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Carbonyl-Substituted Titanocenes
In their Communication on page 4160 ff., A. Gans3uer, A.
Prokop et al., describe a general design principle for the
preparation of biologically active titanocenes. These carbon-
yl-substituted titanocenes constitute a novel class of com-
pounds resulting in exceptionally high levels of induction of
apoptosis in various tumor and leukemia cells. First in vivo
experiments demonstrate a significant inhibition in tumor
growth in SCID mice with human lymphomas.


Sequential CuAAC Chemistry
In their Full Paper on page 4168 ff. , J. R. Heath, J. F. Stod-
dart et al. describe how a sequence of copper(I)-catalyzed
azide–alkyne cycloaddition reactions is used to give an
amphiphilic [4]rotaxane by stitching together ten individual
building blocks in one-pot, the order of which is mediated
through silyl protecting groups.


Application of Trisoxazolines in Catalysis
The adaptability of the trisoxazoline ligands to various
types of metal centres, coordination geometries and enan-
tioselective catalytic transformations is now well estab-
lished. In their Concept article on page 4142 ff., L. H. Gade
and S. Bellemin-Laponnaz describe the application of such
complexes in asymmetric catalysis.
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Introduction


The development of catalysts for new chemical transforma-
tions or catalytic systems with improved performance for
known reactions is one of the key challenges of current
chemical research.[1] There is no universal approach to the
design and/or discovery of new molecular catalysts with im-
proved performance. Selectivity in catalytic transformations
is based on a selection process in a key step of the catalytic
cycle, and high selectivity may be obtained by “forcing” the
system into one specific reaction pathway. This provides the
challenge in the quest for new catalysts.
The exploitation of C3 chirality in the design of chiral ste-


reodirecting ligands for homogeneous catalytic transforma-
tions is currently the focus of considerable research efforts
and conceptual debate.[2–6] The use of highly symmetrical


stereodirecting ligands may reduce the number of transition
states and diastereomeric reaction intermediates and, in fa-
vourable cases, this degeneration of alternative reaction
pathways may lead to high stereoselectivity in catalytic reac-
tions and greatly simplifies the analysis of such transforma-
tions. The most frequently cited line of argument is based
on the homotopicity of the “reactive” coordination sites in
octahedral complexes representing intermediates in catalytic
cycles (Figure 1, top).[2a, 4b]


However, as has recently become apparent, a threefold
symmetrical chiral podand may generate a similar simplifi-
cation in the stereochemistry of key catalytic intermediates
for cases in which it only acts a bidentate ligand in the ste-
reoselectivity-determining step. This is the case for systems
in which chemical exchange between the different k2-coordi-
nated forms takes place and in which the non-coordinated
“sidearm” may play a direct or indirect role at some earlier
or later stage in the catalytic cycle. As is schematically
shown in Figure 1 (bottom), such an exchange represents an
equilibrium between identical species for a symmetrical
tripod rather than between isomeric complexes, as would be
the case for less symmetrical species.
In this concept article, we describe the way in which rota-


tional molecular symmetry, modularity and other aspects of
ligand design have played a role in the development of a
new class of stereodirecting ligands. Tris(oxazolinyl)ethanes
(“trisox”) have proved to be versatile ligand systems for the
development of enantioselective catalysts of the d- and f-
block metals employed in a range of catalytic conversions.


Abstract: Rotational molecular symmetry, modularity
and other aspects of ligand design have played a role in
the development of a new class of stereodirecting li-
gands. The use of highly symmetrical, stereodirecting li-
gands may reduce the number of transition states and
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transformations. In this concept article, we describe the
way in which these considerations have played a role in
the development of a new class of stereodirecting li-
gands. TrisACHTUNGTRENNUNG(oxazolinyl)ethanes (“trisox”) have proved to
be versatile ligand systems for the development of enan-
tioselective catalysts of the d- and f-block metals em-
ployed in a wide range of catalytic conversions. These
include Lewis acid catalysed transesterifications, C�C
and C�N coupling reactions, the catalytic polymeri-
sation of a-olefins as well as Pd-catalysed allylic alkyl-
ACHTUNGTRENNUNGations. An overview of the current state of this field is
given and the potential for further development will be
highlighted.


Keywords: asymmetric catalysis · chirality · threefold
symmetry · transition metals · trisoxazolines


[a] Prof. Dr. L. H. Gade
Anorganisch-Chemisches Institut, Universit@t Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
Fax.: (+49)6221-545609
E-mail : lutz.gade@uni-hd.de


[b] Dr. S. Bellemin-Laponnaz
Institut de Chimie, UniversitG Louis Pasteur
4 rue Blaise Pascal, 67000 Strasbourg (France)
E-mail : bellemin@chimie.u-strasbg.fr


Figure 1. “Static” k3-facial coordination of tripod ligands (top) and dy-
namic exchange of k2-chelating tripods coordinated to a complex frag-
ment (*) (bottom).


Chem. Eur. J. 2008, 14, 4142 – 4152 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4143


CONCEPTS



www.chemeurj.org





Designing Chiral Stereodirecting Ligands Based on
a Tripod Topology


The majority of stereodirecting ligands are chelates,[7] or sets
of monodentate ligands that arrange themselves to generate
essentially a similar active space as the chelates.[8] More
elaborate ligands include meridionally coordinating poly-
dentate ligands, such as “pincers”[9] or 2,2’-[1,2-ethanediyl-
bis(nitrilomethylidyne)]bisphenol dianion (salen) deriva-
tives.[10] All these are special cases of ligands with “podand”
topology[11] and generate active sites that are adapted to a
discrimination between two prochiral faces, atom positions,
and so forth.
This type of stereodiscrimination is less evident upon


going to podands possessing a bridging unit which coordi-
nate as tripods. Tripodal ligands are designed to bind facially
to a metal centre,[12] and in this case threefold rotational
symmetry represents the highly symmetrical reference
system adapted to this topology of ligation, in the same way
that C2 symmetry is related to simple chelation.
If this aspect of ligand symmetry is not the major focus,


tripods may be simply generated by a “sidearm” modifica-
tion of bidentate ligands: They will then be formally com-
posed of the stereodirecting unit and a modulating addition-
al ligating unit. A notable development is the coupling of
such an additional “sidearm” to the bridging carbon atoms
of bisoxazolines. Tang and co-workers have found that such
potentially tricoordinating ligands may provide Cu-based
Lewis acid catalysts that display a significantly improved
performance in comparison to the bisoxazoline reference
system.[13]


However, the role of the “sidearm” is not always
clear,[13,14] and a separation of the influence of the BOX-unit
and the third “ligand arm” is only meaningful if the metal–
ligand bonding of these components differs significantly. On
the other hand, upon going to C3-chiral tripods, all three
possible ligating units become equivalent, effectively giving
up the sidearm notion as discussed above. The evident prac-
tical implementation of this approach is the use of a sym-
metrical trisoxazoline.


Trisoxazolines


Oxazolines are nowadays essential ligands in asymmetric
catalysis and also important synthons for stereoselective syn-
thesis.[15] The success of the C2-symmetric bis(oxazolines)
(BOX) and pyridine–bis(oxazolines) (pybox) discovered in
the early 1990s has established them as a “privileged” class
of ligands.[16] In contrast, the development and application
of trisoxazolines lagged behind for a long time.
Katsuki and collaborators reported the first example of a


chiral trisoxazoline in 1995 (ligands 1 and 2).[17] The allylic
oxidation of alkenes (Karasch–Sosnovsky reaction) as well
as the enantioselective addition of diethylzinc to alde-
hydes[18] was examined giving promising results though ulti-


mately not surpassing the well-established C2-symmetric sys-
tems for these reactions.
Since the beginning of this decade, the trisoxazolines have


begun to be systematically employed in asymmetric cataly-
sis, chiral molecular recognition or self-assembly of supra-
molecular structures.[19] A trisoxazoline based on KempLs tri-
acid (3) was reported by Bolm and co-workers,[20] whilst
such systems with a benzene backbone (4) were reported by
Ahn and collaborators.[21] The latter were found to be very
selective for the recognition of a-chiral primary ammonium
ions as well as enantioselective catalysts for the Michael re-
action between methyl phenylacetate and methyl acrylate in
the presence of tBuOK.[21c]


Ligands 1–4 are not adapted to the facial coordination in
a deltahedral coordination sphere of a metal, due to the way
the oxazoline rings are arranged. However, the class of non-
C3-symmetrical trisoxazolines developed by TangLs group (5)
do in principle offer the possibility of this type of coordina-
tion,[13] although there is to date no crystallographically
characterised complex to firmly establish facial binding.
These trisoxazoline ligands have been successfully employed
in a range of highly enantioselective catalytic transforma-
tions.[19]


First Cyclisation and Then Assembly of the Ligand
Backbone: A Modular Synthesis of C3- and C1-
Chiral 1,1,1-TrisACHTUNGTRENNUNG(oxazolyl)ethanes (“trisox”)


1,1,1-TrisACHTUNGTRENNUNG(oxazolyl)methane or -ethane ligands provide a ge-
ometry of the metal binding site that is most adapted to
facial tripodal coordination of the metal centre. This is
thought to lead to a relatively rigid and well-defined coordi-
nation geometry. Such trisoxazoline ligands, first proposed
in the 1990s, proved to be elusive for a long time.[2] Their at-
tempted synthesis from methane- or ethanetris(carboxylate)
or -trinitrile precursors, or from bisoxazoline carboxalates or
nitriles led at best to bisoxazoline derivatives due to a kinet-
ically favoured decarboxylation step. Since trisoxazolines of
that type, generated by cyclisation at a common carbon
atom, were inaccessible, the evident alternative was to cy-
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clise first and then to assemble the three oxazoline rings in a
final step.
We therefore reverted to a strategy in which a readily ac-


cessible bis(oxazoline) derivative was coupled with a pre-
formed activated mono(oxazoline) ring. This was readily
achieved by reaction of the lithium salt of 1,1-bis(oxazoli-
nyl)ethane with 2-bromooxazoline[22] and allowed the high
yield access to chiral symmetrically substituted derivatives,
such as 1,1,1-tris{2-[(S)-4-isopropyl]oxazolinyl}ethane (A)
(Scheme 1). Additionally, the synthesis of tripods with


mixed substitution patterns (B–D, including the inversion of
chiral centres as in B) is achieved in excellent yields.[23] This
opened up the possibility to approach the synthesis of such
polydentate oxazolines in a modular way, including tripods
with mixed stereochemistry, that is, partially inverted chiral
centres as well as achiral oxazoline rings. We have prepared
a whole range of derivatives bearing aryl and alkyl substitu-
ents at the chiral centres of the oxazoline rings.[24]


A practical limitation of the [2+1] coupling of a lithiated
bisoxazoline with a 2-bromooxazoline is the synthesis of the
latter, which requires the brominating agent dibromotetra-
fluoroethane. This reagent is listed among the ozone-deplet-
ing freons, which limits its availability, and no truly satisfac-
tory replacement has been found to date. Another limitation
is the thermal instability of the bromoozazoline derivatives.


Over time, these undergo selective rearrangement to the
corresponding a-bromoisocyanates (Scheme 2), which are
interesting reagents in their own right.[25]


The Structural Non-Complementarity of Two
Homochiral Trisox Ligands in [M ACHTUNGTRENNUNG(trisox)2]


n+


Complexes: A Prerequisite for Potential Catalytic
Activity


A key feature of the trisox ligands is the fixed orientation of
the substituents at the chiral centre in the 4-position of the
oxazoline rings. This favours the formation of catalytically
active complexes even for substitutionally labile transition
metals that may readily undergo complex redistributions
(“dismutations”). The steric demand of the substituent
groups, as well as their orientation relative to the molecular
axis, render the formation of “homoleptic” [M ACHTUNGTRENNUNG(trisox)2]


n+


species unfavourable and thus stabilises a coordination
sphere that combines the stereodirecting tripod with up to
three remaining (“active”) coordination sites. This is the
case, provided that the enantiomerically pure C3-symmetric
ligands or the stereochemically “mixed” (C1-symmetric) de-
rivatives (enantiomerically pure or racemic) are em-
ployed.[24]


Possible combinations of trisox ligands representing the
different stereochemical possibilities are displayed in
Figure 2, specifically emphasizing the consequences of the
formation of potentially inactive [M ACHTUNGTRENNUNG(trisox)2]


n+ . Only for the
racemate (R,R,R + S,S,S) of the C3-chiral ligands is the for-
mation of such a symmetric hexacoordinate complex expect-
ed to be favoured (see bottom, first from the left). In such
meso-[M ACHTUNGTRENNUNG(trisox)2]


n+ complexes the orientation of the 4-oxa-
zoline substituents is complementary and avoids significant
repulsive interactions. In contrast, the combination of a ho-
mochiral pair of C3-trisox ligands at a single metal centre
will generate three repulsive interligand interactions
(Figure 2, bottom: second from the left) and is thus expect-
ed to be disfavoured. This is exactly the situation that would
be encountered in the application of the enantiopure C3-
chiral trisoxazolines in catalytic transformations![24] Unfav-
ourable interligand repulsion is also encountered in hetero-
or homochiral combinations of the mixed-configuration C1-
trisox derivatives as is indicated in the third and fourth ex-
ample at the bottom of Figure 2. This phenomenon has been
recently discussed by Takacs et al. in relation to C2-symmet-
ric complexes.[26]


The ability of trisox ligands to coordinate facially to tran-
sition metals and lanthanides has been established by X-ray


Scheme 1. Modular assembly of trisoxazoline ligands by reaction of the
metallated bisoxazolines with 2-bromooxazoline derivatives. This allows
for the synthesis of C3-chiral ligands (A), the inversion of one chiral
centre in an otherwise symmetrically substituted tripod (B), the combina-
tion of different chiral oxazoline rings (C) or the combination of chiral
and achiral oxazoline rings (D).


Scheme 2. Thermal rearrangement of 2-bromooxazolines to the corre-
sponding a-bromoisocyanates.
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diffraction. Provided the stereoelectronic properties of the
metal do not strongly favour other coordination geometries,
facial binding is observed and several examples (6–9) are
depicted here.[24] Divalent transition metal halides have the


tendency to form halide-bridged face-sharing bisoctahedral
complexes, which avoids the unfavourable formation of [M-
ACHTUNGTRENNUNG(trisox)2]


n+ species. The dinuclear complexes [M2ACHTUNGTRENNUNG(m-Cl3)(iPr-
trisox)2]ACHTUNGTRENNUNG(PF6) (M=FeII : 10, CoII: 11, NiII : 12), were prepared
from the respective metal dihalides (Scheme 3).
The way in which the stereoelectronic properties of the


transition metal govern the coordination patterns of these li-
gands is exemplified by the oxidation of the square-planar
RhI(d8) complex 13 in Scheme 4, in which the trisox ligand
is dicoordinate, to yield the d6 tribromorhodium ACHTUNGTRENNUNG(III) com-
plex 14, in which the podand ligand is symmetrically bound
to the metal centre.[24]


Whilst the trisox ligand in derivatives of both PdII and Pd0


(15 and 16, respectively, in Figure 3) has been found to be
dicoordinated both in solution and in the crystalline state,


with one dangling “ligand side
arm”, the presence and nature
of the third “ligand arm” ap-
pears to exert a strong influ-
ence upon their reactivity (vide
infra).[27]


A C3-Chiral Trisoxazoline
Zinc Complex as a


Functional Model for Zinc
Hydrolases


The role of the Zn2+ cation in
the reactive sites of many met-
alloenzymes is well estab-
lished.[28] It is normally found
adopting a tetrahedral coordi-
nation geometry and is at-
tached to the protein backbone


by three amino acid residues, the fourth coordination site
being occupied by a water molecule. In many of the zinc-
based peptidases a tris(histidine)zinc binding site acts as a
“tripodal ligand” for the metal ion.
Small molecular models mimicking this enzyme activity


have been extensively studied during the past decade. The
work on scorpionate and related tripod–Zn complexes, in
particular by Vahrenkamp and Parkin, has elucidated key
mechanistic features of Zn enzyme activity.[29] The trisox li-
gands may be viewed as models emulating both the tris(his-
tidine) binding sites and the chiral environment of the pro-
tein skeletal structure. This provided the opportunity of de-
veloping model compounds for hydrolases or transesterases
with the potential for stereoselective transformations normal-
ly only observed for the enzymatic system.
We found that the zinc triflate complex [Zn2ACHTUNGTRENNUNG(m-


O3SCF3)3(iPr-trisox)2] ACHTUNGTRENNUNG(O3SCF3) (17) (Figure 4) displays cata-
lytic activity in the transesterification of various phenyl
esters.[30] It showed modest but significant enantioselectivity
in the kinetic resolution of various phenyl ester derivatives
of N-protected amino acids by transesterification with meth-
anol (Table 1).
Upon going from the zinc triflato complex 17 to the tri-


fluoroacetate, an increase of the selectivity factor for all the
substrates has been observed, notable to 5.1 for entry 3 in
the Table 1.[30] A further increase in stereoselectivity has
been achieved with the Zn complexes bearing the tert-butyl-
substituted trisox ligand.


C3-Chirality in Polymerisation Catalysis with Rare
Earth Complexes


The efficient control of the tacticity and molecular weight
distribution in polymers by ligand design provides the base
for the success of Group 4 metallocene catalysis of a-ole-
fins.[31] Prior to our work, there was no report of the use of


Figure 2. Possible trisox-combinations in [M ACHTUNGTRENNUNG(trisox)2]
n+ complexes, demonstrating the non-complementarity of


two homochiral ligands in such species.
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C3-chiral stereodirecting ligands in polymerisation catalysis,
although they confer an element of molecular helicity to a
complex that is thought to be beneficial for face selection in
the key migratory insertion step.
The ubiquitous Group 4 metal catalysts aside, the focus


has recently shifted to the use of the Group 3 and lantha-
nide metals for olefin polymerisation catalysis.[32] The trialk-
yl complex [Sc(iPr-trisox) ACHTUNGTRENNUNG(CH2SiMe3)3] (18) was prepared
by reaction of the trialkyl precursor [ScACHTUNGTRENNUNG(CH2SiMe3)3ACHTUNGTRENNUNG(thf)2]
with an equimolar amount of iPr-trisox (Scheme 5).[33] Early
attempts to polymerise 1-hexene with in situ generated
[Sc(iPr-trisox) ACHTUNGTRENNUNG(CH2SiMe3)2][BACHTUNGTRENNUNG(C6F5)4] (19) suffered from low
activity (ca. 30 kgmol�1h�1) and somewhat variable reprodu-
cibility as far as tacticity control is concerned as well as bi-
modal molecular mass distributions. The latter indicated the
presence of at least two catalytically active species.
In view of OkudaLs previous suggestion that in certain


rare-earth polymerisation catalysts a dicationic species may
be involved,[34] we investigated the reaction of the trialkyl
complex with two equivalents of [Ph3C][B ACHTUNGTRENNUNG(C6F5)4], the prod-
uct of which was tentatively formulated the dicationic com-
plex [Sc(iPr-trisox) ACHTUNGTRENNUNG(CH2SiMe3)][B ACHTUNGTRENNUNG(C6F5)4]2 (20), although


this species has defied isolation
and complete characterisation
to date. This in situ generated
cationic complex was found to
be highly active for the poly-
merisation of 1-hexene and dis-
played good tacticity control.
Polymerisation studies were
carried out at various tempera-
tures and the activities and po-
lymer characteristics are pro-
vided in Table 2.[33]


The activity of
36200 kgmol�1h�1 (Table 2) is
comparable to the extremely
high activities reported for zir-
conium–amine–bis(phenoxide)
complexes.[35] Upon reducing
the polymerisation tempera-
ture to �30 8C, the activity
dropped to 2030 kgmol�1h�1;
however, at this temperature


Scheme 3. Synthesis of the dinuclear complexes [M2 ACHTUNGTRENNUNG(m-Cl)3(iPr-trisox)2]
+ (M=Fe: 10, Co: 11, Ni: 12).


Scheme 4. Reaction (oxidative addition) of the square-planar [Rh(iPr-
trisox)ACHTUNGTRENNUNG(COD)]+


ACHTUNGTRENNUNG[BF4]
� (13) with CsBr3 giving the octahedral complex


[RhBr3(iPr-trisox)] (14).


Figure 3. Molecular structures of [Pd(Ph-trisox)ACHTUNGTRENNUNG(h3-allyl)]+ (15 ; top) and
[Pd(iPr-trisox)(ma)] (16, ma=maleic anhydride; bottom).
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the poly ACHTUNGTRENNUNG(1-hexene) produced was highly isotactic (mmmm=


90% by 13C{1H} NMR spectroscopy). GPC analysis of the
polymer obtained under these conditions established a very
narrow monomodal molecular mass distribution with MW=


750000 and a PDI of 1.18, indicating that the isoselective
catalytic polymerisation carried out at low temperature
shows living-type behaviour.
Given these early results obtained with the scandium


complex [Sc(iPr-trisox)ACHTUNGTRENNUNG(CH2SiMe3)3], we continued our in-
vestigations with yttrium and the lanthanides in order of in-
creasing ionic radius. The syntheses of the [Ln(iPr-trisox)-
ACHTUNGTRENNUNG(CH2SiMe3)3] complexes were performed for the metals
ranging from lutetium to dysprosium (Figure 5).[36] Although


the iPr-trisox ligand readily adapts to a wide range of ionic
radii, we were unable to successfully prepare complexes
with the lanthanides preceding dysprosium, possibly owing
to the decreased stability of lanthanide alkyl complexes as
the ionic radius increases.[36b]


The polymerisation of n-hexene, n-heptene and n-octene
was carried out at �5 8C to avoid catalyst decomposition. In
all cases polyolefins with Mw/Mn values of between 1.58 and
2.08 were obtained and isotacticities of 80–95% determined
by 13C NMR spectroscopy (Figure6).[36b] Interestingly, the


Figure 4. Molecular structure of [Zn2ACHTUNGTRENNUNG(m-O3SCF3)3(iPr-trisox)2]
+ in 17.


Table 1. Partial kinetic resolution of activated aminoacid esters by ste-
reoselective, trisox–Zn-catalysed transesterification.[a]


Entry Substrate Selectivity factor
ZnACHTUNGTRENNUNG(OTf)2 ZnOAc2 ZnACHTUNGTRENNUNG(OCOCF3)2


1 1.8 3.5 3.8


2 1.3 2.7 3.0


3 2.0 4.5 5.1


4 1.8 2.6 4.3


[a] All reactions were performed in CH2Cl2 at room temperature in the
presence of 10 mol% of zinc precursor/iPr-trisox for 2–3 days.


Scheme 5. Synthesis of the Sc complex of [Sc(iPr-trisox) ACHTUNGTRENNUNG(CH2SiMe3)3]
(18) and its conversion to the mono (19) and (possibly) dicationic (20)
catalysts by alkyl abstraction


Table 2. 1-Hexene polymerisation data for the highly active catalyst gen-
erated by abstraction of two alkyl groups from [Sc(iPr-trisox)-
ACHTUNGTRENNUNG(CH2SiMe3)3] (18) with two molar equivalents of [Ph3C][B ACHTUNGTRENNUNG(C6F5)4].


T [8C] Reaction
time [min]


Yield [g] Activity
ACHTUNGTRENNUNG[kgmol[Sc]�1h�1]


Mw Mw/Mn


�30 3 1.01 2030 750000 1.18
�20 1.5 1.90 7600 552000 1.87
0 1 2.18 13080 354000 2.36
21 0.5 3.02 36230 227000 2.22


Figure 5. Molecular structure of [Tm(iPr-trisox) ACHTUNGTRENNUNG(CH2SiMe3)3].
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polymerisation activity increases from lutetium to thulium,
and then subsequently decreases with increasing ionic radius
of the metal. However, none of the activities are compara-
ble to those observed with the scandium congener [Sc(iPr-
trisox) ACHTUNGTRENNUNG(CH2SiMe3)3] described above.


[33]


Trisox as a Bidentate Ligand (Part 1): Exploiting
C3-Symmetry in the Dynamic Coordination of a
Chiral Trisoxazoline in Copper(II) Lewis Acid


Catalysis


The discussion of catalyst symmetry in connection with ste-
reodirecting podands has mainly focused on static models of
the complexes.[2] However, the high rotational symmetry of
the chiral tripodal ancillary ligand may render reversible
complex transformations into the active catalytic species
equivalent. An example of the exploitation of molecular
symmetry in this particular context is thought to underlie
the highly efficient applications of trisox derivatives in CuII-
based Lewis acid catalysis, the principal domain of the well-
established bisoxazoline (BOX) ligands.[15,16] A major practi-
cal disadvantage of the latter are the generally high catalyst
loadings, which are due to the kinetic lability of copper(II).
In this context, the facial coordination by a chiral tridentate
ligand was thought to stabilise the resting state of the copper
complexes.
The additional oxazoline ligation is expected to deactivate


the complexes in their Lewis acidity as was shown in a
recent theoretical study on BOX–Cu catalysts.[37] The trans-
formation of the resting state into the active (17e CuII) spe-
cies therefore necessitates the decoordination of an oxazo-
line unit and the opening up of the system (Scheme 6 top).
This required “hemilability” is provided stereoelectronically
by the strong dynamic Jahn–Teller Effect of the d9-CuII


centre. As a consequence of the threefold rotational symme-
try of the system, all of the possible dicoordinated catalyti-
cally active species (A–C) are equivalent (Scheme 6,
bottom).


To test this concept, we applied [CuII ACHTUNGTRENNUNG(trisox)] complexes
in the asymmetric Mannich reaction[38] of a b-ketoester with
an activated N-tosyl-a-imino ester, a reaction that had been
previously reported by Jørgensen et al. using chiral cop-
per ACHTUNGTRENNUNG(II)–bisoxazoline catalysts (10 mol%).[39] After optimisa-
tion of the reaction conditions, the reaction product was ob-
tained with an excellent enantiomeric excess (ee) of 90%
using 10 mol% of the catalyst (Table 3).[40a]


Upon stepwise reduction of the catalyst loading by a
factor of 103, that is, in the presence of only 0.01 mol% of
catalyst, the enantioselectivity remained unchanged
(90% ee, the diastereoselectivity being throughout the dilu-
tion series at ca. syn/anti=13/87). As a direct comparison,
we also investigated the reaction in the presence of
10 mol% of [(iPr-BOX)Cu] ACHTUNGTRENNUNG[ClO4]2 for which 84% ee (84%
yield) were observed. Reducing the catalyst loading for
these systems led to a decrease of the stereoselectivity, with
enantiomeric excesses of 80 and 66% ee being observed at


Figure 6. Olefin polymerisation data for [M(iPr-trisox) ACHTUNGTRENNUNG(CH2SiMe3)3] (M=


Lu, Tm, Er, Ho and Dy).


Scheme 6. Coordination/decoordination equilibrium between the pro-
posed resting and active states of the trisox–Cu catalysts giving symme-
try-equivalent active species.


Table 3. Enantioselective Mannich reaction of ethyl 2-methylacetoace-
tate with N-tosyl-a-imino methyl ester catalysed by iPr-trisox/Cu ACHTUNGTRENNUNG(ClO4)2
or iPr-BOX/Cu ACHTUNGTRENNUNG(ClO4)2.


[a]


Entry Catalyst


Loading [%] Yield [%] ee [%] Yield [%] ee [%]


1 10 84 84 84 90
2 1 70 84 75 89
3 1.0 56 80 59 91
4 0.01 35 66 36 90


[a] Experimental conditions: acetone/diethyl ether 1:3, �20 8C, 36 h.
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catalyst concentrations of 0.1 and 0.01 mol%, respective-
ly.[40a]


Direct evidence for our assumption of a partially decoor-
dinated trisox ligand in the active state of the catalyst was
obtained from an X-ray diffraction study of [CuII(iPr-tris-
ACHTUNGTRENNUNGox)(k2-O,O’-MeCOCHCOOEt)]+


ACHTUNGTRENNUNG[BF4]
� (21) (Figure 7).


Given the arrangement of substrate and ancillary ligand
in Figure 7 as well as the coordination of the counterion, it
appears likely that electrophilic attack on the metallated b-
ketoester occurs on the re-face, which is liberated by the de-
coordination of the hemilabile third oxazoline.[13] This would
lead to products having the absolute stereochemistry, as ob-
served in the Mannich addition. However, the substitutional
lability of the copper(II) complexes, and thus the possibility
of rapid equilibria, sets limits to interpretations based on X-
ray structural data.
As another test reaction we investigated the direct a-ami-


nation of a-substituted b-ketoesters with azodicarboxy-
lates,[40] for which an efficient copper(II)–bisoxazoline-cata-
lysed version had previously been reported by Jørgensen
and co-workers.[41] Here again, the trisox systems proved to
be superior to the corresponding BOX–CuII catalysts.
We have found in general that C3-symmetric trisoxazo-


lines generate highly efficient enantioselective CuII Lewis
acid catalysts which are based on the concept of a stereoelec-
tronic hemilability of the divalent copper. Whether or not
the third oxazoline unit coordinates to CuII, appears to
depend on the remaining coordination sphere and cannot be
unambiguously established in most cases. However, in the
direct comparison with the analogous bisoxazoline systems,
the trisox-based catalysts have proved to be more efficient
in the majority of cases studied in our laboratory to date.


Trisox as a Bidentate Ligand (Part 2): Palladium-
Catalysed Asymmetric Allylic Substitutions


It has been argued above, that a threefold symmetrical
chiral podand may simplify the stereochemistry of key cata-


lytic intermediates for cases in which it only acts a bidentate
ligand in the stereoselectivity-determining step, in other
words, for metal complexes with a stereoelectronic prefer-
ence for non-deltahedral coordination geometries. However,
the high substitutional lability of the copper(II) complexes
along with their paramagnetism precluded a detailed experi-
mental study into this proposed behaviour. We therefore de-
cided to study a catalytic reaction that also involves an
active species with square planar (i.e. non-deltahedral) coor-
dination geometry, which is diamagnetic and less labile than
the CuII complexes. Palladium(II)-catalysed allylic substitu-
tions provide appropriate test reactions along these lines[42]


and it was possible to study the dynamic exchange in model
systems for both the PdII and Pd0 intermediates of this cata-
lytic reaction.
Pfaltz and co-workers had previously investigated the al-


lylic alkylation of 1,3-diphenylprop-2-enyl acetate with di-
methyl malonate as nucleophile (in the presence of N,O-
bis(trimethylsilyl)acetamide (BSA)) with the well-estab-
lished BOX ligands as stereodirecting ligands, and this par-
ticular system therefore provided the point of reference for
the catalytic study at hand (Table 4, entry 1).[43] Under the


reaction conditions displayed in Scheme 7 the trisoxazoline-
based catalysts generally induce a better enantioselectivity
compared to their bisoxazoline analogues, and this behav-
iour appears to be independent of the substituent as shown
in Table 4
Apart from the effect on the catalyst selectivity, the most


notable observation is the rate acceleration with the tripods
compared to the BOX ligands for all substitution patterns
(Table 5). The rate of the reaction is strongly dependent on
the substituent of the respective ligand, with the iPr sub-
stituent yielding the most active BOX derivative, whereas


Figure 7. Molecular structure of the copper complex [CuII(iPr-trisox)(k2-
O,O’-MeCOCHCOOEt)]+


ACHTUNGTRENNUNG[BF4]
� (21).


Table 4. Results of asymmetric allylic alkylations with various bisoxazo-
lines and their trisox analogs.[a]


Entry R Yield [%] ee [%] Yield [%] ee [%]


1 (S)-iPr 89 89 90 95
2 (R)-Ph 7 �72 28 �88
3 (S)-Bn 88 83 92 88
4 ACHTUNGTRENNUNG(4R,5S)-Ind 13 �93 95 �98


[a] Experimental conditions: catalytic precursor generated in situ from
[{PdCl ACHTUNGTRENNUNG(C3H5)}2] and ligand (1 mol%, ratio ligand/Pd=1.1) in THF at
50 8C for 1.5 h; catalysis carried out at room temperature; yields and ee
determined after 72 h.


Scheme 7. Allylic alkylation of 1,3-diphenylprop-2-enyl acetate with di-
methyl malonate (in the presence of N,O-bis(trimethylsilyl)acetamide).
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the indanyl substituent leads to the highest rate for the
trisox-based catalysts.[27] With iPr-, Ph- and Bn-based li-
gands, the turnover frequencies (TOFs) differ by a factor of
four in favour of the tripod, whilst a striking 64-fold acceler-
ation was found for the indanyl derivative!
Since our catalytic systems were prepared in situ from


palladium(II) allyl chloride and the trisox ligand, the first
step in the formation of the active catalyst involves the re-
duction of the palladium(II) precursor by a nucleophilic
attack by the carbanionic species. The observation of an in-
duction period in the conversion curves is thus not surpris-
ing. Introduction of an additional donor function in the ste-
reodirecting ligand generally resulted not only in a rate en-
hancement, but also the reduction of this induction period.
The observed overall rate acceleration might be due to the
ability of the additional donating group to induce the forma-
tion of the palladium(0) species, both in the initial genera-
tion of the active species as well as in the product/substrate
exchange step at the end of the catalytic cycle. This mecha-
nistic aspect, as well as the symmetry-related simplification
of the reaction network for the catalysts bearing C3-chiral
tripods, may be at the root of the superior performance of
the trisox systems.


Perspectives


The adaptability of the trisox ligand to various types of
metal centres, coordination geometries and enantioselective
catalytic transformations is now well established. Although
originally designed to coordinate facially to a metal centre,
the potential of C3-chiral trisox ligands in enantionselective
catalytic transformation in which the intermediate in the se-
lectivity-determining step does not adopt deltahedral coordi-
nation geometry and thus does not allow tripodal coordina-
tion of the stereodirecting ligand has been demonstrated.
The implications which the use of chiral tridentate pod-


ACHTUNGTRENNUNGands may have in stereoselective catalysis, as compared to
the more established bidentate chelates, have recently been
clarified.[40b] The different order of the rotational axis in
symmetrical systems, whilst not affecting the principles of
stereoselection by intermolecular interaction between sub-
strate and catalyst, becomes apparent when the symmetry of
the stereodirecting ligand is systematically reduced or modi-
fied. Here, the twofold rotational symmetry may in principle
be mapped onto mirror/centrosymmetry (as may play a role
when chiral molecules adopt a conformation which renders


their shape close to achiral), whilst such a scenario is not
possible for chiral threefold symmetric systems.[40b]


The symmetry-related simplified behaviour with regard to
potential catalyst equilibria in solution along with the ste-
reochemical non-ambiguity of the active catalytic species
are to be considered in targeted catalyst screening processes.
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Bellemin-Laponnaz, H. Wadepohl, L. H. Gade, Organometallics
2007, 26, 4652.


[37] J. Thorhauge, M. Roberson, R. G. Hazell, K. A. Jørgensen, Chem.
Eur. J. 2002, 8, 1888.


[38] A. C[rdova, Acc. Chem. Res. 2004, 37, 102.
[39] M. Marigo, A. Kjærsgaard, K. Juhl, N. Gathergood, K. A. Jørgensen,


Chem. Eur. J. 2003, 9, 2359.
[40] a) C. Foltz, B. Stecker, G. Marconi, H. Wadepohl, S. Bellemin-La-


ponnaz, L. H. Gade, Chem. Commun. 2005, 5115; b) C. Foltz, B.
Stecker, G. Marconi, S. Bellemin-Laponnaz, H. Wadepohl, L. H.
Gade, Chem. Eur. J. 2007, 13, 9912.


[41] M. Marigo, K. Juhl, K. A. Jørgensen, Angew. Chem. 2003, 115, 1405;
Angew. Chem. Int. Ed. 2003, 42, 1367.


[42] a) B. M. Trost, D. L. Van Vranken, Chem. Rev. 1996, 96, 395; b) G.
Helmchen, Pure Appl. Chem. 2004, 76, 495; c) T. Graening, H.-G.
Schmalz, Angew. Chem. 2003, 115, 2684–2688; Angew. Chem. Int.
Ed. 2003, 42, 2580.


[43] P. von Matt, G. C. Lloyd-Jones, A. B. E. Minidis, A. Pfaltz, L.
Macko, M. Neuburger, M. Zehnder, H. RWeger, P. S. Pregosin, Helv.
Chim. Acta 1995, 78, 265.


Published online: March 17, 2008


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4142 – 41524152


L. H. Gade and S. Bellemin-Laponnaz



http://dx.doi.org/10.1039/a908273e

http://dx.doi.org/10.1021/ar010116f

http://dx.doi.org/10.1021/ja026936k

http://dx.doi.org/10.1021/jo050595m

http://dx.doi.org/10.1039/b512570g

http://dx.doi.org/10.1021/cr9902897

http://dx.doi.org/10.1021/cr040642v

http://dx.doi.org/10.1016/S0040-4039(00)98014-6

http://dx.doi.org/10.1016/S0040-4039(00)98014-6

http://dx.doi.org/10.1021/ja00002a080

http://dx.doi.org/10.1021/ja00002a081

http://dx.doi.org/10.1002/hlca.19910740123

http://dx.doi.org/10.1021/om00105a047

http://dx.doi.org/10.1055/s-1995-5260

http://dx.doi.org/10.1016/S0040-4039(00)00522-0

http://dx.doi.org/10.1139/v97-076

http://dx.doi.org/10.1080/00397910008087200

http://dx.doi.org/10.1021/ja0119696

http://dx.doi.org/10.1021/ja0119696

http://dx.doi.org/10.1021/ja037031p

http://dx.doi.org/10.1016/S0040-4039(01)00681-5

http://dx.doi.org/10.1039/b202846h

http://dx.doi.org/10.1002/1521-3757(20020916)114:18%3C3623::AID-ANGE3623%3E3.0.CO;2-H

http://dx.doi.org/10.1002/1521-3773(20020916)41:18%3C3473::AID-ANIE3473%3E3.0.CO;2-N

http://dx.doi.org/10.1002/chem.200601651

http://dx.doi.org/10.1002/chem.200601651

http://dx.doi.org/10.1039/b413439g

http://dx.doi.org/10.1002/chem.200700307

http://dx.doi.org/10.1021/cr950042j

http://dx.doi.org/10.1016/S1367-5931(98)80064-1

http://dx.doi.org/10.1016/S1367-5931(98)80064-1

http://dx.doi.org/10.1021/ar9703185

http://dx.doi.org/10.1039/b004816j

http://dx.doi.org/10.1021/cr0206263

http://dx.doi.org/10.1021/cr0206263

http://dx.doi.org/10.1002/ange.200460187

http://dx.doi.org/10.1002/ange.200460187

http://dx.doi.org/10.1002/anie.200460187

http://dx.doi.org/10.1039/dt9960000255

http://dx.doi.org/10.1002/ange.19951071104

http://dx.doi.org/10.1002/anie.199511431

http://dx.doi.org/10.1002/anie.199511431

http://dx.doi.org/10.1016/S0010-8545(02)00111-X

http://dx.doi.org/10.1016/j.ccr.2004.02.002

http://dx.doi.org/10.1016/j.ccr.2004.02.002

http://dx.doi.org/10.1021/cr050574s

http://dx.doi.org/10.1021/cr050574s

http://dx.doi.org/10.1002/ange.200462804

http://dx.doi.org/10.1002/ange.200462804

http://dx.doi.org/10.1002/anie.200462804

http://dx.doi.org/10.1002/ange.200352532

http://dx.doi.org/10.1002/anie.200352532

http://dx.doi.org/10.1021/ja001219g

http://dx.doi.org/10.1021/ja001219g

http://dx.doi.org/10.1002/1521-3765(20020415)8:8%3C1888::AID-CHEM1888%3E3.0.CO;2-9

http://dx.doi.org/10.1002/1521-3765(20020415)8:8%3C1888::AID-CHEM1888%3E3.0.CO;2-9

http://dx.doi.org/10.1002/chem.200204679

http://dx.doi.org/10.1039/b509571a

http://dx.doi.org/10.1002/chem.200701085

http://dx.doi.org/10.1002/ange.200390322

http://dx.doi.org/10.1002/anie.200390350

http://dx.doi.org/10.1021/cr9409804

http://dx.doi.org/10.1351/pac200476030495

http://dx.doi.org/10.1002/ange.200301644

http://dx.doi.org/10.1002/ange.200301644

http://dx.doi.org/10.1002/ange.200301644

http://dx.doi.org/10.1002/anie.200301644

http://dx.doi.org/10.1002/anie.200301644

http://dx.doi.org/10.1002/hlca.19950780202

http://dx.doi.org/10.1002/hlca.19950780202

www.chemeurj.org






DOI: 10.1002/chem.200800312


Tandem Intramolecular Hydroalkoxylation–Hydroarylation Reactions:
Synthesis of Enantiopure Benzofused Cyclic Ethers from the Chiral Pool


Jos* Barluenga,* Amadeo Fern0ndez, Amaya Satrfflstegui, Alejandro Di*guez,
F*lix Rodr3guez, and Francisco J. FaÇan0s[a]


Nowadays, one of the main challenges that organic chem-
ists face is the production of architecturally complex mole-
cules in facile, efficient, and economical ways.[1] In this con-
text, concurrent tandem catalysis provides a means to im-
prove chemical transformations and thus synthetic efficien-
cy.[2] Accordingly, our research group has recently developed
some new tandem catalytic reactions for the synthesis of at-
tractive skeletal cores from simple starting materials.[3,4]


Having in mind the superb ability of gold and platinum cata-
lysts to accomplish otherwise difficult hydroalkoxylation[5]


and hydroarylation[6] reactions of unsaturated substrates,[7]


we were drawn to the possibility of combining these two dif-
ferent reactions in a single synthetic operation.[8] We envis-
aged that starting from benzyl-substituted alkynol deriva-
tives 1, an initial intramolecular hydroalkoxylation reaction
would provide the enol ethers 2. This substrate would be
disposed to undergo a catalytic intramolecular hydroaryla-
tion reaction to give interesting benzo-fused ethers
(Scheme 1).


Our final objective was to find the appropriate conditions
to perform both steps in a one-pot approach by using a
single catalyst. Also appealing was the possibility of apply-
ing this reaction for the modification of some natural prod-
ucts to generate enantiomerically pure compounds with po-
tential biological activity. Herein, we report our findings in
this field.
To check the feasibility of the proposed tandem catalytic


reaction, the initial proof-of-concept studies were performed
by using the model dibenzyl-substituted alkynol 1a as start-
ing material. Thus, we treated compound 1a with 5 mol%
of several gold, platinum, and silver complexes in 1,2-di-
chloroethane as solvent at room temperature (Table 1).
When [Ph3PAuCl] was used as catalyst, the reaction did not
proceed, and the starting compound 1a was quantitatively
recovered after 24 h (Table 1, entry 1). However, we found
that the desired ether 3a was produced in 96% yield as a
single diastereoisomer when the reaction was performed
with the cationic gold(I) catalyst generated in situ from


[a] Prof. Dr. J. Barluenga, A. Fern:ndez, A. Satrfflstegui, Dr. A. Di<guez,
Dr. F. Rodr>guez, Dr. F. J. FaÇan:s
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Unidad Asociada al C.S.I.C.Universidad de Oviedo
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Fax: (+34)985103450
E-mail : barluenga@uniovi.es


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


Scheme 1. Concept of the tandem catalytic hydroalkoxylation–hydro-
ACHTUNGTRENNUNGarylation reaction for the synthesis of benzofused bicyclic ethers.


Table 1. Cycloisomerization reactions of the alkynol 1a with several
gold, platinum and silver catalysts.


Entry Catalyst (MLn) t [h] Yield [%][a]


1 ACHTUNGTRENNUNG[Ph3PAuCl] 24 0
2 ACHTUNGTRENNUNG[Ph3PAuCl]/AgOTf 1 96
3 AgOTf 24 <10[b]


4 AuCl3 6 50[c]


5 ACHTUNGTRENNUNG[(cod)PtCl2] 24 0
6 ACHTUNGTRENNUNG[(cod)PtCl2]/AgOTf 1 94
7 PtCl4 1 92


[a] Yield of isolated product based on the starting alkynol 1a. [b] Deter-
mined by 1H NMR analysis of the crude reaction mixture; the starting al-
kynol 1a was the major product (ca. 90%). [c] 42% of the starting alky-
nol 1a was recovered.
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[Ph3PAuCl] and AgOTf (Table 1, entry 2). To ensure that
the silver complex was not responsible for the catalytic pro-
cess, we carried out an experiment with 5 mol% AgOTf
(Table 1, entry 3). However, under these conditions, com-
pound 3a was generated in less than 10% yield after 24 h at
room temperature. Next, we tried the reaction with the
higher valent gold complex [AuCl3] (Table 1, entry 4). This
complex turned out to be less active than the cationic
gold(I) complex mentioned above; the product 3a was iso-
lated in 50% yield after 6 h.
The use of [(cod)PtCl2] (cod=1,5-cyclooctadiene) was


completely ineffective and the starting material was recov-
ered after 24 h at room temperature (Table 1, entry 5). How-
ever, the use of the cationic platinum(II) complex formed in
situ by mixing [(cod)PtCl2] and AgOTf gave excellent re-
sults, allowing the complete transformation of alkynol 1a
into bicyclic compound 3a (94% yield) after only 1 h
(Table 1, entry 6). Finally, the platinum(IV) complex PtCl4
also catalyzed this process to give 3a in 92% yield after 1 h
(Table 1, entry 7).
All these experiments allowed us to determine that both


cationic PtII and AuI, and also PtIV complexes were appro-
priate catalysts to perform the synthesis of benzofused
bicycloACHTUNGTRENNUNG[3.3.1]nonanes such as 3a. With proof-of-concept es-
tablished, the scope of this catalytic process was evaluated
by changing the nature of the substituents of the starting al-
kynol derivative 1 at several points. The results are summar-
ized in Table 2.


Interestingly, for example, the chain connecting the hy-
droxyl group and the alkyne of starting compound 1 may
contain not only an oxygen atom (Table 2, entries 1–3), but


also a CH2 group (Table 2, entries 4–10) or a nitrogen atom
(Table 2, entry 11). Thus, different eight-membered carbocy-
cles and oxygen- and nitrogen-containing heterocycles 3 are
readily obtained in high yield and as single diastereoisomers.
The reaction can also be performed with alkynols 1c and 1e
containing internal triple bonds (Table 2, entries 3 and 5).
The R1 group attached to the carbon atom containing the
hydroxy group could also be varied (Table 2). Structural as-
signments of compounds 3 were based on a series of NMR
studies. Finally, it should be noted that although the prod-
ucts shown in Table 2 were obtained by reactions performed
with [Ph3PAuCl]/AgOTf as catalyst, essentially the same re-
sults were observed by using [(cod)PtCl2]/AgOTf or PtCl4 as
catalysts.
The importance of natural products as lead structures for


the generation of small-molecule libraries has been empha-
sized in recent years.[9] In this context, we thought that a-hy-
droxy- and a-amino acids were ideal templates for the syn-
thesis of potentially bioactive compounds by applying the
tandem catalytic reaction described above. Thus, by conven-
tional organic chemistry reactions, d-lactate and several l-
amino esters were easily transformed into the chiral alkynol
derivatives 1 l–r (Table 3). Further treatment of these com-


pounds with 5 mol% PtCl4 in dichloroethane at reflux readi-
ly afforded the a-hydroxy acid derivatives 3 l,m or the a-
amino acid derived products 3n–r in very high yield as
single diastereomers and enantiomers. As shown, this proto-
col allows the synthesis of enantiomerically pure bicyclo-
ACHTUNGTRENNUNG[3.3.1]nonanes with a high degree of diversity from readily
available a-hydroxy acids or a-amino acids. Structural as-


Table 2. Benzofused bicyclo ACHTUNGTRENNUNG[3.3.1]nonanes 3 by tandem hydroalkoxyla-
tion–hydroarylation reactions of the alkynol derivatives 1.[a]


Entry 1 R1 R2 R3 R4 X 3 Yield
[%][b]


1 1a Bn H H H O 3a 96
2 1b 3-MeOBn OMe H H O 3b 96
3 1c Bn H H Ph O 3c 92
4 1d Bn H H H CH2 3d 95
5 1e Bn H H Ph CH2 3e 92
6 1 f 3-MeOBn OMe H H CH2 3 f 88
7 1g 3-MeBn Me H H CH2 3g 90
8 1h H OMe H H CH2 3h 70
9 1 i Et Me H H CH2 3 i 82
10 1 j 1-NaphCH2


[c] -(CH)4- H CH2 3j 88
11 1k Bn H H H NTs 3k 90


[a] Reactions stirred at room temperature till consumption of the starting
material (1–8 h). [b] Yield of isolated product based on starting alkynol
1. [c] 1-NaphCH2=1-naphthylmethyl.


Table 3. Enantiopure benzofused bicyclo ACHTUNGTRENNUNG[3.3.1]nonanes.


Entry 1 Ar R1 R 3 R2 R3 Yield
[%][a]


1 1 l Ph H – 3 l H H 95
2 1m 3-MeOC6H4 Ph – 3m OMe H 95
3 1n Ph H Me 3n H H 93
4 1o Ph Ph Me 3o H H 88
5 1p 3-MeOC6H4 H Bn 3p OMe H 95
6 1q Ph H iBu 3q H H 66
7 1r 1-Naph[b] H iBu 3r -(CH)4- 93


[a] Yield based on starting alkynol 1. [b] 1-Naph=1-naphthyl.
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signments of these new compounds were based on a series
of NMR studies. Additionally, the structures of compounds
3n, 3o, and 3q were confirmed by single-crystal X-ray struc-
ture analysis.[10] Surprisingly, we observed the opposite chiral
induction when starting from alkynols 1 l,m, derived from d-
lactate, or from alkynols 1n–r, derived from l-amino acids.
A tentative mechanism for the formation of compounds 3,


based on a tandem sequence involving a 6-exo-cycloisomeri-
zation reaction followed by an intramolecular hydroaryla-
tion process, is presented in Scheme 2. Thus, the reaction is


initiated by coordination of the metallic complex to the
triple bond of the starting alkynol 1 to form intermediate 4.
Intramolecular addition of the hydroxy group to the internal
carbon of the triple bond generates 5. Protodemetalation of
the latter affords the enol ether 2 and releases the catalytic
species. Once enol ether 2 is formed, it enters the second
catalytic cycle. Thus, after an initial coordination of the cata-
lyst to the double bond of the enol ether 2, the oxonium in-
termediate 6 is formed. Further nucleophilic attack of the
phenyl group affords the intermediate 7. Interestingly, the
stereochemistry of all new stereocenters is fixed by the axial
position of the benzyl group required for the cyclization
step. Finally, from 7, a rearomatization and a protodemeta-
lation step lead to the final product 3, regenerating the cata-
lytic species.
The role of enol ethers 2 as intermediates of the reaction


was supported by the isolation of enol ether iso-2d (see
Scheme 2) when an experiment was performed with alkynol
1d in dichloromethane at �20 8C and using 5 mol% PtCl4 as
catalyst. To corroborate the formation of 3d from iso-2d we
treated the latter with 5 mol% PtCl4 in dichloromethane at


room temperature. After 1 h, complete conversion to 3d
was observed.
An intriguing question related to the mechanism of this


process is the identity of the catalytic species responsible for
the two catalytic cycles proposed in Scheme 2. In principle,
both Lewis and Brønsted acids could catalyze the hydroal-
koxylation and hydroarylation reactions. Traces of Brønsted
acids could be present in the reaction media coming from
the platinum or gold complexes (or the solvent), and these
protic acids could be the responsible for both or at least one
of the catalytic cycles proposed in Scheme 2.[11] To shed light
on this issue, the alkynol 1d was subjected to a range of re-
action conditions. No reaction was observed in the absence
of platinum or gold complexes or by treatment of 1d with
Brønsted acids, which demonstrates the necessity of the
platinum or gold complexes at least for the hydroalkoxyla-
tion reaction. To eliminate the possibility of competing
Brønsted acid catalysis in the second catalytic cycle (the hy-
droarylation reaction), we performed some control experi-
ments by using a non-poisoning base. Thus, when compound
1d was allowed to react with 5 mol% PtCl4 in a dichlorome-
thane solution containing 2.5 mol% of the strong phosphor-
ine base BEMP (2-tert-butylimino-2-diethylamino-1,3-di-
methyl-perhydro-1,3,2-diazaphosphorine), we observed the
formation of the expected product 3d after 1 h at room tem-
perature. Additionally, we performed an experiment in
which we treated 1d with 5 mol% PtCl4 in dichloromethane
at �20 8C and once we observed the complete conversion
(by GC-MS ) to the intermediate iso-2d, we added
2.5 mol% BEMP. The solution was warmed to room tem-
perature, and after 1 h complete conversion to the final
product 3d was observed. All these results suggest that re-
sidual Brønsted acids are not responsible, because these
would be quenched by BEMP (at 2.5 mol%). Accordingly,
we believe that the gold or platinum catalytic species are in-
volved in both catalytic cycles proposed in Scheme 2.[12]


To verify the stereochemistry observed in the products de-
rived from d-lactate and l-amino acids (see Table 2), we fo-
cused on the structure of the corresponding intermediate 6.
Thus, for d-lactate derived products 3 l,m we suppose that
the reactions proceed via the intermediates 6 l,m
(Scheme 2). As shown, in this structure the methyl group is
placed in a pseudo-equatorial position. However, to explain
the formation of compounds 3n–r, derived from l-amino
acids we suppose that the reactions proceed via intermedi-
ates 6n–r, in which the R group is placed in a pseudo-axial
position.[13]


In summary, we have developed a highly efficient and
general method for the diastereoselective synthesis of
benzo-fused eight-membered carbo- and heterocycles. The
method is based on a new tandem gold- or platinum-cata-
lyzed hydroalkoxylation–hydroarylation reaction. The
tandem sequence described allows the straightforward and
efficient synthesis of complex final products. The number of
points of diversity present in the reaction products, together
with the simplicity of the starting materials, makes this
tandem reaction a powerful method for both library genera-


Scheme 2. Proposed mechanism for the formation of benzofused bicyclo-
ACHTUNGTRENNUNG[3.3.1]nonanes 3 from alkynols 1.
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tion and target synthesis. The simple transformation of a-hy-
droxy and a-amino acid derivatives into enantiomerically
pure benzofused cyclic ethers reported in this work is a
clear example of the possibilities that this new reaction
offers for the synthesis of potentially pharmacological active
compounds.


Experimental Section


Experimental details and NMR spectroscopic and mass spectrometric
data for the experiments reported in Tables 1–3 are given in the Support-
ing Information.
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Asymmetric Total Synthesis of PDIM A: AVirulence Factor of
Mycobacterium tuberculosis**


Eva Casas-Arce, Bjorn ter Horst, Ben L. Feringa,* and Adriaan J. Minnaard*[a]


Tuberculosis is the leading cause of death in the world re-
sulting from a single bacterial infection, killing 1.6 million
people annually.[1] Mycobacterium tuberculosis possesses a
complex cell envelope, which is considered one of the major
determinants of virulence. An interesting feature of this en-
velope is its extraordinary high lipid content comprising
40% of its dry weight.[2] In addition, this impermeable barri-
er imparts resistance against hostile environments as well as
therapeutic agents and plays an active role in modulating
the host immune response.[3] One of these lipids is phthio-
cerol dimycocerosate A, PDIM A (1, see below), a wax
which contains two tetramethyl substituted saturated acids
(mycocerosic acid, 2) esterified to phthiocerol (3). Over the
years, the cluster of genes responsible for PDIM A biosyn-
thesis has been studied in detail.[4] Cox et al.[5] and Camacho
et al.[6] independently reported in 1999 that Mycobacterium
tuberculosis mutants that are PDIM A defective show se-


verely attenuated virulence. These findings strongly suggest
a role for this lipid as an important virulence determinant.


To carry out more detailed immunological studies it is es-
sential to have access to pure PDIM A. Culturing of M. tu-
berculosis and purification of PDIM A from the lipidic frac-
tion is, however, prohibitively difficult. This complex lipid
has been isolated as a mixture of long-chain 1,3-diols esteri-
fied with different long-chain multimethyl-branched fatty
acids.[7] The synthesis of PDIM A is a major challenge, due
to the presence of 12 stereocenters and its entirely acyclic
nature, but would allow immunological studies not blurred
by other cell wall components.


The structure and absolute configuration of mycocerosic
acid and phthiocerol were proposed by Polgar and Smith in
1963 and by Maskens and Polgar in 1973,[8,9] respectively.
More recent studies, involving MALDI-TOF and 1H NMR
analysis, supported this overall structural assignment,[7] but
rigorous confirmation by chemical synthesis is lacking.[10] We
recently reported the first catalytic asymmetric synthesis of
mycocerosic acid[11] and now we present the first asymmetric
total synthesis of phthiocerol and its esterification with my-
cocerosic acid to provide PDIM A.


As outlined in the retrosynthetic analysis given in
Scheme 1, we were looking for an efficient approach to pre-
pare the vicinal anti-methoxy methyl unit which is present
in, among other natural products, various mycobacterial
lipids.[2] A tandem catalytic conjugate addition, alkylation
sequence on cycloalkenones is known to give predominantly
the trans product.[12] Carrying out this conjugate addition
enantioselectively, in conjuction with a regio- and stereospe-


[a] Dr. E. Casas-Arce, B. ter Horst, Prof. Dr. B. L. Feringa,
Prof. Dr. A. J. Minnaard
Stratingh Institute for Chemistry
University of Groningen
Nijenborgh 4, 9747 AG Groningen (The Netherlands)
E-mail : B.L.Feringa@rug.nl
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[**] PDIM A= phthiocerol dimycocerosate A.


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Scheme 1. Retrosynthetic analysis of phthiocerol.
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cific Baeyer–Villiger reaction, would lead directly to the de-
sired stereochemistry. Ring opening and methylation of the
hydroxy function, followed by reduction of the ester moiety
to the corresponding aldehyde, would complete the synthe-
sis of building block 4. To ensure the correct chain length,
cycloheptenone should be the starting enone. For the con-
struction of the anti-1,3 diol unit we planned to rely on two
recently developed catalytic reactions, the asymmetric
alkyne addition from Carreira et al.[13] on 4 and the regiose-
lective ruthenium-catalyzed hydrosilylation from the Trost
group[14] on 5. Subsequent oxidation, followed by stereose-
lective reduction of the resulting hydroxy ketone would lead
to phthiocerol. Double esterification with mycocerosic acid
would complete the synthesis of PDIM A.


The construction of building block 4 (Scheme 2) started
with the copper/phosphoramidite-catalyzed asymmetric con-
jugate addition of Me2Zn to cycloheptenone, followed by in


situ ethylation.[12] Ketone 6 was isolated in high yield and
with excellent trans selectivity (>20:1) and ee (95%).[15]


Baeyer–Villiger oxidation using excess m-chloroperoxyben-
zoic acid (mCPBA) followed by treatment of the resulting
lactone 7 with K2CO3 in MeOH led to the formation of the
linear product 8. To prepare aldehyde 4, the hydroxy group
of 8 was converted into its methyl ether, and the ester
moiety of 9 was reduced.


Enantioselective addition of 2-methyl-3-butyn-2-ol to al-
dehyde 4 in the presence of ZnACHTUNGTRENNUNG(OTf)2, Et3N, and (+)-N-
methylephedrine[13] allowed the formation of propargylic al-
cohol 10 (Scheme 3) with excellent selectivity (95% de).[16]


The hydroxy group in 10 was protected as a silyl ether, and
the alkyne moiety deprotected under basic conditions to
afford 11. Alkylation of the corresponding alkynyllithium
compound using CH3ACHTUNGTRENNUNG(CH2)22Br in the presence of NaI af-
forded the protected propargylic alcohol 12.[17] Finally, treat-
ment with tetrabutylammonium fluoride (TBAF) led to the
formation of building block 5.


We were pleased to observe regioselective hydrosilylation
of propargylic alcohol 5 with benzyldimethylsilane


(BDMSH) catalyzed by [Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6, following the
protocol described by Trost (Scheme 4). It displays this reac-
tion as a versatile method in natural product synthesis.[14, 18]


It afforded a mixture of benzyldimethyl silanes 14 and 15
with a ratio 4:1. Treatment with TBAF followed by a Flem-
ing–Tamao oxidation,[19] using KHCO3 and H2O2, resulted in
the formation of the corresponding hydroxy ketones, which
could be separated by column chromatography affording 16
as a pure isomer.


To produce selectively the anti-1,3-diol, reduction of 16
was carried out with tetramethylammonium triacetoxyboro-
hydride (Scheme 4).[20] A solvent mixture of acetic acid and
THF was required to ensure sufficient solubility, and led to
an excellent yield and anti/syn selectivity (88:12). Both diols
were separated by column chromatography. The syn- and
anti-1,3-diols show distinct differences in their 13C NMR
spectra,[21] which were used to assign their relative configu-
ration.[22] The optical rotation of anti-3, [a]22


D =�4.58 (c=0.4,
CHCl3), is consistent with the literature value for phthiocer-
ol ([a]D =�4.58, CHCl3).


[9]


Double esterification of phthiocerol with mycocerosic
acid, prepared following the protocol recently disclosed


Scheme 2. Catalytic asymmetric synthesis of fragment 4. a) Cu ACHTUNGTRENNUNG(OTf)2,
(S,R,R)-L*, Me2Zn, toluene, �25 8C; b) HMPA, EtI, 0 8C, 83% (over two
steps), >20:1 trans/cis, 95% ee (for trans); c) mCPBA, CH2Cl2, D, 60%;
d) K2CO3, MeOH, RT, 90%; e) NaH, MeI, DMF, 40 8C, 92%; f) DIBAL-
H, THF, �78 8C, 95%; g) Dess–Martin reagent, CH2Cl2, RT, 92%.
HMPA=hexamethyl phosphoramide, DIBAL-H=diisobutylaluminum
hydride.


Scheme 3. Asymmetric synthesis of fragment 5. a) Zn ACHTUNGTRENNUNG(OTf)2, Et3N, (+)-
N-methylephedrine, 2-methyl-3-butyn-2-ol, toluene, RT, 78%, 95% de ;
b) TIPSOTf, 2,4-lutidine, CH2Cl2, 0 8C, 95%; c) NaH, toluene, D, 96%;
d) nBuLi, THF, �78 8C, then CH3 ACHTUNGTRENNUNG(CH2)22Br, NaI, THF, D, 87%; e)
TBAF, THF, 0 8C, 92%. TIPS= triisopropylsilyl.


Scheme 4. Catalytic asymmetric synthesis of phthiocerol and coupling
with mycocerosic acid. a) BDMSH, [Cp*Ru ACHTUNGTRENNUNG(MeCN)3]PF6, CH2Cl2, RT,
86%, 14/15 ratio 4:1; b) TBAF, THF, 0 8C, then KHCO3, H2O2, RT, 63%;
c) Me4N ACHTUNGTRENNUNG(CH3CO2)3BH, THF/AcOH, RT, 90%, anti/syn 88:12; d) myco-
cerosic acid, DCC, DMAP, CH2Cl2, RT, 63%.
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from our laboratories,[11] in the presence of dicyclohexyl car-
bodiimide (DCC) and 4-dimethylaminopyridine (DMAP)[23]


gave PDIM A in 63% yield (Scheme 4). MALDI-TOF and
1H NMR analysis of the final product matched with the
ones reported in the literature for PDIM A isolated from
Mycobacterium tuberculosis (see Supporting Information).[7]


In summary, we have achieved the first asymmetric syn-
thesis of phthiocerol in 15 steps and 5.6% overall yield by
applying three efficient catalytic transformations. Enantio-
pure PDIM A has been prepared from phthiocerol and my-
cocerosic acid, thereby confirming its structure. The access
to these mycobacterial cell wall lipids in pure form will be
used to establish their role as virulence factors of Mycobac-
terium tuberculosis.
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Carbonyl-Substituted Titanocenes: A Novel Class of Cytostatic Compounds
with High Antitumor and Antileukemic Activity


Andreas Gans+uer,*[a] Iris Winkler,[a] Dennis Worgull,[a] Thorsten Lauterbach,[a]


Dieter Franke,[a] Anja Selig,[b] Laura Wagner,[b] and Aram Prokop*[b]


The outstanding success of cisplatin [cis-Pt ACHTUNGTRENNUNG(NH3)2Cl2], one
of the most broadly used chemotherapeutic agents,[1] has
sparked tremendous interest in the development of related
metal compounds with similar properties. Currently, com-
plexes of platinum, iron,[2] ruthenium[3] and titanium[4] are in
the center of attention. Of the titanium compounds deriva-
tives of titanocene dichloride [Cp2TiCl2] have emerged as
the most promising candidates for further investigations.[5]


However, the progress of this fascinating field of research
has been severely hampered by the lack of a general ap-
proach to structurally and functionally diverse complexes.
Thus, the highly desirable screening of wide regions of
chemical space[6] could not be realized.


Recently, we have described the first modular approach
to exactly these compounds, that relies on the use of titano-
cenes with pending carboxylic acid chlorides.[7] In this
manner oxygen and nitrogen nucleophiles could be acylated
to yield a large number of structurally and functionally di-
verse titanocene complexes possessing ester and amide func-
tionality. Besides the possibility to vary the nucleophile an-
other crucial issue for the biological activity of the titano-
cenes can be addressed. Due to coordination of the carbonyl
group, the amide complexes are soluble and stable in water
or DMSO. Here, we report on the first synthesis of ketone-


substituted titanocenes and the activity of our complexes
against a variety of malignant cells.


As in the case of the amides our synthetic targets were
cationic and water soluble complexes. However, ketones are
noticeably weaker ligands than amides. Thus, we looked for
a synthetic sequence that allows the conversion of the car-
boxylic acid chloride to electron-rich ketones as well as the
abstraction of one chloride ligand of titanium. Thus, a gener-
al access to a large number of cationic complexes can be en-
visioned. All complexes discussed here were obtained as
racemates, only one enantiomer is shown.


Friedel–Crafts acylations[8] of donor-substituted arenes in
the presence of ZnCl2 emerged as especially well-suited for
our purposes. The desired complexes could be isolated in
satisfactory to high yields as the tetrachloro zincates
(Table 1).


An example of the coordination of the ketone at the cat-
ionic titanium center is depicted in Figure 1.


In addition to the variation of the aryl substituents and
the straightforward modification of the gem-dialkyl group
attached to the upper cyclopentadienyl ligand our synthesis
of the carboxylates allows the alteration of the distance of
the keto group from this ligand and the introduction of the
substituents at the lower cyclopentadienyl ligand. A single
additional methylene group prevents coordination of the
ketone in 2 f as the result of the highly unfavorable forma-
tion of a strained ring. The structural modifications (Table 1,
Scheme 1) should be essential for the biological activity of
the complexes for three reasons. First, the polarity of the
compounds can be tailored. Second, the electronic and
steric properties of all substituents will have an influence on
the exact coordination geometry of titanium. Third, the
overall three-dimensional shape of the titanocenes can be
varied in a straightforward manner. This can turn out to be
crucial regarding the binding ability to enzymes and recep-
tors.


To understand the biological activity of our titanocenes,
we investigated a broad spectrum of both solid tumors and
leukemia cell lines. These include BJAB cells (lymphoma),
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MelHO and A375 cells (melanoma), MCF-7 cells (mamma-
carcinoma), Nalm-6 and Jurkat cells (leukemia) as well as
primary human tumor cells of relapsed rhabdomyosarcoma
and nephroblastoma. We also investigated primary human
ALL (acute lymphoblastic leukemia) und AML (acute mye-


loblastic leukemia) cells. In all malign cells an unusually
high concentration dependant induction of apoptosis was
observed. Such a high specific induction of apoptosis is of
tremendous relevance for therapeutic applications,[9] since a
damage of healthy human cells that are not in proliferation
by necrosis can in principle be minimized.[10]


Here, we discuss our results of the lymphoma cell line
BJAB as a typical example. BJAB cells express the cell sur-
face transmembrane receptor CD95 through which receptor-
mediated apoptosis can be induced. Hence, they are able to
die via the intrinsic as well as the extrinsic apoptosis-signal-
ling pathway.[11] For this reason, the BJAB cells are excep-
tionally well-suited for investigating the induction of apopto-
sis by titanocenes.[12]


Since cytotoxic drugs develop their effect by specific in-
duction of apoptosis, it is reasonable to measure precisely
this induction and not the unspecific cytotoxicity that is usu-
ally expressed by the LC50 values. Therefore, for our inves-
tigation of the structure–activity relationship of our titano-
cenes we determined the AC50 value, which is the concen-
tration where in 50% of lymphoma cells specific apoptosis
is induced. The AC50 value, which is measured by detecting
all cells with damaged membrane, will always be lower than
the corresponding LC50. This is because in the DNA frag-
mentation assay only the apoptotic cells at a defined point
of time in the cell death cascade are measured.


Of the amide-substituted complexes the ones shown in
Scheme 2 turned out to be most active. Because they are
not cationic, all ester-substituted titanocenes were ineffec-


Table 1. Synthesis of ketone-substituted titanocenes via the Friedel–
Crafts acylation.


Product Yield [%]


97


90


60


49


78


86


26


Figure 1. Cationic coordination of titanium in the crystal structure of 4
(CH2Cl2 omitted for clarity).


Scheme 1. Further synthetic modifications of the titanocenesM substitution
pattern.
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tive. The activities of complexes 1–4, 5, 6a and 6b against
the BJAB cell line are summarized in Table 2. The ketone
complexes 1–4 were soluble in DMSO and DMSO/water
mixtures.


The AC50 of the most active compound 2c in BJAB cells
is 12.5 mm (Figure 2). For measuring this value the cells (105


BJAB cells per mL) were incubated with various concentra-
tions of 2c for 72 h at 5% CO2 and 37 8C. After dying with
propidium iodide the DNA fragmentation was then detected
by flow-cytometric determination via FACS analysis. A con-
centration dependent induction of apoptosis of more than
71% of the cell population was measured. Only 3% of the
cells were necrotic.


An unspecific cytoxic effect of the titanocenes via ne-
crosis[13] could be excluded by determination of extra cellu-
lar lactate dehydrogenase (LDH) disposal via ELISA-
reader detection after incubation for 3 h (Figure 3).


The unspecific necrosis that is mediated through mem-
brane toxicity is observed within short periods of time (1 h).
Therefore it can be detected by measuring the concentration


of large otherwise intracellular proteins such as LDH.[14]


Our results therefore clearly indicate that the cyctotoxic
effect of the carbonyl-substituted titanocenes is selectively
mediated through the induction of apoptosis. The unspecific
damage by 5 is so low that even at the highest concentration
the viability of the cell population is more than 94%.


After treatment with the titanocenes for 72 h a microscop-
ic investigation shows the cellular changes typical for apop-
tosis. In Figure 4A) represents the control sample after 72 h
(incubation: intact lymphoma cells in dense colonies) and
B) the induction of apoptosis after incubation with 5
(75 mm). Besides the fragments of some apoptotic cells, a
small number of lymphoma cells with the typical morpho-
logical changes and the characteristic apoptosis induced
“blebbing” are observed.[15]


These results have been supported by first in vivo experi-
ments. The titanocenes are well tolerated in concentrations
of up to 75 mgkg�1 weight.


The data presented in Table 2 show a clear dependency of
the biological activity of our titanocenes on their structure.
As the ester-substituted complexes as well as 2 f are not ef-
fective in inducing apoptosis, cationic coordination at the ti-
tanium center is essential. Introduction of substituents at the
lower cyclopentadienyl ligand results in a noticeable de-
crease of activity. For further screening of the complexes it
is important to note that the most potent amide- and
ketone-substituted complexes contain distinctly different


Scheme 2. Highly active cationic amide complexes.


Table 2. Activity oft the carbonyl-substituted titanocenes against the
BJAB cell line.


Complex 2a 2b 2c 2d 2e 2f 5 6a 6b


AC50 [mM] >100 >100 12.5 35 80 >100 55 50 30


Figure 2. Induction of apoptosis by 2c.


Figure 3. Exclusion of unspecific cytotoxic effects (such as necrosis) of 5
via detection of LDH release through photometrical measurement via
ELISA-reader. The average of two measurements is shown. The experi-
ment was repeated twice, the deviation of the values of the three inde-
pendent measurements was below 3%.


Figure 4. Microscopic view of apoptosis induction by 5 in BJAB cells.
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substituents at the carbonyl group. Whereas 2,4-dimethoxy-
phenyl substituted ketones give the best biological results,
all aniline and benzylamine scrutinized, which contain
amides, are inactive. Only introduction of long alkyl chains,
preferentially with terminal polycondensed aryl groups leads
to complexes with high induction of apoptosis. The gem-di-
methyl group adjacent to the upper cyclopentadienyl moiety
in 2a, 5 and 6a proved to be less than ideal. The activities
observed against BJAB cells were not sufficient. Also, the
introduction of the cyclohexyl entity in 2b did not increase
the activity. Only the even more sterically demanding sub-
stituents, such as 4-tert-butyl cyclohexyl (2c and 6b) or di-n-
butyl (2d) lead to satisfactory results. Complexes 2c and 6b
are the most potent titanocenes in the induction of apoptosis
described in the literature to date.[4,5,16] In the last study
cited it was also demonstrated that titanocenes can induce
more apoptosis than cisplatin in a number of cancer cells.


In order to achieve a high biological activity a very bulky
substituent on the upper cyclopentadienyl ligand is highly
desirable. With these results a general design principle for
biologically active titanocenes seems at hands for the first
time.


In conclusion, our carbonyl-substituted titanocenes consti-
tute a novel class of compounds resulting in exceptionally
high levels of induction of apoptosis in various tumor and
leukemia cells. Therefore, they are attractive candidates for
the treatment of a number of malignant diseases. First in
vivo experiments demonstrate a significant inhibition in
tumor growth in SCID mice with human lymphomas. Cur-
rently, we are working on establishing the mechanism of
apoptosis induction and on identifying the target of our
novel compounds.


Experimental Section


Synthesis of 2c : A solution of the carboxylate (1.24 g, 2.5 mmol) in
SOCl2 (4.5 mL, 61.5 mmol) was stirred for 2 h. Then, SOCl2 was removed
in vacuo (1 mbar) for 3 h at 80 8C. The resulting solid was dissolved in
CH2Cl2 (10 mL), and the red solution was added to ZnCl2 (1.70 g,
12.5 mmol) and 1,3-dimethoxybenzene (5.15 g, 37.5 mmol). After stirring
over night, the solvent was evaporated and 2c was isolated by recrystalli-
zation from CH2Cl2/cC6H12 as a red solid (1.44 g, 86%).
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Understanding how an amino acid sequence folds into a
well organized three-dimensional structure remains a chal-
lenge. The interest in protein folding comes from the possi-
bility to predict the protein structure from genome-derived
sequence, design proteins with new fold and understand pro-
tein misfolding.[1] Peptide helix is a simple model system in
which various contributions to helix formation can be dis-
sected and understood qualitatively.[2,3] Many strategies have
been pursued to design peptide helices[4–7] and notable re-
sults have been achieved even with very short sequences,[8]


but mainly these methods rely on the use of nonnatural
amino acids or introducing constraints.[8–13] In this paper, we
report on the stability characterization, using CD, NMR and
MD studies, of a designed, a-helical, 15-mer peptide (named
QK), composed only of natural amino acids (sequence Ac-
KLTWQELYQLKYKGI-NH2), which activates the VEGF-


dependent angiogenic response.[14] The QK peptide shows
an unusual thermal stability, whose structural determinants
have been determined. These results could have implication
in the field of protein folding and in the design of helical
structured scaffolds for the realization of peptides for appli-
cations in chemical biology.
As recently described, the NMR structure of QK in pure


water presents a central helical sequence (residues 4–12),
which corresponds to the VEGF N-terminal helix (residues
17–25), flanked by N- and C-capping regions.[14] The helical
conformation of QK represents an important prerequisite
for its biological activity, since the isolated peptide, corre-
sponding to the helix region of VEGF, does not assume a
helical conformation and does not have significant biological
activity. Interestingly, QK represents one of the very few ex-
amples of bioactive helical designed peptides, composed of
only natural amino acids. To gain an insight into the molecu-
lar determinants of QK helical propensity, we examined the
effect of the temperature on the QK structure through
NMR and CD analyses.
Primarily, the aggregation state of the peptide under con-


ditions identical to those used in the NMR structure deter-
mination was confirmed by NMR DOSY experiments (see
Supporting Information). The DOSY-derived diffusion coef-
ficient value of 1.98@10�10 m2s�1 is consistent with a QK
monomer state. QK structure variations upon temperature
increase were followed by TOCSY experiments. In the 298–
343 K range only small changes of the backbone chemical
shifts were observed (Table 1 Supporting Information). The
temperature dependences of Ha chemical shift deviations
from the random coil values (DdHa) are reported in Fig-
ure 1a. Unusually, the chemical shift index (CSI) analysis in-
dicates that at 343 K the peptide retains at least the 80% of
the helix conformation at 298 K and the slight reduction
occurs uniformly in 4–12 region (Figure 1a). The thermal be-
havior was also analyzed by CD spectroscopy which allowed
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to extend the temperature range from 278 to 368 K. The
analysis of the spectra and the dependence of 222 nm ellip-
ticity with the temperature (Figure 1b), showed that the
peptide loose, reversibly, part of its helical structure but nei-
ther at 368 K appears to assume a complete random coil
conformation. The CD analysis, accordingly with the NMR
results, indicates that QK retains 79 and 65% of its room
temperature helix content at 343 and 368 K, respectively, as
calculated from the ellipticity at 222 nm.[8]


This thermal stability is unusual for a short peptide and
has been reported only for peptides with unnatural con-
strains.[8,11,13,15] To assess the determinants of the helix stabi-
lization in solution, experimental structural data have been
complemented with extensive all-atom molecular dynamics
simulations in explicit water. Five QK structures of the
NMR ensemble were used as starting structures for MD
simulations which covered a total of 2.4 microseconds ex-
ploring different temperature conditions (300, 320, 340,
380 K). Moreover, to highlight the possible folding mecha-
nism, four different simulations with lengths ranging from
50 to 100 ns, at 350 K, were run from a completely extended
polypeptide structure. All the simulations starting from the
helical structures showed a clear, unusual stability of the
helix that is maintained at high temperatures (Figure 2a) for
most of the simulation time, consistently with NMR obser-
vations. Cluster analysis[16] of the trajectories (Figure 2b),
and the evaluation of stabilizing contacts, showed the pres-
ence of a network of contacts always involving the hydro-
phobic side chains of residues 7 and 10. The analysis of the
folding simulations (Figure 3) showed a higher tendency for


residues located at the N-terminal region to adopt a helical
structure in the first events of the QK folding. This result in-
dicates a relevant role of the N-capping in stabilizing and
nucleating the nascent a-helical turn which, then, propagates
towards the C-terminal region.
To confirm experimentally these contributions to QK


helix stability, we designed three novel peptides: in particu-


Figure 1. a) Ha chemical shift deviations from random-coil values
(DdHa) of QK at 298 and 343 K. The continuous line represents the CSI
threshold for amino acids in helical conformation. b) CD spectra of QK
peptide at 298 K (c), 343 K (c) and 368 K (c). In the inset the
unfolding (c) and refolding (c) curves are showed. [q] is the molar
ellipticity per residue.


Figure 2. a) Percentage of time that each residue spends in helical confor-
mation at 300 K (c), 320 K (c), 340 K, (c) and 380 K (c). b)
Representative conformations of the main cluster obtained from the
analysis of all the trajectories at different temperatures.


Figure 3. a) Percentage of helical conformation attained by each residue
during the refolding process. b) Selected structures along the refolding
trajectories. Leu7 and Leu10 are highlighted in red.
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lar, Leu10 was replaced by an alanine, in QK10A, and N-
and C-capping sequences were deleted, respectively, in
QK4–15 and QK1–12. The CD spectra (Figure 4a) at 298 K
confirmed the theoretical results, showing that QK1–12 en-
tirely retains the helical content, whereas QK4–15 and
QK10A loose about half of the QK helicity. Accordingly,
NMR analysis of QKA10, based on DdHa measurements
(Figure 4b) showed at 298 K a 45% helicity decrease with
respect to QK, and furthermore indicated that at 343 K
QK10A is predominantly in random conformation, thus
lacking the QK unusual thermal stability.


In this communication we have reported the unusual ther-
mal stability of a bioactive peptide which retains a high
degree of helix structure at high temperature. We identified
the N-capping region and a crucial hydrophobic interaction
(Leu7-Leu10) as playing relevant roles in stabilizing the hel-
ical fold of QK. The remarkable QK helix stability and the


elucidation of its structural determinants make this peptide
a potential scaffold for the design of helical peptides with
specific side chain arrangements.
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Figure 4. a) CD spectra of peptide QK (c), QK10A (c), QK4-15
(c) and QK1–12 (c) at 298 K. [q] is the molar ellipticity per residue.
b) Deviation of Ha chemical shifts of QK10 A mutant peptide from
random-coil values (DdHa) at 298 K and 343 K. The continuous line rep-
resents the CSI threshold for amino acids in helical conformation.
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Introduction


Highly efficient and convergent strategies for the synthesis
of mechanically interlocked compounds are essential in
order to facilitate the development of sophisticated and
functional artificial molecular machinery.[1] In this context,
we recently developed[2] a simple and high-yielding method
for the synthesis of donor–acceptor rotaxanes[3,4] based on a
threading-followed-by-stopper-
ing approach[5] that utilizes the
CuI-catalyzed azide–alkyne cy-
cloaddition (CuAAC).[6] Al-
though we have employed[2–4]


this method to prepare previ-
ously unavailable mechanically
interlocked compounds, it is
best suited for the template-di-
rected synthesis[7] of [n]ro-
taxanes stoppered by identical
bulky groups. Rotaxanes that
incorporate two different stop-
pers, such as the amphiphilic bi-
stable [2]rotaxanes[8] used as
the storage elements in crossbar
memory circuits,[1f, 9] represent a
significant increase in structural


complexity and are thus even more challenging synthetic
targets. Herein, we report 1) the extension of a general,
one-pot method[10] that uses sequential CuAAC reactions to
address this challenge, and 2) demonstrate its application to
the highly convergent synthesis of an amphiphilic [4]ro-
taxane.


A sequence of two or more CuAAC reactions may be
controlled (Figure 1) through I) performing the reaction of


the desired azide and alkyne partners in the presence of an-
other masked reactive functionality, II) removing the mask-
ing group to present another reaction partner, and III) re-
peating the CuAAC reaction of the unmasked functionality.
These sequences would prove most efficient if they could be
performed in one-pot, a goal that adds the requirements
that each of the three (or more) steps must proceed to
nearly quantitative conversion and that the reagents used in
the beginning of the sequence must not interfere with those
employed in subsequent steps. Such a sequence was de-
vised[10] for the covalent attachment of peptide building
blocks to a central unit directed by a silyl protecting group.
The extension of such a method to mechanical bond forma-
tion adds several challenges, most prominently, the need for
all components of sensitive donor–acceptor mechanically
ACHTUNGTRENNUNGinterlocked compounds to tolerate each of the steps of a
ACHTUNGTRENNUNGsequential CuAAC method. The ring most commonly
ACHTUNGTRENNUNGemployed in donor–acceptor mechanically interlocked com-


Abstract: A one-pot sequential CuI-
catalyzed azide–alkyne cycloaddition
(CuAAC) strategy is presented for the
synthesis of constitutionally unsymmet-
rical cyclobis(paraquat-p-phenylene)-
based rotaxanes in good yields from
simple starting materials. The method-
ology consists of performing multiple
CuAAC reactions to stopper a pseudo-


ACHTUNGTRENNUNGrotaxane in a stepwise manner, the
order of which is controlled through
silyl-protection and AgI-catalyzed de-


protection of a terminal alkyne. The
methodology is highlighted by the syn-
thesis of an amphiphilic branched
[4]rotaxane. The methodology increas-
es the ability to access ever more com-
plicated mechanically interlocked com-
pounds to serve in devices as sophisti-
cated and functional molecular machi-
nery.
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Figure 1. Graphical representation of the sequential CuAAC strategy applied to the synthesis of mechanically
interlocked molecular compounds. A constitutionally unsymmetrical monoprotected pseudorotaxane may be
stoppered in the initial step (I), the protecting group removed in the second step (II), and then functionalized
with a different type of stopper in the third step (III) to form a constitutionally unsymmetrical [2]rotaxane.
The use of a multifunctional stopper allows higher order rotaxanes (e.g., the branched [4]rotaxane described
in this article) to be assembled sequentially in one pot.
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pounds, namely cyclobis(paraquat-p-phenylene) (CBPQT4+),ACHTUNGTRENNUNG
is sensitive to most bases, nucleophiles, and reducing agents,
severely limiting the range and scope of reagents and condi-
tions available to carry out the deprotection(s). The preva-
lent use of silyl groups for the protection of alkynes, and the
availability of relatively mild methods for the deprotection
of trimethylsilyl ACHTUNGTRENNUNG(TMS)-protected alkynes[11] in particular, led
us to investigate this protecting group with the intention of
developing a one-pot sequential CuAAC method compati-
ble with the CBPQT4+ ring and its donor–acceptor com-
plexes.


Results and Discussion


As a preliminary appraisal of the ability of the TMS group
to prevent a contiguous alkyne functionality from participat-
ing in the desired CuAAC reaction, 3-trimethylsilyl-2-
propyn-1-ol (1) and 1-azidohexane (3) were treated
(Table 1, entry 1) with the CuSO4·5H2O/ascorbic acid cata-


lyst system in DMF.[12] Somewhat surprisingly, under these
reaction conditions, significant amounts of the 1,2,3-triazole
product 4 (54% conversion) were formed over the course of
24 h, presumably as a result of the slow hydrolysis of the
TMS group. The protecting group did, however, slow down
the CuAAC reaction substantially, and a competition experi-
ment (Table 1, entry 2) between 1 and 1-octyne (2) in a
CuAAC reaction with 3 resulted in excellent chemoselectivi-
ty for the formation of 1,4-dihexyl-1,2,3-triazole (5), despite
the observation of partial hydrolysis of 1 to propargyl alco-
hol (8%) at the conclusion of the experiment. This test-bed
work demonstrates that the TMS protecting group is suffi-
ciently kinetically stable under the conditions of the
CuAAC reaction, so much so that the cycloaddition occurs
almost exclusively with the unprotected alkyne.


Next, appropriate conditions for the sequential desilyla-
tion and CuAAC reactions required for the desired one-pot
procedure (Table 2) were investigated. The AgI-catalyzed
hydrolysis of TMS protected alkynes[11] was assumed to be
sufficiently mild to ensure the survival of the CBPQT4+ .
Indeed, 10 mol% AgPF6 in the presence of H2O (1 equiv
per alkyne) catalyzed the hydrolysis of the TMS group, re-
sulting (Table 2, entry 3) in nearly quantitative conversion in


18 h when the reaction mixture was heated to 40 8C. AgPF6


was introduced into the reaction mixture in order to prevent
counterion exchange and subsequent precipitation of AgI or
CBPQT4+-containing salts. Interestingly, the desilylation
proceeded noticeably more slowly when the reaction was
performed (Table 2, entry 5) in the presence of CBPQT4+ .
No decomposition of the CBPQT4+ , however, was observed.
Next, we developed conditions to effect the second CuAAC
reaction in the presence of silver salts remaining from the
deprotection. The CuSO4·5H2O/ascorbic acid catalytic
system (5/10 mol%, respectively) formed (Table 2, entry 1)
the CuAAC product, albeit somewhat slowly. Upon addition
of the CuSO4·5H2O and ascorbic acid, a silver mirror
formed on the walls of the reaction vessel, most likely as a
result of the reduction of AgI to Ag0 by CuI and/or ascorbic
acid, both processes that would impact negatively upon the
availability of CuI required to catalyze the cycloaddition. Al-
though the CuAAC reaction proceeds to higher conversions
when an excess of ascorbic acid (1.3 equiv per alkyne;
6.3 equiv per ACHTUNGTRENNUNGCBPQT4+) ACHTUNGTRENNUNG is used, the intensities of the
broadened CBPQT4+ resonances in the 1H NMR spectrum
of the reaction mixture were attenuated to 17% of their ini-
tial values. The excess of ascorbic acid (E8=0.3 V)[13] pre-
sumably reduces the CBPQT4+ (E8=�0.29 and �0.71 V),[14]


and while the reversibility of this process was not deter-
mined, reduced CBPQT4+ derivatives do not bind electron
rich guests. As an alternative to adding ascorbic acid at all,
Cu0 was used (Table 2, entry 2) as a copper source, which
presumably generates the catalytically active CuI following
oxidation by AgI. Indeed, this procedure did ultimately pro-
duce the desired CuAAC reaction, although we subsequent-
ly found that a small amount of additional [Cu ACHTUNGTRENNUNG(MeCN)4]PF6


helped to speed up the reaction (Table 2, entry 4) further,
despite the fact that the addition of [Cu ACHTUNGTRENNUNG(MeCN)4]PF6 alone
catalyzed the CuAAC reaction only slowly (Table 2,
entry 3). Finally, it was confirmed that, when the above se-
quence is carried out in the presence of CBPQT4+ , the se-
quential deprotection/CuAAC reactions proceed (Table 2,


Table 1. Chemoselectivity between 1 and 2 in CuAAC reaction with 3 to
form either 4 or 5.


Entry 1 : 2 : 3 Time [h] 4 : 5 Conversion[a] [%]


1 1 : 0 : 1 24 1 : 0 54
2 1 : 1 : 1 16 1 : 99 96


[a] With respect to 3, monitored by integration of 1H NMR spectra.


Table 2. Reaction condition development: one-pot TMS deprotection of
1 followed by CuAAC reaction of the generated alkyne.


Entry Deprotection
conditions
ACHTUNGTRENNUNG(additive)


Conv.
[%][a]


CuAAC re-
agents[b]


ACHTUNGTRENNUNG(additive)


CuAAC
time
[h]


Conv.
[%][c]


1 25 8C, 48 h 98[d] CuSO4·5H2O
ascorbic Acid


90 45


2 25 8C, 48 h 98[d] Cu nanopowder 90 >98
3 40 8C, 18 h >98[e] [Cu ACHTUNGTRENNUNG(MeCN)4]PF6 26 93
4 40 8C, 18 h >98[e] Cu nanopowder


[Cu ACHTUNGTRENNUNG(MeCN)4]PF6


1 >98


5 40 8C, 54 h,
(CBPQT·4PF6)


90[e] Cu nanopowder
[Cu ACHTUNGTRENNUNG(MeCN)4]PF6


(CBPQT·4PF6)


5 >98


[a] With respect to 1, monitored by integration of 1H NMR spectra. [b] 3
(1.1 equiv) was used. [c] With respect to propargyl alcohol intermediate.
[d] 0.05 equiv of AgPF6 was used. [e] 0.10 equiv of AgPF6 was used.
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entry 5) to high conversion with no decrease in the intensi-
ties of the CBPQT4+ 1H NMR resonances.


With the three-step sequential CuAAC methodology op-
erating well in our hands, we envisioned that the sequential
CuAAC reactions could be used to attach different stoppers
to each end of a pseudorotaxane. Furthermore, in order to
test this method for the synthesis of compounds with partic-
ularly complicated structures, a branched [4]rotaxane was
chosen so that each CuAAC reaction and deprotection step
would have to occur, not just once, but three times within
each molecule. The threefold symmetry, previously incorpo-
rated into acid/base-switched molecular elevators[15,16] and
present in the non-trivial amphiphilic [4]rotaxane 11·12PF6


was accessed (Scheme 1) in one-pot by sequentially stopper-
ing the constitutionally unsymmetrical dioxynaphthalene
(DNP) derivative 7, first with the trifunctional azide 6 and
then subsequently with the monofunctional azide 10. The
DNP derivative 7 was synthesized (Scheme 2) bearing one
TMS-protected alkyne and one terminal alkyne such that
the constitutional asymmetry endowed by the TMS group
would be expressed in the amphiphilic character of the final
branched [4]rotaxane. The triazide 6 and monoazide 10
were each obtained (Scheme 3) through azide displacement
of their benzyl chloride precursors.


Before attempting the template-directed synthesis of the
[4]rotaxane, we first of all pursued (Scheme 1) the same re-
action sequences—which we had in mind to prepare
11·12PF6—to form the dumbbell compound 12. The relative
simplicity of the 1H NMR spectrum of 12 compared to that
(vide infra) of the [4]rotaxane was the motivation for us
making the dumbbell compound first. By stoppering the
monofunctional DNP derivative 7 in a controlled, sequential


manner in the absence of CBPQT·4PF6, first with the tri-
ACHTUNGTRENNUNGazide 6 and then subsequently with the monoazide 10—fol-
lowing silyl deprotection of the protected alkyne—we antici-
pated obtaining compound 12 in high yield. This three-step
reaction sequence was carried out in an NMR tube in
[D7]DMF such that each step of the reaction could be moni-
tored (Figure 2) closely by 1H NMR spectroscopy. Upon
mixing the triazide 6 with the monoalkyne 7 in a 1:3 molar
ratio, the first CuAAC reaction proceeded to form the tris-
TMS-protected compound 8, the outcome of which was con-
firmed by the transformation of the terminal alkyne proton
resonance (d=3.39 ppm in Figure 2a) of the DNP derivative
7 to the triazole proton resonance (d=8.25 ppm in Fig-
ure 2b) of the tris-DNP intermediate 8. The chemical shifts
of the methylene group resonances neighboring the terminal
alkyne and azide (d=4.22 and 4.61 ppm, respectively, in Fig-


Scheme 1. Sequential CuAAC synthesis[a] of the [4]rotaxane 11·12PF6 and the dumbbell compound 12. [a] Labels for 1H NMR spectroscopic monitoring
of the reactions identified by boxed letters.


Scheme 2. The synthesis of the constitutionally unsymmetrical DNP de-
rivative 7.
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ure 2a) are transformed into the methylene group resonan-
ces (d=4.62 and 5.76 ppm in Figure 2b) neighboring the
newly formed triazole. In keeping with the model experi-
ments, some partial hydrolysis (17%) of the TMS protecting
groups also occurred during the first CuAAC reaction of 6
with 7. Even so, as indicated by the model experiments, the
TMS group protects the alkynes to the extent that the
CuAAC reaction occurs, forming 8 with a high conversion
(>98% with respect to 6). The AgI-catalyzed desilylation
was then performed, affording the tris-alkyne 9, once again


in high conversion (>98%). Completion of the desilylation
was confirmed by the migration and transformation of the
methylene group singlet resonance (d=4.23 ppm in Fig-
ure 2b) neighboring the silyl protected alkyne of 8 to a dou-
blet (d=4.20 ppm with J4 �3 Hz in Figure 2c) for the meth-
ylene group neighboring the terminal alkyne in 9. This diag-
nostic splitting pattern is a result of long-range coupling be-
tween the liberated terminal alkyne proton and the neigh-
boring methylene protons in 9. Upon addition of 3.3
equivalents of the azide-containing hydrophilic precursor 10
(Figure 2f), the methylene peak (d=4.45 ppm) neighboring
the added azide was evident along with the terminal alkyne
proton peak (d=3.38 ppm) for the tris-alkyne 9. Both of
these peaks reappeared as another set of signals—for the
methylene group next to a triazole (d=5.62 ppm) and
for the second triazole proton (d=8.33 ppm) in Fig-
ure 2g—after the second (Cu-nanopowder/[Cu ACHTUNGTRENNUNG(MeCN)4]PF6-
promoted) CuAAC reaction was carried out to form the
final dumbbell compound 12 with >98% conversion with
respect to tris-alkyne intermediate 9.


With an intimate knowledge of the spectroscopic charac-
teristics accompanying the sequential CuAAC reaction in
the formation of the dumbbell compound 12, the synthesis
of the [4]rotaxane 11·12PF6 was attempted in a similar
manner with periodic monitoring (Figure 3) by 1H NMR
spectroscopy. The steps leading to the formation of the tris-
alkyne intermediate 9 were exactly the same as those fol-
lowed in the synthesis of 12. The addition of 3.3 equivalents
of CBPQT·4PF6 at �5 8C to the intermediate 9 resulted


Scheme 3. The synthesis of the triazide 6 and the monoazide 10.


Figure 2. 1H NMR (600 MHz, [D7]DMF, 25 8C) spectroscopic monitoring of the synthesis of the dumbbell compound 12. Several diagnostic resonances
are numbered and the changes monitored throughout the reaction steps indicated by letters a, b, c, f, g in Scheme 1. See the text for further discussion.
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in the formation of the [4]pseudorotaxane
[9�3CBPQT]·12PF6 which was stoppered with the mono-
ACHTUNGTRENNUNGazide 10 using the Cu-nanopowder/[Cu ACHTUNGTRENNUNG(MeCN)4]PF6-pro-
moted CuAAC reaction to yield the amphiphilic branched
[4]rotaxane 11·12PF6. The addition of CBPQT·4PF6 caused
broadening of all the peaks (Figure 3d) as a consequence of
the many dynamic equilibria associated with the formation
of pseudorotaxanes. The terminal alkyne proton resonance,
however, was resolved clearly (d=3.17 ppm) from the other
signals and so it was used as a diagnostic resonance with
which to monitor the progress of the final CuAAC reaction.
The disappearance of the terminal alkyne proton resonance
(Figure 3d) in the [4]pseudorotaxane [9�3CBPQT]·12PF6


and the appearance of a second triazole peak (d=8.10 ppm
in Figure 3e) for the [4]rotaxane 11·12PF6 heralded the com-
pletion of the second CuAAC reaction. Although we had
never performed the second CuAAC reaction at low tem-
peratures in the test-bed investigations (Table 2, entry 5),
the tris-alkyne 9 was consumed completely during the final
CuAAC reaction performed at �5 8C. All three of the
second CuAAC reactions occurred with considerable effi-
ciency, forming the three-fold symmetric amphiphilic [4]ro-
taxane in 44% yield from a one-pot synthesis. Although, the
isolated yield of 11·12PF6 at first glance may seem low in
comparison with the near-quantitative conversions observed
by 1H NMR spectroscopy, it represents the overall yield for
a sum of nine “consecutive” reactions,[17] including the for-
mation of three mechanical bonds, starting from no less
than 10 building blocks. Also, extensive purification by prep-


arative thin-layer chromatography was required in order to
isolate the highly polar amphiphilic branched [4]rotaxane as
a pure compound. In addition, a small quantity of a minor
[2]rotaxane by-product, comprised of a CBPQT4+-encircled
thread 7, stoppered by two hydrophilic stoppers 10, was iso-
lated. The formation of this compound can be attributed to
the use of a very slight excess of 7 over 6 at the start of the
three-step reaction sequence. Importantly, no evidence of
constitutional defects—for example, missing rings, missing
DNP threads, or crosslinking—was observed during the tem-
plate-directed synthesis of 11·12PF6. The successful silver-
catalyzed silyl deprotection, performed in the second and in-
termediate step of the sequence, although not forming a
bond itself, enabled the direction of the useful bond-forming
CuAAC reaction in the third step of the sequence. More-
over, this reaction is another example that can be added to
the small list of chemical reactions that may be performed
in the presence of CBPQT4+ .


Conclusion


The protocol presented demonstrates the general and highly
convergent nature of the sequential CuAAC strategy for the
template-directed synthesis of a tripodal [4]rotaxane. Em-
ploying this one-pot methodology, constitutionally unsym-
metrical rotaxanes may be prepared quickly and efficiently,
aiding and abetting their continued use as components of
molecular machinery and electronics. This methodology sets


Figure 3. 1H NMR (600 MHz, [D7]DMF, 25 8C) spectroscopic monitoring of the synthesis of the [4]rotaxane 11·12PF6. Several diagnostic resonances are
numbered and the changes monitored throughout the reaction steps indicated by letters a, b, c, d, e in Scheme 1. See the text for further discussion.


Chem. Eur. J. 2008, 14, 4168 – 4177 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4173


FULL PAPERConstitutionally Unsymmetrical Rotaxanes



www.chemeurj.org





forth a new synthetic paradigm for CBPQT4+-containing
compounds in which the formation of the mechanical bond
need not occur in the final step of the synthesis. These ad-
vances have been driven by the discovery and use of reac-
tions amenable to the sensitive nature of CBPQT4+ . We
intend to continue to develop new synthetic strategies per-
formed under thermodynamic[18] as well as kinetic[2–4] control
so that mechanical bonds may be precisely and predictably
introduced into a wide range of complex functional mole-
cules.


Experimental Section


General methods : All reagents were purchased from commercial suppli-
ers (Aldrich or Fisher) and used without purification. Dry solvents were
obtained from a commercial DriSolv solvent delivery system (EMD
Chemicals). The molarity of nBuLi solutions was determined immediate-
ly before use by titration using salicyaldehyde phenylhydrazone[19] as an
indicator. Cyclobis(paraquat-p-phenylene),[20] 1,5-bis[2-(2-{2-(2-propy-
ne)ethoxy}ethoxy)ethoxy]naphthalene,[4b] and 3,4,5-tris-[{2-(2-methoxy)-
ACHTUNGTRENNUNGethoxy}ethoxybenzyloxy]benzyl chloride[9i] were prepared by using previ-
ously published procedures. Copper nanopowder was used as received
from Aldrich and is described as metallic copper (99.8%) particles
<100 nm in size. Thin layer chromatography (TLC) was performed on
silica gel 60 F254 (E. Merck). Preparative thin layer chromatography
(Prep TLC) was performed on glass plates with a 1 mm thick layer of
silica gel 60 F254 (E. Merck). Column chromatography was performed on
silica gel 60F (Merck 9385, 0.040–0.063 mm). Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance 600 (1H: 600 MHz;
13C: 150 MHz) or 500 (1H: 500 MHz; 13C: 126 MHz) spectrometer. Chem-
ical shifts are reported as parts per million (ppm) downfield from the
Me4Si resonance as the internal standard for both 1H and 13C NMR spec-
troscopies. Electrospray ionization (ESI) mass spectra were measured on
a Finnigan LCQ ion-trap mass spectrometer using 1:1 MeCN/H2O as the
mobile phase. High-resolution fast atom bombardment (HR-FAB) mass
spectra were obtained on a JEOL JMS-600H high-resolution mass spec-
trometer equipped with a FAB probe. Electrospray ionization (EI) mass
spectra were obtained on a Finnigan LCQ ion trap mass spectrometer.


Method development


General procedure for single-step methodology experiments and Table 1,
entry 1: 3-Trimethylsilyl-2-propyn-1-ol (1) (0.010 g, 0.078 mmol) and 1-
azidohexane (3) (0.010 g, 0.078 mmol) were dissolved in [D7]DMF
(0.780 mL) in an NMR tube. Stock solutions of CuSO4·5H2O in
[D7]DMF (18 mL, 0.072m, 0.05 equiv per azide) and ascorbic acid in
[D7]DMF (18 mL, 0.144m, 0.10 equiv per azide) were added and the mix-
ture was left at room temperature. The reaction progress was monitored
by comparing the integrated area of the disappearing -CH2N3 resonance
at d =3.50 ppm with that of the appearing -CH2N ACHTUNGTRENNUNG(triazole) at d=


4.57 ppm in the 1H NMR spectrum of the reaction mixture.


Methodology experiment for Table 1, entry 2 : The above procedure was
followed by using 3-trimethylsilyl-2-propyn-1-ol (1) (0.010 g,
0.078 mmol), 1-octyne (2) (0.0090 g, 0.078 mmol), and 1-azidohexane (3)
(0.010 g, 0.078 mmol) dissolved in [D7]DMF (0.780 mL) and stock solu-
tions of CuSO4·5H2O in [D7]DMF (18 mL, 0.072m, 0.05 equiv per azide)
and ascorbic acid in [D7]DMF (18 mL, 0.144m, 0.10 equiv per azide).


General procedure for two-step methodology experiments and Table 2,
entry 1: 3-Trimethylsilyl-2-propyn-1-ol (1) (0.0070 g, 0.055 mmol) was dis-
solved in [D7]DMF (0.546 mL) in an NMR tube. A stock solution of
AgPF6 in [D7]DMF (30 mL, 0.1m, 0.05 equiv per alkyne) and H2O (3 mL,
0.164 mmol) were added and the mixture was left at room temperature.
The reaction progress was monitored by comparing the integrated area
of the disappearing -CH2CCSi singlet resonance at d=4.19 ppm with that
of the appearing -CH2CCH doublet resonance at d=4.16 ppm in the
1H NMR spectrum of the reaction mixture. Following sufficient conver-


sion, to this solution was added 1-azidohexane (3) (0.0080 g, 0.060 mmol)
and stock solutions of CuSO4·5H2O in [D7]DMF (18 mL, 0.072m,
0.05 equiv per azide) and ascorbic acid in [D7]DMF (18 mL, 0.144m,
0.10 equiv per azide) and the reaction was left at room temperature. Con-
version of the CuAAC reaction was monitored by comparing the inte-
grated area of the disappearing -CH2N3 resonance at d=3.50 ppm with
that of the appearing -CH2N ACHTUNGTRENNUNG(triazole) at d=4.57 ppm in the 1H NMR
spectrum of the reaction mixture.


Methodology experiment for Table 2, entry 2 : The above procedure was
followed by using 3-trimethylsilyl-2-propyn-1-ol (1) (0.0070 g,
0.055 mmol), [D7]DMF (0.546 mL), stock solution of AgPF6 in [D7]DMF
(30 mL, 0.10m, 0.05 equiv per alkyne), H2O (3 mL, 0.164 mmol), 1-azido-
hexane (3) (0.0080 g, 0.060 mmol), and copper nanopowder (0.0010 g,
0.016 mmol). The reaction mixture was heterogeneous, as the copper
nanopowder remained at the bottom of the NMR tube.


Methodology experiment for Table 2, entry 3 : The above procedure was
followed using 3-trimethylsilyl-2-propyn-1-ol (1) (0.0080 g, 0.055 mmol),
[D7]DMF (0.530 mL), stock solution of AgPF6 in [D7]DMF (23.5 mL,
0.235m, 0.1 equiv per alkyne), H2O (3 mL, 0.16 mmol), 1-azidohexane (3)
(0.0080 g, 0.060 mmol), and [Cu ACHTUNGTRENNUNG(MeCN)4]PF6 (0.002 g, 0.005 mmol,
0.1 equiv per alkyne). After the addition of the AgPF6 solution, the mix-
ture was warmed to 40 8C. The subsequent CuAAC reaction was per-
formed at room temperature.


Methodology experiment for Table 2, entry 4 : The above procedure was
followed by using 3-trimethylsilyl-2-propyn-1-ol (1) (0.0070 g,
0.055 mmol), [D7]DMF (0.546 mL), stock solution of AgPF6 in [D7]DMF
(23.5 mL, 0.235m, 0.1 equiv per alkyne), H2O (3.0 mL, 0.16 mmol), 1-azi-
dohexane (3) (0.0080 g, 0.060 mmol), copper nanopowder (0.0010 g,
0.016 mmol), and [Cu ACHTUNGTRENNUNG(MeCN)4]PF6 (0.002 g, 0.005 mmol, 0.1 equiv per
alkyne). After the addition of the AgPF6 solution, the mixture was
warmed to 40 8C. The subsequent CuAAC reaction was performed at
room temperature.


Methodology experiment for Table 2, entry 5 : The above procedure was
followed by using 3-trimethylsilyl-2-propyn-1-ol (1) (0.0070 g,
0.055 mmol), [D7]DMF (0.546 mL), stock solution of AgPF6 in [D7]DMF
(23.5 mL, 0.235m, 0.1 equiv per alkyne), H2O (3.0 mL, 0.16 mmol), 1-azi-
dohexane (3) (0.0080 g, 0.060 mmol), copper nanopowder (0.0010 g,
0.016 mmol), [Cu ACHTUNGTRENNUNG(MeCN)4]PF6 (0.002 g, 0.005 mmol, 0.1 equiv per
alkyne), and CBPQT·4PF6 (0.0115 g, 0.0110 mmol, 0.2 equiv per alkyne).
CBPQT·4PF6 was dissolved initially with 1 and remained as a spectator
throughout the sequence. After the addition of the AgPF6 solution, the
mixture was warmed to 40 8C. The subsequent CuAAC reaction was per-
formed at room temperature.


Synthesis and characterization


1-[2-(2-{2-(3-Trimethylsilyl-2-propyne)ethoxy}ethoxy)ethoxy]-5-[2-(2-{2-
(2-propyne)ethoxy}ethoxy)ethoxy]naphthalene (7): nBuLi (0.52m in hex-
anes, 665 mL, 0.343 mmol) was added dropwise to a solution of
1,5-bis[2-(2-{2-(2-propyne)ethoxy}ethoxy)ethoxy]naphthalene,[4b] (0.156 g,
0.311 mmol) dissolved in dry THF (15.7 mL) at �78 8C under an Ar at-
mosphere. After stirring for 15 min at �78 8C Me3SiCl (48.0 mL,
0.374 mmol) was added dropwise and the reaction mixture was stirred at
room temperature for 12 h. The crude reaction mixture was quenched
with saturated aq. NH4Cl (15 mL) and extracted with CH2Cl2 (4P20 mL).
The combined organic extracts were washed with brine (20 mL), dried
(MgSO4), and evaporated. The crude product was subjected to chroma-
tography (SiO2, 93:7 to 90:10 CH2Cl2/Et2O eluent) to give 7 (47 mg, 26%
yield) as a pale yellow oil. 7: 1H NMR (600 MHz, CDCl3, 25 8C, TMS):
d=7.86 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 2H, DNP aryl -H p-O), 7.34 (t, 3J ACHTUNGTRENNUNG(H,H)=


8 Hz, 2H, DNP aryl -H m-O), 6.84 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 2H, DNP aryl -H
o-O), 4.30 (t, 3J ACHTUNGTRENNUNG(H,H)=5 Hz, 4H, DNP-OCH2), 4.20 (s, 2H,
-OCH2CCSi), 4.19 (d, 4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 2H, -OCH2CCH), 4.00 (t, 3J-
ACHTUNGTRENNUNG(H,H)=5 Hz, 4H), 3.82–3.80 (m, 4H), 3.72–3.67 (m, 12H), 2.41 (t, 4J-
ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H, -CCH), 0.17 ppm (s, 9H, -Si ACHTUNGTRENNUNG(CH3)3);


13C NMR
(151 MHz, CDCl3, 25 8C, TMS): d=154.5, 126.9, 125.2, 114.8, 105.8,
101.6, 91.5, 79.8, 74.6, 71.1, 70.9, 70.9, 70.6, 70.6, 70.0, 69.3, 69.2, 68.1,
59.3, 58.5, 0.0 ppm; HRMS (FAB): calcd for C31H44O8Si: m/z 572.2805;
found: m/z 572.2823.
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Tris-1,3,5-(4’-azidomethyl)benzene (6): NaN3 (1.079 g, 16.61 mmol) was
added to a solution of tris-1,3,5-(4’-chloromethyl)benzene, (0.500 g,
1.11 mmol) dissolved in dry DMF (75 mL) and the solution was stirred at
60 8C for 24 h. The crude reaction mixture was quenched with H2O
(75 mL) and extracted with CH2Cl2 (2P50 mL). The combined organic
extracts were dried (MgSO4), and evaporated. The crude product was
subjected to chromatography (SiO2, 7:3 hexane/CH2Cl2) to give 5
(450 mg, 86% yield) as a white solid. 5 : 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=7.78 (s, 3H, central aryl-H), 7.73 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H,
aryl -H m-CH2N3), 7.45 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H, aryl -H o-CH2N3),
4.42 ppm (s, 6H, CH2N3);


13C NMR (151 MHz, CDCl3, 25 8C, TMS): d=


141.8, 140.9, 134.8, 128.7, 127.7, 125.2, 54.5 ppm; HRMS (EI): calcd for
C27H21N9: m/z 471.1920; found: m/z 471.1939.


3,4,5-Tris[{2-(2-methoxy)ethoxy}ethoxybenzyloxy]benzyl azide (10):
NaN3 (0.379 g, 3.53 mmol) was added to a solution of 3,4,5-tris-[(2-(2-me-
thoxy)ethoxy)ethoxybenzyloxy]benzyl chloride,[9i] (0.282 g, 0.353 mmol)
dissolved in DMF (3.7 mL) and the solution was stirred at 60 8C for 24 h.
The crude reaction mixture was quenched with H2O (50 mL) and extract-
ed with CH2Cl2 (2P25 mL). The combined organic extracts were washed
with H2O (2P20 mL), brine (20 mL), dried (MgSO4), and evaporated.
The crude product was subjected to chromatography (SiO2, EtOAc
eluent) to give 10 (221 mg, 77% yield) as a pale yellow amorphous solid.
10 : 1H NMR (600 MHz, CDCl3, 25 8C, TMS): d=7.32 (d, 3J ACHTUNGTRENNUNG(H,H)=9 Hz,
4H, aryl -H m-O), 7.27 (d, 3J ACHTUNGTRENNUNG(H,H)=9 Hz, 2H, aryl -H m-O), 6.91 (d, 3J-
ACHTUNGTRENNUNG(H,H)=9 Hz, 4H, aryl -H o-O), 6.79 (d, 3J ACHTUNGTRENNUNG(H,H)=9 Hz, 2H, aryl -H o-
O), 6.57 (s, 2H, aryl -H o-CH2N3), 5.01 (s, 4H, benzylic CH2O), 4.94 (s,
2H, benzylic CH2O), 4.21 (s, 2H, -CH2N3), 4.16 (t, 3J ACHTUNGTRENNUNG(H,H)=5 Hz, 4H),
4.12 (t, 3J ACHTUNGTRENNUNG(H,H)=5 Hz, 2H), 3.89–3.85 (m, 6H), 3.74–3.71 (m, 6H), 3.60–
3.57 (m, 6H), 3.40 (s, 6H, OCH3), 3.39 ppm (s, 3H, OCH3);


13C NMR
(151 MHz, CDCl3, 25 8C, TMS): d=158.7, 158.6, 153.2, 138.5, 130.9,
130.3, 130.2, 129.3, 129.2, 114.7, 114.3, 108.2, 74.7, 72.1, 71.2, 70.9, 70.8,
69.9, 67.6, 67.5, 59.2, 55.1 ppm; HRMS (FAB): calcd for
C43H55O12N3(Na): m/z 828.3649; found: m/z 828.3684; elemental analysis:
calcd: C 64.08, H 6.88, N 5.21; found: C 64.33, H 6.81, N 5.19.


[4]Rotaxane (11·12PF6): Tris-1,3,5-(4’-azidomethyl)benzene (6) (0.0107 g,
0.0227 mmol) and DNP derivative 7 (0.0390 g, 0.0682 mmol, 1.0 equiv per
azide) were dissolved in [D7]DMF (0.45 mL) in an NMR tube. Stock so-
ACHTUNGTRENNUNGlu ACHTUNGTRENNUNGtions of CuSO4·5H2O in [D7]DMF (45 mL, 0.072m, 0.05 equiv per
azide) and ascorbic acid in [D7]DMF (45 mL, 0.144m, 0.10 equiv per
azide) were added and the mixture left at room temperature for 20 h
(until the -CH2N3 resonance at 4.61 ppm was replaced by the -CH2N-
ACHTUNGTRENNUNG(triazole) resonance at 5.76 ppm in the 1H NMR spectrum of the reaction
mixture). A stock solution of AgPF6 in [D7]DMF (50 mL, 0.235m,
0.17 equiv per TMS) and H2O (3.7 mL, 0.2081 mmol, 9 equiv per TMS)
were added and the mixture left at 40 8C for 36 h (until the -CH2CCSi
singlet resonance at d =4.36 was replaced by the -CH2CCH doublet reso-
nance at d=4.23 ppm and the -CCSi ACHTUNGTRENNUNG(CH3)3 resonance at d=0.16 ppm
was replaced by the -Si ACHTUNGTRENNUNG(CH3)3 resonances at d=0.08 and 0.05 ppm in the
1H NMR spectrum of the reaction mixture). 3,4,5-Tris[{2-(2-methoxy)-
ACHTUNGTRENNUNGethoxy}ethoxybenzyloxy]benzyl azide (10) (0.0584 g, 0.0725 mmol,
1.1 equiv per alkyne), CBPQT·4PF6 (0.0840 g, 0.0763 mmol, 1.1 equiv per
DNP), Cu nanopowder (Aldrich, 0.002 g, 0.0315 mmol), and [Cu-
ACHTUNGTRENNUNG(MeCN)4]PF6 (0.002 g, 0.0054 mmol) were then added and the dark
purple reaction mixture was cooled to �5 8C for 40 h (until the -CCH res-
onance at d=3.17 ppm was no longer observed in the 1H NMR), after
which time a Ag mirror had formed on the walls of the NMR tube. The
reaction mixture was filtered through a fritted funnel to remove residual
solids and the solvent evaporated. The resulting purple oil was redis-
solved in Me2CO and the [4]rotaxane was purified by preparative TLC
using 50% MeOH/CH2Cl2 followed by 3% w/v NH4PF6 in Me2CO fol-
lowed by a 12:7:1 1m NH4Cl/MeOH/MeNO2 mobile phases consecutively
on one preparative TLC plate. The rotaxane product was recovered from
the silica gel by washing with excess water, then Me2CO, and finally a
4% w/v NH4PF6 solution in Me2CO. The recovered material was then re-
subjected to preparative TLC using a 12:7:1 1m NH4Cl/MeOH/MeNO2


mobile phase. The rotaxane product was again recovered from the silica
gel as before. The Me2CO was concentrated to a minimum volume, and
the product was precipitated from this solution through the addition of
an excess of cold water. The [4]rotaxane 11·12PF6 was isolated as a


purple solid (78 mg, 44% yield). 11·12PF6:
1H NMR (600 MHz,


CD3COCD3, 52 8C, TMS) (assignments verified by COSY and HMQC):
d=9.08 (br s, 24H, a-CBPQT4+), 8.19 (br s, 24H, phenylene-CBPQT4+),
7.92 (s, 3H, central benzene aryl -H), 7.90 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H, central
aryl -H m-methylene triazole), 7.83 (s, 3H, triazole -H), 7.74 (s, 3H, tria-
zole -H), 7.56 (br s, 24H, b-CBPQT4+), 7.46 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H, cen-
tral aryl -H o-methylene triazole), 7.32 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 12H, stopper
aryl -H m-O), 7.28 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H, stopper aryl -H m-O), 6.92 (d,
3J ACHTUNGTRENNUNG(H,H)=8 Hz, 12H, stopper aryl -H o-O), 6.83 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H,
stopper aryl -H o-O), 6.74 (s, 6H, stopper aryl -H o-methylene triazole),
6.41 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 3H, DNP aryl -H p-O), 6.30 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz,
3H, DNP aryl -H o-O), 6.16 (t, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 3H, DNP aryl -H m-O),
6.08 (t, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 3H, DNP aryl -H m-O), 5.96 (br s, 24H,
CBPQT4+ benzyl -H), 5.56 (s, 6H, central CH2-triazole), 5.39 (s, 6H,
stopper CH2-triazole), 4.96 (s, 12H, stopper phenyl-OCH2), 4.88 (s, 6H,
stopper phenyl-OCH2), 4.45–4.39 (m, 12H, DNP-OCH2), 4.37 (s, 6H,
OCH2-triazole), 4.34 (s, 6H, OCH2-triazole), 4.25–4.17 (m, 12H), 4.13 (t,
3J ACHTUNGTRENNUNG(H,H)=5 Hz, 12H, stopper aryl-OCH2), 4.10 (t, 3J (H,H)=5 Hz, 6H,
stopper aryl-OCH2), 4.06–3.97 (m, 12H), 3.95–3.85 (m, 12H), 3.83–3.74
(m, 30H), 3.67–3.60 (m, 18H), 3.53–3.48 (m, 18H), 3.31–3.27 (m, 27H,
stopper-OCH3), 2.72 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 3H, DNP aryl -H p-O),
2.68 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 3H, DNP aryl -H p-O); 13C NMR
(151 MHz, CD3COCD3, 2 8C, TMS): d =159.6, 153.6, 151.9, 145.9, 145.6,
145.2, 141.1, 138.1, 137.7, 136.8, 132.2, 132.0, 131.9, 131.1, 130.8, 130.4,
129.7, 129.6, 128.9, 128.6, 126.8, 126.6, 125.2, 125.1, 125.0, 115.0, 114.7,
109.0, 107.9, 104.9, 104.7, 75.1, 72.4, 72.4, 71.7, 71.3, 71.2, 71.0, 70.9, 70.7,
70.1, 69.7, 68.8, 68.1, 65.8, 65.7, 64.3, 64.2, 58.7, 54.1, 53.5 ppm; MS (ESI;
MeOH/H2O 1:1, 0.1% AcOH): m/z : 1777.4 [M�4PF6]


4+ , 1392.7
[M�5PF6]


5+ , 1136.5 [M�6PF6]
6+ , 953.4 [M�7PF6]


7+ , 816.2 [M�8PF6]
8+ .


Dumbbell Compound (12): Tris-1,3,5-(4’-azidomethyl)benzene (6)
(0.0103 g, 0.0219 mmol) and DNP derivative 7 (0.0378 g, 0.0659 mmol,
1.0 equiv per azide) were dissolved in [D7]DMF (0.45 mL) in an NMR
tube. Stock solutions of CuSO4·5H2O in [D7]DMF (43 mL, 0.072m,
0.05 equiv per azide) and ascorbic acid in [D7]DMF (43 mL, 0.144m,
0.10 equiv per azide) were added and the reaction mixture was held at
room temperature for 20 h (until the -CH2N3 resonance at d=4.61 ppm
was replaced by the -CH2N ACHTUNGTRENNUNG(triazole) resonance at d=5.76 ppm in the
1H NMR spectrum of the reaction mixture). A stock solution of AgPF6 in
[D7]DMF (50 mL, 0.235m, 0.17 equiv per TMS) and H2O (3.7 mL,
0.208 mmol, 9 equiv per TMS) were added and the mixture was heated
to 40 8C for 36 h (until the -CH2CCSi singlet resonance at d=4.36 was re-
placed by the -CH2CCH doublet resonance at d=4.23 ppm and the
-CCSi ACHTUNGTRENNUNG(CH3)3 resonance at d=0.16 ppm was replaced by the -Si ACHTUNGTRENNUNG(CH3)3
resonances at d=0.08 and 0.05 ppm in the 1H NMR spectrum of the reac-
tion mixture). 3,4,5-Tris-[{2-(2-methoxy)ethoxy}ethoxybenzyloxy]benzyl
azide (10) (0.0584 g, 0.0725 mmol, 1.1 equiv per alkyne), Cu nanopowder
(Aldrich, 0.002 g, 0.0315 mmol), and [CuACHTUNGTRENNUNG(MeCN)4]PF6 (0.002 g,
0.0054 mmol) were then added and the reaction mixture was allowed to
rest at room temperature for 24 h (until the -CCH resonance at d=


3.38 ppm was replaced by the -CH ACHTUNGTRENNUNG(triazole) at d=8.31 ppm in the
1H NMR spectrum of the reaction mixture), after which time a Ag
mirror had formed on the walls of the NMR tube. The reaction mixture
was filtered through a fritted funnel to remove the residual solids and the
solvent evaporated. The resulting brown oil was subjected to chromatog-
raphy (SiO2, 10:90 Me2CO/CH2Cl2 followed by 10:90 MeOH/CH2Cl2
eluent) to give 12 (63.2 mg, 65% yield) as a colorless oil. 12 : 1H NMR
(600 MHz, CDCl3, 25 8C, TMS) (assignments verified by COSY and
HMQC): d=7.84 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H, DNP aryl -H p-O), 7.71 (s, 3H,
central benzene aryl -H), 7.64 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H, central aryl -H m-
methylene triazole), 7.53 (s, 3H, triazole -H), 7.43 (s, 3H, triazole -H),
7.34 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H, central aryl -H o-methylene triazole), 7.35–
7.26 (m, 24H), 6.91 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 12H, stopper aryl -H o-O), 6.81–
6.79 (m, 12H, stopper aryl -H o-O and DNP aryl -H o-O), 6.53 (s, 6H,
stopper aryl -H o-methylene triazole), 5.51 (s, 6H, tris-phenyl benzene-
CH2N), 5.33 (s, 6H, stopper phenyl-CH2N), 4.96 (s, 12H, stopper O-CH2-
phenyl), 4.92 (s, 6H, stopper O-CH2-phenyl), 4.67 (s, 6H, triazole-
CH2O), 4.67 (s, 6H, triazole-CH2O), 4.26–4.23 (m, 12H, DNP-OCH2),
4.15 (t, 3J ACHTUNGTRENNUNG(H,H)=5 Hz, 12H, stopper phenyl-OCH2), 4.13 (t, 3J ACHTUNGTRENNUNG(H,H)=


5 Hz, 6H, stopper phenyl-OCH2), 3.97–3.94 (m, 12H), 3.89–3.85 (m,
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18H), 3.79–3.76 (m, 12H), 3.74–3.72 (m, 18H), 3.70–3.66 (m, 36H), 3.60–
3.58 (m, 18H), 3.40 ppm (s, 27H, stopper -OCH3);


13C NMR (151 MHz,
CDCl3, 25 8C, TMS): d=158.6, 158.6, 154.3, 153.2, 145.7, 145.9, 141.7,
141.2, 138.7, 134.2, 130.2, 130.0, 129.9, 129.2, 129.0, 128.7, 127.9, 126.7,
125.3, 125.1, 122.6, 122.6, 114.6, 114.3, 108.0, 105.7, 74.7, 71.9, 71.1, 70.9,
70.7, 70.7, 70.6, 70.6, 69.8, 69.8, 67.9, 67.4, 67.4, 64.7, 64.7, 59.1, 54.2,
53.7 ppm; MS (ESI; MeOH/H2O 1:1, 0.1% AcOH): m/z : 1464.4
[M+3H]3+, 1098.5 [M+4H]4+ , 879.2 [M+5H]5+ ; HRMS (ESI; MeOH/
H2O 1:1, 0.1% AcOH): m/z : calcd for [C240H298N18O60]


4+ : 1098.5220
[M+4H]4+; found: 1098.5203.
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Introduction


Dehydrobenzo[n]annulenes ([n]DBAs), in which n denotes
the number of p electrons in the cyclic pathway, are a family
of carbon-rich p-conjugated cyclic systems involving ben-
zene rings and acetylene units.[1] The chemistry of [n]DBAs
was intensively investigated during the 1960s and 1970s
mainly from the viewpoint of ring currents induced in cyclic
p systems by magnetic fields. Subsequently, they have been
studied from the various aspects, as unique organometallic
ligands by Youngs et al. ,[2] as precursors of carbon nanopar-
ticles by Vollhardt and Bunz et al. ,[3] and as partial units of
non-natural carbon allotropes, such as the so-called graph-
yne and graphdiyne by Tobe and Haley et al.[4] Furthermore,
various functionalized [n]DBAs have been synthesized, and
their optical and optoelectronic properties have been inves-
tigated in solution for applications as functional materials.[5]


To develop a significant property of [n]DBA in the solid
state, on the other hand, the molecular arrangement is a cru-
cial factor in addition to the molecular structure. So far,


Abstract: To develop a novel p-conju-
gated molecule-based supramolecular
assembly, we designed and synthesized
trisdehydrotribenzo[12]annulene
([12]DBA) derivative 2 with three car-
boxyl groups at the periphery. Recrys-
tallization of 2 from DMSO gave a
crystal of the solvate 2·3DMSO. Crys-
tallographic analysis revealed, to our
surprise, that a face-to-face p-stacked
one-dimensional (1D) assembly of 2
was achieved and that the DMSO mol-
ecule played a significant role as a
“structure-dominant element” in the
crystal. This is the first example of
[12]DBA to stack completely orthogo-


nal to the columnar axis. To reveal its
superstructure-dependent optical and
electrical properties, 2 and its parent
molecule 1, which crystallizes in a her-
ringbone fashion, were subjected to
fluorescence spectroscopic analysis and
charge-carrier mobility measurements
in crystalline states. The 1D stacked
structure of 2 provides a red-shifted,
broadened, weakened fluorescence


profile (lmax=545 nm, fF=0.01), com-
pared to 1 (lmax=491 nm, fF=0.12),
due to strong interactions between the
p orbitals of the stacked molecules.
The charge-carrier mobility of the
single crystal of 2·3DMSO, as well as
1, was determined by flash photolysis
time-resolved microwave conductivity
(FP-TRMC) measurements. The single
crystal of 2·3DMSO revealed signifi-
cantly-anisotropic charge mobility
(�m=1.5;10�1 cm2V�1 s�1) along the
columnar axis (crystallographic c axis).
This value is 12 times larger than that
along the orthogonal axis (the a axis).


Keywords: charge-carrier mobility ·
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some well-designed supramolecular architectures based on
[n]DBA have been reported in crystals,[6] in liquid crystals,[7]


in gels,[5f,g] in vesicles,[8] and on surfaces.[9] However, reveal-
ing the relationship between the superstructures and physi-
cal properties, such as optical, electrical, and electronic
properties, and the development of novel functional materi-
als based on [n]DBAs still remain as challenges.


Among the various molecular arrangements observed in
supramolecular assemblies, a p-stacked, one-dimensional
(1D) assembly is one of the most fundamental and fascinat-
ing ones, because the interactions between the p orbitals of
the stacked molecules provide the pathway for charge or ex-
citon migration to exhibit functional properties. Thus far,
the optical, electrical, and electronic properties of p-stacked
aggregates have been examined experimentally and theoret-
ically for a large number of p-conjugated compounds includ-
ing heterocyclic compounds, such as porphyrin and phthalo-
cyanine, and polycyclic aromatic hydrocarbons (PAHs), such
as triphenylene and hexabenzocoronene.[10] In most cases, p-
stacked 1D aggregates are achieved in liquid crystals or in
gels by using molecules with discotic cores the periphery of
which is functionalized by long aliphatic chains. Moreover,
to effectively achieve these, well-designed hydrogen bonds
are also applied in some cases. For example, MLllen et al.
reported the control of the molecular arrangement of hexa-
benzocoronene derivatives through the hydrogen bond of
the urea moiety.[11]


In the crystalline state, on the other hand, a p-stacked 1D
assembly is often difficult to achieve, because p–p interac-
tions and CH–p interactions, which are unfavorable for p-
stacked 1D assembly, play a significant role when discotic
compounds such as PAHs crystallize. In connection with
this, Desiraju and Gavezzotti have classified the molecular
arrangements of PAHs into the following four categories,
herringbone, sandwich herringbone, b, and g structures, and
they have established the relationship between molecular
structure and molecular arrangement on the basis of the
crystal structures of 32 PAHs.[12] They have proposed signifi-
cant guidelines for the molecular arrangement of PAHs in
crystals to rationalize and predict crystal structures of PAH
from the molecular structures. However, the construction of
face-to-face stacked 1D assembly in crystals has remained
difficult, and even though large discotic compounds tend to
stack in 1D columns, the cores are still tilted (in many cases,
by 40–608) with respect to the columnar axis.[13] In addition,
organic crystals, especially single crystals, have other diffi-
culties associated with material functionalization; for exam-
ple, contingent and time-consuming growth processes and
brittleness of the resulting crystals. However, crystallograph-
ically determined and thoroughly ordered molecular ar-
rangements in organic crystals are fascinating from the view-
point of not only fundamental chemistry, but also for the de-
velopment of functional materials. Indeed, field-effect tran-
sistor (FET) properties of promising compounds, such as an-
thracene,[14] rubrene,[15] pentacene,[16] and others,[17] have
been examined with the single crystals to develop organic
semiconductor materials.


Trisdehydrotribenzo[12]annulene ([12]DBA) 1,[18] which is
the target molecule in this study, is also known to crystallize
in a herringbone fashion; this arrangement is functionally


less useful arrangement due to small p–p interactions.[19]


Thus, in order to improve optical and electrical properties of
crystalline materials based on 1, it is necessary to control its
molecular arrangement in the solid state. To modulate the
molecular arrangement of 1, we introduced carboxyl groups
into its periphery for the following two reasons. First, hydro-
gen bonds of the carboxyl groups, based on the supramolec-
ular synthon theory,[20] can provide well-defined networked
lattices to keep them in a co-planar arrangement. Second,
any compound capable of hydrogen bonding with carboxylic
groups can be examined by high-throughput screening to
modulate the arrangement of the [12]DBA core. Indeed, we
have successfully controlled the arrangement of anthracene
chromophores in the crystalline state and have been able to
change their emission properties on the basis of this crystal-
engineering strategy.[21] In the present system, we serendipi-
tously succeeded in constructing and crystallographically an-
alyzing the face-to-face p-stacked 1D assembly of [12]DBA
2 in the crystalline state, in which the plane of 2 was com-
pletely orthogonal to the columnar axis. Although, Vollhardt
et al. reported the face-to-face stacking of [12]DBA deriva-
tives to form dimers,[22] the present system is the first exam-
ple of [12]DBA derivatives to form a face-to-face stacked
1D columnar assembly. Furthermore, we revealed that the
1D assembly of 2 shows superstructure-dependent emission
behavior, which yields a red-shifted, broadened, weakened
fluorescence spectral profile, and significantly anisotropic
charge mobility along the columnar axis (�12 times larger
than that along the orthogonal axis).


Herein, we describe the synthesis of 2, its crystal structure
with the 1D columnar assembly, the role of the DMSO mol-
ecule as a “structure-dominant element”, and its superstruc-
ture-dependent fluorescence and electrical properties. The
fluorescence properties of 2 were evaluated both in solution
and as a crystalline powder, and compared with those of its
parent compound 1. The charge-carrier mobility of the
single crystal of 2, as well as 1, was estimated by flash pho-
tolysis time-resolved microwave conductivity (FP-TRMC)
measurements.


Results and Discussion


Synthesis and crystallization of the [12]DBAs : [12]DBA 2
was synthesized with a 71% yield by the hydrolysis of the
corresponding methyl ester 3, which is derived from the iod-
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ization of the diethyltriazene derivative 4[23] with a 69%
yield and desilylation followed by modified Castro–Stephens
cyclization[24] of the resultant iodoethynylbenzene derivative
6 with a 39% yield in two steps, as shown in Scheme 1.


[12]DBA 1 was also prepared from 1-iodo-2-ethylylbenzene
as the reference compound. To investigate the molecular ar-
rangement in the solid state, [12]DBAs 1, 2, and 3 were then
recrystallized from various organic solvents with or without
a second component capable of hydrogen bonding. Slow
evaporation of a solution of 1 in hexane/diisopropyl ether
yielded pale yellow single crystals[25] in which molecule 1
was arranged in the same way as described in the literature;


that is, in a herringbone fashion. In the case of 2, recrystalli-
zation from DMSO yielded a yellow columnar single crystal
2·3DMSO suitable for X-ray single-crystal analysis. To our
surprise, molecules of 2 solvated with DMSO stack
co-facially to give 1D columnar assembly. [12]DBA 3 yield-
ed a needle-like crystal from dichloromethane. Its diameter
was less than 0.01 mm, which is too thin for crystallographic
analysis in our laboratory. However, powder X-ray diffrac-
tion (PXRD) patterns of the bulk crystal of 3 (see, Figure S1
in Supporting Information) exhibited a similar profile as
that for 2·3DMSO, indicating that molecules of 3 also aggre-
gate in a p-stacked 1D columnar structure, though we have
not described the aggregate of 3 in this manuscript.


Crystal structure of 1 and 2·3DMSO : In the crystalline
state, 1 is packed in a herringbone fashion as already de-
scribed in the literature (Figure 1a).[19] For a clear interpre-
tation of the intermolecular interaction working in the crys-
tal, the molecule of 1 in the crystal was drawn by the Hirsh-
feld surface[26] mapped with de between 1.0 and 2.6 P, for
which de denotes the distance from the surface to the near-
est nucleus in another molecule. The surfaces (Figure 1b)
show two sets of two significant orange spots (labeled i) on
the benzene ring and the center of the trigonal structure of
one side (left) and on the two benzene rings of the other
side (right), as well as green flat regions (labeled ii) on the


Scheme 1. Synthesis of [12]DBA 2. a) CH3I, 120 8C, 17 h, 69%; b) TBAF,
THF, RT; c) K2CO3, CuI, PPh3, DMF, 120 8C, 24 h, 39% for 2 steps; d)
KOH, THF, RT, 19 h, 71%.


Figure 1. Structural features of 1 and 2 in the crystals. a) Packing diagram of 1 with a space-filling model. The Hirshfeld surface plots of b) 1 and c) 2.
The surfaces are mapped with de between 1.0 (red) and 2.6 (blue) P. The orange spots labelled i and flat green regions labelled ii in b) and c) represent
CH–p and p–p contacts, respectively. d) Diagrams of 2·3DMSO with 50% thermal ellipsoids for non-hydrogen atoms. Symmetry codes: A: x, y, z ; B:
1�y, 1+x�y, z ; C: 1�y, 1+x�y, 1.5�z. e) A side view of the 1D columnar assembly of 2·3DMSO with a space-filling model for 2 and a ball-and-stick
model for DMSO. f) A selected scaffold of the DMSO molecules. g) A hexagonal packing diagram of 2·3DMSO. DMSO is depicted in green, 2 is depict-
ed in red or blue in e)–g).
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surface of both sides. The orange spots and the green re-
gions indicate CH–p contacts and p–p stacking, respectively.
Thus, these profiles imply that 1 is packed in the crystal with
a large CH–p and tiny p–p interactions.


The crystal structure of 2·3DMSO is shown in Fig ACHTUNGTRENNUNGure 1d–
g. The carboxylic group of 2 is solvated with the DMSO
molecule through a strong hydrogen bond O(3A)H···O(1B),
in which the distances between the O(1B) and O(3A) atoms
and between the H and O(1B) atoms are 2.58 and 1.77 P,
respectively, and two weak hydrogen bonds C(9B)H···O(2A)
and C(9C)H···O(2A), in which distances between H and
O(2A) atoms and O(2A) and C(9B) or C(9C) atoms are
2.64 and 3.42 P, respectively, and an angle of C(9B) or
C(9C)�H···O(2A) is 137.48 (symmetry codes: A: x, y, z ; B:
1�y, 1+x�y, z ; C: 1�y, 1+x�y, 1.5�z ; Figure 1d). All
atoms of the molecule 2, including those of the carboxyl
groups, and sulfur and oxygen atoms of DMSO are laid out
on the same plane, leading to the C3h symmetrical structure.
The molecules stack in a face-to-face fashion, in which the
plane of the [12]DBA cores is orthogonal to the columnar
axis, to yield the A,B-type 1D columnar structure. The
[12]DBA cores, A and B colored in red and blue in the
figure, are staggered by 20.198, and the distance between
them is 3.52 P (Figure 1e). The columns are parallel-packed
into a hexagonal pattern (Figure 1g) through weak but fa-
vorable CH–S interactions. The Hirshfeld surface of 2,
mapped with de between 1.0 and 2.6 P (Figure 1c), exhibits
a large flat green region, indicating that the p–p interaction
predominantly occurs over the whole p surface of the mole-
cule. The orange spots on the edge of the molecule are due
to CH–S contacts.


It is worth noting that the DMSO molecules bound to the
periphery of 2 form well-fitted scaffolds with the intermo-
lecular CH···O=S interactions (Figure 1f), preventing
[12]DBA cores from forming CH–p interactions or slipped
stacking. To confirm the steric effect of the DMSO mole-
cules, other sulfoxides, such as ethylene-, methylethyl-, di-
ethyl-, and dimethoxysulfoxides, were also subjected to co-
crystallization with 2 under the same conditions as in the
case of DMSO. No crystals were obtained from these sys-
tems: Ethylenesufoxide yielded a powder-like precipitate
that did not exhibit any significant PXRD pattern, and the
others also yielded amorphous films. This is probably due to
steric misfit of the sulfoxides scaffolds. The approximate
lengths of the sulfoxides are listed in Table 1. The danti value,


which denotes the maximum diameter of the trans-confor-
mation sulfoxides (Figure 2), of ethylenesulfoxide of 4.9 P is
much smaller than that for DMSO, which is 7.0 P, while the


others have larger values (8.2 to 9.4 P). Thus, if 2 solvated
by ethylenesulfoxide formed the 1D columnar assembly, the
resulting structure should leave an unfavorable void space
for crystallization. On the other hand, the three bulky sulf-
oxides probably do not allow for the construction of 1D
stacked crystal structures like 2·3DMSO, although the diam-
eter of the gauche conformation (dgauche) is comparable to
that of DMSO. These indicate that DMSO molecules specif-
ically work as the glue for construction of the face-to-face
1D structure of 2. In addition, other molecules capable of
participating in a hydrogen bond with 2 were subjected to
co-crystallization with 2. However, to our dismay, they have
not yielded single crystals suitable for X-ray diffraction anal-
ysis yet.


Stability of the crystal of 2·3DMSO: At ambient tempera-
ture, the DMSO molecules remained in the crystal when the
crystals were placed under vacuum (�1 Pa) for several
hours. To evaluate the thermal stability of the crystal, ther-
mal gravimetric (TG) analysis was carried out, given the
fact that DMSO molecules are released from the crystal at
about 111 8C (Figure S2 in the Supporting Information). Fur-
thermore, the crystalline powder was subjected to DMSO
desorption/absorption experiments, revealing that the crystal
structure collapsed with loss of the DMSO molecules, while
exposure of the resultant powder to DMSO vapors allowed
for the recovery of the original structure. Figure 3 shows the
change in the PXRD pattern of the crystalline powder upon
desorption/absorption. The PXRD pattern of the crystalline
powder of 2·3DMSO (Figure 3b), which is in good agree-
ment with that simulated from the single-crystal data (Fig-
ure 3a), changed into a broadened, different pattern upon
removal of the DMSO molecules by heating at 130 8C for
1 h in vacuo (Figure 3c). The PXRD pattern in Figure 3c has
a significantly broadened peak around 2q=26.18 (3.41 P)
that can probably be attributed to the partly-surviving p


stacked aggregate of 2. On the other hand, the correspond-
ing peak in the pattern in Figure 3b is observed at 2q=25.08
(002 diffraction peak), the d-spacing of which is 3.56 P, indi-
cating that the 1D assembly of 1 shrinks by about 4% along
the columnar axis (c axis in the crystal structure) by replace-
ment of the appended DMSO molecules, which is also im-
plied by its solid-state fluorescent spectrum (vide infra).


Table 1. Approximate lengths[a] of sulfoxides subjected to co-crystalliza-
tion with [12]DBA 2.


Substituents danti [P] dgauche [P] Precipitates


R1, R2=�CH2CH2- 4.9 – powder
R1=R2=Me 7.0 – single crystal
R1=Me, R2=Et 8.2 7.0 film
R1=R2=Et 9.4 7.9 film
R1=R2=OMe 8.6 – film


[a] Molecular structures with anti conformation were optimized by HF/6–
31G* level and those with gauche conformation were modeled based on
MM calculations.


Figure 2. Space-filling models of diethylsulfoxides with gauche and anti
conformations. The distances dgauche and danti denote the diameters of the
molecules in the respective conformations.
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Comparison of the low angle diffraction peaks between the
patterns in Figure 3b and c indicates that rearrangement of
the columnar structure also occurred upon removal of the
DMSO molecules. Especially, the d-spacing (26 P) of a new
peak at 2q=3.48 in the pattern in Figure 3c is consistent
with the length of the dimeric species of 2 derived by the
self-complementary hydrogen bond of carboxylic moieties.
Interestingly, when the destructured powder was exposed to
DMSO vapor at 40 8C for 43 h, the original PXRD pattern
completely recovered as shown in the pattern in Figure 3d.
Thus, these results clearly indicate that DMSO is an excel-
lent “structure-dominant element” for construction of the
crystal with 1D columnar assembly of 2.


Optical properties of the DBAs : The 1D p-stacked structure
is especially attractive for examining the optical and electri-
cal properties, as reported for PAHs.[10] To reveal the super-
structure-dependent optical properties of [12]DBA systems,
the electronic spectra of 2 were measured in the crystalline
state and in DMSO, and compared with those of the parent
compound 1. First, to clarify self-association behaviors of 1
and 2 in DMSO, 1H NMR spectra of 1 and 2 were measured
in various concentrations, yielding no changes in chemical
shifts up to concentrations of 2 mm (see Figures S3 and S4 in
the Supporting Information). Similarly, the UV/Vis spectra
of 1 and 2 do not show any hypochromic spectral change of
the absorption bands in the range of 5.9–1.5 mm and 10–
2.5 mm, respectively (see Figures S5 and S6 in the Supporting
Information). These results indicate that 1 and 2 are well
dispersed in the DMSO. Next, we compare the optical prop-
erties of 1 and 2. In solution, 1 and 2 show absorption
maxima at 292 and 303 nm, respectively, and lower energy
bands at around 345 and 356 nm, respectively (Figure 4).
The spectral profile of 2 is similar to that of 1, but is slightly
red-shifted by about 10 nm. The fluorescence emission spec-
trum of 2 with bands at 483, 500, and approximately 530 nm
also shows a spectral profile similar to that of 1 with 469,
484, and 515 nm, but is red-shifted by about 15 nm. The
fluorescence quantum yields of 1 and 2 are 0.15 and 0.07, re-


spectively, based on quinine sulfate reference. The cause of
the observed red-shifted absorption spectrum of 2 was deter-
mined by the time-dependent density functional theory
(TDDFT) calculation at the B3LYP/6-31+G* level as
shown in Figure 5.[27] [12]DBA 2 shows the signals ascribed


to p–p* transitions (HOMO!LUMO+1 and HOMO�1!
LUMO) at 333 nm which is red-shifted by 29 nm relative to
the corresponding signal of 1 (304 nm). Moreover, calcula-
tion with the integral equation formalism version of the po-
larizable continuum model (IEFPCM)[28] accounting for the
electrostatic interactions between the [12]DBA molecules
and the solvent; that is, DMSO, further gives a red-shifted
value of 34 nm in the absorption spectrum of 2. Thus, al-
though quantitative evaluation is difficult due to the large
difference between the observed and calculated absorption
spectra, the calculation results qualitatively indicate that the
observed red-shifted absorption spectrum of 2 is due to both
the effect of perturbation of the carboxyl groups and the
solvent effect of DMSO.


In the crystalline state, although the relative difference in
the wavelength between the maximum absorption bands of


Figure 3. Change in the PXRD patterns of 2·3DMSO upon desorption/
absorption. a) Simulated pattern from single-crystal X-ray diffraction
data. b) Observed pattern of crystalline powder, c) after heating at
130 8C for 1 h in vacuo, and d) after exposure to vaporous DMSO at
40 8C for 43 h


Figure 4. Normalized UV/Vis (dashed line) and fluorescence (solid line)
spectra of 1 (gray) and 2 (black) in solution. The concentrations of 1 and
2 in the solutions are 5.0 and 2.9 mm, respectively. Excitation wavelengths
for 1 and 2 are 303 and 292 nm, respectively.


Figure 5. Calculated UV/Vis spectra of 1 (gray bar) and 2 (black bar) a)
in vacuo and b) in DMSO. The excitation energy has been calculated
with the TDDFT method using the B3LYP/6-31+G* basis set. The struc-
tures are optimized at the B3LYP/6–31G* level. The values in the
DMSO solutions were obtained using the IEFPCM scheme.
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1 and 2 remains at about 10 nm, the spectral profiles of 1
and 2 are strongly broadened and red-shifted by approxi-
mately 120 nm relative to those found in solution, as shown
in Figure 6, resulting in much smaller values of the Stokes


shift than those in the solution due to rigidly packed crystal
structures. The fluorescence excitation spectra of 1 and 2 in
Figure 6 (inset) are in agreement with their absorption spec-
tra. It is worth noting that the fluorescence spectra of 1 and
2 show completely different profiles. The spectrum of the
crystalline solid of 1 shows a more unambiguous vibrational
structure (bands at 474, 491, 500, 519 and 528 nm) than that
in solution, though they lie in a similar wavelength region.
This is caused by molecular packing with tiny p–p interac-
tions and/or emission from two or more excitation states.
On the other hand, the crystalline solid of 2·3DMSO shows
a strongly broadened, structureless spectrum (lmax=545 nm)
that is red-shifted by nearly
50 nm relative to the maximal
emission band in the solution.
This indicates that the molecule
has p–p interaction with the ad-
jacent molecule and that the ex-
citon may delocalize along the
p–p stacked 1D columns to
form excited oligomeric species.
Indeed, the emission quantum
efficiency of the crystalline
2·3DMSO (fF=0.01) is much
smaller than that of 1 (fF=


0.12). Furthermore, the powder
sample after removal of the
DMSO molecules (Figure 3c),
which implies shorter p-stack
distance than 2·3DMSO, exhib-
its an emission maximum at
550 nm (Figure S7 in the Sup-


porting Information) which is slightly red-shifted compared
to 2·3DMSO due to stronger interactions between the
neighboring molecules. These results strongly indicate that
the arrangement of [12]DBA cores crucially affects the
solid-state optical properties.


Electrical properties of the DBAs : The molecular arrange-
ment of p-conjugated discotic compounds is significant for
the conductive properties of the crystal. Especially, one-di-
mensional conductivity of materials depends on the interac-
tion between the delocalized p orbitals of adjacent
[12]DBAs. To evaluate charge mobility of the crystals 1 and
2·3DMSO, their single crystals were subjected to flash pho-
tolysis time-resolved microwave conductivity (FP-TRMC)
measurements.[29] The TRMC technique, which can predict
the nanometer-scale mobility of charge carriers generated
by laser pulse irradiation under a low oscillating microwave
electric field, has been recently applied to assess the instinct
mobility of p-conjugated polymers and p–p-stacked discotic
materials, because the technique is not affected by chemical
or physical defects in the material or the organic/metal-elec-
trode interface.[30] Moreover, we investigated the anisotropy
of the charge transport in the single crystals, because al-
though the present system has a sophisticated p-stacked 1D
column, the column is insulated from the neighbors only by
DMSO molecules. In general, in the case of liquid crystal[31]


and graphitic nanotube[30d] systems of discotic cores having
long alkyl chains, peripheral long hydrocarbon chains insu-
late the conductive parts, resulting in highly anisotropic 1D
charge transport, while in the case of crystals reported so
far, the anisotropy tends to remain relatively low (the ratio
is within five) due to close packed p-conjugated molecules.


Figure 7 displays photographs of the single crystals, their
crystalline indices, and the corresponding molecular ar-
rangements. The crystal of 1 exhibits a block-like shape with
dimensions of 0.4;0.7;1.0 mm and the crystal of 2·3DMSO
exhibits a hexagonal column-like shape with dimensions of


Figure 6. Normalized UV/Vis (dashed line), fluorescence (solid line), and
excitation (inset) spectra of 1 (gray) and 2·3DMSO (black) in the crys-
tals. Excitation wavelengths for the fluorescence spectra of 1 and 2 are
449 and 414 nm, respectively. Excitation spectra of 1 and 2 are recorded
at 491 and 500 nm, respectively.


Figure 7. Single crystals of 1 and 2·3DMSO used in the PF-TRMC measurement. Photograph of the crystals a)
1 and d) 2·3DMSO. Crystal shapes with indices for b) 1 and e) 2·3DMSO. Molecular arrangements of c) 1 and
f) 2·3DMSO corresponding to the photographs.
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0.3;0.3;1.3 mm. The microwave electric field was applied
along the crystallographic a and c axes directions in the
single crystals of both 1 and 2·3DMSO to investigate aniso-
tropic conductivity. With regards to the p-orbital overlap-
ping of the annulene molecules, compound 1, which aligns
co-planarly along the c axis, is slightly p-stacked along the a
axis, while 2, which is packed co-planarly in the ab plane, p


stacks to form a 1D structure along the c axis, as described
above.


Figure 8 shows the kinetic traces of the conductivity
(f�m) of the single crystals of 1 and 2·3DMSO obtained
from TRMC measurements, in which f and �m denote pho-


tocarrier generation yield (quantum efficiency) and sum of
mobilities for negative and positive carriers, respectively.
The transient curves of 2 are shown in Figure 8a; the gray
and black curves correspond to the conductivity along the
crystallographic a and c axes, respectively. Upon irradiation
of a laser pulse with an excitation wavelength of 355 nm, the
single crystal of 2·3DMSO revealed a strong transient con-
ductivity f�m with a peak of 6.9;10�3 cm2V�1 s�1 at 81 ns
after irradiation along the c axis and weak conductivity with
a peak of 6.0;10�4 cm2V�1 s�1 at 106 nm along the a axis.
On the other hand, the single crystal of 1 showed only a
weak transient conductivity peak of 1.9;10�3 cm2V�1 s�1


along the a axis and no conductivity along the c axis.
To determine the value of the charge-carrier mobility �m,


the value of f was determined by the conventional direct-
current current integration (DC-CI) method using thin films


(�3 mm thick) of 1 and 2 that were cast from solutions of
the samples in DMSO on Al substrates and overcoated by
an Au semitransparent electrode, under excitation at 355 nm
with a power density of 5 mJcm�2. It should be noted that
the transient was obtained under an applied +5 V bias volt-
age between the electrode (Figure S8 in the Supporting In-
formation), while no transient was observed under a nega-
tive bias, suggesting that the major charge carriers are holes.
The value for 1 (6.5%) was slightly larger than that for 2
(4.5%), corresponding to the fact that the HOMO level of 1
(�5.30 eV) is higher than that of 2 (�5.82 V) or 2 solvated
by DMSO (�5.47 eV) (Figure S9 in the Supporting Informa-
tion). Assuming that the values of f in the single crystals
are the same as those in the films, the single crystal of 1 ex-
hibits the minimum mobility of 3.3;10�2 cm2V�1 s�1 along
the a axis and the single crystal of 2·3DMSO exhibits mini-
mum mobilities of 1.5;10�1 and 1.3;10�2 cm2V�1 s�1 along
the c and a axes, respectively.[32]


It is not easy to compare the values obtained in this study
with the reported values in other promising systems such as
rubrene by the time of flight or field-effect transistor meth-
ods.[15,17] However, the single crystal of 2·3DMSO yielded a
larger value compared with that of the single crystal of ru-
brene (�m=5.2;10�2 cm2V�1 s�1) obtained by the FP-
TRMC method.[30e,33] Furthermore, it is worth noting that
significant anisotropy of charge transport is observed in the
single crystal of 2·3DMSO. The mobility along the c axis is
�12 times larger that that along the a axis, although the
[12]DBA molecules lie coplanarly in the crystallographic ac
plane and are insulated from the adjacent molecules only by
DMSO molecules. The observed high anisotropic conductiv-
ity is presumably due to not only spatial but also the ener-
getic barrier of the DMSO for the charge-carrier transport.
The anisotropic effect observed in the present system is sig-
nificantly higher than that in reported crystalline systems[17a]


and comparable to the graphitic systems.[30e,31] Thus,
[12]DBA 2 is expected to be another candidate for organic
semiconductors.


Conclusion


A face-to-face stacked 1D columnar assembly composed of
[12]DBA macrocyclic cores was successfully constructed by
co-crystallization of the carboxylic derivative 2 with DMSO,
and was characterized by single-crystal X-ray analysis. The
1D stacked structure of 2 in the solid state was revealed to
show the red-shifted, broadened, weakened fluorescence
spectrum, relative to the parent compound 1, which crystal-
lizes in a herringbone fashion with only a very small amount
of p orbital overlap. We also revealed that the single crystal
of 2·3DMSO has significantly anisotropic charge mobility
(�m=1.5;10�1 cm2V�1 s�1) along the columnar axis. The
value is 12 times larger than that along the orthogonal axis.
Thus, [12]DBA 2 can be another candidate for organic semi-
conductor materials. These characteristics are strongly de-
pendent on the supramolecular structure in the assemblies.


Figure 8. Conductivity transients for the single crystals of a) 2·3DMSO
and b) 1. The transients colored by gray and black in a) are along the a
and c axes, respectively. Those by gray and black in b) are along the c
and a axes, respectively. The inset in a) shows the partially expanded
curve of the conductivity of 2·3DMSO along the c axis. The spike ob-
served at 0.8 ms is just noise.
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Experimental Section


General methods: 1H and 13C spectra were measured by a JEOL spec-
trometer (270 MHz for 1H and 67.5 MHz for 13C). MS data were obtained
from a JEOL JMS-700 instrument. UV/Vis spectra in the solid state and
in solution were measured on a JASCO V-550 spectrometer. Thermogra-
vimetric analysis was performed on a Rigaku TAS100 system and Rigaku
Thermoplus TG8120 with about 10 mg of sample from 30 to 250 8C at a
heating rate of 5 8Cmin�1. Emission spectra in the solid state and in solu-
tion were measured using a JASCO FP-6500 spectrofluorometer with an
accessory and a cell for solid samples from JASCO. FT-IR spectra of the
synthesized compounds in a KBr pellet were recorded using a Horiba
FT-720 spectrometer.


Crystal structure determination : X-ray diffraction data were collected on
a Rigaku R-AXIS RAPID diffractometer with a 2D area detector using
graphite-monochromatized CuKa radiation (l =1.54187 P). Direct meth-
ods (SIR-97) were used for the structure solution.[34] All calculations
were performed with the observed reflections [I>2s(I)] by the program
CrystalStructure crystallographic software packages[35] except for refine-
ment, which was performed using SHELXL-97.[36] All non-hydrogen
atoms were refined with anisotropic displacement parameters and hydro-
gen atoms were placed in idealized positions and refined as rigid atoms
with the relative isotropic displacement parameters.


Crystal data 1: C24H12, Mr=300.36, 0.8;0.8;0.6 mm, a=11.7275(3), b=


10.9297(3), c=12.4438(3) P, a=908, b=98.4239(18)8, g=908, V=


1577.81(7) P3, T=213 K, monoclinic, space group P21/c (No. 14), Z=4,
m ACHTUNGTRENNUNG(CuKa)=0.5492 mm�1, 1calcd=1.264 gcm�3, 8293 reflections collected,
2764 unique (Rint=0.087) reflections, The final R1 and wR2 values were
0.052 [I>2.0s(I)] and 0.124 (all data), respectively.


Crystal data 2·3DMSO : C33H30O9S3, Mr=666.77, 0.2;0.2;0.6 mm, a=


16.5993(4), b=16.5993(4), c=7.0364(3) P, a=908, b=908, g=1208, V=


1679.05(8) P3, T=213 K, hexagonal, space group P6̄2c (No. 190), Z=2,
m ACHTUNGTRENNUNG(CuKa)=2.458 mm�1, 1calcd=1.319 gcm�3, 16108 collected, 1124 unique
(Rint=0.074) reflections, The final R1 and wR2 values were 0.069 [I>
2.0s(I]) and 0.173 (all data), respectively.


CCDC-679449 (1) and 664534 (2) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.


Powder X-ray diffraction (PXRD): PXRD data were collected on a
Rigaku RINT-1100 or RINT-2000 using graphite-monochromatized Cu
Ka?radiation (l=1.54187 P) at room temperature.


Flash-photolysis time-resolved microwave conductivity (FP-TRMC)
measurements : Nanosecond laser pulses from a Nd:YAG laser (third har-
monic generation, THG (355 nm) from Spectra Physics, GCR-130,
FWHM 5–8 ns) were used as excitation sources. The power density of the
laser was set at 1.0–20 mJ/ cm2. For time-resolved microwave conductivity
(TRMC) measurements, the microwave frequency and power were set at
�9.1 GHz and 3 mW, respectively, so that the motion of the charge carri-
ers was not disturbed by the low electric field of the microwaves. The
TRMC signal picked up by a diode (rise time <1 ns) is monitored by a
digital oscilloscope. All the above experiments were carried out at room
temperature. The transient photoconductivity (Ds) of the samples is re-
lated to the reflected microwave power (DPr/Pr) and sum of the mobili-
ties of charge carriers as given in Equations (1) and (2).


hDsi ¼ 1
A


DPr


Pr
ð1Þ


Ds ¼ e
X


m�N ð2Þ


In these equations A, e, f, N, and �m represent a sensitivity factor, ele-
mentary charge of an electron, photocarrier generation yield (quantum
efficiency), number of absorbed photons per unit volume, and sum of
mobilities for negative and positive carriers, respectively. The number of
photons absorbed by the sample was estimated based on steady state ab-
sorption spectra of the thin solid films of the corresponding compounds.


The values of f for the films of 1 and 2 were determined by conventional
DC current integration using 3 mm thick films sandwiched by Al and sem-
itransparent-Au electrodes under excitation at 355 nm with a power den-
sity of 5.0 mJcm�2. Other details of the apparatus are described else-
where.[30]


Methyl 4-iodo-3-trimethylsilylethynylbenzenoate (5): Diethyltriazene 4
(100 mg, 0.302 mmol), which was synthesized according to the report by
Haley et al. ,[23] was dissolved in methyl iodide (2 mL) in an autoclave
under a nitrogen atmosphere. The reaction vessel was placed in an oil
bath at 120 8C for 17 h. After cooling to room temperature, the solvent
was removed under reduced pressure. The residue was subjected to
column chromatography on silica gel (dichloromethane) and washed with
Na2S2O3 aqueous solution to yield 5 (74.6 mg, 69%) as a yellow crystal-
line powder. M.p. 45 8C; 1H NMR (270 MHz, CDCl3): d=8.08 (d, J=


2.2 Hz, 1H; ArH,), 7.92 (d, J=8.3 Hz, 1H; ArH), 7.60 (dd, J=2.0,
8.2 Hz, 1H; ArH), 3.91 (s, 3H; OCH3), 0.29 ppm (s, 9H, SiCH3);
13C NMR (67.5 MHz, CDCl3): d=165.8, 138.9, 133.3, 130.1, 129.9, 129.8,
107.2, 105.5, 100.0, 52.4, �0.2 ppm; IR (KBr): ñ =2954, 2160, 1720 cm�1;
HR-MS (FAB): m/z calcd for [M]+ C13H15O2SiI: 357.9886; found:
357.9880.


Dehydrobenzo[12]annulene 3 : A 1m solution of tetrabutylammonium
fluoride in THF (0.7 mL, 0.7 mmol) was added to a solution of 5
(500 mg, 1.40 mmol) dissolved in THF (20 mL). After stirring for 1 h at
room temperature, the solvent was removed under reduced pressure. The
residue was extracted with dichloromethane and washed with water.
After drying the organic layer with anhydrous MgSO4, the solvent was
evaporated under reduced pressure to yield iodophenylacetylene 6 as an
oil. The resulting material was used for the following step without further
purification. A solution of iodophenylacetylene dissolved in DMF (5 mL)
was added to a mixture of K2CO3 (580 mg, 4.20 mmol), CuI (80 mg,
0.42 mmol), PPh3 (110 mg, 0.419 mmol). The mixture was stirred for 24 h
in an oil bath at 120 8C under a nitrogen atmosphere. The mixture was
poured into H2O and extracted with chloroform. After drying the organic
layer over anhydrous MgSO4, the solvent was evaporated under reduced
pressure. The residue was purified by column chromatography on silica
gel (chloroform) to yield 3 (86.1 mg, 39%) in the form of an ocher
powder. M.p. (decomp) 240 8C; 1H NMR (270 MHz, CDCl3): d =8.03 (s,
3H; ArH), 7.88 (d, J=8.1 Hz, 3H; ArH), 7.43 (d, J=8.1 Hz, 3H; ArH),
3.94 ppm (s, 9H; OCH3);


13C NMR (67.5 MHz, CDCl3): d=165.4, 133.3,
132.1, 130.7, 130.2, 129.9, 126.3, 94.8, 92.7, 52.5 ppm; IR (KBr) ñ =3448,
2923, 1720 cm�1; HR-MS (EI): m/z calcd for [M]+ C30H18O6: 474.1103;
found: 474.1099.


Dehydrobenzo[12]annulene 2 : 10% KOH aqueous solution (10 mL) was
added to a solution of DBA 3 (86.1 mg, 0.181 mmol) in THF (20 mL).
The mixture was stirred for 19 h at room temperature. The aqueous layer
was separated and a 2m HCl aqueous solution was added to the aqueous
layer. The resulting precipitation was gathered by a centrifuge, rinsed
with water several times, and dried under vacuum to yield 2, (55.5 mg,
71%) as an orange powder. M.p. (decomp) 207 8C; 1H NMR (270 MHz,
[D6]DMSO): d=13.33 (br s, 3H; OH), 7.92 (d, J=1.4 Hz, 3H; ArH),
7.85 (dd, J1=1.8, 8.2 Hz, 3H; ArH), 7.61 ppm (d, J=8.4 Hz, 3H; ArH);
13C NMR (67.5 MHz, [D6]DMSO): d=165.5, 132.7, 132.5, 131.4, 130.2,
129.2, 125.2, 94.2, 92.3 ppm; IR (KBr) ñ =3401, 2924, 2214, 1689 cm�1;
HR-MS (EI): m/z calcd for [M]+ C27H12O6: 432.0634; found: 432.0639.
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fore, the actual value of the mobilities may be larger than that deter-
mined in this study.


[33] Although the FP-TRMC measurement of the single crystal of ru-
brene gave the mobility of 5.2;10�2 cm2V�1 s�1 as shown in the liter-
ature of reference [31e], the value is approximately three orders of
magnitude smaller than reported highest FET mobility for the re-
brene single crystal. In connection with this discrepancy, several rea-
sons including underestimation of the extinction coefficients of
charged species in the crystal phase have been speculated. Thus, the
value is expected to be minimum value of the mobility of rubrene
single crystal.


[34] A. Altomare, M. Burla, M. Camalli, G. Cascarano, C. Giacovazzo,
A. Guagliardi, A. Moliterni, G. Polidori, R. Spagna, J. Appl. Crystal-
logr. 1999, 32, 115–119.
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Synthesis, Characterization, and Remarkable Biological Properties of
Cyclodextrins Bearing Guanidinoalkylamino and Aminoalkylamino Groups
on Their Primary Side


Nikolaos Mourtzis,[a] Maria Paravatou,[b] Irene M. Mavridis,[a] Michael L. Roberts,[c] and
Konstantina Yannakopoulou*[a]


Introduction


Cyclodextrins (CDs) are cyclic oligomers of a-d-glucose
that possess a set of primary hydroxyl groups on the narrow
side and a set of secondary hydroxyl groups on the wider
side (Scheme 1a). The uniform and position-selective intro-
duction of substituents onto the macrocycles has been pur-
sued for many years[1] because the derivatives obtained can
act as functional host molecules. Reliable procedures afford-
ing per-substituted cyclodextrins bearing charged groups
have received particular attention,[1c–f] given that a geometri-
cally defined charged region on one side of the macrocycle
may present, in addition to the cavity, another significant re-
ceptor able to bind suitable substrates through multiple elec-
trostatic interactions. Per(6-amino-6-deoxy)-cyclodextrins,
known for some time, are compounds that provide both free


Abstract: The introduction of aminoal-
kylamino and guanidinoalkylamino
substituents on the primary side of b-
and g-cyclodextrin (CDs) resulted in a
series of novel compounds that were
extensively characterized by NMR
spectroscopy and mass spectrometry.
Bromination of the primary side of b-
and g-CD, and reaction with neat alky-
lene diamines at a pressure of 7 atm af-
forded aminoalkylamino derivatives
that were then guanylated at the pri-
mary amino group to give the corre-
sponding guanidinoalkylamino-CDs.
These compounds are water soluble
and display pKa values that allow them
to be mostly protonated at neutral pH;
for example, pKa1


~6.4 and pKa2
~9.5


for the aminoethylamino-b-CD and
pKa1


~7.8 and pKa2
~11.0 for the guani-


dinoethylamino-b-CD. The title CDs
are rigid, cyclic a-d-glucopyranose olig-
omers (heptamers or octamers) with
branches that resemble lysine and argi-
nine side chains that enable multiple
interactions with suitable substrates.
Thus, they bear similarities to known
cell-penetrating peptides. Indeed, the
compounds were found to cross the
membranes of HeLa cells and pene-
trate inside the cytoplasm quickly, the
guadinylated ones within 15 min, as
shown by fluorescence microscopy
using fluorescein-labeled derivatives.
The toxicity of the compounds, mea-


sured by performing MTT tests, ranged
from 50 to 300 mm. Furthermore, some
of the aminated CDs could facilitate
the transfection of DNA expressing the
green fluorescent protein (GFP) in
HEK 293T cells, with effectiveness
comparable to the commercial agent
Lipofectamine 2000. Circular dichro-
ism, atomic force microscopy and elec-
trophoresis experiments confirmed the
strong interaction of the compounds
with DNA. Because of their carbohy-
drate, non-peptide nature the title com-
pounds are not anticipated to be enzy-
matically labile or immunogenic, and
thus they fulfill many of the criteria for
non-hazardous transport vectors in bio-
logical and pharmaceutical applica-
tions.
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amine and ammonium groups at neutral pH (pKa~8) and
behave as biomimetic catalysts.[2] Recently, the efficient syn-
thesis, characterization and properties of per(6-guanidino-6-
deoxy)CDs, ag, bg, or gg (Scheme 1b), was published by
us.[3] It was shown that these products bound preferentially
onto phosphorylated substrates. DNA was such a substrate,
which upon incubation with either ag, bg, or gg underwent
structural change that eventually led to its packing into
nanoparticles, a very desirable feature for direct delivery of
DNA through cell membranes.[4]


There is an exceedingly large amount of recent research
directed toward the interactions of positively charged mac-
romolecules, mainly polymers, but also liposomes and den-
drimers with DNA, that result in DNA transfection.[5] Some


of the most successful polymeric agents[5c–e] bear cyclodex-
trin rings linked together by cationic spacer chains. In con-
trast to polymers, cationic oligomers have been shown to act
as molecular transporters, namely to cross readily cell mem-
branes carrying a covalently linked molecular cargo, such as
a drug, that itself is unable to cross the cellular barrier. A
prominent place among such oligomers is occupied by pep-
tides comprising entirely or partially arginine or lysine resi-
dues.[6] These amino acids are known to be the primary con-
stituents of peptide sequences found in proteins that are
characterized by cell-membrane permeation properties (cell-
penetrating peptides, CPPs).[7] Some literature systems bear-
ing guanidino groups on linear backbones indicated that
structural rigidity and spatial organization of the positive
charges to achieve stable helical arrangement were impor-
tant for cell entry.[6e] Therefore, the introduction of seven or
eight lysine- and arginine-like side groups on one side of a
CD, combined with its rigid cyclic structure and its suitable
size (diameter ~1 nm), was envisaged as a promising way to
construct cell-penetrating CDs (CPCDs). The present work
describes the successful preparation of such derivatives, that
is, novel per(6-aminoalkylamino-6-deoxy)- and per(6-guani-
dinoalkylamino-6-deoxy)-CDs (Scheme 2) that were spec-
troscopically characterized in detail, including pKa measure-
ments. Interestingly, the title products displayed the dual
properties of cell-penetrating and DNA-transfection agents.


Results and Discussion


Synthesis and characterization : The synthesis of heptakis-
and octakis(6-aminoalkylamino-6-deoxy-)-b- and -g-cyclo-
dextrins, and of heptakis- and octakis(6-guanidinoalkylami-
no-6-deoxy)-b- and -g-cyclodextrins, is shown in Scheme 2.
The natural b- and g-cyclodextrins were converted to the
corresponding per(6-bromo-6-deoxy) derivatives (bBr and
gBr),[1f, 8] which reacted with the appropriate alkylene dia-
mine as the solvent in an autoclave under a 7-atm nitrogen
atmosphere at 75 to 808C to afford within 3–4 d the per-
(6-aminoalkylamino-6-deoxy)-cyclodextrins be, bp, bh, ge,
and gp.


Abstract in Greek:


Scheme 1. a) Representation of the a-, b-, g-cyclodextrin macrocycles cor-
responding to n=6, 7, 8, respectively, and b) per(6-guanidino-6-deoxy)-
cyclodextrins.
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The 1H NMR and especially the 13C NMR spectra of the
products in D2O corresponded to per-substituted cyclodex-
trins having C7 and C8 symmetry, respectively, as they dis-
played one peak for each type of proton (or carbon) in the
repeating glucopyranose unit. The change in chemical shifts
of carbon atoms C6 of the primary side from ~62 ppm in
the natural CDs to ~34 ppm in bBr and gBr, and to ~47–
51 ppm in the aminoalkylamino products be, bp, bh, ge, gp
was proof that all products were aminated fully, as no resid-
ual peaks of the brominated precursors were detected. Com-
plete NMR assignment was carried out by recording 2D
COSY and HSQC spectra. In addition, the attachment of
only one nitrogen of each H2N ACHTUNGTRENNUNG(CH2)xNH2 to the C6 of the
cyclodextrin (Scheme 2) was confirmed by 2D HMBC (Sup-
porting Information Figure S1). The MALDI-TOF mass
spectra displayed strong molecular ions, [M+H]+ (~100%)
(Supporting Information Figures S2, S3, S4), as well as two
or three fragments of appreciable intensity corresponding to
sequential loss of H2N ACHTUNGTRENNUNG(CH2)xNH2 groups. This kind of frag-
mentation seems to take place in the spectrometer rather
than arise from the presence of incompletely substituted
oligomers, contrary to what was reported for the MALDI-
TOF spectra of imperfect carbosilane dendrimers:[9] there
are no mass peaks corresponding to brominated- or hy-
droxylated-oligoaminoalkylated CDs (a sign of incomplete
substitution), confirming the previously described 13C NMR
data for the C6 peaks (absence of C6�Br at ~34 ppm and
C6�OH at ~62 ppm). Further, in the MALDI-TOF spectra
of the corresponding guanidines (Supporting Information)
there are no low-molecular-weight peaks that would arise
from partially guadinylated CDs that could arise from in-
completely aminoalkylated precursors. No peaks corre-


sponding to dimers (i.e. , bridg-
ing of two CD macrocycles) or
higher oligomers were detected
either, only very small peaks
(<5% intensity) of mass higher
than M+ , attributable to the
adduct [M+H2N ACHTUNGTRENNUNG(CH2)xNH2]


+ ,
were visible. On the other
hand, the ESI mass spectra
showed multicharged frag-
ments, [M+7H+] or [M+8H+],
for b-or g-CD derivatives, re-
spectively, corresponding to the
expected molecular ions. The
derivative bh was obtained as a
30–40% mixture with the start-
ing hexylene diamine, probably
held strongly in the cavity or
among the aminohexylamino
sustituents that branch out. The
latter supramolecular entity was
not found in the MALDI-TOF
spectrum, maybe due to the
acidic matrix used. Dialysis or
extensive chloroform washing,


or even reverse-phase column chromatography, were unsuc-
cessful in removing the free diamine, therefore, bh was not
used for the biological tests that follow.


Attempts to react bBr or gBr or the per-iodinated ana-
logue, bI, with the alkylene diamines (10–40 equivalents) in
DMF at 80 8C for four days following a previously repor-
ted[1f] procedure afforded partially substituted products dis-
playing multiple or broad 1H and 13C peaks in the NMR
spectra. An alternative approach using either mono-protect-
ed N-Ac- or N-Boc-ethylene (Boc= tert-butoxycarbonyl) di-
amine in reaction with bBr in DMF, as described above, did
not result in uniform substitution. Further, attempts to
obtain the desired products by preparation of the known[1f]


per[6-(2-hydroxyethylamino)-6-deoxy]-b-CD, followed by
conversion of the terminal hydroxy to amino groups using
Gabriel amination conditions[10] also gave poor results.
Therefore, the best methodology was to use the reacting
amine as the solvent at 80 8C under elevated pressure. The
reverse approach, involving reaction of per(6-amino-6-
deoxy)-b-cyclodextrin with 2-bromoethylamine hydrobro-
mide, was also ineffective.


The per(6-guanidinoalkylamino-6-deoxy)-cyclodextrins
beg, bpg, bhg, geg, gpg were obtained after treatment of the
corresponding amines with 1H-pyrazole-1-carboxamidine
hydrochloride as the guanylating reagent and were charac-
terized spectroscopically. The 1H and 13C NMR spectra
showed single peaks although broadened, not an unusual
observation for per-substituted cyclodextrins.[11] The assign-
ment was performed by obtaining 2D NMR spectra, and the
connectivity of the tertiary guanidino group carbon with the
protons of the w-carbon atom of the alkylene chain was es-
tablished (Supporting Information Figure S5). The MALDI-


Scheme 2. i) Ph3P/DMF/Br2, 75–808C, 18 h; ii) H2N ACHTUNGTRENNUNG(CH2)xNH2, x=2, 3, 6, 808C, 7 atm N2, 3–4 d; iii) 1H-pyra-
zole-1-carboxamidine·HCl, DMF, DIPEA (N,N-diisopropylethylamine).
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MS spectra showed the molecular ions, but also many addi-
tional peaks due to loss and even gain of a guanidino group,
its protonated ion, or its radical (m/e 59, 60, 58), and of
NH2C (m/e 16), typically observed in the EI-MS of guani-
dines.[12]


The present methodology provides the title amino deriva-
tives in two steps from the parent CDs. Compound bex was
obtained previously after heating bBr with ethylene diamine
in DMF solution, but the degree of substitution, x, calculat-
ed from the NMR spectra was 5.[13] Analogous aminoalkyl
(and consequently guanidinoalkyl) derivatives connected to
the CD macrocycle through a sulfide moiety have been re-
ported, obtained in four steps.[14] Finally treatment of the
compounds with a chloride-anion exchange resin ensured
the presence of a constant number of anions. In fact, the
guanidinylated derivatives showed that they can hold up to
two chloride ions per guanidino group.


Both 1H and 13C NMR signals in all new compounds were
very much pH dependent, as reported previously for the
per(6-amino-6-deoxy)cyclodextrins.[3] The pH did not only
affect the chemical shifts, as expected,[15] but also the
number of peaks as well as their line width. In the 13C NMR
spectra of a pure compound, for example, bp, the sharp sig-
nals of C1 and C4 at pH 1.2 (Supporting Information Fig-
ure S7) changed to broad and shifted signals at pH 11.5, and
new peaks appeared, evidently due to varying degrees of
protonation, possibly associated also with macrocyclic defor-
mation. Titration of a solution of ge with dilute DCl and re-
cording of the 13C chemical shifts of the carbon atoms Ca


and Cw neighboring -NH- and -NH2 groups, in the presence
of benzene as the external reference, yielded a plot of dobs


as a function of pH (Figure 1a) with two plateaus. This was
then plotted according to the Henderson–Hasselbach Equa-
tion [Eq. (1)] (Figure 1b),


pH ¼ pKa þ
�


log½ðdacidic�dobsÞ=ðdobs�dbasicÞ�g ð1Þ


The monitored atom Ca is at position b to the primary
amino group, whereas Cw is b to the secondary amino
group in ge. It is well known that protonation of amines
causes considerable shielding of neighboring carbon atoms,
predominantly those at the b position (up to ~5 ppm), an
effect attributed to the electric field E of the charged group
and its gradient @E/@r on the observed atom.[15]


The titration plot of Ca (Figure 1a) shows a small increase
of shielding around pH 6 and a large increase of shielding
around pH 9, whereas Cw displays the reverse behavior.
Linear fit of the points at the pH change yields the pKa


values 6.4 and 9.5, corresponding to the secondary and pri-
mary amino groups, respectively. In fact, these values paral-
lel the ones of ethylene diamine, that is, 7.6 and 10.7,[16] but
are smaller by one pKa unit.


These apparent pKa values show that the amino groups at
neutral pH are partly protonated, contrary to normal
amines that are fully protonated at neutral pH. As a conse-
quence, ge is less basic than the lysine side chain (pKa~
10.5). Low pKa values have been observed for lysine active
sites of natural enzymes, a fact that allows their partial pro-
tonation at pH 7 and thus gives them the ability to operate
as nucleophiles or general base catalysts.[17] In the present
CDs the grouping of the eight aminoalkylamino groups


Figure 1. a) dobs = f(pH) and b) pH= f ACHTUNGTRENNUNG{log[(dacidic�dobs)/(dobs�dbasic)]} for carbons Ca (*/*), Cw (~/~) of ge.
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within 1 nm2 on the primary CD side sets up a favorable en-
vironment for the persistent protonation of the amino
groups. Analogously, pH titration of the corresponding gua-
nylated compound geg afforded pKa values of 7.8 and 11.0,
corresponding to the secondary amino and guanidino
groups, respectively. Again, the basicity of the present gua-
nidino group is lower than that of the arginine side chain
(pKa =12.5). These values are in accord with the reported
pKa values of per(6-amino-2,3-di-O-methyl)-a-, -b-, and -g-
CDs, which range from 7.9 to 8.2.[2d]


Synthesis and characterization of fluorescein-labeled amino-
alkylamino and guanidinoalkylamino cyclodextrins : The
new aminoalkylamino derivatives were labeled with fluores-
cein isothiocyanate (FITC) to give the corresponding deriva-
tives (Scheme 3), whose fluorescein content ranged from 2
to 10%, as seen from the 1H NMR spectra. The labeled de-
rivatives, even with this low percentage of fluorescein, ap-
peared typical of mono-substituted cyclodextrins. They
showed several signals arising from diverse anomeric pro-
tons H1, evidently due to the breaking of molecular symme-
try by attachment of fluorescein, in addition to the signals
arising from unlabeled molecules. Mono(6-amino-6-deoxy)-
b-CD[18] was also labeled (fluorescein content ~20%). The
labeled compounds were further guanylated to obtain the
corresponding guanidinoalkylamino derivatives (Supporting
Information Figures S8–S10). The final products showed, in
addition to the fluorescein-NMR peaks, the characteristic
signal of guanidine at ~160 ppm in their 13C NMR spectra.


Cell-penetration experiments : HeLa cells were incubated
with the fluorescein-labeled title compounds and the results
were examined under a fluorescent and a confocal micro-
scope. All compounds were found to enter the cytoplasm, as
revealed by intense fluorescent spots inside the cells, form-
ing possibly aggregates at high concentrations. The intensity
of the fluorescence increased with time (15 min, 1 h, and
24 h) and concentration (50—100 mm). In addition, the gua-
nidino derivatives entered cells faster than the amino deriv-
atives (Figure 2). Control experiments, carried out with
either fluorescein alone or fluorescein/bCD complex or
even with fluorescein-labeled mono(6-amino-6-deoxy)-b-cy-
clodextrin, showed absolutely no fluorescence under identi-
cal concentrations and incubation periods (Supporting Infor-
mation Figure S11).


Cells were also examined under a confocal microscope
(Figure 3). Images of different slices from the surface
showed strong cytoplasmic fluorescence. The observed nu-
cleolus staining could be due to the fixative procedure, as
reported previously.[7b]


The above results clearly demonstrate the ability of the
prepared compounds to cross the cell membranes of HeLa
cells. The CDs form clusters inside the cells (Figure 2), espe-
cially at high concentrations, giving rise to strong, spotted
autofluorescence. A careful inspection of the images of the
HEK293 cells in the transfection experiments below also re-
vealed autofluorescence, indicating that the compounds en-
tered those cells, too. This latter behavior was observed
during the transfection experiments in live (unfixed) cells
and thus, combined with results of the cell-penetration ex-
periments visualized after cell fixation (Figures 2 and 3),


shows the true penetration
effect.[19]


The new compounds share
characteristic structural fea-
tures: i) they bear substituents
on the primary cyclodextrin
side that are similar to the side
chains of lysine and arginine
amino acids; ii) they are hep-
tamers and octamers, consid-
ered ideal for carrying covalent-
ly bound molecules into cells;[6]


iii) they have structural rigidity
and spatial organization of the
positive charges to achieve a
stable arrangement, considered
important for cell entry.[6e,7]


Therefore, the title compounds
can act as cell-penetrating CDs
(CPCDs). One of the most effi-
cient cell-penetrating peptides
(CPPs) is the well-known TAT
peptide and related hepta-argi-
nine oligopeptides, which enter
cells by a passive transfer mech-
anism through the lipid bi-


Scheme 3. Fluorescein labeling of the title compounds (x=2, 3, n=7, 8, m<0.1): i) DMF, DIPEA, FITC;
ii) 1H-pyrazole-1-carboxamidine/DIPEA.
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layer.[7b] It is possible that the present compounds use the
same penetration pathway, as their functional elements are
similar to those of TAT. However, because it is well known
that CDs are able to relax membranes due to encapsulation
of the lipophilic components inside their cavity,[20] a related
additional mechanism cannot be excluded in the present
process.


MTT assays : The toxicity of the compounds was evaluated
by performing MTT assays on HeLa cells. The experimental
IC50 values vary between 50 and 300 mm. There was no ap-
parent relation between the IC50 values and structures of the
compounds. These results are not directly comparable with
those of previously reported MTT tests[21] in which pyridyl-
and imidazolyl-substituted CDs were used, because the
latter tests were conducted using the CDs as complexes with
DNA. On the other hand, other toxicity tests carried out on


natural CDs and pharmacologi-
cally approved derivatives (hy-
droxypropyl-, sulfobutyl-CDs)
employed methods quite differ-
ent from the present one.[22]


DNA-binding experiments


Circular dichroism : The CD
spectra of circular plasmid
DNA (Figure 4, curve a) in the
presence of an increasing con-
centration of be (curves b, c, d)
showed that up to a ratio be/
DNA ~1:5 (curve b) there is no
change in the spectrum of
DNA, that is, in the positive
band around 270 nm and the
negative band around 240 nm,
arising from the stacking inter-
actions of the bases in the helix.
A sudden change, seen as shift
and reduction of the positive
band at 260–280 nm, is ob-
served at a ratio 1:3 (curve c)


and remains the same thereafter, up to the ratio be/DNA
1:1 (curve d), showing a permanent restructuring of the
macromolecule. The structural change is visible in the pres-
ence of a less-than-equimolar quantity of be, and this is also
shown in the description of the electrophoresis experiments
below.


Electrophoresis : A decrease of DNA migration up to com-
plete inhibition was observed during agarose gel electropho-
resis in the presence of various quantities of the new amino-
alkylamino and guanidinoalkylamino cyclodextrins. Previous
experiments[3] with the per(guanidino)CDs showed that the
compounds inhibited migration of DNA in the agarose gel
at a mass/charge ratio DNA/CD of 1:1 or better, whereas
the parent CDs, as well as guanidine hydrochloride, had no
effect. Inhibition of DNA was also observed with the pres-
ent compounds. Figure 5 displays the migration of calf


Figure 2. Fluorescent microscopy images of HeLa cells incubated in the presence of the indicated compounds
(100 mm) for different incubation times.


Figure 3. Confocal microscopy slices at three different levels from the surface (from left to right: deeper to superficial) of immobilized HeLa cells incu-
bated for 1 h with beg·Fl (50 mm).
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thymus DNA in the various
lanes, visualized by the fluores-
cence of the intercalated ethid-
ium bromide, using solutions of
compounds as indicated in
Tables 1 and 2 were incubated
with DNA solution in order to
achieve the DNA/compound
mass/charge ratio[23] indicated.
In gel a it is shown that bCD
has no effect on DNA migra-
tion, whereas per(6-amino-6-
deoxy)-b-CD (bpNH2) results
in partial reduction of the ob-
served fluorescence. Com-
pounds be and bp completely
inhibit migration of DNA, and
only at DNA/be or bp mass/
charge=15 is DNA migrating.


These results show that at
physiological pH the newly pre-
pared be and ge bear more pos-
itive charges than the amino


CDs (pKa~8).[2d] Similar results were obtained upon electro-
phoresis of DNA in the presence of the guanidino deriva-
tives beg, geg, bpg, gpg (Table 2, gel b). Qualitatively, com-
paring the same mass/charge ratios among the compounds
in several gels, the DNA inhibition effect increases in the
order bNH2<be<bp, gNH2<ge<gp. Of all the prepared
compounds tested, those with more functional groups were
the most active, that is, gCD derivatives more than bCD de-
rivatives and guanidino more than amino derivatives. This
behavior is expected because the guanidine–phosphate inter-
action is widely acknowledged to be a specific and strong in-
teraction. The high local concentration of positively charged
groups on the CDs defines an area for strong, cooperative,
multivalent interactions,[24] presumably with the phosphate
groups of DNA, a feature frequently observed in biological
systems. As mentioned previously,[3] an example of biologi-


cal molecules that bear some
similarity to the present com-
pounds are protamines. These
small proteins found in sperm
heads have sequences of five,
six or seven consecutive argi-
nine residues[25] and form core
a-helices[25d,e] that interact
strongly with the major groove
of DNA, thus resulting in its
very efficient packing. The
present compounds feature 14–
16 amino/guanidino groups
clustered in a fixed area of
~1 nm diameter, therefore, it is
reasonable to propose a mode
of interaction with DNA similar
to that of protamines.


Figure 4. CD spectra of pcDNA (5.3 kbp) 100 mm in the presence of be :
a) 0 mm, b) 19.6 mm, c) 38.5 mm and d) 107 mm.


Figure 5. Agarose gel electrophoresis of the mixtures listed in Table 1 (gel a) and Table 2 (gel b).


Table 1. Compounds and the corresponding ratios of DNA/compound used for electrophoresis.[a]


Lane Compd V [mL] Mass/Charge Lane Compd V [mL] Mass/Charge


1 lHindIII – – 9 lHindIII – –
2 bCD 15 – 10 be 10 2
3 bCD 10 – 11 be 5 3
4 bCD 5 – 12 be 1 15
5 bpNH2 15 1 13 bp 15 1
6 bpNH2 10 2 14 bp 10 2
7 bpNH2 5 3 15 bp 5 3
8 be 15 1 16 bp 1 15


[a] Concentrations: [bCD]= [bpNH2]=0.0844 mm, [be]=0.0778 mm, [bp]=0.0955 mm. Mass/Charge ratio
refers to DNA/compound.


Table 2. Compounds and the corresponding ratios of DNA/compound used for electrophoresis.[a]


Lane Compd V [mL] Mass/Charge Lane Compd V [mL] Mass/Charge


1 lHindIII – – 9 – – –
2 DNA – – 10 DNA – –
3 beg 0.1 100 11 bpg 0.1 100
4 beg 1 10 12 bpg 1 10
5 beg 10 1 13 bpg 10 1
6 geg 0.1 100 14 gpg 0.1 100
7 geg 1 10 15 gpg 1 10
8 geg 10 1 16 gpg 10 1


[a] Concentrations: [beg]=0.0886 mm, [bpg]=0.0844 mm, [geg]=0.0886 mm, [gpg]=0.0844 mm. Mass/Charge
ratio refers to DNA/compound.
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Atomic force microscopy (AFM): Double-stranded linear
DNA (5 kbp) buffered with HEPES/NaOH at pH 7.4 was
immobilized on freshly cleaved mica substrates. The images
obtained (Figure 6a) for DNA alone showed fibre-like for-
mations producing a “network” on the surface. Incubation
of the same DNA in the presence of be for 1 h followed by
AFM imaging revealed the formation of globular nanoparti-
cles (Figure 6b) of sizes ranging from ~40–140 nm, in com-
plete contrast to the previous image. Scanning in several dif-
ferent areas of the surface did not show presence of the pre-
viously observed fibres. Clearly, the presence of the title
compounds results in packing of the DNA in particles of
size suitable for cell entry.[4]


Transfection experiments : The compounds prepared were
tested as potential DNA-transfection agents on human em-
bryonic kidney (HEK) 293 and 293T cells, by using pAd-
Track (adenoviral plasmid expressing green fluorescent pro-
tein, eGFP). In an initial screen on HEK 293 cells, no trans-
fection was observed at several low concentrations of CD
derivatives (1 nm to 10 mm), in the presence or absence of
serum. However, in all concentrations tested, varying de-
grees of spotted autofluorescence was observed, which was


particularly evident upon using the guanidino compounds.
The use of higher concentrations of CD reagents (0.4 to
2.2 mm) resulted in cell transfection with compounds be, ge,
and bp only, in which one or two cells per field were ob-
served. Given that be, ge, and bp were evidently non-toxic
to recipient cells at concentrations up to 2.2 mm, the concen-
tration of these compounds in the CD/DNA mixture was in-
creased. This led to an increase in the transfection efficiency,
although to only a small extent (images not shown). Conse-
quently, HEK 293T cells were chosen as the target cell line,
given that their efficiency of transfection, achievable using
standard commercial reagents, is known to be higher than
that of parental HEK 293 cells. The optimal concentration
of each CD reagent required to mediate transfection was
first determined by dose response experiments. Concentra-
tions ranging from 4 to 40 mgmL�1 of the CD derivative
were complexed to pAdTrack and the mixture then added
to HEK 293T cells. Expression of GFP was determined by
fluorescence microscopy 48 h later (Figure 7a).


The three reagents, gp, bp, and be, mediated much higher
transfection under these conditions, giving optimal expres-
sion of GFP at concentrations of 4 mgmL�1 (2.4 mm),
7.5 mgmL�1 (4.2 mm) and 40 mgmL�1 (20.8 mm), respective-
ly. Compound bp mediated the most efficient transfection in


Figure 6. AFM images of a) double-stranded linear DNA 5 kbp and
b) the DNA/be complex at 1:1000 ratio.


Figure 7. a) Optical and fluorescence microscopy images showing expres-
sion of eGFP protein in HEK 293T cells in the presence of selected CD
derivatives and b) magnification and comparison with commercially
available Lipofectamine 2000 as control.
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HEK 293T cells, as well as in the HEK 293 cell line.
Indeed, evaluation of transfection efficiency by fluorescence
microscopy at a range of magnifications revealed that bp
mediated the transfection of HEK 293T cells to an extent
similar to that obtained by using Lipofectamine 2000 (Fig-
ure 7b). In a previous report, heptakis(6-amino-6-deoxy)-b-
cyclodextrin and several pyridylamino- and imidazoyl-b-
CDs were shown[21] to complex with plasmid DNA and be
effective in DNA transfection, however, direct comparison
of the present compounds with these literature compounds
cannot be made as the latter were tested on different cells.


Conclusion


The present novel compounds, which were shown to pene-
trate cell membranes and mediate satisfactory DNA trans-
fection, combine several desirable features:


1) structurally, they possess invariant spatial arrangement of
positively charged groups and a cross-section of ~1 nm2;


2) they are oligomers prepared in two and three steps from
inexpensive parent CDs in moderate to good yields,
using processes that could be easily scaled up;


3) they are not peptidic in nature, therefore, they are not
expected to be immunogenic and simultaneously unlikely
to be enzymatically cleaved by, for example, trypsin, as
opposed to CPPs that are enzymatically labile under
physiological conditions;[7d]


4) they possess aqueous solubility within the mm range;
5) they allow cell survival and viability combined with fast


cell entry;
6) they possess amino groups that can be readily attached


to a cargo molecule (e.g., a suitable drug), or even deco-
rated with a targeting functionality, providing many pos-
sibilities for future applications.


Moderate efficiency of DNA transfection was reported
previously for otherwise excellent heptarginine molecular
transporters,[26] therefore, observation of appreciable trans-
fection levels for some of the present compounds is an inter-
esting result. Cell-penetrating CDs fulfill most criteria for
efficient, non-hazardous transport vectors, and may provide
a significant tool in pharmaceutical research.


Experimental Section


CDs were products of Cyclolab or Sigma–Aldrich and were used as re-
ceived. DMF was dried and distilled over molecular sieves. Benzoylated
cellulose dialysis tubing, 32 mm, cut-off MW 1100, was obtained from Al-
drich. Reactions requiring pressure were carried out in a stainless steel
Parr pressure reactor equipped with mechanical stirring and temperature
controller. The starting materials, per(6-bromo-6-deoxy)-derivatives bBr
and gBr, were prepared as described previously.[1f,3] All moisture-sensi-
tive reactions were carried out under a nitrogen atmosphere. 1D and 2D
NMR spectra were acquired either at 250 or at 500 MHz with Bruker
spectrometers. 1H NMR spectra recorded in D2O were referenced to


HOD at d=4.79, unless otherwise stated. MALDI-TOF spectra were ob-
tained with an Autoflex (Bruker Daltonics) instrument using 2,5-dihy-
droxybenzoic acid in ethanol (80%), at the Istituto di Ricerche Chimiche
e Biochimiche “G. Ronzoni”, Milano, and ESI-MS spectra with an AQA
Navigator, Finnigan, at “Demokritos”.


Syntheses :


Heptakis[6-(2-aminoethylamino)-6-deoxy]-bCD (be): Heptakis(6-bromo-
6-deoxy)-bCD (bBr) (0.316 g, 0.2 mmol) was added to 1,2-diaminoethane
(3.7 mL, 56 mmol) and the mixture was placed inside an autoclave and
stirred under N2 atmosphere (7 atm) at 80 8C for 72 h. The excess 1,2-dia-
minoethane was removed by evaporation under reduced pressure and the
oily residue was dissolved in doubly distilled water (5 mL). The resulting
solution was dialysed using cellulose tubing for 72 h to remove the low-
molecular-weight, water-soluble impurities. Subsequent removal of the
solvent by lyophilization afforded a pale-yellow solid (0.267 g, 93%).
1H NMR (500 MHz, D2O, 25 8C): d =5.06 (br s, 7H; H1), 3.90 (brm, 14H;
H3, H5), 3.58 (brm, 14H; H2, H4), 3.04 (br s, 14H; -CH2NH2), 2.90–
2.84 ppm (br, 28H; H6, -NHCH2-);


13C NMR (63 MHz, D2O, 25 8C): d=


100.6 (C1), 81.2 (C4), 72.0 (C3), 71.1 (C2), 69.6 (C5), 47.7 (C6), 46.7
(-NHCH2-), 38.0 ppm (-CH2NH2); ESI-MS: m/z (%): 205.3 (100)
[M+7H]7+, 716.0 (20) [M+2H]2+ ; MALDI-TOF MS: m/z (%): 1429.9
(100) [M+H]+ , 1451.9 (88) [M+Na]+ , 1391.8 (42) ([M+Na]+


�H2NCH2CH2NH2 =60), 1369.8 (73) [M+�60], 1309.7 ([M+H]+�2O60).


Heptakis[6-(3-aminopropylamino)-6-deoxy]-bCD (bp): Heptakis(6-
bromo-6-deoxy)-bCD (bBr) (0.316 g, 0.2 mmol) was added to 1,3-diami-
nopropane (4.7 mL, 56 mmol) and the mixture was reacted and treated
as above. Lyophilization afforded a pale-yellow solid (0.123 g, 40%).
1H NMR (500 MHz, D2O, 25 8C): d =5.08 (br, 7H; H1), 3.89 (br, 14H;
H3, H5), 3.58 (br, 7H; H2), 3.51 (br, 7H; H4), 3.00 (br, 14H; -NHCH2-),
2.92 (br, 14H; H6), 2.72 (br, 14H; -CH2NH2), 1.84 ppm (br, 14H;
-NHCH2CH2-);


13C NMR (63 MHz, D2O, 25 8C): d =104.1 (C1), 84.4
(C4), 75.4 (C3), 74.7 (C2), 72.8 (C5), 51.7 (-NHCH2-), 49.5 (C6), 40.7
(-CH2NH2), 29.2 ppm (-NHCH2CH2-); ESI-MS: m/z (%): 219.3 (28)
[M+7H]7+, 510.4 (12) [M+3H]3+ , 765.0 (11) [M+2H]2+ ; MALDI-TOF
MS: m/z (%): 1549.9 (15) [M+Na]+ , 1528.0 (100) [M+H]+ , 1453.9 (95)
([M+H]+�H2NCH2CH2CH2NH2 =74), 1379.8 (19) ([M+H]+�2O74).


Heptakis[6-(6-aminohexylamino)-6-deoxy]-bCD (bh): Heptakis(6-bromo-
6-deoxy)-bCD (bBr) (0.316 g, 0.2 mmol) was added to 1,6-diaminohexane
(6.51 g, 56 mmol) and the mixture was treated as above. Lyophilization
afforded a white solid containing approximately 35% free diamine that
persisted despite extensive washings with chloroform and dialysis
(0.250 g, 35%). 1H NMR (500 MHz, D2O, 25 8C): d=5.03 (br s, 7H; H1),
3.82 (br s, 14H; H3, H5), 3.57 (br, 7H; H2), 3.45–3.31 (brm, 7H; H4),
2.83 (br, 28H; H6, -CH2NH2), 2.54 (br, 14H; -NHCH2-), 1.55 (br, 14H;
-NHCH2CH2-), 1.46 (br, 14H; -CH2CH2NH2), 1.30 ppm (br, 28H;
-CH2CH2CH2CH2NH2);


13C NMR (126 MHz, D2O, 25 8C): d=102.8–
101.0 (C1), 83.7–82.4 (C4), 73.3 (C2), 72.2 (C3), 70.7–70.2 (C5), 49.8–49.6
(C6, -NHCH2-), 40.0 (-CH2NH2), 30.2 (-NHCH2CH2-), 29.0
(-CH2CH2NH2), 28.6–27.7 (-NHCH2CH2CH2-), 26.9–26.4 ppm
(-CH2CH2CH2NH2); ESI-MS: m/z (%): 261.4 (35) [M+7H]7+ , 912.3 (14)
[M+2H]2+; MALDI-TOF MS: m/z (%): 1860.0 (7) [M+K]+ , 1844.2 (60)
[M+Na]+ , 1822.3 (58) [M+H]+ , 1706.2 (100) [([M+H]+�H2N-
ACHTUNGTRENNUNG(CH2)6NH2 =116)	M1], 1590.3 (21) [M1�116], 1612 (2) [M1�116+Na]+.


Octakis[6-(2-aminoethylamino)-6-deoxy]-gCD (ge): Octakis(6-bromo-6-
deoxy)-gCD (gBr) (0.360 g, 0.2 mmol) was added to 1,2-diaminoethane
(3.85 mL, 64 mmol) and the mixture was reacted and treated as above.
Lyophilization afforded a pale-yellow solid (0.320 g, 98%). 1H NMR
(500 MHz, D2O, 25 8C): d=5.12 (brm, 8H; H1), 3.88 (br, 16H; H3, H5),
3.58 (br, 16H; H2, H4), 3.02 (br, 16H; -CH2NH2), 2.88 ppm (br, 32H;
H6, -NHCH2-);


13C NMR (63 MHz, D2O, 25 8C): d=103.7–103.1 (C1),
83.6–83.0 (C4), 75.1 (C3), 74.7 (C2), 73.0 (C5), 51.1 (C6), 49.0 (-NHCH2-),
41.2 ppm (-CH2NH2); ESI-MS: m/z (%): 205.3 (100) [M+8H]8+ , 818.0
(12) [M+2H]2+ ; MALDI-TOF MS: m/z (%): 1633.8 (100) [M+H]+ ,
1655.8 (92) [M+Na]+ , 1573.8 (58) [([M+H]+�H2NCH2CH2NH2 =60)	
M1], 1513.7 (18) [M1�60]+ , 1453.6 (3) [M1�2O60].


Octakis[6-(3-aminopropylamino)-6-deoxy]-gCD (gp): Octakis(6-bromo-6-
deoxy)-gCD (gBr) (0.450 g, 0.25 mmol) was added to 1,3-diaminopropane
(6.6 mL, 80 mmol) and the mixture was reacted and treated as above.
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Lyophilization afforded a pale-yellow solid (0.421 g, 79%). 1H NMR
(500 MHz, D2O, 25 8C): d=5.21 �5.11 (br s, 8H; H1), 3.90 (br t, 16H; H3,
H5), 3.58 (brd, 8H; H2), 3.52 (br t, 8H; H4), 3.01 (br t, 16H; -CH2NH2),
2.95 (br, 16H; H6), 2.76 (br, 16H; -NHCH2-), 1.87 ppm (br t, 16H;
-NHCH2CH2-);


13C NMR (63 MHz, D2O, 25 8C): d =101.0–99.6 (C1),
81.4–80.1 (C4), 72.5 (C3), 71.9 (C2), 69.8 (C5), 49.1 (C6), 46.6 (-NHCH2),
37.9 (-CH2NH2), 26.2 ppm (-NHCH2CH2-); ESI-MS: m/z (%): 219.3 (28)
[M+8H]8+; MALDI-TOF MS: m/z (%): 1768.0 (50) [M+Na]+ , 1746.0
(100) [M+H]+ , 1671.9 (77) [([M+H]+�H2NCH2CH2CH2NH2 =74)	
M1], 1597.9 (24) [(M1+H+�74)	M2], 1523.8 (5) [M2+H+�74].


Heptakis[6-(2-guanidinoethylamino)-6-deoxy]-bCD (beg): Heptakis-
[6-(2-aminoethylamino)-6-deoxy]-bCD (be) (0.208 g, 0.12 mmol) was dis-
persed in dry dimethylformamide (10 mL) and to the mixture 1H-pyrazo-
lecarboxamidine hydrochloride (1.23 g, 8.4 mmol) and N,N-diisopropyl-
ethylamine (DIPEA) (1.65 mL, 9.7 mmol) were added in three equal por-
tions over a period of 72 h. During this period the mixture was stirred
continuously at 70 8C under a N2 atmosphere. After cooling, diethyl ether
(150 mL) was added drop-wise and the suspension formed was stirred for
2 h at RT. The solvent was decanted and the collected sticky solid was
dissolved in water (2 mL). Addition of ethanol (200 mL) resulted in the
precipitation of a white substance that was filtered off, washed with etha-
nol (50 mL) and dried under vacuum. This precipitate was dissolved in
doubly distilled water (3 mL), the pH was adjusted to 7 with hydrochloric
acid (1n) and the solution was treated with Dowex Type I resin (Cl� ex-
changer) for 1 h. The resin was removed by filtration and the solution
was kept inside dialysis tubing for 72 h to remove the low-molecular-
weight impurities. Subsequent lyophilization afforded a pale-yellow solid
(0.070 g, 27%). 1H NMR (500 MHz, D2O, 25 8C): d=5.04 (br s, 7H; H1),
3.89 (br s, 14H; H3, H5), 3.58–3.41 (brm, 21H; H2, H4, H6), 3.27 (br s,
14H; -CH2NH-C=NH), 2.81 ppm (br t, 21H; H6’, -NHCH2-);


13C NMR
(126 MHz, D2O, 25 8C): d=159.9 (NH=C-NH2), 104.3 (C1), 85.0 (C4),
75.5 (C3), 74.7 (C2), 73.3 (C5), 51.5 (C6), 50.7 (-NHCH2-), 43.6 ppm
(-CH2NH-C=NH); ESI-MS: m/z (%): 247.3 (37) [M+7H]7+ ; MALDI-
TOF MS m/z (%): 1781 (78) ([M+H]+ +2O[CNH2C=28])+ , 1752.1 (100)
[([M+H]+ +CNH2C=28)	M1], 1736.0 (52) (M1�NH2C)


+ , 1724.1 (34)
[M+H]+ , 1665 (33) ([M�H2NCH(NH)NH)C]+ =58).


Heptakis[6-(3-guanidinopropylamino)-6-deoxy]-bCD (bpg): Heptakis[6-
(3-aminopropylamino)-6-deoxy]-bCD (bp) (0.200 g, 0.11 mmol) was dis-
persed in dry dimethylformamide (5 mL) and to the mixture 1H-pyrazo-
lecarboxamidine hydrochloride (0.678 g, 4.6 mmol) and DIPEA
(0.93 mL, 5.5 mmol) were added in three equal portions over a period of
72 h. The reaction mixture was then reacted and treated as above. Lyo-
philization afforded a pale-yellow solid (0.027 g, 13%). 1H NMR
(500 MHz, D2O, 25 8C): d=5.34–4.90 (br, 7H; H1), 3.84 (br, 14H; H3,
H5), 3.50 (br, 7H; H2), 3.36 (br, 7H; H4), 3.16 (br, 14H; -CH2NH-C=


NH), 2.94–2.73 (br, 14H; H6), 2.61 (br, 14H; -NHCH2-), 1.72 ppm (br,
14H; -NHCH2CH2);


13C NMR (126 MHz, D2O, 25 8C): d =157.9 (NH=C-
NH2), 101.6 (C1), 83.6 (C4), 73.1 (C3), 72.7 (C5), 72.3 (C2), 49.2 (C6),
45.7 (-NHCH2-), 38.7 (-CH2NH-C=NH), 27.8 ppm (-NHCH2CH2-); ESI-
MS: m/z (%): 261.3 (97) [M+7H]7+ , 304.3 (22) [M+6H]6+ ; MALDI-TOF
MS m/z (%): 1851.0 (70) [M+CNH2 =28]+ , 1823.1 (100) [M+H]+ , 1806.1
(46) [M�NH2C]


+ , 1790 (35) [M�2ONH2C)
+ , 1764 (23) [M+H+�guani-


dine=59], 1734, 1692.


Heptakis[6-(6-guanidinohexylamino)-6-deoxy]-bCD (bhg): Heptakis[6-(6-
aminohexylamino)-6-deoxy]-bCD (bh) (0.091 g, 0.05 mmol) was dis-
persed in dry dimethylformamide (3 mL) and to the mixture 1H-pyrazo-
lecarboxamidine hydrochloride (0.205 g, 1.4 mmol) and DIPEA (300 mL,
1.75 mmol) were added in four equal portions over a period of 96 h. The
reaction mixture was then reacted and treated as above. Lyophilization
afforded a white solid that includes approximately 50% of free diamine
(0.075 g, 30%). 1H NMR (500 MHz, D2O, 25 8C): d = 5.05 (br, 7H; H1),
4.00–3.76 (br, 14H; H3, H5), 3.61 (br, 7H; H2), 3.46 (br, 7H; H4), 3.10
(br, 14H; -CH2NH-C=NH), 2.95 (br, 14H; H6), 2.71 (br, 14H; -NHCH2-
), 1.52 (br, 28H; -NHCH2CH2CH2CH2CH2CH2NH-C=NH), 1.30 ppm (br,
28H; -NHCH2CH2CH2CH2CH2CH2NH-C=NH); 13C NMR (126 MHz,
D2O, 25 8C): d = 156.6 (NH=C-NH2), 100.8 (C1), 83.6–82.4 (C4), 71.9
(C3), 70.7 (C2), 68.4 (C5), 48.5 (-NHCH2-), 48.1 (C6), 40.3 (-CH2NH-C=


NH), 27.0 (-NHCH2CH2CH2CH2CH2CH2NH-C=NH), 25.0 ppm


(-NHCH2CH2CH2CH2CH2CH2NH-C=NH); ESI-MS: m/z (%): 303.5 (50)
[M+7H]7+; MALDI-TOF MS: m/z (%): 2159.5 (43) ([M+H]+ +


C(NH)NH2 =43)+ , 2117.5 (29) [M+H]+ , 1959.4 (61) ([M+H]+�H2N-
C(NH)HN ACHTUNGTRENNUNG(CH2)6NH2 =158	M1), 1917.3 (100) [M1+H+�C(NH)NH2 =


43].


Octakis[6-(2-guanidinoethylamino)-6-deoxy]-gCD (geg): Octakis[6-(2-
aminoethylamino)-6-deoxy]-gCD (ge) (0.163 g, 0.1 mmol) was dispersed
in dry dimethylformamide (5 mL) and to the mixture 1H-pyrazolecarbox-
amidine hydrochloride (0.352 g, 2.4 mmol) and DIPEA (547 mL,
3.2 mmol) were added in three equal portions over a period of 72 h. The
reaction mixture was then reacted and treated as above. Lyophilization
afforded a pale-yellow solid (0.120 g, 61%). 1H NMR (500 MHz, D2O,
25 8C): d=5.15 (br, 8H; H1), 3.88 (br, 16H; H3, H5), 3.58 (br, 16H; H2,
H4), 3.29 (br, 16H; -CH2NH-C=NH), 3.06 (br, 8H; H6), 2.88 ppm (br,
24H; -NHCH2-, H6’); 13C NMR (126 MHz, D2O, 25 8C): d=157.1 (NH=


C-NH2), 99.6 (C1), 79.9 (C4), 71.7 (C3), 71.3 (C2), 69.6 (C5), 47.7 (C6),
46.9 (-NHCH2-), 39.9 ppm (-CH2NH-C=NH); ESI-MS: m/z (%): 247.2
(44) [M+8H]8+ ; MALDI-TOF MS: m/z (%): 1992.2 (42) [M+Na]+ ,
1970.2 (100) [M+H]+ , 1954.2 (79) ([M+H+�NH2C), 1869.1 (73) [M+H+


� ACHTUNGTRENNUNG[H2N-C(NH)HN ACHTUNGTRENNUNG(CH2)2NH2C]=102	M1], 1852 (44) [M1�16].


Octakis[6-(3-guanidinopropylamino)-6-deoxy]-gCD (gpg): Octakis[6-(3-
aminopropylamino)-6-deoxy]-bCD (gp) (0.106 g, 0.05 mmol) was dis-
persed in dry dimethylformamide (5 mL) and to the mixture 1H-pyrazo-
lecarboxamidine hydrochloride (0.236 g, 1.6 mmol) and DIPEA (370 mL,
2.1 mmol) were added in three equal portions over a period of 72 h. The
reaction mixture was then reacted and treated as above. Lyophilization
afforded a pale-yellow solid (0.0125 g, 13%). 1H NMR (500 MHz, D2O,
25 8C): d =5.24–5.14 (br, 8H; H1), 3.99 (br, 8H; H5), 3.90 (br, 8H; H3),
3.59 (br, 8H; H2), 3.55 (br, 8H; H4), 3.23 (br, 16H; -CH2NH-C=NH),
3.03 (br, 16H; H6), 2.87 (br, 16H; -NHCH2-), 1.93–1.88 ppm (br, 16H;
-NHCH2CH2-);


13C NMR (126 MHz, D2O, 25 8C): d=156.8 (NH=C-
NH2), 98.5 (C1), 79.3 (C4), 71.1 (C3), 70.7 (C2), 68.0 (C5), 48.1 (C6), 45.3
(-NHCH2-), 37.9 (-CH2NH-C=NH), 25.0 ppm (-NHCH2CH2-); ESI-MS:
m/z (%): 261.3 (5) [M+8H]8+ ; MALDI-TOF MS: m/z (%): 2082.4 (23)
[M+H]+ , 1966.0 (36) [M+H+�H2N-C(NH)HN ACHTUNGTRENNUNG(CH2)3NH2 =116].


Fluorescein labeling


Mono(6-amino-6-deoxy)-bCD·Fl (bNH2·Fl): Mono(6-amino-6-deoxy)-
bCD[18] (0.057 g, 50 mmol) was dispersed in dry DMF (5 mL) mixed with
DIPEA (9 mL, 50 mmol), to which a solution of fluorescein isothiocyanate
(isomer I) (0.001 g, 2.5 mmol) in DMF (5 mL) was added drop-wise over
1 h. The mixture was stirred and heated at 70 8C under N2 for 3 h. Cool-
ing to RT and solvent removal in vacuo gave a solid that was dissolved in
doubly distilled water (5 mL) and the pH was adjusted to 11 using 1n


ammonium hydroxide. The solution was extracted with chloroform (3O
50 mL) to remove DIPEA and the pH was adjusted to 7 with 1n HCl, so
that unreacted fluorescein precipitated and could be removed carefully
after centrifugation. The final solution was concentrated to dryness, dis-
solved in doubly distilled water (5 mL) and dialysed. After water removal
a yellow solid was obtained (0.055 g) (fluorescein content ~20%).
1H NMR (500 MHz, D2O, 25 8C): d =7.85 (br s, Hfl), 7.75 (brm, Hfl), 7.20
(br s, Hfl), 6.83 (brd, Hfl), 6.72 (brd, Hfl), 4.99 (d, J=3.4 Hz, 7H; H1),
3.84 (t, J=9.5 Hz, 7H; H3), 3.80–3.75 (brm, 21H; H5, H6), 3.57 (dd, J=


3.4, 9.5 Hz, 7H; H2), 3.50 (t, J=9.5 Hz, 7H; H4), 3.12 (br s, 14H; H8),
3.04–2.93 ppm (br, 28H; H6, H7).


Heptakis[6-(2-aminoethylamino)-6-deoxy]-bCD·Fl (be·Fl): The amine be
(0.084 g, 50 mmol) was dispersed in dry DMF (5 mL) containing DIPEA
(60 mL, 0.35 mmol), to which a solution of fluorescein isothiocyanate
(0.001 g, 2.5 mmol) in DMF (10 mL) was added drop-wise over a period
of 1 h. After identical treatment to that described above an orange-red
product was obtained (0.080 g) (fluorescein content ~5%). 1H NMR
(500 MHz, D2O, 25 8C): d=8.28–8.22 (m, Hfl), 8.14 (br s, Hfl), 7.93 (d, J=


7 Hz, Hfl), 7.60 (br t, Hfl), 7.51 (br t, Hfl), 5.15 (br s, 7H; H1), 3.97 (br,
14H; H3, H5), 3.68 (brd, 14H; H2, H4), 3.12 (br s, 14H; H8), 3.04–
2.93 ppm (br, 28H; H6, H7).


Heptakis[6-(3-aminopropylamino)-6-deoxy]-bCD·Fl (bp·Fl): The amine
bp (0.036 g, 20 mmol) was dispersed in dry DMF (6 mL) containing
DIPEA (24 mL, 0.14 mmol) and to it, fluorescein isothiocyanate was
added (0.0004 g, 1 mmol) in DMF (2 mL). After identical treatment to
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that described above, an orange-red solid was obtained (0.030 g) (fluores-
cein content ~5%). 1H NMR (500 MHz, D2O, 25 8C): d =8.00 (brm, Hfl),
5.03 (br s, 7H; H1), 3.89 (br, 14H; H3, H5), 3.56–3.32 (brm, 14H; H2,
H4), 2.92 (brm, 28H; H6, H7), 2.64 (br s, 14H; H9), 1.78 ppm (br s, 14H;
H8).


Oktakis[6-(2-aminoethylamino)-6-deoxy]-gCD·Fl (gp·Fl): The amine gp
(0.065 g, 40 mmol) DMF (5 mL), DIPEA (55 mL, 0.32 mmol) and fluores-
cein isothiocyanate (0.0008 g, 2 mmol) in DMF (10 mL) were treated as
described above. Finally, 0.058 g of an orange-red solid was obtained (flu-
orescein content ~2%). 1H NMR (500 MHz, D2O, 25 8C): d=8.16–8.12
(brm, Hfl), 8.04 (br s, Hfl), 7.84 (brd, Hfl), 5.13 (br s, 8H; H1), 3.87 (br,
16H; H3, H5), 3.56 (brm, 16H; H2, H4), 3.02 (brm, 16H; H8), 2.87 ppm
(br s, 32H; H6, H7).


Heptakis[6-(2-guanidinoethylamino)-6-deoxy]-bCD·Fl (beg·Fl): The
amine be (0.084 g, 50 mmol) was dispersed in dry DMF (3 mL) containing
DIPEA (120 mL, 0,7 mmol) and to this a solution of fluorescein isothio-
cyanate (0.001 g, 2.5 mmol) in dry DMF (2 mL) was added drop-wise over
a period of 1 h. The mixture was stirred and heated at 70 8C under N2 for
3 h. Then, 1H-pyrazole-1-carboxamidine hydrochloride (0.153 g,
1.05 mmol) and DIPEA (180 mL, 1.05 mmol) were added in three equal
portions over a period of 3 d at 70 8C, under N2. The mixture was then
cooled and concentrated to dryness, the solid obtained was dissolved in
doubly distilled water (5 mL) and the pH adjusted to 12 using 1n ammo-
nium hydroxide. Excess DIPEA was removed by extraction with CHCl3
(3O50 mL), the pH was readjusted to 7 using 1n HCl and centrifugation
removed unreacted fluorescein. The final solution was concentrated
under vacuum, dissolved in doubly distilled H2O (5 mL) and dialysed.
Evaporation of water in vacuo afforded an orange-red solid (0.078 g)
(fluorescein content ~5%). 1H NMR (500 MHz, D2O, 25 8C): d=8.13–
8.02 (brm, Hfl), 5.03 (br s, 7H; H1), 3.88 (br, 14H; H3, H5), 3.57–3.47
(brm, 14H; H2, H4), 3.25 (br s, 14H; H8), 2.87–2.74 ppm (brm, 28H;
H6, H7); 13C NMR (63 MHz, D2O, 25 8C): d=159.6 (H2N-C=NH), 104.1
(C1), 84.9 (C4), 75.2 (C3), 74.5 (C2), 73.1 (C5), 51.3 (C6), 50.4 (C7),
43.3 ppm (C8).


Heptakis[6-(3-guanidinopropylamino)-6-deoxy]-bCD·Fl (bpg·Fl): The
amine (0.036 g, 20 mmol) in DMF (2 mL) and DIPEA (24 mL, 0.14 mmol)
was labeled using fluorescein isothiocyanate (0.0004 g, 1 mmol) in dry
DMF (4 mL) as described above. The product was then immediately gua-
nylated without isolation by adding 1H-pyrazole-1-carboxamidine hydro-
chloride (0.062 g, 0.42 mmol) and DIPEA (72 mL, 0.42 mmol) in three
equal portions as above. Identical treatment as described previously af-
forded an orange-red solid (0.031 g) (fluorescein content ~5%). 1H NMR
(500 MHz, D2O, 25 8C): d =8.20–7.80 (brm, Hfl), 5.20–5.11 (br s, 7H; H1),
4.11 (br, 7H; H5), 3.91 (br, 7H; H3), 3.60 (brs, 14H; H2, H4), 3.25 (br s,
14H; H9), 3.05 (br s, 28H; H6, H7), 2.04 ppm (br s, 14H; H8); 13C NMR
(63 MHz, D2O, 25 8C): d =160.5 (H2N-C=NH), 103.2 (C1), 83.5 (C4), 74.4
(C3), 74.0 (C2), 70. 5 (C5), 51.0 (C6), 48.4 (C7), 39.4 (C9), 26.8 ppm
(C8).


Octakis[6-(2-guanidinoethylamino)-6-deoxy]-gCD·Fl (geg·Fl): The amine
ge (0.095 g, 58 mmol) in DMF (10 mL) with DIPEA (78 mL, 0.46 mmol)
was labeled using fluorescein isothiocyanate (0.0012 g, 3 mmol) in dry
DMF (3 mL) as described above. The product was then immediately gua-
nylated without isolation by adding 1H-pyrazole-1-carboxamidine hydro-
chloride (0.204 g, 1.4 mmol) and DIPEA (234 mL, 1.4 mmol) in three
equal portions as described above. Identical treatment as described af-
forded an orange-red solid (0.086 g) (fluorescein content ~5%). 1H NMR
(500 MHz, D2O, 25 8C): d=8.01 (brm, Hfl), 5.14 (br s, 8H; H1), 3.88 (br,
16H; H3, H5), 3.58, (brm, 16H; H2, H4), 3.31 (brm, 16H; H8), 3.06–
2.90 ppm (br s, 32H; H6, H7); 13C NMR (63 MHz, D2O, 25 8C): d =159.5
(H2N-C=NH), 103.4 (C1), 83.3 (C4), 74.6 (br, C3, C2), 72.5 (C5), 51.2
(C6), 50.1 (C7), 42.8 ppm (C8).


Octakis[6-(3-guanidinopropylamino)-6-deoxy]-gCD·Fl (gpg·Fl): The
amine gp (0.051 g, 25 mmol) in dry DMF (2 mL) with DIPEA (34 mL,
0.2 mmol) was labeled using fluorescein isothiocyanate (0.0005 g,
1.25 mmol) in dry DMF (4 mL) as described above. The product was then
immediately guanylated without isolation by adding 1H-pyrazole-1-car-
boxamidine hydrochloride (0.088 g, 0.6 mmol) and DIPEA (137 mL,
0.8 mmol) in three equal portions as described above. An orange-red


solid was finally obtained (0.086 g) (fluorescein content ~5%). 1H NMR
(500 MHz, D2O, 25 8C): d=8.30–7.80 (brm, Hfl), 5.31 (br s, 8H; H1), 4.12
(br, 7H; H5), 3.94 (br, 7H; H3), 3.61 (br s, 14H; H2, H4), 3.26 (br s,
14H; H9), 3.06 (br s, 28H; H6, H7), 2.04–1.98 ppm (brm, 14H; H8);
13C NMR (63 MHz, D2O, 25 8C): d=159.2 (H2N-C=NH), 101.2 (C1), 81.9
(C4), 74.3 (C3), 73.8 (C2), 70.2 (C5), 51.1 (C6), 48.2 (C7), 39.4 (C9),
26.8 ppm (C8).


pKa determination : Determination of the pKa values of compounds ge
and geg was performed by titrating their basic D2O solutions (0.05 mm in
D2O, pD>12 by NaOD addition) with 1n or 5n DCl and monitoring the
induced chemical shifts of certain carbon nuclei (Ddobs) by 13C NMR
spectroscopy, using benzene in a sealed tube as internal reference. The
pD of the solution was measured after every DCl addition and just
before the spectrum acquisition. If the peak of interest overlapped with
another peak, a 2D HSQC spectrum was acquired in order to determine
its exact chemical shift. For the ionization equilibrium of a protonated
amine [Eq. (2)],


AHþG
Ka


HAþHþ ð2Þ


with


Ka ¼ ½Hþ�½A�=½AHþ� ð3Þ


�logKa ¼ �log½Hþ��log½A� þ log½AHþ� ð4Þ


pH ¼ pKa þ logð½A�=½AHþ�Þ ð5Þ


The plots dobs = f(pD) have the shape of a double sigmoidal curve, thus
showing that each of these compounds has two discrete Ka constants. The
pKa values were obtained by plotting according to Equation (6),


pD ¼ fflog½ðdacidic�dobsÞ=ðdobs�dbasicÞ�g ð6Þ


in which dacidic and dbasic are the chemical shifts of the observed signal of
the fully protonated and deprotonated compound, respectively, and
linear fitting in the two rising portions of the curve.


Cell experiments


Cell culture : The human adenocarcinoma HeLa cell line (ATCC) was
maintained in high-glucose DMEM medium with l-glutamine (PAA Lab-
oratories GmbH), supplemented with 10% foetal calf serum (PAA Labo-
ratories GmbH) and penicillin/streptomycin (PAA Laboratories GmbH)
at 100 UI per 100 mg per mL, in a 5% CO2 incubator at 37 8C. Cells were
subcultured every two or three days.


For cell-penetration experiments, cells were seeded on coverslips. The
day after seeding, the compounds were added at various concentrations
(50–100 mm) and incubated for various time periods (15 min, 1 h and
24 h). After incubation and intensive washing with PBS (8 g NaCl, 0.2 g
KCl, 1.44 g Na2HPO4 and 0.24 g KH2PO4 in 1 L distilled water, subse-
quent pH adjustment (7.4) with dilute HCl and sterilization) cells were
fixed in cold methanol and mounted with p-phenylenediamine (PPD)
anti-fade solution (Aldrich). For microscopic observation, a Nikon
Eclipse E400 fluorescence microscope with a triple filter (DAPI-FITC-
Texas Red) was used.


MTT assay : HeLa cells were seeded in 96-well plates at a density of 3000
cells per 100 mL per well and incubated for 24 h for attachment. The day
after seeding, exponentially growing cells were incubated with the pre-
pared compounds in nine different concentrations in quadruplicate over
a period of 24 h. Controls consisted of wells without the compounds. The
medium was removed and the cells were incubated for 4 h in the pres-
ence of 1 mgmL�1 MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide], Sigma) in RPMI (PAA Laboratories GmbH) without
phenol red at 378C (100 mL per well). The MTT solution was removed
and 100 mL per well of isopropanol was added. After thorough mixing,
absorbance of the wells was read in an ELISA reader at test and refer-
ence wavelengths of 540 and 620 nm, respectively. The mean of the opti-
cal density of different replicates of the same sample and the percentage
of each value was calculated (mean of the OD of various replicates/OD
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of the control). The percentage of the optical density against drug con-
centration was plotted in a semi-log chart and the IC50 from the dose re-
sponse curve was determined.


DNA experiments


Agarose gel electrophoresis : For the electrophoresis experiments, ultra-
pure calf thymus DNA (~8.6 MDa, >13 kb, Sigma) was used. The work-
ing solution was prepared by dissolving 12.5 mg of DNA in 50 mL of
doubly distilled, autoclaved water. For the preparation of each sample,
1 mL of the working solution was mixed with increasing volumes (2, 5 or
10 mL) of a solution of the CD derivative in order to achieve a DNA/de-
rivative mass/charge ratio [(M/Q)DNA/ ACHTUNGTRENNUNG(M/Q)N] of @1:1 to 1:1. The con-
centration CN of the CD-derivative solution was calculated by using the
equation: mN/QN =mDNA/QDNA for a 1:1 ratio, in which m is the mass and
Q is the absolute total charge of the molecule. CDNA is 7.6O10�4


m, VDNA


is 1 mL and (M/Q)DNA is 330 (every base pair has a molecular weight of
~330 gmol�1 and charge of �1). Each mixture was diluted with doubly
distilled, autoclaved water to a total volume of 20 mL and incubated for
approximately 45 min at RT. Control samples with guanidine hydrochlo-
ride [10 mL of 0.1706 mm solution, (M/Q)DNA/ ACHTUNGTRENNUNG(M/Q)N =1] and bCD and
gCD (10 mL of 0.1045 mm solutions) were prepared in the same way.
After incubation, 2 mL of a dye (0.4% bromophenol blue, 67% sucrose)
were added to each sample, which was then loaded onto a 1% agarose
gel containing 10 mg ethidium bromide [10 mgmL�1 per 100 mL TAE
buffer (40 mm Tris-acetate, 1 mm EDTA)] and electrophoresed, using
lHindIII as the molecular-weight marker.


Atomic force microscopy : Samples were examined by using a Digital In-
struments Multimide AFM with Nanoscope III controller, operating in
Tapping mode. The AFM tips, having a typical radius of curvature of
7 nm, and mounted on cantilevers with a resonant frequency of approxi-
mately 300 kHz, were supplied by NANOSENSORS. The images had a
512O512 pixel resolution with the scan range varying between 1 mmO
1 mm and 6 mmO6 mm. The tip was operated at a scan rate of 1–3 Hz
(lines/sec). AFM images of the linear DNA (6 kbp) alone and in the
presence of be were collected. The 5 mL of DNA solution was diluted to
100 mL with HEPES/NaOH buffer (pH 7.4), resulting in a ~3O10�11 mm


solution. The buffer solution was prepared with ultrapure water
(18.2mW) and filtered through a 0.22 mm Millipore filter prior to use. For
the DNA condensation studies, 10 mL of DNA solution were mixed with
10 mL solution (~10�8


m) of be and left for incubation for 1 h at RT. Then
5 mL of the above mixture were placed on a mica surface and left to dry
under a stream of air for 30 min. For the control experiment, 5 mL of
linear DNA solution were used in the same way.


Circular dichroism : Spectra were obtained with a single-beam JASCO
spectrophotometer at 320–200 nm. Cells of 1 mm were used and the plas-
mid DNA (5.3 kb) solutions were prepared in buffered sodium chloride/
sodium citrate (pH 7.0). The concentration of DNA was determined to
be 10�4


m by measuring the UV absorption (maximum at 258 nm). Initial-
ly, the spectra of buffer and DNA solution (150 mL) were obtained and
then the spectra of DNA/be at different ratios ([be]=10�3


m). For each
spectrum eight scans were acquired at 50 nmmin�1.


Transfection experiments : The title compounds were complexed with
pAdTrack (adenoviral plasmid expressing eGFP, available from Strata-
gene). Target cells were human embryonic kidney (HEK) 293T cells
(modified to express the SV40 large T antigen). To establish the most ef-
ficient transfection, the CD derivatives were used at a range of concen-
trations. Typically, 25 mL (for 24-well plates) or 100 mL (for 12-well
plates) of each CD solution at concentrations ranging from 4 to
40 mgmL�1 in sterile water were aliquoted into separate eppendorfs and
0.8 mg of reporter plasmid was added to each CD and incubated for
20 min at RT. The CD–DNA mix was then added drop-wise to 293 cells
in 12- (or 24-) well plates that had been plated at a density of 5O104 (or
1O105) cells per well one day prior to transfection in a volume of 0.5 mL
(or 1.0 mL) growth medium per well. Control transfection experiments
were also conducted by using Lipofectamine–DNA complexes (Invitro-
gen) according to the manufacturerRs instructions. Expression of eGFP
was then monitored after 48 h by fluorescence microscopy.
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Introduction


One of the most promising “bottom-up” approaches in
nanoelectronics is to assemble p-conjugated molecules to
build nano-sized electronic and opto-electronic devices in
the 5–100 nm length scale. This field of research, called
“supramolecular electronics” by Meijer#s group, bridges the
gap between molecular electronics and bulk “plastic” elec-
tronics.[1] In this context, the design and preparation of
nanowires are of considerable interest for the development
of nano-electronic devices such as nanosized transistors,[2]


sensors,[3] logic gates,[4] light-emitting diodes,[5] and photovol-
taic devices.[6]


Of all the noncovalent interactions, hydrogen bonds have
been most extensively used to construct supramolecular ar-
chitectures, as they are highly selective and directional not
only in solution but also on surfaces. Numerous nanostruc-
tures such as nanorods, nanotubes, or nanorings have been
obtained by this approach. In particular, the use of organo-
gelators as directors to control the morphologies of the ag-
gregates has been explored recently. Cholesterol- and phos-
pholipid-tethered trans-stilbenes are able to gelate different
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Abstract: In investigations into the
design and isolation of semiconducting
nano-objects, the synthesis of a new
bis ACHTUNGTRENNUNGureido p-conjugated organogelator
has been achieved. This oligo(phenyl-
ACHTUNGTRENNUNGenethienylene) derivative was found to
be capable of forming one-dimensional
supramolecular assemblies, leading to
the gelation of several solvents. Its self-
assembling properties have been stud-
ied with different techniques (AFM,
EFM, etc.). Nano-objects have success-
fully been fabricated from the pristine
organogel under appropriate dilution
conditions. In particular, nanorods and
nanorings composed of the electroac-


tive organogelator have been isolated
and characterized. With additional sup-
port from an electrochemical study of
the organogelator in solution, it has
been demonstrated by the EFM tech-
nique that such nano-objects were ca-
pable of exhibiting charge transport
properties, a requirement in the fabri-
cation of nanoscale optoelectronic de-
vices. It was observed that positive


charges can be injected and delocalized
all along an individual nano-object
(nanorod and nanoring) over microme-
ters and, remarkably, that no charge
was stored in the center of the nano-
ACHTUNGTRENNUNGring. It was also observed that topo-
graphic constructions in the nanostruc-
tures prevent transport and delocaliza-
tion. The same experiments were per-
formed with a negative bias (i.e., elec-
tron injection), but no charge
delocalization was observed. These re-
sults could be correlated with the
nature of 1, which is a good electron-
donor, so it can easily be oxidized, but
can be reduced only with difficulty.


Keywords: nanorings · nanorods ·
pi-conjugated oligomers · self-
assembly · supramolecular
chemistry
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organic solvents in which the steroid and lipid units serve as
templates to form one-dimensional stacks.[7] However, orga-
nogelators based on p-conjugated systems, unlike systems
based on dyes, are relatively rare. Ajayaghosh et al. extend-
ed this concept to oligophenylenevinylene (OPV) deriva-
tives and reported a completely thermoreversible self-as-
sembly process in a series of hydrocarbon solvents from
single OPV molecules to fibers and ultimately to an entan-
gled network structure.[8] The absorption and emission prop-
erties showed dramatic
changes during gelation, which
is an indication of strong inter-
molecular p electronic cou-
pling of the ordered OPV seg-
ments. In a similar way, van
Esch et al. have shown by the
pulse-radiolysis time-resolved
microwave conductivity (PR-
TRMC) technique on solid-
state powder samples that high
charge carrier mobilities can
be achieved in gel networks
based on thiophene and bithiophene derivatives modified
with bisurea units. The thiophene moieties formed closely
packed arrays enforced by the urea hydrogen-bonding units,
thereby creating an efficient pathway for charge trans-
port.[9,10] The two-dimensional self-assembly of the bisurea
1,2-thiophene has been studied on solid substrates. Elongat-
ed twisted fibers with lengths of 20–100 mm and widths of 2–
10 mm were observed on SiO2. These fibers are strongly bire-
fringent, indicating a high degree of molecular ordering.
After annelation, extended mono-layers consisting of up-
right 1D arrays standing side-by-side are formed. On highly
orientated pyrolytic graphite, 1D arrays lying flat on the sur-
face were obtained. Scanning tunneling spectroscopy indi-
cated that effective conjugation in the p stacks exists, as the
band gap of the thiophene was decreased.[11] As pointed out
by Shenning and Meijer, it would be of great interest if we
were able to study such types of fibers made up of mole-
cules containing longer conjugated p fragments.[12]


Furthermore, progress needs to be achieved in order to
demonstrate that individual nano-objects might be capable
of exhibiting electronic properties such as charge transport,
a requirement in the fabrication of nanoscale optoelectronic
devices.


In this context, here we report the synthesis of 1, a se-
quence of five 1,4-dialkoxyphenylene and thiophene units
functionalized with two urea moieties. The p-conjugated
core is defined by the regular alternation of thienylene and
1,4-dialkoxyphenylene. We have demonstrated by PES/UV
spectroscopy correlated with DFT calculations that thio-
phene and dialkoxyphenylene fragments are suitable for the
construction of fully p-conjugated oligomers. Because of
noncovalent S···O interactions the fragments are coplanar,
while in addition, the energy levels of the p-molecular orbi-
tals are close.[13] As a result, a strong interaction between
the molecular orbitals of the thiophene and the dialkoxy-


phenylene fragments destabilizes the HOMO levels of the
oligomer. This type of compound therefore exhibits a low
oxidation potential and a relatively low HOMO–LUMO
gap. This fully p-conjugated core was disubstituted with two
urea moieties in order to take advantage of their self-assem-
bly properties, resulting from the strong directional abilities
of hydrogen bonds. With regard to previous work,[14] a pro-
pylene arm spacer was adopted to favor the self-association
of neutral or oxidized p segments.


In order to increase the solubility of the compound and to
improve the supramolecular organization through van der
Waals interactions, two alkoxy chains were also grafted onto
each benzene ring. This oligo(phenylenethienylene) deriva-
tive was found to be capable of forming one-dimensional
supramolecular assemblies, leading to gelation of several
solvents. Its self-assembling properties have been studied by
different techniques.


To confirm the influence of the urea moieties on the
supramolecular organization of 1 in the solid state, the oth-
erwise identical unsubstituted conjugated segment 2 was
prepared, and the structural and optical properties of the
two compounds were established and compared. Nano-ob-
jects were successfully fabricated from the pristine organo-
gel of 1 under appropriate dilution conditions. In particular,
nanorods and nanorings composed of the electroactive orga-
nogelator were isolated and characterized. With additional
support from an electrochemical study of the solution, it
was possible to demonstrate by the EFM technique that
such nano-objects were capable of exhibiting charge trans-
port properties. Unlike PR-TMC experiments, this tech-
nique can provide direct evidence of charge delocalization
on an individual nano-object. Because of the ultrahigh fre-
quencies (GHz) and low field strengths (about 10 V cm�1)
used, the mobility values obtained by PR-TMC experiments
mainly reflect the mobilities of charge carriers within the
best organized domains (i.e., highest mobility) within a ma-
terial.[15] The use of nanosecond time resolution ensures in
addition that in most cases the charge carriers are probed
prior to their diffusional drift to intrinsic chemical or physi-
cal trapping sites. On the other hand, EFM images of an in-
dividual object will reflect how far charge carriers move
within the object and the influence of defects (grain and
domain boundaries) on their mobility.
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Results and Discussion


Synthesis of the organogelator : Compound 1 was synthe-
sized in ten steps from 1,4-dioctyloxybenzene (3) and 2,5-di-
octyloxy-1,4-phenylenediboronic acid as shown in
Scheme 1.[16] In a Friedel–Crafts acylation reaction, com-
pound 3 was converted into the corresponding ketone 4 in
85 % yield. In two steps, 4 was then transformed into phenol
5 in 80 % yield by a Baeyer–Villiger reaction followed by a
saponification.[17,18] O-Alkylation of 5 with N-(3-bromopro-
pyl)phthalimide (72 %) and iodination with N-iodosuccini-
mide (NIS) in the presence of 0.3 equiv of trifluoroacetic
acid as a catalyst[19] gave 7 in 95 % yield. Suzuki cross-cou-
pling of 7 with thiophene-2-boronic acid afforded 8 in 71 %
yield. Iodination with NIS gave an 89 % yield of 9, which on
Suzuki cross-coupling with 2,5-dioctyloxy-1,4-phenylenedi-
boronic acid afforded 10 in 53 % yield. The last two steps
consisted of cleaving the two phthalimides by hydrazinolysis
to recover the diamine (96%), which reacted with 2.2 mol
equivalents of dodecyl isocyanate to afford the bisurea 1 in
95 % yield. This multi-step synthesis of compound 1 consti-
tutes a versatile and general procedure by which to func-
tionalize p-conjugated oligomers with urea moieties.


Study of the organogel : Compound 1 is soluble in common
solvents (THF, toluene, dichloromethane, etc.). When solu-
tions of 1 (10 mg) in toluene or dichloromethane (1 mL)
were heated, however, organogels were formed upon cool-
ing the solution to �20 8C. After their formation, the differ-
ent organogels were stable at room temperature. In the
same way, 1 gelatinized toluene, THF, and even the nonpo-
lar and hydrophobic tetrachloroethylene at concentrations
as low as 0.2 wt %. Tetrachloroethylene was the solvent
chosen for the organogel studies for two major reasons: i) it
does not absorb infra-red radiation, which is essential in
order to permit study of the contribution of the hydrogen
bond interaction by FTIR, and ii) its high boiling point


(105 8C) should allow examination of the energy required to
break the hydrogen bond system of the urea function.


The organogel was prepared as follows: compound 1
(5 mgmL�1, 0.3 wt %) was dissolved in hot tetrachloroethyl-
ACHTUNGTRENNUNGene and the mixture was allowed to stand at �20 8C, giving
an opaque, yellow organogel. By the “tilting” method, the
sol–gel phase transition temperature (Tgel) was found to be
around 50 8C.[20] The sol–gel transition was studied as a func-
tion of the gel concentration.


Two methods were used to determine the gelation temper-
ature: the ball-drop method[21] and test tube “tilting” (see
Supporting Information). In the first method, a steel ball
with a definite weight is placed on the gel. The samples
tubes are placed in a water bath and the temperature is in-
creased slowly. Tgel is taken as the temperature at which the
ball touches the bottom of the tube. In the second method,
the gelation temperature was determined by tilting the test
tube containing the solution. The sample vials were im-
mersed in tilted positions in a water bath and the tempera-
ture was increased slowly. Tgel is taken as the temperature at
which the gel started to flow. In both methods, the Tgel


values increased linearly with concentration over the 0.1–
0.6 wt % range and then became independent of concentra-
tion up to at least 1 wt %: under these last conditions the
Tgel max was (66�1) 8C in both cases. This behavior is com-
monly observed for organogels.[22] However, for concentra-
tions lower than 0.5 wt %, a slight shift toward lower tem-
peratures was observed in the Tgel determined by the ball-
drop method, due to the heavy ball (450 mg per ball) going
through the network even if the fibers were still present.
The hydrogen bond pattern of the urea can be studied by
Fourier Transform Infra-Red (FTIR) spectroscopy.[23]


Indeed, it can be described in terms of two symmetrical hy-
drogen bonds between the carbonyl function of one urea
moiety and the secondary amines of another vicinal urea
molecule.


A urea function is characterized by three infra-red absorp-
tion bands corresponding to the N�H stretch (asym nNH =


Scheme 1. Synthesis of 1. a) 2 equiv acetyl chloride, 1.2 equiv AlCl3, CH2Cl2, 40 8C, 16 h, 85%; b) peracetic acid, AcOEt, 40 8C, 16 h; c) 4 equiv KOH, 2 equiv EtOH,
H2O, 80 8C, 1 h 30, then 4 equiv HCl (1.5 n), �30 8C, 80 %; d) K2CO3, N-(3-bromopropyl)phthalimide, acetonitrile, 21 8C, 72%; e) NIS, 0.3 equiv CF3COOH, CH2Cl2,
21 8C, 95%; f) thiophene-2-boronic acid, [Pd2dba3], PPh3, Na2CO3, THF/H2O, 70 8C, 71 %; g) NIS, CH2Cl2, 21 8C, 89%; h) Pd2dba3, PPh3, Na2CO3, THF/H2O, 70 8C,
53%; i) NH2NH2·H2O, THF, 66 8C, 96 %; j) 2.2 equiv dodecylisocyanate, CH2Cl2, 40 8C, 95%. Overall yield 15%.


Chem. Eur. J. 2008, 14, 4201 – 4213 J 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4203


FULL PAPERElectroactive Nanorods and Nanorings



www.chemeurj.org





3357 and sym nNH = 3325 cm�1), the C=O stretch called the
“amide I band” (nCO �1627 cm�1), and a combination of the
N�H deformation and of the C�N stretch called the “ami-
de II band” (dNH+nCN �1576 cm�1). The intensities and the
wavenumbers of those three bands are directly related to
the hydrogen bond strength of the system. In the case of a
transition from an associated urea to a free urea, the N�H
stretch and amide I bands are shifted to higher wavenum-
bers and the amide II band to lower wavenumbers. In this
context, a tetrachloroethylene gel of 1 (5 mgmL�1, 0.3 wt %)
was introduced into a sealed KBr cell and the FTIR spectra
were recorded at different temperatures (Figure 1).


At room temperature, the amide I and the amide II
bands, found at 1627 and 1576 cm�1, respectively, are repre-
sentative of an associated urea function. With increasing
temperature, the intensities of the two bands are lowered
and two new bands appear at 1694 and 1515 cm�1. The oc-
currence of an isobestic point at 1657 cm�1 demonstrated
the presence of one-mode association alternation of urea
functions and of equilibrium between the free and the asso-
ciated species. At �60–65 8C, in the temperature range cor-
responding to the Tgel max previously determined by both
methods, no more association between urea moieties is ob-
served.


We deduced the percentages of free and associated urea
by integration of the free amide I band (1694 cm�1) and the
associated amide I band (1627 cm�1), assuming that the inte-
grated molar extinction coefficients are constant with the
temperature. We investigated the evolution of the ratio be-
tween free amide I (%FAI) and associated amide I
(% AAI) as a function of the temperature. For each temper-
ature, areas of these two bands can be deduced by deconvo-
lution of FTIR spectra. An example of a deconvoluted
FTIR spectrum and area determination of % FAI and
% AAI of an organogel of 1 (5 mgmL�1) in
tetrachloroethyl ACHTUNGTRENNUNGene at T=50 8C is given in the Supporting
Information. From these data, the concentrations of the two
species can be calculated and plotted (Figure 2).


The percentage of free urea increases gradually with the
temperature. For temperatures close to the Tgel (�50 8C for
a 0.3 wt % gel of 1 in C2Cl4), the percentage of free urea is
about 35 % and the slope of the curve is nearly constant up
to 65 8C. At 65 8C, almost all H-bonds are broken. Consis-
tently with the van’t Hoff equation, a linear evolution of
lnK as a function of 1/T is found between 30 8C and 50 8C.
A DH8 value of 87 kJ mol�1 can be deduced from the slope
(�DH8/R). This value, corresponding to the dissociation of
four N�H···O=C hydrogen bonds, is in good agreement with
the 46 kJ mol�1 reported by Jadzyn et al. for the formation
of two N�H···O=C hydrogen bonds in diethylurea.[24] Finally,
above T�65 8C almost all H-bonds are broken and the mol-
ecules exist in an isolated state.


From the FTIR study of 1 as an organogel, it is clear that
the urea functions play the role of structure directing agents


Figure 1. FTIR spectra of an organogel of 1 (5 mg mL�1, 0.3 wt %) in tetrachloroethylene as a function of the temperature.


Figure 2. Percentages of free (% FAI, &) and associated (% AAI, ~) urea
in an organogel of 1 (5 mg mL�1, 0.3 wt %) in tetrachloroethylene as a
function of temperature.
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through hydrogen bonds. The design of the molecule being
functionalized by two urea functions should drive the supra-
molecular organization toward 1D assembly with an opti-
mized overlapping of the p-conjugated segment. In the solid
state, the influence of the urea moieties on the supramolec-
ular organization of 1 was revealed by comparison of the
optical properties of 1 and 2 (see Supporting Information).
Interestingly, the UV/Visible absorbance of 1 was blue-shift-
ed from 413 nm in solution to 406 nm in the solid state, ac-
companied by a broadening and decrease in intensity of the
p–p* absorption bands. These spectral changes can be at-
tributed to a strong exciton coupling between the phenyl-
ACHTUNGTRENNUNGenethienylene moieties.[10] Apparently, the phenylenethienyl-
ACHTUNGTRENNUNGene chromophores of 1 are present in the solid state as p-
stacked H-aggregates.[25] On the other hand, the red shift
from 405 to 434 nm observed for 2 suggests a different
supramolecular organization with the formation of J-aggre-
gates.[26]


The H-aggregation of the bisurea deduced from the blue-
shifted absorption of its freeze-dried gel was confirmed by
study of the emission behavior of the organogelator in tetra-
chloroethylene as a function of the temperature. An organo-
gel of 1 in tetrachloroethylene (5 mgmL�1) was heated at
115 8C (above the Tgel) and irradiated at 400 nm. Emission
spectra were recorded during the cooling of the sample
(Figure 3).


From Figure 3, two types of spectroscopic behavior can be
identified. At 115 8C, 1 exhibits the same emission properties
as in dilute solution, with a fluorescence maximum found at
462 nm. The chromophores are perfectly isolated from each
other. From 115 to 57 8C, almost no evolution in the shape
and the intensity of the spectra is observed. Below 57 8C, a
red shift of the emission maximum and a decreased intensity
can be seen (see Supporting Information for intermediate
temperatures). This transition corresponds to the Tgel as al-


ready determined by the test tube “tilting” method or by
FTIR measurements. Upon aggregation, the strong p–p in-
teraction leads to quenching of emission of individual mole-
cules. In a remarkable way, these spectroscopic phases and
their temperatures could be correlated to the hydrogen
bond strength and relative orientational transitions of the
urea functions determined by FTIR. This spectroscopic be-
havior observed for 1 upon gelation (blue-shifted absorp-
tion, red-shifted and quenched emission) can be attributed
to H-aggregation,[27,28,29] which is reasonable to expect from
an anticipated “card pack” orientation of the phenylene-
ACHTUNGTRENNUNGthien ACHTUNGTRENNUNGylene chromophores in the hydrogen-bonded network
directed by the urea.


More information about the two different supramolecular
organizations exhibited by 1 and 2 was provided by the de-
termination of the crystal structure of 2 (Figure 4a and b).
Recrystallization of 2 from acetone furnished orange paral-
lelepipedic single crystals suitable for X-ray diffraction in-
tensity recording on an Xcalibur CCD (Oxford Diffraction)
diffractometer. Compound 2 crystallizes in a triclinic system
with a P1̄ space group. The molecule is located at the inver-
sion centre, and the asymmetric unit is then defined with a
half-molecule. As attested to by the crystal structure, the
three benzene rings and the two thiophene rings are mostly
coplanar, due to the S···O interactions, which favor a small
dihedral angle between benzene and thiophene rings and
consequently a good p orbital overlap.[13] In the solid state, 2
forms stacks separated by the octyl chains lying perpendicu-
larly to the chromophore long axis (Figure 4a). The interlac-
ing of lateral chains stabilized by van der Waals interactions
produces a longitudinal and a lateral slip of the molecules in
a given stack toward a J-aggregation with a pitch angle of
P2 =568 and a roll angle of R2 = 488 (Figure 4b).[30] The pitch
and roll angles are used to assess the molecular slipping
along the long and the short axes of a molecule. Although


the p-stack undergoes a pitch
angle distortion of 568, the mo-
lecular p-systems of molecules
could still overlap. However
with a roll angle distortion of
488, the adjacent molecules
slide completely out from
under one another and there is
little remaining p-overlap be-
tween them.


From the conformation of
the p-conjugated core and the
lateral aliphatic chains posi-
tions obtained from the crystal
structure of 2, and taking into
account that bisureas are well
known to self-assemble in one-
dimensional fashion, it was
possible to propose a molecu-
lar model (Figure 4c and d).


In that case, both urea
groups form hydrogen bonds


Figure 3. Emission spectra of an organogel of 1 (5 mg mL�1) in tetrachloroethylene irradiated at 400 nm as a
function of temperature.
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with urea groups of neighboring molecules, and thereby par-
ticipate in the formation of infinite chains of hydrogen-
bonded urea moieties (Figure 4c). The average repeat dis-
tance along the direction of the hydrogen-bonded chains is
4.5 T, in accordance with the average value of 4.6 T found
for crystal structures of urea compounds.[31] The phenylene-
thienylene moieties adopt a face-to-face arrangement along
the same direction as the infinite hydrogen-bonded chains
(Figure 4d). A modest pitch angle (P1 =98) and a very small
roll displacement (R1 = 48) are consistent with an H-aggrega-
tion in which adjacent molecules of 1 retain appreciable p-
overlap.


Shapes of the aggregates : The formation of a gel suggests
self-assembly of 1 into nanostructures. Further insight con-


cerning the supramolecular assemblies structuring the orga-
nogel was provided by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images of a
freeze-dried gel of 1 (10 g L�1 in dichloromethane). As ex-
pected, the entire sample is comprised of fiber-like struc-
tures with one-dimensional architectures (see Supporting In-
formation).


With the intention of isolating fibers, a gel of 1 (10 g L�1)
was diluted to 0.5 g L�1 in dichloromethane prior to being
dropcast on a silicon wafer covered by a dry silicone dioxide
film (thickness 250 nm). Atomic force microscopy (AFM)
showed an interdigitated network of nanorods formed by as-
sociation of 1 as a result of hydrogen bonding of urea
groups (Figure 5a). When diluted ten times more, however,
two different types of nano-objects were obtained, depend-


Figure 4. Crystal structure of 2. a) View of the packing in 2, as seen down the a axis. This illustration shows six molecules, stacked two deep. b) J stacks
running along the a axis (octyl chains have been omitted for clarity) and molecular model proposed for the supramolecular assemblies formed by 1.
c) Infinite chains of hydrogen-bonded urea moieties. d) Face-to face-arrangement of the phenylenethienylene moieties along the same direction as the in-
finite hydrogen-bonded chains (octyl chains have been omitted for clarity).
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ing on their location on the substrate. Dispersion of nano-
rods was found at the periphery of the drop (Figure 5b)
whereas nanorings could be observed in the center of the
drop (Figure 5c). Sizing of the different nano-objects leads
us to postulate two different processes for the formation of
the nanorods and the nanorings. Indeed, on the one hand,
nanorods obtained after dilution of the gel (Figure 5b) ex-
hibited the same dimensions as those present in the pristine
organogel (typical height 4 nm, typical width 70 nm, and
typical length 2 mm), suggesting that they had originated
from the dispersion of the preexisting nanorods (Figure 5a).
On the other hand, the nanorings (Figure 5c) had the same
width (70 nm) but much greater height (12 nm). This obser-
vation indicates that they are the product of a dewetting
process. During the drying of the drop, the concentration of
unassociated molecules increases considerably in its center,
to form new supramolecular assemblies around nanodrops
of solvent or water. Their diameters lie between 200 and
300 nm.


Electrical force microscopy experiments : The electronic be-
havior of the nano-objects was studied by electrical force
microscopy (EFM). We have recently described the use of
the EFM technique to study organic nanostructures[32] or
DNA samples[33] in previous papers. It is a powerful tool
with which to investigate the electrical transport properties
of nano-objects. Charge carriers were locally injected by the
apex of an atomic force microscope tip, and the resulting
distribution and concentration of injected charges were mea-
sured by electrical force microscopy (EFM) experiments.


The nano-objects were deposited on a highly-doped n-type
silicon wafer (resistivity of �10�3 W cm), covered by �4 nm
thick thermal oxide grown in dry O2 at 730 8C. The SiO2 sur-
face roughness (rms) is �0.15 nm (AFM measurements).
The SiO2 surfaces were cleaned by a piranha attack and
rinsed in deionized water before the nanoring deposition.
Local charge injections and EFM experiments were per-
formed with the aid of a Dimension 3100 microscope (Digi-
tal Instruments) under air. We used PtIr-coated cantilevers
with a free oscillating frequency f0 �60 kHz and a spring
constant k �1–3 N m�1. To inject charges into the nano-
object locally, the EFM tip was biased at Vinj with respect to
the silicon wafer, its oscillation frequency was set to zero,
and the tip was gently contacted to the nano-object with a
typical 2 nN contact force for two minutes (Figure 6). Image
analyses were performed with the DI software or WSxM.[34]


EFM measurements were first carried out on a nanorod
measuring 2 mm long, with an average thickness of 2.5 nm
and a width of �50–100 nm determined by AFM in tapping
mode (Figures 5b and 7a). A first EFM image (Figure 7b)
was performed before local application of a bias voltage
Vinj =++2 V (i.e., hole injection) over 2 minutes by the apex
of the tip. Then, after the hole injection, another EFM
image (Figure 7c) was taken under the same scan conditions.
It was observed that positive charges (inducing a negative
shift of the cantilever frequency biased at VEFM =�2 V ap-
pearing dark in the EFM image; see below) were delocal-
ized all along the nanorod over micrometers, attesting that
molecules inside the nano-objects are reasonably well organ-
ized (a more detailed discussion is given below).


Figure 5. AFM topographic images (taping mode, SiO2 substrate) and cross-sections (along the black lines) of drop-cast films of the gels of 1 diluted in
dichloromethane at: a) 0.5 g L�1, b) 0.05 g L�1 periphery of the drop, and c) 0.05 g L�1 center of the drop.
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The distribution of charges injected into the nanorods was
characterized by EFM, in which electric force gradients
acting on the tip biased at VEFM (here �2 V) shift the EFM
cantilever oscillation frequency. For this measurement, the
tip–substrate distance was typically z= 50 nm (otherwise
specified). EFM images are sensitive to two distinct interac-
tions. Firstly, the capacitive interaction associated with the
local increase in the tip–substrate capacitance when the
EFM tip is moved over the nanorings leads to weak nega-
tive frequency shifts, which appear as weak dark features in
Figure 7b. The second interaction is the interaction between
the charge Q stored in the nanoring and the capacitive
charge at the tip apex. This additional frequency shift is
either positive or negative, and varies as QUVEFM. When >0
(repulsive interaction), this corresponds to a positive fre-
quency shift, leading to bright features in the EFM images.
In contrast, <0 (attractive interaction) corresponds to a neg-
ative frequency shift and thus dark features in the EFM
images (as shown in Figure 7c).


A control experiment was performed, in which charges
were injected and measured, under the same conditions, di-
rectly in the oxide without any nanorod. In that case, the
charges stayed localized in the oxide (Figure 8a), and the
EFM image showed an isotropic 2D distribution with an
average diameter of about 150–200 nm.


To quantify the amount of charge injected into the nano-
rod, we followed the same protocol as in our recent paper
on EFM on pentacene nanostructures,[32] in which the ratio
R of the frequency shift DfQ due to the charge in the nanor-
ing over the one DfC coming from the capacitance effect is
related to the surface charge density s by Equation (1), with
e0 and eR being the vacuum and nanorod permittivity, re-


spectively, e the electron charge, z the tip–substrate distance,
VEFM the EFM bias, and VS the surface potential, which is
negligible in our case.[35]


R ¼ � g
a


ðs=eRÞ e z
e0ðVEFM�VSÞ


ð1Þ


The factors g and a are two geometric factors associated
with the tip and the substrate (a�1.5 and g�3.5).[32,35, 36]


The average frequency shifts DfC and DfQ are estimated
from the profile sections of the EFM images before and


after injection, respectively
(Figure 9). According to
Eq. (1), with eR �3 (a common
value for most organic materi-
als), the maximum charge den-
sity is 1.4 U 105 holes mm�2. We
observe that this maximum
arises at the injection point
and that charge density slowly
decreases along the nanorods.


We also note (Figure 7c)
that the EFM signal extends


widely over the nanorod in the perpendicular direction
(�500 nm on each side). This cannot be explained by convo-
lution with the tip size and shape (radius of 15–20 nm), nor
by the intrinsic spatial resolution of the EFM (�50 nm
under our experimental conditions).[37] In the present case,
this also cannot be explained by charge injection into the
oxide through the nanorod, because the blank experiment
(Figure 8a) shows that charge injected (under the same con-
ditions) into the oxide spreads over a smaller distance.
While it is likely that charges have also been injected into
the oxide (as in our previous experiments on pentacene
monolayer islands),[32] we surmise that charges can also
spread away from the nanorod as a result of the presence of
residual organic materials left on the substrate by the dip-
ping process. To test this hypothesis, we injected holes under
the same conditions into the oxide substrate, away from a
nanorod (Figure 8b). We clearly observed an isotropic diffu-


Figure 6. Schematic representation of charge injection and detection by
EFM. The silicon substrate is covered by an oxide (thickness tox—in light
grey). The nano-object (in black) has a height h. In the EFM mode, the
tip is set at a distance z from the substrate. Vinj is the tip bias for injecting
charges (electrons at Vinj < 0, and holes at Vinj > 0). VEFM is the tip bias
for the EFM measurements.


Figure 7. a) Topographic image of a nanorod. b) EFM image before charge injection, c) EFM image after hole
injection (at the point marked by the arrow in Figure 7a) in the same nanorod at Vinj =++2 V for 2 minutes.
d) After electron injection at Vinj =�3 V for 3 min. EFM image conditions: VEFM =�2 V, lift z=50 nm.


Figure 8. a) EFM image of charges (electrons at Vinj =�2 V (right hand-
side) and holes at Vinj =++2 V (left hand-side)) directly injected into the
naked 4 nm thick SiO2 layer (as grown oxide). b) EFM image of hole in-
jection under the same conditions as in Figure 7c (Vinj =++3 V for 2 mi-
nutes) in the oxide, away from the nanorod, after the nanorod deposition
process. All EFM image conditions: VEFM =�2 V, lift z=50 nm.
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sion of charges, as in the naked substrate (Figure 8a), but
with a larger diffusion distance (�1 mm).[38] The correspond-
ing EFM profile is also shown in Figure 9 (line with
squares). To distinguish the respective contributions of
charge in the nanorod and in the oxide substrate in Fig-
ACHTUNGTRENNUNGures 7c and 9c, this oxide contribution is subtracted from the
raw EFM profile shown in Figure 9c. The resulting EFM
signal due to the net charges in the nanorod is shown by the
line with triangles in Figure 9. We can conclude that the in-
jected holes in the nanorod are almost homogeneously
spread along the nanorod over a distance of �1 mm, and
that their density slowly decreases near the edges. The EFM
plateau at ��10 Hz corresponds to �5.8 U104 holes mm�2.


The same experiments with negative bias (i.e., electron in-
jection) were carried out, but no charge delocalization was
noted (Figure 7d). We only observed a weak bright isotropic
spot (diameter of about 250–300 nm). By comparison with
the blank experiment (Figure 8a), this probably corresponds
to electron injection into the oxide underneath.


These results could be correlated with electrochemical
measurements performed on 1. Figure 10 shows a full-scan
cyclic voltammogram of a solution of 1 in THF
(10�3 mol L�1) containing Bu4NPF6 (0.1 molL�1) as a sup-
porting electrolyte. At a scan rate of 100 mV s�1 referenced
vs. SCE, 1 exhibits an irreversible wave under cathodic
sweep and the reduction takes place at �1.56 V vs. SCE.
The oxidation process exhibits a pseudo-reversible wave
when swept anodically, and the onset potential of oxidation
for 1 is located at 0.63 V vs. SCE. Thus, it is easier to inject
holes into the HOMO of 1, which is a good electron-donor,
than to inject electrons in the LUMO.


Further experiments were performed on the nanorings
shown in Figure 5c. Figure 11a and c show the topographic
images before and after the charge injection (done at the
point marked by an arrow). By comparing the two images,
we checked that the injection protocol had not deformed


the nanoring. Figure 11b and d represent the EFM images
before and after hole injection at Vinj =++2 V for 2 min. It is
clear that the injected holes have been delocalized along the
nanoring, while more charges have been injected in the
right-hand part of the nanoring close to the injection point.
It is also clear that some charges have spread away from the
nanoring due to the presence of residual materials on the
substrate around the nanoring (as clearly shown in the topo-
graphic image).


Figure 12 shows three different profiles of the nanoring
taken along the lines I, II, and III (as shown in Figure 11),
before (in blue) and after (in red) hole injections (topo-
graphic profiles are also shown along the same lines). From
these EFM profiles, and by using eR�3 (a common value
for organic materials), we can deduce[39] that �1.8–2.1 U


Figure 9. Topographic (a) and EFM (b–c) profiles along the nanorods.
The profiles are taken along a curved line following the long axis of the
nanorods. b) EFM before hole injection and c) after hole injection (same
conditions as in Figure 7). EFM profile (&) for hole injection in the oxide
substrate after the deposition of the nanorods (from Figure 8b), net EFM
signal due to charges in the nanorod (~) obtained by subtracting the
oxide contribution (&) from the measured profile after injection
(curve c).


Figure 10. Cyclic voltammogram of a solution of 1 in THF (10�3 mol L�1)
containing Bu4NPF6 (0.1 mol L�1) as a supporting electrolyte at a scan
rate of 100 mV s�1, referenced vs. SCE.


Figure 11. a) and c) Topographic images of the nanoring before and after
hole injection at Vinj =++2 V over 2 min at the point indicated by the
arrow. b) and d) Corresponding EFM images recorded at VEFM =�2 V
and z=50 nm. e) 3D topographic image (from a) showing two constric-
tions marked by the arrows.
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104 holes mm�2 have been in-
jected into the right-hand part
of the nanoring (profiles I and
II) and �7.5 U 103 holes mm�2


into the left-hand part (profile
III). In view of the shape and
size of the nanoring (Figure 11
and topographic profile along
I in Figure 12), with an inter-
nal radius of �50 nm and an
external radius of �250 nm,
these values correspond to
�3.3–4.2 U103 and �1.5 U
103 holes, respectively. The fact
that fewer charges have been
delocalized on the left-hand
side of the nanoring may be
related to the presence of “de-
fects”. From the 3D image
(Figure 11e), we can observe
two constrictions (shown by
the arrows) in the nanoring,
separating its left- and right-
hand parts. These constrictions
partly prevent the diffusion of
charge from the right-hand
part of the nanoring to the
left.


Other experiments on
nanorings without defects (Fig-
ure 13 a) showed a more uni-
form charge distribution all
over the nanoring (Figure 13b
and c).


Conclusion


In summary, we have synthesized a p-conjugated
oligo(phen ACHTUNGTRENNUNGylenethienylene) capable of forming one-dimen-
sional supramolecular assemblies, leading to gelation of sev-
eral solvents. From the FTIR study of 1 as an organogel, it
was shown that the urea functions play the role of structure
directing agents through hydrogen bonds. The H-aggrega-
tion of the bisurea deduced from the blue-shifted absorption
of its freeze-dried gel was confirmed by the study of the
emission behavior of the organogelator in tetrachloroethyl-
ACHTUNGTRENNUNGene as a function of temperature. As suggested by the for-
mation of an organogel, supramolecular architectures were
imaged by scanning electron microscopy of a freeze-dried
gel. As expected, the entire sample is comprised of fiber-
like structures with one-dimensional architectures. Nano-ob-
jects were successfully isolated under special conditions of
dilution of the organogel. Two different types of nano-ob-
jects were obtained, depending on their location on the sub-
strate. A dispersion of nanorings was found in the center of
the drop, whereas nanorods could be observed at the pe-


Figure 12. Profiles along the lines I, II and III as shown in Figure 11. Left-hand images: AFM heights. Right-
hand images: EFM frequency shift measured before the hole injection (blue, from EFM image in Figure 11b)
and after the hole injection (red, from EFM image in Figure 11 d).


Figure 13. a) Topographic and b) EFM image of a defect-free nanoring.
c) EFM profile along the line in b). Hole injection and EFM conditions
as in Figure 11.
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riphery. Sizing of the different nano-objects leads us to pos-
tulate two different processes for the formation of the nano-
rods and the nanorings. Isolated nanorods are certainly the
result of the dispersion of preexisting nanorods, while nano-
ACHTUNGTRENNUNGrings could be the product of a dewetting process. Their
electronic properties such as positive charges transport have
been demonstrated by the EFM technique. It was observed
that positive charges were nonuniformly delocalized all
along an isolated nano-object over micrometers. In particu-
lar, no charge was stored in the centers of the nanorings.
The observed negative frequency shift corresponds to about
1.5–4 U 103 injected charges in the nanoring. The same ex-
periments have been performed with negative bias (i.e. ,
electrons injection), but no charge delocalization was noted.
These results could be correlated with the nature of 1, which
is a good electron-donor, so it can be easily oxidized, but re-
duced only with difficulty. It was observed that topographic
constrictions in the nanostructures prevent the charge trans-
port and delocalization. Organic nanorings could be very in-
teresting for persistent-current experiments.[40]


Experimental Section


General information and techniques : All synthetic experiments were per-
formed under nitrogen by conventional Schlenk line techniques. The re-
agents 2,5-dioctyloxyphenyleneboronic acid,[41] 1,4-dioctyloxybenzene
(3),[16] 2,5-dioctyloxy-1,4-phenylenediboronic acid,[16] and 1,4-bis(2’-thien-
yl)-2,5-dioctyloxybenzene[42] were prepared by known procedures. 2,5-Di-
octyloxyphenol (5) was prepared by our modification of the protocol de-
scribed in References [16] and [17]. The analytical data for 5 were in
good accordance with the literature. N-(3-Bromopropyl)phthalimide, 1-
dodecyl isocyanate, and thiophene-2-boronic acid were purchased from
Acros, N-bromosuccinimide (NBS) and N-iodosuccinimide (NIS) from
Alfa Aesar. Dichloromethane was distilled over CaH2, THF over LiAlH4


then sodium/benzophenone under nitrogen. Melting points were deter-
mined on an electrothermal apparatus (IA9000 series) and are uncorrect-
ed. 1H and 13C NMR spectra in solution were recorded on Bruker
AC 200 and AC 250 spectrometers at room temperature with deuterated
chloroform for solvent and TMS as internal reference. IR data were ob-
tained on a Perkin–Elmer 1000 FT-IR spectrophotometer. Mass spectra
were measured on JEOL MS-SX 102 and Autospec EQ mass spectrome-
ters. SEM images were obtained with JEOL 6300 F microscopes.


1,4-Bis(5-bromothien-2-yl)-2,5-dioctyloxybenzene : 1,4-Bis(thien-2-yl)-2,5-
dioctyloxybenzene (1.5 g, 3 mmol) was added to a solution of NBS (1.1 g,
6.2 mmol) in dichloromethane (30 mL). The mixture was then stirred for
5 h. After aqueous workup the solvent was removed under vacuum to
yield a yellow powder, which was purified by flash chromatography
(silica gel, gradient of cyclohexane/dichloromethane) (1.7 g, 2.7 mmol,
89%). M.p. 89 8C; 1H NMR (200 MHz, CDCl3): d =7.22 (d, 3J ACHTUNGTRENNUNG(H,H) =


3.9 Hz, 2H), 7.09 (s, 2H), 7.03 (d, 3J ACHTUNGTRENNUNG(H,H) =3.9 Hz, 2 H), 4.01 (t,
3J ACHTUNGTRENNUNG(H,H) =6.5 Hz, 4 H), 1.90 (m, 4H), 1.20–1.65 (m, 20H), 0.89 ppm (m,
6H); 13C NMR (50 MHz, CDCl3): d =148.9, 140.4, 129.2, 124.5, 122.4,
113.1, 111.1, 69.8, 31.9, 29.42, 29.4, 26.3, 22.7, 14.2 ppm; IR (KBr): ñ=


3084, 2944, 2919, 2867, 2848, 1537, 1491, 1462, 1210, 1064, 786 cm�1;
HRMS (FAB+): m/z : calcd for C30H40Br2O2S2: 654.0836 [M]+ ; found:
654.0833.


1,4-Bis[5-(2,5-dioctyloxyphenyl)thien-2-yl]-2,5-dioctyloxybenzene (2): A
mixture of 1,4-bis(5-bromothien-2-yl)-2,5-dioctyloxybenzene (520 mg,
0.8 mmol), 2,5-dioctyloxyphenylboronic acid (640 mg, 1.6 mmol), K3PO4


(1 g, 4.8 mmol), Pd2dba3 (35 mg, 35 mmol), and triphenylphosphine
(35 mg, 280 mmol) in DMF (40 mL) was heated under nitrogen at 80 8C
for 3 days. The DMF was then evaporated. After aqueous workup and


extraction of the product with dichloromethane, a brown solid was ob-
tained and purified by column chromatography (silica gel, gradient of cy-
clohexane/dichloromethane) to yield an orange powder (260 mg,
0.2 mmol, 28 %). M.p. 88 8C; 1H NMR (200 MHz, CDCl3): d=7.52 (m,
4H), 7.26 (m, 4 H), 6.89 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.8, 4J ACHTUNGTRENNUNG(H,H) =2.4 Hz, 2H), 6.77
(d, 3J ACHTUNGTRENNUNG(H,H) =3.9 Hz, 2H), 1.70–2.00 (m, 12 H), 4.01 (m, 12H), 1.20–1.65
(m, 60H), 0.88 ppm (m, 18H); 13C NMR (50 MHz, CDCl3): d=153.2,
149.6, 149.5, 139.3, 125.8, 125.6, 124.6, 123.2, 114.4, 114.2, 113.9, 112.9,
69.7, 68.7, 31.8, 29.4, 29.4, 29.2, 26.2, 26.2, 26.1, 22.6, 14.1 ppm; IR (KBr):
ñ= 3082, 2952, 2923, 2868, 2852, 1603, 1535, 1497, 1466, 1221, 800 cm�1;
elemental analysis (%) calcd for: C 76.37, H 9.87, O 8.25; found: C
75.93, H 9.80, O 8.17.


1-(2,5-Dioctyloxyphenyl)ethan-1-one (4): 1,4-Dioctyloxybenzene (3,
20.4 g, 60.9 mmol) and acetyl chloride (2 equiv, 9.7 g, 138.8 mmol) were
mixed in CCl4 (75 mL) at 5 8C. AlCl3 (1.2 equiv, 9.7 g, 73.2 mmol) was
then carefully added to this yellow solution by spatula in small portions
over 30 min. After the addition, the dark red solution was heated to
room temperature for 16 h and became black. During the reaction HCl
was released; the acidic overpressure was neutralized by bubbling
through a KOH solution. The medium was quenched with a water/ice
mixture, and the organic layer was washed three times with water, dried
over Na2SO4, and filtered, and the solvent was removed under vacuum.
The product was purified by column chromatography (silica gel, gradient
of pentane/dichloromethane 10:0 ! 7:3). Compound 4 was isolated as a
white solid (19.3 g, 51.3 mmol, 85%). 1H NMR (200 MHz, CDCl3): d=


7.28 (d, 4J ACHTUNGTRENNUNG(H,H) =3.1 Hz, 1H; Ar), 6.99 (dd, 3J ACHTUNGTRENNUNG(H,H) = 9.1, 4J ACHTUNGTRENNUNG(H,H) =


3.1 Hz, 1H; Ar), 6.85 (d, 3J ACHTUNGTRENNUNG(H,H) =9.1 Hz, 1 H; Ar), 3.98 (d, 3J ACHTUNGTRENNUNG(H,H) =


6.5 Hz, 2H; OCH2), 3.91 (d, 3J ACHTUNGTRENNUNG(H,H) = 6.5 Hz, 2 H; OCH2), 2.62 (s, 3 H;
CH3), 1.90–1.65 (m, 4H), 1.55–1.35 (m, 4H), 1.28 (br s, 16H), 0.95–
0.80 ppm (m, 6 H).


2,5-Dioctyloxyphenol (5): A solution of peracetic acid in AcOEt (61 %,
2 equiv, 17.0 mL, 102.6 mmol) was slowly added over 30 min at 40 8C to a
solution of 4 (19.9 g, 51.2 mmol) in AcOEt (15 mL). The brownish solu-
tion turned reddish and was stirred for an additional 16 h. The crude
product was washed with brine (150 mL), and the aqueous layer was ex-
tracted twice with AcOEt. The organic layers were combined, washed
once with H2O, dried over Na2SO4, and filtered, and the solvent was care-
fully removed under vacuum. KOH (4 equiv, �0.2 mol) and EtOH
(2 equiv, �0.1 mol) were mixed with the crude product in water (50 mL),
and the mixture was heated to 80 8C and stirred for 1 h 30. The solution
was then cooled to �30 8C, and HCl (1.5 n, ca 0.2 mol) was added (pH <


2). The organic layer was washed twice with brine, dried over Na2SO4,
and filtered through Celite, and the solvent was removed under vacuum.
The product was recrystallized from MeOH at �30 8C. Compound 5 was
isolated as a white solid (14.4 g, 41.1 mmol, 80 %). M.p. 5 8C; 1H NMR
(200 MHz, CDCl3): d=6.74 (d, 3J ACHTUNGTRENNUNG(H,H) =8.8 Hz, 1 H; Ar), 6.55 (d,
4J ACHTUNGTRENNUNG(H,H) =2.9 Hz, 1H; Ar), 6.35 (dd, 3J ACHTUNGTRENNUNG(H,H) =8.8, 4J ACHTUNGTRENNUNG(H,H) =2.9 Hz, 1 H;
Ar), 4.9 (br s, 1 H; OH), 3.96 (d, 3J ACHTUNGTRENNUNG(H,H) =6.5 Hz, 2H; OCH2), 3.87 (d,
3J ACHTUNGTRENNUNG(H,H) =6.6 Hz, 2H; OCH2), 1.85–1.65 (m, 4 H), 1.60–1.35 (m, 4H), 1.29
(br s, 16H), 0.95–0.85 ppm (m, 6H); 13C NMR (50 MHz, CDCl3): d=


153.9, 146.6, 140.1, 112.7, 105.1, 102.2, 69.7, 68.4, 32.5, 31.7, 29.3, 29.2,
29.1, 26.0, 25.9, 22.6, 14.0 ppm.


N-[3-(2,5-Dioctyloxyphenoxy)propyl]phthalimide (6): Compound 5
(1.48 g, 4.2 mmol) was added to a solution of N-(3-bromopropyl)phthal-
imide (1.13 g, 4.2 mmol) and K2CO3 (0.88 g, 6.3 mmol) in acetonitrile
(50 mL). The mixture was then stirred for 2 days. After aqueous workup
and extraction of the product with dichloromethane, a dark brown oil
was obtained and purified by column chromatography (silica gel, gradient
of cyclohexane/dichloromethane) to yield a white powder (1.64 g,
3.3 mmol, 72 %). M.p. 91 8C; 1H NMR (250 MHz, CDCl3): d=7.76 (m,
4H), 6.77 (d, 3J ACHTUNGTRENNUNG(H,H) = 8.9 Hz, 1H), 6.48 (d, 4J ACHTUNGTRENNUNG(H,H) = 2.8 Hz, 1 H), 6.37
(dd, 3J ACHTUNGTRENNUNG(H,H) =8.9, 4J ACHTUNGTRENNUNG(H,H) =2.8 Hz, 1H), 4.03 (t, 3J ACHTUNGTRENNUNG(H,H) = 6.1 Hz, 2H),
3.87 (m, 6H), 2.20 (m, 2H), 1.73 (m, 4H), 1.2–1.5 (m, 20 H), 0.88 ppm
(m, 6H); 13C NMR (50 MHz, CDCl3): d=168.2, 154.1, 150.0, 143.4, 133.8,
132.2, 123.2, 116.1, 105.3, 103.2, 70.6, 68. 4, 66.8, 35.3, 31.8, 29.5, 29.4,
29.2, 29.2, 28.6, 26.1, 26.0, 22.6, 14.0 ppm; IR (KBr): ñ =3076, 2940, 2869,
2854, 1773, 1712, 1226, 722 cm�1; HRMS (FAB+): m/z : calcd for
C33H47NO5: 537.3454 [M]+ ; found: 537.3448.
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N-[3-(4-Iodo-2,5-dioctyloxyphenoxy)propyl]phthalimide (7): Compound
6 (1.02 g, 1.89 mmol) was added to a solution of NIS (0.45 g, 1.99 mmol)
and trifluoroacetic acid (65 mg, 0.6 mmol) in dichloromethane (40 mL).
The mixture was then stirred for 2 h. After aqueous workup and extrac-
tion of the product with dichloromethane, the solvent was removed
under vacuum to yield a yellow powder (1.2 g, 1.8 mmol, 94%). M.p.
86 8C; 1H NMR (250 MHz, CDCl3): d=7.77 (m, 4H), 7.20 (s, 1H), 6.49
(s, 1H), 4.05 (t, 3J ACHTUNGTRENNUNG(H,H) =5.6 Hz, 2 H), 3.87 (m, 6 H), 2.20 (m, 2H), 1.73
(m, 4H), 1.2–1.5 (m, 20 H), 0.88 ppm (m, 6H); 13C NMR (50 MHz,
CDCl3): d =168.2, 152.7, 149.9, 144.6, 133.9, 132.1, 125.1, 123.2, 102.4,
75.5, 10.5, 70.3, 67.6, 35.3, 31.8, 29.3, 29.2, 28.6, 26.1, 26.0, 22.6, 14.1 ppm;
IR (KBr): ñ= 3058, 2948, 2921, 2866, 2852, 1772, 1710, 1213, 710 cm�1;
HRMS (FAB+): m/z : calcd for C33H46NO5: 663.2421 [M]+ ; found:
663.2448.


N-[3-(4-Thienyl-2,5-dioctyloxyphenoxy)propyl]phthalimide (8): A mix-
ture of 7 (1.1 g, 1.73 mmol), thiophene-2-boronic acid (330 mg,
2.60 mmol), Na2CO3 (400 mg, 3.46 mmol), Pd2dba3 (36 mg, 36 mmol), and
triphenylphosphine (36 mg, 285 mmol) in THF (20 mL) and water
(10 mL) was heated under nitrogen at 50 8C overnight. The THF was
then evaporated. After aqueous workup and extraction of the product
with dichloromethane, a brown solid was obtained and purified by
column chromatography (silica gel, gradient of cyclohexane/dichlorome-
thane) to yield a white powder (760 mg, 1.2 mmol, 71 %). M.p. 93 8C;
1H NMR (250 MHz, CDCl3): d=7.77 (m, 4 H), 7.37 (dd, 3J ACHTUNGTRENNUNG(H,H) =3.7,
4J ACHTUNGTRENNUNG(H,H) =1.1 Hz, 1H), 7.25 (dd, 3J ACHTUNGTRENNUNG(H,H) =5.3, 4J ACHTUNGTRENNUNG(H,H) =1.1 Hz, 1 H),
7.04 (dd, 3J ACHTUNGTRENNUNG(H,H) =5.3, 3J ACHTUNGTRENNUNG(H,H) = 3.7 Hz, 1 H), 7.02 (s, 1 H), 6.59 (s, 1H),
4.10 (t, 3J ACHTUNGTRENNUNG(H,H) =5.9 Hz, 2 H), 3.95 (m, 6 H), 2.21 (m, 2H), 1.82 (m, 4H),
1.2–1.5 (m, 20H), 0.88 ppm (m, 6 H); 13C NMR (50 MHz, CDCl3): d=


168.2, 150.0, 149.1, 143.5, 139.6, 133.8, 132.2, 126.5, 124.4, 124.0, 123.2,
116.5, 115.8, 102.2, 70.7, 69.7, 67.6, 35.4, 31.1, 29.5, 29.4, 29.3, 29.2, 29.2,
28.7, 26.2, 26.0, 22.6, 14.2 ppm; IR (KBr): ñ =3068, 2939, 2923, 2870,
2855, 1770, 1706, 1216, 721 cm�1; HRMS (FAB+): m/z : calcd for
C37H49NO5S: 619.3331 [M]+ ; found: 619.3320.


N-[3-(4-(5-iodothiophen-2-yl)-2,5-dioctyloxyphenoxy)propyl]phthalimide
(9): Compound 8 (300 mg, 0.48 mmol) was added to a solution of NIS
(110 mg, 0.48 mmol) in dichloromethane (15 mL). The mixture was then
stirred for 2 h. After aqueous workup and extraction of the product with
dichloromethane, the solvent was removed in vacuum to yield a yellow
powder (350 mg, 0.45 mmol, 89%). M.p. 84 8C; 1H NMR (250 MHz,
CDCl3): d=7.77 (m, 4 H), 7.20 (d, 3J ACHTUNGTRENNUNG(H,H) =3.2 Hz, 1H), 7.13 (s, 1H),
7.05 (d, 3J ACHTUNGTRENNUNG(H,H) =3.2 Hz, 1 H), 6.59 (s, 1 H), 4.12 (t, 3J ACHTUNGTRENNUNG(H,H) =5.0 Hz,
2H), 4.03 (t, 3J ACHTUNGTRENNUNG(H,H) =5.3 Hz, 2H), 3.95 (t, 3J ACHTUNGTRENNUNG(H,H) =5.4 Hz, 4H), 2.23
(m, 2H), 1.90 (m, 2H), 1.77 (m, 2 H), 1.2–1.5 (m, 20 H), 0.88 ppm (m,
6H); 13C NMR (50 MHz, CDCl3): d =168.2, 149.8, 149.5, 143.5, 133.8,
132.2, 124.4, 123.2, 115.7, 114.8, 101.8, 73.0, 70.7, 69.8, 67.5, 35.3, 31.8,
29.5, 29.3, 29.2, 28.6, 26.2, 26.0, 22.6, 14.0 ppm; IR (KBr): ñ =3059, 2951,
2925, 2868, 2851, 1770, 1706, 1216, 720 cm�1; HRMS (FAB+): m/z : calcd
for C37H49NO5S: 745.2298 [M]+ ; found: 745.2463.


1,4-Bis[5-(4-(3-phthalimid-N-yl)propoxy)-2,5-dioctyloxyphenyl)thien-2-
yl]-2,5-dioctyloxybenzene (10): A mixture of 8 (540 mg, 0.73 mmol), 2,5-
dioctyloxy-1,4-phenylenediboronic acid (212 mg, 0.36 mmol), Na2CO3


(150 mg, 1.44 mmol), Pd2dba3 (15 mg, 15 mmol), and triphenylphosphine
(15 mg, 120 mmol) in THF (25 mL) and water (5 mL) was heated under
nitrogen at 50 8C overnight. The THF was then evaporated. After aque-
ous workup and extraction of the product with dichloromethane, a dark
brown solid was obtained and purified by column chromatography (silica
gel, gradient of cyclohexane/dichloromethane) to yield a orange powder
(300 mg, 0.19 mmol, 53 %). M.p. 119 8C; 1H NMR (250 MHz, CDCl3): d=


7.79 (m, 8 H), 7.45 (d, 3J ACHTUNGTRENNUNG(H,H) =3.8 Hz, 2H), 7.42 (d, 3J ACHTUNGTRENNUNG(H,H) =3.8 Hz,
2H), 7.26 (s, 2 H), 7.23 (s, 2H), 6.64 (s, 2H), 3.80–4.20 (m, 20H), 2.25 (m,
4H), 1.94 (m, 8 H), 1.79 (m, 4H), 1.2–1.5 (m, 60H), 0.88 ppm (m, 18H);
13C NMR (50 MHz, CDCl3): d= 168.3, 150.1, 149.5, 149.0, 143.6, 139.5,
138.3, 133.9, 132.2, 125.5, 124.6, 123.2, 123.1, 116.9, 115.5, 112.8, 102.4,
70.6, 69.8, 69.7, 67.6, 35.4, 31.8, 29.6, 29.29.4, 29.4, 29.3, 28.7, 26.2, 26.1,
22.7, 14.1 ppm; IR (KBr): ñ =3054, 2951, 2924, 2868, 2853, 1773, 1715,
1213, 719, 711 cm�1; HRMS (FAB+): m/z : calcd for C96H133N2O12S2:
1569.9299 [M+H]+ ; found: 1569.9289.


1,4-Bis[5-(4-(3-aminopropoxy)-2,5-dioctyloxyphenyl)thien-2-yl]-2,5-di-
ACHTUNGTRENNUNGoctyloxybenzene (11): Hydrazine monohydrate (1 mL) was added to a so-
lution of 10 (200 mg, 0.12 mmol) in THF (10 mL). The mixture was then
stirred at 50 8C overnight. After workup with aqueous sodium hydroxide
(1 n) and extraction of the product with dichloromethane, a bright yellow
powder (150 mg, 0.11 mmol, 96%) was obtained. M.p. 122 8C; 1H NMR
(250 MHz, CDCl3): d=7.45 (d, 3J ACHTUNGTRENNUNG(H,H) =3.9 Hz, 2H), 7.42 (d, 3J ACHTUNGTRENNUNG(H,H) =


3.9 Hz, 2 H), 7.26 (s, 2H), 7.23 (s, 2H), 6.61 (s, 2 H), 3.90–4.20 (m, 16H),
2.96 (t, 3J ACHTUNGTRENNUNG(H,H) =6.7 Hz, 4H), 1.80–2.10 (m, 16H), 1.2–1.5 (m, 64H),
0.88 ppm (m, 18H); 13C NMR (50 MHz, CDCl3): d =150.1, 149.5, 148.2,
143.3, 139.6, 138.2, 125.5, 124.6, 123.1, 116.4, 115.0, 112.8, 101.5, 70.4,
69.9, 69.7, 67.9, 39.5, 33.1, 31.8, 29.6, 29.5, 29.5, 29.4, 29.3, 28.7, 26.2, 26.1,
22.7, 14.1 ppm; IR (KBr): ñ =3390, 3054, 2952, 2924, 2868, 2854, 1210,
794 cm�1; HRMS (FAB+): m/z : calcd for C80H128N2O8S2: 1309.9190
[M+H]+ ; found: 1309.9210; elemental analysis (%) calcd for: C 73.43, H
8.47, N 1.78, S 4.08; found: C 73.13, H 8.55, N 1.86, S 4.42.


1,4-Bis[5-(4-(3-dodecylureidopropoxy)-2,5-dioctyloxyphenyl)thien-2-yl]-
2,5-dioctyloxybenzene (1): 1-Dodecyl isocyanate (60 mg, 0.27 mmol) was
added under nitrogen to a solution of 11 (160 mg, 0.12 mmol) in dry THF
(20 mL). The mixture was then stirred for 2 h. The solvent was evaporat-
ed, and the yellow precipitate was washed several times with pentane
(155 mg, 89 mmol, 73 %). M.p. 145 8C; 1H NMR (250 MHz, CDCl3): d=


7.52 (d, 3J ACHTUNGTRENNUNG(H,H) =3.9 Hz, 2H), 7.40 (d, 3J ACHTUNGTRENNUNG(H,H) =3.9 Hz, 2H), 7.26 (s,
2H), 7.23 (s, 2 H), 6.58 (s, 2H), 5.17 (m, 2H), 4.41 (m, 2 H), 4.00–4.20 (m,
16H), 3.45 (m, 4 H), 3.13 (m, 4H), 1.75–2.00 (m, 16H), 1.2–1.5 (m,
100 H), 0.88 ppm (m, 24H); 13C NMR (50 MHz, CDCl3): d =158.4, 150.4,
149.5, 148.7, 142.9, 139.3, 138.4, 125.5, 124.7, 123.1, 116.8, 115.3, 124.7,
123.1, 116.8, 115.3, 112.8, 101.2, 70.9, 69.9, 69.7, 68.9, 40.6, 39.0, 31.8, 30.3,
29.4, 29.3, 26.2, 26.1, 26.0, 22.6, 14.0 ppm; IR (KBr): ñ =3352, 3051, 2954,
2923, 2870, 2852, 1627, 1577, 1212, 799 cm�1; HRMS (FAB+): m/z : calcd
for C106H179N4O10S2: 1732.3062 [M+H]+ ; found: 1732.3068; elemental
analysis (%) calcd for: C 73.48, H 10.35, N 3.23, S 3.70; found: C 73.10,
H 10.41, N 3.46, S 3.21.


X-ray crystal structure determination : Diffracted intensities were mea-
sured over a full sphere of the reciprocal space on an Xcalibur CCD
(Oxford Diffraction) diffractometer with use of monochromated MoKa


radiation (l=0.71073 T). CrysAlisCCD and CrysAlisRed software pack-
ages[43] were used for data acquisition, extraction, and reduction. The
structure was solved by direct methods as provided by SHELXS-97[44]


and subsequent Fourier analyses. Refinement of atomic positions and
anisotropic displacement parameters for all non-hydrogen atoms were
carried out by full-matrix, least-squares methods based on F2 (program
SHELXL-97[45]). Hydrogen atoms attached to carbon were placed in geo-
metrically idealized positions and constrained to ride on their parent
atoms. They were each given an isotropic displacement parameter equal
to 1.2 times the Ueq of their C parent.


Crystal data for 2 : C74H114O6S2, M=1163.77, triclinic, P1̄, a=7.9650(6),
b=9.549(1), c=23.781(2) T, a =82.94(1)8, b= 80.60(1), g=79.70 (1)8,
V=1747.5(3) T3, T= 173 K, Z=1, 1calcd =1.106 gcm�3, orange parallel-
ACHTUNGTRENNUNGepiped, 0.13 U 0.26 U 0.46 mm, m= 0.125 mm�1, 22714 reflections measured
(qmax =258), 6150 unique. Final R1 =0.0552 and wR2 =0.1211 for 370 re-
fined parameters using 4156 observed reflections with I > 2s(I). Good-
ness of fit =0.982, electron density residuals=0.327/�0.212 eT�3.


CCDC 661 776 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Elaboration of artificial, noncovalent, multiporphyrin assem-
blies is important in relation to the mimicry of the biological
systems employed for photosynthesis by green plants and
purple bacteria. The use of weak forces to assemble com-
plex artificial structures allows, in fact, a closer mimicry of
the light-harvesting complexes and the reaction center in
the natural photosynthetic apparatus in which the photoac-
tive components are positioned by a protein matrix through
a combination of interactions.[1,2] The noncovalent approach


is a promising alternative or integration to covalent synthe-
sis and interesting examples of multiporphyrin arrays have
been reported.[3] Not all noncovalent artificial multiporphyr-
inic assemblies that appear in the literature are functional,
but they are nevertheless appealing structures due to their
inherent beauty.[4] From a practical viewpoint, this type of
approach for the production of synthetic structures often
has the inconvenience of a low association tendency and
poor control over the geometry. This is counterbalanced by
the advantage of a simple and fast interchange of compo-
nents within the system, which does not require the tedious
synthesis and difficult purifications of the covalent ap-
proach, and makes noncovalent assembly of structures for
chemical conversion of light energy a rapidly expanding
field.[5]


An effective and widespread strategy for the assembly of
noncovalent multicomponent systems based on porphyrins
involves axial coordination to the central metal ions of por-
phyrins by suitable ligands. Examples based on RuII,[6]


CoII,[7] RhIII,[8] SnIV,[9] PV,[10] and AlIII[11] porphyrins can be
found in the literature, but the largest number of reported
cases deals with ZnII–porphyrins.[12,13] Pyridines can weakly
axially bind to ZnII–porphyrins, with association constants
(Ka) in the order of 103 to 104


m
�1, depending on pKa values


and steric hindrance on the nitrogen. Such association con-
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of self-assembled double-decker por-
phyrin arrays built up from two cova-
lently connected trimeric Zn–porphyrin
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coordination bonds with diamine li-
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of a trigonal prismatic structure. The
spectroscopic and photophysical prop-
erties of the Zn–trisporphyrin compo-
nent were determined as well as those
of the resulting multimolecular cage-
like assemblies. The double-decker as-
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gate. Although this assembly is thermo-
dynamically less stable than those con-
taining DABCO or BIPY, efficient
photoinduced energy transfer occurs
(96% yield) from the trisporphyrin
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stants cannot provide, at the spectroscopic concentrations
used in the photophysical studies, equilibrium mixtures with
the assembly as a dominant species. Multiple axial ligations,
and when appropriate, close matching of the dimensions are
required to achieve the high association constants required
for photophysical studies.[5g] For example, bis(Zn–porphyrin)
systems with tweezerlike structures and bite angles that
match the dimensions of the guest could very effectively
complex (Ka�107–108


m
�1) photoactive bidentate guests.[13,14]


High thermodynamic stability of the multimolecular assem-
blies has also been obtained with molecules or relatively
rigid oligomers with multiple recognition sites in which addi-
tive properties have reinforced the interaction between part-
ners, which results in relatively stable photoactive arrays.[15]


Herein, we discuss the formation of thermodynamically
stable porphyrin arrays that closely relate to a molecular
box. The multimolecular architectures studied herein are
roughly trigonal prismatic structures and consist of two co-
valently connected trimeric Zn–porphyrin units that are
joined together by metal-coordination bonds with three
ACHTUNGTRENNUNGdiamine ligands. The bidentate ligands 1,4-diaza-
ACHTUNGTRENNUNG[2.2.2]bicyclooctane (DABCO), 4,4’-bipyridine (BIPY) and
5,15-bis(4-pyridyl)-10,20-diphenylporphyrin (DPYP) were
used to induce the self-assembly of the molecular box
(Scheme 1). Each diamine ligand acts as a pillar, through
two axial coordination bonds with the porphyrinic ZnII ions,


to block the planes that contain 1 in an almost parallel ori-
entation. The interaction of 1 with each ligand induces the
formation of a trigonal prismatic structure of different
heights. Assuming a Zn�N bond approximately 2 L in
length, one can anticipate interporphyrin plane distances
(i.e., prism heights) of approximately 20, 11.2, and 6.5 L for
the complexes with DPYP, BIPY, and DABCO respectively.
Whereas DABCO and BIPY are photochemically “inno-
cent”, that is, they do not absorb visible light and will not in-
teract with the excited states of the Zn–porphyrin units,
DPYP can interact and is photochemically active under visi-
ble light absorption. The spectroscopic and photophysical
properties of 1 were determined, as well as those of the re-
sulting multimolecular cagelike assemblies (DABCO)3·12,
(BIPY)3·12, and (DPYP)3·12. The DABCO and BIPY assem-
blies contain photochemically inert pillars that could serve
as models for the DPYP assembly, in which a photoinduced
energy-transfer process from 1 (base) to the DPYP pillars
(side walls) was detected and discussed in the context of
ACHTUNGTRENNUNGcurrent theories.


Results and Discussion


Self-assembly : The self-assembly of 1 induced by coordina-
tion with DABCO has been previously studied in chloro-


form and the stability of the 3:2
double-decker molecular cage
formed was determined by
using a combination of UV-visi-
ble absorption and 1H NMR
spectroscopic titrations.[16] To
study the spectroscopic and
photophysical properties of the
3:2 complexes of 1 with
DABCO, BIPY, and DPYP, the
stability of the corresponding
assemblies were evaluated in
toluene.


The initial addition of
DABCO to a solution of 1 in
toluene (porphyrin concentra-
tion �10�6


m) leads to a shift of
the Soret band from 426 to
429 nm (Figure S1 in the Sup-
porting Information). This red-
shift of the Soret band by 3 nm
is characteristic of a 1:2
DABCO·1 sandwich geometry.
The two porphyrin units bound
to DABCO are in an almost co-
facial arrangement and experi-
ence exciton coupling interac-
tion, as shown by the 4 nm
blueshift of the corresponding
Soret band compared with the
same band observed for aScheme 1. Structures of the compounds used.
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simple Zn–porphyrin axially co ACHTUNGTRENNUNGordinated to DABCO
(433 nm).[17] On addition of more DABCO the intensity of
the band at 429 nm decreases and a new band appears at
434 nm. As observed for reference compound Zn–TPPP
(TPPP= tetra-p-pentylphenylporphyrin), a shift of the Soret
absorption band by 8 to 10 nm is typical for the formation
of a simple 1:1 DABCO·1 axial complex. The titration pro-
file is similar to that observed in chloroform, although the
shifts in the maximum of the Soret band corresponding to
the three species (1, the 3:2 complex, and the 3:1 complex)
are smaller (the maximum of the Soret band for the three
colored species in chloroform appears at 423, 429, and
431 nm, respectively). Another notable difference is the ab-
sence of clear isosbestic points when the titration of 1 with
DABCO is carried out in toluene instead of chloroform.
This observation indicates that the 3:2 assembly starts to dis-
sociate at a DABCO concentration very close to that re-
quired for its quantitative formation. Contrary to the obser-
vations made in chloroform for the same 3:2 assembly of
DABCO and 1, the cage assembled in toluene is less stable
in the presence of excess DABCO.


The titration data obtained in toluene for the interaction
of 1 with DABCO were analyzed with regards to the three
colored species 1, the 3:2 assembly, and the 3:1 open com-
plex.[18] Figure 1 shows the formation of these species and


the calculated stability constants of the complexes were
K31 =8P1014


m
�3 and K32 =2.5P1025


m
�4.[19] Using these stabil-


ity constant values and the program SPECFIT,[18a] we simu-
lated the speciation profile of 1 (porphyrin concentration
�10�6


m ; Figure 2) with DABCO assuming that 1 is involved
exclusively in 1, (DABCO)3·12, and (DABCO)3·1. The speci-
ation profiles are very useful to visualize the relative stabili-
ty of the different multimolecular complexes formed during
a self-assembly process. The stability range for each species


is highly dependent on the concentration at which the as-
sembly process is carried out. We have already mentioned
that the values of the stability constants for the 3:2 cage
complex and the 3:1 open complex for the DABCO·1
system in toluene are slightly smaller than those measured
in chloroform.[20] The speciation profile shown in Figure 2
indicates that the cage complex, (DABCO)3·12, is almost
fully assembled in toluene and the concentrations of the
other two possible species (1 and the open 3:1 complex) are
negligible at a concentration of 1P10�6


m for 1 and 3P10�5
m


for DABCO. These concentration values were selected to
carry out the photophysical and spectroscopic measure-
ments. Note that higher DABCO concentrations do not in-
crease the concentration of the 2:3 assembly, but instead
they favor the destruction of the cage.


The self-assembly of 1 into a molecular cage induced by
coordination with BIPY was also probed by using UV-visi-
ble absorption spectroscopy at micromolar concentrations of
1 (Figure 3). The addition of incremental amounts of BIPY
induces the disappearance of the initial Soret band at
426 nm, which corresponds to 1, and the appearance of a


Figure 1. Schematic representation of the species involved in the equili-
bria for the coordination of DABCO with 1. The overall equilibrium con-
stants K32, K31, and K32$31 are also indicated.


Figure 2. Simulated speciation profile for the titration of 1 with DABCO
in toluene ([1]=1P10�6


m) for 1 (d), (DABCO)3·12 (c), and
(DABCO)3·1 (c).


Figure 3. Selected absorption spectra during the course of the titration of
1 with BIPY in toluene ([1]=1P10�6


m). Spectra were recorded for differ-
ent amounts of BIPY: 0 (c), 2.1 (a), 20 (g), 803 (d), and
20448 equiv (c).
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new band at 430 nm. We assign this 4 nm shift to the forma-
tion of the 3:2 BIPY·1 sandwich complex in which the two
porphyrin subunits still experience a weak exciton cou-
pling.[17] On addition of more BIPY, the intensity of the
band centered at 430 nm diminishes and a new absorption
band appears at 433 nm. We assigned this band to the open
(BIPY)3·1 complex. Again, we did not observe clean iso-
sbestic points during this titration, which is a clear indication
that the formation and destruction of the cage occurs in a
very similar BIPY concentration range.


The stability constants of the two multimolecular com-
plexes (BIPY)3·12 and (BIPY)3·1 were calculated as de-
scribed for DABCO, and the values obtained were K31 =


4.7P1011
m
�3 and K32 =3.2P1021


m
�4 (Table 1). The corre-


sponding simulated speciation profile was also obtained by
using SPECFIT software (Figure 4). The photophysical stud-
ies were performed at concentrations of 1P10�6


m for 1 and


1P10�4
m for BIPY to produce the cage as the almost exclu-


sive component of the mixture (see Photophysical properties
section).


The experimental study for the calculation of the stability
constants of the (DPYP)3·12 molecular cage is more complex


than for the two previous guests. The minimized structure of
this complex is shown in Figure 5. The guest DPYP absorbs
in the UV-visible range used to probe the binding process


with 1. In general, it is quite complicated to fit the data of
an absorption titration that contains two or more colored
species with very similar absorption bands when one of the
colored species is found in great excess with respect to the
other. This will be the case if we perform a typical titration
of 1 with DPYP. To try to overcome this limitation we de-
cided to do the following experiments: First, the optical ab-
sorption titration was performed with a constant concentra-
tion of 1=3P10�5


m, which is thirty-fold more concentrated
than that typically used for the titrations of 1 with other pyr-
idine derivatives. Second, instead of adding a great excess of
DPYP, the titration was stopped when only four equivalents
were present in solution. The quantitative assembly of the
3:2 aggregate requires the addition of less equivalents of
DPYP when the titration is carried out at higher concentra-
tions of 1. Moreover, the addition of only four equivalents
of DPYP ensures that only the first phase of the binding
process, the formation of the 3:2 cage, takes place. The con-
centration of the open 1:3 complex is negligible over the
range of DPYP concentrations used for this titration (see
below).


Figure 6 shows the Q band region for the titration of 1
with DPYP. The initial addition of DPYP produces a de-
crease and a small shift in the band centered at 550 nm. The
appearance of a shoulder on this band becomes evident on
addition of successive amounts of DPYP. The shoulder at
555 nm and the band centered at 515 nm are assigned to the
Q bands of DPYP. The titration data were fitted by using
SPECFIT software to a binding model that contained only
1, the 3:2 complex, and DPYP. During the fitting procedure,
the absorption spectra of 1 and DPYP were fixed and only
the stability constant of the 3:2 complex and its absorption
spectrum were used as fitting variables. We obtained a good
fit of the titration data to the binding model to give a stabili-
ty constant of 2.8P1018


m
�4 for the 3:2 complex and a rea-


sonable prediction of its optical absorption spectrum (see
Figure S2 in the Supporting Information).


Table 1. Calculated stability constants (K) in toluene for the self-assem-
bled 3:2 cages and the 3:1 open complexes of 1 with DABCO, BIPY,
DPYP, and MPYP. The corresponding microscopic binding constant for
the N···Zn interaction is determined for each system. Km values are also
reported.


Pillars K32 [m�4] K31 [m�3] Km [m�1]


DABCO 2.5P1025 8P1014 4.6P104[a]


BIPY 3.2P1021 4.7P1011 3.9P103[a]


DPYP 2.8P1018 2.5P1011[b] 3.1P103[c]


MPYP 2.7P1010[d] 3.1P103[e]


[a] Estimated from Km = (K31/8)1/3. [b] Estimated by using the relationship
K31 =8Km


3. [c] Assumed to be equal to that for MPYP. [d] Estimated by
using the relationship K31 =Km


3 [e] Calculated from 1H NMR spectrosco-
py titrations (see text for details).


Figure 4. Simulated speciation profile of the titration of 1 with BIPY in
toluene ([1]=1P10�6


m) for 1 (d), (BIPY)3·12 (c), and (BIPY)3·1
(c).


Figure 5. Side (left) and top (right) view of the minimized structure of
the trigonal prismatic molecular box formed by coordination of three
DPYP components as the pillars and two units of 1 as the bases. DPYP
is shown as a CPK representation and 1 is a van der Waals surface
model.
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In a completely separate experiment, we titrated 1 with
MPYP (Scheme 1) and used 1H NMR spectroscopy to deter-
mine the microscopic binding for the interaction of 1 with
the monodentate ligand. The fit of the titration data to a
simple 1:1 binding model taking into account that the con-
centration of Zn–porphyrin units in solution is three times
that of 1 afforded a Km value of 3.1P103


m
�1. Using this


value, we can estimate the stability constant for the open
complex (DPYP)3·1 from the equation K31 =8 Km


3 to give
K31 =2.5P1011


m
�3 (Table 1).


Figure 7 shows the simulated speciation profile for the ti-
tration of 1 with DPYP, which we previously performed at


[1]=3P10�5
m. The simulated data consider the possible ex-


istence of three stoichiometric states of 1: free 1, the 3:2
cage complex, and the 3:1 open complex. For the simulation
we used the stability constant values determined above for
the two assemblies. It can be readily observed that in the
DPYP concentration range used, which coincides with the
experimental absorption titration described above, the con-
centration of the 3:1 complex is negligible.


Using the binding model described above and the values
determined for the stability constant, we performed several
simulations of the speciation profiles at different concentra-
tions of 1 with the goal of finding out the best concentration
and stoichiometric ratio to perform the photophysical stud-
ies. We wanted to achieve a solution mixture that contained
the minimum number of colored species in which the 3:2
cage complex should be present at as high a concentration
as possible without necessarily being the major species in so-
lution.


We found that using a concentration of 1=3P10�5
m


(Figure 7), the same as that used in the absorption titration,
we obtained the best scenario. The cage complex,
(DPYP)3·12, coexists with 1, whereas the concentration of
the open complex, (DPYP)3·1, is negligible. Looking at the
simulated speciation profile at this concentration of 1 it can
be readily concluded that both concentrations of these two
species, the cage complex and 1, are 1P10�5


m when the con-
centration of DPYP present in solution is 6.3P10�5


m. Con-
sequently, we selected these conditions to perform the
ACHTUNGTRENNUNGphotophysical study of the 3:2 cage complex.


Photophysical properties


Zn–TPPP and 1: The absorption spectrum of 1 is in good
agreement with the simple superposition of the absorption
spectrum of the model compound Zn–TPPP when multi-
plied by a factor of three (see Figure 8). Only a slight red-


shift (2 nm) and approximately a 10% decrease in the molar
absorption coefficient of the Soret band of 1 relative to the
sum of the spectra of the component monomers (Figure 8)
can be detected, which indicates that there is essentially no
electronic coupling between the individual Zn–porphyrin
units in 1.


The luminescence properties of 1 and Zn–TPPP are col-
lected in Table 2; at room temperature almost identical pa-
rameters are detected for both. An emission quantum yield
(Ffl) of 0.050, independent of the excitation wavelength, and


Figure 6. Selected absorption spectra for the titration of trisporphyrin 1
with DPYP in toluene ([1]=3P10�5


m). Spectra were recorded for differ-
ent amounts of DPYP: 0, 0.2, 0.4, 0.5, 0.8, 1.1, 1.4, 1.6, 1.8, 2.1, 2.4, 2.7,
3.0, 3.4, 3.8, 4.1 equiv.


Figure 7. Simulated speciation profile of 1 with DPYP in toluene ([1]=


3P10�5
m) for 1 (a), DPYP (c), (DPYP)3·12 (c), and (DPYP)3·1


(g).


Figure 8. Absorption spectra of 1 (c) and Zn–TPPP (c) in toluene.
The absorption of Zn–TPPP multiplied by a factor of three is also shown
(a).
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a lifetime (t) of 1.9 ns was measured for both compounds.
At 77 K in a rigid glass matrix, the fluorescence maxima of
1 shifts to slightly lower energies (606 nm) with respect to
Zn–TPPP (598 nm) and the same behavior was observed for
the phosphorescence, which is at 778 nm in Zn–TPPP and at
793 nm in 1. This slight bathochromic shift accounts for a
stabilization of approximately 0.03 eV for the singlet and
triplet excited states compared with the model.


Cages with DABCO and BIPY: The self-assembled cages in-
duced by the photochemically inert bidentate ligands
DABCO and BIPY have been characterized in toluene.
Concentrations of 1P10�6


m for 1 and 3P10�5
m for DABCO


were used to form (DABCO)3·12, and concentrations of 1P
10�6


m for 1 and 1P10�4
m for BIPY were used for the cage


(BIPY)3·12 (indicated with arrows in Figures 2 and 4). These
conditions ensured that the cages were formed as the major
species and excluded the presence of 1 or the open com-
plexes in the systems examined. Note that DABCO has no
absorption in the range available for the UV-visible determi-
nations, whereas the contribution of BIPY to the spectrum
of (BIPY)3·12 appears as a tail on a band extending below
300 nm, so these guests cannot actively participate in the
photophysics of the ensemble after excitation with visible
light. On the other hand, they cannot act as energy accept-
ors or electron acceptors, therefore, these complexes are
ideal references to display only the effect of complexation
on the spectroscopic and photophysical properties of 1.


A comparison of the spectra of the complexes with the
absorption spectrum of 1 multiplied by a factor of two, (see
Figure S3 in the Supporting Information) shows that where-
as the maximum of the Soret band moves from 426 nm in 1
to 429 nm in the complex with DABCO and to 430 nm in


the complex with BIPY, no dif-
ference was observed in the Q
bands, which in both cases dis-
play a shift of 12 nm with re-
spect to 1.


The luminescence spectra of
(DABCO)3·12 and (BIPY)3·12


have maxima at the same wave-
lengths (Table 3) and display a
bathochromic shift of 13 nm
with respect to the spectrum of
1, in agreement with previous
reports and with the shift de-
tected in the absorption of the
low energy Q bands.[13,21] The
fluorescence quantum yield of
the two cages is almost identical
to that of 1. The emission spec-
tra of optically matched solu-
tions of Zn–TPPP, 1,
(DABCO)3·12, and (BIPY)3·12


upon excitation at 560 nm are
shown in Figure 9. The lifetime


of both of the cages at room temperature is 1.5 ns, which is
approximately 20% shorter than the lifetime of Zn–TPPP
(1.9 ns) and in agreement with other reports of Zn–porphy-
rin complexes with pyridyl residues,[13c,22] whereas at 77 K
the lifetime is essentially the same within experimental
error. The fluorescence band of (DABCO)3·12 at 77 K is sig-
nificantly shifted to lower energies with respect to 1 (ca.
900 cm�1) and displays a peculiar spectrum with a shoulder
at around 620 nm (Figure 9, inset), which could be explained
either by release of 1 from the cage or by a change in the
self-assembly mode. The remarkable bathochromic shift in
the fluorescence maximum in the glass, could be either due
to high stabilization of the excited state of complexed 1 in
the rigid media, or to destabilization of the ground-state


Table 2. Luminescence properties and energy levels of the excited states of 1 and Zn–TPPP in toluene.


295 K 77 K
State lmax [nm] Ffl


[a] t[b] [ns] lmax [nm] t[b] [ns] E[c] [eV]


Zn–TPPP 1Zn–TPPP 596, 645 0.048 1.9 598, 653 2.4 2.07
3Zn–TPPP 778 1.59


1 11 596, 645 0.051 1.9 606, 661 2.2 2.04
31 793 1.56


[a] Fluorescence quantum yields with tetraphenyl porphyrin (TPP) as the standard in aerated toluene (Ffl =


0.11). Excitation at 560 nm. [b] Excitation at 560 nm. [c] Derived from the emission maxima at 77 K.


Table 3. Luminescence properties and energy levels of the excited states of (DABCO)3·12, (BIPY)3·12,
(DPYP)3·12, and DPYP in toluene.


295 K 77 K
State lmax [nm] Ffl


[a] t[b] [ns] lmax [nm] t[d][ns] E[f][eV]


ACHTUNGTRENNUNG(DABCO)3·12 ACHTUNGTRENNUNG(DABCO)3·
11 609, 660 0.051 1.5 642, 701 2.4 1.93


ACHTUNGTRENNUNG(BIPY)3·12 ACHTUNGTRENNUNG(BIPY)3·
11 609, 661 0.051 1.5 619, 676 2.4 2.00


ACHTUNGTRENNUNG(BIPY)3·
31 809 1.53


DPYP 1DPYP 647, 712 0.094[b] 9.2[e] 639, 698, 709 14.3 1.94
ACHTUNGTRENNUNG(DPYP)3·12 ACHTUNGTRENNUNG(DPYP)3·


112 ca. 606 0.070[d] ; 1.9[d,e] ca. 620 – 2.00
ACHTUNGTRENNUNG(DPYP)2 ACHTUNGTRENNUNG(


1DPYP)·12 ca. 650, 713 0.056[c] –; 7.0[e] ca. 650, 704, 713 12.1 1.91


[a] Fluorescence quantum yields with TPP as the standard in aerated toluene (Ffl =0.11). [b] Excitation at
514 nm. [c] Excitation at 660 nm. [d] Excitation at 532 nm. [e] Excitation at 560 nm. [f] Derived from the emis-
sion maxima at 77 K.


Figure 9. Uncorrected emission spectra of optically matched solutions of
Zn–TPPP (c), 1 (c), (DABCO)3·12 (*), and (BIPY)3·12 (a) in tol-
uene at room temperature for excitation at 560 nm. The inset shows the
luminescence data in toluene glass at 77 K.
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energy level, but there are no clues to assess this point. A
weak phosphorescence at 809 nm is detected from
(BIPY)3·12, whereas no phosphorescence from (DABCO)3·12


can be monitored. It is very likely that a triplet-state stabili-
zation in the complex, similar to that detected for the singlet
excited state, would shift the phosphorescence emission to
even longer wavelengths. This would increase the nonradia-
tive decay paths that result in essentially no phosphores-
cence from the (DABCO)3·12 cage.


Cages with DPYP : The stability constant for the assembly
of 1 and DPYP is lower than those for the assembly be-
tween 1 and DABCO or BIPY, and at spectroscopic concen-
trations (DPYP)3·12 is present in solution with both 1 and
free-base guest DPYP; all strongly absorbing in the spectral
region of interest. This fact has to be taken into account in
the following discussion.


The assembly of the cage with the photoactive guest
DPYP introduces, in addition to the changes in the spectro-
scopic properties of 1 induced by complexation, alterations
in the luminescence properties of both host and guest due to
photoinduced processes that can take place within the part-
ners. As far as the former changes are concerned, they will
resemble those already reported and discussed above for the
assemblies with DABCO and BIPY, therefore, the
(BIPY)3·12 complex will be used as a reference model in this
aspect owing to the closer similarity between the dimensions
of BIPY and DPYP. The spectroscopic properties of free-
base DPYP within the assembly, as shown for previous sys-
tems, should only be slightly affected.[13c–e]


The absorption spectrum of DPYP (Figure S4 in the Sup-
porting Information) and the luminescence properties listed
in Table 3 are in accordance with previously reported data
for trans-dipyridyl free-base porphyrins.[13c–e] It has a lumi-
nescence quantum yield slightly lower than the correspond-
ing tetraphenyl porphyrin (TPP) and a lifetime of 9.2 ns,
which increases to 14.3 ns in toluene glass at 77 K.


The cage complex, (DPYP)3·12, is formed following the
results of the simulated speciation profile by using concen-
trations of 3P10�5


m for 1 and 6.3P10�5
m for DPYP, as indi-


cated by an arrow on the graph in Figure 7. Under these
conditions 1 and (DPYP)3·12 are at the same concentration
(10�5


m) and the concentration of DPYP is 3.3P10�5
m. The


amount of open 3:1 complex under these conditions is negli-
gible and can be ignored in the spectroscopic analysis of the
system. The absorption of the mixture over a 5 mm optical
path in the Q band region of the solution is shown in
Figure 10. The spectrum contains the contribution of 1 and
DPYP involved in (DPYP)3·12 together with the contribu-
tions of 1 and DPYP. Figure 10 also shows the absorbance
of DPYP (3.3P10�5


m) and 1 (10�5
m), according to the con-


centrations of the simulation shown in Figure 7. By subtract-
ing the spectra for DPYP and 1 from the total absorbance,
the absorption spectrum of (DPYP)3·12 can be derived. This
is shown in Figure 11 and compared with the absorbance of
the other components present in the mixture at the pertinent
concentrations, namely 1 (10�5


m) and DPYP (3.3P10�5
m).


Important information on which component is excited at
a selected wavelength can be derived from Figure 11. At
wavelengths greater than 650 nm it is possible to selectively
excite DPYP, whereas at l=570 nm the absorbing species is
essentially 1 within (DPYP)3·12, which has a spectrum differ-
ent from that of 1. Selective excitation of the free-base guest
DPYP at 660 nm leads to the detection of a decrease of ap-
proximately 20% in the emission intensity of the band cen-
tered at 713 nm, which is unique to the DPYP emission. If
one takes into account that about half of DPYP is part of
the complex, this means a decrease of approximately 40%
in the emission yield of this chromophore when it is within
the complex. This is somehow in contrast with previous
studies that report essentially no change in the spectroscopic
and photophysical properties of the free-base porphyrin
when it is in a double axial coordination through pyridyl res-
idues to ZnII–porphyrins.[13c–e] The decrease is likely to be a
result of perturbation of the radiative parameters of DPYP
caused by the vicinity of the other DPYP units within the
complex or by interaction with 1.


Excitation of the mixture at 570 nm, a wavelength at
which most of the light (ca. 80%, see Figures 10 and 11) is


Figure 10. Total absorbance of solutions of 1 (3P10�5
m) and DPYP (6.3P


10�5
m) in toluene (c) and the components 1 (10�5


m ; a) and DPYP
(3.3P10�5


m ; c). Optical path=5 mm.


Figure 11. Absorption spectrum of (DPYP)3·12 10�5
m (c) in toluene.


The absorption of 1 (a) and of DPYP (c) present in the mixture is
also reported. Optical path 5 mm.
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absorbed by the Zn–trisporphyrin unit in the complex leads
to the emission spectrum shown in Figure 12. Figure 12 also
shows the luminescence spectra from the Zn–porphyrin
component (obtained by adding the emission from the
model complex (BIPY)3·12 at 10�5


m and the emission from 1
at 10�5


m) and the luminescence from the free-base compo-
nent DPYP at 6.3P10�5


m. The results can be interpreted as
follows: the luminescence of 1 (lmax around 600–620 nm) is
clearly quenched compared with the emission from the
model compounds since this band is considerably reduced.
Considering that excitation at 570 nm leads to the excitation
of a small percentage of freely dispersed 1 (ca. 15%; see
Figure 11) the residual emission observed at around 600 nm
can be attributed to it, which indicates that the emission of
1 involved in the cage is completely quenched. On the con-
trary, the band at 713 nm, typical of the DPYP emission, is
enhanced with respect to the model free-base. This indicates
that the luminescence of DPYP is sensitized upon energy
transfer from the Zn–porphyrin component and this, given
the short lifetime of the Zn–porphyrin excited state, can
only occur within the complex.


Time-resolved experiments on a nanosecond timescale
performed on the same solution (1 (3P10�5


m) and DPYP
(6.3P10�5


m)) indicated a lifetime of 1.9 ns for the emission
at 600 nm and a biexponential decay, with lifetimes of 7.0
and 9.2 ns, for the emission centered at 713 nm. The first
lifetime is coincident with that of 1 and can be clearly as-
signed to uncomplexed 1 (10�5


m) present in the solution. As
the band at 713 nm arises from the emission of both the
complexed and freely dispersed DPYP, the two observed
lifetimes can be ascribed to the two forms, which reveals
that complexed DPYP has a lifetime (7 ns) that is reduced
compared with that of the model (9.2 ns) in agreement with
the decrease of the luminescence quantum yield discussed
above. Increase of the time resolution to the picosecond
range with excitation at 532 nm indicates the existence of a
fast process with a decay centered at around 600 nm and a


rise around 720 nm. Figure 13 shows the time-resolved spec-
tra 30 ps after the pulse (*) and after a delay of approxi-
mately 300 ps (*) and provides evidence for the evolution
of the spectrum during this time interval. The profile of the
decay at around 600 nm, typical of the Zn–porphyrin emis-
sion, has a biexponential evolution that can be fitted with
lifetimes of 70 ps and 1.9 ns in a ratio of 1:1 (Figure 13,
inset). The 70 ps decay is ascribed to the quenching reaction
of 1 within the complex, whereas the longer lifetime is the
contribution of 1 dispersed in solution. A small rise with a
time compatible with a lifetime of 70 ps can be detected at
720 nm, the wavelength at which the DPYP acceptor emits,
but a precise fitting is made difficult by the very small com-
ponent with a rising signal. Most of the excited population
of DPYP is in fact directly formed upon excitation at
532 nm (see Figure 11), which makes the rise a small frac-
tion of the total DPYP singlet excited state.


Photoinduced processes in the complex : The energy-level di-
agram for the photoactive system (DPYP)3·12 is shown in
Figure 14. The energy levels of the lowest singlet excited
states involved in the process are derived from the lumines-
cence maxima detected at 77 K (Tables 2 and 3). The energy
level of the singlet excited state of the DPYP that is part of
the cage appears to be slightly bathochromically shifted with
respect to the model DPYP (although the overlap with the
emission from the Zn–porphyrin component makes its pre-
cise determination difficult), that is, at 1.91 eV rather than
at 1.94 eV as in the DPYP. The energy level of the singlet
excited state of 1 in the cage is taken from the data for
(BIPY)3·12, which is the reference model for complexed 1,
that is, at 2.0 eV. Therefore, there is a driving force for the
energy-transfer reaction from the Zn–porphyrin component
to the free-base porphyrin component within (DPYP)3·12 ;
the estimated DG0 for the reaction is �0.09 eV. The experi-
mental energy-transfer rate, defined as ken =1/t�1/t0, in
which t and t0 are the lifetimes of the quenched donor unit
(i.e., 1 involved in the cage) and the lifetime of the un-
quenched unit (i.e., the lifetime of the reference model


Figure 12. Luminescence of a solution of 1 (3P10�5
m) and DPYP (6.3P


10�5
m) in toluene (c), excited at 570 nm. The emission from the Zn–


porphyrin component, obtained by addition of the emission from solu-
tions of models (BIPY)3·12 10�5


m and 1 10�5
m (a), and the emission of


DPYP 6.3P10�5
m toluene solutions (c) upon excitation at 570 nm are


also reported.


Figure 13. Time-resolved spectra 30 (*) and 300 ps (*) after the pulse of
a solution of 1 (3P10�5


m) and DPYP (6.3P10�5
m) in toluene. The inset


shows the time evolution at two selected wavelengths. Excitation at
532 nm, 2 mJ per pulse.
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(BIPY)3·12), respectively, is 1.4P1010 s�1. The efficiency of
energy transfer, calculated from Fet =ken/ ACHTUNGTRENNUNG(ken+t0


�1), is very
high, in the order of 96%.


We will discuss the energy-transfer experimental rate in
terms of the Fçrster theory, which interprets the process as
a dipole–dipole interaction. In general, this is the mecha-
nism that operates when strongly emitting donors and
strongly absorbing acceptors (porphyrins) are involved.
Within this theory it is possible to calculate, on the basis of
geometric, spectroscopic, and photophysical data, the rate
constant of the process, kF


en, by means of Equation (1):[23]


kF
en ¼


8:8� 10�25k2F


n4t0dDA
6 JF ð1Þ


F is the emission quantum yield (0.051) and t0 is the life-
time (1.5 ns) of donor 1 in the model complex (BIPY)3·12,
dDA is the donor–acceptor center-to-center distance (ca.
10 L), n is the refractive index of toluene, and JF is the over-
lap integral calculated from the luminescence spectrum of
the donor, F(n̄), and the absorption spectrum of the accept-
or, e(n̄) and has a value of 1.56P10�14 cm3


m
�1 derived from


Equation (2):


JF ¼
R


Fð�nÞeð�nÞ=�n4d�n
R


Fð�nÞd�n
ð2Þ


k2 in Equation (1) is the orientation factor and takes into ac-
count the relative orientation of the transition dipole mo-
ments of the donor and the acceptor. Whereas the value of
the orientation factor is statistical (i.e. , 2=3) in reacting part-
ners that freely diffuse in solution because they are random-
ly approaching, the value for k2 can be quite different when
the two partners are blocked in rigid positions with respect
to each other. In this case k2 can be calculated from Equa-
tion (3):[24]


k2 ¼ ðsinqD sinqA cos��2 cosqD cosqAÞ2 ð3Þ


in which qD and qA are the angles formed between the line
connecting the donor and acceptor centers and the transi-
tion moments of the donor and acceptor, respectively, and f
is the angle between the projections of the transition mo-
ments on a plane perpendicular to the line connecting the
centers of the donor and acceptor. The transition dipole of
the Zn–porphyrin donor is degenerate on the plane of the
tetrapyrrolic ring and the transition dipole of the free-base
porphyrin guest is oriented along the direction of the pyrrol-
ic nitrogen atoms.[13c] In the presence of axial coordination,
the planes containing the donor and acceptor porphyrins are
perpendicular, qD is 908, and qA is 458, whereas f varies be-
tween 0 and 3608. Under these conditions the average k2


value is in the order of 0.2. By introducing this value, to-
gether with the pertinent parameters, into Equation (2), a
rate constant of ken =1.9P1010 is calculated. This result can
be considered in good agreement with the experimental
result of 1.4P1010 s�1 if one takes into account the limits and
simplifications of this theory in describing closely spaced
large chromophores, as in the present case.[25] These findings
confirm that, as in many other porphyrin noncovalent as-
semblies, energy transfer by the Fçrster mechanism is the
most common mechanism. Whereas for covalently connect-
ed porphyrin arrays, when the connecting bridge is made of
highly delocalized units (polyphenylethyne, oligo-phenylene-
vinylenes, etc.), the contribution to energy transfer by an
electron-exchange (Dexter) mechanism[26] mediated by a su-
perexchange[27] process has been reported,[28] this is almost
never the case for self-assembled porphyrin arrays.[13] It is
likely that close packing of the partners, and the nature of
the weak interaction connecting them, favors the dipole–
dipole interaction over the exchange interaction.


Conclusion


We have shown that at micromolar concentrations the coor-
dination of 1 with a series of bidentate amines (DABCO,
BIPY, and DPYP) induces the self-assembly of the compo-
nents into a trigonal prismatic cage with the general formula
(diamine)3·12. Using optical absorption and 1H NMR spec-
troscopy titrations, we have calculated the stability constants
of the three cage assemblies. The molecular cages are de-
stroyed in the presence of excess diamine to yield simple
(diamine)3·1 open complexes. The double decker assembly
with DPYP as the pillars is the less thermodynamically
stable aggregate. The trigonal prismatic boxes prepared with
photoactive 1 have been characterized from the spectroscop-
ic and photophysical viewpoint. The assembly of the molec-
ular subunits into cagelike aggregates induces spectral and
photophysical changes in 1 when photochemically inert
BIPY and DABCO are used as the pillars. However, when
DPYP is used as the pillars of the molecular box, efficient
photoinduced energy transfer (96%) occurs from the bases
to the side walls. The rate of the energy-transfer process is
in good agreement with that calculated by a dipole–dipole
(Fçrster) mechanism after a correction for the orientation


Figure 14. Energy-level diagram for photoinduced energy transfer in
(DPYP)3·12.
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factor that takes into account the unfavorable geometry of
the donor–acceptor axial bond is introduced.


Experimental Section


The syntheses of Zn–TPPP[29] and 1[16] have been previously reported.
DPYP and MPYP were prepared and purified as described in the litera-
ture.[30]


1H NMR spectra were recorded by using a Bruker Avance 500 Ultra-
shield NMR spectrometer. UV/Vis absorption spectra were measured by
using a Shimadzu UV-2401PC spectrophotometer with 10 mm optical
path cells except in the spectrophotometric titration of 1 with DPYP in
which 1 mm optical path cells were employed. All solvents were of
HPLC grade quality, obtained commercially, and used without further
purification. The spectrophotometric titrations were carried out by run-
ning a spectrum of a solution of 1 in toluene at a concentration of
around 10�6


m and adding incremental aliquots of the guest solution. Sev-
eral guest solutions with different concentrations were used and after
each addition a new UV/Vis spectrum was measured. Dilution of the
host was avoided by preparing the guest solutions with the host solution
in toluene as the solvent. The data obtained from the UV/Vis spectro-
photometric titrations were analyzed by fitting the whole series of spectra
at 1 nm interval by using the SPECFIT software,[18a] which uses a global
system with expanded factor analysis and Marquardt least-squares mini-
mization to obtain globally optimized parameters.
1H NMR spectroscopy titrations were carried out by recording a spec-
trum of the MPYP solution in deuterated toluene at a concentration of
10�3


m and adding incremental aliquots of solution of 1 at a concentration
of around 10�3


m. A new 1H NMR spectrum was acquired after each addi-
tion. The solution of 1 was prepared by using the solution of MPYP in
toluene as the solvent to avoid dilution.


The solvent used for photophysical determinations was spectroscopic
grade toluene (C. Erba). DABCO (Aldrich) and BIPY (Merck) were
used as received. Absorption spectra were recorded by using a Perkin–
Elmer Lambda 9 spectrophotometer and emission spectra, uncorrected
unless otherwise specified, were detected by using a Spex Fluorolog II
spectrofluorimeter equipped with a Hamamatsu R928 photomultiplier.
Luminescence quantum yields were evaluated from the area of the lumi-
nescence spectra, corrected for the photomultiplier response, with refer-
ence to TPP in aerated toluene (Ffl =0.11).[31] Experiments at 77 K made
use of quartz capillary tubes immersed in liquid nitrogen contained in a
homemade quartz dewar. Absorption experiments were conducted in
5 mm optical path cells. Luminescence experiments were carried out on
the same cells and the geometry used allowed excitation of a thin slice of
solution at the edge of the cell from which the emission was collected to
reduce reabsorption. Fluorescence lifetimes in the nanosecond range
were detected by using IBH time-correlated single-photon counting ap-
paratus with excitation at 560 nm. Luminescence lifetimes in the picosec-
ond range were determined by using an apparatus based on an Nd:YAG
laser (Continuum PY62–10) with a 35 ps pulse duration, 532 nm, 1.5 mJ
per pulse, and a Streak Camera (Hamamtsu C1587 equipped with
M1952). The luminescence signals from 1000 laser shots were averaged
and the time profile was measured from the streak image in a wavelength
range of approximately 20 nm around the selected wavelength. The over-
all time resolution of the system after the deconvolution procedure is
10 ps.[32]


Computation of the integral overlap and the rate for the energy-transfer
processes according to the Fçrster mechanism were performed with the
use of Matlab 5.2.[33] Molecular dimensions and distances were estimated
with Chem 3D Ultra 6.0 software.[34] The minimized structure of the
trigonal prismatic molecular box in Figure 5 was obtained with
CAChe.[35] Estimated errors are 10% for lifetime values, 20% for
ACHTUNGTRENNUNGquantum yields, and approximately 20% in the association constants. The
working temperature, if not otherwise specified, was (295�2) K.
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Bonding in Tropolone, 2-Aminotropone, and Aminotroponimine:
No Evidence of Resonance-Assisted Hydrogen-Bond Effects


Pablo Sanz,[a] Otilia M.,[a] Manuel Y1Çez,*[a] and Jos5 Elguero[b]


Introduction


We have devoted four papers to discussing the concept of
resonance-assisted hydrogen bonds (RAHBs), first defined
by Gilli et al.,[1] by using as a model the enol forms of b-di-
ketones and the compounds resulting from replacing one or
both O atoms by NH atoms.[2–5] Although there is no clear-
cut definition of RAHBs, it was firstly introduced as “the in-
terplay between hydrogen bond and heterodienes (or more
generally heteroconjugated systems) leading to a strengthen-
ing of the hydrogen bond itself”.[1] In general, it is viewed as
an increase in the donor and acceptor strengths through a
charge flow in suitable polarizable p-bond systems,[6,7] which
is reflected in the very short donor–acceptor distances. How-
ever, the evidence that intramolecular hydrogen bonds


(IMHBs) are stronger in unsaturated compounds than in
their saturated analogues does not necessarily imply the ex-
istence of an RAHB phenomenon, but simply characteristics
of the s-skeleton framework that in the unsaturated com-
pounds force the donor and acceptor to be in closer proxim-
ity than in the saturated compound. The crucial role of the
s-skeleton framework was clearly illustrated for a series of
hydroxymethylene and aminomethylene cyclobutanones and
cyclobutenones, in which some saturated derivatives exhibit-
ed stronger IMHBs than their unsaturated counterparts due
to the geometric constraints imposed by the s-skeleton
framework.[5]


Our strategy in the analysis of the existence of the RAHB
phenomenon has been to attach differently sized rings (four
to six carbon atoms) (I) and introduce different degrees of
saturation (II) at two adjacent positions on the enol form of
b-diketone (Scheme 1).


Another possibility is to link together the terminal posi-
tions of I to get III, a compound never isolated in any of its
tautomeric forms although IIIa has been observed in plane-
tary atmospheres and interstellar clouds.[8,9] It is also possi-
ble to imagine vinylogues of I, for example, IV (mono) and
VI (bis), but the flexibility of the long chains could prevent
the existence of an IMHB. By combining both strategies one
gets compounds V and 1. Tautomer Va has never been iso-
lated because Vb (a well-known flavor) is much more


Abstract: The properties of the intra-
molecular hydrogen bond (IMHB) in
tropolone, aminotropone, and amino-
troponimine have been compared with
those in the corresponding saturated
analogues at the B3LYP/6-311+G-
ACHTUNGTRENNUNG(3df,2p)//B3LYP/6-311+GACHTUNGTRENNUNG(d,p) level of
theory. In general, all those compounds
in which the seven-membered ring is
unsaturated exhibit a stronger IMHB
than their saturated counterparts. Nev-
ertheless, this enhanced strength is not
primarily due to resonance-assisted hy-


drogen-bond effects, but to the much
higher intrinsic basicity and acidity of
the hydrogen-bond acceptor and donor
groups, respectively, in the unsaturated
compounds. These acidity and basicity
enhancements have a double origin:
1) the unsaturated nature of the moiety
to which the hydrogen-bond donor and


acceptor are attached and 2) the cyclic
nature of the compounds under scruti-
ny. As has been found for hydroxy-
methylene and aminomethylene cyclo-
butanones, and cyclobutenones and
their nitrogen-containing analogues,
the IMHB strength follows the [donor,
acceptor] trend: [OH, C=NH]> [OH,
C=O]> [NH2, C=NH]> [NH2, C=O]
and fulfills a Steiner–Limbach correla-
tion similar to that followed by inter-
molecular hydrogen bonds.
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stable.[10–12] Fortunately, tropolone (1) is a stable compound
that has been much studied, including theoretical research
carried out by some of us.[13,14] The bibliography on tropo-
lone is very large and will not be reported here unless it is
relevant to do so. However, it is worth mentioning that in a
recent study, 5-azatropolone and its protonated form were
predicted to exhibit intramolecular dynamical properties
parallel to those observed for tropolone.[15] NMR coupling
constants across the hydrogen bonds of aminotroponimine
(both O atoms of tropolone replaced by N atoms) have
been experimentally studied by some of us.[16] 2-Aminotro-
pone (only one O atom of tropolone replaced by N) is an in-
termediate case in which the heteroatoms involved in the
IMHB are different.


The aforementioned analyses have shown that the
strength of the IMHB in compounds of type I and II, which
have been traditionally considered as paradigmatic examples
of systems in which the IMHB is stabilized through RAHB
effects, is primarily due to the constraints intrinsically im-
posed by the s-skeleton framework on the disposition and
proximity of the hydrogen-bond donor and acceptor groups
and not to RAHB effects.[2–5]


The study of the IMHB in compounds such as tropolone,
2-aminotropone, and aminotroponimine permits one to go a
step further in this analysis because in all these compounds
the single bond that links both functional groups (the hy-
droxyl and the carbonyl in tropolone, the amino and the car-
bonyl in 2-aminotropone, or the amino and the imino in
aminotroponimine) does not play any role in the conjuga-
tion, limited as it is to bringing the functional groups togeth-
er. This should not be confused with the resonance stabiliza-
tion of tropolone, which exclusively affects the seven-mem-
bered ring but not the molecular fragment involved in the
IMHB.[17] Therefore, the main question we look to answer is


whether the strength of the IMHBs in the aforementioned
compounds differ significantly from those exhibited by their
saturated analogues and whether or not the origin of the dif-
ferences found between them can be associated with RAHB
effects.


Computational Details


Standard B3LYP density functional theory (DFT) calculations have been
performed as implemented in the Gaussian 03 suite of programs.[18] The
B3LYP approach includes the Becke three-parameter nonlocal hybrid ex-
change potential[19] and the nonlocal correlation functional of Lee, Yang,
and Parr.[20] Geometries were optimized by using a 6-311+G ACHTUNGTRENNUNG(d,p) basis
set expansion. Very recently, an assessment of this method for the treat-
ment of similar IMHBs has been reported.[5] In this assessment it was
shown, for a large set of hydroxymethylene and aminomethylene cyclo-
butanones and cyclobutenones and their nitrogen-containing analogues,
that although the MP2/6-311+G ACHTUNGTRENNUNG(d,p)-optimized values for the hydrogen-
bond length and for the distance between the heteroatoms involved in
the IMHB are slightly shorter than those obtained at the B3LYP level,
the correlation between both sets of values is excellent.


For all the compounds under investigation we have also obtained the ge-
ometries of the transition states associated with the proton transfer be-
tween the hydrogen-bond donor and acceptor. The stationary points
found were characterized as local minima or transition states by evaluat-
ing the corresponding harmonic vibrational frequencies at the same level
of theory used for the geometry optimization. These frequencies were
also used to estimate the corresponding zero-point energies (ZPEs),
which were scaled by the empirical factor 0.9806.[21] Final energies were
obtained through single-point calculations, carried out at the B3LYP/6-
311+G ACHTUNGTRENNUNG(3df,2p) level of theory, to ensure the reliability of the calculated
relative stabilities.


The characteristics of the IMHBs were analyzed in terms of the distance
between the two heteroatoms involved, the length of the hydrogen bond,
the redshift of the stretching frequency of the hydrogen-bond donor
group (YH), and the electron population by means of the natural bond
orbital (NBO) method[22] and the atoms-in-molecules (AIM) theory.[23] A
hydrogen bond can be characterized by the interaction energy between
the lone pair of the hydrogen-bond acceptor (X) and the s*YH antibonding
orbital of the hydrogen-bond donor (YH), obtained through the use of
second-order NBO analyses.[22] This interaction leads to a charge transfer
from the lone pair of the hydrogen-bond acceptor (X) into the s*YH anti-
bonding orbital of the hydrogen-bond donor (Y), so that the electron
population of this antibonding orbital constitutes a reliable index with
which to measure the relative strength of the hydrogen bond. The
strength of a hydrogen bond can also be quantified by looking at the
electron density at the corresponding bond critical point (bcp), and this
density has been successfully used not only to characterize inter- and in-
tramolecular hydrogen bonds[24–29] but also to design new partition
schemes as useful tools to investigate the nature of these kinds of weak
interactions. Furthermore, a good correlation between the strength of the
interaction and the electron density at the corresponding hydrogen-bond
critical point generally exists.[24,26, 30–34] It has been recently found that
such correlations occurred independently of the strength of the interac-
tion and therefore are fulfilled not only by strong, but also by moderate
and weak hydrogen bonds.[35] Both the NBO and AIM analyses were car-
ried out by using a 6-311+G ACHTUNGTRENNUNG(d,p) basis set expansion. We assume that
the conclusions obtained would not change if the basis set were enlarged.
It has been shown that the values obtained with quite different basis sets,
namely, 6-311+G ACHTUNGTRENNUNG(d,p), 6-311+G ACHTUNGTRENNUNG(3df,2p), aug-cc-pvDZ, and aug-cc-
pVTZ, for a large set of compounds exhibiting similar IMHBs as those
considered in this work, are strongly correlated[5] and therefore the
trends observed in these values do not depend on the extension of the
basis set used to obtain the electron density.


Scheme 1. The strategy used to establish compounds for the analysis of
the existence of the RAHB effect. The gray spheres represent rings con-
taining four to six carbon atoms.
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Results and Discussion


In what follows, and for the sake of simplicity, we will desig-
nate the heteroatom of the hydrogen-bond acceptor group
as X and that of the donor group as Y, in which the X/Y
atoms are O/O, O/N, N/O, and N/N (see Scheme 2).


The most relevant structural parameters associated with
the IMHB of the species under study, namely, the hetero-
ACHTUNGTRENNUNGatomic internuclear distance (X···Y), the IMHB length (Y�
H···X), the electron density at the IMHB bond critical point
(1bcp) and at the ring critical point (1rcp), the bond length of
the hydrogen-bond donor group (Y�H), and the lengths of
the C3=X and C1�Y bonds are summarized in Table 1. The
optimized geometries, the B3LYP/6-311+GACHTUNGTRENNUNG(3df,2p) total en-
ergies, and the B3LYP/6-311+GACHTUNGTRENNUNG(d,p) zero-point vibrational
energies of the compounds investigated are summarized in
Tables S1 and S2 of the Supporting Information.


Although for tropolone (1) and aminotroponimine (3)
and their saturated counterparts (1s and 3s, respectively)
only one isomer is stable, for aminotropone (2) and its satu-
rated counterpart (2s) there are three different isomers
(named a, b, and c) depending on the nature and disposition
of the hydrogen-bond acceptor and donor groups. In isomer
a, the hydrogen-bond donor is an amino group and the ac-
ceptor is a carbonyl group. In isomer b, the hydrogen-bond
donor is a hydroxyl group and the acceptor an imino group,
whereas in isomer c these roles are interchanged. At the
B3LYP/6-311+GACHTUNGTRENNUNG(3df,2p) level of theory isomer 2_a is pre-
dicted to be 44 and 86 kJmol�1 more stable than isomers
2_b and 2_c, respectively. For their saturated counterparts
these energy gaps become 21 and 38 kJmol�1, respectively.


The higher stability of the type-a isomers can be under-
stood if one takes into account that the energetic change on
going from the type-a to type-b (or -c) isomers essentially
measures the energy cost of changing a C=O double bond
into a C�O single bond, the energy gained in changing a C�
N single bond into a C=N double bond, and the energy dif-
ference between NH and OH bonds. The enthalpy associat-
ed with these changes can be adequately measured by using
isodesmic reaction (1):


H2COþ CH3NH2 ! H2CNHþ CH3OH ð1Þ


which is predicted to be endothermic by 21 kJmol�1 at the
B3LYP/6-311+GACHTUNGTRENNUNG(3df,2p) level of theory. This confirms that
the main energetic factor in favor of type-a isomers is relat-
ed to the presence in the system of carbonyl and NH2


groups, with respect to the other two isomers in which these
groups have been replaced by hydroxyl and imino groups,
respectively.


The values in Table 1 also give a clue about the origin of
the enhanced stability of type-b isomers relative to type-c
isomers, as the former have a much stronger IMHB. We will
come back to this point later.


Similar to what was found for other IMHBs, those investi-
gated here also fulfilled the Limbach–Steiner correlation, as
well as the logarithmic dependence of the length on the
electron density at the bcp (see the Supporting Informa-
tion).


Analysis of the strength of the IMHBs : From values in
Table 1, it can be seen that the strength of the IMHB involv-
ing OH and NH2 as hydrogen-bond donors and C=O and
C=NH groups as hydrogen-bond acceptors follow systemati-
cally the following [donor, acceptor] trend: [OH, C=NH]>
[OH, C=O]> [NH2, C=NH]> [NH2, C=O]. Accordingly, the
strongest IMHB is observed for the b-type isomer of amino-
tropone. This isomer is also the one that exhibits the stron-
gest IMHB among the corresponding saturated counter-
parts. The origin of this trend has been explained for a
series of enols of b-diketones, generated by fusing the malo-
naldehyde moiety with unsaturated or saturated six-mem-
bered rings,[4] and with four-membered rings[5] and will not
be repeated here. However, a cursory examination of the in-
dexes reported in Table 1 shows that the IMHB is always
stronger in the unsaturated derivatives, with the only excep-
tion being the couple 2_c and 2s_c, in which the IMHB is
stronger in the latter.


The situation discussed here is completely different from
that found for the enols of b-diketones (compounds I and II
in Scheme 1) in which the hydrogen-bond donor and accept-
or are strictly coplanar in the unsaturated compounds but
not in the saturated derivatives. Therefore, the primary
reason behind the strength of the IMHBs of compounds I
and II is simply the structure of the s-skeleton framework
of the system that keeps the hydrogen-bond donor and ac-
ceptor coplanar and closer to each other, rather than an
RAHB effect. Similar arguments cannot be used for the
compounds studied in this paper, which have the hydrogen-
bond donor and acceptor coplanar in both the saturated and
unsaturated compounds. Does the stronger IMHB of unsa-
turated compounds reflect an RAHB effect? This seems not
to be the case because, as mentioned above, the single bond
that links the hydrogen-bond donor and acceptor does not
play any role in the conjugation. Therefore, the differences
in the strength of the IHMB must be due to the effect of
the ring (saturated or unsaturated) on the intrinsic basicity
of the hydrogen-bond acceptor and on the intrinsic acidity
of the hydrogen-bond donor.


Scheme 2. The schematic structures and the naming system of the com-
pounds studied: s : saturated compound; a, b, c : isomers of compound 2.
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Let us take tropolone (1) and its saturated counterpart
(1s) as suitable model compounds to investigate this ques-
tion further. Taking into account that in these two com-


pounds both the hydrogen-bond donor and acceptor are di-
rectly bound to the seven-membered ring, it is reasonable to
expect that the enhanced strength of the IMHB in tropolone


Table 1. Characteristics of the IMHB of the systems investigated: interatomic distances (X···Y, X···H, Y�H, C3=X, C1�Y) are in V; 1bcp and 1rcp are the
electron densities [eau�3] at the IMHB bond critical point and at the ring critical point, respectively; DE [kJmol�1] is the interaction energy between the
lone pair of the hydrogen-bond acceptor and the s*YH antibonding orbital of the hydrogen-bond donor; Pops*YH


signifies the electron population [a.u.] of
the s*YH antibonding orbital of the hydrogen-bond donor.


Compound 1bcp 1rcp
[a] X···Y YH···X Y�H C3=X C1�Y DE Pops*YH


1 0.0405 0.0334 2.496 1.816 0.989 1.246 1.332 43.9 0.0468


1s 0.0282 0.0262 2.596 1.977 0.971 1.216 1.410 17.3 0.0250


2_a 0.0259 0.0247 2.539 2.048 1.013 1.242 1.349 13.3 0.0212


2s_a 0.0208 0.0206 2.647 2.152 1.015 1.214 1.458 5.4 0.0136


2_b 0.0463 0.0335 2.474 1.776 0.995 1.301 1.332 67.5 0.0569


2s_b 0.0319 0.0269 2.576 1.936 0.974 1.273 1.411 27.0 0.0289


2_c 0.0203 0.0201 2.654 2.129 1.019 1.291 1.363 3.5 0.0107


2s_c 0.0216 0.0207 2.653 2.089 1.022 1.270 1.428 5.0 0.0152


3 0.0279 0.0246 2.531 2.024 1.014 1.301 1.350 19.0 0.0235


3s 0.0213 0.0203 2.661 2.148 1.016 1.274 1.462 8.0 0.0141


2-hydroxy
acryl
aldehyde


–[b] – 2.685 2.126 0.972 1.215 1.350 9.6 0.0197


2-hydroxy
propanal


0.0217 0.0217 2.683 2.107 0.969 1.208 1.408 9.6 0.0183


dimer 1 0.048 – 2.733 1.765 0.982 1.244 1.352 61.5 0.0490
dimer 2 0.025 – 2.892 1.934 0.972 1.220 1.432 26.6 0.0265
dimer 3 0.025 – 2.875 1.951 0.970 1.217 1.426 24.8 0.0239
dimer 4 0.024 – 2.899 1.960 0.969 1.211 1.424 23.0 0.0226


[a] The rcp is that associated with the ring formed by the IMHB between the donor and the acceptor. [b] No hydrogen-bond bcp was found.


www.chemeurj.org L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4225 – 42324228


M. Y@Çez et al.



www.chemeurj.org





(1) relative to 1s may be due either to an enhanced basicity
of the hydrogen-bond acceptor, or to an enhanced acidity of
the hydrogen-bond donor or to both. To investigate if these
effects are actually playing a role we have evaluated the in-
trinsic basicity of tropone and cycloheptanone and the acidi-
ty of cyclohepta-1,3,5-trienol and cycloheptanol by calculat-
ing the corresponding proton affinities and gas-phase acidity
enthalpies.


The results obtained (which are in good agreement with
the experimental values when available,[36] see Table 2) show
that cyclohepta-1,3,5-trienol has an intrinsic acidity


155 kJmol�1 greater than that of cycloheptanol, whereas tro-
pone is 74 kJmol�1 more basic than cycloheptanone. We
conclude that the enhanced IMHB in 1 reflects the fact that
it has both a better hydrogen-bond donor and acceptor than
1s. A further ratification of this conclusion is that the inter-
molecular hydrogen bond between tropone and cyclohepta-
1,3,5-trienol (dimer 1 in Figure 1) is not only much stronger
than the intermolecular hydrogen bond between cyclohepta-
nol and cycloheptanone (dimer 2 in Figure 1), but is also
stronger than the IMHB in tropolone (see Table 2), because
in dimer 1 there are no ring constraints.


Similarly, the gas-phase basicity of cyclohepta-2,4,6-trieni-
mine is 46 kJmol�1 higher than that of its saturated counter-


part cycloheptanimine (see Table 2), which explains why the
IMHB in 2b is stronger than that in 2s_b.


The same arguments also explain why the situation is re-
versed for isomers 2_c and 2s_c in that the IMHB is stron-
ger in the unsaturated one. In these isomers, the OH group
behaves as a hydrogen-bond acceptor rather than as a hy-
drogen-bond donor, and, according to our previous basicity/
acidity arguments it is a much poorer hydrogen-bond ac-
ceptor in the unsaturated derivative, as revealed by the cal-
culated basicities of cyclohepta-1,3,5-trienol and cyclohepta-
nol (see Table 2). It is also worth noting that species 2_c and
2s_c exhibit the weakest IMHB of all the systems investigat-
ed, but this is consistent with the trends discussed above, be-
cause these two compounds contain the weakest hydrogen-
bond donor (NH) with the weakest hydrogen-bond acceptor
(OH).


One question still needs to be answered: Does the acidity
and basicity enhancement arise solely from the fact that tro-
pone and cyclohepta-1,3,5-trienol are unsaturated com-
pounds, whereas cycloheptanone and cycloheptanol are sa-
turated, or is there also an effect associated with the fact
that these are cyclic systems?


In an attempt to separate these effects, we have consid-
ered four noncyclic model compounds, namely, acrylalde-
hyde, prop-2-en-1-ol, propionaldehyde, and propan-1-ol, in
which the environment of the basic and acidic sites are simi-
lar to those in tropolone and its saturated analogue, respec-
tively.


Table 2. Proton affinities (PA) and gas-phase acidities (DacidH) of differ-
ent model compounds. Available experimental values[a] are given within
parentheses.


Compound PA [kJmol�1] DacidH [kJmol�1]


tropone 925 (920.8) –
cycloheptanone 851 (845.6) –
acrylaldehyde 806 (797) –
propionaldehyde 784 (786) –
cyclohepta-2,4,6-trienimine 1019 –
cycloheptanimine 973 –
cyclohepta-1,3,5-trienol 755 1408
cycloheptanol 820 1563 (1559�8.4)
prop-2-en-1-ol – 1556 (1563�12.0)
propan-1-ol – 1573 (1572�5.4)


[a] Values taken from ref. [36].


Figure 1. Structures of the dimers between tropone and cyclohepta-1,3,5-
trienol (dimer 1); cycloheptanol and cycloheptanone (dimer 2); acrylalde-
hyde and prop-2-en-1-ol (dimer 3); and propionaldehyde and propan-1-ol
(dimer 4).
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The calculated intrinsic basicities of acrylaldehyde and
propionaldehyde and the intrinsic acidities of prop-2-en-1-ol
and propan-1-ol are summarized in Table 2. The first con-
spicuous fact is that, similarly to what was found for the
cyclic systems, the unsaturated compound (acrylaldehyde) is
more basic than the saturated analogue (propionaldehyde),
but the basicity gap (22 kJmol�1) is significantly smaller
than that estimated for the couple tropone/cycloheptanone
(74 kJmol�1). Similarly, the unsaturated alcohol (prop-2-en-
1-ol) is a stronger acid than the saturated one (propan-1-ol),
but again the gap between their acidities (17 kJmol�1) is
much smaller than that between cyclohepta-1,3,5-trienol and
cycloheptanol (155 kJmol�1). This clearly indicates that ring
effects also play a significant role in the enhancement of the
basicity and acidity of the hydrogen-bond donor and accept-
or of tropolone with respect to its saturated counterpart. In
other words, this enhancement is not only associated with
the fact that the active sites are attached to an unsaturated
moiety, because the enhancement effect is significantly am-
plified if the unsaturated moiety forms part of a seven-mem-
bered ring.


This is also consistent with the fact that the IMHBs in 2-
hydroxyacrylaldehyde and 2-hydroxypropanal are much
weaker than those in tropolone (1) and its saturated ana-
logue (1s), respectively.


In 2-hydroxyacrylaldehyde both the heteroatomic distance
and the length of the hydrogen bond are much greater than
those in tropolone, the OH bond length is shorter, and the
orbital interaction energies as well as the population of the
s*OH antibonding orbital are much smaller. Furthermore, no
bcp point is found in the O···H region, which indicates that,
strictly speaking, we cannot say that an IMHB actually
exists. The same behavior was found when 2-hydroxypropa-
nal was compared with 1s, although in this case a bcp associ-
ated with the IMHB was located. Furthermore, the intermo-
lecular hydrogen bond between acrylaldehyde and prop-2-
en-1-ol (dimer 3 in Figure 1) is stronger than that between
propionaldehyde and propan-1-ol (dimer 4 in Figure 1), but
weaker than that between tropone and cyclohepta-1,3,5-tri-
enol (dimer 1).


It would be interesting to know whether these ring effects
affect the saturated or the unsaturated compounds more. A
possible way to answer this question is through the use of
isodesmic reactions (2)–(9):


Isodesmic reactions (2) and (3) were used to measure the
ring-stabilization effect on the neutral and protonated forms
of unsaturated bases, respectively. These effects were mea-
sured by using reactions (4) and (5) for the saturated ana-
logues. Reactions (6) to (9) were used to measure similar ef-
fects on the neutral and the deprotonated species of the cor-
responding acids. The calculated enthalpies for these reac-
tions are presented in Table 3. Reactions (2) to (5) are all
endothermic, which indicates that ring effects stabilize both
the neutral and protonated forms, although the latter to a
greater extent. It is also worth noting that these effects are
much larger for the unsaturated than for the saturated com-
pounds. These differences are even more dramatic as far as
intrinsic acidities are concerned. Again, the stabilization is
larger for the anion than for the neutral compound, but,


Table 3. Calculated enthalpies [kJmol�1] for isodesmic reactions (2)–(9).


Unsaturated Saturated


reaction 2 reaction 3 reaction 4 reaction 5
77 197 28 96


reaction 6 reaction 7 reaction 8 reaction 9
47 195 �17 �8
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whereas reactions (6) and (7) are endothermic, reactions (8)
and (9) are slightly exothermic. The most relevant finding is,
however, that although the acidity enhancement due to cyc-
lization is 148 kJmol�1 for unsaturated compounds, it is very
small (9 kJmol�1) for the saturated ones. It is also worth
noting that whereas for the unsaturated compounds the
acidity enhancement is about 20% larger than the basicity
enhancement, for the saturated compounds it is the other
way around and the basicity enhancement (87% larger)
clearly dominates over the acidity enhancement. In other
words, on going from open systems (like 2-hydroxyacrylalde-
hyde or 2-hydroxypropanal) to cyclic systems (like tropo-
lone or 1s) one should expect a reinforcement of the
OH···O intramolecular hydrogen bond, because in the cyclic
compound the hydrogen-bond donor and acceptor capacities
both increase, with the former being dominant.


Conclusion


The properties of the intramolecular hydrogen bond in tro-
polone, aminotropone, and aminotroponimine have been
compared with those in the corresponding saturated ana-
logues at the B3LYP/6-311+GACHTUNGTRENNUNG(3df,2p)//B3LYP/6-311+G-
ACHTUNGTRENNUNG(d,p) level of theory.


Aminotropone is predicted to be more stable than its
isomer 2-iminocycloheptanol. Similar relative stabilities are
predicted for the corresponding saturated analogues, al-
though the energy gaps are almost half those found for the
unsaturated derivatives. 2-Iminocycloheptanol and its satu-
rated analogue present two conformers depending on the
role (hydrogen-bond donor or acceptor) played by the OH
and NH groups. The more stable corresponds to that in
which the OH group is the donor and the NH group the ac-
ceptor. As a matter of fact, and as found before for other
compounds, the IMHB strength follows the [donor, accept-
or] trend: [OH, C=NH]> [OH, C=O]> [NH2, C=NH]>
[NH2, C=O].


In general, all those compounds in which the seven-mem-
bered ring is unsaturated exhibit a stronger IMHB than
their saturated counterparts. Nevertheless, this enhanced
strength is not primarily due to resonance-assisted hydro-
gen-bond effects, but to the much higher intrinsic basicity
and acidity of the hydrogen-bond acceptor and donor
groups, respectively, in the unsaturated compounds. A more
detailed analysis indicates that these basicity and acidity en-
hancements arise from two effects: 1) the higher basicity of
the CO (or CNH) group and the higher acidity of an OH
(NH2) group when attached to an unsaturated moiety, and
2) to the amplification of these effects on going from open
to cyclic systems, because in the cyclic compounds the neces-
sary electron-density redistribution associated with the pres-
ence of a positive (or negative) charge in the system is fa-
vored, thus stabilizing the protonated and the deprotonated
forms and therefore enhancing the intrinsic basicity and
acidity of the corresponding active sites.
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Introduction


The galectins are a family of soluble proteins that are de-
fined by their affinity for b-galactosides and a conserved se-
quence motif[1,2] with approximately 15 known in humans.
Galectin-3 is a multifunctional protein,[3] but experiments in
cell cultures and with null mutant mice clearly indicate rate-
limiting roles in inflammatory conditions,[4–6] making it a po-
tential target for the development of inhibitors as potential
anti-inflammatory agents. Galectin-3 has also been suggest-
ed to play a role in cancer,[7] and an inhibitory galectin-3


fragment showed anticancer effects in a mouse model.[8] Ga-
lectin-1 has immunomodulatory effects,[9,10] may promote
cancer, and molecules interacting with galectin-1 may inhibit
cancer growth.[11] Also other galectins have been implicated
in cancer[12–14] and are involved in inflammation.[15]


The mechanisms by which galectins influence inflamma-
tion and cancer include modulation of apoptosis, cell adhe-
sion, angiogenesis, growth-factor signaling, and, possibly as a
result, cell differentiation. Most of these effects appear to
require the carbohydrate-binding activity of the galectins,
making their carbohydrate-binding site a suitable target for
inhibitor design. As galectins may form noncovalent di- or
multimers of carbohydrate-recognition domains (CRDs) or
have two CRDs within the same peptide chain, their binding
to glycoconjugates results in cross-linking and lattice forma-
tion.[16] This in turn is thought to be their mechanism of
action, resulting in signaling or regulation of receptor target-
ing or residence time at the cell surface.[17–20] For example,
biosynthetic control of membrane-bound protein glycoforms
has been demonstrated to modulate galectin-1 binding and
T-cell apoptosis.[9] Moreover, it was recently demonstrated
that intracellular glycan-dependent clustering involving ga-
lectin-3 plays a decisive role in orchestrating raft-independ-
ent apical sorting of proteins.[21]


Abstract: A series of aromatic mono-
or diamido-thiodigalactoside deriva-
tives were synthesized and studied as
ligands for galectin-1, -3, -7, -8N termi-
nal domain, and -9N terminal domain.
The affinity determination in vitro with
competitive fluorescence-polarization
experiments and thermodynamic analy-
sis by isothermal microcalorimetry pro-
vided a coherent picture of structural
requirements for arginine–arene inter-
actions in galectin–ligand binding.


Computational studies were employed
to explain binding preferences for the
different galectins. Galectin-3 formed
two almost ideal arene–arginine stack-
ing interactions according to computer
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The above observations all point towards clinical implica-
tions of modulating galectin–carbohydrate binding activities.
Galectin-3C, the cancer-inhibiting fragment of galectin-3
mentioned above, competes for the same carbohydrate li-
gands, but is incapable of forming aggregates or lattices, and
hence, inhibits the function of intact galectin-3.[8] The fact
that galectin-3C had no toxic effects in mice together with
the fact that galectin-3 null mice are healthy under animal
house conditions,[22] suggests that it should be possible to
find a therapeutically favorable degree of inhibition of ga-
lectin-3 carbohydrate-binding activity without serious side
effects. For this purpose, it is desirable that selective mono-
valent low-molecular-weight inhibitors could be synthesized
and such molecules could also be of use as biomolecular
tools to investigate the biological mechanisms of the galec-
tins.[23]


We recently reported that large increases in affinity for
galectin-3 could be achieved by substitution of the 3’-posi-
tion of N-acetyllactosamine by various aromatic amide moi-
eties.[24,25] An X-ray crystal structure of one of these ligands
bound into the binding site of galectin-3 showed that to
form the complex, an arginine residue (Arg144) had moved
3.5 J to form a face-to-face interaction between its guanidi-
nium functionality and the aromatic ring of the amide sub-
stituent on N-acetyllactosamine (LacNAc)[25] (Scheme 1a).
Galectin-3 has another arginine residue in the vicinity of the
bound disaccharide. This arginine appeared to be an attrac-
tive option to target with a second arene–arginine interac-


tion and thus form even more strongly binding inhibitors.
However, rather than use LacNAc as a skeleton to build on,
we decided to investigate the simpler and non-natural hy-
drolytically stable disaccharide thiodigalactoside. Thiodiga-
lactoside has been shown to bind to galectins with a similar
affinity to lactose or LacNAc. In addition, X-ray crystal
structures were recently published of a toad galectin in com-
plex with LacNAc and with thiodigalactoside; the two galac-
tose residues were bound identically in the b-galactoside
binding site, whereas the second galactose of thiodigalacto-
side was bound in the same place as the GlcNAc of
LacNAc, with identical hydrogen bonding networks between
the disaccharides and the protein[26] (Scheme 1b). It seems
logical to assume that derivatization of thiodigalactoside at
the 3-position of the galactose in the b-galactoside binding
site will give an aromatic amide that can interact with galec-
tin arginine side chains, for example, Arg144 in galectin-3.
However, the 3-position of the second galactose residue is
positioned such that similar derivatization at this position
will give an amide directed over another arginine side chain,
for example, Arg186 in galectin-3 (Scheme 1c).
Following on from earlier studies,[27] we report herein de-


tails of the synthesis of thiodigalactoside derivatives that
bear two identical amides at the two 3-positions (i.e. C2-sym-
metrical compounds). In addition, we report thiodigalacto-
sides having two different amides at the 3- and 3’-positions,
or a single amide at the 3-position of one of the galactose
residues, which provided the opportunity to undertake a sys-
tematic study to assess the importance of the presence of
two aromatic amides and to try to optimize interaction with
each of the two relevant arginine residues. We also disclose
the results of fluorescence-polarization binding studies of
the thiodigalactoside derivatives to galectins-1, -3, -7, -8N,
and -9N, as well as microcalorimetry studies of the binding
to galectin-3 (C-terminal domain). Furthermore, computa-
tional modeling of the interaction of the thiodigalactoside
derivatives with galectins corroborated the hypothesis, and
binding studies with galectin-3 mutants in which Arg144 and
Arg186 were mutated to serine provided a picture of the rel-
ative importance of the two arginines in the structurally dif-
ferent interactions with aromatic amides.


Results and Discussion


Chemical synthesis : Initial attempts to synthesize 3-amide-
derivatized thiodigalactosides were based on a symmetrical
synthesis of the disaccharide in which both glycosidic bonds
are formed in a single reaction step by using two equivalents
of the glycosyl bromide and sodium sulfide as a nucleophile.
The synthesis of thiodigalactoside has been published by
using procedures based on this concept and phase-transfer
conditions.[28] To keep the common intermediate as long as
possible in the synthesis before diversification and synthesis
of different amides, we initially attempted to carry out a
sodium sulfide mediated glycosylation by using 2,4,6-tri-O-
acetyl-3-azido-3-deoxy-d-galactosyl bromide (6).[29] Unfortu-


Scheme 1. a) Galectin-3 complex with a LacNAc 3’-benzamido derivative
that has high affinity for galectin-3 owing to interactions between the ar-
omatic moiety and Arg144. b) Thiodigalactoside with hydroxy groups
that form key interactions with galectin-1 (shown in bold). c) 3,3’-Diami-
do-thiodigalactoside derivatives proposed to form double interactions
with arginine side chains of galectin-3 (Arg144 and Arg186).
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nately, but not unexpectedly, this reaction produced an in-
tractable mixture of products, presumably owing to reduc-
tion of the azide functionality. Instead, an earlier diversifica-
tion was necessary for the synthesis of symmetrical dia-
mides. Thus, galacto azide 1[29] (Scheme 2) was reduced by
catalytic hydrogenation, and the resulting amine was acylat-
ed with the respective aromatic acyl chlorides to give the
amides 2a–e (Scheme 3). Bromination of 2a–e was carried


out by using HBr in AcOH, and the crude bromides 3a–e
were subjected to treatment with dried sodium sulfide in
acetonitrile to give the thiodigalactosides 4a–e in moderate
yields. For the amides with more electron-rich aromatic sys-
tems, leaving the bromination reaction for longer resulted in
the formation of side products. This was particularly pro-
nounced for the 2-naphthamide derivative 3b, which could
help to explain the low yield in the dimerization reaction. In
contrast, the electron-poor para-nitro derivative 3e was
formed very cleanly. Deprotection of the thiodigalactoside
derivatives 4a–e was carried out by using either an amine or
sodium methoxide in methanol to give the desired symmet-
rical diamides 5a–e.
Even though the azide functionality in 6 was intolerant of


sodium sulfide, it has been shown that an azide can survive
similar reactions in which other sulfur nucleophiles are pres-
ent. Thus, for the synthesis of unsymmetrical amides, we de-
cided to try to substitute the azido bromide 6 with an
anomeric thiol 7. Treatment of the azido galactosyl bromide
6 with galacto thiol 7 under the same conditions gave the de-
sired monoazido thiodigalactoside derivative 8. Catalytic hy-
drogenolysis of the monoazido disaccharide 8 and subse-
quent acylation with aromatic acyl chlorides gave the mono-
amides 9a–c, which were then deacetylated to give the de-
protected monoamide-substituted thiodigalactosides 10a–c
(Scheme 3).
To synthesize unsymmetrical thiodigalactoside diamides,


that is, derivatives bearing different amides at the 3- and 3’-
positions, we planned to again use the azido galactosyl bro-
mide 6 as the electrophile, however, a galacto thiol with an
aromatic amide already in place at the 3-position (12) was
used as a nucleophile this time. Thus, the dimethoxybenza-
mide-substituted galactose derivative 2c was brominated as
above to give 3c, and an anomeric thioacetyl group was in-
troduced by using potassium thioacetate to give 11
(Scheme 4). Selective hydrolysis of the thioacetate was ach-
ieved by using sodium methoxide at �40 8C, and the crude
anomeric thiol 12 was treated with the azido bromide 6
under the same conditions as described earlier for the un-
symmetrical glycosylations to give the desired disaccharide
13 as the only identified product. Catalytic hydrogenolysis
and subsequent acylation with 2-naphthoyl chloride and 1-
naphthoyl chloride gave the unsymmetrical diamides 14 and
15, respectively, which were deacetylated to give the depro-
tected unsymmetrical diamide-substituted thiodigalactosides
16 and 17 (Scheme 5).


Binding of thiodigalactoside amides to galectin-1, -3, -7,
-8N, and -9N : The set of five symmetrical diamides 5a–e,
three monoamides 10a–c, and two unsymmetrical diamides
16 and 17 were evaluated for binding to galectin-1, -3, -7,
-8N, and -9N by using a fluorescence polarization assay
(Table 1).[31,32] Data for aromatic LacNAc C3’-amides 18–
23[25] and lactose C2 esters 24–27[30] are included for refer-
ence as the they address the specific interactions of Arg144
and Arg186 from galectin-3 and the corresponding residues
in galectin-1, -7, -8N, and -9N. The unsubstituted thiodiga-
lactoside 28 was also included for reference, as were the


Scheme 2. a) 1. H2, Pd/C, EtOH, HCl (Et2O); 2. RCOCl, DCM, pyridine,
DMAP, 40–91% over two steps. b) HBr/AcOH, Ac2O, DCM. c) Na2S
(dried), MeCN, 4-J molecular sieves. d) NaOMe, MeOH. e) MeNH2,
H2O, 7–27% over three steps. DCM=dichloromethane, DMAP=4-di-
methylaminopyridine.


Scheme 3. a) K2CO3, MeCN, RT, 72%. b) 1. H2, EtOH, Pd/C, HCl
(Et2O); 2. RCOCl, DCM, pyridine; 9a, 43%; 9b, 40%; 9c, 66%.
c) MeNH2, H2O; 10a, 95%; 10b, 66%; 10c, 60%.
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methyl glycosides of LacNAc 29 and lactose 30 (Scheme 5
and Table 1).
Galectin-1 showed some increased affinity for 5a–d over


thiodigalactoside 28, presumably owing to formation of one
arginine–arene interaction. This galectin lacks an arginine in
close proximity to galactose C3 of the complexed lactose or
LacNAc, which is reflected by the observation that aromatic
LacNAc C3’ amides 18–23 show limited affinity enhance-
ment over the parent LacNAc 29. The aromatic C2 lactose
esters 24–27 display significantly improved affinity over the
parent lactoside 30 owing to arginine–arene interactions
with Arg74,[30] suggesting that the interaction of the amido
groups of 5a–d with the galectin-1 Arg74 group is responsi-
ble for their improved affinity.
In the case of galectin-3, the increase in affinity of the


amide-substituted derivatives over the parent thiodigalacto-
side 28 is particularly impressive, with increases as great as
several hundred-fold for the best inhibitors. In addition, a
progressive increase in affinity is observed for galectin-3
along each of the homologous series of unsubstituted, mono-
substituted, and disubstituted thiodigalactosides studied (i.e.
benzamide 5a (1.7 mm)>10a (3.2 mm)>28 (49 mm), 2-naph-


thamide 5b (0.16 mm)>10b (1.8 mm)>28 (49 mm), and 3,5-di-
methoxybenzamide 5c (0.046 mm)>10c (1.1 mm)>28
(49 mm)). The question then emerged as to whether the two
arginine side chains, Arg144 and Arg186, display different
preferences for aromatic structures. To answer this question,
the inclusion of the known LacNAc 3’-amides 18–23 and the
lactose 2-esters 24–27 in addition to the unsymmetrical thio-
digalactosides 16 and 17 in the analysis is important. This is
because the unsymmetrical nature of these two classes of
compounds places their aromatic moieties in a position that
allows them to interact with only Arg144 or Arg186, respec-
tively. Detailed insight into the preferences of Arg144 and
Arg186 for different aromatic structures could provide guid-
ance for the design of aromatic amides that are individually
optimized to interact with either of the arginine residue.
The aromatic moieties of the LacNAc amides, 3’-amides 18–
23, interact with Arg144 and a preference for the 3,5-dime-
thoxy and 4-nitrobenzamides 21 and 22 and the 2-naphtha-
mide 20 is observed. The 1-naphthamide 19 is almost one
order of magnitude worse than the 2-naphthamide 20. In
contrast, the 1-naphthoate 25 is twice as potent as the 2-
naphthoate 26, which suggests that Arg186 prefers the 1-
naphthyl group, as the aromatic moieties of the lactose 2-
esters 24–27 are bound to interact with Arg186. The 3,5-di-
methoxybenzoate 27 binds well to galectin-3 and the 3,5-di-
methoxyphenyl group can thus be concluded to interact well
with both Arg144 and Arg186. The latter observation helps
to explain why, although both unsymmetrical diamides 16


Scheme 4. a) HBr (33% in AcOH), DCM. b) KSAc, MeCN, 72% from
2c. c) NaOMe (1 equiv), MeOH. d) 6, K2CO3, MeCN, 39% from 1.
e) 1. H2, Pd/C, EtOH, HCl; 2. 1-naphthoyl chloride, DCM, py. f) 1. H2,
Pd/C, EtOH, HCl; 2. 2-naphthoyl chloride, DCM, py. g) MeNH2 H2O, 16,
67% from 13, 17, 50% from 13.


Scheme 5. Generic structures of compounds evaluated against galectin-1,
-3, -7, -8N, and -9N.
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and 17 bind strongly to galectin-3, the 2-naphthamide 16
binds more tightly. Thus, compounds 16 and 17 presumably
bind galectin-3 in a manner that allows their naphthamides
to interact with Arg144 and the 3,5-dimethoxybenzamide to
interact with Arg186. Computational modeling, as discussed
below, corroborated this hypothesis.
Galectin-7 and -9N show considerable affinity enhance-


ments in response to the presence of one or two aromatic
amides on thiodigalactoside. The case of galectin-8N is, how-
ever, in striking contrast. Here, all but one of the amide-sub-
stituted derivatives have lower affinity than the parent com-
pound, and the one compound with an increased affinity
(10c) only binds two times better than unsubstituted thiodi-
galactoside 28. In interpreting this result, it is useful to com-
pare the amino acid sequences of the different galectins
(Figure 1).
Clearly, in galectin-8N, there is no arginine residue that


corresponds to the Arg186 of galectin-3 according to se-
quence alignment. This fact, coupled with the low affinity of
the LacNAc amide derivatives 18–23 for galectin-8N, sup-
ports our theory that the diamido-thiodigalactoside deriva-
tives 5a–e bind to galectin-3 with double arene–arginine in-
teractions (with Arg144 and Arg186).


In galectins-7 and -9N, both
of the relevant arginine resi-
dues are present (i.e. Arg31 and
Arg79 for galectin-7 and Arg44
and Arg87 for galectin-9N),
and an increase in affinity is
seen for the amide-substituted
thiodigalactosides over the
parent compound 28. Notably,
the increases in affinity were
not as big for these galectins as
they were for galectin-3. In ad-
dition, it was not the same com-
pounds that had the highest af-
finity for all the different galec-
tins. This means that the affini-
ties of the thiodigalactosides for
the galectins are governed by
the local environment around
the bound ligands, where, for
example, steric and electronic
factors can be very different be-
tween the different galectins.
For example, the higher affinity
of the mono-(3,5-dimethoxy-
benzamide) derivative 10c than
its bis-substituted analogue 5c
for both galectin-7 and -9N may
arise from a steric clash by the
second 3,5-dimethoxybenza-
mide moiety, which is avoided
in the case of galectin-3.


As the aromatic structures chosen had already been
shown to produce derivatives with a high affinity for galec-
tin-3 through interaction with Arg144, albeit on a LacNAc
skeleton, it is perhaps not surprising that the resulting thio-
digalactoside amides had the highest affinity for galectin-3.
It is possible, therefore, that exploration of other analogues
with aromatic amides or other structures would yield com-


Table 1. Affinity constants (mm) of thiodigalactoside derivatives and reference compounds for galectins-1, -3,
-7, -8N, and -9N.[a]


Galectin
-1 -3 -7 -8N -9N


symmetrical diamido-thiodigalactosides
5a R=phenyl 35�22 1.7�0.4[b] 4.3�3.5 high 7.0�1.5
5b R=2-naphthyl 9.6�7.2 0.16�0.04[b] 1.7�0.2 >100 0.73�0.14
5c R=3,5-dimethoxyphenyl 4.7�1.4 0.046�0.020[b] 17�0.2 high 0.9�0.3
5d R=3-methoxyphenyl �2 0.050�0.012[b] 2.8�1.1 �100 1.8�0.4
5e R=4-nitrophenyl n.d.[c] 0.049�0.029[b] 4.0�1.0 >100 0.68�0.16
monoamido-thiodigalactosides
10a R=phenyl n.d.[c] 3.2�0.2 17�5 350�17 2.1�0.8
10b R=2-naphthyl n.d.[c] 1.8�0.4 9.8�4.4 30�5 0.42�0.18
10c R=3,5-dimethoxyphenyl n.d.[c] 1.1�0.1 10�2 72�12 0.69�0.07
unsymmetrical diamido-thiodigalactosides
16 R=2-naphthyl n.d.[c] 0.069�0.13 3.5�1.4 high 0.48�0.15
17 R=1-naphthyl n.d.[c] 0.052�0.021 1.0�0.8 high 0.63�0.02
LacNAc 3’-amides
18 R=phenyl 22�6 6.7[25] 41�1 high �60
19 R=1-naphthyl 25�8 4.4[25] 7.6�3.3 high >100
20 R=2-naphthyl 11�4 0.48[25] �100 high high
21 R=3,5-dimethoxyphenyl 30�16 1.1[25] �100 high >100
22 R=4-nitrophenyl 8.8�4.4 0.95[25] 28�6 high 47�6
23 R=3- methoxyphenyl 67�22 2.5[25] 37�5 high >100
lactose esters[30]


24 R=phenyl 4.4 7.8 145 >1000 40
25 R=1-naphthyl 14 2.5 54 530 1.6
26 R=2-naphthyl 8.7 5.2 124 740 2.7
27 R=3,5-dimethoxyphenyl 21 2.2 86 >1000 14
reference compounds
28 thiodigalactoside 24�11 49�11[b] 160�18 61�17 38�8
29 Me b-LacNAc[30] 65 59 550 1000 490
30 Me b-Lac[30] 187 160 110 62 23


[a] Determined by a fluorescence polarization assay. The location of R is shown in Scheme 5. Galectin-1, -7,
and -9N were studied at 0 8C, whereas galectin-3 and -8N were studied at ambient temperature. [b] Average of
14 experiments provided basically the same Kd values but with improved data statistics as compared with pre-
viously reported data.[31] [c] Not determined.


Figure 1. Partial sequence alignment of galectin-1, -3, -7, -8N, and -9N.
The residues corresponding to Arg144 and Arg186 in galectin-3 are high-
lighted.
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pounds with higher affinities and selectivities for galectin-7
and -9N.


Computational studies of thiodigalactosides in complex with
galectins : To obtain a deeper insight into the structural fea-
tures of diamido-thiodigalactosides binding to galectins,
computational studies were performed. Starting from pub-
lished X-ray crystal structures of galectin-1, -7, and -9N in
complex with lactose,[33–35] galectin-3 in complex with a C3’-
amido-derivatised LacNAc-based inhibitor,[25] and a homolo-
gy model of galectin-8N in complex with LacNAc,[36] the dif-
ferent ligand structures 5a–e, 10a–e, 16, and 17 were built
into the galectin binding sites and energy-minimization cal-


culations were performed. Several starting conformations of
the ligands with respect to amide conformation and confor-
mations of substituents on the aromatic amides were used as
the input in the calculations. All minimizations converged to
low-energy complex structures and the complexes with best
inhibitor of each of the galectins are depicted in Figure 2. In
each case, one of the thiodigalactoside galactoside residues
is bound in the conserved galactose site through stacking of
its b face onto a tryptophan side chain and with HO4 and
HO6 deeply buried and hydrogen bonded. An ion-pairing
network of arginine groups and carboxylate groups, which
results in an extended flat p-electron system, interacts, in
each of the galectins, except galectin-8N, with one aromatic


Figure 2. Modeled low-energy structures of galectins in complex with their respective best diamido-thiodigalactoside inhibitors. The side chains directly
involved in complex formation with the inhibitors are depicted by transparent surfaces. a) Galectin-1 in complex with 5d ; b) galectin-3 in complex with
5c ; c) galectin-7 in complex with 5b ; d) galectin-8N in complex with 5d ; e) galectin-9N in complex with 5e.
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amide residue of the inhibitors with varying degrees of com-
plementarity. This is in analogy with the observation that
lactose 2-O-benzoates[30] were efficient inhibitors of galec-
tin-1 and -3 and were tolerated by galectin-7 and -9N owing
to stacking of the aromatic esters onto the ion-pair network
of arginine and carboxylate groups. The remaining aromatic
amide residues of the inhibitors are left to interact with vari-
able and nonconserved structural elements near C3 of the
buried galactose residue.
Detailed analysis of the binding to each of the galectins:


In galectin-1, one aromatic amide of the amido-thiodigalac-
tosides 5a–e, 10a–c, 16, and 17 stacks onto an arginine
(Arg73) side chain in an network of ion-pairing groups of
arginine and carboxylate groups (Figure 2a). The corre-
sponding aromatic amide oxygen group points away from
the protein surface, thus avoiding repulsive van der Waals
contacts with the Glu71 carboxylate. The remaining aromat-
ic amide fills a cavity close to His52, however, only with
moderate shape and electronic complementarity.
In the case of the tightest-binding galectin, galectin-3, all


energy-minimized complexes supported the hypothesis of
two simultaneous affinity-enhancing arginine–arene interac-
tions (Figure 2b). Indeed, the complexes between galectin-3
and amido-thiodigalactosides 5a–e, 10a–c, 16, and 17 all dis-
played high surface complementarities. The lowest-energy
complexes had one aromatic moiety that stacked effectively
onto Arg186, which was involved in an arginine–carboxylate
ion-pairing network. As has been seen in the galectin-1 com-
plexes, the corresponding aromatic amide oxygen groups
point away from the protein surface in all cases, thus avoid-
ing repulsive van der Waals contacts with a glutamate
(Glu184) carboxylate group. The remaining aromatic moiety
shows optimal complementarity with a cavity formed be-
tween the Arg144 side chain and the protein backbone.
Within this cavity, Arg144 stacks in a face-to-face manner
with the aromatic amide stacked in the same way. This has
been observed in a published complex with an aromatic C3
amide of LacNAc.[25] The low-energy complexes with the un-
symmetrical amides 16 and 17 both had the 3,5-dimethoxy-
benzamide moiety stacked onto Arg186. Thus, the naphtha-
mides of 16 and 17 presumably interact with Arg144, which
may explain why the 2-naphthamide 16 binds more tightly;
2-naphthamides are preferred over 1-naphthamides by
Arg144.[25]


One aromatic moiety of the amido-thiodigalactosides 5a–
e, 10a–c, 16, and 17 also stacks face-to-face onto an arginine
(Arg74) of the arginine–carboxylate ion-pair network of ga-
lectin-7 (Figure 2c). However, as a result of this arene–
Arg74 stacking, the corresponding amide oxygen atom will
end up in an unfavorable position close to the carboxylate
group of either Glu58 or Glu72. The remaining aromatic
moiety of the bis-amido-thiodigalactosides shows compara-
tively poor complementarity with galectin-7 and does not
stack with Arg31 (corresponding to Arg144 in galectin-3),
but instead interacts edge-to-face with His33. The reason for
this is probably that Arg31 is interacting with Asp55 and
Arg53,[34] thus preventing it from rearranging to stack with


the aromatic amide of the inhibitor. The corresponding
Arg144 of galectin-3 does not form such distinct interactions
with other amino acids and thus has a lower barrier of rear-
rangement and stacking with the aromatic amide of the in-
hibitor.
An arginine residue corresponding to Arg86 in the argi-


nine–carboxylate network of galectin-3 is absent in galectin-
8N (mentioned above and shown in Figure 1). However, the
modeling studies with the galectin-8N homology model sug-
gested that one aromatic group of the amido-thiodigalacto-
sides 5a–e, 10a–c, 16, and 17 instead stacked face-to-face
onto another arginine side chain, Arg60, albeit with moder-
ate surface complementarity (Figure 2d). Furthermore, in
such a low-energy conformation, the corresponding amide
oxygen is placed in an unfavorable position close to Glu77,
which is similar to the observation for galectin-7 discussed
above and also in accordance with the observation that lac-
tose 2-O-benzoates bind poorly[30] to this galectin. The re-
maining aromatic amide of the inhibitors 5a–e, 10a–c, 16,
and 17 appears not to be able to interact favorably with ga-
lectin-8N as it shows low shape complementarity and does
not reach the Arg33 side chain (corresponding to Arg144 in
galectin-3). Taken together, none of the aromatic amido
moieties of the amido-thiodigalactosides 5a–e, 10a–c, 16, 17,
the reference LacNAc amides 18–23, or lactose esters 24–27
are involved in favorable interactions with galectin-8N.
The ion-paring network of the ligand-binding site of ga-


lectin-9N is different in that it has a tyrosine residue that
corresponds to a carboxylate side chain in the other galec-
tins. Nevertheless, one aromatic moiety of the amido-thiodi-
galactosides 5a–e, 10a–c, 16, and 17 stacks face-to-face onto
an arginine group (Arg87) of the ion-pair network of galec-
tin-9N (Figure 2e). This interaction provides some affinity
amplification, which is corroborated by the observation that
lactose esters 24–27 display somewhat improved binding
over lactose.[30] A possible explanation for the moderate af-
finity amplifications is that the corresponding amide oxygen
is bound to come in contact with a glutamate (Glu85),
which is a structural feature that is analogous to the calcu-
lated complexes with galectin-7 and -8N. The remaining aro-
matic amide moieties of the amido-thiodigalactosides 5a–e,
16, and 17 provide some affinity amplification as well, which
is reflected in the results with the corresponding LacNAc
amides 18–23. This relatively limited effect may be attribut-
ed to the lack of interaction with Arg44 (corresponding to
Arg144 in galectin-3). According to the calculation and the
published structure,[35] Arg44 of galectin-9N preferentially
takes part in interactions with Glu67 and Arg65, a structural
feature that is similar to that observed in galectin-7. Never-
theless, the moderate individual affinity amplifications by
the two aromatic amides of 5a–e, 16, and 17 result in a sig-
nificantly improved total affinity amplification over the
parent thiodigalactoside 28.


Thermodynamic characterization of galectin-3 complexes
with microcalorimetry : To investigate the thermodynamic
characteristics of the interactions, we decided to carry out
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an isothermal calorimetry experiment with the galectin that
was most efficiently inhibited by the thiodigalactoside
amides. Thus, the binding of the five C2-symmetrical dia-
mides 5a–e, the three monoamides 10a–c, and thiodigalacto-
side 28 to galectin-3C (C-terminal) was measured by using
microcalorimetry (Figure 3 and Table 2). Galectin-3C was
used to avoid interfering self-aggregation through the N-ter-


minal, which was observed with intact galectin-3.[37] In gen-
eral, the affinity constants obtained by microcalorimetry cor-
respond well to those obtained in the fluorescence polariza-
tion assay. Increases in enthalpic contributions by the aro-
matic amide moieties were responsible for the affinity am-
plifications observed. Partial entropy compensations
occurred for the tighter-binding diamides 5b, 5d, and 5e,
which suggests that desolvation effects are significant.
Interestingly, stepwise addition of amides in the 2-naph-


thoyl (28, 10b, 5b) and 3,5-dimethoxybenzoyl (28, 10c, 5c)
series gave an increase in DH for each added amide, which
can be interpreted as a stepwise addition of arginine–arene
interactions between galectin and ligand. In the unsubstitut-
ed benzamide series (28, 10a, 5a), however, there is an in-
crease in DH between 28 and 10a, but a decrease upon the
addition of the second benzamide to form 5a. It is possible
that the benzamide moiety is too small to be able to estab-


lish good contact simultaneously with both arginine residues
(Arg144 and Arg186), which results in a loss in DH. This
could explain the rather marginal increase in affinity on
going from a mono- to a diamide in this series compared
with the much bigger increases for 10b!5b and 10c!5c.


Binding of the thiodigalactosides to galectin-3 arginine mu-
tants : Two arginine mutants of galectin-3, R144S and
R186S,[30] were evaluated for binding to the thiodigalacto-
side amides 5a–e, 16, and 17 to obtain information regarding
the relative importance of the two arginine–arene interac-
tions (Table 3). Differential scanning calorimetry with the
two mutants showed that they are as stable as the wild type,


which suggests that no major conformational rearrange-
ments occur upon Arg–Ser mutation.[38] Furthermore, the
stability of the mutants, as determined by differential scan-
ning calorimetry, was increased by the presence of lactose to
the same extent as the wild type.
The conclusion that no major conformational changes


occur upon R144S mutation is supported by the observa-
tions that affinities of the compounds (28–30) not interacting
with Arg144 are barely affected. The effect of mutating
Arg144 to a serine had surprisingly small effect on the affin-
ity for compounds interacting with this residue. However, a
closer look at a complex between a diamido-thiodigalacto-
side and galectin-3 (Figure 4a) shows that aromatic amides


Figure 3. Isothermal titration calorimetry of galectin-3 with 5e.


Table 2. Isothermal microcalorimetry data for 5a–e, 10a–c, and 28 bind-
ing to galectin-3C.


�DH
[kcalmol�1]


�TDS
[kcalmol�1]


n Kd


[mm]


28 8.3�0.4 2.9 0.93 118�3
5a 9.6�0.06 1.5 1.04 1.1�0.1
10a 10.9�0.1 3.7 0.94 5.9�0.2
5b 15.7�0.1 5.2 0.93 0.020�0.003
10b 10.2�0.04 2.3 0.96 1.8�0.1
5c 12.8�0.2 2.5 1.00 0.029�0.005
10c 9.4�0.05 1.8 1.03 2.7�0.1
5d 15.9�0.1 6.7 0.93 0.19�0.01
5e 13.4�0.2 3.5 1.03 0.055�0.006


Table 3. Dissociation constants (mm) at 4 8C of thiodigalactoside deriva-
tives and reference compounds for wild-type galectins-3 and R144S and
R186S mutants.[a]


Wt R144S R186S


symmetrical diamido-thiodigalactosides
5a R=phenyl 0.62�0.006 1.4�0.2 >500
5b R=2-naphthoyl 0.044�0.020 0.059�0.027 2.6�0.8
5c R=3,5- dimethoxy-


phenyl
0.027�0.009 0.032�0.010 4.6�0.4


5d R=3-methoxyphenyl 0.078�0.017 0.076�0.028 15�2.9
5e R=4-nitrophenyl 0.012�0.002 0.030�0.005 2.8�0.2
unsymmetrical diamido-thiodigalactosides
16 R=2-naphthyl 0.027�0.014 0.021�0.003 4.3�1.4
17 R=1-naphthyl 0.061�0.026 0.079�0.015 12�2.4
LacNAc 3’-amides
18 R=phenyl 1.7�0.2 4.2�0.7 n.d.[b]


19 R=1-naphthyl 0.94�0.16 7.6�2.3 n.d.[b]


20 R=2-naphthyl 0.24�0.05 1.4�0.1 n.d.[b]


21 R=3,5- dimethoxy-
phenyl


0.38�0.08 1.1�0.3 n.d.[b]


22 R=4-nitrophenyl 0.16�0.03 0.66�0.10 n.d.[b]


23 R=3-methoxyphenyl 0.67�0.14 58�7.9 n.d.[b]


lactose esters[30]


24 R=phenyl 1.3�0.1 n.d.[b] high
25 R=1-naphthyl 0.28�0.02 n.d.[b] high
26 R=2-naphthyl 0.97�0.47 n.d.[b] 480�54
27 R=3,5- dimethoxy-


phenyl
0.39�0.06 n.d.[b] high


reference compounds
28 thiodigalactoside 9.5�2.2 18�3.3 186�51
29 Me b-LacNAc[30] 21�5.0 26�4.3 1400�600
30 Me b-Lac[30] 38�6.8 54�11 146�24


[a] R is defined in Scheme 5. [b] Not determined.
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interacting with Arg144 are placed in between the Arg144
guanidinium ion and the protein surface. Hence, removal of
the Arg144 side chain results in a complex in which the aro-
matic moiety of the ligand retains good surface complemen-
tarity with the protein surface (Figure 4b). Hence, the affini-
ty enhancement achieved from interactions between the
ligand aromatic amides and the free and relatively flexible
Arg144 appears to be driven not only by the Arg144–arene
interaction itself, but also to a large extent by desolvation
effects of the Arg144 side chain and favorable van der
Waals contact between the aromatic amide and the protein
surface. Furthermore, the limited contribution to the free
energy of a direct Arg144 guanidinium–arene interaction


with a favorable enthalpy may be counterbalanced by an en-
tropic penalty in which Arg144 conformational freedom be-
comes more restricted.
In contrast, the R186S mutant shows greatly reduced af-


finity for all ligands. Again, a closer look at the galectin-3
structure provides a possible explanation. The Arg186 side
chain forms ion pairs with Glu165 and Glu184 and is situat-
ed between one aromatic amide of 5a–e and the protein
(Figure 4a). Replacing Arg186 with the smaller serine
leaves a void space to be filled and, as a result, the ion pair
with Glu165 is disrupted (Figure 4c). This leads to a much
poorer surface complementarity between the ligand aromat-
ic moiety and the protein and significantly altered solvation.
In addition, the charge of Glu165 is not neutralized by an
arginine side chain and is located close to and possibly
repels the p system of the aromatic moiety. Affinities for the
unsubstituted references 28–30 are also greatly reduced, in-
dicating that this mutation also affects interactions with the
carbohydrate core structure. This is not surprising as one hy-
droxy group of the disaccharides 28–30 (one galactose HO2
in 28, GlcNAc HO3 in 29, and Glc HO3 in 30) bridges the
Arg162–Glu185 ion pair that is part of the planar ion-pair
network[30] created by Arg162, Glu165, Arg186, and Glu185.
However, a major conformational change in R186S com-
pared to the wild type is unlikely as the R186S mutant, in
addition to having the same melting temperature in differ-
ential-scanning calorimetry experiments, display the same
recognition pattern towards natural ligands that are extend-
ed at galactose O3 with Arg144-interacting mono- or oligo-
saccharide structures.[38]


Conclusions


In conclusion, we have synthesized C2-symmetrical and un-
symmetrical thiodigalactoside derivatives bearing one or
two aromatic amide substituents at the 3-positions. The dia-
mides 5a–e and 16,17 showed greatly enhanced affinity for
galectin-3 over the parent thiodigalactoside 28, as measured
by fluorescence polarization and isothermal microcalorime-
try, whereas the monosubstituted compounds 10a–c showed
intermediate affinity for galectin-3. This result can be ex-
plained as being due to a double arene–arginine interaction,
that is, interaction of the two aromatic amide moieties with
Arg144 and Arg186. Mutant studies and computer modeling
have confirmed that this is likely to be the case. Moreover,
fluorescence polarization assays showed that binding to ga-
lectins-7 and -9N, both of which also have arginine residues
in the relevant positions, was also increased by the derivati-
zation, albeit to a lesser extent than for galectin-3 and with
different compounds showing the highest affinities. Galec-
tin-1 showed only modestly improved affinity for the di-
ACHTUNGTRENNUNGamides 5a–d, which reflects that this galectin lacks an argi-
nine residue close to galactose C3 of the bound ligands (cor-
responding to, for example, Arg144 in galectin-3). Galectin-
8N, on the other hand, is missing the arginine corresponding
to Arg186 and, in this case, derivatization with aromatic


Figure 4. Modeled low-energy structures of compound 5a in complex
with a) wild type, b) R144S mutant, and c) R186S mutant galectin-3. A
void volume between Glu165 and Glu184 and below one benzamide is
indicated with an arrow in (c).
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amides resulted in dramatic loss of affinity, or, in one case, a
marginal gain.
The thiodigalactoside diamides were shown herein to be


the best carbohydrate-based galectin-3, -7, and -9N inhibi-
tors that have been reported to date and clearly demon-
strate the success of our strategy of targeting arginine resi-
dues with aromatic substituents to increase ligand affinity
for proteins. The galectin inhibition efficiency of the thiodi-
galactoside diamides makes them promising leads for the
development of galectin-targeting drugs. Indeed, the pro-
tein-binding affinity demonstrated herein was recently con-
ferred in a clinically relevant fibrosis model,[39] thus further
suggesting the potential of the compounds as galectin-target-
ing leads. Finally, the studies significantly contribute to our
knowledge about fundamental aspects of arginine–arene in-
teractions and provide a basis for successfully taking advant-
age of the relatively poorly exploited arginine–arene inter-
actions in drug development.


Experimental Section


General methods : Proton nuclear magnetic resonance (1H) spectra were
recorded on a Bruker DRX 400 (400 MHz) or a Bruker ARX 300
(300 MHz) spectrometer; multiplicities are quoted as singlet (s), doublet
(d), doublet of doublets (dd), triplet (t), apparent triplet (at) or apparent
triplet of doublets (atd). Carbon nuclear magnetic resonance (13C) spec-
tra were recorded on a Bruker DRX 400 (100.6 MHz) spectrometer.
Spectra were assigned using COSY, HMQC, and DEPT experiments. All
chemical shifts are quoted on the d scale in parts per million (ppm).
Low- and high-resolution (HRMS) fast atom bombardment mass spectra
were recorded by using a JEOL SX-120 instrument. Optical rotations
were measured on a Perkin–Elmer 341 polarimeter with a path length of
1 dm; concentrations are given in grams per 100 mL. TLC was carried
out on Merck Kieselgel sheets that were precoated with 60F254 silica.
Plates were developed by using 10% sulfuric acid. Flash column chroma-
tography was carried out on silica (Matrex, 60 J, 35–70 mm, Grace
Amicon). Dichloromethane was distilled from calcium hydride immedi-
ately before use. Acetonitrile was distilled from calcium hydride and
stored over 4-J molecular sieves. All other reagents and solvents were
used as supplied. Isothermal microcalorimetry was preformed as de-
scribed.[25] Fluorescence polarization experiments with rat galectin-1 and
human galectin-3, -7, -8N, and -9N were performed as described.[31,32] Kd


values were calculated as averages of 4 to 25 single-point measurements.
The deprotected symmetrical diamides 5a–e were prepared as de-
scribed.[27]


Bis[3-deoxy-3-(3,5-dimethoxybenzamido)-b-d-galactopyranosyl]sulfane
(5c): 1H NMR (400 MHz, [D6]DMSO): d =3.48–3.51 (m, 6H; H-5, H-6,
6’-H), 3.69 (atd, J=10.0, JOH,2=6.3 Hz, 2H; 2-H), 3.79 (s, 12H; 2O
OCH3), 3.85 (d, J3,4=2.9, JOH,4=5.5 Hz, 2H; 4-H), 3.94 (ddd, J2,3=10.4,
JNH,3=7.9 Hz, 2H; 3-H), 4.60 (at, J=5.6 Hz, 2H; 6-OH), 4.72 (d, J1,2=


9.6 Hz, 2H; 1-H), 4.87 (d, 2H; 4-OH), 4.93 (d, 2H; 2-OH), 6.63 (t, J=


2.2 Hz, 2H; Ar-H), 7.07 (d, 2H; Ar-H), 8.07 ppm (d, 2H; NH); FAB+


(m/z): 707 ([M+Na]+ , 100%); HRMS (m/z): calcd for C30H40O14N2SNa
[MNa+] 707.2098; found 707.2095.


Bis[3-deoxy-3-(benzamido)-b-d-galactopyranosyl]sulfane (5a): 1H NMR
(300 MHz, D2O): d=3.70–3.91 (m, 8H; 2-H, 5-H, 6-H, 6’-H), 4.07 (d,
J3,4=3.0 Hz, 2H; 4-H), 4.23 (dd, J2,3=10.3 Hz, 2H; 3-H), 4.99 (d, J1,2=


9.9 Hz, 2H; 1-H), 7.51 (at, J=7.4 Hz, 4H; Ar-H), 7.61 (at, J=7.4 Hz,
2H; Ar-H), 7.78 ppm (at, J=7.2 Hz, 4H; Ar-H); 1H NMR (400 MHz,
CD3OD): d=3.67–3.74 (m, 4H; 5-H, 6-H), 3.80 (dd, J5,6’=6.6, J6,6’=
10.5 Hz, 2H; 6’-H), 3.89 (at, J=10.0 Hz, 2H; 2-H), 4.03 (d, J3,4=2.9 Hz,
2H; 4-H), 4.17 (dd, J2,3=10.3 Hz, 2H; 3-H), 4.83 (d, J1,2=9.7 Hz, 2H; 1-
H), 7.47 (at, J=7.4 Hz, 4H; Ar-H), 7.54 (at, J=7.4 Hz, 2H; Ar-H),


7.88 ppm (at, J=7.1 Hz, 4H; Ar-H); 13C NMR (100.6 MHz, CD3OD): d=


58.8 (d, C3), 62.9 (t, C6), 69.2, 69.4 (2Od, C2, C4), 81.7 (d, C5), 86.4 (d,
C1), 128.6, 129.5, 132.7 (3Od, Ar-CH), 135.9 (s, Ar-C), 170.6 ppm (s, C=


O); FAB+ (m/z): 587 ([M+Na]+ , 100%); HRMS (m/z): calcd for
C26H32O10N2SNa [MNa+] 587.1675; found 587.1676.


Bis[3-deoxy-3-(2-naphthamido)-b-d-galactopyranosyl]sulfane (5b):
1H NMR (400 MHz, CDCl3:CD3OD, 1:1): d =3.67–3.76 (m, 4H; 5-H, 6-
H), 3.83 (dd, J5,6’=6.8 Hz, J6,6’ =1.2 Hz, 2H; 6’-H), 3.93 (at, J=10.0 Hz,
2H; 2-H), 4.08 (d, J3,4=3.0 Hz, 2H; 4-H), 4.22 (dd, J2,3=10.3 Hz, 2H; 3-
H), 4.78 (d, J1,2=9.7 Hz, 2H; 1-H), 7.51–7.56 (m, 4H; Ar-H), 7.86–7.95
(m, 8H; Ar-H), 8.41 ppm (s, 2H; Ar-H); FAB+ (m/z): 687 ([M+Na]+ ,
100%); HRMS (m/z): calcd for C34H36O10N2SNa [MNa+] 687.1988;
found 687.1987.


Bis[3-deoxy-3-(3-methoxybenzamido)-b-d-galactopyranosyl]sulfane (5d):
1H NMR (400 MHz, [D6]DMSO): d =3.46–3.63 (br m, 12H; OH-2, OH-
4, OH-6, H-5, H-6, H-6’), 3.70 (at, J=10.0 Hz, 2H; H-2), 3.81 (s, 6H;
OCH3), 3.86 (d, J3,4=2.9 Hz, 2H; 4-H), 3.95 (m, 2H; 3-H), 4.72 (d, J1,2=


9.7 Hz, 2H; 1-H), 7.08 (dd, J=2.2 Hz, J=8.1 Hz, 2H; Ar-H), 7.37 (at,
J=7.9 Hz, 2H; Ar-H), 7.46 (d, J=2.2 Hz, 2H; Ar-H), 7.48 (d, J=7.8 Hz,
2H; Ar-H), 8.07 ppm (d, JNH,3=7.9 Hz, 2H; NH); FAB+ (m/z): 647
([M+Na]+ , 100), 625 ([M+H]+ , 12%); HRMS (m/z): calcd for
C28H36O12N2SNa [MNa+] 647.1887; found 647.1888.


Bis[3-deoxy-3-(4-nitrobenzamido)-b-d-galactopyranosyl]sulfane (5e):
1H NMR (400 MHz, [D6]DMSO): d=3.51–3.52 (m, 6H; 5-H, 6-H, 6’-H),
3.72 (atd, J=10.0 Hz, JOH,2=6.1 Hz, 2H; 2-H), 3.89 (m, 2H; 4-H), 3.97
(ddd, J2,3=10.5 Hz, J3,4=3.0 Hz, JNH,3=7.9 Hz, 2H; 3-H), 4.61 (at, J=


5.5 Hz, 2H; 6-OH), 4.73 (d, J1,2=9.8 Hz, 2H; 1-H), 4.96–4.98 (m, 4H; 2-
OH, 4-OH), 8.15, 8.32 (2Od, J=8.9 Hz, 8H; Ar-H), 8.56 ppm (d, 2H;
NH); FAB+ (m/z): 677 ([M+Na]+ , 100%); HRMS (m/z): calcd for
C26H30O14N4SNa [MNa+] 677.1377; found 677.1367.


2,3,4,6-Tetra-O-acetyl-b-d-galactopyranosyl 2,4,6-tri-O-acetyl-3-azido-3-
deoxy-1-thio-b-d-galactopyranoside (8): 2,3,4,6-Tetra-O-acetyl-1-thio-b-d-
galactopyranose (23 mg, 0.063 mmol) and 2,4,6-tri-O-acetyl-3-azido-3-
deoxy-b-d-galactopyranosyl bromide[29] (25 mg, 0.063 mmol) were dis-
solved in acetonitrile (2 mL) and potassium carbonate (18 mg,
0.13 mmol) was added. The reaction mixture was stirred at room temper-
ature under N2 for 2.5 h after which time TLC (4:5 heptane/ethyl ace-
tate) showed the formation of a major product (Rf=0.2) and very little
remaining of either starting material (Rf=0.4 and 0.7). The reaction mix-
ture was diluted with dichloromethane (30 mL) and washed with H2SO4


(30 mL of a 10% aqueous solution). The organic phase was dried
(MgSO4), filtered, and concentrated in vacuo. The residue was purified
by flash column chromatography (1:2 heptane/ethyl acetate) to give 8
(26 mg, 61%) as a colorless oil; [a]22D =�14 (c=0.5 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=1.99, 2.06, 2.06, 2.08, 2.14, 2.17, 2.18 (7Os, 21H;
7OCH3), 3.64 (dd, J2,3=10.0 Hz, J3,4=3.3 Hz, 1H; 3b-H), 3.85–3.91 (m,
2H; 5a-H, 5b-H), 4.07–4.14 (m, 3H; 6a-H, 6b-H, 6’b-H), 4.19 (dd, J5,6’=
6.4 Hz, J6,6’=11.3 Hz, 1H; 6’a-H), 4.79 (d, J1,2=10.0 Hz, 1H; 1b-H), 4.80
(d, J1,2=10.1 Hz, 1H; 1a-H), 5.05 (dd, J2,3=10.0 Hz, J3,4=3.4 Hz, 1H; 3a-
H), 5.17 (at, J=10.0 Hz, 1H; 2b-H), 5.22 (at, J=10.0 Hz, 1H; 2a-H), 5.44
(d, 1H; 4a-H), 5.47 ppm (d, 1H; 4b-H); 13C NMR (100.6 MHz, CDCl3):
d=20.7, 20.8, 20.8, 20.9, 20.9, 21.0 (6Oq, 7OC(O)CH3), 61.4, 61.7 (2Ot,
C6a, C6b), 63.0 (d, C3b), 67.2, 67.4, 67.8, 68.6 (4Od, C2a, C4a, C2b, C4b),
72.0 (d, C3a), 74.8, 75.6 (2Od, C5a, C5b), 81.4, 81.5 (2Od, C1a, C1b), 169.6,
169.6, 170.1, 170.2, 170.3, 170.5, 170.5 ppm (7Os, 7OC=O); FAB+ (m/z):
700 ([M+Na]+ , 100%); HRMS (m/z): calcd for C26H35O16N3SNa [MNa+]
700.1636; found 700.1635.


Typical procedure for the synthesis of 9a–c : Compound 8 (5 mg,
7.4 mmol) was dissolved in ethanol (2 mL) and palladium (10% on
carbon, 5 mg) and HCl (0.4 mL of a 1m solution in diethyl ether) were
added. The mixture was degassed and stirred at room temperature under
a hydrogen atmosphere. After 20 min, the mixture was filtered through
Celite and concentrated in vacuo. The residue was dissolved in dichloro-
methane (2 mL) and pyridine (0.5 mL). The acid chloride (24 mmol) was
added and the mixture was stirred at room temperature. After 2 h and
40 min, TLC (1:2 heptane/ethyl acetate) showed the presence of a single
carbohydrate product (Rf=0.3). The reaction mixture was diluted with
dichloromethane (20 mL) and washed with H2SO4 (20 mL of a 10%
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aqueous solution) and NaHCO3 (20 mL of a saturated aqueous solution),
dried over MgSO4, filtered, and then concentrated in vacuo. The residue
was purified by flash column chromatography to give the following
amides:


2,3,4,6-Tetra-O-acetyl-b-d-galactopyranosyl 2,4,6-tri-O-acetyl-3-deoxy-3-
benzamido-1-thio-b-d-galactopyranoside (9a): Yield: 43% (colorless oil);
1H NMR (400 MHz, CDCl3): d=1.99, 2.07, 2.08, 2.08, 2.15, 2.18 (6Os,
21H; 7OCH3), 3.92 (at, J=6.7 Hz, 1H; 5a-H), 3.99 (at, J=6.4 Hz, 1H;
5b-H), 4.08–4.22 (m, 4H; 6a-H, 6’a-H, 6b-H, 6’b-H), 4.51 (ddd, J2,3=


10.7 Hz, J3,4=3.1 Hz, JNH,3=7.7 Hz, 1H; 3b-H), 4.84 (d, J1,2=10.1 Hz, 1H;
1a-H), 4.94 (d, J1,2=10.1 Hz, 1H; 1b-H), 5.06 (dd, J2,3=10.0 Hz, J3,4=


3.4 Hz, 1H; 3a-H), 5.14 (at, J=10.3 Hz, 1H; 2b-H), 5.28 (at, J=10.0 Hz,
1H; 2a-H), 5.45 (d, 1H; 4a-H), 5.58 (d, 1H; 4b-H), 6.47 (d, 1H; NH), 7.42
(at, J=7.5 Hz, 2H; Ar-H), 7.52 (t, J 7.4 Hz, 1H; Ar-H), 7.65 ppm (d, J=


7.2 Hz, 2H; Ar-H); 13C NMR (100.6 MHz, CDCl3): d=20.7, 20.9, 20.9,
20.9, 21.0, 21.1 (6Oq, 7OC(O)CH3), 54.3 (d, C3b), 61.7, 62.0 (2Ot, C6a,
C6b), 67.4, 67.7 (2Od, C2a, C4a), 68.7, 68.9 (2Od, C2b, C4b), 72.0 (d, C3a),
75.1 (d, C5a), 76.1 (d, C5b), 81.4 (d, C1a, C1b), 127.0, 129.0, 132.2 (3Od,
Ar-CH), 133.4 (s, Ar-C), 167.4, 169.7, 169.9, 170.2, 170.3, 170.6, 172.0 ppm
(7Os, C=O); FAB+ (m/z): 778 (M+Na+ , 100%); HRMS FAB+ (m/z):
calcd for C33H41O17NSNa [MNa+] 778.1993; found 778.1987.


2,3,4,6-Tetra-O-acetyl-b-d-galactopyranosyl 2,4,6-tri-O-acetyl-3-deoxy-3-
(2-naphthamido)-1-thio-b-d-galactopyranoside (9b): Yield: 40% (color-
less oil); 1H NMR (400 MHz, CDCl3): d=1.99, 2.08, 2.08, 2.09, 2.16, 2.19
(6Os, 21H; 7OCH3), 3.94 (at, J=6.5 Hz, 1H; 5a-H), 4.02 (at, J=6.4 Hz,
1H; 5b-H), 4.09–4.24 (m, 4H; 6a-H, 6’a-H, 6b-H, 6’b-H), 4.57 (ddd, J2,3=


10.7 Hz, J3,4=3.1 Hz, JNH,3=7.6 Hz, 1H; 3b-H), 4.85 (d, J1,2=10.1 Hz, 1H;
1a-H), 4.97 (d, J1,2=10.1 Hz, 1H; 1b-H), 5.07 (dd, J2,3=9.9 Hz, J3,4=


3.4 Hz, 1H; 3a-H), 5.19 (at, J=10.2 Hz, 1H; 2b-H), 5.30 (at, J=10.0 Hz,
1H; 2a-H), 5.46 (d, 1H; 4a-H), 5.63 (d, 1H; 4b-H), 6.62 (d, 1H; NH),
7.53–7.60 (m, 2H; Ar-H), 7.70 (dd, J=1.7 Hz, J=8.6 Hz, 1H; Ar-H),
7.86–7.94 (m, 3H; Ar-H), 8.20 ppm (s, 1H; Ar-H); 13C NMR (100.6 MHz,
CDCl3): d=20.7, 20.9, 21.0, 21.0, 21.1 (5Oq, 7OCH3), 54.4 (d, C3b), 61.7,
62.0 (2Ot, C6a, C6b), 67.4, 67.7 (2Od, C2a, C4a), 68.7, 69.0 (2Od, C2b,
C4b), 72.0 (d, C3a), 75.1 (d, C5a), 76.1 (d, C5b), 81.4, 81.4 (2Od, C1a, C1b),
123.3, 127.1, 127.9, 128.1, 128.9, 129.3 (6Od, 7OAr-CH), 130.6, 132.7,
135.1 (3Os, 3OAr-C), 167.5, 169.8, 169.9, 170.2, 170.3, 170.6, 172.1 ppm
(7Os, C=O); FAB+ (m/z): 828 ([M+Na]+ , 100%); HRMS (m/z): calcd
for C37H43O17NSNa [MNa+] 828.2149; found 828.2142.


2,3,4,6-Tetra-O-acetyl-b-d-galactopyranosyl 2,4,6-tri-O-acetyl-3-deoxy-3-
(3,5-dimethoxybenzamido)-1-thio-b-d-galactopyranoside (9c): Yield:
66% (colorless oil); 1H NMR (400 MHz, CDCl3): d=1.99, 2.07, 2.08,
2.08, 2.16, 2.18 (6Os, 21H; 7OC(O)CH3), 3.81 (s, 6H; 2OOCH3), 3.92
(at, J=6.7 Hz, 1H; 5a-H), 3.99 (at, J=6.6 Hz, 1H; 5b-H), 4.08–4.23 (m,
4H; 6a-H, 6’a-H, 6b-H, 6’b-H), 4.48 (ddd, J2,3=10.7 Hz, J3,4=3.0 Hz, JNH,3=


7.7 Hz, 1H; 3b-H), 4.83 (d, J1,2=10.1 Hz, 1H; 1a-H), 4.93 (d, J1,2=9.9 Hz,
1H; 1b-H), 5.06 (dd, J2,3=10.0 Hz, J3,4=3.4 Hz, 1H; 3a-H), 5.12 (at, J=


10.3 Hz, 1H; 2b-H), 5.28 (at, J=10.0 Hz, 1H; 2a-H), 5.45 (d, 1H; 4a-H),
5.56 (d, 1H; 4b-H), 6.42 (d, 1H; NH), 6.58 (d, J=2.2 Hz, 1H; Ar-H),
6.78 ppm (d, 2H; Ar-H); 13C NMR (100.6 MHz, CDCl3): d =20.7, 20.9,
20.9, 20.9, 21.1 (5Oq, 7OC(O)CH3), 54.3 (d, C3b), 55.7 (q, 2OOCH3),
61.7, 62.0 (2Ot, C6a, C6b), 67.4, 67.6 (2Od, C2a, C4a), 68.7, 68.9 (2Od,
C2b, C4b), 72.0 (d, C3a), 75.1 (d, C5a), 76.0 (d, C5b), 81.4 (d, C1a, C1b),
104.3, 104.9 (2Od, 7OAr-CH), 161.1 (s, Ar-C), 169.9 ppm (s, C=O);
FAB+ (m/z): 838 ([M+Na]+ , 100%); HRMS (m/z): calcd for
C35H45O19NSNa [MNa+] 838.2204; found 838.2200.


Typical procedure for the synthesis of 10a–c :


b-d-Galactopyranosyl 3-deoxy-3-benzamido-1-thio-b-d-galactopyranoside
(10a): Compound 9a (5 mg, 7.0 mmol) was dissolved in methanolic meth-
ylamine (40%, 2 mL). After 15 h, the reaction mixture was diluted with
methanol, concentrated in vacuo, and purified on RP-HPLC (C18 H2O/
MeCN) to give 10a (2.9 mg, 95%) as a colorless oil; 1H NMR (400 MHz,
D2O): d =3.61–3.90 (m, 9H; 2a-H, 3a-H, 5a-H, 6a-H, 6’a-H, 2b-H, 5b-H, H-
6b, H-6’b), 3.99 (d, J3,4=3.2 Hz, 1H; H-4a), 4.08 (d, J3,4=3.0 Hz, 1H; 4b-
H), 4.23 (dd, J2,3=10.3 Hz, 1H; 3b-H), 4.84 (m, 1H; 1a-H), 4.97 (d, J1,2=


9.9 Hz, 1H; 1b-H), 7.53 (at, J=7.6 Hz, 2H; Ar-H), 7.63 (t, J=7.5 Hz,
1H; Ar-H), 7.80 ppm (d, J=7.2 Hz, 2H; Ar-H); 13C NMR (100.6 MHz,
D2O): d=57.4 (d, C3b), 61.9 (t, C6a, C6b), 68.2, 68.3 (2Od, C2b, C4b), 69.5


(d, C4a), 70.3 (d, C2a), 74.6 (d, C3a), 79.8, 80.4 (2Od, C5a, C5b), 84.2 (d,
C1a), 85.0 (d, C1b), 127.9, 129.4, 132.9 ppm (3Od, Ar-CH); FAB+ (m/z):
484 ([M+Na]+ , 100%); HRMS (m/z): calcd for C19H27O10NSNa [MNa+]
484.1253; found 484.1248.


b-d-Galactopyranosyl 3-deoxy-3-(2-naphthamido)-1-thio-b-d-galactopyra-
noside (10b): Yield: 66% (colorless oil); 1H NMR (400 MHz, D2O): d=


3.61–3.92 (m, 9H; 2a-H, 3a-H, 5a-H, 6a-H, 6’a-H, 2b-H, 5b-H, 6b-H, 6’b-H),
3.99 (d, J3,4=3.1 Hz, 1H; 4a-H), 4.12 (d, J3,4=3.0 Hz, 1H; 4b-H), 4.29 (dd,
J2,3=10.5 Hz, 1H; 3b-H), 4.84 (d ACHTUNGTRENNUNG(obs), 1H; 1a-H), 4.99 (d, J1,2=9.8 Hz,
1H; 1b-H), 7.63–7.69 (m, 2H; Ar-H), 7.85 (dd, J=1.5 Hz, J=8.5 Hz, 1H;
Ar-H), 8.80–8.07 (m, 3H; Ar-H), 8.39 ppm (s, 1H; Ar-H); 13C NMR
(75 MHz, CD3OD): d=58.9 (d, C3b), 62.9 (t, C6a, C6b), 69.2, 69.4, 70.7,
71.8 (4Od, C2a, C4a, C2b, C4b), 76.3 (d, C3a), 81.0, 81.6 (2Od, C5a, C5b),
85.4, 86.5 (2Od, C1a, C1b), 125.2, 127.8, 128.8, 129.0, 129.2, 130.0 (6Od,
Ar-CH), 133.1, 134.1, 136.3 ppm (3Os, Ar-C); FAB+ (m/z): 534
([M+Na]+ , 100%); HRMS (m/z): calcd for C23H29O10NSNa [MNa+]
534.1410; found 534.1428.


b-d-Galactopyranosyl 3-deoxy-3-(3,5-dimethoxybenzamido)-1-thio-b-d-
galactopyranoside (10c): Yield: 60% (colorless oil); 1H NMR (300 MHz,
CD3OD): d =3.49 (dd, J=3.2 Hz, J=9.2 Hz; 1H), 3.56–3.88 (m, 9H),
3.82 (s, 6H; 2OOCH3), 4.00 (d, J3,4=2.9 Hz, 1H; 4a-H), 4.13 (dd, J2,3=


10.3 Hz, J3,4=3.0 Hz, 1H; 3b-H), 4.67 (d, J1,2=9.7 Hz, 1H; 1a-H), 4.80 (d,
J1,2=9.8 Hz, 1H; 1b-H), 6.64 (t, J=2.2 Hz, 1H; Ar-H), 7.03 ppm (d, 2H;
Ar-H); 13C NMR (75 MHz, CD3OD): d =56.0 (q, 2OOCH3), 58.8 (d,
C3b), 62.9 (t, C6a, C6b), 69.2, 69.3, 70.7, 71.7 (4Od, C2a, C4a, C2b, C4b),
76.3 (d, C3a), 81.0, 81.6 (2Od, C5a, C5b), 85.3, 86.4 (2Od, C1a, C1b), 104.5,
106.5 (2Od, Ar-CH), 137.9, 162.4 ppm (2Os, Ar-C); FAB+ (m/z): 544
([M+Na]+ , 100%); HRMS (m/z): calcd for C21H31O12NSNa [MNa+]
544.1465; found 544.1463.


1-(S)-Acetyl-2,4,6-Tri-O-acetyl-3-deoxy-3-(3,5-dimethoxybenzamido)-1-
thio-b-d-galactopyranose (11): Compound 2c (180 mg, 0.35 mmol) was
dissolved in dichloromethane (4 mL) that had been dried over 4-J mo-
lecular sieves. Acetic anhydride (67 mL, 0.71 mmol) and HBr (0.8 mL of a
33% solution in AcOH) were added and the mixture was stirred under
N2 at room temperature. After 2.5 h, the reaction mixture was diluted
with dichloromethane (50 mL) and poured into ice water (50 mL). The
organic phase was washed with saturated NaHCO3 (50 mL), dried over
MgSO4, filtered, and concentrated in vacuo to give crude 3c. The crude
3c was immediately dissolved in distilled acetonitrile (2 mL). Potassium
thioacetate (40 mg, 0.35 mmol) was added and the mixture was stirred
under N2 at room temperature. After 1 h and 40 min, TLC (1:1 heptane/
ethyl acetate) showed the presence of a major product (Rf=0.2). The re-
action mixture was diluted with dichloromethane (50 mL) and washed
with saturated NaHCO3 (50 mL), dried over MgSO4, filtered, and con-
centrated in vacuo. The residue was purified by flash column chromatog-
raphy (1:1 heptane/ethyl acetate) to give 11 (133 mg, 72%) as a white
solid; [a]21D =++78.6 (c=1.0 in CHCl3);


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


2.03 (s, 6H; 2OOC(O)CH3), 2.12 (s, 3H; OC(O)CH3), 2.39 (s, 3H;
SC(O)CH3), 3.78 (s, 6H; 2OOCH3), 4.01 (m, 1H; 5-H), 4.07–4.15 (m,
2H; 6-H, 6’-H), 4.58 (dd, J2,3=10.9 Hz, J3,4=3.2 Hz, JNH,3=8.1 Hz, 1H; 3-
H), 5.16 (at, J=10.4 Hz, 1H; H-2), 5.39 (d, J1,2=10.2 Hz, 1H; 1-H), 5.54
(d, 1H; 4-H), 6.38 (d, 1H; NH), 6.53 (t, J=2.2 Hz, 1H; Ar-H), 6.73 ppm
(d, 1H; Ar-H); 13C NMR (100.6 MHz, CDCl3): d =20.8, 20.9 (2Oq, 3O
OC(O)CH3), 31.0 (q, SC(O)CH3), 54.0 (d, C3), 61.7 (t, C6), 67.7 (d, C2),
68.8 (d, C4), 76.2 (d, C5), 81.0 (d, C1), 104.1, 104.9 (2Od, Ar-CH), 135.6,
161.0 (2Os, Ar-C), 167.2, 169.9, 170.5, 171.6 (4Os, 3OOC=O, NC=O),
191.9 ppm (s, SC=O); FAB+ (m/z): 550 ([M+Na]+ , 80%); HRMS (m/z):
calcd for C23H29O11NSNa [MNa+] 550.1359; found 550.1362.


2’,4’,6’-Tri-O-acetyl-3’-azido-3’-deoxy-b-d-galactopyranosyl 2,4,6-tri-O-
acetyl-3-(3,5-dimethoxybenzamido)-3-deoxy-1-thio-b-d-galactopyranoside
(13): Compound 11 (131 mg, 0.25 mmol) was dissolved in methanol
(15 mL) and cooled to �40 8C. Freshly prepared sodium methoxide
(0.24 mmol in 0.810 mL methanol) was transferred to the sugar solution
and the reaction mixture was stirred at �40 8C. After 25 min, TLC (1:1
heptane/ethyl acetate) showed very little remaining starting material
(Rf=0.2) and the presence of a major product (Rf=0.15). The reaction
was quenched by the addition of Duolite C436 and stirred until the pH
value reached 7. The mixture was filtered and concentrated in vacuo to


Chem. Eur. J. 2008, 14, 4233 – 4245 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4243


FULL PAPERGalectin–Ligand Interactions



www.chemeurj.org





give the crude thiol 12. The crude 12 was dissolved in acetonitrile (8 mL)
and the bromide 6 (109 mg, 0.28 mmol) and potassium carbonate (67 mg,
0.48 mmol) were added. The reaction mixture was stirred at room tem-
perature for 3 h and 20 min, after which time TLC analysis (1:2 heptane/
ethyl acetate) showed the formation of a major product (Rf=0.05) and
the absence of the thiol 12 (Rf=0.15) as well as remaining excess bro-
mide 6 (Rf=0.7). The reaction mixture was diluted with dichloromethane
(50 mL) and washed with H2SO4 (50 mL of a 10% aqueous solution).
The organic phase was dried (MgSO4), filtered, and concentrated in
vacuo. The residue was purified by flash column chromatography (2:5
heptane/ethyl acetate) to give 13 (78 mg, 39%) as a colorless oil;
1H NMR (400 MHz, CDCl3): d=2.07, 2.08, 2.09, 2.14, 2.16, 2.19 (6Os,
18H; 6OC(O)CH3), 3.65 (dd, J2,3=10.1 Hz, J3,4=3.3 Hz, 1H; 3a-H), 3.81
(s, 6H; 2OOCH3), 3.87 (at, J=6.7 Hz, 1H; 5a-H), 3.97 (at, J=6.4 Hz,
1H; 5b-H), 4.09–4.15 (m, 4H; 6a-H, 6’a-H, 6b-H, 6’b-H), 4.48 (ddd, J2,3=


10.6 Hz, J3,4=3.0 Hz, JNH,3=7.7 Hz, 1H; 3b-H), 4.82 (d, J1,2=10.0 Hz, 1H;
1a-H), 4.93 (d, J1,2=10.0 Hz, 1H; 1b-H), 5.10 (at, J=10.2 Hz, 1H; 2b-H),
5.22 (at, J=10.0 Hz, 1H; 2a-H), 5.48 (d, 1H; 4a-H), 5.56 (d, 1H; 4b-H),
6.40 (d, 1H; NH), 6.57 (t, J=2.2 Hz, 1H; Ar-H), 6.77 ppm (d, 2H; Ar-
H); 13C NMR (100.6 MHz, CDCl3): d=20.8, 20.8, 20.9, 21.0 (4Oq, 6O
C(O)CH3), 54.1 (d, C3b), 55.6 (q, 2OOCH3), 61.8 (t, C6a, C6b), 63.0 (d,
C3a), 67.9 (d, C4a), 68.6, 68.7, 68.8 (3Od, C2a, C2b, C4b), 75.8, 75.9 (2Od,
C5a, C5b), 81.2, 81.4 (2Od, C1a, C1b), 104.1, 104.9 (2Od, Ar-CH), 135.5,
161.0 (2Os, Ar-C), 167.3, 169.6, 169.9, 170.0, 170.5, 170.5, 171.8 ppm (7Os,
7OC=O); FAB+ (m/z): 821 ([M+Na]+ , 100%); HRMS (m/z): calcd for
C33H42O17N4SNa [MNa+] 821.2163; found 821.2173.


3’-Deoxy-3-(2-naphthamido)-b-d-galactopyranosyl 3-deoxy-3-(3,5-dime-
thoxybenzamido)-1-thio-b-d-galactopyranoside (16) and 3’-deoxy-3-(1-
naphthamido)-b-d-galactopyranosyl 3-deoxy-3-(3,5-dimethoxybenzami-
do)-1-thio-b-d-galactopyranoside (17): Compound 13 (28 mg,
0.035 mmol) was dissolved in ethanol (4 mL) and palladium (10% on
carbon, 20 mg), acetic acid (10 mL), and HCl (0.8 mL of a 1m solution in
diethyl ether) were added. The mixture was degassed and stirred at room
temperature under a hydrogen atmosphere. After 1 h and 15 min, the
mixture was filtered through Celite and concentrated in vacuo to give the
intermediate amine. Half of the intermediate amine was dissolved in di-
chloromethane (2 mL) and pyridine (0.5 mL). 1-Naphthoyl chloride
(17 mL, 0.12 mmol) was added, and the mixture was stirred at room tem-
perature. After 2 h, ethyl acetate (1 mL) was added and the reaction mix-
ture was concentrated in vacuo to give the crude 15. Methylamine
(1.5 mL of a 40% aqueous solution) was added and the mixture was
stirred further at room temperature. After 12 h, TLC analysis (5:1 chloro-
form/methanol) showed the presence of a single carbohydrate product
(Rf=0.2). The reaction mixture was diluted with methanol (1 mL) and
concentrated in vacuo. The residue was purified by flash column chroma-
tography (5:1 chloroform/methanol) to give 17 (6 mg, 50%) as a white
solid; 1H NMR (400 MHz, [D6]DMSO with a drop of D2O, the sugar resi-
dues are arbitrarily assigned as “x” and “y”): d=3.60–3.74 (m (obs), 8H;
2x-H, 5x-H, 6x-H, 6’x-H, 2y-H, 5y-H, 6y-H, 6’y-H), 3.77 (s, 6H; 2OOCH3)
3.83 (d, J3,4=3.1 Hz, 1H; 4y-H), 3.94 (dd, J2,3=10.3 Hz, 1H; 3y-H), 3.96
(d, J3,4=3.1 Hz, 1H; 4x-H), 4.06 (dd, J2,3=10.2 Hz, 1H; 3x-H), 4.72 (d,
J1,2=9.6 Hz, 1H; 1y-H), 4.75 (d, J1,2=9.6 Hz, 1H; 1x-H), 6.62 (t, J=


2.2 Hz, 1H; dimethoxyphenyl-Ar-H), 7.03 (d, 2H; dimethoxyphenyl-Ar-
H), 7.51–7.56 (m, 3H; naphthyl-H), 7.70 (d, J=7.1 Hz, 1H; naphthyl-H),
7.95 (dd, J=3.3 Hz, J=6.4 Hz, 1H; naphthyl-H), 7.99 (d, J=8.3 Hz, 1H;
naphthyl-H), 8.26 ppm (dd, J=3.4 Hz, J=6.2 Hz, 1H; naphthyl-H);
13C NMR (100.6 MHz, [D6]DMSO with a drop of D2O): d=55.8 (q, 2O
OCH3), 57.3, 57.6 (2Od, C3a, C3b), 60.7 (t, C6a, C6b), 66.8, 67.0, 67.5, 67.8
(4Od, C2a, C4a, C2b, C4b), 79.9, 80.0 (2Od, C5a, C5b), 84.1, 84.1, (2Od,
C1a, C1b), 103.5, 105.8 (2Od, dimethoxyphenyl-Ar-CH), 125.3, 125.9,
126.5, 127.0, 128.5, 130.1 (6Od, naphthyl-CH), 133.4, 135.0, 137.1, 160.6
(4Os, Ar-C), 166.6, 169.1 ppm (2Os, 2OC=O); FAB+ (m/z): 697
([M+Na]+ , 100%); HRMS (m/z): calcd for C32H38O12N2SNa [MNa+]
697.2043; found 697.2048. The other half of the intermediate amine was
treated similarly by using 2-naphthoyl chloride (22 mg, 0.12 mmol) to
give 16 (8 mg, 67%) as a white solid; 1H NMR (400 MHz, [D6]DMSO
with a drop of D2O, the sugar residues are arbitrarily assigned as “x” and
“y”) 3.66–3.84 (m (obs), 15H; 2x-H, 5x-H, 6x-H, 6’x-H, 2y-H, 4y-H, 5y-H,
6y-H, 6’y-H, 2OOCH3) 3.88 (d, J3,4=3.0 Hz, 1H; 4x-H), 3.94 (dd, J2,3=


10.3 Hz, J3,4=2.9 Hz, 1H; 3y-H), 4.02 (dd, J2,3=10.3 Hz, 1H; 3x-H), 4.72
(d, J1,2=9.6 Hz, 1H; 1y-H), 4.74 (d, J1,2=9.6 Hz, 1H; 1x-H), 6.61 (t, J=


2.2 Hz, 1H; dimethoxyphenyl-Ar-H), 7.03 (d, 2H; dimethoxyphenyl-Ar-
H), 7.58–7.61 (m, 2H; naphthyl-H), 7.93–8.01 (m, 4H; naphthyl-H),
8.48 ppm (s, 1H; naphthyl-H); 13C NMR (100.6 MHz, [D6]DMSO with a
drop of D2O): d=56.0 (q, 2OOCH3), 57.7 (d, C3a, C3b), 60.9, 61.1 (2Ot,
C6a, C6b), 67.1, 67.2, 67.6, 67.8 (4Od, C2a, C4a, C2b, C4b), 80.1 (d, C5a,
C5b), 84.2, (d, C1a, C1b), 103.7, 105.9 (2Od, dimethoxyphenyl-Ar-CH),
124.9, 127.4, 128.2, 128.3, 129.3 (5Od, naphthyl-CH), 132.2, 132.6, 134.7,
137.1, 160.8 (5Os, Ar-C), 166.9, 167.4 ppm (2Os, 2OC=O); FAB+ (m/z):
697 ([M+Na]+ , 100%; HRMS FAB+ (m/z): calcd for C32H38O12N2SNa
[MNa+] 697.2043; found 697.2056.


Molecular modeling : Molecular modeling was performed with the
MMFFs force field and the GB/SA solvation model for water implement-
ed in MacroModel (version 9.1, Schrçdinger, LLC, New York, 2005). All
backbone torsions were selected for random variation. Starting confor-
mations were built from the published crystal structures of galectin-1, -7,
and -9N in complex with lactose,[33–35] of galectin-3 in complex with a C3’-
amido-derivatised LacNAc-based inhibitor,[25] and a homology model of
galectin-8N in complex with LacNAc.[36] Starting conformations of the
amides were positioned in the two possible orientations. Complexes with
naphthoates were minimized starting from both of the two alternative
planar conformations and arene substituent starting conformations were
systematically varied. The minimizations converged in all cases and the
binding modes and overall structures of the minimized complexes closely
resembled that of the crystal structures used for building starting confor-
mations.


Acknowledgements


This work was supported by the Swedish Research Council and the pro-
grams “Glycoconjugates in Biological Systems” and “Chemistry for Life
Sciences” were sponsored by the Swedish Strategic Research Foundation.


[1] S. H. Barondes, V. Castronovo, D. N. W. Cooper, R. D. Cummings,
K. Drickamer, T. Feizi, M. A. Gitt, J. Hirabayashi, C. Hughes, K.
Kasai, H. Leffler, F. T. Liu, R. Lotan, A. M. Mecurio, M. Monsigny,
S. Pillai, F. Poirer, A. Raz, P. W. J. Rigby, J. M. Rini, J. L. Wang, Cell
1994, 76, 597–598.


[2] H. Leffler, S. Carlsson, M. Hedlund, Y. Qian, Glycoconjugate J.
2004, 19, 433–440.


[3] J. Dumic, S. Dabelic, M. Flçgel, Biochim. Biophys. Acta Gen. Subj.
2006, 1760, 616–635.


[4] F. T. Liu, D. K. Hsu, Drug News Perspect. 2007, 20, 455–460.
[5] N. E. Rhaleb, S. Pokharel, P. Harding, S. Rasoul, H. Peng, O. A. Car-


retero, Am. J. Pathol. 2008, 172, 247–255.
[6] N. C. Henderson, A. C. Mackinnon, S. L. Farnworth, T. Kipari, C.


Haslett, J. P. Iredale, F. T. Liu, J. Hughes, T. Sethi, Am. J. Pathol.
2008, 172, 288–298.


[7] F.-T. Liu, G. A. Rabinovich, Nat. Rev. Cancer 2005, 5, 29–41.
[8] C. M. John, H. Leffler, B. Kahl-Knutsson, I. Svensson, G. A. Jarvis,


Clin. Cancer Res. 2003, 9, 2374–2383.
[9] M. A. Toscano, G. A. Bianco, J. M. Ilarregui, D. O. Croci, J. Cor-


reale, J. D. Hernandez, N. W. Zwirner, F. Poirer, E. M. Riley, L.
Baum, G. A. Rabinovich, Nat. Immun. 2007, 825–834.


[10] M. Salatino, D. O. Croci, G. A. Bianco, J. M. Ilarregui, M. A. Tosca-
no, G. A. Rabinovich, Expert Opin. Biol. Ther. 2008, 8, 45–57.


[11] V. L. Thijssen, F. Poirer, L. G. Baum, A. W. Griffioen, Blood 2007,
110, 2819–2827.


[12] I. Camby, M. Le Mercier, F. Lefranc, R. Kiss, Glycobiology 2006, 16,
137R–157R.


[13] H. Lahm, S. Andre, A. Hoeflich, H. Kaltner, H. C. Siebert, B.
Sordat, C.-W. von der Lieth, E. Wolf, H.-J. Gabius, Glycoconjugate
J. 2003, 20, 227–238.


[14] S. Saussez, R. Kiss, Cell. Mol. Life Sci. 2006, 63, 686–697.


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4233 – 42454244


U. J. Nilsson et al.



http://dx.doi.org/10.1016/0092-8674(94)90498-7

http://dx.doi.org/10.1016/0092-8674(94)90498-7

http://dx.doi.org/10.1016/0092-8674(94)90498-7

http://dx.doi.org/10.1016/0092-8674(94)90498-7

http://dx.doi.org/10.1358/dnp.2007.20.7.1149628

http://dx.doi.org/10.1358/dnp.2007.20.7.1149628

http://dx.doi.org/10.1358/dnp.2007.20.7.1149628

http://dx.doi.org/10.2353/ajpath.2008.070726

http://dx.doi.org/10.2353/ajpath.2008.070726

http://dx.doi.org/10.2353/ajpath.2008.070726

http://dx.doi.org/10.2353/ajpath.2008.070726

http://dx.doi.org/10.1038/nrc1527

http://dx.doi.org/10.1038/nrc1527

http://dx.doi.org/10.1038/nrc1527

http://dx.doi.org/10.1517/14712598.8.1.45

http://dx.doi.org/10.1517/14712598.8.1.45

http://dx.doi.org/10.1517/14712598.8.1.45

http://dx.doi.org/10.1182/blood-2007-03-077792

http://dx.doi.org/10.1182/blood-2007-03-077792

http://dx.doi.org/10.1182/blood-2007-03-077792

http://dx.doi.org/10.1182/blood-2007-03-077792

http://dx.doi.org/10.1093/glycob/cwl025

http://dx.doi.org/10.1093/glycob/cwl025

http://dx.doi.org/10.1093/glycob/cwl025

http://dx.doi.org/10.1093/glycob/cwl025

http://dx.doi.org/10.1023/B:GLYC.0000025817.24297.17

http://dx.doi.org/10.1023/B:GLYC.0000025817.24297.17

http://dx.doi.org/10.1023/B:GLYC.0000025817.24297.17

http://dx.doi.org/10.1023/B:GLYC.0000025817.24297.17

http://dx.doi.org/10.1007/s00018-005-5458-8

http://dx.doi.org/10.1007/s00018-005-5458-8

http://dx.doi.org/10.1007/s00018-005-5458-8

www.chemeurj.org





[15] G. A. Rabinovich, F.-T. Liu, A. Anderson, Scand. J. Immunol. 2007,
66, 143–158.


[16] J. Nieminen, A. Kuno, J. Hirabayashi, S. Sato, J. Biol. Chem. 2006,
282, 1374–1383.


[17] G. A. Rabinovich, M. A. Toscano, S. S. Jackson, G. R. Vasta, Curr.
Opin. Struct. Biol. 2007, 17, 513–520.


[18] M. Demetriou, M. Granovsky, S. Quaggin, J. W. Dennis, Nature
2001, 409, 733–739.


[19] E. A. Partridge, C. Le Roy, G. M. Di Guglielmo, J. Pawling, P.
Cheung, M. Granovsky, I. R. Nabi, J. L. Wrana, J. W. Dennis, Sci-
ence 2004, 306, 120–124.


[20] K. S. Lau, E. A. Partridge, A. Grigorian, C. I. Silvescu, V. N. Rein-
hold, M. Demetriou, J. W. Dennis, Cell 2007, 129, 123–134.


[21] D. Delacour, C. Greb, A. Koch, E. Salomonsson, H. Leffler, A.
Le Bivic, R. Jacob, Traffic 2007, 8, 379–388.


[22] F. Poirer, Biochem. Soc. Symp. 2002, 69, 95–103.
[23] R. J. Pieters, ChemBioChem 2006, 7, 721–728.
[24] P. Sçrme, Y. Qian, P.-G. Nyholm, H. Leffler, U. J. Nilsson, ChemBio-


Chem 2002, 3, 183–189.
[25] P. Sçrme, P. Arnoux, B. Kahl-Knutsson, H. Leffler, J. M. Rini, U. J.


Nilsson, J. Am. Chem. Soc. 2005, 127, 1737–1743.
[26] M. A. Bianchet, H. Ahmed, G. R. Vasta, L. M. Amzel, Proteins


2002, 40, 378–388.
[27] I. Cumpstey, A. Sundin, H. Leffler, U. J. Nilsson, Angew. Chem.


2005, 117, 5240–5242; Angew. Chem. Int. Ed. 2005, 44, 5110–5112.
[28] J. Bogusiak, W. Szeja, Carbohydr. Res. 1985, 141, 165–167.
[29] T. L. Lowary, O. Hindsgaul, Carbohydr. Res. 1994, 251, 33–67.


[30] I. Cumpstey, E. Salomonsson, A. Sundin, H. Leffler, U. J. Nilsson,
ChemBioChem 2007, 8, 1389–1398.


[31] I. Cumpstey, S. Carlsson, H. Leffler, U. J. Nilsson, Org. Biomol.
Chem. 2005, 3, 1922–1932.


[32] P. Sçrme, B. Kahl-Knutsson, M. Huflejt, U. J. Nilsson, H. Leffler,
Anal. Biochem. 2004, 334, 36–47.


[33] M. F. LSpez-Lucendo, D. SolTs, S. AndrU, J. Hirabayashi, K.-i. Kasai,
H. Kaltner, H.-J. Gabius, A. Romero, J. Mol. Biol. 2004, 343, 957–
970.


[34] D. D. Leonidas, E. H. Vatzaki, H. Vorum, J. E. Celis, P. Madsen,
K. R. Acharya, Biochemistry 1998, 37, 13930–13940.


[35] M. Nagae, N. Nishi, S. Nakamura-Tsuruta, J. Hirabayashi, S. Watak-
suki, R. Kato, J. Mol. Biol. 2007, 375, 119–135.


[36] S. Carlsson, C. T. Vberg, M. C. Carlsson, A. Sundin, U. J. Nilsson, D.
Smith, R. D. Cummings, J. Almkvist, A. Karlsson, H. Leffler, Glyco-
biology 2007, 17, 663–676.


[37] N. Ahmad, H.-J. Gabius, S. Andre, H. Kaltner, S. Sabesan, R. Roy,
B. Liu, F. Macaluso, C. F. Brewer, J. Biol. Chem. 2004, 279, 10841–
10847.


[38] E. Salomonsson, M. C. Carlsson, R. Hendus-Altenburger, C. T.
Vberg, R. Nilsson, E. Nordberg-Karlsson, V. Johansson, A. Karls-
son, U. J. Nilsson, H. Leffler, 2008, unpublished work.


[39] A. C. MacKinnon, S. L. Farnworth, N. C. Henderson, P. S. Hodkin-
son, T. Kipari, H. Leffler, U. J. Nilsson, C. Haslett, J. Hughes, T.
Sethi, J. Immunol. 2008, 180, 3650–2658.


Received: December 6, 2007
Published online: March 25, 2008


Chem. Eur. J. 2008, 14, 4233 – 4245 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4245


FULL PAPERGalectin–Ligand Interactions



http://dx.doi.org/10.1111/j.1365-3083.2007.01986.x

http://dx.doi.org/10.1111/j.1365-3083.2007.01986.x

http://dx.doi.org/10.1111/j.1365-3083.2007.01986.x

http://dx.doi.org/10.1111/j.1365-3083.2007.01986.x

http://dx.doi.org/10.1074/jbc.M604506200

http://dx.doi.org/10.1074/jbc.M604506200

http://dx.doi.org/10.1074/jbc.M604506200

http://dx.doi.org/10.1074/jbc.M604506200

http://dx.doi.org/10.1016/j.sbi.2007.09.002

http://dx.doi.org/10.1016/j.sbi.2007.09.002

http://dx.doi.org/10.1016/j.sbi.2007.09.002

http://dx.doi.org/10.1016/j.sbi.2007.09.002

http://dx.doi.org/10.1038/35055582

http://dx.doi.org/10.1038/35055582

http://dx.doi.org/10.1038/35055582

http://dx.doi.org/10.1038/35055582

http://dx.doi.org/10.1126/science.1102109

http://dx.doi.org/10.1126/science.1102109

http://dx.doi.org/10.1126/science.1102109

http://dx.doi.org/10.1126/science.1102109

http://dx.doi.org/10.1016/j.cell.2007.01.049

http://dx.doi.org/10.1016/j.cell.2007.01.049

http://dx.doi.org/10.1016/j.cell.2007.01.049

http://dx.doi.org/10.1111/j.1600-0854.2007.00539.x

http://dx.doi.org/10.1111/j.1600-0854.2007.00539.x

http://dx.doi.org/10.1111/j.1600-0854.2007.00539.x

http://dx.doi.org/10.1002/cbic.200600011

http://dx.doi.org/10.1002/cbic.200600011

http://dx.doi.org/10.1002/cbic.200600011

http://dx.doi.org/10.1002/1439-7633(20020301)3:2/3%3C183::AID-CBIC183%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/1439-7633(20020301)3:2/3%3C183::AID-CBIC183%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/1439-7633(20020301)3:2/3%3C183::AID-CBIC183%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/1439-7633(20020301)3:2/3%3C183::AID-CBIC183%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/ange.200500627

http://dx.doi.org/10.1002/ange.200500627

http://dx.doi.org/10.1002/ange.200500627

http://dx.doi.org/10.1002/ange.200500627

http://dx.doi.org/10.1002/anie.200500627

http://dx.doi.org/10.1002/anie.200500627

http://dx.doi.org/10.1002/anie.200500627

http://dx.doi.org/10.1016/S0008-6215(00)90766-3

http://dx.doi.org/10.1016/S0008-6215(00)90766-3

http://dx.doi.org/10.1016/S0008-6215(00)90766-3

http://dx.doi.org/10.1016/0008-6215(94)84275-2

http://dx.doi.org/10.1016/0008-6215(94)84275-2

http://dx.doi.org/10.1016/0008-6215(94)84275-2

http://dx.doi.org/10.1002/cbic.200700040

http://dx.doi.org/10.1002/cbic.200700040

http://dx.doi.org/10.1002/cbic.200700040

http://dx.doi.org/10.1039/b502354h

http://dx.doi.org/10.1039/b502354h

http://dx.doi.org/10.1039/b502354h

http://dx.doi.org/10.1039/b502354h

http://dx.doi.org/10.1021/bi981056x

http://dx.doi.org/10.1021/bi981056x

http://dx.doi.org/10.1021/bi981056x

http://dx.doi.org/10.1093/glycob/cwm026

http://dx.doi.org/10.1093/glycob/cwm026

http://dx.doi.org/10.1093/glycob/cwm026

http://dx.doi.org/10.1093/glycob/cwm026

http://dx.doi.org/10.1074/jbc.M312834200

http://dx.doi.org/10.1074/jbc.M312834200

http://dx.doi.org/10.1074/jbc.M312834200

www.chemeurj.org






DOI: 10.1002/chem.200701960


Synthesis, Resolution, and Absolute Configuration of Difunctionalized
Trçger's Base Derivatives


Ulf Kiehne,[a] Torsten Bruhn,[b] Gregor Schnakenburg,[c] Roland Frçhlich,[d]


Gerhard Bringmann,*[b] and Arne L3tzen*[a]


Introduction


Trçger�s base (1; Scheme 1) was first synthesized more than
120 years ago, in 1887, by Julius Trçger.[1] Still, it took an-
other 50 years to discover its N-based chirality.[2] Only a few
years later, in 1944, it became the first chiral tertiary amine
to be resolved into its enantiomers;[3] this was achieved by
chromatography on d-lactose, yet led to only about 5.5% of
resolved optically pure material. In the 1970s and 80s, more
fruitful resolutions were developed by means of column
chromatography on cellulose triacetate[4] and by various


HPLC methods applying different chiral stationary phases.[5]


Today, racemic Trçger�s base itself is a standard compound
for testing the efficiency of new chiral stationary phases.[6]


The absolute configuration of 1 was first investigated in
1966, on the basis of comparative optical rotational disper-
sion (ORD) curves of the two pure enantiomers and (�)-ar-
gemonine, an alkaloid with a related structure: the (+)-en-
antiomer of 1 was attributed the (5S,11S) configuration.[7]


Later work on the basis of circular dichroism studies, by
using the exciton chirality method,[8] came to the opposite
conclusion; this, however, proved to be incorrect due to an
erroneous assignment of the direction of polarization of the
considered transitions. This assignment was believed to be
true until 1991, when Wilen et al. finally proved by X-ray
diffraction on a diastereomeric salt of (+)-1 and (�)-1,1’-bi-
naphthyl phosphoric acid that the initial assignment made in
1966 was correct.[9] This salt formation was achieved in a
very elegant manner by a crystallization-induced asymmetric
transformation (CIAT). Trçger�s base usually racemizes
under acidic conditions in solution;[10] the selective precipita-
tion of only one of the two diastereomers of the salt, howev-


Keywords: chiral resolution ·
circular dichroism · configuration
determination · quantum chemical
calculations · Trçger�s base


Abstract: Two racemic derivatives of Trçger�s base, the 2,8-diboronic acid ester 6
and the 3,9-dibromo-substituted derivative 5, were synthesized and successfully re-
solved by HPLC on a chiral stationary Whelk-01 phase on a semipreparative scale,
thereby giving rise to both enantiomers in a pure form. These functionalized C2-
symmetric building blocks are valuable precursors for a variety of further applica-
tions. Their absolute configurations were determined by comparison of their quan-
tum chemically calculated CD and UV/Vis spectra with the experimental ones and
were independently confirmed by X-ray diffraction analysis.
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Scheme 1. The two enantiomers of Trçger�s base (1).
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er, shifted the equilibrium of the two enantiomers in solu-
tion towards (+)-1 in the precipitate. By using this method,
both enantiomers were accessible on a multigram scale. This
is also possible by “classical” diastereomeric salt formation
of racemic 1 and (+)- or (�)-di-O,O’-p-benzoyl tartaric acid
(DBTA), as shown recently.[11]


The resolution of functionalized analogues of Trçger�s
base, however, is limited to only a few examples: application
of either enantiopure DBTA or di-O,O’-p-toluoyl tartaric
acid (DTTA) resulted in diastereomeric salt formations of
an acridine-substituted analogue of Trçger�s base, an
ethano-bridged representative, and a naphthyl-substituted
derivative.[12] Following an earlier example,[13] and parallel to
our own work described in this paper, Sergeyev and Dieder-
ich published the first study on the enantioseparation of
some difunctionalized analogues of Trçger�s base by HPLC
on a semipreparative scale in 2006;[14] these analogues were
then used for the regio- and stereoselective tether-directed
remote functionalization of fullerenes.[15]


In the course of our studies towards the formation of dia-
stereoselectively self-assembled metallosupramolecular ag-
gregates of helical shape from dissymmetrical ligands based
on either substituted 1,1’-binaphthyls (for example, 1,1’-bi-
naphthalene-2,2’-diol (BINOL)) or d-isomannide,[16] the V-
shaped rigid core of Trçger�s base attracted our interest as
another potential C2-symmetric building block. Such com-
pounds have become even more valuable since Jensen and
WGrnmark succeeded in establishing an easy access to 2,8-
dihalo-substituted analogues of Trçger�s base in 2001
(Scheme 2).[17] This prompted us and other groups to apply
various cross-coupling methodologies for the construction of
larger architectures with extended V-shaped cores.[18, 19]


Our group has succeeded in applying these disubstituted
analogues of Trçger�s base for the synthesis of racemic bis-
ACHTUNGTRENNUNG(catechol) ligands and the construction of triple-stranded
complexes through coordination to titanium(IV) ions[20] and
also for the preparation of racemic N-heterocyclic bis(bipyr-
idine) and bis(2-pyridylmethanimine) ligands, which were
demonstrated to form dinuclear double- and triple-stranded
helicates in a (mostly) diastereoselective manner upon coor-
dination to metal ions like Ag+ , Cu+ , Fe2+ , and Zn2+ .[21]


To further pursue this concept, the availability of enantio-
merically pure ligand strands is inevitably required. We have
thus embarked on the development of methods to resolve
racemic Trçger�s base analogues at an early stage of the syn-
thesis, which would allow us to prepare a number of more


sophisticated derivatives in an enantiomerically pure form.
As the key steps of most of our routes to the ligands are
transition-metal-catalyzed cross-coupling reactions, we were
particularly interested in the resolution of precursors that
can be applied in such reactions. Herein, we report the prep-
aration and separation of one pair of diastereomers and the
synthesis and resolution of a racemic 2,8-disubstituted dibor-
onic acid derivative of Trçger�s base as a valuable substrate
for Suzuki cross-coupling reactions. Moreover, we describe
the resolution of a racemic 3,9-dibromo-substituted ana-
logue, which can also be used as a substrate for all sorts of
cross-couplings. Furthermore, we have succeeded in deter-
mining the absolute configuration of the resolved enantio-
mers by quantum chemical circular dichroism calculations
and comparison of the predicted CD spectra with the exper-
imental ones and, independently, through anomalous X-ray
diffraction.


Results and Discussion


All of the Trçger�s base analogues we work with possess
methyl groups at the C4- and C10-positions, that is, ortho
with respect to the nitrogen atoms. Initially, o-methyl-substi-
tuted anilines were used because a methyl function at this
position facilitates the reaction sequence consisting of con-
secutive Schiff base formations and two electrophilic aro-
matic substitutions,[17, 22] which, as a consequence, provided
better yields and furthermore resulted in the formation of
only one (desired) regioisomer of the Trçger�s base ana-
logue. Recently, DFT calculations have revealed that the
methyl functions at these positions provide an additional,
and equally important, advantage. Usually, Trçger�s bases
are configurationally stable under basic and neutral condi-
tions but tend to racemize rapidly under acidic conditions.[10]


The introduction of the methyl groups, however, gives rise
to a dramatic increase of the racemization barrier in acidic
media due to steric hindrance of the inversion,[23] thereby
leading to a significantly increased configurational stability
in acidic solution of bis ACHTUNGTRENNUNG(o-methyl)-substituted Trçger�s base
analogues; this makes them much more valuable precursors
than derivatives devoid of this particular substitution pat-
tern.


Our initial attempts were aimed at the resolution of 2 and
3 through diastereomeric salt formation by following the
successful approaches for other derivatives mentioned
above. However, even with various conditions, such as dif-
ferent solvents, temperature, scale, etc., and with different
chiral resolving agents, such as DBTA, DTTA, or camphor
sulfonic acid, resolution of the 2,8-dibromo- or 2,8-diiodo-
substituted compounds could not be achieved.


Replacement of the halogen atoms by hydroxy groups
also leads to a versatile precursor for further functionaliza-
tion. As shown previously,[18] this can be achieved by means
of an Ullmann coupling. However, instead of preparing the
respective racemic 2,8-dihydroxy compound from 3 via its
2,8-dimethoxy derivative first and subsequently applying all


Scheme 2. Synthesis of 2,8-halogenated analogues 2 and 3 of Trçger�s
base (1). TFA: trifluoroacetic acid.
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of the procedures mentioned above, a rewarding alternative
was to prepare diastereomers 4 directly by diphenylether
Ullmann cross-coupling of 3 with (R)-1-phenylethanol, by
using a protocol published by Buchwald and co-workers.[24]


As shown in Scheme 3, this reaction occurred smoothly and


gave a 1:1 mixture of the diastereomeric products 4a and 4b
in 76% yield. However, these products could not be sepa-
rated by crystallization or by column chromatography on
silica gel. Although diastereomers, 4a and 4b were finally
best resolved by using methods of enantioresolution on a
chiral phase. Thus, by applying an analytical (S,S)-Whelk-01
phase (300R4 mm) with (3S,4S)-4-(3,5-dinitrobenzamido)-
1,2,3,4-tetrahydro-phenanthrene covalently attached to silica
gel as a chiral selector and by using a mixture of n-heptane/
dichloromethane (2:1) as the eluent at a flow rate of
0.3 mLmin�1, the resolution of the two diastereomers was
achieved (Figure 1). This separation was successfully scaled
up to a semipreparative level by using the (S,S)-Whelk-01
phase (250R10 mm) with a 3:1 mixture of n-heptane and di-
chloromethane as the eluent and a flow rate of
1.5 mLmin�1. Under these conditions, approximately 15 mg
of the diastereomeric mixture of 4 can be resolved in a
single run. Figure 1 shows the chromatogram of the two dia-
stereomers, 4a and 4b, and the 1H NMR spectra of the dia-
stereomeric mixture and of the separated isomers.


By hydrogenolysis,[25] the stereoisomers of 4 should be
readily converted into the enantiomerically pure bisphenolic
parent compounds, which could then act as versatile precur-
sors for the elaboration of tailor-made molecular structures,
either directly or after transformation into the respective
O,O’-bistriflate derivatives.


Still, despite this successful diasteromeric resolution, the
use of such a relatively expensive chromatographic tool was


to some extent unsatisfying and made alternative attempts,
involving the use of chiral HPLC techniques for the direct
enantioseparation of racemic Trçger�s base analogues 2 and
3, a rewarding option. However, despite numerous experi-
ments, none of the chiral phases we evaluated proved to be
suitable to achieve the resolution with any of the eluent
mixtures and flow rates tested.[26] Nevertheless, the success-
ful separation of the diastereomeric mixture of 4 prompted
us to consider the enantioseparation of other racemic di-
functionalized Trçger�s base derivatives. Our attempts to
achieve the desired enantioresolution, therefore, concentrat-
ed on the 3,9-dibromo-substituted analogue 5, which has a
different substitution pattern. Racemic 5 can be prepared in
one step from 3-bromo-2-methylaniline according to a pub-
lished procedure (Scheme 4).[27]


The use of this Trçger�s base derivative proved to be most
successful. In contrast to the 2,8-dibromo-substituted com-
pound above, an enantioseparation was now easily achieved
by using an analytical (S,S)-Whelk-01 phase with n-heptane/
dichloromethane (85:15) as the eluent and a flow rate of
0.5 mLmin�1 (Figure 2).


Scheme 3. Ullmann diphenylether cross-coupling of the racemic Trçger�s
base analogue 3 with enantiopure 1-phenylethanol for the synthesis of
the two diastereomeric derivatives of 4.


Figure 1. a) Chromatographic separation of the two diastereomers of 4 by
HPLC on an analytical chiral phase, (S,S)-Whelk-01, with n-heptane/di-
chloromethane 2:1 as the eluent and a flow rate of 0.3 mLmin�1; b) rele-
vant section of the 1H NMR spectra of the 1:1 diastereomeric mixture of
4 and of the separated diastereomers, 4a and 4b.
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Again, this separation proved to be transferable to a semi-
preparative scale by applying slightly different conditions
(same solvent mixture, but a flow rate of 1.5 mLmin�1). By
using this method, approximately 10 mg of racemic 5 can be
resolved into the separate enantiomers in a single run. How-
ever, due to some chromatographic tailing that occurs on
the semipreparative scale, every run yields a small fraction
containing both enantiomers incompletely separated. Paral-
lel to our approach, a very elegant method for the separa-
tion of 5 has recently been developed by Kostyanovsky and
co-workers, based on the discovery that racemic 5 crystalli-
zes as a conglomerate from toluene and the enantiomor-
phous crystals can be isolated mechanically by manual sepa-
ration and subsequent separate recrystallization.[28]


Besides halides or pseudohalides, one could also think of
other functionalities that show a somehow orthogonal reac-
tivity in cross-coupling reactions, such as boronic acids and
their derivatives, which are valuable substrates for Suzuki
cross-couplings. As we still wanted to achieve the resolution
of a 2,8-difunctionalized analogue of Trçger�s base, we
therefore prepared the racemic bis ACHTUNGTRENNUNG(pinacol) ester 6 from 2
by bromine–lithium exchange with subsequent borylation
(Scheme 5).


The resolution of the enantiomeric bisboronates 6 could
finally be achieved by again using an analytical (S,S)-Whelk-
01 phase with a mixture of n-heptane/dichloromethane
(85:15) as the eluent at a flow rate of 0.5 mLmin�1


(Figure 3). As Figure 3 indicates, substantial tailing occurs,
even on an analytical scale, probably due to the presence of
the boronic acid ester groups. Again, this procedure could


be transferred to a semipreparative scale, with n-heptane/di-
chloromethane (85:15) as the eluent and a flow rate of
1.5 mLmin�1, yet with a more pronounced tailing. Nonethe-
less, as much as 6–7 mg of racemic 6 can thus be enantiose-
parated in a single run, although the fraction containing the
unseparated enantiomers is larger than in the case of 5. By
using this method, however, around 12 runs can easily be
performed within approximately 6 h to give around 30–
40 mg of each of the two enantiomers, (�)-6a and (+)-6b,
in an enantiopure form.


After the successful enantioseparation of 5 and 6, the con-
firmation of the absolute configurations of the enantiomers
of 5 and the determination of those of 6 was a rewarding
task, as these building blocks were planned to act as starting
materials for the formation of more sophisticated enantio-
merically pure molecular architectures.


Fortunately, we succeeded in growing crystals suitable for
X-ray crystal structure analysis from both enantiomers of 5
and from the more rapidly eluting enantiomer of 6, by slow
evaporation of the solvents from solutions in n-heptane/di-


Scheme 4. Synthesis of racemic 3,9-dibromo-4,10-dimethyl-6H,12H,5,11-
methanodibenzodiazocine (5).


Figure 2. Chromatographic separation of racemic 5 by analytical HPLC
with the (S,S)-Whelk-01 chiral phase, n-heptane/dichloromethane 85:15
as the eluent, and a flow rate of 0.5 mLmin�1.


Scheme 5. Synthesis of racemic diboronic acid ester 6.


Figure 3. Chromatographic separation of racemic 6 by analytical HPLC
with the (S,S)-Whelk-01 chiral phase, n-heptane/dichloromethane (85:15)
as the eluent, and a flow rate of 0.5 mLmin�1.
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chloromethane (3:1). Figure 4 shows the results of the analy-
sis of the enantiomers of 5 obtained upon investigation with
MoKa radiation. Due to the presence of the two bromine


atoms, the absolute configuration could be directly deduced
from these experiments by analysis of the Flack parameter
(x=�0.018(7) for (+)-5, and �0.017(6) for (�)-5). The re-
sults confirmed the (5R,11R) configuration of (+)-5 and the
(5S,11S) configuration of (�)-5, as previously assigned by
Kostyanovsky and co-workers (Figure 4).[28]


For a first stereochemical assignment of 6, we used CD
spectroscopy as an efficient tool to elucidate the absolute
configuration of our compounds. Figure 5 shows the spectra
obtained from solutions of the enantiomers of 5 and 6 in


acetonitrile. From a comparison, a simple assignment of the
configuration of (+)- and (�)-6 in analogy to (+)- and (�)-5
is not possible. Thus, quantum chemical calculations of the
UV spectra of 5 and 6 and of the CD spectra of their enan-
tiomers were performed to unambiguously assign the abso-
lute configurations.


First attempts at the use of semiempirical methods
(CNDO/S-CI[29] calculations for AM1-optimized structures)
showed that this level of theory is not suited for an accurate
assignment of the absolute configurations of our Trçger�s
bases. Thus, we used time-dependent (TD) DFT calculations
with the B3LYP hybrid functional and the 6-31G* basis set
on B3LYP/6-31G*-optimized structures of 5 and 6. By using
this method, an excellent agreement of the experimental


UV and CD spectra of (+)- and (�)-5 with the calculated
ones was found (Figure 6). A similar approach, yet only for
the longest-wavelength band and thus for the first Cotton
effect, has recently been pursued by Kostyanovsky and co-
workers.[28]


Application of the same approach to (+)- and (�)-6, how-
ever, did not lead to a similarly good agreement of the cal-
culated spectra (10 nm red-shifted) with the experimental
curves (Figure 7). Although these calculations permitted an
unambiguous determination of the absolute configuration,
the deviation in the region below l=225 nm was substan-
tial.


Therefore, further calculations were performed at a
higher level of theory to attain a better agreement between
the computed and experimental data. Interestingly, DFT/
MRCI[30] calculations gave even worse results in the region
below 250 nm, thereby indicating that DFT methods are not
well suited for the calculation of the rotational strengths of
6 in this wavelength region. However, MRCI calculations
(UV shift of 36 nm to longer wavelengths) do reproduce the
experimental data to a satisfying degree as only the first
Cotton effect at approximately 280 nm is somewhat overes-
timated (Figure 8). These results nicely complement the as-
signment of (�)-6 as having the 5R,11R configuration.


Figure 4. Crystal structures of (�)-(5S,11S)-5 and (+)-(5R,11R)-5 as de-
termined by X-ray diffraction analysis.


Figure 5. CD spectra of the two enantiomers of 5 (a) and 6 (c), in
CH3CN, c=4R10�5 molL�1.


Figure 6. Calculated (B3LYP/6-31G*; a) and experimental (c) UV
spectra of 5 and corresponding experimental CD spectra of (�)-5 (c)
and calculated CD spectra of (6S,11S)-5.


Figure 7. Calculated (TD B3LYP/6-31G*//B3LYP/6-31G*; a) and ex-
perimental (c) UV spectra of 6 and corresponding experimental CD
spectra of (�)-6 (c) and calculated CD spectra of (5R,11R)-6.


www.chemeurj.org L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4246 – 42554250


A. LCtzen, G. Bringmann et al.



www.chemeurj.org





Independently, an X-ray diffraction analysis was per-
formed, and a first analysis of (�)-6 by employing MoKa ra-
diation provided an excellent structural data set.[31] Howev-
er, the most important question for us, regarding the assign-
ment of the absolute configuration, could not be answered
owing to the lack of heavy atoms in this compound, which
results in a nondefined Flack parameter in this case.


Therefore, we turned to CuKa radiation: even if the stan-
dard deviation of the Flack parameter (x=0.0(3)) was still
quite high, this analysis clearly confirmed that the former
determination of (�)-6 as having the (5R,11R) configuration
was correct (Figure 9).


To find out whether the divergence in the CD spectra of 5
and 6 was due to the different substitution patterns in these
structures or to other reasons, the UV and CD spectra of a
tetramethyl-substituted model compound 7 and the bis(bor-
onic acid) diester 8 (Scheme 6), a regioisomer of 6, were
also calculated.


The calculated CD spectra of 5 and 7 were found to differ
only slightly, but the curve of 5 is 15 nm red-shifted in com-
parison to that of 7 (Figure 10). The CD spectra of 6 and 7
showed a similar deviation pattern to those of 5 and 6, with
an opposite first Cotton effect, a result suggesting that the
different positions of the substituents at the ring alone were
not enough to explain the divergent CD spectra. This was
further corroborated by the comparison with the calculated
CD spectrum of model structure 8, in which the boronic


acid ester functions are in the same positions as the bromine
atoms in 5. The first Cotton effects of both 5 and 8 appear
at nearly the same wavelength (�290 nm), but the CD spec-
tra as a whole are, nonetheless, not comparable, although 5
and 8 have the same absolute configuration and, formally,
the same substitution pattern. As compared to the spectrum
of 6, the first Cotton effect of 8 has an opposite sign, clearly
evidencing that the spectral differences are not only a conse-
quence of the various substituents as such but result from a
combination of both the electronic character of the substitu-
ent and its position.


This demonstrates the difficulties in elucidating absolute
configurations of Trçger�s bases just by comparison of their
experimental CD spectra. Even structurally very similar de-
rivatives of Trçger�s base give rise to noticeably different
CD spectra, thereby making an unambiguous elucidation
impossible. Thus, for an unequivocal interpretation of these
CD spectra, quantum chemical calculations constitute an in-
dispensible tool.


For a further explanation of these differences of the ex-
perimental CD spectra, a more in-depth computational
study of the first Cotton effect was performed. In the litera-
ture,[28] the first Cotton effect found for all Trçger�s bases,
resulting from a highest occupied molecular orbital–lowest
unoccupied molecular orbital (HOMO–LUMO) transition,
has (for example, in the case of 5) been assigned to be an n–
p* transition, and it might be possible that the first excited
states in 6 result from different transitions. Computational
investigations on 5 and 7 showed that the LUMO is indeed


Figure 8. Calculated (MRCI/SVP//B3LYP/6-31G*; a) and experimen-
tal (c) UV spectra of 6 and corresponding experimental CD spectra of
(�)-6 (c) and calculated CD spectra of (5R,11R)-6. Scheme 6. Model structures of 7 and 8.


Figure 10. Comparison of the calculated (TD B3LYP/6-31G*//B3LYP/6-
31G*) CD spectra of (5R,11R)-5 (g) and (5R,11R)-6 (c) with those
of (5R,11R)-7 (a)) and (5R,11R)-8 (g).


Figure 9. X-ray crystal structure of (�)-(5R,11R)-6.
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a p* orbital; however, a more detailed population analysis
indicated that the HOMO does not only have n character
from the lone pairs of the nitrogen atoms but also possesses
a substantial portion of p character from the p orbitals of
the aromatic rings, thereby hinting at a strong +M effect of
the nitrogen atoms. Thus, the HOMO–LUMO transition is
better described as an n,p–p* transition for compounds such
as 5 and 7 (Figure 11, top).


While the diboronic acid esters 6 and 8 still have similar
HOMOs, their LUMOs are different due to the boron
atoms and are mostly formed of the empty p orbitals of the
boron atoms; thus, the first Cotton effects in the CD spectra
of 6 and 8 are due to an n,p–p transition. This evidences the
assumption that the properties of the different substituents
also have an influence on the spectra.


Thus, we did not only succeed in elucidating the absolute
configurations of the two enantiomers of 6, but we could
also establish some reasons for the difference between the
spectra of the Trçger�s base derivatives investigated here.
One of the most important findings of the theoretical inves-
tigations is that the absolute configuration of differently sub-
stituted Trçger�s bases cannot be established by just compar-
ing their experimental CD spectra, due to the unexpectedly
strong effects of the substituents on the CD spectra. Al-
though the DFT method used here is not always able to
fully reproduce the experimental CD spectra (mainly in the
lower wavelength region of 6), it does fulfill the task of dis-
tinguishing between the different enantiomers. With com-
pound 6 as an example, this has been vigorously confirmed
by higher-level calculations with the MRCI approach.


Conclusion


In summary, we have succeeded in synthesizing racemic di-
substituted derivatives of Trçger�s base bearing versatile
functional groups for the synthesis of elaborated structures.


While the stereoisomers of a 2,8-dihydroxy derivative have
only been separated in the form of their diastereomeric de-
rivatives by using HPLC techniques on chiral stationary
(S,S)-Whelk-01 phases, the same chromatographic approach
was also applied to the resolution of the racemic 3,9-dibro-
mo-functionalized Trçger�s base derivative 5 and the 2,8-di-
boronic acid ester derivative 6 on a semipreparative scale.
The 4,10-dimethyl substitution pattern of these compounds
prevents their racemization in acidic media, which makes
their successful enantioseparation even more attractive, as
they are configurationaly stable under basic conditions
anyway, for example, in Suzuki reactions. We were also able
to determine the absolute configuration of the resolved en-
antiomers by comparison of quantum chemically calculated
CD spectra with the experimental ones and, independently,
by X-ray diffraction techniques. The reliable knowledge of
the absolute stereostructures of these compounds is a re-
quired precondition for the construction of more sophisticat-
ed molecular architectures, which we are currently preparing
in enantiomerically pure form.


Experimental Section


General information : All reactions were performed under an argon at-
mosphere by using standard Schlenk techniques and glassware that was
oven dried prior to use. TLC was performed on aluminum TLC plates
coated with silica gel 60 F254 (Merck). Detection was done under UV
light (254 and 366 nm). Products were purified by column chromatogra-
phy on silica gel 60 (70–230 mesh; Merck). 1H and 13C NMR spectra were
recorded on a Bruker DRX 500 spectrometer at 300 K, at 500.1 and
125.8 MHz, respectively, on a Bruker AM 400 spectrometer at 298 K, at
400.1 and 100.6 MHz, respectively, or on a Bruker Avance 300 spectrom-
eter at 298 K, at 300.1 and 75.5 MHz, respectively. 1H and 13C NMR
chemical shifts are reported on the d scale (ppm) relative to residual non-
deuterated and deuterated solvent, resepectively, as the internal stand-
ards. Signals were assigned on the basis of 1H, 13C, HMQC, and HMBC
NMR experiments. Mass spectra were taken on a Finnigan MAT 212 in-
strument with an MMS-ICIS data system (EI) or an A.E.I. MS-50 instru-
ment (EI; high-resolution EI). Melting points were measured with a hot-
stage microscope SM-Lux apparatus from Leitz and are not corrected.
Elemental analyses were carried out with a Fisons Instrument EA1108 or
a Heraeus Vario EL instrument. HPLC was performed by using a Promi-
nence console from Shimadzu (binary system consisting of two pumps
(LC20-AT), degasser (DGU-20A)3, diode array detector (SPD-M20A),
and a fraction collector (FRC-10A)). Chiral analytical and semiprepara-
tive stationary phases ((S,S)-Whelk-01 phase from GAT) were applied
and solvent mixtures of n-heptane and dichloromethane (HPLC quality)
were used. CD spectroscopy was performed on a Jasco J-810 instrument.
Crystal structures were edited with the Diamond 3.0 software (Crystal
Impact GbR). Most solvents were dried, distilled, and stored under
argon according to standard procedures. All chemicals were used as re-
ceived from commercial sources. Racemic 3,9-dibromo-4,10-dimethyl-
6H,12H-5,11-methanodibenzodiazocine (5),[27] 2,8-dibromo-4,10-dimeth-
yl-6H,12H-5,11-methanodibenzodiazocine (2),[17] and 2,8-diiodo-4,10-di-
methyl-6H,12H-5,11-methanodibenzodiazocine (3)[20] were prepared ac-
cording to published procedures. The numbering system for the 1H and
13C nuclei is indicated in Scheme 1.


2,8-Bis[(R)-1-phenylethoxy]-4,10-dimethyl-6H,12H-5,11-methanodiben-
zodiazocine (4, mixture of two diastereomers): A solution of 3 (600 mg,
1.20 mmol), (R)-(+)-1-phenylethanol (584 mg, 4.78 mmol, 4 equiv),
cesium carbonate (1.56 g, 4.78 mmol, 4 equiv), copper(I) iodide (46 mg,
0.24 mmol, 20 mol%), and 1,10-phenanthroline (anhydrous; 86 mg,
0.48 mmol, 40 mol%) in toluene (10 mL) was refluxed for 18 h. It was


Figure 11. Calculated HOMOs (a and c) and LUMOs (b and d) of 6
(bottom) and 7 (top) obtained from B3LYP/6-31G* calculations.
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then filtered through silica gel and the residue was washed with CH2Cl2
(150 mL). The filtrate was dried with Na2SO4, the solvents were evapo-
rated, and the residue was purified by column chromatography (petro-
leum ether (40/60)/ethyl acetate 4:1 with 0.5% Et3N, Rf=0.39). Yield:
442 mg (0.91 mmol, 76%); MS (EI): m/z (%): 490.3 (100) [C33H34N2O2]


+


C ; HRMS (EI): m/z : calcd for [C33H34N2O2]+ C : 490.2620; found: 490.2624;
elemental analysis: calcd (%) for C33H34N2O2·0.5H2O: C 79.33, H 7.06, N
5.61; found: C 79.34, H 7.10, N 5.15.


Separation of the diastereomers of 4 : HPLC: chiral phase (analytical):
(S,S)-Whelk-01; eluent: n-heptane/CH2Cl2 2:1; flow rate (f)=


0.3 mLmin�1.


Diastereomer 4a : Retention time=13.0 min; [a]24D =++3.9 (c=0.54 in
CH2Cl2); m.p. 64–66 8C; 1H NMR (400.1 MHz, CDCl3): d=1.47 (d, 3J=


6.4 Hz; OCH(Ph)CH3), 2.20 (s; PhCH3), 3.68 (d, 2J=�16.7 Hz, 2H; 6-
endo-H, 12-endo-H), 4.13 (s, 2H; 13-H), 4.36 (d, 2J=�16.7 Hz, 2H; 6-
exo-H, 12-exo-H), 5.07 (q, 3J=6.4 Hz, 2H; OCH(Ph)CH3), 6.16 (d, 4J1,3=
4J7,9=2.6 Hz, 2H; 1-H, 7-H), 6.50 (d, 4J1,3= 4J7,9=2.6 Hz, 2H; 3-H, 9-H),
7.14–7.18 (m, 2H; 4Ph-H), 7.21–7.28 ppm (m, 8H; 2Ph-H, 3Ph-H, 2’Ph-H,
3’Ph-H); 13C NMR (100.8 MHz, CDCl3): d=17.2 (PhCH3), 24.4
(OCH(Ph)CH3), 55.2 (C-6, C-12), 67.7 (C-13), 76.1 (OCH(Ph)CH3),
110.6 (C-1, C-7), 116.8 (C-3, C-9), 125.5 (C-2Ph, C-2’Ph), 127.4 (C-4Ph),
128.6 (C-3Ph, C-3’Ph), 128.9 (C-14, C-16), 134.2 (C-4, C-10), 139.3 (C-15,
C-17), 143.5 (C-1Ph), 154.3 ppm (C-2, C-8).


Diastereomer 4b : Retention time=15.3 min; [a]24D =++123.3 (c=0.48 in
CH2Cl2); m.p. 70–72 8C; 1H NMR (400.1 MHz, CDCl3): d=1.47 (d, 3J=


6.4 Hz, 6H; OCH(Ph)CH3), 2.23 (s, 6H; PhCH3), 3.69 (d, 2J=�16.8 Hz,
2H; 6-endo-H, 12-endo-H), 4.11 (s, 2H; 13-H), 4.30 (d, 2J=�16.8 Hz,
2H; 6-exo-H, 12-exo-H), 5.09 (q, 3J=6.4 Hz, 2H; OCH(Ph)CH3), 6.13 (d,
4J1,3= 4J7,9=2.7 Hz, 2H; 1-H, 7-H), 6.53 (d, 4J1,3= 4J7,9=2.7 Hz, 2H; 3-H,
9-H), 7.15–7.18 (m, 2H; 4’Ph-H), 7.19–7.27 ppm (m, 8H; 2Ph-H, 3Ph-H,
2’Ph-H, 3’Ph-H); 13C NMR (100.8 MHz, CDCl3): d =17.2 (PhCH3), 24.5
(OCH(Ph)CH3), 55.3 (C-6, C-12), 67.8 (C-13), 75.8 (OCH(Ph)CH3),
110.4 (C-1, C-7), 116.9 (C-3, C-9), 125.5 (C-2Ph, C-2’Ph), 127.3 (C-4Ph),
128.6 (C-3Ph, C-3’Ph), 128.8 (C-14, C-16), 134.1 (C-4, C-10), 139.2 (C-15,
C-17), 143.5 (C-1Ph), 154.2 ppm (C-2, C-8).


3,9-Dibromo-4,10-dimethyl-6H,12H-5,11-methanodibenzodiazocine (5):
Racemic 5 was synthesized according to a published procedure.[27] The
analytical and spectroscopic data were in accordance with those pub-
lished.


Separation of the enantiomers of 5 : HPLC: chiral phase (analytical):
(S,S)-Whelk-01; eluent: n-heptane/CH2Cl2 85:15; f=0.5 mLmin�1.


Enantiomer (�)-(5R,11R)-5 : Retention time=9.8 min; [a]25D =++214.8
(c=0.13 in CH2Cl2); CD (CH3CN): l (De)=291 (+15.9), 260 (�25.4),
219 nm (�54.6 cm2mol�1).


Enantiomer (+)-(5S,11S)-5 : Retention time: 10.9 min; [a]25D : �210.7 (c=


0.13 in CH2Cl2), 98% ee ; CD (CH3CN): l (De)=291 (�15.9), 260 (+
25.4), 219 nm (+54.6 cm2mol�1).


2,8-Bis[4-(4,4,5,5-tetramethyl-1,3,2-dioxaboralan-2-yl)]-4,10-dimethyl-
6H,12H-5,11-methanodibenzodiazocine (6): A solution of 2 (1 g,
2.45 mmol) in THF (10 mL) was cooled to �78 8C. nBuLi (1.6m in n-
hexane; 3.66 mL, 5.87 mmol, 2.4 equiv) was added at this temperature
within 5 min and the resulting solution was stirred for another 5 min. Tri-
methylborate (0.82 mL, 7.35 mmol, 764 mg, 3 equiv) was added, and the
reaction mixture was warmed to room temperature and stirred for anoth-
er hour. The solvents were evaporated and the residue was suspended in
toluene (30 mL). Pinacol (1.16 g, 9.8 mmol, 4 equiv) was added, and the
resulting mixture was refluxed for 16 h. Water was added, the layers were
separated, and the aqueous layer was extracted three times with CH2Cl2.
The combined organic layers were dried with Na2SO4, and the solvents
were evaporated. The crude product was pure according to NMR spec-
troscopic analysis. If the product requires further purification, it can be
dissolved in CH2Cl2. Excessive n-hexane has to be added and the result-
ing solution has to be stored at �20 8C for 10 h. The white precipitate can
be collected and is pure 6. Yield: 970 mg (1.94 mmol, 79%); m.p.
>250 8C; 1H NMR (500.1 MHz, CDCl3): d=1.29 (s, 24H; B ACHTUNGTRENNUNG[O2C2-
ACHTUNGTRENNUNG(CH3)4]), 2.39 (s, 6H; PhCH3), 4.05 (d, 2J=�17.0 Hz, 2H; 6-endo-H, 12-
endo-H), 4.34 (s, 2H; 13-H), 4.59 (d, 2J=�17.0 Hz, 2H; 6-exo-H, 12-exo-


H), 7.23 (s, 2H, 1-H; 7-H), 7.48 ppm (s, 2H; 3-H, 9-H); 13C NMR
(125.8 MHz, CDCl3): d=16.9 (PhCH3), 24.8 (BACHTUNGTRENNUNG[O2C2 ACHTUNGTRENNUNG(CH3)4]), 54.8 (C-6,
C-12), 67.6 (C-13), 83.6 (B ACHTUNGTRENNUNG[O2C2 ACHTUNGTRENNUNG(CH3)4]),127.2 (C-14, C-16), 131.3 (C-1,
C-7), 132.0 (C-4, C-10), 135.4 (C-3, C-9), 148.9 ppm (C-15, C-17), as a
result of the high multiplicity through the 13C–11B coupling, the signal for
C-2 und C-8 was too weak to be detected; MS (EI): m/z (%): 502.2 (100)
[C29H40B2N2O4]


+ C ; HRMS (EI): m/z : calcd for [C29H40B2N2O4]
+ C :


520.3174; found: 502.3174; elemental analysis: calcd (%) for
C29H40B2N2O4·H2O: C 66.95, H 8.14, N 5.38; found: C 66.47, H 7.82, N
5.24; UV/Vis (CH3CN): lmax (De)=202 (2.0R104), 240 (0.6R104), 273 nm
(0.5·104


m
�1 cm�1).


Separation of the enantiomers of 6 : HPLC: chiral phase (analytical):
(S,S)-Whelk-01; eluent: n-heptane/CH2Cl2 85:15; f=0.5 mLmin�1.


Enantiomer (+)-(5R,11R)-6 : Retention time=9.3 min; [a]25D =�169.1
(c=0.13 in CH2Cl2); CD (CH3CN): l (De)=278 (�33.5), 236 (�41.8),
218 nm (�44.2 cm2mol�1); elemental analysis: calcd (%) for
C29H40B2N2O4·H2O: C 66.95, H 8.14, N 5.38; found: C 66.78, H 7.87, N
5.20.


Enantiomer (�)-(5S,11S)-6 : Retention time=10.7 min; [a]25D =++160.8
(c=0.13 in CH2Cl2), 95% ee ; CD (CH3CN): l (De)=278 (+30.1), 236
(+37.6), 218 nm (+39.5 cm2mol�1); elemental analysis: calcd (%) for
C29H40B2N2O4·H2O: C 66.95, H 8.14, N 5.38; found: C 66.78, H 8.04, N
5.01.


Computational details : All optimizations were performed with the soft-
ware package Gaussian 03,[32] by using the AM1[33] Hamiltonian or the
DFT functional B3LYP[34] and the basis set 6-31G*.[35] The Trçger�s bases
are quite rigid structures, which could be seen by the fact that only one
conformer for each base was found. To identify the found structures as
energetic minima, frequency calculations were accomplished at the same
level of theory. Rotational-strength values for the electronic transitions
from the ground state to the singly excited states were obtained by time-
dependent (TD) DFT calculations (B3LYP/6-31G*) with the Gaussian 03
software. Additionally, an MRCI/SVP[36] approach was used (CAS 12,12)
to calculate these values for 6 with the ab initio software package
ORCA 2.6.0 developed by Prof. Dr. F. Neese (University of Bonn, Ger-
many).[37] De values were calculated by forming sums of Gaussian func-
tions (s=0.08 eV for the TD DFT calculation, s=0.1 eV for the MRCI/
SVP calculations) centered at the wavelengths of the respective electron-
ic transitions and multiplied by the corresponding rotational strengths.
The CD spectra thus obtained were UV corrected[38] and compared with
the experimental ones. The HOMO and LUMO graphics were construct-
ed by using the MOLDEN[39] and POVRAY 4.6 software packages.


Crystal structure determinations


X-ray crystallographic analyses of (�)-(5S,11S)-5 and (+)-(5R,11R)-5 :
Data were collected on a Nonius KappaCCD diffractometer equipped
with a low-temperature device (Cryostream, Oxford Cryosystems) at
123(2) K by using graphite monochromated MoKa radiation (l=


0.71073 X).


X-ray crystallographic analysis of (�)-(5R,11R)-6 : Data were collected
on a Nonius KappaCCD diffractometer by using monochromated CuKa


radiation (l=1.54178 X). Programs used: data collection: COLLECT
(Nonius B.V., 1998); data reduction: Denzo-SMN;[40] absorption correc-
tion: Denzo.[41] The structures were solved by direct methods (SHELXS-
97) and refined by full-matrix least squares on F 2 (SHELXL-97).[42] All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms on
carbon atoms were placed in calculated positions and refined isotropical-
ly by using a riding model. For some details of the crystallographic data,
see Table 1. CCDC 659372 ((�)-(5R,11R)-6, employing CuKa radiation),
659277 ((�)-(5R,11R)-6, employing MoKa radiation), 659278 ((+)-
(5R,11R)-5), and 659279 ((�)-(5S,11S)-5) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Table 1. Crystallographic data for (�)-(5R,11R)-6, (+)-(5R,11R)-5, and
(�)-(5S,11S)-5.


(�)-(5R,11R)-6 (+)-(5R,11R)-5 (�)-(5S,11S)-5
formula C29H40B2N2O4 C17H16Br2N2 C17H16Br2N2


Mr 502.25 408.14 408.14
T [K] 223(2) 123(2) 123(2)
crystal system orthorhombic orthorhombic orthorhombic
space group P212121 P212121 P212121


crystal dimensions
[mm]


0.20R0.20R0.05 0.26R0.18R0.12 0.60R0.40R0.32


a [X], a [8] 12.2311(4), 90 10.3918(2), 90 10.3918(2), 90
b [X], b [8] 13.8425(4), 90 11.5529(3), 90 11.5541(3), 90
c [X], g [8] 16.9817(5), 90 12.4471(2), 90 12.4454(3), 90
V [X3] 2875.15(15) 1494.34(5) 1494.29(6)
Z, 1 [mgm3] 4, 1.160 4, 1.814 4, 1.814
m [mm�1] 0.595 5.419 5.419
q range [8] 4.12–67.97 2.55–31.00 3.10–30.99
completeness [%] 93.9 99.9 99.8
reflns measured 15213 43721 21974
unique/observed
reflns (Rint)


4736/3598
(0.0620)


4762/3946
(0.0979)


4756/4163
(0.0506)


data/restraints/
parameters


4736/0/345 4762/0/192 4756/0/193


Gof on F 2 1.029 0.964 0.990
final R indices
[I>2s(I)]


R1=0.052,
wR2=0.100


R1=0.028,
wR2=0.053


R1=0.023,
wR2=0.043


R indices (all data) R1=0.081,
wR2=0.1183


R1=0.040,
wR2=0.056


R1=0.030,
wR2=0.044


absolute structure
parameter x


0.0(3) �0.018(7) �0.017(6)
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�20< l<22; 25874 measured reflections, 6801 independent reflec-
tions (Rint=0.0775); m =0.077 mm�1; max. and min. transmissions=


0.9939 and 0.9555. Structural analysis and refinement: see the Ex-
perimental Section. GoF (F 2)=0.886, final R indices ([I>2s(I)]):
R1=0.0415, wR2=0.0632; R indices (all data): R1=0.0828, wR2=


0.0712; max. and min. residual electron density: 0.176 and
�0.169 eX3; absolute structure parameters: 0.7(8).
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Efficient Rhodium-Catalyzed Installation of Unsaturated Ester Functions
onto Porphyrins: Site-Specific Heck-Type Addition versus Conjugate
Addition
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Introduction


Peripheral functionalization is important for the modifica-
tion of porphyrins and thus the fine-tuning of their electron-
ic and photophysical properties. Most porphyrin functionali-
zations rely on classical but still useful electrophilic substitu-
tion such as halogenation, formylation, and nitration.[1] As
for modern transition metal-catalyzed reactions, palladium-
catalyzed cross coupling[2] as well as Sonogashira[3] and
Heck reactions[4] are powerful tools for the further derivati-
zation of haloporphyrins.[5] However, rhodium-catalyzed
transformations have never been employed in porphyrin
synthesis, although they have proven to be highly versatile
in organic synthesis.[6] In particular, the chemistry of organo-
boranes combined with rhodium catalysis has been exten-
sively explored in the search for new types of carbon–


carbon bond formation with high levels of asymmetric in-
duction.[7]


For the synthesis of a functionalized porphyrin, protected
functional groups are often introduced into the porphyrin
precursor, such as dipyrromethanes and aldehydes, before
cyclization. However, the protected functional group is
sometimes decomposed to some extent under the acidic and
oxidative conditions of porphyrin synthesis. We propose the
post-modification of relatively simple porphyrins by organo-
metallic and catalytic means.[8] Herein, we report facile and
efficient installation of carboxylic ester functions at the
meso and b positions of porphy ACHTUNGTRENNUNGrins by the rhodium-cata-
lyzed addition of organoboranes to acrylates as the first ap-
plication of rhodium catalysis to porphyrin synthesis. In par-
ticular, the use of b-boryl porphyrins allows the multiple in-
troduction of a,b- and a,b,g,d-unsaturated ester groups,
which are effectively conjugated to the porphyrin p system,
at the b positions in a sterically unhindered manner.[9]


Selective introduction of ester groups at desired positions
in porphyrins is quite important because carboxylic acid
groups attached to porphyrins serve as anchoring moieties
to ensure efficient absorption on the surface of TiO2, a pro-
cess that enhances the efficiency of dye-sensitized solar cells
(DSSC).[10,11] Furthermore, carboxylic acid functions act as
hydrophilic sites in water-soluble porphyrins, which are
useful materials in photodynamic therapy and often exhibit
intriguing aggregation properties in water.[12]


Abstract: A facile introduction of a,b-
or a,b,g,d-unsaturated ester functions
onto porphyrins was achieved through
rhodium-catalyzed addition of b-boryl-
porphyrins to acrylate or 2,4-penta-
ACHTUNGTRENNUNGdienoate esters. The reaction of meso-
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sively afforded saturated esters by 1,4-
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action conditions. Thus, the reaction
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Results and Discussion


Site-specific Rh-catalyzed addition of b- and meso-boryl
porphyrins : b-Boryl porphyrins were prepared by means of
direct, regioselective iridium-catalyzed b-borylation of por-
phyrins.[8a,c] meso-Boryl porphyrins were synthesized accord-
ing to TherienFs protocol.[13] b-Boryl porphyrin 1 was heated
at 100 8C for 15 h in aqueous 1,4-dioxane with hexyl acrylate
(10 equiv) in the presence of 10 mol% of [{Rh ACHTUNGTRENNUNG(cod)(OH)}2]
(cod=1,5-cyclooctatriene). After chromatographic separa-
tion, unsaturated ester 2 was obtained in 82% yield along
with a small amount of saturated product (<3%), which
clearly indicated that predominant addition–elimination,
namely Heck-type addition, had proceeded (Scheme 1).[14]


In contrast, the reaction of meso-boryl porphyrin 3 under
exactly the same conditions exclusively provided saturated
product 4 in 73% yield by 1,4-conjugate addition).[15] Nota-
bly, the reaction mode (Heck-type addition versus conjugate
addition) was highly dependent on the reaction site (b
versus meso).
In view of the reaction mechanism, it is worth noting that


the reaction mode of these rhodium-catalyzed addition reac-
tions is highly dependent on the reaction site in the porphyr-
ins. The transition states for the b-elimination steps were
calculated by DFT at the B3LYP/LANL2DZ level (see the
Supporting Information). Calculations were carried out by
using the Gaussian 03 program.[16] Whereas b elimination
occurs smoothly in transition-state A from b-boryl porphy-
rin, b elimination is not favorable from the meso-boryl por-
phyrin due to steric repulsion between the adjacent b


proton in transition-state B (Scheme 2). The intermediate is
then hydrolyzed to provide the conjugate addition product
via oxa-p-allylrhodium species C.
The use of b,b’-diboryl- and b,b’b’’,b’’’-tetraborylporphyrin


provided diester 5 and tetraester 6 in 72 and 68% yield, re-
spectively, by Heck-type addition. meso,meso’-Diboryl por-
phyrin underwent exclusive 1,4-conjugate addition to furnish
the corresponding saturated ester 7 in 61% yield. Interest-
ingly, the reaction with the a,b-unsaturated ketone, oct-1-


en-3-one, afforded only saturated products 8 and 9 in 89 and
77% yields, respectively. This indicates that only conjugate
addition occurs in the reaction with the a,b-enone regardless
of the position of the boryl group. The reaction with methyl
2,4-pentadienoate allowed further elongation of conjugation
through selective 1,6-addition (Scheme 3).[17] Conjugate ad-
dition competed with Heck-type addition to provide a mix-
ture of products 10 and 11, but the crude mixture was selec-
tively transformed into fully conjugated product 10 in 70%
overall yield upon treatment with DDQ. Interestingly, the
use of ZnII–porphyrin 1–Zn resulted in exclusive formation
of conjugated product 10–Zn.[18] Clearly, the central metal
has a significant effect on the selectivity of the reaction
course, probably by changing the electron density of the por-
phyrin core. This is also the case for diborylporphyACHTUNGTRENNUNGrins:
ZnII–porphyrin furnished the desired conjugated porphyrin
in 40% yield in a single step, whereas the product was ob-


Scheme 1. Site-specific Rh-catalyzed addition of b- and meso-boryl por-
phyrins to acrylate. Ar=3,5-di-tert-butylphenyl.


Scheme 2. Reaction mechanism.
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tained in only 10% yield even after the use of DDQ in the
reaction with the corresponding free base porphyrin.


X-ray crystallographic analysis and electronic absorption
properties : The structures of b,b’- and meso,meso’-diester
porphyrins were unambiguously elucidated by X-ray crystal-
lographic analysis (Figure 1). In the case of 5, the b-unsatu-
rated ester moieties adopt a rather coplanar conformation
and the dihedral angles of C3-C2-C63-C64 and C17-C18-
C72-C73 are 2.5 and 22.28, respectively, because of the lack
of steric bulkiness at the meso position. This orientation
allows effective electronic conjugation in the porphyrin p


system, which is confirmed by the shortened Cpyrrole�Cvinyl


single bond lengths (1.447(7) and 1.448(7) P) relative to the
Cpyrrole�Csp3 single bond lengths (1.508(3) P) in diketo por-
phyrin 9. In contrast, the meso-ester substituents in 7 are
perpendicular to the porphyrin plane to minimize the steric
repulsion between the proximal b-hydrogen atoms.
As is evident from the X-ray structure, the lack of bulky


meso-substituents secures the extension of conjugation at
the b positions. In fact, b-enoate porphyrins 2, 5, and 6 ex-
hibit substantial redshifts and broadening of the Soret and
Q bands in the absorption spectra (Figure 2a,b). Further-
more, the electronic effects of dienoate moieties at the b po-


sitions in porphyrins are quite significant and the shapes of
the absorption bands of 10 and 12 are much broader and are
redshifted, which implies their prospective use as light-har-
vesting dyes. In comparison with the parent triarylporphyrin,
the redshift reaches 44 nm (Soret band) in the case of 12 by
the introduction of two conjugated dienoate moieties. The
full widths at half maxima (fwhm) of the Soret bands of 10
and 12 are 2350 and 2180 cm�1, respectively. The shape of
the absorption spectrum of 10 in dichloromethane does not


Scheme 3. Rh-catalyzed addition of b-boryl porphyrins to methyl penta-
dienoate. DDQ=2,3-dichloro-5,6-dicyano-1,4-benzoquinone; Ar=3,5-di-
tert-butylphenyl.


Figure 1. X-ray structures of 5, 7, and 9. a) Top view and b) side view of
5, c) top view of 7, and d) top view of 9. The thermal ellipsoids are at the
50% probability level. The meso-aryl and alkyl groups in b) are omitted
for clarity.
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show any notable change in the range from 4.0R10�7 to
8.0R10�6 molL�1. The considerable broadening in the spec-
trum is probably explained by its lower symmetry and the
electronic effect of the enoate moiety rather than by the for-
mation of aggregates of 10. Fluorescence spectra of these
porphyrins are also redshifted by the introduction of the un-
saturated substituents (Figure 2c,d). In contrast, no signifi-
cant affects on the absorption properties by meso-substitu-
tion were observed in 7 and 8 (see the Supporting Informa-
tion).


Synthesis of water-soluble porphyrin 13 : Saponification of
tetraester porphyrin 6 under standard conditions provided
tetraacid 13 in quantitative yield. Absorption spectra of tet-
raacid 13 in THF and basic water are shown in Figure 3. The
blueshift of the Soret band in basic water can be accounted
for by formation of H-aggregates due to the hydrophobic
effect and p–p stacking interactions.


Conclusion


We have demonstrated an efficient introduction of ester
functions onto porphyrins by the addition of borylporphy-
ACHTUNGTRENNUNGrins to acrylates. This is the first application of rhodium-cat-
alyzed transformations of organoboranes in porphyrin syn-
thesis. Interestingly, the reaction mode (Heck-type versus
conjugate addition) depends heavily on the reaction site (b
versus meso) in the porphyrins. The unsaturated ester
moiety has a significant impact on the electronic system of
the porphyrin by effective conjugation at the b positions.
This reaction will be useful for the introduction of long alkyl
chains to enhance solubility and control aggregation proper-
ties in the condensed phase by the use of properly designed
acrylate esters. Moreover, the unsaturated ester moieties in-
troduced in this way would be a nice foothold for further
functionalization. Application of the materials obtained
here in dye-sensitized solar cells is currently underway.


Figure 2. UV/Vis absorption spectra (CH2Cl2) of a) 2 (a), 5 (b), and
6 (c) and b) 10 (a ; M=H2) and 12 (c ; M=H2) and fluorescence
spectra (CH2Cl2) of c) 2 (a), 5 (b), and 6 (c) and d) 10 (a ;
M=H2) and 12 (c ; M=H2). The corresponding spectra of 5,10,15-
tris(3,5-di-tert-butylphenyl)porphyrin (c) are shown in all cases.


Figure 3. UV/Vis absorption spectra of 13 in THF (c) and basic water
(a).
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Experimental Section


Instrumentation and materials : 1H NMR (600 MHz) spectra were mea-
sured on a JEOL ECA-600 spectrometer, and chemical shifts were re-
ported on the d scale in ppm relative to CHCl3 (d=7.260 ppm). UV/Vis
absorption spectra were recorded on a Shimadzu UV-3150 spectrometer.
Mass spectra were recorded on a Shimadzu/KRATOS KOMPACT
MALDI 4 spectrometer by using the positive-MALDI ionization
method. High resolution ESI-TOF mass spectra were measured on a
Bruker microTOF instrument. Recycling preparative GPC-HPLC was
carried out on a JAI LC-908 instrument with preparative JAIGEL-2H
and 2.5H columns. Unless otherwise noted, materials obtained from com-
mercial suppliers were used without further purification.


Crystallographic data collection and structure refinement : Data collec-
tion was carried out at low temperature (�153 8C) on a Rigaku RAXIS-
RAPID instrument with graphite monochromated MoKa radiation (l=


0.71069 P). Details of the crystallographic data are listed in Table 1. The
structures were solved by direct methods (SHELXS-97[19]) by using the
full-matrix least square technique (SHELXL-97).[19] CCDC 646245 (5),
646246 (7), and 646247 (9) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


General procedure : Borylated porphyrin (1, 40.9 mg, 41 mmol) and [{Rh-
ACHTUNGTRENNUNG(cod)(OH)}2] (1.8 mg, 4 mmol) were placed in a Schlenk flask, which was
evacuated and then purged with argon five times. Hexyl acrylate (70 mL,
0.4 mmol) followed by 1,4-dioxane/water (1.5/0.15 mL) were introduced
by using a syringe. The mixture was then stirred at 100 8C for 16 h. The
reaction mixture was cooled to room temperature, diluted with CH2Cl2,
and filtered through a small plug of silica gel with copious washings
(CH2Cl2). After removal of the solvent in vacuo, the residue was purified
by silica-gel, column chromatography (hexane/CH2Cl2) and careful re-
crystallization (methanol/dichloromethane) to afford the Heck product 2
(34.7 mg, 34 mmol; 82%).


n-Hexyl (E)-3-[5,10,15-tris(3,5-di-tert-butylphenyl)porphyrin-2-yl]prop-2-
enoate (2): 1H NMR (600 MHz, CDCl3): d=�2.72 (s, 2H; NH), 0.97 (t,
J=7.1 Hz, 3H; Hex), 1.40–1.43 (m, 4H; Hex), 1.50–1.52 (m, 2H; Hex),


1.54 (s, 36H; tBu), 1.56 (s, 18H; tBu), 1.84–1.89 (m, 2H; Hex), 4.41 (t,
J=6.9 Hz, 2H; Hex), 7.14 (d, J=15.6 Hz, 1H), 7.79 (t, J=1.4 Hz, 1H;
Ar-para-H), 7.81 (t, J=1.4 Hz, 1H; Ar-para-H), 7.84 (t, J=1.8 Hz, 1H;
Ar-para-H), 8.04 (d, J=1.4 Hz, 2H; Ar-ortho-H), 8.09 (t, J=1.9 Hz, 4H;
Ar-ortho-H), 8.86 (d, J=4.6 Hz, 1H; b-H), 8.89 (d, J=4.6 Hz, 1H; b-H),
8.91 (d, J=5.0 Hz, 1H; b-H), 8.93 (d, J=4.6 Hz, 1H; b-H), 9.07 (d, J=


4.1 Hz, 1H; b-H), 9.23 (s, 1H; b-H), 9.38 (d, J=15.1 Hz, 1H), 9.40 (d,
J=6.0 Hz, 1H; b-H), 10.37 ppm (s, 1H; meso); UV/Vis (CH2Cl2): lmax


(e)=434 (2.52R105), 522 (2.08R104), 559.5 (9.11R103), 598 (8.22R103),
654.5 nm (5.59R103 m


�1 cm�1); fluorescence (CH2Cl2), lex=434; lem=658,
723 nm; HRMS (ESI): m/z : calcd for C71H88N4O2Na: 1051.6799 [M+Na]+;
found: 1051.6799.


n-Hexyl 3-[10,20-bis(3,5-di-tert-butylphenyl)porphyrin-5-yl]propanoate
(4): 1H NMR (600 MHz, CDCl3): d =�2.97 (s, 2H; NH), 0.81 (t, J=


6.8 Hz, 3H; Hex), 1.19–1.23 (m, 4H; Hex), 1.27–1.30 (m, 2H; Hex), 1.56
(s, 36H; tBu), 1.58–1.63 (m, 2H; Hex), 3.58 (t, J=8.3 Hz, 2H), 4.20 (t,
J=6.9 Hz, 2H), 5.47 (t, J=8.3 Hz, 2H), 7.83 (t, J=1.8 Hz, 2H; Ar-para-
H), 8.10 (d, J=1.86, 4H; Ar-ortho-H), 9.01 (d, J=4.6 Hz, 2H; b-H), 9.04
(d, J=4.6 Hz, 2H; b-H), 9.28 (d, J=4.1 Hz, 2H; b-H), 9.58 (d, J=4.6 Hz,
2H; b-H), 10.12 ppm (s, 1H; meso); HRMS (ESI): m/z : calcd for
C57H71N4O2: 843.5572 [M+H]+ ; found: 843.5551.


Di-n-hexyl (E,E)-3,3’-[5,10,15-tris(3,5-di-tert-butylphenyl)porphyrin-2,18-
diyl]diprop-2-enoate (5): 1H NMR (600 MHz, CDCl3): d =�2.53 (s, 2H;
NH), 0.94 (t, J=6.9 Hz, 6H; Hex), 1.38–1.42 (m, 8H; Hex), 1.49–1.53
(m, 4H; Hex), 1.53 (s, 18H; tBu), 1.54 (s, 36H; tBu), 1.84–1.89 (m, 4H;
Hex), 4.41 (t, J=6.9 Hz, 4H; OCH2), 7.15 (d, J=15.6 Hz, 2H), 7.77 (t,
J=1.9 Hz, 1H; Ar-para-H), 7.84 (t, J=1.9 Hz, 2H; Ar-para-H), 8.01 (d,
J=1.9 Hz, 2H; Ar-ortho-H), 8.06 (d, J=1.9 Hz, 4H; Ar-ortho-H), 8.84
(d, J=4.6 Hz, 2H; b-H), 8.85 (d, J=4.6 Hz, 2H; b-H), 9.22 (s, 2H; b-H),
9.37 (d, J=15.6 Hz; 2H), 10.43 ppm (s, 1H; meso); UV/Vis (CH2Cl2):
lmax (e)=449 (2.67R105), 535 (2.25R104), 571 (7.48R103), 609.5 (7.48R
103), 668 nm (2.08R103 m


�1 cm�1); fluorescence (CH2Cl2): lex=449; lem=


671, 740 nm; HRMS (ESI): m/z : calcd for C80H102N4O4Na: 1205.7793
[M+Na]+ ; found: 1205.7791.


Tetraethyl (E,E,E,E)-3,3’,3’’,3’’’-[5,15-bis(3,5-di-tert-butylphenyl)porphyr-
in-2,8,12,18-tetrayl]tetraprop-2-enoate (6): 1H NMR (600 MHz, CDCl3):
d=�2.39 (s, 2H; NH), 1.52 (t, J=6.9 Hz, 12H; CH3), 1.59 (s, 36H; tBu),


4.49 (q, J=6.8 Hz, 8H; OCH2), 7.15
(d, J=15.6 Hz, 4H), 7.91 (t, J=


1.8 Hz, 2H; Ar-para-H), 8.06 (d, J=


1.9 Hz, 4H; Ar-ortho-H), 9.20 (s, 4H;
b-H), 9.33 (d, J=15.6 Hz, 4H),
10.43 ppm (s, 2H; meso); UV/Vis
(CH2Cl2): lmax (e)=460 (2.65R105),
544 (2.73R104), 581.5 (1.24R104), 619
(1.01R104), 678.5 nm (4.17R
103 m


�1 cm�1); fluorescence (CH2Cl2):
lex=460.5; lem=681, 755 nm; HRMS
(ESI): m/z : calcd for C68H78N4O8Na:
1101.5712 [M+Na]+ ; found:
1101.5728.


Di-n-hexyl 3,3’-[10,20-bis(3,5-di-tert-
butylphenyl)porphyrinate ACHTUNGTRENNUNG(zinc)-5,15-
diyl]dipropanoate (7): d= 1H NMR
(600 MHz, CDCl3): d =0.80 (t, J=


7.1 Hz, 6H; Hex), 1.19–1.23 (m, 8H;
Hex), 1.26–1.30 (m, 4H; Hex), 1.56
(s, 36H; tBu), 1.59–1.63 (m, 4H;
Hex), 3.58 (t, J=8.3 Hz, 4H), 4.19 (t,
J=6.6 Hz, 4H; Hex), 5.41 (t, J=


8.3 Hz, 4H), 7.82 (t, J=1.9 Hz, 2H;
Ar-para-H), 8.07 (d, J=1.4 Hz, 4H;
Ar-ortho-H), 9.05 (d, J=4.6 Hz, 4H;
b-H), 9.59 ppm (d, J=4.6 Hz, 4H; b-
H); HRMS (ESI): m/z : calcd for
C66H85N4O4Zn: 1061.5857 [M+H]+ ;
found: 1061.5854.


Table 1. Crystallographic data for 5, 7, and 9.


5 7 9


empirical formula C80.98H103.96Cl0.98N4O4 C66H83.80N4O4Zn C80H106Cl2N4O2


M 1232.24 1062.54 1226.59
crystal system triclinic triclinic triclinic
space group P1̄ (2) P1̄ (2) P1̄ (2)
a [P] 11.955(3) 5.774(3) 12.937(5)
b [P] 17.381(5) 14.425(7) 17.159(7)
c [P] 18.601(6) 17.283(9) 17.616(9)
a [8] 84.117(10) 94.571(18) 82.555(17)
b [8] 80.176(9) 90.653(17) 68.410(14)
g [8] 71.333(9) 90.721(16) 74.705(12)
V [P3] 3603.1(18) 1434.6(11) 3505(3)
Z 2 1 2
1calcd [gcm


�3] 1.136 1.230 1.142
m [mm�1] 0.104 (MoKa) 0.480 (MoKa) 0.142 (MoKa)
F ACHTUNGTRENNUNG(000) 1333 570 1328
crystal size [mm3] 0.10R0.10R0.10 0.45R0.10R0.10 040R0.40R0.20
2qmax [8] 55.0 55.0 55.0
T [K] 123(2) 123(2) 123(2)
total reflections 12504 14121 31920
unique reflections 5405 6463 15340
reflection used 5405 6463 15340
parameters 918 375 903
absorption correction none none none
R1 0.0959 0.0836 0.0605
wR2 0.2893 0.2426 0.2189
GOF 1.011 1.065 0.985
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5,15-Bis(3,5-di-tert-butylphenyl)-10,20-bis(3-oxooctyl)porphyrinate
zinc(II) (8): 1H NMR (600 MHz, CDCl3): d=0.85 (t, J=6.9 Hz, 6H;
Pen), 1.25–1.28 (m, 8H; Pen), 1.55 (s, 36H; tBu), 1.64–1.69 (m, 4H;
Pen), 2.48 (t, J=7.3 Hz, 4H), 3.69 (t, J=8.2 Hz, 4H), 5.34 (t, J=7.8 Hz,
4H), 7.82 (d, J=1.8 Hz, 2H; Ar-para-H), 8.06 (d, J=1.9 Hz, 4H; Ar-
ortho-H), 9.03 (d, J=4.6 Hz, 4H; b-H), 9.53 ppm (d, J=4.6 Hz, 4H; b-
H); HRMS (ESI): m/z : calcd for C64H80N4O2ZnNa: 1023.5465 [M+Na]+ ;
found: 1023.5462.


5,10,15-Tris(3,5-di-tert-butylphenyl)-2,18-bis(3-oxooctyl)porphyrin (9):
1H NMR (600 MHz, CDCl3): d =�2.85 (s, 2H; NH), 0.86 (t, J=6.4 Hz,
6H; Pen), 1.25–1.33 (m, 8H; Pen), 1.52 (s, 18H; tBu), 1.57 (s, 36H; tBu),
1.65–1.69 (m, 4H; Pen), 2.57 (t, J=7.3 Hz, 4H), 3.48 (t, J=7.8 Hz, 4H),
4.44 (t, J=7.8 Hz, 4H), 7.79 (s, 1H; ArH), 7.82 (s, 2H; ArH), 8.07 (s,
2H; ArH), 8.09 (s, 4H; ArH), 8.71 (s, 2H; b-H), 8.89 (s, 4H; b-H),
10.18 ppm (s, 1H; meso); HRMS (ESI): m/z : calcd for C78H102N4O2:
1149.7895 [M+Na]+ ; found: 1149.7840.


Methyl (2E,4E)-5-[5,10,15-tris(3,5-di-tert-butylphenyl)porphyrin-2-yl]pen-
ta-2,4-dienoate (10): 1H NMR (600 MHz, CDCl3): d =�2.70 (s, 2H; NH),
1.50 (s, 18H; tBu), 1.54 (s, 18H; tBu), 1.56 (s, 18H; tBu), 3.88 (s, 3H;
OCH3), 6.25 (d, J=15.1 Hz, 1H), 7.60 (dd, J=15.6, 11.5 Hz, 1H), 7.78 (t,
J=1.9 Hz, 1H; Ar-para-H), 7.81 (t, J=1.8 Hz, 1H; Ar-para-H), 7.84 (t,
J=1.8 Hz, 1H; Ar-para-H), 7.97 (dd, J=15.1, 11.9 Hz, 1H), 8.04 (d, J=


1.9 Hz, 2H; Ar-ortho-H), 8.09 (d, J=1.8 Hz, 2H; Ar-ortho-H), 8.11 (d,
J=1.9 Hz, 2H; Ar-ortho-H), 8.64 (d, J=14.6 Hz, 1H), 8.86 (d, J=4.6 Hz,
1H; b-H), 8.90 (d, J=4.6 Hz, 2H; b-H), 8.92 (d, J=4.6 Hz, 1H; b-H),
9.06 (d, J=4.6 Hz, 1H; b-H), 9.18 (s, 1H; b-H), 9.37 (d, J=4.1 Hz, 1H;
b-H), 10.28 ppm (s, 1H; meso); UV/Vis (CH2Cl2): lmax (e)=304.0 (2.67R
104), 436.0 (1.85R105), 524.5 (2.08R104), 563.5 (1.21R104), 599.5 (7.99R
103), 655.5 nm (3.00R103 m


�1 cm�1); fluorescence (CH2Cl2): lex=


435.5 nm; lem=659, 726 nm; HRMS (ESI): m/z : calcd for C68H81N4O2:
985.6354 [M+H]+ ; found: 985.6382.


Methyl (3Z)-5-[5,10,15-Tris(3,5-di-tert-butylphenyl)porphyrin-2-yl]pent-3-
enoate (11): 1H NMR (600 MHz, CDCl3): d=�2.87 (s, 2H; NH), 1.50 (s,
18H; tBu), 1.55 (s, 36H; tBu), 3.60 (d, J=7.3 Hz, 2H), 3.75 (s, 3H;
OCH3), 4.93 (d, J=6.9 Hz, 2H), 6.02 (dtt, J=10.6, 7.3, 1.8 Hz, 1H), 6.52
(dtt, J=10.6, 7.3, 1.9 Hz, 1H), 7.78 (t, J=1.8 Hz, 1H; Ar-para-H), 7.79–
7.81 (m, 2H; Ar-para-H), 8.06 (d, J=1.8 Hz, 2H; Ar-ortho-H), 8.09 (d,
J=1.8 Hz, 2H; Ar-ortho-H), 8.10 (d, J=1.9 Hz, 2H; Ar-ortho-H), 8.75 (s,
1H; b-H), 8.90 (m, 3H; b-H), 8.94 (d, J=4.6 Hz, 1H; b-H), 9.04 (d, J=


4.6 Hz, 1H; b-H), 9.32 (d, J=4.6 Hz; b-H), 10.15 ppm (s, 1H; meso);
HRMS (ESI): m/z : calcd for C68H83N4O2: 987.6511 [M+H]+ ; found:
987.6501.


Dimethyl (2E,2’E,4E,4’E)-5,5’-[5,10,15-tris(3,5-di-tert-butylphenyl)por-
phyrin-2,18-yl]dipenta-2,4-dienoate (12): 1H NMR (600 MHz, CDCl3):
d=�2.49 (s, 2H; NH), 1.50 (s, 18H; tBu), 1.56 (s, 36H; tBu), 3.90 (s, 6H;
OCH3), 6.27 (d, J=15.1 Hz, 2H), 7.61 (dd, J=15.1, 11.0 Hz, 2H), 7.78
(dd, J=1.9, 1.8 Hz, 1H; Ar-para-H), 7.85 (dd, J=1.8, 1.4 Hz, 2H; Ar-
para-H), 8.02 (d, J=1.4 Hz, 2H; Ar-ortho-H), 8.03 (dd, J=15.1, 11.5 Hz,
2H), 8.09 (d, J=1.9 Hz, 4H; Ar-ortho-H), 8.68 (d, J=15.6 Hz, 2H), 8.84
(d, J=4.6 Hz, 2H; b-H), 8.86 (d, J=4.6 Hz, 2H; b-H)), 9.18 (s, 2H; b-
H), 10.31 ppm (s, 1H; meso); UV/Vis (CH2Cl2): lmax (e)=302.5 (3.34R
104), 459.5 (1.53R105), 542.5 (1.88R104), 576.5 (8.17R103), 613.5 (7.34R
103), 674.0 nm (2.08R103 m


�1 cm�1); fluorescence (CH2Cl2): lex=459;
lem=677, 746 nm; HRMS (ESI): m/z : calcd for C74H87N4O4: 1095.6722
[M+H]+ ; found: 1095.6749.


Dimethyl (2E,2’E,4E,4’E)-5,5’-[5,10,15-tris(3,5-di-tert-butylphenyl)porphy-
ACHTUNGTRENNUNGrinato ACHTUNGTRENNUNG(zinc)-2,18-yl]dipenta-2,4-dienoate (12–Zn): 1H NMR (600 MHz,
CDCl3): d=1.51–1.57 (m, 54H; CH3 in tBu), 3.89 (s, 6H; OCH3), 6.24–
6.27 (d, J=15.1 Hz, 2H; double bond), 7.58–7.61 (dd, J=15.1 Hz, 2H;
double bond), 7.78 (s, 1H; Ar-para-H), 7.85 (s, 2H; Ar-para-H), 8.01–
8.04 (dd, J=15.1 Hz, 2H; double bond), 8.03 (s, 2H; Ar-ortho-H), 8.09
(s, 4H; Ar-ortho-H), 8.70–8.73 (d, J=15.1 Hz, 2H; double bond), 8.95–
8.96 (m, 4H; b-H), 9.27 (s, 2H; porphyrin b-H), 10.38 ppm (s, 1H; por-
phyrin meso-H); MS (MALDI-TOF) m/z : calcd for C74H84N4O4Zn:
1156.58 [M]+ ; found: 1151.


DDQ oxidation of 10 and 11: The mixture of compound 10 and 11 was
dissolved in dichloromethane and DDQ was added. The mixture was
stirred at room temperature for 1 h. The crude product was purified by


short silica gel column chromatography and recrystallization (CH2Cl2/
MeOH) to provide compound 10.


ACHTUNGTRENNUNG(E,E,E,E)-3,3’,3’’,3’’’-[5,15-Bis(3,5-di-tert-butylphenyl)porphyrin-
2,8,12,18-tetrayl]tetraprop-2-enecarboxylic acid (13): Porphyrin tetraethyl
ester 6 (10.8 mg, 0.01 mmol) was dissolved in THF (1 mL). Then, ethanol
(1 mL) and aqueous NaOH (0.5 mL, 2m, 100 equiv) were added. The so-
lution was stirred under a N2 atmosphere at 70 8C (oil bath) for 20 h. The
solvent was removed in vacuo, and the residue was dissolved in water
(50 mL). The aqueous solution was extracted with CH2Cl2 (R2) to get rid
of the unreacted ester. The tetraacid was precipitated by the slow addi-
tion of aqueous 1m HCl to the aqueous solution. The precipitate was fil-
tered and washed thoroughly with water and CH2Cl2 to give product 13
(98%) as a dark-brown powder. 1H NMR (600 MHz, [D5]pyridine): d=


�1.95 (s, 2H; NH), 1.63 (s, 36H; tBu), 7.71–7.74 (d, 4H, J=15.9 Hz;
double bond), 8.15 (s, 2H; ArH), 8.51 (s, 4H; ArH), 9.76 (s, 4H; b-H),
9.94–9.97 (d, 4H, J=15.5 Hz; double bond), 11.16 ppm (s, 2H; meso-H);
MALDI-TOF-MS: m/z : calcd for C60H62N4O8 966.46 [M]+ ; found: 963;
UV/Vis (THF): lmax (e)=457 (1.7R105), 541 (1.8R104), 579 (7.8R103),
619 (6.8R103), 676 nm (tail, 2.3R103 m


�1 cm�1).
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PdI2-Catalyzed Coupling–Cyclization Reactions Involving Two Different 2,3-
Allenols: An Efficient Synthesis of 4-(1’,3’-Dien-2’-yl)-2,5-dihydrofuran
Derivatives


Youqian Deng, Jing Li, and Shengming Ma*[a]


Introduction


Transition-metal-catalyzed reactions that involve two func-
tionalized allenes have caught the attention of chemists be-
cause of the chirality and substituent-loading capability of
allenes.[1,2] Hashmi et al. reported the homodimerization re-
action of 1,2-allenyl ketones to afford monocyclic 3-(3’-oxo-
1’-alkenyl)- and 2-(3’-oxo-1’-alkenyl)-substituted furan deriv-
atives by Pd and AuCl3 catalysis, respectively.


[3] We have re-
ported the homodimerization reaction of 2,3-allenoic acids
to afford bibutenolides, in which both allenes were cy-
clized.[4] We have also reported the heterodimeric cycliza-
tion of 2,3-allenoic acids or 2,3-allenamides with 1,2-allenyl
ketones[5,6] or 2,3-allenols.[7] Alcaide et al. reported a hetero-
cyclization–cross-coupling reaction between an 2,3-allenol
and an 2,3-allenyl ester.[8] In the same year, Hashmi et al. re-
ported that the cyclization of tertiary 2,3-allenols under
AuCl3 catalysis yielded a mixture of cycloisomerization,
double-cyclization, and other products.[9] Recently, we devel-
oped a homodimeric coupling–cyclization reaction of 2,3-al-


lenols by using PdCl2/NaI as the catalyst, which provides an
efficient route to 4-(1’,3’-dien-2’-yl)-2,5-dihydrofuran deriva-
tives.[10] However, the cyclization of two structurally differ-
ent molecules from the same class of allenes has never been
realized, probably due to molecular recognition difficulties.
In this paper, we report the first examples of PdI2-catalyzed
dimeric coupling–cyclization reactions with two different
2,3-allenols to afford 4-(1’,3’-dien-2’-yl)-2,5-dihydrofuran de-
rivatives, in which one 2,3-allenol is used for the construc-
tion of the dihydrofuran ring and the second 2,3-allenol for
the 1,3-diene unit at the 4-position (Scheme 1).


Results and Discussion


We tried the coupling–cyclization protocol by using 1a in
the presence of buta-2,3-dienol 2a with PdI2 as the catalyst.
Although the reaction in HOAc, CH3NO2, (CH2Cl)2,
CH3CN, or THF failed to afford the expected product 3a,
the results in N,N-dimethylacetamide, DMF, and N,N-dime-
thylpropylene urea (DMPU) were rather encouraging and
gave the expected cross-product 3a in 27–31% yields. Fur-


Keywords: alcohols · allenes ·
cyclization · elimination ·
palladium


Abstract: Transition-metal-catalyzed dimeric coupling–cyclization reactions of two
different 2,3-allenols afforded 4-(1’,3’-dien-2’-yl)-2,5-dihydrofuran derivatives 3. 2-
Substituted 2,3-allenols 1 cyclized to form the 2,5-dihydrofuran ring, whereas the
2-unsubstituted 2,3-allenols 2 provided the 1,3-diene unit at the 4-position. The re-
action is proposed to proceed through an oxypalladation, insertion, and b-hydrox-
ide elimination process. The C=C double bond was formed with high E stereose-
lectivity by b-hydroxide elimination.
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. It contains de-
tailed experimental procedures for the synthesis of starting materials
and products, analytical data of these compounds, and the 1H/13C
spectra of all the products.


Scheme 1. Dimeric coupling–cyclization reactions with two different 2,3-
allenols.
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thermore, it is quite interesting to observe that the reaction
in dimethyl sulfoxide (DMSO) afforded 3a in 46% yield
(see Table S1 in the Supporting Information). Further stud-
ies indicated that the addition of a Lewis acid, such as Sc-
ACHTUNGTRENNUNG(O3SCF3)3, trifluoroacetic acid, or BF3·Et2O, could further
improve the yields. Finally, it was observed that with the ad-
dition of 1.0 equivalent of BF3·Et2O, only 1.1 equivalents of
buta-2,3-dienol 2a were required to afford 3a in 63% yield
(Scheme 2). For comparison, the reaction was also carried


out by using PdCl2 and PdBr2
as catalysts; however, PdI2 gave
the best results.
With this set of optimized re-


action conditions in hand, the
scope of the heterodimeric cou-
pling–cyclization reactions was
demonstrated and some typical
results are summarized in
Tables 1 and 2. The reactions
were usually complete within a
couple of hours. Various substi-
tuted 2,3-allenols that contained
alkyl or aryl groups were suc-
cessfully used to form the 2,5-
dihydrofuran ring and the (1’,3’-
dien-2’-yl) unit at the 4-position
in moderate to good yields. Fur-
thermore, it is important to
note that high stereoselectivi-
ties for the formation of the C=


C bond were observed and
gave products (E)-3 when sec-
ondary 2,3-allenols 2 were used
(Table 2). The stereochemistry
of these products was deter-
mined by the NOESY study of
(E)-3p.
With optically active starting


2,3-allenol (S)-(�)-1b (>99% ee;
ee=enantiomeric excess),[11] 4-
(1’,3’-alkadien-2’-yl)-2,5-dihy-
drofurans (S)-3b and (S)-3 j
were prepared in 58 and 53%
yields, respectively (Scheme 3).
These results indicated that no


racemization took place under the standard reaction condi-
tions.
On the basis of these experiments, it can be noted that


the reactivitiy towards cyclization of allenol 1 with a sub-
stituent at the 2-position (R1) is higher than 2-unsubstituted
2,3-allenol 2. Thus, we propose that allenol 1 forms 2,5-dihy-
drofuranyl palladium intermediate M1 by cyclic oxypallada-
tion. Then, regioselective carbopalladation of the allene unit
of a second molecule of 2,3-allenol 2 with M1 forms p-allyl-
ic palladium intermediate M2. Subsequent trans-b-hydroxide
elimination[7,10,12–14] affords 3 and PdI(OH). This b elimina-
tion process is believed to be mediated by the presence of a
Lewis acid. Finally, PdI(OH) is converted to the catalytically
active species PdI2 by reaction with HI generated in the first
step (Scheme 4). Interestingly, allenes with R1 = alkyl, aryl,
and even an electron-withdrawing alkoxycarbonyl group all
underwent the cyclic oxypalladation reaction.Scheme 2. Dimeric coupling–cyclization reaction of 2,3-allenol 1a with


buta-2,3-dienol 2a. Yields were determined by NMR spectroscopy.


Table 1. PdI2-Catalyzed dimeric coupling–cyclization reactions with two different 2,3-allenols.


Entry 1 2 Yield of 3 [%][a]


R1 R2 R3 R4


1[b] nBu Et (1a) H H (2a) 57 (3a)
2 nBu Me (1b) H H (2a) 61 (3b)
3 nBu Ph (1c) H H (2a) 78 (3c)
4 Ph nBu (1d) H H (2a) 70 (3d)
5 Allyl Me (1e) H H (2a) 49 (3e)
6[c] CO2Me p-CH3C6H4 (1 f) H H (2a) 55 (3 f)
7 nBu p-NO2C6H4 (1g) H H (2a) 70 (3g)
8[d] nBu p-NO2C6H4 (1g) Et Et (2b) 50 (3h)
9[b,e] nBu p-NO2C6H4 (1g) ACHTUNGTRENNUNG(CH2)5 (2c) ACHTUNGTRENNUNG(CH2)5 (2c) 57 (3 i)


[a] Isolated yield. [b] Reaction time=1.5 h. [c] 1.2 equiv of 2a were used. [d] 1.3 equiv of 2b were used.
[e] 1.3 equiv of 2c were used.


Table 2. PdI2-catalyzed stereoselective dimeric coupling–cyclization reactions with two different 2,3-allenols.[a]


Entry 1 2 Yield of (E)-3 [%][b]


R1 R2 R3


1[c] nBu Me (1b) Bn (2e) 55 (3 j)
2 nBu Ph (1c) Bn (2e) 62 (3k)
3 nBu p-NO2C6H4 (1g) nHex (2d) 69 (3 l)
4 nBu p-NO2C6H4 (1g) Bn (2e) 81 (3m)
5 nBu p-NO2C6H4 (1g) Ph (2 f) 38 (3n)
6 nBu o-ClC6H4 (1h) Bn (2e) 65 (3o)
7 CO2Me Et (1 i) nHex (2d) 52 (3p)
8 CO2Me Et (1 i) Bn (2e) 52 (3q)
9 CO2Me nC5H11 (1j) Bn (2e) 53 (3r)
10 Ph nBu (1d) Bn (2e) 48 (3s)


[a] Reaction time=0.5–1.2 h. [b] Isolated yield. [c] 1.3 equiv of 2e were used.
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Conclusion


We have developed the first example of a transition-metal-
catalyzed dimeric coupling–cyclization reaction with two dif-
ferent 2,3-allenols by using PdI2 as the catalyst in the pres-
ence of BF3·Et2O. This reaction provides an efficient route
to 4-(1’,3’-dien-2’-yl)-2,5-dihydrofuran derivatives, in which
the 2-substituted 2,3-allenols construct the 2,5-dihydrofuran
ring, whereas the 2-unsubstituted 2,3-allenols provide the
1,3-diene unit at the 4-position. Due to the easy availability
of the 2,3-allenol starting materials[15] and the catalyst, and
its wide scope, this reaction may prove very useful in organ-
ic synthesis. Further studies in this area and synthetic appli-
cations of this reaction are being carried out in our laborato-
ry.


Experimental Section


Synthesis of starting materials 1 and 2 : Starting materials 1 and 2 were
prepared according to previously published procedures. The starting alle-
nols 1a–e and 1g–h were prepared by the reaction of a propargylic bro-
mide and an aldehyde in the presence of NaI and SnCl2 in DMF.[10a,15c]


Allenols 1 f, 1 i, and 1j were prepared by the reaction of 3-(methoxycar-
bonyl)propargyl bromide and an aldehyde in the presence of NaI and
SnCl2 in DMPU.[15d,e] For the preparation of allenols 2a–e see refer-
ACHTUNGTRENNUNGences [15a,b].


3-Butyl-2-ethyl-4-(1’,3’-butadien-2’-yl)-2,5-dihydrofuran (3a). A general
procedure for the synthesis of compounds 3 : BF3·Et2O (127 mL, 1=


1.12 gmL�1, 142.2 mg, 1 mmol), 1a (154.7 mg, 1.00 mmol), and DMSO
(2.5 mL) were added sequentially to a mixture of PdI2 (18.5 mg, 5 mol%,
0.051 mmol) and buta-2,3-dienol 2a (77.9 mg, 1.11 mmol) in DMSO


(2.5 mL). Then, the mixture was stirred at 80 8C for 1.5 h. After the reac-
tion had gone to completion, as determined by TLC, it was cooled to
room temperature and quenched with water (10 mL). The mixture was
extracted with Et2O (3L25 mL). The combined organic layers were
washed with a saturated aqueous solution of Na2S2O3 and brine. The
product solution was dried over anhydrous Na2SO4. Evaporation and
column chromatography on silica gel (eluent: petroleum ether/ethyl ace-
tate 100:1) afforded 3a (118.6 mg, 57%) as an oil. 1H NMR (400 MHz,
CDCl3) d=6.37 (dd, J1=17.6, J2=10.4 Hz, 1H), 5.23 (s, 1H), 5.17 (d, J=


17.6 Hz, 1H), 5.10 (d, J=10.4 Hz, 1H), 4.98 (s, 1H), 4.92–4.84 (m, 1H),
4.67–4.55 (m, 2H), 2.24–2.12 (m, 1H), 1.88–1.70 (m, 2H), 1.59–1.46 (m,
1H), 1.44–1.16 (m, 4H), 0.93 (t, J=7.2 Hz, 3H), 0.85 ppm (t, J=6.8 Hz,
3H); 13C NMR (100 MHz, CDCl3) d=141.2, 137.6, 137.2, 131.0, 117.8,
116.1, 88.3, 77.6, 29.9, 26.8, 25.3, 22.6, 13.8, 8.5 ppm; IR (neat): ñ =3089,
2960, 2932, 2873, 2859, 1825, 1585, 1456, 1379, 1355, 1030, 899 cm�1; MS
m/z (%): 206 (2.85) [M]+ , 177 (27.81) [M�C2H5]


+ , 57 (100); HRMS: m/z
calcd for C14H22O: 206.1671 [M]+ ; found: 206.1666.


Synthesis of optically active (S)-(+)-3b and (E,S)-(+)-3j


(S)-(+)-3-Butyl-2-methyl-4-(1’,3’-butadien-2’-yl)-2,5-dihydrofuran ((S)-3b):
The reaction of PdI2 (18.1 mg, 5 mol%, 0.050 mmol), 2a (79.9 mg,
1.14 mmol), BF3·Et2O (127 mL, 1.0 mmol), and (S)-(�)-1b (137.3 mg,
0.98 mmol, >99% ee) in DMSO (5 mL) afforded (S)-(+)-3b (108.4 mg,
58%, >99% ee) as an oil. [a]20D =++26.4 (c=1.09 in CHCl3); HPLC con-
ditions: ReGIS (S,S)-whelk-01 column; flow rate=0.7 mLmin�1, eluent=
hexane/iPrOH 100:0.1, l =214 nm.


(S)-(+)-3-Butyl-2-methyl-4-(5’-phenyl-1’,3’-pentadien-(3’E)-2’-yl)-2,5-di-
hydrofuran ((E,S)-(+)-(3 j)): The reaction of PdI2 (7.2 mg, 5 mol%,
0.020 mmol), 2e (86.8 mg, 0.54 mmol), BF3·Et2O (51 mL, 0.40 mmol), and
(S)-(�)-1b (56.0 mg, 1.00 mmol, >99% ee) in DMSO (2 mL) afforded
(E,S)-(+)-3j (60.1 mg, 53%, >99% ee) as an oil. [a]20D =++10.1 (c=0.64
in CHCl3); HPLC conditions: ReGIS (S,S)-whelk-01 column; flow rate=


0.6 mLmin�1, eluent=hexane/iPrOH 100:0.1, l=214 nm..
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Highly Efficient Suzuki–Miyaura Coupling of Heterocyclic Substrates
through Rational Reaction Design


Christoph A. Fleckenstein and Herbert Plenio*[a]


Introduction


The biological activity associated with numerous nitrogen-
and sulfur-containing heterocycles explains their wide use as
active pharmaceutical ingredients.[1–6] Consequently, a siza-
ble portion of recent US patents reports on organic process
development of aromatic heterocycles.[7,8] A useful synthetic
tool for the modification of such compounds is the Suzuki–
Miyaura coupling,[9,10] which has been applied for the prepa-
ration of arylpyridines,[11, 12] bipyridines,[11–15] arylpyrimi-
dines,[16–18] pyridopyridines[11,12,19–21] and aryltriazines,[22,23] the
synthesis of nucleosides[24,25] or the introduction of thio-
phene,[26,27] benzothiazole[28] or indolyl[29–32] moieties.
Nonetheless, the cross-coupling chemistry of heterocyclic


substrates suffers from limitations. In particular, N-heterocy-
cles or compounds bearing free amino moieties are regarded
as challenging substrates.[11, 33–37] Problems include the inhibi-
tion of the catalytically active centre by N-coordination, the
trimerization of boronic acids[38] and the poor reactivities of
electron-deficient boronic acids. In some cases primary or


secondary amino groups have been masked by protective
groups to allow the coupling of such substrates, while with-
out N-protection the Suzuki coupling was less efficient.[39]


Lacking general and efficient cross-coupling protocols, syn-
thetic chemists resort to heteroaryl bromides as coupling
substrates[40,41] instead of the cheaper and more easily avail-
able aryl chlorides, which require at least 1 mol% of catalyst
for quantitative conversion.[42–44] Recently, significant im-
provements in the coupling of heteroaryl chlorides have
been reported by Guram et al.,[45, 46] Buchwald et al.[35] and
Fu et al.[33] Interestingly, some of the more efficient coupling
reactions involving heterocyclic substrates were performed
in water[25,47–60] or in water-containing solvent mixtures (with
toluene, dioxane, CH3CN or n-butanol).
We have recently demonstrated that water in combination


with water-soluble, sulfonated fluorenylphosphine Pd com-
plexes is a very useful solvent for Suzuki coupling reactions
of N-heterocycles.[61] Our working hypothesis is that basic ni-
trogen atoms in pyridines, indoles or primary amines prefer
to engage in hydrogen-bonding interactions with water
rather than to inhibit the catalytically active metal centre.
Apart from being a cheap, safe and benign solvent,[62–64]


water has the additional advantage that the organic products
of the coupling reactions are often poorly soluble and can
thus easily be separated from the reaction mixture. This ad-
vantage, though, also turns out to be a drawback, as the aryl
halide reactants tend to be poorly soluble in water, leading


Abstract: A dicyclohexyl(2-sulfo-9-(3-
(4-sulfophenyl)propyl)-9H-fluoren-9-
yl)phosphonium salt was synthesized in
64% overall yield in three steps from
simple commercially available starting
materials. The highly water-soluble cat-
alyst obtained from the corresponding
phosphine and [Na2PdCl4] enabled the
Suzuki coupling of a broad variety of
N- and S-heterocyclic substrates. Chlor-
opyridines (-quinolines) and aryl chlor-
ides were coupled with aryl-, pyridine-


or indoleboronic acids in quantitative
yields in water/n-butanol solvent mix-
tures in the presence of 0.005–
0.05 mol% of Pd catalyst at 100 8C,
chloropurines were quantitatively
Suzuki coupled in the presence of
0.5 mol% of catalyst, and S-heterocy-
clic aryl chlorides and aryl- or 3-pyri-


dylboronic acids required 0.01–
0.05 mol% Pd catalyst for full conver-
sion. The key to the high activity of the
Pd-phosphine catalyst is the rational
design of the reaction parameters (i.e.,
the presence of water in the reaction
mixture, good solubility of reactants
and catalyst in n-butanol/water (3:1),
and the electron-rich and sterically de-
manding nature of the phosphine
ligand).


Keywords: cross-coupling · indoles ·
palladium · purines · thiophenes


[a] Dipl.-Ing. C. A. Fleckenstein, Prof. Dr. H. Plenio
Anorganische Chemie im Zintl-Institut, TU Darmstadt
Petersenstrasse 18, 64287 Darmstadt (Germany)
E-mail : plenio@tu-darmstadt.de


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


Chem. Eur. J. 2008, 14, 4267 – 4279 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4267


FULL PAPER







to a decrease in the overall rate of the coupling reaction due
to mass transfer limitations. In order to improve the efficien-
cy of Suzuki reactions further, we reasoned that increasing
the solubility of the reactants in water by addition of a co-
solvent should lead to even faster Suzuki coupling reactions.
However, this must be achieved without compromising the
previously mentioned advantages. The cosolvent should be
benign: it should form a biphasic mixture with water at
room temperature and a single solvent phase at elevated
temperatures to avoid mass transfer limitations.[65] n-Butanol
fulfils the criteria defined above: it has a large phase separa-
tion region with water at room temperature,[66] but forms
monophasic mixtures at elevated temperatures, does not in-
terfere with the Suzuki reaction, has a satisfactory boiling
point and proves to represent a good trade-off between eco-
nomical, safety and ecological aspects.[67,68]


We wish to report here on highly efficient Suzuki coupling
reactions of various N- and S-heterocyclic substrates in the
presence of a highly water-soluble catalyst, based on a disul-
fonated phosphine, in an optimized water/n-butanol mix-
ture.


Results and Discussion


Synthesis of a highly water-soluble disulfonated fluorenyl-
dialkylphosphine : We have recently reported the synthesis
of fluorenylphosphines whose Pd complexes are excellent
catalysts for various cross-coupling reactions.[61, 69,70] Some of
these phosphines are easily monosulfonated by treating
their respective phosphonium salts with sulfuric acid
(Scheme 1).[61] Nonetheless, the water solubilities of the cor-
responding Pd–phosphine complexes remain modest.


Disulfonation of 9-ethylfluoren-9-yldicyclohexylphospho-
nium salt 1·H+ was not successful. The use of more reactive
sulfonating reagents (oleum, ClSO3H) on phosphine 1 led to
the quantitative oxidation of PIII during aqueous workup,
while less forcing reaction conditions afforded only the mon-
osulfonated product. Consequently, we introduced another
phenyl ring at the periphery of the ligand to serve as an
anchor for a second sulfonato group (Scheme 2). The corre-
sponding dicyclohexylfluorenylphosphonium salt 3 is readily
sulfonated on treatment with sulfuric acid, affording the di-
sulfonated fluorenylphosphonium salt 4·3H+ . Treatment of
this reaction mixture with dilute NaOH and subsequent
methanolic workup afforded the free phosphine 4 as the cor-
responding sodium salt in 65% overall yield from fluorene,


through the use of simple commercially available starting
materials.[71] Following our report on the large-scale synthe-
sis of various fluorenylphosphines (including 3·H+),[70] we
now routinely perform the double sulfonation of 3·H+ on a
50 g scale using sulfuric acid, completely avoiding the forma-
tion of undesired phosphine oxides—even when the reaction
is carried out in the presence of oxygen.


Optimizing the water/n-butanol system : As pointed out
before, the poor solubility of aryl halides in pure water ap-
pears to be a drawback for coupling reactions in this solvent.
We first wanted to test whether the addition of n-butanol as
a co-solvent would enhance the catalytic activity of the [Pd/
4] complex in Suzuki cross-coupling reactions. The catalyst
was formed in situ by treatment of two equivalents of phos-
phonium salt 4·3H+ with [Na2PdCl4] in the presence of six
equivalents of base and the reactants. We chose the coupling
of 4-amino-2-chloropyridine and 3-pyridylboronic acid as
the test reaction, and obtained quantitative conversion
(93%) in water/n-butanol (1:1) solvent with the [Pd/4] com-
plex as formed in situ as catalyst.
In pure water significantly lower conversion (44%) was


observed under the same conditions (Table 1), while in n-bu-
tanol no coupling (<1%) occurred. This result confirms our
initial idea that the reaction rate can be enhanced by provid-
ing better substrate solubility, while on the other hand a sig-
nificant amount of water in the n-butanol is required to
allow highly effective cross-coupling reactions.
We next studied the impact of the n-butanol/water ratio


in Suzuki reactions of heterocycles to optimize the solvent
composition in a more systematic manner. With the same
catalyst as before, 2-chloro-4-picoline was coupled with p-
tolylboronic acid in pure water, pure n-butanol or various
mixtures of the two solvents (Figure 1).
At 80 8C and 0.01 mol% [Pd] loading in pure water 59%


conversion was observed, increasing on addition of n-buta-


Scheme 1. Monosulfonation of a 9-ethylfluorenyldicyclohexylphosphoni-
um salt.


Scheme 2. Synthesis of the disulfonated fluorenyldialkylphosphine 4. a) 3-
phenylpropan-1-ol, 3-phenylpropanal, KOH, 150 8C; b) nBuLi, Cy2PCl,
MTBE, �30 8C, aq. HBF4; c) CH2Cl2, H2SO4, 50 8C; d) NaOH.
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nol to reach 100% conversion over a wide range of water/n-
butanol compositions of 1:1 to 1:9. With a further increase
in the alcohol content, the conversion drops drastically to
only 19% conversion in pure n-butanol (technical grade).
To identify the best solvent composition the screen was re-
peated at a lower reaction temperature (60 8C). Under these
conditions a catalytic optimum was found at approximately
75% (v/v) n-butanol. Almost the same water/n-butanol com-
position was used by Billingsley and Buchwald for the
Suzuki coupling of 2-bromothiophene and pyrrole boronate
esters.[72]


From the water/n-butanol phase diagram,[66] we believe
that a water/n-butanol 1:3 solvent mixture provides the high-
est possible water content in a homogeneous solution at
100 8C. At higher water contents the water/n-butanol mix-
ture turns biphasic, leading to significantly diminished yields


in cross-coupling reactions. Further increasing the amount
of n-butanol results in drastically lowered yields—obviously
a certain amount of water is very important. Consequently,
the 1:3 water/n-butanol ratio represents a good trade-off be-
tween good substrate solubility, a monophasic reaction at
elevated temperatures and biphasic behavior at ambient
conditions, combined with maximum water content.
We next compared the catalytic activities of Pd complexes


formed in situ with the doubly sulfonated phosphine 4, the
monosulfonated phosphine 1 and the phosphine 3. Those
three ligands are electron-rich and sterically demanding
phosphines, which is essential for the formation of high-ac-
tivity Pd complexes.[73,74] This was done to demonstrate the
superiority of highly polar Pd complexes over their medium-
polar and lipophilic counterparts. On treatment of 2-chloro-
4-picoline with p-tolylboronic acid at 100 8C in the water/n-
butanol (1:3) mixture, Pd complexes with the doubly sulfo-
nated phosphine 4·3H+ showed significantly higher catalytic
activity than their mono- and non-sulfonated relatives
(Table 2). Under the same set of conditions, the palladium
salt alone (i.e. , in the absence of phosphine) does not afford
any detectable cross-coupling product (Table 2, entry 3).


Suzuki cross-coupling of N-heterocycles : We next wanted to
demonstrate the generality of the optimized reaction condi-
tions for Suzuki reactions of N-heterocyclic substrates by
coupling a number of different 2-chloropyridines and 2-
chloroquinolines in Suzuki reactions with various boronic
acids (mainly tolyl- and naphthylboronic acid) (Table 3).
Coupling reactions of 2-chloropyridines with sterically un-


hindered boronic acids (p-tolyl-, m-tolyl-) or electron-defi-
cient m-(trifluoromethyl)phenylboronic acid were carried
out at 100 8C in n-butanol/water (3:1) over 12 h with K2CO3


as the base and in the presence of 0.005 mol% of Pd cata-
lyst[75] (Table 1, entries 1–12). Even with the sterically hin-
dered 1-naphthylboronic acid, quantitative conversion was
achieved in the presence of 0.01 mol% of Pd catalyst
(Table 3, entries 13–19). Difficult substrates such as the
highly basic 4-amino-2-chloropyridine reacted with p-tolyl-


Table 1. Influence of solvent on catalytic activity: water versus water/n-
butanol.


Entry Aryl chloride Boronic acid Product Conv. [%][a]


1
44[b]


93[c]


<1[d]


[a] Average of two runs, determined by GC with heptadecane as internal
standard. [b] In pure water as solvent. [c] In H2O/n-butanol 1:1 as sol-
vent. [d] In n-butanol.


Figure 1. Effect of water/n-butanol ratio on catalytic activity. Reaction
temperature: *: 80 8C. *: 60 8C.


Table 2. Catalytic activity of water-soluble and water-insoluble catalysts.


Entry Ligand L Cat. loading [mol%] Yield [%][a]


1 4 0.01 >99
2 4 0.005 >99
3 – 0.01[b] 0
4 1 0.01 >99
5 1 0.005 73
6 3 0.01 79
7 3 0.005 59


[a] Average of two runs, determined by GC with heptadecane as internal
standard. [b] Control experiment: 0.01 mol% [Na2PdCl4], no phosphine
ligand.
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boronic acid or 1-naphthylbor-
onic acid to afford quantitative
conversions at 0.01 mol% cata-
lyst loading (Table 3, entries 8,
16). For these substrates the
Pd-phosphine complex 4 is
about four times more active
in water/n-butanol than in pure
water and 10 to 100 times
more active than other recent-
ly reported catalysts.[33, 35,76]


Suzuki coupling of N-heterocy-
clic boronic acids : More chal-
lenging Suzuki substrate com-
binations are those in which
both coupling partners contain
a pyridyl or an amino moiety.
In order to probe the activity
of our catalytic system we
screened reactions of various
2-chloropyridines and 2-chloro-
quinolines with 3-pyridylbor-
onic acid. With 0.01 mol% cat-
alyst loading, 2-chloropyridines
and 2-chloroquinolines reacted
smoothly with 3-pyridylboronic
acid to afford near quantitative
conversion (Table 4, entries 1–
5). The highly basic 4-amino-2-
chloropyridine was coupled in
near quantitative yield with 3-
pyridylboronic acid (Table 4,
entry 7) or with 2,4-dimethoxy-
3-pyridylboronic acid (Table 4,
entry 9) when 0.05 mol% cata-
lyst were applied.
Our optimized reaction pro-


tocol is not limited to 2-chloro-
pyridines as coupling partners.
Both 4-chloropyridine and the
less activated 3-chloropyridine
coupled quantitatively with p-
tolylboronic acid (Table 5, en-
tries 1 and 2) in the presence
of as little as 0.05 mol% of cat-
alyst. Sterically hindered bor-
onic acids such as 2,6-dimethyl-
boronic acid (Table 5, entry 3)
reacted smoothly in the same
manner with 4-chloropyridine.
3-Pyridylboronic acid—an elec-
tron-deficient metalloid—gave
quantitative conversion with
either 3-chloropyridine or 4-
chloropyridine (Table 5, en-
tries 4 and 5).


Table 3. Suzuki reactions with 2-chloropyridines and 2-chloroquinolines with arylboronic acids in water/n-bu-
tanol (1:3)[a]


Entry Aryl chloride Boronic acid Product Pd [mol%] Conv. [%][b] Yield[c]


1 0.005 �99 95


2 0.005 �99 92


3 0.005 �99 91


4 0.005 �99 95


5 0.005 �99 94


6 0.005 �99 96


7 0.005 �99 94


8
0.01
0.005


�99
78


92


9 0.005 �99 96


10 0.005 �99 96


11 0.005 �99 94


12 0.005 �99 95


13 0.01 �99 92


14 0.01 �99 96


15 0.01 �99 95
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Application of the standard coupling protocol to deacti-
vated 4-chloroanisole with the sterically hindered and elec-
tron-deficient 2,4-dimethoxy-3-pyridylboronic acid led to
quantitative product formation (Table 4, entry 8). The same
outcome was observed when the deactivated 1-(4-chloro-
phenyl)-1H-pyrrole was coupled with 3-anisylboronic acid
(Table 5, entry 6) or N-heterocyclic boronic acids (3-pyridyl-
boronic acid; Table 5, entry 7).
Because of its ubiquitous appearance in natural products,


compounds bearing an indole ring are of importance for
pharmaceutical chemistry[77] as, for example, antitumor
agents.[78,79] Suzuki couplings of aryl halides with the corre-
sponding indoleboronic acids should thus represent a con-
venient approach for the introduction of this heterocycle. In
a comprehensive study of the reactivity of haloindoles and
indoleboronic acids in Suzuki cross-couplings, Giralt et al.[30]


noted that unprotected indoleboronic acid is not well suited
for Suzuki reactions. It is thus not surprising that most of
the known cross-coupling protocols either utilize N-protect-
ed indoleboronic acids,[80] accepting the need for a protec-
tion/deprotection sequence, or otherwise are restricted to
the use of the more active aryl bromides as coupling part-
ners.[29, 34,41, 81,82] Recently, the use of improved catalysts and
modified reaction protocols has allowed the coupling of aryl
chlorides with unprotected indoleboronic acids—unfortu-
nately, though, this requires catalyst loadings of 2–
5 mol%.[33,35,72]


With our newly developed reaction protocol (Table 4),
catalyst loadings of only 0.05 mol% [Pd/4] are sufficient to


couple indole-6-boronic acid
with N-heterocyclic aryl chlor-
ides such as 2-chloro-6-me-
thoxypyridine (Table 4,
entry 11) in 95% yield. Even
deactivated and sterically hin-
dered aryl chlorides such as 2-
chlorotoluene were coupled
under the same conditions in
91% yield (Table 4, entry 12).
In the absence of N-protecting
groups, the Suzuki pathway is
the preferred one.


Suzuki coupling of purines : Pu-
rines, the core bases of the
DNA and RNA nucleotide
building blocks adenine and
guanine, represent an impor-
tant class of biologically active
compounds and are used as an-
tiviral[83–87] or anticancer
agents.[85,88–93] Suzuki couplings
have been used to introduce
various substituted aryl groups
into purine systems.[89,94] How-
ever, unprotected halo-9H-
purine bases proved to be un-


reactive in common cross-coupling protocols, due to remov-
al of the N9 proton.[44,95] Cross-coupling proceeded only
when N9 was decorated with a protective group, although
high Pd catalyst loadings (at least 5 mol%) combined with
elevated reaction temperatures were still required.[88,89,94,96–98]


Recently, Shaughnessy and co-workers reported improved
Suzuki arylations of unprotected bromonucleosides in the
presence of water-soluble arylphosphine Pd complexes in
aqueous media, eliminating the need for protection/depro-
tection steps.[25,60] An extension of this method for cross-cou-
pling of free chloropurine bases offering high-yielding cross-
couplings was reported by Hocek, but again excessive
amounts of catalyst (5–10 mol%) combined with microwave
irradiation were required.[59] Interestingly, the use of highly
water-soluble ligands is essential for the reported protocols.
Shaughnessy and Hocek independently demonstrated that
highly water-soluble ligands—such as triphenylphosphine-
trissulfonate (TPPTS)—have a significant higher catalytic
activity in Suzuki couplings of halopurines than poorly solu-
ble phosphine ligands.[25,60,99] Hence, excellent water solubili-
ty of the catalyst seems to be essential for coupling of halo-
purines in aqueous media.
In contrast to previous work, the Pd complex of our


doubly sulfonated phosphine 4·3H+ allows Suzuki couplings
of unprotected chloropurines in the presence of only
0.5 mol% catalyst. 6-Chloro-9H-purine was successfully
Suzuki-coupled with p-tolylboronic acid and m-anisylboron-
ic acid in 91 and 86% yields, respectively, in water/n-butanol
as solvent (Table 6).


Table 3. (Continued)


Entry Aryl chloride Boronic acid Product Pd [mol%] Conv. [%][b] Yield[c]


16 0.01 �99 91


17 0.01 �99 94


18 0.01 �99 91


19 0.01 �99 95


[a] Reaction conditions: 1.0 equiv aryl halide, 1.2 equiv boronic acid, 3.2 equiv K2CO3, degassed water
(1.5 mLmmol�1), degassed n-butanol (4.5 mLmmol�1), 100 8C, cat. : the corresponding volume of aqueous cata-
lyst stock solution (cPd=0.001 molL�1, Na2PdCl4/ligand (4·3H+) L/Pd 2:1. Reaction times and temperature
were not optimized. [b] Average of two runs, determined by GC with heptadecane as internal standard.
[c] Average of two runs; products were isolated by column chromatography (silica gel), cyclohexene/EtOAc/
NEt3 10:1:1.
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Suzuki couplings of S-hetero-
cyclic aryl chlorides : Thio-
phenes and N,S-heterocyclic
thiazoles are abundant in natu-
ral products, and many com-
pounds bearing thiophene moi-
eties are of interest in pharma-
ceutical and fine chemistry,
due to their biological activi-
ties.[20,100,101,102–110] Aryl deriva-
tives of benzothiazole have at-
tracted interest due to their
biological activities as gluta-
mate receptor antagonists.[28]


There are a few reports on
Suzuki couplings of chlorothio-
phenes in the presence of cata-
lyst loadings of 1–
2 mol%.[72,111,112]


We were interested to know
whether the catalyst formula-
tion successfully applied in the
synthesis of N-heterocycles
would also be useful in the
synthesis of S-heterocyclic biar-
yls. 3-Chlorothiophene was
quantitatively coupled with p-
tolylboronic acid (Table 7,
entry 1) in water/n-butanol at
100 8C in the presence of
0.05 mol% of [Pd/4] complex
generated in situ as catalyst.
Quantitative conversion was
achieved in the reactions of 2-
chlorothiophene with the elec-
tron-deficient 3-pyridylboronic
acid (Table 7, entry 2) and of
5-chloro-2-methylbenzothia-
zole with p-tolylboronic acid
(Table 7, entry 3). When 3-pyr-
idylboronic acid was used as
an electron-deficient metalloid
a catalyst loading of
0.05 mol% gave 95% yield.
The reaction protocol used


for the N-heterocycles can thus
also be applied to the S-het-
erocycles with use of between
0.01–0.05 mol% of catalyst
with quantitative conversion of
the substrates.


Summary and Conclusions


A disulfonated sterically de-
manding and electron-rich flu-


Table 4. Suzuki reactions with 2-chloropyridines, 2-chloroquinolines and deactivated aryl chlorides with N-het-
erocyclic boronic acids in water/n-butanol 1:3.[a]


Entry Aryl chloride Boronic acid Product Pd [mol%] Conv.[b] [%] Yield[c] [%]


1 0.01 �99 91


2 0.01 �99 93


3 0.01 �99 93


4 0.01 �99 89


5 0.01 �99 92


6 0.05 �99 93


7
0.05
0.02


�99
63


90


8 0.05 �99 92


9 0.05 97 90


10 0.05 �99 92


11 0.05 �99 95


12 0.05 �99 91


[a]–[c] Same conditions as reported in Table 3.
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orenylphosphine (4) was synthesized in three steps from
simple commercially available starting materials in 64%
overall yield on a 50 g scale. The corresponding air-stable
phosphonium salt (4·3H+) is readily deprotonated under
cross-coupling conditions and forms a highly water-soluble
Pd complex with [Na2PdCl4]. We have demonstrated for var-
ious substrate combinations that chloropyridines (-quino-
lines) and aryl chlorides can be Suzuki-coupled with aryl-,


pyridine- or indoleboronic
acids in quantitative yields in
water/n-butanol solvent, in the
presence of between 0.005–
0.05 mol% of this Pd catalyst
at 100 8C. Chloropurines are
quantitatively Suzuki-coupled
in the presence of 0.5 mol% of
catalyst. S-Heterocyclic aryl
chlorides and aryl- or 3-pyri-
dylboronic acids require 0.01–
0.05 mol% Pd catalyst for full
conversion.
Essential for the superior


performance of the disulfonat-
ed fluorenylphosphine in the
Suzuki coupling of heterocyclic
substrates is the rational reac-
tion design, based on the excel-
lent water solubility of the Pd
catalyst, the electron-rich and
sterically demanding nature of
the phosphine ligand, the good
solubility of all reactants in the
n-butanol/water (3:1) solvent
mixture, the presence of a sig-
nificant amount of water in the
reaction solvent and the mono-
phasic nature of the reaction
mixture at the reaction temper-
atures.
All of these properties com-


bined furnish a catalyst of un-
precedented activity for Suzuki
couplings of a broad range of
N- and S-heterocyclic sub-
strates.


Experimental Section


All chemicals were purchased as re-
agent grade from commercial suppli-
ers and were used without further pu-
rification, unless otherwise noted.
Solvents used (water, n-butanol, all
technical grade) were deaerated by
the freeze and thaw technique (2N).
Potassium carbonate used in cross-
coupling reactions was technical
grade. The phosphine ligands Phen-


PropFluPCy2·HBF4 (3) and PropPhenFluPCy2DS (4·3H+) are also com-
mercially available under the trade name cataCXium F and cataCXium F
sulf from Evonik–Degussa GmbH. All experiments were carried out
under argon unless otherwise noted. Proton (1H NMR), carbon
(13C NMR), phosphorus (31P NMR) and nitrogen (15N NMR) nuclear
magnetic resonance spectra were recorded on a Bruker DRX 500 instru-
ment at 500 MHz, 125.75 MHz, 202.46 MHz and 50.69 MHz, respectively
at 293 K. The chemical shifts are given in parts per million (ppm) on the
delta scale (d) and are referenced to tetramethylsilane (d=0 ppm,


Table 5. Suzuki reactions with several activated and deactivated N-heterocyclic aryl chlorides in water/n-buta-
nol 1:3.[a]


Entry Aryl chloride Boronic acid Product Conv. [%][b] Yield [%][c]


1 �99 95


2 �99 93


3 �99 93


4 �99 94


5 �99 95


6 �99 94


7 �99 90


[a]–[c] Same conditions as reported in Table 3.


Table 6. Suzuki reactions with 6-chloropurine in water/n-butanol 1:3.[a]


Entry Aryl chloride Boronic acid Product Conv. [%][b] Yield [%][c]


1 97 91


2 94 86


[a], [b] Same conditions as reported in Table 3. [c] Average of two runs; products were isolated by column
chromatography (silica gel), CH2Cl2/MeOH/NEt3 5:1:1.
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1H NMR), 65% aq. H3PO4 (d =0 ppm, 31P NMR) and nitromethane (d=


0 ppm, 15N NMR). Abbreviations for NMR data: s= singlet, d=doublet,
t= triplet, q=quartet, qi=quintet, dd=doublet of doublets, dt=doublet
of triplets, dq=doublet of quartets, tt= triplet of triplets, m=multiplet,
br=broad. Selected NMR spectra are given in the Supporting Informa-
tion. Mass spectra were recorded on a Finnegan MAT 95 magnetic sector
spectrometer. Thin layer chromatography (TLC) was performed on
Fluka silica gel 60 F 254 (0.2 mm) on aluminum plates. Silica gel columns
for chromatography were prepared with E. Merck silica gel 60 (0.063–
0.20 mesh ASTM). Quantitative elemental analyses were performed on a
Vavio Micro instrument (Elementar Analysensysteme, GmbH, Germa-
ny). GC experiments were run on a Clarus 500 GC with autosampler and
FID detector. Column: Varian CP-Sil 8 CB (l=15 m, di=0.25 mm, dF=


1.0 mm), N2 (flow: 17 cmsec�1; split 1:50). Injector temperature: 270 8C,
detector temperature: 350 8C. Temperature program: isotherm 150 8C for
5 min, heating to 300 8C at 25 8Cmin�1, isotherm for 15 min. 9-(3-Phenyl-
propyl)-9H-fluorene (2) was prepared by a published procedure.[70]


9-(3-Phenylpropyl)FluPCy2·HBF4 ACHTUNGTRENNUNG(3·H+): 9-(3-Phenylpropyl)-9H-fluo-
rene (2, 117 g, 0.410 mol) was suspended in dry methyl tert-butyl ether
(MTBE, 2.7 L) under argon in a 6 L three-necked round-bottomed flask.
nBuLi (2.5m in hexane, 162 mL, 0.406 mol) was added at 0 8C over
10 min. The reaction mixture was warmed to 20 8C, forming a deep red,
clear solution that was stirred for an additional 2 h at ambient tempera-
ture. The mixture was then cooled to �30 8C, and Cy2PCl (92.75 g, 0.399
mol) was added over 10 min. The red color disappeared to form a yellow
clear solution, which was stirred for an additional 1 h at 20 8C (precipita-
tion of LiCl started after about 20 min). The suspension was extracted
with degassed water (1N750 mL) to remove the LiCl. The clear, slightly
yellowish organic layer was treated with aqueous HBF4 (48%, 59 mL,
0.451 mol) with vigorous stirring over 2 min to precipitate the title com-
pound as white crystals. More HBF4 (25 mL, 2m in water) was added, the
suspension was stirred for another 10 min, and the precipitate was then
separated by suction filtration (glass frit G3) and washed with MTBE
(2N100 mL). Drying of the product at 60 8C in vacuo afforded 3·H+


(208 g, 92%) as white crystals. 1H NMR (500 MHz, CDCl3): d=7.85 (d,
3J=7.5 Hz, 2H; CH, ar), 7.69 (d, 3J=7.5 Hz, 2H; CH, ar), 7.56 (t, 3J=


7.0 Hz, 2H; CH, ar), 7.48 (t, 3J=7.5 Hz, 2H; CH, ar), 7.20–7.14 (m, 2H;
CH, ar), 7.14–7.01 (m, 1H; CH, ar), 6.92 (d, 3J=7.5 Hz, 2H; CH, ar),
6.47 (d, 1J=479.5 Hz, 1H; PH), 2.75–2.67 (m, 2H; Flu-CH2), 2.47 (t, 3J=


7.5 Hz, 2H; Ph-CH2), 2.23–2.11 (m, 2H; CH), 1.87–1.01 (m, 20H; Cy-


CH2), 0.93–0.84 ppm (m, 2H; CH2-
CH2-CH2);


13C{1H} NMR (125.8 MHz,
CDCl3): d=141.4 (d, JP,C=4.3 Hz),
141.1, 139.9 (d, JP,C=1.8 Hz), 130.3,
129.2, 128.4, 128.3, 126.0, 125.0, (d,
JP,C=1.8 Hz), 121.1, 52.3 (d, JP,C=


34.2 Hz), 34.9, 32.9, 31.2 (d, JP,C=


34.1 Hz), 29.4 (d, JP,C=3.6 Hz), 28.0
(d, JP,C=3.5 Hz), 26.8, 26.7, 26.6, 26.5,
24.9, 24.3, 24.2 ppm; 31P{1H} NMR
(202.5 MHz, CDCl3): d=35.6 ppm;
31P NMR (202.5 MHz, CDCl3): d=


35.6 ppm (d, JP,H=477.5 Hz); elemen-
tal analysis calcd (%) for C34H42BF4P:
C 71.83, H 7.45; found: C 71.54, H
7.40.


PropPhenFluPCy2DS disodium salt
(4): 9-(3-Phenylpropyl)FluCy2·HBF4


(3·H+ , 400 mg, 0.70 mmol) was dis-
solved in CH2Cl2 (2 mL) in a 25 mL
Schlenk tube. After addition of conc.
H2SO4 (1 mL, 18.8 mmol) the solution
was stirred overnight at 50 8C. The so-
lution was added dropwise to ice; in
the end a clear colorless solution was
obtained. After degassing of this solu-
tion, it was neutralised with NaOH
(20% solution in degassed water), in


the presence of degassed phenolphthaleine solution as an indicator. The
water was removed in vacuo until Na2SO4 started to precipitate. De-
gassed MeOH (10 mL) was then added to precipitate most of the
Na2SO4, which was removed by filtration to give a clear filtrate. Removal
of the volatiles in vacuo afforded 4 (412 mg, 86%) as a white solid.
1H NMR (500 MHz, CD3OD): d=7.97 (s, 1H; CH, ar), 7.89–7.85 (m,
3H; CH, ar), 7.66–7.61 (m, 2H; CH, ar), 7.43–7.30 (m, 3H; CH, ar), 7.97
(d, 3J=8.0 Hz, 2H; CH, ar), 2.53–2.29 (m, 4H; CH2), 2.00–0.73 ppm (m,
24H; CH+CH2);


13C{1H} NMR (125.77 MHz, CD3OD): d =151.2, 150.2,
146.3, 145.3, 144.4, 144.0, 141.5, 129.6, 129.3, 128.6, 127.3, 126.4, 125.5 (d,
JP,C=5.1 Hz), 123.2 (d, JP,C=3.3 Hz), 121.8, 121.0, 57.1 (d, JP,C=28.5 Hz),
38.8 (d, JP,C=22.7 Hz), 36.8, 35.2, 35.0, 34.9, 34.7, 34.7, 34.6, 34.5, 31.6 (d,
JP,C=10.4 Hz), 31.1 (d, JP,C=7.5 Hz), 29.2 (d, JP,C=13.1 Hz), 28.9, 28.8,
28.8, 28.5 (d, JP,C=7.03 Hz), 27.8, 27.6, 27.4, 27.2, 26.9 (d, JP,C=10.4 Hz),
26.2 ppm; 31P{1H} NMR (202.46 MHz, CD3OD): d =33.6 ppm; MS
(70 eV): m/z : 700 [M+O]+ , 684 [M]+ , 601 [M�Cy]+ .


PropPhenFluPCy2DS·H2SO4 ACHTUNGTRENNUNG(4b·3H+): Concentrated sulfuric acid
(270 mL, 5 mol) was added at 0 8C under argon to a solution of 9-(3-phe-
nylpropyl)FluPCy2·HBF4 (3·H


+ , 50 g, 0.88 mol) in CH2Cl2 (100 mL, tech-
nical grade). The reaction mixture was warmed up to 50 8C with stirring.
After removal of the CHCl2, the reaction mixture was stirred at 50 8C
overnight. The clear, slightly yellow solution was poured onto ice
(1500 g). The white precipitate was separated by suction filtration and
washed with ice water (2N100 mL). The precipitate was dissolved in
MeOH (300 mL) and filtered, and the clear, colorless filtrate was added
dropwise to MTBE (1600 mL, vigorously stirred) to precipitate the prod-
uct. Decantation of the solvent and removal of the volatiles in vacuo af-
forded the pure product (4·3H+) (50.3 g, 77%) as a white solid. 1H NMR
(500 MHz, CD3OD): d=8.26 (s, 1H; CH, ar), 8.13–8.08 (m, 3H; CH, ar),
7.73 (d, 3J=8.0 Hz, 1H; CH, ar), 7.69–7.64 (m, 1H; CH, ar), 7.67 (d, 3J=


8.5 Hz, 2H; CH, ar), 7.57 (dt, 5J=0.5, 7.0 Hz, 1H; CH, ar), 7.04 (d, 3J=


8.5 Hz, 2H; CH, ar), 2.89–2.80 (m, 1H; CH), 2.74–2.62 (m, 2H; CH and
CH2), 2.59–2.45 (m, 2H; CH2), 2.44–2.33 (m, 1H; CH2), 1.92–1.83 (m,
1H; CH2), 1.80–0.93 (m, 20H; CH2), 0.87–0.76 ppm (m, 1H; CH2);
13C NMR (125.77 MHz, CD3OD): d=147.6, 145.6, 145.1 (d, JP,C=4.4 Hz),
144.2, 142.5 (d, JP,C=4.8 Hz), 142.4 (d, JP,C=2.8 Hz), 141.7 (d, JP,C=


4.2 Hz), 132.2, 131.2, 129.8, 129.7, 127.6, 126.8 (d, JP,C=3.9 Hz), 124.4 (d,
JP,C=3.9 Hz), 123.6, 122.9, 53.7 (d, JP,C=33.5 Hz), 35.8, 34.5, 32.7 (d, JP,C=


3.8 Hz), 32.5 (d, JP,C=4.0 Hz), 31.2 (d, JP,C=3.9 Hz), 30.6 (d, JP,C=


3.5 Hz), 30.0 (d, JP,C=3.3 Hz), 29.8 (d, JP,C=3.3 Hz), 28.1, 28.0, 28.0, 27.9,
27.9, 27.8, 27.8, 27.7, 26.4 (d, JP,C=1.5 Hz), 25.4, 25.3 ppm; 31P {1H} NMR


Table 7. Suzuki reactions of S-heterocyclic chlorides in n-butanol/water 1:3.[a]


Entry Aryl chloride Boronic acid Product Pd [mol%] Conv. [%][b] Yield%[c]


1 0.05 �99 93


2 0.05 �99 90


3 0.01 �99 89


4 0.05 �99 95


[a]–[c] Same conditions as reported in Table 3.
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(202.46 MHz, CD3OD): d=34.2 ppm; MS (70 eV): m/z : 641
[M�HSO4


�]+ , 639 [M�H2SO4�H]� , 442 [M�H2SO4�PCy2�H]� .


General procedure for Suzuki cross-coupling reactions in aqueous n-bu-
tanol


Preparation of catalyst stock solution : [Na2PdCl4] (5.9 mg, 0.02 mmol),
PropPhenFluPCy2DS·H2SO4 (4·3H+ , 30 mg, 0.04 mmol) and K2CO3


(33 mg, 0.24 mmol) were placed in a 25 mL Schlenk tube and evacuated
and backfilled with Ar thrice. Degassed water (20 mL) was added, and
the mixture was stirred at 55 8C for 3 h to provide a clear, nearly colorless
solution. The c[Pd] of this catalyst stock solution is 0.001 mmolmL�1.


Cross-coupling reaction : The boronic acid (1.2 mmol) and K2CO3


(440 mg, 3.2 mmol) were placed in a 25 mL Schlenk tube and evacuated
and backfilled with Ar thrice. Degassed water (1 mL) and degassed n-bu-
tanol (3 mL) were then added together with the aryl halide (1 mmol) and
the appropriate volume of catalyst stock solution (e.g., 1 mL of the solu-
tion prepared above was added to obtain a catalyst loading of
0.1 mol%). The reaction mixture was stirred for 12 h at 100 8C and then
cooled to room temperature. Water (5 mL) was added and the product
was extracted with methyl tert-butyl ether (2N5 mL). The organic layer
was concentrated in vacuo, and the residue was purified by column chro-
matography (silica (20N3 cm), cyclohexene/EtOAc/NEt3 (10:1:1) as
eluent) to afford the pure corresponding cross-coupling product in 86–
96% yield.


Analytical data for the Suzuki products


2-p-Tolylpyridine (Table 3, entry 1): The NMR spectra were identical to
those in the literature.[113]


2-p-Tolylisonicotinonitrile (Table 3, entry 2): 1H NMR (500 MHz,
CDCl3): d =8.75 (dd, 5J=0.5, 3J=5.0 Hz, 1H; CH, ar), 7.84–7.80 (m, 3H;
CH, ar), 7.32 (dd, 4J=1.0, 3J=5.0 Hz, 1H; CH, ar), 7.24 (d, 3J=8.0 Hz,
2H; CH, ar), 2.35 ppm (s, 3H; CH3);


13C{1H} NMR (125.77 MHz,
CDCl3): d =157.7, 149.5, 139.5, 133.5, 128.8, 125.8, 121.8, 120.7, 120.1,
115.8, 20.3 ppm; HRMS: m/z : calcd for C13H10N2: 194.0844; found:
194.08414.


2-p-Tolylquinoline-3-carbaldehyde (Table 3, entry 3): 1H NMR (500 MHz,
CD3CN): d=10.12 (s, 1H; CHO), 8.85 (s, 1H; CH, ar), 8.14–8.09 (m,
3H; CH, ar), 7.91 (ddd, 5J=1.5, 3J=7.0, 8.5 Hz, 1H; CH, ar), 7.76 (ddd,
5J=1.5, 3J=7.0, 8.5 Hz, 1H; CH, ar), 7.59 (td, 4J=2.0, 3J=8.0 Hz, 2H;
CH, ar), 7.41–7.38 (m, 2H; CH, ar), 2.45 ppm (s, 3H; CH3);
13C{1H} NMR (125.77 MHz, CD3CN): d =191.1, 159.6, 149.1, 139.2, 137.9,
135.1, 132.3, 130.0, 129.3, 128.8, 128.8, 127.7, 127.1, 126.0, 20.1 ppm;
HRMS: m/z : calcd for C17H13NO: 247.0997; found: 247.09700.


4-Methyl-2-p-tolylquinoline (Table 3, entry 4): The NMR spectra were
identical to those in the literature.[114]


4-Methyl-2-p-tolylpyridine (Table 3, entry 5): The NMR spectra were
identical to those in the literature.[115]


2-p-Tolylquinoline (Table 3, entry 6): The NMR spectra were identical to
those in the literature.[115]


2-Methoxy-6-p-tolylpyridine (Table 3, entry 7): 1H NMR (500 MHz,
CDCl3): d =7.93 (d, 3J=8.5 Hz, 2H; CH, ar), 7.58 (dd, 3J=7.5, 8.0 Hz,
1H; CH, ar), 7.29 (dd, 5J=0.5, 3J=7.5 Hz, 1H; CH, ar), 7.24 (dd, 5J=0.5,
3J=8.5 Hz, 2H; CH, ar), 6.64 (d, 3J=8.0 Hz, 1H; CH, ar), 4.02 (s, 3H;
OCH3), 2.39 ppm (s, 3H; CH3);


13C{1H} NMR (125.77 MHz, CDCl3): d=


164.1, 155.2, 139.5, 139.2, 136.8, 129.7, 127.0, 112.8, 109.2, 53.5, 21.7 ppm;
HRMS: m/z : calcd for C13H13NO: 199.0997; found: 199.09999.


2-p-Tolylpyridin-4-ylamine (Table 3, entry 8): 1H NMR (500 MHz,
CDCl3): d=8.25 (d, 3J=5.5 Hz, 1H; ar), 7.78 (d, 3J=8.0 Hz, 2H; ar),
7.21 (d, 3J=8.0 Hz, 2H; ar), 6.85 (s, 1H; ar), 6.39 (dd, 3J=5.5, 4J=


2.5 Hz, 1H; ar), 4.35 (br s, 2H; NH2), 2.36 ppm (s, 3H; CH3);
13C{1H} NMR (125.77 MHz, CDCl3): d=157.2, 152.6, 159.0, 137.6, 136.0,
128.2, 125.7, 107.2, 105.1, 20.2 ppm; HRMS: m/z : calcd for C12H12N2:
184.1001; found: 184.09808.


4-Methyl-2-m-tolylquinoline (Table 3, entry 9): 1H NMR (500 MHz,
CD3CN): d=8.06–8.01 (m, 3H; CH, ar), 7.99–7.96 (m, 1H; CH, ar), 7.82
(d, 5J=0.5 Hz, 1H; CH, ar), 7.71 (ddd, 5J=1.5, 3J=6.5, 8.5 Hz, 1H; CH,
ar), 7.55 (ddd, 5J=1.0, 3J=6.5, 8.5 Hz, 1H; CH, ar), 7.40 (t, 3J=8.0 Hz,
1H; CH, ar), 7.30–7.27 (m, 1H; CH, ar), 2.71 (d, 5J=0.5 Hz, 3H; CH3),


2.44 ppm (s, 3H; CH3);
13C{1H} NMR (125.77 MHz, CD3CN): d=156.2,


147.6, 144.9, 139.1, 138.1, 129.7, 129.5, 129.0, 128.3, 127.6, 126.9, 125.7,
124.1, 123.6, 119.0, 20.3, 17.7 ppm; HRMS: m/z : calcd for C17H15N:
233.1205; found: 233.12109.


4-Methyl-2-(3-trifluoromethyl-phenyl)-quinoline (Table 3, entry 10):
1H NMR (500 MHz, CD3CN): d=8.54 (s, 1H; CH, ar), 8.41 (d, 3J=


7.0 Hz, 1H; CH, ar), 8.08–8.02 (m, 2H; CH, ar), 7.87–7.85 (m, 1H; CH,
ar), 7.78–7.71 (m, 2H; CH, ar), 7.68 (t, 3J=7.5 Hz, 1H; CH, ar), 7.60–
7.56 (m, 1H; CH, ar), 2.73–2.72 ppm (m, 3H; CH3);


13C{1H} NMR
(125.77 MHz, CD3CN): d =154.2, 147.5, 145.6, 140.0, 130.5, 130.1 (q, 2J=


31.8 Hz, CCF3), 129.6, 129.3, 129.3, 127.1, 126.2, 125.4 (q, 3J=4.4 Hz,
CHCCF3), 123.7, 124.2 (q, 1J=271.8 Hz, CF3), 123.5 (q, 3J=2.9 Hz,
CHCCF3), 118.7, 17.7 ppm; HRMS: m/z : calcd for C17H12NF3: 287.0922;
found: 287.09206.


2-m-Tolylquinoline-3-carbaldehyde (Table 3, entry 11): 1H NMR
(500 MHz, CD3CN): d=10.10 (s, 1H; CHO), 8.83 (s, 1H; CH, ar), 8.12–
8.08 (m, 2H; CH, ar), 7.90 (ddd, 5J=1.5, 3J=7.0, 9.0 Hz, 1H; CH, ar),
7.67 (ddd, 5J=1.0, 3J=7.0, 8.0 Hz, 1H; CH, ar), 7.53–7.50 (m, 1H; CH,
ar), 7.46–7.43 (m, 2H; CH, ar), 7.40–7.35 (m, 1H; CH, ar), 2.45 ppm (s,
3H; CH3);


13C{1H} NMR (125.77 MHz, CD3CN): d=191.0, 159.8, 149.0,
138.1, 137.9, 137.8, 132.3, 130.4, 129.5, 129.3, 128.8, 128.0, 127.6, 127.2,
127.1, 126.0, 20.2 ppm; HRMS: m/z : calcd for C17H13NO: 247.0997;
found: 247.09813.


2-(3-Trifluoromethyl-phenyl)-quinoline-3-carbaldehyde (Table 3,
entry 12): 1H NMR (500 MHz, CD3CN): d=10.10 (s, 1H; CHO), 8.87 (s,
1H; CH, ar), 8.15–8.10 (m, 2H; CH, ar), 8.03 (s, 1H; CH, ar), 7.93 (ddd,
5J=1.5, 3J=7.0, 8.5 Hz, 1H; CH, ar), 7.91–7.84 (m, 2H; CH, ar), 7.76–
7.68 ppm (m, 2H; CH, ar); 13C{1H} NMR (125.77 MHz, CD3CN): d=


190.6, 157.7, 148.9, 139.3, 139.2, 133.6, 132.6, 129. (q, 2J=32.3 Hz, CCF3),
129.2, 128.9, 128.9, 127.6, 127.5, 126.3 (q, 3J=3.9 Hz, CHCCF3), 126.2,
125.3 (q, 3J=3.8 Hz, CHCCF3), 124.0 ppm (q, 1J=272.4 Hz, CF3);
HRMS: m/z : calcd for C17H10NOF3: 301.0714; found: 301.06928.


2-Naphthalen-1-yl-quinoline-3-carbaldehyde (Table 3, entry 13): 1H NMR
(500 MHz, CD3CN): d=9.74 (s, 1H; CHO), 8.96 (s, 1H; CH, ar), 8.22 (d,
3J=8.0 Hz, 1H; CH, ar), 8.13 (dd, 5J=0.5, 3J=8.5 Hz, 1H; CH, ar), 8.09
(d, 3J=8.0 Hz, 1H; CH, ar), 8.04 (d, 3J=8.0 Hz, 1H; CH, ar), 7.96 (ddd,
5J=1.0, 3J=6.5, 8.5 Hz, 1H; CH, ar), 7.75 (ddd, 5J=1.5, 3J=7.0, 8.5 Hz,
1H; CH, ar), 7.67 (dd, 3J=7.0, 8.0 Hz, 1H; CH, ar), 7.62–7.52 (m, 3H;
CH, ar), 7.44 ppm (ddd, 5J=1.5, 3J=7.0, 8.5 Hz, 1H; CH, ar);
13C{1H} NMR (125.77 MHz, CD3CN): d =190.6, 159.2, 149.3, 137.8, 135.6,
133.2, 132.5, 131.8, 129.5, 128.9, 128.8, 128.8, 128.1, 127.9, 127.5, 126.6,
126.4, 126.0, 125.0, 125.0 ppm; HRMS: m/z : calcd for C20H13NO:
283.0997; found: 283.09811.


2-Naphthalen-1-ylpyridine (Table 3, entry 14): The NMR spectra were
identical to those in the literature.[116]


2-Naphthalen-1-ylquinoline (Table 3, entry 15): The NMR spectra were
identical to those in the literature.[117]


2-Naphthalen-1-ylpyridin-4-ylamine (Table 3, entry 16): 1H NMR
(500 MHz, CDCl3): d =8.20 (d, 3J=5.5 Hz, 1H; ar), 8.01 (d, 3J=8.0 Hz,
1H; ar), 7.76 (t, 3J=9.5 Hz, 2H; ar), 7.43–7.33 (m, 4H; ar), 6.47 (d, 4J=


2.0 Hz, 1H; ar), 6.27 (dd, 3J=5.5, 4J=2.5 Hz, 1H; ar), 4.37 ppm (br s,
2H; NH2);


13C{1H} NMR (125.77 MHz, CDCl3): d =158.5, 152.4, 148.5,
138.0, 132.7, 130.2, 127.4, 127.1, 125.8, 125.1, 124.9, 124.7, 124.1, 109.6,
107.1 ppm; HRMS: m/z : calcd for C15H12N2: 220.1001; found: 220.09869.


4-Methyl-2-naphthalen-1-ylquinoline (Table 3, entry 17): The NMR spec-
tra were identical to those in the literature.[118]


1-Naphthylisonicotinonitrile (Table 3, entry 18): 1H NMR (500 MHz,
CD3CN): d=8.75 (dd, 5J=0.5 Hz, 3J=5.0 Hz, 1H; CH, ar), 8.75 (dd, 4J=


2.5 Hz, 3J=6.5 Hz, 1H; CH, ar), 7.82–7.81 (m, 1H; CH, ar), 7.81–7.79
(m, 2H; CH, ar), 7.58 (dd, 5J=1.5 Hz, 3J=5.5 Hz, 1H; CH, ar), 7.45–7.42
(m, 2H; CH, ar), 7.38 (ddd, 5J=1.0 Hz, 3J=7.0 Hz, 3J=7.5 Hz, 1H; CH,
ar), 7.34 ppm (ddd, 5J=1.0 Hz, 3J=6.5 Hz, 3J=8.0 Hz, 1H; CH, ar);
13C{1H} NMR (125.77 MHz, CD3CN): d =159.2, 149.6, 135.6, 133.5, 130.3,
129.6, 128.2, 127.8, 127.0, 126.7, 126.1, 125.1, 124.7, 124.0, 121.2,
116.3 ppm; HRMS: m/z : calcd for C16H10N2: 230.0844; found: 230.08168.


2-Methoxy-6-naphthalen-1-ylpyridine (Table 3, entry 19): The NMR spec-
tra were identical to those in the literature.[119]
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2-Pyridin-3-ylquinoline-3-carbaldehyde (Table 4, entry 1): 1H NMR
(500 MHz, CD3CN): d=10.15 (s, 1H; CHO), 8.93 (s, 1H; CH, ar), 8.87
(d, 5J=1.5 Hz, 1H; CH, ar), 8.73 (dd, 5J=1.5 Hz, 3J=4.5 Hz, 1H; CH,
ar), 8.19–8.14 (m, 2H; CH, ar), 8.07–8.04 (m, 1H; CH, ar), 7.96 (ddd,
5J=1.0 Hz, 3J=6.5 Hz, 3J=8.5 Hz, 1H; CH, ar), 7.73 (ddd, 5J=1.0 Hz,
3J=7.0 Hz, 3J=8.0 Hz, 1H; CH, ar), 7.54 ppm (ddd, 5J=0.5 Hz, 3J=


4.5 Hz, 3J=8.0 Hz, 1H; CH, ar); 13C{1H} NMR (125.77 MHz, CD3CN):
d=190.7, 156.5, 150.1, 149.6, 149.0, 139.6, 137.1, 132.7, 129.3, 128.9, 127.7,
127.7, 126.2, 123.9, 122.9 ppm; HRMS: m/z : calcd for C15H10N2O:
234.0793; found: 234.07699.


ACHTUNGTRENNUNG[2,3’]Bipyridinyl (Table 4, entry 2): The NMR spectra were identical to
those in the literature.[120]


2-Pyridin-3-ylquinoline (Table 4, entry 3): The NMR spectra were identi-
cal to those in the literature.[121, 122]


4-Methyl-[2,3’]bipyridinyl (Table 4, entry 4): The NMR spectra were
identical to those in the literature.[20]


4-Methyl-2-pyridin-3-ylquinoline (Table 4, entry 5): The NMR spectra
were identical to those in the literature.[123]


6-Methoxy-[2,3’]bipyridinyl (Table 4, entry 6): The NMR spectra were
identical to those in the literature.[124]


ACHTUNGTRENNUNG[2,3’]Bipyridinyl-4-ylamine (Table 4, entry 7): 1H NMR (500 MHz,
CDCl3): d=9.01 (d, 4J=1.5 Hz, 1H; ar), 8.53 (dd, 3J=5.0 Hz, 4J=1.5 Hz,
1H; ar), 8.22 (d, 3J=6.0 Hz, 1H; ar), 8.16 (dt, 3J=8.0 Hz, 4J=2.0 Hz,
1H; ar), 6.29–6.26 (m, 1H; ar), 6.87 (d, 4J=2.0 Hz, 1H; ar), 6.44 (dd, 3J=


6.0 Hz, 4J=2.5 Hz, 1H; ar), 4.53 ppm (s, 2H; NH2);
13C{1H} NMR


(125.77 MHz, CDCl3): d=154.5, 152.8, 149.5, 148.6, 147.1, 134.4, 133.4,
122.5, 107.9, 105.5 ppm; HRMS: m/z : calcd for C10H9N3: 171.0797; found:
171.07820.


2,6-Dimethoxy-3-(4-methoxyphenyl)pyridine (Table 4, entry 8): 1H NMR
(500 MHz, CDCl3): d=7.52 (d, 3J=8.0 Hz, 1H; CH, ar), 7.45 (d, 3J=


9.0 Hz, 2H; CH, ar), 6.93 (d, 3J=9.0 Hz, 2H; CH, ar), 6.36 (d, 3J=


8.0 Hz, 1H; CH, ar), 3.96 (s, 3H; OCH3 Pyr), 3.95 (s, 3H; OCH3 Pyr),
3.82 ppm (s, 3H; OCH3 (Anis)) ;


13C{1H} NMR (125.77 MHz, CDCl3): d=


162.3, 159.6, 159.0, 141.6, 130.4, 129.7, 115.9, 114.1, 101.3, 55.7, 54.0,
53.8 ppm; HRMS: m/z : calcd for C14H15NO3: 245.1052; found: 245.10379.


2’,6’-Dimethoxy-[2,3’]bipyridinyl-4-ylamine (Table 4, entry 9): 1H NMR
(500 MHz, CDCl3): d=8.27 (dd, 3J=5.7, J=0.6 Hz, 1H; CH, ar), 8.20 (d,
3J=8.2 Hz, 1H; CH, ar), 7.21 (dd, J=2.5, 0.6 Hz, 1H; CH, ar), 6.43–6.40
(m, 2H; CH, ar), 4.18 (br s, 2H; NH2), 4.02 (s, 3H; OCH3), 3.96 ppm (s,
3H; OCH3);


13C{1H} NMR (125.77 MHz, CDCl3): d =161.8, 158.7, 153.8,
151.3, 148.7, 141.3, 113.5, 108.9, 106.8, 100.5, 52.6, 52.4 ppm; HRMS: m/z :
calcd for C12H13N3O2: 231.1008; found: 231.10084.


2-(1H-Indol-6-yl)-4-methylquinoline (Table 4, entry 10): 1H NMR
(500 MHz, CDCl3): d=9.54 (br s, 1H; NH), 8.49–8.48 (m, 1H; CH, ar),
8.21 (dq, 3J=8.5, J=0.6 Hz, 1H; CH, ar), 7.99 (dd, 3J=8.5, J=1.3 Hz,
1H; CH, ar), 7.84 (dd, 3J=8.2, J=1.6 Hz, 1H; CH, ar), 7.80–7.79 (m,
1H; CH, ar), 7.73 (d, 3J=8.2 Hz, 1H; CH, ar), 7.68 (ddd, 3J=8.2 Hz, 3J=


7.0, J=1.5 Hz, 1H; CH, ar), 7.51 (ddd, 3J=8.2 Hz, 3J=7.0, J=1.3 Hz,
1H; CH, ar), 7.16 (t, J=2.8 Hz, 1H; CH, ar), 6.54–6.52 (m, 1H; CH, ar),
2.76 ppm (s, 3H; CH3);


13C{1H} NMR (125.77 MHz, CDCl3): d=158.3,
148.2, 144.7, 136.5, 133.4, 129.6, 129.4, 129.1, 127.2, 126.2, 125.6, 123.7,
120.7, 120.3, 119.3, 110.9, 102.2, 19.0 ppm; 15N{1H} NMR (50.69 MHz,
CDCl3) d=�250.3, �90.3 ppm; HRMS: m/z : calcd for C18H14N2:
258.1157; found: 258.11354.


6-(6-Methoxypyridin-2-yl)-1H-indole (Table 4, entry 11): 1H NMR
(500 MHz, CDCl3): d=8.25 (br s, 1H; NH), 8.12–8.11 (m, 1H; CH, ar),
7.80 (dd, 3J=8.5, J=1.6 Hz, 1H; CH, ar), 7.68 (dt, 3J=8.5, J=0.7 Hz,
1H; CH, ar), 7.59 (dd, 3J=8.2, 7.6 Hz, 1H; CH, ar), 7.35 (dd, 3J=7.6, J=


0.6 Hz, 1H; CH, ar), 7.20 (dd, J=3.1, J=2.2 Hz, 1H; CH, ar), 6.64 (dd,
3J=8.2, J=0.6 Hz, 1H; CH, ar), 6.56–6.54 (m, 1H; CH, ar), 4.06 ppm (s,
3H; OCH3 Pyr);


13C{1H} NMR (125.77 MHz, CDCl3): d=163.7, 155.8,
139.2, 136.3, 133.3, 128.6, 125.6, 120.6, 118.9, 112.7, 109.6, 108.2, 102.6,
53.2 ppm; HRMS: m/z : calcd for C14H12N2O: 224.095; found: 224.09509.


6-o-Tolyl-1H-indole (Table 4, entry 12): 1H NMR (500 MHz, CDCl3): d=


8.01 (br s, 1H; NH), 7.63 (d, 3J=8.2 Hz, 1H; CH, ar), 7.29–7.19 (m, 5H;
CH, ar), 7.10–7.06 (m, 2H; CH, ar), 6.55–6.52 (m, 1H; CH, ar), 2.28 ppm
(s, 3H; CH3);


13C{1H} NMR (125.77 MHz, CDCl3): d =141.9, 134.9, 134.7,


134.6, 129.2 (2N), 125.8, 125.5, 124.6, 123.5, 120.7, 119.0, 110.5, 101.3,
19.6 ppm; HRMS: m/z : calcd for C15H13N: 207.1048; found: 207.10515.


4-p-Tolylpyridine (Table 5, entry 1): 1H NMR (500 MHz, CDCl3): d=8.62
(dd, 3J=4.8, J=1.7 Hz, 2H; CH, ar), 7.53 (d, 3J=8.0 Hz, 2H; CH, ar),
7.45 (dd, 3J=4.5, J=1.7 Hz, 2H; CH, ar), 7.28 (d, 3J=8.0 Hz, 2H; CH,
ar), 2.40 ppm (s, 3H; CH3);


13C{1H} NMR (125.8 MHz, CDCl3): d =150.6,
148.6, 139.6, 135.6, 130.2, 127.2, 121.8, 21.6 ppm; 15N NMR (50.7 MHz,
CDCl3): d=�74.2 ppm; HRMS: m/z : calcd for C12H11N: 169.0892;
found: 169.08774.


3-p-Tolylpyridine (Table 5, entry 2): 1H NMR (500 MHz, CDCl3): d=8.83
(dd, 3J=2.4, J=0.6 Hz, 1H; CH, ar), 8.56 (dd, 3J=4.9, J=1.6 Hz, 1H;
CH, ar), 7.83 (ddd, 3J=7.9, J=2.4, 1.6 Hz, 1H; CH, ar), 7.47 (d, 3J=


8.2 Hz, 2H; CH, ar), 7.32 (ddd, 3J=7.9, J=4.9, 0.7 Hz, 1H; CH, ar), 7.27
(d, 3J=7.9 Hz, 2H; CH, ar), 2.40 ppm (s, 3H; CH3);


13C{1H} NMR
(125.8 MHz, CDCl3): d=147.2 (2 x), 137.0, 135.5, 133.9, 133.1, 128.8,
125.9, 122.4, 20.1 ppm; 15N NMR (50.7 MHz, CDCl3): d =�68.1 ppm;
HRMS: m/z : calcd for C12H11N1: 169. 0892; found: 169.08751.


4-(2,6-Dimethylphenyl)pyridine (Table 5, entry 3): 1H NMR (500 MHz,
CDCl3): d=8.67 (dd, 3J=4.4, J=1.7 Hz, 2H; CH, ar), 7.20 (dd, 3J=8.2,
7.0 Hz, 1H; CH, ar), 7.12 (d, 3J=7.0 Hz, 2H; CH, ar), 7.11 (dd, 3J=4.4,
J=1.7 Hz, 2H; CH, ar), 2.02 ppm (s, 6H; CH3);


13C{1H} NMR
(125.8 MHz, CDCl3): d=149.1, 148.4, 138.0, 134.1, 126.8, 126.6, 123.4,
19.6 ppm; 15N NMR (50.7 MHz, CDCl3): d =�72.8 ppm; HRMS: m/z :
calcd for C13H13N1: 183.1048; found: 183.10352.


ACHTUNGTRENNUNG[3,3’]-Bipyridyl (Table 5, entry 4): 1H NMR (500 MHz, CDCl3): d =8.85
(dd, 3J=2.5, J=1.0 Hz, 2H; CH, ar), 8.66 (dd, 3J=4.8, J=1.5 Hz, 2H;
CH, ar), 7.89 (ddd, 3J=8.0, J=2.5, 1.8 Hz, 2H; CH, ar), 7.42 ppm (ddd,
3J=8.0, J=4.8, J=1.0 Hz, 2H; CH, ar); 13C{1H} NMR (125.8 MHz,
CDCl3): d =149.4, 148.2, 134.4, 133.5, 123.8 ppm; 15N NMR (50.7 MHz,
CDCl3) d=�66.4 ppm; HRMS: m/z : calcd for C10H8N2: 156.0688; found:
156.06957.


ACHTUNGTRENNUNG[3,4’]-Bipyridyl (Table 5, entry 5): 1H NMR (500 MHz, CDCl3): d =8.90
(d, 3J=2.0 Hz, 1H; CH, ar), 8.72 (dd, 3J=4.5, J=1.7 Hz, 2H; CH, ar),
8.69 (dd, 3J=4.9, J=1.5 Hz, 1H; CH, ar), 7.93 (ddd, 3J=8.0, J=2.4,
1.7 Hz, 1H; CH, ar), 7.51 (dd, 3J=4.5, J=1.7 Hz, 2H; CH, ar), 7.43 ppm
(ddd, 3J=8.0, 4.9, J=0.7 Hz, 1H; CH, ar); 13C{1H} NMR (125.8 MHz,
CDCl3): d=150.6, 150.2, 148.2, 145.2, 134.3, 133.8, 123.8, 121.6 ppm;
15N NMR (50.7 MHz, CDCl3): d =�66.5, �69.8 ppm; HRMS: m/z : calcd
for C10H8N2: 156.0688; found: 156.0679.


1-(3’-Methoxybiphenyl-4-yl)-1H-pyrrole (Table 5, entry 6): 1H NMR
(500 MHz, CDCl3): d=7.62 (d, 3J=8.6 Hz, 2H; CH, ar), 7.43 (d, 3J=


8.6 Hz, 2H; CH, ar), 7.35 (t, 3J=7.9 Hz, 1H; CH, ar), 7.17 (ddd, 3J=7.6,
J=1.6, 0.9 Hz, 1H; CH, ar), 7.13–7.10 (m, 3H; CH, ar), 6.90 (ddd, 3J=


8.2, J=2.6, 0.9 Hz, 1H; CH, ar), 6.36 (t, 3J=2.2 Hz, 2H; CH, ar),
3.85 ppm (s, 3H; OCH3);


13C{1H} NMR (125.8 MHz, CDCl3): d =160.1,
141.7, 140.0, 138.4, 129.9, 128.2, 120.6, 119.4, 119.3, 112.8, 112.7, 110.6,
55.3 ppm; 15N NMR (50.7 MHz, CDCl3): d=� 206.7 ppm; HRMS: m/z :
calcd for C17H15N1O1: 249.1154; found: 249.11369.


3-(4-Pyrrol-1-ylphenyl)pyridine (Table 5, entry 7): 1H NMR (500 MHz,
CDCl3): d=8.86 (dd, 3J=2.5, J=0.6 Hz, 1H; CH, ar), 8.60 (dd, 3J=4.8,
J=1.6 Hz, 1H; CH, ar), 7.86 (ddd, 3J=7.9, J=2.5, 1.6 Hz, 1H; CH, ar),
7.62 (d, 3J=8.6 Hz, 2H; CH, ar), 7.49 (d, 3J=8.6 Hz, 2H; CH, ar), 7.36
(ddd, 3J=7.9, J=4.9, J=0.7 Hz, 1H; CH, ar), 7.13 (t, 3J=2.2 Hz, 2H;
CH, ar), 6.38 ppm (t, 3J=2.2 Hz, 2H; CH, ar); 13C{1H} NMR (125.8 MHz,
CDCl3): d =147.6, 147.1, 139.6, 134.6, 134.0, 133.0, 127.2, 122.6, 119.8,
118.2, 109.8 ppm; 15N NMR (50.7 MHz, CDCl3): d=� 66.8, �206.9 ppm;
HRMS m/z calcd for C15H11N2: 220.1001; found: 220.10105.


6-p-Tolyl-9H-purine (Table 6, entry 1): 1H NMR (500 MHz, [D6]DMSO):
d=13.59 (br s, 1H; NH), 8.92 (s, 1H; ar (pos. 2)), 8.83–8.70 (brm, 2H; ar
(o-tol)), 8.61 (s, 1H; ar (pos. 8)), 7.39 (d, 3J=8.0 Hz, 2H; ar (m-tol)),
2.40 ppm (s, 3H; CH3);


13C{1H} NMR (125.75 MHz, [D6]DMSO): d=


153.7 (br), 152.5 (br), 152.2, 144.9 (br), 141.1, 133.3, 129.9 (br), 129.6 (4N
), 21.4 ppm; 15N NMR (50.69 MHz, [D6]DMSO): d=�223.1, �137.9,
�130.3, �112.3 ppm; HRMS: m/z : calcd for C12H10N4: 210.0906; found:
210.08788.


6-(3-Methoxyphenyl)-9H-purine (Table 6, entry 2): 1H NMR (500 MHz,
[D6]DMSO): d =13.40 (br s, 1H; NH), 8.96 (s, 1H; ar (pos. 2)), 8.65 (s,
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1H; ar (pos. 8)), 8.52–8.35 (brm, 2H; (o-anis), 7.50 (t, 3J=8.2 Hz, 1H; ar
(m-anis)), 7.14 (ddd, 3J=8.2, J=2.5, 0.9 Hz, 1H; ar (p-anis)), 3.87 ppm (s,
3H; OCH3);


13C{1H} NMR (125.75 MHz, [D6]DMSO): d=159.8, 154.1
(br), 152.1, 152.0 (br), 145.4 (br), 137.4, 130.2 (br), 130.0, 122.1, 117.0,
114.5, 55.5 ppm; 15N NMR (50.69 MHz, [D6]DMSO): d=�222.8, �138.0,
�128.3, �111.1 ppm; HRMS: m/z : calcd for C12H10N4O: 226.0855; found:
226.08501.


3-Thiophen-2-ylpyridine (Table 7, entry 2): 1H NMR (500 MHz, CDCl3):
d=8.89 (s, 1H; CH, ar), 8.52 (d, J=3.5 Hz, 1H; CH, ar), 7.86 (dt, 3J=


8.0, J=1.6 Hz, 1H; CH, ar), 7.36 (s, 1H; CH, ar), 7.35 (q, J=1.3 Hz, 1H;
CH, ar), 7.30 (dd, 3J=7.6, J=4.8 Hz, 1H; CH, ar), 7.12 ppm (dd, 3J=5.0,
J=3.8 Hz, 1H; CH, ar); 13C{1H} NMR (125.77 MHz, CDCl3): d =147.4,
146.0, 139.3, 132.1, 129.5, 127.3, 125.1, 123.2, 122.6 ppm; HRMS: m/z :
calcd for C9H7NS: 161.03; found: 161.02992.


2-Methyl-5-p-tolylbenzothiazole (Table 7, entry 3): 1H NMR (500 MHz,
CDCl3): d=8.15 (d, J=1.6 Hz, 1H; CH, ar), 7.84 (dd, 3J=8.2, J=0.6 Hz,
1H; CH, ar), 7.56 (ddd, 3J=10.0, 8.2, J=1.7 Hz, 1H; CH, ar), 7.55 (d,
3J=8.0 Hz, 2H; CH, ar), 7.28 (dt, 3J=7.9, J=0.6 Hz, 2H; CH, ar), 2.85
(s, 3H; SCCH3), 2.41 ppm (s, 3H; CH3-tolyl);


13C{1H} NMR
(125.77 MHz, CDCl3) d=166.5, 153.1, 138.5, 136.9, 136.2, 133.3, 128.6,
126.2, 123.0, 120.4, 119.5, 20.1, 19.2 ppm; 15N{1H} NMR (50.69 MHz,
CDCl3): d =�73.5 ppm; HRMS: m/z : calcd for C15H13NS: 239.0769;
found: 239.07605.


2-Methyl-5-pyridin-3-ylbenzothiazole (Table 7, entry 4): 1H NMR
(500 MHz, CDCl3): d=8.93 (d, J=2.2 Hz, 1H; CH, ar), 8.62 (dd, 3J=4.8,
J=1.6 Hz, 1H; CH, ar), 8.16 (d, J=1.6 Hz, 1H; CH, ar), 7.94 (ddd, 3J=


7.9, J=2.2, J=1.6 Hz, 1H; CH, ar), 7.92 (d, 3J=8.4 Hz, 1H; CH, ar),
7.57 (dd, 3J=8.4, J=1.9 Hz, 1H; CH, ar), 7.40 (ddd, 3J=7.9, J=4.8, J=


0.8 Hz, 1H; CH, ar), 2.87 ppm (s, 3H; SCCH3);
13C{1H} NMR


(125.77 MHz, CDCl3): d=167.1, 153.2, 147.6, 147.5, 135.3, 135.0, 134.5,
133.5, 122.9, 122.6, 121.0, 119.8, 19.2 ppm; 15N{1H} NMR (50.69 MHz,
CDCl3): d=�73.6, �67.2 ppm; HRMS: m/z : calcd for C13H10N2S:
226.0566; found: 226.05647.
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Introduction


At times PF3 had been considered a similar versatile ligand
as CO,[1] and many metal-CO complexes have PF3 ana-
logues. The PF3 liquid can be considered a weak s donor,
but a good p-acceptor ligand. Nowadays, metal phosphane
complexes of organic phosphanes are numbered by the ten
thousands, whereas research on metal-PF3 complexes re-
mains fairly dormant. There are several reasons for this: PF3


is a very poisonous gas, is expensive or difficult to prepare
and to handle, and the resulting complexes are often much
less stable than their organic counterparts. Nevertheless, his-
torically it came as a surprise that homoleptic [Pt ACHTUNGTRENNUNG(PF3)4] and
[Pd ACHTUNGTRENNUNG(PF3)4] could be obtained,[2] whereas the corresponding
carbonyl complexes are not stable.


Focusing here only on [Pt ACHTUNGTRENNUNG(PF3)4], it is also evident that
the chemistry of this interesting compound is largely unex-
plored, except that it has been tested as a precursor for plat-
inum chemical vapor deposition (CVD) procedures many
times.


Systematic chemistry is limited to ligand substitution reac-
tions with isonitriles,[3] and recently, to the thermal decom-
position into the cluster compound [Pt4ACHTUNGTRENNUNG(PF3)8].[4] At the end
of this paper we will speculate on this structure of this clus-
ter. Main topic of this work is to systematically investigate
the chemistry of [Pt ACHTUNGTRENNUNG(PF3)4].


Results and Discussion


[Pt ACHTUNGTRENNUNG(PF3)4] is a colorless liquid, usually prepared from PtCl2,
PF3, and Cu in an autoclave.[2] This procedure works well
with yields around 70 %, but is nevertheless tedious. It is
very well characterized by physical methods, including a mo-
lecular structure determination by electron diffraction.[5]


The PtP4 framework is regular tetrahedral and the PF3


groups are assumed to rotate freely. The Pt�P bond length
is 222.9(5) pm. We have crystallized this compound from
pentane, and established its structure in the solid state, in
which the entire molecule obeys tetrahedral symmetry, so
that the molecule is described by only one Pt, P, and F atom,
all in special positions. The crystal structure determination is
the most precise one we have ever encountered (R1 =


0.0067), giving a Pt�P bond length of 222.4(1) pm.


Complex [Pt ACHTUNGTRENNUNG(PF3)4H]+ : Protonation of [Pt ACHTUNGTRENNUNG(PF3)4] is possible,
if the superstrong Brønsted acid HF/SbF5 is applied. [Pt-
ACHTUNGTRENNUNG(PF3)4H]+


ACHTUNGTRENNUNG[Sb2F11]
� crystallizes out of excess HF at �78 8C in


colorless crystals. This compound looses PF3 upon warming
long before room temperature, especially in vacuum; so that
the characterization is limited to a single crystal structure
determination.


The crystal structure is shown in Figure 1, see also
Table 1. The [Pt ACHTUNGTRENNUNG(PF3)4H]+ unit has a trigonal bipyramidal
shape with the hydrogen atom and one PF3 group in apical
positions. This fact is clearly established in spite of a twofold
disorder of the cation. The equatorial PF3 groups are bent
toward the hydrogen atom with angles Peq�Pt�H= 78.9–
80.58. In spite of the disorder the Pt�H bond distance can
be established to be 160(10) pm.


Not even at �40 8C it is possible to obtain 1H and
19F NMR spectra, probably owing to rapid H+ and F� ex-


Keywords: cluster compounds ·
ligand effects · phosphorus
trifluoride complexes · platinum
complexes · structure elucidation


Abstract: Tetrahedral [Pt ACHTUNGTRENNUNG(PF3)4] reacts with H+ to form trigonal bipyramidal [Pt-
ACHTUNGTRENNUNG(PF3)4H]+ . This in turn looses PF3 to form square-planar [Pt ACHTUNGTRENNUNG(PF3)3H]+ . The com-
plex [Pt ACHTUNGTRENNUNG(PF3)4] can be oxidized with AsF5 to form the square-planar complex, [Pt-
ACHTUNGTRENNUNG(PF3)4]


2+ , which can be more conveniently obtained from PtF4 and PF3 in HF/SbF5


solution. [Pt ACHTUNGTRENNUNG(PF3)4]
2+ reacts with F� in HF under cluster formation to [Pt4-


ACHTUNGTRENNUNG(PF3)8H]+ .
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change. The 31P NMR shows nothing but a broad line and
minor peaks assignable to the typical NMR spectra of the
decomposition product [Pt ACHTUNGTRENNUNG(PF3)3H]+


ACHTUNGTRENNUNG[Sb2F11]
� .


The closest relative complexes to [Pt ACHTUNGTRENNUNG(PF3)4H]+ are the
metal hydrides [CoH ACHTUNGTRENNUNG(PF3)4], [RhH ACHTUNGTRENNUNG(PF3)4], and [IrH ACHTUNGTRENNUNG(PF3)4],
and, although they are all known,[6] in solution they are non
rigid and their solid structures are unknown.[7,8]


Amongst polydentate organophosphane ligated Pt com-
pounds [(P)4Pt�H]+ (P=organophosphane) there are two
structures that also come out as trigonal bipyramidal with
apical structured hydrogen atoms.[9,10] Here the trigonal bi-
pyramidal structures are strongly distorted as a result of the
sterical requirements of the chelating ligands.


Complex [PtACHTUNGTRENNUNG(PF3)3H]+ : The complex [Pt ACHTUNGTRENNUNG(PF3)4H]+
ACHTUNGTRENNUNG[Sb2F11]


�


easily looses PF3 even at �78 8C if the solid material is held
in vacuum. This became evident during attempts to obtain
NMR spectra. The resulting complex spectra can be as-
signed to [Pt ACHTUNGTRENNUNG(PF3)3H]+ (see below). A recrystallisation of


this material in HF afforded [Pt ACHTUNGTRENNUNG(PF3)3H]+
ACHTUNGTRENNUNG[Sb2F11]


�·2 HF,
which is stable at room temperature. The single crystal
structure determination reveals that the cation has now the
common square-planar structure of PtII complexes, see
Figure 2 and Table 1. The hydrogen atom could clearly be


located, and the bond length of the trans Pt�P bond is a
little longer than the cis Pt�P bonds. The angle between
Pcis�Pt�Pcis is much smaller than 1808 (157.48(5)8), owing to
the small size of the hydrogen atom. Similar compounds
have been isolated before with organic PR3 ligands.


The atomic combination Pt/P/F/H should be ideal for
NMR investigations, since all four atoms have isotopes with
nuclear spin 1=2. [Pt ACHTUNGTRENNUNG(PF3)3H]+ shows the expected spectra,
some of them are shown in Figure 3. All coupling constants
of the Ptrans�Pt�H ionic fragment come out quite large, the
cis-couplings are small and sometimes not resolvable, see
the Experimental Section.


Figure 1. The cation of [Pt ACHTUNGTRENNUNG(PF3)4H]+
ACHTUNGTRENNUNG[Sb2F11]


� , ORTEP representation,
50% probability ellipsoids.


Table 1. Important bond lengths [pm] and angles [8].


[Pt ACHTUNGTRENNUNG(PF3)4] [Pt ACHTUNGTRENNUNG(PF3)4H]+ [Pt ACHTUNGTRENNUNG(PF3)3H]+ [Pt ACHTUNGTRENNUNG(PF3)4]
2+ [a]


ACHTUNGTRENNUNG[Pt4 ACHTUNGTRENNUNG(PF3)8H]+ [b]


X-ray calcd[c] X-ray[d] calcd[e] X-ray calcd[f] X-ray calcd[g] X-ray


Pt�P 222.4(1) 223.9(1) 225.7(1)
248.8(2)


228.1(3K)
232.1


221.7(1)
223.1(1)
229.0(1)


226.5(2K)
233.5


230.3(1)
230.8(1)


234.7 217.7–222.2(2)


Pt�H 161(10) 158.0 145.0(6) 157.4 187(6)
Pt�Pt 262.3–292.9(1)
P�F 154.7(2) 157.7 149.0(3)–151.8(4) 154.9–155.9 150.6–152.2(3)[h] 154.3–155.2 150.6–151.3(2) 152.9–153.3 151.3–153.7(5)


P�Pt�P 109.47 109.47 98.2(1)
100.9(1)


2 K 115.5(1)
2 K 120.1(1)[c]


97.52
118.31


100.9(1)
101.7(1)
157.4(1)


100.3(2K)
159.4


87.92(3)
92.08(3)


180


86.7
93.3
180


97.2(1)
100.2(1)


P�Pt�H 78(4)
80(2)


2 K , 2 K
177(4)


78(1)
79(1)


176(2)


79.7(2K)
179.4


103(2) ACHTUNGTRENNUNG(Pt�H�Pt)


F�P�F 98.2(1) 98.23 98.7(3)–101.5(2) 100.6–101.5 100.3–102.7(2)[d] 101.5–102.9 102.2–103.4(1) 104.3–104.7 97.3–100.2(1)


energy [a.u.] �2678.6511402 �2678.9440574 �2038.9373630 �2674.7197467


[a] [Pt ACHTUNGTRENNUNG(PF3)4]
2+
ACHTUNGTRENNUNG[(AsF6)2


�]·2HF, values in the [Sb2F11]
� salt are virtually identical. [b] [Pt4 ACHTUNGTRENNUNG(PF3)8H]+


ACHTUNGTRENNUNG[SbF6]
�·2HF, values in the AsF6


� salt are virtually iden-
tical. [c] Td symmetry; [d] Pt and H atoms are twofold disordered. [e] C3 symmetry. [f] Cs symmetry. [g] The D2h symmetry is taken from the crystal struc-
ture, a C4v symmetric structure is calculated to be 3 kcal lower in energy. The difference corresponds to rotations of the PF3 ligands. [h] There are two
molecular units in the cell. One of them contains one twofold disordered PF3 group. Bond length and angle data of this group are not considered in this
table.


Figure 2. The cation of [Pt ACHTUNGTRENNUNG(PF3)3H]+
ACHTUNGTRENNUNG[Sb2F11]


�·2 HF, ORTEP representa-
tion, 50 % probability ellipsoids.
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In the Raman spectrum the Pt�H stretching vibration can
easily be located at ñ= 2105 cm�1, see Figure 4.


Oxidation of [Pt ACHTUNGTRENNUNG(PF3)4]: Formally the protonation of [Pt-
ACHTUNGTRENNUNG(PF3)4] is an oxidation, but let us turn now to the simple two
electron oxidation. We keep in mind that, while Pt(CO)4 is
not stable under chemical conditions, [Pt(CO)4]


2+ can be
generated in super acidic media, and [Pt(CO)4]


2+
ACHTUNGTRENNUNG[Sb2F11]2


2�


is a stable compound.[16] AsF5 in HF is a strong enough oxi-
dant, so that [Pt ACHTUNGTRENNUNG(PF3)4]


2+
ACHTUNGTRENNUNG[AsF6]2


2�·2 HF is formed. This com-
pound is characterized by crystal structure determination
only (see Table 1). It is better to perform the oxidation by
AsF5 in presence of SbF5, so that stable [Pt ACHTUNGTRENNUNG(PF3)4-
ACHTUNGTRENNUNG(Sb2F11)2]·2 HF is obtained.


In the course of this investigation we found a much sim-
pler method of preparing [Pt ACHTUNGTRENNUNG(PF3)4]


2+
ACHTUNGTRENNUNG[Sb2F11]2


2�·2 HF,
namely by reacting PtF4 with PF3 in a HF/SbF5 solution. So
the difficult preparation of unstable [Pt ACHTUNGTRENNUNG(PF3)4] can be cir-
cumvented. The square-planar [Pt ACHTUNGTRENNUNG(PF3)4]


2+ ion has, inde-
pendent of the anion, the same structure, see Figure 5 and
Table 1. It is important to note that the Pt�P bond length


(222.4 pm) in [Pt ACHTUNGTRENNUNG(PF3)4] is increased after oxidation to
230.3 pm. This effect can originate from sterical constraints,
or from lesser p-bond back donation in the cation, or from
both effects. It seems to be a general phenomenon that
[PtL4]


2+ ions (L= phosphane ligand) have longer Pt�L
bonds of about 232–235 pm [17–19] than neutral PtL4 com-
pounds 222–225 pm.[20–22]


We have performed calculations for the pair of complexes
[Pt ACHTUNGTRENNUNG(PF3)4] and [Pt ACHTUNGTRENNUNG(PF3)4]


2+ by using ab initio MP2 methods,
and have qualitatively obtained a similar lengthening of the
Pt�P bond upon oxidation, see Table 1.


The orientation of the PF3 groups in the crystal obeys the
D2h symmetry. This is a little surprising, as a more tilted ori-
entation, for example C4 symmetry, should be preferred for
sterical reasons; such a structure has, in our calculations, a
slightly lower energy.


In general these calculations reproduce the experimental
structures very well, except that all bonds to Pt atoms come
out slightly longer. This is almost certainly a result of the
basis set used for Pt. Owing to time limitations larger basis
sets could not be used, partially because we have been limit-
ed to time expensive MP2 calculations in the electron rich
species. DFT calculations, although using only 10 % of the
time, do not reproduce the bond lengths well.


Complex [Pt4ACHTUNGTRENNUNG(PF3)8H]+
ACHTUNGTRENNUNG[SbF6]


�·2HF : The salts of the [Pt-
ACHTUNGTRENNUNG(PF3)4]


2+ cation turn orange in air. This seems to be a hy-
drolytic reaction followed by loss of PF3. Adding small
amounts of water to an HF solution of [Pt ACHTUNGTRENNUNG(PF3)3]


2+ salts af-
forded an orange solution and a small crop of crystal with
the cluster cation [Pt4 ACHTUNGTRENNUNG(PF3)8H]+ and varying anions, PF6


�,
AsF6


�, SbF6
�, and F�. A reproducible reaction is that be-


tween [Pt ACHTUNGTRENNUNG(PF3)4H]+
ACHTUNGTRENNUNG[Sb2F11]


� and NaF or KF in HF. At first,
colorless Na/KSbF6 crystallizes out and, after concentration,
orange crystals of [Pt4ACHTUNGTRENNUNG(PF3)8H]+


ACHTUNGTRENNUNG[AsF6]
�·2 HF or [Pt4-


ACHTUNGTRENNUNG(PF3)8H]+
ACHTUNGTRENNUNG[SbF6]


�·2 HF are obtained. If excess of Na/KF is
used, then the product is [Pt4ACHTUNGTRENNUNG(PF3)8H]+


ACHTUNGTRENNUNG[PF6]
�·2 HF.


The crystal structure shows its cluster character, see
Figure 6 and Table 1. Pt atoms occupy the corners of a dis-
torted tetrahedron. We are not aware if such [Pt4L8]


2+ clus-
ter have ever been observed, except, of course, the neutral
[Pt4ACHTUNGTRENNUNG(PF3)8]. Only [Pt4ACHTUNGTRENNUNG(PR3)4H2] and [Pt4ACHTUNGTRENNUNG(PR3)4H8] have been
described before.[23]


The cluster is built up by four distorted square-planar
[Pt2Pt ACHTUNGTRENNUNG(PF3)2] units. This can explain the differences of the


Figure 3. NMR spectra of [Pt ACHTUNGTRENNUNG(PF3)3H]+ .


Figure 4. Raman spectrum of [Pt ACHTUNGTRENNUNG(PF3)3H]+
ACHTUNGTRENNUNG[Sb2F11]


�·2HF, solid, �160 8C.


Figure 5. The cation of [Pt ACHTUNGTRENNUNG(PF3)4]
2+
ACHTUNGTRENNUNG[SbF6]2


2�, ORTEP representation,
50% probability ellipsoids.
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Pt�Pt bond lengths: Within these square-planar units these
bond lengths are shorter 260.7(1)–281.4(1) pm, and the re-
maining Pt�Pt bond is longer: 292.9(1) pm. The hydrogen
atom can clearly be located. It is positioned between two Pt
atoms as a symmetrical bridge. The hydrogen atom of the
HF solvate molecule could not be located, however. This
can be explained by two effects: Owing to the twofold disor-
der of the As(Sb)F6 anion it is expected to be also disor-
dered, and its positive charge makes it particularly difficult
to locate by the X-ray method. In the IR spectra there are
two medium to weak bands, at ñ=1620 and 1980 cm�1 that
could be assigned to the vibrations of this hydrogen atom. A
weak and broad band at ñ=3200 cm�1 could be assigned to
the HF molecule.


The compound is stable in SO2 solution, so that NMR
spectra can be recorded. Even assuming chemical equiva-
lence of all F, P, and Pt atoms as a result of the migration of
the H atom, there is a lot of magnetic inequivalence to be
expected. This seems indeed to be the case. Decoupling ex-
periments simplify the spectra enough so that a qualitative
interpretation becomes possible. Of interest are the {19F}31P
and 1H NMR spectra, see Figure 7 They are both composed
of a single line with Pt satellite lines. In the {19F}31P NMR
three pairs of satellites in the ratio 1:1:1 are clearly resolved,
and the fourth missing one is probably hidden in the center
line as a result of its small coupling constant. The largest
31P�195P coupling constant could be the 1JP�Pt, the second
largest one trans-2JP�Pt, the smaller one cis-2JP�Pt. The
1H NMR shows a multiplet a d=�3.1 ppm, which originates
from the coupling with four equivalent Pt atoms. As 195Pt
has a natural abundance of 33 %, five isotopomers have to
be considered (Pt4H


+ , Pt3
195PtH+ , Pt2


195Pt2H
+ , Pt195Pt3H


+ ,
and 195Pt4H


+). The calculated intensity distribution of the
expected nine lines is also given in Figure 7. Evidently the
hydrogen atom changes position in solution.


The 195Pt NMR could not be observed. Even after 19F de-
coupling a 16 line spectrum is expected, owing to coupling
with four non equivalent phosphor atoms and the hydrogen
atom.


Although chemical shifts and coupling constants of [Pt4-
ACHTUNGTRENNUNG(PF3)4H]+ and [Pt4ACHTUNGTRENNUNG(PF3)4] are distinctively different, there is
a striking qualitative similarity of the 31P NMR spectrum.[4]


From this fact we conclude that the structure of the neutral
cluster is similar, and is also composed of four interlinked
square-planar [Pt2PtACHTUNGTRENNUNG(PF3)2] units. We have repeated the
preparation of this material, and can confirm all results, es-
pecially that crystals by sublimation do not diffract at all.
From pentane solution at �788 crystals could be obtained
that are still very weakly diffracting. We could establish the
unit cell (a= 859.7(4), b=1754.8(8), c=1756.2(8) pm, a=


70.25(1), b= 83.10(1), g= 83.19(1)8, Z=4) and the Pt posi-
tions, and some of the P positions. The Pt atoms form a tet-
rahedral cluster again. No more information should be de-
duced from these imperfect data, except that the Pt�Pt dis-
tance, as insecure they might be, seem on average to be
shorter than in [Pt4ACHTUNGTRENNUNG(PF3)8H]+ .


Conclusion


Some novel Pt�PF3 compounds have been obtained. These
compounds have been characterized as much as possible,
and their preparation is reproducible. In the course of the
search we have obtained a large number of other Pt�PF3


complexes, and have resolved crystal structures for most of
them. These have been little more than fortuitous findings,
difficult to reproduce, and therefore incompletely character-
ized. Owing to ligand exchange reactions, thermal instability,
high order spectra, and non-rigidity the most appealing ana-
lytical tool, namely 19F, 31P, 1H, and 195Pt NMR spectroscopy,
is much less helpful than anticipated. Further work on these
compounds is ongoing.


Figure 6. The cation of [Pt4 ACHTUNGTRENNUNG(PF3)8H]+
ACHTUNGTRENNUNG[SbF6]


�·2HF, ORTEP representa-
tion, 50 % probability ellipsoids.


Figure 7. ACHTUNGTRENNUNG{19F}31P NMR spectrum (above) and 1H NMR spectrum (below)
of [Pt4ACHTUNGTRENNUNG(PF3)8H]+ . The calculated intensity distribution of the nine lines in
the 1H NMR spectrum is: 0.021 : 3.41 : 21.68 : 66.74 : 100 : 66.74 : 21.68 :
3.41 : 0.021.
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Experimental Section


Physical methods : NMR spectra were obtained by means of a JEOL
multi nuclear 400 spectrometer. 1H: 399.65 MHz (external reference
TMS), 19F: 376.00 MHz (external reference CFCl3), 31P: 161.7 MHz (ex-
ternal reference H3PO4/H2O), 195Pt: 85.36 MHz (external reference
K2PtCl6/H2O).


Raman spectra were recorded by using a Bruker RFS 100 FT-Raman
spectrometer. IR spectra were recorded by using a 5 SXC Nicolet FT-
spectrometer.


Single crystals were handled in a special device,[24] cut to an appropriate
size if necessary, and mounted on a Bruker SMART CCD 1000 TU dif-
fractometer, using MoKa irradiation, a graphite monochromator, a scan
width of 0.38 in w, and a measuring time of 20 s per frame. A full sphere
up to 2q=618 was usually obtained by 1800 frames. After semiempirical
absorption corrections (SADABS) by equalizing symmetry equivalent re-
flections, the SHELX programs were used for solution and refine-
ments.[25] Experimental details are laid down in Table 2, results in
Table 1. Further details of the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (+ 49) 7247-808-666; e-mail :
crysdata@fiz-karlsruhe.de) on quoting the depository number CSD:
418727 ([Pt ACHTUNGTRENNUNG(PF3)4]), 418724 ([Pt ACHTUNGTRENNUNG(PF3)4H]+


ACHTUNGTRENNUNG[Sb2F11]
�), 418725 ([Pt-


ACHTUNGTRENNUNG(PF3)3H]+
ACHTUNGTRENNUNG[Sb2F11]


�·2 HF), 418727 ([PtACHTUNGTRENNUNG(PF3)4 ACHTUNGTRENNUNG(Sb2F11)2]·2 HF), 418775 ([Pt-
ACHTUNGTRENNUNG(PF3)4ACHTUNGTRENNUNG(AsF6)2]·2 HF), 418728 ([Pt4 ACHTUNGTRENNUNG(PF3)8HSbF6]·2HF), and 418729 ([Pt4-
ACHTUNGTRENNUNG(PF3)8 HAsF6]·2 HF).


Ab initio MP2 calculations were performed by using the GAUSSIAN
program.[26] Basis sets for H, F, P: 6-311 +G ACHTUNGTRENNUNG(d,p), as implemented in
Ref. [26]. Pt:s8p7d6


ACHTUNGTRENNUNG[s6p5d3] for 18 valence electrons,[27] 60 core electrons
were treated by a relativistically corrected core potential.[28]


Usually the handling of hydrolytic sensitive compounds is performed in a
glove box with pH2O<1 ppm.


Chemicals : AsF5, and KHF2, and XeF2 are from laboratory stock. NaF
and KF were heated in a vacuum to 5008 to remove any water. Anhy-
drous HF was distilled from 98% technical HF by a stainless steel
vacuum line into a stainless steel cylinder, containing �10 g BiF5 to
remove any water as [H3O]+


ACHTUNGTRENNUNG[BiF6]
� .


SbF5 was distilled twice in vacuum to remove any oxyfluorides and HF. It
was only used if its viscosity is high at room temperature. PtCl2 was pre-
pared according to literature.[31]


Synthesis of PF3 : PF3 is a commercially available, but is prohibitively ex-
pensive. Here a simple procedure is given, provided that a stainless steel
autoclave and a stainless steel vacuum line are at hand. A 300 mL stain-
less steel autoclave was filled with commercial PCl3 (30 g, 218 mmol),
and HF (13.8 g, 0.7 mol) was then condensed on it. The mixture was
heated 24 hrs at 80 8C and the pressure rises to about 100 bar. After cool-
ing to room temperature the gaseous products are blown through a water
container, through a �78, and a �160 8C cold trap. With a single wash
the all of the HCl and excess HF were completely absorbed by the water.
The PF3 from the �160 8C cold trap was condensed at �196 8C into a
metal storage cylinder. The product was free of PCl2F, PFCl2, HCl, and
HF. Yield 18.7 g (97 %).


Synthesis of [PtACHTUNGTRENNUNG(PF3)4]: The literature reaction between PtCl2, Cu
powder, and PF3 works well with yields up to 90%, provided the Cu
powder is fine and oxide free.[2]


Synthesis of PtF4 : The most reliable synthesis so far of PtF4 is the fluori-
nation of Pt powder under high pressure and temperatures, and subse-
quently decomposing the PtF4/PtF5/PtF6 mixture in several steps at 2008
into pure PtF4.


[30] Here we present a more convenient route to PtF4:


To Pt powder (500 mg, 2.5 mmol) in a PFA tube (poly perfluorovinyleth-
er-tetrafluoroethylene copolymer, 12 mm inner diameter), XeF2 (3 g,
18 mmol) was added. At the metal vacuum line, HF (20 mL, anhydrous)
was condensed onto the mixture, and the tube was sealed. At room tem-
perature, gas evolution and yellow coloration was observed. The tube
was shaken for 24 h at room temperature. Then a red-brown precipitate
forms, and all Pt powder dissolved. The tube was then opened and the all
volatile material was pumped away, and the solid residue was heated to
300 8C for 24 hrs to produce light-brown product pure PtF4, Yield 520 mg
(77 %).


Synthesis of [Pt ACHTUNGTRENNUNG(PF3)4H]+
ACHTUNGTRENNUNG[Sb2F11]


�: In a PFA tube [PtACHTUNGTRENNUNG(PF3)4] (100 mg,
0.182 mmol) was dissolved in HF (5 mL) containing SbF5 (200 mg,
0.9 mmol). Slow cooling to �788 affords a large crop of colorless crystals
of [Pt ACHTUNGTRENNUNG(PF3)4H]+


ACHTUNGTRENNUNG[Sb2F11]
� . 31P NMR: d= 11 ppm (broad). Upon warming


to room temperature and pumping PF3 is liberated.


Synthesis of [Pt ACHTUNGTRENNUNG(PF3)3H]+
ACHTUNGTRENNUNG[Sb2F11]


�·2HF : The [Pt ACHTUNGTRENNUNG(PF3)4H]+
ACHTUNGTRENNUNG[Sb2F11]


� is
freed from supernatant HF by decantation and pumping at �788, and
warming slowly up to room temperature. Redisolution in HF and recrys-
tallization affords colorless needles at �78 8C. Decantation and pumping
gives pure [Pt ACHTUNGTRENNUNG(PF3)3H]+


ACHTUNGTRENNUNG[Sb2F11]
� as colorless crystals, decomposing with-


out melting above 60 8C. 1H NMR (399.65 MHz): d =�13.7 ppm
(1J1H�195Pt =672 Hz, 3J1H�19F =36 Hz, 2J1H�31P =314 Hz); 19F NMR
(376.00 MHz, SO2): d=�24.8 (1J19F�31P = 1400 Hz, 2J19F�195Pt =329 Hz,


Table 2. Crystallographic data from single crystal x-ray diffraction.


[Pt ACHTUNGTRENNUNG(PF3)4] [Pt ACHTUNGTRENNUNG(PF3)4H]+


ACHTUNGTRENNUNG[Sb2F11]
+


[Pt ACHTUNGTRENNUNG(PF3)3H]+


ACHTUNGTRENNUNG[Sb2F11]·2 HF
[Pt ACHTUNGTRENNUNG(PF3)4]


2+


ACHTUNGTRENNUNG[AsF6]2
2�·2HF


[Pt ACHTUNGTRENNUNG(PF3)4]
2+


ACHTUNGTRENNUNG[Sb2F11]2
2�·2HF


ACHTUNGTRENNUNG[Pt4 ACHTUNGTRENNUNG(PF3)8H]+


ACHTUNGTRENNUNG[SbF6]
�·2 HF


ACHTUNGTRENNUNG[Pt4 ACHTUNGTRENNUNG(PF3)8H]+


ACHTUNGTRENNUNG[AsF6]
�·2 HF


crystal system cubic orthorhombic triclinic orthorhombic monoclinic monoclinic monoclinic
space group I4̄3m Pmmn P 1̄ Pbca P21/n C2/c C2/c
a [pm] 825.22(4) 940.8(3) 868.9(1) 926.8(2) 967.52) 1148.6(4) 1121.6(2)
b [pm] 825.22(4) 1339.8(3) 1285.9(2) 1396.4(3) 1532.5(4) 2003.4(8) 2015.6(3)
c [pm] 825.22(4) 780.6(1) 1719.8(3) 1492.9(4) 1065.9(3) 1404.8(6) 1395.2(2)
a [8] 90 90 110.48(1) 90 90 90 90
b [8] 90 90 101.09(1) 90 116.63(1) 111.73(2) 111.21(1)
g [8] 90 90 92.19(1) 90 90 90 90
cell volume [pm3] 591.96 983.97 1754.37 1932.3 1412.57 3002.87 2940.4
Z 2 2 4 4 2 4 4
1calcd [gcm�3] 2.232 3.377 3.455 3.317 3.508 3.846 3.867
crystal color colorless colorless colorless colorless colorless orange orange
m [mm�1] 13.19 10.34 11.47 11.22 9.17 20.07 20.72
measured reflns 1574 10467 46652 24269 12906 18575 18301
independent reflns 186 1438 12622 2935 4285 4572 4493
parameters 13 104 505 156 210 222 225
goodness of fit on F2 1.189 1.129 1.018 1.053 1.084 1.069 1.030
R1 ACHTUNGTRENNUNG[Fo>4s(F6)] 0.007 0.024 0.030 0.019 0.017 0.023 0.031
wR2 0.017 0.050 0.064 0.046 0.039 0.057 0.088


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4280 – 42864284


K. Seppelt et al.



www.chemeurj.org





3J18F�1H =38 Hz), �23.7 (1J19F�31P =1274 Hz, 2J19F�195Pt =624 Hz), �93.9 (1F),
�119.8 (8F), �142.1 ppm (2F, Sb2F14


�); 31P ACHTUNGTRENNUNG{19F} NMR (161.7 MHz): d=


123.1 (1P, 3J31P�31P =59 Hz, t, 3J31P�1H =302 Hz, d, 1J31P�195Pt =3942 Hz),
100.2 ppm (broad, 2P, 1J31P�195Pt =6496 Hz); Raman spectrum (solid,
�160 8C): ñ= 2105(10), 971(20), 907(5), 788(5), 695(40), 652 ACHTUNGTRENNUNG(100),
597(15), 548(15), 508(3), 387(5), 292(15), 274(5), 227(80), 199(20), 184(5),
166(5), 129(3) cm�1.


Synthesis of [Pt ACHTUNGTRENNUNG(PF3)4]
2+
ACHTUNGTRENNUNG[AsF6]2


2�·2HF : A PFA tube was charged with
[Pt ACHTUNGTRENNUNG(PF3)4] (300 mg, 0.55 mmol) onto this HF (3 mL, anhydrous) and AsF5


(200 mg, 1.2 mmol) were condensed. The mixture was then warmed to
room temperature. Cooling to �78 8C affords colorless crystals. For the
crystal data see Table 2. After a long period of time pumping at room
temperature the elemental analysis was: calcd (%): Pt 21.10; found:
21.09. Yield approximately 250 mg (34 %), decomposing above 40 8C.


Synthesis of [PtACHTUNGTRENNUNG(PF3)4]
2+
ACHTUNGTRENNUNG[Sb2F11]2


2�·2HF : The above reaction carried out
similarly as above, but in presence of SbF5 (550 mg, 2.5 mmol). After
crystallization at �788 colorless crystals are obtained. For further charac-
terization see below.


Synthesis of [PtACHTUNGTRENNUNG(PF3)4]
2+
ACHTUNGTRENNUNG[Sb2F11]2


2�·2HF : A PFA tube was charged with
PtF4 (450 mg, 1.66 mmol) to this SbF5 (3 g, 13.8 mmol) was added. HF
(10 mL, anhydrous) was then condensed into it. Through a stainless steel
valve the tube was connected to a vacuum line followed by pressurization
(�2.5 bar) with PF3, which was slowly consumed and was refilled until a
clear solution was obtained. All HF and excess SbF5 was pumped off
under vacuum and the [Pt ACHTUNGTRENNUNG(PF3)4]


2+
ACHTUNGTRENNUNG[Sb2F11]2


2� remained a colorless
powder. To free the complex from SbF3·SbF5 type compounds it was re-
crystallised from HF at �78 8C to afford about 1 g (60 %) in the form of
opaque needles. 19F NMR (376.00 MHz, 258, HF): d=�29.7 (P�F),
�125 ppm (broad, Sb�F, 1J19F�31P =1292 Hz, 2J19F�195Pt =524 Hz); 31P-
ACHTUNGTRENNUNG{19F} NMR (161.7 MHz): d=62.9 ppm (1J31P�195Pt = 5166 Hz); 195Pt-
ACHTUNGTRENNUNG{19F} NMR (85.36 Mhz): d=�668.7 ppm (1J195Pt�31P =5152 Hz); Raman
spectroscopy: ñ=950(s), 755 ACHTUNGTRENNUNG(1090), 711(5), 567(70), 481(10), 274(40),
251(8), 201(50), 120(50) cm�1; elemental analysis after pumping at room
temperature to free it from HF: calcd (%): Sb 24.4, P 12.4, Pt 19.5;
found: Sb 24.5, P 12.6, Pt 20.5.


Synthesis of [Pt4 ACHTUNGTRENNUNG(PF3)8H]+
ACHTUNGTRENNUNG[SbF6]


�·2HF : A PFA tube (8 mm inner diam-
eter) was charged with [Pt ACHTUNGTRENNUNG(PF3)4]


2+
ACHTUNGTRENNUNG[(Sb2F11)]2


2� (600 mg, 0.6 mmol). HF
(10 mL, anhydrous) is then condensed into it. In a second PFA tube, KF
(155 mg, 2.7 mmol; or the equivalent amounts of NaF or KHF) was dis-
solved in HF (5 mL). Both tubes were interconnected by a stainless steel
tube, and warmed to room temperature. The two solutions were mixed
and turned immediately yellow.


If NaF is used, the precipitation of NaSbF6 sets in immediately. Slow
cooling to �78 8C affords colorless crystals of KSbF6 or further NaSbF6.
The remaining solution is decanted, and reduced to about one quarter.
Recrystallisation from room temperature to �788 affords a mixture of
large colorless cubes (KSbF6, NaSbF6) and orange crystals. These are
sorted out under dry nitrogen. The overall yield, based on the platinum
content, is small. Losses are inevitable owing to the separation proce-
dure. The orange crystals are stable at room temperature, but react
slowly under hydrolysis. The product is [Pt4 ACHTUNGTRENNUNG(PF3)8H]+


ACHTUNGTRENNUNG[SbF6]
�·2 HF. If a


larger excess of KF ACHTUNGTRENNUNG(NaF) is used, then the SbF6
� anion is replaced by the


PF6
�. This can be seen in the 19F/31P NMR spectra. 1H NMR


(399.65 MHz): d=�3.1 (1J1H�195Pt =253 Hz), 10.5 ppm (HF); 19F NMR
(376.00 MHz, 10 8C, SO2): d=�22.9 (1J19F�31P =1350 Hz, 2J19F�195Pt =559 Hz),
114.6 ppm (Sb�F); 31P NMR (161.7 MHz): d=138.3 ppm, (m, 1J31P�19F =


1338.8); 31P ACHTUNGTRENNUNG{19F} NMR (85.36 Mhz): d=138.4 ppm (J31P�195Pt =6329, 5313,
1135 Hz); Raman spectrum: ñ= 968(10), 890(5), 654 ACHTUNGTRENNUNG(100), 550(15),
274(40), 229(10), 154(50), 126(20) cm�1; IR spectrum: ñ=3250 (w), 2000
(vw), 1620 (m), 901 (s), 877 (s), 671 (vs), 532 (m), 517 cm�1 (m).
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Introduction


Dihydroorotase (DHO) catalyzes the reversible interconver-
sion of dihydroorotate and carbamoyl aspartate as illustrat-
ed in Scheme 1.[1] This transformation is a key step in the de
novo biosynthesis of pyrimidine nucleotides, and thus, DHO
is an attractive target for inhibitor design and mechanistic
interrogation.[2] Amino acid sequence comparisons have
demonstrated that DHO is a member of the amidohydrolase
superfamily (AHS) of enzymes.[3] The AHS is a group of en-
zymes that catalyze primarily hydrolytic reactions in a wide


range of substrate contexts.[4] All members of the AHS pos-
sess a (b/a)8-barrel structural fold with an active site that re-
sides at the C-terminal end of the b barrel.[4] The hydrolytic
water molecule is activated for nucleophilic attack by coor-
dination to a mononuclear or binuclear metal center. The
divalent cations that have been found ligated to the active
sites within these enzymes include Zn2+ , Ni2+ , and Fe2+ .[4]


However, Mn2+ , Cd2+ , and Co2+ will activate some of these
enzymes under certain conditions.[5]


The X-ray crystal structure of DHO from Escherichia coli
has been determined to high resolution and has a binuclear
zinc cluster at the active site.[6,7] Remarkably, when the pro-
tein was crystallized in the presence of substrate at a pH at
which the equilibrium constant for the enzymatic reaction
was near unity, dihydroorotate was found bound to the
active site of one monomeric unit of the dimeric protein,
whereas carbamoyl aspartate was bound to the adjacent
ACHTUNGTRENNUNGmonomer.[6] Therefore, this crystal structure provided an
almost unprecedented view of the molecular interactions be-
tween the substrate/product and the enzyme immediately
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before and after the chemical reaction. In DHO one of the
divalent cations (Ma) is coordinated to two histidine resi-
dues from b-strand 1 and an aspartate from b-strand 8,
whereas the second metal ion (Mb) is coordinated to two
histidine residues from b-strands 5 and 6. In addition, the
two metal ions are bridged by a carboxylated lysine from b-
strand 4. In the monomer with the bound dihydroorotate,
the two metal ions are further bridged by hydroxide and the
carbonyl oxygen of the dihydroorotate is orientated towards
Mb. Moreover, the bridging hydroxide is hydrogen bonded
with the aforementioned aspartate residue from the b-strand
8. In contrast, in the monomer with a bound carbamoyl
ACHTUNGTRENNUNGaspartate, the bridging hydroxide is missing and the two
metal ions are bridged by the b-carboxylate group of the
product. A representation of the active site in the presence
of bound dihydroorotate is provided in Figure 1.


The X-ray structure of DHO and a comprehensive assess-
ment of the catalytic properties of this enzyme with a varie-
ty of substrates enabled Porter et al. to postulate a chemical
reaction mechanism for the interconversion of dihydro-
ACHTUNGTRENNUNGorotate and carbamoyl aspartate.[8] In the hydrolysis reaction
it was proposed that upon the binding of dihydro ACHTUNGTRENNUNGorotate the
carbonyl group of the substrate was polarized by an interac-
tion with Mb. This interaction correctly positioned the car-
bonyl carbon for attack by the bridging hydroxide and it
weakened the interaction of the bridging hydroxide with Mb.
As the hydroxide attacked the carbonyl carbon, the hydro-
gen-bonded proton was transferred from the hydroxide to
the aspartate from b-strand 8 and a tetrahedral intermediate
was formed as a bridging ligand between the two zinc ions.
In the final step the tetrahedral intermediate collapsed
through a concerted proton transfer from the aspartic acid
residue and cleavage of the carbon–nitrogen bond. This left
the newly formed carboxylate group as a bridging ligand be-
tween the two divalent cations. The key mechanistic insights
from this analysis were the identification of hydrolytic
ACHTUNGTRENNUNGnucleophile as the bridging hydroxide and the role of the


ACHTUNGTRENNUNGaspartate residue in the shuttling of the proton from the
ACHTUNGTRENNUNGhydroxide to the leaving-group nitrogen.[8]


In the present work, we used density functional theory
(DFT) calculations to investigate the reaction mechanism of
DHO. We constructed a model of the active site on the
basis of the crystal structure (Protein Data Bank (PDB)
entry 1J79), and employed the hybrid functional B3LYP[9] to
calculate a potential-energy surface for the reaction and
characterize the transition states and intermediates involved.
This approach has previously been successfully applied to
the study of a number of enzyme mechanisms,[10] which in-
cludes two recent studies on the reaction mechanisms of the
related dizinc enzymes, phosphotriesterase (PTE)[10e] and
aminopeptidase from Aeromonas proteolytica (AAP).[10f]


Computational Details


All calculations presented herein were carried out by means of DFT with
the B3LYP functional.[9] For geometry optimization, the 6-31G ACHTUNGTRENNUNG(d,p) basis
set was used for the C, N, O, and H elements and the LANL2DZ pseudo-
potential[11] for the zinc ions. Based on these geometries, more accurate
energies were obtained by performing single-point calculations with the
6–311++G ACHTUNGTRENNUNG(2d,2p) basis set for all of the elements. All geometries were
optimized in vacuo.


To estimate the energetic effects of the protein environment, solvation
effects were calculated at the same theory level as the optimizations by
performing single-point calculations on the optimized structures using
the conductorlike polarizable continuum model (CPCM) method.[12] The
dielectric constant (e) was chosen to be four, which is the standard value
used in modeling protein surroundings. Frequency calculations were per-
formed at the same theory level as the optimizations to obtain zero-point
energies (ZPE) and to confirm the nature of the stationary points. The
latter implies no negative eigenvalues for minima and only one negative
eigenvalue for transition states. As will be discussed below, some atoms
were kept fixed to their X-ray crystal positions. This procedure gives rise
to a few small imaginary frequencies, typically in the order of 10 i cm�1.
These frequencies do not significantly contribute to the ZPE and can
thus be tolerated. The energies reported herein are corrected for both
solvation and zero-point vibrational effects. All calculations were per-
formed by using the Gaussian 03 program package.[13]


Active-site model : A model of the dihydroorotase active site was con-
structed based on the crystal structure of the enzyme complexed to
ACHTUNGTRENNUNGdihydroorotate (PDB entry 1J79).[6] The model consists of the two zinc
ions along with their ligands His16, His18, His139, His177, Asp250, and
the bridging carboxylated Lys102 and hydroxide (OmH


�). In addition,
three important second-shell residues, Arg20, Asn44, and His254, which
are involved in substrate binding and orientation, were also included in
the model. Hydrogen atoms were added manually, and the amino acids
were truncated so that in principle only side chains were kept in the
model (see Figure 2). Truncated bonds were saturated with hydrogen
atoms. The resulting active-site model is thus composed of 118 atoms and
has a total charge of +1. To keep the optimized structures close to those
obtained experimentally, the truncation atoms were fixed to their corre-
sponding positions from the X-ray structure. The fixed atoms are marked
with asterisks in Figures 2, 3 and 5.


Results and Discussion


The optimized structure of the dihydroorotase active-site
model in which the dihydroorotate substrate is bound is
shown in Figure 2. This structure will be termed Re (for re-


Figure 1. X-ray structure of the active site of DHO complexes with sub-
strate dihydroorotate (coordinates taken from PDB entry 1J79).
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actant) and all of the energies of the reaction will be com-
pared with the energy of this structure. The overall geomet-
ric parameters obtained from the geometry optimization re-
produce the experimental structure quite well. For example,
the distance between the two zinc centers is calculated to be
3.41 K, which is in excellent agreement with the crystallo-
graphic distance of 3.46 K, and the hydrogen bond between
the bridging hydroxide and Asp250 is well-reproduced. One
slight disagreement, however, is that the calculations predict
two symmetric bonds between the bridging hydroxide and
the two Zn ions (2.00 and 1.95 K to Zna and Znb, respective-
ly), whereas the crystal structure shows some asymmetry
(2.05 and 2.37 K to Zna and Znb, respectively).
As seen from Figure 2, no significant interaction is ob-


served between the substrate and the zinc ions. The distance
between the carbonyl oxygen atom and Znb is 2.87 K, which
is very close to the distance found in the crystal structure
(2.91 K).[6] Instead, the substrate interacts with the side
chains of the Arg20, Asn44, and His254 residues through a
number of hydrogen bonds to the a-carboxylate group of
ACHTUNGTRENNUNGdihydroorotate. These interactions help orient the substrate
such that it is ready for nucleophilic attack, which is the first
step of the suggested reaction mechanism. The distance be-
tween the bridging hydroxide and the carbon of the amide
bond is 2.99 K (2.79 K in the crystal structure).
The optimized transition state for the nucleophilic attack


(TS1) and the resulting tetrahedral intermediate (Int1) is
shown in Figure 3. The barrier is calculated to be 13.5 kcal
mol�1 (17.5 kcalmol�1 without the solvation correction), and
Int1 is found at +11.5 kcalmol�1 (+16.5 kcalmol�1 without
the solvation correction). We find that the nucleophilic
attack happens directly from the bridging position. At TS1,


the critical Om
�C distance is 1.75 K, which is dramatically


decreased from 2.99 K in Re, and the amide C�N and C�O
bonds are elongated from 1.37 and 1.23 K, to 1.40 and
1.31 K, respectively.
At Int1, the bridging hydroxide asymmetrically binds to


the two zinc ions (Zna
�Om =2.10 K, Znb


�Om =2.42 K). The
resulting oxyanion of the carbonyl group binds to Znb with a
bond length of 1.97 K. This demonstrates that Znb provides
electrostatic stabilization for the transition state and inter-
mediate, thereby lowering the barrier for this reaction step.
In addition, the decrease in the hydrogen-bond length be-
tween Asp250 and the bridging hydroxide from 1.76 K in
Re to 1.52 K in Int1 implies that Asp250 also plays an im-
portant role in stabilizing the tetrahedral intermediate.
Thus, in contrast with previous suggestions,[8] no proton
transfer occurs during the nucleophilic attack step. Instead,
the calculations suggest that this proton transfer takes place
in a separate step.
We have managed to optimize a transition state in which


the proton is transferred from the bridging oxygen to
Asp250, coupled with the rotation of the latter to form a
ACHTUNGTRENNUNGhydrogen bond to the amide nitrogen (TS2 in Figure 3). The
nature of TS2 was confirmed to have an imaginary frequen-
cy of 137 i cm�1, which mainly corresponds to the swinging
of the OH group in Asp250. TS2 is 7.0 kcalmol�1 higher in
energy than Int1 (+18.5 kcalmol�1 relative Re) and the re-
sulting new intermediate Int2 is only 0.1 kcalmol�1 lower in
energy than TS2. In going from Int1 to Int2, the length of
the scissile C�N bond increases from 1.44 to 1.53 K. The
proton transfer from the hydroxide to Asp250 weakens the
coordination of Asp250 with Zna, as evidenced by the
longer Od2�Zna distance (from 2.12 K in Int1 to 2.31 K in
Int2). Furthermore, this proton transfer results in a dianionic
bridging oxygen, which induces some contraction of the bi-
nuclear center, confirmed by a decrease in the Zn–Zn dis-
tance from 3.61 K in Int1 to 3.47 K in Int2.
The next step is the protonation of the nitrogen, which is


coupled with C�N bond cleavage. The transition state for
this step was located (called TS3, see Figure 3) and was con-
firmed to have an imaginary frequency of 808 i cm�1. At
TS3, the scissile C�N bond is 1.59 K, slightly increased from
1.53 K in Int2. The critical O�H and H�N distances are 1.21
and 1.31 K, respectively. This step is calculated to be the
rate-limiting step of the whole reaction with an accumulated
barrier of 19.7 kcalmol�1 (22.4 kcalmol�1 without the solva-
tion correction) relative to Re (see Figure 4). This finding is
consistent with the experimental solvent deuterium isotope
effects that were measured to be around 2.1 for both direc-
tions of the reaction, which indicates proton transfer in the
rate-limiting step.[8] These results are also consistent with
the 13C and 15N heavy atom isotope effects that have been
measured for the hydrolysis of dihydroorotate from Bacillus
caldolyticus.[14]


The resulting product (Pr, see Figure 3) corresponds to
the enzymatic binuclear zinc cluster in complex with the
product carbamoyl aspartate. The energy of Pr is calculated
to be 2.8 kcalmol�1 higher than Re (+6.5 kcalmol�1 without


Figure 2. Optimized structure of the DHO active-site model bound to
ACHTUNGTRENNUNGdihydroorotate (Re). Atoms marked with asterisks were fixed at their X-
ray structure positions. Distances are given in K.
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the solvent correction). Experimental rate constants for this
reversible reaction are 160 s�1 with carbamoyl aspartate as
the substrate at pH 5.8, and 100 s�1 with dihydroorotate as
the substrate at pH 8.0.[8] This small difference in rate con-
stants between the forward and reverse reactions indicates
that the reaction is very close to thermoneutral. In this con-
text, the calculated overall endothermicity of 2.8 kcalmol�1


must be considered very satisfactory.
The model calculations predict the geometry of the prod-


uct species to have the carboxylate moiety of the carbamoyl
aspartate binding bidentately to Znb and bridging the two
zinc ions with one of its oxygen atoms. The crystal structure


of this species shows, however,
a somewhat different picture in
which the carboxylate binds
with one oxygen to each zinc.
The most probable reason for
this discrepancy in the structure
of Pr is the procedure we use to
lock the truncation atoms to
their crystallographic positions
(of the reactant state in this
case). Of course this constraint
limits the flexibility of the resi-
dues somewhat. It is, however,
a necessary procedure without
which the different parts of the
active site will make large arti-
ficial movements that will
render the model unrealistic
and useless. Furthermore, the
constraints have in general sim-
ilar effects on all stationary
points of the reaction, which
makes the calculated relative
energies rather insensitive to
the constraints.[15]


To summarize, the reaction
mechanism suggested by the
calculations presented above is
shown in Scheme 2, and the ob-
tained potential-energy curve
for the entire reaction is shown
in Figure 4.


Protonation state of Asp250 :
The above calculations assume
that the Asp250 residue is de-
protonated in the resting state
of the enzyme. It can, however,
be envisioned that this residue
is in the protonated form. We
have in the present work explic-
itly considered this possibility.
Accordingly, the reaction mech-
anism was investigated with
Asp250 in the protonated form.


The total charge of the active-site model becomes +2.
It turned out that with an extra proton residing on


Asp250, the entire reaction takes place in one single con-
certed step in which the bridging hydroxide performs the
nucleophilic attack on the amide carbonyl, the proton of
Asp250 transfers to the amide nitrogen, and the C�N bond
is cleaved simultaneously at the same transition state (called
TS-pt and shown in Figure 5). Frequency analysis confirmed
that the transition state had an imaginary frequency of
961 i cm�1. Most importantly, the barrier for this mechanism
is calculated to be 34.0 kcalmol�1 (28.3 kcalmol�1 for the re-
verse reaction, Figure 6). This is 14.3 kcalmol�1 higher in


Figure 3. Optimized geometries for the transition states, intermediates, and product along the reaction path-
way. For clarity, Arg20, Asn44, His254, the histidine rings, and unimportant hydrogen atoms are omitted
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energy than the mechanism in which Asp250 is deproton-
ACHTUNGTRENNUNGated, and thus, rules out the possibility of performing the
ACHTUNGTRENNUNGhydrolysis reaction with the extra proton at the active site.


Conclusion


We have in the present paper investigated the reaction
mechanism for the binuclear zinc enzyme dihydroorotase by
using a model of the active site. The potential-energy pro-
files were calculated by means of DFT methods. The ener-
gies obtained are presented in Figures 4 and 6 and important
optimized geometric parameters of the stationary points are
summarized in Table 1. Based on these calculations, the fol-
lowing conclusions can be drawn about the reaction mecha-
nism of DHO:


1) Dihydroorotate binds the active site mainly through
ACHTUNGTRENNUNGhydrogen-bond interactions with Arg20, Asn44, and
His254, and it is not coordinated to Znb prior to nucleo-
philic attack by the bridging hydroxide.


2) The bridging hydroxide is capable of performing the
ACHTUNGTRENNUNGnucleophilic attack from its bridging position without the
need to become terminal. Znb catalyzes the reaction by
stabilizing the transition state and the resulting oxyanion,
thereby lowering the barrier for the nucleophilic attack.


Figure 4. Calculated potential-energy curve for the hydrolysis of dihy-
droorotate by dihydroorotase; cluster+CPCM (e=4; c), cluster(a).


Scheme 2. Suggested dihydroorotate hydrolysis mechanism from the
ACHTUNGTRENNUNGcalculations.


Figure 5. Optimized geometries for the reactant (Re-pt), the transition
state (TS-pt), and the product (Pr-pt) along the reaction pathway in
which Asp250 is protonated. For clarity, Arg20, Asn44, His254, the histi-
dine rings, and unimportant hydrogen atoms are omitted.
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3) The rate-limiting step is the protonation of the amide
ACHTUNGTRENNUNGnitrogen atom coupled with C�N bond cleavage. The re-
action is calculated to be almost thermoneutral
(+2.8 kcalmol�1). The energetic barrier for the forward
reaction is calculated to be 19.7 kcalmol�1, whereas for
the reverse reaction it is 15.9 kcalmol�1.


4) The barrier of the reaction is much higher when the
active-site Asp250 is protonated than when it is depro-
tonated. This result eliminates the possibility of proton-
ACHTUNGTRENNUNGated Asp250 prior to the binding of dihydroorotate.
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Figure 6. Calculated potential-energy curve for the hydrolysis of
dihydroorotate in which the active-site Asp250 is protonated; cluster+


CPCM (e =4; c), cluster (a).


Table 1. Important distances [K] for the various stationary points along
the reaction pathway.


r1 r2 r3 r4 r5 r6 r7


Re 3.41 2.87 1.23 1.95 2.99 2.00 1.37
TS1 3.52 2.03 1.31 2.23 1.75 2.07 1.40
Int1 3.61 1.97 1.34 2.42 1.55 2.10 1.44
TS2 3.44 2.00 1.36 2.17 1.43 1.95 1.51
Int2 3.47 2.02 1.36 2.12 1.42 1.94 1.53
TS3 3.52 2.06 1.34 2.10 1.39 1.95 1.59
Pr 3.65 2.12 1.26 2.31 1.29 2.07 3.15


Re-pt 3.46 4.88 1.22 1.98 4.08 2.04 1.39
TS-pt 3.85 2.05 1.31 2.41 1.55 2.10 1.54
Pr-pt 3.86 2.04 1.26 2.95 1.29 2.06 3.26


Re[a] 3.46 2.91 1.22 2.37 2.79 2.05 1.40
Pr[a] 3.73 2.22 1.27 2.86 1.27 2.27 2.78


[a] Experimental X-ray structure values.
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Introduction


Alcoholic extracts of the powdered leaves and stems of
Cephalotaxus genera yield cephalotaxine (1, Figure 1) as the
most abundant alkaloid constituent,[1,2] whose structure was
unambiguously verified by X-ray crystallographic analy-
sis.[3–6] While cephalotaxine (1) accounts for approximately
50% of the mass of the crude alkaloid extract mixture,
many minor constituents have also been identified. Among
these are several rare C3-ester derivatives, including com-
plex variants such as deoxyharringtonine (2),[7] homohar-
ringtonine (3),[8] homodeoxyharringtonine (4),[9] and anhy-
droharringtonine (5).[10]


Early biological evaluations of these alkaloids revealed
that several Cephalotaxus esters demonstrate acute toxicity
toward various murine leukemia, murine lymphoma, and
human epidermoid carcinoma cells.[8,11] Deoxyharringtonine
(2), homoharringtonine (3), and homodeoxyharringtonine
(4) exhibit IC50 levels of 7.5, 17, and 56 ngmL�1, respective-
ly, against P388 leukemia cells. Likewise, anhydroharringto-
nine (5) was reported to induce 98% growth inhibition of
P388 leukemia cells at 1 mgmL�1, a level comparable to that
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of deoxyharringtonine (2).[12] By contrast, cephalotaxine (1)
itself was found to be biologically inactive.[13] The cytotoxic
properties of the Cephalotaxus esters arise from reversible
inhibition of protein synthesis[14] via induction of rapid
breakdown of the polyribosome, with concomitant release
of the polypeptide chain.[15] The remarkable antileukemia
activity of several Cephalotaxus esters spawned intense in-
vestigations into their therapeutic potential. Clinical studies
were first performed in the mid-1970s in China, where the
seeds of Cephalotaxus plants had long been used in tradi-
tional medicine. These results prompted Phase I clinical
evaluation of homoharringtonine (3) in the US in 1981,[16]


advancing to more recent phase II studies.[17] While difficul-
ties in production, coupled with its hematologic toxicity and
susceptibility to multidrug resistance (MDR),[18] have hin-
dered the development of 3, it is still viewed as a useful
drug for the treatment of chronic myeloid leukemia in com-
bination therapy.[17]


Cephalotaxine (1) has received considerable and enduring
attention in the arena of total synthesis. Several elegant syn-
theses of 1 have been reported over the past three decades.
The racemic approaches have embodied several key trans-
formations, including Nazarov cyclization,[19] photo-stimulat-
ed SRN1 cyclization,[20] Claisen rearrangement,[21,22] oxidative
ring contraction,[23] acylnitroso Diels–Alder cycloaddi-
tion,[24,25] transannular N-conjugate addition,[26,27] intramolec-
ular alkyne hydroamination,[28] and reductive ring expansion
of tetrahydrosioquinoline intermediates.[29,30] Non-racemic
routes have featured electrophilic aromatic substitution,[31]


Heck arylation,[32,33] Pummerer-electrophilic aromatic substi-
tution cascade,[34–36] and acid catalyzed ring expansion of cy-
clobutanol derivatives.[37]


On the other hand, the significance of the complex Ceph-
alotaxus esters (e.g., 2–5) extends beyond that of 1 on sever-
al levels, the most prominent being their exceedingly potent
antiproliferative properties. Moreover, the scarcity of these
complex ester derivatives from the natural source is far
more pronounced than that of 1; complex Cephalotaxus
esters are typically attainable in only <0.1% of the plant
dry weight. Thus, a principal goal in the work described
herein was the establishment of a synthetic approach to the
bioactive Cephalotaxus esters by a route completely distinct
from previous efforts.[38] Several key elements in the synthet-


ic strategy include (6, Figure 2): 1) introduction of the nitro-
gen atom via Neber rearrangement; 2) construction of the
benzazepine core via the strain-release rearrangement of N-
vinyl-2-aryl aziridines; 3) assembly of the spiro-fused pyrro-


lidine core via 1,3-dipolar cycloaddition of azomethine
ylides derived from vinylogous amides; and 4) synthesis of
strained variants of advanced side chain intermediates to fa-
cilitate late-stage cephalotaxine acylation. Notably, the latter
three elements had not been applied to complex natural
product synthesis, yet ultimately played critical roles in the
non-racemic syntheses of the Cephalotaxus esters 2–5.


The success of these synthetic endeavors enabled exten-
sive cytotoxicity evaluation of several advanced natural and
non-natural compounds with an array of well established
human hematopoietic and solid tumor cell lines. Potent cyto-
toxicity was observed in several cell lines previously not
challenged with these alkaloids. Moreover, comparative cy-
totoxicity assays reveal the potential of synthetic structural
modification of this family of alkaloids to modulate suscepti-
bility to multi-drug resistance.


Results and Discussion


Dihydro[3]benzazepine construction via strain-release rear-
rangement : The first challenge addressed in the synthesis of
cephalotaxine (1) focused on construction of its seven-mem-
bered N-heterocycle. Strain-release [3,3]-sigmatropic rear-
rangements, in which a high energy three-membered ring is
incorporated into the 1,5-diene system of the substrate, have
been widely used for the construction of seven-membered
rings. Although the all-carbon divinyl cyclopropane rear-
rangement has received the most attention, the heterocyclic
epoxide-, thiirane-, and aziridine-containing variants are
also documented.[39] However, the aziridine-to-azepine ver-
sion of this transformation[40–46] has only been sporadically
used in target-directed synthesis. In this context, adaptation
to the synthesis of benzazepines and heterocyclic variants
thereof have focused on N-aryl-2-vinyl aziridines to form di-
hydro[1]benzazepines.[47–49]


However, the [3,3]-sigmatropic rearrangement of N-vinyl-
2-aryl aziridines to form dihydro[3]benzazepines, such as
that present in 1, had not been reported. Thus, investigations
into this reaction commenced with the synthesis of a few N-
vinyl-2-aryl aziridines (Scheme 1) via the condensation of
acetophenone derivatives 7/8/9 with hydroxylamine hydro-
chloride to provide the corresponding oximes (10/11/12) in
high yields (95/95/87%, respectively).[50] Each of these
oximes was exposed to LiAlH4 and iPr2NH at elevated tem-
peratures to induce reductive Neber rearrangement,[51] fur-
nishing the corresponding aziridines (13/14/15) in good
yields (76/74/88%), and providing a series of substituted 2-
aryl aziridines available for N-vinylation. This was most con-
veniently accomplished via addition-elimination with the
readily available alkene electrophile 3-chloro-2-cyclopente-
none (16), prepared in one step from the reaction of 1,3-cy-
clopentanedione with oxalyl chloride.[52] Condensation of
the two substrates 13 and 16 with expulsion of HCl provided
the vinyl aziridine 17 in moderate yield (58%). By compari-
son, coupling of aziridine 14 or 15 with chloroenone 16 pro-
ceeded with significantly diminished efficiency, resulting in


Figure 2.
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only a 16% and 26% isolated yield of vinyl aziridines 18
and 19, respectively.


Nevertheless, access to these three 2-aryl-N-vinyl aziri-
dines 17–19 allowed for investigations into the feasibility of
the ring expansion rearrangement. An optimized procedure
for the thermal rearrangement of aziridine 17 involved its
heating in a dilute [10 mm] solution in 1,4-dioxane at 180 8C,
in the presence of Cs2CO3, to provide the desired dihy-
dro[3]benzazepine 23 in low yield (30%). Importantly, var-
iation in the aromatic substituents within the aziridine sub-
strates was found to have a significant effect on the efficien-
cy of the rearrangement. For example, the p-methoxyaceto-
phenone-derived aziridine 18 was subjected to the same
thermal rearrangement conditions, resulting in its transfor-
mation to the dihydro[3]benzazepine 24 with significantly
increased efficiency (52%) compared to that of its predeces-
sor 17!23. Likewise, rearrangement of aziridine 19, incor-
porating the 3,4-methylenedioxy-substituted aryl group, re-
sulted in the formation of dihydro[3]benzazepine 25 in the
most efficient example of the rearrangement thus far
(68%). As expected, the rearrangement proceeded with
complete regioselectivity.[53,54] Rationales for the favorable
effect of electronically activating groups on the aromatic
ring in the rearrangement (i.e., 18/19!24/25) may arise
from compression of the HOMO–LUMO gap in a concerted
[3,3]-sigmatropic rearrangement. Conversely, a stepwise
ionic mechanism for rearrangement might also be enhanced
by initial aziridine opening to form a stabilized benzylic
cation.


Although the rearrangements of aziridines 17–19 all pro-
vided the corresponding dihydro[3]benzazepine products,


one exception to this trend was uncovered with the N-vinyl-
2-arylaziridine substrate 26 (Scheme 2), derived from the
conjugate addition of aziridine 15 into DMAD (57%). This
substrate exhibited a clear propensity for a stepwise rear-
rangement pathway, as heating led exclusively to the forma-
tion of the pyrrole 27. Its formation can be rationalized by
initial aziridine opening in 26 to form the highly reactive p-
quininone methide zwitterion 28, presumably due to the en-
hanced electron-deficient character of its N-vinyl substitu-
ent. Subsequent 5-exo cyclization by the C-nucleophile onto
the benzylic position provided the dihydropyrrole 29, which
underwent facile air oxidation to provide the substituted
pyrrole 27.


Despite this final example of pyrrole formation (27,
Scheme 2), the majority of examples of successful dihy-
dro[3]benzazepine formation (23–25, Scheme 1) boded well
for the synthesis of cephalotaxine (1). However, access to
the tricyclic dihydro[3]benzazepine 25 was compromised by
the low yielding condensation of aziridine 15 with b-chloroe-
none 16, reflecting a trend in which p-donor substituents on
the aromatic ring elicit a detrimental effect on the addition–
elimination step. Further investigation of this transformation
revealed that the N-vinylaziridine adduct 19 has an in-
creased susceptibility to nucleophilic attack at its benzylic
position, resulting in post-coupling chloride-mediated aziri-
dine cleavage. Thus, a minor variation in the protocol to
prepare dihydro[3]benzazepine 25 was implemented
(Scheme 3). The addition of aziridine 15 into chloroenone


16 was conducted at elevated temperature, resulting in the
isolation of benzylic chloride 30 (64%). Treatment of b-
chloroamine 30 with Cs2CO3 in THF led to the generation
of the desired dihydro[3]benzazepine 25 (68%), presumably
via re-formation of the aziridine functionality in situ and
subsequent rearrangement. This sequence provided a means


Scheme 1. a) HONH2·HCl, NaOH, EtOH, H2O, 60–80 8C; b) iPr2NH,
LiAlH4, THF, 60 8C; c) Et3N, THF, 23–60 8C; d) Cs2CO3, 1,4-dioxane,
100–150 8C. Scheme 2. (a) DMAD, PhH, 23 8C, 57%; (b) Cs2CO3, 1,4-dioxane, 100 8C,


92%.


Scheme 3. a) Et3N, THF, 60 8C, 64%; b) Cs2CO3, 1,4-dioxane, 100 8C,
68%.
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for large scale access to dihydro[3]benzazepine 25, facilitat-
ing investigation into the challenge of pyrrolidine construc-
tion.


Pyrrolidine construction via azomethine ylide 1,3-dipolar cy-
cloaddition : The azomethine ylide 1,3-dipolar cycloaddition
is a powerful tool for the synthesis of highly substituted pyr-
rolidine rings within many complex alkaloid targets.[55–59]


Many methods exist for the generation of these transient
4p-electron dipoles, both in stabilized and non-stabilized
forms, wherein a common approach to the formation of the
latter involves the desilylation of iminium salt intermediates.
This strategy, first developed by Vedejs,[55,60] has seen use in
a variety of complex molecule syntheses and has spawned a
number of variants. In particular, a method of Padwa in-
volves N-alkylation of vinylogous imidates with trimethylsi-
lylmethyl electrophiles followed by desilylation.[61] Recently,
we disclosed a complementary strategy to generate non-sta-
bilized azomethine ylides from N-CH2TMS substituted terti-
ary vinylogous amides via initial O-activation followed by
desilylation.[62]


This method was found to be suitable for the generation
of pyrrolidine structures bearing a fully substituted carbon
at the a-position, a structure that directly maps onto the C5-
spiro-fused pyrrolidine substructure within cephalotaxine
(1). These efforts commenced with N-alkylation of dihy-
dro[3]benzazepine 25 (Scheme 4), accomplished with
TMSCH2I to afford the tertiary vinylogous amide 31 (62%).
Carbonyl O-activation of vinylogous amide 31 was per-
formed by treatment with Tf2O. This was followed by the se-
quential addition of DMAD as an activated dipolarophile
and tetrabutylammonium triphenylsilyldifluorosilicate
(TBAT)[63] as the desilylating agent. The cycloadduct 33, in-
corporating the C5-spiro-fused pyrrolidine core of cephalo-
taxine, was isolated in 53% yield, indicating successful gen-
eration and cycloaddition of the azomethine ylide 32.


Azomethine ylide generation from vinylogous amides via se-
quential O-sulfonylation and nucleophilic exchange : The
successful synthesis of pyrrolidine 33 provided rapid access
to the complete pentacyclic core of cephalotaxine. More-
over, a vinyl triflate moiety was installed at C3, the position
of acyl chain attachment in the Cephalotaxus esters. While a


number of avenues could have been pursued to use this
functionality as a direct precursor for installation of the acyl
side chain, there existed the possibility of adapting this key
cycloaddition step not only to pyrrolidine formation, but
also for concomitant installation of the acyl chain.


Implicit in this vinylogous amide activation protocol is the
initial formation of the C3-vinylogous iminium triflate 34
(Scheme 5). Vinylogous iminium triflates have been demon-
strated to engage in electrophilic substitution reactions at
the enol triflate carbon center.[64,65] That intermediates such
as 34 are susceptible to nucleophilic attack suggested the
possibility of its interception with an external nucleophile
(Nu) prior to azomethine ylide formation and cycloaddition
(34!35!36!38). This presented the prospect of directly
introducing the Cephalotaxus ester side chain in the pyrroli-
dine-forming event. Additionally, this pursuit may find gen-
eral utility in the preparation of differentially functionalized
pyrrolidines from vinylogous amide precursors.


The hypothesis was evaluated with a simple model vinylo-
gous amide 39 (Table 1), which was activated with Tf2O.
Subsequent introduction of an activated dipolarophile
(DMAD), a variety of halide nucleophiles, and TBAT, led
to rapid cycloaddition at 23 8C. Importantly, the external
halide nucleophiles were successfully incorporated into the
cycloadducts 40–42 (entries 1–3), thereby validating the fea-
sibility of this in situ nucleophilic exchange protocol for azo-
methine ylide cycloadditions.


The concept was further extended to that of the Cephalo-
taxus esters, involving exchange with external carboxylate


Scheme 4. a) TMSCH2I, NaH, THF, 50 8C, 62%; b) Tf2O; DMAD;
TBAT, CH2Cl2, 23 8C, 53%.


Scheme 5.


Table 1. Azomethine ylide generation from vinylogous amides via se-
quential O-sulfonylation and nucleophilic exchange.


Entry Bu4N
+Nu� Cycloadduct Yield [%]


1 Bu4NI 40 (Nu= I) 52
2 Bu4NBr 41 (Nu=Br) 45
3 Bu4NCl 42 (Nu=Cl) 52
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nucleophiles. Activation of the dihydro[3]benzazepine-de-
rived vinylogous amide 31 (Scheme 6a) with Tf2O was per-
formed to provide the corresponding transient triflyl imi-
date. Prior to ylide formation via desilylation, triethylammo-
nium benzoate was introduced to generate the correspond-
ing acyl-imidate, which underwent subsequent azomethine
ylide formation with TBAT and cycloaddition with DMAD
to provide the C3-substituted cycloadduct 43 in 35% yield.
A significantly improved efficiency for this reaction was ach-
ieved with cesium benzoate as the nucleophilic species, af-
fording the cycloadduct 43 in 64% yield. While this promis-
ing result presented a convenient method for transient nu-
cleophilic exchange in an azomethine ylide cycloaddition,
the ultimate purpose for which it was developed, that of in-
troduction of an intact Cephalotaxus ester side chain in the
cycloaddition event, met with no success. For example, the
racemic cesium carboxylate 44 (Scheme 6b) was prepared
from itaconic acid via a modification of the sequence of
Weinreb,[66] and was introduced as a nucleophilic exchange
reagent for the azomethine ylide cycloaddition with vinylo-
gous amide precursor 31. Unfortunately, none of the desired
cycloadduct 45, incorporating the deoxyharringtonine acyl
chain, was detected in this operation, despite extensive at-
tempts at optimization.


Asymmetric synthesis of (�)-cephalotaxine (1)—Azome-
thine ylide generation and cycloaddition via O-acylation of
vinylogous amides : The varied difficulties encountered in
the above-mentioned synthetic approach prompted an alter-
ation in strategy. While the aziridine-rearrangement/dipolar-
cycloaddition reactions (Schemes 5 and 10) remained at the
heart of the synthetic plan, the goal of installing the acyl
chain in an operation concomitant with azomethine ylide cy-
cloaddition was set aside in favor of pursuing an asymmetric
construction of the cephalotaxine core 1 as the initial target.
Investigations on this front were initiated to determine the
responsiveness of the 1,3-dipolar cycloaddition reaction to
elements of relative stereochemical control in the formation


of the C5-spiro ring fusion. Thus, a chiral azomethine ylide
such as 46 (Scheme 7), incorporating proximal C1 and C2
substituents, was anticipated to bias facial-selective ap-
proach of the dipolarophile.[67] Such a substrate was envi-
sioned to take the form of b-chloroenone 53 (Scheme 8),
which could be prepared in non-racemic form from d-
ribose.


The early incarnation of the synthesis of chloro-enone 53
relied on a key olefination sequence first reported by Borch-
ardt and coworkers,[68–70] and indeed provided initial quanti-
ties of b-chloroenone 53 for investigation.[38] However, the
unpredictability of the above-mentioned olefination reaction
crippled subsequent attempts at securing larger workable
quantities of this intermediate. As a result, a second genera-
tion synthesis of 53 was developed (Scheme 8). The selec-
tively protected d-ribofuranose 48[71] was treated with tri-
phenylphosphonium methylide to effect C1 olefination
(75%). This was followed by C4 oxidation (SO3·Pyr) to
afford enone 49 (88%). Addition of vinyl magnesium bro-
mine to ketone 49 proceeded stereoselectively (8:1 dr) via
Cram chelation control to provide the allylic alcohol 50
(93%), whose 1,6-diene functionality underwent ring closing
olefin metathesis (Grubbs II) to afford the cyclopentene 51
(95%).[72] Regioselective chloroselenylation of the alkene
within 51 followed by selenide oxidation and elimination af-
forded the chlorocyclopentene 52 (98%). Finally, silyl ether
deprotection revealed a vicinal diol (99%), which under-
went periodate-mediated oxidative cleavage to furnish the
chiral b-chloroenone 53 (90%) in a robust and scalable syn-
thetic sequence.


Scheme 6. a) Tf2O; PhCO2H·NEt3; DMAD; TBAT, CH2Cl2, 23 8C, 35%;
b) Tf2O; PhCO2Cs; DMAD; TBAT, CH2Cl2, 23 8C, 64%; c) 31, Tf2O; 44,
Cs2CO3; DMAD; TBAT, CH2Cl2, 23 8C.


Scheme 7.


Scheme 8. a) KHMDS, Ph3PMeBr, THF, 60 8C, 75%; b) DMSO, Et3N,
SO3·Pyr, CH2Cl2, 23 8C, 88%; c) CH2=CHMgBr, THF, �78!23 8C, 93%,
dr 8:1; d) Grubbs II, CH2Cl2, 23 8C, 95%; e) PhSeCl, MeCN, 0 8C;
mCPBA, Et3N, CH2Cl2, 0!23 8C; 98%; f) TBAF, THF, 23 8C, 99%; g)
NaIO4, CH2Cl2, H2O, 23 8C, 90%.
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Use of b-chloroenone 53 in the synthesis of the dihy-
dro[3]benzazepine core of cephalotaxine (1) involved addi-
tion-elimination with the racemic aziridine nucleophile 15 at
ambient temperature (Scheme 9). This afforded a 1:1 diaste-
reomeric mixture of the N-vinyl aziridine 54 (85%), inter-
estingly with no evidence of chloride induced aziridine
opening (cf. 30, Scheme 3). Heating of a dilute solution of
54 in 1,4-dioxane led to efficient rearrangement to afford
the dihydro[3]benzazepine 55 (76%).


It is worth noting that although the rearrangement precur-
sor 54 existed as a 1:1 mixture of diastereomers, the forma-
tion of 55 proceeded in >50% yield. This implies that the
C11-R diastereomer 54a (Scheme 10) likely proceeded
through an aziridine rupture step prior to azepine forma-
tion. For example, if the rearrangement occurred in a con-
certed fashion, a strain-release variant involving an internal
aziridine ring would necessitate an endo-disposed boat-like
transition state (Scheme 10), such as 56a for the C11-R-dia-
stereomer 54a, or 56b for the C11-S-diastereomer 54b.
While the concerted conversion of the C11-S-diastereomer
54b to 57 via the transition state 56b appears reasonable,
direct rearrangement of the C11-R-diastereomer 54a is un-
likely, given the severe steric interaction between the aryl
ring and the isopropylidene ketal in transition state 56a. As
a consequence, the C11-R-diastereomer 54a could relieve
this strain by first forming the p-quinone methide zwitterion
58 followed by re-closure to the C11-S-diastereomer 54b
prior to sigmatropic rearrangement via 56b. Conversely, if a
stepwise ionic mechanism is invoked, both aziridine diaste-
reomers may open to the common p-quinone methide zwit-
terion 58, followed by 7-exo-trig cyclization to afford the
azepine 57.


At this stage, advancement of the pentacyclic dihydro[3]-
benzazepine 55 to cephalotaxine (1) relied on the 1,2-di-O-
isopropylidene substituent to serve as a chiral controller in
establishing the stereoselectivity of the key azomethine
ylide cycloaddition. The dihydro[3]benzazepine 55
(Scheme 11) was N-alkylated with TMSCH2I to afford the
tertiary vinylogous amide 59. O-Activation of the vinylogous
amide group in 59 was then investigated with an electrophil-
ic agent distinct from Tf2O in order to preclude any possibil-
ity of nucleophilic exchange involving the transient iminium
intermediate (see above). As a result, the highly reactive
acyl electrophile, pivaloyl triflate, generated in situ by the
reagent combination of pivaloyl chloride and AgOTf,[73]


proved suitable for this purpose. Subsequent desilylation


with TBAT led to azomethine ylide formation (60) and cy-
cloaddition with phenyl vinyl sulfone, affording the spiro-
fused pyrrolidine 62 (77%) as a single constitutional stereo-
isomer. This high level of stereoselectivity in the cycloaddi-
tion signals the effectiveness of the C1–C2 isopropylidene
ketal as a stereodetermining element, albeit with an unanti-
cipated result.[74]


With the formation of the putative non-stabilized azome-
thine ylide 60, the phenylvinyl sulfone dipolarophile was ini-
tially thought to approach the dipole face distal to the iso-
propylidene ketal (i.e. , 63) in an early transition state. This
would lead to the generation of a C5-S cycloadduct 64,
which would be appropriate for the synthesis of ent-(1) as
an enantiomeric model system. However, the sole product
of cycloaddition, 62, possessed the C5-R configuration, veri-
fied by single crystal X-ray analysis. While this unexpected
outcome provided a convenient means to access the natural
enantiomer of cephalotaxine from naturally abundant d-
ribose, the reason for the stereochemical outcome is unclear.
Favorable bias for transition state 61 over 63 could be ra-
tionalized in a late transition state model where the nitrogen
atom is significantly pyramidalized.[75] As a consequence,
transition structure 61, with a-approach of the dipolarophile,
would lead to a smaller net dipole given that the developing
nitrogen lone pair is oriented opposite to that of the electro-
negative oxygen atoms of the isopropylidene ketal. By con-
trast, b-approach of the dipolarophile (63) would lead to an
enhancement of a net dipole, despite a more sterically for-
giving arrangement of atoms. This dipole moment rationali-
zation, be it in a concerted cycloaddition or a stepwise ionic
mechanism, is of course predicated on a kinetically con-
trolled reaction. Indeed, one cannot discount the possibility
of thermodynamic selection via either a reversible cycload-
dition process, or post-cycloaddition C5-epimerization path-
ways such as reversible trans-annular ring fragmentation.


Scheme 9. a) Et3N, THF, 23 8C, 85%; b) Cs2CO3, 1,4-dioxane, 100 8C,
76%.


Scheme 10.
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Unfortunately, these hypotheses could not be explored since
the C5-S diastereomer 64 could not be detected.


The remaining sequence in the non-racemic synthesis of
(�)-cephalotaxine (1) involved functional group manipula-
tions of hexacyclic cycloadduct 62 (Scheme 12). Reductive
desulfurization of 62 to produce pyrrolidine 65 (74%) pro-
ceeded with SmI2 in the presence of HMPA[76,77] with
10 equiv of tBuOH as a proton source to avoid rupture of
the pyrrolidine ring via elimination.[78] Subsequent extensive
experimentation revealed that the pivaloate enol ester
moiety in 65 was recalcitrant to both hydrolysis and hydro-
genation.[79] As a result, reductive cleavage of the enol ester
in 65 was performed with Schwartz’ reagent[80,81] to provide
the enol 66 (99%), which was then re-acylated with benzyl
chloroformate and KHMDS to provide the enol benzyl car-
bonate 67 (86%). Interestingly, when Et3N was used as base
for this transformation, N-acylation occurred with concomi-
tant b-elimination to afford enone 68. Differentiation of the
C1 and C2 oxygen substituents in 67 was then initiated with
isopropylidene removal (99%). Regioselective derivatiza-
tion of the corresponding diol proved challenging, as several
attempts at regioselective silylation, acylation, and alkyla-
tion with numerous reagent combinations were unsuccessful.
The only suitable derivatization protocol involved the Lewis
acid catalyzed acylation procedure of Clarke and co-work-
ers,[82–84] in which treatment of the C1,C2-diol with Boc2O


and Yb ACHTUNGTRENNUNG(OTf)3, necessarily in its polyhydrated form, led to
selective C1-O-acylation. Subsequent C2 Oxidation using
IBX furnished enone 69 (50%, from 67), allowing for CrCl2-
mediated reductive deoxygenation of the Boc carbonate and
benzylcarbonate hydrogenolysis to provide the enol 70
(42%, 2 steps). Sequential methyl enol ether derivatization
of the C2 ketone and stereoselective reduction of the C3
enol functionality with NaBH4


[31] concluded the synthesis of
(�)-cephalotaxine (1).[38]


Synthesis and attachment of the acyl chain of antitumor
cephalotaxus esters : The bulk of the synthetic reports con-
cerning the Cephalotaxus alkaloids have focused on cephalo-
taxine (1, see Figure 1). On the other hand, reports on the
synthesis of natural antileukemia Cephalotaxus esters have
been relatively scarce, likely a result of the difficulties asso-
ciated with appending a fully intact acyl side chain onto the
C3-OH of cephalotaxine. The challenge of such an acylation
arises from extensive steric obstruction, marked by the sec-
ondary C3-hydroxyl nucleophile buried within the concave
face of cephalotaxine, and exacerbated by a fully a-substi-
tuted acyl electrophile in the side chain. Indeed, the difficul-
ty of this acylation event is highlighted in numerous semi-
syntheses of the Cephalotaxus esters from cephalotaxine (1),
wherein the bulk of these efforts employed a less hindered
prochiral C2’-sp2 hybridized side chain derivative in the acy-
lation event, followed by subsequent nonstereoselective
functional group manipulation.[85–88] A notable exception to
this strategy used an acyl chain substrate specifically appro-


Scheme 11. a) Cs2CO3, TMSCH2I, MeCN, 23 8C, 75%; b) Me3CCOCl,
AgOTf; PhSO2CH=CH2; TBAT, CH2Cl2, �45!23 8C, 77%.


Scheme 12. a) SmI2, HMPA, tBuOH, THF, �45 8C, 74%; b) Cp2ZrHCl,
THF, 40 8C, 99%; c) Et3N, CbzCl, CH2Cl2, 23 8C, 50%; d) KHMDS,
CbzCl, THF, 0 8C, 86%; e) 2n HCl, MeOH, 23 8C; Boc2O, Yb-
ACHTUNGTRENNUNG(OTf)3·xH2O, CH2Cl2, 0 8C; f) IBX, DMSO, 23 8C, 50% (2 steps); g)
CrCl2, acetone, H2O, 23 8C; h) H2, Pd/C, EtOAc, 23 8C, 42% (2 steps); i)
HC ACHTUNGTRENNUNG(OMe)3, pTsOH, CH2Cl2, 55 8C, 90%; j) NaBH4, MeOH, �78!23 8C,
95%.


Chem. Eur. J. 2008, 14, 4293 – 4306 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4299


FULL PAPERAnticancer Drugs



www.chemeurj.org





priate for homoharringtonine in which the C1“-ester moiety
was constrained as a cyclic derivative to allow for acylation
with the C1’-electrophile.[89] This approach was introduced
with racemic substrates and has recently evolved to non-rac-
emic examples wherein enantio-enriched side chain sub-
strates were prepared in >10-step sequences.[90]


Since the most pressing late-stage challenge in the synthe-
sis of the Cephalotaxus esters is the efficient attachment of
hindered acyl chain derivatives, an approach was explored
whereby novel bond angle strain elements were imparted to
these substrates to enable their use in high yielding acyla-
tions of cephalotaxine (1). This strategy initially led to the
facile synthesis deoxyharringtonine (2), and subsequently to
other members of this alkaloid class, namely anyhydrohar-
ringtonine (5), homoharringtonine (3), and homodeoxyhar-
ringtonine (4) (i.e., see Figure 1).


The initial steps in the synthesis of several Cephalotaxus
acyl chains involved the application of the Seebach concept
of “self-reproduction of chirality,”[91] an approach that has
shown promise in the preparation of chiral non-racemic a-
alkylmalates.[92,93] Beginning with (R)-malic acid (71,
Scheme 13) as a readily available chiral starting material, its
C1’ carboxylic acid and C2’ hydroxyl were tethered by a
tert-butyl acetal upon treatment with 2,2-dimethylpropanal
and TMSOTf. Only a single diastereomer of the acetal 72
was observed (82%), after which double deprotonation was
induced with excess LHMDS. Although the formation of di-
lithium carboxylate-enolate 73 resulted in destruction of the
C2’ stereocenter, its stereochemical information was pre-
served in the chiral acetal carbon bearing the tert-butyl
group. This sterically demanding substituent forced enolate
alkylation with prenyl bromide from the distal face, thereby
securing the C2’-R configuration in 74 (66%). Transesterifi-
cation of 74 with NaOBn removed the acetal to afford
benzyl ester 75 (88%) as a single enantiomer.


In an effort to facilitate the esterification of cephalotaxine
(1), the strategy of constraining both the C2’-hydroxyl and
the C1’’-carboxylic acid in 75 into a b-lactone functionality
such as 76 appeared attractive. The strain energy arising
from endocyclic bond angle compression within b-lactone
ring in 76 would necessarily induce exocyclic bond angle ex-
pansion, thereby relieving local steric congestion at the elec-
trophilic C1’ site. Moreover, the angle strain in a four-mem-
bered ring imparts higher hybrid orbital s-character in the
exocyclic bonds, an effect that could result in increased C1’
electrophilicity through induction. In addition, the increased
p-character of the endocyclic bonds within the b-lactone
may also aid in stabilizing the formation of C1’-acylium like
intermediates in activated ester derivatives of 76 through vi-
cinal p-delocalization. Despite these potential advantages,
however, the strain associated with the b-lactone moiety in
76 could also serve to be a liability, as undesired ring expan-
sion reaction manifolds may ensue upon C1’-ester activa-
tion.


Nevertheless, these aspects were investigated by the treat-
ment of hydroxy acid 75 with 2,4,6-Cl3C6H2COCl[94] to
afford the corresponding b-lactone, which was subsequently


treated with H2 and Pd to reduce both the alkene and the
benzyl ester to afford the carboxylic acid 76 (50%, 2 steps).
Fortunately, activation of the acid 76 as the Yamaguchi
mixed anhydride allowed for efficient acylation of cephalo-
taxine to form the ester 79 (81%, 23 8C, <1 min) without
compromising the integrity of the b-lactone. Subsequent
methanolysis of the b-lactone provided (�)-deoxyharringto-
nine (2, 76%), whose spectral data was identical to that of
the natural product. To get a better measure of the benefi-
cial effects of the b-lactone moiety in the acylation step, an
analogous acyclic acyl electrophile 78 was prepared, begin-
ning with trimethylsilyldiazomethane treatment of hydroxy
acid 75 to afford the methyl ester 77 (>99%). Acetylation
of the C2’ hydroxyl group in 77 followed by benzyl ester hy-
drogenolysis and alkene hydrogenation provided the carbox-
ylic acid 78 (74%, 2 steps), which was devoid of the ring
strain elements present in the b-lactone 76. Attempts at
cephalotaxine acylation with 78 under otherwise identical
conditions led to only trace quantities of protected deoxy-
harringtonine. Furthermore, heating of the reaction for sev-
eral hours was also unsuccessful, signaling the critical bene-
ficial effect of the b-lactone moiety in 76 in the synthesis of
the bioactive cephalotaxus esters.


Scheme 13. a) TMSCl, TMS2NH, CH2Cl2, 23 8C; Me3CCHO, TMSOTf,
CH2Cl2, �25 8C, 82%; b) LHMDS, Me2C=CHCH2Br, THF, �78 8C, 66%;
c) NaH, BnOH, THF, 0 8C; 88%; d) 2,4,6-Cl3C6H2COCl, DMAP, CH2Cl2,
23 8C, 50%; e) H2, Pd/C, EtOAc, 23 8C, 99%; f) 2,4,6-Cl3C6H2COCl,
DMAP, 1, CH2Cl2, 23 8C, 81%; g) NaOMe, MeOH, 23 8C, 76%; h)
TMSCHN2, 7:2 PhH/MeOH, 23 8C, 100%; i) Ac2O, DMAP, pyr, 23 8C,
74%; j) Pd/C, H2, EtOAc, 23 8C, >99%.
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The successful synthesis of deoxyharringtonine (2) also al-
lowed for rapid access to the antileukemia alkaloid anhydro-
harringtonine (5) through interception of the chiral hydroxy
diester 77 (Scheme 14), previously prepared in the acylation
studies toward 2 (see Scheme 13). This substrate was sub-
jected to intramolecular alkene alkoxymercuration and re-
duction (Scheme 14) to furnish the corresponding tetrahy-
drofuran (77%). Subsequent benzyl ester hydrogenolysis
provided the acylation precursor 80 (99%). Although the
strain imparted by the tetrahydrofuran ring in 80 is signifi-
cantly less than that of b-lactone 76 in the synthesis of 2, the
use of 80 in the acylation of cephalotaxine produced (�)-an-
hydroharringtonine (5) in excellent yield (99%, 23 8C, 1 h),
yet with a significantly extended reaction time (i.e., 1 h for
80 as opposed to <1 min for 76). This effort furnished two
natural product cephalotaxus esters (2 and 5), as well as a
host of non-natural synthetic intermediates for expansive
antitumor evaluation.


Antiproliferative activity of deoxyharringtonine (2), b-lac-
tone 79, and anhydroharringtonine (5): The completion of
the synthesis of 2 and 5 permitted, for the first time, an ex-
panded evaluation of their in vitro cytotoxicity. Following
the early screening of the cephalotaxus esters against
murine P388 and L1210 cell lines,[95] many of the cytotoxic
evaluations focused on leukemia and lymphoma, with com-
paratively fewer reports on activity profiles against solid
tumor cell lines.[17] As a result, deoxyharringtonine (2), an-
hydroharringtonine (5), and the b-lactone intermediate 79
(generated in the synthesis of 2, Scheme 13) were evaluated
against a variety of human hematopoietic and solid tumor
cell lines (Table 2).[96,97] These include HL-60 (acute promye-
locytic leukemia), HL-60/RV+ (a P-glycoprotein over-ex-
pressing multidrug resistant HL-60 variant which was select-
ed by continuous exposure to the vinca alkaloid vincristine),
JURKAT (T cell leukemia), ALL3 (acute lymphoblastic
leukemia recently isolated from a patient treated at
MSKCC and characterized as Philadelphia chromosome
positive), NCEB1 (Mantle cell lymphoma), JEKO (B cell
lymphoma), MOLT-3 (acute lymphoblastic T-cell), SKNLP
(neuroblastoma), Y79 (retinoblastoma), PC9 (adenocarci-
noma), H1650 (adenocarcinoma), H1975 (adenocarcinoma),
H2030 (adenocarcinoma), H3255 (adenocarcinoma), TC71
(EwingQs sarcoma), HTB-15 (glioblastoma), A431 (epithelial
carcinoma), HeLa (cervical adenocarcinoma), and WD0082
(well-differentiated liposarcoma).


Several general features are evident in the cytoxicity data
accumulated in the initial screening campaigns (Table 2). As
expected, evaluation of deoxyharringtonine (2) revealed ex-
ceedingly potent cytotoxic activity against all of the hemato-
poietic cell lines tested (HL-60, HL-60/RV+ , JURKAT,
ALL3, NCEB1, JEKO, MOLT-3); moreover, the alkaloid
exhibited similarly high activity against most of the solid
tumor cell lines tested (SKNLP, PC9, H1650, H1975, H2030,
H3255, A431, HeLa, TC71, HTB-15, WD0082). Interesting-
ly, the late-stage b-lactone variant 79 (see also Scheme 13)
exhibited significant cytotoxicity, yet at attenuated levels
compared to the parent alkaloid 2, revealing the likely ne-
cessity of a hydroxyl group or an H-bond donor functionali-
ty at the C2’-position. Surprisingly, the cytoxicity profile of
anhydroharringtonine (5) revealed fairly poor antitumor ac-
tivity. While an early report noted comparable cytotoxic ac-
tivity of anhydroharringtonine (5) to that of deoxyharringto-
nine (2) against murine P388,[12] the present result indicates
that the activity of 5 is generally several orders of magnitude
lower in human HL-60 tumor cells. This unimpressive poten-
cy level of 5 thus effectively disqualifies it as a potential
therapeutic agent despite previous cytotoxicity data, and is
consistent with the proposed need for a 2’-hydroxy group in
the acyl chain to confer adequate activity (see above).


Synthesis of additional Cephalotaxus ester natural products
and variants to probe susceptibility to multidrug resistant
cancer : The development of vincristine-resistance in cancer
cells, such as HL-60/RV+ (Table 2) is believed to arise from
classic multidrug resistance (MDR). This involves the over-
expression of ATP-dependent efflux pumps, such as P-glyco-
protein (Pgp) and multidrug resistance-associated protein
(MRP), leading to expulsion of natural product hydrophobic
drugs (e.g., vinca alkaloids, anthracyclines, actinomycin-D,


Scheme 14. a) HgACHTUNGTRENNUNG(OAc)2, NaBH4, 1:1 THF:H2O, 23 8C, 77%; (b) Pd/C,
H2, EtOAc, 23 8C, 99%; (c) 2,4,6-trichlorobenzoyl chloride, DMAP,
TEA, 1, CH2Cl2, 23 8C, 99%.


Table 2. Cytotoxicity of deoxyharringtonine (2), b-lactone 79 and anhy-
droharringtonine (5).


Cell Line 2
IC50 [mm]


79
IC50 [mm]


5
IC50 [mm]


HL-60 0.02 2.68 22.7
HL-60/RV+ 0.22 21.8 >100[a]


JURKAT 0.04 5.71 42.99
ALL3 <0.1[b] 1.47 >100[a]


NCEB1 0.07 8.62 >100[a]


JEKO 0.08 10.48 >100[a]


MOLT-3 0.02 2.68 26.83
SKNLP <0.1[b] 6.46 5.34
Y79 70.59 >100[a] >100[a]


PC9 0.03 4.23 29.08
H1650 0.04 4.53 n.a.
H1975 0.06 8.42 n.a.
H2030 0.10 7.72 n.a.
H3255 0.08 5.55 n.a.
A431 0.06 n.a. n.a.
HeLa 0.04 n.a. n.a.
TC71 0.06 12 >100[a]


HTB-15 0.20 52 >100[a]


WD0082 0.10 5 >100[a]


[a] Highest compound concentration tested. [b] Lowest compound con-
centration tested and yielding 100% cellular killing.
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paclitaxel) from the transformed cell.[98] Previous reports
have noted that the activity of homoharringtonine (3), the
cephalotaxus ester currently being evaluated in clinical
trials, is also compromised in MDR human leukemia cells.[18]


Remarkably, the susceptibility of MDR cancer cells to dif-
ferent Cephalotaxus esters has not been systematically
probed. Prevention of MDR would significantly improve
therapeutic response to this family of chemotherapeutics
and extend their use in the clinic. One possible way to ach-
ieve this would be to develop anticancer agents that are not
substrates for these ATP-dependent transporters, thus over-
coming their efflux from cells.


In examining variations in potencies of deoxyharringto-
nine (2) against this extensive panel of cell lines (Table 2), it
is worth noting that its activity against vincristine-resistant
HL-60/RV+ cells (IC50 0.22 mm), relative to its non-resistant
counterpart HL-60 (IC50 0.02 mm), shows only a �10-fold de-
crease in potency. This trend is also reflected in the b-lac-
tone derivative 79 (albeit with lower absolute cytotoxicity
levels). This rather low observed 10-fold resistance index
spawned an interest in probing potential molecular design
criteria that may offset MDR susceptibility in this class of
alkaloids. Fortunately, our current synthetic approach to de-
oxyharringtonine (2) permits the rapid and versatile attach-
ment of sterically demanding acyl chains onto the cephalo-
taxine core. Thus, the synthetic strategy to deoxyharringto-
nine (2) was further extended to the construction of two ad-
ditional antileukemia Cephalotaxus ester natural products,
namely homoharringtonine (3), and homodeoxyharringto-
nine (4), all reported to be potent antileukemia alkaloids.


The syntheses of homoharringtonine 3 and homodeoxy-
harringtonine 4 involved a common early sequence
(Scheme 15) beginning with the R-malic acid derived acetal
72, which underwent double deprotonation and diastereose-
lective enolate alkylation with allyl bromide (59%).[91] Fol-
lowing NaOBn-mediated transesterification of the resultant
acetal-ester to afford the R-a-hydroxy benzyl ester 81
(85%), b-lactone formation was accomplished via the Ya-
maguchi mixed anhydride to provide the strained intermedi-
ate 82 (67%). Subsequent alkene cross metathesis (Grubbs
II) with excess alkene 83[99,100] provided disubstituted alkene
85 (61%) along with the dimeric bis ACHTUNGTRENNUNG(lactone) 84 (22%) as
an equilibrium mixture. Although the direct conversion of
82 to 85 was moderate, the recovered dimer 84 could be re-
equilibrated under olefin metathesis conditions with excess
83 to accumulate additional quantities of 85. Following se-
lective transfer hydrosilylation of 85, the resultant acid 86
(85%) was employed in a highly efficient cephalotaxine acy-
lation to prepare the corresponding ester (97%), whose b-
lactone was then subjected to methanolysis to furnish 87
(79%). This intermediate was then diverged to both of the
natural products homoharringtonine (3) and deoxyhomohar-
ringtonine (4). When the allylic benzyl ether in 87 was sub-
jected to Pd/C-catalyzed hydrogenolysis/hydrogenation in
MeOH, followed by the addition of AcOH in the latter
stages of the reaction, (�)-homoharringtonine (3, 79%) was
isolated (presumably through initial alkene hydrogenation


followed by benzyl ether hydrogenolysis). On the other
hand, when the Pd/C-catalyzed reduction was performed in
glacial AcOH solvent at the outset, deoxygenation preceded
alkene reduction (presumably through E1 elimination of the
allylic benzyl ether prior to hydrogenation) to afford (�)-
homodeoxyharringtonine (4, 69%).


The efficient synthesis of the acyl chain precursors in the
preparation of the natural product cephalotaxus esters 3 and
4 also presented the opportunity to prepare a non-natural
analogue for biological evaluation with only a minor varia-
tion in the synthetic sequence. This analogue took the form
of bis ACHTUNGTRENNUNG(demethyl)deoxyharringtonine 89 (Scheme 16), also
anticipated to exhibit potent antiproliferative activity, al-
though much simpler in structure and more easily prepared
than 3 or 4. The synthesis of Cephalotaxus ester 89
(Scheme 16) involved interception of the b-lactone acyl
chain 82, derived from (R)-malic acid in three steps (refer to
Scheme 15). Following hydrogenolysis/hydrogenation of the
alkenyl ester 82 (97%), the resulting carboxylic acid was ac-
tivated as the Yamaguchi mixed anhydride to effect the acy-
lation of cephalotaxine (1), providing the ester-b-lactone 88
(81%). Methanolysis of the b-lactone in 88 proceeded effi-
ciently to afford the non-natural bis ACHTUNGTRENNUNG(demethyl)deoxy-
harringtonine analogue 89 (93%).


The completion of the syntheses of the natural Cephalo-
taxus esters 2–4 together with two non-natural synthetic ana-


Scheme 15. a) LHMDS, allyl bromide, THF, �78 8C, 59%; b) BnOH,
NaH, THF, 0!23 8C, 85%; c) 2,4,6-trichlorbenzoyl chloride, DMAP,
Et3N, CH2Cl2, 23 8C, 67%; d) Grubbs II, 23 8C, 61%; e) Pd ACHTUNGTRENNUNG(OAc)2,
Et3SiH, Et3N, CH2Cl2, 23 8C, 85%; f) 2,4,6-trichlorobenzoyl chloride,
DMAP, Et3N, 1, CH2Cl2, 23 8C, 97%; g) NaOMe, MeOH, 0 8C, 79%; (h)
Pd/C, H2, MeOH then 9:1 MeOH/HOAc, 23 8C, 79%; i) Pd/C, H2,
HOAc, 23 8C, 69%.
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logues, namely benzyldehydrohomoharringtonine 87 and
bis ACHTUNGTRENNUNG(demethyl)deoxyharringtonine 89, permitted their compa-
rative biological evaluation against “sensitive” and MDR
tumor cell lines (Figure 3). When tested against the “sensi-


tive” HL-60 cell line, all were found to be exceedingly
potent (IC50 < 0.08 mm). When evaluated against the “resist-
ant” HL60/RV+ cell line, stark differential response levels
were observed within this collection of cephalotaxus esters
(Figure 4). Interestingly homoharringtonine (3) displayed a
125-fold decrease in activity toward HL-60/RV+ relative to
that of HL-60 (resistance index=125). By contrast, much
lower resistance indices of 11, 3, 12, and 19 were observed
with the esters 2, 4, 87, and 89, respectively, indicating that
these latter natural and non-natural products are significant-
ly less susceptible to MDR. One possible explanation for
the high MDR susceptibility of homoharringtonine (3) is its
decreased lipophilicity as a consequence of its acyl chain
structure, thereby rendering it a good substrate for the
efflux pumps.


The relationship of the calculated lipophilicity values
(clogP) to the resistance indices for the highly potent cepha-
lotaxus esters 2–4, 87, and 89 is presented in Figure 4,
wherein compounds with clogP values greater than 1.2 lead
to generally low susceptibility to MDR (i.e. , resistance indi-


ces=19 for the cephalotaxus esters 2, 4, 87, and 89). The ex-
ception is homoharringtonine (3), exhibiting a relatively low
clogP value (0.95, relatively more polar) to reflect an in-
creased susceptibility to MDR (i.e., resistance index 125).
Although these data were obtained on a limited set of ana-
logues, they provide for the first time new insights into the
contribution of acyl chain structure modification toward
overcoming MDR for this class of compounds.


It is worth emphasizing that the only structural difference
on the acyl chain between homoharringtonine (3) and ho-
modeoxyharringtonine (4) is a hydroxyl group on the 6’-po-
sition (Figure 4). While only a minor structural perturbation,
this 6’-substitution difference drastically affects the lipophi-
licity of the molecules, ranging from a clogP value of 0.95
(polar) for 3 to a more hydrophobic compound 4 with a
clogP value of 2.33 (i.e., Figure 5). Importantly, with a resist-
ance index of only 3 (as in the case with homodeoxyharring-


Scheme 16. a) Pd/C, H2, EtOAc, 23 8C, 97%; b) 2,4,6-trichlorobenzoyl
chloride, DMAP, TEA, 1, CH2Cl2, 23 8C, 81%; c) NaOMe, MeOH, 23 8C,
93%.


Figure 3. Comparative antitumor effects of cephalotaxus esters against
sensitive (filled symbols) and vincristine-resistant (open symbols) HL-60:
*/*: 4, !/!: 3, &/&: 2, ^/^: 89, ~/~: 87.


Figure 4. Comparative antitumor effects of cephalotaxus esters against
sensitive and vincristine-resistant HL-60.


Figure 5. Correlation of calculated logP values and MDR ratio for deoxy-
harringtonine (2), homoharringtonine (3), homodeoxyharringtonine (4),
benzyldehydrohomoharringtonine 87, and bis(demethyl)deoxyharrinto-
nine 89.
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tonine 4), both comparative cell lines can be considered as
“sensitive” to the compound of interest. As a consequence,
this minor structural variation from 3 to 4 has allowed for
effective quelling of MDR in this cell line. Given this find-
ing, it is thus surprising that despite its MDR liability, homo-
harringtonine (3) is employed as the favored cephalotaxus
ester for advancement in the clinic, exemplified by a current
phase III clinic prospective trial with 3 for use as a combina-
tion therapy for chronic myeloid leukemia.[101] One practical
reason for this may lie in the increased natural abundance
of homoharringtonine (3) relative to other cephalotaxus
esters.[102] Moreover, semisynthetic sources of homoharring-
tonine have built on the seminal work of Kelly, wherein the
6’-oxygen functionality is a prerequisite for efficient acyl
chain attachment to cephalotaxine.[89] Notably, this semi-syn-
thetic approach is uniquely suited for homoharringtonine
(3). Fortunately, the synthetic strategies described herein
enable unfettered access to other, more therapeutically
viable cephalotaxus esters, such as 2, 4, 87, and 89, for the
development of additional lines of chemotherapeutic de-
fense against leukemia.


Resistance of vincristine-sensitive Y79 retinoblastoma to
cephalotaxus esters : In the initial cytotoxicity evaluation
(Table 2), it is also worth highlighting that the Y79 retino-
blastoma cell line uniquely showed significant resistance to
both deoxyharringtonine (2) and its b-lactone derivative 79.
Indeed, this selective resistance of Y79 appears to be a gen-
eral phenomenon (Table 3) upon evaluation with a few of
our active cytotoxic non-natural synthetic Cephalotaxus
ester analogues, including the benzyldehydrohomoharringto-
nine 87, the b-lactone ester 88, and bis-
ACHTUNGTRENNUNG(demethyl)deoxyharringtonine 89. All of these compounds
behaved similarly to that of deoxyharringtonine (2) and its
b-lactone derivative 79 (cf. Table 2), exhibiting broad spec-
trum cytoxicity with the exception of the Y79 cell line, to
which the molecules were essentially impotent.


Though this specific lack of cytotoxicity in Y79 could also
be attributed to the overexpression of multidrug resistance
genes (MDR), Conway and co-workers have reported the
Y79 cell line to be sensitive to vincristine with an IC50 value


of approx 0.8 mm.[103] Furthermore, a comparative microarray
analysis of the Y79 cell line with normal retinal tissue de-
tected upregulation of several genes typically found to be
markers of stem cell like characteristics including the mdr
gene ABCG2.[104] Based on this, we postulate that perhaps
the mechanism of resistance to cephalotaxus esters by Y79
is not entirely mediated through the classical ATP-depen-
dent efflux pumps alone but rather through an as yet un-
known mechanism involving stem cell like characteristics.
This is consistent with the hypothesis that the appearance of
subsequent tumors in leukemias, brain tumors, breast
cancer, lung cancer, as well as many other cancers, is linked
to the persistence of cancer stem cells. This observation sug-
gests that designed Cephalotaxus esters have the potential
to serve as small molecule probes for interrogating the ge-
netic basis of this highly resilient retinoblastoma cell line as
well as potentially shedding some light on how to overcome
this persistence phenomena in these dormant progenitor
cancer stem cells.


Conclusion


The development, optimization, and application of novel
synthetic strategies have enabled the synthesis of the potent
antileukemia agents (�)-deoxyharringtonine (2), (�)-homo-
harringtonine (3), (�)-homodeoxyharringtonine (4), and
(�)-anhydroharringtonine (5). Several advances served as
key elements in the preparation of (�)-cephalotaxine (1)
and should find general applicability in complex N-heterocy-
cle synthesis. These included 1) a strain-release aziridine re-
arrangement of 2-aryl-N-vinyl aziridines for dihydro[3]ben-
zazepine synthesis, and 2) a vinylogous amide-derived azo-
methine ylide cycloaddition which takes an unusual and un-
expected stereochemical course. Efforts to advance these
synthetic pursuits beyond that of (�)-1 to that of the rare
antineoplastic C3-O-ester derivatives (i.e., 2–5) have led to
an efficient non-racemic synthesis of several cephalotaxus
acyl chains. Construction of strained b-lactone intermediates
enabled late-stage C3-O-acylation of cephalotaxine, a long-
standing challenge in the synthesis of sterically congested
bioactive Cephalotaxus esters. This technology enabled cyto-
toxicity screening of several natural and non-natural Cepha-
lotaxus esters against an expansive array of human hemato-
poietic and solid tumor cell lines. These evaluations were in-
strumental in discovering novel non-natural cephalotaxus
esters with potent antitumor effects. Moreover, these efforts
have uncovered the potential of specific members of this
family of alkaloids to overcome resistance in MDR HL-60/
RV+ tumor cells through the preparation of acyl chain var-
iants, uniquely made available with our acyl chain attach-
ment approach. This presents new avenues for molecular
design of these alkaloids to offset multi-drug resistance, of-
fering new lines of chemotherapeutic defense against leuke-
mia.


Table 3. Cytotoxicity of compounds 87–89.


Cell line 87
IC50 [mm]


88
IC50 [mm]


89
IC50 [mm]


HL-60 0.01 5.73 0.08
HL-60/RV+ 0.19 40.30 0.80
JURKAT 0.03 12.01 0.19
ALL3 <0.01 4.24 0.16
NCEB1 0.06 39.24 0.50
JEKO 0.08 25.1 0.56
MOLT3 0.01 6.41 0.06
SKNLP <0.01 10.04 0.11
Y79 >100 >100 >100
PC9 0.04 11.29 0.13
TC71 0.03 24 0.20
HTB-15 0.10 58 0.50
WD0082 0.05 11 0.20
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Proton-Mediated Redox Control in a Nickel(II)–Bisimidazolate Complex:
Spectroscopic Characterisation and Density Functional Analysis
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Introduction


The imidazole ring from the histidine amino acid residue is
a common ligand found at the active sites of both metal-
loenzymes[4] and in metal free enzymes.[5] In metal-contain-
ing active sites, imidazole groups are commonly bound to
the metal ions through the imino nitrogen atom. Their pres-
ence certainly regulates the redox potentials of the metal
centre through the coordinating features of the imidazole
ring. If imidazole groups are found in the region of the first
coordination spheres, it is often postulated that they act in
the regulation of substrate affinities. More subtly, Histidine
190, which is hydrogen-bound to a tyrosine Z residue at the


heart of Photosystem II, is argued to play an essential role
in the control of the redox properties of the tyrosine cofac-
tor.[6,7] In the case of metal-free active sites such as fumarate
reductase, histidine residues are thought to play roles, both
as an anchoring site for the substrate and as a base for
proton abstraction. The function of the imidazole ring of
histidine differs in each situation. A recurrent question in
natural systems concerns the protonic state of the metal
bound histidyl imidazole ligands. It is assumed rightly that
partial or complete deprotonation modulates the electronic
and redox properties of the metal core, owing to the change
in the ligand field strength. This issue is related to a more
general concept in biology that there is no net charge accu-
mulation at the active sites of metalloenzymes because the
energetic penalty would be too high. The biological solution
to this problem is to couple proton transfers with electron
transfers.[8]


One facet of bioinorganic chemistry is to develop synthet-
ic models so as to replicate the biological subtleties men-
tioned above. An elegant example by Valentine et al. , re-
ported that in a hexacoordinated ironACHTUNGTRENNUNG(III)–porphyrin deriva-
tive, deprotonation of the axial imidazole ligands leads to a
modification of the FeIII/FeII couple redox potential by
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Abstract: The synthesis and characteri-
sation of the pro-ligand LH4, in which
L is the o-phenylenebisamide-2-imida-
zole and its nickel(II) complexes are
reported. The X-ray structures of the
fully protonated [NiLH2] and depro-
tonated [NiL] complexes are presented.
The effects of the deprotonation of the
imidazole functions on the electronic
structure of the complexes are analysed
by 1H NMR, UV/Vis and IR spectros-
copy and cyclic voltammetry. Density
functional theory (DFT) and time-de-
pendent density functional theory
(TDDFT) calculations support the


analysis based on experimental data.
The singly oxidised form of the depro-
tonated complex [NiL] was generated
by preparative electrolysis and its elec-
tronic structure was investigated. Spec-
troelectrochemistry shows the appear-
ance of intense transitions in the region
l=600–900 nm with several isosbestic
points. X-band EPR spectroscopy pres-
ents an isotropic signal at g=2.03,


whereas the Q-band EPR reveals a
weak anisotropic signal characteristic
of a metalloradical species. DFT and
TDDFT data support the description
of the species as a nickel(II)-radical
form, with a major contribution of the
spin density on the phenylene ring and
the amidate functions with a negligible
participation of the imidazolate groups.
This finding is in sharp contrast with
those obtained from the one-electron-
oxidised form of nickel(II) complexes
containing phenolate groups.[1–3]


Keywords: amides · density func-
tional calculations · electrochemis-
try · imidazole · nickel · protonation
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about 700 mV.[9] More recently, a reshuffling in electronic
configuration of a high-spin iron(II)–porphyrin upon depro-
tonation of an axial imidazole ligand was reported.[10] These
experimental facts clearly underlie the relationship between
the nature of the imidazole ring and the electronic proper-
ties of metal porphyrinates. In the case of non-heme com-
plexes, Williams and co-workers were the first to show a
drastic drop in the redox potential of a non-porphyrinic iron
complex upon deprotonation of four ligated imidazole moi-
eties.[11] Analysis of the electrochemical data revealed a
drop of around 300 mV shift per proton. However, attempts
to elucidate the processes involved have been realised by
using a coordinatively saturated iron complex to prevent
any structural change in the coordination sphere of the
metal ion. Indeed, one pitfall with synthetic imidazole li-
gands is that upon deprotonation the imidazolate group
shifts from a monodentate mode to a bidentate bridging
one.[12–14] For this reason, imidazole groups are incorporated
in ligand scaffolds as their N-methyl derivative. Other deriv-
atives, such as benzimidazole[15–17] or bisimidazoline[18] have
also been used to tackle the same issue, that is to say the
tuning of the redox properties coupled with remote proton
abstraction.
In this paper we report on the synthesis of a novel ligand


containing two amido and two imidazole groups. The nick-
el(II) complex has been prepared and both the neutral
[NiLH2] and the dianionic [NiL] complexes have been char-
acterised by X-ray diffraction techniques. The electrochemi-
cal behaviour is analysed as function of the protonic states
of the imidazole rings and the monooxidised form of the de-
protonated species has been characterised by spectroelectro-
chemistry as well as X and Q band EPR spectroscopy. As a
rule of thumb, an approximate drop of 300 mV in the redox
potential was observed per proton abstraction. We have
used density functional theory (DFT) and time-dependent
density functional theory (TDDFT) calculations to explain
the electronic properties of both nickel(II) complexes and
the singly oxidised form issued from [NiL].


Results


Synthesis of the ligand and nickel(II) complexes : Pro-ligand
LH4 and complexes [NiLH2] and [NiL] (see Scheme 1)
were prepared as previously described.[19] The key molecule
for the synthesis of LH4 is the 2-imidazole acyl chloride.
This molecule is obtained, according to a modified pub-
lished procedure,[20] by reacting the hydrochloride salt of
imidazole-2-carboxylic acid with oxalyl chloride in acetoni-
trile. Unidentified compounds were obtained if the non-pro-
tonated imidazole was used. The relatively stable imidazoli-
um acyl chloride was isolated and then reacted with a stoi-
chiometric amount of o-phenylenediamine in tetrahydrofur-
an (THF) in the presence of two equivalents of triethyl-
ACHTUNGTRENNUNGamine (TEA) to give a beige solid with a yield of about
50%. Washing the solid with THF and water affords a pure
compound. The ligand can be crystallised in a mixture of al-


kaline water and dimethylsulfoxide (DMSO). Insertion of
the nickel(II) ion in the coordinating cavity was realised by
reacting LH4 with two (for [NiLH2]) or four (for [NiL])
equivalents of hydroxide salt in methanol (MeOH) and
treating it with one equivalent of nickel(II) nitrate. The neu-
tral complex [NiLH2] precipitated out of the reacting mix-
ture and was isolated by filtration. Yellow crystals were ob-
tained by air diffusion of water in a solution of [NiLH2] in
DMSO. Complex [NiL] was prepared as the alkylammoni-
um salt (NMe4


+ or NBu4
+). Thin orange needles were ob-


tained by air diffusion of diethyl ether in a solution of [NiL]-
ACHTUNGTRENNUNG[NMe4]2 in ethanol.


Spectroscopic characterisation :


1H NMR spectroscopy : Changes in the charge density upon
remote deprotonation of the imidazole groups were evi-
denced by proton NMR, as both complexes stay diamagnet-
ic, even in coordinating solvents such as DMSO. As expect-
ed for the dianionic form [NiL], an upfield shift (around
1 ppm) of the imidazole protons was observed, reflecting an
increase in the electron density on these groups. A more
subtle effect towards higher field was seen for the protons in
the meta positions to the amido groups. However, protons in
the ortho positions of the amido group on the benzenic ring
were not subjected to any change, this was attributed to the
fact that these positions lie on the nodes of the frontier orbi-
tals (see Table S1 in the Supporting Information).


UV/Vis spectroscopy : Spectral modifications of the electron-
ic absorption spectra were also monitored upon deprotona-
tion. The reversible changes were observed between l=300
and 450 nm. We will analyse these electronic transitions in
the light of TDDFT calculations.


IR spectroscopy : Two main changes on the IR spectra were
noticed upon deprotonation. The loss of the wide structured
band in the region of ñ=3130–2430 cm�1 from the neutral
to the dianionic species indicates the loss of the hydrogen
bonding in the solid state. More relevant to the inner coor-
dination sphere is the noticeable shift (Dñ=40 cm�1) to
higher frequencies of the C=O stretching modes in the case


Scheme 1.
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of the deprotonated complex. The reason for this is the en-
hancement of the charge transfer from the imidazolate and
the deprotonated amido nitrogen atom into the NCO frag-
ment.


X-ray structures : Crystals of sufficient quality were obtained
for [NiLH2] and [NiL] ACHTUNGTRENNUNG[NMe4]2 ·6H2O and were character-
ised by X-ray diffraction techniques. The main structural
changes within the coordination sphere of the nickel ion and
the imidazole rings upon deprotonation are qualitatively dis-
played in Figure 1.


As already observed, the changes in bond lengths and
angles for the imidazole rings from [NiLH2] to [NiL] are at-
tributed to the increase in bond delocalisation for the imida-
zolate ring. As expected, the stronger field strength of the


imidazolate ring led to a contraction of the respective Ni�N
bonds by about 0.03(0) P. A shrinking of the Ni�Namido dis-
tances is also operating upon deprotonation of the imida-
zole, whereas an elongation of the C=O bonds is evidenced,
concomitantly, as depicted in Figure 1. This metric data is in
accord with the IR signatures and support the higher fre-
quency shift of the C=O bond for the dianionic complex.
The solid-state structure of [NiLH2] reveals the formation
of an extended array of the constituting nickel monomer. In
effect, the presence of the self-complementary functions,
herein the NH group of the imidazole (proton donor) and
the carbonyl amidate (proton acceptor) groups on the pe-
riphery of the nickel complex leads to a head-to-tail ar-
rangement of contiguous monomers through a double hy-
drogen bond strap (see Figure 2).


The intermolecular hydrogen bond length (d ACHTUNGTRENNUNG[H···O]=
1.86(1) P, dACHTUNGTRENNUNG[N�H···O]=2.72(9) P) and the corresponding
angle (qACHTUNGTRENNUNG[N�H···O]=1698(7)) place these bonds into the
class of moderate hydrogen bonds.[21]


A more intricate hydrogen-bonding network implicating
water molecules of crystallisation is noted in the crystal
structure of [NiL]ACHTUNGTRENNUNG[NMe4]2 ·6H2O (Figure 2). An extended
water molecule array runs through the ac plane and con-
nects the dianionic units among them. Along the b axis,
three molecules of water link the nitrogen atom of the imi-
dazolate group to the oxygen atom of the amide group of
two consecutive molecules in a head-to-tail fashion. Notably,
no intermolecular binding through the external nitrogen
atom of the imidazolate is evidenced in the solid-state struc-
ture. This brings an additional proof that in this case depro-
tonation of the imidazole rings does not lead to the forma-
tion of extended or multinuclear discrete molecules.


Electrochemical behaviour : Cyclic voltammetry was carried
out in DMSO for solubility reasons. Complex [NiLH2]


Figure 1. ORTEP diagram of [NiLH2] (top) and [NiL] (bottom) with se-
lected bond length [P] and angles [8]. Ellipsoid drawn at 50% probabili-
ty.


Figure 2. Hydrogen-bond network for [NiLH2] (top) and [NiL] (bottom).


Chem. Eur. J. 2008, 14, 4307 – 4317 M 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4309


FULL PAPERNickel Complex Studies



www.chemeurj.org





shows a quasi-reversible reduction wave at E=�1.85 V vs
saturated calomel electrode (SCE) (DEp=60 mV). On the
anodic side of the CV two successive waves at Ep=0.70 and
Ep=0.87 V vs SCE are detected. The first wave is irreversi-
ble in nature, whereas the second one is quasi-reversible
(DEp=120 mV). Upon addition of two equivalents of potas-
sium tert-butoxide (tBuOK) to the solution, a reversible
wave is observed at E=0.13 V vs SCE (DEp=70 mV) (see
Figure S1 in the Supporting Information). This wave falls in
the same potential window as the NiIII/II couple for other tet-
raanionic ligands.[1,22–25] Therefore the difference of about
600 mV between the first anodic waves is consistent with
the previously reported values for the deprotonation of a co-
ordinated imidazole group[9,11] (�300 mV drop per proton).
The corollary to this downshift of the first oxidation wave is
the concomitant disappearance of the reduction wave ob-
served at �1.88 V. Both of these changes observed for the
electrochemical behaviour of the nickel(II) complex upon
deprotonation demonstrate the higher field strength gener-
ated by the deprotonated imidazole groups.


One-electron-oxidised complex [NiL]ox : Attempts to oxi-
dise and spectroscopically characterise the neutral complex
were unfruitful in our hands. Bulk electrolysis was per-
formed on a solution of the deprotonated complex in situ at
0.3 V vs SCE. The green solution formed is stable for hours
under inert atmosphere, but decomposes more rapidly when
exposed to air. The chemical reversibility of the oxidised
species was confirmed by running a voltammogram after
electrolysis (see Figure S2 in the Supporting Information)
and by the presence of different isosbestic points when
monitored by spectroelectrochemistry. The main spectral
features of the one-electron-oxidised species are a broad
band observed in the region l=600–900 nm, as well as new
electronic transitions in the near UV/Vis region. The origin
of these bands will be discussed later through the use of
TDDFT calculations.
The X-band EPR spectrum of the oxidised species was re-


corded at T=80 K and reveals an almost isotropic signal
centred at around g=2 with a half width of about 100 G
(see Figure 3). Addition of an exogenous coordinating
ligand such as pyridine modifies the spectral pattern to an
axial signal with g-values of 2.19 (g? ) and 2.02 (gk). The
splitting of the gk signal into 5 lines can be explained by ex-
amination of the superhyperfine coupling of the unpaired
electron with two nitrogen atoms in the axial positions[26]


(see Figure S3 in the Supporting Information). This observa-
tion indicates that the oxidised nickel complex can accom-
modate two axial ligands and that the unpaired electron in
the case of the bis-adduct resides in a dz2 type orbital. The
anisotropy of the signal in absence of the axial binding li-
gands could only be resolved by running the Q-band EPR.
A rhombic signal with gx=2.08, gy=2.02 and gz=2.00 was
detected (gav=2.033). A mere comparison of these values
with those of a genuine rhombic nickel ACHTUNGTRENNUNG(III) complex (for
which the g values are observed mainly around
2.2[1,22,23, 27,28]) clearly indicates that the generated [NiL]ox


species is more of a metalloradical type species. As far as
we are aware of, this is the first example of a nickel complex
in a formal oxidation state greater than + II showing radical
behaviour with imidazolate ligands in its coordination
sphere. To gain insights into the proper electronic descrip-
tion of this novel family of complexes, we have performed
DFT and TDDFT calculations. In the following section, we
confront the computed data with the experimental ones.


Discussion


Complexes [NiLH2] and [NiL]


Optimised geometries : As a prerequiste to all DFT calcula-
tions using the B3LYP functional,[29] the optimised geome-
tries of the isolated molecules were determined in C2 point
group with the choice of y as symmetry axis joining the Ni
ion and the middle of the C�C bond between the ortho po-


Figure 3. X- (top) and Q-band (bottom) EPR spectra recorded at 80 K of
an electrochemically prepared solution of [NiL]ox in DMSO. Preparative
electrolysis conditions : 2 mm in DMSO, TBAP 0.1m, Glassy Carbon. X-
band EPR recording conditions: 9.63 GHz microwave frequency,
0.03 mW microwave power, 0.25 mT modulation amplitude, 100 kHz
modulation frequency. Q-band EPR recording conditions: 34 GHz micro-
wave frequency, 2.3 mW microwave power, 0.5 mT modulation ampli-
tude, 100 kHz modulation frequency.
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sitions of the phenylene ring. The structures are almost
planar (plane xy) and selected distances are reported in
Table 1. As generally found, the bond distances calculated


in vacuo are slightly larger than the experimental ones. The
calculated Ni�N distances are shorter for the nitrogen of the
N-amide (Ni�Nam) than toward the nitrogen of the imida-
zole (Ni�Nim) in agreement with the X-ray structures. The
enhanced donating character of the deprotonated imidazole
is observed experimentally, as the Ni�Nim bond is shorter in
the deprotonated [NiL] complex than in [NiLH2]. Our com-
puted data also accounts for the elongation of the C=O
bond in [NiL] and, the higher frequency shift for these
probes on the IR spectrum.


Energy levels and molecular orbitals : For the two complexes,
the energy levels and molecular orbitals were calculated by
DFT in a solvent medium modelled in the framework of a
polarised dielectric-like continuum model (PCM).[30,31] As
pointed out by the results, the presence of acetonitrile, a
polar solvent with dielectric constant e=36.64, affects the
total energy of the molecules. The deprotonated complex
bearing a �2 total charge is much more stable than the neu-
tral compound. In effect, the electrostatic polar solute–sol-
vent contribution to the solvation energy is �29 kcalmol�1
for [NiLH2] and is as large as �162 kcalmol�1 for [NiL].
This calculation also affords the molecular orbitals that


constitute the framework to the study of the excited states.
Their energies and preponderant compositions are listed in
Table S2 in the Supporting Information. The molecular orbi-
tal (MO) diagram for the ground state for both complexes
(Figure 4) is typical of a low-spin square-planar NiII species
with a ligand of large s strength and dz2 orbital encountered
in the same energy range as the dxz and the dyz orbitals.
We notice that the two complexes are isoelectronic.


Owing to its anionic nature, the orbitals of [NiL] are desta-
bilised compared to those of [NiLH2]. However, their com-
position remains qualitatively similar. The o-phenylenebis-
ACHTUNGTRENNUNGamidate moiety possesses high-lying occupied p-orbitals,
which can mix with the 3d orbitals of nickel. The highest of
them (of b symmetry) constitutes the HOMO (MO 90) of
both complexes with a small dyz contribution. MO 89 is a
dxz-type orbital with the contribution of an a symmetry o-
phenyleneamidate orbital; this mixing is strong in [NiLH2],


in which the dxz counterpart is encountered in MO 87,
whereas the mixing is small in [NiL] in which MO 89 re-
mains predominantly dxz. In both complexes, MO 88 is a
pure dz2 orbital.
Our calculations demonstrate that the two complexes


differ in the nature or ordering of the molecular orbitals
lower in energy. The dyz-type orbital of nickel, which mixes
with a p-orbital on the phenylene cycle, occurs as MO 86 in
[NiLH2] and MO 85 in [NiL], whereas the more stabilised
in-plane dx2�y2 orbital occurs as MO 80 and MO 78, respec-
tively. The other orbitals have essentially ligand character.
Among them we can distinguish delocalised orbitals, the
combinations of the in-plane lone pairs on oxygen atoms
and the combinations of p orbitals on the imidazole rings.
The orbitals with contribution from the imidazolates are de-
stabilised by about 1.6 eV compared to those of the proton-
ated imidazoles as a consequence of the accumulation of
electronic density in this region for [NiL]. Besides, two
lone-pair orbitals of the imidazolate groups are encountered
for [NiL] in this energy region.
Among the computed vacant orbitals, the two LUMOs


p*a and p*b are delocalised ligand orbitals, with an impor-
tant p-bonding character between the amide carbon and the
carbon of the imidazole, whereas the vacant dxy orbital of
nickel (MO 93) lies above for both complexes. Notably, our
theoretical data indicate a HOMO–LUMO energy gap
smaller in [NiLH2] (3.68 eV) than in [NiL] (3.91 eV).


Table 1. Selected geometric parameters calculated in gas phase for
[NiLH2], [NiL] and the oxidised complex [NiL]ox.


ACHTUNGTRENNUNG[NiLH2] ACHTUNGTRENNUNG[NiL] ACHTUNGTRENNUNG[NiL]ox


distances [P]
Ni�Nam 1.882 1.882 1.863
Ni�Nim 1.933 1.909 1.881
Cam�O 1.264 1.269 1.253
Cam�Cim 1.482 1.484 1.463
angles [8]
Nam�Ni�N’am 84.5 85.2 84.6
Nim�Ni�N’im 105.0 106.2 105.3


Figure 4. Energy level diagram (in atomic units: a.u.) of the MOs of
[NiLH2] and [NiL] showing some typical obitals.
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Electronic absorption spectra : The low-lying singlet excited
states of the two complexes were studied in acetonitrile sur-
rounding using PCM/TDDFT calculations, a method that
describes these states in terms of monoexcitations from oc-
cupied to vacant MOs of the ground state. Selected transi-
tions, excitation energy, wavelength, oscillator strength f and
composition are reported in Tables S3 and S4 of the Sup-
porting Information for [NiLH2] and [NiL], respectively.
These data allow us to calculate the corresponding stick-
spectra as shown in Figures 5 and 6 and to simulate the ab-
sorption spectra. Here a fwhm of 2000 cm�1 was used as
spectral band-width. This value is smaller than the values
observed in the experimental spectra. Nonetheless, it helps
to visualise that in the two complexes several transitions of
almost the same nature are sufficiently near in energy to
give rise to a “band” with a definite label. Selected prepon-
derant monoexcitations are also presented in Figure 5 and
Figure 6 by using the isodensity plots of the involved MOs.


The d–d transitions of vanishing intensity are computed
between l=428 and 640 nm for [NiLH2] and between l=


412 and 576 nm for [NiL]. Almost pure intraligand charge
transfers (ILCT) from the o-phenylene part of the ligand to
the ligand delocalised p*a and p*b orbitals with high elec-
tronic density in the Cim�Cam=O region culminate around
l=405 nm in [NiLH2] and 380 nm in [NiL], whereas the
mixed-character ILCT+MLCT (metal-to-ligand charge
transfer) absorptions are calculated around l=315 nm and
300 nm, respectively. Finally, transitions with an important
metal-to-ligand character are encountered around l=


275 nm for the complex with the neutral imidazole rings and
l=265 nm for the complex with the deprotonated imida-
zoles. Intensity enhancement is observed in this region,
owing to the presence of a p–p* excitation on the o-phenyl-
ene fragment. We notice that all these transitions have the
same nature in both complexes and appear in the same
wavelength order. However, all excitations are shifted to
more energetic values for the dianionic complex, in connec-
tion with the increase of the HOMO–LUMO gap. In con-
trast ligand-to-metal charge transfers (LMCT) from the
oxygen lone pairs are calculated at higher energy in the re-
verse order ie. at l=242 nm for [NiLH2] and at l=251 nm
for [NiL]. The good agreement between the simulated and
experimental spectra (see Figure S4 in the Supporting Infor-
mation) already validates our theoretical methodology in
the electronic description of the complexes.


Oxidised complex [NiL]ox : A more challenging task is the
electronic description of the singly oxidised species [NiL]ox,
as it is an open shell complex.


Nature of the oxidised state : UB3LYP geometry optimisa-
tions were performed in C2 symmetry followed by integral-
equation formalism version of the polarised-continuum
model (IEF-PCM) calculations in acetonitrile at the result-
ing optimised geometry. A 2B state is obtained and we have
checked, by means of TDDFT, that it is actually the ground
state of the singly oxidised form, that is, no negative excita-
tion energy is calculated starting from this 2B state. Its
energy is calculated at 4.19 eV above the ground 1A state of
[NiL], each state being considered in its own geometry. An
energy level diagram of the spin-orbitals of [NiL]ox in cor-
relation to the MOs of [NiL] is reported in Figure S5 in the
Supporting Information and some typical orbitals are
shown.
The main information concerning the 2B state are reflect-


ed on the spin density distribution map (Figure 7). By in-
spection of the electronic distribution of the a HOMO
(Figure 7) and comparison to the HOMO of [NiL] in
Figure 4, we can conclude that the oxidised 2B state results
from removal of one electron from the HOMO of the non
oxidised complex, an orbital which was depicted as a p-orbi-
tal developed on the nitrogens of the o-phenylene and
amido groups with only a small dyz contribution. Upon anal-
ysis of the spin density distribution map, we infer that the 2B
state can be described as an organic radical with a small


Figure 5. Calculated UV/Vis spectrum of [NiLH2]. Calculated stick-spec-
trum drawn according to TDDFT wavelengths and oscillator strengths
and simulated spectrum obtained with a fwhm of 2000 cm�1. Preponder-
ant monoexcitations are presented using the isodensity plots of the in-
volved MOs. Dominant character of the simulated bands is specified.


Figure 6. Calculated UV/Vis spectrum of [NiL]. Calculated stick-spec-
trum drawn according to TDDFT wavelengths and oscillator strengths
and simulated spectrum obtained with a fwhm of 2000 cm�1. Preponder-
ant monoexcitations are presented using the isodensity plots of the in-
volved MOs. Dominant character of the simulated bands is specified
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metallic NiIII character. Indeed, the Mulliken spin density on
the nickel ion remains as small as 0.181 and amounts to
0.215 on each of NCO amidato fragment. A non-negligible
contribution of 0.273 is also computed on the central o-
phenylene cycle, whereas each imidazolate bears only 0.058
spin.
As we will define later, this description of the 2B state has


important spectroscopic consequences on the UV/Vis spec-
trum as well as on the EPR signature.


Electronic absorption spectrum of [NiL]ox : Selected excited
states for [NiL]ox are described in Table S5 of the Support-
ing Information and the simulated spectrum in the infra-red,
visible and UV regions is reported in Figure 8.


In the infra-red region, three transitions with non-zero in-
tensity involve the population of the b LUMO. They are
composed mainly of MLCT (state 7) or intraligand charge
transfer (ILCT, states 5 and 8) transitions. By ILCT, we
refer to the charge transfer from one localised fragment to
another within the ligand skeleton, as shown in Figure 8.
Using a fwhm of 2000 cm�1, a resulting band ranging from


l=550 to 1000 nm is simulated with two maxima around l=


650 and 800 nm. The d–d transitions with negligible intensity
are calculated between l=400 and 510 cm�1 and transitions
at higher energy present important mixing with p–p* char-
acter and involve either the whole ligand or only the central
aromatic ring. These transitions are however not relevant in
our study. A comparison of the experimental spectrum to
the simulated one (using a more realistic fwhm of
3200 cm�1) is presented in Figure 9. Surprisingly, an excel-


lent agreement is reached, therefore bringing again extra
support to the validation of our theoretical findings.
Now we will analyse the transitions calculated at lowest


energy in the far infra-red region involving excitations to
the vacant b LUMO (Table S5 in the Supporting Informa-
tion). They have essentially MLCT character. The first one
at l=1262 nm is described as the lifting of an electron from
the dxz orbital with ligand contribution and the second at
l=1205 nm (f~0.) is from the dz2 orbital. These excitations
are meaningful because the corresponding states, at 0.98 and
1.03 eV respectively in this geometry, are the lowest doublet
states with metallic NiIII character. We will focus our atten-
tion on them in the next section. The third transition in this
region is a d–d transition involving both a and b excitations
from dz2 to dxy. A large band ranging from l=1050 to
1600 nm of low intensity (eMax=450m


�1 cm�1 for a fwhm of
2000 cm�1) is also simulated (Figure S6 in the Supporting In-
formation).


Figure 7. Ground 2B state of the oxidised complex [NiL]ox calculated in
acetonitrile. Spin density distribution (left, contour value 0.006 a.u.). Iso-
density plot (right) of the aHOMO (contour value 0.05 a.u.).


Figure 8. Calculated UV/Vis spectrum of [NiL]ox. Calculated stick-spec-
trum drawn according to TDDFT wavelengths and oscillator strengths
and simulated spectrum obtained with a fwhm of 2000 cm�1. Preponder-
ant monoexcitations are presented using the isodensity plots of the in-
volved spin-orbitals. Dominant character of the simulated bands is speci-
fied.


Figure 9. Comparison of simulated and experimental electronic spectra
for [NiL] (full lines) and its [NiL]ox oxidised form (dashed lines). Experi-
mental spectroelectrochemistry in DMSO by addition of 2 equiv of
tBuOK. Simulated spectra with a fwhm of 3200 cm�1 which is a value in
good agreement with the experimental one.
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A comparative study : Interests in metalloradical complexes
range from the bioinorganic field[32] to molecular material
science.[33,34] In the bioinorganic field, these synthetic com-
plexes are called to share the reactivity properties of a
number of enzymes in which both the metal and the ligands
at the active sites play a crucial role in the respective cata-
lytic redox cycle. The participation of ligand in the redox
chemistry of non-porphyrinic metal complexes has been
tackled mainly with phenol containing ligands.[35–39] Al-
though an increasing number of such complexes with differ-
ent metal ions have been characterised, till now there has
been no direct evidence of the participation of the redox
active ligand in the reactivity pattern of these complexes. It
is therefore necessary to have a profound knowledge of the
electronic properties of these complexes in order to include
such chemical information in the synthetic models of the so-
called “radical enzymes”.
Rotthaus et al. reported an analogue of the [NiL] complex


with phenolate rings[1] instead of the imidazolate motifs de-
scribed in our paper. It was shown that the oxidised form
could be best described as a bound phenoxyl radical to a
nickel(II) ion. The authors also reported the nature of the
SOMO obtained from DFT calculations (in absence of sol-
vent medium) as being mainly localised on the phenol rings
with only a small contribution of the dp orbitals of the
metal centre. Interestingly, only a feeble contribution was
observed on the amido groups.
This is a typical example to show the preponderant partic-


ipation of the phenol rings in the description of an oxidised
form of a nickel(II) complex. The same behaviour has been
observed for the monooxidised form of nickel(II) salophen
complexes ie. with two imino and two phenolate groups in
the coordination sphere of the metal ion.[2,3,40] We observed,
in contrast with the phenol containing ligands, a distinct dif-
ference in the spin density distribution map. As can be seen
in Figure 7, the contribution of the imidazolate rings is very
weak in the description of the SOMO (a HOMO). This is a
main finding in this study. Indeed, it seems that an imidazo-
late ring is best described as an “innocent” organic partner
in this family of ligands while taking into account the nature
of the metal centre and the binding mode of the ligand. As
we mentioned above phenol and imidazole rings are widely
distributed at the active sites of enzymes. Based on our find-
ings, we can postulate that imidazolate rings at the metal
centre do not participate as the phenolate groups do, in the
electronic description of the oxidised forms of metal com-
plexes, but rather act as a redox potential tuner through the
remote deprotonable aminic site.
Another unique electronic behaviour observed for the


singly oxidised form of nickel(II) complexes with phenol-
containing ligands, is the valence tautomeric phenomenon.
This is nicely evidenced for the one-electron-oxidised form
of salen type nickel(II) complexes through the EPR studies
as a function of temperature.[40] Although a NiIII–phenolate
with a metal-centred state is evidenced at low temperature,
increasing the temperature leads to a ligand-centred radical.
An important piece of evidence for the proper description


of the one-electron-oxidised form of NiII–bis(salicylidene)di-
amine derivatives was recently brought by the group of
Stack.[3] Indeed, the X-ray crystallographic data are suppor-
tive of a nickel(II) ion bound to a phenoxyl radical. Further-
more, the authors argued that the observed valence tauto-
meric effect observed in this family of complexes is probably
owed to an axial coordination on the metal centre at low
temperature. DFT calculations also confirm a metal–phe-
noxyl radical form. An interesting electronic feature is the
observation of intense low-energy band for the oxidised
form. Time-dependent DFT (in presence of a solvent) show
that these low-energy transitions involve delocalised p orbi-
tals that are spread over the ligand skeleton and the metal
in both fundamental and excited states.
A recent study of Rotthaus et al. also reports similar de-


scription of the ground state of the one-electron-oxidised
form of a nickel(II)–o-hydroxybenzamidate complex, in
which the imine groups were replaced by amidato functions.
The electronic absorption data from DFT calculations (in
absence of solvent) also reinforce the metal-radical descrip-
tion of the singly oxidised species and is quite similar to the
oxidised form of the NiII–bis(salicylidene)diamine deriva-
tive.
An interesting result from our TDDFT data is the finding


that the two first excited states have an important NiIII char-
acter. After geometry optimisation of each state in the gas
phase, we are able to define their nature looking at their
spin density distribution calculated in CH3CN (Figure 10).


These two states possess effectively a strong NiIII character.
The first excited state is a 2A state with the unpaired spin in
dz2 lying at 0.65 eV (when optimised in its own geometry),
whereas a second one also of 2A symmetry with the un-
paired electron in the dxz orbital and small delocalisation on
the amidate fragments is found at 0.77 eV (when optimised
in its own geometry). Their metallic character is confirmed
by the high value of the Mulliken spin density on nickel:
0.805 for the first and 1.116 for the second. These transi-
tions were not experimentally evidenced, in 1) because of
the limit of the apparatus and 2) because of the low intensity
of these bands in contrast to those observed for the pheno-
late-containing ligands. However, our computed results al-
ready tell us that in presence of an exogenous binding
ligand, a probable reshuffling of these states will undergo,
leading for instance to the stabilisation of the dz2 orbital.


Figure 10. Spin density distribution for the excited states of [NiL]ox with
NiIII character: 2Axz (left) and


2Az2 (right).
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Conclusion


In summary, we have shown how the remote deprotonation
of imidazole fragments can alter the redox properties of a
nickel(II) complex. The one-electron-oxidised form of the
Ni–bis(amidateimidazolate) is best described as a ligand-
radical complex. DFT analysis indicates that the imidazolate
ligand contributes very little in the spin density distribution
map, in sharp contrast with the phenolate-containing deriva-
tive.


Experimental Section


General procedures and methods : All reagents were obtained from com-
mercial suppliers and used without purification unless specified. All
NMR spectra were recorded by means of a Bruker DMX 400 MHz at
room temperature. Solvents used are CDCl3 (d=7.24 ppm) or
[D6]DMSO (d=2.54 ppm). ESI-MS spectra were recorded by means of a
Finnigan MAT95S in a mixture of CH2Cl2/MeOH/H2O (1/1/1). IR spectra
were recorded by means of a Fourier Transform Perkin–Elmer 883, using
KBr solid solution (1% compound in mass). UV-Vis spectra were per-
formed by means of a Varian CARY 50, in 1 mm optical way quartz cells.
The EPR spectra were recorded on Bruker 200D (X band) and Bruker
ELEXSYS 500 (Q band) spectrometers equipped with an Oxford Instru-
ment continuous-flow liquid nitrogen cryostat and a temperature-control
system. Cyclic voltammograms were recorded on a potentiostat-galvano-
stat 273A EGG PAR, using a 3 mm2 surface glassy carbon electrode.
Bulk electrolysis were performed using a glassy carbon cylinder as work-
ing electrode. The electrolyte used is tetrabutylammonium perchlorate
(TBAP) at a concentration of 0.1m. Reference electrode is an Ag/
AgClO4 electrode (+ 0.53 V vs ENH, + 0.292 V vs ECS).


Imidazole-2-carboxylic acid hydrochloride salt : The commercially avail-
able imidazole-2-carboxylic acid (3 g, 26 mmol) was refluxed for half an
hour in hydrochloric acid (35%, 10 mL). After cooling to room tempera-
ture, the solvents were evaporated. The white solid obtained was washed
with acetone and filtered on a frit to again give a white solid (2 g,
8.6 mmol; yield=65%). 1H NMR ([D6]DMSO, 250 MHz): d=7.68 (s,
2H; CH), 13.10 (s, 1H; NH), 7.31 ppm (t, J=52 Hz; 1H; NH+); IR
(KBr): ñ =579, 615 (C�H), 1171 (C=O), 1637 (C=N), 3448 cm�1 (N�H,
O�H).
Imidazole-2-acylchloride hydrochloride salt : Imidazole-2-carboxylic acid
hydrochloride salt (345 mg, 2.33 mmol) was suspended in dry acetonitrile
(5 mL). Oxalyl chloride (2.5 mL, 13 mmol; 6 equiv) was added under
argon at 0 8C. While the suspension is heated to reflux for half an hour, a
yellow solid was formed. After cooling to room temperature, of dry di-
ethyl ether (20 mL) was added to the mixture, which was then filtered by
a frit. The yellow solid obtained was washed with a minimum of cold ace-
tonitrile and cold diethyl ether to afford the product (300 mg, 1.8 mmol;
yield=47%). 1H NMR ([D6]DMSO, 250 MHz): d=7.50 (d, J=1.82 Hz,
1H; C�H), 8.15 ppm (d, J=1.82 Hz, 1H; C�H); IR (KBr): ñ =1278 (C=


O), 1741 (C=N), 3140 (N+�H), 3458 cm�1 (N�H).
1,2-Bis(2-imidazolecarboxamido)benzene dihydrochloride (LH4·2HCl):
Freshly distilled triethylamine (0.64 mL, 4.54 mmol) was added to a de-
gassed solution of o-phenylenediamine (234 mg, 2.16 mmol) in distilled
THF (10 mL), under argon. After 15 min stirring, the solution was trans-
ferred under argon into a flask containing imidazole-2-acyl chloride
(715 mg, 4.28 mmol). The mixture was heated to reflux overnight under
argon. The solvents were evaporated to dryness and the solid was quickly
washed with water; a beige solid (400 mg, 1.0 mmol) was obtained
(yield=50%). 1H NMR ([D6]DMSO, 250 MHz): d=13.32 (s, 4H; H�
Nimid), 10.50 (s, 2H; H�Namid), 7.70 (dd, Jo=6.00 Hz, Jm=3.25 Hz, 2H;
Ho�Ph), 7.45 (s, 4H; H�Im), 7.32 ppm (dd, Jo=6.00 Hz, Jm=3.25 Hz,
2H; Hm�Ph); 13C NMR ([D6]DMSO, 250 MHz): d=153.6 (2C, C=O),
138.7 (2C, C2Im), 130.0 (2C, C1arom), 126.8 (2C, C3arom), 126.3 (2C, C2arom)


122.7 ppm (4C, C4,5Im); IR (KBr): ñ=3158, 3127 (Nimid�H), 1686,
1647 ppm (C=O); ESI-MS: m/z (%) for [LH4Na]+ : 319 (100), 320 (17.7);
elemental analysis calcd (%) for LH4·2HCl: C 45.54, H 3.82, N 22.76;
found: C 43.76, H 3.81, N 21.90


Complex [NiLH2]: NaOH pellets (50 mg, 2 mmol) followed by [Ni-
ACHTUNGTRENNUNG(NO3)2] ·6H2O (97 mg, 0.3 mmol) dissolved in a minimum of methanol
(0.5 mL) were added to a suspension of LH4·2HCl (110 mg, 3V10�4 mol)
in a minimum of methanol (3 mL). A deep yellow solid immediately pre-
cipitated, which was filtered by a frit and washed with methanol (yield=


90%; 95 mg, 0.27 mmol). 1H NMR ([D6]DMSO, 250 MHz): d=13.82 (s,
2H; H�Nimid), 7.97 (dd, J=5.9 Hz, J’=3.5 Hz, 2H; H�Ph), 7.37 (s, 2H;
H�Im), 7.25 (s, 2H; H�Im), 6.70 ppm (dd, J=5.9 Hz, J’=3.5 Hz, 2H; H�
Ph); IR (KBr): ñ=3131 (Nimid�H), 1614 cm�1 (C=O); elemental analysis
calcd (%) for [NiLH2] ·1=2 H2O: C 46.45, H 3.06, N 23.22; found: C 46.41,
H 2.66, N 23.47


Complex [NiL] ACHTUNGTRENNUNG[NBu4]2 : Bu4NOH (40% in MeOH 1.62 mL, 2.27 mmol)
followed by of [Ni ACHTUNGTRENNUNG(NO3)2] ·6H2O(106 mg, 0.36 mmol) were added to a
suspension of LH4·2HCl (140 mg, 0.38 mmol) in a minimum of methanol
(3 mL). A yellow suspension appeared after a few minutes stirring. The
solvents were removed under vacuum and the resulting orange oil was
stirred overnight in diethyl ether. The hygroscopic solid that formed was
quickly filtered off, washed with diethyl ether and dried in a dessicator
(yield=83%; 250 mg, 3V10�4 mol); 1H NMR ([D6]DMSO, 250 MHz):
d=8.01 (dd, J=5.9 Hz, J’=3.7 Hz, 2H; H�Ph), 6.68 (s, 2H; H�Im), 6.58
(s, 2H; H�Im), 6.43 (dd, J=5.9 Hz, J’=3.7 Hz, 2H; H�Ph), 4.29 (t, J=


7.9 Hz, 16H; N+
ACHTUNGTRENNUNG(CH2�Pr)), 4.09 (q, J=7.9 Hz, 16H; N+(Et�CH2�Me)),


2.23 (q, J=6.7 Hz, 16H; N+(Me�CH2�Et)), 1.8 ppm (t, J=6.7 Hz, 24H;
N+


ACHTUNGTRENNUNG(Pr�CH3)); IR (KBr): ñ=1653 (C=O); ESI-MS (negative): m/z (%):
350 (14.8), 351 (100), 352 (23.9), 353 (41.1), 354 cm�1 (9)


Crystallographic data collection and refinement of the structures of
[NiLH2] and [NiL]: For [NiLH2], an orange crystal with approximate di-
mensions of 0.120V0.060V0.040 mm was selected. For [NiL], an orange
crystal with approximate dimensions of 0.280V0.260V0.140 mm was se-
lected. For the two compounds, diffraction collection was carried out on
a kappa Bruker diffractometer equipped with an APEX II CCD detec-
tor. The lattice parameters were determined from 20 images recorded
with 18 F scans and later refined on all data. The temperature of the
crystal was maintained at the selected value (100 K) by means of a 700
series Cryostream cooling device to within an accuracy of �1 K. Data
were corrected for Lorentz polarisation. The structures were solved by
direct methods by using SHELXS-97[41] and refined against F2 by full-
matrix least-squares techniques by using SHELXL-97[42] with anisotropic
displacement parameters for all non-hydrogen atoms. Hydrogen atoms
were located on a difference Fourier map and introduced into the calcu-
lations as a riding model with isotropic thermal parameters. Hydrogen of
H2O of [NiL] were refined. All calculations were performed by using the
Crystal Structure crystallographic software package WINGX.[43]


Crystal [NiLH2]: formula=C14H10N6NiO2; Mr=352.97, T=100(1) K, l=


0.71073 P; crystallographic system: orthorhombic; space group: Pnna ;
a=6.9007(7), b=9.3164(12), c=20.492(3) P, V=1317.4(3) P3, Z=4; 1=


1.780 gcm�3, m =1.494 mm�1, qmax=29.918 ; reflections measured: 5992;
independent reflections: 1303; reflections observed with I>2s(I): 1052
(Rint=0.0378); parameters: 109; R1=0.0634; wR2=0.0634; (D/s)max=
0.002, D1max=0.484 eP


�3, D1min=�0.323 eP�3.
Crystal [NiL]: formula=C22H44N8NiO8; Mr=607.34, T=100(1) K, l=


0.71073 P; crystallographic system: orthorhombic; space group: Pnma ;
a=8.69660(10), b=30.1829(4), c=11.5575(2) P, V=3033.71(7) P3, Z=4;
1=1.330 gcm�3, m=0.694 mm�1, qmax=41.878 ; reflections measured:
34036; independent reflections: 9135; reflections observed with I>2s(I):
5978 (Rint=0.0391); parameters: 202; R1=0.0439; wR2=0.0955; (D/
s)max=0.050, D1max=0.658 eP


�3, D1min=�0.672 eP�3.
CCDC 663469 ([NiLH2]) and 663470 ([NiL]) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Computation methods : Density functional theory calculations were car-
ried out using Becke?s three-parameter hybrid functional B3LYP[29] as
implemented in the Gaussian 03 program package.[44] The valence triple-
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zeta basis set including polarisation functions (TZVP) of Ahlrichs and
coworkers[45,46] was used for the nickel ion and the double-zeta sets of the
same authors were used for the other atoms. Spin-unrestricted UB3LYP
calculations were performed for the doublet states of the oxidised com-
plexes. For consistency reasons we did not use experimental structures
but calculated geometries. Hence, in a first step, full geometry optimisa-
tions were carried out in vacuo for each complex. The C2 symmetry con-
straints were fixed for [NiLH2] and [NiL] as well as for their oxidised
forms. In a second step, solvation effects were then introduced in the
framework of a self-consistent reaction field method. The medium was
modelled in the integral equation formalism version of the polarised con-
tinuum model (IEF-PCM)[30,31] and acetonitrile was chosen as solvent as
in the UV/Vis experiments. Parameters of the model—defining the shape
of the solvent cavity and description of the solvent—were kept to their
default value as implemented in the D.02 revision of Gaussian 03.[44]


However, individual spheres were added on the imidazole hydrogen
atoms (when present).


Time-dependent density functional calculations (TDDFT)[47] were per-
formed to determine the energies and characters of the lowest vertical
excitations retaining the spin multiplicity of the ground state. The UV/
Vis spectra were next simulated by a sum of individual gaussian line-
shapes with a value of 3200 cm�1 (�0.40 eV) for the full-width at half-
maximum (fwhm) and a band area proportional to the calculated oscilla-
tor strength. Such a value of the fwhm is used in similar simulations.[48,49]
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Introduction


Copper enzymes play an essential role in electron-transfer
processes during photosynthesis and respiration, in the me-
tabolism of dioxygen, in the deactivation of toxic intermedi-
ates of O2 reduction, and within the biological nitrogen
cycle, in which they mediate the reduction of nitrite or ni-
trous oxide.[1–5] For several decades, the nature of copper-
containing active sites has been intensively studied by many
research groups because of the unusual coordination geome-
tries of copper ions, their outstanding redox potentials, ab-
sorption spectra, and electron paramagnetic resonance fea-
tures, as well as their interactive role with other metal ions.
Progress in metalloprotein biochemistry has profited a great
deal from bioinorganic research: for nearly three decades
now, a considerable body of knowledge has been accumulat-
ed from studies on the properties of small synthetic copper
complexes that serve as model systems designed to mimic
particular structural and/or functional aspects of their bio-
logical paragons.[2,6] For such systems it is possible to apply
the whole repertoire of modern synthetic, spectroscopic, and
theoretical methods to gain much more detailed insight than
would be possible for biological macromolecules.


Abstract: The “bare” complex [Cu-
ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ with a phenol
(PhOH) and a phenoxy (PhO) ligand
bound to copper is studied both experi-
mentally and computationally. The
binding energies and structure of this
complex are probed by mass spectrom-
etry, infrared multi-photon dissociation,
and DFT calculations. Further, the
monoligated complexes [Cu ACHTUNGTRENNUNG(PhO)]+


and [Cu ACHTUNGTRENNUNG(PhOH)]+ are investigated for
comparison. DFT calculations on the
[Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ complex predict


that a phenolate anion interacts with
copper(II) preferentially through the
oxygen atom, and the bonding is asso-
ciated with electron transfer to the
metal center resulting in location of
the unpaired electron at the aromatic
moiety. Neutral phenol, on the other


hand, interacts with copper preferen-
tially through the aromatic ring. The
same arrangements are also found in
the monoligated complexes [Cu-
ACHTUNGTRENNUNG(PhO)]+ and [CuACHTUNGTRENNUNG(PhOH)]+ . The calcu-
lations further indicate that the bond
strength between the copper atom and
the oxygen atom of the phenoxy radi-
cal is weakened by the presence of
neutral phenol from 2.6 eV in bare
[Cu ACHTUNGTRENNUNG(PhO)]+ to 2.1 eV in [Cu ACHTUNGTRENNUNG(PhOH)-
ACHTUNGTRENNUNG(PhO)]+ .
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In metalloproteins, copper ions primarily occur in the two
oxidation states +1 and +2, which are easily accessible
under biological conditions. Contrary to earlier assumptions,
recent bioinorganic evidence suggests that CuIII might also
be relevant as constituent of active sites, but so far this re-
mains to be verified for biological systems.[7,8] Copper ions
in active sites of enzymes have historically been divided into
three classes according to the spectroscopic features that
arise from their particular electronic structure:[9] enzymes of
type 1 and type 2 contain a single copper ion, whereas
type 3 sites contain dinuclear copper centers. This classifica-
tion does not, however, correlate the various functions of
copper proteins with the nuclearity of active sites, and both
mono- and binuclear (as well as multinuclear) copper sites
are involved in the diverse arrays of copper–enzyme func-
tions. It is in fact a rather intimate interplay between the
ligand environment and the redox properties associated with
the coordinated copper ions that determines the intrinsic re-
activity of a metal site. The nature of this fundamental struc-
ture/activity relationship is not yet fully understood, despite
the enormous progress that has been made in recent
years.[10–17]


The electronic interplay between ligands and a single
copper ion is illustrated in the presumed catalytic cycle of
the enzyme galactose oxidase (GO, Scheme 1).[18] GO is a
member of the radical copper oxidase family of enzymes
and contains two tyrosine moieties and a single copper ion
in the active center. It is a highly efficient catalyst for the


two-electron oxidation of primary alcohols to aldehydes ac-
cording to RCH2OH!RCHO+2e�+2H+ directly using O2


from air, with O2+2e�+2H+!H2O2 as the reductive half-
reaction. While copper shuttles between the two oxidation
states I and II, the phenoxy/phenolate groups of the tyrosine
groups participate in the overall reaction as redox-active li-
gands, thereby enabling a two-electron redox process during
the catalytic cycle.[19] Several model systems for GO have
been devised, but the high catalytic efficiency of the enzyme
is still far out of reach.[20–22]


Evidently a deeper understanding of the interplay be-
tween copper ions and redox-active phenol-based ligands is
important, not only because this interaction is essential for
the catalytic activity of enzymes like GO or glyoxal oxidase
(GLO),[23] but also because it is highly relevant for technical
processes.[24] Here we present a study of the structural fea-
tures and the unimolecular reactivity of the simple model
system CuII/phenol/phenoxy/phenolate (Scheme 2), which is
examined in the gas phase by means of mass spectrometry,
including infrared spectroscopy of the mass-selected cation,
and quantum chemical methods.


Experimental and Computational Methods


The mass spectrometric studies were performed with three different in-
struments. Collision-induced dissociation (CID) mass spectra were re-
corded with a VG BIO-Q mass spectrometer equipped with an ESI
source and of QHQ configuration (Q stands for quadrupole and H


Scheme 1. Sketch of the mechanism suggested for the oxidation of alcohols in the active center of galactose oxidase.[2]
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stands for hexapole).[25] Three different copper salts (Cu ACHTUNGTRENNUNG(NO3)2, CuCl2,
and CuBr2) dissolved in water were employed and phenol was added.
The solutions were admitted to the ESI source (5 mlmin�1) and sprayed
to the mass spectrometer with a potential of approximately 4 kV. CID ex-
periments were performed with Q1-selected ions using xenon as collision
gas in the hexapole at various collision energies (Elab=0–20 eV) and a
pressure of about 2.5Q10�4 mbar, which approximately corresponds to
single collision conditions.[25] The product ions formed in the hexapole
were then analyzed by scanning Q2. The collision energies were convert-
ed to the center-of-mass frame, ECM= [m/ ACHTUNGTRENNUNG(M+m)]Elab, in which m and M
are the masses of the collision gas and the ionic species, respectively. Var-
iation of the collision energy leads to breakdown diagrams that enable
the determination of phenomenological appearance energies (AEs)[26] of
the various fragmentation channels by linear extrapolation of the signal
onsets to the baseline. The corresponding experimental errors were esti-
mated by applying linear extrapolations with gradients deviating from
the best possible fits, but which were still in reasonable agreement with
the experimental data. It is to be pointed out, however, that the AEs
given below do not correspond to the thermochemical thresholds of the
respective ion dissociations, but only provide a qualitative frame for the
energy demands of the various fragmentations.[26, 27]


Some additional experiments were performed on a TSQ Classic mass
spectrometer equipped with an ESI source. The instrument bears a QOQ
configuration (O stands for octopole) and thereby allows the perfor-
mance of a variety of MS/MS experiments.[28] The results obtained with
both instruments are in very good agreement. In this paper, we refer to
the data set obtained at the VG BioQ unless noted otherwise.


The gas-phase infrared (IR) spectra of mass-selected ions were recorded
by using a Bruker Esquire 3000 ion trap mounted to an infrared laser.[29]


The infrared light was generated by a free electron laser at CLIO
(Centre Laser Infrarouge Orsay, France). CLIO was operated in the 40–
45 MeV range, and it gave laser beams covering a spectrum roughly rang-
ing from 900–1800 cm�1. The ions of interest were generated by ESI,
mass-selected, and stored in the ion trap. The ion fragmentation was in-
duced by 1–4 laser pulses admitted to the ion trap, and the dependence
of the fragmentation intensities on the wavelength of the IR light then
led to infrared multiphoton dissociation (IRMPD) spectra.


Quantum chemical calculations were performed to establish structures
and relative energies of relevant isomers for the species under study and
to allow a detailed assignment of the modes in their vibrational spectra.
Energies and optimized geometries were obtained at the B3LYP level of
density functional theory (DFT) employing the TZVP basis sets as imple-
mented in the Gaussian 03 package.[30–38] Harmonic vibrational frequen-
cies and zero point vibrational energies (ZPVEs) were computed at the
same level of theory from analytically derived Hessian matrices by stan-
dard routines implemented in the Gaussian program. Relative energies
reported refer to enthalpy differences DH at 0 K, which were obtained
by summing total energies and (unscaled) ZPVE contributions. Compa-
rative studies of theoretically derived and experimentally measured heats
of formation of various molecules show that the accuracy of the B3LYP
functional is usually better than �0.2 eV when used in combination with
basis sets of triple-z quality.[39,40] To validate the DFT description for the
energetic ordering of isomers additional post-Hartree–Fock calculations


at the CCSD(T) level were performed on all [Cu ACHTUNGTRENNUNG(PhOH)]+ and [Cu-
ACHTUNGTRENNUNG(PhOH)]+ isomers, based on the DFT-optimized structures. The cc-
pVDZ and cc-pVTZ basis sets for C, O, and H atoms[41] were used in
combination with the pseudopotential-based correlation consistent cc-
pVDZ-PP and cc-pVTZ-PP basis sets of Peterson and Puzzarini[42] and
the relativistic small-core pseudopotential developed by Figgen et al.[43]


for Cu. These calculations were performed using the program Molpro.[44]


Results and Discussion


Electrospray ionization of an aqueous solution of copper ni-
trate and phenol provides the complex [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+


with the expected isotope pattern (Ph=phenyl). The ioniza-
tion conditions were kept either relatively mild in order to
generate the complexes with two phenol-based ligands in
the ESI source, or the source was operated under harsher
conditions at which the monoligated complexes [Cu ACHTUNGTRENNUNG(PhO)]+


and [Cu ACHTUNGTRENNUNG(PhOH)]+ are generated preferentially.[27a,45,46] Ac-
cordingly, both types of complexes are chosen as model sys-
tems for CID experiments, IRMPD spectra, and theoretical
investigations.


We first established the structures and relative stabilities
of the isomers that arise from coordination of the copper
ion either to the non-bonding electrons of the oxygen atom
or to the p-electron system of the aromatic rings by means
of DFT computations. The results for phenol (Figure 1)


clearly show that the copper ion preferentially binds to the
p-electron system of the aromatic ring rather than to the
oxygen lone pairs. The most stable structure 1a corresponds
to a h1-coordination mode with copper bound to the para-
carbon atom. The h2- and h6-coordination modes in 1b and
1c are slightly less stable, but all three isomers lie very close
in energy.[47–50] It is therefore reasonable to expect that the
energy barriers between these isomers are also small.[51]


Such a situation results in a dynamic equilibrium between
all p-bound structures, which can be termed as a “copper
ring-walk” in analogy to the well-known “hydrogen ring-
walk” reported for protonated aromatic compounds.[52–55] In
contrast, interaction of the copper ion with the oxygen atom
of phenol leads to the least stable structure (1d) of the [Cu-


Scheme 2. Structural sketches of a) a phenolato ligand in [Cu ACHTUNGTRENNUNG(PhO)]+ ,
b) the alternative redox electromer of a phenoxy radical bound to CuI,
c) a phenol ligand in a p-bound complex [Cu ACHTUNGTRENNUNG(PhOH)]+ /2+ , and d) a
phenol ligand in an O-bound complex.


Figure 1. Structures of [Cu ACHTUNGTRENNUNG(PhOH)]+ obtained by B3LYP/TZVP and en-
ergies (in eV) relative to the most stable species 1a.
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ACHTUNGTRENNUNG(PhOH)]+ complexes studied here. We further considered a
potential rearrangement of the hydrogen atom, from the
oxygen atom to the ring, and we identified the correspond-
ing complexes derived from 2,4-cyclohexanedienone and
2,5-cyclohexanedienone with copper bound to the oxygen
atom (not shown), which are 0.32 and 0.22 eV, respectively,
higher in energy relative to 1a. Thus, all isomers with
copper bound to the oxygen atom lie considerably higher in
energy than the p-bound structures.


Preferential coordination of copper at carbon is rather un-
expected considering the wealth of literature on metal bind-
ing to phenol-based ligands (such as tyrosine) in the biologi-
cal context, in which solely O coordination of metal ions is
suggested. However, our present results for the structures
and energetic ordering of [Cu ACHTUNGTRENNUNG(PhOH)]+ isomers are in full
agreement with the previous computational investigations of
Corral et al.[51] and Sodupe and co-workers.[56] Furthermore,
p coordination of naked Cu+ is perfectly consistent with
well-established concepts for metal-ion coordination,[49,57–60]


and indeed, crystallographic evidence for h1-, h2-, and h6-co-
ordination of CuI to arenes[61–65] exists, including examples
for preferential p- rather than O-binding of CuI to p-benzo-
quinones.[66, 67]


As the second part of our model system, we investigated
the [Cu ACHTUNGTRENNUNG(PhO)]+ fragment. This species could formally be
seen as a CuII complex with a phenolate ligand or, alterna-
tively, as a complex of CuI with a phenoxy radical
(Scheme 2). In fact, our results consistently show that the
latter description is correct, at least under gas-phase condi-
tions: spin density distributions computed for all isomers
clearly indicate that the unpaired electron is almost exclu-
sively distributed over the atoms of the PhO ligand, with
only minor contributions on the copper ion (cf. Figure 2,
which exemplarily shows the spin density computed for the
most stable isomer 2a).


For the [Cu ACHTUNGTRENNUNG(PhO)]+ system, we identified three isomers
with different copper binding modes (Figure 2). While these


structures are all in accordance with those identified for
[Cu ACHTUNGTRENNUNG(PhOH)]+ , we were unable to locate a stable h1-mini-
mum structure corresponding to 1a, the most stable [Cu-
ACHTUNGTRENNUNG(PhOH)]+ isomer. All attempts to optimize such a minimum
led to 2b or 2c instead. Also, in striking contrast to the re-
sults obtained for the phenol system, copper coordination to
the oxygen atom (2a) is energetically significantly more fa-
vored than coordination to the p-system of the aromatic
ring in the [Cu ACHTUNGTRENNUNG(PhO)]+ complex: the h2-isomer 2b and the
h6-complex 2c lie 0.81 and 0.90 eV, respectively, higher in
energy than 2a.


We validated the DFT results for the energetic ordering
of isomers of 1 and 2 by additional CCSD(T) single-point
calculations employing the cc-pVDZ(PP) and cc-pVTZ(PP)
basis sets. The results in Table 1 reveal some differences be-


tween DFT and coupled cluster theory, but the qualitative
DFT picture is nicely confirmed by the CCSD(T) calcula-
tions: p coordination is favored over O coordination for iso-
mers of 1, and vice versa for isomers of 2.


Minor differences are observed for the energetic ordering
of p-bound isomers. Contrary to the DFT results, the h6-co-
ordination mode in 1c is favored over the h1- and h2-coordi-
nation present in 1a and 1b at the CCSD(T) level. Similarly,
h6-coordination is favored over h2-coordination for the cor-
responding [Cu ACHTUNGTRENNUNG(PhO)]+ isomers 2c and 2b. The energy dif-
ferences between the p-bound isomers 1a–c are somewhat
more pronounced at the CCSD(T) level compared to the
DFT results. However, since the coupled cluster calculations
are based on DFT structures, we consider the observed dif-
ferences not sufficiently significant to unambiguously assign
the most favored coordination modes. Such discrepancies
have been observed before,[68] and more definite answers
would require geometry optimizations at the CCSD(T)
level, but this is outside our scope at present due to the
enormous numerical effort required. In any case, the
CCSD(T) results also indicate a flexible coordination of
copper ions to the p-face of the phenol ligand, so that the
dynamical picture of a “copper ring-walk” is probably more
appropriate than any static assignment of the most favorable
p coordination mode. We are thus confident that our com-
puted energetic ordering of isomers is sufficiently accurate
at the DFT level to support our conclusions in the follow-
ing.


Figure 2. Structures of [Cu ACHTUNGTRENNUNG(PhO)]+ calculated by B3LYP/TZVP and en-
ergies (in eV) relative to the most stable species 2a ; the bottom right
graphic exemplarily shows the computed spin density of 2a (a-spin: light
gray, b-spin: dark gray, isosurface at 0.005 a.u.), corresponding figures
result for 2b and 2c (not shown).


Table 1. Energies of isomers [DH at 0 K in eV] relative to the most
stable species for 1 and 2. CCSD(T) results are based on B3LYP/TZVP
structures and ZPVE contributions. Coupled cluster results were extrapo-
lated to the basis set limit (index xtra) according to the linear Ansatz of
Halkier et al.[76]


1a 1b 1c 1d 2a 2b 2c


B3LYP/TZVP 0.00 0.02 0.04 0.38 0.00 0.81 0.90
CCSD(T)/cc-pVDZ(PP) 0.16 0.14 0.00 0.48 0.00 0.79 0.75
CCSD(T)/cc-pVTZ(PP) 0.14 0.11 0.00 0.56 0.00 0.74 0.74
CCSD(T)/xtra 0.13 0.10 0.00 0.56 0.00 0.72 0.75
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Based on the results for the [CuACHTUNGTRENNUNG(PhOH)]+ and [Cu-
ACHTUNGTRENNUNG(PhO)]+ fragments, all conceivable coordination modes for
the copper/phenoxy/phenol complex ([Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+)
were considered, and four stable isomers were identified
(Figure 3). The most stable complex 3a involves a Cu�O


bonding motif between copper and the phenoxy group and
a h1-coordination of copper to the para position of the ring.
Thus, the most stable arrangement for the bisligated com-
plex [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ involves the two most favorable
binding modes identified for the monoligated species [Cu-
ACHTUNGTRENNUNG(PhOH)]+ and [Cu ACHTUNGTRENNUNG(PhO)]+ . Isomer 3b, which involves h2-
coordination in the Cu/PhOH subunit, is almost equally
stable, which implies a similar structural flexibility as al-
ready suggested for the carbon-bound isomers of 1. Interest-
ingly, isomer 3c, with the copper ion bound to the oxygen
atoms of both ligands, is only 0.14 eV higher in energy than
3a, whereas for 1a and 1c the difference between C and O
coordination is 0.38 eV in favor of the former. This result
suggests that the coordination of another ligand to copper
diminishes the energy difference between various binding
modes in the CuACHTUNGTRENNUNG(PhOH) unit. On the other hand, complex
3d with the less favorable p coordination of copper to the
phenoxy radical lies 0.82 eV above 3a, which is nearly the
same energy difference between C and O coordination as
found in 2, hence the binding mode in the CuACHTUNGTRENNUNG(PhO) unit is
only negligibly influenced by the additional neutral ligand.
As for 2, the computed spin densities of isomers of 3 (not
shown) reveal that the unpaired electron density almost ex-
clusively resides on the PhO moiety, with very minor contri-
butions on the copper ion. Hence, also in 3 the PhO ligand
is correctly considered to be a phenoxy radical rather than a
phenolate ligand.


In summary, binding of a phenoxy ligand to copper is
found to be mediated solely by the negatively charged
oxygen atom. The p coordination is energetically disfavored


and this property remains unaltered in the presence of the
additional phenol ligand. The strong preference for C over
O coordination of Cu bound to phenol in the [Cu ACHTUNGTRENNUNG(PhOH)]+


fragment is, in turn, reduced upon coordination of phenoxy
as a second ligand. Hence, interaction of [Cu ACHTUNGTRENNUNG(PhO)]+ with
neutral phenol leads to a variety of [CuACHTUNGTRENNUNG(PhOH)ACHTUNGTRENNUNG(PhO)]+ iso-
mers lying very close in energy, with a large structural flexi-
bility in the Cu···PhOH coordination. The energetically most
favored arrangements arise from coordination with the
carbon atoms of phenol, but binding with the oxygen atom
of phenol is likely to contribute to the structural pool.


In this context we note that O coordination of copper to
phenol, phenoxy, or phenolate is generally suggested as the
dominant structural motif in the active centers of copper-
containing enzymes, rather than binding to the p system of
the aromatic ring.[20] However, our present results imply
that, in the case of neutral phenol, cation–p interactions
might play a more important role than anticipated previous-
ly in the discussion of copper active site structures. In this
context we note that the important role of cation–p interac-
tions has also been highlighted for the binding of main-
group metals with tyrosine and other aromatic com-
pounds.[57] The higher coordination numbers of copper ions
in relevant biological environments would most likely result
in a different picture, but at this point we would like to em-
phasize that p coordination of phenol ligands should be
seen as additional flexibility of the ligand sphere at the
active sites to fill vacant coordination sites around the cen-
tral copper ion that arise upon substrate liberation in the
course of a catalytic cycle. We suggest this view as a concep-
tual alternative for the usual picture, which involves inter-
mediate coordination of exchangeable solvent molecules
like water.[20] Thus, for example for GO, which has a low
substrate binding affinity,[69] the stabilization of the resting
states might be achieved by a simple change in the coordina-
tion mode of the tyrosine ligands rather than by the involve-
ment of the external solvent molecules, which should be en-
tropically disfavored. This intriguing aspect will form the
subject of future investigations.


The elucidation of the structure(s) of [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+


is further complemented by the measurement of its infrared
multiphoton dissociation (IRMPD) spectrum. The structure
of the investigated complex can be assessed based on the
comparison of its experimental spectrum and the calculated
IR spectra for the most stable isomers (Figure 4). The exper-
imental spectrum contains five main peaks at 1176, 1285,
1345, 1512, and 1588 cm�1 (black lines in Figure 4). The best
agreement between the experimental and theoretical spectra
can be found for isomer 3b with the relative shifts of the
peak positions less than 10 cm�1 (Figure 4, middle). The cal-
culated IR spectrum of isomer 3a is also in relatively good
agreement with the experimental findings, with the largest
deviation for the experimental band at 1285 cm�1, for which
the calculated peak is blue-shifted by 21 cm�1. However,
both calculated spectra (for 3a and 3b) show a discrepancy
concerning the intensities of the peaks at 1512 and
1588 cm�1, which are inversed in intensity in comparison


Figure 3. Structures of [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ calculated by B3LYP/TZVP
and energies (in eV) relative to the most stable species 3a.
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with experiment. This difference is considered less signifi-
cant, because the intensities obtained in IRMPD spectra do
not necessarily coincide with those of a classical infrared
spectrum.[70–72]


The match between the spectrum of the third isomer 3c
and the experimental one is much less satisfying. The main
discrepancy again concerns the experimental peak at
1285 cm�1, which is not reproduced by the calculations. The
computed spectrum, on the other hand, contains an intense
peak at 1239 cm�1, which is not present in the experimental
spectrum. A more detailed inspection of the experimental
spectrum reveals that the peak at 1176 cm�1 has a small
shoulder at about 1225 cm�1. Modeling of this composite
peak by three Gaussian functions suggests that this shoulder
might be due to the peculiar peak at 1239 cm�1 in the spec-
trum of 3c. Thus, this feature in the spectrum could be evi-
dence for a small population of the isomer 3c along with the
dominant contributions of isomers 3a and 3b.


Based on comparison with the calculated spectra of 3a
and 3b, the experimental bands can be assigned in the fol-
lowing manner: the peak at 1176 cm�1 corresponds to the
C�O�H bending mode of the phenol ligand; the peak at
1285 cm�1 reflects the C�O stretching vibration of the
phenol ligand; the smaller peak at 1345 cm�1 is assigned to
the C�H bending modes of PhOH; the peak at 1512 cm�1 is
also due to C�H bending modes of PhOH with a contribu-
tion from the C�O stretching mode of the phenoxy ligand.
The latter mode gains intensity when the copper ion is coor-
dinated to both oxygen atoms, as seen in Figure 4 (bottom).
Finally, the peak at 1588 cm�1 corresponds to the C�C
stretching vibrations in both ligands. For a more detailed
discussion of the computed spectra see the Appendix.


We note in passing that the calculated spectra of copper
complexes with 2,4-cyclohexanedienone and 2,5-cyclohex-
ACHTUNGTRENNUNGanedienone are substantially different from the experimen-
tal spectra. In particular, neither of the theoretical spectra
exhibits any peak around 1176 cm�1, in agreement to the as-
signment of this particular peak to the C�O�H bending
mode, which cannot be present in the dienone complexes.


Unfortunately, attempts to record the IRMPD spectra for
the monoligated complexes [Cu ACHTUNGTRENNUNG(PhO)]+ and [Cu ACHTUNGTRENNUNG(PhOH)]+


were not successful. The complex [Cu ACHTUNGTRENNUNG(PhOH)]+ was not
generated in a sufficient amount in the ESI source of the
IRMPD instrument, whereas the ion yield of [Cu ACHTUNGTRENNUNG(PhO)]+


was sufficient, but the ion underwent a rapid association
with water present as a background gas in the ion-trap mass
spectrometer used in these experiments.


Bond energies of [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ : The binding ener-
gies between copper and the phenol or phenoxy ligand are
derived from the analysis of collision-induced dissociation
(CID) mass spectra at variable collision energies. CID of
[Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ leads to [Cu ACHTUNGTRENNUNG(PhO)]+ and [Cu-
ACHTUNGTRENNUNG(PhOH)]+ as the two major products. The dependences of
the fragment abundances on the collision energy in the CID
experiments allow the evaluation of the respective appear-
ance energies (AEs) for the various dissociations
(Figure 5).[26,27] The appearance energy for the loss of the


phenoxy radical from [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ accordingly
amounts to 1.6�0.2 eV and that for the loss of phenol to
1.3�0.2 eV. At first sight, the small difference between the
appearance energies of the ligand losses from [Cu ACHTUNGTRENNUNG(PhOH)-
ACHTUNGTRENNUNG(PhO)]+ might be surprising, because two apparently differ-
ent, coordinative and covalent, bonds are cleaved. However,
the calculations suggest that the bonding of CuII with the
phenolate anion is associated with electron transfer; this ef-
fectively leads to CuI and the phenoxy ligand, and therefore
the bonding of both the neutral phenol and the phenoxy
ligand to the copper ion is of coordinative nature. The simi-
larity of the binding energies appears as a particular high-
light of the CuI/CuII couple in conjunction with phenolate as
a redox-active ligand.


Figure 4. IRMPD spectra of [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ (black line) compared
with the B3LYP/TZVP calculated spectra (gray area, with Gaussian
broadening of all signals by 20 cm�1) of the structural isomers 3a (top),
3b (middle), and 3c (bottom).


Figure 5. Example of a fit of relative intensities of the ionic fragments
[Cu ACHTUNGTRENNUNG(PhOH)]+ and [Cu ACHTUNGTRENNUNG(PhO)]+ upon CID of mass-selected [Cu ACHTUNGTRENNUNG(PhOH)-
ACHTUNGTRENNUNG(PhO)]+ with xenon as collision gas.
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These experimental results are fully consistent with the
calculated values. The calculated energy necessary for the
dissociation of [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ to [CuACHTUNGTRENNUNG(PhOH)]+ and
PhOC is 2.1 eV, and that for the dissociation to [Cu ACHTUNGTRENNUNG(PhO)]+


and PhOH is 1.8 eV. The calculated bond energies are some-
what larger than those determined experimentally, which
can mostly be attributed to shortcomings of the appearance
energy measurements, which underestimate the true thermo-
chemical threshold.[27a,c] Accordingly, we will preferentially
consider the calculated energies in the following discussion.


The influence of the counterions from the copper salts on
the complex formation is considered too, because it might
have a non-negligible effect on the internal energy of the
cationic species generated. If there is such an effect, then it
is most probably a consequence of how the complex is gen-
erated in the ESI source, which in turn may affect the rela-
tive abundances of the product ions produced in the dissoci-
ation of [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ generated from an aqueous so-
lution of phenol and Cu ACHTUNGTRENNUNG(NO3)2, CuCl2, and CuBr2. The data
obtained (Table 2) demonstrate that the energies for binding


of the phenol and the phenoxy ligand to copper in [Cu-
ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ agree within the experimental error and
do not depend on the nature of the copper salt used for the
generation of the parent complex. The average binding
energy for phenol is 1.4�0.2 eV and that for a phenoxy rad-
ical is 1.6�0.2 eV.


Bond energies of [Cu ACHTUNGTRENNUNG(PhO)]+ : The same procedure is used
for the determination of the bond energy of the phenoxy
ligand in [Cu ACHTUNGTRENNUNG(PhO)]+ . The major channel in the CID spec-
trum of [Cu ACHTUNGTRENNUNG(PhO)]+ corresponds to the loss of a phenoxy
radical to afford bare Cu+ . In addition, minor loss of a frag-
ment with m/z=28 is observed, which is probably due to
[Cu ACHTUNGTRENNUNG(C5H5)]


+ and is assigned to the expulsion of CO from
the phenoxy ligand.[28] Although the elimination of a phen-
oxy radical might appear in competition with the sequential
expulsions of CO and C5H5, the investigation of the frag-
mentation behavior of [Cu ACHTUNGTRENNUNG(PhO)]+ in dependence of colli-
sion energy suggests the opposite: the onset of the PhOC is
very steep in comparison with that of the CO loss, and
therefore a direct Cu�O bond cleavage, rather than consec-
utive eliminations of CO and C5H5, is expected. The appear-
ance energy for the loss of a phenoxy radical from mass-se-
lected [CuACHTUNGTRENNUNG(PhO)]+ is determined as 2.2�0.2 eV. In compari-


son, the B3LYP calculations again predict a slightly higher
dissociation energy of 2.6 eV (see above).


As expected, the binding of the phenoxy radical to the
naked copper ion is stronger than that of PhOC in the bisli-
gated complex [CuACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ . In turn, this implies
that the coordination of a neutral ligand to the copper ion
weakens the interaction between the copper center and the
phenoxy ligand. Based on calculations, a similar trend
emerges in that the binding energy between the copper
atom and the phenoxy radical is estimated as 2.6 eV for [Cu-
ACHTUNGTRENNUNG(PhO)]+ and 2.1 eV for [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ . The relative
decrease of the binding energy hence amounts to 0.5 eV,
and is in reasonable agreement with the experimental differ-
ence of the AEs (0.8�0.3 eV). Scheme 3 shows the relation-
ships of the relevant bond energies for both major dissocia-
tion channels of [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ and a comparison with
the bond energies of the products of dissociation.


Conclusion


The investigation of the intrinsic properties of the [Cu-
ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ complex reveals several new findings. The
computational study of the structure of the monoligated
complex [Cu ACHTUNGTRENNUNG(PhO)]+ demonstrates that copper is bound to
the oxygen atom of the phenoxy ligand. On the other hand,
for the [Cu ACHTUNGTRENNUNG(PhOH)]+ complex it is shown that copper pref-
erentially binds to the aromatic ring of phenol with bonding
to the carbon atom in the para position being the most
stable isomer. These preferences are also reflected in the
bis ACHTUNGTRENNUNGligated complex [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ . The theoretical re-
sults are confirmed by a pleasing agreement between the
calculated IR spectra of the most stable isomers of [Cu-
ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ and the experimental IRMPD spectrum.
Based on our results we suggest p coordination of Cu+ to
phenol groups as an additional flexibility of the ligand
sphere at copper protein active sites.


The binding energies between copper and the ligands in
[Cu ACHTUNGTRENNUNG(PhO)]+ and [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ are also estimated. In
the monoligated complex [CuACHTUNGTRENNUNG(PhO)]+ , the energy necessary
for cleavage of the bond between CuI and the phenoxy radi-
cal amounts to 2.6 eV. The coordination of a neutral ligand
to [Cu ACHTUNGTRENNUNG(PhO)]+ results in a weakening of the bond between
copper and the phenoxy ligand. The dissociation of [Cu-


Table 2. Appearance energies [in eV] for the losses of phenol and phen-
oxy ligands in [CuACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ complexes as determined from CID
experiments. The parent complex was generated from aqueous solutions
of phenol and CuACHTUNGTRENNUNG(NO3)2, CuCl2, and CuBr2. The last row gives DAE
[eV].


NO3 Cl Br Average


AE ACHTUNGTRENNUNG(-PhOH) 1.3 1.4 1.4 1.4�0.2
AE ACHTUNGTRENNUNG(-PhO) 1.6 1.7 1.5 1.6�0.2
DAE 0.3 0.3 0.1 0.2�0.2


Scheme 3. Energy diagram for the complexes [Cu ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ , [Cu-
ACHTUNGTRENNUNG(PhO)]+ , and [Cu ACHTUNGTRENNUNG(PhOH)]+ ; all values refer to the B3LYP/TZVP calcu-
lations and are given in eV.
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ACHTUNGTRENNUNG(PhOH) ACHTUNGTRENNUNG(PhO)]+ involves competitive eliminations of
phenol and the phenoxy radical. The elimination of PhOC is
associated with an energy demand of 2.1 eV and that of
PhOH requires 1.8 eV.


Appendix


To establish the accuracy that can be expected from the B3LYP/TZVP
level of theory for the computation of vibrational frequencies for the
present set of systems we studied the vibrational spectra of phenol and
the phenoxy radical in some detail. Table 3 shows a comparison of the


computed harmonic frequencies with recent Fourier transform infrared
spectra measurements in CCl4 for phenol in the region between 1000 and
2000 cm�1.[73] While we did not perform an in-depth analysis of normal
modes we note a pleasing agreement between qualitative normal mode
characterizations from visual inspection of the vibrations with the de-
tailed assignments given in reference [73]. Notwithstanding the fact that
various phenol normal modes are complicated mixtures of several contri-
buting internal coordinates we present a gross characterization of key
normal modes relevant in the present context in Figure 6. Table 4 shows


a comparison of recent experimental results of Spanget-Larsen et al.[74]


and computed results for the phenoxy radical.


The data presented in Table 3 demonstrates that the deviation between
experimental and computed frequencies for phenol can be reduced sub-
stantially by empirical scaling with a uniform factor of 0.979, which is ob-
tained as the arithmetic mean of the individual scaling factors. The same
procedure applied to the phenoxy results (Table 4) yields a different scal-
ing factor of 0.990. Consideration of all vibrations for phenol and phen-
oxy results in a factor of 0.984, which is remarkably close to the scaling
factor of 0.983 derived by Michalska et al. for the phenol vibrations.[73]


However, the characteristic (i.e., most intensive) frequencies of both spe-
cies do not profit consistently from empirical scaling. This is consistent
with findings of Pulay and co-workers, who showed that individual scal-
ing of force constants based on normal coordinate analyses is much more
appropriate for related systems.[75] We thus refrained from any uniform
scaling of vibrational modes and we based our discussion above solely on
unscaled computed harmonic vibrational frequencies.


A characterization of the vibrational modes for species 3a–c is shown in
Figure 7. In the computed vibrational spectrum of parent phenol we find
the C�O stretching frequency at 1280 cm�1. Upon coordination of CuI


this band is shifted to 1338 cm�1 (1a), 1305 cm�1 (1b), and 1151 cm�1


(1d). In 1c the assignment of this mode is complicated due to strong
mixing with various C�C stretching modes. Comparison with the results
for the C�O stretch in 3 (3a : 1320 cm�1, 3b : 1304 cm�1, 3c : 1183 cm�1)
reveals rather similar shifts.


The computed vibrational spectrum of the isolated phenoxy radical
shows two particularly intensive bands in the region between 1000 and
2000 cm�1. The first peak at 1588 cm�1 corresponds to a C=C stretching
mode and the second band at 1479 cm�1 corresponds to the C�O stretch-
ing motion, in good agreement with the B3LYP/cc-pVTZ (1589 and
1482 cm�1, respectively) and experimental argon matrix results (1550 and
1481 cm�1, respectively) of Spanget–Larsen et al.[74] In 2a the C�C
stretching band is blue-shifted to 1614 cm�1, while we find two bands
with significant C�O stretching contributions at 1511 and 1418 cm�1.
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Table 3. Experimental (first column) and computed harmonic (second
column) vibrational frequencies, and computed intensities of phenol in
the region between 1000 and 2000 cm�1.


w [cm�1] n [cm�1] I [kmmol�1] f[a] w[b] [cm�1]


999 1018 3.1 0.9813 997
1024 1047 5.2 0.9780 1025
1069 1097 15.4 0.9745 1074
1151 1182 54.6 0.9738 1157
1167 1193 88.3 0.9782 1168
1179 1197 18.3 0.9850 1172
1257 1280 82.1 0.9820 1253
1330 1348 8.1 0.9866 1320
1341 1374 24.9 0.9760 1345
1469 1506 24.2 0.9754 1474
1499 1533 55.5 0.9778 1501
1598 1636 42.4 0.9768 1598
1606 1648 40.8 0.9745 1610


[a] f= scaling factor. [b] Computed vibrational frequencies scaled by a
uniform factor of 0.979, obtained as the arithmetic mean of individual
scaling factors f.


Figure 6. Qualitative characterization of selected vibrational modes com-
puted for phenol (harmonic frequencies in cm�1, relative intensities in
kmmol�1 are given in parentheses).


Table 4. Experimental (first column) and computed harmonic (second
column) vibrational frequencies of the phenoxy radical in the region be-
tween 1000 and 2000 cm�1.


w [cm�1] n [cm�1] I [kmmol�1] f[a] w[b] [cm�1]


1038 1012 0.2 1.0258 1002
1072 1094 9.6 0.9798 1083
1140 1171 1.6 0.9735 1159
1167 1171 0.3 0.9965 1159
1266 1277 7.4 0.9911 1265
1318 1341 5.6 0.9828 1328
1397 1419 0.8 0.9844 1405
1441 1448 3.8 0.9952 1433
1481 1479 24.4 1.0014 1464
1515 1549 4.2 0.9782 1533
1550 1588 37.9 0.9758 1572


[a] f= scaling factor. [b] Computed vibrational frequencies scaled by a
uniform factor of 0.990, obtained as the arithmetic mean of individual
scaling factors f.
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Introduction


Trivalent phosphorus compounds have found extensive ap-
plication in coordination chemistry and catalysis and cover a
wide range of ligand types and properties,[1] from highly
basic and bulky donor phosphanes to p-acidic two-coordi-


nated phosphenes, bisphosphenes, or phosphaaromatics.[2]


The latter class have so far found less application than phos-
phanes, but there are promising studies of the use of two-co-
ordinated phosphorus compounds, and in particular of func-
tionally substituted derivatives as hybrid ligands, in coordi-
nation chemistry and catalysis.[2,3] Furthermore, stable P=C
compounds possess broad but so far largely unexplored po-
tential for the synthesis of novel phosphane ligands. A re-
cently highlighted example is the anionic polymerization of
MesP=CPh2 and copolymerization with styrene[4] to produce
novel multiphosphane materials. It is based on addition of
organolithium species at the phosphorus-carbon double
bond, which has also been reported for other types of P=C
compounds.[5] In continuation of our research on carbo- and
heterocyclically anellated azaphospholes and azaphospho-
lides,[6,7] we have observed competition between addition of
tert-butyllithium at the double bond of the P=CH-NR group
and CH-lithiation with bulky N-alkylated 1,3-benzazaphos-
ACHTUNGTRENNUNGpholes;[8] we report here on sterically and polarity-controlled
formation of P=CLi-NR and/or (E)-tBuP-CHLi-NR species,
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3b–5b, formed by lithiation of 1b in THF, tables with detailed X-ray
structural data for 6b, 11b, and 12b, 13C NMR spectra of the reported
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Abstract: (1R)-1,3-Benzazaphospholes
1a–c, P=CH-NR heterocycles of the
indole type, react with tBuLi in two
ways, depending on the steric demand
of the N-substituent and the polarity of
the medium. The presence of small N-
alkyl groups induces CH-deprotonation
in the 2-position to give hetaryllithium
reagents 2a and 2b, whereas bulky N-
substituents and nonpolar solvents
change the reactivity towards addition
at the P=C bond. The preferred regio-
selectivity is tert-butylation at phospho-
rus, occurring with excellent diastereo-
selectivity for trans-adducts 3b and 3c,
but the inverse tert-butylation at C2 to


5b was also observed. N-Neopentyl
groups, with intermediate steric
demand, give rise to formation of mix-
tures in ethers but allow switching
either to selective CH lithiation in
THF/KOtBu or to addition in pentane.
Bulkier N-adamantyl groups always
cause preferred addition. Protonation,
silylation, and carboxylation were used
to convert the P=CLi-NR, (E)-tBuP-
CHLi-NR, and LiP-CH ACHTUNGTRENNUNG(tBu)-NR spe-


cies into the corresponding s2-P or s3-P
compounds 4b and 6a,b, 7b,c, or 8b–
10b with additional N and/or O donor
sites. Slow diffusion-controlled air oxi-
dation of 10b led to the meso-diphos-
phine 11b. Preferred h1-P coordination
was shown for an [Rh ACHTUNGTRENNUNG(cod)Cl] complex
12b, and the potential of the new li-
gands 4b and 7b in catalysis was dem-
onstrated by examples of Pd-catalyzed
C�N coupling and Ni-catalyzed ethyl-
ene oligomerization (TON>6300).
Crystal structures of 6b, 11b, and 12b
are presented.


Keywords: homogeneous catalysis ·
nickel · oligomerization ·
phosphorus · rhodium
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their conversion by electrophiles into new s2- and s3-P
hybrid ligands, and preliminary tests of their use in catalysis.


Results and Discussion


Treatment of 1-methyl-1,3-benzazaphosphole (1a) with
tBuLi (pentane) at low temperature in THF or diethyl ether
led in good yield to the P=CLi-NMe species 2a (Scheme 1),
which crystallized from THF/hexane as a m-C bridged dimer
with two THF molecules per Li ion. It is stable at room tem-
perature for up to 2 d and was treated with various electro-
philes to yield functionally substituted derivatives.[6] It was
expected that bulkier N-substituents would further increase
the stability of related lithiophosphenes and tolerate harsher
reaction conditions, thereby extending the scope of coupling
reactions. Treatment of the bulkier N-neopentyl benzaza-
phosphole 1b[8] with tert-butyllithium (�60 to 0 8C) and sub-
sequently with carbon dioxide and chlorotrimethylsilane,
however, showed more complex behavior. In THF solution,
CH-lithiation competes with addition of tBuLi at the P=CH
substructure, leading to a mixture of 2b, 3b, and 5b, charac-
terized by NMR data (31P, 1H, 13C) and trapping reactions.
On treatment with CO2 and workup by silyl ester formation
and methanolysis, 2b was converted into the s2-P-heterocy-
clic amino acid 6b (Scheme 1), which behaves like a normal
carboxylic acid, is soluble in ether, and forms the well


known hydrogen-bonded dimers in the crystal (Figure 1).
The lack of zwitterionic properties indicates a low basicity
at nitrogen, attributable to inclusion of the nitrogen lone
electron pair into the aromatic p system. The yield (30%)
was considerably lower than observed for 6a from 2a[6]


under equivalent conditions, because of the competing addi-
tion of tBuLi in the case of 1b.
The primary addition product
3b was converted into 4b and
into the carboxylation product
7b, both of which were identi-
fied by NMR in the crude prod-
uct mixture, in good agreement
with the NMR data for isolated
species obtained by independ-
ent synthesis (see below). The
formation of the dihydrobenza-
zaphosphole 4b from 1b and
tBuLi takes place quite rapidly
in THF, more slowly (over-
night) in diethyl ether, and not
at all in pentane, which is con-
sistent with the high reactivity
of 3b and deprotonative attack
on 1b in ethers to give 2b, or
on ethers themselves. The de-
protonation of ethers by reac-
tive branched alkyllithium re-
agents is well known in the lit-
erature.[9] The hetaryllithium
species 2b, however, is less re-
active and does not attack
ethers during its lifetime.


To find out the reason for the
unexpected addition of tBuLi
to the P=C bond of the elec-


Scheme 1. Sterically and polarity-controlled reactions of tBuLi with N-alkylbenzazaphospholes and conversion
with electrophiles (CO2/ClSiMe3 or ClSiMe3).


Figure 1. Molecular structure of 6b in the crystal. Ellipsoids are at 50%
probability. Selected interatomic distances [N] and angles [8]: P3�C2
1.7255(12), P3�C3A 1.7619(13), N1�C2 1.3798(15), C2�C13 1.4798(17);
C2-P3-C3A 88.35(6), N1-C2-P3 115.55(9), C2-N1-C7A 111.22(10), C2-
N1-C8 125.48(10); P3-C2-C13-O1 �170.06(10), P3-C2-C13-O2 10.30(15);
hydrogen bond O2–H02···O1#1: D–H 0.88(2), H···A 1.76(2), D···A
2.6430(13), a ACHTUNGTRENNUNG(DHA) 174.9(18).
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tronically highly stabilized ring system, the lithiation of 1b
was performed under varying conditions. When 1b was
treated with one to five equivalents of tBuOK and one
equivalent of tBuLi in THF at �78 8C and excess Me3SiCl
was added to the resulting solution, only 2-(trimethylsilyl)-
benzazaphosphole (8b) was obtained, along with a small
amount of recovered 1b. Silylated tert-butyl-dihydrobenza-
zaphosphole 9b could not be detected, even in the crude re-
action mixture. This shows that highly polar additives such
as KOtBu favor the deprotonation of 1 over addition. The
facilitation of deprotonation reactions by Schlosser bases is
well known,[10] but the suppression of addition at the P=C
bond in this way is novel and surprising, as the high polarity
of the metal-carbon bond in a Schlosser reagent should also
accelerate addition at P=C.


As a countercheck, the lithiation reaction was performed
in the nonpolar solvent n-pentane. Quenching by methanol-
ysis provided 4b and 10b in a 75:25 molar ratio (by
1H NMR integration of CMe3 signals), carboxylation fol-
lowed by silylation and methanolysis led to precipitation of
the zwitterionic heterocyclic phosphanyl amino acid (E)-7b
in 68% yield and a small amount of 10b in the remaining
solution, and trimethylsilylation of the primary lithium com-
pounds gave a mixture of 9b and 10b. Neither 8b nor 4b
could be detected in any of these reactions, indicating sup-
pression of CH deprotonation of 1b by tBuLi or 3b. The
major products were the E diastereoisomers of 9b, accom-
panied by minor amounts of 2-tert-butyl-dihydrobenzaza-
phosphole (10b), which was formed as a result of the oppo-
site regioselectivity in the addition step and methanolysis of
the P�SiMe3 group in the workup. In this case both pairs of
diastereoisomers were detected by 1H and 31P NMR spectra,
but the E isomers are also favored for steric reasons. The E/
Z assignment of 9b and 10b was based on the strong dihe-
dral angle dependence of two-bond 31P–1H coupling con-
stants. If the proton at C2 is in a trans position relative to
the phosphorus lone electron pair (E diastereoisomers) then
2JP,H is small (4.6 and 1.7 Hz for (E)-9b and (E)-10b), while
if it is in cis position (Z diastereoisomers) 2JP,H is large.[11]


The E configuration with oppositely directed axial 2- and 3-
substituents, in this case determined by X-ray diffraction, is
also manifested in the symmetrical diphosphane meso-11b,
formed as single crystals by slow diffusion-controlled air oxi-
dation of 10b in methanol (Figure 2).


Since the highly air-sensitive mixture of 9b and 10b, syn-
thesized on a small scale, could not be separated in a con-
venient way, and in order to characterize concomitantly the
coordination properties of the ambidentate dihydrobenzaza-
phospholes with P and N donor sites, the mixture was treat-
ed with a semi-equivalent of [Rh ACHTUNGTRENNUNG(1,5-cod)Cl]2 in THF
(Scheme 2). After concentration and overlayering with n-
hexane, single crystals of the air-stable dihydrobenzaza-
phosphole-Rh ACHTUNGTRENNUNG(cod)Cl complex 12b binding the ligand 9b
were obtained. The crystal structure analysis (Figure 3)
showed a racemate with square-planar rhodium and h1-P co-
ordination of the ligand, without contacts of rhodium to ni-
trogen. The bond lengths and angles for the RhACHTUNGTRENNUNG(COD)Cl


fragment are in the typical range for Rh ACHTUNGTRENNUNG(PR3) ACHTUNGTRENNUNG(cod)Cl com-
plexes.[12] Also typically, the Rh�C bonds trans to the phos-


Figure 2. Molecular structure of (2R,3S,2’S,3’R)-11b in the crystal. Ellip-
soids are at 50% probability. Selected interatomic distances [N] and
angles [8]: P3�P3’ 2.2367(4), P3�C2 1.8886(11), P3’�C2’ 1.8838(11), P3�
C3A 1.8146(12), P3’�C3A’ 1.8160(12), C2�N1 1.4691(14), C2’�N1’
1.4694(14), N1�C7A 1.3885(14), N1’�C7A’ 1.3880(14); N1-C2-P3
105.77(7), N1’-C2’-P3’ 106.29(7), C2-P3-C3A 89.10(5), C2’-P3’-C3A’
89.22(5), C2-P3-P3’ 97.13(4), C3A-P3-P3’ 99.72(4), P3-P3’-C2’ 99.96(4),
P3-P3’-C3A’ 95.85(4).


Scheme 2. Structural characterization of (E)-9b as (S,S) and (R,R) enan-
tiomer mixture by diastereoisomeric rhodium complexes 12b.


Figure 3. Molecular structure of (2RS,3RS)-12b (the (S,S) enantiomer is
shown). Ellipsoids are at 30% probability. Hydrogen atoms and THF
(0.5THF/ ACHTUNGTRENNUNG(2RS,3RS)-12b) have been omitted for clarity. Selected intera-
tomic distances [N] and angles [8]: C2�P 1.859(2), P�C3A 1.817(2), P�
C13 1.908(2), Si�C2 1.939(2), Rh�P 2.3354(5), Rh�Cl 2.3832(6), Rh�C21
2.218(2), Rh�C22 2.204(2), Rh�C25 2.123(2), Rh�C26 2.116(2), C21�C22
1.377(4), C25�C26 1.393(4), P-C2-N 93.95(6), C3A-P3-C2 89.32(9), P-Rh-
C21 162.38(7), P-Rh-C22 161.03(7), P-Rh-C25 96.75(7), P-Rh-C26
93.95(6), P-Rh-Cl 88.47(2).
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phane donor atom are longer than those trans to chloride
and the corresponding C=C distances are shorter and
longer, respectively. The relative configuration of the asym-
metric carbon and phosphorus atoms in the depicted ligand
is (2S,3S). The (2R,3R) enantiomer is generated by the in-
version symmetry of the space group. The P�C2 bond is, as
expected, much longer than P=C in 1H-1,3-benzazaphosp-
holes and longer than P�C3A (sp2 carbon), but considerably
shorter than P�C3 to the tert-butyl group. Conversely, the
C2�Si bond is much longer than the Si�C bonds to the
methyl groups. The smallest angle within the five-membered
ring is that of C3a-P-C2, followed by P-C2-N. This is in ac-
cordance with the lower tendency to hybridization for ele-
ments of higher periods.


To find out whether greater steric hindrance can lead to
addition even in polar solvents, and also to improved regio-
selectivity, 1-adamantyl-1,3-benzazaphosphole (1c)[8] was
treated with tBuLi in diethyl ether (�60 to 20 8C, 5 h) and
subsequently with CO2. For easier workup the carboxylate
was silylated with Me3SiCl and the ester was cleaved with
methanol. 31P NMR monitoring of the crude product re-
vealed formation of 7c but neither 6c nor a secondary phos-
phane 10c. Crystallization from CH2Cl2/hexane provided mi-
crocrystals of the heterocyclic a-phosphanyl amino acid (E)-
7c. The E configuration is indicated by the small 2JP,H cou-
pling constant (3.2 Hz). Diastereoisomers of Z configuration
could not be detected. As the five-membered ring is no
longer part of the aromatic system after addition of tBuLi at
the P=C bond, the nitrogen lone electron pair causes N-ba-
sicity and a zwitterionic structure in (E)-7b or (E)-7c, indi-
cated by a strong downfield shift (Dd=0.8 to 1.2) of the ad-
jacent CH-2 proton signal relative to those of its counter-
parts in 4b and 9b. Competing protonation at phosphorus
cannot be detected by NMR, although tert-butyl and o-ami-
noaryl (+M) substituents cause relatively high P-basicity.
The phosphorus resonance is observed in the usual phos-
phane region. However, an indirect hint at increased P-ba-
sicity is given by the high sensitivities of (E)-7b and (E)-7c
to hydrolysis by water, as observed for acyclic a-phosphanyl
amino acids,[13] which gives evidence of the acetal-like
nature. In the absence of the COOH group or acid the dihy-
drobenzazaphospholes are stable to water, like acetals in the
presence of tertiary amines. In an early report on dihydro-
benzazaphospholes obtained by cyclocondensation of P-sec-
ondary 2-phosphanylanilines with aldehydes and ketones,
sensitivity to hydrolysis was not mentioned.[14]


The P-basicity and presence of bulky P-tBu substituents
in the above adducts suggested that they might be useful li-
gands in palladium-catalyzed coupling reactions. It is known
that aryl aminations (Buchwald–Hartwig aminations),[15] im-
portant in view of the large number of bulk and fine chemi-
cals containing aryl amines as substructures,[16] are favored
by basic and bulky ligands.[17] The starting materials for the
N-aryl-1,3-benzazaphospholes[8] and related N-aryl-pyrido-
1,3-azaphosACHTUNGTRENNUNGpholes[18] are also synthesized by this coupling.
This prompted us to test 4b in the coupling of 2-bromopyri-
dine with 2,4,6-trimethylaniline in the presence of NaOtBu


in toluene (100 8C, 48 h). This reaction, recently reported for
catalysis by dppp/ ACHTUNGTRENNUNG[Pd2ACHTUNGTRENNUNG(dba)3],


[19] provided N-mesityl-2-ami-
nopyridine in 53% yield (after purification) in the presence
of 7.5/5 mol% 4b and [Pd2ACHTUNGTRENNUNG(dba)3]. Catalysts formed from
4b and PdACHTUNGTRENNUNG(OAc)2 (5/5 mol% or 1/2 mol%) gave unsatisfac-
tory levels of conversion (yields after isolation 29 and 13%).


Further catalytic tests were performed with the benzaza-
phosphole-2-carboxylic acids 6a and 6b and the dihydro de-
rivative (E)-7b because they have a P-CHR-COOH sub-
structure, as did the early P


_
O�–nickel chelate catalysts for


the Shell Higher Olefin Process.[20] While solutions of the
weakly P-basic, rather p-acidic benzazaphospholes[6] 6a or
6b and [Ni ACHTUNGTRENNUNG(cod)2] were inactive, those with (E)-7b were
highly active. Addition of ethylene to a solution of (E)-7b
and [NiACHTUNGTRENNUNG(cod)2] (each 65 mmol) in toluene at a starting pres-
sure of ca. 50 bar (12.3 g C2H4) and with heating at 70 8C led
to efficient oligomerization with >94% conversion of ethyl-
ene (TON >6360). The reaction was complete within 1 h, as
shown by the pressure–time plot (Figure 4). The reaction at


70 8C is faster than the oligomerization in the presence of 2-
diphenylphosphanylphenolate/[NiACHTUNGTRENNUNG(cod)2] catalysts, prefera-
bly performed at 80–100 8C,[21] , and the average molecular
weight is considerably lower. Here, along with a small
amount of liquid oligomers, a waxy polymer (m.p. 115–
117 8C, MNMR 725, a/internal olefins 78/22%, Me/Vin 1.6/1)
was obtained, consisting mainly of linear a-olefins, as is typi-
cal for SHOP-type catalysts. This suggests that, as shown for
phosphanylacetic acid nickel catalysts,[20] a P


_
O�-chelate


structure is formed, stabilizing the catalyst.


Conclusion


In conclusion, we have shown that electron-rich P=CH-NR
heterocycles, which, like diagonally related indoles, usually
undergo C2 lithiation by tBuLi in polar solvents, are driven
towards addition at the P=C bond by the presence of bulky
N-substituents. The reaction of N-neopentyl-1,3-benzaza-
phosphole, occupying an intermediate position and affording
a mixture in THF, can be controlled by the polarity of the
medium. Addition of KOtBu leads to a strong preference


Figure 4. Pressure–time plot for batch polymerization of ethylene in tolu-
ene in the presence of 7b/[Ni ACHTUNGTRENNUNG(cod)2] (solid line). The reaction is faster
than with 2-diphenylphosphanylphenol/[Ni ACHTUNGTRENNUNG(cod)2] (115/106 mmol) at
70 8C (dotted line).[21]
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for CH lithiation, suppressing addition, whereas nonpolar
hydrocarbon solvents have the opposite effect, furnishing
addition products only, with a preference for tert-butylation
at phosphorus and high diastereoselectivity for the trans
adduct in this case. The less favored addition of the tert-
butyl carbanion at C2 is completely suppressed in the case
of the bulkier N-1-adamantyl group. Substitution of the ben-
zazaphospholyl- or P-tert-butyldihydrobenzazaphospholyl-
lithium reagents by electrophiles allows access to novel
functionally substituted s2- or s3-phosphorus compounds.
This allows coordination chemical and catalytic studies with
novel P=C carboxylic acid derivatives or heterocyclic a-
phosphanyl amino acids.


Experimental Section


All reactions were performed under dry nitrogen or argon with use of
Schlenk techniques and freshly distilled, ketyl-dried solvents. NMR sol-
vents were dried (C6D6 and [D8]THF over LiAlH4, CDCl3 over P4O10)
and recondensed in vacuum before use. Me3SiCl was also recondensed in
vacuum. The synthesis of 1b and 1c has been reported separately.[8]


Other chemicals were used as purchased. NMR spectra were recorded on
multinuclear FT-NMR ARX 300 or Avance 300 (Bruker) spectrometers
at 300.1 (1H), 75.5 (13C), and 121.5 MHz (31P). Shift references are tetra-
methylsilane for 1H and 13C NMR and H3PO4 (85%) for 31P NMR. Cou-
pling constants refer to JH,H in 1H NMR and JP,C in 13C NMR data unless
stated otherwise. Assignments are supported by additional DEPT meas-
urements. Assignment numbers are given in Scheme 1; selected spectra
are found in the Supporting Information. Mass spectra were recorded on
an AMD40 (Intectra) single-focusing mass spectrometer. HRMS meas-
urements were carried out in Gçttingen with a double focusing sector-
field instrument MAT 95 (Finnigan) by EI (70 eV, PFK as reference sub-
stances) or by ESI in MeOH, MeOH/NH4OAc, or MeCN with a 7 T
APEX IV Fourier transform ion cyclotron resonance mass spectrometer
(Bruker Daltonics). Melting points were determined with a Sanyo Gal-
lenkamp melting point apparatus in capillaries (uncorrected).


Lithiation of 1b in THF : tBuLi (1.5m pentane solution, 0.23 mL,
0.34 mmol) was added dropwise at �60 8C to 1b (64 mg, 0.31 mmol) in
THF (2 mL). This mixture was allowed to warm slowly to �40 8C and
stirred for 4 h. The solvent was removed in vacuum to give an orange-
yellow crystalline residue. The 31P NMR spectrum showed sharp signals
for 2b (d=104.3 ppm) and 4b (d=�9.1 ppm) and two small but broad
signals in the phosphane and phosphide regions (d =5.3, �41.6 ppm), ten-
tatively assigned to 3b and 5b ; 1H integration of tBu signals (of neopen-
tyl group) ca. 40:28:17:15 (for equal intensity order). Compound 2b :
1H NMR ([D8]THF): d=0.93 (s; CMe3), 6.73 (tm, 3J=7–8 Hz, 1H; H-5),
6.92 (td, 3J=7–8, 4J=1.6 Hz, 1H; H-6), 7.38 (d, 3J=8.2 Hz, 1H; H-7),
7.62 ppm (dt, 3J=7.6, 4J� 3JP,H�1.5 Hz, 1H; H-4); 13C{1H} (DEPT) NMR
([D8]THF): d=29.66 (CMe3), 35.47 (CMe3), 65.10 (d, 3J=7.3 Hz; NCH2),
112.75 (d, 3J=1.3 Hz; CH-7), 116.15 (d, 3J=6.4 Hz; CH-5), 118.47 (CH-
6), 126.39 (d, 2J=12.2 Hz; CH-4), 149.44 (d, 2J=8.9 Hz; Cq-7a), 150.03
(d, 1J=60.5 Hz; Cq-3a), 253.11 ppm (d, 1J=109.9 Hz; CLi-2). These NMR
data, except for those relating to the different N-substituent, are closely
similar to those of pure 2a, characterized unambiguously by X-ray crys-
tallography as the m-CLi-bridged dimer with two THF molecules per lith-
ium.[6] Data for 4b are in good accordance with those of independently
synthesized 4b recorded in C6D6 (see below).


1-(2,2-Dimethylpropyl)-1H-1,3-benzazaphosphole-2-carboxylic acid (6b):
tBuLi (1.7m in pentane, 0.75 mL, 1.27 mmol) was added dropwise at
�60 8C to 1b (217 mg, 1.05 mmol) in THF (3 mL). This mixture was al-
lowed to warm slowly to 0 8C over 5 h. The resulting orange-yellow solu-
tion was cooled to �60 8C, and excess CO2 gas was passed through the
solution for 1 h (color change to yellow). The mixture was stirred at
room temperature overnight and was then cooled to �60 8C, and Me3SiCl


(0.16 mL, 1.27 mmol) was added dropwise. After the system had warmed
to room temperature (2 h), THF was evaporated in vacuum, excess dry
MeOH (8 mL) was added, and after the system had been stirred for 2 h,
methanol and Me3SiOMe were removed in vacuum. The residue was ex-
tracted with diethyl ether, and the ether layer was washed twice with de-
gassed aqueous H2SO4 (10%). The ether layer was then washed with de-


Table 1. Crystallographic data.


6b 11b 12b


empirical for-
mula


C13H16NO2P C32H50N2P2 C29H50ClNO0.5PRhSi


formula
weight


249.24 524.68 618.12


T [K] 133(2) 100(2) 133(2)
l [N] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group P21/c P21/n P21/n
unit cell di-
mensions
a [N] 5.8021(4) 13.4813(3) 9.4178(6)
b [N] 13.0437(8) 13.8134(3) 36.045(2)
c [N] 16.5657(10) 16.9844(3) 9.4470(6)
a [8] 90 90 90
b [8] 93.6 101.177(2) 109.623(4)
g [8] 90 90 90
V [N3] 1251.21(14) 3102.89(11) 3020.7(3)
Z 4 4 4
1calcd [Mgm�3] 1.323 Mg 1.123 1.359
m [mm�1] 0.209 0.162 0.767
F ACHTUNGTRENNUNG(000) 528 1144 1304
crystal size
[mm3]


0.25U0.20U0.20 0.35U0.25U0.11 0.30U0.25U0.20


q range for
data collec-
tion [8]


1.99 to 30.51 2.60 to 30.03 2.26 to 30.51


index ranges �8�h�8,
�18�k�18,
�23� l�23


�18�h�18,
�19�k�19,
�23� l�23


�13�h�13,
�51�k�51,
�13� l�13


reflections
collected


19962 79976 58573


independent
reflections


3818 [R-
ACHTUNGTRENNUNG(int)=0.0509]


9069 [R-
ACHTUNGTRENNUNG(int)=0.0462]


9122 [R-
ACHTUNGTRENNUNG(int)=0.0395]


completeness
to q =30.008
[%]


100.0 99.8 99.6


absorption
correction


none semiempirical
from equiva-
lents


semiempirical from
equivalents


max. and min.
transmission


1.000 and 0.983 0.8618 and 0.7192


refinement
method


full-matrix
least-squares on
F2


full-matrix least-
squares on F2


full-matrix least-
squares on F2


data/re-
straints/pa-
rameters


3818/0/158 9069/0/337 9122/82/359


goodness-of-
fit on F2


1.023 1.027 1.040


final R indices
[I>2s (I)]


R1=0.0366,
wR2=0.0912


R1=0.0359,
wR2=0.0949


R1=0.0389,
wR2=0.0838


R indices (all
data)
R1 0.0600 0.0567 0.0560
wR2 0.1021 0.1000 0.0897
largest diff.
peak and hole
[eN�3]


0.451 and
�0.182


0.809 and
�0.297


1.004 and �0.641
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gassed water, dried over Na2SO4, and filtered. Removal of solvent under
vacuum left a yellow viscous oil. Crystallization from CH2Cl2/hexane
gave single crystals (crystal data see Table 1). By concentration of the
mother liquor a second fraction of white crystals, contaminated with
small amounts of 4b and 7b, was obtained (total 118 mg). Yield of pure
6b 79 mg (30%). Compound 6b : 1H NMR ([D8]THF): d=0.90 (s, 9H;
CMe3), 4.32 (brd, 2J=14.1 Hz, 1H; NCH2), 5.50 (brd, 2J=14.1 Hz, 1H;
NCH2), 7.13 (tdd, 3J=7.9, 7.0, 4JP,H=1.6, 4J=0.6 Hz, 1H; H-5), 7.40 (tt,
3J=8.7, 6.9, 4J+5JP,H=2.3 Hz, 1H; H-6), 7.83 (brd, 3J=8.7 Hz, 1H; H-7),
8.03 (brdd, 3J=7.9, 3JP,H=4.3 Hz, 1H; H-4), 10.60 ppm (vbr s, 1H; OH);
13C{1H} (DEPT) NMR ([D8]THF): d =28.69 (s; CMe3), 35.96 (d, 4J=
1.8 Hz; CqMe3), 55.37 (d, 3J=3.8 Hz; NCH2), 116.08 (s; CH-7), 121.03 (d,
3J=13.0 Hz; CH-5), 126.91 (d, 4J=3.4 Hz; CH-6), 130.07 (d, 2J=21.9 Hz;
CH-4), 142.46 (d, 1J=37.0 Hz; Cq-3a), 147.29 (d, 2J=7.7 Hz; Cq-7a),
162.65 (d, 1J=53.0 Hz; Cq-2), 165.74 ppm (d, 2J=21.8 Hz; Cq-COOH);
31P{1H} NMR ([D8]THF): d =118.71 ppm; MS (EI, 70 eV, 20 8C): m/z
(%): 250 (16) [M+1]+ , 249 (100) [M]+ , 193 (80), 161 (46), 148 (53);
HRMS (ESI): m/z : calcd for C13H16NO2P [M+H+]: 250.09916 (100);
found: 250.09914.


1-(2,2-Dimethylpropyl)-2-trimethylsilyl-1H-1,3-benzazaphosphole (8b):
KOtBu (800 mg, 6.53 mmol) was added at �78 8C to a solution of 1b
(174 mg, 0.85 mmol) in THF (5 mL) to give a yellow solution. tBuLi
(0.52 mL, 0.89 mmol) was then added dropwise at the same temperature.
This mixture was stirred for 4 h, while slowly warming to �10 8C. The re-
action mixture was again cooled to �78 8C, and excess Me3SiCl (1.07 mL,
8.48 mmol) was added dropwise, followed by stirring overnight at room
temperature. THF was removed from the reaction mixture, and dry
MeOH was added to quench unconverted tBuLi and Me3SiCl. After the
system had been kept for 4 h at room temperature, excess MeOH was re-
moved under vacuum. The residue was extracted with diethyl ether, and
the ether was removed in vacuum to give a yellow viscous oil (189 mg),
which was identified by multinuclear NMR and HRMS as a mixture of
8b and recovered 1b (d31P=71.3 ppm) in 62:38 molar ratio based on
1H NMR integration of CMe3 protons (yield of 8b 70% relative to con-
verted 1b). (Addition of tBuLi can be ruled out by NMR reaction moni-
toring of the crude reaction mixture). Compound 8b. 1H NMR
([D8]THF): d=0.46 (d, 4JP,H=1.2 Hz, 9H; SiMe3), 0.96 (s, 9H; CMe3),
4.40 (br s, 2H; NCH2), 7.05 (m, superimposed with 1b; H-5), 7.27 (m, su-
perimposed with 1b; H-6), 7.79 (d, 3J=8.6 Hz, 1H; H-7), 7.96 ppm (m,
superimposed with 1b; H-4); 13C{1H} (DEPT) NMR ([D8]THF): d=2.79
(d, 3JP,H=9.1 Hz; SiMe3), 29.65 (s; CMe3), 35.97 (d, 4J=1.6 Hz; CMe3),
60.84 (d, 3J=3.0 Hz; NCH2), 116.06 (s; CH-7), 119.91 (d, 3J=11.5 Hz;
CH-5), 124.44 (d, 4J=2.8 Hz; CH-6), 128.88 (d, 2J=20.2 Hz; CH-4),
144.68 (d, 1J=43.1 Hz; Cq-3a), 148.51 (d, 2J=4.0 Hz, Cq-7a), 182.72 ppm
(d, 1J=75.0 Hz; Cq-2);


31P{1H} NMR ([D8]THF): d=126.67; MS (EI,
70 eV, 170 8C): m/z (%)=277 (23) [M]+ , 220 (39), 73 (100) [SiMe3]


+ ;
HRMS (ESI in MeOH, NH4OAc): m/z : calcd for C15H25NPSi: 278.14884
[M+H]+ ; found: 278.14910. Experiments with smaller amounts of
KOtBu, from one to three equivalents relative to tBuLi, gave similar re-
sults.


Lithiation of 1c in diethyl ether : tBuLi (1.7m pentane solution, 0.13 mL,
0.22 mmol) was added at �60 8C to 1c (50 mg, 0.19 mmol) in Et2O
(2 mL), the mixture was stirred at room temperature overnight, and the
solvent was replaced with [D8]THF. 31P{1H} NMR displayed a major peak
at d =�21.9 ppm (4c) and two small peaks at d=�14.9 ppm (3c, uncer-
tain) and d=101 ppm (broadened, 2c). The lack (or low intensity) of a
PCH(Li)N resonance and the occurrence of a PCH2N signal in the
13C{1H} (DEPT) NMR spectrum hint at the protonation of 3c to 4c
within about 15 h (overnight). Compound 4c : 13C{1H} (DEPT) NMR: d=


26.70 (d, 2J=14.3 Hz; PCMe3), 30.81 (d, 1J=20.4 Hz; PCMe3), 31.01
(CH), 37.34 (CH2), 39.91 (CH2), 44.26 (small d, 1J=18.4 Hz; PCH2N),
56.21 (NCq), 112.26 (CH-7), 116.05 (d, 3J=8.5 Hz; CH-5), 126.23 (d, 1J=
8.5 Hz; Cq-3a), 129.98 (CH-6), 133.37 (d, 2J=24.0 Hz; CH-4), 153.55 ppm
(s; Cq-7a).


1-Adamantan-1-yl-3-tert-butyl-2,3-dihydro-1H-1,3-benzazaphosphole-2-
carboxylic acid (7c): tBuLi (1.5m in pentane, 0.33 mL, 0.50 mmol) was
added dropwise at �60 8C to a solution of 1c (123 mg, 0.46 mmol) in di-
ethyl ether (2 mL). This mixture was allowed to warm slowly to room


temperature and stirred for 5 h. The resulting orange-yellow solution was
cooled to �60 8C. Gaseous CO2 (from dry ice) was introduced over a
period of 90 min, leading to a color change from orange to yellow. A
slight excess of Me3SiCl (0.06 mL, 0.50 mmol) was added at the same
temperature, and the mixture was stirred at room temperature overnight
(colorless). Insoluble materials were filtered off and washed thoroughly
with ether. Removal of the solvent gave a colorless semicrystalline slush.
Treatment with dry MeOH (5 mL) and removal of volatiles in vacuum
provided a solid that was recrystallized from CH2Cl2/hexane to give col-
orless microcrystals of 7c (80 mg, 47%).M.p. 195–196 8C; 1H NMR
(CD2Cl2): d=0.98 (d, 3JP,H=12.7 Hz, 9H; CMe3), 1.73 (br s, 6H; d-CH2),
2.06 (brd, 2J=11.9 Hz, 3H; b-CH2a), 2.14 (br s, 3H; g-CH), 2.32 (brd,
2J=11.9 Hz, 3H; b-CH2b), 4.75 (d, 2JP,H=3.2 Hz, 1H; PCHN), 6.65 (tdd,
3J=7.2, 4JP,H=2.5, 4J=0.7 Hz, 1H; H-5), 7.05 (brd, 3J=8.4 Hz, 1H; H-7),
7.17 (tdd, 3J=8.4, 7.2, 4J=1.5 Hz, 1H; H-6), 7.28 ppm (td, 3J= 7.2, 3JP,H=


6.4, 4J=1.5 Hz, 1H; H-4), OH/NH+ below 12.5 ppm or vbr; 13C{1H}
(DEPT) NMR (CD2Cl2): d=26.06 (d, 2J=15.3 Hz; CH3), 30.54 (s; CH),
31.75 (d, 1J=23.4 Hz; CMe3), 36.74 (s; CH2), 40.21 (s; CH2), 57.38 (br s;
NCq-1’), 59.86 (brd, 1J=25.1 Hz; PCHN), 112.33 (s; CH-7), 116.52 (d,
4J=9.1 Hz; CH-6), 122.77 (d, 1J=9.1 Hz; Cq-3a), 130.11 ACHTUNGTRENNUNG(s; CH-5), 132.75
(d, 2J=24.3 Hz; CH-4), 152.48 (s; Cq-7a), 177.82 ppm (d, 2J=16.5 Hz;
CO); 31P NMR (CD2Cl2): d=7.37 ppm; HRMS: m/z : calcd for
C22H30NO2P 371.2014; found: 371.2010.


3-tert-Butyl-1-(2,2-dimethylpropyl)-2,3-dihydro-1H-1,3-benzazaphos ACHTUNGTRENNUNGphole
(4b) and 2-tert-butyl-1-(2,2-dimethylpropyl)-2,3-dihydro-1H-1,3-benzaza-
phosphole (10b): tBuLi (1.5m in pentane, 0.31 mL, 0.47 mmol) was
added dropwise at �30 8C to 1b (80 mg, 0.39 mmol) in pentane (2 mL).
This mixture was allowed to warm slowly to room temperature and
stirred for 20 h. Excess dry MeOH was added at room temperature to
the reaction mixture, which was stirred overnight. Insoluble materials
were filtered off and washed thoroughly with pentane. The solvent was
removed under vacuum to give a colorless solid (100 mg, 97%) consisting
of two components, 4b and 10b (75:25% by 1H NMR integration of tBu
signals), which were characterized by NMR and HRMS (data for 10b are
in accordance with those below). Compound 4b : 1H NMR (C6D6): d=


0.86 (s, 9H; CMe3), 0.96 (d, 3JP,H=12.0 Hz, 9H; PCMe3), 2.38 (d, 2J=
14.6 Hz, 1H; NCHa), 2.91 (d, 2J=14.6 Hz, 1H; NCHb), 3.16 (dd, 2JP,H=


2.3, 2J=13.1 Hz; PCHtrans to t-BuN), 3.59 (dd, 2J=13.0, 2JP,H=3.5 Hz, 1H;
PCHcisN), 6.44 (brd, 3J=8.2 Hz; H-7), 6.72 (ddd, 3J=7.3, 4JP,H=2.3, 4J=
0.8 Hz, 1H; H-5), 7.20 (dd, 3J=8.5, 4J=1.5 Hz, 1H; H-6), 7.45 ppm (ddd,
3J=7.2, 3JP,H=5.6, 4J=1.4 Hz, 1H, H-4); 13C{1H} (DEPT) NMR (C6D6):
d=27.35 (d, 2J=14.6 Hz; PCMe3), 29.03 (s; CMe3), 30.80 (d, 1J=19.8 Hz;
PCMe3), 35.05 (s; CMe3), 53.85 (d, 1J=21.2 Hz; PCH2N), 65.58 (s;
NCH2), 109.21 (s; CH-7), 117.87 (d, 4J=7.8 Hz; CH-6), 124.60 (d, 1J=
11.5 Hz; Cq-3a), 131.34 (s; CH-5), 132.89 (d, 2J=21.9 Hz; CH-4),
157.96 ppm (s; Cq-7a);


31P{1H} NMR (C6D6): d=�8.95 ppm; HRMS (ESI
in MeOH, NH4OAc): m/z : calcd for C16H27NP: 264.18756 [M+H]+ ;
found: 264.18765.


3-tert-Butyl-1-(2,2-dimethyl-propyl)-2,3-dihydro-1H-1,3-benzazaphos-
phole-2-carboxylic acid (7b) and meso-3,3’-bis[2-tert-butyl-1-(2,2-dimeth-
yl-propyl)-2,3-dihydro-1H-1,3-benzazaphosphole] (10b): tBuLi (1.5m in
pentane, 0.50 mL, 0.75 mmol) was added dropwise at �30 8C to a solution
of 1b (127 mg, 0.62 mmol) in pentane (2 mL). This mixture was allowed
to warm slowly to room temperature and stirred overnight. The resulting
orange-yellow solution was cooled to �60 8C, and gaseous CO2 (from dry
ice) was introduced over a period of 90 min, leading to a color change
from orange to yellow. A slight excess of Me3SiCl (0.09 mL, 0.74 mmol)
was then added at the same temperature, and the mixture was stirred at
room temperature for 6 h (colorless). Insoluble material was filtered off
and washed thoroughly with ether. Removal of the solvent gave a color-
less semicrystalline substance, which was treated with dry MeOH (5 mL).
Removal of volatiles in vacuum provided a viscous oil, which solidified
on cooling and was recrystallized from saturated MeOH solution to give
colorless 7b (130 mg, 68%). Single crystals of 11b, identified by X-ray
crystal structure analysis as meso-11b, were grown by slow diffusion of
aerial oxygen into the mother liquor containing the side product 10b.
1H NMR (CD3OD): d=1.01 (s, 9H; CMe3), 1.03 (d, 3JP,H=12.0 Hz, 9H;
PCMe3), 2.78 (dd, 2J=15.3, 4JP,H=2.0 Hz, 1H; NCHA), 3.33 (dd, 2J=15.9,
4JP,H�2 Hz, 1H; NCHB), 4.54 (d, 2JP,H=2.7 Hz, 1H; PCHcisN), 6.59 (brd,
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3J=8.4 Hz, 1H; H-7), 6.66 (tdd, 3J=7.2, 4JP,H=2.4, 4J=0.6 Hz, 1H; H-5),
7.20 (td, 3J=8.4, �7, 4J=1.5 Hz, 1H; H-6), 7.24 (ddd, 3J=7.2, 3JP,H=6.0,
4J=1.5 Hz, 1H; H-4), NH+ with solvent OH at 4.96 ppm; 13C{1H}
(DEPT) NMR (CD3OD): d=26.93 (d, 2J=15.8 Hz; PCMe3), 28.74 (s;
CMe3), 31.95 (d, 1J=22.6 Hz; PCMe3), 35.33 (s; CMe3), 62.09 (s; NCH2),
67.39 (d, 1J=25.7 Hz; PCHN), 109.41 (s; CH-7), 117.88 (d, 4J=8.1 Hz;
CH-6), 122.25 (d, 1J=11.8 Hz; Cq-3a), 131.57 (s; CH-5), 132.31 (d, 2J=
23.1 Hz; CH-4), 157.87 (s; Cq-7a), 176.77 ppm (d, 2J=14.1 Hz; CO);
31P NMR (CD3OD): d =19.50 ppm; MS (EI, 70 eV, 120 8C): m/z (%): 309
(2) [M+1]+ , 308 (9) [M]+ , 264 (11), 223 (16), 207 (57), 136 (40), 57 (100),
41 (72); HRMS (EI, 70 eV): m/z : calcd for C17H26NO2P 307.17012;
found: 307.1693.


3-tert-Butyl-1-(2,2-dimethylpropyl)-2-trimethylsilyl-2,3-dihydro-1H-1,3-
benzazaphosphole ((E)-9b) and 2-tert-butyl-1-(2,2-dimethylpropyl)-2,3-
dihydro-1H-1,3-benzazaphosphole ((E/Z)-10b): tBuLi (1.5m in pentane,
0.14 mL, 0.21 mmol) was added dropwise at �30 8C to 1b (35 mg,
0.17 mmol) in pentane (1 mL). This mixture was allowed to warm slowly
to room temperature and stirred for 20 h. The reaction flask was again
cooled to �60 8C, Me3SiCl (0.03 mL, 0.236 mmol) was added dropwise,
and the mixture was stirred at room temperature overnight. Insoluble
material was filtered off and washed thoroughly with pentane. The sol-
vent was removed under vacuum to give a colorless oil (50 mg) consisting
of two components, (E)-9b and (E/Z)-10b (80:20 by 1H NMR integration
of tBu signals), which were characterized by NMR and mass spectroscop-
ic data. Compound (E)-9b exists as only one pair of diastereoisomers,
while (E/Z)-10b forms a major and a minor pair of diastereoisomers, in-
dicated by two 31P signals and two sets of similar proton signals (partly
superimposed).


Compound (E)-9b : 1H NMR (C6D6): d =0.12 (d, 4JP,H=1.5 Hz, 9H;
SiMe3), 0.94 (s, 9H; CMe3), 1.01 (d, 3JP,H=12.1 Hz, 9H; PCMe3), 3.05 (d,
2J=14.9 Hz, 1H; NCHa), 3.16 (d, 2J=14.9 Hz, 1H; NCHb), 3.76 (d,
2JP,H=4.6 Hz, 1H; PCHcisN), 6.36 (brd, 3J=8.3 Hz, 1H; H-7), 6.64 (ddd,
3J=7.2, 4JP,H=2.5, 4J=0.9 Hz, 1H; H-5), 7.16 (ddd, 3J=8.3, 7.2, 4J=
1.5 Hz, 1H; H-6), 7.42 ppm (ddd, 3J=7.2, 3JP,H=5.7, 4J=1.5 Hz, 1H; H-
4); 13C{1H} (DEPT) NMR (C6D6): d=0.68 (d, 3J=9.3 Hz; 2-SiMe3), 27.38
(d, 2J=15.7 Hz; PCMe3), 29.22 (s; CMe3), 31.98 (d, 1J=27.9 Hz; PCMe3),
36.24 (s; CMe3), 54.63 (d, 1J=39.8 Hz; PCHN), 60.81 (s; NCH2), 107.9 (s;
CH-7), 116.68 (d, 4J=8.0 Hz; CH-6), 123.09 (d, 1J=10.7 Hz; Cq-3a),
131.36 (s; CH-5), 132.85 (d, 2J=23.7 Hz; CH-4), 156.91 ppm (s; Cq-7a);
31P{1H} NMR (C6D6): d=�1.70 ppm; HRMS: m/z : calcd for (E)-9b
C19H34NPSi: 336.22709; found: 336.22712.


Compound (E/Z)-10b : 1H NMR (C6D6): d =0.81, 0.88 (2 s; CMe3, 2-
CMe3), 2.97 (d, 2J=15.2 Hz, 1H; NCHA), 3.55 (d, 2J=15.2 Hz, 1H;
NCHB), 3.72 (dd, 3J=7.1, 2JP,H=1.7 Hz, 1H; PCHN), 4.45 (ddt, 1JP,H=


183, 3J=7.1, 4J+J’=2.3 Hz, 1H; P,H), 6.42 (brd, 3J=8.3 Hz; H-7), 6.59
(ddd, 3J=7.2, 4JP,H=2.3, 4J=0.9 Hz, 1H; H-5), 7.07 (tt, 3J=8.3, 7.2,
4J+J’=2–3 Hz, 1H; H-4 or H-6); less intense diastereoisomer: 0.83, 0.89
(2 s; CMe3, 2-CMe3), 2.90 (d, 2J=15.3 Hz, 1H; NCHa), 3.45 (d, 2J=
15.3 Hz, 1H; NCHb), 4.04 (brd, 2JP,H=33 Hz, PCHN, uncertain), 4.42 (su-
perimposed ddt, 1JP,H=194, J+J’=4.5 Hz; PH, uncertain), 6.43 (d; H-7),
6.71 (tm; H-5), 6.60 ppm (tm; H-4 or H-6); H-6 or H-4 superimposed;
13C{1H} (DEPT) NMR (C6D6): d=28.24 (d, 3J=10.4 Hz; 2-CMe3), 29.70
(s; CMe3), 37.02 (s; CMe3), 39.83 (d, 2J=19.0 Hz; 2-CMe3), 61.12 (s;
NCH2), 71.92 (d, 1J=12.0 Hz; PCHN), 110.45 (s; CH-7), 117.79 (d, 4J=
9.0 Hz; CH-6), 120.15 (d, 1J=4.6 Hz; Cq-3a), 130.56 (s; CH-5), 132.09 (d,
2J=25.1 Hz; CH-4), 156.67 ppm (s; Cq-7a); minor diastereoisomer not
detectable in 13C NMR; 31P{1H} NMR (C6D6): d=�82.28, �66.35 ppm,
intensity ratio 80:20%.


Rhodium(h-P-3-tert-butyl-1-(2,2-dimethylpropyl)-2-trimethylsilyl-2,3-di-
hydro-1H-1,3-benzazaphosphole)(1,5-cyclooctadiene) chloride (12b):
[Rh ACHTUNGTRENNUNG(cod)Cl]2 (29 mg, 0.06 mmol) was added at �30 8C to the mixture of
(E)-9b and (E/Z)-10b (40 mg, 0.12 mmol) dissolved in THF (1 mL), and
the mixture was stirred at room temperature for 5 d. THF was partly re-
moved, and the solution was overlayered with n-hexane to give colorless
crystals of 12b. A crystal taken from the mixture with the mother liquor
was analyzed by X-ray diffraction and found to be a THF hemisolvate
(crystal data see Table 1). The crystals were then separated, washed with
hexane, dried (60 mg, 87%), and characterized by NMR. 1H NMR


(C6D6): d =0.57 (s, 9H; SiMe3), 0.89 (s, 9H; CMe3), 1.48 (d, 3JP,H=


13.9 Hz, 9H; PCMe3), 1.50–1.80 (brm, 4H; CH2), 2.00–2.40 (brm, 4H;
CH2), 2.91 (d, 2J=14.7 Hz, 1H; NCHA), 3.15 (d, 2J=14.7, 4JP,H=1.8 Hz,
1H; NCHB), 4.18 (m br, 1H; =CH), 4.49 (brm, 1H; =CH), 4.54 (d,
2JP,H=10.8 Hz, 1H; PCHN), 5.42 (brm, 1H; =CH), 5.71 (brm, 1H; =


CH), 6.36 (brd, 3J=8.3 Hz, 1H; H-7), 6.53 (ddd, 3J=7.2, 4JP,H=2.7, 4J=
0.9 Hz, 1H; H-5), 7.10, 7.12 ppm (superimposed m, 2H; H-6, H-4);
13C{1H} (DEPT) NMR (C6D6): d=5.52 (d, 3J=3.9 Hz; 2-SiMe3), 28.35 (d,
J=2.0 Hz; CH2), 29.05 (s; CMe3), 30.87 (d, 2J=6.4 Hz; PCMe3), 30.20
(br s; CH2), 33.31 (br s; CH2), 34.62 (d, J=3.9 Hz; CH2), 35.74 (s; CMe3),
38.77 (d, 1J=6.6 Hz; PCMe3), 57.70 (d, 1J=5.1 Hz; PCH), 63.31 (d,3J=
4.1 Hz; NCH2), 65.29 (d, JRh,C=13.6 Hz; CH=), 70.84 (d, JRh,C=13.4 Hz;
CH=), 101.39 (dd, JRh,C=7.8, J=14.5 Hz; CH=), 104.04 (dd, JRh,C=7.8,
J=11.3 Hz; CH=), 109.46 (d, 3J=4.0 Hz; CH-7), 117.47 (d, 3J=9.2 Hz,
CH-5), 118.13 (dd, 1J=28.4 Hz; Cq-3a), 131.57 (d, 2J=9.2 Hz; CH-4),
132.59 (br s; CH-6), 157.29 ppm (s; Cq-7a);


31P{1H} NMR (C6D6): d=


33.54 ppm (d, 1JRh,P=150.7 Hz); HRMS (ESI): calcd for
C27H46ClNPRhSi: 546.21872 [M�Cl]+ ; found: 546.21867 (strong tendency
to formation of Rh clusters observed in ESI HRMS measurements).


Compound 4b as a ligand in palladium-catalyzed C–N coupling of 2-bro-
mopyridine with mesitylamine : Toluene (5 mL) was placed in an oven-
dried Schlenk vessel charged with 2-bromopyridine, 2,4,6-trimethylani-
line, palladium acetate or Pd2 ACHTUNGTRENNUNG(dba)3, 4b, and NaOtBu (amounts see
Table 2). The resulting deep red-brown mixture was heated for 48 h at


100 8C and was then allowed to cool to room temperature, and diethyl
ether (5 mL) was added. The resulting mixture was washed with brine,
and the organic layer was dried over Na2SO4 and concentrated in
vacuum. The remaining yellow oily product was purified by column chro-
matography on silica gel with ethyl acetate/hexane (10%) as eluent to
give pure 2-mesitylaminopyridine as a colorless solid. NMR data are in
accordance with reported values.[19]


Compound 7b as a ligand in nickel-catalyzed ethylene oligomerization :
Compound 7b (20.0 mg, 65 mmol) and Ni ACHTUNGTRENNUNG(COD)2 (17.9 mg, 65 mmol)
were dissolved in toluene (each in 10 mL) and mixed at room tempera-
ture. The resulting orange-yellow solution was stirred at room tempera-
ture for 30 min and transferred into an argon-filled stainless steel auto-
clave (75 mL). The autoclave was pressurized (ca. 50 bar) with ethylene
(12.3 g) and put in a silicon oil bath. After heating for ca. 15 h at 70 8C,
cooling to room temperature, and weight measurement, unconverted eth-
ylene (together with some butenes) was released through a cooling trap
(�70 8C, no liquid condensate). The polymer with solvent and oligomers
was then transferred to a flask, and all volatiles were flash-distilled at 3–
4 mbar/70–80 8C into a cooling trap (�196 8C) and analyzed by GC (total
of oligomers 0.6 g, of which 0.07 g butenes, 0.13 g hex-1-ene, 0.14 g oct-1-
ene, 0.08 g dec-1-ene, small amounts of other olefins). The residual poly-
mer was extracted with a mixture of methanol and concentrated hydro-
chloric acid (each 25 mL) by stirring overnight at room temperature, and
was then washed with methanol and dried in vacuum, yielding waxy PE
(11.0 g), m.p. 115–117 8C, 1 0.91 gcm�3. 1H NMR (in C6D5Br at 100–
110 8C after swelling for 1 d at 120 8C; more details see earlier report[21a])
integration ratios of vinyl, alkene, CH2, and CH3 indicate 78/22% a-ole-
fins, 1.6 Me/Vin, 30 Me/1000 C, MNMR 725 gmol�1. The conversion was=


Table 2. Pd-catalyzed coupling of 2-bromopyridine with 2,4,6-trimethyl-
ACHTUNGTRENNUNGaniline.


2-Bromopyri-
dine [g
(mmol)]


Mes-NH2


[g
(mmol)]


Pd source
[mg
(mol%)]


Ligand
[mg
(mol%)]


NaOtBu
[mg
(mmol)]


Yield
[mg
(%)]


0.32 (2.0) 0.325
(2.4)


Pd ACHTUNGTRENNUNG(OAc)2
2.2 (0.5)


5 (1.0) 27 (2.8) 180
(13)


0.16 (1.0) 0.162
(1.2)


Pd ACHTUNGTRENNUNG(OAc)2
11 (5.0)


13 (5.0) 134 (1.4) 65
(29)


0.16 (1.0) 0.162
(1.2)


ACHTUNGTRENNUNG[Pd2 ACHTUNGTRENNUNG(dba)3]
46 (5.0)


20 (7.5) 134 (1.4) 120
(53)
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11.6 g (=94%, oligomers in MeOH/HCl extract not determined), TON=


6360.


Crystal structure analyses : Crystals of 6b, 11b, and 12b were mounted
on glass fibers in inert oil. Data were recorded at low temperature on a
Bruker SMART 1000 CCD (6b, 12b) or an Oxford Diffraction Xcali-
bur S diffractometer (11b) using MoKa radiation (l=0.71073 N). Crystal
data are summarized in Table 1. The structures were solved by direct
methods and refined by full-matrix, least-squares on F2.[22] Hydrogen
atoms were included by use of a riding model or rigid methyl groups (ex-
ceptions: OH refined freely for 6b, H of coordinated double bonds re-
fined freely for 12b). The THF in 12b is disordered over an inversion
centre.


CCDC 657442 (6b), 671405 (11b), and 657443 (12b) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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and Tunable Luminescent Properties
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Jun Lin*[a]


Introduction


Generally, the chemical and physical properties of inorganic
micro-/nanostructures are related fundamentally to their
chemical composition, size, phase, surface chemistry, shape,
and dimensionality.[1] Therefore rational control over these
factors has become an important research issue in recent
years,[2] allowing us not only to observe unique properties of
the materials, but also to tune their chemical and physical
properties as desired. Nanomaterials have many interesting
properties that differ from those of the bulk materials.[3]


However, most nanomaterials often have a natural tendency
toward aggregation, which is always assumed to be the main
hindrance to their practical application. Rare earth orthobo-
rates that are apt to form highly agglomerated particles are
a representative example.[4] Therefore, it is challenging and
important to synthesize materials with a specific hierarchical
and complex 3D structure, composed of nanocrystals (nano-
particles, nanorods, nanoribbons, nanosheets, and so forth)
arranged in a particular way. It is very useful for practical
applications that such materials not only possess some im-
proved properties originating from their building blocks,
namely nanocrystals, but also at the same time solve the
problem of nanomaterial agglomeration. The simplest syn-
thetic route to 3D nanostructures is probably self-assembly,
in which ordered aggregates are formed in a spontaneous
process.[5] The self-assembly of anisotropic nanostructures,
such as nanoplates, nanosheets, nanorods, and nanotubes, re-
quires more effort than the isotropic self-assembly of spheri-
cal or near-spherical nanoparticles. In the controlled self-as-
sembly of 1D or 2D nanobuilding blocks into novel 3D
nanoarchitectures, copolymers and surfactants always play
important roles[6] owing to their directing functions during


Abstract: Rhombohedral-calcite and
hexagonal-vaterite types of
LuBO3:Eu


3+ microparticles with vari-
ous complex self-assembled 3D archi-
tectures have been prepared selectively
by an efficient surfactant- and tem-
plate-free hydrothermal process for the
first time. X-ray diffraction, scanning
electron microscopy, energy-dispersive
X-ray spectrometry, transmission elec-
tron microscopy, high-resolution trans-
mission electron microscopy, selected
area electron diffraction, photolumi-
nescence, and cathodoluminescence
spectra as well as kinetic decays were


used to characterize the samples. The
pH, temperature, concentration, sol-
vent, and reaction time have a crucial
influence on the phase formation,
shape evolution, and microstructure.
The reaction mechanism is considered
as a dissolution/precipitation process; it
is proposed that the self-assembly evo-
lution occurs by homocentric layer-by-
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the aggregation process as well as their stabilizing effects in
equilibrium systems. However, the process is complicated,
and the resulting structures are not stable enough for practi-
cal applications. From a technical viewpoint, a simple, clean,
and controllable approach to durable self-assembled 3D ar-
chitectures, is desired, not only because of the importance of
understanding the concept of self-assembly with artificial
building blocks, but also the great potential for applications.
However, knowledge about surfactant- and template-free
self-assembly of nanomaterials into complex 3D hierarchical
nanostructures is still very limited.[7]


Orthoborate-based phosphors have attracted much atten-
tion owing to their high stability, low synthetic temperature,
and high UV and optical damage threshold.[8] Rare earth or-
thoborates LnBO3 (Ln= lanthanides, yttrium) have proven
very useful host lattices for the luminescence of Eu3+ and
Tb3+ , which have found wide application in Hg-free fluores-
cent lamps and various kinds of display devices.[9] A prob-
lem in the application of these materials is their relatively
poor color purity. Eu3+-doped LnBO3, for example, has an
emission spectrum composed of the stronger 5D0!7F1 and
weaker 5D0!7F2 transitions, which give rise to an orange-
red color instead of deep red and thus hamper its applica-
tion. The latter transitions are hypersensitive to the symme-
try of the local crystal fields surrounding the Eu3+ ions, and
relatively strong when the symmetry of the crystal field is
relatively low. Preparation of nanosheets with a large sur-
face area (more Eu3+ with low crystal field symmetry near
the surface) is an effective method of lowering the symme-
try of the Eu3+ local environment in the YBO3 host and of
improving the R/O value.[4a,10] Therefore, improvement of
the performance, as well as any sensible interpretation of
the luminescent properties, requires these compounds to
have a well-defined crystal structure.[8a]


Lutetium orthoborates (LuBO3), owing to their high den-
sity and high damage thresholds, have been considered as
promising host matrices for substitution of lanthanide ions
to produce phosphors, lasers, or scintillators.[11] They crystal-
lize in two polymorphs, that is, a rhombohedral-calcite
phase and a hexagonal-vaterite phase with different crystal
field symmetry,[12] which can result in different luminescent
properties of the doped Eu3+ ions. As a result, the selective
synthesis of calcite and vaterite types of LuBO3 not only has
great theoretical significance in the study of the polymorph
conversion/phase transition processes and the phase-depen-
dent properties, but is also very important for their potential
applications. LuBO3:Eu


3+ phosphors derived from the con-
ventional solid-state reaction and sol-gel process have bad
irregular shapes and agglomerated particles with lower R/O
values[13] due to the high annealing temperature and repeat-
ed grinding process, which limits their dispersing stability
and subsequent coating ability on the display panels with
chromatically redder fluorescence.[9d] Accordingly,
LuBO3:Eu


3+ phosphors with homogeneous, monodispersed,
and well-defined morphology are highly desired. It is well
known that the hydrothermal method is a promising syn-
thetic route, which can be better controlled through judi-


cious choice of molecular precursor and reaction parame-
ters, such as time and temperature, to give highly pure and
homogeneous materials. The technique allows a low reaction
temperature and controllable size, phase, and morphology
of the products.[14] All reports on the hydrothermal/solvo-
thermal synthesis and properties of rare earth orthoborate
materials have been focused on YBO3, GdBO3, and
NdBO3.


[4a,10,15] To the best of our knowledge, no studies of
the hydrothermal/solvothermal synthesis of LuBO3 have
been reported.
Herein, we report an efficient surfactant- and template-


free hydrothermal approach to synthesize rhombohedral
and hexagonal LuBO3:Eu


3+ selectively with novel self-as-
sembled 3D architectures. These microparticles composed of
nanosized units were expected to maintain the desirable
properties of LuBO3:Eu


3+ nanocrystals (flakes) while being
quite stable on the micrometer scale. The influences of pH,
temperature, concentration, solvent, and reaction time on
the phase formation and shapes have been investigated in
more detail than in the previous work on LnBO3.


[4a,10,15] The
luminescent properties of the different phases and shapes of
LuBO3:Eu


3+ have also been compared with the products
obtained directly from conventional solid-state reaction. Im-
proved chromaticity (chromatically redder fluorescence) can
be obtained in these flower-like nanoflake assemblies. This
improvement was especially important for a red phosphor
such as vaterite-type LuBO3:Eu


3+ , whose application had
always been restricted by its relatively poor chromaticity.


Results and Discussion


Phase-selective synthesis : The pH has a significant influence
on the particular phase formation of crystallized lutetium or-
thoborates. X-ray diffraction (XRD) patterns for samples
obtained at different pH values have shown that lutetium
orthoborates crystallize into two different phases (Figure 1).
At pH 4 (sample 1), all diffraction peaks can be readily in-
dexed to the pure rhombohedral-calcite phase of LuBO3


with the cell parameters a=4.9153 L, c=16.212 L (JCPDS:
72-1053) (Figure 1a). When the pH is increased to 7–8 (sam-
ples 3 and 4), all the diffraction peaks can also be indexed
as a pure hexagonal-vaterite phase of LuBO3 with cell pa-
rameters a=3.727 L, c=8.722 L (JCPDS: 74-1938) (Figur-
e 1b,c). No additional peaks of other phases have been
found, indicating that Eu3+ has been effectively built into
the LuBO3 host lattice. The relative intensity ratios of the
diffraction peaks (104) at pH 4 and (002) at pH 8 are much
higher than the conventional value, indicating that the sam-
ples tend to be oriented preferentially. Moreover, high crys-
tallinity can be obtained at a relatively low temperature.
This is important for phosphors, since high crystallinity
always means fewer traps and stronger luminescence. If the
solution pH is adjusted to 5.5 (sample 2), the hydrothermal-
ly obtained product is a mixture of the rhombohedral-calcite
and hexagonal-vaterite phases of LuBO3:Eu


3+ (see Fig-
ure S1 in the Supporting Information). The difference in our
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present work from that reported previously is that the slight-
ly smaller Lu3+ ion replaces Y3+/Gd3+/Nd3+ in the isostruc-
tural host lattice.[4a,10, 15] This allows the preparation of both
the calcite and vaterite phases by a low-temperature hydro-
thermal method. Here, LuBO3 crystallizes in two poly-
morphs with differing symmetry of the crystal field, which
can result in different luminescent properties of the doped
Eu3+ ions. This case is quite different from that of Y/Gd/
NdBO3.
Calcite-type LuBO3 exhibits a rhombohedral structure


with space group R3̄c (D6
3d). The lutetium ion occupies a


single S6 symmetry site with a six-fold coordination to
oxygen atoms.[16] Vaterite-type LuBO3 crystallizes in the P63/
mmc (C2


h) space group. The coordinative polyhedron con-
sists of eight oxygen atoms in the form of a capped trigonal
antiprism with two axial ligands. Two types of environment
for the rare earth cation are reported with lower symmetry
than S6 because of the delocalization of oxygen atoms lead-
ing to a deviation from the ideal S6 local symmetry.


[12] The
crystal structures of these two different phases are shown in
Figure 2.


Morphology : The pH also has a significant effect on the
morphology and microstructures of LuBO3:Eu


3+ . The scan-
ning electron microscopy (SEM) image of the sample ob-
tained at pH 4 (sample 1; Figure 3a,b) exhibits wheel-like
shapes with rough surfaces. As seen in Figure 3b, the prod-
ucts are complete wheels with a narrow size distribution, a
diameter of around 5.7–6.4 mm and a height of about 2 mm.
Detailed surface observation (Figure 3b, inset) implied that
each microwheel was constructed from smaller nanoparti-
cles. Hydrothermal treatment of an initial solution with
pH 7 (sample 3), resulted in the formation of vaterite-type


LuBO3:Eu
3+ flower-like microstructures, diameter about


15 mm (Figure 3c,d), each constructed from densely curved
nanoflakes around 40 nm thick (Figure 3d, inset). When the
pH of the initial solution was adjusted to 8 with aqueous
ammonia solution (sample 4), another vaterite type of
LuBO3:Eu


3+ microflowers was obtained (Figure 3e) which
were nearly monodisperse, with average diameter around
30–43 mm. Figure 3f reveals that a single flower-like micro-
structure is composed of many petal-like nanoflakes with a
uniform thickness of about 45 nm and smooth surfaces. The
microarchitectures are loose and highly porous, and most of
the nanoflakes are linked together by both edge-to-edge
and edge-to-surface conjunctions; the nanoflakes extend
outward from the center of the microstructure, and a few
are attached to each other. Therefore, such an architecture
is a result of self-assembly.[6b] Energy-dispersive X-ray
(EDX) spectroscopy To characterize the composition of the
as-prepared product further, the EDX spectrum (see Fig-


Figure 1. XRD patterns of the samples obtained at different pH values:
a) sample 1, pH 4; b) sample 3, pH 7; c) sample 4, pH 8. The standard
data for calcite-type LuBO3 and vaterite-type LuBO3 (JCPDS card 72-
1053 and 74-1938, respectively) are also presented for comparison.


Figure 2. Simulated crystal structures of calcite-type LuBO3 (left) and va-
terite-type LuBO3 (right).


Figure 3. SEM images of the samples obtained at different pH values:
a,b) sample 1, pH 4; c,d) sample 3, pH 7; e,f) sample 4, pH 8.
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ure S2 in the Supporting Information) of sample 4 shows the
presence of Lu, O, B, and Eu, in agreement with LuBO3 and
Eu3+ being effectively built into the LuBO3 host lattice. If
the solution pH is adjusted to 5.5 (sample 2), the hydrother-
mally obtained product is a mixture of wheel-like shapes
and flowers (see Figure S3 in the Supporting Information).
The fine structure of the flowers described above were


studied by transmission electron microscopy (TEM). A
broken flake of the flower (sample 4; Figure 4a), obtained


by ultrasonic treatment for about 30 min, has a sector-like
morphology, which comes from the petal-like nanoflake
(Figure 3f), and measures about 10 mm along the radial axis.
The corresponding selected area electron diffraction
(SAED) pattern of the broken nanoflake taken along the
[001] zone axis (Figure 4b) reveals that the nanoflake ED
pattern is characteristic of a hexagonal LuBO3:Eu


3+ , in ac-
cordance with the XRD result. Moreover, SAED patterns
taken both from different areas on a single fragment and
from different fragments were identical within experimental
accuracy, indicating that the LuBO3:Eu


3+ nanoflakes are
single-crystalline and that different nanoflakes have identi-
cal crystallization habits. The patterns also reveal that the
nanoflakes are stable enough to withstand the irradiation of
convergent high-energy electron beams. Figure 4c is a high-
resolution TEM image of the same LuBO3:Eu


3+ nanoflakes
as in Figure 4a, taken with the electron beam along the
[001] zone axis, perpendicular to the wide surface of the
flake. The lattice fringes show the imaging characteristics of
the hexagonal LuBO3 crystal, in which the d spacing of
0.32 nm corresponds to the distance between the (100)
planes. Further analysis indicates that the LuBO3:Eu


3+


nanoflake grows along the [100] or [010] crystallographic di-
rection and is enclosed by � (001) facets,[17] that is, the
widest facets, as suggested by the XRD measurement.
Generally, the growth process of crystals can be classified


in two steps: an initial nucleating stage and a crystal growth
stage.[18] At the initial nucleation stage, the formation of the
seeds is crucial for further growth of the crystals. The subse-
quent crystal growth stage is a kinetically and thermody-
namically controlled process that can form different shapes
with some degree of shape tenability through changes in the
reaction parameters such as temperature, reaction time, con-
centration, solvent, and pH.[14f,19] In the present system, the


pH of the solution is undoubtedly vital in the formation of
these 3D architectures, as shown in Figure 3.
Temperature has been found to play an important role in


the crystallization and shape control of LuBO3:Eu
3+ . At


pH 8 and reaction temperature 120 8C, no product could be
obtained. Flower-like aggregates composed of porous nano-
petals (sample 5) were obtained at 160 8C which were similar
to those obtained at 200 8C (Figures 5a,b and 3e,f), but


smaller. When the hydrothermal temperature was increased
to 240 8C (sample 6), imperfect flowers assembled from
nanoflakes were observed with dimensions below 18 mm,
along with many single nanoflakes (Figure 5c,d1,d2,). It is
very interesting that these nanoflakes are in the shape of
normal sectors (Figure 5d2). With the solution at a constant
initial pH (pH 8), a decreasing concentration of H3BO3


(50% excess, sample 7) results in a huge variety of product
shapes (Figure 6). All the products are in the form of micro-
spheres, diameter about 10 mm, each constructed from
densely packed nanoflakes about 25 nm thick (Figure 6b,
inset). Different solvents were tested to check their effects
on the syntheses.[10, 20] The results indicated that the use of
diethylene glycol (DEG) results in the formation of only a
highly monodisperse distribution of doughnut-shaped parti-
cles with a mean size of 11 mm at pH 8 (sample 8, Figure 7),
which comprise nanoflakes arranged at progressively in-
creasing angles to the radial axis from two sides. In addition,


Figure 4. a) Representative TEM image of the LuBO3:Eu
3+ nanoflake


shed from the microflower (sample 4) after ultrasonic treatment for
30 min; b) the corresponding electron diffraction pattern; c) HRTEM
image of the broken nanoflake shown in a).


Figure 5. SEM images of the samples obtained at different hydrothermal
temperatures: a,b) sample 5, T=160 8C; c,d1,d2) sample 6, T=240 8C.


Figure 6. SEM images of the samples obtained at a 50% of excess H3BO3


(sample 7).
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these microdoughnuts are much smaller than microflowers
under the same conditions except for the use of DEG.
We investigated the influence of postcalcination tempera-


ture on the morphology and crystallinity of the products ob-
tained. The SEM images of sample 4 after calcination at
1000 8C for 4 h (Figure 8) show that through calcination the


assembled particle size and external shape remain the same
as those of the uncalcined samples (Figure 3e,f). More im-
portantly, the characteristic morphology of the nanoflakes is
unchanged (Figure 8b) owing to the higher activation ener-
gies needed for the collapse of these structures (good ther-
mal stability),[14e,f] although the relatively high surface
energy may cause partial melting of the edges of the nano-
flakes, and the surface tension results in the net-like struc-
ture on the edges, which differs from that previously report-
ed for lanthanide orthoborates[4a] and much better than the
badly irregularly shaped and agglomerated sample obtained
by a direct solid-state reaction (see Figure S4 in the Sup-
porting Information). In addition, the crystallinity, as expect-
ed, can be greatly improved through postcalcination.[4a]


Mechanism for the LuBO3:Eu
3+ 3D structures : Enlightened


by our experimental results and the previous report-
s,[4a, 15a,b,21] we explain the synthesis reaction for the LuBO3


phase under hydrothermal conditions simply by Equa-
tion (1).


Lu3þ þHxBO3
ð3�xÞ� ! LuBO3 þ xHþ ðx ¼ 0, 1, 2, 3Þ ð1Þ


An excess of H3BO3 and a high pH would accelerate the
reaction toward the right to form LuBO3, which can be
proved by the fact that increasing the amount of H3BO3 or
the pH leads to more products being obtained under the
same reaction conditions. Since lutetium exists in the form


of amorphous precipitates (see Figure S5 in the Supporting
Information), the dissolution of the precipitates should
occur firstly, to produce Lu3+ . H3BO3 could exist in a differ-
ent form because it can be ionized further under hydrother-
mal conditions, even though it is a weak acid. Reaction (1)
above is controlled by the dissolution of the amorphous pre-
cipitates and the precipitation of LuBO3 (dissolution/precip-
itation), which is a common mechanism in hydrothermal
synthesis. At different pH values, two different phases of
LuBO3 were obtained (Figure 1). Although the exact mech-
anism of formation for this is unknown at present, the same
phenomena can be found in many other reports.[18, 22]


To understand the process of formation of the
LuBO3:Eu


3+ , we carried out time-dependent shape evolu-
tion experiments at pH 7 during which samples were collect-
ed after different periods of hydrothermal treatment. At an
early stage (4 h) circular nanoflakes, diameter about 2.5 mm,
and some tiny nanoflakes are first formed from the solution
(Figure 9a). The sample collected 6 h later (Figure 9b)


showed approximately 3.6 mm of primary microflowers con-
sisting of multilayer nanoflakes. As the reaction proceeded
(Figure 9c), the 3D nanostructure grew gradually (9 mm) and
normal flower-like morphology developed. It is evident that
flower-like crystals form in the flake aggregates (Figure 9c).
Eventually, after further growth, the sample was composed
entirely of fully 3D flower-like nanostructures (16 mm; Fig-
ure 9d). The whole evolution process is illustrated in
Figure 10. In this formation process, the reaction time was
the most important controlling factor. Such a process is con-
sistent with previous reports of a so-called two-stage growth
process, which involves a fast nucleation of amorphous pri-
mary particles followed by a slow aggregation and crystalli-
zation of primary particles.[23] The bigger particles grew at
the cost of the smaller ones, because the solubility of the
larger and smaller particles differs according to the Gibbs–
Thomson law.[24] In the present experiment, the dissolution
of the amorphous precipitates should occur first ; these are
then precipitated to become the nuclei and to grow rapidly


Figure 7. SEM images of the samples obtained using a mixture of H2O
and DEG as solvent (sample 8).


Figure 8. SEM images of sample 4 after postcalcination at 1000 8C for 4 h.


Figure 9. SEM images of the products at 200 8C obtained at different
times at pH 7: a) 4 h; b) 6 h; c) 9 h; d) 24 h.
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into nanoflakes owing to the natural growth habit of rare
earth orthoborates, which form a flake-like morphology
during the growth process.[4a,10, 15b] In the following secondary
growth stage, other tiny nanoflakes extend at an angle to
the plane of the first flake from the center to form primary
microflowers at the expense of the amorphous precipitates
and/or small crystals. The primary microflowers continue to
grow in a homocentric layer-by-layer growth style,[25] and hi-
erarchical flower-like structures are formed to reduce the
surface energy. The petal surfaces in the flower-like struc-
ture are very smooth, probably owing to Ostwald ripenin-
g.[23a] The boundaries of these flowers are composed of the
thin edges of many flakes. The point contact area between
adjacent flowers is therefore small. This minimizes the inter-
action between these flowers, so that they do not agglomer-
ate, an advantage when suspensions are used for fabricating
devices where coating uniformity is important. The mecha-
nism for the formation of the final structure morphology by
interaction between primary particles remains a mystery to
materials chemists,[23b] although many kinds of flower-like
3D structures have been reported.[6b,23c,25,26] Several factors,
including crystal-face attraction, electrostatic and dipolar
fields associated with the aggregate, van der Waals forces,
hydrophobic interactions, and hydrogen bonds, may have
various effects on the self-assembly.[23c,27]


Photoluminescence properties : Under short-wavelength UV
light excitation, calcite-type LuBO3:Eu


3+ (sample 1) and va-
terite-type LuBO3:Eu


3+ (sample 4) exhibit strong orange
and red emission, respectively. Their excitation spectra (see
Figure S6 in the Supporting Information) both consist of a
broad band from l=200 to 300 nm owing to the charge-
transfer band (CTB) between O2� and Eu3+ . In the longer-
wavelength region, the f–f transition lines of Eu3+ can be
observed with very weak intensity compared with the Eu3+–
O2� CTB. Their photoluminescence (PL) emission spectra
from l=500 to 700 nm upon excitation into the CTB of


Eu3+ at l=254 nm are shown in Figures 11a,b, respectively.
The emission spectrum of calcite-type LuBO3:Eu


3+ contains
only two lines at l=589 and 594 nm (Figure 11a), which can
be attributed to the 5D0!7F1 magnetic dipole (m.d.) transi-
tion. The absence of the electric dipole (e.d.) transition (that


Figure 10. Illustration of the morphological evolution of the LuBO3:Eu
3+


3D structures.


Figure 11. Emission spectra of a) calcite-type LuBO3:Eu
3+ of sample 1


and b) vaterite-type LuBO3:Eu
3+ of sample 4 under l=254 nm irradia-


tion. Decay curves for the 5D0!7F1 emission of Eu
3+ in c) calcite-type


LuBO3 and d) vaterite-type LuBO3. Circles represent experimental data;
the solid line fits results to I(t)= I0exp ACHTUNGTRENNUNG(�t/t), where c) t =6.59 ACHTUNGTRENNUNG(�0.1) ms;
d) t=2.53 ACHTUNGTRENNUNG(�0.4) ms.
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is, the 5D0!7F0,2,4 transitions) is in excellent agreement with
S6 symmetry of the Lu site with inversion symmetry.


[13b,16a]


For vaterite-type LuBO3:Eu
3+ , the emission spectrum is


composed of 5D0!7FJ (J=0, 1, 2, 3) transition lines of Eu3+


owing to a deviation from the ideal S6 local symmetry (Fig-
ure 11b).[13b,16a] All emission peaks at l=579 (5D0!7F0), 592
(5D0!7F1), 610, 627 (


5D0!7F2) and 650 nm (5D0!7F3) have
been assigned in Figure 11b. The relative intensity of each
peak in this emission spectrum is quite different from that
of the solid reaction-derived sample (SR) (Figure 12), which
will be discussed in more detail below.


The decay curves for the luminescence of Eu3+ in calcite-
type LuBO3 (monitored by


5D0!7F1, l=589 nm) and vater-
ite-type LuBO3 (monitored by


5D0!7F1, l=592 nm) can be
fitted well into a single exponential function as I= I0exp ACHTUNGTRENNUNG(�t/
t) respectively (Figures 11c,d), in which I0 is the initial emis-
sion intensity at t=0, and t is the 1/e lifetime of the emis-
sion center. The lifetimes for the 5D0 lowest excited state of
Eu3+ have been determined as 6.59 and 2.53 ms for calcite-
type LuBO3:Eu


3+ (sample 1) and vaterite-type LuBO3:Eu
3+


(sample 4) respectively, basically agreeing with the reported
values (3.10 ms) for other Eu3+-doped LuBO3 samples.


[28]


All the normalized emission spectra of SR and sample 4
with different postcalcination temperatures under l=


254 nm UV excitation (Figure 12) consist of sharp peaks
centered at the same wavelengths of Eu3+ : l=579 (5D0!
7F0), 592 (


5D0!7F1), 610, 627 (
5D0!7F2), and 650 nm (5D0!


7F3). The l=592 nm emission corresponds to the orange
color (O), while the l=610 and 627 nm emissions corre-
spond to the red color (R).[29] Although the main peak posi-
tions in the emission spectra of all the samples are identical,
the intensity patterns differ to some extent. The magnetic
dipole transition 5D0!7F1 is clearly the most prominent
group in the emission spectrum of SR and the electric


dipole transition 5D0!7F2 is the primary group in the emis-
sion spectrum of sample 4; the R/O value of sample 4 (1.30)
is much higher than that of SR (0.93), which means that an
improved chromaticity (increased by 40%; that is, a chro-
matically redder fluorescence)[30] can be obtained in these
flower-like assemblies. This can be seen easily from the CIE
chromaticity diagram, which shows the emission colors (see
Figure S7 in the Supporting Information). This improvement
is especially important for a red phosphor-like vaterite-type
LuBO3:Eu


3+ , whose application has always been restricted
by its relatively poor chromaticity. We attribute the im-
provement to the distinct microstructure of the assembly,
which maintains the characteristics of the nanoflake building
blocks. These nanoflakes possess especially large surface
areas and high surface energies, which would not only pro-
vide a driving force for the self-assembly, but also result in a
high degree of disorder near the surface and corresponding
lower symmetry of crystal field around Eu3+ ions than in
the bulk materials.[4a, 10,15d] As predicted by Judd–Ofelt
theory,[31] a lower symmetry of the crystal field will result in
a higher R/O value. Based on this assumption, the improved
chromaticity of the assembly is indeed correlated with the
microstructure and crystallinity, but not the assembled parti-
cle size. By changing its degree of crystallization by means
of controlled postcalcination, we may effectively adjust its
luminescent properties while maintaining the assembled par-
ticle size and microstructure. With an increase in the post-
calcination temperature, the emission spectrum of sample 4
experiences interesting changes (Figure 12). The PL emis-
sion intensity increases with the increase in postcalcination
temperatures due to improved crystallinity (see Figure S8 in
the Supporting Information). Figure 12 clearly shows the
temperature-dependent characteristics of the R/O value. For
the uncalcined sample, and those calcined at 400, 700, and
1000 8C, R/O was 1.30, 1.23, 1.16, and 1.13, respectively, indi-
cating that a lower temperature (sample 4, uncalcined) was
favorable to achieving superior chromaticity. A higher post-
calcination temperature does not change the microstructure
of the assembly with the characteristics of the building-
block nanoflakes (Figure 8) which favors a higher R/O value
as in the aforementioned analysis, but will lead to better
crystallinity, which would cause a lower level of disorder,[32]


further lowering R/O.[4a,15d] In addition, postcalcination has
changed the relative numbers of the two types of Eu3+ local
sites in the vaterite phase, which have different degrees of
distortion and may induce different R/O values. From a
technical point of view, 1000 8C may be the proper postcalci-
nation temperature (much higher than the 700 8C for
YBO3:Eu


3+ in ref. [4a]), because then the R/O value is
more reasonable; higher than that of SR, with an improved
chromaticity (increased by 22%), although lower than that
of sample 4 (uncalcined); moreover, the PL intensity reach-
es 73% of that of SR (see Figure S8 in the Supporting Infor-
mation).


Cathodoluminescence properties : Under low-voltage elec-
tron beam excitation, the as-prepared calcite-type


Figure 12. Normalized emission spectra of SR and sample 4 with different
postcalcination temperatures under l =254 nm UV excitation. R/O= in-
tegrated intensity of 5D0!7F2/integrated intensity of


5D0!7F1.
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LuBO3:Eu
3+ and vaterite-type LuBO3:Eu


3+ particles exhibit
strong orange and red emission respectively. The typical
cathodoluminescence emission spectra of calcite-type
LuBO3:Eu


3+ (sample 1) and vaterite-type LuBO3:Eu
3+


(sample 4 postcalcined at 1000 8C) phosphors under electron
beam excitation (accelerating voltage=2 kV; filament cur-
rent=96 mA) (Figures 13a,b, respectively) are similar to the
corresponding PL emission spectra shown in Figures 11a,b.
The cathodoluminescence (CL) emission intensities for cal-
cite-type LuBO3:Eu


3+ and vaterite-type LuBO3:Eu
3+ phos-


phors have been investigated as a function of the accelerat-
ing voltage and the filament current (Figures 13c,d, respec-
tively). When the filament current is fixed at 92 mA, the CL
intensity increases with rising accelerating voltage from 1 to
3 kV (Figure 13c). Similarly, under a 2 kV electron beam ex-
citation, the CL intensity also increases with increasing fila-
ment current from 93 to 106 mA (Figure 13d). For cathodo-
luminescence, the Eu3+ ions are excited by the plasma pro-
duced by the incident electrons. The electron penetration
depth can be estimated from Equation (2), where n=1.2/
(1�0.29log10Z), A is the atomic or molecular weight of the
material, 1 is the bulk density, Z is the atomic number or
the number of electrons per molecule in the case of com-
pounds, and E is the accelerating voltage (kV).[33]


L½L	 ¼ 250ðA=1ÞðE=Z1=2Þn ð2Þ


For LuBO3:Eu
3+ , the calculated electron penetration


depths at 3 kV are about 27.5 nm for the calcite type and
26.2 nm for the vaterite type. With an increase in accelerat-
ing voltage, more plasma will be produced by the incident
electrons, resulting in more Eu3+ being excited and higher
CL intensity. The increase in electron energy is attributed to
deeper penetration of electrons into the phosphor body,
governed by Equation (2). This deeper penetration results in
an increase in electron–solid interaction volume in which ex-
citation of Eu3+ ions is responsible for the light emission.
Therefore, an increase in interaction volume (which effec-
tively determines the generation of light inside the phos-
phor) with an increase in electron energy brings about an in-
crease in the CL brightness of LuBO3:Eu


3+ particles.[34] Due
to their strong low-voltage CL intensity and improved chro-
maticity, calcite-type LuBO3:Eu


3+ and vaterite-type
LuBO3:Eu


3+ phosphors may find possible applications in
field emission display devices.


Conclusion


We have demonstrated that a simple, mild hydrothermal
method for the selective synthesis of novel 3D superstruc-
tures of rhombohedral-calcite and hexagonal-vaterite types
of LuBO3:Eu


3+ microparticles. This simple synthetic
method, which does not use any surfactant or template, may
be extended to the synthesis of other materials with novel
morphologies. The morphology, microstructure, crystal
structure, chemical composition, and optical properties were


characterized by XRD, SEM, EDX, TEM, high-resolution
transmission electron microscopy (HRTEM), SAED, PL,
CL, and kinetic decays. The significance of our work does
not lie in the beautiful morphology of the microcrystals
alone. We examined the phase formation, shape evolution,


Figure 13. Typical cathodoluminescence spectra of a) calcite-type
LuBO3:Eu


3+ of sample 1; b) vaterite-type LuBO3:Eu
3+ of sample 4 post-


calcined at 1000 8C. The cathodoluminescence intensities of calcite-type
LuBO3:Eu


3+ and vaterite-type LuBO3:Eu
3+ as a function of c) acceler-


ating voltage; d) filament current.
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and microstructures of
LuBO3:Eu


3+ in more detail
than in the previous studies of
LnBO3 and we found them to
be strongly dependent on the
reaction conditions such as the
pH, temperature, concentra-
tion, solvent, and reaction time.
The reaction mechanism has
been considered as a dissolu-
tion/precipitation process; it
has been proposed that the self-
assembly evolves in a homocen-
tric layer-by-layer growth style.
Under ultraviolet excitation
and low-voltage electron beam
excitation, calcite-type
LuBO3:Eu


3+ particles show a strong orange emission corre-
sponding to the 5D0!7F1 transition of Eu


3+ , whereas vater-
ite-type LuBO3:Eu


3+ particles exhibit a strong red emission
with a much higher R/O value (that is, chromatically redder
fluorescence than that of crystals grown from a direct solid-
state reaction) which has potential applications in fluores-
cent lamps and field emission displays. These 3D architec-
tures of rhombohedral-calcite and hexagonal-vaterite types
of LuBO3:Eu


3+ microparticles with unique shapes and struc-
tural characteristics may also find applications as catalysts
and in other fields.


Experimental Section


Materials : The initial chemicals in this work, Lu2O3 and Eu2O3 (both
with purity of 99.99%; Shanghai Yuelong Non-Ferrous Metals Ltd., P.R.
China), HCl, H3BO3, NH3·H2O, diethylene glycol (DEG) and ethanol (all
with AR purity; Beijing Fine Chemical Company, P.R. China), were used
without further purification.


Preparation of samples : Firstly, Lu2O3 (14.9640 g) and Eu2O3 (0.8440 g)
(molar ratio Lu/Eu=94:6) were dissolved in dilute HCl solution (30 mL,
1:1 v/v), forming a colorless solution of LuCl3 and EuCl3. After evapora-
tion followed by drying at 100 8C for 60 h in the ambient atmosphere, a
mixed powder of LuCl3 and EuCl3 (29.2920 g) was obtained. In a typical
synthesis, a mixture of LuCl3 and EuCl3 (0.7323 g) with H3BO3 (0.2473 g,
100% excess) was dissolved in distilled water (40 mL) to form a clear
aqueous solution. The solution was stirred for another 30 min. Then
NH3·H2O (25% wt.%, AR) was introduced dropwise to the vigorously
stirred solution to pH 4. After additional agitation for 40 min, the as-ob-
tained white colloidal precipitate was transferred to a 50 mL autoclave,
sealed, and heated at 200 8C for 24 h, then cooled naturally to room tem-
perature and denoted sample 1. The products were collected by filtration,
washed with ethanol and distilled water several times, and dried in the at-
mosphere at 100 8C for 6 h. The detailed experimental parameters for the
synthesis of some typical samples are listed in Table 1. For comparison,
the bulk LuBO3:Eu


3+ was obtained by a direct solid-state reaction using
stoichiometric amounts of Lu2O3, Eu2O3 (molar ratio Lu/Eu=94:6) and
H3BO3 (50% excess) at 1400 8C for 6 h in air. This sample was denoted
as SR.


Characterization : The phase purity and crystallinity of the samples were
examined by means of powder XRD performed on a Rigaku-Dmax 2500
diffractometer with CuKa radiation (l=0.15405 nm). The morphology
and structure of the samples were inspected by using a field emission
scanning electron microscope equipped with an EDX spectrometer (FE-


SEM, XL 30; Philips) and a transmission electron microscope. Low-reso-
lution TEM images and SAED patterns were obtained by using a
JEOL 2010 transmission electron microscope operating at 150 kV.
HRTEM images were obtained by using an FEI Tecnai G2 S-Twin micro-
scope with a field emission gun operating at 200 kV. Images were ac-
quired digitally by means of a Gatan multiple CCD camera. PL excita-
tion and emission spectra were recorded by means of a Hitachi F-4500
spectrophotometer equipped with a 150 W xenon lamp as the excitation
source at room temperature. The CL measurements were carried out in
an ultra-high-vacuum chamber (<10�8 Torr), where the samples were ex-
cited by an electron beam at a range of 1–5 kV with different filament
currents, and the spectra were recorded by using an F-4500 spectropho-
tometer. The luminescence decay curves were obtained from a Lecroy
Wave Runner 6100 Digital Oscilloscope (1 GHz) by using a tunable laser
(pulse width=4 ns, gate=50 ns) as the excitation (Continuum Sunlite
OPO). All the measurements were performed at room temperature
(RT).
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Introduction


Self-assembled monolayers (SAMs) on solid surfaces are of
great current interest in science and technology.[1] SAMs
formed by the aggregation of organosulfur compounds on
gold have received most attention, ever since it was first re-
ported that SAMs on gold can be prepared conveniently by
chemisorption of di-n-alkyl disulfides or related cyclic deriv-
atives from dilute solutions.[2] Adsorbate molecules carrying
terminal functional units can lead to functional SAMs.[1b,c]


Depending on the nature of the functional units, such SAMs
can be utilised for diverse applications. For example, redox-
active adsorbate species based on tetrathiafulvalene,[3] ferro-
cene and porphyrin[4] have been widely used for electrode
modification and related purposes.[5] We have focused our
attention on 1,1’-disubstituted ferrocene derivatives which
contain two identical anchor groups suitable for chemisorp-
tion on gold and have already described results concerning
SAM formation with 1,1’-diisocyanoferrocene (1), 1,1’-diiso-
thiocyanatoferrocene (2) and 1,1’-bis(diphenylphosphanyl)-
ferrocene (dppf, 3) investigated in situ and in real time by
second harmonic generation (SHG).[6] Owing to a surface
chelate effect, oligodentate adsorbate molecules can bind


Abstract: 1,1’-Difunctionalised ferro-
cene derivatives have been studied,
which contain groups suitable for
chemisorption on gold substrates,
namely �NC, �PR2 as well as a range
of sulfur-containing units like �NCS,
�SR, and thienyl. Thin films on gold
have been fabricated from solution
with most of these adsorbate species.
Film thickness, composition and struc-
ture were investigated primarily by X-
ray photoelectron and near-edge X-ray


absorption fine-structure spectroscopy.
The quality of self-assembled monolay-
ers fabricated from 1,1’-diisocyanofer-
rocene (1) and 1,1’-diisothiocyanatofer-
rocene (2) turned out to be superior to
that of films based on the other adsor-
bate species investigated. In addition to


the surface coordination behaviour of 1
towards gold substrates, relevant as-
pects of the molecular coordination
chemistry of 1 have also been ad-
dressed, including the synthesis and
characterisation of [(m-1){Cr(CO)5}2],
[Ag2ACHTUNGTRENNUNG(m-1)2] ACHTUNGTRENNUNG(NO3)2·H2O and [(m-1)-
ACHTUNGTRENNUNG(AuCl)2]. The crystal structure of the
gold complex is governed by aurophilic
interactions and can be taken as a
model for the arrangement of 1 in self-
assembled monolayers on gold.
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particularly strongly to a substrate. Even with relatively
weak binding anchor units such as thioethers,[7] stable and
densely packed SAMs on gold have been achieved this way.
We here describe the preparation of several new sulfur-con-
taining 1,1’-disubstituted ferrocene derivatives, together with
the results of a detailed investigation concerning the behav-
iour of these and related dipodal adsorbate molecules on
gold. The ferrocene derivatives investigated in this study are
shown here. Synthetic work and crystal structures will be
dealt with first, followed by a surface science section focus-
ing on film fabrication and characterisation.


Results and Discussion


Synthesis and characterisation of compounds : The prepara-
tion of compounds 2, 7 and 9–11 has not been described
before. 1,1’-Diisothiocyanatoferrocene (2), which is a sulfur-
extended analogue of 1,1’-diisocyanoferrocene (1), was ob-
tained in good yield from the aza-Wittig reaction of [Fe-
ACHTUNGTRENNUNG{C5H4ACHTUNGTRENNUNG(N=PPh3)}2]


[8] with the heterocumulene CS2.
[9] 1,1’-


Di(3-thienyl)ferrocene (7) was prepared by Negishi coupling
of [Fe ACHTUNGTRENNUNG{C5H4 ACHTUNGTRENNUNG(ZnCl)}2] with 3-bromothiophene in analogy to
the 2-thienyl analogue.[10] The di(thioether) derivatives [Fe-
ACHTUNGTRENNUNG{C5H4(SR)}2] (9 : R= thien-2-yl, 10 : R= thiazol-2-yl, 11: R=


benzothiazol-2-yl) were obtained from the reaction of 1,1’-
dilithioferrocene with the respective disulfide RSSR in anal-
ogy to the synthesis of [FeACHTUNGTRENNUNG{C5H4 ACHTUNGTRENNUNG(SPh)}2].


[11]


The crystal structures of the thien-2-yl-substituted com-
pound 9, the thiazolyl-substituted derivative 10 (Figure 1)
and the benzothiazolyl-substituted derivative 11 (Figure 2)


were determined by X-ray diffraction. In the case of 9, the
quality of the crystal structure determination was severely
affected by disorder (see the Supporting Information). De-
rivative 10 exhibits perfectly staggered cyclopentadienyl
rings, which is owed to its crystallographically imposed cen-
trosymmetric molecular structure. Bond parameters are un-
exceptional and compare well with those of related species
such as, for example, (RSCH2CH2)2,


[12] (RSCH2)2-p-C6H4
[13]


as well as RSSR (R= thiazol-2-yl), the crystal structure of
which was also determined as a sideline of our investigations
(see the Supporting Information). The cyclopentadienyl
rings of 11 are arranged in an essentially eclipsed orienta-
tion, as is usually the case for 1,1’-disubstituted ferrocene
derivatives. Again, bond parameters are unexceptional and
compare well with those of related species such as, for ex-
ample, RSMe,[14] (RS)2CH2 and (RSCH2CH2OCH2)2 (R=


benzothiazol-2-yl).[15] Intermolecular S···S distances close to
the sum of the estimated van der Waals radii of 3.7 L[16] are
present in the crystal structures of RSSR (R= thiazol-2-yl),
10 and 11, as are typical for such sulfur-rich compounds. The
origin of these S···S contacts is commonly attributed to
weakly attractive interactions between the “soft” sulfur
atoms.
We note that thiazolyl-substituted ferrocenes were recent-


ly utilised for selective ion sensing,[17] whereas di(benzothia-


Figure 1. Molecular structure of 10 in the crystal. Selected bond lengths
[L] and angles [8]: C1�S1 1.772(5), C6�S1 1.755(6), C6�S2 1.736(5), C6�
N 1.323(6), C7�N 1.378(8), C7�C8 1.382(8), C8�S2 1.731(6); C1-S1-C6
101.7(3), C6-S2-C8 89.4(3), C6-N-C7 110.2(4).


Figure 2. Molecular structure of 11 in the crystal. Selected bond lengths
[L] and angles [8]: C1�S1 1.759(2), C6�S3 1.759(2), C11�S1 1.759(2),
C11�N1 1.289(2), C11�S2 1.758(2), C12�S2 1.744(2), C12�C17 1.406(2),
C17�N1 1.398(2), C18�S3 1.757(2), C18�N2 1.289(2), C18�S4 1.7552(17),
C19�C24 1.399(2), C19�S4 1.744(2), C24�N2 1.398(2); C1-S1-C11
102.61(8), C11-S2-C12 88.29(8), C11-N1-C17 110.1(1), C6-S3-C18
101.88(8), C18-S4-C19 88.18(8), C18-N2-C24 109.8(2).


Chem. Eur. J. 2008, 14, 4346 – 4360 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4347


FULL PAPER



www.chemeurj.org





zolyl)-substituted compounds in general are currently at-
tracting increased attention as chelate ligands.[18]


The coordination chemistry of the new ligands described
here has not been in the centre of our activities so far, but
will be fully investigated in due course. As a prelude, we
have already begun to study aspects of the coordination
chemistry of 1,1’-diisocyanoferrocene (1).[19] At the start of
our work, the chemistry of 1, much to our surprise, was com-
pletely unexplored, whereas its monodentate analogue iso-
cyanoferrocene (12) had already been investigated in
detail.[20] Analogue 12 was shown to behave like an aryl iso-
cyanide in complexes like [Cr(12)6]


[20b,c] and
[Cr(12)(CO)5].


[20e] IR spectroscopic data indicate that 1 be-
haves in an analogous fashion. It readily forms
ACHTUNGTRENNUNG[(m-1){Cr(CO)5}2] with two equivalents of [Cr(CO)5ACHTUNGTRENNUNG(THF)],
whereupon the ñ(NC) band shifts from 2118 to 2142 cm�1.
This effect is similar to that observed in the case of
[Cr(12)(CO)5].


[20e]


ACHTUNGTRENNUNG[(m-1){Cr(CO)5}2] was structurally characterised by X-ray
diffraction (Figure 3). It exhibits an eclipsed orientation of
the cyclopentadienyl rings with a synclinal arrangement of


the two substituents. The isocyanide C�Cr bond lengths are
1.977(2) and 1.992(2) L, while the carbonyl C�Cr bond
lengths are noticeably shorter, ranging from 1.889(2) to
1.918(2) L. The isocyanide N�C bond lengths are 1.160(2)
and 1.154(2) L. The nitrogen bond angles of 170.2(2) and
174.9(2)8 are compatible with essentially sp-hybridised nitro-
gen atoms and rather weak p-backbonding from each
Cr(CO)5 fragment, which is in line with the considerably
lower p-acidity of isocyanides in comparison to CO. It is in-
structive to compare these bond parameters to those report-
ed by Shapiro et al. for the ansa-chromocene complex
ACHTUNGTRENNUNG[(m-1){Cr ACHTUNGTRENNUNG[CMe2ACHTUNGTRENNUNG(C5H4)]2}2].


[20a] In this case the nitrogen bond
angles are 126.4(3) and 126.8(3)8, which indicates a compa-
ratively high degree of p-backbonding to 1 with essentially
sp2-hybridised nitrogen atoms. This is further supported by


the rather short C�Cr bond lengths of 1.852(4) and
1.862(4) L and the rather long isocyanide N�C bond lengths
of 1.224(4) and 1.230(4) L. Not surprisingly, the homoleptic
isocyanoferrocene complex [Cr(12)6] adopts an intermediate
position in terms of p-backbonding.[20b] This is reflected by
average values for the N�C and C�Cr bond lengths of 1.178
and 1.937 L, respectively, and an average CrNC angle of
161.58, which in each case is intermediate between the cor-
responding values found for [(m-1){Cr(CO)5}2] and [(m-1){Cr-
ACHTUNGTRENNUNG[CMe2ACHTUNGTRENNUNG(C5H4)]2}2].
The electrochemical behaviour of 1 and [(m-1){Cr(CO)5}2]


was studied by cyclic voltammetry. The investigation was
partially complicated by adsorption processes, which oc-
curred at the electrode surface. For this reason, the oxida-
tion of 1 proved to be irreversible (Epa=0.63 V vs. ferroceni-
um/ferrocene at 0.10 Vs�1). The chromium complex
ACHTUNGTRENNUNG[(m-1){Cr(CO)5}2] exhibited a reversible ferrocene-based
one-electron process at E0’=0.55 V vs. ferrocenium/ferro-
cene, while the second oxidation was irreversible (Epa=


0.86 V vs. ferrocenium/ferrocene at 0.10 Vs�1). Spectroelec-
trochemical investigations have revealed that oxidation of
the ferrocene unit of [(m-1){Cr(CO)5}2] leads to a shift of the
isocyanide band from 2142 to 2017 cm�1 (Figure 4), a fact
that can be explained by a decreased net electron donor
ability of 1+ . The pronounced ñ(NC) band shift upon oxida-
tion of [(m-1){Cr(CO)5}2] is fully in accord with results ob-
tained with the related [Cr(Fc-CH2-NC)(CO)5].


[20e]


The distance between the two Cp decks of ferrocene is
3.32 L, and the molecule shows ball-bearing like features, as
the barrier for ring rotation is very small.[21] In view of these
properties, an investigation of the coordination behaviour of
1 towards gold(I) seemed interesting, as in the solid state
aurophilic interactions between neighbouring molecules in
isocyanide gold(I) complexes can lead to intermolecular
Au�Au contacts below the sum of the estimated van der


Figure 3. Molecular structure of [(m-1){Cr(CO)5}2] in the crystal. Selected
bond lengths [L] and angles [8] not discussed in the text: C1�N1
1.388(2), C6�N2 1.386(2); C1-N1-C11 170.2(2), C6-N2-C17 174.9(2).


Figure 4. IR spectra recorded during electrochemical one-electron oxida-
tion of [(m-1){Cr(CO)5}2] in dichloromethane solution. Principal IR bands
of [(m-1){Cr(CO)5}2]: ñ(NC) 2142 (w); ñ(CO) 2055(m), 1957 cm�1 (vs).
Principal IR bands of [(m-1){Cr(CO)5}2]


+ : ñ(NC) 2017 (m); ñ(CO) 2121
(w), 1967 cm�1 (vs).
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Waals radii (3.6 L).[22,23] We envisaged that here intramolec-
ular Au�Au interactions lead to an unprecedented diaura-
[6]ferrocenophane. In general, two-coordinate gold(I) com-
pounds experience attractive aurophilic interactions if the
Au�Au separations are below 3.6 L; their strength can be
up to 10 kcalmol�1 for a dimeric unit, similar to standard
hydrogen bonds.[24] The energetic contribution of longer
Au�Au contacts is negligible.[22a] Aurophilic association can
also lead to oligomers and one- and two-dimensional poly-
mers.
In comparison to ligands like R3P, R2S, etc., isocyanides


appear to weaken aurophilic bonding in gold(I)
ACHTUNGTRENNUNGcompounds,[25a] as witnessed by Au�Au separations close to
the threshold value of 3.6 L.[23,25] Particularly short distances
between [AuXACHTUNGTRENNUNG(RNC)] molecules have been observed for
species which form dimeric aggregates in the solid state. The
shortest Au�Au distance has been reported for the alkyl iso-
cyanide complex [AuClACHTUNGTRENNUNG(TosCH2NC)] [3.0634(4) L],[26]


whereas the shortest such distance for an aryl isocyanide
complex has been observed for [AuClACHTUNGTRENNUNG(MesNC)]
[3.336(1) L].[23d] Gold(I) complexes of oligodentate isocya-
nides are rare. The only compound of this type which shows
some evidence for intramolecular Au�Au interactions is [(m-
dmb) ACHTUNGTRENNUNG(AuCN)2] (dmb=1,8-diisocyano-p-menthane).[27] The
isocyanide groups are located on the same side of the dmb
ligand, binding two AuCN units with an Au�Au separation
of 3.54(1) L. The molecules are aggregated into antiparallel
dimers with intermolecular Au�Au distances of �3.49 L.
The reaction of 1,1’-diisocyanoferrocene (1) with [AuCl-


ACHTUNGTRENNUNG(SMe2)] in dichloromethane afforded [(m-1)ACHTUNGTRENNUNG(AuCl)2]n, irre-
spective of the applied ratio of the reactants (1:1 or 1:2).
The compound precipitated immediately upon addition of
the first drop of reagent solution, irrespective of whether 1
was added to [AuCl ACHTUNGTRENNUNG(SMe2)] or vice versa. [(m-1)ACHTUNGTRENNUNG(AuCl)2]n
proved to be insoluble in all common solvents, including hot
acetonitrile, pyridine, 1,2-dichloroethane, dimethyl sulfide as
well as DMSO and DMF. The interaction of 1 with the
AuCl units leads to a pronounced shift of the isocyanide
band from 2142 to 2226 cm�1. The polymer undergoes ligand
substitution with tBuNC and Ph3P in dichloromethane, liber-
ating uncoordinated 1. Small single crystals of [(m-1)-
ACHTUNGTRENNUNG(AuCl)2]n were obtained by layering a dichloromethane solu-
tion of [AuCl ACHTUNGTRENNUNG(SMe2)] in a 5 mm NMR tube with neat di-
chloromethane and then with a dichloromethane solution of
1. Numerous attempts were necessary to obtain crystals suit-
able for a single-crystal X-ray diffraction study, the result of
which is shown in Figure 5. Owing to the small size of the
crystal, the quality of the crystal structure determination is
sufficient for a meaningful discussion of the bond
parameters of the heavy atoms only.
The molecules adopt the anticipated 3,4-diaura-[6]ferro-


cenophane structure. The intramolecular Au�Au distance is
3.336(1) L, which is essentially identical to the distance be-
tween the Cp rings in ferrocene and with the Au�Au separa-
tion observed for [AuClACHTUNGTRENNUNG(MesNC)] (see above). The Au�Cl
distances of 2.274(5) and 2.280(5) L are indistinguishable
within experimental error from the value of 2.262(3) L re-


ported for [AuCl ACHTUNGTRENNUNG(MesNC)]. [AuClACHTUNGTRENNUNG(MesNC)] aggregates into
dimers, whereas the [(m-1)ACHTUNGTRENNUNG(AuCl)2] units form one-dimen-
sional chains. The zipper-like arrangement of the molecules
leads to a corrugated ribbon of gold atoms composed of two
parallel chains, each exhibiting alternating Au�Au distances
of 3.354(1) and 3.484(1) L.
The structural and functional similarities of aurophilic and


hydrogen bonding have been emphasized in recent stud-
ies.[28] In particular, a striking structural similarity between
isocyanide complexes MeACHTUNGTRENNUNG(CH2)n�1NCAuCl and primary
ACHTUNGTRENNUNGalcohols Me ACHTUNGTRENNUNG(CH2)nOH has been pointed out.[25b] In this con-
text, we note that the conformation and aggregation of the
[(m-1)ACHTUNGTRENNUNG(AuCl)2] units closely resemble that of [FeACHTUNGTRENNUNG{C5H4-
ACHTUNGTRENNUNG(CHMeOH)}2], in which intramolecular hydrogen bonding
occurs between the two alcoholic substituents; the molecules
are aggregated into one-dimensional chains through inter-
molecular hydrogen bonds, with an antiparallel zipper-like
arrangement of neighbouring molecules.[29]


The insoluble nature of [(m-1) ACHTUNGTRENNUNG(AuCl)2]n is unique for com-
pounds of this kind and, in conjunction with the structural
data, indicative of an effective balance between intra- and
intermolecular aurophilicity. In view of the great current in-
terest in metal-containing polymers,[30] we note that [(m-1)-
ACHTUNGTRENNUNG(AuCl)2]n is a new type of polymer with precious metal
atoms in the backbone.[31]


The intriguing results obtained in the chemistry of gold(I)
prompted us to turn our attention to silver(I), whose
ACHTUNGTRENNUNGisocyanide coordination chemistry has been somewhat over-
shadowed by that of its heavier congener. The first report
concerning this class of compounds comes from the year
1952 and describes the preparation of [Ag ACHTUNGTRENNUNG(p-Tol-NC)4]-
ACHTUNGTRENNUNG(NO3)·H2O from AgNO3 and p-tolyl isocyanide, together
with the formation of [Ag ACHTUNGTRENNUNG(p-Tol-NC)2]ACHTUNGTRENNUNG(NO3) from this prod-
uct during its recrystallisation from CHCl3/Et2O.


[32] This ear-
liest example already nicely reflects a fundamental feature
of silver(I) isocyanide complexes in comparison to related
gold(I) compounds. The structures of the silver(I) species
are more flexible, with the Ag atoms often being tri- or
tetra-coordinate. Quasilinear two-coordination of the metal


Figure 5. View of the association of [(m-1) ACHTUNGTRENNUNG(AuCl)2] in the crystal. Selected
bond lengths [L]: Au1�Au2 3.336(1), Au1�Au2’ 3.484(1), Au1�Au2’’
3.354(1) (Au2’: 2�x, 1�y, 1�z ; Au2’’: 1�x, 1�y, 1�z).
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by isocyanide ligands, which is the rule for gold(I), is the ex-
ception for silver(I), where usually strong interactions with
the anion are observed.[33] The reaction of 1 with AgNO3 in
a 1:1 ratio in acetonitile afforded the 3,3’-diargenta-
ACHTUNGTRENNUNG[5.5]ferrocenophane derivative [Ag2ACHTUNGTRENNUNG(m-1)2] ACHTUNGTRENNUNG(NO3)2, which was
isolated as shiny golden platelets. Owing to silver(I) coordi-
nation, the 1H NMR signals of 1 are shifted considerably
from d=4.26 and 4.63 (uncoordinated 1) to d=4.47 and
5.30 ppm in CDCl3. The IR spectrum of [Ag2 ACHTUNGTRENNUNG(m-1)2]ACHTUNGTRENNUNG(NO3)2
exhibits a single ñ(NC) band, which is located at 2193 cm�1.
The coordination-induced ñ(NC) band shift is 34 cm�1 less
than that observed in the case of the gold complex [(m-1)-
ACHTUNGTRENNUNG(AuCl)2]n (see above), which is fully in accord with results of
a recent study which compares such band shifts for a variety
of gold and silver complexes.[34]


Crystals suitable for a single-crystal X-ray diffraction
study were obtained by recrystallisation from dichlorome-
thane and turned out to contain one additional water mole-
cule per formula unit. Two independent [Ag2ACHTUNGTRENNUNG(m-1)2]


2+ spe-
cies (A and B) are present in the crystal, whose bond pa-
rameters are very similar. The water molecule is disordered
over two sites. It acts as a bridging ligand and connects
neighbouring A and B species which alternate in the result-
ing polymeric chain [AACHTUNGTRENNUNG(m-H2O)B ACHTUNGTRENNUNG(m-H2O)]n. This m2 coordi-
nation mode of water is unusual, but not unprecedented, in
the chemistry of silver(I).[35] The silver-coordinated water
forms hydrogen bridges with one of the two nitrate anions.
This anion is disordered over two sites with split positions
for the O atoms in each case. Figure 6 shows the molecular
structure of an A ACHTUNGTRENNUNG(m-H2O)B unit, indicating a section of the
polymeric chain.
Each silver atom strongly interacts with two isocyanide


carbon atoms and one water oxygen atom. The Ag�O dis-


tances are �2.50 L, which compares well to the value of
2.468(3) L reported for the isocyanide complex [Ag-
ACHTUNGTRENNUNG(OTf)(m-4-NC-3,5-iPr2-C6H2-NC)]n


[36] as well as to the Ag�
OH2 distances of 2.482(5), 2.50(1) and 2.51(1) L found for
the three-coordinate Ag atoms in the m-aqua complex [Ag8-
ACHTUNGTRENNUNG(m3-hmt)2 ACHTUNGTRENNUNG(m4-hmt)2ACHTUNGTRENNUNG(m-btc)2ACHTUNGTRENNUNG(m-H2O)3]·18H2O (hmt=hexame-
thylenetetramine, btc=1,2,4,5-benzenetetracarboxylate).[35]


It is also in the same range as the short Ag�O contacts typi-
cally found in salts with oxyanions.[37] The closest Ag···O
contact which involves a nitrate anion is �2.8 L and there-
fore represents a rather weak, but non-negligible, interaction
by commonly accepted criteria.[38] The Ag atom is therefore
embedded in a 3+1 coordination environment. The Ag�C
and N�C bond lengths are �2.09 L and 1.15 L, respectively,
which is similar to the corresponding values reported for
closely related complexes such as, for example, [Ag ACHTUNGTRENNUNG(k2-
NO3)ACHTUNGTRENNUNG(TosCH2NC)2] [2.106(4) L; 1.133(4) L],


[33a] [Ag2 ACHTUNGTRENNUNG(m,k
1-


NO3)2 ACHTUNGTRENNUNG(m-dmb)2] [2.084(7) L; 1.132(11) and 1.089(17) L],
[39]


[Ag(4-NC-3,5-iPr2-C6H2-NC)2]ACHTUNGTRENNUNG[BF4] [2.092(5) and
2.098(5) L; 1.125(6) and 1.128(6) L],[36] and [Ag(2,4,6-tBu3-
C6H2-NC)2] ACHTUNGTRENNUNG[PF6] [2.075(14) L; 1.148(17) L].


[40] The C-N-C-
Ag units deviate slightly from linearity, the nitrogen bond
angles and N�C�Ag angles ranging from 172.38 to 173.68
and from 171.68 to 173.58, respectively. In contrast, the
C�Ag�C angles of 1588 and 1608 are considerably smaller
than 1808, which is owed to the additional interaction of the
Ag atom with the water oxygen atom. The Ag�O�Ag bond
angle is 1208 and 1248, respectively, for the two disordered
sites.


Film preparation and characterisation : Most of the adsor-
bate species (namely 1–8, see above) have been used for the
fabrication of molecular films on gold, which were prepared
at room temperature by immersion of the substrate in a
dilute (typically �10 mm) solution of the respective adsor-
bate species for several hours. Acetonitrile and especially
ethanol proved to be the preferred solvents. For example,
according to near-edge X-ray absorption fine structure
(NEXAFS) data 1 did not form well oriented SAMs from
DMF, whereas from ethanol no such problems occurred.
These observations are in line with results of a recent sys-
tematic investigation concerning the solvent influence on
SAM quality by Witte and coworkers.[41]


SAM fabrication with isocyanides[42] and thioethers[43] on
gold is well known.[1b] SAM formation of thiophene and its
oligomers on gold, which was first reported in 1996 for pris-
tine thiophene in contradiction to theoretical predictions,[44]


is of great current interest, as the corresponding films are
potentially useful for electronic devices owing to high elec-
tronic conductivity.[45] However, SAM formation of thio-
phene derivatives continues to be a matter of debate, as
conflicting reports concerning the mechanism of chemisorp-
tion, growth morphology as well as the structure, integrity
and stability of the resulting SAMs exist in the recent litera-
ture.[46] Isothiocyanates have not yet been investigated in
detail in this context, and we are aware of only one report
addressing this issue, utilising, however, gold nanoparticles
and not solid gold substrates.[47] On the basis of surface-en-


Figure 6. View of the association of [Ag2 ACHTUNGTRENNUNG(m-1)2] ACHTUNGTRENNUNG(NO3)2·H2O in the crystal.
The nitrate anions are not shown. Selected bond lengths [L] not dis-
cussed in the text: C3�N1 1.407(7), C8�N2 1.387(7), C15�N3 1.390(7),
C20�N4 1.378(7).
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hanced Raman scattering (SERS) data, the author comes to
the conclusion that aromatic isothiocyanides have vertical
stances on gold, binding through the sulfur atom. A similar
lack of knowledge can be noted for SAMs on gold based on
phosphanes, although phosphane-protected gold nanoparti-
cles are ubiquitous. Again, we are aware of only a single rel-
evant report. Persson and coworkers have investigated the
chemisorption of tertiary phosphanes on several coinage
and platinum metals and found multilayer formation from
solution. After removal of physisorbed PR3 by ultrasonic
treatment, the analysis of the remaining thin film by infrared
reflection absorption spectroscopy (IRRAS) suggested bind-
ing of the adsorbate molecules to the metal surface by the
phosphorus atom, similar to metal coordination in molecular
chemistry.[48]


The identity, composition, integrity, and structure of all
target films were investigated by two complementary experi-
mental techniques, namely X-ray photoelectron spectrosco-
py (XPS) and NEXAFS spectroscopy. In view of the hetero-
geneity of the target systems we abstain from the presenta-
tion of the entire set of the experimental data, but present
only selected spectra and respective numerical parameters
in tabular form. As the first step, we describe the available
experimental data and make general statements on their in-
terpretation and respective implications. Most of these im-
plications refer to all the systems of this study. Further, we
consider the specific results for every particular system.
XPS gives quantitative information about the composi-


tion, chemical identity, and effective thickness of the target
films. For the sake of brevity, a film fabricated from adsor-
bate species n will be termed “film n” (n=1–8) in the fol-
lowing. The relevant adsorbate molecules 1–8 consist mostly
of carbon and hydrogen and also contain iron as well as
sulfur, phosphorus and nitrogen, depending on the individu-
al molecular composition. The observation of the character-
istic photoemission peaks assigned to the latter atoms is a
fingerprint for the presence of the respective adsorbate spe-
cies in the derived films, whereas the respective binding en-
ergies provide information on the chemical integrity and
bonding configuration of the film constituents. The total in-


tensities of the S 2p, N 1s, and Fe 2p signals in the various
films investigated are summarized in Figure 7 and the bind-
ing energy (BE) positions of the respective emissions (and
of the P 2p3/2 peak in the case of film 3) are shown in
Table 1


All films exhibit an iron signal (even though with differ-
ent intensities) with a characteristic BE of about 708 eV, this
implies the chemisorption of the respective ferrocene-based
adsorbate molecules on the gold substrate. For films 5 and
6, this signal is accompanied by additional Fe 2p emission at
a higher BE (�712 eV), which can be related to the partial
oxidation and decomposition of the organometallic moieties
in the above molecules. Note that the intensity of the Fe 2p
signal can be considered as a direct measure of the ferro-
cene-type content in the films, since the organometallic moi-
eties comprise the film-ambient interface and are almost un-
affected by attenuation effects typical for photoemission.
Further, all the films, except 3, exhibit either sulfur or nitro-
gen signals (film 2 show both signals), in accordance with
the molecular composition. The analysis of the BE positions
of the S 2p, P 2p3/2, and N 1s emissions gives valuable infor-
mation about the bonding configuration of the molecular
adsorbates in the respective films. This analysis will be per-
formed below as soon as the individual films will be consid-
ered. The S 2p XP spectra of the sulfur-containing films (2,
4–8) are presented in Figure 8. The N 1s and P 2p3/2 XP
spectra of films 1, 2 and 3, respectively, exhibit only one
emission (with parameters given in Table 1) and are there-
fore not presented.
Along with the Fe signal, the amount of the adsorbate


molecules in the derived films is represented by the effective
film thickness. The respective values were obtained from the
C 1s/Au 4f intensity ratios,[49] using previously reported at-
tenuation lengths.[50] Pertinent data are collected in Table 1.
Whereas the thicknesses are quite small in each case, indica-
tive of the formation of monolayer films, they do not fully
correlate with the respective Fe 2p3/2 intensities (Figure 7),
even if one corrects for the different iron/carbon ratio in the
adsorbate molecules. This suggests that part of the carbon


Figure 7. Normalised total intensities of the S 2p, N 1s, and Fe 2p XP
spectroscopic signals in the films 1–8.


Table 1. Binding energy positions [eV] and fwhm [eV] (in parentheses)
of the S 2p3/2, N 1s, P 2p3/2 and Fe 2p3/2 photoemission peaks for the films
1–8 along with the respective film thickness values [nm].


Film S 2p3/2 N 1s/P 2p3/2 Fe 2p3/2 Thickness


1 399.9 ACHTUNGTRENNUNG(2.8) 708.1 ACHTUNGTRENNUNG(1.9) 14.3
2 161.7 ACHTUNGTRENNUNG(2.1) 399.8 ACHTUNGTRENNUNG(3.3) 707.9 ACHTUNGTRENNUNG(2.0) 9.6
3 131.1 ACHTUNGTRENNUNG(1.0) 708.3 ACHTUNGTRENNUNG(1.7) 9.6
4 162.3 ACHTUNGTRENNUNG(2.1)


163.5 ACHTUNGTRENNUNG(2.1)
707.9 ACHTUNGTRENNUNG(1.7) 6.8


5 163.2 ACHTUNGTRENNUNG(1.9) 707.7 ACHTUNGTRENNUNG(1.7)
712.0 ACHTUNGTRENNUNG(1.7)


8.5


6 162.1 ACHTUNGTRENNUNG(2.1)
163.6 ACHTUNGTRENNUNG(2.1)


707.8 ACHTUNGTRENNUNG(1.7)
711.5 ACHTUNGTRENNUNG(1.7)


6.7


7 161.9 ACHTUNGTRENNUNG(1.6)
163.6 ACHTUNGTRENNUNG(1.6)


707.8 ACHTUNGTRENNUNG(1.7) 8.2


8 163.4 ACHTUNGTRENNUNG(2.1) 707.8 ACHTUNGTRENNUNG(1.7) 10.4
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signal may originate from hydrocarbon contamination,
which was initially present on the gold surface, and, presum-
ably, not completely removed upon the chemisorption of the
adsorbate molecules.
Complementary information on the composition and


chemical identity of the films investigated is provided by the
NEXAFS data. Generally, NEXAFS spectra give an insight
into the electronic structure of target films, sampling the
electronic structure of the unoccupied molecular orbitals of
the film constituents.[51] The iron L-edge spectra of films 1–8
recorded at the magic angle of X-ray incidence (558, at this
orientation the spectrum is independent of the molecular
orientation) are presented in Figure 9. These spectra were
normalised to the pre-edge intensity and are therefore rep-
resentative for the amount of iron in the target films. The
spectra of all films exhibit the characteristic p* resonances


related to the 4e1g and 3e2u orbitals of ferrocene at both L2-
and L3-edges,


[52] suggesting the chemisorption of the adsor-
bate molecules on the gold substrate and therefore support-
ing the XPS results. The intensity of these resonances varies
significantly from film to film, correlating roughly with the
intensity of the XPS Fe 2p signal.
The carbon K-edge spectra of films 1–8 recorded at the


magic angle of X-ray incidence are shown in Figure 10.
These spectra exhibit a C 1s absorption edge ascribed to the


C 1s!continuum excitations and a series of absorption res-
onances characteristic of the adsorbate molecules on the sur-
face.
Most of the spectra exhibit the characteristic p* resonan-


ces related to the 4e1g and 3e2u orbitals of ferrocene at 285.6
and 287.2 eV, respectively, and a broad s* resonance of this
organometallic moiety at �292 eV.[53] For films 3 and 5,
which contain phenyl rings, the corresponding characteristic
p1* resonance at 285.1 eV is unequivocally observed. The
characteristic p* resonance of an intact thiophene-type
moiety (films 6 and 7) is expected at 285.6 eV, overlapping,
however, with the p* ACHTUNGTRENNUNG(4e1g) resonance of the ferrocene nu-
cleus. Furthermore, the s* ACHTUNGTRENNUNG(C�S), s* ACHTUNGTRENNUNG(C�N), or s* ACHTUNGTRENNUNG(C�P) res-
onances can in principle be observed at �287 eV,[51] but
they are presumably weak and therefore not distinguishable
from the p* ACHTUNGTRENNUNG(3e2u) resonance of the ferrocene nucleus in
most of the spectra. Finally, a p*-like resonance at 288.6 eV
observed in some spectra in Figure 10 can be alternatively
assigned to conjugation phenomena (see below) or contami-
nation (CO).
In addition to the insight into the electronic structure of


the target systems, NEXAFS data provide valuable informa-
tion on the orientation of the film constituents, as the cross-
section of the resonant photoexcitation process depends on
the orientation of the electric field vector of the linearly po-
larized synchrotron light with respect to the transition
dipole moment (TDM) of the probed molecular orbital.
This effect is called linear dichroism in X-ray absorption.


Figure 8. Normalised S 2p XP spectra of films 2 and 4–8. The decomposi-
tion of the spectra into the individual components is shown. A back-
ground is drawn.


Figure 9. Normalised iron L-edge NEXAFS spectra of films 1–8 acquired
at X-ray incidence angles of 558.


Figure 10. Carbon K-edge NEXAFS spectra of films 1–8 acquired at X-
ray incidence angles of 558. Prominent absorption resonances are indicat-
ed. The dotted lines are a guide for the eyes.
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For ordered molecular films, the intensity of the absorption
resonances changes at a variation of the incidence angle of
the synchrotron light. A convenient way to monitor these
changes is the difference between the spectra acquired at
normal (908) and grazing (208) incidence. Such carbon K-
edge difference spectra for films 1–8 are displayed in
Figure 11. We note that the transition dipole moment of the


p* orbitals is oriented perpendicular to the plane of the C5
rings and to the NC axis in 1 and 2. The respective resonan-
ces are usually quite sharp, which makes monitoring of the


linear dichroism easier as in the case of s* resonances,
which are commonly observed as broad features.
In the following we will discuss the experimental data for


the individual films in more detail. These films differ, inter
alia, in the headgroups that provide the anchoring to the
gold substrate, giving rise to the following categories: isocya-
nide-based film 1, isothiocyanate-based film 2, phosphane-
based film 3, thioether-based films 4, 5 and 8, and thio-
phene-based films 6 and 7.


Film 1: This film shows the highest Fe signal both in XP
(Figure 7) and NEXAFS spectra (Figure 9) and thus exhibits
the highest packing density of organometallic moieties
among the systems investigated in this study. This agrees
well with the highest effective thickness as shown in Table 2.
Both carbon K-edge and iron L-edge spectra of film 1 ex-
hibit intense resonance structure, characteristic of intact fer-
rocene-type units, suggesting non-dissociative chemisorption
of the adsorbate molecules.
In XPS, only a single N 1s emission related to the isocya-


nide nitrogen appears at 399.9 eV,[54] indicating an exclusive
isocyanide-mediated bidentate bonding of 1 to the Au sub-
strate with no contributions from monodentate binding or
physisorption. This interpretation is strongly supported by
IRRAS data, which also suggest an essentially vertical ori-
entation of the adsorbate molecules on the gold surface.
Comparison of the spectra obtained with the modified gold
substrate and those obtained from neat 1 reveals character-
istic differences. The intensities of the out of plane d(CH)
bands at 1040, 1028 and 817 cm�1 are decreased almost
below noise level. This confirms essentially parallel orienta-
tion of the cyclopentadienyl ring plane with respect to the


Figure 11. Carbon K-edge NEXAFS difference spectra of films 1–8. The
curves represent the difference between the spectra acquired at X-ray in-
cidence angles of 908 and 208. The position of the prominent absorption
resonances are indicated by dotted lines.


Table 2. X-ray crystallographic data.


Compound RSSR
(R=thiazol-2-yl)


9 10 11 ACHTUNGTRENNUNG[Ag2 ACHTUNGTRENNUNG(m-1)2] ACHTUNGTRENNUNG(NO3)2·H2O


empirical formula C6H4N2S4 C18H14FeS4 C16H12FeN2S4 C24H16FeN2S4 C48H36Ag4Fe4N12O14


Fw 232.35 414.38 416.37 516.48 1659.77
T [K] 133(2) 153(3) 133(2) 153(2) 153(2)
crystal system monoclinic orthorhombic triclinic monoclinic monoclinic
space group P21/c Fdd2 P 1̄ P21/c C2/c
a [L] 5.5034(9) 21.883(11) 6.8474(12) 6.9969(4) 30.442(3)
b [L] 19.354(3) 19.335(18) 8.0194(16) 10.3383(8) 15.0416(7)
c [L] 8.5337(14) 8.303(4) 8.3936(16) 30.2641(18) 11.6227(10)
a, b, g [8] 90, 96.07(1), 90 90, 90, 90 110.72(1), 94.77(2), 97.97(2) 90, 103.394(5), 90 90, 103.262(7), 90
V [L3] 903.9(3) 3513(4) 422.58(14) 2129.6(2) 5180.1(7)
Z 4 8 1 4 4
1calcd [gcm


�3] 1.707 1.567 1.636 1.611 2.128
m [mm�1] 0.991 1.328 1.384 1.116 2.646
F ACHTUNGTRENNUNG(000) 472 1696 212 1056 3248
crystal size [mm] 0.6T0.09T0.07 0.60T0.31T0.13 0.48T0.20T0.02 0.55T0.26T0.13 0.60T0.17T0.04
q range [8] 2.10–25.00 2.81–25.00 2.62–25.00 2.09–25.0 1.37–24.63
reflns collected 5753 5554 2760 13454 15748
independent reflns 1595 1492 1402 3751 4354
Rint 0.1399 0.1060 0.0901 0.0301 0.0723
reflns with [I>2s(I)] 1174 1424 1017 3249 3264
data/restraints/parameters 1595/0/109 1492/1/100 1402/0/106 3751/0/281 4354/0/389
GOF on F2 0.927 1.079 0.934 1.061 1.014
R1 [I>2s(I)]/wR2 0.0515/0.1272 0.0589/0.1583 0.0590/0.1484 0.0215/0.0529 0.0427/0.1073
largest diff. peak/hole [e·L�3] 0.405/�0.494 1.476/�0.761 0.573/�0.860 0.210/�0.217 1.038/�1.178
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surface normal,[55] as expected for the binding of both iso-
cyano groups. On the other hand, in-plane modes such as
ñ(NC), ñ(CC), d(CH) and ring distortion modes found in
the IR spectrum of neat 1 at 2118, 1543, 1095 and 855 cm�1,
respectively, are clearly identified in the spectrum of 1 on
gold. Interaction with the substrate leads to a strong polari-
sation of lone pair electron density into the metal and
causes a shift of the ñ(NC) band from 2118 to 2181 cm�1.
This compares well with results obtained with other isocya-
nides[56] and also with the value of 2226 cm�1 found for
ACHTUNGTRENNUNG[(m-1)ACHTUNGTRENNUNG(AuCl)2]n. There is no indication for any surface-un-
bound isocyano groups in the film. These conclusions are
further corroborated by the nitrogen K-edge NEXAFS spec-
tra of film 1 shown in Figure 12, which exhibit a single dis-


tinct p* ACHTUNGTRENNUNG(N*C) resonance at 400.4 eV.[54a,57] Features related
to the corresponding NC orbital are also visible at the
carbon K-edge, as a shoulder at 286.6 eV.[54a,58] Furthermore,
the relatively strong p*-like resonance around 288.6 eV can
originate from the conjugation of the p* orbitals of the fer-
rocene nucleus with the p* orbitals of the isocyano unit.[51]


The NEXAFS difference spectrum of film 1 in Figure 11
shows the pronounced p* ACHTUNGTRENNUNG(4e1g) and p* ACHTUNGTRENNUNG(4e2u) peaks charac-
teristic of high orientational order. These peaks have the
positive sign (we will name it “positive dichroism” in the fol-
lowing text) indicative of a vertical orientation of the cyclo-
pentadienyl decks. Furthermore, a strong positive dichroism
is observed for the p* ACHTUNGTRENNUNG(NC*) resonance at 286.6 eV, which
indicates a predominantly vertical orientation of the isocya-
no headgroups. Since film 1 exhibits the highest degree of
orientational order and comprises vertically oriented mole-
cules, we decided to perform the quantitative evaluation of
the NEXAFS data and determine the average tilt angle a of
the isocyanide headgroup. For the analysis we used the
p*(NC) resonances in the carbon and nitrogen K-edge spec-
tra. The p*(NC) orbitals were considered as plane-type orbi-
tals. Accordingly, g is the angle between the sample normal


and the normal to the p*(NC) plane and thus parallel to the
iso ACHTUNGTRENNUNGcyanide tilt angle a. The intensities I of these resonances
as a function of the X-ray incidence angle were evaluated
according to the theoretical expression for a plane-type orbi-
tal [Eq. (1)].[51]


Iðg,qÞ ¼ AfP� ð2=3Þ½1�ð1=4Þ 
 ð3 cos2ðq�1Þ 
 ð3 cos2g�1Þ�
þð1�PÞ � ½ð1=2Þ 
 ð1þ cos2gÞ�g


ð1Þ


In Equation (1), A is a constant, P is the polarisation factor
of the synchrotron light, and q is the X-ray incidence angle.
To avoid normalisation problems, not the absolute intensi-
ties, but the intensity ratios I(q)/IACHTUNGTRENNUNG(908) were analysed,[51]


where I(q) and I ACHTUNGTRENNUNG(908) are the intensities of the p*(NC) reso-
nances at X-ray incidence angles of q and 908, respectively.
The resulting values of the average tilt angle a derived on
the basis of the p* ACHTUNGTRENNUNG(NC*) and p* ACHTUNGTRENNUNG(N*C) resonances are 35.18
and 36.68, respectively. The accuracy of these values is �3–
58, which is just the general accuracy of the NEXAFS ex-
periment and data analysis procedure. Within this accuracy,
the values obtained from the different absorption edges are
essentially identical, which emphasizes their reliability. The
average of these two tilt angle values for the NC axis with
respect to the surface normal is 35.98. Note that the analo-
gous evaluation of the tilt angle of the ferrocene-type units
using the dichroism of the p* orbitals related to the cyclo-
pentadienyl decks is much more difficult and not completely
reliable, since both p* ACHTUNGTRENNUNG(4e1g) and p* ACHTUNGTRENNUNG(4e2u) are vector orbitals
and not only tilt, but also twist of the cyclopentadienyl
decks must be considered. In view of the above complica-
tions, we decided to consider the linear dichroism of these
orbitals as only a qualitative fingerprint for the degree of
order in the film.


Film 2 : This film differs from film 1 in the attachment of a
sulfur atom to each isocyanide moiety, resulting in the for-
mation of isothiocyanato headgroups. According to the XPS
(Figure 7 and Table 2) and NEXAFS (Figure 9) data, this
modification resulted in a noticeable reduction of the pack-
ing density, which is, however, still relatively high as com-
pared to the other films of this study. Both carbon K-edge
and iron L-edge spectra of film 2 exhibit intense resonance
structure, characteristic of intact ferrocene-type moieties,
suggesting non-dissociative adsorption of the target mole-
cules.
Similar to film 1, a single N 1s XPS emission at 399.8 eV


related to the headgroup nitrogen appears in the respective
XP spectrum of film 2.[54] Furthermore, only a single doublet
at a BE of 161.7 eV (S 2p3/2) is observed in the S 2p XP
spectrum (Figure 8), which is close to the characteristic
value for thiolate-type bonding. Since neither additional N
1s emission peaks nor features characteristic of unbound S
were found, it can be assumed that 2 adopts a bidentate
bonding configuration on the gold substrate similar to 1.
The NEXAFS difference spectrum of film 2 in Figure 11


shows the pronounced p* ACHTUNGTRENNUNG(4e1g) and p* ACHTUNGTRENNUNG(3e2u) peaks charac-
teristic of high orientational order. These peaks have the


Figure 12. Nitrogen K-edge NEXAFS spectra of film 1 acquired at X-ray
incidence angles of 908, 558, and 208, along with the difference between
the spectra acquired at X-ray incidence angles of 908 and 208 (bottom
curve).


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4346 – 43604354


U. Siemeling et al.



www.chemeurj.org





positive sign indicative of a vertical orientation of the cyclo-
pentadienyl decks.


Film 3 : The carbon K-edge NEXAFS spectrum of this film
(Figure 10) displays a strong feature at 285.0 eV related to
the p1* orbital of the phenyl moieties


[59] of the diphenyl-
phosphanyl headgroups. The comparably high intensity of
this resonance is nicely compatible with the molecular com-
position, since 3 contains four phenyl moieties. A horizontal
(“flat”) adsorption geometry of the phenyl rings can be de-
duced from the strongly negative dichroism of the p1* reso-
nance as seen in the difference spectrum. The orientation of
the cyclopentadienyl decks, however, cannot be clearly
made out from the difference spectra, since the p* ACHTUNGTRENNUNG(41eg) fea-
ture of ferrocene at 285.6 eV overlaps with the strong p1*
difference peak of phenyl.
The P 2p3/2 XP spectrum of film 3 exhibits a single emis-


sion at a BE of 131.1 eV. This particular BE is commonly re-
lated to aromatic diphenylphosphane derivatives which are
either unbound[60] or coordinatively bound to zero-valent
transition metals in metal complexes.[61] In view of the rela-
tively high film density and orientational order, it is very
likely in our case that most of the diphenylphosphanyl head-
groups are characterised by coordination-type attachment to
the gold surface. The low Fe intensity observed in the XP
Fe 2p spectra together with the comparably high film thick-
ness of 9.6 L is understandable in view of the sterically de-
manding headgroups. The surface area occupied by 3 in a bi-
dentate binding configuration via its bulky diphenylphos-
phanyl headgroups is approximately four to five times larger
than that of 1, in agreement with the �5:1 Fe 2p intensity
ratio of 1/Au and 3/Au. This is in accord with IR spectro-
scopic measurements by Westermark et al., who found flat
adsorption geometries and intact binding of aromatic phos-
phanes on a variety of coinage metals.[48]


Films 4, 5 and 8 : The carbon K-edge NEXAFS spectra of
these thioether-based films (Figure 10) show characteristic
spectral features related to the organometallic moiety. In ad-
dition, the spectrum of film 5 shows the characteristic p1*
resonance at �285 eV related to the terminal phenyl units
of the adsorbate molecule. The difference NEXAFS spectra
of films 5 and 8 (Figure 11) exhibit a negative dichroism of
the ferrocene p* ACHTUNGTRENNUNG(4e1g) feature at 285.6 eV, accompanied by
the negative dichroism of the p1* resonance (phenyl rings)
for film 5. Accordingly, the cyclopentadienyl decks (and the
phenyl rings in 5) are strongly inclined. The same is presum-
ably true for film 4 as well, but it seems to be more disor-
dered than films 5 and 8 according to its NEXAFS differ-
ence spectrum in Figure 11.
The S 2p XP spectrum of film 4 exhibits two S 2p3/2,1/2


doublets at BEs of 162.0 eV and 163.8 eV (S 2p2/3) related to
two different sulfur moieties. The former doublet is com-
monly assigned to a thiolate-type attachment to gold, which
suggests the cleavage of covalent C�S bonds for a part of
the adsorbate molecules upon their adsorption. Such binding
chemistry has been reported before for thioether head-


groups in various molecules.[1b,43] The second doublet ob-
served at 163.8 eV is characteristic of unbound or coordina-
tion-type bound sulfur in thioethers.[62] The coexistence of
thiolate, coordination-type and/or unbound sulfur species
might be a reason for the low molecular order in film 4.
In contrast to film 4, S 2p XP spectra of films 5 and 8 are


dominated by the doublet at 163.8 eV, which suggests the
dominance of weakly bound or unbound adsorbate mole-
cules in the respective films. The intensity of the thiolate-re-
lated doublet is very low, which indicates that only a small
part of the pristine thioether groups were cleaved upon ad-
sorption. In view of the horizontal orientation of the cyclo-
pentadienyl decks in these films, as derived from the corre-
sponding NEXAFS data (Figure 11), it is very likely that
part of the thioether units form coordinative bonds to the
surface, whereas the remaining ones are essentially un-
bound, with the most likely scenario being that the domi-
nant binding configuration on gold is mono- and bidentate
for 5 and 8, respectively.
The overall film quality and packing density differ among


films 4, 5, and 8. While films 4 and 8 show only traces of
oxygen in the O 1s XP spectra and no oxidised iron, film 5
exhibits considerable amounts of oxygen contaminations
and oxidised iron (at �712 eV for Fe 2p3/2), which indicates
that a considerable fraction of the organometallic units got
oxidised and presumably decomposed in this film. Films 4
and 8 exhibit relatively low Fe 2p XPS signals (Figure 7)
suggesting low packing densities in contrast to film 5, which
has an Fe intensity comparable to the more ordered films 1
and 2. The S 2p signal for film 4 is very high compared to
the respective iron intensity (Figure 8). This might be ex-
plained by unbound anchor groups, which are oriented to-
wards the film surface so that the respective photoemission
signal gets less attenuated. The relatively high S 2p signal
observed for film 8 is not unexpected since 8 contains four
sulfur atoms as opposed to only two present in 4 and 5.


Films 6 and 7: The thiophene-based compounds 6 and 7 ex-
hibit partial molecular decomposition upon adsorption on
the gold surface. The S 2p XPS spectra of these films
(Figure 8) show two distinct doublets at �162 eV (S 2p3/2)
and at 163.6 eV. The former peak can be assigned to thio-
late-type sulfur resulting from the cleavage of the C�S bond
in the thiophene ring, while the latter species can be ascri-
bed to a weakly coordinated or unbound thiophene.[46c,e,63]


This conclusion is supported by the carbon K-edge
NEXAFS spectra of both films 6 and 7 (Figure 10), exhibit-
ing an absorption intensity at �285.0 eV, which has also
been found for oligothiophenes and is commonly associated
with dissociative adsorption of thiophene,[64] i.e. cleavage of
the C�S bond in the thiophene ring to form a thiolate-type
attachment to gold. The respective feature is more intense
in the spectrum of film 7, whereas in the spectrum of film 6
this feature represents only a shoulder of a stronger reso-
nance at 285.6 eV, which, in this particular case, is presuma-
bly a superposition of the p* ACHTUNGTRENNUNG(4e1g) resonance of ferrocene
and the p1* resonance of intact thiophene.


[51,64] Therefore,
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the position of the sulfur atom in the thiophene ring with re-
spect to the attached ferrocene nucleus is of importance for
the chemical stability of the adsorbate molecules upon their
adsorption on the gold surface. This difference in the attach-
ment chemistry is surprising in view of the minor structural
difference of molecules 6 and 7. We note, however, that sev-
eral authors have pointed out that the binding conformation
of thiophene derivatives is strongly influenced by their func-
tional groups.[46a,63]


A decomposition of the thiophene headgroup for part of
the adsorbate molecules results in a pronounced chemical
heterogeneity of the derived film, which is strongly disor-
dered and presumably contains the adsorbate species in
both bidentate and monodentate bonding configuration. In
fact, the NEXAFS difference spectra of films 6 and 7
(Figure 11) exhibit a negative dichroism of the p* ACHTUNGTRENNUNG(4e1g) and
p* ACHTUNGTRENNUNG(3e2u) resonances (at 285.6 eV and 287.0 eV, respectively)
assigned to the cyclopentadienyl decks. Consequently, we
can assume that these decks show predominantly horizontal
orientation.
According to the Fe 2p XPS data (Figure 7), film 7 exhib-


its a much lower iron content than film 6. On the other
hand, a higher packing density in film 7 as compared to film
6 can be inferred from the film thickness values for these
films, being 8.2 and 6.7 L, respectively. It is possible that the
molecular decomposition of 7 upon adsorption affects not
only the thiophene moiety but also the ferrocene nucleus. In
this hypothesis, iron is lost (by desorption) during the film
formation process, allowing a denser packing of the residual,
sterically less demanding carbon backbone. Furthermore,
the Fe 2p XP spectrum of film 6 shows a significant amount
of oxidised iron (38% of total Fe intensity), which is a signa-
ture of oxidised ferrocene-type iron in this film. In contrast,
no noticeable amount of oxidised iron was found in film 7.
In summary, the XPS and NEXAFS data suggest the for-


mation of ferrocene-based, monomolecular films on Au ACHTUNGTRENNUNG(111)
from the adsorbate molecules 1–8. The attachment of these
molecules to the Au substrate occurs in a SAM-like manner,
through the specific headgroups, which are isocyano (1), iso-
thiocyanato (2), phosphanyl (3), thioether (4, 5 and 8), and
thienyl (6 and 7). The quality of the resulting films turned
out to be rather different. A high packing density and orien-
tational order was only observed for films 1 and 2, which ex-
hibit chemisorbed molecules with a predominantly vertical
orientation and bidentate binding configuration. These films
also show a high degree of chemical homogeneity and can,
in view of all above factors, be considered as true SAMs. A
relatively high orientational order, chemical homogeneity,
and primarily bidentate bonding configuration was also ob-
served in film 3, but this film is characterised by a lower
packing density owed to the “flat” adsorption geometry of
the bulky PPh2 headgroups. All other films of this study (4–
8) exhibit chemical inhomogeneity, low orientational order
and considerable inclination of the film constituents. There
are, presumably, both bidentate and monodentate binding
configurations in these films. In the case of the thioether-
based films (4, 5, and 8), C�S bond cleavage was observed


upon adsorption for a part of the adsorbate molecules, re-
sulting in the formation of thiolate-anchored moieties, which
coexist with more weakly bound molecules anchored to the
substrate by coordination-type bonds typical for thioethers.
Also for the thiophene-based films (6 and 7), a decomposi-
tion of the thiophene headgroups took place upon adsorp-
tion for a part of the precursor molecules, resulting in the
coexistence of strongly bonded thiophene-derived species
and more weakly coordinated pristine molecules in the
films. The relative portions of these two fractions were
found to depend on the exact position of the thiophene
sulfur atom with respect to the ferrocene moiety. Partial oxi-
dation and decomposition of the organometallic moiety in
some of the films (especially, in films 5 and 6) cannot be
completely excluded.


Conclusions


We have investigated 1,1’-disubstituted ferrocene derivatives
[Fe ACHTUNGTRENNUNG(C5H4X)2] (1–7, 9–11), which contain substituents suita-
ble for binding to a gold surface [X=NC, NCS, PPh2, 2-
thienyl, 3-thienyl, and SR (R=Me, Ph, thiazol-2-yl, benzo-
thiazol-2-yl)]. Compounds 1–7 contain two ligating atoms
for surface coordination. These atoms are carbon in the case
of the isocyanide 1, phosphorus in case of dppf (3), and
sulfur in all other cases. Compounds 9–11 contain four po-
tentially ligating sulfur atoms each, similar to the tetrasubsti-
tuted ferrocene derivative 8, which contains four SMe
groups. The four sulfur atoms of 8 are chemically equivalent,
which is not the case for the structurally more complicated
compounds 9–11. We have investigated film formation on
gold (111) substrates by using the comparatively simple bi-
dentate adsorbate species 1–7 and have also studied the sim-
plest of the tetradentate compounds (8) in this respect.
The diisocyano derivative 1 afforded well-defined SAMs


of good quality. In contrast, with the notable exception of
the isothiocyanato derivative 2, all sulfur-containing adsor-
bate species investigated in this study failed to give rise to
well-defined SAMs. However, the problems we have en-
countered with thioether- and thienyl-based anchor groups
(especially C�S bond cleavage) are not unprecedented (see
above), and our findings clearly support the notion that the
behaviour of such anchor groups is unreliable in the context
of SAM fabrication. In view of these difficulties, we have
abstained so far from an analogous in-depth investigation of
the tetradentate sulfur ligands 9–11.
The quality of SAMs fabricated from 2 were found to be


similar to that of SAMs prepared from 1. Our observations
concerning the isothiocyanato derivative 2 indicate that
more detailed investigations concerning SAMs based on or-
ganic isothiocyanates are mandatory and also augur well for
the usefulness of such systems.
SAM formation can be viewed to rely to a large extent on


surface coordination chemistry, which is naturally related to
molecular coordination chemistry. As a starting point, we
have investigated basic aspects of the molecular coordina-
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tion chemistry of 1,1’-diisocyanoferrocene (1), the most in-
triguing result being the crystal structure of the gold com-
plex [(m-1) ACHTUNGTRENNUNG(AuCl)2]n, which can, with caution, be taken as a
model for the arrangement of 1 in SAMs on gold. We have
been able to bridge a gap here between surface science and
molecular chemistry and envisage extending this further in
the future utilising other ligands of this study.


Experimental Section


General : Synthetic work involving air-sensititve compounds was per-
formed under an atmosphere of dry nitrogen by using standard Schlenk
techniques or a conventional glove box. Solvents and reagents were ap-
propriately dried and purified. 1,1’-Diisocyanoferrocene (1),[65] 1,1’-di
(methylthio)ferrocene (4),[11] 1,1’-di(phenylthio)ferrocene (5),[11] 1,1’-di(2-
thienyl)ferrocene (6),[10] 1,1’,2,2’-tetra(methylthio)ferrocene (8),[66] 2,2’-
di(thien-2-yl)disulfide,[67] 2,2’-di(thiazol-2-yl)disulfide[68] and 1,1’-bis(tri-
phenylphosphoranylidenamino)ferrocene[8a] were prepared according to,
or by slight variation of, published procedures. NMR: Varian Unity
INOVA 500 (500.13 MHz for 1H); IR: BIO-RAD FTS-40A; elemental
analyses: microanalytical laboratories of the University of Kassel and of
Imperial College London.


1,1’-Diisothiocyanatoferrocene (2): CS2 (40 mL) was added to 1,1’- bis(tri-
phenylphosphoranylidenamino)ferrocene (1.50 g, 2.00 mmol) in a thick-
walled “RotaflO” ampoule. The suspension was stirred for 3 h at 90 8C.
The resulting clear solution was allowed to cool to room temperature.
Volatile components were removed in vacuo. The crude product was dis-
solved in a minimal amount of dichloromethane and purified by column
chromatography (silica gel, n-hexane), which afforded an orange, micro-
crystalline powder. Yield 490 mg (82%). 1H NMR (CDCl3): d=4.20 (s,
4H), 4.51 ppm (s, 4H); 13C{1H} NMR (CDCl3): d=67.1, 68.0, 87.0,
133.8 ppm; IR: ñ ACHTUNGTRENNUNG(NCS)=2088 cm�1 (b, vs); elemental analysis (%) calcd
for C12H8FeN2S2 (300.19): C 48.01, H 2.69, N 9.33; found: C 48.13, H
2.69, N 9.39.


1,1’-Di(3-thienyl)ferrocene (7): A 1.60m solution of nBuLi in hexane
(15.0 mL, 24.0 mmol) was added in one portion to finely ground ferro-
cene (2.00 g, 10.8 mmol). The mixture was stirred and TMEDA (1.37 g,
11.8 mmol) was added dropwise. Stirring was continued for 14 h. The pre-
cipitate (TMEDA adduct of 1,1’-dilithioferrocene, �3.3 g) was filtered
off, washed with n-hexane (2T15 mL) and was subsequently suspended
n-hexane (15 mL). A solution of ZnCl2 (2.73 g, 20.0 mmol) in THF
(15 mL) was added dropwise and the mixture was stirred for 3 h.
3-Bromothiophene (3.26 g, 20.0 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (0.23 g, 0.2 mmol)
were added sequentially. After 4 d the mixture was hydrolysed with 1n


hydrochloric acid (15 mL) and subsequently extracted with diethyl ether
(3T20 mL) and dichloromethane (1T30 mL). The combined organic
layers were dried with Na2SO4, which was subsequently removed by fil-
tration. Volatile components were removed in vacuo. The crude product
was purified by column chromatography (silica gel, n-hexane/dichlorome-
thane 20:1). The first two bands contained ferrocene and (3-thienyl)ferro-
cene (460 mg). The third band afforded the product as an orange, micro-
crystalline solid. Yield 2.39 g (68%). 1H NMR (CDCl3): d=4.21 (s, 4H;
C5H4), 4.39 (s, 4H; C5H4), 6.90 (s, 2H; thienyl), 6.95 (“d”, apparent J=


5.0 Hz, 2H; thienyl), 7.18 ppm (m, 2H; thienyl); 13C{1H} NMR (CDCl3):
d=68.1, 69.9, 118.0, 125.2, 126.3, 138.6 ppm; elemental analysis (%) calcd
for C18H14FeS2 (350.29): C 61.72, H 4.03; found: C 62.64, H 4.53.


1,1’-Di(thien-2-ylthio)ferrocene (9): A solution of di(2-thienyl)disulfide
(2.60 g, 11.3 mmol) in toluene (40 mL) was added dropwise with stirring
to a suspension of the TMEDA adduct of 1,1’-dilithioferrocene (�1.7 g)
in n-hexane (15 mL), which had been prepared as described above from
ferrocene (1.00 g, 5.4 mmol), nBuLi (7.5 mL of a 1.60m solution in
hexane, 12.0 mmol) and TMEDA (0.70 g, 6.0 mmol). After 14 h water
(15 mL) was added and stirring was continued for 10 min. The organic
layer was separated, washed with water (2T10 mL) and dried with
MgSO4, which was subsequently removed by filtration. Volatile compo-


nents were removed in vacuo. The yellow sticky crude product was dis-
solved in a minimal amount of CH2Cl2 and purified by column chroma-
tography (silica gel, n-hexane/dichloromethane 10:1), affording the prod-
uct as a yellow, microcrystalline solid. Yield 1.40 g (68%). 1H NMR
(CDCl3): d =4.27 (s, 4H; C5H4), 4.42 (s, 4H; C5H4), 6.89 (m, 2H; thienyl),
7.04 (d, J=2.4 Hz, 2H; thienyl), 7.23 ppm (d, J=5.4 Hz, 2H; thienyl);
13C{1H} NMR (CDCl3): d=66.9, 74.2, 127.2 128.4 ppm; elemental analysis
(%) calcd for C18H14FeS4 (414.42): C 52.17, H 3.41; found: C 52.23, H
3.35.


1,1’-Di(thiazol-2-ylthio)ferrocene (10): A solution of di(2-thiazolyl)disul-
fide (0.93 g, 4.0 mmol) in toluene (20 mL) was added dropwise with stir-
ring to a suspension of the TMEDA adduct of 1,1’-dilithioferrocene
ACHTUNGTRENNUNG(�0.6 g) in n-hexane (10 mL), which had been prepared as described
above from ferrocene (0.37 g, 2.0 mmol), nBuLi (2.5 mL of a 1.60m solu-
tion in hexane, 4.0 mmol) and TMEDA (0.34 g, 2.1 mmol). After 14 h
water (10 mL) was added and stirring was continued for 10 min. The or-
ganic layer was separated, washed with water (2T10 mL) and dried with
MgSO4, which was subsequently removed by filtration. Volatile compo-
nents were removed in vacuo. The brownish-yellow sticky crude product
was dissolved in a minimal amount of dichloromethane and purified by
chromatography (neutral alumina, activity grade II, n-hexane/dichloro-
methane 3:1), affording the product as a dark yellow, microcrystalline
solid. Yield 0.32 g (38%). 1H NMR (CDCl3): d=4.45 (s, 4H; C5H4), 4.61
(s, 4H; C5H4), 7.10 (d, J=2.9 Hz, 2H; thiazolyl), 7.58 ppm (d, J=2.8 Hz,
2H; thiazolyl); 13C{1H} NMR ACHTUNGTRENNUNG(CDCl3): d=69.8, 72.6, 76.3, 119.0, 143.1,
169.2 ppm; elemental analysis (%) calcd for C16H12FeN2S4 (416.39): C
46.15, H 2.90, N 6.73; found: C 45.37, H 2.87, N 7.40.


1,1’-Di(benzothiazol-2-ylthio)ferrocene (11): A solution of di(2-benzo-
thiazolyl)disulfide (6.80 g, 20.5 mmol) in toluene (70 mL) was added
dropwise with stirring to a suspension of the TMEDA adduct of 1,1’-dili-
thioferrocene (�3.3 g) in n-hexane (50 mL), which had been prepared as
described above from ferrocene (2.00 g, 10.8 mmol), nBuLi (15.0 mL of a
1.60m solution in hexane, 24.0 mmol) and TMEDA (1.37 g, 11.8 mmol).
After 14 h water (50 mL) was added and stirring was continued for
10 min. The dark yellow precipitate was isolated by filtration and dried
in vacuo. Its purity turned out to be already> 95% by NMR spectro-
scopic analysis. Yield 4.74 g (92%). An analytical sample was obtained
by column chromatography (silica gel, n-hexane/dichloromethane 3:1).
1H NMR (CDCl3): d=4.59 (s, 4H; C5H4), 4.70 (s, 4H; C5H4), 7.23 (“t”,
2H; benzothiazolyl), 7.37 (“t”, 2H; benzothiazolyl), 7.63 (d, J=8.0 Hz,
2H; benzothiazolyl), 7.82 ppm (d, J=7.7 Hz, 2H; benzothiazolyl);
13C{1H} NMR ACHTUNGTRENNUNG(CDCl3): d=73.0, 78.0, 82.8, 120.8, 121.8, 124.1, 126.1 ppm;
elemental analysis (%) calcd for C24H16FeN2S4 (516.51): C 55.81, H 3.12,
N 5.42; found: C 55.71, H 3.22, N 5.49.


ACHTUNGTRENNUNG[Ag2 ACHTUNGTRENNUNG(m-1)2] ACHTUNGTRENNUNG(NO3)2 : A solution of silver nitrate (170 mg, 1.00 mmol) in
acetonitrile (15 mL) was added to a stirred solution of 1,1’-diisocyanofer-
rocene (1) (236 mg, 1.00 mmol) in acetonitrile (50 mL). The mixture was
stirred in the dark for 14 h. The product precipitated as shiny golden pla-
telets, which were filtered off, washed with acetonitrile (5 mL) and dieth-
yl ether (2T5 mL) and dried in vacuo. Yield 465 mg (57%). An analyti-
cal sample of the monohydrate was obtained by recrystallisation from di-
chlormethane. 1H NMR (CDCl3): d=4.47 (“t”, 4H; C5H4), 5.30 ppm (“t”,
4H; C5H4); IR: ñ(NC)=2193 cm�1 (vs); elemental analysis (%) calcd for
the hydrate C24H22Ag2Fe2N6O7 (833.91): C 33.57, H 2.66, N 10.08; found:
C 33.06, H 2.43, N 9.55.


X-ray crystallography : X-ray crystallographic data for [(m-1){Cr(CO)5}2]
and [(m-1) ACHTUNGTRENNUNG(AuCl)2]n have been published previously.


[19] X-ray crystallo-
graphic data for RSSR (R= thiazol-2-yl), 9–11 and [Ag2 ACHTUNGTRENNUNG(m-1)2]-
ACHTUNGTRENNUNG(NO3)2·H2O are collected in Table 2. Data collection was performed by
using a Stoe IPDS-II diffractometer with an area detector. Graphite-
monochromatised MoKa radiation (l=0.71073 L) was used in each case.
The data sets are corrected for Lorentz and polarisation effects. A nu-
merical absorption correction was applied, except for
ACHTUNGTRENNUNG[Ag2 ACHTUNGTRENNUNG(m-1)2] ACHTUNGTRENNUNG(NO3)2·H2O. The structures were solved by direct methods.
The program SHELXS-97 was used for structure solution and refinement
was carried out using SHELXL-97 by full-matrix least-squares refine-
ment on F2. All non H atoms were refined anisotropically except atom
C7 in 9 which is affected by disorder of the thiophene ring around the
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C1-S1 axis, and was refined isotropically. Hydrogen atoms were included
at calculated positions using a riding model. In [Ag2 ACHTUNGTRENNUNG(m-1)2] ACHTUNGTRENNUNG(NO3)2·H2O
the hydrogen atoms of the solvent molecule could not be located and are
not included in the model. CCDC 669238, 669239, 669240, 669241,
669242 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Electrochemistry and spectroelectrochemistry : Electrochemistry was per-
formed in a lab-built cylindrical vacuum tight one compartment cell. A
spiral shaped Pt wire and an Ag wire as the counter and pseudo-refer-
ence electrodes are sealed directly into opposite sides of the glass wall,
while the respective working electrode (Pt or glassy carbon 1.1 mm pol-
ished with 0.25 mm diamond paste (Buehler-Wirtz) before each experi-
ment) are introduced via a Teflon screw cap with a suitable fitting. The
cell can be attached to a conventional Schlenk line via two side-arms
equipped with teflon screw valves and allows experiments to be per-
formed under an atmosphere of argon with approximately 2.5 mL of ana-
lyte solution. CH2Cl2 was obtained from Fluka (Burdick & Jackson) and
freshly distilled from CaH2 before use. [NnBu4] ACHTUNGTRENNUNG[PF6] (0.25 mm) was used
as the supporting electrolyte. All potentials are referenced versus the in-
ternal ferrocene/ferrocenium couple, to which an appropriate amount of
ferrocene was added after all other scans had been recorded. Electro-
chemical data were acquired by using a computer controlled EG&G
model 273 potentiostat utilising the EG&G 250 software package. The
design of the OTTLE cell follows that of Krejcik et al.[69] It comprises a
Pt-mesh working and counter electrode and a thin silver wire as a
pseudo-reference electrode sandwiched between the CaF2 windows of a
conventional liquid IR cell.


Fourier transform infrared spectroscopy of 1: FT-IR spectra of crystalline
1 were recorded by means of a BIO-RAD FTS-40a spectrometer in atte-
nuated total reflection (ATR) geometry. The spectral resolution was
2 cm�1. All bands were assigned according to publications on IR investi-
gations of ferrocene and its derivatives.[19,70] Fourier transform infrared
reflection absorption spectroscopic investigations of the monolayer films
on gold were performed by using an evacuated Bruker IFS 66v/S spec-
trometer equipped with a liquid nitrogen cooled mercury cadmium tellur-
ide detector. P-polarized light was incident on the sample at an angle of
808. A total of 2000 scans were measured at a spectral resolution of
2 cm�1.


Film preparation : The gold substrates for film fabrication were prepared
by thermal evaporation of 100 nm gold (99.99% purity) onto polished
single-crystal silicon (111) wafers (Silicon Sense) primed with a 5 nm Ti
layer for adhesion promotion. The resulting films were polycrystalline
with a grain size of 20–50 nm and predominantly possessed (111) orienta-
tion.[71] Films were formed by immersion of freshly prepared gold sub-
strates in 10 mm solutions of 1–8 in DMF, ethanol and acetonitrile (1, 2,
4--8) or toluene (3) at room temperature for 18 h. After immersion the
samples were carefully rinsed with the respective solvent, blown dry with
argon and kept in plastic containers backfilled with argon until character-
isation.


Near-edge X-ray absorption fine structure spectroscopy: NEXAFS spec-
troscopic measurements were performed at the HE-SGM beamline of
the synchrotron storage ring BESSY II in Berlin, Germany. The spectra
were collected at the carbon K-edge, nitrogen K-edge, and iron L-edge
with a retardation voltage of �150 V for the carbon K-edge and �300 V
for the nitrogen K-edge and the iron L-edge. Linearly polarised light was
used. The energy resolution was approximately 0.4 eV and the incidence
angle of the light was varied from 908 to 208. Raw NEXAFS spectra
were normalised to the incident photon flux by division through a spec-
trum of a clean, freshly sputtered gold sample. The photon energy scale
was referenced to the prominent p1* resonance of highly oriented pyro-
lytic graphite at 285.38 eV. Further, the spectra were reduced to the stan-
dard form by subtracting linear pre-edge background and normalizing to
the unity edge jump determined by a horizontal plateau 40–50 eV above
the absorption edge.


X-ray photoelectron spectroscopy: The XPS measurements were carried
out under ultra-high vacuum (UHV) conditions at a base pressure better
than 1.5T10�9 mbar. The experiments were performed using an Al Ka


X-ray source and an LHS11 analyser. The energy resolution was
�0.9 eV. The X-ray source was operated at a power of 260 W and posi-
tioned about 1.5 cm away from the samples. The energy scale was refer-
enced to the Au 4f7/2 peak of alkanethiol-coated gold at a ACHTUNGTRENNUNGbinding energy
of 84.0- eV.
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Mechanism, Regioselectivity, and the Kinetics of Phosphine-Catalyzed [3+2]
Cycloaddition Reactions of Allenoates and Electron-Deficient Alkenes


Yong Liang,[a] Song Liu,[a] Yuanzhi Xia,[a, b] Yahong Li,[b, c] and Zhi-Xiang Yu*[a]


Introduction


The Huisgen [3+2] cycloaddition reactions between 1,3-di-
poles and dipolarophiles have been widely applied in the


construction of five-membered heterocycles.[1,2] Inspired by
the success of Huisgen!s chemistry and other cycloaddition
reactions such as the Diels–Alder reaction, which has been
widely employed in the synthesis of six-membered carbocy-
cles and heterocycles, synthetic chemists have been continu-
ously searching for analogous [3+2] cycloaddition reactions
to synthesize five-membered carbocycles and heterocycles,
which exist predominantly as the backbones of many natural
products and other compounds of pharmaceutical signifi-
cance. Endeavors in this line have led to the discoveries of
several elegant [3+2] cycloaddition reactions by Danheis-
er,[3] Trost,[4] Lu,[5] and others.[6] All these [3+2] cycloaddi-
tion reactions employ Lewis acids or transition metals as
catalysts with the exception of Lu!s [3+2] cycloaddition re-
actions of allenoates and electron-deficient alkenes or
imines which occur by catalysis with tertiary phosphines
(Scheme 1). This reaction can also be executed by using al-
kynoates instead of allenoates as the three-carbon synthon
(Scheme 1). Because phosphines are organocatalysts, Lu!s
[3+2] cycloaddition reaction can be regarded as one of the
recently widely pursued organocatalytic reactions.[7] Lu, Kri-


Abstract: With the aid of computations
and experiments, the detailed mecha-
nism of the phosphine-catalyzed [3+2]
cycloaddition reactions of allenoates
and electron-deficient alkenes has been
investigated. It was found that this re-
action includes four consecutive pro-
cesses: 1) In situ generation of a 1,3-
dipole from allenoate and phosphine,
2) stepwise [3+2] cycloaddition, 3) a
water-catalyzed [1,2]-hydrogen shift,
and 4) elimination of the phosphine
catalyst. In situ generation of the 1,3-
dipole is key to all nucleophilic phos-
phine-catalyzed reactions. Through a
kinetic study we have shown that the
generation of the 1,3-dipole is the rate-
determining step of the phosphine-cat-


alyzed [3+2] cycloaddition reaction of
allenoates and electron-deficient al-
kenes. DFT calculations and FMO
analysis revealed that an electron-with-
drawing group is required in the allene
to ensure the generation of the 1,3-
dipole kinetically and thermodynami-
cally. Atoms-in-molecules (AIM)
theory was used to analyze the stability
of the 1,3-dipole. The regioselectivity
of the [3+2] cycloaddition can be ra-
tionalized very well by FMO and AIM


theories. Isotopic labeling experiments
combined with DFT calculations
showed that the commonly accepted
intramolecular [1,2]-proton shift should
be corrected to a water-catalyzed [1,2]-
proton shift. Additional isotopic label-
ing experiments of the hetero-[3+2]
cycloaddition of allenoates and elec-
tron-deficient imines further support
this finding. This investigation has also
been extended to the study of the
phosphine-catalyzed [3+2] cycloaddi-
tion reaction of alkynoates as the
three-carbon synthon, which showed
that the generation of the 1,3-dipole in
this reaction also occurs by a water-cat-
alyzed process.
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sche, and Pyne and their co-workers have used this [3+2]
cycloaddition reaction as a key step in the total synthesis of
natural products.[5c,8] As a result of studies by Zhang, Fu,
and Miller and their co-workers, asymmetric versions of
phosphine-catalyzed [3+2] cycloaddition reactions have
also been developed.[9] Since the discovery of the phos-
phine-catalyzed [3+2] cycloaddition reaction in 1995,[5a] fur-
ther elegant developments and extensions of the chemistry
based on nucleophilic phosphine catalysis have been widely
pursued by many other groups[10] and this chemistry is en-
riching the arsenal of chemical reactions.[11]


The commonly accepted mechanism for the phosphine-
catalyzed [3+2] cycloaddition reaction of allenoates and ac-
tivated alkenes is given in Scheme 2.[5a,11a] The catalytic cycle


starts with the formation of a zwitterionic intermediate A,
generated from allenoate and phosphine, which acts as a
1,3-dipole, reacting with an electron-deficient alkene to give
five-membered phosphorus ylide B. Then a [1,2]-proton shift
converts B into another zwitterionic intermediate C, which
gives rise to the final product D by elimination of the phos-
phine catalyst. The phosphine-catalyzed [3+2] cycloaddition
reaction between alkynoates and dipolarophiles also has to
occur via zwitterionic intermediate A to enter into the [3+


2] catalytic cycle. In this case, it was proposed that zwitter-


ionic intermediate A was formed by a [1,3]-proton shift in
zwitterionic intermediate E generated from the alkynoate
and phosphine (Scheme 2).[5a]


Despite the widespread application of phosphine-cata-
lyzed [3+2] cycloaddition reactions and the continuing de-
velopment of phosphine-catalyzed organocatalysis[10,11] and
allene chemistry,[12] the detailed mechanism of phosphine-
catalyzed [3+2] cycloaddition reactions has not been inves-
tigated experimentally or theoretically. To the best of our
knowledge only a few studies have been conducted to ra-
tionalize the regioselectivity of these reactions by scrutiniz-
ing the [3+2] cycloaddition transition-state structures locat-
ed by theoretical calculations.[13] The originally proposed
[1,2]-proton shift had not been investigated experimentally
or computationally until we published our preliminary re-
sults.[14] Furthermore, no detailed studies of the overall pro-
cess of phosphine-catalyzed [3+2] cycloaddition reactions
have been documented. Kinetic information on the [3+2]
cycloaddition reaction has not been obtained either. In addi-
tion, it is still unclear how 1,3-dipoles are generated from al-
kynoates and phosphine.


Herein we disclose the detailed mechanism of the phos-
phine-catalyzed [3+2] cycloaddition reaction through joint
computational and experimental studies with an emphasis
on how the 1,3-dipoles are generated, the geometric features
of the 1,3-dipoles, and how water and other protic solvents
catalyze this reaction. We have also carried out kinetic stud-
ies to quantitatively analyze the phosphine-catalyzed [3+2]
cycloaddition reaction of allenoates and electron-deficient
alkenes. These mechanistic studies give an insight into the
chemistry of nucleophilic phosphine organocatalysis and re-
lated reactions in general.[10] In addition, these mechanistic
insights will act as a guide in the future design of new reac-
tions and new chiral organocatalysts. Furthermore, the re-
sults of this study will prompt chemists to rethink the role of
a trace amount of water in “anhydrous” organic reactions
that involve [1,n]-hydrogen shifts.[10]


Computational Methods


All of the DFT calculations were performed with the Gaussian 03 soft-
ware package.[15] Geometry optimization of all the minima and transition
states involved was carried out at the B3LYP level of theory[16] with the
6-31+G(d) basis set.[17] A diffuse function in the basis set is important to
describe zwitterionic species.[18] The vibrational frequencies were comput-
ed at the same level of theory to check whether each optimized structure
is an energy minimum or a transition state and to evaluate its zero-point
vibrational energy (ZPVE). IRC calculations[19] were used to confirm
that the transition states connect the corresponding reactants and prod-
ucts. Solvent effects were computed using the CPCM model[20] at the
B3LYP/6-31+G(d) level of theory using the gas-phase-optimized struc-
tures. The natural bond orbital (NBO) technique[21] was applied to calcu-
late the Wiberg bond indices to analyze the bonding. Topological analysis
of the electron densities at bond critical points was performed with the
AIM 2000 program.[22]


Scheme 1. The phosphine-catalyzed [3+2] cycloaddition reaction (only
the major product is given; E=electron-withdrawing group).


Scheme 2. The mechanisms originally proposed for the phosphine-cata-
lyzed [3+2] cycloaddition reactions (only the major product is given;
E=electron-withdrawing group).
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Results and Discussion


Generation of the 1,3-dipole from allenoate : The first step
in the phosphine-catalyzed [3+2] cycloaddition of an alle-
noate and alkene is the nucleophilic attack of the phosphine
catalyst on the allenoate to generate in situ a zwitterionic in-
termediate, which serves as a 1,3-dipole. This step is key to
all reactions involving allenes and nucleophilic phosphine
catalysts.[10] The kinetic and thermodynamic parameters of
this process have been computed. Figure 1 shows the energy


surfaces computed for the addition of trimethylphosphine
(2) to methyl 2,3-butadienoate (1) and the parent allene
(1’). The addition of phosphine to 1’ was studied in order to
understand substituent effects in allenes. The optimized
structures are shown in Figure 2.


Calculations indicate that, in the gas phase, the formation
of the zwitterionic 1,3-dipole 3 is exothermic by
1.4 kcalmol�1 in terms of enthalpy, but is endergonic by
9.7 kcalmol�1 owing to entropy loss. The activation enthalpy
for this nucleophilic addition is 14.8 kcalmol�1 and its activa-
tion free energy is 26.6 kcalmol�1 in the gas phase.[23] After
taking solvent effects into consideration, the computed acti-


vation free energy is 26.2 kcalmol�1 in benzene (this value is
overestimated as a result of an overestimation of the entro-
py in calculations, see later discussions on the reaction kinet-
ics).


The forming C�P bond length in the addition transition-
state structure TS1 is 2.393 P and the P-C2-C1-C dihedral
angle is 57.98 (the atom numbering is given in Figure 2). To
better understand this nucleophilic attack, we carried out a
frontier molecular orbital (FMO) analysis[24] (Figure 3). The


energy gap of HOMO2–LUMO1 is much smaller than that
of HOMO1–LUMO2 (11.92 versus 15.98 eV), which indi-
cates that the major interaction in the transition state TS1 is
that between the phosphine!s lone pair and the p* orbital of


the C1=C2 double bond in 1.
This is the reason why phos-
phine attacks the C1=C2
double bond in a near perpen-
dicular fashion in TS1.


The phosphine-catalyzed [3+


2] cycloaddition reactions of al-
lenes and alkenes are usually
limited to allenes activated with
strong electron-withdrawing
groups. This can be easily ap-
preciated by comparing the ad-
dition of phosphine to 1’. The
activation enthalpy and free
energy in the gas phase for the
addition of phosphine to 1’ are
29.5 and 41.4 kcalmol�1, respec-
tively. Both are about
15 kcalmol�1 higher than their


counterparts in the addition of phosphine to 1, which con-
firms that without an electron-withdrawing group on the
allene, formation of the 1,3-dipole is kinetically disfavored.
The lower reactivity of 1’ compared with 1 can be easily ra-
tionalized by FMO theory: The LUMO of 1’ is higher than
that of 1 by 1.83 eV (the difference in energy between the
HOMOs of 1 and 1’ is just 0.45 eV). Moreover, the forma-


Figure 1. DFT-computed energy surfaces for the reactions between 1/1’
and 2.


Figure 2. DFT-optimized structures of 1, 2, transition state TS1, and 1,3-dipole 3. Distances are in P.


Figure 3. FMO diagram for the reactions between 1/1’ and 2. Orbital co-
efficients are given in italics.[25]
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tion of the 1,3-dipole 3’ is thermodynamically disfavored in
terms of enthalpy as a result of an endothermicity of
22.1 kcalmol�1. The above results show that the installation
of an electron-withdrawing group in allene stabilizes both
the transition state of phosphine addition and the 1,3-dipole
formed.


Very recently, Kwon and co-workers obtained the crystal
structures of stable tetravalent phosphonium enolate zwit-
terions.[26] The 1,3-dipole 3 can be regarded as a relatively
less stable tetravalent phosphonium enolate zwitterion.
Therefore, it is worth discussing the structure of the 1,3-
dipole 3 shown in Figure 2. In theory, there are four possible
structures for the 1,3-dipole generated from allenoate and
phosphine (Figure 4). It was found that the most stable


structure for the 1,3-dipole is 3. The formed P�C2 bond dis-
tance in 3 is 1.836 P (Figure 2). More importantly, there is a
short P�O distance (2.514 P) between the phosphorus and
carbonyl oxygen atoms. The Wiberg bond index shows the
bond order between these two atoms is 0.10, which indicates
that a significant intramolecular P···O interaction stabilizes
this intermediate.[21] To better understand the energetic pref-
erence of 3 over 3b, which also has a P···O interaction, we
carried out an atoms-in-molecules (AIM) analysis of these
two species (Figure 5 and Table 1).


Table 1 summarizes the computed electron density values
(1), the corresponding Laplacian values (521), and the ei-
genvalues (l1<l2<l3, 521=l1+ l2+l3) for selected bond
critical points. As shown in Figure 5, no bond critical point
can be found between the oxygen and hydrogen atoms in 3,


which indicates the absence of bifurcated hydrogen bonding
in this intermediate. However, such an interaction was
found in its isomer 3b in which the methoxy group is orien-
tated towards the phosphorus atom. The H1···O and H2···O
interactions[27] in 3b have electron density values of 0.0161
and 0.0165 a.u. and Laplacian values of 0.0544 and
0.0569 a.u., respectively, which are within the range of a
normal hydrogen bond.[28] As confirmed by the electron
density topological analysis, the P···O interaction in 3 is
much stronger than that in 3b because the electron density
value of the former is much larger than that of the latter
(0.0330 versus 0.0123 a.u.). Despite the bifurcated hydrogen
bonding in 3b, the P···O interaction is the dominant stabiliz-
ing effect in the 1,3-dipole, making 3 lower in Gibbs free
energy than 3b by 8.2 kcalmol�1 in the gas phase.


Regioselectivity of the [3+2] cycloaddition process : When
an unsymmetrical alkene is used as a dipolarophile in the
phosphine-catalyzed [3+2] cycloaddition reaction of alle-
noates, two cycloadducts can be obtained as regioisomers.
The origin of the regioselectivity of this reaction was ex-
plored by computing the energy surface of the [3+2] cyclo-
addition process (Figure 6, the transition-state structures in-
volved are given in Figure 7). Previous work revealed that
the [3+2] cycloaddition reaction occurs by a stepwise pro-
cess.[13,14,29] In the a-addition mode, the first transition state
a-TS2 requires an activation free energy of only 18.2 kcal
mol�1 in benzene. The subsequent ring-closure transition
state a-TS3 is slightly higher in energy than a-TS2 by
0.4 kcalmol�1. In the g-addition mode, the two terminal
carbon atoms form a C�C single bond via g-TS2 with an
energy barrier of 19.4 kcalmol�1 in benzene. The subsequent


ring-closure transition state g-
TS3 is lower in energy than g-
TS2 by 3.5 kcalmol�1. Based on
the energy difference (18.6 kcal
mol�1 for the a-addition mode
versus 19.4 kcalmol�1 for the g-
addition mode), our B3LYP/6-
31+G(d) calculations predict a
79:21 product ratio for a-
versus g-cycloaddition, close to
the experimental ratio of
85:15.[5a]


As a-TS2 and a-TS3 are very
similar in energy, the above a-
versus g-cycloaddition regiose-
lectivity can be analyzed by


Figure 4. DFT-computed relative enthalpies and free energies of four
possible structures of the 1,3-dipole generated from PMe3 and allenoate.


Figure 5. The bond critical points in the 1,3-dipole 3 and its isomer 3b.


Table 1. Electron density topological properties of selected (3,�1) critical
points in 3 and 3b.


Interaction Distance [P] 1 521 l1 l2 l3


P···O (3) 2.514 0.0330 0.0626 �0.0252 �0.0216 0.1094
P···O (3b) 2.961 0.0123 0.0040 �0.0065 �0.0038 0.0503
H1···O (3b) 2.281 0.0161 0.0544 �0.0174 �0.0140 0.0858
H2···O (3b) 2.255 0.0165 0.0569 �0.0180 �0.0145 0.0894
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comparing the relative energies of the Michael addition
transition states a-TS2 and g-TS2. FMO theory[24,30] can be
easily applied to explain why a-TS2 is more favored than g-
TS2 (Figure 8). The energy gap of the HOMO3–LUMO4 is
much smaller than that of HOMO4–LUMO3 (9.15 versus
14.44 eV), which indicates that the most favored orbital in-
teraction in the transition state is between the allylic anion
fragment of the 1,3-dipole 3 and the p* orbital of the C=C
bond in the acrylate 4. The HOMO coefficient of C1 (the
atom numbering is given in Figure 7 and Figure 8) in the
1,3-dipole 3 is larger than that of C3 (0.69 versus 0.55),
which suggests that C1 rather than C3 is a better match with
C4 (with a LUMO coefficient of 0.68, Figure 8) in 4, accord-
ing to FMO theory. Therefore, the [3+2] cycloaddition
from C1 (the a position) of the 1,3-dipole 3 is more favored
than that from C3 (the g position).


In addition to the satisfactory explanation of the above
regioselectivity by FMO theory, analysis of the structures of
a-TS2 and g-TS2 can also explain their relative stability.[31]


Here we present our understanding of the structures of a-
TS2 and g-TS2 with the aid of AIM analysis. AIM analysis
indicates that there is no P···O interaction between the phos-
phorus and the carbonyl oxygen atom of the alkenoate
moiety (O2 in Figure 9) in either a-TS2 or g-TS2. The
P···O1 interactions in a-TS2 and g-TS2 (Table 2) are weaker


than that in the 1,3-dipole 3
(Table 1) as their electron den-
sities are much lower than that
of 3 (0.0129 a.u. in a-TS2,
0.0145 a.u. in g-TS2, 0.0330 a.u.
in 3). However, there are sever-
al hydrogen-bonding interac-
tions in both a-TS2 and g-TS2
(Figure 9). Compared with g-
TS2, a-TS2 has one more hy-
drogen bond (H4···O2,
Figure 9), although the other
H···O and P···O interactions in
it are all slightly weaker than
those in g-TS2 (Table 2). This


shows that a-TS2 is lower in enthalpy and Gibbs free energy
in benzene than g-TS2 by 1.5 and 1.2 kcalmol�1, respective-
ly.


Water-catalyzed [1,2]-proton shift : The formation of the cy-
cloadduct a-6 from reactants 1 and 4 and catalyst 2 is ender-
gonic by about 11 kcalmol�1 in terms of free energy in ben-
zene, which suggests that this transformation is not thermo-
dynamically favorable. Therefore, the stepwise [3+2] cyclo-


Figure 6. DFT-computed energy surfaces for the [3+2] cycloaddition of 3 and 4.


Figure 7. DFT-optimized structures of the transition states in the [3+2] cycloaddition of 3 and 4. Distances are in P. For clarity, each methyl group is
represented by a carbon atom.


Figure 8. FMO diagram of the reaction between 3 and 4. Orbital coeffi-
cients are given in italics.[25]
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addition must be followed by an exergonic process to drive
the whole reaction to completion. Calculations show that
the subsequent [1,2]-proton transfer (conversion of B into
C, Scheme 2) is exergonic by about 8 kcalmol�1, which im-
plies that the formation of C can drive the above stepwise
[3+2] cycloaddition. This step can further drive the reaction
to completion by generating the product and the catalyst.
DFT calculations indicate that the activation free energy of
a direct [1,2]-proton shift from a-6 to 18 via TS4 is 39.6 and
39.3 kcalmol�1 in benzene and in the gas phase, respectively
(Figures 10 and 11). Because the phosphine-catalyzed [3+2]
cycloaddition reaction is usually conducted at room temper-
ature, this direct intramolecular [1,2]-proton shift pathway,
requiring such a high activation free energy, is impossible
from the viewpoint of kinetics.


The high activation energy for the [1,2]-proton shift can
be easily understood in terms of orbital interactions[32]


(Scheme 3). It is well known that the [1,2]-hydride shift for
the carbocation is very facile with activation barriers of
about 5 kcalmol�1.[33] This process is a two-electron process
and its transition state has a two-electron–two-orbital stabi-
lizing interaction between the proton and the p orbital of
the alkene. In contrast, the [1,2]-proton shift for the carban-
ion is a four-electron process and is difficult as the corre-
sponding transition state involves a four-electron–two-orbi-
tal destabilizing interaction between the hydride and the p


orbital of the alkene. The B3LYP/6-31+G(d)-computed ac-
tivation free energy for the [1,2]-proton shift in the ethyl


anion is 47.3 kcalmol�1


(Scheme 3, R=H).[34] In the
phosphine-catalyzed [3+2] cy-
cloaddition reaction, intermedi-
ate a-6 is a zwitterionic species
and its C2 atom (the atom num-
bering is given in Figure 11) is
carbanionic, that is, it has more
negative charge than the other
carbon atoms. Thus, a [1,2]-hy-
drogen shift in a-6 can be re-
garded as a [1,2]-proton shift of
a carbanion and, consequently,
a high activation energy is re-
quired for this intramolecular
four-electron process.[35]


To obtain more information
about the [1,2]-proton shift pro-
cess in the [3+2] cycloaddition
reaction, we conducted a PPh3-
catalyzed [3+2] cycloaddition
of deuterium-labeled 2,3-buta-
dienoate 7 (2-D incorporation
level is about 95%) and fuma-
rate 8 (reaction I, Scheme 4) in
benzene (refluxed with sodium
and freshly distilled prior to
use). The 4-D- and 4-H-substi-


tuted products 9 and 10 were both obtained in a ratio of
75:25. This indicates that the [1,2]-proton transfer from a-6
to 18 is not an intramolecular process.[36] If the [1,2]-hydro-
gen shift were a simple intramolecular process, the ratio of
the 4-D- and 4-H-substituted products 9 and 10 would be
about 95:5, in accord with the 2-D incorporation level of the
allenoate 7. Where does the extra 4-H-substituted product
10 come from? We speculated that the formation of extra


Table 2. Electron density topological properties of selected (3,�1) critical points in the transition states a-TS2
and g-TS2.


Interaction Distance [P] 1 521 l1 l2 l3


P···O1 (a-TS2) 2.996 0.0129 0.0374 �0.0068 �0.0051 0.0493
H1···O1 (a-TS2) 2.361 0.0129 0.0461 �0.0130 �0.0093 0.0684
H2···O1 (a-TS2) 2.287 0.0151 0.0538 �0.0157 �0.0117 0.0812
H3···O2 (a-TS2) 2.204 0.0164 0.0556 �0.0178 �0.0163 0.0897
H4···O2 (a-TS2) 2.507 0.0092 0.0322 �0.0088 �0.0070 0.0480
P···O1 (g-TS2) 2.935 0.0145 0.0398 �0.0085 �0.0062 0.0545
H1···O1 (g-TS2) 2.365 0.0131 0.0470 �0.0133 �0.0089 0.0692
H2···O1 (g-TS2) 2.237 0.0165 0.0605 �0.0175 �0.0127 0.0907
H3···O2 (g-TS2) 2.127 0.0179 0.0622 �0.0205 �0.0190 0.1017


Figure 9. The bond critical points in the transition states a-TS2 and g-TS2.


Figure 10. DFT-computed energy surface for the [1,2]-proton shift (E1=


E2=CO2Me).
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10 was due to the presence of a
trace amount of water in the re-
action system. To prove our hy-
pothesis, we added 1 equiv. of
H2O to the [3+2] cycloaddition
reaction between 7 and 8 (reac-
tion II, Scheme 4). As expected,
the ratio of the 4-H-substituted
product 10 increased remarka-
bly from 25 to 88%.[37,38] In a
previous communication, we re-
ported that control experiments
showed that deuterium and hy-
drogen exchange occurred nei-
ther between water and the al-
lenoate 7 nor between water
and the [3+2] product 9.[14]


This has been further rational-
ized by DFT calculations which
show that deuterium and hydro-
gen exchange between water
and allenoate is disfavored
compared with the [3+2] cyclo-
addition reaction. Discussions
relating to this are presented in
the Supporting Information.


Besides, a further experiment indicated that water also cata-
lyzes the [1,2]-proton shift in the phosphine-catalyzed
hetero-[3+2] cycloaddition reaction between the allenoate
and an electron-deficient imine (reaction IV, Scheme 4).


Computational studies were also conducted to reveal how
a trace amount of water catalyzes the [1,2]-proton shift. The
computed energy surface is depicted in Figure 10 and the
optimized geometries of the transition states and one key in-
termediate 16 are shown in Figure 11. In the water-catalyzed
[1,2]-proton shift process, a-6 first reacts with water to form
complex 15 with a reaction enthalpy of �8.0 kcalmol�1 and
a reaction free energy of 4.0 kcalmol�1 in benzene. Proton
transfer from water to C2 (the atom numbering is given in
Figure 11) via TS5 requires only 0.3 kcalmol�1 of activation
free energy in benzene. A hydroxide anion is generated
from water after donating a proton. Calculations indicate


Figure 11. DFT-optimized structures of the transition states and intermediate 16 in the [1,2]-proton shift. Distances are in P. For clarity, each methyl
group is represented by a carbon atom.


Scheme 3. Orbital interaction diagrams for the concerted [1,2]-hydrogen shifts in the carbanion and carbocat-
ion.


Scheme 4. Isotopic labeling experiments (E1=CO2Me, E2=CO2Et).
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that the generated hydroxide is not free in the reaction
system. Instead, it forms a P�O bond with the phosphorus
atom, as demonstrated by the P�O distance of 1.877 P and
the bond order of 0.43. The phosphorus-bound hydroxy
group then acts as a base to deprotonate the hydrogen atom
at C1. The deprotonation step to generate intermediate 17
via TS6 is also facile and has an activation free energy of
7.7 kcalmol�1 in benzene. Dissociation of water from 17
leads to the formation of 18 which is exergonic by about
10 kcalmol�1 in terms of free energy in benzene.


The last step in the phosphine-catalyzed [3+2] cycloaddi-
tion reaction is to transform intermediate 18 into the final
[3+2] product and to regenerate the phosphine catalyst
(Figure 12). This process requires only 0.9 kcalmol�1 activa-
tion free energy and is exergonic by 33 kcalmol�1.


Through the joint forces of computation and experiment,
the catalytic role of a trace amount of water in the [1,2]-
proton shift process has been discovered.[39–42] Further stud-
ies show that other protic sources, such as methanol, can
catalyze the [1,2]-proton shift as well (reactions III and V,
Scheme 4). Details of these experiments and calculations
are given in the Supporting Information. In addition, about
8% 5-H-substituted products 9 and 10 were obtained in re-
action III (Scheme 4), whereas no 5-D-substituted products
13 and 14 were found in reaction V (Scheme 4). This indi-
cates that deuterium and hydrogen exchange occurred to
some extent between deuterium-labeled allenoate 7 and the
added methanol when fumarate was employed as the trap-
per. Through further calculations and experiments, we at-
tributed these experimental results to a competition be-
tween H/D exchange and [3+2] cycloaddition. The extent
of this competition depends on the concentration of the ad-
ditives in benzene solution and the trappers used in the [3+


2] cycloaddition reactions. Details of the relevant experi-


ments, calculations, and discussions are given in the Support-
ing Information.


Kinetic studies : The DFT-computed energy surface for the
complete catalytic cycle of the phosphine-catalyzed cycload-
dition of allenoate 1 and alkene 4 is summarized in
Figure 12 and reveals that the rate-determining step of the
reaction is the [3+2] cycloaddition step and the activation
free energy of the whole reaction is about 28 kcalmol�1.
However, the phosphine-catalyzed [3+2] cycloaddition re-
action is usually completed at room temperature in a few
hours, which indicates that the actual activation free energy
is lower than the DFT-computed one. The overestimation of
the computed activation barrier here can be easily under-
stood considering that the [3+2] cycloaddition reaction is a
multimolecular process and the computed DGsol values are
somewhat overestimated (owing to the overestimation of
the entropic contributions in solution for a bi- or trimolecu-
lar process).[43] To obtain a more quantitative description of
the mechanism, kinetic studies of the above [3+2] cycload-
dition reaction are demanded. Such a study will also serve
to test whether the DFT method used here is suitable or not
for the study of this and other phosphine-catalyzed organo-
catalytic reactions. The information obtained from kinetic
studies, such as rate constants and activation parameters,
will greatly benefit the understanding of other related reac-
tions and the design of novel phosphine-catalyzed reactions.


According to the computational results of the phosphine-
catalyzed [3+2] cycloaddition reaction (Figure 12), the for-
mation of the 1,3-dipole and the stepwise cycloaddition are
difficult steps in the catalytic cycle. Therefore, in the simpli-
fied kinetic model for the [3+2] cycloaddition reaction
(Scheme 5, k1, k�1, ka, and kg are the corresponding rate
constants), we assume that the formation of the 1,3-dipole is


Figure 12. DFT-computed energy surface for the phosphine-catalyzed [3+2] cycloaddition reaction between 1 and 4 (E1=E2=CO2Me, R=Me).
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reversible, but that the cycloaddition of the 1,3-dipole to the
trapper by the a- or g-addition mode is irreversible. These
two assumptions are reasonable and consistent with the
computed results shown in Figure 12. Based on our pro-
posed kinetic model (Scheme 5), the rate constants and
other kinetic parameters can be measured by kinetic studies
[Eqs. (1)–(4)].


½a-product�
½g-product� ¼


ka


kg


ð1Þ


ninitial ¼
d½a-product�


dt
¼ kakl½allenoate�½phosphine�½trapper�


k�1 þ ðka þ kgÞ½trapper�
ð2Þ


½allenoate�½phosphine�
ninitial


¼ k�1


kakl


1
½trapper� þ


ka þ kg


kakl
ð3Þ


Y ¼ k�1


kakl
X þ


ka þ kg


kakl
ð4Þ


The kinetic studies were conducted for the reaction between
ethyl allenoate and methyl acrylate in the presence of tri-
phenylphosphine as catalyst. From the kinetic model [the
detailed derivation of Equations (1) and (2) and the experi-
mental details are given in the Supporting Information], the
ratio of ka/kg is equal to the ratio of the [3+2] cycloadducts
generated from the two cycloaddition pathways [Eq. (1)].
This ratio can be measured by gas phase chromatography
(GC), which can also be used to determine the initial reac-
tion rate [the rate of a-product formation, Eq. (2)] at a low
conversion of allenoate. Equation (2) can be rearranged to
Equation (3) to give an important linear relationship. The
value of the [allenoate][phosphine]/ninitial ratio [denoted as Y
in Eq. (4)] only depends on the reciprocal of the trapper!s
concentration [1/ACHTUNGTRENNUNG[trapper], denoted as X in Eq. (4)] at a
given temperature. Thus, a series of values for the [alle-
noate][phosphine]/ninitial ratio were determined at different
concentrations of the trapper at the same temperature.
Through a simple linear regression, both intercept and slope
can be obtained. Based on the values of the ka/kg ratio and
intercept, the rate constant for the formation of the 1,3-
dipole (k1) can be calculated. Then the value of the ka/k�1


or kg/k�1 ratio can be obtained according to the slope. We
conducted our kinetic studies at four different temperatures
(Figure 13) and derived the activation parameters from the
Eyring equation for the first two steps of the phosphine-cat-
alyzed [3+2] cycloaddition reaction, the generation of the
1,3-dipole and its subsequent cycloaddition to the dipolaro-


phile (for details, see the Supporting Information). The ki-
netic results are summarized in Table 3.


The experimentally measured activation free energies, en-
thalpies, and entropies are summarized in Figure 14 and


Table 4. For comparison, the DFT-computed values are also
given in Table 4. The data show that the rate-determining
step of the phosphine-catalyzed [3+2] cycloaddition reac-
tion of allenoate 1 and alkene 4 is the generation of the 1,3-
dipole with a measured activation free energy of 20.6 kcal
mol�1 in benzene. The transition states of the [3+2] cyclo-
addition processes from the a- and g-position (19.6 and
20.1 kcalmol�1, with respect to the reactants) have Gibbs
free energies very close to that of the transition state TS-1.
These data indicate that the formation of the 1,3-dipole is
more difficult than the stepwise [3+2] cycloaddition pro-
cess. However, the [3+2] cycloaddition step might also
become rate-determining if the phosphine catalyst or the
trapper is changed. No matter which step is rate-determin-
ing, it is evident that the first two steps of the [3+2] cyclo-
addition reaction, the generation of the 1,3-dipole and its
subsequent cycloaddition to a dipolarophile, are crucial to
understand the whole reaction process. Besides, the experi-
mentally determined activation enthalpies for both the 1,3-
dipole formation and the [3+2] cycloaddition are quite
close to the DFT-computed ones (Table 4). The computed
activation entropies are higher than the experimental ones
(Table 4), further confirming the overestimation of entropy
in computing bi- or trimolecular processes. The overestimat-
ed activation free energies in solution are indeed a result of
the overestimation of the entropic contributions in solu-


Scheme 5. The simplified kinetic model for phosphine-catalyzed [3+2]
cycloaddition reaction.


Figure 13. The relationship between X and Y at different temperatures.


Table 3. Experimentally measured values of ka/kg, k1, ka/k�1, and kg/k�1


at different temperatures.


T [K] ka/kg k1 [10�3Lmol�1 s�1] ka/k�1 kg/k�1


284 3.09 1.36	0.02 18.0	2.6 5.83	0.83
290 2.88 2.14	0.06 10.9	1.4 3.78	0.48
297 2.56 4.19	0.04 6.06	0.15 2.37	0.06
304 2.52 8.03	0.55 4.06	0.53 1.61	0.21
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tion.[23,43] The computed entropic contribution in the gas
phase should be taken as an upper limit in solution; the
actual value in such systems is 50–60% of the computed gas
phase value.


Alkynoate as the precursor of the 1,3-dipole and a water-
catalyzed [1,3]-hydrogen shift : In addition to the method of
in situ generation of the 1,3-dipole from allenoate and phos-
phine, alkynoates can also be used as an alternative three-
carbon synthon to give the 1,3-dipole when phosphine is
used as a catalyst. This provides another important approach
to nucleophilic phosphine catal-
ysis. In our model reaction we
computed this process by using
methyl 2-butynoate (20) and
trimethylphosphine (2) as the
starting materials. The comput-
ed energy surface is given in
Figure 15, and the optimized
geometries are shown in
Figure 16.


As shown in Figure 15, the
nucleophilic attack of phos-
phine 2 on alkynoate 20 re-
quires an activation free energy
of 29.2 kcalmol�1 in benzene
and an activation enthalpy of
17.6 kcalmol�1.[44] In addition,


the geometry optimization of TS8 shows that the length of
the forming P�C2 bond is 2.147 P (the atom numbering is
given in Figure 16). However, the formation of the 1,3-
dipole 21 is a highly endergonic process (by 23.2 kcalmol�1


in terms of free energy and 14.2 kcalmol�1 in terms of en-
thalpy). Consequently, the formation of 21 must be followed
by an exergonic process to drive this reaction forward. Con-
version of 21 into 3 is the process of choice, which is exer-
gonic by 16.3 kcalmol�1 in free energy and 19.7 kcalmol�1 in
enthalpy. At this stage, it is necessary to discuss the mecha-
nistic details of the conversion of 21 into 3.


The most obvious pathway connecting these two 1,3-di-
poles is a concerted [1,3]-proton shift process. Geometry op-
timization of TS9 shows that the lengths of the forming and
breaking C�H bonds are 1.414 and 1.541 P, respectively.
Unfortunately, this concerted step is extremely energy-de-
manding with an activation free energy of 52.8 kcalmol�1 in
benzene and an activation enthalpy of 51.1 kcalmol�1. As a
result, this concerted [1,3]-proton shift cannot be achieved
under mild reaction conditions (usually room temperature is


used for phosphine-catalyzed
[3+2] cycloaddition reactions
with alkynoates as the three-
carbon synthon). In view of the
mechanism of the [3+2] cyclo-
addition reaction discussed
above, we proposed that a trace
amount of water present in the
so-called “anhydrous” reaction


mixture could also play a catalytic role in the [1,3]-proton
shift process.[45]


Computational results show that the water-catalyzed [1,3]-
proton transfer is very facile. First, a water–dipole complex
22 is formed between 21 and water with a reaction enthalpy
of �7.4 kcalmol�1 and a reaction free energy of
3.6 kcalmol�1 in benzene. Then the olefinic anion moiety of
21 is quickly protonated by water via TS10 with a very low
energy barrier.[46] Conversion of 22 into 23 is exergonic by
12.6 kcalmol�1 in terms of free energy. In intermediate 23
the in situ generated hydroxide anion is coordinated to the


Figure 14. Experimentally measured activation free energies and enthal-
pies for the 1,3-dipole generation and the [3+2] cycloaddition.


Table 4. Activation parameters determined from calculations and experiments.


TS-1 a-TS g-TS


DH computed in the gas phase [kcalmol�1] 14.8 2.2 4.0
DH measured in benzene [kcalmol�1] 14.8	0.7 1.9	0.6 3.7	0.3
DS computed in the gas phase [calK�1mol�1] �39.6 �97.7 �91.3
DS measured in benzene [calK�1mol�1] �19.6	1.7 �59.6	2.2 �55.2	1.0


Figure 15. DFT-computed energy surface for the formation of the 1,3-dipole 3 from PMe3 and alkynoate.
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phosphorus atom. From 23, deprotonation of the g-hydrogen
atom is very facile, requiring an activation free energy of
12.5 kcalmol�1. Geometry optimization of TS11 shows that
the O�H and H�C3 distances are 1.476 and 1.232 P, respec-
tively. Once this energy barrier to deprotonation has been
overcome, the reaction process goes downhill to give the
1,3-dipole 3. An isotopic labeling experiment (Scheme 6)


also supported the involvement of water in the [3+2] cyclo-
addition reaction involving alkynoate.[47] Further computa-
tional studies indicate that other protic sources (e.g., metha-
nol) can catalyze such a [1,3]-proton shift as well (see the
Supporting Information). These results also explain why the
phosphine-catalyzed isomerization of alkynoates to the cor-
responding dienoates works better in the presence of some
protic sources such as acetic acid or ethanol.[48]


Conclusion


The detailed mechanism of Lu!s phosphine-catalyzed [3+2]
cycloaddition reaction between allenoates and electron-defi-
cient alkenes has been investigated. The generation of a 1,3-
dipole is the first step of the phosphine-catalyzed [3+2] cy-
cloaddition reaction and is also key to all nucleophilic phos-
phine-catalyzed reactions. Through computational studies
(DFT calculations and FMO analysis), the thermodynamics
and kinetics relating to the formation of the 1,3-dipole have
been obtained and suggest that electron-withdrawing groups
in allenes can stabilize both the transition state and the 1,3-
dipole. The relationship between all the possible structures


of the 1,3-dipoles and their energies has been analyzed and
the results indicate that the interaction between the phos-
phorus and carbonyl oxygen atoms is very important for the
stabilization.


The stepwise [3+2] cycloaddition between the in situ gen-
erated 1,3-dipole and an unsymmetrical alkene can lead to
regioisomeric cycloadducts. This regioselectivity can be
easily rationalized by FMO theory and AIM analysis. Hy-
drogen bonding in the stepwise [3+2] process is also critical
to the relative stabilities of the a- and g-addition transition
states.


Another important and interesting phenomenon in the
[3+2] cycloaddition reaction is the [1,2]- or [1,3]-hydrogen
shift (when the 1,3-dipole is generated from alkynoate and
phosphine). Calculations indicate that the commonly accept-
ed intramolecular [1,2]- and [1,3]-hydrogen shifts are impos-
sible owing to very high activation barriers. Further isotopic
labeling experiments and computations corroborate with
each other and demonstrate that water or other protic sour-
ces can catalyze [1,2]- and [1,3]-proton shifts with very low
activation free energies. The discovery of the catalytic role
of a trace amount of water in phosphine-catalyzed [3+2] cy-
cloaddition reactions will help chemists understand some
other “anhydrous” reactions in which a [1,n]-hydrogen shift
is implicated.


Kinetic studies of the phosphine-catalyzed [3+2] cycload-
dition reaction suggest that formation of the 1,3-dipole from
allenoate and phosphine and its stepwise [3+2] cycloaddi-
tion to an electron-deficient alkene are energy-demanding
processes with Gibbs free energies of about 20 kcalmol�1 in
benzene solution.


The information obtained from the mechanistic studies of
phosphine-catalyzed [3+2] cycloaddition reactions, both
computationally and experimentally, will greatly deepen our
understanding of other related phosphine-catalyzed reac-
tions and assist the design of novel phosphine-catalyzed re-
actions. The discovery that a trace amount of water acts as a
catalyst in [1,2]- and [1,3]-proton shifts will prompt chemists
to rethink the role of water and other protic sources in or-
ganic reactions.[49]


Figure 16. DFT-optimized geometries of the transition states and intermediate 23 in the formation of the 1,3-dipole 3 from PMe3 and alkynoate. Distan-
ces are in P.


Scheme 6. Isotopic labeling experiment (E=CO2Et).
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dipole. The activation energy of the former is lower than that of the
latter by 3.2 kcalmol�1 (14.9 versus 18.1 kcalmol�1 in terms of elec-
tronic energy without ZPVE corrections). We have also tested the
suitability of MP2 calculations in the present system. However, the
activation energy for the generation of the 1,3-dipole using PMe3 is
7.1 kcalmol�1 at the MP2//B3LYP/6-31+G(d) level, which is
7.3 kcalmol�1 lower than that computed at the B3LYP/6-31+G(d)
level. Therefore, we concluded that the MP2 method was not appro-
priate for the study of the reaction system described herein.
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Au-Induced Polyvinylpyrrolidone Aggregates with Bound Water for the
Highly Shape-Selective Synthesis of Silica Nanostructures


Jianhui Zhang,* Huaiyong Liu, Zhenlin Wang, and Naiben Ming[a]


Introduction


As a result of their broad applications in catalysis, separa-
tion, sensor technologies, medical materials, bioprobes, and
optics,[1–16] numerous efforts have been devoted to the prep-
aration of distinct silica nanostructures, such as spheres,[4]


hollow spheres,[5] tubes,[6] complex core–shell colloids of
Au@SiO2


[7] and SiO2@Ag/Cu,[8] nanowires and nanorods,[9]


fibers,[10] mesoporous silica,[11] and helical architectures.[12–13]


One of the most promising methods in this field is the bio-
mimetic strategy. By using surfactants or polymers as struc-
ture-directing agents, biomimetic control of the silica dimen-
sions is achieved,[4c] and also novel or complex silica nano-
structures can be created, such as plates,[4e–g,10f, 11i] high-
aspect-ratio tubules, ribbons with helical architectures,[13]


hybrid mesostructures,[11b, f–g,13–15] doughnuts,[11j] and chiral
structures.[16]


Herein we report a new Au-assisted biomimetic route
that uses polyvinylpyrrolidone (PVP) as a structure-direct-
ing agent for the shape-selective synthesis of silica nano-
structures. PVP was chosen for the following reasons: First,
in high-concentration solutions of PVP in water, the water
molecules become bound by PVP to form a PVP–water spe-
cies, and the water does not act as a solvent in the usual
sense. Indeed, it is customary to refer to the water in the
PVP–water species as bound water.[17] We have been able to
achieve highly shape-selective syntheses of silica by control-
ling the hydrolysis of tetraethylorthosilicate (TEOS) by
using PVP–water. Second, PVP has been extensively used as
a stabilizer and structure-directing agent in nanotechnology
owing to its excellent adsorption ability.[8,18,19] For example,
by using PVP as a stabilizer we managed to prevent agglom-
eration when coating silica/ ACHTUNGTRENNUNGpolystyrene colloids with metals,
alloys, and TiO2,


[8,18] and also achieved highly shape-selec-
tive syntheses of Au octahedrons and belts; Ag, Au, and Pd
nanoprisms; and lamellar ZnO structures by using PVP as a
director.[19] Third, PVP is more suitable for biological pur-
poses than previously reported directing agents, such as
silaffins, polyamines,[4c–d,5d,10f–i, 11p] poly ACHTUNGTRENNUNGpeptides,[4e–g] sodium
polymethacrylate,[5c] viruses,[9g] ACHTUNGTRENNUNGliposomes,[11f] poly(phenylene
ethynylene) (PPE),[11g] enzyme aggregates,[11h] ACHTUNGTRENNUNGcetyltri-
methylammonium bromide (CTAB),[11j] lipid molecules,[13]


ACHTUNGTRENNUNGlyotropic liquid-crystalline polymers,[11i,14] block copoly-


Abstract: Novel Au-induced polyvinyl-
pyrrolidone (PVP) aggregates with
bound water (PVP–water) were creat-
ed for the highly shape-selective syn-
thesis of distinctive silica nanostruc-
tures, such as core–shell spheres, rods,
snakes, tubes, capsules, thornlike, and
dendritic morphologies. A water/PVP/
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water species to aggregate into distinc-
tive soft structures by exploiting the in-
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drolysis of tetraethylorthosilicate and
the target silica nanostructures were
obtained. The soft structures, and
therefore, the silica morphologies, can


be readily tuned by adjusting the ex-
perimental parameters. The tunable
Au-induced PVP–water soft structures
reported herein open up new dimen-
sions for the synthesis of distinctive
nanomaterials (other than silica) that
have new physicochemical properties
and applications. These soft structures
were also successfully extended to syn-
thesize ZnO and SnO2 particles with
remarkable shapes, such as spheres,
leaves, T-shaped structures, and den-
dritic morphologies.


Keywords: biomimetic synthesis ·
electron microscopy · gold ·
nanostructures · silica


[a] Prof. J. Zhang, H. Liu, Prof. Z. Wang, Prof. N. Ming
National Laboratory of Solid State Microstructures
Department of Physics
Nanjing University
Nanjing, 210093 (China)
Fax: (+86)25-8359-5535
E-mail : zhangjh@nju.edu.cn


F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4374 – 43804374







mers,[5b,10f, 11b–e,k–o,15] and achiral or chiral surfactants,[16] be-
cause it is a common, bioclean, biocompatible reagent, and
is widely used as an additive in food and pharmaceutical
products.


To create the PVP–water species, we designed a water/
PVP/n-pentanol (WPN) system. In this system, PVP concen-
trates locally in water because it must remain entirely in the
aqueous phase of the water/n-pentanol system.[20] Therefore,
locally high concentrations of PVP in the aqueous phase
occur and PVP–water is obtained. In addition, it is likely
that PVP acts as a surfactant and keeps the WPN system
stable by binding water because it is unable to form
microemulsions or micelles in this solvent system. Finally,
the interplay between gold nanoparticles and PVP[19a–c] was
exploited to induce PVP–water molecules to aggregate into
unique soft structures, thus achieving PVP-directed growth
of distinctive silica nanostructures.


Results and Discussion


Highly shape-selective synthesis of silica nanoparticles : In a
typical synthesis, a concentrated Au nanoparticle suspension
(CANS) was diluted with ethanol and added to a solution of
PVP in n-pentanol in a conical flask with a stopper and
stirred at room temperature for 20 min, then ammonia
water (25–28% NH3 in water) was added. After stirring for
a further 30 min, TEOS was added. The reaction solution
was then stirred for 12 h and centrifuged; the product ob-
tained was washed, centrifuged, and ultrasonicated three
times with ethanol. Table 1 summarizes the reaction condi-
tions for the structures shown in Figures 1 and 2.


As seen in Figure 1a (Table 1 entry 1), the product is
dominated by Au@silica core–shell spheres with an average
diameter of 180 nm. Upon increasing the amount of PVP,
sphere growth is suppressed and rods with an average length
of 1.0 mm, which have a round head with an average diame-
ter of 0.2 mm and a pointed tip, are formed (Figure 1b;
Table 1, entry 2). These rods have an average aspect ratio of


5 (defined as rod length/head diameter), and gradually de-
crease in diameter from head to tip. On further increasing
the amount of PVP, sphere formation is further suppressed,
whereas the yield ratio, size, and aspect ratio of the rods are
increased. By using 0.6 g of PVP (Figure 1c and d; Table 1,
entry 3), only rods with an average aspect ratio of 13 are ob-
tained (ca. 100% pure). If the amount of PVP is further in-
creased, the average length (5.5 mm) and aspect ratio (20) of
the rods are also increased (Figure 1e; Table 1, entry 4). By
keeping the amount of PVP constant and reducing the
volume of CANS, the rods can be slightly bent (Figure 1f;
Table 1, entry 5) or twisted into snakelike shapes (Figure 1g;
Table 1, entry 6). If the CANS volume is significantly re-
duced, only shapeless fibers are formed (Figure 1h; Table 1,
entry 7).


The solid silica rods can be readily changed into hollow
silica nanostructures by using CANS in the absence of
ACHTUNGTRENNUNGethanol. Under the reaction conditions given in Table 1,
entry 8, in which CANS is directly added to the reaction so-


Table 1. Reaction conditions for the syntheses of samples shown in Fig-
ures 1 and 2.[a]


Entry Figure PVP
[g]


n-Pentanol
[mL]


CANS
[mL]


Ethanol
[mL]


Ammonia
water[b] [mL]


1 1a 0.1 20 0.35 2.0 0.45
2 1b 0.2 20 0.35 2.0 0.45
3 1c, d 0.6 20 0.35 2.0 0.45
4 1e 1.0 20 0.35 2.0 0.45
5 1f 1.0 20 0.30 2.0 0.45
6 1g 1.0 20 0.25 2.0 0.45
7 1h 1.0 20 0.10 2.0 0.45
8 2a 1.0 20 0.35 0.0 0.45
9 2b, c 1.0 20 0.35 0.0 0.55
10 2d, e 1.0 20 0.35 1.0 0.55
11 2f, g 2.0 20 0.65 2.0 0.45
12 2h 2.0 20 0.65 2.0 0.50


[a] TEOS (0.2 mL) was used in each reaction. [b] 25–28% NH3 in water.


Figure 1. Transition electron microscopy (TEM) and scanning electron
microscopy (SEM) images of typical solid silica nanostructures of Au@
silica core–shell spheres (a); rods with aspect ratios of 5 (b), 13 (c and d),
and 20 (e); slightly bent rods (f); snakelike rods (g); and shapeless fibers
(h). Insets of b), d) and f) show the corresponding high-magnification
TEM images, in which Au nanoparticles are visible as white spots. Reac-
tion conditions are given in Table 1, entries 1–7.
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lution, the product is dominated by tubes with one or two
closed ends. As seen in Figure 2a (Table 1; entry 8), most of
the tubes have a uniform outer (ca. 160 nm) and inner diam-


eter (ca. 27 nm) along their lengths. By increasing the
volume of ammonia water, both ends of most of the tubes
can be opened (Figure 2b), and one of the ends is sharpened
into a tip (Figure 2c; Table 1, entry 9). The sharp end and
uniform inner wall of this type of nanotube may facilitate
the transport of fluids in nanochannels and could also have
biochemical applications, such as nanosyringes for cells. In
addition, by adjusting the volume of ethanol used to dilute
the CANS (Table 1, entry 10), silica capsules (intermediary
products between rods and tubes) can be successfully syn-
thesized. As seen in Figure 2d and e, the broken capsules
clearly show their hollow nature. We anticipate that these
hollow silica capsules could be excellent delivery agents for
drugs or catalysts in the near future. In addition, hybrid
products of rods and tubes can be prepared by modifying
the experimental parameters (Table 1, entry 11) to give
thorn-shaped particles (Figure 2f and g). The high-magnifi-
cation TEM image (Figure 2g) clearly confirms that these
thorn-shaped particles are hybrids composed of a tube-
shaped trunk and a rodlike branch. Note that the rodlike
branch is usually perpendicular to the trunk. The number of
rodlike branches is sensitive to the volume of ammonia
water in the reaction mixture, and dendritic hybrids com-
posed of one tube-shaped trunk and many rodlike branches
can be obtained by increasing the volume of ammonia water
(Figure 2h; Table 1, entry 12).


Growth mechanism of silica nanostructures : To find the key
parameters that determine the silica shape, the influences of
the quantities of CANS, PVP, and ammonia water and the


presence or absence of ethanol have been investigated in
detail, and six general rules have been proposed.


1) CANS is the precondition for the formation of anisotrop-
ic nanostructures, such as rods, tubes, and capsules. In
the core–shell spheres, rods, and tubes (Figures 1 and 2),
the Au nanoparticles are generally located at the center
of the spheres, the centers of the rodlike heads, and on
the walls of the tube, which implies that the initial hy-
drolysis of TEOS occurs on the surface of the Au nano-
particles. If CANS is replaced by distilled water, only
spheres are obtained (Figure 3), irrespective of changes


to other experimental parameters. Furthermore, the hy-
drolysis reaction becomes very slow. The formation of
these spheres should be related to a modified Stçber
process.[4a,h]


2) The use of ethanol to dilute the CANS can accelerate
the hydrolysis reaction and facilitate rod formation, but
also suppresses tube growth. This is consistent with the
fact that ethanol facilitates the hydrolysis of TEOS.[21]


Hollow capsules, the intermediary products between
rods and tubes, can be prepared by rationally modifying
the volume of ethanol in the reaction mixture.


3) A small amount of PVP (�0.1 g) and/or a large total
water volume (�1.3 mL) and/or a high volume ratio of
ammonia water to total water (VRAW, �0.75) leads to
an overly quick hydrolysis reaction, and only silica
spheres are obtained.


4) An increase in the amount of PVP can change the main
product shape from spheres to anisotropic structures,
such as rods, tubes (Figure 4a), and capsules. The specific
anisotropic structures obtained are dependent on the
volume of ethanol used to dilute the CANS.


5) A reduction in the volume of water and changes to the
VRAW have similar effects on the silica shape as an in-
crease in the amount of PVP. However, when the total
water volume is reduced to 0.75 mL or the VRAW is 0.3
or lower, the hydrolysis of TEOS is greatly suppressed
and the final product tends to be bent (see Figures 1f
and 4b) or twisted (see Figure 1g and h).


6) By simultaneously using a large volume of water (1.0–
1.2 mL) and more than 1.5 g of PVP, the formation of hy-
brids of rods and tubes is facilitated (see Figure 2f–h).


Figure 2. TEM and SEM images of typical hollow silica nanostructures:
tubes with closed ends (a), tubes with open ends (b and c), capsules (d
and e), hybrid particles (composed of tube-shaped trunks and rodlike
branches) with thornlike (f and g) and dendritic (h) shapes. Au nanopar-
ticles are visible as white spots. Reaction conditions are given in Table 1,
entries 8–12.


Figure 3. TEM images of typical silica spheres synthesized under differ-
ent conditions in the absence of Au nanoparticles. Reaction conditions:
a) distilled water (0.4 mL), ammonia water (0.6 mL), PVP (0.2 g); b) dis-
tilled water (0.35 mL), ammonia water (0.45 mL), PVP (1.0 g).


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4374 – 43804376


J. Zhang et al.



www.chemeurj.org





To further understand the roles of PVP and Au, the dis-
persed Au nanoparticles were obtained by centrifugation
from solutions that contained the mixtures shown Table 1,
entries 4 and 8, before TEOS was added. These samples
were labeled Au1 (Table 1, entry 8) and Au2 ( Table 1,
entry 4), and were dispersed on silicon substrates for charac-
terization by IR spectroscopy. For comparison, the IR spec-
tra of as-prepared Au nanoparticles and pure PVP were also
recorded (Figure 5). PVP has some typical bond absorptions
around ñ=1284, 1427, 1666, 2925, and 3433 cm�1, which
arise from the absorptions of N!H�O, the pyrollidone ring,
and the bond vibrations of ACHTUNGTRENNUNGC=O, C�H, and O�H (from
water impurities), respectively.[20] In contrast with the as-pre-
pared Au nanoparticles, both Au1 and Au2 also show sever-
al typical absorption bands related to PVP. Compared to
pure PVP, the C�H band in Au1 remains in the same posi-
tion because the hydrocarbon chain is inert to Au. However,
the bands that arise from N!H�O, the pyrollidone ring,
C=O, and O�H are slightly redshifted to ñ=1273, 1412,
1641, and 3425 cm�1, respectively. In Au2, the bands that
arise from N!H�O, the pyrollidone ring, and O�H are fur-
ther redshifted to 1245, 1405, and 3403 cm�1, respectively,
and the C=O band is separated into two bands at 1636 and
1719 cm�1. These redshifts can be attributed to bond weak-
ening that arises from the partial donation of the O/N lone-
pair electrons of PVP to vacant orbitals on the Au surface.


In particular, this relates to the coordination bonds formed
between O/N atoms and specific Au crystallographic planes.
Therefore, the coagulation of PVP on Au does indeed occur
as a result of the interplay between PVP and Au. Further-
more, the coordination bonds between PVP and Au weaken
the O�H bond, which weakens the interaction between PVP
and water and facilitates the hydrolysis of TEOS on PVP.
The interaction between PVP and water can be further
weakened by diluting the CANS with ethanol. PVP can also
be partly dissolved by ethanol, which reduces the PVP con-
centration in water to further weaken the PVP–water inter-
action.[20]


To monitor the silica growth process, time-dependent
TEM images of the products formed during the synthesis of
the snakelike nanoparticles (Figure 1g; Table 1, entry 6)
were recorded. After a reaction time of 3 h, the product was
dominated by semitransparent snakelike rods (Figure 6a),


which could freely twist and bend. In some of the rods, silica
had preferentially formed and deposited at the center and
head of the rod. Silica was continuously deposited in the
rods as the reaction progressed, and after 6 h the rods were
mostly filled, except for the tail (Figure 6b). After 9 h,
almost the entire rods were filled with silica, and snakelike
silica rods with rough surfaces were obtained (Figure 6c).
After 12 h, silica completely filled the rods, and snakelike
silica rods with a smooth surface were obtained (Figure 1g).
These results clearly indicate that our method involves a
soft template growth process.


Based on the results and discussions above, three silica
growth models are proposed. 1) After CANS is added, Au
nanoparticles coordinate with PVP–water molecules and
induce the aggregation of PVP into soft structures. When a
small amount of PVP and/or a large VRAW is used, the soft
structure adopts a spherical shape (Figure 7a). This structure
allows a small amount of PVP to maximize the amount of
PVP–water formed and minimize the interface area between
the soft structure and n-pentanol, which helps to stabilize
the WPN system. After the bound water in the spherical
soft structure has been consumed by the hydrolysis of


Figure 4. TEM images of typical silica tubes synthesized under different
conditions. Reaction conditions: a) CANS (0.35 mL), ammonia water
(0.45 mL), PVP (0.4 g); b) CANS (0.25 mL), ammonia water (0.45 mL),
PVP (1.0 g).


Figure 5. IR absorption spectra of a) the silicon substrate, b) pure PVP,
c) as-prepared Au nanoparticles, d) Au1 nanoparticles, and e) Au2 nano-
particles.


Figure 6. TEM images of products formed after a) 3, b) 6, and c) 9 h. Re-
action conditions: PVP (1.0 g) in n-pentanol (20 mL), CANS (0.25 mL)
in ethanol (2 mL), and ammonia water (0.45 mL).
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TEOS, an Au@silica core–shell sphere is formed. 2) If the
amount of PVP is increased, the excess PVP molecules are
less likely to bind water and more likely to aggregate into a
dendritic form (composed of a compact trunk with no
bound water and loose branches with bound water;
Figure 7b) to reduce the energy of the system. After the
bound water in the branches is consumed by the hydrolysis
of TEOS, a tubelike structure is observed because PVP is
transparent under the TEM electron beam or the trunk is
dissolved by ethanol during the washing process. If the ends
of the trunk are capped with bound water, the tube ends
will be closed; conversely, if the trunk is not capped with
bound water, the tube ends will be open. 3) By using a large
amount of PVP and simultaneously diluting the CANS with
ethanol, the solubility of PVP is increased and the formation
of a compact trunk is suppressed. PVP tends to coagulate
into the rod form (Figure 7c). After the bound water is con-
sumed by the hydrolysis of TEOS, a silica rod is formed.


By carefully controlling the amounts of PVP, CANS, am-
monia water, and ethanol, soft structures with a tip, hybrid
soft structures, and bent soft structures can be achieved.
After the addition and hydrolysis of TEOS, these structures
result in the formation of capsules (Figure 2d and e), T-
shaped (Figure 2f–g), and bent rod and tube (Figure 1g and
4b) structures, respectively. We believe that these silica
structures reflect the specific structures of the PVP aggre-
gates in our WPN system.


Highly shape-selective synthesis of ZnO and SnO2 particles :
As demonstrated above, our route uses Au nanoparticles as
the precondition for the formation of PVP–water soft struc-
tures, and thereby the target silica anisotropic nanostruc-
tures. This conclusion has been further confirmed by extend-
ing our method to the preparation of ZnO and SnO2 parti-
cles with controlled shapes. In a typical synthesis of ZnO
particles, an aqueous solution of NaOH (0.7 mL, 0.0714m)
was added to solution of PVP (0.07 g) in n-pentanol
(20 mL) with stirring. After 30 min, a solution of
ACHTUNGTRENNUNGZnACHTUNGTRENNUNG(NO3)2·6H2O (0.08m) in ethanol (0.8 mL) was added and
the mixture was stirred for another 30 min. The mixture was
then heated at 95 8C in a constant-temperature oven for two
days. As shown in Figure 8a, the product obtained was do-


minated by monodisperse amorphous spheres with a diame-
ter of 210 nm. If the aqueous NaOH was replaced by a mix-
ture of CANS (0.3 mL) and aqueous NaOH (0.4 mL,
0.125m), and the NaOH concentration and water volume
were kept constant, irregular lamellar particles (Figure 8b)
were obtained, which showed that the anisotropic growth of
ZnO was induced by the addition of Au nanoparticles. If the
amount of PVP is increased to 1.0 g, only leaflike particles
are obtained (Figure 8c). The corresponding selected-area
electron diffraction (SAED) pattern (Figure 8, inset; ob-
tained from a single particle lying flat on a support film with
the electron beam perpendicular to the leaflike facets) clear-
ly shows the single-crystalline nature of these leaflike parti-
cles. A further increase in the amount of PVP to 1.4 g leads
to the formation of T-shaped particles (Figure 8d) that are
similar to the thornlike silica particles.


The synthesis of SnO2 particles is similar to that of ZnO
particles, except that the solution of ZnACHTUNGTRENNUNG(NO3)2·6H2O in
ACHTUNGTRENNUNGethanol is replaced by SnCl4·5H2O in ethanol. By using
aqueous NaOH (0.7 mL, 0.4m), a solution of SnCl4·5H2O
(0.1m) in ethanol (0.8 mL), and PVP (0.07 g), monodisperse
amorphous spheres are obtained (Figure 9a). If aqueous


Figure 7. Proposed growth models for a) silica spheres, b) tubes, and
c) rods.


Figure 8. TEM and SEM images of ZnO particles with controlled shapes:
a) spheres, b) irregular lamellar particles, c) leaflike particles, and d) T-
shaped particles. The inset of c) shows the corresponding selected-area
electron diffraction (SAED) pattern.
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NaOH is replaced by a mixture of CANS (0.3 mL) and
aqueous NaOH (0.4 mL, 0.7m), dendritic particles that re-
semble the shapes of dendritic silica particles are formed
(Figure 9b and c). The SAED pattern (Figure 9c, inset)
shows the single-crystalline nature of these dendritic parti-
cles. The purity of the dendritic particles can be greatly im-
proved by increasing the amount of PVP to 1.0 g (Fig-
ure 9d). This Au-induced growth of anisotropic ZnO and
SnO2 particles not only further confirms the crucial role of
Au, but also suggests that the Au-induced PVP–water aggre-
gates demonstrated herein could give new insights into the
highly shape-selective synthesis of anisotropic functional
nanoparticles.


Conclusion


In summary, a novel biomimetic method has been developed
for the highly shape-selective synthesis of silica nanostruc-
tures. Four important results are highlighted in this work:
1) As a result of the interplay between PVP, water, and Au,
Au-induced PVP–water soft structures have been successful-
ly created, which confine the hydrolysis of TEOS along the
PVP surface for the first time. The soft structures, and thus,
the final silica morphologies, can be easily modified by ad-
justing the amounts of PVP, CANS, and ammonia water,
and by using ethanol to dilute the CANS. 2) Up to ten kinds
of highly pure distinctive or novel silica nanostructures, such
as capsules and thornlike nanostructures, have been pro-
duced on a large scale. Furthermore, the product size and/or
aspect ratio can be tuned across a large range. Typically,
silica rods with lengths of 0.18 to 5.5 mm and aspect ratios
of 1 to 20 were obtained, whereas only one, or a few, types
of shapes within a narrow size range can be prepared by
most of the previously reported biomimetic meth-
ods.[4c–h,5c–d,9g,10f–i,11–16] We believe that it will be possible to


synthesize other novel silica nanostructures with high purity
and controllable sizes by optimizing the experimental pa-
rameters of our method. 3) The analysis of the IR absorp-
tion spectra verifies the interplay between PVP, water, and
Au, and confirms that the addition of ethanol and the inter-
play between PVP and Au can weaken the strength of the
interaction between PVP and water and facilitate the hy-
drolysis of TEOS. 4) The tunable Au-induced PVP–water
soft structures created herein can provide a new, versatile
route for the shape-selective synthesis of nanomaterials
other than silica, and has been successfully exploited to pre-
pare ZnO and SnO2 particles with distinctive shapes, such as
spheres, leaves, T-shaped structures, and dendritic morphol-
ogies, on a large scale.


Experimental Section


HAuCl4·H2O (analytical reagent, AR, �99.95%), PVP (average molecu-
lar weight Mn=30000), C6H5O7Na3·2H2O (AR, �99.0%), TEOS (AR,
SiO2=27.9%), ammonia water (AR, 25–28% NH3), n-pentanol (AR,
�99.0%), and ethanol (AR, �99.7%) were used as received. The
sample morphology was examined by using SEM (XL30, Phillips, The
Netherlands) and TEM (JEM-200CX, JEOL, Japan). The IR absorption
spectra of samples dispersed on silicon substrates were collected by using
a far-field Fourier transform infrared spectrometer (Nicolet 5700, USA).


Synthesis of Au nanoparticles (ca. 10 nm): Aqueous HAuCl4·4H2O
(3 mL, 0.03m) and aqueous C6H5O7Na3·2H2O (6 mL, 0.034m) were se-
quentially added to boiling water (360 mL). After boiling for 15 min, the
as-prepared suspension was obtained and then it was concentrated to ten
times its original concentration upon standing.
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Luminescent Excited-State Intramolecular Proton-Transfer (ESIPT) Dyes
Based on 4-Alkyne-Functionalized [2,2’-Bipyridine]-3,3’-diol Dyes
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Introduction


The search for new, efficient fluorescent molecules has at-
tracted the attention of scientists in the last decade owing to


their potential application in medicinal diagnostic, biological
labeling, molecular detection, and optoelectronic materi-
als.[1] Most of the organic fluorescent systems are based on
singlet excited-state emission, some on triplet emission, and
a few on the luminescence properties of excited-state
proton-transfer species. The latter species exhibit interesting
features such as large Stokes shift compared with singlet
emitters, while retaining relatively high quantum yields. The
well known coumarin family members (including some com-
mercial Alexa dyes[2]) are a typical examples of this fluores-
cence mechanism in which the proton transfer takes place
between the solvent and the solute. Nevertheless, this photo-
chemically generated fluorescent solution leads to intrinsic
chemical instability. The use of molecular systems with intra-
molecular excited-state proton-transfer abilities could offer
higher stability. From the examples found in the literature,
such as salicylates,[3] O-hydroxyphenyl pyridine,[4] or O-hy-
droxyphenyl benzothiazole,[5] we focused our attention on
functionalized 2,2’-bipyridyl-3,3’-diols.[6] This choice was mo-


Abstract: Functionalized 6,6’-dimethyl-
3,3’-dihydroxy-2,2’-bipyridine dyes
(BP(OH)2) exhibit relatively intense
fluorescence from the relaxed excited
state formed by excited-state intramo-
lecular proton transfer (ESIPT).
Bromo functionalization of (BP(OH)2)
species followed by palladium(0)-cata-
lyzed reactions allows the connection
(via alkyne tethers) of functional
groups, such as the singlet-emitter dia-
zaboraindacene (bodipy) group or a
chelating module (terpyridine; terpy).
The X-ray structure of the terpy-based
compound confirms the planarity of
the 3,3’-dihydroxy-bipyridine unit. The
new dyes exhibit relatively intense
emission on the nanosecond timescale
when in fluid solution, in the solid state


at 298 K, and in rigid glasses at 77 K.
In some cases, the excitation wave-
length luminescence was observed and
attributed to 1) inefficiency of the
ESIPT process in particular compounds
when not enough vibrational energy is
introduced in the Franck–Condon
state, which is populated by direct light
excitation or 2) the presence of an ad-
ditional excited state that deactivates
to the ground state without undergoing
the ESIPT process. For some selected
species, the effect of the addition of
zinc salts on the absorption and lumi-


nescence spectra was investigated. In
particular, significant fluorescence
changes were observed as a conse-
quence of probable consecutive forma-
tion of a 1:1 and 1:2 molecular ratio of
ligand/zinc adducts owing to coordina-
tion of ZnII ions by the bipyridyldiol
moieties, except when an additional
terpyridine subunit is present. In fact,
this latter species preferentially coordi-
nates to the ZnII ion in a 1:1 molecular
ratio and further inhibits ZnII interac-
tion. In the hybrid Bodipy/BP(OH)2


species, complete energy transfer from
the BP(OH)2 to the bodipy fluoro-
phore occurs, leading to exclusive emis-
sion from the lowest-lying bodipy subu-
nit.
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tivated by the good luminescence properties and the possi-
ble chemical functionalization of the units,[7] which allows
connection of a chelating subunit for detection purposes[8]


or of a second dye to build an energetic cascade.[9]


Bipyridyldiol species (henceforth abbreviated as
BP(OH)2) are extensively studied for both theoretical and
applicative reasons.[10] BP(OH)2 compounds are ideal sys-
tems to investigate excited-state intramolecular proton
transfer (ESIPT) processes: indeed, upon excitation
(Figure 1; a), the O�H bond strength is reduced and the
protons, already hydrogen-bonded to the nitrogen atoms of
the pyridyl rings in the ground state, are totally transferred
to the pyridine nitrogen atoms. This process can take place
on the singlet excited-state adiabatic hypersurface (Figure 1;
b) and is ultrafast, typically in the picosecond timescale.[11]


The minimum on the excited-state potential-energy surface
corresponds therefore to the ground state proton-transfer
tautomer. The relaxed excited state deactivates by radiative


(and radiationless) transitions (Figure 1; c) followed by back
proton transfer onto the ground-state hypersurface, which
regenerates the initial species (Figure 1; d). The various pro-
cesses can be influenced by solvents and substituents on the
bipyridyl rings.[7a] From the viewpoint of potential applica-
tions, the title species is of interest for the luminescence
properties of their relaxed excited states, which make them
appealing as sensors and for the design of three-level laser
systems.[12]


Herein we report the synthesis, characterization, absorp-
tion spectra, and photophysical properties (both at room
temperature in acetonitrile solution and at 77 K in EtOH/
MeOH 4:1 v/v rigid matrix) of five new BP(OH)2 molecules,
2–6. The structural formulas of the new species are shown in
Scheme 1. Most of the new species contain substituents that
should allow them to connect to other photo- or redox-
active subunits and/or additional chromophores. Therefore,
2–6 can also be regarded as part of a library for the develop-
ment of multicomponent photoactive species.


Abstract in French: Des compos�s color�s � base de 6,6’-di-
methyl-3,3’-dihydroxy-2,2’-bipyridine (BP(OH)2) ont �t� syn-
th�tis�s et pr�sentent une fluorescence relativement intense
issue de la relaxation d’un �tat excit� provenant d’un transfert
de proton dans l’�tat excit� (ESIPT). La bromation de d�ri-
v�s (BP(OH)2) suivie d’un couplage crois� catalys� par du
Pd0 sous-ligand� permet de connecter (par l’interm�diaire de
pont alcyne) des groupes fonctionnels comme un groupe
�metteur singulet de type boradiazaindac0ne (Bodipy) ou un
module ch�latant universel (une terpyridine). Une structure
par diffraction aux rayons X a �t� obtenu avec le d�riv� ter-
pyridine, celle ci confirme la plan�it� de l’unit� 3,3’-dihydro-
xy-bipyridine. Les nouveaux fluorophores poss0dent une
�mission relativement intense avec une dur�e de vie de l’ordre
de la nanoseconde, en solution et � l’�tat solide � 298 K ainsi
que dans un verre � 77 K. Dans certain cas, la luminescence
d�pend de la longueur d’onde d’excitation, ce ph�nom0ne est
attribu� � (i) l’inefficacit� du processus ESIPT, quand trop
peu d’�nergie vibrationnelle est introduite dans l’�tat Franck-
Condon peupl� directement par la lumi0re d’excitation (ii) la
pr�sence d’un �tat excit� suppl�mentaire qui d�sactive l’�tat
fondamental sans passer par un processus ESIPT. Pour cer-
tains compos�s, l’effet de l’addition de sels de Zinc sur les
spectres d’absorption et d’�mission a �t� �tudi� : en particu-
lier, des changements significatifs de fluorescence ont �t� ob-
serv�s, probablement due � la formation cons�cutive de com-
plexes ligand/zinc de stœchiom�trie 1:1 et 1:2, provenant de la
coordination des cations ZnII par l’unit� bipyridyl-diol, sauf
quand une fonction terpyridine est pr�sente. En fait, dans
cette derni0re esp0ce le zinc est pr�f�rentiellement coordin�
par la terpyridine dans un ratio 1:1, et toute coordination sup-
pl�mentaire de Zinc semble inhib�e. Dans le compos� hybri-
de Bodipy/BP(OH)2, un transfert d’�nergie quantitatif est ob-
serv� du BP(OH)2 vers le fluorophore Bodipy, entra>nant
une �mission exclusive de la sous-unit� Bodipy.


Abstract in Italian: Composti basati sulla subunit� 6,6’-dime-
til-3,3’-dididrossi-2,2’-bipiridina (BP(OH)2), variamente fun-
zionalizzati, presentano fluorescenza relativamente intensa
da stati eccitati formati attraverso trasferimento protonico
nello stato eccitato (ESIPT). Bromo-funzionalizzazione dei
composti di tipo BP(OH)2, seguita da reazioni catalizzate da
Pd(0), permettono di connettere (con legame alchinico)
gruppi funzionali quali il diazaboroindacene (Bodipy) o un
modulo chelante (terpiridina) al frammento BP(OH)2. La
struttura ai raggi X del composto contenente la terpiridina
conferma la planarit� dell’unit� 3,3’-diidrossi-bipiridina. Le
nuove specie presentano intensa emissione nella scala dei na-
nosecondi, in soluzione fluida ed allo stato solido a 298 K ed
in matrice rigida a 77 K. In alcuni casi, la luminescenza di-
pende dalla lunghezza d’onda di eccitazione: questo fenome-
no 0 attribuito a (i) inefficienza del processo ESIPT, quando
non sufficiente energia vibrazionale 0 introdotta nello stato
Franck-Condon a seguito di eccitazione luminosa o (ii) alla
presenza di uno stato eccitato addizionale che si disattiva allo
stato fondamentale senza passare dallo stato eccitato prodotto
attraverso il meccanismo ESIPT. Per composti selezionati 0
stato anche studiato l’effetto della presenza di sali di zinco
sulle propriet� di assorbimento elettronico e di luminescenza:
significativi cambiamenti della fluorescenza sono stati osser-
vati, come conseguenza della consecutiva formazione di ad-
dotti 1:1 e 1:2 (rapporto molare BP(OH)2/zinco), dovuta alla
coordinazione di cationi di ZnII da parte del bipiridil-diolo,
che si verifica in tutti i casi studiati tranne in presenza di una
subunit� terpiridinica. In quest’ultimo caso, infatti, si forma
soltanto l’addotto 1:1, e ulteriore coordinazione di cationi di
ZnII appare inibita. Nella specie ibrida Bodipy/BP(OH)2 si
verifica un completo trasferimento di energia elettronica dal
BP(OH)2 al Bodipy, che porta ad emissione esclusivamente
dalla subunit� Bodipy, a pi@ bassa energia.
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Notably, there has been some debate as to whether in the
BP(OH)2 species two proton transfers occurred in a concert-
ed way or by consecutive processes[13] with formation of an
intermediate. Recent investigations definitely indicate that


both the mechanisms can operate simultaneously,[13, 14] with
the concerted one-step, two-proton-transfer mechanism
taking place within 50 fs and the consecutive two-step pro-
cess operating in the tens of fs regime for the first proton
transfer and in about 10 ps for the second proton trans-
fer.[13, 14] In any case, assistance of vibrational modes seems
to be required: in particular, stretching and bending modes
are considered to promote the one- and two-step double-
proton transfer reactions, respectively.


Here, the mechanistic details of the ESIPT process are
not investigated in detail as our investigation mainly deals
with the excited-state properties (namely luminescence) of
the relaxed excited-state species and as we report on the
photophysical properties in the nanosecond timescale, when
the ultrafast proton-transfer processes have already oc-
curred.


Results and Discussion


Synthesis : The strongly yellow luminescent starting com-
pound 1 was regioselectively monobrominated by using N-
bromosuccinimide (NBS) in a N,N-dimethylformamide
(DMF)/dichloromethane mixture, in good yields and at
room temperature. Similar bromination reactions were pre-
viously performed on 3-hydroxypyridines.[15] A Sonogashira
cross-coupling reaction of 2 with trimethylsilylacetylene al-
lowed us to obtain 3 in good yields (Scheme 2) despite the
presence of free hydroxy groups. The silyl protective group
was readily removed by the action of fluoride salt to give 4.
This active acetylenic group was then coupled via a cross-
coupling reaction in the presence of a catalytic amount of
Pd0 to a halogeno aromatic compound. As prototypical ex-
amples of bright molecular subunits that give a second func-


tion to the final molecule, we
choose to introduce a universal
chelating group: a terpyridyl
group (terpy); and a very effi-
cient singlet emitter fluoro-
phore: a boron-dipyrromethene
(bodipy) group. By connecting
these secondary functions to
the BP(OH)2 group, we could
induce perturbation of lumines-
cence in the presence of specific
analytes and create a dual dye
in which energy-transfer pro-
cesses could be studied.


Compound 4 was thus con-
nected in good yields to 4’-tri-
fluorosulfonato-2,2’:6’,2’’-terpyr-
idine or iodophenyl-bodipy[16]


by a Sonogashira-type reaction
to give 5 and 6, respectively.


All new compounds were
fully characterized by 1H NMR
and 13C NMR spectroscopy,Scheme 1. Structural formulas of the compounds studied.


Figure 1. Pictorial representation of the potential-energy hypersurfaces of
the ground (GS) and excited (ES) states of bipyridyldiol compounds and
of the related processes. Schematic structures corresponding to the
ground- and excited-state minima are also shown.
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mass spectrometry, and elemental analysis. In particular, the
1H NMR spectra display typical peaks due to the strong in-
tramolecular hydrogen bonds that are observed in the d=


14–16 ppm range. The unique singlet at d=14.7 ppm, which
is observed for 1, is replaced by two distinct singlets for the
dissymetric bipyridine structures 2–6.


X-ray crystallography : Single crystals were obtained for
compound 5 and used to elucidate the X-ray molecular
structure (Figure 2). The molecule crystallized in a mono-
clinic P1211 space group, with unit-cell dimensions of a=


7.774(2), b=32.603(4), c=10.219(2) P, b=105.36(0)8. Two
molecules are present in the unit cell with one CH2Cl2 mole-


cule. The whole molecule 5 is
almost planar owing to extend-
ed p conjugation from the ter-
pyridine group to the BP(OH)2


group through the dangling ace-
tylenic bridge. The terpyridine
is in transoid form as is usually
observed when it is not coordi-
nated. The BP(OH)2 core is
completely planar and in ac-
cordance with the crystal struc-
ture of 1.[17] The two molecules
in the unit cell present some
bond-length variation. As previ-
ously observed in the structure
of symmetrical 6,6’-dimethyl-
3,3’-dihydroxy-2,2’-bipyridine,[17]


the C�C and C�O bonds im-
plied in the BP(OH)2 tautomer-
ic equilibrium are about half-
way between the accepted
values for single and double
bond distances (Table 1)


The crystal packing of com-
pound 5 (Figure 3) can be re-
garded as dimers made of head-
to-tail molecule stacks that
form waving sheets parallel to


(�2 0 2). The distances between the two molecules of the
dimer is approximately 3.5–3.6 P, the shorter distance be-
tween the two acetylenic bonds is 3.52 P. When both acety-
lenic bonds are coplanar, the bipyridine ring perfectly cover
two rings of the terpyridine part. Successive layers of dimer
sheets are supported by joint insertion of dichloromethane.


Scheme 2. Synthetic sketch for the preparation of the dyes. TMS= trimethylsilyl.


Figure 2. ORTEP plot of the unit cell of molecule 5 (ellipses shown at
the 50% probability level). The strong intramolecular hydrogen bonding,
reflected by a very short N�O distance of approxiamately 2.57 P is con-
sistent with the NMR data.


Table 1. Selected bond lengths [P] of compound 5.


O1A�C22A 1.342(7) O1B�C22B 1.333(7)
O2A�C25A 1.343(8) O2B�C25B 1.344(8)
N4A�C21A 1.342(8) N4B�C21B 1.338(8)
N5A�C24A 1.351(8) N5B�C24B 1.359(8)
C21A�C22A 1.428(9) C21B�C22B 1.415(9)
C24A�C25A 1.401(9) C24B�C25B 1.388(9)
O1A�N5A 2.535(7) O1B�N5B 2.532(7)
O2A�N4A 2.581(7) O2B�N4B 2.594(7)


Figure 3. Crystal packing of molecule 5 along the a and c axis.
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The shorter distance between the pile is observed between
the non-covered pyridine ring of the terpyridine part, with a
3.7 P separation.


Absorption spectra and luminescence properties : The ab-
sorption spectra of 1–6 (Table 2, Figure 4) exhibit an intense
band between 300 and 450 nm (e in the range 10000–
25000m


�1 cm.1), which can be assigned to the spin-allowed
p–p transitions involving the hydroxybipyridyl rings. This
band is slightly redshifted for 3, 4, and particularly for 5 in
comparison with 1 and 2 because of the presence of the al-
kynyl substituents. In compound 5, a strong absorption band
with a maximum at 286 nm is also present and is attributed
to spin-allowed transitions involving the terpyridine subunit.
Compound 6 also exhibits a strong structured absorption in
the visible range owing to transitions involving the bodipy
dye. The absorption spectra of all the compounds are very
similar on passing from acetonitrile to dichloromethane sol-
utions (for example, the lowest-energy absorption maxima
of all the dyes are displaced at most by a couple of nanome-
ters), indicating that charge-transfer character is negligible.


All of the compounds exhibit a relatively intense emission
spectrum (Table 2, Figure 5) in both acetonitrile or dichloro-
methane solutions at room temperature, with lifetimes in
the nanosecond timescale (apart from 5, whose lifetime is
slightly shorter). The luminescence data were independent
of the excitation wavelength used, within the range 300–
400 nm for 1–5 and 320–520 nm for 6. The luminescence
data, which are reported in Table 2 and Figure 5, have been
obtained by exciting at the maximum of the lowest energy
absorption band or at higher energies. However, for 1–4,
when the excitation wavelength is set at the extreme red-


edge of the lowest energy-ab-
sorption band, somewhat differ-
ent luminescence data are ob-
tained. The discussion in this
section concerns the lumines-
cence data obtained for all the
compounds by exciting at the
absorption maxima or at higher
energies. The dependence of
the emission spectra on excita-
tion wavelength, in particular
for 4, taken as a representative
example, will be discussed later.


For all the compounds except
6, the emission spectrum is sig-
nificantly redshifted compared
with the absorption spectrum,
indicating a strong Stokes shift,
which suggests a large structur-
al change in the excited state
compared with the ground


Table 2. Absorption and luminescence data for 1–6.[a]


Absorption Luminescence (298 K) Luminescence, solid state (298 K) Luminescence (77 K)[b]


lmax [nm]
(e ACHTUNGTRENNUNG[m�1 cm�1])


lmax


[nm]
t


[ns]
F lmax


[nm]
t


[ns]
lmax


[nm]
t


[ns]


1 352 (19100) 506[d] 1.1 0.1 518 5.4 498 5.7
246 (10200) ACHTUNGTRENNUNG(502)[c]


2 356 (17900) 505[d] 1.8 0.33 521 4.3 500 4.8
250 sh ACHTUNGTRENNUNG(502)[c]


3 378 (22400) 537[e] 6.4 0.013 555 2.8 545 2.5
238 (28000) ACHTUNGTRENNUNG(532)[c]


4 370 (20200) 532[f] 6.3 0.009 543 1.7 535 2.8
274 (95700) ACHTUNGTRENNUNG(530)[c]


5 387 (15500) 571 0.4 0.005 585 1.1 572 1.0
284 (31900) ACHTUNGTRENNUNG(566)[c]


247 (29000)
6 525 (42100)


383 (19700) 547 4.3 0.31 552 0.3 537 7.3
286 (13150) ACHTUNGTRENNUNG(546)[c]


240 (20500)


[a] For the absorption, the maxima (or shoulders) of the main bands are given. The spectra were measured in
deuterated acetonitrile, unless otherwise stated. The emission data shown have been obtained by exciting the
samples at the maximum of their respective lowest-energy absorption band. [b] In EtOH/MeOH 4:1 v/v. [c] In
dichloromethane. [d] Upon exciting at 410 nm, an emission maxima at 478 nm is found. [e] On exciting at
410 nm, an emission maxima at 490 nm is found. [f] On exciting at 410 nm, an emission maxima at 490 nm is
found a with 1.6-ns lifetime (for details, see the text).


Figure 4. Absorption spectra in acetonitrile of 1 (top), 5 (middle), and 6
(bottom).


Figure 5. Emission spectra of 1, 5, and 6 in acetonitrile at room tempera-
ture (excitation wavelength: 360 nm, 370 nm, and 525 nm, respectively).
The spectra shown are uncorrected for photomutiplier response. For cor-
rected emission maxima, see Table 2.
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state. Such a structural change agrees with the ultrafast ex-
cited-state intramolecular-proton-transfer process from the
Franck–Condon state, which is typical of such species.[6,11,12]


As for the absorption maxima (see above), the emission
maxima of 3–5 are redshifted compared with those of 1 and
2 as a consequence of the presence of the alkynyl substitu-
ents. Such a red shift is more significant for compound 5,
which contains the terpyridine moiety. This suggests that
such a moiety plays the role of a strong electron-withdraw-
ing group, stabilizing the emitting state. This finding agrees
with the solid-state planar structure of 5 (see above), which
indicates facile delocalization throughout all of the mole-
cule.


A possible question is whether a double proton transfer
occurs in the excited state in 1–5 or if the substitution on
the bipyridyl rings limits the process to a single-proton
transfer process. In fact, the presence of an electron-with-
drawing group at the 6-substituted position of the BP(OH)2


species has been found to limit the process to a single
proton transfer.[13g] For example, the emission of the single-
proton-transfer product of the parent species [2,2’-bipyrid-
yl]-3,3’-diol in cyclohexane, recorded by femtosecond fluo-
rescence up-conversion, peaks at 568 nm,[13c] which is signifi-
cantly redshifted compared with the emission of the double-
proton-transfer species (510 nm). However, these data
promptly suggest that for 1 and 2, emission comes from the
double transfer form (see Table 2). The same conclusion can
also be drawn for 3–5 : in fact, as the absorption spectra sug-
gest that in species 3–5, the lowest energy transition (and
the corresponding excited state(s)) involves a state with
some delocalization (see above), both the emissions from
mono- and di-proton-transfer tautomeric forms of 3–5
should be redshifted compared with the corresponding emis-
sion of the parent unsubstituted species [2,2’-bipyridyl]-3,3’-
diol. As a result, the emission spectra of 3–5 reported in
Table 2 are consistent only with a double-proton-transfer
product. The question “double versus single proton transfer”
cannot be discussed for 6 as the luminescence data refer to
a different subunit than that of the bipyridyldiol subunit
(see below).


The redshift of the emission band of 3 and 4 with respect
to 1 and 2 is coupled with prolonged lifetimes and decreased
quantum yields (see Table 2). This indicates that both radia-
tive and radiationless processes are slower for 3 and 4 com-
pared with 1 and 2. Slowed, radiationless processes can be
due to delocalization of the emitting state into the alkynyl
group; such a delocalization is expected to reduce structural
distortion of the excited-state geometry with respect to the
ground state, thereby decreasing Franck–Condon factors for
radiationless decay. The reduction of the radiative decay
rate constants is less immediate to justify. The luminescence
lifetime data at 77 K (see below) could help in this regard.
Usually, luminescence lifetimes are longer at 77 K than at
room temperature as a consequence of deactivation (or re-
duction) of some vibrational modes (including solvent-cou-
pled modes) that contribute to the radiationless decay. Com-
pounds 1, 2, 5, and 6 follow this rule (Table 2), but 3 and 4


are an exception. The situation is somewhat reminescent of
that reported for CuI polypyridine complexes.[18] Tentatively,
and analogously to CuI complexes, this could be explained
assuming that the excited states responsible for the emission
of 3 and 4 are not exactly the same at room temperature
and at 77 K. At room temperature, two closely lying excited
states could contribute to the emission process, and the ob-
served decay constants would be average values. Upon pass-
ing to 77 K, one of such two states could be preferentially
stabilized so that the emission properties in this condition
could not be directly compared with those at room tempera-
ture. The slight redshift of the emission spectra of 3 and 4
on passing from room temperature to 77 K (see Table 2),
contrary to what usually occurs, seems to support this hy-
pothesis. However, we currently have no clear-cut data to
support this hypothesis, so it should be considered with care.
Temperature-dependent luminescence experiments could
probably answer this question, but these experiments have
not been performed because of technical reasons.


For the terpy-containing species 5, both luminescence life-
times and quantum yields are reduced compared with 1 and
2 (Table 2). In this case, the energy-gap law is most likely re-
sponsible for such an effect.


Compound 6 contains another well-known luminophore,
the boron-dipyrromethene dye,[2,19,20] whose emission is typi-
cal of this latter subunit. Interestingly, the excitation spec-
trum of 6 closely matches the corresponding absorption
spectrum, indicating that complete energy transfer from the
dihydroxy-bipyridine moiety to the boron-dipyrromethene
luminophore takes place. This is in agreement with the fact
that the lowest-energy excited state of 6 involves the dibor-
on-pyrromethene subunit (compare emission data of 3, 4,
and 6, Table 2). As far as the mechanism of this energy-
transfer process is concerned, the quite good overlap be-
tween donor emission and acceptor absorption, as inferred
from the experimental data (see Table 2 and Figures 4 and
5), strongly suggests that a Coulombic energy-transfer pro-
cess could be dominant.


For all the species, luminescence properties in dichloro-
methane are quite close to those in acetonitrile (see Table 2
for emission maxima), confirming, as for the case of the ab-
sorption spectra, that charge-transfer contributions are
small. This point is less valid for 5, in which the presence of
the terpyridine moiety, which is a good electron-acceptor
group, confers apartial charge-transfer character to the emit-
ting state.


All the compounds also emit at 77 K in a rigid matrix in
which the emission spectra are very close to the correspond-
ing spectra at room temperature. This highlights that the ex-
cited-state intramolecular proton transfer also occurs in a
rigid matrix. In these experimental conditions, the same dif-
ferences as were already discussed for the room-tempera-
ture luminescence with respect to emission energy shifts
among 1–5 are found and the same line of discussion can be
made. Similarly, emission of 6 is different from the others
and can be assigned to a different excited state, the lowest-
energy singlet level of the boron-dipyrromethene subunit.
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Solid-state luminescence has also been performed (see
Table 2). For all of the species, the results are again similar
to those obtained in solution, with the noticeable difference
that the luminescence spectra are redshifted in the solid
state. In addition to indicating that the excited-state intra-
molecular proton transfer of the studied compound takes
place even in the solid state without requiring solvent assis-
tance, this result also suggests that the relaxed excited state
(that is the excited-state product of the intramolecular
proton transfer) is more stable in the solid state that in the
solution. This is most likely because of crystal-packing ef-
fects. The redshift is less effective for 6 as expected as the
luminophore of this species is different in origin (that is, it is
the bodipy dye).


Luminescence spectra as a function of excitation wave-
length : As mentioned above, the luminescence spectra of 1–
4 are excitation-wavelength dependent: for example, al-
though excitation in the maximum of the lowest-energy ab-
sorption band leads to emission spectra that can be attribut-
ed to the relaxed states produced by the ESIPT process (see
Table 2) by exciting 4 at 410 nm (i.e., at the red edge of the
lowest-energy absorption band), an additional emission with
a maximum at 490 nm is obtained with a lifetime of 1.6 ns
(see Figure 6). By making measurements of four solutions of
4 that are isoabsorbitive at four different wavelengths, it is
clear (Figure 6) that an increase in the high-energy emission
corresponds to a decrease in the low-energy emission, sug-
gesting that emission at 490 nm occurs with loss of the emis-
sion at 535 nm, that is, the two excited states are correlated
and population of one state leads to depopulation of the
other. The obvious parent of the low-energy emission (e.g.,
of the emission originating from the excited state produced
by the ESIPT process) is the Franck–Condon excited state
(the S1 state), which precedes the proton-transfer process.
Such a state could be fluorescent, although, it is normally
deactivated by ESIPT. Howev-
er, as recently reported,[14] the
ESIPT process can be coupled
to skeletal motions in some re-
lated species like 2-(2’-hydroxy-
phenyl)benzothiazole.[14b–d] As-
suming that the ESIPT process
can also be coupled to skeletal
motions in the present systems,
substitution of the 4-position of
the bipyridyl rings could affect
the skeletal motions so that
ESIPT can only occur (or prev-
alently occurs) when enough vi-
brational energy is injected into
the Franck–Condon state by
light excitation, making the
ESIPT process excitation-wave-
length dependent. Substitution
at the 4-position affects the ex-
cited-state properties of the bi-


pyridyldiol subunit as can be seen by the red shift in the ab-
sorption and luminescence properties for the species con-
taining the electron-withdrawing alkynyl substituents (com-
pare data of 3 and 4 with those of 1 in Table 2). This line of
reasoning leads to assignment of the emission at 490 nm of 4
(and the analogous emission of 1–3 in which qualitatively
similar results are found) to an excited state that precedes
the complete ESIPT process, most likely the Franck–
Condon state. Within this hypothesis, the situation can be
pictured as is shown in Figure 7a. The excitation spectra of
4, recorded at different emission wavelengths, agree with
this hypothesis (Figure 8): when the excitation spectrum is
recorded at 560 nm, it yields a spectrum that is quite similar
to the absorption spectrum, but missing a contribution at
the red-edge limit. This is in agreement with activation of
the ESIPT process by vibrationally rich excited states; when
it is recorded at 480 nm, it yields a prominent contribution
in the region 400–450 nm, which corresponds to the red-
edge absorption of 4.[21] However, the experimental findings
would also be fitted by considering the presence of an addi-
tional excited state that could be directly populated (prefer-
entially or exclusively) by light excitation mostly between
400 and 450 nm, although with small molar absorption coef-


Figure 6. Luminescence spectra of 4 in acetonitrile at different excitation
wavelengths (380, 400, 405, 410 nm). The spectra refer to four different
solutions that are isoabsorbitive at the given wavelengths.


Figure 7. Proposed schematic representations of the excited-state decay processes in 4. a) Hypothesis based on
vibrational dependence of the ESIPT process. b) In this case, there is an additional excited state that decays in-
dependently from the state undergoing ESIPT. GS=ground state.
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ficients. Such a state would decay directly to the ground
state without undergoing the ESIPT process. The excitation
wavelength dependence of the luminescence behavior of 1–
4 would therefore be due to competitive absorption by two
different electronic states that undergo different and inde-
pendent decay routes. This situation is shown in Figure 7b.
To decide in favor of one of these two cases would probably
require detailed temperature-dependent studies or a theo-
retical approach, both of which are not within the scope of
this paper.


The luminescence properties of 5 and 6 do not show any
excitation wavelength dependence: this is somewhat obvious
for 6 as the emission comes from a lower-lying excited state
to that which the bipyridyldiol unit deactivates. In com-
pound 5, the attached terpyridyl unit causes a large pertur-
bation on the nature of the excited state (see absorption and
emission spectra of 5, which are strongly redshifted even
compared with those of 1–4, Table 2), so it is not surprising
that the excited state behavior of this species does not show
excitation wavelength dependence that is different from the
closely related 1–4 species.


Luminescence in the presence of zinc salts : Luminescent
compounds whose excited-state properties undergo noticea-
ble changes in the presence of suitable species are extensive-
ly investigated for sensing purposes.[1e] To exploit the poten-
tial of the title compounds in this regard, we studied the
photophysical properties of some representative compounds
of this series, namely 4 and 5, in the presence of zinc(II)
ions in acetonitrile. For these experiments, zinc triflate was
employed.


The presence of ZnII ions has slight effects on the absorp-
tion spectrum of 4 in acetonitrile (Figure 9): in particular,
the absorption band maximizing at 370 nm decreases and a
new absorption grows up in the 400–480 nm range until a
Zn/4 molecular ratio that slightly exceeds 1:1 is reached. A
further increase of zinc triflate leads to a reverse effect until
the 2:1 Zn/4 molecular ratio is reached, and then further
zinc addition does not have any sizeable effect. Plotting the
absorption changes as a function of the Zn/4 molecular ratio


(Figure 9, bottom) indicates that changes at 370 nm and at
420 nm refer to the same processes (i.e. , a change in the
370 nm absorbance corresponds to a spectroscopic change in
the 420 nm absorbance). The existence of two consecutive
processes indicates that two zinc cations consecutively inter-
act with 4. Any attempts to calculate association constants
for the formation of adducts by using Specfit (spectrum
Software Associates, Chapel Hill, NC, 1996) were unsuccess-
ful, so our interpretation of the results has to be considered
as tentative.


The emission spectra are also affected by the presence of
zinc triflate, both excited at 380 nm (which allows for an ef-
fective ESIPT process in 4 and therefore yields emission at
530 nm, see above) and at 420 nm (where emission at
490 nm dominates). Upon excitationing at 380 nm
(Figure 10, top) the presence of zinc(II) ions leads to the ap-
pearance of an emission peak at 490 nm, which increases
until the 1:1 4/Zn molecular ratio is reached. Further zinc
triflate addition leads to a decrease in the emission until a
1:2 molecular ratio of 4/Zn is obtained. Even upon further
zinc addition, the emission spectrum remains constant. No-
tably, the emission at about 530 nm remains roughly con-
stant during the titration process: this suggests that the pres-
ence of a ZnII cation improves the emitting properties of the
state that is responsible for the 490 nm emission without af-
fecting the 530 nm emission; therefore the ESIPT process is
not inhibited by the presence of zinc salts. Note that this
result is consistent with both hypotheses in Figure 7. The de-
crease in the 490 nm emission intensity upon addition of the
second zinc(II) ion can be rationalized simply by assuming
that the 490 nm emission state in the 4 adduct that contains
two zinc ions has worse emitting properties than in the 4
adduct containing one zinc(II) ion.


Figure 8. Excitation spectra of 4 recorded at 480 nm (c) and at 560 nm
(a) compared with the absorption spectrum (d). Solvent: acetoni-
trile. O.d.=optical density.


Figure 9. Top: absorption changes of 4 in acetonitrile upon zinc triflate
addition. Bottom: titration curves for the absorption and emission
changes.[4]=1.0U10�5


m. The gray vertical line is a guide to identify the
first step of the process. DI/I indicates absorption or emission values.
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Upon exciting 4 at 420 nm (Figure 10, bottom), the addi-
tion of zinc triflate leads to an increase in the original emis-
sion at 490 nm until it reaches the 1:1 molecular ratio; the
emission peak decreases when zinc(II) is increased to the
1:2 4/Zn ratio, which is in agreement with consecutive for-
mation of 1:1 and 1:2 4/ZnII adducts and the results obtained
by exiting at 380 nm. Luminescence titration curves (see
Figure 9, bottom) are in line with the absorption titration
curves.


Before investigating compound 5 in which two subunits
are potentially capable of interacting with cations, we per-
formed a similar experiment on 4’-ethynyl-2,2’:6’,2’’-terpyri-
dine (T), which is used as a model for the properties of the
terpyridine-type chelating subunit of 5. The absorption spec-
trum of T is strongly modified by the presence of ZnII


(Figure 11, top): in particular, the low-energy absorption is
significantly redshifted and increased, which is a common
consequence of ZnII chelation by terpyridine subunits.[22] Lu-
minescence is also strongly changed (Figure 11, center): it is
redshifted and increased according to the stabilization of the
terpyridine-based p–p* state. Furthermore, deactivation of
some modes promotes radiationless transition in free T.
Noteably, both absorption and luminescence changes re-
quire one equivalent of zinc triflate to arrive at the end of
the process, indicating formation of a 1:1 T/Zn adduct (see
Figure 11, bottom).


For compound 5, the addition of ZnII until it reaches a 1:1
5/Zn molecular ratio has strong effect on both the absorp-
tion spectrum (Figure 12, top) and the luminescence spec-
trum (Figure 12, center); in particular, the emission at
570 nm is totally quenched. Further addition of zinc salts
does not modify the absorption and emission spectra any-
more (Figure 12, top), which suggests the formation of a 1:1


5/Zn adduct. As 5 contains several sites that are in principle
available for zinc(II) coordination, one could ask which site
is effective. It was impossible to determine reliable associa-
tion constants for the various adducts of ZnII with 4, 5, and
T. However, comparison between the absorption titration
curves relative to the formation of the 1:1 T/Zn, 4/Zn, and
5/Zn adducts (Figure 13) can be instructive in this regard: it
is clear that the titration curve of the formation of the 1:1 5/
Zn species is quite close to that of formation of the 1:1 T/
Zn, suggesting that in the 5/Zn adduct, the zinc(II) ion is co-
ordinated to the terpyridine site. This hypothesis also agrees
with the large effects on the absorption spectrum of 5 upon
zinc addition. These effects are similar to that of the T/Zn
adduct and different to what happens with the 4/Zn adduct.
The quenching of the emission in the 5/Zn adduct, which
disagrees with the emission-intensity enhancement found for
both T/Zn and 4/Zn adducts, can be due to the presence of
a new (low-energy and nonemissive) charge-transfer state
that could be stabilized in the 5/Zn adduct. In this case, the
donor orbital would be centered on the bipyridyldiol subunit
and the acceptor orbital on the ZnII-complexed terpyridine
unit.


Figure 11. Absorption (top) and emission (center) changes of T in aceto-
nitrile upon the addition of zinc triflate. Bottom: titration curves for the
absorption and emission changes. [T]=3.2U10�5


m.


Figure 10. Luminescence spectra of 4 in acetonitrile in the presence of
zinc triflate. The excitation wavelength is 380 nm (top) and 420 nm
(bottom). [4]=1.0U10�5


m.
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Complexation of ZnII by the terpyridine unit of 5 still
leaves the bipyridyldiol site(s) uncomplexed, however, no
further ZnII interaction seems to occur: it is most likely that
upon terpy-centered ZnII complexation, the coordination
ability of the bipyridyldiol subunit is decreased so that ZnII


coordination by the bipyridyldiol becomes inefficient.


Conclusion


We have succeed in the chemical monofunctionalization at
the 4-position of the [2,2’-bipyridine]-3,3’-diol (BP(OH)2)
platform without the need for protection steps. The exten-
sion of the delocalization that is promoted by the ethyne
connection induces a bathochromic shift and allow the intro-
duction of useful modules, such as energy acceptor or che-
lating groups. All of the species are emitting, both at room
temperature in fluid solution and in the solid state and at
77 K in rigid matrix, from an excited state that is produced
following ESIPT. In some cases, excitation-wavelength lumi-
nescence is found and is attributed to 1) inefficiency of the
ESIPT process in selected compounds in which not enough
vibrational energy is introduced in the Franck–Condon state
populated by light excitation or 2) the presence of an addi-
tional excited state, which mainly absorbs within the 400–
450 nm range and decays directly to the ground state. For
some species, the effect of the addition of zinc salts was in-
vestigated and it has been shown that the addition of zinc
salts induces significant fluorescence changes. These changes
are a consequence of the consecutive formation of a 1:1 and
a 1:2 molecular ratio of ligand/zinc adducts that are formed
by the coordination of ZnII ions by the bipyridyldiol moiet-
ies. The exception is the presence of an additional terpyri-
dine subunit, which coordinates the ZnII ion preferentially
in a 1:1 molecular ratio and thereby inhibits further ZnII in-
teraction with the bipyridyldiol site. In the mixed bodipy/
BP(OH)2 fluorophore (compound 6), fast and quantitative
energy transfer occurs, resulting in the unique bodipy emis-
sion. Additional chemical modifications at the 6,6’-, 5,5’-,
and 4,4’-positions of the BP(OH)2 core is now envisaged to
tune the coordination abilities and luminescence properties
of these ligands. The use of this family of dyes as photoac-
tive components in sophisticated multichromophoric archi-
tectures is currently in progress.


Experimental Section


General methods and equipment : All chemicals were used as received
from commercial sources without further purification unless otherwise
stated. NEt3 was allowed to stand on KOH pellets prior to use. 1H NMR
(200.1 or 300.1 MHz) and 13C NMR (75.5 MHz) spectra were recorded at
room temperature on a Bruker AC200 or Advance 300 MHz spectrome-
ter by using perdeuteriated solvants as the internal standards. FTIR spec-
tra were recorded as KBr pellets. UV/Vis absorption spectra were re-
corded on a Perkin-Elmer Lamda Uvikon 933 spectrophotometer or with
a Jasco 560 spectrophotometer. Fast atom bombardement (FAB, positive
mode) mass spectra were recorded with ZAB-HF-VB analytical appara-
tus with m-nitrobenzyl alcohol (m-NBA) as the matrix. Chromatographic
purifications were performed by using 40–63 mm silica gel. TLC was per-
formed on silica gel plates coated with fluorescent indicator. For the cal-
culation of the association constants, the software used was Specfit (spec-
trum Software Associates, Chapel Hill, NC, 1996). Steady-state lumines-
cence spectra were recorded with a Horiba Jobin-Yvon Fluoromax P
spectrofluorimeter equipped with a Hamamatsu R3896 photomultiplier
and were corrected for photomultiplier response by using a program pur-
chased with the fluorimeter. Emission lifetimes were measured with an
Edinburgh OB-900 single-photon-counting spectrometer equipped with a


Figure 12. Absorption (top) and emission (center) changes of 5 in aceto-
nitrile upon zinc triflate addition. Bottom: titration curves for the absorp-
tion and emission changes. [5]=7.8U10�6


m.


Figure 13. Titration curves for the absorption changes upon zinc triflate
addition for 4 (~, lAbs =370 nm), T (& (c), lAbs =343 nm), and 5 (^
(a), lAbs =345 nm). The lines act as a visual guide.
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Hamamatsu PLP-2 laser diode (pulse width at 408 nm, 59 ps) and with a
PicoQuant PDL 800-D pulsed laser diode (pulse width at 308 nm, 50 ps).
The emission decay traces (emission lifetimes measured at approximately
the emission maximum wavelengths) were analyzed by Marquadt algo-
rithm. For each measurement, at least five determinations were carried
out. The values reported are averaged lifetimes of these determinations.
Each single determination value does not differ from the averaged values
by more than 10%. Luminescence quantum yields have been calculated
by using the optically dilute method;[23a] as the reference, [Ru ACHTUNGTRENNUNG(bpy)3]


2+


(bpy=2,2’-bipyridine) in aerated water was used (F=0.028[23b]). Each
one of the reported values is averaged over three independent quantum-
yield measurements by using different excitation wavelengths. Each mea-
surement differs from the averaged value by less than 15%. Emission
spectra and lifetimes for 5 and 6 are independent of excitation wave-
length within the experimental ranges used (300–420 nm for 5, 300–
520 nm for 6). The luminescence spectra in the presence of different con-
centrations of zinc salts have been recorded by exciting the samples at
the corresponding isosbestic points. The solid-state samples for lumines-
cence experiments have been prepared by evaporating an acetonitrile so-
lution of the corresponding compound on a quartz platform, which was
then located in the fluorimeter cuvette holder.


Experimental uncertainty for absorption-spectra maxima is 2 nm, for
molar absorption is 10%, for luminescence emission maxima is 4 nm, for
lifetime is 10%, and for quantum yields is 20%.


Crystal data for compound 5 : [2(C29H21N5O2), CH2Cl2]; Mr =1027.94,
monoclinic, space group P21, a=7.774(2), b=32.603(4), c=10.219(2) P,
b=105.362(4)8, V=2497.5(9) P3, Z=2, Z’=2, 1calcd =1.367 gcm3, (MoK =


0.191 mm; F ACHTUNGTRENNUNG(000)=1068), T=293 K.


The X-ray diffraction data were recorded from an elongated orange plate
of dimensions 0.36U0.18U0.12 mm3 at ambient temperature on an Enraf
Nonius Kapp.[24] Absorption correction on structure factors was per-
formed following the multiscan method as implemented with SCALE-
PACK.[25] The structure was solved by direct methods by using SIR97[26]


software and all non-hydrogen atoms were refined with anisotropic dis-
placement parameters by using SHELX-L97d by full-matrix least squares
on F2 values. Hydrogen atoms were located from Fourier difference syn-
theses and then treated as riding atoms, with Uiso set to 1.2 times that of
the attached C atom (1.5 when methyl group was present). Convergence
for 677 variable parameters by least-squares refinement on F2 with w=1/
[(2 ACHTUNGTRENNUNG(Fo


2)+ (0.0806P)2+ 1.1875P], where P= (Fo
2 +2Fc


2)/3 for 3620 reflec-
tions with I>2s(I) was reached at R=0.0585 and wR=0.1398 with a
goodness-of-fit of 1.043. The final difference Fourier map has maximum
positive and negative peaks (associated with the dichloromethane mole-
cule) of 0.281 and �0.240 e, respectively.


CCDC-619425 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Reagents : All reagents were used directly as obtained commercially
unless otherwise noted. NBS, trimethylsilyl acetylene, and KF were pur-
chased from Aldrich Chemical Co., Inc.


Materials : 3,3’-Dihydroxy-6,6’-dimethyl-2,2’-bipyridine,[27] [Pd ACHTUNGTRENNUNG(PPh3)4],
[28]


4’-trifluorosulfonato-2,2’:6’,2’’-terpyridine,[29] and 4,4-difluororo-8-(p-iodo-
phenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene[16]


were synthesized according to previously reported literature procedures.


4-Bromo-3,3’-dihydroxy-6,6’-dimethyl-2,2’-bipyridine (2): NBS (0.82 g,
4.6 mmol) was added portionwise to a solution of 1 (1 g, 1.6 mmol) in a
CH2Cl2/DMF (1:2, 30 mL) mixture at 0 8C. The slurry was stirred at 0 8C
over 1 h, then left to warm to room temperature over 2 h. Water (50 mL)
was then added and the mixture extracted with dichloromethane. The or-
ganic layer was washed with water, dried over MgSO4, and then the sol-
vent was removed. Purification with chromatography (SiO2, CH2Cl2) af-
forded the desired compound as shiny yellow powder (1.01 g, 75%).
1H NMR (200 MHz, CDCl3): (d=16.23 (s, 1H), 14.30 (s, 1H), 7.40 (s,
1H), 7.26 (ABsys, 2H, JAB =2.9 Hz , n0d =33.3 Hz), 2.52 (s, 3H), 2.51 ppm
(s, 3H); 13C {1H} NMR (75 MHz, CDCl3): 155.9, 151.6, 144.7, 144.5, 138.4,
137.4, 127.7, 126.8, 125.2, 122.3, 22.5, 22.4 ppm; IR ACHTUNGTRENNUNG(KBr): ñ =3071, 2923,
2488 (br), 1930, 1766, 1603, 1571, 1486, 1380, 1294, 1229, 1131 cm�1; UV/


Vis (CH3CN) lmax (e): 356 (17900), 250 nm; HRMS-FAB+ m/z (nature of
peak, relative intensity): 297.1 ([M+H]+ , 99), 295.1 ([M+H]+ , 278.1
([M�OH]+ , 20); elemental analysis calcd (%) for C12H11BrN2O2: C
48.84, H 3.76, N 9.49; found: C 48.68, H 3.56, N 9.21.


4-Trimethylsilyethynyl-3,3’-dihydroxy-6,6’-dimethyl-2,2’-bipyridine (3): A
solution of 2 (0.18 g, 0.6 mmol) in a triethylamine/THF (1:1, 6 mL) mix-
ture was thoroughly degassed with argon for 30 min. [Pd ACHTUNGTRENNUNG(PPh3)4] and tri-
methylsilylacetylene were then added, and the slurry was stirred at 60 8C,
under Ar, for one day. Water was then added (10 mL) and the mixture
extracted with dichloromethane. The organic layer was dried over
MgSO4 and then the solvent was removed. Purification with chromatog-
raphy (SiO2, CH2Cl2/cyclohexane, 8:2 to 10:0) gave the titled compound
as a yellow solid (0.16 g, 52%).
1H NMR (200 MHz, CDCl3): (d=15.77 (s, 1H), 14.44 (s, 1H), 7.20
(ABsys, 2H, JAB =8.5 Hz , n0d =38.1 Hz), 7.18 (s, 1H), 2.49 (s, 3H), 2.46
(s, 3H), 0.29 ppm (s, 9H); 13C {1H} NMR (75 MHz, CDCl3): 154.8, 154.1,
144.7, 143.8, 138.7, 137.1, 127.0, 126.6, 125.0, 121.0, 103.9, 98.6, 22.5, 22.4,
�0.1 ppm; IR ACHTUNGTRENNUNG(KBr): ñ=2960, 2923, 2503, 2153, 1729, 1591, 1482, 1383,
1298, 1235 cm�1; UV/Vis (CH3CN) lmax, nm (e)=378 (22400), 238
(28000); HRMS-FAB+ m/z (nature of peak, relative intensity): 313.1
([M+H]+ , 100), 239.2 ([M�TMS]+ , 25); elemental analysis calcd (%)
for C17H20N2O2Si: C 65.35, H 6.45, N 8.97; found: C 65.15, H 6.18, N 8.59.


4-Ethynyl-3,3’-dihydroxy-6,6’-dimethyl-2,2’-bipyridine (4): KF (0.3 g,
5 mmol) in methanol (5 mL) was added to a solution of 3 (0.16 g,
0.5 mmol) in CH2Cl2 (5 mL). The mixture was stirred at RT until com-
plete deprotection was observed by TLC. Purification with chromatogra-
phy (SiO2, CH2Cl2) gave the pure desired compound (0.7 g, 57%).
1H NMR (200 MHz, CDCl3): (d=15.96 (s, 1H), 14.32 (s, 1H), 7.22
(ABsys, 2H, JAB =8.2 Hz , n0d =38.5 Hz), 7.20 (s, 1H), 3.55 (s, 1H), 2.50
(s, 3H), 2.46 ppm (s, 3H); 13C {1H} NMR (75 MHz, CDCl3): 155.3, 153.5,
144.7, 144.0, 138.8, 138.0, 127.0, 126.8, 125.1, 121.9, 85.6, 22.7, 22.6 ppm;
IR ACHTUNGTRENNUNG(KBr): ñ=3306, 2957, 2924, 2855, 2503 (br), 2110, 1931, 1728, 1479,
1297, 1234 cm�1; UV/Vis (CH3CN) lmax, nm (e)=370 (20200), 274
(95000); HRMS-FAB+ m/z (nature of peak, relative intensity): 240.1
([M+H]+ , 100); elemental analysis calcd (%) for C14H12N2O2: C 69.99,
H 5.03, N 11.66; found: C 69.70, H 4.71, N 11.30.


4-(2,2’:6’,2’’-Terpyridine-4’-ethynyl)-3,3’-dihydroxy-6,6’-dimethyl-2,2’-bi-
pyridine (5): A solution of 5 (0.04 g, 0.17 mmol) and 4’-trifluorosulfonato-
2,2’:6’,2’’-terpyridine (0.075 g, 0.2 mmol) in a THF/triethylamine (1:1,
5 mL) mixture was thoroughly degassed with argon for 20 min. [Pd-
ACHTUNGTRENNUNG(PPh3)4] (8 mg, 6% mol) was then added and the mixture heated at 60 8C
under argon, overnight. Purification with chromatography (SiO2, CH2Cl2)
gave the pure desired compound (0.05 g, 62%).
1H NMR (300 MHz, CDCl3): (d=15.84 (s, 1H), 14.43 (s, 1H), 8.73–8.71
(m, 2H), 8.67 (s, 2H), 8.62 (d, 2H, 3J=7.9 Hz), 7.87 (td, 2H, 3J=7.7 Hz,
4J=1.8 Hz), 7.37–7.33 (m, 2H), 7.29 (s, 1H), 7.24 (ABsys, 2H, JAB =8.3 Hz
, n0d=59.5 Hz), 2.55 (s, 3H), 2.54 ppm (s, 3H); 13C {1H} NMR (75 MHz
+ DEPT, CDCl3): 155.7, 155.6, 154.9, 154.1, 149.2 (CH), 144.7, 143.9,
138.9, 138.1, 136.8 (CH), 132.6, 126.7 (CH), 126.5 (CH), 125.0 (CH),
124.0 (CH), 123.1 (CH), 121.2 (CH), 120.3, 95.3 (C�C), 87.5 (C�C), 22.7
(CH3), 22.6 (CH3) ppm ; IR ACHTUNGTRENNUNG(KBr): ñ =3054, 2922, 2538 (br), 1792, 1582,
1563, 1466, 1387, 1296, 1228 cm�1; UV/Vis (CH3CN) lmax, nm (e)=387
(15500), 284 (31900), 247 (29000); HRMS-FAB+ m/z (nature of peak,
relative intensity): 472.1 ([M+H]+ , 50), 239.1 ([M�tpy]+ , 35); elemental
analysis calcd (%) for C29H21N5O2: C 73.87, H 4.49, N 14.85; found: C
73.42, H 3.99, N 14.49.


4-(Ethynylphenyl-4’-[4’’,4’’-difluororo-8’’-(1’’,3’’,5’’,7’’-tetramethyl-2’’,6’’-di-
ethyl-4’’-bora-3’’a,4’’a-diaza-s-indacene)-3,3’-dihydroxy-6,6’-dimethyl-2,2’-
bipyridine (6): A solution of 5 (0.035 g, 0.145 mmol) and 4-iodophenyl-
(4,4-difluororo-8-(1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-in-
dacene) (0.08 g, 0.16 mmol) in a THF/triethylamine (1:1, 5 mL) mixture
was thoroughly degassed for 20 min. [Pd ACHTUNGTRENNUNG(PPh3)4] (5 mg, 6% mol) was
then added and the mixture was heated oven night at 60 8C under argon.
Purification with chromatography (SiO2, CH2Cl2) gave the pure desired
compound (0.045 g, 50%).
1H NMR (300 MHz, CDCl3): (d=15.96 (s, 1H), 14.43 (s, 1H), 7.74 (d,
2H, 3J=8.5 Hz), 7.36–7.29 (m, 4H), 7.14 (d, 1H, 3J=8.5 Hz), 2.53 (br s,
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12H), 2.31 (q, 4H, 3J=7.5 Hz), 1.33 (s, 6H), 0.98 ppm (t, 6H, 3J=


7.5 Hz); 13C {1H} NMR (75 MHz + DEPT, CDCl3): 154.7, 154.2, 154.0,
144.6, 144.0, 139.1, 138.7, 138.2, 138.1, 136.6, 133.0, 132.6 (CH), 130.8,
130.5, 129.2, 128.8, 128.6 (CH), 126.7 (CH), 126.3 (CH), 125.0 (CH),
123.2, 120.8, 97.0 (C�C), 84.5 (C�C), 22.7 (CH3), 22.6 (CH3), 17.0 (CH2),
14.6 (CH3), 12.5 (CH3), 11.9 ppm (CH3); IRACHTUNGTRENNUNG(KBr): ñ =3052, 2921, 2217,
1583, 1564, 1466, 1296, 1238, 1228, 1030, 1004 cm�1; UV/Vis (CH3CN)
lmax (e)=525 (42200), 383 (19700), 286 (13200), 240 nm (20500); HRMS-
FAB+ m/z (nature of peak, relative intensity): 619.2 ([M+H]+ , 100); ele-
mental analysis calcd (%) for C37H37BF2N4O2: C 71.85, H 6.03, N 9.06;
found: C 71.57, H 7.74, N 8.69.
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Copper(II) Coordination Chemistry of Westiellamide and Its Imidazole,
Oxazole, and Thiazole Analogues
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Introduction


Small macrocyclic peptides isolated from the ascidian Lisso-
clinum patella and bistratum have attracted significant atten-


tion over the last twenty years, but the biological function of
these macrocycles in the ascidian metabolism is still uncer-
tain.[1–19] The geometric arrangement of the functional
groups and the size of the macrocycles suggest that their


Abstract: The copper(II) coordination
chemistry of westiellamide (H3L


wa), as
well as of three synthetic analogues
with an [18]azacrown-6 macrocyclic
structure but with three imidazole
(H3L


1), oxazole (H3L
2), and thiazole


(H3L
3) rings instead of oxazoline, is re-


ported. As in the larger patellamide
rings, the Nheterocycle-Npeptide-Nheterocycle


binding site is highly preorganized for
copper(II) coordination. In contrast to
earlier reports, the macrocyclic pep-
tides have been found to form stable
mono- and dinuclear copper(II) com-
plexes. The coordination of copper(II)
has been monitored by high-resolution
electrospray mass spectrometry (ESI-
MS), spectrophotometric and polari-
metric titrations, and EPR and IR


spectroscopies, and the structural as-
signments have been supported by
time-dependent studies (UV/Vis/NIR,
ESI-MS, and EPR) of the complexa-
tion reaction of copper(II) with H3L


1.
Density functional theory (DFT) calcu-
lations have been used to model the
structures of the copper(II) complexes
on the basis of their spectroscopic data.
The copper(II) ion has a distorted
square-pyramidal geometry with one or
two coordinated solvent molecules
(CH3OH) in the mononuclear
copper(II) cyclic peptide complexes,


but the coordination sphere in [Cu-
ACHTUNGTRENNUNG(H2L


wa) ACHTUNGTRENNUNG(OHCH3)]
+ differs from those


in the synthetic analogues, [Cu ACHTUNGTRENNUNG(H2L)-
ACHTUNGTRENNUNG(OHCH3)2]


+ (L=L1, L2, L3). Dinuclear
copper(II) complexes ([CuII


2(HL) ACHTUNGTRENNUNG(m-
X)]+ ; X=OCH3, OH; L=L1, L2, L3,
Lwa) are observed in the mass spectra.
While a dipole–dipole coupled EPR
spectrum is observed for the dinuclear
copper(II) complex of H3L


3, the corre-
sponding complexes with H3L (L=L1,
L2, Lwa) are EPR-silent. This may be
explained in terms of strong antiferro-
magnetic coupling (H3L


1) and/or a low
concentration of the dicopper(II) com-
plexes (H3L


wa, H3L
2), in agreement


with the mass spectrometric observa-
tions.
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Table S1: A de-
tailed list of the observed exact masses (electrospray mass spectrome-
try). Table S2: g- and A-strain linewidth (10�4 cm�1) parameters for
the mononuclear copper(II) complexes [CuII


ACHTUNGTRENNUNG(H2L)]
+ , (L=L1, L2, L3,


Lwa) (X-band EPR spectroscopy). Table S3: A detailed list of distan-
ces and angles of structures a)–h) (Figure 8). Figure S1: X-band EPR
spectra (130 K) of mixtures of copper(II) triflate, (nBu4N) ACHTUNGTRENNUNG(OMe),
and H3L


1 in methanol [copper(II)/base/ligand]. Figure S2: Expansion
of the experimental and simulated second-derivative X-band EPR
spectra between 310 and 340 mT of the mononuclear copper(II) com-
plexes ([CuII


ACHTUNGTRENNUNG(H2L)]
+ (L=L1, L2, L3, Lwa)) in methanol at 50 K


(Figure 4)


Chem. Eur. J. 2008, 14, 4393 – 4403 L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4393


FULL PAPER







biological purpose is to bind metal ions. The function of the
corresponding complexes may be metal ion transport or cat-
alysis. Some cyclic peptides have been found to display cyto-
toxic, antibacterial, or antiviral activity.[20–26] There have
been examples of cyclic peptides being active in cases of
multi-drug resistance or serving as antineoplastic agents.[27,28]


The abilities of ascidiacyclamide, patellamides, and some
synthetic analogues to bind copper(II) ions with high specif-
icity in their 24-membered azacrown-8 macrocycles have
been thoroughly studied.[5,6, 8,12,14–16,18,19,29] Herein, we de-
scribe the copper(II) coordination chemistry of the smaller
18-membered azacrown-6 macrocycle westiellamide (H3L


wa)
as well as of three synthetic analogues, H3L


1, H3L
2, and


H3L
3 (see below). Westiellamide (H3L


wa) was isolated from


the ascidian Lissoclinum bistratum, although its synthesis
has also been reported.[30–32] The macrocycles H3L (L=Lwa,
L1, L2, L3) have a common backbone, derived from l-valine
amino acid residues, and differ only in their oxazoline, oxa-
zole, imidazole, and thiazole heterocyclic donor groups. The
synthesis and characterization of the derivatives H3L


1, H3L
2,


and H3L
3 have been described previously.[33,34]


Compounds H3L
wa and H3L


1, H3L
2, and H3L


3 have an al-
ternating sequence of heterocyclic nitrogen lone pairs and
peptide nitrogen donors in a highly preorganized arrange-
ment. NMR studies have indicated that the conformations
in the solid state and in solution are identical.[31,35] An over-
lay plot of the crystallographically determined structures of
H3L


wa and H3L
1 shows the similarity of these two ligands


with respect to the shape and size of the macrocyclic cavity,
although there are significant differences in the conforma-
tions (Figure 1).[32,33] With the constant Nheterocycle-Npeptide-


Nheterocycle binding site and strongly different nucleophilicities
of the heterocyclic nitrogen donors (pKa(N-methylimida-
zole)=7.0, pKaACHTUNGTRENNUNG(oxazole)=0.8, pKa ACHTUNGTRENNUNG(thiazole)=2.5), we pres-
ent a set of three ligands which allows us to structurally
model the naturally occurring cyclic peptide westiellamide
H3L


wa (pKa(oxazoline)=4.8).
Systematic metal-ion-binding studies with westiellamide


have revealed an affinity for silver(I) involving the forma-
tion of a cluster with four silver(I) ions sandwiched by two
H3L


wa macrocycles.[1,36] It was concluded that other metal
ions, including copper(II), are not coordinated by the mac-
rocyclic ligand and interact only weakly with westiellamide.
We now report the formation of stable mononuclear cop-
per(II) complexes with the naturally occurring H3L


wa and
the artificial macrocycles H3L


1, H3L
2, and H3L


3. More im-
portantly, with westiellamide H3L


wa and the three artificial
structural analogues H3L


1, H3L
2, and H3L


3, we have also ob-
tained spectroscopic evidence and have been able to com-
pute stable structures for dinuclear copper(II) complexes
bridged by a methoxide or hydroxide anion. The formation
of the mono- and dinuclear complexes involves a metal-ion-
assisted deprotonation of an amide nitrogen donor. Struc-
tures and solution properties of the copper(II) complexes of
H3L


wa and H3L
1, H3L


2, and H3L
3 are discussed on the basis


of spectroscopic data (ESI-MS, UV/Vis/NIR, EPR), spectra
simulations, spectrophotometric and polarimetric titrations,
and DFT-based model calculations. These complexes are no-
toriously difficult to isolate as pure materials and they are
difficult to crystallize. One of the dinuclear complexes,
[CuII


2ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-OCH3)] ACHTUNGTRENNUNG(CF3SO3), has been isolated and char-
acterized, and its spectroscopic and magnetic data have con-
firmed the conclusions based on the solution spectra and
computational data.


Results and Discussion


Mass spectrometry : High-resolution ESI mass spectrometry
was used to identify charged complexes in solutions of the
macrocycles, copper(II) trifluoromethanesulfonate (triflate),
and base [(nBu4N) ACHTUNGTRENNUNG(OMe) or NEt3] in various solvents (de-
tails of the experimental and calculated exact masses are
given as Supporting Information, Table S1). The relevant
copper(II) species were monopositive complex cations
throughout, and no negatively charged complexes were de-
tected. It soon became apparent that with one copper(II)
ion coordinated, the macrocycles are deprotonated at one
(amide) site, whereas with two copper(II) ions coordinated,
three sites are deprotonated (three amides, or two amides
and one aqua or methanol ligand, producing bridging hy-
droxide or methoxide anions). Spectra featuring signals for
the protonated metal-free macrocycles at m/z 547.3 [H4L


wa]+,
580.4 [H4L


1]+ , 541.3 [H4L
2]+ , and 589.2 [H4L


3]+ , together
with those of the mononuclear complexes at m/z 608.2 [CuII-
ACHTUNGTRENNUNG(H2L


wa)]+ , 641.3 [CuII
ACHTUNGTRENNUNG(H2L


1)]+ , 602.2 [CuII
ACHTUNGTRENNUNG(H2L


2)]+ , and
650.1 [CuII


ACHTUNGTRENNUNG(H2L
3)]+ , were obtained from solutions of cop-


per(II) and the macrocycles without the addition of base.


Figure 1. Overlay plot of the X-ray crystal structural data of H3L
wa and


H3L
1. Average distances [N] (Dmax=�0.06 N) of the same type of nitro-


gen donor atoms (Nhetcycl-Nhetcycl/Namide-Namide): Lwa (4.25/4.70), L1 (4.39/
5.08), L2 (4.27/5.12), L3 (4.55/4.97).[32,33]
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This indicates that deprotonation of one of the amide
groups (pKa�15) is assisted by copper(II), and that these
protons are captured by the metal-free macrocycles.[37]


In absolutely dry aprotic solvents, such as acetonitrile,
only the mononuclear [CuII


ACHTUNGTRENNUNG(H2L)]
+ complexes (L=Lwa, L1,


L2, L3) were observed. However, in the presence of traces of
water in acetonitrile (water content: 0.001%) peaks for the
putative m-OH-bridged dinuclear species at m/z 720.2 [CuII


2-
ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-OH)]+ and 729.1 [CuII


2ACHTUNGTRENNUNG(HL3) ACHTUNGTRENNUNG(m-OH)]+ could also
be detected. In the presence of methanol, signals of the di-
nuclear methoxide-bridged complexes at m/z 701.2 [CuII


2-
ACHTUNGTRENNUNG(HLwa)ACHTUNGTRENNUNG(m-OCH3)]


+ , 734.2 [CuII
2ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-OCH3)]


+ , 695.1
[CuII


2ACHTUNGTRENNUNG(HL2) ACHTUNGTRENNUNG(m-OCH3)]
+ , and 743.1 [CuII


2ACHTUNGTRENNUNG(HL3) ACHTUNGTRENNUNG(m-OCH3)]
+


were observed, in addition to the signals of the mononuclear
species. No m-OH-bridged dinuclear copper(II) complexes
were observed in methanol. Exact masses and isotope distri-
butions, together with the calculated spectra for the mono-
and dinuclear copper(II) complexes with H3L


1 and H3L
wa,


are shown in Figure 2.
The relative intensities of the m/z peaks of the mono- and


dinuclear complexes in methanol are strongly dependent on
the concentration of base. With an excess of base, the peaks
for the mononuclear complex [CuII


ACHTUNGTRENNUNG(H2L
1)]+ and the corre-


sponding metal-free macrocycle [H4L
1]+ vanish at the ex-


pense of those of the dinuclear complex [CuII
2 ACHTUNGTRENNUNG(HL1)ACHTUNGTRENNUNG(m-


OCH3)]
+ . However, the mononuclear complex [CuII-


ACHTUNGTRENNUNG(H2L
3)]+ is not completely transformed to the dinuclear


[CuII
2ACHTUNGTRENNUNG(HL3) ACHTUNGTRENNUNG(m-OCH3)]


+ and metal-free ligand, and, with the
macrocycles H3L


wa and H3L
2, only weak signals for


[CuII
2(HL) ACHTUNGTRENNUNG(m-OCH3)]


+ are detected at variable ligand/base/
copper(II) concentration ratios. The preference for the for-
mation of the dicopper(II) complex with the imidazole-
based ligand L1 suggests that the coordination of the first
copper(II) center preorganizes the second coordination site.


This cooperativity may be further assisted by coordinated
methanol donors, which may act as anchors for the second
copper(II) ion. The differences in the relative stabilities
(mono- vs dinuclear) of the complexes with the four macro-
cyclic ligands can thus be attributed to a combination of var-
ious effects, that is, the nucleophilicities of the heterocyclic
donors (pKa(H3L


3, H3L
2, H3L


1, H3L
wa) ~2.5 vs. ~0.8 vs. ~7.0


vs. ~4.8) and structural differences in the macrocycles due
to the electronic structures of the amide-substituted hetero-
cycles (see also Figure 1).[31,35]


Spectrophotometric and polarimetric titrations : The above
interpretation of the mass spectrometric data was fully sup-
ported by the results of spectrophotometric titrations of sol-
utions of the macrocycle H3L


1 and copper(II) triflate with
base (NEt3 in acetonitrile or (nBu4N) ACHTUNGTRENNUNG(OCH3) in methanol)
at constant ionic strength [m=0.1m, (nBu4N) ACHTUNGTRENNUNG(ClO4)]; the ti-
tration experiments with H3L


1 are presented here as an ex-
ample. In agreement with the predicted deprotonation of
one or two (three) peptide amide groups upon complexation
of H3L


1 to one or two copper(II) ions, the UV/Vis spectra
(Figure 3a, b) reveal end-points after the addition of one or
three equivalents of base, respectively (insets in Figure 3a,
b). The UV/Vis/NIR spectra of a titration of a 1:1 mixture
of H3L


1 and copper(II) triflate in acetonitrile with NEt3 are
shown in Figure 3a. The absorption reaches an inflection
point after the addition of approximately one equivalent of
base (inset in Figure 3a). The d–d transition at 716 nm (e
�110m


�1 cm�1) and a charge-transfer transition at 360 nm (e
�600m


�1 cm�1) in acetonitrile are assigned to the chromo-
phore of the [CuII


ACHTUNGTRENNUNG(H2L
1)ACHTUNGTRENNUNG(NCCH3)n]


+ complex. The con-
sumption of only one equivalent of base indicates that the
copper(II) ion is coordinated to an Nheterocycle-Npeptide-
Nheterocycle motif. The overall absorption increases again after


Figure 2. Experimental and calculated isotope distributions of the mono- and dinuclear copper(II) complexes of a) [CuII
ACHTUNGTRENNUNG(H2L


1)]+ ,
b) [CuII


2 ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-OCH3)]
+ , c) [CuII


ACHTUNGTRENNUNG(H2L
wa)]+ .
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the inflection point. ESI mass spectra of these mixtures
reveal the hydroxo-bridged dinuclear [CuII


2ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(NCCH3)n-
ACHTUNGTRENNUNG(m-OH)]+ complex described above (note that throughout
we do not specify the number of coordinated solvent mole-
cules; in the ESI-MS experiments n=0, in solution n is gen-
erally 2 for the dinuclear complexes, that is, one terminal
solvent molecule per copper(II) center, and n=1 or 2 for
the mononuclear copper(II) complexes).


The spectrophotometric titration of a 1:2 mixture of H3L
1


and copper(II) triflate with methoxide is shown in Figure 3b.
The addition of base is accompanied by a change of color of
the solution from yellow to blue. Addition of excess base
leads to the precipitation of a blue solid. The absorption
reaches a maximum after the addition of three equivalents


of base, consistent with the formation of [CuII
2 ACHTUNGTRENNUNG(HL1)ACHTUNGTRENNUNG(m-


OCH3) ACHTUNGTRENNUNG(OHCH3)n]
+ , again in agreement with the ESI-MS


results. Similar behavior is observed with NEt3 as the base
in methanol. All spectra show strong ligand-to-metal
charge-transfer (LMCT) transitions in the UV region. The
d-d transitions at 716 nm (e�90m


�1 cm�1) and 565 nm (e
�55m


�1 cm�1, shoulder), which appear after the addition of
three equivalents of base, are assigned to the dinuclear com-
plex [CuII


2ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-OCH3) ACHTUNGTRENNUNG(OHCH3)n]
+ . A comparison of


the results of the titrations in methanol and acetonitrile sup-
ports the interpretation derived from the ESI-MS experi-
ments that a bridging ligand (methoxide or hydroxide) is re-
quired for the formation of the dicopper(II) compounds.


Titration of a 1:2 mixture of H3L
1 and copper(II) triflate


with NEt3, monitored by CD spectroscopy, confirmed the
formation of chiral copper(II) complexes upon addition of
base (Figure 3c). Initially, an increase of a negative Cotton
effect at 640 nm and of a positive Cotton effect at 385 nm
was observed. After the addition of 1 equivalent of base, a
plateau was reached at 620 nm, in agreement with the for-
mation of the mononuclear [CuII


ACHTUNGTRENNUNG(H2L
1) ACHTUNGTRENNUNG(OHCH3)n]


+ com-
plex. Further addition of base led to increasing negative
Cotton effects at 716 and 565 nm and a further intensifica-
tion of the band at 385 nm. A titration end-point at these
wavelengths was observed after the addition of 3 equivalents
of base, in agreement with the earlier results that indicated
the formation of a dinuclear methoxide-bridged [CuII


2 ACHTUNGTRENNUNG(HL1)-
ACHTUNGTRENNUNG(m-OCH3) ACHTUNGTRENNUNG(OHCH3)n]


+ complex.


EPR spectroscopy : X-band EPR spectroscopy was used to
support the interpretation based on ESI-MS and UV/Vis
spectroscopy. EPR spectra of solutions with different ratios
of copper(II), H3L


1, and base in methanol at 130 K exhibit
axially symmetric copper(II) signals for the solvated cop-
per(II) ion and a rhombically distorted signal for the mono-
nuclear [CuII


ACHTUNGTRENNUNG(H2L
1) ACHTUNGTRENNUNG(OHCH3)n]


+ complex (see Supporting
Information, Figure S1). The EPR signal intensity of [CuII-
ACHTUNGTRENNUNG(H2L


1) ACHTUNGTRENNUNG(OHCH3)n]
+ is strongly dependent on the concentra-


tion of base, and this is consistent with the UV/Vis and ESI-
MS studies. The most intense signal occurs at a 1:1:1 ratio of
CuII/H3L


1/base, and all signals vanish when an excess of base
is added. The absence of any EPR signals for the dinuclear
complex [CuII


2ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-OCH3) ACHTUNGTRENNUNG(OHCH3)n]
+ is believed to be


the result of strongly antiferromagnetically coupled
copper(II) centers, induced by the bridging methanolate.
This interpretation is supported by the room temperature
magnetic moment of meff=0.22 BM of a solid sample and
the corresponding EPR measurement (EPR silent; the pres-
ence of copper(II) in this sample is substantiated by UV/Vis,
CD, and ESI-MS). Based on the satisfactory computer simu-
lation of the experimental EPR spectrum of the mononu-
clear species (see Figure 4a,b), the existence of multiple
mononuclear copper(II) complexes with different structures,
for example involving the coordination of a copper(II) ion
to the Npeptide-Nheterocycle-Npeptide site, can be excluded.


EPR spectra of the mononuclear copper(II) complexes
with L=L1, L2, and Lwa in methanol at 50 K reveal signals


Figure 3. a) Titration of H3L
1/Cu2+ with NEt3 in acetonitrile (c ACHTUNGTRENNUNG(H3L


1)=


2 mm); b) titration of H3L
1/Cu2+ with CH3O


� in methanol (c ACHTUNGTRENNUNG(H3L
1)=


2 mm); c) titration of H3L
1/Cu2+ with NEt3 in methanol (c ACHTUNGTRENNUNG(H3L


1)=2 mm).
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of the pure mononuclear copper(II) complexes
(Figure 4a,c,g). In contrast, EPR spectra of solutions of cop-
per(II) triflate, H3L


3, and base [(nBu4N) ACHTUNGTRENNUNG(OCH3)] in various
ratios (x :1:y ; x=1,2; y=1, 2, 3) show resonances attributa-
ble to both mono- and dinuclear copper(II) complexes. Sub-


traction of spectra obtained at different ratios yields the
pure spectra of the mono- and dinuclear copper(II) com-
plexes shown in Figures 4e and 5.


Examination of the perpendicular region of the EPR
spectra of the mononuclear complexes reveals nitrogen hy-
perfine coupling. Differentiation of the spectra and Fourier
filtering produce well-resolved second-derivative EPR spec-
tra with nitrogen hyperfine coupling in the perpendicular
region, and for [Cu ACHTUNGTRENNUNG(H2L


wa) ACHTUNGTRENNUNG(OHCH3)n]
+ also on the parallel


copper MI=3/2 hyperfine resonance (see Figure 4b,d,f,h).
Computer simulations of the first- and second-derivative
EPR spectra, based on the spin Hamiltonian of Equa-
tion (1),


H ¼
X


i¼x,y,z
ðbeB i � gi � S i þ Si �Aið63,65CuÞ � I ið63,65CuÞ


�gnbnB i � I ið63,65CuÞÞþ
X3,4


j¼1
ðSi �A jð14,15NÞ � I jð14,15NÞ


�gnbnB i � I jð14,15NÞÞ


ð1Þ


and with the parameters listed in Table 1, yield the spectra
shown in red in the Supporting Information; for line width
parameters, Table S2. Least-squares error parameters of
0.02–0.04 for all simulations indicate excellent fits.[38] This is
also apparent from expansions of the perpendicular region
(see Supporting Information, Figure S2).


Figure 4. Experimental (top) and simulated (bottom) X-band EPR spec-
tra of the mononuclear copper(II) complexes in methanol at 50 K: a) 1st
derivative spectra of [CuII


ACHTUNGTRENNUNG(H2L
1) ACHTUNGTRENNUNG(OHCH3)2]


+ , n=9.3571 GHz; b) 2nd de-
rivative spectra of a); c) 1st derivative spectra of [CuII


ACHTUNGTRENNUNG(H2L
2) ACHTUNGTRENNUNG(OHCH3)2]


+ ,
n=9.3597 GHz; d) 2nd derivative spectra of c); e) 1st derivative spectra
of [CuII


ACHTUNGTRENNUNG(H2L
3) ACHTUNGTRENNUNG(OHCH3)2]


+ , obtained from subtraction of experimental
spectra with different L3:Cu2+:CH3O


� ratios (see also Figure 5), n=


9.3590 GHz; f) 2nd derivative spectra of e); g) 1st derivative spectra of
[CuII


ACHTUNGTRENNUNG(H2L
wa) ACHTUNGTRENNUNG(OHCH3)2]


+ , n =9.3588 GHz; h) 2nd derivative spectra of g)
(inset shows an expansion of the parallel MI=3/2 resonance).


Figure 5. X-band EPR spectra of the copper(II) complexes of L3 in meth-
anol at 50 K: a) experimental spectrum (mixture of mono- and dinuclear
complexes), n =9.3590 GHz; b) [CuII


ACHTUNGTRENNUNG(H3L
3) ACHTUNGTRENNUNG(OHCH3)2]


+ , obtained by
subtracting experimental spectra with different concentrations of cop-
per(II), ligand, and base; c) [CuII


2ACHTUNGTRENNUNG(HL3) ACHTUNGTRENNUNG(m-OCH3)]
+ , obtained by sub-


tracting b) from a); d) simulation of spectrum c).
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EPR spectra of [Cu ACHTUNGTRENNUNG(H2L) ACHTUNGTRENNUNG(OHCH3)n]
+ (L=L1, L2, L3; see


Figure 4a–f) were simulated by assuming ligand hyperfine
coupling to two magnetically equivalent heterocyclic nitro-
gen nuclei and one peptide nitrogen (see Table 1). In con-
trast, for the simulation of the EPR spectrum of [Cu ACHTUNGTRENNUNG(H2L


wa)-
ACHTUNGTRENNUNG(OHCH3)n]


+ , ligand hyperfine coupling to two magnetically
equivalent heterocyclic nitrogen donors and two other nitro-
gen donors (one peptide and one heterocyclic nitrogen) had
to be implemented in order to obtain a good fit (see
Figure 4g,h; see also the Supporting Information,
Figure S2).[39] The spin Hamiltonian parameters reveal a
rhombically distorted square-pyramidal geometry for the
copper(II) center in these cyclic peptide complexes. While
the g matrices for the four copper(II) complexes are quite
similar, Az for [Cu ACHTUNGTRENNUNG(H2L


wa)ACHTUNGTRENNUNG(OHCH3)n]
+ is considerably


larger (174P10�4 cm�1 vs ~150P10�4 cm�1), which is consis-
tent with the coordination of an additional nitrogen
donor.[40] This interpretation is consistent with the analysis
of the ligand hyperfine coupling (see above) and is support-
ed by DFT modeling studies, see below.


The absence of signals for dinuclear copper(II) complexes
results from strong antiferromagnetic coupling (H3L


1, see
above) and/or from low concentrations of the dicopper(II)
complexes (H3L


wa, H3L
2), in agreement with the mass spec-


trometric data. The EPR spectra of solutions of copper(II)
and H3L


3 are indicative of mixtures of mono- and dinuclear
copper(II) species (Figure 5a).


Careful subtraction yielded the spectra of the mono- and
dinuclear copper(II) complexes, as shown in Figure 5b and
c, respectively. The spin Hamiltonian parameters were ob-
tained from a computer simulation (Figure 5d) with Molecu-
lar Sophe, based on the coupled spin Hamiltonian [Eq. (2)],
which includes the individual spin Hamiltonians [Eq. (1)]
for each copper(II) ion and isotropic and anisotropic ex-
change terms.[41]


H ¼
X2


i,j¼1;i6¼j
Hi þ Jij


isoSi � Sj þ Si � Jij � Sj ð2Þ


The spin Hamiltonian parameters for site 1 (gk=2.2090, g?
=2.090, Ak=152.8, A?=5.2P10�4 cm�1, b=�66.28, where
b is the orientation of the gz principal axis relative to the
copper(II)···copper(II) vector) differ from those of site 2 (gk
=2.209, g?=2.090, Ak=35.1, A?=21.4P10�4 cm�1, b=


�66.28), and the two sites are separated by an internuclear
distance of r=5.0 N.[42] A Cu···Cu distance of 5 N appears to
be too large for the 18-membered azacrown-6 macrocyclic
cavity (the more realistic computed distance is about 3.2 N,
see below). However, it is known that an anisotropic term
proportional to (Dg/g)2J can contribute to the zero-field
splitting (S·J·S) if the isotropic exchange coupling constant
is large (J>30 cm�1).[43] Therefore, with large values of J,
which appears to be the case for the dinuclear copper(II)
complex of H3L


3, the simulation overestimates the internu-
clear distance r. Based on the DFT calculations (see below),
site 2 has a distorted tetrahedral geometry with a coordinat-
ed thiazole, an amide nitrogen, and two relatively weakly
bound ligands (two methanol/methanolate donors; one ter-
minal, one bridging). Therefore, a small value of Ak is ex-
pected.[8,44–47]


IR spectroscopy: Upon coordination of H3L
1 to copper(II),


there is a shift of the COpeptide vibrational band in the IR
spectrum from 1656 cm�1 in the metal-free macrocycle to
1617 cm�1 in the copper(II) complex. Such a shift would be
expected for the substitution of hydrogen of a peptide group
by a metal ion. The vibrations of the Npeptide�H bonds in the
macrocycle H3L


1 give rise to a sharp peak at 3378 cm�1. A
weaker, broad signal at 3292 cm�1 may be assigned to a
single Npeptide�H bond in the dinuclear copper(II) complex
of H3L


1. That is to say, the complex has one protonated and
two deprotonated amide sites and therefore a deprotonated
bridging methanolate ligand, [CuII


2 ACHTUNGTRENNUNG(HL1)ACHTUNGTRENNUNG(m-OCH3)-
ACHTUNGTRENNUNG(OHCH3)n]


+ rather than [CuII
2(L


1) ACHTUNGTRENNUNG(m-OHCH3) ACHTUNGTRENNUNG(OHCH3)n]
+ ;


see also the sections on mass spectrometry and DFT calcula-
tions. This assignment was confirmed by a comparison with
the spectra of hydrogen–deuterium exchanged samples, ob-
tained by preparing a solution of the compounds in CH3OD.
Figure 6 shows the IR spectra and frequencies of the


Table 1. Anisotropic spin Hamiltonian parameters of the mononuclear copper(II) species [CuII
ACHTUNGTRENNUNG(H2L


1) ACHTUNGTRENNUNG(OHCH3)2]
+ , [CuII


ACHTUNGTRENNUNG(H2L
2) ACHTUNGTRENNUNG(OHCH3)2]


+ , [CuII
ACHTUNGTRENNUNG(H2L


3)-
ACHTUNGTRENNUNG(OHCH3)2]


+ , and [CuII
ACHTUNGTRENNUNG(H2L


wa) ACHTUNGTRENNUNG(OHCH3)]
+ .[a]


ACHTUNGTRENNUNG[CuII
ACHTUNGTRENNUNG(H2L


1) ACHTUNGTRENNUNG(OHCH3)2]
+


ACHTUNGTRENNUNG[CuII
ACHTUNGTRENNUNG(H2L


2) ACHTUNGTRENNUNG(OHCH3)2]
+


ACHTUNGTRENNUNG[CuII
ACHTUNGTRENNUNG(H2L


3) ACHTUNGTRENNUNG(OHCH3)2]
+


ACHTUNGTRENNUNG[CuII
ACHTUNGTRENNUNG(H2L


wa) ACHTUNGTRENNUNG(OHCH3)]
+


gx 2.088 2.083 2.082 2.083
gy 2.051 2.034 2.037 2.051
gz 2.278 2.279 2.263 2.267
Ax (


63Cu) 17.0 17.3 15.7 14.0
Ay (


63Cu) 15.4 17.2 19.9 16.2
Az (


63Cu) 153.4 123.0 150.0 175.0
Ax (


14N)�Nhetcyc
[b] 14.5 15.7 14.3 12.4


Ay (
14N)�Nhetcyc


[b] 7.1 7.1 7.0 6.2
Az (


14N)�Nhetcyc
[b] 9.0 9.0 9.0 10.4


Ax (
14N)�Npept (+ Nhetcyc)


[c] 13.2 13.4 11.5 16.5
Ay (


14N)�Npept (+ Nhetcyc)
[c] 15.2 14.1 15.7 12.7


Az (
14N)�Npept (+ Nhetcyc)


[c] 9.5 9.5 9.5 13.4


[a] A in 10�4 cm�1; linewidth information is available as Supporting Information, Table S2. [b] Simulated spectra included two magnetically equivalent
heterocyclic nitrogen nuclei. [c] For [CuII


ACHTUNGTRENNUNG(H2L
wa)]+ .
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Npeptide�H and Npeptide�D vibrations in the metal-free ligand
H3L


1 and the corresponding dinuclear copper(II) complex.
An interesting observation is that Npeptide�H proton ex-
change in the dinuclear complex is very slow, even though
the Npeptide�H bond is, as expected, weakened in the com-
plex (3292 vs 3378 cm�1). Complete exchange of the protons
in the metal-free macrocycle H3L


1 takes approximately 24 h,
whereas proton exchange in the coordinated ligand requires
approximately one week. This apparent anomaly may be ex-
plained in terms of an Npeptide�H···Omethoxide hydrogen bond
to the methoxide bridge, and this further supports the struc-
tural assignment.


Time-dependent spectroscopy: Subjecting solutions of the
macrocyclic ligand H3L


1 and copper(II) in methanol to time-
dependent ESI mass spectrometry in conjunction with UV/
Vis and EPR was indicative of an equilibrium involving only
the mono- and dinuclear copper(II) complexes. The peak in-
tensities of the protonated metal-free macrocycle [H4L


1]+


and the initially rapidly increasing peak of the mononuclear
species [CuII


ACHTUNGTRENNUNG(H2L
1)ACHTUNGTRENNUNG(OHCH3)n]


+ decrease over time with re-
spect to the increasing peak of the dinuclear species [CuII


2-
ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-OCH3) ACHTUNGTRENNUNG(OHCH3)n]


+ .
UV/Vis spectra of various mixtures of H3L


1, copper(II)
triflate, and (nBu4N) ACHTUNGTRENNUNG(OCH3) in methanol initially show an
overall increase of the absorption between 300 nm and
900 nm (Figure 7a,b). An equilibrium of only two competing
copper(II) complexes is supported by the existence of iso-
sbestic points at 354, 395, 490, and 605 nm. After approxi-
mately 30 min, the absorption intensifies below 354 nm, be-
tween 395 nm and 490 nm, and above 605 nm, while the ab-
sorption between 354 and 395 nm and between 409 and
605 nm decreases. The latter observation is attributed to the
formation of the mononuclear [CuII


ACHTUNGTRENNUNG(H2L
1)ACHTUNGTRENNUNG(OHCH3)n]


+ com-
plex, and the former to the copper(II) chromophore of the


dinuclear complex [CuII
2ACHTUNGTRENNUNG(HL1)-


ACHTUNGTRENNUNG(m-OCH3) ACHTUNGTRENNUNG(OHCH3)n]
+ with a


different coordination environ-
ment of the second copper(II)
center. An equilibrium is
reached after approximately
24 h, whereupon no further
changes in the spectra are ob-
served. These observations sug-
gest that the fast formation of
the mononuclear [CuII


ACHTUNGTRENNUNG(H2L
1)-


ACHTUNGTRENNUNG(OHCH3)n]
+ complex (within


minutes under the given condi-
tions) is followed by the much
slower formation of the dinu-
clear complex [CuII


2ACHTUNGTRENNUNG(HL1)ACHTUNGTRENNUNG(m-
OCH3) ACHTUNGTRENNUNG(OHCH3)n]


+ .
Time-dependent X-band


EPR spectra measured from
frozen solutions in methanol at
130 K show a competition be-
tween free copper(II) and a


single mononuclear species. Figure 7c shows the formation
of a mononuclear copper(II) complex in a 1:1:1 mixture of
H3L


1, copper(II) triflate, and (nBu4N) ACHTUNGTRENNUNG(OCH3) in methanol,
identified as [CuII


ACHTUNGTRENNUNG(H2L
1) ACHTUNGTRENNUNG(OHCH3)n]


+ . Note that, due to
freezing of the sample, the time scale is arbitrary and differ-
ent to that of the UV/Vis experiments described above. The
absence of any further EPR signals, in particular for dinu-
clear copper(II) species, indicates strong antiferromagnetic
coupling of the two copper(II) ions in the [CuII


2ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-
OCH3) ACHTUNGTRENNUNG(OHCH3)n]


+ complex (see above).


DFT calculations : The structures of the mono- and dinu-
clear copper(II) complexes were optimized starting from the
predictions based on spectroscopic data (see Figure 8a–f,
and Table 2). DFT calculations were performed with a set-
up previously optimized for copper(II) complexes.[48] Fre-
quency calculations on the optimized structures were used
to verify that they were indeed minima on the potential
energy surface and to obtain zero-point energy corrections
(ZPE). The mononuclear copper(II) complexes of H3L (L=


L1, L2, L3) have a distorted square-pyramidal coordination
geometry, with one peptide and two heterocyclic nitrogen
atoms as well as a methanol oxygen donor in the basal
plane and a methanol oxygen donor with a significantly
longer bond in the apical position. A similar coordination
geometry has been observed for copper(II) complexes of
the larger Ascidiacyclamide macrocycle.[5] In agreement
with the interpretation of the EPR spectra, structure optimi-
zation of the mononuclear copper(II) complex of H3L


wa


yielded a different coordination mode, with the copper(II)
center coordinated to one peptide nitrogen and all three ox-
azoline nitrogen donors. In contrast to the macrocycles H3L
(L=L1, L2, L3), the higher flexibility of H3L


wa conferred by
the unsaturated heterocyclic units leads to a conformation
in which the third oxazoline nitrogen is able to coordinate


Figure 6. IR spectra (KBr pellets) of a) H3L
1 and D3L


1; b) [CuII
2 ACHTUNGTRENNUNG(HL1)ACHTUNGTRENNUNG(m-OCH3)] ACHTUNGTRENNUNG(CF3SO3) and [CuII


2 ACHTUNGTRENNUNG(DL1) ACHTUNGTRENNUNG(m-
OCH3)] ACHTUNGTRENNUNG(CF3SO3).
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to the copper(II) center. One methanol molecule coordinat-
ed to the axial site completes the coordination sphere.


The structures of dinuclear copper(II) complexes with
H3L


1 and H3L
3 were also refined, and the two complexes


predicted by spectroscopy, that is, [CuII
2 ACHTUNGTRENNUNG(HL1)ACHTUNGTRENNUNG(m-OCH3)-


ACHTUNGTRENNUNG(OHCH3)n]
+ and [CuII


2ACHTUNGTRENNUNG(HL3)ACHTUNGTRENNUNG(m-OCH3) ACHTUNGTRENNUNG(OHCH3)n]
+ , were


indeed found to be stable minima on the potential energy
surface. As indicated by IR spectroscopy, the structure with
a m-OCH3 bridge and only two deprotonated amide groups
is more stable than the tautomer with three deprotonated


amides and a bridging methanol. Two additional methanol
molecules were added as co-ligands. The second copper(II)
center has a distorted tetrahedral coordination geometry
(Figure 8g,h and Table 2), and this is in agreement with the
simulation and interpretation of the EPR spectra of the cop-
per(II) complexes of H3L


3. The strength of the antiferro-
magnetic coupling in OR-bridged dicopper(II) complexes
depends on the CuII-O-CuII angle.[49–51] The computed struc-
tures of [CuII


2(HL) ACHTUNGTRENNUNG(m-OCH3)ACHTUNGTRENNUNG(OHCH3)2]
+ (L=L1, L3) are in


agreement with these dependences and with the observation
that the complex of the imidazole-based ligand shows stron-
ger coupling than the complex of the thiazole-based ligand,


Figure 7. a) Time-dependent UV/Vis spectra of a 1:2:3 equiv mixture of
L1, copper(II) triflate, and base (methoxide); time interval between two
spectra: 5 min; b) time-dependent UV/Vis spectra of a 1:1:1 equiv mix-
ture of L1, copper(II) triflate, and base (methoxide); time interval be-
tween two spectra: 5 min; c) time-dependent EPR spectra (X-band at
130 K) of a 1:1:1 equiv mixture of L1, copper(II) triflate, and base (meth-
oxide); n0=9.4483 GHz, n5=9.4483 GHz, n10=9.4483 GHz, n20=


9.4483 GHz, n30=9.4385 GHz, n60=9.4434 GHz, n120=9.4434 GHz; time
interval between two spectra (nonlinear scale): 0, 5, 10, 10, 30, 60 min.


Figure 8. Calculated structures of the mononuclear copper(II) complexes:
a) [CuII


ACHTUNGTRENNUNG(H2L
1)]+ ; b) [CuII


ACHTUNGTRENNUNG(H2L
2)]+ ; c) [CuII


ACHTUNGTRENNUNG(H2L
3)]+ ; d) [CuII


ACHTUNGTRENNUNG(H2L
wa)]+ ,


calculated structures of the dinuclear copper(II) complexes: e) [CuII
2-


ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-OCH3)]
+ ; f) [CuII


2ACHTUNGTRENNUNG(m-HOCH3)(L
1) ACHTUNGTRENNUNG(OHCH3)]


+ ; g) [CuII
2 ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-


OCH3)]
+ ; h) [CuII


2 ACHTUNGTRENNUNG(m-HOCH3)(L
3)]+ .
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for which a dipole–dipole-coupled spectrum is observed (see
Figure 5).


The two possible isomers of the dinuclear L1-based
complexes with respect to the bridging methanol/amide
tautomerism, [CuII


2ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-OCH3)]
+ (Figure 8g) and


ACHTUNGTRENNUNG[CuII
2ACHTUNGTRENNUNG(m-HOCH3)(L


1)]+ (Figure 8h), both without additional
methanol ligands, were also optimized in order to compare
their relative stabilities. As suggested by experiment, the
structure with a bridging methanolate and a protonated and
not coordinated amide is more stable by a large margin
(129 kJmol�1).


Conclusion


Westiellamide (H3L
wa) and the three analogues H3L


1, H3L
2,


and H3L
3 are highly preorganized for binding to metal ions


and are complementary for copper(II). As in the larger
cyclic peptides ascidiacyclamide and patellamide, the
Nheterocycle-Npeptide-Nheterocycle unit is the preferred coordination
site for copper(II).[5,6] Westiellamide and its derivatives form
stable mono- and dinuclear complexes. Particularly with
H3L


1, there is a cooperativity in the formation of the dinu-
clear species, that is, the coordination of a first copper(II)
ion further preorganizes the macrocycle, and this is en-
hanced by the coordination of monodentate methanol (or
water), which may play an anchoring role and stabilize the
dinuclear complexes as a bridging ligand. With the more
flexible oxazoline donors, westiellamide H3L


wa forms more
stable mononuclear complexes, with four instead of three
heterocyclic units and an amide moiety coordinated in-
plane, and only one methanol in the apical position. Coordi-
nation of a second copper(II) center is therefore less favora-
ble for this peptide.


Experimental Section


Materials : All solvents (absolute) and reagents (purum grade) were ob-
tained commercially (Aldrich, Fluka) and were used without further pu-
rification. Westiellamide (H3L


wa) and macrocycles H3L
1, H3L


2, and H3L
3


were prepared according to published procedures.[34,52]


Solid samples of [CuII
2 ACHTUNGTRENNUNG(HL1) ACHTUNGTRENNUNG(m-OCH3)] ACHTUNGTRENNUNG(CF3SO3) and [CuII


2ACHTUNGTRENNUNG(DL1) ACHTUNGTRENNUNG(m-
OCH3)] ACHTUNGTRENNUNG(CF3SO3) (green powders) were obtained by mixing Cu-
ACHTUNGTRENNUNG(CF3SO3)2, Cu ACHTUNGTRENNUNG(OMe)2, and H3L


1 or D3L
1 (0.5:1.5:1) in dry methanol


(CH3OH or CH3OD, respectively). The resulting samples were character-
ized by ESI-MS and UV/Vis spectrophotometry (both in methanol) and
shown to be identical to the corresponding samples from titration experi-
ments. An elemental analysis (calcd (%) for C32H46Cu2F3N9O7S·2H2O: C
41.73, H 5.47, N 13.69; found: C 40.39, H 5.47, N 13.63) confirmed this
assignment and indicated a purity of >95%. Further purification was not
possible. The room temperature magnetic moments and EPR spectra (in
methanol) showed these samples to be diamagnetic (strong antiferromag-
netic coupling). These samples were used for IR spectroscopy.


Methods : High-resolution electrospray ionization mass spectrometry
(ESI-MS) was performed with a 9.4 T Bruker ApexQe Qh-ICR hybrid
instrument with an Apollo II MTP ion source in the positive-ion electro-
spray ionization (ESI) mode. Sample solutions in methanol or acetoni-
trile at concentrations of 10�4–10�5m were admitted to the ESI interface
by means of a syringe pump at 5 mLmin�1 and sprayed at 4.5 kV with a
desolvation gas flow of 2.0 Lmin�1 at 250 8C and a nebulizer gas flow of
1.0 Lmin�1. The ions were accumulated in the storage hexapole for 0.1–
1.0 s and then transferred into the ICR cell. Trapping was achieved at a
sidekick potential of �4.0 V and trapping potentials of slightly above 1 V.
The mass spectra were acquired in the broadband mode with 1M data
points. Typically, 16 transients were accumulated for one magnitude spec-
trum. External mass calibration was performed on [argininen+H]+ cluster
ions prior to analysis. A mass accuracy of 1 ppm was achieved. The in-
strument was controlled by Bruker ApexControl 2.0.0.beta software and
data analysis was performed using Bruker DataAnalysis 3.4 software.


Spectrophotometric titrations were performed at 25.0 8C on 20 cm3 sam-
ples at a ligand concentration of 2.0P10�3 moldm�3 with a ligand/cop-
per(II) ratio of 1:1 in acetonitrile and 1:2 in methanol. The titrations
were performed with a 665 Dosimat automatic buret (Metrohm) contain-
ing either a solution of tetrabutylammonium methoxide in methanol or a
solution of triethylamine in acetonitrile (~0.02m). The absorbance data
were recorded with a TIDAS II (J&M) spectrophotometer, equipped
with a Hellma 661.202UVS external immersion probe (pathlength 1 cm).
For each measurement, 51 titration points were recorded.


Table 2. Selected computed (B3LYP) structural parameters (distances [N] and angles [8]) of the mono- (1–4; [CuII
ACHTUNGTRENNUNG(H2L) ACHTUNGTRENNUNG(OHCH3)n]


+ ; L=L1, L2, L3, Lwa)
and dinuclear complexes (5, 6; [CuII


2 ACHTUNGTRENNUNG(HmL) ACHTUNGTRENNUNG(m-HnOCH3) ACHTUNGTRENNUNG(OHCH3)2]
+; L=L1, L2, L3, Lwa; n=0, 1; m=0, 1; see Figure 8).


Distances [N]
Structure Cu1�N1 Cu1�N4,N16,N10 Cu1�X1,X2


[a] Cu2�N10 Cu2�N13 Cu2�X3,X4
[b] Cu1···Cu2


a) 1.91 2.03, 2.05, – 2.07, 2.39 – – – –
b) 1.92 2.02, 2.03, – 2.00, 2.43 – – – –
c) 1.92 2.01, 2.01, – 2.04, 2.37 – – – –
d) 1.94 2.05, 2.10, 2.11 2.11, 2.36 – – – –
e) 1.90 2.06, 2.10, – 2.00, 2.65 1.95 1.89 1.90, 2.12 3.08
f) 1.88 2.12, 2.07, – 1.99, 2.48 1.93 1.88 1.89, 2.17 3.20


Angles [8]
Structure N1-Cu1-N4,N16 N1-Cu1-X1,X2 X1-Cu1-X2 N10-Cu2-N13 N10-Cu2-X3 N10-Cu2-X4 Cu1-X-Cu2


a) 83.3, 83.1 143.8, 108.2 107.8 – – – –
b) 83.6, 83.8 144.8, 106.8 108.3 – – – –
c) 82.4, 82.9 135.1, 104.2 120.6 – – – –
d) 79.3, 80.1 158.1, 109.8 92.0 – – – –
e) 82.8, 83.7 147.0, 106.9 104.9 86.0 105.9 126.1 104.7
f) 82.1, 83.1 143.1, 111.3 105.1 85.7 125.9 107.2 111.6


[a] X1: in plane; X2: axial. [b] X3: m-OCH3; X4: OHCH3.
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IR spectra were measured with a Perkin Elmer 16C FTIR instrument
from samples in KBr pellets.


UV/Vis/NIR spectra were recorded in methanol (m=0.1m (nBu4N)-
ACHTUNGTRENNUNG(ClO4), c ACHTUNGTRENNUNG(H3L


1)=1.5 mm, pathlength l=1 cm) at 25.0 8C with a JASCO
V-570 spectrophotometer.


CD spectra were measured in methanol (m=0.1m (nBu4N)ACHTUNGTRENNUNG(ClO4),
c ACHTUNGTRENNUNG(H3L


1)=1.25 mm, pathlength l=1 cm) at 25 8C with a JASCO J-710
spectropolarimeter.


Magnetic moments were measured with a Sherwood Scientific Mark 1
magnetic susceptibility balance at room temperature.


Continuous-wave X-band (ca. 9 GHz) EPR spectra were recorded with a
Bruker Biospin Elexsys E500 EPR spectrometer fitted with a super high
Q cavity. The magnetic field and the microwave frequency were calibrat-
ed with a Bruker ER 041XK Teslameter and a Bruker microwave fre-
quency counter, respectively. A flow-through cryostat in conjunction with
a Eurotherm (B-VT-2000) variable-temperature controller provided tem-
peratures of 127–133 K at the sample position in the cavity. For lower
temperatures (48–52 K), an Oxford Instruments ESR 900 flow-through
cryostat in conjunction with an ITC4 temperature controller was em-
ployed. Spectrometer tuning, signal averaging, and visualization were ac-
complished with BrukerTs Xepr (version 2.4b.12) software. The EPR
spectra of the mono- and dinuclear complexes were simulated with the
XSophe-Sophe-XperView (version 1.1.4) and Molecular Sophe (ver-
sion 2.0.91) computer simulation software suites on a personal computer
running the Mandriva Linux v2007.0 operating system.[38]


DFT calculations were performed with Gaussian 03 using the hybrid
B3LYP functional and the 6-31g* basis set and were run on a Linux clus-
ter.[53]
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Properties of Alkali Metal Atoms Deposited on a MgO Surface: A
Systematic Experimental and ACHTUNGTRENNUNGTheoretical Study


Emanuele Finazzi,[a] Cristiana Di Valentin,[a] Gianfranco Pacchioni,*[a] Mario Chiesa,[b]


Elio Giamello,[b] Hongjun Gao,[c] Jichun Lian,[d] Thomas Risse,[d] and
Hans-Joachim Freund[d]


Introduction


The interaction of alkali metal atoms with oxide materials
and their surfaces is relevant to a wide number of problems
and applications. Alkali metals are usually added to inorgan-


ic oxides to modify the electrical and conducting properties
of the material. In some cases, such as in tungsten bronzes,
this may turn a wide-gap insulating oxide into a material
with metallic conductivity. The addition of alkali metals to
layered materials is essential for the preparation of ionic
conductors and new generations of batteries. Doping with
alkali metals can also result in charge imbalance within a
material, with the creation of vacancies or changes in the va-
lence state of other atoms, which leads to new chemical
properties. A classical case is that of lithium-doped MgO in
which the presence of monovalent lithium ions, which re-
place the divalent magnesium ions in the crystal structure,
results in the formation of OC� radicals that exhibit a special
reactivity, for example, in methane coupling reactions.[1]


For all of these reasons, the interaction of alkali metal
atoms with the surface of an oxide is also of general interest
to understand the mechanisms of stabilization and diffusion
of the alkali species in the bulk of the material. An oxide
that has been investigated in some detail in this context is
MgO, a prototype of ionic oxides with a simple crystal struc-
ture and a rather well-defined surface morphology.[2–5] Aside
from the general motivations listed above, there are other


Abstract: The adsorption of small
amounts of alkali metal atoms (Li, Na,
K, Rb, and Cs) on the surface of MgO
powders and thin films has been stud-
ied by means of EPR spectroscopy and
DFT calculations. From a comparison
of the measured and computed g
values and hyperfine coupling con-
stants (hfccs), a tentative assignment of
the preferred adsorption sites is pro-
posed. All atoms bind preferentially to
surface oxide anions, but the location
of these anions differs as a function of
the deposition temperature and alkali
metal. Lithium forms relatively strong


bonds with MgO and can be stabilized
at low temperatures on terrace sites.
Potassium interacts very weakly with
MgO and is stabilized only at specific
sites, such as at reverse corners where
it can interact simultaneously with
three surface oxygen atoms (rubidium
and cesium presumably behave in the
same way). Sodium forms bonds of in-


termediate strength and could, in prin-
ciple, populate more than a single site
when deposited at room temperature.
In all cases, large deviations of the
hfccs from the gas-phase values are ob-
served. These reductions in the hfccs
are due to polarization effects and are
not connected to ionization of the
alkali metal, which would lead to the
formation of an adsorbed cation and a
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drogen atoms behave completely dif-
ferently. Under similar conditions, they
form (H+)(e�) pairs. The reasons for
this different behavior are discussed.
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reasons why alkali metal deposition on oxide surfaces, and
on MgO in particular, is important. First of all, by depositing
alkali metal atoms on MgO one can selectively dope the sur-
face and generate new electron-rich sites that exhibit a spe-
cial reactivity towards adsorbed species. On the other hand,
when the properties of the deposited atomic species are
monitored with sophisticated techniques, such as EPR spec-
troscopy, one can learn about the essence of the metal–
oxide bonding interaction, the nature of the surface adsorp-
tion sites, and indirectly about the abundance of these sites
and the morphology of the surface. In this respect, alkali
metal adatoms are excellent probes of local adsorption sites
and their environment. In addition, if alkali metals are ad-
sorbed on different oxides with similar crystal structures, for
example, MgO, CaO, and SrO, it is possible to titrate the
surface basicity of the oxide in a very accurate way.[2,3] In
fact, changes in the adsorption properties of the alkali metal
adatom provide indirect, but detailed, information about the
tendency of surface anions to donate charge to an adsorbed
species. Last, but not least, alkali metals on MgO surfaces
represent an excellent system to test the validity of theoreti-
cal methods and models to interpret and predict the proper-
ties of adsorbed atoms (in particular to reproduce observa-
ble EPR properties, such as g factors and hyperfine coupling
constants (hfccs), in both isotropic, aiso, and dipolar, B
tensor, forms).[2,4]


The aim of this study was to systematically investigate the
properties of alkali metal atoms deposited on a MgO sur-
face to extend previous experiments by looking at the be-
havior of the heavier members of the group and exploring
the interaction at various surface sites with respect to their
site-specificity. For the sake of completeness we will also
consider the behavior of hydrogen atoms adsorbed on the
same surface because hydrogen may be regarded as the
“first alkali metal”.[6] The behavior of both alkali metal
atoms[2–5,7] and hydrogen[8–14] adsorbed on MgO has been in-
vestigated previously, but a direct comparison has never
been made. In addition, a comprehensive picture is often
hampered by the complex morphology of the polycrystalline
MgO surface used. In this paper we provide a unified pic-
ture by combining published data with new results. In partic-
ular, we report new experiments that characterize cesium
atoms, which complete the data for the alkali-metal series.
On the theoretical side we report a new set of calculations
based on a more sophisticated approach than has been used
in the past (the shell model). Furthermore, some new ad-
sorption sites (e.g., the reverse edge), metal atoms (e.g., lith-
ium), and measurable properties (e.g., g factors) are consid-
ered here for the first time.
It has previously been shown that full ionization of the


alkali metal takes place only at very few sites that can be sa-
turated at very low metal coverage.[4] These minority sites
have been tentatively identified as empty F2+ centers, that
is, strongly electron-deficient oxygen vacancies. After satura-
tion of all of the “F2+” centers, slightly larger amounts of
alkali metal lead to EPR signals characteristic of alkali
metal atoms stabilized as monomeric entities at specific sur-


face sites.[2,4] At these sites the atoms are often stable at
room temperature or above, which means the diffusion bar-
riers for these atoms are very high. An additional increase
in the amount of deposited metal results in the formation of
tiny clusters and small aggregates.[5] Theoretical calculations
and EPR measurements on 17O-enriched MgO samples have
demonstrated that the alkali metal atoms are preferentially
bound to oxide anions and stabilized at specific sites at
which the ns valence electron is strongly polarized.[2] A com-
parison of theoretical and experimental results has shown
that the metal atom remains basically neutral, despite very
large changes in the measured hfccs.[2] Very similar conclu-
sions have been reached for the deposition of gold adatoms
on MgO thin films.[15]


The behavior of atomic hydrogen is very different and has
been discussed in detail in a series of papers.[8–14] Herein,
some account of the reactivity of hydrogen atoms is given,
which will be restricted to the factors that distinguish them
from the Group Ia metals. Finally, the trends in the chemical
bonding and EPR properties of the alkali metal atoms going
from the lighter (lithium) to the heavier (cesium) atoms are
discussed.


Results and Discussion


EPR data : Experimentally measured values of the g factor
and isotropic hfccs of free (gas phase) alkali and hydrogen
atoms are reported in Table 1. For comparison, the same


quantities have been calculated theoretically by using the
basis sets described in the Experimental Section. Note that
there is quite a good agreement between theory and experi-
ment. The g factors are reproduced quantitatively up to the
fourth decimal digit; the hfccs exhibit some deviations in
the case of lithium (+8%) and sodium (+6%), whereas the
error on potassium is negligible (+2%).
The EPR properties of the alkali metal atoms change sub-


stantially when they are deposited on MgO. This is true in
particular for the isotropic component of the hfcc (Table 2).
In general, we observe a strong reduction in the aiso values
of between 45 and 52% of the free atomic value for sodium,
potassium, rubidium, and cesium. For these atoms the ex-
periments were performed with polycrystalline MgO and
the alkali deposition was carried out in a vacuum at room


Table 1. Experimental and theoretical EPR parameters for the free
atomic values of the alkali atoms.


Exp. DFT
lS-O [eV] g aiso [G] g aiso [G]


1H – 2.00230 506.7 2.00228 471.3
7Li 2.72M10�5 2.00231 143.4 2.00230 155.5
23Na 1.41M10�3 2.00231 316.1 2.00234 334.7
39K 4.75M10�3 2.00231 82.4 2.00238 83.9
85Rb 1.95M10�2 2.00241 361.1 – –
133Cs 4.55M10�2 2.00258 819.8 – –
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temperature. Lithium atoms were deposited on a thin MgO
film (20 monolayers) at 35 K in ultra-high vacuum (UHV).[7]


Clearly, the two temperatures at which the EPR measure-
ments were carried out result in different thermal behavior.
On the polycrystalline samples the deposited atoms possess
enough thermal energy to diffuse across the surface until
they are trapped at specific binding sites. On thin films
atoms remain where they land, that is, on the flat (100) ter-
races that represent the majority of sites in the sample. The
effect is similar and the reduction in the aiso value is about
50% (Table 2). The origin of the reduction in aiso has al-
ready been discussed for the case of potassium adsorbed on
MgO.[2] It is not related to a delocalization of the spin densi-
ty to other nuclei at the surface. Rather, it can be interpret-
ed in terms of an intrinsic nephelauxetic effect whereby the
ns orbital becomes strongly destabilized by the interaction
with the surface oxygen ions. In a similar manner to classical
solvation, the resulting species may be regarded as an “ex-
panded atom” and has similarities to a gas-phase excited
state. More recently, the same effect was clearly identified
for gold atoms deposited on the terrace sites of MgO thin
films grown on Mo ACHTUNGTRENNUNG(100).[15]


The properties of the smallest “alkali atom”, hydrogen,
are markedly different from those of the rest of the mem-
bers of the group (Table 2). When hydrogen atoms are de-
posited on polycrystalline MgO, there is a dramatic reduc-
tion in the spin density of the hydrogen atom and the hfcc is
drastically reduced compared with the free-atom value. Si-
multaneously, a rather large hyperfine interaction occurs
with both the 17O and 25Mg nuclei at the surface, which is
different from the alkali metals for which only small 17O and
no 25Mg hyperfine interactions are observed (Table 2). Note
also that the residual spin density on the hydrogen atom has
a negative value, as indirectly assessed from computer simu-
lations of Q-band ENDOR
spectra[16] (note that the nega-
tive aisoACHTUNGTRENNUNG(


17O) and aisoACHTUNGTRENNUNG(
25Mg)


values in Table 2 are due to the
negative magnetic moment of
these nuclei). This is at variance
with the cases of the alkali
atoms for which positive values
are derived from the experi-
ment, in agreement with calcu-


lated values (see below). A
negative sign for the hydrogen
hyperfine coupling constant,
which corresponds to a negative
spin density on the nucleus, is
expected for ion pairs when the
counterion is located at a node
of the molecular orbital occu-
pied by the unpaired electron.
This fact further confirms the
ionization of the electron from
the parent hydrogen nucleus
and indicates that the resulting


species may be properly described in terms of a (H+)(e�)
ion pair in which the electron plays the role of the anion.
The experimental data recorded for the various alkali


metal atoms on MgO (Table 2) refer to the most abundant
adsorption site under the conditions of temperature, surface
area, and morphology used in the experiment. Except for
single crystalline MgO films, it is not possible to infer direct-
ly from experiments which sites are decorated by the alkali
adatoms unless a combined experimental and theoretical ap-
proach is followed. For this reason it is quite useful to com-
pare the measured EPR properties with those derived from
ab initio calculations.


DFT results


Terrace sites : We start by considering the adsorption at
MgO ACHTUNGTRENNUNG(100) terrace sites. At these sites the hydrogen atom
has a special behavior with respect to adsorption at low-co-
ordinated sites. When hydrogen is adsorbed on a five-coor-
dinated O5c ion, it is ionized, but, in the absence of low-coor-
dinated magnesium cations, the corresponding electron is
spread and delocalized over several sites. The situation is
clearly unfavorable compared with adsorption on low-coor-
dinated sites and is not expected to be observed experimen-
tally. Note that the computed aiso in this case (Table 3) has a
small but positive value in contrast with that determined ex-
perimentally (Table 2). This suggests considerable dielectric
screening of the electron–nucleus pair, which means that the
unpaired electron has a large Bohr radius, a situation that is
reminiscent of shallow impurity states in n-type doped
Group IV semiconductors.
The situation is different for the alkali metal atoms. The


computed binding energy of lithium atoms on terrace sites is
relatively large, about 1 eV (note that this is much larger


Table 2. Experimental values of the EPR parameters for alkali atoms adsorbed on the surface of MgO
powders.


M gk g? aiso(M) [G] B [G] aiso ACHTUNGTRENNUNG(
17O) [G] aiso ACHTUNGTRENNUNG(


25
mg) [G] Ref.


1H 2.0013�0.0001 1.9994�0.0001 �1.2�0.1 (0%) �0.7 �50.2�0.5 �10.9�0.1 [13,16]


�27.3�0.1
�60.3�0.1


7Li[a] 2.003�0.001 2.000�0.001 74�0.5 (52%) 0 – – [7]


23Na 2.001�0.001 2.000�0.001 140.8�0.5 (45%) 0.8 �2.0�0.5 – [3]


39K 2.000�0.001 1.999�0.001 41.4�0.5 (50%) 0.2 �2.8�0.1 – [2]


85Rb 1.996�0.001 1.995�0.001 184.0�1.0 (51%) 2.0 – – [5]


133Cs 1.995�0.001 1.993�0.001 426.4�0.5 (52%) 0.1 – – this work


[a] UHV experiments on MgO thin films.


Table 3. Computed properties of alkali atoms adsorbed on terrace sites of the MgO ACHTUNGTRENNUNG(100) surface.[a]


M De
[eV]


r ACHTUNGTRENNUNG(M–O)
[O]


aiso ACHTUNGTRENNUNG(Mad)
[G][b]


B1
[G]


B2
[G]


B3
[G]


gk g? aiso ACHTUNGTRENNUNG(
17O)


[G]
aiso ACHTUNGTRENNUNG(


25Mg)
[G]


H 0.50 1.01 0.6 (0%) 8.9 �4.5 �4.5 2.00164 2.00079 �64.3 �4.0
Li 1.05 1.83 75.5 (49%) 0.7 �0.3 �0.3 2.00220 2.00105 �10.8 �0.9
Na 0.44 2.38 228.0 (68%) 2.1 �1.0 �1.0 2.00230 2.00095 �12.3 �0.5
K 0.18 2.85 62.7 (75%) 0.5 �0.3 �0.3 2.00251 2.00041 �6.3 �0.4


[a] De=adsorption energy; rACHTUNGTRENNUNG(M–O)= shortest M–O distance. [b] The ratio with respect to the free-atom value
is given in parentheses.
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than the DFT barrier for diffusion, Eb<0.4 eV). Thus, it is
expected that lithium atoms will, at least partially, reside on
the O5c anions when deposited at low temperatures (experi-
ments were carried out at 35 K, see above). The calculations
(Table 3) indicate a reduction of about 50% in the value of
aiso(Li), from 155.5 to 75.5 G, and very small dipolar compo-
nents, in very good agreement with experimental observa-
tions (Table 2). The g tensor exhibits a small deviation from
the free-electron value, in particular for the g? component,
again consistent with experiment. Thus it is likely that the
observed EPR signal stems from lithium atoms adsorbed on
terrace sites.
Sodium binds more weakly to O5c ions than lithium


(0.44 eV; Table 3 and Figure 1). The atom is bigger, its dis-
tance from the surface oxygen is greater, and hence the


overlap with the oxide orbitals is smaller. For all these rea-
sons, the EPR properties of the sodium adatom exhibit a
smaller deviation from the free atom than the lithium
adatom: aiso(Na) is 228.0 G, that is, 68% of the value of the
free sodium atom. This trend is sustained for potassium,
which exhibits an aiso(K) of 62.7 G, or 75% of the free-atom
value. The dipolar component is always negligible. The g
tensors of adsorbed sodium and
potassium atoms have very sim-
ilar structures and values to
those of lithium (Table 3). In
particular, the gk components
are close to those of the free
atoms (Table 1), whereas small-
er deviations are observed for
g? . This reflects a nonspherical
distribution of the spin density


when the atom is adsorbed on the surface. In general, the g
tensor seems to be a less sensitive probe of the adsorption
properties than the hyperfine coupling constants.
The aisoACHTUNGTRENNUNG(Mad) value for each metal atom seems to inverse-


ly correlate with the M�O distance (Table 3). However, if
we divide this latter quantity by the atomic van der Waals
radius of each alkali atom,[17] we obtain a constant value of
approximately one. Thus, the smaller perturbation of the
alkali atom density is not due to the longer M�O distance.
Rather, the decrease relative to the free atom in hfccs from
lithium to sodium and potassium correlates well with the
monotonous decline of the interaction energy. This suggests
that the level of distortion of the valence electron cloud is
directly related to the strength of the covalent interaction
between the 2p levels of the oxygen atom and the ns orbital
of the metal.
An additional way to characterize the interactions of the


alkali metal atoms with the substrate is to analyze the hyper-
fine interactions with the 17O ions of the MgO lattice. For
lithium, sodium, and potassium, small aisoACHTUNGTRENNUNG(


17O) values for
their interactions with the O5c surface ions have been calcu-
lated. Depending on the alkali metal atom, they range from
6 to 12 G (see Table 3), which indicates a partial transfer of
spin density to the substrate anion. In contrast, the interac-
tion with the neighboring magnesium cations is negligible
(Table 3). Thus, the analysis of the hyperfine interaction
with an 17O-enriched MgO sample can provide compelling
evidence of the site at which the alkali atom is bound, pro-
vided that the signal in the experimental spectrum is suffi-
ciently intense.


Edge sites : All of the alkali atoms are more strongly bound
to the O4c anions of the edge sites than to the O5c anions of
the terraces (Table 4 and Figure 2). The binding energies are
increased by about 0.2 to 0.3 eV. The interaction energies,
however, are rather different for the three alkali metals,
whereas lithium is strongly bound (1.34 eV), sodium and po-
tassium atoms form bonds of medium strength. The stronger
interactions compared with the terrace example result in
shorter M�O bonds and larger reductions in aiso(M) from
the free atomic values. For lithium, the computed aiso value
is about 42% of the free atomic value, whereas for sodium
and potassium it is about 60 to 70% of the free-atom value.
Although for lithium the reduction is too large in relation to
the experimentally observed splitting, for the heavier mem-
bers, the reductions are less than those observed experimen-
tally, which are about 50% (Table 2). The qualitative behav-


Figure 1. Spin density plot for a sodium atom adsorbed on a terrace site.
Only part of the cluster model is shown. Grey atoms: Mg; white atoms:
O. The contour corresponds to a density of 0.002 ebohr�3.


Table 4. Computed properties of alkali atoms adsorbed on edge sites of the MgO ACHTUNGTRENNUNG(100) surface.[a]


M De
[eV]


r ACHTUNGTRENNUNG(M–O)
[O]


aiso ACHTUNGTRENNUNG(Mad)
[G][b]


B1
[G]


B2
[G]


B3
[G]


gxx gyy gzz aiso ACHTUNGTRENNUNG(
17O)


[G]
aiso ACHTUNGTRENNUNG(


25Mg)
[G]


H[c] 1.66 0.98 �4.5 (1%) 5.6 �4.0 �1.6 1.99949 2.00027 2.00197 �57.0 �14.8
Li 1.34 1.75 64.9 (42%) 0.5 �0.5 0.0 2.00141 2.00142 2.00215 �20.2 �4.2
Na 0.69 2.23 194.4 (58%) 2.2 �1.1 �1.1 2.00086 2.00124 2.00223 �21.7 �2.1
K 0.51 2.61 56.6 (67%) 0.4 �0.3 �0.1 2.00035 2.00143 2.00233 �16.3 �2.7


[a] De=adsorption energy; rACHTUNGTRENNUNG(M–O)= shortest M–O distance. [b] The ratio with respect to the free-atom value
is given in parentheses. [c] From ref. [13] (EPR-II basis set on the hydrogen atom).
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ior remains unchanged: the spin density on the three atoms
is about 0.8, which indicates that the adsorbed alkali atoms
are almost neutral.
The hyperfine interaction remains largely isotropic, with


negligible dipolar contributions. The increase in metal polar-
ization is accompanied by an increase in the spin density
transferred to the oxygen adsorption site. Lithium, sodium,
and potassium exhibit aisoACHTUNGTRENNUNG(


17O) values of 16 to 22 G
(Table 4), about twice as large as those on terrace sites.
These values are about ten times larger than those observed
experimentally (Table 2). The calculated hfcc may be over-
estimated, as discussed previously.[2] However, in combina-
tion with the isotropic hfccs of the metal atoms discussed
above, the data suggest that the alkali atoms are most likely
not adsorbed on edge sites. The coupling with the magnesi-
um ions is slightly larger than on the terraces, which indi-
cates that the electron is a bit more delocalized. Owing to
the reduced symmetry, the g matrix is no longer axial, but
the three principal g components are only moderately shift-
ed with respect to the free-electron value.
At this point we should comment on the peculiarity of the


hydrogen atom. On low-coordinated sites, a spontaneous
splitting of hydrogen into an adsorbed proton and a trapped
electron occurs. The two entities, (H+) and (e�), remain
close,[9,14] but the electron interacts mainly with a Mg4c
cation (aiso=�14.8 G, which is in good agreement with the
experimental value, �10.9 G, Table 2), whereas the hyper-
fine interaction with the proton
is small. Noticeably, the calcu-
lated value has a negative sign,
in accordance with the experi-
mental value (note also in this
case that absolute values are
partly overestimated in the cal-
culations). Moreover, the inter-
action with the oxygen atom of
the hydroxy group is considera-


bly stronger. Experiments performed on 17O-enriched MgO
samples have an aisoACHTUNGTRENNUNG(


17O) value of �50 G (Table 2).[13] Thus,
the electronic structure of hydrogen atoms adsorbed on an
edge site of MgO differs completely from that of lithium,
sodium, and potassium atoms adsorbed on the same site. Al-
though an almost complete separation of the electron occurs
for hydrogen atoms, the alkali atoms must be considered as
neutral adsorbed species on the surface.


Reverse edge sites : The reverse edge site is formed at the in-
tersection between two (001) planes (Figure 3). Transmission
electron micrographs of MgO powders show that these ex-


tended defects are rather abundant.[13] An atom diffusing
across a terrace site has a non-negligible probability of re-
maining trapped at these sites where it can interact simulta-
neously with two O5c anions. Thus, a stronger interaction
with the surface might be expected. The calculations show
that sodium and potassium are more strongly bound than on
regular terrace sites (but more weakly than on the previous-
ly discussed edge sites, Table 5). On the other hand, the re-
verse edge provides a strong adsorption site for lithium
(1.6 eV) that is stronger than on both previously discussed
sites. Not surprisingly, the effect of interacting with two


Figure 2. Spin density plot for a sodium atom adsorbed on an edge site.
Only part of the cluster model is shown. Grey atoms: Mg; white atoms:
O. The contour corresponds to a density of 0.002 ebohr�3.


Figure 3. Spin density plot for a sodium atom adsorbed on a reverse edge
site. Only part of the cluster model is shown. Grey atoms: Mg; white
atoms: O. The contour corresponds to a density of 0.002 ebohr�3.


Table 5. Computed properties of alkali atoms adsorbed on reverse edge sites of the MgO ACHTUNGTRENNUNG(100) surface.[a]


M De
[eV]


r ACHTUNGTRENNUNG(M–O)
[O]


aiso ACHTUNGTRENNUNG(Mad)
[G][b]


B1
[G]


B2
[G]


B3
[G]


gxx gyy gzz aiso ACHTUNGTRENNUNG(
17O)


[G]
aiso ACHTUNGTRENNUNG(


25Mg)
[G]


Li 1.65 1.88 40.0 (26%) 0.9 �0.7 �0.2 2.00055 2.00067 2.00106 �9.3 �0.4
Na 0.59 2.36 168.9 (51%) 3.6 �1.8 �1.8 1.99906 1.99961 2.00132 �8.5 �0.2
K 0.29 2.92 52.3 (64%) 0.7 �0.4 �0.3 1.99850 1.99897 2.00168 �3.9 �0.1


[a] De=adsorption energy; rACHTUNGTRENNUNG(M–O)= shortest M–O distance. [b] The ratio with respect to the free-atom value
is given in parentheses.
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oxide anions reinforces the po-
larization effect of the valence
electron cloud so that the re-
duction in aiso(M) with respect
to the gas phase is enhanced. In
particular, ratios of 26, 51, and
64% with respect to the gas
phase are found for lithium,
sodium, and potassium, respec-
tively. The g values show small
deviations from the free-elec-
tron values, which increase with the size of the alkali atom.
The aiso value computed for lithium (40 G) is clearly incon-
sistent with that measured experimentally (74 G, Table 2).
In contrast, the values obtained for sodium (169 G) and po-
tassium (52 G) are only slightly larger than the experimental
ones (141 (Na) and 41 G (K), Table 2). Based on this com-
parison one cannot exclude the possibility that sodium and
potassium atoms are bound to reverse edge sites. Also the
aiso(O) values are comparable and only a few G larger than
the experimental values. However, for deposition at room
temperature, which was performed herein, the binding
energy of potassium is clearly too small to account for the
thermal stability at this site, whereas adsorption of sodium
cannot be excluded.


Anionic reverse corner sites : A site on the surface of cubic
ionic crystals that has recently received considerable atten-
tion in the analysis of surface reactivity is the anionic re-
verse corner (ARC, Figure 4). This site is characterized by
the presence of two O4c and one O5c anions that form a tri-
angular unit with a (111) orientation. The possibility of
metal atoms binding simultaneously to the three oxide
anions results in strong interactions and thermally stable ad-
sorbed species. The binding energy at these sites decreases
from 2.4 eV for lithium, to 1.5 eV for sodium, and 1.1 eV in
the case of potassium (Table 6). Even the heavy rubidium
and cesium atoms, which interact only very weakly with the


rest of the MgO surface sites, are bound by 0.63 and
0.54 eV, respectively (for the calculations on both rubidium
and cesium an effective core potential was used so the
values of hfccs could not be determined). Of course, more
than the absolute adsorption energies, what is important
here are the barriers to diffusion, which are certainly lower.
Nevertheless, the adsorption energy provides a simple mea-
sure of the stability of a given site. The ARC sites are thus
excellent traps for alkali metal atoms diffusing across the
surface of polycrystalline oxides and are the sites that are
most likely to be populated at room temperature. For these
reasons, the EPR properties of alkali metals deposited on
this site are of special interest.
The spin density of the alkali atom is strongly distorted,


but symmetrically distributed over the two O4c sites
(Figure 4). We discuss first sodium and potassium for which
experiments on polycrystalline MgO are available (Table 2).
The experimental EPR spectra are axial with gk=2.001 and
g?=2.000 for sodium and gk=2.000 and g?=1.999 for po-
tassium (Table 2). The symmetry allows for a splitting of g?
into gxx and gyy ; experimentally this discrimination may be
hampered by limited spectral resolution. In the calculations,
the two values of gxx and gyy are indeed very close: 2.0004
and 2.0008 for sodium (gzz=2.0017), and 1.9993 and 1.9998
for potassium (gzz=2.0019; Table 6). The agreement with
the experimental data is extremely good.
Theoretically, a huge reduction in aiso(M) values is ob-


served for these sites, as shown in particular for lithium
(10% of the free-atom value) and sodium (28%). Naively
one would interpret such a reduction to be a result of
charge transfer and conclude the atoms to be metal cations.
On the contrary, the calculations clearly show a spin popula-
tion of about one for all three atoms, hence they are neutral
atoms. This is a clear example of the importance of a com-
bined theoretical and experimental approach. A simple-
minded comparison of the measured hfccs for the free and
supported atoms would lead to an incorrect conclusion
about the nature of the adsorbate.
A comparison with the experimental results shows that


the measured aiso(M) for K/MgO (41.4 G) is only slightly
larger than the computed one (34.1 G; Table 6). In contrast,
for sodium the computed value is greatly underestimated
(93.2 versus 140.8 G (exp.)). This suggests that the sodium
atoms do not reside on ARC sites, whereas potassium atoms
are likely to do so.[2] This can be understood by considering
that the interaction with the MgO surface is stronger for


Figure 4. Spin density plot for a sodium atom adsorbed on an anionic re-
verse corner site. Only part of the cluster model is shown. Grey atoms:
Mg; white atoms: O. The contour corresponds to a density of
0.002 ebohr�3.


Table 6. Computed properties of alkali atoms adsorbed on anionic reverse corner (ARC) sites of the MgO-
ACHTUNGTRENNUNG(100) surface.[a]


M De
[eV]


r ACHTUNGTRENNUNG(M–O)
[O]


aiso ACHTUNGTRENNUNG(Mad)
[G][b]


B1
[G]


B2
[G]


B3
[G]


gxx gyy gzz aiso ACHTUNGTRENNUNG(
17O)


[G]
aiso ACHTUNGTRENNUNG(


25Mg)
[G]


Li 2.37 1.93 16.2 (10%) 0.7 �0.6 �0.2 2.00092 2.00155 2.00290 �10.7 �6.9
Na 1.49 2.26 93.2 (28%) 3.9 �2.0 �1.9 2.00041 2.00080 2.00166 �12.1 �4.9
K 1.09 2.62 34.1 (41%) 0.9 �0.5 �0.4 1.99933 1.99976 2.00186 �10.3 �4.3


[a] De=adsorption energy; rACHTUNGTRENNUNG(M–O)= shortest M–O distance. [b] The ratio with respect to the free-atom value
is given in parentheses.
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sodium than for potassium. Although at room temperature
potassium is stable only at ARC sites, sodium can be ad-
sorbed on less strongly binding but more abundant sites,
such as reverse edges.


Cationic reverse corner sites : Finally, we consider the adsorp-
tion of alkali metal atoms on a cationic reverse corner
(CRC). This site is the equivalent of the ARC, but with cat-
ions and anions interchanged. The site is thus characterized
by the presence of three magnesium cations, two Mg4c and
one Mg5c. Alkali metals, however, bind preferentially to the
oxygen atoms and thus form bonds with the O4c and O5c
ions (Figure 5); the coordination is similar to that assumed
by the atoms on a monoatomic step. Owing to the shape of
the adsorption site, the spin density is strongly polarized to-
wards the reverse corner and is highly asymmetric
(Figure 5).


The reduction in the hyperfine interaction with the metal
nucleus, observed for other sites, is also very pronounced on
the CRC. For lithium, aiso is reduced to 26.3 G, that is, about
17% of the free-atom value (Table 7). Note that this only
corresponds to a partial loss of the valence electron; the
spin population on lithium is about 0.5. The dipolar part of
the hfcc is negligible. The lithium 2s electron is strongly po-
larized away from the atom owing to the attraction of the
low-coordinated cations at the CRC; this drastically reduces
its interaction with the nucleus. For sodium, the effect is


similar, only partly attenuated (Figure 5). Here aiso(Na)=
148.3 G, about 44% of the free-atomic value. The compari-
son with the case of hydrogen adsorption on the same site is
interesting (Table 7). For both hydrogen and lithium we ob-
serve a large reduction in aiso (this is only 3 G for hydrogen)
and the absence of considerable dipolar contributions. On
this basis one could conclude that the two adsorbates have a
similar character. However, there are significant differences,
as shown by the hyperfine interaction with magnesium sur-
face cations. For hydrogen, the interaction with magnesium
is large at 33.0 G, whereas for lithium it is only 11.3 G
(Table 7). This is a clear indication that, although for hydro-
gen the electron has been largely displaced (actually detach-
ed) with the formation of a (H+)(e�) ion pair, this is not the
case for lithium, and even less so for sodium and potassium.
The alkali metal atoms are strongly polarized and partly ion-
ized, but a consistent fraction of the spin density is still lo-
calized near the nucleus.
Although less tightly binding than the ARC, the CRC site


is able to trap diffusing metal atoms and bind them rather
strongly: lithium 1.64 eV, sodium 0.79 eV, and potassium
0.60 eV (Table 7). This renders the CRC the second stron-
gest binding site considered in this work. This suggests that
it could be possible to populate this site with sodium atoms
at room temperature. This hypothesis is consistent with the
close similarity of the computed aiso(Na) value for adsorp-
tion at this site (148 G) and the measured one (141 G;
Table 2). Also, the g values are qualitatively consistent:
1.999–2.001 theory, 2.000–2.001 experiment. Despite the rel-
atively good agreement between the computed and experi-
mental values, these data should be handled with care as the
agreement may be fortuitous. Also, considering the relative-
ly large hyperfine interaction with a surface oxygen found
for this site, inconsistent with the measurements, the CRC
site is less likely to be a trapping site for sodium atoms than,
for instance, the reverse edge.
In fact, recent experiments by some of us have clearly


shown that the sodium hfcc is monotonically reduced when
sodium atoms are deposited on the more basic calcium and
strontium oxides.[3] In particular, the decrease in the hfcc
has been found to parallel the increase in the oxide basicity
which, in turn, is linked to the Madelung potential of the
oxide.[18] Decreasing the Madelung potential results in a
stronger basicity and larger polarization effects are induced
on the adsorbed alkali atoms which are responsible for the
reduction in the hfcc. In the case of the CRC, at which the


electron is strongly polarized
towards the low-coordinated
cations (see Figure 5), the re-
duction in the Madelung poten-
tial moving down the alkaline
earth oxide series should lead
to the opposite effect, reducing
the capability of the oxide cat-
ions to “strip” the unpaired
electron spin density away from
the parent nucleus.


Figure 5. Spin density plot for a sodium atom adsorbed on a CRC site.
Only part of the cluster model is shown. Grey atoms: Mg; white atoms:
O. The contour corresponds to a density 0.002 ebohr�3.


Table 7. Computed properties of alkali atoms adsorbed on CRC sites of the MgO ACHTUNGTRENNUNG(100) surface.[a]


M De
[eV]


rACHTUNGTRENNUNG(M–O)
[O]


aiso ACHTUNGTRENNUNG(Mad)
[G][b]


B1
[G]


B2
[G]


B3
[G]


gxx gyy gzz aiso ACHTUNGTRENNUNG(
17O)


[G][c]
aiso ACHTUNGTRENNUNG(


25Mg)
[G]


H[d] 1.75 0.98 �3.5 (1%) 6.0 �3.9 �2.1 2.00030 2.00040 2.00133 �28.5 �33.0
Li 1.64 1.84 26.3 (17%) 1.4 �0.8 �0.6 2.00049 2.00110 2.00160 �12.7 �11.3
Na 0.79 2.25 148.3 (44%) 2.3 �1.2 �1.0 1.99922 2.00052 2.00124 �18.0 �4.7
K 0.60 2.59 44.5 (53%) 0.4 �0.3 �0.1 1.99837 2.00027 2.00094 �13.8 �6.5


[a] De=adsorption energy; rACHTUNGTRENNUNG(M–O)= shortest M–O distance. [b] The ratio with respect to the free-atom value
is given in parentheses. [c] A partial spin density is found on the O4c atom to which the alkali metal is bound.
[d] From ref. [13] (EPR-II basis set on the hydrogen atom).
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Assignment of adsorption sites of lithium, sodium, and po-
tassium atoms on MgO : From the previous discussions it is
clear that alkali metal atoms can bind to a variety of sites
on the MgO surface, and that a combined use of theory and
experiment can provide valuable information about the spe-
cific location of the atoms. As already mentioned, the popu-
lation of a given site is directly correlated to the deposition
temperature. In this section we try to summarize the infor-
mation available to draw a unified picture.
For lithium atoms the situation is unambiguous. By ana-


lyzing the orientation of the g tensor with respect to the sur-
face from angular-dependent measurements it can be direct-
ly shown that the EPR signal arises from lithium atoms ad-
sorbed on terrace sites.[7] This is conceivable in light of the
calculated binding energy because the experiments were
performed at a very low temperature. This result ties in well
with the calculations of the g values and hfccs that show the
best correlation with the terrace sites. From this direct com-
parison between theory and experiment one can safely con-
clude that the strategy to calculate and compare the EPR
properties of alkali metals is perfectly suited to making pre-
dictions about the adsorption site, here an O5c anion on a
MgO ACHTUNGTRENNUNG(100) terrace. Note that it is expected that lithium
atoms will also diffuse to low-coordinated sites, such as
edges and corners, because of the diffusion of lithium atoms
directly after deposition. For the relatively large amount of
lithium (�0.1 monolayer), which gives rise to the largest
lithium atom EPR signal, small lithium metal clusters are
expected on these low-coordinated sites. These clusters will,
when they are paramagnetic, have a completely different
EPR signal than single metal atoms.[19,20] The experimentally
observed EPR signal intensity of lithium atoms on terrace
sites is markedly smaller than expected based on the
amount of lithium deposited.[7] Thus, this result can serve as
indirect evidence for the formation of lithium clusters.
For potassium, there is ample evidence that adsorption


occurs at the anionic reverse corner site.[2] Herein the ex-
periments were performed with high-surface-area polycrys-
talline samples in which the number of these sites is suffi-
ciently large. The computed binding energy of potassium at
this site suggests a higher barrier to diffusion, which is con-
sistent with the thermal stability at room temperature.
There are no other sites (except the CRC) to which potassi-
um binds so strongly. On the other hand, HYSCORE ex-
periments[2] have clearly shown that the potassium atoms in-
teract simultaneously with three oxide anions on the surface,
a condition which is fulfilled at an ARC site (and not at a
CRC site). Finally, the computed g values are consistent
with the measured ones and the theoretical aiso(K) and
aiso(O) values are sufficiently close to the experimental ones.
A direct comparison between theory and experiment for ru-
bidium and cesium is not possible because the calculations
herein have been carried out by using a pseudopotential to
represent the atomic cores and thus the hfccs are not avail-
able. However, the tendency to bind heavier members of
the series more weakly is confirmed, and the ARC is proba-
bly also the preferred adsorption site for these two atoms.


The case of sodium is more delicate. Sodium has an inter-
action strength with MgO intermediate between that of lith-
ium (strong) and potassium (weak). As such, there are a few
stable adsorption sites for sodium atoms: edge sites, reverse
edges, and cationic and anionic reverse corners. On all of
these sites the binding energy of sodium is between 0.6 and
1.5 eV. Comparison of the computed and measured g values
is of little help here: All computed values are between 1.999
and 2.002, thus in the same range as the experimental values
(2.000–2.001). The adsorption site has to be identified solely
on the basis of the hfccs The edge sites can be excluded be-
cause aiso(Na) is too large (194 vs. 141 G) and, more impor-
tantly, the aiso(O) is also too large (22 G, whereas it is only
2 G in the experiment). For the ARC site, aiso(Na) is too
small (93 G) and aiso(O) is a bit too large (12 G). The two
sites that provide the best agreement are thus the reverse
edge (aiso(Na)=169 G and aiso(O)=8 G) and the CRC
(aiso(Na)=148 G and aiso(O)=18 G). On this basis it is not
possible to conclude unambiguously which is the most popu-
lated site. However, experiments performed on the more
basic CaO and SrO indicate that the reverse edges are the
most likely sites.[3]


Conclusion


In the previous paragraphs we have presented the adsorp-
tion and EPR properties of hydrogen and alkali metal
atoms deposited on various sites of the MgO surface. We
have seen that they behave rather differently, and that hy-
drogen has a distinctly different reactivity compared with
the alkali metal atoms.
By interacting with MgO, the hydrogen atom becomes


ionized and forms a proton, which tightly bonds to an
oxygen anion, and an electron, which remains trapped at
specific morphological sites on the surface.[9,10,13, 14] These
pairs of protons and trapped electrons, (H+)(e�) ion pairs,
are very important species responsible for the color of the
sample and for its high chemical reactivity.[14] As a conse-
quence of this dissociation, no spin density is left on the ad-
sorbed hydrogen. In contrast, a substantial spin density is
always present on the adsorbed alkali metal atoms; the cal-
culations indicate that the spin population is close to one
(the only exception is with the CRC in which partial elec-
tron transfer occurs because of the particular conformation
of the adsorption site). The electron spin density is strongly
polarized, but the unpaired electron still resides on the
alkali metal, in contrast to hydrogen.[9] The reason for this
different behavior is the special character of the proton. In
both cases, hydrogen and alkali metals, the ionization of the
adatom occurs if the cost of ionization is overcompensated
by the formation of a sufficiently strong O�M+ bond (M=


H, Li, etc.). Hydrogen has a very high ionization potential
(13.6 eV), but the proton affinity of the oxide anions is also
very high (of the order of 10–12 eV). If the electron is stabi-
lized at other morphological sites on the surface, the result
is an energetically favorable process and a stable (H+)(e�)
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ion pair. The situation is quite different for the alkali metal
atoms. Here the ionization potential ranges from 5.4 (Li) to
3.9 eV (Cs). In this respect, the cost of forming a positively
charged species is much less than in the case of hydrogen.
However, the corresponding energy gain obtained by bind-
ing the alkali metal cation to the MgO surface is much
smaller and depends critically on the adsorption site.
Different sites clearly present different bonding capabili-


ties. This also represents a potential for the use of alkali
metal atoms as “atomic probes” to test and monitor the sur-
face morphology and basicity.[2,3] In this respect, it is very
important to know at which temperature the experiments
are carried out. Low-coordinated sites, like steps, edges,
kinks, corners, and reverse corners, are minority sites with
respect to the flat (100) terraces. Of course, the number of
irregular sites varies with the preparation method and with
the surface area of the sample. Nevertheless, even for highly
irregular and morphologically complex surfaces, the flat ter-
races are dominant. Alkali metal atoms deposited at low
temperatures have a higher probability of nucleating on flat
terraces after dissipating their excess energy to the surface.
Thus, in low-temperature experiments it is expected that ter-
race sites will be decorated with alkali adatoms. This is
indeed the case with lithium deposited on MgO thin films.
However, if the thermal energy is sufficient to overcome the
relatively low barrier to diffusion, the atoms will move
freely across the surface and have the time and the energy
to explore large portions of the surface. Thus, adsorption on
regular terrace sites occurs only at very low temperatures
for all the alkali metal atoms considered: The diffusion bar-
riers on MgO ACHTUNGTRENNUNG(100) estimated from DFT calculations are
<0.4 (Li), <0.2 (Na), and <0.1 eV (K). Experimentally it
has been shown that annealing to 70 K is sufficient to
induce the diffusion of lithium atoms across the MgO ACHTUNGTRENNUNG(100)
terraces until they become trapped at particularly strong
binding sites, like the low-coordinated atoms or other de-
fects.[7]


The experiments on the polycrystalline MgO samples
were performed at room temperature. The fact that the
atomic species are clearly visible and that no aggregation or
formation of metal particles is observed for low coverage of
alkali metals is a sign of the relatively strong bonding be-
tween the alkali metal atoms and the surface sites. A ther-
mally stable sample at about 300 K corresponds to a binding
energy of the metal atom of about 0.8 eV (determined by
using the Redhead equation with a frequency factor of
1013 s�1). This condition is met when the alkali atom is
bound to special sites, such as the anionic reverse corner
formed at the intersection of two steps. This particular site
has been identified as the most likely binding site for potas-
sium on polycrystalline MgO.[2] The results and discussion
presented herein have shown that the situation may be
more difficult for atoms, such as sodium, for which the
oxygen reverse edge has been found to be the most likely
adsorption site.


Experimental Section


Sample preparation : Most of the experiments were performed in a
vacuum (residual pressure 10�5 mbar) with polycrystalline MgO as the
support. The metals considered were sodium, potassium, rubidium, and
cesium. Attempts to deposit lithium on polycrystalline MgO led to single
unresolved EPR resonances and no monomeric species could be detect-
ed. High surface area polycrystalline MgO was prepared by slow decom-
position of the corresponding hydroxides as described elsewhere.[21] Ther-
mal activation at 1173 K produces virtually hydroxy-free samples.[22,23]


In the case of sodium, potassium, and rubidium, metal shots were dis-
tilled in a vacuum to form a metal mirror in a separate part of the quartz
cell used for EPR measurements. The cesium metallic mirror was formed
by the thermal decomposition of CsN3. The metal was evaporated on the
sample in situ by heating the metallic mirror while keeping the powder
at nearly room temperature. The amount of metal deposited on the
sample was roughly controlled by varying the exposure time of the
powder to the metal vapors. EPR spectra were recorded at 298 and 77 K
by using a Bruker EMX spectrometer operating at X-band frequencies
and equipped with a cylindrical cavity operating at a field modulation of
100 kHz. Continuous wave (CW) spectra were recorded at 1 mW micro-
wave power and 0.5 G modulation amplitude. The CW-EPR spectra were
simulated by using the Easyspin package.[24]


Lithium atoms were deposited at 35 K on a 20 monolayer thick MgO-
ACHTUNGTRENNUNG(001) film grown on a Mo ACHTUNGTRENNUNG(001) substrate.[7] The amount of lithium was
calibrated by a quartz microbalance. The films were prepared by reactive
deposition of magnesium in an oxygen atmosphere of 1M10�6 mbar. The
MgO film was annealed to 1100 K for 10 min. The EPR spectra of the
lithium atoms were measured at 35 K with a Bruker EMX spectrometer
operating at X-band frequencies and equipped with a TE102 cavity operat-
ing at a 100 kHz field modulation. Unless stated otherwise a microwave
power of 2 mW and a modulation amplitude of 4 G were used.[7]


DFT calculations : The surface of MgO is represented by a finite nano-
cluster containing a few thousand atoms. The central part of the cluster,
treated quantum mechanically, is surrounded by about 700–800 classical
ions whose polarizability is described by a shell model (SM).[25] Cations
in the SM region at the interface with the quantum mechanical (QM)
region are replaced by ions (hereafter indicated as Mg*) on which a
semi-local effective pseudopotential (ECP) is centered, to reproduce the
Pauli repulsion and avoid the nonphysical polarization of QM interface
anions. Region I, the QM and SM region, is then surrounded by a large
array of about 3000 point charges (PC) to reproduce the long-range elec-
trostatic potential.


This scheme is implemented in the GUESS code[26] interfaced with the
Gaussian 03 code,[27] and the total energy of the hybrid system is calculat-
ed as the sum of the classical and QM contributions. Forces acting on all
the centers in region I, both QM and classical (cores and shells), can be
calculated to allow the simultaneous optimization of their position. All
centers in the QM region and the Mg* interface atoms were allowed to
move during the optimization, whereas only shells, not cores, were re-
laxed in the SM region. Thus, the electronic polarization was included in
a large portion of the surface, whereas ionic polarization is restricted to a
few tens of atoms. The total energy and the electronic structure of the
QM cluster were calculated by DFT calculations by using the hybrid
B3LYP exchange-correlation functional.[28,29]


The following QM clusters have been considered to model various sites
on the MgO surface: Mg9O9Mg


*
16 (terrace), Mg10O10Mg


*
14 (edge),


Mg18O18Mg
*
30 (reverse edge), Mg11O11Mg


*
18 (anionic reverse corner), and


Mg17O17Mg
*
24 (CRC). The 6-311+G** basis set was used for hydrogen


atoms adsorbed on terrace sites; the 6-311+G* basis set was used for
lithium, sodium, and potassium. Rubidium and cesium atoms were treat-
ed with a lanl2 ECP (small core) and a lanl2dz basis set. The magnesium
and oxygen nearest neighbors of the adsorbate were treated with a 6-
31G* basis set, the rest with a standard 6-31G basis set. The adsorption
energies were not corrected for the basis set superposition error, but this
was expected to be small (about 0.1 eV) given the large basis set used for
the alkali atoms.


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4404 – 44144412


G. Pacchioni et al.



www.chemeurj.org





To estimate the spatial distribution of the unpaired electron in paramag-
netic centers, atomic spin populations were evaluated and plots of iso-sur-
faces at constant spin density were generated. For the EPR properties of
the paramagnetic adatoms we considered both the isotropic and dipolar
parts of the hyperfine coupling matrix (expressed in gauss) of the alkali
metals, the 25mg and 17O nuclides, and the g factors. As the evaluation of
the hfccs required full treatment of the atomic cores (all electron calcula-
tions) the analysis was restricted to lithium, sodium, and potassium
atoms.


The rather complex description of g values in terms of electronic struc-
ture parameters requires the consideration of various magnetic contribu-
tions[30] and the use of sufficiently accurate eigenfunctions. The spin–orbit
interaction, which is crucial for quantifying the deviation of g from the
free-electron value ge,


[30] could be either accounted for self-consistently
or treated as a perturbation. Herein we used the spin–orbit perturbation
strategy in the scheme proposed by Neese[31] and implemented in the
Gaussian 03 code adopted for all the calculations.[27]


EPR spectra : The interaction of alkali metal atoms with dehydrated,
high-surface-area, polycrystalline MgO leads to EPR spectra characteris-
tic of isolated monomeric species.[2, 3] Figure 6 shows representative X-
band EPR spectra recorded at 77 K obtained from sodium and cesium
vapors in contact with a dehydrated MgO sample, activated at 1173 K.


Let us consider first the sodium spectrum. This is dominated by a quartet
of lines separated by about 140 G (14 mT), which arise from the hyper-
fine interaction of the unpaired electron spin with the nuclear spin of the
sodium atom (I= 3=2). Similar results were obtained for the deposition of
potassium atoms and a detailed analysis of the signal can be found in ref-
erences [2] and [3]. A small unresolved signal is present in the experi-
mental spectrum at approximately g=2. This signal contains contribu-
tions from ionized alkali cations (<1%) that result from the adsorption
on tiny amounts of surface oxygen vacancies (F centers)[4] or nearby re-
sidual surface OH� groups,[32] which are both capable of inducing sponta-
neous ionization of the metal. Contributions from small metal particles
also leads to resonance absorption in the same region.[5]


A full account of the results obtained for cesium is given in the Support-
ing Information.
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Synthesis and Complexation of Multiarmed Cycloveratrylene-Type Ligands:
Observation of the “Boat” and “Distorted-Cup” Conformations of a
Cyclotetraveratrylene Derivative


Christopher J. Sumby,*[a, b] Keith C. Gordon,[c] Tim J. Walsh,[c] and Michaele J. Hardie*[a]


Introduction


The conformational mobility of the cyclic tetramer of vera-
trole, cyclotetraveratrylene (CTTV), has been the subject of
some attention[1–6] since its structure, and that of the smaller
trimer cyclotriveratrylene (CTV), was firmly estab-
lished.[1,2,7] Unlike CTV, which generally adopts a rigid
bowl-shaped conformation,[8,9] CTTV and its derivatives
have been demonstrated to undergo pseudo-rotations of


equivalent conformations at room temperature.[2,6] Two con-
formations have been deliberated: a C2h symmetry “sofa”
conformation and a C2v symmetry “boat” conformation. Dy-
namic NMR spectroscpic investigations of CTTV and the re-
lated demethylated compound, cyclotetracatechylene
(CTTC), have determined that the solution species are con-
sistent with a sofa conformation. This converts through fast
pseudo-rotations about the sp3-sp2-sp2-sp3 bonds,[2,6] and not
through a postulated C4v symmetric “crown” conforma-
tion.[1,2] This latter crown is postulated to be unstable due to
steric clashes between the aromatic rings.[1,2] However, for
host–guest studies, this unstable crown conformation is
highly desirable, as it allows for complexation of large spher-
ical guests, such as fullerenes, akin to reported ball-and-
socket-type complexes with CTV.[10] One report describes an
attempt to stabilise the crown conformation through chemi-
cal modification.[6]


We have been investigating the use of chelating deriva-
tives of CTV functionalised with pyridyl transition-metal
binding moieties, to prepare coordination polymers display-
ing porosity and unusual host–guest phenomena.[11] To this
end, we have synthesised and reported the hexadentate
three-connecting ligand, hexakis(2-pyridylmethyl)cyclotrica-
techylene (1).[12] The related veratrole tetramer CTTV


Abstract: Investigations of a previously
reported ligand, hexakis(2-pyridylme-
thyl)cyclotricatechylene (1), and a new
tetrameric bridging ligand, octakis(2-
pyridylmethyl)cyclotetracatechylene
(2), the latter constructed on a larger
cyclotetraveratrylene (CTTV) scaffold,
are described. Variable-temperature
NMR studies support a “sofa” confor-
mation for 2, akin to studies on the
parent compound. The coordination
chemistry of 2 and its smaller trimeric
homologue have also been investigated
with silver(I), copper(II) and palla-


dium(II) salts. An unexpected chelating
mode was observed for 1 in the struc-
ture of DMF� ACHTUNGTRENNUNG[Pd3Cl6(1)]·DMF, where-
by the palladium cations bridge two ve-
ratrole subunits rather than chelating
within a single subunit. In the structure
of [Ag4(2)][Co(C2B9H11)2]4·2.8CH3CN·
H2O, ligand 2 adopts a “boat” confor-


mation, whereas in [Pd4Cl8(2)]·4H2O,
1H NMR spectroscopic studies and cal-
culations indicate that the ligand is
present in a previously unobserved
“distorted-cup” conformation. This
conformation was calculated to be ap-
proximately 90 kJmol�1 lower in
energy than the alternative “sofa” con-
formation. Thus, coordination-induced
conformational control over CTTV de-
rivatives offers new routes to exploit
the host–guest chemistry of these com-
pounds.
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caught our attention as a route to a four-connecting chelat-
ing ligand with a useful three-dimensional displacement of
the donor groups.[4,5,13] Thus, the ligand octakis(2-pyridylme-
thyl)cyclotetracatechylene (2) was prepared to extend this
approach.
While there are a few known examples of discrete metal


complexes of CTV derivatives,[14] none are reported for de-
rivatives of CTTV. The two ligands display identical N2O2


coordination sites potentially suitable for the chelation of
transition-metal atoms. Ligand 1 displays three such pockets,
whereas 2 has four identical coordination sites, which sug-
gests that these ligands could serve as bridging ligands for
three and four transition metals, respectively, in a manner
suitable for the formation of discrete complexes or coordi-
nation polymers. Multidentate ligands of this nature, with
six and eight donor arms, have previously been investigated
with simple planar arene scaffolds.[15,16] Ligands with two-
atom linker groups between the terminal heterocycle and
the central arene ring that contains at least one sulfur or
oxygen atom, such as 1 and 2, have been described.[16–19]


Most of the reported examples have benzyl or picolinyl
cores with the heteroatom directly bonded to the terminal
heterocycle.[16,18,19] Metal complexes of these ligands typical-
ly show chelation to transition-metal atoms by the ortho-
positioned heterocyclic donor groups in a manner that has
led to the formation of either discrete coordination com-
plexes or extended coordination polymers. Notably, the
sulfur and oxygen atoms adjacent to the heterocycle in the
linker groups are involved in coordinating to the metal
atom.[16,19]


Herein, we describe the synthesis of the tetrameric ligand
2, and variable-temperature (VT) NMR investigations of
this new compound. Discrete coordination complexes of the
two pyridyl ligands 1 and 2 are reported for silver(I), cop-
per(II) and palladium(II) salts. In addition to observing an


unexpected chelating mode for
1, coordination-induced confor-
mational control over ligand 2
was observed for silver(I) and
palladium(II) complexes.


Results and Discussion


Synthesis of 2 : The synthetic
procedure for the preparation
of 1 was described in a previous
publication.[12] By using the pro-
tocols previously described, the
larger octadentate ligand 2 was
prepared in relatively low yield
(Scheme 1). Carrying out the
alkylation reaction of CTTC in
acetone effected the transfor-
mation to 2 in a low 17% yield,


whereas a slight improvement (28%) was obtained by per-
forming the reaction in DMF with a more soluble base, cae-
sium carbonate. Although these yields are modest, they are
workable considering that a total of eight alkylation reac-
tions is required to form each molecule of 2.
The new ligand 2 was characterised by mass spectrometry,


elemental analysis and NMR spectroscopy. 1H NMR spec-
troscopy of 2 highlighted the distinctive feature of CTTV


Scheme 1. Two variations on the synthetic approach to the synthesis of
compound 2.
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chemistry that distinguishes it from the chemistry of the
trimer; namely, the slow room-temperature interconversion
(on the NMR timescale) of the conformation of the tetra-
meric core. The 1H NMR spectrum of 2 at room tempera-
ture (303 K) consists of several broad peaks for the benzyl
protons, the aryl ring protons and the methyl protons, indi-
cative of this slow conversion (Figure 1a). The pyridyl
proton signals are slightly less broadened by comparison, as
these are more remote from the central cyclododecatetraene
ring. The room-temperature spectrum of 2 is consistent with
that of the parent compound, CTTC, which exists in four


equivalent “sofa” conformers.[6] Recording the 1H NMR
spectrum of 2 at a higher temperature (333 K) leads to a
sharpening of the spectrum to give one set of signals consis-
tent with rapid conversion (on the NMR timescale) of these
sofa conformations (Figure 1a). Cooling the sample down to
233 K freezes out this dynamic process and gives a spectrum
that is consistent with a C2h sofa conformer (Figure 1a). This
spectrum consists of two sets of signals for the chemically
non-equivalent pyridyl rings, two singlets for the two chemi-
cally non-equivalent aryl protons and a splitting of the
signal for the benzenoid protons of the base of the CTTV
ring. The remaining two signals arise from the sp3–CH2


linker on the upper rim of the CTTV bowl; one signal ap-
pears as a singlet, whereas the other appears as a doublet of
doublets. The VT solution behaviour of the new ligand 2 is
consistent with that observed for the parent compounds
CTTV[1,2] and CTTC,[6] and other related compounds.[12]


Complexes of 1: To examine the coordination chemistry of
1, the ligand was reacted with a number of transition-metal
salts including silver(I) cobalticarborane, copper(II) chlo-
ride, copper(II) bromide, palladium(II) chloride and palla-
dium(II) trifluoroacetate (Scheme 2). A trinuclear silver


complex, [Ag3(1)][Co ACHTUNGTRENNUNG(C2B9H11)2]3, was prepared by layering
a solution of Ag[Co ACHTUNGTRENNUNG(C2B9H11)2] in methanol over a dichloro-
methane solution of the ligand. This gave a yellow solid that
was characterised by combustion analysis, IR spectroscopy
(shifts of several bands) and 1H NMR spectroscopy. The tri-
nuclear silver complex was also observed in solution by elec-
trospray mass spectrometry (ESMS). The complex displays
C3 symmetry in solution and a number of coordination-in-
duced shifts (CIS= dcomplex�dligand) confirm coordination to
three silver centres (see the Supporting Information). Simi-
larly, trinuclear copper(II) complexes of 1 were prepared
from copper(II) chloride and copper(II) bromide, which an-
alysed with the compositions [Cu3Cl6(1)]·H2O and
[Cu3Br6(1)], respectively. Despite extensive efforts, none of


Figure 1. a) VT 1H NMR spectra of ligand 2 in CDCl3 at 233, 303 and
333 K and b) the 1H NMR spectrum of [Pd4Cl8(2)]·4H2O in [D6]DMSO
at 303 K.


Scheme 2. Complexes formed with ligand 1 and routes to prepare these
complexes.
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the three complexes could be recrystallised to provide crys-
tals suitable for X-ray crystallographic studies.
In contrast, reaction of 1 with two palladium salts yielded


single crystals. Reaction of a methanol solution of Pd-
ACHTUNGTRENNUNG(CF3COO)2 with a dichloromethane solution of the ligand
yielded small yellow crystals of [Pd3 ACHTUNGTRENNUNG(CF3COO)6(1)] after
several days. Unfortunately these crystals were extremely
sensitive to solvent loss; removal from the mother liquor re-
sulted in almost instantaneous loss of crystallinity. Various
attempts to mount the crystals in sealed capillaries were un-
successful. Reaction of the ligand with Na2ACHTUNGTRENNUNG[PdCl4] however,
yielded crystals of [Pd3Cl6(1)]·solvent that were found to be
more stable. The complex was obtained by a number of
routes, as outlined in Scheme 2. Small yellow block-shaped
crystals of DMF�ACHTUNGTRENNUNG[Pd3Cl6(1)]·DMF suitable for X-ray crys-
tallography were obtained from the reaction of Na2ACHTUNGTRENNUNG[PdCl4]
and 1 with DMF as the solvent, in a capped vial at 100 8C.
The filtrate of this reaction also yielded small petal-shaped
crystals in a minuscule yield of (DMF)0.5�ACHTUNGTRENNUNG[Pd2Cl4(1)]·2H2O
by vapour diffusion of ethanol, the structure of which was
also elucidated. A DMSO solvate, [Pd3Cl6(1)]·2DMSO,
could also be obtained by carrying out the reaction under
the same conditions in DMSO solvent. The palladium chlo-
ride complexes of 1 proved to be very insoluble in common
laboratory solvents, and thus no characterisation was under-
taken in solution.


Structure of DMF�ACHTUNGTRENNUNG[Pd3Cl6(1)]·DMF : A C3-symmetric trinu-
clear palladium chloride complex was proposed on the basis
of combustion analysis. This composition was confirmed by
X-ray crystallography that also revealed an unexpected twist
in the mode of coordination—instead of chelating to a palla-
dium atom within each veratrole unit, the pyridyl groups are
oriented to place the palladium centres between two vera-
trole groups. The complex DMF� ACHTUNGTRENNUNG[Pd3Cl6(1)]·DMF crystal-
lised in the monoclinic space group P21/m with one half of
the complex (located on the mirror plane) and two DMF
molecules (also located on the mirror plane) in the asym-
metric unit (Figure 2). Two perspective views of the
[Pd3Cl6(1)] complex are shown in Figure 3, highlighting the
threefold complexation and bowl-shaped nature of the com-
plex.
The palladium centres both have a square-planar geome-


try with bond lengths typical of such a coordination environ-
ment. In the complex, ligand 1 has much the same overall
bowl conformation as it possesses when crystallised from
methanol,[12] but the pyridyl groups are oriented in the op-
posite direction. The palladium cations bridge between the
veratrole groups rather than the expected binding mode.
This may arise because the ligand possesses a pocket more
suited to binding a square-planar palladium centre in this
conformation; the distance between the coordinating nitro-
gen atoms is between 4.07 and 4.09 O, whereas the distance
between the pyridyl nitrogen atoms within a veratrole ring
in the crystal structure of 1 is 4.44 O.[12] In the palladium
complex, the distance between the C3 atoms of the pyridyl
rings within a veratrole ring is between 4.91 and 5.56 O. In


the conformation observed in the crystal structure, the
CH2O linkages are almost maintained in the plane of the ve-
ratrole rings to which they are attached (torsion angles for
C-C-O-CH2 between 12.2 and 29.58).


Figure 2. ORTEP representation (at the 50% probability level) of the
asymmetric unit of the trinuclear palladium complex DMF�
[Pd3Cl6(1)]·DMF, with selected atomic labelling. The symmetry-generated
hydrogen atoms of the encapsulated DMF molecule are shown for clarity.
Selected bond lengths [O] and angles [8]: Pd1�N21 2.044(8), Pd1�Cl4
2.285(3), Pd1�Cl3 2.294(3), Pd2�N31 2.027(7), Pd2�N41 2.047(8), Pd2�
Cl6 2.275(3), Pd2�Cl5 2.307(3); N21-Pd1-N21 176.6(4), N21-Pd1-Cl4
91.00(17), N21-Pd1-Cl3 89.01(17), Cl4-Pd1-Cl3 179.6(2), N31-Pd2-N41
172.8(3), N31-Pd2-Cl6 89.4(2), N41-Pd2-Cl6 90.1(2), N31-Pd2-Cl5
89.71(19), N41-Pd2-Cl5 91.3(2), Cl6-Pd2-Cl5 175.70(17).


Figure 3. Two perspective views of the trinuclear complex DMF�
[Pd3Cl6(1)]·DMF from a) above the central CTV core and b) the side
with the guest DMF molecule shown in a space-filling representation.
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Interestingly, the trinuclear palladium complex does not
crystallise with C3 symmetry; instead, a mirror plane run-
ning through Pd1, C1 and the opposite veratrole ring bisects
the molecule. This unexpected symmetry is represented by
the separations between the centroids of the veratrole rings.
Along the mirror plane, the centroid–centroid distance is
4.82 O, wheras across the mirror plane the corresponding
distance is 4.38 O. This finding indicates that the CTV base
of the ligand may be pinched to provide a better fit to the
included DMF guest molecule in the solid state. This DMF
molecule is also located along the mirror plane with the
formyl hydrogen atom and a methyl group placed within the
cavity of the host ligand. The body centre of the DMF mole-
cule is located 5.14 O above the �ACHTUNGTRENNUNG(CH2)3� centroid of the
CTV base, which indicates that the guest perches above the
cavity. No significant interactions (CH···p interactions) are
obvious as none of the hydrogen atoms of the guest are di-
rected toward any of the veratrole rings.
Within the extended structure of DMF� ACHTUNGTRENNUNG[Pd3Cl6(1)]·DMF,


the individual host–guest species are arranged into weakly
hydrogen-bonded one-dimensional tapes (along the b axis of
the unit cell). Each complex forms two long C�H···O hydro-
gen bonds (d=2.67 O, D=3.59 O) to the guest DMF mole-
cule of two adjacent host–guest species. In the resulting
tapes the complexes are arranged in alternating bowl-up-
bowl-down orientations that give a zigzag appearance to the
hydrogen-bonded chains. The tapes are then assembled into
layers in the bc plane with edge-to-face and face-to-face p-
stacking interactions apparent between the tapes. Packing of
these layers within the crystal completes the crystal packing.
During attempts to obtain the above structure, crystals of


a dinuclear palladium complex were obtained and the struc-
ture determined by X-ray crystallography. Again, the unex-
pected coordination mode is observed for the ligand. There
are two crystallographically distinct dinuclear complexes in
the structure and both show significant disorder of their un-
bound pyridyl groups. As before, the dinuclear complex acts
as a host for a DMF guest molecule that is orientated along
a mirror plane within the complex, although this guest could
only be well resolved for one of the two complexes
(Figure 4). The same contrac-
tion of the CTV cavity is ob-
served across the mirror plane
with the vacant coordination
site heavily disordered. This
may indicate that the binding of
a third palladium centre is
more difficult than the first two,
and that the pinched conforma-
tion of the complex may result
from binding the guest DMF
molecule.


Complexes of 2 : Initial reac-
tions of 2 with silver salts, in
particular Ag[Co ACHTUNGTRENNUNG(C2B9H11)2],
yielded microcrystalline pow-


ders. Slowing the rate of precipitation of the complex down
sufficiently provided yellow crystals of [Ag4(2)][Co-
ACHTUNGTRENNUNG(C2B9H11)2]4·2.8CH3CN·H2O that were suitable for X-ray
crystallography. An 1H NMR spectrum of the [Ag4(2)]


4+


complex, which is not particularly soluble in common NMR
solvents, indicates that the complex is labile and possibly
conformationally mobile in solution, as indicated by very
broad signals. ESMS showed no evidence for the molecular
ion in solution. As shown in Scheme 3, a tetranuclear
copper bromide complex of 2, [Cu4Br8(2)], was also isolated
and characterised by combustion analysis and IR spectrosco-
py (shifts in various absorption bands).
The most interesting and significant result observed for


ligand 2 occurred upon reaction of this ligand with four


Figure 4. One of the two crystallographically independent dimeric com-
plexes from the X-ray structure of (DMF)0.5� ACHTUNGTRENNUNG[Pd2Cl4(1)]·2H2O, with se-
lected atomic labelling. Selected bond lengths [O] and angles [8]: Pd1�
N31 2.012(10), Pd1�Cl4 2.281(3), Pd1�Cl3 2.302(3); N31-Pd1-N41
174.4(3), N31-Pd1-Cl4 88.9(3), N41-Pd1-Cl4 91.5(3), N31-Pd1-Cl3
90.7(3), N41-Pd1-Cl3 89.1(3), Cl4-Pd1-Cl3 178.21(15).


Scheme 3. Complexes reported for ligand 2.
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equivalents of Na2ACHTUNGTRENNUNG[PdCl4]. Undertaking the reaction in a va-
riety of solvents (CH2Cl2/CH3OH, DMF or DMSO) led to
the isolation of a tetranuclear complex, [Pd4Cl8(2)], that was
characterised by combustion analysis and IR spectroscopy.
The stoichiometry of this complex in solution was confirmed
by ESMS, which showed a peak at m/z : 927.5, consistent
with the doubly charged tetranuclear complex [Pd4Cl6(2)]


2+ .
The 1H NMR spectrum of [Pd4Cl8(2)] at room tempera-


ture (303 K) in [D6]DMSO shows several interesting and un-
expected features. The most notable and significant of these
features are the sharpness of the spectrum and the observed
high symmetry of the compound (Figure 1b). Whereas
direct comparisons of chemical shifts are not possible as the
ligand and palladium complex have incompatible solubilities
in common NMR spectroscopic solvents, the [Pd4Cl8(2)]
complex has a much sharper and simpler spectrum than the
equivalent 1H NMR spectrum of 2 at 303 K. A number of
general downfield shifts for various signals are observed in
the spectrum of [Pd4Cl8(2)] that are consistent with coordi-
nation. The significant downfield shift of the pyridyl H6 (d=


9.42 versus 8.55 ppm) supports the coordination of the palla-
dium centre. Most significantly, the methylene�ACHTUNGTRENNUNG(CH2)4� sig-
nals of the base of the CTTC core sharpen into two distinct
doublets with one of the doublets moving significantly
downfield. The �ACHTUNGTRENNUNG(CH2)4� signals adopt the appearance and
chemical shifts typically observed for the equivalent methyl-
ene signals in the smaller trimer CTV, indicating that, at
least on an NMR timescale, ligand 2 in [Pd4Cl8(2)] adopts a
“distorted-cup” conformation that is previously unobserved
for CTTV. The distorted-cup conformation is intermediate
between the C4-symmetric “crown” conformation and the
“boat” conformation. Further supporting this assertion, the
signal for the aryl protons of the CTTC core move dramati-
cally downfield to approximately 7.96 ppm (cf. d=6.29 and
6.72 ppm). This result is consistent with the hydrogen atom
being heavily deshielded by both the adjacent aryl rings of
the CTTC core and the coordinated palladium(II) cations,
which occurs within a distorted-cup conformation for the
complex. Similar downfield shifts are observed for the
OCH2py signals of the ligand, which are located in a similar
environment.
A VT NMR spectroscopic study on [Pd4Cl8(2)] revealed


no significant changes to the 1H NMR spectrum on warming
or cooling the sample (293–353 K). This indicated that the
complex formed is conformationally locked in solution.
Conformational locking of [Pd4Cl8(2)] is only anticipated if
the palladium atoms bridge between pyridyl rings on differ-
ent veratrole units in 2, as was the binding mode observed
in the crystal structure of DMF� ACHTUNGTRENNUNG[Pd3Cl6(1)]·DMF. This
binding mode also necessitates either a crown or distorted-
cup conformation. The alternative and less likely arrange-
ment of the complex, whereby chelation to the palla-
dium(II) cations is by the pyridyl donors of each individual
veratrole moiety, is likely to present a species with a boat or
sofa conformation that rapidly converts in solution. Note
that the [Ag4(2)]


4+ complex shows the alternative ligand-
binding mode and does exist in the boat conformation in the


solid state, and in solution at room temperature appears to
undergo slow interconversion of the equivalent boat confor-
mations consistent with a broad 1H NMR spectrum for the
compound.


Calculations on [Pd4Cl8(2)]: In an attempt to better under-
stand the conformation and ligand-binding mode of
[Pd4Cl8(2)], a series of density functional theory calculations
was undertaken. The geometries of the complex in both a
distorted-cup conformation, with palladium atoms bridged
by pyridyl rings from different veratrole units, and a sofa
conformation, with the palladium atoms bridged by pyridyl
rings from the same veratrole units, were optimised. These
calculations provide the energies of each structure and the
distorted-cup conformation is more stable by approximately
90 kJmol�1. A snapshot of this calculated structure is given
in Figure 5 and shows a distorted-cup conformation that


possesses a cavity suitable for guest binding, somewhat like
the crown conformation with its strict C4v symmetry. From
these data, the IR spectrum may be calculated and com-
pared to the observed spectrum (Figure 6).


Figure 5. A view of the calculated structure of the conformation of
[Pd4Cl8(2)], which shows that the veratrole units are all pointing up to
generate a “distorted-cup” conformation of the CTTC core.


Figure 6. IR spectra of [Pd4Cl8(2)]: a) experimental IR (KBr disc); b) cal-
culated “distorted-cup” form; c) calculated “sofa” form.
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The experimental and simulated IR spectra are shown in
Figure 6. The experimental data show strong bands at 768,
1509, 1610 and 1663 cm�1 with a group of features from
1157 to 1286 cm�1. The simulated spectra are significantly
different between the sofa and distorted-cup forms; the sofa
form has a very strong predicted band at 1312 cm�1 with
very weak transitions at lower wavenumbers. In the case of
the distorted-cup form, a number of bands are predicted
that correspond to the observed transitions between 1157
and 1286 cm�1; these include the bands predicted at 1185,
1236 and 1327 cm�1. In addition to these differences in the
calculated spectra, the two conformers show a number of
common bands at approximately 795, 1500 and 1596 cm�1.
These common bands are due to stretching and torsional
modes of the peripheral pyridine units. The conformer dis-
tinct bands in the 1150 to 1350 cm�1 region are, however, as-
sociated with vibrational modes of the CTTC moiety. The
normal modes for the sofa 1312 cm�1 band and the distort-
ed-cup 1327 cm�1 band are shown in Figure 7. The IR data
are consistent with the presence of a distorted-cup confor-
mation in [Pd4Cl8(2)] and the proposed cross-veratrole coor-
dination mode.
The distorted-cup conformation postulated for [Pd4(2)Cl8]


suggests that this complex would make an ideal host for
small organic molecules. However, the disposition of the co-
ordinated chloride anions may preclude such a species from
functioning as a host for larger guest molecules, such as car-
boranes and fullerenes. Nonetheless, during efforts to pre-
pare crystals of [Pd4Cl8(2)], co-crystallisations of the com-
plex were attempted with a large range of small organic
guests (as solvents) and larger guests, such as neutral carba-
boranes. Unfortunately no crystals were obtained. Recently,
a metallo-locked extended calix[4]arene derivative, capable
of including cavitands within its own host cavity, was report-
ed.[20] This species is conformationally locked by the metal
centres akin to the palladium species described herein.


Structure of [Ag4(2)][Co ACHTUNGTRENNUNG(C2B9H11)2]4·2.8CH3CN·H2O : The
crystal structure of this complex represents the first solid-
state structural evidence of the boat conformation of the
CTTV motif. In the [Ag4(2)]


4+ complex, the ligand adopts a
boat conformation with two alternate veratrole moieties
lying in a plane and the intervening two moieties perpendic-
ular to those and mutually in plane (Figure 8). The adoption
of this boat conformation appears to be stabilised by intra-
and possibly intermolecular p-stacking interactions. In par-
ticular, there are intramolecular p-stacking interactions be-
tween the two veratrole units (benzene and pyridyl rings)
that comprise the two sides of the boat. The ring centroid–
centroid distances are 3.35 O (veratrole rings), and 3.78 and
3.75 O (pyridyl groups).[21] Despite appearances, silver–silver
interactions do not appear to be significantly stabilising this
boat structure.
The tetranuclear silver complex crystallises in the triclinic


space group P1̄ with one complete cation of the [Ag4(2)]
4+


complex, four cobalticarborane anions, and three acetoni-
trile and one water solvate molecules in the asymmetric


Figure 7. Normal modes associated with [Pd4Cl8(2)]: a) 1312 cm
�1 band of


the “sofa” form; b) 1327 cm�1 band of the “distorted-cup” form.


Figure 8. ORTEP representation (at the 50% probability level) of the
cationic [Ag4(2)]


4+ moiety of the crystal structure of [Ag4(2)][Co-
ACHTUNGTRENNUNG(C2B9H11)2]4·2.8CH3CN·H2O. The intramolecular p-stacking interactions
are shown with dashed bonds. Hydrogen atoms, solvate molecules and
anions are omitted for clarity.
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unit. The ligand chelates to four different silver atoms in the
binding pockets initially proposed for this ligand. Each
silver centre is coordinated by two pyridyl nitrogen atoms
(Ag�N bond lengths: 2.158(4)–2.219(4) O) and interacts
with the ether oxygen linkers of the ligand to varying ex-
tents (Ag�O distances: 2.555(3)–2.793(3) O). These bonding
interactions result in a four-coordinate silver centre with a
distorted planar geometry.[22] The silver cations are prevent-
ed from making any further bonds to solvate molecules by
the adjacent, sterically demanding carborane anions
(Figure 9); in one case, a weak 3c–2e interaction with an


Ag1···H�B distance of 2.35 O complements the coordinate
bonds. This distance is slightly longer than other reported
examples of Ag···H�B interactions with carbaborane anions
that tend to be in the range 2.0–2.2 O.[23] An acetonitrile sol-
vate molecule also makes a weak interaction with Ag3 (Ag�
N distance: 2.803(4) O). The intramolecular distance be-
tween the two silver atoms located in the “sides” of the boat
is 3.550(1) O and thus well outside the range considered to
represent Ag–Ag bonding interactions.[24]


Within the crystal structure, discrete complexes pack as
dimers with intermolecular p-stacking interactions (cent-
roid–centroid distances of 3.78–3.89 O) between the two
molecules.[21] The ring centroid–centroid distances are
longer than the intramolecular values given above, which in-
dicates that these intermolecular p-stacking interactions are
weaker. The intermolecular silver–silver distances are too
long to be considered bonding (3.582(1) O), and thus p-
stacking interactions and steric repulsions between the li-
gands govern the separation between the molecules in the
dimeric motif (Figure 6). The packing is completed by asso-
ciation of these dimers into chains by p-stacking interactions
(involving the veratrole moieties not capped by carbaborane


anions), which in turn appear to be surrounded by a “coat”
of cobalticarborane anions that isolate individual chains.
The boat conformation of the CTTV core has previously


been observed in solution for dodecamethoxyorthocyclo-
phane in polar solvents at room temperature in
[D5]nitrobenzene and for CTTV in acetonitrile at �40 8C.[13]
Previously reported inclusion complexes of CTTV and
CTTC showed that the host veratrylene has always adopted
a sofa (“chair”) conformation.[4–6,25] To our knowledge, this
represents the first solid-state observation of the boat con-
formation. The boat conformation observed here may, in
part, be an artefact of crystallisation, but importantly is fav-
oured by the coordination of the four silver cations in the
manner observed. This constrains the pyridyl groups and ve-
ratrole rings to which they are appended into the same
plane, favours the p-stacking interactions and hence sup-
ports the observed boat conformation. The silver(I) cation is
a better fit to the chelating veratrole sites of the ligand than
a palladium(II) cation, as the silver(I) centre can accommo-
date slightly longer M�L bonds.


Conclusion


We have reported the synthesis of the new ligand 2, which
was demonstrated by a VT NMR spectroscopic investigation
to adopt a sofa conformation. This conformation intercon-
verts on the NMR timescale at elevated and room tempera-
ture. This is in distinct contrast to the chemistry of the relat-
ed trimeric homologue 1, which exists in a stable bowl con-
formation. Ligand 1 readily forms trinuclear complexes with
silver(I), copper(II) and palladium(II). For palladium(II)
chloride, crystal structures revealed the metal centres to lie
in a position that bridged adjacent veratrole moieties, rather
than chelating within a single veratrole subunit as initially
expected.
The coordination chemistry of 2 revealed insights into


possible ways to control the conformation mobility of
CTTV derivatives. Whereas the free ligand adopts a sofa
conformation in solution, the tetranuclear palladium com-
plex of 2 adopts a distorted-cup conformation in solution at
room temperature and this conformation is also stable
across a large temperature range. Furthermore, when 2 was
reacted with Ag[Co ACHTUNGTRENNUNG(C2B9H11)2], a tetranuclear silver com-
plex was obtained that adopts a boat conformation in the
solid state. Hence, we have demonstrated the sofa confor-
mation for the free ligand 2, the boat conformation in a
silver complex of 2, and a structure showing some features
of the elusive crown conformation for [Pd4Cl8(2)]. This
latter distorted-cup structure promises interesting possibili-
ties in terms of host–guest chemistry.


Experimental Section


General experimental : IR spectra were measured for compounds as
solid-state samples on a Perkin–Elmer FTIR spectrometer. The micro-


Figure 9. Perspective view of the local packing environment of the dis-
crete complexes of [Ag4(2)]


4+. The complexes form a dimeric assembly
(weak p stacking indicated by dashed bonds) in which six of the silver
cations are “capped” by cobalticarborane anions. One of these forms a
long 3c�2e bond (dashed bond). An acetonitrile molecule packs into the
cleft between the two [Ag4(2)]


4+ complexes. Hydrogen atoms (except the
hydrogen atoms involved in the 3c�2e bond), non-coordinated solvate
molecules and remaining anions are omitted for clarity.
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analytical laboratory at the University of Leeds performed elemental
analyses, typically on samples that were dried in vacuo for several hours.
ESMS were recorded by using Micromass LCT or Bruker MicroTOF
Focus mass spectrometers. NMR spectra were recorded on a range of in-
struments including Bruker DPX 300- and Bruker Avance 500-MHz
spectrometers by using 5 mm probes. The 1H NMR spectra recorded
were referenced relative to the internal standard Me4Si, or to the solvent
peak: [D6]DMSO, d =2.6 ppm. 13C NMR spectra were all referenced to
their solvent peaks: CDCl3, d =77.0 ppm; [D6]DMSO, d=39.6 ppm. VT
NMR spectroscopic studies on [Pd4Cl8(2)] were conducted in [D6]DMSO
over a temperature range of 293–353 K and spectra were collected at
10K increments. Unless otherwise stated, reagents were obtained from
commercial sources and used as received. The following compounds were
prepared by literature methods: CTTV,[26] CTTC[2,5, 6] and 1.[12]


Synthesis of 2


Method A : A suspension of CTTC (245 mg, 0.502 mmol), 2-bromome-
thylpyridine hydrobromide (1078 mg, 4.30 mmol), [18]crown-6 (105 mg,
0.40 mmol) and sodium carbonate (1.70 g, 12.3 mmol) was refluxed in
acetone (60 mL) for 96 h under a nitrogen atmosphere. After cooling, the
solvent was removed in vacuo and the solid extracted with dichlorome-
thane (3R50 mL). The combined extracts were washed with water
(50 mL), dried over magnesium sulfate and taken to dryness to give an
oily solid. The solid was triturated with methanol, collected, washed with
methanol then diethyl ether and dried under vacuum to give 2 (105 mg,
17%).


Method B : A suspension of CTTC (245 mg, 0.502 mmol), 2-chloromethyl-
pyridine hydrochloride (701 mg, 4.27 mmol) and caesium carbonate
(2.59 g, 7.96 mmol) was heated at 80 8C in DMF (10 mL) for 96 h under a
nitrogen atmosphere. After cooling, water (100 mL) was added and the
suspension extracted with dichloromethane (3R75 mL). The combined
extracts were dried over sodium sulfate and taken to dryness to give an
oily solid. The solid was triturated with methanol, collected, washed with
methanol and dried under vacuum to give 2 (170 mg, 28%).


M.p. 229–232 8C; 1H NMR (500 MHz, CDCl3, Me4Si, 233 K): d=2.92 (d,
J=15.9 Hz, 4H; CH2), 3.48 (d, J=15.9 Hz, 4H; CH2), 4.86 (d, J=


13.6 Hz, 4H; OCH2), 4.97 (d, J=13.6 Hz, 4H; OCH2), 5.47 (s, 8H;
OCH2), 6.10 (s, 4H; aryl H), 6.60 (s, 4H; aryl H), 7.25 (m, 8H; H5, H5),
7.42 (d, J=7.8 Hz, 4H; H3), 7.66 (t, J=7.6 Hz, 4H; H4), 7.78 (d, J=


7.9 Hz, 4H; H3), 7.87 (t, J=7.6 Hz, 4H; H4), 8.54 (d, J=4.4 Hz, 4H;
H6), 8.64 ppm (d, J=4.3 Hz, 4H; H6); 1H NMR (500 MHz, CDCl3,
Me4Si, 303 K): d =3.00 (br s, 4H; CH2), 3.51 (br s, 4H; CH2), 5.04 (br s,
8H; OCH2py), 5.38 (br s, 8H; OCH2py), 6.29 (br s, 4H; aryl CH), 6.72
(br s, 4H; aryl CH), 7.18 (s, 8H; pyH5), 7.70 (brm, 16H; pyH3/H4),
8.55 ppm (s, 8H; pyH6); 1H NMR (500 MHz, CDCl3, Me4Si, 333 K): d=


3.33 (br s, 8H; CH2), 5.15 (br s, 16H; OCH2py), 6.53 (brs, 8H; aryl CH),
7.13 (dd, J=6.7, 5.3 Hz, 8H; pyH5), 7.55 (br s, 8H; pyH3), 7.64 (t, J=


6.8 Hz, 8H; pyH4), 8.52 ppm (d, J=4.3 Hz, 8H; pyH6); 13C NMR
(125.64 MHz, CDCl3, Me4Si, 333 K): d=34.74, 72.39, 117.41, 121.44,
122.41, 132.54, 136.59, 147.15, 149.15, 157.97 ppm; ESMS: m/z (%):
1240.1 [M+Na]+ , 1217.1 (M+); HRMS: m/z : calcd for C76H65N8O8


+ :
1217.4920; found: 1217.4869; elemental analysis calcd (%) for
C76H64N8O8·H2O: C 73.9, H 5.4, N 9.1; found: C 73.5, H 5.25, N 8.7.


ACHTUNGTRENNUNG[Ag3(1)][Co ACHTUNGTRENNUNG(C2B9H11)2]3 : A solution of 1 (9.8 mg, 0.011 mmol) dissolved
in dichloromethane was layered with methanol (1 mL) and then a metha-
nolic solution of Ag[Co ACHTUNGTRENNUNG(C2B9H11)2] (15.1 mg, 0.035 mmol) layered over
the top. Following slow mixing of the layers, a yellow solid precipitated.
Yield 9.5 mg (39%); 1H NMR (500 MHz, CD3CN, 303 K): d=3.57 (d, J=


14.3 Hz, 3H; CH2), 3.85 (br s, 12H; carbaborane CH), 4.71 (d, J=


14.2 Hz, 3H; CH2), 5.25 (m, 12H; CH2�O), 7.17 (s, 6H; aryl CH), 7.45
(t, J=6.7 Hz, 6H; pyH5), 7.64 (d, J=7.8 Hz, 6H; pyH3), 7.91 (t, J=


7.6 Hz, 6H; pyH4), 8.66 ppm (d, J=4.8 Hz, 6H; pyH6); IR: ñmax=3651,
3040, 2922, 2864, 2511, 1605, 1573, 1509, 1488, 1442, 1403, 1390, 1338,
1306, 1270, 1224, 1190, 1158, 1141, 1095, 1058, 1018, 981, 944, 919, 885,
759, 723, 686, 643, 628, 617, 580, 535, 471 cm�1; ESMS: m/z (%): 1452.5
([Ag2(1)][Co ACHTUNGTRENNUNG(C2B9H11)2]


+), 1021.3 ([Ag(1)]+), 913.4 (1+), 779.7 ([Ag3(1)]
[Co ACHTUNGTRENNUNG(C2B9H11)2]


2+), 564.2 ([Ag2(1)]
2+); elemental analysis calcd (%) for


C69H114B54N6O6Co3Ag3: C 37.5, H 5.2, N 3.8; found: C 38.4, H 4.9, N 3.7.


ACHTUNGTRENNUNG[Cu3(1)Cl6]·H2O : CuCl2·2H2O (6.8 mg, 0.040 mmol) and 1 (10.0 mg,
0.011 mmol) were mixed together in DMF (ca. 1 mL) and heated at
100 8C for 60 min. During this time a pale-blue precipitate formed that
was collected by filtration, washed with methanol then diethyl ether, and
dried under vacuum. Yield 6.4 mg (44%); IR: ñmax=3540, 3072, 2923,
1641, 1610, 1573, 1515, 1481, 1447, 1401, 1340, 1278, 1231, 1190, 1140,
1092, 1049, 1029, 945, 883, 837, 767, 729, 691, 648, 640, 631, 605, 536,
487 cm�1; elemental analysis calcd (%) for C57H48N6O6Cl6Cu3·H2O: C
51.3, H 3.8, N 6.3; found: C 51.3, H 4.15, N 6.4.


ACHTUNGTRENNUNG[Cu3(1)Br6]: CuBr2 (8.8 mg, 0.039 mmol) and 1 (10.5 mg, 0.011 mmol)
were mixed together in DMF (ca. 1 mL) and heated at 100 8C for 60 min.
During this time a khaki-green precipitate formed that was collected by
filtration, washed with methanol then diethyl ether, and dried under
vacuum. Yield 7.7 mg (44%); IR: ñmax=3544, 3074, 3031, 2919, 1667,
1608, 1574, 1511, 1493, 1477, 1447, 1392, 1347, 1318, 1298, 1273, 1228,
1190, 1154, 1098, 1057, 1028, 944, 933, 883, 835, 766, 725, 660, 648, 637,
607, 536, 487 cm�1; elemental analysis calcd (%) for C57H48N6O6Br6Cu3:
C 43.2, H 3.1, N 5.3; found: C 43.3, H 3.3, N 5.55.


ACHTUNGTRENNUNG[Pd3(1)Cl6]·solvent


Method A : A solution of Na2 ACHTUNGTRENNUNG[PdCl4] (10.4 mg, 0.035 mmol) in methanol
was layered over a dichloromethane solution of 1 (10.8 mg, 0.012 mmol).
After standing overnight, small yellow crystals with a needle-like mor-
phology formed in the vial. Removal of the crystals from the mother
liquor resulted in rapid loss of solvent, preventing characterisation by X-
ray crystallography. Yield 6.3 mg (40%); sample contaminated with
sodium chloride. Elemental analysis calcd (%) for C57H48N6O6Cl6Pd3: C
47.4, H 3.35, N 5.8; calcd for C57H48N6O6Cl6Pd3·2NaCl: C 43.8, H 3.1, N
5.4; found: C 44.1, H 3.15, N 4.9.


Method B : Na2 ACHTUNGTRENNUNG[PdCl4] (20.4 mg, 0.069 mmol) and 1 (20.0 mg,
0.022 mmol) were mixed together in DMF (3 mL) and heated at 100 8C
for 60 min. This gave a moderate amount of a crystalline yellow solid
that contained crystals suitable for X-ray crystallography. This crystalline
solid was collected by filtration, washed with small quantities of hot
water (to remove precipitated NaCl), methanol, and then diethyl ether.
The solid was finally dried. Yield 14.8 mg (42%); IR: ñmax=3454, 3079,
2921, 1667, 1608, 1575, 1515, 1493, 1440, 1386, 1346, 1270, 1216, 1190,
1143, 1092, 1064, 1025, 942, 883, 833, 764, 721, 660, 636, 607, 536,
485 cm�1; elemental analysis calcd (%) for C57H48N6O6Cl6Pd3·2DMF: C
47.6, H 3.94, N 7.04; found: C 46.2, H 4.15, N 7.4 (analysis carried out on
a sample of crystals formed in the reaction). Additionally, the filtrate
could be used to grow crystals of [Pd2 Cl4 (1)] by vapour diffusion of eth-
anol into the filtrate over a period approximately two months. Small
orange petal-shaped crystals formed in minuscule yield, which were suita-
ble for crystallography although too poorly diffracting to yield a publish-
able structure.


Method C : Na2 ACHTUNGTRENNUNG[PdCl4] (20.6 mg, 0.070 mmol) and 1 (19.8 mg,
0.022 mmol) were mixed together in DMSO (2 mL) and heated at 100 8C
for 60 min. This gave an orange solution from which a moderate amount
of yellow solid precipitated. This solid was collected by filtration, washed
with a small quantity of water, methanol, and diethyl ether, and the re-
sulting solid was then dried. Yield 13.0 mg (39%); IR: ñmax=3402, 3082,
2910, 1661, 1608, 1575, 1519, 1493, 1436, 1403, 1386, 1346, 1270, 1216,
1190, 1143, 1090, 1139, 1091, 1060, 1025, 951, 884, 847, 833, 764, 720, 660,
636, 608, 536, 485 cm�1; elemental analysis calcd (%) for
C57H48N6O6Cl6Pd3·2DMSO: C 45.8, H 3.8, N 5.25; found: C 45.9, H 4.0,
N 5.45. The precipitates and crystals obtained in the above reactions
were insoluble in common laboratory NMR solvents, and therefore no
characterisation was undertaken in solution by NMR spectroscopy.


ACHTUNGTRENNUNG[Pd3ACHTUNGTRENNUNG(CF3COO)6 (1)]: A yellow solution of Pd ACHTUNGTRENNUNG(CF3COO)2 (11.8 mg,
0.035 mmol) in methanol was mixed with a dichloromethane solution of
1 (10.2 mg, 0.011 mmol). After standing for several days, small yellow
crystals formed within a black precipitate (Pd metal). Separation and col-
lection of the yellow crystals was achieved by decanting the solution and
black precipitate. The crystals were washed with methanol followed by
diethyl ether, and then dried in vacuo. Removal of the crystals from the
mother liquor resulted in extremely rapid decomposition consistent with
loss of solvent. Yield 3.2 mg (15%). IR: ñmax=3122, 3064, 2937, 1685,
1610, 1577, 1509, 1493, 1446, 1403, 1379, 1282, 1182, 1154, 1089, 1068,
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1039, 1010, 966, 946, 899, 870, 852, 790, 773, 733, 661, 629, 573, 523,
485 cm�1; elemental analysis calcd (%) for C69H48N6O18F18Pd3: C 43.4, H
2.5, N 4.4; found: C 43.1, H 2.1, N 3.8.


ACHTUNGTRENNUNG[Ag4(2)][Co ACHTUNGTRENNUNG(C2B9H11)2]4·2.8CH3CN·H2O : A solution of 2 (20.1 mg,
0.016 mmol) dissolved in dichloromethane was mixed with an acetonitrile
solution of Ag[Co ACHTUNGTRENNUNG(C2B9H11)2] (28.6 mg, 0.066 mmol). Slow evaporation of
the reaction mixture gave yellow crystals. Yield 22.0 mg (45%); IR:
ñmax=3413, 3038, 2924, 2532 (BH stretch), 1604, 1572, 1512, 1449, 1407,
1389, 1364, 1279, 1226, 1193, 1149, 1096, 1016, 981, 883, 760, 722, 686,
620, 558, 478 cm�1; ESMS: m/z : no peaks corresponding to the expected
molecular ion; elemental analysis calcd (%) for
C97.6H162.4B72N10.8O9Co4Ag4: C 38.2, H 5.3, N 5.0; found: C 41.9, 41.9; H
5.15, 5.15; N 4.8, 4.5.


ACHTUNGTRENNUNG[Cu4(2)Br8]: CuBr2 (14.9 mg, 0.0168 mmol) and 2 (20.5 mg, 0.067 mmol)
were mixed together in DMF (ca. 2 mL) and heated at 100 8C for 60 min.
During this time a khaki-green precipitate formed that was collected by
filtration, washed with methanol and dichloromethane, and dried under
vacuum. Yield 18 mg (51%); IR: ñmax=3468, 3065, 3035, 2900, 2865,
1673, 1609, 1574, 1514, 1446, 1409, 1392, 1359, 1285, 1251, 1228, 1193,
1159, 1102, 1050, 1029, 939, 891, 852, 833, 788, 767, 727, 646, 632, 593,
553, 534, 517, 495 cm�1; elemental analysis calcd (%) for
C76H64N8O8Br8Cu4: C 43.2, H 3.1, N 5.3; found: C 42.6, H 3.05, N 5.15.


ACHTUNGTRENNUNG[Pd4Cl8(2)]·4H2O


Method A : A filtered methanol solution of Na2 ACHTUNGTRENNUNG[PdCl4] (51.3 mg,
0.174 mmol) was added dropwise to a stirred solution of 2 (50.3 mg,
0.041 mmol) in dichloromethane (10 mL). A fine yellow precipitate
formed immediately and the suspension was stirred for 10 min. The solid
was collected by filtration and washed with a small quantity of DMSO,
methanol, dichloromethane, and finally diethyl ether before drying under
vacuum. A second crop was obtained from the washings. Yield 67 mg
(82%); 1H NMR (500 MHz, [D6]DMSO, 303 K): d=4.04 (d, J=14.5 Hz,
4H; CH2), 4.87 (d, J=14.4 Hz 4H; CH2), 6.12 (d, J=14.0 Hz, 8H;
OCH2py), 6.27 (d, J=14.2 Hz 8H; OCH2py), 7.70 (t, J=6.7 Hz, 8H;
pyH5), 7.96 (s, 8H; aryl CH), 8.00 (d, J=7.7 Hz 8H; pyH3), 8.26 (t, J=


8.1 Hz, 8H; pyH4), 9.42 ppm (d, J=5.2 Hz, 8H; pyH6); IR: ñmax=3522,
3077, 2962, 1608, 1573, 1505, 1441, 1404, 1378, 1284, 1228, 1186, 1160,
1098, 1065, 1033, 935, 895, 823, 768, 718, 658, 630, 502, 455 cm�1; ESMS:
m/z (%): 927.5 ([Pd4 Cl6 (2)]


2+); elemental analysis calcd (%) for
C76H64N8O8Cl8Pd4·4H2O: C 45.7, H 3.6, N 5.6; found: C 45.6, H 3.55, N
5.5.


Method B : Na2 ACHTUNGTRENNUNG[PdCl4] (19.9 mg, 0.068 mmol) and 2 (19.8 mg,
0.016 mmol) were mixed together in DMF (3 mL) and heated at 80 8C
for 60 min. A small amount of a precipitate was removed by filtration
and then vapour diffusion of methanol into the filtrate of the reaction
mixture yielded a yellow solid. Yield 16.0 mg (50%); IR: ñmax=3438,
3080, 2919, 2849, 1707 (C=O stretch), 1664, 1609, 1576, 1514, 1439, 1402,
1362, 1261, 1220, 1195, 1151, 1090, 1024, 937, 881, 848, 769, 720, 660, 627,
591, 557, 530, 454 cm�1; elemental analysis calcd (%) for
C76H64N8O8Cl8Pd4·4H2O: C 45.7, H 3.6, N 5.6; found: C 45.5, H 3.4, N
5.45.


Method C : Na2 ACHTUNGTRENNUNG[PdCl4] (19.2 mg, 0.065 mmol) and 2 (19.9 mg,
0.016 mmol) were mixed together in DMSO (3 mL) and heated at 80 8C
for 60 min. This gave an orange solution from which a moderate amount
of solid precipitated. Vapour diffusion of methanol into the filtrate of the
reaction mixture yielded a yellow solid. Yield 10.8 mg (34%); ñmax=


3524, 3080, 2911, 1609, 1575, 1513, 1440, 1402, 1377, 1284, 1197, 1152,
1095, 1123, 937, 846, 766, 719, 660, 622, 557 cm�1; elemental analysis
calcd (%) for C76H64N8O8Cl8Pd4·4H2O: C 45.7, H 3.6, N 5.6; found: C
45.7, H 3.4, N 5.25.


X-ray crystallography : Crystals were mounted under oil or grease onto a
glass fibre and X-ray data were collected at low temperatures with MoKa


radiation (l =0.71073 O) on either a Nonius Kappa CCD diffractometer
or a Bruker Nonius X8 diffractometer fitted with an Apex II detector
and FR591 rotating anode operating at 4 kW. Data sets were corrected
for absorption by using a multiscan method.[27] Structures were typically
solved by direct methods by using SHELXS-97[28] and refined by full-
matrix least-squares on F 2 by SHELXL-97,[29] interfaced through the pro-
gram X-Seed.[30] In general, all non-hydrogen atoms were refined aniso-


tropically and hydrogen atoms were included as invariants at geometri-
cally estimated positions. Deviations from this procedure are described
with specific structures in the section that follows. Diagrams were gener-
ated by using the program X-Seed[30] as an interface to POV-Ray.[31]


CCDC-669036, 669037 and 669038 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


Crystal data for DMF� ACHTUNGTRENNUNG[Pd3Cl6(1)]·DMF : C63H62Cl6N8O8Pd3; FW=


1591.11; monoclinic; P21/m ; a=10.4340(6), b=19.342(1), c=


17.0617(9) O; b=100.733(3)8 ; V=3383.0(3) O3; Z=2; 1=1.562 mgcm�3 ;
m=1.084 mm�1; F ACHTUNGTRENNUNG(000)=1600; yellow plate; 0.26R0.11R0.03 mm; 2qmax=


56.948 ; T=150(2) K; 36190 reflections, 8714 unique (99.2% complete-
ness); Rint=0.0344; 427 parameters; GOF=1.048; wR2=0.2998 for all
data; R1=0.0854 for 5022 data with I>2s(I).


Additional crystallographic information : The largest peak (2.68 eO3) in
the Fourier difference map is located 0.90 O from one of the Pd atoms.
Other peaks are located around the Cl atoms of the structure. The bond
lengths of the lattice including the DMF molecule, which is disordered
across the mirror plane with symmetry-imposed 50% occupancy of both
sites, were restrained with DFIX commands generating three restraints.


Crystal data for (DMF)0.5� ACHTUNGTRENNUNG[Pd2Cl4(1)]·2H2O : C58.5H59.5Cl4N6.5O8.5Pd2;
FW=1344.23; orthorhombic; Pnma ; a=20.8290(4), b=22.1910(5) c=


26.5780(7) O; V=12284.8(5) O3; Z=8; 1=1.454 mgcm�3 ; m=


0.817 mm�1; F ACHTUNGTRENNUNG(000)=5472; yellow petal-shaped plate; 0.23R0.12R
0.05 mm; 2qmax=50.128 ; T=150(2) K; 57204 reflections, 11125 unique
(99.3% completeness); Rint=0.0882; 634 parameters; GOF=1.030;
wR2=0.3080 for all data, R1=0.0896 for 6775 data with I>2s(I).


Additional crystallographic information : The unbound pyridyl groups
showed significant disorder and were each refined over two positions
with rigid body refinement (AFIX 66) and occupancies set to rounded re-
fined values. Atoms in the unbound pyridyl groups were refined with iso-
tropic displacement parameters. The residual electron density was too
diffuse to adequately model all solvent molecules.


Crystal data for [Ag4(2)][Co ACHTUNGTRENNUNG(C2B9H11)2]4·2.8CH3CN·H2O :
C97.6H162.4Ag4B72Co4N10.8O9; FW=3076.71; triclinic; P1̄, a=18.5966(2), b=


19.0694(2), c=20.8202(3) O; a =91.3293(5), b=108.7731(5), g=


95.2327(5)8 ; V=6950.6(2) O3; Z=2; 1=1.470 mgcm�3 ; m =1.073 mm�1;
F ACHTUNGTRENNUNG(000)=3103; yellow plate; 0.20R0.16R0.04 mm; 2qmax=54.968 ; T=


150(1) K; 128345 reflections, 31670 unique (99.5% completeness); Rint=


0.0725; 1771 parameters; GOF=1.018; wR2=0.1842 for all data, R1=


0.0615 for 20968 data with I>2s(I).


Additional crystallographic information : The hydrogen atoms on the sol-
vate water molecule could not be located in the Fourier difference map;
one CH3CN molecule was refined at 80% occupancy and with isotropic
displacement parameters. The largest q peaks in the Fourier difference
map are located around Co1A and the largest shifts in the refinement
are associated with methyl hydrogen atoms of a CH3CN solvent mole-
cule.


Calculations : Density functional theory calculations were implemented
by using the Gaussian suite of programs (G03W, C02 revision).[32] The
B3LYP method was used for geometry and frequency calculations with a
6-31G(d) basis set for all atoms except Pd which were described by the
LANL2DZ ECP.
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Coupling Reactions Assisted by N- or P-Chelating Ligands


Yi-Luen Huang, Chia-Ming Weng, and Fung-E. Hong*[a]


Introduction


In the past few decades the Suzuki–Miyaura cross-coupling
reaction has probably been the most frequently employed
method of carbon–carbon bond formation. The reaction in-
volves a coupling process between an aryl halide (or triflate)
and an organoborate catalyzed by a palladium complex in
basic medium.[1] Since its disclosure in the 1990s, the reac-
tion has been extensively investigated by both experimental
and computational chemists. To understand the reaction
mechanism more thoroughly, a comprehensive knowledge of
the reaction pathway is essential. Unfortunately, convention-
al experimental methods do not always provide unambigu-
ous evidence concerning the reaction mechanism. Computa-
tional quantum techniques are now regarded as a promising
alternative or at least as a valuable tool capable of providing
information complementary to that obtained experimental-
ly.[2,3] In the past few years, DFT methods with greater com-
putational efficiency than conventional Hartree–Fock ab


initio methods have been widely employed to study the
characteristics of transition-metal complexes. The method
has gradually received warm acceptance among both theo-
retical and experimental chemists.[4] Recently, Sakaki,[5]


Thiel,[6] Maseras[7] and their co-workers published computa-
tional studies on the full cycle of the Suzuki–Miyaura cross-
coupling reaction catalyzed by diphosphine palladium com-
plexes. However, these studies were focused on rather spe-
cific substrates: the first on the coupling of iodobenzene
with diborane, the second on the coupling of carboxylic acid
anhydrides with arylboronic acids, and the last on the cou-
pling of aryl bromides with arylboronic acids. Notably, Thiel
and co-workers surmised that there are several interconnect-
ed catalytic pathways that may contribute to the overall cat-
alytic turnover.[6]


A modified mechanism involving [Pd0
ACHTUNGTRENNUNG(L^L)] (L^L=che-


lating ligand) as the catalytic precursor was shown to accom-
modate the probable reaction route for the Suzuki–Miyaura
reaction catalyzed by a palladium complex with a chelating
ligand (Scheme 1). As shown, the mechanism is basically
composed of three consecutive elementary steps: a) The oxi-
dative addition of aryl chloride to [Pd0L2], b) transmetala-
tion, involving the exchange of chloride for an aryl group,
and c) the reductive elimination of diaryl from the PdII com-
plex.


The oxidative addition and reductive elimination steps are
two frequently observed processes in transition-metal-com-
plex-catalyzed reactions.[8] Consequently, these two process-
es have been thoroughly studied both by experimental[9] and
computational[8b,10] methods, and hence, they are quite well
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understood. It is generally accepted that the ligands in-
volved in both processes have to be positioned in a cis ar-
rangement. In contrast, transmetalation is a more complicat-
ed and less studied step in cross-coupling reactions. Experi-
mental evidence for this process is difficult to gather be-
cause of the complexity involved in the isolation and charac-
terization of key intermediates.[11] Nevertheless, some
progress has been made recently.[12] In the past few years,
several computational studies of the transmetalation step of
cross-coupling reactions, such as the Suzuki–Miyaura,[5,6,13]


Stille,[14] and other coupling reactions,[15] have been carried
out by using DFT methods.


As the choice of ligand is one of the most critical factors
affecting a cross-coupling reaction, much effort has been de-
voted to a search for a more efficient and affordable ligand.
For many years phosphines were the most commonly em-
ployed ligands for the Suzuki–Miyaura reaction. However,
these ligands are either air/moisture-sensitive or expensive,
which places strict limits on their synthetic applications. Ad-
ditionally, phosphines are not environmentally friendly. In
contrast, most of the N,O- or N,N-bidentate ligands are less
expensive, easily accessible, and air/thermally stable. More-
over, the complexation of palladium with a ligand of this
type is straightforward, and complexes are found to be suita-
ble for the Suzuki–Miyaura cross-coupling reactions. There-
by, the practice of employing these N,O- or N,N-bidentate-li-
gated palladium complexes as catalyst precursors in Suzuki–
Miyaura cross-coupling reactions is of interest to many.


Recently, N-heterocyclic carbenes (NHC) have been in-
troduced as potentially effective ligands in transition-metal-
assisted cross-coupling reactions.[16] Milstein and co-workers
reported an imine-cyclometalated PdII complex that was
able to act as a catalyst precursor in both the Suzuki[17] and
Heck[18] reactions. Unfortunately, this system requires a high
reaction temperature and leads to only moderate yields.
More recently, Nolan and co-workers pioneered the use of a


well-known family of N,N-bidentate ligands, the diazabuta-
dienes, in the Suzuki–Miyaura cross-coupling reaction.[19] Li-
gands containing the 1,4-diaza-1,3-butadiene skeleton, R-di-
ACHTUNGTRENNUNGimines (DAB-R), are shown in Scheme 2. The chelating


nature of these ligands also enhances the stability of the
complexed metal compound. The investigation showed that
the [Pd ACHTUNGTRENNUNG(OAc)2]/DAB-R system, a typical N,N-bidentate-
complexed palladium compound, is exceptionally efficient
for unactivated and sterically encumbered substrates as well
as for activated aryl chlorides.[20]


Based on the encouraging results from the previous ex-
periments, the idea of employing diimines as potential che-
lating ligands in Suzuki–Miyaura reactions seemed worthy
of further exploration. However, to the best of our knowl-
edge, only a few experimental studies of palladium-cata-
lyzed Suzuki–Miyaura cross-coupling reactions assisted by
diimine ligands, not to mention theoretical studies, have
been reported.[21] In this work, a comprehensive computa-
tional examination of the full Suzuki–Miyaura catalytic
cycle, the coupling between aryl chlorides and arylboronic
acids catalyzed by diimine-ligated palladium complexes, is
presented. For computing efficiency, PhCl (1) and
PhB(OH)2 (2) were selected as the model substrates. For
comparison, palladium complexes with several other biden-
tate ligands (L^L) were selected as catalyst precursors, and
these catalytic cycles were also examined. The ligand-chelat-
ed palladium complexes are regarded as 14-electron species
in which the coordinated ligands are either mono- or biden-
tate.[22] The bidentate ligands (L^L) used in this work are
depicted in Scheme 3. To keep the model as general as pos-


Scheme 1. A modified catalytic cycle for the Suzuki–Miyaura cross-cou-
pling reaction catalyzed by a palladium complex with a chelating ligand.
L^L: bidentate ligand, Sol: solvent.


Scheme 2.


Scheme 3.
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sible, a nonsubstituted diimine IM (HN=CH�CH=NH) was
chosen as the first target ligand to be studied. In this work
bidentate ligands were selected over monodentate ones for
two reasons: 1) A chelating ligand provides both kinetic and
thermodynamic stability for the active species and 2) it
forces other ligands to be in cis positions with respect to
each other, thus facilitating fur-
ther reactions. We note that
some of the trifluoromethyl de-
rivatives are unstable or ex-
tremely difficult to synthe-
size.[23] Therefore, the proposed
bidentate ligands, such as IM-F
and IM-F’, are merely repre-
sented here as model ligands.
The hydroxide anion (OH�)
was chosen as a vital base be-
cause of its simplicity and abili-
ty to provide excellent results.
The purpose of this work was
to find out how factors such as the number of backbone
carbon atoms and the nature of substituents on the diimine,
diphosphine, and diamine ligands might affect the efficiency
of the catalytic cycle.


Results and Discussion


The state-of-the-art DFT method has repeatedly proved
itself to be a useful tool to provide reliable results in studies
of catalytic reactions mediated by transition metals.[3,4] This
method at the B3LYP level was used to examine the validity
of the proposed routes for the mechanism of the Suzuki–
Miyaura cross-coupling reaction with diimine, diphosphine,
and diamine ligands. To make the computations feasible, the
simplest possible model compounds, namely 1 and 2, were
selected to represent all of the potential reaction partici-
pants. Three steps in the mechanism, that is, oxidative addi-
tion, transmetalation, and reductive elimination, were exam-
ined. Herein, the abbreviations used for the species involved
in the reaction are as follows: TS for transition state, IM for
diimine, AM for diamine, and P for the diphosphine ligand.


The oxidative addition process : As shown in Scheme 4, the
approach of 1 towards the active catalyst [Pd(h2-N,N-HN=


CH�CH=NH)] leads to the breaking of the Cl�Cphenyl bond
and eventually to the formation of Pd�Cl and Pd�Cphenyl


bonds. Interestingly, a p-bonded intermediate IM1 is first


formed between the palladium complex and a double bond
of 1 followed by the formation of a three-membered-ring
transition state IMTS1. In due course, the Cl and Ph groups
are forced to assume cis positions in the intermediate IM2
([Pd(Cl)(IM)(Ph)], Figure 1). This process leads to an in-
crease in the palladium oxidation state from 0 to +2.


As shown in Figure 1, the initial approach between the re-
actants produces intermediate IM1 in which the phenyl
group is h2-coordinated to the metal center through the C1
and C2 atoms with Pd�C distances of 2.120 and 2.183 J, re-
spectively. In IMTS1, the angle between the N-Pd-N and Cl-
Pd-C1 planes is 46.98. These two planes are clearly not par-
allel to each other, in agreement with the results of previous
computational studies.[10a,24] In IM2, the Cl-Pd-C1 angle is
92.78, which is much larger than that in IMTS1. This is an
exothermic process, by around 22.6 kcalmol�1, with an acti-
vation energy of around 9.1 kcalmol�1 (Table 1).


For comparison, the oxidative addition processes for vari-
ous related ligands (Scheme 3) were investigated. In all
cases the calculated structures were similar in terms of the
geometries of the metal centers. The activation and reaction
energies are shown in Table 1. Note that the activation ener-
gies in the case of a- or b-diimine ligands are lower thanScheme 4.


Figure 1. Geometries of selected structures in the oxidative addition step. Distances are in J.


Table 1. Energies for the oxidative addition process with various ligands
relative to the reactants.


Entry Ligand (L^L) Energy [kcalmol�1]
Transition state[a] Product


1 P 14.1 (241i) �13.3
2 AM 11.9 (165i) �26.3
3 IM 9.1 (184i) �22.6
4[b] P’ 17.6 (246i) �12.1
5 AM’ 11.9 (132i) �29.8
6 IM’ 10.2 (162i) �28.3
7 IM-Me 10.1 (172i) �23.6
8 IM-F 9.0 (217i) �12.5
9 IM-Me’ 9.7 (173i) �24.8
10 IM-F’ 8.6 (205i) �17.9
11 IM-Cy 10.5 (161i) �24.5
12 IM-Ph 10.5 (191i) �19.7


[a] Imaginary frequencies are given in parentheses. [b] In the initial ap-
proach, phenyl chloride is h2-coordinated to the palladium metal through
the C2 and C3 atoms.
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those for diphosphines and diamines (entries 1–6). They are
around 9.1 and 10.2 kcalmol�1 for entries 3 and 6, respec-
tively. For a chelating diphosphine ligand, the ring size of
the palladium complex affects the activation energy greatly.
It is around 14.1 kcalmol�1 for a five-membered-ring com-
plex (Table 1, entry 1), however, it increases to around
17.6 kcalmol�1 on addition of an extra methylene unit into
the backbone of the ligand (Table 1, entry 4). This observa-
tion is in good agreement with previous studies of reactions
catalyzed by diphosphine-chelated palladium complexes.[15a]


Those studies showed that the number of backbone carbon
atoms is crucial for the activation energy of the oxidative
addition. In contrast, the ring size does not affect the activa-
tion energies much in the case of the diimine ligands
(Table 1, entry 2 vs. 5; entry 3 vs. 6). Next, the possible ef-
fects of introducing electron-donating or -withdrawing sub-
stituents into the diimine ligand IM on the activation energy
were examined (Table 1, entries 7–12). Diimines with elec-
tron-withdrawing substituents, particularly trifluoromethyl
groups, lower the activation energies of the oxidative addi-
tion process (entries 8 and 10).


Transmetalation : Transmetalation is the process in which
the organic group of the organoboronic acid migrates to the
palladium complex. Compared with other steps in the cata-
lytic cycle, this process is definitely unique, and it is the criti-
cal step in cross-coupling reactions. It has also been the
most ambiguous and least understood step in the whole cat-
alytic cycle. Fortunately, the mechanistic details have gradu-
ally been revealed by recent computational studies.[5,6,14b,15b,c]


Although those studies were focused primarily on systems
with two phosphine ligands trans to each other,[5,13] a recent
report by Thiel and co-workers deals with a cis-arranged
[Pd ACHTUNGTRENNUNG{CH3C(=O)} ACHTUNGTRENNUNG(OAc) ACHTUNGTRENNUNG(PMe3)2] complex as the initial spe-
cies.[6]


Transmetalation with phenylborate, PhB(OH)3
� (4): Two


probable pathways for the transmetalation process are
shown in Scheme 5. The pathways described herein are
Route 1, which is referred to as a dissociative pathway, and
Route 2, which is an associative pathway. As shown in
Scheme 5, Route 1 is composed of three consecutive ele-
mentary reactions: a) The dissociation of the chloride anion
from IM2, b) the addition of PhB(OH)3


� (4), which is gener-
ated from 2 and the hydroxide anion, to the highly unsatu-
rated palladium complex IM2-Cl, and c) the dissociation of
boric acid from IM4 along with the formation of biaryl pal-
ladium complex IM5. In Route 1, the first step (a) is a
highly endothermic process by 123.9 and 135.1 kcalmol�1,
respectively, for the reactions employing P and IM as li-
gands (Table 2). Evidently, Route 1 is not a thermodynami-


cally feasible pathway, and henceforth, is ruled out as the in-
itial elementary transmetalation reaction. Similarly, Route 2
is also composed of three consecutive elementary reactions:


Scheme 5.


Table 2. Relative energies (DE, DE�), enthalpies (DH, DH�), and free
energies (DG, DG�) for the transmetalation step.


Pathway Ligand DE
[kcalmol�1]


DH
[kcalmol�1]


DG
[kcalmol�1]


a IM 135.1 135.7 126.2
P 123.9 124.1 116.5


a’ IM �28.1 �28.1 �15.4
P �21.6 �21.8 �8.8


b’ IM 36.4 36.8 28.0
P 30.6 31.1 23.3


c IM �21.2 �20.9 �22.9
P �15.6 �15.1 �17.3


Pathway Ligand DE�


[kcalmol�1]
DH�


[kcalmol�1]
DG�


[kcalmol�1]


c IM 18.5 18.4 19.8
P 21.6 21.6 23.0
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a’) The addition of 4 to IM2 through a hydroxy group leads
to the formation of a pentacoordinated palladium complex
IM3, b’) the dissociation of chloride from IM3 with the for-
mation of a tetracoordinated complex IM4, and c) the disso-
ciation of B(OH)3 from IM4 along with the formation of
IM5. In a basic medium, it is also possible that deprotona-
tion or dehydration of IM4 takes place to lead to IM4-H or
IM4-H2O, respectively.


The geometries of some selected structures participating
in the transmetalation step are shown in Figure 2. The first


two steps on the reaction profile correspond to the substitu-
tion of the halide by the organoborate species 4 in the coor-
dination sphere of the catalyst. In the newly formed inter-
mediate IM4, the OH group bridges the palladium and
boron atoms at distances of 2.039 and 1.617 J, respectively.
In the transition state IMTS4, the distances for the Pd�C
bond being formed and the B�C bond being broken are
2.190 and 2.678 J, respectively. In IMTS4, B(OH)3 acts as a
bridging ligand across the Pd�C bond. The framework of
the transition state might also be regarded as a three-mem-
bered ring comprised of palladium, carbon, and boron
atoms. The last elementary reaction of this process is the
formation of IM5, a generally accepted intermediate in the
catalytic cycle formed as a result of the transmetalation pro-
cess (see Scheme 1).


The relative energies of several selected structures are
presented in Table 2. As shown, the energy of the initial
complex IM3 is 28.1 kcalmol�1 lower than that of the reac-
tant IM2. Yet the energy of the intermediate IM4 is
36.4 kcalmol�1 higher than that of the previous intermediate
IM3. It is the removal of Cl� from IM3 that is responsible
for this large value. Therefore, the overall reaction energy
for the substitution of the chloride ligand by the organobo-
rate species (from IM2 to IM4) is 8.3 kcalmol�1. From IM4
to IM5, rearrangement of fragments around palladium takes
place. Thus, the phenyl group from the organoborate starts
to transfer to the palladium inner coordination sphere. The
phenyl group interacts with the metal center in IMTS4,
which has partially replaced the hydroxy group. Eventually,


in IM5 the C�B bond is broken and a new C�Pd bond is
formed. The energy of the transition state IMTS4 is
18.5 kcalmol�1 higher than that of the previous intermediate
IM4. For this intramolecular exchange, the energy difference
between IM4 and IM5 is �21.2 kcalmol�1. The latter is re-
garded as an intermediate complex that exists between the
transmetalation and the reductive elimination processes. At
this point, none of the hydroxy groups are directly bonded
to the palladium atom.


The transmetalation process with the P ligand was also
examined. As expected, the geometries of some of the key
structures calculated with the P ligand are not much differ-
ent from the previous ones calculated with the IM ligand.
Compared with the IM ligand, the relative energies of trans-
metalation with the P ligand are apparently higher. The rel-
ative energy of the initial complex P3 is 21.6 kcalmol�1


lower than that of the reactant P2. The intermediate P4 is
30.6 kcalmol�1 higher than the previous intermediate P3.
The reaction energy for the substitution of the chloride
ligand by the organoborate (from P2 to P4) is 9.0 kcalmol�1.
The energy of this transition state PTS4 is 21.6 kcalmol�1


higher than that of the previous intermediate P4. For this in-
tramolecular exchange, the energy difference between P4
and P5 is �15.6 kcalmol�1.


Based on these observations, it is worth noting that trans-
metalation proceeds through a three-center transition state
IMTS4 rather than the widely accepted four-center transi-
tion state.[25] The relatively diffuse orbitals of boron, com-
pared with those of carbon, make the formation of the appa-
rently highly strained three-membered ring in IMTS4 possi-
ble. In addition, the transmetalation process does not pro-
ceed in a single step, but rather consists of several consecu-
tive steps.


The activation and reaction energies of the transmetala-
tion steps of the four representative ligands, P, IM, IM-F,
and IM-Me, were calculated and the results are listed in
Table 3. A similar trend to that observed in the case of the


oxidative addition process is observed. Again, the diimine
with electron-withdrawing substituents, IM-F, has the effect
of reducing the activation energy of the transmetalation step
(Table 3, entry 4).


For comparison, the effect of solvent upon the dissociative
pathway of Route 1(a) was evaluated. The calculations were
carried out by using TomasiNs polarized continuum model
(PCM) model and CCl4, the dielectric constant of which is


Figure 2. Geometries of selected structures in the transmetalation step.
Distances are in J. The hydrogen atoms in IMFS4 have been omitted for
clarity.


Table 3. Energies for the transmetalation process with various ligands
relative to the reactants.


Entry Ligand (L^L) Energy [kcalmol�1]
Transition state[a] Product


1 P 21.6 (272i) �15.6
2 IM 18.5 (231i) �21.2
3 IM-Me 23.4 (224i) �18.9
4 IM-F 17.0 (328i) �22.5


[a] Imaginary frequencies are given in parentheses.
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similar to that of dioxane, as the solvent.[26] Indeed, a signifi-
cant reduction in the activation energy, from 135.1 to
70.7 kcalmol�1, was observed. Nevertheless, it is still an un-
favorable pathway compared with Route 2.


Transmetalation in the absence of base : As has already
been revealed, the presence of base in the Suzuki reaction is
crucial.[27] Recently, some theoretical studies on the transme-
talation step of the Suzuki–Miyaura reaction in the absence
of base were published.[13] In this section the transmetalation
process between 2 and P2 in the absence of base is analyzed.
This process takes place in two steps: 1) The coordination of
2 to P2 through a double bond and 2) the transfer of chlo-
ride from palladium to the boron center and that of the
phenyl group from boron to palladium. The geometries of
the structures most relevant to this process are presented in
Figure 3 and the energy profile of this transmetalation pro-
cess is presented in Figure 4. The energies of all of the struc-
tures calculated are given relative to P01. A significant
structural change is observed in the last step, P02!
P0TS2!P5. It leads to the formation of P5 and a side prod-
uct, ClB(OH)2 (8). The activation energy for the process
P02!P0TS2 is 34.4 kcalmol�1. The overall reaction is endo-
thermic by 19.5 kcalmol�1. In fact, the energy profile for the


overall reaction shows that the most energetic transition
state is 46.7 kcalmol�1 above the initial reactants. This indi-
cates that the transmetalation between the palladium chlo-
ride complex and phenylboronic acid alone is an energy-de-
manding process. This observation is consistent with the pre-
vious experimental results and theoretical findings that show
the reaction rate is intolerably slow in the absence of the ap-
propriate base owing to a high energy barrier.


Reductive elimination process : The reductive elimination
process is the last step in the whole catalytic cycle. At the
end of this cycle, the coupled product Ar�Ar’ (6) is released
from the intermediate [Pd(Ar) ACHTUNGTRENNUNG(Ar’)ACHTUNGTRENNUNG(L^L)] and the zero-
valent active species [Pd ACHTUNGTRENNUNG(L^L)] is regenerated. In this pro-
cess, a C�C bond between two phenyl groups is formed and
two Pd�Cphenyl bonds are broken. As a result, the oxidation
state of the palladium metal decreases from +2 to 0. As
shown in Scheme 6, the reductive elimination process re-
quires the palladium complex, in this case IM5, to possess
two cis-positioned, s-coordinated phenyl moieties. The elim-
ination proceeds from IM5 through the transition state
IMTS5 to the intermediate IM6 (Figure 5). In this process,
the two s-coordinated phenyl groups become an h2-coordi-
nated biphenyl molecule. The C�C distance of interest grad-


Figure 3. Geometries of some selected structures in the transmetalation process in the absence of base. Distances are in J. Hydrogen atoms have been
omitted for clarity.


Figure 4. Energy profile for the base-free transmetalation process.
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ually decreases from 2.857 J in IM5 to 1.953 J in the transi-
tion state IMTS5, and eventually to 1.496 J in IM6. The im-
mediate product from the reductive elimination process is
IM6, which is an h2-biphenyl-coordinated palladium com-
plex. The presence of this kind of intermediate after reduc-


tive elimination has already been reported.[10c,28] In this com-
plex, the calculated Pd�C distances are 2.191 and 2.233 J.
The last step of the reductive elimination process is the
complete release of the biphenyl product from the metal to
regenerate the active species [Pd ACHTUNGTRENNUNG(L^L)], which is then ready
to participate in another catalytic cycle. This reductive elimi-
nation requires 13.2 kcalmol�1 to overcome the energy bar-
rier (IM5!IMTS5) and the overall reaction is exothermic
by 14.6 kcalmol�1 (Figure 6).


For comparison, the reductive elimination steps were in-
vestigated with various ligands (Scheme 3). The geometries
of their complexes with palladium are all similar in the re-
ductive elimination process. The activation and reaction en-
ergies are presented in Table 4. For the benchmark IM


Scheme 6.


Figure 5. Geometries of selected structures in the reductive elimination step. Distances are in J.


Figure 6. Energy profiles for the three major steps in the Suzuki–Miyaura cross-coupling reactions assisted by diimine and diphosphine ligands.
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ligand, the activation energy is 13.2 kcalmol�1 and the
energy release is 14.6 kcalmol�1, as shown in Table 4,
entry 3. Contrary to the oxidative addition step, in the re-
ductive elimination process the activation energies for the
a- and b-diimine ligands are higher than those for the di-
phosphine ligands (Table 4, entry 3 vs. 1; entry 6 vs. 4). It
was also found that the activation energy for the b-diimine
ligand is higher than that for the a-diimine ligand (Table 4,
entry 2 vs. 5). Clearly, the activation energy of the reductive
elimination process depends critically on the number of
carbon atoms in the backbone of the bidentate ligand,
which is in good agreement with the previously known fact
that a five-membered ring chelated metal complex is much
more stable than a six-membered ring complex.[15a] The
effect of substitution of the NH hydrogen atoms of the dii-
mine ligand on the elimination process was also examined
(Table 4, entries 7–12). Replacement by an electron-with-
drawing substituent, trifluoromethyl, reduces the activation
energy (Table 4, entries 8 and 10).


The energy profile of the full catalytic cycle : The mecha-
nism of the full catalytic cycle includes three major steps:
oxidative addition, transmetalation, and reductive elimina-
tion. Two categories of full catalytic cycles for the Suzuki–
Miyaura cross-coupling reaction employing diimine and di-
phosphine as the chelating ligands were examined and com-
pared. The corresponding energy profiles for the three
major steps are depicted in Figure 6. They are referred to as
the IM Route and the P Route. In general, the potential
energy of each species on the P Route is higher than that of
the corresponding species on the IM Route. Based on these
results, the diimine-like ligands represent a new category of
promising chelating ligands for the palladium-catalyzed
Suzuki–Miyaura cross-coupling reaction. For comparison,
the effects of electron-donating and -withdrawing substitu-
ents on the diimine ligands, such as IM-F and IM-Me, were
also examined. It was shown that the activation energy of
the oxidative addition process is lower for a strong electron-
withdrawing group, such as CF3, on the diimine, whereas it
is higher for an electron-donating group, such as CH3. By


the same token, the activation energy of the reductive elimi-
nation process is lower for the former substituent on diimine
and higher for the latter. In conclusion, the best ligand of
those studied is IM-F. As we are well aware of the difficulty
in the preparation of IM-F-like diimines, this work merely
provides a preliminary theoretical background for future
study.


Conclusion


Several plausible catalytic cycles of the Suzuki–Miyaura
cross-coupling reaction between phenylboronic acid and
phenyl chloride with three different categories of model li-
gands, namely, diimines, diamines, and diphosphines, have
been examined mechanistically and energetically. As illus-
trated, the reaction employing diimine as the ligand is more
favorable than those with diamine or diphosphine. In the
case of diimine, the effect of electron-donating and -with-
drawing substituents on the activation energy was probed.
For diimines with electron-withdrawing substituents, particu-
larly trifluoromethyl groups, the effect was to lower the acti-
vation energy. In the oxidative addition step, the activation
energies with different ligands increase in the order IM<


AM<P. In contrast, in the reductive elimination step, the
activation energies are in the reverse order (IM>P), al-
though the activation energy with AM is the largest. The re-
action pathway of the transmetalation process in the ab-
sence of base was also investigated. The significant energy
barrier found for this route indicates that the presence of
base is a necessity for the reaction to proceed at a reasona-
ble rate. This study provides a preliminary computational
background to the diimine-assisted palladium-catalyzed
Suzuki–Miyaura cross-coupling reaction. Further investiga-
tions into the role of the counterion (OAc� or Cl�) in this
catalytic reaction are in progress.


Computational Methods


All calculations were carried out by using the Gaussian 03 package with
a tight criterion (10�8 hartree) as the default for the self-consistent (SCF)
convergence.[29] The molecular geometries were fully optimized with the
hybrid B3LYP-DFT method under C1 symmetry by using BeckeNs three-
parameter exchange functional[30] and the Lee–Yang–Parr correlation
functional.[31] LANL2DZ, including the double-z basis sets for the va-
lence and outermost core orbitals, combined with pseudopotentials were
used for the palladium atom[32,33] and the 6-31G(d) basis sets for the
other atoms. All the stationary points found were characterized by har-
monic vibrational frequency analysis as minima (number of imaginary
frequency Nimag=0) or transition states (Nimag =1). To determine the tran-
sition-state geometries, intrinsic reaction coordinate (IRC)[34] analyses
were performed following the geometry optimization to ensure the tran-
sition-state structures are smoothly connected by two proximal minima
along the reaction coordinate. Stability analyses[35] were performed to de-
termine whether the Kohn–Sham (KS) solutions are stable with respect
to variations that break spin and spatial symmetry. The relative total en-
ergies, DE, were evaluated at 0 K and the enthalpies, DH, and free ener-
gies, DG0, are given for 298 K.


Table 4. Energies for the reductive elimination process with various li-
gands related to the reactants


Entry Ligand (L^L) Energy [kcalmol�1]
Transition state[a] Product


1 P 9.0 (309i) �26.5
2 AM 15.7 (330i) �9.4
3 IM 13.2 (329i) �14.6
4 P’ 10.1 (313i) �27.9
5 AM’ 17.7 (332i) �6.6
6 IM’ 16.6 (327i) �9.0
7 IM-Me 13.6 (323i) �12.3
8 IM-F 8.5 (315i) �24.0
9 IM-Me’ 14.4 (325i) �12.3
10 IM-F’ 10.9 (314i) �20.2
11 IM-Cy 13.7 (322i) �11.3
12 IM-Ph 10.4 (316i) �15.8


[a] Imaginary frequencies are given in parentheses.
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