4 cyclohexene 5.0 >99 500 100
6 BMI¥PF6 cyclohexene 8.0 >99 500 62
7 solventless 2,3-dimethyl-2-butene 1.2 76 380 316
8 solventless benzene 5.5 90 450 82
9 BMI¥BF4 benzene 17.3 30 150 9
10 BMI¥PF6 benzene 18.5 73 365 20
11 BMI¥CF3SO3 benzene 17.5 50 240 14
12 solventless benzene[c] 2.0 >99 250 125
13 solventless toluene[c] 5.6 >99 250 45
14 solventless isopropylbenzene[c] 6.4 >99 250 39
15 solventless tert-butylbenzene[c] 14.1 >99 250 18
16 solventless anisole 18 <1 ± ±


[a] Turnover number TON=mol of hydrogenated product/mol of Ru. [b] Turnover frequency TOF=TON/h.
[c] Arene/Ru=250.


Figure 6. TEM micrograph of ruthenium nanoparticles embedded in
BMI¥BF4 after hydrogenation of benzene under biphasic standard condi-
tions (bar=10 nm). Histogram illustrating the particle size distribution.


Figure 7. Compared hydrogenation of arenes under solventless conditions
by Ru0 nanoparticles [4 atm of H2 (constant pressure) at 75 8C, arene/
Ru=250].
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It is clear that for both Ru catalysts the best cyclohexene
selectivity was attained in the reactions performed in the
presence of the ionic liquid (compare entries 1 and 2 with 3
and 4). It is also evident that in BMI¥PF6 the best cyclohex-
ene selectivity is achieved with the Ru0 nanoparticles com-
pared to the supported Ru catalysts at any benzene conver-
sion (compare 9±11 with 12±14, Table 2). This result is in
agreement with what was observed earlier, namely, that
nonsupported Ru catalysts are more effective than support-
ed ones.


It is also interesting to note that the addition of water to
the ionic phase causes the partial decomposition of the imi-
dazolium ionic liquid,[14] and the selectivity in cyclohexene
drops to �1% at 3% benzene conversion.


In the case of Ru0 nanoparticles in BMI¥PF6, a maximum
of 39% selectivity at 1% benzene conversion was obtained.
This drops to 11% at 15% benzene conversion (Figure 8).


It is reasonable to assume that the cyclohexene selectivity
of hydrogenation processes in the ionic liquid phase for
both Ru catalysts investigated is not only a consequence of
the different cyclohexene/benzene solubility in BMI¥PF6,


but, in these cases, the
BMI¥PF6 can act as a reaction
modifier (similar to the process
in water).[6] It is worth noting
that the selectivity attained in
cyclohexenes for the hydroge-
nation of alkyl benzenes
(Figure 7 and entries 13±15,
Table 1) was less than 2%,
even at very low arene conver-
sions. This is probably related
to the hydrogenation rate of
these arenes, which are very
low compared to the benzene.


The selectivity in cyclohex-
ene attained in the benzene
hydrogenation catalysed by
Ru0 nanoparticles in BMI¥PF6


is reasonable (up to 39% at
1% benzene conversion).
However, the cyclohexene
yields achieved so far (2%)


are too low for technical application (compared, for exam-
ple, to the industrial nonsupported Ru catalysts suspended
in aqueous phase that can reach 60% yield).[19] Nevertheless,
these values of cyclohexene selectivity and yield are similar
to those observed for the gas-phase hydrogenation of ben-
zene catalysed by supported Ru catalysts.[7] Catalysts based
on soluble transition-metal nanoparticles that promote the
selective reduction of benzene to cyclohexene are very rare.
For example, cyclohexenes were observed in the hydrogena-
tion of sterically bulky arenes, such as 1,2,4,5-tetramethyl-
benzene, by Rh0 nanoparticles in an aqueous biphasic
system[20] and in the partial hydrogenation of anisole by the
use of polyoxoanions and tetrabutylammonium-stabilised
Rh0 nanoclusters (an initial selectivity of 30% in 1-methoxy-
cyclohexene was observed at low anisole conversions).[21]


Conclusion


We have shown that stable Ru0 nanoparticles can be easily
prepared by simple decomposition of [Ru(cod)(cot)] dis-
persed in imidazolium ionic liquids. The ternary diagram
(benzene/cyclohexene/BMI¥PF6) indicates that a maximum
of 1% cyclohexene concentration in BMI¥PF6 is attained at
a 4% benzene concentration in the ionic phase. This differ-
ence in solubility in the ionic liquid can be used for the ex-
traction of cyclohexene during the hydrogenation of ben-
zene by Ru catalysts suspended in BMI¥PF6. A selectivity of
<39% in cyclohexene can be attained at very low benzene
conversion by the use of nanoscale Ru particles. However,
the cyclohexene yield and selectivity achieved so far are too
low for technical applications and are much lower than
those obtained by Ru catalysts suspended in water.


Table 2. Partial hydrogenation of benzene by Ru0 nanoparticles and supported Ru/Al2O3 catalysts under ionic
liquid and solventless conditions (75 8C, constant hydrogen pressure, benzene/Ru=1500).


Entry Catalyst/Medium P [atm] t [h] Conversion[%] Selectivity [%][a] TON[b]


1 [Ru0]n/BMI¥PF6 4 2.0 10 15 150
2 [Ru0]n/BMI¥PF6 4 4.5 22 7 330
3 [Ru0]n 4 1.0 9 4 135
4 [Ru0]n 4 2.7 19 2 285
5 Ru/Al2O3 6 0.4 2 7 30
6 [Ru0]n 6 0.7 8 1 120
7 [Ru0]n 6 2.9 17 <1 255
8 Ru/Al2O3 6 1.0 6 <1 90
9 [Ru0]n/BMI¥PF6 6 1.2 2 34 30
10 [Ru0]n/BMI¥PF6 6 4.5 7 21 105
11 [Ru0]n/BMI¥PF6 6 27.7 15 11 225
12 Ru/Al2O3/BMI¥PF6 6 4.1 3 15 45
13 Ru/Al2O3/BMI¥PF6 6 5.5 6 9 90
14 Ru/Al2O3/BMI¥PF6 6 21.2 11 5 165
15 Ru/Al2O3/H2O 6 0.7 7 <1 105
16 Ru/Al2O3/H2O 6 1.5 17 <1 255
17 [Ru0]n/H2O 6 0.5 8 1 120
18 [Ru0]n/H2O 6 1.2 17 <1 255


[a] Selectivity in cyclohexene. [b] Turnover number TON=mol of hydrogenated products (cyclohexene and cy-
clohexane)/mol of Ru.


Figure 8. Cyclohexene selectivity in the hydrogenation of benzene by Ru0


nanoparticles in BMI¥PF6 (6 atm of H2 at 75 8C).
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Experimental Section


General methods : All reactions involving ruthenium compounds were
carried out under an argon atmosphere in oven-dried Schlenk tubes. The
ionic liquids BMI¥PF6, BMI¥BF4 and BMI¥CF3SO3 were prepared accord-
ing to known procedures[22] and dried over molecular sieves (4 ä). Their
purity was checked by an AgNO3 test, 1H and 31P NMR spectroscopy,
cyclic voltammetry (water (<0.1% v/v) and chloride content
(<1.8 mgL�1)).[23] Solvents and arenes were dried with appropriate
drying agents and distilled under argon prior to use. [Ru(cod)(cot)] was
prepared by reduction of RuCl3 with Zn in the presence of 1,5-cycloocta-
diene following a known procedure.[24] All other chemicals were pur-
chased from commercial sources and used without further purification.
NMR spectra were recorded on a Varian Inova 300 spectrometer. Mass
spectra were recorded on a GC/MS Shimadzu QP-5050 (EI, 70 eV). Gas
chromatography analyses were performed on a Hewlett-Packard5890 gas
chromatograph with a FID and 30 m capillary column with a dimethylpo-
lysiloxane stationary phase. The powder X-ray diffraction was performed
in a Philips X×Pert MRD diffractometer. The diffraction data were col-
lected at room temperature in a Bragg±Brentano geometry with a curved
graphite crystal as the monochromator. The equipment was operated at
40 kV and 40 mA with a scan range between 208 to 1008. Transmission
electron microscopy (TEM) was performed on a JEOL 2010 microscope
operating at 200 kV and with a nominal resolution of 0.25 nm.


The synthesis of the nanoparticles and their hydrogenation reactions
were carried out in a modified Fischer±Porter bottle immersed in a sili-
con oil bath and connected to a hydrogen tank. The drop in the hydrogen
pressure in the tank was monitored with a pressure transducer interfaced
through a Novus converter to a PC. The data was processed with Micro-
cal Origin 5.0 (adapted from reference [6k]). The temperature was main-
tained at 75 8C by a hot stirring plate connected to a digital controller
(ETS-D4IKA). Controlled stirring at 800 rpm was used (no ionic catalyt-
ic solution projection was observed). The catalyst/substrate ratio was cal-
culated from the initial quantity of [Ru0]n used.


Formation and isolation of nanoparticles : In a typical experiment, a
Fischer±Porter bottle containing a yellow suspension of [Ru(cod)(cot)]
(92.5 mg, 0.3 mmol) in one of the ionic liquids BMI¥PF6, BMI¥BF4 and
BMI¥CF3SO3, 7 mL) was treated with 4 atm of H2 at 75 8C to afford a
black solution after stirring for 18 h. The Ru nanoparticles were isolated
by centrifugation (3000 rpm) for 30 minutes, washed with water (5î
15 mL) and acetone (5î15 mL), and then dried under reduced pressure.
The Ru samples thus obtained were prepared for TEM, XPS and XRD
powder analysis, and for catalytic experiments (see below).


Hydrogenation reactions :


Liquid±liquid biphasic : The olefins or benzene were added to the ionic
catalytic solution obtained by dispersion of the isolated Ru nanoparticles
(described above) in the ionic liquid (1 mL) and hydrogen was admitted
to the system at 4 or 6 atm (constant pressure). Samples for GC and GC-
MS analysis were also removed from time to time under H2. The reaction
mixture forms a typical two-phase system (the lower phase contained the
Ru nanoparticles in the ionic liquid and the upper phase the organic
products). The organic phase was separated by decantation or distillation,
and was then weighed and analysed by GC, GC-MS and 1H NMR spec-
troscopy.


Solventless : The isolated nanoparticles were placed in a Fischer±Porter
bottle, and the arene was added. The reactor was placed in an oil bath at
75 8C, and hydrogen was admitted to the system at constant pressure (4
or 6 atm). Samples for GC and GC-MS analysis were also removed from
time to time under H2. The organic products were recovered by simple
filtration and analysed by GC.


Identification of cyclohexene in the hydrogenation of benzene : The identi-
fication of cyclohexene was unequivocally established by GC-MS and by
GC retention time versus an authentic sample of cyclohexene (Acros).
GC was performed in a 100 m capillary column with a dimethylpolysilox-
ane stationary phase (0.25 mmî0.5 mm). The GC parameters were: initial
temperature 100 8C, initial time 30 min, temperature ramp 25 8Cmin�1,
final temperature 250 8C, detector and injector port temperature 250 8C
and injection volume 1 mL.


Transmission electron microscopy : Transmission electron microscopy
(TEM) observations and selected area diffraction patterns were taken on
a JEM-2010 microscope operating at an accelerating voltage of 200 kV.
Samples for TEM observations were prepared by placing a thin film of
the ruthenium nanoparticles dispersed in isopropanol in a holed carbon
grid. The size distribution of the metal particles was determined from the
measurement of �150 particle, assuming spherical shape, found inside
five superstructures.


Sample preparation and XRD powder analysis : The thin 1.0 mm layer of
Ru powder was deposited into a small cavity on a glass substrate covered
with a Kapton tape. The diffraction pattern was obtained after subtrac-
tion of the powder spectrum from a background measured with a glass
substrate plus Kapton tape. The WAXD pattern confirmed crystalline
Ru0 by indexation of Bragg reflections obtained by a pseudo-Voigt pro-
file fitting using the FULLPROF code. The most representative reflec-
tions to Ru0 were indexed as hexagonal and the cell unit parameters ob-
tained were a=2.7487 and c=4.2937 ä. The Bragg reflections at 37.76,
42.05, 43.43, 57.78, 68.17, 77.80, 83.48 and 84.388 correspond to the in-
dexed planes of the (hcp) of Ru0 crystals: (100), (002), (101), (102),
(110), (103), (112) and (201). The mean diameter of the ruthenium par-
ticles was estimated to be 2.5 nm by means of the Debye±Scherrer equa-
tion[25] and assuming spherical particles.


X-ray photoelectron spectroscopy (XPS): XPS was performed with MgK
radiation (hn=1253.6 eV). High-resolution scans were recorded with a
pass energy of 15 eV, an angular acceptance of�48 and an entrance slit
of 2 mm diameter with an Omicron EA125 hemispheric analyser. The
detection angle, q, of the photoelectrons with respect to the normal to
the sample surface (takeoff angle) was 458. Samples for analysis were
prepared by placing the Ru nanoparticles on a conducting carbon tape.
In addition to the C peaks (support), only Ru and O were observed (spe-
cial monitoring the presence of other possible elements such as chloride
or fluoride was not detected).


Phase diagrams : The three ternary diagrams C6H6/C6H10/BMI¥PF6, C6H6/
C6H8/BMI¥PF6 and C6H8/C6H10/BMI¥PF6 were determined by a gravimet-
ric method. Known quantities of each component were added to a centri-
fuge tube, and the system was stirred at 75 8C for �30 min. The upper
phase was then separated from the system and its mass and composition
determined by GC (no significant amount of the ionic liquid in the or-
ganic phase was observed). The composition of the lower phases was de-
termined by component mass balance, namely, the lever-arm rule for bi-
phasic systems. Each experiment was repeated at least three times in
order to ensure the reproducibility of the method.
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Analysis of the 13C NMR Spectra of Molecules, Chiral by Isotopic
Substitution, Dissolved in a Chiral Oriented Environment:
Towards the Absolute Assignment of the pro-R/pro-S Character
of Enantiotopic Ligands in Prochiral Molecules


Philippe Lesot,* Olivier Lafon, Jacques Courtieu, and Philippe Berdaguÿ[a]


Introduction


NMR spectroscopy of chiral liquid crystal is a powerful
methodology in the arsenal of analytical techniques.[1±3] The
numerous 1D or 2D NMR tools developed to take advant-
age of the information contents of anisotropic interactions
have shown that this approach could be considered as the
most general method dedicated to the enantiomeric and
enantiotopic analysis. However, the assignment of the abso-
lute configuration of NMR signals in orientationally or-
dered, chiral or prochiral molecules is difficult and remains
an exciting challenge.


To reach this goal, we need to improve our understanding
of the enantiodiscriminating mechanisms in such oriented
solvents. The investigation of molecules, which are chiral by
virtue of isotopic substitution, is interesting for this purpose
because the nature of the recognition mechanisms differs
from ordinary enantiomers.


In our previous work, we have reported that ordinary
enantiomers differ both in the magnitude of the elements of
the Saupe order matrix, Sab, and in the orientation of their
principal axis systems while this is not true for the isotopic
enantiomers.[4] This result implies that the average orienta-
tion of two ordinary enantiomers in a chiral liquid crystal
(CLC) differs and points out that both molecular size and
shape play an important role in the solute±CLC interactions
involved in the chiral discrimination mechanisms. For iso-
topic enantiomers, the situation is rather different because
the origin of their chiral discrimination is a consequence of
the fact that two enantiotopic ligands are non equivalent in
CLC such as organic solutions of poly-g-benzyl-l-glutamate
(PBLG).[5,6]


The phenomenon of enantiotopic discrimination in chiral
liquid crystalline solvents is due to the change in the symme-
try of the intermolecular potential experienced by the solute
when the environment is chiral compared with achiral ori-
ented media.[6,7] Due to the chiral environment, no plane of
symmetry will be conserved in the orientational probability
function in such a way that Cs molecules will behave as if it
were C1, C2v molecules will behave as if they were C2 and so
on.[6,8]


The chiral discrimination mechanism described above was
derived from the analysis of proton-decoupled deuterium
NMR spectra,[5] but no investigations using 13C NMR spec-
troscopy have been made so far.[1] It is the purpose of this
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Laboratoire de Chimie Structurale Organique
CNRS UMR 8074, ICMMO, B‚t. 410, Universitÿ de Paris-Sud
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Fax: (+33)169-15-81-05
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Abstract: We examined and discuss the
proton- and deuterium-decoupled
carbon-13 1D spectrum of a molecule,
chiral by virtue of the isotopic substitu-
tion, dissolved in a chiral oriented
medium which simultaneously exhibits
chiral discrimination, enantiomeric en-
richment and isotope effect. Using the
1-deutero-(2’,3’,4’,5’,6’-pentadeutero-
phenyl)phenylmethanol orientationally
ordered in a chiral nematic liquid crys-


tal as illustrative example, we point out
three important features. First, we
demonstrate that the absolute assign-
ment of the pro-R/pro-S character may
be derived from the absolute configu-
ration of the isotopically chiral ana-


logue. Second, we report evidence that
isotopic effect on 13C chemical shift
anisotropy is negligible in a weakly ori-
enting solvent. Third, we definitely es-
tablish that the molecular orientation
of prochiral Cs symmetry molecules
and their parent compounds that are
chiral by virtue of the isotopic substitu-
tion is the same.


Keywords: chirality ¥ enantioselec-
tivity ¥ isotope effect ¥ liquid crys-
tals ¥ NMR spectroscopy
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paper to study the consequences of such symmetry lowering
in the 13C NMR of prochiral molecules and in isotopically
chiral analogues.


To illustrate our purpose we have investigated the case of
a chiral di-aromatic compound, the R enriched 1-deutero-
(2’,3’,4’,5’,6’-pentadeuterophenyl)phenylmethanol (1) (20%
ee) and the related deuterated and protonated prochiral
molecules (2 and 3). All of them were dissolved in the
PBLG/CHCl3 chiral liquid crystal solvent. The molecular
structures of compounds 1 to 3 and the notations are sketch-
ed in Figure 1. In case of 1, we have a molecule chiral by
virtue of the deuterium isotopic substitution. Compounds 2
and 3 are analogous to 1, but are not chiral.


Results and Discussion


Spectral analysis and assignment : Figure 2a presents the aro-
matic region of proton- and deuterium-decoupled carbon-13
(13C-{1H,2H}) 1D spectrum of 1 recorded in the PBLG/
CHCl3 oriented phase at 300 K. Interesting and unexpected
questions arise when analysing the 13C NMR spectrum that
exhibits sixteen resonances with various peak intensities. As
we will demonstrate below, this apparent complexity origi-
nates from three distinct NMR effects: the chiral discrimina-
tion in the PBLG phase, the enrichment of the mixture and
the 1H/2H isotope effect observed on 13C chemical shift of
deuterium labelled compounds. To understand the analysis
and the following discussion, we have to remember that the
NMR resonance frequency, ñi, of a 13C nucleus i contains
both an isotropic, s iso


i , and an anisotropic, Dsi, contribution
to the electronic shielding and may be written for a pair of
enantiomers as:[1,9, 10]


nR or S
i ¼ g


2p
½1� siso


i �DsR or S
i �B0 ð1Þ


Equation (1) clearly reveals that chiral discrimination in
chiral oriented solvent is detected in NMR spectra when
nS
i �nR


i ¼6 0, namely when DsS
i significantly differs from


DsR
i , assuming that Dsiso


i is identical[7] for both enantiomers.
As a visual evidence, the analysis of the spectrum of 1 re-


corded in the PBLG phase suggests the existence of two
sub-systems with two ranges of peak intensity. Each of them
is made of four pairs of resolved resonances whose differen-
ces in peak intensity originate from the enantiomeric enrich-
ment of the mixture. Actually the existence of two series of
peaks results from the well-known 1H/2H isotope shielding
effect.[11] Both types of NMR signals are noted x-H and x-D
(x = i, m, p, and o) for the protonated and perdeuterated


benzene groups, respectively, and the 13C peak assignment
reported in the spectra is based on additive rules for ben-
zene substituents.[12]


As it can be seen in Figure 2b, the isotopic effects on 13C
chemical shifts exists also on the 13C-{1H,2H} 1D spectrum of
1 recorded in achiral isotropic phase (CHCl3). Indeed two
sub-spectra with two ranges of peak intensity are clearly ob-
tained again while no chiral discrimination occurs in this
case. In both phases, the large difference in peak intensity
between the ™x-H∫ and ™x-D∫ signals is a direct conse-
quence of the lack of deuterium-to-carbon NOE effect even
if the deuterium decoupling is turned on.[13] All relevant
spectral data about the spectrum of 1 are given in Table 1.


To confirm this analysis, we
have recorded the 13C-{2H} and
13C-{1H} 1D spectrum of prochi-
ral compounds 2 and 3, respec-
tively, both embedded in the
PBLG/CHCl3 mesophase using
the same conditions than for
the chiral compound 1. The su-
perposition of the 13C-{1H,2H}
signals of 1 with those of pro-
chiral entities allows us to defi-


nitely assess the assignment all 13C signals associated with
the deuterated and protonated aromatic core in the chiral
compound. As expected the aromatic 13C NMR resonances
of the perdeuterated prochiral molecule show a significant
shielding isotopic effect compared with those of the proto-
nated one (traces c and d in Figure 2).


The assignment of R and S descriptors displayed in the
spectrum 2a is based on the difference of peak intensity for
each pair of signals originating from the known enantiomer-
ic enrichment of the mixture. The relative inversion of 13C
chemical shifts of the R and S enantiomers associated with
the protonated and perdeuterated aromatic cycle is rather
intriguing because a priori it could be thought that the rela-
tive position of 13C NMR signals, for the protonated and
deuterated phenyl group would be the same. In fact this
simplistic argument is false. Considering that the molecular
ordering is not affected by the isotopic substitution, we are
going to demonstrate that the relative positions (shielded/
deshielded) of a given aromatic 13C NMR signal in the deu-
terated aromatic ring for the R- and S-enantiomers are op-
posite to that observed for the protonated one. The different
steps of this demonstration using a series of schematised
13C-{1H,2H} NMR spectra are presented in Figure 3 (from a
to e).


To illustrate our purpose, we have assumed fictitious pro-
tonated and perdeuterated prochiral molecules (noted M-H
and M-D, respectively) as well as the corresponding com-
pound chiral by virtue of the isotopic substitutions (noted
M-HD). The various ligands around the prostereogenic or
stereogenic tetrahedral center are X, Y, CD3 and/or CH3.
The absolute configuration of the chiral molecule and the
pro-R/pro-S character of the enantiotopic substituents
around the prostereogenic centre are given according to the
priority rules used in the CIP system, namely X > CD3 >


CH3 > Y.[14]


Figure 1. Drawing of the studied compounds 1 to 3. The chemical notation (a, i, o, m, p) used here defines
both the deuterium and the carbon atoms. Compound 1 is a R-enriched mixture of the enantiomers (20% ee).
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The traces a and b schematically display the pro-R and
pro-S 13C signals of the methyl group associated to the deu-
terated and protonated prochiral molecules, respectively. In
these spectra, we have considered that the isotopic shielding
effect for carbon nuclei directly interacting with deuterons
occurs and that this effect is sufficiently large to preclude
overlaps between 13C NMR signals of protonated and deu-


Figure 2. a) and b) Aromatic region of the 13C-{1H,2H} 1D NMR spectra
of compound 1 recorded at 300 K in the PBLG/CHCl3 phase and in
CHCl3, respectively. c)


13C-{2H} NMR signals of aromatic carbon nuclei
of prochiral compound 2 in the PBLG/CHCl3 phase. d) 13C-{1H} NMR
signals of aromatic carbon nuclei of prochiral compound 3 in the PBLG/
CHCl3 phase. The four spectra were recorded using the same experimen-
tal conditions. For spectra a, b, c and d, a Gaussian filtering was applied
to enhance the spectral resolution. The comparison of trace a with traces
c and d allows the determination of stereodescriptors (pro-R and pro-S)
associated with the 13C resonances of compounds 2 and 3.


Table 1. Quantification of the isotope effects observed at 300 K for compound 1 in the isotropic and chiral oriented phase.


Atom Isomer dHiso


13C /ppm[a,b] dDiso


13C /ppm[a,c] DC(D)iso/ppb
[a, c] dHaniso


13C /ppm[a,b] dDaniso


13C /ppm[a,c] DC(D)aniso/ppb[a] DC(D)averageaniso /ppb[a]


a R ± 75.20 ± ± 74.95 ± ±
S


(i) R
143.49 143.30 �190


143.79 143.78 �10 �190
S 143.97 143.60 �370


(o) R
126.23 125.80 �430


126.36 126.00 �360 �430
S 126.43 125.93 �500


(m) R
128.06 127.54 �520


128.12 127.67 �450 �520
S 128.19 127.60 �590


(p) R
127.08 126.56 �520


127.15 126.85 �300 �520
S 127.37 126.63 �740


[a] The accuracy of the di values is around � 0.01 ppm (10 ppb). [b] Data relative to carbon atoms of the protonated aromatic group. [c] Data relative to
13C atoms of the deuterated aromatic group.


Figure 3. Series of schematic representations illustrating the origin of the
inversion of peak intensity in 13C-{1H,2H} spectra for an hypothetical mol-
ecule chiral by virtue of isotopic substitution compared to the prochiral
analogues, all of them dissolved in a chiral oriented system. Only the 13C
signals of methyl groups are presented. The four resonances are dis-
played by four lines with different dash patterns. a) 13C-{1H} spectrum of
the M-H molecules. b) 13C-{2H} spectrum of M-D molecules. c) 13C-
{1H,2H} spectrum of a 50/50 mixture of M-H and M-D molecules. d) 13C-
{1H,2H} spectrum of M-HD molecules in racemic mixture. The arrows
show the relationship between the pro-R methyl groups in the protonated
and deuterated prochiral molecules and the R and S enantiomers.
e) Same as d) but using a R-enriched mixture (50% ee).
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terated methyl groups. Also, the difference in peak intensi-
ties between labelled and non-labelled entities simulates the
lack of nuclear Overhauser effects in deuterium±carbon
nuclei pairs. Finally, to be comparable with the relative posi-
tion of resonances observed in the experimental 13C NMR
spectra (Figure 2), the 13C signals of methyl group defined
as pro-S correspond to the most shielded resonances in the
M-D and M-H fictitious molecules. Spectrum c should be
theoretically obtained if we add the M-D and M-H mole-
cules in equal quantity (the difference of Mw for M-D and
M-H is neglected). If we now assume that the molecular
order parameters for enantiomers of a molecule chiral by
virtue of the isotopic substitution and their corresponding
prochiral molecule are the same, then we expect to observe
the same 13C-{1H,2H} spectrum in both cases (trace d). How-
ever, for a mixture made of M-HD isotopic enantiomers, the
resonance associated to the pro-R carbon atom in M-D cor-
responds now to the peak associated to the deuterated
methyl group in the R-isomer.


By contrast the resonance associated to the pro-R carbon
atom in M-H entity corresponds to the peak of the proto-
nated methyl group of the S-enantiomer (spectra c and d). If
the M-HD mixture is enantio-enriched in R-enantiomer,
then the intensity of 13C-{1H,2H} resonances for the R- and
S-isomers differs as seen in the trace e.


The above demonstration fully explains the apparent in-
version of the 13C signal assignment associated with the pro-
tonated and deuterated aromatic group of 1 as shown in Fig-
ures 2a and 3e. In addition, by inverting the ™sense∫ of the
demonstration, we can assign without ambiguity the stereo-
chemical descriptors, pro-R and pro-S, for all the 13C NMR
signals in the related prochiral molecules, as shown in Fig-
ure 3a and b or in Figure 2c and d for the experimental case.
As expected, the relative position of 13C signals associated
with the pro-S and pro-R substituents is the same for the
protonated and perdeuterated prochiral entities.


Two important features of the NMR in weakly orienting
chiral liquid crystal can be drawn from the previous discus-
sion. First, we have found that the assignment of 13C NMR
signals of two enantiotopic ligands chemically differentiated
by the isotopic substitution in a chiral molecule are inverted
and this result is general whatever the molecule is. Second,
we have shown that such analysis allows for explicitly as-
signing the stereochemical descriptors, pro-R and pro-S, to
the corresponding 13C resonances in the protonated and per-
deuterated prochiral molecule, both of them being related
to the molecule chiral by virtue of the isotopic substitution.


Study of the isotope effects : The quantitative analysis of the
isotope effect measured both in the isotropic and the chiral
oriented solvents is interesting and merits some attention.
Indeed it provides some insights into the relationship exist-
ing between the isotope effect and the orientational behav-
iour of the perdeuterated and protonated aromatic ring of
compounds 1 to 3 dissolved in the PBLG phase.


The isotope effect measured on a carbon atom in the case
of a monodeuterated molecule is defined usually as, nDC(D)
= ddeuterated�dprotonated, where n is the number of bonds be-
tween the deuterium and 13C atom considered.[11c] In our


case, we observe the contribution of several deuterons for a
given carbon atom, consequently the notation n cannot be
used further. In this example the magnitude of DC(D)iso
values measured in the isotropic phase varies between �190
and �520 ppb (1 ppb=10�3 ppm). The values measured on
C-1’, C-2’/6’, C-3’/5’ and C-4’ atoms on compound 1 are
listed in Table 1.


In a first step, we have compared DC(D)iso with the aver-
age values of DC(D)aniso measured in the chiral anisotropic
phase (DC(D)averageaniso = DC(D)Raniso + DC(D) Saniso/2)). This
average value of DC(D)aniso corresponds to the value that
would be measured in an achiral oriented phase made of a
racemic mixture of PBLG and PBDG (the PBLG×s enan-
tiomer).[15] In such a racemic ordered solvent, denoted PBG,
a solute is diffusing very rapidly on the NMR time scale
from PBLG to PBDG fibres, consequently we observe only
an average of these two situations, thus eliminating the spec-
tral enantiodiscrimination.[15] The comparison between and
DC(D)averageaniso and DC(D)iso shows no differences within the
experimental errors. Such a result suggests therefore that
the contribution of the isotope effect to the anisotropic com-
ponent, Dsi, of


13C chemical shift is negligible at least, in a
weakly ordering, chiral solvent. In other words, the isotope
effect modifies only the isotropic term in Equation (1). If
this was not the case, the value of DC(D)averageaniso should signif-
icantly differ from DC(D)iso.


Also, the spectral analysis shows that 13C NMR signals as-
sociated with the perdeuterated and protonated phenyl
groups are enantiodiscriminated. The 13C chemical shifts for
the R- and S-isomers are given in Table 1. To analyse the re-
sults, we have plot in the same graph the quantity dDaniso


R �
dDiso


(deuterated phenyl group) versus dHaniso


S � dHiso


(proto-
nated phenyl group) as well as the reciprocal quantity dDaniso


S


� dDiso


versus dHaniso


R � dHiso


. As it can be seen in Figure 4, the


Figure 4. a) Plot of the quantities (data from the deuterated phenyl
group) as a function of (data from the protonated phenyl group). See
text for explanation. Data points associated with R- and S-enantiomers
(deuterated aromatic ring) are labelled with an open circle and a cross,
respectively. The slope of the line is one and passes zero. The correlation
coefficient of the fit is 0.9999.
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calculated points can be fit by a single linear function which
equation is of the form Y = X with a correlation coefficient
equal to 0.9999. The linear evolution of data is not fortui-
tous and two important conclusions in terms of orientational
behavior and chiral discrimination mechanisms can be
drawn from this result. First, it appears that the deuterated
aromatic ring in the R-enantiomer and the protonated aro-
matic ring in the S-enantiomer have the same Saupe order
matrix, namely (SD�ring


ab )R = (SH�ring
ab )S. In other words, they


possess the same orientational ordering characteristic and
conformational dynamic. The same occurrence exists for
protonated phenyl group in R-enantiomer and the deuterat-
ed phenyl group in the S-enantiomer, namely (SH�ring


ab )R =


(SD�ring
ab )S.
The inverted role of protonated and deuterated aromatic


ring in the enantiomeric couple indicates that the local inter-
actions between the aromatic cores and the surrounding
chiral matrix are unaffected by the isotopic substitution.
Second, the enantiomeric discriminations observed for car-
bons of aromatic ring occur because for each enantiomer
the local parameters for the two aromatic rings are different,
namely (SD�ring


ab )R(S) ¼6 (SH�ring
ab )R(S). This local differential or-


dering implies that the enantiodiscrimination of two isotopic
enantiomers is a direct consequence of the differentiation of
enantiotopic elements existing in the prochiral compound
either protonated or deuterated when embedded in a chiral
oriented environment. In no way, this discrimination in-
volves a difference of molecular ordering as in the case of
ordinary enantiomers.[4] If it was the case the graph of quan-
tities dDaniso


RðSÞ �dDiso


= f(dHaniso


SðRÞ �dHiso


) would not be along the bi-
sector. This last result definitely establishes that the molecu-
lar orientational order parameters of prochiral, Cs symmetry
molecules, and their parent derivatives, which are chiral by
virtue of the isotopic substitution, are identical in this
weakly ordering chiral liquid crystal. This new evidence
therefore confirms previous qualitative initial results ob-
served using deuterium NMR spectroscopy in the PBLG
phase[5] and shows explicitly that the spectral discrimination
between enantiotopic elements in prochiral compounds and
between the corresponding isotopic enantiomers involves
the same enantiorecognition mechanisms.


Conclusion


In this article we have investigated the proton- and deuteri-
um decoupled 13C spectrum of molecule chiral by isotopic
substitution, dissolved in chiral oriented environment. Sever-
al important conclusions were drawn from this analysis. First
we have pointed out that the contribution of the isotope
effect on 13C chemical shift anisotropy is negligible in a
weakly orienting solvent. Second we have definitely con-
firmed previous results observed using 2H NMR spectrosco-
py in PBLG that suggested that the molecular orientation of
prochiral, Cs symmetry molecules and their parent com-
pounds that are chiral by virtue of isotopic substitution was
the same. Third, we have found out that the assignment of
13C signals of two substituents chemically differentiated by
the isotopic substitution in a chiral molecule was inverted


compared with the prochiral parent molecules and this
result is general. Fourth, but not the least, we have shown
an interesting way for assigning the absolute pro-R/pro-S
character of enantiotopic ligands.


Experimental Section


NMR sample preparation : The synthesis of compounds 1 enriched in R-
enantiomer (20% ee) and 3 were synthesised following referenced litera-
ture.[16, 17] Compound 2 is commercially available. The liquid-crystalline
NMR samples were prepared using a procedure already described.[1,2]


The NMR sample compositions are 100 mg of Mw ~112000 PBLG (com-
mercially available from Sigma), 100 mg of solute 1, 2 or 3, and 400 mg
of CHCl3 directly weighed into a 5 mm o.d. NMR tube.


NMR spectroscopy: The NMR experiments were performed at 9.4 T on a
Bruker DRX 400 high-resolution spectrometer equipped with a direct
multinuclear broadband probe (BBO) operating at 100.6 MHz for
carbon-13. The variable temperature unit BVT 3200 controlled the tem-
perature of the sample. The NMR tubes were not spun. All 1D NMR ex-
periments have been recorded at 300 K. Proton and deuterium broad-
band decoupling was achieved using the standard WALTZ-16 composite
pulse sequence on both nuclei.[1] The lock channel of the BBO probe was
used as deuterium channel. Other experimental NMR parameters or de-
tails are given in Figure captions. For all 13C spectra, the chloroform
signal was used as internal reference and assigned at 77.0 ppm.
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Insights into CO/Styrene Copolymerization by Using PdII Catalysts
Containing Modular Pyridine±Imidazoline Ligands


Amaia Bastero,*[a] Carmen Claver,*[a] Aurora Ruiz,[a] Sergio CastillÛn,[b] Elias Daura,[a]


Carles Bo,[a] and Ennio Zangrando[c]


Introduction


Late-transition-metal complexes can be used as polymeriza-
tion catalysts to access polymeric structures containing polar
monomers.[1] In particular, metal-catalyzed copolymerization
of carbon monoxide with alkenes provides greater control
over the polymer properties than radical polymerization,
and makes it possible to synthesise alternating polyketones.
The low cost of the starting materials and the material prop-


erties of the products also make it an attractive reaction.[2±4]


Several mechanistic studies have been performed with well-
defined single-site catalysts.[5±10] However, the search for
chiral ligands that lead to the formation of regular micro-
structures is still an interesting topic.[11]


Palladium catalysts bearing nitrogen-donor ligands have
proved to be effective for CO/styrene copolymerization,[2,12]


unlike palladium±diphosphane catalysts, which generally
form oligomers.[13] In most cases bidentate N ligands[14±21]


and, to a lesser extent, hemilabile P,N ligands have been
used successfully.[7,21] The common feature in all these li-
gands is the sp2 character of the coordinating N atom. Oxa-
zolines are effective ligands in several metal-catalyzed ho-
mogeneous reactions[22] including CO/styrene copolymeriza-
tion.[15,16,21] We believed that imidazolines, which are struc-
turally analogous but which have different electronic proper-
ties,[23±27] could be good alternatives. Therefore, we
developed racemic 1-substituted (R,S)-4,5-dihydro-4,5-di-
phenyl-2-(2-pyridyl)imidazoles 1±4 with 4’,5’-cis stereochem-
istry in the imidazoline moiety, which have the advantage
that the substituent in the aminic nitrogen atom N1 can be
easily modified to lead to a series of chiral ligands
(Figure 1).[28] This substitution makes it possible to fine tune
the electronic properties of the imidazoline ring over a wide
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Abstract: Continuing our studies into
the effect that N�N’ ligands have on
CO/styrene copolymerization, we pre-
pared new C1-symmetrical pyridine±
imidazoline ligands with 4’,5’-cis stereo-
chemistry in the imidazoline ring (5)
and 4’,5’-trans stereochemistry (6±10)
and compared them with our previous-
ly reported ligands (1±4). Their coordi-
nation to neutral methylpalladium(ii)
(5a±10a) and cationic complexes (5b±
10b), investigated in solution by NMR
spectroscopy, indicates that both the
electronic and steric properties of the
imidazolines determine the stereo-
chemistry of the palladium complexes.


The crystal structures of two neutral
palladium precursors [Pd(Me)2�nCln-
(N�N’)] (n=1 for 8a ; n=2 for 9a’)
show that the Pd�N coordination dis-
tances and the geometrical distortions
in the imidazoline ring depend on the
electronic nature of the substituents in
the imidazoline fragment. Density
functional calculations performed on
selected neutral and cationic palladium
complexes compare well with NMR


and X-ray data. The calculations also
account for the formation of only one
or two stereoisomers of the cationic
complexes. The performance of the cat-
ionic complexes as catalyst precursors
in CO/4-tert-butylstyrene copolymeri-
zation under mild pressures and tem-
peratures was analyzed in terms of the
productivity and degree of stereoregu-
larity of the polyketones obtained. In-
sertion of CO into the Pd�Me bond,
which was monitored by multinuclear
NMR spectroscopy, shows that the N
ligand influences the stereochemistry
of the acyl species formed.


Keywords: copolymerization ¥ den-
sity functional calculations ¥ ligand
design ¥ N ligands ¥ palladium


Chem. Eur. J. 2004, 10, 3747 ± 3760 DOI: 10.1002/chem.200306051 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3747


FULL PAPER







range without changing the chiral environment around the
donor N atom.


Modifying the electronic properties of palladium catalysts
by using different ligands may lead to variations not only in
the activity, but also in the selectivity.[29] The use of palladi-
um(ii) catalysts containing chiral C1-symmetrical pyridine-
oxazoline ligands in CO/styrene copolymerization leads to
syndiotactic polyketones.[15,21] This is because the site-selec-
tive coordination of the styrene cis to the pyridine moiety
means that the stereocontrol of the reaction is provided by
chain-end control and not by the chiral ligand (enantiosite
control) (Figure 2).[21] So it seems that to increase the co-


polymer content of l diads with our pyridine±imidazolines,
styrene must be selectively coordinated cis to the chiral
imidazoline. For this reason we decided to take into account
both steric and electronic factors in ligand design.


We have now synthesized 1-substituted (R,R)-4,5-dihydro-
4,5-diphenyl-2-(2-pyridyl)imidazoles 6±10 with 4’,5’-trans
stereochemistry in the imidazoline (Scheme 1). The coordi-


nation of these ligands to neutral and cationic palladium
complexes was investigated in solution, and their structures
were compared by X-ray diffraction and DFT calculations.
The activity of the cationic palladium(ii) complexes in CO/
4-tert-butylstyrene copolymerization was studied and com-
pared with our data on pyridine±imidazolines with 4’-5’-cis
stereochemistry.[28] Since site-selective coordination is crucial
for stereocontrol of the reaction, we analyzed the reactivity
of the complexes towards CO by NMR spectroscopy, that is,
monitoring the first step of the catalytic cycle.


Results and Discussion


Synthesis and characterization of ligands : We first prepared
pyridine±imidazoline ligands 1±4, whose phenyl rings in the
imidazoline moiety are in mutually cis positions (Scheme 1).
We observed that modifying the R substituent in the imida-
zoline ring influenced the properties of the binding N atom.
This led to palladium complexes with different stereochem-
istries, which catalyzed the synthesis of polyketones with
different degrees of stereoregularity.[28] To try to promote
the coordination of styrene cis to the imidazoline, we in-
creased the steric hindrance near the pyridine N atom and
simultaneously decreased the basicity of the pyridine ring by
synthesising racemic (R,S)-4,5-dihydro-4,5-diphenyl-2-(6-cy-
anopyridyl)imidazole (5 ; Scheme 1). The product is obtained
in a low yield (20%) since the bis-anellation product is also
formed.[30] Since it was recently reported that in CO/ethene
copolymerization palladium catalysts containing (R,S)- or
(S,R)-meso-diphosphanes behave differently to those bear-
ing the ligands with R,R or S,S configuration (Figure 3),[31, 32]


we tested the effect of varying the stereochemistry of our
imidazolines by preparing ligands 6±10.


Enantiomerically pure (R,R)-pyridine±imidazoline 6 was
prepared in quantitative yield by reaction of the correspond-
ing diamine and 2-cyanopyridine, similar to 1 (Scheme 1).


Reaction of 6 with different
electrophiles (benzyl bromide,
methyl iodide, p-toluenesulfon-
yl chloride, and trifluorome-
thylsulphonyl anhydride) in
the presence of a base gave the
substituted (R,R)-pyridine±imi-
dazolines 7±10 (Scheme 1).
The 1H NMR spectra of these
ligands show the characteristic
two doublets corresponding to
H4’ and H5’ of the imidazoline
moiety (see Scheme 1 for num-
bering). In the case of 6, the
two doublets become a singlet
at 5 ppm due to tautomeric
equilibrium. A comparison of
the coupling constants of these
two protons in ligands 1±10
shows that the nature of the R
substituent has an effect on the
coupling constant 3J(4’,5’),[33]


Figure 1. Pyridine±imidazolines 1±4 in comparison with the general struc-
ture of pyridine-oxazolines.


Figure 2. Model proposed by Consiglio et al. for styrene insertion to give
predominantly syndiotactic copolymer. GPC=growing polymer chain.


Scheme 1. Synthesis of ligands 1±10 showing numbering scheme. i) meso-(1R,2S)-1,2-Diphenylethylenediamine.
i’) (1R,2R)-1,2-diphenylethylenediamine; ii) 4-dimethylaminopyridine for 3, 4, 9, 10 ; NaH for 2, 7, 8 ; iii) BnBr
for 2, 7; TsCl for 3, 9 ; MeI for 8 ; Tf2O for 10.
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which decreases for the electron-withdrawing, bulky p-tolu-
enesulfonyl (Ts) and trifluoromethylsulfonyl (Tf) groups
(Table 1). It is worth noting that for enantiomerically pure
(R,R)-ligands 7±10 these variations are more pronounced
than for racemic (R,S)-ligands 2±4.[28]


Synthesis and characterization of and DFT calculations of
neutral methylpalladium(ii) complexes : Similar to what was
observed for ligands 1±4,[34] the
reaction of ligands 5±10 with
[PdClMe(cod)] (cod=1,5-cy-
clooctadiene) in toluene at
room temperature led to pre-
cipitation of neutral complexes
5a±10a (Scheme 2).


Characterization of these
complexes in solution by mul-
tinuclear NMR spectroscopy
showed the presence of only
one isomer. For complexes 6a±
10a in the aromatic region of
the 1H NMR spectra, the
signal for H6 (see Scheme 1) is
considerably shifted downfield
with respect to that in the free
ligand (Dd=0.52 ppm). This
indicates that H6 is subject to
the anisotropic effect of the
neighboring chloro ligand.[35]


NOE experiments show the in-
teraction between the PdMe
group and H4’ of the imidazo-
line ring, which confirms that
all neutral complexes 5a±10a
are cis isomers (where cis and
trans indicate the stereochemi-


cal relationship between the
methyl group and the imidazo-
line ring). In the spectra of
complexes 6a±9a the methyl
group bonded to palladium ap-
pears as an upfield-shifted sin-
glet (average shift: 0.47 ppm;
Table 2). Since a methyl group
s-bonded to palladium normal-


ly appears at around 1 ppm,[36] the presence of this signal at
lower frequencies may be due to the unusual proximity be-
tween the methyl group and the phenyl ring in the 4’-posi-
tion in these complexes.


The cis stereochemistry was also observed in the solid
state for complex 8a. Single crystals suitable for X-ray anal-
ysis were obtained for this neutral complex, which contains
a ligand substituted with an electron-donating group (R=


Me; Figure 4). Efforts to obtain single crystals of complex
9a, with a ligand bearing an electron-withdrawing group
(R=Ts), resulted in isolation of [PdCl2(9)] (9a’; Figure 5).[37]


To complete the study on the coordination of the (R,R)-
pyridine±imidazolines to palladium, DFT calculations were
performed for complexes 6a and 10a. Table 3 shows a selec-
tion of measured bond lengths and angles of the molecular
structures for the neutral complexes 8a and 9a’, and calcu-
lated values for 6a and 10a.


The Pd�N(py) distances are longer than those involving
the iminic N atom of the imidazoline N atom N2 (Table 3).
The Pd�N1 distance observed in 8a is particularly long
(2.121(6) ä), because of the trans influence exerted by the
methyl group coordinated to palladium (Figure 4). On the


Figure 3. meso-Diphosphanes used as ligands in CO/ethene copolymerization.


Table 1. Selected 1H NMR data for ligands 1±10 in CDCl3 at room tem-
perature.


Ligand R H4’, H5’ 3J4’-5’ [Hz]


1 H 5.51 ±
2 Bn 5.44, 4.92 11.6
3 Ts 5.93, 5.80 10
4 Tf 5.98, 5.92 8.7
5 H 5.58 ±
6 H 5.0 ±
7 Bn 5.0, 4.42 9.2
8 Me 4.86, 4.25 10.5
9 Ts 5.36, 5.17 4.8
10 Tf 5.45, 5.37 3.8


Scheme 2. Synthesis of 1a±10a and 1b±10b. The numbering Scheme of Ar04B
� is included.
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other hand, the Pd�N2 bond
lengths of 2.021(5) ä in 8a and
2.013(5) ä in 9a’ seem to be
slightly influenced by the dif-
ferent electronic properties of
the R group in the imidazoline
ring. The calculated values in
Table 3 compare fairly well
with the X-ray values. The Pd�
Cl and Pd�C coordination dis-
tances fall in a range that has
often been observed in other
PdII complexes.[34,38] The che-
lating ligand, the small N1-C6-
C7-N2 torsion angles of 5.2(8)8
in 8a and 2.1(9)8 in 9a’ indi-
cate negligible tilting between
the rings. Similar torsion
angles of 0.78 in 6a and 8.08 in
10a were found for the calcu-


lated complexes. However, the dihedral angle formed by the
best-fit planes through the rings are significantly different:
2.6(4)8 in 8a, 3.08 in 6a, 7.68 in 10a, and 17.9(3)8 in 9a’. The
large angle in 9a’ might be ascribed to a distortion in the
imidazoline plane that favors intramolecular p stacking of
the tosyl ring with the adjacent phenyl group (distance be-
tween centroids 3.747 ä; Figure 5). The electron-withdraw-
ing tosyl group in 9a’ causes the N2�C7 and N3�C7 distan-
ces to be different (1.281(8) and 1.427(8) ä, respectively),
while in 8a (R=Me) these bond lengths are similar
(1.293(9) and 1.330(8) ä). Correspondingly, the sum of the
bond angles about the imidazoline N atom N3 is 360.08 in
8a and 348.18 in 9a’. This electronic effect is very well re-
produced by the DFT calculations for complexes 6a and
10a.


In view of the large trans influence of the methyl group, it
is expected to be trans to the less basic ring (pyridine in 5a±Figure 4. ORTEP plot (40% probability thermal ellipsoids) of the molec-


ular structure of 8a.


Figure 5. ORTEP plot (40% probability thermal ellipsoids) of the molec-
ular structure of 9a’.


Table 3. Selected bond lengths [ä] and angles [8] for 8a, 9a’, 6a and 10a.


8a 9a’ 6a[a] 10a[a]


X=C1 X=Cl2 X=C1 X=C1


Pd�N1 2.121(6) 2.049(5) 2.168 2.149
Pd�N2 2.021(5) 2.013(5) 2.030 2.017
Pd�Cl1 2.303(2) 2.289(2) 2.301 2.292
Pd�X 2.181(4) 2.277(2) 2.033 2.040
N2�C7 1.293(9) 1.281(8) 1.307 1.308
N2�C9 1.462(8) 1.444(8) 1.474 1.467
N3�C7 1.330(8) 1.427(8) 1.382 1.431
N3�C8 1.467(9) 1.480(8) 1.488 1.509
N3�C22 1.477(9) ± ± ±
N3�S1 ± 1.693(5) ± 1.686
N1-Pd-N2 78.4(2) 79.9(2) 77.5 76.5
N1-Pd-Cl1 96.00(16) 95.41(16) 96.1 97.1
N1-Pd-X 171.9(2) 172.57(15) 172.6 172.7
N2-Pd-Cl1 173.22(16) 175.15(14) 173.4 173.4
N2-Pd-X 94.5(2) 92.79(15) 95.3 97.2
Cl1-Pd-X 91.30(12) 91.81(6) 91.1 89.3
N3-S1-C22 ± 108.2(3) ± ±
N1-C6-C7-N2 5.2(8) 2.1(9) �0.7 8.0
C16-C8-C9-C10 125.8(6) 139.7(6) 134.7 114.8
dihedral angle py/im 2.6(4) 17.9(3) 3.0 7.6


[a] QM/MM calculations.


Table 2. Selected 1H NMR data for complexes 5a±10a and 5b±10b in
CDCl3 at room temperature.[a]


Compound H6 PdMe PdNCMe


5a[b] ± 0.72 ±
6a 8.82 (d) 0.34 ±
7a 9.26 (d) 0.52 ±
8a 9.28 (d) 0.48 ±
9a 9.24 (d) 0.55 ±
10a 9.29 (d) 0.75 ±
5b ± 0.90 2.33
6b 8.34 (d) 0.56 2.30
7b 8.38 (d) 0.54 2.28
8b 8.38 (d) 0.48 2.30
9b[c] M: 8.35 (dd) 0.57 2.20


m: 8.50 (d) 0.97 1.61
10b[c] M: 8.38 (d) 0.74 2.26


m: 8.52 (d) 1.07 1.73


[a] The signals are singlets unless otherwise stated. Coupling constants
are omitted for clarity. [b] In (CD3)2(CO). [c] M: major isomer; m: minor
isomer.
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8a, and imidazoline in 9a and 10a). Because we were in-
trigued by the cis stereochemistry of all the complexes and
wished to know whether an isomeric equilibrium–not de-
tected by low-temperature NMR spectroscopy–was pres-
ent, we performed DFT calculations of some representative
examples. One reason for the cis stereochemistry observed
for all the neutral complexes 1a±10a was found to be the
relative energy of the cis and trans isomers, calculated for
complexes 1a, 4a, 6a, 10a (Table 4). The cis isomer was the
most stable in all cases. Note that the relative stability of the
cis/trans isomers depends on the electronic effect exerted by
the R substituent. The relative stability decreases when the
withdrawing character of R increases (4a and 10a vs 1a and
6a). However, the stereochemistry of the imidazolines (R,S
for complexes 1a, 4a ; R,R for complexes 6a, 10a) was
found to have no steric effect.


Synthesis and characterization and DFT calculations of cat-
ionic palladium(ii) complexes : The neutral complexes were
treated with NaBAr04 in the presence of acetonitrile to
obtain the cationic complexes [PdMe(NCMe)(N�N’)]BAr04
(5b±10b ; Scheme 2). They were completely characterized in
solution by NMR spectroscopy. The most significant signals
are those related to H6 for the ligand and to the Pd�Me and
Pd�NCMe fragments (Table 2). For complexes 5b±8b,
which contain electron-donating substituents, one set of sig-
nals is evident at room temperature. All signals are shifted
with respect to the free ligand, which indicates that coordi-
nation has taken place. For complexes 6b±8b, the signals of
the methyl and acetonitrile ligands coordinated to palladium
appear as singlets between 0.48 and 0.56, and 2.28 and
2.30 ppm, respectively (Table 2). These shifts are indicative
of cis stereoisomers.[34] In the case of 5b, the Pd�Me signal
is subject to the effect of the cyano-substituted pyridine ring
in the trans position and appears further downfield
(0.90 ppm). By irradiating the signal of the methyl group
bound to palladium, an NOE interaction with H4’ of the imi-
dazoline ring became evident. For complexes 5b±8b, this
confirmed the presence of only one species in solution,
whose Pd�Me bond is cis to the imidazoline ring
(Scheme 2).


In contrast, 9b and 10b showed two sets of resonances in
solution at room temperature, in both the aromatic and the
aliphatic parts of the spectra (Table 2). COSY experiments
together with selective irradiation of the aromatic signals
confirmed the presence of cis/trans stereoisomers in ratios
of 3:1 for 9b and 2:1 for 10b.


Although crystals suitable for structure determination
were not obtained for the cationic complexes, the structural
parameters for the cis and trans isomers of the cationic com-
plexes 1b, 4b, 6b, and 10b (as representative examples)


were determined by means of DFT calculations. No great
differences were found between the molecular structures of
the cationic complexes and those of the neutral complexes
described above.[39] The most significant feature is found in
the N2�C7 and N3�C7 bond lengths (see Figure 4 for num-
bering). Both bond lengths are sensitive to the R substitu-
ents, as was found for the neutral complexes. The values in-
dicate that when R=H, the N2�C7 and N3�C7 distances
are similar because of electronic delocalization through the
amidine fragment (e.g., for cis-1b : 1.310 vs 1.306 ä, respec-
tively). When R=Tf, the N2�C7 distance is shorter than the
N3�C7 distance (e.g., for cis-4b : 1.306 vs 1.407 ä, respec-
tively). The same effect can be observed in the case of 6b
and 10b. However, these bond lengths are not as different
in the cationic complexes as in the neutral complexes.
Therefore, in the cationic complexes conjugation between
the imine and amine moieties in the imidazoline moiety is
more pronounced than in the neutral complexes. This is in
agreement with the fact that the electrophilicity is expected
to be higher for a cationic complex than for a neutral one.


The relative energy of the cis/trans isomers was also calcu-
lated for complexes 1b, 4b, 6b and 10b (Table 5). First, we


observed that for the cationic complexes the difference in
the relative energy of the stereoisomers is lower than that
calculated for the neutral complexes (Table 4). The cis
isomer was the most stable isomer for complexes 1b, 6b,
and 10b, while for 4b the two isomers were almost degener-
ate in energy and the trans form was slightly more stable.
Although these small energy differences may not be signifi-
cant, we note that they are in good agreement with what we
observed experimentally (see Scheme 2).


To sum up, for the cationic complexes 1b±5b, which bear
the (R,S)-pyridine±imidazoline ligands (4’,5’-cis stereochem-
istry), the coordination of the Me group to palladium is de-
termined by the electronic nature of the R substituents in
the imidazoline. Consequently the methyl group is always
trans to the less basic ring (pyridine for complexes 1b, 2b,
5b, and imidazoline for 3b and 4b). However, complexes
6b±10b, which bear the (R,R)-ligands (4’,5’-trans stereo-
chemistry), are always present as cis stereoisomers (the
single species for complexes 6b±8b, and the major one in a
mixture of isomers for 9b, 10b). Therefore, in the latter
case, both the electronic nature and the stereochemistry of
the ligand must be responsible for determining the stereo-
chemistry.


These small energy differences between the calculated
values for cis/trans isomers (Table 5) suggest that the two
isomers are in equilibrium. The sharpness of the NMR sig-
nals seems to exclude the presence of an equilibrium,[40] so
we considered that the stereochemistry of the complexes


Table 4. Relative stabilities of cis/trans isomers of complexes 1a/6a and
4a/10a [energies in kJmol�1].


Stereoisomer R=H R=Tf
1a 6a 4a 10a


cis 0.0 0.0 0.0 0.0
trans 14.6 12.1 2.9 6.3


Table 5. Relative stabilities of complexes 1b/6b and 4b/10b [energies in
kJmol�1].


Stereoisomer R=H R=Tf
1b 6b 4b 10b


cis 0.0 0.0 0.4 0.0
trans 8.8 5.0 0.0 2.5
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should be determined during their formation. Although a
full mechanistic study is beyond the scope of this paper, we
attempted to locate possible intermediates along the reac-
tion path to obtain some insight into the formation of the
cationic palladium stereoisomers (Scheme 2). The first ques-
tion that arises at this point is whether the mechanism that
forms these cationic complexes is associative or dissociative.
Several attempts to determine the geometry of a five-coor-
dinate intermediate (associative path), either a square-based
pyramid or trigonal bipyramid (see Scheme 3), failed and
led to ligand dissociation. We therefore concluded that an
associative mechanism is not plausible.


Hence, we considered dissociation of a ligand leading to a
three-coordinate species prior to acetonitrile coordination.
As was suggested in a recent study on similar pyridine±pyra-
zole ligands,[41] we considered a T-shaped intermediate cor-
responding to dissociation of the pyridine moiety (A in
Figure 6). The energy required to form A from its neutral
counterpart is calculated to be 83.6 kJmol�1, which is a rea-
sonable value for a barrier. The subsequent coordination of


acetonitrile provides different possibilities. To test some of
them, we considered complexes B and C (Figure 6), which
should involve ligand exchange (chloride by acetonitrile) in
an axial direction, perpendicular to the former square-
planar neutral complex. In both complexes we observed
square-planar coordination, with the pyridine (C) or imida-
zoline (B) moiety in the axial position. The energy differ-
ence between B and C is large enough to suggest that pyri-
dine dissociation is preferred. From complex C, the chloride
ligand should dissociate, and then coordination of the pyri-
dinic arm and reorganization leading to the square-planar
complex should follow. We propose that such intermediates
account for the structures obtained for the cationic com-
plexes. The combination of the electronic effects exerted by
these ligands with the steric hindrance that the phenyl rings
of the imidazoline moiety may impose on acetonitrile coor-
dination and on the reorganization step seems to be a plau-
sible explanation for the formation of only one isomer or
both isomers.


Synthesis and structure of cationic rhodium complexes 1c±
4c and 1d±4d : To obtain more information about the basici-
ties of pyridine±imidazoline ligands 1±4 (Scheme 1), we syn-
thesised a series of bis-carbonyl rhodium complexes and
measured their CO frequencies by IR spectroscopy. The re-
action of ligands 1±4 with [Rh(cod)2]BF4 in dichloromethane
resulted in the displacement of one molecule of 1,5-cyclooc-
tadiene to afford the cationic complexes [Rh(cod)(N�
N’)]BF4 (1c±4c). The 1H NMR spectra showed one set of
signals for the N ligand, but various broad signals for the co-
ordinated 1,5-cyclooctadiene (see Experimental Section).
Considering the C1 symmetry of the rhodium(i) cation, four
signals are expected for the olefinic protons, although flux-
ionality may restrict the number of signals observed. Inter-
estingly, the number of signals observed at room tempera-
ture for the olefinic protons depended on the substituent on
the N ligand. Low-temperature NMR spectroscopy showed


Scheme 3. Possible square-based pyramidal and trigonal-bipyramidal in-
termediates.


Figure 6. Selected intermediates for the dissociative pathway. [energies in kJmol�1].
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the expected four signals for the four complexes. This gives
further proof that modifying the remote substituent R tunes
the electronic nature of the pyridine±imidazolines.


Suitable crystals for X-ray diffraction were obtained for
complexes 2c and 3c. The X-ray structure shows the rhodi-
um atom with the expected square-planar coordination by
the N donors of the chelating pyridine±imidazoline ligand
and the two double bonds of 1,5-cyclooctadiene. Figures 7
and 8 show perspective views of 2c and 3c, respectively. The


Rh�C bonds (Table 6), which lie in a wide range (2.124(8)±
2.169(7) ä), and the alkene C�C bonds (av 1.38 ä) agree
with those found in other Rh(cod) complexes.[42] Taking
C1m and C5m as the midpoints of the alkene C=C bonds,
the calculated distances trans to N2 and N1 are Rh�C1m
2.008 and 2.009 ä, and Rh�C5m 2.033 and 2.047 ä, for 2c
and 3c, respectively. The coordination mean plane N1-N2-
C1m-C5m forms an angle close to 888 with the plane calcu-
lated through the alkene C atoms.


In both complexes the Rh�N1(pyridine) bond length is
slightly longer than the Rh�N2(imidazoline) bond length.


Moreover, the electronic effects exerted by the R group at
N3 are mainly evident in the imidazoline ring, rather than in
the metal coordination environment. In fact, in 2c the N2�
C14 and N3�C14 bond lengths of 1.324(7) and 1.336(8) ä
are consistent with delocalization in the N2-C14-N3 frag-
ment, while the corresponding values in 3c (1.283(8),
1.387(9) ä), induced by the tosyl group, indicate quite a
short double bond. The degree of delocalization across the
amidine is confirmed by the sums of the bond angles about
N3 of 359.58 in 2c versus 349.18 in 3c.


The chelating ligands are not coplanar, and the distortions
are very similar to those found in the Pd complexes with cis-
disposed phenyl groups.[34] The N1-C13-C14-N2 torsion
angles are �13.5(8)8 and �16.5(9)8 in 2c and 3c, respective-
ly, and the phenyl groups on the imidazoline ring avoid an
eclipsed conformation through torsion angles C23-C15-C16-
C17 of �16.9(7)8 (2c) and �26.9(9)8 (3c).


The X-ray structural data show that 1) significant distor-
tions in the imidazoline ring are induced by cis-disposed
phenyl rings; 2) the N atom in the imidazoline ring bearing
a benzyl substituent is planar and shows delocalization in
the amidine fragment, as was found with the methyl sub-
stituent (see 8a, Figure 7); and 3) the R substituent influen-
ces the coordination of the 1,5-cyclooctadiene trans to the
pyridine±imidazoline and not the direct coordination of the
imidazoline to the rhodium.


Bubbling CO through the reddish solutions of the diolefin
complexes displaced the cyclooctadiene ligand and formed
yellow solutions of the corresponding bis-carbonyl com-
plexes [Rh(N�N’)(CO)2]BF4 1d±4d (Scheme 4).[43] The
1H NMR spectra of the isolated complexes showed the dis-


Figure 7. ORTEP plot (40% probability thermal ellipsoids) of the molec-
ular structure of the cation of 2c.


Figure 8. ORTEP plot (40% probability thermal ellipsoids) of the molec-
ular structure of the cation of 3c.


Table 6. Selected bond lengths [ä] and angles [8] for 2c and 3c.[a]


2c 3c


Rh�N1 2.099(5) 2.112(6)
Rh�N2 2.078(5) 2.090(6)
Rh�C1 2.124(8) 2.125(7)
Rh�C2 2.139(7) 2.131(7)
Rh�C5 2.139(6) 2.169(7)
Rh�C6 2.147(6) 2.152(7)
Rh�C1m 2.008 2.009
Rh�C5m 2.033 2.047
N2�C14 1.324(7) 1.283(8)
N2�C16 1.484(7) 1.502(8)
N3�C14 1.336(8) 1.387(9)
N3�C15 1.483(8) 1.496(8)
N3�C29 1.480(8) ±
N3�S1 ± 1.692(5)
C1�C2 1.393(10) 1.375(10)
C5�C6 1.378(10) 1.363(11)
N1-Rh-N2 78.2(2) 77.9(2)
C1m-Rh-C5m 87.41 87.32
N3-C29-C30 112.0(5) ±
N3-S1-C29 ± 105.7(3)
N1-C13-C14-N2 �13.5(8) �16.5(9)
C23-C15-C16-C17 �16.9(7) �26.9(9)
C29-N3-C15-C23 62.8(7) ±
S1-N3-C15-C23 ± 110.4(6)
Dihedral angle py/im 16.2(3) 14.9(4)


[a] C1m and C5m are the midpoints of the C1�C2 and C5�C6 bonds, re-
spectively.
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appearance of the signals of 1,5-cyclooctadiene together
with a shift of the pyridine±imidazoline signals.


Table 7 lists the CO stretching frequencies of the carbonyl
complexes. All the complexes show two bands, assigned to
cis-bis-carbonyl complexes.[43] The frequencies increase in
the order 1<2<3<4, that is, the basicity of the nitrogen li-
gands coordinated trans to the carbonyls decreases in this
order.


Copolymerization of carbon monoxide and 4-tert-butylstyr-
ene : The copolymerization conditions for isolated com-
plexes 5b±10b were identical to those used for precatalysts
1b±4b,[28] as shown in Table 8. Complexes 6b±10b give rise


to efficient catalysts, while 5b is inactive. The presence of
the cyano substituent ortho to the coordinating N atom in
ligand 5 (Scheme 1), seems to cause enough sterical hin-
drance to interfere with the chain-growth sequence. A simi-
lar behavior was reported for Pd complexes containing 2,9-
substituted phenanthrolines and 6-substituted bipyridines.[44]


Interestingly, complexes 6b±
10b show higher stability in
solution during copolymeriza-
tion than the corresponding
1b±5b. However, the most sur-
prising feature of these cata-
lysts is their disparate produc-
tivity, given the similarity of
the N ligands. For catalysts
6b±10b, containing the (R,R)-
pyridine±imidazoline ligands,
higher productivities are ob-


tained with the less basic systems (9b and 10b are more pro-
ductive than 6b±8b). However, for catalysts 1b±4b, contain-
ing the (R,S)-ligands, the differences in productivity are less
significant. The high productivity observed for complex 9b,
which is an order of magnitude higher than that obtained
with other pyridine±imidazoline-derived catalysts (entry 9 vs
1), is noteworthy. The amount of copolymer produced by
this system falls in the range of the productivities obtained
with the most active systems reported for CO/styrene co-
polymerization under mild conditions.[15,17]


The size of the polyketones obtained with the new precur-
sors are related to the productivity of the catalyst systems
(Table 9). Catalysts 9b and 10b yield polyketones with mo-
lecular weights up to Mw=76500 gmol�1, while the more
basic catalysts lead to shorter polyketones (Mw�
20000 gmol�1). The tacticity of the polyketones was ana-
lyzed by integrating the 13C NMR spectra in the
CH(Ph)CH2 region (Figure 9). The electronic nature of the
substituent in the imidazoline moiety in complexes 1b±4b,
influenced the stereoregularity of the polymers (see 1b vs
4b in Figure 9). Catalysts 1b and 2b, which show cis stereo-
chemistry, provided the higher percentage of l diads (up to
65%), while catalysts 3b and 4b yielded essentially syndio-
tactic copolymers. With catalysts 6b±10b this effect was less
significant, and the content of l diads of the polyketones
ranged between 23 and 37% (Table 9). Therefore, a prevail-
ing syndiotactic microstructure was obtained with precursors
6b±10b, as previously reported for a similar pyridine±oxazo-
line ligand.[15,21]


According to the results previously reported,[15,21] the syn-
diotacticity observed should be produced by chain-end con-
trol, which overcomes the enantiosite control created by the
chiral ligand. However since a different behavior is observed
for the catalysts containing 4’,5’-cis and -trans imidazolines,
we more closely examined the reactivity of the latter to-
wards CO.


Insertion of carbon monoxide into the palladium cationic
complexes : Cationic complexes 6b±10b were carbonylated
in CD2Cl2 solution by bubbling CO for five minutes at
273 K. Selected 1H and 13C NMR data (Table 10) indicate
selective formation of acyl carbonyl complexes
[Pd(COMe)(CO)(N�N’)]BAr04 (11±15), which result from in-
sertion of CO into the Pd�Me bond (Scheme 5). The
1H NMR spectra at 273 K show two new signals (e.g., for
7b+CO: d=1.72, 1.97 ppm) in the aliphatic region corre-
sponding to Pd�COMe and acetonitrile, respectively. The


Scheme 4. Synthesis of the RhI complexes 1c±4c, 1d±4d.


Table 7. Selected IR data for [Rh(CO)2(N�N’)]BF4 complexes in di-
chloromethane.


Ligand n(CO) [cm�1] Ligand n(CO) [cm�1]


1 2093, 2030 2 2093, 2033
3 2104, 2045 4 2106, 2050


Table 8. CO/4-tert-butylstyrene copolymerization with complexes 1b±
10b.[a]


Entry Cat. Productivity Mw % l
gCP(gPd)�1h�1 (Mw/Mn) diads


1[b] 1b 2 46400 (1.1)[c] 65
2 2b 8.9 74600 (1.5)[c] 52
3 3b 7 71100 (1.2)[c] 15
4 4b 12.8 59600 (1.5)[c] 18.4
5 5b ± ± ±
6 6b 3.4 20600 (1.2)[d] 37.3
7 7b 4 n.d.[e] 26.4
8 8b 5 17600 (1.3)[d] 34.5
9 9b 27.2 76600 (1.4)[d] 30.2
10 10b 14.6 52400 (2.0)[d] 23


[a] Reaction conditions: ncat=12.5 mmol; TBS/cat.=620; room tempera-
ture; 1 atm CO; solvent: 5 mL chlorobenzene; t=24 h. [b] ncat=8.3 mmol.
[b] Determined by SEC-MALLS in THF. [d] Determined by GPC in
THF relative to polystyrene standards. [e] n.d.=not determined.
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13C NMR spectra at 273 K show two signals (e.g., for 7b+
CO: d=174 and 210.5 ppm) corresponding to Pd�CO and
Pd�COMe, respectively.[14]


Variable-temperature NMR
experiments were performed
in the range 263±183 K for all
acyl carbonyl complexes. Com-
plexes 11±14 showed sharp sig-
nals over the entire tempera-
ture range, that is, they are
single isomers. In the case of
15, the broad signal at
2.05 ppm corresponding to the
acyl group disappeared at
233 K. Two doublets became
evident at 183 K (at 1.56 and
2.69 ppm; major and minor iso-
mers of 15, respectively). In
the 13C NMR spectrum the ini-
tial two signals at 273 K (at
173.2 and 207.2 ppm) became
four at 183 K (172.3 and 208.2
for 15 major, 170.3 and 212.9
for 15 minor), as expected for
the presence of two acyl car-
bonyl species. This indicates
the presence of cis/trans equi-
librium for acyl carbonyl com-
plex 15 (Scheme 5).


The intermediates of the mi-
gratory carbon monoxide inser-
tion were detected in two addi-


tional experiments with complexes 8b and 9b (Table 10).
After CO bubbling at 273 K the tube was carefully placed in
the probe without shaking, so that the carbon monoxide
could slowly diffuse into the solution. Three more signals in
the 1H NMR and two more in the 13C NMR spectrum were
observed corresponding to the two intermediate species,
which were unequivocally assigned in both cases: the methyl
carbonyl (e.g., for 8b+CO: d(1H)=0.86 ppm, d(13C)=
176.3 ppm) and acyl acetonitrile species (e.g., for 8b+CO:
d(1H)=1.52 and 2.35 ppm (due to coordinated acetonitrile),
d(13C)=219.9 ppm).[14]


The stereochemistry of the acyl carbonyl complexes could
not be unequivocally assigned by NOE difference experi-
ments for all the complexes, since in most of the cases inter-
actions were too weak at lower temperatures. Only in the
case of complex 12 could cis stereochemistry clearly be con-
firmed, on the basis of NOE interactions between the acyl
protons and H4’ of the imidazoline moiety. As in the case of
the cationic complexes 1b±10b, whose Pd�Me and Pd�
NCMe chemical shifts can be used to establish their stereo-
chemistry, the similarity of the Pd�COMe shifts for com-
plexes 11±14 and 15 (major) suggest that they all have the
same stereochemistry.


Conclusion


Modular pyridine±imidazoline ligands 1±10 make it possible
to study how the structure of N�N’ ligands influence palladi-
um-catalyzed CO/styrene copolymerization. The basicity of


Table 9. Selected 1H and 13C NMR resonances for the reaction of complexes 6b±10b with 13CO.[a]


T


1H NMR
6b+CO 273 0.51 n.o. n.o. 1.72


183 1.53
7b+CO 273 0.49 n.o. n.o. 1.72


183 1.55
8b+CO 273 0.44 0.86 1.52 (d) 1.69


183 1.52
9b+CO 273 M: 0.52 0.90 1.46 (d) 1.62


m: 1.04
183 1.36


10b+CO 273 M: 0.72 n.o. n.o. 2.05 (br)
m: 1.15


183 M: 1.56
m: 2.69 (br)


13C NMR
6b+CO 183 n.o. n.o. 173.2, 211.6
7b+CO 273 174.0, 210.5


183 173.1, 213.3
8b+CO 273 176.3 219.9 174.1, 210.4


183 173.4, 212.7
9b+CO 273 175.0 215.4 173.2, 206.6


183 172.5, 208.2
10b+CO 273 n.o. n.o. 173.2 (br), 207.2 (br)


183 M:172.3, 208.2
m: 170.3, 212.9


[a] NMR spectra recorded in CD2Cl2; n.o.: not observed. M: major isomer, m: minor isomer.


Figure 9. Comparative 13C NMR spectra in the region of the methylene
carbon atom of copolymers obtained using the complexes indicated. The
reference is an epimerized copolymer.
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the ligands can be tailored by changing the nature of the
remote R substituents on the imidazoline moiety. Modifying
the ligand stereochemistry ((R,R)-4’,5’-trans instead of
(R,S)-4’,5’-cis) leads to imidazolines with smaller degrees of
distortion, as shown by X-ray diffraction. Both structural
changes are reflected in the coordination to palladium and
rhodium in solution and in the solid state. Density function-
al calculations on palladium complexes reproduced the ex-
perimental observations well.


While all the neutral [PdClMe(N�N’)] complexes are ob-
tained as single cis isomers, the stereochemistry of the cat-


ionic complexes [PdMe(NCMe)-
(N�N’)]BAr04 depends on the
pyridine±imidazoline ligands.
Cationic complexes with more
basic imidazolines (R=H, Bn,
Me) are cis isomers, but com-
plexes bearing less basic li-
gands (R=Ts, Tf) can be pres-
ent as single trans isomers or
as mixtures of isomers, de-
pending on the stereochemistry
of the imidazoline moiety. This
is confirmed by DFT calcula-
tions, which show that the elec-
tronic effect of the R substitu-
ent has an influence on the rel-
ative stability of the cationic
cis and trans isomers; this de-
creases when the electron-
withdrawing character of R in-
creases.


Copolymerization data sug-
gest that the structural ligand
modifications mentioned above
influence the productivity of
the catalyst and the stereoregu-
larity of the polymer. Greater
stability against reduction
during polymerization is ob-
served for the systems contain-
ing the less distorted (R,R)-
4’,5’-trans imidazolines, al-
though this does not necessari-
ly lead to higher productivity.
Here the basicity of the imida-
zolines also plays an important
role: the less basic ligands lead
to the most active precursors,
probably due to favorable sty-
rene coordination and inser-
tion. The microstructure of the
polyketones obtained with the
complexes bearing (R,S)-4’,5’-
cis imidazolines depends on
the electronic nature of the
ligand. When (R,R)-4’,5’-trans
imidazolines are used, how-
ever, syndiotactic polyketones


are always obtained, which indicates that chain-end control
is more effective than enantiosite control. The size of the
polymers does not seem to depend on the structural features
of the nitrogen ligands.


Experimental Section


General procedures : All reactions were carried out under nitrogen at-
mosphere at room temperature by using standard Schlenk techniques.
Solvents for synthetic purposes were distilled under nitrogen. Solvents


Table 10. Crystal data and details of structure refinement for compounds 2c, 3c, 8a, and 9a’.


compound 2c 3c 8a 9a’¥CH2Cl2


formula C35H35BF4N3Rh C35H35BF4N3O2RhS C22H22ClN3Pd C28H25Cl4N3O2PdS
Mr [gmol�1] 687.38 751.44 470.28 715.77
crystal system monoclinic monoclinic orthorhombic triclinic
space group P21/n P21/c P212121 P1≈


a [ä] 11.068(3) 15.071(3) 11.335(3) 9.481(3)
b [ä] 25.636(5) 10.445(5) 13.280(4) 10.207(3)
c [ä] 11.581(4) 20.830(4) 13.327(4) 16.059(4)
a [8] 101.71(2)
b [8] 105.25(2) 99.86(2) 95.82(2)
g [8] 108.38(2)
V [ä3] 3170.3(15) 3230.5(18) 2006.1(10) 1421.0(7)
Z 4 4 4 2
1calcd [g cm


�3] 1.440 1.545 1.557 1.673
m(MoKa) [mm�1] 0.591 0.654 1.069 1.135
T [K] 293(2) 293(2) 150(2) 150(2)
F(000) 1408 1536 952 720
q range [8] 2.27±26.02 1.98±25.02 2.36±27.10 2.24±27.10
reflns collected 9764 10603 4678 9780
unique reflns 5285 5604 4252 5805
R(int) 0.0498 0.0709 0.0363 0.0707
observed reflns [I>2s(I)] 3202 3483 3681 4239
refined parameters 397 453 246 353
Flack parameter ± ± �0.04(6) ±
GOF on F2 1.007 1.038 1.076 1.048
R1 [I>2s(I)][a] 0.0594 0.0554 0.0539 0.0635
wR2 [I>2s(I)][a] 0.1579 0.1402 0.1478 0.1914
residuals [eä�3] 0.942, �0.449 0.614, �0.540 1.137,[b] �1.011 1.407,[b] �1.043


[a] R1=� j jFo j� jFc j j /� jFo j , wR2= [�w(F2
o�F2


c)
2/�w(F2


o)
2]1/2. [b] Close to Pd ion.


Scheme 5. Carbonylation of the cationic palladium compounds 6b±10b. M: major isomer; m: minor isomer.
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for spectroscopy were used without further purification. Carbon monox-
ide (labeled and unlabeled, CP grade, 99%) was supplied by Aldrich.
[PdClMe(cod)],[35] NaBAr04 (Ar’=3,5-(CF3)2C6H3),


[45] and [Rh(cod)2]-
BF4


[46] were prepared according to reported methods. 1H and 13C NMR
spectra were recorded on a Varian Gemini spectrometer with a 1H reso-
nance frequency of 300 MHz and a 13C frequency of 75.4 MHz and on a
Varian Mercury VX spectrometer with a 1H resonance frequency of
400 MHz and a 13C frequency of 100.5 MHz. The resonances were refer-
enced to the solvent peak versus TMS (CDCl3 at d=7.26 ppm for 1H and
d=77.23 ppm for 13C, CD2Cl2 at d=5.32 ppm for 1H and d=54.0 ppm for
13C). The NOE experiments were run with a 1H pulse of 12 ms (300 MHz)
or 13.3 ms (400 MHz). Two-dimensional correlation spectra (gCOSY)
were obtained with the automatic program of the instrument. Elemental
analyses were carried out on a Carlo Erba Microanalyser EA 1108. MS
(FAB+ ) were obtained on a Fisons V6-Quattro instrument. The molecu-
lar weights and molecular weight distributions of the copolymers were
determined by size-exclusion chromatography on a Waters 515-GPC
device using a lineal Waters Ultrastyragel column with a Waters 2410 re-
fractive index detector versus polystyrene standards.


Synthesis of ligands


Compound 5 : 2,6-Dicyanopyridine (100 mg, 0.77 mmol) was treated with
meso-1,2-diphenylethylenediamine (164 mg, 0.77 mmol) in chlorobenzene
(5 mL) in the presence of Yb(OTf)3 (46 mg, 0.14 mmol). The mixture was
stirred for 24 h under reflux. The desired product was separated from the
bis-imidazoline product[30] by column chromatography in 20% yield. Rf=


0.41 (hexane/ethyl acetate 1:2). 1H NMR (300 MHz, CDCl3, RT): d=8.58
(d, 3J=7.8 Hz, 1H; H5), 7.99 (t, 3J=7.8 Hz, 1H; H4), 7.83 (d, 3J=7.8 Hz,
1H; H3), 7.04±6.95 (m, 10H; Ph), 6.49 (s, 1H; NH), 5.58 ppm (br, 2H;
H4’, H5’); 13C NMR (75.4 MHz, CDCl3, RT): d=162.5 (s, C2), 150.0 (s,
C2’), 138.4 (s, C6), 130.2 (s, C3±C5), 130.0 (s, C3±C5), 127.9±127.1 (Ph),
126.2 (s, C3�5), 117.0 (s, C�N), 67.0 ppm (br, C4’, C5’); elemental analysis
calcd (%) for C21H16N4 (324.4): C 77.76, H 4.97, N 17.27; found: C 77.52,
H 4.93, N 17.21.


Compound 6 : 2-Cyanopyridine (500 mg, 2.36 mmol) was treated with
(1R,2R)-1,2-diphenylethylenediamine (228 mg, 2.21 mmol) in chloroben-
zene (10 mL) in the presence of Yb(OTf)3 (50 mg, 0.16 mmol). The mix-
ture was stirred for 72 h under reflux. The resulting mixture was evapo-
rated to dryness, dissolved in CH2Cl2, and washed with three portions of
H2O (15 mL). The organic layers were extracted, dried over MgSO4, and
evaporated to give a light-colored solid. Recrystallization from CH2Cl2/
hexane afforded white crystals in 84% yield. 1H NMR (300 MHz, CDCl3,
RT): d=8.64 (d, 3J=5.4 Hz, 1H; H6), 8.35 (d, 3J=8 Hz, 1H; H3), 7.85 (t,
3J=8 Hz, 1H; H4), 7.44 (dd, 3J=8, 3J=5.4 Hz, 1H; H5), 7.36±7.31 (m,
10H; Ph), 5 (s, 2H; H4’, H5’); 13C NMR (75.4 MHz, CDCl3, RT): d=162.7
(s, C2), 149 (s, C6), 148.5 (s, C2’), 143.3 (s, Ph), 136.9 (s, C4), 128.9±126.8
(Ph), 125.6 (s, C5), 123 (s, C3), 75.6 (s, C4’, C5’); elemental analysis calcd
(%) for C20H17N3 (299.4): C 80.24, H 5.72, N 14.04; found: C 80.09, H
5.66, N 13.97.


Compound 7: Compound 6 (100 mg, 0.33 mmol) was dissolved in THF
(3 mL) and treated with NaH (9.5 mg, 0.4 mmol) for 1 h. Benzyl bromide
(42.5 mL, 0.36 mmol) was added dropwise to the reaction mixture at
room temperature. After 5 h, evaporation gave a brown paste which was
purified by column chromatography to yield a white solid in 71% yield.
Rf=0.10 (hexane/ethyl acetate 1:1). 1H NMR (400 MHz, CDCl3, RT): d=
8.72 (ddd, 3J=5.5, 4J=1.5, 5J=1.3 Hz, 1H; H6), 8.17 (dt, 3J=8, 4J=
1.3 Hz, 1H; H3), 7.83 (ddd, 3J=8, 3J=5.5, 4J=1.5 Hz, 1H; H4), 7.4 (m,
1H; H5), 7.35- 6.97 (m, 15H; Ph), 5.63 (d, 3J=15.6 Hz, 1H; CH2), 5.0 (d,
3J=9.6 Hz, 1H; H4’ or H5’), 4.42 (d, 3J=9.6 Hz, 1H; H5’ or H4’), 3.95 ppm
(d, 3J=15.6 Hz, 1H; CH2);


13C NMR (100.5 MHz, CDCl3, RT): 148.9 (s,
C6), 137.1 (s, C4), 129.1±127.2 (Ph), 125.4 (s, C3 or C5), 124.9 (s, C5 or C3),
77.9 (s, C4’ or C5’), 73.6 (s, C5’ or C4’), 49.1 ppm (s, CH2); elemental analy-
sis calcd (%) for C27H23N3 (389.5): C 83.26, H 5.95, N 10.79; found: C
83.02, H 5.92, N 10.74.


Compound 8 : This compound was prepared in a similar way to 7 but
with MeI as the electrophile, as reported for its enantiomer.[23] 1H NMR
(300 MHz, CDCl3, RT): d=8.59 (d, 3J=3.6 Hz, 1H; H6), 7.99 (d, 3J=
7.9 Hz, 1H; H3), 7.70 (td, 3J=7.9, 4J=1.5 Hz, 1H; H4), 7.28±7.15 (m,
11H; H5, 2Ph), 4.86 (d, 3J=10.5 Hz, 1H; H4’ or H5’), 4.25 (d, 3J=10.5 Hz,
1H; H4’ or H5’), 2.88 ppm (s, 3H; CH3N); elemental analysis calcd (%)


for C21H19N3 (313.4): C 80.48, H 6.11, N 13.41; found: C 80.66, H 6.09, N
13.33.


Compound 9 : A solution of p-toluenesulfonyl chloride (75.7 mg,
0.4 mmol) was added dropwise to a solution of 6 (100 mg, 0.33 mmol)
and 4-(dimethylamino)pyridine (73.1 mg, 0.6 mmol) in dichloromethane
(3 mL) at 273 K. The reaction mixture was allowed to warm to room
temperature and stirred for 5 h. Evaporation of the mixture gave a
yellow solid that was purified by column chromatography to obtain a
white solid in 77% yield. Rf=0.54 (hexane/ethyl acetate 1/1); 1H NMR
(400 MHz, CDCl3, RT): d=8.62 (d, 3J=5 Hz, 1H; H6), 7.96 (d, 3J=
7.4 Hz, 1H; H3), 7.84 (t, 3J=7.4 Hz, 1H; H4), 7.43 (dd, 3J=7.4, 3J=5 Hz,
1H; H5), 7.39±7.09 (m, 14H; Ph), 5.36 (d, 3J=4.8 Hz, 1H; H4’ or H5’),
5.17 (d, 3J=4.8 Hz, 1H; H5’ or H4’), 2.39 ppm (s, 3H; CH3);


13C NMR
(100.5 MHz, CDCl3, RT): d=158.5 (s, C2), 148.6 (s, C6), 136.5 (s, C4),
129.1±126.4 (Ph), 125.3 (s, C5), 124.9 (s, C3), 78.6 (s, C4’ or C5’), 72.1 (s, C5’


or C4’), 21.9 ppm (s, CH3); elemental analysis calcd (%) for C27H23N3O2S
(453.6): C 71.50, H 5.11, N 9.26; found: C 70.88, H 5.24, N 9.24.


Compound 10 : Similar to the synthesis of 9 but with trifluoromethanesul-
fonic anhydride as the electrophile. Purification was performed by
column chromatography with ethyl acetate as eluent. Rf=0.89; 1H NMR
(400 MHz, CDCl3, RT): d=8.71 (dd, 3J=4.8, 4J=1.7 Hz, 1H; H6), 8.01
(d, 3J=7.7 Hz, 1H; H3), 7.85 (td, 3J=7.7, 4J=1.7 Hz, 1H; H4), 7.48±7.31
(m, 11H; H5, 2Ph), 5.45 (d, 3J=3.8 Hz, 1H; H4’ or H5’), 5.37 ppm (d, 3J=
3.8 Hz, 1H; H5’ or H4’); 13C NMR (100.5 MHz, CDCl3, RT): 156.0 (s, C2),
148.8 (s, C6), 147.9 (s, C2’), 139.9 (s, Ph), 139.4 (s, Ph), 136.7 (s, C4), 129.3±
126.2 (Ph), 125.8 (s, C5), 124.5 (s, C3), 78.9 (s, C5’ or C4’), 72.8 ppm (s, C4’


or C5’); elemental analysis calcd (%) for C21H16N3F3O2S (431.4): C 58.46,
H 3.74, N 9.74; found: C 58.52, H 3.70, N 9.69%.


Synthesis of [PdClMe(N�N’)] (5a±10a): The ligand (5±10) was added in
stoichiometric amount to a solution of [PdClMe(cod)] (50 mg, 0.3 mmol)
in toluene (5 mL). The solution was stirred at room temperature for 1 h
to give a yellow precipitate in 67% average yield. The precipitate was
then collected by filtration and washed with Et2O.


Compound 5a : 1H NMR (400 MHz, [D6]acetone, RT): 8.55 (d, 3J=
7.7 Hz, 1H; H5), 8.46 (s, 1H; NH), 8.32 (t, 3J=7.7 Hz, 1H; H4), 8.12 (d,
3J=7.7 Hz, 1H; H3), 7.26±6.85 (m, 10H; Ph), 5.72 (d, 3J=11.2 Hz, 1H;
H5’), 5.53 (d, 3J=11.2 Hz, 1H; H4’), 0.72 ppm (s, 3H; PdCH3).


Compound 6a : 1H NMR (400 MHz, CDCl3, RT): d=8.82 (d, 3J=4.7 Hz,
1H; H6), 8.60 (s, 1H; NH), 8.41 (d, 3J=7.8 Hz, 1H; H3), 7.75 (td, 3J=7.8,
4J=1.9 Hz, 1H; H4), 7.41 (dd, 3J=7.8, 3J=4.7 Hz, 1H; H5), 7.28±7.16 (m,
10H; Ph), 4.90 (d, 3J=6.8 Hz, 1H; H4’), 4.83 ppm (d, 3J=6.8 Hz, 1H;
H5’), 0.34 (s, 1H; PdCH3);


13C NMR (100.5 MHz, CDCl3, RT): d=149 (s,
C6), 138.6 (s, C4), 129.2±126.2 (Ph), 128.4 (s, C5), 124.3 (s, C3), 76.6 (s, C4’),
70.3 (s, C5’), �8.6 ppm (s, PdCH3); elemental analysis calcd (%) for
C21H20N3ClPd (456.3): C 55.28, H 4.42, N 9.21; found: C 55.59, H 4.47, N
9.30.


Compound 7a : 1H NMR (400 MHz, CDCl3, RT): d=9.26 (d, 3J=5 Hz,
1H; H6), 7.87 (t, 3J=7.8 Hz, 1H; H4), 7.76 (d, 3J=7.8 Hz, 1H; H3), 7.63
(dd, 3J=7.8, 3J=5 Hz, 1H; H5), 5.15 (d, 3J=6.4 Hz, 1H; H4’), 5.02 (d,
2J=17.2 Hz, 1H; CH2), 4.64 (d, 3J=6.4 Hz, 1H; H5’), 4.42 (d, 2J=
17.2 Hz, 1H; CH2), 0.52 ppm (s, 3H; PdCH3);


13C NMR (100.5 MHz,
CDCl3, RT): 150.8 (s, C6), 138.3 (s, C4), 129.7±129.1 (Ph), 128.4 (s, C5),
127.2±126 (Ph), 123.5 (s, C3), 76.8 (s, C5’), 74.3 (s, C4’), 50.4 (s, CH2),
�3.4 ppm (s, PdCH3); elemental analysis calcd (%) for C28H26N3ClPd
(546.4): C 61.55, H 4.80, N 7.70; found: C 60.50, H 4.73, N 7.48.


Compound 8a : 1H NMR (400 MHz, CDCl3, RT): d=9.28 (d, 3J=4.8 Hz,
1H; H6), 8.03 (m, 2H; H3, H4), 7.67 (q, 3J=4.8 Hz, 1H; H5), 7.46- 7.25
(m, 10H; Ph), 5.04 (d, 3J=7 Hz, 1H; H4’), 4.58 (d, 3J=7 Hz, 1H; H5’),
3.26 (s, 3H; NCH3), 0.48 (s, 3H; PdCH3);


13C NMR (100.5 MHz, CDCl3,
RT): d=150.8 (s, C6), 138.1 (s, C4), 129.7 (s, Ph), 129.3 (s, C5), 129.0 (s,
Ph), 128.1 (s, Ph), 126.8 (s, Ph), 126.2 (s, Ph), 123.5 (s, C3), 79.5 (s, C4’ or
C5’), 73.9 (s, C5’ or C4’), 35.5 (s, CH3), �7.1 ppm (s, PdCH3); elemental
analysis calcd (%) for C22H22N3ClPd (470.3): C 56.18, H 4.72, N 8.93;
found: C 56.30, H 5.01, N 8.87.


Compound 9a : 1H NMR (400 MHz, CDCl3, RT): d=9.24 (d, 3J=4 Hz,
1H; H6), 8.72 (d, 3J=8 Hz, 1H; H3), 8.09 (td, 3J=8, 4J=1.6 Hz 1H; H4),
7.80 (m, 1H; H5), 7.49±6.91 (m, 14H; Ph), 5.31 (d, 3J=5.6 Hz, 1H; H4’),
5.19 (d, 3J=5.6 Hz, 1H; H5’), 2.44 (s, 3H; CH3), 0.55 ppm (s, 3H;
PdCH3);


13C NMR (100.5 MHz, CDCl3, RT): d=150.4 (s, C6), 138.3 (s,
C4), 130.6±125.5 (C3, C5, Ph), 74.7 (s, C4’ or C5’), 73.7 (s, C5’ or C4’), 22.1 (s,
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CH3), �4.9 ppm (s, PdCH3); elemental analysis calcd (%) for
C28H26N3ClO2PdS (610.5): C 55.09, H 4.29, N 6.88; found: C 55.17, H
4.32, N 6.74.


Compound 10a : 1H NMR (400 MHz, CDCl3, RT): d=9.29 (d, 3J=4.7 Hz,
1H; H6), 8.22 (d, 3J=7.7 Hz, 1H; H3), 8.10 (td, 3J=7.7 Hz, 4J=1.7 Hz,
1H; H4), 7.84 (dd, 3J=7.7 Hz, 3J=4.7 Hz, 1H; H5), 7.47±7.35 (m, 10H;
Ph), 5.55 (d, 3J=1.8 Hz, 1H; H4’), 5.43 (d, 3J=1.8 Hz, 1H; H5’), 0.75 ppm
(s, 3H; PdCH3);


13C NMR (100.5 MHz, CDCl3, RT): d=150.5 (s, C6),
138.4 (s, C4), 130.1 (s, C5), 130.0 (s, Ph), 129.6 (s, Ph), 129.5 (s, C3), 125.8
(s, Ph), 125.4 (s, Ph), 75.8 (s, C4’ or C5’), 75.5 (s, C5’ or C4’), �3.7 ppm (s,
PdCH3); elemental analysis calcd (%) for C22H19N3ClF3O2PdS (588.3): C
44.91, H 3.26, N 7.14; found: C 44.80, H 3.42, N 7.20.


Synthesis of [PdMe(NCMe)(N�N’)]BAr04 (5b±10b): A stoichiometric
amount of NaBAr04 was added together with MeCN (0.5 mL) to a solu-
tion of [PdClMe(N�N’)] (0.3 mmol) in CH2Cl2 (5 mL). The light yellow
solution that formed was stirred for 1 h, filtered through kieselghur, and
evaporated to dryness. The light yellow compounds were crystallized
from CH2Cl2/hexane in 76% average yield.


Compound 5b : 1H NMR (400 MHz, CDCl3, RT): d=9.05 (s, 1H; NH),
7.91 (m, 2H; H4, H5), 7.79 (s, 3J=7.6 Hz, 1H; H3), 7.69 (s, 8H; Hb), 7.51
(s, 4H; Hd), 7.13±6.79 (m, 10H; Ph), 5.70 (d, 3J=11.2 Hz, 1H; H5’), 5.50
(d, 3J=11.2 Hz, 1H; H4’), 2.33 (s, 3H; PdNCCH3), 0.90 ppm (s, 3H;
PdCH3).


Compound 6b : 1H NMR (400 MHz, CDCl3, RT): d=8.34 (d, 3J=4.8 Hz,
1H; H6), 7.84 (t, 3J=8 Hz, 1H; H4), 7.70 (s, 8H; Hb), 7.64 (d, 3J=8 Hz,
1H; H3), 7.45 (s, 4H; Hd), 7.43±7.20 (m, 11H; H5, 2Ph), 6.31 (s, 1H;
NH), 5.05 (d, 3J=7 Hz, 1H; H4’), 4.96 (d, 3J=7 Hz, 1H; H5’), 2.30 (s, 3H;
PdNCCH3), 0.56 ppm (s, 3H; PdCH3);


13C NMR (100.5 MHz, CDCl3,
RT): d=161.6 (q, 1J (C-B)=197.2 Hz, Ca), 149.2 (s, C6), 139.9 (s, C4),
134.8 (s, Cb), 129.8 (s, Ph), 129.7 (s, Ph), 129.5 (s, Ph), 129.4 (s, Ph), 129.2
(m, Ce), 128.9 (s, C5), 126.1 (s, Ph), 123.3 (s, C3), 117.6 (s, Cd), 76.6 (s, C4’),
70.7 (s, C5’), 3.4 (s, PdNCCH3), �3.1 ppm (s, PdCH3); MS (FAB): m/z :
703.2 [M�Me�NCMe+6]2+ , 404.1 [M�Me�NCMe]+ , 298.1 [6]+ ; ele-
mental analysis calcd (%) for C55H35N4BF24Pd (1325.1): C 49.85, H 2.66,
N 4.23; found: C 50.02, H 2.60, N 4.14.


Compound 7b : 1H NMR (400 MHz, CDCl3, RT): d=8.38 (d, 3J=4 Hz,
1H; H6), 7.84 (m, 2H; H4, H5), 7.70 (s, 8H; Hb), 7.51 (s, 4H; Hd), 7.45±
7.02 (m, 16H; H3, 15Ph), 5.05 (d, 3J=5.6 Hz, 1H; H4’), 5.02 (d, 3J=
17.2 Hz, 1H; CH2), 4.72 (d, 3J=5.6 Hz, 1H; H5’), 4.46 (d, 3J=17.2 Hz,
1H; CH2), 2.28 (s, 3H; PdNCCH3), 0.54 ppm (s, 3H; PdCH3);


13C NMR
(100.5 MHz, CDCl3, RT): d=161.7 (q, 1JC-B=197.2 Hz, Ca), 149.6 (s, C6),
139.9 (s, C4), 134.8 (s, Cb), 130.0 (s, Ph), 129.6 (s, Ph), 129.5 (s, Ph), 129.0
(s, C5), 128.8 (m, Ce), 127.0 (s, Ph), 126.1 (s, Ph), 125.6 (Ph), 124.9 (s, C3),
117.6 (s, Cd), 76.8 (s, C4’ or C5’), 73.6 (s, C5’ or C4’), 50.1 (s, CH2), 3.4 (s,
PdNCCH3), �2.2 ppm (s, PdCH3); MS (FAB): m/z : 883.3
[M�Me�NCMe+7]2+ , 494.1 [M�Me�NCMe]+ , 390.2 [7]+ ; elemental
analysis calcd (%) for C62H41N4BF24Pd (1415.2): C 52.62, H 2.92, N 3.96;
found: C 52.35, H 3.00, N 3.83.


Compound 8b : 1H NMR (400 MHz, CDCl3, RT): d=8.38 (d, 3J=4 Hz,
1H; H6), 8.03 (d, 3J=8 Hz, 1H; H3), 7.86 (t, 3J=8 Hz, 1H; H4), 7.69 (s,
8H; Hb), 7.5 (s, 4H; Hd), 7.46- 7.19 (m, 11H; H5, 2Ph), 4.92 (d, 3J=
7.2 Hz, 1H; H5’), 4.64 (d, 3J=7.2 Hz, 1H; H4’), 3.25 (s, 3H; NCH3), 2.30
(s, 3H; PdNCCH3), 0.48 ppm (s, 3H; PdCH3);


13C NMR (100.5 MHz,
CDCl3, RT): d=161.6 (q, 1JC-B=197.2 Hz, Ca), 149.6 (s, C6), 139.7 (s, C4),
134.8 (s, Cb), 130.0 (s, Ph), 129.8 (s, Ph), 129.4 (s, Ph), 129.2 (m, Ce), 128.9
(s, Ph), 128.7 (s, C5), 126.6 (s, Ph), 125.9 (s, Ph), 124.7 (s, C3), 117.6 (s,
Cd), 79.3 (s, C4’), 73.5 (s, C5’), 35.1 (s, CH3N), 3.5 (s, 1C, PdNCCH3),
�2.5 ppm (s, 1C, PdCH3); MS (FAB): m/z : 731.2 [M�Me�NCMe+8]2+ ,
418.1 [M�Me�NCMe]+ , 314.2 [8]+ ; elemental analysis calcd (%) for
C56H37N4BF24Pd (1339.3): C 50.23, H 2.78, N 4.18; found: C 49.35, H 3.03,
N 3.99.


Compound 9b : 1H NMR (400 MHz, CDCl3, RT): Ratio major/minor=
3:1; major: d=8.62 (d, 3J=8 Hz, 1H; H3), 8.35 (dd, 3J=5, 4J=1.3 Hz,
1H; H6), 8.05 (td, 3J=8, 4J=1.3 Hz, 1H; H4), 7.71 (s, 8H; Hb), 7.52 (s,
5H; H5, 4Hd), 7.50±6.80 (m, 14H; Ph), 5.36 (d, 3J=3.2 Hz, 1H; H5’), 5.06
(d, 3J=3.2 Hz, 1H; H4’), 2.41 (s, 3H; CH3Ts), 2.20 (s, 3H; PdNCCH3),
0.57 ppm (s, 3H; PdCH3);


13C NMR (100.5 MHz, CDCl3, RT): d=161.7
(q, 1JC-B=198.1 Hz, Ca), 149.3 (s, C6), 140.1 (s, C4), 134.8 (s, Cb), 130.8±
123.2 (C3, C4, Ph), 117.6 (s, Cd), 74.3 (s, C5’), 74.1 (s, C4’), 22.0 (s, CH3), 3.2
(s, PdNCCH3), �0.03 ppm (s, PdCH3); minor: d=8.63 (d, 3J=8.2 Hz,


1H; H3), 8.50 (d, 3J=4.4 Hz, 1H; H3), 8.17 (td, 3J=8.2, 4J=1.6 Hz, 1H;
H4), 7.71 (s, 9H; H5, 8Hb), 7.52 (s, 4H; Hd), 7.50±6.80 (m, 14H; Ph), 5.24
(d, 3J=4.8 Hz, 1H; H5’), 5.08 (d, 3J=4.8 Hz, 1H; H4’), 2.45 (s, 3H;
CH3Ts), 1.61 (s, 3H; PdNCCH3), 0.97 ppm (s, 3H; PdCH3);


13C NMR
(100.5 MHz, CDCl3, RT): d=161.7 (q, 1JC-B=198.1 Hz, Ca), 147.2 (s, C6),
137.8 (s, C4), 134.8 (s, 8C, Cb), 130.8- 123.2 (C3, C4, Ph), 117.6 (s, 4C, Cd),
76.4 (s, C4’), 74.1 (s, C5’), 22.0 (s, CH3), 5.67 (s, PdCH3), 2.44 ppm (s,
PdNCCH3); elemental analysis calcd (%) for C62H41N4BClF24O2PdS
(1514.9): C 50.34, H 2.79, N 3.79; found: C 50.21, H 2.68, N 3.66.


Compound 10b : 1H NMR (400 MHz, CDCl3, RT): Ratio major/minor=
2:1; major: d=8.38 (d, 3J=5.2 Hz, 1H; H6), 8.28 (d, 3J=7.9 Hz, 1H; H3),
8.04 (td, 3J=7.9, 4J=1.6 Hz, 1H; H4), 7.70 (s, 8H; Hb), 7.51 (s, 4H; Hd),
7.48±7.14 (m, 11H; H5, 2Ph), 5.55 (d, 3J=2.2 Hz, 1H; H5’), 5.28 (d, 3J=
2.2 Hz, 1H; H4’), 2.26 (s, 3H; PdNCCH3), 0.74 ppm (s, 3H; PdCH3);
13C NMR (100.5 MHz, CDCl3, RT): d=161.7 (q, 1JC-B=198.1 Hz, Ca),
149.6 (s, C6), 140.1 (s, C4), 134.8 (s, Cb), 130.7±123.2 (C5, C3, Ce, Ph), 117.6
(s, Cd), 77.4 (s, C4’ or C5’), 75.5 (s, C5’ or C4’), 3.3 (s, PdCH3), 0.9 ppm (s,
PdNCCH3); minor: d=8.52 (d, 3J=5.8 Hz, 1H; H6), 8.29 (m, 1H; H3),
8.18 (td, 3J=7.9, 4J=1.3 Hz, 1H; H4), 7.74 (dd, 3J=7.9, 3J=5.8 Hz, 1H;
H5), 7.70 (s, 8H; Hb), 7.51 (s, 4H; Hd), 7.48±7.14 (m, 10H; Ph), 5.53 (d,
3J=3.4 Hz, 1H; H5’), 5.32 (d, 3J=3.4 Hz, 1H; H4’), 1.73 (s, 3H;
PdNCCH3), 1.07 ppm (s, 3H; PdCH3);


13C NMR (100.5 MHz, CDCl3,
RT): 161.7 (q, 1JC-B=198.1 Hz, Ca), 150.4 (s, C6), 140.4 (s, C4), 134.8 (s,
Cb), 130.7±123.2 (C5, C3, Ce, Ph), 117.6 (s, Cd), 75.7 (s, C4’ or C5’), 75.2 (s,
C4’ or C5’), 6.8 (s, PdCH3), 2.6 ppm (s, PdNCCH3); elemental analysis
calcd (%) for C56H34N4BF27O2PdS (1457.3): C 46.16, H 2.35, N 3.84;
found: C 46.36, H 2.60, N 3.10.


Synthesis of [Rh(cod)(N�N’)]BF4 : When the pyridine±imidazoline li-
gands 1±4 (0.12 mmol) were added to a reddish solution of [Rh(cod)2]BF4


(0.12 mmol) in CH2Cl2 (2 mL), the color changed instantaneously. After
5 min, diethyl ether (5 mL) was added to precipitate complexes 1c±4c.
Average yield: 74%.


Compound 1c : 1H NMR (400 MHz, CDCl3, RT): d=8.57 (d, 3J=7.8 Hz,
1H; H3), 8.39 (s, 1H; NH), 8.22 (dd, 3J=7.8, 3J=6.9 Hz, 1H; H4), 7.78
(d, 3J=5.6 Hz, 1H; H6), 7.67 (dd, 3J=6.9, 3J=5.6 Hz, H5), 7.08±6.83 (m,
10H; Ph), 5.74 (d, 3J=11.7 Hz, 1H; H4’ or H5’), 5.25 (d, 3J=11.7 Hz, 1H;
H5’ or H4’), 4.44 (m, 1H; CH= cod), 4.17 (m, 2H; CH= cod), 3.51 (m,
1H; CH= cod), 2.51±2.37 (m, 4H; CH2 cod), 1.90±1.68 ppm (m, 4H; CH2


cod); elemental analysis calcd (%) for C28H29N3BF4Rh (597.4): C 56.29,
H 4.89, N 7.03; found: C 56.14, H 4.96, N 6.70.


Compound 2c : 1H NMR (400 MHz, CDCl3, RT): d=8.37 (d, 3J=8 Hz,
1H; H3), 8.27(t, 3J=8 Hz, 1H; H4), 7.91 (d, 3J=5.5 Hz, 1H; H6), 7.79
(dd, 3J=8, 3J=5.5 Hz, 1H; H5), 5.47 (d, 3J=12 Hz, 1H; H4’ or H5’), 5.32
(d, 3J=17.2 Hz, 1H; CH2), 5.2 (d, 3J=12 Hz, 1H; H5’ or H4’), 4.55 (d, 3J=
17.2 Hz, 1H; CH2), 4.41 (m, 1H; CH= cod), 4.31 (m, 1H; CH= cod), 4.22
(m, 1H; CH= cod), 3.56 (m, 1H; CH= cod), 2.5 (m, 2H; CH2 cod), 2.3
(m, 2H; CH2 cod), 1.97 (m, 2H; CH2 cod), 1.8 ppm (m, 2H; CH2 cod);
elemental analysis calcd (%) for C35H35N3BF4Rh (687.6): C 61.14, H 5.13,
N 6.11; found: C 61.03, H 5.24, N 5.56.


Compound 3c : 1H NMR (300 MHz, CDCl3, RT): d=8.56 (d, 3J=8.1 Hz,
1H; H3), 8.34 (m, 1H; H4), 8.04 (m, 2H; H5, H6), 7.76 (d, 2J=8.3 Hz,
2H; ArH Ts), 7.45 (d, 2J=8.3 Hz, 2H; ArH Ts), 7.06±6.67 (m, 10H; Ph),
5.96 (d, 3J=9.5 Hz, 1H; H4’ or H5’), 5.37 (d, 3J=9.5 Hz, 1H; H5’ or H4’),
4.34 (m, 4H; CH= cod), 2.3 (m, 4H; CH2 cod), 1.81 ppm (m, 4H; CH2


cod); elemental analysis calcd (%) for C35H35N3BF4SO2Rh (751.6): C
55.9, H 3.19, N 5.59; found: C 55.75, H 3.78, N 5.58.


Compound 4c : 1H NMR (400 MHz, CDCl3, RT): d=8.30 (m, 2H; H6,
H3), 8.14 (m, 1H; H4 or H5), 8.10 (m, 1H; H5 or H4), 7.15 (m, 6H; Ph),
7.00 (br, 1H; Ph), 6.72 (m, 2H; Ph), 6.52 (br, 1H; Ph), 6.12 (d, 3J=
8.8 Hz, 1H; H4’ or H5’), 5.95 (d, 3J=8.8 Hz, 1H; H5’ or H4’), 4.56 (m, 2H;
CH= cod), 3.96 (m, 2H; CH= cod), 2.43 (m, 2H; CH2 cod), 2.31 (m, 2H;
CH2 cod), 1.85 ppm (m, 4H; CH2 cod).


Synthesis of [Rh(CO)2(N�N’)]BF4 (1d±4d): Bubbling carbon monoxide
through solutions of 1c±4c (0.3 mmol) in CH2Cl2 (5 mL) led to the for-
mation of yellow solutions of the dicarbonyl complexes, which were pre-
cipitated by adding Et2O (5 mL).


Compound 1d : 1H NMR (300 MHz, CDCl3, RT): d=9.08 (s, 1H; NH),
8.84 (d, 3J=8.4 Hz, 1H; H3), 8.65 (d, 3J=5.3 Hz, 1H; H6), 8.43 (dd, 3J=
8.4 Hz, 3J=7.1 Hz, 1H; H4), 7.82 (dd, 3J=7.1 Hz, 3J=5.3 Hz, 1H; H5),
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7.13- 6.92 (m, 10H; Ph), 5.83 (d, 3J=12.2 Hz, 1H; H4’ or H5’), 5.67 ppm
(d, 3J=12.2 Hz, 1H; H5’ or H4’).


Compound 2d : 1H NMR (400 MHz, CDCl3, RT): d=8.72 (d, 3J=4.8 Hz,
1H; H6), 8.44 (d, 3J=8 Hz, 1H; H3), 8.38 (t, 3J=8 Hz, 1H; H4), 7.82 (dd,
3J=8 Hz, 3J=4.8 Hz, 1H; H5), 7.37±6.89 (m, 15H; Ph), 5.72 (d, 3J=
12.4 Hz, 1H; H4’ or H5’), 5.58 (m, 2H; H5’ or H4’, CH2), 4.64 ppm (d, 3J=
17.2 Hz, 1H; CH2).


Compound 3d : 1H NMR (400 MHz, CDCl3, RT): d=8.86 (m, 2H; H6,
H3), 8.49 (t, 3J=8 Hz, 1H; H4), 8.04 (t, 3J=6.6 Hz, 1H; H5), 7.78 (d, 2J=
8.2 Hz, 2H; ArH Ts), 7.41 (d, 2J=8.2 Hz, 2H; ArH Ts), 7.16±6.74 (m,
10H; Ph), 5.98 (d, 3J=9.6 Hz, 1H; H4’ or H5’), 5.71 ppm (d, 3J=9.6 Hz,
1H; H5’ or H4’).


Compound 4d : 1H NMR (400 MHz, CDCl3, RT): d=8.92 (d, 3J=5.3 Hz,
1H; H6), 8.50 (d, 3J=7.8 Hz, 1H; H3), 8.42 (td, 3J=7.8, 4J=1.2 Hz, 1H;
H4), 8.09 (ddd, 3J=7.8, 3J=5.3 Hz, 4J=1.2 Hz, 1H; H5), 7.18 (m, 8H;
Ph), 6.84 (m, 2H; Ph), 5.58 ppm (m, 2H; H4’ and H5’).


X-ray crystallography : Crystal data and data-collection and refinement
parameters are summarized in Table 10. All data sets were colllected out
on a Nonius DIP-1030H system with graphite-monochromatized MoKa


radiation (l=0.71073 ä). For each compound a total of 30 frames were
collected with an exposure time of 12±20 min, rotation of 68 about f,
with the detector 90 mm from the crystal. Cell refinement, indexing, and
scaling of the data sets were carried out with the programs Mosflm and
Scala.[47]


All structures were solved by Patterson and Fourier analyses[48] and re-
fined by the full-matrix least-squares method based on F2 for all ob-
served reflections. The final cycles include the contribution of hydrogen
atoms at calculated positions. In 3c the BF4


� anion was found to be disor-
dered over two positions corresponding to rotation about a B�F bond
with refined occupancies of 0.59(2)/0.41(2). A molecule of CH2Cl2 was
detected in the DF map of 9a’. All calculations were performed with the
WinGX System, Ver 1.64.02.[49]


CCDC 234657±234660 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


Computational details : DFT calculations were carried with the Amster-
dam density functional program (ADFv2000), developed by Baerends
et al.[50,51] The numerical integration scheme used in the calculations was
developed by te Velde et al.,[52, 53] and the geometry-optimization algo-
rithms were those implemented by Versluis and Ziegler.[54] A triple-zeta
plus polarization Slater-type basis set, as included in the ADF library, de-
scribed the electronic configurations of the molecular systems. The 1s±3d
electrons for Pd, the 1s electrons for C, O, N, and the 2p electrons for Cl
were treated as frozen cores. Geometry was fully optimized using nonlo-
cal corrections self-consistently. The DFT functional was the local VWN
exchange-correlation potential with Becke×s nonlocal exchange-correla-
tion corrections[55] and Perdew×s correlation corrections[56] (BP86). Rela-
tivistic effects were considered by using the scalar zeroth-order regular
approximation (ZORA).[57] No symmetry constraints were used. We
treated most atoms at this QM level, but used QM/MM calculations to
include only the phenyl substituents of the imidazoline group, which are
described in the MM partition. QM/MM calculations were performed by
applying the IMOMM method[58] as implemented in the ADF package.[59]


SYBIL[60] force field was used as implemented in ADF to describe the
atoms included in the MM part. For the palladium atom, we used UFF
parameters from the literature.[61] The ratio between the P�C(aromatic)
and the P�H bond length was set to 1.234 ä.
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A New System in Organooxotin Cluster Chemistry Incorporating Inorganic
and Organic Spacers between Two Ladders Each Containing Five Tin Atoms


Guo-Li Zheng, Jian-Fang Ma,* Jin Yang, Yin-Yan Li, and Xiang-Rong Hao[a]


Introduction


Organooxotin clusters have been attracting considerable at-
tention in recent years because of their novel structures,[1]


their suitability for the construction of supramolecular
frameworks,[2] and their efficient catalysis of various organic
reactions.[3] Several types of organooxotin cluster, such as
ladder,[4a] O-capped,[4b] cube,[4c] butterfly,[4d] drum,[4e±g] foot-
ball cage,[5] cyclic trimer,[6] among others, have been pre-
pared and their structures established by X-ray diffraction
analysis. Recently, more studies have been focused on
ligand-bridged organooxotin clusters, such as alkyl-bridged
double- and triple-ladder clusters,[7] an alkyl-bridged Sn3O3


cluster,[8] an eighteen-tin-nuclear ladder cluster,[9] and
double O-capped clusters.[10] Of these, the alkyl-bridged
ladder clusters and their variants have been most widely re-
ported; for example, the distance between the two ladders
can be changed by using different alkyl spacers and the
structures can be chemically modified while retaining the


basic structural unit.[7] Syntheses of new ligand-bridged orga-
notin-oxygen clusters can be expected to continue to attract
considerable attention. As regards organooxotin cluster
chemistry, reported organooxotin clusters bridged by inor-
ganic spacers are very few.[10] Herein, we report a novel car-
bonate anion (CO3


2�)-bridged organooxotin ladder cluster
[(R2SnO)3(R2SnOH)2(CO3)]2 (1), which was synthesized by
hydrolysis of dibenzyltin dichloride in ethanol. It has been
found that the inorganic CO3


2� spacers can be replaced by
longer organic spacers to provide organooxotin clusters with
large cavities that are potentially suitable for host±guest
chemistry.


Results and Discussion


To classify new tin±oxygen clusters, we have studied the hy-
drolysis of diorganotin dichlorides in detail, and have syn-
thesized a series of new ladder clusters. All the reactions are
summarized in Scheme 1. In contrast to the previously re-
ported ladder cluster [(RSn(O)O2CR’)2RSn(O2CR’)3]2,
which was synthesized by partial hydrolysis of an organotin
tricarboxylate,[11] the hydrolysis of dibenzyltin dichloride in
ethanol in the presence of atmospheric CO2 afforded an un-
precedented compound 1, which proved to be soluble in a
wide range of organic solvents, including CH2Cl2, CHCl3,
and benzene. Crystals of 1 suitable for an X-ray diffraction


[a] G.-L. Zheng, Prof. Dr. J.-F. Ma, J. Yang, Y.-Y. Li, X.-R. Hao
Department of Chemistry, Northeast Normal University
Changchun 130024 (People×s Republic of China)
Fax: (+86)431-5684009
E-mail : jfma@public.cc.jl.cn


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


Abstract: Hydrolysis of dibenzyltin di-
chloride in ethanol has been found to
give an unprecedented carbonate anion
(CO3


2�)-bridged double-ladder organo-
oxotin cluster, [(R2SnO)3(R2SnOH)2-
(CO3)]2 (1, R = C6H5CH2), with five
tin atoms in each ladder. With the aim
of obtaining organooxotin clusters with
large cavities suitable for host±guest
chemistry, we used 1,1’-ferrocenedicar-
boxylic acid (H2La) and hexanedioic
acid (H2Lb) to replace the carbonate
anions (CO3


2�), and thereby clusters
[(R2SnO)3(R2SnOH)2La]2 (2) and


[(R2SnO)3(R2SnOH)2Lb]2 (3) were ob-
tained. When 1 was treated with benzo-
ic acid (HLc) in different stoichiometric
ratios (1:4, 1:10), ladder cluster
(R2SnO)3(R2SnOH)2(Lc)2 (4) and drum
cluster [RSn(O)Lc]6 (5) were obtained.
Through the hydrolysis of Cy2SnCl2
(Cy = C6H11) and (C6H5CH2)2SnCl2,
two interesting ethanolate-modified


clusters [Cy2(C2H5O)SnOSn(C2H5O)-
Cy2]2 (6) and [(R2SnO)3(R2SnOH)-
(R2SnOC2H5)(CO3)]2 (7) were ob-
tained. All the tin atoms in these
ladder clusters are five-coordinate sur-
rounded by two alkyl groups and three
O atoms, and have distorted trigonal-
bipyramidal coordination environments
with two carbon atoms and one O
atom in the equatorial positions and
two O atoms in the axial positions. The
structures of all these compounds have
been established by single-crystal X-
ray diffraction analyses.


Keywords: bridging ligands ¥
cluster compounds ¥ inorganic and
organic spacers ¥ organotin
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study were obtained by recrystallization from acetone. Upon
exposure to air, these crystals became opaque within min-
utes, indicating a loss of solvent.


Selected metric parameters for all the structures are listed
in Table 1. The structure of 1 is shown in Figure 1; it consists
of two novel Sn5O5 ladders connected by two CO3


2� ions.
This situation is reminiscent of that in a previously reported
double O-capped organooxotin cluster, in which two O-
capped organooxotin clusters are bridged by four HPO3


2� li-
gands.[10] The five tin atoms are almost coplanar, with the
largest deviation from the Sn5O5 ladder plane being
0.1701 ä. Each of the ladders consists of five tin centers
held together by three m3-oxygen atoms. According to their
different coordination environments, the ten tin atoms can
be divided into three types. The four tin atoms Sn1, Sn1A,
Sn5, Sn5A, which are each bonded to one m3-oxygen atom,
one m2-oxygen atom, and one oxygen atom derived from the
carbonate, can be regarded as type 1. The four tin atoms
Sn2, Sn2A, Sn4, Sn4A, which are each bonded to two m3-
oxygen atoms and one m2-oxygen atom, can be regarded as
type 2. The two tin atoms Sn3, Sn3A, which are each
bonded to three m3-oxygen atoms, can be regarded as type 3.
All of the tin atoms are five-coordinated by two benzyl


groups and three O atoms, re-
sulting in a cis-R2SnO3 trigonal-
bipyramidal coordination envi-
ronment with the two benzyl
groups and one O atom in
equatorial positions [C17, C27,
O2 for Sn1; C37, C47, O2 for
Sn2; C57, C67, O3 for Sn3;
C77, C87, O4 for Sn4; C97,
C107, O4 for Sn5] and the
other two O atoms in axial po-
sitions [O1, O6 for Sn1; O1, O3
for Sn2; O2, O4 for Sn3; O3,
O5 for Sn4; O5, O7A for Sn5].
The Oax-Sn-Oax angles range
from 146.92(9) to 152.79(9)8
[O6-Sn1-O1 152.79(9)8, O3-
Sn2-O1 149.15(9)8, O4-Sn3-O2
147.18(9)8, O3-Sn4-O5
146.92(9)8, O7A-Sn5-O5
150.58(9)8] and thus deviate
considerably from 1808, which
indicates that the structure is
distorted trigonal-bipyramidal.
The average Sn�O bond length
is 2.117 ä, and the longest and
shortest Sn�O bond lengths are
Sn1�O1 (2.234(2) ä) and Sn5�
O4 (2.015(2) ä), respectively.
The separation between the
two ladders is approximately
6 ä. The 119Sn NMR spectrum
of compound 1 (see Supporting
Information) shows three reso-


nances at d = �304.7, �244.5, �242.6 ppm, which can be at-
tributed to three kinds of five-coordinate tin centers accord-
ing to the literature.[1b,12]


Scheme 1. Syntheses of compounds 1, 2, 3, 4, 5, and 7. i) NaOH, atmospheric CO2, reflux in EtOH for 12 h;
ii) H2La, reflux in benzene for 6 h; iii) H2Lb, reflux in benzene for 6 h; iv) 4 equiv C6H5CO2H, reflux in benzene
for 6 h; v) 10 equiv C6H5CO2H, reflux in benzene for 6 h; vi) 3 equiv C6H5CO2H, reflux in benzene for 6 h;
vii) NaOH, EtONa, and hypnone; reflux in EtOH for 12 h.


Figure 1. Framework of [(R2SnO)3(R2SnOH)2(CO3)]2 (1). Benzyl groups
have been omitted for clarity except for the carbon atoms bonded to tin
atoms.
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Table 1. Selected bond lengths [ä] and angles [8] for 1±6.[a]


Compound 1


C4�O8 1.237(4) C4�O7 1.304(4) C4�O6 1.315(4) Sn2�O1 2.133(2) Sn1�O1 2.234(2)
Sn1�O2 2.017(2) Sn2�O2 2.029(2) Sn3�O2 2.154(2) Sn3�O3 2.058(2) Sn2�O3 2.099(2)
Sn4�O3 2.123(2) Sn5�O4 2.015(2) Sn4�O4 2.030(2) Sn3�O4 2.135(2) Sn4�O5 2.127(3)
Sn5�O5 2.215(2) Sn1�O6 2.094(2) Sn5�O7A 2.113(2)
O8-C4-O7 123.5(3) O8-C4-O6 122.0(3) O7-C4-O6 114.5(3) Sn2-O1-Sn1 101.29(9) Sn1-O2-Sn2 113.17(10)
Sn1-O2-Sn3 142.03(11) Sn2-O2-Sn3 104.80(10) Sn3-O3-Sn2 105.76(10) Sn3-O3-Sn4 105.71(10) Sn2-O3-Sn4 148.41(11)
Sn5-O4-Sn4 112.87(10) Sn5-O4-Sn3 140.84(11) Sn4-O4-Sn3 106.27(10) Sn4-O5-Sn5 101.82(10) C4-O6-Sn1 112.1(2)
C4-O7-Sn5A 118.2(2) O2-Sn1-O6 81.05(9) O2-Sn1-O1 71.75(9) O6-Sn1-O1 152.79(9) O2-Sn2-O3 75.47(9)
O2-Sn2-O1 73.71(9) O3-Sn2-O1 149.15(9) O3-Sn3-O4 73.53(9) O3-Sn3-O2 73.68(9) O4-Sn3-O2 147.18(9)
O4-Sn4-O3 74.35(9) O4-Sn4-O5 73.37(9) O3-Sn4-O5 146.92(9) O4-Sn5-O7A 78.81(9) O4-Sn5-O5 71.78(9)
O7A-Sn5-O5 150.58(9)


Compound 2


C211�O9 1.233(8) C211�O8 1.311(8) C212�O7 1.213(8) C212�O6 1.318(8) Sn2�O1 2.134(5)
Sn1�O1 2.241(4) Sn2�O2 2.026(4) Sn1�O2 2.033(4) Sn3�O2 2.142(4) Sn3�O3 2.034(4)
Sn4�O3 2.121(4) Sn2�O3 2.127(4) Sn5�O4 2.022(4) Sn4�O4 2.036(4) Sn3�O4 2.141(4)
Sn4�O5 2.138(5) Sn5�O5 2.225(4) Sn5�O6 2.148(4) Sn1A�O8 2.163(4) Sn1�O8A 2.163(5)
O9-C211-O8 122.8(6) O7-C212-O6 123.2(6) Sn2-O1-Sn1 100.79(18) Sn2-O2-Sn1 112.3(2) Sn2-O2-Sn3 105.38(19)
Sn1-O2-Sn3 141.7(2) Sn3-O3-Sn4 105.67(18) Sn3-O3-Sn2 105.67(19) Sn4-O3-Sn2 148.6(2) Sn5-O4-Sn4 112.1(2)
Sn5-O4-Sn3 142.9(2) Sn4-O4-Sn3 104.91(17) Sn4-O5-Sn5 100.98(18) C212-O6-Sn5 107.6(4) C211-O8-Sn1A 106.7(4)
O2-Sn1-O8A 81.73(17) O2-Sn1-O1 72.21(16) O8A-Sn1-O1 153.72(17) O2-Sn2-O3 74.66(16) O2-Sn2-O1 74.63(17)
O3-Sn2-O1 149.23(16) O3-Sn3-O4 74.51(16) O3-Sn3-O2 74.17(16) O4-Sn3-O2 148.66(15) O4-Sn4-O3 74.91(16)
O4-Sn4-O5 74.25(16) O3-Sn4-O5 149.07(16) O4-Sn5-O6 81.29(17) O4-Sn5-O5 72.62(16) O6-Sn5-O5 153.32(17)


Compound 3


C211�O11 1.222(7) C211�O12 1.312(7) C216�O14 1.223(8) C216�O13 1.293(7) C311�O22 1.191(7)
C311�O21 1.323(7) C316�O24 1.221(7) C316�O23 1.286(7) Sn2�O1 2.142(4) Sn1�O1 2.232(4)
Sn1�O2 2.024(3) Sn2�O2 2.029(3) Sn3�O2 2.155(3) Sn3�O3 2.046(3) Sn2�O3 2.107(3)
Sn4�O3 2.117(3) Sn5�O4 2.022(3) Sn4�O4 2.033(4) Sn3�O4 2.139(3) Sn4�O5 2.118(4)
Sn5�O5 2.218(4) Sn7�O6 2.165(4) Sn6�O6 2.225(4) Sn6�O7 2.009(4) Sn7�O7 2.037(3)
Sn8�O7 2.119(3) Sn8�O8 2.068(4) Sn7�O8 2.111(4) Sn9�O8 2.120(4) Sn10�O9 2.011(4)
Sn9�O9 2.016(4) Sn8�O9 2.126(4) Sn9�O10 2.173(4) Sn10�O10 2.210(5) Sn1�O12 2.133(4)
Sn6�O13 2.101(4) Sn5�O21 2.127(4) Sn10�O23 2.142(4) Sn2-O1-Sn1 100.44(15) Sn1-O2-Sn2 112.10(16)
Sn1-O2-Sn3 142.30(18) Sn2-O2-Sn3 104.63(14) Sn3-O3-Sn2 105.77(15) Sn3-O3-Sn4 105.77(15) Sn2-O3-Sn4 148.26(18)
Sn5-O4-Sn4 112.55(16) Sn5-O4-Sn3 141.72(18) Sn4-O4-Sn3 105.43(15) Sn4-O5-Sn5 102.10(15) Sn7-O6-Sn6 101.39(15)
Sn6-O7-Sn7 114.18(16) Sn6-O7-Sn8 139.65(17) Sn7-O7-Sn8 105.56(15) Sn8-O8-Sn7 104.76(16) Sn8-O8-Sn9 104.53(15)
Sn7-O8-Sn9 150.36(18) Sn10-O9-Sn9 114.14(18) Sn10-O9-Sn8 138.5(2) Sn9-O9-Sn8 106.14(16) Sn9-O10-Sn10 100.89(17)
C211-O12-Sn1 108.4(4) C216-O13-Sn6 124.9(4) C311-O21-Sn5 109.8(3) C316-O23-Sn10 117.0(4) O2-Sn1-O12 80.45(14)
O2-Sn1-O1 72.58(14) O12-Sn1-O1 152.85(14) O2-Sn2-O3 75.49(13) O2-Sn2-O1 74.46(14) O3-Sn2-O1 149.90(14)
O3-Sn3-O4 74.03(13) O3-Sn3-O2 74.07(13) O4-Sn3-O2 148.05(13) O4-Sn4-O3 74.77(13) O4-Sn4-O5 73.64(14)
O3-Sn4-O5 148.20(14) O4-Sn5-O21 82.13(14) O4-Sn5-O5 71.70(14) O21-Sn5-O5 153.67(14) O7-Sn6-O13 78.22(15)
O7-Sn6-O6 71.80(14) O13-Sn6-O6 149.58(15) O7-Sn7-O8 75.20(14) O7-Sn7-O6 72.56(14) O8-Sn7-O6 147.67(14)
O8-Sn8-O7 74.39(14) O8-Sn8-O9 74.04(15) O7-Sn8-O9 148.43(14) O9-Sn9-O8 75.24(14) O9-Sn9-O10 72.82(16)
O8-Sn9-O10 147.45(16) O9-Sn10-O23 78.51(15) O9-Sn10-O10 72.10(15) O23-Sn10-O10 150.61(15)


Compound 4


C217�O12 1.208(17) C217�O11 1.315(15) C227�O14 1.200(16) C227�O13 1.329(16) C237�O16 1.237(15)
C237�O15 1.295(14) C247�O18 1.22(3) C247�O17 1.30(3) Sn2�O1 2.123(12) Sn1�O1 2.232(9)
Sn1�O2 1.991(8) Sn2�O2 2.042(8) Sn3�O2 2.164(9) Sn3�O3 2.037(8) Sn4�O3 2.077(10)
Sn2�O3 2.150(10) Sn5�O4 2.017(7) Sn4�O4 2.029(7) Sn3�O4 2.144(7) Sn4�O5 2.132(9)
Sn5�O5 2.238(9) Sn7�O6 2.176(8) Sn6�O6 2.224(9) Sn7�O7 2.032(8) Sn6�O7 2.045(7)
Sn8�O7 2.111(7) Sn8�O8 2.035(7) Sn7�O8 2.106(6) Sn9�O8 2.145(6) Sn9�O9 2.035(9)
Sn10�O9 2.046(9) Sn8�O9 2.132(9) Sn10�O10 2.148(9) Sn9�O10 2.169(9) Sn1�O11 2.152(9)
Sn5�O13 2.140(9) Sn6�O15 2.161(8) Sn10�O17 2.136(12) Sn2-O1-Sn1 102.3(5) Sn1-O2-Sn2 114.5(4)
Sn1-O2-Sn3 141.1(4) Sn2-O2-Sn3 104.1(3) Sn3-O3-Sn4 106.9(4) Sn3-O3-Sn2 104.8(4) Sn4-O3-Sn2 148.3(4)
Sn5-O4-Sn4 112.6(3) Sn5-O4-Sn3 142.7(4) Sn4-O4-Sn3 104.7(3) Sn4-O5-Sn5 100.7(4) Sn7-O6-Sn6 100.2(4)
Sn7-O7-Sn6 111.7(3) Sn7-O7-Sn8 105.8(3) Sn6-O7-Sn8 142.5(4) Sn8-O8-Sn7 105.9(3) Sn8-O8-Sn9 104.7(3)
Sn7-O8-Sn9 149.2(4) Sn9-O9-Sn10 110.2(4) Sn9-O9-Sn8 105.2(4) Sn10-O9-Sn8 144.6(5) Sn10-O10-Sn9 101.6(3)
C217-O11-Sn1 106.9(8) C227-O13-Sn5 107.4(8) C237-O15-Sn6 111.5(7) C247-O17-Sn10 124.5(13) O2-Sn1-O11 80.8(3)
O2-Sn1-O1 70.9(4) O11-Sn1-O1 151.7(4) O2-Sn2-O1 72.3(3) O2-Sn2-O3 75.5(3) O1-Sn2-O3 147.6(3)
O3-Sn3-O4 73.4(3) O3-Sn3-O2 75.3(3) O4-Sn3-O2 148.6(3) O4-Sn4-O3 75.0(3) O4-Sn4-O5 74.3(3)
O3-Sn4-O5 149.2(3) O4-Sn5-O13 81.6(3) O4-Sn5-O5 72.2(3) O13-Sn5-O5 153.9(3) O7-Sn6-O15 80.1(3)
O7-Sn6-O6 73.2(3) O15-Sn6-O6 153.2(3) O7-Sn7-O8 74.2(3) O7-Sn7-O6 74.5(3) O8-Sn7-O6 148.6(3)
O8-Sn8-O7 74.0(3) O8-Sn8-O9 75.1(3) O7-Sn8-O9 148.8(3) O9-Sn9-O8 74.8(3) O9-Sn9-O10 74.0(3)
O8-Sn9-O10 148.6(3) O9-Sn10-O17 88.5(4) O9-Sn10-O10 74.2(3) O17-Sn10-O10 161.6(4)
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The hydrolysis of diorganotin dichlorides usually leads to
various hydrolysis products with interesting structures, such
as dimeric diorganotin hydroxy halides,[13a] trimeric diorga-
notin oxides cyclo-(R2SnO)3,


[6b, c] and dimeric tetraorganodis-
tannoxanes,[13b, c] as well as polymeric diorganotin oxides,[13d]


of which the dimeric tetraorganodistannoxanes have been
most extensively investigated. However, a ladder cluster
containing five tin atoms has not hitherto been isolated.


Compared with the previously reported alkyl-bridged
double ladder structures,[7] compound 1 contains not a di-
meric tetraorganodistannoxane unit (Sn4O4) but two Sn5O5


ladders, and these two ladders are connected by two carbon-
ate anions (CO3


2�) in the present structure instead of the
alkyl groups as previously. In the case of alkyl-bridged
double-ladder clusters, the space between the two ladders
can be increased by using longer alkyl chains. This led us to
the question as to whether the space between the two
ladder clusters could be increased by using a longer diacid
dianion instead of CO3


2�. Based on our knowledge and ex-
perience, reaction with acid might be expected to destroy
the Sn�O framework due to the basicity of the organooxotin
cluster. The replacement of a weak acid by a strong acid in
organooxotin cluster chemistry is rarely reported, although
Holmes et al. reported a mixed-drum organooxotin cluster
[(MeSn(O)O2CMe)(MeSn(O)O2P(tBu)2)]3, which was pre-
pared by replacing the acetate anions in [MeSn(O)O2CMe]6
with di-tert-butylphosphinate anions.[4f]


Some analogues of compound 1 have been prepared ac-
cording to the above idea. [(R2SnO)3(R2SnOH)2La]2 (2) and
[(R2SnO)3(R2SnOH)2Lb]2 (3) were obtained by treating 1


with 1,1’-ferrocenedicarboxylic acid (H2La) and hexanedioic
acid (H2Lb), respectively, in stoichiometric ratios of 1:2. In
these reactions, the inorganic spacers (CO3


2� ions) were re-
placed by organic spacers (La


2� or Lb
2�). This resulted in an


increase in the distance between the two ladders. The 119Sn
NMR spectra of compounds 2 (d = �310.7, �237.7,
�233.8 ppm) and 3 (d = �289.5, �241.2, �239.7 ppm) are
similar to that of compound 1 (d = �304.7, �244.5,
�242.6 ppm) (see Supporting Information), which proves
that compounds 1, 2, and 3 have the same tin-oxygen frame-
work.


The structures of 2 and 3, in which the two ladder clusters
are connected by two La


2� and Lb
2� dianions, respectively,


are shown in Figure 2 and Figure 3. The structures of 2 and
3 have the same Sn�O framework as 1. In compound 2, the
two ladders are in different planes, which are almost parallel
to one another. The distance between the two planes is
3.81 ä, which is longer than the distance between the two
aromatic rings of the 1,1’-ferrocenedicarboxylate dianions
(La


2�) (3.28 ä). The 1,1’-ferrocenedicarboxylate dianions
(La


2�) adopt a mutually trans orientation to minimize repul-
sions between the organic groups. The Sn�O bond lengths
range from 2.022(4) to 2.241(4) ä and the Oax±Sn±Oax


angles range from 148.66(15) to 153.72(17)8. The separation
between the two ladders in compound 2 is at least 10 ä,
which indicates that this compound constitutes a nanosized
tin±oxygen cluster. An even larger organooxotin cluster can
be expected to result from the use of a longer spacer. In
compound 3, the Sn�O bond lengths range from 2.009(4) to
2.232(4) ä and the Oax-Sn-Oax angles range from 147.45(16)


Compound 5


Sn1�O1 2.085(2) Sn2A�O1 2.092(2) Sn3�O1 2.098(2) Sn2�O2 2.079(2) Sn3�O2 2.081(2)
Sn1�O2 2.094(2) Sn1�O3 2.085(2) Sn2�O3 2.094(2) Sn2�O1A 2.092(2) Sn3�O3A 2.077(2)
Sn1-O1-Sn2A 132.04(11) Sn1-O1-Sn3 99.70(9) Sn2A-O1-Sn3 99.75(9) Sn2-O2-Sn3 134.59(11) Sn2-O2-Sn1 100.00(9)
Sn3-O2-Sn1 99.96(9) Sn3A-O3-Sn1 132.85(11) Sn3A-O3-Sn2 100.35(9) Sn1-O3-Sn2 99.77(9) O1-Sn1-O3 105.09(9)
O1-Sn1-O2 78.23(9) O3-Sn1-O2 77.96(9) O3-Sn1-Sn3 100.68(6) O2-Sn1-Sn3 39.87(6) Sn2-Sn1-Sn3 73.76(3)
O2-Sn2-O1A 103.59(9) O2-Sn2-O3 78.09(9) O1A-Sn2-O3 77.98(9) O3A-Sn3-O2 103.17(9) O3A-Sn3-O1 78.22(9)
O2-Sn3-O1 78.23(9)


Compound 6


Sn1�O1 2.160(6) Sn2�O1 2.358(7) Sn2�O2 1.998(6) Sn1�O2 2.025(6) Sn1A�O2 2.175(6)
Sn2�O3 2.020(7) Sn1�O2A 2.175(6)
Sn1-O1-Sn2 99.1(2) Sn2-O2-Sn1 117.5(3) Sn2-O2-Sn1A 135.2(3) Sn1-O2-Sn1A 107.3(2) O2-Sn1-O1 73.6(2)
O2-Sn1-O2A 72.7(2) O1-Sn1-O2A 146.3(2) O2-Sn2-O3 85.2(3) O2-Sn2-O1 69.8(2) O3-Sn2-O1 155.0(3)


Compound 7


Sn1�O2 2.009(4) Sn1�O7 2.116(4) Sn1�O1 2.222(4) Sn2�O2 2.023(4) Sn2�O3 2.128(4)
Sn2�O1 2.140(4) Sn3�O3 2.070(4) Sn3�O2 2.123(4) Sn3�O4 2.167(4) Sn4�O4 2.014(4)
Sn4�O3 2.121(4) Sn4�O5 2.127(5) Sn5�O4 2.000(4) Sn5�O8A 2.095(4) Sn5�O5 2.279(4)
C1�O6 1.240(8) C1�O8 1.298(7) C1�O7 1.302(7) C2�O5 1.594(16)
O2-Sn1-O7 80.62(16) O2-Sn1-O1 71.25(16) O7-Sn1-O1 151.75(16) O2-Sn2-O3 75.33(16) O2-Sn2-O1 72.74(16)
O3-Sn2-O1 146.94(15) O3-Sn3-O2 74.48(16) O3-Sn3-O4 73.31(16) O2-Sn3-O4 147.74(15) O4-Sn4-O3 75.42(16)
O4-Sn4-O5 73.19(17) O3-Sn4-O5 148.60(16) O4-Sn5-O8A 80.62(16) O4-Sn5-O5 70.18(16) O8A-Sn5-O5 150.79(17)
O6-C1-O8 121.8(6) O6-C1-O7 121.8(6) O8-C1-O7 116.4(6) Sn1-O2-Sn2 114.21(19) Sn1-O2-Sn3 139.4(2)
Sn2-O2-Sn3 105.96(18) Sn3-O3-Sn4 105.39(18) Sn3-O3-Sn2 104.11(18) Sn4-O3-Sn2 150.5(2) Sn5-O4-Sn4 115.5(2)
Sn5-O4-Sn3 137.8(2) Sn4-O4-Sn3 105.71(18) C2-O5-Sn4 130.7(4) C2-O5-Sn5 126.5(5) Sn4-O5-Sn5 100.75(18)
C1-O7-Sn1 113.0(4) C1-O8±Sn5A 113.9(4)


[a] Symmetry operations: For 1: A) �x+1, �y, �z+1; for 2: A) �x+2, �y+2, �z ; for 5: A) �x, �y, �z+2; for 6: A) �x+1/2, �y+1/2, �z ; for 7: A)
�x+1, �y+1, �z+2.


Table 1. (Continued)
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to 153.67(14)8. The separation between the two ladders in
compound 3 is greater than 8 ä, which can vary in solution
because of the flexibility of hexanedioate dianions (Lb


2�).
According to the above approach, a single organooxotin


ladder cluster (R2SnO)3(R2SnOH)2(Lc)2 (4) (Figure 4) was
obtained by the reaction of 1 with benzoic acid (HLc) in a
molar ratio of 1:4. However, when the reaction was carried
out at a molar ratio of 1:10, a drum cluster [RSn(O)Lc]6 (5)
(Figure 5) was obtained through partial dealkylation of 1.
Drum clusters are generally prepared by a condensation re-
action of the organostannonic acid with the ligand acid.[1]


Further reaction of 4 with benzoic acid in a molar ratio of
1:3 also gave 5. In the crystal structure of compound 4,
there are two molecules in the asymmetric unit, the Sn�O


bond lengths range from
1.991(8) to 2.238(9) ä, and the
Oax-Sn-Oax angles range from
147.6(3) to 161.6(4)8. Drum
cluster 5 is composed of two
hexameric Sn3O3 rings, each of
which adopts a puckered chair-
like conformation. The Sn�O
bond lengths range from
2.077(2) to 2.098(2) ä.


The structural relationship
and interconversion between
the monoorganotin ladder clus-
ter and the drum cluster was
first reported by Holmes.[1a] The
monoorganotin ladder cluster
may be converted to the drum
cluster through heating or hy-
drolysis. In this work, the con-
version of the diorganotin


ladder cluster to the drum cluster proceeds with an unusual
Sn�C bond cleavage, which indicates that the drum struc-
ture is more stable than the ladder structure. Recently, there
have been some attempts to utilize the Sn�C bond cleavage
to form new organooxotin motifs.[14] To the best of our
knowledge, the formation of a drum structure from a diorga-
notin ladder precursor has not been reported in organotin
cluster chemistry.[1] The result implies that other diorganotin
ladder clusters, such as dimeric tetraorganodistannoxanes,
may also convert to drum clusters through Sn�C bond cleav-
age.


It is conceivable that hydrolysis of other diorganotin di-
chlorides may afford other novel carbonate-bridged ladder
clusters having the same Sn�O framework as cluster 1. In-


Figure 2. Molecular structure of [(R2SnO)3(R2SnOH)2La]2 (2). All H atoms have been omitted for clarity.


Figure 3. Molecular structure of [(R2SnO)3(R2SnOH)2Lb]2 (3). All H
atoms have been omitted for clarity.


Figure 4. Molecular structure of (R2SnO)3(R2SnOH)2(Lc)2 (4). All H
atoms have been omitted for clarity.
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spired by this idea, dicyclohexyltin dichloride was hydro-
lyzed in ethanol according to the same method as that used
for dibenzyltin dichloride. To our surprise, the hydrolysis of
dicyclohexyltin dichloride afforded a dimeric tetraorganodis-
tannoxane [Cy2(C2H5O)SnOSn(C2H5O)Cy2]2 (6 ; Cy =


C6H11), the structure of which is shown in Figure 6. Cluster 6
is an ethanolate-bridged ladder, in which each exo tin is con-
nected to two ethanolate anions. Compound 6 is a ladder-
type centrosymmetric dimer with a center of inversion at
0.25, 0.25, 0, and the Sn4O6 structural motif is planar to
within �0.0239 ä. Each tin atom exhibits a distorted trigo-
nal-bipyramidal geometry, with the equatorial positions
being occupied by two carbon atoms and one oxygen atom,
and the axial positions by two oxygen atoms. The longest
Sn�O bond length in compound 6 is Sn2�O1 (2.358(7) ä),


and the Oax-Sn-Oax angles are O3-Sn2-O1 155.0(3) and O1-
Sn1-O2A 146.3(2)8, respectively. These results indicate that
the organic group on the tin atom can affect the formation
of hydrolysis products as a result of electronic and steric re-
quirements.


According to the formation of 6, compound 1 may be
chemically modified at the four corner positions, that is to
say, the OH groups at the corner positions may be replaced
by R’O� groups (R’ = alkyl) through changing the condi-
tions of hydrolysis of dibenzyltin dichloride. Somewhat at
variance with our expectations, a new ethanolate-modified
cluster [(R2SnO)3(R2SnOH)(R2SnOC2H5)(CO3)]2 (7) was
obtained by hydrolysis of dibenzyltin dichloride in ethanol
in the presence of EtONa and hypnone. The most notable
structural variation is that two diagonally opposite hydroxyl
groups are replaced by ethanolate groups, which shows that
the tin-oxygen cluster 1 can be extended from its corner po-
sitions. However, attempts to synthesize the compound
modified at all four corner positions failed.


The structure of 7 is shown in Figure 7; the framework of
the tin-oxygen cluster is the same as that in 1. The Sn�O
bond lengths range from 2.000(4) to 2.279(4) ä and the Oax-
Sn-Oax angles range from 146.94(15) to 151.75(16)8. The lon-
gest Sn�O bond length in compound 7 is Sn(5)�O(5)
(2.279(4) ä), which is longer than the longest Sn�O bond
length in compound 1 (2.234(2) ä).


Conclusion


In summary, we have synthesized and characterized a series
of unique organooxotin clusters incorporating inorganic and
organic spacers between two ladders, each of which contains
five tin atoms. The formation of a drum structure starting
from a diorganotin ladder precursor has been observed for
the first time. Meanwhile, the new organooxotin cluster has


Figure 5. Molecular structure of [RSn(O)Lc]6 (5). All H atoms and benzyl
groups have been omitted for clarity.


Figure 6. Molecular structure of [R2(C2H5O)SnOSn(C2H5O)R2]2 (6). All
H atoms have been omitted for clarity.


Figure 7. Molecular structure of [(R2SnO)3(R2SnOH)(R2SnOC2H5)-
(CO3)]2 (7). All H atoms have been omitted for clarity.
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been modified at its corner positions. The synthetic ap-
proach described herein also offers a new method for ob-
taining organooxotin clusters with large cavities suitable for
host±guest chemistry. Moreover, access to new high-nuclear
organotin oxides can be expected through the reaction of 1
with polyacids. The reactions of compound 1 with polyacids
to form high-nuclear organooxotin clusters, as well as the
host±guest chemistry of the organooxotin clusters, are under
investigation in our laboratory.


Experimental Section


General procedures : Chemicals were obtained from commercial sources
and were used without further purification. 1,1’-Ferrocenedicarboxylic
acid[15] and dibenzyltin dichloride[16] were prepared by literature methods.


Physical measurements : FT-IR spectra were recorded from samples in
KBr pellets in the range 4000±400 cm�1 on a Mattson Alpha-Centauri
spectrometer. Elemental analyses were carried out with a Carlo Erba
1106 elemental analyzer. 119Sn NMR spectra (proton-decoupled) were re-
corded on a Bruker AMX-300 spectrometer operating at 111.9 MHz; res-
onances are referenced to tetramethyltin (external standard, 119Sn).


Synthesis of 1: Na (0.063 g) was added to ethanol (70 mL). After heating
the solution at reflux for 5 min, (C6H5CH2)2SnCl2 (0.370 g) was added.
The reaction mixture was heated at reflux for 12 h, and then the resulting
suspension was filtered. The solvent was slowly evaporated from the fil-
trate in air to give the product as colorless crystals (0.051 g, yield: 15%);
elemental analysis calcd (%) for [(R2SnO)3(R2SnOH)2(CO3)]2¥2CH3-
COCH3: C 52.14, H 4.61; found: C 52.03, H 4.73; 119Sn NMR (CDCl3):
d = �304.7, �244.5, �242.6ppm; FT-IR: ñ = 3023 (m), 1599 (s), 1546
(s), 1492 (vs), 1452 (s), 1361 (s), 1209 (m), 1055 (m), 757 (vs), 696 (vs),
612 (s), 555 (m), 519 (s), 454 cm�1 (m).


Synthesis of 2 : 1,1’-Ferrocenedicarboxylic acid (0.054 g) was added to a
solution of compound 1 (0.340 g) in benzene (50 mL). After heating the
reaction mixture at reflux for 6 h, the solvent was evaporated. Recrystal-
lization of the residue from CH2Cl2/petroleum ether gave the product as
red block-shaped crystals (0.272 g, yield: 70%); elemental analysis calcd
(%) for [(R2SnO)3(R2SnOH)2La]2¥10H2O: C 50.54, H 4.65; found: C
50.66, H 4.77; 119Sn NMR (CDCl3): d = �310.7, �237.7, �233.8 ppm.


Synthesis of 3 : Hexanedioic acid (0.040 g) was added to a solution of
compound 1 (0.468 g) in benzene (50 mL). After heating the reaction
mixture at reflux for 6 h, the solvent was evaporated. Recrystallization of
the residue from CH2Cl2/petroleum ether gave the product as colorless
crystals (0.380 g, yield: 80%); elemental analysis calcd (%) for
[(R2SnO)3(R2SnOH)2Lb]2: C 52.74, H 4.66; found: C 52.70, H 4.70; 119Sn
NMR (CDCl3): d = �289.5, �241.2, �239.7 ppm.


Synthesis of 4 : Benzoic acid (0.096 g) was added to a solution of com-
pound 1 (0.670 g) in benzene (50 mL). After heating the reaction mixture
at reflux for 6 h, the solvent was evaporated, and the residue was recrys-
tallized from CH2Cl2/petroleum ether to give the product as colorless
block-shaped crystals (0.475 g, yield: 65%); elemental analysis calcd (%)
for (R2SnO)3(R2SnOH)2(Lc)2¥0.5CH3COCH3: C 55.27, H 4.61; found: C
55.01, H 4.33.


Synthesis of 5 : Compound 5 was prepared from 1 (0.340 g) by a proce-
dure analogous to that used to synthesize 4, but with a 1:benzoic acid
molar ratio of 1:10. Recrystallization from CH2Cl2/petroleum ether gave
colorless crystals (0.150 g, yield: 40%); elemental analysis calcd (%) for
[RSn(O)Lc]6¥2CH2Cl2: C 45.88, H 3.40; found: C 45.44, H 3.12; 119Sn
NMR (CDCl3): d = �521.8 ppm.


Synthesis of 6 : Na (0.082 g) was added to ethanol (70 mL). After heating
the solution at reflux for 5 min, Cy2SnCl2 (0.356 g) was added. The reac-
tion mixture was heated at reflux for 12 h, and then the resulting suspen-
sion was filtered. The solvent was slowly evaporated from the filtrate in
air to give the product as colorless crystals (0.058 g, yield: 17%); elemen-
tal analysis calcd (%) for [Cy2(C2H5O)SnOSn(C2H5O)Cy2]2 (Cy =


C6H11): C 49.74, H 8.05; found: C 49.63, H 8.10.


Synthesis of 7: Na (0.092 g) was added to a solution of hypnone (0.244 g)
in ethanol (70 mL). After heating the solution at reflux for 5 min,
(C6H5CH2)2SnCl2 (0.380 g) was added. The reaction mixture was heated
at reflux for 12 h, and then the resulting suspension was filtered. The sol-
vent was slowly evaporated from the filtrate in air to give the product as
colorless crystals (0.045 g, yield: 13%); elemental analysis calcd (%) for
[(R2SnO)3(R2SnOH)(R2SnOC2H5)(CO3)]2: C 52.35, H 4.57; found: C
52.30, H 4.60.


X-ray data collection and structure refinement details : Experimental
data from the X-ray analyses are provided in Table 2. Diffraction intensi-
ties were collected on a Rigaku RAXIS-RAPID image plate diffractome-
ter using the w-scan technique with MoKa radiation (l = 0.71069 ä). Ab-
sorption corrections were applied using the multiscan technique.[17] The
structures were solved by direct methods using SHELXS-97[18] and re-
fined by means of full-matrix least-squares techniques using the


Table 2. Crystal data and structure refinements for compounds 1±7.


1 2 3 4 5 6 7


empirical
formula


C148H156O18Sn10 C164H180Fe2O28Sn10 C152H160O18Sn10 C85.50H85O9.50Sn5 C86H76Cl4O18Sn6 C56H108O6Sn4 C146H152O16Sn10


formula
weight


3409.63 3897.68 3461.70 1857.99 2251.41 1352.18 3349.58


crystal size
[mm]


0.147î0.286î0.245 0.110î0.272î0.344 0.324î0.447î0.233 0.443î0.319î0.291 0.239î0.294î0.186 0.153î0.194î0.078 0.050î0.112î0.158


crystal
system


triclinic triclinic triclinic monoclinic triclinic monoclinic triclinic


space group P1≈ P1≈ P1≈ Cc P1≈ C2/c P1≈


a [ä] 11.8921(2) 14.226(3) 12.176(2) 28.702(6) 12.039(2) 21.977(4) 14.083(3)
b [ä] 15.500(3) 16.974(3) 22.275(5) 16.536(3) 13.532(3) 13.423(3) 14.731(3)
c [ä] 20.461(4) 19.265(4) 27.997(6) 33.268(7) 13.902(3) 22.532(5) 18.718(4)
a [8] 75.31(3) 111.21(3) 81.31(3) 90 108.42(3) 90.00 107.49(3)
b [8] 81.93(3) 102.20(3) 89.28(3) 91.28(3) 98.18(3) 108.23(3) 99.96(3)
g [8] 82.01(3) 94.38(3) 76.45(3) 90 91.46(3) 90.00 108.47(3)
volume
[ä3]


3590.7(12) 4178.9(19) 7295(3) 15786(5) 2120.8(7) 6313(2) 3354.9(11)


Z 1 1 2 8 1 4 1
Rint 0.0192 0.0330 0.0342 0.0298 0.0284 0.0731 0.0300
R1
[I>2s(I)]


0.0234 0.0449 0.0421 0.0452 0.0241 0.0544 0.0310


wR2 (all
data)


0.0814 0.1276 0.1350 0.1419 0.0825 0.1734 0.1060
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SHELXL-97 program[19] as implemented in WINGX.[20] Non-hydrogen
atoms were refined anisotropically. The positions of hydrogen atoms at-
tached to carbon were generated geometrically, while the aqua hydrogen
atoms were not located. Analytical expressions of neutral-atom scattering
factors were employed, with anomalous dispersion corrections incorpo-
rated therein.[21]


CCDC-232622 to CCDC-232628 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223-336033).
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Ionic Liquid Analogues Formed from Hydrated Metal Salts


Andrew P. Abbott,* Glen Capper, David L. Davies, and Raymond K. Rasheed[a]


Introduction


Ambient temperature ionic liquids have received extensive
interest for both electrochemical and synthetic applica-
tions.[1±11] The studies to date can broadly be divided into
two types of ionic liquids; those based on chlorometallate
anions, such as Al2Cl7


� , and those based on non-metal-con-
taining anions, such as BF4


� and (CF3SO2)2N
� . Most of the


initial work focused on imidazolium or pyridinium salts with
aluminium chloride. Osteryoung[1] showed that n-butylpyri-
dinium salts with AlCl3 gave liquids over a wide range of
composition at ambient temperatures. Similar results were
also found using dialkylimidazolium chloroaluminate
melts.[2] The properties of these ionic liquids are controlled
by various chloroaluminate anions, whose relative concen-
trations change considerably with the melt composition. The
density, viscosity and electrical conductivity of these systems
have been characterised by Hussey et al.[3] The electrochem-
istry of aluminium and a range of transition-metal salts have
been studied in a variety of chloroaluminate melts and this
has found application for batteries and the electrodeposition
of aluminium and its alloys.[4±7] The chemical and electro-
chemical properties of AlCl3-containing melts have recently
been reviewed in a number of articles.[8±11]


It has recently been shown that ionic liquids can be
formed by using zinc chloride with pyridinium,[12] dimethyl-


ethylphenylammonium[13] and imidazolium salts.[14±16] These
have higher melting points than the corresponding chloro-
aluminate melts, but are still fluid at ambient temperatures.
In recent work[17] we have also shown that choline (2-hy-
droxyethyltrimethylammonium) chloride also forms ionic
liquids with metal halides, for example, with ZnCl2 and
SnCl2. Not only are these ionic liquids easy to prepare, but
in contrast to the AlCl3-containing liquids, they are water
and air insensitive; in addition their low cost enables their
use in large-scale applications such as metal finishing.[18]


Analogous to AlCl3, ZnCl2 forms complex anions with Cl�


and the change in properties of the ionic liquids with com-
position and temperature can be predominantly ascribed to
the equilibria given in Equations (1) and (2).[19]


ZnCl�3 þ ZnCl2 Ð Zn2Cl
�
5 ð1Þ


Zn2Cl
�
5 þ ZnCl2 Ð Zn3Cl


�
7 ð2Þ


Other metal salts, such as SnCl2 and FeCl3, could also be
used to form room-temperature ionic liquids.[17,19] However,
the limited range of anhydrous metal salts that form ionic
liquids with choline chloride, restricts the use of such media
for a variety of important electrochemical processes. The
current work reports the inclusion of other metals into ionic
liquids as hydrate salts and focuses on the system formed
between choline chloride and hydrated chromium chloride
with the specific application of electrodepositing chromium.


[a] Dr. A. P. Abbott, Dr. G. Capper, Dr. D. L. Davies, Dr. R. K. Rasheed
Chemistry Department, University of Leicester
Leicester, LE1 7RH (UK)
Fax: (+44) 116-252-3789
E-mail : Andrew.abbott@le.ac.uk


Abstract: A dark green, viscous liquid
can be formed by mixing choline chlo-
ride with chromium(iii) chloride hexa-
hydrate and the physical properties are
characteristic of an ionic liquid. The
eutectic composition is found to be 1:2
choline chloride/chromium chloride.
The viscosity and conductivity are
measured as a function of temperature
and composition and explained in


terms of the ion size and liquid void
volume. The electrochemical response
of the ionic liquid is also characterised
and it is shown that chromium can be
electrodeposited efficiently to yield a


crack-free deposit. This approach could
circumvent the use of chromic acid for
chromium electroplating, which would
be a major environmental benefit. This
method of using hydrated metal salts
to form ionic liquids is shown to be
valid for a variety of other salt mix-
tures with choline chloride.


Keywords: chromium ¥
electrochemistry ¥ green chemistry ¥
ionic liquids
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Results and Discussion


Table 1 shows the freezing point of choline chloride mix-
tures with CrCl3¥6 H2O. As with the anhydrous ZnCl2 and


SnCl2 cases reported previously,[17] the eutectic composition
occurs at a composition of 1:2 choline chloride/CrCl3¥6 H2O.
At this composition it is a dark green viscous liquid at ambi-
ent temperature. The liquid cannot be formed by adding an-
hydrous CrCl3 to choline chloride with six equivalents of
water, and the anhydrous salt is also insoluble in the ionic
liquid formed from the hydrated salt. This shows that the
waters of hydration are vital in controlling the co-ordination
chemistry around the chromium centre and the liquid is not
simply a concentrated aqueous solution. It could be argued
that a system containing water molecules is not strictly an
ionic liquid, but since all of the physical properties are com-
parable to the anhydrous analogues (see below) and the
water molecules behave as ligands rather than solvent mole-
cules, it seems appropriate to classify them as fluids analo-
gous to ionic liquids.


The physical properties change markedly with tempera-
ture and composition, and above 65±70 8C the colour of the
liquid changes to purple showing that the coordination
sphere around the chromium centre is changing. Thermog-
ravimetry shows that the waters of hydration are released in
two steps; the first starts at about 85 8C, which equates to
approximately three water molecules, and the second at
about 180 8C, corresponding to the other three water mole-
cules. A gradual weight loss is observed above 270 8C, prob-
ably due to the decomposition of the choline cation and no
further mass loss is observed between 500 and 1000 8C. Ther-
mogravimetry of CrCl3¥6 H2O shows that three waters of hy-
dration are released at 71 8C, that is, slightly lower than in
the ionic liquid, suggesting that the quaternary ammonium
salt affects the coordination sphere around the chromium
centre.


The chemistry of CrCl3¥6 H2O is extremely complex and a
variety of species could be present in the ionic liquid. In
aqueous solutions the main equilibria include those in Equa-
tion (3), and the dominant species are dependent upon the
solution environment.[21]


½CrðH2OÞ6�Cl3 ½0� Ð ½CrðH2OÞ5Cl�Cl2 �H2O ½I� Ð
½CrðH2OÞ4Cl2�Cl � 2H2O ½II� Ð ½CrðH2OÞ3Cl3� � 3H2O ½III�


ð3Þ


Elving and Zemel showed that the UV-visible spectrum
of the chromium species is affected by the number of chlo-


ride and water ligands bound to the metal. For each com-
plex two bands are observed; the first in the range 407 to
475 nm and the second in the range 575 to 665 nm. In each
range the lower value corresponds to the hexaaqua complex
[0] and the upper value to the trichloro species [III]. The ad-
dition of each chloride ligand shifts the lower wavelength
band by about 20 to 25 nm and the upper band by 30 nm.[21]


In a neutral aqueous solution species [I] and [II] dominate
and species [III] is only observed when the solution contains
12m HCl. In the 2:1 CrCl3¥6 H2O/choline chloride mixture,
two bands are also seen, one at 470 nm and the other at
669 nm. This suggests that in the ionic liquid the trichloro
species is present. A pronounced shoulder is observed at
700 nm suggesting a species with four chlorides is formed in
the high chloride environment [Eq. (4)]:


CrCl3 � 3H2Oþ Cl� Ð ½CrCl4 � 2H2O�� þH2O ð4Þ


Electrospray MS of the eutectic mixture shows some evi-
dence for [CrCl4]


� (m/z : 192/194*/196) in the ionic liquid
(the waters of hydration are bound too weakly to be ob-
served and [Cr(H2O)3Cl3] is neutral and therefore not de-
tected) although no evidence is observed in FAB MS. In the
mixtures of choline chloride with ZnCl2 and SnCl2, di- and
trimetal-containing anions with bridging chloride ligands
were observed.[19] No evidence was obtained for dichromium
containing complexes; however, these may be very weak
complexes and hence not detectable by using FAB-MS. No
evidence is observed for the dianion [CrCl5(H2O)]2�. In ad-
dition, no major chromium-containing ions were seen in the
positive ion spectra. Hence we conclude that the main chro-
mium complex in the ionic liquid is [Cr(H2O)3Cl3].


Figure 1 shows the viscosity of ChCl/CrCl3¥6 H2O mixtures
as a function of temperature and composition. It is notice-
able that the viscosity of these ionic liquids is considerably
lower than the ChCl/ZnCl2 ionic liquids reported previous-
ly,[19] suggesting that the waters of hydration play a signifi-
cant role in solvation. The viscosity of the medium is re-
duced as the mole fraction of CrCl3¥6 H2O is increased, and
the minimum viscosity is not observed at the eutectic com-
position.


Table 1. Freezing temperatures of choline chloride/CrCl3¥6H2O mixtures
as a function of composition.


ChCl/ Freezing ChCl/ Freezing
CrCl3¥6 H2O point [K] CrCl3¥6H2O point [K]


1:1 300.2 1:1.5 290.3
1:2 286.9 1:2.5 292.6
1:3 321.5


Figure 1. Viscosity of ChCl/CrCl3¥6H2O mixtures as a function of temper-
ature and composition
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The change in viscosity (h) with temperature is given by
Equation (5):


ln h ¼ ln h0 þ
Eh


RT
ð5Þ


in which h0 is a constant and Eh is the energy for activation
of viscous flow.[22] Table 2 shows that all the data in Figure 1
fit well to Equation (5); the values obtained for Eh are also
given in Table 2.


It has been shown empirically that Eh values are related
to the melting point of liquids (Tm) by Equation (6).[22]


Eh¼3:74RTm ð6Þ


This has been found to be valid for a range of molecular
liquids and high-temperature molten salts.[22] This would
suggest an Eh value of approximately 9 kJ mol�1 for the
ChCl/CrCl3¥6 H2O mixtures, which is significantly smaller
than that shown in Table 2. The values for the chromium-
containing liquid are, however, similar to other room-tem-
perature ionic liquids. Branco et al.[23] reported the viscosity
of a range of imidazolium salts and using these data the
energy for activation of viscous flow was found to range
from 37.2 (C4mim BF4) to 59.7 kJ mol�1 ((C5O2mim Cl).
Figure 2 shows the plot of Eh verus RT for the data in
Figure 1 and that extracted from the Branco study.[23] A
roughly linear trend is observed with a constant of propor-


tionality of 20.7. This suggests that the empirical relationship
observed in Equation (6) for molecular liquids and high-
temperature molten salts, is not valid for ambient-tempera-
ture ionic liquids and may result from the large size of the
solvent ions found in the latter.


The eutectic mixture has a very high refractive index
(1.5470), which is larger than that of most molecular sol-
vents and comparable to many of the imidazolium-based
ionic liquids and high-temperature molten salts.[24±26] The
density is also extremely large (1.54 g cm�3 at 60 8C) and is
greater than other imidazolium-based ionic liquids and sug-
gests a small void volume in the liquid. The surface tension
(77.68
0.05 mN m�1 at 40 8C) is higher than water and is
comparable to high temperature molten salts, for example,
KBr g=77.3 mN m�1 at 900 8C.[26]


In high-temperature molten salts hole theory has been
used to explain the mobility of ions. It can be shown that in
a molten salt the radius of the average sized void (r) is relat-
ed to the surface tension of the liquid (g) by the expression
given in Equation (7):[22]


4phr2i ¼ 3:5
kT
g


ð7Þ


in which k is the Boltzmann constant and T the absolute
temperature. Hence, in the ionic liquid containing chromium
chloride the average void radius is 1.24 ä, while the radius
of the choline ion is 3.29 ä. By contrast, for KBr at 900 8C
the average void radius is 2.1 ä, whereas the cation radius is
1.3 ä.[22] This explains the significant disparity between the
viscosity of molten salts and ionic liquids, namely, the ratio
of ionic radius to void radius is considerably larger for ionic
liquids than molten salts making ionic motion considerably
easier in the latter case. We therefore suggest that the large
spread of Eh values could be due to the inordinately large
solvent/hole ratio, which appears to be characteristic of
room-temperature ionic liquids. This is, however, difficult to
prove at present, because of the lack of consistent viscosity
and Eh data available.


Figure 3 shows the conductivity of choline chloride/chro-
mium chloride mixtures as a function of temperature and
composition. The data show liquids that have conductivities
that are an order of magnitude larger than the ZnCl2/ChCl
system and comparable to imidazolium salts. This is proba-
bly related to the viscosity of the ionic liquids, since the
ZnCl2/ChCl system is an order of magnitude more viscous
and the imidazolium salts have similar viscosities to those
shown in Figure 1. Analogous to the viscosity data, conduc-
tivity (s) of ionic liquids have been fitted to Equation (8).[22]


ln s ¼ ln s0�
EL


RT
ð8Þ


The activation energy for conduction (EL) is listed in
Table 2 as a function of composition. As with the Eh values,
they are significantly larger than high-temperature molten
salts (typically group I halides have values of 5 to
20 kJ mol�1).[26]


Table 2. Activation energies for viscous flow (Eh) and conductivity (EL)
as a function of liquid composition. Coefficients of correlation (r) for the
fits to Equations (5)[a] and (8)[b] are also given.


ChCl/ Eh r[a] EL �r[b]


CrCl3¥6 H2O [kJ mol�1] [kJ mol�1]


1:1 58.5 0.997 43.7 0.999
1:1.5 55.5 0.994 50.5 0.995
1:2 54.2 0.998 41.2 0.996
1:2.5 52.4 0.996 40.6 0.992
1:3 ± ± 37.8 0.999


Figure 2. Energy for activation of viscous flow as a function of ionic
liquid freezing point.
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For ionic fluids, the conductivity is generally governed by
the mobility of the charge carriers. Hence a plot of s versus
h�1 should be linear for a given charge carrier. The case of
chromium chloride is somewhat complex because of the var-
ious ligand permutations that are possible [Eq. (9)].


ChClþ ½CrðH2OÞ4Cl2�Cl � 2H2O Ð ½CrðH2OÞ3Cl3� � 3H2O


þChCl Ð Chþ½CrðH2OÞ2Cl4�� � 4H2O


ð9Þ


Figure 4 shows a strong linear correlation between con-
ductivity and the reciprocal of viscosity, which shows that
the ionic mobility is controlling the conductivity of the


liquid. It also shows that since the slope is approximately
constant at all compositions, the charge-carrying species is
dominated by one species. The UV-visible data suggests that
[Cr(H2O)3Cl3]¥3H2O is the major chromium containing spe-
cies and hence the charge carriers are presumably Ch+ and
Cl� .


The clear application of an ionic liquid containing chromi-
um is for the study of chromium electrodeposition. Figure 5
shows the cyclic voltammogram for the 1:2 ChCl/
CrCl3¥6 H2O system at 60 8C on a Pt microelectrode at a


sweep rate of 20 mV s�1. The reduction process that is initi-
ated at approximately 0 V is most probably due to the re-
duction of Cr3+ to Cr2+ . At fast sweep rates (>100 mV s�1)
the process appears to be quasi-reversible, but at 20 mV s�1


the reduction current decreases markedly when E<�0.5 V;
this is indicative of electrode passivation. This could either
be due to the precipitation of a CrII species or the reaction
of a CrII species to give an insoluble product on the elec-
trode surface. The instability of CrII species, even consider-
ing that the solvent is ionic, suggests that the latter is the
most likely explanation for the passivation process. Assum-
ing that the current (i) for the process prior to passivation is
diffusion limited, the diffusion coefficient (D) for the reduc-
tion reaction in Equation (10) is given by Equation (11)[27] in
which F is the Faraday constant, c is the concentration and r
the radius of the electrode.


Cr3þ þ e� Ð Cr2þ ð10Þ


D ¼ i=4nFcr ð11Þ


This yields a diffusion coefficient of 8.2 î 10�12 m2 s�1


which is somewhat higher than that predicted by the
Stokes±Einstein equation (2.4 î 10�12 m2 s�1); however, Equa-
tion (11) does make the assumption that the process is diffu-
sion limited, which may be less valid given the high concen-
tration of the chromium salt (4.4 mol dm�3). Notwithstand-
ing, the electrochemical process is clearly due to the reduc-
tion of the CrIII complex.


Probably the most interesting observation is that no re-
duction current for the decomposition of water is observed.
This suggests that the water molecules are highly coordinat-
ed and, since the medium acts as a poor base, the protons
on the water are less acidic than in an aqueous solution.


At larger negative over-potentials a nucleation loop char-
acteristic of deposition is observed. This suggests that what-
ever is partially passivating the electrode surface is still con-
ducting enough to allow its subsequent reduction to the met-


Figure 3. Conductivity of ChCl/CrCl3¥6H2O mixtures as a function of
temperature and composition.


Figure 4. Conductivity as a function of 1/viscosity for the data in Figures 1
and 3.


Figure 5. Cyclic voltammogram for the 1:2 ChCl/CrCl3¥6 H2O system at
60 8C on a Pt microelectrode at a sweep rate of 20 mV s�1.
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allic form. The deposition process is apparently irreversible;
this is surprising since the deposition of aluminum in an
ionic liquid is reversible.[28]


Electrodeposition of chromium is usually carried out from
aqueous solutions based either on CrO3/H2SO4 or trivalent
chromium salts/complexing agents.[29] Both of these solutions
have their limitations primarily due to the competing hydro-
gen evolution process, which limits the current efficiency
and leads to hydrogen embrittlement of the substrate, but
also because of the highly cracked deposit that is pro-
duced.[29] The high toxicity of CrVI is also an issue in its use.


Bulk deposition from the 1:2 ChCl/CrCl3¥6 H2O system at
60 8C for 2 h onto a nickel electrode at a current density of
0.345 mAcm�2 resulted in an amorphous pale blue/grey de-
posit of 27 mm thickness. Negligible gas evolution was ob-
served confirming that the waters of hydration are less elec-
trochemically active than bulk water. The current efficiency
for the process was found to be in excess of 90 %. Exact
quantification was not possible due to the incorporation of a
small, but undetermined, amount of chloride in the film.
Hard chrome plating based on aqueous chromic acid results
in an inherently inefficient process; only 10±20 % of the
energy supplied is utilised for electrodeposition.[29] Also, the
deposition of the metal from CrVI naturally necessitates
twice as much current as the corresponding CrIII complex.
Power consumption is an important factor in the practical
operation and the very high efficiency of the ionic-liquid-
based processes could have a greatly beneficial impact on
the industrial sustainability of chrome plating. Also, the ab-
sence of hydrogen production during plating will eliminate
the potential for hydrogen embrittlement, a significant
factor for component failure.


Figure 6 shows the scanning electron micrograph of the
deposit formed from the bulk electrolysis of the chromium-
containing ionic liquid, and it can clearly be seen that it is
not micro-cracked as is typical of the deposits formed from
aqueous chromic acid solutions. A defect-free coating is im-
portant, as it is these micro-cracks that can lead to pitting
corrosion in the substrate material. EDAX analysis showed
that the deposit was predominantly chromium with a small


amount of residual chloride. The hardness of the film was
242 Vickers, which is less than the chrome hydride formed
by the chromic acid process (typically 800 to 900 Vickers)
but greater than pure chromium (typically 220 Vickers).
This shows that chromium(iii)-containing ionic liquids could
be a suitable alternative to hexavalent chrome baths for the
deposition of crack-free chromium coatings.


The mixture of hydrated metal salts with substituted qua-
ternary ammonium salts is by no means limited to
CrCl3¥6 H2O. A wide variety of hydrated salt mixtures with
choline chloride have been found to form these ionic liquids,
including CaCl2¥6 H2O, LaCl3¥6 H2O, CoCl2¥6 H2O,
LiNO3¥4 H2O and Zn(NO3)2¥4 H2O.[30] This represents a
novel method of incorporating other metals into ionic-
liquid-like fluids.


Conclusion


It has been shown that ionic liquids can be formed between
choline chloride and a variety of hydrated metal salts. A
wide variety of metals can be included into ionic liquids by
this method and they are shown to have improved transport
properties over anhydrous metal salt systems. Specifically
the choline chloride/CrCl3¥6 H2O system has been character-
ised as a function of composition and temperature and is
found to have properties similar to imidazolium-based ionic
liquids. The temperature effects on the viscosity and conduc-
tivity of these liquids are explained in terms of the ion/hole
ratio. The electrodeposition of thick, adherent, crack-free
chromium films is demonstrated from this ionic liquid, and
it is shown that the waters of hydration are highly coordinat-
ed in the liquid and are not significantly electroactive within
the potential window of the liquid. This could offer an effi-
cient and environmentally more acceptable process by
which to electrodeposit chromium than the current chromic
acid based solutions.


Experimental Section


Choline chloride [ChCl] (Aldrich, 99%) was dried under vacuum prior
to use and chromium(iii) chloride hexahydrate (Fluka, 98+ %) was used
as received to prepare the ionic liquid. Choline chloride and chromi-
um(iii) chloride hexahydrate in a molar ratio of 1:2 were combined and
heated at approximately 70 8C until a green liquid was obtained, (approx-
imately 30 minutes for 0.03 moles of 1:2 mixture). With prolonged heat-
ing the liquid turned purple due to the loss of water molecules from the
coordination sphere around the chromium ion. This process was, howev-
er, reversible on cooling the mixture.


The viscosity was determined using a Brookfield DV-E viscometer fitted
with a thermostated jacket. The conductivity and its temperature depen-
dence were determined by using a Jenway 4071 conductivity meter with
temperature and conductivity probes (probe cell constant=1.01 cm�1).
Refractive index measurements were made with a Bellingham and Stan-
ley refractometer, which was calibrated using dichloromethane and tolu-
ene as reference standards. A Kruss K11 tensiometer equipped with a
thermostatted jacket was used for the surface tension experiments.


The equilibrium geometry and volumes of the ions were calculated using
a Hartree±Fock method utilizing an STO-3G model provided by com-
mercially available software.[20] Thermogravimetric analysis was carried
out using Perkin±Elmer Pyris 6 TGA at a heating rate of 5 8C min�1.


Figure 6. SEM image of the deposit formed following the electrolysis of
the 1:2 ChCl/CrCl3¥6 H2O system at 60 8C for 2 hours onto a nickel elec-
trode at a current density of 0.345 mA cm�2 (bar=10 mm).
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Voltammetry and chronoamperometry were carried out using an Autolab
PGSTAT12 potentiostat controlled with GPES software. A three-elec-
trode system consisting of a platinum microelectrode (5x10�4 cm radius),
a platinum counter electrode and a chromium wire reference electrode
were used. The working electrode was polished with 0.3 mm alumina
paste, rinsed and dried prior to all measurements. Electrochemical meas-
urements were performed at 60 8C and a scan rate of 20 mV s�1 was used
in voltammetric experiments.


The effect of current density on chromium deposit morphology was de-
termined by using a Hull Cell. Two nickel plates were abraded with glass
paper (P600), degreased with hexane and dried. Bulk electrolysis experi-
ments were performed by using a Thurlby Thander power supply. Follow-
ing electrolysis the cathode was washed with deionised water and dried.
Surface analysis was carried out by means of scanning electron microsco-
py (SEM) and energy dispersive analysis by X-rays (EDAX).
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Molecular Dynamics (MD) Simulations and Large-Angle X-ray Scattering
(LAXS) Studies of the Solid-State Structure and Assembly of Isotactic
(R)-Poly(2,2’-dioxy-1,1’-binaphthyl-)phosphazene in the Bulk State
and in the Cast Film


Gabino A. Carriedo,[b] Francisco J. GarcÌa Alonso,[b] Josÿ L. GarcÌa Alvarez,[b]


Giuseppe M. Lombardo,[a] Giuseppe C. Pappalardo,*[a] and Francesco Punzo[a]


Introduction


Linear polyphosphazenes are inorganic macromolecules
made up of �R2PN� units, in which R may be halogen,
pseudo-halogen, alkoxy, aryloxy, amino, alkyl or aryl groups.
During recent decades the chemistry, properties and applica-
tions of polyphosphazenes–as, inter alia, elastomers, fire-re-
tardant agents, membranes or biocompatible polymers–


have been extensively studied and reviewed.[1±4] Recently,
the growing progress in the synthetic methods for this type
of polymers has given rise first to the novel high molecular
weight derivatives with 2,2’-dioxybiphenyl-phosphazene re-
peating units [NP(O2C12H8)]n (poly-spirophosphazenes)[5]


and, finally, to their 2,2’-dioxy-1,1’-binaphthyl-phosphazene
analogues [NP(O2C20H12)]n (see below), here denoted as P-
DBNP, which could be obtained as isotactic R or S poly-
mers, or as (R/S)-copolymers[6] (see below) with different
proportions of both chiral units.
The study of the structure and molecular assembly of P-


DBNP both as a powder (I) and as a film (II) is helpful for
understanding of the stereochemistry of functionalised co-
polymeric derivatives of the type {[NP(O2C20H12)]1�x[NP-
(OC6H5R)2]x}n


[6±9] . These systems may have helicoidal con-
formations with the R groups immersed in chiral pockets,[9]


and so they are interesting as synthetic helical polymers[10]


and potentially useful as supported catalysts for enantiomer-


[a] Dr. G. M. Lombardo, Prof. G. C. Pappalardo, Dr. F. Punzo
Dipartimento di Scienze Chimiche
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Universidad de Oviedo, Oviedo 33071 (Spain)


Abstract: The intrachain conformation,
molecular structure and interchain as-
sembly of isotactic (R)-poly(2,2’-dioxy-
1,1’-binaphthyl)phosphazene (P-DBNP)
both in the bulk state (I) and in the
cast film (II) were studied by molecular
dynamics (MD) simulations of models,
as implemented by a bias potential for
the analysis of the radial distribution
function (RDF) obtained from large-
angle X-ray scattering (LAXS) data.
The microscopic structure and order
extension of the polymer changed from
I to II, as qualitatively shown in the
shapes of their experimentally mea-
sured RDF curves. With the use of a
bias potential, the MD simulations pro-
vided a much more accurate analysis of
the models, as seen in the reproduction


of the RDFs. The chiral P-DBNP chain
was found to be consistent with helix
conformations in both the I and the II
samples. The predominant interchain
clustering motif was best reproduced
with a seven-chain model. In the case
of I, the maximum chain length was 18
monomeric �R2NP� units, while in the
case of the cast film II the chain was
more elongated, up to distances of ap-
proximately 100 ä, equivalent to over
48 monomeric �R2NP� units. The
seven-chain assembly was accounted
for in terms of nonbonded interactions


favouring the minimum voids area be-
tween the seven tubular structures of
the material. The results validate our
earlier finding that MD analysis with
implementation of a biasing potential
for the RDFs can provide quantitative
information on the structural and con-
formational features of amorphous
solids. The combined theoretical and
experimental approach was found to
be a useful tool to detect, locate and
evaluate the intra- and intermolecular
modifications of materials subsequent
to their phase transformation and, as in
the present case, changes in their mi-
croscopic structures or preparation
methods.


Keywords: molecular dynamics ¥
polyspirophosphazenes ¥ structure
elucidation ¥ X-ray diffraction
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ic synthesis.[11] Obtaining information on the structural and
conformational features of these polymers is also a central
issue in studies focused on the technological applications of
these materials. Of particular concern are the structure±
property relationships, which need to be better understood
in terms of both intrachain and interchain interactions and
ordering that might give rise to molecular recognition.
The major impediment to the obtaining of detailed infor-


mation about the structure, conformation and molecular ar-
rangement of poly-spirophosphazenes is the fact that they
are amorphous, or, at the best, of low crystallinity. The lack
of translation symmetry makes the application of classical
X-ray diffraction techniques–so straightforward for crystal-
line materials–difficult or impossible in these systems.
Acquisition of structural information for a given material


independent of its degree of molecular ordering is a current
challenge. This study is an endeavour to solve this experi-
mental problem with computational techniques.
Molecular dynamics (MD), combined with large angle X-


ray scattering (LAXS) and with NMR spectroscopy, has re-
cently been used by us for the determination of structural
parameters (molecular assembly, interatomic and intermo-
lecular distances) in the bulk,[3,12±14] and of stereochemistry
in solution,[15] respectively, of phosphazenic systems. Energy
dispersive X-ray diffraction (EDXD) is a LAXS modifica-
tion that has been recognized to be useful for rapid deriva-
tion of the coherent scattering intensity curve.[16±18] . The MD
technique has been shown to be a suitable way to assess the
local structural order from the radial distribution function
(RDF) curve.[3,12±14] The shape (peak positions and intensity)
of the measured RDF curve can be reproduced by the calcu-
lated RDF from ™snapshots∫ collected along the entire evo-
lution time of the MD simulation of each model considered.
Comparison between experimentally determined and theo-
retical RDFs can provide information not only on the struc-
tures but also on the dynamic properties of the system.


The measured RDF for a polymer represents a weighted
sum of atom±atom distributions. To assess the origin of the
RDF quantitatively, an analysis of the experimental RDF
can be made by comparison with the calculated one by use
of two methods. These are: 1) fitting of the experimental
structure function i(q) by adjusting the atomic positions of a
selected static model, and 2) calculation of the shape of the
i(q) curve by use of the force-field (FF) implemented in the
MD scheme; this allows fluctuations in the interatomic dis-
tances during the simulation of each chosen model.
Both methods suffer from limitations. The first limitation,


in which the static molecular arrangement is subjected to
empirical adjustments of the interatomic distances to give
the best fit to the measured curve, can produce artefacts, or
generate unrealistic structures (e.g., two nonbonded atoms
residing at a very short distance or even coinciding). The
second method, which avoids the above assumption of a
static molecular arrangement, works out the problem by
using MD, but this also has a limitation, that is, the calculat-
ed shape (peak position and intensity) of the RDF curve
does not match the measured one either accurately or en-
tirely. The bias of the latter method clearly depends on the
FF used and on the quality of the parameterization for the
system dealt with. It follows that the calculated interatomic
distances and angles of the model will reproduce those of
the material with good approximation, but not exactly.
Currently, the attainment of high-quality molecular struc-


tures through accurate MD refinement of the RDFs pro-
duced from EDXD measurements is still an issue. Accord-
ingly, in this work we use standard MD simulations with an
added biasing potential (see Appendix) to reproduce the ex-
perimentally determined curve of the static structure func-
tion (SF) i(q). The implemented fitting method was applied
and checked for analysis of the EDXD experiments per-
formed on both I and II samples of P-DBNP.
In this study the crystallinity (or lack thereof) of P-DBNP


was found to depend upon how the material had been creat-
ed; both powder (I) and cast-film (II) materials were pre-
pared, each showing different amounts of ordering (vide
infra).


Experimental Section


Materials and methods


Samples : The polymer (R)-[NP(O2C20H12)]n, a very pale yellow powder,
was prepared by the previously described method,[6] but with some modi-
fications. The reaction was carried out in tetrahydrofuran (THF) instead
of 1,4-dioxane, the starting [NPCl2]n was obtained by the method of
Magill,[19] but its solution in THF was made in the presence of solid
K2CO3, to avoid the formation of poly-THF,


[20,21] and, in order to prevent
the presence of solvents in the final polymer (these are very easily re-
tained and difficult to remove[6]), the purification was carried out by
three consecutive precipitations from THF/water (instead of THF/isopro-
panol and THF/hexanes) and the product was dried over phosphorous
pentoxide in a desiccator at low pressure. Elemental analysis calcd (%)
for final product:C 73.0, H 3.67, N 4.25; found: C 71.3, H 3.74, N 4.41.
The Mw was 800000 (polydispersity index=4.6). The specific rotation at
22 8C was [a]Na=�2268 (in CHCl3). The 1H NMR spectrum (CDCl3)
showed the expected absence of solvents or water, but the presence of
some trimer [NP(O2C20H12]3. This was confirmed by the


31P NMR spec-
trum, which allowed a quantitative measurement of 1.5 molecules of
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trimer (at 28.0 ppm) per 100 polymeric units (broad signal centred at
�3 ppm), which means approximately 4% of the trimer by weight.


The polymer film II, pale yellow and fragile, was obtained by slow evapo-
ration of a THF solution of I. The 1H NMR spectrum in CDCl3 showed
small retention of THF (0.2 molecules per polymeric unit), which was in-
sufficient for effects to be determined in the RDF curve.


X-ray experiments : Data collection was carried out with a noncommercial
X-ray energy-scanning diffractometer[22] suited (fixed q) to perform
energy scanning with a polychromatic X-ray beam and an energy disper-
sive solid-state detector (SSD) device.


The diffractometer consisted of a Seifert X-ray HV generator supplying a
water-cooled tungsten anode (3.0 kW maximum power). The Bremsstrah-
lung component of the X-ray source was used. Operating conditions
were: high-voltage supply=50 kV, current intensity=40 mA, total
power=2000 W and energy range used=15.0±40.0 keV.


For diffraction spectra collection, a Ge solid-state detector electronically
connected to a multichannel analyser was used. The diffractometer was
completed by a set of collimating slits placed in front of and behind the
sample. Two-step motors moved the arms, supporting the source and the
detector. An adjustable sample holder was placed in the optical centre of
the diffractometer. The measurement angles were: q=24, 15.5, 8.0, 5.0,
3.0, 2.0, 1.0 and 0.58.


The calculation of the RDF curves from the q function was described by
us previously.[12]


Data analysis


Protocols : The Cerius2 package developed by BIOSYM/MSI was used to
perform all the MM calculations through the OFF (Open Force-field)
routine, which includes the empirical functions of the CHARMm force-
field.[23] The CHARMm FF parameters were implemented with those
previously derived for hexa(aryloxy)phosphazenes.[12] The Crystal facility
of this program was used for reproducing the period boundary conditions
(PBCs). The atomic charges (P=1.02, N=�0.35, O=�0.48, C= from
�0.03 to 0.08, H=0.03) were obtained with the charge equilibration
method implemented in the Cerius2 package. The energy-optimized struc-
tures were obtained by the conjugate gradient method, satisfying a gradi-
ent �0.1 kJmol�1ä�1. The scale factor for the nonbonding (NB) 1±4 in-
teractions was set to 0.5. The NB interaction cut-off was implemented by
the SPLINE method as a function of the interatomic distance values (r)
as follows: for r<SPLINE-ON=20 ä, fully considered; for r>SPLINE-
OFF=30 ä, fully ignored; for SPLINE-ON< r<SPLINE-OFF, reduced
in magnitude. The dielectric constant in the electrostatic function was set
as e=1.


The MD simulations were carried out by use of a home-made program,
which, by using the CHARMm functions, included the bias potential rou-
tine (see Appendix). Constant volume and temperature (298 K) ensem-
bles were used for all the calculations. The simulations started from the
MM energy-minimised structures. Transients for 5 ps (5000 time steps)
with sampling intervals of 0.01 ps were usually collected. The integration
time step was 0.001 ps.


Models : Firstly, a single chain of P-DBNP �R2PN� units was constructed
with the aid of some common structural features on chiral polymers pro-
vided in the literature.[24, 25] A helix conformation of the phosphazene
chain has also recently been proposed for the analogous 2,2’-dioxy-di-
phenyl derivative in solution.[21]


Construction of the initial polymer shape was driven by the following as-
sumptions: 1) for the pure stereoisomer a helix conformational model of
the chain should be energetically favoured,[26] and 2) the identity period
of two monomeric�(NPR2)2� units in the trans±cis [TC]n conformation is
established[27] at a close constant value of 4.92 ä (Figure 1). Accordingly,
by starting from such a planar [TC]n backbone, helicoidal chains denoted
as A, B, C and D were obtained by (�R2PN�)2 twist angle values of 108,
208, 308 and 608 (number of residues per turn 3608 per unit twist; i.e.: 72,
36, 24 and 12). The above conformations correspond to helicoidal turn
steps of 175.87, 87.65, 59.28 and 28.84 ä, respectively. Preliminary assay
of these single chains in the gas phase by MM calculations showed the
C model of the chain to be effectively the most stable, by about 1.5 kcal
mol�1 per �R2PN� unit, in the sequence C>B>D>A (Table 1). Such a
C-type chain is consistent with a continuous helix with a cylindrical enve-
lope (Figure 2). Subsequent geometry optimization by MM with periodic


boundary conditions showed that the hexagonal packing of a C-type heli-
coidal chain is energetically favoured (by �0.6 kcalmol�1 per �R2PN�
unit) with respect to that in a tetragonal arrangement (Table 2). Further-
more, the C-type chain in a hexagonal arrangement also had the lowest
energy with respect to the B- and D-type chains both in the tetragonal
and in the hexagonal packing motifs. Accordingly, to establish the best
assembly, length and number of chains suited for reproduction of the ex-
perimentally determined RDF, models of P-DBNP were built up exclu-
sively of the C-type chain (here denoted as C(L,N), in which L= length
variable up to 20 PN units) packed as N parallel envelopes of helixes
(N=2, 3, 4, 7). The possible relative positionings in blocks of the C-type
chains for N=3, 4 and 7 [C(L,3), C(L,4), C(L,4)’, C(L,4)’’ and C(L,7)]
were subjected to MD runs (Figure 3).


Analogous models were assumed for simulation of the sample of P-
DBNP as a cast-film. With it being kept in mind that the experimentally
measured RDF of P-DBNP II showed an ordered assembly extending up
to about 100 ä, the C-type helix chains had L values extending from 18
to 24 units (maximum length compatible with reasonable computational
times).


Results and Discussion


The experimentally identified structure functions (SFs) for
the I and II samples of P-DBNP, in the form q¥i(q)¥M(q),
and the RDFs in the DIFF(r)=D(r)�4pr210 form, obtained
from the above SF, are presented in Figure 4. The curve for
I (Figure 4a) shows flattened peaks and loss of coherence in
the long-distance region (from 30 to 60 ä), thus illustrating
the amorphous state of this sample. The curve for II (Fig-
ure 4b), in contrast, shows well-defined and regularly spaced
peaks over the whole range from 0 to 100 ä, thus indicating


Figure 1. The trans±cis [TC]n and helix conformations of the (�R2NP�)n
backbone.


Table 1. MM-calculated total energy [kcalmol�1 per �R2PN� unit] for
single-chain models A, B, C and D in the gas phase.


Energy A B C D


bonds 5.130 3.630 3.322 3.100
angles 7.272 5.080 4.453 4.200
torsions 35.886 22.300 23.284 24.874
inversions 0.100 0.060 0.067 0.053
Urey±Bradley 2.838 1.770 1.475 1.500
van der Waals 14.252 9.600 9.050 11.200
electrostatic �4.360 �2.950 �2.970 �2.600
total energy 61.190 40.040 38.685 42.334
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a much more extended ordered state of the sample. A fur-
ther important difference is the sharp peak at 2.5 ä�1, rea-
sonably arising from an extended long-distance ordered
structure, observable in the ST curve of II and absent in
that of I. A feature of the RDF of the powder sample is the
deep-intensity negative values of the peaks ranging from
about 8 to 18 ä, thus giving rise to a hollow of the curve in
this interval. This is attributable to voids inside the material,
determined by some change in the torsional angles or, as it
is the same, breaking of the chains at the length of about
18 PN units. Furthermore, the RDF peaks of I and II do not
coincide significantly by initiating from about 5 ä because
of different values in their corresponding interatomic distan-


ces. In contrast, the short-dis-
tance zones (= 2.5 ä) in both I
and II coincide, because this
interval reflects bonded atoms
(C�H, P�N, P�O, O�C,
C�Cº) and close-lying non-
bonded atoms (e.g., N¥¥¥O,
N¥¥¥N, O¥¥¥O, O¥¥¥P, O¥¥¥Cº) in
the common�R2PN� unit.
MD simulations implement-


ing the biasing potential
method described in the Ap-
pendix section were used to cal-


culate theoretical RDFs. All the single- or double-chain
(N=1 and 2) models with L varying from 10 to 20 were
ruled out on the basis of significant disagreement between
the experimentally determined RDFs and the calculated
ones. The theoretical SFs and RDFs found for the remaining
selected models C(18,3), C(18,4) and C(18,7), characterised
by arrangements (Figure 3) of three, four and seven chains
as tubular structures, respectively, gave good selective agree-
ment with the corresponding experimentally determined
curve for I (Figure 5a±c). For brevity they are therefore con-
sidered from here onwards. The most important feature that
allowed us to discriminate between the best three models
was the agreement factor (c2) between the points of the ex-


Figure 2. Perspective view of the model of the starting helicoidal struc-
ture. The entire turn-step unit is outlined by the solid line that connects
the (�R2NP�)n backbone through corresponding analogous C atoms
(carbon atom denoted by the arrow in the unit of the chain backbone).
This atom was selected, instead of an atom of the PN skeleton, for clarity
of representation.


Table 2. MM fully optimised energy [kcalmol�1 per �R2PN� unit] for B-, C- and D-type chains in hexagonal
(a=b=18.9 ä, g=120.08) and tetragonal (a=b=18.9 ä) unit cells, with c=87.67 ä (B), c=59.55 ä (C) and
c=27.33 ä (D).


Energy B C D
hexagonal tetragonal hexagonal tetragonal hexagonal tetragonal


bonds 3.597 3.680 3.339 3.334 3.173 3.168
angles 4.983 5.121 4.407 4.423 4.323 4.303
torsions 23.050 22.867 23.224 23.219 24.523 24.641
inversions 0.054 0.054 0.063 0.064 0.105 0.116
Urey±Bradley 1.760 1.751 1.473 1.459 1.600 1.541
van der Waals 8.057 8.504 7.583 7.980 6.969 7.395
electrostatic �3.412 �3.147 �3.586 �3.384 �3.229 �3.049
total energy 38.091 38.830 36.503 37.088 37.463 38.115


Figure 3. Sections (view from the top) of tubular structures as assembled
in the generated models with N=3, 4 and 7.
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perimentally observed and the theoretical RDF curves. The
attained c2 values were 1.494, 1.617 and 0.816 for the
models C(18,3), C(18,4) and C(18,7), respectively, thus
showing that the last was the best model. Comparisons
based on Figure 5a±c also showed that the calculated RDF
for C(18,7) almost perfectly reproduced both position and
intensity of the peaks up to 30 ä (Figure 5c), whereas this is
not the case for C(18,3) and C(18,4). These last two models
agree less exactly, than in the case of the model C(18,7), for
the shapes and intensities of some peaks in the 0±30 ä


range, and in particular in the zone of the low-intensity
peaks (30±37 ä) preceding the loss of coherence. Elongation
of the chain had no effect on the simulated curve of the
model, thus indicating that the ordering of the chains is in-
terrupted at an L value >18 by some conformational transi-
tion or by chain-breaking.
The best agreement between theoretical and measured


RDF curves (Figure 6) was attained for P-DBNP II assem-
bled in the analogous, but more elongated, C(24,7) hexago-
nal model. In this case, the increased length (24 units) of the


Figure 4. The observed (LAXS) structure functions (top) and the associated RDFs (bottom) for a) P-DBNP bulk and b) film.


Figure 5. Comparison between observed (solid line) and MD-calculated (dotted line) structure functions (top) and related RDFs (bottom) for the
a) C(18,3), b) C(18,4) and c) C(18,7) models of P-DBNP in the bulk state.
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simulated seven chains allowed the RDF shape to be repro-
duced fairly well up to 37 ä. At distances >37 ä (from 38
to 100 ä) the calculated peak positions match well with the
experimentally observed values, but the intensities decrease
gradually to zero with increasing distances. This confirmed
the expected more extended order in the film with respect
to that in the powder, thus also suggesting that the shape of
the whole RDF curve may be completely reproducible
through simulation of a C(L,7) model after a further elonga-
tion (>100 ä) of the polymer chain along the c axis (i.e. ,
until L=50). A check of this expectable result is not possi-
ble with our computing resources, because it requires an ex-
tremely long time for computations, further made more de-
manding by the bias potential used.
Effective packing forces seem to be responsible for the


observed predominant hexagonal seven-chain C(L,7) assem-
bly of the polymer in the bulk state. This assembly can be
accounted for by the diminution in entropy due to the more
symmetric and ordered arrangement attained in the solid by
adjacent cylindrical envelopes of the isochiral chains. Inter-
estingly, the ratios of N to number of voids decrease in the
order 4, 3, 2, 1.166 for the models C(18,4), C(18,3), C(18,4)’
and C(18,7), respectively. The predominating packing of
seven cylindrical envelopes can thus be safely explained in
terms of the best quantity and symmetry of the voids useful
for determining the maximum covering surface of the as-
sembled material (Figure 3). In fact, the observed trend in
the ratios of N to number of voids is consistent with the
MM-calculated total energies of the corresponding models
(Table 3). This table also shows that the energy contribution
favouring the seven-chain arrangement is derived in part
from the nonbonding van der Waals and electrostatic terms.
This finding is thus consistent with an entropic factor deter-


mining the predominance of the above assembly both in I
and in II.
Table 4 shows the bond lengths and angles obtained from


the MD simulations of I and II, each sampled as the average
of the averaged values along each chain of the model.


Both the intra- (P�N and P=N), and extra-chain (P�O
and O�C) bond lengths are scarcely affected on passing
from I to II. The P�N and P=N bond lengths range approxi-
mately from 1.636 to 1.645 ä, and from 1.567 to 1.565 ä, re-
spectively. This alternate single±double PN bond length
character is consistent with results from previous re-
ports.[12,28, 29] The P�O and O�C bond lengths fall in the
range of X-ray-determined values for two tris-spirocyclo-
phosphazenes bearing three 2,2’-dioxy-binaphthyl and 2,2’-
dioxy-biphenyl groups.[14,30]


The sets of bond angles for I and II show relative differ-
ences spanning a range from a minimum of 0.98 (N=P�O)
to a maximum of 5.158 (N�P�N). In both I and II the chain
backbone fluctuates about the PN single bond dihedral by
approximately �5±78, while the N�P=N�P torsional angles
have scarcely moved (ca. �7±58) on the picosecond time-
scale. The torsional angles about PN double and single
bonds (Table 4) revealed a more significant variation on
passing from I to II as an effect of the casting of the materi-


Figure 6. Comparison between observed (solid line) and MD calculated
(dotted line) structure functions (top) and related RDF (bottom) for the
P-DBNP as-cast film II.


Table 3. MM fully optimised energies [kcalmol�1 per �R2PN� unit] in
the gas phase for the C(L,N) models at various N values (Figure 3). The
chain length L was fixed at the value L=24 needed to obtain a complete
helix turn.


Energy C(24, 3) C(24,4) C(24,4)’ C(24,7)


bonds 3.294 3.304 3.334 3.312
angles 4.423 4.409 4.423 4.401
torsions 23.221 23.218 23.219 23.225
inversions 0.066 0.064 0.064 0.064
Urey±Bradley 1.472 1.469 1.453 1.471
van der Waals 8.489 8.391 8.471 8.188
electrostatic �3.114 �3.174 �3.167 �3.277
total energy 37.809 37.682 37.797 37.383


Table 4. Averaged values of selected bond lengths [ä] and angles [8] for
P-DBNP I and II as obtained from MD simulations as last 3000 time
steps of the C(18,7) and C(24,7) models, respectively.


C(18,7) C(24,7)


P�N 1.636 1.645
P=N 1.567 1.565
P�O 1.615 1.646
O�C 1.400 1.414
P�N�P 138.303 142.784
N�P�N 106.310 111.466
N�P�O 104.917 102.717
N=P�O 119.399 118.532
P�O�C 126.199 122.989
N�P=N�P �154.85 �179.47
P�N=P�O1 �34.66 �54.96
P�N=P�O2 90.68 66.92
N=P�N=P 0.69 14.45
P=N�P�O1 �126.88 �115.73
P=N�P�O2 125.00 141.28
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al. This made the effect of the microscopic structure on the
backbone conformation observable and determinable. In
fact, the larger (by ca. 258) P�N=P�N torsional angle corre-
sponds to a more flattened conformation of the chain; that
is, a helix with a slightly distorted cis±trans conformation, in
the cast-film sample II. The structural and conformational
modification between I and II arising from their different
torsion angles was that the corresponding repeat distances
of the�(R2PN)2� pair are different, namely 4.35 and 4.96 ä,
in I and II, respectively (Figure 7).


The results found are in line with previous general sym-
metry and energy considerations on isochiral chain pack-
ing,[24] which suggest that ordered hexagonal structures of
the helix chains are likely for chiral polymers. Recent data
on the effect of temperature on the molecular weight and
on the specific rotation of isotactic binaphthoxy derivatives
in solution[6±8] are consistent with a helix conformation of
the P�DBNP chains. This feature of P-DBNP in solution is
common to a novel type of interesting synthetic optically
active polymers (SOAPs).[10]


Inclusion of the bias potential in the simulations produced
an accurate reproduction of the experimentally observed
RDF for the best model. Consequently, otherwise unattaina-
ble reliable structural information was derived in both the
static and dynamic analyses of the RDF curve. The inclusion
of the biasing routine, however, caused an increase of the
calculation time by a factor of 103. On the other hand, a cor-
responding diminution of the evolution time needed for con-
vergence was observed when a force field (FF) integrated
with the bias potential was used. Table 5 presents data show-
ing the attainment of the best total energy for the models
through the use of the FF including the bias potential in-
stead of the pure FF. In this latter case much longer MD
evolution times were needed for higher relative energy to
be reached.


Conclusion


The structure and molecular assembly of the amorphous P-
DBNP, both as a powder (I) and as a cast-film (II), was stud-
ied by a combined experimental (LAXS) and computational
(MD) approach, implemented here by the use of a biasing
potential in the MD simulations, from which the theoretical
RDFs for a given model were calculated. The bias achieved
more accurate reproduction of the experimentally measured
curve for the best model than was seen when the bias was
omitted, thus making the approach more convenient for
structural information on the amorphous material and for
better accuracy of the structural data. The machine time re-
quired by the computations was increased (by a factor of ca.
103) after the inclusion of the bias potential routine, but this
disadvantage was counterbalanced by lower evolution times
of the simulations in locating the best RDF. The model that
best matches the computed and the experimentally deter-
mined RDF curves for I and II consists of seven hexagonal
helix chains assembled in a parallel fashion. MM calcula-
tions confirmed such a packing to be energetically favoured.
The LAXS curves showed that maximum lengths attainable
by the tubular helicoidal chains of P-DBNP were about
30 ä and 100 ä in I and II, respectively. Important structur-
al information concerning I and II was revealed: 1) the flat-
tening of the chain backbone when the material is as-cast
film, and 2) the consequent different distances assumed by
the identity period of the two monomeric units (�R2NP�)2
in I (4.35 ä) and in II (4.96 ä) (Figure 7). The biasing rou-
tine provided MD runs resulting in models with lower ener-
gies than those attainable by MD with FF without the use of
the bias potential routine.
In conclusion, the approach used has demonstrated the


capability to distinguish inter- and intrachain modifications
of the material with good accuracy on going from the bulk
to the as-cast film. This result is in general suited to provide
key information on the effects of the preparation conditions
on the structure and technologically important physical
properties that may be shown by samples of an amorphous
material. The MD technique implemented by the bias po-
tential allowed a better analysis of the RDF curve obtained
from X-ray scattering data, thus making the approach appli-
cable to the deduction of new quantitative structural infor-
mation on polyphosphazenic materials regardless of their
degree of crystallinity.


Figure 7. Schematic representation of the modification of the P-DBNP
sample I into II. The repetition step along the backbone [ä] and the tor-
sional angles [8] are averages of the last 3000 time steps of the MD simu-
lations of the models C(18,7) (I) and C(24,7) (II).


Table 5. Comparison of the average energies [kcalmol�1 per �R2PN�
unit] obtained from simulations of the C(L,7) models of I and II (with
L=18 and L=24, respectively) with included (FF+b) and excluded
(FF) bias potential.


FF Energy terms FF+b(I) FF+b(II) FF


bonds 16.367 14.682 21.158
angles 14.435 13.536 18.867
torsions 26.931 25.308 24.881
inversions 2.725 2.271 4.772
Urey±Bradley 4.633 3.712 3.750
van der Waals 11.978 11.715 12.347
electrostatic �4.102 �4.409 �4.164
total energy 72.965 66.814 81.608
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Appendix


In a force field (FF)[31] at the lowest order of approximation, the poten-
tial energy is assumed to be the sum of single energy terms, each of
which is a function of a ™chemical∫ valence coordinate [Eq. (1)].


EFF ¼
X


UbðbÞ
bond stretching


þ
X


UqðqÞ
angle bending


þ
X


UtðtÞ
dihedral angles


þ . . .þ
X


UnbðrÞ
nonbonding distances


ð1Þ


For example, Ub(b) is the function that takes account of the stored
amount of energy in the stretching of a bond. This equation is just an ap-
proximation, though a very good one, of the real potential energy of the
whole system. Neglected here are all those interactions that are usually
small in value and have a complicated functional form, and those interac-
tions which depend on the particular chemical environment. For this
reason, FFs usually give results with slight discrepancies with respect to
experimentally observed data.


In order to obtain results that better match the experiments, some of the
neglected terms should be taken into account. The problem is to identify
which terms are really important and to give them the right weight with
respect to all the others.


To avoid this task, all these interactions can be considered in a biasing
potential, which modifies the system×s potential energy hypersurface by
taking account of discrepancies with some ad hoc experimental measure-
ments. This can be done if the experimental data can be cast in terms of
the atomic coordinates, so that the additional energy term will be a func-
tion of the coordinates, and the form can be, as in a best-fit procedure,
the c2 function.


In the best-fit procedure, the main task is to minimize the c2 function
(that is, the sum of the squares of the differences between the experimen-
tally measured points and the theoretically calculated ones) in order to
obtain all the parameters involved by the model.


In the case of coherent scattering of X-rays from an ensemble of atoms,
the intensity of the scattered wave is a function of the distance between
every pair of atoms present in the ensemble [Eq. (2)]:


itheorðqÞ ¼
X


fjfk
sin ðrjk qÞ


rjk q
ð2Þ


in which rjk is the distance between atom j and atom k, fj and fk are the
scattering factors for these two atoms, and q is the scattering parameter,
which depends on l (the wavelength of the X photon) and q (the scatter-
ing angle), q= (4p/l) (sinq).


The c2 value is hence a function of the atom positions, and it can be as-
sumed that the biasing potential (or energy term) is proportional to this
value. The total energy of the system is now ETOT=EFF+Ec2. Ec2 is de-
fined in Equation (3):


Ec2 ¼ Kc2


XN


i¼1


½iexptlðqiÞ�itheorðqiÞ2
 ð3Þ


in which Kc2 is a scaling constant with dimensions of an energy. All the
terms included in ETOT are functions of atomic coordinates. The contribu-
ting forces (Ec2) that act on an atom j are, of course, to be added to the
FF-calculated forces [Eq. (4)]


F
!


j ¼ � dE
d r!j


¼ � dEFF


d r!j


�
dEc2


d r!j
ð4Þ
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Does Hydrogen Bonding Matter in Crystal Engineering?
Crystal Structures of Salts of Isomeric Ions


Alessandro Angeloni, Paul C. Crawford, A. Guy Orpen,* Thomas J. Podesta, and
Benjamin J. Shore[a]


Introduction


One of the principal challenges of modern chemistry is that
of the crystal engineering of new crystal structures. The am-
bition of this branch of crystal engineering–which we might
better term ™synthetic crystallography∫–is to design and
prepare (grow) novel crystal structures based on molecular
building blocks or tectons.[1±3] This is a considerable chal-
lenge given the immense difficulties of predicting, ab initio,
a crystal structure from knowledge of its molecular compo-
nents. A widely used approach is to exploit the principles of
supramolecular chemistry to achieve desired modes of ag-
gregation through planned ™stickiness∫ of the tectons.[1] Spe-
cific intermolecular interactions, termed supramolecular syn-
thons by Desiraju,[4] are used, often based on the hydrogen-
bonding ability of the tectons. We and others have employed
this strategy to create novel structures based on metal com-


plex anions that accept hydrogen bonds and organic cations
with hydrogen-bond-donor capability.[5±9] Similar strategies
have been applied to other systems based on salts of carbox-
ylate, sulphonate or diketoenolate anions.[10] In this work the
underlying assumption is that the key, structure-determining,
features of these structures are the supramolec-
ular synthons (e.g., the NH¥¥¥Cl2M hydrogen
bond unit A), that is to say that the paradigm
posited by Desiraju holds.[4] It is clear that this
model for crystal structure synthesis is heuristic
and that successful synthons must in reality
compete with or complement a range of other
factors, both thermodynamic and kinetic, in
providing access to desired crystal structures. In this paper
we address that competition or complementarity through an
experimental study.


In the salt crystal structures that we and others have stud-
ied[5±10] it is clear that there are a number of important con-
tributions to the stability of the structures formed, in addi-
tion to the hydrogen bonding synthon(s) they show. In par-
ticular the complementarity of the shapes of the ions and
the electrostatic interactions between those ions must play a
significant role in determining the crystal structure. Indeed
one might argue that, given the shapes of the complex ionic
tectons used in this work ([MCl4]


2� and [4,4’-H2bipy]2+ , for
example) and the relatively high charges they carry, that the


[a] Dr. A. Angeloni, P. C. Crawford, Prof. A. G. Orpen, Dr. T. J. Podesta,
B. J. Shore
School of Chemistry, University of Bristol
Cantock×s Close, Bristol BS8 1TS (UK)
Fax: (+44)117-929-0376
E-mail : guy.orpen@bristol.ac.uk


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Tables of hydro-
gen-bonding geometry in structures 1±8.


Abstract: The preparation and struc-
ture determinations of the crystalline
salts [3,3’-H2bipy][PtCl4] (2), [2,2’-
H2bipy][PtCl4] (3) and [1,4’-Hbipy]
[PtCl4] (4) and [3,3’-H2bipy][SbCl5] (6)
and [1,4’-Hbipy][SbCl5] (8) are report-
ed. In addition a redetermination of
the structure of the metastable salt
[4,4’-H2bipy][SbCl5] (5b) in the correct-
ed space group Pbcm is described.
These structures are compared to those
of the known salt [4,4’-H2bipy][PtCl4]
(1), the stable triclinic form of [4,4’-
H2bipy][SbCl5] (5a) and [2,2’-H2bipy]


[SbCl5] (7). In the case of the salts of
the rigid [PtCl4]


2� ion, structures 2, 3
and 4 are essentially isostructural de-
spite the differing hydrogen-bonding
capability of the cations. Similarly,
among the salts of [SbCl5]


2� ions, struc-
tures 7 and 8 are essentially isostructur-


al. Structure 6 differs from these in
having a differing pattern of aggrega-
tion of the [SbCl5]


2� ions to form poly-
meric rather than tetrameric units. It is
evident that local hydrogen-bonding in-
teractions, although significant, are not
the only or even the decisive influence
on the crystal structures formed by
these salts. These observations are not
in good accord with the heuristic
™sticky tecton∫ or supramolecular syn-
thon models for synthetic crystallogra-
phy or crystal engineering.


Keywords: crystal engineering ¥
electrostatic interactions ¥ hydrogen
bonds ¥ organic±inorganic hybrid
composites ¥ supramolecular
chemistry


Chem. Eur. J. 2004, 10, 3783 ± 3791 DOI: 10.1002/chem.200400165 ¹ 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 3783


FULL PAPER







combination of shape and electrostatic factors might con-
ceivably outweigh the local and directional hydrogen-bond-
ing interactions that we have assumed to be critical. In this
paper we report an experimental study designed to test the
hypothesis that hydrogen bonding matters in this class of
crystal structure and more generally in synthetic crystallog-
raphy. In short we seek to test the Desiraju±Wuest paradigm
in this class of structures.


We have addressed the problem by preparation and anal-
ysis of a series of crystal structures of the [PtCl4]


2� and
[SbCl5]


2� dianions with the isomeric organic dications [4,4’-
H2bipy]2+ (B), [3,3’-H2bipy]2+ (C), [2,2’-H2bipy]2+ (D) and
[1,4’-Hbipy]2+ (E). The cations are not only isomeric, but


might be termed isosteric in that they have to a first approx-
imation very similar volumes and shapes. The dications B±E
are relatively rigid, but have one degree of (partial) confor-
mational freedom about the central C�C (or C�N) bond
with both planar and twisted forms of bipyridines and their
protonated forms being well known (see reference [11] for a
discussion of the energetics of analogous biphenyl systems
in gas and solid phases). The anions are of different sorts.
Thus [PtCl4]


2� (F) is relatively rigid and always close to D4h


symmetry,[12] while the [SbCl5]
2� ion (G) is much more varia-


ble in geometry and is usually self-associated through sec-
ondary Sb¥¥¥Cl interactions forming dimers (H), tetramers
(I) or polymers such as J.[13] Valdÿs-MartÌnez et al. have re-


ported a related study in which they studied the structures
of salts of non-isomeric cations without strong hydrogen-
bond-donor capability with anions based on copper and
zinc.[14]


Results


The structure of [4,4’-H2bipy][PtCl4] (1) is known.[5] Samples
of [3,3’-H2bipy][PtCl4] (2), [2,2’-H2bipy][PtCl4] (3) and [1,4’-
Hbipy][PtCl4] (4) were prepared by treatment of salts of
[PtCl4]


2� with the appropriately protonated bipyridines (or
the chloride salt of the pyridylpyridinium cation in the case
of 4). The salt [4,4’-H2bipy][SbCl5] is known to have two
crystalline forms,[15] one stable and triclinic (5a) and the
other metastable and orthorhombic (5b). We have redeter-
mined the latter structure and show below that the true
space group is Pbcm and not Pbc21 as previously report-
ed.[15] In addition the salt [2,2’-H2bipy][SbCl5] (7) is also
known.[16] The salts [3,3’-H2bipy][SbCl5] (6) and [1,4’-Hbipy]
[SbCl5] (8) were prepared by treatment of SbCl3 in dilute
aqueous HCl with 3,3’-bipyridine to afford 6, and with the
chloride salt of N-4’-pyridylpyridinium to give 8. Single-crys-
tal X-ray diffraction studies of compounds 2, 3, 4, 5b, 6, 7
and 8 were carried out in order to establish their structures
and provide the information required to assess the effect of
the location of the cationic nitrogen centres on these struc-
tures. In addition, powder X-ray diffraction studies were car-
ried out on compounds 2, 3, 4, 6, 7 and 8 in order to confirm
that the bulk phase corresponded to that observed in the
single-crystal studies. In all cases it was so confirmed.


Platinum salts : The crystallographic details for the struc-
tures 1±4 are listed in Table 1, and the geometry of their N�
H¥¥¥Cl�Pt hydrogen bonds and the inter-ring torsion angle
values are given in Table 2. In structures 1±3 both the
[PtCl4]


2� ion and the bipyridinium cation lie at a centre of
inversion.


The crystal structure of [4,4’-H2bipy][PtCl4]
[5,7] (1) has a


striking planar NH¥¥¥Cl hydrogen-bonded ribbon motif K in


which the ions are planar (see Figure 1) and an efficient
packing of the ions and their ribbons is achieved (see
Figure 2). Good shape fit of anion and cation (see Figure 3)
is made around synthon A.


Compound 4 contains a mixed NH¥¥¥Cl2Pt and CH¥¥¥Cl2Pt
hydrogen-bond network, containing asymmetric
NH¥¥¥PtCl4¥¥¥HC moieties, and a polar chain L, similar in


form to K, results, as shown in Figure 4. The crystal struc-
tures of 1 and 4 are both formed from the packing of linear
hydrogen bonded chains, as shown in Figure 5. In contrast
to the planar chains present in 1, the chain packing in 4 is
nonplanar with the central C�N bond twisted by 39.78 (see
Table 2). In addition the chain in 4 is polar with all chains
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parallel to one another. As a consequence the space group
of 4 is polar (Cc) and the crystal develops macroscopic po-
larity. That being said, the crystal on which the structure
was determined was twinned (twin components in ratio
0.718(15):0.282(15)).


The structures of 2 and 3 are
different in respect of the
NH¥¥¥Cl hydrogen bonds pres-
ent. Compound 2 contains a
zig-zag hydrogen-bonded chain
(see Figure 6, top) containing
the synthon A at either end of
the 3,3’-bipyridinium ion and
the [PtCl4]


2� unit. In com-
pound 3 (see Figure 6, bottom)
the 2,2’-bipyridium unit has
an anti conformation and
forms simple (non-bifurcated)
NH¥¥¥Cl�Pt hydrogen bonds at
each NH, with only two of the
chlorides of each anions in-
volved in NH¥¥¥Cl bonds. As a
result the structure of 3 con-
tains a helical chain of ions
linked by NH¥¥¥Cl contacts (see
Figure 6, bottom). Although
vestiges remain of the linear
chain motif of type K (or L),


Table 1. Crystallographic data for platinum compounds 1±4.


1[5] 2 3 4


formula C10H10N2PtCl4 C10H10N2PtCl4 C10H10N2PtCl4 C10H10N2PtCl4
crystal system monoclinic monoclinic monoclinic monoclinic
Mr 495.09 495.09 495.09 495.09
space group I2/m C2/c C2/c Cc
colour orange orange orange orange
crystal dimensions [mm] 0.30î0.25î0.25 0.25î0.20î0.20 0.40î0.30î0.30
a [ä] 6.6548(14) 17.153(3) 16.8744(19) 17.333(3)
b [ä] 11.695(2) 7.0207(14) 7.0610(8) 7.090(2)
c [ä] 8.146(3) 12.632(4) 12.6049(14) 12.312(3)
b [8] 91.320(3) 119.214(17) 118.58(2) 119.509(15)
V [ä3] 633.9(3) 1327.7(5) 1318.8(3) 1316.8(5)
Z 2 4 4 4
m [mm�1] 11.35 11.43 11.44
1calcd [Mgm�3] 2.477 2.494 2.497
2qmax [o] 54.96 54.95 54.98
reflns collected 4105 4070 4051
independent reflns 1505 1505 2277
Rint 0.0336 0.0257 0.0225
R1 [I>2s(I)] 0.0299 0.0287 0.0357
GOF 1.003 1.020 1.073
max/min residual 1.45/�1.66 0.605/1.081 1.642/�0.959
electron density [eä�3]


Table 2. The NH¥¥¥Cl hydrogen-bond geometry and central torsion angle
values for platinum compounds 1±4.


N�H¥¥¥Cl NH¥¥¥Cl Inter-ring
bond length [ä] bond angle [8] torsion angle [8]


1 2.40 136.4 0.4
2 2.22 137.1 36.0


2.43 131.7
3 2.30 166.4 39.9
4 2.44 152.0 39.7


2.74 130.3


Figure 1. The hydrogen bonded chain in [4,4’-H2bipy][PtCl4] (1).


Figure 2. The chain packing in crystalline [4,4’-H2bipy][PtCl4] (1).


Figure 3. Space-filling diagram of the shape fit in the PtCl2¥¥¥pyridinium
synthon in [4,4’-H2bipy][PtCl4] (1).


Figure 4. The chain motif in [1,4’-Hbipy][PtCl4] (4) showing NH¥¥¥Cl and
CH¥¥¥Cl contacts.


Figure 5. The chain packing in crystalline [1,4’-Hbipy][PtCl4] (4).
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but with CH¥¥¥Cl rather than NH¥¥¥Cl contacts present in 2
and 3 (see Figures 1 and 7). The packing of these motifs is
similar to that seen for 4 (see Figure 2 and Figure 8).


Crystals of 2, 3 and 4 are essentially isostructural with
similar unit cell dimensions and closely related space groups
(see Table 1). The molecular packing in all three cases is
similar with differences in structure confined to the local
distortions required to achieve shorter NH¥¥¥Cl than CH¥¥¥Cl
contacts (see Supporting Information, Table S1).


Antimony salts : The second set of salts is based on [SbCl5]
2�


ions in various aggregated forms. The crystallographic de-
tails for compounds 5±8 are listed in Table 3 and the geome-
try of their N�H¥¥¥Cl�Sb hydrogen bonds and the inter-ring


Figure 6. Top: The pattern of NH¥¥¥Cl hydrogen bonds in [3,3’-H2bipy]
[PtCl4] (2). Bottom: The pattern of NH¥¥¥Cl hydrogen bonds in [2,2’-
H2bipy][PtCl4] (3).


Figure 7. Top: The vestigial chain present in [3,3’-H2bipy][PtCl4] (2)
showing CH¥¥¥Cl contacts <2.95 ä. Bottom: The vestigial chain present
in [2,2’-H2bipy][PtCl4] (3) showing CH¥¥¥Cl contacts <2.95 ä.


Figure 8. Top: Packing of vestigial chains in [3,3’-H2bipy][PtCl4] (2).
Bottom: Packing of vestigial chains in [2,2’-H2bipy][PtCl4] (3).


Table 3. Crystallographic data for compounds 5±8.


5a[15] 5b 6 7[16] 8


formula C10H10N2SbCl5 C10H10N2SbCl5 C10H10N2SbCl5 C10H10N2SbCl5 C10H10N2SbCl5
Mr 457.20 457.20 457.20 457.20 457.20
crystal system triclinic orthorhombic monoclinic monoclinic monoclinic
space group P1≈ Pbcm P21/c P21/c P21/c
colour orange colourless yellow
crystal dimensions [mm] 0.20î0.20î0.01 0.20î0.10î0.01 0.40î0.30î0.20
a [ä] 8.431(5) 12.497(2) 14.021(3) 14.109(4) 14.0066(9)
b [ä] 9.586(8) 7.3354(12) 13.836(3) 14.246(11) 14.1428(9)
c [ä] 10.98(1) 16.327(3) 16.641(3) 16.154(10) 16.4614(11)
a [8] 112.45(6) 90 90 90 90
b [8] 101.95(6) 90 109.918(3) 109.36(4) 112.250(1)
g [8] 97.78(6) 90 90 90 90
V [ä3] 779.48 1496.7(4) 3035.2(10) 3063.3(4) 3018.1(3)
T [K] 283±303 173(2) 173(2) 283±303 173(2)
Z 2 4 8 8 8
m [mm�1] 2.718 2.681 2.696
1calcd [Mgm�3] 2.029 2.001 2.012
2qmax [o] 54.98 52.32 55.02
reflns collected 9126 18859 19072
independent reflns 1793 6941 6910
Rint 0.0410 0.0655 0.0285
R1 [I>2s(I)] 0.0309 0.0376 0.0303
GOF 0.940 0.899 1.237
max/min residual 0.334/�0.734 0.839/�0.835 0.538/�0.605
electron density [eä�3]
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torsion angle values are given in Table 4. The triclinic, stable
polymorph of [4,4’-H2bipy][SbCl5] (5), which has structure
5a, was shown by Lipka[15] to consist of centrosymmetric
anion dimers [(SbCl5)2]


4� that are linked by hydrogen bond-


ing to [4,4’-H2bipy]2+ forming a motif of form K (see
Figure 9, top). In the metastable polymorph 5b the antimo-
ny dianions are polymerised in form J (see Figure 9,
middle). In both polymorphs the antimony cations form
slightly distorted octahedral SbCl6 units through formation
of secondary Sb¥¥¥Cl bonds.[17,18] In 5b these SbCl6 moieties
are cross-linked by hydrogen bonds (see Figure 9, bottom)
to the cations into layers of form M in a manner previously
noted in [4,4’-H2bipy][MCl6] (M=Pt, Os).[6] The result of


this cross-linking is the formation of a three-dimensional
network of secondary (Sb¥¥¥Cl) and hydrogen bonds
(Cl¥¥¥HN).


The structure of 6 also contains a [(SbCl5)n]
2n� polymer,


albeit of a different form (see Figure 10) to that in 5b. The
chains are cross-linked by NH¥¥¥Cl hydrogen bonds involving
the 3,3’-bipyridium cations and both terminal and bridging
chloride ions of the [(SbCl5)n]


2n� polymer (see Figure 11,
top). There are two independent cations of syn and anti con-
formations respectively. The packing that results is also
shown in Figure 11 (bottom).


Table 4. The NH¥¥¥Cl hydrogen-bond geometry and central torsion angle
values for antimony compounds 5±8.


N�H¥¥¥Cl NH¥¥¥Cl Inter-ring
bond length [ä] bond angle [8] torsion angle [8]


5a 2.56 136.9 3.0
2.59 132.9
2.58 137.6
2.62 130.5


5b 2.51 139.9 17.2
2.47 139.0


6 syn 2.29 172.9 11.4
2.19 169.2


anti 2.55 148.1 36.0
2.84 124.2
2.27 166.5


7 2.18 152.9 39.9
2.21 155.3 41.5
2.25 164.0
2.29 170.8


8 2.36 170.7 48.0
2.59 146.5 38.6
2.87 136.3


Figure 9. Top: Packing of the double chain of [(SbCl5)2]
4� dimers and bi-


pyridinium units present in the crystal structure of [4,4’-H2bipy][SbCl5]
(5a). Middle: The [(SbCl5)n]


2n� chain in the metastable crystal structure
of [4,4’-H2bipy][SbCl5] (5b). Bottom: Layer formed by hydrogen bonded
[SbCl5]


2� and bipyridinium units in the metastable crystal structure of
[4,4’-H2bipy][SbCl5] (5b). Contacts between [SbCl5]


2� units in
[(SbCl5)n]


2n� chains are indicated.


Figure 10. Packing of the [(SbCl5)n]
2n� chains present in the ab plane of


the crystal structure of [3,3’-H2bipy][SbCl5] (6).
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Compounds 7 and 8 are essentially isostructural despite
the isomeric nature of their cations. This is reflected in the
similarity of the unit cell dimensions and space groups (see
Table 3). In both salts the tetrameric anion [(SbCl5)4]


8� (I) is
seen and the packing of the ionic tectons is essentially iden-
tical. Furthermore they differ only slightly in unit cell di-
mensions from 6. The similarity of the packing of the
[(SbCl5)n]


2n� polymer chains in 6 and that of the tetramers in
7 and 8 is notable (see Figures 10 and 12). In 7 each
[(SbCl5)4]


8� unit is involved in eight NH¥¥¥Cl hydrogen bonds
(see Table 4) from eight different dications (see Figure 13,
top) while in 8 there are only 4 NH¥¥¥Cl hydrogen bonds per
tetrameric anion (see Figure 13, bottom).


Discussion


The [PtCl4]
2� salt structures fall into two categories: 1) the


[4,4’-H2bipy]2+ salt (1) and 2) those of [2,2’-H2bipy]2+ , [3,3’-
H2bipy]2+ and [1,4’-Hbipy]2+ . All show NH¥¥¥Cl hydrogen
bonds of normal dimensions.[19] Remarkably, despite the fact
that these hydrogen bonds are in different locations in the
structures of the last three salts (2, 3 and 4), the basic crystal
structure in these cases is the same, with all having the same
space group (or nearly so, since 4 has no centre of inversion
but otherwise the same symmetry as 2 and 3), and very simi-
lar unit cell dimensions and packing of molecular tectons.
While the local details of these structures do vary, it would
seem that the formation of (classical) NH¥¥¥Cl hydrogen
bonds appropriate to the particular bipyridinium isomer
present is possible without significantly disturbing the shape


Figure 11. Top: Cross-linking of [(SbCl5)n]
2n� chains by [3,3’-bipyH2]


2+


cations in the crystal structure of [3,3’-H2bipy][SbCl5] (6) showing the N�
H¥¥¥Cl hydrogen bonds. Bottom: Packing of [(SbCl5)n]


2n� chains and bi-
pyridinium units present in the crystal structure of [3,3’-H2bipy][SbCl5]
(6) viewed parallel to the ab plane of the unit cell. The N�H¥¥¥Cl hydro-
gen bonds are indicated.


Figure 12. Packing of the [(SbCl5)4]
8� tetrameric anions present in the ab


plane of the crystal structure of [1,4’-Hbipy][SbCl5] (8). The analogous
packing in [2,2’-H2bipy][SbCl5] (7) is essentially identical.


Figure 13. Top: Packing of [(SbCl5)4]
8� and bipyridinium units present in


the crystal structure of [2,2’-H2bipy][SbCl5] (7) viewed parallel to the ab
plane of the unit cell showing the N�H¥¥¥Cl hydrogen bonds. Bottom:
Packing of [(SbCl5)4]


8� and bipyridinium units present in the crystal struc-
ture of [1,4’-Hbipy][SbCl5] (8) viewed parallel to the ab plane of the unit
cell. The N�H¥¥¥Cl hydrogen bonds are indicated.
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fit of the tectons and the sub-
stantial electrostatic energy of
interaction between the ions.
Furthermore the synthon and
molecular recognition behav-
iour in the key periodic motif
of 4 is close to that in 1. The
unit cell volumes of 1±4 are
notable for what they imply
for packing efficiency in these
isomeric species. The unit cell
volume per formula unit (V/Z
see Table 1) is 317.0 ä3 for 1,
and 331.9, 329.7 and 329.2 ä3


for 2±4 respectively (with stan-
dard uncertainties ca. 0.1 ä3).
Clearly the packing of planar
ribbons in 1 is highly efficient
in terms of filling space. This is
presumably favourable in
terms of the intermolecular en-
thalpy of packing and may
compensate for less favourable
intramolecular aspects of the
structure, in particular the
planar conformation of the di-
cation (see reference [11] for
evidence that biphenyl and re-
lated species are typically non-
planar in the gas phase).


In the antimony system rather more flexibility is to be ex-
pected given the wide variety of oligomeric and polymeric
structures known for the [SbCl5]


2� ion. Nevertheless the
structures formed again fall in two camps: 1) the poly-
morphs of the [4,4’-H2bipy]2+ salt (5a and 5b) and 2) the
[2,2’-H2bipy]2+ , [3,3’- H2bipy]2+ and [1,4’-Hbipy]2+ salts (6, 7
and 8). The structures of the 5a and 5b display chloride±bi-
pyridinium hydrogen-bond motifs previously noted in our
studies of the structures of salts of square planar and octahe-
dral perchlorometallate anions. The set 6±8 are not strictly
isostructural, but have the same space group, similar unit
cells and very similar packing, differing principally in the
mode of anion aggregation and the location of the NH¥¥¥Cl
hydrogen bonds. The layers of anions in these salts have
structures that are formally related to the layer perovskite
structures,[20] in which corner-sharing of MX6 octahedra
through bridging halides leads to a net of stoichiometry
MX4 (see Figure 14a). In the structure of 5b a zig-zag sub-
structure (Figure 14b) of the layer is preserved, while in 6 a
battlement pattern (Figure 14c) of antimony chloride units
is present and in 7 and 8 a single square (Figure 14d) is for-
mally excised from the layer perovskite framework. While
the gross crystal structures of 6, 7 and 8 are broadly similar,
the detail of the aggregation of the antimony chloride
anions is apparently controlled by the cations, in particular
by their hydrogen-bonding abilities. The unit cell volumes in
this system are less informative than for 1±4, because of the
varied temperatures at which they were studied. Further-
more the cell volumes reflect the changes in the anion struc-


tures as well as the packing of the ions. The unit cell vol-
umes per formula unit (V/Z see Table 3) for 5a, 5b, 6, 7 and
8 are 389.7 (at ca. 293 K), 374.2 (at 173 K), 379.4 (at 173 K),
382.9 (at ca 293 K) and 377.3 ä3 (at 173 K), respectively,
with standard uncertainties of about 0.1 ä3. Once again
highest packing density is associated with the nearly planar
ribbon motif, this time observed in 5b. On this occasion the
structure of highest packing efficiency is not the most stable,
since 5b transforms to 5a readily.


In discussing the structures presented in this paper is im-
portant to recognise that we have not investigated exhaus-
tively the possibility that the structures seen are but one of
several polymorphs. This is of course possible (and in the
case of 5 is known to occur). However, the mere fact of
their observation (and that the bulk material apparently is
composed of the only the form studied for all bar 5) is indi-
cative of the relative stability of the reported structures.
Thus structures in which the primary supramolecular syn-
thon is not apparently structure-directing are competitive
and probably optimal. The observation of near isostructural-
ity in salts of isomeric ions may also be interpreted as evi-
dence of the possibility that (many) CH¥¥¥Cl interactions can
compensate for the loss or distortion of (a relatively small
number of stronger) NH¥¥¥Cl interactions (see reference [21]
and references therein for a useful discussion of CH¥¥¥Cl hy-
drogen bonding).


The message to draw from these observations is that
while the primary (NH¥¥¥Cl) hydrogen-bonding ™supramolec-
ular synthon∫ is important and does matter in determining


Figure 14. a) the MX4 layer perovskite structure and various substructures (b±d) indicated in bold.
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the local intermolecular geometry, the close-packing of the
complex ions is also apparently important and the ™best∫
structures result when these two factors complement one an-
other. The successful design of molecular salts such as these
will therefore require a careful balance of these various
components of the lattice energy. The Desiraju±Wuest pos-
tulate–that molecular tectons with appropriate ™sticky∫
supramolecular functionalities can be used to design and
prepare crystal structures–is a useful, powerful and attrac-
tive insight. However, it is not complete and will necessarily
require revision and development. In molecular salts, such
as these studied here, it seems that electrostatic interactions
may outweigh local hydrogen bonding effects and lead to
crystal structures in which the molecular packing is appa-
rently dominated by good shape fit and the Coulombic ele-
ments of the lattice energy.


The phenomenon of near-isostructural crystal forms of
isomeric ions in halide salts is not confined to the examples
shown in detail here. Jones[22] has reported an example in
the salts of 2-chloromethylpyridinium chloride and 3-bromo-
methylpyridinium bromide as have N‰ttinen and Rissanen
in the hydrochlorides of nicotinic acid chloride and isonico-
tinic acid chloride.[23] We have also observed similar behav-
iour in salts of tetrahedral [MCl4]


2� ions.[24]


In terms of the primary recognition motifs (or supra-
molecular synthons) by which the tectons in these systems
interact, the information content in the NH¥¥¥Cl motifs of
the systems studied here is rather low, because of their rela-
tive simplicity. Much more complex, typically multipoint, in-
teractions and neutral tectons are often used in synthetic
crystallography.[1±4] It would seem likely that such informa-
tion-rich means of molecular recognition are more likely to
be robust synthons, especially for constructing solids com-
posed of neutral tectons.


In the salts we and others have studied, we have placed
emphasis on the network of NH¥¥¥Cl and similar interactions
and deliberately downplayed the significance of the numer-
ous (usually longer) CH¥¥¥Cl contacts that are present in all
these structures. It is clear, and acknowledged that this sim-
plification is not warranted, in the sense that the CH¥¥¥Cl in-
teractions must contribute significantly to the stability of the
structures formed. However, the simplicity of this model is
vital to its application in synthetic crystallography and crys-
tal engineering. Unless we have models that qualitative and
accessible to the chemist (as opposed to quantitative and
only accessible through, say, substantial computational re-
sources) there is little prospect of intuitive human input to
the design of crystal structures.


Experimental Section


All pyridines, except 3,3’-bipyridine, were purchased from Lancaster or
Aldrich and used without purification. 3,3’-Bipyridine was prepared ac-
cording to the published procedure[25] and recrystallised as its hydrochlo-
ride salt from concentrated hydrochloric acid prior to use. Elemental
analyses were performed by the School of Chemistry Microanalytical
Service. Powder diffraction was carried out using a Bruker D8 diffrac-
tometer.


Synthesis of [3,3’-bipyridinium][PtCl4] (2): A solution of 3,3-bipyridinium
dichloride (0.106 g, 6.66î10�4 mol) in concentrated hydrochloric acid
(5 mL) was added dropwise, with stirring, to a solution of potassium tet-
rachloroplatinate (0.277 g, 6.70î10�4 mol) in water (10 mL). The result-
ing orange suspension was stirred overnight, and then filtered. The solid
obtained was washed with water (10 mL) and ethanol (10 mL), and then
dried at the pump, (0.188 g, 3.80î10�4 mol, 57%). Elemental analysis
calcd (%): C 24.26, H 2.04, N 5.66; found: C 24.20, H 1.95, N 5.50. Single
crystals were grown by dissolution of the product in hot aqueous hydro-
chloric acid followed by slow cooling.


Synthesis of [2,2’-bipyridinium][BF4]2 : Tetrafluoroboric acid (2.2 mL,
54%wt solution in diethyl ether, 1.18 g, 13.44î10�3 mol) was added drop-
wise, with stirring, to a solution of 2,2’-bipyridine (1.06 g, 6.79î10�3 mol)
in acetonitrile (30 mL). The resulting suspension was stirred overnight.
Diethyl ether (150 mL) was added and the suspension filtered. The solid
obtained was washed with diethyl ether (20 mL) and dried at the pump
(2.16 g, 6.51î10�3 mol, 95.9%). Elemental analysis calcd (%):C 36.20, H
3.05, N 8.44; found: C 36.05, H 2.95, N 8.07.


Synthesis of [PhCH2PPh3][PtCl4]: Benzyltriphenylphosphonium chloride
(1.05 g, 2.70î10�3 mol) was added To a solution of potassium tetrachloro-
platinate (0.56 g, 1.33î10�3 mol) in distilled water (50 mL). Dichlorome-
thane (100 mL) was added and the resulting mixture stirred overnight.
The dichloromethane layer was separated and the water layer extracted
with dichloromethane (3î50 mL). The dichloromethane fractions were
combined and dried over magnesium sulfate. The solvent was removed
under reduced pressure leaving the product as a dark orange powder
(1.28 g, 1.23î10�3 mol, 92.2%). Elemental analysis calcd (%): C 57.49, H
4.25; found: C 56.60, H 3.73.


Synthesis of [2,2’-bypyridinium][PtCl4] (3): A solution of 2,2’-bipyridini-
um bis tetrafluoroborate (0.088 g, 2.65î10�4 mol) in acetonitrile (5 mL)
was added dropwise, with stirring, to a solution of bis(benzyltriphenyl-
phosphonium) tetrachloroplatinate (0.263 g, 2.52î10�4 mol) in acetoni-
trile (10 mL). Immediately upon addition a yellow precipitate was ob-
served. The suspension was stirred for five minutes, until precipitation
was complete. The suspension was filtered and washed with acetonitrile
(10 mL) and diethyl ether (10 mL), and then dried at the pump (0.083 g,
1.68î10�4 mol, 66.7%). Elemental analysis calcd (%): C 24.26, H 2.04, N
5.66; found: C 24.43, H 1.55, N 5.24 Single crystals were grown by mixing
stoichiometric amounts of K2PtCl4 and 2,2’-bipyridine in aqueous hydro-
chloric acid followed by slow evaporation.


Synthesis of [1-(4’-pyridinium)pyridinium][PtCl4] (4): A solution of pyri-
dylpyridinium chloride hydrochloride (0.103 g, 4.50î10�4 mol) in water
(5 mL) and concentrated HCl (10 mL) was added dropwise, with stirring,
to a solution of K2PtCl4 (0.186 g, 4.48î10�4 mol) in water (10 mL). The
resulting orange solution was reduced in volume (5 mL) and allowed to
cool to room temperature. Upon cooling orange crystals grew, which
were filtered off, washed with ice cold water (2 mL) and ethanol (2 mL),
and then dried at the pump (0.165 g, 3.33î10�4 mol, 74.4%). Elemental
analysis calcd (%): C 24.26, H 2.04, N 5.66; found: C 24.04, H 1.95, N
5.40.


Synthesis of [4,4’-bipyridinium][SbCl5] (5b): A solution of 4,4’-bipyridine
(0.350 g, 2.21î10�3 mol) in concentrated hydrochloric acid (10 mL) was
added dropwise, with stirring, to a solution of antimony trichloride
(0.507 g 2.22î10�3 mol) in concentrated hydrochloric acid (10 mL). The
resulting yellow solution was heated to reduce the volume (15 mL), then
allowed to cool to room temperature. The product crystallized as an inti-
mate mixture of red plates and yellow needles. The red plates revert to
yellow after a few hours. Immediately after crystallization, a suitable red
plate was selected and mounted on the diffractometer under a stream of
cold nitrogen . The remaining crystals were allowed to cool, were filtered
off and washed with cold concentrated hydrochloric acid (5 mL) and cold
ethanol (5 mL), and then dried at the pump (0.565 g, 1.24î10�3 mol,
56%).


Synthesis of [3,3’-bipyridinium][SbCl5] (6): A solution of 3,3’-bipyridini-
um dichloride (0.308 g, 1.34î10�3 mol) in concentrated hydrochloric acid
(10 mL) was added dropwise, with stirring, to a solution of antimony tri-
chloride (0.306 g 1.34î10�3 mol) in concentrated hydrochloric acid
(10 mL). The resulting colorless suspension was heated to redissolve and
reduce the volume (15 mL). The solution was allowed to cool to room
temperature and left to crystallize. The colorless crystals were filtered,
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washed with ice cold water (2 mL) and ethanol (5 mL), and then dried at
the pump, (0.350 g, 7.65î10�4 mol, 57%). Elemental analysis calcd (%):
C 26.27, H 2.20, N 6.13; found: C 26.09, H 1.97, N 5.95.


Synthesis of [4-pyridylpyridinium][SbCl5] (8): Antimony trichloride
(0.228 g, 1.00î10�3 mol) was added dropwise, with stirring, to a solution
of 4-pyridylpyridinium chloride hydrochloride (0.229, 1.00î10�3 mol) in
water (5 mL) and concentrated hydrochloric acid (5 mL). The resultant
green/yellow solution was heated to reduce the volume (5 mL) and after
slow cooling, clear yellow crystals were formed. The crystals were fil-
tered, were washed with ice cold water (2 mL) and ethanol (5 mL), and
then dried at the pump, (0.198 g, 4.33î10�4 mol, 43.3%). Elemental anal-
ysis calcd (%): C 26.24, H 2.19, N 6.12; found: C 26.36, H 2.22, N 5.98.
Crystals suitable for X-ray diffraction were prepared by evaporation of a
solution of the product in dilute aqueous hydrochloric acid on a watch-
glass.


General X-ray crystal structure information : Diffraction measurements,
2, 3, 4, 5b, 6 and 8, were made at �100 8C on a Bruker-AXS SMART
three-circle CCD diffractometer using graphite monochromated MoKa ra-
diation (l=0.71073 ä).[26] Unit cell dimensions were determined from re-
flections taken from three sets of ten frames (at 0.38 steps in w), each at
10 s exposure. Data frames were referenced to a set of ten dark frame
readings each taken at n s exposures without X-rays, whereby n s is the
time for each exposure during data collection. For crystals of monoclinic
or higher crystal symmetry, a hemisphere of reciprocal space was scanned
by 0.3 wsteps at f 0, 88 and 1808 with the area detector center held at
2q=�278. For triclinic crystals, a full sphere of reciprocal space was scan-
ned. In all experiments, each exposure was n s (typically, 10�n�40).
The reflections were integrated using the SAINT program.[26] Absorption,
Lorentz and polarization corrections were applied. The structures were
solved by direct methods and refined using full-matrix least-squares
against F2 using SHELXTL.[26] All non-hydrogen atoms were assigned
anisotropic displacement parameters and refined without positional con-
straints. Hydrogen atoms were included in idealized positions with iso-
tropic displacement parameters constrained to 1.5 times the Ueq of their
attached carbon atoms for methyl hydrogens, and 1.2 times the Ueq of
their attached carbon. Many of the details of the structure analyses of 2,
3, 4, 5b, 6, 7, and 8 are presented in Table 2.


CCDC-231530±231535 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


X-ray powder diffraction experiments on bulk samples of 2, 3, 4, 5b, 6, 7
and 8 were consistent with the presence of pure phases with the structure
identified by single crystal methods.
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Thermodynamic Analysis of Receptors Based on Guanidinium/Boronic Acid
Groups for the Complexation of Carboxylates, a-Hydroxycarboxylates, and
Diols: Driving Force for Binding and Cooperativity


Sheryl L. Wiskur, John J. Lavigne, Axel Metzger, Suzanne L. Tobey, Vincent Lynch, and
Eric V. Anslyn*[a]


Introduction


One goal of supramolecular chemistry is the development of
general design strategies for selective binding of a target
molecule by a rationally designed synthetic receptor.[1] The
targets often include biologically important guests such as
saccharides,[2,3] natural products,[4] metals,[5] and ions.[6,7] Ulti-
mately, the goal is to achieve selectivity and affinity compa-
rable to those attained by natural receptors such as enzymes
and antibodies. The selectivity and affinity of synthetic hosts
is controlled and modulated by careful choice of a scaffold
upon which binding moieties are appended, creating a bind-


ing pocket. A cleft with strong complementarity to the guest
will improve selectivity,[8] and higher binding constants are
commonly achieved by preorganization of recognition ele-
ments at the binding site. Here, we use a common scaffold
to impart the same degree of preorganization to all recep-
tors under comparison.


Unlike biological receptors, which function almost exclu-
sively in water, synthetic receptors operate in many solvents,
allowing us to modify or enhance intermolecular interac-
tions, such as hydrogen bonding or charge-pairing.[7,9,10] Such
interactions can be enhanced by replacing solvents such as
water and methanol with aprotic solvents with lower dielec-
tric constants, such as DMSO or chloroform. Even subtle
differences–an increase in methanol concentration in an
aqueous solution, for instance–can greatly enhance charge-
pairing interactions. Therefore, affinity constants can be
readily tuned so that a receptor or sensor will work in a de-
sired concentration range. The solvent systems used in this
study vary between pure water and 75% methanol to en-
hance binding.


[a] Dr. S. L. Wiskur, Prof. J. J. Lavigne, Dr. A. Metzger, Dr. S. L. Tobey,
Dr. V. Lynch, Prof. E. V. Anslyn
Department of Chemistry and Biochemistry
1 University Station A5300
The University of Texas at Austin
Austin, TX 78712 (USA)


Abstract: The thermodynamics of gua-
nidinium and boronic acid interactions
with carboxylates, a-hydroxycarboxy-
lates, and diols were studied by deter-
mination of the binding constants of a
variety of different guests to four dif-
ferent hosts (7±10). Each host contains
a different combination of guanidinium
groups and boronic acids. The guests
included molecules with carboxylate
and/or diol moieties, such as citrate,
tartrate, and fructose, among others.
The Gibbs free energies of binding
were determined by UV/Vis absorption
spectroscopy, by use of indicator dis-
placement assays. The receptor based
on three guanidinium groups (7) was
selective for the tricarboxylate guest.


The receptors that incorporated boron-
ic acids (8±10) had higher affinities for
guests that included a-hydroxycarboxy-
late and catechol moieties over guests
containing only carboxylates or alkane-
diols. Isothermal titration calorimetry
revealed the enthalpic and entropic
contributions to the Gibbs free ener-
gies of binding. The binding of citrate
and tartrate was investigated with hosts
7±10, for which all the binding events
were exothermic, with positive entropy.
Because of the selectivity of hosts 8±


10, a simple boronic acid (14) was also
investigated and determined to be se-
lective for a-hydroxycarboxylates and
catechols over amino acids and alkane-
diols. Further, the cooperativity of 8
and 9 in binding tartrate was also in-
vestigated, revealing little or no coop-
erativity with 8, but negative coopera-
tivity with 9. A linear entropy/enthalpy
compensation relationship for all the
hosts 7±10, 14, and the carboxylate-/
diol-containing guests was also ob-
tained. This relationship indicates that
increasing enthalpy of binding is offset
by similar losses in entropy for molecu-
lar recognition involving guanidinium
and boronic acid groups.


Keywords: boronic acids ¥ coopera-
tivity ¥ guanidinium groups ¥ molec-
ular recognition ¥ thermodynamics
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In the design of a synthetic receptor, recognition elements
complementary to functional groups on the targeted guest
must be incorporated. Our guests of interest contain groups
such as carboxylates and/or diols. From precedent, guanidi-
nium ions and boronic acids, respectively, provide excellent
complementarity to these functional groups. Ammonium
and guanidinium[11] ions associate strongly with carboxylates
through hydrogen-bonding and charge-pairing interactions.
Ammonium groups have high charge localization,[12] but
their geometries are not as conducive as those of guanidini-
um groups for hydrogen bonding to carboxylates (Fig-
ure 1A). The charge-pairing interactions of guanidinium
groups are more diffuse, but they have a more favorable ge-
ometry for binding of carboxylates, and remain protonated
over a wider pH range (Figure 1B).[13]


Schmidtchen and co-workers have extensively investigat-
ed the thermodynamics of anion recognition by guanidinium
groups.[14] They have examined the roles of solvent, counter-
anions, and the functionality around the binding site.[15] The
association of bicyclic guanidinium structure 1 with benzoate


was studied by isothermal titration
calorimetry (ITC) to determine
counter-anion effects on binding.
The binding constant of 1 to ben-
zoate in acetonitrile was greatly af-
fected by the guanidinium×s counter-
ion. Larger binding constants result-
ed with the larger, less strongly hy-


drogen-bonding counter-anions such as hexafluorophos-
phate. Both enthalpy and entropy were determined to be fa-
vorable. Smaller anions resulted in an increase in positive
entropy, showing amplification in the release of solvent mol-
ecules from the binding site. The exothermic component
also decreased with a decrease in the counter-anion size, in-
dicating that the anion was competing with the guest for the
guanidinium group.


Hamilton[16] has also investigated the thermodynamics of
guanidinium/carboxylate interactions. In one study, the bind-
ing of tetrabutylammonium acetate to a series of guanidini-


um derivatives was investigated by ITC.[9]


The association of the bicyclic guanidini-
um 2 with acetate had a reasonable affini-
ty in DMSO, but the substitution of the
hydrogens for methyl groups in 3 and 4
completely inhibited binding, as found by
ITC and 1H NMR, showing the impor-
tance of hydrogen bonding for the associ-


ation. The thermodynamic data showed that the guanidini-
um/carboxylate interaction was exothermic and displayed
positive entropy. The binding was therefore attributed pre-
dominantly to hydrogen-bonding interactions, and the affini-
ties were again reduced when the counter-ion was changed
from iodide or tetraphenylborate to chloride.


There have been a variety of studies, primarily concerned
with sugar recognition, aimed at binding of diols.[17] Some ar-
tificial receptors have been designed to form neutral hydro-
gen bonds to the hydroxy groups of the sugar through
amide or alcohol groups, but these receptors generally only
work in non-polar, non-hydrogen-bonding solvents.[2,18]


Since the binding of saccharides in water is an important en-
deavor, various groups have developed receptors based on
oligosaccharides,[19] oligomers of cyclopentane,[20] and a por-
phyrin-cryptand system[21] to bind sugars in aqueous media.


The use of boronic acids has advanced the molecular rec-
ognition of sugars in aqueous media, because boronic acids
form reversible covalent linkages to 1,2- and 1,3-diols (Fig-
ure 2A). Thanks to their ability to form boronate esters,[22]


they have been extensively studied for the binding of sac-
charides and are routinely incorporated into synthetic recep-
tors.[23] The formation of the boronate ester is faster when
the boron is tetrahedral, which occurs at high pH. As it is
not always desirable to work at high pH, Wulff[24] demon-
strated that a tertiary amine adjacent to the boron can add
to the boron center, creating a tetrahedral boron at neutral
pH (Figure 2B).


Shinkai and co-workers have performed extensive re-
search into the binding and selectivity of boronic acids with
sugars. The fluorescent sensor 5,[25] which has only one bor-


onic acid moiety, was determined to be selective for fruc-
tose. When a second boronic acid is incorporated into the
host, however, the host (6) now exhibits a preference for
glucose.[26] This outcome shows that the spatial orientation
of the binding moieties has a significant effect on determin-
ing the selectivity of the receptor. Norrild, though, has


Figure 1. Ammonium groups have geometries less well suited than those
of guanidinium groups for hydrogen bonding to carboxylates.


Figure 2. Formation of reversible covalent linkages to diols by boronic
acids.
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shown that the sugars isomerize when complexed to the bor-
onic acids.[23]


Wang and co-workers have also studied the interactions
of boronic acids and diols in detail,[27] by using phenylboron-
ic acid and Alizarin Red S as a fluorescent reporter. They
studied buffer effects, pH, and overall affinities of phenyl-
boronic acid for different diols, showing that many common
beliefs may actually be misperceptions. For example, it has
been stated in the literature that binding constants of these
systems are buffer-independent.[28] In their work, Wang et al.
showed that the binding constant is dependent on the type
of buffer, and in the case of phosphate, the concentration as
well. It was also shown that phenylboronic acid has a stron-
ger affinity for catechol than for other 1,2-alkanediols, and
that all of their binding constants were pH-dependent.


Although the thermodynamic studies of guanidinium/car-
boxylate and boronic acid/diol interactions briefly summar-
ized above have been reported, no studies of the result of
combining these interactions together have appeared. In the
past, our group has designed and studied a series of hosts
for sensing of natural products containing both carboxylate
and diol moieties. Many of these guests are prevalent in
common beverages that humans consume daily, and their
concentrations affect characteristics including color, consis-
tency, and perhaps most importantly, flavor.[29±31] The hosts
developed for our previous sensing purposes (reviewed
briefly below) gave us a series of receptors that allowed an
extensive thermodynamic analysis of combinations of guani-
dinium/carboxylate and boronic acid/diol interactions.


All of the receptors described here are based on a scaf-
fold that induces preorganization of the binding sites. The
scaffold is a 1,3,5-trisubstituted 2,4,6-triethylbenzene unit, in
which the substituents attached to the methylene groups al-
ternate up and down around the ring, allowing the binding
sites to be preorganized on one face of the benzene ring.[32]


This steric gearing has been shown to enhance binding in
earlier work.[33]


Our first receptor (7)[33,34] was designed to bind citrate, a
tris-anionic molecule at neutral pH, found in citrus-contain-


ing drinks. Selectivity for binding of guests containing three
carboxylate moieties was obtained by incorporating three
guanidinium groups imbedded in imidazoline groups. Signal-


ing of the binding was achieved by use of an indicator dis-
placement assay (Figure 3),[35] similar to many antibody-
based biosensors in competitive immunoassays,[36] and 5-car-


boxyfluorescein (11) was used as the indicator. This host
was shown to be selective for citrate over comparable analy-
tes such as sugars and other anions.


The second receptor 8 was designed to detect tartrate in
wines and grape juices.[37] Tartrate contains two carboxylate
groups and one diol, so the receptor was designed with two
imidazoline-imbedded guanidinium groups and a boronic
acid to complex the diol. Alizarin complexone (12) was
chosen as the indicator for the displacement assay. Host 8
was determined to bind selectively to a combination of tar-
trate and malate, over other similar analytes, and quantifica-
tion of a total of these two analytes was achieved in a varie-
ty of grape-derived beverages.


Receptor 9 was designed to target gallate, a tris-hydroxy-
benzoic acid derivative found in Scotch whiskies.[38] The host
contained one guanidinium group for binding the carboxy-
late and two boronic acids for binding the hydroxyphenyl
groups. Pyrocatechol violet (13) was used as the indicator
for binding, and studies showed that 9 was not selective just
for gallate, but also bound a class of compounds similar to
gallate. All of these analytes are found in Scotch whis-
kies,[30,31] and are related to the age of the beverage.[31]


Through the use of an indicator displacement assay, a corre-
lation was made between the age of the beverage and the
response of the sensing ensemble to the class of analytes as
a whole.


As alluded to above, in the study reported here, the selec-
tivity of the hosts 7±9 was studied in greater detail than in
our sensing studies, along with a fourth host (10) containing
three boronic acid moieties. This study therefore focuses
upon a series of receptors with all possible combinations of
guanidinium and boronic acid groups, ranging from three
guanidinium groups to three boronic acids, all with identical
spatial orientations because the scaffold is not altered. The


Figure 3. Indicator displacement assay.
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binding constants of a variety of guests
were studied to show the selectivity of
each of the hosts. Cooperativity of hosts
8 and 9 with tartrate was also investigat-
ed, along with ITC analysis of the hosts
to determine the components of the
Gibbs free energies of binding. To deter-
mine the selectivity of boronic acids for
more than just diols, a variety of com-
pounds including amino acids, a-hydroxy-


carboxylates, and di-
carboxylates with a
simplified boronic
acid compound (14)
were studied. Lastly,
an entropy/enthalpy
compensation effect
was found for all the


hosts and guests. The data provide a uni-
fied picture of how hosts 7±10 recognize and bind guests
containing diol/carboxylate functionalities.


Results and Discussion


Synthesis : The synthesis of receptors 7±10 began with 1,3,5-
tris(aminomethyl)-2,4,6-triethylbenzene (15), which was pre-
pared by a three-step synthesis from commercially available
1,3,5-triethylbenzene.[39] The tris-guanidinium host (7) was
synthesized (Scheme 1) by mixing the triacetate salt of 15
with 2-methylthio-2-imidazoline in a solid melt to obtain 7
as the acetate salt.[32]


Host 8 was synthesized by protecting one of the nitrogens
of 15 with di-tert-butyl dicarbonate (Scheme 2) to form a
mixture of the di- and monoprotected products (16 and 17).
From there (Scheme 3), the guanidinium groups were
formed by coupling the acetate salt of 17 with 2-methylthio-


2-imidazoline by means of another solid melt, resulting in
18. After deprotection of the Boc-protected amine with tri-
fluoroacetic acid, the amine 19 was alkylated by reductive
amination with 2-formylbenzeneboronic acid[37] to complete
the synthesis of 8.


For the synthesis of the bisboronic acid/monoguanidinium
host 9 (Scheme 4), the bis-Boc-protected compound 16 was
coupled with an N-Boc-protected imidazoline derivative[40]


to form 20. Subsequent deprotection of the amines and the
imidazoline with trifluoroacetic acid (21), followed by reduc-
tive amination with 2-formylbenzeneboronic acid, afforded
9.


Compounds 10 and 14 were both created through reduc-
tive amination with 2-formylbenzeneboronic acid. The tris-
boronic acid compound 10 (Scheme 5) was created by using
the tris-amine compound 15, while the single boronic acid
compound 14 (Scheme 6) was synthesized from benzyl-
amine.


Binding and structural studies : To determine binding con-
stants, a mechanism to signal the binding, such as the modu-
lation of the spectroscopic properties of a chromophore or
fluorophore, needed to be included. In order to signal the
presence of a guest, the ™signaling site∫ must communicate
with the ™binding site∫. Our group traditionally uses indica-
tor displacement assays to impart the required communica-
tion (Figure 3).[34,41] For example, an indicator with binding
groups complementary to the receptor of choice is
chosen.[34,41] Upon addition of the receptor to the indicator,
the spectroscopic properties of the indicator change as it be-
comes bound to the receptor. This change is due to altera-
tion of the local microenvironment around the indicator.
Upon addition of a guest that binds the receptor, the indica-
tor is displaced from the binding site, allowing it to revert to
its original spectroscopic properties, and Ka values can be
determined from these data.[42]


When looking for an indicator for a particular host, two
factors need to be considered. Firstly, in order for the indi-
cator to bind in the cavity, the indicator should have func-
tional groups complementary to the receptor. Secondly, the


Scheme 1. a) AcOH, 2-methylthio-2-imidazoline, 80 8C, 66%.


Scheme 2. a) (Boc)2O, CHCl3, 16 (28%), 17 (18%).


Scheme 3. a) AcOH, 2-methylthio-2-imidazoline, 80 8C, 64%; b) TFA, H2O, ion-exchange, 99%;
c) 2-formylbenzeneboronic acid (1.1 equiv), MeOH, 3 ä sieves, NaBH4, 57%.
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indicator should have a pKa near the working pH, to insure
that the indicator is sensitive to microenvironment changes.


All the host/indicator bind-
ing constants were determined
in the same manner, so only
one example of how the associ-
ation constants are determined
is described here. Pyrocatechol
violet (13) was chosen for the
indicator displacement assay
with host 9, due to the catechol
and sulfonate moieties, which
bind to the boronic acids and
the guanidinium, respectively.
This indicator is colorimetric
and commonly used for the de-
termination of tin and bismuth,


in which its color is dependent
on its protonation state.[43]


Upon addition of 9 to a solution
of 13 at constant concentration
and pH (Figure 4A), the lmax of
the absorbance shifts from 442
to 488 nm. The result was simi-
lar to that expected from an in-
crease in pH, which is what was
anticipated, since the positive
microenvironment of the bind-
ing pocket was expected to
lower the pKa of the phenol of
the indicator. The data was fit
by use of a 1:1 binding algo-
rithm,[42] in which the interac-
tion of 9 and 13 was defined
through Equation 1, where I is
the concentration of the indica-
tor and L the host.


IþL Ð IL ð1Þ


Absorbance is defined by Beer×s law, and through a deri-
vation of equations using the indicator and ligand mass bal-
ance equations and the equilibrium constant, Equation 2 is
obtained. The free ligand concentration (Li) can then be cal-
culated through this quadratic equation, where It is the total
indicator concentration, K1 represents the binding constant,
and Lt refers to the total ligand concentration. The free
ligand concentration is then used in the final binding iso-
therm (Eq. 3). The calculated delta absorbance and the
actual delta absorbance are plotted against the concentra-
tion of host. The binding constant (K1) and the change in
molar absorptivity (e) were iterated until the best fit of the
data was obtained (Figure 4B). This gave a binding constant
of 6.2î104m�1 for 9 and 13 in 75% methanol in water (v/v)
at pH 7.4.


K1½Li�2 þð1�K1½Lt� þK1½It�Þ ½Li� � ½Lt� ¼ 0 ð2Þ


DA
b


¼ DeK1½Li�½It�
½It� þK1½Li�


ð3Þ


Scheme 4. a) N-(1,1-Dimethylethoxycarbonyl)-2-methylthio-2-imidazoline, 5% AcOH in EtOH (v/v), 60 8C,
61%; b) TFA, H2O, ion-exchange, 98%; c) 2-formylbenzeneboronic acid, MeOH, 3 ä sieves, HC(OCH3)3,
NaBH4, 82%.


Scheme 5. a) 2-Formylbenzeneboronic acid, MeOH, 3 ä sieves,
HC(OCH3)3, NaBH4, 28%.


Scheme 6. a) 2-Formylbenzeneboronic acid, HC(OCH3)3, 3 ä sieves,
MeOH, NaBH4, 79%.


Figure 4. A) UV/Vis spectrum of 13 upon addition of 9. B) Curve-fitting analysis of the binding of 9 and 13 by
use of a 1:1 binding algorithm. The data were taken at 510 nm (75% methanol in water (v/v), 10 mm HEPES,
pH 7.4).
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Indicators for the remainder of the hosts were chosen,
and all were investigated under the same solvent conditions.
To compliment the guanidinium groups of 7, the pH-sensi-
tive indicator 5-carboxyfluorescein (11) was chosen, since
the carboxylates should hydrogen bond and form charge
pairs to the guanidinium groups, affecting both absorbance
and fluorescence upon binding. The binding constant be-
tween 7 and 11 was determined to be 4.7î103m�1. Alizarin
complexone (12) turned out to be the best indicator for
both 8 and 10, since the boronic acids can form complexes
with the dihydroxyphenyl groups, and the guanidinium
groups of 8 should interact with the carboxylates on the in-
dicator. The binding constants were calculated to be 2.7î
104m�1 and 4.6î104m�1 for complexes 8±12 and 10–12, re-
spectively.


To determine the binding constants of the guests to the
receptors we used a competition assay. All the assays work
in a similar manner, so again only one specific example is
discussed here. Upon addition of gallate to a solution of 9
and 13 at constant concentration and pH (Figure 5A), the
absorbance spectra shifted back towards 442 nm as the indi-
cator was displaced from the cavity. The determination of
the binding constant is more complicated, due to the equili-
bria that now exist between the guest (S) and the indicator
host complex (IL) (Eq. 4), along with the equilibria from
Equation (1).[42]


ILþ S Ð SLþ I ð4Þ


For a graphical approach to determine a binding constant
between gallate and 9 (K11), the mass balance equations and
the equilibrium constants were used to derive the equations
that define P (Eq. 5) and Q (Eq. 6).[42] Q is termed the indi-
cator ratio, and can be obtained through the absorbances of
the free (AI) and bound indicator (AIL). These two equa-
tions are then used to derive Equation 7, which defines the
equation of a line where y is [St]/P, x is Q, b is 1, and the
slope is the ratio of the binding constant of 9±13 (K1) and 9-
gallate (K11). The data were subsequently fit by varying the
value of AIL until the Y intercept was 1, and K11 was deter-
mined to be 1.0î104m�1 (Figure 5B).


P ¼ K11½St�
K1QþK11


ð5Þ


Q ¼ A�AIL


A1 �A
ð6Þ


½St�
P


¼ K1


K11
Qþ 1 ð7Þ


Each of the hosts 7±10 was tested with a variety of guests
(Figure 6) by the indicator displacement method, and the
binding constants are listed in Table 1. For receptor 7, it was


expected that the guests that were highly anionic would give
the strongest interactions and that the guests that were neu-
tral would not bind with the guanidinium groups. It was
found that citrate, which has three carboxylates, was the
guest with the highest binding constant; one possible bind-
ing motif (A), observed in the obtained crystal structure,[32]


with all three carboxylates of cit-
rate hydrogen-bonded to the
guanidinium groups of 7 is
shown. Guests with two carboxy-
lates, such as tartrate, malate,
and succinate, were also strong
binders with 7. Malate and tar-
trate, which also have one and
two hydroxy groups, respectively,
had binding constants three to
four times weaker than their
three-carboxylate counterpart. Succinate, which has no hy-
droxy groups, had a binding constant with 7 over an order
of magnitude weaker than that of citrate. The binding affini-


ties of 7 with monocarboxy-
late-containing guests such as
3,4-dihydroxybenzoate and gal-
late were so low that they were
estimated to be less than
100m�1. The other monocar-
boxylate guest, lactate, was de-
termined to bind 7 with a
higher stoichiometry, with
more than one guest bound in
the cavity. Other guests con-
taining only hydroxy or cate-
chol functionalities–such as
fructose, glucose, catechin,
and epigallocatechin gallate


Figure 5. A) UV/Vis spectrum of the complex 9±13 upon addition of gallate. B) Determination of the binding
constant of 9 to gallate by a competitive binding algorithm [Eq. (7)]. The data were taken at 605 nm (75%
methanol in water (v/v), 10 mm HEPES buffer, pH 7.4).


Table 1. Binding constants [m�1] determined for receptors 7±10 by the
competition assay (75% methanol in water, 5±10 mm HEPES, pH 7.4).


7 8 9 10


citrate 6.2î104 2.0î105 1.8î105 2.7î104


tartrate 1.7î104 5.5î104 1.4î105 4.0î104


malate 1.3î104 4.8î104 1.5î104 8.5î103


succinate 3.6î103 3.5î102 <1.4î102 no binding
gallate <100 2.0î104 1.0î104 1.0î104


3,4-dihydroxybenzoate <100 1.0î104 4.5î103 9.0î103


lactate not 1:1 5.0î102 5.0î102 1.1î103


glucose no binding 1.6î102 1.4î102 9.0î102


fructose no binding 3.0î102 4.0î102 6.0î102


catechin no binding 8.0î102 5.7î102 5.0î102


EGCg no binding 4.5î103 5.2î103 6.0î103
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(EGCg)–were not expected to bind to 7 and indeed had no
detectable binding interactions.


It was expected that guests possessing two carboxylates
and one diol should show optimum binding with receptor 8.
Tartrate was the guest of choice, and indeed bound strongly
to the receptor. Malate, similar in structure to tartrate but
with one hydroxy group fewer, however, had an almost
identical affinity to the receptor. Citrate bound 8 with an af-
finity almost four times stronger than that of tartrate, indi-
cating that the carboxylates of citrate were interacting with
the boronic acid. Succinate, a malate equivalent but without
any hydroxy group, had a significantly decreased affinity for
8, by almost two orders of magnitude. This indicated that
the a-hydroxycarboxylate functionality has a greater affinity
for boronic acids[44,45] than 1,2-alkanediols. The binding of a-
hydroxycarboxylates by boronic acids has been demonstrat-
ed in work by Houston and co-workers with Shinkai×s bor-
onic acid receptor.[45] The receptor had a high affinity for
tartrate, the affinity for malate was lower, and no binding
was detected with succinate. The possible binding conforma-


tion of 8 to an a-hydroxycar-
boxylate versus a diol is depict-
ed in Scheme 7. Here the bind-
ing of the a-hydroxycarboxy-
late of tartrate to the boronic
acid of 8 (B) is depicted in
equilibrium with the formation
of the boronate ester between
the boronic acid and the diol
(C). The fact that tartrate and
malate have very similar bind-
ing constants with 8 gives evi-
dence for B being the more fa-
vorable binding motif for tar-
trate. However, it is likely that
both binding modes exist in
solution. Structure D is pro-
posed for malate bound to 8 in
solution.


The binding constants of gal-
late and 3,4-dihydroxybenzoate
with receptor 8 were also of


the same order of magnitude as those of tartrate and
malate. This similarity is due to the catechol/boronic acid in-
teractions, which are known to be stronger than those of vi-
cinal diols.[22,27] The larger neutral catechol-containing guests
(catechin and EGCg) had binding affinities with 8 an order
of magnitude weaker than those of the aromatic carboxy-
lates. Simple sugars, such as fructose and glucose, bound
with even lower binding constants, since the interaction with
the receptor is solely with the single boronic acid.


The same guests were tested with receptor 9, which has
two boronic acid moieties and one guanidinium. Citrate and
tartrate had the strongest affinities for the receptor, while
malate×s affinity was an order of magnitude less. Again, this
difference indicates that the boronic acids are preferentially
interacting with the a-hydroxycarboxylates. Scheme 8 de-
picts the possible binding interactions of tartrate and malate
with 9. With tartrate, two a-hydroxycarboxylate interactions
with the two boronic acids can be represented (E), along
with a structure in equilibrium possessing a boronate ester


Figure 6. Guests tested for affinities with receptors 7±10.


Scheme 7. Binding of the a-hydroxycarboxylate of tartrate to the boronic
acid of 8. Scheme 8. Possible binding interactions of tartrate and malate with 9.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3792 ± 38043798


FULL PAPER E. V. Anslyn et al.



www.chemeurj.org





(F). In F, the interaction between the carboxylate and the
boronic acid could be either hydrogen bonding, or coordina-
tion of the carboxylate to the boron, making a mixed anhy-
dride (not shown). With malate (G), only one a-hydroxycar-
boxylate interaction with a boronic acid can exist, which re-
sults in the lower binding affinity with 9.


Gallate bound 9 with an affinity of the same order of
magnitude as malate, again showing the greater affinity of
1,2-dihydroxyphenyl groups over 1,2-alkanediols. EGCg was
an order of magnitude higher than catechin in its binding
constant with 9, presumably due to the increased number of
hydroxy groups. EGCg×s similar binding affinity to 3,4-dihy-
droxybenzoate again shows the importance of the catechol
functionalities, whereas the affinities of glucose and fructose
were an order of magnitude less.


The tris-boronic receptor 10 again showed selectivity for
the guests with a-hydroxycarboxylate systems, such as tar-
trate. Citrate, which only has one a-hydroxycarboxylate, had
a binding constant with 10 comparable to that of tartrate,
which was attributed to interaction with the boronic acids
by the other two carboxylates of citrate. The affinity of 10
for malate was five times weaker than for tartrate, due to
the one fewer hydroxy group. The possible binding modes
of tartrate are illustrated in Scheme9, showing the forma-


tion of a boronate ester (I) versus the binding of the a-hy-
droxycarboxylates (H). In structure I, the actual interaction
between a carboxylate and boronic acid is not known, but a
mixed anhydride between the carboxylate and the boron is
a possibility. A binding mode for malate similar to those
shown in Scheme 7 and Scheme 8 can be assumed, highlight-
ing the increased number of favorable binding interactions
for tartrate. Importantly, without the alcohol moieties (succi-
nate) no binding to this receptor could be detected, suggest-
ing that the dicarboxylates are not interacting with the bor-
onic acids.


Both gallate and 3,4-dihydroxybenzoate had affinity con-
stants with 10 of the same order of magnitude as malate,
showing the strong interactions of the boronic acids with the
catechols. The simple alkanediols (glucose and fructose) had
the lowest affinities with 10.


From analysis of all the binding constants discussed
above, it became clear that the boronic acids were playing
more of a role than just binding vicinal diols.[44,45] We there-
fore turned our attention more closely to the role of the bor-
onic acids. After analysis of the guests tested with hosts 8±
10, a series of simpler guests with a simplified boronic acid


compound 14 were analyzed. Since 14 does not possess a
signaling site, the competition assay was also employed,
with 12 as the indicator. The determined binding constants
are shown in Table 2, along with the binding constant of 12
with 14. Aliphatic diols have been widely examined with


boronic acids; however, catechols have not been as widely
tested,[22,27] so this was our starting point. Since 12 bound
strongly, the iminodiacetate[46] functionality was tested to de-
termine whether the boronic acid was binding through the
catechol or the side arm of 12. However, the binding of this
guest with 14 was too weak to be determined. Diethanola-
mine, the alcohol equivalent to iminodiacetate, was also
tested, but also had weak binding. Because citrate bound
hosts 8±10 better than expected, the interaction of lactate,
an a-hydroxycarboxylate, was tested, and it was shown to
have an excellent binding affinity for the boronic acid in 14.
The amino acid[47] equivalent alanine had very little affinity
with the receptor, showing that the alcohol is preferred over
an amine. Malonate also showed a strong affinity for 14, in-
dicating that binding through the two carboxylates was also
possible,[48] forming a six-membered ring. When any simple
aliphatic diols such as ethylene glycol or cis-1,2-cyclohexane-
diol were attempted, binding was always too low to deter-
mine. It was therefore determined that a simple boronic
acid (14) has high affinities for a-hydroxycarboxylates, cate-
chols, and dicarboxylates that can form six-membered rings,
over amino acids and simple 1,2-alkanediols.


To investigate the geometry at the boron center, a crystal
structure of 14 was obtained (Figure 7). As can be seen, the
nitrogen has added onto the boron, making the boron tetra-
hedral. The protonated state of the nitrogen exists, as the
hydrogen on the nitrogen is still present,[49] allowing the sec-
ondary nitrogen and the boron to form a zwitterionic com-
plex. The use of boronic acids with adjacent amines in sen-
sors is routinely performed with tertiary amines.[25,50] This
helps to show the potential of incorporation of a secondary
amine for sensor applications.[51]


Enthalpy and entropy : Given that the selectivity of the
hosts had been determined, along with some structural in-
sight, we were interested in the driving force for the binding
of hosts 7±10 and 14. The Gibbs free energies of binding can
be calculated from the Ka values, but in order to divide DG 0


into its parts, enthalpy and entropy, isothermal titration cal-
orimetry (ITC) was used. This method measures the heat


Scheme 9. Possible binding modes of tartrate with 10.


Table 2. Binding constants [m�1] determined for 14 by competition assay
with the indicator alizarin complexone (75% methanol in water, 10 mm


HEPES, pH 7.4).


14


alizarin complexone (12) 4.4î103


malonate 8.6î102


lactate 3.1î102


alanine <50
iminodiacetic acid <50
catechol 4.0î102


cis-1,2-cyclohexanediol <50
diethanolamine 75
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evolved or absorbed upon
binding, deriving Ka, DG 0,
DH 0, and DS 0 in a single ex-
periment.[52] The instrument
measures the change in heat of
a system upon addition of an
aliquot of guest into a solution
of host. This heat exchange is
shown in Figure 8 (top) for the addition of tartrate into a
solution of 8 at pH 7.4 (100% water, 50mm HEPES buffer,
25 8C). Integration of the exothermic peaks leads to the
binding curve shown at the bottom of Figure 8. Use of a
one-site binding model to fit the data leads to the values
shown in Table 3. The association constant between tartrate
and 8 was found to be significantly lower than that reported
in Table 1. This can be attributed to the performing of the
ITC experiments in 100% water, while the UV/Vis studies


were obtained in 75% methanol in water. Ion-pairing inter-
actions are reduced in pure water, and in addition the in-
creased buffer concentration lowers binding affinities.


The data show that binding is driven by a combination of
entropy and enthalpy, both being favorable. In many sys-
tems, exothermic enthalpy is associated with charge-pairing
interactions or tight binding interactions that result in struc-
tural tightening, while positive entropy is generally associat-
ed with a release of solvent into bulk solution. Negative en-
tropy can result from the cost of freezing intermolecular
motion. With regard to the binding of 7 and citrate in pure
water with a phosphate buffer, the majority of the driving
force is derived from entropic contributions, indicating a
large release of solvent upon 7 binding citrate.[32,53]


The binding between 8 and tartrate was determined to be
exothermic with positive entropy. The increase in the en-


thalpic component versus 7×s binding of citrate indicates
stronger interactions between 8 and tartrate. The covalent
bonds between the boronic acid and tartrate (Scheme 7, B
and C) might contribute to the enthalpic component relative
to the hydrogen-bonding and charge-pairing interactions of
7. Further, the entropic component is still present with 8,
which could result from the release of solvent from the
binding pocket and the guest. The binding of the carboxy-
lates of tartrate to the guanidinium groups of 8 displace
water into bulk solvent. Additionally, two water molecules
are also released for each boronate ester formed from either
the diol or the a-hydroxycarboxylates.


A large enthalpic component with a small entropic com-
ponent was determined for the binding of 9 to tartrate. The
possibility of formation of four reversible covalent bonds to
tartrate exists (Scheme 8, E), making the complexation exo-
thermic, but resulting in a more ordered host/guest complex,
lowering the entropy of binding relative to 7 and 8. The ri-
gidity of the host/guest complex induces a loss of entropy,
which must outweigh the increased entropy from the dis-
placement of solvent from the binding cavity, lowering the
overall entropy of binding.


The binding of 10 with tartrate had a driving force similar
to that of receptor 8×s binding of tartrate, where the enthal-
py and entropy were both favorable. The formation of com-
plex H (Scheme9) has 10 binding tartrate in an orientation
similar to 9 (Scheme 8, E), yet the exothermicity with 10 has
decreased and there is more favorable entropy. Perhaps the
rigidity in the binding of tartrate to 10 is not as pronounced
as for tartrate to 9, due to subtle size and shape differences
in the binding cavities. Without the increase in rigidity, not
as much entropy is lost and the displacement of solvent into
bulk solution has a more pronounced effect.


Figure 7. View of 14, showing the atom labeling scheme. Displacement el-
lipsoids are scaled at the 50% probability level.


Figure 8. ITC analysis of 8 with tartrate (100% water, 50 mm HEPES
buffer, pH 7.4).


Table 3. ITC analysis of 7 (100% water, pH 7.4, 103mm phosphate buffer),[53] 8±10 (100% water, pH 7.4,
50mm HEPES), and 14 (100% water, pH 7.4, 250mm HEPES).


7¥citrate 8¥tartrate 9¥tartrate 10¥tartrate 14¥catechol 14¥malonate


DH 0 [kcalmol�1] �0.2 �1.6 �2.9 �1.5 �1.4 0.02
TDS 0 [kcalmol�1] 3.3 2.1 0.6 1.8 1.8 4.2
DG 0 [kcalmol�1] �3.6 �3.7 �3.5 �3.3 �3.2 �4.2
Ka [m


�1] 4.4î102 5.2î102 3.7î102 2.6î102 2.2î102 1.2î103
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With the boronic acid model compound 14, the associa-
tion of catechol, malonate, and lactate were analyzed by
ITC. Catechol was both entropy- and enthalpy-driven, with
exothermic binding and positive entropy. Malonate, on the
other hand, was primarily entropy-driven (positive), with en-
thalpy being slightly endothermic. If these two studies are
viewed in terms of rigidity, it would appear that the forma-
tion of the boronate ester with catechol results in a more
rigid complex than malonate binding 14. This rigidity re-
duces the entropy of the system, even though two solvent
molecules are being released for each boronate ester
formed. Lactate is not reported, due to the fact that no ac-
curate association constant could be obtained, because of
small changes in the heat, which means that the binding is
almost entirely entropy-driven.


If the entropy and enthalpy of binding for each of the re-
ceptors are plotted together (Figure 9), the result is a
straight line. This phenomenon is termed enthalpy/entropy


compensation (EEC), an effect that reflects how increasing
favorable enthalpy is offset by a change in entropy or vice
versa, resulting in a small change in free energy. For exam-
ple, as the rigidities of the host/guest complexes increase,
the disorder in the complexes decreases, resulting in a com-
pensation of the increase in enthalpy. This effect can be
seen in receptors 7±9, as the binding sites of the receptors
change from three guanidinium groups to two boronic acids
and one guanidinium group. The slope of the EEC graph
was determined to be 0.8, which means that the free energy
of binding is more sensitive to changes in entropy.[54] A
slope of less than one suggests that in the rational design of
a receptor to bind with better binding contacts to the host,
the increased exothermicity of binding (DH 0) would be de-
feated by the compensating entropy (TDS 0).


It is interesting that receptors containing both boronic
acids and guanidinium groups lie on the same plot, with the
same slope. This means that the extents to which the in-
creased enthalpies of binding are offset by lower entropy
must be nearly identical for the two molecular recognition
motifs. Ion-pairing of a carboxylate with a guanidinium and
reversible binding of a-hydroxycarboxylates with boronic


acids act similarly in this regard, at least in the series of re-
ceptors studied. More work is required to see if this is a gen-
eral phenomenon.


Cooperativity : Studies to explore cooperativity of receptors
8 and 9 in binding of various guests were performed. Coop-
erativity, in the case of receptor 8, is defined as enhanced or
diminished binding interactions of the boronic acid and the
two guanidinium groups to the diol and carboxylates of tar-
trate, respectively. The method proposed by Jencks[55] was
used to analyze the two receptors. The guest to be studied is
divided into parts A and B, where the receptor can inde-
pendently bind both of these, such that the parts can be
compared to the whole to determine whether the binding is
cooperative when they are connected. Here, the Gibbs free
energy of connection (DG 0


s ) is defined as the change that re-
sults from the connection of A and B, and can be deter-
mined from the difference between the Gibbs free energy of
the parts minus the Gibbs free energy of the whole [Eq. (8)]
or the binding constants [Eq. (9)]. Positive cooperativity
would be shown by a positive DG 0


s , which is a gain in free
energy from binding of AB vs. binding of A and B separate-
ly. The opposite is true for a negative DG 0


s .


DG 0
s ¼ DG 0


AþDG 0
B�DG 0


AB ð8Þ


DG 0
s ¼ RT ln


KAB


KAKB
ð9Þ


For receptors 8 and 9, the binding of tartrate was studied.
Two lactates were chosen to study the a-hydroxycarboxylate
interactions with the boronic acids and the guanidinium
groups. Lactate×s binding constant with 8 was determined to
be 500m�1, which gave a DG 0


s of �0.9 kcalmol�1 for tartrate,
which is indicative of negative cooperativity.


The cooperativity of binding with regard to receptor 9
and tartrate was also analyzed. The association constant be-
tween 9 and lactate was determined to be 500m�1, which
gave a DG 0


s of �0.3 kcalmol�1 for tartrate, negative but
close to zero cooperativity.


One must remember that both negative and positive co-
operativity give enhancements in the binding affinities. Neg-
ative cooperativity merely suggests that the enhancement
was not as large as could have been achieved. The fact that
there is only a small negative cooperativity in free energy
with the lactate as the parts suggests equal free energy inter-
actions from each of the a-hydroxycarboxylates of tartrate
when binding to 9.


Conclusion


Guanidinium groups and boronic acids have previously been
investigated for binding carboxylates and diols, respectively.
We have analyzed four receptors 7±10 that incorporate
these functionalities individually and together, examining
the thermodynamics of binding, selectivities, and cooperativ-
ity. The trisguanidinium receptor 7 gave a predictable selec-
tivity for highly anionic analytes. Receptors 8±10, which in-


Figure 9. Enthalpy (DH 0, kcalmol�1) vs entropy (TDS 0, kcalmol�1) com-
pensation plot for hosts 7±10 and 14, binding different guests; &: 14¥malo-
nate, *: 14¥catechol, &: 7¥citrate, *: 8¥tartrate, ~: 9¥tartrate, ^: 10¥tartrate.
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corporated boronic acids, had higher affinities for guests
that possessed a-hydroxycarboxylate and catechol function-
alities over simple alkane-1,2-diols. The study of a monobor-
onic acid compound 14 confirmed the high affinity for a-hy-
droxycarboxylates and catechols. Isothermal titration calo-
rimetry revealed that the binding of citrate and tartrate with
hosts 7±10 were all exothermic, with positive entropy. The
boronic acids appear to add an enthalpic component to the
thermodynamics of binding, along with an entropy compo-
nent due to the release of water. However, the binding with
boronic acids also leads to more tightly bound complexes,
while the complexes with guanidinium groups are looser
and have larger entropic components related to solvent re-
lease. Our data show that an enthalpy/entropy compensation
phenomenon exists between the guanidinium and the boron-
ic acid hosts. This indicated that the offset of enthalpy for
losses in entropy for guanidinium groups and boronic acids
were essentially the same for our hosts. The cooperativity of
tartrate binding to 8 and 9 was also investigated. It was de-
termined that 9 had a binding pocket that was complemen-
tary for the binding of tartrate, showing only small negative
cooperativity.


Experimental Section


General : All reagents were obtained from Aldrich, and were used with
no further purification unless otherwise noted. Methanol was distilled
from over magnesium, and triethylamine was distilled from one calcium
hydride when noted. Products were placed under high vacuum for at
least 12 h before spectra were obtained. 1H and 13C NMR spectra were
obtained on a Varian Unity Plus 300 MHz spectrometer. 11B NMR spec-
tra were obtained on a Bruker AMX 500 spectrometer. A Finnigan VG
analytical ZAB2-E spectrometer was used to obtain high-resolution mass
spectra, UV/Vis spectra were collected on a Beckman DU640 spectro-
photometer, and isothermal titration calorimetry was performed on a
VP-ITC MicroCalorimeter instrument (MicroCal).


UV/Vis titrations of indicator and receptor : All solutions were buffered
at pH 7.4 with HEPES buffer (5mm) in methanol in water (75% v/v). A
solution of 5-carboxyfluorescein (23mm) was prepared in the cuvette, and
a stock solution of 7 (500mm) and 5-carboxyfluorescein (23mm) was titrat-
ed into this, with the indicator concentration being kept constant. The
data was recorded at 498 nm to determine the association constant. The
rest of the host/indicator association constants were determined in a simi-
lar manner with differences in concentrations. Alizarin complexone±8
(10mm HEPES, 150mm of indicator, 1.6mm of 8, 525 nm); pyrocatechol
violet±9 (10mm HEPES, 60mm of indicator, 1.2 mm of 9, 510 nm); alizarin
complexone±10 (10 mm HEPES, 150 mm of indicator, 1.2 mm of 10,
525 nm); and alizarin complexone±14 (10 mm HEPES, 150 mm of indica-
tor, 2.8 mm of 14, 525 nm).


UV/Vis titrations of receptor/indicator ensemble and guests : All solu-
tions were buffered at pH 7.4 with HEPES buffer (5±10 mm) in methanol
in water (75% v/v). A solution of indicator (11, 14mm) and receptor (7,
74mm) was prepared in the cuvette, and a stock solution of indicator,
host, and guest, was titrated into this, with the indicator and host concen-
trations being kept constant. The data were taken at the appropriate
wavelength to determine the association constant. The guest concentra-
tion in the stock solution varies between 5±80 times the concentration of
host. Alizarin complexone±8 (10 mm HEPES, 150mm of indicator, 170mm
of 8, 525 nm); pyrocatechol violet±9 (10 mm HEPES, 60 mm of indicator,
260 mm of 9, 510 or 605 nm); alizarin complexone±10 (10 mm HEPES,
150 mm of indicator, 185 mm of 10, 525 nm); and alizarin complexone±14
(10 mm HEPES, 150 mm of indicator, 470 mm of 14, 525 nm).


Isothermal titration calorimetry of receptors 8, 9, and 10 with tartrate :
All solutions were buffered at pH 7.4 with HEPES buffer (50mm) in


100% water. The calorimetry cell contained the receptor (1.0mm), and
tartrate (21.4mm) was titrated into the cell. A total of 30 injections were
made at a volume of 6 mL per injection and a spacing of 300 seconds be-
tween injections. The solution was constantly stirred and kept at 25 8C.
The heat of dilution was measured by titration of the tartrate solution, in
the same fashion as above, into a solution of just buffer. The heat of dilu-
tion data were subtracted from the raw titration data to produce the final
binding curve. The data were fit with a one-site binding model with
Origin software version 5.0. The other ITC experiments were all per-
formed in a similar manner, with variations in buffers and concentrations.


1-(N-(-ortho-Boronobenzyl))aminomethyl-2,4,6-triethyl-3,5-((2-imidazo-
lin-2-yl-amino)methyl)benzene (8): 1-Aminomethyl-2,4,6-triethyl-3,5-((2-
imidazolin-2-yl-amino)methyl)benzene (300 mg, 0.53 mmol, 1 equiv) was
mixed with 2-formylbenzeneboronic acid (87.6 mg, 0.58 mmol, 1.1. equiv)
in anhydrous methanol. Distilled triethylamine (360 mL, 2.65 mmol,
5 equiv) and 5±10 activated molecular sieves (3 ä) were added, and the
solution was stirred at 25 8C for 3 h. After this time, sodium borohydride
(20.2 mg, 0.53 mmol) was added, and the solution was stirred for an addi-
tional 1 h. The solution was filtered through a pad of celite to remove the
sieves, the filter cake was washed with methanol and trimethyl orthofor-
mate, and the solvent was removed by rotary evaporation. The resulting
residue was placed under reduced pressure (6 mm Hg) for two days to
remove the trimethylborate. This residue was then dissolved in water and
filtered through a pad of celite to remove the reduced aldehyde. The
water was lyophilized off, resulting in a fluffy white solid (366 mg, 99%).
M.p. 197 8C (decomp); 1H NMR (300 MHz, CD3OD, 25 8C): d = 1.12 (t,
6H; CH3); 1.23 (t, 3H; CH3), 1.81 (s, 9H; CH3), 2.74 (q, 2H; CH2), 2.82
(q, 4H; CH2), 3.75 (s, 8H; CH2), 3.97 (s, 4H; CH2), 3.75 (s, 8H; CH2),
3.97 (s, 2H; CH3), 4.11 (s, 2H; CH2), 4.43 (s, 4H; CH2), 7.11 (d, 1H; Ph),
7.15±7.23 (m, 2H; Ph), 7.49 (d, 1H; Ph) ppm; 13C NMR (75 MHz,
CD3OD, 25 8C): d = 16.4, 16.6, 23.1, 24.1, 42.0, 44.1, 53.5, 116.2, 127.9,
128.4, 130.8, 131.4, 146.7, 161.2, 162.8, 178.8 ppm; 11B NMR (160 MHz,
CD3OD, 25 8C): d = 8.2 ppm; HMRS (FAB(gly)) (note; as the glycerol-
boronate ester): m/z : calcd for C31H47BN7O3: 576.3833; found: 576.3839
[M+H]+ .


1,3,5-Tris[(2-benzeneboronic acid)aminomethyl]-2,4,6-triethylbenzene
(10): Dry triethylamine (1.0 mL) and 2-formylbenzeneboronic acid
(0.33 g, 2.19 mmol) were added to a solution of 15 (0.16 g, 0.63 mmol) in
dry methanol over molecular sieves (3 ä) in an inert atmosphere. The re-
action mixture was heated to 45 8C for 6 h. Sodium borohydride (0.18 g,
4.76 mmol) was added, and the reaction mixture was allowed to cool to
room temperature. The mixture was filtered through celite and the sol-
vent was removed. The solid was dissolved in water, filtered through
celite, and lyophilized. Trimethyl orthoformate (2 mL) and dry methanol
were then added, the mixture was stirred for 2 h, and the resulting resi-
due was placed under vacuum for an additional 24 h. The final purifica-
tion step involved dissolving of the solid with a mixture of ethyl acetate/
methanol (9:1) and filtration through celite. The solvent was removed to
yield a white solid (0.12 g, 28%). M.p. 230 8C (decomp); 1H NMR
(CD3OD, 300 MHz): d = 7.49 (d, 3H), 7.1±7.2 (m, 9H), 4.05 (s, 6H),
4.02 (s, 6H), 2.98 (q, 6H), 1.07 (t, 9H) ppm; 13C NMR (CD3OD,
75 MHz): d = 157.1, 148.2, 143.2, 132.7, 129.2, 128.7, 125.6, 54.8, 45.3,
25.3, 17.6 ppm; 11B NMR (CD3OD, 160 MHz, 25 8C): d = 10.0 ppm;
HRMS-CI+ : m/z : calcd for C39H48B3N3O3: 639.399; found: 639.397 (dehy-
drated methoxy form).


1-(N-(ortho-Boronobenzyl))aminomethylbenzene (14): 2-Formylbenzene-
boronic acid (0.158 g, 1.05 mmol) was dissolved in distilled methanol
(20 mL) under argon. To this were added benzylamine (126 mL,
1.18 mmol), triethylamine (1 mL, 13.84 mmol), and molecular sieves
(3 ä). The solution was stirred slowly at 40 8C for 4 h. Sodium borohy-
dride (0.098 g, 2.6 mmol) was added, and the reaction mixture was stirred
for another 12 h. The solution was filtered through celite. The filtrate was
stirred with trimethyl orthoformate and a few drops of acetic acid for 5 h,
and the solution was evaporated under reduced pressure. The residue
was stored under reduced pressure (5±10 mTorr) for two days to remove
any remaining trimethoxyborane. The final purification step involved dis-
solving of the solid with a mixture of ethyl acetate/methanol (9:1) and fil-
tration through celite. The resulting solid was dissolved in water and
lyophilized to yield a white fluffy solid (0.2 g, 79%). M.p. (decomp); 1H
NMR (CDCl3, 300 MHz): d = 1.94 (s, 3H), 3.86 (s, 2H), 3.98 (s, 2H),
7.07 (m, 1H), 7.18 (m, 2H), 7.43 (m, 6H) ppm; 13C NMR (CDCl3,
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75 MHz): d = 22.3, 52.1, 54.1, 127.7, 128.3, 129.5, 129.9, 130.8, 131.6,
136.2 ppm; 11B NMR (CD3OD, 160 MHz, 25 8C): d = 10.3 ppm; HR-MS-
CI+ : m/z : calcd for C14H15BNO: 224.125; found: 224.124 (dehydrated
form).


1,3-Bis[[(1,1-dimethylethoxy)carbonyl]aminomethyl]-5-aminomethyl-
2,4,6-triethylbenzene (16): A solution of di-tert-butyl dicarbonate (1.74 g,
7.8 mmol) in chloroform was added dropwise to 15 (2.48 g, 10.0 mmol) in
chloroform. The mixture was allowed to stir for 12 h. The solvent was re-
moved, and separation was performed by column chromatography (silica
gel, gradient of 1±20% ammonia sat. methanol in CH2Cl2); yield: 1.25 g,
28%; m.p. 150±154 8C; 1H NMR (300 MHz, CD3OD): d = 4.27 (s, 4H),
3.84 (s, 2H), 2.75 (q, 6H), 1.45 (s, 18H), 1.16 (t, 9H) ppm; 13C NMR
(75 MHz, CDCl3): d = 156.17, 143.41, 138.08, 133.03, 80.17, 40.19, 39.57,
29.17, 23.49, 17.42 ppm; HRMS-CI+ : calcd for C25H43N3O4: 450.333; m/z :
found: 450.332.


1-[[(1,1-Dimethylethoxy)carbonyl]aminomethyl]-3,5-aminomethyl-2,4,6-
triethylbenzene (17): A solution of di-tert-butyl dicarbonate (1.74 g,
7.8 mmol) in chloroform was added dropwise to 15 (2.48 g, 10.0 mmol) in
chloroform. The mixture was allowed to stir for 12 h. The solvent was re-
moved, and separation was performed by column chromatography (silica
gel, gradient of 1±20% ammonia sat. methanol in CH2Cl2); yield:
0.63 mg, 18%; m.p. 120±125 8C; 1H NMR (300 MHz, CDCl3): d = 4.61
(br s, 1H; NHBoc), 4.29 (s, 2H), 3.82 (s, 4H), 2.75 (q, 6H), 1.40 (s, 9H),
1.30 (s, 4H), 1.17 (t, 9H) ppm; 13C NMR (75 MHz, CDCl3): d = 156.17,
141.89, 137.47, 132.38, 79.58, 39.76, 39.08, 28.68, 22.95, 17.05, 16.92 ppm;
HRMS-CI+ : m/z : calcd for C20H36N3O2 350.281; found: 350.281.


1-[[(1,1-Dimethylethoxy)carbonyl]aminomethyl]-3,5-(4,5-dihydro-1H-imi-
dazol-2-yl)aminomethyl-2,4,6-triethylbenzene (18): The acetate salt of 17
(0.350 g, 0.75 mmol) was ground together with 2-methylthio-2-imidazo-
line (0.18 g, 1.53 mmol) and packed in a conical vial, sealed, and heated
to 100 8C for 3 d. The solid was then dissolved in 5% acetic acid (aq.)
and lyophilized. Purification was performed by FPLC (C18 modified
silica gel; particle size 55±105 mm) and eluted with an NH4Ac/CH3CN
gradient from 100% NH4Ac (25 mm) to neat CH3CN (0.29 g, 64%). M.p.
250 8C (decomp); 1H NMR (300 MHz, CDCl3): d = 4.43 (s, 4H), 4.32 (s,
2H), 3.76 (s, 8H), 2.74 (q, 6H), 1.89 (s, 6H), 1.45 (s, 9H), 1.19 (t,
9H) ppm; 13C NMR (75 MHz, CD3OD): 180.47, 161.14, 146.04, 134.13,
130.89, 80.24, 44.14, 41.98, 28.81, 24.21, 23.95, 16.54 ppm; HRMS-CI+ :
calcd for C26H44N7O2: 486.356; m/z : found: 486.357.


1,3-(4,5-Dihydro-1H-imidazol-2-yl)aminomethyl-5-bis(aminomethyl)-
2,4,6-triethylbenzene (19): Trifluoroacetic acid (10 mL) was added to a
solution of 18 (0.27 g, 0.44 mmol) in water, and the reaction mixture was
allowed to stir for 2 h. The solvent was removed, and the anions were ex-
changed with an anion-exchange resin to acetates. The water solution
was then lyophilized to yield a white solid (0.25 g, 100%). M.p. 250 8C
(decomp); 1H NMR (300 MHz, CD3OD): d = 4.43 (s, 4H), 4.20 (s, 2H),
3.76 (s, 8H), 2.78 (q, 6H), 1.83 (s, 9H), 1.20 (t, 9H) ppm; 13C NMR
(75 MHz, CD3OD): d = 179.04, 160.07, 145.27, 130.43, 63.16, 43.01,
40.80, 22.98, 15.31 ppm; HRMS-CI+ : m/z : calcd for C18H32N5: 386.303;
found: 386.304.


1,3-Bis[[(1,1-dimethylethoxy)carbonyl]aminomethyl]-5-(4,5-dihydro-N-
(1,1-dimethylethoxy)carbonyl-imidazol-2-yl)aminomethyl-2,4,6-triethyl-
benzene (20): N-(1,1-Dimethylethoxycarbonyl)-2-methylthio-2-imidazo-
line (0.72 g, 3.3 mmol) was added to a solution of 16 (1.10 g, 2.5 mmol) in
ethanol (20 mL) and glacial acetic acid (2.5 mL). The mixture was heated
to 60 8C for 10 h, and then allowed to cool to room temperature over an
additional 10 h. After removal of the solvent, the mixture was purified by
column chromatography (silica gel, 1±4% ammonia sat. methanol in di-
chloromethane). An impurity was still present with the compound, so re-
crystallization was performed with dichloromethane (0.77 g, 51%). M.p.
165±167 8C; 1H NMR (300 MHz, CDCl3): d = 6.70 (br s, 1H), 4.44 (s,
2H), 4.40 (br s, 2H), 4.32 (s, 4H), 3.84 (m, 4H), 2.70 (q, 6H), 1.43 (s,
27H), 1.17 (t, 9H) ppm; 13C NMR (75 MHz, CDCl3): d = 155.64, 153.9,
153.3, 144.2, 132.54, 82.80, 48.19, 46.93, 41.37, 39.01, 28.41, 23.21,
16.74 ppm; HRMS-CI+ : m/z : calcd for C33H56N5O6: 618.423; found:
618.423.


1-(4,5-Dihydro-1H-imidazol-2-yl)aminomethyl-3,5-bis(aminomethyl)-
2,4,6-triethylbenzene (21): Trifluoroacetic acid (15 mL) was added to a
solution of 20 (0.767 g, 1.24 mmol) in dichloromethane, and the solution
was allowed to stir for 2 h. The solvent was removed, and the anions


were exchanged with an anion-exchange resin to acetates. The aqueous
solution was then lyophilized to yield a white solid (0.610 g, 98%). M.p.
250 8C (decomp); 1H NMR (300 MHz, CD3OD): d = 4.46 (s, 2H), 4.26
(s, 4H), 3.78 (s, 4H), 2.80 (q, 6H), 1.84 (s, 9H), 1.21 (t, 9H) ppm; 13C
NMR (75 MHz, CDCl3): d = 180.20, 161.42, 147.14, 146.63, 131.83,
130.58, 44.16, 41.86, 37.69, 24.28, 24.12, 16.40 ppm; HRMS-CI+ : m/z :
calcd for C18H32N5: 318.266; found: 318.266.


X-ray crystal structure determination of C16H20BNO2 (14): Crystals grew
as large colorless prisms by crystallization from methanol. The data crys-
tal was cut from a much larger crystal and had approximate dimensions
of 0.1î0.1î0.1 mm. The data were collected on a Nonius Kappa CCD
diffractometer with a graphite monochromator with MoKa radiation (l =


0.71073 ä). A total of 298 frames of data were collected by use of
w scans with a scan range of 18 and a counting time of 51 seconds per
frame. The data were collected at 153 K with an Oxford Cryostream low-
temperature device. Details of crystal data, data collection, and structure
refinement are listed in Table 1 of the CCDC data. Data reduction was
performed with DENZO-SMN.[57] The structure was solved by direct
methods with SIR92[58] and refined by full-matrix, least-squares on F 2


with anisotropic displacement parameters for the non-H atoms with
SHELXL-97.[59] The hydrogen atoms on carbon were calculated in ideal
positions with isotropic displacement parameters set to 1.2îUeq of the at-
tached atom (1.5îUeq for methyl hydrogen atoms). The hydrogen atom
bound to the nitrogen atom was found in a DF map and refined with
an isotropic displacement parameter. The function Sw (jFo j 2�jFc j 2)2
was minimized, where w = 1/[(s(Fo))


2+(0.0537P)2+(0.4446P)] and P =


(jFo j 2+2 jFc j 2)/3. Rw(F
2) refined to 0.119, with R(F) equal to 0.0446 and


a goodness of fit (S) = 1.01. Definitions used for calculation of R (F),
Rw(F


2), and the goodness of fit (S) are given below.[60] The data were cor-
rected for secondary extinction effects. The correction takes the form:
Fcorr = kFc/[1+(1.7(4)î10�5)îF 2


cl
3/(sin2q)]0.25, where k is the overall


scale factor. Neutral atom scattering factors and values used to calculate
the linear absorption coefficient are from the International Tables
for X-ray Crystallography.[61] All figures were generated by use of
SHELXTL/PC.[59] Tables of positional and thermal parameters, bond
lengths and angles, torsion angles, figures and lists of observed and calcu-
lated structure factors are located in the CCDC data.


CCDC-232031 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223±
336033; or email : deposit@ccdc.cam.ac.uk.
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Toward a 6p+6p Zwitterion or a Bioinhibitors-Related OH-Substituted
Aminoquinone: Identification of a Key Intermediate in Their pH Controlled
Synthesis


Pierre Braunstein,* Olivier Siri, Jean-philippe Taquet, and Qing-Zheng Yang[a]


Dedicated to Professor Pierre Potier on the occasion of his 70th birthday


Introduction


The synthesis of quinonoid
molecules has attracted the at-
tention of a large scientific
community for decades owing
to their importance in many
areas of chemistry and biolo-
gy.[1] In particular, benzoqui-
nones containing an hydroxy
group of type 1 are of considerable interest in biochemistry
since closely related C-substituted benzoquinones such as
the marine quinone sesquiterpenes nakijiquinone A (2) and
smenospongidine (3) or embelin derivatives 4 possess very
diverse and remarkable biological activities.[2±10]


Quinones with an OH substituent play an important role
as inhibitors of hydroxyphenylpyruvate dioxygenase,[4] of
tumors[2] or of the receptor tyrosine kinase involved in an-
giogenesis by interaction with the ATP binding site through
hydrogen bonding.[2] The development of low molecular


weight analogues of these inhibitors is considered to repre-
sent a most promising approach towards the development of
new alternative antitumor drugs.[2]


Despite very intensive research efforts directed towards
the synthesis of OH-substituted benzoquinones, their access
has remained rather limited.[5,9±11] A simple and more versa-
tile route that would not require their extraction from natu-
ral products,[4,5,10] multisteps procedures,[2,3] or oxidation
processes before nucleophilic attack of amines[11] or water[12]


on the quinonoid skeleton would obviously be of considera-
ble interest.
To the best of our knowledge, only four molecules of type


1 (i.e., without substitution at the olefinic carbon) have
been described in the literature: one compound for which R
is a phenyl group[11] and three compounds for which R is a
carbonyl substituent.[12,13] Although theoretical calculations


[a] Dr. P. Braunstein, Dr. O. Siri, J.-p. Taquet, Dr. Q.-Z. Yang
Laboratoire de Chimie de Coordination
UMR 7513 CNRS Universitÿ Louis Pasteur
4, rue Blaise Pascal, 67070 Strasbourg Cÿdex (France)
Fax: (+33)390-241-322
E-mail : braunst@chimie.u-strasbg.fr


Abstract: Their pH-controlled reactivi-
ty places the N,N’-dialkyl-2-amino-5-
lithium alcoholate-1,4-benzoquinone-
monoimines [C6H2(NHCH2R’)
(=NCH2R’)(=O)(OLi)] 7 (R’= tBu)
and 8 (R’=p-C6H4-tBu) at the cross-
roads of a new versatile strategy for
the preparation of two very different
classes of substituted quinones. We de-
scribe new 2-(N-alkyl)amino-5-hy-
droxy-1,4-benzoquinones, which are
parent molecules to biologically ac-


tive substituted aminobenzoquinones,
for which changes of the N-substituent
will become readily possible. The
results of the first X-ray structural
determination of such compounds
([C6H2(NHCH2tBu)(OH)(=O)2] 13)
are also reported and we compare


the influence of the number of N-sub-
stituents of the C6 ring on the
supramolecular networks resulting
from self-assembling of 13, zwitter-
ionic N,N’-dineopentyl-2-amino-5-alco-
holate-1,4-benzoquinonemonoiminium
[C6H2(PNHCH2tBu)2(PO)2] 9 and
N,N’,N’’,N’’’-tetraneopentyl-2,5-diamino-
1,4-benzoquinone diimine [C6H2(NHCH2-
tBu)2(=NCH2tBu)2] 15.


Keywords: p interactions ¥ amino-
quinones ¥ supramolecular chemis-
try ¥ synthetic methods ¥ zwitterions
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have been performed on molecules such as 1 for which R is
a phenyl group and on hypothetical analogues with aryl sub-
stituents, no X-ray structural analysis is available.[5]


Herein, we report the high yield synthesis of new OH-
substituted aminoquinones [C6H2(NHCH2R’)(OH)(=O)2] re-
lated to 1, for which the N-susbtituent is an alkyl group.
These compounds, 13 (R’= tBu) and 14 (R’=p-C6H4-tBu),
which may be considered as parent compounds to 2 and 3,
were obtained from versatile alcoholate precursors
[C6H2(NHCH2R’)(=NCH2R’)(=O)(OLi)] 7 (R’= tBu) and 8
(R’=p-C6H4-tBu), that are also able to lead under different
pH conditions to zwitterionic p-benzoquinonemonoimines,
known [C6H2(PNHCH2tBu)2(PO)2] 9[15] and new
[C6H2(PNHCH2p-C6H4-tBu)2(PO)2] 10, respectively. Nonco-
valent interactions such as hydrogen bonding are suggested
to participate in the interactions between nakijiquinones
and the ATP binding sites of kinases,[2] and we will examine
if our systems have interesting potential as tunable building
blocks in hydrogen-bonded molecular networks.


Results and Discussion


A straightforward synthesis of the p-benzoquinonemono-
imine (9), which is a rare example of zwitterion being more
stable than its canonical forms, was recently described from
5.[14] To explain the formation of this unique 12 p electron
system, which is actually best described as constituted of
two chemically connected but electronically not conjugated
6 p electron subunits (Scheme 1),[14] we suggested that inter-
mediate B (not isolated in CH2Cl2) would rearrange to 9 by
proton migration from oxygen onto the more basic nitrogen
atom.[15] By studying this reac-
tion in more detail, we have
now isolated and characterized
a new intermediate 7, obtained
during the air oxidation
workup of intermediate A. Its
13C NMR spectrum contains
two signals at d=162.53 and
180.07 ppm which are consis-
tent with a localized p-system
(d(C�O) and d(C=O), respec-
tively), in contrast to 9 for
which the negative charge is
delocalized between the two
oxygen atoms (d(CPO)=
172.13 ppm).[15] The diester di-
amido derivative 6, obtained
by reaction between 4,6-diami-
noresorcinol dihydrochloride
and (4-tert-butyl)-benzoyl chlo-
ride, was reduced with LiAlH4


and the subsequent aerobic
workup similarly led to 8
(Scheme 1). In the presence of
water, 7 and 8 afforded by
rapid protonation intermediate
B which rearranges to the


zwitterions 9 and 10 in high yield (assignment of the 1H
NMR resonance for the NCH2 protons is facilitated by the
occurrence of a 3JHH coupling in [D6]DMSO, see Experimen-
tal Section). We have now found that prior dissolution of 7
and 8 in a mixture of THF/H2O containing LiOH (basic
pH) prevents protonation and instead leads by slow hydroly-
sis to the alcoholates intermediates 11 and 12, which can be
subsequently protonated to the OH-substituted amino-p-
benzoquinones [C6H2(NHCH2tBu)(OH)(=O)2] 13 and
[C6H2(NHCH2-p-C6H4-tBu)(OH)(=O)2] 14, respectively, in
good yields (Scheme 1).
The highest yields of 13 and 14 were obtained by direct


synthesis without isolation of the intermediates 7 and 8
since their competitive protonation which leads to the zwit-
terions 9 and 10 cannot be completely avoided (see Experi-
mental Section). However, we have found that selective
mono-deprotonation of 9 or 10 with LiOH in THF affords
in high yields 7 and 8, respectively.
The 1H NMR spectrum of 13 contains two signals at 6.62


and 8.24 ppm for the N-H and O-H protons, respectively,
whereas its 13C NMR spectrum confirmed the presence of
two carbonyl groups (d(C=O)=178.27 and 182.52 ppm).
Contrary to the UV/Vis spectra of the zwitterions which re-
vealed two strong absorptions at 350 nm (log e=4.49) and
343 nm (log e=4.45) for 9,[15] 352 nm (log e=4.25) and
340 nm (log e=4.23) for 10, that of 13 is characterized by
only one strong absorption at 303 nm (log e=4.11) which
corresponds to the intraquinone charge transfer, and by the
presence of one more band at 486 nm (log e=3.26). Similar-
ly, 14 revealed in CH2Cl2 two absorption bands at 301 nm
(log e=3.97) and 478 nm (log e=3.16). The main absorp-
tions can be attributed to the p±p* transition of the benzo-


Scheme 1.
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quinone derivatives, whereas the weak absorption band cor-
responds to a n±p* transition originating at the nitrogen
lone pair.[16] Recent publications[17,18] have described theo-
retical analyses of 9. Sawicka, Skurski and Simons[17] as-
signed the band at 350 nm to the first p±p* absorption and
that at 343 nm to a vibrational excitation on top of the elec-
tronic transition, whereas if Delaere, Nam and Nguyen[18a]


confirmed that both UV absorption peaks at 350 and
343 nm belong to the same electronic transition but with dif-
ferent vibrational states, they assigned them to a transition
from the ground electronic state to the second 21B2 state
rather than to the first 11B2 state.
An X-ray diffraction study on single crystals of 13,[19] ob-


tained by slow evaporation of a dichloromethane solution,
established the p-benzoquinone structure of the molecule
and showed that the C(1)�C(2) and C(4)�C(5) distances of
1.504(2) and 1.521(2) ä, respectively, correspond to two
single bonds (Figure 1).


Examination of the bond lengths within the O(1)-C(1)-
C(6)-C(5)-O(3) and O(2)-
C(2)-C(3)-C(4)-N moieties
reveal an alternating succes-
sion of single and double
bonds which is consistent with
two independent conjugated
but not delocalized p systems.
Furthermore, the O(1)-H(1)
and N-H(4) protons of 13 es-
tablish intramolecular hydro-
gen bonding with the H-bond
acceptor quinone oxygen
atoms O(2) and O(3), respec-
tively. Compound 13 forms in-
termolecular interactions in
the solid state which lead to a
p-stacking arrangement of
head-to-tail H-bonded copla-
nar six-membered rings


(Figure 2). It is interesting to recall that similar H-bond
donors in nakijiquinones are suggested to participate in hy-
drogen bonding to the ATP binding sites of kinases.[2]


For comparison, it is relevant to recall that two related
molecules, which also possess two H-donor sites and two H-
acceptor sites, form different supramolecular architectures
in the solid state. Although 9 led also to the formation of a
head-to-tail hydrogen-bonded network, it revealed an unex-
pected wave-like arrangement owing to the presence of two
N-neopentyl substituents (Figure 3a).[15]


With four N-neopentyl substituents, the 2,5-diamino-1,4-
benzoquinonediimine [C6H2(NHCH2tBu)2(=NCH2tBu)2]


Figure 1. View of the structure of 13 in the crystal. Selected bond lengths
[ä] and angles [8]: O(1)�C(5) 1.330(2), C(5)�C(8) 1.344(2), C(8)�C(6)
1.440(2), C(6)�O(2) 1.231(2), C(5)�C(2) 1.504(2), C(6)�C(4) 1.521(2),
O(3)�C(2) 1.242(2), C(2)�C(3) 1.418(2), C(3)�C(4) 1.374(2), C(4)�N(1)
1.332(2); O(1)-C(5)-C(8) 121.8(1), C(5)-C(8)-C(6) 120.2(1), C(8)-C(6)-
O(2) 122.7(1), O(1)-C(5)-C(2) 116.4(1), O(2)-C(6)-C(4) 118.7(1), C(5)-
C(2)-O(3) 117.0(1), C(6)-C(4)-N(1) 113.6(1), O(3)-C(2)-C(3) 124.4(1),
C(2)-C(3)-C(4) 121.0(1), C(3)-C(4)-N(1) 126.7(1).


Figure 2. a) View of the stacking arrangement generated by 13 in the
solid state. b) View of the supramolecular array generated by 13 in the
solid state. Colour coding: nitrogen, blue; oxygen, red; hydrogen, green.


Figure 3. a) View of the head-to-tail array generated by 9 in the solid state. b) View of the stacking arrange-
ment generated by 15 in the solid state. Colour coding: nitrogen, blue; oxygen, yellow; hydrogen, red.
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15[20] led instead to a different packing
arrangement owing to the steric hin-
drance induced by the presence of
these four substituents (Figure 3b).[21]


In this case, the stacking results from
intermolecular p±p interactions.
The present study has demonstrated


the chemical versatility of the inter-
mediates 7 and 8 and confirmed that although molecules 9,
13 and 15 possess two H-donor sites and two H-acceptor
sites, the number of N-substituents as well as the nature of
the atoms involved in the hydrogen-bonding interactions
(i.e., oxygen or nitrogen) play a key role in the construction
of supramolecular architectures.


Conclusion


Because of their versatile pH-controlled reactivity, com-
pounds 7 and 8 are at the crossroads of a new strategy for
the preparation of two very different classes of substituted
aminobenzoquinones: 6p+6p zwitterions such as 9 and 10
or OH-substituted aminobenzoquinones of type 1, such as
13 and 14, for which changes of the N-substituent become
readily possible. The first structural determination of a com-
pound of the latter type is now available with molecule 13
which can be used for future correlations with theoretical
calculations performed on analogues.[5] In addition to their
relevance to bioinhibitor molecules, these OH-substituted
aminobenzoquinones have furthermore a considerable po-
tential in inorganic chemistry since they present two differ-
ent bidentate donor sets suitable for the preparation of het-
erobinuclear complexes.


Experimental Section


General : Analytical-grade reagents were obtained from commercial sup-
pliers and were used directly without further purification. Solvents were
distilled under argon prior to use and dried by standard methods. All re-
duction reactions were performed under N2.


1H NMR spectra were re-
corded in CDCl3 and [D6]DMSO with a AC300 Bruker spectrometer, op-
erating at 300 MHz for 1H spectra. Chemical shifts are reported in parts
per million (ppm) relative to the singlet at d=7.26 for CDCl3. Splitting
patterns are designated as s, singlet; d, doublet; t, triplet; br, broad. Ele-
mental analyses were performed by the ™service de microanalyse de
l×universitÿ Louis Pasteur,∫ Strasbourg. FAB mass spectral analyses were
recorded on an autospec HF mass spectrometer and EI high resolution
mass spectral analyses were recorded on a Finnigan TSQ 700.


Synthesis of the diester diamidobenzene 6 : Similarly to the procedure de-
scribed for the synthesis of analogues,[15] compound 6 was obtained as a
white solid (2.38 g, 65%). HRMS (EI+ , 70 eV): m/z : calcd for: 781.4216;
found: 781.4042 [M+H]+ ; 1H NMR (300 MHz, CDCl3): d=1.30 (s, 18H,
CH3), 1.36 (s, 18H, CH3), 7.34 (s, 1H, aromatic), 7.39 (d, A part of an
AB system, 3JHH=8.7 Hz, 4H, C�H aryl), 7.52 (d, A part of an AB
system, 3JHH=8.7 Hz, 4H, C�H aryl), 7.72 (d, B part of an AB system,
3JHH=8.7 Hz, 4H, C�H aryl), 8.12 (d, B part of an AB system, 3JHH=
8.7 Hz, 4H, C�H aryl), 8.16 (s, 2H, N-H), 9.05 (s, 1H, aromatic); 13C{1H}
NMR (75 MHz, CDCl3): d = 31.09 (CMe3), 31.12 (CMe3), 34.96 (CMe3),
35.30 (CMe3), 116.68, 118.93, 126.65, 125.84, 127.08, 130.33 (H-C aryl),
125.72, 128.19, 131.50, 138.56, 155.43, 158.14 (C aryl), 164.39 (C=O),
165.27 (C=O); elemental analysis calcd (%) for C50H56N2O6: C 76.89, H
7.23, N 3.59; found: C 76.78, H 7.29, N 3.56.


N,N’-Dineopentyl-2-amino-5-lithiumalcoholate-1,4-benzoquinonemono-
imine (7) and N,N’-di-(4-tert-butylbenzyl)-2-amino-5-lithium alcoholate-
1,4-benzoquinonemonoimine (8)


General procedure A : Diamido diester 5 or 6 was dissolved in dry THF
and an excess of LiAlH4 (10 equiv) was added to the solution. The mix-
ture was then refluxed for 4 h and excess of LiAlH4 was quenched by ad-
dition of water (2 mL). After filtration of aluminium salts and evapora-
tion of the solution to dryness, the orange product was suspended in di-
chloromethane to remove soluble zwitterion and residual impurities, and
the solid was collected by filtration.


General procedure B : Zwitterion 9 or 10 was dissolved in anhydrous
THF (50 mL) and 1 equiv solid LiOH was added to the solution. The
mixture was then stirred overnight at room temperature. After evapora-
tion of the solvent, 7 and 8, respectively, were obtained quantitatively as
orange powders and used without further purification.


Compound 7: MS (FAB+, 70 eV): m/z : 285.2 [M+H]+ ; 1H NMR
(300 MHz, [D6]DMSO): d = 0.93 (br s, 18H, CH3), 2.86 (d,


3JHH=5.7 Hz,
2H, HNCH2), 3.05 (s, 2H, CH2), 4.98 (s, 1H, N-C=C-H), 5.20 (s, 1H, O-
C=C-H), 6.28 (br t, 1H, N-H); 13C{1H} NMR (125.8 MHz, [D6]DMSO): d
= 27.34 (CMe3), 28.10 (CMe3), 32.05 (CMe3), 32.16 (CMe3), 52.73
(CH2N), 62.17 (CH2N), 83.47 (H-C=C), 99.78 (H-C=C), 147.16 (C-N),
162.53 (C-O), 176.68 (C=N), 180.07 (C=O); 7Li NMR (155.5 MHz,
[D6]DMSO) d = 0.35 (br s).


Compound 8 : MS (FAB+ , 70 eV): m/z : 437.5 [M+H]+ ; 1H NMR
(300 MHz, [D6]DMSO): d = 1.27 (br s, 18H, CH3), 4.35 (br s, 4H, CH2),
4.90 (br s, 1H, N-C=C-H), 5.30 (br s, 1H, O�C=C�H), 7.20 (brd, A part
of an AB system, 3JHH=7.5 Hz, 4H, C-H aryl), 7.30 (brd, B part of an
AB system, 3JHH=7.5 Hz, 4H, C�H aryl. Owing to the poor solubility of
8, it was impossible to obtain a 13C NMR spectrum.


N,N’-Dineopentyl-2-amino-5-alcoholate-1,4-benzoquinonemonoiminium
(9) and N,N’-di-(4-tert-butylbenzyl)-2-amino-5-alcoholate-1,4-benzoqui-
nonemonoiminium (10)


General procedure A (one-pot procedure from 5 and 6 without isolation
of 7 and 8): Similarly to the procedure previously described for the syn-
thesis of 9,[15] compound 10 was obtained as a purple solid.


General procedure B (procedure from 7 and 8): Compound 7 or 8 was
dissolved in a water/dichloromethane mixture. The zwitterions 9[15] and
10 were extracted in the dichloromethane phase and after drying on mag-
nesium sulfate, evaporation of the solvent and recrystallisation from a di-
chloromethane/hexane, isolated in quantitative yields as purple solids. In
order to see all 13C NMR signals, it was essential to increase the pulse
delay from 0.8 to 2 s.


Compound 10 : (1.05 g, 80% based on 6). HRMS (EI+ , 70 eV): m/z :
calcd for: 431.2698; found: 431.2657 [M+H]+ ; 1H NMR (300 MHz,
CDCl3): d = 1.33 (s, 18H, CH3), 4.50 (s, 4H, CH2), 5.34 (s, 1H, NPCPC-
H), 5.44 (s, 1H, OPCPC�H), 7.20 (d, A part of an AB system, 3JHH=
8.35 Hz, 4H, C-H aryl), 7.42 (d, B part of an AB system, 3JHH=8.35 Hz,
4H, C-H aryl), 8.52 (br s, 2H, N-H); 1H NMR (300 MHz, [D6]DMSO): d
= 1.27 (s, 18H, CH3), 4.58 (d,


3JHH=6.3 Hz, 4H, CH2), 4.97 (s, 1H,
NPCPC-H), 5.76 (s, 1H, OPCPC-H), 7.28 (d, A part of an AB system,
3JHH=8.35 Hz, 4H, C-H aryl), 7.35 (d, B part of an AB system, 3JHH=
8.35 Hz, 4H, C-H aryl), 9.66 (t, 2H, N-H); 13C{1H} NMR (75 MHz,
CDCl3): d = 31.29 (CMe3), 34.70 (CMe3), 47.24 (CH2N), 81.61 (H-C=C),
98.91 (H-C=C), 126.23, 127.71 (H-C aryl), 131.00, 151.98 (C aryl), 156.95
(CPN), 172.13 (CPO); elemental analysis calcd (%) for C28H34N2O2¥H2O:
C 74.97, H 8.09, N 6.24; found: C 74.87, H 7.48, N 6.28.


2-(Neopentyl)amino-5-hydroxy-1,4-benzoquinone (13) and 2-(4-tert-bu-
tylbenzyl)amino-5-hydroxy-1,4-benzoquinone (14)


General procedures


Procedure A (one-pot procedure from 5 and 6 without isolation of 7 and
8): Diamido diester 5 (1.00 g, 2.10 mmol) or 6 (1.00 g, 1.28 mmol) was dis-
solved in dry THF and an excess of LiAlH4 (10 equiv) was added to the
solution. The mixture was then refluxed for 4 h, excess LiAlH4 was
quenched by addition of water (100 mL) and this suspension was stirred
overnight at room temperature. The aluminium salts were filtered and di-
chloromethane added to the THF/H2O. Protonation of the water-soluble
alcoholate 11 followed by dichloromethane extraction, drying on magne-
sium sulfate and evaporation of the solvent afforded 13 as a red-orange
solid. For 14, addition of dichloromethane to the THF/H2O solution ex-
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tracts traces of zwitterion 10 and leads to the formation of a pink precipi-
tate collected by filtration. The THF/H2O phase is then discarded and
the precipitate suspended in a water/dichloromethane mixture. Addition
of HCl, dichloromethane extraction, drying of the solution on magnesium
sulfate and evaporation of the solvent leads to 14 as a red-orange solid.


Procedure B (procedure from 7 and 8): Compound 7 or 8, best obtained
from 9 and 10, were dissolved in THF/H2O 1:1 (100 mL) and a concen-
trated solution of LiOH in water (pH > 10) was added to the solution
which was then stirred overnight at room temperature. Protonation of
the water-soluble alcoholates 11 and 12, respectively, followed by di-
chloromethane extraction, drying on magnesium sulfate and evaporation
of the solvent afforded quantitatively 13 and 14 as red-orange solids. Red
crystals of 13 suitable for X-ray analysis were isolated by slow evapora-
tion of a dichloromethane solution.


Compound 13: (80% based on 5). MS (FAB+, 70 eV): m/z: 210 [M+H]+;
1H NMR (300 MHz, CDCl3): d = 1.01 (s, 9H, CH3), 2.95 (d,


3JHH=6.4 Hz,
2H, CH2), 5.46 (s, 1H, N-C=C-H), 5.91 (s, 1H, O�C=C�H), 6.62 (brs, 1H,
N-H), 8.24 (brs, 1H, OH); 13C{1H} NMR (75 MHz, CDCl3): d = 27.44
(s, CMe3), 32.42 (s, CMe3), 54.26 (s, CH2N), 92.22 (s, H-C=C), 102.25 (s,
H-C=C), 150.44 (s, C�N), 159.49 (s, C�O), 178.27 (s, C=O), 182.52 (s,
C=O); elemental analysis calcd (%) for C11H15NO3: C 63.14, H 7.23,
N 6.69; found: C 62.77, H 7.52, N 6.67.


Compound 14 : (46% based on 6). HRMS (EI� , 70 eV): m/z : calcd for:
284.1286; found: 284.1326 [M�H]+ ; 1H NMR (300 MHz, CDCl3): d =


1.33 (s, 9H, CH3), 4.31 (d,
3JHH=5.7 Hz, 2H, CH2), 5.51 (s, 1H, N-C=C-


H), 5.92 (s, 1H, O-C=C-H), 6.63 (br s, 1H, N-H), 7.20 (d, A part of an
AB system, 3JHH=8.1 Hz, 2H, C-H aryl), 7.40 (d, B part of an AB
system, 3JHH=8.1 Hz, 2H, C-H aryl), 8.14 (br s, 1H, OH); 13C{1H} NMR
(100 MHz, CDCl3): d = 31.33 (s, CMe3), 34.69 (s, CMe3), 46.83 (s,
CH2N), 93.09 (s, H-C=C), 102.51 (s, H-C=C), 126.13, 127.63 (s, H-C aryl),
131.97, 149.70 (C aryl), 151.66 (s, C�N), 159.11 (s, C�O), 178.59 (s,
C=O), 182.57 (s, C=O);); elemental analysis calcd (%) for C17H19NO3:
C 71.56, H 6.71, N 4.91; found: C 71.42, H 6.86, N 4.74.
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Introduction


The nonlinear optical (NLO) activity of push±pull chromo-
phores is determined not only by the donor±acceptor (D±A)
strengths of their end groups, but more subtly by conjugated
electron relays. This is evident from the different relay activ-
ities observed for different p-conjugated relays, such as a
polyene and an oligophenylene of the same chain length,
bearing the same D±A pair; in a given solvent a larger red-
shift of the low-energy absorption maximum, lmax, is ob-
served for polyenes than for oligophenylenes. Such a disper-
sion of the UV-visible absorption of the D±A chromophores
becomes even more pronounced with increasing polarity of
the solvent. This ™positive solvatochromism∫ is regarded as
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Abstract: A series of nonlinear optical
(NLO) donor±acceptor (D±A) chromo-
phores containing a fused terthiophene,
namely dithienothiophene (DTT), as
the electron relay, the same donor
group, and acceptors of various
strengths, has been investigated by
means of infrared and Raman spectros-
copies, both in the solid state as well as
in a variety of solvents, to evaluate the
effectiveness of the intramolecular
charge transfer from the electron-
donor to the electron-acceptor end
groups. The Raman spectral profiles of
these NLO-phores measured from
their dilute solutions have been found
to be rather similar to those of the cor-
responding solids, and thus their intra-
molecular charge transfer (ICT) shows
very little dependence on the solvent
polarity. The experimental results ob-
tained for the DTT-containing NLO-


phore with a 4-(N,N-dibutylamino)styr-
yl end group as the donor and a 2,2-di-
cyanoethen-1-yl end group as the ac-
ceptor differ from those previously ob-
tained for two parent ™push±pull∫
chromophores with the same D±A pair
but built-up around either a bis(3,4-
ethylenedioxythienyl) (BEDOT) or a
bithienyl (BT) electron relay. Vibra-
tional spectroscopy shows that DTT is
significantly more efficient as an elec-
tron relay than BT (which has the
same number of conjugated C=C
bonds) or BEDOT (which can be
viewed as a rigidified version of BT on


account of noncovalent intramolecular
interactions between heteroatoms of
adjacent rings). Density functional
theory (DFT) calculations have also
been performed on these NLO-phores
to assign their main electronic and vi-
brational features and to obtain infor-
mation about their structures. An addi-
tional merit of these molecular materi-
als was revealed by the infrared spectra
of the DTT-based NLO-phores record-
ed at different temperatures. Thus,
spectra recorded between �170 and
150 8C did not show any substantial
change, indicating that the materials
have a high thermal stability, which is
of significance for their use as active
components in optoelectronic devices.


Keywords: density functional calcu-
lations ¥ IR spectroscopy ¥ nonlinear
optics ¥ push±pull oligomers ¥
Raman spectroscopy ¥ vibrational
spectroscopy
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an indication of the molecular nonlinearity (mb) of the NLO
chromophores.[1±3]


Oligothiophenes are well recognized for their ability to
act as relays, with efficiencies comparable to those of poly-
enes, which is ascribed to their lower resonance energy as
compared to benzene. In fact, their conjugation effect could
be even more pronounced than that of polyenes due to their
rigid ring structures and the fact that adjacent units can
adopt coplanar arrangements. Examination of the results
from various studies on the relay efficiencies of oligothio-
phenes[2] and oligophenylenes[4,5] indicates that thiophene-
based p-conjugated spacers make a more pronounced con-
tribution to mb(0) values than the oligophenylenes, and that
whereas oligophenylenes attain a rapid saturation beyond a
terphenyl unit, oligothiophenes show a strong tendency to
increase mb(0) with increasing number of thienyl units. In
this regard, it is interesting to investigate the effectiveness
of fused thiophenes as relays, since the rigidification of
thienyl units (by cyclization) could favor p-conjugation and
thus more effective charge-transfer in push±pull chromo-
phores; this would be manifested in a bathochromic shift of
the absorption bands and a strong solvatochromism com-
pared to the corresponding flexible relays with the same
number of units or p-electrons.[6±8] A further fact that illus-
trates the effectiveness of fused thiophenes as relays is that
their longest wavelength absorptions show an excellent
linear correlation with the number of the thiophene rings, at
least up to five units.[9] Some of us have recently reported
on the synthesis of D±A chromophores with a common
donor group and acceptors of various strengths, containing a
central p-conjugated dithieno[3,2-b :2’,3’-d]thiophene (DTT)
electron relay, and on their solvatochromism and molecular
nonlinearity.[10]


Vis-NIR electronic absorption and IR and Raman spec-
troscopic measurements have been successfully used as com-
plementary techniques to study many different classes of p-
conjugated polymers and oligomers, systems which show
strong electron-phonon coupling due to their quasi one-di-
mensional structures. Raman spectroscopy has been shown
to be a particularly powerful tool for: i) estimating the
degree of p-conjugation in the neutral state,[11±13] ii) charac-
terizing different types of charged defects in doped p-conju-
gated materials,[14] and iii) analyzing the intramolecular
charge transfer in push±pull p-conjugated NLO-phores.[15,16]


On the basis of the assumptions of effective conjugation co-
ordinate (ECC) theory,[17] the appearance of only a few
overwhelmingly strong Raman bands is attributed to the ex-
istence of an effective electron-phonon coupling over the
whole p-conjugated backbone. As for aromatic and hetero-
aromatic polyconjugated systems, the ECC vibrational coor-
dinate takes the analytical form of a linear combination of
ring C=C/C�C stretchings, and allows a distinction to be
made between a benzenoid-type structure (usually that of
the ground state) and a quinonoid-type structure (that cor-
responding to the electronically excited state or the oxidized
species). The ECC model states that as the conjugation
length (CL) increases, the totally symmetric normal modes
of the neutral system mostly involved in the molecular dy-
namics of the ECC coordinate (i.e. , those which give rise to


the few Raman bands observed experimentally) undergo
sizeable frequency and intensity dispersions. Thus, changes
in peak positions and relative intensities of Raman features
among a given series of p-conjugated oligomers of increas-
ing chain length are quite useful in evaluating the effective
CL for such a family of homologous oligomers. On the
other hand, when a p-conjugated system, and particularly an
oligothiophene system, becomes photoexcited or oxidized
(either chemically or electrochemically), quinonoid-like con-
jugational defects are typically created.[18] These structural
changes produce a significant downshift of the Raman
bands associated with the p-conjugated skeleton. The evolu-
tion of the Raman spectral profile between the neutral and
the various doped states is a useful tool for elucidating the
type and size of charge carriers created upon oxidative
doping.[11±14]


The results we present herein consist of FT-Raman, FT-
IR, and UV/Vis/NIR electronic absorption spectroscopic
measurements on three NLO-phores built up around a DTT
relay, both in the solid state and in a variety of solvents,
along with supporting quantum-chemical calculations. The
Raman features are compared for solids and solutes, and for
the NLO-phores and some donor-substituted (D±DTT) or
acceptor-substituted (DTT±A) model compounds, to analyze
the degree of intramolecular charge transfer (ICT) from the
donor to the acceptor groups. The Raman-active n(CN)
stretching vibrations of the NLO-phores containing a dicy-
anomethylene moiety as the electron acceptor are expected
to be particularly diagnostic of the degree of ICT. Density
functional theory (DFT) calculations have also been carried
out for guidance in the analysis of the electronic and vibra-
tional spectra and to derive relevant molecular parameters
regarding bond lengths and atomic charge distributions.
Thus, the various measurements and theoretical data descri-
bed herein significantly enhance our understanding of the
electronic and geometric structures of this type of D±p-A
systems, a subject of considerable current interest.


Results and Discussion


Synthesis and UV/Vis absorption maxima : The chemical
structures of the NLO-phores and some model systems stud-
ied in this work are depicted in Figure 1, along with the ab-
breviations used to denote them herein. The three push±pull
chromophores bear a 4-(N,N-dibutylamino)styryl end group
as the donor and an acceptor derived from formaldehyde
(D1±DTT±A1), malonitrile (D1±DTT±A2), or N,N-diethylth-
iobarbituric acid (D1±DTT±A3). Their synthesis has been re-
ported in detail elsewhere.[10] An established procedure, spe-
cifically the Vilsmeier reaction, was used to convert DTT
into its a-monoformyl derivative, DTT±A1, in good yield
(83%). Introduction of the 4-(N,N-dibutylamino)styryl elec-
tron-donor, yielding D1±DTT, was achieved by Wittig olefi-
nation of the monoaldehyde DTT±A1 by condensing it with
4-(N,N-dibutylaminobenzyl)triphenylphosphonium iodide in
dichloromethane containing potassium tert-butoxide. The
less soluble E isomer could be isolated in pure form from
the semi-solid mixture of the E and Z isomers by precipita-
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tion after washing with n-pentane. Alternatively, Knoevena-
gel condensation between malononitrile and DTT±A1 under
acid-catalyzed (AcOH/NH4OAc) conditions in toluene led
to DTT±A2 in good yield (90%).


Table 1 lists the UV/Vis absorption maxima, lmax, of the
three push±pull chromophores in CH2Cl2 and DMF solu-
tions, together with those of the unsubstituted DTT electron
relay and the three model systems D1±DTT, DTT±A1, and
DTT±A2. As expected, the lowest energy absorption of the
NLO-phores is increasingly red-shifted with increasing ac-
ceptor strength, reflecting the differences in the electronic
transition associated with the ICT between the D and A
groups. Among the three acceptors, A3 is the strongest, such
that the electronic ground-state structure of D1±DTT±A3 is,
relatively speaking, the most polarized and that of D1±
DTT±A1 the least polarized. In other words, the contribu-
tion of the charge-separated form to the ground-state struc-
ture (see Figure 2) is greatest for D1±DTT±A3 and smallest
for D1±DTT±A1. The absorption data also show that in con-
trast to D1±DTT±A1, chromophores D1±DTT±A2 and D1±
DTT±A3 exhibit solvatochromic behavior on going from
CH2Cl2 to DMF that is at variance with the typical batho-
chromic shift or positive solvatochromism with increasing
polarity of the solvent commonly observed for many classes


of push±pull chromophores based on other electron relays.
This phenomenon could be explained in terms of greater
ground-state polarization for the latter two NLO-phores,
meaning that in D1±DTT±A2 and D1±DTT±A3 there is a
comparatively larger contribution of the zwitterionic form in
the ground-state structure, whereas a predominance of the
neutral form is to be expected in the ground state of D1±
DTT±A1.


Optimized geometries and electronic spectra : Figure 2
shows, from a simple chemical point of view, the two limit-
ing resonance forms that contribute with different weights
to the description of the electronic structure of a push±pull


p-conjugated oligomer. In the neutral form, no ICT from
the donor to the acceptor takes place, and the central spacer
displays a fully aromatic structure. In the charge-separated
form, however, one electron is fully transferred from the
donor to the acceptor, and the p-conjugating spacer be-
comes fully quinoidized.


The main factors that determine the degree of polariza-
tion of the p-electron cloud of the spacer are: i) the
strengths of the donor and acceptor end groups, ii) the
chemical nature of the spacer (i.e., oligoene, oligothiophene,
oligothienylvinylene, etc.), and iii) the number of units in
the p-conjugated chain. The first consequence of the exis-
tence of an efficient ICT in the push±pull oligomer is the ap-
pearance of a molecular dipole moment (generally large) di-
rected from the acceptor to the donor, the magnitude of
which is increased with increasing polarization of the mole-
cule. A second consequence concerns the molecular geome-
try of the central spacer. At first glance, the actual electron-
ic structure of a push±pull p-conjugated oligomer can be
considered to result from a linear combination of the two
limiting resonance forms plotted in Figure 2. The relative
stability of the zwitterionic form with respect to the neutral
form determines the weights of the contributions of these
two canonical structures to the linear combination that de-
scribes the structure of the chromophore.


For a better understanding of the equilibrium molecular
geometries and charge distributions of the three NLO-
phores, we performed optimizations within the framework
of DFT, based on B3LYP/6±31G** model chemistry.
Figure 3 displays the main skeletal bond lengths for D1±
DTT±A1, D1±DTT±A2, and D1±DTT±A3 (those for DTT,
D1±DTT, DTT±A1, and DTT-A2 are available upon request
from the authors).


The theoretical data suggest that the conjugated C=C/C�
C bonds of the acceptor subunit are mainly affected by the
electronic interaction with the electron-withdrawing end


Figure 1. Chemical structures and associated abbreviations used through-
out the text.


Table 1. UV/Vis absorption maxima (lmax) of the various compounds
studied in this work, in CH2Cl2 and DMF solutions.


Compound CH2Cl2
[a] DMF[a]


D1±DTT±A1 470 470
D1±DTT±A2 570 556
D1±DTT±A3 622 610
DTT 282, 290, 298
D1±DTT 408 410
DTT±A1 354 354
DTT±A2 432 432


[a] lmax values in nm.


Figure 2. Neutral and charge-separated limiting resonance forms for the
class of push±pull p-conjugated NLO-phores.
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group, whereas those of the donor subunit are less affected
by the interaction with the electron-donating group. For D1±
DTT±A1, the mean value of the successive single-double CC
bond length alternation pattern (BLA) of the thienyl rings
attached to the acceptor and to the donor amount to 0.014
and 0.020 ä, respectively, while the corresponding values for
the other two NLO-phores are �0.004 and 0.014 ä (D1±
DTT±A2) and �0.016 and 0.014 ä (D1±DTT±A3). These
BLA values can be compared with the values computed for
the other four systems: 0.045 ä (DTT), 0.042 and 0.026 ä
(D1±DTT), 0.031 and 0.042 ä (DTT±A1), and 0.004 and
0.039 ä (DTT±A2). Thus, the attachment of an acceptor
group to the DTT relay induces a sizeable quinoidization of
the acceptor-substituted thienyl ring (particularly for DTT±
A2, D1±DTT±A2, and D1±DTT±A3), although the geometri-
cal modifications induced by the strong polarization of the
p-electron cloud quickly decrease with distance from the ac-
ceptor end group. On the other hand, the attachment of the


4-(N,N-dibutylamino)styryl
donor group to DTT gives rise
to only moderate changes in
the bond lengths and angles.
We also observe that the C�S
bond length varies significantly
depending on the NLO-phore
structure, mainly as a result of
steric hindrance or electrostatic
interactions with the substitu-
ents.


Contrary to the rather simpli-
fied general chemical descrip-
tion of the ground-state struc-
ture of a p-conjugated push±
pull chromophore in terms of
extreme Kekulÿ canonical
forms such as those sketched in
Figure 2 (i.e., with the neutral
form displaying fully aromatic-
like character over the whole p-
conjugated path, and the zwit-
terionic form being character-
ized by a fully quinonoid-like
reversed pattern), we observe
that the DFT molecular geome-
try optimizations performed for
these push±pull NLO-phores
predict the coexistence of two
different molecular domains
within the p-conjugated spacer.
This situation arises because of
the stronger interaction of the
DTT relay with the acceptor
than with the donor, as a result
of which the fused thienyl ring
directly linked to the electron-
withdrawing group displays a
larger degree of quinoidization
than that linked to the donor.


Figure 4 shows the natural
bond orbital atomic charges on the donor and the acceptor
end groups for the three NLO-phores, the whole p-conjugat-
ed electron relay, and each of the molecular domains hy-
pothesized to lie within it. Each outermost thienyl unit of
unsubstituted DTT is predicted to bear an overall charge of
�0.491 e (i.e. , without taking into account the sum of the
0.264 e NBO atomic charges on each hydrogen at the end a-
positions), which is balanced by an atomic charge of 0.454 e
on the central sulfur bridging the two innermost b-positions
of the electron relay (NBO atomic charges for DTT, D1±
DTT, DTT±A1, and DTT±A2 are available upon request
from the authors). DFT//B3LYP/6-31G** model chemistry
reveals an interesting difference with respect to the rather
simple charge distribution associated with the zwitterionic
canonical form plotted in Figure 2. Thus, the natural bond
orbital atomic charges on the donor and acceptor groups
amount to 0.106 and �0.193 e, respectively, for D1±DTT±A2,
and to 0.102 and �0.231 e in the case of the NLO-phore D1±


Figure 3. DFT//B3LYP/6-31G** optimized skeletal bond lengths for D1±DTT±A1, D1±DTT±A2, D1±DTT±A3,
DTT±A1, and DTT±A2.
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DTT±A3. Thus, B3LYP/6-31G** calculations indicate that
for these two push±pull systems the charge on the electron-
withdrawing group is around twice that on the 4-(N,N-dibu-
tylamino)styryl donor group, and that the p-conjugated elec-
tron relay is highly polarized since it bears up to 40±50% of
the net positive charge of the whole NLO-phore (0.087 e for
D1±DTT±A2 and 0.129 e for D1±DTT±A3). By looking at the
net charges on the outermost thienyl units of the spacer, we
notice that the DTT subunits attached to the donor and the
acceptor bear �0.204 and �0.169 e, respectively, in the case
of D1±DTT±A2, and �0.205 and �0.117 e in the case of D1±
DTT±A3. These net charges can be compared with the
aforementioned value of �0.491 e obtained for each thienyl
ring of DTT, indicating that the electron relay interacts
more strongly with the acceptor than with the donor. Finally,
we also note that the central sulfur atom plays a minor role
in the ICT since its NBO atomic charge amounts to 0.453 e
for DTT, 0.452 e for D1±DTT±A1, 0.460 e for D1±DTT±A2,
and 0.452 e for D1±DTT±A3.


To rationalize the evolution of the electronic absorption
properties in the push±pull materials, the electronic spectra


of the three NLO-phores were calculated at the B3LYP/6-
31G** level within the framework of the time-dependent
DFT (TDDFT) approach. TDDFT calculations predict one
intense electronic transition at 2.58 eV (with oscillator
strength f = 1.29), 2.16 eV (f = 1.28), and 2.10 eV (f =


1.51) for D1±DTT±A1, D1±DTT±A2, and D1±DTT±A3, re-
spectively, in good accordance with the experimental data.
In all the cases, this electronic absorption corresponds to the
transition from the ground to the first excited state and is
mainly described by one-electron excitation from the highest
occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO). The intense absorption ob-
served at 470 nm (2.64 eV) for D1±DTT±A1, at 570 nm
(2.18 eV) for D1±DTT±A2, and at 622 nm (1.99 eV) for D1±
DTT±A3 is therefore assigned to the HOMO!LUMO one-
electron promotion calculated to lie at around 2.2 eV.


The atomic orbital compositions of the frontier molecular
orbitals are sketched in Figure 5. For the three NLO-phores


studied in this work, the HOMO is of p nature and is delo-
calized along the CC backbone (with a small contribution
from the thienyl unit linked to the acceptor group) and on
the 4-(N,N-dibutylamino)styryl electron-donor group. In
contrast, the LUMO in these three chromophores is concen-
trated on the acceptor and extends to the DTT electron
relay. This is also the case for the three monosubstituted
model systems: the HOMO topology in D1±DTT greatly re-
sembles those of the HOMOs in the push±pull NLO-phores,
whereas the LUMOs in DTT±A1 and DTT±A2 are similar
to those of D1±DTT±A1 and D1±DTT±A2, respectively. Con-
sequently, the HOMO!LUMO transition in the NLO-
phores implies an electron density transfer from the more
aromatic domain of the p-conjugating spacer, including the
electron-donor group, to its more quinonoid side and to the
electron-withdrawing group. The topology of the frontier
molecular orbitals thus demonstrates the charge-transfer
character of the HOMO!LUMO transition, and also


Figure 4. Natural bond orbital atomic charges for D1±DTT±A1, D1±DTT±
A2, D1±DTT±A3, DTT±A1, and DTT±A2 as deduced from their optimized
DFT//B3LYP/6-31G** molecular geometries.


Figure 5. Electronic density contours (0.03 ebohr�3), calculated at the
B3LYP/6-31G** level, for the HOMO and LUMO frontier molecular or-
bitals of D1±DTT±A1, D1±DTT±A2, and D1±DTT±A3.
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shows the HOMO±LUMO overlap in the middle of the
DTT electron relay, which is a prerequisite for facilitation of
the charge-transfer transition and, consequently, for increas-
ing the nonlinear optical response.


The attachment of an acceptor group to the DTT back-
bone has important consequences, not only for the atomic
orbital compositions, but also for the energies of the frontier
molecular orbitals. In Figure 6, it can be observed that the


attachment of an electron-withdrawing group, -CHO or
-CH=C(CN)2, to the DTT relay stabilizes both the HOMO
and LUMO, by 0.016 and 0.041 eV, respectively, in the case
of DTT±A1 and by 0.021 and 0.071 eV for DTT±A2. In
other words, the substitution of the end a-positions of the
DTT relay with an electron-acceptor group lowers the rela-
tive energies of both the HOMO and LUMO, affecting the
LUMO more than the HOMO, thus narrowing the HOMO±
LUMO gap with respect to the unsubstituted p-conjugated
system (i.e., this bandgap lowering is more pronounced the
stronger the acceptor ability of the substituent). Upon
monosubstitution of DTT with a 4-(N,N-dibutylamino)styryl
donor group, both the HOMO and LUMO increase in
energy, by 0.037 and 0.014 eV, respectively, thus giving rise
to a slight bandgap narrowing. Finally, substitution of the
two end a-positions of DTT with donor and acceptor end
groups stabilizes the LUMO (by 0.039 eV in D1±DTT±A1,
0.063 eV in D1±DTT±A2, and 0.062 eV in D1±DTT±A3) and
concomitantly destabilizes the HOMO (by 0.027 eV in D1±
DTT±A1, 0.020 eV in D1±DTT±A2, and 0.022 eV in D1±
DTT±A3), leading to an overall larger bandgap reduction
than in the compounds D1±DTT, DTT±A1, and DTT±A2


(see Figure 6).


Experimental and theoretical IR and Raman spectra : In
Figure 7, the IR and Raman spectral profiles of D1±DTT±
A2, as a prototypical example of a push±pull chromophore,
are compared with those of unsubstituted DTT, representing
a nonpolar p-conjugated material. Some vibrational spectro-
scopic observations of general validity, which differentiate


the two classes of p-conjugated systems (i.e. , push±pull and
nonpolar), can be summarized as follows:


1) As mentioned in the introduction, the Raman spectra of
the nonpolar p-conjugated oligomers are surprisingly
simple. Only three or four overwhelmingly intense lines
are observed in the 1600±1000 cm�1 region, attributable
to specific symmetrical skeletal C±C vibrations. This is
due to strong electron-phonon coupling, which occurs in
these systems due to their quasi one-dimensional struc-
tures (see the FT-Raman spectrum of DTT in
Figure 7).[11±17]


2) On the contrary, more than three or four strong scatter-
ings are observed in the Raman spectra of the push±pull
chromophores due to their low molecular symmetry. In
general, the additional lines arise from vibrational cou-
pling of the p-conjugating electron relay with stretching
vibrations of the end groups (compare the FT-IR and
FT-Raman spectra of D1±DTT±A2 in Figure 7).[15, 16]


The large molecular dipole moment directed from the
acceptor to the donor imparts those vibrational normal
modes of the p-conjugated backbone giving rise to the
experimentally observed Raman bands with an extra-


Figure 6. B3LYP/6-31G** one-electron energies (ei) diagram showing the
highest occupied and the lowest unoccupied molecular orbitals for all the
molecules studied in this work.


Figure 7. Comparisons of the IR and Raman spectra of: a) D1±DTT±A2


as the prototypical example of a push±pull molecular material, and b) un-
substituted DTT as the prototypical example of the class of nonpolar p-
conjugated materials.
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large IR activity, due to the sizeable fluxes of charge in-
duced along the strongly polarized alternating sequence
of double/single C±C bonds. This is not the situation for
the centrosymmetric nonpolar oligothiophenes; in these,
the mutual exclusion principle holds due to the existence
of an inversion center in the middle of the molecule, as a
result of which Raman-active vibrations become almost
undetectable in the IR spectrum, and vice versa. Fur-
thermore, the out-of-plane g(C�H) bending vibrations,
appearing near 800 cm�1, are usually by far the strongest
infrared absorptions for the nonpolar oligothiophenes
(see the FT-IR spectrum of DTT in Figure 7). Thus, for
the push±pull materials, the resemblance between the IR
and Raman spectral profiles can be considered as proof
that an effective ICT takes place.[15±16]


Let us now consider the vibrational spectroscopic analysis
of the compounds studied in this work. Figure 8 shows the
IR and Raman spectra of DTT±A1 and DTT±A2, while
those of the p-conjugated DTT moiety are depicted in
Figure 7. The Raman spectrum of DTT displays three strong
scatterings at 1464, 1436, and 1303 cm�1; of these, the
former arises from a totally asymmetric nasymm(C=C) stretch-


ing mode of the outermost thienyl units and is related to the
commonly termed ™line A∫ in a-linked oligothiophenes,[11±13]


while the second is due to a collective oscillation of the
whole alternating sequence of C=C/C�C bonds, during which
all p-conjugated C=C bonds lengthen in-phase while all p-
conjugated C�C bonds shrink in-phase, which is denoted as
the ™ECC mode∫ or ™line B∫ for linear oligothiophenes[11±13]


(the corresponding eigenvectors are plotted in Figure 9).


The collective skeletal mode, which gives rise to the strong
Raman line B, mimics the change of the nuclear configura-
tion of the p-conjugated system on going from a heteroaro-
matic-like pattern to a heteroquinonoid-like one, and its fre-
quency allows analysis of the ™softening∫ of the p-conjugat-
ed backbone, along a bunch of related NLO-phores, induced
by the ICT.[15,16]


Figure 8 shows the IR and Raman spectral profiles of
DTT±A1 and DTT±A2. The strong IR and Raman features
of DTT±A1 at 1650 cm�1, due to the aldehyde n(C=O)
stretching, are no longer seen after replacing the A1 accept-
or by the dicyanoethylene group A2. On the other hand,
new IR and Raman bands measured for DTT±A2 at 2218
and 1570 cm�1 can be attributed to the n(C�N) stretchings
and the vinylenic n(C=C) stretching, respectively, of the
C(CN)2 moiety connected to the DTT. In full accordance
with the predictions of the ECC model, we also observe that
the peak position of the strongest Raman line B, measured
at 1436 cm�1 for DTT, is red-shifted as the p-conjugated
path is extended, appearing at 1429 cm�1 for DTT±A1 and
at 1431 cm�1 for DTT±A2, as a consequence of the ™soften-
ing∫ of the molecular backbone caused by the attachment of
the acceptor to the DTT spine. On the other hand, line B
appears at nearly the same position for D1±DTT
(1435 cm�1) and unsubstituted DTT (1436 cm�1), indicating
that the attachment of a single 4-(N,N-dibutylamino)styryl
donor group does not significantly improve the overall p-
conjugation.


The Raman spectra of the various NLO-phores (obtained
in the form of pure powders) are compared with the corre-
sponding B3LYP/6-31G** model spectra in Figure 10. The
agreement between theory and experiment is remarkably
satisfactory for all the compounds. Nonetheless, a complete
assignment of the IR and Raman bands of each NLO-phore
to particular vibrations is beyond the scope of our analysis.
We will restrict our discussion only to the most relevant ob-
servations.


Figure 8. IR and Raman spectral profiles of: a) DTT±A1 and b) DTT±A2.


Figure 9. Schematic B3LYP/6-31G** atomic vibrational displacements as-
sociated with the two strongest Raman lines of DTT experimentally
measured at 1464 and 1436 cm�1 (quoted frequency values correspond to
the theoretical ones scaled down by a factor of 0.96).
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The strong Raman line at 1600 cm�1 (D1±DTT±A1),
1590 cm�1 (D1±DTT±A2), and 1592 cm�1 (D1±DTT±A3) is
due to a n(C=C)ring stretching of the 4-N,N-dibutylaniline
group extensively mixed with the n(C=C) stretching of the
vinylene bond between the donor and the DTT relay. The
high intensity of this Raman scattering proves the sizeable


contribution of the 4-(N,N-dibutylamino)styryl group to the
ICT, while its 8±10 cm�1 red-shift on going from D1±DTT±
A1 to D1±DTT±A2 and D1±DTT±A3 is due to the increasing
acceptor strengths of the A2 and A3 substituents.


The B3LYP/6-31G** eigenvectors reveal that the strong
Raman lines measured at 1422 cm�1 for D1±DTT±A1,
1422 cm�1 for D1±DTT±A2, and 1426 cm�1 for D1±DTT±A3


(computed at 1415, 1413, and 1408 cm�1, respectively) arise
from the same collective n(C=C) stretching vibration that
gives rise to line B. The red-shift of the ™ECC mode∫ upon
attaching the electron-donating 4-(N,N-dibutylamino)styryl
group and the electron-withdrawing end groups of various
strengths (i.e., aldehyde, dicyanovinylene, and thiobarbituric
acid) to the DTT relay is in full agreement with the predic-
tions of the ECC model,[17] and with what is found experi-
mentally for neutral and doped oligothiophenes.[13,14] Thus,
for the neutral (non-polar) forms of a homologous series of
a,a’-dimethyl end-capped oligothiophenes, the strongest
Raman scattering was found at around 1480 cm�1 (a charac-
teristic Raman marker of a heteroaromatic-like pattern of
the p-conjugated backbone), and upon oxidation of the
oligomers this was markedly down-shifted and split into two
components at around 1440 and 1420 cm�1 (typical markers
of the attainment of a heteroquinonoid-like pattern of the p-
conjugated path). The relative intensities of these two
doping-induced Raman scatterings depend on the degree of
quinoidization of the p-conjugated backbone: that near
1440 cm�1 is stronger for the radical cationic species (for
which the quinoidization mainly affects the inner units of
the oligomer),[14a] while that near 1420 cm�1 becomes stron-
ger for the dicationic species (for which the quinoidization
nearly extends over the whole chain due to the repulsion be-
tween the two positive charges).[14b] Such a simple Raman
spectral profile has also been found for a novel class of oli-
gothiophenes bearing a pure heteroquinonoid structure in
their electronic ground states.[13e,14g] The softening of the
ECC mode for the three NLO-phores by around 12 cm�1


with respect to its peak position in unsubstituted DTT is
consistent with the net BLA value calculated for each fused-
oligothienyl spacer as a whole: 0.0442 (DTT), 0.0186 (D1±
DTT±A1), 0.0069 (D1±DTT±A2), and 0.0032 ä (D1±DTT±
A3), indicative of the sizeable degree of quinoidization in
the push±pull chromophores.


We also observe that line B appears at a lower frequency
in D1±DTT±A2 (1422 cm�1) than in a parent NLO-phore
bearing the same D±A pair but attached to a bithienyl
spacer (1428 cm�1).[16a] Recall that the second NLO-phore
displays an anti-arrangement of the two thienyl units (i.e., a
coplanar structure favoring overlap between the 2pz orbitals
of the C atoms at the innermost a-positions of the electron
relay, thus allowing for a more effective ICT). On the con-
trary, the outermost thienyl units in D1±DTT±A2 display a
syn-configuration, which is less favorable for p-conjugation,
and thus it follows that the bridging of the innermost b-posi-
tions by a sulfur atom leads to a significant improvement in
the properties of the relay as compared to the case of bi-
thienyl, as shown by the more pronounced softening of the
p-conjugated backbone upon attachment of the same D±A
pair.


Figure 10. Comparison between the experimental and DFT//B3LYP/6-
31G** theoretical Raman spectra of a) D1±DTT±A1, b) D1±DTT±A2, and
c) D1±DTT±A3.
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The large involvement of the two nitrile groups of the A2


acceptor group in the overall ICT is clearly evidenced by
the sizeable displacement towards lower frequencies, by
around 50 cm�1, of the Raman-active n(CN) stretching vi-
brations of D1±DTT±A2 (2211 cm�1) and DTT±A2


(2217 cm�1), as compared with the value of 2265 cm�1 meas-
ured for a nonconjugated dicyanomethane model system
(see Figure 11).


IR and Raman spectra of the NLO-phores as solutes in
dilute solutions : Figure 12 shows a comparison of the
Raman spectra of D1±DTT±A1 obtained from a pure solid
sample and from dilute solutions in CH2Cl2 and DMF (after
subtracting the Raman scatterings of the corresponding sol-
vent as appropriate). It can be noted that the vibrational
spectral fingerprints of the two solutes are nearly superim-
posable on that recorded for the solid. In this regard, the
main differences in peak positions of the Raman features do
not exceed a 6 cm�1 blue-shift (see Table 2). It can also be
noted that the relative intensities of the most prominent fea-
tures remain almost unaffected in the three different envi-
ronments. These spectroscopic data reveal that there is not a
substantial loss of ICT for these DTT-containing chromo-
phores on going from solids to solution. Nonetheless, the
polar donor and acceptor end groups are expected to under-


go some conformational distortions upon dissolution due to
interactions with the solvents.


The Raman analysis of D1±DTT±A2 in solution (the re-
sults for which are similar to those reported above for D1±
DTT±A1) is, however, in contrast to previous findings for
two related push±pull chromophores with the same D±A
pair but bearing either a bis(3,4-ethylenedioxythienyl)
(BEDOT) or a bithienyl (BT) p-conjugated spacer instead
of the DTT electron relay.[16a] In that previous study, we ob-
served that all Raman-active vibrations appearing between
1700 and 1250 cm�1, among them those strongly related to
the p-conjugated path, underwent a sizeable blue-shift (in
some cases by more than 25 cm�1) upon removing the solid-
state packing forces and when solute±solvent interactions
came into play (spectral differences were particularly signifi-
cant for the BT-containing NLO-phore, due to the lack of ri-
gidifying noncovalent S¥¥¥O intramolecular interactions that
exist between the adjacent rings of the BEDOT spacer).
Following the same reasoning as in the above section on the
Raman analysis of the NLO-phores as solids, the large up-
shifts of the skeletal Raman vibrations upon dissolution ob-
served for the BT- and BEDOT-containing chromophores
were ascribed to a partial loss of overall p-conjugation of
the system due to sizeable conformational distortions from
coplanarity, not only of the electron-donating and electron-
withdrawing end groups (as occurs for D1±DTT±A1, D1±
DTT±A2, and D1±DTT±A3), but also of the two thienyl or
EDOT subunits of the p-conjugated spacer.[16a]


In conclusion, comparison of the Raman data obtained
for the three DTT-containing NLO-phores studied here as
solutes and as pure solids shows that their degree of ICT is
almost unaffected by the solvent polarity. This must be ascri-
bed not only to their rigid structures and to the effectiveness
of DTT as an electron relay, but also to the large ground-
state polarization through zwitterionic contributions.


Evolution of the FT-IR spectra with temperature: Figure 13
displays the evolution of the FT-IR spectrum of D1±DTT±


Figure 11. Raman bands due to the n(CN) stretching modes of a) D1±
DTT±A2, b) DTT±A2, and c) CH2(CN)2 as pure solid samples.


Figure 12. Raman spectral profiles of D1±DTT±A1 a) as a pure solid
sample, b) in dilute CH2Cl2 solution, and c) in dilute DMF solution.


Table 2. Comparison between the frequencies (in cm�1) of the Raman
bands measured for D1±DTT±A1 in the solid state and in dilute CH2Cl2
and DMF solutions in the 1700±1000 cm�1 range.


Solid-state Dilute CH2Cl2 Dilute DMF
solution solution


1647 1658 1653
1614 1617 1617
1600 1599 1599
1553 1551 1552
1522 1525 1522
1484 1485 1485
1422 1429 1428
1393 1396 1396
1367 1371 1369
1353 1356 1354
1329 1325 1327
1302 1300 1299
1288 1287 1288
1250 1252 1253
1228 1227 1227
1187 1185 1186
1137 1146 1142
1119 1121 1122
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A1 with increasing temperature from �170 8C to 150 8C
(103 K to 423 K); intermediate points at 90 8C, 0 8C, �60 8C,
�100 8C, and room temperature (�20 8C) were also ana-
lyzed.


The selected spectra shown in Figure 13 exhibit rather sys-
tematic trends, which are common to all the NLO-phores
studied. No drastic spectral changes are seen for any of the


compounds before the maximum temperature is reached,
and the FT-IR spectra reversibly recover their profiles
throughout the whole temperature range examined. We also
observe that at low temperatures the widths of the infrared
bands neither substantially narrow nor split into well-re-
solved components, as would be expected for highly crystal-
line systems.


An opposite spectroscopic/thermal behavior was previous-
ly found for the series of crystalline a,a’-dimethyl end-
capped oligothiophenes: i) the infrared absorptions of the
dimer and trimer became substantially broader in the prox-
imity of their respective melting points due to crystal disor-
der and subsequent loss of molecular symmetry in the melt
caused by the rotations of the thiophene rings around the
different inter-ring C�C bonds; ii) at low temperatures,
some of the infrared bands were clearly resolved into sharp
peaks due to the hindered internal rotation and the well-or-
dered intermolecular interactions induced by the close mo-
lecular packing.[20]


Finally, the thermo-spectroscopic infrared absorption
study of these DTT-containing NLO-phores indicates that,
at least at the molecular scale, they could be used as active
components for nonlinear optical (NLO) devices, which
must be thermally stable at continuous working tempera-
tures of about 80 8C.[21,22]


Summary and Conclusions


In summary, we have described the synthesis of some p-con-
jugated molecular materials containing a dithieno[3,2-b :2’,3’-
d]thiophene backbone with either an electron-donating 4-
(N,N-dibutylamino)styryl group or an electron-withdrawing
carbaldehyde or 2,2-dicyanoethen-1-yl group covalently at-
tached to one of its end a-positions. These materials com-


plete a previously reported series of push±pull chromo-
phores built around a rigid DTT (i.e. , fused terthienyl) elec-
tron relay and bearing the same donor and acceptors of var-
ious strengths. Molecular geometry optimizations performed
at the DFT//B3LYP/6-31G** level reveal an interesting
result, which is in contrast with the classical view of push±
pull molecules of this type in terms of resonance structures:
the thienyl ring linked to the electron acceptor displays a
partial quinonoid-like structure, while that directly connect-
ed to the electron donor retains a partial aromatic-like
structure. Moreover, the equilibrium charge distributions de-
rived from natural bond order (NBO) analysis of their opti-
mized DFT//B3LYP/6-31G** molecular geometries indicate
that the net negative charge on the acceptor is around twice
as high as the positive charge on the 4-(N,N-dibutylamino)-
styryl donor, that the DTT electron relay is highly and asym-
metrically polarized since it bears nearly 40±50% of the net
positive charge of the whole NLO-phore, and that the
charge on the DTT subunit attached to the donor is always
higher than that on the DTT subunit attached to the accep-
tor. The theoretical electrostatic picture of these NLO-
phores also reveals that the central sulfur atom connecting
the innermost b-positions of the fused terthienyl spine plays
a minor role in the intramolecular charge transfer between
the D/A end groups since it bears nearly the same NBO
atomic charge in all of the compounds.


The three D-p±A systems studied in this work show an in-
tramolecular charge-transfer band in the 450±600 nm spec-
tral region, which is essentially unaffected by the solvent po-
larity. The topologies and relative energies of the molecular
orbitals have been studied by means of TDDFT//B3LYP/6-
31G** calculations, which revealed that the HOMO±
LUMO energy gaps account for the observed ICT electronic
absorptions, from the donor group, including its nearest
thienyl ring, to the acceptor and the thienyl unit to which it
is linked.


The compounds have also been analyzed by means of IR
and Raman spectroscopies in the solid state as well as in
dilute solutions. As a first result, the close resemblance be-
tween the IR and Raman spectral profiles of the D-p-A sys-
tems constitutes proof of a very effective intramolecular
charge transfer. The p-conjugated DTT spacer gives rise to
some characteristic collective vibrational normal modes
(usually termed ECC modes in effective conjugation coordi-
nate theory),[17] during which changes in the molecular po-
larizability are quite significant. In the case of push±pull
molecules, these Raman-active normal modes are also seen
with high intensity in the IR spectra because of the signifi-
cant polarization of the p-conjugated backbone due to the
presence of polar D/A end groups. The high intensities of
these IR-active vibrations can be attributed to the large
fluxes of charge along the alternating sequence of C=C/C�C
bonds during the collective ECC skeletal oscillations, which
give rise to very large molecular dipole moment variations
directed along the chain axis. The Raman spectroscopic data
demonstrate that the rigidification of the innermost b-posi-
tions of the DTT electron relay through covalent bonds with
a central sulfur atom improves the effectiveness of the intra-
molecular charge transfer with respect to related chromo-


Figure 13. FT-IR spectra of D1±DTT±A1 measured at various tempera-
tures; from bottom to top: �170 8C, 0 8C, RT, 150 8C.
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phores built up around either bis(3,4-ethylenedioxythienyl)
(BEDOT) or bithienyl (BT) spacers and bearing similar end
D/A pairs.


Only very subtle differences in the Raman spectra of
these DTT-containing NLO-phores as solutes and as pure
solids were noted, which can be taken as an indication that
the strong p-conjugation renders conformational distortions
from coplanarity upon dissolution almost negligible. Finally,
the FT-IR spectral profiles of the D-p±A systems recorded
for solid samples at various intermediate temperatures be-
tween �170 and 150 8C did not show any substantial
changes. This indicates that, at least on the molecular scale,
the materials have good thermal stability, which is of signifi-
cance for their use as active components in practical opto-
electronic devices.


Experimental and Theoretical Details


1H and 13C NMR spectra were recorded from samples in CDCl3 solution
on a Bruker WP-200 SY spectrometer operating at 200 and 50 MHz, re-
spectively, using the solvent residual signal as a reference standard. EI
mass spectra were recorded on a Hewlett Packard 5988A mass spectrom-
eter operating at 70 eV. UV/VIS/NIR absorption spectra were recorded
on a Perkin-Elmer Lambda 19 spectrometer.


Fourier transform infrared absorption (FT-IR) spectra were recorded on
a Bruker Equinox 55 spectrometer. Compounds were ground to a
powder and pressed into KBr pellets. Spectra were collected with a spec-
tral resolution of 2 cm�1, and the mean of 50 scans was obtained. Interfer-
ence from atmospheric water vapor and CO2 was minimized by purging
the instrument with dry argon prior to the data collection. FT-Raman
spectra were collected in a back-scattering configuration on a Bruker
FRA106/S apparatus coupled to an Nd:YAG laser source (lexc =


1064 nm). The operating power for the exciting laser radiation was kept
to 100 mW in all the experiments. Samples were analyzed in the form of
pure solids in sealed capillaries as well as in dilute CH2Cl2 and DMF so-
lutions (analytical grade solvents from Aldrich). Typically, 1000 scans
with 2 cm�1 spectral resolution were averaged to optimize the signal-to-
noise ratio.


A variable-temperature Specac P/N 21525 cell, with interchangeable
pairs of NaCl or quartz windows for transmission spectroscopic studies,
was used to record FT-IR spectra at different temperatures. The variable-
temperature cell consists of a surrounding vacuum jacket (0.5 Torr), and
combines a refrigerant Dewar and a heating block as the sample holder.
It is also equipped with a copper-constantan thermocouple for tempera-
ture monitoring purposes, and any temperature from �190 8C to 250 8C
(83±523 K) can be achieved. Samples were inserted into the heating
block part or the Dewar/cell holder assembly in the form of KBr pellets,
and infrared spectra were recorded after waiting for thermal equilibra-
tion of the sample, which required 20 min for every increment of 10 8C.


Density functional theory (DFT) calculations were carried out by means
of the Gaussian 98 program[23] running on an SGI Origin 2000 supercom-
puter. We used Becke×s three-parameter exchange functional combined
with the LYP correlation functional (B3LYP).[24] It has previously been
shown that for medium-sized molecules the B3LYP functional yields sim-
ilar geometries as MP2 calculations with the same basis sets.[25, 26] More-
over, the DFT force fields calculated using the B3LYP functional yield
infrared spectra in very good agreement with those obtained experimen-
tally.[27,28] We made use of the 6-31G** basis set.[29] Molecular geometries
were optimized for isolated entities in vacuo. All geometrical parameters
were allowed to vary independently, apart from the planarity of the rings.
Harmonic vibrational frequencies and infrared and Raman intensities
were also calculated analytically for the resulting ground-state optimized
geometries with the B3LYP functional.


We applied the often-practiced adjustment of the theoretical force fields
in which frequencies are uniformly scaled down by a factor of 0.96, as


recommended by Scott and Radom.[27] This scaling procedure is often ac-
curate enough to disentangle serious experimental misassignments. All
vibrational frequencies quoted herein are thus scaled values. The theoret-
ical spectra were obtaining by convoluting the scaled frequencies with
Gaussian functions (width-at-half-height 10 cm�1). The relative heights of
the Gaussians were determined from the theoretical Raman scattering
activities.


Vertical electronic excitation energies were computed by using the time-
dependent DFT (TDDFT) approach.[30,31] At least twelve lowest energy
electronic excited states were computed for all the molecules. Previously
reported numerical applications have indicated that TDDFT employing
current exchange-correlation functionals performs significantly better
than HF-based single excitation theories for the low-lying valence excited
states of both closed-shell and open-shell molecules.[32] TDDFT calcula-
tions were carried out using the B3LYP functional and the 6-31G** basis
set on the previously optimized molecular geometries obtained at the
same level of calculation.


Dithieno[3,2-b :2’,3’-d]thiophene-2-carbaldehyde (DTT±A1): Phosphoryl
chloride (1.53 g, 1.0î10�2 mol) was added dropwise to a stirred solution
of DTT[33] (0.98 g, 5.0î10�3 mol) in DMF (15 mL) at 0 8C, during which
the color changed from pale yellow to yellow with a green tint. Stirring
was continued for a further 1 h at 0 8C and then the mixture was allowed
to warm to room temperature, whereupon yellow crystals precipitated.
The resulting suspension was heated to 50 8C for 40 min with stirring, and
then cooled to room temperature once more. The reaction mixture was
poured into ice-chilled water, and saturated sodium acetate solution was
added until a pH of around 5 was reached. After storing the mixture in a
refrigerator overnight, a dark yellow suspension was obtained, which was
filtered. The filtered solid was washed thoroughly with water and then
dried, yielding 0.9 g (88%) of the product. The dried product was treated
with n-hexane, in which the unreacted starting material is completely
soluble but not the product. The final yield of the DTT±A1 product
(spectroscopic data were in accord with those previously described)[34]


was 0.85 g (83%). 1H NMR (CDCl3): d = 7.29 (d, 1H, J = 4.3 Hz), 7.57
(d, 1H, J = 4.3 Hz), 7.97 (s, 1H), 9.96 ppm (s, 1H); EI-MS: m/z (%):
224 ([M+], 52), 195 (19), 151 (47), 93 (52), 69 (100).


2-[4-(N,N-Dibutylamino)styr-1-yl]dithieno[3,2-b :2’,3’-d]thiophene (D1±
DTT): DTT±A1 (0.225 g, 1.0î10�3 mol) and a catalytic amount of
[18]crown-6 were added to a stirred suspension of [4-(N,N-dibutylamino)-
benzyl]triphenylphosphonium iodide[35] (0.607 g, 1.0î10�3 mol) and po-
tassium tert-butoxide (0.224 g, 2.0î10�3 mol) in dichloromethane (30 mL)
at room temperature. The orange suspension changed first to green-
orange and then to yellow-green as the solids dissolved. The reaction was
nearly complete within 2 h. The reaction mixture was treated with Celite
to remove the crown ether, then filtered, and the Celite was washed with
fresh solvent. The combined filtrate and washings were concentrated to
dryness to leave a greenish-brown residue. The solid mixture was then
chromatographed on a silica gel column using dichloromethane as the
eluent. A fraction of an orange solution with a green fluorescence was
collected, evaporation of the solvent from which left a semi-solid film,
which gradually crystallized under ambient conditions. The crystalline
solid could be separated by washing away the noncrystalline material
with n-pentane. The product was obtained as a dark orange solid, 0.179 g
(42% yield). 1H NMR (CDCl3): d = 0.96 (t, 6H, J = 7.3 Hz), 1.34 (m,
4H), 1.57 (m, 4H), 3.27 (t, 4H, J = 7.3 Hz), 6.61 (d, 2H, J = 8.6 Hz),
6.83 (d, 1H, J = 15.8 Hz), 7.00 (d, 1H, J = 15.8 Hz), 7.12 (s, 1H), 7.26±
7.34 (m, 4H); 13C NMR (CDCl3): d = 14.0, 20.3, 29.5, 50.8, 111.6, 117.2,
117.6, 120.7, 123.7, 125.5, 127.7, 129.0, 140.8, 141.7, 145.3, 148.0; EI-MS:
m/z (%): 425 ([M+], 100), 382 (70), 340 (70), 325 (50), 296 (50).


2-(Dithieno[3,2-b :2,3-d]thiophen-2-ylmethylene)malononitrile (DTT±
A2): In a flask fitted with a Dean±Stark trap, a solution of DTT±A1


(8.3 mg, 0.037î10�3 mol) and malononitrile (4.9 mg, 0.074î10�3 mol) in
toluene (25 mL) was heated to reflux for 24 h. A solution of NH4OAc
(1.0 g, 13î10�3 mol) in AcOH (3 mL) was then added in portions. After
cooling to room temperature, the mixture was diluted with CH2Cl2
(50 mL) and washed with water (3î25 mL). The organic layer was dried
over MgSO4, the solvent was removed to leave a red solid, and this was
washed with hexane to obtain the desired product as an orange solid in
90% yield. 1H NMR (CDCl3): d = 7.35 (d, 1H, J = 5.2 Hz), 7.63 (d,
1H, J = 5.2 Hz), 7.84 (s, 1H), 7.94 ppm (s, 1H); 13C NMR (CDCl3): d =
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60.3, 72.3, 114.1, 114.8, 121.9, 133.5, 134.9, 135.3, 138.9, 142.1, 148.1,
153.6 ppm; EI-MS: m/z (%): 272 ([M+], 19), 84 (42), 69 (32), 66 (100).
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Novel Stereocontrolled Approach to syn- and anti-Oxepene±Cyclogeranyl
trans-Fused Polycyclic Systems: Asymmetric Total Synthesis of
(�)-Aplysistatin, (+)-Palisadin A, (+)-Palisadin B, (+)-12-Hydroxy-
Palisadin B, and the AB Ring System of Adociasulfate-2 and Toxicol A


Elias A. Couladouros*[a, b] and Veroniki P. Vidali[a, b]


Introduction


Polycyclic compounds possessing a trans-fused oxepane ring
abound in nature (Figure 1). They are classified as trans±syn
systems, such as Brevetoxin B and related Dinoflagellate
metabolites,[1] and trans±anti systems, including the selective
kinesin inhibitor Adociasulfate-2,[2] Toxicol A,[3] , cytotoxic
Aplysistatin, and related bioactive halosesquiterpenoids,[4]


for example, Palisadin A, Palisadin B, and 12-hydroxy-Pali-
sadin B.


Regarding the first class, a large number of efficient meth-
odologies for the stereoselective construction of the cyclic
ether linkages has been developed,[5] mainly designed and
applied for this particular stereochemistry.[6] On the other
hand, only limited reports investigate the construction of
trans±anti systems.[7] Besides the impressive pioneer ap-
proaches of Hoye, established more than twenty years
ago,[7a] no significant progress has been accomplished since.
In his methodology towards the total synthesis of (� )-Aply-


sistatin, he succeeded in cyclising olefin I in 62% yield
(Scheme 1a). However, key intermediate I was prepared in
low stereoselectivity, while in the following syntheses of re-
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Abstract: A new stereocontrolled
method for the formation of trans-anti
cyclogeranyl±oxepene systems is de-
scribed. The demanding stereochemis-
try is secured by stereoselective cou-
pling of a cyclogeranyl tertiary alcohol
with a 1,2-unsymmetrically substituted
epoxide, while the formation of the
highly strained oxepene is achieved
employing ring-closing metathesis.


Since the stereochemistry of the trans-
fused 6,7-ring system is determined by
the epoxide, the method also allows
the construction of trans±syn 6,7-ring


systems. This approach leads to the
synthesis of the AB fragment of Ado-
ciasulfate-2 and Toxicol A, for the first
time. The flexibility and efficiency of
the presented strategy is demonstrated
by the total asymmetric synthesis of
(�)-Aplysistatin, (+)-Palisadin A, (+)-
12-hydroxy-Palisadin B, and (+)-Palisa-
din B, employing two similar key inter-
mediates.


Keywords: epoxide opening reac-
tion ¥ natural products ¥ oxepenes ¥
ring-closing metathesis ¥ total
synthesis


Figure 1. Naturally occurring oxepane-containing fused polycyclic sys-
tems.
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lated compounds, based on polyene cyclizations, the stereo-
selectivities and/or the chemical yields were even lower
(Scheme 1b).[7b±f] Evidently the formation of these oxepanes
was thermodynamically unfavorable due to the severe repul-
sion between the 1,3-alkyl substituents adjacent to the ring
oxygen atom. Regarding Adociasulfates, Overman et al.
have already disclosed a method for the construction of the
steroid skeleton in their synthesis of Adociasulfate-1
(Figure 1);[8] however, the problem of the oxepane ring
system of Adociasulfate-2 remains to be solved.


Herein, we describe a new stereocontrolled method for
the formation of trans-fused oxepene±cyclogeranyl systems,
as well as its application to the synthesis of the AB fragment
of Adociasulfate-2 and Toxicol A, and the synthesis of the
title sesquiterpenoids. Some interesting synthetic methods
for the construction of commonly used geranyl and cycloger-
anyl derivatives are also disclosed.


Results and Discussion


Synthetic strategy : In an effort to circumvent the problems
encountered by previous approaches, which involved con-
comitant ether and ring formation (see above), we opted to
explore an alternative route, based on a cyclization reaction
with only one possible reaction pathway, by securing the
sterically demanding stereochemistry of the ether linkages
prior to oxepane ring formation. This short and highly con-
vergent strategy (Figure 2) involves two straightforward dis-


connections, which, however, in terms of the synthesis, re-
quires two challenging bond formations: the demanding
stereoselective coupling of a tertiary alcohol with a 1,2-un-
symmetrically disubstituted epoxide,[9] and the formation of
a sterically crowded oxepene with increased strain, due to
the unfavorable 1,3-interaction of alkyl substituents adjacent
to the ring oxygen atom.[10] Nonetheless, should this strategy
be proved successful, it would be endowed with great flexi-
bility, since it has been designed to allocate most of the re-
maining functional group modifications on the linear epox-
ide fragment, allowing the construction of diversified poly-
cyclic systems. In addition, the resulting relative stereochem-
istry is dictated by the epoxide, allowing the synthesis of
both trans±anti and trans±syn systems in a stereocontrolled
fashion.


Enantioselective synthesis of tertiary alcohols 3 and 4 : For
the synthesis of cyclogeranyl tertiary alcohol 3,[11] lactone 7,
prepared from the easily accessible (S)-(+)-Wieland±
Miescher ketone analogue 6 (Scheme 2),[12] was subjected to
transesterification and silylation to afford methyl ester 8.
The latter was converted to its olefinic analogue 9 employ-
ing the diphenyldiselenide protocol. Ozonolysis coupling of
the resulting aldehyde 10 with methylylide and TBAF-medi-
ated (TBAF= tetrabutylammonium fluoride) desilylation af-
forded key intermediate 3, in optically pure form and in
good overall yield.


On the other hand, for the synthesis of bromocyclogeranyl
alcohol 4, lactone 18 was envisioned as an ideal precursor
(Scheme 3). Surprisingly, despite the use of the latter as key
intermediate and the amount of chemistry developed


Abstract in Greek:


Figure 2. Retrosynthetic analysis of trans±anti fused bicyclic key inter-
mediates 1 and 2.


Scheme 1. Previous approaches to Aplysistatin and related halosesquiter-
penoids.
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around similar compounds,[13] to the best of our knowledge
there is no reported method for the preparation of its opti-
cally pure form.[14] Thus, its synthesis commenced with a
straightforward conversion of the easily accessible (E)-ger-


anyl nitrile 11[15] to geometrically pure (E)-homogeranic
acid 12, employing diisobutylaluminum hydride (DIBAL-H)
reduction with concomitant mild acidic hydrolysis and sub-
sequent ™Jones∫ oxidation of the resulting aldehyde. The
above approach was found to be more convenient and scal-
able than the previously reported ones.[16] Anticipating an
acidic hydrolysis at a later step, acid 12 was esterified with
tert-butanol,[16a] and the appropriate asymmetry was effi-
ciently introduced by applying Sharpless asymmetric dihy-
droxylation conditions,[17] to afford diol 13 in 61% yield
(75% based on recovered material, 97% ee). Subsequent se-
lective tosylation furnished optically active monotosylate 14.
Direct bromination of 14 afforded optically active bromohy-
drine 17 in low yield (~40%, enantiomeric ratio (S)/(R) 8:2)
together with a substantial amount of allylic alcohol 15
(~15%). The observed partial retention of stereochemistry,
proved at a later step of the synthesis,[18] was attributed to
the formation of an epoxide intermediate. Thus, in a second
approach, we opted for a two-step double-inversion proto-
col, involving a base-mediated epoxide formation and subse-
quent regio- and diastereoselective bromide-induced open-
ing under acidic conditions.[19] To this end, epoxide 16 was
prepared in 87% yield upon treatment of tosylate 14 with
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). Subsequent
treatment with LiBr in hexamethylphosphoramide (HMPA),
employing camphorosulfonic acid (CSA) led to the regiose-
lective formation of bromohydrin 17 (53%) together with
the dehydrated byproduct 15 (18%). After considerable ex-
perimentation, the formation of the latter was suppressed to
less than 5% by the use of milder acidic conditions (pyridi-
nium p-toluenesulfonate (PPTS) in 1-methyl-2-pyrrolidinone
(NMP)), leading to bromohydrin 17 in high yield and excel-
lent optical purity.


Gratifyingly, by applying modified Gosselin×s condi-
tions[14b] on tert-butylate 17, one-pot deprotection±cycliza-
tion was achieved in 60% yield. Thus, lactone 18 was syn-
thesized in six steps from (E)-homogeranic acid 12 in 25%
overall yield and in optically pure form. Target alcohol 4
was finally reached upon reduction of lactone 18 to the cor-
responding lactol,[7a] followed by one-carbon homologation,
in 54% overall yield for two steps.


Synthesis of coupling ™partners∫, epoxides 22a±d : The re-
quired coupling ™partners∫ for model studies, as well as for
the preparation of the title compounds were designed to be
allylic epoxides 22a±d. Their synthesis relied on Sharpless
asymmetric epoxidation of the corresponding allylic alcohols
21a±c (Scheme 4).[20]


Thus, while epoxidation precursors 21b and 21c were
known,[21] allylic alcohol 21a was prepared by means of a
short synthetic route, involving Stille coupling of vinyl stan-
nane 19[22] and vinyl bromide 20 in the presence of
[Pd2(dba)3] (dba=dibenzylideneacetone). Each alcohol was
then epoxidized regio- and enantioselectively in the pres-
ence of l-(+)-diisopropyltartrate to afford, after silylation
with tert-butyldimethylsilyl chloride (TBSCl) or tert-butyldi-
phenylsilyl chloride (TPSCl), allylic epoxides 22a±d. The
enantiomeric form of 22a, ent-22a (Scheme 5), was similarly
prepared as an indicative entry to trans±syn 6,7-ring systems.


Scheme 2. Asymmetric synthesis of tertiary alcohol 3. Reagents and con-
ditions: a) K2CO3, MeOH, 25 8C, 1.5 h, 96%; b) TMS±imidazole, 25 8C,
93%; c) LDA, HMPA, THF, �78 8C, 1.5 h; then PhSeSePh, THF, �78 8C,
30 min, 89%; d) H2O2 (30%), CH2Cl2/H2O (15:1), 25 8C, 20 min, 95%;
e) O3, CH2Cl2, �78 8C; then PPh3, �78 8C!25 8C, 93%; f) PPh3CH3


+Br� ,
NaHMDS, THF, 25 8C, 45 min; then 10 in THF, 0 8C, 30 min, 95%;
g) TBAF, THF, 25 8C, 3 h, 96%. TMS= trimethylsilyl, LDA= lithium di-
isopropylamide, HMPA=hexamethyl phosphoramide, THF= tetrahydro-
furan, NaHMDS= sodium bis(trimethylsilyl)amide, TBAF= tetra-n-butyl
ammonium fluoride.


Scheme 3. Asymmetric synthesis of tertiary alcohol 4. Reagents and con-
ditions: a) DIBAL, CH2Cl2, �78 8C, 30 min; then aq. NH4Cl, 10% HCl,
25 8C, 20 min; b) Jones reagent, acetone, �20 8C, 60% from 11; c)
(TFA)2O, tBuOH, 25 8C, 15 min, 95%, see ref. [16a]; d) K3Fe(CN)6,
K2CO3, (DHQ)2PHAL, K2OsO2(OH)4, CH3SO2NH2, tBuOH/H2O (2:1),
12 h, 0 8C, 61%, (75% based on recovered material), >97% ee ; e) Ts2O,
pyridine, 0 8C, 1 h, 86%; f) LiBr, HMPA, 60 8C, 20 min, 17: 40%, 15 :
15%; g) DBU, DMF, 25 8C, 15 min, 87%; h) LiBr, PPTS, NMP, 20 8C, 1 h,
85%; i) SnCl4, CH3NO2, 0 8C, 30 min, 60%; k) DIBAL, CH2Cl2, �78 8C,
30 min, 90%, see ref. [7a]; l) PPh3CH3


+Br� , NaHMDS, THF, 25 8C, 1 h;
then dropwise addition to lactol in THF during 12 h, 60% (90% based
on recovered lactol). DIBAL=diisobutylaluminum hydride, (TFA)2O=


trifluoroacetic anhydride, (DHQ)2PHAL=hydroquinine 1,4-phthalazine-
diyl diether, Ts2O=p-toluenesulfonic anhydride, DBU=1,8-diazabicy-
clo[5.4.0]undec-7-ene, DMF=N,N-dimethylformamide, PPTS=pyridini-
um p-toluenesulfonate, NMP=1-methyl-2-pyrrolidinone.
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Coupling and oxepene ring formation : The stage was now
set for the crucial coupling between tertiary alcohols 3 or 4
and allylic epoxides 22a±d (Scheme 5, Table 1). Initial at-


tempts, involving alcohol 3, the unsubstituted model epoxide
22d, and Lewis acids SnCl4, AlCl3, Sc(OTf)3, or [Pd(PPh3)4]
proved completely unsuccessful as they resulted only in de-
composition of the epoxide and/or the alcohol. Utilization
of BF3¥OEt2 in a 1m solution of stoichiometric amounts of
the coupling ™partners∫, as reported for related substrates,[9a]


resulted in slow decomposition of the epoxide, yet at a
slower rate, while a small amount of of the desired diene
23d was observed (10±15%). The yield of diene 23d was
dramatically increased (60%) by using twofold excess of al-


cohol 3 (Table 1, entry 4). More substituted epoxides re-
quired practically solvent-free conditions along with excess
of alcohol. Thus, each of the substituted ethers 23a±c (en-
tries 1±3) and 24a,b (entries 5, 6) was isolated in 50±60%
yield, based on the epoxide. It should be noted, that despite
the moderate coupling yields, valuable alcohols 3 or 4 could
be recovered and recycled to achieve, after three more
cycles, a final yield of approximately 80%, based on the al-
cohol. In this impressive reaction, a new C�O bond was
formed between a tertiary alcohol and a 1,2-unsymmetrical-
ly disubstituted epoxide in a completely diastereo- and re-
gioselective fashion, providing direct access to ring-closing
metathesis precursors.


To complete the construction of the designed oxepene
systems, olefin metathesis was initially attempted with the
first-generation Grubbs catalyst (A)[23] affording poor yields
of the desired products, with the exception of the less-substi-
tuted model diene 23d (Table 1, entry 4). To our delight, the
use of second-generation Grubbs catalyst (B)[24] converted
dienes 23a±c into the functionalized trans±anti cyclogeran-
yl±oxepene systems 25a±c (entries 1±3), potential precursors
of Adociasulfate-2 and Toxicol A, in high yields. Similarly,
bromocyclogeranyl analogues 24a,b were converted to the
corresponding trans±anti oxepenes 26a,b (entries 5, 6), key
intermediates for the title halosesquiterpenoids.


As anticipated, the above reaction sequence constitutes a
stereocontrolled method for the construction of either
trans±anti or trans±syn 6,7-ring systems. Indeed, by employ-
ing the antipode of the highly substituted epoxide 22a, that
is, (R,R)-epoxide ent-22a, the formation of a trans±syn bicy-
clic system, epi-26a, (Scheme 5) was accomplished in equal-
ly high chemical yield and stereospecificity (Table 1,
entry 7).


Synthesis of sesquiterpenoids 28, 30, 32 and 34 : The general-
ity of the originally designed disconnection and the flexibili-
ty of intermediates 26a and 26b allowed the synthesis of the
title sesquiterpenoids in three or four steps for each com-
pound (Scheme 6). Thus, one-pot periodate cleavage and re-
duction of diol 26b to alcohol 27b, followed by a tosylation±
bromination sequence furnished (+)-Palisadin B (28). On
the other hand, oxidative removal of the p-methoxybenzyl
group of bromide 29, similarly prepared from diol 26a, af-
forded (+)-12-hydroxy-Palisadin B (30). Moreover, con-


Scheme 4. Synthesis of allylic epoxide coupling ™partners∫. Reagents and
general conditions: a) [Pd2(dba)3], CH2Cl2, 25 8C, 3 h, 60%; b) l-(+)-
DIPT, Ti(O-iPr)4, MS 4 ä, tBuOOH, �20 8C; c) TPSCl or TBSCl, imida-
zole, cat. 4-DMAP, DMF, 25 8C, 22a : 76%, 22b : 72%, 22c : 75%, 22d :
60% (yields over 2 steps). PMB=p-methoxybenzyl, dba=dibenzylide-
neacetone, DIPT=diisopropyltartrate, TPS= tert-butyldiphenylsilyl,
TBS= tert-butyldimethylsilyl, 4-DMAP=4-dimethylaminopyridine.


Scheme 5. Synthesis of anti± and syn±trans-fused cyclogeranyl±oxepenes.
Reagents and general conditions: a) 3 or 4 (2±2.5 equiv), 22a±d
(1.0 equiv, 10m in CH2Cl2), BF3¥OEt2 (0.1 equiv), 0 8C, 20±30 min;
b) 23a±d : first- (A) or second-generation (B) Grubbs catalyst (0.1±
0.15 equiv), 35 8C, 1 h; c) 24a,b, epi-24a : 1) TBAF (1m solution in THF,
1.0 equiv), THF, 25 8C, 2 h; 2) Second-generation Grubbs catalyst (B ;
0.1±0.15 equiv), 35 8C, 1 h. [The b),c) reaction sequence was inverted in
the case of 24b.]


Table 1. Yields of dienes and oxepenes prepared according to Scheme 5.


Coupled pair Diene Yields Oxepene Yield
alcohol+epoxide [%][a] [%]


1 3 22a 23a 56 (80) 25a (78)
2 3 22b 23b 55 (83) 25b (93)
3 3 22c 23c 50 (78) 25c (88)
4 3 22d 23d 60 25d (88)[c]


5 4 22a 24a 50 (80)[b] 26a (80)[d]


6 4 22b 24b 54 (82) 26b (90)
7 4 ent-22a epi-24a 48 (75)[b] epi-26a (76)[d]


[a] Yields are based on epoxide. Yields in parentheses are based on alco-
hol, after four cycles. [b] Yield for coupling and desilylation. [c] Olefin
metathesis of this less substituted diene was successfully performed at
room temperature, with a first-generation Grubbs catalyst. [d] RCM was
performed after desilylation.
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struction of the 6,7,5-tricyclic system of (+)-Palisadin A (32)
was achieved by a Williamson-type intramolecular etherifi-
cation of hydroxytosylate 31. Finally, deprotection of alcohol
27a to diol 33 and subsequent one-pot oxidative lactoniza-
tion provided (�)-Aplysistatin (34) in 93% yield. In this in-
teresting cascade of transformations, a selective oxidation of
the allylic hydroxyl group of diol 33 occurred, followed by
spontaneous formation of a five-membered lactol and fur-
ther oxidation to the corresponding lactone. Spectroscopical
data and optical rotation of synthetic (�)-Aplysistatin (34)
was identical, in all respects, to those reported.[4a] Although
1H and 13C NMR spectra of compounds 28, 30, and 32 were
slightly different from those originally reported by Fenical
for the isolated natural products,[4b] they were all successful-
ly converted to 34 by following his protocol for the conver-
sion of natural 30 to 32 and eventually to 34. Synthetic (+)-
Palisadin B was also converted to 30 upon allylic hydroxyla-
tion. Furthermore, failing to obtain authentic samples from
any source, we compared 1H and 13C NMR spectra of the
title natural products, kindly provided by Prof. T. Higa and
Prof. M. Kuniyoshi, with the corresponding synthetic ones
and found them identical. Full spectroscopic data of the syn-
thesized natural products are given in the Experimental Sec-
tion.


Conclusion


In conclusion, we have demonstrated a general stereocon-
trolled strategy for the construction of either syn or anti
trans-fused cyclogeranyl±oxepenes, by employing epoxide
opening by a tertiary alcohol and subsequent ring-closing
metathesis. Besides the first total synthesis of (+)-Palisa-
din B, three related natural products were also synthesized
from the same key intermediate 4. En route, convenient


preparation procedures for the commonly used (E)-homoge-
ranic acid 12, optically active lactone 18, and tertiary alco-
hols 3 and 4 were also developed.


Completion of the synthesis of Adociasulfate-2 as well as
other sesquiterpenoids, elaborating the above strategy, is
currently underway.


Experimental Section


General : All reactions were carried out under anhydrous conditions and
argon atmosphere using dry, freshly distilled solvents, unless otherwise
noted. Tetrahydrofuran (THF) and diethyl ether (ether) were distilled
from sodium/benzophenone, dichloromethane (CH2Cl2) from CaH2 and
toluene from sodium. Yields refer to chromatographically and spectro-
scopically (1H NMR) homogeneous materials, unless otherwise stated.
All reagents were purchased at highest commercial quality and used
without further purification, unless otherwise stated. All reactions were
monitored by thin-layer chromatography (TLC) carried out on 0.25 mm
Merck silica gel plates (60 F254) by using UV light as visualizing agent
and ethanolic phosphomolybdic acid or p-anisaldehyde solution and heat
as developing agents. Merck silica gel (60, particle size 0.040±0.063 mm)
was used for flash column chromatography. NMR spectra were recorded
on Bruker AMX-500 or AC-250 instruments, at 25 8C. The following ab-
breviations were used to explain NMR signal multiplicities: s= singlet,
d=doublet, t= triplet, q=quartet, m=multiplet, br s=broad singlet,
dd=doublet of doublets, ddd=doublet of doublets of doublets, dddd=
doublet of doublets of doublets of doublets. IR spectra were recorded on
a Perkin±Elmer 1600 series FT-IR or Nicolet Magna system 550 FT-IR
instruments. Optical rotations were recorded on a Perkin±Elmer 241 po-
larimeter. High-resolution mass spectra (HRMS) were recorded on a VG
ZAB-ZSE mass spectrometer under fast atom bombardment (FAB) con-
ditions, while matrix-assisted (MALDI-FTMS) mass spectra were record-
ed on a PerSeptive Biosystems Voyager IonSpect mass spectrometer.
Melting points (m.p.) were recorded on a Gallenkamp melting point ap-
paratus and are uncorrected.


Preparation of methyl ester 8 from lactone 7: Lactone 7 (272 mg,
1.3 mmol) was dissolved in dry methanol (10 mL) and K2CO3 (180 mg,
1.3 mmol) was added at ice-bath temperature. The reaction mixture was
stirred under argon for 1.5 h at 25 8C, poured in water (30 mL), and ex-


Scheme 6. Synthesis of (�)-Aplysistatin, (+)-Palisadin A, (+)-Palisadin B, and (+)-12-hydroxy-Palisadin B. Reagents and conditions: a) NaIO4


(5.8 equiv), MeOH/H2O (2:1), 25 8C, 20 min; then NaBH4, 0 8C, 1 h, 27a : 75%, 27b : 90%; b) TsCl, pyridine, CH2Cl2, 25 8C, 12 h, 85% from 27a, 90%
from 27b ; c) 28 : LiBr, HMPA, 40 8C, 16 h, 75%, 29 : LiBr, HMPA, 50 8C, 20 h, 80%; d) DDQ, CH2Cl2/H2O (10:1), 25 8C, 30 : 30 min, 78%, 31: 30 min,
80%, 33 : 3 h, 76%; e) K2CO3 (10% in MeOH), 30 min, 95%; f) MnO2, CH2Cl2, 25 8C, 2 h, 93%; g) PCC, benzene, 25 8C, 48 h, 50% (90% based on re-
covered 32); h) SeO2, EtOH/H2O (8:2), 80 8C, 2 h; then NaBH4, 0 8C, 30 min, 24%. DDQ=2,3-dicloro-5,6-dicyano-1,4-benzoquinone, TsCl=p-toluene-
sulfonyl chloride, PCC=pyridinium chlorochromate.
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tracted with ethyl acetate (EtOAc) (2î20 mL). The combined organic
extracts were washed with water and brine, dried over sodium sulphate,
and concentrated in vacuo. The crude mixture was subjected to flash
chromatography (silica gel, hexanes/EtOAc 9:1) to afford the corre-
sponding hydroxymethyl ester (302 mg, 96%), as a colorless liquid. Rf=


0.16 (hexanes/EtOAc 9:1); [a]20
D =++4.6 (c=5.0 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=3.63 (s, 3H; CH3O-), 2.31 (t, 3J(H,H)=7.4 Hz,
2H; -CH2COOCH3), 1.84±1.05 (m, 11H; -(CH2)3-C(CH3)2-CH-, -(CH2)2-
CH2COOCH3), 1.12 (s, 3H; -(CH3)C-OH), 0.90 (s, 3H; -C(CH3)a(CH3)b),
0.75 ppm (s, 3H; -C(CH3)a(CH3)b);


13C NMR (62.5 MHz, CDCl3): d=


174.5, 74.1, 57.1, 51.4, 43.3, 41.5, 35.4, 34.5, 32.7, 27.8, 25.7, 23.3, 21.2,
20.4 ppm; IR (neat): ñ=3488, 2950, 2929, 2868, 1742, 1464, 1440, 1367,
1254, 1198, 1167, 1104, 915, 888 cm�1; HRMS (MALDI-FTMS): m/z
calcd for C14H26O3 [M+Na]+ : 265.1774; found: 265.1777.


Trimethylsilylimidazole (80 mL, 0.42 mmol) was added to the above alco-
hol (51 mg, 0.21 mmol) under argon, at 25 8C. After 30 min of stirring,
the reaction was quenched with methanol. The mixture was concentrated
in vacuo and subjected to flash chromatography (silica gel, hexanes/
EtOAc 95:5) to afford the silylated methyl ester 8 (61.2 mg, 93%) as a
colorless liquid. Rf=0.48 (hexanes/EtOAc 9:1); [a]20


D =++8.7 (c=7.0 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=3.66 (s, 3H; CH3O-), 2.31 (m,
2H; -CH2COOCH3), 1.91±1.13 (m, 11H; -(CH2)3�C(CH3)2�CH-,
-(CH2)2CH2COOCH3), 1.17 (s, 3H; -(CH3)C�OSi(CH3)3), 0.91 (s, 3H;
-C(CH3)a(CH3)b), 0.78 (s, 3H; -C(CH3)a(CH3)b), 0.08 ppm (s, 9H;
-OSi(CH3)3);


13C NMR (62.5 MHz, CDCl3): d=174.5, 77.7, 57.0, 51.3,
43.3, 41.4, 35.2, 34.9, 33.0, 27.9, 26.2, 23.9, 21.4, 20.5, 2.8, 1.0 ppm; IR
(neat): ñ=2950, 2867, 1748, 1462, 1436, 1380, 1253, 1164, 1108, 1081,
1052, 1032, 1007, 841, 754 cm�1; MS (ESI): m/z calcd for C17H34O3Si
[M+Na]+ : 337; found: 337.


Preparation of a,b-unsaturated methyl ester 9 from ester 8 : Methyl ester
8 (113.5 mg, 0.361 mmol) was dissolved in dry THF (1 mL) and hexa-
methylphosphoramide (HMPA) (82 mL, 0.469 mmol) was added at 25 8C
under argon. The reaction mixture was cooled to �78 8C and a solution
of freshly prepared lithium diisopropylamide (LDA) in THF (0.73m,
634 mL, 0.469 mmol) was added dropwise. After 1.5 h of stirring at
�78 8C, a solution of diphenyl diselenide (147 mg, 0.469 mmol) in THF
(1 mL) was added; the reaction mixture was stirred for 30 min at �78 8C
and poured in a mixture of a saturated aqueous solution of ammonium
chloride (5 mL) and Et2O (5 mL). The organic phase was separated and
the aqueous phase was washed with Et2O (2î5 mL). The combined or-
ganic extracts were washed with water and brine, dried over sodium sul-
phate, and concentrated in vacuo. Flash chromatography of the crude
mixture (silica gel, hexanes/EtOAc 98:2) afforded the a-phenylselenyl
ester (151 mg, 89%), as a yellow oil. Rf=0.7 (hexanes/EtOAc 95:5);
1H NMR (250 MHz, CDCl3) (mixture of isomers): d=7.56 (m, 4H;
-SeAr-H), 7.25 (m, 6H; -SeAr-H), 3.72±3.60 (m, 2H; -CH�SePh), 3.60
(2s, 6H; CH3O-), 2.32±1.15 (m, 22H; -(CH2)3�C(CH3)2-CH-,
-(CH2)2CH(SePh)COOCH3), 1.13 (s, 6H; -(CH3)C�OSi(CH3)3), 0.87±
0.81 (2 s, 6H; -C(CH3)a(CH3)b), 0.76±0.70 (2s, 6H; -C(CH3)a(CH3)b-),
0.05 ppm (s, 18H; -OSi(CH3)3); IR (neat): ñ=2953, 2870, 1740, 1480,
1464, 1439, 1256, 1169, 1113, 1072, 1025, 845, 748, 695 cm�1.


The above a-selenyl ester (380 mg, 0.81 mmol) was dissolved in dichloro-
methane (9 mL), and water (0.61 mL) and a 30% aqueous solution of hy-
droperoxide (1.84 mL, 16.2 mmol) were added, at 25 8C. After 20 min of
stirring, the reaction mixture was poured in a 20% aqueous solution of
sodium carbonate (10 mL) and extracted with Et2O (30 mL). The organic
phase was separated and the aqueous phase was washed with Et2O (2î
10 mL). The combined organic extracts were sequentially washed with
water, saturated aqueous NH4Cl, water, and brine, dried over Na2SO4,
and concentrated in vacuo. Flash column chromatography of the crude
mixture (silica gel, hexanes/EtOAc 98:2) afforded pure ester 9 (240 mg,
95%) as a pale yellow oil. Rf=0.7 (hexanes/EtOAc 95:5); [a]20


D =�5.1
(c=0.6 in CHCl3);


1H NMR (250 MHz, CDCl3): d=7.12 (dt, 3J(H,H)=
7.4 Hz, 3J(H,H)=15.6 Hz, 1H; -CH=CHCOOCH3), 5.75 (dt, 3J(H,H)=
15.6 Hz, 4J(H,H)=1.5 Hz, 1H, -CH=CHCOOCH3), 3.71 (s, 3H;
-COOCH3), 2.43 (m, 1H; -CHaHb�CH=CH-), 1.87±1.22 (m, 7H;
-(CH2)3�C(CH3)2�CH-), 1.19 (s, 3H; -(CH3)C-OSi(CH3)3), 0.92 (s, 3H;
-C(CH3)a(CH3)b), 0.82 (s, 3H; -C(CH3)a(CH3)b-), 0.08 ppm (s, 9H;
-OSi(CH3)3);


13C NMR (62.5 MHz, CDCl3): d=167.5, 154.0, 118.8, 77.1,
57.4, 51.2, 43.2, 41.5, 35.2, 33.3, 29.6, 23.9, 21.4, 20.4, 2.8 ppm; IR (neat):


ñ=2950, 2874, 1729, 1656, 1459, 1435, 1252, 1164, 1112, 1073, 1055, 846,
757 cm�1; MS (ESI): m/z calcd for C17H32O3Si [M+Na]+: 335; found: 335.


Preparation of aldehyde 10 : a,b-Unsaturated methyl ester 9 (2.4 g,
7.68 mmol) was dissolved in dichloromethane (50 mL) and the solution
was cooled at �78 8C. A stream of ozone was passed through the solu-
tion. Immediately after consumption of 9 (monitored by TLC), triphenyl-
phosphine (3 g, 11.5 mmol) was added with stirring. The reaction mixture
was brought to room temperature with stirring, concentrated in vacuo,
and subjected to flash column chromatography (silica gel, hexanes/
EtOAc 9:1) to afford pure aldehyde 10 (1.8 g, 93%) as a pale yellow oil.
Rf=0.74 (hexanes/EtOAc 7:3); [a]20


D =++47.0 (c=1.3 in CHCl3);
1H NMR


(250 MHz, CDCl3): d=9.58 (dd, 3J(H,H)=1.1 Hz, 3J(H,H)=4.8 Hz, 1H;
-CH=O), 2.39 (ddd, 3J(H,H)=4.8 Hz, 2J(H,H)=15.6 Hz, 3J(H,H)=
10.1 Hz, 1H; -CHaHb�CHO), 2.25 (ddd, 2J(H,H)=15.6 Hz, 3J(H,H)=
1.2 Hz, 3J(H,H)=3.7 Hz, 1H; -CHaHb�CHO), 1.94 (dd, 3J(H,H)=3.7 Hz,
3J(H,H)=9.7 Hz, 1H; -C(CH3)2�CH-), 1.86 (m, 6H; -(CH2)3�C(CH3)2-),
1.20 (s, 3H; -(CH3)C�OSi(CH3)3), 0.95 (s, 3H; -C(CH3)a(CH3)b), 0.81 (s,
3H; -C(CH3)a(CH3)b), 0.08 ppm (s, 9H; -OSi(CH3)3);


13C NMR
(62.5 MHz, CDCl3): d=202.8, 76.8, 53.5, 42.9, 41.1, 40.9, 34.6, 33.1, 23.9,
21.3, 20.4, 2.6 ppm; IR (neat): ñ=2961, 2936, 1726, 1252, 1161, 1108,
1074, 1021, 843, 757 cm�1; HRMS (MALDI-FTMS): m/z calcd for
C14H28O2Si [M+H]+ : 257.1931; found: 257.1942.


Synthesis of tertiary alcohol 3 from aldehyde 10 : Sodium bis(trimethylsi-
lyl)amide (1m solution in THF, 9.1 mL, 9.1 mmol) was added to a solu-
tion of triphenylphosphonium bromide (3.75 g, 10.5 mmol) in dry THF
(15 mL) at 0 8C stirring under argon. After 45 min of stirring at 25 8C, a
solution of aldehyde 10 in dry THF (25 mL) was added at 0 8C. The reac-
tion mixture was stirred for 30 min at this temperature, poured to a satu-
rated solution of NH4Cl (40 mL), and extracted with Et2O (2î40 mL).
The combined organic extracts were washed with water and brine, dried
over Na2SO4, and concentrated in vacuo. Subjection of the crude mixture
to flash chromatography (silica gel, hexanes/EtOAc 98:2) yielded the
pure silylated alkene (1.69 g, 95%) as a colorless liquid. Rf=0.81 (hex-
anes/EtOAc 95:5); [a]20


D =++4.5 (c=0.44 in CHCl3);
1H NMR (250 MHz,


CDCl3): d=5.94 (m, 1H; -CH=CH2), 4.94 (ddd, 3J(H,H)=17.1 Hz,
4J(H,H)=2.2 Hz, 2J(H,H)=3.7 Hz, 1H; -CH=CHtransHcis), 4.83 (ddd,
3J(H,H)=10.1 Hz, 4J(H,H)=1.5 Hz, 2J(H,H)=3.7 Hz, 1H; -CH=


CHtransHcis), 2.34 (m, 1H; -CHaHb�CH=CH2), 2.04 (m, 1H; -CHaHb�CH=


CH2), 1.84±1.20 (m, 7H; -(CH2)3�C(CH3)2�CH-), 1.19 (s, 3H; -(CH3)C-
OSi(CH3)3), 0.94 (s, 3H; -C(CH3)a(CH3)b), 0.84 (s, 3H; -C(CH3)a(CH3)b),
0.10 ppm (s, 9H; -OSi(CH3)3);


13C NMR (62.5 MHz, CDCl3): d=142.9,
112.4, 77.5, 57.5, 43.4, 41.8, 35.5, 33.4, 31.1, 24.1, 21.6, 20.6, 2.9 ppm; IR
(neat): ñ=2958, 2937, 2873, 1638, 1616, 1465, 1380, 1251, 1114, 1073,
1054, 1010, 873, 840, 757 cm�1; HRMS (EI): m/z calcd for C15H30OSi
[M+H]+ : 255.2139; found: 255.2137.


The above alkene (295 mg, 1.16 mmol) was dissolved in THF (2.3 mL)
and TBAF (1m solution in THF, 1.74 mL, 1.74 mmol) was added at 0 8C.
The reaction mixture was stirred at 25 8C for 3 h, poured in a saturated
solution of NH4Cl (10 mL), and extracted with Et2O (2î10 mL). The or-
ganic extracts were washed with water and brine, dried over Na2SO4, and
concentrated in vacuo. Flash column chromatography of the crude mix-
ture (silica gel, hexanes/EtOAc 9:1) afforded pure tertiary alcohol 3
(203 mg, 96%) as a colorless liquid. Rf=0.16 (hexanes/EtOAc 9:1);
[a]20


D =++11.4 (c=1.4 in CHCl3);
1H NMR (250 MHz, CDCl3): d=6.02


(m, 1H; -CH=CH2), 5.09 (ddd, 4J(H,H)=3.4 Hz, 3J(H,H)=17.1 Hz,
2J(H,H)=1.9 Hz, 1H; -CH=CHtransHcis), 4,97 (ddd, 4J(H,H)=3.0 Hz,
3J(H,H)=10.1 Hz, 2J(H,H)=1.9 Hz, 1H; -CH=CHtransHcis), 2.26 (t,
3J(H,H)=7.1 Hz, 2H; -CH2�CH=CH2), 1.84 (br s, -OH), 1.78±1.20 (m,
7H; -(CH2)3�C(CH3)2�CH-), 1.22 (s, 3H; -(CH3)C�OH), 0.96 (s, 3H;
-C(CH3)a(CH3)b), 0.83 ppm (s, 3H; -C(CH3)a(CH3)b);


13C NMR
(62.5 MHz, CDCl3): d=142.2, 114.5, 74.4, 56.5, 42.6, 41.8, 33.0, 31.1, 23.9,
21.2, 20.1 ppm; IR (neat): ñ=3412, 2934, 2869, 1637, 1463, 1391, 1382,
1372, 1102, 914 cm�1; HRMS (EI): m/z calcd for C12H22O [M+H]+ :
183.1743; found: 183.1740.


Preparation of pure (E)-Homogeranic acid (12): Geranyl nitrile 11
(4.3 gr, 26.3 mmol) was dissolved in dichloromethane (110 mL) and the
mixture was cooled at �78 8C under argon. A solution of DIBAL-H
(1.0m in CH2Cl2, 34.2 mL, 34.2 mmol) was added. After 30 min at �78 8C,
the reaction mixture was quenched with MeOH and poured in a mixture
of EtOAc/NH4Cl(aq) 1:1 (50 mL). A solution of 10% HCl was then added
at room temperature with stirring until the pH of the aqueous phase was
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~3±4. Stirring was continued for 20 min at room temperature. Potassium
sodium tartrate was then added until the pH of the aqueous phase was
~7±8 and stirring was continued until there was a sufficient separation of
the two phases (~1 h). The organic phase was separated and the aqueous
phase was washed with EtOAc (2î50 mL). The combined organic ex-
tracts were washed with water and brine, dried over sodium sulphate,
and concentrated in vacuo at 25±30 8C. The crude aldehyde was immedi-
ately dissolved in acetone (150 mL) and cooled at �20 8C. A solution of
Jones reagent (8m) was added portionwise until no aldehyde was traced
by TLC (~7 mL). The reaction was then quenched with isopropanol, fil-
tered through Celite, and poured in EtOAc/H2O 1:1 (200 mL). The or-
ganic phase was separated, the aqueous phase was washed with EtOAc
(2î50 mL), and the combined organic extracts were washed successively
with water and brine, dried over Na2SO4, and concentrated in vacuo. The
crude mixture was subjected to flash column chromatography (silica gel,
hexanes/EtOAc 9:1) to afford pure (E)-homogeranic acid (2.9 g, 60%) as
a yellow oil. Rf=0.44 (hexanes/EtOAc 7:3); 1H NMR (250 MHz, CDCl3):
d=5.32 (t, 3J(H,H)=6.9 Hz, 1H; -CH=C(CH3)-), 5.09 (m, 1H;
(CH3)2C=CH-), 3.09 (d, 3J(H,H)=6.9 Hz, 2H; -CH2�COOH), 2.07 (m,
4H; -CH2CH2-), 1.68 (s, 3H; (CH3)trans(CH3)cis C=CH-), 1.64 (s, 3H;
-(CH3)C=CH-), 1.60 ppm (s, 3H; (CH3)trans(CH3)cisC=CH-); 13C NMR
(62.5 MHz, CDCl3): d=178.8, 131.7, 123.9, 114.9, 39.5, 33.5, 26.4, 25.6,
18.7, 17.7, 16.3 ppm; IR (neat): ñ=3300, 2973, 2926, 2859, 1712, 1443,
1418, 1383, 1301, 1235 cm�1.


Synthesis of diol 13 : (E)-Homogeranic tert-butylate (1.0 g, 4.2 mmol),
prepared from (E)-homogeranic acid 12 according to Gosselin,[16a] was
dissolved in a mixture of tBuOH/H2O 2:1 (45 mL). After cooling at 0 8C,
K2CO3 (2.32 g, 16.8 mmol), K3Fe(CN)6 (5.5 g, 16.8 mmol), hydroquinine
1,4-phthalazinediyl diether ((DHQ)2PHAL; 549 mg, 0.168 mmol),
K2OsO2(OH)4 (61.9 mg, 0.168 mmol), and CH3SO2NH2 (520 mg,
5.46 mmol) were added successively. After 12 h at 0 8C, Na2SO3 (2.1 g,
16.8 mmol) was added and stirring was continued for 1 h at this tempera-
ture. The reaction mixture was then partitioned between EtOAc
(100 mL) and water (100 mL). The organic phase was separated, the
aqueous phase was washed with EtOAc (2î50 mL), and the combined
organic extracts were washed successively with water and brine, dried
over Na2SO4, and concentrated in vacuo. The crude mixture was subject-
ed in flash column chromatography (silica gel, hexanes/EtOAc 6:4) to
afford pure diol 13 (699 mg, 61%, 97% ee, detected by 1H NMR spec-
trum of the Mosher ester) as a pale yellow oil and recovered (E)-homo-
geranic tert-butylate (293 mg, 75%). Rf=0.22 (hexanes/EtOAc 6:4);
[a]20


D =�22.0 (c=1.3 in CHCl3);
1H NMR (250 MHz, CDCl3): d=5.35 (t,


3J(H,H)=6.9 Hz, 1H; -(CH3)C=CH-), 3.34 (d, 3J(H,H)=10.2 Hz, 1H;
-CH�OH), 2.95 (d, 3J(H,H)=6.9 Hz, 2H; -CH2�COO(CH3)3), 2.43±2.00
(m, 4H; -CH2CH2-), 1.63 (s, 3H; -(CH3)C=CH-), 1.43 (s, 3H; C(CH3)3),
1.18 (s, 3H; -(CH3)a(CH3)bC�OH), 1.14 ppm (s, 3H; -(CH3)a(CH3)bC-
OH); 13C NMR (62.5 MHz, CDCl3): d=172.0, 138.9, 116.8, 80.6, 78.1,
72.9, 36.9, 34.7, 29.5, 28.1, 26.3, 23.2, 16.2 ppm; IR (neat): ñ=3447, 2979,
2932, 2874, 1732, 1455, 1368, 1143, 1078, 951, 836, 766 cm�1; HRMS
(MALDI-FTMS): m/z calcd for C15H28O4 [M+Na]+ : 295.1880; found:
295.1883.


Synthesis of monotosylate 14 : p-Toluenesulfonyl anhydride (1.6 g,
4.77 mmol) was added at 0 8C to a solution of diol 13 (1.0 g, 3.67 mmol)
in pyridine (4.6 mL) under argon. The reaction mixture was stirred for
1 h and then it was partitioned between saturated aqueous solution of
NH4Cl (40 mL) and EtOAc (40 mL). The organic phase was separated
and the aqueous phase was washed with EtOAc (2î20 mL). The com-
bined organic extracts were washed successively with water and brine,
dried over Na2SO4, and concentrated in vacuo. Flash column chromatog-
raphy (silica gel, hexanes/EtOAc 8:2) of the crude mixture yielded pure
monotosylate 14 (4.94 g, 86%) as a pale yellow oil. Rf=0.65 (hexanes/
EtOAc 6:4); [a]20


D =�18.0 (c=0.4 in CHCl3);
1H NMR (250 MHz,


CDCl3): d=7.82 (d, 3J(H,H)=8.7 Hz, 2H; ArH), 7.34 (d, 3J(H,H)=
8.7 Hz, 2H; ArH), 5.25 (t, 3J(H,H)=7.0 Hz, 1H; -CH=C(CH3)-), 4.56
(dd, 3J(H,H)=3.0 Hz, 3J(H,H)=8.9 Hz, 1H; -CHOTs), 2.92 (d,
3J(H,H)=7.0 Hz, 2H; -CH2�COOC(CH3)3), 2.44 (s, 3H; CH3Ar), 2.01
(m, 2H; -CH2�C(CH3)=CH-), 1.85±1.61 (m, 2H; -CH(OTs)CH2-), 1.54
(s, 3H; -C(CH3)=CH-), 1.44 (s, 9H; -OC(CH3)3), 1.19 (s, 3H;
-(CH3)a(CH3)bC(OH)-), 1.18 ppm (s, 3H; (CH3)a(CH3)bC(OH)-);
13C NMR (62.5 MHz, CDCl3): d=171.6, 144.7, 137.4, 134.5, 129.7, 127.7,
117.1, 90.3, 80.4, 72.2, 35.8, 34.8, 29.1, 28.1, 26.2, 24.6, 21.6, 16.4 ppm; IR


(neat): ñ=3530, 2978, 2934, 1730, 1367, 1189, 177, 1150, 904, 670,
559 cm�1; HRMS (MALDI-FTMS): m/z calcd for C22H34O6S [M+Na]+ :
449.1968; found: 449.1964.


Synthesis of bromohydrin 17:


Method A–by direct bromination of monotosylate 14 : Monotosylate 14
(223 mg, 0.52 mmol) was dissolved in HMPA (0.7 mL) and LiBr (226 mg,
2.6 mmol) was added at 25 8C. The reaction was stirred at 50 8C under
argon for 30 min and saturated aqueous NH4Cl was added. The reaction
mixture was extracted with EtOAc (2î20 mL) and the combined organic
extracts were washed successively with water and brine, dried over
Na2SO4, and concentrated in vacuo. The crude mixture was subjected to
flash column chromatography to afford an inseparable mixture of bromo-
hydrin 17 with allylic alcohol 15 (122 mg, 17/15 3:1 detected by 1H NMR
spectroscopy). Bromohydrin 17 obtained this way was separated from the
allylic alcohol 15 after acetylation of the latter. The enantiomeric excess
of 17 was calculated from the diastereomeric excess of oxepene 26b (syn/
anti 2:8, detected by 1H NMR spectroscopy) prepared after converting 17
to bromoalcohol 4 (17!18!4), subsequent coupling with epoxide 22b
and ring-closing metathesis of the corresponding diene 24b.


Data for the acetylated form of allylic alcohol 15 : 1H NMR (250 MHz,
CDCl3): d=5.32 (t, 3J(H,H)=7.0 Hz, 1H; -C(CH3)=CH-), 5.13 (t,
3J(H,H)=6.4 Hz, 1H; -CH(OAc)-), 4.94 (s, 1H; -(CH3)C=CHaHb), 4.89
(s, 1H; -(CH3)C=CHaHb), 2.94 (d, 3J(H,H)=7.0 Hz, 2H; -CH2-
COO(CH3)3), 2.06 (s, 3H; -CH(OOCCH3)-), 2.01 (m, 2H; -CH2�
C(CH3)=CH-), 1.75 (m, 2H; -(OAc)CH�CH2-), 1.72 (br s, 3H; -(CH3)C=
CH2), 1.62 (br s, 3H; -(CH3)C=CH-), 1.44 ppm (br s, 9H; -C(CH3)3).


Method B–by means of epoxide ring opening : DBU (393 mg,
2.58 mmol) was added at 25 8C to a solution of monotosylate 14 (220 mg,
0.516 mmol) in DMF (0.4 mL) under argon. After 15 min of stirring, satu-
rated aqueous solution of NH4Cl was added. The reaction mixture was
extracted with EtOAc (2î20 mL) and the combined organic extracts
were washed successively with water and brine, dried over Na2SO4, and
concentrated in vacuo. The crude mixture was subjected to flash column
chromatography (silica gel, hexanes/EtOAc 95:5) to afford pure epoxide
16 (114 mg, 87%), as a pale yellow oil. Rf=0.8 (hexanes/EtOAc 8:2);
[a]20


D =++3.0 (c=1.2 in CHCl3);
1H NMR (500 MHz, CDCl3): d=5.35 (t,


3J(H,H)=7.1 Hz, 1H; -C(CH3)=CH-), 2.96 (d, 3J(H,H)=7.1 Hz, 2H;
-CH2�COOC(CH3)3), 2.71 (t, 3J(H,H)=6.3 Hz, 1H; (CH3)2C�CH-), 2.17
(m, 2H; -CH2�C(CH3)=CH-), 1.78±1.60 (m, br s, 6H; -CH2�CH2�
C(CH3)=CH-), 1.44 (br s, 9H; -C(CH3)3), 1.30 (s, 3H; -C(CH3)a(CH3)b),
1.26 ppm (s, 3H; -C(CH3)a(CH3)b);


13C NMR (62.5 MHz, CDCl3): d=


172.0, 138.0, 117.4, 80.8, 64.4, 58.7, 36.6, 35.4, 28.5, 27.7, 25.3, 19.1,
16.8 ppm; HRMS (MALDI-FTMS): m/z calcd for C15H26O3 [M+H]+ :
255.1954; found: 255.1960.


LiBr (89 mg, 1.02 mmol) and PPTS (199 mg, 0.79 mmol) were added at
25 8C to a solution of epoxide 16 (200 mg, 0.79 mmol), in NMP (0.22 mL)
under argon. After 1 h of stirring, a saturated aqueous solution of
NaHCO3 was added, the reaction mixture was extracted with EtOAc (2î
10 mL), and the combined organic extracts were washed successively
with water and brine, dried over Na2SO4, and concentrated in vacuo.
Flash column chromatography of the crude mixture (silica gel, hexanes/
EtOAc 9:1) yielded bromohydrin 17 (225 mg, 85%, 95% ee according to
the procedure described above) as an inseparable mixture with allylic al-
cohol 15 (<5%, detected by 1H NMR spectroscopy). Rf=0.3 (hexanes/
EtOAc 8:2); 1H NMR (500 MHz, CDCl3): d=5.40 (t, 3J(H,H)=7.1 Hz,
1H; -C(CH3)=CH-), 3.99 (dd, 3J(H,H)=1.9 Hz, 3J(H,H)=11.0 Hz, 1H;
-(Br)CH-), 2.97 (d, 3J(H,H)=7.1 Hz, 2H; -CH2�COOC(CH3)3), 2.36 (m,
1H; -CHaHbC(CH3)-), 2.17 (m, 1H; -CHaHbC(CH3)-), 2.10±1.95 (m, 1H;
-(Br)CH�CHaHb-), 1.92±1.73 (m, 2H; -(Br)CH�CHaHb-), 1.63 (br s, 3H;
-(CH3)C=CH-), 1.45 (br s, 9H; -C(CH3)3), 1.36±1.33 ppm (2s, 6H;
-C(OH)(CH3)2);


13C NMR (62.5 MHz, CDCl3): d=171.6, 136.8, 117.9,
80.5, 72.4, 70.3, 38.0, 35.0, 31.9, 28.1, 26.5, 26.0, 16.3 ppm; IR (neat): ñ=
3469, 2977, 2934, 1733, 1369, 1144, 954, 842, 459 cm�1; HRMS (EI): m/z
calcd for C15H27BrO3 ([M+H]+): 335.1222; found: 335.1229.


Synthesis of optically active bromolactone 18 : A solution of bromohydrin
17 (640 mg, 1.91 mmol) in dry CH3NO2 (8 mL) was added portionwise to
a solution of SnCl4 (1.24 g, 4.75 mmol) in dry CH3NO2 (16 mL) at 0 8C
under argon. After 30 min of stirring, the reaction mixture was poured in
an ice-cold solution of Et2O/H2O 1:1 (40 mL). The organic phase was
separated, the aqueous phase was washed with diethyl ether (2î20 mL),
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and the combined organic extracts were washed successively with water
and brine, dried over Na2SO4, and concentrated in vacuo. Flash column
chromatography of the crude mixture (silica gel, hexanes/EtOAc 9:1)
yielded pure bromolactone 5 (299 mg, 60%), as a pale yellow oil with
spectroscopical data identical to the reported ones.[4a] Rf=0.64 (hexanes/
EtOAc 5:5); [a]20


D =�24.0 (c=0.8 in CHCl3);
1H NMR (250 MHz,


CDCl3): d=3.93 (dd, 3J(H,H)=4.8 Hz, 3J(H,H)=12.0 Hz, 1H; -CH(Br)-),
2.53 (dd, 3J(H,H)=13.5 Hz, 2J(H,H)=15.8 Hz, 1H; -CHaHbCO), 2.38
(dd, 3J(H,H)=6.9 Hz, 2J(H,H)=15.8 Hz, 1H; -CHaHbCO), 2.20±1.92 (m,
3H; -C(CH3)2�CH-, -CH2�CH(Br)-), 1.50±1.90 (m, 2H; -CH2�C(CH3)-
O-), 1.37 (s, 3H; -C(CH3)O-), 1.07 (s, 3H; -C(CH3)a(CH3)b), 1.02 ppm (s,
3H; -C(CH3)a(CH3)b);


13C NMR (62.5 MHz, CDCl3): d=175.3, 84.6, 62.7,
54.4, 38.5, 38.4, 32.3, 30.2, 30.0, 20.4, 17.0 ppm.


Synthesis of optically active tertiary alcohol 4 : NaHMDS (1m solution in
THF, 3.3 mL, 3.3 mmol) was added to a solution of PPh3CH3


+Br� (1.57 g,
4.40 mmol) in dry THF (5.3 mL) at 0 8C under argon. After stirring at
25 8C for 1 h, the solution of the ylide was added to a solution of
(3aS,5S,7aS)-5-bromo-octahydro-4,4,7a-trimethylbenzofuran-2-ol
(580 mg, 2.20 mmol), prepared from lactone 18 according to Hoye,[7a] in
dry THF (4 mL) over a period of 12 h. After addition was completed, the
reaction mixture was poured in an aqueous saturated NH4Cl solution; it
was then extracted with EtOAc (2î40 mL). The combined organic ex-
tracts were washed successively with water and brine, dried over Na2SO4,
and concentrated in vacuo. The crude mixture was subjected to flash
column chromatography (silica gel, hexanes/EtOAc 9:1) to afford pure
alcohol 4 (345 mg, 60%) as a colorless liquid and recovered lactol
(208 mg, 90%). Rf=0.5 (hexanes/EtOAc 7:3); [a]20


D =++13.0 (c=3.7 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=5.97 (m, 1H; -CH=CH2), 5.11
(ddd, 2J(H,H)=1.5 Hz, 3J(H,H)=17.2 Hz, 4J(H,H)=3.4 Hz, 1H; -CH=


CHtransHcis), 5.00 (ddd, 2J(H,H)=1.5 Hz, 3J(H,H)=10.3 Hz, 4J(H,H)=
2.9 Hz, 1H; -CH=CHtransHcis), 4.00 (dd, 3J(H,H)=4.2 Hz, 3J(H,H)=
11.9 Hz, 1H; -CH(Br)-), 2.35 (m, 2H; -CH2�CH=CH2), 2.23±1.91 (m,
2H; -CH2�CH(Br)-), 1.75 (ddd, 2J(H,H)=13.4 Hz, 3J(H,H)=3.2 Hz,
3J(H,H)=3.2 Hz, 1H; -CHaxHeqC(OH)-), 1.65±1.46 (m, 2H; -CHaxHeq-
C(OH), -C(CH3)2�CH-), 1.25 (s, 3H; -C(OH)CH3), 1.14 (s, 3H;
-C(CH3)a(CH3)b), 0.96 ppm (s, 3H; -C(CH3)a(CH3)b);


13C NMR
(62.5 MHz, CDCl3): d=141.2, 115.1, 73.4, 67.0, 56.5, 43.0, 40.8, 32.1, 32.0,
30.6, 23.7, 17.3 ppm; IR (neat): ñ=3444, 2976, 2953, 2928, 2873, 1637,
1466, 1393, 1372, 1154, 1078, 1004, 985, 915, 708, 582 cm�1; HRMS (EI):
m/z calcd for C12H21BrO [M+H]+ : 261.0848; found: 261.0854.


Preparation of vinyl bromide 20 : Vinyl bromide 20, was prepared from
p-methoxybenzyl alcohol and 2,3-dibromobut-1-ene according to refer-
ence [20a]. Yellow oil; Rf=0.5 (hexanes/EtOAc 8:2); 1H NMR
(250 MHz, CDCl3): d=7.29 (d, 3J(H,H)=8.2 Hz, 2H; ArH), 6.90 (d,
3J(H,H)=8.2 Hz, 2H; ArH), 5.95 (br s, 1H; -C=CHaHb), 5.64 (br s, 1H;
-C=CHaHb), 4.50 (s, 2H; ArCH2-), 4.11 (s, 2H; -O�CH2�C=C-),
3.81 ppm (s, 3H; CH3O-Ar); 13C NMR (62.5 MHz, CDCl3): d=159.4,
129.6, 129.5, 117.7, 113.9, 73.7, 71.7, 55.3 ppm; IR (neat): ñ=3001, 2958,
2935, 2909, 2859, 2835, 1642, 1614, 1589, 1514, 1465, 1303, 1251, 1177,
1085, 1035, 900, 823, 668, 575, 532, 516 cm�1; HRMS (MALDI-FTMS):
m/z calcd for C11H13BrO2 [M+Na]+ : 278.9991; found: 278.9992.


Synthesis of allylic alcohol 21a : A mixture of vinyl bromide 20 (225 mg,
0.88 mmol) and 3-tributylstannylprop-2-en-1-ol (608 mg, 1.75 mmol)[22] in
dry CH2Cl2 (1.7 mL) was stirred at 25 8C under argon and [Pd2(dba)3]
(81 mg, 0.088 mmol) was added. After stirring for 3 h, the reaction mix-
ture was concentrated in vacuo and immediately subjected to flash
column chromatography (silica gel, hexanes/EtOAc 7:3) to yield pure al-
lylic alcohol 21a (124 mg, 60%) as a pale yellow oil. Rf=0.31 (hexanes/
EtOAc 6:4); 1H NMR (250 MHz, CDCl3): d=7.27 (d, 3J(H,H)=8.5 Hz,
2H; ArH), 6.88 (d, 3J(H,H)=8.5 Hz, 2H; ArH), 6.30 (d, 3J (H,H)=
16.2 Hz, 1H; -CH=CH�CH2OH), 5.95 (dt, 3J(H,H)=5.6 Hz, 3J(H,H)=
16.2 Hz, 1H; -CH=CH�CH2OH), 5.26 (br s, 1H; -C=CHaHb), 5.20 (br s,
1H; -C=CHaHb), 4.46 (s, 2H; ArCH2), 4.20 (d, 3J(H,H)=5.6 Hz, 2H;
-CH2OH), 4.15 (s, 2H; -OCH2-), 3.81 ppm (s, 3H; CH3O); 13C NMR
(62.5 MHz, CDCl3): d=159.2, 141.6, 130.6, 130.2, 129.4, 129.1, 117.5,
113.8, 71.7, 70.0, 63.6, 55.2 ppm; IR (neat): ñ=3405, 2954, 2931, 2856,
1613, 1585, 1514, 1464, 1372, 1302, 1249, 1174, 1091, 1035, 970, 820 cm�1;
HRMS (MALDI-FTMS): m/z calcd for C14H18O3 [M+Na]+ : 257.1148;
found: 257.1150.


Preparation of the allylic epoxide coupling partners 22a±d : Each of the
allylic alcohols 21a±c was epoxidized and subsequently silylated, as it is
described below:


Compound 22a : Ti(O-iPr)4 (336 mg, 1.18 mmol) was added to a mixture
of l-(+)-diisopropyltartrate (330 mg, 1.40 mmol) and molecular sieves
(MS) 4 ä (250 mg) in dry CH2Cl2 (4 mL) at �20 8C under argon. After
20 min of stirring, a solution of the allylic alcohol 21a (513 mg,
2.19 mmol) in dry CH2Cl2 (4 mL) was added. The mixture was stirred for
20 min and then an anhydrous solution of tBuOOH (5.5m in decane,
0.8 mL, 4.38 mmol) was added. The reaction was stirred at �20 8C for
12 h. Water (13 mL) was added at 0 8C and the resulting mixture was
brought to 25 8C over a period of 30 min. A 30% solution of NaOH in
brine was then added and the mixture was vigorously stirred for 1 h at
0 8C. After separation of the dichloromethane phase, the aqueous phase
was washed with CH2Cl2 (4î30 mL) and the combined organic extracts
were washed successively with water and brine, dried over Na2SO4, and
concentrated in vacuo. Flash column chromatography of the crude mix-
ture (silica gel, hexanes/EtOAc 7:3) yielded the pure epoxy alcohol
(438 mg, 80%, 95% ee determined by the 1H NMR spectrum of Mosher
ester) and recovered hydroxydiene 21a (93 mg, 90%). Rf=0.3 (hexanes/
EtOAc 7:3); [a]20


D =++2.0 (c=0.54 in CHCl3);
1H NMR (250 MHz,


CDCl3): d=7.25 (d, 3J(H,H)=8.5 Hz, 2H; ArH), 6.88 (d, 3J(H,H)=
8.5 Hz, 2H; ArH), 5.36 (br s, 1H; -C=CHaHb), 5.29 (br s, 1H; -C=
CHaHb), 4.46 (d, 2J(H,H)=11.1 Hz, 1H; Ar�CHaHbO-), 4.40 (d,
2J(H,H)=11.1 Hz, 1H; Ar�CHaHbO-), 3.96 (br s, 2H; ArCH2O�CH2-),
3.93 (dd, 2J(H,H)=12.8 Hz, 3J(H,H)=2.0 Hz, 1H; -CHaHbOH), 3.81 (s,
3H; CH3OAr-), 3.67 (dd, 2J(H,H)=12.8 Hz, 3J(H,H)=4.2 Hz, 1H;
-CHaHbOH), 3.48 (d, 3J(H,H)=1.9 Hz, 1H; CH2=C�CH-(OCH)-),
3.17 ppm (m, 1H; -(-CHO-)�CH�CH2OH); 13C NMR (62.5 MHz,
CDCl3): d=159.3, 141.2, 130.0, 129.4, 116.4, 113.8, 71.8, 69.2, 61.4, 59.6,
55.5, 55.3 ppm; IR (neat): ñ=3442, 2995, 2958, 2936, 2855, 2840, 1614,
1516, 1465, 1251, 1087, 1037, 823 cm�1; HRMS (MALDI-FTMS): m/z
calcd for C14H18O4 [M+Na]+ : 273.1097; found: 273.1090.


Imidazole (120 mg, 1.76 mmol), tert-butyldiphenylchlorosilane (352 mg,
1.28 mmol), and a catalytic amount of 4-dimethylaminopyridine (4-
DMAP) were successively added to a solution of the above-mentioned
epoxy alcohol (246.8 mg, 0.99 mmol) in anhydrous DMF (0.4 mL) at 0 8C
under argon. After 30 min of stirring, the reaction mixture was quenched
with saturated ammonium chloride solution. EtOAc (25 mL) was added
and the organic phase was separated. The aqueous phase was washed
with EtOAc (2î20 mL) and the combined organic extracts were washed
successively with water and brine, dried over Na2SO4, and concentrated
in vacuo. The crude mixture was subjected to flash column chromatogra-
phy (silica gel, hexanes/EtOAc 9:1) to afford pure allylic epoxide 22a
(455 mg, 95%). Rf=0.64 (hexanes/EtOAc 8:2); [a]20


D =++0.8 (c=3.2 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=7.71 (m, 4H; -SiArH), 7.40 (m,
6H; -SiArH), 7.25 (d, 3J(H,H)=8.6 Hz, 2H; CH3OArH), 6.87 (d,
3J(H,H)=8.6 Hz, 2H; CH3OArH), 5.33 (br s, 1H; -C=CHaHb), 5.28 (br s,
1H; -C=CHaHb), 4.46 (d, 2J(H,H)=11.2 Hz, 1H; Ar�CHaHbO-), 4.40 (d,
2J (H,H)=11.2 Hz, 1H; Ar�CHaHbO-), 3.95 (br s, 2H; ArCH2O�CH2-),
3.88 (dd, 2J(H,H)=12.4 Hz, 3J(H,H)=3.2 Hz, 1H; -CHaHbOSi-), 3.80 (s,
3H; CH3OAr-), 3.75 (dd, 2J(H,H)=12.4 Hz, 3J(H,H)=3.9 Hz, 1H;
CHaHbOSi-), 3.39 (d, 3J(H,H)=2.0 Hz, 1H; CH2=C�CH�(OCH)-), 3.17
(m, 1H; -(-CHO-)�CH�CH2OSi), 1.08 ppm (br s, 9H, -C(CH3)3);
13C NMR (62.5 MHz, CDCl3): d=159.2, 141.7, 135.6, 135.5, 134.8, 130.1,
129.7, 129.6, 129.3, 127.7, 115.8, 113.8, 71.7, 69.2, 63.7, 59.8, 55.7, 55.2,
26.7, 26.5, 19.2 ppm; HRMS (MALDI-FTMS): m/z calcd for C30H36O4Si
[M+Na]+ : 511.2275; found: 511.2264.


By using d-(�)-diisopropyltartrate, the same procedure was followed to
prepare the antipode of 22a, ent-22a.


Compounds 22b,c : Epoxidation of allylic alcohol 21b (300 mg,
3.06 mmol), was performed as described for 21a, in this case by using l-
(+)-diisopropyltartrate (459 mg, 1.96 mmol), Ti(OiPr)4 (470 mg,
1.65 mmol), tBuOOH (5.5m in decane, 1.1 mL, 6.12 mmol) and MS 4 ä
(150 mg) in dry CH2Cl2 (5 mL). Epoxy alcohol obtained this way was iso-
lated in pure form, as a pale yellow oil (280 mg, 80%, 95% ee). Rf=0.38
(hexanes/EtOAc 6:4); [a]20


D =�13.0 (c=1.1 in CHCl3);
1H NMR


(250 MHz, CDCl3): d=5.15 (br s, 1H; -C=CHaHb), 5.04 (m, 1H; -C=
CHaHb), 3.97 (d, 2J(H,H)=12.8 Hz, 1H; -CHaHbOH), 3.69 (d, 2J(H,H)=
12.8 Hz, 1H;-CHaHbOH), 3.42 (d, 3J(H,H)=1.9 Hz, 1H; CH2=C�CH�
(OCH)-), 3.15 (m, 1H; -(-CHO-)�CH�CH2OH), 1.66 ppm (br s, 3H;
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-(CH3)C=CH2);
13C NMR (62.5 MHz, CDCl3): d=140.5, 114.9, 61.5, 57.8,


57.7, 16.7 ppm; IR (neat): ñ=3415, 2924, 2855, 1462, 1376, 1084, 906,
878 cm�1.


For the silylation of the above epoxy alcohol (132 mg, 1.16 mmol) the
same procedure as for the synthesis of 22b was followed, in this case by
using imidazole (142 mg, 2.09 mmol), tert-butyldiphenylchlorosilane
(412 mg, 1.5 mmol) or tert-butyldimethylchlorosilane (233 mg, 1.5 mmol),
and a catalytic amount of 4-DMAP in anhydrous DMF (0.2 mL) to iso-
late 22b (368 mg, 90%) or 22c (250 mg, 94%), respectively.


Data for 22b : Colorless liquid; Rf=0.54 (hexanes/EtOAc 8:2); [a]20
D =


+1.9 (c=1.6 in CHCl3);
1H NMR (250 MHz, CDCl3): d=7.70 (m, 4H;


-SiArH), 7.40 (m, 6H; -SiArH), 5.12 (br s, 1H; -C=CHaHb), 5.01 (m,
1H; -C=CHaHb), 3.87 (dd, 2J(H,H)=11.9 Hz, 3J(H,H)=4.2 Hz, 1H;
-CHaHbOSi), 3.78 (dd, 2J(H,H)=11.9 Hz, 3J(H,H)=5.2 Hz, 1H;
-CHaHbOSi-), 3.29 (d, 3J(H,H)=1.9 Hz, 1H; CH2=C�-CH-(OCH)-), 3.12
(m, 1H; -(-CHO-)�CH�CH2OSi-), 1.64 (br s, 3H, CH2=C(CH3)-),
1.07 ppm (br s, 9H, -C(CH3)3);


13C NMR (62.5 MHz, CDCl3): d=141.0,
135.6, 135.5, 133.3, 133.2, 130.0, 129.8, 127.7, 114.5, 63.9, 58.2, 58.0, 29.7,
26.8, 19.3, 16.8 ppm; IR (neat): ñ=3075, 2963, 2931, 2859, 1477, 1468,
1431, 1116, 891, 742, 701, 510 cm�1; HRMS (EI): m/z calcd for
C22H28O2Si [M+Na]+ : 375.1751; found: 375.1759.


Data for 22c : Colorless liquid; Rf=0.81 (hexanes/EtOAc 6:4); [a]20
D =


+0.5 (c=1.2 in CHCl3);
1H NMR (250 MHz, CDCl3): d=5.13 (s, 1H;


-C=CHaHb), 5.00 (br s, 1H; -C=CHaHb), 3.87 (dd, 2J(H,H)=11.9 Hz,
3J(H,H)=3.0 Hz, 1H; -CHaHbOSi-), 3.70 (dd, 2J(H,H)=11.9 Hz,
3J(H,H)=4.8 Hz, 1H; -CHaHbOSi-), 3.29 (d, 3J(H,H)=2.2 Hz, 1H; CH2=


C(CH3)�CH�(OCH)-), 3.06 (m, 1H; -(-CHO-)�CH�CH2OSi-), 1.64
(br s, 3H; -(CH3)C=CH2), 0.90 (br s, 9H; -SiC(CH3)3), 0.08 ppm (2s, 6H;
-Si(CH3)2);


13C NMR (62.5 MHz, CDCl3): d=141.0, 114.0, 63.3, 58.2,
58.1, 25.9, 18.4, 16.8, 3.7 ppm; IR (neat): ñ=2960, 2930, 2861, 1766, 1481,
1463, 1259, 1147, 1116, 847, 785 cm�1; HRMS (EI): m/z calcd for
C12H24O2Si [M+Na]+ : 251.1438; found: 251.1444.


Compound 22d : (�)-(2S,3S)-2,3-Epoxypent-4-en-1-ol (100 mg,
1.0 mmol)[20c] was silylated, as described above in this case by using imi-
dazole (122 mg, 1.8 mmol), tert-butyldimethylchlorosilane (196 mg,
1.3 mmol), and a catalytic amount of 4-DMAP in anhydrous DMF
(0.2 mL) to isolate pure vinyl epoxide 22d (204 mg, 60% for two steps)
as a colorless liquid. Rf=0.42 (hexanes/EtOAc 95:5); [a]20


D =�12.0 (c=
4.5 in CHCl3);


1H NMR (250 MHz, CDCl3): d=5.57 (m, 1H; CH2=CH-),
5.47 (dd, 2J(H,H)=1.9 Hz, 3J(H,H)=17.1 Hz, 1H; CHcisHtrans=CH-), 5.27
( dd, 2J(H,H)=1.9 Hz, 3J(H,H)=10.1 Hz, 1H; CHcisHtrans=CH-), 3.86 (dd,
3J(H,H)=3.0 Hz, 2J(H,H)=11.9 Hz, 1H; -CHaHbOSi-), 3.70 (dd,
3J(H,H)=4.5 Hz, 2J(H,H)=11.9 Hz, 1H; -CHaHbOSi-), 3.28 (dd,
3J(H,H)=1.9 Hz, 3J(H,H)=7.1 Hz, 1H; CH2=CH�CH-(OCH)-), 3.00 (m,
1H; -(-CHO-)�CH�CH2OSi), 0.90 (br s, 9H; -SiC(CH3)3), 0.07 ppm (s,
6H; -Si(CH3)2);


13C NMR (62.5 MHz, CDCl3): d=135.2, 119.5, 62.9, 60.2,
56.1, 25.8, 18.3, 3.7 ppm; IR (neat): ñ=2958, 2930, 2861, 1644, 1474, 1460,
1261, 1145, 1110, 839, 778, 665 cm�1; HRMS (EI): m/z calcd for
C12H24O2Si [M+Na]+ : 237.1282; found: 237.1278.


Representative procedure for coupling of tertiary alcohols 3 or 4 with al-
lylic epoxides 22a±d : A solution of redistilled BF3¥OEt2 (0.08±0.15 mmol)
in dry dichloromethane (0.01±1 mL) was added to a mixture of alcohol
(2.0±2.5 mmol) and epoxide (1 mmol) at 0 8C under argon. The reaction
was monitored by TLC. After 15±30 min at 0 8C, the reaction was
quenched with 5% solution of Et3N in diethyl ether. The mixture was
concentrated in vacuo and fitered through a short silica gel column to
afford the corresponding diene and recovered alcohol.


Compound 23a : Coupling of alcohol 3 (40 mg, 0.22 mmol) with allylic ep-
oxide 22a (43 mg, 0.088 mmol) was performed as described above, by
using BF3¥OEt2 (1.5 mL, 0.012 mmol) in dry CH2Cl2 (9 mL), to afford after
purification diene 23a (34 mg, 56%) as pale yellow oil and recovered al-
cohol 3 (30 mg, 93%). Rf=0.33 (hexanes/EtOAc 8:2); [a]20


D =++1.6 (c=
0.4 in CHCl3);


1H NMR (250 MHz, CDCl3): d=7.69 (m, 4H; -SiArH),
7.40 (m, 6H; -SiArH), 7.26 (d, 3J(H,H)=8.2 Hz, 2H; CH3OAr�H), 6.87
(d, 3J(H,H)=8.2 Hz, 2H; CH3OAr�H), 5.81 (m, 1H; -CH=CH2), 5.26
(br s, 1H; -C=CHaHb), 5.16 (br s, 1H; -C=CHaHb), 4.88 (dd, 3J(H,H)=
17.0 Hz, 2J(H,H)=1.5 Hz, 1H; -CH=CHcisHtrans), 4.76 (dd, 3J(H,H)=
10.0 Hz, 2J(H,H)=1.5 Hz, 1H; -CH=CHcisHtrans), 4.45 (br s, 2H; Ar-CH2-
O-), 4.30 (d, 3J(H,H)=4.8 Hz, 1H; -O�CH�CH(OH)-), 4.10 (d,
2J(H,H)=13.0 Hz, 1H; CH2=C�CHaHb�O-), 3.97 (d, 2J(H,H)=13.0 Hz,


1H; CH2=C�CHaHb�O-), 3.79 (s, 3H; CH3O�Ar�CH2-), 3.63 (m, 3H;
-CH(OH)�CH2O�Si-), 2.86 (d, 3J(H,H)=3.7 Hz, 1H; -CH(OH)�CH2O�
Si-), 2.31±1.90 (m, 2H; -CH2�CH=CH2), 1.80±1.11 (m, 7H; -(CH2)3-,
-C(CH3)2�CH-), 1.57 (br s, 3H; -(CH3)C�O-), 1.07 (br s, 9H;
-Si�C(CH3)3), 0.90 (s, 3H; -C(CH3)a(CH3)b), 0.81 ppm (s, 3H;
-C(CH3)a(CH3)b);


13C NMR (62.5 MHz, CDCl3): d=159.2, 145.9, 143.1,
133.4, 135.6, 134.8, 130.3, 129.6, 129.3, 127.7, 127.6, 115.1, 113.7, 112.3,
80.3, 74.2, 72.5, 72.3, 67.8, 64.5, 55.7, 55.2, 41.6, 38.9, 35.4, 33.3, 30.9, 26.7,
26.5, 21.4, 20.0, 18.6 ppm; IR (neat): ñ=3423, 2960, 2933, 2857, 1619,
1516, 1472, 1432, 1392, 1382, 1253, 1115, 825, 759, 742, 702 cm�1; HRMS
(MALDI-FTMS): m/z calcd for C42H58O5Si [M+Na]+ : 693.3946; found:
693.3951.


Compound 23b : Coupling of alcohol 3 (400 mg, 2.19 mmol) with allylic
epoxide 22b (309 mg, 0.88 mmol) was performed as described above, by
using BF3¥OEt2 (8.6 mL, 0.07 mmol) in dry CH2Cl2 (88 mL) to afford, after
purification, diene 23b (259 mg, 55%) as a colorless liquid and recovered
alcohol 3 (295 mg, 95%). Rf=0.6 (hexanes/EtOAc 9:1); [a]20


D =++1.2 (c=
1.1 in CHCl3);


1H NMR (250 MHz, CDCl3): d=7.66 (m, 4H; -SiAr-H),
7.39 (m, 6H; -SiAr-H), 5.84 (m, 1H; -CH=CH2), 4.90 (br s, 2H;
-C(CH3)=CH2), 4.86 (d, 3J(H,H)=16.2 Hz, 1H; -CH=CHtransHcis), 4.76 (d,
3J(H,H)=10.0 Hz, 1H; -CH=CHtransHcis), 4.05 (d, 3J(H,H)=6.3 Hz, 1H;
-O�CH�CH(OH)-), 3.80±3.54 (m, 3H; -CH(OH)-CH2OSi-), 2.37 (d,
3J(H,H)=3.3 Hz, 1H; -CH(OH)-), 2.18 (m, 1H; -CHaHb�CH=CH2), 1.98
(m, 1H; -CHaHb�CH=CH2), 1.74 (br s, 3H; -(CH3)C=CH2)), 1.64±1.11
(m, 7H; -(CH2)3-, -C(CH3)2-CH-), 1.07 (br s, 9H; -SiC(CH3)3), 1.04 (s,
3H; -(CH3)C-O-), 0.90 (s, 3H; -C(CH3)a(CH3)b), 0.81 ppm (s, 3H;
-C(CH3)a(CH3)b);


13C NMR (62.5 MHz, CDCl3): d=146.2 , 143.0, 135.6,
133.4, 133.3, 129.6, 127.7, 112.3, 80.1, 74.1, 73.2, 64.7, 55.7, 41.7, 38.8, 35.4,
33.3, 30.9, 26.9, 21.4, 20.0, 19.2, 18.5 ppm; IR (neat): ñ=3576, 3078, 2939,
2863, 1476, 1461, 1429, 1115, 1067, 1052, 906, 761, 701, 507, 439 cm�1;
HRMS (MALDI-FTMS): m/z calcd for C34H50O3Si [M+Na]+ : 557.3421;
found: 557.3438.


Compound 23c : Coupling of alcohol 3 (40 mg, 0.22 mmol) with allylic ep-
oxide 22c (20 mg, 0.09 mmol) was performed as described above, by
using BF3¥OEt2 (0.9 mL, 0.008 mmol) in dry CH2Cl2 (10 mL) to afford,
after purification, diene 23c (19 mg, 50%) as a colorless liquid and recov-
ered alcohol 3 (29 mg, 92%). Rf=0.32 (hexanes/EtOAc 9:1); 1H NMR
(250 MHz, CDCl3): d=5.92 (m, 1H; -CH=CH2), 4.95 (d, 3J(H,H)=
19.0 Hz, 1H; -CH=CHtransHcis), 4.84 (d, 3J(H,H)=10.0 Hz, 1H; -CH=


CHtransHcis), 4.92 (br s, 1H; -C(CH3)=CHaHb), 4.90 (br s, 1H; -C(CH3)=
CHaHb), 4.00 (d, 3J(H,H)=6.3 Hz, 1H; -O-CH-CH(OH)-), 3.69 (dd,
3J(H,H)=4.4 Hz, 2J(H,H)=10.0 Hz, 1H; -CHaHb�O�Si-), 3.60 (dd,
3J(H,H)=5.6 Hz, 2J(H,H)=10.0 Hz, 1H; -CHaHb�O�Si-), 3.53 (m, 1H;
-CH(OH)-CH2�OSi-), 2.32 (m, 1H; -CHaHb�CH=CH2), 2.06 (m, 1H;
-CHaHb�CH=CH2), 1.77 (br s, 3H; -(CH3)C=CH2), 1.51±1.08 (m, 7H;
-(CH2)3-, -C(CH3)2�CH-), 1.13 (s, 3H; -(CH3)C�O-), 0.92 (s, 3H;
-C(CH3)a(CH3)b), 0.90 (br s, 9H; -SiC(CH3)3), 0.84 (s, 3H;
-C(CH3)a(CH3)b), 0.06 ppm (s, 6H; -Si(CH3)2); HRMS (MALDI-FTMS):
calcd for C24H46O3Si [M+Na]+ : 433.3109; found: 433.3130.


Compound 23d : Coupling of alcohol 3 (40 mg, 0.22 mmol) with allylic
epoxide 22d (23.5 mg, 0.11 mmol) was performed as described above, by
using BF3¥OEt2 (1.1 mL, 0.009 mmol) in dry CH2Cl2 (11 mL) to afford,
after purification, diene 23d (26 mg, 60%) as a colorless liquid and re-
covered alcohol 3 (26 mg, 93%). Rf=0.32 (hexanes/EtOAc 9:1);
1H NMR (250 MHz, CDCl3): d=5.84 (m, 2H; -CH2�CH=CH2, -O�CH�
CH=CH2), 5.22 (d, 3J(H,H)=17.5 Hz, 1H; -CH2�CH=CHtransHcis), 5.16
(d, 3J(H,H)=10.0 Hz, 1H, -O�CH�CH=CHtransHcis), 5.00 (d, 3J(H,H)=
19.2 Hz, 1H; -O�CH�CH=CHtransHcis), 4.93 (d, 3J(H,H)=10.0 Hz, 1H;
-CH2�CH=CHtransHcis), 4.11 (dd, 3J(H,H)=4.5 Hz, 3J(H,H)=6.7 Hz, 1H;
-O-CH-CH(OH)-), 3.65±3.54 (m, 3H; -CH(OH)-CH2O-Si-), 2.04 (m, 2H;
-CH2-CH=CH2), 1.81±1.20 (m, 7H; -(CH2)3-, -C(CH3)2�CH-), 1.25 (s,
3H; -(CH3)C�O-), 1.13 (s, 3H; -C(CH3)a(CH3)b), 0.90 (br s, 9H;
-SiC(CH3)3), 0.81 (s, 3H; -C(CH3)a(CH3)b), 0.07 ppm (s, 6H; -Si(CH3)2);
13C NMR (62.5 MHz, CDCl3): d=157.3, 139.0, 116.2, 114.2, 80.5, 74.8,
71.8, 63.5, 56.2, 41.3, 39.5, 35.3, 33.1, 32.5, 29.7, 26.2, 25.9, 21.5, 20.1, 18.7,
3.7, 1.0 ppm; HRMS (MALDI-FTMS): m/z calcd for C23H44O3Si
[M+Na]+ : 419.2952; found: 419.2964.


Compound 24a : Coupling of alcohol 4 (431 mg, 1.65 mmol) with allylic
epoxide 22a (323 mg, 0.66 mmol) was performed as described above, by
using BF3¥OEt2 (12 mL, 0.093 mmol) in dry CH2Cl2 (67 mL) to afford,
after purification, a mixture of diene 24a with the starting bromoalcohol
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4. Since complete separation of 24a and 4 was impossible, the mixture of
the two compounds was used in the next step, without futher purification.
Thus, it was dissolved in THF (1 mL), cooled at 0 8C, and TBAF (1m sol-
ution in THF, 660 mL, 0.66 mmol) was added. Stirring was continued for
3 h. The reaction mixture was partitioned between a saturated ammoni-
um chloride solution and ethyl acetate. After separation of the organic
phase, the aqueous phase was washed with EtOAc (2î20 mL) and the
combined organic extracts were washed successively with water and
brine, dried over Na2SO4, and concentrated in vacuo. The crude mixture
was subjected to flash column chromatography (silica gel, hexanes/
EtOAc 6:4) to afford the pure desilylated form of diene 24a (169 mg,
50% over two steps), as a yellow oil and recovered alcohol 4 (246 mg,
95%). Rf=0.25 (hexanes/EtOAc 6:4); [a]20


D =�1.4 (c=0.9 in CHCl3);
1H NMR (250 MHz, CDCl3): d=7.26 (d, 3J(H,H)=8.6 Hz, 2H; ArH),
6.89 (d, 3J(H,H)=8.6 Hz, 2H; ArH), 5.84 (m, 1H; -CH=CH2), 5.32
(br s,1H; -C=CHaHb), 5.24 (br s, 1H; -C=CHaHb), 4.99 (dd, 2J(H,H)=
1.5 Hz, 3J(H,H)=17.4 Hz, 1H; -CH=CHtransHcis), 4.89 (dd, 2J(H,H)=
1.5 Hz, 3J(H,H)=10.2 Hz, 1H; -CH=CHtransHcis), 4.52 (d, 2J(H,H)=
11.9 Hz, 1H; Ar�CHaHbO-), 4.45 (d, 2J(H,H)=11.9 Hz, 1H; Ar�
CHaHbO-), 4.13 (d, 3J(H,H)=6.0 Hz, 1H; -OCH�CH(OH)-), 4.05 (d,
2J(H,H)=11.5 Hz, 1H; CH2=C�CHaHbOCH2-), 3.92 (d, 2J(H,H)=
11.5 Hz, 1H; CH2=C�CHaHbOCH2-), 3.86 (dd, 3J(H,H)=4.9 Hz,
3J(H,H)=12.8 Hz, 1H; -CH(Br)-), 3.81 (s, 3H; CH3O-Ar), 3.70±3.50 (m,
3H; -CH(OH)�CH2OH), 2.50±2.33 (m, 2H; -CH�CH=CH2), 2.22±2.00
(m, 2H; -CH2�CH(Br)-), 1.93 (ddd, 2J(H,H)=13.4 Hz, 3J(H,H)=
13.4 Hz, 3J(H,H)=3.4 Hz, 1H; -CHaxHeq�C(CH3)O), 1.71 (ddd,
2J(H,H)=13.4 Hz, 3J(H,H)=3.5 Hz, 3J(H,H)=3.5 Hz, 1H; -CHaxHeq-
C(CH3)O-), 1.50 (m, 1H; -C(CH3)2�CH-), 1.18 (s, 3H; -(CH3)C�O-),
1.07 (s, 3H; -C(CH3)a(CH3)b), 0.96 ppm (s, 3H; -C(CH3)a(CH3)b);
13C NMR (62.5 MHz, CDCl3): d=159.3, 146.0, 141.8, 129.4, 129.3, 117.8,
113.8, 113.4, 79.5, 73.1, 72.7, 69.7, 66.7, 62.9, 56.5, 55.2, 41.1, 39.4, 31.8,
31.7, 30.5, 18.0, 17.7 ppm; IR (neat): ñ=3425, 2955, 2933, 2876, 1615,
1514, 1465, 1386, 1250, 1084, 1042, 912, 821, 736, 703 cm�1; HRMS
(MALDI-FTMS): m/z calcd for C26H39BrO5 [M+Na]+ : 533.1873; found:
533.1871.


Compound 24b : Coupling of alcohol 4 (230 mg, 0.88 mmol) with allylic
epoxide 22b (123 mg, 0.35 mmol) was performed as described for 23a, by
using BF3¥OEt2 (4.5 mL, 0.035 mmol) in dry CH2Cl2 (40 mL) to afford,
after purification, diene 24b (117 mg, 54%) as a pale yellow oil and re-
covered alcohol 4 (167 mg, 93%). Rf=0.42 (hexanes/EtOAc 9:1); [a]20


D =


+1.3 (c=0.8 in CHCl3);
1H NMR (250 MHz, CDCl3): d=7.65 (m, 4H;


-SiArH), 7.39 (m, 6H; -SiArH), 5.76 (m, 1H; -CH=CH2), 4.91 (br s, 1H;
-(CH3)C=CHaHb), 4.90 (br s, 1H; -(CH3)C=CHaHb), 4.88 (dd, 2J(H,H)=
1.5 Hz, 3J(H,H)=17.2 Hz, 1H; -CH=CHtransHcis), 4.79 (dd, 2J(H,H)=
1.5 Hz, 3J(H,H)=10.1 Hz, 1H; -CH=CHtransHcis), 4.00 (d, 3J(H,H)=
6.2 Hz, 1H; -OCH�CH(OH)-), 3.91 (dd, 3J(H,H)=4.5 Hz, 3J(H,H)=
12.9 Hz, 1H; -CH(Br)-), 3.80±3.60 (m, 2H; -CH2�OSi-), 3.57 (m, 1H;
-CH(OH)�CH2�OSi-), 2.35±2.00 (m, 5H; -CH(OH)-, -CH2�CHBr,
-CH2�CH=CH2), 1.92 (ddd, 2J(H,H)=13.2 Hz, 3J(H,H)=13.2 Hz,
3J(H,H)=3.5 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.76 (ddd, 2J(H,H)=
13.2 Hz, 3J(H,H)=3.8 Hz, 3J(H,H)=3.8 Hz, 1H; -CHaxHeq�C(CH3)O-),
1.72 (br s, 3H, -C=C(CH3)-), 1.51 (m, 1H; -C(CH3)2�CH-), 1.25 (s, 3H;
-(CH3)C�O-), 1.08 (s, 3H; -C(CH3)a(CH3)b), 1.07 (br s, 9H, -C(CH3)3),
0.93 ppm (s, 3H; -C(CH3)a(CH3)b);


13C NMR (62.5 MHz, CDCl3): d=


146.0, 141.9, 135.6, 135.5, 129.7, 127.7, 113.8, 113.1, 79.0, 74.4, 72.8, 67.0,
64.6, 56.4, 41.1, 39.4, 31.8,31.7, 30.6, 26.9, 18.4, 18.1, 17.8 ppm; IR (neat):
ñ=3573, 3071, 2958, 2931, 2859, 1475, 1464, 1427, 1392, 1116, 1078, 1055,
908, 763, 741, 701, 616 cm�1; HRMS (MALDI-FTMS): m/z calcd for
C34H49BrO3Si [M+Na]+ : 635.2526; found: 635.2511.


Representative procedure for oxepene ring formation through ring-clos-
ing metathesis : Second-generation Grubbs catalyst (B in Scheme 5;
1.7 mg, 0.002 mmol) was added to a solution of diene 23a (8.5 mg,
0.013 mmol) in CH2Cl2 (2.2 mL) at 25 8C under argon. The mixture was
stirred at 35 8C for 1 h. After cooling at 25 8C, the reaction was stirred in
air for 16 h and concentrated in vacuo. Purification by flash column chro-
matography silica gel, hexanes/EtOAc 8:2) yielded oxepene 25a (7 mg,
78%) as a pale yellow oil. Rf=0.21 (hexanes/EtOAc 8:2); 1H NMR
(250 MHz, CDCl3): d=7.69 (m, 4H; -Si�ArH), 7.39 (m, 6H; -Si�ArH),
7.24 (d, 3J(H,H)=8.6 Hz, 2H; CH3OArH), 6.86 (d, 3J(H,H)=8.6 Hz, 2H;
CH3OArH), 5.77 (d, 3J(H,H)=7.8 Hz, 1H; -CH=C-), 4.50 (br s, 1H; -O�
CH�CH(OH)-), 4.35 (br s, 2H; -CH2�O�CH2�Ar), 4.07 (m, 3H; -CH=


C�CH2�O-, -CH(OH)-), 3.87±3.72 (m, br s, 4H; CH3OAr�CH2-,
-CHaHbO�Si-), 3.65 (dd, 3J(H,H)=7.4 Hz, 2J(H,H)=11.2 Hz, 1H;
-CHaHbO-Si-), 2.63 (d, 3J(H,H)=7.6 Hz, 1H; -CH(OH)-), 2.23 (m, 1H;
-CHaHb�CH=C-), 2.01 (m, 1H; -CHaHb�CH=C-), 1.71 (d, 3J(H,H)=
10.0 Hz, 1H; -C(CH3)2�CH-), 1.14±1.16 (m, 6H; -(CH2)3-), 1.12 (s, 3H;
-(CH3)C�O-), 1.04 (br s, 9H; -SiC(CH3)3), 0.91 (s, 3H; -C(CH3)eq(CH3)ax),
0.76 ppm (s, 3H; -C(CH3)eq(CH3)ax); IR (neat): ñ=2963, 2931, 2859,
1517, 1465, 1431, 1263, 1249, 1111, 1075, 1039, 821, 806, 705 cm�1; HRMS
(MALDI-FTMS): m/z calcd for C40H54O5Si [M+Na]+ : 665.3633; found:
665.3640.


Compound 25b : Ring-closing metathesis of diene 23b (400 mg,
0.75 mmol) was performed as described above, in this case by using
second-generation Grubbs catalyst (B in Scheme 5; 64 mg, 0.075 mmol)
in CH2Cl2 (115 mL) to afford, after purification, oxepene 25b (354 mg,
93%) as a colorless oil. Rf=0.5 (hexanes/EtOAc 9:1); [a]20


D =�5.0 (c=
0.1 in CHCl3);


1H NMR (250 MHz, CDCl3): d=7.72 (m, 4H; -Si�Ar�H),
7.30 (m, 6H; -Si�Ar�H), 5.46 (d, 3J(H,H)=8.2 Hz, 1H; -CH=C(CH3)-),
4.35 (br s, 1H; -O�CH�CH(OH)-), 3.95 (m, 1H; -CH(OH)�CH2�O�Si-),
3.79 (dd, 2J(H,H)=10.8 Hz, 3J(H,H)=3.7 Hz, 1H; -CH(OH)�CHaHb�
OSi-), 3.68 (dd, 2J(H,H)=10.8 Hz, 3J(H,H)=7.8 Hz, 1H; -CH(OH)�
CHaHb�OSi-), 2.46 (d, 3J(H,H)=7.8 Hz, 1H; -CH(OH)�CH2OSi-), 2.15
(m, 1H; -CHaHb�CH=C(CH3)-), 1.91 (dd, 2J(H,H)=17.1 Hz, 3J(H,H)=
8.2 Hz, 1H; -CHaHb�CH=C(CH3)-), 1.64 (d, 3J(H,H)=10.0 Hz, 1H;
-C(CH3)2�CH-), 1.55 (br s, 3H; -CH=C(CH3)-), 1.66±1.14 (m, 6H;
-(CH2)3-), 1.12 (s, 3H; -(CH3)C�O-), 1.07 (s, 9H; -SiC(CH3)3), 0.91 (s,
3H; -C(CH3)eq(CH3)ax), 0.76 ppm (s, 3H; -C(CH3)eq(CH3)ax);


13C NMR
(62.5 MHz, CDCl3): d=136.3, 135.7, 133.6, 129.6, 129.5, 129.1, 127.6,
127.5, 78.3, 72.8, 72.4, 65.1, 52.8, 40.8, 36.1, 35.1, 33.0, 26.8, 24.3, 22.1,
20.9, 20.8, 19.2 ppm; IR (neat): ñ=3654, 2963, 2933, 2856, 1476, 1465,
1426, 1113, 1079, 705, 506, 487 cm�1; HRMS (MALDI-FTMS): m/z calcd
for C32H46O3Si [M+Na]+ : 529.3108; found: 529.3111.


Compound 25c : Ring-closing metathesis of diene 23c (62.5 mg,
0.152 mmol) was performed as described for 23a, in this case by using
second-generation Grubbs catalyst (B in Scheme 5; 13 mg, 0.015 mmol)
in CH2Cl2 (25 mL) to afford, after purification, oxepene 25c (51 mg,
88%) as a colorless oil. Rf=0.28 (hexanes/EtOAc 9:1); [a]20


D =�2.3 (c=
0.4 in CHCl3);


1H NMR (250 MHz, CDCl3): d=5.52 (d, 3J(H,H)=7.8 Hz,
1H; -CH=C(CH3)-), 4.34 (br s, 1H; -O�CH�CH(OH)-), 3.85 (m, 1H;
-CH(OH)�CH2O�Si-), 3.74 (dd, 2J(H,H)=10.5 Hz, 3J(H,H)=3.0 Hz,
1H; -CHaHb�O�Si-), 3.58 (dd, 2J(H,H)=10.5 Hz, 3J(H,H)=7.8 Hz, 1H;
-CHaHb�O�Si-), 2.45 (d, 3J(H,H)=7.1 Hz, 1H; -CH(OH)�CH2�O�Si-),
2.20 (m, 1H; -CHaHb�CH=C(CH3)-), 1.94 (dd, 2J(H,H)=17.2 Hz,
3J(H,H)=7.8 Hz, 1H; -CHaHb�CH=C(CH3)-), 1.74 (br s, 3H; -CH=


C(CH3)-), 1.69 (d, 3J(H,H)=10.0 Hz, 1H; -C(CH3)2�CH-), 1.65±1.05 (m,
6H; -(CH2)3-), 1.19 (s, 3H; -(CH3)C�O-), 0.93 (s, 3H; -C(CH3eq)(CH3ax)),
0.90 (br s, 9H; -SiC(CH3)3), 0.77 (s, 3H; -C(CH3)eq(CH3)ax), 0.07 ppm
(br s, 6H; -Si(CH3)2);


13C NMR (62.5 MHz, CDCl3): d=136.7, 129.2, 78.4,
72.6, 72.5, 64.6, 52.6, 40.9, 36.3, 35.1, 33.0, 25.9, 24.5, 22.2, 21.1, 21.0, 20.9,
3.7, 3.6 ppm; IR (neat): ñ=3658, 2954, 2929, 2855, 1463, 1257, 1107, 1078,
840, 779 cm�1; HRMS (MALDI-FTMS): m/z calcd for C22H42O3Si
[M+Na]+ : 405.2795; found: 405.2785.


Compound 25d : Ring-closing metathesis of diene 23d (22 mg,
0.055 mmol) was performed as described for 23a, in this case by using
first-generation Grubbs catalyst (A in Scheme 5;6.4 mg, 0.008 mmol) in
CH2Cl2 (9 mL) at 25 8C for 1 h to afford, after purification, oxepene 25d
(17 mg, 88%) as a colorless liquid. Rf=0.27 (hexane/EtOAc 9:1);
1H NMR (250 MHz, CDCl3): d=5.84 (m, 2H; -CH2�CH=CH-), 4.26
(br s, 1H; -O�CH�CH(OH)-), 3.76 (dd, 3J(H,H)=3.7 Hz, 2J(H,H)=
10.0 Hz, 1H; -CHaHb�O�Si-), 3.67 (dd, 3J(H,H)=5.2 Hz, 2J(H,H)=
10.0 Hz, 1H; -CHaHb�O�Si-), 3.47 (m, 1H; -CH(OH)-), 2.46 (d,
3J(H,H)=6.3 Hz, 1H; -CH(OH)-), 2.33±2.04 (m, 2H; -CH2�CH=CH-),
1.84 (d, 3J(H,H)=10.0 Hz, 1H; -C(CH3)2�CH-), 1.70±1.12 (m, 6H;
-(CH2)3-), 1.21 (s, 3H; -(CH3)C�O-), 0.95 (s, 3H; -C(CH3)eq(CH3)ax), 0.91
(br s, 9H; -SiC(CH3)3), 0.80 (s, 3H; -C(CH3)eq(CH3)ax), 0.08 ppm (br s,
6H; -Si(CH3)2); HRMS (MALDI-FTMS): m/z calcd for C21H40O3Si
[M+Na]+ : 391.2639; found: 391.2632.


Compound 26a : Ring-closing metathesis of the desilylated form of diene
24a (67 mg, 0.131 mmol) was performed as described for 23a, in this case
by using the second-generation Grubbs catalyst (B in Scheme 5; 17 mg,
0.020 mmol) in CH2Cl2 (21 mL) to afford, after purification, oxepene 26a
(51 mg, 80%) as a pale yellow oil. Rf=0.2 (hexanes/EtOAc 6:4); [a]20


D =
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�3.7 (c=1.2 in CHCl3);
1H NMR (250 MHz, CDCl3): d=7.23 (d,


3J(H,H)=8.6 Hz, 2H; ArH), 6.88 (d, 3J(H,H)=8.6 Hz, 2H; ArH), 5.88
(d, 3J(H,H)=8.2 Hz, 1H; -C=CH-), 4.52 (br s, 1H; -O-CH-), 4.39 (s, 2H;
ArCH2�O-), 4.06 (d, 2J(H,H)=11.2 Hz, 1H; -CHaHbOPMB), 3.87 (dd,
3J(H,H)=4.9 Hz, 3J(H,H)=12.9 Hz, 1H; -CH(Br)-), 3.84 (d, 2J(H,H)=
11.2 Hz, 1H; -CHaHbOPMB), 3.81 (s, 3H; CH3O-Ar), 3.73±3.60 (m, 2H;
-CH(OH)-CHaHbOH), 3.53 (d, 2J(H,H)=8.2 Hz, 1H; -CHaHbOH), 2.58
(br s, 1H; -CH(OH)-), 2.39±2.22 (m, 2H, -CH2CH=C-), 2.20±1.98 (m,
2H; -CH2CH(Br)-), 1.84 (ddd, 2J(H,H)=13.4 Hz, 3J(H,H)=13.4 Hz,
3J(H,H)=3.5 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.81 (d, 3J(H,H)=9.7 Hz,
1H; -C(CH3)2�CH-), 1.50 (ddd, 2J(H,H)=13.4 Hz, 3J(H,H)=3.4 Hz,
3J(H,H)=3.4 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.26 (s, 3H; -C(CH3)�O-),
1.12 (s, 3H; -C(CH3)eq(CH3)ax), 0.89 ppm (s, 3H; -C(CH3)eq(CH3)ax);
13C NMR (62.5 MHz, CDCl3): d=159.4, 137.1, 135.2, 129.6, 129.4,
113.9, 78.1, 74.0, 73.2, 71.9, 70.2, 65.5, 64.0, 55.3, 52.0, 40.7, 36.5, 32.7,
30.5, 25.7, 22.2, 18.0 ppm; IR (neat): ñ=3409, 2937, 2875, 1614, 1520,
1457, 1390, 1374, 1251, 1174, 1155, 1063, 1040, 872, 822 cm�1; HRMS
(MALDI-FTMS): m/z calcd for C24H35BrO5 [M+Na]+ : 505.1560; found:
505.1588.


Compound 26b : Ring-closing metathesis of diene 24b (130 mg,
0.212 mmol) was performed as described for 23a, in this case by using
the second-generation Grubbs catalyst (B in Scheme 5; 27 mg,
0.030 mmol) in CH2Cl2 (35 mL) to afford, after purification, silylated oxe-
pene (112 mg, 90%) as a pale yellow oil. TBAF (1m solution in THF,
0.11 mL, 0.11 mmol) was added to a solution of the silylated oxepene
(55.6 mg, 0.095 mmol) in THF (0.16 mL) at 25 8C. After 2 h of stirring,
the reaction mixture was partitioned between a saturated ammonium
chloride solution and ethyl acetate. The organic phase was separated, the
aqueous phase was washed with EtOAc (2î10 mL), and the combined
organic extracts were washed successively with water and brine, dried
over Na2SO4 and concentrated in vacuo. Flash column chromatography
on the crude mixture (hexanes/EtOAc 7:3) afforded pure 26b (29.7 mg,
90%), as a pale yellow oil. Rf=0.65 (hexanes/EtOAc 6:4); [a]20


D =++3.5
(c=1.2 in CHCl3);


1H NMR (250 MHz, CDCl3): d=5.61 (d, 3J(H,H)=
8.1 Hz, 1H; -C=CH-), 4.50 (br s, 1H; -O�CH�CH(OH)-), 3.95±3.72 (m,
3H; -CH(Br)-, -CH2OH), 3.61 (ddd, 3J(H,H)=3.9 Hz, 3J(H,H)=10.2 Hz,
3J(H,H)=10.5 Hz, 1H; -CH(OH)-), 2.73 (d, 3J(H,H)=10.3 Hz, 1H;
-CH(OH)-), 2.59 (d, 3J(H,H)=10.4 Hz, 1H; -CH2OH), 2.39±2.22 (m, 2H;
-CHaHbCH=C-, -CHaHbCH(Br)-), 2.21±1.94 (m, 2H; -CHaHbCH=C-,
CHaHbCH(Br)-), 1.85 (ddd, 2J(H,H)=12.9 Hz, 3J(H,H)=12.9 Hz,
3J(H,H)=4.3 Hz, 1H; -CHaxHeq-C(CH3)O-), 1.72 (d, 3J(H,H)=10.2 Hz,
1H; -C(CH3)2-CH-), 1.62 (br s, 3H; -CH=C-CH3), 1.49 (ddd, 2J(H,H)=
12.9 Hz, 3J(H,H)=3.4 Hz, 3J(H,H)=3.4 Hz, 1H; -CHaxHeq�C(CH3)O-),
1.27 (s, 3H; -C(CH3)�O-), 1.11 (s, 3H; -C(CH3)eq(CH3)ax), 0.89 ppm (s,
3H; -C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz, CDCl3): d=135.1, 129.9,
78.1, 76.1, 70.1, 65.7, 63.3, 53.3, 40.7, 36.4, 32.7, 30.6, 25.3, 22.5, 20.8,
18.1 ppm; IR (neat): ñ=3397, 2972, 2947, 2923, 2874, 1464, 1456, 1386,
1377, 1151, 1056, 1030, 768, 703, 692 cm�1; HRMS (MALDI-FTMS): m/z
calcd for C16H27BrO3 [M+Na]+ : 369.1036; found: 369.1038.


Compound epi-26a : Ring-closing metathesis of epi-24a (14 mg,
0.027 mmol), prepared from alcohol 4 and ent-22a (see procedure for
24a), was performed according to the procedure described for 26a, in
this case by using the second-generation Grubbs catalyst (B in Scheme 5;
3.4 mg, 0.004 mmol) in CH2Cl2 (4.5 mL) to afford, after purification, oxe-
pene epi-26a (10 mg, 76%) as a yellow oil. Rf=0.11 (hexanes/EtOAc
7:3); [a]20


D =++52.0 (c=0.2 in CHCl3);
1H NMR (250 MHz, CDCl3): d=


7.24 (d, 3J(H,H)=8.6 Hz, 2H; ArH), 6.88 (d, 3J(H,H)=8.6 Hz, 2H;
ArH), 6.07 (t, 3J(H,H)=6.3 Hz, 1H; -CH=C-), 4.51 (br s, 1H; -O�CH�
CH(OH)-), 4.46 (d, 2J(H,H)=11.2 Hz, 1H; -O�CHaHb�Ar), 4.38 (d,
2J(H,H)=11.2 Hz, 1H; -O�CHaHb�Ar), 4.25 (d, 2J(H,H)=11.5 Hz, 1H;
-CH=C�CHaHb�O-), 3.86 (m, 1H; -CH(OH)-), 3.94 (dd, 3J(H,H)=
4.8 Hz, 3J(H,H)=11.9 Hz, 1H; -CH(Br)-), 3.84 (d, 2J(H,H)=11.5 Hz,
1H; -CH=C�CHaHb�O-), 3.80 (s, 3H; CH3O�Ar-), 3.69 (m, 2H;
-CH2OH), 2.59±1.93 (m, 4H; -CH2�CH=C-, -CH2�CH(Br)-), 1.69 (ddd,
2J(H,H)=13.0 Hz, 3J(H,H)=3.7 Hz, 3J(H,H)=3.7 Hz, 1H; -CHaxHeq�
C(CH3)O-), 1.59 (m, 1H; -C(CH3)2�CH-), 1.51 (ddd, 2J(H,H)=13.0 Hz,
3J(H,H)=13.0 Hz, 3J(H,H)=3.4 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.38 (s,
3H; -(CH3)C�O-), 1.11 (s, 3H; -C(CH3)eq(CH3)ax), 0.89 ppm (s, 3H;
-C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz, CDCl3): d=139.2, 137.2, 129.7,
129.0, 114.0, 79.3, 73.5, 72.6, 71.8, 70.3, 66.5, 64.3, 55.3, 54.4, 42.5, 40.2,
32.1, 30.0, 26.0, 18.9, 17.3 ppm; IR (neat): ñ=3374, 2959, 2926, 2857,


2121, 1612, 1514, 1464, 1249, 1078, 1038, 756 cm�1; HRMS (MALDI-
FTMS): m/z calcd for C24H35BrO5 [M+Na]+ : 505.1560; found: 505.1564.


Synthesis of alcohols 27a and 27b :


Compound 27a : NaIO4 (24 mg, 0.112 mmol) was added to a solution of
diol 26a (9 mg, 0.019 mmol) in a mixture of MeOH/H2O 2:1 (1.5 mL) at
25 8C. After 20 min of stirring the reaction mixture was cooled at 0 8C
and NaBH4 (10 mg, 0.3 mmol) was added. Stirring was continued for 1 h.
A saturated aqueous solution of NH4Cl (5 mL) was then added and the
mixture was extracted with EtOAc (2î5 mL). The combined organic ex-
tracts were washed successively with water and brine, dried over Na2SO4,
and concentrated in vacuo. Flash column chromatography of the crude
mixture (silica gel, hexanes/EtOAc 7:3) afforded pure alcohol 27a
(6.5 mg, 75%) as a pale yellow oil. Rf=0.46 (hexanes/EtOAc 6:4); [a]20


D =


�1.4 (c=2.0 in CHCl3);
1H NMR (250 MHz, CDCl3): d=7.24 (d,


3J(H,H)=8.6 Hz, 2H; ArH), 6.87 (d, 3J(H,H)=8.6 Hz, 2H; ArH), 5.85
(d, 3J(H,H)=7.9 Hz, 1H; -C=CH-), 4.43 (br s, 1H; -O�CH�CH2OH),
4.39 (s, 2H; ArCH2�O-), 3.97 (d, 2J(H,H)=11.2 Hz, 1H; -CHaHbO-
CH2OPMB), 3.88 (dd, 3J(H,H)=4.8 Hz, 3J(H,H)=12.5 Hz, 1H;
-CH(Br)-), 3.80 (br s, m, 4H; CH3OAr, -CHaHbOH), 3.76 (d, 2J(H,H)=
11.2 Hz, 1H; -CHaHbOCH2OPMB), 3.62 (dd, 2J(H,H)=10.9 Hz,
3J(H,H)=6.8 Hz, 1H; -CHaHbOH), 2.27±2.01 (m, 2H; -CH2CH=C-),
2.45±2.28 (m, 2H; -CH2CH(Br)-), 1.79 (ddd, 2J(H,H)=13.2 Hz,
3J(H,H)=13.2 Hz, 3J(H,H)=3.8 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.87 (d,
3J(H,H)=9.7 Hz, 1H; C(CH3)2-CH-), 1.50 (ddd, 2J(H,H)=13.2 Hz,
3J(H,H)=3.4 Hz, 3J(H,H)=3.4 Hz, 1H; -CHaxHeq-C(CH3)O-), 1.29 (s,
3H; -C(CH3)-O-), 1.12 (s, 3H; -C(CH3)eq(CH3)ax), 0.90 ppm (s, 3H;
-C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz, CDCl3): d=159.3, 137.3, 133.8,
129.9, 129.5, 113.8, 77.6, 72.8, 72.0, 70.1, 65.8, 63.4, 55.2, 52.1, 40.7, 36.8,
32.7, 30.5, 25.8, 22.1, 18.0 ppm; IR (neat): ñ=3464, 2952, 2926, 2855,
1612, 1515, 1464, 1249, 1174, 1152, 1065, 1036, 821, 759, 701 cm�1; HRMS
(MALDI-FTMS): m/z calcd for C23H33BrO4 [M+Na]+ : 475.1454; found:
475.1458.


Compound 27b : The above procedure was followed with diol 26b
(11.7 mg, 0.034 mmol), NaIO4 (43.2 mg, 0.202 mmol), NaBH4 (15.5 mg,
0.408 mmol), in MeOH (1.8 mL) and H2O (0.9 mL). Alcohol 27b was iso-
lated as pale yellow oil (9.7 mg, 90%). Rf=0.65 (hexanes/EtOAc 6:4);
[a]20


D =�0.8 (c=1.0 in CHCl3);
1H NMR (250 MHz, CDCl3): d=5.56 (d,


3J(H,H)=8.2 Hz, 1H; -C=CH-), 4.36 (br s, 1H; -O�CH�CH2OH), 3.91
(dd, 3J(H,H)=4.8 Hz, 3J(H,H)=12.7 Hz, 1H; -CH(Br)-), 3.72 (m, 1H;
-CHaHbOH), 3.52 (dd, 2J(H,H)=11.2 Hz, 3J(H,H)=8.8 Hz, 1H; -CHaHb-
OH), 2.40±2.19 (m, 2H; -CH2CH(Br)-), 2.19±2.00 (m, 2H; -CH2CH=C-),
1.85 (d, 3J(H,H)=10.0 Hz, 1H; -C(CH3)2�CH-), 1.82 (ddd, 2J(H,H)=
13.2 Hz, 3J(H,H)=13.2 Hz, 3J(H,H)=5.2 Hz, 1H; -CHaxHeq�C(CH3)O-),
1.61 (br s, 3H; -CH=C(CH3)-), 1.51 (ddd, 2J(H,H)=13.2 Hz, 3J(H,H)=
3.5 Hz, 3J(H,H)=3.5 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.31 (s, 3H;
-C(CH3)�O-), 1.13 (s, 3H; -C(CH3)eq(CH3)ax), 0.91 ppm (s, 3H;
-C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz, CDCl3): d=135.8, 128.6, 77.7,
71.3, 66.1, 63.5, 52.7, 40.7, 37.0, 32.8, 30.6, 25.8, 22.2, 19.9, 18.0 ppm; IR
(neat): ñ=3476, 2977, 2947, 2871, 1468, 1453, 1384, 1225, 1154, 1064,
1030, 965, 871, 770, 703, 627, 582 cm�1; HRMS (MALDI-FTMS): m/z
calcd for C15H25BrO2 [M+Na]+ : 339.0930; found: 339.0942.


Synthesis of (+)-Palisadin B (28): Pyridine (3.5 mL, 0.044 mmol) and TsCl
(7.1 mg, 0.037 mmol) were added to a solution of alcohol 27b (9.1 mg,
0.029 mmol) in dry CH2Cl2 (0.1 mL) at 25 8C under argon. After 12 h of
stirring, a saturated ammonium chloride solution (5 mL) was added. The
reaction was extracted with ethyl acetate (2î5 mL) and the combined or-
ganic extracts were washed successively with water and brine dried over
Na2SO4 and concentrated in vacuo. Flash column chromatography of the
crude mixture (silica gel, hexanes/EtOAc 8:2) afforded the pure tosylated
form of alcohol 27b (12.3 mg, 90%) as a pale yellow oil. Rf=0.4 (hex-
anes/EtOAc 8:2); [a]20


D =++40.4 (c=1.1 in CHCl3);
1H NMR (250 MHz,


CDCl3): d=7.79 (d, 3J(H,H)=8.4 Hz, 2H; ArH), 7.33 (d, 3J(H,H)=
8.4 Hz, 2H; ArH), 5.53 (d, 3J(H,H)=7.8 Hz, 1H; -C=CH-), 4.51 (br s,
1H; -O�CH�CH2OTs), 4.28 (dd, 2J(H,H)=10.4 Hz, 3J(H,H)=3.0 Hz,
1H; -CHaHb�OTs-), 3.92 (dd, 2J(H,H)=10.4 Hz, 3J(H,H)=8.6 Hz, 1H;
-CHaHbOTs-) 3.86 (dd, 3J(H,H)=5.2 Hz, 3J(H,H)=12.9 Hz, 1H;
-CH(Br)-), 2.44 (s, 3H; CH3�Ar-), 2.31±2.15 (m, 2H; -CH2CH(Br)-),
2.15±1.97 (m, 2H; -CH2CH=C-), 1.75 (d, 3J (H,H)=9.6 Hz, 1H;
-C(CH3)2�CH-), 1.69 (ddd, 2J (H,H)=12.9 Hz, 3J(H,H)=12.9 Hz,
3J(H,H)=4.8 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.59 (br s, 3H; -CH=


C(CH3)-), 1.44 (ddd, 2J(H,H)=12.9 Hz, 3J(H,H)=3.5 Hz, 3J(H,H)=
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3.5 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.16 (s, 3H; -C(CH3)�O-), 1.10 (s,
3H; -C(CH3)eq(CH3)ax), 0.87 ppm (s, 3H; -C(CH3)eq(CH3)ax);


13C NMR
(62.5 MHz, CDCl3): d=144.7, 134.5, 130.0, 129.7, 129.6, 128.0, 77.6, 71.2,
68.6, 66.1, 52.3, 40.7, 36.4, 32.8, 30.6, 25.9, 21.8, 21.6, 20.5, 17.9 ppm; IR
(neat): ñ=2953, 2918, 2849, 1599, 1454, 1445, 1362, 1189, 1176, 1151,
1098, 1085, 984, 759, 669, 555, 571 cm�1; HRMS (MALDI-FTMS): m/z
calcd for C22H31BrO4S [M+Na]+ : 493.1018; found: 493.1031.


The above tosylated alcohol (11.0 mg, 0.023 mmol), was dissolved in
HMPA (70 mL), and LiBr (10 mg, 0.12 mmol), was added. The reaction
mixture was stirred at 40 8C, under argon, for 16 h. A saturated aqueous
solution of sodium bicarbonate (10 mL) was added to the warm solution
and the mixture was extracted with ethyl acetate (2î10 mL). The com-
bined organic extracts were washed successively with water and brine,
dried over Na2SO4, and concentrated in vacuo. Subjection of the crude
mixture to flash column chromatography (silica gel, hexanes/EtOAc
95:5) afforded pure (+)-Palisadin B (28) as a pale yellow oil (6.5 mg,
75%). Rf=0.67 (hexanes/EtOAc 9:1); [a]20


D =++6.5 (c=0.4 in CHCl3),
(lit. :[4b] [a]D=++8.8 (c=1.3 in CHCl3));


1H NMR (250 MHz, CDCl3): d=
5.61 (d, 3J(H,H)=7.8 Hz, 1H; -C=CH-), 4.49 (br s, 1H; -O�CH�CH2Br),
3.91 (dd, 3J(H,H)=5.2 Hz, 3J(H,H)=12.9 Hz, 1H; -CH(Br)-), 3.69 (dd,
2J(H,H)=10.4 Hz, 3J(H,H)=2.6 Hz, 1H; -CHaHbBr), 3.37 (dd, 2J(H,H)=
10.4 Hz, 3J(H,H)=8.6 Hz, 1H; -CHaHbBr), 2.42±2.22 (m, 2H; -CHa-
HbCH(Br)-, -CHaHbCH=C-), 2.21±1.94 (m, 2H; -CHaHbCH(Br)-,
-CHaHbCH=C-), 1.80 (ddd, 2J(H,H)=12.9 Hz, 3J(H,H)=12.9 Hz,
3J(H,H)=4.4 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.77 (d, 3J(H,H)=9.7 Hz,
1H; -C(CH3)2�CH-), 1.69 (br s, 3H; -CH=C(CH3)-), 1.65 (ddd, 2J(H,H)=
12.9 Hz, 3J(H,H)=3.5 Hz, 3J(H,H)=3.5 Hz, 1H; -CHaxHeq�C(CH3)O-),
1.30 (s, 3H; -C(CH3)�O-), 1.12 (s, 3H; -C(CH3)eq(CH3)ax), 0.90 ppm (s,
3H; -C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz, CDCl3): d=136.1, 129.4,
77.5, 70.7, 66.3, 52.8, 40.8, 36.7, 36.2, 32.9, 30.7, 25.9, 22.0, 21.0, 18.0 ppm;
IR (neat): ñ=2971, 2924, 2859, 1455, 1386, 1374, 1155, 1086, 1055, 865,
769, 672 cm�1; HRMS (EI): m/z calcd for C15H24Br2O2, [M+H]+ :
380.0350; found: 380.0190.


Synthesis of bromide 29 : Alcohol 26a (11 mg, 0.025 mmol) was tosylated
following the procedure described for 26b, in this case by using TsCl
(6.1 mg, 0.032 mmol) and pyridine (3 mL, 0.038 mmol) in dry CH2Cl2
(0.11 mL). Tosylated form of alcohol 26b was isolated as a pale yellow
oil (13 mg, 85%). Rf=0.23 (hexanes/EtOAc 7:3); [a]20


D =++13.6 (c=0.5 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=7.76 (d, 3J(H,H)=8.6 Hz, 2H;
-SO2�ArH), 7.30 (d, 3J(H,H)=8.6 Hz, 2H; -SO2�ArH), 7.19 (d,
3J(H,H)=8.6 Hz, 2H; CH3OArH), 6.87 (d, 3J(H,H)=8.6 Hz, 2H;
CH3OArH), 5.79 (d, 3J(H,H)=7.5 Hz, 1H; -C=CH-), 4.58 (br s, 1H; -O�
CH�CH2OSO2-), 4.41 (dd, 2J(H,H)=10.5 Hz, 3J(H,H)=2.8 Hz, 1H;
-CHaHbOSO2-), 4.34 (d, 2J(H,H)=11.2 Hz, 1H; -CHaHbOArOCH3), 4.27
(d, 2J(H,H)=11.2 Hz, 1H; -CHaHbOArOCH3), 4.03 (dd, 2J(H,H)=
10.5 Hz, 3J(H,H)=8.6 Hz, 1H; -CHaHbOSO2-), 3.85 (dd, 3J(H,H)=
4.7 Hz, 3J(H,H)=12.5 Hz, 1H; -CH(Br)-), 3.82 (s, 3H; CH3OAr), 3.80 (d,
2J(H,H)=10.7 Hz, 1H; -CHaHb-OPMB), 3.74 (d, 2J(H,H)=10.7 Hz, 1H;
-CHaHbOPMB), 2.43 (s, 3H; CH3�ArSO2-), 2.34±2.18 (m, 2H;
-CH2CH(Br)-), 2.18±1.96 (m, 2H; -CH2CH=C-), 1.76 (d, 3J(H,H)=
9.8 Hz, 1H; C(CH3)2�CH-), 1.67 (ddd, 2J(H,H)=12.9 Hz, 3J(H,H)=
12.9 Hz, 3J(H,H)=3.8 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.44 (ddd,
2J(H,H)=12.9 Hz, 3J(H,H)=3.5 Hz, 3J(H,H)=3.5 Hz, 1H; -CHaxHeq-
C(CH3)O-), 1.16 (s, 3H; -C(CH3)-O-), 1.09 (s, 3H; -C(CH3)eq(CH3)ax),
0.87 ppm (s, 3H; -C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz, CDCl3): d=


159.3, 144.5, 136.0, 134.6, 133.3, 129.8, 129.5, 128.0, 113.9, 77.2, 72.7, 71.3,
67.7, 65.9, 55.3, 51.8, 40.7, 36.2, 32.7, 30.6, 25.9, 21.7, 21.6, 17.9 ppm; IR
(neat): ñ=2950, 2862, 1614, 1589, 1514, 1464, 1361, 1248, 1177, 976, 818,
665, 554 cm�1; HRMS (MALDI-FTMS): m/z calcd for C30H39BrO6S
[M+Na]+ : 629.1543; found: 629.1551.


The above tosylate (5.5 mg, 0.009 mmol) was brominated following the
procedure described for the synthesis of (+)-Palisadin B, in this case by
using anhydrous LiBr (3.7 mg, 0.043 mmol) in HMPA (30 mL) at 50 8C
for 20 h. Subjection of the crude mixture to flash column chromatogra-
phy (silica gel, hexanes/EtOAc 9:1) afforded pure bromide 29 (3.7 mg,
80%) as a yellow oil. Rf=0.62 (hexanes/EtOAc 8:2); [a]20


D =�1.1 (c=0.4
in CHCl3);


1H NMR (250 MHz, CDCl3): d=7.23 (d, 3J(H,H)=8.6 Hz,
2H; CH3OArH), 6.89 (d, 3J(H,H)=8.6 Hz, 2H; CH3OArH), 5.85 (d,
3J(H,H)=7.5 Hz, 1H; -C=CH-), 4.56 (br s, 1H; -O-CH-CH2Br), 4.41 (d,
2J(H,H)=11.5 Hz, 1H; -CHaHbOPMB), 4.38 (br s, 2H; CH2OAr), 3.88
(dd, 3J(H,H)=4.8 Hz, 3J(H,H)=12.8 Hz, 1H; -CH(Br)-), 3.81 (s, 3H;


CH3O�Ar), 3.80 (dd, 2J(H,H)=10.4 Hz, 3J(H,H)=2.8 Hz, 1H;
-CHaHbBr), 3.79 (d, 2J(H,H)=11.5 Hz, 1H; -CHaHbOPMB), 3.42 (dd,
2J(H,H)=10.4 Hz, 3J(H,H)=8.5 Hz, 1H; -CHaHbBr), 2.46±2.22 (m, 2H;
-CH2CH(Br)-), 2.21±2.00 (m, 2H; -CH2CH=C-), 1.78 (d, 3J(H,H)=
9.4 Hz, 1H; -C(CH3)2-CH-), 1.77 (ddd, 2J(H,H)=12.5 Hz, 3J(H,H)=
12.5 Hz, 3J(H,H)=3.8 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.64 (ddd,
2J(H,H)=12.5 Hz, 3J(H,H)=3.5 Hz, 3J(H,H)=3.5 Hz, 1H; -CHaxHeq-
C(CH3)O-), 1.29 (s, 3H; -C(CH3)-O-), 1.12 (s, 3H; -C(CH3)eq(CH3)ax),
0.90 ppm (s, 3H; -C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz, CDCl3): d=


159.4, 137.7, 129.5, 113.9, 77.5, 73.2, 71.9, 69.6, 66.1, 55.3, 52.3, 40.8, 36.6,
35.9, 32.9, 30.6, 25.9, 22.0, 18.0 ppm; IR (neat): ñ=2957, 2925, 2852, 1616,
1589, 1514, 1463, 1455, 1440, 1386, 1248, 1172, 1153, 1053, 1037, 827, 759,
668 cm�1; HRMS (MALDI-FTMS): m/z calcd for C23H32Br2O3 [M+Na]+ :
537.0610; found: 537.0603.


Synthesis of (+)-12-hydroxy-Palisadin B (30): 2,3-Dicloro-5,6-dicyano-
1,4-benzoquinone (DDQ; 5.9 mg, 0.026 mmol) was added to a solution of
bromide 29 (6.6 mg, 0.013 mmol) in a mixture of CH2Cl2/H2O 10:1
(0.1 mL) at 25 8C. After 30 min of vigorous stirring, a saturated solution
of sodium bicarbonate (5 mL) was added. The reaction was extracted
with EtOAc (2î5 mL) and the combined organic extracts were washed
successively with water and brine, dried over Na2SO4, and concentrated
in vacuo. Flash column chromatography of the crude mixture (silica gel,
hexanes/EtOAc 9:1) afforded pure (+)-12-hydroxy-Palisadin B (30)
(4.0 mg, 78%) as a yellow oil. Rf=0.28 (hexanes/EtOAc 8:2); [a]20


D =


+17.0 (c=0.28 in CHCl3) (lit. :[4b] [a]D=++19.7 (c=0.4 in CHCl3));
1H NMR (250 MHz, CDCl3): d=5.88 (d, 3J(H,H)=7.8 Hz, 1H; -C=CH-),
4.66 (br s, 1H; -O�CH-CH2Br), 4.20 (d, 2J(H,H)=12.8 Hz, 1H; -CHaHb-
OH), 4.00 (d, 2J(H,H)=12.8 Hz, 1H; -CHaHbOH), 3.90 (dd, 3J(H,H)=
4.8 Hz, 3J(H,H)=11.9 Hz, 1H; -CH(Br)-), 3.89 (dd, 2J(H,H)=10.4 Hz,
3J(H,H)=2.6 Hz, 1H; -CHaHbBr), 3.49 (dd, 2J(H,H)=10.4 Hz, 3J(H,H)=
8.9 Hz, 1H; -CHaHbBr), 2.40±2.02 (m, 4H; -CH2CH(Br)-, -CH2CH=C-),
1.83 (ddd, 2J(H,H)=13.4 Hz, 3J(H,H)=13.4 Hz, 3J(H,H)=4.1 Hz, 1H;
-CHaxHeq�C(CH3)O-), 1.82 (d, 3J(H,H)=9.7 Hz, 1H; -C(CH3)2�CH-),
1.67 (ddd, 2J(H,H)=12.7 Hz, 3J(H,H)=3.7 Hz, 3J(H,H)=3.7 Hz, 1H;
-CHaxHeq�C(CH3)O-), 1.31 (s, 3H; -C(CH3)�O-), 1.13 (s, 3H;
-C(CH3)eq(CH3)ax), 0.91 ppm (s, 3H; -C(CH3)eq(CH3)ax);


13C NMR
(62.5 MHz, CDCl3): d=140.4, 133.2, 77.6, 69.5, 66.1, 66.0, 52.3, 40.8, 36.6,
35.8, 32.9, 30.7, 25.9, 22.0, 18.0 ppm; IR (neat): ñ=3411, 2973, 2951, 2928,
2874, 1468, 1390, 1377, 1151, 1090, 1054, 1000, 871, 759 cm�1; HRMS
(EI): m/z calcd for C15H24Br2O2 [M+Na]+ : 417.0035; found: 417.0036.


Synthesis of hydroxytosylate 31: DDQ (4.6 mg, 0.020 mmol) was added
to a solution of the tosylated form of alcohol 27a (5.5 mg, 0.009 mmol),
prepared as described in the synthesis of bromide 29, in a mixture of
CH2Cl2/H2O 10:1 (0.1 mL) at 25 8C. After 30 min of vigorous stirring, a
saturated solution of sodium bicarbonate (5 mL) was added. The reaction
mixture was extracted by ethyl acetate (2î5 mL), and the combined or-
ganic extracts were washed successively with water and brine, dried over
Na2SO4, and concentrated in vacuo. Flash chromatography to the crude
mixture (silica gel, hexanes/EtOAc 8:2) afforded pure 31 (3.7 mg, 80%)
as a yellow oil. Rf=0.22 (hexanes/EtOAc 8:2); [a]20


D =++26.0 (c=0.3 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=7.80 (d, 3J(H,H)=8.2 Hz, 2H;
-SO2�ArH), 7.33 (d, 3J(H,H)=8.2 Hz, 2H; -SO2�ArH), 5.82 (d,
3J(H,H)=7.8 Hz, 1H; -CH=C�CH2OH), 4.67 (br s, 1H; -O�CH�CH2�
OSO2-), 4.47 (dd, 2J(H,H)=10.2 Hz, 3J(H,H)=2.9 Hz, 1H; -CHaHb�
OSO2-), 4.08 (dd, 2J(H,H)=10.2 Hz, 3J(H,H)=8.2 Hz 1H; -CHaHb�
OSO2-), 4.04 (d, 2J(H,H)=10.5 Hz, 1H; -CHaHb�OH), 3.93 (d, 2J(H,H)=
10.5 Hz, 1H; -CHaHb�OH), 3.87 (dd, 3J(H,H)=4.8 Hz, 3J(H,H)=
12.9 Hz, 1H; -CH(Br)-), 2.44 (s, 3H; CH3�ArSO2-), 2.36±2.00 (m, 4H;
-CH2CH(Br)-, -CH2CH=C-), 1.80 (d, 3J(H,H)=9.6 Hz, 1H; -C(CH3)2�
CH-), 1.72 (ddd, 2J(H,H)=13.5 Hz, 3J(H,H)=13.5 Hz, 3J(H,H)=4.8 Hz,
1H; -CHaxHeq�C(CH3)O-), 1.48 (ddd, 2J(H,H)=13.5 Hz, 3J(H,H)=
3.2 Hz, 3J(H,H)=3.2 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.19 (s, 3H;
-C(CH3)�O-), 1.10 (s, 3H; -C(CH3)eq(CH3)ax), 0.88 ppm (s, 3H;
-C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz, CDCl3): d=144.7, 138.8, 133.7,
129.7, 128.0, 77.7, 71.3, 68.0, 65.9, 65.5, 51.9, 40.7, 36.3, 32.7, 30.6, 25.9,
21.7, 21.6, 17.9 ppm; HRMS (MALDI-FTMS): m/z calcd for
C22H31BrO5S [M+Na]+ : 509.0968; found: 509.0977.


Synthesis of (+)-Palisadin A (32):


Method A : Tosylate 31 (8.0 mg, 0.016 mmol) was treated with a 10% sol-
ution of anhydrous potassium carbonate in dry MeOH (1 mL) for 30 min
at 25 8C. The reaction mixture was then partitioned between EtOAc
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(5 mL) and water (5 mL). After separation of the organic phase, the
aqueous phase was washed with ethyl acetate (2î5 mL), and the com-
bined organic extracts were washed successively with water and brine,
dried over Na2SO4, and concentrated in vacuo. Subjection of the crude
mixture to flash chromatography (silica gel, hexanes/EtOAc 95:5) afford-
ed (+)-Palisadin A (32) (4.8 mg, 96%), as a pale yellow oil.


Method B : The above procedure was followed, treating (+)-12-hydroxy-
Palisadin B (30) (5 mg, 0.013 mmol) with a 10% solution of anhydrous
potassium carbonate in dry MeOH (1 mL) for 30 min. (+)-Palisadin A
(32) was isolated as a pale yellow oil (3.9 mg, 95%). Rf=0.6 (hexanes/
EtOAc 8:2); [a]20


D =++15.7 (c=0.2 in CHCl3) (lit. :[4b] [a]D=++19.5, (c=1.5
in CHCl3));


1H NMR (250 MHz, CDCl3): d=5.55 (m, 1H; -CH=C-), 4.83
(br s, 1H; -O�CH�CH2�O-), 4.42 (d, 2J(H,H)=12.9 Hz, 1H; -CH=C�
CHaHb�O-), 4.34 (d, 2J(H,H)=12.9 Hz, 1H; -CH=C�CHaHb�O-), 4.07
(dd, 2J(H,H)=8.2 Hz, 3J(H,H)=8.2 Hz, 1H; -O-CH-CHaHb-O-), 3.96
(dd, 3J(H,H)=4.8 Hz, 3J(H,H)=12.7 Hz, 1H; -CH(Br)-), 3.44 (dd,
2J(H,H)=8.2 Hz, 3J(H,H)=8.2 Hz, 1H; -O�CH�CHaHb-), 2.45±2.01 (m,
5H; -C(CH3)2�CH-, -CH2CH(Br), -CH2CH=C-), 1.80 (ddd, 2J(H,H)=
13.0 Hz, 3J(H,H)=13.0 Hz, 3J(H,H)=4.4 Hz, 1H; -CHaxHeq�C(CH3)O-),
1.56 (ddd, 2J(H,H)=13.0 Hz, 3J(H,H)=3.3 Hz, 3J(H,H)=3.3 Hz, 1H;
-CHaxHeq�C(CH3)O-), 1.28 (s, 3H; -C(CH3)-O), 1.17 (s, 3H; -C(CH3)eq-
(CH3)ax), 0.94 ppm (s, 3H; -C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz,
CDCl3): d=141.9, 121.1, 78.0, 72.0, 71.0, 70.1, 66.3, 51.8, 41.0, 37.5, 32.7,
30.8, 26.3, 21.9, 18.0 ppm; IR (neat): ñ=2976, 2946, 2917, 2852, 1464,
1386, 1152, 1103, 1059, 918, 869, 768, 703, 624, 583 cm�1; HRMS (EI):
m/z calcd for C15H23BrO2 [M+Na]+ : 337.0077; found: 337.0077.


Synthesis of diol 33 : DDQ (47.7 mg, 0.21 mmol) was added to a solution
of alcohol 27a (9.4 mg, 0.021 mmol) in a mixture of CH2Cl2/H2O 10:1
(0.11 mL) at 25 8C. After 3 h of vigorous stirring, a saturated solution of
sodium bicarbonate (10 mL) was added. The reaction was extracted by
ethyl acetate (3î5 mL), and the combined organic extracts were washed
successively with water and brine, dried over Na2SO4, and concentrated
in vacuo. Flash chromatography of the crude mixture (silica gel, hexanes/
EtOAc 6:4) afforded pure diol 33 (5.3 mg, 76%), as a pale yellow oil.
Rf=0.16 (hexanes/EtOAc 6:4); [a]20


D =++5.0 (c=0.3 in CHCl3);
1H NMR


(250 MHz, CDCl3): d=5.90 (d, 3J(H,H)=7.8 Hz, 1H; -CH=C-), 4.48
(br s, 1H; -O�CH�CH2OH), 4.09 (d, 2J(H,H)=11.9 Hz, 1H; -CH=C�
CHaHbOH), 3.99 (d, 2J(H,H)=11.9 Hz, 1H; -CH=C�CHaHbOH), 3.90
(dd, 3J(H,H)=4.8 Hz, 3J(H,H)=12.5 Hz, 1H; -CH(Br)-), 3.84 (dd,
2J(H,H)=10.8 Hz, 3J(H,H)=3.4 Hz, 1H; -O�CH�CHaHbOH), 3.73 (dd,
2J(H,H)=10.8 Hz, 3J(H,H)=6.2 Hz, 1H; -O�CH�CHaHb�OH), 2.49±
2.08 (m, 4H; -CH2CH(Br)-, -CH2CH=C-), 1.88 (d, 3J(H,H)=9.7 Hz, 1H;
-C(CH3)2�CH-), 1.80 (ddd, 2J(H,H)=13.2 Hz, 3J(H,H)=13.3 Hz,
3J(H,H)=3.5 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.53 (ddd, 2J(H,H)=
13.2 Hz, 3J(H,H)=3.3 Hz, 3J(H,H)=3.3 Hz, 1H; -CHaxHeq�C(CH3)O-),
1.31 (s, 3H; -C(CH3)�O-), 1.14 (s, 3H; -C(CH3)eq(CH3)ax), 0.92 ppm (s,
3H; -C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz, CDCl3): d=140.0, 133.4,
77.7, 69.8, 65.8, 65.4, 63.9, 52.1, 40.7, 36.9, 32.7, 30.6, 25.9, 22.1, 18.0 ppm;
IR (neat): ñ=3384, 2956, 2927, 2876, 2857, 1466, 1386, 1373, 1263, 1220,
1153, 1066, 1055, 998, 758 cm�1; HRMS (MALDI-FTMS): m/z calcd for
C15H25BrO3 [M+Na]+ : 355.0879; found: 335.0880.


Synthesis of (�)-Aplysistatin (34):


Method A : Diol 33 (5 mg, 0.015 mmol) was dissolved in CH2Cl2 (0.1 mL),
and MnO2 (85%) (15 mg, 0.15 mmol) was added at 25 8C. After 2 h of
stirring, the reaction mixture was filtered through a short pad of Celite
and the filtrate was concentrated in vacuo. Flash column chromatography
(silica gel, hexanes/EtOAc 8:2) afforded (�)-Aplysistatin (34) (4.6 mg,
93%) as a white solid.


Method B : Pyridinium chlorochromate (PCC; 16 mg, 0.079 mmol) was
added to a solution of (+)-Palisadin A (32) (5 mg, 0.016 mmol) in dry
benzene (0.1 mL). The mixture was stirred for 48 h at 25 8C and filtered
through a short pad of Celite; the filtrate was concentrated in vacuo.
Flash column chromatography of the crude mixture (silica gel, hexanes/
EtOAc 8:2) afforded (�)-Aplysistatin (2.4 mg, 50%) as a white solid and
recovered (+)-Palisadin A (2 mg, 90%). Rf=0.67 (hexane-ethyl acetate
6:4); m.p.=157±1598 (lit. :[4e] 160±1618); [a]20


D =�27.5 (c=0.38 in MeOH)
(lit. :[4e] [a]D=�29, (c=0.030 in MeOH)); 1H NMR (250 MHz, CDCl3):
d=6.95 (m, 1H; -CH=C-), 5.14 (m, 1H; -O�CH�CH2�O-), 4.49 (dd,
2J(H,H)=8.9 Hz, 3J(H,H)=8.9 Hz, 1H; -O�CH�CHaHb�O-), 3.92 (dd,
3J(H,H)=4.5 Hz, 3J(H,H)=12.7 Hz, 1H; -CH(Br)-), 3.87 (dd, 2J(H,H)=


8.9 Hz, 3J(H,H)=7.0 Hz, 1H; -O�CH�CHaHb�O-), 2.60±2.51 (m, 2H;
-CH2CH=C-), 2.29 (dddd, 2J(H,H)=13.5 Hz, 3J(H,H)=4.1 Hz, 3J(H,H)=
4.1 Hz, 3J(H,H)=4.1 Hz, 1H; -CHaxHeq�CH(Br)-), 2.11 (dddd, 2J(H,H)=
13.5 Hz, 3J(H,H)=13.5 Hz, 3J(H,H)=13.5 Hz, 3J(H,H)=4.1 Hz, 1H;
-CHaxHeq�CH(Br)-), 2.05 (dd, 3J(H,H)=4.1 Hz, 3J(H,H)=7.8 Hz, 1H;
-C(CH3)2�CH-), 1.79 (ddd, 2J(H,H)=12.7 Hz, 3J(H,H)=12.7 Hz,
3J(H,H)=3.4 Hz, 1H; -CHaxHeq�C(CH3)O-), 1.62 (ddd, 2J(H,H)=
12.7 Hz, 3J(H,H)=3.7 Hz, 3J(H,H)=3.7 Hz, 1H; -CHaxHeq�C(CH3)O-),
1.29 (s, 3H; -C(CH3)�O-), 1.18 (s, 3H; -C(CH3)eq(CH3)ax), 0.96 ppm (s,
3H; -C(CH3)eq(CH3)ax);


13C NMR (62.5 MHz, CDCl3): d=169.2, 143.1,
131.9, 79.0, 69.9, 66.8, 65.1, 51.2, 41.0, 37.6, 32.4, 30.7, 27.2, 21.7,
18.0 ppm; IR (neat): ñ=2984, 2945, 2928, 1758, 1675, 1391, 1381, 1230,
1206, 1118, 1018, 998, 752, 708, 594 cm�1; HRMS (MALDI-FTMS): m/z
calcd for C15H21BrO3 [M+H]+ : 329.0747; found: 329.0756.
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